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Abstract

With around 136,000,000 births per year worldwide stem cells isolated from neonatal tissues such as the umbilical cord have many advantages in term of access and availability.

The umbilical cord contains a connective tissue present in large quantities surrounding the blood vessels, the Wharton's jelly, demonstrated as a very rich source of Mesenchymal Stem Cells (MSCs).

Those multipotent stem cells isolated from the umbilical cord have shown self renewal and differentiation capability into a range of cells inherent potential for cell therapy applications not only as differentiated cells but also thanks to potent capabilities for immunomodulation and regulation of inflammation.

In this work we designed process and tools allowing efficient use of umbilical cord samples and the isolation of standardized Wharton's Jelly tissue explants.

We studied techniques improving MSC isolation from tissue explants and developed an in vitro culture protocol, free of Foetal Bovine Serum (FBS) and other animal sourced products and thus more likely to be used in clinical settings.

We developed a multiparametric flow cytometry protocol dedicated to phenotyping the surface expression of 27 different antigens present on Wharton's Jelly MSCs and to study the effect of several in vitro culture conditions and events on their surface phenotype.

The multiparametric protocol was used to compare surface expression of MSCs isolated from Wharton's jelly, bone marrow and skin harvested fibroblasts.

Finally, clinical development of human WJ MSC in a bone tissue differentiation protocol was evaluated for cleft palate repair, demonstrating the useful application of this tissue source.

Résumé :

Avec environ 136,000,000 de naissances annuelles dans le monde, les cellules souches isolées à partir des tissus néonataux tels que le cordon ombilical présentent de nombreux avantages en terme d'accessibilité et de disponibilité.

Le cordon ombilical contient un tissus de soutient présent en grande quantité et entourant les vaisseaux sanguin, la gelée de Wharton, qui a été démontrée dans plusieurs études comme très riche en cellules souches mésenchymateuses.

Ces cellules souches multipotentes isolées à partir du cordon ombilical ont montré des capacité d'auto renouvellement et de différentiation en une variété de type cellulaire ayant un potentiel pour des applications en therapie cellulaire, pas uniquement en tant que cellules différenciés mais également grâce à d'importantes capacités immunomodulatrices et régulatrices de l'inflammation.

Ce travail présente le développement de méthodes et d'outils permettant un traitement optimisé des échantillons de cordon ombilical et l'isolation d'explants de tissus de gelée de Wharton standardisés.

Nous avons également étudié plusieurs méthodes améliorant l'isolation de MSC à partir de ces explants de tissus et développé un protocole de culture in vitro ne nécessitant pas l'ajout de sérum de veaux foetal ou la présence d'autres produits animaux dérivés dans le but de faciliter de futures applications cliniques.

Nous avons développé un protocole de cytométrie en flux multiparamétrique dédié à l'analyse de l'expression de 27 antigènes et marqueur de surface présent sur les MSC de la gelée de Wharton et à l'étude des effets de diverses condition et événement durant la culture in vitro sur leur phénotype de surface.

Le même protocole multiparamétrique a également été utilisé afin de comparer l'expression d'antigènes de surface des MSC isolés à partir de la gelée de Wharton et de la moelle osseuse, ou à des fibroblastes.
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Stem cells sources

Mammalian stem cells are often primarily classified from their sources, and two main classes of stem cells are usually recognized through the scientific community. Embryonic stem cells, harvested from the blastocyst of an embryo, appear to give rise to all specialized cell types, with the exception of a set of extra embryonic cells giving them pluripotent capacity. Adult stem cells on the other hand can be sourced from various tissues of the human body, present to varying degrees of restriction to a particular lineage and ease of access [START_REF] Watt | Stem cell medicine: umbilical cord blood and its stem cell potential[END_REF].

Recently, exploration of the potency of stem cells derived from the placenta, foetal membranes, umbilical cord and cord blood, tissues usually discarded after birth, has called for the definition of a third source of stem cells, as indeed, their means of access, potency of differentiation, immunonaivity and tolerance. Finally potential scale of collection worldwide without any ethical issues, set neonatal stem cells apart both from the embryonic and adult stem cells groups [START_REF] Forraz | The umbilical cord: a rich and ethical stem cell source to advance regenerative medicine[END_REF].

Embryonic stem cells

Humans Embryonic Stem Cells (hESCs) were first derived in 1998 [START_REF] Thomson | Embryonic Stem Cell Lines Derived from Human Blastocysts[END_REF], by the isolation and expansion in culture of the 30 to 34 cells of the inner cell mass of an early 4 to 5 days blastocyst, they are usually derived from embryos destined for destruction at an in vitro fertilization clinic.

The isolation and culture of hESCs allowed the possibility to study human development, usually inaccessible in vivo and develop new approaches in order to treat a large range of diseases.

Several characteristics define ESCs; they can self renew and thus proliferate extensively in culture while maintaining an undifferentiated state and a normal karyotype in the proper culture conditions.

Furthermore ESCs are broadly pluripotent and retain a large developmental potential, by being able to differentiate into cells from ectodermal, endodermal and mesodermal germ layers [START_REF] Amit | Clonally derived human embryonic stem cell lines maintain pluripotency and proliferative potential for prolonged periods of culture[END_REF][START_REF] Hoffman | Characterization and culture of human embryonic stem cells[END_REF], finally they also maintain a high level of Oct 4 expression and telomerase activity.

ESCs having the capacity to differentiate into clinically relevant cell types, such as dopaminergic neurons, cardiomyocytes or insulin producing beta cells, there is a huge interest in using those cells for both research purpose and regenerative medicine or transplantation. Both will however require a precise cell control and several experimental approaches are investigating the expansion and differentiation potential to specific lineages.

The great level of plasticity of ESCs is both the main advantage and a major limitation for a potential clinical use in regenerative medicine application. Indeed one of the assay defining the characteristics of an ESC line is the validation of its capacity to produce embryonic bodies in vitro and teratomas, the ESC in vivo capability to produce cell types representing all three EG layers in a disorganized form [START_REF] Cowan | special report Derivation of Embryonic Stem Cell Lines from Human Blastocysts[END_REF]. One of the major challenges to overcome will be the essential capacity to exclude any undifferentiated cells and to insure the ability to produce a pure population of specifically differentiated cells before the use in clinic of any cellular product derived from ES cells.

Culture conditions are another limitation as ESCs were originally established and maintained by the co culture with mitotically inactivated embryonic fibroblast feeder layers and/or grown in culture medium supplemented with animal serum. The use of xenogeneic components raises the question of the infection with non human pathogens and since many of the currently available cell lines of human ESCs were exposed they are unlikely to be used in clinical therapies.

A main issue that must be addressed before the use of ESCs in therapy is immune rejection based on mismatches at genetic histocompatibility loci. Indeed due to their naive nature it was first assumed that they would not need immunosuppression upon transplant, but unfortunately it has been shown that ES cells and their derivatives can be induced to express high levels of MHC class I antigens (HLA A and HLA B), therefore any ES cell based product is likely to be subjected to rejection by an immunocompetent host [START_REF] Drukker | Characterization of the expression of MHC proteins in human embryonic stem cells[END_REF].

It is also important to mention that the use of these cells is perceived as controversial by some groups and major ethical and political issues are still to be resolved.

Still the study of hESCs is considered by some to remain essential since it may bring knowledge on the capacity of cells to retain or acquire a pluripotent state and such a basic understanding has implications that goes far beyond the potential use of ES cells for transplantation and may lead to the discovery of methods helping tissue to regenerate.

To date there seems to be no current clinical treatment based on ESC and only few modest published works with success on animal models. The inner cell mass can be removed and cultured on inactivated mouse embryonic feeder cells, resulting after several passage in the formation of hESC line. From Veeck, L. and Zaninovic, N. An Atlas of Human Blastocysts, Parthenon, Boca Raton, Florida 2003. [START_REF] Hoffman | Characterization and culture of human embryonic stem cells[END_REF].

Induced Pluripotent Stem Cells

Induced pluripotent stem cells (iPSC) are a relatively new addition to the world of stem cells as they were introduced in 2006 in a research article where Shinya Yamanaka and colleagues described the reprogramming of mouse fibroblasts into a pluripotent cell as using the retroviral transduction of four genes (Oct 4, Sox 2, klf4 and c Myc).

The somatic cells were able to express characteristics of morphology, growth rate or gene expression similar to mouse embryonic stem cells (mESC) and in addition to the formation of embryoid bodies they could also be differentiated into cell types from all three germ layers [START_REF] Takahashi | Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined factors[END_REF].

The process for IPS generation was refined by Yamanaka's groups in 2007 [START_REF] Takahashi | Induction of pluripotent stem cells from adult human fibroblasts by defined factors[END_REF] and much progress has been made since with the generation of IPS from human cells or the use of lentiviral rather than retroviral transfection allowing transduction of non dividing cells [START_REF] Park | Reprogramming of human somatic cells to pluripotency with defined factors[END_REF][START_REF] Yu | Induced pluripotent stem cell lines derived from human somatic cells[END_REF][START_REF] Yu | Human induced pluripotent stem cells free of vector and transgene sequences[END_REF] The progress on IPS generation opens possibilities for stem cells derived from the patient's own cells for potential diagnostic research and perhaps clinical use.

But although they display important potential it is important to observe that the current reprogramming efficiency of IPS remains very low at approximately 0.1%, that they share major safety issues with ESC as they too readily form teratomas when implanted in immunodeficient mice, and that the very process for IPS generation is at the time considered less safe and more tumorigenic than ESC as several genes involved are known oncogenes.

IPSC also raise concerns regarding their immunogenicity as, although reports are conflicting, it seems they are able to produce a strong enough immune response to cause rejection while equivalent ESC are tolerated [START_REF] Araki | Negligible immunogenicity of terminally differentiated cells derived from induced pluripotent or embryonic stem cells[END_REF][START_REF] Zhao | Immunogenicity of induced pluripotent stem cells[END_REF] Although the possibility of patient specific cell therapy treatment offered by IPSC is seducing, it is important to mention that much work is needed to overcome the technical and safety concerns raised by these cells before clinical applications [START_REF] Okano | Steps toward safe cell therapy using induced pluripotent stem cells[END_REF] and the IPS ageing through accelerated reduction of the telomere of an already mature cell is the major limitation as it could potentially speed mutagenesis.

Although it may seem easier to use cells presenting a wider capacity for differentiation, the challenges of eliminating residual undifferentiated stem cells and controlling lineage specific differentiation may greatly delay a safe clinical application for Embryonic Stem Cells or IPSC. In many cases, Adult Stem Cells and Neonatal Stem Cells may provide an easier and more direct route to cell therapy and regenerative medicine.

Adult stem cells

Adult stem cells are found in mature tissues, able to self renew and differentiate into more advanced cell types. First thought to be only located in a limited number of organ, and only able to differentiate into the phenotypes presents in the tissues of origin, many recent studies have demonstrated it is not only likely that each organ or tissue has one somatic stem cell but also a greater potential than was originally predicted.

Adult stem cells have now been identified in human bone marrow [START_REF] Edwards | Stem cells today: B1. Bone marrow stem cells[END_REF], blood [START_REF] Ogawa | Differentiation and proliferation of hematopoietic stem cells[END_REF], endothelial cells [START_REF] Asahara | Isolation of Putative Progenitor Endothelial Cells for Angiogenesis[END_REF],neural [START_REF] Doetsch | The glial identity of neural stem cells[END_REF]Song, 2003), fat (Zuk et al., 2002a) Hepatic tissue [START_REF] Schmelzer | The phenotypes of pluripotent human hepatic progenitors[END_REF][START_REF] Suzuki | Clonal identification and characterization of self renewing pluripotent stem cells in the developing liver[END_REF][START_REF] Tosh | Liver stem cells prospects for clinical use[END_REF], muscle [START_REF] Zammit | The skeletal muscle satellite cell: the stem cell that came in from the cold[END_REF][START_REF] Zheng | Prospective identification of myogenic endothelial cells in human skeletal muscle[END_REF], pancreas [START_REF] Zulewski | Multipotential nestin positive stem cells isolated from adult pancreatic islets differentiate ex vivo into pancreatic endocrine, exocrine, and hepatic phenotypes[END_REF] and cardiac [START_REF] Beltrami | Adult cardiac stem cells are multipotent and support myocardial regeneration[END_REF][START_REF] Oh | Cardiac progenitor cells from adult myocardium: homing, differentiation, and fusion after infarction[END_REF].

It seems now very likely that each tissue or organ has somatic stem cells in the adult; an immature cell group capable of tissue repair, maintaining tissue homeostasis. For example in maintaining blood or skin through life, and repair in a niche specific controlled microenvironment (L. [START_REF] Li | Stem cell niche: structure and function[END_REF].

Although less extended than for ESC, these populations of adult stem cells present a high capability for self renewal in culture, have in some cases been found to express telomerase and not being subjected to replicative senescence. They are generally classified as multipotent, able to generate various cells from the same tissue. Neural stem cells can for example yield neurons, astrocytes and oligodendrocytes; cardiac stem cells can differentiate into cardiomyocytes, smooth muscle, and endothelial cells while muscle derived stem cells yield skeletal muscle and can be differentiated into chondrocytes. These apparently lineage restricted stem cells seem to be, unlike ES cells, non tumorigenic, and thus could potentially be used for cell therapy products with or without preliminary differentiation.

Moreover, it seems possible for some lineage specific ASC to be capable of a larger plasticity than expected from their tissue origin. For example it seem that hepatic stem cells can be induced into cells of the endocrine pancreas (W. C. [START_REF] Li | In vitro transdifferentiation of hepatoma cells into functional pancreatic cells[END_REF][START_REF] Yang | In vitro trans differentiation of adult hepatic stem cells into pancreatic endocrine hormone producing cells[END_REF][START_REF] Zalzman | Differentiation of human liver derived, insulin producing cells toward the cell phenotype[END_REF]. This type of switch between related cell lineages may turn out to be easier than to induce the full developmental program starting from a very primitive precursor like ES cells.

Moreover we must not forget that thanks to bone marrow transplant we now have more than 3 decades of clinical background demonstrating the safe use of adult stem cells for cell therapy applications.

Some of the different types of tissue specific stem cells that are well documented to respond to local tissue damage and contribute to tissue regeneration in adults :

Liver cells that proliferate following partial hepatectomy Haematopoietic stem cells that reconstitute the blood following irradiation,

Satellite cells that repair damages skeletal muscles

Keratinocyte precursors that participate in wound healing

Adult Stem Cell types

Although adult stem cells may ultimately be derived from almost every tissue of the body, some cell sources are more likely to contribute to regenerative medicine, based on ease of isolation, availability or potency.

Bone marrow

Bone marrow is a haematopoietic tissue found mainly in the flat bones, such as the pelvic, sternum, rib, vertebrae, and in the cancellous material in the hollow central portion of long bones such as the femur and humerus.

This haematopoietic tissue is physically supported and physiologically maintained by the trabecular bone and the bone marrow stroma constituted of reticular cells, adipocytes, osteocytes, vascular endothelium and extracellular matrix.

Associated with the blood vessels, the bone marrow forms a haematopoietic inductive microenvironment, site of production of all cells involved in haematopoiesis and the daily production of five billion blood cells in adults.

Bone marrow is a highly vascularised tissue and the sinusoidal vasculature in which the endothelial cells are not encapsulated with other cell types, forms a highly permissive structure for the immigration and emigration of bone marrow cells.

Bone marrow is, in adults, a major reservoir of multipotent stem cells, which can give rise to most of the adult cell type [START_REF] Stocum | Stem cells in regenerative biology and medicine[END_REF] Thanks to its ease of isolation, this tissue has been thoroughly investigated and several group of stem cells have been identified within bone marrow, haematopoietic stem cells, [START_REF] Ogawa | Differentiation and proliferation of hematopoietic stem cells[END_REF] differentiating into blood cells and the endothelial progenitor cells (EPC) [START_REF] Asahara | Isolation of Putative Progenitor Endothelial Cells for Angiogenesis[END_REF][START_REF] Kocher | Neovascularization of ischemic myocardium by human bone marrow derived angioblasts prevents cardiomyocyte apoptosis, reduces remodeling and improves cardiac function[END_REF], but also Mesenchymal Stem Cells (MSCs) (Y. [START_REF] Jiang | Pluripotency of mesenchymal stem cells derived from adult marrow[END_REF][START_REF] Pittenger | Multilineage potential of adult human mesenchymal stem cells[END_REF].

Haematopoietic stem cells are entirely responsible for the development, maintenance and regeneration of the blood forming tissue, giving rise to all red and white blood cell types, for the entire life of the organism (I. L. [START_REF] Weissman | Stem cells: units of development, units of regeneration, and units in evolution[END_REF].

Since they can reconstitute and restore the haematopoietic system of a myeloablated host, they have been used for several decades in the treatment of hematologic disorders, starting in 1945, when they were first used to treat lethally irradiated civilian populations [START_REF] Gengozian | The immune status of long term survivors of lethally x irradiated mice protected with isologous, homologous, or heterologous bone marrow[END_REF] and several studies have since indicated the existence of highly plastic stem cells, known as bone marrow derived stem cells, [START_REF] Leone | Mobilization of bone marrow derived stem cells after myocardial infarction and left ventricular function[END_REF], exhibiting a very broad differentiation potential in several non haematopoietic organs.

Bone marrow is amongst other tissues a source of Mesenchymal Stem Cells (MSC), and the first were these non haematopoietic, structural components of bone marrow, where identified as supporting haematopoiesis through extracellular matrix components, release of cytokines and growth factors, but have also been proved able to generate bone, cartilage, fat and fibrous connective tissue.

Different groups of cells that initially co purify with MSC from the post natal marrow (and other organs) of mice, rat and humans, growing as adherent cells in vitro has been identify and referred to as multipotent adult progenitor cells (MAPCs). Unlike MSC they can be cultured in a relatively nutrient poor medium and induced into myoblasts, hepatocytes and neural tissue (Y. [START_REF] Jiang | Pluripotency of mesenchymal stem cells derived from adult marrow[END_REF].

