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1. INTRODUCTION

1.1 Anatomical features of human liver

The liver, the largest gland in the body, is didain the upper and right parts of
the abdominal cavity, occupying almost the wholeha right hypochondrium,
the greater part of the epigastrium, and not unconmynextending into the left
hypochondrium. In the male it weighs from 1.4 t6 kg, in the female from 1.2
to 1.4 kg. Its shape must be compared to a wetlgeydse of which is directed to
the right and the thin edge toward the left. Therlipossesses three surfaces:
superior, inferior and posterior. The superior acefis attached to the diaphragm
and anterior abdominal wall by a triangular or ifalen fold of peritoneum, the
falciform ligament; the line of attachment of thigament divides the liver into
two parts, termed the right and left lobes, of afiéint size. The inferior and
posterior surfaces are divided into four lobes ¢nate, caudate, right and left
lobe) by five fossae, which are arranged in thenfof the letter H.

Each lobe is subdivide into lobules, liver morphwadiional units. The lobules
(lobuli hepatig form the chief mass of the hepatic substancey e tiny
hexagonal or pentagonal cylinders, measuring fraim 2.5 mm in diameter. The
bases of the lobules are clustered around the esshaddiclesqublobula) of the
hepatic veins, to which each is connected by medrns small branch which
issues from the center of the lobuiati@lobular). The remaining part of the
surface of each lobule is imperfectly isolated frdm surrounding lobules by a
thin stratum of areolar tissue, in which is conggina plexus of vessels, the
interlobular plexus, and ducts.

Each lobule consists of hepatic cells arrangedrggular radiating columns
between which are the blood channalssoid¥. These convey the blood from
the circumference to the center of the lobule, and in the intralobular vejn
which runs through its center, to open at its bagseone of the sublobular veins
Between the cells are also the minute bile capkarThehepatic cellsare
polyhedral in form and they contain one or somesirtveo distinct nuclei. The
cells usually contain granules; some of which aretgplasmic, while others

consist of glycogen, fat, or an iron compound [1]



Approximately 80% of the total liver mass, consistshepatocytes, the rest is
composed by endothelial cells, Kupffer cells, stellcells, liver natural killer cells
and cholangiocytes.

Hepatocytes placed at the periphery are named @sopal cells while those

located centrally are named as pericentral, peulagror centrolobular ones. On
the basis of spatial distribution of these cellseréh is also functional

compartimentalization. In fact, periportal hepatesy are specialized in
glycogenolysis and gluconeogenesis and removalnoh@nia by urea, while

centrolobular hepatocytes are active in glycolymml glycogen synthesis and
metabolize ammonia by glutamine synthetase [2].

In conclusion, the liver induces conversion of éxéra glucose in the body into
stored glycogen in liver cells, and then converiinback into glucose when the
need arises; liver produces bile (a substance saces the of fats) and blood
clotting factors and amino acids. Moreover, thesdiperforms processing and
storage of iron necessary for red blood cell prtida¢ synthesis of cholesterol
and other chemicals required for fat transportpitverts ammonia in urea which

is then excreted in the urine; and it executes kienic detoxification.
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1.2 Overview of development of the liver and involv  ed factors

The liver arises as a diverticulum from the ventsatface of the gut. This
diverticulum is lined by entoderm, and grows upwaind forward into the septum
transversum, a mass of mesoderm between the néadlict and the pericardial
cavity, and there gives off two solid buds of cellsich represent the right and the
left lobes of the liver. The solid buds of celloogrinto columns or cylinders,
termed the hepatic cylinders, which branch and tanasse to form a close
meshwork. This network invades the vitelline andbiical veins, and breaks up
these vessels into a series of capillary-like Mesgsemed sinusoids, which ramify
in the meshes of the cellular network and ultimateim the venous capillaries of
the liver. By the continued growth and ramificatiohthe hepatic cylinders the
mass of the liver is gradually formed [1].

Many investigations were carried out on differentnaal species to understand
which mechanisms act in early development of therli Advanced evidence
reported that development requires a series of ciinu signals from three
cellular types: mesodermal cardiogenic cells, caflthe septum trasversum and
endothelial cells.

In embryo mouse, around stage of 7-8 somites, #mral wall is adjacent to
cardiac mesoderm that releases fibroblast growattofs (FGFs) required to
initiate differentiation toward hepatic fate [3].

Serl et al demonstrated that ventral endoderm akpla absence of FGF express
pancreatic mRNA: when FGF was added at differenicentrations, ventral
endoderm expressed hepatic mRNA. Therefore, thatsehighlighted importance
of FGF during early hepatic development [4]. Thetv@ endoderm responds to
this induction phase, generating the primary lived. Outgrowth of this structure
is induced by bone morphogenetic protein-4 (BMPlgased from septum
trasversum cells. The septum transversum mesencbsitseare tightly associated
with the cardiac mesoderm and, therefore, couldridrie to the initial stage of
hepatic induction as well [5].

The liver bud, after the induction mediated by F&f BMP, expresses several
liver mRNAs, includingAlbumin By E9.5, the basement membrane surrounding

the liver bud is broken, and cells delaminate frtm bud and invade the



surrounding septum transversum mesenchyme, whitie isource of stellate cells
as well as sinusoidal endothelial cells that beégiform vessels.

Around hepatoblast stage, the cells have bipotentgpacity since can
differentiate to both cholangiocytes and hepatacjég

Liver development is peculiar since between 116 36.5 embryonic days, the
liver is also a hematopietic site. Studies demauestr that oncostatin M, secreted
by hematopoietic stem cells, controls late hepdifterentiation probably by
increasing HNF & expression [7].

HNF 4o is involved in transforming the fetal liver intpithelial parenchima
regulates hepatocyte differentiation, and is esslefdr maintaining sinusoidal
architecture. During mouse embryonic developmardud 14.5 embryonic day,
HNF- 4o is necessary for expression of junction proteims adhesion molecules
which, within the developing hepatoblasts, fadiétathe formation of bile
canaliculi and convert the immature cells into &apped hepatocyte [8].

1.3 Liver regeneration and therapeutic applications for liver diseases
When liver is subjected to the partial hepatectdhiy) , the hepatocytes undergo
one or two replicative cycles to restore loss hepatss, but if HP is higher than
70%, hepatocytes do not proliferate more and r@astate known as “quiescent
senescence”.

The term “regeneration” imply re-growth of excissttucture.Actually, in the
liver, damaged cellular mass doesn’t reconstittatther unharmed cells expands
to compensate the lost tissue. Therefore, it isenumrrected to speaks about
compensatory process.

Several studies tried to explain what mechanisndedie this compensatory
process. It is clear that cytokines, growth factmd metabolic networks interact
together to support liver regeneration [9].

When replicative ability of hepatocytes is blockaddelayed, some cells known
as oval cells, replicate and differentiate in hepyites.

Many studies were carried out to understand origtharacteristics and
differentiative potential of these cells.



The oval cells originate together with intrahepdtiicary cells from hepatoblasts
located near portal spaces. Analysis of maker espya suggested that these cells
have a bipotential capacity because express hepatic biliary markers. In
addition, studies demonstrated that oval cells esgrtypical markers of
hematopietic stem cell such as Cd34, CD45, Sc#®]L [1

Unfortunately, in case of liver disease, wheredherloss of liver function, the
regeneration mediated by proliferative capacitynafture hepatocytes or in some
cases of oval cells is no more sufficient.

In the world exists hundreds of millions of peogféected by liver pathologies.
The most common causes of hepatopathy are chrogpatiis C and B,
alcoholism, nonalcoholic fatty liver disease, amtwmiune, and drug-induced
hepatic disorders. Many of these conditions, if m@vented and treated , can
lead to progressive liver injury, liver fibrosis darultimately cirrhosis, portal
hypertension, liver failure and sometimes caft#}.

Acute liver failureconsists in a rapid decrease in liver functionm@mwns causes
are viral hepatitis, acetaminophen and mushroonesitngn, idiosyncratic drug
reactions.

In case ofautoimmune-associated diseat® body produces an inappropriate
immune response against itself; and sometimes stgaier tissue. PBC (Primary
biliary cirrhosis), PSC (Primary sclerosing choldisy and autoimmune hepatitis
are some possible causes.

Budd-Chiari syndromes characterized by presence of blood clots thydede
correct blood flow. The major causes are hypercladngl disorders, liver injury,
cancer and parasitic infection

Hemochromatosis, Alpha-1 antitrypsin deficiency,Is@fi's diseaseare some
genetic diseases which result in alterations ofesbwer functions.

Cirrhosis, consists in the loss hepatic function becauser larchitecture is
compromised. Possible causes are chronic hepatitisholism, or chronic bile
duct obstruction.

To date, organ transplantation remains an excelt@mnapeutic treatment for liver
pathologies. More than 5000 liver transplants, egdr, are performed in USA.

About 20,000 people wait for liver transplantatibot only 7,000 transplants are

10



performed annually, therefore 1,500 patients dilyewhile on the waiting list.
Adverse factors such as donor scarcity, high castsconsequences from long-
term immunosuppressant therapies limit the poteatiargan transplantation. An
alternative treatment could be hepatocytes trantptas defined such as “the use
of living cells to restore, maintain, or enhanssuie and organ function” [12].
Cell transplantation is a less invasive and egsiecedure, hepatocytes may be
cryopreserved for future applications, risks asged with transplant rejection
are be limited and subsequent orthotopic liver gpgamtation or liver directed
gene therapy would remain feasible [13].

If liver architecture is not damaged, infusion @&phatocytes may be performed
into the portal vein or into the splenic pulp, frammere the cells migrate to the
liver [14]. Certainly, the presence of physiologicaatrix helps engrafted
hepatocytes to replicate. When, instead the livehitecture is damaged it is
preferable to infuse the hepatocytes into ectopés such as the spleen offering
so a site for long term survival [15].

To date hepatocytes therapy was performed onlyhoeetcategories of liver
diseases such as acute liver failure , inheritethibodic diseases and cirrhosis.
Acute liver failure causes rapid deterioration ig&t functions, for these reasons
cell therapy could provide to restore the main fioms such as metabolism of
toxins, secretion of proteins and stabilisation hdfemodynamic parameters.
According to first studies hepatocytes transplamtain patients with acute liver
failure were performed into splenic artery or pogtal vein [16-17-18].
Successively, accessibility of the peritoneal gaviand intraperitoneal
transplantation of hepatocytes was considered enipnog strategy to create a
bridge to spontaneous regeneration of the livadeddl, infused hepatocytes in
peritoneal zone had a short life therefore celhgpdantation with alginate
embeding or microcarriers may offer a reasonalirradtive. A report, in fact,
demonstrated that use of microcarrier-attached thepi@s into rats with total
hepatectomy improved long-term survival rates [1f@herited metabolic liver
diseases are other diseases where hepatocyteplargaton had encouraging
results. In a girl with Crigler-Najjar syndromeTypewvith hyperbilirubinaemia,

infusion of hepatocytes into portal vein, resuliedpartial correction plasma
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bilirubin levels for more than 11 months [20]. Ahet success was obtained in a
woman with glycogen storage disease [21] and iryaat-old girl with infantile
Refsum disease [22].

Cell therapy in end stage liver diseases such dehasis, is certainly more
problematic, because the loss of functional hepgagsccontribute to the decrease
of liver function. Above all considering that livarchitecture is damaged, cell
transplantation into hepatic sites may be questignaTherefore infusion of
hepatocytes in the spleen is considered a vakdraltive. Studies on animals with
stable liver cirrhosis induced after 4 weeks of adsiration of carbon
tetrachloride, demonstrated that rat or porcineatmyytes [23] or syngeneic rat
hepatocytes [15] or immortalized rat hepatocy®y jnfused into splenic sites
improved liver function and increased survival rakefew clinical applications
were performed in cases of decompensated chriveic disease. Certainly, use
of microcarrier or supports for hepatocytes traasfation in advanced cirrhosis
could prolong survival of engrafted hepatocys.

Despite hepatocyte transplantation has given eagng results, cadaveric livers
scarcity, limited replicative potential of thesellge damages induced from
cryopreservation and elevated number of cells macgdor transplantation, limit
its potential. Therefore several groups investigate therapeutic potential of

hepatocyte-like cells derived from precursor ceflstem cells.
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2. Main features of stem cells

According to general consensus pluripotent cedlsaapable of long-term self-
renewal, have an undifferentiated state, can gengeaious cellular types derived
from all three germ layers. Another main charaste&ri of stem cells is
asymmetric division: one daughter cell possessgisdl/ features of a stem cell,
the other daughter cell can differentiate into wafined cellular type thanks to
signals derived from the surrounding microenvirontrigown as its “niche”.

In living organism exist two different types of stecells: “active stem cells”
generate cells in case of regeneration such astbpmetic, epidermis and the
intestine stem cells, and “passive stem cells” gige cells only when the adult
organs have been damaged, such as stem cells méaus system, liver, eye.
Schofield, in 1978, was the first to enunciate tlgistence of niches,
environments composed of cells that help stem ¢elimaintain homeostasis of
the tissues and isolate some stem cells from pralive or apoptotic stimuli [26].
Excessive production of stem cells, could induce tinset of cancer [27].
According to differentiative capability, stem cellsan be classified in:
totipotent stem cells give rise to all cells included extra-embryonggsties such
as zygote and cells of the first divisions of thebeyo;

pluripotent stem cells generate all types of cells derived from threergyers,
but not extra-embryonic tissues, such as cellhefimtner mass of the blastocyst
or umbilical cord stem cells;

multipotent stem cells: give rise only some cellular types, for examphe t
elements of the blood platelets red and white @eil$ adult nervous system stem
cells;

unipotent stem cells generate only one type of specialized cell.

According to the tissue of origin, the stem cells elassified in embryonic and

somatic or adult stem cells.
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Figure. 3: Schematic rapresentation of the diffeative potential of stem cells

isolated from tissues at different development phas

2.1 Embryonic stem cells

Embryonic stem cells derive from a limited cellugopulation of the embryo at
the stage of blastula or blastocyst. The blastocgsisists of 50-150 cells and
three structures: the trophoblast, a layer of caligounding the blastocyst; the
blastocoel, a cavity inside the blastocyst, andrher cell mass (ICM) formed by
a group of about 30 cells, defined as embryonimstells, located at one end of
the blastocoel. According to general consensus,rgnlt stem cells maintain
indefinitely an undifferentiated state, are pernmyediploid, maintain normal
karyotype, are immortal, can propagate indefinitatg differentiate into cellular
types derived from three embryonic germ layers.[28]

For these reasons, embryonic stem cells are cenesich potential source for the
treatment of several diseases [11].

However research on embryonic stem cells had somtions: their use in fact
requires the removal of the embryo within 14 daysnf fertilization and in some
cases the graft of these cells can induce terafomaation and immune reaction
into recipient host. For these ethical and pratigsues the researchers carried

out studies on adult stem cells [29].
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2.2 Adult stem cells

Somatic or adult stem cells are responsible ofntlantenance of structural and
functional tissue integrity, supporting the reglaent of damaged or destroyed
cells following to diseases of different origin andture. Adult stem cells can be
isolated from tissue samples obtained either bydan or adults, can self-
renewal, proliferate for elevated number of passalge not induce teratoma
formation. Until a few years ago, it was commongjiéved that stem cells found
in adult tissues had a limited ability to transfoimo other cellular types present
in organs to which they belong. Only recently itswslown that some adult stem
cells can also generate cells pertinent to othgarts, different by the one from
which they derive. As an example, hematopoietinstells of bone marrow,
after transplant can differentiate into muscle [3m cells derived from nervous
tissue and muscle can reconstitute the hematopa@gstem in a mouse model
[31] [32]; bone marrow cells can repopulate thediafter transplantation or can
be differentiated into cells that express neuranatkers [33-34]. According to
some authors this capacity, known with term 'ptisti may be attributed in
whole or in part to the phenomena of cell fusiob][Xlassifically, the main

source of adult stem cells is bone marrow.

2.3 Bone marrow mesenchymal stem cells (BM-MSC)

The stromal fraction of bone marrow is essentialgmposed by adult
mesenchymal stromal cells, which are further capablself-renewal and able to
differentiate into several cell types of the corniwec tissue (chondrocytes,
adipocytes, and osteoblasts) as well as other tgpkks of ectodermal and
endodermal origin. Friedenstein et al. were thet fio demonstrate that bone
marrow stromal cells, were able to generate clar@bnies of fibroblasts,
therefore named colony forming units fibroblast&(ICF) [36].

Bone Marrow derived Mesenchymal Stem Cells (BM-M3@) able to undergo
ex vivo expansion, grow on plastic surfaces, amuess a number of markers that
are also shared by several differentiated phenetylpefact, it was demonstrated
that BM-MSC express transcripts typical of ostestdachondrocytes, endothelial

cells (EC), epithelial cells, and neurons [37] .
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BM-MSC reproducibly express CD44, CD73, CD90, CD1@D166, other

markers are: CD49e, CD51, CD54, CD59, CD71. Acewydo general consensus
is widely accepted that CD117 is not expresseduimdn BM-MSC, albeit being

reported in other MSC populations [38]. Indeed, BA3C do not express
markers typical of endothelial/hematopoietic caiech as CD31,CD14, CD34,
CD45, CD79, CD86, and glycophorin A (CD235a) [39-48everal studies

support the idea that use of MSC in vivo shouldsatier than that of embryonic
stem cells (ESC), because they have higher chramalsstability and do not

induce neoplasms formation in the recipient hakt-42].

2.3.1 Differentiation potential of BM-MSC

The bone marrow derived MSCs were defined pluripotells since capable to
differentiate into various connective cellular tgpeespecially osteoblasts,
chondrocytes, adipocytes.More recently some reBeesstave demonstrated that
these cell can also differentiate into nervoutscel

First works on the osteogenic differentiation by BMC demonstrated that BM-
MSC can grow in standard media and a colonial isacdf these cells express
alkaline phosphatase [43]. Osteogenic differemimatiby stem cells is
accomplished in presence of factors that inducendion of mineralized bone
such as dexamethasone, ascorbic acidBagigcerophosphate [44]. In particular,
dexamethasone induces the early stages of ostesigeamal the differentiation of
MSCs into osteoblasts, associated to the increasexpression of alkaline
phosphatase [45-46].

Ascorbic acid andp-glycerophosphate, are then essential for lateestanf
osteogenesis: formation and mineralization of ttteaeellular matrix [47].
BM-MSC differentiated into osteoblasts-like cellxpeess markers such as
osteocalcin [48] osteopontin and osteonectin.

Similarly to osteogenic differentiation, adipogerdiferentiation requires the
presence of specific inducers in the medium. Dexhas®ne is one of the main
inducers, its addition alone to the culture mediusn sufficient to induce
adipogenic differentiation in stromal mesenchymallsc [49]. Janderova and

collaborators demonstrated that the simultaneo@sepice of dexamethasone,
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insulin, indomethacin and isobutylmethylxanthinetl® medium, is certainly a
necessary condition to occur adipogenic differeiotne[50].

