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The term “stem cell” was first proposed by Alexander Maksimov in 1908
at the Congress of Hematologic Society in Berlin where he postulated the
existence of hematopoietic stem cells. Since then, there has been much
research on the origin of stem cells, the effects of stem cells, the pluripotent
aspect of stem cells, and their utility in regenerative medicine. Stem cells
are residing in almost all tissues/organs, and the ubiquity of stem cells in
all organs may be one reason why they have been of interest in the area of
tissue repair and regeneration. The book Stem Cell Therapy for Organ Failure
describes valuable aspects of a toolbox of the in vitro and in vivo promises of
stem cells in research and therapeutics of various organ systems from bench
to bedside. This is the most challenging, fascinating, and necessary task for
the scientist who is in the component aspect of stem cells and degenerative
diseases.

Dr. Indumathi Somasundaram must be complemented to have developed
this book, Stem Cell Therapy for Organ Failure, and for preparing this
volume on the massively expanding field of stem cells in organ systems.
She collaborated with other authors and contributed chapters into six major
sections on various organ systems, ranging from the nervous system to the
reproductive system. The topics are well chosen keeping in mind those who
treat the diseases of these systems. The book helps to understand how to
tackle clinical problems and presents treatment concepts for disorders that
have not had effective therapy in the past. I congratulate the editor of this
volume for her most prestigious effort to bring together all of the problems
and their possible solutions under a single roof. It will undoubtedly be of great
help in establishing ideal therapeutic decisions with respect to stem cells in
the near future. I am convinced that this outstanding work will meet with
success.

Tustin, CA, USA Melvin A. Shiffman, M.D., J.D.






The field of stem cells has become one of the most intensely studied areas
in the last decade. Currently there are no suitable medical therapies to cure
disease associated with cell or tissue loss. Stem cells have the innate property
to replicate themselves and to differentiate into other mature cell types.
This potential leads to many possible clinical applications including tissue
regeneration and transplant in humans.

A major issue for cell transplant therapies is the source of the cells
to be used. Three sources of stem cells can be employed for transplant:
embryonic stem cells, pluripotent stem cells and adult stem cells. These cells
have different properties and differential advantages for use in regenerative
medicine. Adult stem cells have the advantage of low tumorogenicity and
lack of ethical controversy surrounding their use. Adult stem cells are already
in clinical application.

This book summarizes our current understanding of stem cells and recent
progress in our ability to cure disease using stem cells. Ever since the first
bone marrow transplant, scientists have been slowly exploring the field which
has now exploded with new and exciting findings. Our bodies contain a wide
variety of stem cells that play a critical role in generation and regeneration of
human tissue. Their potential far exceeds original expectations.

The current volume addresses the use of stem cells in several organ
systems including: the nervous system, the cardiovascular system, the mus-
culoskeletal system, the hematopoietic system, the gastrointestinal system
and the reproductive system. Moreover, considerations for culturing and
preserving adult stem cells for therapeutics are addressed. This text serves
as a timely guide to help inform this developing field.

The various sections contained in this publication provide a wide overview
of the latest discoveries in stem cell physiology.

Yale University, New Haven, CT, USA Hugh S. Taylor, M.D.

Vii






Stem cells possess a wonder-working potential to understand important
aspects of human biology involving tissue repair and regeneration. Stem cells
have recently become the most fascinating area of research as they can treat
and cure diseases and ultimately save lives. They have the potential to treat not
just one but many diseases. Stem cells, based on their potential to regenerate
and differentiate into multi-lineages coupled with their immunosuppressive
properties, seem to play an important role in treating chronic degenerative
diseases. The ubiquitous existences of stem cells annex to be a regenerative
tool rendering the replacement of worn-out cells. These intriguing properties
have transpired them to be a strong candidate for applicability in regenerative
therapeutics for a myriad of diseases.

In this regard, this book explores the past, present, and the futuristic in vitro
and in vivo therapeutic strategies and applications of pre- and postnatal stem
cells for treating the disorders of different organ systems of our body in a wide
perspective. The prime focus of this volume is to unravel the basic, advanced,
therapeutic, and translational approaches put forth so far in the field of stem
cells and regenerative medicine at research, preclinical, and clinical levels.
Stem cells have ushered a widespread interest and exciting possibilities in
cell-based therapies, albeit shortcomings do prevail and small uncontrolled
phase /Il studies are only signal generating rather than giving a definite
proof of concept, thereby limiting their applicability in curative therapeutics.
Despite certain constructive initiatives and untiring efforts, bringing this basic
benchside research to advanced transitional bedside remains a challenge.

For instance, certain characteristic features of stem cells both in vitro and
in vivo are quite vague and remain a hindrance in the path of breakthrough
studies. It is essential that only defined cell populations are introduced into pa-
tients; this requires careful characterization of the cell populations, extensive
culturing, and preservation. In addition, long-term integration of functionally
transplanted cells into damaged organs is also a major challenge. To achieve
this, a tissue engineering—based approach with appropriate support of bio-
scaffolds and growth factors is required. Finally, immunological rejection is
a major barrier to successful stem cell transplant where use of a patient’s
own cells is not possible. The expanding researches in these areas that seem
decisive in improvising regenerative medical therapeutics are discussed in
this volume, thereby leading to further pathbreaking studies that can cure all
health-related challenges facing mankind.



Overall, the book is designed in such a way that readers can get reliable
information about the various stem cell sources and their therapeutic impli-
cations/applications for the treatment of disorders related to multiple organ
systems under a single roof, thereby making the readers industrious in this
field. Thus, this book reveals the imperativeness of various stem cell sources
and their utility in curative therapeutics. On the whole, it creates hope in the
light of existing perplexity to bring forth stem cells as a frontline source of
therapeutics in treating a multitude of disorders in the field of regenerative
medicine.

Kolhapur, India Indumathi Somasundaram

Preface
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Indumathi Somasundaram, Kanmani Anandan,
and Dhanasekaran Marappagounder

Introduction

Stem cells are smart cells of the body. It is the
origin of life. As stated by the great pathologist
Rudolf Virchow, “All cells come from cells.”
Today it is proved with evidence that all cells
come from stem cells. The stem cells are derived
from embryo, fetal tissues, and adult organs.
Explicitly, stem cells can generate daughter cells
identical to their mother (self-renewal), and under
certain physiologic or experimental condition,
depending on the source, they can differentiate
into any type of cells such as heart muscle cells,
blood cells, or the insulin-producing cells of the
pancreas (differentiated cells). As the plant leaves
flourishes from the stem, the body nourishes
from the stem cells resting in our body. A more
complete description of a stem cell includes a
consideration of replication capacity, clonality,
and potency. Thus, stem cells are considered to
be unique cells with special attributes. It is

1. Somasundaram ()

Assistant Professor, Department of Stem Cell and
Regenerative Medicine, Centre for Interdisciplinary
Research, D.Y. Patil University, Kolhapur, India
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e-mail: Kanmani.a@gmail.com

D. Marappagounder
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e-mail: dhanasekarbio@gmail.com

these special attributes that offer the vast potential
serving as a repair system of the body. Ever since
the discovery of stem cells [1-5], scientists have
dreamed of using them to repair damaged tissue
or create new organs and has revolutionized the
field of medicine.

This chapter will thus, introduce stem cells,
the history of stem cell research and its promises
in the field of regenerative medicine.

Stem Cell Backgrounder

Aristotle deduced that the embryo was derived
from the mother’s menstrual blood. The hypothe-
sis that life did not arise spontaneously, but rather
only from preexisting life (omne vivum ex vivo)
was pronounced by Leydig in 1855. Virchow
(1855) then extended this to postulate that all
cells in an organism are derived from preexisting
cells (omnis cellula e cellula), the fertilized egg.
According to the principles derived from Leydig,
Virchow, and Pasteur, life as we know it neither
ends nor begins but is continuous. The adult
human, for example, is only one stage in the cycle
of human life (Fig. 1) [6].

Thus, during early embryonic development,
each stem cell divides and gives rise to two
daughter cells with the same potential, which is
called symmetric division, whereas during nor-
mal tissue renewal in the adult, each stem/
progenitor cell gives rise to one daughter cell that
remains a stem/progenitor cell and one daughter
cell that begins the process of determination

1. Somasundaram (ed.), Stem Cell Therapy for Organ Failure, 3
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Fig. 1 Cycle of life. The
life of an individual begins
with formation of a fetus.
Totipotent cells in the
developing fetus migrate to
the genital ridge and in
adults produce germinal
stem cells in the gonads.
Germinal cells give rise to
gametes (egg and sperm),
resulting in cells containing
half the chromosomes of
an adult. Genetic
reconstitution occurs when
the sperm fertilizes the egg.
Thus, life is continuous

EGG

to a terminally differentiated cell, which is
called asymmetric division. The number of
cells increases exponentially during early
embryogenesis, but the cell number remains
constant during normal tissue renewal, as the
number of new stem/progenitor cells equals the
number of cells destined to die.

History of Stem Cells
from the Scratch

The potential of stem cells to revolutionize
medicine got a huge boost with the emergence of
adult stem cells. This timeline takes us through
the ups and downs of the stem cell rollercoaster.
The history of stem cell research started in the
beginning of 1800s with the discovery that some
cells could generate other cells. In the early
1900s, the first real stem cells were discovered
when it was found that some cells generate
blood cells. Research into adult stem cells in
animals and in humans has been ongoing since
this time, and bone marrow transplants — actually
a transplant of adult stem cells — have in fact
been used in patients receiving radiations and
chemotherapy since the 1950s [7].

In 1973, a team of physicians performed the
first unrelated bone marrow transplant. It re-
quired seven transplants to be successful. The
1990s saw rapid expansion and success of the
National Marrow Donor Program (NMDP) with
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more than 38,000 transplants to date for the
treatment of immunodeficiency and leukemia [8].
Developments in biotechnology in the 1980s and
1990s saw the introduction of first identity of em-
bryonic stem cells and cloning by Martin Evans
and Ian Wilmut, respectively [9—11], which paved
way for targeting and altering genetic material
and methods for growing human cells in the
laboratory. These advances really launched stem
cell research into the limelight, establishing the
world’s first human embryonic stem cell line
which still exists today [12].

In the same year, John Gearhart (Johns
Hopkins University) derived germ cells from
cells in fetal gonadal tissue (primordial germ
cells). Pluripotent stem cell “lines” were
developed from both sources. The blastocysts
used for human stem cell research typically
come from in vitro fertilization (IVF) procedures.
Since this discovery, a plethora of evidence has
emerged to suggest that these embryonic stem
cells are capable of becoming almost any of the
specialized cells in the body and therefore have
the potential to generate replacement cells for
a broad array of tissues and organs such as the
heart [13-15], liver [16,17], pancreas [18,19],
and nervous system [20-22].

Progress in stem cell research is now
astounding, with over 21,193 research papers on
embryonic, iPS cells and adult stem cells being
published globally in the year 2012 (Source:
Stem Cell Research: Trends and perspectives
on the evolving international landscape. 2013
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Elsevier B.V). Embryonic stem cells are still service of the U.S. National Institutes of Health:
in its infancy in clinics with only 20 reported clinicaltrials.gov).

clinical trials till now; however, adult stem cells

are already being used in treatments for over

4,000 clinical trials till date for a number of

conditions including spinal cord injury, liver Timeline of Stem Cell Research
cirrhosis, neurodegenerative diseases, leukemia,

cardiac problems, and so on (results from A
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First successful bone marrow transplant between a related donor and recipient is performed by Dr E
Donnall Thomas in New York. The patient, who has leukemia, is given radiotherapy and then treated
with healthy bone marrow from an identical twin [7].

Human histocompatibility antigens — Dausset discovers the first human leukocyte antigen [23].

James Till and Ernest McCulloch first published evidence of the existence of stem cells in mouse bone
marrow, a population of clonogenic bone marrow (BM) cells was found to generate myeloerythroid
colonies in the spleens of lethally irradiated hosts [24].

First bone marrow transplant for noncancer treatment. Dr Robert Good uses a bone marrow transplant
to treat an 8-year-old boy with severe combined immunodeficiency syndrome (SCID). The donor is an
HLA-matched sister (http://www.thcrc.org/en/treatment/long-term-follow-up/FAQs/transplantation.
html).

Friedenstein and colleagues were the first to report that the rodent bone marrow had fibroblastoid cells,
capable of forming colonies on plastic, which was later called a “mesenchymal stem cell” or MSC [25].
First bone marrow transplant between unrelated patients. A 5-year-old SCID patient in New York
treated with multiple infusions of bone marrow from a donor in Denmark (http://www.fhcrc.org/en/
treatment/long-term-followup/FAQs/transplantation.html).

The first IVF baby is born in England [26].

Blood stem cells are discovered in human umbilical cord blood [27].

Mouse embryonic stem cells are derived for the first time from the inner cell mass of a mouse
blastocyst and grown in vitro [9,10].

Isolated pluripotent cell line of human testicular teratocarcinoma [28], a first example of clonal human
embryonal carcinoma cells. When exposed to retinoic acid, these cells differentiate into neuron-like
cells and other cell types [29, 30].

National Marrow Donor Program (NMDP) and its Be The Match Registry initiated [31].
Preimplantation genetic diagnosis (PGD) is developed — a method where a single stem cell can be
removed from an IVF embryo and tested for inherited diseases. A clonal line of human embryonal
carcinoma cells is derived that yields tissues from all three primary germ layers. They have limited
replicative and differentiative capacity [32].

Dr Thomas receives the Nobel Prize in Physiology or Medicine for his pioneering work on bone
marrow transplants (http://www.nobelprize.org/nobel_prizes/medicine/laureates/1990/).

The first direct evidence of nervous system stem cells came from the identification and isolation of rat
neural crest stem cells, clonogenic precursors that give rise to all known neural crest cell types, while
self-renewing the neural crest progenitors [33].

Scientists at the University of Wisconsin derive the first embryonic stem cells from nonhuman
primates. These cells were reported pluripotent [34].

The first organism ever to be cloned from adult cells is Dolly [11].

Leukemia is shown to originate from a hematopoietic stem cell, the first direct evidence for cancer
stem cells [35].

Scientists at the University of Wisconsin, led by James Thompson, isolate and grow the first stem cells
from human embryos. The embryos used in these studies were created by IVF [12].

John Gearhart at Johns Hopkins University derived pluripotent germ cells from cells in fetal gonadal
tissue (primordial germ cells) [36].

(continued)
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Scientists derive human ES cells from the inner cell mass of blastocysts. They proliferate in vitro for a
long time and form all three germ layers and teratomas when injected into immunodeficient mice [37].
Retinal stem cells (RSCs) isolated from the pigmented ciliary epithelium (CE) of the mouse and
differentiate into retinal-specific cell types, including rod photoreceptors, bipolar neurons, and Miiller
glia [38].

US president George W. Bush prohibits federal funding of research on human embryonic stem cells.
The president claims that more than 60 stem cell lines are available for funding (http://
georgewbushwhitehouse.archives.gov/news/releases/2001/08/20010809-2.html).

Rare human breast cancer stem cells were identified and isolated [39].
Cancer stem cells isolated in human brain tumors [40].

California becomes the first state in the USA to provide its own fund for embryonic stem cell research
(http://www.cirm.ca.gov/pdf/prop71.pdf).

George W. Bush’s restrictions on embryonic stem cell research are loosened (http://query.nytimes.com/
gst/fullpage.html?res=9A01EODE113FF93AA15754C0A9639C8B63&\penalty-\@Msec=health).
Ernest McCulloch and James Till won the prestigious Albert Lasker Basic Medical Research Award,
for first setting stage for all current research on adult and embryonic stem cells (http://
laskerfoundation.org/awards/2005_b_description.htm).

Induced pluripotent stem cells from mouse fibroblast cells by defined factors were generated [41].

Evans shares the Nobel prize for medicine with Mario Capecchi and Oliver Smithies for their work on
genetics and embryonic stem cells (http://www.nobelprize.org/nobel_prizes/medicine/laureates/2007/).
Induced pluripotent stem cells from adult fibroblast cells identified [42,43].

Researchers at Wake Forest University and Harvard University report that stem cells drawn from
amniotic fluid donated by pregnant women hold much the same promise as embryonic stem cells [44].

Robert Lanza and colleagues at Advanced Cell Technology create the first human embryonic stem
cells lines created without destruction of the embryo [45].
First trachea transplant using woman’s own stem cells [46].

President Barack Obama lifts 2001 restrictions on federal funding for human embryonic stem cell
research (http://www.gpo.gov/fdsys/pkg/FR-2009-03-11/pdf/E9-5441.pdf).

First clinical trial of human embryonic-derived stem cells for treatment of spinal cord injury [47].

World’s first stem cell-derived synthetic windpipe transplant (http://www.newscientist.com/article/
dn20671-man-receives- worlds-first-synthetic- windpipe.html#.UzlZGqiSxaY).

Yamanaka wins a Nobel prize for creating induced pluripotent stem cells, which he shares with John
Gurdon of the University of Cambridge (http://www.nobelprize.org/nobel_prizes/medicine/laureates/
2012/).

Blindness eased by historic stem cell treatment [48].

Scientists generate pluripotent stem cells derived from cloned human embryos. Reprogramming
human skin cells, using a cloning technique called “somatic cell nuclear transfer” (SCNT) (http://
www.nature.com/news/human-stem-cells-created-by-cloning-1.12983).

Charles Vacanti of Harvard Medical School together with Haruko Obokata at the Riken Center for
Developmental Biology in Kobe, Japan, and colleagues announced a revolutionary discovery that any
cell can potentially be rewound to a pre-embryonic state using a simple, 30-min technique (http://
www.newscientist.com/article/mg22129542.500-stem-cell-power-unleashed-after-30- min-dip-in-
acid.html#.Uzi-p6iSxaY).

Masayo Takahashi at the same Riken Center is due to select patients for what promises to be the
world’s first trial of a therapy based on induced pluripotent stem cells, to treat a form of age-related
blindness [49].
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Stem Cells and Its Promises

Despite the biomedical research advances of the
last 50 years, much is still left to be discovered in
human biology and millions of people still suffer
from devastating diseases. Stem cell research
started in the mid-1800s, and it is viewed from
the researcher’s point of view that stem cells
are the key to understand the biology of various
diseases and can lead to treatment and cures,
and ultimately saves lives. Stem cells have the
ability to literally develop into every cell of the
body and thereby have the potential to replace
damaged or diseased tissues and to treat disease.
Stem cells are considered to have tremendous
potential in repairing damaged organs, including
the spinal cord, which normally does not undergo
regeneration [50-52]. This ability to repair
human tissue and to someday provide actual
organ systems would provide hope to many with
debilitating diseases [53-58].

The most obvious application of human
stem cells and the one that receives the most
attention are replacement therapies: to replace
diseased or degenerating tissues or to replace cell
populations, such as those of the hematopoietic
system (e.g., blood), that have been destroyed by
chemotherapy [59—-63]. Stem cells could addi-
tionally provide an unlimited supply of specific
cell types for transplantation. To date, stem cell-
derived cardiomyocyte, neural precursors, and
hematopoietic precursors have been transplanted
into recipient animals [64-72]. Although the
analyses of the long-term outcome of such
experiments are limited, the findings suggest
that the transplanted cells were able to function
in the host animal. Stem cells have a high
therapeutic value in the last few years to repair
damaged spinal cords [73-76]; cure Crohn’s
disease and liver cirrhosis [77-84], Alzheimer’s,
and Parkinson’s [85-91]; regrow arteries around
a blockage [92-97]; regrow limbs [98-100];
replace failed kidneys and hearts [101-110]; cure
diabetes by replacing nonfunctional cells in the
pancreas [111-114]; restore vision and hearing
[115-123]; and treat leukemia and lymphoma
that are nonresponsive to normal therapy
[124—-129]. These are merely a few of the

potential applications of this phenomenal
science. In fact most of the treatments listed
above have already been studied, and with
promising results. However, by latest, miraculous
cures that supposedly occurred in faraway lands,
the use of stem cells to treat certain degenerative
diseases has not advanced beyond mice and needs
extensive research.

Other applications of stem cells are in the
study of development in both human and animal
model systems. This approach includes the iden-
tification and isolation of novel precursor cells
and of medically important genes. Such genes
might encode proteins that have direct therapeutic
applications, such as novel growth factors, or
genes that would be important targets for drug
development [130-135]. Human stem cells will
also be valuable as a test system for evaluating the
toxicity and efficacy of new medicines or chem-
icals. The wide ranges of cell types and tissues
that may develop from stem cells represent a bio-
logical system that mimics many of the complex
interactions of the cells and tissues of the body
and, as such, provides an attractive and valuable
screening tool. This type of assay could have
wide applications in the pharmaceutical, chem-
ical, cosmetics, and agrochemical industries. It
has the potential to reduce the need for animal
testing and to increase efficiency and safety and
reduces the costs of developing safe and effective
drugs and chemicals [136-140].

Hence, it is clear that stem cell technology
continues to revolutionize modern biology and
provide unique opportunities in understanding of
both the mechanisms that control basic biological
processes and in the treatment of diseases. Addi-
tional research will be necessary to apply the full
therapeutic potential of this technology, but the
resulting novel therapies and approaches should
more than justify the effort.

Conclusion

Stem cell research provides a useful tool for
unraveling the molecular mechanisms that de-
termine the differentiation fate of a pluripotent
cell and for understanding the gene expression



properties and epigenetic modifications essential
to maintain the pluripotent state. There are many
ways in which human stem cells can be used in
basic and translational research. However, there
are a number of hurdles in the path of stem cell re-
search that are preventing the routine application
of the technology in regenerative medicine. This
will only be overcome by continuous extensive
research. Currently, stem cell research is near-
ing transplantation therapies with high efficiency
whereby a specific cell population compromised
by disease is replaced with new, functional cells.
The greatest promise of stem cell research may
lie in an area not yet imagined.
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Introduction

Stem-cell research is currently being intensely
fuelled with the expectancy of developing a ther-
apeutic strategy that could become a viable al-
ternative to short-term medication and surgical
procedures to treat several degenerative disease
conditions [1-7]. At present several nonclinical
studies on stem cells are being done using the
established protocols which have been prevalent
since several decades of cell culture, expansion,
and storage. Over the recent past years, these lab-
oratory protocols are being challenged because
of their disparity from physiological conditions
and the inability to reproduce the effect observed
in vitro, in vivo, and human models. One of the
most important factors that will matter specifi-
cally while establishing stem-cell protocols in the
in vitro conditions with the intention of clinical
translation is that contamination or modification
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of these cells by the external environment such
as surrounding oxygen [8—10] or growth medium
[11, 12] will bear significant consequence on
transplantation, as these cells are inherently ca-
pable of differentiating and grafting to the host
tissue.

In the human body, the stem cell is surrounded
by a complex microenvironment consisting
of the parenchymal cells, the extracellular
matrix (ECM) that supports the tissue, signaling
molecules, etc., all of which simultaneously
appear to influence and play a role in the develop-
ment and regulation of these stem cells [13, 14].
Identifying the requirements for cultivating these
cells outside of the body initially appeared to be
focused on cell survival. The nutrients supplied
by the fetal calf serum and a medium prepared
at physiological pH, supplemented with growth
factors and essential amino acids, at room air
conditions are still sufficient for culturing and
keeping cells alive in laboratory conditions.
However, now, the focus is shifting to bring
reevaluation of existing protocol for stem-cell
culture such that stem cells can be expanded and
stored with minimal alteration of its biological
characteristic and function which is of paramount
significance to be preserved for clinical use.

In this review, we focus on three important
culture conditions that have potential to influ-
ence the effectiveness of adult stem-cell therapy.
The first one is cryopreservation of cells which
is the most commonly used storage techniques
for cells and tissues. Although cells are able to
endure extremely low temperatures, cryoinjury
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could result as a consequence to three major
factors associated with freezing — cooling rate
[15], type and concentration of cryoprotective
[16, 17] used and the warming rate of the cells
[18, 19]. We address here the effects of cryop-
reservation on different stem-cell types, the dif-
ferent cooling rates and methods currently used
to achieve this, and also attend to the concern
about DMSO toxicity especially in the context of
clinical translation of stem-cell therapy. Another
variable of cell culture discussed in this article is
serum conditions and growth factors which have
been traditionally prepared from animal products.
We have gathered the efforts by several research
groups currently underway to determine serum-
free solutions and the use of human supplements
for culturing especially human stem cells, to not
only improve its efficacy but also to preserve
its integrity before transplantation by preventing
contamination from the use of animal products.
Finally, we highlight probably the most impor-
tant yet most complex cell-culture variable —
the oxygen concentration — that pose immense
practical challenges to be controlled in a labo-
ratory environment but failure of which affect
the outcome of studies done to understand stem-
cell processes and also stem-cell preparations for
cell therapy. Oxygen, a key regulatory signal-
ing molecule [20], is found in much lower con-
centration in the human body, especially in the
stem-cell niches [21, 22]. When adult stem cells
are introduced for therapy especially to repair
and replace ischemic tissue, which is severely
hypoxic, there is a breakdown of the expected
process of stem cells to differentiate and graft to
the host tissue. These cells fail to survive in such
hostile hypoxic conditions [23, 24]. Hypoxic pre-
conditioning strategies, along with attempts to
culture cells in a constant hypoxic environment,
are being investigated and the results of some
of their efforts are also presented in this article.
In summary, this review has been an attempt to
direct attention to some of the primary culture
conditions that is in need of further modification
and optimization in order to advance adult stem-
cell research for the purpose of effective clinical
translation.
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Cryopreservation

The scarcity of stem cells in the body of a
healthy individual poses a limitation for obtaining
sufficient autologous stem cells for the purpose of
cell therapy [25, 26]. Autologous stem cells ob-
tained from the same individual will bring down
the incidence of graft-vs-host disease (GVHD)
a common problem in allogenic transplant [27]
and foster-safe transplantation. However, these
cells are harder to procure from patients who
are older [28] or suffering from diseases such
as diabetics [29] or osteoporosis [30] because in
such conditions it has been observed that there is
a reduced number of circulating stem cells and
also impaired functionality of the existent ones.
This is not a universal observation in the case of
all kinds of stem cells or in all diseases requiring
stem-cell transplantation, but it does raise the
need for optimal storage of multipotent stem
cells for facilitating a constant supply of cells
especially in the case where healthy autologous
stem cells are unavailable in sufficient number for
therapy. This issue of long-term preservation is
also of vital importance in the case of stem cells
obtained from umbilical cord blood (UCB) which
is typically isolated for use at a later period.
Freezing has been used as an effective method
of preservation for biological tissues for long-
term storage in animal studies [31]. In order
that stem cells can be readily made available for
clinical use, it is important to optimize methods
of storage of stem cells without compromising
the properties of self-renewal and differentiation.
Cryopreservation is based on the principle that
at extreme low temperatures when liquid water
cease to exist (~—130 °C) and further below
—196 °C when all thermal reactions are also sus-
pended, all biochemical mechanisms that drive
cellular activities cease and the cells enter into
a state of dormancy, which later can be revived
to an active state on increasing the temperature
[32, 33]. Mammalian cells have been reported to
be capable of enduring extreme low temperatures
without accumulating chromosomal damage over
time [34]. However, the process of freezing itself
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has been known to inflict injury to the cellular
organelles and its function especially during the
transition phase of freezing and thawing between
extreme temperatures [35, 36]. Slow cooling rates
result in dehydration and an increase in solute
concentration in the cytosol (called “toxicity”
or “solution” effects) [37]. On the other hand,
fast cooling rates of a cell cause intracellular ice
formation due to insufficient loss of water [38].
Both of these conditions can be lethal to the cell
[39-41]. The lethal effects of cryopreservation
occur primarily during the transition temperature
between —15 and —60 °C which a cell has to
cross during the freezing and thawing process
and the amount of injury will depend on the
cooling rate [38]. In order to achieve an optimum
cooling rate that is neither too slow (dehydra-
tion) nor too fast (intracellular ice formation),
cryopreservatives like DMSO are currently be-
ing used. The cryopreservation stabilizes the cell
membrane and also reduces the nucleation rate
that determines formation of ice and its growth
by increasing the viscosity of the intra- and ex-
tracellular solution [42]. The exact mechanism of
how cryopreservatives function is still an area of
disagreement.

Stem cells have been cryopreserved and used
successfully for research purposes without signif-
icant issues of loss of stem-cell properties such
as self-renewal and differentiation. For research
studies in laboratories, it is necessary to have
an ongoing supply of cells and often cells are
experimented as an allograft transplant in animal
models. Intracellular ice formation in stem cells
reduces proliferation of stem cells and is known
to damage cell membrane in suspension [43].
In clinical use for treating humans, the focus
of acquiring and preparing stem cells needs to
be emphasized more on maximizing the survival
of stem cells without eliciting immune response
and preventing long-term detrimental effects due
to cryopreservant toxicity on stem cells rather
than long-term storage and availability whenever
stem cells are available, albeit the latter is of
critical importance especially when autologous
stem cells are difficult to procure in sufficient
number because of age or disease.

Freshly Isolated Versus
Culture-Expanded Cells

The effect of cryopreservation is not the same
on all cell types. Some population of progenitor
cells reacts more adversely to the stresses of
the storage procedure than others. Placental/
umbilical cord blood (PCB) which is a source
of hematopoietic/mesenchymal stem cells and
progenitor cells requires longer periods of
cryopreservation compared to cells used in
bone-marrow transplantation. It was noticed
that although the overall recovery of cells after
cryopreservation was on an average 82.8 %,
CFU-Meg, a megakaryocytic progenitor cells
which produce platelets, had a slower recovery
rate compared to other population of progenitors.
This was attributed as one of the reasons why
thrombocytopenia was observed in patients who
got PCB transplantation [44]. In an another
study on cord blood cells by Lu et al., EPCs
differentiated from cryopreserved samples also
showed impaired differentiation and a higher
incidence of apoptosis in cryopreserved cells
compared to freshly isolated cells [45]. However,
another study reported EPCs obtained from
bone-marrow-derived EPC from cryopreserved
mononuclear cells (MNCs) showed comparable
proliferation and migration activity between fresh
and cryopreserved EPCs, although their freezing
protocol resulted in 46 % loss of MNCs [46].
Freshly isolated stem cells have been shown
to have comparable beneficial effects as culture-
expanded cells showing that cryopreservation
is not a necessary step in the protocol for
cell therapy [47, 48]. In a study to treat renal
ischemia, freshly isolated adipose tissue-derived
stem and regenerative cells (ADRCs) improved
renal function by reducing tissue necrosis and
inflammatory cytokines similar to culture-
expanded cells [49]. A comparison of the results
of the two groups in this study shows a better
performance of freshly isolated cells at improving
survival and decreasing serum creatinine levels
post-ischemia than cultured cells [49]. Culture-
expanded stem cells loose proliferative potential
and more importantly pluripotency on repeated
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culture [50, 51]. However, to achieve sufficient
number of cells for treatment, cells have to be
passaged repeatedly, for example, a single injec-
tion to treat a myocardial infarct patient requires
~4 million mesenchymal stem cells [52]. It is,
however, a debatable topic as to how many stem
cells is sufficient to start repair and engraftment
process in the tissue, if it will be a question of
quantity or quality of cells that favors survival.

Some studies have reported the issue of
culture-expanded cells becoming an obstruction
in blood vessels during cell delivery because of
cell-size enlargement. Attention to cell density
and passage of stem cell while preparing samples
prior to transplantation are also important factors
that affect the quality of therapy [51, 53, 54].
Culture expansion of stem cells can result in a
phenotype of cells that does not suit the method
of delivery because of which all injected cells
are not available for tissue repair. The size of
freshly isolated ADRC cells is ~11 WM which is
about the diameter of capillaries, while cultured
cells are ~20 wM in size which obstruct the
microvascular vessels during arterial infusions
[49, 55]. The authors of the study also indicated
that positive effect of freshly isolated ADRC
could be attributed to their increased expression
of VEGF-A and IGF observed in freshly isolated
cells as observed in a similar study by Zhu et al.
[49, 56].

A good number of reports have claimed in
vitro and in vivo that cryopreserved stem cells
and freshly isolated and expanded stem cells do
not differ from each other in their morpholog-
ical and functional characteristics [46, 57, 58].
In our study, we observed that cryopreserved
rat MSCs in the immediate passage after being
thawed failed to show ability to differentiate
and express survival proteins in response to a
hypoxic stimulus, however, in subsequent early
passages (passage 3—4) they showed significant
recovery [59]. In studies done on human teeth
like dental pulp stem cells (DPSC) [60] and stem
cells from apical papilla (SCAP) [61], it has been
reported that these stem cells retain their multilin-
eage differentiation and morphofunctional prop-
erties after cryopreservation. In SCAP although
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cryopreserved cells showed a slight reduction in
cell viability, proliferation, and colony-forming
efficiency compared to fresh cells, the two groups
grew to become similar in rate of growth, sur-
face molecules, and multidifferentiation capabil-
ity [61]. In equine peripheral blood MSCs, a com-
parison of cryopreserved with fresh cells for up
to eight passages showed no difference in growth
and morphology, immunophenotype expression
pattern, and plasticity of stem cells [62]. In an in
vivo study, Bai et al. in their work with cultured
and freshly isolated adipose tissue-derived stem
cells to treat acute myocardial infarction found
both groups gave similar beneficial effects [63].
They, however, observed that the freshly isolated
cells had heterogenous cell-surface markers com-
pared to the homogenous profile of cultured cells.
Over a period of culture, stem cells become more
of a homogenous population from being initially
a heterogenous population. Although they lost
some of the surface markers, the cultured stem
cells have comparable morphofunctional charac-
teristics as the freshly isolated cells. In an in
vitro study comparing the influence of freezing
and thawing on the characteristics and function of
hMSCs, similar observation has also been made.
The rate of proliferation and functional ability to
aid in angiogenesis on being stimulated by VEGF
was comparable between the two groups, cul-
tured and frozen hMSCs, obtained from freshly
isolated hMSCs [64]. The expression profile of
the surface markers followed a similar distribu-
tion in the two groups except that freezing and
thawing significantly reduced the expression of
CD 73, CD 90, and CD 166, the significance of
which is not fully understood [65]. This study did
not compare the characteristics of the 22-23 days
cultured and frozen MSCs used in this study to
freshly isolated MSCs [65]. Most of the studies
report preservation of stem-cell characteristics
and function after cryopreservation compared to
freshly isolated stem cells. However, safe cryop-
reservation of stem cells and its efficacy for use in
cell therapy depends on several factors such as the
temperature of freezing, rate of freezing, duration
of freezing, the cryopreservant used, thawing, and
removal of cryopreservant.
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Temperature and Rate of Cooling

The method of cryopreservation involves cooling
the cells down using the help of cryopreservatives
[66] to prevent ice formation and then thaw-
ing and removing the cryopreservatives when
cells are ready to be used. However, cells can
encounter injury at different stages of the cry-
opreservation process [41]. Rate of cooling is
critical in cell freezing to minimize cryoinjury
because if the cooling rate is too slow than the
rate of water efflux from inside, the cell results
in dehydration of the cell. However, if the rate
is too fast, then the temperature can drop before
sufficient dehydration resulting in intracellular
ice formation [41]. More specifically at around
4 °C when cells thaw from freezing, heat is
liberated at this temperature and this heat can
be detrimental to the cell [67]. Therefore, al-
though cells can endure extreme low tempera-
tures, improper freezing and thawing can afflict
injury to the cell.

Stem cells have been frozen at a controlled
[15] and uncontrolled rate [68]. Although the
controlled rate freezing using programmed freez-
ers is considered to be a standard, it is expensive,
complex, and requires special resources and
people to execute it. The uncontrolled method
is more common and has been studied to show
similar or comparable effects to controlled rate
freezing. In the uncontrolled method the cells
are cooled to 4 °C, after which it is further
cooled at —80 °C following which it is placed
in liquid nitrogen for long-term storage [67]. A
newer controlled rate method called the bob-in-
box, a low-cost, simple device which provides
consistent and controlled freezing, has been
introduced. The cryopreserved hematopoietic
stem cells in comparison with other methods
showed more consistent viability and CFU-GM
(colony-forming unit granulocyte-monocyte)
[69]. Clinical studies are in need of more reliable
and cost-effective method to preserve cells at low
temperature using controlled rate for freezing so
that the transplanted stem cells infused in patients
can be viable and functional cells. Also different
stem cells show optimal preservation at different

cooling rates. HSCs have been reported to prefer
1 °C/min while cord blood MNCs a cooling rate
of 10 °C/min showed the highest recovery rate
for cells compared to 5° and 1 °C/min [15].

DMSO Toxicity

The routine cryoprotective agent (CPA) currently
used to prevent freezing injury to cells is 10 %
DMSO along with serum or autologous plasma
[70, 71]. The existing protocol has been adopted
from previous study for the lack of consensus of
a safe cryopreservant solution. Although DMSO
was introduced as a safe CPA for stem cells [72],
it has since then been reported to be toxic at non-
cryogenic temperatures in several clinical studies
[73]. DMSO-specific side effects such as nausea,
vomiting, and abdominal cramps were observed
in many patients who received cryopreserved
circulating progenitor cells [74]. In several other
studies acute injury to patient’s vital organs
was recorded including fatal cardiac arrhythmia
[75], respiratory depression [76], neurotoxicity
[77], etc., on receiving cryopreserved stem-cell
infusions. Focuses are now being shifted to
determine if alternate cryoprotectant could be
used other than DMSO or combine it with a
lower percentage of DMSO to reduce toxicity
and cryoinjury. A concentration of DMSO lesser
than the 10 % has been determined to be safe in
some stem-cell transplantation studies [78, 79].
Other CPAs being experimented are ethylene
glycol [80], propylene glycol [81], trehalose
[82], dextran [83], etc. The earliest CPA used was
glycerol [31] whose major advantage is that it is
nontoxic to cells [84] even at high concentrations
and can minimize protein denaturations occurring
at low temperatures. Its disadvantage is that it
penetrates cells slowly or in some cells fails to
penetrate and hence does not serve as a good CPA
[84]. Trehalose, a nonreducing disaccharide of
glucose, has also been promoted as an effective
CPA, on facilitating its impermeability across
cell membrane by using porating agents [85, 86].
Trehalose is chemically stable within the cell and
has cytoprotective interactions with the cellular
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proteins and lipid membrane by preventing the
damages of dehydration and intracellular ice
injury during the freeze-thaw process [87-89]. In
contrast, although the more widely used DMSO
penetrates cell membrane more rapidly, they are
very toxic to cells. To reduce toxicity and enhance
recovery, a study on stem cells from adipose
tissue was used with DMSO in combination with
trehalose, a nonreducing disaccharide of glucose.
The solution containing 4 % DMSO+6 %
trehalose +90 % FBS was determined the
optimal cryopreservant for adipose-derived stem
cells in terms of improving viability and differ-
entiation [90]. In identifying the protective role
of carbohydrates during freezing and the ability
of DMSO to reduce intracellular ice formation,
they concluded that the best combination for
cryopreservation of these stem cells was 4 %
DMSO + 6 % trehalose 4+ 90 % FBS which also
reduced side effects of DMSO and preserved
biological function of the stem cells [90]. In
an another study on hematopoietic stem cells
obtained from cord blood, effective freezing
has been reported using 10 % ethylene gly-
col + 2 % DMSO using controlled rate freezing
method [80].

Cryopreservation is still a cost-effective
method to ensure steady supply to meet
unpredictable demands for stem cells. Controlled
cryopreservation techniques could provide
enhanced shelf life, lesser risk of contamination,
and genetic modification compared to other tissue
storage methods. However, freezing protocols do
not function with same efficacy for all types of
cells causing low of recovery and loss in function
of transplanted cryopreserved cells. Freezing
rate, duration of storage, and nontoxic cryop-
reservant for different stem-cell types have to be
optimized to avoid failures in clinical studies on
patients due to poor sample preparation.

Animal Serum-Free Culture
and Growth Factors

Animal cell cultures are routinely cultivated
under standard conditions in the laboratory using
a defined basal medium, fetal bovine serum,
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L-glutamine, and antibiotics. The basal medium
contains essential salts, sugars, vitamins, and
amino acids required for cell growth. However,
in addition, to attain physiological balance
hormones, lipoproteins and other essential
nutrients are needed for promoting healthy cell
growth. Serum from animal source, primarily
bovine, has been added traditionally to a defined
basal medium along with antibiotics to prepare
a crude physiologic mimic to culture stem cells
in the laboratory [91, 92]. Stem-cell expansion
in addition to the serum sometimes would
be exposed to feeder layers and recombinant
proteins to increase cell number production [93].
This culture medium is often not static because
as the cells grow and metabolites secreted,
the medium composition changes. It is this
surrounding environment which will dictate the
outcome of the cells cultured.

In the case of clinical studies, animal serum
and xenoproteins added to culturing cells can be
harmful to patients receiving cell therapy. Often
for clinical use there is inadequate number of
stem cells in the case of both autologous and
allogenic stem cells which requires them to be ex-
panded in culture before transplantation [94, 95].
In humans, the adult stem cells isolated for clin-
ical use from sources such as the bone marrow,
umbilical cord, and adipose tissue are supported
in their niches by the connective stroma and
parenchymal tissue [96, 97]. Signaling molecules
such as cytokines and colony-stimulating factors
(CSF) released through cell-cell interactions from
these surrounding connective tissue and the stem
cell’s self-regulatory mechanism work together
to balance between self-renewal and differenti-
ation directing them to the needs of repair and
regeneration in tissues [98]. Successful expansion
of a subset of stem cells ex vivo will depend
on how closely culture conditions can mimic
physiological environment to maintain the pu-
rity of the expanded stem cells before transfu-
sion/transplantation into tissues to meet its task of
regeneration. Efforts are being taken to exclude
the use of animal serum and xenoproteins to
culture and expand them such that their stem-
cell integrity is maintained before transplanta-
tion. The use of animal serum for clinical use
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is of concern for various reasons, primarily due
to transmission of diseases, allergic reactions
in patients, variability in serum production, etc.
[92]. Further they can also affect the cellular
functions of the human stem cells as they cover
and surround them during culture.

Hematopoietic stem cells (HSCs) from cord
blood are obtained in small numbers per unit
of cord blood, which limits its use as an allo-
genic donor for transplantation, although they
are easy to harvest and in addition cause lesser
instances of graft-versus-host disease than other
sources of HSCs [99]. In an attempt to improve
expansion of HSCs in vitro, human bone-marrow
stroma-derived heparin sulfate (HS), a compo-
nent isolated from the extracellular matrix, was
added along with a cocktail of selected cytokines
[100]. Heparin sulfate, which has an important
role in many physiological functions, improved
the proliferation and maintenance of the com-
mitted HSCs in culture, unlike the usual expan-
sion which promotes expansion of the committed
progenitor cells but at the cost of the primitive
CD34+, CD38+ cells [100]. In another study,
purified HS derived from the human stroma was
substituted for FGF-2 exogenously added to MSC
culture and has been reported to promote its
proliferation [101]. However, these studies were
done using FBS in their medium.

Several studies are currently investigating the
use of serum-free medium to grow stem cells
along with defined growth factors to suit the spe-
cific cell type. In a study using human dental pulp
cell, the use of bFGF in a serum-free medium
produced cells that strongly expressed STRO-1, a
marker of stem cell, and sustained its self-renewal
property [102]. Human MSCs have been reported
to possess a rare property of being capable of
surviving in low cell densities in the absence
of serum in a naive state without proliferating
or differentiation [103], although after being sup-
ported in the initial 2 passages by FCS. Using
this to their advantage, Solemsky et al. found that
retinoic acid (RA) in a serum-free medium in-
hibits ERK activated pathways in hMSCs, while
EGF and bFGF promoted these pathways. MSCs
were observed to lose their properties of migra-
tion, adhesion, proliferation, and differentiation

by cell-signaling molecule RA, but EGF and
bFGF promoted these properties of MSCs [104].

Another alternative to eliminate animal prod-
ucts in human cell culture was to examine the
use of human serum. Both autologous [105] and
allogenic mediums have been studied [106]. In
a study isolating CD2714 selected MSC pop-
ulation, the cells were successfully grown in
10 % pooled allogenic human serum without
loss of MSC phenotype or differentiation po-
tential [106]. However, there have been reports
contradicting the safe use of allogenic human
serum to culture hMSCs [107]. Incidence of cell
arrest and fewer attachments on using allogenic
human serum has been observed indicating the
difference in composition of the pooled allogenic
serum [108]. Autologous serum on the other
hand has been reported to increase cell prolif-
eration and maintains the stemness of MSCs
[109, 110]. On comparing the genetic and epi-
genetics on the use of autologous serum to FBS
on hMSCs, it was observed that although in
both serum there is a possibility for localized
genetic alterations, the autologous serum showed
more consistent genetic background thereby pro-
moting autologous serum as a viable and better
alternative to FBS [111]. However, autologous
serum is limited by the paucity in its availabil-
ity for a large-scale expansion for clinical use.
A study comparing serum from whole blood,
serum from platelet-rich plasma, and serum from
platelet-poor plasma with FBS reported that the
serum preparation had differential effect on dif-
ferent types of cells. Fibroblasts proliferation was
highest in serum from whole blood; although
adipose-derived stem/stromal cells and vascular
endothelial cells showed no difference in pro-
liferation rate among the three human serum
preparations. This could be a very promising
method for cell-based therapies on optimizing
conditions based on the cell type used for ther-
apy [112]. Successful studies on hMSCs culture
using human platelet lysate have also shown that
MSC:s preserve their phenotype as defined by the
ISCT [113], yield high number of multipotent
cells compared to FBS, and are also smaller in
size on dividing, which might indicate that they
still retain their immaturity [114]. In a study
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comparing 10 % FBS to pooled human serum,
thrombin-activated platelet releasate in plasma
(tPRP), and pooled human platelet lysate (pHPL),
it was observed that pHPL promoted proliferation
of bone-marrow-derived MSCs without altering
its phenotype and restricting spontaneous dif-
ferentiation, although for adipose-derived MSCs
tPRP seemed to be better suited for culture. The
human platelet lysate differs from FBS as it has
a higher concentration of VEGF, bFGF, TGF-b,
PDGEF, and a different cytokine profile which
together plays a role to promote human stem-
cell characteristics [115]. Although platelet lysate
is gaining a lot of acceptance as a replacement
for FBS, further studies are required to optimize
based on cell type and purpose of therapy as
they show a dose-dependent activity and a low
immune-suppressive activity.

Alongside of determining optimal medium for
cell culture, efforts are underway to determine ef-
ficient monitoring system for bioactive molecules
secreted in a dynamic culture system. NMR spec-
troscopy has been used in a technique called
Fermentanomics to evaluate metabolite accumu-
lation and nutrient consumption in culture sys-
tems [116]. These methods could further help
understand and improve mechanisms that go be-
hind the maintenance and regulation of stem-cell
properties in vitro.

Oxygen Conditions

The understanding of several cellular mecha-
nisms and their underlying physiological signif-
icance in healthy and disease state is currently
based on in vitro studies that have been done
under room air conditions. There is a growing
consensus that the conclusions drawn from these
studies are affected by the disparity in oxygen
levels cells experience in the body compared
to the level of exposure in laboratory condi-
tions [117]. The physiological oxygen within the
human body ranges from 2 to 9 %, although
some regions in the bone marrow and kidney
medulla could exist in as low as 1 % oxygen
[118]. Stem-cell niches like the bone marrow
and the developing embryo are marked by severe
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hypoxic microenvironment compared to atmo-
spheric levels [119, 120]. Maintaining such low
levels of oxygen in such regions of the body
has been observed to be important for regulat-
ing and maintaining the stem-cell homeostasis
[22]. However, when these stem cells are isolated
for culture, they adapt to their surrounding oxy-
gen environment. Oxygen uptake in culture has
been shown to have a negative linear associa-
tion with cell density. This uptake is estimated
to be around 0.03-0.4 nmol/sec/10° cells [121].
With stem cells, oxygen concentration chosen
for cell culture might have a greater effect than
mature somatic cells because of their sensitivity
to the surrounding environment which can direct
its course to retain its stemness or to enter a
differentiated state.

Critical Role of Oxygen in Stem-Cell
Functionality

Oxygen plays an influential role in the dynamic
state of stem cells from quiescence, proliferation,
and differentiation. Stem cells in the bone mar-
row are mostly found in the GO phase of the
cell cycle maintaining a quiescence state until
prompted by external stimuli [122]. Hematopoi-
etic stem cells (HSCs), a population of stem
cell found in the hypoxic environment of the
bone marrow, maintain quiescence through the
stabilization of Hif-1a in response to intracellular
hypoxia. The lower oxygen availability preserves
the cell under less oxidative stress and lower
metabolic state which slows down differentiation
of these cells [21]. Hypoxia reduces ROS pro-
duction in HSCs and this population of HSCs
with low ROS shows better self-renewal ability
than population of HSCs with high ROS. HSC
population that had higher ROS was observed
to be depleted of self-renewing HSCs through
an increased activation of p-38 mitogen-activated
protein kinase (MAPK) and mammalian target of
rapamycin (mTOR) [123].

It is interesting to note that stem cells in cul-
ture can adapt to hypoxia (physiologic normoxia)
and hyperoxia (culture normoxia) when they are
sufficiently provided with nutrients to grow. It is,
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however, the imbalance in the cell machinery that
tightly regulates ROS and the surrounding avail-
ability of molecular oxygen that leads to exces-
sive and uncontrolled intracellular ROS leading
to undesired outcome [124]. In adipose-derived
stem cells (ASC), it was observed that these cells
showed decreased proliferation in serum-free me-
dia under 2 % hypoxia, but when supplemented
with serum, proliferation of ASCs significantly
increased. The same study also showed that acute
hypoxia generated ROS which at a controlled rate
acts as secondary messengers promoting prolif-
eration and regeneration in adipose-derived stem
cells (ASCs) through the activation of PDGFR-p,
followed by phosphorylation of Akt and ERK1/2
signal pathways [125]. We have observed similar
results with stem cells in “culture normoxia”
but “physiological hyperoxia.” Rat MSCs were
grown in 20 % oxygen in vitro and they exhibited
healthy proliferation and differentiation capabil-
ity. A comparative study using 0.5 % oxygen hy-
poxic preconditioning also showed healthy pro-
liferation and differentiation in vitro. However,
when these cells, the “physiological hyperoxic”
and the “hypoxic preconditioned” cells, were
introduced to very low oxygen (~0.1 %), a larger
proportion of the hyperoxic-cultured cells failed
to survive [59].

The cellular response to different hypoxic
levels is not uniform or predictable, especially
with stem cells. They vary with stem-cell types,
age of the donor, and other factors such as its pas-
sages and its environment. To begin with Hif-1a,
the primary response transcription factor shows
exponentially varying levels at low oxygen levels
in cells. A study on He-la cells showed that Hif-
la-DNA binding and its protein accumulation
have a negative linear association with oxygen
concentration, a maximum response observed at
0.5 % oxygen [126]. It is no surprise that stem
cells which are sensitive to their environment
show different response when exposed to slightly
varying hypoxic oxygen tensions. For example,
in a study on hypoxic preconditioning of MSCs,
it was observed that even a small change in
low oxygen levels influenced the differentiation
course of MSCs. The differentiation of human
MSCs to the osteogenic lineage was promoted

at 3 % oxygen concentration; however, it was
inhibited at 1 % oxygen [127]. These results
are supported by another study on human MSCs
in which on exposing them to <1 % oxygen
it affected their bone-forming potential but on
the contrary promoted VEGF expression in the
mRNA and protein level by twofold, which
aids in repair and the process of angiogenesis
[128]. Lower passages of MSCs and young
donors have been observed to deliver favorable
response to hypoxic stress by activating the Hif-
la machinery which can be taken advantage
of to enhance angiogenesis during ischemic
tissue therapy than their higher passage and older
donor counterparts [129]. Sometimes even after
successful in vitro preconditioning of stem cells,
an external stimuli can attenuate the therapeutic
response of stem cells. Superoxide induced
by glucose at high concentrations in culture
was able to downregulate VEGF expressed
by mouse MSCs grown in hypoxic culture
[130]. This has been speculated as a reason
why hypoxic preconditioned stem cells showed
a lack of functional improvement in diabetic
patients. Recently, a study by Abachi et al. have
shown that different types of stem cells show
differing cellular responses to different levels
of oxygen. The study done at 1, 5, and 20 %
oxygen concluded that although all the stem-cell
types showed an ability to adapt to hypoxia,
their cellular responses can be modulated
by monitoring and controlling the oxygen
environment [121]. Neuronal differentiation has
been reported to favor 2 % oxygen concentration
compared to 20, 10, 4, 3, 2, 1, and 0 %
oxygen conditions, although these neural stem
cells (NSCs) compared to 20 and 0 % showed
higher proliferation in 10, 4, 3, 2, and 1 %
oxygen conditions [131]. Human cardiac-derived
stem cells showed better yield with lesser
chromosomal aberration due to lesser oxidative
stress on culturing these cells at 5 % oxygen than
20 %, and they showed improved engraftment
and function in a mouse model [132]. The
trend observed in most hypoxic studies has
been that very low levels of physiological
hypoxia cause the accumulation of Hif-1a and
promote self-renewal and quiescence, but mild
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hypoxia starts building cell metabolism, causing
intracellular degradation of HIF-la leading to
activation of Hif-la-dependent pathway that
promotes proliferation and differentiation. In
the study on hNSCs, at 1 % oxygen the cells
expressed highest levels of nestin, a primitive
stem-cell marker, and promoted quiescence.
However, mild hypoxia (2-5 %) enhanced NSC
proliferation and differentiation [133]. A similar
effect was observed in hMSCs, which showed
reduced proliferation in low oxygen conditions
compared to 20 % oxygen; however, at very
low oxygen (1 %), they showed poor osteogenic
differentiation capacity which was restored on
increasing the oxygen levels to 3 % [127]. To
comprehend the underlying mechanisms and to
be able to fine-tune the switches that promote
self-renewal, proliferation, and differentiation,
each stem-cell type has to be studied in varied
environments and culture conditions that simulate
physiological niches.

Strategies Used for Hypoxic Culturing

Recognizing the need for a physiological match
of oxygen concentration for stem cells cultured
for therapeutic purpose, attempts are being made
towards developing and optimizing hypoxic
preconditioning strategies, especially for treating
ischemic tissue which is marked by severe
hypoxia. Several studies have reported the use of
preconditioned stem cells by either short periods
of hypoxia [48, 134, 135] or anoxia [136, 137]
for treating ischemic tissue and have reported
successful engraftment and significant functional
improvement in the function of the damaged
tissue. The following are just few examples
of the variations in hypoxic preconditioning
efforts of stem cell for the purpose of ischemic
tissue repair. Impaired adipose-derived stem
cells (ADSCs) obtained from aged mouse on
hypoxic preconditioning for 48 h at 1 % oxygen
showed increased expression of proangiogenic
factors [134]. Similarly NSCs on hypoxic
preconditioning for 3 h at 0.5 % oxygen
showed increased expression of connexin-43
which helped in enhanced engraftment and host
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communication [135]. MSCs on preconditioning
for 24 h at 0.5 % oxygen showed enhanced
angiogenesis and survival in an MI rat model
[59]. However, in another study, mouse MSCs
on preconditioning using 3 % oxygen showed
enhanced levels of chemokines such as SDF-1
and CXCR-4 and improved adhesion, migration
and survival of MSCs [138]. Although all of these
studies agree that hypoxic culturing enhance
the survival and functional property of stem
cell, the protocol for preconditioning does not
match among the different studies. This makes
it difficult to compare the results of hypoxic
preconditioning among the various studies on
preconditioning stem cells.

Oxygen Requirements to Prepare
Stem Cells for Clinical Therapy

Stem cell holds potential to cure a range of degen-
erative diseases such as bone-related disorders,
ischemia, cancer, metabolic disorders, immune
system disorders, etc. With respect to oxygen
requirements, to prepare stem cells for clinical
therapy, a major shift is needed in prioritizing
research focus to design workstation that can
monitor and culture stem cells under physiolog-
ical normoxic environment. Currently, in vitro
and in vivo hypoxic culturing and precondition-
ing face several practical challenges to execute
cell culture in a physiological normoxic environ-
ment. One of the major challenges is to obtain
equilibrium of oxygen concentration in the gas
and liquid medium of the culture [139, 140].
Although hypoxic chambers have been designed
to achieve equilibrium with low oxygen inside
them in minutes, it takes more than 3 h for the
oxygen to diffuse through the liquid. The chal-
lenge increases when cells treated in “hypoxic”
environment are removed from the chamber for
change of medium, or for doing a treatment
or conducting assays to study cellular activities
[141]. The cells are reperfused with excess oxy-
gen which could cause a lot of cellular insta-
bility as the half-life of Hif-1a accumulated in
hypoxic cells is around 5 min [142]. To overcome
spatial and temporal heterogeneity of oxygen in
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hypoxic cultures, microfluidic technology is cur-
rently being exploited to construct devices that
can tightly control oxygen distribution across the
gradients [143]. One such proposed is the Boyden
chamber, which is an insert within an insert,
which claims to equilibrate 1 % oxygen within
the chamber in 20 min. Gases are infused into
the chamber, and they freely diffuse through the
100 wM gas-permeable PDMS membrane allow-
ing the possibility of studying cellular processes
like migration and cell invasion in either a steady
state or intermittent hypoxic environment [144].
Finally there exists a bigger challenge to produce
hypoxic-cultured stem cells at a clinical scale and
deliver them for therapy with minimal damage
from reperfusion injuries. Controlled bioreactors
[145] are being researched to achieve this goal
such that healthy functional stem cells can be
cultured in physiologically relevant oxygen and
pH environments.

Conclusion

In conclusion, much has been done towards
changing the existing cell-culture protocols to
suit stem cells and to promote efficacious clinical
translation. Cryopreservation is still one of the
best known methods to preserve cells; however,
different stem cells show varying response to
this method of storage. Although mammalian
cells are capable of enduring extreme low
temperatures, they can suffer injury in the process
of transition between temperatures if factors such
as cooling rate, duration of freezing, and toxic
levels of cryopreservants used for storage are
not optimized according to the stem-cell type.
Both following isolation and thawing of frozen
stem cells, the cell expansion process involves
supplying nutrients for cell growth which is
now being substituted from animal-derived
products to human derivatives to ensure safety
and compeatibility for clinical use. However, there
is still the challenge of not only standardizing
the composition of nutrients but also the scarcity
of human derivatives for the purpose of cell

growth, along with the limitation of obtaining
quality stem cells because of age of the donor
and restricted use stem-cell passages. Finally,
studies show a close to unanimous consensus
on improvement of cell therapy on hypoxic
preconditioning of adult stem cells to treat
diseased tissue, although it still remains probably
the biggest challenge to meet physiological
standards. Overall, although much has been
done to move forwards to improve stem-cell
preparations in vitro, much still requires to be
done to maximize the potential of stem-cell
therapy.
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Introduction

Stem cell therapy can be used for treatment of
neurodegenerative diseases, spinal cord injury,
diabetes (type 1 and type 2), and cardiovascular
diseases [1]. Molecular mechanisms of regen-
eration and differentiation can be elucidated by
integrating high-throughput “omics” studies at
multiple levels of regulation (genetic, epigenetic,
interactome, RNA, metabolomic and proteomic
levels) [2]. Data-driven biology of these “omics”
technologies has ushered a new bioinformatics
discipline wherein information technology is
employed for creating tools and databases
focused on stem cell biology for managing
and interpreting biological high-throughput
data [3]. Databases focused on stem cell have
an edge over general databases since they
provide highly relevant information on stem
cell specific processes [4]. These databases
and tools have helped us address and interpret
molecular mechanism(s) associated with stem
cell renewal and differentiation, and hold
promise(s) to solve current issues associated
with stem cell therapy and transplantation [4].
This chapter outlines databases and online tools
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focused on stem cells, useful for biomedical
researchers/clinicians/scientists in the field of
stem cell biology and regenerative medicine. The
databases are listed accordingly along with their
websites (Table 1).

Transcriptomics-Based Databases
and Tools

Molecular mechanism of pluripotency and stem
cell differentiation can be better understood by
establishing gene-expression patterns [5]. As
compared to protein, transcript levels (RNA) at
large scale is easier to detect; a large number
of studies have included gene expression at
whole genome levels. This led to generation of
huge microarray datasets depicting physiological
condition(s) of various stem cell types [5]. Many
stem cell-specific databases/tools have been
created using a variety of gene-expression data.
These databases are able to extract and display
the expression-related data for stem cell-specific
physiological conditions. Databases/tools include
StemCellDB, PluriTest, the Stem Cell Discovery
Engine and StemBase.

StemCellDB: The Human Pluripotent
Stem Cell Database

StemCellDB (NIH stem cell data management
system) is a database created by gene-expression
profiling of 21 hESCs and 8 hiPSC lines to
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Table 1 Stem Cell Resources; the database names, a brief description and the web address are indicated

Databases Description URL http://
StemCellDB Expression level of different genes in hESCs stemcelldb.nih.gov/
and hiPSC
PluriTest Assay of pluripotency based on gene expression www.pluritest.org/
StemBase Expression studies on stem cells www.stembase.ca/
SCDE Cancer stem cell profile discovery.hsci.harvard.edu/
ESCAPE Build networks based on multiple regulatory www.maayanlab.net/ESCAPE/
layers of stem cells
SyStemCell Multiple-level experimental data of stem cells lifecenter.sgst.cn/SyStemCell/
Stem Cell Omics Quantitative information at multiple levels of scor.chem.wisc.edu/
Repository measurements
StemCellDB

NIH Stem Cell Data Aanagement System

Exit
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Fig. 1 Snapshot of StemCellIDB database

generate a comprehensive snapshot of the undif-
ferentiated state of pluripotent stem cells using
Affymetrix microarray system. A gene can be
queried for its expression in different studies
using different normalization algorithm (MASS,
PLIER, GC-RMA) [6] (Fig. 1).

PluriTest

PluriTest is a robust bioinformatic functional as-
say of pluripotency in human cells based on
their unique gene-expression profiles. Workflow
for PluriTest involves (1) global gene-expression
analysis of the sample using the Illumina HT12v3
and v4 platform, (2) the raw data (.dat file)
is obtained and uploaded to the PluriTest tool,

(3) the data is analyzed on the PluriTest server,
and (4) the results are interpreted through two
related parameters, Pluripotency Score and Nov-
elty Score. Pluripotency Score and Novelty Score
are derived from 285 peer-reviewed publications
selected from PubMed [7] (Fig. 2).

StemBase

StemBase was initially developed as a collection
of gene-expression levels in samples of stem
cells (mouse and human) from the data generated
within the framework of the Stem Cell Genomics
Project (Canadian Stem Cell Network). The
database is equipped with analysis tools.
StemBase currently contains gene-expression
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Fig. 3 Snapshot of StemBase database

datasets (microarray and SAGE) from 210 stem
cell samples from 60 different experiments [8]

(Fig. 3).
The Stem Cell Discovery Engine

Stem cell discovery engine is an online system
initiated with the aim to understand cancer stem

cells profile from the data generated from the
Harvard Stem Cell Institute. The Stem Cell
Discovery Engine is a repository of carefully
collected cancer stem cell/stem cells-related
information from 52 public studies and 1098
assays. Experimental information is stored as
multiomics Investigation/Study/Assay (ISA Tab)
format which can be queried in the repository [9]
(Fig. 4).
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Multiple Level-Based Databases
and Tools

Complex stem cell differentiation process is
orchestrated by multiple levels of regulatory
processes. Single regulatory layer information
(transcript levels) suffer from some inherent
disadvantages as they overlook other layers as
well as cross talk among different layers [2].
Many valuable resources (databases/tool) can
integrate multiple levels of regulatory processes
including genomics, genetics, epigenetics,
transcriptomics, proteomics, and phosphopro-
teomics. Databases/tools include ESCAPE,
SyStemCell, and Stem Cell Omics Repository.

ESCAPE

Embryonic Stem Cell Atlas from Pluripotency
Evidence (ESCAPE) is a comprehensive Embry-
onic Stem cell database aimed at integrating pub-
lished high-throughput “omics” studies which
include deep sequencing, RNA sequencing,
knockout or over-expression studies, proteomics
and phospho-proteomics. The novel cross talk
between different layers can be identified by
building subnetwork by processing data sets into

FPublications

H. Singh

HSCG |

HARVARD STEM CELL
Testitelie

BROWSEANALYZE.DISC®VER.

Hare

‘Want to contribute data or know more?

CONTACT US

gene lists, gene-gene and protein-protein inter-
actions which enable to build subnetworks and
thus identify known and novel interactions across
various regulatory layers. Information available
via rich web-based intuitive search and visual-
ization tools of ESCAPE database will enable
us to build subnetworks and also identify known
and novel interactions across various regulatory
layers (epigenetics, proteomics, genomics) [10]
(Fig. 5).

SyStemCell

SyStemCell is an online resource that aims to
provide users with comprehensive and curated
information on multiple-level experimental data
of stem cells and proteins. The database contains
43,434 genes for four organisms (Homo sapiens,
Mus musculus, Rattus norvegicus, and Macaca
mulatta) and various stem cell sources (e.g., em-
bryonic stem cells, neural stem cells, and in-
duced pluripotent stem cells). Rigorously curated
high-quality data from peer-reviewed journals are
compiled and can be queried by Entrez Gene 1D,
gene symbol or stem cell type. An online analysis
tool is integrated for assisting data mining to mine
potential relation among different regulatory lay-
ers [11] (Fig. 6).
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Stem Cell Omics Repository

Stem Cell Omics Repository (SCOR) contains
quantitative information at multiple levels of
measurements (RNA, protein, posttranslational
measurements). SCOR is constructed as a
centralized and queriable database of large-
scale studies regarding embryonic stem cells
and induced pluripotent stem cells. SCOR is
a data-rich resource wherein data sets can be
downloaded as well as gene/protein of interest
can be queried in a dedicated search box. Single
as well as multiple datasets can be viewed using
this repository [12] (Fig. 7).
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Peter A. Barbuti

Introduction

According to the National Institute of
Neurological Disorders and Stroke (NIH), there
are found to be 488 neurological disorders
present in the world at the time of writing,
ranging from acid lipase disease to Zellweger
syndrome [1]. No book chapter is equipped
to tackle all of these in detail; however, it
will focus upon the five major neurological
diseases: Alzheimer’s disease, Parkinson’s
disease, Huntington’s disease, Multiple Sclerosis
and Amyotrophic Lateral Sclerosis. The chapter
will begin by summarising the epidemiology,
pathology and disease susceptibilities for each
of these five major neurological diseases. The
chapter will then look in detail at generating
patient-specific cell lines for personalised
medicine, genome editing and the differentiation
protocols necessary for cell replacement therapy
related to the aforementioned neurodegenerative
diseases. This chapter will then look at the
alternative cell sources that have been used as
existing and current cell therapeutic strategies
before summarising with the advantages and
constraints of stem cells in research and clinical
translation. Finally, the chapter will conclude on
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the current research findings with a particular
focus on patient-derived research in Parkinson’s
disease and how different therapeutic strategies
can be targeted at different neurological diseases
focusing on — Parkinson’s disease and multiple
sclerosis — before summarising on the challenges
for stem cell therapy in neurological disorders:
from bench to the bedside.

Neurological Disorders
Alzheimer’s Disease

Epidemiology and Pathology

Alzheimer’s disease (AD) is the most common
age-related neurodegenerative disease in the
world currently estimated to affect 30 million
people, a figure expected to quadruple in 40 years
[2]. In 2010 alone AD was estimated to have cost
the world $604 billion [3]. This staggering figure
will only increase.

Pathologically AD is characterised by three
cardinal changes in the brain: the presence
of amyloid B (AP) plaques, intra-neuronal
hyper-phosphorylated  microtubule-associated
protein tau and the loss of specific neurons and
synapses, principally pyramidal neurons that are
located in the cerebral cortex and cholinergic
neurons of the basal forebrain [4]. However,
as the disease progresses serotoninergic and
noradrenergic neurons are also affected, with
post-mortem tissue showing further loss of
GABA and somatostatin cell types. Loss of these
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neuronal subtypes leads multiple atrophy of these
affected brain regions, often beginning with the
hippocampus and including the entorhinal cortex,
frontal, parietal and temporal cortices [5]. For
further reading on the progressive AD stages,
see Braak and Braak. AD is symptomatically
characterised by a progressive loss in learning,
memory and cognitive decline.

Disease Susceptibility

AD is largely thought to be sporadic with ge-
netic mutations thought to account for 0.5 %
of all AD patients worldwide [1]. Mutations in
three autosomal dominant Mendelian risk genes —
APP, PSENI and PSEN2 — are highly penetrant
and lead to an early onset of this disease [1-4].
Mutations in APP result in increased levels of AP
and also change the ratio of cleaved AP peptides
from 40 amino acids (AB4p) to increasing levels
of the more toxic AP4, peptides [5]. The APg4,
peptide is more hydrophobic and amyloidogenic
than the A4 form and leads to increasing amy-
loid fibrillogenesis [1]. Mutations in PSENI and
PSEN?2 have been found to impair the activity
of y-secretase that is involved in the cleavage of
APP, which also results in an increased AP4, to
APy ratio [6-9]. Mutations in APP, PSENI and
PSEN?2 account for only 13 % of all early-onset
AD patients [5]. APOE is a moderately penetrant
gene with semi-dominant inheritance [10]. Inher-
iting the €4 allele, homozygous APOE e4e4 and
heterozygous APOE €3¢4, increases the risk of
AD 15x and 3x, respectively, compared to the
most common APOE ¢3¢3 form of the gene [11].