Endothelial progenitor cells (EPCs) are another group of cells found within the bone marrow HSC, MSC and other tissues like fat, cord blood or circulating blood, that do not yet show endothelial characteristics but can be differentiated into endothelial cells. HSC derived EPC are the most characterized and reside in the BMSC niche and released upon mobilization through cytokines synthesized by ischemic tissue (such as vascular endothelial growth factor VEFG or stromal cell derived factor 1 SDF 1) [START_REF] Leone | Mobilization of bone marrow derived stem cells after myocardial infarction and left ventricular function[END_REF].

Adipose tissue

While MSC were first described and isolated in bone marrow, it is now very well established that they are also present in many other tissues in adults, one of them being the adipose tissue [START_REF] De Ugarte | Differential expression of stem cell mobilization associated molecules on multi lineage cells from adipose tissue and bone marrow[END_REF]Zuk et al., 2002a).

The advantage to collect MSC from adipose tissue instead of bone marrow are very clear, collected with only local anaesthesia, lipoaspiration is a routinely executed procedure associated with only minimal risks and discomfort (although some may disagree).

After harvesting, the lipoaspirate is treated using collagenase, then following centrifugation, a stromal vascular fraction, similar to the MNC fraction of the BM, can be collected, while the adipocyte containing fraction is removed thanks to it's high content of fatty acids. After plating of the stromal vascular fraction, a plastic adherent CFU F forming cell population can be isolated, originally named Processed Lipoaspirate cells (PLA) [START_REF] Katz | Cell surface and transcriptional characterization of human adipose derived adherent stromal (hADAS) cells[END_REF][START_REF] Zuk | Multilineage cells from human adipose tissue: implications for cell based therapies[END_REF]Zuk et al., , 2002a)).

They were shown to have both a high potential for in vitro expansion and differentiation, into cell types not only derived from the mesodermal lineage, as bone, cartilage, fat, muscle, heart, blood vessels and nerves could be obtained [START_REF] Strem | Multipotential differentiation of adipose tissue derived stem cells[END_REF] and while PLA cells appear quite similar to BM derived MSC in terms of morphology and immunophenotype, they seem to be superior in terms of proliferation, forming more CFU F when plated [START_REF] Kern | Comparative analysis of mesenchymal stem cells from bone marrow, umbilical cord blood, or adipose tissue[END_REF], PLA cells, or Adipose Tissue derived MSC (AT MSC) could be an interesting alternative source for cell therapy and regenerative medicine purpose (H.

Mizuno & Hyakusoku, 2003)

Adult stem cells and therapeutic application

Stem cells are attractive for use in cell based therapies due to the very attribute that define them : because they are self renewing and can differentiate into mature cell types. In theory stem cells can serve as a limitless supply of cells and a source for a wide range of phenotypes. In practice, however, each type of stem cells has its own advantage and disadvantages.

Placenta, umbilical cord and foetal membranes; role and physiology of a transitional organ

The human placenta is a transitional organ, beginning to develop upon implantation of the blastocyst into the maternal endometrium and is mediator between the mother and foetus allowing physiologic exchange processes essential to the development of the embryos.

It is formed of both a maternal and foetal part, thus present two different genotypes, and is programmed to last for the 9 months of a normal pregnancy, making the feto placental complex a temporary allogeneic natural transplant resistant to rejection.

Although foetal and maternal circulation are extremely close to each other in the placenta they remain separated by tissue layer thus forming the placental barrier. While oxygen and nutrients are supplied from the maternal blood to the foetal circulation, and foetal blood discharge carbon dioxide and metabolic waste products, making the placenta act during the pregnancy as the foetal lung, kidney and intestine in addition to its important role as an endocrine gland. The placenta is thus an autonomous functional structure, taking over important regulatory functions during pregnancy.

During the first stages of pregnancy trophoblast cells are formed on the outer layer of the blastocyst, they will provide nutrients to the embryos and ultimately form a large part of the placenta. This layer of trophoblastic cells are the first to proliferate and differentiate from the fertilized egg at approximately 6 days after fertilization in humans.

They will differentiate into two cell layers, the inner layer, cytotrophoblast, single celled, and the syncytiotrophoblast, outer thick multinucleated continuous cell layer that lack cell boundaries, grows into the endometrial stroma and covers the surface of the placenta. It is formed as a result of the differentiation and fusion of the underlying cytotrophoblast cells, a process that continues throughout placental development. It contributes to the barrier function of the placenta and will also secrete hCG in order to maintain progesterone secretion and sustain pregnancy.

The core of placental villi contain mesenchymal cells and placental blood vessels that are directly connected to the fetal circulation via the umbilical cord. This core is surrounded by two layers of trophoblast; a single layer of mononuclear cytotrophoblast that fuse together to form the overlying multinucleated syncytiotrophoblast layer that covers the entire surface of the placenta. It is this syncytiotrophoblast that is in direct contact with the maternal blood that reaches the placental surface, and thus facilitates the exchange of nutrients, wastes and gases between the maternal and fetal systems.

In addition, the extravil the decidua The foetus and the placental tissues present HLA proteins different from those of the mother since half of its genetic material comes from the father, thus for the maternal immune system the embryos is a foreign organism that should be rejected. The placenta act as an immunological barrier between the foetus and the mother and using several mechanisms create an immunologically privileged site.

The synctium formed at the interface with maternal tissue formed by the fusion of uninucleated cells do not present any extracellular spaces between cells in order to limit the possibility of migration of immune cells between the embryos and the mother, the syncytium is more efficient than a simple epithelium since blood cells can insert themselves between adjacent epithelial cells.

Foetal tissues and particularly the throphoblastic cells of the placenta that are in direct contact with the maternal organism avoid destruction by maternal cytotoxic T Lymphocytes by not expressing the usual MHC Class I isotype HLA A and HLA B, since the recognition of an antigen presuppose it's binding to an HLA protein, cells of the trophoblast cannot be recognized as foreign tissue and so escape destruction.

On the other hand maternal Natural Killer cells (NK cells) attack cells that do not present classical HLA markers, but they can bind to atypical MHC Class I isotypes HLA E and HLA G expressed by the placental cells that inhibit their cytolytic activity, thus protecting the foetus from maternal immune defence system.

The placenta also avoids detection by the secretion of Neurokinin B containing phosphocholine molecules; this mechanism is also applied by parasitic nematodes in order to avoid detection by the immune system of their host.

Small lymphocytic suppressor cells in the foetus also inhibit maternal cytotoxic T cells by inhibiting the response to interleukin 2 [START_REF] Clark | Active suppression of host vs graft reaction in pregnant mice. VII: Spontaneous abortion of allogeneic CBA/J×DBA/2 fetuses in the uterus of CBA/J mice correlates with deficient non T suppressor cell activity[END_REF] 1.1.2.3 The umbilical cord 1.1.

Embryogenesis of the umbilical cord and tissue origin

The main function of the umbilical cord is the transport of the blood between the placenta and the foetus. It forms between the 4 th and 8 th week, when the body stalk, the ductus omphalo entericus and the umbilical coelom are enveloped by the spreading amnion. When the membranes of the amniotic cavity come in contact with those of the chorionic cavity and the two extra -embryonic mesoderm layers that cover both membranes fuses. The body stalk, the ductus omphalo entericus and the umbilical vessels will be encircled by the amnion thanks to the flexing movement of the embryos, thus circumscribing the elements of the umbilical cord.

Around the 8 th week, the umbilical cord forms a very thick and short section, containing the following structures:

The ductus omphalo entericus connecting the primitive intestines with the umbilical vesicle and two vitelline vessels. The umbilical vesicle is located in the chorionic cavity (exocoelom = extra embryonic coelom).

The body stalk with the allantois, the umbilical vessels (2 arteries and 1 vein). During the development it gets shifted ventrally in order to finally fuse with the stem of the umbilical vesicle.

The umbilical coelom that connects the extra embryonic coelom with the intra embryonic coelom Further in the gestation, it will undergo lengthening and some structures will be reduced or disappear.

Lengthening:

The amniotic cavity covers the ductus omphalo entericus and the body stalk, that will elongate, the umbilical cord will continues to lengthen allowing foetal movements and coils in the amniotic cavity.

Reduction:

During the 3 rd month several structures will degenerate :

The omphalo enteric duct (it can remain in the form of a Meckel's diverticulum)

The umbilical vesicle of the allantois (it is obliterated in order to form the umbilical ligament)

The vitelline circulation system in the extra embryonic region.

The umbilical coelom, which clumps and disappears.

Finally, only the body stalk remains, with the umbilical vessels, 2 arteries and 1 vein, surrounded by a single/multiple layer of squamous cubic epithelial cells [START_REF] Copland | TGF 3 expression during umbilical cord development and its alteration in pre eclampsia[END_REF][START_REF] Mizoguchi | Organotypic culture and surface plantation using umbilical cord epithelial cells: morphogenesis and expression of differentiation markers mimicking cutaneous epidermis[END_REF]) called umbilical epithelium and usually though to be derived from amniotic epithelium. Those epithelial cells present characteristics of ultra structure and function similar to keratinocyte [START_REF] Sanmano | Engraftment of umbilical cord epithelial cells in athymic mice: in an attempt to improve reconstructed skin equivalents used as epithelial composite[END_REF]) and shows to possess stem cell characteristics [START_REF] Miki | Stem cell characteristics of amniotic epithelial cells[END_REF] The connective tissue of the body stalk and the amnion (that stem from the extra embryonic mesoblast) go over into a common umbilical cord connective elastic and resistant matrix of mucous connective tissue comprised of specialized fibroblast like cells and occasional mast cells embedded in an amorphous ground substance rich in proteoglycans, mainly hyaluronic acid, that protect the two arteries and one vein from mechanical pressure to prevent the diminution of blood flow, this tissue is called the Wharton's Jelly, named after the English physician and anatomist Thomas Wharton who first described it in his publication "The Description of the Glands of the Entire Body in 1656".

Neither capillaries nor lymphatic are found in the UC and it's vessels are normally organized as left spiral (counter clockwise) turns. In clinical practice, determining the "umbilical coiling index" (number of complete coils divided by the length of the cord; average 0.24 coils per cm) may identify the foetus at risk [START_REF] Peng | Umbilical cord stricture and overcoiling are common causes of fetal demise[END_REF][START_REF] Trevisanuto | Overcoiling of the Umbilical Cord[END_REF].

Although variation occurs the human umbilical cord weighs approximately 40 g and measure at term approximately 60-65 cm for a mean diameter of 1.5 cm (Di Naro, E.; Ghezzi, F.; Raio, L.;[START_REF] Naro | Umbilical cord morphology and pregnancy outcome[END_REF][START_REF] Naro | Umbilical cord morphology and pregnancy outcome[END_REF][START_REF] Raio | Sonographic measurement of the umbilical cord and fetal anthropometric parameters[END_REF].

It is the umbilical vein that supply the foetus with oxygenated nutrient rich blood, from the placenta while deoxygenated nutrient depleted blood flows toward the placenta through the umbilical arteries.

Although unusual, the naming convention reflects the fact that the umbilical vein carry blood to the foetus heart while the arteries carries blood to the placenta. The blood flows through the umbilical cord at approximately 35mL/min at 20 weeks, and 240mL/min at 40 weeks.

At the junction of the umbilical cord and placenta, the umbilical arteries branch radially to form chorionic arteries, they further branch before entering the villi, where they form the extensive arteriocapillary venous system, bringing the foetal blood extremely close to the maternal blood. The pressure in the foetal vessels and their villus branches always lies over that of the intervillous space, bathed with maternal blood, thus protecting the foetal vessels from collapsing.

The umbilical cord enter the foetus at the point that will become the umbilicus, within the foetus the umbilical vein continues toward the liver where it split into two, one of the branches joins the hepatic portal vein, carrying blood into the liver, the second branch bypass the liver and flows into the inferior vena cava, which carries blood to the foetal heart. The two umbilical arteries branch from the internal iliac arteries, and pass on either side of the bladder into the umbilical cord completing the circuit back to the placenta 

Neonatal stem cells

Neonatal stem cells are cells originating in the developing foetus and it's supporting structures that can be accessed either before birth through sampling of amniotic fluid or chorionic villi, usually for prenatal diagnosis, or at the time of delivery from placenta, umbilical cord and cord blood or foetal membranes.

This recently recognized source of stem cells presents a great interest for cell therapy and regenerative medicine as they can differentiate into cells representing the three embryonic germ layers [START_REF] De Coppi | Isolation of amniotic stem cell lines with potential for therapy[END_REF][START_REF] Miki | Stem cell characteristics of amniotic epithelial cells[END_REF][START_REF] Tsai | Clonal amniotic fluid derived stem cells express characteristics of both mesenchymal and neural stem cells[END_REF].

Foetal derived stem cells have been expanded well over 200 population doubling with no sign of telomere shortening or replicative senescence with maintenance of a normal diploid karyotype and without the need of feeder cells (Prof McGuckin Lab data).

These cells also present advantages on both embryonic and adult stem cells, as although they usually present more restricted capability for differentiation than ESC they do not carry risks of tumorigenicity, nor do they share ethical controversy and compared to Adult Stem Cells, neonatal stem cells are immunonaive and present very limited risks of infectious disease transmission together with a higher differentiation potential and availability with over 135 million birth worldwide [START_REF] Forraz | The umbilical cord: a rich and ethical stem cell source to advance regenerative medicine[END_REF] And while chorionic or amniotic fluid cells are very difficult to access and can only be obtained through invasive procedure, neonatal stem cells from the placenta, umbilical cord and foetal membranes are painlessly and very easily obtained at birth and are available in large quantities as they are isolated from usually discarded tissue.

Umbilical cord blood

At birth the umbilical cord is usually clamped near the baby and cut. Some blood then remains in the umbilical vein, arteries or placenta and can be collected. It is named Umbilical Cord Blood (UCB).

Cord blood, first treated as a medical waste, discarded and incinerated, is actually very rich in various types of stem cells and can be collected through a safe and simple procedure similar to a peripheral blood donation without any pain for the mother or the baby.

In 1939, Dr J Halbrecht, at the Beilinson Hospital, Judah and Sharon regions in Israel, published two report on the proposed use of UCB for transfusion, blood stored for up to 15 days was used for 220 transfusion with minimal or no undesired effects on patients (Halbrecht, 1939a[START_REF] Halbrecht | Transfusion with placental blood[END_REF].

The presence of cells with haematopoietic clonogenic potential was first confirmed by Knuddtzon in 1974 [START_REF] Knudtzon | In vitro growth of granulocytic colonies from circulating cells in human cord blood[END_REF], while one of the first publications acknowledging the potential of cord blood focused on the colony formation capacity of cord blood, comparing it's efficiency to bone marrow was published in 1980 (Di [START_REF] Landro | Granulomonocyte colony forming cells in cord blood[END_REF].

In 1989 Broxmeyer reported the presence of haematopoietic stem cells through colony formation capacity of UCB testing its capacity for the generation of three CFU categories, colony forming granulocyte macrophages (CFU GM), Burst forming erythroid (BFU E) and for the most immature, colony forming capacity for multipotent progenitors (CFU GEMM) [START_REF] Broxmeyer | Human umbilical cord blood as a potential source of transplantable hematopoietic stem/progenitor cells[END_REF].

The first cord blood transplant took place in 1970, when a 16 years old patient suffering from leukaemia was treated using not less than 8 umbilical cord bloods units. [START_REF] Ende | Hematopoietic transplantation by means of fetal (cord) blood. A new method[END_REF].

The modern era of UCB transplantation opened in 1988 in France when a child suffering from Fanconi's anaemia was sucessfully treated using the umbilical cord blood from an identical HLA matched sibling, his sister (E. [START_REF] Gluckman | History of the clinical use of umbilical cord blood hematopoietic cells[END_REF][START_REF] Gluckman | Hematopoietic reconstitution in a patient with Fanconi's anemia by means of umbilical cord blood from an HLA identical sibling[END_REF]. The patient is still alive and disease free today.

Two years later 3 more transplants had been performed for the same disorder, umbilical cord blood was already suggested to be applicable to other diseases, and the observation that after related HLA matched transplants, a lower incidence of Graft Versus Host Disease (GVHD) occurred, clinicians began to hypothesise that UCB samples could also be used for unrelated transplants, with the possibility of also treating adults.

Umbilical cord blood is a source of early haematopoietic progenitors CD34+ cells and usually the blood cell content of UCB and BM are similar, however, cord blood cells present a higher proliferative capacity, reaching in some cases up to eight times the CFU capacity of Bone Marrow. Moreover, since cord blood cells are very young and naive cells they offers a more tolerant HLA matching between donor and the recipient, and results in less GVHD [START_REF] Cornetta | Umbilical cord blood transplantation in adults: results of the prospective Cord Blood Transplantation (COBLT)[END_REF][START_REF] Lekakis | Phase II study of unrelated cord blood transplantation for adults with high risk hematologic malignancies[END_REF][START_REF] Schönberger | Transplantation of haematopoietic stem cells derived from cord blood, bone marrow or peripheral blood: a single centre matched pair analysis in a heterogeneous risk population[END_REF].

But advantages of UCB cells are not only related to the cell characteristics, with a birth rate of approximately 130 million worldwide, the resources are endless and as seen previously the cells are very easily retrievable and do not raise any ethical issues. Moreover since the samples are collected, processed and cryopreserved, they remain immediately accessible.

Although for haematological transplantation the cell dose at time of engraftment has been highlighted as a major parameter where bone marrow can often be superior to UCB, the possibility to graft double or even triple units of UCB can balance this drawback.

Umbilical cord blood stem cells are not only considered for haematopoietic or blood disorder treatment, but also for regenerative medicine applications, thanks to its pluripotent stem cells capabilities. The pluripotent capacity of cord blood stem cells have been demonstrated through the differentiation capability into cells of all three germ layers, ectoderm, mesoderm and endoderm. Moreover, in 2005, was reported for the first time the presence of non haematopoietic pluripotent embryonic like stem cells from cord blood, expressing pluripotency markers usually associated with ESC such as Oct 4, Sox 2 and Nanog (McGuckin et al., 2005). These cells can not only be harvested from fresh or frozen cord blood, but also presented expansion and differentiation potential into neural, hepatobiliary and pancreatic like precursors.