Friedenstein et al. were the first to demonstrageformation of cartilage tissue
from bone marrow stromal cells. Several studieswslab that BM-MSC
differentiate into chondrocytes in presence of samembers of the family of
transforming growth factors such @$GF but also TGH1 and TGH33 [51-52].
Other inducers of chondrogenic differentiation aB&P-2 [53], BMP-6 [51],
IGF-1 [Insulin Growth Factor] [52], bFGF [54] anéxhmethasone, although the
latter is less efficient than TGF{55].

The MSCs can also differentiate to cardiomyocyt®€],[ and recently some
studies demonstrated their capacity to generagiatbeyte-like cells [57-58].
Despite adult human bone marrow is the most comM8€& source, the number
of cells useful for regenerative medicine applmasi is extremely low (0.001%
t00.01%) [59]. Moreover, number of MSC from bone rrmo@ significantly
decreases with donor age [60]. Many researchere therefore searched
alternative sources of MSC in another tissue, \e#isier accessibility, such as

extraembryonic tissues: placenta, amniotic membrame umbilical cord.

3. Immunological properties: interactions between M SC and immune
system

In the last years, the interest for MSC in regetiganedicine is increased, due
also to their immunomodulatory and hypo- immunoggyiproperties.

Many reports evidenced the capacity of MSC to axtewith adaptive and innate
immune system in a cell-contact mediated fashidralao by secretion of soluble
factors [61]. Main immunological features of MSOneest in the inhibition of T-
cell proliferation and dendritic cell (DC) differeation [62]. Some studies
suggest that MSC can modulate T-cell proliferatogntheir low expression of
costimulatory molecules and the absence of clasdM [61-63]. In addition, the
iImmunosuppressive capacity of MSC may also be neliny the secretion of
soluble factors, and by the induction of T-cell myeand regulatory T-cells

(Tregs), with important consequences for post-iofusherapies. [64-65].
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Recent studies demonstrated that the secretioreyfskluble factors is often a
consequence of cross-talk between MSC and T-lymyhsgctherefore it cannot
be considered a constitutive process [66].

Several reports indicate that MSC express non ickdssype | HLAs such as
HLA-G and its soluble form HLA-G5 [63-67-68], HLA-Bnd HLA-E. To date,
HLA-E expression has been observed only in BM-M3$Bese HLA molecules
have been implicated in the induction of toleranE®IK cells toward self-cells,
as well as in the process of tolerance of the nmathe@mune system toward the
semi-allogeneic embryo, which is a key feature leé €mbryo implantation
process [69-70].

Di Nicola and colleagues suggested that transfagngrowth facto8 (TGF-)
and hepatocyte growth factor (HGF) are two possitdeliators for suppression of
T-cell proliferation in mixed lymphocyte reactiohhe same researchers showed
that T-lymphocytes inhibited by BM-MSC, are notapoptotic, in fact they can
be re-stimulated with cellular and humoral activat@nd therefore actively
proliferate [61].

Recently, Ren and colleagues observed that thesemthenolecules ICAM-1
(inflammatory cytokine-induced intercellular adlesmolecule-1) and VCAM-1
(vascular cell adhesion molecule-1) are criticaltftee MSC immunosuppression
on T cells, and are inducible by the parallel pneseof IFNy and inflammatory
cytokines (as IL-1 and TNE} [71].

Anergy is another mechanism underlying BM-MSC mesdiar-cell suppression.
It was supposed that BM-MSC determine T-cell arnestGO-G1 phase by
inhibition of cyclin D2 expression [72]. MSC camduce immune suppression,
stimulating the production of CD8+ regulatory Tisethat inhibit allogeneic
lymphocyte proliferation [73] and interfering witldendritic cell (DC)
differentiation maturation and activation [74].

In addition, MSC inhibit B-cell proliferation ancctvation in a dose-dependent
manner and modulate their differentiation, chentgtaabilities and antibody
production [75].

Recently, Németh and co-workers demonstrated BMtMSC, in a murine

sepsis model, actively reprogram macrophages thrpugstaglandin E2 (PGE2)
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stimulation of the EP2 and EP4 receptors, Consdtyienreprogrammed
macrophages produced more IL-10, reducing neutrapfiltration in tissues

(which is a component of multi-organ dysfunctiomjdaincreasing neutrophil
numbers in the circulation leading to bacteriahcdace [76].

These data were confirmed from recent work of [sied collaborators. These
researchers demonstrated that MSC improve survivadepsis by reducing
inflammation, while enhancing bacterial clearan¢é][ MSC express also IDO
(indoleamine deoxygenase) and NO (nitric oxide),lemagles involved into

regulation of immune responses by MSC [78-79].

3.1 MSC and Tolerance induction

Tolerance to self antigens is a very importantcpss for the correct development
of the human immune system. A novel class of lynoggtes known as Treg
(regulatory T) cells, takes part in the peripheeld central tolerance
mechanisms. These lymphocytes exert active supprebyg cytokine expression
or by promoting the so-called infectious toleraf&f.

HLA-G is a non-classical type Ib HLA molecule, caeterized in trophoblast
cells. It mediates tolerance towards the semi-alhegc embryo together with
other factors such as EPF (early pregnancy fad#i\-E, etc [81-82].

HLA-G is expressed in different MSC populationscts as BM-MSC [83] and
WJ-MSC [63].

This molecule induces the expansion of CD4+CD25%P3s Tregs which would
contribute to the suppression of effector respots@dioantigens [80-83].

HLA-G has two isoforms, the first one is a menmea-pound isoform, implicated
in direct cell-cell contact and the second onehisdsfrom the cellular surface
(HLA-G5). Furthermore recent reports suggestedssipte cooperative interplay
between different immunomodulatory molecules coregped by MSC.

Recently, Diaz-Lagares and co-workers demonstihteéxistence of a functional
interplay between NO and HLA-G establishing an imetolerance. HLA-G is a
target of protein nitration, a reaction which ivydeed by increased NO in the
extracellular space. Nitration of HLA-G renderssénsitive to metalloprotease-
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dependent shedding. Therefore, HLA-G should exetblerogenic action in a
paracrine fashion [84].

Gonzalez et al demonstrated on experimental rheadhairthritis that adipose
tissue (AT)-derived MSC were involved to the getieraand activation of Treg
cells [85]. Moreover, Madec and co-worksfsowed in an experimental model of
diabetes, that MSC exerted a protective functionNSDD mice by inducing
regulatory T cells.

In fact, MSC reduced the ability of diabetogenicc@lls to infiltrate islets.
Moreover, MSC suppressed both allogeneic and msyecific proliferative
responses in vitro, an effect linked to IL-10 progion by Treg cells [86].

In a report, Zhao and co-workers highlighted adl®D mice autologous Tregs
(which are functionally impaired by the underlyidigease) can be modulated by
co-culture with cord blood stem cells, reverting wutoimmunity via systemic
and local immune modulation and promoting betasce#igeneration [87]. In
conclusion all these data supported idea that M®Gld be a good candidates for
engraft, because they could be evade an immunenssmnd induce peripheral

host tolerance.

3.2 Contrasting evidence in vivo for use MSC

Several data in the literature highlighted theigbdf MSC to modulate immune
cells proliferation and activation in vitro settg)jgnstead few reports showed the
potential generation of immune and memory responBgs MSC when
administered in vivo. This constitutes a seriowiésin cellular therapy, since
xenogenic and allogeneic MSC should be eliminatethb host immune system
previous to exert any beneficial action.

Data in the literature showed that they are beisgduin almost every disease
setting where autoimmunity or tissue regeneratiavehto be targeted. Therefore,
in reality one should not be surprised that in sonoelel organisms (above all for
xenogenic approaches) MSC fail to deliver the etggeoutcome when applied in
vivo. According to the general opinion, negativeules in MSC administration in
vivo ought to provide instead key information or timolecular mechanisms of

MSC-mediated immune modulation, above all in altwge settings, for which

20



most hopes are placed on MSC as a possible “ofltled” therapy for a number
of diseases.

One key question which remains still to be solvedao define actual levels of
immune privileges of MSC when transplanted in viWwJ-MSC should be
recovered in high numbers and should auspicablparked in parallel to cord
blood units. This should lead to the increase d¢if members available for both
autologous and HLA-matched heterologous administratOn the other hand,
once the immune mechanisms of the different MSCulaipns are fully
characterized and validated in most in vivo sesijijen the path to use of HLA-
mismatched heterologous cells will be opened. {&rdind co-workers reviewed
the multiple aspects of allogeneic mesenchymal stmih therapy. While
examining the evidence for and against the use ®EMs immunoprivileged cells
in vivo, the authors stressed the concept that teerb@nderstanding of the
mechanisms of MSC-immune cell interactions in vigotantamount for the
success of allogeneic therapy [80].

In the literature contrasting reports exist on thaintenance of the immune
privileges of MSC in vivo settings. Sundin and corlkers demonstrated that
allogeneic MSC, transplanted in human patients rguileg HSCT
(hematopoietic stem cells transplantation), didnftduce production of
alloantibodies in the host, while anti FCS (fetallf cserum)antibodies were
detectable. These antibodies seemed however d¢hnioagignificant, while the
important datum is that in vivo, in human subjects, humoral response was
detected against MSC [88].

In a parallel report, Rasmusson and colleagues athavat human BM-MSC
were resistant to CTL (cytotoxic T lymphocytes)lifg to induce IFNy or TNF-
a. Therefore the authors stated that only an “abefitactivation program should
be induced in fully differentiated CTL [89]. Subseatly Morandi and co-
workers highlighted that human MSC can process @megent viral or tumor
antigens to specific CTL with only limited efficieyw. This is due to defects in the
antigenprocessing machinery, some of whose comp®rar not expressed in
MSC [90].
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In the literature exist a study that speaks aboutthee use of allogeneic and
xenogenic MSC as effective in muscular regeneratioparticular the researcher
Shabbir and his collaborators demonstrated thatrajysic hamsters treated with
porcine or human MSC exhibited 1 month after irdadboth muscle regeneration
and attenuated oxidative stress [91].

Moreover, in a recent report, Quevedo and co-warkeghlighted the restoration
of cardiac function in chronic ischemic cardiomitipaby long-term engraftment
and the differentiative ability of allogeneic pareiMSC [92].

Recently, Chen and co-workers demonstrated by vivo experiments of
excisional wound healing, that allogeneic and syege BM-MSC had similar
engraftment ability and resulted in enhanced wobedling, without effects on
the numbers of CD45+ leukocytes and lymphocyteg. [B8B contrast to these
other reports have raised doubts about the genetadity of this theory.
Eliopoulos and co-workers claimed that allogendit 8romal cells were rejected
by MHC class | and class Il mismatched recipierdenjb4].

In another work, Nauta and co-workers further eaéehthis concept suggesting
that allogeneic MSC are immunogenic and stimulateod graft rejection [95].

For both papers, MSC characterization was not adfirthe cells used by
Eliopoulos and colleagues were negative for CD9fression and positive for
both CD80 and class Il MHC [94] therefore bearimy klifferences to standard
bone marrow stromal cells immunophenotype. In drpamts carried out from
Nauta and co-workers, MSC can differentiate in ehcellular lineage (although
proved exclusively by histochemical methods), buwirt characterization was
limited to CD106, CD45, CD14 and CD31 [95].

In a more recent report, Prigozhina and colleagudaber suggested that allo-
transplantation of MSC (again from mice) leads t®sl of their in vitro
Immunosuppressive potential, failing to reduce GVHitaft versus host disease)
[96]. However, again some remarks should be madehencharacterization
process (based on positivity to four MSC markem@) and on the isolation
protocol from BM, placenta and WJ. In fact, init@ghssages in culture showed
massive contamination with CD45+ cells (up to 93%BM preparations, and

64% in placenta preparations. Data in the litemgpeak about on the possible
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application of human MSC in an animal model of dse Chiavegato and co-
workers recently showed that human amniotic fluediheed stem cells were
rejected after transplantation in the myocardiunnofmal, ischemic, immuno-
suppressed or immuno-deficient rat. A more accugatalysis of the results
reported allowed to establish that AF-derived celése positive for both CD80
and CD86 B7 co-stimulators, leading the authorssuppose that these cells
should act as donor APC (antigen presenting cfg). Again, the lack of an
extended characterization in vitro of cells priar their use in vivo led to
disappointing in vivo results. The data obtainedasoclaim the need for caution
in the administration of MSC for pre-clinical or irgtal trials. The
characterization of cells before implantation isiae qua non which must be
observed in all cases, since otherwise it wouldl lea contrasting data on the
therapeutic efficacy of these cells. Moreover, wasimconsider that animal
models (and in particular mouse) are not perfestjyal to the human counterpart.
As we stated previously, there are differences detwthe immunomodulatory
molecules expressed in vitro by human and mouse .M&feed, Ren and co-
workers have recently highlighted that while immsugpression in murine MSC
is driven by iINOS-derived NO secretion, human anchate MSC use IDO as an
Immunosuppressant molecule [98].

This is a first proof that animal models do not aw mirror exactly the
conditions of the human disease or the behaviourhwian cells. When
examining the contrasting reports on the benefieféécts of MSC in GVHD,
some reports clearly evidenced that in BM-trangptaneiving mice, allogeneic
BM-MSC failed to prevent GVHD in mice [99-100]. Qhe contrary, Ringden
and colleagues demonstrated that allogeneic hunfdrMBC contributed to
alleviate GVHD in BM-transplant recipient patieqts01]. Again the species-
specific differences between intrinsic immunomothra potency of MSC may
explain the striking differences between animatieie and actual clinical effects
in patients [100]. Moreover, it is expected thatewhuman cells are being used,
the extended characterization of markers exprestedild be viewed as an

additional “safety” feature to prevent immune ré&ats in the recipient host.
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3.3 Allograft Rejection: MSC and Immunosuppressants

Immunosuppressive therapy associated with organistet transplant is
accompained and limited by a number of heavy sfitéets. Therefore MSC are
ideally viewed as cellular therapy devices whicbudth completely abrogate the
need for immunosuppressants [102].

Recently some reports evidenced that MSC immuaéduhation should exert a
beneficial effect on allogeneic islets transplantediabetic subjects. In fact, Ito
and co-workers demonstrated that co-transplantatibnslets and BM-MSC
improved islets graft morphology and function. Ehwhors hypothesized that this
improvement was due to the promotion of graft reuksization by MSC [103].
In a parallel report, Li and co-workers co-trangpéal allogeneic BM-MSC and
allogeneic islets under the kidney capsule of diabenice. They found a
reduction of rejection by MSC, which exerted sugpiee effects acting on T
lymphocyte subsets (both naive and memory celld)damdritic cells [104].

In addition, Longoni and colleagues employed atgjc and syngeneic rat MSC
to determine the effects on rejection of islets miktered through the portal vein.
The authors showed normalization of glucose leaals low-grade rejections for
up to 15 days, together with reduction of proinfltaatory cytokines. Moreover,
the authors demonstrated that the same effect n@sned with both syngeneic
and allogeneic MSC, and at levels comparable tgettexhieved with standard
immunosuppressive therapy [105]. Indeed, as MSCpgstizs are being
determined by researchers, it is clear that in soocsses MSC and
immunosuppressant drugs may have the same target Kymphocyte
proliferation) [106]. Recently, Popp and co-workegported that MSC should act
synergistically with mycophenolate mofetii (MMF) tinduce long term
acceptance of solid organ allograft in a rat he&ansplantation model [107]. In
another report, Ge and colleagues demonstratedMBB& also synergize with
rapamycin to attenuate autoimmune responses anchopeocardiac allograft

tolerance [108].
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3.4 MSC-Derived Differentiated Cells: immune proper ties In Vitro and

In Vivo

The main feature of undifferentiated MSC consistshe hypoimmunogenicity,
this could be a key factor in the application loége cells as cellular therapy
vectors. When the host reparative processes artedint provide to the use of
cells capable to differentiate to mature cytotypasd replacing existing
malfunctioned cells. Therefore the question whettiferentiated MSC should
lose their immunomodulatory features is of strikingportance to decide whether
to infuse differentiated cells alone or mixed withdifferentiated cells (which
should protect them from immune system attacksBlaec and colleagues, were
first to define the HLA expression and the immumadal properties of
differentiated MSC compared to their undiffererdtht counterpart. The
researchers performed differentiation of MSC towdsdne, cartilage or adipose,
and the differentiated cells upregulated expressifddLA class I, but not class Il.
Moreover, with respect to control cells, IFNdriven expression of HLA class Il
at the surface of cells was clearly diminishedvitro alloreactivity was not seen
for all of the differentiated cells, even after HyNore-treatment (besides, IFN-
increased MSC suppression of mixed lymphocyte cesiu{109].

Recently, Liu and co-workers, using a novel in vivmdel of osteogenesis,
demonstrated that differentiated allogeneic MSC ntagémed their
immunomodulatory potential and were detectable €ksepost-implant in the
regenerated tissue, where they secreted bone npatrigins, without evidence of
cell clearance. No evidence of the induction ofrank memory response was
obtained by the authors. Indeed, after in vivo anmphtion, MHC Il expression
was detectable even if IFNwas not the critical factor for this expressiodQ]L.

In a recent report, Zheng and coworkers highlightedheumatoid arthritis (RA),
the capacity both allogeneic MSC and MSC-derivieahdrocytes to blocked the
response of type Il collagen-reactive T cells ismdafrom RA patients, and the
suppressive effects mediated by TP&HF111]. Another in vitro set of experiments
published by Chen and co-workers, examined the gemo immunogenicity of
rat MSC, differentiated into bone, adipose andilege. In particular these

researchers demonstrated that xenogenic MSC-dersleahdrocytes were
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chemotactic to human dendritic cells (DC), and uddferentiation upregulated

the two costimulatory B7 molecules (CD80 and CD@&®jch were absent in

untreated cells), leading to DC maturation [112].

Therefore, rat MSC differentiated towards a chogénic fate didn’t show the

same immunomodulatory features as their human equert, while osteogenic

and adipogenic cells maintained their immune pod. A higher number of

studies, which still lack for the most complex diffntiation protocols (e.g.

hepatocytes or beta cells), are required to dafelit shed light on the immune

properties of differentiated MSC. This valuableuitfiully used to design better

transplantation strategies which should take irdcoant the expected reactions

that the recipient could manifest against dondsscel

3.5 MSC and inflammation targeting

Several reports showed that MSC after systemicsiaofu have the tendency to
migrate to sites of tissue injury and inflammatiand initially accumulate there
[113].

Therefore it was supposed that inflammatory sitesukl also be the sites where
MSC are scavenged more easily by resident and tmgrphagocytes. There is
growing evidence that MSC plays a role in redugnftammation in vitro and in
vivo. Neurological disorders seem to benefit frons®™treatments based on the
anti-inflammatory and oxidative stress-dampeningpprties of MSC. In
particular, Kemp and co-workers recently descrilibd secretion of SOD3
(superoxide dismutase 3) by MSC. SOD3 exerts actdmatioxidant activity,
attenuating tissue damage and reducing inflammatonl thus could have a
neuroprotective role [114].

