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Preface

Thefieldof stemcell biology is expandingwith a continuous surgeof new information
related to its applications. Over the past few years, stem cells have been extensively
used in various biological applications, especially in cell therapy, tissue engineering,
in vitro drug testing. There is no single book available that comprehensively describes
the significance of stem cells’ various applications derived from embryonic and adult
sources from laboratory to clinics point of view. Most of the books are either written
about the basics of stem cells or purely commercialized aspects separately. This
book discusses the basics and advance topics of stem cells that help the researchers,
students, and professionals a single source of updated information about stem cells
and in various applications.

This book is divided into 12 chapters and covers topics such as in vitro cell
culture, 3D cell culture, cell therapy, tissue engineering, cell factory, cell function-
ality, in vitro drug testing, organ development, autologous transplantation, allogeneic
transplantation, adult stem cells, multipotent stem cells, induced pluripotent stem
cells, a pluripotent, and embryonic stem cell. We will also discuss various stem cell-
based products, commercialization, IPR, and market of stem cell-based products,
challenges of stem cell therapy, current research trends, and career. As stem cell
technology is expanding, we thought it is time to overview the stem cell field and
write a complete book dedicated to advances in the application of stem cells from
bench to clinics. This book provides comprehensive and updated information on all
aspects of stem cell research. There are many books written on stem cell biology and
research on different topics. Still, there is no single book available that discusses all
advanced topics of application of stem cells from bench to clinics.

This book has tried to include all the topics directly or indirectly related to the
stem cell field. The primary objective is to provide the students, researchers, and
professionals a single source of information about stem cells’ applications. There
are 12 chapters in this book, and each chapter contains the updated information
with beautiful illustrations. We have discussed the various topics basics of stem cell
biology, types and classifications of stem cells, and the method of isolation and char-
acterization of stem cells, differentiation of stem cells into neuronal, cardiomyocyte,
and hepatocyte pancreatic lineage, and differentiation into other cell types. The book
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also discusses topics such as in vivo transplantation in animal models, stem cells
in regenerative medicine, clinical trials, stem cell production, and stem cell-based
products in the market, and commercialization of stem cell products.

Editor
Dammam, Saudi Arabia Firdos Alam Khan, Ph.D.
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Chapter 1
Basics of Stem Cells

Dhvani H. Kuntawala and Glen J. P. McCann

Abstract Stem cells have been researched for over 100 years. It all started in 1908,
when a histologist Alexander Maksimov coined the name stem cells. Many key
scientists have noted the potential in researching stem cells in the following the
years after. These cells have the ability to renew and differentiate themselves into
a wide range of cell types. Stem cells have two classifications accordingly to their
properties—pluripotent and multipotent. Pluripotent cells are able to differentiate
into three germ layers while multipotent cells can differentiate into only a few limited
types of cells. Hence, they are important to the repair, development, preservation and
growth of many organs from the earliest stages of life. Stem cells are also obtained
from many sources and found throughout the life cycle from embryos to adults.
Research has also helped scientists understand stem cells in different species (animals
and humans) for many years. Recognition of the value of the field has seen scientists
awarded Nobel prizes on discoveries regarding stem cells. This chapter describes
the basics of stem cells: their early discovery, structure, morphology, characteristics,
differences, location, function, roles, sources and Nobel Prize research carried out.

Keywords Stem cells · Adult stem cells · Embryonic stem cell · Cancer stem
cells · Induced pluripotent stem cells · Pluripotent cells · Multipotent cells

Abbreviations
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iPSC Induced Pluripotent Stem Cell
MSCs Mesenchymal Stem Cells.

Definition of Stem Cells

Stem cells are a different class of cells present in tissues and organs of the body
at all stages of development, from an early sequential series of potent processes to
adult life. They can be explained as the cellular building blocks of the body that have
the potential to self-renew (make copies of themselves) and differentiate (mature
into more specialized cells) over a period of time. Differentiation is essential for
the growth of an adult organism. Studies have shown different forms, obtained from
the embryo and the adult life (Carpenedo & McDevitt, 2013; Snoeckx et al., 2009)
as these cells play specific roles, such as becoming blood, brain, bone or skin cells
(Morrison & Kimble, 2006). Therefore, stem cells can replace damaged cells by
acting like a repair system in organisms (Łos et al., 2019).

Stem cells have been distinguished from four sources: embryonic, germinal, those
extracted from carcinomas, and somatic stem cells. They are known as adult stem
cells once located in the postnatal tissues (Gonzalez & Bernad, 2012). There are four
basic types of stem cells that occur at different periods of life: Adult, embryonic,
induced pluripotent and diseased cells in cancers that may also exhibit quite a few
stem cell properties. (Alvarez et al., 2012). Embryonic stem cells have the ability to
differentiate into three embryonic germ layers (endoderm,mesoderm, and ectoderm).
Furthermore, they can differentiate within the embryonic extension that leads to
obtaining any of the 220 kinds of cells in an individual (Gucciardo et al., 2008).

Historical Background of Stem Cell Research

In 1908, the histologist Alexander Maksimov suggested the expression “stem cells.”
He developed and introduced a theory of blood and cell origin and differentiation.
Many papers were published by other researchers regarding hematopoietic stem
cells after Alexander’s discovery. Evidence demonstrated functional cells could be
non-specialized and were termed hematopoietic (immature cells that can grow into
red, white blood cells, and platelets). These stem cells were found in the marrow
in 1932 by Florence Sabin. In 1950, E. Donnall Thomas initiated his work on bone
marrow transplantation to support hematopoietic stem cell actuality. He executed
the first bone marrow transfer to treat leukemia. This transplant comprised of similar
twins, of which one of them had leukemia. In 1957, Thomas also performed the first
allogeneic transplantation. Later, evidence was building of neurons in adults being
able to be produced from the neural stem cells (adult neurogenesis), and knowledge
of stem cell activity in the brain was also contributed to in 1960. Ernest McCulloch
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and his research team illustrated the existence of revival cells in the bone marrow of a
mouse during 1963. The first HLAmatched human bonemarrow transfer was carried
out in 1968 byRobert Good. In 1978, hematopoietic stem cellswere located in human
placental cord blood. Derivation of mouse embryonic stem cells from the pluriblast
was achieved by Gail Martin in 1981, she invented the expression “embryonic stem
cell”. Bonnet andDick located cancer stem cells in blood-forming tissue or cells, also
known as hematological cancer, in 1997. Cancer stem cells usually have a normal
stem cell trait, and this gives them the ability to produce many different cell types in
a particular cancer sample.

James Thomson and co-workers derived the first human ESC cell line from the
pluriblast (inner cell mass) of early embryos that generally go on to give rise to a
foetus in 1998. A year later, adult mouse tissues were altered to give rise to various
cell kinds, and this indicated that liver cells could be produced from cells obtained
from the bone marrow. The first human embryo was cloned at an early stage of
about 4–6 cells by researchers to generate ESCs in 2000, thereafter many articles on
plasticity in adult stem cells were issued. In 2002, the first human embryonic stem
cell trial took place in the USA. Government funding was banned by George W.
Bush for embryonic stem cell research because of ethical (social) issues concerning
the disturbance of the embryo. This ban was lifted in 2009, and the research was
allowed to continue in the USA. Then biotechnology company Geron Corporation
carried out a trial, hoping to trigger nerve growth in patients that have spinal cord
injury by using GRNOPC1, a human embryonic stem cell-derived oligodendrocyte
progenitor cells (OPCs) therapy. No formal outcomes from this trial were issued as
such; preparatory conclusions of the study were addressed in October 2011 at the
American Congress of Rehabilitation Medicine (ACRM) conference.

From 2004 to 2005, Hwang Woo-suk was alleged to have made many human
ESC lines from human oocytes that had not been fertilized. Some of this work
was later shown to have been forged. In 2006, Kazutoshi Takahashi and Shinya
Yamanaka published their rat induced pluripotent stem cell work. They found the
potential to encourage cellular pluripotency, and it transformed the perspective of
stem cell research. During 2007, various groups reported normal skin cells being
reprogrammed in mice back to an embryonic state. Mario Capecchi, Martin Evans,
and Oliver Smithies in Physiology and Medicine by the end of 2007, a Nobel Prize
was granted for their gene research onESCs frommice. The researchers published the
induction of pluripotent stem cells. RaymondWong et al. resolved the part of intercel-
lular communication connections via gap junctions in both somatic and embryonic
stem cells in 2008. Vanessa Hall discovered ESCs in porcine as an origin for human
cell replacement treatment in 2009, and also the genomic profiling of mesenchymal
stem cells was carried out in the same year by Danijela Menicanin et al. In 2010,
Yue Xu et al. revealed the importance of cell adhesion and growth factor signalling
regulatory techniques for pluripotent stem cell survival and self-renewal.

In 2012, a Nobel Prize was granted to Shinya Yamanaka and Sir John Gurdon
to discover developed cells being reprogrammable to give rise to many different
cell types (pluripotent). The first derivation of human embryonic stem cells (hESCs)
by a therapeutic (designing a cloned embryo to produce embryonic stem cells with
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identical DNA as the donor cell) cloning was in 2013 by Tachibana et al. The first
clinical trial with human induced pluripotent stem cells (hiPSCs) was initiated in
2014. Liao et al. in 2015 reported CRISPR/cas9 technology being applied to human
embryonic stem cell (hESC) gene editing; later during that year, other research was
carried out by Takasato et al. on the generation of organoids fromhESC formodelling
foetal organ morphogenesis. During the year 2017, Jun Wu published his finding on
a chimeric pig embryo populated with hIPSCs (Eguizabal et al., 2019; Kumar et al.,
2010; Shihadeh, 2015).

Structure and Morphology of Stem Cells

From 2004 to 2005, Hwang Woo-suk was alleged to have made many human
ESC lines from human oocytes that had not been fertilized. Some of this work
was later shown to have been forged. In 2006, Kazutoshi Takahashi and Shinya
Yamanaka published their rat induced pluripotent stem cell work. They found the
potential to encourage cellular pluripotency, and it transformed the perspective of
stem cell research. During 2007, various groups reported normal skin cells being
reprogrammed in mice back to an embryonic state. Mario Capecchi, Martin Evans,
and Oliver Smithies in Physiology and Medicine by the end of 2007, a Nobel Prize
was granted for their gene research onESCs frommice. The researchers published the
induction of pluripotent stem cells. RaymondWong et al. resolved the part of intercel-
lular communication connections via gap junctions in both somatic and embryonic
stem cells in 2008. Vanessa Hall discovered ESCs in porcine as an origin for human
cell replacement treatment in 2009, and also the genomic profiling of mesenchymal
stem cells was carried out in the same year by Danijela Menicanin et al. In 2010,
Yue Xu et al. revealed the importance of cell adhesion and growth factor signalling
regulatory techniques for pluripotent stem cell survival and self-renewal.

In 2012, a Nobel Prize was granted to Shinya Yamanaka and Sir John Gurdon
to discover developed cells being reprogrammable to give rise to many different
cell types (pluripotent). The first derivation of human embryonic stem cells (hESCs)
by a therapeutic (designing a cloned embryo to produce embryonic stem cells with
identical DNA as the donor cell) cloning was in 2013 by Tachibana et al. The first
clinical trial with human induced pluripotent stem cells (hiPSCs) was initiated in
2014. Liao et al. in 2015 reported CRISPR/cas9 technology being applied to human
embryonic stem cell (hESC) gene editing; later during that year, other research was
carried out by Takasato et al. on the generation of organoids fromhESC formodelling
foetal organ morphogenesis. During the year 2017, Jun Wu published his finding on
a chimeric pig embryo populated with hIPSCs (Eguizabal et al., 2019; Kumar et al.,
2010; Shihadeh, 2015).

Detailed morphology of embryonic stem cells was described by results that
showed high nuclear to cytoplasmic proportion and compact colonies. Cells with
prominent nucleoli and round colonies have also been seen. Additionally, these cells
also have clear and smooth colony edges. When culturing hPSCs, they are grown
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Fig. 1.1 Morphological changes in human pluripotent stem cells (hPSCs) (Wakui, 2017). Moving
from left to right, as the cells specialize the nucleolus becomes harder to visualize within a dark
nucleus. Cells also proceed to space themselves apart as their morphology becomes more specific

while maintaining morphological features (round, flat, and smooth edged) intact. In
an undifferentiated state after reprogramming. Variations of cells usually occur in the
culture due to impurities, with some cells that are not successful at reprogramming.
Hence, during culture, they are selected to keep the cells that were reprogrammed and
remove the unsuccessful cells. Once cells diverge from pluripotency to a differenti-
ated condition, they have a white space that appears like a split space intercellularly.
As seen in Fig. 1.1, the distance connecting the cells expands, as well as these cells
develop an appearance similar to the differentiated cells. These cells slowly develop a
dark and flat appearance. The differentiated cells within their nuclei have less relaxed
chromatin when compared to the undifferentiated hPSCs, as chromatin undergoes
an alteration in structure to heterochromatin. This will lead to a loss of translucency
in the nuclei, as the nucleoli will become invisible in the course of the differentiated
process under staged contrast microscopy.

Characteristics of Stem Cells

Stem cells vary in their developmental versatility or degree of plasticity. So, they can
also be described according to their characteristic of self-renewal and plasticity; this
is important for the renewal and recovery of the body. Other properties that allow
stem cells to show their ability to exert the structure of organs and tissues are rapid
proliferation and differentiation (Pavlović & Radotić, 2017).

There four main types of stem cells:

I. Embryonic stem cells—they are pluripotent stem cells obtained from the inner
cell mass (ICM) of an early stage embryo called blastocyst.

II. Adult stem cells—they are any cells taken from a fully grown tissue. These
include endodermal, mesodermal and ectodermal origins.

III. Cancer stem cells—these have been seen associated with nearly every type of
cancer.
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IV. Induced pluripotent stem cells—these types of cells have been extracted from
a non-pluripotent cell, mostly from an adult somatic cell by treating mature
cells with genes that dedifferentiate them to a pluripotent stage.

Stem cells are present in all multicellular living organisms. These stem cells are
able to differentiate into specialized cell kinds depending on their potency. These
include:

I. Totipotent cells—Morula, Spore, and Zygote; these types of cells have the
possibility to give rise to any human cells (brain, liver, heart, or blood). They
are also each capable of giving rise to a whole viable organism.

II. Pluripotent cells—Embryonic stem cells; cannot emerge to a whole organism;
however, they are capable of giving rise to all types of tissues. Can create
callus-like groups of similar cells.

III. Multipotent cells—Progenitor cells (hematopoietic and mesenchymal stem
cells); they can emerge to a restricted variety of cells inside a tissue type.

IV. Unipotent cells—Specific originator cells, such asmuscle stem cells (Hui et al.,
2011).

Embryonic stem cells have two properties: to propagate themselves under defined
conditions and to be able to differentiate into the ectoderm, endoderm and meso-
derm germ layers. Human embryos have 50–150 cells at the blastocyst phase, post-
fertilization (Ying et al., 2003). It is challenging to study cells in situ, so advancements
in cell culture have been essential to understand cellular characteristics. For many
years pluripotent cell lines have been isolated and maintained for in vitro cultures
such as from mouse blastocysts (Evans & Kaufman, 1981). Also, Martin (1981)
demonstrated observing these cultures that were derived from single cells that could
differentiate into various cell types. This made it possible to study early mammalian
development. Undifferentiated human embryonic stem cells and embryonic germ
cells were cultured by James Thomson and his group in 1998. This study provides
an understanding of differentiation and how human tissue functions as well as new
approaches for drug discovery and analysis (Thomson & Odorico, 2000).

Adult stem cells are derived from mature tissue. Examples comprise stem cells
obtained from placental tissues like human amnion epithelial cells and mesenchymal
stem cells. These cells have been indicated to be able to reduce inflammation and
augment repair of animal replica injury model studies. Even though these cells can
segregate into tissues in vitro that are found from the separate parts of the germ cell
layers in vitro, they have limited differentiation capacity. Adult stem cells benefit
since cells sourced from self or family use may have reduced ethical and biological
concerns (Kolios & Moodley, 2013).

Cancer stem cells have many different characteristics that allow them to assist
in tumourigenesis. They are discrete populations of cells within tumours. (Dalerba
et al., 2007). Cancer stem cells (CSCs) have been acknowledged to be significant in
leukemia and dense cancers. Researchers have suggested that cancer stem cells have
the capability to self-regenerate and can then separate into distinctive forms of cancer
cells. They are believed to be accountable for malignancy, evolution, metastasis,
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reappearance, and drug resistance. Cancer stem cells remain pluripotent, so they can
lead to tumour cells with different phenotypes, leading to the development of leading
cancer and the appearance of novel cancers (Chen et al., 2013).

Induced pluripotent stem cells (iPSCs) are obtained by reprogramming grown
mammalian cells by the enforced expression of DNA regions involved in pluripo-
tency and cellmultiplication (Stadtfeld&Hochedlinger, 2010). iPSCs can afterwards
segregate into several specific somatic cell varieties and share identical features,
including but not restricted to themorphology and proliferation of ESC, self-renewal,
and the possible variation into different kinds of cells (Ji et al., 2016). This capability
creates a revolutionary tool for a wider range of technical methods and reformative
medication (Cantz & Martin, 2010; Reibetanz et al., 2016).

Differences Between Somatic Cells and Somatic Stem Cells

Somatic cells refer to all the body cells except sperm and egg cells (germline cells).
Somatic cells are diploid and have two groups of each chromosome, one from each
parent. In this sense, adult human stem cells can be considered to be somatic. These
cells do not have the capability to create any progenies; instead, they shape all the
organism’s structures and tissues. Several types of these originator cells have been
separated in adult tissues; hence most tissues have their own specific stem cells
(Fig. 1.2). For example, the neural stem cells in the subventricular region (outside
the lateral ventricle wall in vertebrates) contain epithelial stem cells. The spongy
marrow tissue of the bone is where hematopoietic stem cells reside and function to
refill cells into the blood that have deceased in function or accumulated pathological
processes. These stem cells are normally located in proximity to their normal somatic
cell’s tissue position. In the case of blood, the unmineralized hollow bones serving
as a site for this organ.

All somatic cells, both normal and ASCs, can divide through mitosis to replace
andmaintain the tissue continuity across a multicellular system’s lifetime. The ASCs
are unspecialized cells with self-renewal capacity. The source of stem cells starts with
a totipotent egg, which can segregate to the placenta and all the kinds of tissue in
the body. This blastocyst forms after seven to eight-cell divisions of an egg that has
been fertilized. The blastocyst’s outer wall will be altered to hold it to the uterine
wall along with the inner cell mass, which contains the pluripotent cells that can
segregate into any other cell type with their more specific functions. They are known
as the embryonic stem cells that differentiate into different multipotent stem cells
and progenitor-specific cells (Ramesh et al., 2009). Adult stem cells are found in a
particular area of tissue in tiny numbers called a stem cell niche. An essential factor
is that stem cells can remain inactive for a period of time until a signal is operated
internally or externally, for example a tissue injury or diseased state (Dutta, 2020).
This is very advantageous as uncontrolled cell division in these cells would be very
dangerous.
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Fig. 1.2 Adult somatic stem cells (ASCs). ASCs exist in most tissues of the body. Due to most
cell’s dependency upon anchorage, ASCs are located close to their relevant sites. Cells of the blood
being non-anchorage dependent migrate from the ASCs in bone marrow (Chagastelles & Nardi,
2011)

Normal somatic cells being differentiated and specialized in function are very
often different from each other as well as from their stem cells. This is best demon-
strated by studying the most extreme examples. Cells that have made the ultimate
decision to terminally differentiate have become so specialized that their potency
has become significantly compromised in normal circumstances. Keratinocytes in
the epidermis commit to bulking up on proteins like keratin. During the latter end
of the cornification process, the cell also has no need to update other structures.
The cell undergoes apoptosis, and the cell morphology progresses to dead struc-
tural material. Antibody producing plasma cells upregulate endoplasmic reticulum
and Golgi volume for rapid extracellular secretory protein production. Though this
continued state may be undesirable if continued indefinitely. Red blood cells mature
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to become denucleated and so are unable to repair themselves and require replace-
ment. Once cells make these sorts of commitments, dramatic differences occur in
cellular morphologies related to function and structural requirements. Despite excep-
tions, in the cited cells above, once they prioritize to this extent, it seems that their
lifespan is measured within a matter of months (Andraud et al., 2012; Eckhart et al.,
2013; Franco, 2012).

On theother hand, stemcells donot really require anythingmore than the apparatus
for the correct response to cell cycle signals and the faithful copying of DNA. This
is to form new daughter stem cells or forcing altered gene regulation upon daughter
cells for them to specialize. Stem cells and somatic cell types can be character-
ized according to their specialized mixtures of morphologies, organelles, proteins,
etc. A reasonable, logical correlation between microscopic observations mapped
biochemical pathways and expected functions often make sense. However, those
valuable observational differences are underpinned by the mechanisms that regulate
the products of DNA. It is the differential use of DNA in cells that drives these
differences.

The basis of DNA to mRNA to protein, while central is too basic. Cells use
of transcription factors, DNA methylation, histone modifications and interfering or
microRNA are used to control gene products and regulate this process. Gene promo-
tors, often upstream of the gene, contain protein binding domains that influence the
ability to make mRNA. This is through proteins binding or being removed to allow
repression or promotion of the production of mRNA. These transcription factors
decide how much and when mRNA transcripts can access ribosomal translation.
Also, how much and when regulatory RNAs can interfere with this process is an
essential factor. This cascades onwards to control more and more complex feedback
loops to encourage or restrict the flow of DNA to proteins. Post-translational modifi-
cations, alternative spicing, peptide trafficking via signal peptides, and the expression
of receptors with signal transduction then all go back to influence the whole process
of DNA again to proteins.

The study of epigenetics and imprinting has also been able to explain further why
the same genomic DNA can be controlled to give different cellular outcomes. The
use of methylation of CpG rich sites in promotors can downregulate the expression
of a gene. While CpG is common in DNA, it seems to be higher than expected in
some promotor regions. 5′-CG-3′ on one strand of DNA forms a very short palin-
drome of the same on the other strand. This creates methylation on each strand’s C
bases, offset from each other. When DNA replication occurs, both strands contain a
template with methylation on the C bases. This allows the ability to maintain a DNA
methylation template to each daughter cell when the other strand is replicated. There
are also enzymatic abilities to remove these methylations to change the outcome of
gene expression in a cell. Stem cells and somatic cells have differential methylation
patterns that are noted in these islands of CpG rich areas (Kim & Costello, 2017).

Histone protein modifications alter the readability of the chromatid by altering
the density of the DNA windings upon the nucleosomes. This plays a role in the
accessibility of RNA polymerase II to make mRNA and their proteins. Cellular
proteins have to be produced in the correct time, place and amount to allow cell
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differentiation and replication. Via these proteins, the non-proteinaceous parts of the
cell can also be altered. Enzymatically cells are controlled, and they are supported
by turnovers and pools of lipids, sugars, tRNA, rRNA, amino acids, cholesterol,
steroids, NAD(P)H, ATP and many other supporting factors. Proteins can be are
cleaved, glycosylated, switched on/off by phosphorylation, require redox supplies,
interact with each other, be exported to control other cells. With this unexhausted
list of factors above, an impressive array of variables is prominent. So are, therefore,
why so many types of cells are possible. In summary, one set of cellular instructions
can be read very many ways to produce variable and adaptive cellular outcomes.

Stem Cells in Different Species (Animals and Humans)

Animal development has been studied to help scientists understand animal biology
for many years. There are many reasons for this, including personal curiosity, inves-
tigating animal welfare and farming, studying simple systems to help understand
complex ones, understanding evolutionary trajectories and even exploring the poten-
tial for changing human health. Biologists have characterized animals capable of
partial or full regeneration body parts for more than 100 years. So, the notion of
tissue re/generation and its potential for exploitation long predates identifying the
possible mechanisms. Observations in the nineteenth century were also very impor-
tant. Karl Ernst von Baer’s chordate embryo collections displayed some similarity to
each other at early stages, but he noted they diverged in development to look dissim-
ilar from other animals’ adults. Ernst Haeckel’s recapitulation theory of embryos
moving through ancestral primitive forms to achieve a higher state of embryo did not
provide a useful answer to this (Richtsmeier, 2018). Either way, the level of under-
standing at the time would have not allowed for a modern cell biology model to be
formed. That is, animal stem cells acting in both very early life all the way through
to the repair towards their end of life. Long before the discovery of DNA, the notion
of stem cells differentiating towards specific cell types via altered access to—and
regulation of their proteomes and regulatory RNAs against a backdrop of epigenetic
factors—was too complex to put together.

With the right mindset, asking questions about the complex phenotypical changes
that occur in frogs, many insects and butterflies, etc. alludes to a certain level of
unequal pattern formation fluidity in animals. Moving forward, at the core of driving
animal stem cell curiosity, there is juxtaposition in this work between offering hope
to human disease, protecting rare species from extinction and the way society views
what is ethical. This work has the potential to extend human life and so challenge
the resources of Earth but, at the same time, perhaps provide an answer by enabling
distant space travel and terraforming in other worlds. One of the simplest animals,
the rotifer, can produce embryos with stem cells capable of dormancy (García-Roger
et al., 2019). Germination of ancient plant embryos encased in their seed cases is also
possible (Sallon et al., 2020). These two examples seem to be in extreme contrast
to higher animal capabilities, but human embryos have been viable after decades of
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ultralow temperature storage. This all indicates that, once understood, animal stem
cell applications may be pushed into novel situations.

Multicellular eukaryotic organisms exhibit diversity in their structural complex-
ities, genotypes, transcriptomes, proteomes, non-coding gene products, post-
translational modifications and epigenetics. They also exhibit diversity in their cell
biology, reproduction, gestation, life span, propulsion, food, social interactions, and
the value of individual colony members, behaviours, predation, disease states and
environmental parameters. All of these factors are likely to have played some role in
the evolution and divergence of stem cell abilities and how they behave in animals. It
is important to understand the key times when animals may need stem cell activities.
Embryogenesis, homeostaticmaintenance, growth/development,metamorphosis and
repair. Clearly, these processes are not equal, some essential and other non-existent
in certain animals. Some human cells and tissues are never subjected to remodelling
or replacement, so have reduced need for stem cells. The animals that have greater
levels of repair in their structures analogous to human tissues are obviously of great
interest. This offers hope for learning what may stimulate analogous mechanisms in
humans as some key proteins and transcription factors are highly conserved among
animals and highlight routes for enhanced repair outcomes (McGurk et al., 2015).

Clearly essential to our understanding in mammalian and animal embryogenesis
is to use a model of totipotent progenitor cells moving towards specialist cell types,
or even terminal differentiation. Once we understand this, the next most important
consideration will be in animal cells as we ask if this process may run in reverse.
In situ study or harvesting stem cells for in vitro work in humans has challenges
regarding ethics, legality, religion, variable clinical outcomes, cost and time taken for
long term mechanisms and effects to be fully understood. Therefore, understanding
stem cells both in vitro and in animals is not only beneficial for understanding those
animals. It also offers potential for simplemodels to be created and inspire, what may
be possible? Many human diseases can be understood through very simple models.
Using yeast cells formodelling pathways in humanneurodegenerative diseases seems
unlikely but is accepted (Khurana et al., 2017). So far, simple single-celled organisms
have not been so useful for studying in place of animal stem cells, but it is noted that
there are sometimes similarities. The ability of animal stem cells to perform asym-
metric cell division, producing either daughter stem cells or differentiated cells. This
process can be seen in some single-cell organisms and organisms can influence each
other demonstrating colony/multicellular-like behaviours like quorum sensing. So
currently the most flexible model systems are in animals. This is useful to under-
stand the animal itself but sometimes offers limited specific insight into the full
overlapping systems in human stem cells. There are also too many variables to make
use of single experiments. However, the sum of multiple data to drive computational
models will hopefully make animals more redundant in this area (Zhou et al., 2019).
This is a complex area, and it is important to remember the scope of animal’s stem
cells. Regarding what we can learn, a basic structure repair might in an animal be
adequate for function and survival. However, in human medicine the expectation
for full functional replacements is more likely. Presuming the regeneration of a tail
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after autotomy in a lizard has been evolutionarily optimized, it is still sometimes a
compromised structure and not fully identical to the original.

Some animals demonstrate unusual forms of asexual reproduction like pathritho-
genesis, haploid oocytes can undergo meiosis without subsequent cytokinesis to
retain diploidy. This is of interest for the potential to make autologous high potency
stem cells from gametes or even differentiated somatic cells. However, many animals
form an embryo from the fertilization of oocytes. Either way, a totipotent diploid
zygote is the expected outcome. The zygote in animals forms the morula ball of
cells within the confines of the zygote. Changing the ratio of increasing cell numbers
to decreasing cytoplasm volume perhaps serves to allow a feedback to control this
process (Neurohr et al., 2019).

The next major difference in animals is the use of placenta in mammals and those
that form eggs. Sometimes eggs are retained and in or near the body or left to the
environment for different lengths of times. Based on this and other factors, the most
obvious difference is regarding the formation of lesser or substantive yolks. These
factors influence theway that the cleavage of the stem cells occurs. Cleavagemethods
have diversified in animals in the transition towards the blastula. In different animals,
there are several directional ways in which cells perform cleavage both in relation
to each other and the yolk (Houston, 2016). These differences complicate the use of
some simple animals from fully modelling human stem cell embryogenesis.

Another important factor in understanding how early stage animal stem cells grow
is their transition from the maternal influence of the oocyte. The oocyte contains one
haploid copyofmaternalDNA, the proteins, regulatoryRNAsandmanyother factors.
As the blastula develops, the diploid influence changes the landscape of proteins
and these other elements. Later on, in mammals, the development of the placenta
again allows further maternal influence of the stem cells of the developing embryo
via molecules crossing the blood-placenta barrier. By studying these processes in
diverse species likemarsupials that birth early in development and the fullest range of
animals, it could bepossible to better characterize stemcell behaviour by compare and
contrast. However, to fully understand animal stems andmaximize their potential it is
really important to understand the whole complex environment that they are exposed
to. Despite the divergent pathways in animals, a polarity in embryogenesis generally
occurs in the blastula stage. The designated area of higher activity the animal pole and
the lower activity vegetal pole that develops into the extraembryonic membranous
structures that provide the immediate and correct environment to protect and nourish
the embryo.

In the same way as the cell membrane allows compartmentalisation, the multicel-
lular nature of animals allows the development of layers of cells for more complex
structures and functions.Many animals produce threemain layers of stemcells during
embryogenesis, though some simple aquatic animals only produce one or two. All
triploblastic animals have three germ layers. From a human health point of view,
understanding all three of these germ cell types is critical, each of them gives rise to
highly functional and specialized tissue types and so can build organs. Due to this
commonality, even in basic animals like worms, we can appreciate that stem cells
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give rise to an analogous digestive tract, nervous system, a gas exchange/vascular
system, an outer surface and other specialized tissues.

The next major distinction in animals is the presence of a notochord in chor-
dates which give rise to the vertebrate animals we best recognize. This comes from
the ectoderm during gastrulation. Gastrulation in animals does have variations but
follows similar patterns of organogenesis and pattern formation of the animal from
the germ layers. After this the stem cells are pluripotent and gradually differentiate
towards loosing potency as the organism’s tissues become more specialized.

Post Development Growth/Repair/Maintenance

Putting aside the complexmetamorphosis that occurs in some animals, later develop-
ment in animals is to increase complexity, size and repair. In mammals, the process
of post developmental stem cell activity in maintenance is well documented via
hematopoietic stem cells in their generation of a large number of blood cells from
an individual kind of stem cell. This model in place by the 1960s from the study of
mice but has been well documented also in humans since (Till et al., 1964). This
led to offering stem cell transplants in humans for immunodeficiencies, cancers and
autoimmune diseases.

From the realization that adult animals have activate stem cells, it has driven
research into the possibilities that cells can increase their potency levels and whether
any stem cells can be used to produce gametes. Somatic cells have been induced to
become pluripotent stem cells in mice and human cells. Interestingly, this has been
through the control of transcription factors. This discovery allows complex control of
the genes that can increase cell potency with minimal need to understand and control
every single gene and factor involved (Mullen & Wrana, 2017). More promising is
that these transcription factors can be encoded transiently by introduction into cells
as RNA species. If this process is then continued to make viable germ cells and
gametes in mice, this transient alteration could mean that the mouse need not retain
retroviral genetic modifications in offspring. So being as close to naturally wild type
as possible.

So far there has been limited success in producing in vitro germ cells from
mammalian embryonic stem cells for both male and female forms except in mice.
This offers potential for in vitro gamete and even zygote production from stem cells.
As well as for humans this offers great potential for rare and difficult to breed animals
(Goszczynski et al., 2019).

Certain animals have been well represented in the understanding of stem cells in
embryogenesis and adult repair. For example, the large size of the xenopus oocyte
and its early discovery to translate exogenous mRNA; the mouse that has been one
of the most adaptable as mammalian species; the zebrafish that demonstrates regen-
erative repair of tissues in humans that are incapable of repair; drosophila for their
genetic homologies with development and diseases of humans; salamanders which
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can regenerate highly functional limbs; and lizards which can regenerate full or
partial tails after autotomy.

These organisms and systems all highlight great overlap in animal stem cell abil-
ities and mechanisms. They also suggest that many cells can increase their potencies
and then decrease them by specializing; there is also the possibility that they could
even go on to form viable gametes and offspring. This offers an exciting future for
not only human and animal survival but also quality of life.

Location and Function of Stem Cells in the Human Body

Stem cells have the potential to grow into any kind of the known 220 cells in the
human body of an adult. Stem cells are obtained from bone marrow; however, they
are also derived from the umbilical cord blood. To become erythrocytes, leuko-
cytes or platelets, each stem cell receives chemical signals. These mechanisms are
controlled by growth factors and epigenetic processes (chromatin remodelling and
DNAmethylation). The bone marrow space is where this growth activity takes place
whereby only the mature cells are released into the bloodstream at a distant (Tuch,
2006). Tissues and organs have adult stem cells recognized in them; each tissue has
a small number of stem cells present. In order to maintain a ready pool of supply for
replication to take place at a controlled rate, stem cells are present in certain regions
of every tissue (Kumar et al., 2010).

There Are Many Known Sites of Stem Cell Activities

Embryonic stem cells. They are particular kind of stem cells obtained from a human
embryo that are about three to seven days old from the developmental phase. This
blastocyst stage is known as the embryo. A blastocyst is a thin-walled globe of 150
cells, which can divide into more stem cells of an individual. Therefore, embryonic
stem cells are considered to be capable to repair or revive unhealthy organs for
regenerative therapeutics. Adult stem cells. The adult stem cells are found in small
numbers, which makes them difficult to be found for study and harvesting. Unlike
embryonic stem cells, adult stem cells have a restricted ability to provide growth to
most cells. Scientists had believed that the use of AS cells could only just provide
blood cells in the bone marrow. However, the scope for adult stem cells is greater and
people with heart or neural diseases are being tested for the regenerative potential
adult stem cells.

Induced pluripotent stem cells. It is possible to alter the genes in adult stem cells
to give rise to induced pluripotent stem cells in the laboratory. This alteration is done
by reprogramming the cells to perform like embryonic stem cells. Reprogramming
techniques (a procedure used to revert fully grown cells into induced pluripotent stem
cells) may allow an alternative of embryonic stem cells and put an end to immune
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system rejection of the newly grown stem cells in allogenic transplants. Yet, it has not
been confirmed if using altered adult cells will cause any risky effects in humans. In
several cases, connective tissue cells have been reprogrammed to become efficient
heart cells. New heart cells have been injected to animals having a heart failure,
leading to an improvement to the heart function and increased survival period. Peri-
natal stem cells. Researchers have discovered stem cells in both umbilical cord blood
and placenta. To protect a growing foetus in the uterus a liquid called amniotic fluids
fills the sac. Stem cells have been seen in samples of amniotic fluid from pregnant
women. Amniocentesis is carried out to examine possibilities of developmental.

Role of Stem Cells in Human Development and Embryology

Section “Stem Cells in Different Species (Animals and Humans)” describes the
common roles of stem cells in animals and humans leading up to the generation of
three germ layers in triploblasts. After this, human stem cells are still highly active
on the formation towards a foetus. However, over time with the final body pattern in
place, stem cells can reduce in potency, becoming more specific in their roles. Loss
of potency obviously is not the same as loss of activity. This is complex and human
tissues must always balance the pulls from cell cycle repression, growing in size,
growth in complexity, housekeeping,mechanical tissue repair, infection,DNA repair,
endogenous and exogenous chemical signals, tumourigenesis, epigenetic regulation,
oxidative damage, ageing and apoptosis. To remain functional certain tissues must
also resist the urge for both stem cell and sometimes also immunological cellular
activities to occur. This is because remodelling or repairmay limit functionality of the
tissue. In humans, it may be too simplistic but useful to consider stem cell activities
to be related to either the structural or functional natures of the tissue types. The
stem cells giving rise to dermal fibroblasts or neurones, for example not requiring
the same level of activities in adults and embryos. It is this lifetime compromise in the
needs of embryo development differing from ageing that can lead to disease in later
life. Attempting to change the nature of this balance of compromise is what offers
hope for stem cells correcting disease states and, perhaps, monitoring and preventing
problematic embryogenesis. This starts with understanding embryogenesis.

After gastrulation forms a cavity globe of cells, the stem cells of the developing
embryo’s three germ layers are highly active and potent. They have lost the ability
to form any type of cell, but each layer still retains potency to form the great number
of cells and tissues specific to its layer. The outer layer of cells as the external
facing ectoderm,mesenchymal cells as a central connecting layer form themesoderm
and the inner cells of the developing gut from the endoderm. This early pattern of
cellular organization is transferred through to structures retained throughout life. The
endodermal gut development process forms a pathway from the buccal cavity to the
anus. As well as the obvious structures of the digestive system, the lungs terminate
off this branch, glands and organs such as the liver that interact with the digestive
system and endocrine also form from this layer.



16 D. H. Kuntawala and G. J. P. McCann

From the mesoderm, a connectivity of motor-related and spatial matrices forms
bones, joints, muscles and connective tissues and so their ultimate proteinaceous
depositions such as collagen and others in the dermis. The vascular system including
heart and the tubes of the urinary and reproductive systems also originate from the
mesoderm. The mesoderm also gives rise to the dorsal midline. This gives the body
a symmetrical and central axis point based on the notochord which then goes on to
form the vertebrae of the spinal column. Themesodermal stem cells’ areas of activity
are organized into blocks. These blocks called somite’s and arrange themselves either
side of the notochord in discontinuous segments along the length of the notochord.
The blocks allow corresponding levels of regional muscles to form in situ, but they
also have migratory abilities.

The ectoderm goes on to form the skin epidermis but is also able to form the
central nervous system. The mesodermal derived notochord is externally covered
in ectoderm which is several cells thick and forms a neural plate. This then pulls
itself up from a flat layer of cells to meet together, forming a central hollow neural
tube above the notochord and below a new layer of sealing ectoderm. This neural
tube gives space to form the spinal cord and brain. Between the neural tube and
the ectoderm, a grouping of ectodermal cells forms a neural crest. The cells from
this area are able to move through the mesoderm and populate it with cells of the
peripheral nervous system (PNS). However, in the head they are also able to form
bones, joints and connective tissues. A further complexity is the three sense organs
of the head are not all derived from the same germ layers (Alberts, 2017).

The key points in the ongoing development of the germ layers are that some
of these processes occur in three dimensions through extensions and elongations,
respecting a directional governance. Also, that the origin of the stem cells in a region
mayhave originallymigrated fromanother germ layer. The applications attempting to
use the stem cells inmedicine are complex. For example, to repair significant damage
to the spinal cord itself and also re-joining it to peripheral nerves is problematic as
they did not have the same origins. Compared to embryogenesis, such an attempted
repair may lack respect for the natural directional abilities, migratory origin of the
cells and the cell signalling that initially gave rise to neurulation. Attempts to use
scaffolding may mitigate some of these problems (Katoh et al., 2019).

As well as the mesodermal somites arranged around the rear of the embryo, the
lateral plate mesoderm separates the rest of the endoderm from the ectoderm around
the rest of the forming body. The final external body pattern of the embryo is not in
place until the limb buds of the body develop from this lateral plate. During and after
this, regional stem cells produce many layers of compartmentalisation and tissue
types required for development towards near the final body pattern in miniature to
form a foetus. The foetus is formed towards the end of trimester one.

The high level of the potency in very early embryo development is evident as it
can sustain loss of cells to create twins or repair a cell lost. This level of potency
is required as the cells that distinguish the germ layers transition to different and
specialized tissues and organs have yet to form. Stem cells do not retain their full
potency as part differentiated but as lower potency role specific stem cells. It could
be that a reversible lower potency state could be controlled only by general gene and
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transcription factor regulation. However, this is perhaps risky and a degree of cellular
memory and commitment to not normally revert is held in place as specialized stem
cells. In the developing embryo, cells must maintain their differentiated states. The
reversal of state or migration of higher potency stem cells without the context of their
original spatial and chemical signals could lead to a non-viable embryo or structures
in compromised positions.

In post embryo humans, an increase in potency or retention of stem cells
may be desirable against disease, ageing and damage repair. However, the conse-
quences of retaining cells potentially able to form a full repertoire of tissues out of
context, capable of rapid cell division and migration might be a step too close to
tumourigenesis (Wuputra et al., 2020).

Accepting this model and the risks of embryo interference, recent stem cell
harvesting from the placenta to retain hematopoietic progenitor and hematopoietic
stem cell populations for autologous use against certain blood cancers and autoim-
mune diseases seems to provide potential for a low risk for high rewards. Placental
tissue also contains mesenchymal stem cells that can form a very diverse range of
cells in the laboratory when given specific cell signalling reagents (Wang & Zhao,
2010).

Apart from a constant general growth in size and brain complexity throughout
childhood and towards adulthood, puberty leads to rapid changes in cellular activities.
However, compared to embryogenesis the changes are slight and slow. Throughout
the process though, there appears to be a theme that cells have a built-in memory for
retaining correct potency levels and some kind of clock activity for timing change.
On the route from foetus to adult, it is clear that there are reducing needs for stem cell
potencies but still great need for stem cell activities. In adults, it is noted that most
cells have finite lifespans requiring turnover. Some cells like the heart muscle are also
seemingly mechanically and functionally expected to need turnover yet they are not
capable of doing so. It is also expected to think of skin, muscles, and connective and
synovial tissues of having high need for stem cell turnover for repair just from normal
mechanical stress. Yet these cells often form scar tissue and joints demonstrate little
ability to renew from arthritis.

The best documented example of ongoing stem cell activities in adults is in the
generation of blood cells. The necessity being the expiration of the nonnucleated red
cells incapable of dividing and repair. The white immunological cells also require
strict control of their levels of activities. The liver is also well-known for its regen-
erative capacity, it can receive a lot of oxidative damage from ethanol metabolism
via cytochrome P450 CYP2E1, a great deal of functional stress (Abdelmegeed et al.,
2017). In adults, the regenerative capacities of tissues would appear to be sometimes
illogical. It may be expected that stem cell regeneration of the hip joints to prevent
osteoarthritis and allow food gathering would be of evolutionary advantage over the
detoxification of exogenous compounds in the food. However, humans have had the
ability of social cooperation to share the social needs of food gathering. Humans have
also been able to elongate the gap between reproductive age and death, reducing
the drive for adaptations to counteract ageing. This contrasts against the level of
systemic sickness that can occur from liver damage and can cause premature death.
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If the biological evolutionary aim for human life is to reach an age of securing the
independence of the next generation, then we may consider the natural evolutionary
use of stem cells beyond maintenance and repair evolutionary redundant within a
generation of reproductive age.

Multipotent Stem Cells Versus Pluripotent Stem Cells

Multipotent stem cells only segregate into certain cell kinds once they perceive
signals, such stem cells known as hematopoietic, neural and mesenchymal. The
hematopoietic stem cells transform into various blood cells; neural stem cells into
astrocytes, oligodendrocytes and neurons; mesenchymal stem cells can give rise
to adipocytes, osteoblasts and chondrocytes. Hematopoietic stem cells become an
oligopotent cell after differentiation and later differentiate into many cell types. An
example of this is a myeloid stem cell that can split into white blood cells excluding
red blood cells. Found in small numbers, multipotent stem cells are available in
specialized tissues mostly in adult tissues and are able to restore cells that are
damaged.

Pluripotent stem cells are categorized into perinatal, induced pluripotent and
embryonic stem cells. The embryonic stem cells are harvested inside the range of
the first four cell division of the embryo, they are called totipotent. Totipotent cells
can differentiate into extraembryonic tissues in a constant direction with germ layer
obtained tissues. Another specialty of embryonic stem cell is that they are able to
split up in vivo, this is different from the adult stem cells that split separate from
each other during death of the cell or tissue damage. The pluripotent stem cells play
a vital role in forming endoderm, ectoderm and mesoderm (germ layers) except for
the structures located outside the embryo.

Unlike pluripotent stem cells, multipotent stem cells can adapt to separate into
cells of very many given cell descents. Hematopoietic stem cell is an example of
this adaption, this kind of stem cell can give rise to many kinds of blood cells by
hematopoiesis. Multipotent stem cells can further become an oligopotent cell after
differentiation. The ability to differentiate will be restricted to cells of its derivation.
Yet, these cells are able to convert into discrete cell kinds, which leads to identifying
them as pluripotent cells (Fig. 1.3.) (Zakrzewski et al., 2019).

All cell types that can form an adult are pluripotent. From zygote to very early
embryo and formation of the extraembryonic tissues of the foetus are totipotent. In
adults, stem cells can be limited to being multipotent. If a tissue has cells off a single
differentiated lineage and stem cells are used to maintain this lineage, they are called
unipotent.Adult stem cells can be reprogrammed to pluripotency by somatic nuclear
transfer. Practical applications of inducing/reversing pluripotency in adult cells have
become evident, with the formation of iPSCs. The transcription factors (TF) Oct4,
Sox2, KLF4 and Myc are greatly expressed in ES cells. So, upregulation of such TF
and so their target genes are thought to lead cells like fibroblasts (cells that produce
collagen and fibres) to become pluripotent (Watt & Driskell, 2010).
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Fig. 1.3 Origin of stem cells

Both pluripotent and multipotent stem cells have pros and cons in their poten-
tial for exploration. Firstly, the ability of pluripotent cells to develop to any cell kind
could be a curative benefit such as treating unhealthy or ageing tissues inwhichmulti-
potent stem cells are inadequate. Secondly, proliferation of pluripotent stem cells is
rapid, leading to a level of cellular production that may not be useful (Drukker et al.,
2002). The benefit of this work is that the material is regarded as self. The immune
system responses to particular epitopes presented on the surface of cells via themajor
histocompatibility complexes for immune cells to sample for signals as to if a cell
is infected or has acquired non-self peptides and haptens. Self-confirming epitopes
can also be displayed. Cells derived from the same (autologous) multipotent stem
cells comprise of the patient’s own particular proteins on the surface that permit it to
considered self by the immune system of the host. Pluripotent stem cells are partly
immune privileged and do not normally display the same signals for the immune
system to form a rejection response. So, their use to treat other people as allogenic
transplants may be valuable (Biehl &Russell, 2009). However, this is not well under-
stood and seemingly even autologous iPSCs have been noted to be targeted by the
immune system.

Nobel Prize Research on Stem Cells

In 2012, Sir John Gurdon was presented with a Nobel Prize when he was able to
modify a frog egg cell so that it could grow into a typical tadpole. This was by
substituting the nucleus of a Xenopus frog zygote cell with a nucleus from a tadpole
enterocyte. Moreover, his work led to this sort of concept of animal cloning and
modified the field of cell specialization and growth. Larry Goldstein also mentioned
how Sir John Gurdon’s work will be vital to teach how reprogrammed adult cells
can behave like embryonic stem cells, including how to utilize the full repertoire of
DNA instructions to form many kinds of adult cells. During the 1960s, it was unsure
of what the future of the curative applications of this information might be.

Later in 2006, a researcher named Shinya Yamanaka helped respond what the
future held for this field. He demonstrated how to reprogram awhole and transformed
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mouse cell into becoming a pluripotent stem cell by adding just four features to the
cell culture. Yamanaka successfully introduced these as induced pluripotent stem
cells. He did not waste any time in demonstrating a similar process can be useful to
transform human cells. This workwas important in research aswell as to demonstrate
how to prompt adult cells to recall how to act like embryonic stem cells. These
researchers and others have generated the daybreak of dawning of a new era of how
cells types can be coordinated and defined. Furthermore, how we can put this skill to
into clinical options to improve new treatments for several deadly aliments (Holmes,
2012).

Mario Capecchi, Martin Evans and Oliver Smithies were awarded the 2007 Nobel
prize in physiology or medicine for their introductory work in mouse embryonic
stem cell technology, also named as “knockout mouse”. It was believed that their
achievements would show the vital genomic causes and effects in human disorders.
It has now become an important tool in the laboratory research into the role of genes.
Both Capecchi and Smithies revealed how adjustments can be carried out by means
of chromosomal crossover. This procedure allows the exchange of genetic material
by homologous recombination. This mimics the natural genomic DNA exchange and
encourages the appearance of new traits. They thought this chromosomal crossover
could be utilized to knock out hereditary information from a genome. This allows
the ability to study chromosomal loci in knockout mice which can target specific
genes for an animal’s development. Martin Evans also worked on the alteration of
genetic material in animals by modifying specific DNA sequences. He grew stem
cells from earlymouse embryos in culture. Then he injectedmodified stem cells from
amouse strain inside the embryo of a differentmouse strain and implanted the embryo
into a surrogate mother. This procedure showed that the mice that developed were
comprised of both mouse strains as a chimeric embryo. Additionally, he managed
to combine the genes into the stem cells by using a retrovirus to modify the mice
DNA to form a stable cell line. As this was done in embryonic stem cells, this could
then give the ability to produce many further mice by changing the germline to
ensure every cell in their progenies conveyed the foreign DNA. As well as studying
embryogenesis this created stains of disease model mice (Watts, 2007).
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Chapter 2
Types and Classification of Stem Cells

Aayush A. Shah and Firdos Alam Khan

Abstract The stem cells can be classified based on the location in which they reside;
for example, the stem cells which are present in an adult person are called as adult
stem cells, stem cells which are located in an embryo are called as embryonic stem
cells, and also, the stem cells which are present in the umbilical cord are called as
cord blood stem cells, respectively. Besides, stem cells are also classified based on
their differentiation characteristics; for example, stem cells are differentiated into five
distinct types like totipotent, pluripotent, multipotent, oligopotent and unipotent. A
stem cell line is defined as a clonal, self-renewing cell population that is multipotent
and thus can generate several differentiated cell types and is primarily distinguished
according to their potency, origin and lineage progression. In this chapter, we have
discussed different types of stem cells which are present in human body and also
discussed about induced pluripotent stem cells and their significance.

Keywords Stem cells · Classification of stem cells · Adult stem cells · Embryonic
stem cells · Induced pluripotent stem cells

Introduction

The classification and identification of stem cells are some of the crucial methodolog-
ical questions in stemcell biology.Astemcell line is defined as a clonal, self-renewing
cell population, that is multipotent and thus can generate several differentiated cell
types (Melton, 2014) and is primarily distinguished according to their potency, origin
and lineage progression.
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Classification of Stem Cells Based on Their Potency

Corresponding to their potency, stem cells are differentiated into five distinct types,
viz. totipotent, pluripotent, multipotent, oligopotent and unipotent (Fig. 2.1).

(a)

(b)

(c)

(d)

Fig. 2.1 Various stem cell potencies. a Pluripotent stem cells can distinguish into any of the
three embryonic germ layers, which eventually give rise to any type of fetal or adult stem cells.
bMultipotent stem cells are derived from a single germ layer and are found in various tissues of the
body. c Oligopotent stem cells have limited differential potential and can differentiate into two or
more lineages. d Unipotent stem cells have low differentiation potential and can differentiate into
mature cells of the same lineage
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Totipotent

These cells have the ability to divide and generate various differentiated cells in an
organism, as well as the extra-embryonic tissues. For example, zygote, the single-
celled embryo formed by the fertilization of the oocyte by the sperm, presents the
ability to mature into an entire embryo including all the cells required for the devel-
opment of a human as well as to the support structure of the placenta which is crucial
for the fetal development (Mitalipov & Wolf, 2009).

Pluripotent

These cells have the capability to differentiate into one of the embryonic germ layers:
ectoderm, mesoderm and endoderm—which can then give rise to any type of fetal
or adult stem cells for tissue development (de Miguel et al., 2010). However, a
single pluripotent cell or a group of cells lack the ability to develop into an entire
fetal or adult animal as they cannot organize into an embryo. But some of the inner
cell mass (ICM) cells in the embryo are pluripotent and can essentially form any
type of somatic or germ cell type in the body. The pluripotency of ICM cells is
retained by the expression of endogenous factors. These cells which occur transiently
in vivo can be isolated in an undifferentiated state, then altered and proliferated in
vitro as embryonic stem cells (ESCs) (Evans & Kaufman, 1981; Martin, 1981). In
2006, Shinya Yamanaka and Kazutoshi Takahashi (Takahashi, 2007; Takahashi &
Yamanaka, 2006) demonstrated the creation of a new type of pluripotent stem cells
termed as induced pluripotent stem cells (iPSCs) by reprogramming somatic cells.
These cells were seen to have comparable attributes to ESCs.

Multipotent

The cells which have been differentiated from a single germ later are multipotent in
nature and can be found in most of the tissues in the body (Ratajczak et al., 2012).
Themost widely knownmultipotent cell type is themesenchymal stem cells (MSCs),
which originate from numerous tissues such as bone marrow, adipose tissue, bone,
Wharton’s Jelly, umbilical cord blood and peripheral blood (Augello et al., 2010;
Wuchter et al., 2011). Various researchers have established that these types of cells
can generate a variety of cell forms and produce different mesoderm-derived tissues
such as bone, cartilage, muscles, adipose tissues and their related tissues (Augello
et al., 2010; Bibber, 2013; Bruder et al., 1997; Campagnoli, 2001; Kolios&Moodley,
2012; Prockop, 1997; Sobhani et al., 2017).Oneof themore important formsofMSCs
which have got the researchers interested is the neuronal tissue. Recently, researchers
have successfully differentiated MSCs into neural cells that are ectoderm derived,
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via transdifferentiation (Barzilay et al., 2009). These neural cells further differentiate
into nerve cells which may suggest for possible treatments of brain and spinal cord
injuries (Butti et al., 2014; Kennea & Mehmet, 2002).

Oligopotent

These stem cells have the capability to self-regenerate and differentiate in two or
more lineages within the particular tissue. For example, hematopoietic stem cells are
considered to be oligopotent stem cells as they differentiate into both the lymphoid
and the myeloid lineages (Bender Kim, 2005).

Unipotent

These cells have the unique characteristics of having the narrowest differentiation
potential and high self-renewal. For instance, satellite cells develop into mature
muscle cells, aiding in muscle regeneration (Beck & Blanpain, 2012; Bentzinger,
2013; Overturf et al., 1997). The latter attribute renders them as a promising tool for
therapeutic usage in regenerative medicine.

Classification of Stem Cells Based on Their Origin

The easiest way to classify stem cells based on their origin is by dividing them into
four major kinds, viz. embryonic stem cells, fetal stem cells, umbilical cord stem
cells and the adult stem cells. The classification of stem cells by origin is illustrated
in Fig. 2.2.

Human Embryonic Stem Cells (hESCs)

The fusion of the sperm and the ovum during the mammalian fertilization process
produces the zygote that ultimately gives rise to a whole embryo. The zygote under-
goes several cleavage divisions, producing equipotent blastomeres. These divisions
further result in the formation of the blastocyst, a microscopic hollow sphere of cells.
These blastocysts are comprised of two distinctive cell types: the trophectoderm (TE)
and the inner cell mass (ICM) which forms the hypoblast and the epiblast, further
stimulating the fetal development. A 5–6 day old human blastocyst’s ICM is the
primary source of the pluripotent hESCs (Evans & Kaufman, 1981).
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Fig. 2.2 Classification of stem cells by their origin

The embryonic stem cells are self-replicating and pluripotent in nature, and
through the process of embryogenesis, they can differentiate into one of the three
germ layers—endoderm, mesoderm and ectoderm (Fonseca, 2014; Yao, 2006). Once
the hESCs differentiate into a particular germ layer, they turn into multipotent stem
cells. ESC lines can be established upon transferring the hESCs in an undiffer-
entiated state from the ICM into a culture dish under certain conditions (Bongso,
2006). The presence of these cells can be detected by the presence of NANOG and
Oct4 transcription factors which confirm the “stemness” and self-renewal potential
of these cells (Hambiliki, 2012; Wang, 2012). The perseverance and maintenance
of the ESC cell lines are regulated by the certain culture conditions such as the
usage of anti-differentiation cytokine leukemia inhibitory factor (LIF) or mouse
embryonic fibroblast cell feeder layer (Doetschman et al., 1985; Hamazaki, 2001;
Heydarkhan-Hagvall, 2012; Shiroi, 2005; Thoma, 2012).
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Human Fetal Stem Cells (hFSCs)

The fetal stem cells are a kind of primal embryonic stem cells which can be obtained
from two separate sources—the fetal tissues like blood, bonemarrow (BM), pancreas,
kidney, liver, spleen and the extra-embryonic tissues for instance the cord blood,
placenta and the amniotic fluid (Cananzi et al., 2009; Marcus & Woodbury, 2008;
Saha & Jaenisch, 2009; Spinelli et al., 2013). hFSCs such as the stem cells of the
neural crest, hematopoietic stem cells and fetal progenitor islet cells are extracted
from abortuses (Beattie et al., 1997) or the fetal blood during the first trimester
(Abdulrazzak et al., 2010; Spinelli et al., 2013). The phenotypic features and prop-
erties of the hFSCs as well as their cell expression markers are heterogeneous and
differ according to their tissue of origin and gestational age.

Adult Stem Cells

These undifferentiated multipotent stem cells are found scattered in different organs
and tissues of the body, post embryonic development and have the capability to
develop no less than one type of the differentiated progeny (Foster et al., 2002; Fu
et al., 2011; Li & Xie, 2005). Their principal function is to maintain the organs
or the tissues of an organism by replenishing the apoptotic cells and regenerate
injured tissues. Although they have a narrow differential potential, in vitro, these
cells have shown differentiation into tissues from all the three different germ layers
(Ilancheran et al., 2009; Moodley, 2010). There are numerous advantages of adult
stem cells which make them an attractive alternative to embryonic stem cells for
research studies and cell therapies. Being autologous cells, these stem cells do not
involve any ethical or political concerns, or rejections by the host immune system
(Körbling & Estrov, 2003; McCormick & Huso, 2010). Recently, there has been
a growing interest in these stem cells for their use in regenerative medicine, with
several research groups exhibiting the potential of adult stem cells to restore damaged
tissues when transplanted in vivo, as seen in the re-engineering of the bone tissue
by osteogenesis or application of bone marrow cells to improve cardiac function
post-myocardial infarction (Chimutengwende-Gordon & Khan, 2012; Erbs, 2005;
Orlic, 2001; Perin, 2003; Strauer, 2002).

Hematopoietic Stem Cells (HSCs)

The preservation of the adult human hemopoiesis necessitates the body to replace
around 1010 leucocytes and 2× 1011 erythrocytes per day. These differentiated cells
are incompetent of growth and regeneration and thus are replenished by more imma-
ture cells called hematopoietic stem cells (HSCs) inhabiting the bone marrow, which
proliferate and develop to form various functional cell types of the blood (Goldman,
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1982). The growth and proliferation of these cells, under certain circumstances such
as injuries and diseases, are arbitrated by inducer colony-stimulating factor (CSF)
and interleukins counteracted by inhibitory cytokines (Zipori, 1992).

During birth, the HSCs are located in the bone marrow (BM) which is the
primary site for hemopoiesis in humans, while in the occurrence of disease or stress,
hemopoiesis will also occur in the liver, spleen or other sites during the span of life.
The BM microenvironment known as the “niche” helps in providing the essential
factors required for the self-renewal and differentiation of the HSCs (Szade et al.,
2018). Several studies have shown the niche influencing quiescence and stem cell
cycle entry, regulating the stem cells’ fate and limiting the rate of mutation in these
cells (Scadden, 2014; Schofield, 1978a, 1978b).

The pluripotent HSCs have the capability to develop various functional cell types
(Fig. 2.3) like erythrocytes, monocytes, eosinophils, neutrophils, basophils, platelets,
lymphocytes and dendritic cells. In the hematopoietic model of development, the
HSCs are found to be of two types, the long-term repopulating cells (LTRC) and the
short-term repopulating cells (STRC). LTRCs have extensive self-renewal potential
and are competent to develop all types of blood cells for the complete duration of
the individual’s life span (Harrison & Zhong, 1992; Morrison & Weissman, 1994).
STRCs can differentiate into the multipotent progenitors (MPP), the direct progeny
of the HSCs, which can further differentiate into the common lymphoid progenitors
(CLP) that engender the adult lymphoid effector cells, including T-cells, B-cells,
dendritic and natural killer cells and the common myeloid progenitors (CMP) which
engender the adult erythrocytes, monocytes, granulocytes and platelets (Morrison,
1997; Morrison & Weissman, 1994).

Generally, a set of cell surface markers are used to identify HSCs in the absence of
lineage markers (lin−). One of them is CD34 which is expressed on about 5% of the
BM cells in humans, mainly observed on the premature progenitor cells (Civin et al.,
1990). CD34 along with other surface markers have been used for identification of
premature cell population like the CD34+CD38− cells population. Upon compar-
ison to the CD34+CD38low cell population, CD34+Cd38− cell population has been
found to have more LTRCs. The human lymphoid committed progenitors (CLP) are
defined by the co-expression of CD10, CD34+ or CD07 (Bellantuono, 2004; Hao,
2001; Ziegler, 1999), while the (lin−)CD34+ CD38+ cell population’s expression of
CD123low CD45RA− defines the human myeloid progenitors (CMP) (Bellantuono,
2004; Manz et al., 2002). There have been other cell markers such as CD133 and
KDR that have also been employed along with or in place of CD34 (Bellantuono,
2004; Bhatia, 2015; Cimato et al., 2019; Yin, 1997). But HSCs can only be conclu-
sively assessed by their capability to differentiate into the CMP and CLP lineage
post transplantation in an irradiated host (Bellantuono, 2004).

