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1. INTRODUCTION

1.1 STEM CELLS: DEFINITION AND GENERAL FEATURES

The term “stem cell” was coined by the end of the nineteen century in order to name
some cells supposedly involved in the continuous tissue renewal, such as blood

renewal.

During the last century uncountable scientific studies, as well as experimental
evidences, have confirmed the existence of these cells, emphasizing their enormous
and fascinating regenerative potential, so attracting on them a big interest of the

scientific community for tissue engineering and other therapeutic applications.

A stem cell 1s defined as unspecialized, able to multiply and renew itself indefinitely,
and able to generate differentiated cells in response to specific stimuli. In order to do
that, a stem cell goes through an asymmetrical division that gives rise to daughter
cells, one of which is identical to the “mother cell” (self-renewal) while the other one,
in response to microenvironmental stimuli, will produce term differentiated cells.
This last described differentiative capacity is called potency: it can depend on stem
cell origin and it is one of the parameters commonly used to classify stem cells. Stem
cells classification can fall within four categories: Totipotent stem cells, Pluripotent

stem cells, Multipotent stem cells and Unipotent stem cells.

In mammals, only the zygote and its very early descendent cells can be defined

totipotent stem cells because these cells are the only ones that possess the capability

to give rise to all the specialized cells of the adult organism, and they can also



produce trophoblast derivatives (extraembryonic tissues and placenta) that support

embryo growth.

As embryonic development proceeds, cells start losing the over mentioned potential,
retaining the ability to generate all types of cells derived from three germ layers but

not the extraembyonic tissues. These cells will be classified as pluripotent stem cells.

The last two stem cell categories (multipotent stem cells and unipotent stem cells) are

tissue-resident stem cells that can respectively give rise to a certain number of cell
types (e.g. hematopoietic stem cells) or to only one specialized cell type (e.g.
melanocyte stem cells). In adult organisms, these cells play a role in supporting tissue

renewal, regeneration and repair processes.

Depending on their residency, stem cells can be also classified into embryonic, fetal,

perinatal and adult stem cells.
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Figure 1: Stem cell potency (www.stemcellresources.org)
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1.2 EMBRYONIC STEM CELLS (ESCs)

Embryonic stem cells derive from the inner cellular mass of the blastocyst, during

early developmental stages.
Blastocyst appears as a spherical cyst composed by three main structures:

- The trophoblast, that represents the peripheral portion of the blastocyst, whose
function is to interact with the maternal environment. During the development, it will

give rise to the placenta
- The blastocoel, which is the fluid-filled central cavity of the blastocyst

- The inner cell mass (ICM), a cluster of cells positioned at one end of the blastocoel
which will give rise to all the embryonic tissues. ICM cells, that represent the source
of the “embryonic stem cells”, are able to self-renew indefinitely, maintaining a
normal karyotype and high levels of telomerase activity and they can give rise to the
three embryonic germ layers (ectoderm, mesoderm and endoderm) as well as to all

cell types of an organism [1-2].

ESCs are derived after blastocyst inner cell mass collection. Human cells may be
obtained from donated frozen supernumerary embryos that result from in vitro
fertilization (IVF). The main restrictions concerning embryonic stem cell research are
related to ethical and safety issues [3]. For the first point, it is still questionable
whether a zygote or an early stage embryo can be defined as “the very beginning of a
life” because they have the remarkable potential to develop into a human being. For

this reason some persons consider the use of embryonic cells for research or clinical



application as morally unacceptable and the Catholic Church is against embryonic
stem cell research.

In Europe stem cell research legislation and regulations are different from one
country to another. In Italy, it is not possible to generate embryonic stem cell lines
but it is permitted to use them for research only if they are imported [4].

The major safety issues concern teratoma formations. Teratomas are tumors made of
a mixture of cells with different phonotypes that originate (in vivo and in vitro) as a
consequence of a disorganized growth, due to the absence of correct environmental
growth stimuli [5].

Based on the above mentioned reasons, alternative stem cell sources have been

studied and proposed for stem cell-based therapies.
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Figure 2: Illustration by Cell Irmaging Core of the Center for Reproductive Sciences,



1.3 FETAL STEM CELLS (FSCs) AND PERINATAL STEM

CELLS (PSCs)

Fetal stem cells, as indicated by the definition, are stem cells located in fetal tissues

such as bone marrow, blood, liver, pancreas, kidney and skin. FSCs are collected
from tissues and organs mainly deriving from therapeuthical abortions, after mothers’

informed consent.

Although their development potential is more limited than pluripotent ESCs, their
high plasticity (multipotency) and replicative potential, as well as the lack of
tumorigenicity, have made them one of the possible candidates for regenerative

medicine applications and clinical uses (cell therapy)[ 6 ].

Fetal stem cell clinical applications [7-9] have been proposed as an useful tool that
could promote tissue regeneration, providing a short-term “bridge” to organ
transplantation, or as an option to treat some diseases such as Parkinson’s disease

(human fetal dopaminergic neurons transplantation) [10-12].

Similarly to embryonic stem cells, FSCs isolation may give rise to ethical concerns
but fewer restrictions are applied to their use. In Italy, there is no specific guideline
regarding fetal stem cell research, but it is “generally regulated” by the law on organ

donation and transplantation, after the mandatory informed consent is obtained.

The most promising and available source of fetal stem cells are perinatal tissues [13]

constituting the extra-embryonic structures of fetal origin: amniotic fluid, placenta

and amniotic membrane, umbilical cord blood and umbilical cord matrix (Wharton’s

jelly).



These structures are normally discarded after delivery and represent a precious source
of stem cells, with high self-renewal potential and plasticity. Moreover, perinatal
stem cells have a differentiation potential that could be considered slightly lower than

ESCs, but higher than that of adult stem cells (ASCs).

Similar to embryonic stem cells, PSCs express pluripotency markers such as Oct-4,
whose function is to prevent precursor cells from differentiating, thus regulating stem
cell self-renewal [14-15]. Other pluripotency markers shared with ESCs are NANOG,

SSEA-3, SSEA-4, Tra-1-60 and Tra-1-81 [16-19].



Figure 3: Schematic representation of Placental structures. (Santrock J. W. Child
Development, 1998, , 8" edition, McGraw Hill)



1.3.1 AMNIOTIC FLUID STEM CELLS (AFSCs)

Amniotic fluid is a protecting liquid that surrounds the fetus during pregnancy. It is
composed by a heterogeneous cell population made of cells with variable capacity for
self-renewal and differentiation, among which multipotent stem cells and terminally
specialized cells (e.g. epithelial cells) could be indicated as the two opposite extreme
examples. Amniotic fluid cells can be easily isolated from amniotic fluid specimens

obtained, with informed consent signed by patients, for amniocentesis.

One of the most attractive AFSCs population isolated, was found to be positive for
the antigens Oct-4, SSEA-4, Nanog and CD117 (c-Kit) and for the mesenchymal cell
markers CD105, CD90 and CD73 [20, 192-194]. Their multipotency (toward mature
tissues of all the three germ layers) and high proliferative capability [20-21], make
them good candidates for regenerative medicine applications. Limitations about
AFSCs use reside in their low isolation rate (c-Kit positive cells are approximately

1% of total amniotic fluid stem cells) [20].

1.3.2 PLACENTA AND AMNIOTIC MEMBRANE STEM CELLS

Placenta for many years has attracted the interest of scientists because of its
important role as intermediate structure mediating the fetal-maternal exchange of
nutrients and gas and because of its involvement in maintaining immune tolerance

between the mother and the fetus.

During the last decade the attention of the scientific community has been directed to

this organ as a source of progenitor stem cells for clinical applications. Placenta
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consists of two portions: the chorionic plate (the fetal portion) and the basal plate (the
maternal portion). Umbilical cord is attached near to the center of the fetal portion

which is covered by fetal membranes (amnion and chorion).

Two major stem cell populations can be isolated from placenta: chorionic
mesenchymal stromal cells and chorionic trophoblastic cells [22] showing variable
differentiation potential (e.g.osteogenic, adipogenic, chondrogenic). Moreover, an
additional progenitor cell population, co-epressing mesenchymal and hematopoietic
cell markers, was isolated from the decidua parietalis (belonging to the maternal part

of the placenta) and characterized.

The most promising progenitor cells isolated from term placenta are those isolated
from the amniotic membrane, the amniotic stem cells. Amniotic membrane is made of
three layers, the outermost consisting of mesenchymal cells (amniotic mesenchymal
stromal cells, AMSCs, derived from the embryonic mesoderm), an intermediate
membrane (lacking cellular components) and the innermost layer consisting of
epithelial cells (amniotic epithelial cells, AECs, derived from the embryonic
ectoderm). Both AMSCs and AECs populations express low levels of MHC (major
histocompatibility complex) class I antigen and lack the expression of MHC class II
molecules, suggesting their low immunogenicity [23-25]. This important property is
also due to the expression of HLA-G, a non-classical MHC class Ib involved in the
maintenance of tolerance between maternal immune system and fetus [26].
Approximately 10% of AECs express the stem cell markers Tra 1-60, Tra 1-80 and
SSEA-4, and feature cellular plasticity [22,27-28]; conversely, amniotic

mesenchymal stromal cells, possess a higher mesodermal differentiation potential
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[29] compared to AECs. Since the beginning of the last century, whole amniotic
membranes are used in clinic applications to treat burns and ulcers, as well as for

corneal ulcerations [30].

1.3.3 UMBILICAL CORD and UMBILICAL CORD-DERIVED STEM CELLS

Umbilical cord is the extraembryonic structure connecting placenta and fetus during
the development. It represents the vehicle through which nutrients and oxygen are
transported from the mother to the fetus. The UC is formed within the first weeks of
gestation by the enclosure of the vessels (one vein and two arteries) into a bulk of
mucous connective tissue, named Wharton’s jelly (WJ) and lined by the umbilical
epithelium [31]. At term gestation, the umbilical cord appears as a 60-65 cm twisted
tubular structure covered by an epithelium derived from the enveloping amnion and
containing two arteries and one vein surrounded by the Wharton’s jelly. Cord
twisting may occur due to discordant vessels' growth. The main function of
Wharton’s jelly is to protect umbilical cord vessels from mechanical insults such as
compression and torsion events. After birth, closure of the UC is an important and yet

poorly understood process that safeguards against blood loss of the newborn.

Wharton’s jelly is composed by proteoglycans, by collagen fibers and by
heterogeneous, fibroblast-like cell populations, which were classically described as
myofibroblasts. Miofibroblasts are not defined either as fibroblasts or as smooth
muscle cells despite the fact that they have muscle-specific cytoskeletal filaments.
The term of “myofibroblast” was assigned because these stromal cells are positive for
vimentin [32], a marker typical of fibroblasts, and desmin [33], a marker of muscle

cells. The other fibroblast-like cells populating the Wharton’s jelly have instead
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features similar to fibroblasts since they produce collagen and other extracellular

matrix components.

Even if the stroma can be divided into three different zones (subamnion, Wharton’s
jelly and perivascular zone) and there are some differences between cells dispersed in
these zones, the term ‘Wharton’s jelly cells (WJCs) is often extended to all umbilical

stromal cells [31].

UMBILICAL CORD BLOOD STEM CELLS (UCSCs)

Umbilical cord blood is being explored for use in regenerative medicine applications
because it represents a rich source of hypo-immunogenic stem cells (mainly
hematopoietic stem cells, HSCs) characterized by properties of proliferation and
expansion greater than those of HSCs isolated from adult bone marrow (BM), which

currently still represents the major source of stem cells [34-36].

Another advantage of UCSCs use is that cord blood collection is not at all an invasive
procedure, it is painless and free of risks for both mother and baby. Moreover, UCSC
showed a reduced risk of graft-versus-host disease (GVHD) mainly due to the more
immunologically immature (naive) nature of T cells derived from cord blood with
respect to those isolated from adult tissues and, consequently, also more tolerant to
HLA tissue mismatching [37-39]. Limitations to cord blood applications are related

with problematic engraftment kinetics compared to BM-derived cells.
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UMBILICAL CORD MATRIX (WHARTON’S JELLY) STEM CELLS

Wharton’s jelly mesenchymal stem cells (WJ-MSCs) are multipotent fibroblast-like
cells involved in collagen and extracellular matrix component production. They were
first isolated more than 10 years ago [40] and they were shown to provide secretion
of mucopolysaccharides, glycosaminoglycans and extracellular matrix proteins that
constitute the bulk of umbilical cord matrix. As stated earlier, WJ-MSCs have been
isolated from three umbilical cord regions - the perivascular zone, the inter-vascular
zone and the sub-amnion — showing rough differences in phenotype and
differentiation potential depending on the WJ compartment from which they are

derived [41-42].

During the last decade the immunophenotype of WJ-MSCs has been extensively
studied by several researchers that have demonstrated an antigenic pattern resembling

that of mesenchymal stem cells originated from other tissues.

In accordance with “minimal criteria” estabilished by the Mesenchymal and Tissue
Stem Cell Committee of the International Society for Cellular Therapy for defining
mesenchymal stem cells, and similarly to bone marrow mesenchymal stem cells
(BM-MSCs), WJ-MSCs express CD105, CD73 and CD90 antigens but lack the
expression of endothelial (CD31) and hematopoietic markers (CD45, CD34) [44].
Both WJ-MSCs and BM-MSCs also express CD29, CD166, CD44, CD10, CD13 and

HLA class I [45-49] but do not express HLA-DR [50-53].

Furthermore, these cells are positive for mesodermal markers such as a-smooth
muscle actin and vimentin, and for antigens expressed by cells of different tissues

(e.g nestin, connexins, stem cell factor), so allowing the hypothesis of an intrinsic
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multilineage differentiation capability. Nestin is an intermediate filament protein first
identified in rat neuro-epithelial stem cells. Subsequently it was found to be
expressed by various precursor cells such as beta cell progenitors or hepatic oval cells
[54-55]. Other neuronal markers expressed in WJ-MSCs are: glial fibrillar acidic

protein (a neuroectodermal marker) and neuron-specific enolase [56-57].

Connexins are integral membrane proteins involved in intercellular gap junctions. In
particular, connexins 40, 43 45 [58-59], typically found in cardiomiocytes, have been

demonstrated by our laboratory to be expressed by WJ-MSC:s.

Moreover, a possible hepatic differentiation potential was first indicated by the
expression of cytokeratins (CK8 and CK18) and hepatocyte nuclear factor 4o (HNF-
4a) [58] and then recently confirmed by our group (Lo lacono et al. manuscript in
preparation). HNF-4a is indeed a transcription factor necessary for the maintenance
of hepatic functions [60-61], inducing the expression of many genes, some of which
play an important role in lipids and glucose metabolisms [62-63]. HNF-4a is also
involved in insulin expression and secretion activities in beta cells [64-65]. This is
due to the sharing of a common embryonic origin between liver and pancreas, as both
are derived from almost the same regions of the primitive endoderm. This
spontaneous expression of all described differentiation markers strongly suggests that

WIJ-MSCs are prone to differentiate toward several cellular types.
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WJ-MSCs differentiation capability.

In accordance with the minimum criteria defined by International Society for Cellular
Therapy [44], they are able to differentiate into mesodermal cell types including
chondroblasts, osteoblasts and adipocytes. Moreover, their ability to differentiate into
muscle cells, cardiomyocytes, glial and endothelial cells has been demonstrated by
several reports indicating umbilical cord matrix as a promising stem cell source for

regenerative therapies.

Cardiac differentiation: WJ-MSCs can be differentiated into cardiomiogenic
lineages, as demonstrated by the acquisition of a specific morphology and by the
expression of cardiac specific markers, such as connexin 43 and cardiac troponin I,
following stimulation with 5-azacytidine for 21 days [49]. In addition, WJ-MSC
therapeutic potential in cardiovascular tissue engineering application has been

suggested [66].

Skeletal muscle differentiation: WJ-MSCs hve been also demonstrated to give rise to

skeletal myocytes in response to myogenic culturing conditions [67].

Chondrogenic differentiation: Chondrogenic potential of WJ-MSCs was also reported
by my research group, indicating the possible use of these cells as a future treatment

for articular diseases [68-69].

Endothelial differentiation: WJ-MSCs can differentiate into endothelial-like cells, as

demonstrated by both morphological and physiological changes [70].
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Neural differentiation: WJ-MSCs can give rise to Schwann cells that, once
transplanted into rats transected sciatic nerve were able to support in vivo functional

recovery [71-72].

Hepatic differentiation potential: Recent data showed that WJ-MSCs can also
undergo hepatocyte differentiation. Campard and al. demonstrated that these cells can
differentiate into hepatocyte-like cells, by culturing them in a medium containing
hepatic growth factors [73]. The initial cell population was positive for the expression
of cytokeratins 8, 18 and 19 but negative for cytokeratin 7; the expression of a-1-
antitrypsin, tryptophan 2,3-dioxygenase and Glucose-6-Phosphatase was also
demonstrated but not the positivity for Hepatocyte specific antigen-1 (HepParl),
HNF-40 (Hepatocyte nuclear factor 4 alpha) or for the isoform 3A4 of the

cytochrome p450.

The hepatocyte-like cells derived from the induction process increased the expression
of some hepatic-specific markers such as tryptophan 2,3-dioxygenase, but remained
negative for HNF-4 o and HepParl, questioning the acquisition of a mature
phenotype, and therefore highlighting the necessity of further improvements of the
differentiation protocol [74]. Despite that, a functional maturation was achieved as
demonstrated by several assays that quantify hepato-specific abilities such as urea
production, Glucose-6-Phosphatase activity, CYP3 A4 induction and glycogen storage

capability.

Hepatic differentiation was also demonstrated in vitro by Zhang and co-workers [75]

applying a one-step protocol. HGF and FGF-4 stimulation resulted in liver-specific
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markers expression, such as albumin and alpha-feto protein, by treated cells.

Moreover stored glycogen and uptake of LDL was also demonstrated

In vivo experiments strongly supported future application of WJ-MSCs for liver
regenerative medicine. Published data showed the acquisition of hepatic markers
expression by undifferentiated WC-MSCs, following transplantation, in liver of SCID

mice following partial hepatectomy [73].