Interestingly, the authors showed that SOD3 semretoy BM-MSC was
upregulated synergistically by inflammatory stim{dig. TNFe and IFN), rather
than by the exposure of cells to elevated ROS {jr@acoxygen species)
concentrations. Moreover, Liao and colleagues detnated that human
umbilical cord-derived MSC exerted anti-inflammatoand pro-angiogenic
effects in a rat model of intracerebral haemorr{ad8].
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Further reports of MSC action in inflammatory vy settings indicated that
MSC may reduce inflammation in obstructive sleep neap [116],
ischemia/reperfusion induced acute renal failurd@7]1l liver fibrosis [118],
experimental colitis [119], asthma [120], acute egmlitis [121], and myocardial
infarction [122]. In addition, one of the first s of use of umbilical cord
blood-derived mononuclear cells in diabetes poirdatithat NOD mice treated
with UCB mononuclear cells normalized blood glucteseels and increased their
lifespan. In treated mice a reduction of insuhtias also detected [123]. Another
key question is the role of inflammatory cytokings the regulation of the
differentiation potential of MSC, and the in vivdfeets of such interactions.
Wehling and colleagues, recently, demonstrated ¢hahdrogenesis in human
MSC was inhibited by both ILfland TNFe [124]. This study pointed out that in
inflamed joints the cellular reparative mechanisnagy fail if not supported by the
contemporary administration of specific antagonisfs these inflammatory
cytokines. These issues arose from immature cefiglantation in inflamed
cartilage, and would be avoided if the differemtiatprocess was carried out pre-
implantation. The accumulated evidence stronglygsats not only that MSC
preferentially home in inflamed tissues, but thaewt also can attenuate
inflammation by the secretion of a number of mewt Their usefulness has
been demonstrated in several in vivo models ofeaantd chronic inflammatory

diseases.
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4. Features of Human umbilical cord

The umbilical cord is the only organ that dies whéde begins. It is an
extraembryonic formation that form by fifth weekd#velopment and its function
consists to protect the vessels that transportexymd nutrients between mother
and fetus. By the end of the third week of develeptithe embryo is attached to
placenta via a connecting stalk (fig.3). At appmately 25 days the yolk sac
forms and by 28 days at the level of the anteriall of the embryo, the yolk sac
is pinched down to a vitelline duct, which is sumded by a primitive umbilical
ring. By the end of the 5th week the primitive uhdail ring contains 1) a
connecting stalk within which passes the allanf{premitive excretory duct), two
umbilical arteries and one vein; 2) the vitellinect (yolk sac stalk); and 3) a
canal which connects the intra- and extraembryooaomic cavities. By the 10th
week the gastrointestinal tract has developed aotiydes through the umbilical
ring to form a physiologically normal herniationtoanthe umbilical cord .
Normally these loops of bowel retract by the endtld third month.[from
encyclopedia reproduction Harvey J. Kliman, M.Dh.P.Yale University School
of Medicin].

At term gestation, the umbilical cord weighs aroufdg and its length is
approximately 60-65cm. It is covered by layersauianous-cubic epithelial cells
that constitute the umbilical cord epithelium (UCH) is supposed that UCE
derives from amniotic epithelium. Mizoguchi et démonstrated that the cells of
epithelium express not only mucous epithelial kegaf as found in the amniotic
epithelium, but also stratified epithelial keratiasd cornified cell envelope
(CCE) associated proteins [125]. The inner tissuohitecture of the umbilical
cord normally consists two arteries and one veimeaded within a matrix of
mucous connective tissue composed by fibrobladtecdells, miofibroblasts and
occasional mast cells and by loose substance nclproteoglycans. In the

umbilical cord there are neither capillaries nanphatics.
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4.1 Wharton’s Jelly : structure and function

The most abundant component of extracellular maifixhe umbilical cord is
Wharton's Jelly, a connective mucous tissue contposanly by the amorphous
component rich in glicosaminoglycans (GAGs) andniyain hyaluronic acid
(HA) and proteoglycans, with a few collagen fibréee main role of Wharton's
jelly is to prevent compression, torsion and begaifhthe vessels, which provide
two-way flow of blood between the maternal andlfetaculation. [126].

In the Wharton’s Jelly exist two cellular types: ofiproblasts and fibroblast-like
cells. The first ones are not defined as eithdibagblasts or smooth muscle cells
despite have muscle-specific cytoskeletal filamenhtse term of “myofibroblast”
was assigned because these stromal cells arevpdsitivimentin [127], a marker
typical of fibroblasts, and desmin [126], a markémuscle cells. The fibroblast-
like cells instead have similar features to thedidtasts, they produce collagen
and other extracellular matrix components.

Several studies demonstrated that Wharton jellys d@VJC) support ex vivo
hematopoietic expansion [128] and in vivo engrafitnef hematopoietic stem
cells [129].

Weiss and collaborators showed that WJC expresopasihtin protein [130], a
major component of the hematopoietic stem cell ei@nd a regulator of
hematopoietic progenitor cells [131].

Raio et al. highlighted that WJC are source of hyaluwromtid (HA), another
main element of the hematopoietic stem cell nidi82].

Therefore, both the expression of the osteoporgimegand the presence of HA
confirm that WJC are facilitators of hematopoi&tipansion.

WJC secrete cytokines similar to those produced Bd-MSC, moreover
synthesize granulocyte-macrophage colony stimaftector (GM-CSF) and
granulocyte colony stimulating factor (G-CSF).

WJC, conversely to BM-MSC, are slower in the ddfgiation towards
adipocytes, have a higher frequency of CFU-F, featushorter doubling time
[133], and can be isolated with 100% success.
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Figura 4sezione trasversale del cordone ombeli
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4.2 Phenotypical characterization of Wharton's Jell y mesenchymal
stem cells

WJ-derived mesenchymal stem cells (WJ-MSC) areipuiéint stem cells, they
are plastic adherent, grow robustly, can be deegefr for long-term storage, and
can be engineered to express exogenous proteimdieSthave demonstrated that
WJC have faster and greater ex vivo expansion d#pebthan BM-MSC. This
may in part be due to the expression of telomeogd&/JC [36], paralleled by the
maintenance of long telomeres by cultured cellsgtt passages [63- 134].
WJ-MSC usually show a phenotype which resemblesaffaM-MSC.
Immunocytochemistry experiments highlighted that-MSC lack expression of
CD14, CD31, CD33, CD34, CD45, but not CD56 convgrse BM-MSC [135].
Moreover, both BM-derived and WJ-derived MSC do express HLA-DR [40-
130-136-137]. On the other hand, WJ-MSC expregsadéin level: CD73, CD90,
CD105, HLA class | [138], as well as CD10, CD13, 29D CD44, CD49e, and
CD166 [38-63-130-139-140]; all of them were alsarettterized as BM-MSC
markers [130-141-142]. WJ-MSC express mesodermakemasuch as vimentin
and a-smooth muscle actin. Also CD117, the receptortha stem cell factor
(SCF), a typical marker of the hematopoietic steall ¢ineage, has been
demonstrated in WJ-MSC. In addition , a subset dFM5C expresses nestin
[63], an intermediate filament of the neuroectoddrgellular lineage expressed
as a precursor of neurofilaments, also observgmhitreatic progenitors capable
of differentiating towardp cells, as well as in human and rat BM-MSC
populations [143-144].

Several recent reports were carried out to valeestmilarities (and differences)
of WJ-MSC with respect to other MSC populationsc&wly it was showed that
WJ-MSC express, at mMRNA and protein levels, GATASATA-5, GATA-6
[63], transcription factors involved in differentexklopmental pathways of
mesoderm- and endoderm-derived organs. Previoasly, GATA-4 expression
had been reported in BM-MSC [145]. La Rocca eteahdnstrated that WJ-MSC
express connexin-43 [63], a molecule expressedcdilpi in embryonic and
myocardial cells and responsible for the formawdnntercellular gap junctions.

Recent reports indicate that Cx-43 expression albagnyocardial differentiation
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pathway increases in a stage-related manner, amdrislated to proliferation
arrest and acquisition of a mature phenotype [14&reover, WI-MSC are
capable to undergo self-renewal, a key featurelloM&C, maintaining their
replicative potential together with their undiffateated state. In this respect, it
was reported the expression of Nanog and Oct3/4atofs responsible for
maintaining long-term self-renewal and the undédfdérated state also in ESC.
WJ-MSC isolated by nonenzymatic methods expressulzses of epithelial
cytokeratins (CK) [147] such as CK-8, CK-18, CK:-Mhile CK-7 was not
detected [63]. On the other hand, only CK-18 andX®Kexpression have been
demonstrated in BM-MSC [148].

In addition, the expression of neuroectodermal mwarksuch as glial fibrillar
acidic protein (GFAP) and neuron-specific enold$é8E) was described in earlier
reports for both WJ-MSC and BM-MSC [144-149-150-151

Umbilical cord derived cells can differentiate todaendoderm-derived organs,
hepatocyte nuclear factorm4AHNF-4a) expression by WJ-MSC, in fact might
suggest a possible role in regeneration of keytgpks such as hepatocytes and
pancreatic endocrine cells [63]. In particular, sostudies demonstrated that
HNF-4a is dispensable for early endodermal specificatibnt essential for
maintaining the differentiated hepatocyte expresgiattern [152].
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4.3 Differentiation capacity of WJ-MSC

WJ-MSC are multipotent cells, capable of givingeritso different mature
cytotypes . Most studies agree in that WJ-MSC lansuccessfully induced
toward connective tissue phenotypes (osteoblagigpeytes, and chondrocytes),
thus opening new paths in regenerative medicinelicgbipns to the
musculoskeletal system. This trilineage differeidia potential of WJ-MSC was
considered part of the minimal criteria stated @& to uniformly define MSC
properties [153]. The effectiveness of the difféi@ion of MSC toward the
mature connective cytotypes is defined by phenoalpand morphological
criteria.

The standardized protocols to obtain osteogefierdntiation of MSC [47-154]
resulted in the acquisition of a differentiated pbiype that may be confirmed by
specific histological stains for extracellular ¢afn, such as Alizarin Red S and
Von Kossa [63-155]. Moreover, differentiated MSCosld express specific
proteins, such as osteonectin, osteocalcin, perjosunx2 [156.]. After
adipogenic differentiation protocols [49-50], di#atiated adipocytes should be
demonstrated by lipid-specific histological staggch as Oil Red O [50-63]. In
addition, newly differentiated adipocytes shoulgress specific proteins such as
adiponectin, leptin, and PPAR-When chondrogenic differentiation of MSC is
performed by standardized methods [52-157], théemdinhtiated cells can be
specifically stained by Alcian blue or Safranin @sE Green [158]. In addition,
the acquisition of the chondrocyte phenotype candeenonstrated by the
expression of specific proteins such as collagepe til, cartilage oligomeric
matrix protein (COMP), and aggrecan [159].

Neurogenic differentiationWJC cultured in medium supplemented with basic
fibroblast growth factor (bFGF), butylated hydrorisole, and dimethyl
sulfoxide (DMSO), with low serum percentages, hbeen successfully induced
to differentiate into glial cells and neurons [150]he authors described the
expression of neural markers (as NSE and GFAP) afsondifferentiated cells,
while differentiated neurons and glial cells ovgnessed these molecules and
began expressing more specifi ¢ markers for cataphinergic neurons. More

recently, Weiss and colleagues confirmed these dataduman umbilical cord
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matrix stem cells, extending their relevance bygpdantation of cells in vivo in a
hemiparkinsonian rat model [130].

Myocardiocyte differentiationMyocardial repair via heterologous stem cells is a
fascinating area of stem cells research. Besidesr ?1SC populations, recent
experiments suggest that also WJ-derived cellsptap a role in myocardial
regeneration. The first report on the possibilitatt WJC can differentiate into
myocardiocytes came from Wang et al. After beirgted with 5-azacytidine for
3 weeks, WJC expressed typical myocardial markach ss cardiac troponin I,
connexin-43, and desmin, and exhibited myocardiaipimology [136]. While 5-
azacytidine treatment is based on demethylatioDNfA, being therefore an
unspecific differentiation signal to cells, thesgeriments suggested that WJC
should also be of prospective utility for regenemtmedicine applications in
heart diseases. More recently, Wu et al. reportédferentiation protocol of WJ-
derived stem cells in which an induction phase WwHzacytidine treatment (24 h)
was followed by 4 weeks culture in medium supplet@eénwith bFGF and
platelet-derived growth factor (PDGF). The authsh®wed that differentiated
cells expressed in vitro cardiac myosin injectatb ithe viable myocardium
bordering an experimental infarcted area, wererpm@ted in the vasculature and
occasionally were positive for cTnT [160]. Othepoés claimed a supportive role
for several MSC populations in terms of suppressibmfl ammation in acute
myocardial infarction models, microenvironment-érvdirect differentiation, as
well as paracrine effects on the repairing myoeardj161-162].

Skeletal muscle differentiatio@onconi and colleagues demonstrated that WJC
are able to give rise to skeletal muscle cells. iMtdtured in myogenic medium,
WJC expressed myogenic factor-5 (Myf-5) [163].

Endothelial differentiationAs demonstrated previously for human ESC [164],
human WJC can be differentiated into EC after cudguin low serum medium
supplemented with vascular endothelial growth fa@EGF) and bFGF [50].

In the evaluation of successful differentiation &wd EC, phenotypical and
morphological characterization criteria should wa# typical markers of
endothelial phenotype such as CD31, vVWF, eNOS [l6&]- Indeed, the success

of differentiation was confirmed by the expressadrCD34 and CD31, as well as
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by demonstrating acetylated low-density lipoprot@in-LDL) uptake. Moreover,
in vivo experiments confirmed that UC-derived celiferentiated toward EC in
an ischemia/reperfusion model [50]. More recen@en and colleagues [166]
comparatively analyzed the differentiation potdntd MSC isolated from
umbilical cord matrix and bone marrow. These experits provided evidence
that UC-MSC responded to the inductive stimuli esgsing vascular-specific
molecules at higher levels compared to BM-MSC. Mwez, in vitro
angiogenesis assays demonstrated that mean tumgéh) area, and diameter
were higher in UC-MSC than BM-MSC, leading the aushto hypothesize that
WJ-derived cells are more effective in endothetigferentiation than bone

marrow derived cells.
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4.4 Hepatogenic differentiation potential of WJ-MSC

Several acute and chronic liver pathologies shdaddefit from cell-mediated
liver repopulation strategies, which can restoreerli functions when self-
repopulation is compromised, and prospectively @vowhole organ
transplantation. Hepatocytes and liver progeniteliscnormally respond to
variations in the microenvironment by changing tiene expression and re-
entering the cell cycle, thus providing reservelscéd replace damaged ones
[167].

Independently from the starting stem cells popafatised, some minimal criteria
must be fulfilled to ensure therapeutic successiitio expandability, extensive
expression of hepatocyte functions, and minimahlssent immunogenicity and
tumorigenicity in the recipient host [168-169-178].number of recent studies
show that extrahepatic mesenchymal stem cells déarahtiate into endoderm-
derived cellular lineages such as hepatocytes. r8leveepatic differentiation
protocols of MSC have been published in recent syedased on cellular
stimulation with exogenous cytokines/growth factors-culture with fetal or
adult hepatocytes, challenging with conditioned mébm cultured hepatocytes,
2- or 3-dimensional matrices to favor differentati The hepatocyte
differentiation protocols reported in the literaglare based on the administration,
to cultured cells, of a mixture of inducer agerits,order to recapitulate the
developmental sequence of processes involved in gpecification and
differentiation of mature hepatocytes. Most usecidiss are hepatocyte growth
factor (HGF), fibroblast growth factor (FGFs; edgsF~2 and FGF-4), usually
needed for the fi rst inductive phase, and onciostdt (OSM), involved in the
final differentiation phase [171]. Differentiatiggrotocols should be based on the
parallel administration of these factors [172] fallow a stepwise process [173].
Further supplements used in the differentiatiortquols are insulin—transferrin—
sodium selenite (ITS), dexamethasone at submic@mobncentrations, and
epidermal growth factor (EGF). These factors shdngdapplied to cells growing
in @ monolayer culture [172], in 3D scaffolds [1,7d} in co-culture systems with
fetal or adult hepatocytes [175]. Most differenbat experiments have been

performed using low (1%) serum culture media. Thegb of markers used to
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characterize the extent of differentiation of MSE hepatocyte-like cells is
extremely wide. While some studies refer to onekeraalone, or a small number
of them [172], most published data refer to mudtiplarkers, whose expression is
assessed at both the protein and mRNA levels [106¢. of the most widely used
markers is albumin secretion, together with thdwataon ofa-fetoprotein (AFP),
metabolic enzymes, and cytoskeletal proteins. Iniquéar, regarding the latter
group, a “cytokeratin switch” can be observed &ser process in the maturation
of hepatocytes from bipotential progenitors. Intfdabe bipotential hepatoblasts
express both CK-18 and CK-19, while mature hepasscfeature CK-18 alone,
and CK-19 specifically identifies colangiocytes ptations [147-168-177-178].

It is important to note that most of these “in e@ftrmarkers are useful for
characterizing differentiated cells, but cannotstitnte reliable evidence on their
own. In fact, AFP and transthyretin (TTR) are exgesl not only in liver, but also
by extraembryonic cells in the yolk sac [168]. tiddion, in a very recent study,
Zemel and collaborators [179] evidenced that nad&C from adipose tissue
expressed some of the “hepato-specific” markersetample AFP, CK-18, CK-
19, and HNF-4, all known as early-expressed genes in the liVhrs confirms
earlier observations by our group on WJC-derivedOME3]. In fact, we
demonstrated that WJ-MSC express, when kept uneiffated, CK-18, CK-19,
and HNF-4.. Taken together, these recent data support themthtat, while the
markers used are actually expressed in the maitge dr during development,
their expressional pattern is far from stringemtd a&annot be used as the sole
proof of a successful differentiation. Nevertheles® presence and activity of
key liver-specific transcription factors (eg, HNE;HNF-3y, HNF-6, GATA-6)
needs to be consistently checked in differentiagwatocols, to prove that a
genetic reprogramming of cells is actually occugrirather than simply cellular
mimicry [152-180-181]. There is growing evidenceatthapart from expressing
specific markers, differentiated cells should casty the functional activities of
mature hepatocytes, which will be determinant @ shpportive functions needed
for regenerativenedicine applications. These enzymatic functiormukhalso be
considered as more reliable “markers” of the susfoéglifferentiation of MSC.

Basic metabolic activities of hepatocytes, invesig in different works, include:
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glycogen storage (eg, visualized by PAS stainirag@dure) [172-182]; ammonia
metabolization and urea production (determined ddgranetric or fluorometric
assays) [176-183-184]; selective uptake of vitainst (eg, indocyanine green,
which is uptaken exclusively by hepatocytes) [1&glcretion of plasma proteins
(eg, albumin, determined by ELISA) [186-187].