Mesenchymal Stem Cells (MSCs)

These cells were at first discovered in mouse bone marrow and were described as
colony-forming unit fibroblasts (CFU-F) (Friedenstein et al., 1966, 1976, 1987).
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Fig. 2.3 Hematopoietic developmental hierarchymodel. Hematopoietic stem cells (HSCs) seem
to be either long-term repopulating cells (LTRC)which are self-renewable and can repopulate a host
via transplantation, or they are short-term repopulating cells (STRC) which transform into multi-
potent progenitors (MPP). These progenitors produce the oligopotent progenitors like the common
lymphoid progenitors (CLP) or the commonmyeloid progenitors (CMP) that further metamorphose
into lineage-restricted progenitors. The CMPs further give rise to erythrocytes, thrombocytes, gran-
ulocytes and macrophages, while the CLPs differentiate into mature T-cells, B-cells and natural
killer (NK) cells. CMP and CLP both have proposed to develop dendritic cells

Friedenstein et al. studies showed that the bone marrow stromal cells derived from
these CFU-Fs were found to serve as feeder layers to culture HSCs and these
spindle-shaped and clonogenic cells could differentiate both in vivo and ex vivo into
adipocytes, osteocytes and chondrocytes (Friedenstein, 1974). According to Caplan
et al., these stromal cells from the bone marrow were deemed to be stem cells and
coined the termmesenchymal stem cells (MSCs), owing to their ability to self-renew
and differentiate (Caplan, 1991; Uccelli et al., 2008a). These MSCs can be isolated
from several tissue sources like the umbilical cord, bone marrow, adipose tissues,
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menses blood, endometrial polyps, etc. These tissues sources seem to be most suit-
able for research and medical application due to the cell numbers obtained and the
ease of harvest (Ding, 2006; Ding et al., 2007, 2011).

TheMSCs can differentiate under precise in vitro conditions into several lineages
of three germ layers—mesoderm, ectoderm and endoderm like the muscle, fat, bone,
neuron, chondrocyte (Fig. 2.4), liver cells and islet cells (Kuo et al., 2009; Oishi,
2009). As a result of the lineage differentiation, the MSCs form several vital func-
tional elements of the HSC niche for supporting hematopoiesis such as the bone
marrow stromal cells, osteocytes, osteoblasts, endothelial cells, pericytes, adipocytes
andmyofibroblasts (Muguruma, 2006; Uccelli et al., 2008a). In the bone marrow, the
immature hematopoietic cells are surrounded andmaintained in a state of quiescence
by the niche stromal cells which provide a sheltering microenvironment along with
controlling their differentiation and the release of mature progeny (Schofield, 1978a,
1978b; Uccelli et al., 2008b). In addition to the preservation of the HSC pool, the

Fig. 2.4 Mesengenic development hierarchy model. In vivo, the MSCs have the capability
to self-renew within the periosteum and can differentiate down the mesodermal lineage to form
mesenchymal tissues such as the bone, bonemarrow,muscle, ligament, fat and cartilage cells (Kemp
et al., 2005). These cells can also transdifferentiated in ectodermal and mesodermal lineages
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stromal cells are hypothesized to be having anti-proliferative properties at all phases
of maturation, which are similar to the stromal cell niches like the above-mentioned
HSC niche. Partially differentiated stromal cells like the chondrocytes and fibroblasts
have shown to possess the same anti-proliferative properties as their precursors, as
exhibited by their capability to hinder T-cell proliferation (Bocelli-Tyndall, 2006;
Jones, 2007).

The characterization of in vitro cultures of MSCs is restricted due to the defi-
ciency of some of the key surface CD markers. They generally do not express
the hematopoietic markers CD14, CD34, HLA-DR and CD45 (Fox, 2007) or the
costimulatory proteins like CD40, CD80 and CD86. However, these cultures are
characterized by their variable expression of the surface antigen endoglin (CD105)
and other antigens like THY1 (CD44 and CD90), transferrin receptor (CD71), ecto-
5’-nucleotidase (CD73), ALCAM (CD166) and β1-integrin (CD29) (Chamberlain,
2007; Roubelakis et al., 2012), while Stro-1 is definite for clonogenic MSCs. The
studies showing in vivo characterization of the functionality of MSCs validated that
Stro-1+ stromal cells are present in the dental pulp and the bone marrow confirming
the presence of MSCs in the perivascular sites.

Adipose-Derived Stem Cells (ADSCs)

The adipose tissue (AT) was always believed to be just an energy reservoir and used
to be discarded post-liposuction. In recent years, various studies have recognized
this tissue as an endocrine organ that could control metabolic activity and immunity
(Karastergiou & Mohamed-Ali, 2010; Kershaw & Flier, 2004; Tateishi-Yuyama,
2002; Zhang, 1994). In 2001, Zuk et.al. pioneered the study which considered AT as
a new source of adult stem cells (Zuk, 2001). Although the bone marrow is the most
common source of MSCs for cell therapies, harvesting them from the iliac crest is
quite excruciating and increases the chances of infection (Macrin et al., 2017; Zuk
et al., 2001). On the contrary, the isolation of the MSCs from the adipose tissue
yields up to 500 times more cells with zero complications (Fraser, 2006). These
adipose tissues are derived from the mesoderm and are situated in the subcutaneous
tissues, and intraperitoneal compartments surround the vital organs and structures of
the body (Cinti, 2005).

AT is home to various cell types such as preadipocytes, adipocytes, vascular
smooth muscle cells and the multipotent adipose-derived stem cells (ADSCs) which
are the source for adipogenesis and expansion of AT. They reside in the perivascular
niches within the white adipose tissue and can be isolated from the stromal vascular
fraction (SVF) (Barba et al., 2017). The SVF cells are collected via liposuction, and
the lipoaspirate is processed by washing, digestion and centrifugation before being
plated and cultured to acquire ADSCs.

Aside from adipogenesis, these ADSCs are competent to differentiate in vitro into
variousmesodermal lineages (Fig. 2.5) such as osteocytes (Catalano, 2017; Kargozar
et al., 2018a; Logovskaya, 2013; Tirkkonen, 2013), cardiomyocytes (Safaeijavan,
2014), vascular and visceral smooth muscle cells (Marra et al., 2011; Park, 2012;
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Fig. 2.5 ADSC Isolation Process & their Multilineage Potential. The adipose-derived stem
cells (ADSCs) are isolated from the lipoaspirate obtained from the liposuction. Under suitable
environments, these cells can differentiate into different mesodermal lineage cells

Wang et al., 2010), skeletal myocytes (Forcales, 2015), articular and tracheal chon-
drocytes (Batioglu-Karaaltin et al., 2015; Forget, 2016; Mardani, 2016), dermal
fibroblasts (Sivan et al., 2016) and endothelial cells (Bekhite et al., 2014; Fischer,
2009; Marino, 2012).

In contrast to other MSCs, ADSCs have been shown to have delayed senescence
(Ding, 2013; Kokai et al., 2014) and a higher proliferation rate (Barba et al., 2017).
They also seem to be extremely active in producing various immunomodulators
and growth factors like insulin-like growth factor-1 (IGF-1), vascular endothelial
growth factor-D (VEGF-D) and interleukin-8 (IL-8) in comparison with other stem
cells (Hsiao et al., 2012). When compared to the bone marrow MSCs (equal cell
number), the production of different immunomodulators like interleukin-6 (IL-6) and
TGF-B1 by ADSCs is also greater (Melief, 2013). However, these cells have lower
osteogenic differentiation potential than the bone marrow-derived MSCs (Kargozar
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et al., 2018b; Przekora, 2017). In cell culture, ADSCs express the cell surfacemarkers
which are akin to those expressed by other MSCs like CD29 (fibronectin receptor)
CD44 (THY-1), CD73 (ecto-5’-nucleotidase), CD90 (THY-1), CD105 (endoglin),
CD146 (melanoma cell adhesion molecule) Stro-1 and SH3. However, they do not
express the endothelial marker CD31 (PECAM-1), CD104 (integrin β4), SMA or the
hematopoietic markers CD45 (De Ugarte, 2003; Gronthos, 2001; Marappagounder,
2013; Rodriguez, 2005; Wickham, 2003), while other cells within the SVF of whole
AT, such as pericytes express CD31, CD34 and CD146 markers.

Induced Pluripotent Stem Cells (iPSCs)

Over the last seventy years, the development and advancement of scientific principles
and technologies in the field of cellular reprogramming have led to the discovery of
induced pluripotency. Developments for instance—[a] SCNT or somatic cell nuclear
transfer which shows that the differentiated cells preserve the genetic material iden-
tical to the premature embryonic cells. [b] the technical progress which enabled
scientists to culture and study pluripotent cell lines and [c] the research studies
which confirm the role of transcription factors in influencing the cell fate through
enforced expression that can switch one type of mature cell to another.

In 2006, Shinya Yamanaka and Kazutoshi Takahashi originally demonstrated
the production of ESC-like stem cells from mouse fibroblasts by concurrently
inserting four genes, and termed these cells as induced pluripotent stem cells (iPSCs)
(Takahashi & Yamanaka, 2006). In 2007, they validated that an identical method
can be relevant for human fibroblasts using various factors which would generate
human-induced pluripotent stem cells (hiPSCs) (Takahashi et al., 2007; Yu, 2007).

The induction of pluripotency in the fibroblastswas attained by a “cocktail” of four
transcription factors, namelyOct3/4, c-Myc, Sox2 andKlf4 orNanog, Sox2, Oct4 and
Lin28 (Takahashi &Yamanaka, 2006; Yu et al., 2007). In the following years, various
research groups succeeded in getting the same outcome by selectively altering either
the cell source, inducing agents or the delivery vectors (Table 2.1). Nevertheless,
using these factors and inserting them into the genome has restricted the efficiency
of these cells due to a higher probability of insertional mutation. Additionally, using
oncogene copies such as c-Myc has also shown to produce tumors in mice and
can increase the hazard when the cells are used for regenerative medicine (Okita
et al., 2007). In the past, the method of transmission of the transcription factors
was done by nucleic acid-based delivery. While certain studies demonstrated the
use of retroviruses as a mode of delivery, major technological advancements in the
field led to the use of recombinant proteins, small molecules and plasmids, thereby
minimizing the risk of mutagenesis (Lyssiotis et al., n.d.; Okita et al., 2007; Woltjen,
2009; Yusa, 2009; Zhou et al., 2009).

The capability of iPSCs to differentiate into other lineages is similar to ESCs,
along with the prospect of them being patient-specific has revealed an array possible
implementations, especially in regenerative medicine (Jaenisch & Young, 2008). A
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primary use of iPS cell reprogramming is the development of in vitro disease models
(Fig. 2.6). The hiPSCs could be differentiated from patients with a particular disease
to create superior diseasemodels for various conditions (Park, 2008). Normally, these
disease models are challenging to develop due to the inability of the human primary
cells to be sustained in culture for a prolonged interval (Maury, 2012). The ex vivo
“disease in a dish” models developed using iPSCs could hold key information for

Fig. 2.6 Development and applications of hiPSCs. The IPS cells are developed using patient-
specific cells (e.g., fibroblasts) to create various cell lines across all germ layers for their potential
application in disease modeling, toxicological studies, pharmaceutical drug testing and in vivo
transplantation for regenerative cell therapies
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understanding various disease mechanisms and can accurately mimic the phenotype
of the diseased cells (Merkle & Eggan, 2013).

The use of iPSCs for the screening of novel compounds for drug toxicity studies
could overcome the issues caused by the unpredictability of the human metabolism
which is the prime reason for withdrawal of new drug projects. For instance, until
a few years back, the human drug models used were developed using cancer cell
lines or from liver biopsy cells. The problem with these hepatocytes is that they lose
functionality when cultured in vitro and are difficult to predict the hepatotoxicity
properties. Hence, iPSC-derived hepatocytes have been used to develop various drug
models to address these issues and study the drug-induced injuries to the liver (Maury
et al., 2012; Ware et al., 2015). In the past decade, a major revolution in the area of
stem cells was the development of the “organ in a dish” model, i.e., the organoids.
These organoids are 3D stem cell structures which mimic the microenvironment
and lineage progression of a particular tissue. This technology in tandem with the
development of patient-derived iPSCs has aided in precise disease modeling, and
it emphasizes the capability to transform translational medicine, biomedical appli-
cations and cell therapies (Aihara et al., n.d.; Bredenkamp, 2014; Dye et al., 2015;
Eiraku, 2011; Eiraku & Sasai, 2012; Jo, 2016; Lancaster, 2013; Longworth-Mills,
Koehler&Hashino, 2015; Song, 2013; Takasato, 2014, 2015; Takebe, 2013; Völkner,
2016) (Table 2.1).

Apart from the in vitro applications, researchers have also studied the prospect
of in vivo application of iPSCs in regenerative medicine. There have been various
studies experimenting the use of iPSCs in vivo such as the production of cardio-
vascular precursor cells that differentiate down to cardiomyocytes, endothelial cells
and smooth muscle cells in SCID mice models, which could potentially be used
to explain the pathogenesis of various cardiac ailments (Moretti, 2010). Another
study has reported the production of iPSC-derived Factor-VIII producing endothe-
lial progenitor cells, which upon transplantation into the liver of hemophilic mice
have shown an increased rate of survival of up to 3 months, suggesting the use iPSCs
in treating hemophilic patients (Xu et al., 2009).

Parkinson’s disease has been greatly studied using ESCs and dopaminergic
neurons in cell therapies. Recently, a study has reported the production of neural
progenitor cells from iPSC differentiation. These cells upon transplantation into
a fetal rat brain differentiated into DA neurons and glial cells incorporating into
the brain and re-establishing neuronal activity and improved behavior (Doi, 2014;
Kikuchi, 2011; Wernig, 2008). These studies have given a positive view of the
viability of iPSCs in the treatment of Parkinson’s disease. Another approach of
iPSC technology was implemented to treat sickle cell anemia. Here, the researchers
reprogrammed the patient-specific iPSCs and genetically modified them in vitro to
correct the gene defect using homologous recombination (Hanna, 2007; Ye et al.,
2009a, b). Upon differentiating the iPSCs into hematopoietic progenitor cells, they
were transplanted into the rat model and were observed to treat the anemic mice
(Hanna et al., 2007).

In the past decade, iPS cell technology has transformed the field of regenera-
tive medicine and personalized medicine. It has allowed for a unique possibility to
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Table 2.1 List of all the factors involved in the creation of various induced pluripotent stem cell
lines

Cell sources Inducing agents Target cell types Mode of delivery

Fibroblasts
(Takahashi et al.,
2007)

NANOG + Oct4 +
Sox2 + Lin28 (Yu
et al., 2007)

Hepatocytes (Li,
2010)

Retrovirus (Takahashi
& Yamanaka, 2006;
Takahashi et al., 2007)

Keratinocytes (Li,
2009)

Oct3/4 + Sox2 +
c-Myc + Klf4
(Takahashi &
Yamanaka, 2006;
Takahashi et al., 2007)

Osteoblasts (Tashiro,
2009)

Lentivirus (Carey et al.,
2009)

ADSCs (Sun et al.,
2009)

Oct4 & Sox2
(Huangfu, 2008)

Cardiomyocytes
(Kuzmenkin, 2009)

Adenovirus (Stadtfeld
et al., 2008a, 2008b)

Endothelial cells
(Lagarkova et al.,
2010)

Oct4 only for neural
cells (Kim, Greber,
et al., 2009)

Muscle cells (Xie,
2009)

Plasmids (Okita, 2008,
2011)

Neural cells (Kim,
Greber, et al., 2009;
Kim, Sebastiano,
et al., 2009)

Small molecules like
Kenpaullone (Lyssiotis
et al., n.d.)

Hematopoietic cells
(Choi, 2009)

Recombinant proteins
(Kim et al., 2009)

Blood cells (Choi
et al., 2009; Ye et al.,
2009a, b)

Renal cells (Morizane
et al., 2009)

Sendai virus (Fusaki
et al., 2009)

Liver cells (Aoi,
2008)

Neural cells (Dimos,
2008)

Small molecules
(Bertolotti, 2009)

Stomach cells (Aoi
et al., 2008)

Pancreatic β-cells
(Tashiro et al., 2009;
Tateishi, 2008)

Pancreatic β-cells
(Stadtfeld et al., )

Adipocytes (Tashiro
et al., 2009)

B Lymphocytes
(Hanna, 2008)

Retinal cells
(Buchholz, 2009;
Hirami, 2009)

Progenitor cells

Umbilical cord
blood (Okita, 2013)

interpret various pathophysiological processes and causes of various diseases along
with helping in improving our understanding of human biology at a cellular stage.
While still in its infancy, the use of this technology in various clinical studies and
animal disease models to treat rare conditions, neural diseases and tissue injuries has
given encouraging results, thereby cementing its future in the field of regenerative
medicine. The advent of newer technologies such as gene-editing tool CRISPR-Cas9,
next-generation sequencing, organ-on-a-chip model, drug discovery platforms will
greatly drive the application of iPSC-based cell therapies in the future.
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Chapter 3
Isolation and Characterization of Stem
Cells

Hassan Ahmed Khan

Abstract Embryonic stem cells can be differentiated into all body cells. It was
revealed that human embryonic stem cells can only be isolated from inner cell mass
of human embryo. Several methods were practiced for isolation of inner cell mass
from human embryo including mechanical dissection, laser-assisted dissection and
immunosurgical procedures which are preferred on the basis of advantages. Charac-
terization of stem cells is based on the creation of embryoid bodies is a routine process
used to classify human-induced pluripotent stem cells into separate lineages of cells.
Embryoid bodies can be formed by suspension culture, hanging drop culture and
semisolidmedia.Growth factors play regulatory roles in cellular functions, comprises
adhesion, proliferation,migration,matrix synthesis and cell differentiation are poten-
tial agents to target specific tissue reactions. Stem cells can also be characterized at
cellular level by immunofluorescent techniques and at molecular level by PCR and
RT-PCR and by formation of teratoma and genetic analysis (karyotyping).

Keywords Mechanical isolation · Laser isolation ·Microdissection ·
Immunosurgery · Trophoblast · Embryoid body · Suspension culture ·
Immunofluorescence · Genetic analysis

Discovery of Isolation and Characterization Methods

First isolation of embryonic stemcellswasmade in 1981 frommouse embryo;Gail R.
Martin coined the term “Embryonic stem cells” for the first time. In 1998, Thomson
and his team used a technique to isolate human embryonic stem cells from human
embryo. Thereafter, it was revealed that these embryonic stem cells can differentiate
into all body cells including neural cells, hepatic cells, cardiomyocyte and beta cells
of the islets of Langerhans. It was challenging for the researchers to find out technique
of isolation, later it was revealed that hESCs can be exclusively isolated from inner
cell mass (ICM) of human embryo. It was reported that both fresh and frozen embryo
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can yield inner cell mass. Thereafter, several methods were practiced for isolation of
ICM from human embryo including mechanical dissection, laser-assisted dissection
and immunosurgical procedures (Khan et al., 2018).

Isolation Techniques

Tissue reconstruction can be obtained naturally by isolation and characterizing stem
cells to mature cells. Different isolation techniques are deployed for stem cells.

Mechanical Isolation/Dissection

Human embryonic stem cells (hESCs) is subcultured by mechanical dissection to
maintain cell-to-cell interaction and anoptimal cluster size. This is a preferredmethod
for the progression of hESC lines, at least in the initial stages of the culture of cell
lines.

Methodology

As a process for hESC derivation, mechanical dissection and mechanical isolation
of the ICMusing flexible metal needles with sharpened tips have been used.

Mechanical Dissection of Colony with hESCs

The size of colony differs. Every colony usually comprises of about 30,000–50,000
cells. Prior to dissection, differentiated cells located at the margin of the colony will
be separated. Using a cutting instrument, the colony is dissected by horizontal and
vertical cuts into microscopic clumps (usually about 500–1000 cells). The clumps
or clusters are then moved to a capillary before passage or cryopreservation and
deposited in medium (Hunt, 2007).
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(Photographs courtesy of P. Timmons, copyright NIBSC) 

Advantages: This mechanical transfer method is useful during the early phases of
hESCs because the hESCs also differ very quickly. When producing consistent sizes
of embryoid bodies or obtaining similar sized of hESC colonies, this is especially
advantageous (Oh et al., 2005). The mechanical dissection of the ICM has proven
to be an efficient method of deriving new hESC lines. This technique is swift and
needs no xeno components (Khan et al., 2018).

Disadvantages: The process of mechanical transfer is laborious and time-
consuming. Since some experiments require larger volumes of hESCs, this technique
is less than optimal (Oh et al., 2005).

Laser Isolation

Methodology

Laser-assisted ICM (LCM) isolation was carried out as described: Two holding
pipettes were held by blastocycts with the ICM placed at 9 o’clock. Approximately,
ten infrared laser pulses were thrown to separate the blastocyst into two unequal
pieces once adequate tension was applied, the smaller comprising of ICM, the larger
comprising exclusively of trophoblast (Tanaka et al., 2006).
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Advantages: There are several benefits of LCM. It allows an extremely limited
number of cells to be precisely segregated (i.e., a homogenous cell population from
a heterogeneous population) or isolated from a single cell. Cell organelles can be
isolated these days due to the recent improvement of optic resolution in LCM. LCM
also allows live cells or single cell in a culture dish to be isolated and recultured.
It may also retain the morphology of the tissue during dissection. LCM is therefore
a faster method of cell separation than other methods of microdissection, which is
important for genomic molecules to be preserved (Chung & Shen, 2015).

Disadvantages: While LCM has brought a number of advantages to biomedical
research, there are still drawbacks to it. Lastly, it is one of themost costly instruments.
LCM will cost more than a million dollars with a microscope, and the rest of the
consumables are more than 5 times more costly than usual consumables, such as
nuclease-free membrane slides and tube collection. Also, due to its exposure to
fixatives and staining reagents, there is a significant risk that the consistency of
microdissected tissues cannot meet the standard quality for further study. Therefore,
the durability of cellular materials as well as the morphology of the section can also
be affected by the dehydration of sections caused by the absence of cover slips and the
mounting medium on sections. To ensure quality outcomes, researchers should also
consider investing a considerable amount of time on training and troubleshooting
(Chung & Shen, 2015).
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Immunosurgery

In most laboratories in which Embryonic stem cells derivation takes place, the isola-
tion of ICM by immunosurgery (a technique that was introduced by Solter and
Knowles in 1975) has become a standard practice (Kim et al., 2005).

Methodology

In a solution containing antibodies against humans fromwhom the embryo is derived,
the blastocyst is incubated as a whole. The antibodies will bind to the embryo’s
trophectoderm cells but not to the inner cell mass as the antibodies are unable to
reach the layer of epithelial trophectoderm cells covering the inner cell mass. In this
way, the cells of inner cell mass are covered. If the embryo is subsequently exposed to
complementary blood serum factors, they accept the attached antibodies and cause an
immune response in which the complement continues to act as a protease. Enzymes
that break down proteins are proteases. Thus, the trophectoderm is directly damaged
by the action of protease but the inner cell mass cells stay unchanged because they
do not have bonded antibodies and thus do not activate proteases. In a pipette, the
internal cell mass cells can be harvested and moved for culture in vitro to a plastic
dish. However, there is an inherent tendency for the inner cell mass to divide into the
specialized forms of cells that make up the fetus (Melton, 2007).

Advantages: It gives high rate of ICM isolation (Khan et al., 2018).
Disadvantages: However, in all situations, immunosurgery may not be the option

of choice according to our experience. Not all embryos develop into blastocysts that
are distinguished by large distinct ICMs that are well extended. In certain cases,
smaller ICMs are found to possess the embryos. Blastocysts also exhibit poorly
described ICMs in many situations (Kim et al., 2005). Animal-derived antibodies
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have been deployed,making them less appropriate formedicinal application (Findikli
et al., 2006). Popular ICM isolation immunosurgical procedures require the use of
allogenic antibodies and supplements that can also add unnecessary epitopes that
make some ESC derivatives unfit for more applications (Tanaka et al., 2006).

Microdissection

Laser capture microdissection (LCM) is a method used to split target cells or regions
often from solid tissue samples using a narrow laser beam. LCM can separate cell
populations from heterogeneous mixtures by microscopic visualization using cell
morphology or particular histological and immunological staining. When dealing
with limited sample sizes, LCM is especially helpful. First mentioned in the early
twentieth century, laser dissection technology essentially entails splitting areas or
cells of our interest using a narrow beam laser from tissue parts. Liotta and Emmert-
Buck later established amore advanced,microscope-basedmethod of laser dissection
technique called laser capturemicrodissection (LCM) in theNIH to separate pure cell
populations from heterogeneous tissues based on their natural morphology or unique
histological/immunological staining. LCM has allowed researchers to isolate tumors
with high precision fromhealthy tissues, stroma stem cells and parenchyma epithelial
cells. LCM may also be used to separate single cells in combination with high
precision surgical techniques. For applications such as proteomics, genomics and
molecular characterization of cancer cells, diagnostic pathology, tissue regeneration
and basic cell biology, sophisticated LCM devices have been developed.

Methodology

LCM instrument comprises inverted microscope, a laser diode, a laser control unit, a
joystick-controlled stage, a CCD camera and a computer for additional controls and
image visualization. LCM devices can be operated robotically as well as manually.
LCM systems have two types, infrared (IR) and ultraviolet (UV) depending on the
type of laser. The minimum LCMmicroscope laser beam diameter is 7.5μm and the
mean diameter of about 30 μm. The tissues are possibly heated to a temperature of
90 °C at most only a few milliseconds as well maintaining the molecular structure
and macromolecules intact. Based on the type of laser used, there are two major
categories of LCM platforms—UV and IR. The Arcturus Veritas TM instrument is
also available as a hybrid automated IR/UV system (Choudhury, 2017).

Advantages: It allows an exceedingly limited number of cells to be accurately
segregated (i.e., a homogeneous cell population from a heterogeneous population)
or isolated from a single cell, and cell organelles can be separated these days due
to recent increase in optical resolution of laser capture microdissection (LCM). It
allows live cells or a single cell in a culture dish to be isolated and recultured. It may
also retain the shape of the tissue during dissection. It is therefore a faster method
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of cell isolated than other types of microdissection, which is important for genomic
molecules to be retained (Shen, 2015).

Disadvantages: While LCM has brought a range of advantages to biomedical
research, there are also drawbacks to it. Lastly, it is one of the most expensive
instruments. LCM with a microscope will cost more than a million dollars, and the
majority of the consumables, such as nuclease-free membrane slides and collecting
tubes are more than 5 times more expensive than regular consumables. Often due to
its sensitivity to fixatives and staining reagents, there is a significant danger that the
consistency of microdissected tissues cannot meet the standard quality for further
study. Therefore, the durability of cellular materials as well as the morphology of the
segment can also be influenced by the dehydration of sections caused by the absence
of cover slips and the mounting medium on sections. Therefore, researchers should
consider investing considerable time on testing and troubleshooting in order to get
quality results (Shen, 2015).

Minimized Trophoblast Cell Differentiation

This technique is used to derive hESCs from both normal and abnormal embryos can
be used successfully under feeder-free conditions with higher production.

Methodology

On plates coated with either CELLstart or Matrigel in Nutristem medium under
hypoxic conditions, the ICMs isolated by MID were cultured. The ICM clump was
manually removed from the adjacent TE cells after 3 days of cultivation and moved
to a new culture plate containing human foreskin fibroblasts (HFFs). At this phase,
every day during the entire cultural period, half of the cultural media was restored
by fresh medium. The culture was analyzed regularly, and mechanically the cells
were subcultured on reaching the colonies on optimal size (Laowtammathron et al.,
2018).

Advantages: In contrast to other methodologies, this approach can be success-
fully used to extract hESCs from both normal and abnormal embryos under feeder-
free conditions with better quality. With this MTP system, under feeder-free condi-
tions in a well-defined, xeno-free medium, hESC lines can be successfully derived
(Laowtammathron et al., 2018).

Disadvantages: The only disadvantage of this technique is its success rate which
is 50% (Khan et al., 2018).
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Characterization Techniques

Formation of Embryoid Body (EB)

EBs are three-dimensional cell aggregates that are combination of the all three germ
layers. The undifferentiated HIPSCs are put in suspension in this method, which
facilitates stochastic differentiation into cells on all three germ layers. The creation
of EBs is a usual process used to classify human-induced pluripotent stem cells
(hiPSCs) into separate lineages of cells. One of the key benefits of this technique is
that it is carried out in vitro using normal procedures and resources for tissue culture,
thus eliminating the regulatory concerns and substantial costs involved with the
maintenance of immune-deficient mice. In the following pages, the various schemes
that have been evolved to produce EBs along with the existing analyses deployed for
their pluripotent evaluation are outlined (Sheridan et al., 2012). Method of producing
EBs varies in their ability to shape appropriate size aggregates and their long-term
viability maintenance.

Suspension Culture

The suspension culture is an ingenious way to either grow or differentiate cells, and
these are often incorporated into a single bioprocess. The different characteristics of
cells, static suspension culture and rotary suspension culture are shown in Table 3.1.

Methodology

Large number of EBs can be produced by using static suspension culture through
inoculating suspension of embryonic stem (ES) cells on petri plates that can be bacte-
riological grade, ultra-low adherence or plate coated using cell adhesion inhibitor like

Table 3.1 Characteristics of static suspension culture and rotary suspension culture

Characteristic Static suspension culture Rotary suspension culture

Number of cells Initiated with 4 × 105 cells per
milliliter

Initiated with 4 × 105 cells per
milliliter

EBs formation 02 days Smaller and spherical Regular, spherical after 2 days

04 days Fewer, smaller spherical EBs Regular, spherical and larger
EBs

07 days Spherical, uniform and larger in
size than at day 4

Regular, spherical, uniform and
larger in size

Cell aggregates Smaller and less defined Larger, irregular shaped
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poly 2-hydroxyethyl methacrylate that allowed the cells to aggregate into spheroids.
This method is simple enough but could not give enough control over size and shape
of EBs. This ranked into periodic agglomeration of EBs in the form of large, irregular
masses because ES cells have maximum probability of encountering. A drawback
of this technique is that EBs may attach prematurely onto the plate due to surface
chemistry of vessel resulted to loss of EBs from suspension culture. This method
has gained its importance in some applications like differentiation of ES cells into
neuronal lineage (Rungarunlert et al., 2009).

Advantages: Suspension culture can be employed to generate EBs in large
volumes (hundreds to thousands) by dispensing ES cells on a non-adherent surface
in a differentiation medium with a density of 104–106 cells per milliliter, whereupon
the cells impulsively assemble into spheroids. Although this technique can be used
to generate more EBs and separated cells than hanging drop technique, it has no
control over the size and form of EBs and sometimes ends in agglomeration into
large, irregular masses (Carpenedo et al., 2007).

Disadvantages: EBs in suspension culture tend to agglomerate, dissociate and
bind to the culture dish resulting in low efficiency of EB formation and poor viability
(Pettinato et al., 2015). The suspension culture in neoplastic stem cells differs from
the initial neoplastic stem cells and not all cells that share the characteristics of the
neoplastic stem cells can live in the suspension culture (Zhao & Zheng, 2012).

Hanging Drop Culture

A commonly used EB formation introduction process is the hanging drop culture.
The rounded bottom of the handing drop causes ES cells to be aggregated, which can
provide a good environment for mesenchymal embryonic stem cells to form EBs.
By altering the number of cells in the early cell suspension to be suspended as a drop
from the lid of the petri dish, the number of embryonicstem cells aggregated in a
hanging drop can be restrained. We can repeatedly form homogenous EBs from a
predetermined number of embryonic stem cells using this technique (Wang & Yang,
2008).

Methodology

By distributing equal numbers of embryonic stem cells onto physically isolated
droplets of media suspended from the lid of a petri dish, the hanging drop approach
offers standardized sizes of EBs. This approach provides a similar environment by
gravity-induced aggregation of the cells for the creation of individual EBs within
each decline. For this cause, abundant cell types such as neuronal cells, hematopoietic
cells, vascular cells, cardiomyocyte and chondrocytes have been produced by this
technique. For the evaluation of molecular processes arising in early embryogenesis
of every cell type, the hanging drop procedure is extremely useful. However because
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of its laborious nature, this technique is primarily employed for testing purposes and is
not ideal for large-scale EB production; a standard 100 mm petri dish may comprise
no more than 100 drops, and each drop typically produces only one EB. Other
drawbacks of this approach include significant problems with the limited amount
of medium (less than 50 μl that can quickly evaporate) being shared or exploited
without disrupting the EBs. The hanging drop process typically comprises two steps:
the aggregation of ES cells in drops and the maturation of EB aggregates using low
adherence bacterial petri dishes in suspension culture.Various elements of the process
may be problematic, like loss of EBs during pipette pickup of the formed EBs and
premature EBs attachment to petri dishes (Rungarunlert et al., 2009).

Advantages: The greatest attraction of hanging drop cultures is the need for
just a limited volume of tissue. This is especially functional in the field of clinical
testing in which biopsy tissue supply is minimal. In addition, the volume of culture
medium necessary is small in such a way that only a small fraction of chemical or
biological reagents are needed to alter the tissue culture environment. Another major
value of the hanging drop culture is that all forms of cells are retained in the similar
microenvironment in which cell–cell associations are unchanged. Special equipment
or reagents are also not needed for hanging drop culture. The ease of stimulating the
results of advanced 3D cellular culture is especially enticing (Wang & Yang, 2008).

Disadvantages: The drawback of thismethod is that the number of cells would not
regularize in each microwell, which will allow the spheroid’s diameter to be uneven.
In the other side, the spheroids on the same device could not be interrogated by most
current instruments. Such instruments also require the manual handling of samples,
whichmay be vulnerable to variability and error (Huang et al., 2020). The limitations
of the hanging drop system are as follows: Due to holding hanging drop on the lid
by surface friction, the liquid volume of a drop is reduced to less than 50 μl, and
it is difficult to adjust the medium for hanging drops. It is also very difficult during
cultivation to detect the development of EBs in drops directly using microscopy. In
addition, the hanging drop technique consists of two stages, so a sequence of steps
can be problematic for the hanging drop technique (Yang, 2008).

Semisolid Media

In order to physically separate individual cells and provide a niche-like environ-
ment for EB development from individual hESCs, single cell suspension was encap-
sulated/cultured in a 3D semisolid matrix, such as a hydrogel (Pettinato et al.,
2015).

Methodology

In double deionized water (ddH20) sterilized by autoclaving, a type A gelatin stock
solution was prepared. This gelatin was pipette onto 48-well tissue culture plates
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in each well and incubated overnight at 4 °C. In phosphate-buffered saline (PBS),
cross-linked glyceraldehyde was prepared. The gelatin-polymerized solution of cold
glyceraldehydewas applied for around 24 h. In tissue culture plates, the cross-linking
was done at 4 °C. A yellow color shift suggested gelatin cross-linking (Zur Nieden
et al., 2015).

Advantages: Embryoid body structure in the agarose-based 3D environment
showed greater efficiency with increased durability of individual EBs and lack of
EB agglomeration into large clusters or fragmentation into minute non-proliferative
clusters or single cells during sustained in vitro culture compared to normal suspen-
sion culture in petri dishes. Likewise, the addition of 1%methylcellulose to the hESC
suspension culture media produces semisolid media, which is major to isolation of
cells and developing suspended single-cell cloned EBs (Pettinato et al., 2015).

Disadvantages: Low EB yield due to the intrinsic instability of single hiPSCs
during extended culture, the obstruction of mass transport requisite for efficient
soluble factor treatments, as well as the complex process for differentiated cell
retrieval are common problems of the semisolid culture system for EB formation
(Pettinato et al., 2015).

Role of Growth Factors

The fact that various environmental factors play to the overall control of stem
cell pursuit is widely accepted. Growth factors (GFs) because of their regulatory
part in cellular functions, including adhesion, migration, proliferation and matrix
synthesis and cell differentiation are potential agents to target specific tissue reactions
(Gonçalves et al., 2013).

Non-Specific Growth Factors

Retinoid Acid

Retinoid acid (RA) is a vitamin A metabolite necessary for premature embryonic
development and facilitates the specification of the neural lineage of stem cells,
however limited is known about the influence of RA on mRNA transcription and
microRNA levels on differentiation of embryonic stem cells (Zhang et al., 2015).

Nerve Growth Factor (NGF)

In the production and growth of nerve cells, NGF plays a significant role. Nerve
growth factor (NGF) causes neuronal cell proliferation, division, survival and death.
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NTs also mediate higher brain processes like learning and memory in addition to
their proven roles for cell survival (Heese et al., 2007).

Lineage-Specific Growth Factors

EGF

EGF is a significant growth factor and plays an important role in the maintenance
of stem cell proliferation and differentiation (Huang et al., 2020). EGF is a dynamic
mitogen involved inMSCsand theproliferationoffibroblasts. In theMSCpopulation,
EGF treatment also preserves early progenitors and increases the paracrine activity
of stem cells (Gonçalves et al., 2013).

FGF

FGF signaling is needed in a variety of lineages for the early stages of differentiation
and is also an integral mediator of self-renewal in human stem cells (Gonçalves et al.,
2013). FGF-2 is primarily expressed in mesoderm and neuroectoderm tissues and is
believed to play an important role in mesoderm induction. A number of studies in
recent years have identified FGF-2 fibroblast growth factors as a central regulator
of a range of types of stem cells. A family of growth factors that play their role
wound healing and angiogenesis are fibroblast growth factors (FGFs). In MSC-
related studies showing elevated rabbit, canine and humanMSCproliferation in vitro,
used among thedifferentmembers of this family,with themitogenic effect beingmore
expressed when MSCs are seeded at lower densities. Not only does b-FGF sustain
the capacity for MSC proliferation, it also maintains the capacity for adipogenic,
osteogenic and chondrogenic differentiation via the early mitogenic cycles; finally,
however, all the MSCs separate into the chondrogenic band. In different cell types,
FGF signals proliferation via the MAPK cascade (Rodrigues, 2010).

TGFβ

Agrowth factor that helps facilitate cell proliferation and the development of extracel-
lular matrix is TGF-β. In the presence of a chondrogenic medium containing TGF-β1
in the 3D culture, autologous chondrocytes obtained fromMSCsmay undergo exten-
sion and proliferation (Kanitkar et al., 2011). TGF-beta signaling also regulates the
expression of a plethora of homeostatic genes inmost cell types, whose activity influ-
ences cell proliferation, development of extracellular matrix, secretion of paracrine
factor, cell–cell interactions, immune response and repair of tissue. Three isoforms
occur in TGFβ (TGFβ1, TGFβ2 and TGFβ3). Although all three isoforms induce
MSC proliferation and chondrocyte formation, it have been observed that TGFβ3 has
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the most expressed effect on chondrogenesis and continually elevate MSC prolifer-
ation, making it a primary factor in the implanted MSC induction of chondrogenesis
(Rodrigues, 2010).

HGF

In mouse MSCs, hepatocyte growth factor (HGF) and its c-Met receptor are exhib-
ited at low levels. Although the low levels of HGF present in culture media are
inadequate to trigger the receptor, receptor activation, affecting proliferation, migra-
tion and differentiation are triggered by the exogenous addition of HGF to MSCs.
Interestingly, Ras-ERK and PI3K-Akt are activated by short-term exposure of HGF
in MSCs; these are the major HGF-activated pathways in other cell types. Long-
term exposure to the growth factor prevents mutagenesis, despite the activation of
these pathways. In addition, penetration contributes to cytoskeletal rearrangement,
migration of cells and cardiac marker expression (Rodrigues, 2010).

BMP4

A part of the transforming growth factor-βsuper family of secreted signaling
molecules, bone morphogentic protein 4 (BMP4), controls the differentiation of cell
proliferation, apoptosis and determination of cell fate in mammalian development.
Amongmany tissues that are dependent on BMP4 in the embryo, hematopoietic cells
are BMP4 precisely controls mesodermal cell devotion to the hematopoietic family
in such a way that basic hematopoiesis does not exist in embryo without BMP4
(Goldman et al., 2009) Bone morphogenetic proteins (BMPs), especially BMP4, are
key players in controlling the formation of neuronal and glial cells in the embry-
onic, postnatal and injured CNS from neural precursor cells (Cole et al., 2016). Bone
morphogenetic protein 4 promotes the neuronal differentiation of neuronal stem cells
through the ERK pathway.

Activin-A

Activin-A facilitates the division of human embryonic stem cells into endoderm
and pancreatic b-cells. Activin-A (5 ng/ml) was proved to sustain self-renewal and
to facilitate the long-term feeder-free culture of human ES cells (Tomizawa et al.,
2011).
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Cellular Characterizations of Stem Cells Using Cell Surface
Markers by Immunofluorescence Technique

Using antigen-specific antibodies, immunocytochemistry is a short and simple way
to assess whether a cell population is homogenous or heterogeneous with respect to a
specific molecular marker. Immunocytochemistry allows for the visualization within
a colony or culture of individual cells and thereby provides an overall measure of the
expression of a particular marker under specific culture conditions (Nethercott et al.,
2011). Detailed analysis of CD cell surface markers has drawn attention to the broad
potential therapeutic applications of MSCs. Indeed, two familiar unique markers of
mesenchymal cell lineages are CD90 and CD105 and CD34, and CD45 are referred
to as hematopoietic markers. The expression of CD44 and CD166 in human MSCs
has also been shown.

Methodology

Seed and culture cells in a 24-well plate until ready for ICC analysis. Wash each well
3 times with PBS at room temperature. Fixation of wells is made with the addition
of 4& paraformaldehyde in phosphate buffer saline (PBS), and incubation is done at
room temperature. Wells are washed with PBS. PBS is aspirated by the addition of
Triton-X-PBS and incubating the wells at room temperature. Reaction is blocked by
adding blocking buffer following incubation. Primary and secondary antibodies are
added following incubation. PBS is employed for washing. Few drops of mounting
medium are added to each well to stain the nuclei and preserve the samples for
fluorescence microscopy imaging.

Advantages: This technique reveals localization of marker proteins. It can eval-
uate various markers simultaneously. This method is more effective than Western
blot analysis. It can use live or fixed cells.

Limitations: It requires specialized equipment. There is potential for cross-
reactivity while using multiple antibodies. It is potentially auto-fluorescence and
photo-bleaching. This technique is more time taking than flow cytometer.

Molecular Characterization of Stem Cells by Transcription
Factors Using PCR and RT-PCR Technique

In all human embryonic stem cells (hESCs) and cancer stem cells, transcription
factors are expressed and play a key role in preserving stem features such as self-
renewal and pluripotency (Sneha et al., 2019). Molecular assays depend on compar-
ative benchmarking as a practical surrogate of in vitro and in vivo-derived cells; this
is where transcription profiling is most often adopted. The goal of these studies is
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to compare and contrast in vitro cells with their in vivo counterparts, classify main
cell-type transcriptional drivers and often make cell fate predictions. Quantitative
reverse transcription PCR (RT-qPCR) and digital reverse transcription PCR produce
rapid, responsive and quantitative methods for tracking any cell population’s gene
expression profile. The levels of transcription factors such as Oct4, NANOG, SOX2
and other synergistic factors decide if pluripotency is determined (Li, 2010). Multi-
plexed RT-qPCR experiments and panels offer an important means for transcription
factors, and kinases and other molecules contribute in both pluripotency conserva-
tion and differentiation to be screened and quantified. The ability to do multiplex
transcriptome analysis improves the sensitivity of cell status determination.

With lower concentrations of input nucleic acid, digital PCR will improve the
precision of measurements.

Methodology

Human Embryonic Stem Cell Cultures and Sample Preparation

In knockout DMEM supplemented with KO serum substitution, antibiotics L-
glutamine, simple fibroblast growth factor, non-essential amino acids, culture
medium and beta-mercaptoethanol are incubated at 37 °C with 5% CO2 in 6-well
dishes or flasks on an approaching confluent sheet of mitomycin C treated mouse
embryonic fibroblasts. By adding retinoic acid to the culture medium and removing
b-FGF, differentiation of hES cells was induced. Trypsin-EDTA and glass beads
were used to collect the cells. The heS cells were obtained at intervals for the exper-
iment. There were approximately 2 × 105 cells separated at each time point. The
hES cells using collagenase and glass beads were broken two days before the start
of differentiation trial.

Microscopy: With a light microscope and a camera, phase contrast and bright
field shot of the hES cell culture were procured.

RNA Isolation and RNA Quality Assessment

The cells were promptly re-suspended in TRIzol after isolation and preserved at −
80 °C. Chloroform was added to the thawed samples for RNA isolation with succes-
sive step separation and purification using anRNeasymini pack. RNAwas eluted and
condensed using spin columns following DNase treatment and a washing stage. For
a representative collection of samples, RNA consistency was evaluated by means of
microfluidic capillary electrophoresis. After calculating RNA concentrations using
an RNA pack, an RNA high sense chip was used to calculate the rRNA ratio and the
RNA consistency index (RQI).
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cDNA Synthesis

A kit of oligo (dT) primers was used to synthesize complementary DNA (cDNA).
Using a spectrophotometer, the cDNA concentration was measured with assDNA
Assay package. Samples were processed at −20 °C afterward.

Reverse Transcription Quantitative PCR

For RT-qPCR, there were two related devices used. In a 384-well plate, cDNA was
combinedwithmastermix for any reaction. Each reaction consisted of a 96-well plate,
cDNA and mastermix using the sequence detection system. Primers, iTaqsupermix
with ROX and water are part of the mastermix. Probes were used depending on
the locus of interest or iTaqsupermix containing SYBR green was employed. They
developed and tested the primers. For the study of POU5F1 and NANOG, usable
TaqMan assays were used. All reactions in duple were conducted, and no template
controls for all genes were used.

Data Analysis

Using the application in the program, stability analysis of the multiple sources was
carried out. Using the program, relative quantification of the pluripotency markers
data (Oct4 and Nanog) was measured. Doing a variance analysis (ANOVA) in R,
the relative quantification data for both normalization strategies were statistically
evaluated (Vossaert et al., 2013).

Advantages: Qualitative polymerase chain reaction (RT-qPCR) reverse transcrip-
tion is very well adapted for pluripotency and differentiation control as it facilitates
detained messenger RNA quantification of multiple samples at the same time. It
identifies early changes in marker expression induced by differentiation in which
various markers can be analyzed simultaneously. This method has greater sensitivity
and specificity.

Limitations: This technique produces the average marker expression of a
population. It does not unveil heterogeneity.

Teratoma Formation Technology

One of the important methods employed to assess the developmental capacity of
pluripotent stem cells (SC) such as ESC is teratoma formation in vivo and to show
the capacity of newly derived cell lines to discriminate as fraction of their process of
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characterization.Detailed and careful investigationof teratomas shaped frompluripo-
tent SC is believed to impart a deeper understanding of the formation and develop-
ment of tissues and may lead to advanced approaches in areas such as oncology and
bioengineering. In comparison, experimentally induced teratomas including those
from engrafted human embryonic stem cells (hESC) result from normal pluripotent
cells transplanted into development permissive, ectopic sites are abnormal neoplastic
pathologies carrying genetic defects (Aleckovic, 2008).

Methodology

We used the following components in our protocol to design a teratoma assay that is
adaptive, quantitative and simple to conduct and to assess.

(1) Quantification of the number of transplanted cells.

To initiate transplantation of specified numbers of cells, hESC colonies were
distinguished into single cell suspensions prior to inoculation.

(2) Characterizing the phenotype and genotype of transplanted cells.

The percentage of cells expressing pluripotency-associated cell surface markers was
quantified by FACS prior to transplantation (Tra-1-60, Tra-1-81 and SSEA-4). We
also authenticate that the transplanted cell karyotype was normal.

(3) The mode and site of transplantation.

The hESCs were co-transplanted with mitotically inactivated human fore skin-
fibroblast-feeders to increase the sensitivity of the assay. Hentze et al. also noted the
positive impact of co-transplantation of hESCs with their own feeders. The trans-
planted cells were also combined with Matrigel to further improve the sensitivity.
The cells were subcutaneously inserted (s.c.) as transplantation to this site is simple
and does not require an invasive surgical operation and allow easy monitoring of
the growth of the teratoma. Subcutaneous hESC transplantation with Matrigel was
reported to induce high-quality teratomas.

(4) Recipient animals.

The cells were transplanted into NOD/SCIDmice to minimize the chance of immune
rejection. In contrast to immune-competent mice, these mice have previously shown
to withstand hESC grafts well. Since NOD/SCID mice appear to produce random
tumors and to preclude unlikely tumor development by co-transplanted feeders, we
included a control group of mice transplanted with mitotically inactivated feeders in
each experiment.
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(5) Duration of monitoring of tumor formation.

For a span of 30 weeks, we tracked the growth of tumors in transplanted animals.
The extended follow-up improved the sensitivity of the assay by permitting a limited
number of cells to identify late-appearing tumors that have formed.

(6) Defined histological criteria for teratoma.

If a tumor containing tissues has all three germ layers, it is defined as teratoma. A
pathologist conducted the histological study.

Throughout the analysis, we adhered to these directions. With this teratoma assay
procedure, we defined the identification sensitivity and tumor development time
course by transplanting different numbers of hESCs ranging from 5 × 105 to 1 ×
101. By nourishing the transplanted cell preparation with the p-160-Rho-associated
coiled-coil kinase (ROCK) inhibitor, Y-27632, we also investigated whether the effi-
ciency and sensitivity of the assay could be increased. Under unfavorable conditions,
this inhibitor has been shown to increase hESC survival. Therefore, we hypothesized
that its addition before transplantation to the dissociated hESCs may have a fruitful
impact on their survival and increase the efficiency of teratoma formation from a
limited number of transplanted hESCs (Gropp et al., 2012).

Advantages: Teratomas represent a special paradigm for exploring all of these
components in a new way. They may provide detail into the stepwise development
process and molecular pathways and mechanisms that are entailing in deciding the
fate of cells as amodel of early embryonic development, particularlywhen discussing
issues of lineage commitment.

Teratomas may contribute to cell biological research, similar to EB by being a
source of particular types of cells. It is possible to purify desired cell types using anti-
bodies against lineage-specific markers. In particular, tissues derived from teratomas
could be much more fitting because in vivo separation appears to be more complete
than in vitro.

Limitations: The differentiation capacitymeasured by in vitro differentiationwill
be adequate for industrial and clinical applications, since only one particular cell type
is always required. Therefore if evidence of pluripotency is not necessary, models
of teratoma should not be employed. Indeed, stem cell differentiation in monolayers
as EBs offers even more comprehensive knowledge about the production and action
of stem cells. The main drawback of the teratoma assay is that the use of laboratory
animals is necessary. Animal studies must be ethically justifiable, according to new
law (Buta et al., 2013).

Genetic Analysis Using Chromosomes Analysis of Stem Cells

Karyotyping is an essential component of the cell line quality evaluation produced
from human embryoid stem cells (hESC).
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Methodology

To inquire the integrity of the chromosome complement of a cell line, many methods
are currently available. In terms of sensitivity, resolution and costs, each approach
has benefits and drawbacks.

A snapshot of the whole chromosome complement and the usual gross karyotype
regulation of a cell line are possible with traditional banding techniques (G-, Q- or
DAPI-banding). Providing 300–400 stained bands, thesemethods enable the identifi-
cation of erroneous chromosome numbers (aneuploidies), mosaicism and significant
structural chromosome defects with a resolution of 5–10 Mb, such as translocations,
deletions or insertions. The progress in traditional cytogenetic banding research is
reflected by spectral karyotyping (SKY) and multicolor FISH. These techniques
allow the identification of submicroscopic deletions, insertions or amplifications of
DNA, with a resolution of 1–2Mb, using chromosome-specific fluorescently labeled
probes. The array-based comparative genomic hybridization (array-CGH) and the
single nucleotide polymorphism (SNP) array are useful tools to identify smaller
genetic imbalances. They allow minor aberrations to be detected, including homo-
or hemizygous deletions, copy neutral heterozygosity loss, duplications and ampli-
fications. Their resolution varies between 1 Mb and <100 kb. The frequency of a
particular abnormality within a cell population cannot be measured by both CGH
and SNP-array (Rebuzzini et al., 2015).

Advantages: This technique has many advantages including its use in most clin-
ical laboratories. Furthermore, it a well-developed approach that has been used for
multiple genetic diseases and hematopoietic malignancies in routine diagnostics
(Sampson, 2014).

Limitations: Any of the drawbacks of karyotype analysis includes its need for a
sample containing new viable cells and its poor sensitivity for abnormality detection
requiring at least 5–10% of cells analyzed for optimal detection to produce the
abnormality (Sampson, 2014).
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Chapter 4
Differentiation of Stem Cells
into Neuronal Lineage: In Vitro Cell
Culture and In Vivo Transplantation
in Animal Models
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Abstract Neurological diseases are the major cause of disability and the second
major reason of morbidity globally. In the last quarter century, the number of deaths
associated with neurological diseases has risen significantly. It will not be surprising
that COVID-19 may result in a significant increase of mental burden on mankind,
worldwide. Therefore, there is an urgent need to combat this burden, but accessibility
to the brain tissue is difficult and brain architecture of complex network of neurons
and support cells is daunting. However, with the advent of stem cells, especially
the ability to induce somatic cells into induced pluripotent stem cells (iPSCs) it
may be possible to investigate brain structure and function in 2D and 3D model,
in vivo preparations, called organoids, and such preparations have been used to
study blood-brain barrier and other neurological diseases such as Parkinson’s disease.
Furthermore, with the techniques of molecular genetics and cellular neurobiology it
is now possible to reverse neurological disease(s), such as restoration of vision in
an aging animal model by reprogramming the methylation pattern of the genome
(epigenome), using selected transcription factors. These developments bode well for
a paradigm shift in neurological studies and have great potential for diagnosis and
therapeutic approaches that were hardly imagined.
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Epigenetics · iPSCs · Neural progenitor cells (NPCs) · Organoids · Hydrogels ·
Parkinson’s disease · Pericytes · Spinal cord injury · Stem cells

Introduction

Nervous system is the most complex organ in the universe, as it is the center of all
human activities bymediating signal processing, executing commands and providing
an output that ranges from mechanical movements to desire, emotions and, perhaps,
the definition of a personality. To study nervous systemand its function, it is important
to focus that brain function is derived from a neural cellular process that is encoded
in the genome of every cellular type that constitutes the nervous system and its
supporting cells; thus, genetic components and their expression hold key to decipher
brain. Furthermore, there is a huge diversity in neuron types and neural support
cells, such as glial cells and astrocytes, and the location of these different cell types
within the nervous system adds further to the diversity and complexity to the neural
architecture. There is also an important issue of obtaining human brain tissue for
performing experiments, which is both practically and ethically very challenging.
This has led to the use of animal models, mostly rodents as a source for studying
brain developmental studies and as a disease model.

One key technology that may allow a better grasp of neuronal structure and func-
tion is the use of stem cells that may be programmed to acquire different neuron
types and study the molecular signaling, axonal outgrowth and neural lineage. With
the contribution of the Nobel Laureate, Shinya Yamanaka from Japan in developing
techniques to reprogram somatic cells by activation of introduced specific transcrip-
tion factors, it has become possible to generate iPSCs (Takashi & Yamanaka, 2006;
Takahashi et al., 2007, González et al., 2011), the induced pluripotent stem cells, with
pluripotency thatmatches the ESCs, the embryonic stem cells. The iPSCs technology
allows generating different neural types and tissues that were not easily accessible
to obtain from living organisms. Several chapters in this book have described the
generation of stem cells and their uses in a wide variety of cell types; herein, we
will focus on differentiation of stem cells into neurons, in vitro cell models and their
possible in vivo transplantation in live animal models.

The limitations of animal model systems are that the brain structure and develop-
ment vary greatly between rodents and humans, and rodent models may not display
the humanneural disease’s pathological and functional features. Producingdifferenti-
ated human neural cells by inducing human pluripotent stem cells (hPSCs), including
PSCs, mesenchymal stem cells (MSCs) and embryonic stem cells (ESCs), has now
become routine and a simple and cost-effective manner. It has boosted the neuro-
science research field, which was purely a fiction only a decade ago (Takashi &
Yamanaka, 2006; Takahashi et al., 2007). In addition, as the patient-derived differ-
entiated cell types can now be obtained, induced pluripotent cells can be harnessed
to benefit from animal studies and preclinical investigations.
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Regenerative therapy has become achievable largely due to the generation of
iPSCs and the ability to coaxing them into desired cell lineages using specific tran-
scription and growth factors, allowing pluripotency of human embryonic stem cells
(hESCs), to undergo “directed differentiation,” by producing large quantities of trans-
plantable somatic cells in vitro when grown in specifically defined culture media
supplemented with growth factors. With the capacity of pluripotency, self-renewal
and ability to multiply hESCs can be harnessed to generate cells that can be used in
transplantation experiments and a variety of cell types that can be coaxed to study
human disorders, including behavioral diseases such as Alzheimer’s disease and
Parkinson’s disease.

Differentiation of Stem Cells into Neural Lineage

Neurons have diverse variety by virtue of their position and functional activity;
therefore, the neural subtypes have to be specified when developing methods to
make stem cells differentiate into neurons. Embryonic tissue was the source for
early experiments in attempts to differentiate stem cells into different neurons, but
this approach was difficult largely from ethical grounds.

Reprogramming of somatic cells into iPSCs has been achieved by transforming
cellswith a combination of four transcription factors, namelyOct-3/4, Sox2,Klf4 and
c-Myc, also known as theOSKMfactors, giving rise to a standard protocol to generate
iPSCs, following the seminal discovery in 2006 Shinya Yamanaka and his colleagues
(Takahashi & Yamanaka, 2006; Takahashi et al., 2007). These methods have been
routinely followed and have been used to obtain iPSCs for various neuron subtypes
(González et al., 2011; Zhang, 2013, 2016; Madhavan, 2018; Marton, 2019; Cakir,
2019; Nakatake et al., 2020). However, many of these methods have different prob-
lems in the use of small molecules to direct iPSCs in neuronal differentiation, such
as variable cell type heterogeneity, poor efficiency, and costly and time-consuming
induction protocols for neural differentiation. To overcome these issues, Wang et al.
(2018) reported the use of doxycycline inducible transcription factors (TFs) at safe-
harbor loci; adapting a two-step method, these cell lines can be induced to differ-
entiate into either lower motor neurons or cortical neurons, in a simple, quicker,
scalable and highly efficient manner (Wang et al., 2018; Fernandopulle et al., 2018).

Recently, in a search for transcription factors that may allow induction of diverse
cell types though differentiation from human pluripotent stem cells (hPSCs), Ng
et al. (2020) reported 290 transcription factors (TFs); of these, 241 TFs were not
identified previously, in only four days without changing the external growth factors
and biochemical stimuli. Using four of these newly discovered TFs, they were able to
reprogram hPSCs into oligodendrocytes, vascular endothelial-like cells, fibroblasts
and also neurons that can mimic molecular and functional characteristics of primary
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Fig. 4.1 Stem cells in organoid research. From high-throughput drug screening and drug modeling
investigations; basic research questions on biochemical and physiological aspects of neural devel-
opment and axon and support cell growth, etc., and the preclinical translational research; 3D
brain organoids have proven their usefulness in multiple ways and elucidated molecular signaling
mechanism that were not accessible in cell grown in vitro in two-dimensional format in dishes

cells, enabling programming of hPSCs into different cell types in parallel and simul-
taneously. The authors further showed generation of cerebral organoids with unmod-
ified hPSCs and oligodendrocyte inducible hPSCs, which enhanced myelination in
the 3D brain organoids (Ng et al., 2020) (Fig. 4.1).

In Vitro Tissue Cultures, Transition from 2D to 3D

In most mammals, new neurons are supplied from either the dentate gyrus of the
hippocampus, from the cells that are present in this location and are stem cells, or
the second source of neurons that is the olfactory bulb, where the neuronal stem cells
reside in the lateral ventricle wall, allowing plasticity to the neural architecture and
contributing to neurogenesis in adult brain. Haycock (2011) reviewed the 3D cell
culture about the current approaches and techniques, arguing that cells traditionally
grown in 2D in almost all tissue culture laboratories of the world fail to reproduce the
physiological aspects or anatomy of a tissue for a comprehensive study, necessitating
the need to develop 3D culture systems, including the consideration of scaffold to
support the architecture and organization of the cell assembly or taking into account
bioreactors for managing the supply of nutrients and cellular waste disposal. These
efforts demand a multidisciplinary approach and expertise to make the 3D culture
more appropriate and relevant to physiological recapitulation of the human tissue.
Many attributes of neurons make these unique cells, such as the transport of metabo-
lites and factors along the long axons, from the cell bodies to the synaptic region,
accomplished by kinesin family of motor proteins on the network of microtubules in
each neuron (Siddiqui, 2002).With an increasing sophistication of 3D culture assem-
blies, it is now possible to co-culture different cell types, including the integration
of stem cells and iPSCs.
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With the advent of 2D and 3D, organoids and brain-on-a-chip models, investiga-
tors have focused on a physiologically compatible model for developmental biology,
high-throughput drug screens and preclinical studies, including modeling for neural
disorders. Traditionally, neurons have been grown in 2D monolayer tissue cultures
similar to other tissue culture protocols, which have been used by researchers to
study molecular pathways associated with relatively simple phenomena and allowed
basic understanding of neural cell biology, but these 2D monolayers do not repre-
sent the complexity of human brain, such as the development and axonal-process
outgrowth to form neural networks. This necessity has required developing the 3D
brain organoids that could mimic the developmental features and brain architecture
in a better way than the 2D monolayer tissue culture.

Among the early research of 3D neural culture system, known as the “neuro-
spheres” assay, this culture system has been used to characterize neural stem cells
(NSCs) from the central nervous system (Reynolds &Weiss, 1992). The neural stem
cells and neural progenitor cells are co-cultured without an adherent matrix, allowing
single cells to multiply to produce small clumps of cells that grow in suspensions
and are called “neurospheres,” The multi-potent cells comprising these cell clusters
can be differentiated into most of the neural subtypes of the CNS, with the exception
of neurons and astrocytes (Reynolds &Weiss, 1992). Similar approaches have given
rise to the production of “neural aggregates” and “neural rosettes.” Neural aggre-
gates are generated from pluripotent stem cells (PSCs), first developing an embryoid
body (EB) that is cluster of PSCs recapitulating early embryonic developmental
stage. The generated neural progenitor cells are used in monolayer 2D culture of
neurons and glial cells by further differentiation of NPCs (Chambers, 2009). Simi-
larly, neural rosettes are composed of neural progenitor cells that may represent the
neural tube and show early neural development, and these “rosettes” can be prolif-
erated or differentiated into a variety of mature cells, depicting regional attributes of
different regions of the brain (Elkabetz, 2008). Thus, differentiation of pluripotent
stem cells (PSCs), such as human embryonic stem cells ( hESCs) (Thomson et al.,
1998), and induced pluripotent stem cells (iPSCs) (Takahashi et al., 2007) into neural
cells in 2D cultures (Zhang et al., 2001, and Chambers et al., 2009) and 3D brain
organoids (Fuchs et al., 2004; Eiraku & Sasai, 2012, Lancaster et al., 2013, 2017,
Park et al., 2014; Bouyer et al., 2016; Killic et al., 2016, Bordoni et al., 2018) has
described experimental models to study central nervous system disorders.