Kogler and colleagues have identified a CD45 negative population in the cord blood with the potential to differentiate into osteoblast, adipocytes, chondroblasts, hematopoietic, and neural cells in vitro and bone, cartilage, heart, and liver cells in vivo [START_REF] Kögler | A new human somatic stem cell from placental cord blood with intrinsic pluripotent differentiation potential[END_REF]. It is considered that these cells are circulating MSC.

Mesenchymal stem cells can also be isolated from Umbilical cord blood [START_REF] Hong | In vitro differentiation of human umbilical cord blood derived mesenchymal stem cells into hepatocyte like cells[END_REF][START_REF] Jeong | Differential gene expression profiling of human umbilical cord blood derived mesenchymal stem cells by DNA microarray[END_REF]YJ et al., 2009), although the success rate is much lower (%) than in Bone Marrow (100%), the cells expand over the usual 40 population doubling in absence of cytokines and a longer telomere length compared to BM which is consistent with their young age [START_REF] Kögler | A new human somatic stem cell from placental cord blood with intrinsic pluripotent differentiation potential[END_REF].

Umbilical cord blood stem cells have been proven to be a safe and reliable source of stem cells for over 20 years and recent findings are now showing that they are ready to play a larger role for regenerative medicine applications.

Placenta

Figure 16 : Umbilical cord blood collection after Caesarean delivery.

Umbilical cord is clamped in two places and cut between the clamps by the obstetric surgeon and the placenta is removed and transferred out of the operating room for cord blood collection.

A Placenta, foetal membranes, umbilical cord and cord blood before collection. B Umbilical cord before cord blood collection, umbilical veins and arteries are easily distinguishable, another clamp is set if blood sampling needs to be performed before actual cord blood collection.

C The placenta is placed in a funnel or maintained with the umbilical cord hanging in order to facilitate cord blood collection thanks to gravity. 

D Umbilical cord blood is usually collected in cord blood collection bags containing CPD

Physiologic role of the umbilical cord

The umbilical cord (UC) is a structure connecting the developing foetus to the placenta and as such the link between mother and foetus during pregnancy. It is composed of a special embryonic mucous connective tissue, called Wharton's jelly, lying between the covering amniotic epithelium and the umbilical vessels. The main role of this jelly like material is to prevent the compression, torsion, and bending of the enclosed vessels, which provide bidirectional blood flow between foetal and maternal circulation providing oxygen, glucose and amino acids to a developing foetus while carrying away carbon dioxide other waste products (Taghizadeh, Cetrulo, & Cetrulo, 2011a). 

Diagram presenting the functional components of the umbilical cord with the two umbilical arteries (in blue) wounded around the unique umbilical vein (in red) and the Wharton's Jelly surrounding the umbilical vessels and preventing alteration of blood flow through excessive torsion, compression or bending of the umbilical cord (Aaron Gardner Prof McGuckin group diagram ©).

The Wharton's Jelly function and matrix composition

The human UC shows a tissue compartmentalization in which cellular characteristics and Extra Cellular Matrix (ECM) elements differ from each other. Based on the structural and functional studies at least six distinctive zones can be distinguished, from outer to inner: surface epithelium (amniotic epithelium, UC epithelium), subamniotic stroma, clefts, intervascular stroma (named classically as Wharton's jelly), perivascular stroma, and vessels. (Can & Karahuseyinoglu, 2007).

There is a much more extensive collagen fibrillar architecture within the umbilical cord than reported in the classical histological descriptions. The Wharton's jelly, in fact, appears as a spongy network of interlacing collagen fibers and small woven bundles apparently arranged at random to form a continuous soft skeleton that encases the umbilical vessels [START_REF] Vizza | THE COLLAGEN SKELETON OF THE HUMAN UMBILICAL CORD AT TERM. A SCANNING ELECTRON MICROSCOPY STUDY AFTER 2N NAOH MACERATION[END_REF]. The collagen fibrillar network shows the presence of a wide system of interconnected cavities consisting of canalicular like structures as well as cavernous and perivascular spaces. This system of cavities might play a mechanical role allowing the storing of the ground substance of the jelly and its diffusion during twisting or compression. Furthermore, it may have an important role facilitating the diffusion throughout the jelly of diffused materials (i.e. water and trophic metabolites) either from or to the umbilical vessels and the amniotic cavity, thus overcoming the lace of a proper vasculature within the jelly (H. S. Wang et al., 2004) Wharton's jelly also appears to serve the function of adventitia, which the UC vessels lack, binding and encasing the umbilical vessels [START_REF] Ferguson | Bioengineering aspects of the umbilical cord[END_REF]. It has been speculated that the stromal cells of Wharton's jelly may participate in the regulation of UC blood flow and that, at least in some cases, the reduction in foetal growth could be the consequence of stromal diminution leading to hypoplasia of umbilical vessels [START_REF] Bruch | Computerized microscope morphometry of umbilical vessels from pregnancies with intrauterine growth retardation and abnormal umbilical artery Doppler[END_REF][START_REF] Weissman | Sonographic measurements of the umbilical cord and vessels during normal pregnancies[END_REF] Wharton's Jelly is composed of cells (5%) and ECM (9(%) whose macromolecular composition is shown in table 1. The structural elements of the ECM involve an insoluble fibrillar system of collagen and glycoprotein microfibrills present as three dimensional networks within which soluble polysaccharides, hyaluronan and proteoglycans are held. [START_REF] Meyer | Wharton's Jelly of the Umbilical Cord[END_REF] The most abundant glycosaminoglycan of Wharton's Jelly is hyaluronic acid [START_REF] Sobolewski | Collagen and glycosaminoglycans of Wharton's Jelly[END_REF], which forms a hydrated gel around the fibroblasts and collagen fibrils and maintains the tissue architecture of the umbilical cord.

Elastin often found in association with the glycoprotein microfibrills is absent. The collagen fibrills are seen as a network of banded fibrils with an average diameter of 39nm while the glycoprotein's microfibrills are seen as a minor independent network of fibrils of 13nm diameter with a beaded appearance interpenetrated with the collagen fibril network. [START_REF] Meyer | Wharton's Jelly of the Umbilical Cord[END_REF]. Within the umbilical cord, four distinct cell containing tissue can be found, the umbilical epithelium, the umbilical vein and arteries, and finally the Wharton's Jelly.

% of wet weight

The epithelial cells composing the umbilical epithelium are thought to be derived from amniotic epithelium and present characteristics of ultrastructure and function similar to keratinocyte [START_REF] Sanmano | Engraftment of umbilical cord epithelial cells in athymic mice: in an attempt to improve reconstructed skin equivalents used as epithelial composite[END_REF] and where shows to posses stem cell characteristics [START_REF] Miki | Stem cell characteristics of amniotic epithelial cells[END_REF] The umbilical arteries do not possess an internal elastic membrane and contain little elastin, in general, while the vein contains an elastic subintimal layer. The arteries present an outer layer consisting of circularly arranged smooth muscle cells and an inner layer which shows rather irregularly and loosely arranged cells. Two cell types can be isolated from veins and arteries, typical myocytes and organelles rich myofibroblasts.

The ultrastructural features of the umbilical vessels imply an increased endothelial permeability, and it is suggested that transfer across the umbilical vessels may play a role in the formation of amniotic fluid (Gebrane [START_REF] Younes | Ultrastructure of human umbilical vessels: a possible role in amniotic fluid formation?[END_REF].

Although cells with the ultrastructural characteristics of myofibroblasts were found within the Wharton's jelly [START_REF] Raio | Sonographic measurement of the umbilical cord and fetal anthropometric parameters[END_REF], most of the cells from this tissue present a fibroblast like morphology (K. [START_REF] Kobayashi | Study on myofibroblast differentiation in the stromal cells of Wharton's jelly expression and localization of smooth muscle actin[END_REF]).

Significant differences were found at the structural, immunohistochemical and functional level in the number and nature of cells within the subamniotic, intervascular, and perivascular regions suggesting that those regions might be derived from various pre existing formations [START_REF] Akerman | Human umbilical cord and fetal membranes co express leptin and its receptor genes[END_REF][START_REF] Karahuseyinoglu | Biology of stem cells in human umbilical cord stroma: in situ and in vitro surveys[END_REF][START_REF] Nanaev | Stromal differentiation and architecture of the human umbilical cord[END_REF]Sarugaser, Lickorish, Baksh, Hosseini, & Davies, 2005;[START_REF] Takechi | Ultrastructural and immunohistochemical studies of Wharton's jelly umbilical cord cells[END_REF].

As an example, myofibroblastic cells of the intervascular stroma might have derived from adjacent vascular smooth muscle cells or from pre existing fibroblasts (Can & Karahuseyinoglu, 2007) The cells found in Wharton's Jelly are actually primitive mesenchymal stem cell (MSC), that remained in the connective tissue matrix as they migrated to the AGM (aorta gonad mesonephros) region through the developing cord, during embryogenesis (prior to E10.5) (X. Y. [START_REF] Wang | Identification of mesenchymal stem cells in aorta gonad mesonephros and yolk sac of human embryos[END_REF].

During early embryogenesis, hematopoiesis takes place in the yolk sac and later in the AGM region.

Colonies of early hematopoietic cells and mesenchymal cells migrate through the early umbilical cord to the placenta between embryonic day 4 and 12 of embryogenesis.

There is a second migration from the placenta again through the early umbilical cord to the foetal liver and then finally to the foetal bone marrow where hematopoietic stem cells (HSCs) and mesenchymal stem cells engraft and predominantly reside for the duration of life.

Included in these migrating hematopoietic colonies are early precursors of HSCs, as well as primitive mesenchymal stromal (stem) cells. Researchers have postulated that during this migration to and from the placenta through the umbilical cord, mesenchymal stromal cells become embedded in the Wharton's Jelly early in embryogenesis and remain there for the duration of gestation (Taghizadeh, Cetrulo, & Cetrulo, 2011b) The formation of these perinatal stem cells at such an early embryonic state allows them to retain a resemblance to embryonic stem cells (ESCs), while still maintaining the properties of somatic mesenchymal stem cells found in bone marrow, as defined by the International Society for Cellular Therapy (ISCT) (Dominici et al., 2006a).

Wharton's Jelly MSC (WJ MSCs) are thus defined as a stem cell populations residing within the umbilical cord matrix that can be isolated and expanded in vitro from Wharton's Jelly tissue explants. 

Cell therapy, Regenerative medicine and tissue engineering

Regenerative Medicine is a group of biomedical approaches whose aim is to develop new clinical therapies consisting of regenerating or replacing organs, tissue or cells using a biological approach in order to restore a normal function.

This recent branch of medicine has emerged following the observation that in the case of severe injuries or chronic diseases, the body's own response is often not sufficient to fully restore the damaged tissue, facing a growing crisis in organ transplantation and an ageing population, alternative therapies were needed.

Regenerative medicine has the potential to address a wide range of unmet medical needs, like heart failure, osteoporosis, Alzheimer's and Parkinson's, severe burns, spinal cord injuries, diabetes and birth defects. Concerning organ regeneration or replacement, approximately 90000 patients in the US only are waiting for a transplant, although the number of donors is increasing there is still a shortage of organs, and this situation is only likely to get worse in the future.

Regenerative medicine generally proposes 3 different axes of treatment:

Growth factors, cytokines and bioactive molecules can be administered to stimulate the regeneration, production or the function of endogenous cells, to date this method has shown the greatest clinical impact [START_REF] Ioannidou | Therapeutic modulation of growth factors and cytokines in regenerative medicine[END_REF].

Cell therapy aims to treat diseases through the introduction of new cells in a tissue, is an added axis to the main pillars of healthcare, pharmaceutical, surgical and medical devices.

Although cell therapy have progressed greatly in the last decades, it is not a new technology, living cells have been used for many years in allogeneic or autologous haematopoietic cell transplant thanks to the haematopoietic progenitors present in bone marrow or cord blood and their capability to replicate and re enter the bone marrow of the recipient after a simple infusion in the peripheral blood [START_REF] Hansen | Bone marrow transplants from unrelated donors for patients with chronic myeloid leukemia[END_REF].

But functional or stem cells are not only used for haematopoietic applications and clinical trials are currently validating the use of stem cells for various types of diseases or injuries.

Taking its roots in blood transfusion, bone marrow and organ transplantation, it has developed into many potential forms, from the transplantation of mature, functional cells, either from a donor or cultured in vitro, to the use of autologous or allogeneic progenitors or stem cells possibly trans differentiated with the goal of an in vivo differentiation and finally the use of genetically modified cells that could be used to secrete various substances no longer produced by a failing or damaged tissue.

Finally regenerative medicine aims to generate full tissues and organs in vitro that could be safely implanted in the human body when no other choices remains but organ transplant. Although major limitation remains such as the capacity to provide oxygenation and nutrient to the tissue created in vitro and then maintain in vivo perfusion, recent advances in scaffold composition and design, bioreactor technology, combined with the use of growth factors stimulating angiogenesis shows that these barriers can be overcome, and several bioartificial skin graft or cartilage replacement products have passed development and manufacturing challenges to finally achieve regulatory approval. [START_REF] Lysaght | Tissue engineering: the end of the beginning[END_REF][START_REF] Lysaght | The growth of tissue engineering[END_REF][START_REF] Naughton | From lab bench to market: critical issues in tissue engineering[END_REF].

But the extension of these developments to new tissues and organs presenting complex three dimensional structures will not only depend on the advances in cell biology but also on material science and engineering.

Autologous, Allogeneic and cell therapy application

In order to understand how cell therapy will move forward, it is imperative to understand what cell types are available.

When applying cell therapy to treat a patient, two types of cells are available.

The cells can be harvested on the patient himself at different time in his life, stored, manipulated, treated or expanded, and then introduced back into the patient. In that case this is a patient specific treatment, using autologous cells that will less likely trigger immunologic reaction and the risk of a subsequent rejection of the cells.

When the cells comes from another individual than the recipient they are termed allogeneic, in that case the donor can be a related member of the family or not, but the cells will have to be HLA typed and matched and in most cases an anti rejection treatment will have to be applied. Once again prior to transplant the harvested cells can go through various manipulations in order to prepare the implantation or increase efficiency of the graft.

While allogeneic transplant fits into the categories of personalized medicine (the cells being tailored to fit only one patient), allogeneic cell therapy fits the pharmaceutical model of drug manufacturing more easily. It starts by using specific cell types that can be expanded in a standard manufacturing process and cryopreserved as therapeutic doses, therefore several patients can be treated using the same manufactured lot of cells, making this standardized product available for an "off the shelf" distribution.

Cells for therapeutic applications

There is a wide choice to be made when using cells for regenerative medicine or cell therapy as the cells can be sourced from the patient's own somatic cells, from a closed matched relative, or from an unrelated donor. For each of those categories, cells can then follow the route of minimal manipulation,

where the process will be limited to quick isolation or concentration and then used on the patient, or they can be subjected to extensive treatment like expansion, or even genetic manipulation.

Today this choice between a multiple classes of cells, progenitors, and stem cells from various sources can be narrowed down following few criterias such as the cell potency, risks of immuno rejection, capability for expansion and genetic manipulation when needed, ease of harvesting or regulatory concerns.

As there is not one type of cell that could fulfil all cell therapy application, when engaging on the development of protocol with clinical objective, the treatment requirements and the cell characteristics and capabilities will have to be carefully matched to ensure success.

Safety, efficiency and minimal manipulation in cell therapy

One of the major challenges of cell therapy is to insure efficiency and safety of the treatment as cells sometimes heavily manipulated in vitro may become ineffective and even present a risk to the patient through adverse effect such as tumorigenicity, severe immune or anaphylactic reaction.

It is necessary to consider those aspects from the start of the development of a protocol when the goal is to translate it to clinical application. While it may be straightforward to move cell preparation from the usual cell culture laboratory to a cGMP facility, or to ensure quality insurance management and traceability, it might be difficult to obtain equivalent results than in preclinical studies when part of the process has to be modified to fit cGMP regulation and a closed system, or after modification of cell culture medium and component to avoid the use of animal or human sourced products.

In some cases when the harvested cells already possess the functionality necessary for a clinical application or when this functionality can be obtained after implantation into the recipient protocols following minimal manipulation rules can be applied.

Minimal manipulation means that for a structural tissue, the process will not alter the original relevant characteristics of the tissue related to the tissues utility for reconstruction repair or replacement and in the case of cells or non structural tissue, the processing will not alter the relevant biological characteristics of the cell or tissue.

For example a process that would include density gradient separation, cell selection, centrifugation, and cryopreservation comply to minimal manipulation procedure while in vitro cell expansion would not.

Stem cells for cell therapy

The advances of stem cell technology have shown great promises and placed regenerative medicine at the forefront of both scientific research and public awareness. Although some believed the therapeutic potential of stem cells may have been overrated in the media, it is estimated that in the US only, around 130 million patient suffering may benefits of stem cell based therapies (for example cardiovascular disorders, autoimmune diseases and diabetes) [START_REF] Perry | Patients' voices: the powerful sound in the stem cell debate[END_REF].

The expectations that lie on stem cells are linked to their potential to treat a broad range of clinical pathologies, moreover only few treatment are available for the disorders targeted by stem cells like neurological diseases, spinal cord injuries, diabetes and cardiovascular or liver affections, and they can offer significant improvement over the therapies currently in use for other conditions like bone fracture healing or cartilage repair.

They also have a large impact on tissue engineering and personalized medicine, where they could be a reliable source of cells to develop cell therapy and in the future organs for which orthopic transplantation is nowadays the main mode of therapy but that are currently encountering shortage in the organs supply, examples include cells of the heart, kidney, liver or pancreas. Moreover the production of neurons and other cells or the nervous system may permit therapy of degenerative diseases for which no effective treatment exists yet.

While neonatal or adult autologous stem cells therapies will address immunocompatibility and disease transfer, allogeneic stem cell based therapies will allow for an "off the shelf" product for a probably closer reality.

But the future development of cell based regenerative medicine will rely on the translation of the basic discoveries about identity, potential and behaviour of stem cells. Their use into practical clinical application, this "Bench to bedside" step, has proven to be the most difficult for some stem cell types.

There are currently increasing clinical trials involving allogeneic or autologous neonatal or adult stem cells (http://www.clinicaltrials.gov/).