Several works have shown the use of one or mothasle assays as the formal
proof of differentiation. Indeed, further metabdlimctions can be evaluated, as
shown for different cytochrome 450 (CYP450)-dependetivities in response to
chemical inducers. Recent data from Campard aridagples [176] showed that
WJ-derived MSC, differentiated with a multistep fmanl, express functional
inducible CYP3A4.
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4.5 Hepatogenic differentiation ability of WJ-MSC w  ith respect to

other MSC populations

Among the different extrahepatic sources of diffiéieded cells to be used for
regenerative medicine applications (reviewed in B8], MSC are emerging as
a useful cytotype, as different reports publishadthe last few years have
indicated..

Bone marrow mesenchymal stem cdllse and colleagues, for the fi rst time,
comparatively showed that MSC derived from différepources such as bone
marrow and umbilical cord blood (UCB) can diffeiatd into hepatocyte-like
cells, when cultured with appropriate inductivetées. The differentiated cells
showed functional characteristics of liver cellgliging albumin production,
glycogen storage, urea secretion, LDL uptake, ahéngbarbital-inducible
cytochrome P450 activity [57] (see table 1).

More recently, Lange et al. demonstrated thatBfeitMSC, co-cultured with
fetal liver cells, differentiated toward hepatocylige cells. This study suggested
also that the presence of MSC in co-culture geedrain optimal
microenvironment for the expansion and differerdiatof fetal liver cells.
Interestingly, differentiated rat BM-MSC expressbder-specific genes like
albumin, AFP, and CK-18 only over the first 2 week<o-culture, while in the
subsequent culture period these cells lost hepetapecific gene expression
[58].

Deng and coworkers suggested a possible role ef itellate cells (LSC) in the
differentiation of BM-MSC toward hepatocyte-likellse This study showed that
Kupffer cell activated LSC could induce the diffetiation of BM-MSC in
hepatocyte-like cells. The authors demonstratet diiferentiation of BM-MSC
was triggered by HGF secretion by activated LS@erathan by direct cell—cell
contact [188]. Lysy and colleagues further investgl, with in vitro and in vivo
experiments, the hepatocyte differentiation abibfyBM-MSC, evaluating the
expression of hepatospecific markers and maturatiefunctions. The authors
observed that in vitro the cells presented a choakphenotype after hepatocyte
differentiation of BM-MSC, bearing both mesenchynaad hepatic markers.

Interestingly, in vivo MSC-derived hepatocyte-lileells lost the chimerical
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phenotype, maintaining the expression of hepatickera [189]. These data
reinforced the concept that the liver microenviremn triggers a definite
differentiation pathway toward hepatocytes. Moreerdly, Kazemnejad and
colleagues reported the use of a 3-dimensional obipatible nanofi brous
scaffold to enhance hepatocyte differentiation M-BISC. The cells, grown in
2D and 3D conditions, were stimulated to differatgiby HGF, dexamethasone,
and OSM for 3 weeks. The differentiated cells groem 3D matrix showed
increased expression of albumin, as well as tramsfeirea, glutamic oxaloacetic
transaminase (GOT), and glutamic pyruvate transasei{GPT) with respect to
cells differentiated on a 2D culture system, themeevidencing the influence of a
biomimetic microenvironment in the differentiatiqgmrocess of MSC toward
hepatocyte-like cells [187].

Bone marrow hematopoietic stem celigerestingly, contrasting reports indicate
that bone marrow-derived adult hematopoietic staits (BM-HSC) can also
undergo differentiation toward hepatocytes in ragdem particular, Khurana and
Mukhopadhyay demonstrated that HSCderived from buagow differentiated
into hepatocytes when cultured in the presenceei 8om mice with damaged
liver [190]. In a contrasting report, Cho and caflaes recently compared the
potential for regeneration of injured liver of bd@M-MSC and BM-HSC. The
authors demonstrated that only BM-MSC expressed &kPCK-19, and showed
migratory specificity toward CCl4-injured livers 91]. The shortness of
differentiation protocol applied and the evaluatioh few markers of hepatic
differentiation suggest caution in interpreting tlesults and call attention to the
need for further experiments to evaluate the gbdit BM-HSC to exert liver-
regenerating effects.

Adipose tissue-derived MSGeveral factors, such as ease of sourcing, the
possibility to grow autologous cells fortransplaaud the differentiative abilities
in vitro, favor the development of research on ad@tissue-derived MSC. Apart
from the classical mesoderm-derived tissues (bcailage, fat), adipose tissue-
derived MSC have been shown to be able to diffeaentoward both ectoderm-

derived and endoderm-derived tissues [178-192] .
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Interestingly, many articles pointed out that MSGni adipose tissue present a
differentiation potential similar to what is obsedvfor BM-MSC. In particular,
Seo and coworkers demonstrated that human adipgmestderived stem cells
(hADSC) could differentiate into hepatocyte-likellseby exposing cells to
various cytokines. In vitro, differentiated cellsdome able to uptake LDL and
produce urea, functions typical of hepatocytes.vimo experiments further
demonstrated that after transplantation of diffeeéedhADSC in SCID mice, the
number of albumin-expressing cells was higher thihat achieved with
undifferentiated cells [184]. More recently, Taléfisconti and collaborators
carried out a study comparing BM-MSC and hADSC |1T8ey highlighted that
BM-MSC and ADSC showed a similar expression pattefrsurface protein
marker, as well as comparable hepatic differeatmatpotential. They also
demonstrated for the first time that differentiatédSC expressed drug-
metabolizing enzymes such as CYP2E1 and CYP3A4 recent report, Banas
and colleagues showed that ADSC can be differattiain vitro toward
hepatocyte-like cells by a very short induction tpcol, ameliorating liver
functions when transplanted in vivo [178]. In a moecent work, Aurich and
coworkers performed experiments in which adipossug-derived MSC (AT-
MSC) were transplanted into liver of immunodefirtiéfp/Rag2 —/— mice with
versus without prior in vitro hepatocyte differextion. The results demonstrated
that human cells expressed albumin and HepParleder, the authors showed
that pre-differentiated AT-MSC underwent a moraceght engraftment of cells
with respect to undifferentiated cells [193].

Umbilical cord blood-derived MSakinuma and coworkers demonstrated that
UCB cells can be a source of transplantable heptdike cells. When
investigating the phenotypical changes occurringlifferentiated cells in vivo,
the authors demonstrated the presence of humamailhbo the sera of recipient
mice [194].

More recently, Hong and colleagues showed furtheppertive in vitro
experimental data of the hepatic differentiationeptial of human UCB-derived
mesenchymal stem cells (UCB-MSC). The functionalpprties of differentiated

UCB-MSC were evaluated in terms of their ability tgptake low-density
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lipoprotein (LDL), while the expression of some hgyte-specific markers was
assessed by RT-PCR and, at the protein level, bgtene blotting and
immunofluorescence [195]. In addition, Kang and odwrs demonstrated that
UCB-MSC should be differentiated toward urea-pradgcdepatocyte-like cells
that were morphologically similar to the differeatgd cells and were also able to
store glycogen [172].

In a recent report, Jung and colleagues providedvia data on the effects of
UCB-MSC transplantation in a cirrhotic rat modeheTauthors demonstrated that
undifferentiated UCB-MSC, infused into CCl4-injuredts, homed to injured
livers, expressed human albumin and AFP within €kseafter transplantation,
and favored the recovery of liver function as desti@aied by the decrease of
serum cirrhosis markers alanine aminotransferase.TYAand aspartate
aminotransferase (AST), as well as by the incréasserum total proteins and
albumin. Moreover, both markersi-6mooth muscle actin and transforming
growth factorl) and extent of fibrosis were reduced in animiadg teceived the
MSC infusion [196]. Taken collectively, these datagest that UCB-MSC could
be a source of cells to be used in regenerativeianedapplications for liver
diseases, though more in vivo studies are requogdirming the integration of
differentiated cells in recipient organs, as welltlke maintenance of hepatocyte-
specific gene expression in vivo.

Extraembryonic tissue-derived MSC: Wharton's jelys stated earlier, bone
marrow is the most acknowledged source of MSC,itblihs been demonstrated
that the number of MSC decrease depending on ded@mnar-related parameters.
Therefore, researchers have sought alternativeceswsuch as extraembryonic
tissues (amniotic membrane, umbilical cord, plageniThese constitute a
practically unlimited source of rapidly dividing éreasily expandable cells,
without ethical issues, and with the possibility teach a higher rate of
compatibility between donor and recipient. Also the field of hepatic
regeneration, enormous progress has been madeegrirendthese cellular
populations a promising candidate for liver-targetegenerative medicine.

Very recent data showed that other source of MR ¢hn undergo hepatocyte

differentiation is umbilical cord matrix. Campardadacoworkers showed that
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umbilical cord matrix stem cell (UC-MSC) can di#etiate toward endodermal
cellular lineages. UC-MSC were cultured in a medsupplemented with factors
promoting hepatic differentiation [176]. The inltipopulation of UC-MSC
expressed CK-8, CK-18, CK-19, was negative for GKeXpressed G6Pase,
PEPCK,a-1-antitrypsin ¢-1AT), tryptophan 2,3-dioxygenase (TDO), and lacked
HepParl positivity and HNFedor CYP3A4 expression. The UC-MSC-derived
hepatocyte-like cells increasingly expressed markesuch as tyrosine
aminotransferase (TAT) and TDO, but remained negdtir HNF-4 and HepParl
antibody, therefore questioning the attainment afaure hepatocyte phenotype,
and leaving room for further functional improvenserdf the protocol [197].
Nevertheless, functional assays showed that difterted cells responded well to
the differentiative stimulus, being able to stolgcggen, producing urea and
possessing active hepato-specific enzymes (CYP&&Pase). Moreover, in vivo
experiments showed that after transplantation difterentiated UC-MSC in
liver of SCID mice with partial hepatectomy, thegeafted cells expressed human
hepatic markers such as albumin and AFP, after, Znd 6 weeks following
transplantation. These data strongly suggest tlst ambilical cord matrix-
derived cells could be of great interest for thgereerative medicine approaches in
liver diseases [176]. Interestingly, more recertidauggest a supportive role of
undifferentiated human umbilical mesenchymal stetts ¢WJ-MSC) in rescuing
injured liver functions and reducing fibrosis invei Tsai and coworkers infused
undifferentiated WJ-MSC to rats which underwent £@ler injury for 4 weeks.
Then the rats were administrated with CCIl4 for Zreneweeks. Compared with
control group, WJ-MSC infused rats showed lowerelswf serum GOT and
GPT, as well as a reduction efSMA and TGBBL1 in the injured livers, which
correlated with an overall reduction of liver filsis [118] These data support the
hypothesis that, even in the absence of an acturadifferentiation process, MSC
from umbilical cord could exert a supportive actianincreasing the functional
recovery of recipient livers, perhaps stimulatihg tifferentiation of endogenous
parenchymal cells and promoting degradation obfisrmatrix [198]. In addition,
recent data from another work by Yan and collalmwsatiemonstrated in vivo

engraftment of UC-derived MSC in livers of CCl4trgd mice by the expression
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of human AFP, TDO, and CK-18 14 and 21 days afediular administration.
Moreover, the authors demonstrated that engraftroénindifferentiated UC-
MSC was followed by a decrease of hepatocytes apipand an increase of
hepatocytes proliferation, with respect to the mangroup [199]. More recently,
Zhang and coworkers [200] reported the resultsnofhavitro study on UC-MSC
differentiation by a one-step protocol using HGFl &GF-4. The differentiated
cells expressed liver-specific markers (albumin &kdP), stored glycogen, and
showed uptake of LDL, thus reinforcing the conaaftheir usefulness as cellular
therapy tools for liver diseases. In a very reaemort, Zhao and collaborators
[201] demonstratedhat WJ-MSC maintain in vitro hypoimmunogenicityeav
after a hepatic differentiation protocol has beerfggmed. In fact, differentiated
hepatocyte-like cells, apart from expressing hepdéomarkers like G6P and TO
in vitro, and albumin in vivo, did not express HIPR following 2 or 4 weeks
differentiation in vitro, therefore demonstratifat the differentiative process did
not exert any change on the immunological featofebese cells. This datum is
of key importance since it provides a molecular ficoration of the low-
immunogenic phenotype of WJ-MSC in vivo.

Extraembryonic tissue-derived MSC: placent@hien et al. attempted to
demonstrate that human placenta-derived multipoteelis (PDMC) can
differentiate into endodermal hepatic lineage ceRdter culture in medium
supplemented with hepatic differentiation factoBDMC switched their
morphology from fi broblastoid to epitheliod, exgsed albumin, CK-18, AFP,
TAT, and acquired liver-specific bioactivities, inding LDL uptake, glycogen
storage, and rifampicin metabolization by CYP3Ase3e interesting in vitro
observations need to be followed by confirmativesivo studies to characterize
the engraftment ability as well as the maintenaric¢he differentiated phenotype
in the diseased organ of animal model systems [202]

Extraembryonic tissue-derived MSC: amniotic membrahamagawa et al.
investigated by in vitro experiments theepatic differentiation potential of
mesenchymal cellderived from human amniotic membranes (MC-HAM). sThi
study demonstrated that differentiated MC-HAM eggedalbumin, AFP, CK-
18, HNF-4:, and stored glycogen, but did not express G6Pasermathine
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transcarbamylase (OTC), markers of mature hepatscyherefore, these data
show that MC-HAM could differentiate into hepatoeyike cells, but further
studies should be carried out to analyze their tefanction in vivo [203]. A
recent comparative in vitro study between BM-MS@ &ouman amniotic fluid-
derived MSC (hAF-MSC) showed that the latter haghbr proliferation capacity,
greater hepatic differentiation potential, and wer®re genetically stable
compared to the first ones. Functional assays sthawvat hAF-MSC-derived
hepatocyte-like cells expressed liver specific reesk produced urea and stored
glycogen, all typical functions of mature hepatesyf182].

Fetal tissue-derived MS the last few years, greater attention has beemsked
on MSC derived from fetal lung. These cells werarabterized as multipotent
cells having even lower immunogenicity than adu® Ling and coworkers
demonstrated that fetal MSC derived from lung couiferentiate into
hepatocyte-like cells. In this study, fetal lungided MSC, in a specific
differentiation medium, showed morphological featurof mature hepatocytes
and expressed markers as AFP and albumin [204}hé&ustudies should be
carried out to better evaluate the functional fesgtwof differentiated cells as well

as their engraftment success rate.
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4.6 Formation of hepatocyte-like cells in vivo by e  xtrahepatic stem
cells

To date, several reports demonstrated that extaticestem cells, after
transplantation in animal models, express hepatickers, but this does not
imply that these cells show transdifferentiatiotoitrue hepatocytes. Certainly,
these studies are an important basis for futureceli applications.

Beeheirde and collaborators, infused human umbilicard blood non-
hematopoietic somatic stem cells into severe coatbimmunodeficiency mouse
(SCID mouse). After 7 days they found that thes#scdid not alter the
architecture of liver, in fact they integrated vesmgll in the tissue, expressed
human albumin only after transplantation, while tamring to expresse human

1 antitripsin gene also after transplantation. Aeotvery important aspect of this
work consisted in the downregulation of humpB#2 microglobulin gene by
infused stem cells.3-2 microglobulin is an integral part of the major
histocompatibility complex and his absence rendbes residual heavy chain
inactive as an antigemherefore it should be assumed that these trartsplatem
cells should by-pass killer-T-cells through abseoicthis molecule [205].

In addition another study carried out by Ishikawaak, highlighted that two
cellular types, CD34+ and CD45+ populations isalateom human umbilical
cord blood, after transplantation in newborn NODI3C (non-obese/ severe

"' mice, after 4-5 months, can

combined immunodeficiency)-2 microglobulin
express human albumin. Moreover, this study dematest that generation of
hepatocytes from engrafted stem cells is not tisaltreof cell fusion between
mouse and human cells, because it was demonstogtdelSH that generated
hepatocytes had a human centromeric DNA [206].

Kakinuma et al. carried out studies that demoretréthat human umbilical cord
blood cells(hUBC), both in vitro and in vivo canffdrentiate in hepatic
progenitor cells. After 21 days h-UBC, culturedammedium supplemented by
factors promoting hepatic differentiation, expresseme hepatic molecules such
as cytokeratin-18 (CK18), alpha-fetoprotein (AFBMtamine synthetase (GS)
and albumin. After transplantation in liver-injur&CID mice, transplanted cells

released albumin into the sera of recipient hagjgesting that these cells develop
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into functional hepatocytes even if they appeafrequencies of 0.1%-1.0% in
recipient livers. Probably this low frequency isedio the xenogenic nature of
transplantation, therefore other studies could beecessary to evaluate the
behaviour, after transplantation, of syngeneicsddl®4].

Newsome and collaborators confirmed observatiorotber groups described
previously. These researchers highlighted that licabi cord blood cells,
transplanted into irradiated NOD/SCID mice genatateepatocytes. After
characterization by  immunocytochemistry,  immunofascence and
immunohistochemistry, the cells were engrafted retopient mice. The presence
of HepParl, antigen specific for human hepatocydes, the presence of human
DNA in hepatocytes derived from transplanted stefiscallowed demonstrating
that these cells were not generated by fusion ofdruand mouse cells [207]. In
addition, Nonome and colleagues studied the bebawb umbilical cord blood
cells (CD34 and CD34 cells) after induction of hepatogenic differeritat in
vitro and after transplantation in irradiated mared in mice with injury liver. In
vitro experiments highlighted that already by 7 slage HUBC changed their
shape and expressed hepatic molecules such asiaJbdRP, CK-19, GS and
transferrin.

In vivo, the HUBC, CD34 and CD34 cells were infused into two groups of
NOD/SCID mice with Fas-mediated liver injury or iy irradiated. After 4
weeks, immunohistochemical analyses and RT-PCR dsimated the expression
of alboumin and Hep-Par 1, while fluorescent in &iyridization analysis showed
the presence of Y chromosome in mouse of the gasditransplantation group
but not in irradiated mice group [208].