Structure of Brain Organoids and the Gene Expression

Demonstrating the unique self-organizational capacity of human neocorticogenesis,
a “cortical sphere” culture system was developed (Kadoshima, 2013). Similarly, the
pioneering work of Sergiu Pasca, who developed human cortical spheroids from
induced pluripotent cells in a medium lacking the adherent substrate, or the ECM
(extra cellularmatrix), andwithminimal patterning factors to induce cortical spheres,
containing both superficial and deep cortical neural cells (Pasca et al., 2015), ushered
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a new development in brain organoid cultures. Remarkably, the generated neurons in
“cortical spheres” are interspersedwith specific astrocyte that is hard to obtain pheno-
type outside the living brain tissue. These quiescent astrocytes are critical in synap-
togenesis and necessary for normal neurodevelopment (Pfrieger & Barres, 1997;
Ullian, 2001), and analysis of the transcription showed that 10 weeks of culturing of
cortical spheres mimics the transcription pattern of developing human prenatal brain,
in vivo. A number of studies have established the 3D brain organoids an important
approach to study neural development and disease modeling (Sasai, 2013, Lancaster
& Knoblich, 2014; Moreno et al., 2015; Bouyer et al., 2016; Killic et al., 2016;
Quadrato et al., 2017; Sartore et al., 2017; Zuhang et al., 2018) (Table 4.1).

Table 4.1 Comparison of in vitro cell culture models; summary of advantages and disadvantages
of 2D, 3D and organ-on-a-chip models

Types of in vitro cell culture
models

Pros Cons

2D models
Culture plate
Transwell membrane

Easy to set up and manipulate
High reproducibility
Standard and well-established
technique
Can be set up quickly
Low cost

Uniform concentration of
nutrients and drugs
Not a dynamic state, quite static
growth
Large quantity of medium,
growth factors and drug
reagents

3D models
Spheroid
Organoid
Scaffold-type

Recapitulate the 3D
Architecture of the cell culture
Drug response mimics in vivo
concentrations
Copies in vivo cell–cell
interaction and
cell–extracellular matrix
interactions
Vascularization is possible
Blood perfusion is possible

Cellular waste is not removed
as in an in vivo model
Low reproducibility
Poor nutrient transport and
access
Requires more time to set up
Misses the dynamics of in vivo
cellular environment, due to the
lack of medium fluid flow

Organ-on-a-chip model
Microfluidic chip

Diffusion of the medium and
drugs is much better, and the
microenvironment can be
easily manipulated
Excellent model for
high-throughput screens
Actuators and sensors can be
easily incorporated and
integrated
Electronic data acquisition
may be possible

Requires external gadgets, such
as pumps, valves and circuits to
run the experiment
Ramping up the culture is
difficult
Standardization requires extra
effort
Polydimethylsiloxane, called
PDMS used for the fabrication
microfluidic chips, and PDMS
may adsorb nutrients
The microchip setup is costly
and requires multidisciplinary
expertise to set up
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A Comparison of the 2D and 3D Brain Cultures

An important issue in 3D brain organoids is the role of cell–cell interaction that
revealed a more complex cell maturation profile in the constructed organoids (Pasca
et al., 2015; Kilic et al., 2016; Quadrato et al., 2017; Madhavan et al., 2018; Sloan
et al., 2017; Zuhang et al., 2018; Ormel et al., 2018; Qiao et al., 2018). Tran-
scription analysis using RNA-sequencing and whole organoid transcription data has
shown similarities in cell composition and transcriptional profiles between human
brain cortical organoids and human fetal neocortex (Camp et al., 2015; Kilic et al.,
2016; Bouyer et al., 2016; Xiang et al., 2017; Bershteyn et al., 2017). Oftentimes,
gene expression levels (mRNA) poorly correlate to expression of specific cellular
markers, due to differences in translational profile (Carlyle et al., 2017), that indicated
higher amounts of protein expression differences between brain regions compared
to the RNA transcription. These differences in the RNA and protein-level abundance
suggested functional and cyto-architectural differences between brain regions; e.g.,
comparison of structurally similar cortical brain tissues showed important differ-
ences in abundance between the receptor-associated proteins and resident plasma
membrane protein family, which was not evident in the transcription analysis of
these tissues (Fig. 4.2).

The basic approach is to select an extracellular matrix material, such as PEG4-
MAL (Cruz-Acuna et al., 2017) that can provide the right scaffold for the stem
cells to grow and combine appropriate iPSCs in a syringe configuration that may be
controlled bymicrofluidic controls in bio-printing process to develop physiologically
relevant brain organoid tissue in 3D.

Fig. 4.2 Use of hydrogel and stem cells in bio-printing
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Use of Hydrogel and Other Matrix in Brain Organoids

Generation of hPSC-derived human brain organoids has relied upon encapsulation
of these brain cell aggregates using Matrigel—produced from biologically derived
material—that are poorly characterized and hence show significant lot-based vari-
ability and the influence of their biophysical and biochemical attributes, and poor
experimental control (Hughes et al., 2010;Miyoshi et al., 2013);Matrigel is obtained
from transformed mouse cells and the complexity of these transformed mouse
cells precludes its full translational potential (Cruz-Acuna et al., 2016; Gjorevski
et al., 2016). Therefore, synthetic hydrogels that are fully defined and can be manip-
ulated for biochemical and physiological properties have great potential alternatives
to Matrigel and similar matrices to be used in brain organoid production (Gjorevski
et al., 2016), as these could transduce innate cellular behavior by exposure to bioactive
motifs, which facilitate cell-directed matrix degradation and cell–matrix-adhesive
interactions (Gjorevski et al., 2016; Cruz-Acuna et al., 2017).

Synthesis of PEG-4MAL hydrogel has been described that supports the robust
and highly reproducible in vitro generation of human brain organoids from
human-induced pluripotent stem cells (hiPSCs) and human embryonic stem cell
(hESC)-derived spheroids without the need for Matrigel encapsulation (Cruz-Acuna
et al., 2017). Furthermore, PEG-4MAL hydrogel polymerization chemistry allows
improved cellular compatibility when compared to free-radical-initiated polymer
formation and increased efficiency in cross-linking over acrylate PEG4-A and
PEG-4VS (vinylsulfone)-mediated polymerization (Enemchukwu et al., 2016; Cruz-
Acuna et al., 2017). The PEG4-MAL hydrogel preparation has an advantage as this
hydrogel is not dependent on animal-derived factors such as laminin-111 (Cruz-
Acuna et al., 2017), and can be used for both in vitro production and in vivo delivery
of organoids, thereby providing an excellent platform for tissue engineering studies
and potential therapeutic applications. In addition, mechanical properties of PEG4-
MAL synthetic matrix can be manipulated by altering the polymer density, without
affecting the hydrogel’s adhesive peptide type or density and other biochemical
properties (Phelps et al., 2012; Enemchukwu et al., 2016; Cruz-Acuna et al., 2017).

These flexibility features of synthetic hydrogels are important as this allows
manipulation of hydrogel properties and can be adapted to promote generation and
culturing of a variety of human brain organoids. Hydrogel can also be cost-effective,
as it is approximately half the cost of materials when synthetic hydrogels are used
as compared to similar amounts of biologically derived Matrigel, which may cost
almost twice the cost of synthetic hydrogels (Cruz-Acuna et al., ). In brief, PEG-
4 MAL hydrogels can be utilized as in vitro scaffold, which can be manipulated
suitable for a variety of developmental requirements, for example, the human brain
organoid 3D culture, and not restricted with the limitations of materials that require
the preparation from biological sources, such as the Matrigel (Cruz-Acuna et al.,
2018).
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Increasing the Scalability and Traceability of Organoids

Currently popular techniques to produce mouse pluripotent stem cells-generated
organoids are expensive, intensive labor requiring and very difficult to scale, espe-
cially by utilizing robotic manipulations. Decembrini et al. (2020) have addressed
the issue of scaling up and reproducibility of retinal organoid micro-fabrication,
by culturing mouse embryonic stem cells in microenvironments with optimized
physical and chemical properties, by using round bottomed milliwells fabricated
from biomimetic scaffolds (hydrogels), combined with titratedmedium components,
resulting in rapid development of retinal organoids from mouse embryonic stem
cells in a highly reproducible and efficient manner, such that more than 90% of the
cellular aggregates consisted of retinal organoids. These retinal organoids beyond
day 26 comprised about 80% of photoreceptor cells, of which about 22% showed
GNAT2 marker-positive cone cells that is a critical and rare retinal sensory cell type
that is hard to investigate in a mouse model. Thus, the ability to partitioning of retinal
organoids into predetermined positions on a 2D array permitted most aggregates into
retinal organoids and, furthermore, captured the dynamics of individual organoid that
could facilitate for high-throughput screens for drugs and biochemical studies. This
protocol combines two key positive developments, to increase the scalability and the
ability to trace single retinal organoid, and could permit screens for small molecules
that are neuroprotective and a possible source for transplantation of organoids in
clinical studies. Decembrini et al. (2020) are credited with an improved technique in
that it is based on an a simple one-step handling and manipulation to produce retinal
organoidswithout the need for successive interventions, permitting automation of the
3D culturing process from cell inoculation and seeding to routine medium changes,
and also the characterization of retinal organoid growth and differentiation.

Brain-on-a-Chip

The main purpose for developing 3D cell culture systems differs considerably—and
ranges from engineering tissues for clinical studies of drug delivery through to the
development of drug screening model. The development of the brain-on-a-chip tech-
nology primarily has to basically ask which a human brain model can be engineered
by cell line assemblies to develop an organ-level model? Hence, it is critical to select
appropriate cell lines for such organoids, since brain tissue comprises many different
and distinct neuronal types, and additionally a wide variety of supporting cells such
as astrocytes and glial cells. The chip design process should also take into account
the neural network and brain architecture that varies throughout neural network and
brain regions, in a significant and critical manner (Alepee et al., 2014; Park et al.,
2014; Bhatia & Ingber, 2014, Jo et al., 2016; Killic et al., 2016; Bouyer et al., 2016;
Haring et al., 2017; Qiao et al., 2018, Dolmetsch & Geschwind, 2011; Ducker et al.,
2020).
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Brain-on-a-chip is a platform, which is engineered to resemble the physiolog-
ical microenvironment and tissue composition of a specific region of the brain.
Therefore, such brain chips have an advantage in their capacity to reconstitute
brain microenvironments in vivo, such as cell–cell interaction and scaffold composi-
tion, i.e., extracellular matrix and hemodynamics that can be manipulated according
to the specific need of the researcher. In contrast, brain organoids investigate the
developmental processes to recapitulate the early stages of fetal brain development,
such as cell subtype heterogeneity, polarized neuroepithelium and compartmental-
ization of specific brain regions; furthermore, brain organoid culture has little control
over physiological and biochemical factors in the three-dimensional microenviron-
ment, whereas the brain-on-a-chip constructs have limits on the reconstitution of
complexity and the temporal and spatial control as seen during the brain develop-
ment. Thus, to combine the strengths of the brain organoid and the brain-on-a-chip,
the organoid on a chip strategy serves as a useful new model synthesizing structural
and physiological aspects of the in vivo brain region and the corresponding microen-
vironment in a 3D space (Park et al., 2014; Moreno et al., 2015; Killic et al., 2016;
Skardal et al., 2016, Wang et al., 2018).

Thus in brief, three considerations are important for the brain chip design: first,
composition and availability of the cell type; second, the cell maturity; and the
third the cyto-architecture, i.e., structural organization of different cell types and
their scaffold or matrix for cellular growth within the model. The brain-on-a-chip
technique to be functional requires that all required cell types must be available
and part of the engineered chip, combining the microsystem platform with hiPSC-
derived cell subtypes. Such hiPSC-derived neuronal cell assemblies are useful as
these neurons can build a given tissue architectural network depending on their
differentiation stage. For a specific application, differentiation can be induced within
a specific microenvironment of a compartment, within the physiological constraints
of the desired experimental application.

In a brain organoid, in addition to the different varieties of neurons, supporting
glial cells such as astrocytes, Schwanncells, oligodendrocytes andmicroglial cells are
also part of the neural tissue, and due consideration has to be made to incorporate the
appropriate cell type. These complex multicellular assemblies of brain organoids are
necessary for studying the functional nervous system and required for investigating
underlying basic developmental processes, including axonal growth and pathfinding,
synaptogenesis and neural function. Thus, incorporation of glial and associated cells
is critical as these support cells can function as mediators of chemically induced
tissue damage and targets of the injury (Alepee et al., 2014). A number of studies have
shown that the glial cells could modulate or affect the chemo-toxicity of chemicals
for neurons (Schildknecht et al., 2009; Zurich et al., 2002; Vivani et al., 1998), or
glial cells may cause neuroinflammatory response of the brain tissue (Falsig et al.
2004; Park et al., 2014; Henn et al., 2011; Boillee et al., 2006, Jasmine et al., 2010,
Dolmetsch & Geschwind, 2011, Killic et al., 2016; Bouyer et al., 2016; Jo et al.,
2016, Qiao et al., 2018, Wang et al., 2018; Achberger et al., 2019; Ducker et al.,
2020). Thus, setting up a 3D brain organoid requires consideration of different types
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of glial cells and of course the choice of neuronal cells (Dolmetsch, & Geschwind,
2011).

With the availability of human-induced pluripotent stem cells (hiPSC), the
complexity of brain tissue and neural network can be pursued, depending on the
differentiation stage of the hiPSCs. The availability of specific stem cells has allowed
designof compartmentalizedmicro-environmentswithin the tissue culturewith phys-
iological attributes to attain specific requirements of a specific experimental applica-
tion. Combining artificial intelligence and bioinformatics with in vitro tissue culture
methods can enhance the speed and rate of the drug discovery and drug develop-
ment process, allow improved pharmacokinetics and toxicological risk assessment
and provide better understanding of the neural disease process. Since most of these
disease models are organotypic, in which the main purpose is to recapitulate the
primary function of an organ such as brain, more than one cell type need to be
incorporated in the 3D organoid culture, and the scaffold or the cellular matrix
factors should also be considered in the chip design (Fuchs et al., 2004; Morrison
& Spradling, 2008, Achberger et al., 2019). Similar approach has been used in eval-
uation of dental pulp stem cells with different materials to study dental pulp injury
(Youssef et al., 2019). It is hoped that the use of such models will increase exper-
imental success by reducing errors and incorrect predictions from small molecule
screens for therapeutic development.

Another key consideration in 3D brain organoid technology is formation of cell
niches that are specific in the brain developmental process, as they arise by interaction
of specific cell types and gradient of signaling factors and stimuli to produce the
desirable cellular milieu for the optimum function and development of brain cells.
Glial cells are often critical in the formation and modeling of such cellular niches,
e.g., niches in the retinal model and niche generated by satellite glial cells in the
trigeminal ganglia in association with the pain neuronal cell bodies (Jasmin et al.,
2010). Such brain niches and gradients and signaling and trophic factors are required
during the neurite growth and guidance and neuronal cell differentiation and thereby
in shaping the brain architecture. Thus, such three-dimensional brain organoids are
clearly superior to the 2D tissue culture setup when the purpose is to model brain-
specific cellular niches (e.g., Fuchs et al., 2004;Morrison&Spradling, 2008, Zuhang
et al., 2018; Ducker et al., 2020) (Fig. 4.3).

The architecture includes a flow of medium mimicking the BBB, enriched
with soluble factors and peripheral immune cells, which are key players in neuro-
inflammation and neuro-degeneration. The migration of peripheral immune cells
through the BBB has been implicated in the pathogenesis of several neurodegenera-
tive diseases. The role of infiltrating peripheral immune cells has been investigated in
detail for MS, which involves the breakdown of the BBB and multifocal inflamma-
tion caused by the innate and adaptive immune systems. However, BBB impairment
and the infiltration of peripheral immune cells also correlate with the pathogenesis
of other neurodegenerative diseases, such as AD and PD. Adding a fluidic system to
mimic the BBB is therefore necessary to investigate the pathological mechanisms of
neurodegenerative diseases and eventually to study the transport of drugs across the
BBB (Adapted from Slanzi et al., 2020).
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Fig. 4.3 Schematic representation of 3D in vitro models of the nervous system

The third basic requirement for the functional brain organoids is cell maturity,
depending on if a organoid is being used to measure toxicity to the mature brain
tissue, also known as neurotoxicity assay, or if the experimental design seeks to
study perturbations in the development of brain that can be defined as developmental
neurotoxicity, thereby requiring different brain organoids to investigate different
questions on toxicity or developmental biological studies, respectively (Ducker et al.,
2020). Thus, cell maturity in a given model will depend on the type of studies
that such toxicity experiments are planned to assess, and these questions have been
addressed using, in addition to traditional cell biological features, new technologies
such as transcription profiling and the determination of epigenetic state of the cellular
genome (Balmer et al., 2012; Waldmann et al., 2014; Qiao et al., 2018).

Stem Cells for Brain Research, HiPSCs from Patients

One alternative to the isolation of neural cells from fetal brain is to generate neural
stem cells (NSCs) from pluripotent stem cells, but culturing such cell lines is chal-
lenging and requires long periods to generate and propagate; furthermore, the gene
expression profile of these cells grown in two-dimensional traditional culture and
NSC grown in three-dimensional organoids or chips results in alterations in the gene
expression profile, and the cell function also shows distinct differences between the
2D and the 3D neuronal cultures (Koch et al., 2009; Birgersdotter et al., 2005; Zahir
& Weaver, 2004).

Since human-induced pluripotent stem cells can generate from somatic cells, brain
organoids using hiPSCs can be profitably used in brain organoids and brain-on-chip
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technology. One of the main advantages of hiPSCs over primary animal brain or
immortalized neuronal cell lines is their constant availability (Takahashi et al., 2007),
and that these cells can be differentiated into different neuronal and support cell types.
Differentiation of human embryonic stem cells (hESCs), human-induced pluripotent
stem cells (hiPSCs) or fetal neural progenitor cells (NPCs) into glial cells and neurons
has been reported (Bal-Price et al., 2012; Fritsche et al., 2017). Furthermore, hiPSCs
can be derived from human patients and thus can be genetically matched with a
desired source (Dolmetsch, & Geschwind, 2011). Human iPSCs (NTERA2) can be
differentiated into neural cell aggregates, consisting of astrocytes that interfaced with
microvascular endothelial cells derived from human brain, which exhibited the char-
acteristics of blood-brain barrier (Killic et al., 2016). Recently, Goz et al. (2020) have
reported such cells derived fromglioneuronal tumor, showing that BRAFV600Evari-
ants have a cell autonomous effect and themutation changes several electrophysiolog-
ical characteristics in neocortical neurons; in contrast, similar neuronal excitability
changes were not observed in cells adjacent to BRAFV600E—expressing neurons,
showing that BRAFV600E affects a cell autonomous, distinct and highly excitable
neuronal electrophysiological responsewhen somatically introduced into neocortical
progenitor cells.

Similarly, in another report, Flaherty et al. (2019) showed that hiPSCs generated
fromNRXN1-alpha the plurality of alternate splicing seen in the human brain tissue,
reporting 123 high confidences and in correct reading frame human NRXN1-alpha
isoforms. Heterozygous NRXN1-alpha ± hiPSC-neural cells show more than twice
inhibition in half of the wild-type NRXTN1-alpha isoforms and transcribe several
novel isoforms from the NRXTN1-alpha mutant allele. The authors demonstrated
that depending on the genotype, NRXN1-alpha ± mutations can affect the pheno-
type through the reduction of NRXN1-alpha isoform expression levels and also the
presence of the mutant NRXN1-alpha variant isoforms.

In case of familial dysautonomia, where a single mutation can cause a disease,
the iPSCs harboring a point mutation in IKBPKAP encoding gene, resulting in the
depletion of sensory and autonomic neurons, have been used for wild-type versus
diseased hiPSCs screens, for therapeutic drug discovery, and more personal patient-
specific diagnosis (Lee et al., 2011, Dolmetsch & Geschwind, 2011). In a brain-on-
a-chip variation, Achberger et al. (2019) have used these ideas on retina-on-a-chip
(RoC), modeling human retina that combines seven different retinal cell subtypes
generated from hiPSCs, demonstrating fluid perfusion similar to vasculature and
mimicking in vitro and interaction of mature photoreceptor segments with retinal
pigment epithelium (RPE). These authors showed that this interaction supports and
increases the creation of outer segment-like networks and recapitulation of in vivo-
like biochemical and physiological phenomena such as calcium dynamics and outer
segment phagocytosis. This retina-on-a-chip can be used for drug screens such as
the antibiotic gentamicin and the retinopathic injury of anti-malaria drug chloro-
quine, thereby showing promise for drug discovery and a platform to study retinal
physiology and pathology of retinal disorders (Achberger et al., 2019).
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The Blood-Brain Barrier

As a neurovascular component, the blood-brain barrier (BBB) provides a physical
and chemical barrier against intrusion of blood cells, plasma factors and various
pathogens for the protection of the central nervous system (CNS). Brain microvas-
cular endothelial cells are the main components of the BBB, together with neurons,
astrocytes, pericytes, and the scaffold extracellular matrix (ECM) consisting of type
IV collagen, laminin, fibronectin, perlecan and heparin sulfate (Page et al., 2018).
Many acute and chronic neural diseases and disorders such as Parkinson’s disease,
Huntington’s disease, ischemic stroke and Alzheimer’s disease have been attributed
to the malfunction of the BBB (Sweeney et al., 2019).

The blood-brain barrier (BBB) controls the exposure of brain cells in a significant
manner; therefore, various in silico or in vitro BBB models should incorporate the
choice of cell subtypes, the transport properties and the extracellular matrix to reca-
pitulate the features of human BBB, and a variety of such models has been reported,
for example (Vandenhaute et al., 2012). With an increasing sophistication in BBB
platform technology (e.g., see Frimat & Luttge, 2019; Hai, et al., 2010; Sweeney
et al., 2019; Sun et al., 2020), organoids of different brain regions, such as the
cerebral cortex layers, model that were developed by intercalating hydrogel–neuron
layers with plain hydrogel layers (Kunze et al., 2011); these cortical layers displayed
both the chemical gradient of trophic and growth factors and the differential synaptic
density distributed in different layers (Choi et al., 2010).

Pericytes are important for the structure and function of the BBB, and their degen-
eration is related to neural disorders, with poorly understood mechanisms, due to the
paucity of obtaining sufficient pericytes for investigations. Sun et al. (2020) describe
pericytes-like cells (PCs) from human pluripotent stem cells (hPSCs) via the inter-
mediate developmental stage of cranial neural crest (CNC) cells and show that CNC-
derived pericyte-like cells express specific molecular markers such as NG2, CD146,
CD13 and PDGFR-beta, with Vimentin and Caldesmon, and exhibit typical contrac-
tile features, endothelial barrier function and potential to form vessels; interestingly
implanted into a model transient middle cerebral artery occlusion (tMCAO), with
blood-brain barrier disruption hPSC-CNS-PCs are capable of improving functional
recovery in the tMCAO mouse model by enhancing the integrity of the BBB and
inhibiting neuronal cell death through apoptosis and may provide a model to study
BBB function in a variety of neurological disorders (Sun et al., 2020).

Microfluidic engineering has been used to generate BBBmodels in 3D organoids.
In such designs, intersecting channels are separated with a porous membrane (poly-
carbonate) upon which microvascular endothelial cells and astrocytes (brain) are
grown on opposite a section, which in a way recapitulates the BBB and allows for the
measurements of trans-endothelial electric resistance (TEER) to evaluate endothelial
barrier function (Van Der Helm, 2016). Such BBB models have helped how various
drugs and toxins may cross the BBB and find entry to the brain microenvironment.

Another important issue in blood-brain barrier models is to develop innovative
drug delivery routes, as the BBB has special requirements for molecular passage
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across the barrier. Developing novel drug delivery vehicles is important for drug
development of basic physiological studies. Nanotechnology is one of the emerging
drug delivery strategies and could have enormous therapeutic potential and transla-
tional efficacy; however, there are some problems that remain to be solved, such as
the removal of nanoparticles after the drug release and non-specific adverse effects
on non-intended tissues and organs, and related toxicity. This will require examining
the properties of each nanoparticle design, their intended target and pharmacokinetic
properties of this drug delivery (Siddiqui et al., 2020). Thus, developing physiolog-
ically relevant models using stem cells can be very useful for drug development,
drug delivery and elucidating molecular and structural mechanisms of both acute
and chronic neurological disorders.

Neuronal Disorders and Disease Models

A very important use of stem cell technology to mimic brain function is to study
neuronal disorders and human neural disease, such as Parkinson’s disease and
Alzheimer’s disease. These disorders affect the integrity of synaptic connections and
result in reduction and degradation of these connections, and other ailments such as
epilepsy or autism have been attributed to abnormal neural architecture and network
responses. For Parkinson’s disease (PD) and Alzheimer’s disease (AD), brain-on-a-
chip approach has been applied and summarized below (Choi et al., 2013; Hai et al.,
2010; Lu et al., 2012; Slanzi et al., 2020).

Alzheimer’s Disease (AD)

The late onset chronic neurodegenerative Alzheimer’s disease is devastating as the
dementia grows slowly and develops into irreversibleworse outcome over time. Early
detection of AD is critical for disease monitoring and management, but conventional
methods do not meet these challenges. In addition, animal models that are both
expensive and labor- and time-intensive do not allow real-time studies on biological
processes underlying the disease, and human and animal species differences also
preclude extrapolation of animal studies for the progression of disease in humans.
These limitations have prompted investigators to experiment on microfluidic brain-
on-a-chip that may mimic the neuroanatomical and physiological features of AD. In
Alzheimer’s disease (AD), the traditional view is that synaptic abnormalities arise
due to accumulation of proteins, such as amyloid-beta and tau protein; hence, some
AD studies have focused on production and function of these two proteins on synap-
togenesis and communication with the supporting glial cells (Hai et al., 2010); 3D
models such as neurospheres have also been employed for AD research (Choi et al.,
2010), particularly investigating the amyloid-beta protein expression and synapse
formation (Choi et al., 2013). Furthermore, microfluidics technology was used to
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show the role of amyloid-beta in synapse formation and in the glia, including the
phosphorylation of tau proteins (Cho et al., 2013; Choi et al., 2013; Deleglise et al.,
2014; Kunze et al., 2011; Li et al., 2020). In addition, brain-on-a-chip model was also
used to showwild-type tau protein transfer across neuron via trans-synaptic pathway
(Dujardin et al., 2014).

In another study, fibroblasts from Alzheimer patients who have familial disease
(FAD) with mutations in PS1 (A246E) and PS2 (N141I) have been used to generate
iPSCs to study neuronal differentiation (Yagi et al., 2011) and showed that FAD-
iPSC-generated neurons have higher amyloid-beta42 secretion, mimicking the
biochemical pathology of mutant presenilins, and that secretion of amyloid-beta42
from these generated neurons responded well to the gamma secretase modulators
and inhibitors, suggesting the possibility of drug screening and validation for high-
throughput analysis (Yagi et al., 2011). Thus, such stem cells from hiPSCs derived
from patients can provide very useful models to study diagnostic and therapeutic
pursuits.

Parkinson’s Disease (PD) Model

Parkinson’s disease (PD) is progressive neural degeneration disease accompanied by
loss of dopaminergic neuronal projections of the ventral forebrain, causing abnor-
malities in cognitive and motor functions. In spite of considerable efforts in studying
PD abnormalities, no drug that can reverse the neurodegenerative process of PD has
been discovered (Son et al., 2017; Kouroupi et al., 2020). To investigate mitochon-
drial transport on single dopaminergic axon, a microfluidic chip of the Parkinson
disease (PD) was studied, in which axonal extension was investigated and mitochon-
dria that were labeled were observed (Lu et al., 2012). The chip allowed oriented
axonal extension into separate axonal compartments for visualization; in addition,
this construction could also allow monitoring microtubule fragmentation and trans-
port of vesicles on microtubules, processes that contribute to the severity of the
PD, including the loss of dopaminergic neurons. This provides a great advantage
from the conventional 2D culture studies to study the physiological aspects of the
PD malformations and other neurodegenerative diseases. In another study, using
human neuroepithelial stem cells differentiated into dopaminergic neurons in the
microfluidic chip cell culture at a large scale it was shown that this technology could
be harnessed to characterize dopaminergic neuron degeneration’s marker substantia
nigra, which is a specific marker for the progression of Parkinson’s disease (Moreno
et al., 2015).
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Neural Disease Models

A number of other neurological disorders such as amyotrophic lateral sclerosis
(ALS or Lou Gehrig’s disease), Dravet syndrome, microcephaly, hyper-excitability,
epilepsy, autism spectrum disorders and Zika virus-mediated brain malformation are
all ready for the use of hiPSCs from the patients in 2D and 3D brain cultures, and
organoids and brain-on-a-chip technology for improved understanding of physiolog-
ical and structural brain studies, and drug screens for a possible therapeutic potential
(Morin et al., 2006; Selmer et al., 2009; Gullo et al., 2014; Costamagna et al., 2019;
Frimat & Luttge, 2019) (Table 4.2).

Table 4.2 Modeling of neural disease using 3D organoids from human iPSCs

Neural disease Remarks Selected references

Alzheimer’s disease Adult onset disease affecting
cognition and memory function

Raja et al. (2016)
Arber et al. (2017)
Gonzalez et al. (2018)
Lin et al. (2018)
Ranjan et al. (2018)
Fan et al. (2019)
Ghatak et al. (2019)
Meyer et al. (2019)
Tzekaki et al. (2019)
Choi et al. (2020)

Parkinson’s disease Neurodegenerative disease
affecting motor functions,
tremor, rigidity and stiffness

Monzel et al. (2017)
Ho et al. (2018)

Macrocephaly or the autism Social interaction disorder, with
early onset

Mariani et al., (2015)
Ho et al. (2018)

Primary microcephaly Significantly small head of the
newborn, where brain growth is
impaired

Kelava et al. (2016)
Dang et al. (2016)
Lancaster et al. (2013, 2014)
Li et al. (2017)

Congenital brain defects and
Zika virus-associated
malformations

Birth defects in the brain
development associated with
Zika virus infection

Dang et al. (2016)
Cugola et al. (2016)
Kelava et al. (2016)
Garcez et al. (2016)

SARS-CoV2
virus-associated brain defects

Blood supply to the brain is
compromised, with hemorrhage
and strokes, loss of taste and
smell

Ramani et al. (2020)
Song et al. (2020)
Mesci et al. (2020)
Shpichka et al. (2020)
Zimmerling and Chen (2020)

Retinal neuropathy In diabetes, it is a complication
that affects eyes; caused by
damage to the blood vessels of
the light-sensitive tissue at the
back of the eye (retina)

Slembrouck-Brec et al. (2019)
Rabesandratana et al. (2020)
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Spinal Cord Injury (SCI) and Stem Cell Transplantation

The spinal cord injury (SCI) is a highly common neurological disorder resulting
from the destruction of long axis of spinal cord and affects a very large number of
young and old people every year, and this is not accessible to simple therapeutic
treatments, necessitating combinatory approach to treat SCI, and regeneration of the
spinal cord. The SCI results in a cascade of tissue damage, starting with the death
of the cells in the central nervous system (CNS), affecting astrocytes, endothelial
cells, microglia, oligodendrocytes and, most importantly, neurons. More specifi-
cally, long axonal projections are damaged that inhibits descending and ascending
axonal pathways that communicate stimuli between the brain and the rest of the
body. Subsequently, vascular deterioration causes neuro-inflammation, demyelina-
tion, acute injury-associated signaling activation, tissue degeneration and remodeling
of the extracellular matrix, enhancing the initial cord injury-associated pathology
(Griffin & Bradke, 2020; Hilton & Bradke, 2017; Hilton et al., 2017).

Thus, SCI unfolds a series of physiological and anatomical alterations that can
extend from months to years following the injury (Donnelly & Popovich, 2008;
Griffin & Bradke, 2020). The key advances required in treating SCI are in nerve
regeneration and limiting the tissue damage. For the regeneration of the nerve, tissue
engineering and transplantation of appropriate cell subtypes to provide neural protec-
tion, axonal growth and path-finding, immune response regulation, myelin regener-
ation, and neuronal circuitry establishment, to allow a neuron to regenerate and form
neural circuitry. The use of induced pluripotent cells (iPSCs) is an emerging tech-
nology in treating SCI, and the use of such stem cells also bypasses the ethical
problems associated with the embryonic cells or cells from the fetus; thus, neural
progenitor cells (NPCs) derived from iPSCs have proven useful after transplantation
in animal models of SCI (Nagoshi, & Okano, 2018). One critical bottleneck in using
the iPSC-NPCs is the incidence of tumor formation after the cellular transplantation,
although some results in marmosets show that iPSC-NPCs mostly differentiated
into neural cells around the transplant site, without tumor formation and facilitated
axonal regrowth and exhibited vascularization as angiogenesis and protected myelin
formation (Griffin & Bradke, 2020; Kobayashi et al., 2012) (Table 4.3).

Transplantation of Stem Cells in Model Metazoans

Therapeutic transplantation application of stem cells, specifically iPSCs, has made
great strides. But, it is important to resolve issues concerning immunogenicity and
immunological dynamics after transplantation of iPSC-derived cells in such trans-
plantation studies (Itakura et al., 2017). Neural stem cells and neural progenitor
cells generated from human and rodent iPSCs (iPSC-NPSCs) can be transplanted in
spinal cord injury in animalmodels (Nori, 2011; Tsuji, 2010), since iPSCs technology
allows autologous transplantation. Nevertheless, the limitations are a long waiting
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Table 4.3 Spinal cord injury trials—summary of included studies

Trial phase and trial
identifier

Name of the trial and the
type of cells used in the
trial

Intervention and
type of the cells
used in the trial

Transplantation route

NCT01328860
Phase 1

Autologous stem cells
for spinal cord injury
(SCI) in children

Autologous bone
marrow progenitor
cells

Intravenous

NCT01162915
Phase 1

Transfer of bone
marrow-derived stem
cells for the treatment of
spinal cord injury

Autologous bone
marrow-derived
mesenchymal stem
cells

Intrathecal

NCT03308565
Phase 1

Adipose stem cells for
traumatic spinal cord
injury (CELLTOP)

Autologous,
adipose-derived
mesenchymal stem
cells

Intrathecal

NCT01772810
Phase 1

Safety study of human
spinal cord-derived
neural stem cell
transplantation for the
treatment of chronic SCI

Human spinal
cord-derived neural
stem cell

Intramedullary

NCT03225625
Phase NA

Stem cell spinal cord
injury exoskeleton and
virtual reality treatment
study (SciExVR)

Autologous bone
marrow-derived
stem cells

Intravenous

NCT02163876
Phase 2

Study of human central
nervous system (CNS)
stem cell transplantation
in cervical spinal cord
injury

Human central
nervous system
stem cell

Intrathecal

NCT03979742
Phase 2

Umbilical cord blood
cell transplant into
injured spinal cord with
lithium carbonate or
placebo followed by
locomotor training

Umbilical cord
blood mononuclear
stem cells

Intrathecal

NCT02302157
Phase 1/2a

Dose escalation study of
AST-OPC1 in spinal
cord injury

Human embryonic
stem cell-derived
oligodendrocyte
progenitor cells

Intramedullary

Adapted from: Platt et al. (2020); Stem Cell Clinical Trials in Spinal Cord Injury: A Brief Review
of Studies in the United States, Medicines (Basel) 0.2020;7(5):27

period of several months necessary to induce iPSC to differentiate into the desired
mature cell subtype and added cost of scaling-up (Theodorou, ). In addition, these
autologous iPSC lines require determination of the safety and efficacy of each line;
thereby, allogeneic transplantation used in combination with iPSC banks is a better
alternative. However, the problem of immune rejection of allograft transplantation

https://clinicaltrials.gov/ct2/show/NCT01328860://NCT01328860
https://clinicaltrials.gov/ct2/show/NCT01162915://NCT01162915
https://clinicaltrials.gov/ct2/show/NCT03308565://NCT03308565
https://clinicaltrials.gov/ct2/show/NCT01772810://NCT01772810
https://clinicaltrials.gov/ct2/show/NCT03225625://NCT03225625
https://clinicaltrials.gov/ct2/show/NCT02163876://NCT02163876
https://clinicaltrials.gov/ct2/show/NCT03979742://NCT03979742
https://clinicaltrials.gov/ct2/show/NCT02302157://NCT02302157
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still remains. Cells derived from iPSC show low immunogenicity (Liu et al., 2013),
but little is known about immunogenicity or immune rejection of iPSC-generated
cells in vivo. One caveat of Itakura et al. (2017) study is that transplantation exper-
iments were done in allogeneic and syngeneic mouse models, which are certainly
different from the human immune dynamics. Their data suggest that fetus-NPSCs and
iPSC-NPSCs display similar immunogenicity, and that therapeutic cell transplanta-
tion into the spinal cord may immunologically better tolerated than transplantation
into other organs, which may have some clinical therapeutic potential.

Future Directions

Brain Regeneration: Reversing the Vision Loss in Mouse
Model by Reprogramming Stem Cells

A remarkable study published by Lu et al. (2020) reported a huge breakthrough
finding in which the authors were able to use genetic reprogramming in old cells to
return to their youthful stage and restore vision in amousemodel of glaucoma in aged
mice. Since aging gradually degenerates tissue causing cell death anddysfunction and
has been postulated to be associated with the epigenetic status of the genome (such
as DNA methylation pattern), Lu et al. (2020) investigated whether older animals
keep the genetic information needed to restore the epigenetic signature of the young
adults, and if so restoring those epigenetic patterns may lead to improvement in the
tissue function?

Since there is a gradual loss of function of the central nervous system (CNS) and
its capacity to proliferate, Lu et al. (2020) ectopically expressedOct4, Sox2, and Klf4
(OSK) inmouse retinal ganglion cells and demonstrated that transcription pattern and
the DNA methylation pattern of the youthful mouse can be restored. Furthermore,
they showed that expression of these transcription factors enhanced capacity of axons
to regenerate after injury, and the vision loss caused by glaucoma in mouse model
can be reversed and vision is restored. The genetic construct used in this study
was based on adeno-associated virus (AAV), to allow expression of Oct4, Sox2 and
Klf4 genes that are expressed in early embryogenesis during early development, and
these transcription factors were previously discovered by Shinya Yamanaka’s group
in Kyoto, Japan (2007, 2012), as the key to induce somatic cells into pluripotent
stem cells. The reprogramming of cells by expression of OSK transcription factor
to regenerate axons and restore vision was dependent on expression of two DNA
demethylases TET1 and TET2. The important improvement in the protocol was
to delete the use of c-Myc in the transcription factor cocktail and use only three
(Oct4, Sox2 and Klf4) of the four OSKM factors, as no tetratomic growth or cancer
was observed in these experiments, as the development of cancerous cells is a huge
bottleneck in reprogramming of the iPSCs Fig. 4.4.



4 Differentiation of Stem Cells into Neuronal Lineage … 93

Fig. 4.4 Axonal outgrowth
and restoration of vision in a
mouse glaucoma model

The retinal ganglion cells (RGCs) communicate visual input from the eye to
the brain though axonal connections. Injury to the retinal ganglion axons blocks
transmission of this visual information to the brain for processing, causing blindness
and loss of vision. Remarkably, Lu et al., 2020, report that damaged retinal ganglion
cells (RGCs) can be injected with a cocktail of three transcription factors: Oct4,
Sox2, and Klf-4, also known as OSK factors in an adeno-associated virus (AAV)
vector restoring the RGCs to a youthful stage, regrowth of axonal projections and a
gain in eyesight. Schematic cartoon is adapted from Lu et al. (2020) and Huberman
(2020).

These observations strongly suggest thatmouse tissues retain an epigenetic pattern
memory of youthful methylation status that patternmay allow designing experiments
to facilitate axonal regeneration and improve tissue physiology and function in vivo.
The highlights of this important work are that it shows axonal regeneration can
be achieved after injury to the optic nerve in mice with injured optic nerves, it
restored vision loss in mice with a glaucoma-like condition, and more importantly
the technique reversed the loss of vision in older aging animals without glaucoma
and in human cells grown in Petri dish. These important observations indicate that
aging clocks may be reversed by appropriate transcription control and epigenetic
memory recapitulation. The technology is being licensed by Harvard University to a
Boston-based company, to try the technique in humans. How thememory of youthful
epigenetic state is retained still remains unknown.

CRISPR and iPSC

Another technology that has been by the Nobel Committee and has transformed
the biological science landscape is the CRISPR technique and was awarded the
Nobel Prize, 2020, in chemistry to Emmanuelle Charpentier and Jennifer Doudna
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for discovering one of gene technology’s critical tools: the Clustered Regularly Inter-
spersed Palindromic Repeats (CRISPR/Cas9) with Cas9 enzyme, providing genetic
scissors for genomic editing (Jinek et al., 2012). It is now possible to use these to
change the DNA of animals, plants and microorganisms with extremely high preci-
sion. Focusing on neural disease, such as Parkinson’s disease, CRISPR technology
can potentially allow genome editing, and review of PD patients’ iPSCs has been
published (Safari et al., 2019; Anzalone et al., 2019; Iarkov et al., 2020). One of
the major issues using the CRISPR technology has been the gene alterations in
non-specific genome region due to the double-strand breaks in the target DNA or
the off-site effect, giving rise to the unintended mutations. However, Rees et al.
(2019) have reported a modification in the CRISPR/Cas9 technique in which the
Cas9 hybridizes to the target gene site (DNA) using a guide-engineered RNA with a
spacer sequence that is complementary; the transfer of this genetic sequence infor-
mation from these designed guide RNAs helps genomic DNA nicking only in one
strand, thereby precluding or greatly reducing the possibility of unwanted DNA
nicks in both stands and generation of mutations (Anzalone et al. 2019, 2020 ). Such
approach may revolutionize the therapy of Parkinson’s disease and other disorders
linked to single-gene mutations.

Conclusions

How do genes control the structure and function of the nervous system is an age-old
question that is the key to understand the working of neurons at different levels
of complexity and organization (Brenner, 1974; Siddiqui, 1990). New methods
and techniques of molecular genetics and cell biology in the last quarter century
have given an unprecedented access to the working of brain, such as the discovery
of hybridoma technology for generating mono-specific antibodies as a marker for
neurons, sequencing of the human genome, labeling cells with green fluorescence
protein (GFP) for live imagingof neurons. Similarly, inducing somatic cells to acquire
stem cells like pluripotency (iPSCs), including neurons and support cells, using
a cocktail of specific transcription factors, the use of CRISPR technology to edit
genome at will are great discoveries that promise novel technologies for themankind.
Most recently, the ability to turn the aging clock backward in an old mouse by intro-
duction ofOSK transcription factors and reverse theDNAmethylation to recapitulate
the epigenome of youthful period and in doing so restoring vision in an old mouse
and in a mouse with glaucoma and restoration of axonal growth in retinal ganglion
cells is a paradigm changing andmay be used to reverse not only aging and disease in
nervous system, but most likely in other tissues and organs. Stay tuned; there is a lot
of good science and discovery that the human brain will continue to contribute, and
stem cells and their genetic manipulation will provide new answers to old questions.
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Chapter 5
Differentiation of Stem Cells
into Cardiomyocyte Lineage: In Vitro
Cell Culture, In Vivo Transplantation
in Animal Models

Sumira Malik and Archna Dhasmana

Abstract Globally, cardiovascular disease is a significant threat responsible for the
higher death rate in the current scenario.Myocardial infarction causes ischemic injury
to irreversibly damages cardiomyocytes, making them non-functional and leading to
heart failure due to the lack of regeneration capacity. Clinically, organ transplanta-
tion and autologous cell-based therapies are potentially used to replace and restore
damaged and unhealthy tissues. Nevertheless, the deficit of donor cells and lack of
cell potency to differentiate into cardiac cells is another major problem for repairing
damaged tissue.Thus, identifying themechanismof cell differentiation, proliferation,
and specification into the cardiac cells is a crucial step. This process can be acceler-
ated by utilizing stem cells like pluripotent embryonic stem (ES) cells, which have
the potency to differentiate into different cell lines and infinite probability to act as a
source of cardiovascular cells under the influence of unspecified regulatory elements.
This pluripotent ES differentiates into cardiomyocytes through the complex cellular
pathways, controlled under gene regulation, expression, specific signalingmolecules,
and physiological parameters. To understand the diverse molecular machinery and
regulatory pathway of stem cell differentiation is one of the difficult conundrums for
our researcher. Although, to date, many innovations have been made to resolve this
uncertainty to the formation of novel cures such as induced pluripotent stem cells
(iPSCs). The chapter reviews the concepts of stem cell differentiation into cardiomy-
ocytes through various in vitro cell culture and in vivo therapies at the pre-clinical
to clinical level to evaluate the therapeutic application for the regeneration of the
bio-functional heart.
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Differentiation of Stem Cells into Cardiomyocytes Lineage:
In Vitro Cell Culture

Introduction to Pluripotent Embryonic Cells

The stemcells that have unlimited capability to undergo self-renewal and the ability to
undergo differentiation for the formation of ectoderm, endoderm, and mesoderm are
called Pluripotent embryonic stem cells. These stem cells can arise into various cells
that can form a complete human body (Ameen et al., 2008). The pluripotent stem cell-
derived, in vitro, differentiated cardiomyocytes retain the functional properties of the
pluripotent stem cell and own the phenotype of cardiac cells that are more stabilized
and reproducible on both clinical and physiological aspects. Further, these pluripotent
stem cell-derived, in vitro differentiated cardiomyocytes are the importantmodels for
in dissection of molecular events involved in cardiogenesis. These pluripotent stem
cell-derived cardiomyocytes may serve as significant in vitro tools for developing
and generating safe drugs in the pharmaceutical industry. The previous studies have
reported the numerous methodologies in the formation of functional cardiomyocytes
through the differentiation of human Embryonic Stem cells (hESCs) and induced
pluripotent stem (iPS) cell technology (Zhang et al., 2009; Zwi et al., 2009; Haase
et al., 2009).

There is a significant contribution of pluripotent stem cell-derived, in vitro differ-
entiated cardiomyocytes from the future health perspective. Therefore, it is a critical
requirement to validate standardized assays of such cells in the in vitro models to
ensure the safety potential and efficacy of new drugs in the pharmaceutical industry
(Vidarsson et al., 2010; Bram et al., 2009). However, there are impediments to
generate the pluripotent stem cell-derived, in vitro differentiated cardiomyocytes
cellular preparations that may cause cancer risk. The successful transplantation
may reduce the chances of immune rejection (Braam et al., 2009). Furthermore,
the advancement of research in the field of stem cell technology has generated the
possibilities for the treatment of damaged and degenerated cardiac tissue through
the repairing of damaged myocardium using stem cell-derived cardiomyocytes in
preclinical studies in translational medicine (Nelson et al., 2009; van Laake, et al.,
2007).

Development of Cardio Myocytes from Pluripotent Stem Cells

There are efficient methods that induce differentiation in cardiomyocytes to generate
the qualitative and quantitative homogenous populations of cardiomyocytes for
futuristic cell-based therapeutic applications. Perhaps, these futuristic cell thera-
pies will urge well-structured methodologies and protocols for repetitive results
fulfilling the regulatory requirements. The process of cardiogenesis is an extraordi-
narily vigorous and well-coordinated process that involves sequential expression of
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signaling molecules such as signal transduction molecules and transcription factors.
The process of early differentiation of early mesoderm through cardiac mesoderm
and committed cardiac progenitors to functional beating cardiomyocytes with the
expression of markers is explained in Fig. 5.1.

Fig. 5.1 Sequential steps in the formation of cardio myocytes from pluripotent stem cells depicting
the markers expressed
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Table 5.1 Transcription factors, signaling pathways, growth factors and microRNAs involved in
the cardio genesis

S. No. Factors and pathways
involved in cardio genesis

Names of Factors and
pathways involved in
cardio genesis

References

1 Signaling pathways Wnts/Nodal
BMPs
FGFs

• Peterkin, et al. (2003)
• Plageman and Yutzey
(2004)

• Riley and Cross (1998)
• Watt et al., (2004)
• Hiroi et al., (2001)

2 Growth factors T/Brachyury, Mesp1,
Nkx2.5, Tbx5/20, Gata4,
Mef2c, and Hand1/2

• Watt et al., (2004)
• Marvin and et al., (2001)
• Mima et al. (1995)
• Winnier et al., (1995)

3 MicroRNAs miR-1, miR-133,
miR-206, miR-143 and
-145 miR-133

• Zhang and Bradley (1996)
• Pasquinelli et al., (2005)
• Zhao and Srivastava (2007)
• Calliset al., (2008)
• van Rooij et al., (2008)
• Wang et al., (2008)
• Ivey et al., (2008)

There are four major steps in the generation of cardio myocytes from pluripotent
stem cells:

1. Mesoderm formationwhich requiresT/Brachyury,Mesp1 andNkx2.5,Tbx5/20,
Gata4, Mef2c, and Hand1/2 transcription factors

2. Pattern formation of mesoderm toward cardiogenic mesoderm
3. Formation of cardiac mesoderm
4. Maturation of early cardio myocytes.

The transcription factors, signaling pathways, growth factors, and microRNAs
involved in developing specialized cardiac subtypes and differentiation process
during the cardiogenesis are summarized in Table 5.1 and Fig. 5.1.

Steps of Pluripotent Stem Cells Differentiation
into Cardiomyocytes

1. Formation of embryoid body and spontaneous cardiomyocyte differentiation-
The embryoid body consists of derivatives of the three germ layers (ectoderm,
endoderm, and mesoderm), which develop spontaneously. These populations of
cells are the mixed cells with functional properties of cardiomyocytes. These
cardiomyocytes are the first cell types induced from pluripotent stem cells in
embryoid bodies, which induce the stimulation of expression of markers for
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mesodermal and early cardiac cell lineages through the process of cell to cell
communication (Tran et al., 2009).

2. Co-culture of Pluripotent Stem Cells and cardio inductive Cell- The widely
used for cardiomyocyte in vitro differentiation approach of co-culture involves
the crucial function of anterior endoderm in the cardiac induction of adjacent
mesodermal structures (Synnergren et al., 2008; Cao et al., 2008a, b; Xu et al.,
2009). In this method, co-culture of the visceral endoderm-like cell line (END-
2), a derivative of mouse P19 embryonic carcinoma (EC) cells and pluripotent
stem cells which forms the beating clusters of cells that also demonstrate the
characteristics of cardiomyocytes (Passier, 2008).

3. Guided cardiomyocyte differentiation with Specific Factors-In this method,
signaling pathways that are responsible for the regulation of cardiogenesis are
mimicked in the form of cell culture. To this system, growth factors such as
FGFs, BMPs, and Wnts are supplemented that has the capability to induce
mesoderm or endoderm development in pluripotent stem cells (Xu et al., 2006;
Rust et al., 2009; Kolossov et al., 2005).

4. Cardiac progenitor cells-The three major cardiac cell lineages may arise from
a common multipotent cardiovascular progenitor cell population that has the
capability to display the specific expression ofmarkers (Bu et al., 2009; Kattman
et al., 2006; Moretti et al., 2006).

Methods in Cardiomyocyte Differentiation

The methods in cardiomyocyte differentiation from pluripotent stem cells are
explained in Fig. 5.2.

Concept and Methods of In Vitro Differentiation of ESCs
and iPSCs Cells into Cardiomyocyte In Vitro Differentiation
of ESCs

Embryonic stem cells (ESCs) or ES cells act as the best source for genetic manip-
ulation through cultivation in vitro in the form of 3D aggregates, which are called
embryoid bodies. ES cells can differentiate into derivatives of all three primary germ
layers, including cardiomyocytes.

Several parameters specifically influence ES cells’ differentiation potency to form
cardiomyocytes in culture (Wobus et al., 2002), as summarized in Fig. 5.3.

(1) The initial number of cells in the EBs.
(2) Supplements in media, FBS, growth factors
(3) ES cell lines, and
(4) The time of EB plating..
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Fig. 5.2 Methods in cardiomyocyte differentiation from pluripotent stem cells

Differentiation of iPSCs into Human Cardio Myocytes

Induced pluripotent stem cells iPSCs are derived from patients who had different
cardiac diseases or disorders, such as congenital heart disease, and become essential
tools for studying the mechanisms underlying the disease pathogenesis and for the
development of new treatment opportunities (Itzhaki et al., 2011; Moretti et al.,
2010). However, on the basis of the methodology using embryonic stem cells, human
iPSCs are capable of differentiating into beating cardiomyocytes through exposure
to a variety of stimuli (Shiba et al., 2009; Yoshida & Yamanaka, 2011) (Table 5.2).
ESCs, methods for producing embryoid bodies using iPSCs, have been successfully
differentiated into cardiomyocytes (Zhang et al., 2009).
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Fig. 5.3 Cardiac differentiation methods of heSCs and hiPSCs into cardiomyocytes

Methods for Differentiation of iPSCs and ESCs
into Cardiomyocytes

Figure 5.3 and Table 5.2 summarizes the differentiation approaches currently used
for cardiomyocyte differentiation from human embryonic stem cells, and human-
induced pluripotent stem cells involve different growth factors as well as signaling
molecules to form cardiomyocytes.

Future Trends of iPSCs in Stem Cell Research with Regard
to Cardio Myocytes

• Although iPSCs are good candidates for drug screening and disease modeling
applications, they are not without limitations. The following reasons make them
unfavorable promising entities.

• The late-onset nature of many diseases likely shows a failure in reiterating the
disease development accurately.

• There is no assurance of result without in vivo studies as complex cellular interac-
tions in human metabolic processes often cannot be recapitulated in these in vitro
culture systems.

• A large panel of patient-derived iPSCs needs to be evaluated to consider when the
wide range of immune responsesmay elicitwhen applied to a larger heterogeneous
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Table 5.2 Differentiation approaches currently used for cardiomyocyte differentiation from human
embryonic stem cells and human-induced pluripotent stem cells involves different growth factors
as well as signaling molecules to form cardiomyocytes

Method Pluripotent
culture

Mesoderm
induction
factors

Cardiac
specification
factors

Cardiac
differentiation
factors

References

Suspension
EB in
StemPro34

Knock-out
Serum
Replacement
(KSR)/FGF2

Activin A,
BMP4, FGF2

VEGFA,
DKK1

VEGFA, FGF2 Yang and
Soonpaa
(2008)

VEGFA,
DKK1,
SB431542,
dorsomorphin

VEGFA, FGF2 Kattman
et al.
(2011)

IWR1 Tri-iodothyronine Willems
et al.
(2011)

Forced
aggregation
EB

Colonies on
MEFs

Activin A,
FGF2

20% FBS and
DMEM

20% FBS and
DMEM

Burridge
et al.
(2012)

Monolayer
on Geltrex

BMP4, FGF2 RPMI and
FBS or
RPMI-INS

RPMI-INS Burridge
and
Thompson
(2011)

KSR/FGF2
on MEF

Activin A,
BMP4,
FGF2,
VEGFA,
SCF

LI-BEL LI-BEL Elliott et al.
(2011)

Monolayer
differentiation

Monolayer
on Matrigel
with MEFs

Activin A,
BMP4

RPMI plus
B27

RPMI plus B27 Laflamme
et al.
(2007)

BMP4,
FGF2,
Activin A

NOGGIN,
RAi, DKK1

DKK1 Zhang and
Jiang
(2011)

Monolayer
on Matrigel
with MEFs

Activin A,
BMP4, FGF2

VEGFA,
DKK1

VEGFA, FGF2 Uosaki
et al.
(2011)

KSR/FGF2
on MEFs

Activin A,
BMP4,
FGF2,
VEGFA,
SCF

LI-BEL LI-BEL Elliott and
Braam
(2011)

mTeSR1 Activin A,
BMP4

IWR1 or
IWP4

RPMI plus B27 Hudson
et al.
(2012)

mTeSR1 plus
Y27632

CHIR99021 IWR2 or
IWP4

RPMI plus B27 Lian and
Hsiao
(2012)

(continued)
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Table 5.2 (continued)

Method Pluripotent
culture

Mesoderm
induction
factors

Cardiac
specification
factors

Cardiac
differentiation
factors

References

Chemically
defined E8
medium on a
synthetic
vitronectin
peptide
matrix

CHIR99021,
Wnt-C59

CDM3 CDM3 Burridge
and Matsa
(2014)

human population. It requires clinical trials of a specific drug (Grskovic et al.,
2011).

• For these reasons, and despite their considerable promise, patient-specific iPSC
models failed to substitute animal models. The persistent issue with maturity
and accurate recapitulation of onset disease phenotypes has led to an explosion
of bioengineering strategies to improve engineered cardiac tissue development
in vitro. Such techniques seek to impersonate multiple aspects of the cardiac
micro environmental niche.

Applications of In-Vitro Culture in Cardiogenesis

Cardiac transplantation is currently the treatment of choice for end-stage heart failure;
however, the number of available donor organs limits this treatment to a minority
of patients. In-vitro Cell-based therapies have recently emerged as an innovative
approach for the treatment of degenerative heart diseases. Significant challenges
remain to be overcome before this therapy can be practiced in clinics. Other crit-
ical problems include inefficient differentiation, tumorigenicity, immunogenicity, as
well as complicated ethical issues surrounding the isolation of cells from in vitro
fertilized human embryos (Blin et al., 2010). Human ES cells obviously represent a
potentially valuable and renewable source of cells that could be used for transplan-
tation therapy. Human ES cell lines are immortal and pluripotent, and consequently,
derivatives of these cell lines can theoretically be used to treat a wide range of devas-
tating diseases whose underlying pathology involves cell degeneration, death, or
acute injury. Significant challenges to the therapeutic application are the sustenance
against the host system immune rejection. The development of large stem cell banks
that represent a wide array of histocompatibility backgrounds is a suggested trial to
overcome immune rejection challenge.
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Differentiation of Stem Cells into Cardiomyocyte Lineage:
In Vivo Transplantation in Animal Models

Introduction to Embryonic Cells Involved in In-Vivo
Development of Cardiomyocyte Lineage

In invertebrates, the heart is the first functional organ developed after the gastrula-
tion phase of embryogenesis. The intercalating anterior mesodermal cell between
the ectoderm and endoderm germ layer forms the primary mid-streak act as progen-
itor cardiomyocytes. These cardiac progenitors’ cells specifically differentiate into
cardiomyocyte lineages to form heart muscle cells (Aguilar-Sanchez et al., 2018).
Besides that, the endocardia cells form the endothelial cell lining, and vascular
smooth muscle forms the vascular system. The cardiomyocytes have a low division
rate, and their division rate subsequently reduces or stops until the postnatal time
reached. This results in a less or restricted number of proliferated cells, but the heart
grows with enlarged cell size to perform more activity (Senyo et al., 2013; Ali et al.,
2014). Therefore, in the case of adults, the cardiomyocytes’ self-renewal or prolifer-
ation rate is significantly much lesser than the endothelial and mesenchymal cell; as
a result heart injury or damage cannot be cured selfheal themselves (Kajstura et al.,
2010). The turnover rate of the human cardiomyocytes is very poor; only the cardiac
progenitor cells present in the heart possess the self-renewing capacity and have
multipotent stem cell that could differentiate into cardiac cell lineages (Bang et al.,
2016; Bergmann et al., 2009). In a developing embryo body, the early mesodermal
cell differentiated to form cardiovascular progenitors, and these progenitors poten-
tially differentiate into cardiac cells, i.e., cardiomyocytes, smooth muscle cells, and
endothelial cells, respectively (Brade et al., 2013). These cardiac progenitor matures
and results in the separated chambered heart formation. Thus, embryonic stem (ES)
cells could be utilized as sources for the repair and regeneration of cardiac incision
or injury.

• Embryo stem cell → Ectoderm, Endoderm, Mesoderm
• Mesoderm → Cardiovascular progenitor → Smooth muscle cells, Endothelial

cells, Cardiac progenitors
• Cardiac progenitors → Mature cardiomyocytes (MC)
• Mature cardiomyocytes (MC), Smooth muscle cells, endothelial cells → Bio-

functional heart.

5. These progenitors, embryonic pluripotent stem cells differentiated into differ-
entiated cell lineages, make a complex cardiac system. Other than it different
cell lines such as adult stem cells, cardiac cells, vascular endothelial cells,
mesenchymal cells act as the progenitor to cardiac tissue / whole organ gener-
ation (Brade et al., 2013; Wysoczynski & Bolli, 2020). However, during the
post-natal period, the differentiation or capacity of cardiac cells to regenerate the
tissue or replace the damaged one reduces; stem cells are the only opportunity.
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6. In cardiac damage, grafting or whole organ transplantation is the only clinical
treatment to save a life. In clinical studies, it was reported that patients own stem
cells (multipotent cell or bone-marrow) used for repair of damaged tissue, but
due to lack of potency they are less effective and have a short life-span (Keller,
2005). ES cells have pluripotency, differentiate into any cell lineage, and make
a better opportunity for clinical studies and tissue regeneration purposes. ES
cells derived from the inner blastomeres of a developing embryo, subsequently
cultured, maintained into cardiomyocytes lineages and function of different
factors of signal transduction pathways involved in ES cell differentiation (Guo
et al., 2016). It was reported that the ES cell obtained from the mouse demon-
strated pluripotency and regenerated in all types of tissue cell under in vivo
conditions (Morey et al., 2015). The potential of ES cells to differentiate and
form cardiac lineage, can be identified on the basis of their physiological proper-
ties, such as the contracting nature of cardiomyocytes (Bartosh et al., 2008). The
development of cardiomyocyte lineage form ES cells results in the formation of
hematopoietic andvascular systems as sameas the in vivodevelopment (Arabad-
jiev et al., 2014). The applicability of ES cell differentiated cardiomyocytes used
for the transplantation and to cure the cardiovascular problems. Therefore, ES
cells have vast potential in the area of therapeutics and tissue regeneration, such
as to treat cardiovascular diseases and restore cardiac function.

Function of Different Factors of Signal Transduction
Pathways Involved in ES Cell Differentiation

ES cells are isolated from the embryonic inner cell mass self-renewal and pluripotent,
but they need specific signaling to differentiate and proliferate into specific cell
lineage. Besides that, to improve the cell functioning and survivability of ES cells
derived cardiomyocyte, there is a need for extrinsic and intrinsic factors. (Arabadjiev
et al., 2014). The progenitor cell lineage commitment and differentiation into the
cardiomyocyte require the specific intrinsic factors such as zinc finger transcription
factor GATA4, Nkx2.5 for the activation of myocardial differentiation genes and
plays a role in the activation of many myocardial differentiation genes (Arabadjiev
et al., 2014; Chen et al., 2008). The specific differentiation of genes expressed at
different myocardial differentiation stages is listed in the figure below (Table 5.3).