Parkinson’s Disease

Epidemiology and Pathology

Parkinson’s disease (PD) is a multifactorial neu-
rodegenerative disease characterised by the loss
of A9 dopaminergic neurons in the substantia
nigra pars compacta (SNc) of the midbrain. The
presence of intra-cytoplasmic inclusions (Lewy
bodies) is another characteristic feature in those
midbrain dopaminergic neurons (mDA) in the
SNc that remain [12]. PD is the second most
common neurodegenerative disease worldwide;
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the results from a 2010 census in the USA found
PD to affect 630,000 people in the USA costing
$14.4 billion in 2010 alone; as the prevalence
to PD is projected to double by 2040 due to an
increased elderly population, this cost will only
increase [13].

The dopaminergic (DA) neurons project from
the SNc to the dorsolateral striatum, caudate and
putamen forming the nigrostriatal pathway that
releases the neurotransmitter dopamine; it is thus
the reduction in the dopamine following the pro-
gressive loss of DA neurons that allows the dis-
ease to manifest and become symptomatic. The
four cardinal motor symptoms that signify the
manifestation of the disease remains the primary
tool of clinical diagnosis: bradykinesia, resting
tremor, rigidity and postural instability. However,
there are many other non-motor symptoms that
are associated with the disease and can often
precede the initial diagnosis, such as depression
and gastrointestinal difficulties. As no PD patient
presents with a homogenous aetiology, PD re-
mains a difficult disease to diagnose without any
of the motor symptoms. At the stage when the
PD has manifested into the characteristic motor
symptoms that precede diagnosis, up to 70 %
of the mDA neurons of the SNc have already
degenerated [14].

Disease Susceptibility

Approximately 90 % of all PD is idiopathic and
thus of an unknown aetiology [15]. However,
there are genetic susceptibility loci and risk genes
attributed to PD, known as the PARK genes, of
which there are 18 identified to date [16]. Two of
these key PARK genes are PARK1/4 (SNCA) and
PARKS (LRRK2). SNCA encodes a-synuclein,
a monomeric protein that in its mutated form
undergoes a conformational change from an o-
helical structure into B-sheets, which aggregate
and oligomerise to form toxic protofibrils that
then fibrilise [12, 17]. Fibrils of a-synuclein have
been identified as the main components of LBs
and LNs [13, 14]. Duplications and triplications
of SNCA is directly correlated to the earlier onset
and disease severity of familial PD [18-20], with
single nucleotide polymorphisms associated with
an increased risk in sporadic PD [21, 22].
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The most common (>10 %) autosomal dom-
inant locus of PD is LRRK2. LRRK?2 is also
the locus most commonly associated with idio-
pathic PD where spontaneous mutations in this
gene accounts for 3.6 % of all idiopathic PD;
the LRRK2 (G2019S) mutation is responsible
for 1-2 % of all these cases [23]. Mutations
in LRRK2 have been implicated with impair-
ments of lysosomal packaging and chaperone-
mediated autophagy [24], reducing the clearance
of a-synuclein and ubiquitin, leading to pre-
synaptic accumulation and subsequent neuronal
toxicity [25]. Thus dysfunction in both SNCA and
LRRK? represents two of the main sources of PD;
it is unknown, however, how the dysfunction of
these genes is triggered.

Recent evidence, however, has shown that tau,
a protein heavily associated with Alzheimer’s
disease (AD), enhances the aggregation and tox-
icity of a-synuclein [26]. This research article
follows a publication [27] that suggests that tau
and AP interact synergistically with a-synuclein
in vivo to promote aggregation and accumulation
of each other leading to cognitive dysfunction.

Huntington’s Disease

Huntington’s disease (HD) is a progressive, fa-
tal, monogenic neurodegenerative disorder. HD
is caused by an expansion of a triplet region
of polyglutamine (CAG) repeats in the hunt-
ingtin (HTT) protein; this trinucleotide repeat
then results in the addition of a long stretch of
glutamines (polyQ) near the N-terminus of the
protein [28]. Initially, HD causes loss of medium
spiny neurons (MSN) in the neostriatum before
progressing to loss of entire cortical structures
[29, 30]. Another pathological feature of HD
is astrogliosis [31]. HD is autosomal dominant
and displays age-dependent penetrance with the
increased length of CAG repeats inversely pro-
portional to age of onset with CAG repeat lengths
greater than 36 repeats considered a pathological
threshold [32, 33]. The prevalence of Hunting-
ton’s disease is 4-10 per 100,000 in the Western
world; the mean age of onset is 40 years, with
death occurring 15-20 years from time of onset.

HD patients have progressive motor dysfunc-
tion, cognitive decline and psychological prob-
lems such as suicidal ideation [34].

Multiple Sclerosis

Epidemiology and Pathology

Multiple sclerosis (MS) is a chronic neurode-
generative demyelinating disease. MS affects 2.5
million people worldwide with 80 % of patients
developing a progressive disability and costs the
EU economy €9 billion per year [35]. There
are two disease-specific symptoms of MS: Lher-
mitte’s symptom, an electrical sensation that runs
down the spine on neck flexion, and Uhthoff’s
phenomenon, a worsening of symptoms due to
higher than usual temperatures [36]. MS is not
localised to any specific region of the brain are af-
fects the cerebellum and cerebellar pathways, op-
tic nerve, brainstem and also the spinal cord. MS
is a demyelinating neuronal disease caused by the
loss of the oligodendrocytes that normally create
and maintain the myelin sheath. MS is in part
a disease of the innate immune system, as fol-
lowing inflammation the blood—brain barrier be-
comes dysregulated, transendothelial leukocytes
cross the blood—brain barrier and become autore-
active: attacking oligodendrocytes; this leads to
the eventual demyelination of neurons and MS
pathology [37].

Disease Susceptibility

The interaction of the Epstein—Barr virus (EBV)
is heavily implicated in aetiology of MS with
almost 100 % of patients analysed in the study
by the Ramagopalan group having previous sero-
logical markers of a past EBV infection [38]. The
environment plays a hugely significant factor in
determining disease susceptibility in MS with the
biggest risk factor being latitude [39]. There is
also an increasing female to male bias that has
markedly increased in 50 years [40]. Although
the role of genetics are not as pivotal in MS
compared to other highly penetrant Mendelian
diseases such as HD, with only a 30 % likelihood
of MS if both parents are sufferers [41], there
is still a genetic link with heterogeneity on the
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major histocompatibility antigen (HLA) class 11
complex gene locus MHA-DRBI being associ-
ated with increased risk of the disease [42, 43].

Amyotrophic Lateral Sclerosis

Epidemiology and Pathology

Amyotrophic lateral sclerosis (ALS) is the most
common adult motor neuron disease, affecting
1:500,000 people worldwide per year [44]. ALS
is fatal, is idiopathic and varies from patient to
patient with loss of both upper motor neurons
(UMN) in the motor cortex and lower motor
neurons (LMN) in the brainstem and spinal cord.
Loss of neurons leads to muscle atrophy with
patients additionally presenting with dysphagia,
dysarthria, spasticity and hyperreflexia symptoms
and an abnormal reflex commonly called Babin-
ski’s sign. The age of onset of ALS is variable but
tends to be after 40 years of age; only 4 % of ALS
patients survive longer than 10 years [45].

Disease Susceptibility

Approximately 10 % of the cases of ALS are
familial [46]. Of those familial cases, mutations
in three genes — superoxide dismutase SODI
[47, 48], TAR DNA-binding protein-43 (TDP-43)
TARDBP [49] and fused in sarcoma FUS [28,
29] — account for 30 %.

Mutations in TDP-43, encoded by TARDBP,
enhance protein aggregation, fibril formation and
neurotoxicity in ALS [30]. TDP-43 also behaves
as a prion with intracellular TDP-43 exhibiting
seed-dependent and self-templating aggregation,
with propagation of TDP-43 aggregates via the
exosome [31]. The SODI mutations in ALS are
fascinating as they show that the motor neurons
are selectively degenerated via astrocytic- and
microglial-mediated toxicity [32, 33]. The origi-
nal study by the Przedborski group and follow-up
papers have shown that when the mutant SODI
is carried on motor neurons, fibroblasts, cortical
neurons and myocytes, they do not cause toxic-
ity; similarly SODI mutated astrocytes and glial
are not toxic to spinal GABAergic, dorsal root
ganglion neurons or hESC-derived interneurons,
therefore implicating ALS as a non-autonomous
neurodegenerative disease [32-37].
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Stem Cell Therapy for Neurological
Disease - Introduction

An advantageous route in which to research and
subsequently treat neurological disorders and
neurodegenerative diseases is to recapitulate in
vitro the endogenous, patient-derived cell type
where the disease is present and prevalent in
vivo, thus determining the reason(s) for their
specific vulnerability and selective degeneration.

Existing ways to elucidate and research the
disease phenotype typically involve post-mortem
tissue sections, neuroblastoma cell lines, non-
human animal models, including small rodents,
yeast, drosophila and zebrafish and non-human
primary culture cell lines. All of these various
research sources have been useful and valuable in
studying the disease further; however, no research
strategy is without limitation. The increasing use
of stem cell therapy, particularly from patient-
derived induced pluripotent stem cells (iPSCs)
in countless groups around the world, should
lead to further understanding and hopefully better
treatment of these complex progressive chronic
neurological diseases.

The reprogramming of the patients’ somatic
cells, typically fibroblasts from a skin biopsy,
to a pluripotent, neural precursor or terminally
differentiated cell type, or the differentiation of
the pluripotent or neural precursors cells into the
terminally differentiated cell type.

Once the terminally differentiated cells such
as mature, electrophysiologically active neurons
are generated, they can be used in drug screening
to elucidate the efficacy of novel or pre-existing
drugs or neurotrophins that can be subsequently
used in patient therapy. These de novo neurons
or neural precursor cells have the long-term po-
tential to be utilised as cell replacement thera-
pies. Fundamentally, however, the generation of
these patient-derived disease lines has the ability
to enhance research and understanding of the
disease aetiology, pathogenesis and manifesta-
tion; to ascertain the selective vulnerability and
thus disease mechanism; and to halt the dis-
ease progression and prevent further cell loss.
An alternative strategy to modelling the disease
by generating patient-derived in vitro de novo



Stem Cell Therapy for Neurological Disorders: From Bench to Bedside 45

neurons could be using adult stem cells, such
as in the bone marrow, to mobilise endogenous
protection to treat the selective vulnerabilities of
the disease.

Generating iPS Cell Lines to Study
Neurological Disease

Induced pluripotent stem cells were first derived
in 2006 in a seminal paper in Cell by Takahashi
and Yamanaka [50]; this ground-breaking work
was based upon Sir John Gurdon’s work on
frogs in 1962 that challenged the dogma that
mature cells are irreversibly committed to their
fate [51]. Yamanaka and Takahashi proved this in
a mouse model using a retrovirus encoding Oct4,
Sox2, KIf4 and c-Myc to induce pluripotency from
dermal fibroblasts. One caveat however with the
paper was that the cells failed to produce a viable
chimera, a hallmark of pluripotent stem cells
[50]. However, 1 year later Yamanaka and Taka-
hashi were the first to generate iPS cells using
the same four factors in human cells, this time
being able to produce viable chimeras [52]. A
month later using lentiviruses encoding the four
factors of Oct4, Sox2, Nanog and Lin28, James
Thomson’s group also generated iPS cells in-
cluding a viable chimera from human fibroblasts
[53]. What these two landmark papers proved
and repeated was that pluripotency can be in-
duced from terminally differentiated mature so-
matic cells, developing the possibility of person-
alised medicine: using the patient-specific cells to
treat his individual disease. The pioneering work
of iPS generation based on the vectors discovered
by Yamanaka and Thomson has been replicated
in many laboratories throughout the world using
different tissue sources to generate iPS cell lines
including the amnion [54], dental pulp [55], adi-
pose tissue [56], blood [57-59] and urine [60].
There are caveats with the original Yamanaka
and Thomson studies, however, such as by using
integrating viruses to reprogram somatic cells;
both the vector backbone and transgenes are
integrated into the genome. These integrating
vectors have the potential to create mutations
upon genome insertion that interfere with the nor-
mal function of the cell. The integrating vectors

can also result in residual transgene expression
that can influence and affect the differentiation
propensity of cells to specific lineages [53]. Also
two of the Yamanaka factors — KIf4 and c-Myc —
are oncogenic and have previously resulted in
tumourigenicity due to reactivation of the c-Myc
oncogene [61]. Consequently, as summarised in
Table 1, research was undertaken to either use
nonintegrating transduction strategies [62, 63,
65-68], integrating vectors that can be excised
out of the genome [69-71], DNA-free delivery
of vectors in the form of RNA [64], proteins
[72], mRNAs [73], microRNA (miRNA) [74]
and a chemical only induction of pluripotency
[75]. However, all of these strategies have their
own specific constraint of using each method; in
particular the reprogramming efficiencies of the
non-integrating adenoviral and episomal methods
are very low.

The Sendai virus being an RNA virus will
never produce DNA that integrates into the host
genome during transduction; it can easily be
removed by antibody-mediated negative selection
and generates iPS cells with a high efficiency
[64]; as a result the Sendai virus method of iPS
reprogramming is commonly used. Unfortunately
the transgenes from the Sendai virus can only
be removed by diluting, i.e. multiple passages.
In the original research paper by Fusaki et al.,
the transgenes however were still there after 20
passages [64]. A caveat in using Sendai viruses
to reprogram to pluripotency is the time the iPS
cell line will need to spend in in vitro culture to
facilitate the removal of these transgenes. Con-
sequently reprogramming to pluripotency using
this technique becomes a long process. The con-
sequence of an extended time in in vitro culture
is that there is greater chance of losing genomic
stability and acquiring karyotypic abnormalities
such as amplifications or trisomy on chromosome
8,12, 17q, 20q and X found in both iPSCs and
hESCs [71, 76-78]. Genes found on these chro-
mosomes such as the pluripotency gene Nanog
and anti-apoptosis gene Survivin is encoded in 12
and 17q, respectively, where increasing dosage of
these genes can confer a selective advantage [76].

Another strategy used to generate iPS cell for
clinical therapy was the excision of the already
integrated transgenes. The two systems available
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Table 1 Strategies for generating iPS cells
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Days to Reprogramming
Method Species Vectors generate iPS efficiency ( %) References
Integrating vectors
Retrovirus Human OSKcM 30 2x 1074 [52]
Lentivirus Human OSNL 20 22x107* [53]
Nonintegrating vectors
Episomal Human OSNLKcM40 30-35 3-6x107° [62]
Adenovirus Human OSKcM 25-30 2x 1076 [63]
Sendai Human OSKcM 7+ p5—p20? 1073 -1072 [64]
Minicircle Human OSNL 28 5% 1073 [65]
Episomal plasmids Human OSKLIM 26-32 1x107°-3x10™* [66]
Liposomal magnetofection Mouse OSKcM 7 4x107? [67]
Doxycycline inducible Human OSKcM 7 92 % [68]
Excised integrated vectors
PiggyBac Human OSKcM 20-30 3x 1074 [69, 70]
Cre/loxP (lentiviral) Human OSKcM 15-20 0.5 % [71]
Viral-free delivery
Proteins Human OSKcM 56 1x 107 [72]
mRNA Human OSKcML 1724 2.9 % (4.4 % — Hypoxia) [73]
miRNA Human mir-200c, 302's,369s 20 3x 107 [74]
Small molecule-only induction
Chemicals Mouse VC6TFZ 36-48 0.2 % [75]

Abbreviations: O Oct4, S Sox2, K KIf4, cM c-Myc, N Nanog, L Lin28, 40 SV40LT, IM L-Myc, VC6TFZ small

molecules taken from [75]

2The numbers of passages (p) required before transgenes are silenced

Transduction repeated 6 times
“Transduction repeated every 48 h 4 times

that use this are Cre/loxP recombination and
piggyBac transposons. In the Cre/loxP system
even though the viral cassette containing the
Yamanaka factors were removed following
reprogramming using transfection of the Cre
recombinase, the initial vector sequences still
remained integrated into the genome; thus, the
Cre/loxP system still has a risk of insertional
mutagenesis [71]. In the mouse, piggyBac has
been shown to be a viable strategy for iPS
generation without leaving a genomic footprint
[69, 70]. Unfortunately, there is a lack of
information to date regarding the removal of
the piggyBac insertions in the human suggesting
more work needs to be done before it can be
used routinely as the strategy for personalised
medicine.

Three other alternative strategies that avoid
the introduction of genetically modifying DNA

into the genome include the use of proteins,
mRNAs and microRNAs (miRNA). The protein-
based method takes the longest out of the all
methods summarised in Table 1; it is also the
most labour intensive requiring 6 repeated trans-
ductions [72]. The use of mRNAs seems to be an
attractive way to generate iPS cells for transla-
tional research: a high efficiency of up to 4.4 %
under hypoxic conditions plus no molecular foot-
print such as integrating vectors or transposons
to remove [73]. The miRNA method is another
attractive nonviral solution that can be applied in
translation therapy. miRNAs leave no molecular
footprint, are reasonably efficient and are quick:
can reprogram in under 3 weeks [74]. MicroRNA
therapy is already deemed to be safe and is un-
dergoing stage 2b clinical trials in the treatment
of Hepatitis C under the brand name Miravirsen
[79, 80].
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Recently the group led by Hongkui Deng has
been able to generate iPS cells from murine cells
using only small molecules. Provided this can be
replicated in human cells, this is another strategy
to generate iPS cells with no footprint [75].

In October 2013, another landmark paper in
the field of cellular reprogramming has been pub-
lished in Nature by the Israeli group led by Jacob
Hanna showing the generation of iPS cells at an
efficiency of close to 100 % in both human and
murine cells in 7 days due to knock-down of the
nucleosome repressor complex Mbd3 [68]. The
importance of this research is the advancement
in the understanding at a molecular level with
a huge gain at a practical level. By generating
iPS cells at a 92 % efficiency in approximately a
week, there is a huge cost benefit by reducing the
laboratory hours needed to make iPS cells; also
with an efficiency of 92 %, it is the first strategy
that could lend itself to automation and scaleup
and bring patient-specific medicine a step closer.

Since 2007 when Yamanaka and Thomson
showed that somatic human skin could be re-
programmed to pluripotency, iPS cells became
instantly more advantageous than hES cells for
one significant clinical reason. The genome of the
in vitro derived cells matches the in vivo cells;
consequently for any future cell replacement ther-
apy, there would be a significant reduction in risk
of immune rejection compared to the allogeneic
hES cells, which will express the human leuko-
cyte antigen minor histocompatibility complex
(HLA/mHC) and low levels of the class I major
histocompatibility antigen (HLA/MHC class I)
[81]. There are logistical benefits from using iPS
cells in that they are easier to derive than hES
and are not subject to the ethical concerns or
strict financial constraints of federal funding in
the USA.

However, although Yamanaka and later Thom-
son pioneered iPS cell research, enabling the pos-
sibility of personalised medicine and a patient-
specific clinical resource of iPS lines, there are
still many constraints. Many of the strategies
developed and in use require integrating vec-
tors and transgenes, with evidence of insertional
mutagenesis and transgene reactivation [82, 83].
There is also an increase in copy-number variants

and increase in point mutations in protein coding
genes as opposed to hES cells [84, 85]. Finally
the last constraint that needs rectifying prior to
cell therapy is epigenetic memory [86, 87], which
not only suggests that these cells are not truly
pluripotent but also implies that there is lack
of current understanding on epigenetic memory
which needs to be fully understood before it
is assumed a fact as it is a variable and may
influence the results of future studies.

Genome Editing

Yamanaka and Thomson have brought cell-
replacement therapy a step closer by allowing
it to be patient-specific, provided however that
the cells do not need genetic modification. In
the cases of a genetic mutation, the cells once
derived will also retain that mutation and the
disease phenotype, for example, a triplication
in the SNCA gene is present not only in the
dopaminergic neurons but also in the fibroblasts
and the iPS cell line [88, 89]. A way to avoid this
is by genome editing homologous recombination;
the first study on this was by the Jaenisch research
group where zinc finger nuclease (ZFN) mediated
genome editing was used to edit the genome to
correct the A53T point mutation and create an
isogenic iPS cell line [90].

There are many methods currently published
that have the ability to perform genome
editing homologous recombination (Table 2):
ZFN [97], bacterial artificial chromosomes
(BACs) [98], transcription activator-like effector
nucleases (TALENSs) [99] and clustered, regularly
interspaced, short palindromic repeat (CRISPR)
[100]. Helper-dependent adenoviral vectors
(HDAAdV) have also been used in genome editing
being able to edit both the transcriptionally active
and inactive loci [92, 94, 95]. HDAAV also have
a benefit in that they accommodate up to 35 kb
of DNA, as opposed to ~4.7 kb that traditional
adeno-associated virus (AAV) system. There
are a few concerns however with HDAdV: a
possibility of in vivo toxicity from the adenoviral
capsid proteins, random integration sites and a
genomic footprint [101].
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Table 2 Technologies for genomic editing (corrective and inductive) of disease mutations in neurological disease

models

Disease Gene Defection Corrective method References

Parkinson’s disease SNCA (a-synuclein) AS53T point mutation ZFN [90]
LRRK2 G2019S ZFN? [91]
LRRK2 G2019S HDAdV [92]

Huntington’s disease HTT (huntingtin) CAG repeats BAC [93]

HGPS LMNA (lamin A) C1824T point mutation HDAdV [94]

AWS LMNA A1733T HDAdV [95]

Gyrate atrophy OAT Base-pair mutation BAC [96]

Abbreviations: HGPS Hutchinson—Gilford progeria syndrome, AWS atypical Werner syndrome

4Induction of disease mutation as well as deletion

The biggest concern about genome editing is
the potential for off-target double-stranded DNA
breaks being introduced into the genome, thus
creating non-specific genome variants that are not
truly isogenic. There is rationale for this concern
as a ZFN study by Hockemeyer there was 1 off-
target event per 184 clones analysed [97]. How-
ever, considering that the human diploid genome
is six billion base pairs, that statistical probabil-
ity of generating an off-target event is far too
high. ZFN are also difficult for non-specialists
to design and are associated with high rates of
failure [102].

TALENs are cheaper and easier to use than
ZFN; however, they are larger molecules, so it
can be difficult for them to be efficiently delivered
[99]. Although, TALEN technology has been
used to correct for mutations in the B-globin gene
in the blood disorder disease p-thalassemia [103].

CRISPRs have an advantage over ZRN and
TALEN in that using a single vector to guide
RNAs in series which can be then processed
into individual RNAs allows for simultaneous,
multiplexed targeting of multiple sites of the
genome in the same cell [100]. The big concern
with CRISPR is an increased inherent risk
of off-targeting due to the guide RNA being
shorter [104]. However, a recent publication
by the Zhang group have detailed using 2
guide RNA’s in a ‘double-nickase’ strategy has
been able to facilitate a double-strand break
and reduce off-target mutagenesis up to 1,000
fold [105].

The use of genome editing in science is a
recently emerging field, and it is particularly

valuable when the iPS cells derived from the pa-
tient also contain the genetic disease. Therefore,
by editing out the disease and similarly editing in
the disease [91, 106], researchers will understand
a lot more about each disease phenotype and how
it manifests. Also by editing in a disease to a
non-disease control line, it effectively creates a
positive disease model that could be of particular
use in compound screening (Fig. 1) by being able
to distinguish phenotype of the mutation from the
genetic background. Additionally depending on
the research considered this could minimise the
use of animals in research. To be able to correct
neurodegenerative diseases using genome editing
is a very exciting area of research and could even
be used in future clinical therapy in correcting the
genetic mutation prior to potential transplantation
using the patients’ isogenic cells.

Direct Conversion

Pioneered by Marius Wernig and colleagues
in their seminal paper published in Nature
in 2010, they showed that non-neural adult
somatic fibroblasts can be directly reprogrammed
to terminally differentiated functional and
electrically active neurons without going through
a pluripotent intermediary state [108]. These
induced neurons (iN) were reprogrammed in
13 days from MEFs using three factors — Brn2,
Ascll and Mytll (BAM factors) — with an
efficiency of 19.5 %, with the iN exhibiting
positive immunocytochemical staining for the
neuronal markers of Tujl, NeuN and MAP2.
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Fig. 1 A schematic representation of the processes that
can be undertaken in personalised medicine. Following a
patient biopsy, fibroblasts can be derived and expanded
into a cell line. The fibroblasts can then be reprogrammed
into induced pluripotent stem cells (iPSCs) [52, 53] or an
induced neural-progenitor stem cell (iNSCs) state [107]
before being terminally differentiated towards a cell type,
such as neurons, astrocytes or oligodendrocytes. Alter-
natively these cells can be directly reprogrammed from
the patient somatic cell to the terminally differentiated

53 % of the mouse embryonic fibroblasts
(MEF)-derived iN expressed Tbrl, a marker of
excitatory cortical neurons with both excitatory
glutamatergic and inhibitory GABAergic neurons
generated. There has been an increase in the
number of groups that have used the BAM
factors amongst other factors, to directly convert
human fibroblasts into terminally differentiated
neuronal cell phenotypes which is summarised in
Table 3. This includes cell populations specific
for neuronal disease such as dopaminergic
neurons for PD [114-118], retinal-like ganglion
neurons for glaucoma [119] and spinal motor
neurons for amyloid lateral sclerosis (ALS) and

Drug Screening

cell type [108]. These cells can then be used in disease
modelling, drug screening and the development on novel
drugs or in cell transplantation. Images of fibroblasts and
TujlT/THT dopaminergic neurons are provided by the
author. The image of the GFAPT/S1007T astrocytes is
kindly donated by Dr Federica Rinaldi (University of
Oxford). The image of the 041 /NG27 oligodendrocytes
is used with permission from Professor Nada Zecevic
(University of Connecticut) and has previously been pub-
lished [109]

spinal muscular atrophy (SMA) [120]. All iN for
PD exhibited functional dopaminergic neuronal
properties: positive expression of midbrain
markers, functionally active electrophysiological
properties and dopamine release and uptake. In
the study led by Abeliovich’s group in 2011,
the fibroblasts used for the direct conversion
were patient-derived from a familial Alzheimer’s
disease (FAD) patients containing mutations in
presenilin-1 and presenilin-2. These FAD-iN
were found to show phenotype of AD showing
altered processing and localization of amyloid
precursor protein (APP) and increased production
of AP [113].
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Table 3 Summary of iN methods following direct conversion
Reprogramming Reprogramming Neuronal Duration
iN-derived subtype factors efficiency efficacy (days) References
Glutamatergic/ BAM 195 % * 13 [108]
GABAergic neurons BAMN! 2-4 % 60 % Tuj1® 18 [110]
BM, miR-124 4-11 % 55 % MAP2P 18 [111]
AM, 5% 50 % MAP2P 30 [112]
miR-124,
miR9/9
BAMOZ 7.1-8.9 % 28.4-36.1 % 21 [113]
MAP2°
Dopaminergic ANL 3-6 % TH® 18-24 [114]
neurons 5-10 % Tuj1®
BAMLF 16 % <95 % MAP2° 24 [115]
AN(Lb) 18.2 %° 35.1 % Tuj1® 14 [116]
ANLFEP 9.19 %* 2 % Pitx3® 18 [117]
ANPSNg 1-2 % 40 % DDC® 20 [118]
Retinal-like ANgB3 3.5 % Tuj1° 14 [119]
ganglion neurons
Spinal motor BAMNgHIL? 5-10 %* 10 [120]

neurons

Abbreviations: B Brn2, A Ascll, M Mytll, N' NeuroD1, O Oligo2, Z Zicl, L Lmx1la, N Nurrl, F FoxA2, (Lb) Lmx1b,
E Enl, P Pitx3, S Sox2, Ng Ngn2, B> Brn3b, H Hbx9, I Isl1, L’ Lhx3

“Relates to reprogramming efficiency in MEFs
bReprogramming efficiency from human astrocytes

Table 4 Summary of various reprogramming methods for iNSC generation

Initial cells
Mouse fibroblasts

Mouse and human fibroblasts

Murine sertoli cells

Transcription factors References
(Oct4, Sox2, Klf4, c-Myc) initially [121]
Oct4 (initially) Sox2, Kif4, c-Myc [122]
Brn2, Sox2, KIf4, c-Myc [123]
Brn2, Sox2, FoxGl [124]
Sox2 [107]
Sox2, Klf4, c-Myc, Brn2, Ascll, Ngn2, Pax6, Hesl, Id1 [125]

The field of iN via direct conversion is very
exciting and although it does hint at the possibil-
ity of far quicker method to reprogram neuronal
cells from somatic cells without a pluripotent
intermediate, it is still very inefficient. Fibrob-
lasts are not an expandable immortal cell type,
with a decreasing capacity to generate iN with
every additional passage being exhausted by pas-
sage 8 [115]. Therefore, it is questionable if the
quantities of cells generated from iN would be
sufficient for cell replacement therapy strategies.
It is for this reason of scalability and prolifer-
ative potential that generating multipotent neu-

ronal progenitors instead of post-mitotic neurons
would be a more sustainable long-term strategy in
modelling PD.

The multipotent progenitors have been termed
induced neural stem cells (iNSCs) and have been
generated from murine and human fibroblasts
and more recently Sertoli cells (Table 4). After
initial research in mouse fibroblasts, there was
no consensus on what transcription factors were
necessary to generate iNSCs with the Yamanaka
pluripotency factors initially used [121, 122].
Han and colleagues then swapped Oct4 for an-
other POU homeodomain transcription factor in
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Brn4 that is normally expressed in the neural
tube [126]. Han and colleagues generated stable
iNSCs for over 130 passages that could form as-
trocytes, neurons and oligodendrocytes, although
the efficiency for oligodendrocyte generation was
extremely poor at approximately 10 % compared
to ~100 % efficiency of both neuronal and as-
trocytic differentiation [123]. The Wernig group
found that just Sox2 and FoxGI were neces-
sary to generate iNSCs; however, those iNSCs
were bi-potent with the potential to form neurons
and astrocytes only, oligodendrocytes were not
generated unless the transcription factor Brn2
was included in the transduction [124]. The first
study and only current study published in hu-
mans is from the Huang group where trans-
duction with Sox2 alone could generate stable
iNSCs with the potential to differentiate into neu-
rons of multiple subtypes, astrocytes and oligo-
dendrocytes after 2—4 weeks of culture in per-
missive differentiation conditions. The human
iNSC were also able to survive and integrate in
mouse brains without any tumourigenicity [107].
The only other published study of iNSC gen-
eration is from the Qi Zhou Chinese group us-
ing mesoderm-derived Sertoli cells. This study

however used 9 transcription factors and needed
1 month of propagation to generate the sufficient
amount of cells necessary for analysis [125].

Differentiation Protocols to Model
Selected Neurogenerative Diseases

Generation of iPS cells is the strategy typically
used by most research groups as a source of
pluripotency prior to the terminal differentiation
of the required cell type necessary to the model of
the disease. Table 5 shows the most efficient pro-
tocol currently published for the generation of the
neuronal subtypes lost in the 5 aforementioned
most common neurodegenerative diseases: basal-
forebrain cholinergic neurons for AD, striatal
medium-sized spiny neurons for HD, midbrain
dopaminergic neurons for PD, motor neurons for
ALS and oligodendrocytes for MS.

The Crompton et al. protocol for AD is long
at 90 days, but it has an excellent efficiency.
83 % of the cells generated are Tujl+ neurons,
with the remaining being GFAP+ astrocytes. Of
those 83 % of neurons, between 91 and 92.4 %
of the hES and iPS cell lines taken through

Table 5 Summary of protocols efficiencies used to generate terminally differentiated cell types for disease modelling

Efficiency
Disease Desired subtype Neurons Regional identity Duration References
AD Basal-forebrain- 83 % Tujl™ 97 % Nestin™ (d30) 90 days [127]
derived cholinergic 17 % GFAP™ 92.3 % Nkx2.17 /nestin™
neurons 91-92.4 % ChATT/Tuj1t
HD Striatal medium-sized 51 % MAP2F, 80 % Tuj1 T, 70.6 % CTIP2F /calbindin™ 90 days [128, 129]
spiny neurons 78 % GABAT/MAP2T
60.3 % CTIP2T/MAP2T
53 % Calbindint /MAP2F
20 % DARPP32+/CTIP2T
PD Midbrain 75 % THT 80 % FoxA2T 50 days [130]
dopaminergic neurons 20 % TH T /FoxA2™T 60 % LmxlaT/FoxA2T
80 % Otx2T/FoxA2F
(counts at d25)
ALS  Motor neurons 53 9% HB9T/ISL1T 55-70 % FOXPI 31days [131]
63 % FOXP1T/LHX3~
MS Oligodendrocytes 60-80 % 047 40-60 % NG2 77 days  [132]
70 % A2B5T

Abbreviations: AD Alzheimer’s disease, HD Huntington’s disease, PD Parkinson’s disease, ALS amyotrophic lateral

sclerosis, MS multiple sclerosis
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3 replications of this protocol are positive for
ChAT: cholinergic acetyl transferase, a marker of
cholinergic neurons [127]. The regional identities
of the neurons are correct for an AD model being
92.3 % Nkx2.1, a marker of the basal forebrain.

In the HD model study from the Italian group
of Elena Cattaneo, striatal medium-sized spiny
neurons (MSN) were generated in a very well-
described research article that deconstructed each
neuronal subtype generated from this differen-
tiation protocol, not all of which are shown in
Table 5. A commonly used marker for MSN
is DARPP32; however, DARPP327" neurons are
also found outside the striatum. By co-staining
with CTIP2, a post-mitotic striatal marker, the
regional identity of the MSN can be confirmed.
70.6 % of the calbindin 4 neurons co-expressed
CTIP2, thus confirming the general acquisition of
an MSN fate and not of an interneuron identity
[128]. The Kriks et al. protocol for PD showed
the generation of 75 % of dopaminergic neurons;
80 % of cells differentiated through the protocol
were positive for the midbrain marker FoxA2.
Although of those 75 % dopaminergic neurons,
only 20 % were midbrain dopaminergic neurons
[130], suggesting that the regional identity of the
majority of those neurons was not specific to the
midbrain.

A follow-up dopaminergic differentiation
study by Kirkeby et al. trialled the GSK3f
inhibitor, CHIR99021, that was used in the
Kriks protocol; what was found was at high
levels of drug, >1 wM, the floor plate begun to
caudalise away from the midbrain fate towards
the hindbrain showed by an upregulation in
LEFI, a gene found at the midbrain-hindbrain
border, and also hindbrain genes HoxA2, HoxA4,
IRX3 and GBX2 [133, 134]. At 4 uM there was
over a 100-fold upregulation in GBX2, a key gene
expressed in the anterior hindbrain that shares a
border in development with the MHB. In the
study published in Nature by Millet, GBX2 was
shown to not only repress Otx2, a key midbrain
gene regulator, but also shift and reposition the
MHB, creating a smaller midbrain and larger
hindbrain region [135]. Furthermore, shifting of
the MHB has a direct consequence on increasing
the number of serotoninergic neurons to the
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detriment of the midbrain dopaminergic neurons
[136]. As the Kriks et al. protocol used a very
high CHIR concentration of 3 pM, this may
explain that of the 75 % of dopaminergic neurons
produced by the protocol, 45 % of these neuron
did not have a positive identity for the ventral
midbrain marker FoxA2 [130]. Unfortunately,
with Lmxla and LmxIb now being shown to
have overlap in the formation of the anterior
hindbrain roof plate [137], it is quite possible that
these remaining 45 % TH positive cells are of an
anterior hindbrain identity and not the midbrain,
although this is yet to be proven.

However, even though the Kriks protocol may
have generated a population of dopaminergic
neurons of a midbrain/anterior forebrain iden-
tity, it still possess 20 % FoxA2T/TH™ neurons
which is currently the best in the literature. Also
the issue of non-midbrain contamination is not
insurmountable as this can be selected out by
methods such as FACS sorting. In addition to this,
the neurons from the Kriks et al. protocol have
been grafted in mice, rat and monkey models of
PD, in all cases showing evidence of survival,
integration and behavioural recovery [130].

The diseases of ALS and MS are both nonau-
tonomous diseases; consequently the generation
of MN or oligodendrocytes may not necessar-
ily be the most effective long-term strategy for
cell replacement therapy. However, it is still ad-
vantageous for researchers to obtain regionally
specific terminally differentiated cell types to
ascertain the specific susceptibility of MNs and
oligodendrocytes to astrocytic/microglial disease
transmission in ALS and lymphocytes in MS and
then try to prevent this susceptibility.

For the study of ALS, the Wichterle group
generates limb-innervating lateral motor column
motor neurons. The MN quantification shows by
immunocytochemistry the generation of 30 %
HB9+—speciﬁc motor neurons; of those neurons
53 % are HBO'/ISL1™T, with ISL1T specify-
ing spinal motor neurons [131], although ISL17
neurons are also specific for the cranial ganglia
[138]. AFOXP1™ neuronal identity is specific for
neurons that innervate with limb muscles [139,
140]. LHX3" expression determines if a me-
dial motor column that innervates axial muscles
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with LHX3™ specifying a lateral motor column
with limb-innervating muscles [139]. Of the MN
identified there was a 70 % FOXP1t/LHX3™
identity [131]. Thus, the successful generation
of limb-innervating lateral motor column motor
neurons for ALS research.

Differentiating to oligodendrocytes for the
study of MS the protocol by Sundberg et al.
generates 60—80 % oligodendrocytes, specified
by the commonly used oligodendrocyte specific
marker O4 [132]. This paper also confirmed this
identity and the prior establishment of oligoden-
drocyte precursors cells (OPCs) through this 77-
day protocol using the markers NG2 and A2B5 to
confirm identity. NG2™" positive cells account for
the identity of OPCs with NG2 being responsible
for directional migration of the OPC through
cell polarity [141]. A2B5™ is a marker of the
oligodendrocyte—astrocyte shared lineage pro-
genitor cell, shown to be expressed on both OPC
and astrocytes; an induction of BMP2 and other
BMPs are required for the astroglial switch [142].

In all of these protocols that are used for
the treatment of the five major neurodegenerative
diseases, the initial recapitulation of development
as shown by Crompton et al., is crucial for more
efficient differentiation of the terminal cell type
of choice. It is of note that the time, necessary
generate specific terminally differentiated cells
through this protocol is very long. However, if
one considers that the gestational period of a
human is 266 days, and a mouse is 20 days,
a 90-day terminal differentiation protocols that
recapitulate the developing embryo would seem
accurate. Another important aspect of the differ-
entiation protocols would be to establish maturity
of the cells with functional synapses and electri-
cal activity. Consequently it is essential that for
disease modelling an accurate recapitulation of
the desired cell type must be achieved.

Existing and Future Therapies Using
Adult Stem Cells

Since the onset of hES [143] and iPS [52, 53]
cells, the field and profile of stem cells has risen
exponentially with the potential clinical therapy

for every disease ever closer. Unfortunately the
progress has been slow, with diseases having in-
creasing layers of complexity and sophistication
necessary to first understand before being able to
treat; this is in addition to the ethical, logistical
and scientific challenges that these hES and iPS
cells bring.

Adult stem cells (ASCs) has been used as
bone marrow transplants since 1963 [144],
with the discovery of what is now known as
haematopoietic stem cells (HSCs). Since then
there has been the discovery of many more ASC
populations: muscle-derived stem cells (MDSCs)
[145, 146], mesenchymal stem cells (MSCs)
[147], cord blood-derived multipotent stem cells
(CB-SCs) [148, 149], neural stem cells (NSCs)
[150], adipose stem cells (AdSCs) [151, 152]
and most recently amniotic stem cells (AmSCs)
[153].

ASCs in the form of CB-SCs are currently
undergoing clinical trials for type I diabetes
based on studies in mice reversing the disease
[154, 155]. It remains to be seen if CB-
SCs to treat disease will be an effective and
feasible long-term strategy for the treatment
of neurological disease. However, whilst the
other methods of cell therapy detailed in this
chapter are being advanced and refined for future
therapeutic use, adult stem cell therapies appear
attractive to patients and clinicians alike. Possibly
the greatest benefit of ASCs is their availability,
with bone marrow, blood and adipose tissue being
readily available sources.

ASCs also have an advantage over iPSCs as
they do not have to be reprogrammed. However
in the brain, the multipotent adult progenitor cell
populations are found in the subgranular zone
in the dentate gyrus of the hippocampus and
the subventricular zone of the lateral ventricles
[38, 39]; these are not readily accessible areas.
Additionally, a constraint of using ASCs com-
pared to hESC or iPSC research is that ASCs
are multipotent; however, this dogma is recently
being challenged, particularly in AdSCs [40—43].

However, ASCs in the form of MSCs and bone
marrow-derived neural crest stem cells (NCSCs)
were used in a recent publication that looked
at the efficacy of these cell populations when



54

injected into the striatum of MPTP lesioned mice.
At 7 days post ASC intervention, only 3 % of
starting 5 x 10* MSCs survived; by 14 days there
were no surviving MSCs. The survival rate of
the NCSCs was 10 % after 7 days; this lowered
to 1 % after 28 days with the same starting
cell population. The results of the study showed
that those cells that did survive were not able
to integrate and migrate through the brain tis-
sue and therefore were unable to modify their
initial phenotype and no recovery of any type
was observed [156]. The most recent study from
the Wislet-Gendebien group has confirmed an
earlier implantation study that showed partial and
transient survival, poor integration and no neuro-
genesis or recovery [157]. This study also showed
activation of the innate immune system with pos-
itive markers for microglial and astrocytes [158].
The most concerning article however is that in
vitro expanded neural crest stem cells led to in
vivo tumourigenesis in an animal model [159].

ASCs however have also shown to be safe
and efficacious; in a study using CB-SCs,
the integration and behavioural recovery was
shown in rotenone-induced rat models of PD
[159]. Furthermore, ASCs have shown efficacy
in neuronal protection by secreting protective
growth factors such as GDNF and BDNF
[160-162]. In October 2013, a publication by
a Swedish group has shown that the secretion
of BDNF, GDNF, VEGF-A and angiopoietin-1
proteins resulted in axon regeneration, increased
vascularity and decreased apoptosis [163].
Consequently it can be seen that CB-SCs show
promise as a potential therapy, however more
research is necessary to determine its potential
use as a bench to bedside therapy.

Foetal Cells - A Case Study
from Parkinson’s Disease

Foetal cells were first used as a cell therapy in
PD. In work pioneered at Lund University which
showed in rat models of PD significant functional
recovery following foetal nigral transplantations
into the host striatum [164—168]. Shortly after,
Lindvall and colleagues performed the first trans-
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plants of human ventral mesencephalic tissue
from tissue collected from elective terminations
of pregnancy at 8-10 weeks gestation [169]. In
the subsequent paper by the same group six pa-
tients had transplanted mesencephalic foetal tis-
sue into the putamen. These foetal cells were able
to survive in the brain and produce a significant
symptomatic relief, restoring dopamine synthesis
and reducing bradykinesia and rigidity [170].

As a consequence of the success results
found by Lindvall and colleagues, foetal cell
transplantation studies were then replicated with
several open-labelled studies taking place across
the world [171-176]. Positive results and lack of
adverse side effects from these trials led to USA’s
National Institute of Health (NIH) funding of two
double-blind placebo-controlled clinical trials
[177, 178]. However, although double-blinded
clinical trials were undertaken, there were still
concerns that needed to be addressed from the
open-labelled studies. In that, although some of
the patients showed significant benefit from the
foetal transplants, many more did not, with a con-
siderable variation in both intra- and inter-study
[179]. Barker and colleagues recently reviewed
these open-labelled studies in which variations
between these studies were highlighted these in-
cluded: the age of donor tissue, number of donors,
target site for transplantation, immunotherapy
and measurable endpoints of each study [179].

Nevertheless, due to positive results in some
patients, including a lower Unified Parkinson’s
disease rating scale (UPDRS), across these open-
labelled studies the NIH decided to support two
double-blind sham-surgery trials. In 2001, trans-
plantations by Freed and co-workers of mesen-
cephalic foetal tissue from four embryos bilater-
ally into the putamen were used [177]; what they
found was that the younger patients transplanted
(<60 years) had a significantly lower UPDRS and
an increased '®F-fluorodopa signifying neuronal
outgrowth [177]. Unfortunately the older patients
(>61 year) had no significant symptomatic im-
provement over the control group with dyskine-
sias and dystonias recurring in 15 % of the post-
transplanted patients [177].

The second NIH study in 2003 by Olanow and
colleagues 1 and 4 foetal donors per transplant
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were trialled. Despite an increase in striatal '3F-
dopa uptake via PET scans and evidence of graft
survival and innervation in autopsy studies, there
was ultimately no significance between the foetal
transplants and the placebo control, with the
transplanted patients from four donors marginally
failing to show significance (P =0.096) [178].
The withdrawal of the immunosuppressant cy-
closporine and subsequent graft rejection was
raised by Olanow and co-workers as a possi-
ble reason why the foetal transplants ultimately
failed. However, equally if not more concerning
was that half of the transplanted patients began to
develop graft-induced dyskinesias [178].

The two NIH trials had brought a disap-
pointing conclusion to foetal transplantations
as a symptomatic treatment for PD after the
initial optimism following the earlier open-
labelled studies. Consequently, many questions
were raised concerning the future of PD and
foetal transplantation such as the PD severity
and patient selection, with the potential benefit
of the transplant weighed up against the side
effects of the post-surgery dyskinesias — the
patients with more severe PD (i.e. a higher
UPDRS score) possibly being more predisposed
to dyskinesias post foetal transplantation. The
optimum transplanted area and method of
transplant were other questions to be determined
with donor quality, quantity, age, storage time
and conditions and transplanted region of foetal
tissue were other important variables that needed
addressing, lest not forgetting that increasing
numbers of foetal tissue should be accompanied
by an increasing need for immunosuppression.

In 2008 three independent research groups
revisited their previous work and released their
post-mortem results of PD patients with foetal
midbrain transplants. Warren Olanow’s research
group analysed patient data from an open-
labelled study from a PD patient 14 years post
transplantation [174]. For 11 years the patient
had an improved UPDRS, motor function and
less dyskinesias; however, for the last 3 years of
her life, her PD symptoms had increased [180].
At the post-mortem the grafted neurons were also
found to have positive staining for a-synuclein
and ubiquitin, reduced dopamine transporter

(DAT) staining and more significantly a Lewy
body pathology. Although grafted midbrain did
improve function and patient quality of life, it did
not arrest the disease and worryingly the disease
pathology had spread from the endogenous host
cells to the grafted striatum [180].

The earlier Lund trials were revisited by Li and
colleagues who found that in patient autopsy’s
11 and 16 years post-foetal transplant, the trans-
planted tissues had survived and provided symp-
tomatic relief. However, what was also observed
was a-synuclein and ubiquitin positively stained
Lewy bodies and neurites were present in the
grafted neurons suggesting host-to-graft disease
prion-like propagation [181]. However, as these
grafted neurons had provided 16 years of symp-
tomatic relief with an unrelated death, it is debat-
able if an a-synuclein-driven prion disease prop-
agation significantly affected the patient quality
of life. The third set of PD patients post-mortems
analysed from Isacson trial was the most suc-
cessful. After receiving intracerebral transplanta-
tion of foetal ventral midbrain grafts, there were
no Lewy body of Lewy neurites present [182].
However, serotoninergic neurons were found to
be transplanted and thus a mixed non-specific cell
population. Using PD patient scans, the group led
by Paola Piccini showed that it is the serotonin-
ergic neurons that are responsible for the dysk-
inesias following neural transplantation [183],
confirming prior rat model studies [184].

Recently, a large international consortium
headed by Roger Barker from the University
of Cambridge has been set up with the aim of
determining the efficacy of foetal transplantation
in PD as a replacement for dopaminergic neurons
[185]. This consortium, TRANSEURO, will
attempt to rectify the variability and dyskinesias
shown in previous trials with strict controls on
patient selection, number, age and storage of
donor foetuses, surgical techniques, graft size
and placement, the use of immunosuppression
and length of time on immunosuppression all
being addressed [177, 178, 186]. The results
of this trial (NCT 01898390) are due in 2017.
The success and long-term viability of the foetal
transplantation studies are important not only
in PD but in other neurodegenerative diseases
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such as HD where foetal transplants have also
had mixed success [187-189]. If the foetal
transplantations are successful, it could act as a
proof of principle and be a precursor for the use of
stem cell therapy in neurodegenerative diseases,
such as PD. How the TRANSEURO study will
address the propagation of the prion-like disease
pathology from the host cells to the transplanted
tissue however is still to be determined.

Advantages and Disadvantages
of Using Stem Cell Therapy in the
Treatment of Neurological
Disorders

Advantages

There are significant advantages of using stem
cell therapy for the treatment of neurological
disorders, the ability to generate patient-derived
disease lines and then study those degenerated
cells of that disease is of unquestionable benefit
the researchers aiding the progression and under-
standing of the disease. The ability to generate
in vitro de novo neurons, oligodendrocytes and
astrocytes of a specific regional identity enables
researchers to look at specific vulnerabilities to
specific cell types, also increasing the under-
standing of the ameliorating ability of the cell
types to aid the disease propagation.

Studies from patient-derived iPS cells have
furthermore exemplified some of the limitations
of animal models to accurately model disease,
with rodent models of PD failing to recapitu-
late human disease pathology such as the selec-
tive loss of midbrain dopaminergic neurons and
accumulation of a-synuclein [190]. In addition to
this studies have shown that in in vitro neuronal
disease models that the disease phenotype is only
apparent in the differentiated neurons, not the
fibroblasts or the pluripotent iPS cells [89, 191]
consequently to study the disease progression
and manifestation disease-specific iPS terminally
differentiated neurons and also neural progeni-
tors have become an essential tool in research,
having the additional potential to minimise the
extent of the animal models used in research.
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Animal models however are still a vital tool
for researchers with particular relevance in de-
velopment and embryology; behavioural studies;
ascertaining the effect and side effects of new
drugs and treatments on a systemic level; and is
also the first step necessary for testing the validity
cell replacement therapies prior to human clinical
trials and eventually the bedside.

The validity and understanding gauged from
these terminally differentiated neurons will be-
come more apparent as the protocols necessary to
develop these terminally differentiated diseased
cell types are generated with greater specificity
and efficacy. The sheer quantity and availability
of neurons and neuronal precursor cells that
can be differentiated from stem cells lends
itself perfectly as a model for toxicity testing
via high-content screening and automation
in screening new and existing therapies to
slow/halt/potentially recover disease manifesta-
tion, progression and development of pathology.
The ability of an accurate recapitulation of
the disease cell type coupled with the exciting
potential of genome editing technology such as
CRIPSR can be a significant step forward in
treating neurodegenerative diseases. In diseases
such as HD where a high penetrance monogenic
mutation is responsible for aetiology, disease
correction by removal of the abnormal CAG
repeats, without leaving a genomic footprint can
effectively cure the disease in de novo isogenic
cells. However to be an effective therapy it can
only be used provided 100 % certainty of no off-
targeting of the genome, genome editing cannot
currently give this guarantee. In AD, PD and
ALS, the majority of the cases are idiopathic
with no abnormal mutations to correct; thus, it
is only by further understanding of the disease
aetiology that makes it evidently more treatable.

Challenges

There are many challenges associated with us-
ing hES cells for research, such as the ethical
issues; legislative funding concerns, particularly
in USA; and a risk of immune rejection. There-
fore there has been a gravitation towards using
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patient-derived iPS cells as the primary tool of
research as it enables not only disease modelling
but also the onset of personalised medicine. How-
ever, there are, if not more challenges associated
with iPSCs as there were with hESCs.

The first of these challenges unique to iPSCs
is the method of reprogramming; it is tantamount
to have a methodology in which miRNA is not
randomly integrated into the genome, where re-
programming should be transgene-free leaving
behind no genomic footprint. Concerns however
still remain regarding the heterogeneity of the
iPS cell lines generated compared to the hES cell
lines and the variable clones that they produce
[89]. There is also the matter that the most com-
mon somatic cell type used for reprogramming
is skin from patients of all ages. The skin is
one of the somatic cells that is more likely to
have inherent mutations due to constant exposure
to UV damaging sunlight with at least half of
the mutations seen from reprogramming already
present in the pre-existing fibroblasts [85].

Another more recent concern regarding both
iPS-based and direct somatic cell reprogramming
of both iN and iNSCs is the phenomenon of
epigenetic memory [86, 192], which not only
exemplifies the amount of unknown variables in
this area of research but also changes any as-
sumption that iPS/somatic cell differentiation is a
constant, with epigenetic memory known to vary
DNA methylation which in turn can influence
differentiation capabilities of directing cell fate
in addition to molecular and functional properties
of iPS cells [86, 193]. This phenomenon also
stresses the importance of having multiple control
lines and the use of hESCs as non-iPS control
lines. However, hESC lines are also variable, hav-
ing different characteristics and different lineage
differentiation propensities [194]. An additional
problem of iNSCs and iN compared to iPSCs is
the length of time in culture, lack of cell numbers
generated and the variable cell population gener-
ated [115, 125].

Consequently, this raises another concern re-
garding the time and thus number of in vitro pas-
sages that cells receive which lead to an increas-
ing genotypic abnormality and karyotypic insta-
bility. This raises an important point that needs to

be addressed if ever patient-specific personalised
medicine is able translate to the bedside, which is
cell maintenance in an in vitro environment. The
longer cells are cultured in vitro; they are more
likely to acquire selective adaptations such as
alterations in DNA methylation, X-chromosome
instability, imprinting instabilities and partial and
full chromosomal aberrations such as trisomy of
chromosomes 8, 12 and 17 [195].

Inactivated mouse embryonic fibroblast
(IMEF) cells are still used as a supporting matrix
for both iPS and hES cell maintenance. However,
the complications of using these murine layers is
that non-human sialic acid N-glycolylneuraminic
acid (Neu5Gc) has been detected on the surface
of hESCs maintained on MEF feeder layer
which is potentially immunogenic [196, 197].
Subsequently feeder-free iPS/hES cell culture
has become more apparent using Matrigel™
and CELLstart™; however, chromosomal
abnormalities have still been reported [198, 199]
and Matrigel is still derived from mouse sarcoma.
An alternative of using murine feeders and non-
xeno-free matrices is using autologous feeders
[200]. Unfortunately after an increasing number
of passages, fibroblasts become less viable and
increasingly prone to senescence compared to
younger samples [201]; also unlike iPSCs or
hESCs, fibroblasts are not immortal and have a
limited number of passages. Recently xeno-free
clinical grade iPS cell lines have been described,
with mandatory procedural guidelines necessary
for quality control and good manufacturing
practice also published [202, 203].

Results From the Bench

Due to the advent of patient-specific disease cells,
there is now a plethora of information being re-
leased into the literature from disease modelling.
The terminal differentiation of iPS and neural
precursors into regionally relevant specific neu-
rons, oligodendrocytes and astrocytes to recapitu-
late the disease conferring selective vulnerability
and disease phenotype in response to toxicity has
led to a variety of candidate drugs to be further
researched for clinical therapy.
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Alzheimer’s Disease

In AD, both B- and y-secretases had led to a
reduction of AP in patient-derived familial APP-,
PSENI- and PSEN2-mutated diseased neurons,
with B-secretase inhibitors giving a partial re-
duction in activated GSK3p and phosphorylated
tau [204, 205]. Docosahexaenoic acid (DHA)
was found to lower the reactive oxygen species
(ROS) in addition to a decreased in cell death in
an APP patient-derived cell line [206]. The use
of DHA was previously described in a mouse
model to protect against amyloid and dendritic
pathology [207].

Parkinson’s Disease

In PD there have been three research articles
with a familial triplication in SNCA (A53T) [88,
89, 106]. In all three articles, phenotype was
shown, with a significant increase in the gene and
protein expression levels and secretion levels of
a-synuclein [88, 89] and a significant increase in
stress gene expression levels, including UCHLI,
one of the PARK genes (PARKS) [88]. The most
recent paper looked at nitrosative stress in the
SNCA AS53T line before and after correction by
genome editing [106]. Using yeast as an initial
platform to model the disease, two markers of ER
stress, BIP and PD1, were found to have signif-
icant elevation in A53T. ER-associated dysfunc-
tion (ERAD) substrates, such as sensitivity to glu-
cocerebrosidase (GBA), another PD-associated
risk gene [106, 114], were reversed using a com-
pound called synoviolin, an E3 ubiquitin lig-
ase. Using a small molecule screen based on
yeast, a compound called NAB2 was found to
increase post-ER forms and ameliorate ER ac-
cumulation of ERAD substrates in A53T PD-iPS
neurons [106].

In the LRRK2 mutation in PD, there have
been six papers published from patient-derived
neurons [91, 92, 191, 208-210]. Overall, it has
been shown that there is a link between LRRK2
dysfunction and o-synuclein accumulation [91,
191, 209]; tau and phosphorylated tau [91];
autophagy impairment [209]; mitochondrial
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DNA mutations [210]; significantly lower
mitochondrial consumption rate than controls
[208]; and a decrease in neurite length [91, 191].
After previous suggestions that LRRK2 (G2019S)
is a toxic gain-of-function kinase [211, 212], a
small molecular kinase inhibitor significantly
lowered numbers caspase-3T/THT neurons
[91] and also rescued defects in nuclear
architecture [92].

Huntington’s Disease

In the first patient-derived HD-iPS study in both
heterozygous and homozygous patients, there
was no change in CAG repeat length following
reprogramming, which also did not change either
after 40 passages of the culture [213]. CAG insta-
bility has been previously shown in HD gametes
[214], lymphoblasts [215], post-mitotic murine
neurons [216] and human striatal neurons [217].
Camnasio et al. also found HD-iPS neurons did
not affect neuronal differentiation and had a
significant increase in lysosomal activity over
control lines [213]. Another HD paper showed
that following transplantation of GABAergic
neurons of the forebrain LGE identity from a 72
CAG-repeat HD-iPS line into a rat containing a
unilateral excitotoxic striatal lesion, a significant
behavioural recovery was obtained [218].
However, in this study the in vivo transplanted
neurons developed HD pathology 33 weeks
after transplantation. The in vivo neurons when
exposed to MG132 and thus proteasomal stress
also developed HD pathology [218].

Using genome editing via BACS a 72-
CAG repeat was replaced with a normal 21-
CAG repeat HTT gene [93]. The corrected HD
line reversed the analysed HD pathology of
significantly reduced mRNA levels of BDNF,
TGF-p1 and N-cadherin; significantly reduced
maximum respiration levels; and significantly
increased activated caspase-3. The corrected HD
cell line was able to differentiate in vitro into
DARPP32" neurons and integrate and survive in
a mouse model. In a study of multiple patient-
derived HD-iPS lines, the HD Consortium has
also extensively showed that an increased HD
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pathology of relative intracellular ATP/ADP ratio
and cleaved caspase-3 was associated with the
number of CAG repeats [219].

Amyotrophic Lateral Sclerosis

In ALS a patient-derived iPS line from TDP-
43 mutated neurons displayed phenotype of sig-
nificantly shorter neurite length and increased
insoluble protein of TDP-43 compared to non-
disease controls [220]. There was also an upregu-
lation in RNA transcription genes and downregu-
lation in cytoskeletal protein genes, with TDP-43
being involved in RNA metabolism [221, 222].
This study also found that anacardic acid was
able to prevent cytotoxicity by arsenite, reversing
both neurite length and insoluble protein fraction
pathology; it was postulated that this mechanism
of action was either via redox reduction or sup-
pression of NF-kB protein complex [220].
Consequently using earlier research done in
lower-order mammals and yeast, new pharma-
cological therapies can quickly be ascertained
for their efficacy and therapeutic potential using
patient-derived disease-specific cell lines, which
have the potential ability to be a causative
treatment, reverse pathogenesis, enable better
presymptomatic treatment, halt pathogenesis and
facilitate better symptomatic treatment and thus
improvement in patient quality of life.

Stem Cell Therapy: Readiness
to the Bedside |

Parkinson’s Disease

PD is a neurological disease where stem cell
replacement therapy is a possible strategy for the
treatment of the disease in which the precedent
has been set transplantation of foetal mesen-
cephalic tissue into the midbrain. Yet PD is not
just a motor disorder affecting the dopaminergic
neuronal network. PD is a complex and progres-
sive neurodegenerative disease, and PD patients
have many non-motor symptoms and often go on

to develop dementia. A cell replacement therapy
of dopaminergic neurons will not prevent this.
Consequently to treat PD, one has to ask what
is the aim of the treatment. If the answer is to
cure the disease and prevent it, then the field of
research is a long way off, as although the disease
mechanisms are further being elucidated, such as
the increasing number of PARK genes and risk
loci from GWAS studies, the accumulation of the
a-synuclein and dysfunction of LRRK?2 are still
the most common causes. Fundamentally there
is still a clear lack of definitive understanding of
the PD aetiology and the step-by-step manifesta-
tion of the complex and patient-variable disease
pathology. Also for much improved outcomes
of PD treatment, scientists and clinicians would
need to be able to get access to and treat the pa-
tient whilst the patient is presymptomatic and has
greater than 30 % of the dopaminergic neurons
remaining and still functional.

If the purpose of the treatment however is
to improve the quality of life, then existing cell
therapies have shown to be effective as revealed
in the earlier foetal transplant trials [174, 180,
181] with the patient having lower UPDRS
scoring indicating improvements in quality of
life. The widespread use of foetal transplants
in PD however is not a sustainable long-
term strategy; therefore, to replace these foetal
transplants, stem cell-derived neuronal precursors
could be transplanted. The current protocol that
produces the greatest amount of THT FoxA2™
neurons is only at approximately 20 % [130],
with, the remaining 80 % of cells generated
being non-specific. Consequently the current
research literature has not advanced sufficiently
for iPS-based cell replacement therapy to become
a realistic therapeutic strategy yet.

The dangers of transplanting a mixed popu-
lation of cells have been previously shown in
the off-stake dyskinesias in the foetal transplants
[177, 223] which has later been confirmed to be
a result of contaminating serotoninergic neurons
in the transplanted tissue [183]. Although recent
evidence has now indicated that it is the loss
of cholinergic neurons not dopaminergic neurons
that correlates to gait difficulty: one of the cardi-
nal motor symptoms in PD [224]. Therefore, with
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further research it is becoming more apparent that
transplantation of a pure 100 % dopaminergic
neuronal population may not in fact be the best
possible treatment. The original therapeutic the-
ory was the cell replacement of the degenerated
cells with de novo in vitro generated cells; how-
ever, more research and understanding is neces-
sary to determine what all of those cells are. It
is currently known that the loss of midbrain A9
dopaminergic neurons of the SNc causes PD, yet
PD is implicated in non-dopaminergic multiple
pathways: noradrenergic, serotoninergic, gluta-
matergic and cholinergic within the regions of
the cortex, brainstem and basal ganglia [225].
Also with 40 % of all PD patients going on
to get dementia [226], the replacement of the
dopaminergic neurons would not prevent this.

In addition, cell-replacement therapies do not
treat the disease aetiology. Eventually the disease
will degenerate the de novo cells as it did the
endogenous cells to the prion-like propagation
of a-synuclein. There is increasingly evidence
that a-synuclein, TDP-43, tau and AP are prion
diseases [181, 227-233, 240]. This will create
a problem for any cell replacement therapies in
those diseases in which those toxic proteins take
place, PD, ALS and AD. Therefore, for any future
cell replacement therapies, the propagation of
the disease from host to grafted tissue must be
prevented. Recently a group headed by Giovanna
Mallucci has published that treatment of a prion-
infected mouse model with an inhibitor of the
protein kinase PERK (protein kinase RNA-like
endoplasmic reticulum kinase) prevented over-
activation of the unfolded protein response (UPR)
system that otherwise leads to protein synthesis
accumulation and prion replication [234]. Pro-
vided this result can be replicated in human
models, this drug could be used in conjugation
with any cell replacement therapy and also given
routinely as a therapeutic therapy for these dis-
eases.

Each neurological disorder is different; con-
sequently each requires different treatment. In
diseases such as AD and ALS, there is systemic
loss of multiple cell types; a cell replacement
bench to bedside therapy would not necessarily
be the easiest and most effective option with a
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pharmaceutical intervention being a more realis-
tic method of treatment. Also studies in HD have
shown diseases can propagate through astrocytes
and glial [235]; in addition to this the disease is
not localised to a specific area making transplan-
tation to multiple locations difficult.

There are a lot of pathological similarities in
neurodegenerative diseases that warrant further
research. For the diseases of protein misfolding,
such as PD, AD and ALS, this leads to ER stress;
therefore, limiting ER stress by reducing pro-
tein synthesis could be a strategy for therapeutic
treatment [236]. Another example of this and the
closer link between PD and ALS is FIG4: a phos-
phatase that regulates intracellular vesicle traf-
ficking along the endosomal-lysosomal pathway,
that mutations lead to ALS and also Charcot—
Marie—Tooth neuropathy, has been found in Pick
bodies, Picks disease, Lewy bodies in PD and
dementia with Lewy bodies (DLB) [237]. This
adds further scrutiny to the endosomal-lysosomal
pathway, pushing it to a central role in many
neurodegenerative diseases. As TDP-43 has been
found in ALS, FTN, AD [238, 239] and is can
mechanisms known to cause TDP-43 dysfunction
implicated in other neurological diseases: Lewy
body dementia, Down syndrome, hippocampal
sclerosis dementia, familial British dementia and
spinal cerebellar ataxia [238]. TDP-43 could be
a marker of general neurodegeneration with sup-
pression of aggregated TDP-43 propagation a
target for therapy [240].

Stem Cell Therapy: Readiness
to the Bedside Il

Multiple Sclerosis

A previous strategy on treating MS was the gen-
eration of oligodendrocytes as a cell therapy to
replace the endogenous myelin-sheath-forming
oligodendrocytes. However, it is now established
that in MS the OPCs have not been ablated by
the activated lymphoblasts of the innate immune
system and can still be mobilised to myelin-
sheath-forming oligodendrocytes [241]. Due to
aging however, the OPCs become less efficient in



Stem Cell Therapy for Neurological Disorders: From Bench to Bedside 61

differentiating the myelin-sheath-forming oligo-
dendrocytes [242]. Thus, over time the inherent
regenerative process that occurs normally and
efficiently becomes chronic and inefficient lead-
ing to selective vulnerabilities in the motor neu-
ron and subsequent degeneration. It is currently
unknown why the motor neuron is selectively
degenerated. MS is not a cell autonomous dis-
ease; therefore, replacing the degenerated motor
neurons in multiple locations would not be a
sustainable or realistic source of therapy. To treat
MS a synergistic strategy must be employed of
suppressing the immune system and repairing the
damaged axons by facilitating the endogenous
differentiation of the OPCs.

Bone marrow-derived MSCs have shown to be
an effective immunomodulator, more so than both
adipose-derived and cord blood-derived MSCs,
in the suppression of the in vitro proliferation
of mitogen or antigen-stimulated T-cell responses
[243]. Bone marrow-derived MSCs have previ-
ously been shown to promote endogenous repair
and functional recovery in animals of the disease
[244]. The results from two of the bone marrow-
derived phase I clinical therapies indicated that
the delivery of the MSCs were safe with no
tumourigenicity detected [245, 246]. In one of
the studies, there was also evidence of structural,
functional and physiological improvement [245].
There are now 13 phase I or phase II clinical trials
taking place using bone marrow-, umbilical cord-
or adipose-derived MSCs for the treatment of MS
[35]. Therefore, using a strategy specific for a dis-
ease, it appears that MSCs may be the best effec-
tive therapeutic strategy for the treatment of MS.