In addition, a supportive role of naive Wharton’s jelly mesenchymal stem cells in
rescuing injured liver functions and in reducing fibrosis was also demonstrated by
Tsai and colleagues in a rat model ofhepatic injury and fibrosis induced by CCly. WJ-
MSC-infused rats showed reduced levels of serum transaminases, as well as a
reduction of TGFB1 and a-SMA if compared to control groups. These data nicely
correlated with an overall reduction of liver fibrosis [76]. These data support the
hypothesis that undifferentiated mesenchymal stem cells may favor the functional
recovery of recipient livers, perhaps inducing the differentiation of endogenous liver

cells and by enhancing fibrous matrix degradation [77].

Moreover, recent data from another work by Yan and collaborators demonstrated the
effects of WJ-MSCs engraftment in livers of CCl-injured mice. Interestingly,
compared with control group, mice that received WJ-MSCs administration showed a
reduction of apoptosis together with an increase of hepatocytes proliferation [78].
Finally, Zhao and collaborators [79] showed that hepatocyte-like cells derived from
WIJ-MSCs following hepatic differentiation, expressed hepatic specific antigens and

also maintained in vifro hypoimmunogenicity features (lack of HLA-DR expression).
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These data are very interesting and demonstrated that the differentiative process did

not interfere with the immunological features of these cells.

Immunomodulatory properties of WJ-MSCs

As demonstrated for mesenchymal stem cells isolated from different tissues (such as
adipose and bone marrow), many scientific publications have also reported the
expression of immunomodulatory and tolerogenic molecules by WJ-MSCs, such as
not classical HLA class I molecules (HLA-E, HLA-F and HLA-G) [80-82], CD274
and CD276 (belonging to B7 family of molecules) [80, 83-84], as well as leukaemia
inhibitory factor (LIF) [85]. In addition, the lack of expression of HLA-DR and the
absence of CD80 and CD86 costimulatory antigens [58, 86] (commonly involved in
acceptance or rejection of transplanted organs), strongly suggests the capability of

these cells to regulate immune cells activation and proliferation.

In vitro analyses of MHC molecules expression by stem cells is of fundamental
interest because it gives important suggestions regarding the way these cells could act
once transplanted in vivo. As also commented in other sections of the present thesis,
WIJ-MSCs low immunogenicity is due to the absence of HLA-DR molecules whereas
tolerogenic features can be mainly explained by the presence of B7-H3 molecules as
well as by the expression of class Ib HLA molecules (HLA-E and HLA-G). HLA-G
and HLA-E were initially characterized on extravillous trophoblast, where both act as
molecules protecting fetus form maternal allorecognition during pregnancy. To date it

is known that these molecules are also expressed in different districts and that they
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exert multiple immunoregulatory functions by acting as ligands for inhibitory

receptors present on NK cells and macrophages.

HLA-G exists as a membrane-bound molecule and as a secreted isoform (HLA-GS5),
thus exerting its immunomodulatory function through two different mechanisms. It
has also been suggested that HLA-G could explicate their immunomodulatory
function by activating T regulatory cells (Tregs), known to be key suppressors of

effector responses to alloantigens [87].

1.4 ADULT STEM CELLS (ASCs)

Adult stem cells are classically defined as multipotent stem cells that are thought to
reside in a quiescent state into specific areas of multiple tissues and organs after birth
called “niches”, representing cellular microeviroments that provide specific stimuli

necessary for survival, proliferation, migration and differentiation events.

ASCs primary function is to maintain tissue homeostasis and they are mainly
involved in tissue repair processes following traumatic events or diseases of different
nature. Even if they appear to have a more restricted differentiation potency and self
renewal ability compared to embryonic or perinatal stem cells, there are many
advantages that suggest their use over other cell categories. For example, ASCs do
not form teratomas, there are no ethical concerns on their use and these cells can be

easily used for autologous transplantation with no need of immunosuppression.

Conversely, depending on tissue origins, adult stem cells are sometimes difficult to be
isolated (e.g. hepatic precursor cells) and expanded, resulting in a very low cellular

yield and the limited differentiation potential imply a reduced applicative potential if
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compared to embryonic stem cells. Moreover, these cells are very difficult to be

maintained in culture in undifferentiated state.

Even if for many years ASCs were thought to have a tissue-specific differentiation
capability, recently an increasing numbers of reportes have demonstrated that these
cells are able to give rise to cells of different origins, introducing the concept of
“adult stem cell plasticity”, defined as the ability of these cells to trans-differentiate

into cells of different lineages.

This phenomenon is still not entirely clear and can be explained by different potential
mechanisms: cell fusion, trans-differentiation, de-differentiation or pluripotency [88].
During cell fusion events, stem cells acquire the phenotype of the tissue they are
transplanted within; this phenomenon is not so common and has been reported for
bone marrow stem cells transplanted into organs such as the liver [89]. Trans-
differentiation occurs when silent genes involved into other differentiation programs
are activated, transforming cells into different cellular types. De-differentiation is a
phenomenon during which cells spontaneously lose differentiated features, acquiring
a more immature state and, subsequently differentiate again into diverse cell lineages.
Finally, the presence of pluripotent stem cells residing into different niches has been
demonstrated in many tissues. Some examples of stem cell plasticity are represented
by bone marrow hematopoietic stem cells trans-differentiation into muscle cells [90];
moreover neuronal stem cells and stem cells isolated form muscle tissues were able to
reconstitute the hematopoietic system in rodents [91-92]. As an additional example, it
has been reported that bone marrow derived cells were induced to differentiate into

neuron-like cells [93-94].
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The two major adult stem cell families are represented by Hematopoietic Stem Cells
(HSCs) and Mesenchymal Stem Cells (MSCs), the both of them expressing
embryonic stem cell markers such as OCT4, SOX2, NANOG, LIN28, SSEA-1,
SSEA-3, SSEA-4, TRA-1-60 and TRA-1-81 [95-99]. Hematopoietic stem cells are
the most studied stem cells and they also have been effectively and extensively used
for patients with chronic myeloid leukaemia or after high-dose chemotherapy to
restore blood cell production, remaining an effective treatment for patients with
certain haematological diseases. Even if initially HSCs were thought to have a
reduced plasticity (limited to blood and blood derived cells) a recent review
summarizes many scientific publications demonstrating that these cells can

differentiate into almost all cell types [100].
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1.5 MESENCHYMAL STEM CELLS (MSCs)

THE MESENGENIC PROCESS
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Figure 5S: MSCs multipotent-capacity (Tracey L Bonfield et al, Discovery Medicine April 15, 2010)

Mesenchymal stem cells are multipotent progenitor cells originating from neural crest
and mesoderm during embryogenesis [101-102] that reside within the stromal
fraction of adult bone marrow where they are involved in non-hematopoietic stromal
cell renewal. Even if MSCs reside in most tissues and can be easily derived from
them, to date bone marrow represents the primary source of mesenchymal stem cells
(bone marrow aspirates). These fibroblast-like cells in standard culture conditions
grow adhering to plastic, are characterized by an extensive self-renewal capability
and they also have a multi-lineage differentiation potential, being able to differentiate
into mesodermal cell types such osteoblasts, chondroblasts and adipocytes [44, 103-

104]. In addition, MSCs have also been demonstrated to have the potential to
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differentiate into cells normally derived from endoderm or ectoderm (e.g. neuronal-
like cells, cardiomiocytes or hepatocyte-like cells) [105-109] indicating an interesting

versatility of these cells.

Because of all these properties, together with their hypoimmunogenicity (the absence
or low level of expression of MHC class II antigens and costimulatory molecules
such as CD80, CD 86 and CD40 limit immune-recognition) and immune-regulatory
features, mesenchymal stem cells have often been considered an ideal cell source for
stem cell based therapies and regenerative medicine applications, allowing
therapeutic applications of both autologous and allogeneic MSCs in the clinical

setting.

Tolerogenicity has also been associated with the expression of HLA-G antigen, a non
classical major histocompatibility complex class I molecule, that represents a potent
tolerogenic molecule reported to contribute to the regulation of immune responses in
both physiological (e.g. playing a crucial role during fetal-graft tolerance via the
maternal immune system [110]) and pathological conditions (such as cancer, multiple

sclerosis and inflammatory diseases [111-113]).

MSCs immune-regulatory properties have been demonstrated on a wide range of
immune system cells [114-119] by in vitro and in vivo experiments and this
interesting and complex phenomenon, that it is still not fully understood, has been
explained by direct cell to cell contact as well as by the action of several bioactive
molecules and factors such as indolamine 2,3 dioxygenase (IDO), interleukin (IL)-6,
nitric oxide (NO) and prostaglandin (PGE)-2 [119-122], and also the soluble isoform

of HLA-G, named HLA-G5 [123].
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MSCs for therapeutic applications:

A recent research of the clinical trials database (www.clinicaltrials.gov) showed 375
mesenchymal stem cells clinical trials all around the world (Figure 6), which make
use of these cells to treat a wide range of pathological conditions or diseases (e.g.
graft-versus-host disease, autoimmune diseases, bone diseases, liver and
cardiovascular diseases). Most of the recorded clinical trials are in Phase I or Phase
II. The results collected so far indicate that MSCs are mostly well-tolerated, with very

few adverse effects; moreover, many of them showed the efficacy of mesenchymal

stem cell infusions in treating stroke, liver cirrhosis and acute myocardial ischemia.

Patients, Source of MSCs Cells Dosage Adverse | Follow- | Outcome | Reference
M inf i
number SCs Phenotype infused effects up
Stroke, 16 Autologous | 90% SH2 5 x 107 | 2 doses, None To 5 |HR for | [125]
iliac crest twice 2-week years MSCs =
. 0.344
interval
MI, 10 Autologous | CD73+ 7.5 x 10° | 1 dose None 6 LVEF [126]
iliac crest CD90+ MSCs + months 12% up
CD105+ EPCs
MI, 53 Allogeneic CD105+ 05to5x |1 dose, | MSCs 5 | 6 FEV1 up, | [127]
unmatched CD166+ 10%kg intravenous | pt months LVEF up,
'prochymal’ | CD45 Placebo 7 arrhythmi
a down
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ALS, 10 Autologous | CD29+ 11.4 to| 1 dose, | None 4 years MSCs [128]
iliac crest CD44+ 120 x 10° | thoracic tolerated,
CD90+ spine SC scars
CD105+
CD166+
ALS, 19 Autologous | CD29+ ALS 1 dose, | None 6-25 ALSFRS [129]
MS. 15 iliac crest CD73+ s % 107 intrathecal months stable,
D90+ MS 6 x |1 dose, EDSS
CD105+ 10 +/- | intravenous better
CD166+ ferumoxid
Refractory Autologous | CD73+ 1 to 2 x | 2doses, Headache | 14 CDALI fall | [130]
Crohn's iliac crest CD90+ 10%kg Lweek a3 weeks €
Disease, 10 CD105+ interval patients) patients; >
Allergy 70 in 3
(1 patient) patients);3
patients
worse
Paediatric Haploid Adherent 6 x 10* to | 1 or 2 doses, | None 6.8 All [131]
acute parent BM CD 10"/kg 3-week years, patients
leukaemia, 8 phenotype MSCs + | interval o PMN+ at
ND UCBT chronic 9 to 28
Gvip |

Table 1: Examples of recent MSCs clinical trials [124]

Table 1 abbreviations: ALS, amyotrophic lateral sclerosis; ALSFRS, ALS Functional Rating Scale;
BM, bone marrow; CDAI, Crohn's disease activity index; Con, control; EDSS, Expanded Disability
Status Scale; EPC, endothelial precursor cell; FEVI, forced expiratory volume in 1 second; GVHD,

graft-versus-host disease; HCT, haematopoietic cell transplant. HR, hazard ratio; LVEF, left
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ventricular  ejection fraction; MI, myocardial infarction; ND, not determined; PMN,
polymorphonuclear leukocyte (surrogate for HSC engraftment); SC, spinal cord; UCBT, umbilical-

cord blood transplant (unrelated).

Even if MSCs administration efficacy is not fully understood, it is widely accepted by
the scientific community that four MSCs properties mainly contribute to their

therapeutic/reparative effectiveness:
1) MSCs multipotency.

2) Mesenchymal stem cell hypo-immunogenicity and their immunomodulatory

properties.

3) MSCs capacity to home to inflammatory or injured sites once injected in a host,
irrespectively of the tissue (e.g lung or muscle tissue in mice [132-133]), in response

to signals released by damaged tissues.

4) Anti-inflammatory properties associated with bioactive molecules secreted by

mesenchymal stem cells in response to their local environment.

There are two main restrictions that limit the use of BM-MSC:s: the invasive nature of
the collection procedure and the progressive cell number decline from birth (where
one mesenchymal stem cell is found per 10* cells) to adults, due to age-related
alterations and replicative decline probably due to changes occurring at the level of

the biological niche as a consequence of modified micro-environmental signals [134].

Consequently, more accessible sources of MSCs are desirable and these alternative

stem cell sources could be represented by perinatal tissues, ready available and whose
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isolated MSC are suggested to have a higher proliferative and differentiative potential

over bone marrow derived ones.

Figure 6: Mesenchymal stem cells clinical trials distribution worldwide
(www.clinicaltrials.gov)
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1.6 STEM CELLS AND HEPATIC REGENERATION

1.6.1 ANATOMY AND FUNCTIONS OF THE LIVER

The liver represents the largest solid organ of the human body and it plays a central
role in metabolic homeostasis (lipid, carbohydrate and protein metabolism),
participating in the synthesis, distribution and storage of many nutrients and
metabolites. It is responsible of body detoxification and drug xenobiotic metabolism,

via conjugation or metabolic modification processes.

As a gland, it exerts both exocrine function (bile production and secretion) and
endocrine function (synthesizes chemicals and plasmatic proteins that are secreted

directly into the blood regulating the functions of many other organs).

Figure 7: Liver Anatomy (taken from “The Johns Hopkins Atlas of Human Functional Anatomy

4™ Edition”)
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The liver is located in the right and upper portions of the abdomen, beneath the right
side of the diaphragm and under the right lower rib cage. The liver is mostly covered
by the peritoneum and it has two surfaces: the parietal surface, and the visceral
surface. The “classical description” of the liver anatomy considers the falciform
ligament as dividing the parietal surface of this organ into a larger right lobe (that
roughly represents 60-65% of the liver) and a left lobe. The visceral surface contains

also the quadrate and caudate lobes [135].

Each hepatic lobe is composed of the lobules that traditionally have been considered
as liver morphofunctional units (Figure 8). Each lobule resembles an irregular
polygonal prism with a central vein in the middle of it and “portal spaces” at each

corner.

In each lobule flat irregular plates of hepatocytes, separated by hepatic sinusoids,
radiate from the central vein area towards periphery. The blood capillaries convey the
blood centripetally from the periphery of the lobule (terminal branches of the hepatic
artery and portal vein) to the central vein, while the bile flows centrifugally towards

the portal areas.

Hepatocytes represent the main lobule cell type (80% of the total liver mass). They
are large polyedric cells containing a big rounded nucleus (25% of these cells contain
two nuclei), approximately 2000 mitochondria, abundant rough endoplasmic
reticulum (albumin, prothrombin, fibrinogen and globulin synthesis) and smooth
endoplasmatic reticulum (involved in detoxification or inactivation processes of

various substances such as water-insoluble toxic bilirubin).
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The remaining liver resident cells (20%) include Kupffer cells, Ito cells (fat-storing

cells), stellate cells, natural killer (NK) cells, endothelial cells and cholangiocytes.

Kupffer cells are large mononuclear phagocytic cells derived from blood monocytes
(representing approximately 70% of the total macrophage population of the body),
involved in several processes such as bacteria and inflammatory mediator scavanging,
phagocytosis of damaged or aged red blood cells and hemoglobin digestion [136].
A more modern perspective coniders the hepatic acinus to be the smallst functional
comprising part of two adjacent hepatic lobules; the narrower ends are formed by two
central veins, while the central wider portion is formed by two paortal areas. Even if
the acinus better defines the hepatic functional unit, it is not so easy to be visualized

by histology.
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’ Diagram illusiraticg the defining characteristics of the classic liver lobule, pum! lobule, and liver he-
salic ecsinus of Rappapont, (Rezrinted from Krause WJ and Cutts JH: Concise Textbook of Histology, 2nd od. Bal-
imore, Williams & Wilkins, 1936, p 331.)

Figure 8: The hepatic lobule is roughly hexagonal in shape. The angles of the hexagon are
called portal tracts (or portal areas). Hepatocytes are arranged in stacks of anastomizing
plates, radiating from a centre of the lobule (central vein) towards the periphery. Hepatocyte

plates are separated by an anastomizing system of sinusoids.
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1.6.2 LIVER RIGENERATION

The extraordinary liver regeneration ability (after injury or upon surgical resection)
has been known since classical times [43]. This phenomenon is made possible
through proliferation of pre-existing mature hepatocytes that, in spite of their slow
cell turnover rate, are able to regenerate hepatic tissue in response to tissue lesions.
This important and complex regenerative process has to be considered as a
compensatory process aimed to restore the number of functional hepatocytes

necessary for the maintenance of body homeostasis.

Liver regeneration events that take place during the first 4-5 hours following partial
hepatectomy (70% hepatectomy, HP) are often referred as “priming phase events”,
and they involve stress and inflammatory responses (cytokine production and
release), transcription factor activation/generation (e.g. NFK-B, CIEBPP, STAT?3
and AP-1) [137-141] extracellular matrix modifications (activation of
metalloproteinase 9 within the first 30 minutes) [142-143] and regulatory events for
cell-cycle entry (activation of almost 100 genes that directly or indirectly are involved
in cell cycle entry and progression) [144]. The chronology of the very early signaling

events after partial hepatectomy is summarized in Table 2.

Stat3 and NF-kB are important signaling molecules contributing to hepatocyte
proliferation. Immediate early and delayed gene expression is not sufficient to reach
DNA replication unless the hepatocytes progress through the cell cycle, progression
sustained by growth factors such as transforming growth factor alpha (TGF-a) and

hepatocyte growth factor (HGF) [145]. Once this restriction point is passed,
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hepatocytes express cyclin DI (at 6 hours there is clear evidence for of cyclin D1

activation) andcells are irreversibly committed to replication process [146].

When pathological conditions or extended hepatic injuries are so severe to
compromise hepatocyte regenerative capability (as in chronic hepatopathy, viral
hepatitis or hepatic steatosis), hepatic stem cells are activated. These cells (named
oval cells in rats and mice) are liver progenitors characterized by ovoid nuclei and
high nuclear/cytoplasmic ratio; these bipotential stem cells reside within the liver’s
terminal branches of the biliary tree (canals of Herring) and can give rise to bile duct
cells or hepatocytes. In humans, oval cells were identified in several liver diseases
such as hepatitis B-associated hepatocellular carcinoma, hepatoblastoma and in
cholestatic liver diseases [147-149]. The lack of unique liver stem cell markers has
posed significant challenges to the identification and isolation of the ‘true’ liver stem

cell.