Thus, in 2002, Yang and co-worker designed VEGF incorporated cardiomy-
ocytes to treat myocardial infarction in mice model (Yang et al., 2002). The trans-
planted VEGF-expressing cells result in neo-vascularization and regain functioning
of damaged hearts compared to non-VEGF-expressed transplanted cells. Besides
the intrinsic factors, extrinsic factors i.e., growth factors, and chemicals induced the
signaling and gene expression for the ES cells differentiation into the myocardial
lineages (Bartosh, 2008; Gude et al., 2018; Pal et al., 2012). In cardiomyogenesis,
these factors (Table 5.4) play an essential role in heart functioning and be a potential
therapeutic agent used for cardiomyocyte transplantation.
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Table 5.3 Gene expressed by specific cell lines for cardiomyogenesis

Cell linages Expressed genes

ES cell Oct 4, Nanog

Mesoderm Brachyury

CVP Flk-1, Nkx2.5, Isl1, c-kit

CP Nkx2.5, GATA-4, Mef2c

MC Nkx2.5, GATA-4, αMHC, βMHC, ANF, MLC-2V

Functional heart Nkx2.5, GATA-4, αMHC, ANF, SM-MHC, CD-144

Table 5.4 Mode of action of extrinsic factors in cardiomyogensis and cardiac repair

Extrinsic factor Mode of actions/effects

Growth factor

BMPs (bone
morphogenetic
proteins)

BMPs play an essential role in morphogenetic development. Provides
signaling for the mesodermal induction cardiac lineage differentiation
and expression of cardiac markers for cardiomyocyte contraction

FGF (fibroblast
growth factor)

In the case of mesodermal cell differentiation and tissue formation, FGF
plays a vital role. During the gastrulation phase, FGF released from the
endoderm induces the mesodermal lineage for cardiomyogenesis. The
FGF receptors regulate the heart’s signal induction and development by
gene expression regulation such as Nkx2.5

HGF (hepatocyte
growth factor)

HGF upregulates the expression of cardiac markers and
cardiomyogenesis through the PI3 kinase/Akt pathway. MSCs
differentiated cardiomyocytes enhance the functioning of infracted
myocardium by repairing and regenerating the neo-vascularized cardiac
tissue

IGF (insulin growth
factor)

IGF regulates the autocrine and paracrine pathway in the cardiac
development

PDGF-BB
(platelet-derived
growth factor-BB)

PDGF-BB have potential to differentiate the ES cells into the
cardiogenesis

Wnts Cysteine-rich glycoprotein found in vertebrates plays an essential role in
cell–cell communication, determination, and organogenesis. It plays a
biphasic role in early gastrulation phase induction Wnt/b-catenin
enhances the cardiac differentiation from ES cells and inhibition of
hematopoietic and vascular cell lineages differentiation

OT (oxytocin) Female reproductive hormone OT plays an essential role in the
development of heart and prevent the cardiac deformities at early
embryonic stage

EPO (erythropoietin) EPO and its receptors helps to prevent the cardiac defects such as
ventricular hyperplasia, interventricular septum. They regulates the ES
cell differentiation into erythrocytes, megakaryocytes, and
cardiomyocytes, and promotes vascularization of heart

(continued)
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Table 5.4 (continued)

Extrinsic factor Mode of actions/effects

Chemicals

DMSO (dimethyl
sulfoxide)

This cryoprotectant induces the ES cells differentiation into
cardiomyocytes, expression of cardiac factors, enhances intracellular
calcium ion level

ROS (reactive
oxygen species)

In myocardial cell generation, ROS regulates the cell growth, activates
the repairing pathways and differentiation of ES cells

Opioid Opioid receptor ligand along with the protein kinase helps to induce the
ES cell differentiation into the cardiac cell lineage differentiation

5 Azacytidine This drug have potential to differentiate the embryonic and adult stem
cell into cardiomyocytes

Retinoic acid
(vitamin A)

Vitamin A and its receptor helps to differentiate the ES cell into the
cardiomyocytes lineage, cardiovascular morphogenesis in fetal
development

Ascorbic acid
(vitamin C)

Vitamin C induces the ES cell differentiation into the cardiomyocytes. In
case myocardial injury, Vit. C acts healing agent to repair and regain the
damaged cardiac tissue functioning

Evaluation of Efficacy of Embryonic Cells in Functional
and Anatomical Cardiac Repair in Animal Model

The embryonic and cardiac progenitor cells in the heart have self-renewing capability;
thus, they will differentiate into the neo myocardial cell lineages to repair the cardiac
incision or injury. It was reported that the mesenchymal cells used for the treatment
of myocardial infarction have paracrine effects but lack the differentiation property
into the cardiomyocytes (Brade et al., 2013). Besides that, the adult cardiac cell
lineages in vivo differentiation result in enhancement of sarcomere organization and
high beating rate (Bang et al., 2016). Hence, embryonic cells must be the focused
cell line for cardiac repair.

In 1996, the first in vivo study in mice model having dystrophy to demonstrate the
role of ES cell-derived cardiomyocytes for expressing α-cardiac MHC and improve
the survivability (Klug et al., 1996). The survivability rate of in vivo transplanted
ES-cell-derived cardiac cells up to 32 weeks and cured the myocardial infraction
(Min et al., 2003). In the twentieth century, in vivo studies revealed the human ES
cells (hESC) differentiation into cardiomyocytes for cardiac injury and diseases (Nir
et al., 2003; Wysoczynski & Bolli, 2020). They observed both mouse ES and hES
cells have the same in vivo maturation rate, but the cardiomyocytes derived from
hES cells lack complete maturation and conduction.

After that, it was shown that the clinical applicability of hES cell-derived
cardiomyocytes for the treatment of bradycardia in pig model by making as biolog-
ical pace-makers’ for xenogeneic transplantation (Kehat et al., 2004; Shiba et al.,
2012). The regenerated, repaired heart showed the spontaneous rhythmic contradic-
tion of the transplanted cells. In the animal model study, in mouse treated with stem
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cell injection, results in regeneration of ventricular ejection fractions. However, in
another study, the myocardial infraction was repaired with the engraftment of the
matrix associated with the allogeneic stem cells (Cheraghi et al., 2016).

The ES cells differentiated into the cardiomyocyte lineages is mimic the in vivo
development of the cardiomyocyte. The histopathological analysis studies reveal
that the ES differentiated cardiac cell lineages require the incorporation of another
signaling factor such as VEGF for the regeneration of functional cardiac tissue with
better vascularization (Cao et al., 2008a, b).

However, it was found that the injected mature differentiated cardiomyocyte has
a lesser therapeutic effect as compared to the immature ES cell lineage (Cheraghi
et al., 2016; Nir et al., 2003). Thus, the identification, selection, and utilization of ES
cells at specific cell dividing stage still query that has been focused by the researcher
at pre-clinical for the evaluation of ES cell treatment.

Evaluation of Embryonic Cell Therapy for the Repair
and Regeneration of Cardiac Tissue at the Clinical Level

ES cells is the most focused and novel source for the treatment of any kind of tissue
injury, to repair, regenerate the neo-tissue or organ, and to cure different diseases
or deformities such as cancer, cardiovascular, neural damages, etc. (Cheraghi et al.,
2016). However, the in vivo success rate of the ES cell therapy demonstrates the
limited functional potential and requires standard cell therapy parameters (Terashvili
& Bosnjak, 2019). Thus, for the application of ES cell cardiac tissue repair and
regeneration, there are some merits and demerits that we have to focus on the better
outstanding. The challenges for the clinical application of ES cells are the identifica-
tion of optimized cell lineages, therapyduration, chances of host rejection, the suscep-
tibility of evocation of immune response, optimization of dosages, and enhancement
of cell signaling for cardiac repair infarction (Wysoczynski & Bolli, 2020). Thus,
there is a need to develop the methodologies, protocols for the enhancement and
propagation of injected stem cells in the host body of myocardial regeneration.

The isolation of human ES cell (hESC) was focused by the researcher, as well
as their applicability as a therapeutic agent has been done. The application of donor
allogeneic embryonic cells for the treatment of cardiac injury is mocktail of cell
population involves the MSCs, CPCs, pluripotent cells. At the clinical level, the ES
cell therapy for the repairing of myocardial infraction results in an improved healing
rate with better cardiac efficiency. The maturation rate of hES cells is not the same as
the mES cells. Therefore, it shows more effectiveness as compared to the other cell
lineages (Hoshino et al., 2007; Terashvili & Bosnjak, 2019). However, the standard
dosage and treatment parameter for the cardiomyocyte is still a question.

Cardiac stem cell therapies may also result in inflammation and graft rejection
by the host body; thus, clinical cell therapy has no significant outcome (Tang et al.,
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2018). The selection of the specific immature cell lineages and to provide a micro-
environment to differentiate them into specific cell lineage under in vivo conditions
is an ongoing issue to be resolved by the researcher. The success rate of the ES cell
lines for cardiac repair has been going on, and research focused on the cell lineages
associated with matrix or grafts to overcome the problem of graft rejection, fibrosis,
and bio-functional tissue regeneration (Cheraghi et al., 2016). In situ injection of the
bio-engineered hydrogel enriched with ECM protein and seeded with cells results
in enhanced cardiac differentiation at in vitro level as well as repair of myocardial
injury (Bai et al., 2019). Matrix associated cell grafts open the new era for embry-
onic cell-based therapies to study their synergistic effect for the complete neo-tissue
regeneration. At the worldwide level, scientists and medical experts work together to
curemillions of patients suffering frommyocardial infarctions, congenital disabilities
and improve the survival rate.
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Chapter 6
Differentiation of Stem Cells
into Hepatocyte Lineage: In Vitro Cell
Culture, In Vivo Transplantation
in Animal Models

Munther Alomari

Abstract Liver failure is one of the life-threatening illnesses, and it accounts for
3.5% of all deaths worldwide. Liver transplantation is the solution, but due to the
long waiting list for an available donor, patients die before they get the chance to
get a healthy liver. Shortage supply of donor organs, lifelong need for immunosup-
pression, and the adult hepatocytes culturing difficulty are the serious limitations for
liver transplantation. Therefore, hepatocyte transplantation of stem cells with tissue
engineering is the alternative therapeutic approach to liver transplantation. Differ-
entiation of stem cells from many origins into hepatocytes has been reported for
therapeutic and research purposes. This book chapter summarizes the differentiation
process into hepatocytes from different stem cell types, including mesenchymal,
pluripotent, hematopoietic, and umbilical cord stem cells. In addition, it discusses
the use of hepatocytes in drug discovery and clinical studies, as well as, in 2D and
3D conformation and liver formation.

Keywords Hepatocytes · Hepatocytes like stem cells · Differentiation · Induced
pluripotent stem cells (iPSCs) · Embryonic stem cells (ESCs) · Hematopoietic
stem cells transplantation · Umbilical cord · 2D · 3D

Introduction

Liver is the body’s biggest organ, which plays an essential role in detoxification,
metabolism, protein synthesis, regulation of glucose levels, and control of blood
homeostasis. The liver consists of many types of cells. Generally, they are classified
as non-parenchymal and parenchymal cells (hepatocytes). The hepatocytes form
70% of the liver mass that is derived from endoderm during embryonic development
along with biliary epithelial cells (cholangiocytes). After resection (hepatectomy)
or injury, the liver is able to regrow 70% of its mass, by multiplying the hepatocyte
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cells (Fausto et al., 2006; Michalopoulos, 2007). However, the capability of liver
regeneration is insufficient inmany diseases, such as advanced cirrhosis and hepatitis
that end up in liver failure and thus life-threatening (Alqahtani, 2012). For such
problem, liver transplantation is the best solution, but due to the long waiting list for
available liver, patients die before they get the chance to get healthy liver of donor.
Shortage supply of donor organs, lifelong need for immunosuppression, and the adult
hepatocytes culturing difficulty are the serious limitations for liver transplantation
(Bodzin & Baker, 2018; Iansante et al., 2018; Ibars et al., 2016; Langer & Vacanti,
2016). Therefore, the use of bio-artificial liver devices or transplantation of isolated
hepatocytes is the option to provide a limited liver function (Dan & Yeoh, 2008;
Demetriou et al., 2004; Horslen & Fox, 2004; McKenzie et al., 2008). Hepatocyte
transplantation of stem cells with tissue engineering is the promising approach of
unlimited sources for transplantation (Iansante et al., 2018;Muraca et al., 2002). Stem
cells can differentiate into diverse cell progenies, such as hepatocytes, which could be
used in liver tissue engineering and hepatocyte transplantation. Hepatocyte primary
cell cultures and the use of animal models, such as chicken, mouse, and zebra fish,
have identifiedmanyof the genes andmolecular pathways that regulate the embryonic
development of the liver. This scientific data has encouraged scientist to generate
practical hepatocytes of stem cells including, embryonic stem cells (ESC), induced
pluripotent stemcells (iPSC), hepatic progenitor/stemcells (HPC), andmesenchymal
stem cells (MSC) (Ang et al., 2018; Corbett & Duncan, 2019; Ghosheh et al., 2020).
Transplantation of these stem cells to generate functional hepatocytes in liver may
lead to cure liver diseases. The lack of knowledge of differentiation hindered the
differentiation process of stem cells into functional hepatocytes. Commonly, stem
cells are differentiated by small molecules or growth factors to induce the cells into
becoming hepatocyte-like cells, usually via a stepwise strategy in 2D or 3D (Zhao
et al., 2020). Transplantation of human hepatocytes has been used to treat a number
of liver disorders such as glycogen storage disease type 1 (Muraca et al., 2002),
phenylketonuria (Stéphenne et al., 2012), urea cycle disorders (Meyburg et al., 2009;
Mitry et al., 2004; Soltys et al., 2017; Stéphenne et al., 2006), factor VII deficiency
(Dhawan et al., 2004), infantile Refsum’s disease (Sokal et al., 2003), acute liver
failure (Bilir et al., 2000; Habibullah et al., 1994; Khan et al., 2004; Schneider et al.,
2006), and severe infantile oxalosis (Beck et al., 2012).

Isolation and Culture of Hepatocytes

Isolation of hepatocytes was performed firstly in 1957 (Branster & Morton, 1957),
followed by advanced techniques to achieve high-quality hepatocytes. Hepatocytes
harvesting is based on using two-step collagenase perfusion technique. In general,
the first perfusion of liver with buffers containing ethylene glycol tetra acetic acid
(EGTA) or ethylene diamine tetraacetic acid (EDTA) is to wash blood out of tissue
into waste and to avoid coagulation of leftover blood in the tissue. The second perfu-
sion buffer contains collagenase to dissolve the tissue collagen. Following perfusion
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with collagenase, the liver is cut into halves and opens the capsule that leads to free
the cells. Then a gauze filter is used to separate the cells from the connective tissue
and debris. Followed by several washes and the hepatocytes finally separated by
centrifugation at 50–100 g and 4 °C (Berry & Friend, 1969; Charni-Natan & Gold-
stein, 2020; Knobeloch et al., 2012; Lee et al., 2020a, b; Strom et al., 1982; Seglen,
1976). One of the limitations of this method that the ability of each collagenase lot to
release hepatocytes must be assessed. As the collagenase, lots vary in their compo-
sition, and consequently, its activity will vary among batches. In addition, individual
collagenase lots activity may vary between animal models.

Twoways can be followed to access the isolated hepatocyte, one is the trypan blue
exclusion, which is considered a poor guide for hepatocyte engraftment and function.
Hepatocytes viability has not been shown to correlate with engraftment using this
method (Akhter et al., 2007; Matsumura et al., 2019; Mitry et al., 2003). The second
way is the adherence of hepatocytes to tissue culture plates after 24 h of seeding that
showed a better correlation with engraftment (Holzman et al., 1993). After isola-
tion, the cells will be subjected to direct transplantation, primary cell culture, or
storage (cryopreserved) for later use. Cell culture or cryopreserved options has some
possible advantages including increasing number of cells of donors for transplanta-
tion, tissue matching, and immunological modulation of donor cells if needed. Even
though cryopreservation of cells is vital for urgent transplantation needs, this option
is damaging the hepatocytes through caspases activation during freezing and thawing
steps (Baust et al., 2001; Yagi et al., 2001). Generally, the hepatocytes are placed
in liquid nitrogen after resuspended in cryopreservation freezing medium, which
contains culture medium, 10% dimethyl sulfoxide, and 10% fetal calf serum (Aoki
et al., 2005;Hang et al., 2010;Kusano et al., 2008). Even after thawing this suspension
provides valid cell viability and function, it is not reliable for clinical transplanta-
tion. Recent methods were introduced to preserve the cells during cryopreservation
that includes the modification of freezing medium, such as CryoStor CS10 (Woods
et al., 2009) and University of Wisconsin solution, which contains 5% glucose, 10%
DMSO, and a cytoprotectant such as the pan-caspase inhibitor benzyloxycarbonyl-
Val-Ala-dl-Asp-fluoromethylketone (ZVAD). This freezing medium showed better
cell attachment, viability, and function after thawing (Jitraruch et al., 2017). Post-
cryopreservation thawing hepatocytes were maintained in culture for 24 h in order
to access the cellular function and morphology (Jitraruch et al., 2017).

The best relevant in vitro model to human liver is the primary human hepatocytes
culture, which can show drug metabolism profile that is very similar to liver drug
metabolism profile (Gómez-Lechón et al., 2003). Thus, it can be used for pharma-
cological and toxicological experiments, such as drug clearance and hepatotoxicity
(Gómez-Lechón et al., 2008; Hewitt et al., 2007; Leist et al., 2017; Soldatow et al.,
2013; Vinken & Hengstler, 2018), that will reduce the cost and reduce the number of
animal models used for drug discovery and development. Therefore, the researchers
tried to establish long-lasting primary human hepatocytes cell culture relevant to
in vivo situation using the extracellular matrix (ECM), hormones, growth factors,
and cytokines (Clause & Barker, 2013; Michalopoulos et al., 2001; Navarro-Alvarez
et al., 2006; Pediaditakis et al., 2001; Tanaka et al., 2006). The updated culture
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modifications significantly maintained the hepatocytes function and morphology in
the culture. The function and morphology of hepatocytes were investigated through,
gene expression profiles, levels of cytochrome P450 activity, and functional apical
and basal polarity (Jindal et al., 2009; Kidambi et al., 2009).

Hepatocyte Morphological and Functional Characterization

Isolation of pure hepatocytes required functional andmorphological evaluation after
cryopreservation or primary culture to be suitable for clinical application.

Hepatocytes filters and process blood nutrients, drugs, metabolites and hormones,
and synthesis and secret the bile (Treyer&Müsch, 2013). Tomediate these functions,
the hepatocytes are highly polarized with multiple apical membranes forming bile
canaliculi and multiple basolateral membranes facing the sinusoids (Schulze et al.,
2019; Slim, 2014; Treyer & Müsch, 2013). Within this particular cell morphology,
protein secretion, membrane trafficking, cell signaling, and bile transport are highly
organized (McNiven et al., 2009; Schulze et al., 2019; Thi et al., 2020). The exami-
nation of cell morphology in cell culture accessed using light microscopy and elec-
tron microscopy (SEM and TEM), which presented viable hepatocytes with smooth
membrane, precise nuclear membranes, and intact cristae in mitochondria, while the
unhealthy or apoptotic hepatocytes showed irregular plasma membranes, conden-
sation of nuclear chromatin, and swelling in mitochondria (Jitraruch et al., 2017;
Lillegard et al., 2011; Wu et al., 2014).

Specific characterization of differentiated HLC in comparison with adult hepa-
tocytes is an important indicator of successful functional hepatocyte differentiation.
This characterization is required after pharmacological research or transplantation in
vivo. Hepatocytes functional activity can be evaluated using many ways, including

1. Gene expression profile of differentiated HLC in compared to mature liver
hepatocytes (Gao et al., 2017; Hewitt et al., 2007; Li et al., 1990).

2. Evaluating the enzymatic functions, such as glycogen storage, LDL uptake, and
cytochrome P450 (Snykers et al., 2007; Yin et al., 2015; Zheng et al., 2015).

3. Accessing drug metabolism function and other materials such as ammonia and
hormones (Duncan et al., 1998; Hewitt et al., 2007; Yoon et al., 2010).

4. Screening for different protein synthesis and/or secretion: albumin, alpha feto-
protein, CK-18, complements, clotting factors, and transporter proteins (Hasan
et al., 2017; Raoufil et al., 2015; Wei et al., 2008; Yin et al., 2015; Zhang et al.,
2009).

5. Assessment of mitochondrial dehydrogenase activity and cell adherence (Ho
et al., 2012; Jitraruch et al., 2017).

6. Measuring the ability of urea production, bile acids clearance, and lipids and
lipoproteins secretion (Hasan et al., 2017; Hewitt et al., 2007; Mita et al., 2006;
Yoon et al., 2010).
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Fig. 6.1 Schematic figure of differentiation of mesenchymal stem cells into hepatocytes

Differentiation of Mesenchymal Stem Cells into Hepatocytes

Functional hepatocytes can be generated by inducing the differentiation of
mesenchymal stem cells (MSCs) (Fig. 6.1). MSCs were firstly isolated from bone
marrow in 1968 (Friedenstein et al., 1968). There are many resources to isolate
MSCs from, including adult tissues (bone marrow, adipose tissue, and peripheral
blood) (Chen et al., 2009; Hass et al., 2011; Jung et al., 2013; Kim et al., 2011;
Kolanko et al., 2019; Liang & Sun, 2015) and neonatal birth-associated tissues (cord
blood, umbilical cord, placenta, chorion, and human amniotic membrane). MSCs are
characterized by positive cell surface expression of CD90, CD73, CD44, CD166, and
CD105andnegative expressionofHLA-DR,CD45, andCD34 (Dominici et al., 2006;
Kholodenko et al., 2019; Maleki et al., 2014). MSCs are derived from neonatal birth-
associated tissues well known for their differentiation and proliferation capabilities
in vitro (Ullah et al., 2015) and in vivo (Danielyan et al., 2014).

Differentiation of MSCs was successfully reported to be used for diseases treat-
ment (Afshari et al., 2020; Hu et al., 2013; Lim et al., 2017; Phan et al., 2018; Wu
et al., 2020), especially liver disorders. Table 6.1 summarizes some of these examples
of approaches in order to treat liver disorders by differentiatingMSCs into functional
hepatocytes and then liver transplantation.

Differentiation of Pluripotent Stem Cells into Hepatocytes

Human pluripotent stem cells (PSCs, including human embryonic stem cells (ESCs)
and induced pluripotent stem cells (iPSCs)) differentiation into HLCs are being
widely investigated for generation of functional hepatocyte, because of their potential
ability to avoid the immune system, limitless proliferation quantity, and reflect a
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potential renewable source. Differentiation of PSCs to HLCs is a complex process
that involves growth factors or cytokines (Hannan et al., 2013; Tolosa et al., 2015;
Wang et al., 2020), small molecules (Asumda et al., 2018; Gao et al., 2020), or
microRNAs (Jaafarpour et al., 2020; Jung et al., 2016; Li et al., 2018; Viiri et al.,
2019) over different time intervals. All these used materials affect the signaling
pathway in the cells to direct it into hepatocyte specifically.

Functional hepatocytes are derived from hiPSCs and hESCs in three stages. First
stage, generally involves the usage of Activin A only or along, LY294002, BMP4,
and Wnt3a to differentiate hiPSCs and hESCs into definitive endoderm (DE) cells
(Cameron et al., 2015;Danoy et al., 2020;Hannan et al., 2013;Hay et al., 2008). These
cells keep expressing pluripotent markers along with DEmarkers that require further
differentiation (Carpentier et al., 2016). In the second stage, using DMSO alone or in
combination with FGF4, BMP4, and FGF2, resulting in suppression of pluripotency
markers and differentiation of the DE cells into hepatoblast (hepatic specification)
(Asgari et al., 2013; Cameron et al., 2015; Czysz et al., 2015; Gao et al., 2020; Si-
Tayeb et al., 2010). In addition, in this stage other researchers use more materials
such as TTNPB, Forskolin, A8301, and C59 to efficiently generate high numbers
of hepatocytes (Ang et al., 2018; Loh et al., 2019). The third stage includes the
differentiation of hepatoblast into functional hepatocyte using Leibovitz’s L-15 or
HC-HepatoZYMEorHCMmediums supplementedwithHGF, oncostatinM (OSM),
hydrocortisone (HC), and dexamethasone (Asgari et al., 2013; Cameron et al., 2015;
Medine et al., 2011; Si-Tayeb et al., 2010; Tolosa et al., 2015) (Table 6.2; Fig. 6.2).
There is a shift of growth factors between the stages depending on the procedure
followed by researchers, some examples are summarized in Table 6.1. On the other
hand, some researchers used small molecules only to generate mature hepatocytes
of hiPSCs and hESCs (Table 6.1). That showed effective differentiation with cost
reduction and better reproducibility overgrowth factors (Gao et al., 2020; Siller et al.,
2015; Tasnim et al., 2015; Varghese et al., 2019). The differential stages were vali-
dated by quantifying the definitive endoderm, hepatoblast, and mature hepatocytes
expression markers and measuring the hepatocytes functions (Table 6.2).

The third used application for hepatocyte differentiation is microRNAs, which
regulate the gene expression. Overexpression of specific microRNAs such as
microRNA-375 (miR-375) and miR-122 (Jaafarpour et al., 2020), microRNA-194
(Jung et al., 2016), miR-192 and miR-372-3p (Li et al., 2018) resulted in changing
the cell fate decision to hepatocytes (Table 6.2; Fig. 6.2). This way of differentia-
tion may have a high concern regarding inherent virus genome mutations in the host
genome.

Hematopoietic Stem Cells Differentiation into Hepatocyte

HSCs are found in very low numbers in whole bone marrow, umbilical cord, and
peripheral blood, andHSCsnormally are located in the niche of bonemarrowat quies-
centmood andwill respond to intrinsic or extrinsic signals (Tümpel&Rudolph, 2019)
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Fig. 6.2 Schematic of pluripotent stem cells differentiation toward hepatocytes

such as growth factors. With cell surface-specific markers in human CD45RA−,
CD90±, CD38−, CD34+, Lin−, CD49f+, and RHOl while in mouse the markers
as follows Lin−, CD34−, cKit+, Sca-1+, FLK2−, and Slamf1+ (Chotinantakul &
Leeanansaksiri, 2012).

HSCs are able to self-renew and differentiation into specialized blood cells
(Doulatov et al., 2012) and another type of cells such as liver cells (Sellamuthu et al.,
2011), osteochondrocytes (Mehrotra et al., 2010), adipocytes (Sera et al., 2009),
endothelial cells (Elkhafif et al., 2011), and pancreatic cells (Minamiguchi et al.,
2008). HSCs have been proposed as a replacement for hepatocyte transplantation
in liver; as at the first stage of embryogenesis, the liver is considered hematopoietic
organ; also, it is an erythrocytes source in the first trimester of pregnancy.

Some approaches were reported as potential cell replacement therapy of hepato-
cytes, such as inducing bone marrow HSCs differentiation into hepatocytes, which is
the cell source for transplant procedures to treat hemophilia patients (Gabr et al.,
2014). HSCs derived from umbilical cord, that differentiation in short duration
(14days) into hepatocytes using combinationof growth factors (FGF4andHGF), this
approach indicates that these stemcells have apotential to beused in liver replacement
therapy (Sellamuthu et al., 2011). HSCs derived from bone marrow showed func-
tional hepatocyte differentiation and engraftment (Khurana&Mukhopadhyay, 2008).
In addition, theseHSCswere found effective in curing the liver in the fumarylacetoac-
etate hydrolase (FAH)-deficient mouse model, the mutant mouse was intravenously
injected with different numbers of HSCs, few months later the hepatocyte repopu-
lated, FAH expression was detected, and the activity of hepatocytes was accessed
by albumin and β-galactosidase expression (Lagasse et al., 2000). The recovery of
animals transplanted with bone marrow-derived HSCs is probably due to HSCs-
hepatocyte fusion and reprogramming and not due to their actual differentiation into
hepatocytes (Vassilopoulos et al., 2003; Wang et al., 2003). Unfortunately, human
liver regeneration by bone marrow HSCs is not clinically relevant at that time (Pilat
et al., 2013). Recent reports were showed that human and mouse bone marrow HSCs
are successfully incorporated into liver regeneration and transdifferentiating into
hepatocytes (Lee et al., 2015). In addition, hematopoietic cell (autologous CD34+)
infusion in patients with decompensated cirrhosis of the liver showed significantly
improved albumin expression and thus liver function, indicating the importance of
HSCs transdifferentiation in liver transplantation (Sharma et al., 2015).
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Umbilical Cord Stem Cell Differentiation into Hepatocytes

Umbilical cord (UC) veins, arteries, Wharton’s jelly, perivascular, and lining
membrane regions are considered the best source for mesenchymal stem cells
(MSC) (Nagamura-Inoue & He, 2014). MSC collection of UC is painless and no
tissue damage; in addition, this MSC is fast self-renewable and differentiation cells
(Hsieh et al., 2010), promotes tissue repair, modulates immune response (Deuse
et al., 2011), and can be used to autologous and allogeneic transplantation. UC-
MSC was isolated and differentiated into hepatocytes in vitro using growth factors,
small molecules, or microRNAs (Bharti et al., 2018; Campard et al., 2008; Raut &
Khanna, 2016; Xue et al., 2016; Zhang et al., 2009). The differentiated hepatocytes
were tested for cell activity, protein expression, and gene upregulation, which all
showed successful hepatocyte differentiation. UC-MSC was used for the treatment
of liver failure in many disease models. For examples, liver fibrosis, cirrhosis, and
failure in rats (Chai et al., 2016; Zhang et al., 2017, 2018) and liver failure, chronic
injury, ischemia/reperfusion injury in mice (Cui et al., 2017; Feng et al., 2015; Le
et al., 2017; Yang et al., 2015; Zheng et al., 2019). In addition, UC-MSC was differ-
entiated into hepatocytes and then transplanted in murine model of CCL4-induced
liver injury (Cui et al., 2013; El Baz et al., 2020; Kao et al., 2015), that showed
improvement in liver function and restored the liver injury.

UC-MSC is also used in human clinical trials for liver diseases treatments, such as
transplantation of UC-MSC for treatment of newly onset type 1 diabetes mellitus (Hu
et al., 2013), treatment of severe bronchopulmonary dysplasia in children (Wu et al.,
2020), treatment of systemic lupus erythematosus (Liang & Sun, 2015), treatment of
decompensated cirrhosis (Zhang et al., 2012), treatment of acute allograft rejection
(Shi et al., 2017), and primary biliary cirrhosis (Wang et al., 2013). These clinical
trials improved liver function and patients’ life quality. One of the differentiation
limitations of MSC derived from umbilical cord is the low number of MSC in the
umbilical cord (Han et al., 2013).

Application in Drug Discovery, Preclinical, and Clinical
Trials

The new drug discovery needs a lot of testing and validation, hepatocytes fasten
this procedure and reduce the use of animal models. Hepatocytes function in drug
metabolism (drug elimination of body) involves CYP-dependent oxidation, and CYP
enzyme activation or inhibition is necessary for drug–drug interactions prediction
(Riley & Grime, 2004). Therefore, hepatocytes were used as tool for testing drug
clearance and toxicology, access drug uptake, and drug–drug interaction predic-
tion (Andersson et al., 2012; Bernasconi et al., 2019; Hallifax et al., 2005; Louisse
et al., 2020). Biopsy of primary liver cells is considered the best way for in vitro
drug screening, as these cells are similar to healthy human cells (Guo et al., 2011).
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Unfortunately, difficulty of cell supply and difficulty to get cell division for in vitro
expansion, as well as their rapid dedifferentiation, which results in losing their func-
tion make them unsuitable for research or drug screening (Heslop et al., 2017). For
regular supply of hepatocytes for drug screening purposes, researchers successfully
differentiated many types of stem cells into functional hepatocytes such as, iPSCs,
which are used for screening five drugs after differentiating them into hepatocytes
(Choi et al., 2013). In addition, hepatocytes derived from iPSCs were also used to
screen for drugs that improve mitochondrial function and reveal that nicotinamide
adenine dinucleotide (NAD) is a potential treatment for mtDNA depletion syndrome
3 (Jing et al., 2018).

The liver failure is one of the life-threatening issues, and the liver transplan-
tation is the solution, but many patients die before they get a liver from a donor.
Due to that, hepatocyte transplantation was suggested for the replacement of liver
transplantation. As a result, many preclinical trials on animal were carried on trying
to replace liver cells with functional hepatocytes. These preclinical studies showed
functional replacement of hepatocytes that reduce the effect of the liver disease
in the animal models (Gilgenkrantz and l’Hortet, 2018; Gramignoli, 2016). These
promising results encouraged human clinical trials establishment using hepatocytes
like stem cells (HLSCs), which showed no side effect and no need to use immunosup-
pression, since HLSCs possess immunomodulatory activities (Spada et al., 2020).
Some clinical trials examples are listed (Table 6.3).

Table 6.3 Application of differentiated hepatocytes in clinical trials

Disease Cell therapy Cell source Patients
number

Outcome References

Chronic liver
failure

Autologous
CD34+ stem
cells

Peripheral
blood

5 Improvement of
albumin and
bilirubin

Gordon et al.
(2006)

End stage liver
disease

Autologous
CD34+,
CD133+ stem
cells

Bone
marrow

90 Improvement of
liver function

Salama et al.
(2010)

Chronic liver
failure-Hepatitis
B

Mesenchymal
stem cell and
plasma
exchange (PE)

Umbilical
Cord

30 This treatment
combination is safe
but cannot
significantly
improve the
condition of this
disease

Xu et al.
(2019)

Acute allograft
rejection

Mesenchymal
stem cell

umbilical
cord

14 UC-MSCs
transplantation is
feasible and may
mediate a
therapeutic
immunosuppressive
effect

Shi et al.
(2017)
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2D and 3D Hepatocyte Confirmation, Liver Formation

Three-dimensional (3D) andTwo-dimensional (2D) cell culture techniqueswere used
to induce hepatocytes differentiation and then characterization by immunocytochem-
istry, gene expression, electron microscopy, and morphology. Two-dimensional (2D,
Monolayer) culture is the most frequent technique used to coax differentiation of
isolated stem cells into hepatocytes. Even though 2D provides useful observation
of functional tests, low cost, and high efficacy as screening tool for hypertoxicity,
there are disadvantages related to differentiatedhepatocytes phenotype lastingperiod,
environmental issues, biochemical processes, and loss of tissue-specific architecture
(Duval et al., 2017). In order to improve the hepatocyte differentiation, morphology,
and liver-specific functions, the researchers start thinking of adding more condi-
tions to the culture that will be similar to in vivo environment (Bachmann et al.,
2015). Using extracellular matrix (ECM), stromal cells, soluble factors, and macro-
molecules showed that the cells differentiate better in these conditions (Clause &
Barker, 2013; Yu et al., 2011). In three-dimensional (3D) culture, the researchers
try to reach the in vivo condition to give better prediction results and to overcome
some disadvantages of 2D, such as maintaining the expansion, differentiation, and
function capacity of stem cells for long period. 3D hepatic culture model involves
three categories, spheroids, liver on a chip, and bioreactors.

Spheroids are formed in spherical shape in low attachment plates under optimized
culture condition to produce uniform spheroid-like structures, such as differentiated
HepaRG spheroid culture (Fig. 6.3). The cells in this 3D culture showed polar-
ized and functional hepatocyte for more than 28 days (Ramaiahgari et al., 2017).
In addition, extracellular matrix-based hydrogel model was used to generate differ-
entiated hepatocyte spheroids of HepG2 cell line (Ramaiahgari et al., 2014). These
spheroids grow to a certain diameter of 118μm that allows enough oxygen diffusion
to the core (Ramaiahgari et al., 2014). The spheroid technique is maintaining the

Fig. 6.3 Schematic of the in vitro 3D culture types
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function and metabolism, easy to reproduce 3D form and differentiated hepatocytes
showed high sensitivity to toxins, and also it is useful system for analyzing the drug-
induced toxic or pathogenesis of diseases effects even though there are disadvantages
for this technique such as dedifferentiation, varied physiological response, limited
characterization, possible necrosis in the core (Ramaiahgari et al., 2014, 2017; Ryu
et al., 2019; Sirenko et al., 2016). However, spheroids showed better differentiation
efficiency when compared to 2D (Bratt-Leal et al., 2009).

Liver-on-a-chip device generates 3D organoids in microfluid environment, with
preservation of hepatocytes viability, biological activity, and cellular phenotype
(Moradi et al., 2020). This kind of culture is permeable to soluble growth factors
and oxygen and allows nutrients and waste exchange that will avoid the hypoxia that
could happen in spheroids (Ziolkowska et al., 2010) (Fig. 6.3). This system could be
replicated in liver environment and offer homogenous distribution, consistent density
of the cells in the culture, high cell viability, increased or stable liver enzyme levels,
capacity for detoxification, in vivo-like dynamic flow, and chemical gradients even
though there are some disadvantages of this system should be noted, such as high
cost, limited evaluation tests, lack of scaffold (extracellular matrix), lack of biliary
system, and low expression of structural proteins (Bovard et al., 2018; Corrado et al.,
2019;Goral&Yuen, 2012;Grix et al., 2018; Lee et al., 2019;Rajan et al., 2020;Utech
et al., 2015). Liver on a chip can be used in the application of cellular cytotoxicity,
drug metabolism, liver disease model, and drug-induced liver injury.

Bioreactors, it is continuously mixing microfluid environment to form spheroids
in a suspension (Lin & Chang, 2008) (Fig. 6.3). Fast stirring speed may damage the
spheroids and slow stirring may inhibit spheroid formation as the cells will sink to
the bottom (Achilli et al., 2012). This technique enables spheroids formation with
the expression of relevant markers and enzymes, maintains cells phenotype and high
seeding efficiency. In addition, it increases phases I and II enzyme activity and toxin
sensitivity (Baudoin et al., 2011; Freyer et al., 2018; Ryu et al., 2019; Tostões et al.,
2012). On the other hand, this technique is high cost and hard to standardize and
reproduce, that make it less used (Tostões et al., 2012).

Overall, 3D reflects in vivo culture better than 2D; also, 3D cell culture enables the
formation of organoids that result in the expansion of humanprimary tissues (Broutier
et al., 2016; Xu et al., 2018). In addition, 3D is more effective in differentiation
process than 2D (Afshari et al., 2020) and provides more realistic physical and
biochemical environment than2D (Chanet al., 2016;Duval et al., 2017). For example,
3D culture is better than 2D culture in lowering transaminase (El Baz et al., 2020),
in drug-induced phospholipidosis sensitivity (Lee et al., 2020a; b), in hepatic drug
metabolism and hepatoxicity (Corrado et al., 2019), in maintaining functional cell
culture for long period (Ramaiahgari et al., 2017).
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Chapter 7
Differentiation of Stem Cells
into Pancreatic Lineage: In vitro Cell
Culture, in vivo Transplantation
in Animal Models

Reham M. Balahmar

Abstract The pancreas is an abdominal glandular organ which is involved in
the maintenance of the nutritional balance, through the synthesis and secretion of
hormones and enzymes. It consists of twomain parts: endocrine and exocrine glands.
Endocrine part of the pancreas is composed of clusters of cells which are collectively
called as islets of Langerhans, containing five types of cells; these cells produce
different hormones that are responsible for maintaining the balance of glucose in
blood. Exocrine part of the pancreas consists of acinar cells and ductal cells. They
are involved in the secretion of enzymes that assist digestion. The absence of proper
functioning β-cells causes diabetes. Diabetes mellitus is a chronic metabolic disorder
characterized by deficiency or loss of the insulin-producing β-cells of the pancreas.
Stem cells are a revolution in modern medicine and have become the most promising
therapeutic approach for treating diabetes that can offer an alternative source of
insulin-producing cells. This chapter reviews some attempts that have been used
depicting different differentiation methodologies of transforming stem cells into β-
cells in vitro and in vivo. It also sheds light on some of the human clinical trials, and
the results used for stem cells for diabetes treatment that have been achieved.

Keywords Exocrine · Endocrine · Islets of Langerhans · Ductal cells ·
Differentiation · Stem cells · Insulin

Pancreas

The pancreas is a glandular organ, located in the upper abdomen behind the stomach
(Githens, 1994). The pancreas anatomy is an irregular shape and classified into four
main parts: head, neck, body, and tail (Frantz et al., 2012). It has a significant func-
tion in controlling blood glucose homeostasis by producing digestive enzymes and
hormones. It consists of two major compartments: exocrine and endocrine parts of
pancreas. The exocrine tissue forms up to 90% of the pancreas which contain acinar
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Fig. 7.1 Structure of the pancreas. The anatomy of pancreas is divided into four parts: head,
neck, body, and tail. Pancreas consist of two main sections: exocrine and endocrine cells, each
performs different functions. Exocrine cells consist of acinar cells and ductal cells. Endocrine cells
are clustered into the islets of Langerhans

cells and ductal cells that produce various digestive enzymes into the digestive tract.
The endocrine tissue forms up to 10% of the entire pancreas. It synthesizes and
produces hormones that participate in regulating the metabolism of glucose, carbo-
hydrates, lipid, and protein. The endocrine cells are located in groups of cells called
the islets of Langerhans. The islets of Langerhans consist of different cell types that
produce different hormones including α-(glucagon), β-(insulin), δ-(somatostatin), ε-
(ghrelin), and PP-cells (pancreatic polypeptide) (Bastidas-Ponce et al., 2017; Cabrera
et al., 2006). A simple illustration of the pancreas structure is given in Fig. 7.1.

Pancreas Development

Development Pancreas in Embryonic Stage and Endoderm
Specification

During the early embryonic development stage of gastrulation, three primary germ
layers, i.e., ectoderm,mesoderm, and endoderm are formed. These layerswere devel-
oped from intensive cell migration of the inner cell mass. These three germ layers
differentiate into specific tissues and organs during embryonic development. The
gastrointestinal organs and the pancreas are originated from the endoderm.An epithe-
lial sheet of cells of definitive endoderm (DE) formation begins between embryonic
day (E) 6.5–7.5 in mice. The (DE) is defined as a group of multi-functional stem
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cells that are allocated as a single germ layer occurred during gastrulation. Endo-
derm patterning process is regulated interactions with surrounding mesoderm tissues
(Guo & Hebrok, 2009; Zorn &Wells, 2009). Development of pancreas is a dynamic
activitywhich is controlledby amultifaceted regulatorynetwork consistingof various
transcription factors and signaling molecules, critical for growth and development
of the pancreas in early stages. The wingless-type MMTV integration site (Wnt)
signaling pathway and the transforming growth factor beta (TGF-β) are important
for the generation of definitive endoderm during gastrulation (D’Amour et al., 2005).
Studies show that effect the deleting β-catenin can be decreased the numbering of
β-cell in pancreas. This is attributed to the defect in multipotent progenitor cell
expansion rather than the subsequent differentiation steps (Bastidas-Ponce et al.,
2017). Wnt signaling regulates the pancreatic progenitor cells proliferation, β-cell,
and acinar cell replication (Guo & Hebrok, 2009). Another important signaling in
this stage is a member of the TGF-B family called nodal. Nodal signaling is essential
for determining the anterior/posterior axis (D’Amour et al., 2005). It is also neces-
sary for the starting of gastrulation through regulation of Wnt signaling, fibroblast
growth factors (FGFs). Nodal signaling induces the endoderm transcription factors
expression such as Sox17, GATA4, and GATA6 (Zorn & Wells, 2009).

Specification of the Dorsal and Ventral Pancreas

The first pancreatic specification begins at embryonic day E8.5 in mice and third
week after the fertilization in humans. After gastrulation, the pancreas originates as
two distinct buds in the dorsal and ventral pancreatic buds foregut (Watt et al., 2007).
In mice, the first appearance of the dorsal pancreatic bud is at E9.0, while the ventral
bud develops at E9.5. This distinction is caused by different signals from nearby
tissues derived from the mesoderm. The dorsal bud produces the gastric and splenic
lobes, and the ventral bud develops the lobe that runs along the proximal duodenum
in the mouse (Dassaye et al., 2016; Watt et al., 2007). The main part of the head,
body, and tail of the developed pancreas was generated by the dorsal bud, whereas
the ventral bud participates in the inferior part of the head organ in humans (Piper
et al., 2004). The dorsal bud develops adjacent to the notochord, composed of cells
originating from the mesoderm. At E11.5 in mice, the ductal epithelium produces
and branches into the nearby mesenchyme; giving rise to highly branched structures
(Zhou et al., 2007). There are several important signaling pathways involved in
pancreas development and formation of the dorsal bud including FGFs, TGF-B,
retinoic acid, Sonic hedgehog (Shh), Wnt, and Notch.
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The Primary Transition

The pancreatic development is divided into three main stages: The primary transition
is characterized by active proliferation of multipotent pancreatic progenitor cells that
generate a stratified epithelium,withmicrolumen formation that are fused at the end to
develop (Pictet et al., 1972). The first wave of insulin, glucagon, and double positive
cells show in the dorsal bud of mice at this phase (Herrera, 2000). The primary
transition in humans forms a proto-differentiated epithelium (Sarkar et al., 2008).
In different transition stages, transcription factors (extrinsic and intrinsic signals)
play essential roles during pancreatic development that includes the initiation of
transcription, regulating pancreatic morphogenesis, controlling cell differentiation,
and maintenance of the cellular phenotypes and function (Dassaye et al., 2016).
Transcription factors involved in the primary transition stage are summarized below.

Pancreatic Duodenal Homeobox Gene 1 (Pdx1)

Pdx1 is a homeodomain transcription factor that has a crucial regulator function in
normal pancreatic development, β-cell survival and function. It is called as insulin
promoter factor 1 (IPF1). The expression of Pdx1 appears early in the dorsal and
ventral buds development at E8.5 (Ahlgren et al., 1996). It is considered as an essen-
tial entry point to the dissected complex signaling and transcriptional regulatory
networks which plays critical roles in proliferation and differentiation of the pancreas
(Pan & Wright, 2011). Pdx1 is expressed in all cell development from endoderm-
endocrine, exocrine and ductal (Dassaye et al., 2016). By lineage, tracing methods
show that early Pdx1 positive cells produce both exocrine and endocrine components
(Gannon et al., 2000). In mice, the expression of Pdx1 is limited to β-cells by E15.5,
as it controls the insulin gene expression in the β-cells (Stoffers et al., 1997). In
humans, the expression of Pdx1 occurs approximately on the 7th week of gestation
and continues until the mature β-cell is formed (Kaneto & Matsuoka, 2015). Both
humans and rodents, the whole deficiency of Pdx1 expression leads to pancreatic
agenesis, while lack Pdx1expression causes dysfunction of β-cell, exponential death
of β-cell, and eventually diabetes (Fujimoto & Polonsky, 2009).

Pancreas Specific Transcription Factor 1a (Ptf1a)

Ptf1a is a heterotrimeric of the basic helix-loop-helix (bHLH) transcription factor
composing of p48 subunit (Beres et al., 2006). It plays a serious role for the dorsal
pancreatic endoderm development and exocrine gene transcription (Yoshitomi &
Zaret, 2004). During development of pancreas, the Ptf1a expression level determines
the cell fate. Low expression determines the endocrine cell fate while the high level
of Ptf1a promotes the exocrine and inhibits the endocrine cell fate (Dassaye et al.,
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2016). Lineage tracing study showed that Ptf1a is expressed in pancreatic progeni-
tors, parallel with Pdx1, and its expression becomes gradually limited to the exocrine
cells by E13.5, whereas it regulated enzyme release in exocrine tissue (Kawaguchi
et al., 2002). In addition, Ptf1a is essential for Notch signaling mediated control
in early development of pancreas by regulating the delta-like ligand (DII1) expres-
sion (Ahnfelt-Rønne et al., 2012). Recessive Ptf1a mutations in humans generate
isolated neonatal diabetes mellitus (NDM), and this type of diabetes is associated
with cerebral agenesis (Sellick et al., 2004).

Hepatocyte Nuclear Factor 1 Beta (Hnf1b)

Hnf1b is a nuclear transcription factor of the homeodomain family. It has a serious
role in the specification of endocrine and exocrine cell fate and the endocrine precur-
sors generation (De Vas et al., 2015). In the mice model, Hnf1b was first detected
in the primitive endoderm on E4.5 and which is required for specification of the
primitive endoderm lineage. Hnf1b is expressed in the early pancreatic develop-
ment. It has a role in the precursor neurogenin 3 (Ngn3) positive cells which are
destined to become islet cells (Maestro et al., 2007). Moreover, Hnf1b acts as a
key player in early pancreas development. The expression of Hnf1b showed in the
pre-pancreatic foregut endoderm and in initial pancreatic progenitor cells (Lau et al.,
2018). Knockout mouse models for Hnf1b have both exocrine and endocrine defects,
which serves as evidence for the importance of the Hnf1b factor in early development
and specification (Haumaitre et al., 2005).

GATA Binding Protein 4 and 6 (GATA 4) and (GATA 6)

GATA4and 6 are zinc finger transcription factor familymembers; both are associated
with the early stages of pancreatic development (Decker et al., 2006). Both have been
co-expressed during initial foregut endoderm, later the dorsal and ventral pancreatic
buds epithelial. GATA4 expression in acinar differentiated cells (Ketola et al., 2004).
GATA6 expression is limited to endocrine and ductal cells, and it is required for
the mature acinar cell maintenance (Decker et al., 2006). The ventral pancreatic is
not formed in null GATA4 mice, while the dorsal pancreatic is formed normally
(Watt et al., 2007). Moreover, GATA4 mutations caused congenital heart defects in
humans. GATA6 haploinsufficiency mutations in humans cause pancreatic agenesis
and cardiac abnormalities (Chao et al., 2008).

SRY Sex Determining Region Y Box 17 (Sox17)

Sox17 is a highmobility group (HMG) box transcription factor, which controls endo-
derm organ formation. It is required to maintain boundaries of the biliary system
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between the liver and the ventral pancreas (Spence et al., 2009). It acts as a transcrip-
tional regulator for other essential transcription factors during endoderm develop-
ment, including Hnf1b, which is known to regulate postnatal β-cell function. Addi-
tionally, Sox17 is involved in insulin production and traffic regulation in β-cells in
normal and diabetic conditions (Jonatan et al., 2014).

Sex Determining Region Y Box 9 (Sox9)

Sox9 is another HMG box transcription factor that is co-expressed with Pdx1 in
multipotent progenitor cells (MPCs) at E9.5–12.5. Sox9 has an essential function in
the formation of the pancreatic lineages that include ductal, islet and acinar lineages
by stimulating their proliferation, persistence, and survival under an undifferenti-
ated condition (Seymour et al., 2007). The inactivation of Sox9 expression caused
hypoplasia of the dorsal and ventral buds in mice (Akiyama et al., 2005). The defi-
ciency of Sox9 inmice leads to a failure in development of pancreas and this resulting
in death. Positive cells of Sox9 in humans produce mature endocrine cells; however,
Sox9 expression is limited to ductal cells in the mature pancreas (Seymour et al.,
2007). Also, Sox9 is important for maintaining the identity of MPCs through a
process that can be related to FGF signals of mesenchymal cells (Seymour et al.,
2012).

It has a role in maintenance of multipotent progenitors by regulator Hnf1b and
other factors (Lynn et al., 2007).

Insulin Gene Enhancer Binding Protein (Isl-1)

Isl1 is a LIM-homeodomain (LIM-HD) transcription factor belonging to the most
important subfamilies of homeobox genes (Wang et al., 2014). It has a regulating role
in pancreas primary and secondary transitions which is involved in dorsal pancre-
atic mesenchyme development in primary transitions, while secondary transition is
participated in all endocrine cell and dorsal exocrine and formation (Dassaye et al.,
2016). In the dorsal bud, and the mesenchyme surrounded the dorsal bud Isl1 was
expressed. Isl1 expression is essential for the formation of the dorsal bud and differ-
entiation of insulin-producing cells (Ahlgren et al., 1997). It is also expressed in all
pancreatic islet cells. Its deficiency not only decreases islet cell proliferation but also
leads to the continued loss of islet cells in mice pancreas (Dassaye et al., 2016).

The Secondary Transition

This stage is characterized by the major wave of growth and differentiation toward
the three lineages of pancreatic, acinar, ductal, and islet cells (Pictet et al., 1972).
In this stage, the epithelium grows outward and forms MPCs around the periphery
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of the epithelium. This branching happens for several days till the population of
the MPCs dwindles completely. After E14.5, these progenitors differentiate into
endocrine, acinar, and duct cells that are committed to exocrine fate (Zhou et al.,
2007). Complete differentiation of β- andα-cells takes place from the epithelial tissue
between E13–15. During the secondary transition, several transcription factors and
signaling molecules have been identified as pancreatic markers and define pancreatic
lineages, as summarized below.

Neurogenin 3 (Ngn3)

Ngn3 is a basic helix-loop-helix (bHLH) transcription factor, expressed at secondary
transition from E9.5–16.5. Ngn3 plays an important role as a master regulator and
activator of gene transcription in endocrine progenitor cells during pancreatic devel-
opment. Moreover, Ngn3 expression stimulates NeuroD1, Pax4, Nkx2.2, and Rfx6
that are involved in additional differentiation and subtype specification of different
endocrine hormones produced by pancreas. Ngn3 is important for differentiation
of endocrine cells, and its expression considered as signs of an endocrine pancreas
(Dassaye et al., 2016). Loss of Ngn3 expression leads to a failure in the develop-
ment of all pancreatic islet cells including α-, β-, δ-, ε-, and PP-cells, and thus, the
hormones produced by them (Heller et al., 2005). Therefore, targeted disruption
of Ngn3 in humans causes the failure of developed islet growth, neonatal diabetes
mellitus, and early death (Schwitzgebel, 2014). High level of Ngn3 expression is
essential to direct progenitor pancreatic cells into the endocrine cell fate and to
initiate endocrine differentiation. While, low Ngn3 expression improves both acinar
and duct cells development (Wang et al., 2010).

Neurogenic Differentiation Factor 1 (NeuroD1)

NeuroD1 is a bHLH transcription factor, expressed at E9.5 in a subset of pancreatic
epithelial cells and later expressed in α-, β-, and δ-cells. It is essential for β-cell
maturation and maintenance of glucose response (Dassaye et al., 2016). Targeted
disruption of Neurod1 in mice leads to reduction of insulin-producing cells and a
decrease in glucagon-producing cells resulting in diabetes and early death of newborn
mice (Naya et al., 1997). Homozygous mutation of NeuroD1 in humans results in the
development of neonatal diabetes along with cerebellar hypoplasia (Rubio-Cabezas
et al., 2011).

V-Maf Musculoaponeurotic Fibrosarcoma Oncogene Family Protein
A and B (MafA) and (MafB)

The Maf family of proteins is a subgroup of the basic region-leucine zipper (bZIP)
transcription factors. The Maf protein family has two main groups according to
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their molecular size as large or small Maf proteins (Motohashi et al., 2002). The
large Maf proteins include MafA and MafB. Both are regulators for tissue-specific
gene expression and cell differentiation in pancreas and other organs (Hang & Stein,
2011). MafA is activated by transcription factors such as Pdx1 and Nkx2.2 (Raum
et al., 2006). MafA plays a critical role in activation genes significant for β-cell role,
such as insulin (Aramata et al., 2005). Interestingly, the islet-enriched transcription
factors, such as Pdx1 and Ngn3 together with MafA, have the ability to reprogram
adult pancreatic acinar cells to β-like cells in mice. MafA with Pdx1 induces the
development of β-cell from Ngn3-positive endocrine precursors and also permits
Pdx1 to produce β-cells fromα-cells and adult acinar cells (Dassaye et al., 2016; Zhou
et al., 2007). MafB plays important roles in a variety of cell development, which is
essential for differentiationα- and β-cell (Artner et al., 2010). It is expressed inα-cells
of adult pancreas and is important for their function. During pancreas development,
MafB is generated in glucagon and insulin cells.MafB is expressed earlier thanMafA,
detected pancreatic epithelium around E10.5, and MafA production was detected at
E13.5 only in insulin cells (Hang & Stein, 2011).

Paired Box Genes 4 and 6 (Pax4) and (Pax6)

The paired box (Pax) gene family consists of nine developmental control genes
(Walther et al., 1991). Pax4 was expressed in dorsal and ventral buds at E9.5 but
the expression was limited to β-cells and not found in adult islets while the loss of
Pax4 resulted in the loss of β-cells it also resulted in the increase of glucagon cells
(Sosa-Pineda et al., 1997). Pax6 is expressed between E9.5–E10.5 throughout the
ventral and dorsal pancreatic buds, but later its expression is restricted to endocrine
cell lineage (Turque et al., 1994). Moreover, it has a main function in the formation
and cell differentiation of endocrine pancreas, brain, and various organs. In addition,
Pax6 developmental regulator is critical for adult mouse maintenance of glucose
regulation and of the endocrine role (Hart et al., 2013). A homozygous deletion of
the Pax6 in mice caused diabetes and a decreased number of islet cell types (Sander
et al., 1997). The mutations in Pax6 in humans lead to neonatal diabetes (Solomon
et al., 2009).

Aristaless-Related Homeobox (Arx)

Arx encodes a transcription factor belonging to the Aristaless-related paired-class
homeobox proteins (Bienvenu et al., 2002). Both transcription factors, Arx and Pax4,
have roles in differential endocrine cell subtype specifications. Moreover, both Arx
and Pax4 factors exhibit antagonistic functions in endocrine specification (Collombat
et al., 2003). Arx mutant mice showed upregulated Pax4 mRNA expression, while
Pax4 mutant mice showed high levels of Arx mRNA. Arx is confined to α- and
PP-cells fates and represses the β-/δ-cell lineage, whereas Pax4 promotes the β-/δ-
cell lineages (Collombat et al., 2005). Arx-deficient mice showed hypoglycemia,
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symptoms of dehydration and weakness associated with early total lack of adult
α-cells, and increase in β- and δ-cell types (Collombat et al., 2003). In addition,
double deficiency of Arx/Pax4 showed severe hyperglycemia with the loss of early
developed α- and β-cell total and a significant rise in δ-cells numbers. Both cases of
deficiency of Arx or double deficiency of Arx/Pax4 resulted in death of the animal
in two days after birth (Collombat et al., 2005).

Homeobox Genes (Nkx 2.2) and (Nkx 6.1)

Nkx2.2 and Nkx6.1 are the NK class of homeodomain transcription factors encoding
genes 2.2 and 6.1.Nkx2.2 expressed at E9.5 in the dorsal pancreatic epitheliumwhich
plays a main role in differentiation of β-cell. Nkx2.2 is also involved in the late
differentiation of β-, α-, and PP-cells formation. It has a regulated role in endocrine
cell differentiation by interactingwith other transcription factors (Sussel et al., 1998).
Nkx6.1 expressed at E9.5 in both pancreatic buds, whereas it is limited to developing
β-cells at E14. It plays an important role in pancreas development. Nkx6.1 is also
required for β-cells differentiation (Dassaye et al., 2016).

Regulatory Factor X 6 (Rfx6)

Rfx6 is a member of the regulatory factor X family of winged-helix transcription
factors. Rfx6 is important for islet cell differentiation and insulin secretion in mice
and humans (Aftab et al., 2008). It is expressed in the definitive endoderm at E7.5,
then co-expressedwithNkx2.2. andNgn3.At E9.0, it is limited to the pancreatic buds
and later is limited to all adult endocrine cells (Dassaye et al., 2016). In humans, the
mutations in Rfx6 lead to Mitchell-Riley syndrome, an autosomal-recessive disease
of neonatal diabetes (Concepcion et al., 2014). At embryonic stages, Rfx6 knockout
mice failed to develop any type of islet cell and died shortly after birth (Smith et al.,
2010).

The Final Transition

During final transition, the pancreatic differentiation cells undergo further remod-
eling, including other processes such as replication and neogenesis leading to the
formation of adult pancreas. In this stage, the expansion of the ductal, acinar, and islet
cells occurs. The islet cells are not fully developed till E19 up to 2 weeks after birth
(Pictet et al., 1972). After differentiation, the endocrine cells delaminate, migrate
into adjacent exocrine tissues, and aggregate into clusters of cells to form mature
islets (Dassaye et al., 2016). Mouse islets are composed of 75% β-cells and 20%
α-cells (Brissova et al., 2005). Mouse islets cells are organized as a central core of β-
cells, which are enclosed by α-, δ-, E-, and PP-cells (Prado et al., 2004). However, in
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Fig. 7.2 Transcription factors network regulating the pancreas development (Figure modified from
Dassaye et al., (2016))

human, islets cells contain 50% of β-cells and 40% of α-cells (Brissova et al., 2005),
and human β-cells are intermingled with α- and δ- cells through the islet (Cabrera
et al., 2006). The schematic diagram in Fig. 7.2 summarizes some important keys of
transcription factors during different transitions regulating pancreas development.

Pancreatic Exocrine Cells

The exocrine pancreas part consists of two major cell types: acinar and duct cells. It
accounts for at least 80% of pancreatic mass. Acini cells are organized into lobules
with networks split into tubules. Each acinus is collected by pyramidal acinar cells
(Frantz et al., 2012). The acinus (from the Latin term meaning “berry in a cluster”)
is specialized in synthesis, storage active enzymes, and inactive precursors (zymo-
gens) and secret digestive enzymes into the duodenum (Williams, 2001). The acinar
cells produce enzymes such as trypsinogen, chymotrypsinogen, carboxypeptidases,
and nucleases. The acinar cell basal region has the nucleus and abundant rough
endoplasmic reticulum for synthesis of digestive enzymes, whereas the apical region
contains zymogen granules (storage for the enzymes). The digestive enzymes are
secreted by the lumen of the acinar (Muallem et al., 1995). However, duct cells play
essential roles for pancreatic exocrine activity by (a) producing both bicarbonate-
rich fluid and mucins (that helps in neutralizing the stomach acid), in addition (b)
forming extensive networks of tubules which transports enzymes for the digestive
tract (Githens, 1988). The duct cells are ciliated, and polarized epithelial cells consist
of cells that are cuboidal to pyramidal and have abundant mitochondria, that is



7 Differentiation of Stem Cells into Pancreatic Lineage … 165

important for energy products and required for its ion transport functions (Benitez
et al., 2012). Centroacinar cells located at the junction of the acinus and ductile, and
this has a ductal cell characteristic. The duct cell as well as the centroacinar cells
have carbonic anhydrase, and this is significant for their capability in secretion of
bicarbonate (Steward et al., 2005).

Pancreatic Endocrine Cells

The endocrine part represents only 2% of total volume of the pancreas. It is an
aggregate of cells called the islets of Langerhans. The islet contains five main types
of cells producing different hormones controlling and maintaining the homeostasis
of glucose in the bloodstream include; α-, β-, δ-, E-, and PP-cells (Frantz et al., 2012).

α-cellsmake up about 30–45% of the islet cells. Glucagon is released from α-cells
in order to stimulate glycogenolysis in the liver when blood glucose levels are low
(Freychet et al., 1988). Glucagon is a catabolic hormone that has an essential role
in regulating glucose homeostasis in blood by stimulating hepatic glucose produc-
tion (Röder et al., 2016). High glucose concentrations stimulate secretion of insulin
from β-cells and inhibit secretion of glucagon, while low glucose concentrations
(hypoglycemia) stimulate glucagon secretion (Brereton et al., 2015). Glucagon is
released in response to hypoglycemic condition, prolonged fasting, exercise, and
meals rich in protein. During long fasting hours, glucagon drives the liver and renal
gluconeogenesis to increase endogenous blood glucose (Freychet et al., 1988).

