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Foreword

This book brings together two important fields of science and engineering with
roots in the latter part of the twentieth century and propels them into the twenty-first
century. Fetal biology and fetal therapy are interwoven into the disciplines of regen-
erative medicine and tissue engineering. The marriage is logical from many stand-
points. Developmental biology has undergone explosive growth in new knowledge
and understanding. The gene programs and signaling pathways in many ways over-
lap with the signaling of successful regeneration of tissues. Much of this knowledge
can be harnessed into new strategies to improve patient care. Engineering science
stands at this nexus in many circumstances.

Fauza and Bani have carefully assembled experts in the key areas of these fields
and have put together a thoughtful sequence of chapters which brings the reader
through sophisticated science and technology in a coherent and readable way. New
populations of stem cells including fetal stem cells, embryonic stem cells, amniotic
stem cells, and placental and umbilical cord stem cells are all described and discussed.
As well, their potential use in human therapy is a fundamental part of the book.

In short, this book provides a readable summary of an area in science and medi-
cine that has the potential to transform the way we think about improving patient
care and a paradigm shift in the way we approach future studies to understand
developmental biology and apply that knowledge to improve the human condition.

August 25, 2015 Joseph P. Vacanti
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Preface

Despite significant experimental advances, much promise, and excessive publicity,
most cell-based therapies have yet to deliver meaningful impact to patient care.
Conspicuous exceptions have been therapies based on amplifying the biological
role played by cells in their natural environment. Evident examples are variations of
blood transfusions and bone marrow transplantation. These long-established cell-
based therapies have had unparalleled impacts in health care, to a large extent due
to the fact that the cells involved fulfill the very same roles that they already perform
in nature. Therein lies much of the appeal of fetal stem cell-based regenerative med-
icine, particularly as it applies to the perinatal period, during which the normal
biological activities of these cells are regulated within the distinctive environment
in which they already operate, aiming at therapeutic benefit. As much as fetal stem
cells have shown to possess unique characteristics compared with other stem cells,
so do the fetus and neonate when compared with any other age group, converging
into a perfect storm that enables unparalleled biomedical discoveries, original thera-
peutic paradigms, and ultimate translational significance. Although fetal stem cells
have been increasingly used in recipients of all ages, this book is focused on their
perinatal applications, exploring the exceptionality of their fundamental roles in
fetal development, arguably the purest form of regeneration. This relationship lends
overt biological validation to the use of these cells in therapeutic strategies within
this specific period, confirmed by prolific advances in the field. It also allows for the
establishment of select service-based models of on-demand individualized stem cell
processing, while validating fetal stem cell banking as clinically relevant.

In light of such tangible biological and therapeutic correlations, it is perhaps
surprising that fetal regenerative medicine is still in its infancy, even when com-
pared with its parent field. Therefore, expectedly, much of the nomenclature used
has yet to be properly standardized. This is reflected in some of the chapters, which
expose terminology overlaps typical of an emerging discipline, while we deliber-
ately avoided attempts to arbitrarily systematize it. Also typical of a burgeoning
field is its fluidity. This has led us to favor basic principles and general translational

Www.Ebook777.com
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X Preface

strategies, as opposed to multiple, as of yet unwarranted fragmented chapters
devoted to narrower specific applications, conferring a more universal nature to the
book. This should appeal to a broader readership of physicians, scientists, and
trainees.

We were fortunate to have attracted contributions from esteemed, highly promi-
nent colleagues in their respective areas of expertise, to whom we are greatly
obliged. We are also grateful to Michael Griffin at Springer for his patience and
precious assistance throughout the preparation of this volume. Special thanks from
MB to the late Andree Gruslin, a kind, passionate, and cheerful clinician-scientist
who will be always remembered for her devotion to promoting regenerative medi-
cine. A personal, deep expression of gratitude from DOF goes to Kevin and Kate
McCarey for their sustained generous support, without which a number of the
developments discussed herein would not have taken place.

Boston, MA, USA Dario O. Fauza, MD, PhD
Ottawa, ON, Canada Mahmud Bani, PhD
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Part I
Fetal Cell Biology



Chapter 1
Historical Perspectives

Scott M. Deeney and Timothy M. Crombleholme

Introduction

Stem cells are a source of intense scientific inquiry due to their unique properties.
Research into the nature of these cells has deepened our understanding of cell and
molecular biology and has led to the development of many important therapies.
Human stem cells have been harvested from embryos and have been induced from
adult tissues, but stem cells from embryonic and adult sources have demonstrated
certain inherent limitations.

In recent decades, the human fetus has been increasingly viewed as a distinct
entity worthy of study, aided largely by advancements in prenatal diagnostic and
imaging techniques as well as by the development of the concept of the fetus as a
patient. Fetal interventions are already being performed as an early way of prevent-
ing or treating progressive diseases. The ability of fetal skin to heal without scarring
has been noted and is just one example of the unique properties possessed by fetal
tissue [1]. Further investigation into the properties of fetal tissue has revealed the
existence of stem cells which are notably distinct from embryonic and adult stem
cells. These fetal stem cells have recently been described as a separate category of
stem cells with its own characteristics, some of which show promise in bypassing
the limitations inherent in embryonic and adult stem cell research.

S.M. Deeney, M.D.

Department of Surgery, Laboratory for Fetal and Regenerative Biology, University of
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To properly understand fetal stem cells and their potential therapeutic applications,
the nature of stem cells in general must first be appreciated. In addition, familiarity with
how the field of stem cells has progressed from the early 1900s to the flurry of interest
today is helpful in placing the trajectory of current investigation in its appropriate his-
torical context. While a significant focus of current research has been on embryonic and
induced pluripotent adult stem cells (iPC), fetal stem cells have recently emerged as a
distinct group with characteristics that are intermediate to these two groups. Knowledge
of how fetal stem cells compare to their embryonic and adult counterparts is important
in understanding how they may be used in therapeutic applications.

What Is a Stem Cell?

A stem cell is a distinct type of cell which possesses the unique set of characteristics
which include clonality, proliferative capacity, and plasticity. During mitosis, stem
cells divide asymmetrically to maintain clonality. One daughter cell retains the
original characteristics of the stem cell population to retain clonal self-renewal,
while the other takes a step toward differentiation down a specialized cell lineage.
Stem cells also are known to have an impressive proliferative capacity, with some
lineages sustaining up to 250 cell culture passages and beyond without loss of their
original characteristics. They perform this feat in part by expressing elevated levels
of telomerase which sustains the ability to maintain telomere length [2]. Stem cells
are undifferentiated cells, and depending on the specific stem cell population, may
possess the ability to differentiate along multiple types of cell lineages. This
differentiation capability is known as plasticity. The various levels of plasticity
include totipotency, pluripotency, multipotency, or unipotency (Fig. 1.1). Totipotent
stem cells have the ability to differentiate along all three germ layers: the ectoderm,
mesoderm, and endoderm, and they can also differentiate into the extraembryonic
tissues of the trophoblast. Similarly, pluripotent stem cells can differentiate along
ectoderm, mesoderm, and endoderm germ lines, but they are unable to form the
extraembryonic structures. Multipotent stem cells can differentiate into more than
one specific cell type, within one or two—but not all three— germ lines. For exam-
ple, one hypothetical multipotent stem cell could differentiate into either a neuron
or an astrocyte, but not a chondrocyte or keratinocyte. Unipotent stem cells, the
most restricted type, are able to maintain a continuous line of one specific type of
cell. For example, epithelial progenitor cells live in the epidermis and provide the
source for continuous epithelial cell turnover.

Some researchers have made efforts to define stem cells based on specific molec-
ular markers. Defining stem cells as cells with clonality, proliferative capacity, and
plasticity utilizes the phenotypic characteristics of the cells, but this definition
requires observing cell behavior over time, making it difficult to isolate stem cells
in early primary culture. A molecular definition is a useful approach to help isolate
stem cells from the surrounding tissues. Unfortunately, a universal molecular defini-
tion has yet to be elucidated. That being said, several commonly accepted markers
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of pluripotency have been identified, including Oct-3 and Oct-4, TRA-1-60 and
TRA-1-81, SSEA-3 and SSEA-4, Sox2, Rex-1, and Nanog.

Two broad categories of highly investigated lines of multipotent stem cells are
the hematopoietic stem cells (HSC) and mesenchymal stem cells (MSC).
Hematopoietic stem cells maintain the various cell lines of the blood and immune
system. They are usually identified by expression of the cell surface markers CD34,
CD45 and c-kit. Mesenchymal stem cells, alternatively known as mesenchymal
stromal cells, can, depending on the culture conditions, give rise to progenitor cells
along the mesodermal germ line including adipocytes, chondroblasts, and osteo-
blasts [3]. However, as research has shown, HSCs and MSCs are more plastic than
once thought, and under specific in vitro or in vivo conditions they can be induced
to differentiate along other lineages as well.

Stem cells are located throughout the body’s various tissues and organs. They
also are found along the lifespan of the organism, from embryonic stages through
adulthood. Generally, there are three types of age-specific stem cells described:
embryonic, fetal, and adult stem cells [4]. Clinical research on stem cells began with
adult bone marrow transplantation in the middle of the twentieth century when their
ability to repopulate host marrow was exploited in a broad range of blood disorders
and malignancies. Later, in the 1990s through early 2000s, advances in embryonic
stem cell research were highly publicized with much excitement generated regard-
ing their pluripotent nature. However, the propensity to form teratomas as well as
the intense ethical and political controversies impeded progress in embryonic stem
cell research. As a result, interest turned to identifying other sources of pluripotent
stem cells. Adult stem cells at this time were thought to be less useful given their
much more limited plasticity and proliferative capacities. Interest was renewed in
adult stem cells after the discovery of a method to induce pluripotent cells from
terminally differentiated cells. More recently, various types of fetal stem cells have
been described as a third source of stem cells. They have proven to possess charac-
teristics intermediate between embryonic and adult stem cells. The field of fetal
stem cell research is still very much in its infancy, but exciting prospects for clinical
applications are already being investigated.

A Brief History of the Field of Stem Cell Science

The healing potential of stem cells has been exploited for over a 100 years, beginning
with fetal tissue, although the specific role of fetal stem cells was not understood at
the time. In 1910, Davis described using amniotic membranes for skin transplants
[5]. In 1913, amniotic membranes were further described for use in augmenting burn
wound healing and in skin grafting [6, 7]. Amniotic membrane application to healing
conjunctival injuries was later described in the 1940s [8]. The healing properties of
fetal adrenal glands were investigated in 1922, when Hurst performed the first fetal
tissue transplant, placing a human fetal adrenal graft into a patient with Addison’s
disease [9]. However, the source of the unique healing properties of fetal tissues,
namely fetal stem cells, would not be recognized for many decades.
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In 1957, Thomas first described performing an adult bone marrow transplanta-
tion in a patient with leukemia following chemotherapy and radiation in an attempt
to repopulate the patient’s bone marrow [10]. His accomplishment would begin a
flurry of investigations of other possible therapeutic uses for bone marrow trans-
plantation, all with varying levels of success. The development of bone marrow
transplantation stimulated interest in identifying the unique properties of the cellu-
lar components of bone marrow. Years of painstaking work eventually lead to the
characterization of hematopoietic and mesenchymal stem cells in bone marrow.
Early descriptions of HSCs were published by McCulloch and Till in the 1960s
regarding what they described at the time as “colony forming unit-spleen cells” [4].
The first definitive isolation and identification of human HSCs was published a
decade later in 1975 [11]. Around the same time, the work of Owen and Friedenstein
in the 1970s and 1980s led to the discovery of MSCs in bone marrow [12, 13].
These marrow cells were multipotent and could form daughter cells with the capac-
ity to differentiate into each line of the host’s original bone marrow population. This
work provided our earliest understanding of adult stem cells.

Bone marrow transplantation grew in scope as a therapeutic option for many
conditions and diseases, but in the process certain limitations arose. Graft versus
host disease restricted the pool of potential donors to those with similar human leu-
kocyte antigen (HLA) haplotypes. The relative lack of suitable donor matches led
researchers to search for an alternative source of these adult bone marrow stem
cells. Knudtzon, in 1974, described the presence of hematopoietic cells in umbilical
cord blood (UCB) [14]. These hematopoietic cells were proven to be an acceptable
replacement for adult bone marrow when in 1988 the first successful UCB trans-
plant was performed, treating a young boy with Fanconi’s anemia [15]. The ability
to use UCB as an alternate source of HSCs spurred interest in collecting and storing
UCB at birth for later use. This prompted the establishment of the first umbilical
cord blood bank in 1994 for use in unrelated recipients [16]. One limiting factor of
cord blood was the relatively small volume of cells compared to samples obtainable
from adult bone marrow donors. This initially restricted UCB transplantation to
pediatric recipients, but later experience proved that UCB could also effectively
engraft in adult recipients, resulting in acceptable clinical outcomes [17].

The era of totipotent and pluripotent embryonic stem cells (ESC) originated in the
1950s and 1960s when Pierce, Stevens and Kleinsmith proposed the existence of ESCs
while studying the properties of mouse teratomas [18—20]. Embryonic stem cells were
first isolated from mouse embryos by Martin in 1981 [21], and human ESCs were first
isolated in 1998 by Thomson and colleagues [22]. Embryonic stem cells were obtained
by removing cells from the inner cell mass of the blastocyst, called the embryoblast.
The ESCs possessed seemingly unlimited replication potential, while still maintaining
their original characteristics. Also notably, these inner cell mass-derived cells were
pluripotent, and as such could differentiate into all three germ layers of the embryo
[23]. If the blastomers were isolated even earlier in development, they maintained
totipotent potential, with the ability to form the tissues of the extraembryonic tropho-
blast as well as the embryo [24]. The discovery of these pluripotent and totipotent cells
led researchers to imagine vast possibilities in terms of their therapeutic potential.
However, the method of ESC procurement necessarily resulted in the death of the
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embryo. In human subjects, this was cause for significant ethical concern. Early
research into the therapeutic potential of these ESCs was also hindered by their ten-
dency to form teratomas in vivo. The malignant potential of these cells was certainly
an unwelcome side-effect. These ethical and practical limitations of ESCs led research-
ers to search for stem cells with similar levels of plasticity from alternate sources.

Adult stem cells by this time had been discovered in multiple tissues of the human
body, including bone marrow, blood, adipose, skin, and liver [24]. Initial expectations
of their therapeutic utility had been only modest due to the adult cells’ limited plastic-
ity and proliferative capacities compared to their ESC counterparts. However, the
search for ESC replacements prompted researchers to take a second look at adult stem
cells for ways to increase their “stemness” —their clonality, proliferative capacity, and
plasticity. In 1996, Dolly the cloned lamb had been born [25], breathing new life into
the potential plasticity of adult stem cells. The success of this highly publicized story
was built upon research begun half a century earlier, when in 1958 somatic cell
nuclear transfer was used by Gurdon and colleagues to transform adult somatic cells
into pluripotent stem cells [26]. Dolly the lamb provided proof of concept that a ter-
minally differentiated adult cell could be de-differentiated to a totipotent stem cell
using nuclear transfer cloning technique. This nuclear transfer technique, however,
was highly inefficient [27] and some scientists called into question the reproducibility
of the experiment [28]. Also, potential human applications were limited because
human cloning was not palatable to society at large. It wasn’t until 10 years after
Dolly when adult stem cells realistically became potential replacements for ESCs. In
2006, Takahashi and Yamanaka published a landmark paper describing a method to
induce terminally differentiated cells in mice to become pluripotent. They transfected
cells with viral vectors containing the OKSM factors (Oct3/4, K1f4, Sox2, and c-Myc)
[29]. However, while the inclusion of c-Myc was helpful in mouse models, it proved
to have an adverse effect on human pluripotent stem cell models [30]. In 2007,
Thomson and colleagues described an alternate approach using OSNL (Oct4, Sox2,
Nanog, and Lin28) factors, notably without c-Myc [31]. This was also the first pub-
lished trial of induced pluripotent cells in human adult cells.

After initial descriptions of the use of amniotic membranes and fetal tissues in
the early half of the twentieth century, interest in therapeutic applications of fetal
tissues did not resurface again until the 1990s with the use of umbilical cord blood.
Interest also was augmented after the discovery of ESCs in the search for an ethical
alternative. While studies in the adult stem cell populations were proceeding, the
search for pluripotent fetal tissue stem cells began.

In theory, fetal tissues would be an ideal source of pluripotent cells. Fetal-derived
tissue had already been readily available. The extra-embryonic products of conception
were simply discarded after birth as standard medical practice. In addition, amniocen-
tesis, performed as early as the 1930s [4], and chorionic villus sampling became stan-
dard practice for prenatal diagnosis and were widely accepted as ethical procedures. If
pluripotent stem cells could be isolated from the amniotic fluid or from the placental
tissues obtainable during chorionic villus sampling or after birth, then these tissues
could prove to be ethically acceptable alternatives to ESCs. Furthermore, these fetal
stem cells could in theory be stored for the potential use by the same individual later
in life as a source of complete immune-matched pluripotent stem cells. In the case of
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amniocentesis and chorionic villus sampling, the ability to obtain fetal-derived stem
cells early in utero introduces the possibility of directly autotransplanting stem cells
for therapeutic purposes or creating stem cell-derived tissue engineered organs for use
in the same fetus prior to birth or in the immediate postnatal period [32].

In 1993, Torricelli first identified the presence of HSCs in amniotic fluid [33].
Streubel, in 1996, discovered MSCs in amniotic fluid and determined that they
could be induced to differentiate into myocytes [34]. Early studies on amniotic fluid
and umbilical cord blood-derived stem cells proved they were at least multipotent,
if not pluripotent, and a growing body of evidence indicated that many other fetal
stem cell populations existed as well. Since the 1990s, fetal stem cells have been
isolated from multiple fetal and extra-fetal sources and their therapeutic potential is
currently being investigated. Fetal stem cells have emerged as an intermediate
between the totipotent/pluripotent nature of embryonic stem cells and the more lim-
ited, but ethically less objectionable, nature of adult stem cells.

Fetal Stem Cells: What Are They?

There does not exist in the literature, to our knowledge, an accepted standard definition
of a fetal stem cell. Embryonic stem cells are described as originating from the embryo-
blast, but they have also been isolated later in gestation from prenatal organs while still
being described as embryonic stem cells [35]. Adult stem cells originate from adult
tissue, but also from pediatric tissue. In contrast, fetal stem cells originate from the
fetal and extra-fetal products of conception and span the timeline between the other
two described cell types. To avoid conflating the age extremes of embryonic and adult
stem cells with fetal stem cells, for the purposes of this discussion we propose a work-
ing definition of fetal stem cells: human fetal stem cells are cells from the end of the 8th
week of conception until birth, obtained from tissue of fetal origin including the fetus
itself as well as the embryo-derived extra-fetal products of conception, and possessing
the ability to maintain clonality, high proliferative capacity, and plasticity.
Investigations into their properties have shown that fetal stem cells are similar to,
but distinct from, embryonic stem cells and adult stem cells, yet they display charac-
teristics of each. There is significant heterogeneity even between populations of fetal
stem cells themselves depending on the tissue of origin. Comparisons and contrasts
can be made in terms of plasticity, proliferative capacity, immunogenicity, tumorige-
nicity, paracrine effects, morphology, stability, engraftment, accessibility, and safety.

Plasticity

Depending on the isolated population, fetal stem cells have been shown to possess a
pluripotent nature, with the potential to differentiate into all three germ cell layers. For
stem cells in general, there exist several hypotheses about how this conversion from
one type of cell into another can occur, including differentiation, de-differentiation,
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transdifferentiation, and fusion. Differentiation is simply the transformation of an
undifferentiated cell into a differentiated cell. De-differentiation refers to partially or
fully differentiated cells reverting back to undifferentiated cells after which differen-
tiation to another cell type takes place. The process of de-differentiation is likely what
occurs in amniotic epithelial cells, which are differentiated epithelial cells that main-
tain the ability to differentiate into all three germ layers [36]. Transdifferentiation
refers to a differentiated cell directly converting into another differentiated cell type.
Transdifferentiation, first proposed in the early 1970s [37], is unlikely as an actual
mechanism of cell transformation, given the lack of any evidence that this occurs [38].
Fusion occurs when an undifferentiated stem cell fuses with a differentiated cell and
takes on its properties. Cell fusion has been demonstrated to occur, for example, in the
mechanism of HSC differentiation to hepatocytes [39].

While adult stem cells are relatively restricted in their differentiation potential,
and are only pluripotent when induced via somatic cell nuclear transfer or viral gene
transfection in a highly inefficient manner, fetal stem cells are much easier to induce
to pluripotent states [27, 40]. Fetal stem cells have been shown to differentiate into
cell types of all three germ layers by simply placing them in a favorable culture
medium. They are induced to express even more markers of pluripotency and form
teratomas when valproic acid is added to the medium, ostensibly making them even
closer in nature to embryonic stem cells [41]. It has been suggested that the relative
reprogramming ease of fetal stem cells may derive from the similarity of the epigen-
etic state of fetal stem cells and ESCs [27].

Proliferative Capacity

Stem cells differ in their proliferative capacities. Embryonic stem cells can prolifer-
ate indefinitely in vitro [4]. Depending on the cell line, fetal stem cells have varying
proliferative capacities. In general, they proliferate faster and through more pas-
sages in culture compared to adult cells [2, 42]. For example, adult MSCs have been
found to become genetically unstable after 20 population doublings [43], whereas
stem cells isolated from the amniotic fluid are stable after more than 250 doublings
[44]. Amniotic epithelial cells have even been described as having a proliferative
capacity rivaling that of embryonic stem cells [45]. A possible mechanism for this
advanced proliferative capacity is the increased telomerase expression observed in
fetal stem cells compared to adult stem cells [2].

Fetal-derived stem cells have been shown to proliferate faster in vitro than simi-
lar adult stem cells [46]. There are also differences in mitotic rates among fetal stem
cell populations. For example, amniotic fluid-derived MSCs have been found to
proliferate even faster in vitro than both fetal and adult derived MSCs obtained from
subcutaneous connective tissue [46]. The ability to expand more rapidly over more
culture passages makes fetal stem cells an attractive source of stem cells which can
be expanded to levels required for therapeutic applications [27].

Some studies have demonstrated that, within fetal stem cell lines, the “stemness” of
the cell population is dependent upon the gestational age of the fetus from which they
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were harvested. Jones and colleagues demonstrated that, compared to term chorionic
mesenchymal stromal cells (CMSC), first trimester CMSCs were smaller, proliferated
faster, and expressed more stem cell markers [47]. Also, Portmann-Lanz and colleagues
similarly found that, compared to third trimester, first trimester amniotic and chorionic
mesenchymal stromal cells grew faster and survived over more passages [48].

Immunogenicity

Early studies of amniotic membrane grafting revealed that it does not provoke
immune rejection [49]. Later studies of other fetal tissues similarly revealed that
they do not evoke the same immune response that adult tissues do. For example,
umbilical cord blood used in place of adult bone marrow for transplantation has
been noted to have a lower risk of graft versus host disease [50]. In general, fetal
MSC:s express low levels of HLA class 1 and do not express HLA class 2 [24, 42,
45, 48]. The particular level of HLA expression is specific to the fetal cell’s age and
tissue of origin [42]. For example, amniotic epithelial cells, which do not elicit an
immune response in early isolates, do begin expressing HLA class 1 and a low level
of HLA class 2 in later culture passages [49] and also after induced differentiation
down hepatic and pancreatic lineages [45]. Studies on placental-derived stem cells
revealed they don’t express co-stimulatory molecules like CD40 and CDS80 [24, 51].
This may be one mechanism of their anergic effect on T-cells [52]. Amniotic epithe-
lial stem cells also have been shown to secrete immunomodulating cytokines includ-
ing IL-6, IL-11 [24] and MIF [53]. They have been shown to inhibit lymphocyte
proliferation in vitro and suppress IL-1 expression [36]. Studies of therapeutic uses
of fetal stem cells in mice have been performed both with and without immunosup-
pression with varying levels of immunological tolerance.

Although both fetal and embryonic stem cells possess very low levels of immuno-
genicity, their use in allogenic transplantation still elicits concern about their potential
for immunorejection or graft versus host disease [54]. If stem cell transplantation
could be performed without need for immunosuppression, then the side effects of
immunosuppression could be avoided. Induced pluripotent cells created from differ-
entiated adult tissue of the intended recipient have been investigated as a way of
creating immune-tolerated stem cells for therapeutic purposes. Induced pluripotent
fetal cells have also recently been investigated for the same reason [27, 41], and with
their reduced immunogenicity compared to adult cells, they may prove more success-
ful in achieving the goal of immunosuppression-free stem cell transplantation.

Tumorigenicity

Embryonic stem cells are known to form embryoid bodies in vitro and teratomas
in vivo when engrafted into a host [36]. No line of fetal stem cells has shown the
same tendency for tumorigenicity in vivo, possibly adding a layer of safety for their
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therapeutic use. For example, experimentation with ESCs and human amniotic epi-
thelial cells led to the formation of embryoid bodies in vitro, but amniotic epithelial
cells did not show the same tendency to form teratomas in vivo [45]. Similarly,
amniotic fluid stem cells did not form teratomas when tested by De Coppi and col-
leagues [44]. However, as described earlier, fetal stem cells are able to be induced
into a more embryonic-like-state. When amniotic fluid stem cells were cultured in a
medium containing valproic acid, they were induced to form teratomas in vivo simi-
lar to embryonic stem cells [41].

Paracrine Effects

Stem cells are known to produce and secrete angiogenic and trophic growth factors
which aid in tissue repair and regeneration, including VEGF, epidermal growth fac-
tor, and M-CSF [24, 42, 55]. This paracrine activity enhances their own ability to
engraft and proliferate, as well as enhances the regeneration of the surrounding tis-
sues [42]. As stated earlier, fetal stem cells have also been known to secrete immu-
nomodulatory cytokines [24].

It appears that much of the benefit of stem cell transplantation comes not from
structural incorporation in a tissue, but rather from their paracrine effects. For instance,
engraftment of amniotic epithelial cells or umbilical cord HSCs have been found to
aid in spinal cord repair, but the evidence does not support their restorative function
being from the stem cells replacing the native neurons [56, 57]. Instead, the evidence
is highly suggestive of a paracrine effect of the transplanted stem cells on modulating
the native tissue’s response to injury [36]. These paracrine effects are not unique to
fetal stem cells, as they have been readily demonstrated in adult stem cells as well.

Morphology

Umbilical cord blood multilineage stem cells express a leukocyte-like morphology
upon isolation, and then take on a more fibroblast-like appearance after establish-
ment in culture about 7 days later [43]. Likewise, amniotic and chorionic stem cells
take on a fibroblast-like appearance during in vitro culture, and adhere to the plastic
plates, similar in behavior to that expressed by adult bone marrow MSCs [27, 42,
58]. Some heterogeneity also occurs in the morphologic expression of fetal MSCs.
Transmission electron microscopy of amniotic MSCs reveals characteristics of both
mesenchymal and epithelial cells, but this was not seen on visualization of chori-
onic MSCs which appeared more primitive in phenotype in terms of the organiza-
tion of their cytoplasm and organelles [49].
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Stability

In vitro, fetal stem cells have also been noted to be more resistant to hypoxia than adult
stem cells [42]. They tolerate refrigeration and cryopreservation better as well [42,
43]. Embryonic stem cells are known to spontaneously differentiate in culture, and
differentiate into an assortment of tissue types. Fetal stem cells have not demonstrated
this same tendency and therefore are thought to be more stable in culture than ESCs
[43]. In addition, the phenotype of amniotic and chorionic stem cells has been known
to remain more stable in culture than adult stem cells after several passages [27].

Engraftment

It appears that, at least under certain conditions, fetal stem cells have an easier time
engrafting in a host than adult stem cells. In comparing the ability of fetal liver stem
cells and adult bone marrow stem cells to repopulate irradiated marrow in mice,
Harrison and colleagues demonstrated that the fetal stem cells exhibit a long-term
but not short-term engraftment survival advantage [59]. In a subsequent study,
Harrison demonstrated the engraftment advantage of fetal stem cells was more pro-
nounced when engrafted into a fetus versus an adult host. When fetal liver stem cells
and adult bone marrow cells were transplanted into a fefal SCID mouse host, the fetal
liver stem cells demonstrated an engraftment advantage over adult bone marrow
cells. Yet when the same two cell types were transplanted into an adult SCID mouse
host, fetal and adult stem cells engrafted with about the same efficiency [60]. This
study suggested that fetuses may be more receptive to stem cell transplants, and that
fetal stem cells engraft better than adult stem cells, at least in fetal applications.

Accessibility

Another advantage of fetal stem cells over both adult and embryonic stem cells is their
accessibility. Adult bone marrow cells are obtainable, but the process is invasive and
painful, with relatively low yield [36]. The availability of embryonic stem cells is
hindered by ethical and political hurdles, and the volume obtainable from each
embryo is quite small. Obtaining fetal stem cells from the tissues of the fetus itself
similarly presents ethical and technical challenges, since ethical objections are raised
when collecting tissue from electively aborted fetuses, and genetic and environmental
impurity tends to impede collection from spontaneously aborted fetuses [42].
However, fetal tissue stem cells obtained from umbilical cord blood banks, prenatal
diagnostic procedures like amniocentesis and chorionic villus sampling, and postpar-
tum placenta and amnion collection, are easier to obtain and raise fewer ethical
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objections. High yields of fetal stem cells can also be obtained: a term amniotic mem-
brane can yield between 50 and 70 million epithelial cells [36], and umbilical cord
blood contains 4 % CD34 positive HSCs, compared to 1 % in adult bone marrow [61].

Safety

As stated previously, fetal stem cells may be safer than embryonic stem cells for
therapeutic use due to presenting less risk of teratoma formation in the recipient and
having more stability maintaining differentiated lines in vitro. Fetal stem cells may
be safer than adult stem cells due to a lower risk of transmitting infections via latent
viruses like cytomegalovirus [43]. They also have a lower likelihood of possessing
silent genetic mutations [27]. Their ability to be induced to pluripotency with rela-
tive ease, and without viral vectors, reduces the likelihood of causing genetic muta-
tions by the induction process itself.

Fetal Stem Cells: Where Do They Come From?

Fetal stem cells are a heterogeneous group of cells with varying characteristics in
terms of their relative plasticity, proliferative capacities, phenotypic features and
cell markers, all depending on their source and gestational age [27]. These stem
cells can be isolated from tissue from the fetus itself, or from extra-fetal tissues like
umbilical cord blood, Wharton’s jelly, amniotic fluid, placenta, amniotic membrane,
and even maternal circulation. Each source contains its own unique types of fetal
stem cells (Fig. 1.2; Table 1.1).

Amnion

Chorioin
_ Amniotic

Umbilical Fluid
Cord Blood

Fetal Tissue
Wharton's
Jelly
Maternal
Circulation

Fig. 1.2 Fetal stem cell sources. Fetal stem cells may be isolated from fetal tissue, umbilical cord
blood, Wharton’s jelly, amniotic fluid, the amniotic membrane, the chorion of the placenta, and the
maternal circulation
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Table 1.1 Fetal stem cell types organized by source

Stem cell source | Stem cell type References

Fetus Various HSCs and organ-specific MSCs [2, 35, 42, 50, 62, 63]
Umbilical cord Umbilical cord blood HSCs (UCB HSC) [43, 50, 64-66]
blood Umbilical cord blood MSCs (UCB MSC)

Endothelial progenitor cells (EPC)
Multilineage stem cells (MLSC)
Very small embryonic-like stem cells (VSEL)

Wharton’s jelly | Umbilical cord MSCs (UCMSC) Type 1 [4, 67, 68]
Umbilical cord MSCs (UCMSC) Type 2
Amniotic fluid Amniotic fluid HSCs (AF-HSC) [4, 32,42, 44, 50]

Amniotic fluid MSCs (AF-MSC)
Amniotic fluid stem cells (AFSC)

Amniotic Amniotic epithelial cells (AEC) [4, 24, 36, 70]
membrane Amniotic MSCs (AMSC)
Amnion-derived stem cells (ADSC)
Placenta Chorionic MSCs (CMSC) [24, 32, 49, 50, 70, 71]
Chorionic trophoblastic cells (CTC)
Maternal blood | Pregnancy-associated progenitor cells (PAPC) [72-74]

MSC mesenchymal stem (or stromal) cell, HSC hematopoietic stem cell

Fetal Tissue

Human fetal tissue can be isolated from the body of the fetus including its liver,
bone marrow, kidney and mesonephric tissue, pancreas, spleen, and fetal blood [2,
24, 50]. Fetal tissue stem cells are heterogeneous in terms of their expressed cell
surface markers and their differentiation potential, depending on their site of origin
and their gestational age [50]. For example, fetal hepatic stem cells are less differ-
entiated earlier versus later in gestation [62]. Also, the fetal liver is the primary
source of HSCs early in gestation. As the fetus develops, the HSCs migrate to the
bone marrow, likely through the fetal blood circulation. Thus, relative concentra-
tions of HSCs in the fetal liver, blood, and bone marrow change with gestational age
[50]. In addition, studies of MSCs in fetal tissues reveal that their overall numbers
decline with gestational age [50].

Fetal stem cells from the fetus itself can be hard to obtain. Human fetal tissue can
be obtained after an induced abortion, but this has raised ethical qualms regarding
the rights and moral status of the fetus [42]. In addition, tissue from spontaneous
abortion usually is limited in its use due to chromosomal abnormalities and other
confounding factors such as infections or anoxia [32, 42]. Some authors have looked
into xenotransplantation of fetal organs, taking advantage of fetal tissue’s high con-
centration of stem cells and immunosuppressive nature, but without the ethical
qualms of using human fetal organs [35]. Transplantation of early fetal pig organs
such as the kidney and pancreas into rats has been found to add functional subunits
to the host organs with varying requirements for immunosuppression [35, 63].
However, xenotransplantation into humans is fraught with its own unique technical
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and ethical challenges. Thus, focus has been primarily on other, less controversial
sources of fetal stem cells including umbilical cord blood, Wharton’s jelly, amniotic
fluid, amniotic membranes, placenta, and maternal blood.

Umbilical Cord Blood

Fetal HSCs, during their migration from the liver to the bone marrow, can be found
in umbilical cord blood, where they can be ethically and safely collected after birth
[50]. Stem cells from UCB have, in vitro, differentiated into neural, cardiac, epithe-
lial, hepatocytic, and dermal cell types [43]. Umbilical cord blood is a source of
HSCs, MSCs, endothelial progenitor cells (EPC), multilineage stem cells (MLSC),
and very small embryonic-like stem cells (VSEL). The UCB HSCs are used fre-
quently in bone marrow repopulation therapies, while the MSCs have been noted to
support the expansion of the HSCs [64]. Umbilical cord blood MLSCs can differen-
tiate along all 3 germ lines, and maintain their phenotype after at least 80 population
doublings [43]. Some lines of UCB EPCs have been maintained beyond 100 popu-
lation doublings [65]. Very small embryonic-like stem cells are smaller, have more
open chromatin and a relatively larger nucleus than MSCs, and are also found in
adult bone marrow in addition to umbilical cord blood [66]. As described in previ-
ous sections, UCB is stored in tissue banks and used for many therapeutic purposes,
largely those for which adult bone marrow is also used.

Wharton’s Jelly

Wharton’s jelly, first described by Thomas Wharton in 1656, is a proteoglycan rich
connective tissue encasing the umbilical vessels of the umbilical cord [67].
Wharton’s jelly contains umbilical cord mesenchymal stem cells (UCMSC). About
400,000 UCMSC:s can be isolated per umbilical cord [68]. These cells can differen-
tiate down mesenchymal lines of adipogenic, chondrogenic, and osteogenic cell
types [4]. They also express markers of all three germ layers [54]. They can prolifer-
ate beyond 80 population doublings [4]. There are at least two UCMSC cell types,
described as “type 1” and “type 2 by Karahuseyingolu and colleagues. Type 2 cells
more easily differentiate into neuronal cell types than type 1 cells [68]. Like UCB,
UCMSC:s are being stored in tissue banks [68].

Amniotic Fluid

Obtained via amniocentesis without ethical objection, amniotic fluid is currently
collected for diagnostic and therapeutic purposes. The composition of amniotic
fluid in the first half of pregnancy is primarily derived from active transport of
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sodium and chloride across the amniotic membrane and fetal tissues with water pas-
sively following [32, 42]. In the second half of pregnancy, amniotic fluid is largely
derived secondary to fetal micturition [32, 42]. A small amount of volume is also
contributed by fetal respiratory and gastrointestinal tract secretions and excretions
[32, 42]. Cells found in amniotic fluid are primarily differentiated epithelial cells
from the urinary, respiratory, and gastrointestinal tracts, and from the epidermis [4,
32, 42]. In some pathologic states, other cells may be present in the amniotic fluid
including neural cells in the presence of neural tube defects [69], and peritoneal
cells in the presence of abdominal wall defects [42]. Both hematopoietic and mes-
enchymal stem cells have been isolated from amniotic fluid. The amniotic fluid
MSCs (AF-MSC) express both mesodermal and ectodermal markers and can dif-
ferentiate, at least, down both of these germ lines [4]. Amniotic fluid stem cells
(AFSCs) have also been described, expressing the stem cell factor receptor, c-kit, as
well as MSC-specific markers, and proliferating to more than 250 population dou-
blings [44]. These AFSCs can differentiate into all 3 germ layers [44] and form
embryoid bodies [50], and thus appear similar to embryonic stem cells. However,
some authors believe that these cells are the same as the AF-MSCs described by
other investigators [42].

Placenta and Amniotic Membrane

Stem cells of the placenta are obtainable via chorionic villus sampling which is
regularly performed for diagnostic purposes without ethical objection. Amniotic
membrane and placental stem cells may also be obtained immediately postpartum
via procurement of the afterbirth. The fetal component of the placenta is the chori-
onic plate, composed of the amnion and chorion. Within the amnion, several cell
types displaying various levels of “stemness” have been described, including amni-
otic epithelial cells (AEC), amniotic mesenchymal stem cells (AMSC), and amnion-
derived stem cells. Amniotic epithelial cells express stem cell markers and are
pluripotent in vitro, differentiating into neurons, astrocytes, glia, osteocytes, adipo-
cytes, endothelial cells, cardiomyocytes, myocytes, hepatocytes, and pancreatic
cells [24, 36], but they have demonstrated a particular tendency toward adipogenic
[48] and neurogenic differentiation [4]. Amniotic mesenchymal stem cells can also
be pluripotent in vitro [24], and also are more easily induced to adipogenic [70] and
neurogenic lines [4]. Amnion-derived stem cells are less well described and require
further study.

The chorion also is a source of stem cells including chorionic mesenchymal stem
cells and chorionic trophoblastic cells. Chorionic MSCs (CMSC) can be isolated
from chorionic villus sampling during first trimester diagnostic testing [50]. They
have demonstrated similar pluripotency to AMSCs, however they have been less
well studied, perhaps due to their relatively reduced proliferative capacity [24],
although their mitotic rate is comparable [71]. The CMSCs have demonstrated a
particular tendency toward chondrogenic, osteogenic, myogenic, and neurogenic
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cell lines [48, 70]. Chorionic trophoblastic cells have received little study thus far
[49]. Like amniotic fluid stem cells, chorion-derived c-kit positive cells have been
identified which appear to differentiate along all 3 germ layers, but like the AFSCs,
further study is required to elucidate if this is a unique cell type [32].

Maternal Circulation

Fetal cells can be detected in the maternal circulation of mothers who have carried
a fetus to term, even decades after the last pregnancy [72]. These pregnancy-
associated progenitor cells (PAPC) are most easily identified when the fetus was
male, and the Y chromosome can be used as a maker for cells of fetal origin [73,
74]. The presence of fetal cells among maternal cells is termed “fetal cell microchi-
merism” [74]. These PAPCs are heterogeneous, but some are thought to be fetal
stem cells, expressing markers of pluripotency such as CD34 [74]. These cells dif-
ferentiate and persist in the maternal tissues, including the bone marrow, thymus,
heart, and circulating lymphocyte populations. They also are postulated to home to
damaged maternal tissues such as the livers of mothers with cirrhosis [74]. Current
hypotheses that these stem cells home to damaged maternal tissue are supported by
early animal studies [74]. The potential that these PAPCs could affect healing on the
mother is intriguing. However, hypotheses also exist that these PAPCs could cause
autoimmune disease in the mother such as systemic lupus erythematosus or sys-
temic sclerosis. Nevertheless, the assertion that these fetal stem cells could be a
cause of maternal autoimmune disease has been challenged by the contrasting
hypothesis that fetal stem cells are simply homing to tissue which was already dis-
eased [73]. Due to low numbers of fetal stem cells (1-6 cells per mL of maternal
venous blood [74]), maternal peripheral blood is not yet a practical source of these
stem cells [42].

Fetal Stem Cells: Clinical Applications and Beyond

While clinical use of umbilical cord blood has been successfully used for over two
decades to repopulate bone marrow after leukemia treatment or to treat hematologi-
cal diseases [15, 16], fetal stem cells from various other sources are now being
investigated for their therapeutic applications, with much of the progress occurring
only within the last decade or so. Their low to non-existent immunoreactivity and
absence of tumor formation make fetal stem cells ideal candidates for allo- and even
xenotransplantation in regenerative therapies. Stem cells have also been observed to
home to sites of injury where they engraft and participate in healing through their
paracrine effects. Fetal stem cells are showing potential for treating diseases from
nearly every organ system of the body (Table 1.2).
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Nervous System

In the central nervous system, diseases such as Parkinson’s disease, hemorrhagic
stroke, spinal cord injury, amyotrophic lateral sclerosis (ALS), and Krabbe’s dis-
ease are being investigated for potential fetal stem cell therapy. Human AECs have
shown promise in treating Parkinson’s disease through their ability to produce their
own dopamine as well as their ability to secrete trophic factors which promote the
survival of endogenous dopaminergic neurons. Transplantation of these cells has
led to amelioration of Parkinsonian symptoms in mice [75, 76]. Human UCMSCs
have shown similar promise [77]. In rat models of hemorrhagic stroke, transplanta-
tion of umbilical cord blood HSCs has led to a significant improvement in neuro-
logic function [78]. Umbilical cord blood HSCs have also shown potential in
treating spinal cord injury, the transplantation of which improved functional out-
comes in rat models and promoted endogenous axon regeneration [57]. Similar
results have been obtained in primate models of spinal cord injury using human
AECs [56]. In ALS, the disease progression in mice has been slowed, and their
lifespan increased, after transplantation of umbilical cord blood stem cells [79]. In
all of the preceding studies, the stem cells were noted to survive in vivo at least a
couple of weeks, providing evidence for their low immunologic profile. Human tri-
als have been performed on infants with Krabbe’s disease using umbilical cord
blood transfusions. Transfusion of UCB increased the survival to 2 years of age of
pre-symptomatic newborns from 40 to 100 %, and most of this treatment group
developed age-appropriate cognitive function [80].

Aside from the central nervous system, peripheral nerve injuries may also be
treated with fetal stem cells. Amniotic fluid MSCs transplanted into rat models of
sciatic nerve injury caused improvement in target muscle function and decreased
nerve conduction latency compared to controls [81]. This effect was shown to be
mediated, at least in part, by secretion of neurotrophic factors [82].

Cardiovascular System

Fetal stem cells have also been studied in myocardial infarction (MI) models. After
a myocardial infarction, the affected cardiac tissue becomes fibrotic and loses func-
tion. The regenerative capabilities of fetal stem cells have been applied to MI mod-
els with mixed results. Amniotic mesenchymal stem cells have differentiated into
cardiomyocyte-like cells in rat models of MI in vivo, but did not beat on their own
[83]. In another study, the same cell-type transplanted into a porcine model of MI
failed to differentiate into cardiomyocytes, but did differentiate into endothelial and
smooth muscle cell types [84]. Human amniotic fluid stem cells and UCB HSCs
have successfully reduced infarct size and improved left ventricular function and
neovascularization after transplantation into rat MI models [85, 86]. However, while
the stem cells showed evidence of cardiomyocyte and endothelial differentiation, it
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did not appear that the bulk of the beneficial effect was from cardiomyocyte mass
replacement by the stem cells but instead by cytokine production stimulating angio-
genesis and the growth of nearby native tissue.

The neovascularization-promoting paracrine activities of stem cells have been
exploited for other ischemic diseases such as ischemic stroke and Buerger’s disease.
Umbilical cord blood HSCs transplanted into mouse models of cerebrovascular
infarct induced neovascularization of the ischemic zone and promoted host neuro-
genesis [87]. Improved neurologic function after ischemic stroke has been con-
firmed after transplantation of AFSCs in cerebrovascular ischemic/reperfusion
injury mouse models [88]. For Buerger’s disease, human trials of UCB MSC trans-
plantation in affected patients led to resolution of rest pain, healing of necrotic skin
lesions, and increased capillary number and size [89].

Respiratory System

Fetal stem cells have improved healing in mouse models of lung injury. Amniotic
fluid stem cells have homed and engrafted into hyperoxia-damaged mouse lungs,
where they differentiated into lung-specific cells [90]. Reduction in fibrosis forma-
tion in bleomycin-induced pulmonary fibrosis mouse models was achieved by
administration of a mixture of AMSCs, CMSCs, and AECs, which engrafted into
the lung tissue and aided in scar reduction [91]. These studies lend optimism to
eventual treatment of progressive pulmonary diseases such as bronchopulmonary
dysplasia, pulmonary fibrosis or COPD.

Digestive System

Cirrhosis has been investigated as a potential therapeutic target for fetal stem cells.
Human AECs have been induced in vitro to hepatic cells. They expressed liver-
specific cell markers including alpha-fetoprotein, and synthesized and excreted
albumin [92]. This could make them potentially useful for aid in liver regeneration.
Human translational research has also proved promising. Transplantation of fetal
liver MSCs into human patients with cirrhosis improved their MELD scores as well
as other clinical and biochemical parameters [93].

Genitourinary System

Acute tubular necrosis is a renal disease frequently encountered in hospitalized
patients, occasionally requiring dialysis. Human AFSCs transplanted into a mouse
model of rhabdomyolysis-induced acute tubular necrosis reduced the severity of
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renal injury in the acute phase [94]. This study demonstrated that administration of
fetal stem cells can have a reno-protective effect.

Endocrine System

Given the profound strain on the medical system caused by the morbidity of diabe-
tes, stem cell applications to treat this disease are being investigated. Human fetal
pancreatic MSCs have been transplanted onto fetal sheep pancreases where they
engrafted and began secreting insulin [95]. This yielded promising results for a
potential way to treat diabetes with a continuous insulin source. However, given the
ethical constraints surrounding the use of human fetal tissue, some have looked to
xenographs. Porcine fetal pancreatic islets transplanted into rats and monkeys did
not require immunosuppression to survive, making xenotransplantation into human
recipients a therapeutic possibility [63]. Human extra-fetal sources of fetal stem
cells have also been investigated for use in diabetes. Human AECs and UCB-derived
stem cells have each been noted to secrete insulin and correct hyperglycemia after
transplantation into the host diabetic mouse [96, 97].

Skeletal System

The administration of fetal stem cells can potentially treat progressive skeletal dis-
eases such as osteogenesis imperfecta. Human MSCs isolated from fetal blood
transplanted into prenatal mouse models of osteogenesis imperfecta reduced bone
fracture rates and increased bone strength, thickness, and length compared to con-
trols [98]. Human trials have been also been attempted. Human fetal liver MSCs
transplanted into a human fetus with osteogenesis imperfecta were confirmed to
engraft in the bone and differentiate along osteogenic lines [99].

Muscular System

Fetal stem cells can help repair injured or diseased muscle. Following chemical
damage to rat muscle, transplantation of human UCMSCs led to engraftment and
skeletal muscle differentiation [100]. These findings held promise for the develop-
ment of a potential treatment for Duchenne muscular dystrophy. To trial this, MSCs
from human fetal blood and bone marrow were each transplanted into dystrophic
fetal mice, which similarly led to engraftment and myogenic differentiation, but
unfortunately muscle recovery did not achieve a curative level [101].
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Integumentary System/Eye

As discussed earlier in the chapter, amniotic membrane has been used as a tempo-
rary graft for burn wounds and ulcerations, taking advantage of the trophic factors
and proangiogenic properties of the cells contained therein, as well as their immu-
nomodulatory properties [102]. Human UCB-derived stem cells have been success-
fully induced to keratinocytes in vitro [103]. This is promising for potential
therapeutic use in skin transplantation, especially in cases where limited native skin
area is available for autografting [43].