Oval cells express hepatocyte (albumin, alpha-fetoprotein, cytokeratins CK8 and
CK18) and cholangiocyte (CK7, and CK19) markers and they also express some
progenitor markers (OV-6 in rats, chromogranin A in humans) [150-153]. Moreover,
these cells are positive for some hematopoietic stem cells markers (CD34, CD45,
CD90, Sca-1, c-Kit, and fit-3) [150,154]. Under physiological conditions, these cells
are few and quiescent; in response to hepatic injuries oval cells start to proliferate,
modify their morphology and surface markers and start to differentiate to compensate

liver mass loss.
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Differently from rats, human bipotent progenitor cells express EPCAM (epithelial
cell adhesion molecule), NCAM and do not express alpha-fetoprotein and albumin

[155-163].

Multiple signaling pathways involving growth factors, cytokines, paracrine signals,
and neuroendocrine factors occur simultaneously within the first 60 min after partial

hepatectomy (PH). These include:

* Increase in urokinase activity (first 5 min)

¢ Translocation of Notch to the nucleus (15 min)

¢ Translocation of beta-catenin to the nucleus (5-10 min to 6 h)

* Decrease in HGF biomatrix stores (30 min to 3 h)

¢ Activation of the HGF receptor (within 30-60 min)

* Activation of the EGF receptor (within 30-60 min)

* Increase of HGF, Norepinephrine, IL6, TNFa, TGFb1 and hyaluronic acid in the plasma (1-2 h)

¢ Activation of AP1, NFkB, and STAT3 (30-60 min)

* Extensive gene expression reprogramming of hepatocytes within 30 min after PH

TABLE 2: Early signaling events activated followingpartial hepatectomy(from George K.
Michalopoulos Liver Regeneration J Cell Physiol. 2007 November; 213(2): 286-300.)
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1.6.3 THERAPEUTIC POTENTIAL AND CLINICAL APPLICATIONS OF
CELL THERAPY FOR LIVER DISEASES

In spite of liver unique regeneration potential, in case of advanced end-stage liver
diseases this capability is not enough to reestablish a sufficient liver mass and,

consequently, to adequately restore liver homeostasis and hepatic functions.

To date, liver transplantation represents the only life-saving procedure for liver
pathologies such as alcoholic liver disease, primary liver cancer and
haemochromatosis, hepatitis C and B infections (that represent the major liver
diseases); during the last decades it has been registered a dramatic increase of the

number of human liver transplants but the demand greatly exceeds organ availability.

In U.S. 20,000 people wait for liver transplantation, but less than 1/3-1/4 of needed
transplants are performed annually, therefore more than a hundred patients die yearly

while on the waiting list.

Furthermore, it has to be said that liver transplantation benefits are hampered by
many disadvantages, such an increased risk of infection, post transplant rejection,
biliary conditions and a higher risk of developing type 2 Diabetes. All these issues
have lead researchers to propose and develop new approaches as alternative therapies
for intractable liver diseases; specifically, in recent years, scientific community has
been giving increased attention to cell therapy to treat liver insufficiency or end-

staged liver diseases, and that could be used as a bridge to liver transplantation.

Proposed approaches can be broadly divided into two categories: transplantation of

endogenous cells (mature hepatocytes or hepatic committed stem cells) and strategies
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involving extra-hepatic stem cells (mainly mesenchymal stem cells and hematopoietic

stem cells).

Strong scientific evidences have demonstrated therapeutic efficacy of allogeneic
hepatocyte transplantation, particularly to treat liver based metabolic disorders such
as Crigler-Najjar Syndrome type I, ornithine-transcarbamylase deficiency and
coagulation factor VII deficiency [157-160]. Moreover, Khan et al. completed a
clinical trial based on human fetal liver stem cell transplantation in patients with end-

stage liver cirrhosis, demonstrating the safety and efficacy of this procedure [161].

On the other hand the limited availability of human organs for hepatocyte isolation
and short term effects of the therapy (from few days to few months for acute liver

injuries) represent the major limits to this procedure.

Another alternative endogenous cell source for transplantation is represented by
previouslydescribed hepatic progenitor cells. These cells can be easily isolated from
liver of all donor ages and extensively expanded (more than forty population
doubling) under serum free conditions, demonstrating a high expansion potential

[162-164].

In India clinical trials involving fetal liver derived EpCAM P®'™® stem cells have
been conducted, resulting at 6-month follow-up into a significant decrease in the
mean of MELD SCORE and minimal immunological issues have been proved.
Notably, patients enrolled for the trials had an original life expectancy of 5-6 months

[161, 165-166].
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Preliminary results regarding ongoing clinical trials with hepatic stem cells

(EpCAMH+) and adult hepatocyte transplantation can be summarized as follow [167]:

Hepatic Stem Cells (isolated from fetal | Cell number tested ranged between 100-

livers) 150 milion

More than 280 patients involved in trials

No complication from transplanted

procedure (delivery via hepatic artery)

Immunosupression not required

Engraftment efficiencies were around

20%

Long term effects (more than 4 years)

Significant improvement in MELD or
Child-Pug Scores and in all measured

liver functions

TABLE 3: Fetal stem cell clinical trials
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Adult hepatocyte transplantation (cells | Number of cells transplanted: from few
isolated from neonatal, fetal or adult hundred million to billions

livers)

Complications related with transplant
procedure (delivery by vascular route
into portal vein) such as emboli

formation

Immunosuppression required

Significant improvement in measures of

liver functions

Transitory effects ranged from few
month to few years for patients with
methabolic disorders and from few days

to few years for acute liver injuries

TABLE 4: Adult hepatocyte clinical transplantations

In a context in which it is still a matter of debate as to which adult stem cell
population may be the most effective in the regeneration of injured liver tissues,
hematopoietic and mesenchymal stem cells have emerged as two of the major
candidates, because of their differentiation capability into hepatocyte-like cells in
vitro (in presence of HGF, FGF and oncostatin M) and in vivo [89, 168-170].
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It has been reported that hematopoietic stem cells (HSCs) can differentiate into
hepatocyte in case of liver injuries/established liver fibrosis (animal models) [168-
169, 171]. HSCs have also been used in clinical trials as a treatment for liver diseases.
In two of them [172-173], the effects of whole bone marrow peripheral infusion and
of CD34+ HSCs intrahepatic injection have been assessed in nine and five cirrhotic
patients respectively. The results of these two studies indicate that bone marrow stem
cell transplantation resulted in an increased hepatic function (e.g. significant
improvement of albumin levels) in a number of cirrhotic patients; however, both
analyses were conducted on patient groups that were too small to be representative of

the population.

A clinical investigation involving a larger group of patients with end-stage liver
cirrhosis (140 patients) was conducted in Egypt by Salama et al. [174]. Patients were
randomized into two groups: a control group (receiving regular treatment) and a
second group receiving granulocyte colony stimulating factor followed by autologous
CD34 (+)/CD133 (+) hematopoietic stem cell infusion in the portal vein. The results
obtained by this group were consistent with the data published by the other two
groups in terms of significant improvement of albumin and bilirubin levels in the
transplanted patients compared to the control group, as well as safety and tolerability

of the procedure.

In the last few years MSCs, isolated from several tissues, have emerged as elective
candidates for cell transplantation since they are abundantly resident in almost all
tissues, can be easily isolated, and due to their multipotency and regenerative

outcome in animal models, as well as their immunomodulatory properties.
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MSC:s capability to differentiate into hepatocyte-like cells was first described in 2004
[109] and MSC:s trans-differentiation was subsequently demonstrated through several
scientific reports, indicating the acquisition of hepatocyte-like features (described

earlier) [173, 175-178].

To date, more than twenty clinical trials involving MSCs infusions (unfractionated
bone marrow derived MSCs, bone marrow CD34/CD133 positive cells or MSCs pre-
differentiated into hepatocyte-like cells) to treat cirrhosis or acute liver failure have
been published (www.clinicaltrials.gov). Even if long term effects were not observed,

safeness and liver function improvements have been reported.

In general it has to be said that so far many aspects such as cellular characterization
(in some cases) or a better understanding of in vivo MSCs action that allow clinical
improvements need to be better characterized, and randomized controlled studies are

needed.
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2. AIMS OF THE STUDY

Over the last decade, multiple evidences have highlighted the attractive therapeutic
potential of perinatal mesenchymal stem cells making them promising candidates for
tissue engineering and regenerative medicine applications. In particular, our group
has demonstrated that multipotent Wharton’s Jelly Cells (WJ-MSCs) can be easily
isolated and successfully expanded in vitro from human umbilical cord. These cells
have the potential to be committed towards different tissues and, recently,

immunomodulatory features were also demonstrated by us and others.

Preterm cords can be made available from therapeutic abortions, constituting an
additional cell source to obtain higher numbers of WJ-MSCs. Little is known about

the phenotype and the differentiation potential of these cells.

Our hypothesis is that WJ-MSCs isolated from preterm umbilical cords, because of
their more immature state, could have a greater differentiation potential than the ones
isolated from term umbilical cords and may be proposed as additional stem cells that

can be used for regenerative medicine applications.

The following objectives were designed to test the hypothesis:

Aim 1: Determine if preterm WJ-MSCs can be isolated and cultured using the

protocols previously described by my group for mature umbilical cords.
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Aim 2: Define a detailed phenotypic characterization of preterm WJ-MSCs using

flow cytometry, immunocytochemistry and immunofluorescence analyses.

Aim 3: Evaluate mesenchymal multi-lineage potential of isolated cells testing their
ability to differentiate into cells of mesodermal lineages (osteo-, condro- and adipo-

genic potentials).

Aim 4: Induce hepatic differentiation by applying a two step protocol (an induction
phase and maturation phase); confirm the acquisition of mature haepatic features by

means of specific functional assays.

Aim 5: Evaluate if induced differentiation processes alter preterm WJ-MSCs

immunomodulatory molecules expression.
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3. MATERIALS AND METHODS

3.1 Isolation procedure and culture conditions:

Preterm umbilical cords were obtained following therapeutic abortions after mothers’
informed consent, from Reparto di Ostetricia e Ginecologia of Ospedale Civico of
Palermo. After the harvesting procedure, the cords were stored at room temperature
into a sterile box containing Hanks’ Balance Salt Solution (Lonza) supplemented with
2x Antibiotic and Antimycotic solution (Sigma). The cords were normally processed

within 12 hours from collection.

To isolate Wharton Jelly Cells (WJCs), the immature cords were rinsed two times (10
minutes each) into fresh HBSS and typically cutted into 1 cm pieces (3-6 pieces

depending on the cord length), avoiding tissue drying.

In order to expose the inner soft tissue, each piece was longitudinally and obliquely
incised using a sterile scalpel. Furthermore, the jelly substance was gently scraped
and each piece was placed into culture dish with Dulbecco's Modified Eagle's
Medium (DMEM) low glucose w/glutamine (Sigma) supplemented with 10% fetal
bovine serum (PAA), 1x non essential aminoacids (Sigma) and 1%

antibiotic/antimycotic solution (Sigma) for cell expansion.

The culture was maintained at 37°C in a humidified atmosphere at 5% CO2. After 15
days the cord pieces were removed. At ~80-90% of confluence cells were passaged
with TrypLE Select (Gibco) at 37 °C and centrifugation at 1100 rpm for 5 minutes.

The viability of the isolated cells was evaluated by trypan blue exclusion.
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3.2 Immunophenotype profiling: FACS analysis,

immunofluorescence and immunocytochemistry staining

In order to characterize the isolated cells, early passages of WICs (typically P2 and

P5) were used.

Flow cytometry analysis:

All flow cytometric acquisitions were performed on a BD FACS Aria II (Becton
Dickinson) and data were analyzed using the software FACSDiva Version 6.1.2.
Briefly, approximately 1 x 10° cells were used for each antibody staining. Fixation
and permeabilization of cells were performed with the Cytofix/Cytoperm kit (BD
Biosciences) according to manufacturer’s instructions. Cells were investigated for the

expression of molecules whose corresponding primary antibodies are listed in Table 5

Secondary antibodies (when required) and Isotype antibodies (BD Biosciences) were

included as controls in each experiment.

Immunofluorescence (IF):

For immunofluorescence staining, cells were cultured in 8 well chamber slides (BD
Biosciences). Once the cells reached confluence, each well was fixed according to
antibody manufacturer’s instructions. After being blocked in PBS 0.5% Tween 20,
3% bovine serum albumin (BSA) for one hour at room temperature, cells were
incubated with the primary antibodies overnight at 4°C, rinsed with PBS, and then

incubated with the appropriate fluorescence-conjugated secondary antibodies (Alexa
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Fluor, Invitrogen, Carlsbad, CA) for 1 h at room temperature in the dark. Cells were
mounted with Prolong Gold Antifade (Invitrogen), which includes diamidino-2-
phenylindole (DAPI) for the nuclear counterstaining and stored in the dark at 4°C
until fluorescence microscope analyses. Cell imaging was done with a microscope
(Nikon Eclipse 50i, Melville, NY) coupled with a camera (Olympus XM10, Tokio,
Japan) and Cell F software for image acquisition (Olympus). The primary antibodies

are listed in Table 6.

Immunocytochemistry (ICC):

For Immunocytochemistry characterization, cells were cultured in 8 well
chamberslides (BD Biosciences). Once the cells reached confluence, each well was
singularly stained for the expression of albumin, B7-H3, B7-1, B7-2, CK18, CK19,
connexin 40, connexin 43, connexin 45, c-Kit., GATA-4, HLA-E, HLA-G, nestin,,

PSG1, vWF.

Briefly, cells were fixed with ice-cold methanol for 20 minutes, rinsed with PBS, and
permeabilized with PBS 1x containing 0,1% Triton X-100. After a subsequent
washing step with PBS, slides were exposed to 0.3% H,O, in PBS and then blocked
with blocking serum (included in Vectastain kit) according to the manufacturer's
instructions. Next, the cells were incubated for 1.5 hrs at RT with various primary
antibodies diluted in permeabilization buffer (The primary antibodies are listed in
Table 6). Cells were then washed with PBS and incubated at room temperature for 30
minutes with the appropriate secondary antibody diluted in blocking solution.

Immunostaining was performed with ABC peroxidase staining kit (VectorLab.) and
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Dako / AEC Substrate-Chromogen. Cells were next washed with PBS and

counterstained with hematoxylin to identify nuclei.

3.3 Adipogenic differentiation:

Adipogenic potential was evaluated after 21-day incubation in adipogenic medium
0.5 mM isobutylmethylxanthine (Sigma), 1 uM dexamethasone (Sigma), 10 uM
insulin (Sigma), 200 uM indomethacin (Sigma), 10% FCS (PAA), 1x NEAA (non-
essential aminoacids) (Sigma) and 1% antibiotic-antimycotic (Sigma), using Oil red

O staining as described previously (La Rocca et al, 2009).

3.4 Osteogenic differentiation:

Osteogenic differentiation was induced on monolayer cells by adding osteogenic
soluble factors to the regular culture medium (50 uM ascorbate-2-phosphate (Sigma),
10 mM pB-glycerophosphate (Sigma), and 0.1 uM dexamethasone (Sigma). MSCs
cultured in normal growth medium were included as controls. After three weeks,
calcium deposition was assessed by Alizarin red S staining as described previously

(La Rocca et al, 2009).

3.5 Chondrogenic differentiation:

Chondrogenic induction was performed in an alginate 3D system. Before
encapsulation, the cells were pelleted by centrifugation and resuspended at a cell

concentration of 3 million cells/ml, in 2.4% w/v solution of sterile filtered low
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viscosity sodium alginate (Sigma). The solution was placed in a sterile syringe and
gently sprayed (drop by drop) in a solution containing 100mM CaCl,, causing
gelation of the alginate as microspheres containing the cells. Groups of 4-5
microspheres where then cultured in standard medium or chondrogenic medium
(DMEM supplemented with 1% FBS, 6.25 mg/mL insulin, 10 ng/mL transforming
growth factor beta 1, 50nM ascorbate-2-phosphate, 1% antibiotic—antimycotic, and

1x NEAAS).

After three weeks, beads were collected into 50 ml conical tubes and fixed for 4 hours
at room temperature with 4% paraformaldehyde in 0.1 M sodium cacodylate/10mM
calcium chloride buffer. After fixation, the specimens were overnight rinsed at 4°C in
50 mM BaCl, (barium chloride) to irreversibly cross-link the alginate matrix. Then
the beads were dehydrated with a graduated ethanol series cleared with xylene,

embedded in paraffin and 4 pm sections were prepared.

Histological assessment of chondrogenesis

Before proceeding with the staining protocol, the sections were deparaffinized and
rehydratated. Hematoxylin and Eosin staining (H&E) for morphology analysis and
Alcyan blue staining for proteoglycan detection were performed using standard

procedures.

3.6 Hepatogenic differentiation:

Wharton's Jelly Cells were induced to hepatic differentiation by sequential addition of

exogenous factors to cell culture medium.
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For the first three weeks cells were cultured in 1% FBS DMEM low glucose
w/glutamine supplemented with FGF-4 (10 ng/mL, Miltenyi Biotech), HGF
(20ng/mL, Miltenyi Biotech), ITS (1x, Sigma), 0,1 uM dexametasone (Sigma), 1x
NEAA (Sigma).and 1x Antibiotic-Antimicotic solution (Sigma). For the following
two weeks oncostatin M (10 ng/mL, Prospec) was also added to the above-mentioned
differentiation medium. Medium was changed three times per week and hepatogenic
maturation was assessed at different time points (after three, four and five weeks) by
flow cytometry, PAS staining, G6Pase assay, Indocyanine green (ICG) uptake and
CYP3A4 assay. For each experiment samples cultured under standard conditions for

the same timeframes were also included as controls.

Glucose-6-Phosphatase (G-6-Pase) assay:

Glucose 6- phosphatase is a key enzyme in the glucose metabolism involved in
gluconeogenesis and glycogenolisys. In order to evaluate the activity of the enzyme,
we used a protocol provided by Professor Etienne Sokal (University of Louvain,
Belgium). After removing the medium, treated and control WJCs were incubated for
20 minutes with 0.1M Tris-acetate buffer (pH 6.5) containing 2.08 mM glucose-6-
phosphate and 2.4 mM lead nitrate at 37°C, in a fully humidified atmosphere

containing 5% CO,.