Mesenchymal stem cells are often proposed as agents for cell based therapies due to their established isolation processes, ease of in vitro expansion and plasticity and several manufacturing models are in development for bone marrow allogeneic mesenchymal stem cells, (Osiris Prochymal) and multipotent adult progenitor cells (Athersys Multistem). The therapeutic targets for these allogeneic therapies are the cardiovascular diseases, immune system disorders such as GVHD, and neurological conditions, but so far these products were mainly used for inflammatory diseases.

Mesenchymal stem cells, a detailed analysis

Mesenchymal Stem Cells where first discovered in the 1970s by Friedenstein et al when his laboratory culturing cells from the Bone Marrow stroma was able to isolate through plastic adherence Colony forming fibroblast like cells that were capable of osteogenesis (A. J. [START_REF] Friedenstein | HETEROTOPIC TRANSPLANTS OF BONE MARROW[END_REF][START_REF] Friedenstein | Osteogenetic activity of transplanted transitional epithelium[END_REF]. These cells were able to differentiate into multilineage cell types originating from all three embryonic layers mesodermal, endodermal, and even ectodermal [START_REF] Lakshmipathy | Stem cell plasticity[END_REF][START_REF] Pittenger | Multilineage potential of adult human mesenchymal stem cells[END_REF], including osteoblasts, cardiomyocytes, neurons, astrocytes, chondroblasts, myoblasts and adipocytes both in vitro and in vivo. [START_REF] Beyer Nardi | Mesenchymal stem cells: isolation, in vitro expansion and characterization[END_REF][START_REF] Bianco | Marrow stromal stem cells[END_REF][START_REF] Javazon | Mesenchymal stem cells: paradoxes of passaging[END_REF][START_REF] Jori | Molecular pathways involved in neural in vitro differentiation of marrow stromal stem cells[END_REF][START_REF] Pittenger | Multilineage potential of adult human mesenchymal stem cells[END_REF][START_REF] Tokcaer Keskin | Timing of induction of cardiomyocyte differentiation for in vitro cultured mesenchymal stem cells: a perspective for emergencies[END_REF].

MSC are usually described of a fibroblastic shape, presenting a long spindle like cell body, generally with two but sometimes more, thin and long digitations and a large and round clear nucleus. They evoke only minimal immunoreactivity [START_REF] Tse | Suppression of allogeneic T cell proliferation by human marrow stromal cells: implications in transplantation[END_REF] and secrete bioactive factors with anti inflammatory and immunomodulatory effects in vivo [START_REF] Caplan | Mesenchymal stem cells as trophic mediators[END_REF][START_REF] Blanc | HLA expression and immunologic properties of differentiated and undifferentiated mesenchymal stem cells[END_REF]. Because of the large variety of tissue sources and the various methods of isolation, a direct comparison of biologic properties and experimental results is not as straightforward as it should be, particularly for a cell therapy product, underlining the lack of universally accepted criteria to define MSCs.

In order to provide a clear set of minimal standards identifying the minimal criteria defining human MSCs the International Society for Cellular Therapy assemble in 2006 (Dominici et al., 2006a) The ISCT has also attempted to clarify the terminology issue by calling the cells multipotent human

Mesenchymal Stromal Cells and proposed to include the source in the terminology, that is adipose derived MSCs, bone marrow derived MSCs (E M [START_REF] Horwitz | Clarification of the nomenclature for MSC : The International Society for Cellular Therapy position statement[END_REF]. In general it seems better to view MSC as a mixed population of progenitor cells with varying degree of replicative potential rather than homogenous stem cell, however some classes of MSC including lines cloned from a single cell in skin [START_REF] Bartsch | Propagation, expansion, and multilineage differentiation of human somatic stem cells from dermal progenitors[END_REF] have been maintained in culture for extended period.

Immunophenotype of Mesenchymal Stromal Cells

The expression of surface antigens is a method of choice extensively used in immunology and haematology for a rapid and reliable identification of a cell population. One of the reason for the difficult characterization and identification of the MSC is the lack of a specific or even constellation of surface makers that could allow the in vitro identification and separation of a pure MSC population.

In addition to the minimal surface markers recommended by the ISCT for the identification of MSC population the expression of a number of surface markers has been evaluated by many research groups on the various MSC populations and differences appears depending on the tissue of origin.

Positive CD et al., 2003).

CD 45 pan leukocyte marker.

HLA DR are not expressed on MSC unless stimulated, e.g. by IFN g.

1.2

In the deve [START_REF] Kode | Mesenchymal stem cells: immunobiology and role in immunomodulation and tissue regeneration[END_REF]. Those properties often used to explain their immune privileged status in allogeneic hosts (MSC are not targeted by CD8+ cytotoxic lymphocytes or KIR ligand mismatched NK cells in vitro [START_REF] Di Nicola | Human bone marrow stromal cells suppress T lymphocyte proliferation induced by cellular or nonspecific mitogenic stimuli[END_REF][START_REF] Klyushnenkova | T cell responses to allogeneic human mesenchymal stem cells: immunogenicity, tolerance, and suppression[END_REF]Katarina Le Blanc et al., 2003;[START_REF] Tse | Suppression of allogeneic T cell proliferation by human marrow stromal cells: implications in transplantation[END_REF]. But they also appear to downregulate the immunoreactivity of a variety of effector cells, T and B lymphocyte, NK cells and DCs, through the secretion of soluble factors as well as direct MSCs to immune cell contact (Gur Wahnon, Borovsky, [START_REF] Gur Wahnon | Contact dependent induction of regulatory antigen presenting cells by human mesenchymal stem cells is mediated via STAT3 signaling[END_REF].

The proliferation of T cells following mitogenic or antigenic triggering is stopped when co cultured with MSC through an arrest of cell division in the G0 G1 phase of the cell cycle associated with inhibition of cyclin D2 expression [START_REF] Glennie | Bone marrow mesenchymal stem cells induce division arrest anergy of activated T cells[END_REF]. This inhibition of cell proliferation as a consequence of cell division arrest was also shown for B lymphocytes [START_REF] Corcione | Human mesenchymal stem cells modulate B cell functions[END_REF], natural killer (NK) cells [START_REF] Spaggiari | Mesenchymal stem cell natural killer cell interactions: evidence that activated NK cells are capable of killing MSCs, whereas MSCs can inhibit IL 2 induced NK cell proliferation[END_REF] and dendritic cells (DCs) [START_REF] Ramasamy | Mesenchymal stem cells inhibit dendritic cell differentiation and function by preventing entry into the cell cycle[END_REF].

Together with this common mechanism of induction of division arrest anergy, MSCs have been shown to affect several other functions like the cytokine secretion and cytotoxicity of T cells [START_REF] Aggarwal | Human mesenchymal stem cells modulate allogeneic immune cell responses[END_REF][START_REF] Krampera | Bone marrow mesenchymal stem cells inhibit the response of naive and memory antigen specific T cells to their cognate peptide[END_REF][START_REF] Rasmusson | Mesenchymal stem cells inhibit the formation of cytotoxic T lymphocytes, but not activated cytotoxic T lymphocytes or natural killer cells[END_REF][START_REF] Uccelli | Immunoregulatory function of mesenchymal stem cells[END_REF][START_REF] Zappia | Mesenchymal stem cells ameliorate experimental autoimmune encephalomyelitis inducing T cell anergy[END_REF], maturation and antibody secretion of B cells [START_REF] Glennie | Bone marrow mesenchymal stem cells induce division arrest anergy of activated T cells[END_REF];, cytokine production and cytotoxicity of NK cells [START_REF] Corcione | Human mesenchymal stem cells modulate B cell functions[END_REF]; and maturation, activation and antigen presentation of DCs [START_REF] Aggarwal | Human mesenchymal stem cells modulate allogeneic immune cell responses[END_REF][START_REF] Beyth | Human mesenchymal stem cells alter antigen presenting cell maturation and induce T cell unresponsiveness[END_REF]; X. X. [START_REF] Jiang | Human mesenchymal stem cells inhibit differentiation and function of monocyte derived dendritic cells[END_REF] as well as support promoting T regulatory (Tregs) cell induction and secretion of IL 10 (Aggarwal & Pittenger, 2005;[START_REF] Gur Wahnon | Contact dependent induction of regulatory antigen presenting cells by human mesenchymal stem cells is mediated via STAT3 signaling[END_REF][START_REF] Nauta | Immunomodulatory properties of mesenchymal stromal cells[END_REF][START_REF] Németh | Bone marrow stromal cells attenuate sepsis via prostaglandin E2-dependent reprogramming of host macrophages to increase their interleukin 10 production[END_REF].

While the mechanisms underlying the immune modulating property of BMSCs are not fully understood, they are dependent on the secretion of soluble factors as well as direct BMSC to immune cell contact [33].

MSCs are influenced by the microenvironment

Current evidence suggests that, following in vivo infusion, MSCs distribute with varying levels of efficiency to different organs [START_REF] Devine | Mesenchymal stem cells distribute to a wide range of tissues following systemic infusion into nonhuman primates[END_REF]. Importantly, MSCs seem to migrate preferentially to sites of injury, suggesting that they can sense the local microenvironment, where they promote functional recovery (J. [START_REF] Chen | Therapeutic Benefit of Intravenous Administration of Bone Marrow Stromal Cells After Cerebral Ischemia in Rats[END_REF].

Their capacity to cross the basement membrane is regulated by metalloproteases (MMPs) secreted by MSCs under the influence of inflammatory cytokines, such as tumor necrosis factor a (TNF a),TGF b1

and interleukin (IL) 1b [START_REF] Ries | MMP 2, MT1 MMP, and TIMP 2 are essential for the invasive capacity of human mesenchymal stem cells: differential regulation by inflammatory cytokines[END_REF].

Moreover MSCs express on their surface a limited array of functional chemokine receptors, such as chemokine (C X C motif) receptor 4 (CXCR4), which have a pivotal role in their recruitment to the site of injury [START_REF] Sordi | Bone marrow mesenchymal stem cells express a restricted set of functionally active chemokine receptors capable of promoting migration to pancreatic islets[END_REF].

MSCs also express functional Toll like receptors, which, following the appropriate triggering, modulate the capacity of MSCs to proliferate and differentiate [START_REF] Fischer | Toll like receptors and their ligands control mesenchymal stem cell functions[END_REF].

In addition, in vitro studies have demonstrated that inhibition of lymphocyte proliferation requires crosstalk between MSCs and immune cells that can produce inflammatory cytokines, such as interferon (IFN)g [START_REF] Krampera | Role for interferon gamma in the immunomodulatory activity of human bone marrow mesenchymal stem cells[END_REF] and IL 1b [START_REF] Groh | Human mesenchymal stem cells require monocyte mediated activation to suppress alloreactive T cells[END_REF] following activation.

These results suggest that, in vivo, the functional responses of transplanted MSCs recruited to the local microenvironment are probably dictated by danger signals, such as inflammation and hypoxia [START_REF] Uccelli | Mesenchymal stem cells: a new strategy for immunosuppression[END_REF].

MSC and T lymphocytes

T lymphocytes (T Cells) are a major executor of the adaptive immune response, and numerous studies have demonstrated that MSCs modulate the function of T Cells.

Incompatible BM derived stem cells transplanted into a mismatched recipient was first postulated to induce tolerance to allogeneic graft in 1984 [START_REF] Uccelli | Immunoregulatory function of mesenchymal stem cells[END_REF].

It was clearly demonstrated in 2002 that human MSC could inhibit proliferation of T cells cultured in mixed lymphocyte reactions (MLR) or stimulated by polyclonal activators [START_REF] Di Nicola | Human bone marrow stromal cells suppress T lymphocyte proliferation induced by cellular or nonspecific mitogenic stimuli[END_REF],, and when injected to non human primates, could prolong skin engraftment [START_REF] Bartholomew | Mesenchymal stem cells suppress lymphocyte proliferation in vitro and prolong skin graft survival in vivo[END_REF].

The T cell inhibition does not appear to be antigen specific, works across HLA barriers and targets primary and secondary responses [START_REF] Krampera | Bone marrow mesenchymal stem cells inhibit the response of naive and memory antigen specific T cells to their cognate peptide[END_REF]. Interestingly, the Tcell proliferation was found to be inhibited across strain (allo ) and species (xeno ) barriers.

Contrasting with the strong inhibitory effect of MSCs on T Cell proliferation, they have only a minor and reversible effect on T cell effector function, and no effect on T cell activation, finally in vitro experiments have shown that human MSCs can induce the generation of CD4+ T cell subsets displaying a regulatory phenotypes (Treg) [START_REF] Aggarwal | Human mesenchymal stem cells modulate allogeneic immune cell responses[END_REF][START_REF] Maccario | stem cells with cells involved in alloantigen specific immune response favors the differentiation of CD4+ T cell subsets expressing a regulatory/suppressive phenotype[END_REF].

The proliferation of T cells following mitogenic or antigenic triggering is stopped by preventing their entry into the S phase of the cell cycle, when co cultured with MSC, through an arrest of cell division in the G0 G1 phase of the cell cycle associated with inhibition of cyclin D2 expression [START_REF] Glennie | Bone marrow mesenchymal stem cells induce division arrest anergy of activated T cells[END_REF].

This inhibition of cell proliferation as a consequence of cell division arrest was also shown for B lymphocytes [START_REF] Corcione | Human mesenchymal stem cells modulate B cell functions[END_REF], natural killer (NK) cells [START_REF] Spaggiari | Mesenchymal stem cell natural killer cell interactions: evidence that activated NK cells are capable of killing MSCs, whereas MSCs can inhibit IL 2 induced NK cell proliferation[END_REF] and dendritic cells (DCs) [START_REF] Ramasamy | Mesenchymal stem cells inhibit dendritic cell differentiation and function by preventing entry into the cell cycle[END_REF].

The inhibition of the T Cell proliferation by MSCs appears to be induced both by cell to cell interactions and by the release of soluble factors having immunomodulatory activities on T Cell response such as TGF b1, HGF [START_REF] Di Nicola | Human bone marrow stromal cells suppress T lymphocyte proliferation induced by cellular or nonspecific mitogenic stimuli[END_REF], Indoleamine 2,3 dioxygenase (IDO) [START_REF] Meisel | Human bone marrow stromal cells inhibit allogeneic T cell responses by indoleamine 2,3 dioxygenase mediated tryptophan degradation[END_REF] and prostaglandin E2 (PGE 2) [START_REF] Aggarwal | Human mesenchymal stem cells modulate allogeneic immune cell responses[END_REF].

MSCs express several receptors allowing them to interact with T cells, MHC class I and several adhesion molecules, including vascular cell adhesion molecules (VCAM), intercellular adhesion molecule one (ICAM I) activated leukocyte cell adhesion molecule (ALCAM), lymphocyte functional antigen 3 (LFA3), and some integrins can interact with their respective ligands on T Cells [START_REF] Chamberlain | Concise review: mesenchymal stem cells: their phenotype, differentiation capacity, immunological features, and potential for homing[END_REF].

MSCs do not express MHC Class II and co stimulatory molecules responsible for triggering T cell proliferation, however, expression of class II antigens, present inside MSCs molecules can be expressed on the cell surface under specific conditions like after induction with interferon gamma (IFN ) (Le [START_REF] Blanc | Mesenchymal stem cells inhibit and stimulate mixed lymphocyte cultures and mitogenic responses independently of the major histocompatibility complex[END_REF][START_REF] Majumdar | Characterization and Functionality of Cell Surface Molecules on Human Mesenchymal Stem Cells[END_REF]. This is relevant because, in many inflammatory situations, IFN is upregulated, which in turn may result in an increase in the expression of MHC class II.

However, pre treatment of MSCs with IFN cannot generate a proliferative response in allogeneic lymphocytes (Cecilia Götherström et al., 2004), and MSCs expressing MHC class II antigens also failed to induce a proliferative response [START_REF] Tse | Suppression of allogeneic T cell proliferation by human marrow stromal cells: implications in transplantation[END_REF]. In addition, the lack of expression of T cell co stimulatory molecules suggests that T cell activity may result in anergy (immune unresponsiveness) that may contribute to the observed immune tolerance [START_REF] Majumdar | Characterization and Functionality of Cell Surface Molecules on Human Mesenchymal Stem Cells[END_REF].

In contrast, Stagg et al [START_REF] Stagg | Interferon gamma stimulated marrow stromal cells: a new type of nonhematopoietic antigen presenting cell[END_REF] reported that IFN c stimulated syngeneic MSCs acted as conditional antigen presenting cells (APCs) which were able to activate antigen specific immune responses, suggesting important implications in the development and selection of either autologous or allogeneic MSC therapeutics. The traditional view that MSCs simply evaded the host immune response is not quite as simple as first proposed.

MSC and B lymphocytes

Similarly to the phenomenon observed with T cells, when cultured in the presence of MSCs, B cell proliferation is inhibited in a dose dependent manner, with a maximum inhibition observed at a B cell/MSC ratio of 1:1 [START_REF] Corcione | Human mesenchymal stem cells modulate B cell functions[END_REF].

This inhibition of B lymphocyte proliferation is both due to physical contact between MSCs and B cell and soluble factors like the immunosuppressive IDO released by MSCs [START_REF] Augello | Bone marrow mesenchymal progenitor cells inhibit lymphocyte proliferation by activation of the programmed death 1 pathway[END_REF][START_REF] Glennie | Bone marrow mesenchymal stem cells induce division arrest anergy of activated T cells[END_REF][START_REF] Krampera | Role for interferon gamma in the immunomodulatory activity of human bone marrow mesenchymal stem cells[END_REF], with the effect of a blockade in G0/G1 phases of the cell cycle similar to T cells [START_REF] Uccelli | Immunoregulatory function of mesenchymal stem cells[END_REF].

MSCs also dampened additional B cell functions like the expression of chemokine receptors, the differentiation to antibody secreting cells and so the production of immunoglobulins and chemotaxis in response to CXCL12 and CXCL13, chemokine involved in the crucial role of positioning B cells in secondary lymphoid organs, however they do not appear to alter surface molecules involved in stimulatory cell cooperation (HLA DR, CD40 and B7 family) or to inhibit the expression of TNF, IFN , IL 4 and IL 10 (Corcione et al., 2006;[START_REF] Deng | Effects of allogeneic bone marrow derived mesenchymal stem cells on T and B lymphocytes from BXSB mice[END_REF].