β-cells produce the insulin hormone and make up 50–60% of each islet. The
high level of blood glucose is a stimulator of insulin release (Komatsu et al., 2013).
Insulin is an anabolic hormone; it is synthesized from β-cells as preproinsulin. A
signal peptide from preproinsulin is cleaved into proinsulin in endoplasmic retic-
ulum, where proinsulin is further cleaved by an endopeptidase identified as prohor-
mone convertase to insulin and C-peptide. The resulting insulin is then stored in
secretory granules by Golgi-apparatus waiting upon suitable stimuli for releasing
from the cells. β-cell releases the insulin in response to various nutrients in the blood
(Fu et al., 2013). Initially, for the release of insulin, glucose primarily enters into
the β-cell through glucose transporter 2 (GLUT2) by means of a facilitated diffusion
mechanism. GLUT2 is transmembrane located on the surface of the β-cells carrier
proteins which permit passive transport of glucose into the cells (Marshall et al.,
1993). It was expressed in β-cells, liver, and the expression was reduced in renal
and absorptive cells of the intestinal. After entering β-cells, glucose is phosphory-
lated by glucokinase, which is a key enzyme that converts the glucose to glucose-6
phosphate (Efrat et al., 1994). The endpoint of glycolysis results in the surge of
ATP/ADP ratio. This for a short period leads the cells into oxidative stress. A subse-
quent increase in the intracellular calcium levels due to oxidative stress results in the
closure of ATP-sensitive K+ channels (KATP). This results in the depolarization of
membrane and dumping of insulin from the vesicles. Some products resulting from
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thesemechanisms acting as insulin secretion signals, such asNADPH,malonyl-CoA,
and glutamate (Henquin, 2000).

δ-cells produce the hormone somatostatin and comprise only 5% of the islet
cells (Cabrera et al., 2006). The δ–cells existing in the gastrointestinal tract, the
central peripheral nervous system, and hypothalamus (Arimura et al., 1975). Somato-
statin commonly known as somatotropin release-inhibiting factor or growth hormone
inhibiting hormone (Brazeau et al., 1973). It is an inhibitor hormone released from
the pituitary gland as well as an inhibitor of insulin and glucagon secretion (Youos,
2011).

PP-cells produce and secrete pancreatic polypeptide hormone (PP). These pancre-
atic cells are known as F-cells, which form the lowest amount of the total islet cells
<5% (Cabrera et al., 2006). PP is a polypeptide hormone of 36 amino acids belonging
to the peptide YY (PYY) and neuropeptide Y (NPY) family peptide (Kimmel et al.,
1975). PP-hormone regulates the exocrine and endocrine production function of the
pancreas. It is released rapidly into the circulation after food ingestion, cholinergic
stimulation, and hypoglycemia. However, the glucose presence inhibits PP-hormone
production. The physiological function of PP-hormone has not been established, but
known to play a role in acid secretion and gallbladder relaxation, it effected upon
digestive secretion and motility have been described (Frantz et al., 2012).

E-cells comprise only <1% of the islet cells. These pancreatic cells produce the
hormone ghrelin which is known as a hunger hormone (Pradhan et al., 2013). Ghrelin
is a peptide containing 28 amino acids with n-octanoylation at serine 3 (Kojima et al.,
1999). Mainly, it is produced in the stomach, increases secretion of growth hormones
from the pituitary gland by growth hormone secretagogue receptor (GSH-R), and
stimulates food intake and energy balance. Ghrelin has an essential role in secretory
functions and development of pancreas. In addition, the majority of studies indicate
that it has a functional in the glucose regulation that occurs by modulating insulin
release (Pradhan et al., 2013). It increases blood glucose levels by suppressing insulin
releasing from β-cells. Also, it has a role in β-cells growth and proliferation and
prevents β-cell apoptosis (Sakata et al., 2019). Ghrelin signaling plays an important
regulator role in obesity, insulin resistance, and diabetes. Interestingly, it has many
regulatory physiological functions, most of these functions seem to be different from
its effect on stimulating food intake, including cardiac functions, gastric motility
stimulating, development of cancer, immunity, and inflammation system (Pradhan
et al., 2013).

β-cell Regeneration

Studying biological development of β-cell regeneration is essential for developing
new treatments for diabetes. In both animals and humans, β-cell mass expansion
slows significantly in adulthood due to very low rates of β-cell replication and neoge-
nesis process (Teta et al., 2007). However, the regeneration of β-cells occurs during
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different physiological and pathophysiological conditions such as pregnancy, obesity,
and partial pancreatectomy.

β-cells Regeneration During Pregnancy

Pancreatic β-cells regeneration occurs during pregnancy in humans and other
animals. The maternal pancreas in pregnancy adapts to increased insulin resistance
andmetabolic demand by upregulating the proliferation β-cellmasswhich eventually
returns to normal levels after delivery. This happens by decreasing β-cell prolifer-
ation and size and increasing its death (Sorenson & Brelje, 1997). Changes that
affect β-cell mass increase in pregnancy time can lead to unregulated glucose home-
ostasis and gestational diabetes (Zhang et al., 2010). The proliferation of β-cells
during pregnancy in rodents and humans is induced by placental lactogen (PL) and
prolactin (PRL) hormones (Nielsen et al., 1999). It has proved this by experiment in
which a short infusion of prolactin is enough to decrease menin (gene name multiple
endocrine neoplasia type 1 MEN1) expression, which acts as a tumor suppressor
blocked β-cell replication (Karnik et al., 2007). In pregnant rodents, β-cell prolifer-
ation is improved (two to five-fold) at gestational days 13–15 returning to normal
levels at day 18–19 of delivery. Proliferation and hypertrophy of pre-existing β-cells
are two of key developments of cells involved in this increase in β-cell mass (Ernst
et al., 2011). In human pregnancy, there was an increase in the relative capacity of
maternal islets and hyperplasia of β-cells (Van Assche et al., 1978). This the adaptive
development in β-cell numbers is achieved by β-cell neogenesis rather than dupli-
cation of β-cells in existing islets (Butler et al., 2010). But, the clear proof of the
proliferation process in these islet cells remains inconclusive and needs to be further
investigated.

β-cells Regeneration During Obesity

Another physiological condition of β-cells regeneration is the insulin resistance or
obesity, where β-cell mass can multiply by several fold in obese mice. Using stained
pancreatic sections from obese mice and humans, it has been detected as insulin
producing cells that express Ki67 (a marker associated with cell proliferation). The
regeneration β-cells ability is much higher in mice than in humans; however, the
basic process is not completely clear (Butler et al., 2003).
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β-cells Regeneration After Partial Pancreatectomy

After pancreatectomy procedure, islet cells regeneration occurred in response to
this injury. In rats, eight weeks after a 90% pancreatectomy, there was a regen-
eration to 27% and 45% of pancreatic weight and β-cell mass of sham-operated
pancreas, respectively, (Bonner-Weir et al., 1993). The examination of potential of
β-cell regeneration showed that in adult pigs 6weeks after 60%pancreatectomy, there
was a 19% increase in β-cell mass. Likewise, an 80% pancreatectomy caused a 56%
increase in β-cell mass. Moreover, there was no improvement of insulin secretion or
β-cell mass in the pancreas remnant in adult dogs after 80% pancreatectomy (Löhr
et al., 1989). In humans, a 50% pancreatectomy does not prompt increased β-cell
mass or regeneration. However, it causes impairments in secretion of insulin, and
increases diabetes risk. Unlike humans, in mice diabetes does not develop sponta-
neously without changes in specific diet regimen, genetic predisposition, or chemical
interventions. Therefore, differences between humans and rodents in β-cell turnover
must be studied when estimating new treatment choices that aim to restore β-cell
mass in diabetics (Menge et al., 2008).

Pancreatic Diseases

Pancreatic disorders are divided into two categories depending on which part was
affected, whether it is pancreatic exocrine or endocrine. The most common disorders
that affect the exocrine pancreas are pancreatic cancer and pancreatitis. Pancreatic
ductal adenocarcinoma is the most common type of pancreatic cancer. Diabetes
and rare pancreatic neuroendocrine tumors affect the endocrine islets of Langerhans
(Zhou &Melton, 2018). Pancreatitis is an inflammation of the pancreas that happens
due to injury produced by enzymes action in pancreatic tissue. These enzymes are
activated normally once they exit the pancreas; however, blockage due to infections
or gallbladder stones can cause accumulation of these enzymes and activation within
the pancreas. Pancreatitis can be acute or chronic. The most common causes of
pancreatitis are alcohol consumption, cystic fibrosis, and hypercalcemia (Banks et al.,
2010). Pancreatic ductal adenocarcinoma is poor differentiation of ductal/glandular
structures which is believed to develop from progressive changes in the tissue. The
prognosis of this disease is very poorwith a low survival rate. Although the success of
treatment is limited, there are many types of treatment. However, detection happens
at the late stage of disease. Therefore, most of the current research is focused on
early detection methods of pancreatic cancer (Castellanos et al., 2011).
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Diabetes Mellitus

Diabetes is themost commonhealth challenges facing themodernworld that creates a
striking impact on health, society, and economy (Zhou & Melton, 2018). According
to the latest data published in the International Diabetes Federation (IDF) Atlas,
9th edition illustrates that 463 million people worldwide are currently living with
diabetes. DM is a metabolic disorder caused by an increase in blood sugar levels
resulting from insulin resistance or a decrease in insulin production by the β-cells
of pancreas or both. This disease leads to kidney failure, heart diseases, stroke,
neuropathy, and retinopathy (Pagliuca & Melton, 2013). Diabetes is divided into
two groups: type 1 and type 2 diabetes. Type 1 diabetes (T1D) produced by T
cell-mediated autoimmune destruction of insulin-producing β-cells in the pancre-
atic causes insulin deficiency that leads to hyperglycemia (Ashcroft & Rorsman,
2012). The main susceptibility genes associated with diabetes are genes which regu-
late the human leukocyte antigen immune system (Singal & Blajchman, 1973). Type
2 diabetes (T2D) is impaired insulin production and insulin resistance, which is most
often associated with different conditions such as age, obesity, and genetic factors.
The most prevalent affecting approximately 85% of diabetic patients. Patients can
be treated through diet, good nutrition, and exercise during the early stages of the
disease (Ashcroft & Rorsman, 2012).

Alternative Sources of Pancreatic β-cells

The main treatment for patients with type 1 diabetes is based on daily injection of
exogenous insulin and combined with blood glucose monitoring. Although tradi-
tional insulin treatment supports blood glucose control levels, it is ineffective in the
long term. Another alternative treatment is replacement of β-cells by transplantation
of pancreas or pancreatic islets. However, it is currently challenging because there are
many challenges facing thesemethods, including the shortage of human donor tissue,
ethical conflict, and rejection of the organ by the immune system, use of immuno-
suppressive drugs, and other complications following these methods. On the other
hand, type 2 diabetes is regulated by small-molecule drugs (such as phenformin,
metformin) to stimulate the function of β-cell, to promote secretion sensitivity of
insulin. In general, for patient type 1 diabetes (T1D) and advanced patient type 2
diabetes (T2D), it is difficult to control blood glucose perfectly by insulin therapy.
Therefore, most of the researchers are trying to develop and find new strategies to
generate pancreatic β-cells by focusing on the stem cell research, which received
much consideration in this view and showed promising possibility as an alternate
source of β-cells and other cells. Due to the regeneration and differentiation poten-
tial of stem cells, they are best candidates for diabetes treatment (Guney & Gannon,
2009; Peng et al., 2018). Although, there was difficulty in producing and developing
the adult derived pancreatic β-cells in vitro, and there are many studies that have
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used different stem cells models in order to obtain successful positive differentiation
of β-cell in vitro. In order to provide diverse sources of β-cells for transplantation in
diabetes patients, including embryonic stem cells (ESCs), induced pluripotent stem
cells (iPSCs), mesenchymal stem cells (MSCs), and adult pancreatic stem cells and
other cell sources. It will be mentioned in some of these sources in this chapter.

Differentiation of Embryonic Stem Cells (ESCs)
into Pancreatic β-cells

ESCs are pluripotent stemcells obtained from the undifferentiated inner cellmass of a
blastocyst during embryonic development, and they have the capacity to differentiate
into all cell types, including germ cells (Bradley et al., 1984). Over the past decade,
various protocols have been describedwith the aim tomimic normal pancreatic devel-
opment to produce pancreatic β-cells (insulin-secreting cells) in vitro. Some of these
protocols were cultured mouse/human ESCs and iPSCs either in two-dimensional
culture 2D methods, while other groups have used three-dimensional culture 3D
methods. This is accomplished through the inclusion of several signaling molecules
in the culturemedia that simulates those growth factors secreted from adjacent tissues
such as sonic hedgehog, retinoic acid, and FGFs. Briefly, the ESCs differentiation
development includes definitive endoderm formation and induction expression of
Neurod1 and Ngn3, which they are critical in pancreatic growth, such as and finally
the development of β-cell lineage by the induction of insulin and Nkx6.1 (Tse et al.,
2015).

Random Differentiation of Stem Cells into Pancreatic β-cells

The first positive protocols to promote differentiation of insulin-producing cells from
ESCs used agents such as dimethyl sulfoxide (DMSO), nicotinamide, and antibiotic
selection for isolating insulin-positive clones. The insulin-producing cells were able
to restore hypoglycaemia in mice with diabetes; however, out of 784 clones, only
8 clones of geneticin-resistant cells were identified (Soria et al., 2000). Although
this experiment provided evidence in principle that ESCs can produce insulin, the
low success rate represented limitations to its clinical application. A parallel study
confirmed that human ESCs (H9 cell line) were able to differentiate spontaneously
into insulin-positive cells after cultured as embryoid bodies in suspension. These
cells expressed transcription factors which are necessary for pancreas development
as Pdx1, Ngn3, β-cell markers insulin, glucokinase, and Glut2 (Assady et al., 2001).
These studies showed clear evidence that ESCs differentiate into endocrine cells
spontaneously; however, the generated cell populations were very low, and they had
a very low insulin content. This leads to insufficient differentiation development.
Another attempt to improve the efficiency and yield of insulin-producing cells by
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using signalingmolecules to direct the ESCs toward differentiation in vitro (bymeans
of a five-step protocol) (Lumelsky et al., 2001). This protocol depends on selected
nestin-positive cells, which is an intermediate filament protein initially in neural stem
cells (NSCs) of embryo and adult brains. It was used as a marker for stem/progenitor
cell populations in different tissues (Lendahl et al., 1990). Nestin-positive cells were
selected by plated embryoid bodies in medium containing insulin, selenium, trans-
ferrin, and fibronectin (ITSFn), expanded in medium containing FGF2, N2, and
B27 supplements, and further differentiated by withdrawal of FGF2 in the presence
nicotinamide. Even though the cells secreted insulin in response to glucose, these
cells were also unsuccessful to normalize levels of blood glucose when subcutaneous
transplantation into diabeticmice (Lumelsky et al., 2001). Several other studies found
similar results by using mouse or human ES cell lines with a slight change in growth
factors supplementation and found that there was an increase (30-fold) in insulin
content when differentiated cells cultured in suspension (Baharvand et al., 2006;
Kania et al., 2003). Other modifications applied according to the original protocol of
Lumelsky et al. (2001) by replacing theB27 supplementswith a phosphatidylinositol-
3 kinase (PI3K) inhibitor at the last stage of differentiation. As a result, there was
a 30-fold increase in insulin content. These cells prolonged survival, but they also
failed to normalize the blood glucose level in transplanted animals. Another finding
established that when using exendin-4 (its analog glucagon-like peptide 1 GLP1) or
glucose-dependent insulinotropic polypeptide to differentiation culture. Cells signif-
icantly increased Pdx1 expression, insulin content and insulin secretion, resulting in
reversal of hyperglycemia in diabetic mice (Lester et al., 2004).

Direct Differentiation into Pancreatic β-cells

The production of β-cells directly occurred after differentiated cells, by a proce-
dure named direct reprogramming, by passing the pluripotent condition (Takahashi
et al., 2016). Generally, one should follow the normal endodermal pathway to
produce β-cells from ESCs, due to the limitation of previous protocols in estab-
lishing a definitive endoderm progenitor population. This may be due to a lack of
information regarding factors that stimulate the formation of the endoderm. There-
fore, some studies used different culture conditions in order to mimic the properties
of molecular signals which are known to initiate and/or control the development
of pancreas from the endoderm in vivo (Zhou & Melton, 2008). The first differ-
entiation of hESCs into definitive endoderm which was confirmed by expression
of endodermal markers Sox17 and GATA4 (D’Amour et al., 2005). Using a viral
system to express certain genes, such as Ngn3, Pdx1, and MafA, have success-
fully promoted insulin-producing cells from acinar cells in adult mice (Zhou &
Melton, 2008), when these cells were transplanted in diabetic animals it resulted
in normalized blood glucose in these animals. Retinoic acid is another molecule
required for pancreas development in mouse embryos. It significantly induces Pdx1
expression by ESCs progenies. Some protocols used it alone or mixtures with other
factors such as activin-A, sodium butyrate, FGF2, and nicotinamide (McKiernan



172 R. M. Balahmar

et al., 2007). Different studies improved earlier protocols of differentiation and
generation of pancreatic β-cells by using novel small molecules. A seven-stage
protocol was described to produce β-like cells from hESCs which maintained the
expression of Pdx1, Nkx6.1, and NeuroD1, while also expressing MafA, which is
a key β-cell maturation transcription factor. These cells were generated in serum-
free conditions and addition of small molecules improved pancreatic specification
and improved the generation of Pdx1 and Nkx6.1. These molecules include growth
differentiation factor 8 (GDF8), GSK3β inhibitor (Inhibition of Glycogen Synthase
Kinase 3β), FGF7, vitamin C, Retinoic acid, TPB ((Trifluoromethyl)phenyl)-2,4-
pentadienoylamino)benzolactam), LDN (signaling inhibitor), and Sonic hedgehog
agonist-1 (SANT-1) (Rezania et al., 2014). Moreover, a group of small molecules
were used, such as R428, ALK5 inhibitor II, and N-acetyl cysteine (N-Cys), which
might promote pancreatic β-cells differentiation with MafA expression at stage (S)
7 cells named (S7). The S7 cells are able to ameliorate hyperglycemia when trans-
planted into diabetic mice. However, these cells performed similarly, yet not identi-
cally to human β-cells. Additional studies carried out amodified protocol that showed
improved glucose-responsive cells, which displayed properties similar to β-cells and
an enrichment of Nkx6.1 and C-peptide expression. They tested several combina-
tions of compounds and growth factors to generate stem cell-derived β (SC-β). They
also found that the SC-β cells were able to generate insulin-secreting cells and with
important expression markers of β-cells maturation such as MafA. Moreover, the
SC-β cells have the ability to maintain euglycemia after transplanting into recipient
mice (Pagliuca et al., 2014).

Induced Pluripotent Stem Cells (iPSCs)

The iPSCs are resulting from reprogramming of human skin cells and other cells
(Takahashi et al., 2016). Generation pluripotent stem cells (iPSCs) generated from
somatic cells by the transduction of the main four stem cell transcription factors,
namely Oct3/4, Sox2, Klf4c, and c-Myc (Takahashi & Yamanaka, 2006). The iPSCs
have ESCs properties, and they can proliferate and self-renew in vitro and differ-
entiate into different germ layers. These cells are similar to ESCs in morpholog-
ical, surface antigens, expression genes and epigenetic status of pluripotent cell-
specific genes (Takahashi et al., 2007). However, some differences have been discov-
ered between hESCs and hiPSCs regarding the profiles of gene expression, genetic
stability, and epigenetic modifications, for instance, DNA methylation profiles,
stability of genomic imprinting, potential epigenetic modifications, and ability to
model disease. The iPSCs were not identical to ESCs due to their leftover memory
of their somatic origin. This memory may affect their protection, but there is no
confirmed evidence if this memory can be fatal in cellular therapies (Shahjalal et al.,
2018). Furthermore, the recent development in induced iPSCs has led to the avoid-
ance of ethical debate of using hESCs. Studies have been established that induced
insulin-secreting cells from iPSCs generated from fibroblasts, and these cells have
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properties similar to differentiated ESCs (Tateishi et al., 2008). Pancreatic β-cells
generated from iPSCs are a useful technique for analyzing pathological type 1 and
2 diabetes if the cells are generated from iPSCs established from diabetic patients
(Pagliuca et al., 2014). The original protocol for iPSCs generation is used the retro-
viral or lentiviral-mediated expression of Oct3/4, Sox2, c-Myc, and Klf4. This was
not an appropriate method to generate iPSCs that can be used in therapeutic applica-
tions due to the risks caused during insertion mutations and use the c-Myc oncogene,
which produced tumorigenesis in chimeric mice obtained from these cells (Taka-
hashi et al., 2007). Some of the studies have established iPSCs generation using non-
integrating methods of gene delivery with potentially reduced risks such as plasmid
transfection, episomal plasmid vectors, the PiggyBac transposon, and adenoviral
transduction (Mayhew & Wells, 2010).

Differentiation of Mesenchymal Stem Cells (MSCs)
into Pancreatic β-cells

Mesenchymal stromal cells (MSCs) are heterogeneous population of stromal stem
cells, which have capacities to differentiate into different cell types of all germ layers
producing osteoblasts, adipocytes, myoblasts, and endocrine cells (Pittenger et al.,
1999). MSCs isolated and cultured from several tissues such as bone marrow, skin,
fat, umbilical cord blood, and placenta (Hass et al., 2011). Furthermore, MSCs are
able to adhere to plastic in culture, easy tomaintain under standard culture conditions,
expansion in vitro and not only have the highest capacity to proliferate but also they
can retain their pluripotent features even after different number of passages (Ueyama
et al., 2012). Moreover, MSCs secrete factors, such as chemokines, cytokines, which
improve the tissue microenvironment under injury conditions (Tögel et al., 2007).
MSCs regulated the adaptive and innate immune systems by inhibiting both cells
T- and B-activation and proliferation, inhibiting the dendritic cells differentiation,
inhibiting proliferation and cytotoxicity of natural killer (NK) cells (Wang et al.,
2018). They have low antigenicity, thereby reducing the toxicity (Solis et al., 2019).
All these properties make MSCs a good alternative source for producing differenti-
ated cells for therapy compared to other stem cell types. Interestingly, MSCs have
potential to differentiate into insulin-producing cells (IPCs) in vitro by adopting
specific methods (Chen et al., 2004). The microenvironment has an essential func-
tional in the stem cells differentiation and survival, where it was found that condi-
tioned medium prepared from redeveloped pancreatic tissue after partial pancreate-
ctomy might promote rat bone marrow (BM)-MSCs to differentiate into IPCs (Choi
et al., 2005). It was used rat BM-MSCs to differentiate islet cells, and transplan-
tation of these cells reduces glucose level in non-obese (NOD) diabetic rats (Wu
et al., 2007). It was also confirmed that human MSCs produced from the Wharton’s
jelly of the umbilical cord which has the potential to differentiate into islet cell clus-
ters. These islet-like clusters can produce insulin in vitro and in vivo (Chao et al.,
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Table 7.1 Summary of some advantages and disadvantages of different stem cell types used in
diabetes treatment (Lilly et al., 2016; Shahjalal et al., 2018)

Cells type Advantages Disadvantages

ESCs • Highly pluripotent differentiation
capacity

• Unlimited self-renewal capacity

• Limited source with ethical issues
• Risk of tumor development after
transplantation

• Immune rejection problems

iPSCs • iPSCs have ESCs properties
• Easily obtainable as a source of stem
cells without ethical issues

• Risk of tumor formation after
transplantation

• Mutagenic potential in reprogramming
procedures

MSCs • Easy to isolate and expand without
ethical issues

• High immunomodulatory properties

• Replicative lifespan is limited
• Contamination risk during
differentiation and manufacturing in
large amounts

ESCs: embryonic stem cells; iPSCs: induced pluripotent stem cells; MSCs: mesenchymal stem
cells

2008). MSCs obtained from Wharton’s jelly can be used for xenotransplantation,
as they do not show any stimulation of immune rejection responses (Weiss et al.,
2008). Two methods used in vitro to promote MSC differentiation into IPCs. The
first method is using genetic engineering to modulate gene expression via intro-
ducing key transcriptional regulatory Pdx-1 and Beta2 (Wu et al., 2007). The second
method is using culture medium with specific soluble inducers or small-molecule
compounds for inducing and promoting β-cell differentiation (Parnaud et al., 2008).
An extract injured pancreatic tissue of rat was used for MSCs differentiation into
IPCs using traditional two-step induction protocol. In stage 1 of protocol, BM-MSCs
were induced with EGF, B27, and bFGF. In stage 2, serum-free high-glucose culture
medium with activin-A, betacellulin, hepatocyte growth factor, nicotinamide, and
other cytokines was used. Nicotinamide promotes fetal pancreatic cell differentia-
tion, increases the amount of β-cell, and helps to synthesize insulin, while activin-A
and betacellulin induce the differentiation of MSCs into β-cell. It indicated that the
derived IPCs were effective in vivo and able to reverse hyperglycemia in diabetic
rats (Xie et al., 2013). Some of the advantages and disadvantages of stem cells used
for diabetes treatment are summarized in Table 7.1

Differentiation of Adult Pancreatic Stem/Progenitor Cells
into Pancreatic β-cells

Adult pancreatic stem cells are considered as potential sources of β-cells as they
have the characteristics of stemcells including clonogenicity,multi-potency, and self-
renewal. It has been suggested that all pancreatic exocrine cells, pancreatic ducts cells,
and the islets of Langerhans are potential sources of a pancreatic stem/progenitor
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cells. The cells of pancreas, such as ductal cells and acinar cells, share the same
embryological origin with β-cells, which can be differentiated and re-programmed
for insulin production (Kim & Lee, 2016; Pan et al., 2019). It is observed that almost
all ductal cells express Pdx-1, which is important for pancreas development, espe-
cially in islet neogenesis of β-cells (Heimberg et al., 2000). Therefore, it was spec-
ulated that the ductal cells are the main source of new islet cells in the formation of
new islet cells (Liao et al., 2007). Insulin-producing human islet-like clusters may
be developed from human ductal tissue (Bonner-Weir et al., 2000). Using ductal
tissue from a mouse or human reported the potential of generating islet-like clusters
with identical or replicated protocols (Gao et al., 2003). The ductal cells probably
switch to a less differentiated stage of expressing Pdx-1, as result the ductal cells
acted as progenitor cells in the mature pancreas. Several investigations have tried
to identify stem/progenitor cells in the pancreas (Bonner-Weir et al., 2004). Nestin
is an important neural stem cell marker. Stem cells expressing nestin were isolated
from human and rat pancreatic islets, and these cells can be cultured in vitro for
a long period and have the ability to form insulin producing cells (Zulewski et al.,
2001). The spherical neural stem cell clusters which were previously isolated from
islet and ductal cells of pancreas show a precursor phenotype of both pancreatic
and neural lineage. The progenitor cells have the ability to induce different popu-
lations of neurons and glial cells and also differentiate into pancreatic endocrine
α-, β-, and δ-cells. Moreover, generated β-like cells derived from these progenitors
demonstrate glucose-dependent Ca2+ responsiveness and insulin secretion (Seaberg
et al., 2004). The adult pancreatic stem cells successfully differentiate into islet-like
cells. The human pancreatic ductal cells proliferate and differentiate into IPCs in vitro
using combinations of growth factors, extracellular matrix proteins, and transcription
factors (Corritore et al., 2016). In addition, ductal epithelial cells are considered as a
source of pancreatic progenitors that can be generated in adult pancreas in diabetic
mice after the partial pancreatectomy (Bhartiya, 2016). These results indicate that
the existence of stem/progenitor cells in the pancreas might be a hopeful source for
in vitro generation of islet cells, which can be useful in diabetes treatment. However,
the specificmarker identification is required to improve isolation populations of these
cells (Pan et al., 2019).

Generation of Pancreatic β-cells Using
the Three-Dimensional 3D Cell Culture Method

Why Use 3-D Cell Culture Systems?

3D cell culture is a more suitable technique used to study stem cell differentia-
tion. 3D cultures can be produced in three different methods, such as cultures in
matrigel, cultures on scaffolds, or suspension cultures on non-adherent plates and
using floating culture. Different methods and materials are used in 3D cultures to
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simulate and mimic the environment growth in vivo, and this allows cells to grow
and migrate in 3-D full space (Wang et al., 2019). The 3D cultures provide different
physiological features for testing the delivery and toxicity of drug. Also, it offers
many advantages including the interaction between cells-cells and cells-extracellular
matrix. The cellular heterogeneity of spheroid generated from 3D culture can closely
mimic the morphological cells in vivo as well as their functions such as proliferation
and induce the differentiation of cells which is helpful to its function, gene expres-
sion, etc., (Mehta et al., 2012). Interestingly, the morphology and polarity of the cells
are maintained in 3D cultures, and they can be returned to cells before cultured in
2D (Kapałczyńska et al., 2018). All these features made 3D culture a powerful tool
to increase stem cell differentiation or to support the cells reaching to the last stage
of differentiation. However, 3D culture involves high cost and consumes more time
(Wang et al., 2019). In contrast, the 2D monolayer cultures have low-cost culture
maintenance and are simple to use. The 2D culture provides unlimited access to the
components of the user medium as oxygen, nutrients, and molecules. However, the
2Dcultures havemany limitations, such as cells growing in 2Dcannotmimic a growth
environment in vivo. It cannot provide cell-cell and cell-extracellular environment
interactions (Kapałczyńska et al., 2018)

Generation of Pancreatic β-cells Using the 3D Cell Culture
Method

The 3D cell cultures offer several advantages and have increased the interest of
many research groups to generate pancreatic progenitors and insulin-producing cells
from ESCs/iPSCs in vitro. The iPSCs derived from type 1 diabetes (T1D) patients
were used to generate glucose-responsive and IPCs by using 3D culture methods.
T1D iPSCs were originally shown resistant to differentiation, but the demethylation
treatment effects showed a major improvement in IPCs yield. These cells release
insulin in response to high-glucose stimulation in vitro.Moreover, these cells showed
similar shape, size, and number of their granules that originated in cadaveric β-cells.
The IPCs were transplanted into immunodeficient mice with streptozotocin (STZ)-
induced diabetes, and hyperglycemiawas gradually reduced. It can be considered that
T1D iPSCs-derived β-cells are a suitable candidate for diabetes treatment (Manzar
et al., 2017). However, it still needs a more efficient culture system that can be useful
for future research and clinical applications. Organoid is once such a promising alter-
native, which is a 3D cellular cluster in vitro consisting of a group of primary cells,
ESCs, or iPSCs. It has the capacity to regenerate to new cell types, self-regulate,
and show functions similar to the original tissue in vivo (Fatehullah et al., 2016).
The islet-like organoids clusters obtained from human pluripotent stem cells (hPSC)
were capable of glucose-responsive insulin secretion and have therapeutic effects
which could be used as alternative sources for diabetes treatment. It was demon-
strated that the pancreatic endocrine cells (ECs) differentiated from hESCs allowed
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the formation of cell clusters with 3D structures (100–150 μm in diameter). More-
over, the hESC-derived clustered endocrine cells secreted insulin and other pancreatic
endocrine hormones. These EC clusters (ECCs) improved the secretion of insulin
response to glucose (Kim et al., 2016). The generation of islet organoids would
be valuable for research in diabetes pathophysiology, treatment, and screening of
drugs (Wang et al., 2017). Generally, in the absence of capillary vessels in the 3D
islet-like structure, the physiological oxygen circulation is insufficient. Both oxygen
circulation and extracellular matrix (ECM) are essential for the reconstruction of the
pancreatic β-like cells in differentiation. Therefore, components of the ECM such
as laminin, collagen, and fibronectin membranes were used to control the tension
of oxygen (Thakur et al., 2020). The development of islet organoids from hESCs
in biomimetic 3D scaffolds. Matrigel and collagen type I used to form biocompat-
ible scaffold, a porous, for supporting pancreatic islet differentiation. The porous
plays a main function by supplying the cells with suitable energy, nutrients, and
oxygen. Organoid biomimetic scaffolds could mimic the in vivo environments and
also support (ECM)–cell and cell–cell interactions, which is an important regulator
of cellular developments that help several functions. The organoids resulted from
this study consist of α-, β-, δ-, and PP-cells. Remarkably, the generation of insulin-
secreting cells did not co-express glucagon, somatostatin, or pancreatic polypeptide.
The expression of Pdx1, MafA, Ngn3, and Glut2 was noticed in cell clusters in
3D culture. The cells grown in the scaffolds showed an increase in insulin expres-
sion compared to those grown in 2D cultures (Wang et al., 2017). A mixture of
polycaprolactone (PCL) and polyvinyl alcohol-based (PVA) scaffold has been used
to differentiate hPSCs into pancreatic lineage cells. The PCL/PVA has an impor-
tant function in maintenance of the microenvironment, metabolic activation, and the
expression of transcription factors needed for pancreatic cell differentiation. A study
was carried out to investigate hiPSCs differentiation ability to insulin-secreting cells
in which 3D culture was compared with 2D culture. The expressions of Insulin,
Pdx1, Glut2, and Ngn3 in PCL/PVA scaffold were significantly higher than those
expressed in 2D cultures. These results showed that the improved differentiation of
IPCs from hiPSCsmight be a result of PCL/PVAnanofibrous scaffolds used (Abazari
et al., 2018). Additionally, Amikagel system permitted the coaggregation of hESC-
pancreatic progenitor cells and endothelial cells by which pancreatic organoids, were
closer to natural islet physiology, are formed in vitro. Amikagel encouraged spon-
taneous pancreatic progenitor spheroids differentiation into β-like cells, showing
C-peptide protein expression and the capacity of glucose stimulation in vitro (Huang
et al., 2020). Decellularization is the procedure used in biomedical engineering, in
which ECM is separated from its native cells of a tissue or organ and retaining
the real structure, biochemical, and biomechanical signals for producing a natural
3D scaffold, which might allow the integration of features like vasculature. This
process could be accomplished using different methods including physical, chem-
ical, and biological with each method having both advantages and disadvantages
(Gilpin & Yang, 2017). The decellularized rat pancreatic ECM (dpECM) can induce
self-assembly of human islet organoids during induced iPSCs differentiation. The
iPSC-derived islet organoids of dpECM were secreted main hormones including
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Table 7.2 Summary of some attempts that used different protocols to differentiate stem cells into
pancreatic β-cells in vitro and in vivo

Cell line Culture technique GSIS References

Mouse ESCs Bacterial Petri dish culture;
suspension culture (8–10 days)
and the results of embryoid
bodies were plated onto plastic
cell culture dishes

Yes Soria et al. (2000)

Mouse ESCs 2D cell culture Yes Lumelsky et al. (2001)

Human ESCs 2D cell culture No D’Amour et al. (2005)

Human MSCs 2D cell culture Yes Chao et al. (2008)

Human ESCs
Human iPSCs

2D cell culture (stages 1–4); 3D
suspension culture (stages 5–7)

Yes Rezania et al. (2014)

Human ESCs
Human iPSCs

Suspension-based culture system Yes Pagliuca et al. (2014)

Human ESCs Matrigel-coated 4-well plates
and suspension culture

Yes Kim et al. (2016)

Human ESCs 3D collagen scaffolds method Yes Wang et al. (2017)

T1D human iPSCs line Matrigel /3D cell culture Yes Manzar et al., (2017)

Human iPSCs 2D cell culture (18 days); 3D
suspension culture (10 days)

Yes Bi et al. (2020)

ESCs: embryonic stem cells; iPSCs: induced pluripotent stem cells; MSCs: mesenchymal stem
cells; GSIS: Glucose-stimulated insulin secretion; T1D: Type 1 diabetes

glucagon and insulin. These organoids contained α-, β-, δ-, and PP-cells. The expo-
sure of iPSCs to the dpECM at differentiation stage showed higher expression of
Pdx1, MafA, and Nkx6.1 (Bi et al., 2020). Table 7.2 summarizes some methods used
to differentiate different types of stem cells into β-cells.

Transdifferentiation of Pancreatic Cells

Transdifferentiation is a term that refers to changes in the cellular phenotype, such
as conversion of differentiated cell type to another (Tosh et al., 2002). It is a process
of phenotypic plasticity in a mature cell. Phenotypic change occurs in chronically
damaged tissues and in tissue regeneration (Shen et al., 2000). It is considered as
the most attractive method of developing β-cell sources which can be used for cell
therapy. This procedure is based on cell reprogramming including neogenesis and
regeneration of β-cell from progenitor cells (Kim et al., 2019). The transdifferentia-
tion in the pancreas is acinar to ductal metaplasia (ADM) and is the process where
acinar cells differentiate into duct cells, which plays a role in regeneration injured
pancreas. Moreover, under certain microenvironment conditions, the acinar cells can
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differentiate into hepatocyte-like cells and adipocytes (Lardon et al., 2004). The over-
expression of polymorphisms of T cell factor 7-like 2 induced ductal epithelial cell
proliferation and differentiation into islet-like clusters (Shu et al., 2012). The AR42J
cell line derived from a pancreatic tumor, which has features of pancreatic acinar cells
can transdifferentiate; by reprogramming these cells toward β-cells phenotype using
of Pdx1, Ngn3, and MafA, induction of endocrine markers was observed (Akinci
et al., 2012).

Clinical Trials of Stem Cell Therapy for Diabetes

There is a growing global interest in stem cells research and the possibility to use it for
treating various diseases such as diabetes. Stem cells have great therapeutic potential
in this field. They have the potential for self-renewing, repairing damaged tissues
cells, immunomodulatory properties, and their ability to provide an unlimited source
of insulin-producing β-cells (Pathak et al., 2019; Peng et al., 2018). There have been
several attempts of human clinical research studies using different types of stem cells
in diabetic treatment, and some of these applications are summarized in this chapter.
The first human clinical trial used autologous nonmyeloablative hematopoietic stem
cells transplantation (AHST) to treat recent type 1 diabetic (T1D) patients. Also, it
was evaluated the safety and metabolic effects of immunosuppression therapy. The
results showed that most newly T1D patients accomplished different times of insulin
independence and treatment-related toxicity was acceptable, no mortality reported.
Moreover, with AHST, β-cell function was improved promisingly. However, this
study needs further follow-up to confirm the time of insulin independence, random-
ness sample, and a control group (Voltarelli et al., 2007). A clinical study was carried
out to estimate the effects of AHST in clinical and molecular processes in 9 recent
T1D patients. The results showed that AHST increased the islet cell function due
to removal of the islet specific autoreactive T cells; the difference in T1D patient
reactions to AHST could be referred to these different transcriptional actions in the
peripheral blood mononuclear cell (Zhang et al., 2012). Although less clinical trials
have been performed in developing stem cell therapy for T2D, some encouraging
results have been reported. It was studied the combination of intrapancreatic autol-
ogous stem cell (ASC) infusion with hyperbaric oxygen treatment (HBOT) in 25
T2D patients. In the follow-up period, hemoglobin A1c (glycosylated hemoglobin)
levelswere decreased, the insulin dose requirements reduced and increasedC-peptide
levels. These results suggest that ASC infusion and HBOT have positive therapeutic
effects for T2Dpatients by improvingmetabolic control and reducing insulin require-
ments (Estrada et al., 2008). However, this study requires randomized controlled
samples to confirm it. Another study that evaluated the combination of autologous
bone marrow stem cell transplantation (ABMSCT) and (HBOT) on 31 T2D patients.
Significant reductions in the dose of oral hypoglycemic drugs and decreased exoge-
nous insulin dose have been demonstrated in all patients who used this therapy, but
the functional development of pancreatic β-cell may be transient (Wang et al., 2011).
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The intra-arterial injection of stem cells derived from bone marrow to T2D patients
showed positive results, which confirm the efficacy and safety of this treatment for
diabetics (Bhansali et al., 2014). An example of current human clinical trial which
used stem cells in diabetes treatment was a pilot study of the therapeutic possibility
of educator stem cells treatment in T1D phase 1 for both genders (18 years and older)
in Hackensack, US. The aim of this study was to achieve patient’s apheresis and then
have their own blood returned to them with the “educated” lymphocytes (Clinical-
Trials.gov NCT02624804). It was found that the stem cell educator treatment can
develop the clinical treatment of diabetes and other diseases by cord blood-derived
multipotent stem cells (CB-SCs) immune education and immune balance induction
without the ethical and safety issues associated with traditional stem cell methods
(Cheng et al., 2016).

The Challenges of Stem Cell Therapy

Stem cells therapy is a promising potential therapeutic method for treating diabetes.
Nevertheless, the results of stem cell clinical trials for diabetes treatments need
further improvements to make them readily available for treatments. There are many
challenges and obstacles that remain to be resolved in adopting this technology. The
major challenges include how to (a) generate more developed functional β-like cells
in vitro from hPSCs; (b) improve the efficiency differentiation of IPCs from hPSCs;
(c) protect transplanted IPCs fromautoimmune system; (d) generate enough numbers
of cell types that required for clinical transplantation trial; (e) establish overall of
insulin independence; and (f) avoid the carcinogenic properties that stem cells form,
and maintaining the function and integrity of their stem cell-like characteristics in
their production development (Chen et al., 2020). One of the most challenging goals
that must be faced and overcome when using stem cell therapy is the immune rejec-
tion of the host. ViaCyte Inc. has successfully developed an encapsulation system
named ”Encaptra,” in which microencapsulated pancreatic progenitors derived from
stem cells are implanted subcutaneously to T1D patients in a phase 1 and 2 trial
to evaluate efficacy and safety (ClinicalTrials.gov NCT02239354). The encapsu-
lation device can provide a physical barrier protecting transplanted cells from the
immune system while allowing oxygen and nutrients to pass through the membrane.
Also, this system allows protecting patients from the risk of stem cell-derived β-cell
oncogenic transformation (Chen et al., 2020; Sneddon et al., 2018). Sernova a clin-
ical company, is developing a treatment for T1D (ClinicalTrials.gov NCT01652911)
using implantable therapy device named “Cell Pouch,” containing a scaffold with
chambers that allows islet cells to vascularize, mimicking an environment similar to
a natural organ. This device is inserted under the skin for a month to allow integration
of vascular with the surrounding tissues (Sneddon et al., 2018). Systems like these
can be potential solutions for future researchers to develop protocols using stem cells.
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Summary

The rate of diabetic disease is frighteningly increased around the world. The absence
or loss of insulin-producing β-cells causes diabetes. The traditional treatment of
diabetes has many limitations and cannot mimic natural pancreatic insulin produc-
tion. As an alternative treatment for diabetes, islet transplantation maintains glucose
homeostasis, and it is limited due to the lack of islet donation and other complica-
tions. Therefore, it is significant to determine advanced approaches to gain functional
β-cells. Stem cell therapy offers a powerful promising potential for treating diabetes.
Several types of stem cells have been proven effective in treating diabetes with clear
limitations such as (ESCs), (iPSCs), (MSCs), and adult pancreatic stem cells. In
conclusion, further human stem cell clinical trials are needed to overcome the chal-
lenges associated with stem cell and to make stem cell therapy a viable option for
treating diabetes in the future.
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Chapter 8
Application of Stem Cells in Treatment
of Bone Diseases: Pre-clinical
and Clinical Perspectives

Mir Sadat-Ali

Abstract The word “Stem Cell” first appeared in the scientific literature in 1868.
Stem cells are cells which have the ability to self-renew and give rise to differenti-
ated cells. In 1960, McCullough and till reported that the living tissues came from
stem cells and with the concept of self-renewal. In the twentieth century with the
discovery of hESC, it was believed that stem cells will give potential therapies for
the chronic human diseases. There was a flood of research in every field including
orthopaedic surgery. As the Mesenchymal stem cells are able to develop into tissues
including bone, cartilage, muscle, tendon, and ligament. Trials were instituted to treat
non-unions, long-bone defects, spinal cord Injury, osteonecrosis of head of femur,
spinal cord injury, osteochondral defects, osteoarthritis, rotator cuff injuries, and
tendon and ligament ruptures. Stem cell therapy requires a clear comprehension of
the orthopaedic disease process before clinicians embark on the new strategies to
treat old diseases. It is also imperative that practicing clinicians to have a knowl-
edge of different cell sources like autologous, allogeneic and iPSC, and the culture
methods and their limitations.

It is also strongly recommended that orthopaedic surgeons should not give up the
well-known recommended treatment modalities of treatment until stem cell therapy
is proved safe, efficacious, and cost effective.

Keywords Orthopaedic surgery · Autologous · Allogeneic · Stem cells ·
Mesenchymal stem cells · Osteoblasts · Chondrocytes · Neurocytes

Introduction

In the last 2 decades, there has been enormous interests to treat chronic diseases
through cellular therapy and tissue engineering. Two aspects were considered impor-
tant visa vi the limit the cost of the care of the skeletal system in the aging population
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of the world and secondly to improve the quality of life. The process in the devel-
opment took place in stages from 1800’s to remove the diseased organs to 1960’s
replace the affected joints and ligaments, in 1980’s the era of repair of the skeletal
system, and from 2000’s clinicians and researchers took the pathway to regenerate
tissues. It was expected that by 2020, reproduction of the organs will take place
which has not crossed the line of bench to the bedside. There are few specializations
which are rapidly advancing in the field to utilize cellular therapy and orthopaedic
and trauma surgery stands clearly ahead. This chapter will deal with the common
chronic conditions of the musculoskeletal system highlighting the animal works to
the transfer of technology to treatment human patients.

Short History of Stem Cell Development

Even though it was 1957, the first bone marrow transplant was performed to protect
patients from after effects of radiation and chemotherapy (Thomas et al., 1957),
but it was Friedenstein and associates (Friedenstein et al., 1966) and Tavassoli and
Crosby (1968), who reported the osteogenicmaterial in the bonemarrow. The studies
of Owen and Macpherson taught us. That osteoblasts precursors lined the inner
layer of the periosteum (Owen, 1970; Owen&Macpherson, 1963). Recognizing and
accepting the bone was a living organ, and it was shown that the role of bone marrow
in the maintenance of hematopoiesis and hematopoietic stem cells (Dexter et al.,
1973) showing that bone apart from being part of skeletal system giving attachment
to muscles and ligaments for the body to move and protect and support vital organs
had a major function of providing hematopoiesis and hematopoietic stem cells.

Caplan (1991) renamed the bone marrow Stroma as the bone marrow cells of the
yester years to Mesenchymal stem cells which was well accepted by the scientific
fraternity. It was brought to light that the MSCs had the potential to form osteoblasts
the bone forming cells, chondrocytes, and adipocytes (Dominici et al., 2006). The
reported work of Thomson and his colleagues in 1998 (Thomson et al., 1998) of
achieving the isolation of human embryonic stem cells (hESC) pushed the research
to treat diseases in a high gear, and many clinicians and general public believed that
the treatment ofmany chronic untreatable diseases is around the corner. But the issues
of the human embryos to provide the cells was still under cloud due to the ethical
issues associated with hESCs when the major breakthrough came with the success
of work of Takahashi and Yamanaka (2006) in creating induced pluripotent cells
(iPSC) that can be generated directly from a somatic cells with the fast development
in the field of stem cell and its potential use in chronic diseases has met with assumed
cures and misuse of stem cell which failed to withstand serious scientific scrutiny.
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Osteonecrosis of Head of Femur

Introduction

Avascular necrosis of the head of femur (ANFH) or osteonecrosis as it is termed is
a common condition and type of osteonecrosis which occurs due to disruption of
blood supply to the head of femur, and there are multiple causes which could be
secondary to the trauma or diseases. In USA alone, yearly, there are 10,000–20,000
new cases are added with ANFH (Petek et al., 2019). Traumatic causes are due to the
fracture neck of femur and hip dislocations, whereas diseases form the main bulk of
ANFH. The common conditions which can be listed are chronic steroid use, alcohol
consumption, and other risk factors include radiation therapy, chemotherapy HIV
infection, Caisson disease, Gaucher’s disease and in sickle cell hemeglobinopathy,
and last but not the least idiopathic. Recovery of theANFHwithout treatment does not
occur andmany patients go throughwith total hip arthroplasty (THA) for the relief of
pain. Even though ANFH was first described in 1785, still we do not have a definite
treatment for complete recovery of the head of femur (Tetik et al., 2011). Many
methods have been tried to maintain the femoral head so that the final surgery of total
hip arthroplasty can be avoided. Some of the procedures include bone grafting (Mont
et al., 2007; Seyler et al., 2008), core decompression (Ficat et al., 1971; Lieberman,
2004; Lieberman et al., 2004;Mont et al., 2004), and electrical stimulation (Steinberg
et al., 1989; Trancik et al., 1990). Extracorporeal shock wave therapy (ESWT) had
initial success which reduced osteoblast apoptosis (Wang et al., 2005). But the results
of these procedure were inconsistent. Long-term results of hip arthroplasty in young
patients are below the norms due to the durability of implants. The results of the
THR are usually unpredictable in this age group (Ince et al., 2006; Kim et al., 2011).

Pre-clinical Studies

In the recent past cell-based therapies, particularlymesenchymal stromal cells (MSC)
for repair of damaged cartilage and relief of pain have been tried in experimental
animals with excellent results. Abudusaimi et al. (2011) showed that direct transplan-
tation of autologous adipose derivedMSCs into an avascular area of the femoral head
of the rabbit made new vessels to grow and new bone formation. Sun et al. (2011)
reported that the results of forty rabbits which showed the core decompression stem
cells injection in the avascular head of femur gave excellent results on histologic
and histomorphometric analyses. They concluded that local transplantation of stem
cells may prove an effective treatment option for steroid-induced osteonecrosis of
the femur. The other reported animal studies had similar results (Aimaiti et al., 2011;
Wen et al., 2012; Xie et al., 2012).
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Clinical Studies

The concept of using stem cells via bone graft was attempted as early as 1987.
Hernigou et al. (1997) treated a patient with SCD in with bone marrow concen-
trate in the affected area of the head of humerus and obtained with good results.
Other researchers used bone marrow concentrate (BMC), bone marrow stromal cells
(BMSCs), and MSCs were used (Lee et al., 2003; Li et al., 2011; Sen et al., 2012;
Yoshioka et al., 2011). Hernigou andBeaujean (2002) used standard core decompres-
sion andBMCwhichproduced excellent results at 60months followup andonly 6.2%
hips requiring total hip arthroplasty (THA). In 2012, Zhao et al. (2012) conducted
a randomized control trail involving one hundred patients with early stage ANFH
were recruited and randomly assigned to bonemarrow derivedmesenchymal stromal
cells (BMMSC) treatment or core decompression (CD) treatment. At 5 years after the
initial surgery, only 4% bonemarrow derivedMSC-treated hips progressed requiring
further treatment. In CD group, 23% hips progressed and underwent further definite
surgery. There were no complications in either groups. This intervention is safe and
effective in preventing femoral head collapse, which require THA. In an extensive
review on the subject Houdek et al. (2014) suggested that, CD combined with MSCs
can provide significant pain relief, improvement in function, and ultimately halt the
progression of AVN of the femoral head. Using this procedure, patients in young age
can return to normal activities of daily living and avoid early hip arthroplasty. Piuzzi
et al. (Persiani, 2015) performed an a systematic review with a level-of- evidence of
III or higher evidence and reported that the avascular lesions in 24.5% after cellular
therapy progressed compared with 40% in the controls. Ninety percent of studies
that reported failure rates showed a lower THA conversion rate in the cell therapy
group sixteen percent compared with the control group 21%. Sadat-Ali et al. (2017)
reported in a small study in which they used osteoblasts injection derived fromMSCs
and found to memore effective as it healed all their patients who had grade 11 and III
Ficat ANFH. In an extended study, the analysis of the 63 patients who had 5 million
of osteoblasts injected at the site of the avascular lesion in patients <30 years with
majority of female patients with of 49.05 ± 12.9 (range 24–60) months. The VAS
and modified Harris hip score improved significantly (p < 0.0001). The Azam-Sadat
score (ASS) for quality of life score for chronic diseases also significantly improved
from 2.76 ± 0.49 preoperatively to 7.92 ± 0.09 (p < 0.0001) at 24 months. Overall
93.6% were satisfied with improved quality of life and only 4 (6.4%) the disease
progressed and had to have total hip arthroplasty.

Conclusion

Reports of pre-clinical trials are few, and majority of the published data has concen-
trated on the clinical trials, and the literature gives a clear and more persuasive
evidence to use cellular therapy in the ANFH. The type of cells used were the MSCs
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and osteoblast injection in the healing of the avascular lesions and postponement of
the THA. Since randomized and comparative studies are available for review, it is
safe to say that cellular therapy is the treatment of choice in young patients with
ANFH so that they live a more normal life.

Stem Cell Therapy in Fracture Healing

Introduction

Fracture healing is a very complex process which involves local and general factors.
The reported incidence of impaired healing leading to non-union is 5–10% (Mills
et al., 2017; Zimmermann & Moghaddam, 2010). The cost treating a non-union
ranges in different countries differently. In USA, the hospital costs for each non-
union is $25,556, and in Great Britain, it costs £16,330 GBP (Antonova et al., 2013;
Kanakaris &Giannoudis, 2007). Delayed healing is usually due to failure of the local
cellular structures to react to the stimulation of the growth factors which are released
at the site of the fractures. In the last 40 years, surgeons got a boost to heal fractures
way of rigid internal fixation (Allen et al., 1968; Allgower & Speigel, 1979), but only
realized later that with adequate fixations fractures also failed to unite. The second
method developed to heal fractures was mechanical stimulation (Claes et al., 1998;
Hadjiargyrou et al., 1998; Ryaby, 1998). In such cases, there is a growing need to
find ways to regenerate the fracture site so that adequate healing occurs in time and
MSCs has been suggested a promising option. MSCs are part of the bone marrow
cells which are present in the cavity of the bone and are known to give rise to cells
like osteoblasts, chondrocytes, and endothelial cells which take active part in bone
deposition (Bruder et al., 1994; Granero-Molto et al., 2009; Muguruma et al., 2006).

Pre-clinical Studies

In the pre-clinical field, initial studies in smaller animals like rats were quite
successful. It was demonstrated as early as 2009 that MSCs can induce a frac-
ture healing in animals with increase in the callus formation and contributed in
the enhancement of all the stages of fracture healing (Undale et al., 2011). Bruder
et al. (1994) have shown that the healing of the fracture depends on the quantity
of cells is also an important factor, hence, injecting large number of MSCs become
imperative in the healing process. Undale et al. (2011) used human MSCs to heal
ununited fractures in rats. Their results indicated that both type of cells one hESC-
derived MSCs and hBM-MSCs, healed the fractures good and in better time. Other
studies as well reported similar results (Connolly et al., 1991; Goel et al., 2005).
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Sadat-Ali et al. (Kassem, 2013) used osteogeneic differentiated cells from the MSCs
instead of eESC or MSCs and used in experimentally created non-union in rats and
achieved better results.

Clinical Studies

The early studies of use of MSCs in the non-union of fractures came from utilizing
bone marrow injections. Connolly et al. (1991) injected autologous marrow in
patients non-union of tibial fractures and achieved union in 80% of patients. This
study paved the way to use bone marrow injection without much realization that
MSCs were being injected to heal the fractures. Many studies reported similar
results of success in healing of the non-unions using bone marrow aspirate injections
(Guimarães et al., 2014; Sugaya et al., 2014).

Bajada et al. (2007) treated patient with a recalcitrant a nine year tibial non-union
using autologous MSCs with calcium sulfate pellets which healed the fracture, and
Kim et al. (2009) performed a multicenter, randomized clinical study of two groups
of patients with non-union of the fractures; one control and had osteoblast injections.
Patients with osteoblasts injection united with good results.

Recently Senthilkumar et al. (2018) compared three groups of patients one with
MSCs and bone marrow aspirate and a control group. In the MSCs group 92.3% of
fractures united, in the bonemarrow aspirate group 40%of fractures united indicating
the MSCs are more potent in uniting the non-unions. In a recent meta-analysis on
human studies, Palombella et al. (2019) reported the data on 347 patients who were
treated with different modalities of the stem cells and found that within a year of
follow up 81–100% union took place. They concluded that bone marrow concentrate
and bone marrow derived mesenchymal stromal cells (BMSCs) with scaffolds could
be considered as treatment choice to treat non-unions.

Conclusion

Reports of clinical trials which are available in the literature does not give a clear and
more convincing guide to use the cellular therapy in the non-unions as the reported
studies used different cells with and without scaffolds. We need more structured and
prospective randomized studies to recommend routine use. In the absence of other
definite and successful treatments, the use of stem cells have demonstrated poten-
tial in the healing of fractures and non-unions where natural healing mechanisms are
inadequate, and large number of Stem cells are needed for the fracture unions. Autol-
ogous stem cells in the form of MSCs and osteoblasts does play a role in providing
a safe, non-immunogenic cells which can heal the non-unions.
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Stem Cell Therapy in Osteoarthritis of Knee

Introduction

Osteoarthitis of Knee (OAK) is mostly due to aging process and was suggested
many factors influence the severity of the disease. It has been extrapolated that in
2020, globally incidence of OAK annually is 86.7 million individuals >20 years
and older (Jordan & Croft, 2005). In 2013, it was assessed that medical costs for
treating osteoarthritis in USA was $140 billion (Cui et al., 2020) in direct costs
and each year 6000 die in USA each year are due to NSAID-related complications
and costing additional $2 billion (Ledingham & Snowden, 2017; Jawad & Irving,
2007; Brabant & Stichtenoth, 2005). The management of the OAK has been by
non-steroidal anti-inflammatory drugs (NSAIDs), physical therapy, and nutritional
supplements (Bellamy et al., 2006; Bruyere & Reginster, 2007; Clouet et al., 2009;
Peat et al., 2001; Quinn et al., 2018; Schuh et al., 2007). Even though the prevalence
has increased but the no new treatments have been added with all the treatments,
available OAKprogresses slowly till the joint is destroyed, and quality life is severely
affected. On the other side, there are some patients who show rapid deterioration
even after adequate treatment and end up having joint replacement. In OA, the knee
is the joint most commonly affected (Chevalier, 2010). Some patients only require
non-steroidal anti-inflammatory drugs (NSAIDs) and physical therapy and certain
group of patients the disease progresses leading to severe disability. Many patients
do not respond to the conservative therapies and require steroid and hyaluronic acid
injections, arthroscopic joint washout with varying degrees of pain relief (Brittberg
et al., 1996; Caminal et al., 2014; Moseley, 2009).

Pre-clinical Studies

In the recent past cell-based therapies, particularlymesenchymal stromal cells (MSC)
for repair of damaged cartilage and relief of pain have been tried in experimental
animals with excellent results. Cells (MSC) for repair of damaged cartilage and
relief of pain in rabbits and sheep (Chiang, 2005; Grigolo et al., 2009; Im et al.,
2001; Rahfoth et al., 1998; Shah et al., 2018). MSCs transplantation was shown
to grow cartilage similar to hyaline cartilage and a high type II collagen presence.
The efficacy of mesenchymal in a porcine model showed regeneration of hyaline
cartilage in 180 days (El-Tookhy et al., 2008). Shah et al. (2018) studied over 200 dogs
diagnosed with degenerative arthritis with severe chronic pain and limited activity.
Allogenic adipose derived MSCs were harvested and given either intra-articular or
intravenous. In this report, over 85% of dogs improved significantly in the physical
activity. The study in healthy dogs, OA was created by partial-thickness cartilage
defect. The effect of intra-articular injection of autologous derived chondrocytes
was compared with allogenic derived chondrocytes indicated that recovery of the
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damaged cartilage regenerated when compared with control groups (Goshima et al.,
1991; Miki et al., 2015; Wakitani et al., 1994; Zhang et al., 2018).

Clinical Studies

Osteoarthritis of the knee (OAK) a very common degenerative disease for which
there is no definite treatment for cure as the articular cartilage which is damaged
could repair itself. In an aging knee, the chondrocytes behave in a different way;
hence, complete repair does not take place. It was reported that MSCs from the bone
marrow could replace the cartilage and bone, and this lead to the pre-clinical and
clinical studies to treat OAK.27–29 Wakitani et al. (2002) treated 24 patients with
OAK used bone marrow aspirate and injected MSCs in the affected knees. They
performed clinical and arthroscopy assessments. Their final conclusion was that
autologous bone marrow derived MSCs have the ability to the repair osteoarthritic
cartilage defects due to OAK in humans. Recently Jo et al. (2014) conducted a
phase I/II A proof-of-concept clinical trial injectedMSCs into the osteoarthritic knee.
Post-injection analysis at 3, 6, and 12 months showed total relief of pain and better
function of the knee joint with no adverse events. Soler et al. (2016) used autologous
MSCs in patients with Grade II and III of Kellegren and Lawrence grading and
found that an injection single intra-articular injection of the MSCs was safe and
complete pain relief, improved quality of life up to 4 years and radiological signs of
cartilage repair. A recent meta-analysis drew positive conclusions that MSCs could
be treatment of choice to increase the function, reduce pain in knee OA. The findings
of this review should be confirmed using methodologically rigorous and adequately
powered clinical trials (Soler et al., 2016). Park et al. (2017) used allogenic hUCB-
MSCs in patients with OAK and had a follow up for 7 years and concluded that even
allogenic MSCs are safe to regenerate effected knees due to osteoarthritis. For long-
term effective results, Invossa-K used allogenic chondrocytes with TGF-ß1 has been
usedwith results bywhichTKRcanbe postponed for 5–7years (Cho et al., 2017; Park
et al., 2017). Lim et al. (2017) reported the use of “Cartistem” an allogeneic human
umbilical cord blood-derived mesenchymal stem cells approved by the Korean FDA
(KFDA) which also received US FDA clearance to conduct Phase III clinical trials
in the USA. The Phase I and II trials reported safety and efficacy in the treatment of
OAK. The final results of the follow up for 60 months are awaited. (NCT01041001).

Conclusion

Many different cellular therapies have been tried and reported, MSCs, chondrocytes,
from Bone marrow, adipose tissue, autologous, allogeneic, umbilical cord blood,
and different cell strength 2× 106–5× 107 cells per patient. Despite excellent work
and results of articular cartilage regeneration under the influence of chondrocytes,
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there are very few FDA-approved which are undergoing extended clinical trials. The
literature is full of published data which gives from excellent to very good results
which convince us that cellular therapy have an important role to play in the reversal
of degenerative cartilage I which should pave the way for routine treatment option
in OAK.

Stem Cell Therapy in Meniscus Injuries and Ligament
Injuries

Introduction

Meniscus and ligament injuries are common in the young mainly due to sports-
related activities, and it was found that per year the cost range between $446 million
to $1.5 billion and reaches $19.2 billion yearly (Lim et al., 2017). Ligaments and
meniscus have limited ability to naturally heal, and it is this reason these injuries have
poor functional outcome. Many therapies have been in trials conducted and tried to
repair and enhance the healing. The treatment of such injuries is always surgical if
the meniscus is removed completely as it used to happen before can accelerate joint
degradation and cause secondary osteoarthritis of knee. The use of stem cell in other
conditions has encouraged clinicians to use stem cells, to intensify healing close to
normal of the injured meniscus and ligaments.