Active G-6-Pase hydrolyzed Glucose-6-Phosphate to free Glucose and inorganic
Phosphate, thus inducing intracellular Pb(NOs), formation and precipitation. Cells
were gently washed three times with water and then incubated for few seconds with

ammonium sulfide 1% to convert lead nitrate into lead sulfate (brown precipitates).
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Sulfide solution was removed and cell images were taken after an additional rinse

with water.

Cvytochrome-p450-3A4 (CYP3A4):

Xenobiotic detoxification is one of the main functions of the liver. This process is
performed by a monooxigenase, known as CYP 450, an enzyme belonging to a
superfamily of proteins that are involved not only acting in the first phase of
methabolism of substances such as such as chemicals, alcohols and toxin but they
also play an important role in the synthesis of steroid hormones. In the liver exist
several isoforms of these enzymes, such as CYP450 3A4 and CYP450 2B6.
Cytochrome P450 Isoform 3A4 activity was assessed by the luminescent-based assay

P450-Glo (Promega) following manufacturer's instructions.

Rifampicin (25 uM) and Ketoconazole (10 uM) were respectively used as CYP3A4
inducer and inhibitor. Fresh compounds were added at 24 hours and cytochrome
activity was measure in control and differentiated cells after. 48 hours after the

treatments by Promega GloMax 96 Microplate Luminometer

Indocvanine green (ICG) uptake:

Cardiogreen or indocyanine green (SIGMA) is a water soluble cyanine dye that forms
non covalent fluorescent complexes with some plasma proteins, mainly with albumin.
Indocyanine green linked with albumin is rapidly taken up by the liver and then

excreted unchanged into bile. Briefly, confluent cells were incubated for 15 minutes
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at 37°C with a solution of ICG in culture medium (Img/mL, Sigma). After three

washes with PBS, cells were microscopically observed and imaged.

Periodic Acid-Schiff staining:

Periodic Acid Schiff staining (PAS-staining) is a staining method that allow the
detection of polysaccharides such as glycogen and mucopolysaccharides. The
periodic acid oxides the diol functional groups these sugars, creating aldehydes. The
aldehydes subsequentely react with Schiff reagent generating a purple-magenta
colour. WJCs grown in 8-well chamber slides were fixed in 4% paraformaldehyde (in
ethanol) for 1 minute at room temperature and glucose metabolism was analyzed by
glycogen Periodic Acid-Schiff (PAS) (Sigma Aldrich) according to manufacturer’s

instructions prior to microscopic examination and imaging.
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TABLE 5: List of antibodies used for flow cytometry analyses

Antigen Clone Conjugated | Dilution | Manufacturer
Albumin 188835 uncon-jugated 1:400 R&D Systems
AFP 189506 unconjugated 1:800 Cedarlane
CDI10 HI10a APC 1:20 Becton Dickinson
ICRF44
(also
known as
CDl11b 44) PE CY7 1:20 Becton Dickinson
CDI13 WMI15 APC 1:20 Becton Dickinson
CD14 MoP9 APC CY7 1:20 Becton Dickinson
CD29 mar-04 APC 1:20 Becton Dickinson
CD31 WMS59 FITC 1:20 Becton Dickinson
CD34 581 FITC 1:20 Becton Dickinson
G44-26
(also known
CD44 as C26) APC 1:20 Becton Dickinson
CD45 2D1 PerCP 1:20 Becton Dickinson
CD54 HAS8 APC 1:20 Becton Dickinson
CD68 Y1/82A PE 1:20 Becton Dickinson
CD71 M-A712 APC 1:20 Becton Dickinson
CD73 AD2 APC 1:220 Miltenyi Biotec GmbH, Bergisch Gladbach, DE
CD90 (Thy-1) |5 E10 FITC 1:400 Becton Dickinson
CD105 SN6 FITC 1:20 Abcam, Cambridge, MA
CD106 51-10C9 APC 1:20 Becton Dickinson
CD117 YB5.B8 PE 1:20 Becton Dickinson
CD166 3A6 PE 1:20 Becton Dickinson
CD276 FM276 APC 1:220 Miltenyi Biotec GmbH
CD309 89106 APC 1:20 Becton Dickinson
CK18 C-04 FITC 1:400 Abcam, Cambridge, MA
CK19 RCK108 PE 1:400 Santa Cruz Biotechnology, Santa Cruz, CA
EpCAM EBA-1 FITC 1:20 Becton Dickinson
E-Cadherin 36 FITC 1/2000 Becton Dickinson
HLA ABC W6/32 FITC 1/6000 Abcam Cambridge, MA
1243 (G46-
HLA DR 6) PerCP 1:20 Becton Dickinson
HLA-G 87G PerCP 1:20 eBioscience Inc., San Diego, CA
3D12HLA-
HLA-E E APC 1:20 eBioscience
IgG1 G18-145 FITC 1:20 Becton Dickinson Biosciences, San Jose, CA
1gG2 PC10 PE 1:20 Becton Dickinson
Oval cell OV-6 unconjugated 1/2000 Santa Cruz Biotechnology
Vimentin VI-RE/1 PE 1:20 Abcam, Cambridge, MA
STRO-1 MM-30 APC 1:20 Biolegend, San Diego, CA
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TABLE 6: List of antibodies used for Immunocytochemistry and

Immunoflourescence assays.

Antigen Host Manufacturer Dilution Dilution (ICC)
(IF)
Albumin Mouse Santa Cruz N/A 1:100
B7-1 Mouse Santa Cruz N/A 1:50
B7-2 Mouse Santa Cruz N/A 1:800
B7-H3 Rabbit Santa Cruz 1:50 1:300
Connexin 40 Rabbit Santa Cruz 1:50 1:100
Connexin 43 Rabbit Santa Cruz 1:50 1:100
Connexin 45 Rabbit Santa Cruz 1:50 1:100
Cytokeratin 8 Mouse Sigma N/A 1:200
Cytokeratin 18 Mouse Sigma N/A 1:800
c-Kit Rabbit Epitomics 1:20 1:50
GATA-A4 Rabbit Santa Cruz? 1:100 1:100
Nestin Mouse Santa Cruz 1:100 1:100
HLA-E Mouse Santa Cruz N/A 1:100
HLA-G Mouse Santa Cruz N/A 1:100
PSG-1 Mouse Santa Cruz N/A 1:100
Von Willebrand Mouse Santa Cruz N/A 1:100
factor
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4. RESULTS

4.1 ISOLATION AND EXPANSION OF MESENCHYMAL CELLS

FROM PRETERM UMBILICAL CORDS

For the present study, eight specimens were used, which correspond to a gestational

age ranging between 15 to 22 weeks.

The isolation protocol applied resulted in the derivation of homogeneous populations
of cells with fibroblastoid morphology with plastic adherence. Only for one of the
eight umbilical cords used we were not able to derive a cellular population, due to a
traumatic abortion procedure. Otherwise, no other subjective differences between the
samples did influence the isolation procedure or the subsequent culturing phase. A

detailed list of the preterm cords used for this study is summarized in Table 7.

Fibroblast-like cells exiting from tissue pieces were visible after about 4-5 days
following tissue processing. The morphology of such cells strikingly resembled that
of mesenchymal stem cells of different tissue origin. As shown in Figure 9, preterm
WIJ-MSCs exhibit a large nucleus containing a variable number of nucleoli and a cell
body that is larger compared with term WJ-MSCs. As observed earlier for full-term
WIJ-MSCs, also for preterm ones, at confluence the cells changed their shape,
assuming a tapered and elongated morphology with arrangement in strictly packed

parallel rows.
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Primary cell cultures were rapidly expanded up to nine-ten passages, without losing

their proliferative potential. Adherent cells at passage two and five were chosen for

the subsequent characterization by flow cytometry, ICC and IF.

SAMPLE CODE | GESTATIONAL FOETAL CELL PASSAGE
AGE PATHOLOGY
MES 11_13 21 weeks Trisomy 21 p9
Multiple
MES 11 _14 21 weeks Pathologies pl0
(Cys?ic Hygroma..)
MES 11_15 16 weeks Trisomy 21| \ya
MES 11_16 15 weeks Trisomy 21 p9
MES 11_17 20 weeks Spina Bifida 1 ;)
MES 12_01 21,5 weeks Spina Bifida p9
MES 12_02 22 weeks Bilateral p7
ventriculomegaly
MES 12_03 16 weeks _ Cardiac p7
insufficiency

TABLE 7: Pretterm umbilical cords used for the present study.
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B Pre-term MES
B Term MES

Figure 9: Phase contrast images showing morphological features of preterm cord
derived WJ-MSC:s (violet) compared to WJ-MSCs isolated from term umbilical cords
(red).
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4.2 PHENOTYPICAL CHARACTERIZATION OF
UNDIFFERENTIATED WJ-DERIVED CELLS FROM PRETERM
UMBILICAL CORDS BY FLOW CYTOMETRY,
IMMUNOFLUORESCENCE AND IMMUNOCYTOCHEMISTRY
ANALYSES.

Culture-expanded cells derived from preterm umbilical cords (p2 and pS5), were
analyzed by flow cytometry, immunofluorescence and immunocytochemestry,
showing a phenotype that is overall similar to that of MSCs derived from other

tissues.

To date, an exclusive set of antigens that could be used to uniquely identify
mesenchymal stem cell population is still lacking, and MSCs are described as being
positive for the expression of several mesodermal antigens and negative for the

expression and hematopoietic and endothelial markers.

In order to provide an ample characterization of preterm MSCs antigenic profile, we
defined a panel of 45 antibodies used to identify antigens that, based on their
expression in different mature tissues derived from the three germ layers, or their

functions, were grouped into five categories:
- Mesodermal antigens (11)

- Hematopoietic markers (4)

- Endothelial antigens (3)

- Immunomodulatory antigens (11)
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- Hepato-specific antigens (6)
- Other antigens (10)

Flow cytometry immunophenotyping showed that, regardless the foetal pathology
associated with the umbilical cord and independently from the gestational age of the
foetus, all primary cell cultures were markedly positive for mesodermal antigens
(CD29, CD44, CD73, CDY0, CD105, CD71, CD106, CD13, CD10, CD166, CD54 ,
Fig. 10-A) and negative (or weakly positive) for typical hematopoietic (CD45, CD34,
CD14, CD68, CD309, Fig. 10-B) and endothelial markers (CD31 and Von

Willebrand factor, the last evaluated by Immunocytochemistry, Fig. 10-C).

Considering the results altogether, more than 90% of the overall cell population at
passage five expressed CD90, CD29, CDI13, CD10, CD73 and CD24 antigens,
whilethe expression of CD105 was more sample-dependent, with marked individual
differences. This is not surprising since even if CD105 is one of the most commonly
reported markers to be expressed in MSCs, a variable or low expression of this
molecule has already been reported by others [reviewed in 179] and this variability

may also be related to the lower gestational age of our samples.
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Figure 10: Preterm WJ-MSCs do express mesodermal antigens and lack both hematopoietic
and endothelial ones. Flow cytometry data (A) showed that for most of the markers
associated to the MSCs phenotype, WI-MSCs were positive, while lacking hematopoietic

markers (B). ICC was used to demonstrate the absence of VWF, a marker of mature

endothelial cells (C). Magnification: 20 x.
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Wharton's jelly MSCs are known to prominently express also a number of
immunomodulatory molecules, which were correlated to the low immunogenicity of
these cells both in vitro and in vivo. In particular, undifferentiated WJ-MSCs were
characterized for the expression of markers such as class I and class I MHC and the
expression of the costimulatory molecules CD80 (B7-1) and CD86 (B7-2), which is
required for the development of T cell responses. The definition of an
immunomodulatory profile is very important because it gives important indications,
that could be very helpful to define the properties of these cells as possible candidates

for in vivo cellular therapy applications.

As shown in Figure 11, all of the investigated preterm WJ-MSCs populations did
express type I MHC (HLA-ABC) at high levels, while lacking expression of type II
MHC (HLA-DR). In addition, molecules belonging to the type Ib MHC (HLA-E and
HLA-G), were also demonstrated to be expressed in our cells, albeit at lower levels
with respect to classical type I MHC. In addition, no expression of CD80 or CD86
was detectable in any of our cell lines, thus constituting a favourable phenotype with
regard to lymphocyte stimulation ability. More interestingly, preterm WJ-MSCs did
express high levels of CD276 (B7-H3), which is another member of the B7 family.
The function of B7-H3 is still unknown but it has been postulated that it may exert
immunoprotective and tolerogenic functions, attenuating peripheral immune

responses through co-inhibition.

The expression of high levels of class I MHC is very important because these
molecules can act “protecting” mesenchymal stem cells from certain NK cell

mechanisms of deletion (e.g. NK cells kill tumor cells that have downregulated class
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I) [180]. The absence of HLA-DR expression (<1%) indicates a reduced
immunogenicity through the control of alloantigen expression [181], giving MSCs the
possibility to escape recognition by alloreactive CD4+ T cells. In addition, preterm
WIJ-MSC do not express CD80 and CD86, two of the co-stimulatory molecules
required for effector T cell induction [182]. The absence of co-stimulatory molecules
is a significant observation. It implies that any residual engagement of the T cell
receptor on Th cells would result in anergy and contribute to tolerance rather than

allogeneic responses.

As stated above, we investigated the expression of two non-classical type I HLAs that
are HLA-E and HLA-G, evaluated by flow cytometry and ICC. The results obtained
indicated expression of HLA-E (the average value at passage 5, evaluated by flow
cytometry, is 15%, in accordance to the ICC results that are here not shown) and low
levels of HLA-G, which varied with respect to the different cell lines in a subjective
fashion (Fig. 11A). The expression of HLA-E and HLA-G has been linked to the
immunomodulatory ability of MSCs, and it constitutes part of the immunomodulatory
machinery of the embryo and placenta to modulate the immune response of the

mother towards the semi-allogeneic fetus.
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Figure 11: Immunomodulatory molecules expressed by preterm WJ-MSCs were assessed by

flow cytometry (A) and immunofluorescence (B).
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Single labeling experiments have also shown the presence of tissue-specific markers
in undifferentiated preterm WJ-MSCs such as Nestin (Figure 12-B), GATA-4 and c-
Kit (shown respectively in Figure 12 A and 12C, connexins (Connexin 40, Connexin
43, Connexin 45 Figure 13 A-C ), and other antigens known to be expressed in

“hepatic progenitor cells and mature hepatocytes”.

Nestin 1s an intermediate filament first characterized in neuroepithelial stem cells
whose expression was subsequently demonstrated also in progenitor cells of different
origins such as hepatic progenitor cells, pancreatic endocrine progenitor cells and also
in embryonic-derived progenitor cells. Based on all these observation, it was

postulated that it represent a marker expressed in mutipotent stem cells [183].

Connexins are transmembrane proteins extensively expressed in cardiac tissue at the
level of gap junctions. In particular, Connexin 40 and 45 are involved in cardiac
morphogenesis and electrical impulse transmission [33], whereas Connexin 43 is also

expressed in the bone marrow, thymus, spleen, and other lymphoid tissues [32,184].

GATA-4 is a zinc finger transcription factor (TF) expressed in endoderm derived
tissues (such as liver and lung) and also in heart [185]. As demonstrated by ICC and
IF (Fig.12 A), this TF is localized in the cytoplasm and perinuclearly indicating an

inactive state in undifferentiated cells.

C-Kit (also called CD117) is a proto-oncogene, which encodes for the receptor for
Stem Cell Factor (a growth factor). It is expressed by many cellular types such as
hematopoietic stem cells, basal cells of the skin, melanocytes and germ cells. Its

expression was also demonstrated in WJ-MSCs isolated from term umbilical cords,
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whereas bone marrow derived MSCs lack the expression of this marker (reviewed in

Anzalone et al, 2010 [186].
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Figure 12: Expression of tissue-specific markers in WJ-MSCs: GATA-4 and Nestin
(A,B) are amply expressed by WJ-MSCs, while c-Kit is present in a significative

fraction of cells (C), as shown also by flow cytometry data at passages 2 and 5 (D).
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Moreover, we investigated the expression of hepato-specific markers by flow
cytometry and ICC. WJ-MSCs express high levels of alpha-fetoprotein, albumin and
cytokeratins, namely CK8, CK18 and CK19 (Figure 14 A-D). The expression of
hepatic markers by umbilical cord cells isolated by Wharton's jelly of mature
umbilical cords was also reported by us and others [73, 80] liver specific antigen
expression was also published by other groups investigating phenotypic expression
and multilineage differentiation capabilities of mesenchymal stem cells isolated from

different origins such as adipose-derived MSCs [156].

All of these markers (together with c-Kit receptor) were found to be co-expressed by
oval cells (figure 14 E), bipotential hepatic stem cells that play a major role in liver
regeneration after injuries, giving rise to hepatocytes (CK8+, CKI18+, albumin+,

AFP+) and duct cells (CK19), thus restoring liver mass.

The observed expression of liver-specific markers suggests that preterm WJ-MSCs

may have an intrinsic ability to differentiate into hepatocyte-like cells.
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Figure 14: Undifferentiated WJ-MSCs express markers of bipotent hepatic stem cells named
oval cells (E) such as CK8, CK18, CK19, albumin and a-fetoprotein (AFP), as assessed by

cytofluorimetric (A) and immunocytochemistry analyses (B-D).
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c-Kit 4=t
CKS8 ) +++
CK18 (%) 4+
vWF -
B7-1 -
B7-2 .
Connexin 40 (%) +4+
Connexin 43 (%) 4+
Connexin 45 (%) o
NESTIN (" +++
GATA-4 +++
B7-H3 (*) 4+
HLA-E (*) +
HLA-G (") -
Albumin £ et
PSG-1 -

(*) data were cross-confirmed by Flow Cytometry
(*) data were cross-confirmed by fmmunofluorescence

Table 8: Global results of the semiquantitative evaluation of multiple markers in WJ-MSCs,

assessed by ICC, and cross confirmed by flow cytometry and immunofluorescence analyses.
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43 IN VITRO DIFFERENTIATION TOWARDS THE
MESODERMAL LINEAGES: ADIPOGENIC, OSTEOGENIC AND
CHONDROGENIC DIFFERENTIATION

To confirm the stemness of the isolated cells, we performed the classical tri-lineage
differentiation experiments, to test their ability to differentiate towards adipocyte,

chondrocyte and osteocyte lineages, by applying standard protocols.