MSC and Natural Killer cells

Natural Killer cells (NK) are a major effector of the innate immunity, playing a key role in the elimination of virus infected or malignant cells. As for T and B cells, NK cells progenitors originate from the BM where they have close interactions with MSCs.

This interaction via cell cell contact and the secretion of soluble factors, by MSCs including Transforming Growth Factor beta (TGF b) and PGE 2 may contribute to the significant inhibition of IL 2 stimulated proliferation of resting NK cell [START_REF] Sotiropoulou | Interactions between human mesenchymal stem cells and natural killer cells[END_REF][START_REF] Spaggiari | Mesenchymal stem cell natural killer cell interactions: evidence that activated NK cells are capable of killing MSCs, whereas MSCs can inhibit IL 2 induced NK cell proliferation[END_REF], but they only partly impair activated NK cell proliferation.

Although NK cells can effectively lyse MSCs, when they were exposed to IFN g, the lysis was reduced presumably because of upregulation of HLA class I molecules on the MSC surface [START_REF] Spaggiari | Mesenchymal stem cell natural killer cell interactions: evidence that activated NK cells are capable of killing MSCs, whereas MSCs can inhibit IL 2 induced NK cell proliferation[END_REF].The NK receptors activating the lysis included NKp30, DNAL 1 and NKG2D, for which MSCs express ligands such as ULBP, PVR and Nectin 2 [START_REF] Moretta | Activating receptors and coreceptors involved in human natural killer cell mediated cytolysis[END_REF][START_REF] Sotiropoulou | Interactions between human mesenchymal stem cells and natural killer cells[END_REF].

It has been observed that NK cell function is also affected by MSCs, with downregulation of IL 15 induced cytokines (IFN G and to a lesser extent, IL 10 and TNF a) [START_REF] Aggarwal | Human mesenchymal stem cells modulate allogeneic immune cell responses[END_REF][START_REF] Sotiropoulou | Interactions between human mesenchymal stem cells and natural killer cells[END_REF], and the reduction of the formation of CTLs via a soluble factor while MSC themselves remain unaffected by CTLs and allogeneic NK cells [START_REF] Rasmusson | Mesenchymal stem cells inhibit the formation of cytotoxic T lymphocytes, but not activated cytotoxic T lymphocytes or natural killer cells[END_REF],

Those findings on the NK cell MSC interaction define the more and more clear concept that the interplay between MSC and other cell type in vivo will be primarily dictated by the microenvironment, for example while NK cells can lyse MSC under normal conditions, it is possible that IFN g production by NK cells interacting with MSC might lead to the protection of MSC against NK cell mediated lysis.

MSC and dendritic cells

MSCs also reduce T cell activation through indirect mechanisms by inhibiting the maturation of Dendritic Cells (DCs) from monocytes (in addition to cord blood and CD34þ hematopoietic stem cells) (X. X. [START_REF] Jiang | Human mesenchymal stem cells inhibit differentiation and function of monocyte derived dendritic cells[END_REF][START_REF] Li | mesenchymal stem cells license adult CD34+ hemopoietic progenitor cells to differentiate into regulatory dendritic cells through activation of the Notch pathway[END_REF] [START_REF] Prunet Marcassus | From heterogeneity to plasticity in adipose tissues: Site specific differences[END_REF]72] through, also in this case, a block of the monocyte cell cycle at the G0/G1 G0 phase [START_REF] Ramasamy | Mesenchymal stem cells inhibit dendritic cell differentiation and function by preventing entry into the cell cycle[END_REF].

DCs have a fundamental role in antigen presentation to naive T cells immediately after maturation which can be induced by inflammatory cytokines, a direct cell contact between MSCs and DCs is not required and soluble factors, such as PGE2, mediating inhibition or DCs differentiation are produced as result of the cross talk with MSCs [START_REF] Tyndall | Immunomodulatory properties of mesenchymal stem cells: a review based on an interdisciplinary meeting held at the Kennedy Institute of Rheumatology Division[END_REF].

Inhibition of the upregulation of CD1a, CD40, CD80 and CD86, downregulation of the surface expression of CD11c, CD83 and MHC class II by MSCs during DCs maturation and reduction of the proinflammatory potential of DCs by inhibiting their secretion of TNF a, IFN c and IL 12 together with an increased level of IL 10, induce a more anti inflammatory DC phenotype [START_REF] Aggarwal | Human mesenchymal stem cells modulate allogeneic immune cell responses[END_REF][START_REF] Beyth | Human mesenchymal stem cells alter antigen presenting cell maturation and induce T cell unresponsiveness[END_REF][START_REF] Li | mesenchymal stem cells license adult CD34+ hemopoietic progenitor cells to differentiate into regulatory dendritic cells through activation of the Notch pathway[END_REF] that in turn led to decreased IFN c production by Th 1 cells, increased IL 4 secretion by Th2 cells and an increased number of regulatory T cells [START_REF] Aggarwal | Human mesenchymal stem cells modulate allogeneic immune cell responses[END_REF][START_REF] Maccario | stem cells with cells involved in alloantigen specific immune response favors the differentiation of CD4+ T cell subsets expressing a regulatory/suppressive phenotype[END_REF].

Thus the inhibition of T lymphocyte proliferation by MSC is not the exclusive result of a direct suppressive effect on T cells, but is also related to the inhibitory effect on DC maturation, activation and antigen presentation.

Secretion of soluble factors

To date, at least 14 different factors produced by MSCs have been associated with their anti inflammatory properties, soluble factors directly produced by MSCs while others are induced by MSCs interaction with inflammatory cells and factors commonly present in sites of tissue injury.

1.2.5.6.1 Indoleamine dioxygenase or IDO Indoleamine 2,3 dioxygenase (IDO) is an enzyme converting tryptophan to kynurenine. Since tryptophan, as an amino acid is essential to lymphocyte proliferation it's degradation was suggested to inhibit T cell proliferation [START_REF] Bunnell | New concepts on the immune modulation mediated by mesenchymal stem cells[END_REF].

The expression of Indoleamine 2,3 dioxygenase (IDO) and inducible Nitric Oxide synthase (iNOS) by

MSCs is associated with the repression of T cell proliferation [START_REF] El Hajjami | Functional alteration of the lymphoma stromal cell niche by the cytokine context: role of indoleamine 2,3 dioxygenase[END_REF][START_REF] Meisel | Human bone marrow stromal cells inhibit allogeneic T cell responses by indoleamine 2,3 dioxygenase mediated tryptophan degradation[END_REF][START_REF] Sato | Nitric oxide plays a critical role in suppression of T cell proliferation by mesenchymal stem cells[END_REF]. IDO is an enzyme induced at the surface of Antigen Presenting Cells (APCs) by IFN that catalyses the conversion of tryptophan, an amino acid essential for T cell proliferation, into kynurenine [START_REF] Munn | Potential regulatory function of human dendritic cells expressing indoleamine 2,3 dioxygenase[END_REF]. Rather than through tryptophan depletion, IDO has been shown to exert it's immunosuppressive effect through the local accumulation of tryptophan metabolites [START_REF] Ryan | Interferon gamma does not break, but promotes the immunosuppressive capacity of adult human mesenchymal stem cells[END_REF].

Expression of IDO by MSCs was thought to be IFN dependent [START_REF] English | IFN gamma and TNF alpha differentially regulate immunomodulation by murine mesenchymal stem cells[END_REF][START_REF] Krampera | Role for interferon gamma in the immunomodulatory activity of human bone marrow mesenchymal stem cells[END_REF][START_REF] Meisel | Human bone marrow stromal cells inhibit allogeneic T cell responses by indoleamine 2,3 dioxygenase mediated tryptophan degradation[END_REF][START_REF] Paus | What are subcutaneous adipocytes really good for…?[END_REF][START_REF] Ryan | Interferon gamma does not break, but promotes the immunosuppressive capacity of adult human mesenchymal stem cells[END_REF], however it was recently demonstrated to also be upregulated by activation of TLR3 and TLR4 via induction of an autocrine IFN signalling loop involving protein kinase R and so independent from IFN .

BM MSCs were shown in vitro to both inhibit the proliferation of acetylcholine receptor specific T cells and B cells and to normalize the distribution of Th 1, Th 2, Th 17 and Tregs cells in experimental Autoimmune Myasthenia Gravis characterized by alteration of the balance of these four Th subsets [START_REF] Kong | BM stromal cells ameliorate experimental autoimmune myasthenia gravis by altering the balance of Th cells through the secretion of IDO[END_REF].

Interestingly when human BM MSCs were treated with INF g in vitro they expressed extremely high levels of IDO, and very low levels of iNOS, whereas mouse BM MSCs expressed abundant iNOS and very little IDO. These data suggest a variation in the MSCs immunosuppression mechanisms between species [START_REF] Ren | Species variation in the mechanisms of mesenchymal stem cell mediated immunosuppression[END_REF].

Prostaglandin E2 or PGE2

Prostaglandin E2 (PGE2) seems to be a central mediator in many of the anti inflammatory properties of MSCs [START_REF] Nauta | Immunomodulatory properties of mesenchymal stromal cells[END_REF][START_REF] Uccelli | Mesenchymal stem cells in health and disease[END_REF].

Synthesized from arachidonic acid by cyclooxygenase (COX) enzymes, COX 1 is constitutively expressed in BM MSCs and COX 2 can be induced in the presence of inflammatory cytokines such as IL 1 , IL 6, IFN and TNF (K. [START_REF] Chen | Human umbilical cord mesenchymal stem cells hUC MSCs exert immunosuppressive activities through a PGE2 dependent mechanism[END_REF].

The anti proliferative effect of MSCs on T and NK cells [START_REF] Aggarwal | Human mesenchymal stem cells modulate allogeneic immune cell responses[END_REF][START_REF] Martinet | A regulatory cross talk between Vgamma9Vdelta2 T lymphocytes and mesenchymal stem cells[END_REF][START_REF] Prigione | Reciprocal interactions between human mesenchymal stem cells and gammadelta T cells or invariant natural killer T cells[END_REF][START_REF] Sotiropoulou | Interactions between human mesenchymal stem cells and natural killer cells[END_REF] is eliminated by inhibitors of PGE 2 synthesis and the in vitro immunosuppressive effects of MSCs are almost completely abrogated.

PGE 2 also plays a major role in the inhibition of dendritic cell maturation by BM MSCs ( [START_REF] Nemeth | Modulation of bone marrow stromal cell functions in infectious diseases by toll like receptor ligands[END_REF][START_REF] Spaggiari | MSCs inhibit monocyte derived DC maturation and function by selectively interfering with the generation of immature DCs: central role of MSC derived prostaglandin E2[END_REF][START_REF] Wehner | Mesenchymal stem cells efficiently inhibit the proinflammatory properties of 6 sulfo LacNAc dendritic cells[END_REF].

Nemeth and colleagues [START_REF] Németh | Bone marrow stromal cells attenuate sepsis via prostaglandin E2-dependent reprogramming of host macrophages to increase their interleukin 10 production[END_REF] showed in an animal model of sepsis that BM MSCs (activated by lipopolysaccharide (LPS) or TNF ) release PGE 2 that acts on the EP2 and EP4 receptors of macrophages leading to the production and release of IL 10, potent anti inflammatory cytokine, and decreased production of the pro inflammatory cytokines TNF and IL 6. The reprogramming of macrophages into a regulatory like profile was also demonstrated in vitro [START_REF] Maggini | Mouse bone marrow derived mesenchymal stromal cells turn activated macrophages into a regulatory like profile[END_REF].

Transforming Growth Factor 1 or TGF 1

Transforming Growth Factor (TGF ) is a well characterized anti inflammatory cytokine constitutively expressed by BM MSCs [START_REF] Di Nicola | Human bone marrow stromal cells suppress T lymphocyte proliferation induced by cellular or nonspecific mitogenic stimuli[END_REF] involved in their immunomodulatory effects on NK and T cells since antibodies directed against TGF 1 neutralize the immunosuppressive properties of MSCs.

MSCs derived TGF 1 is involved in recruitment and augmentation of the total number of T regs as shown in co cultures of mononuclear cells with MSCs and in animal models (Krisztian Nemeth et al., 2010;[START_REF] Patel | Mesenchymal stem cells protect breast cancer cells through regulatory T cells: role of mesenchymal stem cell derived TGF beta[END_REF].

1.2.5.6.4 TNF induced protein 6 or TSG 6

MSCs infused intravenously are known to embolized in the lungs but they were additionally shown to express high levels of TNF induced protein 6 (TNFAIP6 or TSG 6) recently advanced as having a role in BM MSCs immunomodulatory effect and immunosuppression.

TSG 6 secretion is known to suppress inflammation through the inhibition of the inflammatory network of proteases, mainly by increasing the inhibitory activity of inter inhibitors, sequestration of hyaluronan fragments and decreasing neutrophil infiltration into sites of inflammation [START_REF] Forteza | TSG 6 potentiates the antitissue kallikrein activity of inter alpha inhibitor through bikunin release[END_REF][START_REF] Getting | The link module from human TSG 6 inhibits neutrophil migration in a hyaluronan and inter alpha inhibitor independent manner[END_REF][START_REF] Milner | TSG 6: a pluripotent inflammatory mediator?[END_REF][START_REF] Wisniewski | Cytokine induced gene expression at the crossroads of innate immunity, inflammation and fertility: TSG 6 and PTX3/TSG 14[END_REF].

On an in vivo model of induced acute inflammation the knockdown of TSG 6 expression by small interfering RNA in human BM MSCs significantly reduced MSC mediated improvement of inflammatory responses.

Finally the administration of recombinant TSG 6 protein largely duplicated the therapeutic effect of BM MSC on the inflammatory response and the size of the infracted area (R. H. [START_REF] Lee | Intravenous hMSCs improve myocardial infarction in mice because cells embolized in lung are activated to secrete the anti inflammatory protein TSG 6[END_REF] , demonstrating the key role of TSG 6 in anti inflammatory effect of the MSCs.

Other factors associated with the immunomodulatory properties of MSCs include HLA G [START_REF] Selmani | HLA G is a crucial immunosuppressive molecule secreted by adult human mesenchymal stem cells[END_REF], hepatocyte growth factor (HGF), Leukemia Inhibitory Factor (LIF), IL1 Receptor Antagonist (IL1RA), CCL 2, galectin 3, galectin 1 and semaphorin 3A. All these soluble factors, capable of inhibiting T cell proliferation are highly expressed by BM MSCs, and thus involved in their immunosuppressive properties [START_REF] Di Ianni | Mesenchymal cells recruit and regulate T regulatory cells[END_REF][START_REF] Di Nicola | Human bone marrow stromal cells suppress T lymphocyte proliferation induced by cellular or nonspecific mitogenic stimuli[END_REF][START_REF] Kang | Soluble factors mediated immunomodulatory effects of canine adipose tissue derived mesenchymal stem cells[END_REF][START_REF] Lepelletier | Galectin 1 and semaphorin 3A are two soluble factors conferring T cell immunosuppression to bone marrow mesenchymal stem cell[END_REF][START_REF] Nasef | Leukemia inhibitory factor: Role in human mesenchymal stem cells mediated immunosuppression[END_REF][START_REF] Omori | Optimization of a therapeutic protocol for intravenous injection of human mesenchymal stem cells after cerebral ischemia in adult rats[END_REF][START_REF] Rafei | Mesenchymal stromal cell derived CCL2 suppresses plasma cell immunoglobulin production via STAT3 inactivation and PAX5 induction[END_REF][START_REF] Sioud | Evidence for the involvement of galectin 3 in mesenchymal stem cell suppression of allogeneic T cell proliferation[END_REF][START_REF] Volarevic | Interleukin 1 receptor antagonist (IL 1Ra) and IL 1Ra producing mesenchymal stem cells as modulators of diabetogenesis[END_REF]. [START_REF] Uccelli | Mesenchymal stem cells in health and disease[END_REF].

Secretion of pro inflammatory mediators by MSCs

Although the complex mechanisms associated with the secretion of immune suppressive mediators, like TSG 6, by BM MSCs are not fully understood, only few reports have described and even less explained a contrasting pro inflammatory activity related to MSCs.

The observations of this opposite immune effect mediated by MSCs was reported during studies focusing primarily on the downstream consequences of TLR stimulation within these cells. [START_REF] Anders | Signaling Danger: Toll Like Receptors and their Potential Roles in Kidney Disease[END_REF][START_REF] Triantafilou | A CD14 independent LPS receptor cluster[END_REF][START_REF] Wright | Mesenchymal stem cells enhance wound healing through differentiation and angiogenesis[END_REF] Specific agonist engagement of TLRs leads to the expression of inflammatory cytokines or co stimulatory molecules by a MyD88 (a TLR adapter protein) dependent or MyD88 independent signalling pathways and can promote chemotaxis of the stimulated cell.

Leukocytes subsets and non immune cells express TLRs differentially which may regulate important aspects of the innate and adaptive immune responses. MSCs are among the cells expressing a broad range of TLRs, including TLR2, 3, 4, 5, 6 and 9 (Hwa Cho, Bae, & Jung, 2006;[START_REF] Mempel | Toll like receptor expression in human keratinocytes: nuclear factor kappaB controlled gene activation by Staphylococcus aureus is toll like receptor 2 but not toll like receptor 4 or platelet activating factor receptor dependent[END_REF][START_REF] Nagai | Toll like receptors on hematopoietic progenitor cells stimulate innate immune system replenishment[END_REF][START_REF] Fischer | Toll like receptors and their ligands control mesenchymal stem cell functions[END_REF][START_REF] Tomchuck | Toll like receptors on human mesenchymal stem cells drive their migration and immunomodulating responses[END_REF][START_REF] West | Recognition and signaling by toll like receptors[END_REF].

Furthermore studies by Brunnell et al demonstrated that the stimulation of MSCs with TLR agonists leads to the activation of downstream signalling pathways including NF kB, AKT and mitogen activated protein kinase (MAPK) with the consequence of triggering induction and secretion of pro inflammatory cytokines, chemokines and related TLR gene products that identified TLRs as potentially having a role in the established immunomodulatory properties of MSCs and their ability to migrate to injured tissues.