Corneal injury therapy also has its origins in amniotic membrane grafting, which
is still used in various forms for corneal ulcers and chemical burns as a basement
membrane substitute to promote healing in patients [55]. Umbilical cord MSCs
have also been investigated, the transplantation of which onto rat models of photo-
receptor degeneration led to a reduced degree of degeneration [104].

Hematology/Oncology

Umbilical cord blood has been used for quite some time in bone marrow regenera-
tion after leukemia treatment, and to treat hematologic diseases such as Fanconi’s
anemia [15, 50]. Fetal stem cells also have shown promise in actively fighting can-
cer. It has been observed that MSCs tend to home to tumors, making them potential
vehicles for local administration of antineoplastic agent therapy [105]. Trials of
adult bone marrow MSCs engineered to express a tumor apoptotic agent confirmed
this hypothesis when a mouse model of metastatic lung cancer was completely
cleared of metastatic tumor burden upon local administration of the specially engi-
neered MSCs [105]. Umbilical cord MSCs engineered to express interferon-beta
homed to the tumor in mouse models of breast cancer, and when given with
5-fluorouracil, the combination chemo/stem cell therapy reduced the size of the
tumor beyond what was accomplished with single agent 5-FU chemotherapy alone
[106]. This novel method of locally administering chemotherapy could potentially
reduce systemic side effects and allow increased concentrations to be administered
to the tumor.

Tissue Engineering

Aside from transplantation of suspensions of fetal stem cells into the host or graft-
ing primordial organs for therapeutic application, others have investigated fetal tis-
sueengineering. Tissue engineering, originally termed “chimeric neomorphogenesis”
was first described in 1988 by Vacanti and colleagues [107]. In tissue engineering,
a biologically active scaffolding is created which acts as a sort of extracellular
matrix, and the scaffolding is seeded with cells which proliferate onto the structure.
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The engineered tissue is then transplanted into the host to replace a loss of function.
The low immunogenic profile of fetal stem cells makes them potentially less sus-
ceptible to immune rejection than standard organ transplantations. Focuses in the
area of fetal tissue engineering have included the trachea, the diaphragmatic tendon,
bone grafts, and heart valves.

Early studies of fetal cell use in tissue engineering were performed by Fauza and
colleagues when, in 1998, they reported harvesting fetal lamb bladder or skin tissue,
isolating the stem cells, seeding them on a matrix, and then autotransplating them
upon birth. They performed this in bladder augmentation and skin transplantation
scenarios with evidence of increased bladder function in lambs with extrophy, and
quicker wound epithelialization in wounded lambs, respectively [108, 109]. Fauza
and colleagues then turned their attention to the problem of congenital tracheal
anomalies. Long-segment tracheal stenosis, atresia, and agenesis have all proven
especially difficult to correct. In 2002, they attempted to transplant an engineered
trachea lined with an expanded line of fetal auricular chondrocytes into an ovine
model, with positive functional results [110]. In addition to obtaining stem cells
from fetal tissue harvesting, researchers have also been able to successfully engi-
neer cartilaginous tissue using amniotic MSCs [111], which may prove to be a safer
method of achieving similar outcomes.

Large congenital diaphragmatic hernias (CDH) have also proven to be an
especially difficult anomaly to correct since standard polytetrafluoroethylene
(PTFE) repair of the defect is frequently complicated by hernia recurrence due to
patient growth. In 2004, AF-MSCs were used to construct a diaphragmatic ten-
don for use in a CDH sheep model. This resulted in a reduced incidence of recur-
rent hernia [112].

Fetal tissue engineered heart valves have also been investigated as replacement
heart valves. Mechanical heart valves require life-long anticoagulation therapy, bio-
prosthetic valves are prone to deterioration, and neither grow with the patient [113].
These disadvantages could theoretically be circumvented by living tissue grafts. To
that end, Schmidt and colleagues have successfully engineered a heart valve using
either UCMSCs or UCB-EPCs on a biodegradable scaffold [113].

Conclusion

Stem cell therapeutics is a rapidly progressing field of inquiry. From the earliest
investigations in the first half of the twentieth century to the explosion of interest
today, fetal stem cells have emerged as distinct from embryonic and adult stem
cells. The unique intermediate properties of fetal stem cells as compared to embry-
onic and adult make them ideal candidates for many potential therapeutic applica-
tions. With the numerous promising discoveries in animal models and early human
trials of fetal stem cells, the future is encouraging for the development of many fetal
stem cell-derived therapies. However, much work remains in elucidating the mecha-
nisms by which these stem cells exert their healing properties and in applying this
to the design of novel treatments.
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Abbreviations
AEC Amniotic epithelial cell

AF-MSC  Amniotic fluid mesenchymal stem cell
AFSC Amniotic fluid stem cell

ALS Amyotrophic lateral sclerosis
AMSC Amniotic mesenchymal stem cell
ATN Acute tubular necrosis

CDH Congenital diaphragmatic hernia
CMSC Chorionic mesenchymal stromal cell
EPC Endothelial progenitor cell

ESC Embryonic stem cell

HLA Human leukocyte antigen

HSC Hematopoietic stem cell

iPC Induced pluripotent cell

MI Myocardial infarction

MLSC Multilineage stem cell

MSC Mesenchymal stem cell

PAPC Pregnancy-associated progenitor cell
PTFE Polytetrafluoroethylene

UCB Umbilical cord blood

UCMSC  Umbilical cord mesenchymal stem cell
VSEL Very small embryonic-like stem cell
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Chapter 2
Feto-Maternal Cell Trafficking and Labor

S. Christopher Derderian, Cerine Jeanty, and Tippi C. MacKenzie

Introduction

Maternal-fetal cellular trafficking (MFCT) is a well described phenomenon during
pregnancy in which maternal cells migrate into the fetus and fetal cells migrate into
the mother [1-5]. The specific mechanisms leading to such trafficking and its life-
long consequences have fascinated scientists for decades and are still actively being
investigated. For example, several groups have demonstrated an association between
MFCT and both transplant tolerance and autoimmune disorders. Additionally, preg-
nancy complications have been shown to be associated with increased trafficking
between the mother and fetus which are listed in Table 2.1. Innovative strategies to
detect microchimerism have reinvigorated the interest in the field and will be out-
lined in this chapter. In this chapter, we will review implications of microchime-
rism, particularly as it relates to long-term consequences and pregnancy
complications. Finally, we will explore the effects congenital abnormalities and
fetal surgery have on maternal-fetal cellular trafficking.

Mechanisms of Cellular Trafficking

Maternal microchimerism (MMc) refers to the presence of maternal cells within the
fetus. This has been demonstrated by the presence of cells of maternal origin within
the liver, spleen, thymus, thyroid, and skin of neonates [6], indicating the placenta
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Tablg 2.1 C.on('iltlons Autoimmune processes
associated with increased

Di 1litus- I
maternal fetal trafficking iabetes mellitus-type

Neonatal lupus congenital heart block
Multiple sclerosis
Hirschsprung’s disease
Autoimmune thyroiditis
Primary biliary cirrhosis
Systemic lupus erythematous
Pregnancy complication
Preeclampsia
Intrauterine fetal growth restriction
Preterm labor
latrogenic
Open fetal intervention
Laparoscopic fetal intervention
Congenital anomalies
Aneuploidy
Congenital diaphragmatic hernia

is not a perfect barrier as previously imagined. As MMc has been found in various
organs well into adulthood, cells of maternal origin must possess the capacity to self
renew [5]. Some postulate that MMc results from multipotent mesenchymal stromal
cell migration across the placenta, which is governed by vascular endothelial growth
factor A (VEGF-A) [7], a potent stimulator of hematopoietic stem cell migration
[8]. In fact, the concentration of VEGF-A is higher in the fetal circulation compared
to the maternal, which likely promotes its transplacental migration [9]. Additionally,
in a mouse model, we demonstrated high levels of MMc in circulation at mid-
gestation which decreases over time, such that it is undetectable at birth [10]. In this
model, inflammatory stimuli during pregnancy, such as fetal intervention, led to
changes in the number and type of cells that traffic, including maternal T, which
usually does not cross over at baseline [10]. These results suggest that alterations in
trafficking are not a result of general leakiness at the maternal-fetal interface, which
is further supported by experiments showing that chemokine gene silencing limits T
cell trafficking [11].

Fetal microchimerism (FMc), on the other hand, refers to the presence of fetal
cells within maternal tissues and blood and can also persist for decades after
delivery [2]. Similar to MMc, fetal cells have been found in multiple organs
including the liver, kidney, heart, and bone marrow [12, 13], though the exact
mechanism by which fetal cells migrate into the maternal circulation remains
elusive. Fetal cell-free DNA (fDNA) has also been observed within the maternal
circulation, which is released from the placental trophoblast layer lining the
maternal-fetal interphase. Apoptosis and cell necrosis at this interphase leads to
the release of fDNA into the maternal circulation [14, 15], the implications of
which are actively being explored.
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Strategies to Detect Maternal-Fetal Cellular Trafficking

Fetal microchimerism was first observed in 1893 when fetal trophoblast cells were
observed in a lung specimen from a woman who suffered from eclamspia [16].
Several decades later, in 1963, maternal cells were identified in a cord blood sample
using fluorescently labeled maternal leukocytes [17]. Since then, our understanding
of MFCT has improved in large part from advances in techniques to distinguish
mixed populations of cells.

In recent years, investigators have applied the common technique of gene ampli-
fication with polymerase chain reaction (PCR) to identify microchimerism is the
context of pregnancy. It has become a useful tool to detect and quantify fetal DNA
within the maternal circulation [3, 5, 18, 19]. This method is in large part restricted
to gender mismatches in which primers to loci on the Y chromosome are used to
distinguish fetal from maternal DNA [18, 20]. Using PCR amplification, fetal DNA
can be detected circulating within the maternal serum in 80 % of normal pregnan-
cies [21] and has been isolated as early as 4 weeks postconception [22, 23].

An alternative strategy is to compare non-shared HLA-DR or Insertion-Deletion
alleles between the fetus and mother. To compare these allelic differences between
cell populations, paired maternal and cord blood is analyzed using quantitative
real-time polymerase chain reaction (QRT-PCR). Non-shared alleles between the
two cell populations are termed informative alleles as they provide a means to dis-
tinguish one set of genetic material from another. In trauma patients who were
transfused multiple units of allogeneic blood, Lee and colleagues compared 12
HLA-DR and 12 Insertion-Deletion alleles [24]. From this study, they found that at
least 1 informative allele could be determined in 99.5 % of patients. Applied to
MECT, this strategy has been used to quantify the number of fetal cells in the
maternal circulation (or vice versa) [25]. While informative, this strategy requires
examination of both maternal and fetal blood and is therefore usually only appli-
cable after birth.

MECT is a particularly critical field of investigation as it has the potential to
improve noninvasive detection of fetal anomalies. Currently, clinicians rely on sec-
ond trimester sonographic imaging to identify fetuses at risk for aneuploidy and
congenital anomalies. Positive screening is followed by invasive procedures such as
amniocentesis and chorionic villus sampling for diagnosis. Despite a diagnostic
accuracy of 98-99 % [26], these procedures carry a risk to both the fetus and mother
[27]. Prenatal diagnosis that does not disrupt the maternal-fetal interface may be
accomplished by identifying and analyzing fetal DNA within the maternal circula-
tion. Several European countries including the Netherlands, Sweden, and Denmark
have already implemented this strategy to determine fetal gender and Rhesus D
status [28].

In mice, it is possible to evaluate the number and types of cells that traffic using
flow cytometry [10], but this is not yet possible in humans unless the HLA type is
known,[29] and antibodies to such cell markers exist. Alternatively, cells may be
sorted into groups (T cells, B cells, etc.) prior to PCR sequencing, a technique that
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has not yet been explored in pregnant woman. Currently, probing for fetal DNA is
more feasible than isolating individual cells as the quantity of fetal DNA is much
more than the number of fetal cells within the maternally circulating [15, 30].
Overcoming this barrier may help identify which cell populations are more influen-
tial during trafficking and whether particular populations are more prevalent in the
setting of pregnancy complications.

Tolerogenic and Immunogenic Consequences
of Microchimerism

Microchimerism can lead to a tolerogenic or immunogenic state. The presence of
maternal cells in the fetus may play a role in fetal immune education and has been
found to induce regulatory T cells to maternal antigen, which suppress the fetal
immune response to the mother [29]. Tolerance to non-inherited maternal antigens
has implications for transplantation tolerance later in life. For example, patients
with biliary atresia, who have increased levels of MMc, have improved graft sur-
vival when they receive a maternal liver transplant compared to a paternal graft [31].
In acute leukemia, patient survival is increased and graft-versus-host disease is
reduced when transplantation is with maternal stem cells [32, 33].

Conversely, microchimerism has been associated with autoimmune diseases in
both mothers and children. Increased levels of MMc have been observed in child-
hood diseases, including diabetes mellitus-type I, neonatal lupus congenital heart
block, multiple sclerosis [34], and Hirschsprung’s disease [35]. Autoimmune dis-
eases associated with FMc include systemic sclerosis in which fetal cells have been
detected within both peripheral blood and skin lesions [36, 37], autoimmune thy-
roiditis, primary biliary cirrhosis, and systemic lupus erythematous [38]. It is impor-
tant to note that a causal relationship has not been established and the association
with microchimerism may indicate that microchimeric cells proliferate in response
to the disease process.

Pregnancy Complications Associated with Cellular Trafficking

Several independent investigators have found an association between increased
FMc and pregnancy complications, including preeclampsia, intrauterine growth
restriction (IUGR), and preterm labor [19, 39-46]. These observations may reflect
a maternal immune response to fetal antigens, or may simply be a marker of the
increased inflammatory milieu in the host. Understanding the mechanisms that pro-
mote increased cellular trafficking may lead to therapies to offset the development
of preterm labor and other pregnancy complications.
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Preeclampsia

Preeclampsia is a significant cause of both fetal and maternal mortality during preg-
nancy [47] and is characterized by maternal hypertension and proteinuria after the
20th week of gestation [48]. The incidence ranges from 2 to 7 % in normal nullipa-
rous females [49, 50], and increases to 18 % in those who have previously had
preeclamsia [51]. Complications include placental abruption, renal failure, HELLP
syndrome and even death.

The pathologic processes leadings to preeclampsia are thought to occur at the loca-
tion of the placenta, as histological examination of placentas in preeclamptic patients
frequently shows infarction and sclerotic arterioles with poor remodeling of the uter-
ine spinal arteries [52]. In addition, hypoxic changes and oxidative stress at the feto-
placental interface may lead to increased apoptosis and DNA released into the
maternal circulation [53-57], particularly from the syncytiotrophoblast layer [58, 59].

Multiple groups have proposed an association between FMc and preeclampsia
[60-66]. While some have found elevated level of maternally circulating fetal eryth-
roblasts and placental syncytiotrophoblast microvesicles [67, 68], most studies have
focused on increased levels of fDNA within the maternal circulation. Not only are
levels elevated at delivery [64], but increased levels have been detected circulating
within the maternal serum as early as the first trimester [65, 69]. Illanes and col-
leagues found that the quantity of maternal circulating fDNA measured between 11
and 14 weeks gestation directly correlated with the likelihood of developing pre-
eclampsia [56], though other investigators have not found this association [70].
These conflicting observations warrant further investigation to not only standardize
techniques but understand the process leading to fDNA release and how it may
relate to the development of preeclampsia.

Maternal sampling for fDNA has been considered as a screening tool to predict
preeclampsia. Preliminary results by Farina and colleagues found that increased
levels of fDNA may be predictive in asymptomatic low risk patients during the
second trimester [53]. They found that maternal serum levels of fDNA were 2.4-
fold higher in mothers who developed preeclampsia compared to gestational age
matched controls. As these are preliminary results, further studies are needed to
determine the sensitivity of the assay as well as a cost analysis profile. If second
trimester fDNA levels prove to be a useful screening tool, efforts may be focused
towards monitoring patients at high-risk for developing preeclampsia or other com-
plications associated with preeclampsia such as placental abruption, renal failure,
and HELLP syndrome.

Intrauterine Fetal Growth Restriction
Intrauterine growth restriction is another complication of pregnancy effecting 3—7

% of births worldwide. It is defined by fetal weight below the 10th percentile
for a given gestational age and may result in respiratory distress syndrome,
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intraventricular hemorrhage, necrotizing enterocolitis, and death. There are various
underlying causes including both fetal (congenital abnormalities, chromosomal
anomalies, and infection) and maternal (alcohol consumption, smoking, vascular
disease, and malnutrition) origins. Like preeclampsia, IUGR may develop from
abnormal placentation involving aberrant spiral artery development [57] with
increased trophoblast cell apoptosis and necrosis as well as impaired oxygen and
nutrient delivery to the fetus [71, 72].

While studies examining FMc in IUGR are limited and conflicting, some groups
have found increased fetal erythroblasts and fDNA in maternal serum in cases of
IUGR [39, 73], while others have not, despite using similar methods and patient
populations [74, 75]. Conflicting results may be secondary to the various etiologies
of ITUGR. Perhaps maternal causes of IUGR, such as preeclampsia and vascular
disease, result in abnormal placental development and trophoblast cell death, while
fetal causes, such as aneuploidy and congenital abnormalities, do not significantly
impact the placenta.

Preterm Labor

Spontaneous preterm labor occurs in approximately 12 % of births and is the con-
verging end-product of various pathological processes [76]. Causes include intra-
uterine infections [77], placental vascular insufficiency [78, 79], uterine
over-distention [80], and a shortened cervix [81, 82], resulting in the release of
several cytokines and prostaglandins [83]. These inflammatory mediators promote
the release of uterotonins which induce uterine contractions and proteases which
result in cervical changes, culminating in preterm delivery [83].

Several groups have proposed an association between preterm labor and altera-
tions in cellular trafficking [19, 42, 44]. For example, Leung and colleagues have
implicated fDNA as a marker for preterm labor near the time of delivery [44]. The
molecular pathway leading to labor in this population is unclear and further studies
correlating cytokine and prostaglandin levels among patients with increased FMc
may shed light into a more specific pathway. Although it is not clear whether these
alterations are causally related to preterm birth, it has been suggested that increased
fetal cell trafficking triggers the maternal immune response, which can induces
labor [19].

Investigators have also directly explored the role of the maternal immune system
in preterm labor. For example, Lee and colleagues demonstrated that women with
circulating antibodies against fetal HLA class I or class II antigen, measured during
the second trimester, were at increased risk for developing spontaneous preterm
labor [84]. We recently found that MMc is also increased in mice undergoing pre-
term delivery as a result of LPS injection, with a particular increase in T cell traf-
ficking if the fetuses are allogeneic to the mother [85]. Furthermore, we have seen
that maternal T cells cause demise of allogeneic fetuses after fetal intervention,
indicating the role of the maternal adaptive immune system in this pregnancy com-
plication [86]. Taken together, preterm labor is a complex process that likely results
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from multiple mechanisms, including increases in the quantity of FMc and, possi-
bly, an immune response between the mother and the fetus.

Fetal Surgery

Open fetal surgery was pioneered over 30 years ago and has since evolved with the
advent of minimally invasive techniques. Fetal surgery has been shown to improve
survival and long-term outcomes in disease processes such as twin-to-twin transfu-
sion syndrome, myelomeningocele, and congenital diaphragmatic hernias [87-90].
However, fetal surgery often results in preterm delivery, which abrogates some of
the benefits of the procedure. For example, a recent multi-center randomized control
trial comparing the prenatal repair of myelomeningocele to standard postnatal
repair, found that prenatal repair led to a reduced need for postnatal ventriculoperi-
toneal shunting as well as improved long term motor function and mental develop-
ment [87] but frequently results in preterm delivery with a mean gestational age at
delivery of 34.1 weeks compared to 37.3 in the standard postnatal control group.

Universal acceptance of fetal surgery for non-lethal congenital diseases has been
hampered by the risk of pregnancy complications. These risks include preterm pre-
mature rupture of the membrane, placental abruption, uterine rupture, chorioamni-
otic separation, and preterm labor [87]. In fact, preterm delivery prior to 37 weeks
gestation, even following minimally invasive procedures, exceeds 80 % [91, 92].
Since the latency period between the procedure and delivery typically ranges from
4 to 7 weeks [91, 92], it is possible that downstream events rather than the insult of
the surgery itself leads to preterm labor. This observation led multiple groups to
explore the effect of fetal intervention on MFCT [10, 25, 93, 94]. In a mouse model
of fetal intervention, we reported that maternal cells traffic into the fetal circulation
after fetal stem cell transplantation, with a particular increase in trafficking T cells
in this context [10]. These cells have a functional consequence, in that they limit the
stem cell engraftment into the fetus [10]. We have reported a similar findings in
patients undergoing fetal surgery for the correction of myelomeningoceles: using
PCR to genotype non-shared HLA-DR alleles between mother and fetus, we dem-
onstrated increased trafficking of maternal cells within the fetal circulation follow-
ing open fetal surgery for myelomeningocele repair [25]. These findings suggest
that there is either increased trafficking of cells after fetal intervention or increased
proliferation of trafficked cells in the inflammatory environment after fetal surgery.
Interestingly, there was no increase in MMc if fetal intervention was performed at
the time of birth, indicating that changes in microchimerism take some time to
develop.

Increase in FMc during fetal surgery has been demonstrated in some studies, [94]
but not others [25]. Following laser coagulation for twin-to-twin transfusion syn-
drome [94]. increased fDNA was found with longer operative times, increased num-
ber of vessels ablated and demise of 1 twin [94]. However, a study measuring
circulating mRNA following fetal intervention did not demonstrate a difference
between those who underwent fetal intervention and age matched controls [93]. The
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differences observed may reflect the challenge with detecting a very small pool of
cells or genomic material within a large maternal blood volume. It is important to
note that no study has proven a causal link between altered microchimerism and
pregnancy complications. However, understanding the role of altered MFCT in the
context of preterm labor and pregnancy complications may lead to treatments to
abrogate such consequences.

Congenital Anomalies

Maternal-fetal cellular trafficking may also be influenced by aneuploidy and con-
genital anomalies. For example, levels of FMc are significantly higher in mothers
carrying fetuses with trisomy 21 [95] and lower in those with trisomy 18, 13, or
monosomy X [96]. In a study analyzing cord blood samples from infants with a
congenital diaphragmatic hernia, we found an increased number of maternal cells in
the fetal circulation at the time of birth which increased with disease severity [97].
These findings suggest that the presence of fetal anomalies may influence traffick-
ing, possibly secondary to an inflammatory response from fetal distress.

Conclusion

In summary, there is striking evidence to suggest that pregnancy complications are
associated with alterations in fetal microchimerism. The mechanisms leading to
increased levels of trafficking remain a fascinating unanswered question in the field.
Fetal and maternal inflammation and immune responses are likely critical players in
this process and in the onset of pregnancy complications. New technologies will
ideally unveil mechanistic pathways affected by MFCT and may provide targets for
therapies to mitigate pregnancy complications. Beyond pregnancy, long-lived
microchimerism may have additional consequences for tolerance and immunity in
both the mother and her children.
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Chapter 3
Paracrine Effects of Fetal Stem Cells

Mariusz Z. Ratajczak, Gabriela Schneider, and Janina Ratajczak

Introduction

Both prokaryotic and eukaryotic cells communicate and exchange information by
employing various cell-cell contact mechanisms. In addition to a crosstalk medi-
ated by adhesion molecules (e.g., integrins) and their corresponding ligands
expressed on interacting cells, an important role in cell-cell communication play
paracrine signals that involve secretion of soluble and non-soluble factors [1-6].
Accordingly, cells secrete several soluble factors including (1) peptide-based growth
factors, cytokines, chemokines and enzymes that direct cell responses and modify
surrounding microenvironment (e.g., metalloproteinases, enzymes processing
extracellular ligands), (2) bioactive lipids (e.g., sphingosine-1-phosphate, creamide-
1 phosphate, lysophosphatidic acid, eicosanoids) and (3) extracellular nucleotides
(e.g., ATP, UTP) [1-6]. All these soluble paracrine factors play an important role in
interaction between cells. In parallel, growing attention is recently focused on cell-
to-cell communication that involves paracrine effects of cell-derived spherical
membrane fragments called extracellular microvesicles (ExMVs), a mechanism
that for many years has been largely ignored and overlooked [7-12].

Accordingly, both soluble factors as well as non-soluble ExXM Vs if released from
the cells employed as cellular therapeutics in regenerative medicine seem to play an
important role in improving the function of damaged organs [10, 13]. A growing
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body of evidence indicate that soluble factors and ExXMVs secreted from hematopoi-
etic stem cells (HSCs), hematopoietic progenitor cells (HPCs), multipotent stroma
cells (MSCs), or cardiac stem cells (CSCs) employed in various treatment strategies
in regenerative medicine may (1) inhibit apoptosis of cells residing in the damaged
tissues, (2) stimulate proliferation of cells that survived organ injury, and (3) stimu-
late vascularization of affected tissues [7—13].

More importantly, evidence accumulates that some of the beneficial therapeutic
effects reported after application of intact cells (e.g., MSCs) could be achieved by
using just ExMVs derived from these cells [13]. These pro-regenerative effects
mediated by ExXMVs are explained by the fact that these small, spherical membrane
fragments (1) are enriched in bioactive lipids (e.g., sphingosine-1-phosphate), (2)
may express anti-apoptoic and pro-stimulatory growth factors or cytokines (e.g.,
vascular endothelial growth factor [VEGF], stem cell factor [SCF], or stromal
derived factor-1 [SDF-1]) on their surface, and (3) may deliver mRNA, regulatory
miRNA, and proteins to the damaged tissues that improve overall cell function.
Based on these observations, as mentioned above potential use of ExXMVs, instead
of whole cells, has become an exciting new concept in regenerative medicine [1,
13]. We will address this issue later on in our chapter in context of new possibilities
of therapeutic application of embryonic stem cells (ESCs).

ESCs are pluripotent and as such cells may differentiate into cells belonging to
three germ layers (meso-, ecto- and endoderm). In the last 25 years a significant
effort has been involved to harness a potential of these cells in regenerative medi-
cine. However, the major problem with clinical application of ESCs, is the risk that
they will grow teratomas after injection into host [1]. Until this problem will be
solved, ESCs remain merely an interesting object to study various mechanisms
related to developmental biology and embryogenesis.

However, despite this limitation at the current point it would be possible to
explore and harness paracrine effects of these cells in regenerative medicine and in
this chapter we will discuss this intriguing possibility.

Regenerative Medicine Is Searching for Effective and Safe
Pluripotent/Multipotent Stem Cells

The field of regenerative medicine is searching for a source of stem cells that can be
safely and efficiently employed for regeneration of damaged organs (e.g., heart,
liver, kidney, or neural tissue) [1]. In experimental animal models of organ damage
(e.g., heart infarct, liver damage, ischemic kidney failure, or stroke) various types of
stem cells isolated from adult tissues have been employed, including, as mentioned
above, HSPCs, MSCs, and CSCs [1, 14-16]. Similar types of cells are employed in
the clinic to treat patients to improve the function of damaged organs [1, 17-20].
Interestingly, while some beneficial effects have been reported following cell-
based therapies, there is no solid evidence that the cells employed to regenerate dam-
aged tissues truly give rise to organ-specific cell populations (e.g., new functional
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cardiomyocytes in heart, hepatocytes in liver, or tubular epithelium cells in kidney).
Therefore, the concept that tissue committed stem cells, such as for example HSCs, are
plastic and may trans-differentiate into cells from different germ layers (e.g., cardio-
myocytes, neural cells, or hepatocytes) lacks solid experimental support [1, 14,
21-24]. Thus, this initially tempting concept of stem cell plasticity or stem cell trans-
dedifferentiation has been challenged by several investigators and some of observed
positive effects of stem cell therapy have been explained by other alternative mecha-
nisms that will be shortly discussed below.

First, it is possible that some of the stem cell plasticity data could be explained
simply by the phenomenon of cell fusion [14, 25]. Accordingly, the cells observed
in damaged tissues that express markers of both the donor cells employed in treat-
ment (e.g., HSPCs) and cells typical of the damaged organ (e.g., cardiomyocytes in
heart damaged by infarct), could be heterokaryons, the result of the fusion of thera-
peutic cells with somatic host cells in the damaged organ. However, as it is today
widely accepted cell fusion is an extremely rare phenomenon [14, 25].

Next, cells employed for therapy in regenerative medicine (e.g., mononuclear
cells isolated from bone marrow, umbilical cord blood or mobilized peripheral
blood) may, from the beginning, contain heterogeneous populations of stem cells.
It is known that cells from the hematopoietic tissues for example are enriched in
several types of non-hematopoietic stem/progenitor cells, including MSCs, endo-
thelial progenitor cells (EPCs), as well as a population of pluripotent very small
embryonic-like stem cells (VSELSs) [1, 26].

Finally, what will be further discussed, some of the benefits observed in organ
and tissue regeneration after infusion of therapeutic cells, could be explained by
paracrine effects. It is well known that stem cells, for example, ESCs, HSPCs or
MSC:s, are a source of several trophic soluble and non-soluble (ExMVs) factors and
that all these factors, if released from these cells, could inhibit apoptosis of damaged
cells, promote tissue repair and vascularization [1, 27].

Stem Cells as a Source of Soluble Paracrine Factors

Several types of cells and in particular stem cells secrete several soluble factors and
the repertoire of such anti-apoptotic, proliferation-stimulating, and pro-angiopoietic
factors varies with the stem cell type to be employed for treatment. Many years ago,
while studying stem cell-derived paracrine mechanisms, we demonstrated that puri-
fied normal human bone marrow (BM)- and mobilized peripheral blood (mPB)-
derived CD34* HSPCs express mRNA for various growth factors, cytokines and
chemokines. More importantly, we confirmed the expression of several of these
factors in conditioned media using ELISA [1, 2]. Accordingly, we found mRNA
transcripts for numerous growth factors (SCF, FLT3 ligand, FGF-2, VEGF, HGF,
IGF-1, and TPO), cytokines (TNF-a, Fas-L, INF-a, IL-1, and IL-16), and chemo-
kines (MIP-1a, MIP-18, RANTES, MCP-2, MCP-3, MCP-4, IL-§, IP-10, MCD,
and PF-4) and more importantly confirmed by ELISA the presence of VEGF, HGF,
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FGF-2, SCF, FLT3 ligand, TPO, IL-16, IGF-1, TGF-p1, TGF- p2, RANTES,
MIP-1a, MIP-1p, IL-8, and PF-4 proteins in media conditioned by these cells.
Subsequently, in experimental settings in vitro we demonstrated that media condi-
tioned by CD34* cells may inhibit apoptosis, stimulate proliferation, and chemo-
attract several types of cells, including endothelial cells [1, 2]. We have recently
reported similar observations for human CD133* cells that are enriched for several
types of stem cells including HSPCs, VSELs and endothelial progenitor cells
(EPCs) [28]. To support this further, another group has shown that murine adipose
tissue stem cells (ASCs)-derived conditioned media regenerate lung tissue micro-
vascular injury, and had a similar therapeutic effect as intact ASCs [29].

Stem Cells as a Source of Non-soluble Paracrine Signals:
A Role of Extracellular Microvesicles (ExMVs)

Both prokaryotic and eukaryotic cells communicate and exchange information by
secreting ExXMVs [6—13], a mechanism that for many years has been largely overlooked.
Mounting evidence demonstrates also that ExXMVs can even replace intact cells to
improve the function of damaged organs in several tissue injury models [1, 9, 10].

ExMVs are shed from the cell surface of normal healthy or damaged cells during
membrane blebbing and “hijack” both membrane components and the engulfed
cytoplasmic contents [7—12]. Shedding of membrane-derived ExXMVs is a physio-
logical phenomenon that accompanies cell activation and growth. Interestingly, rap-
idly proliferating cells tend to secrete more ExXMVs than slowly growing ones. This
explains why for example ESCs are a rich source of these small circular membrane
fragments. In parallel another source of ExXMVs is the intracellular endosomal
membrane compartment. These particular ExXMVs, termed exosomes, are usually
released from cells as secretory granules during the process of exocytosis [12, 30].
While ExXM Vs released from the surface membranes during membrane blebbing are
relatively large (0.1-1 pm), exosomes are much smaller (30—100 nm) and appear
more homogeneous in size. Overall, in conditioned media harvested from the cells,
both types of ExXMVs are always simultaneously present.

Ironically, for many years ExXMVs have been largely overlooked, and regarded as
apoptotic bodies or cell debris. Today, it is already acknowledged that ExXMVs are
secreted or shed by healthy and not dying cells, and are different than apoptotic bod-
ies released from dying cells. ExXM Vs, as mentioned above, not only contain numer-
ous proteins and lipids similar to those present in the membranes of the cells from
which they originate, but since EXMV membranes engulf some cytoplasm during
their generation bymembrane blebbing, they may also contain intracellular proteins,
mRNA, and regulatory miRNA [1, 7-12]. In this transfer of mRNA or proteins,
ExMVs behave as a naturally engineered “liposomes.” Since cells under steady-state
conditions tend to store mRNA and miRNA for later utilization under stress condi-
tions, explains why they can release these molecules into the extracellular space
“encapsulated” within MVs.
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Overall, this ExXMVs-mediated communication between cells developed very
early in the course of eukaryocytic evolution, before soluble mediators-specific
receptor signaling axes emerged.

Fetal Cells and Embryonic Stem Cells (ESCs) as a Rich Source
of Soluble and Non-soluble Paracrine Factors: A Novel Tool
to Expand Ex Vivo Adult Stem Cells

Fetal stem cells-derived ExMVs known as argosomes have been described to play
an important role in embryogenesis as source of morphogens that are expressed on
their surface (e.g., Hedgehog, Notch and Wingless) and are involved in tissue pat-
terning and organ development [31]. These morphogens are released from produc-
ing fetal cells and distributed through adjacent tissue. However, some of them
associate tightly with the cell membrane of argosomes and are dispersed over large
distances through the developing tissues. Thus, the properties of argosomes are con-
sistent with their being a vehicle for the spread of Wingless protein [31].

Since the maintenance of pluripotency and undifferentiated propagation of ESCs
in in vitro cultures requires tight cell to cell contacts and effective intercellular sig-
naling, we hypothesized that these cells secrete several paracrine signals to maintain
their integrity and in particular we focused on ESCs derived ExMVs. Furthermore,
it had been demonstrated that mature somatic cells co-cultured with intact ESCs or
extracts from these cells undergo epigenetic changes [9, 13], however a mechanism
involved in this phenomenon was not clearly explained when initially described.

We have hypothesized that these effects could be explained by a biological modi-
fication of the target cells via ESCs-derived ExMVs [27] and that ExXMVs will
express stem cell-specific molecules that may support self-renewal and expansion
of adult cells. Intrigued by these observations, we investigated whether ESC-derived
ExMVs could enter HPSCs as a kind of physiological “liposomes” and increase
their pluripotency after delivering ESCs-derived mRNA. To address this hypothesis,
we employed expansion of murine and human HPSCs as a model. We found that
ExMVs isolated from murine ESCs (ES-D3) and human ESCs (CCTL14) in serum-
free cultures significantly (1) enhanced survival and improved expansion of murine
HSPCs, (2) upregulated the expression of early pluripotent markers (Oct-4, Nanog
and Rex-1) and early hematopoietic stem cell (Scl, HoxB4 and GATA 2) markers in
target cells. These effects were paralleled by ExXMVs mediated phosphorylation of
MAPK p42/44 and serine-threonine kinase AKT in expanded cells. The biological
effects of ESCs-derived ExXMVs were inhibited after heat inactivation or pretreat-
ment with RNAse, indicating a major involvement of protein and mRNA compo-
nents of ESCs-derived ExXMVs in the observed phenomena [27].

Of note, in these experiments we reported for the first time a mechanism of hori-
zontal transfer of mRNA between cells because ExXMVs transferred mRNA after
transfer to target cells has been translated into the corresponding proteins [27].
We also found that both murine ES-D3 cell-derived ExMVs and human CCTL14
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cell-derived ExMVs are highly enriched in Wnt-3 protein and express mRNA for
several early pluripotent transcription factors at much higher level as compared to
ESCs from which they originated [1, 27]. This selective increase in mRNA content
in ESCs-derived ExMVs compared to parental ES cells confirms the presence of a
mechanism that enriches ExXMVs in mRNA molecules before their shedding from
parental cells. Based on this conditioned media harvested from in vitro cultured
ESCs enriched in ExXMVs as well as several soluble factors could be employed as a
new tool to expand adult stem cells for application in regenerative medicine. Studies
to identify other biologically active components of ESCs-derived ExMV in addition
to mRNAs coding several stem cell-specific transcription factors and Wnt-3 protein
are in progress.

Towards Development of Engineered ESCs-Derived ExMVs:
A Novel Tool to Regenerate Damaged Tissues

Based on the fact that ExXMVs have similar beneficial effects in regenerative medi-
cine therapy as the intact cells from which they are derived [10], it would be possi-
ble to engineer and modify ExMVs to employ them more efficiently for tissue organ
regeneration in vivo. Several possibilities for how to make this approach more effi-
cient are shown in Fig. 3.1. For example, ExXMVs could be isolated for potential
application in regenerative medicine from a large-scale ex vivo expansion of cells
(e.g., ESC) cultured in appropriate generators. These ExXM V-generating ESCs could
be genetically modified in order to produce custom-engineered ExXMVs more suit-
able for therapy. For this purpose as ExXM Vs producing cells lines could be employed
non-differentiated ESC or already ESC-derived differentiated cell lines.

First, as depicted in Fig. 3.1a, it should be possible to expand ESC that lack
genes encoding histocompatibility antigens. This approach would minimize the
possibility of cross-immunization with donor HLA antigens. Second, EXMVs pro-
ducer ESC lines (e.g., ESCs) could be transduced with genes that overexpress on
their surface (1) peptides that protect target cells in damaged organs from apoptosis
and stimulate proliferation of residual remaining cell population (e.g., SCF or Notch
ligands) or (2) factors that effectively induce angiogenesis (e.g., VEGF, FGF-2, or
SDF-1) (Fig. 3.1b). Third, ExXMVs producer ESC lines could be enriched for mRNA
and regulatory miRNA species that, after delivery to the damaged tissues, promote
regeneration (Fig. 3.1c). We speculate that ExXMVs derived from ESC cultured in
hypoxic conditions would be enriched in mRNAs and miRNAs that promote angio-
genesis. Finally, we envision that EXMVs producer ESCs lines could be enriched
for molecules that facilitate their tropism to the damaged organ and subsequently
promote retention of EXMVs in the damaged tissues (Fig. 3.1d). Taking advantage
of epigenetic memory in ESCs-differentiated cells, one can also envision that, for
example, ExMVs from ESC differentiated into epidermal cell line would preferen-
tially affect regeneration of damaged skin (e.g., after burns), ExXMVs isolated from
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Fig. 3.1 Different approaches to generating from ESCs more efficient pro-regenerative EXMVs
in vitro. EXMVs could be harvested from in vitro cultures of ExXMV-producing ESCs lines. Such
cell lines may be modified to obtain ExXM Vs that (1) do not express HLA antigens (panel a), (2) are
enriched for growth factors, cytokines, and chemokines that promote regeneration of damaged
organs (panel b), (3) are enriched in mRNA and regulatory miRNA facilitating regeneration of
damaged tissues and/or promoting angiogenesis (panel ¢), and (4) express molecules that direct
them to, and subsequently be retained in, damaged tissues (panel d)
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the supernatants of cardiomyocyte-differentiated cell lines would have advantages
in regeneration of damaged myocardium.

ExMVs-based therapies also open up new possibilities for clinical applications
not only of ESCs but also of induced pluripotent stem cells (iPSCs). Since in vivo
application of iPSCs is still limited similar to ESCs, due to the high risk of tera-
toma formation by these cells [1], ExXMVs from patient-derived iPSCs could be
employed as a novel generation of therapeutics to rescue damaged organs and
tissues. Based on this possibility, we envision that patient-derived iPSCs could be
employed as ExMV-producing cells. Moreover, similarly as for ESCs epigenetic
memory of cells employed for generation of iPSCs, one can also envision that, for
example, ExMVs from keratinocyte-derived iPSCs would preferentially affect
regeneration of damaged skin (e.g., after burns), ExXMVs isolated from superna-
tants of cardiomyocyte-derived iPSCs would have advantages in regeneration of
damaged myocardium [1].

Conclusions

ESCs [8, 27, 28] and fetal stem cells [31] are a rich source of paracrine signals both
soluble and non-soluble that could be harnessed in regenerative medicine.
Conditioned media harvested from ESCs could be employed to stimulated expansion
of adult stem cells [27]. However, in particular paracrine effects of ExXMVs have
become a focus of contemporary medicine for several reasons. Evidence is accumu-
lating that ExXM Vs (1) play an important role in cell-cell communication, (2) directly
stimulate target cells by ligands that are expressed on their surface, (3) shuttle mRNA,
regulatory miRNA, proteins, and organelles between cells [7-12].

Strong evidence is accumulating that ExXMVs are abundantly secreted by stem
cells infused locally or systemically to rescue damaged tissues [13, 27, 32, 33]. In
several elegant studies, it has been demonstrated that infusion of ExMVs has the
same pro-regenerative potential as infusion of intact cells that are the source of these
ExMVs [13, 32, 33].

These remarkable properties of ExXMVs should have an impact in the develop-
ment of new strategies in regenerative medicine in which MVs would be harvested
from large-scale in vitro cultures of ExXMV-producing cells engineered to overex-
press appropriate growth factors, cytokines, surface molecules, mRNA, and
miRNA that inhibit apoptosis of target cells and promote neovascularization of
damaged tissues. Such custom-engineered “super ExXMVs” could become a new
class of cell-derived therapeutics in regenerative medicine and pave a new way for
clinical application of ESCs and ESCs-derived cell lines as ExMVs producing
cells in regenerative medicine.
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Chapter 4
Immunogenicity and Immunomodulation
of Fetal Stem Cells

Stephen E. Sherman and David A. Hess

Introduction

In the 1970s, Alexander Friedenstein and colleagues were the first to identify clono-
genic, plastic adherent cells from murine bone marrow termed colony forming units
of fibroblasts (CFU-F). These cells differentiated into multiple mesodermal cell
types including osteocytes, chondrocytes and adipocytes, but did not contribute to
hematopoietic tissue [1, 2]. Soon after, similar cells from adult human bone marrow
were characterized (reviewed in [3]) and were shown to engraft multiple human tis-
sues (mesenchymal and nonmesenchymal) after systemic infusion. Multiple tissues
within the human body, including both fetal and adult sources, have been shown to
contain mesodermal precursors capable of differentiating into cartilage, bone, adi-
pose, and muscle tissue [4—6]. In subsequent studies these cells were given many
names including marrow stromal stem cells or most accurately multipotent stromal
cells (MSC) based on their diverse differentiative potential. In 1991, Arnold Caplan
coined the term mesenchymal stem cells to describe these cells, highlighting their
putative developmental origin and considerable therapeutic potential [7]. These dif-
ferent nomenclatures have caused confusion and controversy in the field because
not all bones are derived from embryonic mesenchymal tissue, and the self-renewal
capacity of MSC remains highly disputed [8, 9]. In this chapter, MSC is used
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interchangeably to represent both multipotent stromal cell and mesenchymal stem
cell nomenclatures.

In addition to the supportive role of fibroblasts in human tissues, MSC are thought
to play an instructive role in a paracrine fashion to aid in the repair and regeneration
of organs, and in the modulation of the immune system at sites of tissue injury
[10-13]. MSC have been shown to exert their effects via both soluble factors and
direct cell-cell contact, demonstrating their ability to ameliorate autoimmune dis-
ease conditions through anti-inflammatory mediators and to support regenerative
processes [14—16]. However, MSC from various adult sources, including human
bone marrow, have been shown to possess considerable variability in the degree of
immunosuppression and in the secretion of regenerative factors depending on the
health status of the individual from which the cells are obtained [17]. Because of this
tissue-specific heterogeneity, preclinical research has focused on the regenerative
prowess and immunomodulatory capacity of MSC isolated from tissues of early
ontogeny that are untouched by chronic disease pathologies [18]. Therefore, the
goal of this chapter is to review our current understanding of the molecular interac-
tions between MSC and cells of the innate and the adaptive immune system.
Furthermore, we focus on highlighting the unique immunogenicity and immuno-
modulation by MSC derived from umbilical cord/placental, and prenatal sources.

MSC Isolation and Characterization

The isolation of MSC has been successfully achieved from adult human tissues such
as bone marrow, adipose, kidney, liver and more recently from umbilical cord, pla-
cental and Wharton’s jelly samples [5, 19-21]. Currently, the most commonly stud-
ied MSC are from adult human bone marrow, while isolation from widely accessible
human umbilical cord and placental samples have more been recently reported [22,
23]. The conventional means of MSC isolation is through plastic adherence of het-
erogeneous mononuclear cells derived from homogenates of the aforementioned
sources. Subsequent culturing of this adherent fraction results in the propagation of
a non-hematopoietic (CD45-negative) population that takes on a fibroblast-like
morphology [22, 24]. These cells are highly proliferative in serum containing cul-
tures and express the cell surface markers CD73, CD90, and CD105, without sig-
nificant expression of the hematopoietic markers CD45, CD34, CD14, CD19, and
HLA-DR. This cell surface expression profile is internationally recognized in defin-
ing the purity of MSC during culture [25]. Also, outlined in these minimal criteria
for MSC is the ability to efficiently generate mature osteocytes, chondrocytes and
adipocytes under differentiative culture conditions.

Despite establishment of these unifying standards, MSC-like populations of vari-
able purity demonstrate significant heterogeneity in cell surface marker expression
when isolated from different tissue sources. Unfortunately, little progress has been
made in identifying uniquely-expressed cell surface markers in situ as a way to
prospectively purify MSC from human sources. Unlike hematopoietic precursors,
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the MSC field has yet to develop an accepted means of isolating MSC from tissues
using cell-surface markers or enzymatic functions. Recently, the isolation of a peri-
vascular associated MSC subset (also known as pericytes) has been demonstrated
using melanoma cell adhesion molecule or CD146 expressed in sifu and to varying
degrees during ex vivo culture [26]. In culture these perivascular MSC, which are
depleted of CD34-expressing endothelial cells, meet the minimal criteria to define
MSC by cell surface marker expression and differentiative capacity. Notably,
CD146+ MSC can be isolated from both adult and placental tissues at varying fre-
quencies. Likewise, the nerve growth factor receptor (CD271) may represent
another cell-surface marker expressed on MSC with active immunomodulatory
properties [27]. Whether or not these markers can be used interchangeably to purify
MSC from umbilical cord of placental tissues remains a topic of debate. Perhaps the
most consistent method to purify both adult and perinatal-derived MSC is through
the conservation of known progenitor cell functions. One such function is aldehyde
dehydrogenase activity, a cytosolic enzyme highly expressed in precursors from
multiple lineages that protects essential, or long-lived cells against oxidative envi-
ronmental insults. High ALDH activity (ALDHhi) has been demonstrated as a con-
served function in primitive cells from hematopoietic, mesenchymal, endothelial,
and neural progenitor lineages [28]. Indeed, human adult BM ALDHhi cells form
CFU-F at a frequency of 1 colony in approximately 1500 cells. By using ALDH
function, either before or after MSC expansion, we can prospective isolate progeni-
tor cells higher in the MSC hierarchy, thereby reducing variability between samples
and unwanted heterogeneity as cells are expanded ex vivo.