Another category of adult stem cells that can gameerhepatocytes are
mesenchymal stem cells. In the last years thedastdor these cell is increased,
below in table are reported all reports carried bath in vitro and vivo on

mesesenchymal stem cells differentiate into hegéddike cells (see table n.1).
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Table N°1: list of in vitro and vivo experiments depatogenic differentiation

capacity by MSC derived from several sources [209]

MSC Hepatic Analysis of markers | Functional assays | REF.
population Differentiation expression
Protocol
I. AFP, albumin, G6Pase, TQ,In vitro:
Human boneg CK18, TAT,CYP 2B6, HNF- LDL uptake
marrow Two steps — sevendo by RT-PCR analysis;
mesenchymall weeks protocol: Il. Positivity to monoclonal PROD Assay;
stem cell Pre-conditioning: | antibody 9B2 by FC and IF. | PAS  stain for
DMEM plus EGF| lll. albumin expression by IF| storage glycogen;
and bFGF for 2 urea  production [57]
days. assay
Serum-free
IMDM, I. CYP2B6, HNF-4 by RT- | In vitro:
supplemented with PCR. LDL uptake
Umbilical HGF, bFGF, analysis;
cord blood-| nicotinamide for 7| 1l. Aloumin by IF. PROD Assay;
mesenchymal days. PAS stain for
stem cell Serum-free IMDM storage glycogen;
plus OSM, urea  production
dexamethasone, assay
ITS, thereafter.
Co-colture of rat| Albumin, AFP and CK18. by None.
BM-MSC with | RT-PCR
Adult  BM- | fetal rat liver cells.
derived  rat| Fibronectin matrix [58]
mesenchymal| coated plates.
stem cell| One step — three
(BM-MSC) weeks protocol
Stem Span SFEM
medium, plus
DMX, SCF, HGF,
EGF, FGF-4.
Co-colture of| I. Albumin, AFP, CK-18, GS] In vitro:
Rat Bone| MSC with liver | TAT, PEPCK, G6PD, by RTt PAS stain for
marrow- stellate cell (LSC).| PCR glycogen [188]
derived One step — threell. Albumin, AFP, CK-18,
mesenchymall weeks protocol PEPCK, by Real-Time PCR.
stem cells DMEM-LG, 10% | lll. Albumin, AFP, CK-18,

FBS.

CK-19,a- SMA by IF.
IV. Expression of HGF in
LSC by RT and Real-Timg
PCR

1%

48




I. Albumin, AFP, DPPIV, E- In vitro:
Collagen type I-{ cadherin, connexin 32 by ICCPAS stain for
coated dishes. IIl. Albumin by FC and| glycogen;
Human boneg Two steps - foun ELISA G6Pase activity
marrow— weeks protocol: lll: Albumin, CK-8 G6Pase| assay;
derived AFP, al-AT, PEPCK, TAT,| urea assay;
mesenchymall IMDM plus HGF, | TDO, c-met, vimentin, a- | gluconeogenesis
stem cell FGF-4, ITS,| SMA, fibronectin, by RT-| assay [189]
nicotinamide for| PCR. In vivo:
10 days MSC transplanted
IMDM plus OSM, in SCID mice
DMX, ITS for 20 Expression of
days.- albumin, AFP,
vimentin,
fibronectin, CK-
18.
2D or 3D culture| I. Albumin, AFP, CK-19, CK-| In vitro:
conditions 18, CYP3A4 after both by evaluation of
(biomimetic RT-PCR. GOT, GPT and
Human BM-| scaffold) II. Albumin and transferrin by urea synthesis [187]
MSC Two-steps - three ELISA; AFP by IF.
weeks protocol:
One week plus
DMEM-LG, 15%
FBS, HGF, DEX.
Two weeks with
addition of OSM
to differentiation
medium.
Laminin, gelatin,| I. albumin, CK-18 by ICC In vitro:
and hyaluronic| 1l. alboumin, HNF-3, HNF-1o. | PROD assay
acid coated plates| , HNF-4o , TDO, TAT, c-met,
Adult One step — one¢ SCF, IL-6, Flt-3, OSM, HGF| In vivo: [190]
hematopoietiq week protocol EGF, FGF, TGRt VEGF-u | LINOSMRB" cells
stem cell| IMDM  plus10% | by RT-PCR. or differentiated
(HSC) serum of liver| lll: IL-6, HGF, OSM, by| hepatic cells
damaged mice. ELISA transplanted in
FVB/J mouse,
Expression of
albumin and CK-
18.
In vitro:
Fibronectin-coated LDL uptake;
Human dishes I. Albumin, AFP by RT-PCR.| Urea assay
adipose tissue One step — four Il. Albumin by ICC and IHC | In vivo: [184]
stem cell| weeks protocol Transplantation o
(hADSC) DMEM-LG plus hADSC into

HGF,
DMSO

OSM,

NOD/SCID mice
after CCl4
treatment.
Albumin
expression.
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Adipose Two steps — Three I. Albumin, Thy-1, AFP, CYP| None
tissue deriveq weeks protocol 3A4, CYP2E1, CK-18, CK{
stem cell| Pre-conditioning: | 19, HNF- 4, C /EBR by
(ADSC) DMEM plus EGF| Real Time-PCR.
and bFGF for 2 Il. Albumin and AFP by IHC.
days. [173]
DMEM plus HGF,
Bone- bFGF,
marrow- nicotinamide for 7
derived days.
mesenchymal| DMEM plus
stem cells OSM, DMX, ITS
up to 21 days.
Collagen type I{ | Albumin, TDO, GAPDH,| In vivo:
coated dishes. FOXA2 by real-time PCR. ADSC-derived
Three steps — threell. Albumin by IF and ELISA | hepatocytes
Adipose— weeks protocol transplantation [178]
derived stem DMEM plus into mice with
cell (ADSC) | Activin A and CCl4-induced
FGF-4 for 3 days. injury.
HCM plus HGF, Evaluation of
FGF-1, FGF-4, ALT, AST, UA
OSM, ITS, DMX, and ammonia.
DMSO and
nicotinamide  for
10 days.
HCM plus
nicotinamide and
DMX for few
days.
One step - threel. Albumin , AFP, GS, CK- In viva
Human weeks protocol 18, GAPDH by RT-PCR UCB cells
umbilical Gelatin-coated analysis transplanted in [194]
cord  blood| tissue culturg Il. Albumin, CK-18, CK-19,| liver-injured SCID
cells (UCB-| dishes. PCNA by immunoflorescent mice. Albumin
cells) DMEM plus 15%)| staining analysis expression.
FBS, HEPES, Ill. Expression of albumin by
monothioglycerol, | immunohistological analysis
FGF-1, FGF-2,
LIF, SCF, HGF,
OSM.
Human Two steps — four I. Albumin. AFP, CK-18, GS
umbilical weeks protocol TAT, HGF, c-met, PEPCK by In vitro:
cord blood-| IMDM plus 10% | RT-PCR. LDL uptake | [195]
derived FBS, DMX, ITS,| Il. Albumin, AFP, CK-18 and analysis
mesenchymall HGF for 2 weeks. | CK-19 by WB and IF.
stem cells IMDM plus 10% | lll.Albumin by FISH and IHC
FBS, DMX, ITS,
OsM for
subsequent 2
weeks.
Human One step — fourl. AFP and albumin In vitro:
umbilical weeks protocol expression by urea  production
cord blood-| IMDM radioimmunoassay. assay; [172]
derived supplemented with 11 CK-18 by | PAS staining for
mesenchymall 10% FBS, HGF, immunocytochemistry glycogen

50




stem cell FGF-4,. lll. AFP, albumin, CK-18
expression by RT-PCR.
Rat tail collagen I. Albumin, AFP, connexin In vitro:
type | coated 32, CK-8, CK-18, CK-19/ PAS stain for
plates. DPPIV by FC. glycogen;
Three steps — threell. Albumin by ELISA glucose -6
Umbilical weeks protocol lll. Albumin, ol-AT, AFP,| phosphatase
cord matrix| IMDM plus bFGF,| Connexin 32, CK-8, CK-18| assay; [176]
stem cell| EGF. for 2 days; | CK-19, G6Pase, c-met,Urea assay;
(UCMSC) IMDM plus HGF, | PEPCK, TDO by RT-PCR. | Cytocrome P45(
bFGF 3A4 assay;
nicotinamide, ITS In vivo:
for 10 days. UCMSC
IMDM plus OSM, transplantated ir
DMX, ITS for 10 SCID mice after|
days. partial
hepatectomy.
Expression of
albumin, AFP,
fibronectin.
One step - three¢l. Albumin, AFP, CK-18 by| In vitro:
weeks protocol IF. PAS stain for
Umbilical IMDM Il. Albumin, AFP, CK-18 by| glycogen;
cord supplemented with Real-time RT-PCR. LDL uptake
mesenchymall 1%  FBS, 40| lll. Albumin, AFP, CK-18 by| analysis [201]
stromal cells| ng/mL HGF and| WB.
(UC MSC) 10 ng/mL FGF-4
Two steps — four I. Albumin, AFP, CK-19 by| In vitro:
weeks protocol IF. LDL uptake
DMEM/F-12 II. Albumin, AFP, CK-19, G-| analysis
Umbilical supplemented with 6P, TO by RT-PCR.
cord 50ng/ml HGF,| Ill. Albumin, by ELISA. In vivo:
mesenchymal 10ng/ml  bFGF, UC-MSC [202]
stromal cells| 50mg/ml ITS+ transplanted in
(UC-MSC) premix for 16 CCl4-injured
days; NOD/SCID mice.
DMEM/F-12 Expression of

supplemented with
20ng/ml OSM, 10
6

M DMX,
50mg/ml ITS+
premix for two
weeks

human albumin by
IHC.
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Human I.  Albumin, AFP, TAT,
placenta- Culture disheg CYP3A4, GAPDH, by RT-
derived untreated of PCR
multipotent coated with| Il. Albumin, CK-18 by ICC. | In vitro.
cells fibronectin or| lll. AFP, positivity to anti-| LDL uptake;
poly-L-lysine. human hepatocyte by IHC | PAS stain for
Two step — three IV. c-met, albumin, CK-18 by glycogen; [203]
week protocol IF
I step: 60%| V. AFP by WB.
DMEM-LG, 40% | VI: CYP3A4 induction (RT-
MCDB201 plus| PCR) after rifampicin
ITS, linoleic acid,| treatment.
BSA, DMX,
ascorbic acid
EGF, PDGF-BB
for 16 hours.
Il step: Same
medium plus
HGF, FGF-4.
Human Collagen type |- I. Albumin, AFP, CK18,al- | In vitro.
amniotic coated dishes. AT, HNF-4a.by RT-PCR. PAS stain for| [204]
membrane- | One step — threell. Albumin, CK18, AFP by| glycogen
derived weeks protocol ICC.
mesenchymal| a-MEM plus 10%]| lll. Albumin, AFP by IF.
stem cell FBS, hHGF,
hFGF-2, OsM,
DMX
Human Collagen gel typg I. albumin, AFP, CK-18, In vitro:
amniotic fluid | | coated plates. HNF; o, C/EBP, CYP 1A1 by PAS stain for
derived Three steps — threereal-time PCR. glycogen;
mesenchymall weeks protocol Il. AFP, albumin, CK-18, urea assay
stem cell Days 0-2: basal HNF; o, C/EBP, CYP1Al by [182]
medium plus FGF{ IF
4; Days 3-5: basal
medium plus
Human boneg HGF; Days 6-18:
marrow- basal medium plus
derived HGF, ITS, DMX,
mesenchymal| trichostatin A.
stem cell
Phenobarbital wasg
added 18 days
after
differentiation
Mesenchymall One step — threel. AFP, albumin, CK-19, IL-6| None
stem cells| weeks protocol M-SCF, by RT-PCR. [205]

derived from
human fetal
lung

DMEM-F12 plus
HGF, bFGF. EGF

Il. Albumin, AFP, CK-19 by
FC.
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5. OBJECTIVES

The liver is a parenchymatous organ assigned @riaty of important functions :
metabolizing dietary molecules, xenobiotic detoxify storing glycogen and urea
production.

Hepatocytes represent 80% of total liver mass,eatstthe remaining part
constituted by cholangiocytes, kupffer cells, stellcells, hepatic specific natural
killer and endothelial cell. The hepatocytes arafoed epithelial cells, and they
serve endocrine and exocrine functions. Througlalbsisrface, they secrete of
serum factors into venous blood flow, and throupitcal surface, the hepatocytes
secrete bile into canaliculi that join the bile tu210].

Today, a wide variety of liver diseases lead toithpairment of liver functions
such as acute and chronic liver failure, cirrhosistabolic liver disease. The liver
has an elevated replicative potential, even if 76Ptepatectomy, replicative
activity of hepatocytes decreases, therefore rggumedical interventions.

Liver transplantation is the main treatment for soemd-stage hepatic diseases,
but adverse factors such as rejection, complicatiassociated to long term
Immunosuppressants administration, and scarcitgoofors limit its therapeutic
potential.

Alternative medical interventions could be providedy hepatocytes
transplantation, a simpler and less invasive proedHowever, this therapeutic
approach is limited by several factors: only 20-36f4ransplanted hepatocytes
survive upon transplantation, multiple transplantatattempts are required to
achieve significant liver repopulation, and finapgucity of cadaveric livers and
limited replicative potential of the hepatocyte&l ]].

For this reason many researchers searched aliegnaturces of cells for
transplant such as adult stem cells. Two diffestain cells types are capable to
differentiate into hepatocytes: hepatic stem delal cells and hepatic progenitor
cell populations) and extra-hepatic stem cells éomrarrow derived mesenchymal
stem cells and Wharton'’s jelly mesenchymal sterts,cé&/J-MSC). Certainly ,the
phenotypic characterization of adult stem cellsars important objective for

defining the characteristics of different cell ptaiions, as well as for determining
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the safety of their use for regenerative medicipplieations. In this research
project, one of the objectives was to charactdtizethe application of molecular
biology, and immunological techniques), the expmesattern of WJ-MSC,
focusing on transcription factors typical of eydoic stem cells, responsible for
undifferentiated state and pluripotency, of endoddr markers suggesting a
probable differentiation capacity toward endodero@lular lineages, and on the
expression of immuno-modulatory molecules potelgtiahvolved in the
establishment of a immune tolerance in the hosgesigng a possible critical role
in clinical applications.

After a comprehensive characterization of the WXaMthe other main objective
will consist to differentiate these cells into heyate-like cells applying a two
step protocol: an induction phase and maturati@s@hmiming in vitro the liver
devolopmental processes.

To confirm hepatic differentiation capacity by WXk, we will continue our
analysis by molecular biology, flow cytometry andimunostaining, the
expression of early and late hepatic molecules @he expression of enzymes
involved in some typical hepatic functions suchdatoxyfication of xenobiotics,
glycogenolisys, glycogensynthesis and gluconeogenes

Another objective needed to establish if WJ-MSCla¢de considered as probable
candidates for future clinical applications is #@alysis of immuno-modulatory
molecules involved in the establishment of an imentolerance (or the existence
of an immune privilege) in the host. In particubae will highlight the expression
of immuno-modulatory molecules both in undifferattid cells and in
hepatocyte-like differentiated cells to evaluatehié differentiation process will

modify immune properties of WJ-MSC.
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6. MATERIALS AND METHODS

6.1 Cellular isolation protocol of Wharton’s Jelly Mesenchymal Stem
Cells

Isolation protocol was adopted from our previouplyblished data [63]. All
umbilical cords were obtained after mother’'s agresihaccording to tenets of the
Declaration of Helsinki and local ethical regulaticAfter normal vaginal or
caesarean delivery, after full-term birth, umbilicards were stored aseptically in
cold saline and cellular isolation was started wmitsix hours from partum. The
cords were washed in warm HBSS (Gibco), and there wat in small pieces
about 1.5 cm length, sectioned longitudinally sat tlo exhibit the Wharton Jelly
under amniotic membrane. Different incisions, withawessels removal, were
made within matrix with sterile scalpel to increamea exposed to the contact
with medium composed by DMEM low glucose (Sigmapemented with 10%
FCS (fetal cow serum, PAA), 1x NEAA (non-essentialinoacids, Sigma), 1x
antibiotics-antimycotics (GIBCO), and 2mM L-glutamai (Sigma).This isolation
protocol does not use enzymatic activity to disseccells from the embedding
matrix but is based on cells migratory ability. G@quieces were left for 15 days
with medium changed every second day. Therefoeestbw degradation of the
matrix allowed growth factors and signalling mollesuto exit from the cord and
continuing provide a positive stimulation to thdtared cells.

After 15 days of culture, cells widely adhered e tplastic surface, and were

cultured until confluence.

6.2 Cell culturing and passaging

After reaching confluence, cells were removed fribasks with Tryple Select

(Invitrogen) and were cultured for up to 15 passag@responding to about 60
population doublings. For immunocytochemical analysells were plated in 8-
well chamber slides (BD Bioscience) and were usé@r areaching 90%

confluence. For RNA extraction, cells were cultuegtier in 6-well tissue culture

plates or in 25cftissue culture flasks (Corning).
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6.3 Immunocytochemical analysis

Immunocytochemistry detects the expression of fipeantigens recognized by
primary antibody which are bound by secondary aaiyb

Cells, after removed the medium, were washed wils,Hixed and dehydrated
with methanol for 20 minutes at -20C°. Rinsed WRBS, cells were treated for 3
minutes with Triton X-100 0,1% in PBS 1X. Removedtdn-X, two washes
were performed with PBS followed by addition of % Jydrogen peroxide to
inactivate endogen peroxidases. After 20 minutesbiocking solution (complete
medium with 10% of serum in PBS 1X, in a ratio ofd), cells were incubated
with specific primary antibodies for 1hour and 3hates at room temperature.
After another wash with PBS, cells were incubatedh wspecies-specific
secondary antibodies for 10 minutes. Subsequestigptavidin- peroxidase
(DAKO-Cytomation) was added followed by 3.3-diambenzidine (DAB
chromogenic substrate solution, DAKO). At the eHématoxylin (DAKO) was
used to counter stain the nuclei of the cells.

Immunopositivity was scored using a semiquantietiapproach. Three
independent observers (FC, LM,GLR) evaluated thmumocytochemical results
and semi-quantified the percentage of positivesdelt each specimen. Ten high-
power Fields were examined in each culture slid® @unting of the cells was
performed at 40X magnification. The antibodies usethe present study, with
indications of the working conditions used, areelisin table n.2
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Antigen Host Manufacturer Diluition
Albumin Mouse Sigma 1.100
B7H3 Rabbit Santa Cruz 1:100
CYP 3A4 Mouse Santa Cruz 1:50
Cytokeratin 8 Mouse Sigma 1:200
Cytokeratin 18 Mouse Sigma 1:800
Connexin 32 Mouse Santa Cruz 1:100
Connexin-43 Mouse BD Laboratories 1:50
HNF 4a Rabbit Santa Cruz 1:100

Table N°2: List of antibodies used in the presémdys

6.4 Total RNA extraction

Total RNA extraction from Wharton’s jelly cells wasade by RNAspin mini
RNA isolation Kit (GE Healthcare).