Conclusion

In conclusion it can therefore be seen that apart
from the hopeful and exciting trials in MS, the
bench to bedside stem cell therapy for neuro-
logical disorders is still a considerable way off.
There still remains a great deal of unknowns
regarding these neurological diseases. The aeti-
ology, manifestation and subsequent pathology
are patient-variable and idiopathic, with common

pathways and processes implicated across the
different neurodegenerative diseases. The new
technologies of genome editing without a molec-
ular footprint represents an exciting chapter in
research by being able to correct, control and
better model the disease. The progression in dif-
ferentiation protocols and the advent of direct
reprogramming will hopefully speed up the time
taken to conduct the research and enable greater
study and understanding of the disease. Thus,
by being able to understand these neurological
disorders, it allows for a better informed ratio-
nale when it comes to treatment. Questions still
remain about the safety and reproducibility of
the patient-derived iPS-cell technology as a route
to cell replacement therapies not withstanding
the logistical practical and financial implications.
However from these patient-derived iPS based
cellular models it is inevitable that greater under-
standing and mechanisms behind the pathology
will be found and then hopefully attenuated. Then
next question would be how readily and how
efficious will these subsequent therapies be in
translating from the localised in vitro terminally
differentiated cell model to the systemic in vivo
environment in which the disease state is in vari-
able stages of progression and is patient-specific.
Once the answers to these questions are ascer-
tained the bench to the bedside approach of using
stem cell mediated therapy to treat neurological
diseases will be realised.
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Stem cells are being increasingly considered
alternative and viable sources of treatment for
debilitating nervous system disorders and neu-
rodegenerative diseases. Stem cells specific to
nervous tissue, i.e., neural stem cells (NSCs), ex-
ist in two neurogenic regions of the adult brain —
subventricular zone (SVZ) in the lateral ven-
tricle and the subgranular zone (SGZ) in hip-
pocampal dentate gyrus [1-4]. The inaccessi-
bility and unavailability of NSCs deep in the
brain makes it a difficult proposition to use them
in clinical applications. Different stem cells are
thus being tested for their neuronal differenti-
ation capability, as a cell source for genera-
tion of functional mature neurons and glial cells.
The “gold standard” of stem cells are embry-
onic stem cells (ESCs) as they not only retain
long-term self-renewal capacity but also exhibit
pluripotency to all three germ lineages. Recent
advances in technology have brought the ad-
vent of another pluripotent stem cells called “in-
ducible pluripotent stem cells” (iPSc), derived
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through “reprogramming” of terminally differ-
entiated cells by the addition of a select set of
genes [5-7]. However, several limitations still
exist for the use of iPScs in therapeutic applica-
tions, such as the use of viral vectors for transfer
of genes, inclusion of oncogenes, and teratoma
formation [5, 6, 8—10]. Stem cells may also be
isolated from several tissue sources and these
are termed as adult stem cells (ASCs). The first
ASCs to be identified were the hematopoietic
stem cells (HSCs) derived from bone marrow, but
the second population of stem cells from bone
marrow called mesenchymal stem cells (MSCs)
gained prominence due to their unique proper-
ties [11-13]. MSCs are nontumorigenic and im-
munomodulatory in addition to possessing multi-
lineage differentiation potential not only towards
mesodermal lineage derivatives but also to phe-
notypes of other germ layer cells like neuronal,
hepatocytes, and islet cells [14—17]. Although fe-
tal and adult origin MSCs possess some common
characteristics with respect to expression of mes-
enchymal markers and absence of hematopoietic
and HLA-DR markers, their neuronal differenti-
ation efficacy is still to be evaluated for consid-
eration as suitable candidates for nervous system
disorders and neurodegenerative diseases.

Birth of a Neuron

The primary unit of the nervous system is neu-
rons. Neurons are specialized cells of the nervous
system consisting of axons and dendrites that
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receive, integrate, and transduce electrochemical
signals. Neurons in the nervous system are highly
polarized and form an ordered communication
system with both neuronal and nonneuronal cells
through synapses. The initial step in develop-
ment of nervous system in vertebrates involves
the segregation of ectoderm into epidermal and
neural primordia. Initially, the neural plate in
mammalian and avian embryos forms through
apicobasal cell elongation of neuroepithelial cells
and convergent extension [18-22]. This is fol-
lowed by bending of the neural plate at localized
regions termed hinge points — a single median
hinge point and paired dorsolateral hinge points
[23, 24]. The fusion of the neural folds forms the
neural tube. In mammalian central nervous sys-
tem, neurons are generated from the neuroepithe-
lial cells near the lumen of the neural tube termed
the ventricular zone. A vertical cleavage of neu-
roepithelial cells during symmetric division gives
rise to two identical daughter cells that resemble
the precursor cell, but a horizontal cleavage dur-
ing asymmetric division produces basal daughter
cells that retain contact with the basal surface
and an apical daughter cell that loses contact
with the lumen (Fig. 1). This apical daughter cell
migrates away, and the time of this horizontal
division is termed as the birthday of the neuron
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(apical daughter cell) and the basal cell remains
in the proliferative zone. During this asymmetric
division, there is a switch in the mitotic state gen-
erating one daughter cell (basal cell) mitotically
active as a stem cell, while the other apical cell
remains in the cell cycle for a number of divisions
and is committed to generate neurons [25].

Differentiation and Specification
of Neuroepithelial Cells

The nervous system consists of a diverse neural
cell type population, derived from these multi-
potent neuroepithelial/precursor cells. The differ-
entiation of the neural precursor cells from the
neural tube across its rostrocaudal axis gives rise
to the neurons and glia of the central nervous
system encompassing the brain and spinal cord.
The differentiation of the neural tube begins with
the formation of three primary brain vesicles
from which the brain develops — prosencephalon,
mesencephalon, and rhombencephalon. The dor-
sal fusion of the neural plate occurs by the third
week to form the neural tube, which by the
end of the fourth week further extends across
the rostrocaudal axis. This creates spatiotempo-
ral differences within neuroepithelial cells at the

APICAL SIDE

/
@202 Qﬂ I
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Fig. 1 Ventricular neuroepithelial cell nuclei undergo in-
tracellular migration during cell cycle. A vertical cleavage
(perpendicular to ventricular surface) gives rise to two
daughter cells that sit side by side, both retaining api-
cal connections. Both the daughter cells reenter the cell
cycle. A horizontal (parallel) cleavage produces a basal

Symmetric division
BASAL SIDE

Asymmetric division
BASAL SIDE

daughter cell that retains contact with the basal surface
and an apical daughter that loses contact with the lumen.
The basal daughter stays in the epithelium, while the
apical daughter migrates away (Adopted from Chenn and
McConnell [25])
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time of neural tube formation. The diversity in
the cell fate specification of the neural precursors
across the rostrocaudal axis is primarily dictated
by the nature of environmental cues over time
during development. The complex interplay of
extrinsic microenvironment in the form of extra-
cellular matrix and morphogens regulates intrin-
sic specifiers, often the master key transcription
factors involved in patterning [26]. In addition,
the developmental commitment with respect to
the time of birthday for neural precursor cells is
supported by the fact that neurogenesis precedes
gliogenesis during the differentiation of neural
tube. A developmental restriction with time in
differentiation potential between early and late
cortical progenitors is also noted. Late cortical
progenitors can only produce upper layer neu-
rons even in much younger microenvironment
indicating that they lose the potency to produce
earlier generated phenotypes [27]. The positional
identities of the neural progenitors along the
dorsoventral axis of the neural tube are through
a gradient of signaling molecules secreted at the
floor plate and roof plate (Fig. 2). The gen-
eration of functional specialized neuronal and
glial cells involves a stepwise process starting
with the specification of neuroepithelial cells to
rapidly dividing transit-amplifying cells and then
to migrating neuroblasts and glioblasts which in
turn get specified to functional terminally differ-
entiated cells under the influence of the adjacent
microenvironment.

TGF-b family,

Fig. 2 Schematic

BMPs, Dorsalin
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Isolation of Neural Stem Cells (NSCs)

Neural stem cells are multipotent cells possessing
self-renewal  capacity and differentiation
capability towards cells of the central nervous
system. During embryogenesis the germinal
neuroepithelial cells along the neural tube
compromises the NSC population which in adult
brain gets restrained in two primary neurogenic
areas, viz., the SVZ of the lateral ventricle and the
SGZ in the dentate gyrus (Fig. 3; [2-4]). The SVZ
of the adult brain harbors at least three distinct
cell phenotypes: A, B, and C cells, besides
the ependymal cells lining the lateral ventricle.
Experimental evidence [28] suggests that the
SVZ astrocytes (type B cells) represent quiescent
stem cells that normally proliferate at a low rate
and generate the migratory neuronal precursors
(type A cells), through the generation of a third,
intermediate cell type, the C cell (or D cell in the
hippocampus), which has the characteristics of
the classic fast-proliferating, transit-amplifying
progenitor cells found in many self-renewing
tissues [29, 30]. Adult neurogenesis is regulated
by intrinsic specifiers and extrinsic modulators.
The intrinsic programs include genetic and
epigenetic factors essential for controlling NSC
self-renewal and multipotency. The extrinsic
factors include the niche where NSCs physically
reside and primarily comprise periventricular

representations showing
the positional identities of
the neural progenitors
along the dorsoventral axis

of the neural tube is
through a gradient of
signaling molecules

secreted at the floor plate chordin

Sonic hedgehog,
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astrocytes, ependymal cells, vasculature,
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Fig. 3 Schematic

|. Datta et al.

representation of NSCs in
the two primary neurogenic
areas of the adult brain;
viz., the subventricular
zone (SVZ) of the lateral
ventricle and the
subgranular zone (SGZ) in
the dentate gyrus

neurotransmitters, and the basal lamina. NSCs
isolated from neurogenic areas of adult brain
or embryonic CNS region are cultured in
vitro by two methods — (1) two-dimensional
culture in the form of monolayer on specific
extracellular matrix and (2) three-dimensional
suspension culture in the form of neurospheres.
NSCs derived in serum- and feeder-free
culture conditions as floating aggregates are
known as neurospheres. Neurospheres have
been extensively used for studying molecular
mechanisms that regulate self-renewal and
differentiation of NSCs. Although NSCs
responsive to two mitogens bFGF and EGF have
been reported, many labs use a combination
of both [31-33]. In the presence of these
mitogens, they undergo continuous symmetrical
cell division (self-renewal) while retaining the
differentiation potential to neurons, astrocytes,
and oligodendrocytes. For mouse NSCs, several
passages in the presence of these mitogens
resulted in homogeneous morphology in culture
that uniformly expressed nestin and Sox2. These
cells are stem cells as they are clonogenic and
maintain indefinitely the capacity to generate

EPENDYMAL CELL
ASTROCYTE

NEUROBLAST

NEURAL STEM CELL
TRANSIT AMPLIFYING CELLS

BLOOD VESSEL

y ) | ) 33— MATURE GRANULE CELL
A2A)

D),

IMMATURE GRANULE CELL

GRANULE CELL

TRANSIT AMPLIFYING CELLS
(RADIAL CELLS)

NEURAL STEM CELL

both neurons and astrocytes. It was further
established that NSCs cultured in the absence of
EGF and in the presence of exogenous Jagged1
showed enhanced neurogenic potential when put
for differentiation [34], in turn suggesting that
activation of Notch receptors on NSCs are pivotal
for maintenance of undifferentiated state and
differentiation potential. NSCs have also been
isolated from brain tissue by fluorescent labeled
sorting of cells through FACS for cell surface
markers like CD133, CD24, or GFP expression
driven by NSC-specific promoters such as nestin,
Sox2, Sox1, and FGF1 [35, 36]. These NSCs
once sorted were cultured in the presence of
growth factors and in suspension culture form.

Differentiation of NSCs to Neuronal
Cells

The derivation of NSCs from human fetal
brain is characterized by classical bipolar
morphology and other cellular morphologies.
It also displays interkinetic nuclear migration
along the cell process, a characteristic feature
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depicted by neuroepithelial cells in vivo. There
are reports of human fetal NSCs having been
maintained in culture up to 35 passages retaining
normal karyotype and differentiation ability.
NSCs are immunopositive for set of neural
precursor/radial glial markers such as nestin,
vimentin, Sox2, brain lipid-binding protein
(BLBP), RC2, GLAST, and 3CB2 [36-38].
Besides, the molecular markers include the Pax
and Hes gene families, members of Notch and
Wnt signaling pathways, RNA-binding proteins
(musashil2), and cell surface markers CD24 and
CD133 [39, 40]. Human NSCs are reported to
express moderate levels of GFAP too. NSCs upon
plating onto poly-ornithine/laminin substrate
with removal of the mitogens show spontaneous
differentiation to a mixed culture of differentiated
mature neuronal (Tujl4 and Map2ab+) and
astroglial (GFAP+) cells. Neuronal maturation
can be further achieved by exposing them
to Neurobasal media with B27 along with
neurotrophic factors BDNF and NGF [41].
Functional electrophysiological experiments
suggest that the matured neurons indeed exhibit
voltage-gated Na+, K+, and Ca2+ channels,
similar to those observed in primary neurons
[42]. Exposure of NSCs to BMP4 agonists has
exhibited differentiation towards astrocytes [43,
44]. BMP2 in combination with CNTF facilitated
generation of GFAP-positive astrocytes [45].
In addition, Glaser et al. [46] have reported
that sequential exposure to bFGF, PDGF, and
forskolin followed by thyroid hormone (T3)
and ascorbic acid can yield differentiated
oligodendrocytes (20 %) in culture expressing
04, CNPase, and myelin proteolipid protein.
The differentiation potential of NSCs in vivo
is generally obtained from transplantation
studies into embryonic or neonatal brain or the
subventricular zone of adult rodent brain. In such
a neurogenic environment, neural progenitors
have exhibited “site-specific” differentiation to
neuronal cells. On the other hand, transplantation
of multipotent NSCs into the injured brain has
indicated that the host microenvironment has
strong gliogenic signals imparted majorly by
the proinflammatory cytokines (TFNa, IL6,
and IFNy) present in the vicinity [47-49].
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Other cytokines like PDGF, SDFI, MCPI,
and HGF also play a role in chemoattraction
and migration of NSCs [50-52]. The number
of neurons generated by transplanted NSCs
is lower in the lesion area than in intact host
striatum. They are localized mainly in partially
injured or intact regions and do not repopulate
neuron-depleted areas. NSCs transplanted
in nonneurogenic areas during spinal cord
injury have shown differentiation to astrocytes
and oligodendrocytes and not neurons [53].
However, NSCs transplanted in Parkinson’s
disease in vivo model have shown increase in
tyrosine hydroxylase-positive neurons in the
midbrain area [54]. NSCs from neonatal rat upon
transplantation in the lesion area of the brain of
adult PD rat model have shown distinct neuronal
differentiation indicating sufficient availability
of intrinsic cues for dopaminergic traits in the
lesioned brain [55]. Thus, transplantation of
NSCs has indeed shown diverse response in
acquisition of specific phenotypes depending
on the recipient environment, i.e., whether in
the control or injured brain and neurogenic
or nonneurogenic region. Due to limitations in
analyzing differentiation of NSCs in vivo, many
groups of scientists have used the advantage of
neurosphere assays to address the role of intrinsic
gene function for self-renewal and differentiation
of NSCs. Gene targeting and knockouts by
homologous recombination in NSCs are explored
to understand loss/gain of function of genes
with respect to self-renewal and differentiation.
Insertion of master key genes is also performed
on NSCs for achieving terminally differentiated
functional neurons.

Differentiation of Human
Embryonic Stem Cells to Neuronal
Cells

Due to the inaccessibility and serious ethical
concerns surrounding the use of human neural
stem cells, other pluripotent stem cells are tapped
into for generation of human origin neural pro-
genitors. Human embryonic stem cells (hESCs)
and induced pluripotent stem cells (iPSCs) from
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human skin fibroblast are presently considered
the best resource for generation of human origin
neural stem cells. In the last few years, there have
been several reports on differentiation of hESCs
and iPSCs to neural progenitors and specialized
neuronal and glial cells too. The utility of pluripo-
tent stem cells as banks for neural progenitors
depends on the availability of standardized robust
defined protocols of neuronal differentiation from
these cells. Finally, the quality check for in vitro
generated differentiated neural progenitors will
be determined by their functional integration after
transplantation in vivo.

ESCs are known to recapitulate embryonic
developmental stages and so protocols of neu-
ronal differentiation usually involve a multistep
process. Indeed, the functional genomic screen
of human stem cell differentiation revealed path-
ways involved in [56]. As per Spemann and
Mangold [57], the Spemann organizer dictates
the fate commitment of the neuroectodermal pri-
mordial cells through a set of crucial signaling
factors like fibroblast growth factor (FGF), Wnt,
Sonic Hedgehog (SHH), retinoic acid (RA), and
bone morphogenetic proteins (BMP) inhibitors
[58, 59]. Generation of neural progenitors from
hESCs are initiated through two culture tech-
niques — (1) embryoid body formation in serum-
free condition and (2) presence of RA mono-
layer culture of ESCs on feeder-free specialized
ECM-coated Petri dishes or coculture with stro-
mal cell cultures. EBs usually mimic gastrulation
processes and express markers from the three
germ lineages [60, 61]. Embryoid body at specific
day points are usually plated on suitable ECM
with NSC media for the neuroectodermal out-
growth to occur. After eliminating the remnant
of the EB, the outgrowth of neural progenitors
can be propagated in the NSC media and defined
ECM. This procedure is explained in detail in
our published work that resulted in a good yield
of neural progenitors from day 4 EBs under
defined culture conditions [62] with more than
95 % population of cells expressing early neu-
ral markers like nestin, Sox2, musashil2, and
negative for pluripotent marker Oct4. Initially,
these cells organize into rosettes and express cell
adhesion molecule N-cadherin [63]. A similar
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EB method of differentiation of hESCs to an
enriched yield of NSCs was obtained in cGMP
conditions by Swistowski et al. [64]. These NSCs
could be maintained in xeno-free defined me-
dia for a prolonged period of time while re-
taining their ability to differentiate in vitro into
functional dopaminergic neurons and upon in
vivo transplantation could survive and give rise
to differentiated dopaminergic neurons [65-67].
Transplantation of hESC-derived DA neurons has
been found to attenuate locomotion deficits in PD
rat model. Further analysis has also established
that the increase in TH+ve cells in the midbrain
is largely generated from grafted neural progen-
itors. Daadi et al. [68] have shown engraftment
of hESC-derived midbrain dopaminergic neurons
in a monkey model of Parkinson’s disease. After
transplantation the TH-expressing cells did not
co-localize with GAD and maintained their DA-
induced phenotype, extended neurite outgrowths,
and expressed synaptic markers.

Besides dopaminergic neuronal differenti-
ation, studies have also shown generation of
different subtype neurons and glial cells of the
CNS [69]. Treatment of these neuroepithelial
cells by RA represses expression of anterior
genes such as Otx2, Foxgl, and Pax6 and
induces posterior Hox genes [70]. In later
neuroepithelial cells (>15 days), this effect of
RA is not seen. Neuroepithelial cells generated
in absence of morphogens shows a dorsal
fate expressing Pax6, Emx1, Ngn2, and Tbrl
but not ventral transcription factor Nkx2.1
indicating a predominant dorsal telencephalic
fate [71]. This dorsal fate is determined by
high levels of Wnt and low levels of SHH
during hESC differentiation to telencephalic
progenitors. The presence of SHH, one of the
crucial morphogens for patterning midbrain DA
neurons, represses the dorsal characteristics and
induces ventral forebrain fate. Vazin et al. have
depicted that SHH also generated GABAergic
neurons [72]. Taking cues from development, it
is also observed during in vitro differentiation of
neural progenitors from hESCs that manipulating
the timing of SHH exposure can give rise
to distinct neuronal populations with specific
transcriptional profiles and neurotransmitter
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phenotypes [72-74]. hESC-derived ventral
forebrain progenitors have been reported by few
groups [75, 76] with highly enriched populations
of NKX2.1:GFP-positive progenitors, including
cells with telencephalic identity. Liu et al. [77]
have shown that hESCs can be differentiated to
NKX2.1(+)medial ganglionic eminence (MGE)-
like progenitor cells which, after transplantation
into the hippocampus of mice with mu P75-
saporin depleted basal forebrain cholinergic
neurons (BFCNs) and GABA neurons in
the medial septum, produced BFCNs that
synaptically connected with endogenous neurons
and generated GABAergic neurons too. In the
presence of low gradients of SHH and Wants,
the neuroepithelial cells exhibit phenotypes of
LGE cells which express Gsx2 and low levels of
Pax6 but not Nkx2.1 [78]. On removal of SHH,
these LGE progenitor cells can differentiate
to projection GABAergic neurons expressing
GAD 65/67, DARPP32, Meis2, and Ctip2 [78].
Generation of cholinergic neurons from hESCs
has been recently been reported by BMP9
and NGF treatment [79, 80]. Treatment of
neuroepithelia with RA (0.1 wM) in a chemically
defined media for 10—17 days suppresses anterior
transcription factors Otx2 and Foxgl and
activates posterior transcription factors Hoxb4,
Hoxc5, and Hoxc8. Further ventralization of the
caudal neuroepithelia is brought about by SHH
from day 14-21 resulting in Olig2-expressing
motor neuron progenitors. These progenitors
on removal of RA and SHH express Mnxl,
Lhx3, and Isl1/2, markers for postmitotic motor
neurons [81-83]. Transplantation of hESC-
derived motor neurons into chick embryonic
spinal cord and mouse spinal cord expressed
Nkx6.1 and Mnx1, and the grafted cells survived
after transplantation [83]. Neural progenitors
derived from EBs under IGF-1/insulin signaling
gave rise to retinal pigment epithelial (RPE)
cells and upon transplantation into a rat model
of retinal degeneration resulted in the formation
of a donor-derived RPE monolayer that rescues
photoreceptor cells [84]. Generation of neural
progenitors from hESCs is also achieved by
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culturing the cells in a monolayer subjected
to synergistic inhibition of glycogen synthase
kinase3 (GSK3), transforming growth factor
B (TGF-B), and Notch signaling pathways
by small molecules [85]. The self-renewal of
these neuroepithelial cells can be maintained
in the presence of leukemia inhibitory factor,
GSK3 inhibitor (CHIR99021), and TGF-8
receptor inhibitor (SB431542). Further, they
retain neurogenic potential and responsiveness
to instructive neural patterning cues towards
midbrain and hindbrain neuronal subtypes and
exhibit in vivo integration. Unlike the neuronal
differentiation reported, astroglial differentiation
from hESCs is quite rare. This is primarily
due to the lack of knowledge of astroglial fate
commitment during embryonic development.
Systemic analysis has indicated that astroglial
progenitor markers have been detected after
long-term culturing of the neural progenitors
derived from hESCs specifically maintained in
EGF-containing media. The glial progenitors
express the markers NF1A, S100b, CD44, and
GFAP [86]. Neural progenitors generated from
hESCs cultured in presence of RA and SHH
agonist purmorphamine (Pur) under defined
culture conditions have shown differentiation to
oligodendrocytes by expressing Olig2, Nkx2.2,
and Sox10 [87, 88]. In vivo transplantation of
these glial derivatives has not yet been tested.

Neuronal differentiation is achieved not only
by regulation of external microenvironment but
also through intrinsic regulators. MicroRNA ex-
pression profiling of NPs and neuronal progenies
shows gain- and loss-of-function of miR-153,
miR-324-5p/3p, and miR-181a/a that contribute
to the shift of NPs from self-renewal to neuronal
differentiation. Stappert et al. [8§9] have shown
that miR-125b and miR-181a specifically pro-
mote the generation of neurons of dopaminer-
gic fate, whereas miR-181a inhibits the devel-
opment of this neurotransmitter subtype. Studies
have also shown conditional induction of mas-
ter key transcription factors along with extrinsic
cues for faster generation of specialized neuronal
cells.
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Differentiation of Human-Induced
Pluripotent Stem Cells (iPSCs)
to Neuronal Cells

It was long believed that once programmed to
commit to a specialized differentiated cell type,
cells rarely undergo dramatic fate changes in vivo
as aresult of an irreversible loss of developmental
potency. However, with the advent of nuclear
transfer technology, the cloning of an animal
from the nucleus of a terminally differentiated
cell explicitly proved that epigenetic modifica-
tions to the genome acquired during development
are reversible and that nuclei from even the
most functionally specialized cells maintained
the potential to generate an adult organism.
Further, pathbreaking work by Yamanaka’s
research group showed that a combination of
four transcription factors (Oct4, Sox2, KIf4,
and cMyc) was sufficient to reprogram diverse
somatic cell types in vitro to a pluripotent
state [90]. These newly reprogrammed cells
are known as induced pluripotent stem cells
(iPSCs). Reprogramming to pluripotency showed
a return to the developmental “ground state”
mirroring the features of ESCs. Differentiation
of these cells to a neuronal lineage too follows a
similar combination of induction factors that are
required to differentiate hESCs. The process
of neuronal differentiation for iPSCs begins
with the initiation of primitive neuroectoderm
which is manifested by rosette formation. The
developmental clock of the rosettes show onset
of early neural markers OTX2, PAX6, Soxl,
Nestin, NR2F1, NR2F2, and IRX2 followed
by glial-like cells at the later day points [91].
Moreover, the cells that emerged from the
rosettes during spontaneous differentiation were
capable of differentiating into dopaminergic
neurons in vitro and into mature-appearing
pyramidal and serotonergic neurons weeks after
being injected into the motor cortex of NOD-
SCID mice. For some human iPSCs that do not
differentiate efficiently to neural progenitors,
inhibition of BMP by Noggin and SB31542 has
been used to increase yield [92, 93]. hiPSCs were
also differentiated by coculturing them with rat
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primary neuronal and glial cells and on matrigel-
coated tissue culture dish with differentiation
medium [94]. Distinct maturation properties were
attained depending on the protocol used, and
functional maturation was achieved the best when
cultured along with primary neuronal culture.
hiPSCs have been efficiently differentiated
to region and transmitter-specific neuronal
cells including glutamatergic, GABAergic,
cholinergic, dopaminergic, and motor neurons
as well as astrocytes and oligodendrocytes
[95, 96]. The neural progenitors derived from
hiPSCs upon transplantation into the fetal mouse
brain migrated into various brain regions and
showed in vivo differentiation into glutamatergic,
GABAergic, and dopaminergic subtypes. Even
differentiated Parkinson patient-derived iPSCs
grew in the adult rodent brain and reduced
motor asymmetry in Parkinsonian rats [97, 98].
A recent detailed gene expression microarray
study indicated that expression of ion channels
such as voltage-gated Ca’", Nat, and KT
channels, ionotropic neurotransmitter receptors,
and ionotropic purinergic receptors is distinctly
upregulated in the differentiated progeny of
iPSCs in comparison to the starting cell type [99].
Furthermore, electrophysiological recordings
and morphological analysis showed that the
grafted cells had attained neuronal integration
and synaptic activity. Also, neuroepithelial cells
derived from hiPSCs after grafting in stroke-
damaged brain have shown improvement in
recovery [100]. Transplantation of neuroep-
ithelial cells obtained from hiPSCs has also
shown improvement of neurological function in
rats with experimental intracerebral hemorrhage
[101], and differentiation of neural progenitors
derived from hiPSCs in a transgenic rat model
of ALS carrying a human mutated SODI1
(G93A) was reported by Popescu et al. [102].
In a recent study, successful differentiation of
hESCs and hiPSCs to retinal ganglion cells
in the presence of Notch inhibitor N-[N-(3,5-
difluorophenacetyl)-l-alanyl]-S-phenylglycine

t-butyl ester (DAPT) has been reported [103].
Neural crest progenitors were also derived
from iPSCs and compared with those from
hESCs, followed by differentiation to functional
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Schwann cells [104]. More than the therapeutic
use of neural progenitors derived from hiPSCs,
this in vitro cell-based technology is in the
spotlight to reproduce cellular models of poorly
understood diseases — such as Down syndrome,
Friedreich’s ataxia, Gaucher disease [105-
107], amyotrophic lateral sclerosis [108], spinal
muscular atrophy [109], Parkinson’s disease
[110, 111], schizophrenia [112], Huntington’s
disease [110], and Alzheimer’s disease [113].
Furthermore, correction of genetic mutations in
disease-specific iPS cells can rescue phenotypes
in cultured cells [111, 114] or in mouse models
of human diseases, such as sickle cell anemia
[115]. The advent of iPSCs brought about an
opportunity to study for the first time the cell
biology and genetics of neurons derived from
any individual. Furthermore, by recapitulating
in vitro developmental steps for neuronal cells,
it can provide indication for factors responsible
for typical and atypical development. Fibroblasts
of patients suffering from these diseases can
be efficiently converted into iPSCs that are
then differentiated into neurons to study the
pathogenesis of these diseases (reviewed in [116—
118]. Dimos et al. [108] derived iPSCs from
an 82-year-old ALS patient, and these patient-
specific iPSCs were efficiently differentiated
even to motor neurons, the cell type destroyed
in ALS. Cellular models are also made on
neural progenitors generated from hiPSCs
derived from fibroblasts of patients with central
nervous system neuropathies [119, 120]. The
studies reporting neuronal differentiation from
pluripotent stem cells are listed in Table 1.

Direct Reprogramming
of Fibroblasts to Induced NSCs
(iNSCs) or Neural Progenitors (iNPs)

The primary limitation related to derivation of
functional neuronal cells from hESCs and hiP-
SCs is the involvement of multiple steps, vari-
ability, and slow procedures. Generating neurons
by differentiation of hESCs or iPSCs requires
months of tissue culture procedures and renders
large-scale studies difficult [90]. Moreover, the
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differentiation protocols are dependent on spe-
cific chemicals or growth factors such as pharma-
cological agents and bioactive proteins that may
vary in consistency, thus introducing a further
element of variability [120] and can form ter-
atomas in vivo. This has led to the advent of direct
lineage conversion or reprogramming to lineage-
specific stem/progenitor cells of another germ
layer in one step, bypassing the intermediate
pluripotent stage, and these cells in the neuronal
lineage are known as induced neurons (iN).

To reprogram fibroblasts to NSCs, two broad
approaches have been used (Fig. 4). Thier et al.
[121] used the same four factors (Oct4, Sox2,
cMyc, and Klf4) applied for iPSC reprogram-
ming but restricted Oct4 expression for the first
5 days using either protein transduction or mRNA
transfection. This method tried to create a sce-
nario in which reprogramming intermediates that
have begun to acquire pluripotency are placed un-
der the control of three factors (Sox2, cMyc, and
Kl1f4). Sox2, which is known to strongly regulate
neuroectodermal development with concomitant
inhibition of mesendodermal development [122],
in turn led to the acquisition of an NSC fate by
the presumed pluripotent intermediates. Concep-
tually, this method is similar to that taken by Kim
et al. to produce induced neural progenitors from
fibroblasts [123] although well-controlled Oct4
expression in this study allowed the generation
of tripotent induced neural stem cells (iNSCs).
These iNSCs have extensive self-renewal capac-
ity in comparison to the bipotent cells with lim-
ited passaging ability. Han et al. [124] and Lujan
et al. [127] took a different approach for this
direct conversion of fibroblasts. Each of these
two groups started with a list of 11 candidate
factors that resulted in generation of iNSCs or
induced neural progenitor cells (iNPCs). The sys-
tematic elimination of factors narrowed the list
down to the minimum combination of factors
required. Han et al. identified four factors (Sox2,
cMyc, KlIf4, and Brn4/Pou3f4), whereas Lujan
et al. arrived at a three-factor combination (Sox2,
FoxGl, and Brn2). Both the nonuse of Oct4
and the inevitable role of Sox2 are noteworthy.
In fact, Ring et al. [125] managed to generate
iNSCs from mouse and human fibroblasts by
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Fig. 4 Schematic representation of cell reprogramming approaches by introducing different sets of genes, adopted by
different scientific research groups for deriving iNSCs or iNPCs from fibroblast cells

using the single factor Sox2 for reprogramming.
In 2011, Pang et al. [126] reported a detailed
method of reprogramming by screening a pool
of 19 genes. Their study suggested that Ascll
alone was sufficient to induce neuronal traits in
fibroblasts, but the combination of Ascli, Brn2,
and Mytll provided the best efficiency of repro-
gramming to iNSCs [126]. The iNSCs possess
surprisingly robust self-renewal capability, with
up to 130 passages reported in culture [124].
The iNSCs and iNPCs can undergo trilineage
differentiation (neuron, astrocyte, and oligoden-
drocyte) in culture that when transplanted give
rise to neuronal and glial progenies. This is con-
sistent with their gene expression signatures that
resemble endogenous NPCs. Lujan et al. reported
successful myelination by oligodendrocytes dif-
ferentiated from iNPCs. Further in the same year
Caiazzo et al. reported the generation of differen-
tiated functional dopaminergic neurons by direct
conversion from mouse and human fibroblasts.
Direct conversion in vivo for generation of iNSCs

has also been reported recently [128, 129]. Trans-
planted human fibroblasts and human astrocytes
engineered to express inducible forms of neu-
ral reprogramming genes converted into neurons
when these genes were activated after transplan-
tation [129]. Using a transgenic mouse model to
specifically direct expression of reprogramming
genes to parenchymal astrocytes residing in the
striatum, it was shown that endogenous mouse
astrocytes can be directly converted into neuronal
nuclei (NeuN)-expressing neurons in situ. This
provides evidence that direct neural conversion
can take place in the adult rodent brain when
using transplanted human cells or endogenous
mouse cells as a starting point for neural con-
version. Similarly, hiNPs transplanted to lateral
ventricle were able to differentiate into NeuN-
positive terminal neurons just by responding to
induction of the surrounding environment. These
differentiated terminal neurons were found in
a variety of locations, displaying their migra-
tion ability in the brain [130]. Direct lineage
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conversion is not only restricted to NSCs or
neural progenitors but also for terminally dif-
ferentiated specialized neuronal cells. A recent
report [131] showed that two small molecules
(forskolin and dorsomorphin) enable the tran-
scription factor Neurogenin-2 (NGN2) to convert
human fetal lung fibroblasts into cholinergic neu-
rons with high purity (>90 %) and efficiency (up
t0 99 % of NGN2-expressing cells). These human
induced cholinergic neurons (hiCN) show mature
electrophysiological properties and exhibit mo-
tor neuron-like features, including morphology,
gene expression, and the formation of functional
neuromuscular junctions. NSCs exist in vivo in a
highly regionalized manner and produce region-
specific neuronal types, and it appears that iNSCs
may also share this regional identity. Han et al.
reported strong expression of ventral hindbrain
markers in the iNSCs generated by Sox2, cMyc,
Klf4, and Brn4/Pou3f4. Although the reason for
this hindbrain signature is unclear, one can imag-
ine that region-specific factors could be deliber-
ately added to the reprogramming mix, directly
inducing region-specific iNSCs that are both ex-
pandable and able to produce defined neuronal
subtypes. Such a scenario could give iNSCs a
potential advantage over iPSCs.

Differentiation of Mesenchymal
Stem Cells

Mesenchymal stromal cells (MSCs) are multipo-
tent somatic stem cells shown to reside within
the connective tissues of most organs. These non-
hematopoietic stem cells are tissue specific and
more restricted than embryonic stem cells in
terms of differentiation. MSCs are regarded as
strong candidates for cell replacement therapies
because of their ability to self-renew, differentiate
to multilineage, migrate and home in on injury
sites, and for being immunomodulatory [132—
134]. MSCs were first derived from bone marrow
by Friedenstein et al. in 1976 [135]. These cells
were characterized based on plastic adherence,
marker expression, and the ability to differentiate
to adipogenic, chondrogenic, and osteogenic lin-
eages [136]. Although BM-MSCs are preferred
for therapies, the procedure for procurement of
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bone marrow is extremely invasive and painful
for patients. Apart from the bone marrow, MSCs
are also located in adult and fetal tissues (Fig. 5).
There are an increasing number of reports de-
scribing their presence in adipose tissue [137—
139]; periodontal tissues such as dental pulp,
dental ligament, follicle, and papilla [137, 140];
peripheral blood [141]; umbilical cord Whar-
ton’s jelly, cord blood, and chorionic villi of the
placenta [142—145]; amniotic fluid [146]; fetal
liver [147]; and lung [148]. The stromal cell
population isolated from these tissues of origin
need to be characterized by the set of MSC
criteria such as plastic adherence; expression of
CD105, CD73, and CD90; negative expression
of CD45, CD34, CD14 or CD11b, CD79 alpha
or CD19, and HLA-DR surface molecules; and
in vitro differentiation to osteoblasts, adipocytes,
and chondroblasts [149]. These cells have re-
ceived extensive attention in the field of tissue
engineering and regenerative medicine due to
their availability and multilineage potential.

MSCs being a connective tissue derivative
obviously show differentiation potential towards
mesoderm lineage. However, recent studies sug-
gest that MSCs have the capacity to transdifferen-
tiate to cells of the other two lineages too (Fig. 5),
including islet cells, myoblasts, cardiomyocytes,
hepatocytes, and neuronal cells [150-156]. A
microSAGE analysis of 2,353 expressed genes in
a single cell-derived colony of undifferentiated
human mesenchymal stem cells reveals mRNAs
of multiple cell lineages [157]. Although NSCs
or neural progenitors have been successfully gen-
erated from ESCs [62, 74] and iPSCs [158, 159],
differentiating MSCs to functional neuronal cells
is considered to be more difficult as it is a more
committed cell type.

In Vitro Neuronal Differentiation
of MSCs

Neuronal Differentiation Using
Extrinsic Cues

In vitro neuronal differentiation of MSCs or
adult stem cells (ASCs) is performed primarily
to estimate the neuronal plasticity of these
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Fig. 5 Schematic representation of isolation of MSCs from adult and fetal tissues and their differentiation potential to
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cells under defined regulated environment.
Studies on differentiation of MSCs to neuronal
phenotype have typically followed two broad
approaches — modulating the microenvironment
by extrinsic cues and delivery of key transcription
factors along with extrinsic cues to obtain better
efficiency and yield [160]. The extrinsic cues
used by researchers for the past decade portray a
vast diversity — ranging from chemical inducers
to embryonic growth factors and conditioned
media from rodent primary neuronal and glial
cultures. Woodbury et al. [161] were the first
group to report neuronal differentiation from
BM-MSCs. They obtained a fast transition
of neuronal phenotype under the influence of
chemical induction such as dimethyl sulfoxide
(DMSO), butylated hydroxyanisole (BHA), and
p-mercaptoethanol (BME). However, studies
by Lu et al. [165] in 2004 indicated that pure
chemical exposure of MSCs induces neuronal-

like morphology but does not yield functional
neurons and additionally leads to cell toxicity
and cell shrinkage. Several other neuronal
differentiation protocols involving 3-isobutyl-
1-methylxanthine (IBMX), bFGF, dimethyl
sulfoxide (DMSO), butylated hydroxyanisole
(BHA), or epigenetic reprogramming by 5-
azacytidine [163] reported rapid changes in
morphology with rounded cell bodies, which
were eventually reversible in the absence of
the induction factors and showed drastic cell
death with time [163]. Although 5-azacytidine
treatments showed neuronal morphology by day
4, here too the decrease in cell density with time
is noteworthy [163]. The cytoskeletal changes
resulting in pseudo-neuronal morphology thus
indicated cell toxicity. So, the use of embryonic
morphogens and neurotrophic factors for
neuronal differentiation of MSCs started gaining
favor. Trzaska et al. depicted that BM-MSCs
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exposed to midbrain cues (SHH and FGF8) were
capable of differentiating them to dopaminergic
neurons [164]. These ontogenically relevant cues
were also used by Datta et al. (2011) to assess the
neuronal plasticity of WJ-MSCs in comparison
to BM-MSCs. The author’s group [155, 156]
in their study has shown phenotypical and
functional characterization of BM-MSCs, WJ-
MSCs, and DPSCs, not only in the presence of
the morphogens but also when the differentiated
cells were maintained in maintenance medium
(absence of the morphogens). The MSCs from
all the three sources spontaneously showed
abundant expression of early neuronal markers
such as nestin, musashil2, and A2BS5 along
with the mesenchymal markers. Upon induction,
the upregulation of mature neuronal markers
B-tubulin III and Map2ab was followed by
a decrease in these early neuronal markers.
Moreover, a distinct increase in dopaminergic-
specific transcription factors (Enl, Nurrl, Pitx3)
and dopaminergic marker TH was observed.
Functionally these cells could secrete dopamine
constitutively and upon stimulation with ATP.
The differentiated DPSCs though could secrete
dopamine upon KCI stimulation too, in turn
indicating the presence of purinergic receptors
and potassium ion channels in the induced cells.
In mature neuronal cells, the neurotransmitter is
stored in vesicles within the cell and its release
can be triggered by the influx of intracellular
Ca’". The midbrain cues were thus capable of
inducing the DPSCs to excitable cells, mimicking
the physiology of neurotransmitter release of
native neurons [156].

Studies have also targeted the signaling
pathways for neural differentiation of MSCs by
providing ligand molecules, molecular effectors,
and inhibitors that are involved in upregulating
transcription factors followed by gene expres-
sion. One such pathway frequently targeted for
neuronal differentiation by many research groups
is cyclic adenosine monophosphate (cAMP)-
activated PKA (protein kinase A) pathway, which
in the downstream mechanism phosphorylates
CREB followed by regulation of different genes
coded for cFOS, BDNF, and TH in turn aiding
neural differentiation [166-168]. Based on
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this evidence, many studies have successfully
induced neural differentiation of BM-MSCs and
UCB-MSCs by using forskolin, dibutyryl-cAMP
(db-cAMP), and 3-isobutyl-1-methylxanthine
(IBMX). These studies determined the expression
of neurofilament (NF), TH isoforms, and nuclear
receptor related 1 (Nurrl) and also showed
significant voltage-dependent ionic currents
[169, 170]. However, the role of cAMP and
the downstream effect in neural differentiation
is not explicitly defined [171, 172]. Forskolin
along with GDNF and embryonic midbrain
morphogens were also used for neuronal
induction of human exfoliated deciduous
teeth (SHED) to differentiate to dopaminergic
neurons [173]. Alexanian et al. [174] used the
combination of small molecules that affect the
regulation of chromatin structure and function
and agents that favor neural differentiation to
generate neural-like cells from human MSCs.
The efficiency of neuronal differentiation and
maturation was improved by two specific
inhibitors of SMAD signaling (SMADI/3
and SMAD?3/5/8) that play an important
role in neuronal differentiation of ESCs and
were added to chromatin-modifying enzymes.
Results demonstrated that human MSCs grown
in these culture conditions exhibited higher
expression of several mature neuronal genes,
formed synapse-like structures, and exhibited
electrophysiological properties of differentiating
neural stem cells [174]. Recent studies have
shown that the inhibition of histone deacetylases
(HDACS) induces the differentiation of diverse
cancer and stem cells which in turn suggests
that HDAC inhibitors may be good candidates
for neuronal induction of MSCs too. Jang
et al. [175] investigated the effects of a HDAC
inhibitor, valproic acid (VPA), for the neuronal
differentiation of BM-MSCs. VPA-treated
MSCs had significant increase in expression
of neuro-progenitor marker nestin, musashi,
CD133, and GFAP. VPA-pretreated MSCs
upon differentiation with neuronal induction
media (VPA-dMSCs) exhibited a cell body and
dendritic morphology similar to neurons and
neuronal-specific marker genes, including nestin,
musashi, CD133, GFAP, NeuN, MAP-2, NF-M,
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KCNHI1, and KCNHS, but no functional study
is reported. Some studies have also shown that
MSC:s cultured in the presence of rodent primary
neuronal or glial culture-conditioned media or as
coculture enhanced the expression of neuronal
markers in the MSCs [177]. This could be due
to the presence of potentially rich sources of
neuronal differentiation promoting signals in the
culture derivatives [178]. However, the use of
rodent culture derivatives not only introduces
undefined additives but is also xenogeneic.

Neuronal Differentiation Using
a Defined Medium Composition

Researchers have also targeted enriching
neuronal marker expression in MSCs by culturing
them in suspension culture in NSC medium
consisting of serum-free media with bFGF
and EGF [176, 178]. MSCs, ADSCs, and
DPSCs were capable of forming neurosphere-
like structures and expressed neural progenitor
markers in these conditions. Some studies have
used the NSC media to prime the MSCs or ASCs
towards neuronal lineage followed by ontogenic
morphogens and growth factors as induction
factors [179]. Besides specialized dopaminergic
neuronal cells, MSCs have been differentiated to
cholinergic cell types as well. The spindle-shaped
or fibroblast-like WJ-MSCs changed into bulbous
cells and positively expressed cholinergic
neuronal markers, along with elevation of
secretion of acetylcholine in the induced WJ-
MSCs [180]. Transdifferentiation of BM-MSCs
to cholinergic neurons was also demonstrated by
Naghdi et al. [181] by the use of BME and NGF.
This treatment with BME led to the generation
of NF68-positive neuroblasts, which generated
close to 80 % cholinergic marker-positive cells
upon addition of NGF. When treated with
neuronal induction medium consisting of brain-
derived neurotrophic factor (BDNF), low-serum
media and supplemented with hippocampal
cholinergic neuro-stimulating peptide (HCNP)
or rat denervated hippocampal extract (rDHE)
or in combination, it enhanced the action of
choline acetyltransferase (ChAT) [182]. A new
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multistep induction protocol has been reported
by Darabi et al. [183] for the transdifferentiation
of bone marrow stromal stem cells into
GABAergic neuron-like cells. Rat BM-MSCs
were pre-induced using f-mercaptoethanol
(BME) and induced using retinoic acid (RA)
and creatine. Immunostaining of neurofilament
200 kDa, neurofilament 160 kDa, nestin,
fibronectin, gamma-aminobutyric acid (GABA),
and glutamic acid decarboxylase (GAD) 65/67
was performed in the induced MSCs. Neuronal
differentiation has been attained by adipose-
derived stem cells too. Factors like bFGF, EGF,
insulin, retinoic acid, and hydroxycortisone
have been used for neuronal differentiation of
AD-MSCs [184-186]. AD-MSCs expressed
sodium current on treatment with bFGF and
forskolin by increasing the intracellular cAMP
levels, which was found to be useful in neural
induction [171, 187]. A recent study has shown
neuronal induction of ADSCs using BME, glial
cell line-derived neurotrophic factor (GNDF),
brain-derived neurotrophic factor (BDNF),
retinoic acid (RA), 5-azacytidine, as well as
their combinations [188]. NSC media consisting
of EGF and bFGF along with IBMX and
BDNF have also been used for ADSC neuronal
induction [189]. A few studies have demonstrated
the differentiation of MSCs towards glial cell
type as well. A recent study has shown that
norepinephrine, a neurotransmitter, when added
in vitro can generate oligodendrocytes from the
umbilical cord-derived multipotent progenitor
cells in a three-dimensional environment [190].
Researchers have also shown that BM-MSCs
and ADSCs can differentiate into Schwann-like
cells (SLC) that have the potential to myelinate
neuronal cells during regeneration [191].

Direct Conversion of MSCs
to Neuronal Cell Types
by Transduction

Apart from these studies, various other strategies
have been employed to obtain neural cells
types from different sources of MSCs. It
has been shown that the microRNAs play an
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Fig. 6 Schematic representation of various in vitro neuronal induction strategies being reported in literature for
obtaining differentiated neuronal and glial cells from adult and fetal tissue-derived stem cells

important role in the neuronal differentiation
of WJ-MSCs [192]. These small RNAs of
18-24 nucleotides in length were involved in
the regulation of gene expression and found to
enhance motility and oxidative phosphorylation
in neural cells derived from the WJ-MSCs.
Studies aiming at the direct insertion of target
genes for differentiation have also been reported.
Transcription factor such as Neurogenin-1 was
effective in converting MSCs into neuron-specific
protein-expressing cells [193, 194]. The lentiviral
delivery of transcription factor LMX1a showed
enhancement of dopaminergic phenotype in
differentiated human BM-MSCs [193, 194].
These neurons could synthesize higher level
of the enzyme tyrosine hydroxylase (TH). It
has been shown that the neuron-restrictive
silence factors promote neural differentiation
with enhanced electrophysiological properties
[195]. AD-MSCs transfected with TRAIL
(tumor necrosis factor-related apoptosis-inducing

ligand) showed therapeutic efficacy against
brainstem gliomas, and these MSCs were able
to differentiate into neural cell types, thus
reducing the tumor volume in vivo [196]. The
schematic representation depicting the various
in vitro neuronal induction strategies adopted
for transdifferentiation of adult and fetal tissue-
derived stem cells to differentiated neuronal and
glial cells is provided in (Fig. 6). The in vitro
neuronal differentiation studies discussed over
here is summarized in Table 2.

In vitro studies on neuronal differentiation
clearly demonstrate that MSCs and adult tissue-
derived stem cells possess a certain extent of neu-
ronal plasticity and can respond to ontologically
relevant embryonic cues. However, for transplan-
tation in vivo, the microenvironment cannot be
controlled as the embryonic developmental clock
and most of the embryonic cues and morphogens
would not be available. The in vitro neuronal
plasticity of MSCs was indeed replicated in
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Table 2 List of in vitro neuronal differentiation studies from mesenchymal stem cells isolated from different adult and

fetal tissue sources

Mesenchymal
stromal cells

BM’MSCs

BM’MSCs

BM’MSCs

DPSCs

BM’MSCs

BM’MSCs,
WI'MSCs and
DPSCs

BM'MSCs &
UCB’MSCs

DPSCs(SHED)

BM’MSCs

BM’MSCs

BM’MSCs

WI'MSCs

Defined factors

Dimethylesulfoxide,
butylatedhydroxyanisol,
B-mercaptoethanol
Dimethylesulfoxide,
butylatedhydroxyanisol,
B-mercaptoethanol, high molarity
sodium chloride, detergent
Dimethylesulfoxide,
butylatedhydroxyanisol,
B-mercaptoethanol

bFGF, 5-azacytidine, db-cAMP,
neurotrophin-3 and supplementary
components

Midbrain cues such as SHH and
FGF8

SHH, FGF8 and bFGF

Forskolin, dibutyryl-cAMP
(db-cAMP) and (IBMX)

SHH, FGF8, Forskolin and GDNF

Trichostatin A (TSA) RG-108,
8-BrcAMP 1 uM Rolipram

Combination of histone
deacetylase and valproic acid

bFGF and EGF

bFGF and EGF

Results

Neuronal like cells positive for
Enolase, NeuN, Tau and
Neurofilament-M.

Neuronal like morphology due to cell
shrinkage and toxicity, positive for
NeuN and NF-M but described to be
Non functional neurons.

Non functional Neuronal like cells
positive for NF-200, S1008,
(BII-tubulin, NSE and MAP2.
Negative for Na(+), K(+) currents
and action potentials

Neuronal like cells expressing
Neurogenin-2, NSE, NF-M, GFAP
and positive for active
voltage-dependent channels.

DA like neurons positive for TH,
Pitx3, nurrl, DAT and VMAT2and
also expressed NeuN and beta II1
tubulin

Assessed the early neuronal markers
in naive MSCs from three sources,
obtained neuronal like cells
expressing EN1, Nurrl, Pitx3 and
TH. Studies also showed the
functional DA neurons through the
dopamine release and increase of
intracellular calcium

Cells were positive for NF-M, TH
isoforms and nuclear receptor related
1 (Nurrl) and also showed significant
voltage dependent ionic currents

Dopaminergic cells positive for beta
11T tubulin nestin, TH and MAP2

DA like neurons expressing Nurrl
and TH. Also determined the
secretion of neurotrophins and
dopamine

Neural progenitors positive for nestin,
Musashi, CD133, and GFAP, NeuN,
Map2, NF-M, KCNHI and KCNH5

Neurospheres which was positive for
nestin and musashi were co cultured
with primary neurons and obtain
specific neural cell type

Neurospheres positive for neural
progenitor markers nestin, Sox2 and
Pax6 transcription factors. When
differentiated on fibronectin coated
dishes these were able to generate
neuron/glial - like cells which
expressed Nfl, Map2 and GFAP

References
Woodbury et al. [161]

Lu et al. [165]

Barnabe et al. [162]

Kiraly et al. [163]

Trzaska et al. (2007,
2011)

Datta et al. [155, 156]

Wang et al. [169] and
Lepski et al. [170]

Wand et al. [173]

Alexanian et al. [174]

Jeong et al. (2013)

Fuetal. [176]

Balasubramanian
etal. [178]

(continued)
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Table 2 (continued)

Mesenchymal
stromal cells

DPSCs

BM’MSCs

WI'MSCs

BM’MSCs

AD’MSCs

AD’MSCs

AD’MSCs
AD’MSCs

AD’MSCs

AD’MSCs

WI'MSCs

AD’MSCs

AD’MSCs

Defined factors

EGF, FGF, ITS, retinoic acid

FGFp, BDNF, EGF and NGF

BDNEF, Low serum media,
hippocampal cholinergic
neuro-stimulating peptide or
hippocampal extract and in

combination

B mercaptoethanol (BME), retinoic

acid and creatine

Valporicacid, insulin,

hydroxyanisole, hydrocortisone,

EGF, FGF.
BDNF and retinoic acid

bFGF and EGF

bFGEF, forskolin, ciliary

neurotrophic factor, GDNF.

BME, GDNF, BDNF, RA and
5-azacytidine and combinations

1st step-EGF, bFGF with IBMX,

BDNF; 2nd step-BDNF

Defined medium containing the
neurotransmitter norepinephrine

(NE)

Glial growth factors (GGF-2,
bFGEF, PDGF and forskolin

B-mercaptoethanol, all-trans-RA,
and mixture of forskolin, bFGF,

PDGEF and heregulin

Results

Neural progenitors positive for
Nestin, beta 3 tubulin, EGF, FGF,
ITS, retinoic acid Neuronal Nestin,
PSA-NCAM,

Cholinergic neurons positive for
GAP-43, NF-H, Neu-N
Functional cholinergic like cells were

obtained with enhanced ChAT and
secretion of Ach

GABAergic like cells positive for
NF-200, NF-160, nestin, fibronectin,
GABA and GAD65/67

Neuronal GFAP, Neu-N, nestin, IF-M

Neuronal cells positive for MAP 2,
Neu-N, nestin, GalC, S 100, GFAP,
TH

Neuronal cells positive for Nestin,
Sox2, vimentin, A2B5, GFAP, tuj1.

Neuronal cells positive for Map-2ab,
NF-M, GFAP, GalC, O4, TH, DAT

Neural cells expressed nestin, BIITub
& ENO2. In vivo brain promoted their
migration from the transplantation
site to the recipient cerebral
parenchyma.

Both induced Neural cells were
positive for GFAP and TUJ1 markers
but 1st step method showed higher
expression then 2nd step method

Under two-dimensional conditions,
differentiated into oligodendrocyte
precursors. In a three-dimensional
environment, the MLPCs
differentiated into committed
oligodendrocytes that expressed
myelin basic protein

Spindle-like morphology similar to
Schwann cells, expressed the glial
markers, GFAP, S100 and p75, When
co-cultured with NG108-15 motor
neuron-like cells, induced neurite
growth in NG108-15 cells

Schwaan like cells express S100 and
GFAP. Enhance neurite outgrowth in
co-culture with sensory neurons
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References
Arthur et al. [179]

Naghdi et al. [181]

Zhang et al. (2012)

Darabi et al. [183]

Schaffler and Buchler
[185] and Safford
etal. [184]

Anghileri et al. [186]

Lim et al. (2010)

Kim et al. [187] and
Rooney et al. [171]

Pavlova et al. [188]

Ying et al. [189]

Hedvika et al. [190]

Mantovani et al.
[191]

Jiang et al. [87]

(continued)
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Table 2 (continued)

Results

Gene Ontology database showed that
136 genes were associated with cell
motility, energy production, oxidative
phosphorylation and actin
cytoskeleton organization, indicating
that miR-34a plays a critical role in
cell migration

LMX1a protein was concentrated in
the cells’ nuclei and specific
dopaminergic developmental genes
were upregulated, expressed higher
levels of tyrosine hydroxylase, and
secreted significantly higher level of

|. Datta et al.

References
Chang et al. [192]
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Mesenchymal

stromal cells Defined factors

WI'MSCs B27 supplement, RA, and bFGF
and carried out miRNA analysis

BM’MSCS LMXla transduction

AD’MSCs TRAIL transduction

Type of cells assessed Astrocyte,

Choi et al. [196]

oligodendrocyte positive forTuj 1,
GFAP, CNPase, adiponectin,
sialoprotein. Efficacy was tested In
vivo and In vitro

in vivo embryonic brain. Muifloz-Elias et al.
[197] for the first time had demonstrated
that both rat and human BM-MSCs assume
neuronal functions in vivo in an embryonic CNS
microenvironment. The transplanted adult MSCs
not only survived and migrated in embryonic
day 15.5 (E15.5) rat ventricles in utero but also
differentiated in a regionally and temporally
specific manner. Transplantation of MSCs
during the gliogenic clock in neonatal mouse
brains showed that BM-MSCs could migrate
throughout the forebrain and cerebellum and
differentiate into astrocytes after injection [198].
The in vivo differentiation of MSCs to neuronal
cells thus gets restricted from embryonic to
neonatal and then for adult CNS. The analysis
of postmortem brain samples from females who
had received bone marrow transplants from male
donors showed that marrow cells can enter the
brain and generate new neurons just as rodent
cells do [199]. The underlying diseases of the
patients were lymphocytic leukemia and genetic
deficiency of the immune system, and they
survived between 1 and 9 months after transplant.
This was one of the first indicative studies
suggesting the neuronal plasticity of marrow cells
and probable neurogenic environment of the adult
CNS. Most studies reported have targeted the

transplantation of undifferentiated MSCs in the
disease or injury model, and some studies have
transplanted these MSCs after priming the cells
with neuronal induction cues or growth factors.
DPSCs upon transplantation in neurogenic area
of the CNS, hippocampus, of mice underwent
proliferation and maturation, forming NPCs and
neurons [200]. Transplantation of these cells in a
nonneurogenic area of the CNS shows survival,
engraftment, and improvement of behavioral
scores of the disease rodent model but rarely
shows differentiation to mature neuronal cell
type. An early study in 1998 [201] showed
engraftment and migration of human BM-MSCs
implanted in the brains of albino rats — similar to
astrocyte grafts. Human SHED derived stem
cells and WIJ-MSCs transplanted post-neural
induction with SHH, FGF8 have differentiated
into dopaminergic neurons in vivo and further
elevated the dopamine content [179, 176, 173].
Regeneration by neural-induced human BM-
MSCs in rat models of Parkinson’s disease has
also been reported [202-204]. MSCs treated with
stromal derived factor-1 (SDF-1) increased the
release of dopamine and also helped in preserving
the TH-positive cells [205] in Parkinsonian
rat model. hMSC treatment had a protective
effect on progressive loss of dopaminergic
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neurons induced by MG-132 in vivo through
differentiation and trophic effect [206]. Human
umbilical cord MSC-derived neuron-like cells
have shown rescue of memory deficits and
reduced amyloid-beta deposition in an ABPP/PS1
transgenic mouse model [207]. In addition,
neuroectodermally converted BM-MSCs led
to decrease of AP peptides by regulation of
two genes F-spondin and neprilysin [208].
All these data suggest that MSCs induced by
recently developed methodologies could be a
potential source of cells to replace damaged
neurons and glia in injured spinal cord and/or
to promote cell survival and axonal growth
of host tissue. Protection of dopaminergic
neurons against the neurotoxic effects and motor
deficits was obtained too by transplantation
of undifferentiated ADSCs, WJ-MSCs, and
BM-MSCs in MPTP-induced rats [209-212]
indicating the paracrine neurotrophic effect of
the cells rather than the graft cells differentiating
in the adult CNS. Transplantation of GLP-
1 transected hMSCs in the right ventricle of
double transgenic mice mutant expressing APP
and presenilin-1 showed a reduction in AB40/42
positively stained plaques, and the number of
reactive astrocytes measured in the dentate gyrus
of the hippocampus also decreased [213] again
representing its paracrine effect. Contribution
towards reduction in ischemic damage has
been reported in ischemic stroke mouse model
after transplantation of BM-MSCs and ADSCs
[214, 215]. Bang et al. [216] have reported
that autologous BM-MSC transplantation shows
improvement of Barthel index and Rankin score
in stroke patients. A long-term follow-up study
of intravenous autologous mesenchymal stem
cell transplantation in patients with ischemic
stroke showed clinical improvement (Lee et al.
2010). Presently several clinical studies have
established the safety of transplantation of
autologous BM-MSCs. Four patients showed
a significant slowing down of the linear decline
of the forced vital capacity and of the ALS-
FRS score [217]. The effect of a combination of
autologous undifferentiated and neural-induced
bone marrow mesenchymal stem cells (MSCs)
on behavioral improvement in rats after inducing
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spinal cord injury has also been examined. In all
treatment groups (differentiated, undifferentiated,
and mix), there was less cavitation than lesion
sites in the control group. The Basso-Beattie-
Bresnahan (BBB) score was significantly higher
in rats transplanted with a combination of cells
and in rats transplanted with neural-induced
MSCs alone than in undifferentiated and control
rats [218]. Put together, the data obtained from
the in vivo transplantation of MSCs in rodent
models and clinical trials suggests that MSCs
can promote endogenous reparative mechanisms
that may prove applicable and beneficial for
neurodegenerative disease treatment.

Conclusion

Regeneration of neurons in CNS has always re-
mained as an enigma mainly because the neuro-
genic area that exists in the adult brain is deep-
seated, and with currently available techniques, it
is quite unlikely to engineer any modulation and
be of further use in degenerative cases. This also
limits the clinical use of hNSCs for any nervous
system disorder. Important for effective differ-
entiation of neuronal and glial subtypes is the
patterning of primitive neuroepithelial cells. Tak-
ing inspiration from the ontogenic cues, directed
differentiation has been performed from pluripo-
tent stem cells both by modulating the extrinsic
signals and changing the intrinsic master key
transcription factors. Indeed, hESC and hiPSC
neuronal differentiation quite efficiently mimics
the developmental clock, and functional special-
ized neurons have been obtained by several scien-
tific groups across the globe. However, immuno-
logical issues along with the risk of teratoma
formation limit the therapeutic use of pluripotent
stem cell-derived NSCs. MSCs score precisely on
these points over pluripotent stem cells, and thus
studies to determine the neurogenic plasticity of
MSCs have been very much in the spotlight. A
lot of experimental work on MSCs suggests that
they bring about neuro-rescue in a multipronged
way. While there are several research publica-
tions both in vitro and in vivo models, the exact
mechanism of neuroprotection has not yet been
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understood. Moreover, the functional integration
of these differentiated neuronal cells with the
host brain neurons under both normal and disease
CNS environments needs to be further elucidated
to make the use of MSCs as candidates for cell
replacement therapy a clinical reality.
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Myocardial infarction typically is the result of
atherosclerotic plaque rupture in a coronary
artery followed by platelet aggregation and
thrombus formation resulting in partial or
total vessel occlusion with diminished blood
flow to the myocardial tissue downstream [1].
Within minutes to hours, cardiomyocytes in the
ischemic region undergo apoptosis resulting
in cell death [2, 3]; this results in damaged
myocardium, left ventricular dysfunction, and
heart failure [4, 5]. Myocardial infarction results
in substantial mortality and morbidity worldwide
[6]. Currently, there are limited therapies to
consistently and effectively reverse the course
of this process, and the possibility to replace
or restore damaged heart tissue using cell
therapy is an exciting concept. Stem cells are
undifferentiated and unspecialized cells found in
the body that have the potential to develop into
all cell types [1]. The present chapter focuses
on defining various stem cells and their use
for cardiac tissue regeneration post-myocardial
infarction. In addition, the major challenges
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and drawbacks associated with their use will
be discussed.

Types of Stem Cells
Embryonic Stem Cell (ESC)

ESCs are derived from the embryo just after fer-
tilization, specifically from the blastocyst. They
are generated by transferring cells from the em-
bryo into a laboratory culture dish donated for re-
search purposes with informed consent obtained
from the donors. ESCs have self-renewal prop-
erties and the potential to develop into all cell
types of the human body, and thus they are
pluripotent. Glycolipids SSEA3 and SSEA4, and
the keratan sulfate antigens Tra-1-60 and Tra-1-
81, are the common cell-surface antigen mark-
ers employed to identify human ESCs. Suppres-
sion of genes that lead to differentiation and
maintenance of pluripotency is critical for these
cells, and the transcription factors Oct-4, Nanog,
and Sox2 play a pivotal role in regulating ESC
pluripotency. Mouse myocardial infarction mod-
els have shown that transplantation of mouse
ESCs can regenerate cardiomyocytes, vascular
smooth muscle cells, and endothelial cells re-
sulting in the improvement of left ventricular
structure and function [7-10].

Although ESCs have ideal properties for cell-
based therapy, they have the potential to form
tumors including teratomas. ESCs transplanted
into a donor can also result in rejection due to
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an immune response. In addition, ethical issues
regarding their use have limited their utilization
in clinical practice.

Induced Pluripotent Stem Cell (iPSC)

Pluripotent stem cells artificially formed by
genetic reprogramming of non-pluripotent adult
cells, such as fibroblasts, in order to behave
like ESCs are referred to as iPSCs; this allows
iPSCs to express genes and factors necessary
to function like an ESC. Their phenotypes can
be modulated by chemical compounds or small
bioactive molecules enhancing proliferation or
directing differentiation. Takahasi and Yamanaka
in 2006 [11] were the first to develop mouse
iPSCs closely followed by human iPSCs in
2007. iPSCs can differentiate into all three
germ layers in vitro; the level of expression
of pluripotency genes like Oct-4, Nanog, and
Sox2 in the reprogrammed cells is comparable to
ESCs [12]. Animal models have shown the ability
of iPSCs to improve left ventricular structure
and function post-myocardial infarction and
to improve cardiac function through paracrine
activation [13, 14].

Even though iPSCs have been shown to have
remarkable similarity to ESCs, differences have
been reported including in DNA methylation [15,
16]. In addition, iPSCs have been reported to
possess somatic coding mutations and immuno-
genicity, thereby limiting their clinical use [17-
19]. Further, iPSCs have the potential to develop
tumors including teratomas.

Hematopoietic Stem Cell (HSC)

HSCs are multipotent stem cells with the ability
to give rise to all cells of blood lineage; they can
be isolated from the blood or bone marrow. HSCs
have a higher potential than other immature blood
cells to pass through the bone marrow barrier
and travel in the blood stream. HSCs have also
been shown to differentiate into cardiomyocytes
[20]. The cell-surface markers that define human
HSCs in their undifferentiated state are CD34%,
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CD59%, Thyl™, CD38!°%~, C-kit™°", and lin~
[21]. HSCs have been shown to have the ability
to transform into cardiomyocytes and endothelial
cells forming functional tissue after transplan-
tation into the infracted myocardium of mice
[22]; however, other studies failed to demon-
strate the cardiac regenerative capabilities of
HSCs [20].

Endothelial Progenitor Cell (EPC)

EPCs are found in the bone marrow and are a
subset of hematopoietic cells. EPCs can differ-
entiate into endothelial cells and are involved in
angiogenesis [23]. Studies also suggest that EPCs
can provide tissue repair through their paracrine
effects [24]. EPCs can be identified by their
cell-surface markers including CD34, VEGFR2,
c-Kit, AC133, and CXCR4 [24]. Studies have
shown that EPCs have the ability to home to
the myocardial infarct border zone [25]. Further,
studies have shown that transplantation of EPCs
can improve cardiac function post-myocardial
infarction [26, 27].

Mesenchymal Stem Cell (MSC)

MSCs are found in bone marrow stroma and
adipose tissue. MSCs are multipotent and can dif-
ferentiate into cells of mesoderm lineage includ-
ing osteocytes, chondrocytes, and adipocytes, but
have also been shown to have the potential to
differentiation into cells of endoderm and ecto-
derm lineage [28]. Three criteria have been used
to characterize MSCs: cells are plastic adherent
under standard culture conditions; are CD105,
CD73, and CD90 positive and lack expression of
CD45, CD34,CD14 or CD11b, CD79a or CD19,
and HLA-DR surface markers; and must differ-
entiate into osteoblasts, adipocytes, and chon-
droblasts in vitro [29]. Several favorable proper-
ties make MSCs attractive for use in cell-based
therapy. MSCs have low immunogenicity mak-
ing them easier to apply, specifically in allo-
geneic recipients. They can readily be obtained
from patients through a minimally invasive bone
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marrow biopsy and easily expanded in vitro.
MSCs also have the ability to home to sites
of tissue injury and differentiate, and have a
paracrine effect on the surrounding environment
via secretion of bioactive molecules capable of
stimulating recovery of injured cells and inhibit-
ing inflammation and immunomodulation [30].
For these reasons, MSCs have been extensively
studied and used to treat diseases ranging from
diabetes mellitus to heart disease. Several animal
models and clinic trials demonstrate the ability
of transplanted MSCs to improve left ventricu-
lar function post-myocardial infarction [31, 32];
however, even though cardiac improvement is
observed, the cardiomyocyte differentiation is
limited [33].

Endogenous Cardiac Stem Cell (CSC)

Endogenous CSCs are tissue-specific stem cells
confined to the heart. The heart had been consid-
ered to be a terminally differentiated post-mitotic
organ without regenerative capacity; however, in
the recent past, undifferentiated cells and multi-
potent cells have been discovered. Two distinct
subpopulations of endogenous CSCs have been
identified including myogenic CSCs that regener-
ate cardiomyocytes and vasculogenic CSCs that
regenerate blood vessels [34]. These cells test
negative for blood lineage markers CD34, CD45,
CD20, CD45R0O, and CDS8 (Lin-) and positive
for stem cell and endothelial progenitor cell-
specific surface markers Kit, Sca-1, and Isl-1.
They also posses side population properties [35,
36]. There are low numbers of CSCs that are
found within the adult heart; however, these cells
can be isolated through endomyocardial biopsies
and expanded in vitro [36]. Upon transplantation
into the ischemic heart, these cells are capa-
ble of regenerating cardiomyocytes and blood
vessels improving cardiac function; CSCs have
been shown to have the ability to home to in-
jured myocardium when supplied intravenously
[37, 38].
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Methods of Stem Cell Delivery

Stem cells can be delivered into the myocardium
through various methods including intravenous
infusion, intracoronary infusion via a percuta-
neous approach, or directly injected into the my-
ocardium by a percutaneous approach through
the endocardium or during open-heart surgery
through the epicardium [1, 39]. Infusion of stem
cells into the coronary arterial circulation is rela-
tively easily preformed using catheter-based tech-
niques via a percutaneous approach. The cells
are delivered into the coronary artery circulation
filled with nutrients and oxygen allowing the cells
to be delivered in a more favorable environment;
however, delivering the cells to the exact area of
ischemia may be difficult, and washout may oc-
cur in the coronary circulation [40]. Despite this
limitation, transplanted cells have been shown
to home to ischemic sites in tissue [41, 42].
Stem cells can also be injected directly into the
myocardium using a needle via a transepicardial
approach during an open-heart surgery or via
a transendocardial approach using percutaneous
catheters. These approaches allow for direct de-
livery of cells into the region of interest; however,
the ischemic myocardium lacks adequate oxygen
and nutrients making it a less than ideal environ-
ment for cell survival. In addition, cells can be
injected into the myocardium via the coronary si-
nus using a percutaneous catheter approach [43].