4.3.1 ADIPOGENIC DIFFERENTIATION

Adipocyte differentiation begins with an accumulation of small lipid-rich vacuoles
into the cytoplasm of MSCs starting to be committed to pre-adipocytes.
Subsequently, these cells turn into mature adipocytes containing larger fat droplets
derived from small lipid vesicles fusion events. Adipogenic induction has been
performed in monolayer cultures using a previously described protocol based on the

use of multiple specific inducers.

After three weeks of induction, adipogenic differentiation occurred in our cells as
demonstrated by the visible accumulation of lipid droplets in the cytoplasm of treated
cells, with respect to control ones, highlighted by the use of Oil-red-O dye. (Figure

15)
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MES 11_16 p5 MES 12_02 pé

Figure 15: Microscopic demonstration of adipogenic differentiation of WJ-MSCs.
Differentiated cells accumulated neutral lipid vacuoles in the cytoplasm, which were stained

by Oil red O dye (lower panels). Control cells (upper panels) did not show any staining.
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4.3.2 OSTEOGENIC DIFFERENTIATION

Bone is a specialized connective tissue consisting of cells surrounded by an
extracellular matrix (ECM) containing both inorganic salts (mainly hydroxyapatite
and calcium carbonate) and proteins (collagen fibers and non-collagen proteins).
Osteoblasts are mesenchymal-derived cells specialized for the synthesis and the
secretion of both the inorganic and organic constituents of the ECM. WJ-MSCs were
subjected to osteogenic differentiation for three weeks in a specific medium, and then
the deposition of a mineralized extracellular matrix was assessed by Alizarin Red
staining. This dye specifically marks extracellular calcium deposits highlighting
osteogenesis. As visible in panels in Figure 16, differentiated cells showed high
levels of extracellular calcium deposits indicating a successful osteogenic
differentiation, with respect to controls cultured for three weeks in standard growth

medium.
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Figure 16: Microscopic demonstration of osteogenic differentiation of WIJ-MSCs.
Differentiated cells deposited a calcium-enriched extracellular matrix, which was stained by

Alizarin red S dye (lower panels). Control cells (upper panels) did faint staining.
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4.3.3 CONDROGENIC DIFFERENTIATION

MSCs were also described to be able to differentiate into chondrocytes.
Chondrogenic differentiation was achieved under standard differentiation conditions

in a three-dimensional system (alginate beads) mimicking the physiological milieu.

After 21 days differentiation, cells were uniformly distributed into the matrix and
MSCs changed their shape, assuming a rounded morphology with large nuclei stained
with nuclear fast red, in both control and treated conditions (Figure 17, arrows).
Treated beads showed an increased level of glycosaminoglycans (GAG) into the bulk
of extracellular matrix, as demonstrated by the intense blue staining obtained via

Alcian blue dye. This was not visible into the parallel control beads (Figure 17).

This indicates that in vitro the cells acquired a matrix synthesis activity of specific

cartilage molecules, such as those expressed by chondroblasts during development.
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Figure 17: Microscopic demonstration of chondrogenic differentiation of WJ-MSCs.
Differentiated cells secreted glycosamminoglycans in the extracellular spaces, which were
stained by Alcian Blue dye (lower panel). Control cells (upper panel) did not show any

staining. Arrows indicate cell nuclei counterstained with nuclear fast red.
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4.4 IN VITRO DIFFERENTIATION POTENTIAL OF WJ-MSCs

TOWARDS HEPATIC LINEAGE

Hepatic differentiation was achieved by applying a two step protocol developed by
my group [Lo Iacono et al, manuscript in preparation] consisting of a “pre-inductive
step and a maturation step” that mimics in vitro, in a time dependent manner, some of

the inductive events that take place during the foetal liver morphogenesis.

During the pre-inductive step 80% confluent cells, grown on plastic supports, were
cultured for three weeks in a medium supplemented with 1% FCS,
antibiotic/antimycotic, non essential aminoacids, HGF (hepatocyte growth factor),
FGF-4 (fibroblast growth factor-4), dexamethasone, and insulin-transferrin-selenite
(ITS). Subsequently, cells were grown in a maturation medium containing oncostatin
M (OSM) in addition to all the over mentioned factors. FGF-4, HGF and oncostatin
M are cytokines that exert a crucial function in liver morphogenesis, being involved
during different developmental stages and also playing diverse roles in hepatic
differentiation: the first two early activating a cascade of events that lead to hepatic
cell differentiation whereas OSM is fundamental for the maturation and the

maintenance of hepatic differentiated phenotype.

After 3, 4, and 5 weeks cellular modifications, both at the morphological and
functional level, were investigated respectively by microscopy, ICC and functional

assays.

After three weeks of induction, cells exposed to hepatogenic differentiation medium
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showed a morphological transition, from a typical fibroblastic-like shape to a
polygonal-like morphology that closely resembles that of hepatocytes, suggesting an
active maturation process toward a hepatocyte-like phenotype (an example is
indicated in red colour in Figure 18). Moreover, cytoplasm granules were observed

in hepatic differentiating cell as indicated by black arrows in Figure 18.
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Figure 18: Phase contrast micrographs showing the morphological transition of WJ-MSCs
subjected to hepatic differentiation. While control cells (upper panel) retain the fibroblastoid
morphology during culture, hepatocyte-like cells assume a polygonal shape (highlighted by

red arrow) and show the presence of granulation in the cytoplasm (black arrows)
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4.4.1 PERIODIC ACID SCHIFF (PAS) STAINING

After three weeks of culture in standard growth medium, PAS staining revealed low
levels of glycogen deposits in undifferentiated cells, whose expression was
maintained constant up to the 5™ week (Figure 19, upper panels). The presence of
glycogen in the cytoplasm of Wharton’s jelly native mesenchymal stem cells,
together with cytofluorimetric and immunocytochemistry data revealing the
expression of alpha fetoprotein, albumin, and cytokeratins 8 and 18, indicate that
among the WJ-MSCs population there are some cells that express basal levels of
hepatic markers, thus suggesting an intrinsic predisposition to differentiate into

hepatic-like cells.

Hepatic induction after three, four and five differentiation weeks resulted in an
evident increase of glycogen deposits, clearly indicating an enhancement of the
expression and the activity of the enzyme Glycogen synthase (Figure 19, lower

panels).

We next wanted to evaluate whether the evidence of mesenchymal—hepatic transition,
revealed by phenotypic changes in response to differentiation stimuli, was associated

with the acquisition of other mature hepatic function.
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Figure 19: Microscopic demonstration of glycogen accumulation by PAS staining. Control
cells (upper panels) grown in standard medium, show moderate staining, while differentiated

cells (lower panels) show more intense staining.
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4.4.2 CYTOCHROME P450 (CYP3A4) ACTIVITY QUANTIFICATION

Liver represents the major site of xenobiotic metabolism, a process consisting of
multiple biochemical transformations aimed to prevent the accumulation of toxic
substances globally indicated as “xenobiotics” (e.g. pharmacological compounds and
toxins) transforming them into inactive metabolites. Hepatocytes contain a wide
range of enzymes to process xenobiotics, some of which belong to the cytochromes
P450 family: monooxigenases that catalyze the first phase of the metabolism of many

xenobiotics.

Isoform 3A4 of cytochrome p450 (CYP 3A4) represents the most abundant
cytochrome of liver and its activity is considered to be one of the most important

parameters used to demonstrate the acquisition of hepatic maturity by precursor cells.

We therefore decided to measure CYP3A4 activity in control and treated WJ-MSCs
in response to Rifampicin (its specific inducer), with or without the addiction of its

specific inhibitor ketoconazole, by using a luminometric assay.

The obtained results, shown in Figure 20, indicate no major differences in
cytochrome activity in both control and treated cells after four weeks of hepatic
induction. On the contrary, cells cultured in hepatic induction medium for five weeks
exhibited an enzymatic activity induced by Rifampicin that is markedly higher than
the one measured in correspondent control cells. Moreover, the activity of the enzyme
decreased following the incubation with Rifampicin and Ketoconazole, thus
confirming the specificity of CYP3A4 activity measurement. Homogeneous results
were obtained at five weeks in all considered samples. These data, albeit not reaching

the statistical significance, strongly suggest that WJ-MSCs acquire the ability to

81



metabolize xenobiotics in an inducible manner following the applied differentiative

stimulus.
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Figure 20: Evaluation of CYP3A4 induction following rifampicin challenge in
undifferentiated and differentiated WJ-MSCs at different time points. The activity of the

enzyme was specifically inhibited by the addition of ketoconazole to culture medium.
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4.4.3 GLUCOSE-6-PHOSPHATASE (G-6-Pase) ASSAY

We also investigated glucose-6-phosphatase activity in both undifferentiated and
hepatocyte-like cells. G-6-Pase is one of main hepatic enzymes involved in glucose
metabolism. As shown in Figure 21, at all considered time points, hepatocyte-like
cells exposed to the enzyme substrate were able to form lead sulfate precipitates, with
their characteristic black-brown colour, indicating an intense G-6-Pase activity

compared to that observed in control cells at the same time points.

4.4.4 INDOCYANINE GREEN (ICG) UPTAKE

Another parameter which may be evaluated to demonstrate the acquisition of a
hepatocyte-like phenotype is the uptake of indocyanine green, also referred to as
cardiogreen. Cardiogreen is an organic anion that is selectively taken up by
hepatocytes and that is able to bind plasma proteins, and particularly albumin. It is
clinically used because its uptake, storage, and excretion by the liver give useful

indication of hepatic function.

As visible in Figure 22, control cells did not show any green colour, whereas
hepatocyte-like cells exhibited intense green cytoplasmatic staining indicating dye

internalization.
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5 weeks

Figure 21: Microscopic demonstration of G6Pase Activity, assessed by a colorimetric enzymatic
assay, showing production of intracellular lead nitrate precipitates at higher levels in differentiated

cells (right panels) with respect to undifferentiated ones (left panels). magnification: 20x.
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Figure 22: Microscopic demonstration of ICG uptake by differentiated cells (right ) with respect to

control ones (left).

86



4.4.5 IMMUNOMODULATORY ANTIGENS EXPRESSION IN
UNDIFFERENTIATED AND DIFFERENTIATED WJ-MSCs

As previously discussed, one of the most attractive features of mesenchymal stem
cells is their hypoimmunogenicity, since these cells may inhibit allogeneic
lymphocytes proliferation in vitro, and are also tolerogenic when infused in vivo in
immunocompetent hosts. This has been linked to the peculiar phenotype of these
cells, which for example lack expression of major histocompatibility complex class 11
molecules, and which are also able to produce secreted molecules known to interfere
with the immune function at various levels. Recent literature data pointed out the
occurrence of immunomodulatory molecules also in the differentiated progeny of
stem cells, in particular for WJ-MSCs and hAECs. Since, as shown above, we have
demonstrated in our cells the expression of other interesting imunomodulatory
molecules such as B7-H3, also involved into immune tolerance, we wanted to further
evaluate whether preterm WIJ-MSCs may also maintain the expression of

immunomodulatory molecules.

Therefore, by flow cytometry analyses on undifferentiated and differentiated preterm
WIJ-MSCs, subjected to adipo- osteo- and hepato- differentiation inductions, we
assessed the levels of the immunomodulatory molecules and the variations with

respect to the naive cells.

As shown in Figure 23, and confirming the results recently obtained with WJ-MSCs
derived from mature cords, preterm WIJ-MSCs subjected to both osteogenic or
adipogenic differentiation did maintain the expression of B7-H3 and HLA-E at levels

comparable to the control cells. More interestingly, also cells subjected to the hepatic
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differentiation (Figure 24) showed the maintenance of the immunomodulatory
molecules expression, thus suggesting the possibility that hepatocyte-like cells may

also be better tolerated when infused in vivo.
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Figure 23: Immunomodulatory molecules expression following adipogenic and

osteogenic differentiation protocols in treated (adipo and osteo) and control cells (nt).

89



MES 11_16 p6 Immunomodulatory nolecules
NT/Hep
120
100
[ ] mTo
Bl @ 3 weeks nt
03 weeks Hep
3260 04 weeks nt
[ m4 weeks Hep
40 m 5 weeks nt
@5 weeks Hep
20
0 = ||
HLA ABC HLA DR HLA E cD276
MES 11_17 p6 Immunomodulatory nolecules
NT/Hep
120
100 =
mTo
80 1 @ 3 weeks nt
03 weeks Hep
32 60 4 04 weeks nt
m 4 weeks Hep
40 - @ 5 weeks nt
m 5 weeks Hep
20 +
0 ——— s
HLA ABC HLA DR HLA E CcD276
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S. DISCUSSION

Stem cells research is a field that over the last three decades has been characterized
by a rapid and tremendous expansion representing, without any doubt, the future of
biomedical research and applicative medicine which, hopefully one day, will make
stem cell administration one of the possible therapeutic treatments to cure several
diseases and pathological conditions.

The large collection of scientific data obtained so far from in vivo models, and above
all, the promising results collected from the increasing number of clinical trials that,
in particular, make use of adult stem cells such as bone marrow derived mesenchymal
stem cells and haematopoietic stem cells, have created a general optimism about
future stem cell applications.

Contextually, stem cells have been demonstrated to be a useful tool to screen in vitro
the toxicity of pharmaceutical compounds, as well as an interesting model to study
some of the mechanisms underlying cancerogenesis and tumour progression (cancer
stem cells). Hopefully the comprehension of these complex phenomena, in the future,
will allow the formulation of new drugs that will be more effective than the ones
currently used to treat different types of cancer.

Regardless all these evidences, there are still a huge amount of questions that have to
be answered, and also many problems associated with the use of stem cells have to be
addressed.

There are several issues associated with each stem cell category including ethical
concerns (embryonic/fetal stem cells), the possibility to give rise to teratomas

(embryonic stem cells) and in some cases the invasiveness of stem cell collecting
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procedure (bone marrow mesenchymal stem cells) as well as some limitations of stem
cell intrinsic properties such as the ex vivo expansion and differentiation potentials
(adult stem cells).

During the last decade the interest of the scientific community has been focused on a
particular group of tissues indicated as “perinatal tissues” which include foetal

annexes such as placenta, amniotic membranes and umbilical cord.

Several reports have demonstrated many advantages regarding the use of these cells
over embryonic and adult stem cells, suggesting that perinatal stem cells may
represent the most promising stem cell source for regenerative medicine and for the

treatment of various diseases.

During the last years my research group has been studying mesenchymal stem cells
isolated from Wharton’s jelly, the umbilical cord mucous connective tissue
containing a primitive mesenchymal stromal stem cell compartment. The results
obtained so far demonstrated that WJ-MSCs in vitro display a high self renewal,
clonogenicity, a stable karyotype and, in response to specific stimuli, they can be

differentiated into adipo-, chondro- and osteo-like cells.

Moreover, WJ-MSCs can be induced to undego hepatogenic differentiation applying
a two step protocol developed by my group that mimics the main differentiation
events which take play in vitro. Interestingly, the obtained hepatocyte-like cells were
also demonstrated to retain the expression of some immune-modulatory molecules

involved in tolerance mechanism, previously characterized in naive WJ-MSCs [80].

Another advantage over BM-MSCs is that WJ-MSCs expansion potential is higher

and these cells in vitro can also proliferate more rapidly than bone marrow-derived
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ones. In addition, the number of progenitor cells present in umbilical cord matrix is
the highest of the human body (1/133-1/1609 clonogenic cells in W] versus 1/10000-
36000 of BMSCs, 8.2+0.6 per 10%nucleated cells in UCB or the foetal circulation and

less than 1/ 10° mononuclear cells in adult whole bone marrow (Reviewed in [187]).

Recent reports suggested that stem cells potency diminishes as function of the age of
donor tissue, with ESCs showing the higher potency and adult stem cells being more
restricted. Therefore, WJ-MSCs are in a developmental position which may ensure
their differentiation into multiple adult populations, without the limits listed for
ESCs. Following this concept, we hypothesized that Wharton’s jelly mesenchymal
stem cells isolated from umbilical cords at an earlier developmental stages (such as
preterm umbilical cords made available from therapeutical abortions), may feature a

higher degree of stemness in terms of differentiation potential.

To date there is lack of literature data describing the phenotypic profile of these cells,
or their differentiation potency. The only preterm umbilical cord available data were
included in a patent application filed some years ago [189], containing the description
of an enzymatic method, based on collagenase type I digestion, that allowed
mesenchymal stem cells isolation from first trimester umbilical cords. The patent
application includes a partial description of some of the cellular surface antigens
characterized on these cells by immunocytochemistry, as well as the displayed
osteogenic and adipogenic differentiation potentials. The partial nature of the
information contained in this application, together with the need to better characterize
the potential of these cells for regenerative medicine applications, further justified

this research project.
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The main objectives of my research project were to phenotypically characterize
mesenchymal stem cells isolated from preterm umbilical cords and to investigate
their differentiation potential in order to evaluate if these cells could also represent an
additional stem cell source that could find a future application in regenerative
medicine. Moreover, an additional task was represented by the characterization of the
immunomodulatory molecules expressed by these cells both in the undifferentiated

and differentiated states.

Cells isolated by plastic adherence from preterm umbilical cords showed a fibroblast-
like morphology, with a cell body that is more expanded if compared with the
corresponding cells isolated from term umbilical cords. Phenotypical analyses
(including flow cytometry, ICC and IF) demonstrated collectively that these cells
were mainly adherent to the MSCs phenotype, with the relevant expression of key
molecules (such as CDI117, nestin, albumin, alpha-fetoprotein, connexins) which
might indicate their differentiative ability towards ectoderm-, mesoderm- or
endoderm-derived mature tissues. In addition, this initial phase also allowed to
demonstrate that preterm WJ-MSCs do express many immune-related antigens,
which were also characterized recently in the mature counterpart, such as HLA-E,
CD276, and at some extent, also HLA-G. This, together with the expected negativity
for type II MHC and positivity to classical type I MHC, strongly suggests a

hypoimmunogenic and immunomodulatory phenotype for these cells.

WIJ-MSCs immunomodulatory features (as for T-cell anergy induction) can be
explained by both cell-cell interactions and bioactive molecule secretion; moreover, it

has been demonstrated that the expression of surface antigens such as HLA-G and
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HLA-E (type Ib MHC molecules) as well as the presence of CD276 are responsible
for tolerogenic features of WJ-MSCs. In particular, the protein encoded by CD276
gene (demonstrated to be highly expressed in both preterm and term WIJ-MSCs) is
named B7-H3: it belongs to the immunoglobulin superfamily and it is thought to

participate to the regulation of T-cell-mediated immune responses.