There also exist inconsistencies in characterizing MSC after culture as associ-
ated adhesion molecules are not lineage specific, and different markers are variably
expressed under the different culture conditions (serum containing and serum-free)
employed by the field. For example, CD73 and CD105 are also expressed on plastic
adherent endothelial precursors, and MSC from umbilical cord blood (UCB) dem-
onstrate inherently low expression of CD90 [29]. These inherent discrepancies
characterizing MSC is thought, in part, to be due to differences in the source tissue
from which the MSC were derived [30]. Thus, different MSC clones may be predis-
posed to a specific lineage within a putative developmental hierarchy akin to the
highly characterized hematopoietic lineage. Although these cells are able to show
multipotent differentiation potential into bone, cartilage and fat [31, 32], a more
extensive look into the immunomodulatory function and regenerative capabilities of
MSC relative to tissue source would be important for the development of a well-
defined functional hierarchy within highly heterogeneous MSC cultures.

MSC Variability Among Sources and Stages of Ontogeny

Mesenchymal stem cells, over the course of development, can be visualized in a
hierarchical structure [11, 13]. Starting from fertilization, the blastocyst contains
pluripotent cells capable of forming any tissue in the human body. As these cells



60 S.E. Sherman and D.A. Hess

begin to divide and specialize, they lose both self-renewal and differentiative capacity,
becoming a more mature and committed progenitor cell that expand to form various
tissues of the human body and remain throughout adulthood to replenish lost cells
during tissue repair and growth. Therefore, the hierarchical structure of stem
cells becomes more evident as the lineage differentiates towards maturity [33].
Therefore, isolation of MSC from later stages in ontogeny is likely to yield het-
erogeneous populations throughout the hierarchy that may account for greater vari-
ability in functional studies. As such, when isolating MSC from earlier stages of
ontogeny, or from a more purified progenitor population, we begin to see their true
functional potentials.

Another factor that contributes to adult MSC functional variability is mutational
senescence. As MSC divide over the lifespan of the organism, gene expression pat-
terns are changed and telomere function can impact cellular senescence [34]. For
example, there are considerable differences in the proliferative potential, growth
patterns, telomere length, and lifespan of MSC derived from older versus
younger patients. There is also a significant increase in the onset of proliferative
senescence in vitro when comparing MSC obtained from older versus younger indi-
viduals [35]. Lastly, it is becoming evident that the functional capacities of MSC
derived from adult bone marrow are very patient specific. For example, the level of
secreted anti-inflammatory cytokines and the level of T-cell inhibition vary exten-
sively between bone marrow samples [17]. These differences could arise from epi-
genetic changes as a result of imprinting or environmental factors including lifestyle
and chronic disease comorbidities [36]. Finally, underlying disease is another factor
that may affect the functional properties of secretory progenitor cell types [37]. For
these reasons, obtaining MSC earlier in ontogeny is expected to improve homoge-
neity and subsequent functional potency of these cells in the clinical setting.

Minimal Criteria to Define MSC; Bone Marrow versus Fetal
versus Cord Blood Derived MSC

The isolation of MSC from adult, fetal or perinatal sources is accomplished through
very similar procedures. To obtain a single cell suspension from fetal tissues such as
the fetal liver, the tissues are homogenized and strained through a filter [38].
Umbilical cord blood-derived MSC has been isolated from the umbilical vein using
similar protocols as BM MSC [29] but require the addition of collagenase prior to
release adherent cells in situ [19]. Once the cells are in single cell suspension,
mononuclear cells are separated through density gradient centrifugation and plated
for selection via plastic adherence. While fetal tissues contain a higher frequency of
MSC relative to adult sources [38], the major disadvantage to fetal stem cells
becoming a viable source of MSC is that there remains ethical controversy regard-
ing the accrual of cells from pre-natal sources. These ethical barriers delay the use
of fetal stem cells for widespread therapeutic purposes. However, umbilical cord
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and placental-derived MSC are ethically obtained at birth from normally discarded
material, and can be propagated efficiently for therapeutic application.

Unlike fetal-derived MSC, umbilical cord or placental-derived MSC demon-
strate similar cell-surface marker expression and functional capacities when com-
pared to adult BM-derived MSC. Firstly, common MSC markers such as CD105,
CD73, and CD29 are present on both bone marrow and cord-derived MSC [39],
and both sources differentiate into the three aforementioned mesenchymal lineages
[29, 40]. Importantly, both in vitro and in vivo characterization demonstrate the
ability of MSC from bone marrow and umbilical cord to modulate immune activity
[39, 41]. Studies comparing marrow, adipose, and umbilical cord-derived MSC
have shown that immune regulating cytokine secretion is similar between these
sources [42], suggesting that these functional criteria may represent the best way to
compare and contrast MSC from different sources and from varying stages of
ontogeny.

An additional source of MSC with immunomodulatory potential is from
Wharton’s jelly. Wharton’s jelly MSC demonstrate similar expression patterns for
several immunogenic markers as BM-derived MSC [21]. Although the knowledge
base regarding MSC immunomodulatory function is heavily biased towards adult
BM-derived MSC, new studies are emerging that demonstrate the immunomodula-
tory capabilities of MSC are conserved in tissues of earlier ontogeny, indicating
their immense potential in therapeutic applications. However, proof-of-concept
studies still need to be conducted to highlight the differences and similarities of
adult BM versus umbilical cord or placental sources. Nonetheless, full-term umbili-
cal cord, placental and Wharton’s jelly represent attractive sources of MSC for
widespread clinical use due to the lack of immunogenicity elicited after transplanta-
tion and a high degree of immunomodulatory effects observed in pre-clinical
studies.

Early MSC Transplantation Trials to Modulate Immune
Function

The first clinical trial aimed at supporting hematopoiesis used autologous MSC
during myeloablative therapies for breast cancer, and demonstrated the ability to
safely transplant MSC free from side effects or adverse reactions [43]. As MSC
became recognized for their immunomodulatory properties, MSC became ideal
candidates for treating the hematopoietic transplantation-induced complication
graft-versus-host disease (GVHD). Clinical studies have demonstrated that infu-
sion of allogeneic or autologous MSC increased survival rates in steroid-resistant
GVHD patients without MSC-related toxicity or ectopic tissue formation [44—46].
Other trials have also been conducted using MSC to treat Crohn’s disease-related
fistulas, resulting in improved fistula recovery post-surgery and increased quality of
life for the patients [47, 48].
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Type I diabetes is another autoimmune disease where MSC therapy currently
holds promise. MSC have been shown to increase beta cell mass in the injured pan-
creas of STZ-treated mice, allowing for partial restoration of blood glucose levels
[49, 50]. Alongside endogenous regeneration, MSC may help to inhibit the autoim-
mune response towards beta cells, making it a very attractive option as a cellular
therapy for type I diabetes [51]. With a focus on MSC, companies such as Osiris
Therapeutics are currently performing larger-scale clinical trials to combat serious
autoimmune and inflammatory diseases including possible cell-based implants for
diabetics (http://www.osiris.com/clinical.php).

The Immune System Simplified

Co-ordinated immunity can be divided into two inter-related systems: the innate and
adaptive immune system [52]. The innate immune system is the body’s primitive
defense mechanism that responds immediately to pathogens and generally results in
inflammation to destroy the pathogen. In general, the innate immune system does
not involve ‘memory’ to pathogens and can be found in many primitive organisms.
The innate immune system includes physical barriers (i.e., skin, mucous etc.) and
phagocytic responder cells such as natural killer (NK) cells, macrophages and gran-
ulocytes. These cell types engulf particles and/or infected cells, and secrete cyto-
kines generating inflammation [53]. In contrast, the adaptive immune system is
mainly comprised of T- and B-lymphocytes and associated antigen presenting cells
such as dendritic cells (DC) that prevent the propagation of the pathogen and form
immunological memory to antigens associated with specific pathogens. Antigens
are unique protein sequences that are foreign to the body that are generally recog-
nized by antibodies or presented on cells via the major histocompatibility com-
plexes (MHC). When an antigen is detected in the human body, both the innate and
adaptive immune system work together to eliminate the pathogen, infected cells,
and prevent the re-entry of the pathogen upon subsequent exposures [54, 55].

Innate Immune Cells

The cells of the innate immune system rely on signals in the microenvironment such
as chemokines and cytokines to home to in areas of infection. NK cells mediate the
lysis of cells that do not express ‘self” antigens presented on MHC class I cell sur-
face molecules, typically expressed on all nucleated somatic cell [56, 57]. In con-
trast, adaptive T-lymphocytes depend upon the presence of MHC class II molecules
(expressed primarily on immune cells) on an antigen presenting cell (APC) cell
surface. Thus, NK cells can act without inflammatory signals and is thought to be
one of the fastest immune-cell responders. NK cells also have the ability to recog-
nize antibodies bound to foreign antigens, and to elaborate various chemokines and

Www.Ebook777.com



http://www.osiris.com/clinical.php
http://www.ebook777.com

4 Immunogenicity and Immunomodulation of Fetal Stem Cells 63

cytokines [58], which aid in the homing and activation of other innate immune cells
alongside cells of the adaptive immune system.

Macrophages are cells that can scavenge whole cells, debris, and pathogens
through phagocytosis and degrade these products with cytolytic enzymes.
Macrophages must first be activated with pro-inflammatory cytokines in order to
become phagocytic. After phagocytosis, macrophages process the antigens and
present them on the cell surface via the MHC class II molecules. Thus, macro-
phages are also considered to be APC that activate adaptive immunity. DC are also
considered to be a bridge between adaptive and the innate immune systems.
Similarly, DC function to present epitopes (the part of an antigen that is recognized
by the adaptive immune system) through MHC class II complexes. DC are also
known as professional APC as there is a much greater concentration of MHC class
IT on the extended processes of DC for enhanced antigen presentation. In addition,
DC possess the ability to detect minute concentrations of antigens in the microenvi-
ronment. Both DC and macrophages arise via the differentiation of monocytes,
another important cell type of the innate immune system. In response to chemo-
kines, monocytes traverse through tissues (like macrophages) and respond to
inflammatory cytokines produced at the site of infection to enhance the both innate
and adaptive immune responses [57].

The Adaptive Immune Cells

The adaptive immune system is comprised of 2 main cell types: T- and B-lymphocytes.
These adaptive immune cells are constantly sampling cells for recognition of “self”
antigens. Foreign antigens, when detected, elicit a response from the adaptive
immune system to eliminate the non-self or pathogen epitope expression and to
subsequently form “memory” of the specific antigen upon subsequent exposure
[59]. B-lymphocytes are a branch of the adaptive immune system responsible for
antibody-mediated or humoral immunity. B-lymphocytes can bind directly to anti-
gens and require interaction with T cells in order to differentiate into plasma cells.
Once differentiated, plasma cells mass-produce antibodies specific to antigenic epi-
topes, allowing the innate immune system to detect and destroy the antigen. A small
subset of plasma cells persist in the body for a long period of time as “memory B
cells,” and enhance the response upon re-exposure to a specific pathogen [60].
T-lymphocytes are arguably the backbone of the adaptive immune system
because they serve to aid in the humoral immune response as well as mediate cyto-
toxic cell-mediated immunity. T cells become activated through antigens presented
primarily within MHC class II complexes on APC. Depending on the MHC com-
plex involved (class I or II), T cell subsets will respond to the stimuli through
different pathways [61]. When T-lymphocytes interact with antigens presented on
MHC class I complexes, CD8+ cytotoxic T cell formation is favored and respond to
lyse the infected cell [62]. When T cells become activated by antigens presented on
MHC class II complexes on APC, they can also differentiate into CD4+ helper T
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cells. Helper T cells are responsible for aiding in the activation of various immune
cell types via secretion of soluble factors and through direct cell contact. Thus, the
recruitment and differentiation of innate immune cells and B cells is greatly depen-
dent on the intricate balance between CD4+ and CD8+ T cells in the microenviron-
ment [57]. Lastly, naive T cells are also able to differentiate into regulatory T
lymphocytes (Treg) [63]. Regulatory T cells are thought to be primarily CD4+/
CD25+, and function by secreting anti-inflammatory cytokines and factors which
promote macrophage differentiation into an M2 phenotype. Anti-inflammatory
molecules secreted by M2 macrophages in turn help the immune system to taper
down an inflammatory response. Treg are also capable of generating immune toler-
ance to certain antigens [64].

MSC Immunogenicity

MSC are known to elicit very low immunogenicity, meaning they typically evade
surveillance by the immune system after transplantation. This low immunogenicity
is regulated by low endogenous expression of MHC class II complexes in their rest-
ing state, a characteristic unique to MSC that evade the immune system [62, 65].
However, there are experimental conditions whereby MSC can be targeted for dele-
tion by the immune system. IL-2-activated NK cells are able to target and lyse
MSC, however, when pre-treated with IFN-y, MSC may also evade pre-activated
NK cells via anti-inflammatory cytokine secretion discussed in further detail below
[66]. Thus, in the allogeneic transplantation setting, there exists a finite balance
between NK cell mediated targeting of MSC versus the suppression of NK cell
cytolytic activity towards MSC and neighboring cells. Surprisingly, after pre-
treatment with IFN-y which typically upregulates MHC class II expression, MSC
still do not elicit an immune response from mixed leukocyte reactions (MLR) or
purified T cells [31, 67]. This likely due to a combination of two reasons:

1. During exposure to IFNy, MHC class II expression is temporarily decreased on
MSC [68], enabling MSC to avoid initial detection by T-lymphocytes.

2. Even when recognized by the immune system MSC evade activated immune
cells by the secretion of factors that inhibit T cell activation and cytolytic activi-
ties [31, 67, 69].

Although counter-intuitive, MSC secrete several chemokines in response to
inflammation that recruit cells of both the innate and adaptive immune system, yet
possess low immunogenicity [70]. Despite luring in cells of the immune system,
MSC remain undetected presumably through modification of MHC complex expres-
sion and by the secretion of anti-inflammatory factors. Of note, MSC polarize cells
of the innate immune system, such as DC and macrophages, to a regulatory or anti-
inflammatory state (Fig. 4.1) [14, 71]. Macrophages are of special interest as MSC
have been reported to promote M2 differentiation, a phenotype associated with non-
phagocytic and anti-inflammatory macrophage functions [17, 72, 73]. In addition,
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Fig. 4.1 A schematic of the influence of MSC on the monocyte lineage and its downstream prog-
eny. Black arrows represent the cellular differentiation/polarization of immune effector cells to an
immunocompetent phenotype. Blue arrows represent the facilitation of immune cell maturation
while red blunted lines represent the inhibition of differentiation. Solid lines represent direct
effects from factors secreted by MSC. In contrast, dotted lines represent indirect effects by cyto-
kines also present in the microenvironment. MSC secrete IDO, PGE2 and TGF-beta that act to
increase IL-10 production by M2 macrophages. Collectively, these effectors act to dampen the
inflammatory activities of T-lymphocytes, B-lymphocytes and NK-cells in the microenvironment

MSC may similarly promote the presence of a regulatory subset of DC. This remains
controversial as a definitive population regulatory DC has yet to be identified by cell
surface markers, however, evidence is emerging that DC can be skewed towards an
anti-inflammatory cytokine profile [41, 74, 75]. A “regulatory DC” theoretically
promote the production of Treg under the appropriate conditions [74, 76]. Overall,
when DC are exposed to MSC, there is a marked reduction in antigen presentation
efficiency and subsequent stimulation of immune cells such that the potential detec-
tion of MSC is reduced [77].

Although generally considered lowly immunogenic, MSC have also been
reported to stimulate the immune system under specific conditions [78]. MSC have
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been shown to activate purified CD4+ T lymphocytes when incubated with low
concentrations of IFN-y and foreign antigens in vitro [68]. Conversely, IFN-y pre-
treated MSC without the presence of exogenous antigens inhibits T lymphocyte
proliferation [39, 79, 80]. Currently, the low immunogenicity of MSC holds clinical
promise because MSC may be considered an “off-the-shelf” cellular product that
seemingly does not require HLA phenotyping, as allogenic MSC show long term
engraftment in the bone marrow of baboons without immune rejection [81].

Factors Implicated in MSC Immunomodulation

For a concise general description of the main factors involved in MSC-mediated
immunomodulation, refer to Table 4.1. For a conceptual schematic on the interac-
tion between the major immunomodulatory factors during MSC exposure to inflam-
matory effectors, please refer to Fig. 4.2.

Transforming Growth Factor-p (TGF-p)/Hepatocyte Growth
Factor (HGF)

The anti-inflammatory cytokine TGF-f is constitutively produced by MSC and
CD14+ monocytes [82]. MSC secretion of TGF-p was increased after cell-contact
only with T-lymphocytes; however, the factors responsible for this response have
not been identified [83]. TGF-f incubated with CD4+ T helper cells blocks cyto-
toxic activity [84]. When MSC are directly in contact with T cells, TGF-f supple-
mentation further inhibits T-lymphocyte proliferation [83]. TGF-p has also been
found to play a role in the formation of Treg as the addition of neutralizing antibod-
ies towards TGF-f resulted in a significant decrease in Treg marker expression [85].
Likewise, TGF-p aids in the polarization of DC resulting in an increased amount of
IL-10 secreted (Fig. 4.1) [86]. However, TGF-p, like other anti-inflammatory fac-
tors secreted from MSC, may not act in isolation as the addition of neutralizing
antibodies only leads to partial restoration of T cell activation [87, 88].

Like TGF-B, HGF is also constitutively produced by MSC and levels have been
observed to increase upon co-culture with T cells [42]. As proof of concept, both
TGF-p and HGF co-administration to activated T cells resulted in inhibition of T
cell proliferation [87]. Neutralizing antibodies towards HGF partially reversed the
inhibition of MLR containing T cells, irradiated allogenic peripheral blood leuko-
cytes (PBL), and MSC [87]. However, similar experiments performed using
adipose-derived MSC, the upregulation of TGF-f and HGF was not observed, high-
lighting important secretory differences between MSC isolated from different adult
sources [89].
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Table 4.1 Cytokines involved in immune modulation mediated by MSC

Factor

TGF-
beta

HGF

PGE2

IDO

IL-10

HLA-
G5

Activators

Direct contact
with T cells

Direct contact
with T cells

Co-culture with
NK cells

PGE2

IFN-gamma/
TNF-alpha

IFN-gamma/
TNF-alpha
Stabilized by
IL-10

PGE2

TGF-beta

IDO
HLA-G5

IL-10

Secreted by
MSC
Monocytes

Treg
lymphocytes

MSC
Monocytes
MSC

M2
macrophages

M2
macrophages
Regulatory DCs

MSC

M2
macrophages

Regulatory DCs
Tregs
Monocytes
MSC

M2
macrophages

Function

Inhibits activated T cells
Blocks NK cell cytotoxicity
Aids in regulatory DC
formation

Aids in Treg formation
Inhibits activated T cells

Inhibits NK cell
proliferation in concert with
TGF-beta and IDO

Enhances Thl & M2
macrophage polarization
Linked to IDO expression in
immature DCs

Apoptosis of activated/
mature T cells

Inhibits mature B-cell
proliferation

Inhibits T cell proliferation

inhibits NK cell
proliferation

Polarization to regulatory
immune cells

Decreases proinflammatory
cytokine secretion
Decreases cell surface
expression of co-stimulatory
molecules

Decreases MHC class 11
membrane localization
Aids in regulatory immune
cell polarization

Decreases proinflammatory
cytokine secretion

Aids in regulatory immune
cell production

Prevents NK cell-mediated
cytolysis

Prevents CD8+ CTL
proliferation

67

Cells affected
T cells

NK cells
DCs

T cells

NK cells

B cells
Macrophages

T cells

Monocytes
Macrophages
T cells

NK cells
Monocytes

Macrophages

DCs

T cells

NK cells
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Fig. 4.2 Interplay between pro- and anti-inflammatory cytokines involved in the modulation of
the immune response by MSC. Blue arrows represent stimuli that result in the up-regulation of a
given factor in the microenvironment. Red blunted lines represent inhibition of pro-inflammatory
cytokine production by resident immune cells. The immunomodulatory signaling cascade is initi-
ated via pro-inflammatory cytokine secretion by infiltrating immune cells in the niche

Indoleamine 2,3-Deoxygenase (IDO)

IDO is a catabolic enzyme that converts the essential amino acid tryptophan to kyn-
urenine. The depletion of tryptophan and/or the addition of kynurenine has been
shown to inhibit the proliferation of lymphocytes and pathogens [90, 91]. The lack
of tryptophan and/or the presence of kynurenine evoked by IDO has been demon-
strated to induce both T lymphocyte apoptosis and inhibition of immune cell prolif-
eration [91, 92]. IDO is secreted by MSC and APC such as macrophages and
immature DC in response to IFN-y. In contrast to TGF-§ and HGF, IDO is not
constitutively produced in MSC [93, 94]. In MSC and DC, IDO expression is also
maintained/stabilized by the presence of IL-10 in the microenvironment [74, 95].
Many studies show that IDO inhibits T cell proliferation in both mice and humans
[93, 96]. When the IDO inhibitor, 1-methyl-tryptophan, is added to MLR containing
MSC, T lymphocyte proliferation was partially restored [17]. IDO is also an impor-
tant inhibitor of fetal rejection, as the addition of 1-methyl-tryptophan to a surrogate
mouse mothering allogenic offspring resulted in enhanced immune rejection of the
fetuses [94].

IDO also enables the polarization of M2 macrophages and increases the number
of Treg in culture, further implicating its important role in MSC-mediated immuno-
modulation [17, 76]. Furthermore, IDO has also been found to act with PGE2 to
inhibit NK cell proliferation [97]. However, it is important to emphasize that MSC-
mediated IDO secretion is not absolutely required for immune suppression. Human

Www.Ebook777.com



http://www.ebook777.com

4 Immunogenicity and Immunomodulation of Fetal Stem Cells 69

MSC deficient in the IFN-y receptor (and therefore unable to secrete IDO) were still
able to inhibit PBMC proliferation via alternative mechanisms [93]. Although IDO
acting on its own enhances immune cell apoptosis, MSC secretion of IDO does not
enhance apoptosis but primarily inhibits T cell proliferation via tryptophan deple-
tion [92].

Interleukin 10 (IL-10)/Human Leukocyte Antigen G5 (HLA-GS5)

IL-10 a key anti-inflammatory cytokine mainly produced by M2 macrophages.
Although there have been controversial reports describing the secretion of IL-10
directly by MSC [30, 77, 83], most studies demonstrate the lack of IL-10 secre-
tion from MSC even under the influence of various pro-inflammatory cytokines
such as IFN-y and TNF-« [17, 31, 41, 67, 82]. However, the presence of IL-10
was markedly increased by the addition of MSC to MLR, suggesting that MSC
induce IL-10 production by macrophages. Indeed, one group showed that IL-107-
MSC were still able to increase the levels of IL-10 in MLR [98]. Only after the
MLR have been depleted of macrophages was there a notable decrease in the
levels of IL-10.

IL-10 is generally secreted by immune-regulatory cell types including M2 mac-
rophages, regulatory DC, and Treg (Fig. 4.3) [86, 99, 100]. The effect of IL-10
functions mainly on monocytes and subsequently affects other cell types down-
stream [72]. In general, IL-10 reduces the expression of co-stimulatory molecules
on the cell surface of monocytes, macrophages, and DC preventing T-cell activa-
tion [101, 102]. In addition, IL-10 decreases MHC class II localization on myeloid
cell types as a result of aberrant recycling and recruitment to the cell membrane. In
contrast, IL-10 does not affect MHC class I expression on myeloid cells [102]. Due
to the lack of MHC class II expression and reduced co-stimulatory molecules on
the cell surface of APC, local T lymphocytes demonstrate reduced activation effi-
ciency. Finally, IL-10 aids in the conversion of DC and macrophages into IL-10
secreting cell types in an autoregulatory fashion (Fig. 4.3) [75, 103]. Thus, IL-10
added to MLR inhibits proliferation while IL-10 supplementation does not affect
the proliferation of immune cells stimulated using the mitogen, phytohaemaglut-
tanin (PHA) [104].

Another function stimulated by IL-10 is the release of HLA-GS5 from MSC. MSC
express HLA-G5 on the cell surface in very low quantities and IL-10 increases
HLA-GS secretion [105, 106]. IL-10 secretion by immune cells is also increased by
the addition of HLA-GS5, suggesting these effectors operate in a positive feedback
loop to decrease the immune response [107]. HLA-GS5 has been observed to prevent
NK cell-mediated cytolysis and decrease IFN-y secretion [105, 108]. The addition
of neutralizing antibodies toward HLA-G5 to MLR including MSC and PBL
resulted in the decrease of Treg formation [105]. Also, HLA-GS5 has been shown to
act on cytotoxic CD8+ T cells to prevent their proliferation [109].
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Fig. 4.3 A schematic of the immunomodulatory signaling networks impacted MSC. Blue arrows
represent the facilitation of regulatory immune cell function while red blunted lines represent the
inhibition of immune cell proliferation and pro-inflammatory cytokine secretion. IFNy acts on
MSC to increase the production of IDO, PGE2 and TGF-f that act to increase IL-10 production by
M2 macrophages and Th2 lymphocytes. Collectively, these effectors act to dampen the inflamma-
tory activities of activated T-lymphocytes, B-lymphocytes and NK-cells. IL-10 and TGF-beta
secretion may also promote the formation of regulatory dendritic cells to further reduce antigen
presentation in the microenvironment

Prostaglandin E2 (PGE2)

Prostaglandins are lipid molecules that demonstrate pleiotropic effects throughout the
body. Prostaglandin production begins with the conversion of arachidonic acid via
cyclooxygenase 1/2 (COX-1 and COX-2). Downstream prostaglandin synthases gen-
erate specific prostaglandins [110]. Immunologists have demonstrated the addition of
indomethacin, a COX inhibitor, does not inhibit the proliferation of CD3/CD28-
stimulated PBMC [67] or the proliferation of NK cells [97]. However, blocking pros-
taglandin E2 (PGE2) concurrently with IDO inhibition restored NK cell proliferation
indicating the importance of the combination of these effectors [97]. Similarly, the
combination of TGF-f and PGE2 inhibited NK cell proliferation [14]. While PGE2 is
constitutively produced by MSC [67], levels of PGE2 are increased upon co-culture
of MSC with NK cells, PBMC, and/or exposure to IFN-y [14, 41, 42, 67].

Similar to TGF-f, PGE2 promotes Treg formation as the inhibition of PGE2
decreases Treg production in vitro [85]. CD4+ T cells treated with PGE2 up-regulate
FOXP3 expression, an accurate determinant of the Treg function [31, 111]. PGE2
signaling also moderates immune responses through reduced IL-2 secretion and by
causing apoptosis in activated T-cells. Furthermore, PGE2 inhibits the proliferation
of immature B-cells while having little effect on mature B-cells [110]. In vivo models
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have demonstrated that PGE2 inhibition in mice rendered MSC ineffective at pro-
tecting against autoimmune encephalomyelitis. In this model, PGE2 was also shown
to be linked to an increase in IDO expression in DC [112].

In macrophages, PGE2 decreases the production of pro-inflammatory cytokines
(TNF-a, IL-1p, IL-8, IL-12) and up-regulates IL-10 production [113]. This supports
the concept that PGE2 polarizes macrophages to an M2 regulatory phenotype [98].
Even though PGE2 does not directly inhibit MLR or PBMC stimulated with CD3/
CD28, PGE2 is able to inhibit lymphocyte proliferation when stimulated by PHA
[67, 104]. Thus, through the formation of regulatory immune cells and the coopera-
tive actions of other anti-inflammatory molecules, PGE2 potently moderates the
inflammatory response.

Other Factors

Although the aforementioned molecules comprise the major effectors contributing
towards immunomodulation by MSC, some of the other less studied factors include:
vascular endothelial growth factor (VEGF), Lymphocyte function-associated anti-
gen 3 (LFA-3), and B7 homolog 1 (B7-H1). Furthermore, there are likely other
MSC-secreted factors yet to be discovered that may function in an immunomodula-
tory fashion. Briefly, VEGF, LFA-3, and B7-H1 are all factors secreted by MSC [31,
41, 114]. VEGF is a pro-angiogenic molecule secreted by MSC and other cell types,
including cancers in response to pro-inflammatory cytokines [41, 115, 116]. In the
case of cancer, VEGF has been reported to inhibit immune responses, making this
an attractive molecule to study immune regulatory properties in MSC [117].
Recombinant LFA-3 has been used to inhibit T cell proliferation while promoting
and enabling Treg formation [118]. Finally, upon activation with IFN-y, MSC have
been shown to up-regulate B7-H1 expression, a co-stimulatory molecule proposed
to play a role in immunosuppression [114, 119]. Many of these factors represent
active areas of investigation. As investigating the immunomodulatory effects of
MSC progresses, precautions should be taken to ensure that further controversy
does not arise due to differences in experimental methods.

The Big Picture: MSC Immunomodulation
and Immunogenicity

MSC can be obtained from various different tissues of the body and from different
points in development [5, 19-21]. MSC from both adult and fetal sources lack
immunogenicity and have potent immunomodulatory effects. Importantly, MSC
isolated from different tissues demonstrate variable effectiveness in regulating the
immune response. Similarly, there are differences in the immuno modulatory func-
tions observed between individual BM-MSC samples [17]. Sample variability may
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be reduced by using cells from early ontogeny, such as UCB-derived MSC, as these
cells function similarly to BM-MSC, and have not been exposed to environmental
stressors that facilitate mutational senescence. Nonetheless, MSC derived from dif-
ferent sources appear to modulate the immune system after exposure to IFN-y and
other pro-inflammatory cytokines [14, 120]. In response to inflammatory stimuli,
MSC from perinatal or adult sources secrete anti-inflammatory cytokines, acting as
a switch to dampen the immune response through a positive-feedback loop (Figs.
4.2 and 4.3).

MSC from both perinatal and adult sources constitutively secrete TGF-f, HGF,
PGE2, and possibly other factors that influence the immune response [42, 67, 82].
However, PGE2, and IDO are known to increase after MSC exposure to pro-
inflammatory cytokines and work in concert with secreted factors such as TGF-p to
moderate inflammation in immune effector cells [14, 41, 85]. As a demonstrated,
conditioned media from MSC co-cultured with PBMC directly inhibits PBMC pro-
liferation [67]. Similarly, transwell experiments also demonstrate the immunomod-
ulatory effects of MSC-secreted factors, activated by exposure to inflammatory
signals [87, 121]. When MSC are directly co-cultured with immune cells, there is a
more profound inhibitory response which indicates both soluble factors and cell-
cell contact is required to achieve optimal inhibition of the immune response [67,
71, 87]. The efficacy by which MSC in co-culture modulate immune responses
show their promise as potential cellular therapies for moderating autoimmune and
inflammatory diseases in the clinic.

Chemokines secreted by MSC attract immune cells to MSC, so that their effects
can be maximized through close proximity [70, 71]. Collectively, IDO and PGE2
are factors that taper the immune response via activities on multiple immune cell
types (Fig. 4.3) [70, 71]. IDO secretion by MSC is up-regulated in areas of inflam-
mation by IFN-y, causing the liberation of tryptophan catabolites and inhibition of
T-cell proliferation [91, 92]. IDO has also been observed to polarize T cells into
Treg, macrophages into M2 macrophages, and works in conjunction with PGE2 to
modulate NK cell proliferation [17, 76, 97]. PGE2 is also up-regulated upon MSC
stimulation with pro-inflammatory cytokines and works in conjunction with TGF-f
to inhibit NK cell proliferation and to induce Treg formation [14, 85]. PGE2 will
also increase IDO expression in regulatory DC [112] and will induce macrophages
polarization into the M2 phenotype, which further secrete PGE2 [98, 113]. As a
result of both IDO and PGE2 secretion, IL-10 is subsequently secreted from Treg,
M2 macrophages, and regulatory DC [86, 99, 100]. The inhibitory effect of IL-10 is
mediated through the down-regulation of co-stimulatory molecules and MHC class
II complexes on APC, retarding their ability to stimulate T cells [101, 102, 122].
IL-10 not only aids in the conversion of more regulatory cell types, but it also acts
back on MSC to increase HLA-GS5 secretion [105, 106]. HLA-GS acts to prevent
NK cell cytolysis of neighbouring cells and to prevent further secretion of IFN-y
[105, 108]. HLA-GS also acts to prevent CD8+ cytotoxic T cell proliferation and to
promote Treg formation [109]. MSC are capable of promoting the differentiation of
monocytes to macrophages and inhibiting the differentiation of monocytes to DC
(Fig. 4.1) [17, 39]. Mature DC become polarized to a more immature state when
cultured in the presence of MSC [77]. MSC have also been shown to regulate B-cell
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activation through soluble factors as demonstrated in transwell experiments [15].
Collectively, the direct effects of anti-inflammatory cytokines alongside regulatory
immune cell formation and associated decreased pro-inflammatory cytokine secre-
tion minimize the immune response through a positive-feedback mechanism, a
powerful means to inhibit the local immune responses (Figs. 4.2 and 4.3).

BM Versus UCB Versus Fetal MSC Immunomodulation

There have been few studies to put the immunomodulatory and immunogenic prop-
erties of fetal MSC in perspective with adult or umbilical cord-derived MSC [123].
The differentiation potential of UCB-derived MSC has been demonstrated to be
similar to adult sources [32, 39]. Like adult MSC, both UCB and fetal MSC express
MHC class I but not MHC class II molecules [67, 68, 105]. Both adult and fetal
MSC do not express co-stimulatory molecules and fail to induce proliferation of
allogenic PBL when pre-exposed to IFN-y. In addition, pre-exposure of IFN-y to
both adult and fetal MSC results in similar immunosuppressive effects [79].

Both BM-MSC and UCB-MSC are able to polarize macrophages to a M2, anti-
inflammatory phenotype. This became evident as depletion of the CD14+ popula-
tion in MLR with allogenic UCB-MSC resulted in increased lymphocyte
proliferation [124]. UCB-MSC have also been shown to reduce DC function and
inhibit PBMC proliferation through both cell-contact and soluble factors [39].
Wharton’s jelly-derived MSC also inhibit T-cell proliferation by similar mecha-
nisms as BM-MSC [42]. However, the immunological properties of Wharton’s jelly
MSC needs to be investigated further to identify more similarities and differences
relative to BM-MSC before using this as a reliable source of MSC.

As of yet, fetal-derived MSC are not recognized as a reliable source of MSC for
cellular therapies. To make fetal MSC more relevant, the secretome of fetal MSC
relative to UCB-MSC or BM-MSC under various conditions needs to be compared.
Furthermore, it would be appropriate to investigate the ability of fetal-derived MSC
to be able to polarize immune cell types into regulatory cell types to ascertain
whether these influences are cell-contact dependent. Because of the ethical con-
cerns surrounding the derivation of fetal-derived MSC, UCB-MSC offers an ‘off the
shelf” alternative. However, more research needs to go into integrating the immuno-
modulatory effects of MSC from early ontogeny in pre-clinical transplantation
models of autoimmune diseases.

Summary and Future Perspectives

Adult BM, umbilical cord and placental derived MSC share potent paracrine mech-
anisms for the formation of a localized immunosuppressive niche. Multiple MSC-
secreted effectors, such as TGF-f, PGE2, IDO and HLA-GS5, have been well
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documented to modulate the functions of mature effector cell types resulting in
generalized reductions in NK cell and T cell-mediated proliferation and cytolytic
activities. Importantly, these MSC-secreted effectors also shift the balance towards
immunoregulatory phenotypes, by promotion of M2 macrophage, Th2 lymphocyte
and regulatory DC production. Collectively, these regulatory immune cell types
actively secrete IL-10 which further dampen inflammatory immune cell function.
Thus, transplantation of immunomodulatory MSC, from term umbilical cord or pla-
cental samples, represent a potent strategy for the development of immunomodula-
tory cell-based therapies.

Although considerable progress has been made to characterize immunomodula-
tory effectors secreted by MSC in vitro, additional research is required to realize the
potential of MSC immunomodulation in clinical trials. First, prospective isolation
using unique cell surface markers or conserved stem cell functions is needed to
identify MSC subtypes with the most potent immunomodulatory effects and to
understand the role of these cells in a putative MSC hierarchy. Second, genomic and
proteomic studies to determine global cytokine secretory patterns by MSC isolated
from adult versus perinatal sources would identify the optimal source of MSC for
immunomodulatory therapies. Third, additional in vivo transplantation studies are
warranted to determine proof-of-concept and to determine whether MSC implanta-
tion can dampen local autoimmune reactivity during autoimmunity. Collectively,
accrual of this knowledge will pave the way for the development of rational clinical
trials to “tip the balance” in favour of tissue regeneration/repair versus immune-
mediated destruction during autoimmunity.
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Chapter 5
Embryonic Stem Cells and Fetal Development
Models

Monika Nowak-Imialek and Heiner Niemann

Introduction

In the laboratory mouse, four different types of pluripotent stem cells have been
successfully established, including embryonic stem cells (ES cells) from the inner
cell mass (ICM) of blastocysts, epiblast stem cells (EpiSCs) from the developing
epiblast, embryonic germ cells from primordial germ cells (EGCs) and embryonic
carcinoma cells (ECCs) from teratocarcinomas [38]. The development of the mam-
malian embryo begins with the formation of the totipotent zygote from which all
embryonic and placental tissues are derived. Following cleavage division and for-
mation of the blastocyst, with the two compartments, the trophectoderm and the
inner cell mass (ICM), cells of the ICM gradually lose totipotency and give rise to
the three embryonic lineages, but are not able to form the placenta, and are called
pluripotent. Pluripotency is lost after implantation in the uterus when the epiblast
epithelializes and is being prepared for gastrulation and organogenesis [8]. The first
population of stem cells that can be identified in the developing fetus at the onset of
gastrulation are the primordial germ cells (PGCs) located in the proximal part of the
epiblast [67]. Thereafter PGCs migrate into the genital ridges to form ovaries or
testis, initiate cell division, meiosis and differentiation (oogenesis or spermatogen-
esis) and ultimately form female or males gametes. PGCs from genital ridges and
spermatogonial stem cells from testis can be converted into pluripotent germ cells
under suitable in vitro conditions. The presence of female germ line stem cells
(FGSCs), also called oogonial stem cells (OSCs), in the adult mammalian ovary
which are able to forming new oocytes and follicles after birth is controversially
discussed in the literature (see [27]).
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Pluripotent stem cells are a unique type of cells because they remain undifferen-
tiated indefinitely under appropriate in vitro culture conditions and can be induced
to form virtually all cell types of the mammalian organism. These properties render
pluripotent cell lines a valuable tool for research in developmental biology and
make them attractive for application in therapies for many currently incurable ill-
nesses and in regenerative medicine [93]. True so-called bona fide pluripotent ES
cells, which can colonize the germ line and produce functional germ cells, have
only been described in the laboratory mouse [23, 61] and rat [14, 59]. Well-
characterized pluripotent cells isolated from early embryos have been established
from monkey and human embryos [106, 107]. However, germ line contribution of
these cell lines could not be proven, mainly due to ethical and legal restrictions.

Prior to clinical application of pluripotent cells or tissue, their survival and func-
tional integration, their long-term genetic stability and the absence of tumorigenic
potential must be assessed in suitable pre-clinical animal models. The domestic pig
is considered as an excellent experimental model in pre-clinical trials of cell therapy
because of its genetic, morphological and physiological similarity with humans [10,
52, 71]. Until now, no true germ line competent pluripotent stem cell lines have
been reported in farm animals. In most cases, pluripotent stem cells derived from
farm animals have failed to maintain or reach the pluripotent state and were there-
fore called “pluripotent stem-like cells” or “putative stem cells” [76]. It is not yet
clear, whether this is due to deficiencies of current in vitro culture conditions, which
do not support proliferation of farm animals derived stem cells and maintenance of
pluripotency, or due to the lack of knowledge about factors regulating stem cells in
other species than human and rodents, or the lack of appropriate markers which can
be used for identification of pluripotent stem cells in pigs [33].

The pathways that regulate cell renewal and pluripotency in stem cells have been
studied in detail in mouse and human [94]. A better understanding of cell signalling
events in porcine pluripotent cells may help to improve in vitro culture conditions
and allow for the establishment and prolonged culture of bona fide pluripotent stem
cells from pigs [34]. Pluripotency is maintained by a dense network of different
transcription factors and is influenced by specific signalling pathways [70].
Considerable differences in cell signalling exist between mouse and human ES
cells. In the mouse, pluripotency is mainly regulated by Janus kinases (JAK)/signal
transducers and activators of transcription (STAT) signalling and WNT and bone
morphogenetic protein (BMT) signalling. In contrast, human transcription regula-
tion of pluripotency critically depends on fibroblast growth factor (FGF) and trans-
forming growth factor (TGF)-b/ACTIVIN/NODAL signalling [34, 70]. In the pig,
pluripotent pathways are not well defined, but it has been shown that FGF and
ACTIVIN/NODAL signalling rather than LIF/JAK/STAT3 are important in regulat-
ing pluripotency in the porcine inner cell mass or epiblast [2, 35]. Despite numerous
attempts, stable proliferating porcine ESC lines with all pluripotent characteristics,
including germ line competence have not yet been established. In vitro culture pro-
tocols optimized for mouse and human ESCs did not support proliferation or main-
tenance of pluripotency of cultured porcine cells [11, 76]. Reliable markers for
identification of pluripotent stem cells in pig are not yet available. We have recently
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Fig. 5.1 Potential sources for pluripotent stem cells in the pig. Porcine pluripotent stem cells can
be established from the inner cell mass of blastocysts (ESCs) or developing epiblast (EpiSCs).
During fetal development pluripotent embryonic germ cells (EGCs) can be derived in vitro from
primordial germ cells (PGCs) of genital ridges. In addition several groups have derived pluripotent
stem cell-like cells from gonads, including germ line pluripotent stem cells (gPSCs) from in vitro
cultured spermatogonial stem cells (SSCs) from testes or female germ line stem cells from ovary
(FGSCs)

established an Oct4-EGFP transgenic pig model to facilitate identification and moni-
toring of porcine pluripotent cells in vivo and in vitro. This chapter focuses on the
recent progress in the derivation of porcine pluripotent cells from embryonic and fetal
tissue (Fig. 5.1) and summarizes the production and validation of Oct4-EGFP trans-
genic pigs that were used as model for study of porcine pluripotent cells (Fig. 5.2).

Porcine Embryonic and Epiblast Stem Cells

More than 20 years ago, first attempts to isolate porcine embryonic stem cells from
in vivo embryos [24, 72, 73, 91], in vitro produced blastocysts or embryos after
parthenogenetic activation (see [9, 11, 12, 33, 46, 105, 110]) have been reported. It
has been shown that porcine ES-like cells grow either as flatted, polygonal epithelial-
like [16, 66, 89], or as fibroblast or trophoblast-like cells [101]. Multiple cell lines
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Fig. 5.2 The Oct4-EGFP transgenic pig model for monitoring of OCT4 expressing cells in pig.
The murine Oct4-EGFP (GOF-18/EGFP, OG2) construct containing the genomic clone of the
entire Oct4 promoter (9 kb) fused to the EGFP cDNA and approximately 9 kb of the Oct4 exon/
intron region has been used for the generation of Oct4-EGFP transgenic pigs. Stable transfected
porcine fetal fibroblasts with the OG2 construct were used as donor cells for somatic cell nuclear
transfer. Reconstructed embryos were transferred to recipients sows which delivered Oct4-EGFP
transgenic pigs. Expression of the EGFP reporter was confined to the inner cell mass (ICM) and
trophectoderm of blastocyst, in genital ridges isolated from OG2 fetuses and in testicular cells
from testes of adult OG2 boars

have been isolated and were maintained over extended periods of time in vitro [90],
formed embryoid bodies and expressed alkaline phosphatase (AP), the first basic
marker for identification of stem cells [2, 16, 58, 103]. However, isolated stem cell-
like lines were poorly characterized mainly at early passages based on morphology
and expression of a small number of pluripotent stem cell markers, including OCT4,
NANOG, SOX2 or SSEA-1 [2, 6, 109, 112, 113, 117]. ES-like colonies could be
established from ICMs isolated from somatic cell nuclear transfer (SCNT) derived
blastocysts [47, 48]. These cells showed typical ES-like cells morphology with
compact shape and distinct borders. Most of colonies grow for 2-5 passages and
then differentiated or degenerated; two cell lines could be established. These lines
expressed OCT4 and surface marker proteins (SSEA-1, SSEA-4, TRA-1-60 and
TRA-1-81), formed embryoid bodies in vitro, but failed to generate teratomas.
Unfortunately, most of the established porcine cell lines had only a limited
capacity to differentiate in vitro into derivatives of the three germ layers [2, 6, 112,
113]. The established putative porcine stem cell lines did not meet essential criteria
of pluripotency, including teratoma and chimera formation with germ line
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contribution. Only few groups have characterized their cell lines by in vivo differen-
tiation assay. In one case, injection of ES-like cells into nude mice resulted in tera-
tomas [39]. Three studies demonstrated production of chimeric pigs after injection
of putative porcine ES cells into blastocysts [16, 112, 115]. Contribution to the three
germ layers was minor only and could be determined by sensitive PCR analysis or
by coat spotting, whereas germ line chimerism could not be demonstrated.

Another source for isolation of pluripotent stem cells from embryos is the epi-
blast. There is one report on the isolation of cell lines from porcine epiblast (EpiSCs)
[2]. These cell lines expressed the core pluripotency factors OCT4, NANOG, SOX2,
and NODAL. Similar to mouse EpiSC and human ESC, cultured porcine epiblast-
like cells critically depend on ACTIVIN/NODAL signalling for self-renewal [70].
But teratomas and chimera formation were not reported.

Similar methods as those employed in the mouse and human have been used in
most studies on the derivation and in vitro culture of porcine pluripotent stem cell
lines from porcine embryos. However, these were not compatible with extended
proliferation or true pluripotency. One likely explanation could be differences in
preimplantation development and formation of the placenta which is non-invasive
eptheliochorial in the pig versus invasive hemochorial in human and mouse [36, 49].
The porcine inner cell mass (ICM) is formed on day 4-5 after fertilization in the
blastocyst. The formation of porcine epiblast starts later and takes longer than in
mouse and humans, the epiblast appears after 67 days and is visible until day 12
post fertilization of porcine development [35]. Porcine implantation starts on day 14
(d14) of development compared to d5 and d8 in mice and humans, respectively [33].
Even 24 years after the first report on the derivation of porcine ES-like cells, porcine
ES cells which meet all criteria for pluripotency, including chimera formation with
germ line contribution have not been reported.

Porcine Embryonic Germ Cells (pEGCs)

Embryonic germ cells derived from cultured PGCs could be an alternative source of
pluripotent cells since pluripotent ES cells are not available in pigs. PGCs are unip-
otent progenitors which ultimately form sperm or eggs, and can first be identified
during gastrulation [62]. They form clusters of 50—100 cells at the base of the allan-
tois [65] and subsequently migrate into the forming genital ridges of early fetuses
[3, 40] where they proliferate and start to differentiate according to embryonic sex.
PGC:s isolated from genital ridges are not pluripotent, and do not contribute to chi-
meras following blastocyst injection [100]. However, when mouse PGCs were cul-
tured in vitro in the presence of growth factors and cytokines, including LIF
(Leukemia Inhibitor Factor), SCF (Stem Cell Factor) and bFGF (basic Fibroblast
Growth Factor) they were epigenetically reprogrammed to pluripotent cells and
called embryonic germ cells (EGCs) [63]. These cells share several important char-
acteristics with ESCs, such as self-renewal, morphology, high activity of alkaline
phosphatase, expression of pluripotency genes and surface antigens and the potency
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to form teratomas and to contribute to the germ line in chimeras after injection into
host blastocysts [50, 63, 100].

More recently, mouse EGCs could be established with high efficiency using the
two-inhibitor (2i) culture system (inhibitors for autocrine mitogen-activated protein
kinase (MAPK) signalling and glycogen synthase kinase) and supplementation with
LIF. These EGC lines contribute extensively to healthy chimeric mice, including the
germ line [57]. It has been shown that stage of embryonic development is a critical
factor for successful derivation of murine EGC lines. Mouse EGC lines have been
successfully established from d8.5-13.5 embryos [22, 63, 98].