It was interestingly observed that stimulation of TLR with LPS led to secretion of primarily pro inflammatory mediators such as IL 1 , IL 6, IL 8, IL 12, type I IFNs and TNF (Tomchuck et al., 2008) and that co cultures of leukocytes with human MSCs were affected by LPS priming as well as hMSCs inhibition of T lymphocyte activation and capacity to secrete interferon [START_REF] Beyth | Human mesenchymal stem cells alter antigen presenting cell maturation and induce T cell unresponsiveness[END_REF].

Recently, Romieu Mourez and colleagues showed in animal MSCs model that TLR stimulation resulted in the production of inflammatory mediators such as IL 1, IL 6, IL 8, and CCL5 (Romieu Mourez et al., 2009). And that injection of TLR and IFN activated MSC in matrigel matrices resulted in the formation of inflammatory sites attracting immune cells and resulting in a dramatic recruitment of neutrophils.

Other studies on the effect of TLR activated MSCs in an inflammatory environment observed the shift of the cytokine profile from immunosuppressive to pro inflammatory with an increase of IL 1 , IL 6, and IL 12 (Raicevic et al., 2010), and the equivalent roles for TLR3 and 4 engagement in human MSC mediated immunomodulation.

It was also observed that ligation of TLR2, TLR3 and TLR4 do not affect the ability of human AT MSCs to suppress lymphocyte activation [START_REF] Lombardo | Toll like receptor mediated signaling in human adipose derived stem cells: implications for immunogenicity and immunosuppressive potential[END_REF].

Those recent findings on the downstream consequences of TLRs provide information on a possible new pro inflammatory immunomodulating role for MSCs More investigations are needed in order to clarify and identify the molecular details of the pro inflammatory role of MSCs and whether it is innate or an in vitro artefact. However it is important to take those new observation into consideration, particularly given the new applications of MSCs in anti inflammatory cell based therapies and the potential to either avoid adverse consequences in their use as anti inflammatory therapies by targeting TLRs [START_REF] Raicevic | Inflammation modifies the pattern and the function of Toll like receptors expressed by human mesenchymal stromal cells[END_REF], or on the other hand produce TLRs activated pro inflammatory MSCs that could prove useful in the therapy of immune evasive diseases such as cancer.

1.2.5.8 MSC polarization into proinflammatory (MSC1) or immunosuppressive (MSC2) phenotype.

TLRs are essential in the coordination of not only the pro homeostatic tissue injury response of immune cells but also that of MSCs of various origin, but the immunomodulation caused by MSCs following TLR stimulation seems to be more complex than it was originally anticipated,

The effects of TLR3 and TLR4 activation on immunomodulation are conflicting, however an explanation based on the monocyte literature has been proposed [START_REF] Bunnell | New concepts on the immune modulation mediated by mesenchymal stem cells[END_REF]. Indeed monocytes can be induced to polarize into two diverse but homogeneously acting phenotypes, the stimulation with known cytokines or agonists to their TLRs, including IFN and endotoxin (LPS, TLR4 agonist) polarize them into a classical M1 phenotype participating in the early pro inflammatory response, while IL 4 treatment of monocyte yields and alternative M2 phenotype associated with anti inflammatory resolution response [START_REF] Verreck | Phenotypic and functional profiling of human proinflammatory type 1 and anti inflammatory type 2 macrophages in response to microbial antigens and IFN and CD40L mediated costimulation[END_REF].

It was then proposed the possibility for human MSCs to polarize, like monocytes, through TLR signalling into two homogeneously acting phenotypes, MSC1 and MSC2, where a short term, low level exposure with TLR4 agonists would polarize human MSCs toward a pro inflammatory MSC1 phenotype, while the TLR3 priming orientate them toward a immunosuppressive MSC2 phenotype. This new paradigm would explain the consistent but dissimilar results observed with MSC1 compared with MSC2 on several parameters like the patterns of cytokines and chemokines secretion, differentiation capabilities, extracellular matrix deposition, TGF signalling pathways, the Jagged, IDO or PGE2 expression and finally the most compelling outcome, the opposite effect of each cell types on T lymphocyte activation [START_REF] Waterman | A new mesenchymal stem cell (MSC) paradigm: polarization into a pro inflammatory MSC1 or an Immunosuppressive MSC2 phenotype[END_REF].

MSCs isolation and expansion methods are probably the cause for the detection of the immunosuppressive phenotype in most current MSCs preparations, since while circulating or quiescent cells are able to respond to environmental stimulus, they must not engage immune cells nor mediate repair while circulating through the body, it is then likely that the default phenotype is immunosuppressive in order to avoid profound and deleterious consequences of a pro inflammatory MSC1 phenotype on surrounding and supporting cells. In an analogous manner to the immature state maintained for monocytes, dendritic or other immune cells, they remain immunosuppressive until a pro inflammatory role is required to promote tissue repair.

It is likely that TLR4 priming in not the optimal way to induce the MSC1 phenotype and that a combination of others factors such as IFNs or the direct contact with other pro inflammatory cells and their micro environment will more readily induce a pro inflammatory phenotype [START_REF] Raicevic | Inflammation modifies the pattern and the function of Toll like receptors expressed by human mesenchymal stromal cells[END_REF]. Because of the role of MSCs as supportive cells in the BM stroma, MSCs infusion during HSC engraftment were found to improve the success of HSCT and the clinical outcomes [START_REF] Gerson | Rapid Hematopoietic Recovery After Coinfusion of Autologous Blood Stem Cells and Culture Expanded Marrow Mesenchymal Stem Cells in[END_REF], although the underlying mechanisms are likely to be more complex than previously thought.

Additionally to their ability to facilitate HSC engraftment following transplantation, MSCs ability to modulate the immune response and inhibit T cell activation and proliferation in response to alloantigens was a positive indicator for the use of MSCs for the treatment or prevention of Graft versus Host Disease (GvHD) (Le [START_REF] Blanc | Treatment of severe acute graft versus host disease with third party haploidentical mesenchymal stem cells[END_REF]. Feasibility and safety of in vitro expanded MSCs were proved during a Phase I trials [START_REF] Lazarus | Ex vivo expansion and subsequent infusion of human bone marrow derived stromal progenitor cells (mesenchymal progenitor cells): implications for therapeutic use[END_REF].

As a result of the low level of MHC class I expression, MSCs can avoid T cell detection [START_REF] Tse | Suppression of allogeneic T cell proliferation by human marrow stromal cells: implications in transplantation[END_REF] while inhibition of T cell proliferation do not require MHC compatibility being also mediated by allogeneic MSCs (Le Blanc et al., 2003) making the use of MSCs in HSCT a common approach.

On the other hand, due to the ability of NK cells of suppressing various type of tumor, they seems to have a key role in the successful clinical outcomes of allogeneic HSCT and particularly in haploidentical settings for the treatment of Acute Myeloid Leukemia (AML) [START_REF] Moretta | Receptors for HLA class I molecules in human natural killer cells[END_REF][START_REF] Pende | Expression of the DNAM 1 ligands, Nectin 2 (CD112) and poliovirus receptor (CD155), on dendritic cells: relevance for natural killer dendritic cell interaction[END_REF].

The susceptibility of AML cells to NK mediated lysis in haploidentical HSCT is linked with the mismatch between the human MHC class I specific inhibitory killer Ig like Receptors (KIR) expressed by donor NK cells and the human MHC class I alleles expressed by the patient (the NK cells are then defined as alloreactives ) [START_REF] Pende | Expression of the DNAM 1 ligands, Nectin 2 (CD112) and poliovirus receptor (CD155), on dendritic cells: relevance for natural killer dendritic cell interaction[END_REF][START_REF] Ruggeri | Effectiveness of donor natural killer cell alloreactivity in mismatched hematopoietic transplants[END_REF][START_REF] Velardi | NK cells: A lesson from mismatched hematopoietic transplantation[END_REF]. This presence of KIR human MHC class I mismatches together with an appropriate conditioning protocol and a high number of transplanted HSCs allowed over 50% of survival rate at 5 years versus under 5% in the absence of KIR mismatches [START_REF] Ruggeri | Effectiveness of donor natural killer cell alloreactivity in mismatched hematopoietic transplants[END_REF].

Because of their effective anti leukemic role, mature alloreactive NK cells or selected clones can also be infused directly, as an attempt to remove residual leukemic cells that might have survived chemo and radiotherapy.

As both NK cells and MSCs can have a relevant role in HSCT, the possible interaction between the two cell types are to be carefully investigated [START_REF] Spaggiari | Mesenchymal stem cell natural killer cell interactions: evidence that activated NK cells are capable of killing MSCs, whereas MSCs can inhibit IL 2 induced NK cell proliferation[END_REF], particularly because of the strong immunomodulatory effect of MSCs on immune cell proliferation and their known effect on the IL 2 induced proliferation of NK cells.

But it was also observed that IL 2 activated NK cells were able to efficiently kill MSCs due to the low level of human MHC class I antigens and to the expression at the cell surface of ligands recognized by activating NK receptors that mediate the triggering of NK cells following specific recognition of surface molecules also expressed by virus infected or tumor cells [START_REF] Bottino | Cellular ligands of activating NK receptors[END_REF][START_REF] Moretta | Activating receptors and coreceptors involved in human natural killer cell mediated cytolysis[END_REF].

It then seems likely that although taken separately MSCs and NK cells might have a positive effect when used during HSCT, a combination might lead to deleterious and unwanted effects, since NK cell proliferation and effectors functions against leukemic cells might be dampened if MSCs are administered in order to improve engraftment or to treat or prevent GvHD. Moreover since NK cells have effect not only on the suppression of cancerous cells but also on the control of viral infection, their functional impairment might have serious implications in HSCT.

It is therefore fundamental to consider the possible interaction between MSCs and NK cells when designing new clinical protocols using them in combination and since it is possible for the inhibitory effect of MSCs to be limited in time, strategies involving the infusion of MSCs and NK cells at different time should be considered allowing MSCs to express HLA class I antigens and undergo potential differentiation before infusion of NK cells [START_REF] Uccelli | Mesenchymal stem cells: a new strategy for immunosuppression[END_REF].

But these findings highlight the fact that a precise knowledge of the specific functions of MSCs and their possible interactions or interferences is required to enable an optimal use of their ability to support HSCT and to prevent graft rejection, and leukemic relapses.

The current findings suggest that MSC exert a profound effect on immune response mainly through the inhibition of effector functions and thus may be used for a wide range of clinical applications focusing on their immunomodulatory effects for treating inflammatory components of numerous diseases or autoimmune disorders and acute GvHD has been controlled successfully in case reports and small series with apparently low acute toxicity [START_REF] Lazarus | Ex vivo expansion and subsequent infusion of human bone marrow derived stromal progenitor cells (mesenchymal progenitor cells): implications for therapeutic use[END_REF][START_REF] Ringdén | Mesenchymal stem cells for treatment of therapy resistant graft versus host disease[END_REF].

However it is clear the behaviour of MSCs and the mechanisms by which they exert their function on immune cells are pleiotropic, redundant and not only the result of a combination of soluble factors and mechanisms mediated by cell to cell contact, but also dependent on environmental factors modifying their functional properties making the immunological outcomes of the in vivo administration of MSCs not fully predictable yet, since it is clear that our understanding remains far from complete.

Since MSC can affect multiple processes such as apoptosis, angiogenesis and inflammation, the mechanisms by which MSCs enhance tissue repair are clearly more complex than originally believed. Some groups are just starting to shed light on molecular signalling that orientate these cells toward a pro or anti inflammatory pathway.

As increasing applications for MSC based therapies appear, and in spite of promising results, the clinical use of MSC for immune related disease require pre clinical and long term safety data together with a more complete understanding of the underlying molecular mechanisms governing their immunomodulatory properties.

Development of MSC to the clinic

MSCs can be harvested from foetal or adult tissue, the literature is limited but some differences have been noted. MSCs from a foetal source present a higher expansion capability and a faster doubling time than adult MSCs, probably thanks to longer telomeres than adult MSCs [START_REF] Campagnoli | Identification of mesenchymal stem/progenitor cells in human first trimester fetal blood, liver, and bone marrow[END_REF][START_REF] Guillot | Human first trimester fetal MSC express pluripotency markers and grow faster and have longer telomeres than adult MSC[END_REF]. Foetal MSC also seem to lack some of the immune suppression properties and the class II Human Leukocyte Antigens (HLA) presented by adult MSCs (C [START_REF] Götherström | Immunomodulatory effects of human foetal liver derived mesenchymal stem cells[END_REF][START_REF] Gotherstrom | Difference in gene expression between human fetal liver and adult bone marrow mesenchymal stem cells[END_REF]. On the contrary they do appear to express the HLA G antigen absent in their adult counterpart and involved in immune tolerance and protection against NK cells (C [START_REF] Götherström | Immunomodulatory effects of human foetal liver derived mesenchymal stem cells[END_REF]. Finally they seem to express slightly different cytokines than the adult MSCs.

In Summary primitive MSCs have a better ability to expand in culture and a different physiology that are probably due to their naïve status and relative youth.

The Choice of MSC clinical source

To date many sources of MSCs have been used and described, but several limits such as ease of access or the amount of cells harvested are restricting the possibility of cell sources in the context of clinical applications, for those, the main candidates are Bone Marrow, Adipose tissue and neonatal tissues such as umbilical cord and cord blood [START_REF] Kern | Comparative analysis of mesenchymal stem cells from bone marrow, umbilical cord blood, or adipose tissue[END_REF].

BM and AT are widely available and can be easily collected throughout life by standardized procedures, although MSC have been reported to be more abundant in AT than in BM.

Using Umbilical Cord Blood, the various collection and isolation techniques lead to variability in the cell yield and viability of the MSCs obtained and the success rate for the isolation and expansion of MSCs is correlated with the time between collection and processing, the volume of blood collected and the cell content [START_REF] Bieback | Critical parameters for the isolation of mesenchymal stem cells from umbilical cord blood[END_REF] highlighting the need for a short delay between delivery, collection and processing.

The last source envisioned for clinical application is related to neonatal tissues, containing large amount of MSCs the umbilical cord itself and the Wharton's jelly, the amniotic membranes or the placenta, can be an abundant source of more primitive MSCs, solving the issues of the previous sources since they do not require any surgical procedure on the donor and unlike UCB present a high success rate for isolation.

Accessing MSC from bone marrow

Bone Marrow was the first tissue described as a source of fibroblast like cells forming clonal adherent cell clusters in culture in 1982 and remain the best known source of MSCs in the adult organism, but it also contain other types of cells including those of the haematopoietic lineage and endothelial cells, together with the MSCs they form the marrow stromal system [START_REF] Pittenger | Multilineage potential of adult human mesenchymal stem cells[END_REF].

BM MSCs are generally isolated from an aspirate of bone marrow harvested from the superior iliac crest of the pelvis in human [START_REF] Digirolamo | Propagation and senescence of human marrow stromal cells in culture : a simple colony forming assay identifies samples with the greatest potential to propagate and differentiate[END_REF][START_REF] Pittenger | Multilineage potential of adult human mesenchymal stem cells[END_REF], but they can also be isolated from the tibia and femoral marrow compartment [START_REF] Murphy | Reduced chondrogenic and adipogenic activity of mesenchymal stem cells from patients with advanced osteoarthritis[END_REF].

While MSC represent only between 0,001% and 0,01% of the total nucleated cells population in marrow, when cultured in vitro they form an adherent cell cluster with a finite life span. They can however be easily expanded thanks to the multiplication capability of MSC.

Bone Marrow MSC are usually obtained after a density gradient isolation of the total BM and plating of the nucleated cells, depending on the protocol, the non adherent haematopoietic fraction is washed away between few hours and few days after plating. Once the formation of cell colony is confirmed, the MSC can be dissociated and expansion at a large scale can be initiated.

However although MSC from the bone marrow may seem quite easily available and despite the role BMMSC could play in the development of adult autologous cell based therapy, the harvesting and processing of MSCs from the BM remain a highly invasive procedure to the donor and there is a clear decrease in the number of MSCs per nucleated marrow cell with age.

Moreover, as the age of the donor increase, MSC from adult tissue do present a lower proliferation efficiency coupled with a decline in the multipotent differentiation potential (S. M. [START_REF] Mueller | Age related decline in the osteogenic potential of human bone marrow cells cultured in three dimensional collagen sponges[END_REF][START_REF] Stenderup | Aging is associated with decreased maximal life span and accelerated senescence of bone marrow stromal cells[END_REF] [START_REF] Stenderup | Aging is associated with decreased maximal life span and accelerated senescence of bone marrow stromal cells[END_REF][START_REF] Mueller | Age related decline in the osteogenic potential of human bone marrow cells cultured in three dimensional collagen sponges[END_REF], probably caused by shortening of the telomeres [START_REF] Campagnoli | Identification of mesenchymal stem/progenitor cells in human first trimester fetal blood, liver, and bone marrow[END_REF][START_REF] Guillot | Human first trimester fetal MSC express pluripotency markers and grow faster and have longer telomeres than adult MSC[END_REF].

However, to date, bone marrow remains the principal source of MSCs in most preclinical and clinical studies, probably because of the history of haematopoietic transplants and the large amount of data accumulated.

Accessing MSC from adipose tissue

Another notable source of MSCs is the adipose tissue from which fibroblast like Adipose Tissue derived Mesenchymal Stem Cells (AT MSC) can easily be isolated [START_REF] Dicker | Functional studies of mesenchymal stem cells derived from adult human adipose tissue[END_REF][START_REF] Zuk | Multilineage cells from human adipose tissue: implications for cell based therapies[END_REF]Zuk et al., , 2002b)).