Pre-clinical Studies

Initially, animal studieswere carried out formeniscus injuries in rats and rabbits using
stem cell derived from synovial membrane proved to be detrimental in healing of
the iatrogenic meniscus defects created (Hatsushika et al., 2013; Horie et al., 2009).
Ruiz-Ibán et al. (2011) studied the effect of adipose derived MSCs on avascular area
of the meniscus and concluded that adipose derived MSCs healed the smaller and
larger lesionswhichwere created. In another comparative study, iatrogenic tearswere
createdmicrominipigs in themedial meniscus of both knees and sutured. In one knee,
MSCs were injected and the other was kept as a control. The healing was evaluated
for 3 months, and the results showed that the MSC’s group had a significantly better
healing in all the parameters examined in the injected group (Nakagawa et al., 2005)
Hatsushika and his colleagues (2014) reported that in their study, they treated large
defects in the porcine model, but the meniscus healed under the influence of multiple
injections of the MSCs, but could not ascertained how many injections was needed.
Ferris et al. (2014) studied horses with autologous bone marrow derived MSCs by
intrarticular injection and assessed arthroscopically and reported that the recovery of
the meniscus healing appeared in 75% of the animals. Kanaya et al. (2007) studied
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partial torn anterior cruciate ligament (ACL) injuries in Sprague-Dawley rats with
intra-articular injection of bone marrow derived MSCs and found better healing of
the ACL as compated to the control groups of rats. Similar outcomes were reported
by Oe et al. (2011) used MSCs and found very similar results of excellent healing of
the ACL repair under the cellular therapy. At 4 weeks, the assessment of stress tests
and histological studies indicated normal findings as compared to the control group
of animals.

Clinical Studies

Various clinical studies have shown that cellular therapy in the treatment of meniscus
injuries shows promising results. Centeno and colleagues (2008) were the first report,
where autologous mesenchymal stem cells was used to heal a torn meniscus. The
result was astounding reduction of the pain, increased joint range of movements, and
with healing of the meniscus. Al-Sayed et al. (2018) 16 patients with the mean of
34.8± 5.1 years with complete tears. The study reported that there was total reversal
of pain, range of movement, and healing of the meniscus under the influence of
chondrocytes.

Vangsness et al. (2014) performed a randomized study to study the effects ofMSC
injections into the knee after the medial meniscus was removed. A MRI done after a
year showed significantly increase in the volume of the meniscus as compare to the
control group. Recently couple of studies is smaller groups of patients confirmed the
use ofMSCs, and chondrocytes are effective in the treatment ofmeniscus repair. Onoi
et al. (2019) arthroscopically looked pre- and post-injection of stem cells reported
after six months showed improved meniscus status of repair. Sekiya et al. (2019)
went one step further in confirmation of the efficacy of the stem cells in healing of
the meniscus. Patients were followed up for 2 years clinically and a 3DMRI showed
complete healing of the torn meniscus.

Conclusion

Reports in the English language literature of the pre-clinical studies demonstrated
robustly the efficacy of the cellular therapy in the healing of meniscus and ACL. The
same results were replicated in the clinical studies. Since there are different types
of cells available, it is difficult to decide what to use and how much cells are to be
given and how many times. One fact is proved that the autologous cellular therapy
is safe and effective. More randomized control trials are needed, and based on the
results of such studies, the repair of meniscus using cellular therapy can be labeled
as standard of care.
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Stem Cell Therapy in Management of Osteoporosis

Introduction

Osteoporosis is an ageing disease which is common all over the world and is a serious
health issue as 200 million people suffer worldwide (Vijayakumar & Büsselberg,
2016). The end result of osteoporosis is fragility fractures, which increase morbidity
and mortality. As of 2005, it was reported there were >2 million fractures, costing
$18 billion, and it is estimated that by 2025, annual fractures and costs will increase
to $30 billion (Burge et al., 2007). Osteoporosis causes fractures with a mortality
of 15–30%, which is quite similar to many chronic diseases (Cooper et al., 2011).
The pharmacological therapy is based on either anti-resorptives or anabolic agents
(Fukumoto &Matsumoto, 2017). There are only 4–5 drugs which physicians have to
control the disease and prevent fractures. The most common adverse events, partic-
ularly for oral bisphosphonates, upper esophageal causing irritation and bleeding,
atrial fibrillation and renal failure, and excretion of the drug happens through the
kidney patients with kidney disease cannot be used. Atypical femur fractures and
bisphosphonate-related osteonecrosis of the jaw are serious complications of bispho-
sphonate use (Garg & Kharb, 2013; Pazianas & Abrahamsen, 2016). The anabolic
agent has its own complications of cost, restricted use, and duration of use. There
is need of an agent which should be inexpensive, efficacious, and free from routine
complications. Millions of patients will benefit from the stem cell applications and
osteoporosis is one of them, and research should be more focused on diseases like
osteoporosis.

Pre-clinical Studies

Osteoporosis is one of the ten targeted diseases to be studied using stem cell therapy,
but studies were slow to start on this chronic disease (Perry, 2000).Wang et al. (2006)
initially showed in osteoporotic rabbits that injections of bonemarrow derivedMSCs
can increase bone formation in the study group in comparison to the control group of
animals.Ocarinao and his group (Wang et al., 2006) studied the effect of bonemarrow
derived MSCs (BMMSCs) in bilaterally ovariectomy induced Wistar rats. They
injected 0.75 million cells in the femur and histology and histophotometric analysis
revealed improved bone strength. They concluded that osteoporosis could be treated
BMMSCs. Using adipose derived stromal cell therapy in rats proved that the injec-
tions prevents bone loss in ovariectomized mice (Ocarino et al., 2010). Kiernan et al.
(Cho et al., 2012) reported that their study showed that transplantedMSCs led to better
bone formation mice with low bone mass after a single injection of MSCs. Sadat-
Ali et al. (2018) used autologous bone marrow derived osteoblasts in ovarectemized
rats who had developed osteoporosis. Rats were injected osteoblasts in the tail veins
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and were euthanized at 8 weeks, and bone morphology was examined using high-
resolution peripheral quantitative computerized tomography (HRpQCT). Results
indicated that there are large quantity of the newbone in the study groups as compared
to the control group of animals. Another study with direction of future research in
osteoporosis compared three different cellsMSCs, osteoblasts, and exosomes derived
from osteoblasts in ovariectomy induced osteoporosis in rats. Results suggested that
under the influence of osteoblasts, bone formation was significantly more than the
other groups (Sadat-Ali et al., 2019).

Clinical Studies

Even though there is robust data available on animal studies, only two clinical
trials have been instituted. The first study involving 8 patients used allogeneic
mesenchymal cell from umbilical cord and assessment was made by visual analog
scale, improvement in the range ofmotion, results of bonemass density, and improve-
ment in patients quality of life (ClinicalTrials.gov Identifier: NCT01532076). The
second ongoing trial is using autologous bone marrow derived MSCs in the range of
2–5 million cells/kg (ClinicalTrials.gov Identifier: NCT02566655).

Stem Cell Therapy in Spinal Cord Injury

Introduction

Spinal cord injury (SCI) is a major cause of paralysis in young, and the majority is
due to motor vehicular accidents. Over two hundred and fifty thousand US citizens
are suffering with spinal cord injury. Half of those injured become paraplegic and
>40% quadriplegic. Over 80% of the injured are males, and 56% of injuries occur
between the ages of 16 and 30 years (The University of Alabama National Spinal
Cord Injury Statistical Center, 2002). The total direct costs for spinal cord injury are
a staggering direct costs for all causes of SCI in the USA are $7.736 billion, solely
for direct costs related to the injury (DeVivo, 1997). The estimated traumatic SCI
occurs worldwide is annual incidence of 15–40 cases per million (Toma et al., 2005).
Many preventive measures have been taken to reduce the SCI, but the incidence is
increasing. To make matters difficult at present, we do not have effective therapies
to reverse this disabling condition. Efforts to reverse this disabling injury have been
tried with little or no success. There is plethora of studies which are ongoing in both
the pre-clinical and clinical aspects and soon something positive is bound to happen.
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Pre-clinical Studies

It was Koshizuka and colleagues (2004) first initiated the study on stem cells in
spinal cord injured mice. They transplanted hematopoietic stem cell after a week
of the injured cord. The assessment included the recovery of hind limb function,
which showed a good recovery from 3 weeks of the cellular therapy. Histologically
it showed that the injected HSCs from bone marrow differentiated into glial cells and
neural precursors in the injured spinal cord. The mice were able to walk with partial
weight on their hind legs, and in the control, mice could not walk nor could weight
bear on the hind limbs. No weight bearing on their hind limbs. They concluded
that the HSCs had the potential to help in the recovery of the injured spinal cord.
Iwanami et al. (2005) studied primates with iatrogenic spinal cord injured and used
the neural cells. After 2 months of transplantation, histologic analysis revealed that
the grafted humanNSPCs survived and differentiated into all the neural cells. Syková
et al. (2006) injected mesenchymal stem cells (MSCs) in the treatment of spinal cord
compression lesion in rats. The functional improvement was seen in MSC-treated
rats. The conclusion of the study was that treatment with MSCs can improve had
the behavioral outcome and histopathological assessment in rats. Following decade
showed many such studies and very similar results showing the efficacy of the stem
cells in the recovery of the injured spinal cord in animals (Hur et al., 2016; Kim
et al., 2016; Morita et al., 2016; Watanabe et al., 2015; Yousefifard et al., 2016; Zhou
et al., 2016). In another meta-analysis of 5628 animals with different experimental
protocols indicate that with the use of allogeneic stem cells, the improvement after
spinal cold injury is 25% (Antonic et al., 2013). Sadat-Ali et al. (2020) compared
autologous bonemarrow derived neurocytes versus rESC. The animalswere assessed
using Basso, Beattie, Brenham scoring, electromyographic studies, and histopatho-
logical analysis. The results indicated significant improvement in rats receiving rESC
and autologous bone marrow derived neurocytes as compared to the control group.
Comparison between autologous bone marrow derived neurocytes and rESC groups,
the recovery in autologous bone marrow derived neurocytes was much better than
rESC.

Clinical Studies

Based on the robust animal studies, Jeon et al. (2010) performed a clinical trial
to test the efficacy of autologous MSCs therapy for spinal cord injury in humans.
They assessed the recovery using electromyography, evoked potential, and magnetic
resonance imaging (MRI). In 60% of the patients, there was improvement of the
motor power and sensory changes. In the last 10 years, over 200 patients with acute
and chronic spinal cord injured. Most of the patients received autologous MSCs, but
the route of administration was from intra-thecal, epidural space, intra-lesional, and
intravenous. Secondly, the quantity of the cells is ranged from 8 to 10 million MSCs.
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Majority of patients improved in the functions in varying percentages, and there was
no adverse reaction reported in these patients due to treatment. At present, over 10
clinical trials are ongoing in various countries in Phase I/II and III.

Conclusion

Stem cell therapy is an important modality which needs expeditious research to
formulate a treatment protocol to treat spinal cord injured patients who remain para-
lyzed with low quality of life. The pre-clinical trials have shown great promise,
but this could not yet be translated in the clinical trials. Clinical trials have shown
moderate recovery and partial improvements in the life style of patients. Clinicians
and researchers need to come together with clear strategy and conduct clinical trials
without bias to achieve expectations of the patients. Clinical trials in healing of the
injured spinal cord need to be more organized with clear cut protocols in type of
cells, dosage of number of cells, route of administration, and how soon after the
injury cellular therapy should be instituted.
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Chapter 9
Stem Cells in Regenerative Medicine:
Clinical Trials

Firdos Alam Khan, Razan Aldahhan, and Noor Alrushaid

Abstract Stem cells have been extensively used in tissue repair and cell tissue engi-
neering in preclinical and clinical conditions. One of the stem cells’ characteristics is
to provide an ample number of cells for transplantation purposes. Although embry-
onic stem cells (ESCs) are considered a potential source of stem cells, due to ethical
concerns, there is not much progress in using ESCs in clinical conditions. The appli-
cation of adult mesenchymal stem cells (MSCs) derived from bone marrow, and the
umbilical cord is extensively used to treat many degenerative diseases. Many clin-
ical trials have been successfully done in the last few years. Moreover, many clinical
trials with different phases are under progress where adult MSCs are transplanted
in patients with different degenerative diseases. More than 5000 registered clinical
trials are in progress as per the ClinicalTrials.gov where stem cells have been applied
in disease conditions.

Keywords Stem cells therapy · Regenerative medicine · Cell therapy · Clinical
trials

Introduction

Stem cell therapy, also known as regenerativemedicine, promotes the repair response
of diseased, dysfunctional, or injured tissue using stem cells or their derivatives. One
of the main requirements for cell-based therapy is to test the cells in different phases
in humans, called clinical trials. There are four different clinical trial phases, such as
Phase-1, Phase-2, Phase-3, and Phase-4 trials, respectively. These clinical trials are
performed in healthy persons and patients, which aim to evaluate potential benefits.
Such trials’ primary objectives are to find out if the cell-based therapy is safe (healthy
person) and therapeutically effective (patients). Often, clinical trials are used to learn
if a new cell-based therapy is more effective or has less harmful side effects. In the
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year 2014, cell-based therapies clinical trials were either sponsored by academic
institutions roughly constitute 70% of total clinical trials, and 30% of clinical trials
were sponsored by private companies (Bersenev, 2015). It has been observed that a
combination of public and private funding was strongly encouraged in the clinical
trials conducted by the Californian Institute for Regenerative Medicine, California,
USA (Trounson et al., 2010). The investments for stem cell clinical trials have been
heavily based on the successful and positive clinical trial results. The primary concern
of any investments toward stem cell-based clinical trials is to get clear information
about the trial’s outcome. Over the past few years, attempts have been made to better
evaluate and monitor the stem cell-based trials at different intervals. It has often been
observed that investors have retracted the funding due to non-getting satisfactory
trial results. The outcome of clinical trials must be shared with investors with the
technical team to decide whether to continue the trials.

There have been reports on clinical trials (Ratcliffe et al., 2013; Trounson et al.,
2011), where different stem cells have been used in the clinical trials. Most of
the publicly available data on stem cell-based therapy trials either available at the
National Institute of Health, USA, and European databases. The outcome of stem
cell-based clinical trials has also been published in peer-reviewed journals, and they
are available at the National Center for Biotechnology Information, USA. However,
some clinical trial data are not available in the public domain. As stem cell-based
therapy is a new therapy, it is essential to have the outcome of all clinical trials to
be able to develop effective cell-based therapy. Among different stem cells, limbal
stem cells and neural stem cells showed significant promising results in regenera-
tive repair. The application of pluripotent stem cells and mesenchymal stem cells
(MSCs) is the most widely used cell types for clinical trials. There is also interest
in placental-derived stem cells in regenerative medicine. The application of stem
cell-based therapy is mostly used in eye-related degenerative diseases. One of the
reasons is that small numbers of cells required in the eye regeneration, and tissue is
easily accessible for surgery.

Concerning the type of stem cell transplantation, autologous stem cell transplanta-
tion ismostwidely used as there aremanybenefits of using autologous transplantation
such as easily accepted by the body, no immuno rejection issue, and cell survivability
and functionality are better. In the case of allogeneic cell transplantation, few clinical
trials are conducted, but due to high immuno rejection and low cell acceptability,
allogeneic cell transplantation is less favored than autologous cell transplantation.
Different types of stem cells, such as pluripotent stem cells and induced pluripotent
stem cells, are extensively used in clinical trials (Cyranoski, 2014; Kushner et al.,
2014; Schwartz et al., 2012, 2015).
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Clinical Trials of Bone and Muscle Diseases Using Stem Cell
Therapy

Stem cells have been tested as the treatment for various bone and muscle-related
diseases. Many clinical trials are currently in progress or have been completed where
stem cells have been used in bone and muscle disease. The summary of clinical trials
is listed in the tables.

Bone Disease and Regenerative Medicine

Forty clinical trials are being performed using different types of stem cells to
treat bone diseases as per the USA clinical trials portals (https://www.clinicaltrials.
gov/) and (https://stemcellsportal.com/stem-cells-translational-medicine-clinical-tri
als-portal). The list of trial which has been conducted during the year 2009–2020 is
listed in Table 9.1.

Clinical Trials in Joint Diseases and Stem Cell Therapy

As per the clinical trial record, more than 110 clinical trials are being performed
using different types of stem cells to treat joint diseases as per the USA clinical
trials portals (https://www.clinicaltrials.gov/) and (https://stemcellsportal.com/stem-
cells-translational-medicine-clinical-trials-portal). The list of trial which has been
conducted during the year 2019–2020 is listed in Table 9.2.

Musculoskeletal Disease and Stem Cell Therapy

One hundred sixty clinical trials are being conducted using different stem cells to
treat musculoskeletal diseases as per the USA clinical trials portals (https://www.cli
nicaltrials.gov/) and (https://stemcellsportal.com/stem-cells-translational-medicine-
clinical-trials-portal). The list of trial which has been conducted during the year 2020
is listed in Table 9.3.

https://www.clinicaltrials.gov/
https://stemcellsportal.com/stem-cells-translational-medicine-clinical-trials-portal
https://www.clinicaltrials.gov/
https://stemcellsportal.com/stem-cells-translational-medicine-clinical-trials-portal
https://www.clinicaltrials.gov/
https://stemcellsportal.com/stem-cells-translational-medicine-clinical-trials-portal


218 F. A. Khan et al.

Table 9.1 Bone disease and stem cell therapy

Title of trial Disease Type of stem cells Year

Evaluation of clinical and
bone density improvement
after implantation of
allogeneic mesenchymal
stem cell from umbilical cord
on osteoporosis patients

Osteoporosis Mesenchymal stem cell 2020

Effectiveness and safety of
mesenchymal stem cell
(MSc) implantation on
degenerative disc disease
patients

Degenerative disc
disease, low back pain;
disc degeneration

Mesenchymal stem cell +
NaCl 0.9% 2 ml

2020

Effectivity of mesenchymal
stem cell on vertebral bone
defect due to mycobacterium
tuberculosis infection

Spinal tuberculosis Combination product:
mesenchymal stem cell +
NaCl 0.9%

2020

Human umbilical cord
mesenchymal stem cells for
the treatment of lumbar disc
degeneration disease

Lumbar disc
degeneration; lumbar
disc herniation

Human umbilical cord
mesenchymal stem cells

2020

Efficacy in alveolar bone
regeneration with autologous
MSCs and biomaterial in
comparison to autologous
bone grafting

Alveolar bone atrophy
interventions:

Advanced medicinal therapy
(MSCs combined with
biomaterial); procedure:
autologous bone graft

2020

The study of early stage
osteonecrosis of femoral
head with human umbilical
cord mesenchymal stem cells

Osteonecrosis of
femoral head

Drug: Allogeneic umbilical
cord mesenchymal stem cells

2017

Repairing the defect of
intervertebral disc with
autologous BMSC and
gelatin sponge after
microendoscopic discectomy
for lumbar disc herniation

Lumbar disc herniation Autologous bone marrow stem
cell (BMSC)/gelatin sponge

2016

Interbody spacers with
map3® cellular allogeneic
bone graft in anterior or
lateral lumbar interbody
fusion

Spondylosis,
degenerative disc
disease

Cellular allogeneic bone graft 2015

Role of mesenchymal stem
cells in fat grafting

Romberg’s disease,
craniofacial
microsomia;
lipodystrophy; mixed
connective tissue
disease

Fat graft enriched with ex vivo
expanded stem cells,
procedure: Fat graft not
enriched with ex vivo
expanded stem cells

2015

(continued)
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Table 9.1 (continued)

Title of trial Disease Type of stem cells Year

Clinical trial of intravenous
infusion of fucosylated bone
marrow mesenchymal cells
in patients with osteoporosis

Osteoporosis, spinal
fractures

Fucosylated MSC for
osteoporosis

2015

Clinical trial of use of
autologous bone marrow
stem cells seeded on porous
tricalcium phosphate matrix
and demineralized bone
matrix in patients with
osteonecrosis

Osteonecrosis MSC construct for
osteonecrosis

2015

Autologous adipose-derived
stem cell therapy for
intervertebral disc
degeneration

Low back pain
intervention

Autologous adipose-derived
mesenchymal stem cell

2015

Phase 2a study on allogeneic
osteoblastic cells
implantation in lumbar spinal
fusion

Degenerative disc
disease intervention

ALLOB® cells with ceramic
scaffold

2014

Mesenchymal stem cell
based therapy for the
treatment of osteogenesis
imperfecta

Osteogenesis
imperfecta intervention

Mesenchymal stem cells 2014

Adipose cells for
degenerative disc disease

Degenerative disc
disease

Adipose stem cells 2014

Evaluation of mesenchymal
stem cells to treat avascular
necrosis of the hip

Avascular necrosis of
the femoral head

Cultured autologous
mesenchymal cells

2014

Autologous stem cells in
achilles tendinopathy

Achilles tendinitis,
degeneration

Biological: autologous
mesenchymal stem cells

2014

Phase II clinical trial
prospective, open,
nonrandomized treatment of
osteonecrosis of the femoral
head by the administration of
autologous mesenchymal
stem cells

Osteonecrosis of the
femoral head

Bone marrow aspirate 2012

Autologous adipose
tissue-derived mesenchymal
stem cells transplantation in
patient with lumbar
intervertebral disc
degeneration

Lumbar intervertebral
disc degeneration

Autologous adipose
tissue-derived MSCs
transplantation

2012

(continued)
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Table 9.1 (continued)

Title of trial Disease Type of stem cells Year

Mesenchymal stem cells in
osteonecrosis of the femoral
head

Avascular necrosis of
femur head

XCEL-MT-OSTEO-ALPHA 2012

Safety study of mesenchymal
stem cells and spinal fusion

Lumbar
spondylolisthesis
involving L4-L5,
degenerative
discopathy involving
L4-L5

XCEL-MT-OSTEO-ALPHA 2012

Safety and efficacy study of
umbilical
cord/placenta-derived
mesenchymal stem cells to
treat ankylosing spondylitis
(AS)

Ankylosing spondylitis Human umbilical cord-derived
MSCs

2011

The use of autologous bone
marrow mesenchymal stem
cells in the treatment of
articular cartilage defects

Degenerative arthritis;
chondral defects;
osteochondral defects

Bone marrow mesenchymal
stem cell implantation

2009

Neuromuscular Disease and Stem Cell Therapy

There are 40 clinical trials being conducted using different types of stem cells to
treat neuromuscular diseases as per the USA clinical trials portals (https://www.cli
nicaltrials.gov/) and (https://stemcellsportal.com/stem-cells-translational-medicine-
clinical-trials-portal). The trial list conducted during the year 2017–2020 is listed in
Table 9.4.

Clinical Trials of Brain Diseases and Stem Cell Therapy

Stem cells have been tested as the treatment for various brain-related diseases and
injuries. Many clinical trials are currently in progress or have been completed where
stem cells have been used in bone and muscle disease as per the USA clinical trials
portals.

https://www.clinicaltrials.gov/
https://stemcellsportal.com/stem-cells-translational-medicine-clinical-trials-portal
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Table 9.2 List of clinical trials in joint diseases

Title of trial Disease Type of stem cells Year

Phase 2B clinical study of
chondrogen for treatment of
knee osteoarthritis

Osteoarthritis, knee Chondrogen 2020

Autologous adipose
tissue-derived mesenchymal
stem cells (AdMSCs) for
osteoarthritis

Osteoarthritis, knee;
osteoarthritis, osteoarthritis
shoulder

Biological:
Celltex-AdMSCs

2020

Allogeneic BM-MSCs in
patients with lumbar facet
arthropathy

Facet-mediated low back
pain

Single bilateral
intra-articular injection of
allogeneic BM-MSCs for
lumbar facet joint
arthropathy

2020

Bone marrow versus adipose
autologous mesenchymal
stem cells for the treatment
of knee osteoarthritis

Osteoarthritis knee Biological: bone marrow
mesenchymal stem cells;
biological: adipose
Mesenchymal stem cells;
biological: bone marrow
and adipose mesenchymal
stem cells injection

2020

Comparative effectiveness of
arthroscopy and
non-arthroscopy using
mesenchymal stem cell
therapy (MSCs) and
conditioned medium for
osteoarthritis

Osteoarthritis, knee Mesenchymal stem cells
with arthroscopy;
biological: mesenchymal
stem cells without
arthroscopy

2020

Study on shoulder arthritis
treatment with intra-articular
injections of autologous
bone marrow aspirate

Shoulder arthritis Marrow cellution system 2020

Clinical study of
intra-articular injection of
catholic MASTER cell (bone
marrow-derived
mesenchymal stem cell) in
knee osteoarthritis

Osteoarthritis, knee Bone marrow-derived
mesenchymal stem cell

2020

Adipose-derived biocellular
regenerative therapy for
osteoarthritis

Osteoarthritis; osteoarthritis
knee; osteoarthritis
shoulders; osteoarthritis of
multiple joints;
osteoarthritis, hip;
osteoarthritis—ankle/foot

Tissue stromal vascular
fraction

2020

(continued)
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Table 9.2 (continued)

Title of trial Disease Type of stem cells Year

Treatment of osteoarthritic
knee with high tibial
osteotomy and implantation
of allogeneic human
umbilical cord blood-derived
stem cells

Osteoarthritis, knee Umbilical cord blood stem
cell implantation for
osteoarthritis treatment

2020

Treatment of knee
osteoarthritis with
autologous adipose-derived
mesenchymal stem cells

Knee osteoarthritis Autologous
adipose-derived
mesenchymal stem cells

2019

Clinical study of pulp
mesenchymal stem cells in
the treatment of primary
mild to moderate knee
osteoarthritis

Knee osteoarthritis Mesenchymal stem cell 2019

The evaluation of safety and
effectiveness of
intra-articular administration
of autologous stromal
vascular fraction of adipose
tissue cells for treatment of
knee joint arthritis

Knee osteoarthritis
intervention

Stromal vascular fraction 2019

Mesenchymal stem cell
transplantation for
osteoarthritis

Knee osteoarthritis Autologous BMSCs plus
autologous PRP

2019

Treatment of early knee
osteoarthritis with
autologous adipose-derived
mesenchymal stem cells

Knee osteoarthritis Autologous
adipose-derived
mesenchymal stem cells

2019

Effectiveness of autologous
adipose-derived stem cells in
the treatment of knee
cartilage injury

Knee osteoarthritis; cartilage
degeneration

Autologous
adipose-derived
mesenchymal stem cell

2019

Multicenter trial of stem Cell
Therapy for osteoarthritis
(MILES)

Osteoarthritis Autologous bone marrow
concentrate biological:
adipose-derived stromal
vascular fraction (SVF);
biological: umbilical cord
tissue (UCT)

2019

Implantation of allogeneic
mesenchymal stem cell from
umbilical cord blood for
osteoarthritis management

Osteoarthritis, knee Umbilical cord
mesenchymal stem cell;
biological: recombinant
human somatropin

2019
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Table 9.3 List of clinical trials in musculoskeletal disease

Title of trial Disease Type of stem cells Year

Evaluation of clinical and
bone density improvement
after implantation of
allogeneic mesenchymal
stem cell from umbilical
cord on osteoporosis
patients

Osteoporosis Mesenchymal stem cell 2020

Human umbilical cord
mesenchymal stem cells for
the treatment of lumbar
disc degeneration disease

Lumbar disc degeneration;
lumbar disc herniation

Human umbilical cord
mesenchymal stem cells

2020

Allogeneic BM-MSCs in
patients with lumbar facet
arthropathy

Facet-mediated low back
pain

Single bilateral
intra-articular injection of
allogeneic BM-MSCs for
lumbar facet joint
arthropathy

2020

Bone marrow versus
adipose autologous
mesenchymal stem cells for
the treatment of knee
osteoarthritis

Condition: osteoarthritis
knee injection

Bone marrow mesenchymal
stem cells; biological:
adipose mesenchymal stem
cells; biological: bone
marrow and adipose
mesenchymal stem cells
injection

2020

Comparative effectiveness
of arthroscopy and
non-arthroscopy using
mesenchymal stem cell
therapy (MSCs) and
conditioned medium for
osteoarthritis

Osteoarthritis, knee Mesenchymal stem cells 2020

Efficacy in alveolar bone
regeneration with
autologous MSCs and
biomaterial in comparison
to autologous bone grafting

Alveolar bone atrophy Advanced medicinal therapy
(MSC combined with
biomaterial); Autologous
bone graft

2020

Treatment of osteoarthritic
knee with high tibial
osteotomy and
implantation of allogeneic
human umbilical cord
blood-derived stem cells

Osteoarthritis, knee Umbilical cord blood stem
cell implantation for
osteoarthritis treatment

2020
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Table 9.4 List of clinical trials in neuromuscular diseases

Title of trial Disease Type of stem cells Year

Evaluation of clinical and
bone density improvement
after implantation of
allogeneic mesenchymal
stem cell from umbilical
cord on osteoporosis patients

Osteoporosis Mesenchymal stem cell 2020

BMAC nerve allograft study Peripheral nerve injury
upper limb

Nerve graft with autologous
BMAC

2019

In vivo analysis of muscle
stem cells in chronic and
acute lower limb ischemia
(MyostemIschemia)

Conditions: artery disease;
muscle disorder

Gastrocnemius muscle
biopsy

2019

A study to evaluate
transplantation of astrocytes
derived from human
embryonic stem cells, in
patients with amyotrophic
lateral sclerosis (ALS)

Condition: ALS
(amyotrophic lateral
sclerosis)

Astrocytes derived from
human embryonic stem cells

2018

Intrathecal autologous
adipose-derived
mesenchymal stromal cells
for amyotrophic lateral
sclerosis (ALS)

ALS; amyotrophic lateral
sclerosis

Autologous adipose-derived
mesenchymal stromal cells

2017

Safety/efficacy study of 2nd
cycle treatment after 6
months of 1st cycle
HLA-haplo matched
allogeneic bone
marrow-derived stem cell
treatment in ALS

Amyotrophic lateral
sclerosis

Bone marrow-derived stem
cell

2017

Safety assessment of
intravitreal mesenchymal
stem cells for acute
non-arteritic anterior
ischemic optic neuropathy

Non-arteritic ischemic
optic neuropathy

Intravitreal mesenchymal
stem cells

2017

Bone marrow-derived
autologous stem cells for the
treatment of Duchenne
muscular dystrophy

Duchenne muscular
dystrophy

Bone marrow-derived
autologous stem cells

2017

Adipose stem/stromal cells
in RSD, CRPS, fibromyalgia

RSD (reflex sympathetic
dystrophy);
CRPS—complex regional
pain syndrome type I;
fibromyalgia

Adipose stem/stromal cells 2017
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List of Clinical Trials in Brain Injuries

Forty-six clinical trials are being conducted using different types of stem cells to
treat brain injuries as per the USA clinical trials portals (https://www.clinicaltrials.
gov/) and (https://stemcellsportal.com/stem-cells-translational-medicine-clinical-tri
als-portal). The trial list conducted during the year 2017–2020 is listed in Table 9.5.

List of Clinical Trials in Brain Diseases

One hundred ten clinical trials are being conducted using different types of stem cells
to treat brain diseases as per theUSAclinical trials portals (https://www.clinicaltrials.
gov/) and (https://stemcellsportal.com/stem-cells-translational-medicine-clinical-tri

Table 9.5 List of clinical trials in brain injuries

Title of trial Disease Type of stem cells Year

Study of the therapeutic
effects of cortical autograft
implantation in patients with
cerebral ischemia

Condition: ischemic
stroke

Autologous transplant 2020

Stem cell and conditioned
medium for cerebral palsy

Condition: cerebral palsy Umbilical cord
mesenchymal stem cells

2020

Clinical effect and safety of
autologous umbilical cord
blood transfusion in the
treatment of cerebral palsy

Cerebral palsy Autologous umbilical cord
blood transfusion

2019

Alzheimer’s autism and
cognitive impairment stem
cell treatment study

Alzheimer’s autism and
cognitive impairment

Intravenous bone marrow
stem cell (BMSC) fraction

2018

The treatment of premature
infants with brain injury by
autologous umbilical cord
blood stem cells

Premature infants with
brain injury

Autologous umbilical cord
blood stem cells

2018

Transplantation of umbilical
cord-derived mesenchymal
stem cells via different routes

Cerebral palsy Umbilical cord-derived
mesenchymal stem cells

2018

Allogeneic mesenchymal
stem cell-derived exosome in
patients with acute ischemic
stroke

Acute ischemic stroke Allogeneic mesenchymal
stem cell-derived exosome

2018

Mechanism of allogeneic
UCB therapy in cerebral
palsy

Cerebral palsy Allogeneic cord blood
transplantation

2017

https://www.clinicaltrials.gov/
https://stemcellsportal.com/stem-cells-translational-medicine-clinical-trials-portal
https://www.clinicaltrials.gov/
https://stemcellsportal.com/stem-cells-translational-medicine-clinical-trials-portal
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Table 9.6 List of clinical trials in brain diseases

Title of trial Disease Type of stem cells Year

Evaluate the safety and
explore efficacy of umbilical
cord mesenchymal stem
cells in acute ischemic stroke

Acute ischemic stroke Umbilical cord
mesenchymal stem cells

2020

Stereotactic transplantation
of hAESCs for Parkinson’s
disease

Parkinson’s disease Human amniotic epithelial
stem cells

2020

The safety and the efficacy
evaluation of allogeneic
adipose MSC-Exos in
patients with Alzheimer’s
disease

Alzheimer’s disease Allogeneic adipose
MSC-exosomes

2020

Stem cell and conditioned
medium for cerebral palsy

Cerebral palsy Umbilical cord
mesenchymal stem cells

2020

Allogeneic adipose
tissue-derived mesenchymal
stem cells in ischemic stroke

Ischemic stroke Allogeneic adipose
tissue-derived stem cells

2020

Mesenchymal stem cells for
the treatment of acute
ischemic stroke

Acute ischemic stroke Mesenchymal stem cells 2019

Effect of different
transplantation time for
mesenchymal stem
cells(MSCs) of cerebral
infarction patients

Cerebral infarction,
ischemic; acute stroke

Effect of different
transplantation time for
mesenchymal stem cells
(MSCs) o

2019

An open-labeled phase ii
study to evaluate the efficacy
and safety of GXNPC-1
(Autologous adipose-derived
stem cells) in patients with
chronic stroke

Chronic stroke Autologous
adipose-derived stem cells

2019

Alzheimer’s disease stem
cells multiple infusions

Alzheimer’s disease Stem cells multiple
infusions; 100 million cells
allogeneic hMSC

2019

Effects of growth hormone
and IGF-1 on anabolic
signals and stem cell
recruitment in human
skeletal muscle

Growth hormone
deficiency

Effects of Growth
Hormone and IGF-1 +
Stem Cell recruitment

2019

A study on the treatment of
Parkinson’s disease with
autologous neural stem cells

Parkinson disease Autologous neural stem
cells

2019

(continued)
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Table 9.6 (continued)

Title of trial Disease Type of stem cells Year

Clinical effect and safety of
autologous umbilical cord
blood transfusion in the
treatment of cerebral palsy

Cerebral palsy Autologous umbilical cord
blood transfusion

2019

Alzheimer’s autism and
cognitive impairment stem
cell treatment study

Alzheimer’s autism and
cognitive impairment

Intranasal topical bone
marrow stem cell

2018

The treatment of premature
infants with brain injury by
autologous umbilical cord
blood stem cells

Infants with brain injury Autologous umbilical cord
blood stem cells

2018

Use of mesenchymal stem
cells in Parkinson disease
(PD)

Parkinson disease (PD) Mesenchymal stem
cells—umbilical
cord-derived MSCs

2018

Investigation of neural stem
cells in ischemic stroke

Ischemic stroke, chronic
stroke

Neural stem cells 2018

Regenerative stem cell
therapy for stroke in Europe
1 ()

Stroke Stem cell
therapy—adipose-derived
stem cell

2018

Umbilical cord-derived
mesenchymal stem cells
therapy in Parkinson’s
disease

Parkinson’s disease Umbilical cord-derived
mesenchymal stem cells
therapy

2018

MultiStem® administration
for stroke treatment and
enhanced recovery study

Ischemic stroke MultiStem® 2018

Study of UCB and MSCs in
children with CP:
ACCeNT-CP

Children with cerebral
palsy

Allogeneic umbilical cord
blood

2018

Transplantation of umbilical
cord-derived mesenchymal
stem cells via different routes

Cerebral palsy Transplantation of
umbilical cord-derived
mesenchymal stem cells

2018

Allogeneic mesenchymal
stem cell-derived exosome in
patients with acute ischemic
stroke

Acute ischemic stroke
Condition: cerebrovascular
disorders

Allogeneic mesenchymal
stem cell-derived exosome

2017

Umbilical cord
mesenchymal stem cells
therapy for patients with
spinocerebellar ataxia

Patients with
spinocerebellar ataxia

Umbilical cord
mesenchymal stem cells
therapy

2017

Mesenchymal stem cells
therapy in patients with
recent intracerebral
hemorrhage

Hemorrhagic stroke;
intracerebral hemorrhage

Mesenchymal stem cells
therapy

2017

(continued)
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Table 9.6 (continued)

Title of trial Disease Type of stem cells Year

Transplantation of neural
stem cell-derived neurons
for Parkinson’s disease

Parkinson’s disease Transplantation of neural
stem cell-derived
neurons—intracerebral
microinjections

2017

The safety and efficacy of
human umbilical cord
mesenchymal stem cells in
the treatment of acute
cerebral infarction

Cerebral infarction Human umbilical cord
mesenchymal stem cells

2017

Follow-up study of safety
and efficacy in subjects who
completed NEUROSTEM®
Phase-I/IIa Clinical Trial
Condition: Alzheimer’s
disease

Alzheimer’s disease NEUROSTEM®
Phase-I/IIa clinical human
umbilical cord
blood-derived
mesenchymal stem cells

2017

Human umbilical cord
mesenchymal stem cell
therapy for cerebral
infarction patients in
convalescent period

Cerebral infarction Human umbilical cord
mesenchymal stem cell
therapy—allogeneic
umbilical cord
mesenchymal stem cell

2017

Safety and efficacy study of
human ESC-derived neural
precursor cells in the
treatment of Parkinson’s
disease

Parkinson’s disease Human ESC-derived
Neural precursor cells

2017

Stem cells in umbilical blood
infusion for cerebral palsy

Cerebral palsy Stem cells in umbilical
blood infusion

2017

A study to evaluate the
safety and efficacy of human
neural stem cells for
Parkinson’s disease patient

Parkinson disease Human neural stem cells 2017

als-portal). The list of trial which has been conducted during the year 2017–2020 is
listed in Table 9.6.

List of Clinical Trials in Spinal Cord Injuries

Fifty-two clinical trials are being conducted using different types of stem cells to
treat brain diseases as per the USA clinical trials portals (https://www.clinicaltrials.
gov/) and (https://stemcellsportal.com/stem-cells-translational-medicine-clinical-tri
als-portal). The trial list conducted during the year 2016–2020 is listed in Table 9.7.

https://stemcellsportal.com/stem-cells-translational-medicine-clinical-trials-portal
https://www.clinicaltrials.gov/
https://stemcellsportal.com/stem-cells-translational-medicine-clinical-trials-portal
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Table 9.7 List of clinical trials in spinal cord injuries

Title of trial Disease Type of stem cells Year

Autologous bone
marrow-derived
mononuclear cells for acute
spinal cord injury

Spinal cord injury Autologous bone
marrow-derived
mononuclear cells

2020

Autologous adipose-derived
mesenchymal stem cells for
spinal cord injury patients

Spinal cord injuries;
paralysis

Autologous adipose-derived
mesenchymal stem cells

2020

Treatment of spinal cord
injuries with
(AutoBM-MSCs) versus
(WJMSCs)

Spinal cord injuries Autologous bone
marrow-MSCs

2020

Safety stem cells in spinal
cord injury

Spinal cord injuries Safety stem cells 2019

Umbilical cord blood cell
transplant into injured spinal
cord with lithium carbonate
or placebo followed by
locomotor training

Spinal cord injuries Umbilical cord blood cell
transplant

2019

Clinical study of an
autologous stem cell product
in patients with a (Sub)acute
spinal cord injury

Spinal cord injuries Autologous stem cell 2019

Intrathecal transplantation of
UC-MSC in patients with
early stage of chronic spinal
cord injury

Spinal cord injuries Intrathecal transplantation
of umbilical cord-MSC

2018

Intrathecal transplantation of
UC-MSC in patients with
sub-acute spinal cord injury

Spinal cord injury Intrathecal transplantation
of umbilical cord-MSC

2018

Intrathecal transplantation of
UC-MSC in patients with
late stage of chronic spinal
cord injury

Spinal cord injuries Umbilical cord
mesenchymal stem cells

2018

Adipose stem cells for
traumatic spinal cord injury

Spinal cord injuries;
paralysis

Adipose stem cells 2018

Intrathecal administration of
expanded Wharton’s jelly
mesenchymal stem cells in
chronic traumatic spinal cord
injury

Spinal cord injury,
chronic

Wharton’s jelly
mesenchymal stem cells

2016

Transplantation of
autologous bone marrow or
leukapheresis-derived stem
cells for treatment of spinal
cord injury

Spinal cord injury Transplantation of
autologous bone
marrow-derived stem cells

2016

(continued)
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Table 9.7 (continued)

Title of trial Disease Type of stem cells Year

NeuroRegen Scaffold™
combined with stem cells for
chronic spinal cord injury
repair

Spinal cord injury NeuroRegen Scaffold™
combined with stem cells

2016

NeuroRegen Scaffold™
With bone marrow
mononuclear cells
transplantation versus
intradural decompression
and adhesiolysis in SCI

Spinal cord injury NeuroRegen Scaffold™
with bone marrow
mononuclear cells
transplantation

2016

List of Clinical Trials in Peripheral Nerves Diseases

Forty-six clinical trials are being conducted using different types of stem cells to
treat peripheral nerve diseases as per the USA clinical trials portals (https://www.cli
nicaltrials.gov/) and (https://stemcellsportal.com/stem-cells-translational-medicine-
clinical-trials-portal). The list of trials conducted during the year 2016–2020 is listed
in Table 9.8.

Table 9.8 List of clinical trials in peripheral nerve diseases

Title of trial Disease Type of stem cells Year

BMAC nerve allograft study
condition: peripheral nerve
injury upper limb

Peripheral nerve injury
upper limb

Bone marrow autologous
cell nerve allograft

2019

A study to evaluate
transplantation of astrocytes
derived from human
embryonic stem cells, in
patients with amyotrophic
lateral sclerosis (ALS)

ALS (amyotrophic lateral
sclerosis)

Transplantation of
astrocytes derived from
human embryonic stem
cells

2018

Intrathecal autologous
adipose-derived
mesenchymal stromal cells
for amyotrophic lateral
sclerosis (ALS)

Amyotrophic lateral
sclerosis

Intrathecal autologous
adipose-derived
mesenchymal stromal cells

2017

Safety/efficacy study of 2nd
cycle treatment after 6
months of 1st cycle
HLA-haplo matched
allogeneic bone
marrow-derived stem cell
treatment in ALS

Amyotrophic lateral
sclerosis

HLA-haplo matched
allogeneic bone
marrow-derived stem cell

2017

(continued)

https://www.clinicaltrials.gov/
https://stemcellsportal.com/stem-cells-translational-medicine-clinical-trials-portal
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Table 9.8 (continued)

Title of trial Disease Type of stem cells Year

Safety assessment of
intravitreal mesenchymal
stem cells for acute
non-arteritic anterior
ischemic optic neuropathy

Non-arteritic ischemic
optic neuropathy

Mesenchymal stem cells 2017

Bone marrow-derived
autologous stem cells for the
treatment of Duchenne
muscular dystrophy

Duchenne muscular
dystrophy

Bone marrow-derived
autologous stem cells

2017

Adipose stem/stromal cells in
fibromyalgia, reflex
sympathetic dystrophy,
complex regional pain
syndrome type i;
fibromyalgia

Reflex sympathetic
dystrophy);
CRPS—complex regional
pain syndrome type i;
fibromyalgia

Adipose stem/stromal cells 2016

Study of two intrathecal
doses of autologous
mesenchymal stem cells for
amyotrophic lateral sclerosis

Amyotrophic lateral
sclerosis

Autologous mesenchymal
stem cells

2016

Escalated application of
mesenchymal stem cells in
amyotrophic lateral sclerosis
patients

Motor neuron disease Mesenchymal stem cells 2016

Neurologic stem cell
treatment study

Neurologic disorders Intravenous bone marrow
stem cells; procedure:
intranasal bone marrow
stem cells

2016

Clinical Trials of Heart Diseases with Stem Cell Therapy

Stem cells are tested as the treatment for various heart-related diseases and injuries.
There are many clinical trials either currently in progress or have been completed
where stem cells have been used in heart diseases as per the USA clinical trials
portals.

List of Clinical Trials in Myocardial Infarction

Ninety-six clinical trials are being conducted using different stem cells in the treat-
ment of myocardial infarction as per the USA clinical trials portals (https://www.cli
nicaltrials.gov/) and (https://stemcellsportal.com/stem-cells-translational-medicine-
clinical-trials-portal). The list of trial which has been conducted during the year
2017–2020 are listed in Table 9.9.

https://www.clinicaltrials.gov/
https://stemcellsportal.com/stem-cells-translational-medicine-clinical-trials-portal
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Table 9.9 List of clinical trials in myocardial infarction

Title of trial Disease Type of stem cells Year

WJMSCs
anti-inflammatory therapy
in coronary artery disease

Coronary artery disease Wharton’s jelly-derived
mesenchymal stem Cell

2020

Stem cell in acute
myocardial infarction

Acute myocardial infarction Stem cells 2020

Evaluate the safety and
explore efficacy of
umbilical cord
mesenchymal stem cells in
acute myocardial infarction
condition: acute
myocardial infarction

Acute myocardial infarction Umbilical cord
mesenchymal stem cells

2020

MCRcI® stem cell
treatment for diffuse
coronary artery disease

Coronary artery disease MCRcI® stem cell treatment 2019

MiSaver® stem cell
treatment for heart attack
(acute myocardial
infarction)

Myocardial infarction MiSaver® stem cell 2019

Serial infusions of
allogeneic mesenchymal
stem cells in ischemic
cardiomyopathy patients
with left ventricular assist
device

Ischemic heart disease Allogeneic mesenchymal
stem cells

2019

UC-MSC transplantation
for left ventricular
dysfunction after AMI

Left ventricular dysfunction;
acute myocardial infarction

Umbilical cord
mesenchymal stem cell
transplantation for

2019

Pericardial matrix with
mesenchymal stem cells for
the treatment of patients
with infarcted myocardial
tissue

Myocardial infarction Pericardial matrix with
mesenchymal stem cells

2019

First in humans to evaluate
collagen patches with stem
cells in patients with
ischemic left ventricular
dysfunction

Heart failure with reduced
ejection fraction

Collagen patches with stem
cells

2019

Evaluate the safety and
explore efficacy of
umbilical cord
mesenchymal stem cells
with acute myocardial
infarction

Acute myocardial infarction Umbilical cord
mesenchymal stem cells

2018

(continued)



9 Stem Cells in Regenerative Medicine: Clinical Trials 233

Table 9.9 (continued)

Title of trial Disease Type of stem cells Year

Sequential treatment of
extra-corporeal shock wave
combined with autologous
bone marrow mesenchymal
stem cells on patients with
ischemic heart disease

Ischemic heart disease Treatment of extra-corporeal
shock wave combined with
autologous bone marrow
mesenchymal stem cells

2018

ICBMC-MI. Intracoronary
bone marrow mononuclear
cells in myocardial
infarction (MI) patients

Heart failure Intracoronary bone marrow
mononuclear cells

2017

Transplantation efficacy of
autologous bone marrow
mesenchymal stem cells
with intensive atorvastatin
in AMI patients

Myocardial infarction Autologous bone marrow
mesenchymal stem cells

2017

List of Clinical Trials in Stroke and Related Diseases

There are 66 clinical trials being conductedusingdifferent types of stemcells in stroke
and related disease treatment as per the USA clinical trials portals (https://www.cli
nicaltrials.gov/) and (https://stemcellsportal.com/stem-cells-translational-medicine-
clinical-trials-portal). The trial list conducted during the year 2017–2020 is listed in
Table 9.10.

Table 9.10 List of clinical trials in stroke and related diseases

Title of trial Disease Type of stem cells Year

Evaluate the safety and
explore efficacy of umbilical
cord mesenchymal stem cells
in acute ischemic stroke

Acute stroke Umbilical cord
mesenchymal stem cells

2020

Allogeneic adipose
tissue-derived mesenchymal
stem cells in ischemic stroke
conditions: ischemic stroke

Ischemic stroke Allogeneic adipose
tissue-derived
mesenchymal stem cells

2020

Mesenchymal stem cells for
the treatment of acute
ischemic stroke

Acute ischemic stroke Mesenchymal stem cells 2019

Effect of different
transplantation time for
mesenchymal stem cells
(MSCs) of cerebral infarction
patients

Infarction, middle cerebral
artery

Mesenchymal stem cells
(MSCs)

2019

(continued)

https://www.clinicaltrials.gov/
https://stemcellsportal.com/stem-cells-translational-medicine-clinical-trials-portal
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Table 9.10 (continued)

Title of trial Disease Type of stem cells Year

An open-labeled phase ii
study to evaluate the efficacy
and safety of GXNPC-1
(autologous adipose-derived
stem cells) in patients with
chronic stroke
condition: chronic stroke

Chronic stroke Autologous
adipose-derived stem cells

2019

Combination therapy of
umbilical cord blood and
erythropoietin for stroke
patients

Stroke Combination therapy of
umbilical cord blood with
erythropoietin

2019

Regenerative stem cell
therapy for stroke in Europe

Stroke Regenerative stem cell
therapy

2018

MultiStem® administration
for stroke treatment and
enhanced recovery study

Ischemic stroke MultiStem®
administration

2018

Allogeneic mesenchymal
stem cell-derived exosome in
patients with acute ischemic
stroke

Cerebrovascular disorders Allogeneic mesenchymal
stem cell-derived exosome

2017

Mesenchymal stem cells
therapy in patients with recent
intracerebral hemorrhage

Hemorrhagic stroke Mesenchymal stem cells
therapy

2017

The safety and efficacy of
human umbilical cord
mesenchymal stem cells in
the treatment of acute
cerebral infarction

Cerebral infarction Human umbilical cord
mesenchymal stem cells

2017

Human umbilical cord
mesenchymal stem cell
therapy for cerebral infarction
patients in convalescent
period

Cerebral infarction Human umbilical cord
mesenchymal stem cell
therapy

2017

Role of umbilical cord
milking in the management of
hypoxic-ischemic
encephalopathy in neonates

Role of hypoxic-ischemic
encephalopathy

Umbilical cord milking 2017

List of Clinical Trials in Digestive System Diseases

There are 90 clinical trials being conducted using different types of stem cells to
treat digestive system diseases as per the USA clinical trials portals (https://www.cli
nicaltrials.gov/) and (https://stemcellsportal.com/stem-cells-translational-medicine-
clinical-trials-portal). The trial list conducted during the year 2017–2020 is listed in
Table 9.11.

https://www.clinicaltrials.gov/
https://stemcellsportal.com/stem-cells-translational-medicine-clinical-trials-portal
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Table 9.11 List of clinical trials in digestive system diseases

Title of trial Disease Type of stem cells Year

Study of mesenchymal stem
cells for the treatment of
medically refractory
Crohn’s colitis

Crohn’s colitis Mesenchymal stem cells 2020

Study of mesenchymal stem
cells for the treatment of
medically refractory
ulcerative colitis (UC)

Ulcerative colitis Mesenchymal stem cells 2020

Mesenchymal stem cells for
the treatment of rectovaginal
fistula in participants with
Crohn’s disease

Rectovaginal fistula;
Crohn’s disease

Mesenchymal stem cells 2020

Study of mesenchymal stem
cells for the treatment of
ileal pouch fistula’s in
participants with Crohn’s
disease

Ileal pouch; Crohn’s
disease

Mesenchymal stem cells 2020

Mesenchymal stem cells for
the treatment of perianal
fistulizing Crohn’s Disease
Conditions: perianal
Crohn’s disease

Perianal Crohn’s
disease

Mesenchymal stem cells 2020

Umbilical cord
mesenchymal stem cell for
liver cirrhosis patient caused
by hepatitis B

Liver cirrhosis Umbilical cord mesenchymal
stem cell

2020

Angiographic delivery of
AD-MSC for ulcerative
colitis
Condition: ulcerative colitis
Intervention: drug:
adipose-derived, autologous
mesenchymal stem cells

Ulcerative colitis Adipose-derived, autologous
mesenchymal stem cells

2020

Combination of autologous
MSC and HSC infusion in
patients with
decompensated cirrhosis

Cirrhosis, liver Combination of autologous
MSC and HSC Infusion

2020

A phase II open-label
single-arm study to evaluate
the efficacy and safety of
autologous adipose-derived
stem cells (ADSCs) in
subjects with liver cirrhosis
Condition: liver cirrhosis

Liver cirrhosis Autologous adipose-derived
stem cells

2019

(continued)
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Table 9.11 (continued)

Title of trial Disease Type of stem cells Year

Mesenchymal stem cells for
the treatment of pouch
fistulas in Crohn’s

Crohn’s disease Mesenchymal stem cells 2019

Evaluation of local
co-administration of
autologous
ADIpose-derived stromal
vascular fraction with
microfat for refractory
perianal Crohn’s Fistula

Crohn’s disease Co-administration of
autologous adipose-derived
stromal vascular fraction

2019

Mesenchymal stem cells
treatment for
decompensated liver
cirrhosis
Condition: Decompensated
liver cirrhosis
Interventions: biological:
umbilical cord-derived
mesenchymal stem cell;

Decompensated liver
cirrhosis

Mesenchymal stem
cells—umbilical cord-derived
mesenchymal stem cell

2019

MSC intra-articular
injection in Crohn’s disease
patients
Condition: efficacy and
safety
Intervention: biological:
mesenchymal stromal cells

Crohn’s disease Mesenchymal stromal cells 2019

Allogeneic ABCB5-positive
stem cells for treatment of
acute-on-chronic liver
failure
Condition: acute-on-chronic
liver failure

Acute-on-chronic liver
failure

Allogeneic ABCB5-positive
stem cells

2019

Clinical study of human
umbilical cord
mesenchymal stem cells in
the treatment of
decompensated hepatitis b
cirrhosis

Hepatitis B Human umbilical cord
mesenchymal stem cells

2019

Mesenchymal stem cell
transplantation for
refractory primary biliary
cholangitis
Condition: primary biliary
cirrhosis

Primary biliary
cirrhosis

Mesenchymal stem cell
transplantation

2018

(continued)
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Table 9.11 (continued)

Title of trial Disease Type of stem cells Year

Mesenchymal stem cell
transplantation for
acute-on-chronic liver
failure
Condition: acute-on-chronic
liver failure

Acute-on-chronic Liver
failure

Mesenchymal stem cell
transplantation

2018

Clinical trial of umbilical
cord mesenchymal stem cell
transfusion in
decompensated liver
cirrhosis

Decompensated liver
cirrhosis

Umbilical cord mesenchymal
stem cell

2018

Stem cells treatment of
complex Crohn’s anal fistula
Conditions: anal fistula

Anal fistula Stem cells treatment 2018

Safety and efficacy study of
mesenchymal stem cell in
treating liver fibrosis

Liver cirrhosis Mesenchymal stem cell 2018

Adult allogeneic expanded
adipose-derived stem cells
(eASC) for the treatment of
complex perianal fistula(s)
in patients with Crohn’s
disease

Crohn’s disease Adult allogeneic expanded
adipose-derived stem cells

2017

List of Clinical Trials in Eye Diseases

There are 90 clinical trials are being conducted using different types of stem cells in
the treatment of in eye diseases as per the USA clinical trials portals (https://www.cli
nicaltrials.gov/) and (https://stemcellsportal.com/stem-cells-translational-medicine-
clinical-trials-portal). The list of trial which has been conducted during year 2017–
2020 is listed in Table 9.12.

List of Clinical Trials in Kidney Diseases

There are 47 clinical trials being conducted using different types of stem cells to
treat kidney diseases as per the USA clinical trials portals (https://www.clinicaltrials.
gov/) and (https://stemcellsportal.com/stem-cells-translational-medicine-clinical-tri
als-portal). The trial list conducted during the year 2017–2020 is listed in Table 9.13.

https://www.clinicaltrials.gov/
https://stemcellsportal.com/stem-cells-translational-medicine-clinical-trials-portal
https://www.clinicaltrials.gov/
https://stemcellsportal.com/stem-cells-translational-medicine-clinical-trials-portal
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Table 9.12 List of clinical trials in eye diseases

Title of trial Disease Type of stem cells Year

Autologous transplantation of
induced pluripotent stem
cell-derived retinal pigment
epithelium for geographic
atrophy associated with
age-related macular
degeneration

Age-related macular
degeneration

Autologous transplantation
of induced pluripotent stem
cell-derived retinal pigment
epithelium

2020

Effect of UMSCs-derived
exosomes on dry eye in
patients with cGVHD
Condition: dry eye

Dry eye Umbilical mesenchymal
stem cells-derived exosomes

2020

Treatment of central retinal
vein occlusion using stem
cells study
Condition: central retinal
vein occlusion

Treatment of central
retinal vein occlusion

Autologous bone marrow
CD34+ stem cells

2019

Interventional study of
implantation of hESC-derived
RPE in patients with rp due to
monogenic mutation
Condition: retinitis
pigmentosa
Intervention: biological:
human embryonic stem
cell-derived retinal pigment
epithelium (RPE)

Retinitis pigmentosa Human embryonic stem
cell-derived retinal pigment
epithelium (RPE)

2019

Safety and efficacy of
subretinal transplantation of
clinical human embryonic
stem cell-derived retinal
pigment epitheliums in
treatment of retinitis
pigmentosa

Retinitis pigmentosa Human embryonic stem
cell-derived retinal pigment
epitheliums

2019

Treatment with allogeneic
adipose-derived
mesenchymal stem cells in
patients with aqueous
deficient dry eye disease

Dry eye Allogeneic adipose-derived
mesenchymal stem cells

2018

Corneal epithelial stem cells
and dry eye disease
Conditions: dry eye
syndromes; dry eye; ocular
inflammation; ocular surface
disease; ocular discomfort;
blepharitis

Inflammation; ocular
surface disease; ocular
discomfort; blepharitis

Corneal epithelial stem cells 2017

(continued)
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Table 9.12 (continued)

Title of trial Disease Type of stem cells Year

Safety assessment of
intravitreal mesenchymal
stem cells for acute
non-arteritic anterior
ischemic optic neuropathy

Non-arthritic ischemic
optic neuropathy

Mesenchymal stem cells 2017

Treatment of dry age-related
macular degeneration disease

Dry age-related macular
degeneration

Retinal pigment epithelium
derived from clinical-grade
human embryonic stem cells

2017

Table 9.13 List of clinical trials in kidney diseases

Title of trial Disease Type of stem cells Year

Clinical research of
UC-MSCs in the treatment of
diabetic nephropathy

Diabetic nephropathy Umbilical
cord-mesenchymal stem
cells

2020

Clinical study of umbilical
cord mesenchymal stem cells
in the treatment of type 2
diabetic nephropathy

Type 2 diabetes with renal
manifestations

Umbilical cord
mesenchymal stem cells

2020

Clinical trial of mesenchymal
stem cells in the treatment of
severe acute kidney injury

Acute kidney injury;
mesenchymal stem cells

Mesenchymal stem cells 2020

Cell-based therapy for the
treatment of kidney disease
Condition: kidney diseases

Kidney diseases Cell-based
therapy—endothelial
progenitor cell

2019

Umbilical cord mesenchymal
stem cells therapy for diabetic
nephropathy

Diabetic nephropathy Umbilical cord
mesenchymal stem cells

2019

Safety and efficacy study of
mesenchymal stem cell in
treating kidney fibrosis

Renal cirrhosis Mesenchymal stem cell 2018

Treatment of chronic renal
failure with adipose
tissue-derived mesenchymal
stem cells
Conditions: mesenchymal
stem cells; chronic kidney
diseases; renal interstitial
fibrosis

Chronic kidney diseases;
renal interstitial fibrosis

Adipose tissue-derived
mesenchymal stem cells

2018

Use of Wharton’s jelly in
diabetic nephropathy

Diabetic nephropathy Wharton’s jelly
mesenchymal stem cells

2017

Adipose-derived stem cells
(ADSCs) for moderate to
severe chronic kidney disease

Moderate to severe
chronic kidney disease

Adipose-derived stem
cells (ADSCs)

2016

(continued)
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Table 9.13 (continued)

Title of trial Disease Type of stem cells Year

AMSCs in reducing
hemodialysis arteriovenous
fistula failure
Conditions: end stage renal
disease (ESRD); vascular
access complication

End stage renal disease Adipose-derived
mesenchymal stem cells
(AMSC)

2016

List of Clinical Trials in Skin Diseases

There are 47 clinical trials in skin diseases as per the USA clinical trials portals
(https://www.clinicaltrials.gov/) and (https://stemcellsportal.com/stem-cells-transl
ational-medicine-clinical-trials-portal). The trial list conducted during the year
2017–2020 is listed in Table 9.14.

Table 9.14 List of clinical trials in skin diseases

Title of trial Disease Type of stem cells Year

Human placental
mesenchymal stem cells
treatment on diabetic foot
ulcer

Diabetic foot ulcer Human placental
mesenchymal stem cells

2020

Subcutaneous injections of
autologous ASC to heal
digital ulcers in patients with
scleroderma

Systemic sclerosis Autologous adult stem
cells

2020

Phase 1, open-label safety
study of umbilical cord lining
mesenchymal stem cells
(corlicyte®) to heal chronic
diabetic foot ulcers

Diabetic foot ulcer Umbilical cord lining
mesenchymal stem cells

2019

Clinical study of
adipose-derived stem cells in
the treatment of diabetic foot

Diabetes mellitus foot ulcer Adipose-derived stem
cells

2019

Therapy of scars and cutis
laxa with autologous
adipose-derived
mesenchymal stem cells
Conditions: skin; scar; cutis
laxa; keloid; cicatrix

Skin; scar; cutis laxa;
keloid; cicatrix

Autologous
adipose-derived
mesenchymal stem cells

2019

(continued)

https://www.clinicaltrials.gov/
https://stemcellsportal.com/stem-cells-translational-medicine-clinical-trials-portal
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Table 9.14 (continued)

Title of trial Disease Type of stem cells Year

Treatment of chronic wounds
in diabetic foot syndrome
with autologous
adipose-derived
mesenchymal stem cells

Diabetic foot ulcer Autologous
adipose-derived
mesenchymal stem cells

2019

Clinical research on treatment
of psoriasis by human
umbilical cord-derived
mesenchymal stem cells

Psoriasis Human umbilical
cord-derived
mesenchymal stem cells

2018

Long term effects on skin
hyper pigmentation with and
without mesenchymal stem
cell enriched adipose tissue
grafting for “contour
deformities with pigmentary
changes on face”
Conditions: skin
pigmentation over contour
deformities of Fac

Skin pigmentation over
contour deformities of face

Mesenchymal stem cell
enriched adipose tissue
grafting

2018

A randomized, positive
controlled trial assess the
efficacy and safety of
Uc-MSC in plaque psoriasis
patients

Moderate and severe plaque
psoriasis

Umbilical
cord-mesenchymal stem
cells

2018
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Chapter 10
Stem Cell Production: Scale Up, GMP
Production, Bioreactor

Naseem A. Almezel

Abstract Stem Cell production for therapeutic applications is increasingly gaining
attention both for the great potential this therapy presents and the complexity of such
therapies. Safety and efficacy have improved dramatically during the past decade,
while technology improvement facilitated the research and development phase of
cell therapy journey as well as the clinical production phase. All this led to innova-
tive therapies that for the first time are treating diseases that once were considered
untreatable; bringing hope to a wide sector of patients and their families. In this
chapter we focus on stem cell production for therapeutic applications, then discuss
their advantages and limitations. We briefly discuss the stem cell therapeutic appli-
cations before we list specific good manufacturing practices requirements and how
this impact the cell therapy field as a whole.