In the pig, EGCs have been derived from fetuses between days 20 and 28 of
pregnancy [17, 86, 92, 97]. Derivation of EGCs from later stages (d30) has been
unsuccessful [17]. On day 30 porcine EGCs colonize the genital ridges and inhibit
cell division. Establishment of new DNA methylation marks in PGCs at later stages
of development may have affected successful derivation of EGCs [17, 87]. The first
attempts towards successful in vitro culture and characterization of porcine EGCs
was performed in medium without any growth factors and the resulting cell lines
resembled mouse EGCs, expressed alkaline phosphatase and differentiated in vitro
into various cell type [97]. After injection of these PGCs into blastocysts one chi-
meric piglet was born, verified by the presence of skin spots, but germ line contribu-
tion could not be detected. This prompted a series of experiments with various
combinations of growth factors and cytokines such as LIF, SCF, and bFGF and
different feeder cells for identification of the best in vitro culture condition for por-
cine EGCs [21, 55, 69, 85, 108]. Porcine EGCs proliferated over 54 passages when
the medium was supplemented with knockout serum replacement (KSR), LIF, SCF
and bFGF [85]. Most porcine EGC lines expressed pluripotent stem cell markers,
including AP, SSEA-1, SSEA-3, SSEA-4, TRA-1-81 and OCT4 [17, 20, 69, 85].
Some of these lines formed embryoid body-like structures and differentiated into
three germ layers in vitro [17, 86, 108]. Few groups tested pluripotency of porcine
EGCs in chimera experiments [92, 96, 97], but no germ line contribution has been
detected. In one case, injected EGCs were found with very low efficiency (14 %) in
fetal gonadal tissue by sensitive PCR and blotting techniques [69].

The potential of EGCs for the production of transgenic pigs has been demon-
strated [1, 92, 95]. Porcine EGCs were stably transfected with an EGFP construct
[1, 92, 95] and integrated into the inner cell mass of host blastocysts after injection
[95] or gave rise to blastocysts expressing GFP after use as donor cells in SCNT [1].
Transgenic EGC-like cells expressing GFP contributed to the germ layers in chime-
ric fetuses and stillborn piglets. Moreover, somatic, but not germ line chimerism,
has been reported from blastocyst injection using porcine EGCs [92]. Published
evidence indicates that porcine EGCs with true pluripotent characteristics, which
are equivalent to mouse ESCs, have not yet been established.



5 Embryonic Stem Cells and Fetal Development Models 87
Germ Line Stem Cells from Adult Pigs

The genital ridge is the somatic precursor of both the ovaries and the testes. In the
genital ridges PGCs proliferate and start differentiation according to the sex of the
embryos. PGCs have the potential to develop either as meiotic oocytes surrounded
by a single layer of somatic cells, all together forming the primordial follicle, or as
pro-spermatogonia enclosed from precursors of Sertoli and peritubular myoid cells
(pre-seminiferous tubules) [64]. In the adult male testis, a population of spermato-
gonial stem cells (SSCs) possesses the ability of self-renewal and to produce pro-
genitor cells, which differentiate into mature spermatozoa [13]. SSCs isolated from
fetal and adult mouse testis can be propagated in vitro for prolonged period of time
[45]. Similarly to PGCs, unipotent mouse SSCs have been converted under specific
in vitro culture conditions into pluripotent cells called germ line derived pluripotent
stem (gPS) cells [51].

It has long been postulated that ovaries do not have the capability to replenish the
fixed pool of oocytes during adult life, which in turn results in progressive loss of
follicles [81]. This long-held concept was challenged and a population of rare
female germ line or oogonial stem cells (FGSCs) with germ cell morphology, self-
renewal capacity similar to the SSCs in the testes and development to mature
oocytes under in vitro culture was identified [42, 116]. However, the presence of
FGSC:s is still controversially discussed (see [27]).

The recent progress in SSCs and FGSCs isolation, characterization, in vitro cul-
ture and manipulation in rodents prompted scientists to optimize these procedures
in farm animals. Isolation and long-term culture of germ line stem cells from testis
and/or ovaries of farm animals would offer a new source of stem cells, which could
be used as substitute for the lacking germ line competent pluripotent ES cells. The
recent progress in isolation, characterization, and in vitro culture of porcine SSCs
and FGSCs is provided below.

Porcine Testis-Derived Germ Stem Cells

Information about in vitro culture conditions that support maintenance and prolif-
eration of porcine gonocytes or spermatogonial stem cells (SSCs) is scarce. SSCs
arise from gonocytes in the juvenile testis, which originate from PGCs from genital
ridges appearing during fetal development. Gonocytes represent a very rare popula-
tion within the testicular cells and comprise ~1 % of the neonatal testicular cells in
the newborn rat [111]. During the first week after birth gonocytes resume prolifera-
tion and migrate to the basement membrane of the seminiferous tubules and differ-
entiate into SSCs (reviewed by [68]). The timing of the transition of gonocytes into
SSCs is difficult to assess and starts approximately at the age of 2 months in pigs
[30]. Gonocytes isolated from mouse testis proliferated over 5 months in the in vitro
culture in the presence of cytokines and growth factors, including LIF, GDNF (Glial
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cell line-Derived Neurotrophic Factor), EGF (Epidermal Growth Factor), and bFGF
on mitomycin C inactivated mouse embryonic feeder cells [45]. Porcine gonocytes
have been successfully isolated from neonatal testis and could be maintained in
vitro without growth factors for a maximum of 1 week [29, 30]. Primary porcine
gonocyte cultures expressed pluripotency markers such as SSEA-1, NANOG,
OCT4 and specific germ cell markers such as DBA (Dolichos Biflorus Agglutinin),
KIT (know as c-KIT) and ZBTB16 (Zinc finger and BTB domain-containing pro-
tein 16). Interestingly, freshly isolated gonocytes either did not or only weakly
expressed pluripotency determining transcription factors [29]. Gonocytes from pri-
mary cultures formed teratomas containing tissue from the three germ layers after
subcutaneous injection in nude mice. In another study, in vitro culture of porcine
gonocytes in culture medium supplemented with EGF and bFGF resulted in two cell
lines resembling mouse SSCs which could be maintained for nine passages [54].
Porcine gonocytes could be successfully cultured in vitro using culture medium
supplemented with 1 % of fetal bovine serum (FBS), EGF and bFGF [125].

Recent studies in mouse suggested that pluripotency persists in spermatogonial
stem cells, which constitutes the founder cell population for spermatogenesis in the
adult testis [43]. Protocols for efficient isolation and prolonged in vitro culture of
SSCs have been described in rodents [43, 44, 119]. Likewise, SSCs are an extremely
rare population in the testis and only 0.02-0.03 % of the total mouse testicular cells
have stem cells activity [104]. Interestingly, mouse SSCs from both juvenile and
adult testis can be converted in vitro into pluripotent stem cells called germ line
pluripotent stem cells (gPS cells) [51]. Pluripotency of mouse gPS cells was con-
firmed by both, in vitro and in vivo differentiation, germ line contribution in chime-
ras and germ line transmission to the next generation [51].

Little is known about the in vitro culture conditions that support long term main-
tenance and proliferation of porcine SSCs. Survival of porcine SSCs in vitro was
enhanced in medium supplemented with SCF and GM-CSF (Granulocyte
Macrophage-Colony Stimulating Factor), but stem cell characteristics of porcine
SSCs were not reported [19]. Another hurdle towards establishing SSCs cultures is
the lack of informative porcine markers. PGP 9.5 (Protein Gene Product 9.5) and
DBA seem to be reliable markers and were consistently expressed in porcine gono-
cytes/SSCs [30, 60]. However, in vitro culture conditions for porcine gonocytes or
SSCs are largely elusive; medium supplemented with growth factors successfully
used for rodents did not support porcine SSCs proliferation. To convert porcine
SSCs into pluripotent germ line derived stem cells, it is necessary to maintain por-
cine gonocytes/SSCs for long-term in in vitro culture.

Porcine Ovary-Derived Germ Stem Cells

The dogma that the ovaries contain at birth a fixed number of mitotically active
oocytes and there are no female germ line stem cells was published more then 60
years ago [129] and had not been challenged for many decades. Only recently, the
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availability of female germ line (or oogonial) stem cells (FGSCs) in the adult ovary
has emerged as a controversial issue in the field of reproductive science (reviewed
by [18]). Experimental evidence for the presence of putative FGSCs in adult ovaries
was shown in mouse [42, 80, 116, 128], human [4, 116], rats [126] and monkey
[118]. Human oogonial stem cells was expanded in vitro for several months and
spontaneously formed oocytes in vitro, which had the capacity to become fertilized
[116]. Freshly isolated mouse and human FGSCs expressed high levels of genes
specific for early germ cells (Blimpl, Dppa3, Iftitm3), and the catalytic subunit of
telomerase (Tert) [116].

However, the results are not yet conclusive, because the existence of extra-
ovarian FGSCs in the adult mouse originating from peripheral blood cells or from
ovarian surface epithelium (OSE) cannot be ruled out [41, 56, 82, 114]. This war-
rants further study into the origin and features of the putative FGSCs. Putative por-
cine FGSCs were located in the Theca layers and were positive for markers specific
for pluripotent and germ line cells (OCT4, SSEA-4, SSEA-3, ¢-KIT, c-MYC, KLF4,
SOX2, NANOS2, CD49f and VASA) [5]. Moreover, they maintained similar char-
acteristics as mouse FGSCs and ESCs over a 4-months in vitro culture period.
Porcine FGSCs differentiated in vitro into many different cell types, including
adipocyte-like cells, cardiac or neuronal cells, but no oocytes were observed.
Putative porcine PGCs-like cells isolated from ovarian surface epithelium of adult
pig ovaries were generated in vitro from Vasa-positive VSEL stem cells. Porcine
PGCs-like cells expressed germ and stem cell markers like Fragilis, THY-1, SSEA-4
and c-KIT after 1 week of in vitro culture. Surprisingly, after 4 weeks of culture
these cells started also to express ESCs markers, like NANOG, SOX2, REX1,
¢-MYC and KLF4, suggesting dedifferentiation of the cells [15]. Most likely, the
establishment and maintenance of FGSCs cultures require co-culture with somatic
cells from the ovaries. Porcine PGC-like cells could be maintained in vitro for 6
months without loss of proliferation potential. About 0.1 % of porcine PGC-like
cells cultured in vitro under differentiation conditions formed oocyte-cumulus com-
plex (OCC)-like structures [15]. However, the origin, regulation of proliferation
and in vitro differentiation of porcine FGSCs remains to be unequivocally
demonstrated.

Transgenic Pig Models for Tracing of Stem Cells
during Embryonic and Fetal Development

Information on the characteristics, maintenance and self-renewal of porcine plu-
ripotent stem cells is limited which hampers the ability to develop pig models for
pre-clinical testing of novel cell therapies. Knowledge on stem cell self-renewal and
development is largely based on studies performed in rodents. However, mouse
models frequently do not mimic the human situation well enough. The use of fluo-
rescent proteins driven by stem or germ cell specific promoters for the production of
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transgenic animals could provide an important tool for labelling mammalian stem
cells in culture or in vivo in whole organisms [31, 32]. The main advantage of fluo-
rescent reporters is the non-invasive live imaging for localization and monitoring
stem cells and their isolation using fluorescence activated cell sorter (FACS) tech-
niques without additional staining. Transgenic mice expressing fluorescent protein
driven by stem cell specific promoters have been widely used to monitoring stem or
germ cell behaviour ([28, 77, 78, 83, 120, 122]; reviewed by [37, 102]). The Stella-
GFP transgene with fluorescence restricted exclusively to the germ line has been
useful to visualizing mouse PGCs in vivo and at derivation of PGCs from ES cells
[83]. Neurogenin 3-GFP transgenic mice have been used in the study of germ cells
in adult mouse testes [122]. The GFP positive cells were localized near the base-
ment membrane and represented undifferentiated spermatogonial stem cells.
Transgenic mice expressing GFP driven by the Oct4 promoter (Oct4-EGFP mice)
have emerged as extremely valuable model for in vivo imaging of either pluripotent
stem cells in preimplantation embryos, or germ cells during migration and coloniza-
tion of genital ridges or cells with stem cell properties in ovaries and testes [25, 79,
120, 123, 124].

The Oct4 gene is a member of the POU (Pit-Oct-Unc) family of transcription
factors that is crucial for transcription regulation during preimplantation develop-
ment and is involved in controlling self-renewal and maintenance of pluripotency
[7]. In the mouse, the Oct4-EGFP transgene mimics exactly the expression profile
of the endogenous Oct4 gene [123]. Recently, Oct4-EGFP rabbits have also been
produced and characterized [121]. The Oct4-EGFP transgenic pigs are the only
available large animal model for monitoring pluripotency [74]. Oct4-EGFP trans-
genic pigs were successfully produced by using the murine 18 kb genomic sequence
of the mouse Oct4 gene fused to the enhanced green fluorescent (EGFP) cDNA
(GOF-18/EGFP) [74]. These Oct4-EGFP transgenic pigs are equivalent to the long
established Oct4-EGFP mouse model. Expression of the EGFP reporter was found
in ICM and trophectoderm in blastocysts produced by somatic cell nuclear transfer
with Oct4-EGFP transgenic porcine fibroblasts or collected 5 days after mating of a
wild-type sow to an Oct4-EGFP transgenic boar (Fig. 5.3). During fetal develop-
ment expression of the Oct4-EGFP transgene was restricted to germ cells isolated
from genital ridges of 25 days old porcine fetuses (Fig. 5.3; [74]). In adult pigs the
transgene was expressed in testicular cells, but not in mature spermatozoa. This is
consistent with findings in male Oct4-EGFP transgenic mice, where Oct4 expres-
sion is found in post-proliferative pro-spermatogonia after birth and after onset of
spermatogenesis is maintained in undifferentiated A spermatogonial stem cells
(SSCs), before it is down-regulated during germ cell differentiation [84].

Purification of EGFP positive cells is necessary for identifying and characteriz-
ing OCT4 expressing cells in porcine testis. Pig testes are composed of the germ
cells, incl. spermatogonial stem cells, the meiotic spermatocytes, spermatids and the
somatic cell compartment with the Sertoli and Leydig cells, both playing a major
role for functional spermatogenesis. Information on porcine SSCs is scarce; their
morphology, specific markers and in vitro culture conditions are largely unknown.
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Fig. 5.3 Reactivation of the Oct4-EGFP (OG2) transgene in pig. EGFP expression has been found
in porcine cloned blastocysts in vitro from day 5 or 6 (a) and in in vivo blastocysts day 6 (b).
Thereafter, in genital ridges isolated from Oct4-EGFP transgenic fetuses at day 25 (c) and in tes-
ticular cells from adult boars (d). Bright-field image (left) and corresponding EGFP fluorescence
image (right)

The Oct4-EGFP transgenic pig model has proven useful for identification,
visualization and isolation of EGFP expressing cells in our laboratory (Nowak-
Imialek, unpublished data). To define the origin of EGFP expressing cells, we iso-
lated these cells from adult transgenic testis using fluorescence-activated cell sorting
(FACS)-based techniques. Gene expression analysis of isolated EGFP positive cells
demonstrated the presence of genes specific for undifferentiated (OCT4, UTFI,
FGFR3, PGP 9.5, THY-1, SALL4 and GFRal) but also for differentiated (BOLL
and PRM2) germ cells. Markers specific for Sertoli cells (VIMENTIN) and Leydig
cells (LHCGR) were not observed. To verify the localization of EGFP positive cells
in seminiferous tubules, we performed immunohistochemical detection of EGFP in
adult pig testis. Unlike the Oct4-EGFP reporter mouse model, GFP protein was not
found in spermatogonia attached to the basement membrane of seminiferous
tubules, but instead were found in differentiated germ cells, including spermato-
cytes and spermatids. These results show that Oct4-EGFP expression in testis dif-
fers between mouse and porcine Oct4-EGFP transgenic models (Nowak-Imialek,
unpublished data).

A promising application of the Oct4-EGFP transgenic pigs or cells thereof will
be in reprogramming studies, where the EGFP expression can readily identify plu-
ripotent cells. Somatic cells from the Oct4-EGFP transgenic pigs were subjected to
different reprogramming protocols to test their usefulness for monitoring the epi-
genetic reprogramming process [53, 74]. The usefulness of the transgene for moni-
toring reprogramming was first demonstrated by fusion of porcine Oct4-EGFP
fibroblasts with pluripotent mouse ES cells [74]. The resulting inter-species hybrids
formed aggregated colonies typical for murine ES cells, showed a high proliferation
rate and reactivated the EGFP fluorescence after 3 days. However, mouse-pig
hybrids were unstable and lost EGFP fluorescence during in vitro culture. Probably
incompatibilities between mouse and porcine genome after cell fusion caused a loss
of porcine chromosomes [75].
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Porcine Oct4-EGFP fibroblasts were also reprogrammed employing viral trans-
duction or by using the non-viral Sleeping Beauty transposon system to deliver the
reprogramming factors Oct4, Sox2, KlIf4, and cMyc [53, 74]. Successful repro-
gramming to the pluripotent state was indicated by changes in cell morphology and
reactivation of the Oct4-EGFP reporter. The transposon-reprogrammed induced
pluripotent stem (iPS) cells showed long-term proliferation in vitro over 40 pas-
sages, expressed embryonic stem cells related transcription factors, including
OCT4, NANOG, SOX2, REX1, ESRRB, DPPAS5, and UTF1 and surface markers of
pluripotency, including SSEA-1 and TRA-1-60. In vitro differentiation resulted in
derivatives of the three germ layers and after injection of putative iPS cells under the
skin of immunodeficient mice teratomas were observed [53]. However, the variable
morphology of porcine iPS cells at later passages and the low number of Oct4-
EGFP positive cells indicated that maintenance of pluripotency in reprogrammed
porcine cells was not consistently achieved under our in vitro culture conditions.

These data show that the availability of Oct4-EGFP transgenic pigs provides a
useful monitoring system for studying factors which are critical for the maintenance
of pluripotency and should thus facilitate establishing a culture system that is com-
patible with long-term proliferation of porcine pluripotent cells.

Another germ cell specific transgenic reporter is the Stimulated Retinoic Acid 8
(STRAS), which is expressed in mouse gonocytes and premeiotic spermatocytes
[99, 127]. Stra8-EYFP pigs showed a stronger signal in premeiotic cells and early
spermatocytes than in other cell types. These transgenic pigs may also be useful for
germ cell transplantation and studies of in vitro spermatogenesis [99]. However,
Stra8 marks also a differentiated cell population in mouse testes, which is in contrast
to the Oct4 gene that is exclusively expressed in spermatogonial stem cells [26].

Conclusions and Perspectives

Germ line competent pluripotent stem cell lines were successfully established from
laboratory mouse and rat. Although the laboratory mouse is an excellent model for
basic research, its short life span, small size and high inbreeding limits application
for novel cellular therapies of regenerative medicine. The domesticated pig is an
attractive large animal model for pre-clinical testing of safety and efficiency of stem
cell-based therapies [53]. However, porcine pluripotent stem cell-like characteris-
tics are only partially similar to those of true pluripotent stem cells and they could
not be maintained for extended periods of time in vitro. Recently, significant
advances have been made in the reprogramming of porcine somatic cells into
induced pluripotent stem cells (iPSCs). However, so far porcine iPSCs and ESCs
failed to meet the full set of criteria for pluripotency [76, 88]. A major challenge is
to determine optimal in vitro culture conditions, which are different from those
commonly used for pluripotent cells from rodents and human. The limited informa-
tion on key signalling pathways and growth factors involved in regulation of self-
renewal and pluripotency in porcine stem cells prevents identification of cell culture
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conditions supporting long-term proliferation of these cells. The Oct4-EGFP trans-
genic pigs that were generated in our laboratory facilitate the derivation of germ line
competent pluripotent stem cells from domesticated pigs. These pigs provide a
unique tool for analysing the origin and properties of OCT4 expressing cells in vivo,
but also for establishing effective in vitro culture systems for pluripotent cells.
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Chapter 6
Fetal Cell Reprogramming
and Transformation

Jeong Mook Lim and Ji Yeon Ahn

Introduction

The Importance and Necessity of Fetal Cell Reprogramming

Most organisms consist of tissues that originate from either ectodermal (epiblastic)
or endodermal (hypoblastic) germ cell layers. These two layers subsequently interact
with each other to form the mesoblast, a middle germinal layer of undifferentiated
cells in the embryo that develops into the mesoderm. Ectodermal, endodermal and
mesodermal cells then begin to differentiate into various cell types where the micro-
environment to which these trigeminal cells are exposed, plays a pivotal role in deter-
mining cell differentiation pathways. Changes in epigenetic status occur in progenitor
cells and subsequently lead to cell transformation and differentiation. Embryonic
cells have the plasticity that allows for cell reprogramming and differentiation, regu-
lated by epigenetic changes. In addition, they neither begin to yield their own cell
lineage nor transform into the cells of different lineages without environmental stim-
ulation. Therefore, specific signals and/or suitable microenvironments serve as
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prerequisite factors for cell reprogramming and differentiation. Understanding the
microenvironment-driving specific signal transduction pathways may provide the
tools needed for manipulating the epigenetic reprogramming and morphological
transformation in vitro or in vivo. However, the signals also interact with each other
in various ways or make clusters for ending action, emphasizing the complexity of
reprogramming mechanisms.

It is generally accepted that fully differentiated cells lose their plasticity under
normal physiological state. However, non-physiologic stimulants provoke the
transformation of terminally differentiated cells, which yield abnormal or dysfunc-
tional cells. Recent data further demonstrate such environmental stress can make
terminally differentiated cells to be reprogrammed, which can lead to normal regen-
eration. In some cases, un-harmonized or incomplete reprogramming may induce
genetic alterations that could lead to a pathological status. Factors that induce epi-
genetic reprogramming and phenotypic transformation are important for regulating
cell differentiation and organogenesis.

Methods to Induce Cell Reprogramming

Originating from the same genetic makeup, different cell types express specific
genes responsible for different functions. In addition, the somatic cells of various
phenotypes have the capacity to de-differentiate into the stem cell lines of the same
genetic and cellular background. While several methods have been used to induce
cellular reprogramming, these methods can be classified into two categories: direct
genetic modification and de novo reprogramming by environmental regulation.

Direct Genetic Modification
Ectopic Gene Delivery

In 2006, Yamanaka’s team established colony-forming cells from skin fibroblasts
by introducing the genes Oct4, Sox2, Klf4 and c-Myc, using retroviral vectors.
These cells were termed induced pluripotent stem cells (iPSCs) due to their shared
similarities with embryonic stem cells in terms of cellular characteristics and vigor-
ous proliferation profile [1]. Viral vectors can be readily used for ectopic gene
delivery to generate iPSC lines. For instance, Moloney murine leukemia virus
(MMLV) vector can be used for reprogramming fibroblasts. The MMLYV retroviral
vector provides the space required for viral packaging signal, transcription and pro-
cessing factors. However, the target cells become exposed to a carcinogenic envi-
ronment, which may lead to oncogenic activity. Also, if the viral transgenes are not
eliminated after the completion of delivery, they can randomly reactivate and induce
heterogeneous diversity [2, 3].
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Several studies have shown an increase in the efficacy of the established iPSC
methods and a concomitant reduction of the risk of genetic disturbances. For exam-
ple, lentiviral vector systems originating from HIV have been developed for this
purpose. Unlike MMLV vector, these vectors can convey transgenes to both divid-
ing and non-dividing cells, resulting in higher reprogramming efficiency. As this
lentiviral vector cannot be silenced in target cells after gene delivery, it may act as
a stronger carcinogen than retroviral vectors. These issues have led to the develop-
ment of more efficient tools for gene delivery, as listed below [4].
Integrin-defective viral vector. This vector system is a powerful tool for generating
integrated-free, cell transformation. Two integrin-defective viral delivery systems,
adenoviral and Sendai viral vectors, have been developed for the purpose of gener-
ating iPS cells. This vector system does not yield any risk of having transgenes in
the generated reprogrammed cells. Since these vectors are defective, lower genomic
integration with high efficiency is one of the advantages of this method. However,
this technique needs repeated infection for certain cell types and it shows slow
kinetics of reprogramming [5, 6].

Piggyback (PB) transposon. This technique enhances stable integration of non-viral
constructs. The components of PB transposon are transposon-containing, donor
plasmid, which also contains co-transfected helper plasmid expressing transposase
for the transfer of genes. It is usually active in pluripotent stem cells of several spe-
cies, including mouse and human, and it has a potential of higher genomic integra-
tion efficiency than the random integration obtained from plasmids. A significant
advantage of Piggyback system is its ability to erase transgenes even though
genomic integration is required in the protocol. Transgenes can be deleted precisely
by transposase without modifying the sequence of the integrated site. Integration-
free, cell reprogramming can be achieved by the Piggyback system [7].

Transient episomal delivery. This method is based on direct delivery of non-
replicating [8, 9] or replicated episomal vector [10], which can be used in order to
avoid weakening of integration-defective virus. The acquisition of pluripotency in
terminally differentiated, somatic cells was difficult by the overexpression of the
four genes reported originally and further efforts were made to overexpress an addi-
tional 2-3 genes by episomal delivery. Nevertheless, the efficiency was not improved
due to a number of reasons particularly, an intrinsic factor of the vector itself that
incurs a rapid silencing of transgenes due to quick and extensive methylation of the
vector sequence [11].

Transfection of plasmids/mini-circle DNAs. This method is accomplished by the
non-viral integration of plasmids/mini-circle DNAs that include the required genes to
reprogram target cells [12, 13]. This method allows for the manipulation of much
larger DNA fragments so that it is possible to clone the cDNA enclosing up to five
reprogramming genes. The technique is quite simple, but it requires multiple rounds
of transfections, which is labor-intensive. Low efficiency in genomic integration leads
to lower risk of transgene reactivation, compared with viral vector systems. Inevitably,
utilizing this system in reprogramming cells to iPSCs leads to lower efficiency.
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RNA Delivery

There are two types of RNA delivery: mRNA [14] and miRNA [15]. Direct delivery
of synthetic mRNA comes with a big advantage for cell reprogramming where plas-
mid or viral vectors can be avoided completely. In this system, synthetic RNAs
encode reprogramming genes, making it possible to accomplish cell reprogram-
ming. Utilization of this method of delivery requires modified RNAs that are tran-
scribed in vitro for leaving from the endogenous system of target cells and by this
deletion, much higher efficiency than any of non-integrative techniques can be
achieved. However, the risk of oncogene activation is high with the utilization of
this system, because high dosages of genes are needed for direct mRNA delivery.
The technique of using miRNA has been exploited recently, but the effectiveness of
this protocol is still controversial.

Protein-Based Reprogramming

This method was suggested following the first report on the success of somatic cell
reprogramming by cell extracts [16—18], which encouraged researchers to look for
key proteins that can be used in cell reprogramming. Several groups successfully
generated iPSCs by repeated exposure of fibroblasts to the recombinant proteins
[17, 19]. Defined stoichiometry and the optimal concentration of transcription fac-
tors can lead to reprogramming target cells by using designed proteins. This method
also has an advantage in avoiding genetic manipulation of target cells by utilizing
non-integrated materials. However, the protein-based method has been shown to be
inefficient due to the requirement of large amount of purified recombinant proteins
and less reproducibility. Recent reports show that iPS cell derivation can be easily
induced by the use of cell penetrating protein (CPP) [20-22].

Exposure to Small Molecules

This simple and efficient method does not require genomic integration. Instead, it
utilizes small molecules or chemicals [23]. Furthermore, the small molecules or
chemicals employed in this method interfere specifically with the regular function of
the intermediates in signal and metabolic pathways and accelerate reprogramming
procedures. It can reduce the risk of any mutative side-effects. However, to utilize this
technique for cell reprogramming, sufficient information about the exact pathways
involved in reprogramming from differentiated cells to pluripotent cells is needed.

De Novo Reprogramming by Environmental Regulation
There are several techniques to induce somatic cell reprogramming into iPSCs

without direct genetic manipulation through using cellular niche and acellular
microenvironments.
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Somatic Cell Nuclear Transfer (SCNT)

SCNT involves transferring the nucleus of a somatic cell into enucleated oocytes
for reprogramming. The transferred nucleus is immediately reprogrammed under
the exposure of mature ooplasm and assumes the role of the nucleus to the fertilized
oocyte. However, the ooplasmic factors that induce such reprogramming of the
somatic nucleus remain elusive [24]. Reconstructed embryos following SCNT then
begin to develop by the reprogramming into more advanced stage of development
than the zygote stage. Derivation of stem cells from this reconstructed oocyte make
it possible to establish immune-specific ESCs for the reprogrammed cells [25-27].
Such immune-specific ESC line is more clinical than the ESCs derived from natural
fertilization, because it acquires immune-specificity without direct genetic manipu-
lation. However, SCNT opens the risk of individual cloning of humans, raising
significant ethical issues. A significant decrease in developmental competence of
reconstructed oocytes with increasing genetic abnormally is another problem with
using this method [28, 29].

Somatic-Stem Cell Fusion

The fusion of somatic cells and stem cells is used as a technique to reprogram the
fused somatic cells into pluripotent cells [30]. Embryonic carcinoma cells (ECCs),
embryonic germ cells (EGCs) and ESCs are all good sources for fusion-based
reprogramming technology. However, it is not clear if the pluripotency acquired by
the fused cells is clinically applicable due to its genetic and cytoplasmic instability
(either tetraploidy or bi-nuclear cytoplasm).

Environmental Cue (Environmental Stress)

Wakayama and his colleague recently reported that pluripotent stem cells can be
generated by inducing transformation in CD45* hematopoietic cell under environ-
mental stress [31]. Although these results were not reproducible by other labs, it is
possible that environmental factors can induce cell reprogramming and transforma-
tion. The transformation of normal cells into cancer cells after long-term exposure of
specific carcinogens is an example and various inducers for cell transformation have
been elucidated. However, it is not clear whether such induction can be used for
acquiring cell plasticity like fetal cells because the reprogramming procedure can
increase the potential risk of genetic damage resulting in unexpected mutations.

Cell-to-Cell Interaction
This is a reprogramming technique that utilizes direct cell-to-cell contact without

genetic modification. A Korean group reported that the co-culture of fibroblasts and
ovarian stromal cells can induce cell reprogramming leading to the generation of
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Fig. 6.1 Suggested methods for reprogramming somatic cells. Somatic cell reprogramming can
be induced by different environments or artificial treatments such as the manipulation/culture of
inner cells mass cells of blastocyst, primordial germ cell, Sertoli cell in seminiferous tubule,
somatic cell or embryonic cell nuclear transfer, the regulation of cell niche or overexpression of
reprogramming transcription factors

colony-forming cells, which show similar characteristics to ESCs [32]. However,
this is a technique in its preliminary stages due to the observed aberrant genotype
and cellular phenotype. Another issue with this technique is the interaction of a
mixed cell population, which significantly reduces reproducibility and confers a
difficulty in establishing a standard operation protocol (Fig. 6.1).

Reprogramming Methods for Fetal Cells

Most cells retrieved at the periods of early embryogenesis serve as the progenitors
of terminally differentiated somatic cells, consisting of various tissues and under a
specific cellular or acellular environment, progenitor cells begin to differentiate into
the cells of lower lineages. It is widely accepted that undifferentiated and differen-
tiating fetal cells have a better cell plasticity than terminally-differentiated adult
cells due to the early embryonic environment [33-35]. Furthermore, the superior
plasticity of fetal somatic cells over adult somatic cells of the same type has been
recently confirmed [36]. For example, fetal hepatocytes can be reprogrammed into
iPSCs at a frequency 50-fold higher than adult hepatocytes. Adult hepatocytes have
been reprogrammed into iPSCs with six genes, whereas fetal hepatocytes only need
three (OCT4, SOX2, NANOG) or four genes (OCT4, SOX2, NANOG and LIN28



6 Fetal Cell Reprogramming and Transformation 107

or OCT4, SOX2, KLF4 and C-MYC) for reprogramming. Therefore, it can be sug-
gested that the proposed technologies for cell reprogramming can be employed for
fetal somatic cells with better results than those obtained with adult somatic cells.
Probably, methods employed for fetal cells reprogramming are different from those
employed for adult cells reprogramming and care should be taken in selecting the
optimal reprogramming protocol according to the stage of development and the
lineage of the differentiated cells Also, cell type and lineage influence cell plasticity.
For example, the mesenchymal cells derived from mesodermal cells can differenti-
ate into various cell types in response to specific environments, which may have
better cell plasticity than other embryonic cells that are committed to undergo a
single lineage of differentiation. Use of mesenchymal cells classified as embryonic
connective tissue cells is a good choice for securing embryo-derived, plastic cells.

Phenotypical Reprogramming by Cell Transformation

Fetal tissues mainly include progenitor cells before completion of organogenesis. In
adult tissues, there are undifferentiated cells with the potential to differentiate under
specific conditions. Examples include putative germ cells in reproductive tissue and
immature oocytes. Understanding the normal differentiation process of these cells
during organogenesis may help define the conditions required to differentiate these
cells in vitro. Also, understanding physiological or pathological mesenchymal-to-
epithelial transition (MET) or epithelial-to-mesenchymal transition (EMT) may
provide information about the mechanisms involved in organogenesis. Elucidation
on EMT/MET in embryonic and adult tissues contributes to developing the technol-
ogy to control cellular reprogramming of not only stromal and epithelial cells, but
also iPS cells and even ESCs.

Germ Cell and Germ Cell-Derived Stem Cells
Primordial Germ Cell

The germ cells in multicellular eukaryotes serve as progenitors of the male or
female gametes that can differentiate into all somatic cells. They undergo both mei-
osis and mitosis, but sometimes they become inactivated. Primordial germ cell
(PGC) is derived from the epiblast of primitive ectoderm. PGC migrates into the
endodermal yolk sac wall and finally homes into the genital ridge derived from
mesoderm to give rise to the male and female gonad. PGC multiplies by mitotic
divisions during migratory periods, but further incorporates anatomically with the
genital ridge after sex differentiation. Male PGC then becomes differentiated into
the spermatogonia following Y-chromosome activation, while the female differenti-
ates into the oogonia. Thereafter, those cells continue to mitotically proliferate dur-
ing prenatal periods [37—40]. The isolation and selection of PGCs from mixed cell
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population of reproductive tissue is critical. Cell surface markers such as SSEAs
along with sorting instruments such as FACS and MACS are required for such isola-
tions. PGC specification is also dependent on the expression of BMP4 and BMP8b
from the extraembryonic ectoderm [41-43], and other PGC-specific factors are cur-
rently under investigation [44—47].

Embryonic Germ Cell (EGC)

PGC is the founder cells of the germ cell lineage called germline. Both embryonic
cell and germline cell of early stage maintain full developmental potency and
directly relate to somatic differentiation [48—52]. The germ cell-derived PGC is also
the progenitor of teratocarcinoma, and they can establish embryonic germ cell
(EGC) with pluripotent activity in vitro. PGC acquires similar properties to that of
ESCs under a specific environment, which links PGC to EGC transformation
in vitro. However, the underlying mechanism is still unknown. Acquiring self-
renewal activity without spontaneous differentiation is a prerequisite factor for the
establishment of EGC in vitro. Therefore, the PGC/EGC culture medium is spe-
cially designed for stem cell self-renewal and several factors to induce self-renewal
signals are supplemented. Conventional culture systems have been employed for
the stem cell establishment and feeder cells have been used for supporting the pro-
liferation activity of PGCs/EGCs [53, 54].

In vivo tests are essential for cell pluripotency and contribution of putative plu-
ripotent cell to germline chimera development in animal models is considered as a
critical parameter. Cell aggregation [55], blastocyst injection [56-58] and tetraploid
complementation [59] are the main protocols for the validation of germline chime-
rism. ESC and possibly EGCs maintain this capacity in vitro [54, 60, 61]. Thus,
despite their origins, EGC may be indistinguishable from ESC at the molecular
level [49, 62—-64]. A number of studies confirm that ESC can differentiate into PGC
[65], while it is uncertain whether the PGCs can differentiate into all somatic cell
types. Unlike EGC, it is not clear that the PGC contributes to germline chimaera
production following injection into the early embryo, because there may be a differ-
ent state of pluripotency between PGC and pre-implantation epiblast. PGC may
only have a unipotent or a bipotent activity, which only gives rise to male and
female germ cells. However, PGC-to-EGC reprogramming leads to acquired pluri-
potency [64]. As a matter of fact, PGC expresses pluripotent genes and they subse-
quently have a capacity to be reprogrammed into pluripotent stem cells [66].

Spermatogonial Stem Cell (SSC)

Male germ cell sequentially differentiates into gonocyte and spermatogonium. The
spermatogonium matures into spermatozoon via spermatogenesis, through mitotic and
meiotic cell divisions. Transient cells appearing during spermatogenesis consist of
male germline lineages. Spermatogenesis lasts over one’s life in the seminiferous
tubules of the testes, beginning at puberty. In fact, this process consists of
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spermatocytogenesis and spermiogenesis, which undergoes both genetic and pheno-
typic transformations including nuclear condensation, ejection of the cytoplasm and
formation of the acrosome and flagellum [67]. The development of spermatogonia is
classified into multiple stages and the cells of several stages are considered as the SSCs.
In spermatogonia, their incomplete cytokinesis at the specific stages results in forming
the syncytium that connects mother and daughter cells and these cytoplasmic bridges
help supply cellular substances to haploid, daughter cells. The Sertoli cell and the
secretory substances in the seminiferous tubules are the modulator of spermatogenesis.
GDNF stimulates the self-renewal of SSCs [68], while BMP4 shows an antagonistic
function compared with GDNF [69]. GDNF activation upregulates the expression of
several transcription factor-encoding genes such as Bcl6b, Etv5, and Lhx1 [70], while
the non-GDNF-stimulated Plzf and Taf4b regulate the function of SSCs [70]. FGF9
inhibits meiosis by regulating fetal gonocyte and prenatal spermatogonium [71].

The spermatogenesis is the combined process of SSC self-renewal and differentia-
tion. Similar to other adult stem cells, SSCs are rare, representing less than 0.03 % of
the total cell population [72] and it is extremely difficult to define cell characteristics.
The only way to identify SSCs is to monitor their biological capacity to produce or to
maintain spermatogenesis. The role of SSC as pluripotent cells has only been reported
in mice and chicken [73]. In chicken, SSCs isolated in vitro can induce germline
transmission by transplantation into developing embryo [74, 75]. The gonocyte, as
SSC progenitor, is a cell subcategorized into mitotic (M)-prospermatogonium,
T1-prospermatogonium or T2-propsermatogonium [76], which colonizes the base-
ment membrane of the seminiferous tubules. Gonocytes resume proliferation imme-
diately after birth [77]. T2-prospermatogonium is a cell either initiating
spermatogenesis or maintaining SSC population [76, 78, 79]. There are lots of sper-
matogonia subtypes mainly consisting of type A, intermediate and type B spermato-
gonia [80-82]. Type A spermatogonium of early stage is undifferentiated and
alternative SSC self-renewal may be explained by either the AO-to-A1 cell transfor-
mation [83—85] or the Adark-to-Apale transformation [86, 87] according to species.
The mitotic AO spermatogonium observed rarely in AO spermatogonia is considered
as the ‘reserve stem cells.” This cell type does not contribute to inducing spermato-
genesis at normal condition, but only it is activated when spermatogenesis is dis-
rupted. In contrast, the A1-A4 spermatogonia are considered as ‘active stem cells’
and A4 spermatogonium can determine its cell fate to self-renew or to differentiate by
dividing into Al spermatogonium or intermediate spermatogonium, respectively.
Such a cellular process is a unique model for cellular reprogramming and phenotypic
changes, which show cell plasticity occurred in both fetal and adult tissues.

Reprogramming of Oogonium-Derived, Immature Qocyte
Growing in Ovarian Follicle

The activation of Y-chromosome dependent genes results in sex difference, and the
ovaries of female gonad generate lots of germ cell-derived cells before birth. In
contrast to male, the generation of gonadal germ cells in female is immediately
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ceased by birth, germ cell-dependant generation of primordial follicles is not pos-
sible after birth. Thus, total number of oogonia (the progenitors of mature oocytes)
in a female is fixed at birth. Thus only a limited number of oogonia (a few hundreds
in human) differentiate into developmentally competent, mature oocytes. The rest
of female germ cells arrest development during the meiotic process of oogenesis.

It is controversial whether female germline stem cell is present in the ovaries or
not. Recently, some researchers have claimed that adult germline stem cell being
turned over from primordial follicle can continuously supply the ovarian follicle
pool, which is identified as a mitotically active cell positive for germ cell-specific
markers. The establishment of ovarian (oogonial) stem cells has been reported with
reference to developmentally competent oocyte [88—90]. Primordial follicles are
highly stable; therefore, neither germ-line stem cell activity nor transformation
activity can be detected even under specific conditions. Some researchers denied the
presence of ovarian stem cells in vivo, but cell culture might induce the dedifferentia-
tion of ovarian cells following cellular reprogramming [91, 92]. Alternatively, there
are putative plastic cells in the other part of ovarian tissue. In our previous data, the
presence of Oct4/Nanog-positive cells in ovarian stromal tissue is detected (Gong
et al., 2010). ESC-like, colony-forming cells were subsequently derived from the
culture of stromal cell populations in culture, but they may lack the ability to induce
germline transmission. Despite the uncertainty on the presence of germline stem
cells, the previous reports demonstrate the presence of ‘reprogrammable’ cells that
are positive for stemness-specific markers. If germline stem cells are present in adult
ovaries, there are two applications as the progenitor of various functional cells for
regenerating damaged tissues and as the source of developmentally competent
oocytes for reproductive purposes. Formation of oocyte-like structure and ovarian
follicles by the culture and tissue transplantation may support the presence of germ-
line stem cells, but more evidence is required for leading clinical applications.

Preantral Follicle Culture

To increase the feasibility of deriving developmentally competent oocytes female
germline stem cells, manipulating ovarian follicles is absolutely required as a sup-
porting technology. In fact, successful recruiting of developmentally arrested imma-
ture oocytes for oocyte maturation is the best choice for securing abundant numbers
of developmentally competent oocytes. Yielding of developmentally competent
oocytes by culturing primary follicles has much better feasibility than culturing of
secondary follicles, because of their availability. Since the follicle growth is regulated
by various autocrine, paracrine and endocrine factors, different culture protocol for
each stage of follicle development may be required for optimizing folliculogenesis
in vitro [93-96]. Studies of ovarian follicle culture conducted in various species such
as hamsters [97], sheep [98], cattle [99], humans [100], and mice [101] have demon-
strated limitations in the follicle-culture system. Eppig and his colleagues produced
live offspring in mice after IVF of mature oocytes derived from in vitro secondary
follicle culture [102, 103]. They established a simplified culture system for early
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Fig. 6.2 Development and differentiation of an ovarian follicle cultured for 12 days. Early prean-
tral follicle at the follicular stage is retrieved and after being cultured for 4 days, the follicle devel-
ops to late preantral follicle (named as a diffuse stage). During the second half of the culture, mural
and cumulus cells of the follicle differentiate, which subsequently leads to the formation of antral-
like cavities (named as antral stage). The follicle differentiates into a pre-ovulatory follicle and 18
hours after the hormonal stimulation on day 12, oocyte in the follicle of mucified stage extrudes
beyond the follicular cell mass, which becomes free-floating in the culture droplet. (parts of the
figure are from Adriaens et al., 2004) [108]

prenatal follicles using a drop-culture system [104]. The development of primary into
secondary follicles using neonatal ovarian cultures has been reported by Sadeu et al.
[105]. The derivation of developmentally competent oocytes by culturing primary
follicles was reported by Lenie et al. [95]. Immune-specific stem cells can be derived
from parthenogenetic activation of oocytes derived from the culture of primary and
secondary follicles [106, 107]. A number of model studies can be possible by utiliz-
ing a chemically defined, culture medium [94, 107, 108] (Fig. 6.2).

Parthenogenesis for Reprogramming of Mature Qocyte

Immune specificity of living cells to their donors or immune tolerance of patients to
biomaterials are essential factors for clinical application of regenerative technology.
Since the beginning of stem cell research, the establishment of patient-specific
ESCs has been considered as one of the most important factors to advance their use
in tissue regeneration. SCNT has been considered to establish the patient-specific
ESCs, but several factors, including ethical related issues, have hindered the feasi-
bility of SCNT-based, ESC-related technology. As one of the alternatives for deriv-
ing patient-specific cells, oocyte parthenogenesis can be considered and combining
with the follicle culture technology described in previous section, its feasibility can
be extended. The technique of parthenogenesis is a method for reprogramming of
oogonium-derived, mature oocyte to zygote without normal fertilization by activa-
tion of degeneration-fated chromatid following meiosis. Autologous stem cells
were established by the parthenogenetic activation of ovulated oocytes in human
[109], primates [110] and other animal species [111]. The first establishment of the



112 JM. Lim and J.Y. Ahn

autologous ESCs derived from combined methods of parthenogenesis and ovarian
follicle culture was made in mice [112, 113]. It can be postulated that genetic
background is an important factor for the ESC establishment and parental inheri-
tance influences its efficiency. In mouse, changes in paternal inheritance without
altering maternal heredity significantly affect stemness-related gene expression
[114]. In addition, microenvironment during in vitro-folliculogenesis and post-
parthenogenetic development is also important [107]. Exposure to antioxidants dur-
ing early oogenesis not only reduces the production of intracytoplasmic ROS, but
also improves preimplantation development after parthenogenetic activation. Such
promoting effect may relate to regulate gene expression. Of relevance, Wnt
signaling-related genes are among major effecter of antioxidant treatment.

Next question is whether the ESCs derived from parthenogenesis is compatible
to the ESCs derive from naturally fertilized embryos. No phenotypic difference
between normally fertilized and parthenogenetic ESCs was detected. The partheno-
genetic ESCs have a homozygous genome with minimal crossover-associated het-
erozygosity [93], so they can be employed for patient-specific cell and tissue
therapy. Unfortunately, the molecular signature of the parthenogenetic ESCs has
been poorly investigated to date. Under certain genetic background and microenvi-
ronment, however, the alteration of gene expression induced by parthenogenesis is
similar to or quantitatively less than that induced by strain difference. No significant
difference in stem cell characteristics, including self-renewal and differentiation,
was detected in parthenogenetic ESCs when compared to normally fertilized ESCs
[106]. Nevertheless, to obtain conclusive results on the clinical feasibility of parthe-
nogenetic ESCs, large scale experiments are required. Analytical systems can be
useful for monitoring clinical feasibility of various autologous stem cells such as
induced pluripotent stem cells, as well as parthenogenetic ESCs [109, 115-117].

EMT/MET and Fetal Somatic Cell Reprogramming
General Aspect of EMT/MET

All somatic tissues are derived from the three germinal layers of epiblast-derived ecto-
derm, hypoblast-derived endoderm and mesoblast-derived mesoderm. Germ layers
differentiate into the specific cell types following a lineage that is independent of other
layers. Under specific microenvironment, mesoderm-derived mesenchymal cells
transform into epithelial cells, presenting a different phenotype within ectodermal lin-
eage. Conversely, ectoderm-derived epithelial cells transform into mesenchymal cells.
Both mesenchymal-to-epithelial cell transition (MET) and epithelial-to-mesenchymal
cell transition (EMT) occur reversibly during embryogenesis. Functionally, epithelial
cells have a more stationary state than mesenchymal cells, by aligning tight junction-
mediated, planar array with cell polarization. The epithelial cell expresses cell—cell
adhesion markers such as E-cadherin [118]. In contrast, mesenchymal cell is motile
and plastic, and it shows multipolar or spindle-shaped without complete cell-to-cell
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contact. Mesenchymal cell has an ability to invade through extracellular matrix and,
vimentin, fibronectin, N-cadherin, Twist and Snail have been employed as markers of
mesenchymal cells [119]. The finding of EMT and MET by either phenotype observa-
tion or marker expression confirms cell plasticity and transformation into other cell
lineages, which is directly related to cell reprogramming.