In order to demonstrate the adherence to the mesenchymal stem cells features, we
then evaluated the differentiation of these cells toward mesodermal lineages
(adipocytes, condrocytes and osteoblasts) in response to specific culture conditions.
As expected, preterm WJ-cells gave rise to adipo-, osteo- and chondro-like cells , thus

providing a formal proof of their stemness.

Then, we addressed the question of whether preterm WIJ-MSCs could undergo
hepatogenic differentiation as previously demonstrated for mesenchymal stem cells

isolated from the matrix of mature umbilical cords.

Hepatic differentiation of stem cells is currently a “hot topic” because of the need of
alternative approaches to treat end stage liver diseases. In fact, despite liver
transplantation is the most effective treatment for acute or chronic liver failure
resulting from a variety of causes, to date the number of donor organs available for
transplantation is not sufficient if compared with the number of patients in the
waiting lists, most of which die waiting for a transplantation procedure. For this
reason many research groups have moved to evaluate alternative therapeutical
strategies that at least could act as bridge therapies for patients waiting liver

transplantation.
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Achievement of hepatic differentiation was evaluated by morphological and
functional analyses, after applying a two step differentiation protocol that mimics

some of the main events that take place during hepatogenesis in vivo.

The acquisition of mature hepatic features was confirmed by PAS staining (that
showed low glycogen levels in naive cells, which accumulation was significantly
increased after differentiation events) and hepatocyte specific functional assays such
as Cytocrome p 450 (isoform CYP3A4) activity, Glucose 6-Phospatase assays as well
as Indocyanine uptake. Overall, our data showed that cells differentiated from
preterm WJ-MSCs were able to respond to CYP3A4 inducers, with an increase in the
activity of the enzyme which was also abolished using a specific inhibitor. Moreover,
glucose-6-phosphatase activity was demonstrated in differentiated cells with respect
to control ones, so as for the indocyanine green uptake. These functional assays
constitute reliable proofs of the acquisition of a mature hepatocyte-like phenotype by

these cells.

Finally, we wanted to verify if preterm WJ-MSCs induced to differentiate towards
mesodermal and endodermal cells expressed the immune-modulatory antigens
involved in tolerance mechanism, previously demonstrated in untreated cells. Our
results indicated that the expression of immunomodulatory antigens remained almost

unvaried in all the considered differentiated cell populations.

Overall, the data obtained during the PhD project provided novel and useful
information on the features of preterm WJ-MSCs, which can be reliably isolated from
abortion foetuses, and present a number of key features for their use in regenerative

medicine approaches. In particular, these cells appear to express the same
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immunomodulatory molecules which have been characterized in the mature
counterpart (i.e. isolated from term cords) and which may provide an effective
advantage when transplantation in an immunocompetent host is attempted. In
addition, these features are maintained also following the application of several
differentiation stimuli. This is an important feature since multiple literature data
suggest that the engraftment potential of pre-differentiated cells may be superior to
that of undifferentiated ones in certain settings. Therefore, it may be imagined that
hepatocyte-like cells derived from preterm WJ-MSCs may be used as a bridging
therapy for end-stage liver diseases, since they can provide mature hepatocyte
functions, coupled to key immunomodulatory activities. This may be relevant also in
the restoration of physiological conditions in an organ severely impaired by the
underlying disease. One of the effects of these cells in vivo may be the reactivation of
local progenitors, and therefore the stimulation of the self-reparative mechanisms that
physiologically take place in liver at higher levels with respect to other organs. In our
opinion, the data obtained in this project may be complemented by the development
of an in vivo model of end-stage liver disease to verify the effectiveness of our

hypothesis.

97



6. REFERENCES

[ 1] Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall VS,
Jones IM Embryonic stem cell lines derived from human blastocysts. Science. 1998 Nov

6;282(5391):1145-7.

[ 2 ] Bajada S., I. Mazakova, J. B. Richardson, and N. Ashammakhil, Updates on stem cells
and their applications in regenerative medicine. J Tissue Eng Regen Med 2008; 2: 169-183

[3] H-W Denker Potentiality of embryonic stem cells: an ethical problem even with
alternative stem cell sources. Front Med. 2011 Mar;5(1):26-32. doi: 10.1007/s11684-011-
0107-0. Epub 2011 Mar 17

[4] http://www.eurostemcell.org/it/stem-cell-regulations

[5] Blum B, Benvenisty N. The tumorigenicity of human embryonic stem cells. Adv Cancer
Res. 2008;100:133-58

[6] O'Donoghue K.,Fisk N. M.2004 Fetal stem cells. Best Pract. Res. Clin. Obstet. Gynaecol.
18, 853-875

[7] Francgois Golfier, Alicia Barcena, Michael R. Harrison, Marcus O. Muench Fetal bone

marrow as a source of stem cells for in utero or postnatal transplantation Br J Haematol.

2000 Apr;109(1):173-81

[8] Dekel B, Burakova T, Arditti FD, Reich-Zeliger S, Milstein O, Aviel-Ronen S, Rechavi
G, Friedman N, Kaminski N, Passwell JH, Reisner Y.Human and porcine early kidney

precursors as a new source for transplantation, Nat Med. 2003 Jan;9(1):53-60.

[9] QOertel M. Fetal liver cell transplantation as a potential alternativeto whole liver

transplantation? J Gastroenterol. 2011 Aug;46(8):953-65

[10] Barker RA, Barrett J, Mason SL, Bjorklund A. Fetal dopaminergic transplantation trials
and the future of neural grafting in Parkinson's disease The Lancet Neurology, Volume 12,

Issue 1, Pages 84-91

[11] ] Defer GL, Geny C, Ricolfi F, Fenelon G, Monfort JC, Remy P, Villafane G, Jeny R,
Samson Y, Keravel Y, Gaston A, Degos JD, Peschanski M, Cesaro P, Nguyen JP. Long-term
outcome of unilaterally transplanted parkinsonian patients. 1. Clinical approach. Brain. 1996

Feb;119 ( Pt 1):41-50.

98



[12] Lindvall O. Update on fetal transplantation: the Swedish experience. Mov Disord.
1998;13 Suppl 1:83-7.

[13] Pappa KI, Anagnou NP Novel sources of fetal stem cells: where do they fit on the
developmental continuum? Regen Med. 2009 May;4(3):423-33.

[14] Niwa H, Miyazaki J, Smith AG. Quantitative expression of Oct-3/4 defines
differentiation, dedifferentiation or self-renewal of ES cells. Nat Genet. 2000 Apr;24(4):372-
6

[15] Rosner MH, Vigano MA, Ozato K et al. A POU-domain transcriptionfactor in early
stem cells and germ cells of the mammalian embryo.Nature 1990;345:686—692.

[16] Miki T, Lehmann T, Cai H, Stolz DB, Strom SC: Stem cell characteristics of amniotic
epithelial cells. Stem Cells 2005, 23:1549-1559

[17] Nekanti U, Rao VB, Bahirvani AG, Jan M, Totey S, Ta M Long-Term Expansion and
Pluripotent Marker Array Analysis of Wharton’s Jelly-Derived Mesenchymal Stem Cells
Stem Cells Dev. 2010 Jan;19(1):117-30.

[18] Kucia M, Halasa M, Wysoczynski M, Baskiewicz-Masiuk M, Moldenhawer S, Zuba-
Surma E, Czajka R, Wojakowski W, Machalinski B, Ratajczak MZ. Morphological and
molecular characterization of novel population of CXCR4+ SSEA-4+ Oct-4+ very small
embryonic-like cells purified from human cord blood: preliminary report. Leukemia.

2007;21:297-303.

[19] Yen BL, Huang HI, Chien CC, Jui HY, Ko BS, Yao M, Shun CT, Yen ML, Lee MC,

Chen YC. Isolation of multipotent cells from human term placenta. Stem Cells. 2005;23:3-9

[20] De Coppi P, Bartsch G Jr, Siddiqui MM, Xu T, Santos CC, Perin L, Mostoslavsky G,
Serre AC, Snyder EY, Yoo JJ, Furth ME, Soker S, Atala A.Isolation of amniotic stem cell
lines with potential for therapy. Nat Biotechnol. 2007 Jan;25(1):100-6

[21] Atala, A., Amniotic Fluid-Derived Pluripotential Cells.Chapter 16 in Essentials of Stem
Cell Biology. ElsevierInc., 145-150 (2009).

[22] Parolini O, Alviano F, Bagnara GP, Bilic G, Biihring HJ, Evangelista M, Hennerbichler
S, Liu B, Magatti M, Mao N, Miki T, Marongiu F, Nakajima H, Nikaido T, Portmann-Lanz
CB, Sankar V, Soncini M, Stadler G, Surbek D, Takahashi TA, Redl H, Sakuragawa N,

Wolbank S, Zeisberger S, Zisch A, Strom SC Concise review: isolation and characterization

99



of cells from human term placenta: outcome of the first international Workshop on Placenta

Derived Stem Cells. Stem Cells. 2008 Feb;26(2):300-11.

[23] M. Kubo, Y. Sonoda, R. Muramatsu, M. Usui Immunogenicity of human amniotic
membrane in experimental xenotransplantation. Invest Ophthalmol Vis Sci, 42 (2001), pp.

1539-1546

[24] J.M. Houlihan, P.A. Biro, H.M. Harper, H.J. Jenkinson, C.H. Holmes The human
amnion is a site of MHC class Ib expression: evidence for the expression of HLA-E and HLA-
G J Immunol, 154 (1995), pp. 5665-5674

[25] Portmann-Lanz CB, Schoeberlein A, Huber A, Sager R, Malek A, Holzgreve W, Surbek
DV. Placental mesenchymal stem cells as potential autologous graft for pre- and perinatal

neuroregeneration. Am J Obstet Gynecol. 2006 Mar;194(3):664-73.

[26] Le Bouteiller P. HLA-G in the human placenta: expression and potential functions.

Biochem Soc Trans. 2000 Feb;28(2):208-12.

[27] Miki T, Strom SC. Amnion-derived pluripotent/multipotent stem cells. Stem Cell Rev.
2006;2(2):133-42

[28] Miki T, Mitamura K, Ross MA, Stolz DB, Strom SC Identification of stem cell marker-
positive cells by immunofluorescence in term human amnion. J Reprod Immunol. 2007

Oct;75(2):91-6

[29] Diaz-Prado S, Muifios-Lépez E, Hermida-Gémez T, Rendal-Vazquez ME, Fuentes-
Boquete I, de Toro FJ, Blanco FJ. Multilineage differentiation potential of cells isolated from
the human amniotic membrane. J Cell Biochem. 2010 Nov 1;111(4):846-57

[30] Parolini O, Alviano F, Bergwerf let al. Toward cell therapy using placenta-derived
cells: disease mechanisms, cell biology, preclinical studies and regulatory aspects at the

round table.Stem Cells Dev. 2009Nov 30
[31] Corrao S, La Rocca G, Lo Iacono M, Corsello T, Farina F, Anzalone R. Umbilical cord
revisited: from Wharton's jelly myofibroblasts to mesenchymal stem cells. Histol Histopathol.

2013 Oct; 28(10):1235-44.

[32] Dorshkind K, Green L, Godwin A, Fletcher WH (1993) Connexin-43-type gap junctions

mediate communication between bone marrow stromal cells. Blood 82:38—45.

100



[33] Kriiger O, Maxeiner S, Kim JS, van Rijen HV, de Bakker JM, Eckardt D, Tiemann K,
Lewalter T, Ghanem A, Liideritz B, Willecke K. Cardiac morphogenetic defects and

conduction abnormalities in mice homozygously deficient for connexin40 and heterozygously

deficient for connexin45. J Mol Cell Cardiol. 2006 Nov;41(5):787-97

[34] Mayani H, Lansdorp PM. Biology of human umbilical cord blood-derived hematopoietic
stem/progenitor cells. Stem Cells. 1998; 16(3): 153-65

[35] Lansdorp PM, Dragowska W, Mayani H. Ontogeny-related changes in proliferative
potential of human hematopoietic cells. J Exp Med 1993;178:787-791

[36] Van de Ven C, Ishizawa L, Law P, Cairo MS. IL-11 in combination with SLF and G-
CSF or GM-CSF significantly increases expansion of isolated CD34+cell population from
cord blood vs. adult bone marrow. Exp Hematol 1995;23:1289-1295

[37] Liu E, Law HK, Lau YL. Tolerance associated with cord blood transplantation may
depend on the state of host dendritic cells. Br J Haematol 2004; 126:517-26

[38] Cohen SB, Madrigal JA. Immunological and functional differences between cord and
peripheral blood .Bone Marrow Transplant 1998; 2 (Suppl. 3):S9-S12.

[39] Harris DT. Cord blood transplantation: Implications for GVHD and graft versus
leukemia. Blood Cells 1994;20:560-565

[40] Kobayashi, K.; Kubota, T.; Aso, T. Study on myofibroblast differentiation in the stromal
cells of wharton’s jelly: Expression and localization of alpha-smooth muscle actin. Early

Hum. Dev.1998, 51, 223-233
[41] Karahuseyinoglu, S.; Cinar, O.; Kilic, E.; Kara, F.; Akay, G.G.; Demiralp, D.O.; Tukun,
A.;Uckan, D.; Can, A. Biology of stem cells in human umbilical cord stroma: In situ and in

vitro surveys. Stem Cells 2007, 25, 319-331. Int. J. Mol. Sci. 2013, 14 11707

[42] Nanaev, A.K.; Kohnen, G.; Milovanov, A.P.; Domogatsky, S.P.; Kaufmann, P. Stromal

differentiation and architecture of the human umbilical cord. Placenta 1997, 18, 53—64.

[43] Michalopoulos GK, DeFrances MC. Liver regeneration. Science. 1997 Apr
4;276(5309):60-6.

[44] Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D, Deans R,
Keating A, Prockop Dj, Horwitz E. Minimal criteria for defining multipotent mesenchymal
stromal cells. The International Society for Cellular Therapy position statement. Cytotherapy.

2006;8(4):315-7.

101



[45] Crisan M, Yap S, Casteilla L, Chen CW, Corselli M, Park TS, Andriolo G, Sun B,
Zheng B, Zhang L, Norotte C, Teng PN, Traas J, Schugar R, Deasy BM, Badylak S, Buhring
HIJ, Giacobino JP, Lazzari L, Huard J, Péault B. A perivascular origin for mesenchymal stem

cells in multiple human organs. Cell Stem Cell. 2008; 3: 301-313

[46] Hung SC, NJ Chen , H-S Li, H-L Ma and W-H Lo . Isolation and characterization of

size-sieved stem cells from human bone marrow . Stem Cells ( 2002 ) 20 : 249 — 258

[47] Reger RL, AH Tucker and MR Wolfe. Differentiation and characterization of human
MSCs . Methods Mol Biol (2008 ) 449 : 93 — 107

[48] Battula VL , S Treml , PM Bareiss , F Gieseke , H Roelofs , P de Zwart , I Miiller , B
Schewe , T Skutella , WE Fibbe , L. Kanz and HJ Biihring. Isolation of functionally distinct
mesenchymal stem cell subsets using antibodies against CD56, CD271, and mesenchymal

stem cell antigen-1 . Haematologica 2009, 94 : 173 — 184

[49] Wang HS , SC Hung , ST Peng , CC Huang , HM Wei, YJ Guo, YS Fu, CL Mei and
CC Chen. Mesenchymal stem cells in the Wharton’s jelly of the human umbilical cord . Stem
Cells 2004, 22 : 1330 — 1337

[50] Muller I, Kordowich S, Holzwarth C, Spano C, Isensee G, Staiber A, Viebahn S,
Gieseke F, Langer H, Gawaz MP, Horwitz EM, Conte P, Handgretinger R, Dominici M:
Animal serum-free culture conditions for isolation and expansion of multipotent

mesenchymal stromal cells from human BM. Cytotherapy 2006;8:437-444.

[51] Schallmoser K, Bartmann C, Rohde E, Reinisch A,Kashofer K, Stadelmeyer E, Drexler
C, Lanzer G,Linkesch W, Strunk D: Human platelet lysate canreplace fetal bovine serum for

clinical-scale expansion of functional mesenchymal stromal cells.Transfusion 2007;47:1436—

1446

[52] Sotiropoulou PA, Perez SA, Salagianni M, Baxe -vanis CN, Papamichail M:
Characterization of the optimal culture conditions for clinical scale production of human

mesenchymal stem cells. Stem Cells 2006;24:462—471.

[53] Stute N, Holtz K, Bubenheim M, Lange C, Blake F, Zander AR: Autologous serum for
isolation and expansion of human mesenchymal stem cells for clinical use. Exp Hematol

2004;32:1212-1225.

[54] Zulewsky H , EG Abraham , MJ Gerlach , PB Daniel , W Moritz , B Muller, M Vallejo

, MK Thomas and JF Habener . Multipotential nestin-positive stem cells isolated from adult

102



pancreatic islets differentiate ex vivo into pancreatic endocrine, exocrine, and hepatic

phenotypes . Diabetes 2001, 50 : 521 — 533

[55] Sun X. Y. and An J. (2004) Expression of nestin, an intermediate filament protein, in
human fetal hepatic stem cells. DiYi. Jun. Yi. Da. Xue. Xue. Bao. 24: 207-209

[56] Mitchell KE , ML Weiss , BM Mitchell , P Martin , D Davis , L. Morales, B Helwig , M
Beerenstrauch , K Abou-Easa , T Hildreth , D Troyer and S Medicetty. Matrix cells from
Wharton’s jelly form neurons and glia . Stem Cells 2003, 21 : 50 — 60

[57] Tondreau T , L Lagneaux , M Dejeneffe , M Massy , C Mortier , A Delforge and D
Bron. Bone marrow-derived mesenchymal stem cells already express specifi ¢ neural

proteins before any differentiation . Differentiation 2004, 72 : 319 — 326

[58] La Rocca G., Anzalone, R., Corrao, S., et al.. Isolation and characterization of Oct-
4+/HLA-G+ mesenchymal stem cells from human umbilical cord matrix: differentiation

potential and detection of new markers. Histochemistry and Cell Biology, 2009;131,267-282
[59] Temple IP, Inada S, Dobrzynski H, Boyett MR. Connexins and the atrioventricular

node. Heart Rhythm. 2013 Feb;10(2):297-304

[60] Hayhurst GP, Lee YH, Lambert G, Ward JM, Gonzalez FJ 2001 Hepatocyte

nuclear factor 4 a (nuclear receptor 2Al) is essential for maintenance of hepatic

gene expression and lipid homeostasis. Mol Cell Biol 21:1393-1403

[61] Li J, Ning G, Duncan SA. Mammalian hepatocyte differentiation requires the
transcription factor HNF-4alpha. Genes Dev. 2000 Feb 15;14(4):464-74.