Strategies for Improving Survival
and Engraftment of Transplanted
Cells

Even though advancements have been made in
the utilization of stem cells for treating cardio-
vascular disease, improvement is still needed to
enhance cell survival and engraftment once trans-
planted into the injured myocardium [44, 45].
Various approaches that have been undertaken
include:
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Genetic Engineering of Stem Cells

As a majority of transplanted stem cells die
within a few hours of injection [46], there is
an imminent need to devise methods to improve
cell survival in order to enhance their efficiency.
Genetic engineering of stem cells to overexpress
Akt, Bcl2, fibroblast growth factor, Sfrp2, and
Notch is one of the many approaches used to
improve cell survival once transplanted. Mangi
et al. [47], demonstrated that MSCs genetically
engineered to overexpress the pro-survival gene
Aktl decreased myocardial infarct size. One
of the therapeutic effects of Akt is due to
the release of paracrine signals promoting cell
survival and angiogenesis [48]. Studies have also
shown that genetically engineered stem cells
that continuously inhibit apoptosis increase cell
survival after transplantation [48, 49]. Bcl2 is an
antiapoptotic protein, and MSCs overexpressing
Bcl2 had superior survival when transplanted
into infarcted myocardium resulting in decrease
infarct size and improvement in cardiac function
as compared to only MSC therapy [49]; however,
the long-term effects of these transplanted cells,
which are continuously inhibiting apoptosis, may
be harmful including unwanted cell growth and
development of malignancies [50, 51].

Stem Cell Homing

The process of organogenesis during devel-
opment, homeostasis, and repair is critically
governed by regulated migration of stem cells;
this targeted journey of stem cells is critical for
effective tissue regeneration. Stem cell homing
to the injured myocardium has been attributed
to several chemokines and growth factors that
are secreted by damaged cells in order to recruit
immune and stem cells for repair; these include
stromal cell-derived factor-1 (SDF-1), monocyte
chemoattractant protein-3 (MCP-3), growth-
regulated oncogene-1 (GRO-1), fibroblast growth
factor-2 (FGF-2), hepatocyte growth factor
(HGF), and insulin growth factor-1 (IGF-1)
[51]. SDFI is involved in the homing of CSCs,
HSCs, and progenitor cells. MCP-3 is involved
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in the homing of MSCs. GRO-1 is involved
in the homing of bone marrow-derived EPCs,
while FGF-2, HGF, and IGF-1 activate CSCs.
SDF1 and its chemokine receptor, CXCR, are
upregulated during myocardial infarction [52],
and engineered stem cells overexpressing SDF-1
receptor CXCR4 were reported to home more
efficiently leading to improved left ventricular
function compared to control non-engineered
MSCs [53]. Cell culture conditions like the
passage number also affect homing, where
freshly isolated MSCs display enhanced homing
ability compared to their culture-expanded
counterparts [54].

Antiapoptotic Approaches

Hypoxic tissue that results from a myocardial
infarction is a potent stimulant of apoptosis re-
sulting in cell death of transplanted stem cells.
Attempts have been made to curtail apoptosis
of transplanted stem cells in hope to increase
their survival. MSCs overexpressing Bcl2 re-
sult in improved cell survival after transplan-
tation into infarcted myocardium by decreasing
apoptosis [49]. In addition, MSCs modified with
a hypoxia-regulated heme oxygenase-1 (HO-1)
plasmid where found to have decrease apop-
tosis and improvement in cell survival during
ischemia-reperfusion injury in vitro [55]. Ade-
novirus E1A genes are also known inducers of
apoptosis and can be inhibited by cellular re-
pressor E1A-stimulated genes (CREG); Deng et
al. [15], demonstrated that CREG overexpression
inhibits MSC apoptosis and downregulation of
p53 expression by activating Akt.

An alternative to genetic modification of stem
cells for apoptotic attenuation is to precondition
the cells prior to transplantation, thus alleviating
the need to supply transplanted stem cells with
continued apoptotic inhibition in which the long-
term effects may be harmful. Rat MSCs pre-
treated with stromal-derived factor 1o, an activa-
tor of the Akt pathway, enhanced cell survival by
20 % and reduced the number of apoptotic cells
in the peri-infarct region by 33 % [56]. More-
over, MSCs preconditioned with 100 % oxygen
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Fig. 1 Schematic diagram demonstrating the effect of
preconditioning mesenchymal stem cells (MSC) with hy-
peroxia and/or pan-caspase inhibitor on apoptosis and cell

(hyperoxia) and/or pan-caspase inhibition sig-
nificantly downregulated apoptosis and upreg-
ulated survival markers ultimately resulting in
a significant increase in MSC proliferation in
vitro when placed in a hypoxic environment [57]
(Fig. 1). Studies have also demonstrated that
treatment after stem cell transplantation can also
have beneficial effects; post-myocardial infarc-
tion rats that were treated with MSC therapy
followed by exposure to daily cycles of hyper-
oxygenation after transplantation resulted in en-
hanced stem cell engraftment, cardiac function,
and increased endothelial nitric oxide synthase
expression [58].

Angiogenesis
FGF-2 and vascular endothelial growth factor

(VEGF) have been used to stimulate angiogenesis
[59]. EPCs overexpressing VEGF were shown
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survival prior to being placed into a hypoxic environment
(From Ref. [57])

to possess enhanced proliferative and adhesive
capabilities both in vitro and in vivo [46]. In ad-
dition, MSCs overexpressing VEGF were trans-
planted into the left ventricles of swine demon-
strating improved cardiac function and neovascu-
larization [60].

Scaffolds

In an attempt to improve stem cell adherence
and engraftment during transplantation, scaffolds
have been developed. Scaffolds are composed of
a gelling substance that supports cell attachment,
proliferation, and differentiation. The scaffolds
can homogenously distribute cells and can be
injected directly into areas of interest. Studies
have shown that scaffolding used during stem cell
transplantation in the infracted heart can increase
cell survival and decrease infarct size, in turn
improving left ventricular function [61, 62].
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Barriers to Stem Cell Therapy

Several barriers exist for cell-based therapy lim-
iting its potential effectiveness starting with stem
cell delivery. Most of the stem cells delivered in
the heart are lost immediately after transplanta-
tion [63-65]. In patients with acute myocardial
infarction, only 1.2-3.6 % of bone marrow cells
delivered intracoronary remained within the my-
ocardium [65]. In addition, even though EPCs
have been shown to home to the myocardial in-
farct border zone, the amount of cells found is rel-
atively low, making up approximately 3 % of the
infused cells [66]. Direct injection of stem cells
into the myocardium during open-heart surgery
also showed suboptimal results where approxi-
mately 32 % and 88 % of the cells were lost in
non-beating and beating porcine hearts, respec-
tively [67]. Even if the cells are retained in the
myocardium after direct injection, cell survival
is low. Myoblasts delivered into infracted hearts
of mice resulted in approximately 7 % of grafted
cells surviving after 72 h [68].

Certain types of stem cells like ESCs
are subject to immune rejection. Partheno-
genetically generated undifferentiated mouse
ESCs displayed immune rejection of major
histocompatibility complex (MHC) [69]. In
addition, Swijnenburg et al. [70], demonstrated
that robust cellular and humoral immune
responses were triggered by transplanted human
ESCs resulting in ESC rejection. Undifferentiated
mouse iPSCs have also been shown to result in
rejection upon transplantation [71].

Human ESCs and iPSCs are uniquely de-
fined by their pluripotent differentiation potential
and endless self-renewing ability, thus capable
of being tumorigenic. Blum et al. (2009) [72],
used global gene expression analysis to show
that survivin, an antiapoptotic oncofetal gene, is
highly expressed in human ESCs and continued
expression of survivin upon differentiation in
vivo may contribute to teratoma formation by
these cells. In addition, there are concerns regard-
ing the stability of ESCs and iPSCs during their
prolonged culture and storage, and certain ge-
nomic or epigenomic abnormalities might affect
the multiplication and differentiation potential of
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these cells [73]. Moreover, ethical issues regard-
ing human ESCs have limited their use in the
clinical practice.

Clinical Studies

Various stem cells and progenitor cells have been
used in human clinical trials for the regeneration
of cardiac tissue post-myocardial infarction. Ran-
domized clinical studies using cell-based ther-
apy in acute myocardial infarction or chronic
ischemic cardiomyopathy patients are shown in
Table 1. Human clinical studies have demon-
strated variable results regarding the improve-
ment of left ventricular function and regional
wall motion abnormalities post-stem cell trans-
plantation. While many randomized trials failed
to demonstrate a significant improvement in car-
diac function post-transplantation, several other
randomized trials did show a significant improve-
ment up to 12 % in left ventricular ejection
fraction [74-91]; non-randomized trials ranged
from no significant improvement in left ventricu-
lar ejection fraction to a significant improvement
up to 14 % [92-99]. A meta-analysis involving
18 randomized and non-randomized trials with
approximately 1,000 patients with acute myocar-
dial infarction or chronic ischemic cardiomyopa-
thy, transplantation of adult bone marrow-derived
stem cells (mononuclear cells, MSCs, and circu-
lating progenitor cells) when compared to control
significantly improved left ventricular ejection
fraction by 5.4 % (P < 0.001), decreased infarct
scar size by 5.4 % (P <0.005), and decreased
left ventricular end-systolic volume by 4.8 mL
(P <0.01) [100]. The variability in clinical out-
comes may be secondary not only to the type of
stem cell injected or route of administration, but
the quantity of cells injected; mononuclear bone
marrow cell transplantation in post-myocardial
infarction patients resulted in an improvement
in left ventricular ejection fraction compared to
control when a higher number of cells were
injected, 10% compared to 107 [101]. An impor-
tant challenge for many patients with chronic
angina is to provide relief of their symptoms.
Intramyocardial transplantation of CD34+ cells
has shown to provide a decrease in the frequency
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Table 1 Randomized clinical trials using cell based therapy in patients with acute myocardial infarction or chronic

ischemic cardiomyopathy

Type of
Study/year Clinical setting N cells
Makkar et al. AMI 31 CDC
(CADUCEUS)/2012
Hirsch et al. AMI 200 MNC
(HEBE)/2011
Traverse et al. AMI 87 MNC
(LateTIME)/2011
Bolli et al. Ischemic CMP 23 CSC
(SCIP10)/2011
Menasché et al. Ischemic CMP 97 SMB
(MAGIC)/2008
Meluzin et al./2007 AMI 60 MNC
Meyer et al. AMI 60 MNC
(BOOST)/2006
Assmus et al. Ischemic CMP 51 MNC
(TOPCARE-
CHD)/2006
Schichinger et al. AMI 204 MNC
(REPAIR-AMI)/2006
Assmus et al. ICMP 47 CPC
(TOPCARE-
CHID)/2006
Ge et al. AMI 20 MNC
(TCT-STAMI)/2006
Hendrikx et al./2006  Ischemic CMP 20 MNC
Janssens et al./2006 AMI 67 MNC
Lunde et al. AMI 100 MNC
(ASTAMI)/2006
Chen et al./2006 Ischemic CMP 45 MSC
Kang et al./2006 AMI/Ischemic CMP 82 CPC
Ruan et al./2005 AMI 20 BMC
Erbs et al./2005 Ischemic CMP 26 CPC
Chen et al./2004 AMI 69 MSC

Method of cell ~ Follow-up % Change in LVEF as
transplantation ~ (months)  compared to control
Intracoronary 6 Non-significant
Intracoronary 4 Non-significant
Intracoronary 6 Non-significant

Intramyocardial 12 +12.3 % (p <0.001)

Intramyocardial 6 Non-significant

Intracoronary 12 +3.0 % (p <0.05)
Intracoronary 18 Non-significant
Intracoronary 3 +4.1 % (p <0.05)
Intracoronary 4 +2.5 % (p <0.05)
Intracoronary 3 Non-significant
Intracoronary 6 Non-significant

Intramyocardial 4 Non-significant

Intracoronary Non-significant
Intracoronary 6 —3.0 %; p=10.05
Intracoronary 12 Non-significant
Intracoronary 6 Non-significant
Intracoronary 6 +9.2 %; p <0.05
Intracoronary 3 Non-significant
Intracoronary 6 +12.0 % (p < 0.05)

AMI acute myocardial infarction, BMC bone marrow cells, CDC cardiosphere derived cells, CMP cardiomyopathy,
CPC circulating progenitor cells, CSC cardiac stem cells, LVEF left ventricular ejection fraction, MNC bone marrow
mononuclear cells, MSC mesenchymal stem cells, NS non-significant, SMB skeletal myoblasts

of angina, exercise times, and nitroglycerin use
when compared to patients who did not receive
cell therapy [102].

Summary

Myocardial infarction resulting from coronary
artery occlusion may lead to ventricular remodel-
ing, left ventricular dysfunction, and heart failure
(4,5). To attenuate left ventricular remodeling and

possibly restore cardiac function, stem cell ther-
apy has been under extensive evaluation; how-
ever, only mild improvement at best in cardiac
function has been seen to date. Several barri-
ers exist in cell-based therapy limiting its abil-
ity to restore or rejuvenate myocardial tissue
post-myocardial infarction. Meticulous and dedi-
cated research will need to continue in order to
overcome these obstacles and provide patients
with a viable option for cardiac recovery post-
myocardial infarction.
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Introduction

For more than a decade now, biology and ther-
apeutic efficacy of endothelial progenitor cells
(EPCs) were largely driven by the first obser-
vations of Ashara et al. in identifying EPCs in
adult peripheral blood (PB) [1] and were shown
to derive from bone marrow (BM) further migrat-
ing and incorporating into foci of physiological
or pathological neovascularization [2, 3]. As a
matter of fact, postnatal neovascularization was
believed to be established by the mechanism
of “angiogenesis,” by in situ proliferation and
migration of preexisting endothelial cells (ECs)
[4]. However, the finding that EPCs can home to
sites of neovascularization and differentiate into
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ECs in situ is consistent with “vasculogenesis”;
a critical paradigm has been demonstrated in
embryonic neovascularization [5] and also shown
recently for the adult organism in which a pool of
progenitor cells contributes to postnatal neovas-
cular formation [6]. The discovery of EPCs has
therefore considerably changed our understand-
ing of adult blood vessel formation. Furthermore,
we and other groups envisage the potential of
EPC to improve the clinical applicability in the
fight against cardiovascular diseases.

This book chapter will focus on the potential
value of EPCs for therapeutic vasculogenesis in
ischemic diseases, particularly on “circulating
EPCs” in terms of vascular medicine.

Characterization of EPCs

EPCs in circulation can be broadly subdivided
mainly into two categories: hematopoietic lin-
eage EPCs and non-hematopoietic lineage EPCs.
The hematopoietic EPCs originate from bone
marrow and represent a pro-vasculogenic sub-
population of hematopoietic stem cells (HSCs)
[7-9]. The non-hematopoietic EPCs are blood- or
tissue-derived entities, exhibiting EC-like pheno-
type [10] or the ability to differentiate into EC-
like cells [11]. EPCs and HSCs have been shown
to express variety of cell surface markers, in-
cluding membrane receptors like CD34, CD133,
Flk- 1/KDR, CXCR4, and CD105 (Endoglin) for
human samples and receptors like c-Kit, Sca-1,
and CD34 in combination with Flk-1 (vascular
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endothelial growth factor receptor (VEGFR2) in
case of mouse samples [12—14]. Nevertheless,
identifying a particular combination of markers
for isolation of these cells has been a big chal-
lenge for the researchers in this field.

The origin of non-hematopoietic EPCs
remains to be clarified, but they are generally
thought to be derived from non-hematopoietic
tissue-resident lineage stem cells or organ blood
vessels but not likely from HSC [15]. Non-
hematopoietic EPCs have been shown to be
derived from non-hematopoietic tissue stem cells.
These newer EPCs are also known as endothelial
outgrowth cell (EOC). These EOCs are derived
from the endothelial colony formation assay
system developed and reported by Yoder’s group
and others [16, 17]. Unlike EPC, EOC readily
and easily forms tubelike structures in culture.
However, the origin and role of EOC are still a
controversial area of research, but it appears to
be a potential cell type for neovascularization
[18, 19]. Recently, Aicher et al. [20] have shown
circulating cells from BM and non-BM aid in
vasculature, demonstrated by the mobilization of
c-kit+/CD45- progenitor by a parabiosis model
from the liver and small intestine.

Wojakowski et al. have recently identified very
small embryonic-like cells (7-8 nm) from BM
expressing various ESC-specific markers mobi-
lized into PB in patients following acute my-
ocardial infarction (AMI). VSELs also represent
a potential cell type to enhance neovasculariza-
tion by functioning as EPC in ischemic diseases
[21, 22].

What Is EPC Contributing
to Neovascularization?

Direct method: In the context of EPC biology,
vasculogenesis comprises the de novo formation
of blood vessel via in situ migration, prolifer-
ation, differentiation, and/or incorporation of
BM-derived EPCs into regenerating vasculature
(Fig. 1). This phenomenon of BM-derived
EPCs incorporation into foci of physiological
and pathological neovascularization has been
validated in various animal models [3].
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Nevertheless, one well-established model,
allowing the detection of BM-derived EPCs, uses
transplantation of BM cells from transgenic mice
in which LacZ is expressed under the regulation
of an EC lineage-specific promoter, such as Flk-1
or Tie-2 (Flk-1/LacZ/BMT, Tie-2/LacZ/BMT), to
wild-type control mice, followed by their use as a
base for several different ischemic injury models.
Using this model, it has been demonstrated
that BM-derived Flk-1- and/or Tie-2-expressing
endothelial lineage cells can localize to vascular
structures during tumor growth [3, 23], wound
healing [24], skeletal [3] and cardiac ischemia
[12, 13], corneal neovascularization [25], and
endometrial remodeling following hormone-
induced ovulation [3, 23]. Regardless of the
origin of EPCs, they undoubtedly play a sig-
nificant role in contributing to neovascularization
via vasculogenesis in ischemic tissues.

The tissue-resident EPCs secrete a variety of
pro-angiogenic cytokines and growth factors in
a paracrine fashion, thereby actively promoting
proliferation and migration of preexisting ECs,
thus triggering angiogenesis and contributing in
an indirect mode to vascular regeneration to re-
store tissue homeostasis [4]. In fact, observations
of the preclinical studies remind us the evidence
of enhanced intrinsic recipient angiogenesis by
extrinsic factors derived from transplanted EPCs
in myocardial ischemia models [26, 27].

This paracrine aspect of EPC activity toward
indirect contribution to neovascularization was
established by several groups, identifying EPC
secretome with the presence of various cytokines
and other pro-angiogenic factors such as VEGF,
hepatic growth factor (HGF), angiopoietin (Ang-
1, stroma-derived factor (SDF)-1a, insulin-like
growth factor (IGF)-1, and endothelial nitric ox-
ide synthase (eNOS [28, 29]. Therefore, EPCs
can also mediate tissue-protective effects and
contribute to neovascularization in ischemic tis-
sues via production of several important indirect
support factors.

Since EPCs were first described more than
a decade ago, we and other groups focused
especially on the regenerative potential of
these progenitor cells, trying to understand
the biology and functions with the ultimate
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Fig. 1 Mechanism of EPC-mediated postnatal neovascularization. Circulating EPCs mobilized from BM are recruited
into foci of neovascularization and contribute to new blood vessel formation

goal to translate to bedside, as this cell type
has enormous potential to treat cardiovas-
cular/ischemic diseases [5, 11, 30, 31]. The
preclinical/clinical transplantation of blood-/BM-
derived vasculogenic progenitor cells, of EPCs,
opened a new door for the treatment of ischemic
diseases.

EPC Transplantation in Animal
Model

It was shown that transplantation of EPCs to
be safe and enhanced neovascularization and re-
generation of ischemic tissues. Therapeutic neo-
vascularization was first reported during trans-
plantation of human PB-derived cultured EPCs
into immunodeficient mice with hind limb is-
chemia. Interestingly, culture-expanded EPCs re-
stored neovascularization in murine hind limb
ischemia model [32]. Murohara et al. reported
similar benefits with the administration of EPCs
isolated from cord blood in a nude rat model of
hind limb ischemia [33]. In an other study, human
EPCs transplantation resulted in their migration
to sites of ischemic myocardium and differenti-
ated into ECs in the site of neovascularization,

in a nude rat myocardial ischemia model. These
findings were in corroboration with the observed
preservation of left ventricular (LV) function and
a reduction in infarction size [27, 34]. Another
study in which human cord blood-derived EPCs
were transplanted in a nude rat hind limb is-
chemia model also demonstrated similar findings
with enhanced neovascularization in ischemic tis-
sues [33].

Experiments performed in our lab evaluated
EPC therapy along with IL-10 enhanced EPC
survival in ischemic microenvironment (Fig. 2).
Intramyocardial injection of EPC along with IL-
10 inhibited fibrosis and preserved function in
mice MI and also enhanced neovascularization
[13].

In the recent times, several groups have tested
the therapeutic potential of CD34+ cells as a
possible EPC-enriched fraction. As mentioned
earlier, a clear demarcation between HSCs and
EPCs with the existing methodology in the litera-
ture is difficult; however, CD34+ (hematopoietic
marker) is widely used as a surface marker to iso-
late/enrich EPC. Schatteman et al.’s [35] trans-
plantation of human CD34+4 cells into diabetic
nude mice with hind limb ischemia resulted in
significant blood flow recovery in ischemic limbs.
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Kocher et al. [31] transplanted human CD34+
cells into a nude rat model of myocardial is-
chemia and observed preservation of LV function
and inhibition of cardiac apoptosis.

We have shown that modifying human
CD34+ EPCs with small molecules such
as valproic acid and 5-azacytidine induces
cardiomyogenic differentiation and histological
fibrosis area, and echocardiographic functional
parameters were better persevered in SCID mice
model of MI [12].

EPC Transplantation in Clinical
Trials

Numerous clinical trials have been initiated and
are currently in progress to understand the safety
issues and therapeutic efficacy of EPCs [40-48]
observed in animal models on ischemic diseases
[36] (Table 1). Our group performed a phase I/II,
randomized, placebo-controlled, dose-ranging,
clinical trial to evaluate the intramyocardial trans-
plantation of G-CSF-mobilized CD34+4- cells in
24 patients with intractable angina pectoris [37].
Favorable trends in angina frequency, exercise
tolerance, and perfusion defect were observed
in patients administered with CD344 cells
compared with patients who received placebo.
As for the evaluation of safety issues, nei-
ther death nor life-threatening adverse events
were observed in therapy group; the results from
phase II study support the safety and efficacy

of intramyocardially injected autologous CD34+
cells for symptom reduction and improved exer-
cise capacity in “no-option” patients with refrac-
tory angina. Larger-scale studies are warranted
to verify these effects and to refine the methods
for collecting and administering CD34+ cells to
patients with disabling angina symptoms.

Lessons from Clinical EPC
Transplantation

Our animal studies as well as other published
reports suggest that EPC (heterologous) trans-
plantation requires systemic injections of 0.5—
2.0 x 10* EPCs/g body weight of the recipient
animal to achieve a satisfactory improvement of
hind limb and myocardial ischemia models [12,
13, 32, 34, 38, 39]. In general, cultured EPCs
obtained from healthy human volunteers yield
5x 10 cells/100 ml of PB on day 7. Based on
these data in human, it was estimated that 12 1
of blood will be required to obtain sufficient cell
number for treatment of patients with CLI. On
the top of it, several other factors such as aging
[49], diabetes [50], hypercholesterolemia [51],
hypertension [52], and smoking [53, 54] affect
the number and biological activity of circulating
and BM EPCs and thus limit the success of EPC
transplantation. In fact, most patients undergoing
EPC therapy for ischemic diseases have back-
ground diseases as mentioned above.
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Table 1 Endothelial progenitor cells: its applications in vascular medicine

Patients
Trail name Disease type (T/C) EPC type Outcome References
Kuroda et al. NUF 7 G-CSF-PB-CD34+4 Safe and bone reunion 1 [40]
(2014)
Fujita et al. (2014) CLI 11 G-CSF-PB-CD34+ Rest pain scale 1 [41]
Physiological parameters 1
Kuroda et al. NUF 4/0 G-CSF-PB-CD34+ Bone reunion 1 [42]
(2010)
Burt et al. (2010) CLI 9/0 G-CSF-PB- Physical component score 1 [43]
CD344-/CD133+ Leg amputation |,
TOPCARE-AMI. AMI 30/29 PB/BM derived EPCs LVEF 1 [44]
(2009) Perfusion 1
Infarct size |,
Losordo et al. AP 18/6 G-CSF-PB-CD34+ LVEF % [37]
(2007) CCS class |
Li et al. (2007) AMI 35/35 CD133+ LVEF 1 [45]
Boyle et al. (2006) OMI 5/0 G-CSF-PB-CD34+ Myocardial neovascularization 1  [46]
Bartunek et al. AMI 19/16 G-CSF-PB-CD34+ LVEF % [47]
(2005) Perfusion 1
Stamm et al. RMI 46/9 G-CSF-PB-CD34+ LVEF 1 [48]
(2003) Perfusion 1

Abbreviations: AMI acute myocardial infarction, AP angina pectoris, BM bone marrow, CLI critical limb ischemia,
EPCs endothelial progenitor cells, G-CSF granulocyte colony-stimulating factor, NUF nonunion fracture, OMI old my-
ocardial infarction, PB peripheral blood, RMI recent myocardial infarction, RT randomized trial, 7/C treatment/control

Therefore, considering autologous EPC
therapy, certain technical improvements that
may help to overcome the shortcomings of
EPCs should include (1) local delivery of
EPCs; (2) endogenous EPC mobilization, that
is, cytokine/growth factor supplementation
to promote BM-derived EPC mobilization;
(3) enrichment procedures, that is, apheresis
or BM aspiration; (4) enhancement of EPC
functions by gene transduction; or (5) culture
expansion of EPCs from self-renewable primitive
stem/progenitor cells isolated from BM or
other sources. It is of paramount importance
to improve strategies that will salvage EPC
dysfunction and improve the bioactivity of these
cells for the successful treatment of ischemic
diseases, especially in light of the current findings
implicating that EPC function and mobilization
may be impaired in certain diseases. Thus,
additional investigations designed to optimize
techniques for EPC isolation, expansion,
mobilization, recruitment, and transplantation
are needed to continue the advancement of this
novel therapeutic modality.
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Introduction

Although the consideration of stem cells is cur-
rently approaching its hundredth year as one of
the organizing principles of developmental biol-
ogy, it demonstrates no sign of losing its youthful
luster. A range of sources of stem cells have been
identified that has the potential to self-renewal
and capacity to form multiple lineages. Regard-
less of the discovery of existence of stem cells
in various tissues and body fluids, bone marrow
has been potentially considered as a persuasive
and primeval source of stem cells for treating a
wide horizon of disease [1, 2]. Although bone
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marrow-derived MSCs could be differentiated
into mesodermal and non-mesodermal lineages
[3-5], osteoblasts, responsible for osteogenesis,
and hematopoietic cells, for hematopoiesis are
closely associated with the bone marrow, sug-
gesting a reciprocal relationship between the two
[6]. Much of the work in MSCs found within the
bone marrow stroma on its in vitro and in vivo
applications involved in osteogenesis, adipoge-
nesis, cartilage, and muscle formation including
osteoblast, osteocytes, adipocytes, chondrocytes,
myoblast, and myocytes are gaining importance
due to its inherent bone formation capacity [7].
Hence, bone marrow resident stem cells made
them the most primitive and promising source
from ancient days for treating bone-related dis-
eases. Nevertheless, it is unfortunate that these
sources could have not been effective in treatment
of all possible diseases due to various disadvan-
tages of BM-MSCs; one of the main drawbacks
is that osteogenic potential of bone marrow cells
decreases with age [8], and hence, the search
for alternate sources of adult stem cells is also
underway. It has been demonstrated that stro-
mal adipocytes in bone marrow cavity increases
as age increases. In other words, adipocyte ac-
cumulation in the human bone marrow stroma
correlates with trabecular bone loss with aging
[9-12]. Thus, adipose stromal cells both isolated
either from bone marrow or from adipose tissue
itself has evolved as a contemporary source for
bone regeneration [13, 14]. However, we predict
that identifying a source that will be similar to
the characteristics of bone marrow, possessing
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inherent bone-forming capacity might be more
valuable in bone tissue engineering, repair, and
regeneration.

One such source is stem/progenitor cells
isolated from dental pulp tissue. Dental pulp
tissue has the ability to regenerate dentin in
response to dental disorders such as caries.
Dentin regeneration is occurred by committed
precursor cells called the odontoblasts. It is thus
very likely that pulp tissue contains a loaded
source of stem cells or progenitor cells which
have the capacity to form odontoblasts. These
stem/progenitor cells can also be used to induce
differentiation resulting in various lineages, apart
from dentin, such as osteocytes, adipocytes,
chondrocytes, and neurons.

The concept of dental pulp stem cell banking
has gained concentration in terms that the cells
isolated from the deciduous teeth can be stored
and utilized for future treatments since it is well
known that dental pulp has stem cells that are
multi-lineage [15, 16]. At this point, it is essential
to identify the characteristics of deciduous and
adult dental pulp mesenchymal stem cells and
their differential potential especially across this
specific lineage. Recently, stem cells have been
isolated and expanded from pulp tissue of perma-
nent teeth, deciduous teeth, periodontal ligament,
and apical papilla from an immature tooth, and
it has been reported that they generated dentin-
like tissue. Subsequent regenerative procedures
include the development of guided tissue regen-
eration (GTR) procedures for osteogenesis, chon-
drogenesis, neurogenesis, and also dentinogene-
sis. Gronthos et al. in his study reported that the
deciduous tooth contained multipotent stem cells
which were extremely proliferative and clono-
genic capable of differentiating, into variety of
cell types including neural cells, adipocytes and
odontoblasts. After in vivo transplantation, they
were able to induce bone, generate dentin, and
stay alive in mouse brain along with expression of
neural markers. Although it could serve a better
tool in treating multitude of diseases, its role in
osteogenesis and its therapeutic efficacy in bone-
related diseases are promising due to its inherent
bone formation capacity similar to that of bone
marrow stem cells.
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Therefore, the present study reviews the need,
significance, and advantages of bone marrow
stem cells in bone repair and regeneration in
the former part. However, during crisis with
the negative attributes of bone marrow cells, as
mentioned, we demonstrate the dental pulp stem
cells might be an ideal alternative source for in
vivo bone regeneration capacity in latter half,
due to its similarity of inherent bone-forming
capacity as that of bone marrow.

Bone Marrow Stem Cells

Bone marrow has traditionally been seen to
be composed of two main distinct lineages,
the hematopoietic ~compartment, and the
nonhematopoietic cells including the reticular,
fat, and endothelial cells, fibroblasts, osteoblasts,
and mesenchymal progenitors. Among the
cells that compose the stromal tissue, the
mesenchymal stem/progenitor cells represents
the key component, which are able to differ-
entiate into its progeny, such as osteocytes,
chondrocytes, and adipocytes. The mesenchymal
stem/progenitor cells have received, in the past
years, plenty of attention from the scientific
community for their ability to differentiate into
different lineages. The first detailed functional
description of the tri-lineage differentiation
potential of BM-MSCs was provided by Pittenger
and colleagues in 1999 [17]. They isolated
populations of human BM-MSCs from the
bone marrow taken from the iliac crests with
a frequency ranging from 1 out of 10.000-
100.000, analyzing their immunophenotype
and the in vitro differentiation potential. They
showed that some of the clones, which they
obtained, were able to differentiate in osteoblast,
chondroblasts, and adipocytes, pointing out a
multipotent ability for these clones. Not every
clone retained these abilities. Out of six colonies
analyzed, all of them were able to differentiate
in osteoblasts, five were able to differentiate
in chondrocytes, and only two were able to
differentiate in adipocytes, confirming that these
populations were very heterogeneous and made
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up of multipotent stem cells and progenitors
already committed towards a specific cell
lineage [17].

The most encouraging differentiation trait
of BM-MSCs is osteoblastic differentiation in
vitro and bone formation in vivo using beta
glycerophosphate, dexamethasone, ascorbic
acid, throughout the period of 2-3 weeks.
Thus, development of osteoblast differentiation
from human bone marrow in combination with
biomimetic scaffolds provides the possibility of
tissue engineering for bone and cartilage [18].
Osteoblasts are responsible not only for forming
bone in the normal adult bone remodeling
process but also for providing a specific niche
microenvironment for hematopoietic stem cells
(HSCs) governed by bone morphogenetic
protein (BMP), parathyroid hormone (PTH), and
Tie2/angiopoietin-1 signaling pathways [19].
These emerging evidences suggest a functional
role of osteogenic cells for controlling HSC
niches in vivo [2]. This demonstrates the efficacy
of osteogenic potential of BM-MSCs.

Why BM-MSCs in Osteogenesis?

Bone tissue is capable of regeneration, yet the
natural bone healing process is in some cases
insufficient. This is because regeneration of
damaged bone is related to four fundamental
processes such as osteogenesis, osteoinduction,
osteoconduction, and osteopromotion [20].
Excessive loss of bone due to trauma, tumor
resection, nonhealing fractures, and so on are
cases which lose natural regeneration process,
thus requiring transplantation of large bone
tissues or substitutes to restore the structural
integrity [21]. The use of autologous and
allogenic bone grafts was into clinical practice.
Although autogenous, spongeous bone graft was
considered the “golden standard” among tissue
transplants supporting bone regeneration, but
it does not suit ideal to clinical practice. Grafts
were associated with donor site morbidity and the
possible transmission of diseases [21]. Besides,
lack of an adequate supply of autologous bone
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grafts and the unsuitability of allografts do exists.
Attention of contemporary research is therefore
directed to the finding of an optimum substitute
for the standard bone grafts used. BMPs
combined with the osteoconductive materials
such as hydroxyapatite, tricalcium phosphate,
and so on [22, 23] showed promising results.
The application of BMPs has yielded positive
results in supporting bone regeneration, yet their
exclusively osteoinductive property presents a
certain strategic limitation.

Thus, there has been some impetus to use
MSCs to encourage repair and regenerate bones.
Bone regeneration using transplantation of MSCs
alone or combined with biomaterials has become
the interesting areas of recent research due to its
successful healing of the particular bone defect
[24]. Despite the availability of stem cells from
various adult tissues [25, 26], bone marrow is
gaining consensus from ancient times, due to
the fact that these stem cells are abundant in
the bone marrow which is their suitable source
[27]. When bone integrity is damaged (e.g. af-
ter fracture), under normal circumstances, MSCs
from bone marrow play an important role in its
healing. This is due to its inherent bone formation
capacity. During fetal bone development, a part
of MSC population in bone marrow remains un-
changed and forms the source of undifferentiated
stem cells [25]. Repair mechanism takes place
by chemoattractive property of MSCs through
release of cytokines from the damaged bone ma-
trix. MSCs from periosteum and bone marrow
are transferred to the damage site, where they
continue to multiply and differentiate into its
respective lineages to heal the repair. Some study
explains a mechanism where bone regeneration
occurs through the migration of distant MSCs
from peripheral blood to the site of bone injury
were they reinforce the healing potential of local
MSCs [28]. Bone regeneration is analogous to
embryonic development of the skeleton. It is pro-
vided by a sum of cellular, humoral, and mechan-
ical factors involved in the formation of new bone
in which MSCs play an important role. It is, thus,
validated that MSCs from bone marrow serves an
appropriate source of bone regeneration.
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Applications of BM-MSCs in Bone
Regeneration

Formation of new bones during repair is de-
pendent on the quality of MSCs which is di-
rectly proportional to the source of osteogenic
lines of cells capable of forming bone matter. In
this sense, the strategy of using the MSCs that
possess more osteogenic potential transplanted
into the bone defect appears promising. Stud-
ies on murine model showed very promising
results especially for bone repair and metabolic
bone disorders [24]. Since their first use in 1951,
MSCs have been successfully applied for bone
regeneration. The subject of intensive research in
the field of tissue engineering is the application
of MSCs alone or in combination with suitable
scaffolds in order to achieve bone tissue regen-
eration. For successful tissue engineering ap-
proaches, implantation of MSCs will require the
use of growth and differentiation factors that will
favor differentiation and maintenance of bone
or chondrocyte phenotype together with an ap-
propriate scaffold to provide a three-dimensional
environment. Defining the optimal combination
of stem cells, growth factors and scaffolds is thus
essential to provide functional bone and cartilage
[21]. This would be a contribution for clinical
practice in patients with extensive bone defects
(tumor resection, traumatic injuries with bone
loss, complicated fractures) or in cases of de-
creased healing ability of bone tissue (older age,
osteoporosis) or genetic diseases of the skeleton
(osteogenesis imperfecta) [29].

A number of studies have been performed on
the use of growth factors and biomaterials to im-
prove tendon-to-bone healing. Besides, interest
in using MSCs for tissue engineering has been
validated in numerous preclinical models and is
under evaluation in clinics. Several clinical trials
are recruited for the therapeutic application of
MSCs for cartilage defects, osteoporosis, bone
fracture, or osteonecrosis. Methods have also
been developed for the expansion of bone marrow
osteoprogenitors, which indicates the possibil-
ity of using autologous human stromal progen-
itors in the regeneration of large bone defects
[30]. Several researchers have described the pu-
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rification and expansion of bone marrow cells
from mice, rats, rabbits, dogs, and humans, and
their repair and functional recovery of diaphyseal
defects/segmental bone defects have also been
reported with the use of osteoprogenitor cells
grown on scaffolds of macroporous of hydrox-
yapatites or other carriers. Other applications
of using MSCs as a vehicle for gene delivery
approaches have also been demonstrated [31-
34]. After successful BM-MSCs, transplantation
donor cells actively form bone on the surface
of the carrier vehicle, and the recipient cells
are induced to form hematopoietic marrow ele-
ments, leading to bone/marrow organ structure
(craniofacial). Thus, the use of this cell-based
tissue-engineering approach to treat patients with
large bone defects is also underway [22], thereby
leading to substantial improvement in our ability
to repair large defects in long bones.

Apart from tissue-engineering-based ap-
proach, several clinical investigators from
various parts of the world have reported on
the safety and therapeutic effect of direct
BM-MSCs administration in patients with
osteoarthritis and other bone diseases [22, 35].
As an example, Nejadnik and colleagues [36,
37] compared the efficacy of first-generation
autologous chondrocyte implantation with that of
autologous BM-MSCs, and identified BM-MSCs
for cartilage repair showed a better outcome.
Besides, a number of studies on the direct use
of MSCs to improve the repair of tendon defects
have been carried [38, 39]. As an example, Lim
et al. studied the role of MSCs at the tendon-bone
junction during reconstruction of the ACL in the
rabbit [40].

However, as compared to uncommitted BM-
SCs, freshly isolated heterogenous bone marrow
cell transplantation has not proven successful.
This is because uncommitted BM-MSCs were
identified to express many osteogenic markers
such as CBFA 1/Runx2, osterix, osteopontin,
parathyroid hormone receptor, and osteocalcin
which are not expressed by freshly isolated BM-
MSCs [41]. Interestingly, study reported that a
subset of high-proliferating single colony-derived
BM-MSCs clones (approximately 60 %) was
capable of forming ectopic bone upon in vivo



Bone Marrow Versus Dental Pulp Stem Cells in Osteogenesis 131

transplantation into immunocompromised mice
[42]. Ex vivo expanded BM-MSCs successful
repair of bone defects has been achieved in both
calvaria and long bone in various animal models
[43-47].

Dental Stem Cells

The quest for MSC-like cells in different tissues
has led to identification of a variety of stem cells
in all organs and tissues in the body in the past
decades. Dental-tissue-derived MSC-like popula-
tions are among many other stem cells residing
in specialized tissues that have been isolated and
characterized [48]. The first kind of stem cells
was isolated from the human pulp tissue and
termed “postnatal dental pulp stem cells” (DPSC)
[49]. Later, four additional types of dental-MSC-
like populations were recognized: stem cells from
exfoliated deciduous teeth (SHED) [50], peri-
odontal ligament stem cells (PDLSCs) [51], stem
cells from apical papilla (SCAP) [52], and dental
follicle precursor cells (DFPCs) [53].

Postnatal Human Dental Pulp Stem
Cells (DPSCs)

The postnatal human dental pulp stem cells
(DPSCs) were first isolated by Gronthos and
colleagues from pulp of permanent teeth and
identified as clonogenic and rapidly proliferative
stem cells [49]. Studies have demonstrated
that multiple-colony-derived DPSCs can have
a population doubling of more than 120, single-
colony-derived strains of DPSCs proliferate 10—
20 population doublings, and approximately two-
thirds of the single-colony derived hDPSCs are
able to form the same amount of dentin as multi-
colony hDPSCs [54]. On comparison of these
cells with BM-MSCs, the DPSCs were found to
have an identical expression outline for a range of
markers related to endothelium, smooth muscle,
bone, and fibroblasts, as that for BM-MSCs [49].
The similarity between DPSCs and BM-MSCs
was also confirmed by cDNA microarray
profiling when DPSCs and BM-MSCs showed

similar level of gene expression for more than
4000 known human genes. DPSCs expressed
a high level of collagen type XVIII «-1,
insulin-like growth factor-2 (IGF-2), discordin
domain tyrosine kinase-2, NAD(P)H menadione
oxidoreductase, homolog-2 of Drosophila large
disk, and cyclin-dependent kinase-6, whereas
the insulin-like growth factor binding protein-7
(IGFBP-7), and collagen type I a-2 genes are
expressed in high levels in BM-MSCs. However,
the functional roles of many of these genes in
the development of dentin and bone can be
an interesting concept for further study and
research in future [55]. Since characterization
studies revealed the mesenchymal stem-cell-
like qualities of DPSCs such as self-renewal
and multi-lineage differentiation potential,
recently tri-lineage differentiation of DPSCs
adipo-, osteo-, and chondro-differentiation
became a common approach for identification
of mesenchymal property of these cells in
majority of published works [56]. Spontaneous
differentiation of STRO-14 DPSCs into
odontoblasts, osteoblasts, and chondrocytes has
been also observed in vitro [57].

DPSCs in Osteogenesis

In vitro expanded DPSCs are capable of
differentiating into dentin/pulp-like tissue in
vivo. In a study, in vitro expanded DPSCs
were transplanted into immunocompromised
mice with hydroxyapatite/tricalcium phosphate
powder (HA/TCP). Six weeks after transplanta-
tion, dentin-like structures were observed lining
the surface of the hydroxyapatite/tricalcium
phosphate particles. Dentin matrix protein
markers like bone sialoprotein, osteocalcin, and
DSPP were found to be expressed in the DPSC
transplants, and generated dentin was found to
thicken over time [49]. DPSCs also demonstrated
their capability in differentiation into dentin-like
structure by seeding onto human dentin surfaces
and implanting into immunocompromised mice
[58]. It has been shown that DPSCs from
inflamed pulps (DPSCs-IPs) has a decreased
osteo-/dentinogenic potential when compared
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with that of DPSCs normal pulps (DPSCs-
NPs) [59]. Nevertheless, on transplantation
of DPSCs-IPs into immunocompromised
mice, pulp/dentin surfaces similar to that of
DPSCs-NPs transplantation is formed [59].
Osteogenic differentiation potential of the
human dental pulp cells was discovered when
a subpopulation of these cells developed into
bone-like tissue in vivo. The cells were termed as
osteoblasts derived from human pulpar stem cells
(ODHPSCs) [60].

In the field of orofacial and maxillofacial
surgery, addition of mass to existing tissue is
often essential to reconstruct largely damaged
tissue. However, limited availability of auto-
grafts, and the inability of allografts to integrate
with the surrounding tissue, confines their
application [61, 62]. Under such scenarios, stem
cell therapy and tissue-engineering technology,
or its combination, have been found to be useful.
Several studies have documented the in vitro
and in vivo osteogenic potential of DPSCs [60-
62]. Laino et al. demonstrated the formation
of functional lamellar bone constructs in vivo
from CD 44+/RunX 24 (osteoblast precursor
marker) differentiated DPSCs [63]. The potential
of DPSCs to catalyze responses required to
restore tooth structure and function following
clinical procedures has been successfully utilized
in regenerative endodontics [64]. Recent findings
revealing the critical ability of DPSCs to
vascularize engineered constructs has expanded
its potential in hard tissue engineering [65-67].

Previous studies have also investigated the in
vitro and in vivo behavior of DPSCs on 2-D and
3-D collagen, ceramic, and titanium scaffolds di-
rected towards applications in orofacial tissue en-
gineering [68—70]. Reports involving 3-D porous
HA/TCP showed bone-like hard tissue formation
by STRO-1 selected DPSCs with distinct lamel-
lae structure and bone marrow-like tissue [71]. In
a clinical study, DPSCs were used in conjunction
with a collagen sponge scaffold to repair alve-
olar bone defects caused due to wisdom tooth
extraction [72]. Results from these investigations
conclude that DPSCs in combination with a suit-
able scaffold system provide immense potential
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for the repair and regeneration of periodontal
and maxillofacial tissues. However, the above-
mentioned studies make use of porous scaffolds
into which DPSCs are seeded for the purpose
of reconstructing dental or bone tissue. Immo-
bilization ensures sustainability and functional-
ity of cells while avoiding physical stress and
inflammatory responses caused at transplanta-
tion or delivery sites. Several types of biomateri-
als, synthetic polymers like polydimethylsiloxane
(PDMS), polyethylene glycol (PEG), and natural
materials like silk, collagen, and alginate have
been adopted over the past decade to immobilize
cells [73-75]. The material characteristics of algi-
nate allow its mechanical strength, permeability,
and degradability to be tailored to application
requirements. The diffusibility of alginate under
physiological conditions allows timely release
of cells as well as replacement of the biomate-
rial with regenerated tissue. In addition, the hy-
drophilic nature of cross-linked alginate provides
a framework similar to the extracellular matrix
in which cells proliferate, differentiate, and form
a functional tissue [76]. Recent studies have in-
vestigated the potential of periodontal ligament
stem cells (PDLSCs) and gingival mesenchymal
stem cells (GMSCs) encapsulated in oxidized
alginate micro beads for applications in bone
tissue engineering [77].

Results obtained from these studies investi-
gating the morphology, growth, proliferation, im-
munophenotype, and genotype expression is cru-
cial in determining the potential of utilizing im-
mobilized DPSCs to deliver stem cells and to en-
gineer functional native tissue constructs for oral
and maxillofacial bone regeneration applications.
Results from a study clearly emphasized the sig-
nificance of immobilization of DPSCs in 3-D cal-
cium alginate microspheres, leading to consistent
cell survivability and functionality. In the same
study, the improved osteogenic differentiation of
immobilized DPSCs was evidenced by enhanced
mineralization, protein secretion, and an upregu-
lated osteo-related gene profile, and interestingly,
it was also shown that immobilization triggered
osteogenic differentiation of DPSCs without any
use of conventional induction factors.
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Stem Cells from Human Exfoliated
Deciduous Teeth (SHED)

Primary teeth also contain stem cells that referred
as SHED [50]. Gronthos et al. in his study re-
ported that the deciduous tooth contained mul-
tipotent stem cells which were extremely pro-
liferative and clonogenic capable of differenti-
ating into variety of cell types including neu-
ral cells, adipocytes, and odontoblasts. After in
vivo transplantation, they were able to induce
bone, generate dentin, and stay alive in mouse
brain along with expression of neural markers.
Although it could serve a better tool in treating
multitude of diseases, its role in osteogenesis and
its therapeutic efficacy in bone-related diseases
are promising due to its similar characteristics
inherent bone formation capacity similar to that
of bone marrow stem cells.

Isolation of high-quality human postnatal
stem cells from accessible resources is usually
a priority in the field of stem cell research.
As every child loses milk teeth, the obtaining
of SHED from them becomes a simple and
convenient when compared with other sources
of stem cells like as BM-MSCs; hence, this
property has given a considerable advantage
to SHED among other type of stem cells. In
comparison to BM-MSCs, SHED are found to
have a higher cell proliferation rate and show a
higher number of single colony clusters (CFU-F)
[78]. They are also able to proliferate more than
140 population doublings, which is significantly
higher than BM-MSCs and DPSCs [50]. SHED
are CD34-, CDA45-, STRO-1+, SSEA4+,
CD73+, CDI105+, CD146+, and CD166+4.
These cells show significant higher levels of
STRO-1 and CD146 and lower levels of CD105
[78]. Immature DPSCs (IDPSCs), stem cells
isolated from deciduous teeth, have embryonic
stem cell markers like Oct4, Nanog, stage-
specific embryonic antigens (SSEA-3, SSEA-4),
and tumor recognition antigens (TRA-1-60 and
TRA-1-81) [79]. Heterogeneous population of
SHED has molecular similarity with neural crest
cells and stem cells in vitro.
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SHED in Osteogenesis

SHED, on osteogenic induction medium, form
alizarin red positive nodules, and various bone
markers like CBFA1, ALP, MEPE, and bone
sialoprotein get upregulated, indicating calcium
accumulation and the ability of SHED to
differentiate into odontoblastic lineage in vitro
[50]. One-month-old culture of SHED-derived
osteoblasts secreted extracellular mineralized
matrix which went on to develop into 3D woven
bone samples in vitro. These cells were positive
for alkaline phosphates (ALP), alizarin red,
and calcium and to specific antibodies [80].
Myogenic and chondrogenic potentials of SHED
have also been demonstrated [79].

In vivo odontoblastic differentiation potential
of SHED was demonstrated by transplanting
the ex vivo expanded SHED into immunocom-
promised mice, where these cells developed
into human-specific Alu-positive odontoblasts
directly associated with a dentin-like structure,
while the regenerated dentin being immune
reactive to dentin sialophosphoprotein (DSPP), a
dentin-specific antibody [70]. However, in vivo
complete dentin pulp-like complex regeneration
of SHED is not possible [50]. Although SHED
are not able to differentiate directly into
osteoblasts, but they found to be capable of
inducing recipient murine cells to osteocytes,
when transplanted into immunocompromised
mice [50]. One-fourth of the single-colony-
derived SHED clones exhibited the ability to
generate ectopic dentin-like tissue equivalent to
that generated by multi-colony-derived SHED,
while all the single-colony-derived SHED
clones were capable of inducing bone formation
in immunocompromised mice. Therapeutic
potential of SHED was discovered when SHED
were found to be able to repair bone defects.
In vivo transplantation of SHED-derived bone
samples into immune-suppressed rats gave rise
to lamellar bone containing entrapped osteocytes
[80]. Another study revealed that in the process of
SHED-mediated osteogenesis, the hematopoietic
marrow elements often found in bone marrow
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mesenchymal stem cell-generated bone were
absent, while mesenchymal stem cell markers
like CC9/MUCI18/CD146, with an array of
growth factor receptors such as transforming
growth factor receptors I and II, fibroblast growth
factor receptors I and III, and vascular endothelial
growth factor receptor I were co-expressed,
implying their comprehensive differentiation
potential [81]. In vivo transplantation of SHED
into immunocompromised mice demonstrated
dense engraftment of these cells in various tissues
and organs like the liver, spleen, and kidney;
hence, the relative ease of recovery and the
expression profiles of various markers justify
further investigation of SHED for treatment of
diseases [79].

Bony defects in the craniomaxillofacial skele-
ton remain a major and challenging health con-
cern. Maxillofacial surgeons have been trying
for centuries to restore functionality and aes-
thetic appearance applying different strategy in-
cluding cell-based and protein-based therapies
as new strategies without entirely satisfactory
results. Nowadays SHED has been proved as a
potential source of stem cells to be used in plastic
surgery, particularly among craniofacial anoma-
lies. The results of an investigation in the field
of stem cell therapy which has been conducted
to assess potential of SHED in reconstruction of
large-sized cranial bone defects in non-immune-
suppressed rats were shown that these stem cells
with collagen membrane are able to induce new
bone formation at the site of defects without
stimulation of the allogenic graft rejection by
recipient organism [82].

The curative efficacy of SHED in orofacial
bone defects has also been proved when isolated
stem cells from miniature pig deciduous teeth,
engrafted into pre-generated critical-size bone
defects in swine mandible models. Results
of this study indicated that stem cells from
miniature pig deciduous teeth are able to
engraft and regenerate bone to repair critical-
size mandibular defects [83]. Recently scientists
have suggested that the tissue-engineered bone
complex with nano-hydroxyapatite/collagen/poly
(L-lactide) nHAC/PLA, recombinant human
bone morphogenetic protein 2 (rhBMP-2),
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and autologous DPSCs might be a better
alternative to autologous bone for the clinical
reconstruction of periodontal bone defects. In this
connection, the capacity of a tissue-engineered
bone complex of rhBMP-2 mediated DPSCs
and nHAC/PLA to reconstruct critical-size
alveolar bone defects in rabbit was evaluated.
Findings of this study indicated that nHAC/PLA
is an acceptable scaffold for autologous DPSC
seeding, proliferation, and differentiation and
rhBMP-2 promotes osteogenic capability of
DPSCs as a potential cell source for periodontal
bone regeneration [84].

DPSCs and Osteogenesis: Our Short
Experience

The abovementioned studies make use of porous
scaffolds into which DPSCs are seeded for the
purpose of reconstructing dental or bone tissue.
As such, approaches involving DPSC immobi-
lization aimed at stem cell delivery and hard
tissue engineering need to be investigated. With
regard to these discussed literatures, we investi-
gated and examined the impact of immobiliza-
tion on viability and osteogenic differentiation
of DPSCs. Morphological analyses correlate with
current literature that DPSCs assume spherical
shape when immobilized due to matrix tension
[77, 85-87]. It can also be inferred from our
results that parameters governing immobilization
like the concentration of alginate used, the choice
of the cross-linker, its molar concentration, and
the cell density (2 x 10° cells/mL of alginate) did
not hinder the viability of cells (Fig. 1). Initial
decrease in the viability of immobilized DPSCs
could be attributed to cell shock observed due to
the change in the microenvironment (2-D fo 3-D).
Immobilization causes mechanical stress on the
cytoskeleton thereby influencing cell behavior.
When exposed to sufficiently high stress, it is
possible that cells undergo programmed death
[88, 89].

The viability and proliferation of immobilized
DPSCs were also compared to DPSCs grown
in 2-D. Results show that cells proliferated at a
higher rate in 2-D and reached saturation on day
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Fig. 1 Micrographs of DPSCs immobilized in algi-
nate microspheres and supplied with conventional MSC
medium (control spheres) on days 1 (i) and 10 (ii) supplied
with osteogenic induction medium — induced spheres — on
days 1 (iii) and 10 (iv) (arrows point towards cell aggre-

4 upon occupation of available surface area in the
culture dish. Observably, the percentage viability
of these cells reduced after day 4. Immobilized
cells interact with the matrix, respond to mechan-
ical cues, and undergo controlled proliferation. It
can be concluded that while an immobilization
matrix provides a more natural environment for
the cells to grow in, it does not provide a plat-
form for the expansion of cells. Immunopheno-
type analysis of the immobilized cells in control
spheres on day 10 of culture revealed the expres-
sion of cell surface marker CD 73 and CD 90.
This confirms that the stem cell characteristics of
DPSC had not changed due to immobilization.
Similarly, DPSCs in induced spheres marked for
osteocalcin, a late marker of osteoblastic differ-
entiation, showed maximum expression in aggre-
gations of cells. Minimal osteocalcin expression
was also observed in control spheres although
the cells did not form aggregates. Calcium quan-
tification analysis showed high calcium content
in induced spheres as compared to DPSCs dif-
ferentiated in 2-D. Osteocalcin expression and
the presence of calcium indicate that the alginate

gates). Immobilized DPSCs adhering to the culture dish
upon release (v) (arrows point towards DPSC attaining
fibroblast-like morphology). DPSCs in passage 3 in 2-D
culture on reaching confluency (vi)

matrix provides optimal support for DPSCs to
form aggregates, secrete bone-related proteins,
and calcify the matrix when differentiation is
induced. Alizarin red staining showed significant
mineralization in induced spheres on days 14
and 21. Data concerning Alizarin red staining of
matrix mineralization in immobilization systems
are rare. However, reports of the use of alizarin
red staining to support osteo-differentiation data
have emerged lately [90]. As alginate hydrogels
are capable of supplying nutrients to cells, the
stain can also be diffused to interact with any
mineralization. However, several wash steps need
to be incorporated to remove unspecific binding
of the stain. In this study, we found that re-
sults from Alizarin red staining corroborates with
immunocytochemical and calcium quantification
data indicating Alizarin red staining as yet an-
other technique for determining mineralization.
Itis likely that a 3-D immobilization matrix, as
against 2D, caused similar responses in DPSCs
thereby elevating the production of the matrix
proteins. Surprisingly, the expression of osteo-
specific genes were also elevated in DPSC control
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Fig. 2 Immunocytochemical evaluation of osteogenesis
of immobilized DPSCs using osteoblastic specific marker,
osteocalcin on day 21. (A in 10x) Individual DPSCs in
control spheres (without any supplementation of induction
medium) expressing osteocalcin. (B in 10x) Osteocalcin
expression in cell aggregates in differentiation-induced

spheres supplemented with conventional MSC
media suggesting correlation of the ectodermal
origin of DPSCs with osteogenesis (Fig. 2). Stem
cells from the human bone marrow (BM-MSCs),
without supplementation of induction factors,
have been shown to express osteogenic associated
markers like OCN, osteopontin (BSP1), and
ALP when grown on the surface of unmodified
alginate [91]. DPSCs, like BM-MSCs, are
equally capable of differentiating into osteoblasts
by responding to specific environmental signals.
As such, the presence of the markers could be due
to (a) the innate quality of DPSCs being naturally
prone to differentiate along the osteo-lineage
owing to the source from which they are obtained
and (b) the 3-D environment created by the
alginate scaffold that allows cell-cell interaction
imitating the physiological environment.

Results from this study clearly exhibited the
significance of immobilization of DPSCs in 3-D
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spheres. (C in 20x) Osteocalcin expression can be ob-
served clearly in cell aggregates in an induced sphere. PE-
conjugated osteocalcin is expressed in (i), DAPI used to
counterstain the nuclei of the cells is expressed in (ii), and
the composite of the images is presented as (iii)

calcium alginate microspheres leading to consis-
tent cell survivability and functionality. The im-
proved osteogenic differentiation of immobilized
DPSCs was evidenced by enhanced mineraliza-
tion, protein secretion, and an upregulated osteo-
related gene profile. Interestingly, it was also
shown that immobilization triggered osteogenic
differentiation of DPSCs without any use of con-
ventional induction factors. Collectively, our re-
sults demonstrate the potential of immobilized
DPSCs to be utilized in stem cell delivery and
hard tissue regeneration.

Why DPSCs Are Better than
BM-MSCs at Instances

Irrespective of its prehistoric source, bone
marrow-derived stem cells were not promising
in attempting curative therapies for all diseases.
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It became acknowledged from the advancement
occurred in bone marrow stem cells by
understanding the basic biology and molecular
pathways. The first and foremost of the
disadvantages put forward is the frequency
of lesser number of nucleated cells obtained
from large quantity of sample [92]. The second
important disadvantage of BM-MSCs is that
the proliferation and differentiation capacity of
MSC decline with age, reducing their therapeutic
potential [92, 93]. Additionally, low frequency of
mesenchymal stem cell and the heterogeneity of
mononuclear cells with granulocyte interface
might create a threat for cell migration and
engraftment [94, 95].

In concert with the decreased osteogenic
potential of bone marrow cells with age,
adipocytes accumulate in the bone marrow
stroma. In neonates, adipocytes are barely present
in the bone marrow stroma, but the number
and size of stromal adipocytes increase with
aging, and more than 90 % of the bone marrow
cavity is occupied by adipocytes in the aged
bone [96]. Interestingly, adipocyte accumulation
in the human bone marrow stroma correlates
with trabecular bone loss with aging [96-98].
Mice with premature aging (SAMP 6 strain) also
show decreased bone formation and increased
number of adipocytes in the bone marrow stroma.
In hypokinetic rats, bone loss resulting from a
decreased osteoblast number [99] is associated
with increased adipocyte number and size in the
bone marrow cavity. This inverse correlation
between the two differentiation processes
suggests the disadvantage of bone marrow.

Conclusion

This volume, thus, demands alternative valuable
source of stem cell similar to that of bone marrow
without compromising its quality. This opens the
interesting possibility of promoting dental pulp
stem cells. Discovery and advances in dental pulp
stem cell biology and behavior have blazed new
hopes and promises in the field of regenerative
medicine. Although dental pulp stem cells
are easily accessible and very good resource
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of MSCs, [100] conflicting results, possibly
due to donor-associated variability, reduce its
potential applicability [101], thereby, demanding
further tremendous amount of work in order to
complement the recent advances in bone tissue
engineering. Some important hurdles need to be
addressed include multi-differentiation potential,
bioscaffolds, and inductive factors that implants
and integrates into the surrounding environment
for the reconstruction of functional complex
organ systems.
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Introduction

Conceptually and from a practical standpoint,
bone marrow has been the most influential source
of stem cells that offers a possibility of being
used in a wide range of therapeutics. Clinical
situations frequently demand stem cells with
dependable quality and quantity to treat disorders
of cellular degeneration. Challenges to bring
advances to the clinical mount have expanded
rapidly, engendering new perspectives concern-
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ing the identity, origin, and full therapeutic
potential of various tissue-specific stem cells.
Recent progress in stem cell biology has allowed
researchers to investigate distinct stem cell popu-
lations in such divergent mammalian tissues and
organs. Taking stem cells adaptable for regenera-
tive medicine applications in adequate quantities
at the right time is a challenge. In this respect,
an emerging body of literature suggests that
redundant adipose tissue serves as an abundant,
accessible, and reliable source of stem cells that
can be readily harvested with minimal risk to the
patients. Rapidly accumulating evidence suggests
that adipose tissue-derived stem cells (ADSC),
especially from white adipose tissue, possess a far
wider property of self-renewal and multilineage
differentiation capacity, thereby highlighting
their importance and effectiveness in regenerative
medicine [1-5]. Despite literature supporting the
capacity and plasticity of ADSC for regenerative
medicine, there are functional and heterogeneous
discrepancies associated with it, thus presenting
ADSC research a difficult and challenging task.
Promising strides are continuously being made to
unravel these challenges and realize the potential
of ADSC. While much progress on adipose-
derived stem cells has been made in the last few
years, there remain a lot to be explored.

This chapter focuses on the overview of
adipose-derived stem cells. Further insight into
the current knowledge on the advances in the
applications of this adipose tissue-derived stem
cell in musculoskeletal disorders has also been
explored.
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Adipose-Derived Stem Cells

Attention in considering adipose tissue as a reser-
voir of stem cells was really undertaken only after
the findings of Zuk and his coworkers, in the year
2001 [5, 6]. The translation of his findings associ-
ated with the easy sampling of adipose tissue with
its low risk and morbidity attracted many new
investigators. Subsequently, increasing evidences
are accumulating on the pivotal role of subcuta-
neous fat-derived stem cells owing to their prolif-
erative capacity and multilineage differentiation
ability [3, 4, 7-11]. To investigate multipotency,
several researchers had demonstrated the mul-
tilineage differentiation ability of subcutaneous
adipose-derived stem cells [2, 3, 6, 12, 13]. For
instance, Rodriguez and his coworkers [14] cre-
ated a single clone from fast-adherent ASCs and
proved that two out of 12 clones were able to
undergo multilineage differentiation [15]. The
remaining ten clones had bipotent capacity. These
findings indicate that a high percentage of ASCs
have multipotential as well as pluripotential ca-
pacity in vitro to differentiate into the major
mesodermal and ectodermal lineages.

Adipose tissue-derived mesenchymal stem
cells naturally differentiate into mature adipocytes
[2, 3, 6, 12, 13]. In adipogenic induction
medium such as 3-isobutyl-1-methylxanthine
(IBMX), dexamethasone (DEX), indomethacin,
insulin, and so on, ASCs were found to
develop intracellular lipid vacuoles which
coalesce and give rise to a single, cytoplasm-
filling vacuole. Besides this definite marker
of adipogenesis [14], comprising glycerol-3-
phosphate dehydrogenase (GPDH), lipoprotein
lipase, peroxisome proliferator-activated receptor
vy (PPARYy), leptin, adipocyte fatty-acid-binding
protein (aP2)11, CCAAT/enhancer binding
protein (C/EBP), and glucose transporter 4
(Glut4) are found to be expressed. Similarly,
ASC:s differentiation towards the osteogenic cell
lineage is well established for in vitro as well
as for in vivo animal tissue engineering models
[2, 3, 12, 13, 16, 41]. A clinical observation
is in part responsible for the discovery of the
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osteogenic differentiation capacity of ASCs.
A rare disorder named ‘“progressive osseous
heteroplasia” together with the capacity of
MSCs to convert into the osteogenic lineage
led to the assumption that ASCs are likewise
able to differentiate into osteocytes [17].
Osteogenic induction of ASCs can be achieved
by similar culture conditions as used in MSCs,
including supplementation with ascorbic acid
together with 1-alpha,25- dihydroxyvitamin
D3 (1,25(0OH)2D3), the hormonal metabolite
of vitamin D, or dexamethasone [18]. Under
osteogenic differentiation medium, ASCs are
capable of expressing diverse genes and proteins
found in the osteoblast’s phenotype: type I
collagen, alkaline phosphatase, osteocalcin,
osteonectin, osteopontin, parathyroid hormone
(PTH) receptor, bone morphogenetic protein-2
(BMP-2), BMP-4, BMP receptors I and II, bone
sialoprotein, and RunX-1 [5, 18, 19].

Besides, the efficacy of retention capacity of
its characteristics at prolonged culture condition
of both rat and human adipose tissue-derived
mesenchymal stem cells had also been demon-
strated. Both murine and human stem cells were
found to retain their properties evidence for the
possibility of their characteristics until prolonged
culturing. They were able to preserve their long-
term stem cell characteristics and differentiation
potential even at longer passages [10, 20, 21].
The human subcutaneous adipose tissue showed
high telomerase activity that could be maintained
for more than 100 population doublings. Thus,
evidence is available proving that subcutaneous
adipose tissues possess properties of true stem
cells, which were retained even after extended in
vitro culturing, thereby rewarding a prerequisite
for possible successful cell-based therapies [20].
Besides, secretion of various growth factors that
control and manage damaged neighboring cells
has been an essential function of ADSC [22-
24]. It is deduced that ADSCs may exert their
beneficial effects via complex paracrine mecha-
nisms in addition to a building-block function.
This paracrine effect has been well demonstrated,
thereby making ADSCs an attractive therapeutic
tool.
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Applications of ADSC
in Musculoskeletal Disorders

The basic, experimental, and clinical research on
SVF/ADSC has expanded exponentially over the
past decade. Cell-based therapy using ADSCs
presents a unique opportunity for their use in
tissue repair and regeneration. The important ex-
perimental findings using SVF/ASC in recent
years in treating wide range of diseases are in-
creasing, thereby laying a blueprint for ADSC in
cellular replacement and regenerative medicine.
Adipose-derived stem cells are an abundant, eas-
ily accessible, and reproducible cell source for
musculoskeletal regenerative medicine applica-
tions; however, in vivo repair processes continue
to present major challenges. Musculoskeletal de-
fects due to acute trauma, congenital malforma-
tions, degenerative diseases, and neoplasia are
potential targets for cell-based regenerative ther-
apies. But, the use of collagenase in isolation of
ADSCs has made FDA to declare its use as a
“Drug” and demands a laborious time-consuming
process to acquire permission. This might war-
rant further investigations into other methods of
separation.

Soft Tissue Defects

One of the most intuitive uses of ADSCs is for the
replacement of adipose tissue itself. Large soft
tissue defects are a common problem following
trauma, burns, and oncological resections, such
as mastectomy. The regeneration and augmen-
tation of soft tissues requires long-term mainte-
nance of aesthetic results. In order to develop
more physiological alternatives for soft tissue
reconstruction, several laboratories have investi-
gated the possibility of creating tissue-engineered
cell-seeded scaffolds for the generation of de
novo adipose tissue. Current therapies are lim-
ited, and biomaterials, which include collagen,
hyaluronic acid, silicon, and other filler materi-
als. However, the influence of variables such as
porosity, biomaterial composition, and seeding
density has been under continuous investigations
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for the optimization of the constructs to improve
adipogenesis. Besides, they have several disad-
vantages such as high cost, immunogenicity and
allergenicity, and the risk of transmitting infec-
tious diseases. Although, autologous fat grafts
including ADSC [25] are in current clinical prac-
tice, their long-term graft retention [26] might be
still controversial.