Morphologically similar to MSC obtained from other tissues, they have the potential to be differentiated not only into tissue of mesenchymal origin, bone, cartilage, tendons, skeletal muscle or fat [START_REF] Dicker | Functional studies of mesenchymal stem cells derived from adult human adipose tissue[END_REF][START_REF] Gimble | Adipose derived adult stem cells: isolation, characterization, and differentiation potential[END_REF][START_REF] Gimble | Adipose derived stem cells for regenerative medicine[END_REF][START_REF] Huang | Chondrogenic potential of multipotential cells from human adipose tissue[END_REF][START_REF] Kern | Comparative analysis of mesenchymal stem cells from bone marrow, umbilical cord blood, or adipose tissue[END_REF][START_REF] Lee | Characterization and expression analysis of mesenchymal stem cells from human bone marrow and adipose tissue[END_REF][START_REF] Planat Benard | Plasticity of human adipose lineage cells toward endothelial cells: physiological and therapeutic perspectives[END_REF][START_REF] Safford | Neurogenic differentiation of murine and human adipose derived stromal cells[END_REF][START_REF] Seo | Differentiation of human adipose stromal cells into hepatic lineage in vitro and in vivo[END_REF][START_REF] Timper | Human adipose tissue derived mesenchymal stem cells differentiate into insulin, somatostatin, and glucagon expressing cells[END_REF][START_REF] Wagner | Comparative characteristics of mesenchymal stem cells from human bone marrow, adipose tissue, and umbilical cord blood[END_REF][START_REF] Winter | Cartilage like gene expression in differentiated human stem cell spheroids: a comparison of bone marrow derived and adipose tissue derived stromal cells[END_REF][START_REF] Xu | Adipose derived mesenchymal cells as a potential cell source for skeletal regeneration[END_REF][START_REF] Zuk | Multilineage cells from human adipose tissue: implications for cell based therapies[END_REF] but research have also explored the differentiation of AT MSC across the germ layer leaf specific tissue into non mesenchymal tissues such as endocrine pancreatic cells or neurons. In addition, ADSC were demonstrated to have the potential for endothelial and macrophage differentiation [START_REF] Charrière | Preadipocyte conversion to macrophage. Evidence of plasticity[END_REF][START_REF] Urbich | Endothelial progenitor cells: characterization and role in vascular biology[END_REF], finally they also present a similar surface marker profile to BM MSC.

AT represent an alternative source of autologous adult stem cells to BM MSC that can be obtained repeatedly in large quantities under local anaesthesia and with a minimum of patient discomfort (again subjected to personal opinion) [START_REF] Lindroos | Serum free, xeno free culture media maintain the proliferation rate and multipotentiality of adipose stem cells in vitro[END_REF].

AT MSC are abundant and easily obtained by processing of a succion assisted lipectomy or subcutaneous adipose tissue fragments, followed by a washing and enzymatic digestion of the specimens (J. [START_REF] Gimble | Adipose derived adult stem cells: isolation, characterization, and differentiation potential[END_REF][START_REF] Zuk | Multilineage cells from human adipose tissue: implications for cell based therapies[END_REF].

The cells obtained are plated and the non adherent cells can be removed after few hours. But unlike with BM samples, where MSC are present only at a low frequency, Adipose Tissue MSCs can be retrieved in high number. Even cryopreservation of adipose tissue lipoaspirate is possible, yielding a significant amount of processed cells for further expansion or differentiation [START_REF] Pu | Adipose aspirates as a source for human processed lipoaspirate cells after optimal cryopreservation[END_REF].

However while the type of surgical procedure or the anatomical site of the adipose tissue have limited effects on the total number of viable cells that can be harvested [START_REF] Oedayrajsingh | Adipose tissue derived mesenchymal stem cell yield and growth characteristics are affected by the tissue harvesting procedure[END_REF][START_REF] Smith | Autologous human fat grafting: effect of harvesting and preparation techniques on adipocyte graft survival[END_REF], factors such as donor age, type (white or brown adipose tissue), localization (subcutaneous or visceral adipose tissue) of the adipose tissue, type of surgical procedure and culturing conditions, might influence both proliferation rate and differentiation capacity of ATMSC [START_REF] Prunet Marcassus | From heterogeneity to plasticity in adipose tissues: Site specific differences[END_REF], for example in animal model, the osteogenic potential of ATMSC isolated from visceral adipose tissue was reported to be more effective compared with cells isolated from subcutaneous tissue [START_REF] Peptan | Comparison of osteogenic potentials of visceral and subcutaneous adipose derived cells of rabbits[END_REF].

However, it has to be considered that the isolation procedure can affect the cells. Not only can viability and differentiation capacity be modified but different collagenase batches and centrifugation speeds can cause the isolation of different cell subsets. Thus, a detailed molecular characterization of the isolated cells has to be performed.

Although attachment and proliferation capacity are more pronounced in ADSC derived from younger than older donors, the differentiation capacity is maintained with ageing [START_REF] Shi | The osteogenic potential of adipose derived mesenchymal cells is maintained with aging[END_REF]. AT MSC have the same differentiation potential as described for BMMSC. However, some characteristics, such as the colony frequency and the maintenance of proliferating ability in culture, seem to be superior in ATMSC compared with BMMSC (R. H. Lee et al., 2004;[START_REF] Smith | Autologous human fat grafting: effect of harvesting and preparation techniques on adipocyte graft survival[END_REF].

In addition, ATMSC also exhibit immuno privileged properties [START_REF] Niemeyer | Survival of human mesenchymal stromal cells from bone marrow and adipose tissue after xenogenic transplantation in immunocompetent mice[END_REF][START_REF] Shahdadfar | In vitro expansion of human mesenchymal stem cells: choice of serum is a determinant of cell proliferation, differentiation, gene expression, and transcriptome stability[END_REF]. ASC do not express HLA DR (MHC II) and suppress proliferation of activated lymphocytes in vitro [START_REF] Gonzalez Rey | Human adult stem cells derived from adipose tissue protect against experimental colitis and sepsis[END_REF], 2010;[START_REF] Mcintosh | The immunogenicity of human adipose derived cells: temporal changes in vitro[END_REF][START_REF] Niemeyer | Survival of human mesenchymal stromal cells from bone marrow and adipose tissue after xenogenic transplantation in immunocompetent mice[END_REF]. Furthermore, in vitro and in vivo results show that ASC promote engraftment and prevent or treat severe GVHD in allogeneic stem cell transplantation (Le Blanc, 2006;[START_REF] Puissant | Immunomodulatory effect of human adipose tissue derived adult stem cells: comparison with bone marrow mesenchymal stem cells[END_REF][START_REF] Yañez | Adipose tissue derived mesenchymal stem cells have in vivo immunosuppressive properties applicable for the control of the graft versus host disease[END_REF].

One argument against AT might be the limited availability in some patients. However, due to the high frequency of AT MSCs, small fat reservoirs might be sufficient for MSC isolation. Speculating on a "off the shelf" product requiring mass production, AT might be a solid starting basis due to the abundance, relatively easy harvest, and high MSCs frequency [START_REF] Schäffler | Concise review: adipose tissue derived stromal cells basic and clinical implications for novel cell based therapies[END_REF].

The simple surgical procedure, the easy and repeatable access to the subcutaneous adipose tissue, and the uncomplicated enzyme based isolation procedures make this tissue source for MSC most attractive for researchers and clinicians of nearly all medicinal subspecialisations [START_REF] Casteilla | Plasticity of adipose tissue: a promising therapeutic avenue in the treatment of cardiovascular and blood diseases?[END_REF][START_REF] Oedayrajsingh | Adipose tissue derived mesenchymal stem cell yield and growth characteristics are affected by the tissue harvesting procedure[END_REF].

Accessing MSC from neonatal tissues 1.3.1.3.1 Umbilical Cord MSCs

To date the best characterized MSCs source is the bone marrow and most of the knowledge regarding MSC came from bone marrow studies. However, processing and harvesting of MSCs from BM has certain limitations such as a highly invasive procedure and the sharp decrease in MSCs number with age.

Moreover the multipotent differentiation potential and proliferation efficiency of BM MSCs decline with age (S. M. [START_REF] Mueller | Age related decline in the osteogenic potential of human bone marrow cells cultured in three dimensional collagen sponges[END_REF][START_REF] Stenderup | Aging is associated with decreased maximal life span and accelerated senescence of bone marrow stromal cells[END_REF].

One of the alternative sources is the umbilical cord where cells, easily obtained and processed from the umbilical cord matrix, display key surface markers linking them to the MSC family.

In the umbilical cord, MSCs can be isolated from four different compartments, the umbilical cord blood, the umbilical vein subendothelium, the tissue directly surrounding the umbilical vessels and finally the matrix embedding the vessels, the Wharton's Jelly(named after the English physician and anatomist Thomas Wharton's who first described it in 1656).

The cells isolated around the umbilical vessels have been termed Human Umbilical Cord PeriVascular cells (HUCPV cells). It has been reported that compared to HUCPV cells, WJ stromal cells present a higher expansion capability and a faster doubling time, while pan cytokeratin stain more strongly HUCPV cells which were postulated to be more advanced regarding differentiation, explaining difficulties observed for neuronal differentiation [START_REF] Karahuseyinoglu | Biology of stem cells in human umbilical cord stroma: in situ and in vitro surveys[END_REF].

MCSs can also be isolated from umbilical cord blood (UCB) in a similar fashion to BM, however difficulties and high inconsistency remain reaching a success rate of only 60 % with optimized samples and procedures [START_REF] Bieback | Critical parameters for the isolation of mesenchymal stem cells from umbilical cord blood[END_REF].

To increase the chances of MSC isolation from UCB, processing must be initiated less than five hours after collection, while cells from the WJ can be isolated from 100% of samples, even from umbilical cords delayed in their processing up to 48 hours [START_REF] Weiss | Human umbilical cord matrix stem cells: preliminary characterization and effect of transplantation in a rodent model of Parkinson's disease[END_REF]. Moreover isolation of MSCs from UCB only yield a small number of cells which then require a long expansion phase.

Human Umbilical Vein Endothelial Cells (HUVECs) are another source of MSC like cells first isolated from the umbilical cord by Romanov's lab, like other sources of MSCs isolated from the umbilical cord, they have been shown to possess multilineage potential (D [START_REF] Covas | Isolation and culture of umbilical vein mesenchymal stem cells[END_REF][START_REF] Kim | Mesenchymal progenitor cells in the human umbilical cord[END_REF][START_REF] Panepucci | Comparison of gene expression of umbilical cord vein and bone marrow derived mesenchymal stem cells[END_REF][START_REF] Romanov | Searching for alternative sources of postnatal human mesenchymal stem cells: candidate MSC like cells from umbilical cord[END_REF].

MSC isolated from the umbilical cord structures and cord blood share several properties, a poor ability for adipose differentiation [START_REF] Bieback | Critical parameters for the isolation of mesenchymal stem cells from umbilical cord blood[END_REF][START_REF] Karahuseyinoglu | Biology of stem cells in human umbilical cord stroma: in situ and in vitro surveys[END_REF][START_REF] Kern | Comparative analysis of mesenchymal stem cells from bone marrow, umbilical cord blood, or adipose tissue[END_REF], shorter doubling time and higher CFU F frequency than BM MSCs, or a higher number of passages to senescence (Dolores Baksh, Yao, & Tuan, 2007a;Lund et al., 2007), it is also clear that UCB MSCs can support HSC expansion (L. [START_REF] Gao | Human umbilical cord blood derived stromal cell, a new resource of feeder layer to expand human umbilical cord blood CD34+ cells in vitro[END_REF][START_REF] Jang | Mesenchymal stem cells feeder layer from human umbilical cord blood for ex vivo expanded growth and proliferation of hematopoietic progenitor cells[END_REF][START_REF] Lu | Isolation and characterization of human umbilical cord mesenchymal stem cells with hematopoiesis supportive function and other potentials[END_REF][START_REF] Wang | Mesenchymal stem/progenitor cells in human umbilical cord blood as support for ex vivo expansion of CD34 (+) hematopoietic stem cells and for chondrogenic[END_REF][START_REF] Ye | Multipotent Progenitor Cells Derived From Human Umbilical Cord Blood Can Differentiate Into Hepatocyte Like Cells in a Liver Injury Rat Model[END_REF] and while cytokine expression profile of WJ MSCs is similar to BM MSCs, they also synthesize Granulocyte Colony Stimulating Factors (G CSF) and Granulocyte Macrophage Colony Stimulating Factors (GM CSF) unexpressed by BM MSCs.

Mesenchymal stem cells from the Wharton's Jelly

The Wharton's Jelly is an embryonic mucous connective tissue present in large quantities in the umbilical cord between the amniotic epithelium, covering the surface of the umbilical cord, and the umbilical cord vessels. Morphologically it contains three relatively indistinct regions, the perivascular zone, the intervascular zone and the subamnion, WJ cells are not derived from the umbilical blood but from the matrix, but as a consequence of the indistinction between the different area of the matrix, the term Wharton's Jelly MSCs (WJ MSCs) cover cells isolated from all three regions. The cells present in the Wharton's jelly are fibroblastic in appearance, and it is still unclear if isolated from the different regions of the umbilical cord, they represent an homogenous population (Can & Karahuseyinoglu, 2007;[START_REF] Troyer | Wharton's jelly derived cells are a primitive stromal cell population[END_REF].

WJ derived MSCs possess multipotent properties, between embryonic and adult stem cells (Bongso et al., 2008), and they present stromal support properties as primitive Wharton's Jelly, the extra embryonic mesenchyme, surrounds migrating embryonic blood island cells during their migration to the aorta gonad mesonephros (AGM) from the yolk sac region prior to day E10.5 [START_REF] Sadler | Second week of development: Bilaminar germ disc[END_REF]. WJCs retain this property as demonstrated by their role in in vitro hematopoietic expansion [START_REF] Lu | Isolation and characterization of human umbilical cord mesenchymal stem cells with hematopoiesis supportive function and other potentials[END_REF] and in vivo engraftment of HSCs [START_REF] Friedman | Umbilical cord mesenchymal stem cells: adjuvants for human cell transplantation[END_REF]. WJC also express the osteopontin gene, shown to be a major component of the hematopoietic stem cell niche and a regulator of hematopoietic progenitor cells [START_REF] Nilsson | Osteopontin, a key component of the hematopoietic stem cell niche and regulator of primitive hematopoietic progenitor cells[END_REF][START_REF] Weiss | Human umbilical cord matrix stem cells: preliminary characterization and effect of transplantation in a rodent model of Parkinson's disease[END_REF]. Moreover hyaluronic acid another important factor of the HSC niche is largely represented in the WJ and synthesized by WJC.

The very large quantity of tissue that can be extracted from the umbilical cord, the high expansion capability and self renewalcapacity of WJ cells, allows for quick isolation of a large cell number, thus avoiding the necessity of extensive multiplication and potential epigenetic damages [START_REF] Boquest | Epigenetic Programming of Mesenchymal Stem Cells From Human Adipose Tissue requests to[END_REF][START_REF] Noer | Dynamics of adipogenic promoter DNA methylation during clonal culture of human adipose stem cells to senescence[END_REF].

Moreover WJ MSCs being primitive stromal cells population isolated from foetal structure in the perinatal period, they might be better tolerated following transplantation, thus having the potential to act as cellular therapy product in transplantation and regenerative medicine.

Comparison of WJCs to Adult Derived MSCs

Although it is very clear that cells isolated from the Wharton's Jelly share the basic criteria used to define the MSC family, some properties set them apart and might be key criteria to lead them on the clinical path open by BM MSCs.

While harvesting of BM from a donor remain an invasive procedure, isolation of WJ MSCs from the umbilical cord after birth is an easy process, totally free of risk or pain for the donor [START_REF] Troyer | Wharton's jelly derived cells are a primitive stromal cell population[END_REF], moreover since UC can be processed 24 to 48 hours after collection when conditioned in appropriate media it is certainly the most flexible tissue allowing isolation of a large number of MSCs.

It has also been demonstrated that derived from a neonatal source such as WJ or UCB, MSCs present a higher in vitro expansion capability and faster doubling time compared to adult BM MSCs, probably reflecting the relatively primitive nature of the former cells and the expression of telomerase by WJ MSCs (A. [START_REF] Banfi | Replicative Aging and Gene Expression in Long Term[END_REF][START_REF] Campagnoli | Identification of mesenchymal stem/progenitor cells in human first trimester fetal blood, liver, and bone marrow[END_REF][START_REF] Guillot | Human first trimester fetal MSC express pluripotency markers and grow faster and have longer telomeres than adult MSC[END_REF]. WJ MSCs have a significantly higher CFU F frequency [START_REF] Lu | Isolation and characterization of human umbilical cord mesenchymal stem cells with hematopoiesis supportive function and other potentials[END_REF], and depending on isolation protocols, can be isolated from 100% of the umbilical cord samples (given the amount of tissue available compared to the very limited volume of WJ necessary), however WJ MSCs have been found to be slower to differentiate toward adipocytes [START_REF] Karahuseyinoglu | Biology of stem cells in human umbilical cord stroma: in situ and in vitro surveys[END_REF].

Usually used within a limited number of passages (6 to 8), Karahuseyinoglu et al were able to expand WJCs number over 300 fold in seven passages when other groups obtained more than 10e15 cells from WJ [START_REF] Karahuseyinoglu | Biology of stem cells in human umbilical cord stroma: in situ and in vitro surveys[END_REF]Lund et al., 2007).

A subset of WJ MSCs was reported to express Nestin, marker for neuronal and other stem cells [START_REF] Fu | Transformation of Human Umbilical Mesenchymal Cells into Neurons in vitro[END_REF][START_REF] Weiss | Human umbilical cord matrix stem cells: preliminary characterization and effect of transplantation in a rodent model of Parkinson's disease[END_REF][START_REF] Yarygin | Comparative study of adult human skin fibroblasts and umbilical fibroblast like cells[END_REF], and the Stem Cell Factor (SCF) gene (SCF being also expressed by BM MSC), however some of these factors seems to be downregulated as passage number increase. Other reports suggested the superiority of WJCs in repairing photoreceptors damages and for tissue engineering [START_REF] Bailey | A comparison of human umbilical cord matrix stem cells and temporomandibular joint condylar chondrocytes for tissue engineering temporomandibular joint condylar cartilage[END_REF]. As an example WJ MSCs were reported to be strongly positive for type II collagen in chondrogenic media, when BM MSCs were only weakly positive in the same condition [START_REF] Karahuseyinoglu | Biology of stem cells in human umbilical cord stroma: in situ and in vitro surveys[END_REF].

More investigations are needed to precisely identify the properties of MSCs isolated from the umbilical cord matrix but the ease of access, amount of cells available and the preliminary findings upon their behaviour highlight their potential for application in cell therapy and regenerative medicine applications.