Besides normal development, MET occurs in oncogenesis, cancer metastasis and
even somatic cell reprogramming into iPS cells. In embryogenesis, MET is usually
seen in nephrogenesis [120], somitogenesis [121], cardiogenesis [122] and hepatogen-
esis [123]. For the conduction of MET, epithelium-associated genes are upregulated
and the mesenchyme-associated genes are downregulated. Upon the reprogramming
into iPS cells, fibroblasts must undergo MET to successfully begin the initiation phase
of reprogramming. Epithelial-associated genes such as E-cadherin/Cdh1, Cldns-3, -4,
-7 and -11, and Ocln, and epithelial cell adhesion molecule such as Epcam and Crb3
are all upregulated before turning-on Nanog. Mesenchymal-associated genes such as
Snail, Slug, Zeb-1 and -2, and N-cadherin are also downregulated following the iPS
cell establishment. Exogenous TGF-f1 is an inhibitory factor of MET and it subse-
quently blocks iPS cell reprogramming [124].

EMT is a biological process used by epithelial cells to increase cellular plasticity,
accompanied with losing cell adhesion. Thus, the expression of E-cadherin and its
related gene is decreased during this process. There are several transcription factors
for inducing EMT. Snail and Slug are repressors of E-cadherin and their expression
induces EMT. The S, T, G and B transcription factors are also known to induce
EMT. The process begins when the epithelial cell of a high stage carcinoma under-
goes the mutation into mesenchymal cell. This mesenchymal cell then enters the
blood stream through capillaries, which travels throughout the body (i.e., metasta-
sis). Ectopic expression of Klf4 in iPS cell reprogramming may be specifically
responsible for inducing E-cadherin expression [125], which to some degree, is
similar to cancer cell transformation (Fig. 6.3).

Fetal Fibroblast as a Cell Transformation Inducer

Fibroblasts are common cell types in connective tissue, providing tissue integrity
via structural maintenance and tissue metabolism support. Fibroblasts are
mesoderm-and-mesenchymal in origin and they synthesize all extracellular compo-
nents consisting of ground substances and fibers such as collagen, glycoproteins,
glycosaminoglycans and reticular and elastic fibers, and various cytokines. (http://
ghr.nlm.nih.gov/glossary=fibroblast). Each fibroblast has a branched cytoplasm
surrounding an elliptical, speckled nucleus having two or more nucleoli. Activity of
fibroblasts can be evaluated by the number of rough endoplasmic reticulum (rER)
and rER number becomes large when a fibroblast is activated. Fibroblasts often
align each other in parallel clusters when they cover a large space. Unlike epithelial
cells, fibroblasts neither form flat monolayers nor get restricted by a polarizing
attachment to the basal lamina. Fibroblasts show migration activity, while epithelial
cell do not. In addition, fibroblasts play an important role in tissue healing process;
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Fig. 6.3 The morphological and phenotypic changes during epithelial-mesenchymal transition
(EMT) and the reverse process mesenchymal-epithelial transition (MET). EMT and MET entails
profound morphological and phenotypic changes to a cell. These processes are regulated by effec-
tors such as growth factors, cytokines, extracellular matrix (ECM), adhesion, cortical actin micro-
filaments (MFs) and most commonly used epithelial and mesenchymal markers

they are morphologically heterogeneous and their phonotype varies according to
their location and activity. Fibroblasts often function as a basal lamina component
under certain situations.

Based on their nature, embryonic fibroblasts are often used as feeder cells for
nurturing various cells, including stem cells. However, fibroblasts retrieved from
various tissues show both genetic and phenotypic plasticity in mice [126].
Fibroblasts have plasticity and positional memory and maintain original phenotype
of their previous location at least for few generations [127]. Fibroblasts induce
MET, while under specific conditions, fibroblast-transformed epithelial cells
undergo EMT. Tissue damage stimulates the mitosis of fibroblasts, leading to acti-
vate cellular plasticity. Thus, it seems that fibroblasts readily adopt cell reprogram-
ming either by induction or environmental stimulation.

Fetal Stem Cell (FSC)

Considering the function of stem cells during organogenesis, it is believed that they
can be retrieved from fetal tissues at various stages of development. Furthermore,
the observation of fetal brain cell transplantation into Parkinson’s disease patients
[128, 129] have led to the conclusion that stem cells in the brain tissues of aborted
fetuses have regeneration capacity. However, the function of the putative brain stem
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cells cannot be normalized. There is a large scale migration of stem cells into differ-
ent organs to complete formation of living organism during ontogeny. Thus, FSCs
could be isolated at all stages of development and they are considered as the best
cell suitable for cell reprogramming due to their intermediate properties between
embryonic and adult stem cells. The characteristics of FSCs are defined as more
primitive, higher proliferation rate, greater plasticity and more energetic telomerase
activity compared to their adult counterparts [130, 131]. It has recently been reported
that reprogramming kinetics of somatic cells differ based on cell types [33-35].

Hematopoietic Stem Cells (HSCs)

HSC:s participate in the maintenance of hematopoiesis by generating all hematopoi-
etic lineages throughout the lifespan [132]. Fetal HSCs exist in a number of fetal
organs such as blood, liver, bone marrow, and umbilical cord. Early formation of
hematopoietic organs occurs at the dorsal embryonic aorta in the region of aorta-
gonad-mesonephros during embryogenesis, while they rapidly migrate into embry-
onic liver and finally home into bone marrow. The spatiotemporal properties of the
cells are important for their migration activity and of changing in main primary site
of hematopoiesis during fetal development. Fetal blood-derived HSCs retrieved
from the first trimester are more primitive and have stronger potential to differenti-
ate than the circulating HSCs retrieved from adults and even later stages of develop-
ment in ontogeny [133—136]. They proliferate more rapidly than the HSCs retrieved
from cord blood and adult bone marrow, and they have the ability to produce all
hematopoietic lineages [137]. The number of HSCs circulating in fetal blood
increases from the first trimester to the second trimester (known for completion of
cell migration) and to initiate hematopoiesis in the bone marrow of fetuses [138].
During the second trimester, the population of HSC-containing CD34+ cells in the
blood is about 4 %, which is similar to the population at the first trimester. In other
fetal organs, there are 16.5 % of total nucleated cells in the bone marrow, 6 % in the
liver, 5 % in the spleen and 1.1 % in the thymus [139]. After the completion of
hematopoietic function in the bone marrow at the third trimester, relative population
of CD34+ cells in the blood gradually decreases.

Morphologically, both fetal and adult HSCs resemble small lymphocytes, which
have non-adherent round cells with a low cytoplasm-to-nucleus ratio. Their immu-
nophenotypical characteristics are determined by co-expression of specific surface
markers, which concomitantly lack several lineage commitment markers. There are
many differences between the human and mouse hematopoietic cell markers for the
commonly accepted type of HSCs. Surface antigen makers of HSCs generally
expressed in human are CD34*, CD59*, Thy1/CD90*, CD38"*-, C-kit/CD117*,
lin~. On the other hand, HSCs in mouse express CD34°%-, SCA-1*, Thyl.1*o¥,
CD38*, C-kit", lin". In addition, such combination of marker specificity does not
cover the stem cells of all species and further development is necessary for the iden-
tification of novel stem cells markers in each species. Relevant efforts have recently
led to the development of new markers such as SLAM (signaling lymphocyte activa-
tion molecule) family and rhodamine 123 [140, 141]. Hoechst 33342 is used to
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identify side population for detection of HSCs. Isolated fetal HSCs can be manipu-
lated as a single unit and can be reprogrammed into other cell type without extended
culture in vitro. CD133* immature mononuclear cells of umbilical cord blood cells
express lower levels of Oct4, Sox2, Nanog and Cripto, and CD133*/CD34*, and
immature mononuclear cells yield high rate of reprogramming, using non-integrating
plasmids [142]. Banking of cord blood cells is available without decreased effi-
ciency of reprogramming after freezing and thawing (0.027-0.05 %) [143].

Fetal liver is a reliable source of HSCs. The HSCs retrieved from the fetal liver
have a higher cloning efficiency and generate more progenitors than the HSCs
retrieved from adult bone marrow [144—146]. The HSCs retrieved from fetal liver at
the first trimester express both hematopoietic and pancreatic markers. In the second
trimester, the translocation of HSCs to other hematopoietic organs occurs, and the
cells expressing specific hepatic markers appear [147]. Umbilical cord blood (UCB)
is also a suitable source for fetal HSCs and the use of these tissues has ethical advan-
tages due to their non-invasive usage and being discarded as bio-waste. Approximately
1 % of the mononuclear cord blood cells express the CD34 antigen and frequency of
more primitive cells that expressed CD34 antigen, while lacking of CD38 antigen, is
greater than that of adult bone marrow or cytokine-mobilized peripheral blood.
HSCs derived from cord blood are more primitive and have a greater proliferation
capacity due to their longer telomere length [148]. Besides, these cells can express
neuronal proteins and can differentiate into neuron-like cells or glial cells [149].

Mesenchymal Stem Cells (MSCs)

Similar to adult MSC, fetal MSCs are included in the stromal cells of mesoderm-
derived mesenchymal cells, which implies their differentiation ability into
mesoderm-lineaged cells. In adults, MSCs were first isolated from the bone mar-
row, and subsequently found in other connective tissues such as adipose tissue,
dental pulp, muscle, and liver and brain. Fetal MSCs were first identified in the
liver, blood and bone marrow cells of the first trimester fetuses [150]. The isolated
MSC:s are fibroblast-like cells that originated from multipotent common mesenchy-
mal precursor cells, and are considered as the supporting cells for hematopoiesis.
These cells can be collected from a variety of fetal tissues such as bone marrow,
liver, lung, kidney, thymus, dermis, pancreas and spleen as well as from the extra-
embryonic tissues such as placenta, cord blood, amniotic fluid and Wharton’s jelly
of the umbilical cord. The quantity of MSCs in a fetus becomes different according
to the stage of fetal development, which may results from the migration of hemato-
poietic cells. Approximately 0.4 % of nucleated cells in fetal blood are MSCs at the
seventh week of gestation, after which it sharply decreases [150, 151].

Generally, fetal MSCs have higher proliferation and differentiation potential than
adult MSCs. These cells have high growth kinetics (fetal 30—35 h vs. adult 80—100 h)
[152] and a greater ability to differentiate into mesoderm cell lineage such as bones,
muscles, and to trans-differentiate into neuronal cells such as oligodendrocytes, com-
pared with adult MSCs [153, 154]. General characteristics of fetal MSCs is defined as
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(1) the fibroblast-like cells that have plastic adherence and spindle-like morphology,
(2) the cells showing extensive self-renewal capacity in vitro (3) the cells that have the
capacity to differentiate into multiple cell lineages and (4) the cells expressing spe-
cific sets of surface markers such as CD29 (Bl-integrin), CD73 (SH3 and SH4),
CD105 (SH2), CD44 (HCAM1), CD90 (thy-1) of early bone marrow progenitor cell
marker and extracellular matrix proteins of vimentin, laminin and fibronectin without
the expression of hematopoietic cell (CD14, CD34, CD45) and endothelial cell (von
Willebrand factor) markers. Recent reports on the expression of several pluripotency
markers in some subpopulation of fetal MSC have provoked great interests in their
stemness properties, compared with those of adult MSCs. Fetal MSCs express base-
line level of Oct4, Nanog, Rex-1, SSEA-3, SSEA-4, Tra-1-60 and Tra-1-81 [152,
155]. There are different immunophenotypical characteristics of fetal MSCs accord-
ing to retrieval sites and developmental stages. Forty-four percentage of total cell
population are CD34*/CD45- cells in fetal lung in early second trimester, while only
4.8-12.6 % exists in the bone marrow, spleen and liver [156]. Mesonephric MSCs do
not express hematopoietic markers such as CD45 and CD34, but are highly positive
for vimentin, laminin and type I collagen of mesenchymal cell markers [157]. There
are several differences in fetal MSCs retrieved from different sites and at different
stages. Lower potential to trigger osteogenesis is detected in the MSCs retrieved from
the liver at the first and second trimesters than the MSCs retrieved from the blood at
the first trimester and the spleen, lung and bone marrow at the second trimester [156].
On the other hand, the MSCs retrieved from the pancreas at the second trimester can
differentiate into mesoderm-derived lineage [158] and successful transplantation
after differentiation of the MSCs into pancreatic -cells has been reported in sheep
[159]. Metanephric MSCs can induce osteogenesis and myogenesis in vitro and fur-
ther detect hemopoiesis and hepatocytogenesis after in vivo-transplantation [157].
Extra-embryonic tissues such as placenta and amniotic fluid are extra source of
MSCs, and their usage can also avoid ethical disputes around the use of fetal tissues.
Comparatively, larger number of MSCs exists in amniotic membrane and fluid and
these extra-embryonic MSCs are positive for Oct4, Nanog, Sox-2 and SSEA-4 pluripo-
tent stem cell markers [131, 148, 160]. Putatively pluripotent, amnion-derived MSCs
expressing Sox2, Klf4 and c-Myc do not form teratoma in vivo, providing them with an
excellent therapeutic feasibility in terms of cell safety and pluripotency [131, 161].

Neural Stem Cells (NSCs)

NSCs have the capacity to differentiate into neurons, astrocytes and oligodendro-
cytes. Compared with adult NSCs, fetal NSCs can be cultured for extended dura-
tions with strong self-renewal activity. Human fetal NSC can be isolated from the
brains of aborted fetuses, using CD133*, CD34~ and CD45™ and they can be subse-
quently cultured in form of neurospheres, while sustaining their cellular plasticity
[162, 163]. NSCs express abundant levels of pluripotent associated genes, and this
property yields an advantage in triggering cellular reprogramming. There have been
several reports on superiority of NSCs for cell reprogramming [164, 165].
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Genetic and Cellular Aspect After Cell Reprogramming or
Transformation

Studying genetics and cellular plasticity of fetal cells contributes to a better under-
standing of reprogramming. At the same time, better models can be developed for
studying fetal cell dynamics, as an important step towards clinical trials. Considering
the important role of microenvironment in the induction of cell plasticity, either co-
culture system or 3D culture may become a powerful model system for cell repro-
gramming and transformation. The mesoderm-derived cells may also be better
choices for selecting the effector cell of reprogramming than single endodermal or
ectodermal cell lineage. Recent reports on monitoring cell plasticity [32, 166], have
employed a co-culture system of ovarian (stromal) cells as well as embryonic fibro-
blasts. The ovary consists of endoderm-based germ cell and its derived cells and
mesoderm-based stromal cells. Fibroblasts have both genetic and cellular plasticity
under various conditions; therefore, both ovarian stromal cells and fibroblasts can be
employed as either an effector or a supporting cell type for reprogramming. In their
initial experiments, ovarian cell served as the effector of cell transformation, and fetal
fibroblasts were employed as support for ovarian cell transformation. Excessive num-
ber of stromal cells, maturing oocytes and ovarian follicles were eliminated before
culture, which avoided rolling-up of cultured cells due to mass cell number, and only
limited number of stromal cells were co-cultured with fetal fibroblasts. As a result,
autologous ESC-like cells were derived from the co-culture system and the origin of
the established colony-forming cells appeared to be the ovary. Based on these results,
follow up experiments were designed by using embryonic fibroblasts as the effector
of the transformation and ovarian cells as the helper cell for reprogramming.

Cellular Aspects of Cell Transformation

In another important study, ESC-like, colony-forming cells were derived from fibro-
blasts and subjected to short-tandom repeat microsatellite analysis. All lines estab-
lished maintained greater than 20 subpassages, Factorial analysis clearly demonstrates
that a significant model effect on the aggregation of fibroblasts was detected in co-
cultured cell types, whereas the origin, strain, gender of fibroblasts and the strain of
co-cultured cells with fibroblasts did not influence the aggregation. The potential
relevance of stress-related or apoptosis-related environmental factors was also
raised. The colony-forming fibroblasts were positive for ESC-specific markers and
expressed ESC-specific genes with telomerase activity, while immunostaining of
fibroblasts with mesenchymal cell-specific (CD44), stem cell-specific (Oct-4 and
Nanog), germ cell-specific (Vasa and Fragilis), follicular cell-specific (AMH) and
hematopoietic cell-specific (CD45) markers was not positive. Transmission electron
microscopy showed that there was prominently different morphology between the
fibroblasts before and after the colony formation. The colony-forming cells had
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similar ultrastructure with reference to ESCs: large ratio of nucleus to cytoplasmic
volume, less developed membrane microvilli and cytoplasmic micro-organelles,
and multiple nucleoli with distinct nuclear membrane in the nucleus. Approximately
30-50 % imprinted gene Igf2 in the established lines was methylated. Formation of
embryoid bodies in vitro and teratomas in immune-deficient mice were detected.
The colony-forming cells also induced tissue-specific cell differentiation and
showed ability similar ESC-like to differentiate into follicle structures in vitro.
Somatic chimeras were detected after the transfer of the blastocysts derived from
the aggregated embryos with fibroblast-derived ESC-like cells. However, progeny
test did not yield germline chimera. Unexpectedly, karyotype of the established
cells was all tetraploidy with XX sex chromosome. No tetraploid cells were found
in their progenitor fibroblasts. Deletions and translocations were detected at multi-
ple chromosomal sites in the ESC-like cells, while the deleted chromatids appeared
sporadic and no typical chromosome abnormality patterns were detected. Change or
breakdown of cell cycle checkpoint was detected in the established cells, which
showed less phosphorylation of p53 level in the fibroblast-derived, ESC-like cells
than E14 or R1 ESCs or the non-transformed fibroblasts.

These results support the notion of environment-driven cell plasticity in fibro-
blasts. From a different viewpoint, it is possible that the fibroblast-derived, ESC-
like cells did not arise due to cell transformation, but they resulted from rapid
proliferation of terminally-differentiated cells mixed with fibroblasts. The break-
down of cell cycle checkpoint in the established cells after fibroblast reprogram-
ming was found, which may allow the aneuploid cells to survive. Probably, altering
the cell cycle before transformation under a specific microenvironment may be an
important step in the establishment of fibroblast reprogramming. These results fur-
ther suggest a new strategy for establishing patient-specific pluripotent cells of
desired genotype from human fetal somatic tissues.

Genetic Aspects and Gene Expression After Cell Transformation

SNP genotyping data demonstrated that CFFs had both homologous and heterolo-
gous recombination of genomic SNPs, and complete heterozygous SNPs were
detected in EGCs, ESCs, and MFFs of the B6D2F1 strain [32]. Parthenogenetic
ESC lines showed both homozygous and heterozygous chromosome recombina-
tion. As expected, only homozygotic SNP loci were detected in the fibroblasts of
maternal or paternal origin. Pyrosequencing analysis of the methylation status
showed the difference among fibroblast-derived, ESC-like cells, iPSCs, parthenoge-
netic ESCs, ESCs, EGCs and MEFs. Global gene expression analysis using cDNA
microarrays shows that fibroblast-derived colonies are similar to ESCs and iPSCs,
but not fibroblasts. Apparent difference in gene expression is also detected among
the colonies, iPSCs and MFFs, and iPSCs. Interestingly, fibroblast-transformed
colonies are closer to ESCs than to iPSCs, suggesting that the use of ectopic tran-
scription factors to generate iPSCs may influence transcriptional regulation. On the
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other hand, as both fibroblast-derived colonies and iPSCs are induced by cell repro-
gramming, the pattern of gene expression is further different from ESC derived
from normally fertilized embryo. Results of gene ontology analysis demonstrate
that both factor- and environment-based reprogramming use a similar molecular
signaling pathway of cellular immortalization. Although conclusive statements can-
not be made using these results, at least, it can confirm either the genetic and cellular
plasticity of fibroblasts or mixed cell populations. It is still possible that other fetal
cells mixed in fibroblast populations such as primordial germ cell and mesenchymal
cell of fibroblast progenitors involve the reprogramming and cell transformation
observed in this study [32] (Fig. 6.4).
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Fig. 6.4 Putative methods to establish non-embryonic, pluripotent cells by cell-to-cell interaction.
(a) Establishment of fibroblast-derived, colony-forming cells having stem cell-like morphology
and activity by potential interaction with the cells of other type under an ovarian cell niche.
(b) Establishment of ovarian cell-derived, colony-forming cell by co-culture of fibroblasts
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Potential Application and Conclusion

Stem cells are an important resource for developing future medical technology. By
using the most updated technology for stem cell manipulation, however, it is
unlikely that stem cell technology reaches to the level of therapeutic biomaterials.
In other words, most scientists still inquire whether stem cells can be applied to both
clinics and pharmaceutical industries. This skepticism is based on the fact that each
individual has the genetic diversity of unlimited range, and anatomical similarity
and phenotypic homogeneity at the cell, tissue and organ levels do not guarantee the
homogeneity of cellular properties and activity under a specific microenvironment.

The solution to regulate genetic and cellular diversity of stem cells is a prerequi-
site for optimizing stem cell technology to the clinical level. The use of prenatal
tissues including embryonic tissue, germ cells and primordial cells, and the progeni-
tor of terminally differentiated cells provides great advantages for improving stem
cell engineering and stem cell-based therapy. Discovery of ‘reprogrammable’ pre-
natal cells in adult system and designing of its manipulation technology for cell
reprogramming significantly expand the source of clinically feasible stem cells. The
use of prenatal cells for regulating various activities of functional cells in adult tis-
sues further provide a key for regulating stemness of multipotent and pluripotent
cells and even contributes to elucidating tumorigenesis and cancer therapy via con-
trolling of undifferentiated cancer stem cells. Research on prenatal cell manipula-
tion greatly contributes to increasing the efficiency of iPS cells or cell transformation
technologies.

Clinical Applications

Establishment of standard operation protocols (SOPs) is a key factor for developing
stem cell-derived products. Due to genetic diversity leading to phenotype change
and cellular functions, however, it is difficult to establish universal SOPs for stem
cell manipulation. On the other hand, the induction of a pluripotent stem cell state
by manipulating terminally differentiated cells exposes target cells to various envi-
ronmental stresses. In some cases, features such as tumor cell-like activity and
genetic aneuploidy appear after cell manipulation. Prenatal cells can provide an
opportunity for patient-specific stem cell-based therapy as well as access to more
stem cell sources. For instance, large scale studies with prenatal cells may facilitate
establishing proper SOPs for patient-specific stem cells. The elucidation on genetic
and cellular response of prenatal stem cells to microenvironment not only completes
the development of optimal protocols, but also contributes to securing the safe use
of stem cells in patients.

It seems that the use of immune-compatible stem cells is an inevitable choice for
improving the clinical applications of stem cells under the current technology.
Autologous tissue is the exclusive resource for the immune-compatible stem cells.
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The technology for modulating cell fate via cellular reprogramming and transforma-
tion further expands the use of prenatal stem cells and their differentiated progenies.
Alteration of cell phenotype to derive clinical grade cells should be induced without
incurring any abnormalities. Prenatal cells have a better cellular plasticity than neona-
tal or adult cells [167] and are excellent sources of cellular reprogramming and trans-
formation. Relevant technology of prenatal cell transformation greatly contributes to
retrieving clinical grade stem cell, which retains immune-compatibility.

Animal Prenatal Tissue as an Alternative for Therapeutic
Purposes

Although a strict regulation on animal experimentation is established, accessibility
to animal tissues is better than human samples at least from the ethical viewpoint.
Prenatal tissues such as mouse embryonic fibroblasts have widely been employed
for human laboratory work and for genetic manipulation with less ethical concern
than human prenatal tissue. To date, a wide range of studies involving animal fetal
tissues have been undertaken. However, the genetic relevance of animal models to
human diseases needs to be well-defined. For example, chicken is considered as the
same order of phylogenic tree as human and due to their technical accessibility,
chicken eggs have long been used as a classical contributor for producing pharma-
ceutical biomaterials and a development model. Recent advances further expanded
the importance of chicken eggs for the studying stem cell trafficking and differentia-
tion. Pig has been also considered as an animal model with high physiological simi-
larities to humans compared to other species (with the exception of primates). The
size of pig genome is similar to that of human [168, 169] and physical co-localization
of genetic loci on the same chromosome within species is much larger (more than
three times) between humans and pigs than between humans and mice [170].
Nevertheless, mice and rats remain as the main species establishing genetically
inbred lines. Primates serve as the ultimate preclinical animal models in pharmaceu-
tical and biomaterial industries.

Conclusion

The use of prenatal cells for reprogramming and transformation not only contrib-
utes to increasing the clinical feasibility of patient-specific stem cell engineering,
but also expands stem cell sources. While a wide range of studies is conducted using
prenatal stem cells in a patient-specific manner, careful approaches are necessary to
establish proper protocols for cellular reprogramming applicable to patients. The
current parameters used to verify the normal status of stem cells are not sufficient
with respect to their various functions. Innovative parameters to monitoring stem

cell need to be established to better facilitate the use of prenatal stem cells.
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Abbreviations

BMP Bone morphogenetic protein

cDNA  Complementary DNA

CFFs Colony forming fibroblasts

CPP Cell penetrating protein

DNA Deoxyribonucleic acid

ECCs Embryonic carcinoma cells

EGCs Embryonic germ cells

EMT Epithelial-to-mesenchymal transition
ESCs Embryonic stem cells

FACS Fluorescent activated cell sorter
FGF Fibroblast growth factor

FSCs Fetal stem cells

GDNF  Glial-derived neurotrophic factor
HIV Human immunodeficiency virus
HSCs Hematopoietic stem cells

iPSCs Induce pluripotent stem cells

MACS  Magnetic activated cell sorter

MET Mesenchymal-to-epithelial transition
miRNA  microRNA

MMLV  Moloney murine leukemia virus
mRNA  Messenger RNA

MSCs Mesenchymal stem cells

NSCs Neural stem cells

PB Piggyback

PGCs Primordial germ cells

RNA Ribonucleic acid

ROS Reactive oxygen species

SCNT Somatic cell nuclear transfer

SLAM  Signaling lymphocyte activation molecule
SNP Single-nucleotide polymorphism

SOPpP Standard operation protocol
SSCs Spermatogonial stem cells
TGF Transforming growth factor

UCB Umbilical cord blood
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Chapter 7
Historical Perspectives

Joseph A. Brazzo III

Introduction

“What’s past is prologue”, were the infamous words of Antonio in William
Shakespeare’s The Tempest, Act 2, Scene 1. In context, the present state is not dic-
tated by fate but is the product of events that occurred in the past; hence such past
events set the stage for the present and thus parallel that of prologue [1]. It is histori-
cal perspective that serves as a template of prologue in hindsight. More specifically,
historical perspective is more than a mere collection of historical facts but details
the process of change and evolution of knowledge and inquiry as it relates to current
knowledge and research of a specific field or topic [2]. Also, current states of knowl-
edge and research, themselves, serve as prologue; and, thus, heavily dictate future
perspectives [1, 2].

Stem cells from the amniotic membrane (AM) and amniotic fluid (AF) are
among the most promising in biomedical research, standing at the forefront of
numerous developments currently in an intense state of flux [3]. Such cells represent
populations that are unique and versatile in properties and potentials, rendering
them distinctively valuable to various aspects of regenerative medicine, tissue engi-
neering, cellular and gene therapies, as discussed in detail throughout this textbook
[3, 4]. There is debate as to when and where the very first identifications of AM and
AF cells took place. It is widely accepted, however, that in-depth characterizations
of such cells began a little over 70 years ago [5, 6]. While diagnostic applications of
AF cells are several decades old, potential or documented therapeutic uses of these
cells are relatively recent. The historical perspective offered in this chapter is not
meant to be an exhaustive and all-inclusive account of all developments involving
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these cells. Rather, it is focused on an overview of select events that mark transition
points in the research and acquired knowledge of such cells, which may not be
already addressed in other chapters.

Ancient Perspectives

The fluid that bathes the developing fetus within the womb of the mother intrigued
and mystified many in antiquity. An immersion of fascination with the AF during
this period engendered mysticism, folklore, superstitions, and even religious doc-
trine, which would expand both time and cultures. Even today these beliefs remain
ever so strongly with the cultures and religions from which they arose. Also, scien-
tific inquiry of AF during this period, though scarce, would occur. Below is a very
brief description of some of these beliefs and inquiries on the AF in ancient and
pre-modern times—by no means is it a comprehensive review.

According to religious doctrine of most denominations, water is a universally
nurturing and motherly entity that gives form to all of earthly existence. Similarly,
tribal cultures of indigenous populations that continue to exist today place water at
their spiritual epicenter. Likewise, within the doctrines of formal religion and tribal
cultures, AF is viewed as a sacred and holy entity, and its role vital for the creation
of life. Interestingly, such views were not too far off given today’s current under-
standing of AF in both developmental biology and regenerative medicine.

Amniotic fluid is referenced most notably in the religious scriptures the
Upanishads, ancient Buddhist text, and the Christian Bible. Of these texts, it’s the
Upanishads that are the oldest, dating back to 1700 BCE. Referencing the AF is the
Chandoya Upanishad, translated, “you are that”, which seeks to explain the origin
of the universe. In Chandoya Upanishad we are told that the universe develops from
an egg that split in two entities upon hatching, each of which representing individual
membranes. Within these two membranes is a fluid, that of a nourishing Mother
Ocean and the fluid that bathes the fetus, the amniotic fluid. Similarly, in Buddhism,
Guan Yin, a Bodhisattva of compassion, is typically depicted holding a willow
branch in one hand and a flask that contains and pours the “Dew of Immortality” in
the other. This ‘Dew’ or fluid within the flask of which Guanyin holds is a nutritive
broth or milk of elixir properties thought to be the same fluid within the mother’s
womb, the AF. In Christianity many believe that birth is actually a re-birth of a past
sinful soul and that the AF cleanses the soul of all sin, a requirement to enter the
Kingdom or gates of Heaven. Other sectors of Christianity believe that a simple
baptism with holy water is enough to save the soul without re-birth after death.

Tribal cultures that reference AF include the Yorubd and Akan cultures of the
West African coast whose origins date back to seventh century BCE and twelfth
century AD, respectively. Both cultures include an emphasis on a vast array of ritu-
als, prayers, stories, and spiritual beliefs. In Yorubd culture, the Goddess Yemoja,
the mother of waters, gives rise to everything water, including the AF. And, it’s her
influence on forces through the AF that drive the creation and sustainability of a
new life. Across the West African lands to the east in Ghana and Cote d’Ivoire are
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the people of the Akan culture. The Akan people believe that all celestial bodies and
universal entities are governed by divine spirit-forces, Abosom. According to Akan
people, the energy of a nurturing mother is equivalent to the energy of the moon,
Bosom. Equivalently, AF is that of earth’s oceans, which is continuously under the
influence of the invisible forces of the moon. Thus, it’s the moon’s huge effect and
influence on the rising and falling of the ocean’s tide; as the AF is a conductor of the
mother’s mood, affecting the tides of the AF, and thus having a huge influence not
only the physiology of the fetus but also the spirits of the child. Also, the salt of the
oceans is that of God’s tears, meant to cleanse and purify the souls of the people.
Similarly, it is the salt in AF that holds a new life in a state of purity.

Little was known scientifically about AF before the twentieth century. This can
be seen in the scant reference to AF in scientific literature during that time. The first
reference to AF from a purely scientific standpoint can be contributed to Aristotle
of Ancient Greece, who initially described AF stained with meconium as associated
with fetal death. The term meconium meaning “opium-like” is believed to derive
from the color and appearance associated with meconium stained AF. Aristotle
described such an appearance of being black with a thick consistency very similar
to processed opium. This is one of the only mentions of AF in known ancient Greek
scientific texts, with no other significant reference until the late Middle Ages. In the
sixteenth century, Realdo Columbus, an Italian anatomist and surgeon, correctly
concluded that the fetus was protected by AF, but incorrectly postulated that the AF
was solely the product of fetal sweat. And in the seventeenth century, the English
physician William Harvey believed that the developing fetus received its nourish-
ment from the AF by swallowing it, and by diffusion through pores in the skin of the
fetus. Today, we know that the fetus does indeed swallow AF, but not as a source of
nourishment. Lastly, Nicolas van Hoboken, a Dutch anatomist and physician,
through the study of cow fetuses, also postulated that the nourishment of the fetus
was through the AF. He also incorrectly postulated that small pores in the chorionic
membrane, which allowed passage of molecules from the uterus or maternal blood
circulation, were the derivation of such nourishing property of the AF. Other curious
insights from antiquity and/or various cultures have been reported, though not in
any organized or consistent fashion. Much like most aspects of fetal development, it
was not until less than 100 years ago that the unique properties of the AF and AM
started to be unveiled.

Amniotic Membrane

A Word on Applications Prior to Cell Characterization

Scientific investigation on the AM became prominent at the turn of the twentieth
century [7]. This increase in scientific inquiry pushed aside the mysticism, folklore,
and superstitions that entrenched the state of knowledge on the AM prior [7, 8]. The
use of the AM as a skin graft in the 1910s marked the first documented scientific
investigation of the membrane [7, 9]. Thereafter, research on the AM occurred
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intermittently in the first half of the twentieth century, and was confined specifically
to clinical applications [7, 9—19]. Reference to AM cells in these early studies is
loose or lacking. Indeed, it is unclear when AM cells were first recognized.
Traditionally, identification of AM cells is attributed to studies which occurred in
the 1950s with the advent of electron microscopy [5].

In 1910 Dr. John Davis of the Johns Hopkins Hospital transplanted and grafted
“pieces of lining of the amniotic sac” [7, 9]. The results were unpromising; how-
ever, Davis defined the technical limitations of his day and suggested the use of AM
in skin transplantation contingent on advancements in surgical and procurement
techniques [9]. Following, in 1913, Stern and Sabella applied AM tissue to both
skin burns and ulcers in independent studies, although they often collaborated, shar-
ing data and strategies [7, 10, 11]. Unfortunately, following these initial studies on
the AM, scientific investigation on the AM would fizzle and not reemerge for some
twenty years until the utilization of AM in the creation of an artificial vagina [12].

In 1934, Brindeau, an Italian physician, used the AM as an epidermal lining for
the creation of an artificial vagina in a patient with miillerian agenesis [12]. Five
years later, Bruger et al. would use the AM in a more extensive construction of an
artificial vagina [ 13]. During the transition from the 1930s to the 1940s, AM-derived
tissue was used to prevent meningo-cerebral adhesions after lacerations to the
head, including gunshot wounds, depressed fracture of the skull, and craniotomy
procedures [14]. These studies suggested a reduction in meningo-cerebral adhe-
sions and recommended the use of AM for adhesion prevention in other surgical
procedures [14].

At approximately the same time, the advent of AM utilization in the field of
ophthalmology can be attributed to Rotth [15]. He described the replacement of
necrotic conjunctiva of a single eye with fetal membranes including AM and chori-
onic membrane (CM) obtained from caesarian sections. He believed the AM would
be easily converted and well tolerated once implanted into the eye because it was
“most similar” to the conjunctiva membrane. Although his initial results were not
exactly promising, he pressed on with further investigation, claiming that the
implanted embryonic tissue, specifically the AM, were histologically similar to the
epithelium of the conjunctiva, even if histological analyses were not described in
that report [15]. A little later, in 1946, Sorsby and Symons replaced necrotic con-
junctiva induced by caustic agents with human AM [16]. That clinical experience
was putatively encouraging; however, further experiments using rabbits and lime as
a caustic agent treated with AM were unsuccessful [16].

In 1950, Troensegaard-Hansen reported his experience with grafted amnion onto
chronic leg ulcers of individuals suffering from peripheral vascular disease, with
healing of the leg ulcer and a reduction in intermittent claudication [17]. Additional
reports from the same author or group later in the 1950s continued to depict favor-
able results in peripheral vascular disease [18, 19].

Soon thereafter, interest on AM in clinical applications would once again fade,
only to reemerge in the early 1970s with a large focus on wound healing [20].
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At this point in time, however, research on AM cell characterization and properties
would be more refined. It is unclear why it would take scientists several decades to
initiate microscopic and biochemical characterization of AM cells, despite the
availability of electron microscopy in the early 1950s [5].

Cell Characterization

Max Knoll and Ernst Ruska invented the transmission electron microscope (TEM)
in 1931 [21]. That invention made it possible for the first time the visualization and
localization of cell and organelle structures [22]. The first TEM micrograph of a
biological sample was published in 1934, yet it wasn’t until 1951 that Albert Claude
published the first TEM of an intact cell [22]. The initial description of the morphol-
ogy of cells of the AM by TEM can be attributed to Bautzmann and Schréder in
1955. This initial study characterized the structure of amniotic membrane epithelial
(AME) cells and Houfbauer cells found in the AM mesenchymal stroma [5]. As this
study was reported in German, the extent of characterization of such cells is not
easily available. It is unclear whether this report referenced previous experiments
characterizing AM cells not present in the literature.

In 1960 Bourne first characterized the AM into distinct layers using electron
microscopy [23]. Such layers included the AME, basement membrane, fibroblast
layer, compact layer, and the spongy layer [23]. In Bourne’s study, cells of the AM
exist in two of these five layers, namely the AME and fibroblast layers. As men-
tioned above, Bautzmann and Schroder using TEM in 1955 first characterized AME
cells; however, AME cells were characterized first in reference to their respective
layer in the AM only 5 years later, by Bourne in 1960. The ontogeny and degree of
homogeneity of AME cells remained unknown at that time [24].

Interestingly, prior to the specific cell characterization of AM cells in the 1950s,
and following the many early investigations of AM in clinical applications, virolo-
gists heavily investigated the role of the AM in response to infectious and virulent
pathogens [25, 26]. In the late 1940s and early 1950s this breed of scientists was
eager to find suitable media to cultivate various virulent virus and bacterial strains.
In 1955, Zitcer et al. identified and introduced trypsinized human AM as a superior
cell source for cultivation of infectious virus and bacterial strains. For the next
decade the human AM would be used to research the cytopathological effects of
various infectious microbial strains. These studies microscopically examined AM
cells to observe and record cytological changes. However, they loosely reference
AM cell characteristics. Instead, they sought to observe specifically cellular patho-
logical states upon infection. Ultimately, these early virology studies did not char-
acterize AM cells or their properties and thus are not considered under that historical
context [25, 26].
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Phenotype Pattern(s)

Although there is a myriad of studies that have brought to light the structural, bio-
chemical, and functional characteristics of AME cells, the debate as to the cellular
uniformity of the AM persists to this day [24]. Do AME cells constitute a homoge-
neous or heterogeneous population, after all?

In 1965, Thomas reported two morphologically distinct AME cell types based on
ultrastructural differences in organelle presence and cellular cytoplasm darkness
[27]. He concluded the presence of two distinct A cell types: light and dark cells.
Thus, it was therefore suggested that light and dark cell types had different roles as
amniotic epithelial cells. This study was the first to support a heterogeneous AME
cell population [24, 27]. Lister et al. would refute such a claim in 1968, and would
be the study to initiate the perpetual debate as to AME cell uniformity [24, 28].
More specifically, Lister et al. described the ultrastructure of a single, homogeneous
amniotic epithelial layer scarce of apical microvilli, complex intercellular microvilli
with desmosomes, large nuclei, abundant glycogen, and infrequent mitochondria,
endoplasmic reticulum, and Golgi lamellae [28]. Further studies, including from
Armstrong et al., Wynn and French in 1968 and McCoshen et al. in 1981would sup-
port a heterogeneous cell population of amniotic epithelia [24]; however, studies
refuting such a heterogeneous population included those from Sinha et al. 1971,
Hempel et al. 1972, King et al. 1980 and Sonek et al. in 1991 [24]. Interestingly, in
1972 it was suggested by Hoyes et al. that studies with results supporting a hetero-
geneous population of AME cells based on cell morphology alone were the product
of inappropriate fixations, along with other methodological and technical differ-
ences [29]. In 2003, Iwasaki et al. wished to put to rest this debate by using enzyme-
histochemistry, tracer permeability analysis, and freeze-substitution fixation. He
concluded that AME cells were homogeneous [24]. This study, however, did not
end the controversy. Indeed, despite the advent of much more sophisticated methods
of (stem or not) cell characterization, a final answer on this point still remains elu-
sive [30-32].

Stem Cells

Prior to 2003, very little was known about stem cells and/or progenitor cells of the
AM [30, 31, 34]. A study in 1996 showing human AME antigen positivity to neuro-
and glial-specific antibodies was the first to hint at AME multilineage potential,
specifically for neuro and glial lineages [33]. There is some confusion in the histori-
cal precedents of AM stem cell isolation, due to the fact that studies supposedly
focused on placental cells often did not properly distinguish the derivation of the
mesenchymal cell population of the placenta, and thus could have inadvertently
included stem cell populations from the AM [30, 34]. Even when the amnion is
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removed prior to placental cell culture, remnants of AM mesenchyme can remain
[34, 35]. In 2004, In’T Anker et al. isolated and better characterized mesenchymal
stem cells from term AM [30]. A plethora of studies on mesenchymal and epithelial
AM stem cells followed [31, 32].

Translational Developments

The therapeutic potential of AM cells, particularly of AM stem cells, is currently
thought to be vast. It is covered in detail in other sessions of this book, yet the fol-
lowing is a list of some of these developments, exclusive of the use of the AM as a
whole or graft:

— Bone constructs in vivo [36]

— Tendon-like structures [36]

— Pancreatic beta-cells [36]

— Hepatocyte-related functions in vivo [36]

— Cardiomyocyte-related functions in vivo [36, 37, 40]

— Chondrocyte differentiation in vivo and in vitro [36]

— Pancreatic beta-islet cells differentiation in vivo [36, 37]

— Neuro progenitor cells, neurons, and glial cells [36, 37]

— Auditory system cells [36]

— Type II pneumocytes lung epithelium differentiation [31]

— Cholangiocytes [31] (Biliary tract epithelia)

— Invitro differentiation: adipogenesis, osteogenesis, chondrogenesis [38]
— Inhibit proliferation of T cell and monocyte differentiation [39]
— Antitumor therapeutic [40]

Amniotic Fluid

Advent of Amniocentesis

The study of the AF at the turn of the twentieth century can be mostly attributed to
the advent of amniocentesis [6, 41]. German physicians Prochownick, Von Schatz
and Lambi performed the first documented amniocentesis in the 1877 to relieve
pressure on a fetus suffering from diagnosed hydramnios [6, 41]. Following,
Prochownick analyzed AF obtained from amniocentesis for sodium chloride, solid
substances, and urea content [41]. In 1891, Schroeder studied the content of solid
substances, ash, and albumin in AF samples obtained from amniocentesis [41].
There is no mention of any cell content or analysis in these studies [41].
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Prenatal Screening: The Identification of AF Cells

In 1956, Fritz Fuchs and Polv Riis showed that fetal sex could be determined from
AF cells through Barr body identification via amniocentesis [6]. Details of their
methods for isolation and characterization of AF cells to identify fetal sex remain
unknown. That study is considered the first to document the presence of cells in the
AF, given the lack of comparable reports in the literature prior. Soon after that study,
cells of the AF were further analyzed and initially classified by Sachs et al. [42] via
smeared histology of sampled AF, with no cell culture [42]. Three types of epithe-
lial cells were suggested: basal cells with vesicular nuclei and green-staining cyto-
plasm; precornified and cornified cells with vesicular to pyknotic; and keratinized
cells with advanced nuclear degeneration; along with a large proportion of anucle-
ated cells [42].

Widespread prenatal screening through amniocentesis begun in the late 1960s,
mostly geared towards research in reproductive health and “early confirmation of
pregnancy” [43]. At that time, culturing of AF cells was performed almost exclu-
sively for genetic karyotyping [44]. In 1966, Steele and Breg described more sys-
tematic genetic screening/karyotyping of cultured AF cells [45]. Their cultures
revealed two distinct morphological classes of cells: epithelial-like and fibroblast-
like cells [45]. Not long thereafter, in 1969, Nelson and Emery in Edinburgh,
Scotland, proposed modifications which optimized AF cell growth [44]. That was
when adherence of AF cells to glass surfaces was first documented. They also pro-
posed that AF cell growth was most viable in samples obtained at less than 20
weeks of gestation [44].

Over the course of the following two decades, culture techniques would drasti-
cally improve, increasing both the viability and growth of cultured AF cells [46—
49]. This set the stage for further identification and understanding of different
populations of AF cells [45-47, 49].

Cell Culture Modifications and Cell Classifications

Following the initial classification of attaching, colony-forming cells by Steele and
Breg in 1966, numerous other forms of classification were proposed, with most
broadly classifying cultured AF cells into three groups: attaching, colony-forming
amniotic fluid cells; attaching non-colony forming, non-proliferative amniotic fluid
cells; and non-attaching amniotic fluid cells [50-54]. In 1974, Hoehn et al. con-
ducted further investigation on the AF cell culture types as defined by Steele and
Breg [51].They identified three main classes of AF cells based on cellular morphol-
ogy: fibroblast-like cells (F-type cells), epitheloid cells (E cells), and amniotic fluid
specific cells (AF-specific cells) [51]. F-type cells were spindle-shaped cells, exhib-
iting high growth potential. E cells exhibited intimate cell-to cell contact, were
resistant to trypsin detachment, and showed poor growth potential. AF-specific cells
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were pleomorphic, and exhibited intermediate growth potentials compared to F-type
cells and E cells. Simultaneously, in 1974 Sutherland et al. cultured AF of second
trimester pregnancies [52]. An inverted microscope was used to characterize cells
based on morphology. Five cell types were readily identifiable and characterized.
The first cell type identified was a macrophage. This cell type could be readily iden-
tified in primary culture but could not be sub-cultured. And, overtime, macrophage
cells became degenerate and overgrown by other cell types. Also, three epithelial-
like cells were identified: Epitheloid Type I, II, and III cells [52]. Epitheloid Type I
cells could be sub-cultured but did not grow as colonies after passage. Epitheloid
Type II cells were morphologically large in size and multinucleated with a fibrillar
appearance, and were present in all passages. Epitheloid Type III cells morphologi-
cally resembled Epitheloid Type I cells, yet could be sub-cultured. The last cell type
identified was the fibroblast-like cell [52]. This cell type was indistinguishable mor-
phologically from embryonic or lung fibroblasts, and readily sub-cultured.
Interestingly, cultures with cell colonies with a more distinct fibroblastic appear-
ance lived longer. However, fibroblast culture colonies with a large presence of
epitheloid type cells saw a larger decline in life or expectancy [52].

In 1981, Virtanen et al. characterized cultured AF cells with antibodies against
intermediate filaments in indirect immunofluorescence microscopy [53]. Wishing to
further refine AF cell classification beyond simplistic cell morphologies as was
done in the previous studies [45, 51, 52], Virtanen et al. used antibodies against
vimentin, keratin, desmin, and GFA [53]. Using this technique, the authors charac-
terized five subtypes of epithelial cell types (E cells) and a fibroblastic cell type
(fibroblastoid cell). E1 cells were the most common cell type in culture, pleomor-
phic in shape and size, fibroblast-like in morphology with bright fibrillar keratin-
positive cytoplasms, exhibiting no cell-to-cell interaction, and were vimentin
positive. The E1 cell subtype has been said to be the same cell as the AF specific
cells previously classified by Sutherland et al. [51, 53]. E2 cells exhibited fibrillar
organization of keratin and vimentin, lacked cell-to-cell organization or interaction,
were large and flat in morphology, exhibited low growth and proliferation, and were
present in all cell cultures, however, low in number. E3 cells were indistinguishable
from E1 cells in size and morphology, but exhibited keratin organization and cell-
to-cell interaction, and diffuse vimentin-positive fibrils in the cytoplasm. E4 cells
were classified by their rapid growth in culture, exhibited keratin organization and
cell-to-cell interaction, and were present in very small amounts in culture. ES cells
were morphologically large, multinucleated cells dispersed among the other cell
types exhibiting bright keratin fibers, and stained for vimentin antibodies.
Fibroblastoid cells were identified as vimentin-positive, keratin-negative cells.
Cultures that showed Fibroblastoid cells as the dominant cell type in culture were
very limited in number. Morphologically, E1, E3, and F-type cells were indistin-
guishable in culture, and were differentiated by keratin and vimentin expression and
cell-to-cell interaction [53].