Keywords Stem cell · Bioreactor · GMP · Quality assurance · Regulations · Viral
vector

Stem Cell Production

Historical Overview

2019 marked the anniversaries of two milestones. BM transplant turned 40 this year,
and patients are taking advantage of this therapy that became the treatment of choice
for many diseases as indicated by the uniformity of the clinical care around the globe.
This therapy though had a difficult start. BM transplant experiments started nearly
10 years earlier around the mid of 1950s, but most of the patient died. The failure
of those experiments led many professionals to leave the field convinced the barrier
between individuals cannot be crossed.

Though, those who persisted, like Thomas ED (the father of BM transplant as
he became to be known) made the history. In 1979, Fred Hutch reported the 1st
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successful unrelated BM transplant case; it was a priceless breakthrough. But this
successful case was not the group’s 1st case, it was the 2nd. The Fred Hutch group
reported that their 1st patient died soon after the transplant. The Hutch group reported
their 1st case got infection that caused the death. The 1979 case infection was a CMV
infection. The second anniversary that 2019 marks is the 30th anniversary of Gene
Therapy. Steven Rosenberg reported their successful 1989 study where they inserted
a gene to determine the traffic of the tumor infiltrating lymphocytes. As we will
discuss later in this chapter, gene therapy is returning after a hard beginning.

Challenges—Difficulties and Shortcomings that Faced
Researchers

“Pluripotent stem cells can potentially switch from pluripotency to uncontrolled
differentiation” (Kropp et al., 2017). The use of stem cells for therapywas notwithout
challenges; the self-renewal and differentiation capabilities that characterize stem
cells and present them as advantageous, can be a source of failure if not controlled
properly. The challenges that face this field concern both the safety and efficacy of the
products. As safety is concerned, the carried risk is either product-related or process
related. For the product-related risk, this risk stems from the nature of the therapeutic
product. Specifically, not controlling the differentiation potential of stem cells can
lead to either their differentiation too soon or losing their potency, therefore, not
providing the right potent dose. Alternatively, stem cells may differentiate to a cell
lineage that is harmful or not desired, which present a significant risk of delivering the
wrong product, or failure of the entire process. For the right cell dose to be generated,
cells would need to be manipulated for extended period which increases the risk of
contamination due to extended time and more material use. The contamination risk
is not limited to microbial or fungal, contaminants that originate from the material
such as plastics and chemical toxicities can fail the entire process.

On the efficacy side, it becomes more important to determine some parameters
that impact the efficacy of stem cell products. For instance, delivering the right dose
of cells at the right site can improve the therapeutic effects by utilizing the product
at its maximum capacity. For stem cell therapy to be effective, the required cell dose
for a specific disease in a specific patient is important. Further, if not delivered at
the impacted tissue soon enough, the therapeutic cells may lose viability, potency,
or differentiation capability, therefore, becoming ineffective by the time they reach
the desired site. Additionally, identifying the characteristics that improve the cellular
function is important. Cells tend to upregulate/downregulate their gene expression
at variable phases of their growth and maturation. Identifying the phenotypic and
functional characteristics that are unique to potent cells, and then testing for these
characteristics to ensure the product suitability becomes favorable.
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Advances—Improvements in Stem Cell Production Over
the Years

Cell therapy had made remarkable advances since its rough beginning more than
50 years ago. The initial scope of many of these advances was to improve the cell-
based therapeutics safety. As the safety improved the scope started to include efficacy
to deliver more potent products. The classical bone marrow transplant stands now in
a very strong position, thanks to the improvements that were made over the years.

Scientists have been focusing lately on expanding the reach of cell therapy to
include cells that were never used for therapeutic applications before such as the
immune cells. Additionally, expanding the cell therapy reach resulted in treating
diseases that were once considered untreatable, such as tumor. While the list of
advances is long, we will only list few that concern stem cells as the therapeutic
product.

Off-the-shelf cancer treatment

The cost of producing cell-based product is often front and center when such therapy
is being considered. One way that the cost may be reduced is to move from patient-
specific product to a condition-specific product. By utilizing this option, production
facilities can produce a large batch that may be used to treat multiple patients as an
off-the-shelf drug. In 2019 two induced pluripotent stemcells (iPSC) immune therapy
products were unveiled by Century Therapeutics and Fate Therapeutics paving the
way for more products to come.

Widening of gene therapy scope

Of the 9 approved gene therapies so far, two were approved during 2019. These two
included treatments for rare disease (spinal muscular atrophy) by Novartis and for
sickle cell disease by Bluebird bio. Although the start of gene therapy was tough, it
is now becoming a reality that changes patients’ lives.

Standardization of cell and gene therapy

As the field continue to expand, it becomes more important to standardize the
entire supply chain from collection throughout infusion. For this reason, stakeholders
started to discuss/collaborate to generate services and platforms that facilitate any
future development.

Scale Up of Stem Cell Production

As cellular therapeutics became more popular, some challenges became evident and
needed to be addressed. On one hand, after the completion of proof of concepts
studies, it became necessary to generate stem cells at quantities that are enough
to treat a patient. Those quantities varied from one patient to the other, from one
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condition to the other, and from one protocol to the other. Additionally, the push
for off-the-shelf therapies was gaining momentum, therefore, requiring even higher
quantities of stem cells to be produced.

On the other hand, as pharmaceutical and biotechnology companies started
investing in cellular therapeutics, they developed their processes and standardized
them in a fashion that mirrors the pharmaceuticals production lines. The standard-
ization concept relies on removing as many variables as possible. The two major
variables in cell therapy production are the starting product and the human operator.
While the variability amongst the starting products is not possible to be rolled out, the
human factor is. Because of these challenges, scientists started to explore production
methodology that satisfies few but challenging criteria:

• Maintain the product safe, pure, and effective
• Meets the regulations
• Ease of maintenance.

Scale Up Methodology

Scale up methodology varied in capacity, in automation level, and therefore, in cost.
At one end of the spectrum are production systems that increased the potential quan-
tity of produced cells but relied on human operator. On the other end are production
systems that increased the produced quantity while simultaneously reducing the
human involvement. Between these two ends are some production systems that have
variable degrees of high quantities and human involvement.

2D Production Systems

Stacks and Factories

Stacks presented an attractive production system because it maintained the flask
methodology that most R&D laboratories utilizes while utilizing the vertical incu-
bator space. This systemmade scaling up production of stem cells easier for the stacks
needed no special requirements or specialized staff. But this ease of use comes with
an expensive price; such production system requires more of staff time, significant
risk of contamination, and extended footprint.

Despite this, stacks still provide a reasonable option for small production facilities
and academic centers, whomay have limited budget and facility and are onlyworking
on phase I/II clinical trials that enroll small number of participants. The cell factory
resembles the stacks in several aspects such as being a 2Dmanual systemwith limited
capacity. One advantage of the cell factory is its improved gas exchange that the ports
provide. The ports make filling, venting, and harvest an easier process.



10 Stem Cell Production: Scale Up, GMP Production, Bioreactor 247

3D Production Systems

Bioreactor

The expanded use of cell therapy products made bioreactors even more attractive
option of production. Unlike the manual production method, bioreactors ensure
several benefits such as reduction of cost, control process, and quality of produc-
tion. There are several bioreactor types that differ in their mode of operation or the
types of cells they support, the main categories include stirred tank, fix bed, hollow
fiber, and rocking platforms (Eaker et al., 2017). Majority of bioreactors have the
capability of real-time monitoring of critical parameters such as dissolved oxygen
and CO2, pH level, and temperature. One important factor that impact the choice
of bioreactor is the anchorage dependency of the culture. Therefore, based on the
nature of the culture, some cultures require substrate to adhere to while others are
suspended.

Over the years the design and engineering of the bioreactor has been adjusted to
overcome obstacles and challenges related to upscale and diversity of culture appli-
cations. While most of the focus has been directed towards adjusting the design
and operation of the bioreactor to match the nature of the microculture environ-
ment, some studies has been designed to adjust the nature of the culture to match
or improve the scalability and applications of the bioreactor. Because of their scala-
bility and cost effectiveness, bioreactors became a very good option for large scale
productions (Oppermann et al., 2014). Similarly, patient specific production of ther-
apeutic products became a common option for multiple disorders and the use of the
bioreactor for these patients became one way to control the cost of the production
and to improve efficient modality.

Stirred tank bioreactor

Is a widely used 3-dimenstional (3D) stem cell production system with two major
production models, the immobilized and cell aggregates. Studies have showed that
the optimum production results by optimizing and controlling individual factors to
reach the optimal productionmodel of each cell type. Factors such as seeding density,
aggregate size, media type, and operation mode are all critical in determining the in-
process and end-of-process quality of product. Types of cells that were successfully
propagated using stirred tank bioreactor include human pluripotent stem cells (hPSC)
(Kropp et al., 2017), this approach was facilitated by the use of a Rho-associated
coiled-coil containing kinase (ROCK) inhibitor (Watanabe et al., 2007). Besides
being commercially available, stirred tank bioreactor provides a flexible operating
system and efficient gas exchange of culture. Although this system is robust, the
need to detach the cells from the carrier remains a critical component of the process
(Weber et al., 2010). One alternative is to utilize a system that operate as a carrier-free
system such as the fixed bed bioreactor. A full list of advantages and disadvantages
of suspended and immobilized bioreactor systems appear in Table 10.1 (Pörtner and
Faschian, 2019).
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Table 10.1 Summary of advantages and disadvantages of stirred tank and fixed-bed bioreactor
(Pörtner and Faschian, 2019)

Advantages Disadvantages

Stirred tank/suspension Known technology Aeration difficult at high cell
densities (relevant for aerobic
cells)

Good mass transfer call damage by shear and
aeration (e.g., Mammalian
cells))

Good mixing Foaming (relevant for aerobic
cells))

Cell count possible Low cell density and volumetric
productivity cell retention
required for perfusion culture,
techniques insufficient for
long-term culture

High potential for scale-up

Fixed-bed/immobilized cells High cell density and
productivity per unit

Concentration gradients

Easy exchange of medium Nonhomogeneous

High productivity over long
periods of time

Cell count impossible

Low-shear rates (relevant for
mammalian cells))

Fixed and packed bed bioreactors

Immobilized bioreactor technologies are being considered for the many advantages
they provide such as reduced contamination susceptibility and protection against high
shear environment (Fig. 10.1). In addition, the high productivity advantage is being
attributed to the culture microenvironment provided by the carrier. In a two parts
study, A and B, (Weber et al., 2010) successfully expanded Human mesenchymal
stem cells (hMSC) using the fixed bed bioreactor. Although the fixed bed bioreactor
offers several advantages, the low industrial models is reasoned in part to the lack
of both process development tools and operation concepts (Pörtner and Faschian,
2019).

Rocking bioreactor

Rocking bioreactors utilize the rocking motion to distribute gas and nutrient via
certain rocking speed and angel. Davis et al. (2018) reported the successful expansion
of pluripotent stem cells using a rocking bioreactor.

Hollow fiber bioreactor

Described by Knazek (1972), the hollow fiber membrane bioreactor consists of
hollow fiber membrane that separate the cells from the medium compartment.
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Fig. 10.1 Schematic diagram of packed-bed bioreactor

Medium flow and waste removal occurs through the membrane, which comprise
a major disadvantage of this system due to the resistance of mas transfer. Several
advantages are presented by this system, with the ability to grow high density cells
and support of 3D growth being the most relevant to the field of cell therapy. Frank
et al. (2019) in a recent study described the successful cultivation of MSC using this
system, and utilizing different coating reagent. The final product met the standards
as described by the international society for cell and gene therapy (ISCT).

Considerations for bioprocessing

Production facilities that are considering the use of bioreactor in their processes are
utilizing a significant improvement that would lead to several advantages such as:

• Process standardization
• Eliminating /reducing man made errors
• Enhancing Product Safety /sterility
• Large scale production
• Cost reduction.

Complying with GMP requirements mandates taking reasonable measures to
ensure product safety; production facilities are required to implement measures that
eliminate the risks of mix-ups and cross-contamination between products. A major
improvement that became available for bioprocessing utilizing facilities is the intro-
duction of disposables bioreactor set. With this improvement, production facilities
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are able to eliminate the cost, labor, and risk associated with re-using a bioreactor
such as:

• Purified water utility
• Validation of cleaning procedure
• Integrated pre-sterilized pH and dO2 sensors.

Several types of bioreactors are now being offered as disposable; this facilitates
the selection process as more options are now available. However, selecting the right
bioreactor depends on multiple factors such as:

• Cellular growth pattern
• Scale and engineering parameters of bioreactors (e.g. flow rate/time/volume,

mixing/residence times)
• Biosafety/GMP compliance
• Capital/running costs.

After phase I and II of bioreactor development, phase III marked the launch of
disposable bioreactors in 1990 (Eibl et al., 2010). Currently, the available dispos-
able bioreactors include wave-mixed, orbitally shaken or stirred bioreactors. Stirred
disposable bioreactors were introduced 2006 to the market, but have since gained a
major share of the technology, and by 2010, have 10 different commercially avail-
able bioreactors; some models are flexible utilizing bags while others are rigid using
plastic cylinders.

One time use bioreactors are emerging as a viable option to satisfy several require-
ments with safety and prevention of cross-contamination being the most relevant.
Hähnel et al. (2011) group evaluated one of the available one-time bioreactor models
and concluded that the setup is remarkably short.

There are, though, several aspects that need to be consideredwhen a decision to use
bioreactors is made. Often, choosing a production system is done long after building
and qualifying the facility, this means that there potentially are modifications that
need to be made to accommodate a specific production system for a specific process;
below is a list of potential changes:

Gas lines

Some bioreactors utilized 2–4 types of gas to complement the bioreactor operation.
For instance, N2 is used to reduce /adjust the oxygen concentration in cultural media.
CO2 is used to adjust the media pH to reach /maintain a set point. Utilizing gases
means that there need to be a network of pipelines that delivers the gas from the closet
to the production suite. Such a change to install gas pipeline requires the facility
to be re-qualified. In some situations where installing pipeline is not possible, the
production facility need to install the gas cylinders inside the facility utilizing all
required safety measures.

Large scale production

Scaling up production requires large quantities of media, and eventually generate
large volumes of waste. Moving large quantities of liquid in and out of the facility
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requires goodplanning to ensure the facility is kept in status at all times. Further, using
large volumes of media requires appropriate controlled /monitored storage space for
media before and during use. Similarly, using large volumes of media results in
generating similar volumes of liquid waste that need to be disposed of appropriately.
Additionally, facilities utilizing large volumes of media should be prepared for spill
accidents with appropriate spill kits and trained staff.

Product segregation

For facilities that enroll multiple patients simultaneously, careful attention should be
paid to ensure elimination of products mix up risk. Production facilities are required
to make efforts and take measures that ensure proper product segregation at all
stages of the production process. Particularly, stages where the product is being
manipulated present the highest risk. For example, stage of bioreactor inoculation,
cell transduction, expansion, and harvest.

Although the production system is expected to be closed which should lead to
enhanced product safety, product mix up remains a potential risk; measures that may
help reduce this risk are:

Physical segregation

Culturing different products in physically different locations, such as different suites,
can significantly reduce the mix up risk. Although this model requires a proper plan-
ning during busy production times to ensure appropriate staffing in several locations,
the safety enhancement is worth the cost.

Proper verification

Verification of critical steps is a GMP requirement, and should be built into the
process; two technologists independently verifying the information should eliminate
the mix up risk.

Identity testing

While proper labeling the product at all times of the production process is a GMP
mandate, identity testing of the final product serves as the final assurance of product
identity. One way for such testing is to run human leukocyte antigen (HLA) testing
of the initial and final products; identical results indicate the product identity was
maintained throughout the production process.

Stem Cells Types

Classification of stem cells gained a lot of attention and still does, for this field is still
evolving. Comprehensive classification of stem cells has been addressed in chapter
two of this book. Therefore, we will briefly classify stem cells to complement the
clinical applications section of this chapter. One way of classifying stem cells is
through the lens of origin and the lens of potency see Fig. 10.2. The ability of stem
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Fig. 10.2 Classification of stem cells

cells to reproduce themselves and to differentiate to any cell lineage is related to the
stem cell level of potency, Good level of potency is largely dependent on the origin
of stem cells. Due to this interdependency, it seems only logic to classify the stem
cells based on origin and based on potency.

Stem cell classification based on origin

Embryonic stem cells ESC

Embryonic stem cells hold a unique capacity to differentiate to any cell type in the
human body, which comprise a valuable source of potential therapies. The capacity to
differentiate to any cell type depends on the timing of ESC isolation. ESC’s isolated
from embryos early after fertilization (4–5 days), or isolated primordial germline
cells (PGCs) are thought to be the most potent. While a ESC isolated from the fetus
organs are pluripotent and have the potential to differentiate into hematopoietic stem
cells (Amira Ragab et al., 2017).

Infant stem cells

The umbilical cord has been shown to be a reliable source of potent stem cells. The
most radially available source of umbilical cords stem cells (UCSC) is the umbilical
cord blood containingmulti potent stem cells. The other source of UCSC is umbilical
cord matrix (Wharton’s Jelly) Which is considered to be a source of mesenchymal
stem cells.
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Adult Stem Cells

Adult stem cells are isolated from mature tissues of child or adult body. Due to the
stage of their development, unlike ESC’s, adult stem cells have limited potential to
develop into other cell types. Generally, adult stem cells are vital in repairing and
regeneration of their tissue of origin, to which they are referred. Several adult stecm
cells have been described, below is a brief listing:

Hematopoietic stem cells (HSC)
HSC have the potential of self-renewal and differentiation to all hematopoi-

etic lineages. Hence, are used for transplantation, and hematologic and malignant
diseases.

Neural stem cells (NSC)
NSC are established in the adult brain microenvironment and holds the potential

to treat neural related disorders.

Gastrointestinal stem cells (GSC)

Residing in a niche and intestinal crypts and gastric glands, GSC nature and position
is not fully established.

Epidermal stem cells

Epidermal stem cells have the capacity of self-renewal. They reside in the basal layer
of the epidermis and are essential in maintaining homeostasis and wound healing.

Hepatic stem cells

Liver holds a strong regeneration capacity; therefore, liver injury gives rise of stem
cell compartment who’s sells later differentiate into hepatocytes.

Pancreatic stem cells

Isolated from islet cells, pancreatic stem cells are multi potent cells that can
differentiate into pancreatic phenotypes.

Stem cell classification based on potency

Based on their differentiation potentials, stem cells may be classified to:

• Totipotent stem cells: have the total capacity to give rise to all self tribes and
reproduce fertile offspring

• Multipotent stem cells: are capable to give rise to tissue from which they were
isolated

• Unipotent stem cells: are adult stem cells that can give rise to a limited number
of cell types

• Oligopotent potent stem cells: Are those cells that can differentiate into a few cell
types.
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Mesenchymal Stem Cells

Mesenchymal Stem Cells (MSC) are adult stem cells that can be isolated from bone
marrow or cord blood.MSC potencymakes them capable of differentiating to several
cell lineages in the body such as neural cell, bone cells, skin cells, muscle cells, and
cornea cells. MSC are thought to be able to avoid rejection by immune system and
are used to treat multiple disorders due to their potency.

iPSC Stem Cells

Induced Pluripotent Stem Cells are adult cells that were isolated from skin or
blood and were re-programmed to function like pluripotent stem cells. This re-
programming allows the iPSC to differentiate to any cell type for therapeutic
applications provided the right signals and culture micro-environment

Stem Cells Applications

The applications of stem cell therapy grew over the years to cover a wide range of
conditions. While some applications have been approved by the FDA, other appli-
cations are still in their infancy. In between are applications that are progressing in
clinical studies towards gaining approval.

Therapeutic Stem Cell Applications

Classical Cell Therapies

Following their success with advanced diseases, Hematopoietic Cell Transplantation
(HCT) was ethically justified for malignant diseases. Transplants for patients with
diseases in first remission or at early signs of relapse were largely successful. Soon
after, the trials to treat non-malignant disorders were initiated. The results were not
satisfying in the beginning, but had improved dramatically with changes of transplant
timing, and preparations of patients. Generally, classical cell therapy includes all
processes of which the product is minimally manipulated. These processes have
limited impact on the product, therefore, are covered by a specific set of regulations.
Despite the progress that wasmade in the field of cell therapy,most of these processes
remained unchanged which indicate how robust these processes are. Below is a brief
list of these processes:

• Volume reduction
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• Red Blood Cells depletion
• Cryopreservation.

Gene Therapy

Gene therapy is a rapidly evolving field that is gaining attention from all stakeholders
such as scientists, biotechnology, big pharma and patients. The field started with the
intention to correct genetic diseases and was faced by several obstacles. Throughout
the years, the technology has improved and the tools are now more advanced which
led scientists to utilize this technology to treat diseases other than those of genetic
origin. Cell-based gene therapy requires the transfer of the genetic material into the
therapeutic cells. Several approaches exist to accomplish this task with each of them
having advantages and disadvantages. Therefore, scientists are utilizing the mode of
transfer based on the cellular nature and the disease being treated.

Viral vectors

The use of viral vectors experienced major setbacks that halted the field progress,
decreased its funding, and raised a wide skepticism among the scientific community.
But the persistence of gene therapist led to improvement of vector design, delivery,
and safety, and eventually, regaining the trust of clinicians and scientists. Viral vectors
vary with some being utilized for transient gene expression, while others being used
for permanent expression. Further, the nature of cells being modified dictates the
types of vectors that may be used. Some vectors can only adhere to dividing cells,
while other vectors can adhere to both resting and dividing cells. Another variable is
the capacity of the vectorwith regard to the size of the gene being inserted (Lundstrom
et al., 2018).

Adenovirus

Is widely used vector that lead to temporary expression of the transferred genetic
material. The 7.5 kb capacity vector initially led to strong immune reaction, but the
following generations were modified to be less immunogenic.

Adeno Associated Virus (AAV)

Is a limited capacity, 4 kb, viral vector that results in long term genetic expres-
sion. Although considered of low pathogenicity and toxicity, AAV use resulted in
immune response in subsequent administration, an issue that was addressed by
utilizing different serotypes for subsequent administrations. Further, the limited
vector capacity was increased by engineering the vector to a dual vector.

Herpes Simplix

Is considered a low toxicity long term transgenic vector, with a capacity of >30 kb
of foreign DNA.
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Retrovirus

Is generally a long term transgenic vector with low capacity of foreign insert; 8 kb.
A major disadvantage of this vector is its inability to transduce non-dividing cells.

Lentivirus

Belongs to the retrovirus family but is capable of infecting both dividing and non-
dividing cells. Lentivirus also has the integration and packaging capacity of retrovirus
and can provide a long term expression. Therefore, Lentivirus vectors gained a lot
of interest for cell therapy applications.

Vector Production

For cell-based therapeutic products, process components are of significant impor-
tance particularly when those components become part of the final product. Viral
vectors that are used to transfer genetic material to, and permanently modify a cell
product, are required to have stringent criteria for them to be approved for clinical
use. Similar to clinical cell production, viral vector production for clinical applica-
tions is required to be GMP compliant. Regulatory bodies acknowledge that viral
vector use in production renders the clinical product as significantly manipulated, or
more than minimally manipulated per FDA’s definition, and therefore apply regula-
tions that match the category of drugs. Besides the GMP requirements, viral vector
release follows a long and stringent list of criteria to demonstrate purity and safety,
below is a brief list of release criteria.

• Replication competency: viral vectors are usually created frompathogenic viruses.
Therefore, it is important to test the vector intended for clinical use for replication
competency before final release.

• Sterility: vector products should be tested for bacterial and fungal burden, as well
as for endotoxin and mycoplasma presence.

• Purity: vector product should be tested for impurities derived from the host cell
system that was used to generate the vectors.

• Infectious unit/viral particles: There need to show the ratios of infectious and
particle titers; this facilitate in standardizing the production process.

• Stability: vector product should be tested in temperature, volume, and container
used for clinical applications to demonstratemaintenance of quality and infectivity
over the expected storage time.

Regenerative Medicine

Describedfirst byKaiser et al. (1992), regenerativemedicine (RM) implies theutiliza-
tion of cells to regenerate tissues or organs and/or restore their function. The demand
for unusual approaches to treat diseases has been around for decades, but being
deficient in tools such as the right material, comprehensive knowledge, and appro-
priate facility, patients continued their efforts to manage the symptoms of untreatable
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diseases rather than treating them. The advances in technological tools as well as in
research methodology, resulted in a shift of scientist’ perception towards the possi-
bility to treating what one day were considered untreatable diseases. These advances
touched the three approaches of RM as described by Sampogna et al. (2015):

• Cell Based Therapies
• Scaffolds
• Scaffolds with cells.

Tissue or organ regeneration requires a large number of specialized cells that were
differentiated to perform the physiological functions of the specific tissue or organ.
In theory, the involved organ is the best source of such cells for they provide the
right function, but there are rarely enough cells to aspirate especially if the organ is
damaged or is malfunctioning. Therefore, there need to be innovative approaches to
provide such cells in large enough quantities. To accomplish this task, the intended
cells need to be capable of differentiating to the desired lineage, and capable of
expanding ex-vivo to reach the required cell dose.

As we described earlier in this chapter, several stem cell types have been shown
to be Pluripotent. Therefore, are capable to differentiate to the desired cell lineage.
Similarly, as we described in bioreactor section, the technology has improved to
allow for expansion of stem cells ex-vivo while maintaining their self-renewal and
differentiation capabilities. Scientists are leveraging the late advances to guide the
stem cell differentiation at the right time of the production process. Although this
has been accomplished in research setting, generating a large number of appropri-
ately differentiated cells in a GMP manner may be challenging at times. There is a
need to form multidisciplinary teams of researchers and clinicians to participate in
early stages of process development as well as in fine tuning late stages of clinical
production.

Organoids

Organoids are three dimensional invitro tissue constructs that mimics the structure,
function, and aspects of the intended organ (Natalie de Souza et al., 2018). Organoids
provided the scientists with the ability to firsthand monitor the impact of therapeutic
drugs on the organ tissues without affecting the patient. This ability resulted in
speeding up drug discoveries while protecting humans from drug effects for the
entire period of the drug development.

As the organoid technology became more robust providing the ability to generate
larger and more complex organoids, attempts have started to widen the scope of
organoids fromonly diagnostics and development to include therapeutic applications.
In short, the idea of developing mini organs that can reduce the impact of a failed
organ started to gain a lot of attention due to the dramatic impact of this idea on the
patients and the medical field alike. Organoids generation approaches vary, hence,
result in different outcomes. It isworthmentioning that the complexity of the organoid
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being generated is related to the potentials of the stem cells that were used to begin
with; pluripotent stem cells are capable of generating complex organoids, while less
capable stem cells can only differentiate into specific cell lineages.

One approach is to utilize the potentials of stem cells to differentiate to different
cell lineage; this method relies on the intrinsic capabilities of stem cells to regen-
erate the entire organ. By providing culture environment and some development
signals, scientists rely on the stem cells to do the rest of the organ generation.
Another approach is to generate specific cell lineages and then fusing these cells
together in an environment that cultivates the organoid generation. Unlike the first
approach, this approach provides developmental signals to stem cells to ensure proper
differentiation of cell stem cells to the desired cell lineages.

Organoid generation is still evolving with several obstacles that need to be
addressed. Unlike the full organ, organoids lack some essential tissue components.
Therefore, mimicking full organ function and structure is deficient. For example,
organoid lacks vasculature, therefore, can only grow to a limited size before losing
the ability to expand due to lack of nutrition. Further, lack of immune cells limits
how these organoids recapitulate the organ physiological response.

Another area that scientists are working on is thematurity of organoids. Generally,
organoidsmaturationmatches the level of fetal tissue. To address this issue, scientists
have used different culture environment where more control over developmental
signals in stem cell differentiation is granted. This change is intended to reduce the
variability between organoids being generated by unifying the level of maturity. In
their recent paper, Blackford et al. (2019) reported successfully generating iPSCs-
derived hepatocytes in a GMP-compliant manner. Using FDA approved scaffold
material, they report generating current GMP-constructs from human pluripotent
stem cells that remained viable and functional long enough after transplant for the
recipient to recover from acute liver failure if product was used.

Spheroids

Spheroids are self-assembling aggregates of cells in an environment that supports 3D
culture. They are generally utilized for diagnostic and experimental purposes but are
also gaining increased attention in regenerative medicine for therapeutic purposes.
Spheroids possess several advantages over the 2D culture such as cell–cell contact
and mimicking tissue microenvironment. Therefore, are increasingly considered for
applications such as tissue and organ reconstruction. For example, MSC spheroids
transplant had been shown to provide advantages for organ reconstruction as well as
for tissue formation (Ryu, 2019). Further, spheroids injection had shown to improve
engraftment, while transplanting geneticallymodified spheroids led to longer periods
of expression of the gene of interest.
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GMP Production

The range of stem cell applications is constantly expanding, bringing hope to wider
patient sectors like never before. After the proof of concept phase, scientists are
constantly working to develop production methodology that simplify the process and
reduce the cost while meeting the regulatory requirements. Regulations, as defined
by the European medicines agency (EMA) and the Food and Drug administration
(FDA), require the advanced therapy medicinal product (ATMP) and more than
minimally manipulated (MMM) products to satisfy good manufacturing practice
GMP requirements.

ATMP and MMM Products

Per the FDA, theminimal manipulation is “processing that does not alter the original
relevant characteristics of the tissue relating to the tissue’s utility for reconstruction,
repair, or replacement”. To grant an ATMP designation, EMA considers several
factors including the level of manipulation. EMA defines the substantial product
manipulations as “resulting in a change of their biological characteristics, physio-
logical functions or structural properties”. Therefore, products that do not qualify
as minimally manipulated and those that qualify for the substantial manipulation
designation are required to meet the GMP requirements.

GMP Regulations

GMP regulations cover the entire production process, environment, and personnel.
To keep the focus on stem cell-related applications, we will briefly describe the
requirements.

A. Organization and personnel
Quality control
The organization is required to define an entity that is tasked by approving or
rejecting process related parts including product containers, in processmaterials
at labeling. This entity shall also have the authority to review production records
to ensure full compliance.
Personnel qualifications
Staff involved in any component of the production process need to have
adequate education and training. The current GMP training shall be conducted
on a continuous basis by qualified person. The number of the production staff
should be adequate to perform and supervise the entire process. Personnel
engaged in production shallwear clothing and protective apparel appropriate for
the duties and necessary to protect the product from contamination. Personnel
are required to practice good sanitation; their authorization to enter the restricted
production areas is provided by supervisory personnel, and is contingent on
being healthy and competent to protect the quality of the product.

B. Building and facilities
Design and construction
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The facility should be designed to facilitate proper cleaning, maintenance,
and operation. Therefore, the facility size need to be appropriate for the
intended operations and equipment placement. Likewise, the flow of mate-
rial and personnel need to be designed to prevent mix up and contamination.
Several processes need to be considered during design such as:

• Receipt/holding/storage of components
• Manufacturing and processing operations
• Quarantine/release of products
• Aseptic processing including cleanable surfaces, temperature and humidity

control, - HEPA filtered air supply, environmental monitoring ventilation,
air filtration, heating, and cooling.

• Adequate use of equipment is required to ensure proper ventilation and
proper control over temperature, humidity, dust, pressure, and microorgan-
isms.

C. Equipment
Equipment used in production areas need to be of adequate size and construc-
tion to protect the product. Likewise, equipment need to be maintained and
cleaned properly, and inspected immediately before use. A routine inspection
or calibration of equipment used in production is required. Computers need to
be controlled, backed up, and limit their change to authorized personnel with
appropriate record keeping of any change.

D. Components, containers, and closures
Upon receipt, components, containers, and closures (CCC) need to be inspected
for damage, and where appropriate, need to be tested before being released for
use for production. Each shipment of CCC needs to be identified with a unique
code, quarantined until tested. CCC need to meet all approved specifications;
and only those that meet all approved specifications may be released for use,
otherwise, should be rejected.

E. Production and process control
There need to be written procedures that cover all aspects of production, such
procedures should be reviewed for change and followed at all times. All compo-
nents and equipment used in production need to be identified. End of process
sample testing procedures need to be written and followed, approved end of
process specifications need to be met.
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F. Packaging and labeling
Similar to components, labeling and packagingmaterials need tomeet approved
specifications before being released for use, and each shipment shall be iden-
tified with a unique code. Control over label issuance is required, with an
approved system to reconcile used, returned or damaged labels. Packaged and
labeled products need to be examined and verified for accuracy.

G. Laboratory control
A written program is needed to assess the stability of products. Results of
such program should be used to identify the appropriate storage conditions and
expiration dates. A representative reserve sample need to be retained and stored
in conditions consistent with the final product storage.

H. Records and reports
Production records need to be maintained. Similarly, records of components
containers and closures need to be retained. Equipment use and cleaning log
are needed. For each product, a master and batch production record should be
described in awritten procedure. Such records need to include the product name,
strength, component, equipment, manufacturing instructions, specifications,
sampling, in process results, identification of persons performing the process,
and end dates. Production, control, and labeling records need to be reviewed
by quality control unit to ensure compliance with written procedures before
being approved and released. Any discrepancy or failure to meet approved
specifications need to be fully investigated.

I. Returned product
Product that were returned after proper distribution need to be identified. If
the reason for return implicate the whole batch, then the batch needs to be
investigated. Return productsmay be used if the return condition did not impose
any potential risk, provided the product was tested andmet the approved release
criteria. Similarly, a product may be reprocessed provided the new product
meets the approved release criteria.

Cost of Clinical Production

Production of minimally manipulated cell-based therapeutics is largely standardized
and the main reason being the collective experience that both, the clinical team and
production teams, had built over the years. Another reason that participated in stan-
dardizing these therapeutics is the improvements of tools and materials that collec-
tively improved the entire process. Since the first successful cases, bone marrow
transplantation made wide leaps on all of its sides, transplant clinic, collection,
and processing. The transplant clinic had made major improvements to the trans-
plant process and disease management. Changes such as the timing of intervention,
intensity of preparation regimen, and management of medications had improved the
overall outcomes of the transplantation process. Similarly, the bone marrow collec-
tion process had improved to maximize the quality of the collected bone marrow
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while reducing the impact on the donor. In many cases, stem cell collection source
had shifted from bone marrow to peripheral blood. This shift provided the trans-
plant and collection teams with increased control over the quality of the product
being collected and dramatically improved the donor experience. Due to this shift,
the collection can now be completed in in a donor center setting instead of oper-
ating rooms. Further, product processing had utilized the higher quality material,
the closed production system setting, and improved product storage and monitoring
technology.

All these changes /improvements lead to shorter hospital stays, more successful
collection rounds, and faster and safer processes. The improvements on the three sides
of the cell therapy was reflected on the cost of the entire clinical care. The health
care cost of transplant unit became largely predictable, as a result, the insurance
companies started to cover the cost of the transplantation process, making a huge
difference by providing this option to a wide sector of the patients.

Scientists have utilized the long experience and knowledge generated by trans-
plantation programs around the globe to expand the scope of transplantation to
include diseases that once were considered untreatable, and to include therapeutic
cellular products that showed promising results in preclinical studies. Widening the
scope of cell therapy have led to new set of regulations to ensure patient safety
and wellbeing. Regulatory bodies then started to mandate clinical programs and
production facilities to comply with these regulations.

Often, scientific breakthroughs stem from institutions of academic setting; these
institutions encourage innovations and provide a supportive learning and experi-
menting environment. Scientists of academic centers usually provide the proof of
concept, then with the help of teams who specialize in translational research, move
the product from research bench to clinic. Most of the academic institutions include
a teaching hospital which makes such translation from research to clinic an easier
process.

Running cell-based therapeutic facility incurs fixed expenses whether the facility
is being used or not (ten Ham et al., 2020). The level of this cost is related to the
size of the facility, but is nonetheless a significant portion that should be considered
when estimating the cost of production. Unlike the fixed cost of running the facility,
operational cost varies according to the facility and to the volume of services offered.
For example, utilizing platforms, such as CliniMACS, requires the use of expensive
materials, but is also thought to result in reducing the cost of personnel and facility.

The major drivers of the operational cost are the specialized materials/equipment,
and personnel. But this cost may be reduced by developing production modular or
sharing of facility/equipment. It has been shown that such sharing can provide small-
scale developers an opportunity to develop innovative therapeutics without having to
make a substantial investment upfront. Considering the elevated cost of clinical GMP
production, the fact that academic centers are the source of innovative therapeutic
products, and due to the limited funding of academic centers research studies that
depends mainly on grants from sponsors, it is essential to adapt a model that protects
the patient safety while supporting academic centers to continue to produce such
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therapies. There is no magic solution that can create this model, but the following
approaches should lay the stage for the improved model.

Scale relevant regulations

Phase I or II Clinical studies that are usually led by an academic institution tend to
be of small scale with a small number of patients. Therefore, are well controlled and
monitored. Applying a full-scale regulations on such studies can result in a multi-
faceted burden. On one side, the GMP facility is often not available in academic insti-
tutions, and when available, would require skilled personnel to maintain it in status.
On the other side, the mandated process validation (media fills) can be exhaustive to
staff and management if applied in its entirety. There needs to be a set of regulation
that takes the scale of production in consideration. Clinical studies that enroll few
patients per year such as phase I trial, should have a relevant regulation, while phase
III/IV clinical studies that enroll hundreds of patients in multicenter studies should
be regulated differently.

Often, phase I/II clinical studies are led by academic institutions, then are handed
over to big pharma or biotechnology companies once the feasibility studies are
completed by demonstrating safety, and possibly efficacy, via Phase I/II studies. It
makes logic for the proof of concept phase to be regulated accordingly. Such approach
requires a close collaboration between scientists and regulators to create a set of
regulations that ensure patient safety while facilitating the scientific innovations.

Semi closed system

During the process development phase, the production system is usually open such
as tissue culture flasks. Proof of concept using this type of culture ware includes
safety such as sterility, in addition to the efficacy. As the process progresses to be
suitable for clinic, production systems are switched from open to closed, materials
are changed from research level to higher quality, and production from research
laboratory to stem cell laboratory. Sometimes closed production systems do not
exist for a specific product purpose. In situations like this, the clinical production is
carried out using open culture wear, but in a GMP facility. In other times, which is
more often, a semi closed production system exists but the GMP facility does not.
For a small scale clinical study, there needs to be some tolerance of facility level in
exchange for an as much closed system as possible. This approach requires scientists
and manufacturers working side-by-side to invent production systems that protect
the product safety while being used in a clean room setting.

Wehavewitnessed several inventions in the last decade, such as theGas Permeable
Rapid Expansion (G-Rex) that in many cases had improved the quality and quantity
of the produced cells while enhancing the product safety at the same time by being
semi closed (Fig. 10.3).

Process validation

Regulations require the drug manufacturer to demonstrate process safety by a simu-
lating the production process, also known as aseptic process validation, but using
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Fig. 10.3 G-Rex 500M

culture media. Following this mandate in its entirety means running simulation
processes that simulate all aspects of production including:

• Number of involved staff
• Process duration
• Process interruptions
• Process materials.

While it is understandable how simulation would demonstrate the process safety
in its most comprehensive manner, mandating such simulation from small scale
production facility can be determinantal. Therefore, there needs to be consideration
for the limited capacity of small cell therapy programs.

An ongoing process validation rather than aseptic process simulation might be the
required adjustment that small production facility need to thrivewhilemaintaining the
minimum safety level. Such ongoing process validation utilizes the production data
as they are being generated to demonstrate the process safety/efficacy. The results of
process validation should be shared with regulators, and should be used to decide if
the process need any type of adjustments. Acknowledging that small scale production
facility need an appropriate set of regulations, and clarifying the mandates in terms
of process material / process validation should lead to more innovative production
systems.Taking all this together, the clinical production cost of cell based therapeutics
should not be a hurdle that prevent cell therapy programs fromoffering new therapies,
and should not prevent patients from taking advantage of such therapies.
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Quality Assurance

To meet the regulatory standards, and one’s own commitment, organizations need to
develop a quality plan that serves as a road map to demonstrate how this organization
will achieve the committed quality. Such a plan need to be written and controlled
document, need to be accepted and supported by management, and need to be unique
for specific organization.

Translating the quality plan into actionable procedures is usually achieved via
developing standard operating procedures to ensure the quality plan is fully integrated
in the day to day operations. Organizations are required to have a quality control unit
that have adequate facilities available to them for the testing and approval of all
process components such as containers, processing and packaging materials, and
final products. Such unit need to have the authority to undertake their responsibility
to approve or reject a product or any of its components, procedures or specifications.
The quality control responsibilities need to be clearly identified in writing. Accord-
ingly, procedures need to be developed to ensure quality control responsibilities are
attained.

Facility

Cell therapy facility and process depends on each other; your process defines the
facility specifications that you may utilize, similarly, your facility dictates the type
of processes that you may do in that facility.

Minimally manipulated products

Because the product processing of this category is limited, the risk of contamination
and mix up is therefore limited. For such products, a small dedicated, or even shared,
lab space is sufficient (Leemhuis et al., 2014). However, several factors need to be
considered with design and location. Starting a cell processing lab (CPL) is usually
intended to support a small autologous cell therapy program at an academic center.
Hence, the CPL is expected to be located on campus with close proximity to patients.

For example, sharing lab space or equipment with microbiology or radioactive
isotope utilizing laboratory need to be avoided. Standard electrical supply is suffi-
cient, but it is better to connect product storage equipment to uninterrupted power
source. Access to the lab need to be restricted, and all biohazardous waste should be
handled according to the appropriate hospital procedures.

Lab cleaning procedure should be clearly described and validated. Further,
measures should be taken to limit the introduction of contaminants to the processing
areas. For example, restrict access to processing staff, limit the delivery of materials
directly to processing areas, and control of temperature and humidity to improve
the material storage conditions and limit growth of contaminants. CPL requirements
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of equipment is limited; critical equipment need to regularly be maintained and
calibrated. Further, backup for critical equipment should be identified.

Substantially manipulated products

ATMP and MMM product are considered sterile drug product that need to be
processed in aGMPcompliantmanner.GMP facility need to be designed, constructed
and maintained to provide protection against cross contamination, buildup of dirt,
and any adverse effect to product quality. GMP facility need to be qualified before
it may be used for production. Similarly, the cleaning protocol used at these facili-
ties need to be validated and approved. Access to GMP facility need to be limited
to qualified personnel members who work in those facilities. Likewise, personnel
are required to have a periodic GMP training. Environmental monitoring (EM) is
required for the facility, such monitoring is based on a previous classification of the
clean areas; it need to be validated and trended. EM is expected to monitor viable and
non-viable particles during both at rest and an operation status. Further, air pressure
between GMP areas need to be maintained to ensure maintenance of classification.

Equipment that come in contact with products are required to not impact the
product quality. Such equipment need to be installed, cleaned, validated, and main-
tained.Cleaning ofGMP facility is a critical part of the facilitymaintenance.Cleaning
materials need to be validated, and measures to prevent development of resistant
strains such as use of more than one decent factor should be considered.

References

Amira Ragab, E. L., Barky, E.M., Ali,M., &Mohamed, T.M. (2017). Stem cells, classifications and
their clinical applications . American Journal of Pharmacology & Therapeutics, 1(1), 001–007.

Blackford, S. J. I., Ng, S. S., Segal, J. M., King, A. J. F., Austin, A. L., Kent, D., Moore, J., Sheldon,
M., Ilic, D., Anil Dhawan, B., Mitry, R. R., & Tamir Rashid, S. (2019). Validation of current good
manufacturing practice compliant human pluripotent stem cell-derived hepatocytes for cell-based
therapy. Cells Translational Medicine, 8, 124–137.

Davis, B. M., Loghin, E. R., Conway, K. R., & Zhang, X. (2018). Automated closed-system expan-
sion of pluripotent stem cell aggregates in a rocking-motion bioreactor. SLAS Technology, 23(4),
364–373.

Eaker, S., Abraham, E., Allickson, J., Brieva, T. A., Baksh, D., Heathman, T. R. J., Mistry, B., &
Zhang, N. (2017). Bioreactors for cell therapies: Current status and future advances. Cytotherapy,
19, 9–18.

Eibl, R., Kaiser, S., Lombriser, R.,&Eibl, D. (2010)Disposable bioreactors: the current state-of-the-
art and recommended applications in biotechnology. Applied Microbiology and Biotechnology,
86(1), 41–49.

Frank, N. D., Jones, M. E., Vang, B., & Coeshott, C. (2019). Evaluation of reagents used to coat
the hollow-fiber bioreactor membrane of the Quantum Cell Expansion System for the culture of
human mesenchymal stem cells. Materials Science & Engineering C, 96, 77–85.

Hähnel, A., Pütz, B., Iding, K., Niediek, T., Gudermann, F., & Lütkemeyer, D. (2011). Evaluation
of a Disposable Stirred Tank Bioreactor for Cultivation of Mammalian Cells, 5(Suppl 8), P54.

Kaiser, L. R. (1992). The future of multihospital systems. Topics in Health Care Financing, 18(4),
32–45.



10 Stem Cell Production: Scale Up, GMP Production, Bioreactor 267

Knazek, R. A., Gullino, P. M., Kohler, P. O., & Dedrick, R. L. (1972). Cell culture on artificial
capillaries: An approach to tissue growth in vitro. Science, 178(4056), 65–67.

Kropp, C., Massai, D., & Zweigerdt, R. (2017). Progress and challenges in large-scale expansion
of human pluripotent stem cells. Process Biochemistry, 59, 244–254.

Leemhuis, T., Padley, D., Keever-Taylor, C., Niederwieser, D., Teshima, T., Lanza, F., Chabannon,
C., Szabolcs, P., & Bazarbachi, A. (2014). Essential requirements for setting up a stem cell
processing laboratory. Bone Marrow Transplant, 49(8), 1098–1105.

Lundstrom, K. (2018). Viral vectors in gene therapy. Diseases, 6, 42.
Manufacturing Practice Medicinal Products for Human and Veterinary Use, Annex 1, Manufacture

of Sterile Medicinal Products.
Natalie de Souza. (2018). Organoids. Nature Methods, 15(1).
Oppermann, T., Leber, J., Elseberg, C., Salzig, D., & Czermak, P. (2014). hMSC production in

disposable bioreactors in compliance with cGMP guidelines and PAT. www.americanpharaceuti
calreview.com

Pharmaceutical Inspection Convention, Guide To Good Manufacturing Practice For Medicinal
Products, PART I.

Pörtner, R., & Faschian, R. (2019). Design and operation of fixed-bed bioreactors for immobilized
bacterial culture. Growing and Handling of Bacterial Cultures.

Ryu, N.-E., Lee, S.-H., & Park, H. (2019). Spheroid culture system methods and applications for
mesenchymal stem cells. Cells, 8, 1620.

Sampogna, G., Guraya, S. Y., & Forgione, A. (2015). Regenerative medicine: Historical roots
and potential strategies in modern medicine. Journal of Microscopy and Ultrastructure, 3(3),
101–107.

ten Ham, R. M. T., PharmD, A. M., Hovels, J. H., Frederix, G. W. J., Leufkens, H. G. M., Klungel,
O. H., Jedema, I., Veld, S. A. J., Nikolic, T., Van Pel, M., Zwaginga, J. J., Lin, F., de Goede,
A. L., Schreibelt, G., Sandy Budde, I., de Vries, J. M., Wilkie, G. M., Dolstra, H., Ovelgonne,
H., … Hoefnagel, M. H. N. (2020). What does cell therapy manufacturing cost? A Framework
and Methodology to Facilitate Academic and Other Small-Scale Cell Therapy Manufacturing
Costings, Cytotherapy, 000, 1–10.

Watanabe, K., Ueno, M., Kamiya, D., Nishiyama, A., Matsumura, M., Wataya, T., Takahashi, J.B.,
Nishikawa, S., Nishikawa, S., Muguruma, K., & Sasai, Y. (2007). A ROCK inhibitor permits
survival of dissociated human embryonic stem cells. Nature Biotechnology, 25(6), 681–686.

Weber, C., Freimark, D., Pörtner, R., Pino-Grace, P., Pohl, S., Wallrapp, C., Geigle, P., & Czermak,
P. (2010). Expansion of human mesenchymal stem cells in a fixed-bed bioreactor system based
on non-porous glass carrier – Part A: Inoculation, cultivation, and cell harvest procedures.
International Journal of Artificial Organs, 33(8), 512–525.

http://www.americanpharaceuticalreview.com


Chapter 11
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Abstract There has been considerable attention paid to cutaneous stem cell in the
area of regenerative medicine as a potential therapeutic goal for managing disorders
of the skin and hair, possible use in quickening or supporting the process of wound
healing, and numerous types of cancers related to the skin. Cutaneous stem cell plays
an essential role in many processes as skin structures’ renovation in case of injuries.
During hemostasis, the growth of hair follicles and melanocytes is reconstructed and
produced. So, obtaining applicable and valid access to skin stem cells for cutaneous
interventions, which often include active molecules, is a treasured accomplishment.
However, the main hindrance for drug delivery through the topical route is the active
barrier represented by the skin against most exogenousmolecules’ penetration. Thus,
this field’s research is paying more attention to new strategies to avoid and by-pass
this barrier efficiently. In this section, a summary of recent advancements made in
stem cell and an investigation of their benefits.
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Introduction

Stem cells are broadly defined as underinflated cells to generate and differentiate into
many other forms of cells. Stem cells can create every tissue in the human body and
therefore have considerable potential for future use in the repair and regeneration of
tissue (Aljabali et al., 2020). To be called stem Cells, a cell must have two essential
characteristics. First, stem cells must produce progeny without limitations, precisely
the same as the source cell. Such a feature often relates to the uncontrolled division
of cancer cells, while stem cells’ division is tightly supervised. Therefore, stem cells
must consider the additional requirement that they may contribute to a specific cell
type that is part of a healthy animal (Health, 2009). The generic “stem cell” classi-
fication covers several particular kinds of cells (embryonic or adult) (Bajada et al.,
2008). There are twomajor classes of stem cells: pluripotent that can become any cell
in the adult body, and multipotent that are restricted to becoming a more limited cell
population. Pluripotent stem cells are named because they can differentiate among
all kinds of cells in the body. Pluripotent stem cells are present in natural develop-
ment for a short time in the embryonic stages. They are distinct from specialized
multipotent stem cells, ultimately leading to the formation of the body’s specialized
tissue. A common fate for multipotent stem cells is that they remain quiet without
dividing or differentiating, maintaining their position in the pool of stem cells. One
example is the stem cells in the bone marrowwaiting for body signals to be activated.
The stem cells’ second fate is to symmetrically self-renew the cell division creates
two stem cells of the baby, much like the parent cell. This does not end in distinct
progeny, but it raises the supply of stem cells required to produce specialized cells
in subsequent divisions (Biehl & Russell, 2009).

Pluripotential stemcells are yet to be utilized in clinical treatment and commercial-
ized since several of the early experimental experiments contribute to the unexpected
development of unusual solid tumors or teratomas (Laflamme et al., 2007; Mehta
et al., 2020). A combination of cell types from the early germ layers is produced up
the teratomas. Later, successful animal studies used pluripotent cell modifications
that limited this proliferative capability to a more mature phenotype. Pluripotent
cells are used to cure animals effectively. For starters, insulin-producing cells that
respond to glucose levels were handled for animals with diabetes (Darabi et al.,
2008; Wernig et al., 2008). The FDA is now exploring the prospect of investing in
medical research with commercial companies. Many animal trials to combat many
disorders have been performed, such as Parkinson’s, body dystrophies, and cardiac
insufficiency. Companies hope that incorporating newly developed damaged cardiac
myocytes into myocardial will allow cardiac operation of stem cell therapy to boost
its power. Cardioactive myocyte patches derived from human embryonic stem cells
can form a viable human cardiac myocardium after animal transplantation (Kehat
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et al., 2004; Laflamme et al., 2005). After injecting cardiac myocytes from human
embryonic stem cells, the damaged rodent heart showed slightly improved cardiac
function (Discher, 2010).

Stem Cells Global Market

The highest prevalence of neurological and inherited disorders has brought in greater
demand for new drugs and therapy. Conventional therapies primarily target diseases’
symptoms. However, there is an immediate need to identify and then treat the root
causes of any disease. Stem cells are a central part of regenerative medicine and a
subdivision in cell therapy, as summarized in Table 11.1. The infinite self-renewal
and differentiation properties pose a wide variety of disorders that enable Stem
cells to become boundaries in regenerative medicine. The worldwide demand for
stem cell therapy is equally focused on the involvement of significant juggernauts
versus small to medium-sized companies (Abbasalizadeh & Baharvand, 2013). The
growth in federal grants and many governments and private institutions, pushing
extensive stem cell work, adds to an increasing emphasis on stem cells. Throughout
theworldwide stemcell therapy industry, the growing recognition andproven efficacy
of stem cell therapy products are essential drivers. Thus, other stem cell therapy drugs
are anticipated to be approved and introduced on the market to contribute to a shift
in the healthcare sector with further research and development activities (Foley &
Whitaker, 2012).

Cell therapy is by far the most quickly evolving and the leading sector in alterna-
tive medicine. The global stem cell therapy industry is estimated to be valued at USD
7.342.0 million in 2018. According to Coherent Business Insights, it is projected to
show the CAGR by 21.0% over the projection period from 2018 to 2026 (Insights,
2020). However, in 2019, the stem cell therapy market was projected to be worth
US$ 1.534.55 million, and it is expected to hit US$ 5.129.66 million by 2027 (Busi-
nessinsider, 2020). The rise in financing and infrastructure investments to promote
new companies’ launch is projected to fuel the development of sustainable cellular
care revenues in the industry. For example, Bayer invested USD 215 million in July
2019 for the launch of Century Therapeutics, a US-based biotechnology company
to develop therapies for solid tumors and blood cancer.

Further funding from Versant Ventures and Fujifilm cellular dynamics has
increased to USD 250 billion by 35 million US dollars (Insights, 2020). Stem cell
therapy is praised as the next big breakthrough in clinical improvement. Drug compa-
nies are investing heavily in increasing their stem cell portfolios based on the repro-
gramming of stem cells, thereby demonstrating definite indications that stem cell
reprogramming is entirely plausible in treating various life-threatening diseases.
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Table 11.1 Stem cell products in the market

Stem cell product
generic name®

Manufacturer Stem cell type Clinical use

Prochymal Osiris therapeutics Inc. Bone marrow MSCs
(BM-MSCs)

Graft-versus-host
disease (GVHD),
Myocardial infarction
(MI), Chronic
obstructive pulmonary
disease (COPD)

TEMCELL HS JCR Pharmaceuticals Bone marrow MSCs
(BM-MSCs)

Acute graft-versus-host
disease (GVHD)

Cartistem
(Cartilatist)

MEDIPOST Co. Ltd. Umbilical cord-derived
MSCs (UC-MSCs)

Knee joint osteoarthritis

Darvadstrocel TiGenix Adipose tissues
derived- MSCs
(AT-MSCs)

Complex perianal
fistulas in Crohn’s
disease

Modulatist™ Regenmed Co. Ltd. Whole Umbilical
cord-derived MSCs
(UC-MSCs)

Chronic obstructive
pulmonary disease
(COPD)

Cupistem Anterogen Adipose tissues
derived- MSCs
(AT-MSCs)

Joint osteoarthritis,
Crohn’s disease fistula

Queencell Anterogen Adipose tissues
derived- MSCs
(AT-MSCs)

Subcutaneous tissue
defect

Cartiform Osiris therapeutics Inc. Chondrocytes and
chondrocytes growth
factors

Cartilage repair

Grafix Osiris therapeutics Inc. Placenta-derived
mixture of endogenous
stem cells, collagen
matrix, and growth
factors

Acute and chronic
wounds

Stravix Osiris therapeutics Inc. Umbilical cord-derived
stem cells and
extracellular matrix

Acute and Chronic
wounds, diabetic
ulcers, pressure ulcers,
and surgical wounds

iCART Takeda pharmaceutical
company

Induced pluripotent
stem (iPS) cell-derived
chimeric antigen
receptor (CAR) T-cell

Immunotherapy

ALLOCORD SSM cardinal glennon
children’s medical
center

Blood-derived
hematopoietic
progenitor cells (HSCs)

Disorders produced or
developed through
myeloablative therapy
involving the
hematopoietic organ

(continued)
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Table 11.1 (continued)

Stem cell product
generic name®

Manufacturer Stem cell type Clinical use

Clevecord Cleveland cord blood
center

Blood-derived
hematopoietic
progenitor cells (HSCs)

Disorders produced or
developed through
myeloablative therapy
involving the
hematopoietic organ

Ducord Duke university school
of medicine

Blood-derived
hematopoietic
progenitor cells (HSCs)

Disorders produced or
developed through
myeloablative therapy
involving the
hematopoietic organ

PROVENGE Dendreon corporation CD54+ cells activated
with GM-CSF

Asymptomatic or
minimally symptomatic
metastatic
hormone-refractory
prostate cancer

GINTUIT Organogenesis
incorporated

Allogeneic cultured
keratinocytes and
Fibroblasts

Treatment of clogging
symptoms of Vascular
wound bed

HEMACORD New York blood center,
Inc.

Blood-derived
hematopoietic
progenitor cells (HSCs)

Disorders produced or
developed through
myeloablative therapy
involving the
hematopoietic organ

KYMRIAH Novartis
pharmaceuticals
corporation

CD19-directed
genetically modified
autologous T-cell

Refractory B-cell
precursor acute
lymphoblastic
Leukemia, refractory
sizeable B-cell
lymphoma

TECARTUS Kite pharma, Inc. CD19-directed
genetically modified
autologous T-cell

Refractory mantle cell
lymphoma

YESCARTA Kite pharma, Inc. CD19-directed
genetically modified
autologous T-cell

Refractory large B-cell
lymphoma

Stem Cells Products in Diagnostics and Disease Treatment

Currently, several products are available in the market or in the final stages of clin-
ical trials based on stem cells. These products represent good alternatives for treating
various diseases, especially in the advanced stages where the current conventional
therapies become unsuccessful. These stem cell-based products were treated with
several conditions, such as myocardial infarction, osteoporosis, acute or chronic
wounds, diabetic ulcers, anal fistulas, and many others. For example, Prochymal®
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is an adult human mesenchymal stem cell produced by Osiris Therapeutics Inc to
treat myocardial infarction. The use of Prochymal® for six months resulted in a
significant improvement in the ejection fraction and the disease symptoms of the
treated patients. This was associated with a decrease in ventricular arrhythmias and
improved overall pulmonary functions (Hare et al., 2009a). Darvadstrocel (Alofisel®)
is another human allogeneic adipose-derived MSC (AT-MSCs) prepared by TiGenix
and approved in the EU for the treatment of complicated perianal fistulas. Alofisel® is
the first MSC-based therapy for treating perianal fistulas that are resistant to conven-
tional therapy in patients with non-active/mildly active Crohn’s disease (Scott, 2018).
Stem cell-based therapies have been applied for the treatment of joints and knee disor-
ders. For example, Cartiform, prepared by Osiris Therapeutics Inc was approved for
Cartilage repair (Melugin et al., 2020). On the other hand, Custom was developed
by Anterogen, which is based on AT-MSCs and approved for the treatment of Joint
osteoarthritis (Syed&Evans, 2013).Other stem cell-based products that are currently
approved or under clinical trials can be found inTable 11.1.Moreover, several clinical
trials in various phases are presently conducted for different stem cell-based prod-
ucts, which will seek the required regulatory approvals soon and will be translated
into developments in the market.

Stem Cells in Treatment of Neurological Disorders

Various stem cell applications have usually been treated with multiple neurolog-
ical diseases with successful outcomes, and the list has expanded ever since. For
example, Brain paralysis is a condition caused by brain damage during or shortly after
pregnancy. Convulsions, visual impairment, speech difficulties, hearing loss, lack of
communication and coordination, and cognitive delays often accompany it. Labo-
ratory studies in animal models with test-related or traumatic strokes have shown
that stem cell therapy has the potential for betterment. The possibility to perform
such transplants by injecting them into the brain rather than directly into the vascula-
ture increases the probability of prompt clinical trials in humans (Abbasalizadeh &
Baharvand, 2013). Consequently, human parameters suitable for testing cell injec-
tions, such as cell type, implant period, and impact on function, ought systemically
to be conducted in animal models. Studies have shown that advantages of accidents
may be obtained in animals of experimental strokes, or catastrophic injury, in the
expectation that these trials can be rapidly converted into reality.

The researchers under Professor Kiminobu Sugaya of the University of Central
Florida found that adult human stem cells develop into brain cells after implantation
in adult rat brains. Neural stem cell (NSC) implants open the option and advance of
supplying amuchmore lasting solution than presentmedicaments, with an innovative
strategy for treating many brain disorders, including AD. These cells can migrate to
lesion areas of the brain following grafting and differentiate into the required type of
cells lacking in the brain, providing the cell population required to foster recovery
theoretically (Oliveira Jr & Hodges, 2005).
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The embryonic stem cells of mesenchymal and ectodermal stem cells originating
from 4–8 weeks of old embryo corpse organ active growth zones were used for
or therapy of Multiple Sclerosis. Suspensions of 1–3 mL with cells of 0,1–100 ×
105/ml were performed. 2–4 different suspensions were implemented during treat-
ment, and intracavitary, intravenous, and subcutaneous administration was applied.
Early post-transplant recovery syndrome was found after therapy in 70% of patients,
with reduced fatigue, increased appetite, and mood as the major depression symp-
toms decreased (Kimiskidis et al., 2008). On the other hand, the authors documented
the potential for extreme longevity, migration, and Parkinson’s symptoms. This is
specifically linked to decreased amounts of dopamine in the nigrostriatal system
in undifferentiated human neural stem cells (hNSCs), which were transplanted into
Parkinson’s infected chimpanzees (Gavira et al., 2006b, 2010; Hata et al., 2006;
Sanberg, 2007).

Stem Cells in Treatment of Cardiovascular System

Nearly two decades have elapsed after initial attempts in cardiac SC therapy were
made. Today, various kinds of SCs have been tested for their cardiovascular regenera-
tion ability onmultiple development levels. A substantial number of researchers have
examined thoroughly how these cells behave in diverse models of small and large
animals, including rats, cats, dogs, and pigs, in the care of ischemic and non-ischemic
cardiomyopathies (Fukushima et al., 2008).