Yoshimura and coworkers used adipose-
derived SVF cells for soft tissue augmentation by
a novel strategy called cell-assisted lipotransfer
(CAL) for treatment of facial lipoatrophy and
breast augmentation. It was identified that ASC
supplementation has improved its efficacy and
improved facial contour, with no adverse effects,
although there are no statistically significant
difference identified. Furthermore, breast tissue
augmentation and reconstruction trial had been
reported successful [27-30]. Alternatively,
Kim and his coworkers were successful in
transplanting the differentiating adipocytes from
ADSC for treating depressed scar with up to 75 %
success rate [31]. Developing strategies to recon-
struct larger tissue defects, however, remains a
formidable challenge. Furthermore, although the
preliminary studies proved efficient in retention
and volume-restoring capabilities of transplanted
fat, further attention in these techniques is of
utmost importance to draw any conclusion.

Muscular Dystrophies

Muscular dystrophies are a clinically and
genetically heterogeneous group of disorders
characterized by progressive degeneration and
loss of skeletal muscles. The continuous and
gradual muscle degeneration in progressive mus-
cular dystrophies leads to depletion of satellite
cells, and consequently, the capacity to restore
the skeletal muscle is lost. Knowledge of the
genetic and molecular mechanisms underlying
muscular dystrophies (MDs) has advanced in
recent times [32]. However, congenital muscular
dystrophies (CMD) are disabling and often lethal
disorders. The CMDs share the same muscle
pathology status similar to other traditional
muscular dystrophies, of which Duchenne and
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Becker muscular dystrophies are the major
forms. However, the mechanisms leading to
the muscle pathologies (sarcolemma instability,
degeneration and regeneration of muscle cells,
apoptosis and fibrosis) differ between the
common CMD types and other muscular
dystrophies. Stem cell-based therapy holds
promise for treating genetic diseases and has been
utilized in animal models and human clinical
trials for different types of muscular dystrophies,
in particular Duchenne muscular dystrophy [33].
Although initial efforts on myoblast transfer have
proven successful, poor cell survival, immune
rejection, and poor migration of transplanted
cells limited its applications. Cell-based therapies
for muscular disease evolved out of interest
to restore dystrophin levels in patients with
Duchenne muscular dystrophy (DMD). The
discovery of muscle-derived stem cells has led
to new investigations not only in skeletal muscle
disease but also in other applications [19, 34, 35].
However, muscle-derived stem cells are limited
and difficult to obtain; hence, alternative way of
using adult stem cells from non-muscle tissues
to replace damaged muscle fibers for treatments
is underway. However, effective cellular therapy
for ECM-related CMDs rests on the ability of the
therapeutic cells to secrete normal ECM proteins
that can prevent muscle cell degeneration rather
than on the potential of these cells to differentiate
into muscle fibers.

The regenerative potential of BMSCs has
been promising. Cells injected into cardiotoxin-
damaged muscle were shown to engraft and
incorporate into regenerating myofibers. Further
trials in a transgenic murine model were also
effective [36]. This demonstrates the effect of
BMSC to repair damage following acute injury as
well as in a degenerative model. Emerging results
with ASCs point to the possibility of a similar
therapeutic potential. Although bone marrow is
the main source for MSC isolation, subcutaneous
fat represents an alternative repository for stem
cells and is currently a subject of intensive
investigations [37]. Adipose cell lineage plays
a positive role and is required for efficient
muscle regeneration after acute injury. It would
be interesting to examine whether an appropriate
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proportion of adipogenic cells is necessary for the
normal growth and maintenance of the skeletal
muscle. Another important question to address is
at which level adipogenic cells regulate muscle
regeneration. Conceivably, preadipocytes may
interact directly with myogenic progenitors and
regulate their differentiation.

ADSCs were demonstrated to possess myo-
genic differentiation capacity in vitro as well as
in vivo [3, 9, 22, 38]. The in vitro myogenic
differentiation potential was evident from the ex-
pression of characteristic markers and the forma-
tion of multinucleated myotubules. Degenerative
diseases, on the other hand, are characterized
by slow but progressive accumulation of dam-
age. Cell-based therapies that may replenish the
exhausted supply of satellite cells [36] may be
particularly suited to prevent this decline. Vitali
Alexeev et al. [39] and coworkers demonstrated
that ADSCs cultured in vitro secrete a variety
of ECM proteins, including collagen VI and,
therefore, can provide therapeutic ECM proteins
without cell differentiation in the muscle envi-
ronment for the treatment of congenital muscular
dystrophy. Significant work is needed to estab-
lish the methods necessary to treat progressive
diseases; however, the demonstration that ASCs
have myogenic potential both in vitro and in
vivo is encouraging. Although these results were
statistically significant, it remains to be seen
whether they will result in clinically noticeable
improvements.

Bone and Cartilage Defects

Both BMSCs and ADSCs have proven to be
favorable candidates based on their osteogenic
capacity in in vitro and in vivo studies [40—42].
Osteoblast differentiation represents a crucial
event during skeletal tissue formation, bone
repair, and bone remodeling. Craniofacial
defects, in particular calvarial defects, have
been of special interest in treatment with
ADSC. Due to the restricted amount of BM
available in patients with calvarial defects,
ADSCs combined with milled autologous
cancellous bone and fibrin glue were sued to
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repair a large calvarial defect [43]. In efforts to
utilize this potential for tissue-engineered bone
repairs, many laboratories have begun seeding
osteogenically differentiated ASCs onto various
scaffolds and biomaterials. The biomaterials that
rendered the most significant result are PGA [12],
atelocollagen [44], and hydroxyapatite/tricalcium
phosphate (HA-TCP) [45]. Although evidence
to date suggests that ASCs may one day be
useful in the treatment of difficult osseous
repairs, further investigations are needed to
determine their ultimate safety and efficacy in the
clinic.

Cartilage, particularly articular, primarily
serves a structural and mechanical function in
the body. Clinical cartilage repair has remained
an elusive goal for some time. Autologous [46]
and allogeneic [47] chondrocyte transplants
have been used successfully, but are limited by
donor site morbidity and the slow repairs seen,
respectively, with these approaches. Recognition
of the chondrogenic differentiation potential seen
in many stem cells has led to the exploration
of an alternative source of cells. Chondrogenic
potential, described in vitro in ASCs, includes
evidence of cell condensation into nodules
and the production of an extracellular matrix
rich in proteoglycans and collagen type II
[48-51]. It has been proved successful for a
minimum period of 12 weeks when implanted
with alginate constructs subcutaneously in
nude mice [52]. A direct comparison of the
in vitro chondrogenic potential of ASCs and
BMSCs examined similarities in histological
staining and gene expression. In vivo experiments
using ASC spheroids had been identified and
were successful at generating cartilage-like
tissue [53]. Induced spheroids were implanted
between two muscle bellies in immunodeficient
mice. At 6 weeks, the implants were harvested
and found to have produced a cartilage-
like tissue consisting of cells within lacunae
surrounded by a gel-like extracellular matrix in
the absence of any fibrous network. Although
this study demonstrates an in vivo potential for
differentiation intramuscularly, no physiological
models of cartilage repair have yet been tested.
To this end, one laboratory is investigating
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what effects scaffold material [52, 53], oxygen
tension [53], and media composition have
on the biomechanical properties of ASC-
seeded constructs [54]. Clear differences are
seen depending on the combination of factors
used; however, nothing yet approaches the
mechanical properties of mature cartilage. Thus
far, results suggest that future in vivo models may
demonstrate a potential for ASCs to enhance the
healing of debilitating osteochondral diseases.
Repairs with the resilience necessary for weight-
bearing joints, however, will probably be more
difficult to develop. However, ASC seem to have
a greater chondropotential effect, and further
enhanced work on the same might improve
engineering of cartilage in vitro as well in vivo.

Conclusion

Adipose tissue is an abundant, easily accessible,
and reproducible cell source for musculoskeletal
regenerative medicine applications, especially in
conditions where BMSCs could not be obtained,
as discussed in the previous chapter. The ad-
vances that have been observed with ASC have
provided evidence of their great potential and
applicability in cell therapy, as well as in the
enhancement of healing process. Although its
utility is gaining importance in preclinical studies
and clinical trials, the factors that drive the repair
processes and the details of underlying science
continue to present major challenges.
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Cord Blood Transfusion and
Its Potential

All over the world, millions of people are saved
every year as a result of blood transfusions. At
the same time, many, particularly in developing
countries, still die because of an inadequate
supply of safe blood and blood products. A
reliable supply of safe blood is essential to
improve health standards at several levels,
especially among women and children, and
particularly in the poorer sections of society
anywhere in the world. Half a million women
still die of complications related to pregnancy and
childbirth, and 99 % of these are in developing
countries. Hemorrhage accounts for 25 % of the
complications and is the most common cause of
maternal death. Malnutrition, thalassemia, and
severe anemia are prevalent diseases in children
which require blood transfusion, apart from other
complicated diseases.

Globally, over 80 million units of blood are
collected every year, but the tragedy is that only

N. Bhattacharya (<)

Department of Regenerative Medicine and
Translational Science, Calcutta School of Tropical
Medicine and STM Cord Blood Bank, Kolkata, India
e-mail: sanjuktaniranjan@gmail.com

S. Bhattacharya
Department of International Relations,
Jadavpur University, Kolkata, India

1. Somasundaram (ed.), Stem Cell Therapy for Organ Failure,
DOI 10.1007/978-81-322-2110-4_10, © Springer India 2014

39% of this is collected in the developing world
which contains 82 % of the global population.

There are about 100 million births in the world
per year in a conservative estimate. In India
alone, there are more than 20 million births or
production of placenta. One of the products of the
placenta is cord blood with its immense poten-
tials. The placenta is a complex organ that regu-
lates feto-maternal interactions. Many cytokines
that influence the lymphohematopoietic environ-
ment are produced in the placenta in abundance.
Therefore, placental umbilical cord blood con-
tains beneficial substances other than the contents
of normal adult blood. Further, because the fetus
grows into a neonate within the safe confines of
the womb where the placenta plays an important
role in ensuring security, placental cord blood
may be assumed to be safe due to the molecular
screening intrinsic to the functional barrier of a
healthy placenta.

We can estimate a production of 8,785,000 1
of cord blood in the world per year on the
basis of average 84-90 ml/placenta collection
of cord whole blood. Transfusion of ABO
screened and matched (HLA) randomized fetal
blood has been found to be safe in anemia
due to malaria, diabetes, thalassemia, leprosy,
rheumatoid arthritis, tuberculosis, malignancy,
and AIDS, only to name a few diseases that can
cause anemia. Our group of medical scientists
and clinicians began cord blood transfusion
with assistance from the Department of Science
and Technology Government of West Bengal,
India [1-12].
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Cord Blood and Stem Cell

Today, a microscopic section of the blood’s
mononuclear cells (.01 % nucleated cells) is
used for transplantation purposes; the rest, i.e.,
99.99 % goes to the trash/incinerator. The blood
volume of a fetus at term is 80-85 ml/kg. The
placental vessel at term contains approximately
150 ml of cord blood. Cord blood contains three
types of hemoglobin, HbF, HbA, and HbA2, of
which HbF constitutes the major fraction. HbA
accounts for 15-40 % and HbA2 is present only
in trace amounts at birth. HbF, which is the major
component, has a greater oxygen-binding affinity
than HbA.

Hematopoietic stem cells from cord blood
are now harvested in many laboratories all over
the world and stored in cord blood banks. Cord
blood is globally known for its role as a source
of hematopoietic cells, but apart from that,
cord blood also contains potent angiogenesis-
stimulating cells. CD34", CD11b" fraction is
approximately less than half of the CD34C*
fraction of cord blood. This was demonstrated to
possess the ability to differentiate into functional
endothelial cells in vitro and in vivo [13]. In
addition, there are some mesenchymal stem cells
in the cord blood which are classically defined
as adherent to plastic and expressing a non-
hematopoietic cell surface phenotype, consisting
of CD34~, CD45", and HLA-DR™, while
possessing markers such as STRO-1, VCAM,
CD13, CD29, CD44, CD90, CD105, SH-3, and
STRO-1 [14]. In addition cord blood cells with
markers and activities resembling embryonic
stem cells have been found [15]. Investigators
have identified a population of CD34~ cells
expressing OCT-4, Nanog, SSEA-3, and SSEA-4,
which could differentiate into cells of the
mesoderm, ectoderm, and endoderm lineage [15].

The first widespread utilization of cord blood
as a stem cell source was in the treatment of pedi-
atric hematological malignancies after myeloab-
lative conditioning. Outside the area of oncology,
the clinical use of cord blood has expanded into
various areas that range from reconstituting a
defective immune system to correcting congenital
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hematological abnormalities, to inducing angio-
genesis. In addition to current clinical use, cord
blood is currently under intense experimental
investigation in preclinical models of pathophys-
iologies that range from myocardial ischemia to
stroke, to muscle regeneration [ 16—18] apart from
indications of transfusion to combat anemia.

Differences in Adult RBC and Cord
Blood RBC

The red cell collected from the newborn’s cord
blood differs from the adult RBC in many ways,
viz., there is an increase of the immunoreac-
tive myosin in red cell membrane [19] and the
total value of lipid, phospholipid, and choles-
terol are more in cord blood red cell than in
adults [20]. Even the antigen expression of cord
blood RBC differs from the adult RBC. A, B, S,
and Lutheran antigens are expressed in lesser
amount in cord blood than the adult blood; in
addition there is a complete absence of Lewis
antigen in the cord blood [21]. There is also
fundamental metabolic difference between the
cord blood and the adult blood, for example, the
activities of phosphoglycerate kinase, enolase,
glyceraldehyde-3-phosphate dehydrogenase, glu-
cose phosphate isomerase, etc., of the Embden-
Meyerhof pathway are definitely increased in
cord blood [22] and even the non-glycolytic en-
zymes like carbonic anhydrase and acetylcholine
esterase are distinctly different from the adult
blood [23].

Future Research in Cord Blood

Cellular and acellular constituents of cord blood
have potential for clinical applications. Recent
advances in biology and medicine have intro-
duced new technologies to study the mechanisms
of genetic switching of the hemoglobin chain
from alpha to beta during human fetal develop-
ment, the site of hematopoiesis during fetal devel-
opment, and its change from yolk sac eventually
to bone marrow. This raises a number of pertinent



Fetal Blood Research: A Brief Perspective on the Present, Past, and Future of This Exciting Field

questions: do the developing hematopoietic stem
cells come from the same origin or from different
sites during the shift of the place off its synthesis
and turnover? What is the exact role of the stroma
as a hematopoietic organ, and what is its inter-
action with hematopoietic progenitor cells still,
remains an unsolved mystery.

Why do hematopoietic stem cells home to
particular site in cases of amphibians, birds,
and mammals? Knowledge and understanding
of these issues may lead to the development of
animal models, successful therapies, and novel
tools to characterize clinical states and provide
better care to patients.

We invite investigators to contribute to the un-
derstanding of the molecular mechanisms under-
lying the immunomodulation capability of cord
blood, as well as the development of strategies
to use this immunomodulation in clinical prac-
tice, and the evaluation of outcomes of the new
modalities for the characterization of the compo-
nents of fetal blood and the placenta and their
use in therapy and in means for measuring out-
comes from treatment trials. Pregnancy cytokines
provide new insights into understanding the ex-
pression of different antigens, their presence or
absence. Regulations using animal models, like
human hematopoiesis in animal hosts follow-
ing xenograft in SCID mouse system and fetal
sheep systems, also appear to be very exciting.
Similarly, the therapeutic potential of nucleated
RBC, CFU, and Gower 1 and 2 hemoglobin
collected from the developing human fetus, if
applied in human and animal system to com-
bat refractory anemia, may have fruitful clin-
ical implication for futuristic medicine. These
are areas that may be explored in the coming
years.

Future research in this field may focus on the
following aspects in particular:

1. Recent developments in autologous and allo-
genic cord blood transfusion from the pedi-
atric to the geriatric group

2. Advances in serum constituent characteriza-
tion therapy using cord blood serum, viz.,
cord blood biomarkers, IL-1 beta, IL-6, and
IL-8 are selectively associated with fetal
infection. These markers may be clinically
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useful indicators of extensive intrauterine
infection associated with poor neonatal
outcome.

3. Role of fetal blood in suppression of
inflammation and role of cytokines like
IL-3, G-CSF, M-CSF4, and GM-CSF in
immunomodulation.

4. The mechanism of inflammation of the
growing fetal blood using animal model or
some other model.

5. Role of modifiers of inflammation contained
(regulatory t cells)) in fetal blood

6. Emergency use of fetal blood in nuclear
radiation disaster like the scenario in Japan.

7. Use of fetal blood in different indications as
blood substitute when there is more demand
than supply of blood for transfusion, as in
the war against terror and even in peacetime
emergencies (earthquake, Tsunami, others).

8. Use of serum from cord blood for any
purpose, viz., cord blood serum to treat
corneal xerosis and ulceration.

9. Antigen expression and metabolic differ-
ences of cord blood and adult blood with
special reference to clinical implications.

10. Comparison of cord blood preservation and
its functional variation and comparison with
adult blood.

11. Adverse outcomes after cord blood transfu-
sion or its constituent therapy, if it happens,
how to prevent and combat the situation.
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Revathy Raj

Introduction

The world’s first successful human bone marrow
transplantation was performed by Dr. E. Donnall
Thomas of New York between two HLA identical
twins in 1956. In 1968, Dr. Robert A. Good
performed the first successful sibling transplant
at the University of Minnesota. The recipient
was a 4-month-old boy who had inherited severe
combined immunodeficiency syndrome (‘“bubble
baby syndrome”). He was transfused stem cells
from his donor, his 8-year-old HLA-matched sis-
ter. The disease had previously killed 11 male
children in the boy’s family.

Haematopoietic stem cell transplantation
(HSCT) is currently the treatment of choice
for haematological disorders such as high
risk leukaemias that cannot be treated with
chemotherapy alone, primary immunodeficiency
and genetic diseases such as thalassaemia major,
sickle cell anaemia and Hurler syndrome.
A basic outline of haematopoietic stem cell
transplantation has been provided in this chapter.
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What Are Haematopoietic
Stem Cells?

Haematopoietic stem cells make all cells of the
blood, namely, red, white and platelet series every
day of our life. Umbilical cord blood is a rich
source of haematopoietic stem cells from a new
born baby used for transplantation.

What Are the Types
of Transplantation?

Transplants can be classified into several types

based on the source of stem cells used:

1. In Autologous stem cell transplantation the
patient acts as his own stem cell donor.

2. In Syngeneic transplantation the donor is an
identical twin.

3. In Allogeneic transplantation the donor is a
histocompatible sibling or family member
(related) or from a donor registry (unrelated).

What Are the Common Indications
for Allogeneic HSCT?

1. Haematological malignancies
* Acute myeloid leukaemia [1-3] — pres-
ence of >5 % blasts after 1st course of
chemotherapy, absence of favourable ge-
netic abnormalities, presence of adverse
genetic abnormalities, e.g. —5, —7, del (5q)
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* Acute lymphoblastic leukaemia [4, 5] —
high risk cases in first remission, relapsed
leukaemia in second remission

* Juvenile chronic myeloid leukaemia
(JCML) and juvenile myelomonocytic
leukaemia [6] (JMML)

2. Bone marrow failure — acquired and congeni-
tal

* Severe aplastic anaemia

* Diamond-Blackfan anaemia

* Fanconi’s anaemia

* Myelodysplastic syndromes

* Shwachman-Diamond syndrome

* Kostmann syndrome

3. Genetic Disorders

* Immunodeficiency disorders like severe
combined immunodeficiency, Wiskott-
Aldrich syndrome and chronic granulo-
matous disease

* Platelet disorders like Glanzmann’s throm-
basthenia

* Red cell disorders like thalassaemia major
and sickle cell anaemia

* Lysosomal storage disorders such as Hurler
syndrome and adrenoleukodystrophy

* Osteoclast defect such as osteopetrosis

* Macrophage defect such as haemophago-
cytic lymphohistiocytosis

How Is a Donor Chosen for
Allogeneic Stem Cell
Transplantation?

Choice and Assessment of the Donor

The first step is to perform HLA typing on the
patient, sibling and parents as HLA matching is
the key to successful transplantation. Transplan-
tation is performed only if there is a full six
antigen HLA A, B and DR matched related donor
available. If there are no matched siblings who
can serve as a donor, then an extended family
search can be done in which parents or cousins
are tested. The probability of finding a donor in
a family is about 35 % and it may be higher if
there is consanguinity. HSCT can be done even
if the donor and recipient are not ABO blood
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group matched unlike solid organ transplants.
We are now looking at ten antigens — HLA A,
B, C, DRB1 and DQBI1 before proceeding with
transplantation.

HLA Typing

Encoded by a cluster of genes on the short arm of
chromosome six, the Human Leukocyte Antigens
play a central role in processes of recognition
and self versus non-self discrimination. There are
three classes of HLA genes:

* HLA class I genes which code for HLA A, B
and C antigens, which are found on virtually
all nucleated cells in the body

* HLA class IT genes which code for the DR,
DQ and DP antigens, expressed primarily on
cells like macrophages, dendritic cells and B
lymphocytes

* HLA Class III genes which encode comple-
ment components and other molecules like
tumour necrosis factor, not directly involved in
immune recognition

Each biologic parent contributes a haplotype
and two haplotypes constitute a genotype. Donors
can be chosen only if they are a full match. HLA
typing plays a pivotal role in graft rejection and
graft versus host disease (Fig. 1).

* Unrelated donor banks are searched if there
are no family donors. These stem cell donors
are registered in various countries like the
USA (NMDP), Germany (DKMS), and India
(DATRI). In addition, public cord blood banks
can also be used as a ready source of stem cells
for an urgent transplantation.

What Is the Process
of Transplantation for a Patient?

Admission to BMT Unit

Once HLA matching is done and patient and
donor are fit to proceed, the patient is admitted
to the transplant ward. A dual lumen Hickman
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1,8,10 2,7,11
3,14,17 10,16,8
FATHER MOTHER
1,8,10 2,7,11 1,8,10 3,14,17
10,16,8 314,17 2,7,11 10,16,8
BROTHER YOU* SISTER BROTHER* SISTER

*Identical match

Fig. 1 HLA typing of a family

catheter is inserted under anaesthesia to help with
blood tests, transfusions and administration of
medication and fluids. The bone marrow trans-
plant unit is a positive pressure HEPA (high ef-
ficiency particulate air)-filtered unit. HEPA filters
are high efficiency filters with a size of 0.3 pm
with a trapping efficiency of 99.97 %. The cool-
ing unit is placed outside the sterile room, and the
cooled air is allowed to enter into the room only
after passing through these filters so that the air
in the rooms is sterile. Additionally, air changes
occur at the rate of 15-20 per hour so that the air
blown in remains in the room for only 3—4 min.
Since the rooms are under positive pressure, the
air is pushed out into an adjoining room/sent out
through vents, thus not allowed to recirculate in
the room. The air quality is monitored using air
quality monitors and air pressures are assessed
using a pressure-testing device. Settle plate cul-
tures are also done every month to look for
microbiological contamination. The patient also
needs one to one nursing to prevent infections
during the period of prolonged neutropenia.

Conditioning

The patient needs to be prepared to receive new
stem cells and the treatment given the week

before stem cell infusion is called conditioning.
Conditioning permits engraftment of donor stem
cells and involves the creation of space by
destroying the patient’s own marrow (cytore-
duction) and profound immunosuppression to
prevent rejection. The choice of conditioning
regimen for a given child is dictated by the
underlying disease and donor characteristics.
Chemotherapeutic agents [7] like busulfan orally
at a dose of 16 mg/kg over 4 days followed by
cyclophosphamide at 50 mg/kg for 2—4 days have
been used as a standard conditioning regimen
for benign disorders. Total body irradiation
12 Gy over 4 days with cyclophosphamide is
used as conditioning in patients with leukaemia.
If there is a high risk of rejection such as
multiply transfused children with thalassaemia
or aplastic anaemia, antilymphocyte globulin
may be added to the conditioning regimen. In
some diseases such as Fanconi’s anaemia and
myelodysplastic syndromes, reduced intensity
conditioning transplants are being increasingly
used. Drugs such as fludarabine are used to
suppress the patient’s immune system enough
to allow engraftment of donor cells without use
of megadose chemotherapy. Reduced intensity
conditioning reduces immediate mortality and
late effects and seems the way forward for
transplanting children. However, graft rejection
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and relapse rates may increase with reducing
conditioning drugs.

Collection of Stem Cells
from the Donor

The donor is admitted a day before collection
of stem cells. Under general anaesthesia, bone
marrow is aspirated from the iliac bone using
a bone marrow harvest needle in small aliquots
of 5-10 ml. The volume of marrow harvested is
dependent on the weight of the recipient. The
total nucleated cell dose required is 300 million
marrow cells/kg (3 x 108/kg) of the recipient. On
average, 10 ml/kg of the recipient body weight
is harvested to obtain adequate stem cells. When
the donor is much smaller than the recipient,
he/she may need a top up transfusion to be able
to donate this volume of bone marrow. The donor
is discharged the day after the harvest.

Stem cells can also be collected from the
donor using an apheresis machine after adminis-
tration of G-CSF for 4-5 days, and this is called
a peripheral blood stem cell transplant [PBSCT]
[8,9].

Once the stem cells are harvested, they are
directly infused into the child like a blood trans-
fusion. If the blood groups are different, the cells
may need to be red cell depleted and/or plasma
depleted before infusion.

Stem Cell Infusion and Supportive
Care

The harvested marrow looks just like blood and
is infused into the child like a blood transfusion.
Following infusion of donor marrow, the stem
cells home in to the child’s marrow and a ris-
ing white cell count after 15 days is evidence
of engraftment. Granulocyte colony-stimulating
factors (G-CSF, GM-CSF) are used to hasten
engraftment in sick children. Supportive care re-
quired during these 2—4 weeks is of paramount
importance and optimal care a difference and
reduces transplant related mortality.Aggressive
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blood component support is crucial during the
period of aplasia, whilst awaiting marrow recov-
ery. Red cell transfusions are given to keep the
haemoglobin levels above 9 g% and platelets
transfusions given to maintain a platelet count
above 10 x 109/L. All blood products are irra-
diated to prevent transfusion-associated GVHD
[10]. Nutritional support to children who cannot
eat due to nausea and mucositis from condi-
tioning chemotherapy and antibiotic use as per
hospital infection control policy is also required.

Engraftment

The patient is considered to be a full chimera if
all the cells in the blood are donor in origin and a
mixed chimera if residual host cells are present.
Full donor chimerism is achieved 30-45 days
following BMT if a myeloablative conditioning
protocol is used. The child is transferred out of
the BMT unit when his neutrophil count is over
500/cumm and discharged when there are no
intravenous medications need to be administered.

What Are the Potential
Complications Following
Haematopoietic Stem Cell
Transplantation?

Acute Complications

Acute graft versus host disease
Infections

Graft rejection

Sinusoidal obstruction syndrome
Haemorrhagic cystitis

Interstitial pneumonia

Chronic Complications

Chronic graft versus host disease
Relapse

Sterility

Cataract

Second malignancy
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Graft Versus Host Disease (GVHD)

This is one of the most devastating complications
of BMT and is termed acute if it occurs in
the first 100 days following transplantation and
chronic if it continues or develops after this pe-
riod. Despite a six-antigen HLA match, the donor
T lymphocytes on entry into the patient may
recognise minor differences in the recipient’s
cells, recognising them as foreign, and attack the
recipient. Any organ in the body may be affected,
but the skin, intestine and liver usually bear the
brunt of the attack by the donor lymphocytes
in acute GVHD. Generalised erythema, macu-
lopapular rash involving palms and soles and in
severe cases toxic epidermal necrolysis (TEN)
are the main cutaneous manifestations. Intesti-
nal involvement usually manifests as diarrhoea,
whilst upper gastrointestinal involvement may
manifest with vomiting and loss of appetite. Pro-
gressive jaundice with minimal elevation of en-
zymes is seen in hepatic GVHD. Severe GVHD is
associated with increased propensity to infections
particularly with cytomegalovirus (CMV). Acute
GVHD develops in about 30 % of patients trans-
planted with HLA identical marrow and may be
an indirect cause of death in 20-30 % of affected
individuals. Acute GVHD is graded 14 based on
the degree of target organ involvement. Increased
host age and transplants from female donors to
male recipients particularly if the female is mul-
tiparous or has been transfused greatly increases
the risk of GVHD.

Whilst acute GVHD presents as an in-
flammatory cytokine storm, chronic GVHD
produces a picture similar to scleroderma.
In the skin, manifestations range from dry
patches or areas of variegated pigmentation
to extensive dermal scarring that produces
thickened atrophic skin. Gastrointestinal tract
involvement may result in lichenoid lesions
in the oral mucosa, xerostomia, dysphagia,
diarrhoea or malabsorption. Chronic GVHD
of the liver usually presents as a cholestatic
process, which can progress to a syndrome
similar to primary biliary cirrhosis. Other man-
ifestations include sicca syndrome, pulmonary
dysfunction and development of autoantibodies.
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Chronic GVHD is graded as either limited or
extensive.

Prevention of GVHD is included in standard
conditioning protocols with a combination
of 2 drugs, methotrexate and cyclosporine.
Methotrexate is given as an intravenous push
in 3-4 doses over the first 10 days following
infusion of stem cells. Cyclosporine is continued
for a period of 6—12 months depending upon the
disease and the presence of GVHD. This is unlike
sold organ transplantation where the drug has to
be continued lifelong. Once GVHD develops, the
main stay of treatment is with corticosteroids.
In refractory cases, other immunosuppressive
agents like antithymocyte globulin (ATG),
OKT3, mycophenolate, sirolimus and IL2
antibody, anti-CD20 antibody or TNF alpha
blockade agents may be used. Chronic GVHD
is treated with prednisolone along with
cyclosporine.

Infections

In the initial period following transplantation,
profound neutropenia, disruption of anatomic
barriers secondary to mucositis and presence of
central venous catheters are important risk factors
resulting in bacterial and disseminated fungal
infections with aspergillus and candida. At the
earliest sign of infection or fever, the patient
is started on intravenous antibiotics, usually a
third- or fourth-generation cephalosporin to cover
gram-negative organisms and a glycopeptide
such as vancomycin or teicoplanin to cover gram-
positive organisms. If there is persistent fever,
carbapenems such as imipenem or meropenem
are added. Antifungal agents like amphotericin
and caspofungin are routinely administered even
if fungal infection is not documented if there
is persistent fever beyond 72 h of antibiotic
coverage. Viral infections with herpes, CMV
and adenoviruses contribute to the morbidity and
mortality of transplantation after engraftment.
The presence of GVHD, high intensity of
immunosuppression and the use of drugs
like fludarabine and antithymocyte globulin
as part of conditioning are the risk factors
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for cytomegalovirus (CMV) and adenovirus
infections. CMV infection commonly targets
lungs, liver and intestine. Rapid early detection
tests using PCR and prophylactic administration
of ganciclovir to high-risk patients reduce the
incidence of CMV infection. The most common
manifestation of adenovirus infections is
haemorrhagic cystitis, gastroenteritis, pneumonia
and liver failure, and treatment consists of
use of cidofovir. Patients with chronic GVHD
are immunosuppressed and remain at risk
for infections with encapsulated organisms
such as pneumococcus and meningococcus.
Prophylactic penicillin or trimethoprim sulpha
for pneumocystis jirovecii prevention in the first-
year posttransplantation is mandatory to prevent
sepsis.

Interstitial Pneumonia

This is a complication observed in 30 %
of patients where radiation is used for the
conditioning and can be crippling. Busulfan
used as a conditioning agent can also cause
lung damage. GVHD, CMV and pneumocystis
jirovecii are other agents that cause an interstitial
pneumonia.

Regimen-Related Toxicity (RRT)

Complications seen primarily as a result of con-
ditioning agents are termed as regimen-related
toxicity.

Sinusoidal obstruction syndrome of the liver
(SOS) was previously called venoocclusive dis-
ease (VOD) [11, 12]. This is a complication seen
with conditioning regimens containing busulfan
and cyclophosphamide and in patients heavily
pretreated with chemotherapy or have iron over-
load in the liver. It is characterised by weight
gain, ascites and tender hepatomegaly which ap-
pears in the first 1-3 weeks after transplant. If se-
vere, it can progress to hepatic failure and death.
Treatment is supportive with careful fluid man-
agement. Defibrotide is the drug of choice in
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established SOS. Prophylactic use of ursodeoxy-
cholic acid has shown benefit.

Haemorrhagic cystitis is a well-known com-
plication of cyclophosphamide but can also arise
from infection with adenovirus or BK virus [13].
This is managed with supportive care with hy-
dration and pain relief. Severe cases may re-
quire continuous bladder irrigation, cystoscopy
and clot evacuation.

Graft Failure

Graft failure is defined as failure to achieve neu-
trophil recovery (ANC > 500) by day +30 af-
ter transplantation. It results from eradication
of the incoming donor cells by recipient’s im-
mune system. Risk factors include inadequate
conditioning, inadequate stem cell dose, T cell
depletion and HLA disparity between donor and
recipient.

What Is Autologous Stem Cell
Transplantation?

Dose intensification of chemotherapeutic agents
increases the response rate of chemosensitive
tumours. However, haematopoietic toxicity is a
limiting factor, and harvesting haematopoietic
stem cells and then cryopreserving and reinfusing
them after the dose of chemotherapy that would
otherwise be lethal or require a prolonged period
of recovery can help overcome this problem.
This is the principle of autologous transplantation
in solid tumours. The outcome of autograft is
closely correlated with tumour burden at the time
of transplantation. The current indications for
autograft in paediatrics are as follows:

Neuroblastoma Stage 4 disease in children
over | year of age and at relapse

Soft tissue sarcoma  Primary refractory disease,
stage 4 disease at diagnosis

Ewing’s sarcoma  Viable tumour after induc-
tion therapy, relapse
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Wilm’s tumour  Primary refractory disease, re-
lapse in case of unfavourable histology 2 or
more relapses

Brain tumour ~ Medulloblastoma in CR2

PNET InCR2

Lymphoma  Relapsed/refractory lymphomas

What Does Alternate Donor
Transplantation Mean?

Allogeneic transplantation requires the presence
of a 6 antigen-matched HLA-identical donor. The
chance that a sibling will be 6 antigens identical
will be around 30 %, and this improves to about
40 % using an extended family search. This
means that a large number of patients who require
a transplant will not find a HLA identical donor
within the family. In this situation, the options of
transplant and donor source include:

(a) Matched unrelated donor (MUD)
(b) Cord blood transplants (CBT)
(c) Haploidentical transplants

These transplants may be associated with
slower engraftment, higher rejection rates and
higher incidence of GVHD, and hence, necessary
modifications in conditioning protocols and
manipulation of stem cells may be required to
make the transplant a successful one.

Umbilical Cord Blood Transplant

Though there are currently more than eight mil-
lion donors registered in marrow donor registries
around the world, a substantial proportion of
children who lack a sibling donor will never
undergo transplantation from an HLA-matched
unrelated donor either because such a donor can-
not be found or because the time to identify
a donor is too long [14, 15]. The use of hap-
loidentical or half-matched family donors pro-
vides a potential source of haematopoietic stem
cells for children who lack both a sibling and
an unrelated donor. T-cell depletion of the graft
can in part overcome the risk of severe GVHD,
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but it substantially increases the risk of severe
and prolonged posttransplantation immunodefi-
ciency [16, 17]. Haematopoietic stem cells from
an unrelated cord blood (UCB) transplant can re-
store haematopoiesis and immune function after
a myeloablative conditioning regimen. Umbilical
cord is a rich source of stem cells which are
pluripotential but are immunologically naive, and
hence, these transplants are associated with a
decreased risk of GVHD [18, 19]. This has led
to the generation of both public and private cord
blood banks (UCB) where cord blood units are
stored for use in related and unrelated patients.
UCB offers the advantage of significantly faster
availability of banked cryopreserved UCB units
compared with the availability of unrelated bone
marrow grafts.

The first cord blood transplant (CBT) took
place in 1988 for a child with Fanconi’s anaemia.
Since that time, CBT has been used for a
multitude of illnesses, including haematologic
and oncologic disorders, congenital immune
deficiencies and inherited metabolic disorders.
With the establishment of cord blood banks,
more than 100,000 cord blood units have
been made available for transplantation and
facilitated more than 10,000 unrelated umbilical
cord blood transplants (UCBT). Cord blood
has potential advantages compared with bone
marrow haematopoietic stern cells, namely, the
rapid availability of cells and less stringent
requirements for HLA matching between donor
and recipient because of the lower risk of
acute and chronic graft-versus-host disease
(GVHD).

What Should a Patient Do for
Posttransplant Care?

Following transplantation immunosuppression is
given at full doses for 6 months after which
it is tapered and stopped 1-year posttransplant.
Penicillin and pneumocystis prophylaxis as well
as supplemental folic acid is given for 1 year.
The patient can return to normal activities within
6 months after a transplant and do not require
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any special treatment or care after 1-year post-
transplant. This is unlike solid organ transplants,
where they are on lifelong immunosuppression
with its associated complications and high cost.
Patients with GVHD need more careful follow-
up and prolonged immunosuppression.

Immunisation

Immunisation programme should commence
12 months after a HLA identical sibling donor
transplant and 18 months after any other
allogeneic HSCT. The child should be off all
immunosuppressive treatment including steroids
and cyclosporine and should not have evidence
of active chronic GVHD.

1 year
* Tetanus toxoid
* Inactivated polio vaccine
* Haemophilus influenza B
* Pneumococcal vaccine one dose (23 valent)

2 years — No graft versus host disease and not
on immunosuppression
* Measles/mumps/rubella
* Hepatitis A and B
* Typhoid

What Is the Status of HSCT in India

The first allogeneic bone marrow transplant was
performed in India in Tata Memorial Hospital
Mumbai in 1985. Since then, transplant activity
in the country has been gradually progressing.
There are more than 30 transplant centres in India
performing allogeneic and autologous transplants
with a cumulative number of over 200 trans-
plants. Approximately 30 % of these transplants
will be for children. One of the reasons for the
limited number of transplants in our country is
the lack of resources or a suitable donor. The
current cost of haematopoietic stem cell trans-
plantation in the United States is about $150,000
(60 lakh rupees). In India, the average cost of
transplantation is about Rs. 10 lakhs. The costs
involved in alternate donor transplantation will be
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much higher and can range from Rs. 25-50 lakhs
depending on the type of transplant. These costs
will still be much lower than if the child were
to travel abroad for a transplant [20]. Organising
a national bone marrow and cord blood registry
should be the answer to this problem, and several
such registries have now begun in India heralding
the dawn of a new era. Several voluntary organi-
sations now assist families in providing financial
aid for transplantation. There are 10,000 new
babies with thalassaemia major being born in our
country each year. Early transplantation will help
reduce the burden of looking after these children
long term with improved outcomes. Centres that
cater only to children are also being developed
in our country. Transplantation services help save
valuable foreign exchange, upgrade the quality of
medical care in tertiary referral institutions and
provide a life-saving treatment for a child in his
own country. Transplant-related mortality in our
country is about 10-15 %.

Summary

Haematopoietic stem cell transplantation offers
curative therapy for a number of malignancies
and haematological diseases in children.
Improvement in supportive care and better
understanding of transplant immunology have
led to dramatic improvement in transplant-related
morbidity and mortality and has helped save
lives. Novel experimental transplants are being
introduced in order to make this procedure more
accessible to all patients and improve safety of
the procedure.
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In 1958, six physicists were exposed to large
doses of neutron irradiation following an accident
at Veneza, Yugoslavia. They were sent to France
and treated with multiple transfusions of homol-
ogous bone marrow. Four of the victims had
successful temporary bone marrow grafts as part
of the treatment [1]. In serious radiation injury,
graft-versus-host disease (GVHD) may occur,
particularly in patients who have their marrow
completely ablated, but this would be difficult
to detect in the first 72 h. GVHD, however, can
usually be adequately treated with cord blood
because of its very minor nature.

In this connection, it may be mentioned that
scientists, in an experiment, kept SJL/J mice
alive for several years with the use of human
umbilical cord blood after they received lethal
levels of irradiation. Further, it is a known fact
that under certain conditions, human cord blood
does not have to be HLA matched to facilitate
rescue from irradiation [2]. In addition, there
are reports of unmatched HLA cord blood be-
ing used successfully for marrow transplantation.
Clinical observations from China suggest that
HLA-mismatched umbilical cord blood can be
engrafted successfully in children with malignant
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disease [3]. Another investigator has reported that
if female A/J mice (27-30 weeks old) are exposed
to an absorbed dose of 9—10 Gy of (137)Cs y-rays
delivered acutely to the whole body, and sub-
sequently treated either with 1 x 10% or 2 x 108
human umbilical cord blood (HUCB) mononu-
cleated cells 24-52 h after the irradiation, the
survival is more on the higher dosage and this is
significant ((P < 0.01) [4]. The point that is being
made here is that human umbilical cord blood has
the potential to treat patients in case of accidental
radiation injury because of some of its properties.

Brief Pathophysiology of
Radiation Injury

Victims of acute radiation-induced illness require
prompt diagnosis and specific treatment. Radi-
ation dosage may be estimated by automated
biodosimetry, apart from clinical correlations by
time, to start emesis, lymphocytic depletion ki-
netics, and assessing the resultant clinical condi-
tion by multiple organ-specific biochemical tests
[5]. As a matter of fact, all cases of suspected
radiation-induced injury should be considered as
having multiple organ dysfunctions which may
eventually lead to multiple organ failure. Acute
radiation syndrome (ARS) occurs when there is
high level external radiation involving the whole
body or at least 60 % of the body surface area.
High dosage exposure means a dosage greater
than 1 Gy delivered at a relatively high dosage
rate. The clinical manifestations of ARS occur
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within an hour of exposure and may last for
several weeks. Subclinical ARS may result from
less than 1 Gy exposure. In case of whole body ir-
radiation, there may have a prominent hematopoi-
etic impact within the radiation exposure range
from 1 to 8 Gy: for gastrointestinal impact, the
dosage should be 6-20+ Gy, and for neurovas-
cular impact, the dosage should be 20-50+ Gy.
The average time from exposure to definite di-
agnosis takes about 3 weeks or so when the
victim presents with features of neutropenia and
pancytopenia [6].

Blast cells or premature cells replicate rapidly
and have a long mitotic feature. These cells are
found to be generally radiosensitive. There are
other cells like spermatogonia, lymphocytes,
small intestine, colon, stomach epithelium, and
hematopoietic cells which are also generally
radiosensitive in nature. All radiation injury pro-
cesses must have a prodromal phase, which starts
within a few hours of the radiation exposure. If
the exposure is more than 2-3 Gy, it may lead to
neutropenia and pancytopenia. A dosage within
a range of 3-8 Gy will cause significant damage
to the bone marrow, and an eventual 50 % death
rate will ensue due to bone marrow structural or
functional failure. 3-4 Gy exposure will result
in exponential biological death involving bone
marrow stem and progenitor cells. As mentioned,
a little early prodromal symptoms with high
dosage radiation will begin with nausea and
vomiting within a few to 72 h [7]. Early onset of
nausea means high exposure to radiation. On an
average, 50 % of the patients who are exposed
to 1.6-2.4 Gy of radiation will experience
nausea or vomiting. The actual exposure of the
victim depends on several factors like critical
radiation exposure, distance from the focal point
of radiation emission, shielding, reservoir of
stem cells in the body, genetic background,
sensitivity of the organ/tissue thus exposed,
interface modification, preexisting diseases like
diabetes, and bone marrow refraction due to
any cause just to name a few variables. After
the exposure, gastrointestinal and hematopoietic
syndromes appear simultaneously [8]. In case
of neurovascular syndrome, there is a burning
sensation which appears within minutes followed
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by nausea and vomiting within hours and
eventually loss of balance (ataxia), confusion,
prostration, and severe watery diarrhea which
begins within hours leading to electrolyte
imbalance, which in turn triggers a multiorgan
failure syndrome. Sometimes there is a combined
injury involving radiation, trauma, and burn [9].

Treatment for Radiation Injury

Treatment for radiation injury may follow the
suggested guideline given below:
(a) Grading and staging of the injury with metic-
ulous history taking to assess the preexisting
load of the disease after calculating the
age of the victim and individualized organ-
specific impact taking into consideration 1 %
structural or functional cellular loss/year,
depending on the availability of growth
factors, which can salvage the bone marrow
impact of radiation by granulopoiesis/
lymphopoiesis induction. Drugs like filgras-
tim (G-CSF):2.5-5 ug/kg/day subcutaneously
daily/pegfilgrastim  (PegG-CSF) 6 mg
once daily subcutaneously/sargramostim
(GM-CSF) 5-10 ug/kg/day subcutaneously
may be helpful [10].
Broad spectrum antibiotics + anti-aerobics +
antiviral 4 antifungal drug combinations may
be tried judiciously depending on the con-
dition of the patient; high risk patients may
be shifted to special ITU?/special rooms with
provision for monolaminar flow of air/O,
support.
(c) Allogenic stem cell transplant with HLA
matching.
(d) Cord blood stem cell transplant with or with-
out myeloablation or minimal myeloablation.
(e) Cord blood, which is a rich source of
hematopoietic, mesenchymal, angiogenesis
induction stem cells apart from embryonal
stem cells and unidentified stem cells and
supportive cytokines and growth factors, is a
nature made cocktail which has the potential
to be extremely effective in situations of
bone marrow refractions or failure triggering
situations.

(b)
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(f) To understand the effectiveness in cases
of radiation injury, it may be noted that
bone marrow transplant requires stem cells
with perfect HLA match preferably 8/8 for
good results, like matching of HLA-A-B-
C and also DRB1; even HLA factors like
DQ/DP may have a possible role in better
engraftment; but in case of cord blood, even
a mismatched transplant is feasible. Further,
graft-versus-host (GVH) reaction is severe at
times with bone marrow transplant, but with
cord blood, the GVH response is often mild
(if at all) after the match. Donation transplant
coordination after the match is not required
for cord blood but is essential and complex
with stem cells collected from bone marrow.
Cord blood donation causes no risk to the
mother.

Resuscitation and Preventing
the Bone Marrow Failure

Blood is an essential component of any shock
management, whatever might be the trigger of
the shock /shock-like syndrome that ensues, be
it disaster due to natural causes or a man-made
disaster. Cord blood, because of its rich mix of
fetal and adult hemoglobin, high platelet and
WBC counts, and plasma filled with cytokine
and growth factors, as well as its hypo-antigenic
nature and altered metabolic profile, has all the
potentials of a real and safe alternative to adult
blood transfusion. In the human system, ear-
lier investigators used cord whole blood in case
of anemic patients of different etiologies, viz.,
malarial anemia [11], geriatric anemia [12-14],
thalassemia [15, 16], HIV [17], and leprosy [18],
only to name a few. Its emergency use potential
has been suggested whenever there is a true need
of blood, i.e., in emergency, as seen in Ireland
[19], or an accidental collateral victim of allied
bombing in Iraq war [20] where there is an
emergency need for a true blood substitute.
Scientists have searched meticulously all
available sources for a blood substitute; there
was great hope when Nature published an early
news that scientists have found a blood substitute
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in the sea worm, which has the potentialities to
replace the RBC functions [21]. However, cord
blood was never been looked into seriously as
a blood substitute. This blood, which is now
showing its potentials as a blood substitute, was
earlier discarded as waste.

Prof. Andrew Burd, an important contribu-
tor in the field, has roughly estimated the total
wastage of the cord blood per year [22]:

Umbilical Volume (cesarean section) 1,560,000 1
cord blood Volume (vaginal delivery) 7,225,000 1
Total volume 8,785,000 1

Cord blood produce anti-inflammatory
cytokines like IL1 antagonist; in addition, it lacks
the expression of proinflammatory cytokinesIL1,
TNF alpha, IL6, IL12, and other macrophage
inflammatory protein. There overall effect is the
suppression of inflammation. These activated
macrophages eventually go to the cord blood to
give it its unique characteristics [23]. In fine,
placental umbilical cord, whole blood is a unique
cocktail made by nature which has enormous
potentialities in transfusion, transplantation, and
molecular therapy impact of its cytokine content
as a whole.

Conclusion

Strategies to treat acute radiation syndrome
(ARS) resulting from large-scale radiological
or nuclear accidents remain a challenge for the
survivor. The main impact of radiation is on
the bone marrow of the victim. HLA-matched
standardized allogenic transplant is difficult to
translate in reality in an emergency situation. On
an average, the adult bone marrow cellular load
for the transplant range from 1.64 to 8.6 x 10
to the power 9 viable nucleated bone marrow
cells. The role of adult bone marrow stem cell
therapy for the treatment of a radiation victim is
very controversial because of nonavailability of
critical treatment data on actual victims.

When dealing with mass casualties in nuclear
terrorism, or nuclear accidents, it is noticed that
dehydration claims large numbers of victims due
to radiation-induced vomiting. Large numbers
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of medical or paramedical personnel would be
necessary to provide the basic needs of fluid
and nutrition for the injured as well as medica-
tions. However, regardless of the final decision
on the treatment, radiation victims basically must
have their destroyed marrow replaced where cord
blood can play a very positive life-saving role
[24]. The treatment for nuclear radiation has been
a topic of debate since the first nuclear accident
was reported in 1954. Benjamin K Sovacool [25]
reported the occurrence of 99 cumulative acci-
dents globally in nuclear power plants till date.
While 57 % of accidents occurred in the USA,
other notable accidents are the Chernobyl disaster
(1986), the Fukushima Daiichi nuclear disaster
(2011), Three Mile Island accident (1979), and
the SL-I accident (1961). However, pronuclear
advocates claim that apart from the Chernobyl
disaster, there were no human casualties due to
exposure to radiation in any of the other accidents
[26], but eternal vigilance against nuclear terror-
ism should not be relaxed as it could be a real
threat for the world.
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Introduction

The T and B lymphocytes of white blood cells are
“soldiers” of the immune system, which originate
in the bone marrow. When a healthy individual
is infected, the body reacts by activating a va-
riety of immune cells sometimes, while at other
times, the antigens bind to the major histocom-
patibility complex (MHC) proteins, also known
as human leukocyte antigen (HLA) molecules,
on the surface of the antigen-presenting cells.
CD4 helper T cells and antigen-specific B cells
are the other components of the immune sys-
tem participating and adapting to the immune
responses.

An autoimmune disease develops when the
immune system, which is supposed to defend
the body against disease, decides the healthy
cells as foreign and attacks, annihilating them.
Depending on the type of manifestation, an
autoimmune disease can affect one or many
different types of body tissues sometimes causing
abnormal organ growthand changes in organ
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function. Autoimmune disease affects up to 50
million Americans [1], according to the Ameri-
can Autoimmune Related Diseases Association
(AARDA), while there is a lack of current
prevalence data from India. Additionally, under-
projection and underestimation of prevalence
occurs.

Mesenchymal stromal cells as bone-forming
cells in the bone marrow [2], multipotent in
nature, are often named as mesenchymal stem
cells (MSCs). MSCs are immune privileged since
they exhibit low levels of major histocompati-
bility (MHC) class I molecules, rarely express
cell surface MHC class II, and do not express
co-stimulatory molecules (CD40, CD40L, CDS8O0,
CD86) and they escape T cell recognition [3].
Their effects on immunocompetent cells are not
MHC restricted, permitting allogenic MSCs to
be used with no need to match with host human
leukocyte antigens (HLAs). Unlike blood stem
cells originating from bone marrow, MSCs can
be isolated from a variety of other sources includ-
ing placenta, umbilical cord blood/tissue, adipose
tissue, teeth and menstrual fluid, and urine [4].
The discovery that MSCs were found to escape
T-cell recognition, suppress T-cell response to
mitogens, and also prolong skin graft survival
in baboons by Bartholomew et al. in 2002 [5]
indicated new and interesting features of these
progenitor cells providing the basis of premise
as “therapeutic off-the-shelf tool” in cell thera-
pies. Their ability to differentiate into traditional
mesodermal tissues led to their prominence in the
regenerative medicine.
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MSCs as Cellular Therapeutic Tools
in Autoimmune and Inflammatory
Disease

Autologous or allogenic MSCs have been
tested in a vast and varied immune-mediated
disease models like a model of multiple
sclerosis—diabetic NOD/scid mice [6]—lupus
murine models [7-10], and collagen-induced
arthritis model [11, 12], establishing preclinical
efficacy. The mechanisms by which MSCs exert
immunomodulatory effects are speculated to
involve multiple pathways. It has been shown
that MSCs suppressive effects require a previous
priming step that occurs in the presence of an
inflammatory environment and is mediated by
the secretion of specific cytokines [13, 14]. IFN-
v, alone or together with tumor necrosis factor
(TNF)-a, IL-1a, or IL-1B, are required to trigger
the expression by MSCs of high levels of soluble
factors involved in immunosuppression such as
IDO, HGF, TGF-f, and NO [15, 16]. MSCs have
also been shown to induce the generation of
functional Tregs both in vitro and in vivo [17,
18]. In MLR/Ipr mice, transplantation of MSCs
from many sources (bone marrow, umbilical
cord, or exfoliated deciduous teeth) can restore
Treg cells and induce a significant reduction in
Th17 levels, consequently upregulating the ratio
of Treg/Th17 cells [8]. It has also been shown
that MSCs also generate functional active CD4+
CD25+ Foxp3+ T-regulatory cells during the in
vitro differentiation phase of Th1l and Th17 cells
[19].

Available Data on Clinical Trials

In 2014, 44 MSC registered clinical trials were
found on the http://clinicaltrials.gov/ in autoim-
mune diseases, while 32 registrations fell under
the open category. Among the regions that have
registered in MSC trials in autoimmune disor-
ders, East Asia scores the maximum number of
studies although the statistics in prevalence vary.

Rheumatoid arthritis (RA) is a chronic sys-
temic disease, which is characterized by chronic
inflammation in the synovial tissue. RA results in
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the destruction of cartilage, bone and ligaments,
and joint deformity. The underlying hypothesis
is that umbilical cord-derived mesenchymal stem
cell (UC-MSCs) has anti-inflammatory effects
and thus potentially alleviates the progression of
rheumatoid arthritis. Preclinical data suggested
that in RA model, MSCs inhibited the Th17 CD4
T-cell subset and induced an anti-inflammatory
monocyte type, with the subsequent simultaneous
reduction in the key cytokines, IL-17, IL-6, and
TNF-alpha [20]. The randomized, double-blind
placebo-controlled dose escalation study evalu-
ated the safety, tolerability, and effectiveness of
a single intravenous infusion of two MSC dose
levels in 48 patients (www.mesoblast.com).

Type 1 diabetes (T1D) is a more severe form
and insulin-dependent type. It is sometimes
called “juvenile” diabetes, because T1D usually
develops in children and teenagers, although it
can develop at any age. The immune system
mistakenly sees the insulin-producing cells in
the pancreas as foreign and destroys them.
There are 10 different clinical trials registered
with global clinical trials registry wherein the
biological intervention proposed was MSCs
either combined with mononuclear cells or
co-transplanted with islet cells. Owing to the
MSCs immunomodulatory properties, MSC
therapy was strategized for T1D in humans with
strong animal models tested [21]. A phase II,
multicentric, randomized, double-blind, placebo-
controlled study to evaluate the safety and
efficacy of MSCs for the treatment of recently
diagnosed T1D started in 2008 had accumulated
interesting positive follow-up data on C-peptide
responses along with changes in levels of 1A-2
autoantibodies and progressing to phase III in the
USA (Clinical Trial Identifier: NCT00690066).

Psoriasis (P) is a chronic skin problem that
causes skin cells to grow too quickly, result-
ing in thick, white, silvery, or red patches of
skin. Psoriasis occurs when the immune system
overreacts, causing inflammation and flaking of
skin. The causative factors flaring up include cold
and dry climate, infections, stress, dry skin, and
taking certain medicines. Fadi Braiteh reported
a case report of complete remission of P after
hematopoietic stem cell transplantation and not
MSCs in 2008.
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Graft-versus-host disease (GVHD) is a com-
mon complication following an allogenic tissue
transplant. It is commonly associated with bone
marrow transplants and tissue grafts. GVHD is
the most calculated application for MSCs, where
the transplanted hematopoietic stem cells com-
prising of donor T cells attack [22] an immune-
compromised recipient. Case report in 2004 and
alater phase II clinical study involving 55 steroid-
resistant patients (25 children and 30 adults) with
severe acute disease reported amazing response,
with improvement of liver and intestinal function
with no side effects. Osiris Therapeutics Incor-
poration’s Prochymal™ (bone marrow-derived
MSCs) was approved by Canadian health regu-
lators in 2012 to treat acute GVHD in children,
making it the first stem cell drug to be approved
for a systemic disease anywhere in the world.
Treatment with Prochymal™ resulted in a statis-
tically significant improvement in survival when
compared with a historical control population of
pediatric patients with refractory GvHD.

Crohn’s disease (CD) is an inflammatory
bowel disease (IBD) with inflammation of
the lining of digestive tract that can lead to
abdominal pain, severe diarrhea, and even
malnutrition. Phase 1 clinical trial using
autologous adipose-derived MSCs [23] reported
no adverse events, while phase II multicentric
randomized controlled trial [24] on 49 patients
with complex perianal fistulas published the
efficacy of local injections on healing fistulas
(6/8) with no adverse effects. Onken et al. and
Duijvestein et al. published mixed responses of
their clinical activity with no significant efficacy
observed in a small group of patients treated
with allogenic bone marrow-derived MSCs (BM-
MSC) [25, 26].

Multiple sclerosis (MS) is another autoim-
mune inflammatory demyelinating disease of the
central nervous system associated with major
disability. Mohyeddin Bonab et al. and Karussis
et al. reported no adverse events with autologous
MSC treatment of MS. Further phase I/II stud-
ies involving 10-15 patients reported stability
during follow-up (6-28 months) [27]. Karussis
et al. published increased regulatory T cells with
activation markers on dendritic cells upon MSC
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transplantation [28]. Freedmann et al. reported
culture of the cells and the MS treatment proto-
cols based on international transplant guidelines
[29]. Connick et al. reported a study including
10 patients with MS treated with an intravenous
infusion of autologous MSCs [30].

Systemic lupus erythematosus (SLE) is a sys-
temic autoimmune connective tissue disease that
can affect any part of the body. SLE often harms
the heart, joints, skin, lungs, blood vessels, liver,
kidneys, and nervous system. Genetic and en-
vironmental factors produce autoantibodies that
mistakenly attack and destroy the body’s own
healthy cells and tissue. These autoantibodies
also trigger inflammation in SLE condition which
can lead to organ damage. It is both a type Il and a
type III hypersensitivity reaction in which bound
antibody-antigen pairs (immune complexes) pre-
cipitate and cause further immune responses in
SLE condition. There are six registered global
clinical trials on MSCs as therapeutic cells to
treat SLE. Sun et al. reported the use of umbilical
cord-derived MSCs (UC-MSCs) in severe lupus
patients (n = 16). Five of 15 renal cases had his-
tological confirmation of proliferative nephritis,
11 were preconditioned with cyclophosphamide
prior to MSC infusion. Follow-up was for 8-
25 months wherein significant improvement was
verified for SLEDAI score, serum albumin, 24 h
urinary protein, serum creatinine, serum comple-
ment, and anti-dsDNA antibodies [31, 32].

Conclusion

Repository of meaningful information on clinical
trials using MSCs to address or treat autoimmune
disorders links the biology of MSCs to beneficial
immunomodulation. Even if the in vivo role of
endogenous MSCs remains exploratory, binding
the therapeutic effects of ex vivo expanded MSCs
for immune regulation seems to have a signif-
icant clinical potential. Long-term safety con-
cerns and sustained clinical outcome remain to
be updated and not an issue as the proposal to
treat autoimmune diseases with MSCs is a novel
and nascent theory. The single or repeated MSC
therapy to cure the diseases needs to be explored



176

in controlled and labeled clinical trials given the
unknown interactions with host cells [33]. Defin-
ing regulatory and technical conditions would al-
low the development of better clinical parameters
to completely manage the autoimmunity.
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Diabetes Types, Cause, and Current
Therapy

According to the estimation by the World Health
Organization (WHO), nearly 347 million people
all over the world suffer from diabetes [1], and
the number is likely to be increased to 552 million
by 2030 [2]. Diabetes is a disease caused by high
blood sugar. Mainly two types of diabetes have
been categorized. Type I diabetes is caused by an
autoimmune attack on pancreatic f-cells, which
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produce insulin and control blood sugar level, and
a consequent of p-cell deficiency [3]. In type I
diabetes, the onset of symptoms has been found
to occur when the B-cell mass falls below 20 %
of the normal range [4]. Type II diabetes is the
more predominant form which shows metabolic
disorders, “peripheral insulin resistance” leading
to B-cell failure [5]. In type II diabetes, the B-cell
mass decreases to 40—-60 % of the normal level,
and external insulin administration is not suffi-
cient for normal functioning of islet cells [6, 7, 4].
Therefore, in order to increase the number of islet
cells, “replacement therapies” are being fostered
for producing insulin from different sources [8].
Currently, islet transfer from donated tissues is
considered as one of the options for increasing the
number of islet cells; however, the donation num-
ber is very small [9]. Although islet transplanta-
tion research has been progressed with evident
success, the longevity of this procedure still re-
mains unclear [9]. Recipients staying euglycemic
without the use of any exogenous insulin more
than four years post-islet transplant has been
very rare [9]. The concern still remains having
insulin-producing foreign cells within the hepatic
parenchyma, with portal pressures resulting from
islet infusion. The second concern is regarding
the fact that the islet recipient can be sensitized
against donor tissue types, making it a narrower
chance to find a donor for second transplant
[9]. Therefore, to escape the risk of pancreati-
tis associated with intrapancreatic grafting, non-
pancreatic systems like the liver portal system,
omentum, are presently used for transplantation
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Pancreas

Fig. 1 A scheme of cell types in typical pancreas

of B-cells [4, 10]. However, ectopically grafted
B-cells have two problems: one is decrease in
their functionality after a year of engraftment
and second is the need for lifelong immunosup-
pressive therapy. The solution to the latter prob-
lem would be to “induce immune tolerance” [4].
The narrow success has encouraged alternative
regenerative therapy to spring up, where precur-
sor/stem cells can be used to produce insulin-
producing cell, slowly developing to be a more
efficient substitute.

The basic question still remains regarding the
orchestrated action from a pluri- or multipotent
stem cells into differentiated states, characteristic
for pancreatic development [11]. All five differ-
ent pancreatic endocrine lineages as well as the
exocrine, acinar, and ductal cells (Fig. 1) are
derived from a pool of early pancreatic progenitor
cells [12]. Ultimately, cell differentiation occurs
by “well-orchestrated gene expression patterns”
controlled by specific combinations of transcrip-
tion factors [8]. Various factors like Sox9, Ngn3,
and Pdx1 have been shown to be crucial in dif-
ferentiation of beta cell lineage in mice (Fig. 2).
Endoderm progenitors take pancreatic fate on ac-
tivation of Pdx1 and Ptfla in mouse [13, 8]. Pan-
creatic progenitors give rise to endocrine ductal
and acinar progenitors [8]. Endocrine progenitors

@ Alpha cells

Beta cells

@ Delta cells

_

Endoderm progenitor

\L Pdx1,Ptf1a/p48
@ Pancreatic progenitor
l/ HnF1, HnF6, Ngn3, Sox9
@ Endocrine progenitor
Pax4, Arx, Nkx2.2, Nkx6.1,
Pdx1, MafA
@ Islet B-cell

Fig. 2 A scheme of various factors involved in mouse 8-
cell differentiation
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Table 1 Factors involved in generating IPCs

Factors to generate IPC
Activin A
Betacellulin

Basic fibroblast growth factor (bFGF or
FGF2)

Epidermal growth factor (EGF)
Exendin-4

Gastrin

Glucagon-like peptide

Glucose

Hepatocyte growth factor (HGF)
Insulin-like growth factor

Keratinocyte growth factor (KGF or
FGF7)

Nicotinamide

Retinoic acid

are then differentiated into «, B, 8, PP, and £
cells. The identification of Neurogenin3 (Ngn3),
a bHLH transcription factor, is very important for
endocrine development. Ngn3-expressing cells
(Ngn3+) function as endocrine precursor cells
and produce all five hormone-secreting pancre-
atic cells [13]. Pax4 and Arx are both expressed
in the mouse embryonic pancreas [8]. During the
later developmental stages, Pax4is restricted to -
and 8-cells but not to Arx(e- and £-cells) [14, 15].
Apart from the factors discussed above, various
other external factors used for differentiating beta
cells from various sources are summarized in
Table 1. We have discussed many of these extrin-
sic factors in the differentiation protocol later in
this chapter.

Insulin-Producing Cell Sources

There are various sources from which one
could produce insulin-producing cells (IPCs).
Figure 3 illustrates an overview of all cell-
type differentiation to IPC. Cell sources from
which islet cells are differentiated are human
pluripotent stem cells, mesenchymal stem cells,
transdifferentiation from various non P-cell
sources, and adult pancreatic progenitor cells.
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This section discusses each of these cell sources
used in recent applications, citing advantages and
disadvantages for each of them.

Human Pluripotent Stem Cells

Human pluripotent stem cells (hPSCs) include
human embryonic stem cells (hESCs) and
human-induced pluripotent stem cells (hiPSCs)
and have the capacity to differentiate almost
all cell types in the body including IPCs.
Both hESCs and hiPSCs are good source
for the regenerative medicine in diabetes and
generate “‘glucose-responsive insulin-secreting
cells in vitro” [16—18]. hiPSC are ethically more
acceptable than hESCs, especially for generating
autologous stem cells and their derivatives [4]. So
far, there have been several approaches identified
for the differentiation of hPSCs into IPCs.

One such approach for differentiating hPSCs
into IPCs is based on spontaneous differentiation.
The selection of nestin-positive progenitor cells
through embryoid body (EB) formation is one
example, while acquiring pancreatic progenitor
cells via definitive endoderm is another exam-
ple of such approach [18]. The nestin-positive
progenitor selection strategy relies on initial EB
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Fig. 3 Overview of all cell-type differentiation to insulin-producing cell

formation. EB further differentiates to all three
germinal layers including endoderm (SOX9+),
mesoderm (FLK14), and ectoderm (Nestin+).
Sequential treatment of EBs with a cocktail of
growth factors enforces a lineage commitment
pathway that initially forms nestin-positive cells,
which subsequently differentiated into endocrine
progenitors and ultimately into IPCs. The IPCs
in the suspension culture aggregate into islet-like
clusters. For the other protocol, the hESCs are
first dissociated into small clumps and treated
with Wortmannin, N2/B27 [18]. Further, the cells
are cultured in IMDM/F12 medium with retinoic
acid and fibroblast growth factor 7 (FGF7, also
known as KGF) to produce IPC [18]. An alter-
nate approach involves culture and plateEBs in
insulin-transferrin-selenium-fibronectin medium,
followed by medium supplemented with N2/B27
and basic fibroblast growth factor (bFGF, also
known as FGF2) [18]. The next step involves

lowering glucose concentration in the medium,
followed by the withdrawal of bFGF and addi-
tion of nicotinamide [18]. Dissociating the cells
and growing them in suspension result in the
formation of clusters which exhibit higher insulin
secretion and possess longer durability than cells
grown as monolayers [18].