[62] Sladek FM, Seidel SD 2001 Hepatocyte nuclear factor 4 a. In: Burris TP,

McCabe ERB, eds. Nuclear receptors and genetic disease. San Francisco: Academic Press;

chap 9, pp. 309-361

[63] Stoffel M, Duncan SA 1997 The maturity-onset diabetes of the young (MODYI)
transcription factor HNF-4 a regulates expression of the genes required for glucose

transport and metabolism. Proc Natl Acad Sci USA 94:13209-13214
[64] Bartoov-Shifman R, Hertz R, Wang H, Wollheim CB, Bar-Tana J, Walker MD

2002 Activation of the insulin gene promoter through a direct effect of hepatocyte nuclear

factor 4 0. J Biol Chem 277:25914-25919

103



[65] Wang H, Maechler P, Antinozzi PA, Hagenfeldt KA, Wollheim CB 2000

HNF4 o regulates the expression of pancreatic _-cell genes implicated in glucose metabolism

and nutrient-induced insulin secretion. J Biol Chem 275:
35953-35959

[66] Semenov, O.; Breymann, C. Mesenchymal stem cells derived from wharton’s jelly and
their potential for cardio-vascular tissue engineering. Open Tissue Eng. Regen. Med. J.

2011, 4, 64-71.

[67] Conconi MT , P Burra , R Di Liddo , C Calore , M Turetta , S Bellini , P Bo, GG
Nussdorfer and PP Parnigotto CD105(+) cells from Wharton’s jelly show in vitro and in vivo
myogenic differentiative potential . Int ] Mol Med 2006, 18 : 1089 — 1096

[68] Lo Iacono, M.; Anzalone, R.; Corrao, S.; Giuffre, M.; Di Stefano, A.; Giannuzzi, P.;
Cappello,F.; Farina, F.; La Rocca, G. Perinatal and wharton’s jelly-derived mesenchymal

stem cells in cartilage regenerative medicine and tissue engineering strategies. Open Tissue

Eng. Regen. Med.J. 2011, 4, 72-81.

[69] Arufe, M.C.; De la Fuente, A.; Mateos, J.; Fuentes, 1I.; de Toro, F.J.; Blanco, F.J.
Analysis of the chondrogenic potential and secretome of mesenchymal stem cells derived

from human umbilical cord stroma. Stem Cells Dev. 2011, 20, 1199-1212.

[70] Alaminos M, Pérez-Kohler B, Garzén I, Garcia-Honduvilla N, Romero B, Campos A,
Bujén J. Transdifferentiation potentiality of human Wharton's jelly stem cells towards

vascular endothelial cells. J Cell Physiol. 2010 Jun;223(3):640-7
[71] Matsuse, D.; Kitada, M.; Kohama, M.; Nishikawa, K.; Makinoshima, H.; Wakao, S.;
Fujiyoshi, Y.; Heike, T.; Nakahata, T.; Akutsu, H.; et al. Human umbilical cord-derived

mesenchymal stromal cells differentiate into functional schwann cells that sustain peripheral

nerve regeneration. J. Neuropathol. Exp. Neurol. 2010, 69, 973-985.

[72] Kuroda, Y.; Kitada, M.; Wakao, S.; Dezawa, M. Mesenchymal stem cells and umbilical
cord as sources for schwann cell differentiation: Their potential in peripheral nerve repair.

Open Tissue Eng. Regen. Med. J. 2011, 4, 54-63.

[73] Campard D, Lysy PA, Najimi M, Sokal EM. Native umbilical cord matrix stem cells
express hepatic markers and differentiate into hepatocyte-like cells. Gastroenterology. 2008

Mar;134 (3):833-48.

104



[74] Fox 1J and SC Strom .( 2008 ). To be or not to be: generation of hepatocytes from cells
outside the liver . Gastroenterology 134 : 878 — 881 .

[75] Zhang YN , PC Lie and X Wei. Differentiation of mesenchymal stromal cells derived
from umbilical cord Wharton’s jelly into hepatocyte-like cells . Cytotherapy 2009, 11 : 548 —
558

[76] Tsai PC, Fu TW, Chen YM, Ko TL, Chen TH, Shih YH, Hung SC, Fu YS. The
therapeutic potential of human umbilical mesenchymal stem cells from Wharton’s jelly in the

treatment of rat liver fibrosis. Liver Transplantation 2009, 15, 484—-495

[77] Dai LJ , HY Li, LX Guan , G Ritchie and JX Zhou. The therapeutic potential of bone-
marrow derived mesenchymal stem cells on hepatic cirrhosis. Stem Cell Res 2009, 2 : 16 —

25

[78] Yan Y , W Xu, HQian, Y Si, W Zhu , H Cao, H Zhou and F Mao. Mesenchymal stem
cells from human umbilical cords ameliorate mouse hepatic injury in vivo . Liver Int 2009,

29 :356 - 365

[79] Zhao Q, H Ren , X Li, Z Chen , X Zhang , W Gong , Y Liu , T Pang and ZC Han .
Differentiation of human umbilical cord mesenchymal stromal cells into low immunogenic

hepatocytelike cells . Cytotherapy 2009, 11 : 414 — 426

[80] Lo Iacono M, Anzalone R, Corrao S, Zummo G, Farina F, La Rocca G. Non-classical
type I HLAs and B7 costimulators revisited: analysis of expression and immunomodulatory
role in undifferentiated and differentiated MSC isolated from human umbilical cord

Wharton's jelly. Histol Histopathol 2011; 26(Supplement 1): 313.

[81] Deuse T, Stubbendorff M, Tang-Quan K, Phillips N, Kay MA, Eiermann T, Phan TT,
Volk HD, Reichenspurner H, Robbins RC, Schrepfer S. Immunogenicity and
immunomodulatory properties of umbilical cord lining mesenchymal stem cells Cell

Transplant. 2011; 20(5):655-67

[82] Chen H, Zhang N, Li T, Guo J, Wang Z, Yang M, Gao L. Human umbilical cord
Wharton's jelly stem cells: immune property genes assay and effect of transplantation on the

immune cells of heart failure patients. Cell Immunol. 2012 Mar-Apr; 276 (1-2):83-90.

[83] Tipnis S, Viswanathan C, Majumdar AS. Immunosuppressive properties of human
umbilical cord-derived mesenchymal stem cells: role of B7-HI and IDO. Immunol Cell Biol.

2010 Nov-Dec;88 (8):795-806.

105



[84] Niehage C, Steenblock C, Pursche T, Bornhduser M, Corbeil D, Hoflack B. The cell
surface proteome of human mesenchymal stromal cells. PLoS One. 2011;6 (5):¢20399

[85] Najar M, Raicevic G, Boufker HI, Fayyad-Kazan H, De Bruyn C, Meuleman N, Bron D,
Toungouz M, Lagneaux L. Adipose-tissue-derived and Wharton's jelly-

derived mesenchymal stromal cells suppress lymphocyte responses by secreting
leukemia inhibitory factor. Tissue Eng Part A. 2010 Nov;16 (11):3537-46.

[86] Kita K, Gauglitz GG, Phan TT, Herndon DN, Jeschke MG. Isolation and
characterization of mesenchymal stem cells from the sub-amniotic human umbilical cord

lining membrane. Stem Cells Dev. 2010 Apr; 19 (4):491-502.

[87] Griffin MD, Ritter T, Mahon BP. Immunological aspects of allogeneic mesenchymal
stem cell therapies. Hum Gene Ther. 2010 Dec;21(12):1641-55.

[88] Wagers AJ, Weissman IL, Plasticity of adult stem cells. Cell. 2004 Mar 5;116 (5):639-
48.

[89] Jiang Y, Jahagirdar BN, Reinhardt RL, Schwartz RE, Keene CD, Ortiz-Gonzalez XR,
Reyes M, Lenvik T, Lund T, Blackstad M, Du J, Aldrich S, Lisberg A, Low WC,
Largaespada DA, Verfaillie CM.Pluripotency of mesenchymal stem cells derived from adult
marrow. Nature 2002;418:41-49.

[90] Wakitani S., saito T., and Caplan A.L, Myogenic Cells Derived from Rat Bone Marrow
Mesenchyma Stem Cells Exposed to 5- Azacytine, Muscle Nerve, 1995, 18 (12), pp. 1417-
1426.

[91] Bjornson C.R.R., R.L. Rietze, B.A. Reynolds, M.C. Magli and A.L. Vescovi Turning
brain into blood: a hematopoietic fate adopted by adult neural stem cells in vivo. Science

(1999), 283, pp. 534-537

[92] Jackson K.A., T. Mi and M.A. Goodell Hematopoietic potential of stem cells isolated
from murine skeletal muscle. Proc Natl Acad Sci USA (1999), 96, pp. 14482—14486

[93] Mezey E., Chandross K.J., Harta R.A., Maki R.A., Mckercher S.R., Turning blood into
brain: cells bearing neuronal antigens generated in vivo from bone marrow. Science 2000;

290: 1779-1782.

[94] Brazelton T.R., Rossi F.M., Keshet G.I., Blau H.M. From marrow to brain: expression
of neuronal phenotypes in adult mice. Science 2000; 290: 1775-1779

106



[95] Zhao, Y, Wang, H, & Mazzone, T. Identification of stem cells from human umbilical
cord blood with embryonic and hematopoietic characteristics. Exp Cell Res. 2006, 312,
2454-2464.

[96] Zulli, A, Buxton, B. F, Merrilees, M, & Hare, D. L. Human diseased arteries contain
cells expressing leukocytic and embryonic stem cell markers. Hum Pathol. 2008, 39, 657-665

[97] Anjos-afonso, F, & Bonnet, D. (2007). Non hematopoietic/endothelial SSEA-1+ cells
define the most primitive progenitors in the adult murine bone marrow mesenchymal

compartment. Blood. 109, 1298-1306

[98] Sung, H. J, Hong, S. C, Yoo, J. H, Oh, J. H, Shin, H. J, Choi, 1. Y, Ahn, K. H, Kim, S.
H, Park, Y, & Kim, B. S. Stemness evaluation of mesenchymal stem cells from placentas
according to developmental stage: comparison to those from adult bone marrow. J Korean

Med Sci. 2010, 25, 1418-1426

[99] Riekstina, U, Cakstina, I, Parfejevs, V, Hoogduijn, M, Jankovskis, G, Muiznieks, I,
Muceniece, R, & Ancans, J. Embryonic stem cell marker expression pattern in human

mesenchymal stem cells derived from bone marrow, adipose tissue, heart and dermis. Stem

Cell Rev. 2009, 5, 378-386.

[100] Ogawa M, LaRue AC, Mehrotra M. Hematopoietic stem cells are pluripotent and not
Jjust "hematopoietic" .Blood Cells Mol Dis. 2013 Jun;51(1):3-8

[101] Takashima Y, Era T, Nakao K, Kondo S, Kasuga M, Smith AG, Nishikawa S.
Neuroepithelial cells supply an initial transient wave of MSC differentiation. Cell. 2007 Jun
29;129(7):1377-88.

[102] Vodyanik MA, Yu J, Zhang X, Tian S, Stewart R, Thomson JA, Slukvin II. A

mesoderm-derived precursor for mesenchymal stem and endothelial cells. Cell Stem Cell.

2010 Dec 3;7(6):718-29.

[103] Bianco P, Robey PG, Simmons PJ. Mesenchymal stem cells: revisiting history,
concepts, and assays. Cell Stem Cell. 2008; 2:313-319.

[104] Dennis JE, Charbord P. Origin and differentiation of human and murine stroma. Stem

Cells. 2002;20:205-214.

[105] Bertani, N., Malatesta, P., Volpi, G., Sonego, P. and Perris, R. Neurogenic potential of
human mesenchymal stem cells revisited: analysis by immunostaining, time-lapse video and

microarray. J. Cell. Sci. 118 (2005) 3925-3936.

107



[106] Blondheim, N.R., Levy, Y.S., Ben-Zur, T., Burshtein, A., Cherlow, T., Kan, 1.,

Barzilai, R., Bahat-Stromza, M., Barhum, Y., Bulvik, S., Melamed, E. and Offen, D. Human
mesenchymal stem cells express neural genes, suggesting a neural predisposition. Stem Cells

Dev. 15 (2006) 141-164.

[107] Hong SH, Gang EJ, Jeong JA, Ahn C, Hwang SH, Yang IH, Park HK, Han H, Kim H
In vitro differentiation of human umbilical cord blood-derived mesenchymal stem cells into

hepatocyte-like cells. Biochem Biophys Res Commun. 2005 May 20;330 (4):1153-61.

[108] Xu W., Zhang X., Qian H., Zhu W., Sun X., Hu J., Zhou H., Mesenchymal Stem Cells
from Adult HumanBone Marrow Differentiate into a Cardiomyocyte Phenotype in Vitro, Exp.
Biol. Med., 2004, 229 (7), pp. 623-631

[109] Lee K D, Kuo T K, Whang-Peng J, Chung Y F, Lin C T, Chou S H, Chen J R, Chen Y
P, Lee O K. In vitro hepatic differentiation of human mesenchymal stem cells. Hepatology,

2004, 40(6): 1275—- 1284

[110] Carosella ED, Moreau P, Le Maoult J, Le Discorde M, Dausset J, et al. (2003) HLA-G

molecules: from maternal-fetal tolerance to tissue acceptance. Adv Immunol 81: 199-252

[111] Paul P, Rouas-Freiss N, Khalil-Daher I, Moreau P, Riteau B, Le Gal FA, Avril MF,
Dausset J, Guillet JG, Carosella ED. HLA-G expression in melanoma: a way for tumor cells

to escape from immunosurveillance. Proc Natl Acad Sci U S A. 1998 Apr 14;95(8):4510-5.

[112] Wiendl H, Feger U, Mittelbronn M, Jack C, Schreiner B, Stadelmann C, Antel J,
Brueck W, Meyermann R, Bar-Or A, Kieseier BC, Weller M. Expression of the immune-
tolerogenic major histocompatibility molecule HLA-G in multiple sclerosis: implications for

CNS immunity. Brain. 2005 Nov;128(Pt 11):2689-704.

[113] Aractingi S, Briand N, Le Danff C, Viguier M, Bachelez H, Michel L, Dubertret L,
Carosella ED. HLA-G and NK receptor are expressed in psoriatic skin: a possible pathway
for regulating infiltrating T cells? Am J Pathol. 2001 Jul;159 (1):71

[114] Aggarwal S, Pittenger MF Human mesenchymal stem cells modulate allogeneic

immune cell responses. Blood. 2005 Feb 15;105(4):1815-22.

[115] ] Bartholomew A, Sturgeon C, Siatskas M, Ferrer K, Mclntosh K, Patil S, Hardy W,
Devine S, Ucker D, Deans R, Moseley A, Hoffman R. Mesenchymal stem cells suppress
lymphocyte proliferation in vitro and prolong skin graft survival in vivo. Exp Hematol. 2002

Jan; 30(1):42-8.

108



[116] Prigione I, Benvenuto F, Bocca P, Battistini L, Uccelli A, Pistoia V. Reciprocal
interactions between human mesenchymal stem cells and gamma-delta T cells or invariant

natural killer T cells. Stem Cells. 2009 Mar;27 (3):693-702

[117] Spaggiari GM, Capobianco A, Becchetti S, Mingari MC, Moretta L Mesenchymal stem
cell-natural killer cell interactions: evidence that activated NK cells are capable of killing
MSCs, whereas MSCs can inhibit IL-2-induced NK-cell proliferation. Blood. 2006 Feb
15;107(4):1484-90

[118] Corcione A, Benvenuto F, Ferretti E, Giunti D, Cappiello V, Cazzanti F, Risso M,
Gualandi F, Mancardi GL, Pistoia V, Uccelli A. Human mesenchymal stem cells modulate B-

cell functions. Blood. 2006 Jan 1;107 (1):367-72.

[119] Djouad F, Charbonnier LM, Bouffi C, Louis-Plence P, Bony C, Apparailly F, Cantos
C, Jorgensen C, Noél D. Mesenchymal stem cells inhibit the differentiation of dendritic cells
through an interleukin-6-dependent mechanism. Stem Cells. 2007 Aug;25 (8):2025-32.

[120] Spaggiari GM, Capobianco A, Abdelrazik H, Becchetti F, Mingari MC, Moretta L.
Mesenchymal stem cells inhibit natural killer-cell proliferation, cytotoxicity, and cytokine
production: role of indoleamine 2,3-dioxygenase and prostaglandin E2. Blood. 2008 Feb
1;111 (3):1327-33.

[121] Meisel R, Zibert A, Laryea M, Gobel U, Diaubener W, Dilloo D. Human bone marrow
stromal cells inhibit allogeneic T-cell responses by indoleamine 2,3-dioxygenase-mediated

tryptophan degradation. Blood. 2004 Jun 15;103 (12):4619-21.

[122] ] Sato K, Ozaki K, Oh I, Meguro A, Hatanaka K, Nagai T, Muroi K, Ozawa K. Nitric
oxide plays a critical role in suppression of T-cell proliferation by mesenchymal stem cells.

Blood. 2007 Jan 1; 109 (1):228-34.

[123] Selmani Z, Naji A, Zidi I, Favier B, Gaiffe E, Obert L, Borg C, Saas P, Tiberghien P,
Rouas-Freiss N, Carosella ED, Deschaseaux F. Human leukocyte antigen-G5 secretion by
human mesenchymal stem cells is required to suppress T lymphocyte and natural killer
function and to induce CD4+CD25highFOXP3+ regulatory T cells. Stem Cells. 2008 Jan; 26
(1):212-22.

[124] Otto WR, Wright N Mesenchymal stem cells: from experiment to clinic. Fibrogenesis
Tissue Repair. 2011 Sep 8;4:20.