Such studies have shown that myoblast skeletal can be distinguished from
myotubes, decreased myocardial thrombosis, reduced remodeling of the ventricle,
and enhanced myocardial efficacy. These create powerfully were likely coming into
clinical studies. Many of the little experiments have shown enhancement of the func-
tional class of left ventricular discharge (LVEF) and the NewYork Heart Association
(NYHA) and improved provincial wall motion following skeletal myoblasts implan-
tation (Gavira et al., 2006a; Hagège et al., 2006). It was first observed by Beltrami
et al. in an adult heart that c-Kit + cells could differentiate into cardiomyocytes,
endothelial cells, and muscle cells to help the recovery of damaged heart tissue
and others (Bearzi et al., 2007; Ellison et al., 2013). Many other specific populations
have been identified in the last decade from antigen stem cells (Sca)-1+ cell, cardiac
stem cells (CSC), and cardiac progenitor cells (CPCs), such as cardio sphere-derived
cells (CDC) and protein (Isl)-1 + factor insulin factor enhancer cells and cardiac
side population cells (Oyama et al., 2007; Uchida et al., 2013; White et al., 2013).
Numerous fate-mapping studies have shown that the established cardiovascular stem
andprogenitor cellswill contribute to adult cardiomyogenesis (Malliaras et al., 2013).
In 2011, there was no evidence of mortality or CSC-related adverse consequences
of intracoronary c-kit + CSC infusion in patients with ischemic cardiomyopathy
in results from the very first preclinical and clinical trial (SCIPIO, NCT00474461)
(Bolli et al., 2011). MRI assessment indicated that regional and global heart func-
tions, infarction size decrease, and viable tissue increase 4 and 12 months after stem
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cell injection were increased (Chugh et al., 2012). The stem cells’ ability, largely
focused on implicit/paracrine or direct pathways, to regenerate damaged tissues.
The latter involves active heart differentiation and incorporation of implanted stem
cells into the myocardium tomitigate the lack of cardiomyocytes or endothelial cells.
Data from several in vitro and in vivo trials have also led to the notion that paracrine
activation is the standard process for mediating stem cell operation (Chong et al.,
2014; Malliaras et al., 2014).

Technological Advancement Involving Stem Cells Therapy

Following the advent of stem cells’ reprogramming, scientists worldwide have been
committed to creating new methods of development and construction of human
embryonic stem cells since the discovery of differentiation mechanisms to create
human-mediated pluripotent stem cells. Recent developments in genetic engineering
have provided the ability to change cells, enabling exact and complex directed func-
tionalities, mainly stem cells. Nevertheless, unmodified stem cells also have a high
capacity for healing and still are utilized in conventional therapies. For example,
the primary cause of mortality in the USA is cardiovascular disease. Stem cells
have developed as a possible treatment agent for permanently damaged tissue during
the past decade, and MSCs for therapy have been thoroughly studied. Preliminary
results showed promising results in cardiac tissue repair and generation (Karantalis
&Hare, 2015). Double-blind placebo experiment in 53 post-MI patients with compa-
rable adverse effects in each group using intravenous human allogeneicMSCs. In the
pulmonary function test group that receivedMSC transfer, Ambulatory EKG showed
reduced ventricular tachycardia episodes and improved forced exhibition volumes in
one second. The MSC group significantly improved the global symptom score and
ejection fractions (Hare et al., 2009b).

Related findings were found with an injection of MSC inpatient ischemic
cardiomyopathies, contributing to increased functional abilities, quality of life, and
ventricular remodeling (Hare et al., 2012). Investigations have shown that treat-
ment with genetically modified bone marrow-derived MSCs that secrete IFN-β has
resulted in the introduction into the malignant tissue and locally conceals IFN-β
and prevents tumor development in human xenotransplantation melanoma mouse
model. The systemic administration of IFN-β does not achieve this significant effect.
In an investigative purpose with a canine melanoma model, cisplatin usage increases
therapeutic efficacy in IFN-β-transducted adipose tissue-derivedMSCs as carriers of
anti-tumor drugs, has been reported (Ahn et al., 2013). Numerous different cytokines
and tumor suppressor genes are currently used in the genetic engineering of MSCs
for anticancer procedures. Such therapies attempt to end the cancer cells preferen-
tially to improve the therapy’s effectiveness and reduce toxic effects. Another of
these is the tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) related
to tumor necrosis. TRAIL is a transmembrane type II protein that activates a specific
apoptosis signal in tumor cells when normal cells are avoided. Despite the potential
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advantages of TRAIL for cancer treatments, TRAIL-based treatments’ development
poses many challenges: its short half-life of about 30min, limited bioavailability, and
poor pharmacokinetics (Du et al., 2012). MSCs may be used as efficient transport
mechanisms for brain tumor treatments, including IL-12 and other antineoplastic
agents. Peripheral administration of human MSCs transduced in the nude model of
renal cell carcinoma in mice with a recombinants adenoviral vector that expresses
murine IL-12 showed that these IL-12-expressing MSCs are homing to the tumor
cells. These cells naturally produced IL-12 regionally, with a slight rise in IL-12
levels, thereby demonstrating the capability of adult IL-12 MSCs to mitigate cancer
growth and to prolong life (Gao et al., 2010).

Stem Cells and Vaccine Production

A routine tolerance to a host of respiratory disorders such as pneumonia, measles,
and chickenpox, and many others is improved by vaccination. The vaccine induces
cellular and humoral immunity against viral infection, transplanting, and carcinogen-
induced in humans or animals. Embryonic stem cells (ESC) are capable of fast
clonal proliferation and self-renewal and can reside and prosper in different human
body environments. Similarity has long been recognized between fetal development
and cancer and the potential use of ESC as a vaccine have well been established
and entered clinical trials on some models by the discovery of oncofetal proteins
and antigens such as α-fetoprotein (AFP) had been discovered (Chism et al., 1978;
Trojan et al., 1995), human chorionic gonadotropic (HCG) (Matzuk et al., 1987), and
carcinoembryonic antigen (CEA) (Haynes et al., 1985). The proteins, as mentioned
above, are tumor-related protein or antigen (TAA) synthesized during embryonic
development and reappeared during cancer development in adults. These proteins
are known for the detection and surveillance of cancer by biomarkers (Purswani &
Talwar, 2011). In the induced pluripotent stem (iPSCs), four transcription factors
may be produced into adult somatic cells, which turn their transcriptions and their
epigenetic state into a pluripotent model resembling the ESCs. Like ESCs, iPSCs
share cancer cell genetic and transcriptomic signatures, including protein markers
that can be identified via the immune system (de Almeida et al., 2014; Ghosh et al.,
2011; Takahashi & Yamanaka, 2006). Over a century ago, Schöne recognized that
immunization with embryonic/fetal tissue could trigger the rejection of the trans-
planted tumors in animals (Yang et al., 2006). Later research suggested that animal
vaccination of embryonic material produced humoral and cell immunity from trans-
plantable tumors and cancer-induced tumors and endorsed the notion that antigens
that are exchanged between fetal and cancer cells can trigger immune to tumors.
Anti-tumor immunity. Recent studies have shown that oncofetal cancer vaccines
based on antigen may elicit strong T-cell responses (Fishman et al., 1975; Purswani
& Talwar, 2011).
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Stem Cells and Regenerative Medicines

The present-day dilemmas formany healthcare systemsworldwide are the increasing
prevalence of chronic diseases and the need to implement innovative solutions that
limit organ dysfunction, prevent tissue degeneration and offer a replacement for
damaged tissues (Giwa et al., 2017; Jessop et al., 2016). Conventionally prescribed
medications can only manage and control the symptoms but cannot repair and
regenerate the injured organs3. Regenerative medicine, a recently emerged and fast-
growing branch of medical science, deals with the functional restoration of damaged
tissues to end the anguish of many patients with severe injuries or chronic diseases.
Regenerative medicine converges the principles of stem cells-based research and
molecular biology to regenerate and reinvigorate damaged cells, tissues, and organs
(Mandrycky et al., 2017; Rosenthal & Badylak, 2016).

Stem cells are known for their miraculous abilities to differentiate into various
committed cell types and regenerate the damaged organs (Mahla, 2016). Based on
the source and origin from where Stem cells can be obtained and their stemness and
transdifferentiation potential, stem cells can be divided into four broad categories
accordingly: embryonic (ESCs), extraembryonic, fetal (FSCs), and adult stem cells
(ASCs, among them mesenchymal stem cells—MSCs). Embryonic cells (ESCs) are
pluripotent, derived 5–6 days post-fertilization from the blastocyst’s inner cell mass
before the implantation of the embryo. Extraembryonic stem cells can be obtained
from amniotic fluid and placenta, which have a mixture of different populations
of stem cells with different potency abilities; fetal Stem cells (FSCs) are multi-
potent cells located in the fetal tissues and embryonic annexes. Adult stem cells
(ASCs) are multipotent stem cells in fully developed organs that reside in niches
with a specialized microenvironment to maintain their stemness and self-renewal. In
vitro produced type of pluripotent ESC-like stem cells, epigenetically transforming,
reprogramming and reestablishing the terminally differentiated cell’s endogenous
pluripotence factors, is regarded as a landmark discovery in the field of stem cells as
an alternate way to establish an infinite stems cell source (Mahla, 2016; Rosenthal
& Badylak, 2016).

Bench to bedside translational clinical trials featuring different stem cells are
increasing dramatically, with 7983 registered clinical trials (ClinicalTrials.gov)
(Mahla, 2016). Mesenchymal stem cells (MSCs) are considered the topmost close to
clinic stem cells with 1146 registered clinical trials (ClinicalTrials.gov) as shown
in Fig. 11.1 (Mahla, 2016; Rad et al., 2019). MSCs were successfully able to
treat various diseases, including diabetes, cardiovascular diseases, neurodegener-
ative disorders, liver diseases, and kidney diseases. MSCs prevailed over other stem
cells because they can be easily isolated, maintained, and expanded with no ethical
or teratoma risk (Pittenger et al., 2019). Embryonic stem cells (ESCs) scientifically
are the ideal stem cells for regenerating damaged organs; however, ethical concerns
and high teratoma risk limit these cells’ translational application (King et al., 2014).
Induced pluripotent stem cells (iPSCs) can be an excellent alternative to avoid ethical
issues with similar characteristics and differentiation potential to ESCs. However,



11 Stem Cell-Based Products in the Market 279

Fig. 11.1 Stem cells-based registered clinical trial

these cells still harbor the risk of teratoma, the uncontrollable pre-transplantation
differentiation, and the risk of genotoxicity are themain issues that limit their clinical
translation (Yoshihara et al., 2017).

Demand for launching regenerativemedicine therapeutic products in themarket is
influenced by the need to overcome the substantial increase in the number of patients
with degenerative and chronic diseases that have been exhausted many healthcare
systems. The implementation of new strategies that combined advanced technologies
such as nanotechnology and bioengineering with stem cells can provide and ensure
efficient as well as long-term replacement and regeneration of damaged organs,
tissues, and cells. It can be a promising therapeutic option for many degenerative
conditions such as Parkinson’s disease, Alzheimer’s, stroke, and heart failure, which
are poorly controlled with currently available conventional medications (Hofmann,
2014;Kwon et al., 2018). TheWorldRegenerativeMedicinesMarket foretold that the
commercial potential of the regenerative medicine market is thriving with revenues
that can reach up to $67.5 billion in 20,202. Most of the revenue is coming from
bone marrow-derived products. Many governments across Europe and the USA
are investing extensively in projects related to tissue engineering and regenerative
medicine with endorsing new guidelines and policies that facilitate conducting a
wide range of clinical trials (Rose et al., 2018).

Mesenchymal stemcells (MSCs) have been corroborated to have promising regen-
erative potential and ideal stem cell candidates in regenerative medicine. The regen-
erative molecular mechanisms of MSCs are based on their abilities to differentiate
in multi-cell lineages. Further, several studies highlighted that MSCs exerted their
therapeutic functions mainly by secreting large numbers of paracrine factors that
have mitogenic, angiogenic, antiapoptotic, antifibrosis chemo-attractant character-
istics (Linero & Chaparro, 2014). These MSCs-secreted paracrine factors can also
promote the growth and the differentiation of tissue-residents stem cells following a
harmful situation. The growing evidence supporting the regenerative and therapeutic
role of MSCS-secreted paracrine factors has led to introducing a novel therapeutic
product called “MSCs secretome,” which comprises the proteins presented in MSCs
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culture media certain conditions (Eleuteri & Fierabracci, 2019). Paracrine factors in
theMSCs-secretomes including growth factors, chemokines, cytokines, interleukins,
perform many cellular and biological functions such as inhibiting the apoptosis and
necrosis of cells from tolerating stressful microenvironments, inducing the prolif-
eration of residential progenitor or stem cells, and enhancing neovascularization at
the damaged site to reinvigorate affected tissues with oxygen and nutrients. MSCs
immune modulation and immune suppression are other important therapeutic mech-
anisms that can be modulated and modified to treat a wide range of immunological
diseases and to enhance the engraftment of MSCs itself (Weiss & Dahlke, 2019).

MSCs are the most suitable stem cells for bench-bedside translational applica-
tions.MSCs are superior to other stem cells because they can be isolated, maintained,
and expanded quicklywith no ethical or safety issues (Sugarman, 2008).More impor-
tantly, MSCs express deficient levels of significant histocompatibility factor class I
(MHC- I) and do not express significant histocompatibility factor class II (MHC- II),
which are immunogenic markers. Based on that, one young, healthy donor can give
cells to multiple unmatched recipients “Universal donor phenomena” with minimal
rejection chances8. Based on the reasons mentioned above, MSCs are the perfect
stem cells for “Off-the-Shelf” products (Sheridan, 2018).

In 2012, Canada approved the first off-the-shelf product derived from
mesenchymal stem cells called “Prochymal” to treat graft-versus-host disease
(GVHD) (Prasad et al., 2011). This product contains MSCs from allogenic human
bone marrow. In 2016, a similar product for treating (GVHD) was manufactured
in Japan under the name of “Temcell HS” which also contains MSCs from bone
marrow (Yamahara et al., 2019). In 2014, Korean pharmaceutical companies were
developed another MSCs off-the-shelf product named “Cartistem” for treating knee
osteoarthritis (Vega et al., 2015). In Europe, the Committee for Medicinal Products
for Human Use (CHMP) approved (Cx601, Darvadstrocel), the first off-shelf MSC
product that treats a sophisticated form of Crohn’s disease (CHMP) (Meng et al.,
2020). The above mentioned MSCs products are primarily based on the immune
modulation abilities of MSCs.

Recently, some of the approved off-the-shelf MSCs products were used for other
conditions unrelated to the immune system. In a randomized, double-blind, placebo-
controlled clinical trial, Prochymal was intravenously transfused into 53 MI patients
at different doses: 0.5, 1.6, and five million cells/kg. The results showed a significant
improvement in all patients’ ejection fraction after hMSC-treatment (Madigan &
Atoui, 2018). In 2017, the first off-the-shelf cryopreserved adipose-derived stromal
cells (CSCC_ASC) product from healthy donors was tested clinically for intramy-
ocardial injection in patients with ischemic heart disease and ischemic heart failure
(IHF) in Denmark (Kastrup et al., 2017). These adipose tissues derived from MSCs
have been cultivated and extended in bioreactors without using animal constituents.
An umbilical cord-derived MSCs were produced by Regenmedlab (Regenmed Co.
Ltd) in Vietnam under the name of “Modulatist™,” which has healthy immunomod-
ulation compared to adipose tissue-derived or bone marrow-derived MSCs. Modu-
latist™was clinically useful for treating and improving the symptoms in two patients
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suffering from a chronic obstructive pulmonary disease (COPD) (Zhou et al., 2011).
Modulatist™ was administered to the COPD patients intravenously (106 cells/kg)
and then evaluated at 1, 3, and 5 months post-infusion. Modulatist™ significantly
improves the Patient quality of life with a significant reduction of acute COPD exac-
erbation. Notably, there were no adverse side effects reported with Modulatist™
at five months follow-up (Le et al., 2016). Another South Korea’s Food and Drug
Administration marketing product approved was Cupistem® (Anterogen). It consists
of autologous adipose-derived MSCs used to reduce inflammation and regenerate
damaged joint tissues and is also indicated for the treatment of Crohn’s fistula (Gao
et al., 2016).

With the increasing demands for MSCs off-the-shelf products and the increasing
government investments in the cell manufacturing market, Pharmaceutical compa-
nies should direct efforts to manufacture a consistent product with minimal patch-
patch variations to ensure the delivery of these MSCs products to the patients in
a way that maximizes therapeutic efficacy. Further, they should be designing and
executing successful clinical trials for post-marketing quality control andmonitoring
any possible side effects. The ultimate target of MSCs products -marketing compa-
nies is to assure the availability of high volume, high quality, and low-cost human
MSCson themarket to ensure thatmany sufferingpatientswith various incapacitating
conditions can get benefit from these products (Robb et al., 2019).

Other approved stem cell products developed by Osiris Therapeutics company
and are available in the market include Cartiform®, a cryopreserved osteochondral
allograft composed of chondrocytes chondrocytes growth factors used for cartilage
repair (Mirzayan et al., 2018). Grafix® is the only approved cryopreserved placental
membrane that contains a mixture of endogenous stem cells, collagen matrix, and
growth factors for managing acute and chronic wounds (Gibbons, 2015). Stravix®

is another product used to treat acute and chronic wounds, diabetic ulcers, pressure
ulcers, and surgicalwounds (Ha et al., 2017). Stravix® contains amixture of umbilical
cord-derived stem cells and extracellular matrix, which conforms to the exposed
injury site and forms an adhesion barrier.

The production of pluripotentmediated stem cells (iPSCs) offers new insights into
the potential generation of successful cellular immunotherapy products. iPSCs are
identical to embryonic stem cells and unrestricted in vitro development and lymphoid
lineage differentiation. The generation of iPSCs cell lines allows for constant and
continuous production of different types of immune cells, including T and NK
lymphocytes. It offers solutions to the limited availability or expansion of primary
immune cells (Bernareggi et al., 2019; Nianias & Themeli, 2019). Furthermore,
iPSCs can be genetically transformed in vitro to generate modified immune cells
with more therapeutic potential to overcome the difficulties associated with direct
gene editing for primary immune cells. The generation of safe iPSC cell lines that
are bearing genetic modifications would smooth the progress of developing “off-the-
shelf” cellular immunotherapeutics for more patients. Recently, the center for iPSCs
cell research and application (CiRA) at Kyoto University and Takeda pharmaceutical
company limited “Takeda” announced that a novel immunotherapy product known
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as induced pluripotent stem (iPS) cell-derived chimeric antigen receptor (CAR) T-
cell therapy (iCART) had been transferred to Takeda Company for clinical testing
(Gee et al., 2020). Takeda pharmaceutical company is getting close to receiving FDA
approval for commercializing the iCART product, which will be an epoch-making
jump in the field of immunotherapy.

Hematopoietic stem cells (HSCs) are available in the market as FDA approves
manyHSCsproductswith different formulations anddoses.Hematopoietic stemcells
(HSCs) are used for patientswith disorders affecting the hematopoietic system, inher-
ited, acquired, ormalignant. HSCs approved productsmainly contain allogeneic cord
blood-derived hematopoietic progenitor cells such as ALLOCORD, manufactured
by SSMCardinal Glennon Children’s Medical Center (Ikeda et al., 2018), Clevecord
which is manufactured by Cleveland Cord Blood Center and Ducord developed by
DukeUniversitySchool ofMedicine. PROVENGEis a stemcell product generatedby
Dendreon Corporation to treat asymptomatic or minimally symptomatic metastatic
hormone-refractory prostate cancer. PROVENGE contains autologous CD54+ cells
activated with GM-CSF. The stem cells market moves forward with significant steps
as more products will be available for various debilitating diseases. The launching
of more stem cells derived products will hugely change the current treatment guide-
lines because stem cells are the standard gold therapy for regenerating and repairing
damaged tissues and organs, which is impossible to be achieved with conventionally
prescribed medications (Ikeda et al., 2018; Moore et al., 2020).

Stem Cell-Based Products in the Market

Allocord®

Allocord® is a biologic drug based on an allogeneic cord blood hematopoietic
progenitor cell therapy (HPC, Cord Blood). This was approved Allocord®, FDA,
in 2013 and manufactured by the St. Louis Cord Blood Bank (SLCBB) of the
SSM Cardinal Glennon Children’s Medical Center. Allocord® planned to be used in
unrelated donors for the hematopoietic stem/progenitor cell transplantation proce-
dures in patients with hematopoietic system disorders that are acquired, inherited, or
resulted from myeloablative treatments. The risk–benefit assessment of Allocord®

is very individualized, and therefore the decision of using Allocord® is based on
hematopoietic and immunologic reconstitution, which is based on patients’ char-
acteristics including disease, risk factors, stage, and specific manifestations of the
disease (Van Pham, 2016).
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Hemacord®

Hemacord® is the first cord blood product approved by the US FDA in 2011 for
New York Blood Center, Inc. Hemacord® is a biologic medicinal drug focused on
the transplantation of HSCs (hematopoietic allogeneic stem/progenitor cells) and
intended for use in the care of HSCs, including myeloablative therapies, obtained,
inherited or arising from. Hemacord® is prepared by drawing the umbilical cord
blood from the placenta of the newborn, followed by processing of purification,
concentration, and storage. Once the Hemacord® injected into the recipients, the
stem/progenitor cells migrated into the bone marrow. They started to proliferate and
differentiate into mature blood cells to provide complete blood cells to restore adult
blood cells (Allison, 2012).

Ducord®

Ducord® is a cord blood product approved by the US FDA in 2012 for Duke Univer-
sity School ofMedicine, Carolinas Cord Blood Bank. Ducord® is like Allocord® and
Hemacord® by means of product and clinical applications. Ducord® is a synthetic
medication used for the diagnosis of blood pressure conditions (including those that
have been developed, born or resulted in myeloablative treatments) dependent on
transplantation by allogenic hematopoietic stem / progenitor (HSCs) (Cuende et al.,
2018).

Prochymal®

Procgymal® (Remestemcel-L) is an allogeneic stem cell-based therapy developed by
Osiris Therapeutics Inc in 2009. Procgymal® received conditional approval to treat
pediatric steroid-refractory Graft-vs-Host Disease (GvHD) in Canada, NewZealand,
and Japan. GvHD is a critical complication result from the MHC-mismatched allo-
graft transplantation that affects 30–70% of the transplantation recipients. To date,
steroids are the first-line therapy for the treatment of GvHDwith 30 to 50% response
rates (Locatelli et al., 2017). Therefore, patients unresponsive to steroidal therapy
can benefit from second-line therapy, thereby reducing the mortality and morbidity
rates that result from GvHD. Mesenchymal stem cells (MSCs) own the capability
of modulating the immune system through cytokines and/or inhibition of immune
cells. In 2009, a phase III clinical trial was conducted to evaluate BM-derived MSCs
to treat steroid-refractory GvHD. The results showed 10 to 30% higher long-time
survival chances in patients with steroid-refractory GvHD and lead to the approval
of Procgymal®. Although Procgymal® approval was an outstanding achievement in
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stem cell-based therapy, it is still not broadly used due to strict regulations and the
high production cost (Kebriaei et al., 2020).

Alofisel®

Alofisel® (Darvadstrocel) is an allogeneic stem cell therapy approved by the Euro-
peanCommission (EM) forTiGenixNV/TakedaPharmaceuticalCompany.Alofisel®

is an adipose human mesenchymal stem cell (aMSC), licensed in adult Crohn’s
disease patients for diagnosis and control of complicated perianal fistulas. A phase
III clinical trial showed that Alofisel® provided a combined remission in more than
50% of patients, which is maintained after one year of treatment, compared to 34%
of the control group. Alofisel® showed immunomodulatory and anti-inflammatory
effects at the inflammation sites through impairing the proliferation of activated
lymphocytes and reducing the production of the inflammatory cytokines (Panés et al.,
2018). Interestingly, Alofisel® has received an orphan designation by the European
Commission. Similarly, the product used by Cupistem®, which has been licensed by
the Ministry of Food and Drug Security of Korea (MFDS) by Anterogen Co., Ltd, is
identical to the medication used for the Alofisel® (Syed & Evans, 2013). Cupistem®

showed complete remission in 82% of patients with complicated Crohn’s fistula at
week 8 of treatment, and around 81% of these patients showed sustained response
at week 96.

Holoclar®

Haloclar® (GPLSCD01) is an expanded autologous human corneal epithelial cell
containing stem cells approved in 2015 by the European union to Chiesi Farmaceutici
S.p.A. to treat limbal stem cells deficiency (LSCD). LSCD is a severe and rare eye
injury occurred in one or both eyes as a result of physical or chemical factors. LSCD
patients lack the corneal limbal stem cells that are usually responsible for continuous
regeneration of the cornea, thereby protecting the eyes from reduction or vision loss.
Haloclar® treatment is focused on the creation of an ex vivo gray utilizing a biopsy
of an unexposed limbus to remove autologous human corneal epituitary cells. The
formed graft then can be transplanted into the injured eyes to restore the normal
function of limbal stem cells thereby regenerating the corneal surface and repair
patient eyes (Pellegrini et al., 2018).
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Zalmoxis®

Zalmoxis® is a patient-specific cell therapy received the conditionalmarketing autho-
rization by The European Medicines Agency (EMA) in the European Union (EU)
as advanced therapy medicinal products to support the haploidentical hematopoi-
etic stem cell transplant (HSCT) in patients suffering blood cancers. EMA approved
Zalmoxis® in 2016 for MolMed S.p.A. chemotherapy is the primary therapeutic
strategy for patients with blood cancer (Patrikoski et al., 2019). However, the repeti-
tive cycles of chemotherapy malfunctioning the hematopoietic and immune system;
thereby, patients can benefit from the transplantation of hematopoietic stem cells
from donors to regenerate the functions of the hematopoietic and immune system.
However, in some cases, the T lymphocytes resulted from the differentiation of
donor hematopoietic stem cells can be involved in the developing GvHD and end
with lethal results. Therefore, Zalmoxis® can protect the protective action of T-
cells through genetic modification of the T-cells by insertion of the HSV-TK suicide
gene. Therefore, the HSV-TK suicide gene allows the control of the modified T-cells
once the symptoms of GvHD start to appear through the administration of ganci-
clovir, which in combination with HSV-TK suicide gene induce T-cell death (Mohty
et al., 2016). Currently, Kiadis Pharma is developing Kiadis’s Theralux platform as a
photodynamic system for allodepletion of T-cells to minimize the risk of GvHD that
may result from donor hematopoietic stem cells transplantation. The Allodepleted
T-cell immunotherapeutics intended as an adjunct therapy to HSCT in Leukemia and
thalassemia (Perruccio et al., 2008).

Clinical Trials

To date and based on ClinicalTrials.gov, there are more than 3000 trials are ongoing
to investigate the therapeutic potency of different types of stem cells against different
diseasesFig. 11.2a (Aly, 2020;ClinicalTrials.gov, 2020). Thenumber of clinical trials
and approved drugs is continuously growing worldwide Fig. 11.2b and c. Using stem
cells in different therapeutic approaches is tricky and challenging. For example, the
standardization of protocols for the isolation, characterization, and preservation of
stem cells are highly demanded to provide low batch-to-batch variation and repro-
ducing close therapeutic outcomes (Aly, 2020). Therefore, the clinical implementa-
tion of stem cell-based therapy requires the ability to bank the stem cells properly,
thereby providing high quality and enough numbers of stem cells upon patient treat-
ment and for future use. With the increased numbers of clinical trials on stem cells,
regulatory guidelines are highly demanded to ensure the safety and efficacy of stem
cell-based therapy.
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�Fig. 11.2 Clinical trials involve stem cells therapy. a The reported organs, diseases, and types of
stem cells in clinical trials, b The global distribution of clinical trials involved stem cells, c Pie chart
showing different phases of clinical trials on stem cells. The information is based on the ongoing
clinical trials using stem cells as intervention that have been deposited at https://clinicaltrials.gov/
in July 2020. Moreover, these regulatory guidelines should organize and solve the controversial
scientific, ethical, and legal issues in stem cell-based therapy. For example, the guidelines provided
by the Food and Drug Administration (FDA) described that the stem cells planned for homogenous
treatment andminimallymanipulated did not require a premarket approval and subject to the efficacy
in treating the disease. Finally, safety and standardization protocols that regulate the use of cellular
products such as using Xeno-free culture media, growth factors, and culture supplies are highly
demanded (Cyranoski, 2019; Marks et al., 2017; Volarevic et al., 2018)

Stem Cells Products in Skin Treatment and Cosmetics

Most products of stem cells available right now are plant-derived, therefore hindering
the feasibility of their potential use as human stemcells (Ghieh et al., 2015).However,
adipose stem cells (ASCs) are now gaining much momentum for their potential use
in stem cell research andmedicine (Kern et al., 2006), as ASCs are now utilized in the
correction of skin defects, wound healing, facial skin rejuvenation, and scar remod-
eling (Kim et al., 2008). ASCs display self-renewal and developmental plasticity
properties in multiple lineages and are in subcutaneous adipose tissue, specifically
the stromal-vascular interface. Skin rejuvenation effects of ASCs are attributed to the
properties of producing and secreting definite growth factors (Kim et al., 2007b), e.g.,
ASCs, in addition to the conditioned medium of ASCs (ASC-CM), enhance healing
of the skin, prevent melanogenesis, correct wrinkling, and facilitate hair growth
(Kim et al., 2009). ASC-derived cells or protein-based therapies are adequate for
skin regeneration in the setting of the center, e.g., (PLA) cells are typically utilized
for a revival of skin. PLA cells can be generally produced by a suctioned sample of
adipose tissue centrifugation and separation of the high density (SVF) from a lipo-
suction sample. ASCs, which can be obtained by culturing (PLA) cells, have been
settled as a cell-based therapy.

ASCs can be utilized to be converted into adipocytes and used for soft tissue
augmentation (Kim et al., 2007a). Recently, cosmetic products that contain ASC-
CM have been manufactured by many companies, and their products are used in
a wide range for skin and hair repair (Table 11.2) (Kim et al., 2008). ASC-CM is
now attaining popularity as an effective cosmetic product. Although it has a low
degree of stability and absorption by the skin, the conditioned medium that contains
various growth factors has multiple points of interest over cell-based products from
an industrial point of view. This review covers stem cells-based products in themarket
and their cosmetic cutaneous applications.

https://clinicaltrials.gov/


288 A. A. A. Aljabali et al.

Table 11.2 List of stem cell companies and stem cell-based cosmetic products

Indications Conditioned medium source Product

Anti-wrinkling; anti-aging,
firming, skin revitalizer

AD-SCM Luminesce cellular
rejuvenation serum

Anti-wrinkling, anti-aging,
firming, hydration of skin,
diminishing the appearance of
age spots, evenness repair of
skin tone

AD-SCM Luminesce advance night

Dry and damaged skin repair,
photoaging, skin elasticity

AD-SCM Luminesce essential body
renewal

Anti-aging, anti-wrinkling AD-SCM Luminesce daily moisturizing
complex

Serum anti-aging AD-SCM Reluma skin illuminating

Cleansing AD-SCM Reluma skin illuminating stem
cell anti-aging cleanser

Anti-aging AD-SCM Reluma advance stem cell
facial moisturizer

For longer, thicker and darker
eyelashes

AD-SCM Reluma lash

For dry and sensitive skin,
eczema, psoriasis

AD-SCM Reluma pserene stem cell
cream

Male pattern baldness AD-SCM Reluma hair complex for men

Female pattern baldness AD-SCM Reluma hair complex for
women

Male and Female pattern
baldness

AD-SCM Reluma stem cell hair complex
original formula

Hair growth and anti-hair loss AD-SCM Reluma stem cell shampoo

Cleansing AD-SCM Cellure restart skin cleanser

Skin hydration and skin toning AD-SCM Cellure recode balancing toner

Anti-aging, anti-wrinkling AD-SCM Cellure regenerate serum
booster

Under-eye wrinkles AD-SCM Cellure rework eye treatment

Skincare AD-SCM Cellure rebuild AM day cream

Skincare AD-SCM Cellure recover PM night
cream

Anti-aging AD-SCM and iPS-CM Luminesce anti-aging skin
serum

Hair growth HFB-CM, AD-SCM, and
iPS-CM

Regenrxx hair serum

Anti-aging HMSC-CM Stemulation facial cream

Anti-aging, anti-wrinkle HMSC-CM Stimulation elevate eye cream

(continued)
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Table 11.2 (continued)

Indications Conditioned medium source Product

Photo-aging HMSC-CM Stimulation reliance on body
lotion

Anti-aging MSC-CM Osmosis stem factor serum

Anti-aging HFB-CM Regenica advance rejuvenation
day repair

Anti-aging HFB-CM Regenica advance rejuvenation
overnight repair

Anti-aging HFB-CM Regenica facial rejuvenation
complex post-procedure

Anti-aging PL&UC-SCM Blue horizon stem cell special
skin serum

Anti-aging HFB-CM AQ skin solution active serum

Haircare HFB-CM AQ advance hair complex

Anti-aging BM-SCM Cutisera

Anti-hair loss HL AD-SCM Dermaheal stem C’rum

Anti-aging SC-CM Cell revive serum complete

Skincare SC-CM Cell revive brightening serum

Indications Conditioned medium source Product

Anti-aging BM-SCM Dr. Mary stem cell whitening

Anti-wrinkle BM-SCM Dr. Mary stem cell wrinkle

Anti-wrinkle BM-SCM Dr. Mary stem cell renew

Anti-aging, moisturizer HNE-SCE Recovery night moisture serum

Anti-aging, anti-wrinkle HNE-SCE Defensive day moisture serum
SPF 15

Anti-aging, anti-wrinkle HFB-CM TNS essential serum

Anti-aging, anti-wrinkle HFB-CM TNS recovery complex

Under-eye wrinkles HFB-CM TNS eye repair

Anti-wrinkle HFB-CM TNS line refine

Anti-wrinkle HFB-CM TNS Lip plump system

Under-eye wrinkles HFB-CM TNS illuminating eye cream

Anti-aging BM-SCM The prestige counter aging
essence

Anti-aging BM-SCM The prestige counter aging
cream

Skin hydration and skin
cleansing

BM-SCM Luxury cell performance toner

Under-eye wrinkles BM-SCM Beaucell luxury cell
performance eye cream

(continued)
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Table 11.2 (continued)

Indications Conditioned medium source Product

Anti-aging BM-SCM Beaucell luxury cell
performance serum

Under-eye wrinkles BM-SCM Beaucell luxury cell
performance emulsion

Anti-aging BM-SCM Beaucell luxury cell
performance cream

Anti-wrinkle, skin whitening,
UV

BM-SCM Prestige BB cream

Anti-aging BM-SCM Prestige sunblock

Anti-aging MSC-CM Anteage serum

Anti-aging MSC-CM Anteage accelerator

Anti-aging AD-SCM U autologous adult stem cell
regenerative firming serum

Under-eye wrinkles AD-SCM U autologous adult stem cell
regenerative eye cream

Anti-aging AD-SCM U autologous adult stem cell
regenerative moisturizer

Anti-aging SC-CM Carecell gold nourishing cream

Anti-aging SC-CM Carecell perfect skin 3 in 1
lotion & essence

Haircare SC-CM 20% of men hair and skin
cell-conditioned media

*AD-SCM-Adipose-derived stem cell-conditioned medium, BM-SCM-Bone marrow-derived stem
cell-conditionedmedium, iPS-CM—Induced pluripotent stem cell-conditionedmedium,HFB-CM-
Human Fiber

Characters of ASCs

The limited availability of human cells that can renew autonomously has made the
process of tissue engineering to be delayed. ASCs provide a probable answer to this
dilemma as ASCs like other MSCs with regarding surface markers, gene profile,
and function. ASC-derived cell- or protein-based therapies are shown to safe and
effective for the repair of damaged skin (Kim et al., 2008).

Applications of ASCs and ASC-CM in Skin

In the past, all adipose tissue-based cosmetics taken during surgery were rejected;
though, other usages have been developed for adipose tissues such as microinjection
with ASC-CM and PLA cell injection.
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8.2.1Regarding the clinical use of PLA cells, clinicians emphasized that fat injec-
tion has an unexpected renewal effect on facial skin (Coleman&Surgery, 2006). This
rejuvenation effect is described as delicate and remarkable and is accounted to the
mobilization of freeASCs during the fat injection procedure, and the different growth
factors released from transplantedASCs (PARKet al., 2008). Thus, transplantation of
fat cells itself has more advantages when compared to a filling regarding the process
of soft tissue augmentation. Now, ASC is easily obtained, as an automatic mecha-
nism of gathering SVF from lipo-aspirated fat is being endorsed bymany companies.
Employment of suitable centrifugation is essential for maintaining cell viability, and
excess centrifugation may lead to the destruction of adipocytes and ASCs. Injection
of PLA cells intradermally can be employed in themanagement of photo-aged skin in
some patients, as two consecutive injections are given two weeks apart exert a bene-
ficial effect of improving skin texture and wrinkles within two months following the
injection. Besides, adipose tissue has been utilized to repair defects in soft tissue by
acting as autologous filler. Moreover, survival rates were improved, while fibrosis
and steatonecrosis were dampened in transplanted fat tissue.

8.2.2ASCshave also shownpromise in the treatment of facial rhytids (PARKet al.,
2008), and newly differentiated ASCs also being used in the treatment of depressed
scars (Kim et al., 2007a). The potential of ASCs conversion to adipocytes in vitro
plays a significant role in soft tissue augmentation (Kim et al., 2007a). Therefore,
ASCs with the ability of differentiation into adipocytes is considered an excellent
cell source in adipose tissue engineering, which led some companies to utilize stored
lipo-aspirated fat tissue and its content of ASCs for use in the future (Miller et al.,
2003). Industrial productions are now focusing on the use of stem cell banking for
the use of these cells in the field of cosmetic and reconstructive surgery in the future.

8.2.3 Feasibility of skin rejuvenation therapy without using autologous adipose
tissue has been demonstrated, asmany cosmetic companies developed products using
ASC-CM (such as AAPE, Dr Jucre, and TACS Stem Cell) for skin rejuvenation.
When comparing the potential regenerative power of ASC-CM with the injection
of ASC, it was found that the potential of ASC-CM is lower than ASC; despite
this, ASCs possess many beneficial secretory functions compared with the cell-
based therapy. Because the ability of stem cell proteins to penetrate the skin barrier
is limited, microneedles and lasers are used clinically to create a hole in order to
increase the absorption process. ASC-CM stimulates both collagen synthesis and
migration of dermal fibroblasts.

MSCs are derivedmainly from stem cells, which are considered its primary source
andASCs have amarked capability to renew damaged skin. Clinical use of PLA cells
to treat aged skin and their cosmetic utility is somewhat inapplicable, as the cells
are extracted from patients. Instead, ASC-CM containing cosmetics can be prepared
earlier from ASC taken from healthy volunteers; and these can subsequently be
accessible for use in treating aged skin. The mechanism of regeneration attributed
to ASC is not well understood. Complex paracrine and building-block mechanisms
may be possible methods through which ASCs exert their effects. ASCs and ASC-
CM have been incorporated in clinical dermatology practice and have shown skin
regenerating capabilities. Many studies have proven the potential roles of stem cells
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in cutaneous use through stimulation of cell proliferation, differentiation, migration,
andmatrix renovation to offer a new strategy for cosmetic purposes of stem cell. Stem
cells represent a unique therapeuticmaterial in the repair of soft tissue; however,more
trials should be done to outline the exact mechanisms, and other relevant cosmetic
distresses.

Conclusions

The conventional paradigm of stem cell research is influenced by a strategy focused
on availability, where legislation discusses the standards and ideals guiding research
activity and its commitment to the patient. Under this governance model, the
consumer and the sales requirement are not active until the actual commodity is
believed to be approved. As a hegemonic type, the paradigm retains its political
supremacy and its continuity in stem cell science’s political culture if customers
accept that it is the only correct direction in which the development of new stem cell
goods is produced. In this sense, the economic and political importance of the four
models of stem cell engineering regulation is that they intermediate between market
demand for stem cell therapy and therapeutic availability. Health competition for
stem cell therapies demonstrates the differences between research and therapeutic
advancement models by ensuring that time scales are a significant component of
customer preference and, in certain instances, a significant portion. Much of this
transient market aspect, most global stem cell therapy supplies, has been generated
by reactive medical models, challenging economic model viability.

https://www.tandfonline.com/doi/full/10.1080/13563467.2016.1198757.
As for medicine and cosmeceuticals, stem cell therapy and technologies should be

considered to produce health and cost-efficiency goods by government and private
organizations. Products of conditioned medium of stem cells promise to be used
widely and to transfigure the beauty industry. The usage ofmodern cosmetic products
focused on stem cells is growing, and many customers in the cosmetic industry are
looking forward to this process.
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Chapter 12
Commercialization, IPR, and Market
of Stem Cell Products

Sumira Malik

Abstract Stem cells and their derivatives stem cell products have broad and diverse
applications in regenerative medicine. Specific stem cell lines are used as potential
targets for the study of several diseases in pharmaceutical applications. Recently,
stem cell products combined with an engineering approach are novel targets for
replacing damaged and degenerated tissues for the numerous applications of recent
tissue engineering applications. The emerging cellular therapeutics manufacturing
unit is also dependent on an intricate array of stem cell products. The wide range
of stem cell products is dynamically burgeoning with accelerating demand in the
market due to their contribution as potential therapeutic effectors. The scientists and
researchers involved in biotechnology companies, pharmaceutical companies, and
academic platforms leverage stem cell products for a wide range of essential and
functional applications. The chapter reviews the brief introduction of stem cell prod-
ucts, market availability, market-based competition for various stem cell products,
and funding. Besides, topics such as the commercial status of stem cell products of
particular reference to the clinical therapeutic application and intellectual property
rights associated with regulatory policies of stem cell products and research are also
discussed.
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Introduction to Stem Cell Products

Introduction to Broad Categories of Stem Cell Research
Products and Regulations Associated with Stem Cell Research
Products

In the current scenario, stem cells are one of the most promising entities that can
be used for medicinal and research-based purposes as they aid in the regeneration
and replacement of disease and damage organs and tissues. Several life-threatening
diseases such as cardiomyopathy, spinal cord injury, Parkinson’s, liver disease, tumor,
and myocardial infarction can be benefitted from cell-based therapy. However, the
translation of stem cell research and their respective benefits for their application
as therapeutics is a sequential multi-step complicated and complex procedure. Also,
the stem cell-derived products are different from the pharmaceutical-based origin,
and therefore, the issues of stem cell-based product efficacy, consistency, and safety
require addressable attention. Therefore, it necessitates experimenting on relevant
issues related to themanagement of therapeutic outcomes and the potential risks with
the fulfillment of existing guidelines and regulations attached to stem cell product
development and their marketing. In the developing countries for “stem cell-based
products (SCBP),” there is an immediate and high requirement of well-structured and
well-defined rules and regulatory framework like the regulations developed countries
such as European Union (EU), Japan, and USA (US) which have well-defined and
functional regulatory frame work (George, 2011).

“Stem cell-based products (SCBP)” term refers to the products which are descen-
dants and derivative of stem cells and, further, these derived and developed products
need to be administered into a patient and that contain or are derived from stem cells
(Halme & Kessler, 2006). Globally, the commercial availability of stem cell-based
products is very high in the market in form therapeutics but, still, these products
and therapeutics do not fulfill the safety guidelines as most of them do not fall under
formal clinical trial inspectionwhichmay intend to the detrimental effect on the phys-
ical health of the patient and also the financial exploitation remain extremely high.
The clinical test should be performed with utmost safety guidelines and attention
before delivering the market product (Giuseppe et al., 2010). Thus, there is a require-
ment for the appropriate well-structured and well-regulated system for the commer-
cial supplies of SCBP to safeguard public health safety and trust issues. However,
this situation and requirement impose presents numerous regulatory challenges.

Currently, scientists promote the use of stem cell research products as therapeutics
for a wide range of applied applications. In contrast, clinical researchers support the
concept by integrating both stem cells and their application in regenerative medicine
for the treatment of diseases. Further, the pharmaceutical industry plays a significant
role in the regulated use of stem cell products to conduct pharmacological testing
on cell-specific tissues. Furthermore, tissue engineering scientists and researchers
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are intensively working upon replacement and repairing damaged tissues and organs
by developing new techniques to combine bioengineering techniques and stem cell-
based products.

The broad categories of stem cells research products available in market for the
expedition of research are explained below:

• Stem cell lines which includes different types of cell lines. Example: iPSCs,
MSCs, HSCs, NSCs, and ESCs.

• Stem cell culture media with and without supplements.
• Instruments related to stem cells culture and maintenance.
• Stem cell culture reagents.
• Stem cell-specific cytokines and growth factors.
• Primary antibodies against specific stem cell antigens.
• Bead-based stem cell separation systems.
• Fluorescent-based labeling and detection.
• Stem cell protein purification and analysis tools.
• Tools for DNA and RNA-based characterization of stem cells.
• Isolation/characterization services for stem cells and cell-based specific cell lines.
• Molecular tools for stem cell gene regulation.
• Mechanisms for in vivo and in vitro stem cell tracking.
• Expansion/differentiation medium for stem cell media.
• RNAi products.

Common Types of Stem Cell Product and Supply

There are various facilities, products, and supplies provided by the stem cell prod-
ucts industry. Stem cells were discovered before 30 years; therefore, there is a vast
availability of stem cell-derived products, related services, and their market. There
is a diverse market for stem cell products because of their complexity and technolo-
gies required to maintain and supply stem cell-based products. The standard type of
stem cell products which are used in stem cell research is stem cell lines, differen-
tiated type of stem cells, stem cell cultures, stem cell maintenance products such as
growth factors and cytokines, primary antibodies, molecular and analytical tools for
stem cells cloning, tools for gene expression and regulation such RNA and protein
purification kits, imaging and tracking systems. Such stem cells, stem cell-derived
products, and their maintenance and research stem cell products can be sold as an
individual product or in bundles or as complete functional kits for the characteriza-
tion and research studies in the field of stem cells. Currently, therapies which include
mesenchymal stem cell (MSC), iinduced pluripotent cells (iPSCs) and embryonic
stem cells (ESC) are used as therapy for the treatment of human diseases and are
under pre-clinical development.
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These stemcell-based products are bought by different researchers in diverse fields
in academics, biotechnology companies, clinical institutions, and pharmaceutical
companies-based researchers to develop new formulation and therapies for different
diseases. The stem cell industry has been heavily driven and boosted by developing
and manufacturing stem cell therapeutics and their products. The large-scale produc-
tion of stem cell-based products is mediated by the use of a wide range of bioreactors,
biofermentors, and 3D manufacturing systems through different industries.

Market Competition with Perception to Stem Cell Products

As per market perspective, the major focus of investors is on stem cell products as
these are highly promising entities in the treatment of awide range of genetic diseases
and the development of new artificial organs and tissues that cannot be cured by non-
cell products. Currently, adult stem cells (ASCs) market, which includes ESCs and
cord cells derived from fetus placenta, is the largest commissioned market with
huge market potential. There are around 180 companies which are involved in the
marketing of stem cell products. The developed nations as USA are one of the leading
master followed by the European and Asia–Pacific regions in stem cell and stem cell
products market. Stem cell research is presumed to boost rapidly in the upcoming
years because of the regulatory amendments in several countries in the next few
years. For developing countries like India, a market share of about $540 million with
an annual growth rate of 15% is expected. This indicates that there could be an enor-
mous possible investment from pharmaceutical, biotechnology, and bioengineering
companies of different developed and developing countries in the market to develop
stem cell-based products (Korde, 2008). The process of development of stem cell
therapy and its flow to the market is explained in Fig. 12.1.

Different companies in the market supply the tools for the isolation, differentia-
tion, expansion, culture, and characterization of stem cells, along with the technolo-
gies based enabled the production of these products at a small to large scale. These
companies’ versatile function includes stem cell research applications, the satisfac-
tion of relative demand for stem cell products, analysis of stem cell manufacturing
technologies, analysis of market trends including opportunities and threats related to
the stem cell-based products. With market competition growing increasingly fierce,
leading competitors within the sector include the companies in the market involved
in the global competition are listed in Table 12.1.

With the increase in demand for stem cell-based products as therapeutics, there
are high possibilities for rising stem cell-based production in the market. There are
various emerging market opportunities for developing new products as per require-
ment or demand in the market depending upon increased acceptance of stem cell
technologies and recognition of regenerative medicine’s potential to reduce glob-
ally accelerating healthcare costs. In the current scenario, increasing health costing



12 Commercialization, IPR, and Market of Stem Cell Products 303

Banking of 
stem cells and 

derived 
products 

Production of 
cell therapies 

from stem cells 
and derived 

products 

Preclinical and 
clinical studies 
of stem cells 

Final marketing 
approval 

Research and 
development 

Fig. 12.1 Workflow of stem cell product therapy to market approval

services may drive essential factor costs for the investment into stem cell products
and therapies on a global scale.

Funding for Stem Cell Research

The federal funding of stem cell research in developing counties such as the USA,
from the National Institutes of Health (NIH), made an investment of $1.495 billion
into stem cell research projects, with the pharmaceutical industry and private sources
contribution of over 1.7 billion dollars annually (NIH Categorical Spending -NIH
Research Portfolio Online Reporting Tools (Report). N.p., 2016. Web. 26 Jan. 2016;
$40 Million to Support Future Stem Cell Scientists. CA Institute of Regenera-
tive Medicine, Press Release. Available at: http://www.cirm.ca.gov/PressRelease_
061809. Accessed Jan 24, 2016).

http://www.cirm.ca.gov/PressRelease_061809
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Table 12.1 Companies in the market involved in production and supply of stem cells and stem
products at global level

S. No. Specialization of company Name of company Product supply

1 Stem cell therapy Mesoblast, Cynata
Therapeutics, and Steminent
Biotherapeutics

Stem cells

2 Industrial-scale production
and manufacturing of stem
cells and differentiated cells

Cellular Dynamics, Fujifilm
CDI, Rooster Bio,
ReproCELL and Ncardia

IPSCs and MSCs

3 Stem cell research tools STEMCELL Technologie,
Thermo Fisher Scientific,
BD Biosciences, and
Miltenyi Biotec

All stem cell-derived
research products

4 Stem cell products Corning (specializes in
Matrigel®)

Products to support
pluripotent stem cell
culture and culture ware

5 Stem cells culture and
maintenance products and
instruments

Thermo Fisher Scientific,
BD Biosciences, a Division
of Becton Dickinson (BD),
Merck KGaA, Miltenyi
Biotec, Lonza Group,
Takara Bio, GE Healthcare
Life Sciences, Sigma
Aldrich

Products to support stem
cell culture and
maintenance in vivo and
in vitro

Current Regulatory Challenges in Stem Cell Product
Development

In this section, the regulatory changes related to safety, efficacy, and quality are
encountered in stem cell-based product (SCBPs) developments.

These issues are related to the preparation of cell therapies and tissue-based ther-
apies at the clinical level as well as the commercial supply of SCBPs. The testing to
ensure the safety of the products for administration in patients includes the exami-
nation and assay of product for any microbial and toxin contamination, followed by
in vitro functional assays for the assessment of its clinical effectiveness and perva-
siveness, including standards and controls to satisfy regulatory framework (Collins,
2009; Rayment &Williams, 2010). However, it is observed that all the model organ-
isms used for experimental purposes during assays for pre-clinical and clinical studies
have inherent limitations (Bianco & Robey, 2008). Also, the pre-clinical data needs
to be studied before conducting the relevant examinations (George, 2011).
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Commercialization

Stem Cell Therapy and Its Inclusion at Global Level
in Clinical Research

Stem cell therapy and SCBPs are the best resources for the treatment of various
diseases such cardiovascular diseases, diabetes, neurological disorders, spinal, ortho-
pedic injuries, and regenerative medicine for the replacement of damaged tissues and
organs through the clinical approval of a number of optimized techniques (Ghas-
roldasht et al., 2014; Lavoie & Rosu-Myles, 2013; Naderi-Meshkin et al., 2015). As
previously reported till 2014, 4776, studies are registered on the US registry for clin-
ical trials 2014. According to global research data, hematopoietic and bone marrow
stem cells are top cells used in stem cell therapy, accounting 36 and 34% of total
studies, respectively, followed by neural stem cells (14%), mesenchymal stem cells
(11%), adipose-derived stem cells (4%), and embryonic stem cells (1%) as shown
in Fig. 12.2. There was a remarkable growth discerned in one last decade with an
emphasis on MSCs. In previous last ten years, a remarkable improvement has been
observed in the increase in stem cell research and techniques to overcome such chal-
lenges (Naderi et al., 2011). The current challenges that the researchers still need to
address in stem cell therapy are summarized in Fig. 12.3.

38% 

5% 
1% 

16% 

40% 

STEM CELLS IN STEM CELLS THERAPY AT GLOBAL LEVEL
BONE MARROW STEM CELLS ADIPOSE STEM CELLS

EMBRYONIC STEM CELLS NEURAL STEM CELLS

HAEMOPOETIC STEM CELLS MESENCHYMAL STEM CELLS

Fig. 12.2 Involvement of stem cells in stem cell therapy at global level
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Fig. 12.3 Current challenges in stem cell therapies

Stem Cell Production at Clinical Dimension and cGMP
Protocol

As per current reports, researchers are not aware of the cGMP protocol. The initial
step for clinical-grade production is testing their regenerative potential as pre-clinical
studies on animal models with efficacy evaluation through both in vivo and in vitro
assays. Following initial assessment and promising pre-clinical data, follow-up of
cGMP protocol for phase I and II monitoring is performed. Further, following the
results obtained from Phase I and Phase II, the trials of phase III clinical trials, which
shows 99% efficacy, can be finalized for commercial production. In case the data
is conceded concerning phase I and II, results may be requested to be tried and re-
produced again for trials to the researchers of the Research and Development Depart-
ment of the respective company for further clinical-grade productions (Sensebe,
2008; Sensebe et al., 2011). The flow chart of cGMP protocol is summarized in
Fig. 12.4.
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Fig. 12.4 Flow chart of cGMP protocol

Stem Cell Commercialization Establishment

Stem cell commercialization requires the transformation of stem cell research into
the health industry with direct implementation into clinical studies to develop stem
cell product-based therapeutics (Cuende& Izeta, 2010). It requires investment to gain
skills expertise by the researchers to develop cell-based therapies with good manu-
facturing practice (cGMP) before applications and commercial supply of products.
Robust coordination and dedication are required as several small biotech incorpora-
tions have shown their potential to commercialize cell therapeutic research (Lysaght
et al., 2008). The developed nations such as Japan, the Republic of Korea, Germany,
the USA, and Brazil have raised and supported public funds to perform stem cell
clinical trials on a human to reduce the gap between basic and clinical research and
their connectivity with the general public (Daniels et al., 2006).

• Commercialization of cell therapeutic research should maintain a strong pipeline,
alongwith a planned growth of intellectual property (Hourd et al., 2008). The steps
for the commercialization of therapeutic sciences are explained. Themeasurement
of efficacy of pre-clinical trials in suitable and reliable validated animal models.

• Validation of safety measures for effective production of pre-clinical therapeutic
products.

• Confirmation to attain FDA regulatory approval safe and effective pre-clinical
products to performing prior to human clinical trials.
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Commercial Perspective of Stem Cell Products

The process of transformation of research-based stem cell-based products into clin-
ical practice requires immense and intensive coordination among academic insti-
tutions, hospitals with associations of patient and research organizations such as
pharmaceutical and biotechnology-based companies followed by ethical and moral
regulations for clinical commercialization. If these regulatory issues do not need to
be addressed, they may account for the adverse effects on developing final prod-
ucts at the later stages before commercialization (Feigal, 2014). Companies require
investment in the last stages of product development because of the low growth in
the first initial years, which can be compensated by the following options mentioned.

(1) Institutions support in the form of grants and funds through public and private
institutes.

(2) Outsourcing of research by different companies.
(3) Mutual collaborations among universities in a joint venture to exchange

research facilities and ideas among researchers with expertise in respective
areas.

Intellectual Property Rights and Stem Cell Products

Intellectual Property Rights and Stem Cell Products

Stem cells and their derived stem cell-based products have remarkable attributes
to serve as commercial entities in the global market. Conceivably, making SCBPs
readily available to the general public and common man as patients for the treatment
of various diseases and organ transplantation or tissue replacement for a therapeutic
application requires manufacturers’ particular interest to commercialize the product
and gain some profit. On a contradictory basis, if there is the least prospect for gaining
profit, it is unlikely that the companies will manufacture the product. Regardless of
considerable investments in research and development secured by numerous biotech-
nology industries to generate stem cell products, the simultaneous risk factors are
very high, including zero guarantees ofmeeting the regulatory requirements imposed
by different nations (Mummery et al., 2014).

Regulatory Intellectual Properties and Laws of Stem Cell
Research in Different Developed Nations

The regulatory policies are followed by different well-developed nations such as the
USA,Europe, andCanada (Zachariades, 2013).As shown inFig. 12.5, the regulations
of different nations such as USA, intellectual property (IP) regulations support the
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• Stem cells which do not develop into a whole or complete orgnanism are 
patentable subject matter. Exception: Emryonic stem cell methodologies

Canada

• Stem cells research tools , stem cells and SCBPs are regualted under their 
law. New inventions should fulfil their patentibility criterion 

United states

• EU Biopatent directives oversees patent protection for biotechnological 
inventions with some exceptions.

Europe [EU]

Fig. 12.5 Regulatory intellectual properties and laws of stem cell research in different developed
nation

human embryonic stem cells (hESCs) and pluripotent stem cells and methods to
develop such cells patentable in the USA. However, it is wholly inhibited in Europe
EU. Thus, different research organizations, academic institutions, biotechnology, and
pharmaceutical companiesmay collaborate at this point. They should reexamine their
IP, regulatory, and commercial strategies based on jurisdictional laws and regulations.
They must strictly comply with the current patent law regulations. The summary of
intellectual properties and laws followed in different nations is explained in Fig. 12.5.

Market of Stem Cells Products

Global Stem Cell-Based Products and Stem Cell Therapy
Market

The stem cell therapy and SCBPs market at a global level with its market size is
predicted to reachUSD214.5million by2024.Thismarket is expected to be primarily
driven by enhancement of awareness among the general public about the therapeutic
potency and application of stem cells, banking of stem cells and SCBPs, and their
processing for future applications.
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Market Segmentation

The market is segmented on the on bases of type of cells, therapeutic applications,
and sources of cell. Each section is explained below.

Type of Cells

Stem cell therapies are classified into two types—autologous stem cell therapies
and allogeneic stem cell therapies. Among two, the allogeneic stem cell therapies
market has a larger share because of its intensive therapeutic applications, promotion
in a clinical trial for developments of allogenic products, and finally cumulative
commercialization of allogeneic products, which can quickly be produced through
scale-up process. This suggests their rapid demand in the market in the upcoming
future.

Type of Therapeutic Application

The stem cell-based products and stem cell therapy market have been various ther-
apeutic applications in treating cardiovascular diseases, muscular diseases, skeletal
diseases such as bone or joint related diseases, spinal and neural surgeries, gastroin-
testinal diseases, and skin diseases as burns, injuries, andwounds. It was reported that
the musculoskeletal disorders category contributed to the most considerable revenue
in the market for the treatment of musculoskeletal disorders and growing patient
preference for effective and early treatment strategies.

Types of Cell Source

The primary cell resources in stem cell therapy and stem cell-based products are
comprised of mesenchymal stem cells (MSCs), bone marrow-derived mesenchymal
stem cells, placenta or cord blood cells from the fetal origin, and adipose tissue-
derived mesenchymal stem cell. Among all these categories, the bone marrow-
derived mesenchymal stem cells are the major market shareholders for increasing
demand in the market due to diversified therapeutic applications.

Market Dynamics

Growth drivers, challenges, forecast parameters, data validation.
The industry experts should conduct the primary research in the market to under-

stand the market dynamics, followed by valid market data validation. For market
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research, consumer-based surveys, which are comprised of consumer feedback and
requirement, can also be conducted to understand and know consumer behavior and
demand. Different growth driver regulates the market dynamics explained below:

Growth Drivers

1. Awareness: The emerging awareness in the general public about their health
driven by the knowledge of the therapeutic potency of stem cells and its appli-
cation in the future is one of the significant growth drivers for the market devel-
opment. This envisages the customer or client to invest in the development of
research for the promotion of advanced genome-based cell analysis techniques
in the development infrastructure related to stem cell banking and processing.
It eventually encourages customers to invest in the development of stem cell
therapies for their upcoming future generations for longevity and healthy life.
As per the World Health Organization (WHO) information, more than 50,000
transplants are carried out annually globally.

2. Increasing risk of acute and chronic diseases: The increasing risk of several
acute and chronic diseases such asmultiple sclerosis, cardiac arrest, heart failure,
cerebral palsy, Parkinson’s diseases, and hearing loss has promoted the interest
of the general public toward the stem cell therapies-based treatments.

3. Transplantation substituted by organ regeneration-based treatments:
Currently, there are several restrictions on traditional organ transplantation
because of the dependency of patients on organ donor, transplanted organ rejec-
tion, and suppression of the immune system. These factors are also boosting the
growth of the stem cell therapy market.

Challenges

1. Technical limitations: The limitation related to production during the scale-up,
socio-ethical issues related to the use of stem cells in disease treatment. Another
high possibility is in the systematic follow-up of the regulatory guidelines for
product development and commercialization for the stem cell therapy market’s
growth.

2. Socio-ethical issues: This involves the religious briefs among the ordinary
people in society.

3. Economic perspective: The investment of capital in research, poorly devel-
oped research infrastructure, and facilities for the development of stem cell
therapeutics, stem cell-based product, and their preservation are also some of
the challenges in the stem cell therapy market.
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Forecast Parameters

The parameters which help in the identification of variables that may influence the
establishment of the stem cell-based product in the market are as follows:

1. Adoption, production, import, export, and follow-up of regulatory frame work
for product development.

2. Uniform of the establishment of the market according to the region.
3. Analyses of market penetration and respective opportunities according to

understanding product commercialization, regional expansion.
4. Analyses and study of the historical background of the product to be launched.
5. Analyses of demand and supply trends and making alternations in industry

dynamics to establish future growth.
6. Analyses of prolonged sustainability strategies abide by market partakers to

determine the future course of the market.

Data Validation

Data validation is required to smooth the marketing of stem cell therapy and stem
cell-based product supply in the market. The method responsible for data validation
in the sustenance of the market is summarized in Fig. 12.6.

Methods for 
Data validation 

of  stem cell 
based products

Forecasted 
data  

validation

Demand and 
supplied 
survey 
studies 

Data 
triangulation

methods 

Top down 
approach for 
validation of 

product

Bottom up 
approach  and 

top down 
approach for 
estimation of 

product

Fig. 12.6 Methods for data validation in sustenance of stem cell therapy and stem cell-based
product market
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