The other approach of differentiating hPSCs
into IPCs are based on pancreatic development.
Figure 4 depicts typical differentiation of hPSCs
via definitive endoderm to IPC. hPSCs are
differentiated to mesendoderm and definitive
endoderm, which is further differentiated to
pancreatic progenitor cells and finally to IPCs
[4]. A protocol published very recently showed
generation of insulin-producing cells from
hPSCs using small molecules. In this protocol,
treatment with activin A and a GSK3p (Glycogen
synthase kinase 3) inhibitor CHIR99021 (an
activator of Wnt signaling) enhances endodermal



Overview of Pancreatic Replacement of -Cells from Various Cell Sources

185

Fig. 4 An example of insulin-producing cells differenti-
ated from hPSCs. (a) Undifferentiated hiPSCs. Phase con-
trast (left panel), immunofluorescence of undifferentiated
marker OCT4 (red signals in center panel), SSEA4 (green
signals in center panel), SOX2 (red signals in right panel),
and SSEA3 (green signals in right panel).(b) Definitive
endoderm cells differentiated from hiPSCs. Phase con-
trast (left panel), immunofluorescence of definitive endo-
derm marker SOX17 (green signals in center panel) and

differentiation. This has been followed by the
treatment of retinoic acid, a bone morphogenic
protein (BMP) inhibitor, and a transforming
growth factor-f (TGF) inhibitor to induce effi-
cient differentiation of pancreatic progenitor cells
(PDX1+ and NGN3+) from definitive endoderm
[19]. Mixture of forskolin, dexamethasone, and a
TGFB inhibitor has been found to induce the dif-
ferentiation of IPCs with 10% of the cells becom-
ing insulin positive [19]. Various research groups
have used activin to increase IPC content. Activin
along with Wnt3a or CHIR99021 increases
endodermal differentiation in vitro, mimicking

GATA4 (green signals in right panel), epithelial marker
Ep-CAM (red signals in center panel), and hepatocyte
marker I-CAM (red signals in right panel, undetected). (c)
Pancreatic islet cells differentiated from hPSCs (Photos
provided from Dr. Nan Sook Lee and Dr. Robert H
Chow, University of Southern California). Phase contrast
(left panel), immunofluorescence of B-cell marker insulin
(green signals in center panel) and a-cell marker glucagon
(red signals in right panel)

the coordinated expression and action of both
activin/nodal and Wnt during primitive streak
formation [19, 20]. Kunisada et al. also compared
Wnt3a and CHIR99021 in the same condition
and showed CHIR99021 as more efficient than
Wnt3a in inducing SOX17- and FOXA2-positive
endodermal cells [19]. Various factors regulate
pancreatic differentiation during embryonic
development such as FGF and BMP pathways
such as bFGF, FGF7, FGF10, and Noggin (an
endogenous protein BMP inhibitor). Incretins
and growth factors such as insulin-like growth
factor-1 (IGF-1), hepatocyte growth factor
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(HGF), and glucagon-like peptide-1 (GLP-1)/
exendin-4 (a peptide analog of GLP-1) have also
been used to facilitate differentiation [20].

Jiang et al. reported another simple approach
involving serum-free medium which could in-
duce IPCs from hESCs [21]. Sodium butyrate
and activin have been used to generate definitive
endoderm co-expressing CXCR4 and SOX17 and
CXCR4 and FOXA2. IGF and nicotinamide have
also been used at the final stages [21].

These protocols for differentiation of hPSCs
into IPCs are promising; however, these methods
are laborious, expensive, as well as time consum-
ing [18]. Although these protocols can success-
fully be used to differentiate hPSCs into IPCs,
it is still debated which protocol is better suited
for future use. We strongly feel that a greater in-
depth analysis of the mechanisms of pancreatic
islet B-cell development will be necessary for
further development of efficient protocols in IPC
differentiation from hPSCs. Regarding enhanc-
ing efficiency of IPC differentiation, quality or
varying characteristics of hPSCs are a matter
of concern. Recently, Wen et al. generated a
panel of hPSCs and examined the efficiency of
differentiation among the hPSC lines [22]. The
authors found most hPSC lines were induced
into PDX1-positive progenitor cells expressing
PDX1, MAFA, GLUT?2, and insulin at the final
stages of differentiation. However, the efficiency
of differentiation and the expression of each dif-
ferentiation step markers, such as SOX17, SOX9,
PDX1, and insulin, were observed on different
days of differentiation between hPSC lines [23].

Although a lot of research has been focused on
using hPSCs showing promising results about the
formation of IPC, one must not forget to survey
the disadvantages of using hPSCs, especially in
treating diabetes [4]. One of the problems with
hPSC transplantation is the risk of formation of
teratomas due to contamination of undifferen-
tiated hPSC [16, 24]. Another disadvantage in
hiPSCs is the DNA-based reprogramming tech-
niques that could lead to insertional mutagenesis
or oncogenic reprogramming factors resulting in
tumor formation. Non-integrative techniques are
preferred for iPSC clinical application. However,
eliminating DNA insertion alone for generating
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iPSC may not solve the other problems associ-
ated with genetic instabilities and abnormalities
acquired during both somatic differentiation and
reprogramming [4]. Moreover, ethical and safety
issues regarding usage of hPSCs still remain as
the biggest challenge and must be resolved before
clinical trials.

Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs), a group of
stem cells, are being used for improving islet
transplantation. Very recently, Wu et al. found
that co-transplantation of human bone marrow-
derived mesenchymal stem cells (hBMSCs)
could prevent immune rejection and improve
human islet transplantation [25]. However, the
capacity of hBMSC:s to differentiate to IPCs still
remains controversial. Few groups have tried
establishing this pathway of differentiation. Xie
et al. used the traditional two-step induction
to differentiate MSCs into IPCs [26]. They
showed that injured pancreatic tissue extract
could effectively promote the transdifferentiation
efficiency and maturity of IPCs by the traditional
induction [26]. On the other hand, Gershengorn
et al. successfully showed that fibroblast-like
cells derived from adult human islets donated
postmortem proliferate readily in vitro [27].
These mesenchymal-type cells, which exhibit
no hormone expression, can then be induced to
differentiate into hormone-expressing islet-like
cell aggregates, which reestablish the epithelial
character typical of islet cells [27]. It has also
been shown that human pancreatic islet cells
migrate to form mesenchymal populations in
growth-promoting conditions and further human
islet-derived mesenchymal cells differentiate
into hormone-producing cell aggregates [28].
Proliferating populations of mesenchymal-like
islet-derived progenitor cells have shown great
plasticity in serum-depleted condition, and
Dalvi et al. believe that “these mesenchymal
cells generated in vitro may be better islet
progenitors” [28]. Bone marrow cells from male
mice (which express Cre-Lox tagged with EGFP
(Green fluorescent protein) when the insulin
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gene is actively transcribed) have been used
and transplanted into lethally irradiated recipient
female mice; these GFP positive cells were found
in the islets [29]. Unfortunately, contradictions
have been found in this data [30].

Adult Pancreatic Progenitor Cells

Stem/progenitor cells are undifferentiated long-
lived cells and have the capacity to retain
their stem cell identity by self-renewal and
undergo multilineage differentiation in various
tissue/organ [31]. Several approaches have been
undertaken to identify a population of resident
human pancreatic stem cells. Although some
progenitor cell markers can be histochemically
identified in the adult pancreas, especially after
severe injury, evidences that these progeni-
tor/precursor cells differentiated from a stem
cell population have been difficult to obtain [32,
33]. in vivo analyses indicate that no population
of cells resides in the human adult pancreas
that proliferates at the high rates characteristic
of stem cells in gut or skin [33, 34]. However,
neither study could exclude the possibility of
existence of dedicated stem/progenitor cells with
quiescent or a slower mitotic rate. If such stem
cells could be isolated and expanded, they might
be more amenable to differentiation into B-cells
than either undifferentiated hESCs or hiPSCs.
Identification of stem and/or progenitor cells in
the human adult pancreas has been an area of
intense investigation in the past decades, but the
results remain controversial. In rodents, there
are pancreatic stem cells that can regenerate the
pancreas, and several studies have been done
on pancreatic progenitor cell nature in various
culture conditions. However, live cell isolation of
the progenitor cells from adult human pancreas
and characterization of the nature of these cells
remain largely unknown.

In mouse, three independent studies of the
transcription factors hepatocyte nuclear factor 1
(Hnf-1B) [35] and Sox-9 [12, 36] in embry-
onic mice, normal adult mice, and mice after
pancreatic duct ligation have been performed to
demonstrate pancreatic progenitor cell location

187

and activities. A fourth study has been done on
mucin-1 as a duct-cell tracer in the fetal and post-
natal mouse pancreas [37]. Tamoxifen-inducible
Cre-mediated lineage tracing experiments have
been conducted to test whether duct cells are a
source of progenitor, using Cre driven by the
carbonic anhydrase-II promoter [38], the Hnflb
promoter [35], or the Mucl (mucin-1) promoter
[37]. CreER experiment showed that certain per-
centage of the B-cells in the ligated portion of
the pancreas, whereas for both Hnf1b-CreERT?2
and Mucl-CreERT2 mice, the results concluded
that duct cells do not convert into islet cells in
the uninjured pancreas after birth [38, 35, 37].
Xu et al. using injured mouse, have shown that
the progenitor population activated during injury
expresses the gene for Ngn3 [39]. The evidence
that a “fraction of B-cells are produced from al-
pha cells [40]” expressing the glucagon promoter
under extreme injury conditions, further suggests
that B-cell progenitors could have an islet origin.

Some other studies in mouse have demon-
strated genetic markers of the pancreatic
progenitors. A lineage tracing experiment using
Ins2 (insulin-2) promoter CreER transgenic
mouse line has provided evidence that new
B-cells are primarily derived from cells with
at least some Ins2 promoter activity [33, 41].
Ins2 promoter activity is not fully restricted
to P-cells, unlike the Insl promoter that is
activated later in development and marks a
majority of mature B-cells [42, 43]. Ngn3 might
be a good marker for endocrine progenitor
cells. Ngn3 is only expressed at a very low
level in differentiated endocrine cells, but is a
characteristic of endocrine differentiation from
embryonic progenitor cells [4]. Increase in Ngn3
expression in the pancreata of adult mice post-
pancreatic duct ligation has confirmed there
activation of “dormant” endocrine progenitors
[37]. Genetic lineage tracing has revealed that
these cells do not further differentiate into (-
cells [12]. Some evidences suggest that adult
putative stem cells can give rise to populations
with the characteristics of islet cells and other
lineages. This indicates their multipotent nature
and is also characterized by high levels of
aldehyde dehydrogenase activity, enabling their
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Fig. 5 A scheme of molecular switch of adult progenitor cells of quiescent and senescent stages

isolation by flow cytometry using a fluorogenic
enzyme substrate; however, the sorting number
is ultimately low [44]. These cells proliferate and
form cellular aggregates that display a capacity
for endocrine and exocrine differentiation [45].
However, genetic lineage does not verify this
result. There are several other markers such as
So0x9 in mouse; however, there is no validation of
such markers for human pancreatic progenitors
at the moment.

The other studies on mouse pancreatic progen-
itors have demonstrated activators of the cells.
Somatic stem cells are able to enter reversible
(quiescent) or irreversible (senescent and differ-
entiated) GO states from the G1 phase of the cell
cycle before the restriction point (R point), and
once these cells reach the R point, they are com-
mitted to the next round of the cell cycle (Fig. 5)
[46]. Subpopulations of stem cells reside in the
quiescent state and enter the cell cycle when they
become activated in response to appropriate ex-
trinsic signals [46]. Evidence suggests that many
of the genes essential for embryonic development
of the islet are maintained at low levels in the
environment of adult B-cell [33]. Several groups
have carried out studies to determine whether sol-
uble growth factors, known to regulate pancreatic
B-cell development, play a role in maintaining
adult B-cell identity. Emerging evidences suggest
a prominent role for the members of the TGFp su-
perfamily. Using a factorial design high-content
screening approach, Szabat et al. have recently
found that activin A and follistatin have recipro-
cal effects on the maturity of adult B-cells [47].

On other hand, Dioum et al. have identified a
family of neurogenic 3,5-disubstituted isoxazoles
(ISX) that increases the expression of neuro-
genic differentiation 1 (NEURODI, also known
as BETA2) in human cadaveric islets; this tran-
scription factor functions in neuronal and pancre-
atic B-cell differentiation and is essential for in-
sulin gene transcription [48]. Within the first few
hours of exposure, ISX has been found to cause
biphasic activation of ERK1/2 and increase bulk
histone acetylation [48]. The authors also found
that although there was little effect on histone
deacetylase activity, Isx increased histone acetyl
transferase activity in nuclear extracts [48]. The
Notch signaling pathway is a crucial regulator of
progenitor dynamics in the mammalian pancreas
[49]. Genetic deletion of Notch signaling compo-
nents in the pancreatic domain results in differen-
tiation of presumptive Notch responsive progen-
itors into endocrine cells including B-cells [49].
High levels of Notch signaling correlate with qui-
escence/slow cycling, whereas lower levels are
associated with progenitor amplification; in addi-
tion, the study also revealed that endocrine differ-
entiation requires strong Notch signaling down-
regulation. Therefore, playing with the signaling
cascade which regulates endocrine differentiation
(e.g., cell cycle, notch regulation) could be a
possible mechanism of islet cell differentiation.
Apart from differentiation of stem cells, there
are signals that can induce self-proliferation of
B-cells, a potential target to produce IPCs. Re-
cently, a group from Harvard stem cell unit has
shown that transient expression of endogenous
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betatrophin (secretory in nature) in mouse liver
significantly and specifically promotes pancreatic
B-cells proliferation, expands islet cell mass, and
improves glucose tolerance in mouse [5].

All of these studies have been performed in
mouse. Unlike mouse, human cannot regener-
ate pancreas. Rare multipotent progenitor cells
have been isolated from human pancreata, where
the progenitor cells were presumably residing in
islets [50]. The study also revealed that these
cells could proliferate and generate progeny with
pancreatic and neural features in vitro. Genetic
lineage tracing of the same cells in mouse re-
vealed that these progenitor cells were derived
from cells that expressed insulin. However, the
existence and use of adult stem cells in human
pancreatic islet regeneration still remains unsure.
Therefore, further study is required first to iden-
tify biomarkers, next to determine their differen-
tiation capacities, and, finally, to understand how
do they control diabetes.

Transdifferentiation of Islet Cells
from Non-B-Cell Source

The concept of “transdifferentiation” or “direct
reprogramming” has been extensively used in
this field. In transdifferentiation, using ex vivo
or in vivo approaches, a “detour method” can
be applied to convert one type of differentiated
cells into another phenotype “without complete
dedifferentation” [51]. The key transcription fac-
tors involved in pancreas are PDX1, NGN3, and
MafA. Using these factors, transdifferentiation of
exocrine acinar cells into endocrine B-cells has
been demonstrated [52]. Pancreatic a-cells are
more abundant than f-cells and have been a target
for a while. Courtney et al. showed a sponta-
neous transition of a-cell to B-cell type [53]. The
authors demonstrated that pancreatic a-cells can
also be converted into p-cells by inactivation of
Arx gene in pancreatic a-cells [53].

The cell types which share the same origin
of pancreatic B-cell might be a good potential
target to transdifferentiate and produce insulin-
producing cells. Also upregulated genes involved
in P-cell development/differentiation would
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be potential targets to induce reprogramming.
Although the knowledge of human pancreatic
development is strictly limited, B-cell phenotype
characteristic is conserved across species.
However, understanding of islet cell development
comes from developmental studies in mice which
have significant differences (e.g., the relative
roles of glucose transport and phosphorylation
as a part of glucose sensing [54], responsiveness
to glucokinase activators [55], glucose-induced
desensitization [56], responses to galanin [57]
and melatonin [58], the roles of Pax4 [59]
and p57Kip2 [60] in P-cell proliferation, and,
central to P-cell function, regulation of the
insulin promoter [61]) from humans [62]. Studies
on human system have relied on histological
samples or in vitro, in vivo studies using human
fetal pancreata. Studies have been conducted on
fetal pancreata mainly at 18—24 gestational weeks
[8]. At this late stage of pancreatic development,
the human pancreas is already rich in endocrine
cells; therefore, the analysis of islet differentia-
tion under these conditions might be somewhat
limited [8, 67]. In summary, although rodent
and human pancreas development may share
similarities, further studies in human pancreas
using human stem cells would be necessary
for further development of transdifferentiation
and/or direct reprogramming of B-cells.

Clinical Trials

Among all sources of IPC formation for cell
transplantation purposes, strategies based on hP-
SCs seem to have the highest translational poten-
tial; however, the safety issues are of major con-
cern. Formation of teratoma and allorejections
are the major issues.

Although the use of iPSC is not as risky in
immune rejection, the threats are still associated
with DNA transfer/mutations in iPSC generation.
In addition, ethical issues are also involved if
autologous cells are used before it comes to
clinical trial. The main challenges associated with
this approach are as follows: (i) checking on
regulation of expression by the insulin gene to
make sufficient amount of insulin, (ii) prevention
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of immune response to these genetically modi-
fied cells, and (iii) autoimmunity that previously
resulted in killing of patient’s insulin-producing
B-cells (http://www.asgct.org/). Preclinical stud-
ies to overcome the patient’s aberrant immune
response to pancreatic B-ells by genetically incor-
porating immune suppressive proteins (cytokines,
such as TGFp and interleukin 10 (IL-10)) into
the pancreas may suppress autoimmune response
allowing the patient’s own insulin-secreting f-
cells to survive (http://www.asgct.org/).

Currently, there are more than 20 ongoing hu-
man clinical trials utilizing one of the following
cell sources (allogeneic pancreatic p-cells, mes-
enchymal stem cells, cord blood stem cells, or
autologous adipose-derived stem cells) to transfer
or generate pancreatic B-cells in patients with
type I diabetes (http://www.asgct.org/.) For the
hPSC-derived IPCs to be used for clinical use in
diabetes therapy, a differentiation protocol with
significant detail and improvement needs to be
developed [18]. Several research groups are try-
ing to establish protocols; however, none of the
protocols has shown robust insulin production
from hPSC till date. The safety usage and pro-
tecting these cells from the immune system are
the main challenges yet to resolve. To improve
cell therapy trials, researchers either added spe-
cific nutrients (vitamin D, omega 3 fatty acids
which are usually low in diabetics) along with the
immunosuppressant or deleted the f-cell targeted
autoimmune cells (for type 1)(http://www.asgct.
org/). Collectively, these novel approaches repre-
sent the advent of a new and promising era in type
I diabetes research.

The existence and usage of adult pancreatic
stem cells in differentiation and/or transdifferen-
tiation of IPC still need to be explored. Recently,
gene therapy researchers have identified three
genes (Ngn3, Pdx1, and Mafa) that can convert
adult pancreatic exocrine cells into pancreatic B-
cells [52]. In preclinical animal models, these
reprogrammed exocrine cells are found to be
identical to B-cells in size, shape, and expression
of essential genes and result in reduced blood
sugar levels. Other cells that have been shown
to be susceptible to reprogramming to become
beta-like cells include pancreatic a-cells [53],
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pancreatic ductal cells [64], and adult stem cells
in the liver [65]. However, similar researches are
needed to be explored in humans.

Conclusions and Hypothesis

There are several potential cell sources that can
be differentiated/reprogrammed into pancreatic
B-cells. However, to find out most efficient ways
to cure diabetes, there are several issues to be
resolved and improved, for example, the efficient
methods of producing pancreatic IPCs, evalua-
tion of these cells, transplantation methods in-
cluding safety, and long-term observation of the
function of the transplanted cells. We propose
here that using progenitor markers and live cell
isolation could lead us to have an in-depth char-
acterization of adult pancreatic progenitor cells,
which would further help us to differentiate islet
cells. Figure 6 illustrates a schematic represen-
tation of in vivo generation of insulin-producing
cells. It has recently been seen that Sox9-positive
cells can differentiate all cell types in pancreas
and regenerate whole pancreas in mouse [36].
Sox9 is expressed through the biliary and pan-
creatic ductal epithelium connected to intestinal
stem cell zone [36]. This study also suggests
that the fundamental function of embryonic Sox9
might maintain cells in an undifferentiated state
in the adult, and Sox9 marks the precursor cell
population during physiological cell replacement
and/or during regenerative process after injury. In
human pancreas, there exists a small population
of SOX9-positive cells too [66]. Therefore, we
hypothesized that SOX9 is a progenitor marker
for isolation of pancreatic progenitor marker in
human also. Literature study has revealed that
FACS-sorted centroacinar/terminal ductular cells
are uniquely able to form self-renewing “pan-
creatospheres” in suspension culture [45], even
when plated at clonal density in mouse; however,
similar self-renewing processes have not been
observed in human. In addition, SOX9 is also a
transcription factor located in nuclei, and so far
there is no way to isolate living SOX9-positive
cells from human pancreas. Therefore, biomark-
ers are needed to isolate live progenitor cells
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from adult human tissues for uniquely identifying
the progenitor cells within the pancreatic cell
population. Using this technique, one may iso-
late pancreatic progenitor cells and differentiate
cells with known factors or use small molecules
by high throughput screening. We have recently
found a monoclonal antibody that recognizes the
surface of SOX9-positive cells in pancreas [60]
and have started isolation of these cells from adult
pancreas.

We believe that the basic studies of human
pancreas development, differentiation of P-cells,
and nature of adult pancreatic progenitor cells
will be important for further development of
regenerative medicine in human pancreas leading
to cure diabetes and/or pancreatic cell loss includ-
ing pancreatic cancer surgery in future.
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Introduction

In recent years, stem cells have reached to greater
heights due to its therapeutic potential in treating
degenerative diseases. The long-term objective
of regenerative medicine or stem cell therapy is
to treat patients with their own stem cells. A
better understanding of stem cell biology would
almost certainly allow for the establishment of
efficient and reliable cell transplantation experi-
mental programs in the clinic. These stem cells
can be isolated from various sources such as
the bone marrow, adipose tissue, pancreas, liver,
placenta, umbilical cord blood, Wharton’s jelly,
and so on. However, the present investigation
demands a readily available, abundant, reliable
noninvasive, and efficient source of stem cell
that could be a valuable tool in regenerative
medicine. Such sources that could be explored
in the aforesaid category are the feto-maternal
mesenchymal stem cells (biological trash) such as
placenta, cord blood, and cord tissue. These could
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be transformed into a treasure in treatment of
multitude of diseases, especially in the treatment
of diabetes.

This chapter reviews the potential use of
feto-maternal MSCs to yield abundant glucose-
responsive insulin-producing cells as ideal can-
didates for treating diabetes mellitus. It has been
hypothesized that these undifferentiated feto-
maternal mesenchymal stem cells may be used
to replenish the islet mass in diabetic patients,
thus making MSC transplantation (a form of
cell therapy that has already proven effective at
clinically restoring normoglycemia) available to
millions of prospective diabetic patients.

Significance of Feto-Maternal
Source

The most principal redundant source under the
scan of cell therapists is the fetal placenta and
the umbilical cord. Details into its components
and development, maintenance, as well as phys-
iologic functions such as immunotolerance and
regenerative capacity of these extra-embryonic
tissue-derived stem cells had created great deal
of excitement to contemporary researchers [1].
There are multitude supportive evidences that
make placenta a better source of stem cells; these
include its high plasticity as evidenced by its
early stage embryological development as well as
its role in feto-maternal tolerance [2]. In addition,
the noninvasive nature of this pregnancy discard
tissue makes it an attractive source for stem cells.
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The fetal component of term placenta amnion
contains amniotic epithelium and amniotic mes-
enchyme whereas the chorion composed of chori-
onic mesenchyme and chorionic trophoblast.
The plasticity of amniotic membrane is evi-
denced by the presence of amniotic mesenchyme
as well as the embryonic nature of amniotic
epithelium. Chorion part of placental tissue
had undergone meticulous scrutiny to identify
mesenchymal stromal cells. Several reports
illuminate the higher yield coupled with exten-
sive proliferative capacities for chorion-derived
stromal cells [3, 4]. Besides, their suitability in
cellular therapeutics is better illustrated by their
fibroblastic morphology, plastic adherence, sur-
face antigenic expression, as well as multidiffer-
entiation capacity [4—7]. The placenta is involved
in maintaining fetal tolerance and contains cells
that display immunomodulatory properties [2].
This feature coupled with its redundancy and
other advantages makes it a suitable candidate for
cellular therapies and transplantation biologists.
Similar to the placental source of redundant
tissue, umbilical cord matrix tissue that con-
nects the placenta and the fetus during pregnancy,
which is discarded after delivery, is yet another
potent source of stem cells. The advantages of
the redundant umbilical cord tissue are similar
as that of placenta in redundancy, availability,
reliability, and efficiency [3, 8]. It can provide
an inexhaustible source of stem cells for ther-
apy without involving any invasive procedures or
ethical concerns. The umbilical cord is a fetus-
derived tissue, and the WJ-derived MSCs share
some properties unique to fetal-derived MSCs,
like having faster proliferation and greater ex
vivo expansion capabilities than adult MSCs. In
addition, the beneficial properties of umbilical
cord-derived MSCs, for instance, multitude dif-
ferentiation potential along with angiogenic po-
tency, make them a significant source [9, 10]. To
take these research pursuits to cell-based ther-
apy, it is of vital importance to study the innate
property of stem cells to generate clinical quality
of MSCs. It is of prime importance to look into
the credentials of homing in tissue-specific stem
cells, which will pave way for clinical transla-
tion. Hence, the ability of these cells to migrate,
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extravagate, and ultimately home to the site of
injury has also been demonstrated. Reckoning on
its clinical application, several preclinical animal
models of human disease such as neurodegener-
ative disease, cancer, diabetes, and heart disease
have been reported [11-14].

Recently, the placenta and umbilical cord
stem cells were reported to exhibit some of the
characteristics of pluripotent properties including
expression of stem cell markers such as c-kit,
Thy-1, oct-4, SOX2, Nanog, hTERT, SSEA-1,
SSEA-3, SSEA-4, TRA-1-60, and TRA-1-81
[4, 6, 15—17]. Besides, these isolated hPDMSCs
and hucMSCs exhibited mesenchymal proteins
strol, vimentin, nestin, and surface markers
CD90, CD105, CD73, CD44, CD29 and were
negative for CD45, CD34, CD31 representing its
homogeneity of MSC [16-18]. Besides, its long-
term in vitro expansion has also been demon-
strated, and no abnormalities were identified
irrespective of extensive culturing [6, 19]. They
also possessed differentiation capacity into all
three germ layers such as ectoderm, mesoderm,
and endoderm. These functional placental-
/umbilical cord-derived stem cells can be isolated
from either fresh or frozen term human placentas;
this implies that if each individual’s placenta/cord
is stored at birth instead of thrown away, these
cells can be harvested in the future if therapeutic
need arises. This potential represents a major
breakthrough in the stem cell field both for
its autologous and allogenic transplantation
studies. Thus, these features makes both placenta
and umbilical cord a convincing alternate
advantageous source of autologous and allogenic
cell transplant when compared to postnatal adult
stem cell sources. Unlike embryonic stem cells,
neither their procurement nor their use is deemed
controversial.

Why Feto-Maternal Stem Cells for
Diabetic Treatment?

Diabetes is a devastating glucose metabolic dis-
order caused either by autoimmune destruction
of pancreatic beta-cells or by decreased insulin
sensitivity in peripheral tissues. To overcome the
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limitations of conventional treatment, replenish-
ing the lost insulin-producing cells (IPCs) either
by islet transplantation or by differentiated stem
cells is the preferred approach to achieve glucose
homeostasis [20-22]. Among different starting
cell sources, both adult and embryonic stem cells
(ESCs) have received an enormous attention as
possible sources of IPCs. ESCs, owing to their
intrinsic pluripotency, have been blessed with
increased efficiency to differentiate into different
cell types [23, 24]. However, these cells have the
limitations of ethical concern due to their blasto-
cyst origin and are also subjected to immunolog-
ical surveillance, prompting the inhibition of its
usage. A breakthrough was generation of iPSC
which exhibited similar characteristics as that of
ESCs and avoided the ethical constraints faced by
human embryos, a major hurdle met with human
ESCs [25].

If only at a small scale, islet transplantation
has successfully addressed what ought to be
the primary endpoint of any cell therapy: the
functional replenishment of damaged tissue in
patients. Limited organ availability is the main
hurdle that stands in the way of the widespread
clinical utilization of this pioneering intervention.
Progress in stem cell research over the
past decade, coupled with our decades-long
experience with islet transplantation, is shaping
the future of cell therapies for the treatment of
diabetes. Despite these advantages, these cells
still face few serious obstacles like teratoma
formation similar to ESCs, viral-mediated iPSC
derivation, becoming antigenic to an autologous
host, accumulating karyotypic abnormalities with
passages, and retaining epigenetic memory of the
cell type of origin [24]. Though adult stem cells
lack pluripotency as that of their embryonic coun-
terparts, they are devoid of ethical debate and
teratomas, the main hurdles imbibed by ESCs.

Other MSC-rich, easily bankable tissues that
could potentially be used for the treatment of
diabetes are the perinatal tissues like umbilical
cord (blood and Wharton’s jelly) and the placenta
[26] which is considered as fetal waste after par-
turition. Fetally derived cells from these sources
are thought to be more malleable and potent than
most of their adult counterparts [27]. MSC-like
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cells adhere to plastic and form colonies not only
from the stroma of the cord proper, the chorion,
and the amniotic membrane but also from the
blood itself. The advantages and ray of hope of
using these stem cells for diabetic treatment are
demonstrated below.

Placental Mesenchymal Stem Cells

An important yet neglected potentially rich
source of perinatal MSCs for the generation
of insulin-producing cells which may prove to
be beneficial is the placenta. Besides playing
a fundamental and essential role in fetal
development, nutrition, and tolerance, placenta
may also represent a reserve of progenitor/stem
cells. Placental tissue draws great interest as a
source of cells for regenerative medicine because
of the phenotypic plasticity of many of the cell
types isolated from this tissue. Fukuchi et al.
demonstrated the existence of placenta-derived
MSCs (PL-MSCs) equipped with favorable
properties like ethically conducive, easily
accessible, high-yielding source of stem cells,
multilineage differentiation potential and having
immunomodulatory properties [28]. Apart from
expressing typical MSC surface antigens, due to
their close ontogenic relationship to embryonic
stem cells, PL-MSCs at molecular level also
express ESC markers like SOX2, REX-1, and
OCT4 [29]. Surprisingly, there are also tran-
scripts of insulin, glucagon, somatostatin, Ngn3,
and Isll in undifferentiated hPDMSCs; such
transcripts were not detected in human umbilical
cord and amnion-derived MSCs [16, 17].
Placenta has already been recognized as
highly vascularized organ among the other
perinatal sources of MSCS such as amnion which
is avascular, and umbilical cord Wharton’s jelly
acts as a matrix to support two arteries and a
vein. This anatomical variation makes placenta
an endocrine organ compared to other fetal
membranes. These PDMSCs has been well char-
acterized for the closely related peptide insulin
and the insulin-like growth factors (IGF)-I and
IT [30]. This was further supported by Giddings
and Carnaghi who demonstrated the presence
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of insulin mRNA in extra-placental membranes
prior to pancreatic differentiation [31]. Apart
from this, high amount of insulin receptors
relative to other tissues in the body [32] facilitates
the transport of nutrients to the developing fetus
across the placenta [33]. These salient features
confirms that the anatomical architecture of
placenta bestows it with endocrine properties,
which is absent in MSCs of other origins. The
above observation is further supported by the
restoration of normoglycemia in STZ-induced
diabetic mice on grafting of undifferentiated PL-
MSCs [16]. Reversal of experimental diabetes
through hPDMSC transplant was also confirmed
by IPGTT performed on normoglycemic mice.
Thus, placenta proved overwhelmingly effective
in treating diabetes due to its superior properties
and inbuilt insulin-producing capacity.

Amnion-Derived MSCs (AM-MSCs)

One of the enticing sources to join the ever-
growing armamentarium of tissue-specific MSCs
is the amniotic fluid. These fibroblastic-like cells,
shed by the fetus to the surrounding liquid as
it develops, share many properties with placen-
tal, chorionic, and cord blood/tissue MSCs. Am-
niotic membrane delineates the gestational sac
that carries the developing fetus during gestation.
Amniotic fluid and amniotic membrane together
constitute the major source for stem cells of amni-
otic membrane. These stem cells resemble several
characteristics of placental, chorionic, and cord
blood-/tissues-derived cells [34]. The human am-
nion mesenchymal stromal cells (hAM-MSCs)
have an embryonic mesodermal origin [35]. De
Coppi and colleagues recently described a sub-
population of amniotic fluid cells with multigerm
layer (mesoderm, ectoderm, and endoderm) spec-
ification potential [36].

Amniotic membrane is of interest as a source
of cells for regenerative medicine because of its
ease of availability, plasticity, and inexhaustible
source that does not violate the sanctity of inde-
pendent life. Although researchers have shown
the stem cell-like potential of human amniotic
epithelial cells, the mesenchymal part of amnion
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has remained less explored. Kaviani et al. [37]
first described the presence of a subpopulation of
amniotic fluid cells with mesenchymal features,
able to proliferate in vitro more rapidly than
comparable fetal and adult cells. Zhou et al.
showed that AM-MSCs could be nudged down
to pancreatic islet lineage by ectopically express-
ing key pancreatic transcription factor PDXI.
The transplanted hAM-MSC-derived IPCs nor-
malized the blood glucose levels for 210 days
in experimental diabetic mice. By sequential ad-
dition of growth factors, Kadam et al. showed
that a full-term human amnion could be differ-
entiated into insulin-producing cells and reverse
the hyperglycemia without graft rejection when
xenotransplantated into diabetic mice using an
immunoisolatory biocompatible capsule. Mice in
the ILC-transplanted group showed a reduction in
BG levels and reversal of experimental diabetes
after 15 days [5].

However, due to its laborious and high cost
factors involved in islet induction, even amniotic
membrane-derived stem cells have been used as
a tool to treat diabetes. A study demonstrated
a successful transplantation of amniotic-derived
MSCs into a type I diabetic patient with reversal
of hyperglycemic condition [4, 38, 39]. Thus,
it is evident that amniotic membrane stem cell
transplantation may improve islet function in re-
sponse to glucose in vivo; however, its long-
term effects in normoglycemic recovery are yet
to be explored. Although it has a higher utility
in treating diabetes, a recent report has shown
the epigenetic changes in these MSCs in latter
passages, thus restricting its use after passage
8 [40]. Therefore, some more work is required
to validate their potential for using them as an
alternate source for diabetic therapy.

Umbilical Cord

Other MSC-rich, easily bankable tissues that
could potentially be used for the treatment of
diabetes are the umbilical cord (cord blood and
Wharton’s jelly). UC-MSC’s immediate avail-
ability, easier isolation and expansion procedures,
and their enhanced disposition toward endoderm
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than BM-MSCs have garnered large attention as
an alternative cell source for islet therapy [41].
Romanov et al. [42] suggested that umbilical cord
contains a high number of MSC-like elements
forming colonies of fibroblastoid cells that
may be successfully expanded in culture. UC-
MSCs express consistent mesenchymal surface
markers CD10, CD13, CD29, CD44, and CD90
and also several stem cell markers including
c-Kit, NANOG, OCT4, and SOX2 [43]. Few
reports have attempted to generate beta cell-
like cells from UC-MSCs [17, 44, 45]. Recent
studies showed that no rejections occur even
after xenotransplantation of post-differentiated
umbilical cord mesenchymal stem cells without
immunosuppression therapy [46].

The cord contains proteoglycan-rich connec-
tive tissue called Wharton’s jelly, a rich source
of MSCs that have the potential to differenti-
ate into all the trilineages [47]. WJ-MSCs pos-
sess immunomodulatory and immunosuppressive
properties. Along with the absence of class II
HLA-DR molecule, inhibition of T-cell prolifera-
tion, and dendritic cell differentiation, these cells
also express the nonclassical HLA-G molecule at
both mRNA and protein levels [48]. HUMSCs in
Wharton’s Jelly of the umbilical cord seem to be
a favorable source of stem cells for conversion
into insulin-producing cells, because of its large
potential donor pool, rapid availability, absence
of discomfort to the donor, and low risk of rejec-
tion. Therefore, HUMSCs in Wharton’s Jelly of
the umbilical cord have the potential to become
an excellent candidate in B-cell replacement ther-
apy of diabetes [46].

Subsequently, a comparative study carried
out by Wu and colleagues compared the
differentiative ability of WJ-MSC and BM-
MSC in order to acquire an IPC phenotype. Both
cellular types were able to form islet-like clusters.
The researchers found a higher expression
of Pdx-1 in differentiated WJ-MSC than in
differentiated BM-MSC. Secretion of insulin
and mRNA expression of insulin and C-peptide
were comparably higher in the differentiated WJ-
MSC. Wang and co-workers further corroborated
these data with in vitro and in vivo experiments
using differentiated human WIJ cells to treat
diabetes in NOD mice. After transplantation,
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IPCs were located in the liver and were able
to normalize glycemia [49]. Taken collectively,
these promising data suggest that WJ-MSC
possess the ability, both in vitro and in vivo, to
differentiate into insulin-secreting cells. Recent
results highlight that differentiated beta-cells may
engraft and survive in organs other than pancreas
(e.g., in the liver) and survive maintaining their
differentiated state, thus contributing to glycemia
normalization.

Apart from islet cells, long-term effect of
the implantation of WJ-MSCs studied in 29
newly onset TIDM patients showed improved
C-peptide levels compared to saline-treated
patients. These data clearly suggested the safe
and beneficial role of WJ-MSCs in diabetes
treatment [50]. However, further similar studies
on the efficacy of WJ-MSCs in treating diabetes
in regard with its insulin secretion capacity and
reversal of normoglycemic status are warranted.
It might be a breakthrough study due to the inbuilt
constitutive higher expression of nestin and with
the presence of pluripotent markers such as
oct-4 and SSEA-4 NANOG, OCT4, DNMT3B,
and GABRB3 [8, 49] in hUCMSCs. Suggest a
connecting link between embryonic stem cell and
adult stem cell, thus signifying them as a more
potential candidate for the generation of mature
B-cells.

Umbilical Cord Blood-Derived Cells

Human umbilical cord blood is a readily available
source of mesenchymal stem cell as there are
rising number of public and private bank for
the storage of cord blood, thus allowing opti-
mal matching of HLA for allogenic as well as
autologous transplantation. Besides this HUCB
stem cells contain telomerase enzyme and have
long telomeres as compared to BM cells [51].
Thus, interest continues to grow regarding the
therapeutic potential for umbilical cord blood
therapies to modulate autoimmune disease in-
cluding diabetes. Practical matters provide an ad-
ditional rationale for umbilical cord blood-based
therapies. First, the lack of low-risk (i.e., safe)
diabetes intervention trials seeking to reverse
disease, especially for young children with type 1
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diabetes, renders the potential use of umbilical
cord blood particularly appealing. The study re-
ported that umbilical cord blood-derived cells
expressed basal levels of genes involved in the
progression of pancreatic endocrine development
[13]. This lends support to the intriguing notion
that these tissues may contain cells that are some-
how primed to give rise to beta-cells. Pessina
and colleagues had demonstrated the expression
of endocrine pancreatic progenitor markers such
as nestin and cytokeratin 19 and transcription
factors such as neurogenin-3 (Ngn-3), Pax-4, and
Isl-1 in HUCB cells [52]; later on it was con-
firmed by Prabakar K R et al. [53], which shows
it can be used as another alternative source of
MSC:s for B-cell differentiation.

Pessina and co-workers were the first to high-
light that naive UBC-MSC, cultured in a medium
with serum but without specific cytokines or
growth factors, expressed a panel of typical
markers in the pancreatic differentiation pathway
(Ngn3, Nestin, Cytokeratin-18 Cytokeratin-19,
Isl-1, and Pax-4). This was later confirmed
by Prabakar et al. [53] who demonstrated that
cord blood MSCs could effectively recapitulate
all the stages of the standard protocol used to
differentiate beta-cells from hES cells, including
the first critical step of definitive endoderm
specification. This showed that it can be used as
another alternative source of MSCs for p-cell dif-
ferentiation. Yoshida and co-workers investigated
in vivo the capacity of human UCB mononuclear
cells to give rise to IPC when transplanted in
newborn NOD/SCID/B2-m null mice. These
cells, 1-2 months after transplantation, were
able to generate IPC, as testified by the presence
of human insulin at the RNA level and human
chromosome-containing insulin-positive cells
in situ. In addition, this study clarified that
UCB cells could generate IPC by both fusion-
dependent and fusion-independent mechanisms
in vivo [54]. Parekh and co-workers, in fact,
confirmed that UCB-derived mononuclear cells
can express some pancreatic genes and when
transplanted in NOD/SCID (nonobese diabetic/
severe combined immunodeficiency).

R.R.Bhonde and V. Venkatesan

Human cord blood-derived stem cells
(CB-SCs) have been shown to modulate immune
activity in vitro [55-62]. Subsequent studies have
demonstrated that CB-SCs can be used to alter
immune function and improve markers of T1D
in nonobese diabetic mice (NOD) [59] and CB-
SCs have been shown to modulate the immune
function of T1D patient-derived islet B-cell-
specific pathogenic T-cell clones in coculture.

Summary

Although there is vast availability of both
postnatal and perinatal sources of MSCs for
the generation of in vitro functional islet-like
clusters, it remains to be elucidated which
is the best source. However, it is apparent
from the aforesaid attributes that feto-maternal
prenatal sources themselves might give a ray
of hope for treating diabetes, thereby paving
way for emerging non-laborious, cost-effective,
efficient, long-term benefit, largely available,
non-immunogenic source for treating diabetes.
Therefore, current attention should be paid not on
generating the mature B-cells but on the utility of
these undifferentiated feto-maternal sources and
its long-term maintenance in treating diabetes.
Although there is substantial evidence that MSCs
harbor immunomodulatory properties, additional
studies are needed to validate the long-term sta-
bility of the MSCs and furthermore to what extent
these in vitro cultured MSCs might form endoge-
nous islets after transplantation needed to be
elucidated. Although the prenatal source proves
efficient as compared to postnatal stem cell
sources, the ideal candidate among these feto-
maternal sources is uncertain, thus, warranting
further in-depth research in this area to qualify the
criteria laid down for effective therapeutics with
respect to safety, viability, tissue architecture,
and functionality. The novel approaches enabling
long-term survival of these MSCs and their
banking will pave the path for transplantation
of MSCs as a routine procedure to combat type I
diabetes.
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Introduction

Liver disease is an exceptionally common cause
of morbidity and mortality worldwide. The
acute and chronic liver diseases are still treated
with supportive rather than curative approaches.
Orthotropic liver transplantation has so far
been the only available therapy for patients
with end-stage liver diseases. Unfortunately,
the availability of donor organs is limited, and
many patients die each year waiting for liver
transplants. Prevalence rates and the demand for
liver transplantation are rising annually world-
wide. In Europe, nearly 5,500 orthotropic liver
transplantations (OLTs) are performed [1]. In the
UK, active transplantation list in March 2012 was
7,636 patients at the end of March 2012 and 508
patient died waiting for suitable transplant [2].
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Similarly, in USA as of October 2013, 123,392
liver transplants had been reported and as of
today 16,479 patients are on waiting list [3].

Cell-based therapies with stem cells and their
progeny is a promising new approach to this
largely unmet medical need. Recent advances in
the liver repopulation field and the use of alterna-
tive cell sources are under investigation. The ma-
jor drawbacks and the most important advantages
of adult or fetal hepatocytes and hepatocytes
generated from different stem cells in the wide
range of experimental and clinical applications
are published. Even after 40 years of extensive
experimental research, none of the procedures
represent a “gold standard” in the clinical prac-
tice. The achievement of positive outcomes in
many experimental and clinical studies involving
liver progenitor cells has been handicapped by the
limited engraftment of cells that can be of thera-
peutic significance. If stem cells are to be used as
an alternative or bridge to organ transplantation, it
is very important to reduce the cell loss during the
transplantation, repeated cell infusions, and large
numbers of cells for transplantation.

Acute Liver Failure

Acute liver failure (ALF) or fulminant hepatic
failure (FHP) is characterized by rapid deteriora-
tion of hepatocyte function that leads to hepatic
encephalopathy, coagulopathy, cerebral edema,
infection, and multiorgan dysfunction syn-
drome [4]. ALF still has high mortality rate, and
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orthotropic liver transplantation (OLT) is the only
available treatment that gives satisfactory results
[4, 5]. However, clinicians face difficulties in
making a decision about the transplant due to lim-
ited patient history and rapid deterioration of the
patient. Thus, delay results in a patient becoming
un-transplantable due to other contraindications
like multiorgan failure. Urgent OLT has become
a standard treatment for ALF patients in USA
where survival rates have shown improvement
and 1-year survival exceeding 80 % [6].

The common causes of ALF are viral hepatitis,
idiosyncratic drug reactions, acetaminophen, and
mushroom ingestion [7]. Viral hepatitis B is
the most common cause of ALF worldwide,
responsible for about 70 % of cases, and it
produces significant morbidity and mortality
[8, 9]. Another causative factor for ALF in West-
ern world is acetaminophen (APAP) overdose
which is more commonly encountered. APAP
intake leads to excessive production of its active
metabolite N-acetyl-p-benzoquinone imine in the
liver, causing depletion of the glutathione stores
followed by centrilobular necrosis [10].

However, OLTs have numerous limitations
like shortage of donor organs, the high costs,
and the lifelong immunosuppressive treatments
[11]. Various alternatives to OLT have been
evaluated, such as split liver, cross circulation,
plasma exchange, hemofiltration, hemodialysis,
and hemoperfusion without any significant
improvement [12, 13]. The alternatives such as
stem cell transplant or artificial liver support
systems can be helpful, as bridge to transplant
that will increase the availability of suitable
donor for patients who would otherwise have
died might survive until transplantation.

Safety and efficacy of hepatocyte transplanta-
tion procedure has been studied in several ani-
mal models of ALF. The galactosamine-induced
liver failure is the most commonly used models
that include mice, rats, rabbits, guinea pigs, and
dogs [14-16]; thioacetamide-induced liver injury
in rabbits and rats [17, 18]; other models in-
clude complete hepatic devascularization [9, 19]
and total [20] or subtotal (95 %) hepatectomy
[21]. These models showed replacement of about
1-5 % of total hepatocyte mass, which is the
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limiting factor for treatment of ALF [22]. In
experimental animal models, improved survival
rate in ALF was documented by these studies.

Chronic Liver Failure

Chronic liver failure (CLF) death toll is about
1.4 million annually, and nearly 150,000 patients
die due to CLF in India [23]. The predominant
reasons for CLF were cirrhosis due to hepatitis C,
B, and D viral infection, followed by HCC, and
alcoholic cirrhosis with or without concomitant
infection with HCV. Autoimmune causes include
primary biliary cirrhosis (PBC), primary scleros-
ing cholangitis (PSC), and biliary atresia. Non-
alcoholic steatohepatitis (NASH) is associated
with diabetes, protein malnutrition, obesity, coro-
nary artery disease, and corticosteroid treatment.
Other inherited causes are alpha-1 antitrypsin
deficiency, hemochromatosis, Wilson’s disease,
galactosemia, and glycogen storage diseases [24].

Stem cell therapy for CLF patients has more
limitations than acute or metabolic liver diseases.
During the diseases progression, there is a major
loss of hepatocytes and abnormal hepatic archi-
tecture due to scar formation in the liver.

Study of CLF in animal models is difficult due
to lack of suitable animal model that can mimic
the human situation. There are toxin-induced ani-
mal models such as carbon tetrachloride (CCly)
cirrhosis, phenobarbital, retrorsine, and end-to-
side portacaval shunt [25-29]. In the animal ex-
periments, liver toxins were injected to normal
liver, and 4 weeks after the discontinuation of
liver toxins, animals were subjected to cell ther-
apy. During the experimental studies, different
cell types applied intrasplenic, namely, fetal hep-
atocytes and mesenchymal, stem cells [29], rat or
porcine hepatocytes [26], syngeneic rat hepato-
cytes [27], or immortalized rat hepatocytes [25].
These cell therapy experimental models clearly
improved liver function and prolonged survival.

It is believed that at least 20 % of the nor-
mal hepatocyte mass is required to carry out
normal physiological parameters [30]. Hepato-
cyte recovery from an average liver is about
2.8 x 10'" hepatocytes, occupying almost 80 %
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of the total liver volume. Considering the safety
of the cell transplantation, only 2.4 x 10° hep-
atocytes per gram of liver can be transplanted,
suggesting replacement of approximately 10 %
of functional liver mass. The therapeutic mass of
hepatocytes actually required to restore adequate
liver function for CLF patient is extremely high
and is not possible to transplant into the scar
liver or spleen. In this situation, transplantation
hepatocytes into other sites will accommodate
the large number of therapeutic hepatocyte mass
and carryout metabolic function for temporary
support.

Types of Stem Cells Used for
Liver Failures

Embryonic Stem Cells

Embryonic stem cells (ES) are capable of gener-
ating unlimited hepatocytes, which can be used
for transplantation. The study of ES is of great
interest to clinicians, but it is also surrounded by
controversies about its use. First critical step in
generating ES from the definitive endoderm (DE)
tissue can be achieved by treating the cultures
with TGFB family ligand activin [31]. Many
investigators used DE as starting material to gen-
erate hepatocyte-like cells [32—34]. The hepatic
maturation can be achieved by the combination of
HGF, OSM, FGF, and dexamethasone to expand
the hepatoblast population and to promote hep-
atic maturation. The mouse and human ES cells
can be differentiated in to “hepatocyte-like” cells.
These cells showed hepatocyte morphology,
glycogen storage, express hepatic enzymes, and
drug metabolism and secrete albumin [34-39].
Yamamoto et al. and Heo et al. demonstrated
mouse ES have potential to differentiate in
to hepatocyte-like cells. These cells, when
transplanted in to mouse model of liver injury,
engrafted and showed improved survival without
malignancy [40, 41]. Bin et al. showed the
therapeutic effect of embryonic hepatocytes in
Wistar rats with CCly-induced cirrhosis [42].
Transplantation of EC in different liver injury
models showed evidence of repopulation of

207

recipient liver; however, undifferentiated ES
showed teratogenic property in immunodeficient
mice [40, 43].

The major obstacle in the use of ES in the
clinic is safety issue and ethical concerns. ECs are
capable of unlimited proliferation and able to pro-
duce hepatocyte-like cells. They show reasonable
functional capacity, although there is no consen-
sus about which functional parameters are neces-
sary for clinical use. ES-derived hepatocytes into
animals with various liver injury models showed
rescue of liver function, although engraftment of
the cells was low.

Fetal Hepatocytes

Human fetal liver (FL) has alternative source
of liver progenitor that can be procured from
donated tissues after indicated abortions. The FL,
between gestation weeks 5-18, contains a large
number of actively dividing hepatic progenitor
cells that are termed as hepatoblasts. FL cells
are committed progenitors, and the development
is directed to differentiate to liver cells. FL can
be an ideal candidate for cell therapy without
concern of teratoma or cancer formation after
transplantation.

It has been hypothesized that FL arise from
bipotential mesendoderm precursor from meso-
derm and endoderm [44]. Cells from the ventral
midline of the endoderm lip, probably originat-
ing from the mesendodermal prechordal plate,
give rise to part of the liver bud [45]. Many
studies have shown that mesodermal multipotent
adult progenitor cells in both mice and humans
can differentiate into hepatocytes [46, 47]. FL
tissue obtained during the first trimester mainly
exhibits hematopoietic and endothelial markers
[48]. During the second trimester development,
the hematopoietic cells (HSC) shift towards the
hematopoietic cells. Using markers originally ex-
pressed on HSC, including c-Kit (CD117) and
CD34, can be useful for the identification and
isolation of FH. Isolated FH were found to co-
express hepatocytic or biliary phenotypic mark-
ers implying lineage progression [48]. We have
previously isolated and characterized FH from
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Fig. 1 Primary fetal
hepatocytes culture
(Passage 3)

human FL expressing the markers CD34 and
CD117 [29, 49, 50]. Flow cytometric and IHC
analysis FH in early passages were positive for
the hepatic stem cell markers EPCAM, CD133,
and CD90, but not CD34 or CD45, indicating the
non-hematopoietic origin of these cells. We have
confirmed with IHC staining of CK19, CKI18,
and albumin the committed progenitors for bil-
iary and hepatocytic lineages [29, 49, 50]. The
isolation of fetal hepatocytes (FH) consists of
mechanical disruptions into small fragment and
then incubation with collagenase for digestion
of connective tissue. Mechanical disruptions may
yield about 10*~10° cells per donation (unpub-
lished data). Our own experiments have yielded
an average of 5x 10* cells (data not published)
from 12 human fetal tissue isolations (gestation
week 5-11) by mechanical disruption (Fig. 1).
There has been fair success in using FH in
different animal models. These experiments
show successful repopulation of immunode-
ficient mouse and rat liver with rodent fetal
hepatocytes following liver injury [51-53].
In our previous study, we used retrorsine-
induced liver injury mouse model, followed by
30 % partial hepatectomy. We infused 2 x 10°
intrasplenic injection of hFH and/or MSC.
Overall animal survival rates were 100 % during
the experiments. We confirmed the presence of
engraftment and repopulation in the experimental
model by immunohistochemistry and PCR.
Immunohistochemical analysis showed cell
colonies positive for human albumin, alpha-feto
protein, c-met, human hepatocyte antigen, and

the human cytokeratins CK 8, 18, and 19. We also
detected higher levels of human serum albumin
and mouse serum. RT-PCR analysis showed
intense expression of the important hepatic
factors HNF 1la, p, HNF 4a which provides
useful information of persistence hepatocyte
function and differentiation [29].

Isolated FH under GMP (good manufacturing
practices) compliance can be useful for clinical
transplant. In several clinical studies, FH was as-
sessed for infectious diseases such as HCV, HBV,
HIV, EBV, HEV, HDV, toxoplasmosis, rubella,
cytomegalovirus, parvovirus, herpes simplex type
1 and 2, TPHA, sterility, and endotoxin testing.
Therapeutic advantage of FH is useful for a
variety of genetic/metabolic liver diseases and
acute and chronic liver failure. In recent stud-
ies, a significant improvement of all liver serum
biochemistry has been achieved after transplan-
tation of FH in a patient with Crigler—Najjar
syndrome and biliary atresia [54, 55]. FH isolated
from second trimester (EpCAM +- cells) and la-
beled with Tcd, l-hexamethyl-propylene-amine
oxime (Tc-HMPAO) were infused into the hep-
atic artery of 25 patients with end-stage liver
cirrhosis. All patients showed marked improve-
ment of clinical and biochemical parameters dur-
ing 6 months follow-up [23]. In another study,
FH was transplanted in a patient with end-stage
chronic liver failure. The patient received 2 in-
trasplenic infusions (5 x 108) on day 0 and 80.
The patient’s Model for End-Stage Liver Disease
(MELD) score improved from 15 to 10 within the
first 18 months of observation [56].
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Presently available clinical case reports on
use of FH for liver disease give very limited
information. This may be due to ethical concerns
in getting donors. Larger clinical studies are es-
sential to prove the clinical efficacy of FH.

iPSC

Induced pluripotent stem cells (iPSCs) are adult
cells that are genetically reprogrammed to an
embryonic-like stem cell. This is achieved by
introducing genes and factors important for main-
taining the properties of ES. The reprogramming
of adult cells into ES cells enables the generation
of patient-specific stem cells and thus has enor-
mous potential for the treatment of degenerative
diseases.

In 2006, Kazutoshi Takahashi and Shinya
Yamanaka first introduced factors for reprogram-
ming of mouse fibroblasts through retroviral
transduction with 24 transcription factors highly
expressed in ES [57]. Similarly, Park et al.
[58] generated iPSCs from human skin through
ectopic expression of four genes (Oct3/4, Sox2,
c-Myc, and KlIf4). Human iPSCs and ES show
similar morphologies, proliferation rates, and
expression of a number of stem cell markers.
However, the specific difference between ESCs
and iPSCs is the origin of cell type. iPSCs are
derived from adult tissue. In addition, genomic
analyses of two types of cells show that hundreds
of genes are differentially expressed [59].
Importantly, considering the adult origin, iPSCs
can contain an epigenetic “memory” of the donor
tissue, which restrict their differentiation capacity
and therefore utility [60]. Jang and colleagues
generated human iPSCs from a variety of adult
human cells, including the liver cells, fibroblasts,
bone marrow stem cells, and skin cells [61]. They
found that though the iPSCs overall were molecu-
larly similar to each other and to embryonic stem
cells, they retained a distinct molecular “signa-
ture” inherited from the cell of origin. Regardless
of their origin, the different iPSCs showed the
same ability to develop into liver cells. A com-
prehensive study by Miura et al. using various
mouse iPSC, has demonstrated that the origin of
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the iPSC has a profound influence on the tumor-
forming propensities in a cell therapy animal
model. Mouse tail-tip fibroblast iPSC cells
have shown the highest tumorigenic propensity,
whereas gastric epithelial cells and hepatocyte
iPS cells have shown lower propensities [62].

Human iPSCs can be directed to differentiate
into hepatocyte-like cells using different
differentiation methods [63—66]. Jozefczuk et al.
[67] demonstrated the 80 % similarities in gene
expression responsible for normal liver physiol-
ogy between human ES and iPSC. Hepatocyte-
like cells generated from iPSC have been shown
to secrete human albumin, synthesize urea, and
express human cytochrome P450 enzymes [65].
Espejel et al. [68] demonstrated the iPSC-derived
hepatocytes have both the functional and prolif-
erative capabilities needed for liver regeneration
in mice with fumarylacetoacetate hydrolase
deficiency. Asgari et al. performed a growth
factor-mediated differentiation of iPSCs and
evaluated their potential for recovery of CCly-
injured mouse liver following transplantation
[69]. In another study, transplantation iPSCs are
engrafted, integrated, and proliferated in livers
of an immune-deficient mouse model. iPSCs
secreted human albumin and cells function was
similar to primary human hepatocytes, including
metabolic function [70].

The recent success in generating iPSC without
viral vectors has brought iPSC one step closer to
therapeutic application [71]. However, the suit-
ability of individual iPSC for generating cell for
therapy needs to be demonstrated. In spite of
these, limitations iPSC-derived hepatocytes are a
very promising population for cell therapies.

Adult Hepatocytes

Adult hepatocyte (AH) transplantation has led
its scientific foundations over 40 years. Trans-
plantation of AH in animals has shown effective-
ness in defective hepatic enzymes in metabolic
models, improving survival rate in acute hepatic
and chronic liver failure [72-79]. Animal models
have given insight of mechanism of AH en-
graftment. However, limitations of animal models
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Fig. 2 Cannulation of resected liver lobe for hepatocyte
isolation

reflected on the clinical AH transplant. Animal
studies showed that the AH get engrafted in the
recipient liver and function normally, even when
the engraftment accounted for only 1-5 % of the
total hepatocyte mass [22]. This low percentage
of engraftment is unlikely to support acute or
chronic damage unless a significant liver repop-
ulation is achieved.

The source of AH for the experimental and
clinic use is livers discarded for liver transplanta-
tion, liver biopsies, or livers after tumor resection
[80-82]. Isolation of AH from liver biopsies
is quite difficult due to size variations and the
paucity of visible vessels available for catheter-
ization. Nationwide study by Baccarani et al.[82]
found that organs rejected have steatosis more
than 30 %, resulting in reduced hepatocyte yield,
decreased viability, and reduced hepatocyte en-
graftment. Overall cell yield 9.3 x 10° &8 x 10°
hepatocytes, achieving 7.2 x 10° 4 7 x 10° hepa-
tocytes/g of liver tissue digested with an average
viability of 73 % =+ 14 % (Figs. 2 and 3).

Over the years, many researchers have at-
tempted to optimize a hepatocyte isolation proto-
col. Unfortunately, there is no consensus on a sin-
gle isolation protocol for use in all laboratories,
so it is difficult to compare among the outcomes
of different studies [83]. AH isolation process
starts from surgical removal to transportation to
the laboratory and the isolation process. Hep-
atocytes are exposed to a number of variables
that affect their functional ability and viability.

Fig. 3 Primary culture of adult hepatocytes

The surgical technique of resection, for example,
necessitates restriction of blood supply to the
organ, leading to warm ischemia and hypoxia of
the affected portion of the liver and potentially
reducing the viability of hepatocytes. Thus, a
protocol that preserves the liver, minimizing the
damage to hepatocytes, is essential. Berry and
Friend in 1969 demonstrated a protocol involving
a two-step collagenase perfusion method. This
protocol has become the basis of all current hepa-
tocyte isolation protocol [84]. To standardize the
protocol of human AH isolation and functionality
testing, European Centre for Validation of Alter-
native Methods (ECVAM) has recommended the
protocol. One of the most debited recommenda-
tions by ECVAM is the source of the liver, which
will be never accepted by the clinicians.

Furthermore, culture of primary AH is
difficult to maintain and cannot be efficiently
expanded. Primary AH during the culture looses
the metabolic and biotransformation capacity
[85, 86]. Cryopreservation of hepatocytes allows
the banking of hepatocytes that could be used
upon need. Various cryopreservation protocols
successfully used in animal experiments when
applied human hepatocytes results in loss of
6065 % hepatocyte viability and 5-90 %
attachment rate [30, 87, 88].

Mito et al. in 1993 attempted the first human
AH transplantation, till date more than 60 clinical
cases have been treated with AH transplantation
either to bridge patients to OLT or to improve
hepatic metabolic deficiencies [30]. Strom et al.
reported the results of AH transplantation into 25
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patients diagnosed with acute liver failure from
a number of clinical trials in USA. Complete
recovery without organ transplantation occurred
in 2 patients, 6 were bridged to OLT (within
1-10 days), and the remaining 10 died between
18 h and 52 days after the first hepatocyte trans-
plantation [89, 90]. Fisher et al. reported a 37-
year-old woman with FHF who was infused with
8.8 x 108 allogeneic AH into the liver through
a catheter placed into the portal vein. This pa-
tient fully recovered, with a rapid fall in serum
ammonia levels and was discharged from the
hospital after 2 weeks [91]. Pareja et al. reported
two patients received AH transplant as a bridge
to whole-organ retransplantation. Patient already
received a liver transplant (LT) in the past, with an
end-stage liver disease due to recurrent hepatitis
C virus cirrhosis while on the waiting list for an
OLT. Both patients showed low blood ammonia
levels and clinically improved the degree of hep-
atic encephalopathy, thus serving as a bridge to
liver retransplantation in 1 patient [92].

The clinical use of hepatocyte transplanta-
tion is currently limited to support for the in-
born errors of metabolism mainly because none
of the “hepatocyte-like cells” were able to give
metabolic support as AH. Importantly, treatment
of acute and chronic liver failures required larger
number of hepatocyte dose, which can be useful
as temporary bridge to OLT. Successful cry-
opreservation protocol that could maintain the
metabolic capacity after thawing is absolute clin-
ical necessity.

Bone Marrow

Petersen et al. first described the contribution of
bone marrow-derived stem cells (BMSC) to liver
regeneration [93]. Cell populations in BMSC that
contribute to regeneration are hematopoietic stem
cells, mesenchymal stem cells, multipotent adult
progenitor cells, and very small embryonic-like
cells.

Lagasse et al. reported that intravenous injec-
tion of adult bone marrow cells in the FAH™/~
mouse (animal model of tyrosinemia type I)
rescued the mouse and restored the biochemical
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function of its liver. Moreover, hematopoietic
stem cells gave rise to donor-derived hematopoi-
etic and hepatic regeneration [94]. There is
increasing evidence in the literature, suggesting
BMS transplantation can be useful in liver rescue
after acute of chronic injury [93—100]. Jang et al.
reported that transplantation of BMS via the
portal vein promoted functional improvement in
mice with CCly-induced acute liver injury. Liver
function was restored 2—7 days after transplan-
tation and fibrosis reduction was also reported
[101]. Shizhu et al. transplanted BMS cells via
tail veins of mice. BMSCs were found to populate
the damaged liver around the portal and centrilob-
ular regions, and they appeared to differentiate
into albumin-producing hepatocyte-like cells.
Animals showed toward improved liver enzymes
as well as enhanced survival rates [102]. Many
investigators showed successful BMSC engraft-
ment in recipient liver, but repopulation was low.

Several clinical trials found that BMSCs were
beneficial in the treatment of the patients with
end-stage liver failure. Autologous BMSCs trans-
plantation resulted in improvement of liver func-
tion tests [103—108]. Gasbarrini et al. reported
the use of autologous unsorted BMSCs as rescue
treatment for hepatic failure in a 67-year-old
man who was ineligible for liver transplantation.
Patient showed rapid improvement in hepatic
synthetic function after the portal venous infu-
sion of the cells. A liver biopsy performed 20
days after cell transplant was reported to show
increased hepatocyte replication around necrotic
foci [109]. Salama et al. conducted a study of 90
patients with end-stage liver disease. The patients
received G-CSF for 5 days followed by autol-
ogous CD34" and CD133" stem cell infusion
in the portal vein. Study reported that 54 %
patient showed near-normal levels of liver en-
zymes. Couto et al. investigated BMSC therapy in
patients with severe liver disease. BMMCs were
isolated from autologous bone marrow and 10 %
of the cells were labeled with ™ Tc-SnCl,. Eight
patients received 2.0-15.0 x 10% cells. A patient
developed a cutaneous immunomediated disor-
der, and another patient developed hepatocellular
carcinoma (HCC) 12 months after infusion. A
reduction in bilirubin was shown at 1 week,
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while serum albumin increased above baseline up
to 1 month after infusion. Couto et al. pointed
out that the early improvement of liver func-
tion should be interpreted with caution, and con-
trolled studies are needed to determine whether
BMMC s infusion affects HCC development in
cirrhosis [105].

Spahr et al. reported the feasibility of
autologous bone marrow mononuclear cells
(BMMNCs) for the treatment of patients with
decompensated alcoholic liver disease (ALD).
Administration of G-CSF and followed by the
CD347" cells from BMSC showed significant
improvement in liver function in many clinical
trials [103, 110, 111]. In the study, 58 patients
(mean age 54 years, mean MELD score 19, all
with cirrhosis, 81 % with alcoholic steatohepatitis
at baseline liver biopsy) were randomized. The
procedure includes the combination of G-CSF
injections and autologous BMMNCs into the
hepatic artery. Adverse events were observed in
BMNCs and standard medical treatment (SMT)
groups. After 3 months, 2 and 4 patients died,
respectively, in the BMNCs and standard medical
treatment groups, respectively. The MELD score
improved in parallel in both groups during
follow-up with 18 patients (64 %) from the
BMMCT group and 18 patients (53 %) from
the SMT group [112].

Vast amount of experimental and clinical data
denotes that transplantation of BMSC brings
functional outcome into liver parenchyma, either
by fusion or transdifferentiation of MSCs, though
the amount of fusion or transdifferentiation is
extremely low. One of the mechanisms behind
transient hepatoprotective effect is different
soluble growth factors produced by MSCs.
Considering the outcome of many studies, the
knowledge of biological properties and plasticity
of BMSC is incomplete. In clinical settings,
controlled studies are needed to determine
the effectiveness of BMMNCs. Presently, 108
clinical trials are going on for the evaluation
of therapeutic efficacy of BMSCs for end-stage
liver diseases [113]. Overall, accessibility and
availability of HSCs for transplant is an attractive
tool for the liver regenerative therapies.
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Umbilical Cord Blood

Umbilical cord blood (UCB) cells are rich source
of hematopoietic stem cells without any ethical
concerns. Recent studies on UCB-derived stem
cells (UCBSc) showed that these cells are capa-
ble of differentiating into adipocytes, osteocytes,
chondrocytes, cardiomyocytes, neurons, and hep-
atocytes in vitro [114].

Newsome et al. demonstrated that human
UCBSc could differentiate into hepatocytes
after transplantation into immunodeficient mice
without evidence of cell fusion. The percentage
of human hepatocytes reached an average of
0.011 % after 16 weeks compared with mouse
[115]. Kogler et al. reported that UCBSc differ-
entiate into hepatocytes after transplantation into
a pre-immune fetal sheep model. In vitro UCBSs
lack HLA class II and costimulatory molecule
expression [116]. Many experimental animal
models of liver injury by carbon tetrachloride
(CCly), 2-acetylaminofluorene (AAF), and the
Fas ligand showed that the repopulation of
recipient liver by UCBSc is extremely low
[117-123]. Two studies do report that UCBSc
transplantation significantly reduces the mortality
caused by induced liver injury [117, 118]. Burra
et al. evaluated the therapeutic potential of UCB-
derived mesenchymal stem cells (UCMSCs) in
a murine model of acute liver injury using CCly.
UCMSCs-transplanted mice showed a more rapid
damage resolution, lower inflammation level, and
an increased catalase activity compared to CCly-
treated mice alone [124]. Chen Li demonstrated
the therapeutic potential of human umbilical cord
matrix stem cells (WUCMSCs) into nonobese
diabetic-severe = combined = immunodeficient
(NOD-SCID) mice with CCly-induced ALF.
hUCMSCs were engrafted in to recipient liver
and showed the survival benefit and prevented
the release of liver injury biomarkers. These
data suggest that direct transplantation of native
hUCMSCs can rescue ALF and repopulate
livers of mice through paracrine effects to
stimulate endogenous liver regeneration rather
than hepatic differentiation for compensated liver
function [125].
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Zhang et al. evaluated the therapeutic use of
hUCMSC:s in 45 chronic hepatitis B patients with
decompensated LC. During the study, 30 patients
who received hUCMSCs showed significant re-
duction in the volume of ascites and improved
liver function indicated by the increase of serum
albumin levels, decrease in total serum bilirubin
levels, and decrease in the sodium model for
end-stage liver disease scores [126]. Presently,
there are 4 ongoing clinical trials (phase I and
II) using UCBSc, investigators thus studying the
safety and efficacy of UCBSc on patients with
liver cirrhosis.

Thus, there will be much excitement about
the use of the UCBSc for the treatment of acute
and chronic liver diseases. Collation of UCBSc
is done by noninvasive methods, and there is
no problem in the availability of donor. Impor-
tantly, UCBSc can be cryopreserved without ma-
jor loss during cryopreservation. Furthermore,
UCBSc are nonimmunogenic, which make them
more suitable for allogeneic transplant.