109



[125] Lee JS, Hong JM, Moon GJ, Lee PH, Ahn YH, Bang OY, collaborators S. A long-term
follow-up study of intravenous autologous mesenchymal stem cell transplantation in patients

with ischemic stroke. Stem Cells. 2010;28:1099-1106.

[126] Lasala GP, Silva JA, Kusnick BA, Minguell JJ. Combination stem cell therapy for the
treatment of medically refractory coronary ischemia: a Phase I study. Cardiovasc Revasc

Med. 2011; 12:29 -34.

[127] Hare JM, Traverse JH, Henry TD, Dib N, Strumpf RK, Schulman SP, Gerstenblith G,
DeMaria AN, Denktas AE, Gammon RS, Hermiller JB Jr, Reisman MA, Schaer GL,
Sherman W. A randomized, double-blind, placebo-controlled, dose-escalation study of

intravenous adult human mesenchymal stem cells (prochymal) after acute myocardial

infarction. J Am Coll Cardiol. 2009;54:2277-2286.

[128] Mazzini L, Ferrero I, Luparello V, Rustichelli D, Gunetti M, Mareschi K, Testa L,
Stecco A, Tarletti R, Miglioretti M, Fava E, Nasuelli N, Cisari C, Massara M, Vercelli R,
Oggioni GD, Carriero A, Cantello R, Monaco F, Fagioli F. Mesenchymal stem cell

transplantation in amyotrophic lateral sclerosis: A Phase I clinical trial. Exp Neurol.

2010;223: 229-237

[129] Karussis D, Karageorgiou C, Vaknin-Dembinsky A, Gowda-Kurkalli B, Gomori JM,
Kassis I, Bulte JW, Petrou P, Ben-Hur T, Abramsky O, Slavin S. Safety and immunological
effects of mesenchymal stem cell transplantation in patients with multiple sclerosis and

amyotrophic lateral sclerosis. Arch Neurol. 2010; 67:1187-1194

[130] Duijvestein M, Vos AC, Roelofs H, Wildenberg ME, Wendrich BB, Verspaget HW,
Kooy-Winkelaar EM, Koning F, Zwaginga JJ, Fidder HH, Verhaar AP, Fibbe WE, van den
Brink GR, Hommes DW. Autologous bone marrow-derived mesenchymal stromal cell

treatment for refractory luminal Crohn's disease: results of a phase I study. Gut.

2010;59:1662-1669.

[131] Macmillan ML, Blazar BR, DeFor TE, Wagner JE. Transplantation of ex-vivo culture-
expanded parental haploidentical mesenchymal stem cells to promote engraftment in

pediatric recipients of unrelated donor umbilical cord blood: results of a phase I-1I clinical

trial. Bone Marrow Transplant. 2009; 43: 447-454.

[132] Ortiz LA, Gambelli F, McBride C, Gaupp D, Baddoo M, Kaminski N, Phinney DG
Mesenchymal stem cell engraftment in lung is enhanced in response to bleomycin exposure

and ameliorates its fibrotic effects. Proc Natl Acad Sci U S A 2003, 100: 8407-8411.

110



[133] Liu Y, Yan X, Sun Z, Chen B, Han Q, Li J, Zhao RC Flk-1+ adipose-derived
mesenchymal stem cells differentiate into skeletal muscle satellite cells and ameliorate

muscular dystrophy in mdx mice. Stem Cells Dev 2007, 16:695-706

[134] Faizal Z Asumda Age-associated changes in the ecological niche: implications for

mesenchymal stem cell aging Stem Cell Res Ther. 2013; 4(3): 47.

[135]S. Standring. Grey’s Anatomy: The Anatomical Basis of Clinical Practice. Elsevier,
Churchill Livingstone, 39th edition 2008.

[136] Andus A, Bauer J, Gerok W: Effects of cytokines on the liver. Hepatology 1991;
13:364-375

[137] Tewari M, Dobrzanski P, Mohn KL, Cressman DE, Hsu J-C, Bravo R, et al
Rapid induction in regenerating liver of RL/IF-1 (an IKB that inhibits NF-KB, RelB-
p50, and c-Rel-pS0) and PHF, a novel B site-binding complex. Mol Cell Biol 1992;
12: 2898908.

[138] FitzGerald M, Webber E, Donovan J, FaustO N. Rapid DNA binding by nuclear
factor KB in hepatocytes at the start of liver regeneration. Cell Growth Diff 1995; 6:
417-27.

[139] Cressman DE, Diamond RH, Taub R. Rapid activation of the Stat3 transcription
complex in liver regeneration, Hepatology 1995; 21: 144339.

[140] Diehl AM, Yang SQ. Regenerative changes in C/EBPa C/EBPp expression
modulate binding to the C/EBP site in the c-fos pro- moter. Hepatology 1994; 19:
447-56.

[141] Rana B, Xie Y. Mischoulon D, Bucher NL, Farmer SR. The DNA binding
activity of C/EBP transcription factor is regulated in the Gl phase of the hepatocyte
cell cycle. J Biol Chem 1995; 270: 18123-32.

[142] Kim TH, Mars WM, Stolz DB, Michalopoulos GK. Expression and activation of pro-
MMP-2 and proMMP-9 during rat liver regeneration. Hepatology 2000;31:75-82.

[143] Kim TH, Mars WM, Stolz DB, Petersen BE, Michalopoulos GK. Extracellular matrix
remodeling at theearly stages of liver regeneration in the rat. Hepatology 1997;26:896 —904.

[144] Su Al, Guidotti LG, Pezacki JP, Chisari FV, Schultz PG. Gene expression during the
priming phase of liver regeneration after partial hepatectomy in mice. Proc Natl Acad Sci U

S A. 2002 Aug 20; 99(17):11181-6

111



[145] Fausto N, Laird AD, Webber EM. Role of growth factors and cytokines in
hepatic regeneration. FASEB J 1995: 9: 1527-36.

[146] Albrecht JH, Hansen LK. Cyclin DI promotes mitogen-independent cell cycle
progression in hepatocytes. Cell Growth Differ 1999; 10: 397-404.

[147] Hsia CC, Evarts RP, Nakatsukasa H, Marsden ER, Thorgeirsson SS: Occurrence of
oval-type cells in hepatitis B virus-associated human hepatocarcinogenesis. Hepatology

1992, 16:1327-1333.

[148] Ruck P, Xiao JC, Pietsch T, Von Schweinitz D, Kaiserling E: Hepatic stem-like cells in
hepatoblastoma: expression of cytokeratin 7, albumin and oval cell associated antigens

detected by OV-1 and OV-6. Histopathology 1997, 31:324-329.

[149] Crosby HA, Hubscher S, Fabris L, Joplin R, Sell S, Kelly D, Strain Al:
Immunolocalization of putative human liver progenitor cells in livers from patients with end-
stage primary biliary cirrhosis and sclerosing cholangitis using the monoclonal antibody

OV-6. AmJ Pathol 1998, 152:771-779.

[150] Fausto N. Liver regeneration and repair: hepatocytes, progenitor cells, and stem

cells.Hepatology 2004; 39: 1477-87.

[151] Wolf D Kuhlmann and Peter Peschke Hepatic progenitor cells, stem cells, and AFP
expression in models of liver injury, Int J Exp Pathol. 2006 October; 87(5): 343-359.

[152] Roskams T, De Vos R, Van Eyken P, Myazaki H, Van Damme B, Desmet V. Hepatic
OV-6 expression in human liver disease and rat experiments: evidence for hepatic progenitor

cells in man. J Hepatol. 1998 Sep; 29(3):455-63.

[153] Goldin M, Sarraf CE, Lalani E, Anilmumar TV, Edwards RJ, Nagy P, Thorgeirsson SS
and Alison MR. Oval cell differentiation into hepatocytes in the acetylaminofluorene-treated

regenerating rat liver. Hepatology 1995;22: 1243-1253.

[154] Petersen BE, Goff JP, Greenberger JS, MichalopoulosGK. Hepatic oval cells express
the hematopoietic stem cell marker Thy-1 in the rat. Hepatology 1998; 27(2):433-445

[155] Schmelzer E, Wauthier E, Reid LM. The phenotypes of pluripotent human hepatic
progenitors. Stem Cells. 2006; 24: 1852-8.

[156] Zemel R, Bachmetov L, Ad-El D, Abraham A, Tur-Kaspa R. Expression of liver-
specific markers in naive adipose-derived mesenchymal stem cells. Liver Int. 2009 Oct;

29(9):1326-37

112



[157] Ribes-Koninckx C, Ibars EP, Calzado Agrasot MA, Bonora-Centelles A, Miquel BP,
Vila Carbé JJ, Aliaga ED, Pallardé JM, Gémez-Lechén MJ, Castell JV. Clinical outcome of
hepatocyte transplantation in four pediatric patients with inherited metabolic diseases. Cell

Transplant. 2012; 21(10):2267-82.

[158] Bonora-Centelles A, Donato MT, Lahoz A, Pareja E, Mir J, Castell JV, Gémez-Lech6n
MI.Functional characterization of hepatocytes for cell transplantation: customized cell

preparation for each receptor. Cell Transplant 2010; 19:21-8.

[159] Meyburg J, Das AM, Hoerster F, Lindner M, Kriegbaum H, Engelmann G, Schmidt J,
Ott M, Pettenazzo A, Luecke T, Bertram H, Hoffmann GF, Burlina A. One liver for four
children: first clinical series of liver cell transplantation for severe neonatal urea cycle

defects. Transplantation 2009; 87:636-41.

[160] Stéphenne X, Debray FG, Smets F, Jazouli N, Sana G, Tondreau T, Menten R, Goffette
P, Boemer F, Schoos R, Gersting SW, Najimi M, Muntau AC, Goyens P, Sokal EM.
Hepatocyte transplantation using the domino concept in a child with tetrabiopterin

nonresponsive phenylketonuria. Cell Transplant. 2012;21(12):2765-70.

[161] ] Khan AA, Shaik MV, Parveen N, Rajendraprasad A, Aleem MA, Habeeb MA,
Srinivas G, Raj TA, Tiwari SK, Kumaresan K, Venkateswarlu J, Pande G, Habibullah CM.
Human fetal liver-derived stem cell transplantation as supportive modality in the

management of end-stage decompensated liver cirrhosis. Cell Transplant. 2010; 19(4):409-
18.

[162] Zhang L, Theise N, Chua M, Reid LM. Human hepatic stem cells and

hepatoblasts: symmetry between liver development and liver regeneration. Hepatology 2008;

48:1598-1607.

[163] Schmelzer E, Zhang L, Bruce A, Wauthier E, Ludlow J, Yao HL, Moss N, Melhem A,
McClelland R, Turner W, Kulik M, Sherwood S, Tallheden T, Cheng N, Furth ME, Reid
LM.Human hepatic stem cells from fetal and postnatal donors. J Exp Med 2007; 204: 1973-
1987

[164] Cardinale V, Wang Y, Carpino G, Cui CB, Gatto M, Rossi M, Berloco PB, Cantafora
A, Wauthier E, Furth ME, Inverardi L, Dominguez-Bendala J, Ricordi C, Gerber D, Gaudio
E, Alvaro D, Reid L. Multipotent stem cells in the extrahepatic biliary tree give rise to

hepatocytes, bile ducts and pancreatic islets. Hepatology. 2011; 54:2159-2172

113



[165] Aleem Khan A, Parveen N, Habeeb MA, Habibullah CM. Journey from hepatocyte
transplantation to hepatic stem cells: a novel treatment strategy for liver diseases. Indian

Journal of Medical Research. 2006; 123: 601-614.

[166] Parveen N, Aleem AK, Habeeb M A, Habibullah CM. An update on hepatic stem cells:
bench to bedside. Current Pharmacology and Biotechnology. 2011; 12: 226-230.

[167] Lanzoni G, Oikawa T, Wang Y, Cui CB, Carpino G, Cardinale V, Gerber D, Gabriel
M, Dominguez-Bendala J, Furth ME, Gaudio E, Alvaro D, Inverardi L, Reid LM. Concise
review: Clinical Programs of Stem Cell Therapies for Liver and Pancreas. Stem Cells. 2013

Oct; 31 (10):2047-60.

[168] Lagasse E, Connors H, Al-Dhalimy M, Reitsma M, Dohse M, Osborne L, Wang X,
Finegold M, Weissman IL, Grompe M. Purified hematopoietic stem cells can differentiate

into hepatocytes in vivo. Nat Med 2000; 6:1229-1234.

[169] Jang YY, Collector M1, Baylin SB, Diehl AM, Sharkis SJ. Hematopoietic stem cells
convert into liver cells within days without fusion. Nat Cell Biol 2004;6:532-539.

[170] Bonzo LV, Ferrero I, Cravanzola C, Mareschi K, Rustichell D, Novo E, et al. Human
mesenchymal stem cells as a twoedged sword in hepatic regenerative medicine: engraftment

and hepatocyte differentiation versus profibrogenic potential. Gut 2008; 57:223-231.

[171] Zhan Y, Wang Y, Wei L, Chen H, Cong X, Fei R, Gao Y, Liu F. Differentiation of
hematopoietic stem cells into hepatocytes in liver fibrosis in rats. Transplant Proc. 2006 Nov;

38(9):3082-5

[172] Terai S, Ishikawa T, Omori K, Aoyama K, Marumoto Y, Urata Y, Yokoyama Y,
Uchida K, Yamasaki T, Fujii Y, et al. Improved liver function in patients with liver cirrhosis

after autologous bone marrow cell infusion therapy. Stem Cells. 2006; 24:2292-2298.

[173] Gordon MY, Levicar N, Pai M, Bachellier P, Dimarakis I, Al-Allaf F, M'Hamdi H,
Thalji T, Welsh JP, Marley SB, et al. Characterization and clinical application of human
CD34+ stem/progenitor cell populations mobilized into the blood by granulocyte colony-
stimulating factor. Stem Cells. 2006; 24:1822-1830

[174] Salama H, Zekri AR, Bahnassy AA, Medhat E, Halim HA, Ahmed OS, Mohamed G,
Al Alim SA, Sherif GM. Autologous CD34+ and CDI133+ stem cells transplantation in
patients with end stage liver disease World J Gastroenterol. 2010 November 14; 16(42):
5297-5305.

114



[175] Banas A, Teratani T, Yamamoto Y, Tokuhara M, Takeshita F, Quinn G, Okochi H,
Ochiya T. Adipose tissue-derived mesenchymal stemcells as a source of human hepatocytes.

Hepatology. 2007 Jul; 46 (1):219-28.

[176] Banas A, Teratani T, Yamamoto Y, Tokuhara M, Takeshita F, Osaki M, Kawamata M,
Kato T, Okochi H, Ochiya T. IFATS collection: in vivo therapeutic potential of human
adipose tissue mesenchymal stem cells after transplantation into mice with liver injury. Stem

Cells. 2008 Oct; 26(10):2705-12

[177] Piryaei A, Valojerdi MR, Shahsavani M, Baharvand H.
Differentiation of bone marrow-derived mesenchymal stem cells into hepatocyte-
like cells on nanofibers and their transplantation into a carbonate trachloride-induced liver

fibrosis model. Stem Cell Rev. 2011 Mar; 7(1):103-18.

[178] Aurich I, Mueller LP, Aurich H, Luetzkendorf J, Tisljar K, Dollinger MM, Schormann
W, Walldorf J, Hengstler JG, Fleig WE, Christ B. Functional integration of hepatocytes

derived from human mesenchymal stem cells into mouse livers. Gut. 2007 Mar;56 (3):405-15.

[179] Mafi P, Hindocha S, Mafi R, Griffin M, Khan W.S. Adult mesenchymal stem cells and
cell surface characterization - a systematic review of the literature. Open Orthop J. 2011;5
(Suppl 2):253-60.

[180] Ruggeri L, Capanni M, Martelli MF, Velardi A. Cellular therapy: exploiting NK cell

alloreactivity in transplantation. Curr Opin Hematol. 2001 Nov; 8(6):355-9.

[181] Gotherstrom C, Ringden O, Tammik C, Zetterberg E, Westgren M, Le Blanc K:
Immunologic properties of human fetal mesenchymal stem cells. Am J Obstet Gynecol 2004,

190:239-245.

[182] Tse WT, Pendleton JD, Beyer WM, Egalka MC, Guinan EC. Suppression of allogeneic
T-cell proliferation by human marrow stromal cells: implications in transplantation.

Transplantation. 2003 Feb 15; 75(3):389-97.

[183] Wiese C, Rolletschek A, Kania G, Blyszczuk P, Tarasov KV, Tarasova Y, Wersto RP,
Boheler KR, Wobus AM. Nestin expression--a property of multi-lineage progenitor cells?
Cell Mol Life Sci. 2004 Oct; 61(19-20):2510-22.

[184] Rosendaal M, Green CR, Rahman A, Morgan D (1994) Up-regulation of the

connexind3+ gap junction network in haemopoietic tissue before the growth of stem

cells. J Cell Sci 107:29-37.

115



[185] Arceci RJ, King AA, Simon MC, Orkin SH, Wilson DB Mouse GATA-4: a retinoic
acid-inducible GATA-binding transcription factor expressed in endodermally derived tissues

and heart. Mol Cell Biol. 1993 Apr; 13(4):2235-46

[186] Anzalone R, Lo Iacono M, Corrao S, Magno F, Loria T, Cappello F, Zummo G, Farina
F, La Rocca G. New emerging potentials for human Wharton's jelly mesenchymal stem cells:
immunological features and hepatocyte-like differentiative capacity. Stem Cells Dev. 2010

Apr; 19 (4):423-38

[187] Vawda R, Fehlings MG. Mesenchymal cells in the treatment of spinal cord injury:
current & future perspectives. Curr Stem Cell Res Ther. 2013 Jan; 8(1):25-38.

[188] Clifford L. Librach, Shangmian Yie, Rong Xiao “Method of isolation and use of cells
derived from first trimester umbilical cord tissue” Patent application of March 13, 2009

(Publication number CA2630708 A1)

116



7. ACKNOWLEDGEMENTS

The course of this thesis has been possible thanks to Professor Giovanni Zummo,
Director of the Department of Experimental Biomedicine and Clinical Neuroscience

(BIoNeC), section of Human Anatomy and thanks to Professor Francesco Cappello.

I would like to thank Prof. Rita Anzalone, Prof. Dr Pier Giulio Conaldi and Prof.
Giampiero La Rocca who were my teachers and my guides during these three years

of research.

In particular, I sincerely thank Melania Lo Iacono and Simona Corrao for their

professional support.

117