In 1982 a study described and compared naturally found, uncultured second tri-
mester AF cells [54]. This study would be one of only a few that evaluated uncul-
tured AF cells since the initial evaluation two decades prior [42, 54]. It revealed the
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presence of goblet cells, urothelial cells, histiocytes, macrophages, placental amni-
otic cells, and umbilical cord cells. Unfortunately, the vast majority of cells in natu-
ral AF are washed off during the cell culture process, thus explaining why
information on all AF cells, i.e. including those uncultured, is lacking even today
[58]. It is believed that a large part of the washed off, non-adhering cells in culture
are exfoliated squamous cells, including identified goblet cells, histiocytes, and
macrophages [54].

Cells in Abnormal Pregnancies

With the increasing use of AF cells in prenatal diagnostic screening, the urge to
identify congenital and genetic pathologies unidentifiable through karyotyping
and cellular morphology brought about the identification of properties of AF cells
which had been previously unknown [55, 56]. The initial investigation of AF cell
characterization in abnormal pregnancies can be attributed to Sutherland, Brock,
and Scrimgeour in 1973, when the authors investigated the cellular content in AF
of diagnosed anencephaly and found large numbers of macrophages therein [55].
In 1975, the same authors also identified a large amount of macrophages in AF
samples in the setting of spina bifida [57]. In 1980, rapidly adhering cells from AF
of a pregnancy with diagnosed ancephaly were positive for glial-specific antibod-
ies, and thus heavily suggestive of a neural origin of such cells [58]. Numerous
future studies would support and validate the presence of neural and glial cells in
AF in the presence of Neural Tube Defects (NTDs), with this type of scrutiny
eventually becoming a common option for the prenatal diagnosis of NTDs [59].
The realization that the cellular profile of the AF could be of diagnostic value n
NTDs led to the search for other peculiar AF cell types in the setting of different
congenital anomalies. Just as one additional example, congenital abdominal wall
defects have been shown to contain peritoneal cells which are not present in nor-
mal pregnancies [56].

Stem Cells

The presence of progenitor cells in AF has long been supported by a plethora of
studies that show subpopulations of cells that exhibit multilineage differentiation,
self-renewal, and cytological markers expressed by embryonic and/or adult stem
cells [3, 60—63, 70]. Interestingly, several studies prior would incrementally buttress
the existence of progenitor stem cells in AF [64—67]. However, at the time of these
prior studies (1990s), progenitor and stem cell research was a fledgling science, and
thus the identifying characteristics of such cells were very loose [68]. The presence
of progenitor cells in first trimester amniotic fluid was first proposed in 1993 [64].
Torricelli et al. cultured amniotic fluid samples from the 7th to 13th weeks of
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gestation obtained from voluntary abortions. Cells were identified in culture of
amniotic fluid samples of gestational weeks equal to or greater than 11 weeks. The
morphology of identified cells in the 11th week of gestation included small nucle-
ated, round cells, most consistent with hematopoietic progenitor cells. The identifi-
cation of progenitor cells in amniotic fluid by this study was the first ever to signify
a possible presence of stem cells therein [64]. Over the course of the following
decade or so, such inklings would accumulate, providing increasingly more evi-
dence for the existence of AF progenitor and stem cells [65-67]. In 1996, Streubel
et al. exposed AF culture cells to a supernatant line of rhamdomysarcoma cells [65].
Over the course of 6 weeks, hybrid AF cultured cells expressed muscle proteins,
including dystrophin. This was the first documentation of multilineage differentia-
tion potential of AF cells, in that case for myogenesis [65]. In 1999, a study con-
ducted by Mosquera et al. investigated cellular telomere and telomerase activity of
human AF cells [66]. Telomere length was shown to decrease; however, there was
an increase in telomerase activity, providing further evidence for a presence of pro-
genitor cells and stem cells in AF. Various studies since the early to mid-2000s bet-
ter described different populations of progenitor and stem cells, an endeavor that
continues to expand to this day.

The first study to propose a therapeutic use for AF progenitor cells was published
in 2001 by Kaviani et al., in which a mesenchymal population of ovine AF cells was
shown to be amenable to the fabrication of engineered constructs [67]. That study
was soon followed by a similar one, only involving human cells [69]. Soon thereaf-
ter, the first application in vivo of a construct engineered from AF mesenchymal
stem cells was reported by the same group [70], and then followed by numerous
others, from that and other groups.

The provenance of AF stem cell identification is rarely defined by a single initial
study. Rather, it typically denotes a blurry past with multiple contributors. The iden-
tification of AF stem cells is no exception, as it can be related to a collection of
studies that have identified different characteristics of AF stem cells over the course
of several years, including the initial studies discussed earlier [65—-67]. To many, the
defining moment of AF stem cell identification has been the discovery of the tran-
scription factor (TF) Oct-4 positivity in a subpopulation of AF cells in 2003 by
Prusa et al. [60, 62, 71, 72]. Recently, however, the validity of Oct-4 as a marker of
pluripotency in AF stem cells and thus that as a true, and total marker of “stemness”
has been brought to light, challenging previous observations [73]. Also recently,
certain unique stem cells not normally present in the AF have been identified in the
setting of disease, raising additional interesting prospects for translational develop-
ments [74].

Despite all the almost feverish activity surrounding AF and AM stem cells, it was
not until only a few years ago that a biological role for at least some of these cells
was uncovered, when ubiquitous AF mesenchymal stem cells were shown to play a
germane role in the fetal wound healing process [75]. It is surprising that, until that
study, not much seemed to have been attempted in the way of understanding why
stem cells would be present in the AF or in the AM, in that one would be hard
pressed to assume that their presence there was merely an epiphenomenon.
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Perhaps expectedly for such a young field, the nomenclature surrounding AF
stem cells is currently confusing. The terms amniotic stem cells (AFSC), amniotic
fluid mesenchymal stem cells (AFMSC), amniotic mesenchymal stem cells
(AMSC), and mesenchymal amniocytes are often used interchangeably. Some sug-
gest that AF cells expressing the stem cell factor receptor CD117 or c-kit should be
considered different from AFMSCs and thus be called AFSCs [71]. On the other
hand, as discussed in more detail in other chapters, the amniotic fluid harbors more
than one population of stem cells, rendering the term AFSC imprecise. In addition,
AFSCs have a mesenchymal profile on flow cytometry and so-called AFMSCs can
also express CD117. Regardless of such understandable nomenclature immaturity,
the perspectives involving AF and AM stem cells are unquestionably promising and
only beginning to be explored, as discussed in various other chapters of this text-
book. The following years should add stimulating developments to this already
engaging history.
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Chapter 8
Amniotic Membrane Stem Cell Populations

Rebecca Lim, Jean Tan, Ryan J. Hodges, and Euan M. Wallace

Introduction

Amniotic membrane, the amnion, has a long history in regenerative medicine as a
wound or burns dressing and in ophthalmic surgery. However, it is really only over
the past decade or so that it has been increasingly recognized as a potential source of
cells that may have much broader applications in regenerative medicine and stem cell
biology. In this chapter, we will describe the embryological derivation of the cells in
the amnion, their characteristics and their stem-cell like properties, highlighting
possible clinical applications as suggested by current experimental studies.

Derivation of Fetal Membranes

The process of forming the blastocyst is known as blastulation whereby the cells of the
very early embryo, or morula, differentiate into an outer layer of cells, known as the
trophoblast, and an inner cell mass or embryoblast. These two distinct cell populations
are separated by a fluid filled cavity or blastocoele. While the trophoblast layer of cells
will give rise to the definitive placenta, the inner cell mass differentiates into the epi-
blast and hypoblast, the latter of which migrates out along the trophoblast to form the
primary yolk sac and give rise to primitive endodermal structures. The epiblast forms
the definitive embryo by giving rise to ectoderm and invaginating mesoderm. The
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resulting trilaminar structure—ectoderm, mesoderm, and endoderm—is known as the
gastrula. Immediately prior to formation of the gastrula, a stage called gastrulation, the
epiblast gives off a layer of ectodermal cells that form the amniotic membrane or
amnion. Given that these amnion cells are derived from the epiblast immediately prior
to gastrulation it has long been thought that they might retain multipotent memory or
plasticity and as such possess stem cell-like properties.

Amnion in Regenerative Therapy

The use of human amnion as biological dressings has been used in the fields of
ophthalmology and wound care for decades owing to their bacteriostatic, antiphlo-
gistic, pro-regenerative and scar-reducing properties (Fig. 8.1). In particular, in a
comprehensive review, Kesting and colleagues describe the decades of amniotic
membrane usage for burn treatment [1], highlighting that randomised clinical trials
have demonstrated the benefits of amnion in the treatment of burns, promoting
wound healing, improving patient comfort and reducing the need for dressing
changes. Indeed, processed and dehydrated amnion/chorion allografts have been
applied to other wound types, including as skin grafts where they have also been

,dﬁﬂ\\‘ml‘
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Fig. 8.1 The amniotic membrane can be physically separated from the chorionic membrane for
ophthalmological applications and as biological dressings
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shown to be of greater benefit than traditional bandages [2]. Similarly, amnion
membrane and its derivatives have been shown to accelerate repair and reduce scar-
ring in ophthalmic surgery, including as a treatment for corneal ulcer [3]. Indeed,
such is the success of amnion and amnion-derived products as an aid to wound heal-
ing that allograft preparations are commercially available, such as PURION® and
EpiFix®. It is claimed that these products have been specifically processed to retain
the inherent biological properties of amnion, including the promotion of cell prolif-
eration, modulation of inflammation, maintenance of metalloproteinase activity and
recruitment of endogenous progenitors to facilitate wound repair [4]. Specifically,
EpiFix® has been shown to promote resolution of refractory non-healing wounds
[5]. That allogeneic amnion preparations can be successfully used without fear of
tissue rejection most likely relates to the biological function of the cells at the
maternal-fetal interface where they are believed to have critical roles in maternal
immune re-programming necessary for maternal tolerance of the fetal allograft and
a healthy pregnancy [6, 7].

It is this immune privileged property of fetal membranes that, more recently, has
been thought to be fundamental to their reparative/regenerative properties. While the
human fetal membranes, comprising the chorion (trophoblast derived) and amnion
(epiblast derived), have both been shown to contain cells with stem-like cells proper-
ties (Table 8.1), it is the immunomodulatory properties of amnion derived stem-like
cells in particular that have been exploited in a number of experimental animal models
demonstrating pro-regenerative, and most recently, anti-tumor properties.

Table 8.1 Stem cell and stem cell-like properties of cells isolated from human fetal membrane

In vivo
Immune Self-renewal In vitro differentiation | differentiation
Cell type suppression and pluripotent | potential potential
Human Express very | Expression of | Adipogenic, Hepatic [16],
amnion low levels of | Oct-4, Nanog | chondrogenic, pancreatic [17]
epithelial human and SOX-2 osteogenic, and neurogenic
cells leukocyte [12] cardiomyocytic, [18, 19],
antigen hepatic, pancreatic and | differentiation
(HLA)-A, -B, neurogenic
-C, and do differentiation [13-15]
Human not express Expression of | Adipogenic, Cardiomyogenic
amnion HLA-DR Oct-4, SSEA-3 | chondrogenic, [22] and
mesenchymal | [8-11] and SSEA-4 osteogenic, neurogenic, | chondrogenic [25]
stem/stromal [11,20-22] skeletal myogenic, differentiation
cells pancreatic and
cardiomyogenic
differentiation [8, 11,
12, 20-24]
Human Adipogenic, Chondrogenic [28]
chorion chondrogenic,
mesenchymal osteogenic, neurogenic,
stem/stromal skeletal myogenic
cells differentiation [26, 27]
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Fetal Membrane Stem Cell Populations

Amniotic and Chorionic Derived Mesenchymal
Stromal/Stem Cells

The most well described population of mesenchymal stromal/stem cells (MSCs) are
derived from adult bone marrow, so called bone marrow mesenchymal stem cells
(BM-MSCs). However, many other tissues harbor MSCs including adipose tissue,
umbilical cord blood, umbilical cord tissue (Wharton’s Jelly) and fetal membranes.
Common features of these MSCs include multipotential differentiation ability and
immunomodulatory properties. Unsurprisingly, MSCs obtained from the amnion
and chorion bear similar properties. Human fetal membranes from normal placentae
can be physically separated such that pure populations of human chorionic MSCs
(hCMSCs) and amniotic MSCs (hAMSCs), and human amnion epithelial cells
(hAECs), can be obtained by simple enzymatic digestion. Indeed, MSCs have been
successfully isolated from first, second and third trimester placentae, including from
the amnion, chorion, decidua parietalis and decidua basalis [8—11]. They represent
about 1 % of all cells present in the placenta [12, 13]. Both hCMSCs and hAMSCs
express CD73, CD90, and CD105, but not CD14, CD19, CD34, CDA45, or HLA-DR
[14]. The average yield of MSCs from a typical chorion or amnion is about 1-10
million cells per gram of tissue. Given that any clinical application is likely to
require 100s millions of cells there is likely to be a need for considerable ex vivo
expansion of MSCs. This is not a trivial consideration given the risks of karyotypic
abnormalities and epigenetic changes that may accompany serial passaging of
MSCs [15, 16]. In contrast to MSCs, much larger numbers of epithelial cells may be
derived from the amnion layer. These are called amnion epithelial cells.

Amnion Epithelial Cells

Human amnion epithelial cells (hAECs) can be isolated in large numbers (150-200
million) from term placentae thereby circumventing the need for serial expansion.
Further a xeno-free protocol has been developed to meet the requirements of clini-
cal use in patients [17]. These cells express the epithelial cell surface marker,
EpCAM, but do not express MSC markers such as CD105 and CD90. They share
some stem cell properties such as multipotent differentiation potential and expres-
sion of pluripotent stem cell specific transcription factors including Oct4 and Nanog
[18]. Unlike MSCs, which are plastic adherent, primary hAECs are composed of
subpopulations of cells that are adherent, loosely adherent and free-floating. Of
these, the adherent subpopulation of hAECs has the lowest expression of Oct4 and
Nanog. Notably, most in vivo studies use the entire hAEC fraction rather than a
specific subpopulation of hAECs.
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Stem Cell Properties and Mechanisms of Action

Immunosuppressive Properties

Regardless of their source, MSCs have potent immunosuppressive properties and
MSCs obtained from the fetal membranes are no exception. Both hCMSCs and
hAMSCs suppress T cell proliferation to the same extent as BM-MSCs [14].
Interestingly, the production of the immunosuppressive prostaglandin E, (PGE,) is
higher from hAMSCs compared to hCMSCs. While PGE, is often considered a
potent pro-inflammatory mediator, more recently it has become apparent that it
plays important roles in limiting inflammatory processes and in regulating tissue
remodelling after injury, particularly in the lung [19]. Specifically, PGE, modulates
both macrophage and T cell functions during repair, polarizing M1 macrophages to
the reparative M2 phenotype, thereby facilitating wound healing by increased mac-
rophage phagocytosis [20]. PGE, also promotes the maturation of CD4* T cells to
CD4*CD25*FoxP3* Tregs cells [21], enhancing the immunosuppressive capacity of
existing Tregs and inducing de novo Treg function in CD4*CD25 T cells with con-
current acquisition of FoxP3* expression akin to that in naturally occurring Tregs
[29]. These “adaptive Tregs” both inhibit effector T cells by a contact-independent
mechanism and express cyclooxygenase-2 (COX-2) thereby increasing PGE, fur-
ther, enhancing T-cell inhibition in a paracrine manner [22]. In short, PGE, inhib-
its T-cell function by several modes of action, both directly as an inhibitory
paracrine cytokine and by inducing and/or enhancing Treg function. It is, there-
fore, no surprise that PGE, has been recently identified as a key factor in MSC
mediated immunosuppression [23].

Amnion epithelial cells (hAECs) share many common immunosuppressive prop-
erties with MSCs. They express potential immunosuppressive factors such as
HLA-G [24] and Fas ligand [25] to mediate repair of injury. The histocompatibility
leukocyte antigen (HLA)-G molecule is an MHC Class II fragment, which plays a
major role in immune tolerance during pregnancy. At the maternal-fetal interphase,
HLA-G secreted by the placenta inhibits migration and proliferation of maternal
effector immune cells. A recent study showed that hAECs isolated from preterm
amnion are not as effective at mitigating acute lung injury as term hAECs, a differ-
ence thought to be due to less HLA-G being secreted by preterm hAECs [24].

Another mechanism by which hAEC might mediate repair is via the apoptotic
Fas-ligand (Fas-L), which is expressed by amniotic membrane and epithelial cells
[25, 26]. Inhibition of hAEC Fas-L reduces the apoptotic activity of T cells by 50 %
[25]. T cell-mediated immune suppression during wound healing is important and
so the ability of hAECs to regulate T cell survival is an important mechanism by
which they might mediate repair. Additionally, similar to MSCs, hAECs are able to
suppress concanavalin A-activated splenocyte proliferation through prostaglandin
E, (PGE),). Inhibition of PGE, production using indomethacin, reversed the suppres-
sion of splenocyte proliferation in vitro [27]. hAECs are also able to mediated polar-
isation and limit recruitment of macrophages during injury, promoting a
pro-reparative microenvironment predominated by highly phagocytic macrophages
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Fig. 8.2 Dynamic immunomodulatory properties of hAECs include reduction of effector T cell
numbers and polarisation of macrophages towards an M2 phenotype

[28]. The dynamic capacity of hAECs to modulate host immune cell response in dis-
ease certainly warrants further study. Figure 8.2 illustrates the possible mechanisms
and pathways by which hAECs might mediate and facilitate repair of injury.

In Vitro Characteristics

Amniotic and chorionic MSCs are described as being plastic adherent, with typical
fibroblast-like morphology. They are able to form colonies and can be serially
expanded [10]. Amniotic and chorionic MSCs express similar cell surface markers
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to BM-MSCs, including CD44, CD90, CD105, CD13, CD29, CD54, CD73 and
CD166. They also retain the ability to differentiate into adipocytes, chondrocytes
and osteocytes, indicative of a multipotent differentiation potential. However, the
colony forming ability of hAMSC:s is superior to that of hCMSCs, where the colony
forming capacity of both MSC populations is enhanced by enriching for CD271*
cells [10]. The proliferation rate of hCMSCs and hAMSCs remain steady even after
>10 serial passages. However, HLA-DR expression diminishes in both types of
MSC:s after early passaging [30, 31]. This may explain their ability to avoid immune
surveillance in vivo.

When cultured in semi-solid media hAMSCs spontaneously form capillary-like
structures, even in the absence of VEGF, and they express VEGF receptor 1 and 2
(Flt-1 and KDR) [13]. This suggests that a further mechanism by which they may
augment wound repair is by supporting neovascularization in vivo. On a similar
note, a subtype of CD200* hC MSCs support proliferation of primary human hepa-
tocytes in vitro [32].

In Vivo Characteristics

The pro-regenerative properties of CMSCs and AMSCs have been explored across
a number of animal models. Since fetal membranes can be technically challenging
to separate in rodents, allogeneic studies in rodent models of injury have largely
relied on isolating MSCs from both fetal membranes together and therefore reported
the effects of this mixed population of MSCs—both chorion and amnion MSCs. For
example, mixed MSCs obtained from both fetal membranes of rats demonstrated
therapeutic benefit when administered allogeneically in models of hindlimb isch-
aemia [33], autoimmune myocarditis [34], glomerulonephritis [35], renal ischaemia-
reperfusion injury [36] and myocardial infarction [37]. In contrast, human fetal
membranes are easily separated. The chorion and amnion can be physically pulled
apart into discrete sheets, washed and processed for separate cell isolation. A recent
study performed by Yamahara and colleagues showed that conditioned media from
hAMSCs and hCMSCs were also able to inhibit cardiomyocyte and endothelial cell
death triggered by hypoxia or serum starvation [14]. Both cell types secreted signifi-
cant amounts of pro-angiogenic soluble factors including hepatocyte growth factor
(HGF), insulin growth factor-1 (IGF-1), vascular endothelial growth factor (VEGF)
and basic fibroblast growth factor (bFGF). Interestingly, the hAMSCs produced sig-
nificantly higher levels of HGF and bFGF compared to hCMSCs. However, these
researchers did not report significant differences in therapeutic benefit between the
two MSC types when they were used xenogeneically in a rat model of hindlimb
ischaemia and mouse model of acute graft versus host disease (GVHD) [14].
As such, hCMSCs and hAMSCs have been reported to exert similar therapeutic
benefits even when administered xenogeneically across a number of animal models
of acute and chronic diseases. These are described in the following sections.
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Potential Clinical Applications

Graft-Versus-Host Disease

As mentioned above, both hCMSCs and hAMSCs have been shown to exert
therapeutic benefit when used in an animal model of GVHD. In a study conducted
by Yamahara and colleagues, four intravenous doses of 1 x 10° amniotic or chorionic
MSCs reduced weight loss associated with GVHD [14]. It should be noted, how-
ever, that this study did not assess the extent of successful donor engraftment. In
contrast, ex vivo expanded placental MSCs have been shown to enhance haemato-
poietic stem cell engraftment [29] such that a placental MSC adjuvant therapy is
moving towards clinical use [38]. To date, the therapeutic application of hAECs in
preclinical models of GVHD has not yet been reported but, as already described,
hAECS possess many of the features and functions of amnion MSCs that it would
be worthwhile assessing this more abundant cell type in this setting.

Wound Healing

The wound healing capabilities of the fetal membranes are well described. Amniotic
MSCs have been reported to enhance wound healing in diabetic NOD/SCID mice [39].
When injected intra-dermally around full-thickness excision wounds, hAMSCs showed
functional engraftment where transdifferentiation into keratinocytes was accompanied
by accelerated re-epithelialisation. These appeared to be direct effects of the hAMSCs
which promoted tube formation by human umbilical vein endothelial cells (HUVECs)
on matrigel and cell migration in a scratch test assay. Interestingly, it appears that hAM-
SCs have superior wound healing capabilities than adipose derived MSCs [39].

Amniotic MSCs also promote angiogenesis in vitro and when injected into isch-
aemic hindlimbs of mice they spontaneously differentiated into vessel-like struc-
tures that expressed endothelial specific proteins including Von Willebrand’s Factor
and VEGEF receptors Flt-1 and KDR [40]. Implantation of hAMSCs also improved
blood perfusion and capillary density in these mice affected by hindlimb ischaemia,
indicative of the vasculogenic potential of hAMSCs [40]. Given historical studies
on scarless fetal wound healing [41, 42], it is thus tempting to speculate that the fetal
origins of these MSCs may confer superior wound healing properties to adult
derived MSCs such as BM-MSCs and/or adipose MSCs.

Cardiovascular Disease

Amniotic MSCs can differentiate in vitro into spontaneously beating cardiomyocytes,
a differentiation significantly accelerated by the administration of interleukin-10
(IL-10) or progesterone [43]. In vivo, when transplanted into nude rats 2 weeks after
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an induced myocardial infarct, hAAMSCs reduced myocardial fibrosis and significantly
improved left ventricular function. Importantly, when transplanted into immune
competent Wistar rats the amniotic MSCs survived for more than 4 weeks post-
transplantation, differentiating into cardiomyocytes in situ without immunosuppres-
sion [43]. The survival of the hAMSCs in the immune competent rats was thought
to be due to the secretion of HLA-G and the activation of regulatory T cells [43].
Similarly, the direct transplantation of hAMSCs into the border regions of induced
ischaemic heart tissue increased survival in a NOD/SCID mouse model of myocar-
dial infarction [44]. In that model, as with the previous report [43], hAMSC admin-
istration improved left ventricular function. This was thought to be effected, at least
in part, by increased capillary density and increased levels of the pro-angiogenic
factors angiopoetin-1 and vascular endothelial growth factor (VEGFA) [44]. In light
of these reports for hAMSCs, perhaps not surprisingly hAECs have also been shown
to reduce myocardial infarct size and improve ventricular contractility when directly
transplanted into areas of infarction in athymic nude mice [45]. These improve-
ments were associated with in vivo engraftment and differentiation of hAECs,
where 3 % of the surviving hAECs expressed myosin heavy chain 4 weeks fol-
lowing the infarct event. The involvement of HLA-G, macrophage and/or T cell
modulation by hAECs in models of myocardial ischaemia have not yet been
reported. Further, to date, the impact of chorionic MSCs on cardiovascular
disease has not been reported.

Liver Fibrosis

Both hAMSCs and hAECs have been assessed as possible cell therapies for acute
and chronic liver disease. Carbon tetrachloride infusion induced liver fibrosis in
immune competent C57B16 mice was reportedly ameliorated by hAMSC treatment
[46]. Specifically, a single dose of 1x 105 amniotic MSCs introduced intraspleni-
cally 4 weeks following the commencement of carbon tetrachloride infusion effec-
tively suppressed stellate cell activation and consequently reduced liver fibrosis.
Hepatocyte apoptosis was also reduced while hepatocyte proliferation was increased,
probably by reducing hepatocyte senescence. These cellular changes were associ-
ated with improved liver function, as evidenced by reduced serum levels of alanine
aminotransferase and aspartate transaminase, and with engraftment and differentia-
tion of hAMSC:s into hepatocytes in the recipient livers. Anti-fibrotic properties of
hCMSCs have not been assessed in liver fibrosis models to date however in vitro
findings, as described earlier in this chapter, on the protective properties of hCMSCs
on hepatocytes indicate that they may be similarly beneficial [32]. In contrast,
hAECs have been shown to be an effective therapy for liver fibrosis, exerting anti-
fibrotic effects when administered intravenously in a similar carbon tetrachloride
induced liver fibrosis mouse model [47]. In that study, in addition to the suppression
of stellate cell activation the authors showed that hAEC administration increased
gelatinase activity. This effect may underlie the accelerated resolution of liver fibro-
sis that is observed following either hAEC or MSC administration [46, 47].
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Intriguingly, as has been shown in ophthalmic surgery, the cells themselves may not
be required for the reparative effects but rather secreted factors, in hAEC-conditioned
media, can directly suppress stellate cell activation [48]. Further, as has been shown
in vitro [28], hAECs are likely to exert their anti-fibrotic and anti-inflammatory
effects in the livers of the carbon tetrachloride challenged animals inducing the
polarisation of hepatic macrophages from the classically activated M1 phenotype to
the alternatively activated M2 phenotype [49]. Since a direct comparison between
hAECs and hAMSCs has not been performed to date it is not yet clear whether the
different cell types work via different mechanisms and/or pathways. However, taken
together, the findings from the various studies of hAMSCs and hAECs in liver dam-
age suggest that that injury resolution and liver repair is most likely mediated by the
cells via soluble factors acting upon endogenous host cell types such as the hepatic
stellate cells and/or macrophages to resolve fibrosis, rather than through engraftment,
differention and functional replacement of damaged hepatocytes.

Acute and Chronic Lung Disease

Stem cells derived from fetal membranes have been applied across a number of
neonatal and adult respiratory diseases. In an immune competent mouse model of
bleomycin induced lung injury (inflammation and fibrosis), a mixture of cells iso-
lated from the human chorionic and amnion (50 % MSC:50 % hAECs mixture)
were found to be as effective as allogeneic cells isolated from murine fetal mem-
branes in preventing injury [50]. Indeed, the anti-inflammatory and anti-fibrotic
effects of fetal membrane MSCs and AECs in lung injury were similar whether the
cells were allogeneic or xenogeneic (human) and irrespective of route of adminis-
tration, whether intravenous, intraperitoneal or intratracheal [50]. In accord with the
studies in liver injury models, the administration of MSCs/AECs was associated
with a profound reduction in pulmonary infiltration by all white cells: neutrophils,
macrophages and lymphocytes [50]. That observation supported the notion that
cells were most likely acting via modulation of the host immune response to injury
rather than via engraftment and differentiation. Indeed, it was subsequently shown
that, as in the liver [48], the cells themselves were not required for the protective
effects in acute lung injury but that the same effects were achieved by the adminis-
tration of hAMSC-conditioned media [51]. Of course, these studies were unable to
unravel whether it the protective effects were being exerted by hAMSCs or by
AECs, or by both.

In that regard, remarkably similar results in the lung have been achieved with
pure populations of hAECs only [24, 52], whereby hAECs prevent inflammation
and fibrosis following bleomycin-induced injury. As with MSCs it would appear
that this effect may be exerted via macrophages. Macrophage recruitment, both in
vitro and in vivo in the injured lung, is inhibited by hAECs and hAECs are able to
induce macrophage polarisation from the classical, pro-inflammatory M1 phenotype
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to the alternative, pro-reparative M2 phenotype [28]. Indeed, the central role that
macrophages play in the mechanisms of action of hAECs in mitigating acute lung
injury, and possibly in other tissue injury repair, is illustrated by the inability of
hAECs to be protective in a mouse model that has functionally deficient macro-
phages [53]. In that model, a Sfipc~~ mouse, hAECs were unable to prevent macro-
phage influx into the lung following bleomycin administration and unable to
mitigate the subsequent fibrosis [53]. Since regulatory T cells are known to be
involved in macrophage polarization and function, and play important roles in reso-
lution of lung injury [23], it is likely that hAECs will mediate at least some of their
effects via Tregs. Indeed, it is feasible that hAECs actions on macrophages are actu-
ally exerted, at least in part, via Tregs. This is certainly worth examination as it
might offer new therapeutic insights into both hAEC and MSC mechanisms of
action. Irrespective of the precise effects of hAECs on host immune responses, the
very low engraftment rates of hAECs into the injured lung [52] suggests that, per-
haps unlike heart [45] and liver [46], they are likely to augment the repair process
by replacing injured lung epithelium through engraftment and differentiation [52].
It is also important to note that almost all the studies of hAECs and fetal membrane
MSC:s in lung injury explore the utility of the cell therapy given at the time or imme-
diately after the insult [50-53]. Unlike the studies in liver and heart injury where
cell therapy has been shown to improve established injury there is essentially only
one study in the lung that has explored whether hAECs could accelerate repair of
fibrotic injury [54]. In that study hAECs were administered either a week after bleo-
mycin administration, when pulmonary inflammation is maximum, or 2 weeks after
bleomycin, when fibrosis is maximum. At peak inflammation hAECs did not miti-
gate lung injury suggesting that either hAECS are inactive during active inflamma-
tion or that the cell dosage was inadequate [54]. In contrast, when administered at
the time of peak fibrosis but after acute inflammation, the administration of hAECs
accelerated the resolution of fibrosis [54]. These finding not only usually inform the
design of future clinical trials they also provide further insights into likely mecha-
nisms of action.

It is not only in adults that lung disease has been explored as a possible target.
Bronchopulmonary dysplasia (BPD) is a chronic lung disease of the preterm infant
resulting in alveolar maturational arrest, fibrosis and a disordered vasculature. There
is no current treatment for BPD and, as such, it is an ideal disease target for cell
therapies. Using a variety of insults to mimic those that are thought to be important
in the development of BPD, such as hyperoxia, infection, and barotrauma, a series
of neonatal mouse and fetal sheep experiments have shown that hAECs can reduce
the BPD-like injury, normalizing the tissue:airspace ratio and lung architecture,
reducing the inflammatory response, and reducing resultant fibrosis and scarring
[55-57]. Interestingly, in the fetal sheep model of ventilation induced injury, mim-
icking barotrauma, the administration of hAECs both intravenously and intratrache-
ally appeared to confer better protection/repair than when cells were administered
by either route alone [57].
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Neurological Diseases

Stroke is one of the leading causes of death and disability worldwide, a major burden
of disease. Despite improvements in emergency therapies, such as thrombolysis,
and rehabilitation medicine, treatment options for patients with profound ischaemic
and haemorrhagic stroke remain limited. Not surprisingly, cell therapies, including
fetal membrane cells have been assessed as possible treatment options. Broadly, two
approaches have been taken: the administration of either partially differentiated
neural cells derived from hAMSCs or the administration of primary undifferentiated
amnion cells. With regard to the first approach, the direct administration, into the
striatum of the brain, of partially differentiated neural cells from hAMSCs has been
shown to improve neurological function in a rat stroke model where focal cerebral
ischaemia is induced by middle cerebral artery occlusion [58]. Administration of
the neurally differentiated MSCs 2 weeks after the induced stroke improved recov-
ery of neurological function, as assessed by a test of balance test and other motor
functional deficits (flexion of forelimb, circling towards the paretic side, falling
down, etc.). These outcomes were coincident with an accumulation of hAMSCs
within the ischaemic lesion and reduced pyknosis of pyramidal neurons [58].
Similarly, hAMSCs transfected with the brain derived neurotrophic factor (BDNF),
as an approach to deliver gene therapy, when administered directly into the brain
reduced infarct size and improved functional outcome in rats undergoing middle
cerebral artery occlusion-induced ischaemic stroke [59]. That BDNF-hAMSCs
were more effective than hAMSCs transfected with just the green fluorescent
protein, EGFP (EGFP-hAMSCs) suggests that either the delivery of BDNF locally
by the hAMSCs was important or that the BDNF transfection altered the hAMSCs
in a manner to assist their function. In that regard, 3 weeks after transplantation the
BDNF-hAMSCs could still be located within the brain and some of the cells
expressed the neuronal markers MAP2 and nestin, consistent with in vivo neural
differentiation [59].

Both amniotic fluid cells [60] and hAECs [61] have been assessed in the same
models of ischaemic stroke. When delivered directly into the brain 24 h after
middle cerebral artery occlusion, hAECs tracked to the infarct site, reduced cell
death and infact size and improved neurological function 2 weeks later [61]. As
with the hAMSCs, transfection with GDNF appeared to improve the effects of
hAECs but GDNF was not required for an effect [61]. hAECs have also been
administered to a rat model of intracerebral haemorrhage. When delivered by
intraventricular injection, directly into the brain, hAECs were shown to reduce
brain oedema and improve motor deficit following intracerebral haemorrhage
[62]. Consistent with the observations in liver and lung where hAECs reduced
macrophage number [28, 49], the administration of hAECs following intracere-
bral haemorrhage reduced the number of microglia suggesting a reduction in
inflammatory response to the haemorrhage [62]. However, as has been highlighted
[63], the direct administration of cells into the brain is not likely to find clinical
favour. A more preferred, and safer, administration route such as intravenous
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delivery would be preferable. To date, there are no studies reporting the intrave-
nous (iv) administration of either hAMSCs or hAECs for the treatment of stroke.
However, amniotic fluid-derived cells have been successfully given iv with good
effect [64], offering promise for hAECs and hAMSCs.

Indeed, in a fetal sheep model of white matter injury, to mimic the periventricular
leucomalacia seen in preterm babies, the iv delivery of hAECs was associated with
a significant reduction in microglial number and activation in the cortex, subcortical
and periventricular white matter and with reduced apoptosis [65]. Such findings
would be consistent with the hAECs exerting anti-inflammatory and neuroprotec-
tive effects in the fetal brain. Notably, while the hAECs were delivered intrave-
nously they were detectable within the brain, confirming that they can cross the
blood:brain barrier. However, unlike the hAMSCs [58, 59] there was no evidence of
in vivo differentiation. Rather, it is likely that in the brain, as in lung and liver,
hAECs exert their neuroprotective effects via modulation of the host inflammatory
response. One additional mechanism of injury mitigation or facilitated repair in the
brain is via melatonin [66]. hAECs express one of the melatonin receptors and the
proliferative and neuroprotective properties of hAECs can be augmented by pre-
treatment with melatonin [66].

A number of animal models of other CNS disorders has been used to assess the
therapeutic potential of hAECs. These include models of progressive degenerative
diseases such as multiple sclerosis (MS), Parkinson’s disease, amyotrophic lateral
sclerosis (ALS) and traumatic injury such as spinal cord transections and peripheral
nerve injury [63]. In an experimental autoimmune encephalomyelitis (EAE) mouse
model of MS hAECs were shown to reduce proliferation of myelin oligodendrocyte
glycoprotein-specific T cells and to decrease their secretion of pro-inflammatory
cytokines, suggesting disease mitigating effects [67]. More recently, Liu and col-
leagues reported that iv administered hAECs mitigated demyelination in the EAE
mouse model of MS, principally by reducing brain inflammation, an effect medi-
ated by TGF-p and PGE, [27]. Importantly, there was no evidence of cell engraft-
ment [27]. It is intriguing that the mechanisms of action of hAECs appear common
across diseases and organs. That said, in a rat model of Parkinson’s disease, when
hAECs are transplanted directly into the striatum of the rat brain they survive and
appear to differentiate, secreting dopamine [68]. Whether this is the primary mecha-
nism of action in ameliorating this disease model or whether hAECs prevent further
loss of host dopamine-secreting neurons [69], most likely though an anti-
inflammatory action, remains to be further resolved.

Amyotrophic lateral sclerosis (ALS) is an adult onset progressive neurodegen-
erative disease where promising results have been achieved with multiple systemic
transplantations of hAMSCs in a mouse model of the disease [70]. Treatment pre-
vented the loss of motor neurons and reduced neuroinflammation While some
hAMSCs were detected in the spinal cords of animals at the final stage of the dis-
ease, these were negative for f-tubulin III or glial fibrillary acidic protein, indicating
that beneficial effects were not likely due to engraftment and differentiation of the
hAMSC:s to replace damaged neurons.
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With regard to spinal cord transection and facilitated axonal regrowth more
generally, hAECs appear to be able to survive for months in the spinal cord without
inducing an inflammatory response and may be able to improve motor function
consistent with facilitated cord repair [71]. The precise mechanisms of action of
hAEC: in spinal cord injury repair remain unclear but they appear to accelerate glial
scar resolution facilitating axonal migration and penetration [72]. Such effects
would certainly be consistent with the effects on macrophage polarisation previ-
ously discussed. It is also likely that cell therapy will assist with neovascularisation.
For example, hAMSCs, when transplanted locally to the site of injured nerves
improved vascularisation of the nerves and increased blood [73]. In that mouse
model of peripheral nerve injury, the hAMSCs also appeared to engraft. Interestingly,
the degree of neurovascular tropism and rescue from neuropathy in vivo afforded by
hAMSCs was far greater than that seen by adipose tissue derived MSCs.

Conclusions

It is clear that the amniotic membrane harbours two populations of cells—hAMSCs
and hAECs—that have special properties that make them an attractive and readily
available cell therapy. While there is still much to be understood about how the cells
exert their protective and regenerative effects, and therefore how the cells would be
best used clinically, the long safety record of the amnion in wound healing and oph-
thalmic surgery makes these cells a relatively safe therapeutic avenue to translate to
clinical care sooner rather than later. While it is possible that in some disease states,
particularly where the cells are transplanted directly into the injured tissue, both
hAMSCs and hAECs are able to engraft and differentiate into the host tissue cells
the mounting evidence is that the cells most likely exert the majority of their effects
on modulating the host immune response and driving host-led repair. In that regard,
the identification of the secreted factors whereby the cells modulate host immune
offer opportunities for novel therapeutics. Further, the ability of amnion cells to
stimulate endogenous progenitor cells to accelerate repair is an area yet to be
addressed and one that is likely to lead to important insights into how endogenous
repair can be augmented. Whatever the mechanisms by which amnion cells work
these are a most astonishing population of cells that have much to teach us.
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Chapter 9
Amniotic Fluid Stem Cell Populations

Julie Di Bernardo and Shaun M. Kunisaki

Introduction

Amniotic fluid is the mildly acidic (pH 7.0) liquid surrounding the fetus that is essential
for normal development in utero. It is entirely contained within the amniotic sac and
protects the developing baby by cushioning against minor trauma to the maternal
abdomen, allowing for easier fetal movement, and promoting musculoskeletal devel-
opment. Amniotic fluid is “inhaled” and “exhaled” during fetal breathing movements
as part of normal lung morphogenesis. Starting at the eighth week of gestation,
swallowed amniotic fluid also creates urine that dramatically increases amniotic fluid
volume over time, reaching a peak of 800 mL at 28 weeks gestation [7].

Amniotic fluid is not just fetal urine. It contains a heterogeneous population of
cells as well as unique electrolyte, protein, carbohydrate, and lipid profiles useful for
many diagnostic purposes, such as measuring fetal lung maturity late in gestation.
The cells within amniotic fluid are of fetal origin. For this reason, ultrasound-guided
amniocentesis using a fine needle and syringe has been widely adopted to evaluate
the fetus for possible chromosomal anomalies. The procedure is associated with a
low maternal/fetal morbidity rate in expert hands (i.e., less than 0.5 % complication
rate). In the past decade, the therapeutic potential of amniotic fluid has been explored
by a number of investigators pointing out how amniotic fluid is an abundant ethical
autologous source of cells for regenerative medicine.
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Amniotic Fluid: A Dynamic Milieu

The amniotic cavity first appears between 7 and 8 days after fertilization. Shortly there-
after, amniotic fluid originates mostly from osmotic exchange with maternal plasma
across the fetal membranes. Between 8 and 11 weeks gestation, the fetus starts to pro-
duce urine that rapidly becomes the predominant contributor to amniotic fluid, together
with cells shed from the surrounding amniotic membranes and the fetus itself.
Throughout gestation the cellular component changes dynamically in response to nor-
mal development of the fetus: in particular, cells from the fetus skin, urinary, gastroin-
testinal, respiratory tracts, and extra-embryonic membranes can be found [77]. This
leads to an inherently heterogeneous cell population that expresses markers derived
from all three germ layers, making difficult to establish its ontology [19, 24, 25, 46,
59]. Gestational age and the fetus health status represent additional sources of variabil-
ity of the amniotic fluid cellular content. For example, in the specific case of open
neural tube defects, neural cells presumably originating from exposed neural elements
may also be found and have been used as a potential diagnostic tool in experimental
models [52, 53]. In regards to extrinsic sources of cell heterogeneity, technical proce-
dures commonly used to isolate and expand amniotic fluid cells in vitro can also intro-
duce bias towards particular subpopulations of cells [12, 61, 74].

Characterization of Amniotic Fluid Cell Populations

Several pioneering studies from the late seventies attempted to classify the different
amniocyte populations observed in vitro. Based on their morphological, growth, and
biochemical characteristics, amniotic fluid cells that attach and form colonies under
routine culture conditions can be classified as E-type (epithelioid), F-type (fibroblas-
tic), and AF-type (amniotic fluid-specific). E- and AF-types coexist in the early stages
of cultivation, whereas F-type appears later and not in all samples. F-type cells also
replicate at a high rate and have a characteristic elongated shape. E-type cells tend to
reach senescence earlier and dramatically decrease in number after few passages.

The ontology of these different cell populations has never been carefully studied.
One hypothesis, based on hormone production, is that E-type cells derive from fetal skin
and urine, AF-type from fetal membranes and trophoblast, and F-type from fibrous con-
nective tissue and dermal fibroblasts [24, 25]. More recently, investigators have described
two distinct populations within amniotic fluid (Fig. 9.1): one being round-shaped and
slow growing (E-type, Fig. 9.1a), and the other stromal-like and spindle-shaped with a
higher replication rate (F- or AF-type, Fig. 9.1b—d) [1, 5, 6, 65, 81, 85, 86].

In biochemical terms, the wide heterogeneity of stromal-like amniocytes is
reflected by global gene expression [45, 85] and proteomic profiles [64, 76]. In a
recent paper, Maguire and coworkers described how amniocytes can be considered
transitioning cell types that co-express markers for both undifferentiated and dif-
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Fig. 9.1 Amniotic fluid-derived cell morphology in vitro is heterogeneous: some populations look
mainly epithelial-like (a, red arrows), some fibroblast-like (b—d, black arrows). As a result of
c-kit+ sorting, AFSCs have been isolated from population ¢ and show a more homogeneous fibro-
blastoid shape. 200x magnification. Adapted from Bai et al. [2]

ferentiated derivatives, since they exist in an intermediate state between pluripo-
tency and lineage-specific restriction. Amniocytes express many of the same genes
as undifferentiated pluripotent cells, but core pluripotency genes are expressed at
much lower levels and tend to further decrease with gestational age and time in
culture. Other investigators have similarly shown that unselected amniotic cells
express genes and proteins specific to pluripotent, committed progenitors and fully
differentiated cells [5, 60, 76]. Because of their embryonic origin and nascent epi-
genetic background, the use of various amniotic fluid-derived cell populations has
been fertile ground for iPSC (Induced Pluripotent Stem Cell) generation in recent
years [28]. Several reports have shown that amniotic fluid cells can be rapidly and
more efficiently reprogrammed into iPSCs than adult somatic cells [21, 39, 42], as
well as reprogrammed directly into particular cell lineages [23].
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Amniotic Fluid Progenitors and Stem Cells

Amniotic Fluid Mesenchymal Stromal Cells (AF-MSCs)

The availability, lack of ethical issues, and simplicity of isolation and cultivation of
stromal-like amniocytes for potentially useful for therapeutic regenerative medicine
purposes was formally proposed by Fauza and colleagues [31, 32]. However, the
first published report highlighting the multi/pluripotent properties of amniotic fluid-
derived cells was by Prusa and coworkers in July 2003 [60]. These investigators
showed that second-trimester human amniotic fluid contains cells expressing the
transcription factor OCT4, a marker of pluripotent stem cells. The following month,
In’t Anker and colleagues demonstrated that second-trimester human amniotic fluid
is an abundant source of amniotic fluid mesenchymal stromal cells (AF-MSCs) with
similar phenotype and differentiation potential than the bone marrow-derived coun-
terpart. After these initial reports, a plethora of studies on amniotic fluid stem-like
cells followed [5, 30, 61, 74-76]. Despite some overlapping patterns of expression
of surface and pluripotency markers, it remains unproven whether all these studies
describe the same cells. Discrepancies could also arise from technical issues more
than tissue sources, gestational age, or culture conditions. A recent report by Ryan
et al. systematically reviewed the literature on OCT4 in fetal or adnexal MSCs to
show that most studies report OCT4 messenger RNA or protein expression, but no
study provides definitive evidence for the true expression of OCT4A, the isoform
associated with pluripotency [66].

Since most amniocenteses are performed between 15 and 22 weeks of preg-
nancy, the majority of amniotic fluid studies pertain to second trimester amniocytes.
Nevertheless, it has been shown that MSCs can be consistently isolated from amni-
otic fluid later in gestation [6, 38, 83]. Klein and Fauza describe a simple and repro-
ducible method to isolate, expand, and freeze AF-MSCs that has been widely
adopted in the field. Isolation of AF-MSCs is achieved through a mechanical sepa-
ration followed by natural selection by the culture medium [33].

AF-MSCs are considered to be bona fide mesenchymal stromal cells based on a
number of factors, including [17]:

1. Plastic-adherence of cells when maintained in culture.

2. Expression of CD105, CD73 and CD90, and lack of expression of CD45, CD34,
CD14, CD11b, CD79alpha, CD19, and HLA-DR surface molecules [26, 64, 80].
Beside this minimal set of markers, Amniotic Fluid and Bone Marrow
Mesenchymal Stomal Cells (BM-MSCs) are positive for other surface markers
such as CD44, CD29, CD49e, CD13, and CD166 [64].

3. By definition, AF-MSCs can differentiate in vitro in multiple mesodermal
lineages such as osteoblasts, adipocytes, and chondroblasts under appropriate
conditions [26, 37].

In addition to satisfying these criteria, AF-MSCs are considered immunologi-
cally privileged since they express lower levels of HLA-ABC compared to their
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bone marrow counterpart. In general, when compared to BM-MSCs, AF-MSCs are
characterized by a more primitive and self-renewing phenotype given the expres-
sion of detectable amounts of OCT4, NANOG, and SSEA4, as well as some telom-
erase activity [50, 64]. AF-MSCs replicate at a higher rate than BM-MSCs, have
longer telomeres, retain a normal karyotype, and do not display tumorigenic poten-
tial even after extensive expansion in culture [26, 32, 64, 69, 83].

Moreover, unlike BM-MSCs, some investigators have suggested that AF-MSCs
may have greater plasticity and can differentiate into cell types derived from endo-
derm and ectoderm (Table 9.1). For example, AF-MSCs have been successfully dif-
ferentiated into hepatocytes-like cells in vitro [64, 86] and in vivo [40] as well as into
neural-like cells in vitro [27, 61, 64, 75]. These latter findings have been primarily
based on the observation of the morphology and the expression of markers for neu-
ronal progenitors in a subset of cells. It is still under considerable debate if this
neurogenic differentiation potential is a result of a small fraction of pluripotent cells
or if neuronal progenitors are already present in the cultured amniotic fluid [5, 27,
45]. To date there is no evidence that shows differentiation toward the ectodermal
lineage in vivo. In several rodent models of neurodegeneration, injected AF-MSCs
seem to ameliorate the outcome through a neuroprotective/neurotrophic pathway
rather than through an actual differentiation into neurons [11, 51, 62, 72, 73].