The cells were lysed by adding 38%0of Buffer RA1 and 3.5ul of B-
mercaptoethanol, and were mixed vigorously. Theiobtl lysate was filtered
through RNAspin Mini Column and was centrifuged fominute to 10000 rpm.
After centrifugation, the mini filter was discardadd the filtrate was transferred
to a new 1.5 ml tube where were added 359 ethanol 70%. After mixing, the
lysate was pipetted 2-3 times and was transfeiwea RNAspin Mini Column,
placed in a 2ml tube and centrifuged at 8500 rpm 306 seconds. After
centrifugation , the column was placed in a nevewkere added 3n0of MDB
(Membrane Desalting Buffer), and centrifugation vp&sformed for 1 minute at
10000 rpm to dry the membrane. Each sample wadated for 15 minutes with
95ul of a mixture containing DNase to avoid a possiDRA contamination.
Following washes were carried out with specificfetd supplied by the kit (RA2
and RA3), the column was transferred into a 1.5tubke (nuclease-free). The
RNA was eluted from the filter in 100of RNase-free H20 (by centrifugation at
10000 rpm for 1 minute). The RNA extract was stoaed20 ° C until use. The
concentration of RNA extracted was determined bgcspphotometer with a
wavelength of 260nm. Only samples with A260/A28Q@ioraover 1-6 were
considered usable for the following analyses.
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6.5 RT-PCR ( Reverse Transcription Polymerase Chain  Reaction)
Qualitative RT-PCR was performed using Phusion Higtelity RT-PCR kit
(Finnzymes). RT-PCR consists of two phases: retoscription where RNA is
converted in DNA complementary (cDNA) and amplifioa of cDNA.

After treatment with DNase, 2g of RNA were added oligo dT and oligo N to
select only mRNA from total RNA. Subsequently werdded Tl of Buffer
Phusion 10x, gl dNTP mix, Iul of RNase inhibitor, §l of AMV reverse
transcriptase and RNase/DNase free water untiaclr a final volume of 0.
The reaction comprised a reverse transcription sté&® minutes at 42 C° and an
inactivation phase of 5 minute at 92 C°.

Subsequently, at 4l cDNA were added 10pM of specific primergyl of 5x
Phusion Buffer, Ol 10mM dNTP, 0,6ul DMSO, 0,2 ul of Phusion DNA
Polymerase and water until to reach a final volumh€0ul. The amplification
reaction was performed according to five steps. gl denaturation of 30
second at 98C°, followed by another denaturatiep sf 10 second at 98 C°, the
annealing phases of 30 second at specific-prineenpératures, the extension step
of 30 second at 72C°, and finale extension for Iffutes at 72 C°.

The specific primers pairs used in this study eted in table 3.
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Table 3: list of PCR primers used for the presamndys

Name Product size Primers
ABCG2 255 Forward 5-ATGGTGTATAGACGCCTGA-3
Reverse 5-GGGACAGGTATGTGAAAAGC-3
Actin, beta 350 Forward 5-AAACTGGAACGGTGAAGGTG-]
Reverse 5-TCAAGTTGGGGGACAAAAAG-3
Forward 5-GGGAAACTACAGCACCTGGA-3
a -A1AT 271 Reverse 5-CAGCTTCAGTCCCTTTCTCG-3
AFP 250 Forward 5-AGCTTGGTGGTGGATGAAAC-3
Reverse 5-GTCCCTCTTCAGCAAAGCAG-3
Albumin 180 Forward 5-ACATTCACCTTCCATGCAGA-3
Reverse 5-CTCCTTATCGTCAGCCTTGC-3
BAAT 346 Forward 5-CCAAACTGGACATGGTGAAT-3
Reverse 5-TCCTCCATTCCTTCTTTCCT-3
B7H3 170 Forward 5-CCCTCCCTACAGCTCCTACC-3
Reverse 5-CAGCAGGATGACTTGGGAAT-3
BSEP 258 Forward 5-TCCTACATCGGAATCCAAGC-3
Reverse 5-CCGAGGGTTCAAAAATGAAA-3
CD66F 228 Forward 5-TCTACCTGACTGCCCCAGA-3
Reverse 5-AGCCAAACCAAGGCTGACT-3
CD80 259 Forward 5-AGGGCCTCCTTAGATCCCTA-3
Reverse 5-TTAGCTGCCATGAGATGTGC-3
CD86 250 Forward5-TCCTGGCTGAGAGAGGAAGA-3
Reverse 5-AGACTGCCCCATCCCTTAGT-3
CK-8 216 Forward5-TCTGGGATGCAGAACATGAG-3
Reverse 5-AGACACCAGCTTCCCATCAC-3
CK-18 263 Forward5-CTGCTGCACCTTGAGTCAGA-3
Reverse 5-GTCCAAGGCATCACCAAGAT-3
CK-19 295 Forward5-ATGAAAGCTGCCTTGGAAGA-3
Reverse 5-CCTCCAAAGGACAGCAGAAG-3
Connexin 26 215 Forward 5-ACTGTGGTAGCCAGCATCG-3
Reverse 5-AGGCTGAAGGGGTAAGCAA-3
Connexin 32 218 Forward 5-TCAGTGAGGAGGGATGTGG-3
Reverse 5-TGGGGACTAGAGGCAGAGG-3
Connexin 40 203 Forward 5-GTGTGTGTGTGGGTGCTGA-3
Reverse 5-GATGGGCAGGTGAGTCAGA-3
Connexin 43 240 Forward 5-CTTCAAGCAGAGCCAGCAG-3
Reverse 5-TACCCCATACACCCCCAGT-3
Connexin 45 234 Forward 5-GCCAACATGGCAAAACTGT-3
Reverse 5-CCTGGTTCAACAAGCCAAC-3
FXR 365 Forward 5-CCAGCCTGAAAATCCTCAAC-3
Reverse 5-GGATTCCCTGGAGCCTTTTA-3
FGFR2 263 Forward 5-AGACTCTTTGGCGTTGGAGA.3
Reverse 5-TTCATCTTGCACGGCTATTG-3
FGFR4 221 Forward 5-GACACAGTGCTCGACCTTGA-3
Reverse 5- GTATTGGGAGGCAGGAGGTT-3
GATA-4 270 Forward 5- CCAGAGATTCTGCAACACGA-3
Reverse5-ATTTTGGAGTGAGGGGTCTG-3
GATA-5 259 Forward 5-GAATGGCCGGTGATGTATGT-3
Reverse 5-TGAAGCTGATGCCAGACAAC-3
GATA-6 259 Forward5-ACTAACCCACAGGCAGGTTG-3
Reverse 5-GGTACAAAACGGCTCCAAAA-3
G-6-Pase 323 Forward 5-GTACAGGGAGAGCTGCAAGG{3

Reverse 5-ATACCAGTGCCCATTGCTTC-3
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GYS2L 348 Forward 5-AGCTGAATGCACTGTGATGG-3
Reverse5-TCTGTCGTTGGTGGTGATGT-3
HCC-4 336 Forward 5-ATCTTTGCCCTCTGGGTCTT-3
Reverse 5-TTTCTTTCCCTGTCCTGCAA-3
HLA-A 262 Forward5-TGGGACTGAGAGGCAAGAGT-3
Reverse5-ACAGCTCAGTGCACCATGAA-3
HLA-DR 349 Forward5-GCACAGAGCAAGATGCTGAG-3
Reverse 5-AGTTGAAGATGAGGCGCTGT-3
HLA-E 245 Forward 5-CAAGGGCCTCTGAATCTGTC-3
Reverse 5-CGTGTTAGCCAGGATGGTTT-3
HLA-F1 202 Forward 5- TGGAGTTGCTCCGCAGATA-3
Reverse 5-TCCACAAGCTCTGTGTCCTG-3
HLA-F3 230 Forward 5-TGGAGTTGCTCCGCAGATA-3
Reverse 5-GTCCCACACAAGGAAGCTGT-3
HLA-G-C 287 Forward 5-GCTCCCACTCCATGAGGTATT-J
Reverse 5- CTGGAGGGTGTGAGAACTGG-3
HNF-1a 164 Forward 5-GCCCAGGAGAAGAAAGAGGT-3
Reverse 5-GGTTCACAGGCTCCTTTGTC-3
HNF-18 192 Forward 5-TCCCCTCATGGAGAAACATC-3
Reverse 5-CACAGGAAGCTGGCATGTTA-3
HNF-3a 228 Forward 5-TCCACAGTTGGACATGGTGT-3
Reverse 5-TTCCACGGCTTAAAATCTGG-3
HNF-3B 322 Forward 5-AGGAGGAAAACGGGAAAGAA-3
Reverse 5-TGGATTTCACCGTGTCAAGA-3
HNE-3¥ 266 Forward 5-TTGGCCACCATTCTGTGTAA-3
Reverse 5-AAATTCCCCACACCCTAACC-3
HNF-4a 238 Forward5-CGAGCAGATCCAGTTCATCA-3
Reverse 5-TTCCCATTTTTCTGGTGAGG-3
HNF-6 318 Forward 5-TAAAACCTCGGTGGAAAAGC-3
Reverse 5-AAAAGATGTCCGCTCAATGG-3
ISL-1 360 Forward 5-TCAAGAAGTCTGAAGCGACT-3
Reverse 5- AAGACCACCGTACAACCTTT-3
MDR-1 425 Forward 5-ACAAAGCGCCAGTGAACTCT-3
Reverse 5-TCACAGGCAGTTTGGACAAG-3
MDR-3 255 Forward 5-GGGAGATAAGGGGACTCAGC-3
Reverse 5-TGCTCCTTGACTCTCCCATT-3
Nanog 209 Forward5-CTCCATGAACATGCAACCTG-3
Reverse 5-CTCGCTGATTAGGCTCCAAC-3
Nestin 275 Forward 5-TATAACCTCCCACCCTGCAA-3
Reverse 5-AGTGCCGTCACCTCCATTAG-3
NKX 2.5 316 Forward 5-CATGGTATCCGAGCCTGGTA-3
Reverse 5-GAGCTCAGTCCCAGTTCCAA-3
Oct 3/4A 273 Forward 5-AGTGAGAGGCAACCTGGAGA-J
Reverse 5-GTGAAGTGAGGGCTCCCATA-3
Oct3/4B 194 Forward 5-TATGGGAGCCCTCACTTCAC-3
Reverse 5-CAAAAACCCTGGCACAAACT-3
Sox-2 323 Forward 5-GCGAACCATCTCTGTGGTCT-3
Reverse 5-ACATGGATTCTCGGCAGACT-3
TDO2 292 Forward 5-CCTGCGATCAACTGTGAGTG-3
Reverse 5-AGAGCATCGTGGTGCTGAAC-3
Transferrin 338 Forward 5-GGTACCAGGAAACCTGTGGA-3

Reverse 5-CTACGGAAAGTGCAGGCTTC-3
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6.6 Agarose gel electrophoresis

After amplification of cDNA sequences through sfiecprimers, the amplified
were loaded in 2% agarose gel and were run in @a8BDTA 1x buffer. Sybr
Safe DNA Gel Stain (Invitrogen) was used to staiNAD All samples were
loaded with Loading Buffer 10X (TBE 1X, bromopherdlie, glycerol and SDS
10%). Following staining gels were evaluated by Safe Imager™ 2.0 Blue-

Light Transilluminator. The size of DNA bands wasimated by parallel run of

molecular weight markers.

6.7 Induction of hepatogenic differentiation

Isolated WJ-MSC through non enzymatic procedureewaitured in 25 cfm
tissueflasks (Corning) and then expanded in 75°@nd 175 crhuntil to reach
necessary number for experimental. WJ-MSC, ardifthdand/or sixth passage,
were cultured with a proprietary protocol (Anzalaeteal, patent in preparation)
in a medium supplemented with hepatic inducers. fhoee weeks, hepatic
differentiation medium contained 1% FCS (fetal cegrum, PAA), 1x NEAA
(non-essential aminoacids, Sigma), 1x antibiotit$raycotics (GIBCO), and
2mM L-glutamine (Sigma), 10 ng/ml of human Fibratlagrowth factor-4
(Miltenyi Biotech), 20 ng/ml of human Hepatic gréwfiactor (Miltenyi Biotech),
1x of Insulin-trasferrin-selenite (Sigma) and 0¥ jof Dexamethasone (Sigma).
After 3 weeks, the cells were cultured for anothgo weeks with the same
medium supplemented with all inducers previowsgcribed, and with addition
of 10ng/ml of oncostatin M (PROSPEC). In differatiobn experiments, control
cells were represented by WJ-MSC themselves btdredl in a classical growth
medium with 10% of FCS (fetal cow serum, PAA), LEAA (non-essential
aminoacids, Sigma), 1x antibiotics-antimycoticsgGD), and 2mM L-glutamine
(Sigma). Both treated and control WJ-MSC were aedyat the end of third,
fourth and fifth week of hepatic differentiationogess.

For immunocytochemical analysis and PAS Stainimdjs avere plated in 8-well
chamber slides( BD Bioscience). For RNA extractells were cultured either in
25cnf tissue culture flasks (Corning), and for flow ayietry analysis in 75 ¢
tissue culture flasks (Corning). In addition, WJ-®Svere cultured in 96 well
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plates (Braun) for CYP3A4 assay and in 12 wellgddbr Glucose 6-Phosphatase
assay.

6.8 Periodic Acid Schiff staining

Periodic Acid Schiff staining (PAS-staining) is aetinod that permit to detect
glycogen and mucopolysaccharides presence in deigsaes. The periodic acid
oxides the diol functional groups in glucose anteotsugars, creating aldehydes.
In presence of Schiff reagent these aldehydes geawrating a purple-magenta
colour.

WJ-MSC, plated into 8-well chamber slides, weredixvith a solution composed
by 37% phormaldeyde and 95%.ethanol, for 1 mindfeer washing with water
for 1 minute, on the samples was added periodid &ari 15 minutes at room
temperature. Subsequently to several washes watillell water, was added
Schiff reagent for 15 minutes at room temperature.

At the end, to remove Schiff reagent, was performedther wash with running
water and the samples were stained with Gill Herdito for 90 seconds. Slides

were air-dried and observed with inverted microgcop

6.9 Flow cytometry

Briefly, treated and control WJ-MSC, detached Witiple (Gibco) from

75 cnf flasks, were divided in several centrifuge tubesaatcentration of 1x10
cells/ml of PBS. Then the cells were conjugatedhwiitorescent antibodies for 15
minutes at room temperature and subsequently tiegegd at 1200 rpm for 5

minutes. Samples were read at the flow cytometee {able 4).
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Table 4: list of antibodies for flow cytometry apsis

Antigen Clone Conjugated Dilution | Manufacturer
Becton Dickinson Biosciences, San
IgG1l G18-145 FITC undiluited Jose, CA
1gG2 PC10 PE undiluited Becton Dickinson
albumin 188835 unconjugated| 01:20 R&D Systems
aFP 189506 unconjugated| 01:40 R&D Systems, MinnésddN
CD29 mar-04 APC undiluited Becton Dickinson
CD31 WM59 FITC undiluited Becton Dickinson
CD34 581 FITC undiluited Becton Dickinson
G44-26 (also
CD44 known as C26)| APC undiluited Becton Dickinson
CD45 2D1 PerCP undiluited Becton Dickinson
Miltenyi Biotec GmbH, Bergisch
CD73 AD2 APC 01:11 Gladbach, DE
CD90
(Thy-1) 5E10 FITC 01:20 Becton Dickinson
CD105 SN6 FITC undiluited Abcam, Cambridge, MA
CD117 YB5.B8 PE undiluited Becton Dickinson
CD276 FM276 APC 01:11 Miltenyi Biotec GmbH
CK18 C-04 FITC 01:20 Abcam, Cambridge, MA
Santa Cruz Biotechnology, Santa
CK19 RCK108 PE 01:20 Cruz, CA
E-Cadherin 36 FITC 1/100 Becton Dickinson
EpCAM EBA-1 FITC undiluited| Becton Dickinson
HLA ABC |W6/32 FITC 1/300 Abcam Cambridge, MA
HLADR |L243 (G46-6) | PerCP undiluited Becton Dickoms
HLA-G 87G PerCP undiluited eBioscience Inc., Saadoi, CA
HLA-E 3D12HLA-E APC undiluited| eBioscience
Oval cell | OV-6 unconjugated | 1/100 Santa Cruz Ribtelogy
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6.10 Cardiogreen staining

Cardiogreen or indocyanine green(SIGMA) is a dyat ttorms non covalent
fluorescent complexes with some plasma proteinsgcipally albumin but also
ribonuclease A, transferrin and cytocrome C. Indodye green linked with
albumin is rapidly taken up by the liver and thewreted unchanged into bile.
For this reason this dye is used to evaluate fivection and cardiac output.

WJC plated in chamber slides, at the concentraifodx107/5x10" cells for well,
after hepatogenic differentiation, were marked witirdiogreen with a final
concentration of Img/mL and incubated at 37C° formlinutes. After washing
with PBS, the cells were observed with an invegpdse-contrast microscope.
The control cells, cultured in a normal growth mexdiwere subjected at the same

protocol.

6.11 Glucose 6-Pase assay

Glucose 6- phosphatase is a key enzyme in the ggut@tabolism in particular in
the gluconeogenesis and glycogenolisys. Glucosasé-Bctivity assay was based
on capacity of this enzymes to transforme glucogd@sphate in a molecule of
glucose and inorganic phosphate. This compoundrasemce of lead nitrate
generates a precipitate of lead phosphate that waatlition of ammonium
sulphide originates lead sulphide, a brown preaipit

According to protocol used, provided by Professberthe Sokal (University of
Louvain, Belgium), we added to cells a working ol pre-warmed at 37C°,
composed by lead nitrate, glucose-6 phosphate resydcetate buffer. After 20
minutes, the working solution was removed, threshway were performed with
distilled water and subsequently, ammonium sulpkvds added for 30 seconds.

The presence of brown precipitates was observexptigal microscope.
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6.12 CYP450 3A4 metabolic activity assay

Detoxyfication of xenobiotics such as toxins andigd;, is one of the main
functions of the liver.

This process is performed by cytochrome oxidaseswk with term CYP 450.

In the liver exists several isoforms of these eregnsuch as CYP450 3A4 and
CYP450 2B6.

P450-Glo™ CYP3A4 Assay (Luc-PFBE) evaluates thesigigtof the cytochrome
P450 oxidase enzymes that is directly proportiomahe produced luminescence.
After addition of luminogenic substrate to the awdt medium, intracellular
enzymes convert this substrate to D-luciferin ibateleased into medium (non-
lytic assay), which in presence of detection reagesduces light.

Kit P450-Glo™ CYP3A4 Assay (Luc-PFBE) (Promega) waerformed on
hepatocyte-differentiated WJ-MSC and control cellgefly, the cells plated in
96-well plates, , were previously incubated forhtirs, with an inducer of the
enzyme, rifampicin (Sigma) at the final concentratof 25uM, with or without
addition of ketoconazole (Sigma) at concentratibhO uM, a known inhibitor of
CYP 3A4. The medium change was performed daily.

After washing with phosphate buffered saline, PBSigma) the cells were
incubated with 50 uM of luciferin-PFBE, a luminogesubstrate, for 4 hours in
the dark. Subsequently, 50 ul of medium from eaeh were transferred to a 96-
well opaque white luminometer plate and 50 pl otiferin detection reagent
were added. After an incubation of 20 minutesacanr temperature, samples
were analyzed with a luminometer (Promega) usirtggimation times of 0,5
second.