Route of Administration

There are different approaches used for hepato-
cyte transplant in animal models. The most ac-
cepted approach for hepatocyte transplantation is
intrasplenic transplantation. Hepatocytes injected
in splenic pulp migrate through hepatic artery
in liver parenchyma. The flow of the injection
helps hepatocyte to invade the sinusoidal bound-
aries and entrap in vascular spaces [127]. En-
trapped hepatocytes can integrate and proliferate
into hepatic lobule. During intrasplenic transplan-
tation, about 40 % of hepatocytes are entrapped in
splenic pulp, and this serves as extra hepatic site
for hepatocytes. The hepatocytes showed syn-
thetic, metabolic, and biliary transport function
[128] (Figs. 4 and 5).

Major limiting factors in using intrasplenic or
intraportal route are portal vein thrombosis, por-
tal hypertension, and pulmonary embolism due
to transplanted cells [129]. Importantly, there are
limitation of cellular dose that can be transplanted
single time; thus, repetitive infusion of cells is not
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Fig. 4 D-galactose intoxicated C57BL/6 nude mice had
40 % partial hepatectomy followed by transplantation
of FH (2 x 10%/mice). Fresh-frozen section of mice liver
showing albumin (green staining), nuclei were counter-
stained with DAPI (blue)
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Fig. 5 D-galactose intoxicated C57BL/6 nude mice had
40 % partial hepatectomy followed by transplantation of
FH (2 X 10%/mice). Paraffin section of mice liver showing
human hepatocyte antigen (brown staining)

possible. However, portal hypertension usually
resolves within hours after transplantation, and
other measures taken to reduce these complica-
tions are by hepatic artery ligation to decrease
the sinusoidal blood flow prior to hepatocytes
infusion or the slow infusion of hepatocytes over
a longer period [119, 130]. In our studies, we
have used 70 % partial hepatectomy to mouse
model of liver injury followed by 2 x 10° fetal
hepatocytes. During the experiments, we have
seen portal hypertension and lung embolism as a
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result of cell infusion. We could achieve survival
rate of 50 % (unpublished data). Therefore, to
overcome the limitation, we followed 30-40 %
partial hepatectomy followed by cell infusion.
From this modification, we could get 100 %
survival. We have observed transient hyperten-
sion due to lung embolism, but it was transient
[29].

Presently, different alternative sites to encour-
age hepatocyte attachment, proliferation, and sur-
vival are under investigation. In several animal
studies, cells were directly injected into the liver
parenchyma to avoid cell loss during the trans-
plantation. But transplanted cells were observed
in central veins indicating an increased risk of
lung embolism [131-133]. Therefore, in the clin-
ical setting, direct injection of cells into the liver
may not be feasible. Ectopic hepatocyte trans-
plantation is defined as a transplantation site for
hepatocytes other than the liver or spleen. Cell
therapy directed towards the liver may not be
feasible in cirrhotic and fibrotic liver during end-
stage disease. Thus, transplantation of cells in
ectopic sites may give temporary relief for the
metabolic and synthetic stress on hepatocytes.
Researchers have evaluated different ectopic sites
for hepatocyte transplant, including the intraperi-
toneal cavity, pancreas, mesenteric leaves, in-
trapulmonary artery, lung parenchyma, kidney
capsule, interscapular fat pads, and lymph nodes
[134-141]. Unfortunately, transplanted cells sur-
vive for a short time. The specific reason for
short-term survival of cells is unknown; it is
likely due to lack of liver specific growth factors
or lack of neovascularization. To overcome this
limitation, the use of growth factors, like SDF-1,
HGF, EGF, or VEGFR, can play a crucial role
for initial support for hepatocyte survival and
proliferation. Yokoyama et al. injected fibroblast
growth factor (bFGF) in subcutaneous space fol-
lowed by transplantation of rat and mouse hepa-
tocytes by providing a polyethylene terephthalate
matrix. Transplanted hepatocytes survived from
4-8 months and retained their albumin synthetic
and drug metabolizing capacity. Furthermore, the
authors were able to transplant ten times the usual
number of hepatocytes into the subcutaneous cav-
ity [136].
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Future Strategies

Stem cell therapy holds promises for acute and
chronic liver diseases, but extensive research for
the last 2 decades could not improve the outcome.
Major limitation of the therapy is the availability
of good quality hepatocytes for transplantation.
Typically, hepatocytes are complex cells able to
do multiple metabolic and secretary functions.
The term “hepatocyte-like cells” fails to show
major metabolic and secretory characteristics of
adult hepatocyte [30]. There are ongoing effects
to make “hepatocyte-like cells” more functional
like adult hepatocytes. One of the important prob-
lem clinicians face during the fibrotic or chronic
liver failure is the availability of space to accom-
modate functional hepatocyte. To overcome this
issue, study of ectopic sites where large number
of functional hepatocytes can be transplanted
without any other complication is ideal need to
cell therapy. Considering the variables in the
pathogenesis of acute and chronic liver diseases,
it is highly important to tailor made the therapies
to specific patient using different stem cells (ES,
iPSCs, FH, BMMNCs, CBSCs).

Development in the strategies of generating
hepatocytes, banking of hepatocytes, hepatocyte
engraftment, therapeutic cell number, and func-
tionality of hepatocytes will change the present
scenario of liver-related cell transplant.

Conclusion

Available data on clinical hepatocyte transplan-
tation indicated the limitations of cell therapy.
Realistically, cell therapy can be advantageous to
acute liver failure or metabolic support where
therapeutic cell dose is less as compared to
chronic liver failure. Considering the limitations
on availability and storage of adult hepatocytes,
alternative sources of hepatocytes generated
from stem cell can be available for treatment.
There are numerous advantages of stem cells
generated hepatocyte transplant: (1) unlimited
supply of hepatocytes; (2) cryopreservation and
banking of hepatocytes; (3) complete metabolic



Stem Cell Therapy for Acute and Chronic Liver Failure

and secretory profile; (4) noninvasive treatment,
without much hospitalization, and economical;
(5) no need for posttransplant medication or
immunosuppressant.

Many of the stem cell sources such as iPSCs,
FH, BMMSCs can be alternative sources of hep-
atocytes and should be evaluated in larger clini-
cal study. The present experimental and clinical
studies demonstrate the advantages and limita-
tions of each cell types used in therapy. Con-
sidering the information, revised clinical trials
can be conducted in larger study groups; and
this will take hepatocyte transplant in to clinical
reality.
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Introduction

The liver is a distinct organ which shows a high
degree of regenerative capacity. Major functions
of liver include metabolism, digestion, storage,
synthesis, and release of vitamins, carbohydrates,
proteins, and lipids. Detoxification of toxic sub-
stances and metals are the other important func-
tions of liver [1]. The anatomy of the liver shows
that it is divided into lobules, which are hexago-
nal in shape and at each corner, there is a portal
vein, hepatic artery and bile duct. The liver is
a richly perfused organ receiving approximately
1/4th of the cardiac output. The blood flows
from the portal vein to the central vein through
the sinusoidal capillaries and finally leaves the
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liver via the hepatic vein (Fig. la). Most of
the drugs consumed and absorbed by gastroin-
testinal (GI) tract by humans undergo first-pass
effect, i.e., it is metabolized by the liver and
then passes on to the general circulation [2].
Circulation of blood in the liver is unique because
it receives both oxygenated and deoxygenated
blood. The liver harbors several types of cells
such as hepatic cells or hepatocytes, hepatic stel-
late cells, Kupffer cells, endothelial cells, and
liver stem cells. Hepatocytes are highly polarized
epithelial cells that are responsible for most of
the metabolic functions. Hepatic stellate cells
(HSCs) and Kupffer cells are found in between
the hepatocyte cord and sinusoids (Fig. 1b). Hep-
atocytes produce bile salts which are excreted
into the space (called as canaliculus) outside the
hepatocytes that lead to bile duct. The region
that connects the terminal bile canaliculus and
hepatocytes is known as the canals of Hering,
from where the liver stem cells are formed [3].
The liver possesses a strong self-healing system
by nature. The property of the liver to regenerate
by itself dates back to Greek Titan Prometheus,
whose liver was believed to be eaten by an eagle
every day, and it was grown back each night.
Indeed, the regenerative potential is so high that
the hepactectomized liver can grow back to nor-
mal within 45 days. Because of high pressure
and heavy drainage organ with multiple tasks, a
strong self-healing system is in place for the liver.
Strong regenerative potential of the liver makes it
a very special model system to study regenerative
medicine.
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L S——
Endothelial cells

Fig. 1 (a, b) Shows the schematic representation of liver
architecture. (a) Shows an individual liver lobule with
portal system, sinusoid, and hepatocytes. (b) Shows a
magnified image of sinusoid where different types of

Liver Diseases: The Fibrotic
Template

The liver is bombarded with mechanical,
chemical, and pathological insults throughout
life. There are more than 100 types of liver
diseases in the world which are caused due to

cells such as hepatic stellate cells, endothelial cells, and
hepatic cells are shown (Adapted from http://bio.au-kbc.
org/faculty/suvro/liver)

viral infection (hepatitis A, B, and C), alcohol
consumption, obesity, genetics, autoimmune
diseases, drugs, toxins, and cancer. Chronic
liver diseases are life-threatening to humans.
Hepeatitis is also reported in about 25 % of people
with HIV infection, thus they are coinfected
with two viruses at the same time. They are
subjected to the risk for serious, life-threatening
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complications through the development of liver
disease, liver failure, and liver-related death. The
age-standardized death rate due to liver disease in
India is 23.6 per 100,000 individuals according
to WHO, 2011 (http://www.worldlifeexpectancy.
com/cause-of-death/liver-disease/by-country/).
Liver fibrosis is nothing but a histological change
in the liver due to inflammation that causes HSCs
to undergo activation with synthesis of excess
ECM proteins. In chronic viral hepatitis, and in
nonalcoholic fatty liver diseases, hepatic cells
lose the ability to undergo division and instead
lead to fibrosis and ultimate development of
liver cirrhosis. Cirrhosis is a condition of severe
damage to the liver that impairs its ability to
function normally. HSCs play an important role
that facilitates the process of fibrosis and thereby
liver cirrhosis. HSCs are liver-specific pericytes
that usually store fat and vitamin A in normal
liver. Under inflammation, HSCs undergoes
a trans-differentiated stage leading to liver
cirrhosis [4]. Key cytokines which promotes liver
fibrosis include TGF-f1, PDGF, norepinephrine,
angiotensin II, endothelin-1, NADPH oxidase
enzyme, and leptin. In contrast, IL-10, IFN-
v, nitric oxide, relaxin, and adiponectin are
known to attenuate fibrotic liver. Nevertheless,
there are reports about reversibility of liver
fibrosis in a hepatitis B viral-infected patient
treated with lamivudine. Lamivudine is an
analogue of cytidine capable of inhibiting reverse
transcriptase enzyme of hepatitis B virus and acts
by terminating DNA elongation [5].

Treatment of Liver Fibrosis

The best treatment available for liver fibrosis is
to make lifestyle changes such as modification of
diet, prohibition of alcohol, and taking regular ex-
ercise, antiviral medications, and steroids. How-
ever, when the liver does not respond to the treat-
ments due to severity of disease, liver transplan-
tation is the best treatment available today. Trans-
plantation is unfortunately made as a rare curative
treatment due to lack of organ donors. Thus, al-
ternative therapies based on stem and progenitor
cells for treatment of chronic liver diseases are
emerging today [6, 7]. Recently, cell type-specific
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deletion or overexpression of pro- and antifibrotic
genes is a major goal of basic fibrosis research.
Troeger et al. generated a transgenic mice ex-
pressing tamoxifen-inducible Cre estrogen under
control of the endogenous vimentin promoter
(VimCreER) to study deactivation of HSCs dur-
ing liver fibrosis [8]. Such system warrants the
presence of tamoxifen (an estrogen receptor an-
tagonist) and also of vimentin, which is pre-
dominantly expressed in myofibroblast-like cells
such as activated HSCs. Thus, administration of
tamoxifen at a desired time point allows Cre-
mediated deletion of target genes or activation
of reporter genes specifically in activated stellate
cells. However, the practical application of this
strategy has to be evaluated in future studies.
Although the removal of causative agent for liver
fibrosis is the best treatment, corticosteroid drugs
and antioxidants have been widely used. Sub-
stances such as pentoxifylline (phosphodiesterase
inhibitor), amiloride (Na+/H+ pump inhibitor),
and renin-angiotensin blocking agents and ad-
ministration of vasodilators were known to ex-
ert antifibrotic activity [9, 10]. Many traditional,
Asian origin herbal compounds are known to pos-
sess antifibrotic properties. There are about 300
preparations in the Indian system of medicine for
the treatment of chronic liver diseases. Sylibum
marianum, Glycyrrhiza glabra, Picrorhiza kurroa,
and Phyllanthus amarus are well known for their
hepatoprotective properties [11, 12]. Traditional
Chinese medicine is still being widely used for
treatment of liver disease in China. A formulation
known as “Compound 861,” made of 10 herbs
with Salvia miltiorrhiza as its chief component,
has been shown experimentally to be effective
in reducing fibrogenesis and enhancing collagen
degradation [13].

Hepatic Stellate Cells
and Hepatopathophysiology

Under normal conditions, HSCs remain in a dor-
mant state and have protrusions extending from
the cell body that wraps around the sinusoids.
In pathological conditions such as liver fibrosis
or liver cirrhosis, activated HSCs undergo cell
proliferation, cell migration, loss of retinoids,
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secretion of proinflammatory cytokines, and syn-
thesize of a large amount of extra cellular matrix
(ECM) components including collagen, proteo-
glycan, and adhesive glycoproteins. The mor-
phology of these cells also changes from the
star-shaped stellate cells to that of the fibrob-
lasts or myofibroblasts and acquires contractile
properties. HSCs show remarkable change in
secretory pattern after activation. Leptin, PPAR,
and SREBP-1c are the markers expressed in qui-
escent HSCs. Upon activation, HSCs express
mostly alpha smooth muscle actin, c-myb, and
myocyte enhancer factor-2 [5]. About 5-8 %
of the total number of liver cells is represented
by quiescent HSCs, while it increases to 15—
20 % during cirrhotic condition [14]. Activation
of HSC consists of 2 major phases: (1) initiation
(also called a preinflammatory stage) and (2)
perpetuation. Initiation refers to early paracrine-
mediated changes in gene expression and phe-
notype that render the cells responsive to other
cytokines and stimuli. Perpetuation results from
the effects of these stimuli on maintaining the
activated phenotype and generating fibrosis [15].
Paracrine stimulation by neighboring cell types
such as sinusoidal endothelium, Kupffer cells,
hepatocytes, platelets, and leukocytes contributes
to the activation of HSCs. Kupffer cells can
stimulate matrix synthesis, cell proliferation, and
release of retinoids by stellate cells through the
actions of cytokines (especially TGF-f1) and re-
active oxygen intermediates/lipid peroxides [16,
17]. Reactive oxygen species whether produced
internally within stellate cells [18] or released
into the extracellular environment [19] are capa-
ble of activating the stellate cells and collagen
synthesis. Kupffer cells also produce the predom-
inant mitogen (platelet-derived growth factor) for
activated HSCs [20]. Apart from HSCs, myofi-
broblasts and cells of bone marrow origin have
been shown to exhibit fibrogenic potential [21].

Therapeutic Strategies Targeting
HSCs

Different strategies such as inhibition of HSC
proliferation or induction of HSC apoptosis,
downregulation of collagen production or
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promotion of its degradation, administration of
cytokines, and infusion of mesenchymal stem
cells are being used as antifibrotic therapy.
Several studies were carried out to inhibit
the activation of HSCs using pharmacological
compounds. Angiotensin inhibitors, endothelin
inhibitors, interferon-a, pentoxifylline, PPAR
antagonists, and TGF-f1 inhibitors inhibit HSC
activation [5]. Stimulation of death receptors
in activated HSCs and a decrease in survival
factors, including TIMP-1, can precipitate HSC
apoptosis. Antioxidants such as vitamin E,
silymarin, phosphatidylcholine, and S-adenosyl-
L-methionine are also known to inhibit HSC
activation. As HSC activation is the central
event in hepatic fibrosis, it becomes necessary
for developing and identifying targeted therapy
to curb “HSC activation.” Therefore, stem cell-
based therapies targeting HSC inactivation could
be ideal for antifibrotic approach [22]. Stem
cell transplantation is unique and seems to be
more efficient than other kinds of treatments
because of its bipotent differentiation capacity
and continuous transplantation efficiency in
restoring the functional liver tissue [23].

Liver Stem Cells

Most of the information on liver stem cells today
is derived from animal studies due to the fact that
human study involves serial liver biopsies and
long-term follow-up studies to assess changes in
liver fibrosis which is not always feasible. How-
ever, it is evident that functional liver stem cells
do exist in humans [24]. Liver precursor cells
(LPCs) are recognized as bipotential precursor
cells in the damaged liver. They can rapidly pro-
liferate, change their cellular composition, and
differentiate into hepatocytes and cholangiocytes
to compensate for the cellular loss and maintain
liver homeostasis in animal models of liver injury
[25]. Bipotential murine oval liver (BMOL) cells
are the rodent counterpart of LPCs. The oval cell
is a blast-like, liver-specific stem cell, capable
of self-renewal and multipotent differentiation. It
was initially identified that a small population of
cells with a low cytoplasmic/high nuclear ratio
that arose from portal cells, not from hepatocytes,
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in rodents came to be known as “oval cells”
[26]. BMOL cells are termed so due to its oval-
shaped nucleus, 7-10 pm in size (smaller than
hepatocytes), and are observed in rodent models
of liver injury. They arise from the juncture be-
tween hepatocyte plates and terminal bile duct
cells, known as the canals of Hering in rodents
[27]. It was noted that there are similarities in
the requirement of growth factors such as TNF-
a and IL-6 between oval cells and hepatocytes
for their proliferation [28]. However, expression
of markers and gene expression pattern among
them differs [29]. Typical biomarkers that express
on bipotential oval stem cells include AFP, Thy-
1, CD34, c-kit, SOX9, CD133, CD90, CD44,
EpCAM, CD13, GGT, OV-6, CK-19, OC.2, and
HEA-125 [30-32].

Harnessing HSC Activation Using
Stem Cells

ECM-producing HSC could be the ideal
target to reduce the burden of liver diseases.
Transplantation of bone marrow cells into
fibrotic mouse led to significant decrease in
the expression of galectin-3 (+) cells and
proved that fibrosis regression is mediated
by bone marrow cell transplantation [33]. It
was observed that human amnion -epithelial
cells (hAEC) administered into liver fibrotic
mice could establish themselves in fibrotic
liver areas within 2 weeks’ time, which was
demonstrated through human leukocyte antigen-
G expression and detection of human albumin
protein in mouse sera of hAEC-treated animals.
In addition, hAEC-treated mice showed fewer
activated collagen-producing hepatic stellate
cells and less fibrosis area and collagen content
compared to controls [34]. Lam et al. studied the
mechanism involved in hepatic differentiation
of mesenchymal stem cells (MSCs), which
are transplanted into D-galactosamine (GalN)-
induced acute liver injury in rats [35]. Their
results revealed that activation of interleukin-
6 (IL-6)/glycoprotein 130 (gpl130)-mediated
signal transducer and activator of transcription
3 (STAT3) pathway through soluble IL-6
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receptor is important in hepatic differentiation
of MSCs. The work of Gur et al. elaborated
that NKp46, one of the major nuclear killing-
activating receptors expressed by nuclear killer
cells in the liver, was able to kill both murine
and human HSCs and showed antifibrotic
activity [36].

In the present study, we attempted to under-
stand about how bipotential murine oval cells
interplay with activated HSCs and thereby sup-
port liver regeneration using in vitro cell culture
system. Our results demonstrate the differentia-
tion of BMOL cells into hepatocytes and showed
that BMOL cells are capable of compromising
HSC viability and induced apoptosis. In addition,
we have also proved that differentiated BMOL
cells are capable of functionally blocking the
activated HSCs by inhibiting collagen synthesis
and secretion.

Materials and Methods

Cell Culture and Differentiation
of Stem Cells

Bipotential murine oval liver (BMOL) stem cells
were a kind gift from Prof. George Yeoh, Univer-
sity of Western Australia, Perth, Australia. These
cells were maintained in two different kinds of
medium such as normal medium and differenti-
ation medium. The cells grow and propagate as
BMOL stem cells in normal medium, and the
stem cells were induced in vitro to grow as hepa-
tocytes by maintaining them in a differentiation
medium. The composition of normal medium
contains Williams’ E medium supplemented with
glutamine, 10 % fetal bovine serum, 1 % peni-
cillin, and streptomycin. The ingredients such as
ITS 4 Premix (6.25 g/ml each), 10 mM nicoti-
namide, and 107 M dexamethasone were added
extra in the normal medium to be used as dif-
ferentiation medium. The cells were maintained
initially in the normal media as BMOL stem cells
for 10 days and later changed to differentiation
media. Cells grown to 90 % confluency under
normal media served as control [27]. Activated
and immortalized hepatic stellate LX2 cells were
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cultured in DMEM supplemented with 10 %
fetal bovine serum and 1 % penicillin (w/v) and
streptomycin (W/v).

Preparation of Conditioned Media
(Cm)

BMOL stem cells were trypsinized and seeded
on collagen-plated 24-well plate with 80 % cell
density and incubated for 12 h in normal media.
Fresh media was added to the dish and incu-
bated for 12 h. Next, the media was taken out
and served as undifferentiated conditioned media
(UDCM). Similarly, the media that was obtained
from the flask in which BMOL cells were grown
in differentiation media served as differentiated
conditioned media (DCM).

Immunofluorescence

BMOL cells were seeded in 12-well plates and
were grown under normal media and differenti-
ation media. The cells were processed using the
cold paraformaldehyde-Triton X-100 procedures
as described elsewhere [37]. Paraformaldehyde
fixed cells were incubated at 40 °C overnight with
mouse monoclonal antibodies (dilution 1:1,000)
against HNF4-a. Next, corresponding goat anti-
mouse secondary antibodies (dilution 1:2,000)
tagged with FITC was used. Images were taken
using an Olympus IX71 epifluorescence mi-
croscopy system equipped with a DP71 camera.

Western Blot

BMOL cells were fed with normal and differ-
entiation media and were harvested for Western
blot analysis. Total protein was normalized us-
ing Biuret Assay. Proteins were detected using
1:500 dilution of HNF4-a antibody (H79, Santa
Cruz) and 1:1000 dilutions of goat anti-rabbit IgG
conjugated to horseradish peroxidase (Bangalore
GENEI). The blots were developed by using
TMB/H,0, as substrate. Loading control was the
expression level of B-actin gene (ab8229, Abcam,
USA).
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Measurement of Apoptosis
Pl Incorporation Assay

PI has been widely used to measure apoptosis
in different experimental systems [38]. Activated
hepatic stellate cells, LX2, were treated with
UDCM and DCM for 4 h, followed by incubation
of cells with 1 uM of PI for 10 min. Next,
cells were washed with PBS for two to three
times to remove unbound PI, and the fluorescence
images were acquired with DP71 camera adapted
to an Olympus IX71 microscope. The protocol is
based on the basic principle that late apoptotic or
necrotic cells take up PI, while normal cells do
not take up the dye due to the difference in their
membrane permeability and rigidity. Number of
PI positive cells were counted from 5 different
fields of 5 individual experiments and plotted.

Annexin V-FITC Apoptosis Detection
Kit

LX2 cells were treated with UDCM and DCM for
4 h and were processed as per the protocol sup-
plied by the manufacturer (Merck, Calbiochem,
EMD Chemicals Inc., Darmstadt, Germany). Flu-
orescence images of the cells were taken and the
number of annexin V-FITC-positive cells were
counted per field.

Cell Viability Assay

Cell viability was measured following the trypan
blue protocol. In brief, LX2 cells were seeded
in 12-well plates and incubated for 4 h in
UDCM and in DCM. Next, the respective media
containing trypan blue (0.04 mg/ml) was added
to the cells and incubated for another 15 min.
The cells were then washed with PBS before
imaging. Bright-field images were taken using
Olympus inverted microscope. The number
of cells having a blue nucleus was counted
and the percentage of dead cells was plotted
as a graph. Cell viability was also measured
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using 5-chloromethylfluorescein diacetate probe
(CMFDA). LX2 cells were subjected to UDCM
and DCM treatments for 4 h, followed by
incubation with 5 uM CMFDA for 2 h. Next,
the cells were washed with PBS and images were
taken using DP71 camera adapted to an Olympus
IX71 microscope.

Collagen Formation Assay

Collagen formation assay was performed using
the collagen-specific dye, Sirius red. A solution
of 5 pg/ml concentration Sirius red was prepared
by dissolving 0.1 g of Sirius red in 100 ml of
saturated picric acid solution. LX2 cells were
treated with UDCM and DCM for 4 h and probed
with acidic solution of Sirius red. After 1 h
of incubation, cells were washed with PBS and
images were acquired with Nikon cool pix cam-
era adapted to an Olympus inverted microscope.
For colorimetric measurement of collagen-bound
Sirius red, cells were lysed using lysis buffer
followed by taking the absorbance of the super-
natant at 540 nm.

Statistical Analysis

All experiments were performed in triplicate un-
less otherwise specified. Data are presented as
mean + SE. Data was analyzed using #-test, one-
way and two-way ANOVA as appropriate. P-
values p > 0.05 were selected as the criterion for
a statistically significant difference.

a ub D

HMNF-4cx W . e

B-actin | o ———

Fig. 2 (a, b) Confirming the differentiation of BMOL
cells. BMOL cells were processed following the dif-
ferentiation protocol. (a) Differentiation was confirmed
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Results

BMOL Cells Differentiated into
Hepatocytes

BMOL cells incubated with differentiation media
(dexamethasone, ITS, and selenium) for 10 days
were able to differentiate to hepatic cells, and it
was confirmed by identifying the expression of
HNF4-q, a hepatocyte-specific marker. Morphol-
ogy and biochemical characterization of the cells
suggested that BMOL cells were differentiated to
hepatocytes. The results of Western blot analysis
confirmed the expression of HNF4-a protein
in differentiated hepatocytes when compared
to undifferentiated cells (Fig. 2a). Results of
immunofluorescence analysis also showed that
HNF4-a was expressed in cells which were
grown in differentiation media, while it was
absent in cells that were grown in normal medium
(Fig. 2b).

BMOL Cells Compromised HSC
Viability and Induced Apoptosis

Viability of the activated HSCs was estimated
following trypan blue assay protocol. Analysis
of the images revealed that number of dead cells
were almost equal in UDCM- and DCM-treated
HSCs which were comparatively higher than that
of HSC incubated under normal media (Fig. 3a).
Additionally, the number of live cells under
CM treatment was estimated using CMFDA,

by probing with HNF4-a antibody using Western blot.
(b) Immunofluorescence image shows the differentiated
BMOL cells as hepatocytes using HNF4-a antibody [37]
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Fig. 3 BMOL cells affected cellular health of HSC. (a)
HSC was treated with CM for 4 h followed by incu-
bating with 0.04 mg/ml concentration of trypan blue-
containing media. Cells were then imaged and the number
of blue nucleus positive cells was counted. * versus Nor
(*p <0.05) (n=25). (b) HSC were treated with CM for
4 h followed by incubation with CMFDA for 30 min.

a cell-permeable live cell detecting fluorescent
probe. A number of CMFDA unstained cells
were observed in UDCM- and DCM-treated
HSCs which were not seen in normal media-
treated HSC suggesting that undifferentiated and
differentiated CM treatments induced hepatic
stellate cell death (Fig. 3b). We measured the
number of late apoptotic and necrotic cells
using PI incorporation assay. Membrane of late
apoptotic and necrotic cells become leaky due
to membrane disintegration and thus become
permeable to PI, while live cells do not take up
the dye. Apoptotic studies with PI showed that

Yellow arrows in the images showed the CMFDA un-
stained dead cells. * indicates p <0.05. (¢) HSC were
treated with CM for 4 h followed by incubation with PI
(10 M) for 15 min. Cells were then washed with PBS to
remove unbound PI and then imaged with DP71 camera
adapted to a Olympus IX71 camera

CM from differentiated BMOL cells induced
HSC apoptosis by 1.42-fold, while CM from
undifferentiated BMOL cells were unable to
induce late apoptosis or necrosis (Fig. 3c).

BMOL Cells Blocked Collagen
Synthesis and Secretion by HSC

To evaluate the collagen production by LX2
cells, Sirius red staining of the cells treated with
UDCM and DCM were performed. Analysis
of the images showed that LX2 cells lose its
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Fig. 4 BMOL cells attenuated HSC-mediated collagen
production. (a) HSC was treated with CM for 4 h followed
by incubating with Sirius red for 1 h. Next cells were
washed with PBS and images were acquired with Nikon
coolpix camera adapted to motic inverted microscope. Im-
ages are representative of 5 individual set of experiments.
* and ** versus Nor (¥*p < 0.05;**p <0.001) (n =5). (b)
HSC was treated with CM for 4 h followed by incubating
with Sirius red for 1 h. Next cells were washed with PBS
and scrapped and further homogenized. Homogenate were

collagen production with UDCM and DCM
treatment compared to normal media-treated
cells (Fig. 4a). A similar set of experiments
were carried out where after UDCM and DCM
treatment, cells were incubated with Sirius red
followed by scraping and lysing the cells and
taking absorbance at a wave length of 540 nm.
CM from undifferentiated and differentiated
stem cells blunted collagen production by 22 %
and 23 %, respectively (Fig. 4b). Western
blotting analysis of CM-treated activated HSC
revealed that CM from differentiated BMOL
cells maximally blocked collagen synthesis by

centrifuged to remove the cell debris followed by taking
the absorbance at 540 nm. ** versus Nor (**p <0.001)
(n=135). (c) HSC was treated with CM for 4 h followed by
adding fresh FBS-free DMEM media to cells and further
incubating for 2 h. Next, the media was taken and the
protein was extracted from the CM using TCA protocol.
Cells were also processed to prepare Western blot sample
which was used to probe B-actin. Densitometry values of
the bands were analyzed using ImageJ module. * and **
versus Nor (*p < 0.05;**p <0.001) (n =3)

73 %, while undifferentiated CM also blocked
collagen synthesis by 31 % compared to normal
media-treated controls (Fig. 4c).

Discussion

The present study established a novel condi-
tioned media-based model which studies the
implications of liver stem cells in controlling
activated HSC. The results of the present
study demonstrated that BMOL stem cells are
capable of inhibiting activated HSCs. Although
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several studies have been published using bone
marrow-derived stem cells to combat liver
fibrosis using animal models, ours is the first
study which used simple cell culture-based
model to induce cell death in activated HSCs.
Cell therapy based on transplantation of bone
marrow-derived cells including mesenchymal
stem and embryonic stem cells was reported
to reduce carbon tetrachloride (CCl4)-induced
liver fibrosis [33, 39-42], while fetal liver
epithelial progenitor cells have also been shown
to ameliorate diethylnitrosamine-induced liver
fibrosis [43]. The basic mechanism involves the
entry of these stem cells to the portal circulation
followed by differentiation to hepatocyte and
further helping in the regeneration of liver.
Earlier studies report that oval cells function
as a facultative liver stem cell compartment and
are induced to proliferate when the regenerative
capacity of mature hepatocytes is compromised
[44-46]. A strong association was observed
between oval cell numbers and the severity
of liver injury [32]. Inhibition of activated
HSCs is an important step in preventing liver
fibrosis. Transdifferentiation of HSCs was
blocked by DNA methylation inhibitor 5-aza-
2'-deoxycytidine (5-azadC), demonstrating the
epigenetic regulation of hepatic wound healing
and fibrogenesis [47]. Histone deacetylase
(HDAC) inhibitors, trichostatin A, and valproic
acid have been identified as potent inhibitors of
HSC activation [22]. Treatment with MC1568,
another HDAC inhibitor, resulted in a significant
decrease in stellate cell activation in vitro through
the induction of micro RNA-29 [22].

Although many antifibrotic approaches such
as renin-angiotensin system blockers and antiox-
idants are being used [48, 49], the efficiency with
which these compounds are taken up by activated
HSCs remains a problem. Targeted delivery to
activated HSCs could provide a solution to such
problem. Accumulation of activated HSCs should
be inhibited by interfering with either their acti-
vation or proliferation. Although several studies
have demonstrated the use of stem cell therapy in
liver diseases [50, 51], targeting activated HSCs
using stem cell therapy islimited. The present
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work has demonstrated that activated HSCs could
be killed by using conditioned media derived
from differentiated oval stem cells. Further, the
function of activated HSCs could be inhibited by
suppressing collagen formation using differenti-
ated conditioned medium compared to normal
medium. However, the limitation of the current
study is that it is an in vitro-based cell cul-
ture model. The future directions should focus
on identification of factors in the UDCM and
DCM which are responsible for inducing the pro-
grammed death of activated HSCs. Future studies
addressing this aspect would lead to a better
understanding of the mechanisms through which
stem cells can attenuate activated HSC functions
and thus can be used as a therapeutic strategy
in liver diseases like liver fibrosis. Bisgaard et
al. reported that y-interferon (IFN-y), a cytokine,
plays an important role in stem cell-mediated
liver regeneration [29]. Parekkadan et al. showed
that mesenchymal stem cells (MSCs) modulate
the activated HSCs through paracrine factors such
as IL-6 and IL-10 which led to inhibition of col-
lagen synthesis. They also observed that MSCs
released hepatocyte growth factor which induced
apoptosis of activated HSCs [52]. We propose
that the present study can be extended in two
different ways: (1) identification of factors in the
UDCM and DCM and characterizing it further
and (2) application of BMOL cells to fibrotic
liver in an animal model and identifying the
stage(s) at which the differentiated BMOL cells
have optimal effect on inducing the apoptosis of
activated HSC in vivo.

Conclusion

The present study offers an important clue
that conditioned medium from the hepatocyte-
differentiated BMOL is able to induce apoptosis
of activated HSCs and attenuate collagen
production by the cells. Further research in
identifying the factors in the conditioned medium
will help in developing better treatment strategies
for liver fibrosis.
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Phillip G. Stubblefield

Introduction

Presently, there is great interest in stem cells from
adult tissues because of the increased use of stem
cells in therapy and the many practical and ethical
concerns about stem cells of embryonic origin.
Use of bone marrow stem cells harvested from
living donors and from adipose tissue is well es-
tablished, but there is great need for noninvasive
sources. The human endometrium has attracted
attention because it is shed monthly during men-
struation and then completely regenerates. It was
proposed years ago that this rapid regeneration
must be based on stem cells, but it is only re-
cently that endometrial mesenchymal stem cells
were identified and characterized. Adult stem
cells are identified by their functional proper-
ties: high proliferative potential, substantial self-
renewal capacity, and ability to differentiate into
at least one type of mature functional progeny.
The menstrual blood of women volunteers has
been collected, prepared in the laboratory, and
studied as a nearly unlimited source for use in re-
generative medicine. Adult stem cells have been
looked for in other tissues in an effort to better
understand the function of these tissues in health
and disease. Adult stem cells have now been
identified in the human female reproductive tract
in the ovary, fallopian tube, decidua of pregnancy,
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as well as the endometrium. Adult stem cells have
also been identified in the testis and the prostate
of the male system [1].

Stem Cells of the Endometrium

Chan and colleagues reported the identification
of clonogenic cells in the human endometrium
in 2004 [2]. Endometrial samples attached to
5 mm of myometrium were obtained from 17
ovulating women who had hysterectomy for
fibroids or adenomyosis. The endometrium was
scraped off and prepared as a suspension of
single cells after enzymatic digestion. Selection
for endometrial cells was performed using
Dynabeads (Dynal Biotech, Oslo, Norway)
coated with BerEP4, an antibody specific for
both luminal and glandular epithelium, and then
cultured at clonal density in a complex medium
on mouse fibroblast feeder layers as further
described in their report. Two types of colonies
resulted: small colonies containing large loosely
associated cells and large colonies containing
small, densely packed cells. Both endometrial
epithelial and stromal cells were cultured. Both
formed small and large colonies. Growth factors
that supported clonogenic growth were identified.
The clonogenic cells were a small population of
the cells studied, 0.22—0.52 % of the endometrial
epithelial cells and 1.25 % of stromal cells. Three
growth factors strongly supported clonogenicity
of both epithelial and stromal cells: TGF-alpha,
EGF, and PDGF-BB. bFGF supported stromal
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clonogenicity but not epithelial. The epithelial
phenotypes of large and small colonies differed.
Cells from the small colonies expressed the three
epithelial markers, BerEP4, CK, and CDA49f.
Cells from the large colonies weekly stained for
CD49f and CK and were negative for BerEP4.
The stromal cells from both small and large
colonies stained for CD90, collagen type I,
and the fibroblast marker 5B5 confirming that
they were largely composed of fibroblasts. The
authors propose that the small colonies of loosely
arranged large-sized cells are putative epithelial
or stromal transit activating (TA) cells already
committed to differentiate after a finite number
of divisions, while the large colonies of small
cells which were fewer in number and had high
proliferative capacity may have been initiated by
a putative endometrial epithelial or stromal stem
cells or committed progenitor cells.

An early method of identifying stem cells was
by the ability of cells to exclude the fluores-
cent dyes Hoechst 33342 and rhodamine used in
staining of tissues for microscopic examination.
These were labeled “side population cells”(SP) as
compared with main population cells which did
fluoresce. It is now accepted that SP cells are stem
cells and that endometrial stem cells come largely
from the side population [3].

Further proof of adult stem cell activity came
with the demonstration of reconstituted human
endometrial tissue in xenografts. Fully dissoci-
ated unfractionated human endometrial epithelial
and stromal cell suspensions were transplanted
directly beneath the kidney capsule of immuno-
compromised mice. Well-organized endometrial
and myometrial layers of functional endometrium
were produced [4]. More recently it was demon-
strated that endometrial SP cells were highly ca-
pable of reconstituting the entire endometrium in
the mouse model, while the non-SP endometrial
cells did not [3].

Biomarkers of Endometrial Cells

Many investigators have studied the presence or
absence of specific biomarkers of endometrial
stem [2, 3]. Their findings are not identical and
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it is likely that endometrial stem cells are het-
erologous [5]. Perhaps the most extensive study
to date of markers is that of Indumathi and
colleagues [6]. These investigators collected hu-
man endometrial and fallopian tube biopsies from
surgical specimens from 10 women who under-
went hysterectomy/tubectomy/oophorectomy for
benign conditions. For comparison, human bone
marrow was obtained from 10 patients under-
going experimental stem cell therapy for spinal
cord injury. Single-cell suspensions were pre-
pared in standard fashion [6]. The cells were
stained with cell-surface antibodies and specific
intracellular biomarkers and then characterized
by fluorescence-activated cell sorting (FACS).
The biomarkers studied included eight cell ad-
hesion molecules, four hematopoietic markers,
four mesenchymal stem cells, two perivascular
markers, four pluripotency markers and five pro-
genitor/endothelial cell markers. Table 1 presents
the expression of the biomarkers in bone marrow,
endometrium, and fallopian tube, presented as
ranges of variation from sparse to robust. In gen-
eral endometrium and fallopian tube were similar
to each other but differed from bone marrow cells
in expression of several markers.

Endometrial Mesenchymal Stem
Cells from Menstrual Blood

Several independent groups of investigators
reported isolation and characterization of stem
cells from menstrual blood. Meng and colleagues
collected 5 ml of menstrual blood from healthy
women after menstrual flow had begun [7].
The subject collected the specimens herself
by using a urine cup-tubing method into an
antibiotic-containing solution of buffered saline.
The cells were then separated, washed and
cultured, subcultured, and passaged twice a
week for 2 weeks, and then single cells were
plated for cloning. Cells were prepared for
study under fluorescent microscope or flow
cytometry. Four CD surface biomarkers were
studied: SSEA-4, Stro-1, HLA-ABC, and HLA-
DR. Three intracellular antibodies were used:
Oct-4, Nanog, and telomerase. Karyotyping
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Table 1 Ranges of variations in expression of

biomarkers

Markers Bone marrow Endometrium Fallopian tube
Cell adhesion molecules

CD29 R R R
CD44 R H R
CDl166 M M M
CD106 S L L
CD49d H L L
CD31 H L M
CD54 H M M
CD13 M L M
Hematopoietic markers

CD34 M M H
CD45 R M H
CD133 R L L
CD117 M L M
Mesenchymal markers

CD90 M M L
CD105 M M M
CD73 H H L
Nestin S R R
Perivascular markers

CD140b M H H
CD146 L H
Pluripotency markers

SSEA4 S M M
ABCG2 S L L
OCT3/4 L M L
SOX2 L S S
Endothelial progenitor/endothelial markers
CD31 H L M
CD54 H M M
CD34 M M H
CD133 R L L
CD105 M M M

Source: Indumathi et al. [6] (With permission)

Variation in percentage expression of biomarkers in
freshly isolated bone marrow, endometrium, and fallopian
tube categorized as sparse (S) <10 %, low (L) 10-24 %,
moderate (M) 25-49 %, high (H) 50-74 %, and robust
R) >75 %

was performed with G banding. Cytokine array
analysis was performed on conditioned media
from different cell lines to determine expression
of proteins. Studies were done for adipogenic,
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osteogenic, endothelial, neurogenic, pulmonary,
epithelial, hepatic/pancreatic, cardiogenic, and
myogenic differentiation. The authors apply
the term “endometrial-derived regenerative
cells” (ERCs) to the cells obtained. The flow
cytometry analysis revealed expression of CD9,
CD44, CD29, CD41a, CD59, CD73, CD90, and
CD105. The cells did not express CD14, CD34,
CD38, CD45, CD133, STRO-1, or SSEA-4.
Protein expression of the ERC was compared
to commercially available cord blood-derived
mesenchymal stem cells (BioE) and cord blood
mesenchymal stem cells (MSCs) of their own
production. Matrix metalloproteinases MMP-3
and MMP-10, cytokine growth factors GM-CSF
and PDGF-BB, and angiogenic factor ANG-2
were present in the culture media of the ERC but
were lacking or only minimally expressed by the
control cord blood MSC. The angiogenic factors
VEGEF, HGF, and EGF were found in the media
of all cells.

The investigators observed that the ERC
shared some properties of other mesenchymal
stem cells but produced some unique functional
factors. Differentiation studies demonstrated dif-
ferentiation not just to mesenchymal cell lines but
to all three germlines: adipocytic differentiation,
osteocytic differentiation, myocytic differentia-
tion, skeletal muscle differentiation, endothelial
cell differentiation, hepatocytic differentiation,
pancreatic differentiation with insulin secretion,
neuronal differentiation, respiratory epithelial
differentiation and cardiogenic differentiation
(Fig. 1). Of note, cardiomyocytes showed
spontaneous contractility after 5 days of culture.
No differentiation was seen in the absence of
induction stimuli. Karyotype analysis was done
after 38 and 68 doublings. No aneuploidy or other
visible abnormality was observed. ERCs differ in
several respects from tissue-resident endometrial
stem cells and also proliferate more rapidly.
The discovery that the ERCs are pluripotent
was not expected. They speculate that the ERC
may have some relationship to circulating oocyte
progenitors described by Tilly’s group [8].

They list the many advantages of ERC in
comparison of other stem cell sources:

1. Ease of collection.
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2. The cells are expandable and have the abil-
ity to differentiate into various tissues. They
could be expanded and pre-differentiated to
provide patient-specific tissues ready for use
when needed.

3. The cells can be expanded for at least 68
doublings without evidence of karyotypic or
functional abnormalities.

4. The cells replicate faster than bone marrow
MSC.

5. They can be differentiated into cells of all
three germ layers.

6. They have a unique phenotype: lack of STRO-
1 expression and high expression of the em-
bryonic stem cell marker Oct-4.

7. Proteomic characterization studies demon-
strated secretion of the cytokines MMP-3,
MMP-10, GM-CSF, PDGF-BB, and ANG-2.
Rossignoli and colleagues also studied the

stem cells of menstrual blood [9]. The authors

name the cells they discovered endometrial
decidual tissue (EDT).! Menstrual blood was
collected from three healthy female volunteers
during the first few days of menstruation using

a menstrual cup (DivaCup, Diva International,

San Francisco, CA, USA). The blood was

transferred in phosphate buffered saline con-

taining penicillin, streptomycin, fluconazole, and
heparin. The cell suspension was homogenized
and then seeded into culture flasks and cultured.

Cloning efficiency was measured, a proliferation

assay performed, and senescence-associated

beta-galactosidase staining done. FACS was

performed for surface antigens using 11

different monoclonal antibodies. Multilineage

In this usage “decidual” does not refer to pregnancy
endometrium but rather “falling off or shed seasonally.”

<&
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differentiation assays were performed for
adipogenic, osteogenic, and chondrogenic

cell lines and described in detail [9]. Gene
modification was studied by infecting cultured
cells with a bicistronic murine stem cell virus-
derived retroviral vector (pMIGR1) encoding
for green fluorescent protein (GFP). The cultured
plastic-adherent cells had a fibroblast shape. High
clonal efficiency was observed, averaging 14 %
which exceeds that of bone marrow cells and is
similar or superior to adipose tissue stem cells.
At least two kinds of clonal morphology were
demonstrated: dense clones of small size cells
and smaller clusters of large cells resembling
those described by Chan and colleagues [2].
Doubling time was low, an average of 27.6 h,
and the cells reached a high number of passages,
more than 25 before reaching senescence.

The EDT cells expressed MSC markers. More
than 90 % displayed CD90 and CD73 and more
than 80 % expressed CD146. Cells expressing
CD45, HLA-DR, CD31, and CD14 were below
2 % in most cases. The markers CD56, CD105,
and CD146 were highly variable between cells
of different donors. A small fraction of the cells
expressed the pluripotency marker SSEA-4. Dif-
ferentiation was induced successfully to form
adipocytes with confirmed lipid content, osteo-
cytes that formed a calcified matrix, and chondro-
cytes with a typical cartilaginous matrix. Studies
with the retrovirus demonstrated that the EDT
cells could be transduced efficiently confirming
their potential for gene delivery.

Patel and colleagues are a third independent
group working with stem cells from menstrual
blood [7]. The cells they identified were easily
expandable and expressed the multipotent mark-
ers Oct-4, SSEA-4, and c-kit. The cells were

<

Fig. 1 Pluripotent Differentiation. ERCs were cultured
under appropriate differentiation media as described in
Materials and Methods and assessed for differentiation
using the indicated staining methods. (a) Adipocytic dif-
ferentiation, yellow indicates lipid vacuoles stained by
AdipoRed. (b) Osteocytic differentiation, red indicates
calcium stained by Alizarin Red. (¢) Myocytic differentia-
tion, green indicates alpha-actinin stain. (d) Skeletal mus-
cle differentiation, green indicates skeletal myosin stain.
(e) Endothelial differentiation, green indicates CD34
stain. (f) Endothelial differentiation, green indicates CD62

stain. (g) Hepatocytic differentiation, morphology resem-
bles hepatic body. (h) Hepatocytic differentiation, green
indicates albumin stain. (i) Pancreatic differentiation,
green indicates insulin stain. (j) Neuronal differentiation,
green indicates nestin stain. (k) Neuronal differentiation,
green indicates GFAP stain. (I) Respiratory epithelial dif-
ferentiation, green indicates prosurfactant protein C stain.
(m) Cardiogenic differentiation, green indicates troponin
I stain (From: Meng et al. [7]. BioMed Central Open
Access)
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differentiated in culture into chondrogenic, adi-
pogenic, osteogenic, neurogenic, and cardiogenic
lineages. At about the same time, Hida and col-
leagues isolated and cultured endometrial stem
cells from menstrual blood for differentiation into
cardiomyocytes [10].

Rossignoli and colleagues studied only dif-
ferentiation of EDT cells into mesenchymal cell
lines. They did not seek to confirm the findings
of Meng and colleagues or Patel and colleagues
of the pluripotent abilities of ERG cells from
menstrual blood, but other investigators have
done this. Differentiation into hepatic cells was
demonstrated by Yang and colleagues [11];
they studied human endometrial stromal stem
cells (hESSCs) harvested from hysterectomy
specimens. After the initial culture, they selected
cells from large endometrial stromal colony-
forming units. They demonstrated expression
of the MSC markers CD73, CD146, and CD90
but not the hematopoietic markers CD34 and
CD45. Osteogenic and adipogenic differentiation
were demonstrated. None of the control cultured
cells differentiated. Next, cultured hESSCs
were exposed to hepatogenic factors following
a four-step protocol to separate induction
and maturation steps. The investigators used
fibroblast growth factor-4 (FGF-4), hepatocyte
growth factor (HGF) plus insulin-transferrin-
selenium (ITS), HGF plus dexamethasone and
oncostatin M (OSM), and HGF plus OSF
and trichostatin A (TSA) in sequence. By
the 24th day of incubation, they obtained
hepatic-like cells. Functionality of the cultured
cells was demonstrated by detection of urea
synthesis and ammonia removal and of glycogen
storage.

Two groups have induced differentiation of
endometrial stem cells into insulin-producing
insulin producing cells [12, 13]. Li and
colleagues [12] obtained endometrial cells from
hysterectomy specimen from women with uterine
fibroids. Attached cells obtained after isolation
and plating were expanded and subjected to
adipogenic, chondrogenic, osteogenic, and also
neurogenic induction. Induction to pancreatic
cells was accomplished by culturing in a serum-
free modified pancreatic selection medium
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detailed in their publication. The induced cells
were shown to produce C-peptide and insulin. A
microarray analysis compared gene expression of
the endometrial stem cells on days 0, 7, and 14
of exposure to the pancreatic selection medium.
Either upregulation or downregulation of 716
genes was demonstrated by day 14 in a pattern
resembling pancreatic progenitor cells.
Santamaria and colleagues used endometrium
obtained by curettage from women undergoing
surgery for benign conditions [13]. Endometrial
stem cells were isolated by fluorescence-activated
cell sorting to obtain cells expressing markers
PDGFbeta-R, CD146, and CD90 but not CD45
or CD31. They compared three different pro-
tocols for inducing insulin-producing cells and
found that only the three-step protocol described
by Tamagawa et al. resulted in mature insulin-
producing cells [14]. By the end of step three, the
induced cells assumed islet-like clusters. Reverse
transcriptase PCR (RT-PCR) showed increased
expression of pancreatic lineage markers com-
pared with control undifferentiated cells. The
markers PDX1, PAX4, Glut2, and insulin mes-
senger RNA all increased markedly in the treated
cells. Immunocytochemistry with antibodies spe-
cific for human insulin showed strong signals,
while insulin was not detected in controls. The
differentiated cells were shown to increase their
insulin production when exposed to glucose. The
increase was proportional to the glucose concen-
tration, increasing tenfold when glucose concen-
tration was increased from 5 to 25 mmol/l.
Mobarakeh and colleagues offer still more
proof that endometrial stem cells can be
differentiated into neural cells [15] as did Li
and colleagues cited above [12]. Mobarakeh’s
group obtained tissue by endometrial biopsies
from the uterine fundus of 10 normal ovulating
women on cycle days 19-24. After dispersion
and plating, the adherent cells were characterized
by flow cytometry. The cells were positive for
CD90, CD105, and Oct4 and negative for CD31
and CD34. Differentiation into osteocytes and
adipocytes was performed with standard com-
mercially available culture reagents. To induce
neural differentiation, they cultured the cells in a
cell-free medium and induced with the signaling
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molecules basic fibroblast growth factor (bFGF),
platelet-derived growth factor (PDGF), and
epidermal growth factor (EGF) in sequence.
After 7 days the cells changed shape from spindle
shaped to a typically neuronal appearance.
After induction, the cells expressed markers of
mature neural cells: neurofilament-light (NF-L),
class III beta-tubulin (beta3-tub), microtubule-
associated protein (MAP2), and Oligl. Studies
with reverse transcriptase confirmed expression
of these neural markers at the messenger RNA
level and also gamma-aminobutyric acid (GABA)
and nestin. Glial fibrillary acidic protein (GFAP)
and Oligl which are markers of astrocytes and
oligodendrocytes, respectively, were both clearly
expressed at 12 days.

Wolff and colleagues also reported induced
differentiation of human endometrial stem cells
into neural cells [16]. Endometrial tissue was
obtained by curettage from nine reproductive
aged women undergoing gynecological surgery
for benign conditions. The endometrial tissue was
prepared in what has become a standard fashion
with mincing, digested to produce a dispersed
cell solution which was then passed through a
70 pm sieve to remove glandular elements, and
resuspended then plated and passaged. The stro-
mal stem cells thus obtained were character-
ized by flow cytometry. Neurogenic differenti-
ation was begun after the second passage fol-
lowing a two-step protocol. The resulting dif-
ferentiated cells were subjected to in vitro im-
munofluorescent studies that confirmed the ex-
pression of the neural stem cell marker nestin
and production of tyrosine hydroxylase (TH),
chosen because it is the rate-limiting enzyme
in dopamine synthesis. Electrophysiology studies
were performed in vitro on differentiated and
undifferentiated endometrial cells with whole cell
patch clamp recording to look for evidence of
G-protein-coupled inwardly rectifying potassium
channels. These are described as characteristic of
central neurons and dopaminergic cells.

The induced neurogenic cells developed neu-
rogenic morphology with pyramidal cell bodies,
long axon projections, and dendritic projections
that appeared to form synapses in culture (Fig. 2).
Nestin was highly expressed as was TH. None
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of these indicators of neuronal identity was ex-
pressed by controlled cells. The electrophysiol-
ogy studies showed the differentiated cells exhibit
inward potassium currents induced by voltage
steps from —60 to —120 mV.

ERC in Therapy

Several groups have explored treatment of dis-
ease with transplanted differentiated human en-
dometrial cells in animals.

Studies in Murine Models of Diabetes

Li and colleagues demonstrated successful
treatment of hyperglycemic severe combined
immunodeficient mice (SCID) [12]. The mice
were treated with streptozotocin (STZ) to induce
a diabetic state. Induced insulin-producing
endometrial stem cells were injected under
the renal capsules of the mice. Control mice
were injected with endometrial fibroblast cells
or endometrial stem cells that had not been
subjected to induction. After 4 weeks the
transplanted cells had produced pancreatic islet-
like clusters in the renal subcapsular space of
the mice. Their glucose levels were reduced by
comparison to the control mice. Their levels
of human insulin were significantly higher and
nearly normal. This was maintained through
8 weeks. No teratoma formation was found in any
mice studied at 12 weeks after transplantation.
Santamaria’s group also successfully treated
STZ-treated SCID mice with insulin-producing
induced endometrial cells transplanted beneath
the kidney capsule [13]. Mice with blood glu-
cose levels above 220 mg/dl after STZ treat-
ment were chosen for study. Mice receiving the
insulin-producing cells were compared to three
control groups: STZ-treated SCID mice trans-
planted with undifferentiated endometrial cells,
STZ-treated SCID mice that did not undergo
transplant surgery, and a group of SCID mice not
treated with STZ that did not undergo surgery.
The group that received the differentiated cells
had glucose levels that were stable and equivalent
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to the group that did not receive STZ treatment.
The STZ-treated group that was transplanted with
the control undifferentiated cells had rising glu-
cose levels.

Immunofluorescence staining studies of the
renal capsules of the mice treated with differ-
entiated cells were positive for human insulin,
while the controls injected with undifferentiated
cells showed no human insulin signal. The STZ-
treated diabetic mice that did not receive the
insulin-producing cells developed many compli-
cations of diabetes during the 4-week study: de-
hydration, cataracts, loss of skin resilience, loss
of fur sheen, passive sedate behavior, and weight
loss. Those mice treated with the differentiated
cells showed none of these changes.

ERC in Murine Models of Neurologic
Disease

Wolff’s group restored dopamine production
in a Parkinson’s disease model with human
endometrium-derived stem cells (HEDSC)
treated with a dopaminergic differentiation
protocol [16]. Eight-week-old male mice were
injected with intraperitoneal 1-methyl 4-phenyl
1,2,3,6-tetrahydropyridine (MPTP) on two
consecutive days to induce simulated Parkinson’s
Disease. Both immunocompetent (57-Black 6)
and immunodeficient mice (nonobese diabetic-
severe combined immunodeficiency (NOD-
SCID) knockout on a Black 6 background)
were treated. On day 5 after MTP injection,
the mice underwent intracerebral injection
into the striatum of either differentiated or
undifferentiated HEDSC through bilateral burr
holes under stereotactic guidance. The four
injection sites are described as 2 mm lateral
to the bregma on both sides and both 0.5 mm

&
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rostral and 0.5 mm caudal of the bregma.
The mice were sacrificed at 5 weeks for DNA
analysis of one striatum to identify human cells
and measurement of dopamine (DA) and its
principal metabolite 3,4 dihydroxyphenylacetic
acid (DOPAC) concentrations in the other. The
mice brains were studied to find human DNA
and to find expression of human TH. Some of
the mice had transcardial perfusion of fixative
after ether overdose and their brains sectioned
for histologic visualization of whole human
cells after staining using an antibody to human
mitochondria.

Engraftment and migration were confirmed.
Engraftment was successful in both immunocom-
petent and immunosuppressed mice and so sub-
sequent studies were in wild-type mice only. Sig-
nificant improvement in striatal DA and DOPAC
concentrations was demonstrated in the MPTP-
lesioned mice after HEDSC transplant as com-
pared with MPSP-lesioned mice sham treated
with only phosphate buffered saline and no cells.
Human cells were found at the transplantation
sites in the striatum. Undifferentiated HEDSC
were found to have migrated to the lesioned areas
of the substantia nigra and to have differentiated
into cells with a neurogenic phenotype along the
way (Fig. 3). It is interesting that the already dif-
ferentiated cells did not migrate to the substantia
nigra.

Peron and colleagues studied central nervous
system inflammation treated with HEDSC in a
murine model of experimental autoimmune en-
cephalomyelitis (EAE) which has many of the
features of human multiple sclerosis [17]. Part of
the mechanism of this disease is the production
of pathogenic T CD4™" cells which differentiate
into Th1 and Th17 cells.

An endometrial biopsy was obtained from
one fertile 39-year-old woman. The tissue was

<

Fig. 2 In vitro neurogenic differentiation of human en-
dometrial stem cells (HEDSC). HEDSC cultured in con-
trol media demonstrate typical stromal cell morphology
(a), whereas cells cultured in neurogenic media demon-
strated both pyramidal and dendritic cell morphology as
is pictured using light microscopy (b, ¢). Differentiated
cells visualized using differential interference contrast
(d), IF for neural stem cell marker nestin expression

(e), and a merge of both (f). Differentiated cell cul-
tures also express TH (h), DAPI nuclei staining (g), and
merge of both (i) (Source: Wolff et al. [16]. Figure 1
© 2011 The Authors Journal of Cellular and Molecular
Medicine © 2011 Foundation for Cellular and Molecular
Medicine/Blackwell Publishing Ltd. and John Wiley &
Sons, Inc. with permission)
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hNest
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Fig. 3 Human endometrial stem cells engraft, differen-
tiate in vivo, and migrate to the lesioned site in mice
brains. (a) PCR detecting human DNA in mouse brain
transplanted with HEDSC (n = 14), but not with sham
transplants (n = 8) using PBS. (b) Low-power view of
murine brain section from sham-treated [control (CTL)]
and HEDSC-treated animals. An area that includes the
substantia nigra (SN) is outlined. IHC using a human
nestin antibody identifies cells localized to the SN in the
transplanted animals. Human cells are visualized in mouse
brains in the right column, and controls are shown on the
left. In the top panel, all human cells are detected using
a human mitochondrial antibody (hMit), which are seen
here at the site of transplantation in the striatum. Spon-
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taneous in vivo differentiation of transplanted HEDSC
was observed, where they expressed nestin (hNestin).
Transplanted cells adapted a neurogenic phenotype mor-
phologically, as is visualized using red fluorescent surface
labeling. Human cells were observed remote from the
initial transplantation site (striatum), where they migrated
to the lesioned brain area (substantia nigra) which is
the area pictured in the bottom right panel (red fluo-
rescent surface labeling) (Source: Wolff et al. [16]. ©
2011 The Authors Journal of Cellular and Molecular
Medicine © 2011 Foundation for Cellular and Molecular
Medicine/Blackwell Publishing Ltd. and John Wiley &
Sons, Inc. with permission)
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washed, minced, and then expanded in tissue cul-
ture. The adherent cells were evaluated by flow
cytometry and subjected to adipogenic, chon-
drogenic, and osteogenic differentiations. The
cells displayed the characteristic phenotype of
MSCs with high expression of CD29, CD73,
CD90, HLA-ABC, and SH4 and were negative
for CD14, CD31, CD45, and HLA-DR. To de-
termine whether the human endometrial-derived
MSCs (hMSCs) could modulate experimental au-
toimmune encephalomyelitis, they were given by
intraperitoneal injection to 6-8-week D57B1/6
female mice 1 day before induction of EAE.
For EAE induction the mice were injected sub-
cutaneously with myelin-derived antigen myelin
oligodendrocyte glycoprotein (MOG35-55) with
400 ng of BCG. The mice also received two
intraperitoneal doses of 200 ng of Bordetella per-
tussis toxin. The mice were examined daily for
22 days and their condition scored on a scale from
0 (no disease) to 1 (limp tail), 2 (weak/partially
paralyzed hind limbs), 3 (completely paralyzed
hind limbs), 4 (complete hind and partial front leg
paralysis), and 5 (complete paralysis/death). The
EAE scores of the treated mice were considerably
reduced by pretreatment with the MSCs. After
22 days all mice were sacrificed, brains and spinal
cords were excised and macerated, and cellular
suspensions were prepared for study. They found
a significant reduction in the absolute number of
CNS-infiltrating mononuclear cells in the CNS of
hMSC-treated mice compared to a control group,
and the spinal cord inflammatory infiltrate was
reduced as well. The HEDSC-treated mice also
had lower percentage and absolute numbers of
pathogenic T CD4™ cells expressing TH1 and
TH17 when compared to controls. The authors
concluded that the HEDSC played a regulatory
role and suppressed neuroinflammation in their
model.

ERC in Treatment of Peripheral
Vascular Disease

The angiogenic potency of bone marrow-derived
stem cells has been demonstrated in a number of
animal models of limb ischemia and is thought to
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be based on enhanced production of angiogenic
cytokines [18]. Bone marrow-derived cells have
been used to treat human chronic limb ischemia
since 2002. However, bone marrow-derived cells
have limitations for human treatment as noted
earlier. A number of investigators are now repli-
cating this work using the more recently discov-
ered ERCs [18]. Some examples follow.

Treating Critical Limb Ischemia (CLI)

Murphy and colleagues ligated the femoral artery
to induce limb ischemia and also excised the
peroneal nerve to produce neurotrophic ulcer-like
injury in two groups of eight immune-competent
BALB/c mice [18]. One group of mice received
one million ERCs by intramuscular injection into
the limb distal to the ligation immediately after-
wards and on days 2 and 4. The animals were
followed for 14 days. All eight of the control
mice developed limb ischemia followed by limb
necrosis. The eight mice treated with ERC had
intact limbs, though two had impeded walking.
The investigator also demonstrated immunomod-
ulatory properties of the ERC in vitro, showing
that addition of ERC to ongoing mixed lympho-
cyte reactions suppressed proliferation, inhibited
IFN-gamma, stimulated IL-4, and inhibited TNF-
alpha after lipopolysaccharide (LPS) stimulation.
They propose that ERC could be used as an “off-
the-shelf” source of mesenchymal stem cells for
treatment of CLI based on their properties: “a.
High levels of growth factors and matrix metallo-
protease production; b. Ability to inhibit inflam-
matory responses and lack of immunogenicity;
and c. Expandability to great quantities without
loss of differentiation ability or karyotypic abnor-
malities” [18].

ERC in Treatment of Stroke

There is an extensive literature on stem cells
especially from bone marrow and umbilical cord
sources in the treatment of stroke [19]. Borlongan
and colleagues argue that ERCs might also be
a potential source for autologous transplant in
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female stroke victims that would avoid risk of
immune rejection while being safely isolated,
would have high proliferative capacity, and could
be differentiated into neural cells [20]. They re-
port in vitro and in vivo small animal studies
of ERC in the treatment of stroke. Menstrual
blood cells were collected as described by Patel
et al. [21], processed, and cryopreserved. The
cells were then thawed, exposed to an antibi-
otic cocktail, and then expanded in culture and
selected for CD117, which has been previously
identified in endometrial cells and shown to be
closely associated with a highly proliferative cell
type with high survival and migration. For in vitro
study rat neurons were cultured and then studied
in an oxygen glucose deprivation model which if
untreated leads to a high rate of cell death. They
cultured the endometrial cells for 3 or 6 passages
plus 3 additional passages and then tested the
conditioned media with ELISA for possible neu-
rotrophic factors secreted by the menstrual blood
cells. They tested for vascular endothelial growth
factor (VGEF), brain-derived neurotrophic factor
(BDNF), neurotrophin-3 (NT-3), and glial cell
line-derived neurotrophic factor (GDNF). The
neural cell cultures were co-cultured with men-
strual cells, or exposed to conditioned media har-
vested from cultured menstrual cells, or exposed
to control media. The proportion of surviving
cells was calculated for each group. Their find-
ings were dramatic. Cell survival was much im-
proved in both the group cultured with menstrual
cells and the group cultured with conditioned
media by comparison with the control media.
Survival rates in the two treatment groups were
equivalent. The ELISA results showed strong
expression of growth factors VEGF, DNF and
NT-3, but no detectable expression of GDNF. The
second part of their study was in vivo, using an
established ischemic stroke model. An intralumi-
nal suture technique was used to produce tran-
sient middle cerebral artery occlusion for 60 min
in anesthetized Sprague-Dawley rats. Transplan-
tation surgery was performed within 2 h post
stroke. The animals were given menstrual blood-
derived cells by either intracerebral (IC) injection
with a 28 mm catheter directly into the striatum
or intravenously (IV) into the jugular vein. The
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cell volume was 400,000 cells by the IC route and
4,000,000 cells IV. Control rats received IC or IV
vehicle. Fourteen days after transplantation, the
rats were subjected to standardized behavioral as-
sessment. The rates were sacrificed at 14 days for
immunohistochemistry studies and morphologi-
cal analysis. Again the results were impressive.
Rats receiving the stem cells by either route, IC
or IV, had significant amelioration of impairment
by comparison to the controls. Improvement was
equivalent for two of the three tests. Those re-
ceiving cells by the IC route did better on a test
of motor coordination than those treated by the
IV route. Immunohistochemical studies showed
more surviving host cells in the penumbra of
stroke animals of either treatment group than
controls. There was no difference between the IC
and IV groups. Grafted menstrual blood-derived
stem cells were detected by immunofluorescent
microscopic evaluation in the brains of IC and
IV transplanted rats. Approximate graft survival
rates were 15 % in the IC-delivered group and
<1 % for IV-delivered cells. The investigators
observe that behavioral recovery at this early
time after transplantation suggests a bystander
effect rather than cell replacement from neuronal
differentiation of the grafted cells. They conclude
that neurotrophic factors secreted by the graft,
the host, or a combination may account for the
neuroprotective effect they found.

Treating ischemic heart disease

Bone marrow-derived MSCs have been injected
into humans with ischemic hearts with some
success, but benefits have been limited [10]. This
may be because bone marrow-derived MSCs
have an extremely low rate of cardiomyogenesis
in culture. Endometrial-derived stem cells, in
contrast, have high transdifferentiation potential
for cardiomyocytes and can be obtained in
large quantities. ERCs appear to have other
advantages over bone marrow MSC in addition
to ease of acquisition. Stroncek and colleagues
compared MSC and ERC generated from six
donors. The angiogenic cytokines PDGF-BB and
angiopoietin were expressed at 27- and 14-fold
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higher levels in the ERC, respectively. Matrix
metalloproteinase-3 was expressed at 29-fold
higher in ERC than MSC [22].

Hida and colleagues studied endometrial-
derived cells in a rat myocardial infarction model
[10]. They collected 10 ml of menstrual blood
on the first day of menstruation from 6 women
aged 20-30 and from a hysterectomy specimen
from a 52-year-old woman. Another human
donor supplied bone marrow for culture of bone
marrow-derived mesenchymal cells (BMMSC)
for comparison. The human menstrual blood
cells were co-cultured with fetal cardiomyocytes
from the hearts of day 17 mouse fetuses. The
human cells from menstrual blood and from bone
marrow were infected with enhanced green flu-
orescent protein (EGFP) adenovirus. Cells from
the human and murine sources were separated
by an atelocollagen membrane permeable only
to molecules less than 5,000 MW. On day 5 of
cocultivation, about half of the human menstrual
blood-derived mesenchymal cells (MMC) were
beating strongly in a synchronized manner.
Immunohistochemical studies demonstrated
troponin I in the differentiated MMC. The
investigators recorded the action potentials from
the contracting cells and noted a pattern typical
of pacemaker potentials (Fig. 4). Twenty-seven to
thirty-two percent of the MMCs became positive
for cardiac troponin I antibody as a result of
cocultivation. The investigators also established
a line of monoclonal endometrial gland-derived
mesenchymal cells (EMCs) of which 76-97 %
transdifferentiated into cardiac cells in vitro.