One major drawback of studying AF-MSCs is related to the intrinsic nature of
this cell population. Even though the isolation method illustrated by Klein and

Table 9.1 Main characteristics of AF-MSCs and AFSCs compared to other pluri/multipotent cell

types
ESC iPSC AFSC AF-MSC BM-MSC
Plasticity Pluripotent Pluripotent Broadly Multipotent Multipotent
multipotent
Source Early stage Somatic cells | Amniotic Amniotic Bone marrow
embryo fluid fluid
Feeder Required Required Not required | Not required | Not required
cells
Markers SOX2 SOX2 c-kit+++ c-kit+/— CD73
SSEA4 SSEA4 SSEA4++ SSEA4+/- CD90
OCT4 OCT4 OCT4++ OCT4+/- CD105
CD73 CD73
CD90 CD90
CD105 CD105
Teratoma Yes Yes No No No
formation
Lifespan in | Infinite Infinite >250 30-50 30-50
vitro doublings doublings doublings
Ethical Yes No No No No
issues
Clinical Yes No No No Yes
trials

Adapted from [29]
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Fauza is straightforward and adopted by several labs, comparative analyses of the
different studies remain difficult because of different protocols [74], medium com-
positions [12], periods of time in culture [56, 83], and time points in gestation have
been used [6, 12, 27]. All these factors bring further variability to an already hetero-
geneous cell population and complicate the interpretation of findings. Some groups
point out how the results from unfractionated AF-MSCs and single colonies derived
from the same primary culture can be very different, most of all in terms of differ-
entiation and self-renewal capabilities [27, 63, 65, 75, 81, 85].

On the other hand, from a clinical point of view, AF-MSCs have several ideal
features that make them perfect candidates for autologous tissue engineering appli-
cations. First, these cells can be easily collected and isolated as a secondary product
of routine prenatal testing with no ethical issues. Second, they can be expanded into
large numbers in a short amount of time. Third, unlike human embryonic stem cells
(ESCs) and iPSCs, AF-MSC:s are not tumorigenic. All of these factors suggest that
many autologous cell-based therapies, including implantable tissue-engineered
grafts, could benefit from harvested AF-MSCs (Fig. 9.2). Depending of the urgency
of the clinical problem, AF-MSCs could be manipulated for use before birth or
immediately after delivery for surgical reconstruction [35]. So far this model has
been successfully applied and validated in large animal models of congenital anom-
alies involving diaphragmatic, tracheal, cardiac valve, and sternal repairs [20, 34,
36,37,67,71]. In view of prospective clinical trials, the Fauza group has shown that
AF-MSCs can be isolated and expanded avoiding the use of animal products [38]
and submitted to staged cell manufacturing within a Good Manufacturing Practice
facility [70].

Amniotic Fluid-Derived Stem Cells (AFSCs)

In an attempt to work with a more defined and multipotent population, the Atala
group isolated cells from amniotic fluid based on positive c-kit (CD117) expres-
sion and showed that a clonal population of amniocytes, termed amniotic fluid-
derived stem cells (AFSC), could differentiate into six different lineages
representing all the three germ layers [14]. Since AFSCs did not form teratomas
in vivo and do not require feeder layers for propagation in culture, they are consid-
ered to be an intermediate stage between ESCs and lineage-restricted adult pro-
genitor cells (Table 9.1).

In contrast to AF-MSCs, AFSCs represent a rare population that accounts for
approximately 0.8—1.4 % of all the cells found in the amniotic fluid, appearing as
early as the seventh week of gestation, peaking at the twentieth week, and decreasing
dramatically to undetectable levels in the third trimester [2, 9, 12]. AFSCs can be
sorted by positive selection for the expression of c-kit, a tyrosine-kinase receptor
that specifically binds to the ligand stem cell factor (SCF). C-kit can be found not
only in human ESCs and primordial germ cells, but also in hematopoietic stem cells
and some somatic cells, making it difficult to speculate about the original source of
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Fig. 9.2 Fetal tissue engineering from amniotic fluid: fetal cells derived from amniocentesis are
expanded in vitro in parallel to the remainder of gestation. The resultant autologous tissue is ready
for implantation in the newborn, if necessary, shortly after birth. From Kaviani et al. [32]

AFSCs in the developing fetus. A detailed protocol using immunomagnetic micro-
spheres has been recently described [57].

Unlike ESCs and iPSCs, AFSCs do not require feeder layers to grow, which is an
advantageous feature in terms of facilitating quality control and xeno-free culture
conditions for eventual cell transplantation. AFSCs have a fibroblastoid shape (Fig.
9.1d), replicate at a rate comparable to ESCs (doubling time is about 36 h), retain
long telomeres, and maintain a normal karyotype for over 250 population doublings
[14]. Under specific conditions, AFSCs can differentiate into tissues from all three
embryonic germ layers and are able to form embryoid bodies when cultured in
suspension [78]. Even though broadly multipotent, they cannot be considered fully
pluripotent as ESCs and iPSCs since they do not form teratomas when injected in
nude mice. Their phenotype stands in between MSCs and ESCs. Similar to MSCs,
they are positive for markers as CD29, CD44, CD73, CD90, CD105, and HLA-
ABC. AFSCs stain negative for hematopoietic and endothelial markers like CD14,
CD34, CD45, CD133, and CD31. Although about 90 % of the population expresses
SSEA4, OCT4, and SOX2 [2, 14], there is no expression of other distinctive ESC
markers. According to Moschidou and colleagues, first trimester amniotic fluid pro-
vides a more ES-like cell population expressing SSEA3, TRA-1-60, and TRA-1-81
[49] that can be induced towards full pluripotency with valproic acid [48].
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Starting from single cell-derived clones under specific differentiation conditions,
AFSCs have been shown to express genes specific to six distinct lineages: adipo-
genic, osteogenic, myogenic, endothelial, neurogenic, and hepatic [14]. In the wake
of these promising results, several preclinical studies underscore the potential use of
these cells in regenerative medicine. Ditadi and coworkers have demonstrated how
AFSCs can differentiate into all three hematopoietic lineages (erythroid, myeloid
and lymphoid) both in vitro and in vivo [16]. AFSCs can differentiate into cardio-
genic, endothelial, and myogenic lineages, and have shown cardioprotective effects
post myocardial infarction and muscle regeneration in animal models [3, 4, 22, 44,
82]. When injected into mouse embryonic lungs, AFSCs have been shown to inte-
grate into the epithelium, express the early lung marker, TTF1 [10], and are able to
migrate to the site of injury where they secrete factors to help wound repair [8].
Although De Coppi and coworkers first reported that c-kit+ cells are able to differ-
entiate towards the neurogenic lineage based on morphology and expression of spe-
cific markers [14], evidence of their capacity to produce mature, functional neurons
is still lacking. In a rodent model of Parkinson’s disease, AFSCs fail to differentiate
into dopamine neurons both in vitro and in vivo [18].

Aside from the differentiation potential that both AFSCs and AF-MSCs display,
it is worthwhile to mention that both cell populations have more convincingly
shown an important paracrine role as immunomodulators in vitro and may therefore
be best utilized in immune-mediated disorders as well as in the treatment of graft-
versus-host disease [15, 43, 47, 69]. Based in a chick embryo injury model, injected
AFSCs act in a paracrine fashion reducing hemorrhage and improving overall sur-
vival [58]. Differentiation into renal cells has been studied by Perin and colleagues,
proving an additional paracrine immunomodulatory effect in several animal injury
models [54, 55, 68]. Recent reports have shown how AFSCs have beneficial effects
in terms of survival and repair when injected in a rat model of necrotizing enteroco-
litis [84]. AFSCs protect and increase regeneration of damaged p-cells in a mouse
model of type I diabetes mellitus [79].

A major drawback of working with AFSCs comes from their rarity. Unlike
AF-MSCs, which are abundant and easily obtained until term, AFSCs cannot be
reliably isolated from late second trimester and third trimester samples [2, 12].
These later time points are typically more clinically relevant since they correspond
to the time at which most congenital anomalies are diagnosed by prenatal ultra-
sound. In general, AFSC isolation methods are also more laborious, time-consuming,
and costly. For these reasons, AFSCs may be best suited as an “off-the-shelf” prod-
uct amendable towards allogeneic cell transplantation applications.

Conclusions

Since their first isolation just over one decade ago, amniotic fluid-derived progenitor
and stem cells have been proven to be one of the most interesting cells for regenera-
tive medicine research. They are easily accessible from routine prenatal exams,
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thereby eliminating ethical issues that other sources like human ESCs raise. Both
AF-MSCs and AFSCs have varying differentiation potential, in a spectrum between
those of truly pluripotent stem cells and adult stem cells. Finally, they are non-
tumorigenic, can duplicate at a high rate without feeder layers, and can be cryopre-
served for cell banking and future use.

Despite the exciting findings in the field of amniocyte research, there is much
that remains to be explored. We are far from characterizing the full gamut of amni-
otic fluid-derived cell populations. For example, little is known about the large por-
tion of amniotic fluid cells that are viable yet do not adhere to treated or untreated
tissue culture plastic in vitro. Furthermore, there are those subpopulations that
adhere but do not replicate in routinely used culture conditions [59]. Sporadic
reports describe amniotic fluid subpopulations of progenitor cells committed to spe-
cific fates and abilities to differentiate under particular conditions, like CD133* cells
that express markers for neuronal progenitor/stem cells [61], CD44* cells that can
be induced to become functional dopaminergic neuronal-like cells [41] or pancre-
atic beta-cells-like cells [87], and CD24+*OB-cadherin* cells that in turn include
several kidney progenitor subpopulations [12, 13]. Moreover, given the challenges
of understanding such a heterogeneous cell population, more standardized methods
for cell isolation, expansion and characterization would be prudent prior to applica-
tion in the clinical arena.

Abbreviations

AF-MSC  Amniotic fluid mesenchymal stromal cell

AFSC Amniotic fluid stem cell

BM-MSC Bone marrow mesenchymal stromal cell
ESC Embryonic stem cell

iPSC Induced pluripotent stem cell
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Chapter 10
Amniotic Fluid Stem Cell Culture Methods

Dema Najem, Maria Ribecco-Lutkiewicz, Caroline Sodja,
Felipe Mangoni Moretti, Danica Stanimirovic,
and Mahmud Bani-Yaghoub

Introduction

Amniotic fluid (AF) is a dynamic, nourishing and protective milieu contributing to
fetal development during pregnancy [1, 2]. Ultrasound and other live imaging meth-
ods in humans and animal models show that AF can be detected from the very
beginning of formation of the gestational sac, even before the embryo is recogniz-
able [3-5]. The production of AF begins with concomitant movement of water from
maternal plasma through the fetal membranes based on hydrostatic and osmotic
forces [6]. As a result, AF predominantly contains water and electrolytes during the
very early stages of fetal development.

Amniotic Fluid: Cellular Composition and Function
during Development

At the 8" week of gestation, the fetal kidneys begin to function and urine is present
in the amniotic fluid. At approximately the 10" week of gestation, fetal breathing
and swallowing begin; however, these functions, as well as urination, do not
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contribute significantly to the volume or content of AF until the second half of preg-
nancy [7, 8]. By about the 12" week, a number of proteins, carbohydrates, lipids and
phospholipids, and urea are present in AF, contributing to fetal growth. Since
amniocentesis is used as a prenatal screening tool as early as 12" week of gestation,
this time point can be also used to collect AF for cell culture (Fig. 10.1). Together,
the removal of AF cells from the uterus followed by their expansion in vitro allows
detecting chromosomal abnormalities, fetal infections as well as determining the
sex of the fetus [9-11]. The AF volume increases significantly from 25 to 400 ml
from the 10" to 20" weeks in correlation with fetal size (Fig. 10.1). During this
period, there is still a rapid bi-directional diffusion between the fetus and the AF
across the non-keratinized fetal skin as well as through the permeable surfaces of
the amnion, placenta, and umbilical cord [9-13].

Among the developmental milestones contributing to changes in AF volume and
composition is keratinization of fetal skin, a process starting around the 19" week and
continuing up to approximately the 25" week of gestation. Following keratinization,
AF composition changes by excretion of fetal urine (about 300 ml/kg fetal weight/day
and 600—1200 ml/day around term) and the secretion of oral, nasal, tracheal, and pul-
monary fluids (60—-100 ml/kg fetal weight/day) [7, 8]. Fetal breathing movements con-
tribute to the secretion of lung fluid into the AF, but nearly half of the effluent is
swallowed rather than being expelled into the AF, keeping the AF volume changes to
less than 5 ml per fetal breath (occurring for 20—30 min/h in late gestation) [8]. On the
other hand, AF is mainly removed by fetal swallowing (200-250 ml/kg fetal weight/
day), and fluid and solutes are also transferred from the amniotic cavity to the fetal
circulation across the amniotic membranes (200-500 ml/day) [8, 14]. The transfer of
AF across the fetal membranes and into the maternal circulation within the lining of the
uterus is estimated to be only about 10 ml/day at term [8, 12]. AF reaches a volume of
about 800 ml by the 28" week, plateaus around term and declines to about 400 ml at 42
weeks of pregnancy [8, 13]. These dynamic changes lead to the contribution of the cells
from fetal skin, respiratory, digestive and urinary tracts along with proteins, carbohy-
drates, amino acids, enzymes, hormones and pigments to the amniotic fluid [15, 16].
Furthermore, the presence of a Y chromosome in AF cells derived from cases in which
the pregnant women carried a male child confirms the fetal origin of these cells [15, 16].

The early reports by Serr et al., and Fuchs and Riis led to the successful cultivation
of AF cells in culture a few years later by Steele and Breg, as well as Jacobson and
Barter [17-20]. AF cells were generally cultured in 15-30 % fetal calf serum or human
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First Trimester Second Trimester Third Trimester
0-12 weeks 13-28 weeks 29-40 weeks

50 mm

needle

!I |
Amniocentesis Ultrasound Probe

Fig. 10.1 Amniotic fluid can be collected by amniocentesis at different stages of pregnancy.
(a) An illustration of the three trimesters of pregnancy in human; (b) The ultrasound images of
twin pregnancy at 9 weeks of gestation. Similar to singleton pregnancies, the amniotic fluid
volume in twin pregnancies can be estimated by different techniques, including subjective assess-
ment, amniotic fluid index, single deepest pocket and two diameter pocket; (c¢) Depiction of
ultrasound-guided amniocentesis and an ultrasound image of fetal head at 21.5 weeks of gestation.
The red circle shows the tip of needle during amniocentesis

AB serum mainly to study chromosome abnormalities [21-23]. In the 1980s, efforts
were made to optimize the quality of AF culture medium either by enrichment with
growth and cell attachment factors or by using Amniomax and Amniochrome culture
media [24, 25]. However, it took a few years before AF culturing techniques found
their place in hospitals and affiliated research institutes. In addition, a quick and reli-
able live assay was required to determine the viability of AF cells in culture (Fig. 10.2).
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CFDA

Fig. 10.2 The quality of amniotic fluid cultures can be determined by a simple and reliable cell
viability assay. (a) Live human amniotic fluid cells have been labeled with carboxyfluores-
cein diacetate (CFDA, green); (b) The corresponding phase contrast image. Scale bar: 50 pm

Using conventional culturing methods and morphological classifications, AF
cells have been grouped into adherent and non-adherent cells [26]. The adherent
cells, which attach and form colonies in vitro, have been further classified into three
main groups [9, 26]: epithelial-like cells (E-type) and amniotic fluid-specific cells
(AF-type), both of which are observed in early AF cultures, and fibroblast-like
(F-type) cells, which can be easily identified in cultures after many passages due
to their adherence properties [9, 27]. However, the tissue-specific origin of these
cells has yet to be determined [9, 26, 28]. AF has been reported to contain het-
erogeneous cell populations, representing stem cells (AFSCs), progenitors and dif-
ferentiated cells (Fig. 10.3) [9, 16, 26, 29]. However, the identification, isolation,
and purification of each cell type require well-standardized in vitro methods to
ensure the reproducibility and consistency of data reported by different laboratories.
Table 10.1 summarizes the use of AF culture for clinical and research applications
throughout time. We have dedicated the following section to the progress made in
this area since the discovery of amniotic fluid stem cells more than a decade ago.

Amniotic Fluid Stem Cells (AFSCs)

The potential applications of amniotic fluid cells in regenerative medicine and tis-
sue engineering were first reported by Fauza’s group in 2001 [30]. The authors
identified a subpopulation of mesenchymal cells in AF and demonstrated that these
cells can grow on polyglycolic acid polymer and acellular human dermis [30, 31].
Shortly after this initial report, Hengstschlidger’s group provided a connection
between human AF and stem cells by showing OCT4 expression (Fig. 10.4) in a
small subpopulation of AF cells [26, 28]. The work by these groups set the stage
for the detection and isolation of different subpopulations of AF cells in culture.
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A Keratin Occurrence
K4, K5, K15 Stratified epithelium
K8, K18 Simple epithelium
K7, K19 Ductal epithelia

L K4 K8 KI8 K7 K19 K5

AF 16

AF 26

AF 28

AF 35

HaCaT

K15

185

K8&/Hoechst

K8/NES/Hoechst

Fig. 10.3 Human amniotic fluid cultures contain heterogeneous cell populations. (a) The expres-
sion profile of KERATIN genes (K4, K5, K7, K8, K15, K18 and K19) in AF cells at different gesta-
tional ages. AF16, AF26, AF28 and AF35 represent the AF samples collected at 16, 26, 28 or 35
weeks of gestation; (b, ¢) Double immunostaining with KERATIN 8 (K8, green) and NESTIN
(NES, red) shows that some AF cultures only contain K8 positive cells (b), whereas others contain
a heterogeneous population of K8 positive (green), NES positive (red) and cells positive for both
markers (yellow) (c). Hoechst (blue) has been used as a counterstain. Scale bar: 50 pm

Table 10.1 Summary of the field progression in culturing and utilization of amniotic fluid cells

1950

1955—=Cells from AF were used to diagnose sex before birth for the first time [18, 19].

1956—Antenatal sex determination [18].

1960

1966—Chromosome analysis of AF cells [20].

1967—=Cells from AF first cultured in F10+30 % fetal calf serum for 18-25 days [17].

1968—AF cells were utilized to study the development of human fetal enzymes in vitro [132].

1969—First study utilizing AF cultured cells to explore prenatal genetic diagnosis [133].

1970

1970—First viability assessment of amniotic cells at different stages of gestation [134], First
study to explore different culturing methods for AF cells [135].

1971—First comparison of different culture media for AF cells [136, 137].

1972-2012—Modifications in culturing media and methods for AF cells [138—149].

1974—Identification of F and AF cells type in amniotic fluid cell cultures [150].

1977-2012—Heterogeneity in AF cell cultures was reported [151-161].

(continued)
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Table 10.1 (continued)

1980
1980—Present—Cryopreservation to store AF cells was described [124-126, 131, 162-165].
1990
1990—Factors which affect growth of AF cells were further investigated [166].
1990—Evaluation of surface bound HLA antigen of AF cells [167].
1991—AF cells from different weeks of gestation are beginning to be compared [168].
1993—Identification of hematopoietic progenitor cells in AF [27].
1995—Examination of factors related to AF cell culture failure [146, 169].
1999—Analysis of telomere length and telomerase in aging AF cells [170].

2000
2001—AF cells recognized as a source for potential fetal tissue engineering [30].
2003—Stem cells marker expression in AF cells were discovered [28].
2004—Edarly isolation methods for multipotent MSCs from AF [35].
2004—Present—Regeneration and tissue engineering constructs from AFSCs [9, 66, 91, 171-208].
2005—Proteomic analysis of AF cells [209].

2006—-Present—Isolation, characterization and differentiation methods of progenitor and stem
cells in AF [54, 56, 71, 75, 80, 81, 99, 105, 148-172, 210, 211].

e Adipogenic [212] ¢ Endothelial [119, 231, 232]
e Neural [111, 112, 115, 213-220] e Cardiac [233-238]

¢ Renal [95] e Osteogenic [239-251]

¢ Chondrogenic [117, 221, 222] ¢ Retinal [252]

* Lung [223] ¢ Smooth muscle [253]

e Pancreatic [224-230] » Epithelial [254]

¢ Urothelial [255]
2007—First comparison of MSCs from AF to MSCs from bone marrow [85].
2007-Present—AFSCs as a new tool to study human genetic diseases [104, 106, 256, 257].
2007-Present—The potential of AFSCs for cell-based therapies [96, 258-278].
2007—First isolation of AFSCs based on CD117 selection method [62].

2008—Introduction of a 3-stage amniotic mesenchymal stem cell manufacturing protocol in
accordance with FDA mandates for clinical use [211].
2008—Investigation of culturing media to isolate and differentiate AFSCs [279].
2008-Present—Using reprogramming techniques to generate AF-iPSCs [70, 97, 98, 100, 103,
280-283].
2008—International non-profit alliance to create a repository of stem cells from surplus cells
founded [284].
2009—Microfluid devices for separation of MSCs from amniotic fluid [285, 286].
2009—Development of cloned embryos from AFSCs [287].

2010
2012—Compilation of markers in AFSCs [47].
2013—Investigating the amniotic fluid as a source of autologous stem cells in the context of
disease [275].
2013—Culture media effects on expression of pluripotency markers in AF cells [288].
2013—Use of AF-MSC:s as a feeder layer for ESCs [289].
2013—Proteome differences between male and female fetal cells in AF [290].
2013—AF allograft used to treat 20 foot and ankle wounds in humans [291].
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A

OCT4/Hoechst

Fig. 10.4 OCT4 is used as a reliable marker to identify human amniotic fluid stem cells. (a)
Immunostaining shows nuclear localization of OCT4 protein (red). (b) Hoechst (blue) has been
used as a counterstain. Scale bar: 20 pm

In 2003-2004, our group made several attempts to isolate neural stem cells from
AF samples based on NESTIN promoter activity and immunostaining. However,
these attempts were not successful, partly because the majority of NESTIN positive
subpopulations did not differentiate into neurons. Using our expertise in genomics
and antibody production, we made an antibody against SOX2 and tested the expres-
sion of this protein in AF cells along with mouse brain sections and human NT2/
D1 cell line. Only a very small number of AF cells were positive for SOX2 and
those cultured in neuronal differentiation media did not produce substantial number
of neurons for further experiments (unpublished observations). Fortunately, other
laboratories were able to isolate a different subpopulation of AF cells. The term
AF mesenchymal stem cells (MSCs) was introduced by In’t Anker et al. based on
relevant antigen expression and differentiation potential in vitro that was similar
to that of bone marrow derived MSCs [29]. These observations have been further
confirmed by a number of laboratories based on a set of standards to define MSCs
proposed by the International Society for Cellular Therapy (ISCT) in 2006 [32,
33]. According to these standards (Table 10.2), AF-MSCs share several impor-
tant features observed in other mesenchymal stem cells such as plastic adherence
properties in vitro, fibroblast-like morphology and differentiation into osteogenic,
adipogenic and chondrogenic cell lineages [1, 34]. AF-MSCs express cell surface
markers such as CD44, CD73, CD90, CD117, and CD105, but lack the expression
of CD11b, CD14, CD19, CD34, CD45, CD79a and HLA-DR cell surface markers
[32]. AF-MSCs can be expanded, using a two-step culture protocol, while main-
taining their differentiation capacity [35]. Using cell sorting methods, it was fur-
ther determined that approximately 1 % of the AF cells isolated during the second
trimester express C-KIT (CD117), a protein tyrosine kinase receptor with bind-
ing capability for the ligand stem cell factor (SCF) as well as important roles in
cell survival, proliferation and differentiation [36]. Other cell surface antigens such

Www.Ebook777.com
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Table 10.2 ISCT standards used to define MSCs

Mesenchymal stem cells standard characteristics

Adherence Adherence to plastic in vitro
Morphology Fibroblast-like morphology
Differentiation potential Osteogenic, Adipogenic and

Chondrogenic differentiation
Surface markers
CD73
CD90
CD105
CD44
CD117
CD34 -
CDl11b -
CD14 -
CD19 -
CD45 -
CD79a -
HLA-DR (MHC class II) -

+ 0+ + |+ |+

A-4/Hoechst

SSEA-3/Hoechst

SSE

Fig. 10.5 Stage specific embryonic antigens (SSEAs) are commonly used as cell surface markers
in human amniotic fluid cultures. Immunostaining with SSEA-3 (a) and SSEA-4 (b) show the
presence of these proteins on cell surface. Hoechst has been used for nuclear staining. Scale bar:
20 pm

as the stage specific embryonic antigens-3 and -4 (SSEA-3, SSEA-4; Fig. 10.5)
and more recently TRA-1-60 and TRA-1-81 have been extensively used to iden-
tify stem cells in amniotic fluid cultures (Table 10.3) [37—44]. Clonal expansion,
protein expression profiling and comparative analyses of AFSCs with other stem
cells have provided a better understanding of the morphological, biochemical and
functional characteristics of AFSCs [44-50]. More detailed analyses focusing on
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Table 10.3 Suggested profile of specific markers expression in AFSCs [61, 62, 65, 182, 292-295]

Features
Cell phenotype Mesenchymal/Amniotic fluid stem cells
Potency Pluripotent/Multipotent

Doubling time/Population doubling 25-38 h (second trimester MSCs), 36 h (AFSCs),
more than 250 doublings (AFSCs)

Feeder layer/Matrigel requirement -

Teratoma formation in -
immunocompromised mice

Commonly used markers

Transcription factors Cell surface antigens Enzymes and proteins
OCT4 SSEA-3 Telomerase
NANOG SSEA-4 KLF4
SOx2 TRA-1-60
TRA-1-81

C-KIT (CD117)

transcriptomics, proteomics, and metabolomics of AFSCs have further proven the
suitability of these cells for research in the field of regenerative medicine [44, 47,
51]. Interestingly, regardless of the cell culture methods used (see the following
sections), OCT4 (the earliest stem cell marker detected in AF cells) still remains as
a key determinant of cell fate in AFSCs (Fig. 10.4) [16, 52-59]. However, the lack
of standardized methods remains to be addressed to further resolve the variability
reported among amniotic fluid cell cultures from different laboratories.

Isolation and Culture of AFSCs

To optimize AFSC isolation and culturing techniques, several protocols have been
discussed and their merits and caveats have been compared and summarized.

Early Methods for Isolation

Following the pioneering work by Fauza and Hengstschldger [26, 28, 30, 31], a
double step cell culture protocol was developed by Tsai et al. to isolate and expand
MSCs from human amniotic fluid. In the first step, AFCs were plated in Chang
medium.! Non-adhering AFCs were collected, centrifuged, and plated in the

'Chang medium was developed for the primary culture of human AF cells for use in karyotyping
and other antenatal genetic testing. The formula consists of a two part system: a liquid basal
medium and supplement. The medium contains salts (7900 mg/L), dextrose (1400 mg/L), amino
acids (1000 mg/L), polypeptides (66 mg/L), vitamins (22 mg/L), deoxyribonucleosides (21 mg/L),
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medium supplemented with 20 % FBS, and fibroblast growth factor 2 (FGF2) [35].
The second step (AF-MSC culturing) included the collection of non-adhering amni-
otic fluid cells in the supernatant. The authors reported that cells with MSC pheno-
type appeared in culture 5 days after plating the non-adhering AFCs. These cells
were grown to 90 % confluence within 3-7 days of culture, while maintaining a
normal karyotype for at least 12 passages. In addition, they were positive for SH2,
SH3, SH4, CD29, CD44, and HLA-ABC, low positive for CD99 and CD105 and
negative for CD10, CD11b, CD14, CD34, CD117, EMA and HLA-DR, DP,
DQ. Subcultures of the isolated human AF-MSCs were able to differentiate into
mesoderm (adipocytes, osteocytes) and ectoderm (neuronal cells) lineages under
inducible conditions [35]. Collectively, these data confirmed the MSC characteris-
tics of these cells, based on the ISCT standards (Table 10.3).

Using this two-stage culture method, Tsai et al. further established a purification
protocol by constructing clonal human AFSCs from single AF stem cells [60].
Single-cell derived AFSC clones were obtained by plating cells onto 96 well plates
through limiting dilution in the medium supplemented with 20 % FBS and FGF2.
The authors demonstrated NANOG and OCT4 expression in the expanded single
cell-derived human AFSCs. Also, under appropriate conditions, the clonal cells
maintained the capacity to differentiate into multiple cell types such as adipocytes,
osteocytes, neurons and glial cells. Clonal cells differentiated into NES, TUBB3,
NEFH, NEUNA60, GALC, and GFAP positive cells through neural induction.
HPLC analysis showed evidence of dopamine release in the extract of dopaminergic
induced clonal AFSCs. These results suggested that the AF contains subpopulation(s)
of stem cells with potential to commit to mesenchymal and neural lineages, depend-
ing on culture conditions [60].

Kim et al. developed another technique for isolating human AF-MSCs, which
involves prolonged culture of human AFSCs in the medium supplemented with
EGF and 10 % FBS until a stem cell population with a homogenous morphology is
obtained [61]. These cells were capable of differentiating into adipocytes, osteo-
cytes, chondrocytes and neuronal cells; however, they became senescent after 27
passages, while undergoing 66 population doublings. OCT4 gene expression was
observed up to passage 19 with decreased telomerase activity by the 21* passage
[61], supporting the notion that the stemness properties of AFSCs need to be evalu-
ated over long term cultures.

Using Specific Markers to Isolate AFSCs

In addition to using OCT4 and other transcription factors to detect stem cells in
amniotic fluid cell cultures, several attempts have been made to identify an appli-
cable cell surface marker to select AFSCs and follow their fate both in vitro and
in vivo. In particular, De Coppi et al. reported the suitability of C-KIT (CD117) to

ribonucleosides (20 mg/L), sodium pyruvate (110 mg/L), newborn calf serum (6 % v/v), fetal
bovine serum (6 % v/v) as well as steroid hormones (0.0013 mg/L), hormones and trace element
(0.0025 mg/L) and other components (8 mg/L).
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sort AFSCs [62]. The cells were simply selected through incubation with a CD117
antibody on microbeads and cultured in the medium containing 15 % FBS, 1 %
glutamine and supplemented with 18 % Chang B and 2 % Chang C media [62].
CD117 positive AFSCs, representing approximately 1 % of the population, were
then expanded by sub-culturing at 70 % of confluence and clonal cell lines were
generated by the limiting dilution methods [62]. The established clones expressed
OCT4, maintained a constant telomere length after expansion to 250 population
doublings and displayed a spindle-shaped fibroblast-like morphology similar to that
of other MSC populations, as also reported by other laboratories [26, 62—-68]. The
presence of several other markers, including SSEA-3, SSEA-4, OCT4, NANOG,
TRA-1-60, and TRA-1-81, has been confirmed in CD117 positive AFSCs [48, 69—
72]. Furthermore, the expression of CD73, CD90, CD105, MHC-I and lack of
MHC-II, CD40, CD80, CD86 in these cells suggest that they may have immuno-
modulatory function(s) [73, 74]. The immunological properties of AFSCs from dif-
ferent gestational ages were also evaluated in co-cultures with T, B and natural killer
(NK) cells [75, 76]. As expected, AFSCs from the first trimester showed lower
expression of HLA class-I molecules and NK-activating ligands than those obtained
from the second and third trimesters [75]. Moreover, first trimester AFSCs signifi-
cantly inhibited T and NK cell proliferation, while second and third trimester
AFSCs were less efficient, suggestive of differences among the samples obtained at
different gestational ages [75, 76].

Efforts to Standardize AFSC Culturing Methods

In an attempt to develop a standard isolation and culturing method, several CD117
positive AFSC clones (i.e., Q1, CB3 and CD117/2) were established [72]. These
clones maintained normal karyotypes and did not show spontaneous differentiation
or apoptosis [77]. The authors used complementary recipes (medium plus 15 %
FBS, 1 % glutamine, 18 % Chang B and 2 % Chang C or medium containing 15 %
FBS, 2-mercaptoethanol and glutamine) to cultivate these cell lines [78, 79]. The
cells showed optimal proliferation in both media and formed embryoid bodies (EB)
[77]. Furthermore, they maintained consistent morphology, doubling time, apopto-
sis rate, cell-cycle distribution and marker expression up to 25 passages [77, 80].
However, significant fluctuations were observed by proteomics over several pas-
sages (i.e., 5, 7, 11 and 25) for signaling, antioxidant, proteasomal and cytoskeletal
proteins [80]. These observations warrant further standardization of AFSC culturing
methods to advance the applications of these cells for drug screening and transplan-
tation studies [68].
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Table 10.4 CD117 positive AFSCs selection, application and differentiation

Isolation methods Using a polyclonal CD117 antibody specific for
amino acid 23-322, followed by magnetic
microsphere selection and sorting through MACS
Microbead conjugated with CD117 monoclonal
antibody, followed by MACS

Medium containing 15 % FBS, 1 % glutamine,

18 % Chang B, and 2 % Chang C

Medium containing 2-mercaptoethanol, glutamine,
and 15 % FBS

Culture media

Characteristics

Doubling time ~36h

Morphology Fibroblast morphology, similar to MSCs

Markers expressed by CD117 positive AFSCs

CD73 +

CD90 +

CD105 +

MHC-I +

CD40 -

CD80 -

CD86 -

MHC-II -

Reported pluripotent marker expression OCT4
SSEA-4
TRA-1-60

Advantages

Phenotypically and genetically stable up
to passage 25

Self-renewal capabilities

No need for feeder layers,
non-tumorigenic

Best suited for osteogenic, chondrogenic,
and adipogenic differentiation

Other considerations
Reported cell volume increase

Reported involvement in cell signaling,
antioxidant, proteosomal, cytoskeleton, connective
tissue and chaperone networks

CD117 selection may exclude other AFSCs

CD117 negative AFSCs offer better neuronal
differentiation

CD117 Positive Versus CD117 Negative AFSCs

Although, CD117 has been used to isolate AFSCs by many laboratories since the
initial report by De Coppi et al., the suitability of this antibody as a bona fide stem
cell marker in amniotic fluid cultures has been re-visited (Table 10.4). Arnhold
et al. compared the growth dynamics and differentiation potential of human CD117
positive AFSCs to the CD117 negative cell fraction and to the total cell population
[81]. All three cell populations showed similar growth characteristics with an aver-
age doubling time of 30—40 h [81]. The CD117 positive cell fraction revealed
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fibroblast morphology similar to mesenchymal stem cells, while the CD117 nega-
tive population seemed to have an epithelial morphology. Next, the ability of the
three populations to differentiate towards osteogenic, chondrogenic, adipogenic
and neuronal lineages was investigated. Osteogenic differentiation was compared
between the fractions, using alkaline phosphatase (ALP) staining. CD117 positive
cells were intensely labelled, unlike the CD117 negative and total cell populations.
Similarly, Alcian blue staining, indicative of chondrogenic differentiation, and Oil
Red O staining, indicative of adipogenic differentiation, were both present at high
levels in CD117 positive cells, but not in the other two populations. Evaluation of
HNK-1 expression revealed a significantly stronger level in the negative cell frac-
tion than those of the total cell and CD117 positive cell populations. These results
suggested that CD117 positive AFSCs may offer better adipogenic, osteogenic and
chondrogenic differentiation, whereas the CD117 negative AFSCs may offer
higher capacities to differentiate into other cell lineages [81]. This notion has been
further emphasized in a paper by Rafii’s group [82], in which CD117 negative
amniotic cells were efficiently reprogrammed into vascular endothelial cells with-
out transitioning through a pluripotent state. Furthermore, De Coppi’s group have
recently reported a role for CD117 to “enrich” for the stem cell and progenitor
sub-population(s) in amniotic membrane cultures [83].

Isolation of AFSCs Based on Morphology

Based on morphological features, combined with antigen expression levels and
functional properties, two different types of human AF-MSCs have been recently
reported [73]. The AF-MSCs were named according to their morphology as spindle-
shaped (SS) and round-shaped (RS) [84]. Human AF samples from the second tri-
mester were utilized to obtain AFSCs, that were subsequently cultured in the
medium supplemented with 20 % FBS for approximately 20 days until the first
colonies appeared. Colony forming unit-fibroblast (CFU-F) were selected mechani-
cally and sub-cultured separately. It was noted that RS-AF-MSCs were obtained
more readily and represented 94 % of the MSCs obtained, while the SS-AF-MSCs
type represented only 6 % of the MSCs. The SS-AF-MSCs exhibited high prolifera-
tive capacity and were expanded up to 30-50 passages with normal karyotype,
whereas the RS-AF-MSCs exhibited a significantly lower proliferative potential and
reached only passage 4-7. Interestingly, the RS cells exhibited a statistically signifi-
cant increase in proliferation when cultured in conditioned media derived from
SS-AF-MSCs, which suggested that paracrine factors derived from the SS cells may
stimulate growth of the cultures. The cell surface antigens of these cells were exam-
ined by FACS and both types were negative for CD34, CD133, CD31, CD45, CD14
and HLA-DR. Both types were positive for MSC markers CD73, CD105, CD166,
adherent molecules CD29, CD44, CD49e and HLA-ABC, consistent with previous
reports [29, 62, 85-87]. RS-AF-MSCs shared similar morphological characteristics
to human amniotic membrane epithelial cells (AECs), but they expressed very low
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SOX2/Hoechst

Fig. 10.6 SOX2 can be used to identify human amniotic fluid stem cells, including the subpopulation
of cells that acquire a neurogenic potential. (a) Immunostaining shows nuclear SOX2 localization
(red) in amniotic fluid culture. (b) Hoechst (blue) has been used as a counterstain. Scale bar: 20 pm

levels of CD90 and did not successfully differentiate to hepatocytes [88]. The
SS-AF-MSCs shared the rapid expansion and the multi-lineage differentiation
potential of human umbilical cord perivascular cells and they exhibited low expres-
sion of CD146 (marker for endothelial cells) [89]. Both subpopulations of AF-MSCs
expressed very low/undetectable levels of CD117, which points to the existence of
a wide variety of AF stem cells that can be isolated by their morphology or cell
surface antigen(s) expression. The RS population expressed high levels of CD146,
whereas the SS population expressed high levels of CD90, which decreased when
the proliferation rate of SS was reduced due to temperature change. This alluded to
the possibility that CD90 antigen expression could be related to the growth rate of
AF-MSCs and could explain the difference of proliferation between the SS and the
RS subpopulations. Both cell types expressed the pluripotency markers OCT4 and
SOX2 (Figs. 10.4 and 10.6). The authors generated a comparative proteomic map of
SS and RS-AF-MSCs, identifying 25 proteins that were differentially expressed and
an additional ten proteins that showed unique expression in RS cells. Overall,
SS-AF-MSCs exhibited significantly higher migration ability on extracellular
matrices (fibronectin and laminin) compared to RS. Moreover, SS-AF-MSCs iso-
lated based on their colony morphology and CD90 expression represented the popu-
lation that can be expanded easily in culture, have differentiation capacity, lentiviral
transduction efficiency and long-term survival in vivo and could be used in future
in vivo therapeutic applications [84].

Another widely used method for the isolation of human AF-MSCs was devel-
oped by Klein and Fauza [90], based on the fact that MSCs are present throughout
gestation and they can be easily identified and isolated. The MSC medium used was
dubbed as mesenchymal-20 medium consisting of Dublecco’s Modified Eagle’s
Medium (DMEM), L-glutamine, FBS, and recombinant human basic-fibroblast
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growth factor (thFGF). Detailed step by step protocol, including freezing and thaw-
ing of AF-derived MSCs have been well described in this paper [90].

The “Xeno-Free” AF Cell Culture Conditions

Fauza’s group demonstrated the feasibility of tissue engineering, using AF-derived
mesenchymal cells expanded ex vivo in the absence of animal serum in 2007 [91].
Human AF-MSCs were obtained from third trimester samples and their phenotypic
profile and cell proliferation rates were compared during expansion in two different
media, containing either FBS or allogeneic human serum. There were no significant
differences in the overall proliferation rates, based on serum type, and the cells
remained positive for markers used for mesenchymal progenitors [91]. This work
was further followed by Phermthai et al., suggesting that the techniques used for
isolation and production of AFSCs might not be suitable for clinical purposes due
to the length of time required for stem cell production (~2 months), possible hetero-
geneity of the cell culture populations, and xeno-contamination introduced to
human cells by initial culturing of the cells in the presence of animal-based products
such as culture media and antibodies [92]. The technique developed by this group
selected fibroblast-like, adherent stem cells that were actively proliferating from a
primary human AF culture and those selected were termed “starter cell”. The starter
cell was used for generating a clonal AFSC line, which showed high proliferation
rate with 0.8 day population doubling time and maintained a normal karyotype over
20 subculture passages. The cells also expressed several stem cell markers, includ-
ing OCT4, SSEA-4, CD29, CD73, CD90, CD105, and CD133, and differentiation
capacity [92]. However, culture media of these cells were composed of 15 % FBS,
glutamine, 18 % Chang B and 2 % Chang C, and FGF2 [92]. The fact that FBS was
present in the culture medium contradicts the xeno-free premise the author had
claimed. In a true xeno-free system, human cells do not come into contact with any
animal-derived substances, including biological factors derived from serum [93],
feeder cells, substrates used to coat tissue culture plates such as gelatin, and other
supplements used for isolation, culturing, subculturing, expansion and cryopreser-
vation. This notion has been well discussed in a recent review by Wang et al., elabo-
rating on expansion of human stem cells under clinically compliant settings [94].
There is still a need in the scientific community to reach a concise definition of
“xeno-free” to provide consistency across the literature.

Differentiation Potential of AFSCs in Culture

The capability of AFSCs to differentiate into multiple lineages of all three embry-
onic germ layers, including ectoderm (neurogenic), mesoderm (adipogenic, osteo-
genic, myogenic and hematopoietic), and endoderm (endothelial and hepatic) has
been demonstrated by several laboratories (Table 10.5) [62, 95]. Furthermore, our
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Table 10.5 Summary of media for differentiation techniques used for amniotic fluid stem cells

Coating Differentiation media
Neurogenic differentiation

- Media low in glucose, NGF, BHA, DMSO

Hepatogenic differentiation

Matrigel Media containing HGF, insulin, Oncostatin M,

dexamethasone, FGF-4

Adipogenic differentiation

- Media with low glucose, IBMX, insulin,
indomethacin, 10 % FBS

Osteogenic differentiation

- Media with 10 % FBS, dexamethasone,
[-glycerophosphate, ascorbic-2 phosphate

Chondrogenic differentiation

Media with dexamethasone, ascorbic acid-2
phosphate, sodium pyruvate, TGF-p-1

Alginate

Endothelial differentiation

Gelatin Endothelial basal media with 10 % FBS, EGF,
VEGEF, FGF-2, IGF-I, hydrocortisone, heparin,
Matrigel ascorbic acid

Validation

TUBBIII

NEUN

MAP2

NSE

Neurofilaments
Dopaminergic induction
Secretion of L-glutamate

Expression of K* channels
(Barium sensitive)

Expression of Na* channels
(Tetrodotoxin sensitive)

Generation of action potential

Expression of albumin
HNF4-o expression

c-met receptor expression
MDR membrane transporter
a-fetoprotein

Formation of intracellular
lipid droplets

Calcium precipitation
Production of ALP

Production of sGAG
Type II collagen secretion

Cobblestone and capillary
structures

Expression of Von Willebrand
factor

Endothelial nitric oxide
synthase

CD31
VE-cadherin,
VEGEF receptor 2

group as well as others have used induced pluripotent stem cell (iPSC) techniques
to generate various cell types from amniotic fluid cells (Fig. 10.6) [70, 71, 96-106].
Interestingly, iPSC technology is being currently used in a clinical trial for degen-
erative eye diseases in Japan [107], emphasizing the significance of research in this
area to properly gauge the safety of such procedures in humans and extending their
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applications to other organs. While Table 10.5 provides a summary of AFSC dif-
ferentiation into various cell types, we also describe the culturing conditions used
for some of these cell lineages in the following sections.

Neurogenic cell lineage: Neuronal morphology has been observed in AFSC cultures
treated with nerve-growth factor (NGF), DMSO, and/or butylated hydroxyanisole
(BHA) [108]. In some cases, the cells expressed neuronal markers, including
TUBB3, NEUN (FOX3), MAP2, neurofilaments and neuron-specific enolase (NSE)
[35, 60, 61, 109]. In another study, serum withdrawal and DMSO addition have
been used to induce neuronal differentiation in AFSC cultures [110]. Based on our
experience, the efficient production of functional neurons with this method seems to
be challenging. A few studies have demonstrated functional properties for AFSCs
induced with neuronal differentiation media. For instance, the presence of dopami-
nergic neuronal markers [60], barium-sensitive K* channel [62], tetrodotoxin-
sensitive voltage-gated sodium channel [111], and secretion of L-glutamate [62],
although not necessarily exclusive to neurons [112], have been reported. It is now
well-accepted that the ability of AFSCs to form functional mature neurons should
be evaluated based on generating action potential and functional synapses [112].
These characteristics seem to be more achievable when AFSCs obtain a neural pro-
genitor state as a key step towards neuronal differentiation. We have previously
shown that SOX2 can be used for sorting and enriching neural cell populations in
amniotic fluid cell cultures [58, 113, 114]. Since the level of SOX2 expression may
vary from one cell to another, this selection method can be complemented with
single cell cloning to further reduce heterogeneity in AFSCs [113, 114]. Using simi-
lar approaches, another recent study has shown that SOX9 (Fig. 10.7) can be used
as a predictive neurogenic marker for AFSCs [115]. Notably, SOX9 also plays a
critical role in chondrogenesis and the use of this marker for selecting neural pro-
genitors may require tight culturing conditions to avoid AFSC differentiation to
non-neuronal cell types [116].

Fig. 10.7 SOX9
expression allows further
evaluation of amniotic
fluid cells. A representative
image of SOX9 nuclear
staining (green) and phase
contrast. Scale bar: 20 pm

SOX9
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In addition to these methods, several groups, including our laboratory, have used
induced pluripotent stem cell (iPSC) techniques to optimize the generation of neu-
ronal cultures from amniotic fluid cells [48, 96, 99, 100, 104]. Amniotic fluid-
induced pluripotent stem cells (AF-iPSCs) can be obtained by introducing OCT4,
SOX2, NANOG, KLF4, and/or c-MYC into AF cultures (Fig. 10.8). The AF-iPSC
colonies are typically expanded in Matrigel-coated plates in mTeSR1 medium and
further assessed for the absence of transgenes, optimal epigenetic state (i.e., reduced
or lack of DNA methylation sites) and expression of endogenous stem cell markers.
Subsequently, the fully-reprogrammed AF-iPSCs are treated with neural induction
medium and assessed for formation of neural rosettes, followed by characterization
of neurons at the molecular, cellular and functional levels. We find it essential to
further confirm neural identity by loss of OCT4 and other pluripotent markers,
while cells maintain SOX2 and acquire the expression of markers such as PAX6.
Furthermore, neuronal phenotype and function need to be validated by combined
immuncytochemistry and electrophysiology. Taking a step further, we have demon-
strated that AF-iPSC-derived neurons can be used as an important tool for pharma-
cological assays such as neurotoxicity (Fig. 10.9) as well as transplantation studies
to facilitate their applications in regenerative medicine.

Adipogenic cell lineage: Differentiation of AFSCs into adipogenic lineage has been
observed in media containing 10 % FBS, 3-isobutyl-1-methyl-xanthine (IBMX),
insulin and indomethacin. Adipogenic features are generally confirmed within 3
weeks by observing the formation of intracellular lipid droplets and Oil Red O
staining [62, 84, 108].

Osteogenic cell lineage: This method generally involves culturing AFSCs in media
containing 10 % FBS, dexamethasone, f-glycerophosphate and ascorbic acid-
2-phosphate. The differentiation can be confirmed by observation of calcium pre-
cipitation and production of ALP [62, 84, 108].