To determine background luminescence, luminogeniostsate was added in

medium without cells.

65



6.13 Statistical analyses

During the reading of the luminometer, the lightput of the luciferase reaction
is proportional to CYP activity. Obtained data bgres plotted using MS Excel
software and statistical analyses were performedgussraphPad Prism 4
software (GraphPad Software, San Diego, USA).

The statistical methods used were nonparametrigyses

In particular, significance of differences of luragtence levels, expressed in
RLU, between different conditions, control cell witifampicin, treated cell in
presence of rifampicin and treated cell in presesfcefampicin and rifampicin
together ketoconazole, was analyzed by Mann-Whitbest. Values were

considered significant for p < 0.05

66



7. RESULTS

7.1 Morphological features of Wharton’'s Jelly Mesen  chymal Stem
cells WJ-MSC

To isolate WJC from the umbilical cord matrix, w&ed a non enzymatic method.
In our experimental model, cord sections bearingoflthe substructures, are
placed in culture medium, and cells are left freexit from the cord, based on
their migratory ability (which is a key charactégsof all cells named as
“mesenchymal”). The adoption of this method avdlus unsafe exposure of cell
surface molecules to lytic enzymes. Moreover, thabilical cord matrix (the
“niche” of such stem cells) is still in contact tvitells adherent to tissue culture
plates. The slow degradation of the matrix allowswgh factors and signalling
molecules to exit from the cord and continuing jleva positive stimulation to
the cultured cells. As visible in figure 4, WJ-MS§ow robustly on plastic
surfaces, and maintain a fibroblastoid morphologythbat low and high

confluence. (see figure 5).
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Figure 5: phase-contrast panel of micrographs of-M®BL at different
confluences. Magnification 20x. Bar: 70u.
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7.2 Phenotypical characterization of undifferentiated W J-MSC by RT-
PCR and ICC

Studies previously performed by our research gibemonstrated that these cells
can proliferate for several passages in culturentaiaing a constant telomere
length over time, and a stable karyotype.

In addition, molecular analyses highlighted thespreee of mRNA of some
endodermal molecules, such as GATA-4, -5, -6, aNdF4d (GATAS expression
is shown in figure 6), assuming that these celly diierentiate into endoderm-
derived cell types such as hepatocyte-like cells.

We therefore further characterized these cellsnapunocytochemistry analysis
and RT-PCR, evaluating expression of endodermal medodermal markers
typical of differentiated cells and markers of eyumic and mesenchymal stem
cells. Moreover, to understand if these cells camdbable candidates for cellular
therapies we also analyzed expression of immunedtatmty molecules
potentially involved in the establishment of a immauolerance in the host.

As shown in figure 7, undifferentiated WJ-MSC exgmresome tissue—specific
markers: BAAT (Bile acid-CoA:amino acid N-acyltrdesase), a liver enzyme
involved into bile metabolismaonjugation, in particular in the step of conjugati
before excretion into bile canaliculi; ISL-1 (inBulgene enhancer protein), a
protein that links enhancer region of insulin geplaying an important role in
regulation of insulin gene; NKX2.5 (cardiac-spexifihomeobox, NK2
transcription factor related, locus 5 Drosophitajolved in hearth formation and
development.

Molecular analysis also demonstrated that WJ-MS@ess ABC carriers such as
ABCG2 and MDR-3, responsible of multi-drug resis&phenotype. In literature,
several works have recognized the presence of ABEiecs in adult and
embryonic stem cells.

A key feature of WJ-MSC is the capability to undesglf-renewal, maintaining
their replicative potential together with their uffefentiated state. In this respect,
as shown in figure 7, these cells express Nano3/@%, Sox2, responsible for
maintaining a long-term self-renewal and the umdéhtiated state in embryonic

stem cells.
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GATA-5

Figure 6: RT-PCR analysis of expression of endodémarkers in WJ-MSC by
RT-PCR. Marker 50 bp.
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ABCG2 FXRHCC4 MDR-1 NKX2.5 cox2 NANOG OCT3/4 A
B-ACT BAAT ISL-1 MDR-3 Nestin| OCT3/4 B

Figure 7: Analysis by RT-PCR of expression of tesspecific markers and self-

renewal markers typically expressed in embryoremstells. Marker 50 bp.
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Moreover, we evaluated the expression of hepatespeeific markers by WJ-
MSC, demonstrating that also early and late hepatiglecules such as
alphafetoprotein (AFP) and albumin are expressedrmjifferentiated WJ-MSC
at the mRNA level. (see figure 8)

Taken together, these data extend our previousighglol results aiming to the
characterization of markers expressed by undifteatad cells. This analysis is of
fundamental importance for the correct definitidriree actual phenotype of these
cells.

To further extend our characterization effort, wigestigated the expression of
hepatic markers by RT-PCR on undifferentiated céligure 8 shows the results
of this analysis: WJ-MSC express factors belongmthe Fox A protein family,
also known as Hepatocyte nuclear factors, andhwedoin liver development at
early or late stages such as HNk-HNF-13, HNF-3u and HNF-4. Moreover,
WJ-MSC expressed at messenger level also a hepatifis enzyme such as
tryptophan 2,3 dioxygenase, involved in tryptophagtabolism. On the contrary,
undifferentiated cells did not express Glucose-6gphatase, a key enzyme
involved in glycogen metabolism in liver. Alpha-ftdrypsin, a serine protein
inhibitor, was expressed by WJ-MSC, as well ashepdl cytokeratins such as
CK-8, -18, -19.It is important to note that most of these “in @itmarkers are
considered useful for characterizing differentiatlls, but cannot obviously
constitute a reliable evidence on their own. Thigal effort will guide us through
the choice of reliable markers and enzymatic detwiwhich should be induced
or clearly upregulated in WJ-MSC subjected to hepitferentiation.

In liver there are 7 types of connexins, and coim8R represents the 90% of the
total connexins. Studies in literature, evaluateel tole of connexin-32 in liver
specific processes such as xenobiotic biotransfitomaammonia detoxification,
albumin secretion and glycogenolysis. RT-PCR amglyBustrated in figure 9,
showed expression by our umbilical cord cells ohrmxins 26, 43, data also
confirmed by ICC (see in figure 10 panel D), d&dbut not of connexin-32 and
connexin-40.

For some of the selected markers which were inyatstd in undifferentiated cells

by RT-PCR analyses, we also searched for theiresspn at the protein level.
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Figure 10 shows the results of ICC analyses onfigndntiated WJ-MSC. As
shown, undifferentiated cells are widely positiee fiepatocyte-specific epithelial
cytokeratins, namely CK-8 and CK-18, at the cyteplalevel. Moreover, as
visible in figure 10 (panel C), HNldexpression has been demonstrated in the
vast majority of cells. As visible, this transcrget factor shows a clear nuclear
localization, therefore suggesting that also iniffieckntiated cells it is active in
the induction of regulated genes. The other evidemnee reported here, namely
the expression of albumin and alpha-fetoproteiouihbe better explained by the
strong nuclear positivity of this marker, since tbdtave inducible elements
responding to HNFe binding in their promoter region. Moreover, we
demonstrated the expression of connexin-43 withearcmembrane staining,
therefore suggesting that gap junctions are extelysiformed between these

cells, with the obvious functional consequences.
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HNF -1

CK8 CK19 HNF -33
ALAT BSEP HNF3r TDO2
AFP

Figure 8: Analysis by RT-PCR of expression of eanhyl late hepatic molecules
in undifferentiated WJ-MSC. Marker 50 bp
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CX43

CX32
CX 40 CX45

CX 26

Figure 9: Analysis by RT-PCR of expression of a@xins in undifferentiated
WJ-MSC by RT-PCR
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Figure 10: Immunocytochemical analysis of exprassib CK8, CK18, HNF-4
and connexin 43 in undifferentiated WJ-MSC.A: CKB3CK-18; C: HNF-4,
D:connexin 43. Magnification: 20X. Bar: 70u.
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7.3 Expression of immunomodulatory molecules by WJ-MSC

According to general consensus mesenchymal stem beagonsidered good
candidates for cellular therapy also for their Giees of hypoimmunogenicity and
immune response modulation. Therefore, we invesiijgdhe expression of
immunomodulatory molecules by WJ-MSC to understédnthese cells could
express molecules that would be useful in vivo tade or modulate the host
immune response. As shown in figure 11, by RT-R@Rlyses we evaluated the
expression of first class non classical MHC (mdj@mtocompatibility complex)
molecules, known to be involved in tolerance inducbf natural killer cells and
in the establishment of the tolerance process athenctoward fetus, such as
HLA-E, HLA-G, HLA-F (isoforms 1 and 3). Moreover,eninvestigated also the
expression of CD66f, a glycoprotein expressed kacgoital cells, capable to
induce secretion of anti-inflammatory cytokines aaldolish induced-antigen
proliferation by T cells. As shown, all of these Ipuules are expressed by
undifferentiated WJ-MSC at the messenger level. deone of these molecules,
this is the first reported evidence of expressioramny MSC subpopulation, and
this should further increase the interest towahésé cells as immunomodulators
in vivo. We also confirmed our previous data shaatimat WJ-MSC express B7-1
(CD80) and lack B7-2 (CD86). Literature data on BAMSC point out that both
co-stimulators should not be expressed in thesks, delit there is supporting
evidence that the combination of the expressio@B80 and lack expression of
CD86 may favour a synergistic role in the inductadrtolerance, as suggested by
literature data. In fact, CD86 acts on T-lymphosyteainly by CD28 binding,
while CD80 alone may act via the CTLA-4 receptberefore resulting in a co-

inhibition mechanism, with respect to the classomabktimulatory role.
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CD66F HLA-F1 HLA-G-C
HLA-E HLA-F3 CD80

CD86

Figure 11: Analysis by RT-PCR of expression ofiamo-modulatory molecules

involved in tolerance processes by undifferentid&dMSC.
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7.4 Hepatogenic differentiation of WJ-MSC: methodol ogy and
morphological evidences

After the extended phenotipycal characterizatioM@FMSC, we tried to induce
hepatogenic differentiation in our cells. We depeld a novel protocol of
induction (Anzalone et al, patent in preparatiom)order to partly replicate in
vitro some of the inductive processes acting irovilring liver morphogenesis
and hepatocytes specification. As a pre-inducttep,swve cultured WJ-MSC, for
3 weeks, in a medium with 1% FCS, antibiotic/antotjc, non essential
aminoacids, HGF (hepatocyte growth factor), FGRigrdblast growth factor-4),
sub-micromolar concentration of dexamethasone, iasdin-transferrin-selenite
(ITS) supplement. After 3 weeks, the cells werdweld in a maturation medium
composed by all factors previously described with addition of oncostatin M,
for another 2 weeks. Time points which were considefor the following
analytical phase were: 3, 4, 5 weeks. Parallelrotmtvere performed in which
cells were cultured in the standard growth mediomsme timeframe of treated
cells, with medium changes at the same periodicBpth control and
differentiated cells were cultured on plastic scefin order to strictly determine
the effects of growth factors administered, withdlie overlapping inductive
effect of a three dimensional substrate furthewigliag signals (e.g. matrigel).
Applying this hepatic differentiation protocol iwd steps we tried to mimic in
vitro the succession of inductive processes oaogiiin vivo during hepatogenesis
During early liver development phase, the cardi@sodermal cells release FGF-
4, to induce hepatic pre-differentiation step mémtral cells. Successively, at hthe
stage of hepatoblasts, septum transverse is brakeh these cells contact
endothelial cells which release HGF, enhancingefioee hepatic fate by these
cells. Fetal liver is also an hematopoietic sited astudies demonstrated that
hematopietic stem cells, residents in the orgalgase OSM contributing to
maintain hepatic differentiated phenotype.

The monitoring of the differentiation process byapé-contrast microscopy,
alongside differentiation experiments, allowed tetedmine first of all a clear
morphological switch of treated cells compared wittdifferentiated controls. In

fact, at the considered time points (after 3-4-kegg, the cells cultured in an
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hepatic differentiation medium appeared with a euitegular polygonal
morphology, resembling cultured mature hepatocyié& control cells, indeed,

maintained fibroblastic-like morphology, as showrfigure 12.
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Figure 12: Phase-contrast micrographs panel ofraocrells (A; C; E) and
hepatic induced cells (B; D; F) at different step$epatic differentiation. A-B: 3
weeks; C-D: 4 weeks; E-F: 5 weeks. Magnificatiorx28ar: 70L.

81



7.5 Periodic Schiff Acid staining

To confirm the acquisition of hepatocyte differatibn we performed PAS

staining on treated and control cells. This staighlights the presence of

glycogen intracellularly. As shown in figure 13 AK; control cells showed a

pale blue staining, while treated cells, at althe# analyzed time points, showed a
polygonal shape typical of hepatocytes and an s&tafhffused purple-magenta
stain strongly suggesting the presence of glycaggosits (Figure 13 B-D-F).

7.6 Early and late hepatic expression by RT-PCR in  differentiated WJ-
MSC

We performedRT-PCR analysis to determine the expression ottalegenes by
untreated and differentiated cells at the differénte points considered. As
summarized in table 5, we observed that undiffeméed cell express some
hepatic differentiation molecules such as alburkiNF4a, CK18, CK19, CKS.
After 3 weeks of treatment in an hepatic differatdin medium, WJ-MSC, at a
stage which should resemble hepatoblasts, stampdessing molecules and
receptors for factors involved during liver devettgnt process. In particular, we
demonstrated that since week 3 there is a clearctrah of HNF6, a nuclear
factor involved in hepatocyte differentiation, aslwas GYS2L (glycogen
synthase-2, liver specific isoform), an enzyme Ilagd in glycogen metabolism.
This datum provides a further confirmation of tlvg@red ability of these cells to
produce and store glycogen as already demonstogtPAS staining.

After 4 weeks of treatment the cells maintained thression of above
mentioned molecules, and interestingly switchedtloéf expression of CK19. In
particular, this “cytokeratin switch” is known toeba later process in the
maturation of hepatocytes from bipotential progamsit In fact, the bipotential
hepatoblasts express both CK-18 and CK-19, whileuraahepatocytes feature
CK-18 alone, and CK-19 specifically identifies aumjgocytes population.
Moreover, from fourth week onwards, cells startegiressing the mRNA for
BSEP (Bile salt export protein), a transmembrariginanvolved in bile transport
across hepatocyte membrane towards biliar caladt fifth week of hepatic

differentiation, the switch of expression of CK-d#s maintained, as well as the
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other de novo induced molecules mentioned abowé oPthese data were further
analyzed and confirmed at the protein level by E2@d FC techniques see below).
Taken together, these data clearly suggest that ptiotocol we used for

differentiating hepatocytes from our undifferergghtstarting population clearly
causes the de novo expression of specific mRNAshef mature hepatocyte

lineage.
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Figure 13: Microscopic demonstration of glycogapakits. Micrographs panel
of control cells (A-C-E) and treated cells (B-D-B) 3-4-5 weeks, after PAS
staining. A-B: 3 weeks; C-D: 4 weeks; E-F: 5 wedlagnification 20x. Bar: 70u
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Undifferentiated WJ-MSC at Il weeks | WI-MSC at |V weeks | WI-MSC at V weeks
WJ-MSC hepatic hepatic hepatic
differentiation differentiation differentiation
Albumin + (*) | Albumin +(® Alburim +(® Albumin +(®
CK8 +(*) | ALAT + ALAT + ALAT +
CK18 +(*)| CK8 + BSEP + BSEP +
CK19 + CK18 +(% CK8 + CK8 +
HNF4o +(*) | CK19 + CK18 +(*) CK18 +
Transferrin  + GYS2L + CK19 - CK19 -
HNF4o, +( GYS2L + GYS2L +
HNF6 + HNF4 +( HNF4 + (%)
FGFR2 + HNF6 + HNF6 +
FGFR4 + FGFR2 + FGFR2 +
Transferrin ~ + FGFR4 + FGFR4 +
Transferrin ~ + Transferrin ~ +

Table 5: expression of early and late hepatic nuidscat the mRNA level in
undifferentiated and hepatic-induced cells, atedéht weeks (*) indicates data
cross-confirmed by ICC and FC at the protein level.
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7.7 Characterization of differentiated WJ-MSC by flow ¢  ytometry
analysis

Flow cytometry analysis of undifferentiated and dtepyte-differentiated cells
was performed to analyze the expression of both M&€ markers and epithelial
or hepatic specific molecules. As shown in figuré, Lindifferentiated and
differentiated cells at 3-4-5 weeks expressed CORg4and HLA-ABC, at
comparable levels with respect to the undifferéatiaounterpart. Moreover, both
undifferentiate3d and hepatocyte-differentiated Iscelack expression of
hematopoietic markers such as CD34, CD45 and HLA-DRaddition, we
showed that the differentiation protocol resultedai clear down-regulation of
CD105 expression, while levels of CD31, CD117, QVfémained similar
between the two conditions. In particular, the ltsson the expression of OV-6, a
marker for oval cells, thought to be a progenitopuydation resident in liver,
which antigen is not yet known, show that also tfadgntiated cells are highly
positive to this marker, whose levels appear taregfected by the differentiative
stimuli applied. The putative identity of OV-6 aggn with one member of the
cytokeratins family in mice, further points out itsnited value as specific
differentiation marker, also in the light of the miber of CK molecules we
demonstrated to be expressed in WJ-MSC.

Epithelial markers such as EP-CAM (Epithelial aedhesion molecule, involved
into interactions between lymphocytes and epithetiells) and E-Cadherin
(epithelial cadherin, a Ca2+ dependent transmemprai@in) were expressed in
control WJ-MSC and in all stages of hepatic difféi@tion. As shown in figure
15, is possible observe a net increase in theesgmn of both markers at most
time points.

AFP characterizes early hepatocytes, and flow cgtomanalysis showed that its
levels of expression were maintained higher thadifterentiated cells at all the
considered time points of the differentiation psgé@-igure 16A).

Also for albumin expression flow cytometry showduhtt its expression was
higher in differentiated cells with respect to ufetentiated ones (see figure
16B), further confirming what observed with ICC bsas.

86



Figure 17 shows the results of flow cytometry gsial of Cytokeratin-18 and -19
expression. As visible, CK-18 clearly increasediftt week of differentiation,
while Cytokeratin 19 is expressed at lower levelsiclv further decrease in
differentiated cells. Therefore, flow cytometry &rsés confirmed the
“cytokeratins switch” in differentiated cells, asremdy showed by RT-PCR

analyses.
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Figure 14:Flow cytometry analysis cexpression of “core markers” typical of bc
marrow derived mesenchynmal stem c
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Expression of epithelial molecules

201

Ep-CAM E-Cadherin

Figure 15: Flow cytometry analysis of expression epithelial markers in
undifferentiated and hepatocyte-differentiatedscetl the considered time points,
assessed by flow cytometry.
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Expression of AFP

Expression of Albumin

1004

B
Figurel6: A: Flow cytometry analysis of expressaimlpha-fetoprotein (AFP),

an early hepatic protein, by flow cytometry; B: esgsion of albumin, a late
hepatic marker, by flow cytometry
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Expression of cytokeratins

%

CK-18 CK-19

Figure 17: Flow cytometry analysis of expression aytokeratins by flow
cytometry in undifferentiated and differentiatedise
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7.8 Expression of hepatic molecules in differentiated W J-MSC by ICC
Confirm of hepatic phenotype by differentiated W$&® was further assessed by
immunocytochemistry analysis.