In vivo studies were done using a nude rat
model of myocardial infarction (MI) produced
by ligation of the left coronary artery. Two weeks
after induced myocardial infarction, MMC or
BMMSC cells in suspension were transplanted
into the center and margin of the rat’s infarcted
myocardium via a 31-guage needle. Two weeks
after transplantation, echocardiography showed
significantly greater left ventricular fraction
shortening in the MI plus MMC (MI 4+ MMC)
rats than in the rats treated with BMMSC.
Histologic staining showed the MI area to be
significantly lower in the MI+4+MMC group
than in the MI+4+BMMSC rats. The EGFP-

247

positive mass of MMCs observed in the MI
area expressed a clear striation staining pattern
of cardiac troponin I and sarcomeric alpha-
actinin suggesting extremely high in situ
cardiomyogenic transdifferentiation of MMCs,
which contributed to the improved cardiac
function. The investigators propose that MMCs
are the most suitable source for cardiac stem
cell therapy and that it should be possible to
obtain MMC:s of all the HLA types to establish a
banking system for therapy.

Bockeria and colleagues describe a human
study currently in progress using ERC for hu-
man heart failure patients. Patients with severe
congestive heart failure (NYHA classification,
stage III/IV) are receiving ERCs or placebo ad-
ministered by retrograde administration into the
coronary sinus. As of 2013, 17 patients had been
enrolled with no serious adverse events reported
[23].

Stem Cells of the Fallopian Tubes

Another potential source of mesenchymal stem
cells for therapy comes from human fallopian
tubes. Segments of the tubes are commonly ex-
cised in operations for voluntary sterilization,
and entire tubes are excised as part of hysterec-
tomy/oophorectomy for a variety of gynecologi-
cal complaints. Jazedje and colleagues have iso-
lated stem cells from human tubes, expanded the
cells in vitro, and characterized them. The cells
exhibited a mesenchymal phenotype [24]. They
were differentiated in vitro into adipogenic, chon-
drogenic, osteogenic, and myogenic cell lines.
Indumathi and colleagues obtained human fal-
lopian tube stem cells and compared them to
human endometrial stem cells and human bone
marrow cells for expression of a wide range of
mesenchymal biomarkers as previously noted [6].

Fallopian Tube Stem Cells
in Therapy

Jazedje and colleagues studied bone regeneration
in immunosuppressed rats with bilateral cranial
defects produced by full thickness excision of the
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Fig. 4 Cardiomyogenic differentiation of endometrial
gland-derived mesenchymal cells (EMCs) in vitro. (a,
¢): Immunocytochemistry of differentiated EMC100s (a)
and EMC214s (c) with anticardiac troponin I (Trop-I)
antibody. The cells were stained with 4’-6-diamidino-2-
phenylindole (DAPI; blue) and anticardiac troponin I anti-
body (red). Enhanced green fluorescent protein (EGFP)-
positive (green) human EMCs expressed Trop-1 (red).
Please note clear striation staining pattern of Trop-1 (A,
C) in EMCs. Scale bar denotes 20 pwm. (b, d): Phase-
contrast images of EMC100s (b) and EMC214s (d) be-
fore the cardiomyogenic induction. (e, h): EGFP-labeled
EMC100s and EMC214s (green) were injected with Alexa

bone [25]. Human tubal stem cells were obtained
from healthy 30-50-year-old women. The bony
defects in the rats’ crania were covered with a
bioabsorbable ceramic composite. One of the two
bony defects in each animal was covered with
the composite containing human fallopian tube
stem cells. The other defect was covered with the
composite alone as a control. When the rats were
euthanized at 30-60 days later, mature bone was
demonstrated on the side that received the stem
cell mixture, and not on the control sides.
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568 solution (red) through a microelectrode (e, h), and a
recorded signal was obtained from the cells. Representa-
tive action potential traces are shown ((f, g), EMC100;
@i, j), EMC214). Action potential of E is expanded in
the inset (the vertical line denotes 100 ms). The vertical
line denotes 50 mV and dotted horizontal line denotes
0 mV levels. (k-m): A representative still image (k) and
detected fractional shortening (% FS) along the white line
obtained from sites a, b, ¢, and d in (I) are shown in
(m). (m): The measured % FS was averaged and is shown
(Hida et al. [10]. Figure 3, Copyright © 2008 AlphaMed
Press and John Wiley and Sons, Inc. with permission)

Stem Cells of the Ovary

Stem cells have been described in most com-
partments of the adult ovary [26]. These include
the ovarian surface epithelium (OSE) [27], the
ovarian cortex [8], and the follicles [28]. The
ovarian cortex appears to contain two different
stem cells, somatic stem cells [26] and stem cells
of the germ cell line [29]. The latter have attracted
the most attention. For half a century or more,
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scientific opinion was that the mammalian ovary
at birth contained all the oocytes it would ever
have. This dogma was disproven in 2004 with the
publication by Tilly and colleagues in Boston of
the discovery of oogonial stem cells in the ovaries
of adult mice [8]. These investigators were study-
ing follicular atresia in the mouse ovary and noted
that follicles were dying at a rate that would result
in complete depletion much sooner than actually
occurs in these mice. Their studies revealed large
ovoid cells resembling germ cells in the ovarian
surface epithelium. The cells stained positive for
the marker mouse vasa homologue (MVH), a
gene expressed only in germ cells. The group
proved these were proliferative cells because they
incorporated 5-bromodeoxyuridine (BrdU). The
cells also expressed the specific protein synap-
tonemal complex protein 3 (SCP3) that is re-
quired to initiate meiosis to produce oocytes. In a
further set of experiments, they transplanted ovar-
ian tissue from wild-type mice into the ovaries
of mice expressing GFP. After 3—4 weeks the
grafted wild-type ovarian tissue contained GFP-
positive oocytes surrounded by wild-type folli-
cles [8]. Subsequently, Zou’s group identified
germline cells of the mouse ovary using a cell-
sorting approach with the antibody Ddx4 (DEAD
box polypeptide 4, another name for MVH). In
the definitive study the group transplanted GFP-
positive germline stem cells into the ovaries of
infertile mice and produced live GFP-positive
offspring [30].

Very Small Embryonic-Like Stem
Cells

In the last several years, very small embryonic-
like stem cells (VSELs) have been identified
in many adult tissues with the highest numbers
being found in the brain, kidneys, muscles, pan-
creas, and bone marrow [31, 32]. VSELs have
now been identified in the ovarian surface epithe-
lium and the testis [33]. As nicely summarized
by Bhartiya and colleagues, VSELs are small,
3-5 pm in diameter, and are diploid (Fig. 5).
They have high telomerase activity and express
pluripotent markers (Rex-1, Nanog, SSEA, and
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Klf-4) and germ cell markers (Mvh, Stella, Frag-
ilis, Nobox, and Hdac-6). They decrease in num-
ber as the animal ages. They differentiate into all
three germ layers in vitro. Embryonic cells de-
velop into teratomas when injected into immun-
odeficient mice, but VSELs do not. They are qui-
escent, DNA label-retaining stem cells with a low
metabolic rate. Current thinking is that VSELs
are descendants of epiblast stage pluripotent stem
cells deposited in early development in many
organs including the gonads where they produce
tissue-committed stem cells. In the adult, VSELSs
respond to injury, moving into the circulation
to the site of injury producing tissue-committed
stem cells to begin regeneration. VSELs have
been reported to resist cancer chemotherapy and
restore germ cell depleted ovaries.

Potential Clinical Applications
of Oogonial Stem Cells

Potential clinical applications have been
reviewed by Dunlop and colleagues [34]. These
include a new approach to treating age-related
ovarian insufficiency by isolating the patient’s
own germline OSCs rather than relying on
donor oocyte as at present. Another potential
use would be for young women needing
gonadotoxic treatment for cancer. Their own
OSCs could be harvested and preserved prior to
the cancer treatment without delaying treatment.
Conception and live birth have occurred with
use of cryopreserved ovarian tissue, but there is
concern that use of blocks of ovarian tissue as a
graft might reintroduce malignant cells into the
patient.

Somatic Ovarian Stem Cells

Stimpfel and colleagues isolated and studied
ovarian cortical stem cells that are not of the
germ cell line [26]. These were isolated from
human ovaries surgically removed to prevent
breast cancer or at the time of surgery for uterine
myomata. Cells from a suspension prepared
from macerated ovarian biopsies were plated
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Fig. 5 Immunolocalization of 5-methylcytosine on adult
human testicular section and perimenopausal ovary sur-
face epithelium smear (using standard protocol published
earlier, [54]). Note dense staining in the spermatogo-
nial stem cells (SSCs, arrow, (a)), while the sperma-
tocytes showed minimal staining. In few tubules sper-
matids showed positive staining. Similarly, the ovarian
germ stem cells (OGSCs) stain positive (b and c). Neg-
ative control (d). The results indicate that Ay, SSCs
in testis and OGSCs in ovaries, derived by asymmetric
cell division of VSELs, undergo nuclear reprogramming
associated with extensive methylation—suggesting that
similar basic stem cell biology exists in both the sexes.
Scale bar =20 pm (Bhartiya et al. [33]. Figure 1 Open
Access through Creative Commons Attribution License
(creativecommons.org/license/by/3.0/))

and cultured and passaged at 12—18 day intervals
as long as 8 months. Ability to produce alkaline
phosphatase (AP) was measured, and expression
of pluripotent and mesenchymal stem cells
markers were used to demonstrate stemness.
Flow cytometry was performed using anti-SSE-4
antibodies. Gene expression analysis was done on
single-cell colonies. Telomerase assay, TagMan
protein expression assay, and Western blot assay
for protein expression were also performed. Cells
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were also cultured in appropriate media to induce
differentiation into adipogenic, osteogenic,
neural, and pancreatic cell lines. Ability to form
teratomas in vivo was tested by injection into
NOD-SCID mice. The cells expressed a number
of multipotent/mesenchymal markers and were
successfully differentiated into cells of all three
germ layers. They did not form teratomas when
injected into immunodeficient mice.

Potential for Clinical Use

Stimpfel concluded that the somatic stem cells his
group isolated show a high degree of plasticity
and can be stored and could be safely used in
regenerative medicine because of their low poten-
tial for teratoma formation.

Stem Cells of the Testis

Histologists have been describing the progres-
sion of changes in the germ cells of the sem-
iniferous tubules of the testis for more than a
century. The identification of the spermatogonia
in histologic specimens as the earliest cell in
the progression goes back to 1901 [35]. The
details of the process were described in a series
of papers by Clermont [36]. He described three
phases: (1) Spermatogonia proliferate to form
spermatocytes while at the same time replen-
ishing themselves; (2) primary and secondary
spermatocytes undergo reduction division to form
haploid cells, the spermatids; and (3) spermatids
undergo a complex series of cytological trans-
formations leading to production of mature sper-
matozoa. More recently, a fourth phase is rec-
ognized, spermiation, the release of spermato-
zoans into the lumen of the seminiferous tubule
[37]. Clermont was the first to suggest that Agak
spermatogonia were reserve stem cells. Isolation
and characterization of the spermatogonia as a
stem cell has been accomplished in animals by
several groups of investigators [38—42]. More re-
cently, human spermatagonial stem cells (SSCs)
have been isolated, cultured, and characterized
[41, 42]. He et al. obtained testes from organ
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donors within 1-2 h of their removal [41]. The
seminiferous tubules were isolated. Germ cells
were separated by enzymatic digestion followed
by differential plating to separate germ cells from
Sertoli and myoid cells. Cells were sorted by
magnetic-activated cell sorting (MACS) for the
presence of the G-protein-coupled receptor125
(GPR125) a marker known from animal stud-
ies to be associated with SSC. The GPR125-
positive spermatogonia were seeded in dishes
coated with gelatin and incubated in media con-
sisting of StemPro SFM medium (Invitrogen)
plus human GDNF, CFRA-Fc, NUDT6, EGF,
and Nodal. Proliferation assays over 14 days,
immunocytochemistry using markers for SSCs
and progenitors in other species, and Western blot
studies were performed. The principal findings
were that GPR125 was expressed in a subset of
spermatogonia, only one or two per human semi-
niferous tubule cross section, and not at all in Ser-
toli cells or differentiated germ cells. Similarly
UCHL1 was localized in spermatogonia along the
basement membrane of the seminiferous tubules
but not in Sertoli cells or differentiated germ
cells. The marker MAGEA4 was expressed by
SSC and preleptotene spermatocytes but not in
Sertoli or Leydig cells. He and colleagues con-
cluded that the GPR125-positive spermatogonia
express markers for mouse SSCs and progenitors
(GPR125, ITGA6, ZBTB16, UCHLI1, GFRAI,
and Thyl) and could proliferate in vitro over a
2-week period.

Piravar and colleagues [42] studied testicular
biopsies from 10 men with nonobstructive
azoospermia. The presumptive spermatogonial
stem cells they obtained were tested for
expression of the marker ubiquitin carboxyl-
terminal esterase L1 (UCHL1) chosen because it
is expressed in spermatogonia of many species.
Minced testicular tissue was subjected to a two-
step enzymatic digestion process and cultured for
16 h in uncoated dishes. The floating cells were
isolated and transferred to new dishes containing
media based on StemPro SFM with GDNF, EGF,
and LIF as described by He et al. [41], but with
additional additives. Microscopic examination
at 1 week revealed cells that were round or
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oval with a large nucleus and little cytoplasm.
After 2 weeks beginning cell clusters were seen.
The clusters were transferred to laminin-coated
plates where they continued to proliferate during
6 weeks of observation. RT-PCR confirmed
the expression of spermatogonial specific gene
UCHLI1 throughout the multiple passages and
demonstrating self-renewal in vitro of human
SSC. Laminin is produced by Sertoli cells.

A further development in study of human
SSGs is their ability to revert back to pluripotent
embryonic stemlike pluripotent embryonic stem-
like cells without the addition of exogenous
genes. This has been confirmed by three
independent groups of investigators [43—45].
Two of the groups first isolated SSGs that were
then further cultured and dedifferentiated to form
pluripotent ES-like cells by culturing with media
containing leukemia inhibiting factor (LIF) [43],
or in a human ESC medium on mouse embryonic
fibroblasts [44]. Golestaneh and colleagues
proceeded directly from isolation of cells from
testicular biopsies by dissection and enzymatic
dispersion to culture in gelatin-coated plates in
media previously developed to support human
embryonic cells [45]. They used DMEM high
glucose medium containing 15 % knockout
serum replacement for ES cells (Gibco),
glutamine, beta-mercaptoethanol, nonessential
amino acids, penicillin-streptomycin, and TGF-
beta. They manually removed the resulting cell
colonies, trypsinized them, and cultured them
in a new dish weekly. This differential plating
removed most of the somatic cells.

The resulting cells, described by the authors
as ES-like cells, were successfully expanded
and passaged for more than 20 passages. The
ES-like cells were differentiated in culture into
cells of endodermal islet-like cells, mesodermal
cardiac cells, and ectodermal neural lineages
with commercially available media. The
differentiation was confirmed by demonstration
of the appropriate cell markers of the different
lineages. The phenotype of the ES-like cells
after 7-10 days and 4 weeks in human ES
media resembled human ES cell colonies.
Alkaline phosphatase was strongly expressed
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as were ES transcription factors such as POU
domain containing class 5, transcription factor
1 (POUSF1), and NANOG, and they had high
telomerase activity. They also expressed the
known surface markers for undifferentiated
human ES cells: stage-specific embryonic
antigen-4 (SSEA-4) and tumor rejection antigens
TRA-1-81 and TRA-1-60, while human germ
cells freshly isolated from the testes were
negative. A change in gene expression during the
dedifferentiation in culture was loss of the germ
cell-specific marker VASA by the ES-like cells.
Embryonic cells are expected to form teratomas
in the nude mouse model after subcutaneous
injection. When the ES-like cells were injected
subcutaneously into nude mice, small teratomas
formed, after one month at the highest cell
dose tested, 2 x 10° cells. A similar number of
mouse ES cells resulted in large teratomas in
3 weeks.

Potential Clinical Applications
of Testicular Stem Cells

An important potential application is in fertility

preservation or restoration for males after cancer

chemotherapy. These topics are thoroughly dis-

cussed in two reviews [46, 47].

Possible options include:

1. Cryopreservation of spermatozoa, an already
well-established method for males after pu-
berty.

2. Testicular biopsy for cryopreservation of tes-
ticular tissue and later transplantation. This
has been accomplished in mice but not yet
in humans. There is a risk of reintroducing
cancer cells if any are present in the grafted
tissue. Transplanted testicular tissue may have
an advantage over transplanted spermatogonia
since the whole SSC niche of Sertoli cells, my-
oid cells, and Leydig cells is also transplanted
[48].

3. Obtain testicular tissue by biopsy, isolate sper-
matogonia for propagation in vitro, and then
cryopreserve them for later transplantation,
presumably preventing transmission of cancer
cells [47].

P.G. Stubblefield

The availability of large numbers of sper-
matogonia or mature spermatocytes by in vitro
culture methods opens up possibilities for treat-
ment of male infertility of a variety of causes.
Piravar’s group [42] and also Koruji’s group [49]
successfully cultured and propagated SSC from
infertile men with nonobstructive azoospermia.
Koruji and colleagues transplanted BrdU-labeled
SSC clusters into the seminiferous tubules of the
left testis of mice that had been treated with
busulfan to produce azoospermia. Two months
later transplanted cells were localized in the basal
seminiferous tubules of the recipient testes as
single cells. The cells had survived, but had not
propagated.

Another important potential use of EC-like
cells obtained by culture of SSCs is as a source
of histocompatible pluripotent cells for autotrans-
plantation, providing individual cell-based ther-
apy in the treatment of a wide variety of ill-
nesses [42, 43]. This would avoid the immuno-
logical problems and ethical issues seen with
other sources of stem cells. One example of
these possibilities is the work of Bojnordi and
colleagues [50]. The ES-like cells were generated
from neonatal mouse testis and then were dedif-
ferentiated to oligoprogenitor (OP)-like cells us-
ing neural differentiation methods. They studied
these cells as a treatment in a mouse model for
demyelinative disease. Treated mice had higher
amounts of re-myelinization when compared to
controls treated with the vehicle.

Yet another example is the work of Iwasa
and colleagues [51]. They established a cell line
of multipotent germline stem cells from mouse
neonatal testis and differentiated them into car-
diomyocytes and endothelial cells by selection
with the mesodermal cell-surface marker fetal
liver kinase 1 (Flk1). They injected Flk1 cells
into acute ischemic hearts in a mouse model.
They found significant improvement in cardiac
function and increased cardiomyocyte survival
producing a much thicker cardiac wall in the in-
farcted region than in control mice. These studies
suggest that the prediction by Golestaneh and
colleagues that ““...in the future, male patients
will be cured of disease with a biopsy of their own
testis” has merit [45].
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Stem Cells of the Prostate

The prostate surrounds the male urethra as it exits
the bladder. It has a zonal architecture with cen-
tral, transition, and peripheral zones and anterior
fibromuscular stroma [52]. It has a pseudostrat-
ified epithelium with three types of terminally
differentiated cells: luminal, basal, and neuroen-
docrine. Luminal cells are the major component
of the normal adult gland and are also the ma-
jor component of benign prostatic hypertrophy
(BPH) and most prostate cancers. They are polar-
ized columnar cells. They secrete proteins which
liquefy the semen and also secrete the proteins
prostate-specific antigen (PSA) and prostatic acid
phosphatase. The luminal cells express charac-
teristic markers including cytokeratin 8 (CKS),
CK18, NKX3.1, and high levels of androgen
receptor (AR). The basal cells are located beneath
the luminal epithelium, adherent to the basement
membrane. They express the markers p63, CKS,
and CK14 and do not express AR [50]. Neu-
roendocrine cells are rare and their function is
unknown. They express neuroendocrine markers
such as chromogranin A and synaptophysin.

The prostate normally has a slow turnover
of cells. Castration in animals leads to rapid
involution of the luminal cells, with only basal
epithelial cells surviving. Rapid and complete
regeneration of the gland occurs when androgen
is replaced. Reasoning that regeneration of the
gland must result from proliferation and differ-
entiation of the surviving basal cells, Collins
and colleagues set about isolating prostatic stem
cells from surgical specimens obtained at supra-
pubic prostatectomy for benign prostatic hyper-
trophy or bladder cancer [53]. The investigators
prepared single-cell suspensions and then used
MACS microbeads linked to anti-CD44 followed
by incubation with MACS goat anti-mouse IgG
microbeads to isolate putative stem cells from
the basal epithelium. The CD44 positive basal
cells were plated onto dishes coated with type
I collagen, type IV collagen, and laminin 1.
After 5 min the dishes were washed with PBS

253

and adherent cells were harvested. The putative
stem cells were integrin bright and were selected
directly from tissue on the basis of rapid adhesion
to type 1 collagen. The selected population had
a basal cell phenotype, expressing a2flintegrin
(a2B1M ) CKS and CK14, and had high ability
to form colonies. Some of the selected cells were
trypsinized and combined with cultured prostate
stromal cells and injected subcutaneously into 6—
8-week-old male nude mice. The mice were sacri-
ficed after 6 weeks and sections were taken. Fully
differentiated prostate epithelium was formed at
the injection sites. Adherence to type I collagen
distinguished prostate stem cells from transit-
amplifying daughter cells by the presence of 2-3
higher surface levels of integrin a2p1.

In 2004, the same investigators reported an im-
proved method of identifying prostate stem cells
using antibody to CD133 in addition to adherence
to type I collagen to select putative prostatic
basal cells [54]. Prostatic tissue was also obtained
from surgical specimens. Tissue was prepared
by collagenase digestion and trypsin/EDTA in-
cubation as described by Collins et al. [53] and
was then fractionated based on cell adhesion to
type I collagen after 5 min exposure. MACS
macrobeads linked to antihuman CDI133 were
used to further purify the nonadherent population.
Direct immunofluorescent staining with mouse
anti-CD monoclonal antibody demonstrated the
CD133% cells to be within the basal layer of
the prostatic acini. Cell kinetic studies found the
CD133™ cells to be mostly quiescent, while the
CD133™ cells were actively cycling, and likely
to be transit-amplifying cells. The proliferative
potential of the a2B1™ basal cells was studied
after dividing them into two groups CD'*** and
CD'33~. Both groups were passaged in culture
until proliferative potential was exhausted. The
total cell output of the a2p1M /CD'33* cells was
more than double that of the a2f1"/CD133~
cells. In a final experiment, the group injected
a2p1M/CD133* cells into the flanks of nude
mice. The cells produced prostatic epithelium at
the injection sites, demonstrating their stem cell
capability.
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Prostate Stem Cells and Human
Disease

Prostate epithelial cells are involved in both be-
nign prostatic hypertrophy (BPH) and prostate
cancer. Prostate cancer is the most frequently
diagnosed cancer among men in the United States
and one of the leading causes of death worldwide
[52]. BPH occurs in most men as they age.

Cancer Stem Cells
of the Reproductive Tract

Because cancers multiply rapidly, it was pre-
sumed that populations of cancer stem cells must
exist within them. This was the first modern
evidence of cancer stem cells that was provided
by Lapidate and colleagues in their 1994 report
of causing leukemia by transplanting myeloid
leukemia stem cells into severe combined im-
munodeficient mice [55]. Since then, cancer stem
cells (CSCs) have been described in many tumors
in many organs and from most tumors of the
reproductive tract. They are important to under-
standing the origin of cancers and to better means
for treatment. CSCs have been isolated in vivo by
serial transplantation into immunodeficient mice
and in vitro by colony-forming cell assay, micro-
sphere assay, SP assay, staining for surface anti-
gens, ALDH activity, PKH label-retaining cell
assay, and expression of specific markers when
cells are sorted in flow cytometry [56]. CSCs
have been repeatedly found to have increased
resistance to chemotherapeutic agents and also
to radiotherapy [56-58]. Therapies that could
target CSCs while not harming normal stem cells
would offer new hope for cure of cancers. There
is intense interest in CSCs of ovarian epithelial
tumors, which are the most lethal of female
reproductive track cancers, 5th most common
cause of cancer deaths in women, and kill about
14,000 women a year in the United States. Eighty
percent of women with ovarian epithelial cancer
are not diagnosed until the disease is advanced,
and only 30 % of these women survive 5 years
with the best presently available therapy, exten-
sive surgery plus multi-agent chemotherapy [58].
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A 2013 review by Lopez et al. summarizes
much of this work in the female reproductive
system [57]. CSCs have been identified in ovarian
epithelial cancers (OEC) and uterine and cervical
cancers. Many cell-surface markers have been
identified with cancers of the different female re-
productive organs. However, some of these mark-
ers are also expressed by normal stem cells of
these tissues. Several of the endometrial cancers
studied contained small quantities of SP cells.
The SP cells were highly clonogenic and re-
produced the cancers in the nude mouse model.
In a study of serous adenocarcinomas of the
ovary, cultures of cells from the tumors yielded a
population of spheroid-forming nonadherent cell
clusters. When xenografted into nude mice, as
few as 100 cells selected from spheroid-forming
dissociated cells reproduced the original tumor
fully, while >1 x 103 unselected cells did not pro-
duce a tumor [57]. The Tomao review provides
additional information about ovarian CSCs [58].

Fallopian tube stem Fallopian tubal stem cells
are concentrated near the distal ends of the fal-
lopian tubes, a site of great interest because of
the recent appreciation that many of the epithelial
cancers attributed to ovarian origin may in reality
have originated in the distal tubal epithelium
which is closely associated with the ovaries [59,
60]. Karst and colleagues have provided evidence
for this theory with a multistage in vitro process
that transformed fallopian tube stem cells into
high grade Mullerian carcinomas [60].

Putative prostatic CSCs were isolated by
Collins et al. from human cancer biopsies [61].
They used the cell-surface markers CD441 21
integrin"€" CD133F. Other markers associated
with prostate cancer stem/progenitor cells
include ALDH"¢" and CD44% and more. Cells
with many of these markers have reproduced
the original tumors when injected in the
immunodeficient mouse model [62]. Hopefully
better understanding of the CSCs and their
interaction with genes will allow better means
for identifying indolent from aggressive prostate
cancers and guide therapy for castration-resistant
prostate castration resistant prostate cancer.

Tumors of the testis are comparatively rare,
accounting for only 1 % of all cancers, but they
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are the most common malignancies in males
aged 15-34 years. These are germ cell tumors.
They are unique in that the normal fetal germ
cell has stem cell characteristics that are shared
with pluripotent human embryonic stem cells
(hESSCs), but are not pluripotent [63]. A re-
lated area of great interest is the cancer/testis
antigens (CTAs). These are proteins expressed in
many human tumors that are not present or only
weakly present in normal human tissues with the
exception of the testis and the placenta. CTAs
are viewed as possible markers for cancer stem
cells that might provide new targets for anticancer
therapy [64].
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Background

Reproduction can be defined as the process by
which an organism continues its species. The
development of the normal female reproductive
tract is a complex process. The paramesonephric
ducts arise from the intermediate mesoderm,
which are the precursors of the female
reproductive organs that include uterus, fallopian
tubes, cervix, and upper vagina [1]. The female
reproductive system is designed to carry out
several functions. It produces the female egg
cells necessary for reproduction, called the ova
or oocytes. The system is designed to transport
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the ova to the site of fertilization. Conception,
the fertilization of an egg by a sperm, normally
occurs in the fallopian tubes. The fertilized egg
then gets implanted into the walls of the uterus,
beginning the initial stages of pregnancy. If fertil-
ization and/or implantation do not take place, the
system is designed to menstruate (the monthly
shedding of the uterine lining). In addition, the
female reproductive system produces female sex
hormones that maintain the reproductive cycle.
Fallopian tubes are the passageways that egg cells
enter after release from the ovaries. The Fallopian
tubes lead to the uterus a muscular organ in
the pelvic cavity. The inner lining, called the
endometrium, thickens with blood and tissue in
anticipation of a fertilized egg cell. If fertilization
fails to occur, the endometrium degenerates and is
shed in the process of menstruation. Based on its
dynamic tissue remodeling during the menstrual
cycle and pregnancy, it has been suggested that
stem cells of the endometrium must possess
a high regenerative potential [2, 3]. In this
regard, the chapter provides an overview on
endometrial stem cells with a special emphasis on
its proliferation and multilineage differentiation
potentials coupled with its in vivo therapeutic
applications.

Human Endometrium and Its Stem
Cell Derivatives

The uterus is the largest female reproductive
organ that plays a pivotal role in implantation
and in the absence of pregnancy, menstruation.
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The innermost layer of the uterus is known
as tunica mucosa, popularly termed as en-
dometrium, opposed to the outer perimetrium
and median myometrium. The uterus is the only
organ whose lining is almost entirely expelled
and reconstructed periodically, both phenomena
taking place at each ovarian cycle. With the
purpose of facilitating the periodic elimination
of the endometrium that undergoes regression,
shrinkage, and necrosis at the end of each cycle,
the uterus also exhibits the unique peculiarity
of physiological bleeding. The endometrium
begins to reach full development at puberty and
thereafter exhibits dramatic changes during each
menstrual cycle. It undergoes further changes
before, during, and after pregnancy, during the
menopause, and in old age [3].

The endometrium is a simple columnar ep-
ithelium. It is divided into two zones: the inner
functionalis which is adjacent to the uterine cav-
ity and a deeper basalis layer which overlies the
myometrium. The functionalis layer is shed each
month with menstruation and is then regenerated
from the basalis layer. The functionalis, com-
prising the upper two-third of the endometrium,
is divided into stratum compactum and stratum
spongiosum. The stratum compactum is a su-
perficial thin layer nearest to the uterine cavity
and contains the lining cells, necks of the uterine
gland, and relatively dense stroma. The stratum
spongiosum is the deeper part of functionalis
composed of main portions of the uterine glands
and accompanying blood vessels; the stromal
cells are more loosely arranged and larger than in
the stratum compactum. The lower basalis con-
tains the basal region of the uterine glands, dense
stroma (that remains relatively unaltered during
the menstrual cycle), large blood vessel remains,
and lymphoid aggregates. It serves as the germi-
nal compartment for generating new functionalis
each month [3-5]. It has been postulated that the
niche of these adult stem or progenitor cells of the
endometrium is the lower basalis. These stem or
progenitor cells were also identified to be in the
trophic endometrium of postmenopausal women
[7,8].

Accumulating evidence from the literature on
the existence of epithelial and stromal/stem cells
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in endometrial tissue [6—9] has substantiated that
it possesses a remarkable capacity for regener-
ation. Although endometrial tissue-derived stem
cells are being reported, menstrual blood has
become the most convenient source in the search
for endometrial stem cells because collecting
menstrual blood is easy and noninvasive and en-
dometrial stem/progenitor cells are shed in men-
strual blood [10-13]. For these reasons, reliable
studies on menstrual blood-derived stem cells are
in process. Furthermore, menstrual blood-derived
stem cells demonstrate great promise for use in
tissue repair and treatment of diseases, due to
the plasticity and longevity of the cells. Men-
strual blood has proven to be a unique and novel
source of stromal stem cells from the endometrial
functionalis. They have been identified through
several in vitro and in vivo studies [12].

However, putative adult stem or progenitor
cells that are responsible for the cyclical re-
generation of the endometrial functionalis, every
month, are thought to reside in the basalis region
of the endometrium, as described earlier [4-8].
The study of these stem cells from the basalis is
still in its infancy. Based on the dynamic tissue
remodeling of the uterus, it has been suggested
that adult stem cells must play a role in uterine tis-
sue maintenance and function. Hence, a thorough
characterization of the uterine/endometrial stem
cells derived from the endometrial tissue biopsy
of the inner lining of the uterus or from the intact
uterus surgically removed in the treatment is
equally important as that of studies on menstrual
blood stem cells. Once a mechanical or functional
characteristic platform has been constructed, it
then becomes easier to understand the complex
mechanisms underlying the morphogenesis and
physiological generation of the female reproduc-
tive tract.

Marker Profiles

The concept that endometrial regeneration
is mediated by endometrial stem/progenitor
cells was proposed many years ago [5, 14].
Since then many evidences do arise for the
existence of stem cells from endometrium. The
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first published evidence for the existence of
adult stem/progenitor cells in the human uterus
identified in the endometrium is the clonogenic
epithelial and stromal cells suggesting the
presence of two types of adult stem/progenitor
cells [15, 16].

Schwab and Gargett demonstrated the
existence of endometrial stem cell identification
through the characterization of perivascular
markers CD146 and PDGF-Rf. This study
also reveals that CD146 and PDGF-R f cells
were co-localized in both the functional and
basal layer [17, 18]. They demonstrated that
these perivascular markers enabled isolation of
stromal cells from human endometrium which
exhibit phenotypic and functional properties of
MSC. They hypothesized that these endometrial
MSC like cells may contribute to the cyclic
regeneration of the endometrium and might play
a vital role in cell-based therapies.

Various studies have examined the expression
of stem cell markers in the human endometrium
including our earlier published data [9, 19-22].
Dimitrov and his coworkers [3] analyzed the cell
surface markers for the cultured endometrial stem
cells derived from both functionalis and basalis
layer of the endometrium for phenotypic expres-
sion. Hematopoietic stem cell markers including
CD45, CD14, CD19, CD56/16, CD34, and CD3
showed a negative expression, whereas markers
like CD29, CD73, and CD90 were stained posi-
tive, strongly suggesting the mesenchymal nature
of the cells. Despite these citations, the identifica-
tions of biomarkers of endometrium are uncertain
and hence research is underway. The discovery
of those markers highlights the importance of the
stem cell system in human reproduction and also
demonstrates its therapeutic implications.

Besides the MSC-specific markers, Oct-4,
a transcription factor and marker of human
embryonic stem cells, and more recently of
adult stem cells, is expressed in almost half
of tested endometrial samples [9, 23]. The
expression of OCT-4 suggests the existence of
endometrial stem cells, lending further support
to the hypothesis of endometrial regeneration
by local stem cells in endometrial tissue.
More Oct-44- cells are observed during the
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proliferative stage; however, the identity and
location of the Oct-4+4 cells have not been
reported [19]. Several general adult stem cell
markers, including bcl-2, c-kit (CD117), and
CD34, have also been identified in endometrial
tissues [9]. The importance of these markers,
however, cannot be determined since they are
expressed in many more endometrial cells than
the numbers of clonogenic or side population
cells identified in functional studies [16, 20].
Apart from the markers specified above, our
team could identify multitude of markers that are
specific to heterogenous endometrial cells [21].
The wide specificity toward multitude of marker
characteristics similar to bone marrow stem cells
favors its application in therapeutics.

Multi-differentiation Potential

Extensive literatures exist to support endometrial
stem cells as an additional source of curative stem
cell therapeutics. To quote a few, its dynamics
in coordinated functions of proliferation,
differentiation, and menstrual shedding has been
reported [5, 23]. Endometrial stem cells, unlike
other postnatal adult stem cells, could retain its
stemness and multi-differentiation potential even
under extensive culture condition [unpublished
data]. Several researchers demonstrated the
ability of CD1464+PDGFRb+ MSC-like cells
[18] or clonogenic human endometrial stromal
cells [2, 3] to differentiate into mesodermal
origin such as adipocytes, osteocytes, smooth
muscle cells, and chondrocytes [2, 3, 16, 24].
Masuda et al. demonstrated that the endometrial
tissue-reconstituting cells also possess the ability
to differentiate into endothelial cells [25].
It has been demonstrated that not only the
endometrial stem cells but also the SP cells of
the endometrium have the ability to differentiate
into endothelial and smooth muscle cells [20,
26, 27]. It was reported that endometrial stem
cells could effectively differentiate into muscular
cells of urinary bladder using myogenic growth
factors, thereby making endometrial stem cells
ideal for bladder cell replacement therapies [24].
Besides, endometrial stem cells have also been
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differentiated into megakaryocytes that produced
functional platelets, thereby demonstrating its
wide plasticity [28].

It is a well-known fact that angiogenesis plays
a key role in the reproductive processes such as
embryo implantation and endometrial regenera-
tion after menstruation. Evidence is reviewed for
the hypothesis that the endometrium in women
has a high capacity of cell proliferation and an-
giogenesis [29, 30]. Evidences show the angio-
genic phenotype in human endometrium by their
establishment of their ability to implant [31]. 3D
cultures of human endometrial cells demonstrate
its high capacity of cell proliferation and angio-
genesis [32].

With its built-in angiogenic role throughout
reproductive phase of women coupled with
proven experimental records, it is clear that
endometrial stem cells could serve a better
tool for treating vascular disorders. Apart from
its mesodermal and ectodermal differentiation
potency, endometrial cells were also shown
to possess endodermal differentiation via
differentiating into insulin-producing cells [33].
The differentiated islets that form endometrium
were able to produce insulin both in vitro
and in vivo in a murine model [34], thus
serving its further applicability in treating
diabetes.

In Vivo Applications of Endometrial
Stem Cells

Endometrial stromal cells possess wide range of
advantages as opposed to other postnatal stem
cells, to prove themselves as a valuable tool
in cell-based therapies. They are as follows—
easy to isolate, high accessibility, trash source,
immunogenic, longer preservation, highly clono-
genic with a higher multi-differentiation, and
angiogenic potential—thereby serving as a better
autologous/allogenic therapeutic tool in regen-
erative medicine. This is evidenced by several
preclinical and clinical trials on endometrial stem
cells in autologous/ allogenic transplantations.
Some of its in vivo preclinical and clinical appli-
cations are discussed below.
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With the dynamic cyclical regenerative and
angiogenic potency of endometrial stem cells,
there are proven record tracks on its efficacy
in treating vascular disorders. The applications
of bone marrow-derived cells for heart failures
and its related diseases are enticing. This is due
to its directed cardiomyocyte differentiation [35]
and its ability to secrete angiogenic and trophic
factors. However, angiogenic potency of bone
marrow in patients with coronary artery disease
is impaired, in part due to its deficiencies in the
CXCR4 migration activity [36]. The relationship
between angiogenesis and post myocardial in-
farct healing is well known. Endometrial stem
cells could outweigh this obstacle and many other
such hindrances, thereby entering the clinic in an
efficient manner.

As stated above, endometrium undergoes
rapid angiogenesis in a controlled manner every
month. With this built-in potency, upregulated
production of angiogenic factors including
PDGF, EGF, and VEGF has been described
both in the mouse and human endometrium [29,
30, 37]. Besides, administration of endometrial
regenerative cells into a post myocardial infarct
model showed recovery as compared to bone
marrow cells. Furthermore, the cells were
capable of functionally integrating with existing
cardiomyocytes and exerted effects through
direct differentiation [13]. The possibility of
using endometrial cells for treating critical
limb ischemia has been demonstrated in
mouse model due to its high levels of growth
factors and MMPs. Besides, as it possesses
superior immunomodulatory potential, its off-
the-shelf allogenic therapeutic application is well
demonstrated [38]. The first report of clinical use
of ERC involved four patients with multiple
sclerosis who received both intrathecal and
intravenous injections. No adverse events were
reported at the time of last follow-up [38]. Similar
lines of clinical trial were also demonstrated
with muscular dystrophies and heart failures
[39—41]. Studies reported no adverse events
at time of last follow-ups of these cases.
Besides these applications, insulin-secreting
capacity of endometrial cells to functionally
recover insulin inefficiency in vivo has also
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been demonstrated. Preclinical murine model
system treated for diabetes has restored its
normoglycemic condition and produced insulin
[31, 32].

Conclusion

Undoubtedly, it can be concluded that endometrial
stem cells may become key players in treating
various disorders because of their noninvasive
mode of collection, ease of isolation, its en-
hanced clonogenecity, and multi-differentiation
potentials. Furthermore, its off-the-shelf storage
capacity and superior immunomodulatory
property allow greater applicability for allogenic
cell therapeutics. However, further investigations
are warranted on use of endometrial tissue in
cell-based therapies. Besides, studies on wide
characteristics of putative endometrial stem cells
that contribute to gynecological disorders might
explore its applicability in targeted cell-based
therapies for such reproductive disorders.
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Premature ovarian failure (POF) occurs in women
under the age of 40 years with primary or
secondary hypergonadotropic amenorrhea and is
accompanied by oestrogen deficiency in 75 %
of cases. None of the women with primary
amenorrhea have been reported to ovulate or
conceive with their own oocytes, but more
than a third of the women were pregnant at
least once before developing hypergonadotropic
POF.

Causes for POF

It is speculated that lack of follicular renewal
may be caused by age-associated exhaustion of
specific memory cells in the lymphoid system
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and bone marrow that are necessary to generate

effector cells migrating to ovaries and stimulating

transformation of the ovarian surface epithelium

(OSE) cells into primitive granulose and germ

cells. POF may be caused due to the following

causes:

1. Delayed ovarian development during im-
munological adaptation

2. Earlier termination of immunological adapta-
tion

3. Cytostatic chemotherapy affecting both
the existing pool of primary follicles and
committed ovary-specific mesenchymal cells
(O-SMCs) required for the follicular renewal
(11
In hypergonadotropic amenorrhea, ovaries

contain normal primary or even antral follicles

not responding to gonadotropins by production

of oestrogens [1].

Types of POF

Studies with laboratory animal models have
shown that there are two types of POF with
primary and antral follicles within the ovaries.
The first persistent ovarian immaturity can be
induced by inhibition of ovarian development
(i.e. inhibition of androgen receptor expression
with oestrogens) during immunological adap-
tation. The second premature ovarian ageing
can be induced by the acceleration of ovarian
development with androgens [1, 2].
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Ovarian Surface Epithelium (OSE)
Cells

Experiments done with cultures of OSE produced
cells with oocyte-like characteristics in 4-5 days
[3]. A well-defined nuclear envelope of the
oocyte was seen, and isolated oocyte-type cells
exhibited germinal vesicle breakdown. Some of
the cells showed characteristics of secondary
oocytes with surface zona pellucida (ZP)
expression, expulsion of polar body and poor
nuclear/cytoplasmic separation [3]. The ability
of OSE cultures to produce new oocytes from
ovaries lacking follicular renewal suggests that
OSE cells retain the potential to differentiate but
fail to do so in vivo. As the putative stimulatory
potential of O-SMCs is absent, uncommitted
mesenchymal cells (u-MSCs) may exhibit a sup-
pressive effect. For example: CD8 T-lymphocytes
that are the predominant type of T-cells present
in the epithelial and other non-lymphoid tissues
[4] can function as effector or suppressor cells
[5]. Marked changes in circulating subsets of
T-cells are described in postmenopausal women
and women with POF [6].

In order to test the effect of female germ line
stem cells, these cells were isolated and cultured
for more than 6 months. These cells were later
transfected with a GFP virus and transplanted
into ovaries of infertile mice that were sterilised
by treatment with cyclophosphamide and busul-
fan to destroy the existing pre- and postmitotic
cells [7-9]. Subsequently, transplanted cells un-
derwent oogenesis and the mice produced off-
spring that expressed a GFP transgene [10].

It is thought that production of oocytes ceases
before birth in most mammalian species. At
5 months of foetal age, the ovary contains the
maximum population of germ cells. Between the
sixth and seventh month of intrauterine life, the
last oogonia enter meiosis and the formation of
new follicles is terminated. But it has been seen
that Drosophila melanogaster has an ability to
produce a large number of eggs throughout its
life due to the presence of permanent germ line
stem cells [11]. Similarly, germ line stem cells
of all stages of oogenesis have been observed in
adult teleost fish [12].
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Premeiotic Germ Line Cells
Facilitate Oogenesis

The in vivo studies have shown that gonads of fe-
male mice may have regenerative capacity during
juvenile and adult stages of life [7]. In yet another
study, it was seen that injection of genetically
modified GFP expressing primordial germ cells
into ovaries of sterilised mice leads to the birth
of pups expressing GFP [9]. A culture of female
germ line cells from neonatal mice and adult mice
showed the ability to produce normal oocytes as
well as offspring after transplantation into ovaries
[9]. Transgenic mouse lines with GFP expressing
germ line cells were used to isolate OSCs for
in vitro culture. The mouse OSCs spontaneously
formed oocyte-like structures, and when these
structures are combined with granulose cells of
neonatal mouse ovaries, structures closely re-
sembling primordial follicles were formed [13].
All the above findings supported the fact that
mammalian ovaries contain a population of pre-
meiotic germ line cells that can support postnatal
oogenesis.

Experimental studies have shown an asso-
ciation between the mtDNA copy number and
the ability of oocytes to become fertilised [14].
Oocyte of women with ovarian insufficiency has
been found to have a lower mtDNA copy number
in comparison to that in women with normal
ovarian profile [15]. Further, studies in mouse
models have shown that dramatic reduction in
mitochondrial DNA did not compromise ovula-
tion and fertilisation, but postimplantation devel-
opment was impeded when mtDNA copy number
was less than 50,000 [16].

Injecting 5—15 % ooplasm from a young fertile
donor oocyte into a putative defective recipient
oocyte at the time of intracytoplasmic sperm
injection has resulted in the birth of several
children worldwide [17-19]. However, children
born after cytoplasmic transfer have demon-
strated persistent mitochondrial heteroplasmy
[20], and mouse model of neutral heteroplasmy
has displayed a phenotype which is consistent
with the symptoms of early onset metabolic
syndrome [21]. Cortical tissues obtained from
20- to 30-year-old women and OSCs isolated
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using fluorescence-activated cell sorting method
spontaneously generated immature oocytes in
vitro. Co-culture of GFP-positive humans’ OSCs
with adult human ovarian cortex for a period
of 72 h leads to the formation of large ovoid
GFP-positive cells surrounded by somatic cells
resembling immature follicles. These human
OSCs were injected into human ovarian cortical
biopsies and xenotransplanted in adult female
mice. Few weeks after the transplantation of
immature primordial, follicles containing GFP-
positive oocytes were found [22]. However, the
use of ovarian stem cells to produce normal
fertilisable eggs in humans is an idea that remains
to be tested.

Parthenogenesis

The parthenogenetic activation of oocytes
has been tried by some groups. This method
overcomes the ethical constraints associated
with the use of embryonic stem cells (ESCs)
from human embryos [23]. The parthenogenetic
activation of oocytes may be used to generate
isogenic cell lines relative to the donors and/for
autologous transplantation [24]. Methods like
electrical stimulation of oocytes, exposure to
Ca’t Mg?*-free medium, and exposure
to medium containing hyaluronidase, Ca’*
ionophore chelators, or inhibitors of protein
synthesis such as cycloheximide are used for
parthenogenetic activation [25]. A method
pioneered by Taupin has a higher efficiency
of generating parthenogenetic oocytes than
the above mentioned methods. Oocytes were
obtained from voluntary donors and involved
standard hormonal stimulation for superovula-
tion. Human oocytes were parthenogenetically
activated by cultivating the oocytes with an
ionophore at high oxygen tension and a serine
threonine kinase inhibitor at low oxygen tension
until the blastocyst formation. The blastocysts
were transferred to feeder layers and cultured
under high oxygen tension. However, diploid
parthenogenetic embryos lack extraembryonic
tissues and develop only till late somite stages in
mice models [26], and human oocytes when
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parthenogenetically activated have also been
shown to have a limited developmental potential
[27]. The limited developmental potential is
due to lack of/or overexpression of imprinted
genes that are expressed only from one parental
allele [28]. If the hurdles associated with the
development of such embryos can be addressed
then, this method could be used as a treatment
option for infertility.

Treatment Strategies

Bone Marrow Transplantation for
the Treatment of Infertility

It has been observed that gonadotropin-releasing
hormone (GnRH) agonist minimises and
prevents gonadotoxic effects of chemotherapy
in humans. Patients with GnRH-a/chemotherapy
co-treatment resumed spontaneous ovulation and
menses or conception [29, 30]. Studies have
shown that infertility can be treated using bone
marrow stem cells. Bone marrow transplantation
restored oocyte production in wild-type mice
sterilised by chemotherapy as well as in ataxia
telangiectasia-mutated (ATM) gene-deficient
mice which are otherwise incapable of making
oocytes [8]. In a different study by the same
group, it was reported that bone marrow
transplantation generated immature oocytes and
restored long-term fertility in a mouse model of
chemotherapy-induced premature ovarian failure
[31].

Potential of Human Amniotic
Epithelial Cells in Treating Infertility

Fangyuang Wang et al. [32] have shown that
cultured human amniotic epithelial cells (hAECs)
expressed markers like OCT4 and NANOG. The
cells also expressed markers of surface antigens
like c-KIT. Wild-type female mice were ster-
ilised by pretreatment with cyclophosphamide or
busulfan to destroy the pre- and post meiotic
germ cell pools of the mice that were to be
used as recipients of hAECs. The hAECs were
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then infected with GFP lentivirus. The postinfec-
tion and cultured hAECs were transplanted by
tail vein injection into recipient females 7 days
after chemotherapy. In the analysis of ovaries
14-21 days post hAEC transplantation, it was
seen that they possessed several primary and
developing follicles in which GFP-positive folli-
cle cells were found. The ovarian follicles were
double positive for GFP and human nuclei anti-
gen expression. Anti-miillerian hormone (AMH)
levels are strongly correlated with the follicular
pool and are used as a marker of ovarian age-
ing, ovarian responsiveness and pathophysiology
[33]. The AMH expression was not observed
in ovaries within 7 days post hAEC transplan-
tation, but was seen in ovarian follicles 14, 21
and 60 days post hAEC transplantation. The
hAECs which do not have any karyotypic ab-
normalities or transformation potential in vitro
and no tumorigenic potential in vivo may have
some advantages over adult bone marrow stem
cells.

Role of Somatic Granulosa Cells
in Treatment Outcomes

The in vitro differentiation of putative ESC-
derived oocytes and follicle-like cells has been
reported in mice [34, 35]. A recent work has
shown that primordial germ cell-like cells
(PGCLCs) derived from embryonic stem cells or
induced pluripotent stem cells which resemble
endogenous primordial germ cells in foetal
gonads require interaction with developmentally
matched embryonic ovary somatic cells to realise
their full potential in vivo [36]. This study
used fox12 as a marker which is expressed in
the granulosa cells [37] and involved a fox12
promoter DsRed-driven reporter system. When
ESCs generated from transgenic TgOG2 mice
that differentiated into GFP-positive oocyte-
like cells in vitro [34, 38] are transplanted into
wild-type mouse ovaries, immature follicles
containing GFP-positive oocytes can be detected
[38]. Woods et al. [36] observed that only those
cultures containing cells expressing DsRed by
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day 5 of differentiation eventually generated
follicle-like structures suggesting that both
granulose cell and germ cell need to be specified
and be present in these cultures. DsRed-positive
cells were observed to associate with oocytes
within a week after injection and become
incorporated exclusively localised into granulose
cell layer of immature growing follicles 2 weeks
after transplantation [36].

Adipocyte-Derived Stem Cells
in Treatment of Premature Ovarian
Failure

To study the effects of adipocyte-derived stem
cells in the treatment POF, CB57/L6 mice were
administered cyclophosphamide (15 mg/kg)
continuously for 15 consecutive days via
intraperitoneal injections. Subcutaneous adipose
tissue was derived from inguinal region of mice
[39]. POF mice were injected intravenously
with 1x10° autologous ADSCs. This was
later followed by injection of 1x 103 ADSCs
in bilateral ovaries in the POF mice with a
microinjector device [40]. One week after the
transplantation, the number of follicles in the
female mice that received ADSCs via intravenous
and in situ routes was increased. Several hundred
follicles were seen at all stages of development.
In Contrast, the control POF mice (without
ADSC therapy) did not recover to the normal
level within 1 month, thus suggesting that
intravenous and in situ ADSC therapy does
significantly improve the ovary injury caused
by the chemical treatment [40]. In addition
to this, quantification of TUNEL-positive
cells in control groups and 1-week-old ADSC
transplantation group showed that the number
of apoptotic granulosa cells in the intravenous
(42.8 + 13.7/mm?) and in situ (50.4 £ 13.1/mm?)
ADSC-treated groups was lower than that
of control POF group (150.8 4 48.4/mm?)
indicating that both intravenous and in situ
methods rescue apoptosis of granulosa cells in
ovary sections [40].
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In Vivo Studies with iPSCs
and miRNAs

In yet another study induced pluripotent stem
cells (iPSCs) were generated using CD34+ hu-
man amniotic fluid cells using the method men-
tioned in Liu et al. [41]. This method also in-
volved treatment of iPSCs with miR-17-3p, a
micro RNA that suppresses vimentin expression.
MiR-17-3p was found to bind to vimentin mRNA
3’ UTR. The downregulation of vimentin ex-
pression with miR-17-3p was to limit the dif-
ferentiation of iPSCs to epithelial cells. It was
seen that transfection of miR-17-3p in iPSCs
leads to the expression of epithelial markers like
cytokeratin7, AE3, E-cadherin, and the oestro-
gen receptor ERB. The levels of these markers
were higher than miR-mutant-transfected group
or miR-mutant-untransfected control group. It
was also observed that expression levels of vi-
mentin are reduced due to miR-17-3p-transfected
iPS group cells after differentiation. This result
suggested that when endogenous levels of vi-
mentin are reduced by miR-17-3p, the iPS cells
can differentiate into oestrogen-sensitive OSE-
like cells. To create a POF model, mouse was
given a single intraperitoneal injection of cy-
clophosphamide (70 mg/kg) at 6 weeks of age. To
investigate the effect of transplanting OSE-like
cells derived from iPS cells, red fluorescent label
iPS cell groups (miR-17-3p-transfected and miR-
mutant-transfected groups) and PBS vehicle con-
trol were injected into the ovaries of POF mice.
Fourteen days after injection, the ovarian tissues
were analysed by haematoxylin and eosin (H&E)
staining. H & E staining of the OSE-like cell
(miR-17-3p-transfected iPS group) transplanta-
tion group showed a significant reduction in the
number of atretic follicles and an increase in the
number of mature follicles. In contrast, analysis
of cells from miR-mutant-transfected cell group
and vehicle group showed a larger number of
atretic follicles in the ovarian tissues. The ovarian
weight of POF mice transplanted with OSE-like
cells was also increased in comparison to other
two transplantation groups.
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Application of Stem Cell Therapy
to Treat Infertility in Humans

Although it has been possible to develop
parthenogenetic embryos with limited de-
velopmental potential in mice and human
models, many aspects and factors involved in
genomic imprinting are not yet known. However,
providing growth factors like fibroblast growth
factor 2 (FGF2), insulin-like growth factor 2
(IGF2) and transforming growth factor-a (TGF-
a) to a developing parthenogenetic embryo
has increased the developmental potential of
parthenogenetic embryos. IGF2 is maternally
imprinted and has a role in regulating embryonic
growth [42]. Parthenogenetic embryos when
treated initially with FGF2 and explanted in
culture for further development with IGF2 at
the stage of 18-21 somites develop much longer
(up to 50 somites) in comparison to embryos not
treated with IGF2 [43] and provide the hope that
it is just a matter of time before going into large-
scale human clinical trials and implementation
of the technology for infertility treatment. It was
observed that in the presence of TGF-a in the
nutrient medium with PG embryos, the number
of somites developed in utero to the stage of
3045 had increased, while more than a third
of the embryos had a well-formed placenta and
resembled the placenta of 11-day-old normal
fertilised mouse embryos [44].

Studies done by Woods et al. [36] had shown
the primordial germ cell-like cells require de-
velopmentally matched ovary somatic cells to
realise their full potential in vivo. This study
in addition to work done by Lei et al. [45]
shows that germ cell and granulosa precursor
synchronisation during foetal life is required for
normal folliculogenesis. In addition, these stud-
ies have identified factors like Fox12 and FI-
Galpha to play a role in normal folliculoge-
nesis. These studies have laid the foundation
to identify many other factors that may have
a role in normal folliculogenesis. Such factors
could have a pivotal role in future infertility
treatments.
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Application of human amniotic epithelial cells
in infertile nude-mice has shown revival of fol-
liculogenesis [32] in these models. Advantages
like lack of karyotypic abnormalities and ab-
sence of tumorigenesis after in vivo transplanta-
tion could pave the way for human clinical trials
using hEACs in the near future. To conclude,
application of various types of stem cells in the
treatment of premature ovarian failure has shown
promising results in animal models. To address
the side effects of this therapy such as devel-
opment of heteroplasmy, premature metabolic
syndrome, and the mitochondrial copy number
variations, alternative therapeutic modalities that
preserve genomic integrity should be developed.
Future studies are warranted to explore the long-
term effects of such a treatment in humans.
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Introduction

Breast milk is a complex mixture of interacting
compounds including carbohydrates, proteins,
antibodies, vitamins, growth factors, hormones,
cytokines, and several immunizing factors for the
newborn. Breast milk also encompasses epithelial
cells, colostral corpuscles, polymorphonuclear
leukocytes, mononuclear phagocytes and
lymphocytes, with those of epithelial lineage
forming the main bulk of cells within 2 weeks of
establishing lactation. These complex mixtures of
interacting components of breast milk contribute
to the beneficial effects of breast feeding. This
may extend well beyond weaning and has been
shown to prevent or mitigate several diseases
later in life. The cellular constituents of breast
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milk and its significance to the neonate for
growth, immunity, and regeneration have been
highlighted.

Breast and Its Components

The breast is an accessory sex organ of the
female body that contains mammary glands, milk
ducts, and adipose tissue. Mammary glands are
unique to mammals, with the specific function
of synthesizing, secreting, and delivering milk
to the newborn upon demand for its optimal
nourishment, protection, and development [1].
Mammary glands arise from the terminal end
buds (TEB) which consist of two cell lineages:
the cap cells that form a single outer layer and the
body cells that make up multiple inner layers. The
current dogma is that mammary stem cells exist
in the TEBs and give rise to mammary epithelial
cells [2]. The special function of the breast in-
cludes the production of milk for lactation. The
mammary gland is composed of two types of
epithelial cells. The inner or luminal cells, which
are potential milk-secreting cells, are surrounded
by an outer basal layer of contractile myoepithe-
lial cells. The epithelial component of the tissue
consists of lobules, where milk is made, which
connect to ducts that lead out to the nipple. These
lobules and ducts are located spread throughout
the background fibrous tissue and adipose tissue
that makes up the main mass of the breast. It
has been hypothesized that the epithelial cells are
shed from the ductal and luminal epithelial layers
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through either a heightened turnover of the secre-
tory tissue or as a consequence of the mechanical
shear forces associated with the continued filling
and emptying cycle associated with breast milk
synthesis and lactation [3].

The milk is produced when the hormone
called prolactin binds with the luminal epithelial
cells. Oxytocin acts on the myoepithelial cells
of the breast to produce milk ejection or “milk
letdown.” Breast milk is an undeniably unique,
natural source of nutrition for the human infant.
Human milk is a food that evolved to ensure
optimal growth, development, and survival of
human infants and young children. All female
mammals are uniquely equipped to provide
species-specific nourishment and immunity
through the provision of milk to their newborns
[4]. Thus breastfeeding is an important factor
helping the newborn adapt to the environment.

Nutrients in Breast Milk

Breast milk contains the right balance of nutrients
to help infant grow into a strong and healthy tod-
dler. The beneficial effect of breastfeeding may
extend well beyond weaning and has been shown
to prevent or mitigate several diseases later in life
[5] due to the presence of various nutrients and
complex mixture of interacting compounds. The
WHO recognizes breastfeeding as the normal
way of providing nutrition to infants requiring
special care. Colostrum is high in protein, fat-
soluble vitamins, minerals, immunoglobulins and
a strong antiviral property, strengthens the new-
born’s immune system, and acts as a laxative to
remove meconium (first feces) from the digestive
tract. Later colostrum will be replaced by transi-
tional milk which appears creamy. The content
of transitional milk includes high levels of fat,
lactose, and water-soluble vitamins and contains
more calories than colostrum. Mature milk begins
to appear near the end of the second week after
childbirth. Mature milk is produced in as great
a volume as transitional milk but is thinner and
more watery. 90 % is water, which is necessary to
maintain hydration of the infant. The other 10 %
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is comprised of carbohydrates, proteins, and fats
which are necessary for both growth and energy
[6-8].

Cellular Constituents of Breast Milk

The immense potency of nutritional components
of human breast milk and the importance
of breastfeeding is known worldwide. It is
imperative to explore the cellular constituents
of human breast milk, including of stem cells,
to open new avenue in child’s development
and regeneration. Accumulating evidences
suggest that breast milk comprises epithelial
cells, colostral corpuscles, polymorphonuclear
leukocytes, mononuclear phagocytes, and
lymphocytes, with those of epithelial lineage
forming the main bulk of cells within two weeks
of establishing lactation [8—10]. Besides these
cellular components, human breast milk was also
identified to possess heterogeneous stem cells
and other cellular components [11, 12]. Hence,
it was believed that breast milk-derived stem
cells might possess considerable potency for the
treatment of a wide horizon of neonatal diseases.

Special interest lies on identification of
stem cells and other cellular constituents of
breast milk. Breast milk encompasses various
mammary stem cell populations that have been
exfoliated from the mammary glands during
ejection. Putative breast milk stem cells were
identified by Cregan and colleagues using the
markers CKS5, CK14, CK19, and nestin [13]. In
addition, Fan and his coworkers demonstrated
the presence of cytokeratin (CK) 5, CK14, and
CK18. They identified CKS5 as a marker for
mammary progenitor cells, CK14 as a marker
for both mammary progenitor cells and mature
myoepithelial cells, and CK18 as an established
marker for mature luminal epithelial cells [11].
These mammary stem cells are hypothesized
to be of epithelial origin and are considered to
be present in milk through the suckling force
from the infant. Our group studied a panel of
epithelial markers and found high expression
of CK19, MUCI1, CK14, CD24, and CDI10.
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Thus the results denote the higher content of
heterogenous epithelial cell population in fresh
and cultured milk samples. This indicates the
fact that probability of getting these cells in
breast milk is directly from the breast tissue
epithelium [14]. Cultured milk-derived cells were
found to be more of epithelial in nature from
its higher expression of epithelial markers and
lower MSC marker. This confirms these cultured
breast milk cell population as myoepithelial cells
in accordance to its significant expression of
other myoepithelial markers CD29 and CD44, as
discussed later, which is also coherent with other
literatures [15, 16]. The cells were also found
to express a slight positivity for the adhesion-
related universal mesenchymal marker, vimentin,
and other MSC markers, though insignificant
along with other lineage markers including
markers of pluripotency (Fig. 1). This suggests
that breast milk cells are epithelial in nature
which gets amplified through passages in culture
medium (Fig. 2). Hence, it substantiates the fact
that breast milk components are predominantly
epithelial with a small mesenchymal component.
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Hence, investigating the potential of these
epithelial cells from breast milk in mammary
epithelial culture medium or its equiva-
lence might unravel its potential therapeutic
applications.

These aforesaid features of the preponder-
ance of epithelial cells in culture with very few
mesenchymal stem cells might be explained by
epithelial-mesenchymal transition. Epithelial-to-
mesenchymal transition (EMT) is a developmen-
tal process quite important for cell fate determi-
nation. It is defined by the loss of epithelial char-
acteristics and the acquisition of the mesenchy-
mal phenotype. It is presumed that the breast
milk cells are predominantly epithelial in na-
ture which upon culture might undergo EMT
and give rise to little fibroblast-like mesenchy-
mal cells. Nevertheless, it is just a speculation,
and further investigation is warranted to sub-
stantiate this hypothesis. Breast milk cells might
be a noninvasive model for understanding the
physiological and pathological role of EMT in
milk samples from normal and cancerous breasts.
Breast milk is a readily accessible source to
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understand the role of EMT and its implications
in response/resistance to the current and/or new
approaching drugs in the clinical management of
breast cancer.

Besides these mammary stem cell/epithelial
cell populations, breast milk is believed to pos-
sess other heterogenous cellular components in-
cluding hematopoietic, side population (SP), and
endothelial cells as well with the expression of
its lineage-specific markers. By flow cytometric
analysis, Patki and his coworkers demonstrated
the breast milk stem cells exhibit the markers
CD44, CD29, and SCA-1 and are negative for
CD33, CD34, CD45, and CD73 confirming their
identity as mesenchymal stem cells. The breast
milk stem cells were also found to show pos-
itivity for cytoskeletal protein markers such as
vimentin and smooth muscle actin and also man-
ifest the presence of e-cadherin, an epithelial-
mesenchymal transition marker, thus proving the
aforesaid hypothesis [12], thereby substantiating
our aforesaid report.

Similar to his studies, Fan and his coworkers
also showed the positive expression of various
primitive stem/progenitor cell markers like
CD133, Stro-1, and nestin and the presence of SP
within the whole cell population of breast milk.
This suggests that expressed human breast milk
may be a novel source of putative stem/progenitor
cells. Since CD133 is a primitive cell marker
present on hemopoietic and neuroectodermal
stem/progenitor cells, they hypothesized that
the putative stem cells in breast milk may be
found in the CD133 fraction [11]. In addition,
they reported the presence of other markers
like osteonectin, alkaline phosphatase, and other
neuroepithelial lineage markers. In addition, the
breast milk was also demonstrated to possess
a subpopulation of cells that shows positivity
for the markers of pluripotency such as oct4,
SOX2, and Nanog [17]. These findings suggest
the existence of pluripotency in human lactating
glands, which is also found in breast milk.

Although there are studies pertaining to the
characterization of these constituents, we hypoth-
esized that the wide characterization of cellular
constituents of human breast milk in a single
roof might contribute to research and therapeu-
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tics. From our extensive comparative biomarker
characteristic studies of breast milk, we found
that breast milk possesses more hematopoietic
population cells and a scanty population of mes-
enchymal stem cells [18]. However, the higher
expressions of CD90 and CD105 could be corre-
lated with other functions such as immunity, im-
munomodulation, host-defense mechanism, and
anti-inflammatory actions required for normal
growth and development and other endothelial
functions over the lactation period [7]. Higher
expressions of certain cell adhesion and myoep-
ithelial markers were also identified. Various ad-
hesion molecules in different proportions suggest
that homing ability of these cells is required for
proper growth necessary for neonatal develop-
ment and homeostasis. It is predicted that high
expression of CD44 is required for firm adhe-
sion of cell to endothelium. Besides CD44 being
a myoepithelial mammary stem cell population
[13], data show that CD44 is activated by PDGF
[16, 17], which plays an important role in ex-
ogenous migration to injured sites by interaction
with hyaluronate. Besides other immune markers,
markers of pluripotency and growth factors were
also identified (Fig. 1). Although the stem cell
population of breast milk is less as compared
to other adult sources, we speculate that cells
positive for immunological components, progen-
itors, cell adhesion molecules, and growth factors
identified so far can probably be explained by the
higher needs of neonates for immunological pro-
tection, growth, leukocyte-transendothelial mi-
gration, protein synthesis, neurocognitive devel-
opment, and angiogenesis.

Differentiation Potential of Breast
Milk Cells

Breast milk was found to encompass several
cellular constituents, and as a result recent re-
search focus lies on investigating the multipotent
differentiation potential of breast milk cells. The
differentiation potential of breast milk cells is
limited at its infancy with confounding aspects of
results. Patki et al. have confirmed the mesenchy-
mal nature of isolated breast milk cells by dif-
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ferentiating them into mesodermal lineages. The
isolated cells showed an epithelial-like cell pop-
ulation and fibroblast-like cell phenotype within
2 weeks of culture. Furthermore, incubation of
human breast milk MSCs in adipogenic induction
medium led to differentiation into adipocyte- like
cells after almost 21 days. Similarly, the breast
milk cells were identified to differentiate into
osteogenic and chondrogenic cells as well in the
appropriate media [12].

Other workers studied the multilineage differ-
entiation potency of breast milk pluripotent cell
population. Culture of CD49f human breast milk-
derived stem cells (hBSCs) in 2D conditions and
3D biomatrices revealed their ability to differen-
tiate toward myoepithelial (CK14p) and luminal
(CK18p) mammary cells, demonstrating prop-
erties of MaSCs. In keeping with the presence
of markers of pluripotency identified in breast
milk, the study demonstrated the multilineage
differentiation potential of these pluripotent cells
in breast milk and identified its differentiation
ability into the cells of ectodermal, mesodermal,
and endodermal origin, including bone, liver,
and neuronal cells [17]. This opens new av-
enues for the use of breast milk as a noninvasive
source of pluripotent cells for stem cell therapies.
With such in vitro differentiation potential, it
was believed that breast milk-derived stem cells
might possess colossal potency for the treatment
of wide horizon of neonatal diseases. Nonethe-
less, there is little evidence on the stem cell
constituents of breast milk and its proliferation
and differentiation potential. Furthermore, the
full spectrum of cellular constituents of human
breast milk is yet to be defined.

Conclusion

It has been postulated that the reproductive or-
gans including the accessory sex organ, breast tis-
sue, and breast milk possess several key attributes
that call themselves as “pluripotent.” Upon con-
clusion, we advocate the significance of cellular
components of breast milk, thereby supporting
the breastfeeding policy of WHO and UNICEFE.
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It is hypothesized that these integral components
might migrate to the bloodstreams of neonates
and potentially favor cell fate development. Be-
sides, these cellular components of breast milk
could be used as a natural, oral, cellular, first
remedy for the treatment of neonatal disorders
due to its nonantigenic property. Although we
draw focus to the breast milk components, the
present study is limited to in vitro analysis and
warrants further investigation in its application
toward treatment of neonatal disorder.
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