Chondrogenic cell lineage: Placing AFSCs in an alginate hydrogel and culturing in
media containing dexamethasone, ascorbic acid-2-phosphate, sodium pyruvate,
proline and transforming growth factor-p1 (TGF-p1) appear to induce these cells to
differentiate into chondrocytes. Cells are usually maintained for about 20 days and
their differentiation can be confirmed by production of sulfated glycosaminoglycan
(sGAG) and type II collagen [84, 117].

Hematopoietic cell lineage: Under the presumption that AFSCs have the potential
to give rise to hematopoietic cells, Moorefield et al. isolated CD117-positive/
Lineage (Lin)-negative (KL) population from human AFSCs and stained them with
an APC-conjugated CD117 antibody and a cocktail of Lin PE-conjugated antibod-
ies (containing anti-CD3, CD4, CD8, CD13, CD16,CD19, CD20, CD33, CD56 and
CD235a) [67, 73]. The isolated KL cells demonstrated the presence of multipotent
hematopoietic progenitors and colony-forming unit-granulocytes, erythrocytes,
monocytes and megakaryocytes. KL cultures were able to generate CD13+ CD33+
cells, confirming their myeloid differentiation potential. Furthermore, they dis-
played an in vitro multilineage hematopoietic potential where KL cultures gave rise
to natural killer cells (CD56+ CD16+) and T-cell precursors. The authors concluded
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that human AF contains cells with hematopoietic potential, as demonstrated by the
generation of erythroid, myeloid, and lymphoid cells in vitro [67].

Hepatogenic cell lineage: To induce hepatogenic cell differentiation, AFSCs are
cultured on Matrigel coated vessels in medium containing hepatocyte growth factor
(HGF), insulin, Oncostatin M, dexamethasone, and fibroblast growth factor 4 (FGF-
4). The cells differentiate into hepatocytes, as evident by expression of albumin,
transcription factor HNF4a, C-MET receptor, MDR membrane transporter and
a-fetoprotein. The formation of hepatocytes is usually observed within 2-3 weeks
under appropriate differentiation conditions [62, 84, 108, 118].

Endothelial cell lineage: The differentiation of AFSCs into endothelial cells can be
induced by culturing cells in the gelatin- or Matrigel-coated plates in endothelial basal
medium containing 10 % FBS, epithelial growth factor (EGF), vascular endothelial
growth factor (VEGF), fibroblast growth factor 2 (FGF-2), insulin-like growth factor
(IGF-1), hydrocortisone, heparin and ascorbic acid [62, 108]. After 2 weeks, the
AFSC-derived endothelial cells show morphological characteristics such as cobble-
stone and capillary structures on 2 and 3 dimensional culture substrates, respectively
[62]. The cells also express von Willebrand factor (VWF), endothelial nitric oxide
synthase, CD31, VE-cadherin, and VEGF receptor 2 [108]. Functionally, AFSC-
derived endothelial cells form networks and metabolize acetylated low density lipo-
protein [119]. Proteomic analysis, including proteome profiling arrays, can provide a
better understanding of the proteins involved in differentiation of AFSCs into various
endothelial cell types such as vascular and lymphatic endothelial cells [120].

Cryopreservation of AFSCs

Since AFSCs are proving to be of immense potential for future diagnostic and thera-
peutic applications, a long-term banking system of these cells is necessary. Currently,
a major obstacle exists in producing clinical grade AFSCs due to the lack of good
manufacturing practices in cell processing, cryopreservation, storage and distribu-
tion. Developing effective techniques for cryopreservation of AFSCs is an impor-
tant step in the banking of stem cells. During this process, cells need to remain
healthy, as they go through freeze and thaw cycles [121]. Similar to other cells,
cooling AFSCs at a slow controlled rate avoids intracellular ice buildup, which can
cause the cell membrane to rupture. However, even slow freezing can result in dehy-
dration of the cells by formation of extracellular ice, and for this reason a cryopro-
tective agent (CPA) is usually added to the freezing medium [122]. CPAs decrease
the freezing temperature and increase viscosity as the freezing solution becomes
amorphous ice [123]. Currently, the cryopreservation method most commonly used
for AFSCs includes a freezing medium consisting of 10 % v/v of DMSO and up to
90 % v/v of animal or human serum. DMSO is a hygroscopic polar compound and
can be toxic to cells, however, several studies have illustrated that cryopreservation
of AFSCs using DMSO does not appear to affect the biological properties of the
cells, including morphology, proliferation rate, viability, cell cycle, karyotype, gene
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expression and differentiation potential [124—126]. Studies that investigate the clin-
ical effects of the presence of DMSO in the freezing media used for AFSCs are
lacking. However, several reports about transplantation of hematopoietic stem cell
products preserved in DMSO show that there are serious side effects such as vomit-
ing, hypotension, acute abdominal pain, dyspnea, cardiac arrhythmia, and hemoglo-
binuria associated with using this compound [127-129]. Efforts have been focusing
on eliminating or reducing DMSO concentration and introducing a xeno-free cryo-
preservation solution. Natural disaccharides including trehalose and sucrose have
been investigated as non-toxic and non-permeable CPAs [121, 130]. Recent studies
showed an increase in post-thaw cell viability of AFSCs cryopreserved in freezing
solutions containing trehalose, catalase, and caspase inhibitor (zVAD-fmk) with
5 % or 2.5 % DMSO compared to freezing solution containing 10 % DMSO and
30 % FBS [131]. While the data showed the ability to preserve AFSCs using natural
CPAs, 20 % FBS containing media with either 5 %, or 10 % DMSO or glycerol
showed workable cell viability, but not sucrose or trehalose after 6 months of stor-
age, despite the maintenance of differentiation capacity [126]. It becomes apparent
that animal and human studies are needed to confirm the safety and efficacy in
AFSC banking. Developing CPA-free media or non-toxic CPAs for the cryopreser-
vation and storage of AFSCs is imperative for long term preservation and mainte-
nance of their viability and biological functions for future therapeutic applications.
These issues have been discussed by Albanna and Woods in a separate chapter in
this book.
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Chapter 11
MicroRNA Expression in Amniotic Fluid Cells

Maria Ribecco-Lutkiewicz, Dao Ly, Caroline Sodja,
Julie Haukenfrers, Brandon Smith, Qing Yan Liu,
Marianna Sikorska, and Mahmud Bani-Yaghoub

Introduction

MicroRNAs (miRNAs) are small non-coding functional RNAs of approximately
19-22 nucleotides that downregulate protein expression by base-pairing with com-
plementary sequences within messenger RNA molecules [1-4]. The first miRNA
was discovered in 1993 during a study of /in-4, a gene known for controlling the
timing of larval development in C. elegans [5]. This pioneering report has led to the
systematic discovery of hundreds of miRNAs, using innovative computational anal-
ysis of small RNA sequencing data [See [6] for a review]. To date, about 2800
human miRNA candidates have been reported [1], of which more than 1100 have
been validated, and recorded in the miRBase (http://www.mirbase.org/). In addi-
tion, Mirror Suite has been developed as a miR target site (http://www.mirrorsuite.
cs.huji.ac.il/). MiRNA genes can encode individual miRNAs (monocistronic) or
miRNA clusters (polycistronic). Polycistronic miRNAs often share sequence simi-
larity, but can be from different families [7]. Using mathematical modeling of
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miRNA turnover, a half-life of 119 h has been estimated for miRNAs, suggesting
that they are much more stable than messenger RNA [8].

How Do MicroRNAs Work?

Transcription of endogenous miRNA genes by RNA polymerase II generates pri-
mary miRNAs (pri-miRNAs) that are processed in the nucleus into pre-miRNAs
(Fig. 11.1; also see [3] for areview). This processing is performed by Drosha RNase
IIT endonuclease. Pre-miRNAs are exported to the cytoplasm by Exportin 5 and are
processed by another RNAse III endonuclease (Dicer) into mature miRNAs.
Subsequently, the mature miRNA is incorporated into the RNA-induced silencing
complex (RISC). RISC was first defined as a large RNA—protein complex with
sequence-specific RNA cleavage activity. MiRNAs can direct RISC to downregu-
late gene expression by either of two post-transcriptional mechanisms: mRNA
cleavage or translational repression [3]. In cases where there is a high degree of

Fig. 11.1 Silencing of protein expression by miRNAs. MiRNAs control gene expression by
binding to partially or fully complementary sequences in target mRNAs, resulting in translational
repression or mRNA degradation. MiRNAs genes are transcribed by RNA polymerase 11, produc-
ing long RNA primary precursors (pri-miRNAs). The pri-miRNAs are processed in the nucleus by
an RNase III enzyme, Drosha, to stem-loop structures of approximately 70-nucleotides (pre-
miRNAs). The pre-miRNAs are exported into the cytoplasm by exportin 5 where they are cleaved
by another RNAse Il enzyme, Dicer, generating mature miRNA duplexes. The duplexes consist of
two imperfect complementary RNA strands; one of these strands is preferentially loaded onto the
RNA-induced silencing complex (RISC). RISC-loaded miRNAs are single-stranded and can affect
translation by binding to imperfect complementary sites typically located in the 3’ untranslated
regions (3’-UTRs) of their mRNA targets. The resulting miRNA:mRNA duplex leads to repressed
translation or degredation of mRNA
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complementarity between the microRNA and its mRNA target, RISC can stabilize
the miRNA target strand, guide it to the target mRNA, and activate endonuclease
cleavage. RISC can also inhibit productive translation, if the miRNA does not have
sufficient base-pairing to activate endonuclease cleavage of its target mRNA [3].

The interaction between a miRNA and its target mRNA does not require perfect
sequence complementarity, permitting a high degree of variability in the mRNA
target sequence. Thus, a single miRNA has the potential to regulate many mRNAs.
Furthermore, mRNAs can contain numerous miRNA target sites and can be regu-
lated by multiple miRNAs. It has been suggested that the majority of protein coding
genes are regulated by miRNAs, depending on the developmental, cellular and
physiological context [9]. Because of their ability to simultaneously control the
expression of a large number of genes, miRNAs are perfect candidates as master
regulators to maintain or switch cell fate by regulating biological processes such as
cell survival, proliferation and differentiation [10].

Extracellular and Intracellular MicroRNAs

Both cell contact-dependent and -independent transfer of functional miRNAs appear
to play essential roles in regulating protein expression in various biological processes.
Data from several laboratories confirm that miRNAs can be shuttled between cells by
microvesicles (MVs), plasma membrane fragments of 0.1-1 pm in diameter [11]. In
particular, MVs released from donor bone marrow-derived mesenchymal cells can
deliver miRNAs into recipient cells, reducing target-specific protein levels [12].
Extracellular transfer of functional miRNAs between cells has been also reported for
exosomes, extracellular vesicles of up to 100 nm in diameter that are released from a
late endosomal cellular compartment [2, 13—15]. Extracellular miRNAs have been
identified in various human body fluids, including amniotic fluid, plasma, cerebrospi-
nal fluid and saliva [16—18]. An important issue regarding extracellular miRNAs is
their cellular origin. This is particularly important for amniotic fluid, which contains
cells originating from different fetal tissues. One way to address this question is to
obtain amniotic fluid at different stages of pregnancy and establish miRNA profiles
for each stage by comparing extracellular and cellular miRNAs. This approach may
also provide an opportunity to use miRNA profiles as diagnostic biomarkers to iden-
tify and monitor developmental, physiological and pathological conditions.

In addition to microvesicles and exosomes, microRNAs can be also transferred
through gap junctions in a cell contact-dependent manner (Fig. 11.2), leading to
down-regulation of target-specific proteins [14, 19-22]. Gap junctions are intercel-
lular channels of 1.5-2 nm diameter formed by hemi-channels (connexons), which
are in turn formed by six connexin monomers. Gap junctions permit direct cell—cell
transfer of small ions and molecules such as ATP, amino acids, glucose, glutathione,
small interfering (siRNAs) and miRNAs among neighbouring cells [23]. They facil-
itate miRNA transfer from one cell to another cell, coordinating the regulation of
various biological processes such as cell survival, proliferation and differentiation
[20, 21, 24]. This transport may occur as a single or double stranded mature miRNA
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Fig. 11.2 Intercellular transfer of miRNAs through gap junctions. (A) In addition to their
effects at the intracellular level, miRNAs can be transported through exosomes or gap junction
channels to neighbouring cells where they can affect expression of their target mRNAs. (B)
Amniotic fluid cells (isolated at 26 weeks of gestation) express abundant levels of Connexin43
(Cx43, green), a protein widely reported for its involvement in the formation of functional gap
junctions. Nuclei have been stained with Hoechst (blue). (C) Phase contrast. Scale bar: 10 pm



11  MicroRNA Expression in Amniotic Fluid Cells 219

or its precursor (pre-miRNA). The transfer of miRNAs through gap junctions is
possibly facilitated by RNA-binding proteins (RBPs) [14].

Several lines of evidence confirm that miRNAs have the capability to regulate
the establishment and maintenance of pluripotent stem cells [25, 26]. More specifi-
cally, miRNAs can be used to directly silence pluripotency by repressing the related
transcription factors such as OCT4, SOX2, KLF4, MYC and NANOG, and to pro-
mote differentiation [27]. Since miRNAs and their targets are expected to have cor-
related expression patterns, computational analyses comparing stem cells with
differentiated cells have further resulted in the identification of miRNAs that repress
pluripotency as well as the ones that are involved in cell differentiation [27-29]. For
instance, miRNA profiling of iPSC-derived endothelial cells has led to the identifi-
cation of 376 miRNAs, including miR-20a, -20b, -222 and -210, which are known
to be involved in endothelial cell differentiation [30]. MiR519¢-3p, miR-193a-5p,
MiR-650, miR-215 and most significantly miR-590-5p and miR-611 had the high-
est expression in iPSC-derived endothelial cells compared with their expression in
human umbilical vein endothelial cells (HUVEC) [30].

About 360 miRNAs have been identified in amniotic fluid, with miR-518e, miR-
335, miR-302¢, miR515-3p, miR-452, miR-892a, miR671-5p, miR-515-5p, miR-
137, and miR-593 as the most abundantly expressed species [16]. In another study,
focusing on miRNA expression in amniotic fluid cells [31], two morphologically
different subpopulations of fetal mesenchymal stem cells (MSC) were isolated from
amniotic fluid cells: spindle-shaped (SS) and round-shaped (RS). While both sub-
populations expressed mesenchymal stem cell markers CD73, CD105, CD166, and
integrins, CD29 and CD49e¢ at similar levels, they showed differences in pluripo-
tency, proliferation, differentiation and protein expression. A total of 32 miRNAs
were differentially expressed between the SS-AF-MSCs and RS-AFMSCs [31]. In
particular, miR-21 was expressed at higher levels in RS-AF-MSCs compared with
SS-AF-MSCs. Interestingly, SS-AF-MSCs exhibited higher expression levels of
SOX2 compared with RS-AF-MSCs, and the induction of miR-21 downregulated
SOX2 expression in SS-AF-MSCs, resulting in reduced clonogenic and prolifera-
tive potential. The opposite effect was observed upon miR-21 inhibition in RS-AF-
MSCs, which led to an enhanced proliferation rate. Furthermore, miR-21 induction
accelerated osteogenesis and impaired adipogenesis and chondrogenesis in SS-AF-
MSCs. These results indicate that miR-21 may serve as a key regulator of prolifera-
tion and differentiation in amniotic fluid MSCs by controlling SOX?2 expression.
Using a fluorescently-labeled morpholino mimic of miR-21 (with an approximate
molecular weight, width and length of 2 kDa, 1 nm and 7.5 nm, respectively), our
laboratory has shown that amniotic fluid cells expressing abundant levels of
Connexin43 and with functional gap junctions, have the capability to transfer
miRNA-like molecules from one cell to another [32, 33]. In the work presented in
this chapter, we have selected several key miRNAs following a microarray analysis,
and have evaluated their expression in amniotic fluid cells (Fig. 11.3).

MiR-7e: Lethal-7 (also known as let-7) was the first human miRNA discovered.
Let-7 family members are known for their role(s) in controlling stem cell prolifera-
tion, maintenance and differentiation (See [34] for a review). There are 12 let-7
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Fig. 11.3 Differential expression of miRNA in amniotic fluid cells. The expression of a selected
group of miRNAs was evaluated in amniotic fluid (AF) cells, NT2 cells, NT2 neurons (NT2N) and
NT?2 astrocytes (NT2A) and scored against those of HEK293 cells as reference*. Among the miR-
NAs tested, miR-21 and miR-145 were the most abundant in AF cells, whereas miR-128 and
miR-132 showed the lowest expression levels. Similar to AF cells, other cell types maintained low
levels of miR-132. In contrast, the highest expression of miR-145 was observed in NT2A cells
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family members in human [35], many of which are encoded in polycistronic clusters.
The levels of let-7 family members rise during embryogenesis. In particular,
pri-let7a and pri-let7e are upregulated during mouse brain development [36].

MiR-21: There is abundant expression of miR-21 in MSC-derived cells [37] and
the depletion of miR-21 enhances reprogramming efficiency in mouse embryonic
fibroblasts [54]. In contrast, miR-21 overexpression in VEGF-treated iPSCs leads
to upregulation of VE-cadherin and FlkI via targeting PTEN [38]. In addition to
its expression in MSC-derived cells, miR-21 is highly expressed during fetal brain
development [39]. It is significantly upregulated following spinal cord injury and
there is a potential role for miR-21 in glial scar progression [40]. MiR-21 also
protects neurons following ischemia [41], and inhibits apoptosis and promotes
angiogenesis after traumatic brain injury in rats [42]. These results suggest that
the molecular signature of miR-21 can be used as a biomarker for therapeutic
strategies [37].

MiR-30: The miR-30 family is essential for the maintenance of epithelial state. In
particular, the expression of miR-30 family members is reduced during epithelial-
mesenchymal transition (EMT) in human pancreatic cells, a phenomenon recog-
nized in organogenesis [43]. In addition, overexpression of miR-30b in endothelial
cells has been shown to increase vessel number and length by targeting Delta-Like
4 (DLL4), a membrane-bound ligand belonging to the Notch signaling family [44].

MiR-124: As one of the most abundant miRNAs in the brain, miR-124 demon-
strates a spatiotemporal expression pattern in various cell types and it regulates a
wide range of biological functions [45]. MiR-124, along with miR-7, has been
shown to regulate the differentiation of neural stem and progenitor cells into specific
neural cell types [46].

MiR-128: MiR-128 is known as a brain-enriched miRNA with a different expres-
sion time-point, compared with miR-124, during neuronal development [47]. It is
expressed in adult neurons, and it modulates neuronal excitability and motor activ-
ity by suppressing the expression of several ion channels and signaling components
of the extracellular signal-regulated kinase 2 (ERK?2) network. A reduction of miR-
128 expression in postnatal neurons causes increased motor activity and epilepsy in
mice. In contrast, miR-128 overexpression attenuates neuronal responsiveness, sup-
presses motor activity, and alleviates motor abnormalities associated with seizure
and Parkinson’s disease [48]. Transduction of human iPS cells with miR-124 and
miR-128 leads to upregulation of MAP2, NSE, GFAP and BDNF [47].

MiR-132: Because of its anti-inflammatory effect via the targeting of acetylcholines-
terase and the subsequent increase in acetylcholine levels, a therapeutic role has been
considered for miR-132 [49]. More recently, nanoparticles have been used to deliver
miR-132 to human umbilical vein endothelial cells and enhance vessel formation fol-
lowing subcutaneous transplantation in a mouse model [50]. This strategy has the
potential to be expanded to other applications in the field of tissue engineering.

MiR-145: The iPS cells derived from human amniotic epithelial cells and trans-
fected with a miR-145 mutant gene that interferes with endogenous miR-145
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activity show abundant expression of SOX2 and other stem cell markers, suggesting
that SOX2 expression may be regulated by miR-145 [51]. Given the reciprocal
inhibitory effects between miR-145 and the pluripotency factors, OCT4, SOX2
and KLF4 [29], miR-145 can be used to optimize the generation of iPSC lines.
Furthermore, Gétte et al. have shown that overexpression of miR-145 leads to
downregulation of junctional adhesion molecule A (JAM-A), and the actin bun-
dling protein, fascin [52].

MiR-494: MiR-494 is highly expressed in decidua-derived MSCs (dMSCs), and it
regulates proliferation and differentiation of mesenchymal stem cells [53]. More
specifically, it inhibits the growth and paracrine function of MSCs by arresting cell
cycle at G1/S transition and downregulating CDK6, CCND1 and VEGF [53].

Among the microRNAs examined, miR-21 and miR-145 had the highest expres-
sion levels in amniotic fluid cells (Fig. 11.3). Using human NT?2 neural progenitors
(NT2), neurons (NT2N) and astrocytes (NT2A) for comparative analysis, our results
also show relatively higher expression levels for miR-21, miR-124 and miR-145 in
NT2 cells. MiR-124 maintained abundant expression in NT2N neurons, whereas
miR-21 and more significantly miR-145 were highly expressed in NT2A astrocytes.
These results support the presence of cell type-specific expression patterns for
miR-21, miR-124 and miR-145 throughout differentiation. Furthermore, recent
data from other laboratories also show that Let7, miR-21 and miR-29a serve as bar-
riers to the initial stage of cell reprogramming, a process challenged by C-MYC [54,
55]. MiR-7 family members are known for regulating cell size in human embryonic
stem cell-derived cardiac myocytes [56]. Together, these results prompted to deter-
mine whether the expression of microRNAs change during reprogramming and dif-
ferentiation in amniotic fluid cells, which are further associated with changes in cell
size and shape. Similar to other induced pluripotent cells, amniotic fluid cells dem-
onstrated significant reduction in cell size during reprogramming (Fig. 11.4 A-D).
The induction of pluripotency was confirmed by staining cells with TRA1-81 (Fig.
11.4 E, F), OCT4, KLF4, SOX2 and NANOG (Fig. 11.5). Parallel cultures of amni-
otic induced pluripotent stem cells were primed with neuronal, cardiac and endothe-
lial differentiation media for 1 week and subsequently evaluated for miRNA
expression. Our data show that the expression of miR-145 is reduced upon repro-
gramming in amniotic fluid cells, whereas various clones of differentiated AF-iPS
cells demonstrated miR-145 upregulation within the early stage of differentiation
(Fig. 11.6). Interestingly, there were no significant changes in miR-21 expression
during cell reprogramming or differentiation and coincident morphological changes.

As a major contributor to the early stage of reprogramming, C-MYC plays an
essential role in regulating miR-21, miR-29a and miR-7, which serve as barriers to
the initial stage of reprogramming [54, 55]. Furthermore, depletion of miR-21 and
miR-29a enhances reprogramming efficiency in mouse embryonic fibroblasts, sug-
gesting that MEF-enriched miRNAs also function as reprogramming barriers [54].
On the other hand, our results show an increase in the level of miR-145 following
differentiation of AF-iPS cells into neuronal (AF-iPSC-N2), mesenchymal/cardiac
(AF-iPSC-M1) or endothelial cells (AF-iPSC-E1 and E2). These observations are
in agreement with previous reports in which miR-145 was shown to inhibit
self-renewal and pluripotency in human embryonic stem cells and its loss impaired
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Fig. 11.4 Morphological changes in amniotic fluid cells after reprogramming. (a) FACS anal-
ysis indicates a small population (4.77%) of single amniotic fluid cells within gate R1. (b)
Corresponding phase contrast image prior to sorting shows the cells with average dimensions of 47
pm x 83 pum at 80% confluency. (¢) There is a significant increase in the number of single
cells witinn gate R1 (20%) following reprogramming. (d) Corresponding phase contrast image
of amniotic fluid induced pluripotent stem cells shows compact colonies of smaller cells with an
approximate diameter of 15-20 pm and a reduced cytoplasmic to nuclear ratio. (e) The induced
pluripotent state of reprogrammed cells was confirmed by live TRA1-81 staining. (f) The corre-
sponding phase contrast image of panel (e) Scale bar: 15 pm (b), 50 pm (d and f)
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Fig. 11.5 Validation of reprogramming in amniotic fluid induced pluripotent stem cells.
Immunocytochemistry with pluripotency markers confirms efficient reprogramming of amniotic
fluid cells. Abundant levels of OCT4, KLF4, SOX2 and NANOG are expressed in amniotic fluid
induced pluripotent stem cells (AF-iPSCs), compared with amniotic fluid cells (AF, isolated at 26
weeks of gestation). Human NT2/D1 cells were used as a positive control. Hoechst: Nuclear coun-
terstain. Scale bar: 75 pm (AF, NT2), 100 pm (AF-iPS)
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differentiation by maintaining high levels of OCT4, SOX2 and KLF4 [29, 55].
Together, these results suggest the presence of a negative feedback loop involving
OCT4, SOX2, KLF4 and miR-145.

Recent advances in identifying and validating miRNA functions have encour-
aged the field to design miRNA delivery systems for research and therapeutic appli-
cations. For instance, miR-132 has been shown to play multiple roles in promoting
neuronal outgrowth, regulating synaptic transmission, limiting inflammation and
inducing angiogenesis. Considering the low levels of endogenous miR-132 in amni-
otic fluid cells (Fig. 11.3), we designed a vector that allows enriching and monitor-
ing miR-132 in these cells (Fig. 11.7) as well as other cell systems. MiR-132-GFP
amniotic fluid cells can be used as a model to test the role of miR-132 in neuronal
and endothelial differentiation in vitro and following transplantation in animal mod-
els. MiR-132-GFP amniotic fluid cells can be also used to screen drugs that have the
potential to target miR-132. Furthermore, amniotic fluid cells provide an excellent
opportunity to study miRNA-target interactions, regulatory mechanisms and cross-
talk between miRNA targets.


https://en.wikipedia.org/wiki/Synaptic_transmission#Synaptic transmission
https://en.wikipedia.org/wiki/Inflammation#Inflammation
https://en.wikipedia.org/wiki/Angiogenesis#Angiogenesis
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Fig. 11.6 Changes in miR-145 expression following reprogramming and differentiation of
amniotic fluid cells. Real time PCR analysis shows a decrease in miR-145 expression (gray bars)
in amniotic fluid induced pluripotent stem cells (AF-iPSCs) compared with amniotic fluid (AF)
cells. AF-iPSCs were differentiated into neuronal, mesodermal and endodermal cell lineages and
further assessed for miR-21 and miR-145 expression. In contrast to AF and AF-iPSCs, miR-145
expression was increased in neuronal (AF-iPSC-N2), mesodermal (AF-iPSC-M1) and endothelial
cell populations (AF-iPSC-E1 and E2) derived from AF-iPSCs, a phenomenon not observed for
miR-21 (red bars)

Endnote

Immunostaining and FACS analysis were performed, as previously described [32,
33, 57].

Total RNA was isolated from each cell type in triplicate and used for microRNA
analysis following well-established methods to ensure stability [17, 58, 59]. In brief,
Real-time PCR was performed, using the TagMan Human MicroRNA Assay and
the expression ratio for each cell type was scored against that of HEK-293 cells as
a reference. AF cells were reprogrammed into induced pluripotent stem cells, using
an episomal gene delivery system, and differentiated into neuronal, mesenchymal
and endodermal cell lineages following methods established in our laboratory.

MiR-132 was first PCR amplified and then subcloned at Xhol sites of pMXs-
miR-EGFP vector (Cell Biolabs, Inc.). This retroviral vector allows for the expres-
sion of the miRNA precursor in its native context, while preserving putative hairpin
structures to ensure biologically relevant interactions with endogenous processing
machinery and regulatory partners. Thus, it leads to properly cleaved miRNAs.
The presence of GFP allows monitoring and selecting miR-132 positive cells.
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Fig. 11.7 Amniotic fluid
cells as miRNA delivery
vehicles. (a) Schematic
diagram of pMXs-miR132-
EGFP vector. MiR-132
was PCR amplified and
subcloned into pMXs-miR-
EGFP retroviral vector at
Xhol sites. This vector
provides cells with the
capability to express the
miRNA precursor in its
native context, while
preserving putative hairpin
structures. The latter
allows biologically relevant
interactions with
endogenous processing
machinery and regulatory
partners, leading to
properly cleaved miRNAs.
The use of EF-1a promoter
in this vector facilitates
high expression levels in
mammalian cells.
Furthermore, GFP-Puro
fusion marker allows
monitoring of cells positive
for miR-132 expression
and stable selection with
either GFP or puromycin
resistance. (b) Amniotic
fluid cells readily express
miR-132-GFP after
electroporation. Scale bar:
150 pm
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Chapter 12
Historical Perspectives

Karen K. Ballen

Introduction

The first umbilical cord blood transplantation (UCBT) was performed in France
in a child with Fanconi Anemia (FA) in 1988 by Dr. Eliane Gluckman and col-
leagues. The clinical success grew from scientific collaborations with Drs. Hal
Broxmeyer, Arleen Auerbach and others. Over the last 25 years, UCB banking
and transplantation have grown exponentially. Over 600,000 UCB units have
been donated for public use worldwide, and over 30,000 UCBT have been per-
formed. UCB serves as an alternative source of cells for hematopoietic cell trans-
plantation (HCT), which is a curative therapy for patients with leukemia,
lymphoma, myelodysplasia, and many genetic disorders. Only 30 % of patients
will have a human leukocyte antigen (HLA) matched sibling. There are approxi-
mately 20 million adult volunteer donors in the National Marrow Donor Program
and affiliated registries; however, only 60 % of Whites and 20 % of Blacks and
other minorities will have a suitably matched unrelated volunteer donor identi-
fied in the required time period [1]. UCB collection is safe, readily available, and
does not need to be as closely matched to the patient as traditional stem cell
sources of bone marrow and peripheral blood stem cells. Therefore UCBT has
extended access to transplantation, especially to patients of racial and ethnic
minorities [2, 3].
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The need for using an additional stem cell source arose from the concern of many
patients not fortunate to have an HLA identical sibling or unrelated donor to proceed
to a potentially curative HCT. Thomas and colleagues in Seattle pioneered HCT in
the 1960s, initially for children with relapsed leukemia and lymphoma, hematologic
malignancies that often could not be cured by chemotherapy alone. The transplant
consisted of high doses (myeloablative) chemotherapy or chemotherapy and radia-
tion treatments to eradicate disease and immunosuppress the patient, followed by
infusion of the donor cells through an intravenous line (the transplant itself takes less
than 1 h), and intensive supportive care with antibiotics, transfusions, nutrition, graft
vs. host disease (GVHD) prophylaxis medications for several months. A limiting fac-
tor was the availability of an HLA matched donor. Life threatening graft rejection or
graft versus host disease could occur if the patient and the donor were not HLA
matched. Graft versus host disease, an immune reaction between the donor and recip-
ient lymphocytes, was characterized by skin rash, diarrhea, and liver problems, and
could be fatal. Each sibling has a 25 % chance of matching the patient; given the size
of most US families, only 30 % of patients have an HLA-matched sibling donor.
The National Marrow Donor Program (NMDP) was established in 1988 to assist
patients who did not have a matched family donor [4, 5]. Although the NMDP and
related registries have grown to over 20 million volunteer donors, it is particularly
difficult for Black patients and racial/ethnic minority patients to find matched donors
in the registry, within the required time frame to proceed to HCT. Despite intensive
recruiting efforts, the majority of donors in the NMDP are of Northern European
ancestry. An estimated 30—40 % of White patients and 60—70 % of Black and other
minority patients will have no matched related or unrelated donor. UCB cells are
immunologically more naive, and therefore patient and UCB donor do not need to be
perfectly matched for the HCT to be successful. This ability to transplant across HLA
boundaries contributed to the growth of UCB field as an alternative stem cell source
for patients with hematologic malignancies in need of a potentially curative HCT.

The Early Days of Umbilical Cord Blood Transplantation

The first UCBT were performed in children, as there was concern that the cell dose
might be too low to successfully engraft the larger adult patient. The scientific basis
of the UCBT was based on the work of Broxmeyer and colleagues at Indiana
University. Broxmeyer established that the UCB cells had extensive proliferative
capacity, could be stored for days at room temperature, and could be cryopreserved
and thawed with no loss of cells [6]. In addition, murine data showed that UCB cells
could engraft a lethally irradiated mouse [7].

Fanconi Anemia was selected as the first disease to try this new technology. HLA
matched sibling HCT was an accepted treatment for FA, and there was the possibil-
ity of an HLA identical sibling who did not have the disease. Eliane Gluckman in
Paris had designed an attenuated, safer conditioning regimen for children with FA
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undergoing allogeneic HCT [8]. At the same time, Arleen Auerbach from the
Rockefeller University in New York described a method for prenatal diagnosis to
determine before birth if a child (and potential donor) would be affected by FA [9].
Prior to the first UCBT, as UCB had never been used before in humans, the French
National Ethics committee authorized the procedure.

The first UCBT was performed in Paris by Dr. Gluckman in a child with FA,
whose normal sibling had UCB collected at birth [10]. The cryopreserved UCB unit
was transported from Indiana to Paris in a dry shipper that maintained the temperature
at —175 °C. The patient received a modified conditioning regimen and the UCB cells
were infused into the patient without separation or washing. The first indication of
neutrophil engraftment occurred on day 22 with subsequent complete donor derived
hematological reconstitution. The patient is alive and well, now 25 years after UCBT.

The Growth of Umbilical Cord Blood Banking

Following the first successful UCBT, interest in the field grew, to extend the appli-
cation to unrelated UCBT. Achievement of this goal required establishments of
large repositories for pregnant women to donate their UCB for the future use of a
patient in need of an HCT for a hematologic malignancy or genetic disorder. In the
early 1990s the first UCB banks were established in Dusseldorf, Milan, London,
Paris, St Louis, and New York. Dr. Pablo Rubinstein, at the New York Blood
Center, established the largest unrelated UCB bank [11]. Dr. Rubinstein and others
developed standards for UCB collection, processing, storage, and thawing [12].
The advantages of UCB were as follows: a single UCB unit contained enough
progenitor cells to successfully engraft pediatric patients, the collection procedure
was safe, and UCB could be easily frozen and then thawed when needed for use.
With the growth of the UCB banking industry came interest in private UCB bank-
ing: charging a fee for upfront collection and yearly storage in return for storing the
UCB unit for personal or family use. Multiple private UCB banking companies have
developed in the US although private UCB banking is illegal in several European coun-
tries, including France and Italy. The chance of using privately stored UCB is very low,
estimated at about 0.01 %. Therefore, the American Society of Blood and Marrow
Transplantation, the American Academy of Pediatrics, and the American College of
Obstetrics and Gynecology have all issued position statements discouraging private
UCB banking and encouraging donation to a public UCB bank whenever possible [13].

Pediatric Umbilical Cord Blood Transplantation

The first UCBT were performed in children, due to the concern that the cell dose
might be too low for adult UCBT. Studies in related UCBT showed that UCBT was
associated with similar survival to HLA-identical sibling bone marrow transplants,
but with a lower rate of acute and chronic GVHD, one of the serious immune
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complications of HCT [14]. But, the real need for UCBT was for unrelated use.
Using the UCB stored at the New York Blood Center, Joanne Kurtzberg at Duke
University reported the first series of unrelated UCBT in 1995 [15].

In this series of 25 patients, the 100-day overall survival (OS) was 64 %, demon-
strating the feasibility of unrelated mismatched UCBT. Since this initial series, mul-
tiple centers have reported successful engraftment and sustained disease free
survival in pediatric patients with malignant and nonmalignant diseases [16, 17].
Retrospective comparisons of UCBT with traditional graft sources such as matched
unrelated donor (MUD) HCT have shown comparable survival [18]. The European
Eurocord group showed that UCBT were associated with delayed neutrophil and
platelet engraftment and less acute and chronic GVHD, compared to MUD
HCT. Mary Eapen and colleagues compared outcomes of 503 children with acute
leukemia receiving unrelated mismatched UCBT to 282 children receiving a MUD
HCT [19]. Leukemia free survival and overall survival were similar between BM
and one or two HLA antigen mismatched UCBT; children who received an HLA
matched UCBT had improved survival to children who received an HLA matched
unrelated bone marrow HCT. An important finding was that children who received
a UCBT with a higher cell dose (>3 x 10 [7] total nucleated cells (TNC)/kg) had
improved survival. In an attempt to increase cell dose, double UCBT was studied in
pediatric patients; however, a recent randomized study showed no benefit to two
UCB units (double UCBT) versus single UCBT [20].

Excellent results have also been achieved with UCBT and non-malignant dis-
eases. These include thalassemia, Fanconi anemia, and metabolic storage diseases
such as Hunter’s and Hurler’s syndrome. The pediatric transplant program at Duke
has specialized in these rare diseases. Results are improved when UCBT in per-
formed in the first few months of life with OS of 58 % at 5 years [21].

Adult Umbilical Cord Blood Transplantation

After the encouraging results in children, investigators used a single UCBT for
adults with hematologic malignancies who needed a HCT but did not have a
matched related or unrelated donor. Unfortunately, the initial results were poor, with
high toxicity from infection and organ damage and 40 % of patients dying before
day 100 [22]. A critical observation was that a higher cell dose was associated with
an improved survival. Therefore, in the last 10 years more stringent patient selection
for HCT, selection of UCB units with higher cell doses, and improved supportive
care have contributed to better outcome results. Current studies report disease free
survival of 30-60 % [23-25]. Some of the most impressive results have been
reported by the Japanese groups, with survivals of 60-70 %; these excellent results
have been attributed to the smaller size of Japanese patients, genetic homogeneity
between patient and UCB donor, and stricter patient selection [26]. A summary of
selected adult UCBT series is presented in Table 12.1.
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Table 12.1 Selected adult UCBT series

Number of Single or double | Median age
Author patients Conditioning UCBT (years) DFS
Takahasi [55] 71 Myelo Single 38 70 %
Ablative UCBT
Eapen [35] 165 Myelo Single 28 44 %
Ablative UCBT
Chen [37] 64 RIC Double UCBT 53 30 %
Brunstein [38] 50 RIC Double UCBT 58 46 %

UCBT umbilical cord blood transplant, DF'S disease free survival, RIC reduced intensity conditioning

Double Cord Blood Transplantation

Double UCBT, the infusion of two partially matched UCB units to the same patient,
was initially pioneered by the Minnesota group in an effort to increase the cell dose
infused [27]. Patients from the USA are 10 kg heavier than in Europe and 15 kg
heavier than in Asia; double UCBT therefore is especially popular in the US. In
addition, the use of less intensive or reduced intensity conditioning (RIC) regimens
allowed older patients to be transplanted more safely, using related donor, matched
unrelated donor, or UCBT [28]. Numerous adult UCBT series of double UCBT
reported disease free survivals of 30-50 % [29, 30].

While a large randomized pediatric study showed no difference in survival between
single and double UCBT, the adult data is less clear [20]. No randomized studies have
been done to date. A Eurocord retrospective analysis reported similar survival to sin-
gle UCBT with an adequate cell dose as compared with double UCBT using a mye-
loablative preparative regimen of thiotepa, busulfan, and fludarabine [31].

Which Graft Source Is Best?

Given the improving results in adults, a natural question was the effectiveness of
UCBT compared to other graft sources. In the last 10 years, there has also been a
growth in the use of mismatched related donor (haploidentical) transplants, pioneered
by the group at Hopkins [32]. In addition, improvements in HLA typing and GVHD
prophylaxis and treatment regimens have permitted HCT using HLA mismatched
unrelated donors [33, 34]. No randomized prospective studies have been completed
to delineate the best graft source for adults. Multiple retrospective studies have indi-
cated comparable overall and disease free survivals among UCBT, matched unre-
lated donor, and mismatched unrelated donor. The risk of infection was higher after
UCBT but GVHD and in some studies, relapse of disease was lower [35-37]. To
answer these important questions, the National Institutes of Health funded Clinical
Trials Network (CTN) compared RIC double UCBT and RIC haploidentical HCT in
two parallel Phase 2 studies [38]. The 1 year overall and disease free survivals were
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comparable. The UCBT patients had a higher rate of transplant related complications
(transplant related mortality), 24 % for UCBT vs. 7 % for haploidentical HCT, but the
relapse rate at 1 year was lower after UCBT (31 %) vs. haplo (45 %). There was
concern that the relapse rate might increase as patients are followed for longer peri-
ods of time post HCT. A large CTN randomized study is ongoing in the United States
to compare long term outcomes of the UCBT and haploidentical HCT approaches.

Challenges of Umbilical Cord Blood Transplant

While there have been many advances over the last 25 years in the field of UCBT,
multiple challenges remain. They include a high rate of infection due to poor
immune reconstitution, cost, limited access for some populations, and relapsed dis-
ease. Although neutrophil engraftment has improved with the use of better UCB
unit selection or, for adults, double UCBT, there is delayed immune reconstitution
after UCBT. Jacobson and colleagues showed delayed T cell recovery, including
CD4+ and CD8+ cells, in the first year post UCBT [39]. This poor immune recovery
contributed to the increased and severe infections seen after UCBT, including cyto-
megalovirus reactivation, post transplant lymphoproliferative disease, aspergillus,
and human herpes virus 6 encephalitis [40, 41]. Cost is another major concern after
UCBT; the acquisition cost per UCB unit can be $40,000 US, with an additional
$200,000 US for the transplant itself. The CIBMTR has recently shown that the
length of stay is longer after UCBT compared to MUD transplantation [42].

While one of the goals of UCBT and banking was to collect UCB units from
minorities and increase access to HCT, that goal has not been completely achieved.
UCB units collected from the children of Black mothers has been shown to have
lower CD34+ counts, an important marker for engraftment potential [43]. In
addition, Black patients have lower overall survival after single UCBT than White
patients, and Black patients on average received UCB units that were smaller and
less well matched [44]. Relapsed disease remains a major cause of death after all
HCT, and this problem also exists after UCBT.

Several strategies have been undertaken to address these important challenges.
To improve engraftment and immune recovery, several centers are investigating
intramarrow injection of the UCBT, UCB expansion, homing strategies, and combi-
nation of UCBT and haploidentical approaches. Frassoni and colleagues have deliv-
ered the UCBT directly into the bone marrow via a bone marrow aspiration needle,
to bypass the need to “home” to the bone marrow [45]. intramarrow injection was
associated with improved engraftment. Recently, this finding was confirmed in a
Eurocord study comparing intramarrow injection to double UCBT [46].

Multiple centers have explored UCB expansion as a strategy to increase the low
cell doses infused. One example, employed by the group at MD Anderson, is the use
of mesenchymal stem cells [47]. Using a coculture ex vivo with mesenchymal pro-
genitor cells in one of two UCB units in 31 patients, this group reported an improve-
ment in engraftment of 9 days, compared to historical controls. A larger Phase III
study is currently enrolling patients. Another platform to improve UCBT outcomes is
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to increase the homing to and nurturing of cells within the hematopoietic microenvi-
ronment. Our center has pretreated UCB cells with a modified Prostaglandin (PG) E
molecule, as a means to upregulate the CXCR4 expression and increase marrow hom-
ing [48]. In a Phase I study in which one UCB in a double UCBT was incubated with
PGE?2, neutrophil engraftment improved by 3.5 days [49]. Finally, combining a hap-
loidentical mismatched family member bone marrow with UCBT may speed engraft-
ment, and this approach is being tested with both single and double UCBT [50].

The cost of UCBT is considerable, and this is related to the acquisition cost of the
UCB product, a longer length of hospital stay, and the need for transfusions and
often antiviral therapy. Less than 10 % of the UCB units in public inventory have
been used for UCBT. As demand increases, the cost of the UCB unit is likely to
decrease. In addition, attempts to speed engraftment as discussed above may
decrease hospital length of stay [51].

Access to care for all populations remains a major impediment to the widespread
success of HCT. Although the immunologic naivety of the UCB cells allows patients
to proceed to UCBT without a perfectly matched donor, it is still difficult for Black
and other minorities to find appropriately matched UCB units of sufficient size.
However, UCBT has extended the access to HCT. Barker and colleagues have dem-
onstrated that unrelated bone marrow grafts were identified for 53 % of patients
with European ancestry but only 21 % of patients of non-European ancestry [2]. In
contrast, 56 % of UCBT recipients were of non-European ancestry. Early recogni-
tion of this issue and prompt search strategies for both unrelated bone marrow and
UCB donors are recommended by the authors. Relapse remains a major problem
after all HCT. Strategies to overcome relapse include addition of post UCBT main-
tenance chemotherapy or targeted therapy, such as the use of a flt-3 inhibitor for
patients with fit-3 mutated acute myeloid leukemia [52].

The Future of Cord Blood

Tremendous progress has been made in the field of UCBT. Over the next 10 years, there
will be continued progress to reduce the risk of infection and control costs. Exciting
work is being done outside of oncology. Preliminary results suggest that patients with
cerebral palsy had decrease in pro-inflammatory factors such as interleukin-6 and
tumor necrosis factor after allogeneic UCBT [53]. UCB derived mesenchymal stem
cell have been used in the treatment of peripheral arterial occlusive disease [54].

Conclusion

Twenty-five years have passed since the first UCBT in France. Over 600,000 UCB
units have been generously donated by pregnant women for public use. Approximately
30,000 UCBT have been performed and over 10,000 patients have been cured.
Results continue to improve, and the next 25 years should be even more exciting.
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Chapter 13
Umbilical Cord Blood Stem Cell Populations

David T. Harris

Introduction

Not that long ago neither stem cells nor talk of their use in regenerative medicine
was as commonplace as it seems today. Stem cells have gone from “cure for what-
ever ails you” when first discovered to “political hot potato” between 2004 and 2008
to “promising medical hope”, all in the span of 10 years. One of the more promising
and intriguing stem cell types has been those found in umbilical cord blood (CB)
and umbilical cord tissue (CT).

Work from Boyse [1], Broxmeyer [2], Harris [3] and others showed that cord
blood was comparable to bone marrow for use in stem cell transplantation [1-9].
Over the past 20 years, more than 30,000 transplants have been performed world-
wide using cord blood stem cells [10]. However, stem cell transplantation for cancer
and genetic blood disorders (such as sickle cell anemia) is an uncommon occur-
rence. Fortuitously, research performed by several laboratories including our own
[11-16] has demonstrated that cord blood also contains a mixture of different stem
cells capable of giving rise to cells derived from the endodermal, mesodermal, and
ectodermal lineages. In addition, mesenchymal stem cells (MSC) can be isolated
from the cord tissue (CT) and preserved for later use [17]. Thus, both CB and CT
can be readily available for use in tissue engineering and regenerative medicine
applications, which are hypothesized to be more frequent events than the need for a
typical stem cell transplant. Clinical trials using cord blood stem cells to treat cere-
bral palsy and peripheral vascular disease among other indications have been ongo-
ing for several years [18, 19]. Recent efforts have focused on the isolation,
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characterization and utilization of MSC found in CT. In fact, CT stem cells have
also now made their way into clinical trials [20-24]. In terms of clinically available
stem cell sources, CT represents an abundant source of MSC for various clinical
uses. In the US there are more than four million babies born annually from whom
such MSC may be collected. MSCs present in CT may be collected and banked
economically, for less than $1500, and can either be expanded for immediate use or
banked for future applications [25].

As both CB and CT collections are once in a lifetime opportunities, cord blood
and tissue banks have been established during the past two decades to assist in the
preservation of these tissues. These biobanks serve to harvest, process, evaluate and
cryopreserve such biological specimens for both autologous and general public
usage. Once banked the samples can then be made available when needed for what-
ever purpose has been developed. This review will highlight the processes involved
in such endeavors as well as the recent and pending clinical applications utilizing
such resources.

Stem Cell Sources

Stem cells can be found throughout the body, being present in many tissues and
organs (e.g., heart, brain and muscle), throughout one’s lifespan. Over time these
stem cells age and can be impaired by chronic disease and other changes in health
status. However, stem cells can also be obtained from the youngest and healthiest
biological source available, the leftover CB and CT that is the byproduct of one’s
entry into the world. When considering the use of stem cells for regenerative medi-
cine and tissue engineering, one must consider several aspects. Ideally, when con-
sidering a source of stem cells for use in therapy one would prefer a source of
autologous tissue for regenerative medicine and tissue engineering applications (to
avoid immune rejection issues) that can be readily and inexpensively accessed, and
which contains large (or at least sufficient) numbers of stem cells (not requiring
expensive