The expression of CK-18 in undifferentiated andfedéntiated cells was also
confirmed by ICC after both three and four weekdiffierentiation (see figure
18).

Flow cytometry allowed demonstrating that contrells expressed albumin, but
its concentration decreased at fifth week. ConWwerse hepatic differentiation
induced cells, in all weeks, levels of expressmhalbumin protein were
constantly higher than controls. As shown in figd®& immunocytochemistry
allowed further confirming these data.

Another hepatic marker evaluated by immunocytockami was HNF-4. This
factor has an important role, in the conversionpafenchyma in epithelium
during liver development and in maintaining thefatiéntiated hepatic phenotype.
In cells cultured in a standard growth medium, HiFexpression and nuclear
localization decreased progressively with cultuireet while in treated cells
expression and nuclear localization were maintaiaedll the considered time

points (see figure 20).
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Figure 18 : Immunocytochemical analysis of exp@assif cytokeratin 18 in
control cells (A-C) and hepatocyte-like cells (B-&1)3 -4 weeks, respectively.
A-B: 3 weeks; C-D: 4 weeks; Magnification 20x. Bé@u
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Figure 19: Immunocytochemical analysis of exprassibalbumin in control and
treated WJ-MSC by ICC. A-C-E (control cells), B-Ddfepatic differentiation).
A-B: 3 weeks; C-D: 4 weeks; E-F: 5 weeks. Magntiima 20x. Bar: 70
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Figure 20: Immunocytochemical analysis of exp@ssof hepatic nuclear
factor-4n (HNF-4a) in control cells (A-C-E) at 3-4-5 week respectvand

treated cells (B-D-F) at 3-4-5 weeks. A-B: 3 wedRd): 4 weeks; B-: 5 weeks.
Magnification 20x. Bar: 70p.
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7.9 ICG staining

The acquisition of hepatic phenotype can also bdirtoed by the presence of
selective uptake of specific molecules. To thiseekt both Ac-LDL and

cardiogreen are widely used. It should be notet AwalL DL is also uptaken by
endothelial cells, therefore Cardiogreen was cho$an this study. ICG

(indocyanine green or cardiogreen) binds to thesrpéa proteins, in particular
albumin, is taken up by hepatocytes and secretedbife. For this reasons ICG
staining may be used to assess liver function.igible in figure 21, control cells
appeared negative while hepatocyte-like cells atddba green cytoplasmatic

staining.

7.10 Glucose-6-Phosphatase assay

Glucose 6-phosphatase assay was performed on kanttdepatocyte-like cells
to evaluate the presence and activity of one omhnh@patic enzymes, involved
into glucose metabolism. As visible in figure 22llg cultured in a standard
growth medium fail to form brown precipitates ofade sulphide. Conversely,
hepatocyte-like cells, in all differentiation stepghibited a brown colouring due
at the presence of precipitates.
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Figure 21: Microscopic demonstration of Cardiogreptake by Hepatocyte-like
cells. Control cells were negative, while treatetlscare positive. A-C-E: control
cells at 3-4-5 week, B-D-F differentiated cells3a4-5 weeks. A-B 3 weeks; C-
D 4 weeks; E-F 5 weeks. Magnification 20x. Bar: 70u
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Figure 22: Microscopic demonstration of glucosBa®e activity in control cells
(A-C-E) and hepatic differentiation-induced cel&-D-F). A-B 3 weeks; C-D 4
weeks; E-F 5 weeks. Magnification 20x. Bar: 70u
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7.11 CYP 450 3A4 activity metabolic assay

Xenobiotics such as toxins and drugs are metalwbliae cytochrome oxidase
enzymes (kwon with term CYP 450) present in liveltc

One of the most specific hepatic isoforms is CYP82CG!, whose activity is
widely recognized as sign of differentiation of quesor cells into mature
hepatocytes. We evaluated its activity in respomsea specific inducer
(Rifampicin), with or without specific inhibitionybketoconazole in control and
treated WJ-MSC.

The control cells, despite presence of rifampidmoveed negligible CYP3A4
activity. On the contrary, cells cultured in hepatiduction medium with addition
of the inducer, exhibited a significantly differeanttivity in all tested time points.
Furthermore, specificity of CYP3A4 activity was demstrated by the significant
decrease caused by the contemporary administratiothe specific inhibitor
ketoconazole. Similar results were obtained attadl considered timepoints: at
three weeks (Figure 23) rifampicin significantly=(p002) induced enzyme
activity with respect to control cells, and ketoamole significantly (p=0.002)
inhibited the same activity in differentiared celédter four weeks (Figure 24),
rifampicin significantly (p=0.0079) induced enzynaetivity with respect to
control cells, and ketoconazole significantly (B33¥) inhibited the same activity
in differentiated cells; after five weeks (Figur®)2 rifampicin significantly
(p=0.0006) induced enzyme activity with respect ¢ontrol cells, and
ketoconazole significantly (p=0.027) inhibited th@me activity in differentiated
cells

The expression of CYP3A4 was also confirmed by IGg, control and
hepatocyte-like differentiated cells at third andrth week. As shown figure 26,
both control cell and differentiated cells exprasdigh rates CYP 3A4 enzyme
following rifampicin challenge. The marked diffecas between expression
detected by ICC and enzymatic activity are objetctfusther studies in our

laboratory.
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CYP 4503A4 activity assay NT-EP 1l week 0,5 sec
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Figure 23:. evaluation of CYP4503A4 metabolic atyivin control and
hepatocyte-like WJ-MSC at Il week of different@iti A: control WJ-MSC with
rifampicin, B: hepatocyte-like WJ-MSC with rifampi¢ C: kepatocyte-like WJ-
MSC with rifampicin and ketoconazole. A/B p=0.0&2C p= 0.002
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Cyp 450 3A4 activity assay. NT-EP IV week 0,5 sec
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Figure 24:. evaluation of CYP4503A4 metabolic atyivin control and
hepatocyte-like WJ-MSC at IV week of differentiaticA: control WJ-MSC with
rifampicin, B: hepatocyte-like WJ-MSC with rifampi¢ C: kepatocyte-like WJ-
MSC with rifampicin and ketoconazole. A/B p=0.00B2C p= 0.037
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Figure 25: evaluation of CYP4503A4 metabolic atyvin control and
hepatocyte-like WJ-MSC at V week of differentiatidxi control WJ-MSC with
rifampicin, B: hepatocyte-like WJ-MSC with rifampg C: kepatocyte-like WJ-
MSC with rifampicin and ketoconazole. A/B p= 0.0086C p= 0.027
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Figure 26 : Immunocytochemical analysis of exp@ssif CYP 3A4 by ICC in
control cells (A-C-E) at 3- 4 week and hepatocyke-Uifferentiated cells (B-D-
F) at 3-4 week. ). A-B: 3 weeks; C-D: 4 weeks; Eshwveeks. Magnification 20x.
Bar: 70

103



7.12 Expression of immuno-modulatory molecules by

undifferentiated and differentiated WJ-MSC through flow cytometry
analysis

Evaluation of immune-modulatory molecules exprasgattern is very important
to apply these cells in regenerative medicine.

One of the main limits of cellular therapy is rdjen by recipient host: knowing
the behavior in vitro of cells candidates for tyalast may help us to understand
mechanisms underlying interplay of immune systenthef host and engrafted
cells.

Flow cytometry analysis was performed on undifféegad cells and cells and
differentiated towards hepatocytes. In both cooddj cells expressed canonic
molecules of major histocompatibility complex oflass, HLA-ABC but did not
express HLA-DR (see figure 27).

Moreover, control and hepatocyte-like cell exhibitexpression of HLA-E and
HLA-G, molecules involved into tolerance mechanismiuced in NK and from
mother towards fetus.(see figure 28-29).

We further investigated the expression of furtheembers of the B7 family,
namely B7-H1, B7-H3 and B7-H4 for all of these nuoies, literature reports
highlighted co-inhibitory roles in addition to tlkeown co-stimulatory ones. It is
known that B7-H1 and B7-H4 are expressed by BM-MRC2], while no
literature data exist on B7-H3 expression in MSG: Weviously demonstrated
that of these three markers, only B7-H3 (CD276)xpressed in naive WJ-MSC
(data not shown). Now, we extend this analysishto differentiated progeny of
WJ-MSC. As visible in figure 30, CD276 is amply expsed at the protein level
in both untreated and hepatocyte-differentiatets Cetis may constitute a further
point in the characterization of differentiatedlsaiot only on the basis of the
expression of desired markers of the mature cy@typut also for the
maintenance of the immunomodulatory properties aiven cells, which may
further promote the reparative action of thesescdil used in regenerative
medicine applications.
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Figure 27: Flow cytometry analysis of expression mjor histocompatibility
complex molecules of the first and second classsaesl by flow cytometry.
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Figure 28: Flow cytometry analysis of expressiomofh —canonical molecule of
major histocompatibility complex of | class in ufidrentiated and treated WJ-
MSC.
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Figure 29: Flow cytometry analysis of expressiomoif —canonical molecule of
major histocompatibility complex of | class in ufidrentiated and treated WJ-
MSC
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Figure 30: Immunocytochemical analysis of exprassd B7H3 (CD276) by

ICC in control and treated cells. A-C-E: controlllcat 3-4-5 week, B-D-F:

hepatic differentiation induced cells. A-B: 3 weepksD: 4 weeks; E-F: 5 weeks
Magnification 20x.Bar: 70p.
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8. DISCUSSION

In the last years, many advances were made onidlegp of stem cells in vitro
for future clinical applications and in particuldor regenerative medicine.
Certainly, a complete characterization of stenhroaly help researchers to better
understand in vivo data, mechanisms of interactimetsveen microenvironment
and stem cells.

Stem cells can originate from adult, embryonic amdra-embryonic tissues.
While embryonic stem cells may be favorably viewts their intrinsic
pluripotency, studies demonstrated that use of gomic stem cells in vivo can
generate teratomas considering their undiffereadiatate. Safety for human is the
main parameter to be considered in all experiméisthis reason many reports
highlighted the application of several differentatprotocols on adult stem cells.
My project was based on the characterization amaduation of endoderm-related
differentiation potential of Wharton’s jelly celln the world millions of people
suffer of liver pathologies, and despite organ gpant is considered the main
therapeutic approach for end-stage diseases, arekugraft should be a valid
alternative therapy. The Wharton's jelly, a muctissue, is the main component
of extracellular matrix of umbilical cord. In thisssue there are mesenchymal
stem cells (WJ-MSC) with fibroblast-like morphology

In our work, we initially evaluated the phenotygfehese cells, and then we tried
to differentiate WJ-MSC into hepatocyte-like cells.

Previous studies, carried out by our research grdemonstrated that these cells
proliferate for several passages in vitro and shibavstable karyotype. Moreover,
molecular analysis demonstrated expression of lwépatodermal-specific
markers as GATA-4, GATA-5, GATA-6 and HNFt4hepatic nuclear factosd.
Therefore these data allowed hypothesizing theilpiigsto induce in these cells
a hepatogenic differentiation.

A key feature of MSC is the capability to undergtf-senewal, maintaining their
replicative potential together with their undiffat@ted state. In this respect, the
RT-PCR highlighted expression of Nanog and Oct3/8Ax2, responsible for
maintaining a long-term self-renewal and the umdéhtiated state in ESC. The

presence of these factors in undifferentiated WIEM@&s demonstrated for the
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first time by our research group, and it constisud molecular confirmation of
the clonogenicity experiments previously performiedliterature, several works
recognized the presence of ABC carriers in adudtembryonic stem cells.
Molecular analysis showed expression of ABC casrisuich as ABCG2 and
MDR-3, responsible of drug resistance phenotyp&/daMSC.

In addition, we wanted evaluate expression of stasele-specific markers such
as ISL-1, BAAT, NKX2.5 to further estimate the @iféntiative capability of
these cells. In particular, to support the ideat tWaJ-MSC could generate
endodermal cellular types we analyzed the presehseme hepatic transcripts as
AFP, A1AT, BSEP, G6PASE, TDO2, several HNFs, anithepal cytokeratins
(CK-8, 18,19). It is important to note that mosttbése “in vitro” markers are
useful for characterizing differentiated cells, bcannot constitute reliable
evidence on their own. This initial effort guided through the choice of reliable
markers which should be induced in these cells emtikgl to hepatic
differentiation. The expression of cytokeratinsW\J-MSC should indicate their
ability to differentiate toward epithelial cytotygeln particular, a “cytokeratin
switch” can be observed as a later process in @enation of hepatocytes from
bipotential progenitors. In fact, the bipotenti@phatoblasts express both CK-18
and CK-19, while mature hepatocytes feature CK-18negg and CK-19
specifically identifies colangiocytes populatiorhig parameter has been further
evaluated in our experiments aiming to differeetdtJ-MSC toward hepatocytes.
A key feature of mesenchymal stem cells is hipoimagenicity, this factor could
be very important for applications in regenerativedicine.

Mechanisms underlying this immune-property are sdvénhibition of T-cells
proliferation and dendritic cells differentiaticemergy, secretion of soluble factors
and tolerance induction. In particular, we dematstt by molecular analysis,
that WJ-MSC expressed a various histocompatibilitygjor complex non
canonical molecules such as HLA-G, HLA-E, HLA-FIda#LA-F3.

These factors are implied into tolerance mechaimsinced by NK and by mother
toward fetus. Studies highlighted that HLA-G bitweb major inhibitor receptor
of natural killer (KIR1 and KIR2) blocking NK kiliig process [213]. In addition,
our umbilical cells showed expression of CD80 it of CD86. CD80 bound to

110



CD152 has an inhibitory role while CD86 bound to ZBDshows a role in the
activation T-cells proliferation. Some researchieighlighted that in absence of
CD86, the CD80 mostly exercise inhibitor effectotigh the link with CD152
[214].

Therefore, these B-7 co-stimulatory molecules apfehe involved into immune
tolerance development together with HLA-G.

CD66F , a glycoprotein expressed by placental callduces secretion of anti-
inflammatory cytokines and abolish antigen-induc@dcell proliferation.
Undifferentiated WJ-MSC also expressed the trapsdactors glycoprotein. In
conclusion, all these data supported the ideawWhkMSC could induce immune
tolerance in the host but obviously further studiesd to be performed in vitro to
translate them successively in vivo experiments.

After characterization of cells in the undifferetéd state, WJ-MSC were
subjected to the hepatic differentiation protocbhtt mimed hepatogenesis
process. For three weeks the cells were culturedh iproprietary medium
supplemented with HGF (hepatocyte growth factofpFH (fibroblast growth
factor-4), dexamethasone, and ITS. For anothereksyehe cells were cultured in
another medium composed by all factors previouglycdbed with addition of
OSM. After 3-4 weeks time points, the cells appéaveéh polygonal morphology
similar to the hepatocytes, The control cells, edjecultured in a standard
growth medium maintained fibroblastic-like morphgjo

To confirm the acquisition hepatic differentiatio@ performed PAS staining on
treated and control cells. This stain highlightéé presence of glycogen. The
treated cells were positive to the stain presgnteddish coloration and blue
nuclei, while control cells were mainly negativetids stain.

RT-PCR analyses were used to determine the expresdi selected gene by
untreated and differentiated cells: we have obsetbat undifferentiated cell
expressed some hepatic differentiation such asmathuHNF4, CK18, CK19,
CK8. After 3 weeks of treatment in an hepatic mediuhe cells started
expressing other markers such as GYS2L and HNFHtér A weeks of treatment
the cells switched off the expression of CK19, axgressed BSEP, a protein
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responsible to transport of bile salts. After 5 k&e cytokeratins switch, and all
markers previously expressed were maintained.

Flow cytomerty analysis demonstrated that diffeegati WJIC-MSC still
expressed some of the markers of undifferentiat&CMs CD29, CD44, HLA-
ABC, while lacking expression of hematopoietic neasksuch as CD34, CD45,
and HLA-DR.

Expression of early and late hepatic molecules agcAFP and albumin was
confirmed also in differentiated cells with an iease seemingly due to
differentiation increase in albumin expression watso confirmed by
immunocytochemistry analysis. Cytokeratins switcisveonfirmed also by flow
cytometry analysis.

Finally, the expression of HNFe4 was evaluated in control cells and in
hepatocyte-like cell at different timepoints by ICBuclear expression of this
factor was visible in all steps of hepatic differation.

Confirmation of hepatic phenotype acquisition by -W3C was showed by
indocyanine staining and functional assays wherewvatuated metabolic activity
of main hepatic enzymes.

Indocyanine or cardiogreen is molecule that forfaerescent compounds when
bound to the plasmatic proteins, in particular albu Hepatic differentiated cells
were positive to the stain, with cells exhibitingegn granular cytoplasm, due to
cardiogreen uptake. Control cells, were mostly.

Glucose metabolism and xenobiotic detoxificatios twe main liver functions.
Glucose-6-phosphatase is an enzyme involved dughgoneogenesis and
glicogenolysis. We performed an assay to evalusentetabolic activity of this
enzyme, demonstrating that hepatocyte-like cells, ail different hepatic
differentiation steps, showed presence of lead hstdp precipitates as
consequence of enzymatic activity, unlike conteslsc

CYP 450 3A4 metabolic assay was performed in peseh an inducer and an
inhibitor of CYP enzyme both in control and treatedls. Hepatocyte-like cells in
presence of the inducer exhibited significantlyated activity of CYP 4503A4
when co-incubated with the inhibitor ketoconazdlee same cells expressed

significantly lower levels of enzymatic activity.
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In conclusion we demonstrated that WJ-MSC, indweitl a protocol resembling
the succession of inductive processes occurrinmyimduring hepatogenesis,
showed morpho-functional characteristics of hepdtstike cells, expressed
novel endoderm-restricted and hepatocyte-restrigeetes and enzymes involved
in some typical hepatic functions such as detosyiom of xenobiotics,
glycogenolisys, glycogensynthesis and gluconeogenes

Final objective of all in vitro experiments is tedation in vivo, and knowing the
phenotype of WJ-MSC could be more important to ustdad the behavior of
these cells in recipient host. For these reasoasgwaluated immune property of
these cells also after hepatic differentiation. ME€ induced to differentiate
towards hepatocyte like-cells expressed some imrmoaulating molecules
involved in tolerance mechanism, previously cham@zéd in WJ-MSC at
undifferentiated state.

Therefore, obtained data confirmed the possibitity these cells to establish
immune tolerance or to have simply an immune prgael, suggesting their

possible role for clinical applications.
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