Clinical applications of mesenchymal stem cells

MSCs display considerable potential in pre clinical studies and animal models of human diseases, for the treatment of a large range of diseases, Osteogenesis Imperfecta, GvHD, enhancement of HSC engraftment, metabolic diseases, treatment or regeneration in neural degeneration, bone and cartilage tissue regeneration or myocardial infarction [START_REF] Jaquet | Reduction of myocardial scar size after implantation of mesenchymal stem cells in rats: what is the mechanism?[END_REF][START_REF] Kopen | Marrow stromal cells migrate throughout forebrain and cerebellum, and they differentiate into astrocytes after injection into neonatal mouse brains[END_REF][START_REF] Lange | High potential human mesenchymal stem cells[END_REF][START_REF] Mahmood | Intravenous administration of marrow stromal cells (MSCs) increases the expression of growth factors in rat brain after traumatic brain injury[END_REF][START_REF] Petite | Tissue engineered bone regeneration[END_REF][START_REF] Tögel | Administered mesenchymal stem cells protect against ischemic acute renal failure through differentiation independent mechanisms[END_REF].

Four properties are considered key for MSC clinical application, their ability to home to inflammation site after tissue injury when injected intravenously, their capability for multipotential differentiation, the ability to secrete various cytokines and growth factors inducing recovery of injured cells or tissue and inhibiting inflammation and finally their lack of immunogenicity and capability for immunomodulation.

These four aspects of MSC biology are often overlapped and thus combined in therapeutic applications (S. [START_REF] Wang | Clinical applications of mesenchymal stem cells[END_REF].

Over the past few years data have accumulated on the potential therapeutic effects of MSC in animal models of various human conditions, and while the first clinical trial using culture expanded MSC was performed in 1995 on 15 patients [START_REF] Lazarus | Ex vivo expansion and subsequent infusion of human bone marrow derived stromal progenitor cells (mesenchymal progenitor cells): implications for therapeutic use[END_REF], since then numerous trials were carried out to evaluate feasibility and safety of MSC based treatment and by the end of 2012 the US public database for clinical trials (http://clinicaltrials.gov) reported over 200 assay in phase I, II or III, using MSC for a very broad range of conditions.

Many of these trials are still in phase I, evaluating only safety, or phase II, proof of concept for efficacy in patient, and only few are in phase II/III or III, evaluating efficacy of MSC treatment against the standard procedure.

Most of these trials reported lack of adverse effects and good tolerance, although some temporary peri injection effects were observed [START_REF] Otto | Mesenchymal stem cells: from experiment to clinic[END_REF].

But more importantly many completed trials have reported efficacy of MSC treatment for diseases such as stroke, amyotrophic lateral sclerosis, GvHD, liver cirrhosis or acute myocardial ischemia.

Graft versus Host Disease (GvHD) is a common complication of allogeneic Hematopoietic Stem Cell transplant and is caused by recognition by the transplanted T cells of the host tissue as foreign, causing an immune reaction of the grafted cells against the host tissues causing high morbidity and mortality [START_REF] Messina | Prevention and treatment of acute GvHD[END_REF][START_REF] Otto | Mesenchymal stem cells: from experiment to clinic[END_REF][START_REF] Sun | HLA matched sibling transplantation with G CSF mobilized PBSCs and BM decreases GVHD in adult patients with severe aplastic anemia[END_REF].

The first haploidentical MSC transplant was performed by Katarina Le Blanc in a 9 year old boy with severe Acute GvHD (aGvHD) since while corticosteroids are the standard treatment to control Acute GvHD, they remain ineffective in some patients, and MSCs immunomodulatory properties were shown efficient for such cases as the GvHD disappeared and the patient was well a year later (Le [START_REF] Blanc | Treatment of severe acute graft versus host disease with third party haploidentical mesenchymal stem cells[END_REF].

The effect of MSC on GvHD was since observed in a series of studies with varying number of patient affected by various degrees of GvHD suggesting that a majority of patient might respond to MSC infusion, and MSC might have found an important clinical application in GvHD treatment [START_REF] Ringdén | Mesenchymal stem cells for treatment of therapy resistant graft versus host disease[END_REF].

Cardiovascular diseases such as myocardial infarction or congestive heart failure might be another important clinical application for MSC as they remain major causes of morbidity and mortality.

Preclinical studies have shown MSC engraftment and repair of infarcted heart muscle after local or systemic injection, and increased capillary density in the myocardium together with improved cardiac function (S. [START_REF] Jiang | Supportive interaction between cell survival signaling and angiocompetent factors enhances donor cell survival and promotes angiomyogenesis for cardiac repair[END_REF][START_REF] Nagaya | Transplantation of mesenchymal stem cells improves cardiac function in a rat model of dilated cardiomyopathy[END_REF][START_REF] Zhang | Comparison of various kinds of bone marrow stem cells for the repair of infarcted myocardium: single clonally purified non hematopoietic mesenchymal stem cells serve as a superior source[END_REF].

Significantly improved left ventricular function was also observed after intracoronary injection of autologous BM MSC in a randomized human clinical trial (S. Chen, Fang, Qian, et al., 2004;S. Chen, Fang, Ye, et al., 2004).

Although this therapeutic effect of MSC transplantation was observed in several other trials, the mechanisms of action remains unclear and both potential of MSC to differentiate into cardiomyocyte and their wide growth factor and cytokine expression profile and capabilities to regulate inflammation might be involved.

Feasibility, safety and efficacy of MSC for end stage liver disease and cirrhosis was also suggested after liver function was improved following autologous MSC injection during phase I and II clinical trials while no side effects were observed [START_REF] Kharaziha | Improvement of liver function in liver cirrhosis patients after autologous mesenchymal stem cell injection: a phase I II clinical trial[END_REF][START_REF] Mohamadnejad | Phase 1 trial of autologous bone marrow mesenchymal stem cell transplantation in patients with decompensated liver cirrhosis[END_REF].

MSC could also be a relevant solution for kidney disorders as they often associate ischemic, inflammatory and immunologic injuries [START_REF] Salem | Mesenchymal stromal cells: current understanding and clinical status[END_REF][START_REF] Tögel | Administered mesenchymal stem cells protect against ischemic acute renal failure through differentiation independent mechanisms[END_REF]. Potential use of MSC as cell therapy for bone diseases such as Osteogenesis Imperfecta was demonstrated as transplanted BM cells lead to MSC differentiation into normal osteoblasts in the recipient resulting in improved bone mineral content, growth velocity and reduced fractures frequencies [START_REF] Horwitz | Transplantability and therapeutic effects of bone marrow derived mesenchymal cells in children with osteogenesis imperfecta[END_REF].

This result was later confirmed with the intrauterine transplant into a female human foetus suffering from OI of HLA mismatched MSC from a male donor at 32nd week. The bone biopsy at 9 month showed engraftment of Y chromosome positive cells confirming capability for MSC to engraft and differentiate into bone (Katarina Le [START_REF] Blanc | Fetal mesenchymal stem cell engraftment in bone after in utero transplantation in a patient with severe osteogenesis imperfecta[END_REF].

Auto Immune diseases also present important clinical implications and are associated with significant patient morbidity.

Only limited effective treatment protocols are available for devastating diseases such as Multiple Sclerosis, however, clinical trials have shown improvement for 6 out of 10 patient on sensory, pyramidal and cerebral functions without any side effects [START_REF] Bonab | Does mesenchymal stem cell therapy help multiple sclerosis patients? Report of a pilot study[END_REF][START_REF] Karussis | Immunomodulation and neuroprotection with mesenchymal bone marrow stem cells (MSCs): a proposed treatment for multiple sclerosis and other neuroimmunological/neurodegenerative diseases[END_REF].

Therapeutic role of MSCs has also been documented in patients with Systemic Lupus Erythematosus (SLE) (L. [START_REF] Sun | Mesenchymal stem cell transplantation reverses multiorgan dysfunction in systemic lupus erythematosus mice and humans[END_REF].

Finally, capability of MSc to differentiate into neuron like cells, to promote angiogenesis, tissue repair and regulate inflammation through the secretion of cytokines and to promote proliferation of endogenous neural stem cells while protecting them from the damaging environment encountered at the ischemia site might be key functions in therapeutic application post brain ischemic injuries [START_REF] Omori | Optimization of a therapeutic protocol for intravenous injection of human mesenchymal stem cells after cerebral ischemia in adult rats[END_REF].

One striking feature of MSC therapy is the cumulative data on the tolerance shown by the host allogeneic MSCs. The mechanism by which this immunotolerance exists are complex and have not yet been thoroughly identified. It has been shown that there is a low expression of alloantigen by MSCs. This might involve cell contact dependent or independent pathways, which are modulated by secretion of soluble factors such as interleukin IL 2 and IL 10 transforming growth factor beta 1 (TGFB1) Prostaglandin E2 (PGE2), and hepatocyte growth factor (HGF) among others. Immune system cells such as dendritic cells (DCs) and T Cells, have also been shown to be affected by the presence of MSCs in mixed lymphocyte cultures (MLCs) [START_REF] Beyth | Human mesenchymal stem cells alter antigen presenting cell maturation and induce T cell unresponsiveness[END_REF].

As clinical applications for MSC are developing, the understanding of the biological characteristics contributing to the therapeutic effects will remain of central importance for future application.

Challenges of MSC for cell therapy, from bench to bedside

Over the years, a large amount of information has been published on MSC, defining biological properties, exploring molecular mechanisms and reporting experimental or clinical applications.

While MSCs multipotentcy, immunosuppressive properties and cytokine or growth factor production allowed for remarkable advancement for preclinical and clinical studies sometimes for diseases with only limited available treatment, substantial challenges still need to be overcome before MSCs therapy can be applied regularly in clinical application (S. [START_REF] Wang | Clinical applications of mesenchymal stem cells[END_REF].

The first one is the safety issue, indeed although only few adverse effects following MSC treatment were reported so far, the limited number of patient treated does not allow definite conclusion of the safety of MSC infusion. The potential of MSC to promote tumor and metastasis growth [START_REF] Djouad | Immunosuppressive effect of mesenchymal stem cells favors tumor growth in allogeneic animals[END_REF][START_REF] Karnoub | Mesenchymal stem cells within tumour stroma promote breast cancer metastasis[END_REF], the risk of transformation after in vitro expansion and the risk of polarization into a pro inflammatory phenotype will have to be monitored, understood and controlled before granting MSC treatment of total bio safety.

Implementation of quality control and insurance for MSC isolation and expansion process will also be necessary as in vitro cell amplification is always at risk of various contamination type and although GMP procedures may mitigate this risk regular testing along the various production phase will be necessary in addition to the screening of the donor to avoid risk of disease transmission.

Cell phenotype, secretion profile, oncogenic potential and viability will also have to be closely monitored in order to control parameter related to the cell themselves and to ensure constant and homogeneous cell quality. Finally it is important to define precise protocols for timing of cell administration and dose according to each particular applications. So does the use of autologous or allogeneic cells as thanks to immune privileged characteristics of MSC they can both be used in a clinical setting, however, advantages associated with each type will need further investigations.

Clinical grade MSC expansion protocols, allowing production of a large cell number in a reasonable time and cell passage number will also be necessary, while avoiding risks of cell senescence or transformation and the use of undefined or risk associated components such as animal products at all steps of cell amplification. Of course those protocols will have to comply to cGMP regulations and the development of closed culture process and equipment would facilitate the transition from research to clinics.

Finally, regulation and standards for MSC based therapies should be established and implemented in order to provide framework for MSC culture, storage, transport and administration.

MSC based therapies have undergone significant progress and generated a lot of expectations from both physicians and patients, while it is now important to develop more controlled randomized and multicentered trials in order to refine MSC therapy parameters, we believe that MSC therapy will soon offer key progress in treatment for patients with severe diseases.

Serum free

The growth support medium in vitro functions are often described as limited to supporting the cell survival and expansion yet they are often underestimated and the medium is actually a key component for the efficiency and safety of MSC culture and it's quality is of paramount importance as it is responsible for maintenance of cell phenotype, genotype stability and MSC functions through several passages, and therefore must absolutely be optimized.

In most cases addition of cytokines and growth factors are necessary although the growth factors needs of MSC are still unknown and may depend on tissue source, cell number and level of commitment.

While a wide range of growth factors such as fibroblast growth factor 2 (FGF 2) FGF 4, platelet derived growth factor BB (PDGF BB), or leukemia inhibitory factor (LIF), have been used to expand MSCs in vitro [START_REF] Gregory | Non hematopoietic bone marrow stem cells: molecular control of expansion and differentiation[END_REF], so far, the standard culture condition of for MSC remains based on a standard medium such as Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS, and most reported MSC based clinical trials have used cells generated in such conditions [START_REF] Ng | PDGF, TGF beta, and FGF signaling is important for differentiation and growth of mesenchymal stem cells (MSCs): transcriptional profiling can identify markers and signaling pathways important in differentiation of MSCs into adipogenic, chondrogenic, and o[END_REF][START_REF] Sensébé | Clinical grade production of mesenchymal stem cells[END_REF].

FBS is an animal derived product and as such present important lot to lot variations, and although costly and time consuming quality controls have been implemented in order to select lots of similar performance, FBS remain an inconsistent product introducing high variability in experimental results.

Moreover the safety risks of therapeutic use of cells exposed to FBS are being increasingly recognized.

The first risk associated with the use of animal component is the presence of xenogeneic antigens, indeed the uptakes of FBS components by the cells is an active process [START_REF] Gregory | Enhanced engraftment of mesenchymal stem cells in a cutaneous wound model by culture in allogenic species specific serum and administration in fibrin constructs[END_REF],and MSC tend to retain in their cytoplasm proteins present in FBS, which incurs risk of sensitization [START_REF] Spees | Internalized antigens must be removed to prepare hypoimmunogenic mesenchymal stem cells for cell and gene therapy[END_REF] as these internalized xenogeneic antigens cannot be later eliminated.

FBS has thus been implicated in anaphylactic or arthus like immune reactions in patients who received cells generated in FBS supplemented medium [START_REF] Selvaggi | Development of antibodies to fetal calf serum with arthus like reactions in human immunodeficiency virus infected patients given syngeneic lymphocyte infusions[END_REF], even leading to arrhythmias after cellular cardioplasty [START_REF] Chachques | Autologous human serum for cell culture avoids the implantation of cardioverter defibrillators in cellular cardiomyoplasty[END_REF].

A sustained elevation of anti FBS antibodies also indicated a maintained sensibility to FBS exposed cells particularly problematic in multiple doses protocols. [START_REF] Delorme | Specific plasma membrane protein phenotype of culture amplified and native human bone marrow mesenchymal stem cells[END_REF][START_REF] Parker | Low serum and serum free culture of multipotential human adipose stem cells[END_REF][START_REF] Perez Ilzarbe | Comparison of ex vivo expansion culture conditions of mesenchymal stem cells for human cell therapy[END_REF][START_REF] Pytlík | The cultivation of human multipotent mesenchymal stromal cells in clinical grade medium for bone tissue engineering[END_REF][START_REF] Sensébé | Good manufacturing practices production of mesenchymal stem/stromal cells[END_REF] FBS is moreover carrying the risk of transmitting animal viral and bacterial infections, prions, or yet unidentified zoonoses through MSC expanded in such Xeno Serum (XS) supplemented culture medium [START_REF] Will | A new variant of Creutzfeldt Jakob disease in the UK[END_REF].

Although, FCS can be removed up to 99.99% by sequential cultivation of MSCs first in FCS, followed by autologous or heterologous serum a residual risk remains [START_REF] Spees | Internalized antigens must be removed to prepare hypoimmunogenic mesenchymal stem cells for cell and gene therapy[END_REF].

And as this risk of serious side effects will probably never be fully eliminated, some regulatory authorities such as the German PEI have restricted or placed warnings on the clinical use of cell therapy products prepared using FBS.

Several attempts have been made to replace FBS by autologous or heterologous serum or plasma in cultures of MSC for clinical applications. In autologous serum, MSCs show faster proliferation compared to FBS at least during first passages without loss of the typical phenotype, motility and differentiation capabilities in vitro while the use of allogeneic human serum resulted in hMSC growth arrest and death (T. [START_REF] Kobayashi | Motility and growth of human bone marrow mesenchymal stem cells during ex vivo expansion in autologous serum[END_REF][START_REF] Mizuno | Human autologous serum obtained using a completely closed bag system as a substitute for foetal calf serum in human mesenchymal stem cell cultures[END_REF][START_REF] Shahdadfar | In vitro expansion of human mesenchymal stem cells: choice of serum is a determinant of cell proliferation, differentiation, gene expression, and transcriptome stability[END_REF][START_REF] Stute | Autologous serum for isolation and expansion of human mesenchymal stem cells for clinical use[END_REF].

However the amount of autologous serum necessary for sufficient expansion would exceed the amount a donor could provide. Thus autologous or allogeneic serum cannot be considered as a general substitute for FBS.

Human platelet lysate is a promising product, prepared using platelet rich plasma pooled from various donor, frozen at 80°C, thawed and centrifugated in order to separate the supernatant, it has been proved to be a potentially safe substitute to FBS for MSC expansion [START_REF] Doucet | Platelet lysates promote mesenchymal stem cell expansion: a safety substitute for animal serum in cell based therapy applications[END_REF][START_REF] Müller | Animal serum free culture conditions for isolation and expansion of multipotent mesenchymal stromal cells from human BM[END_REF][START_REF] Yamada | Translational research for injectable tissue engineered bone regeneration using mesenchymal stem cells and platelet rich plasma: from basic research to clinical case study[END_REF].

MSCs cultured in these conditions shown significantly increased CFU compared to FBS as well as increased cell number after expansion.

They also meet the criteria of plastic adherence, shape, surface marker expression, and differentiation capability as well as maintenance of normal karyotype after 6 passages and immune privileged potential for suppressing allogeneic reaction of T Cells [START_REF] Lange | Accelerated and Safe Expansion of Human Mesenchymal Stromal Cells in Animal Serum Free Medium for Transplantation and Regenerative Medicine[END_REF].

Although solving the problem of the use of animal sourced components, autologous serum or platelet lysate still present important batch to batch inconsistencies which may negatively affect MSC production efficiency.

The use of a fully defined FBS free medium for both research and clinical purpose would offer both consistency and safety, and several media based on growth factors cocktails were developed that successfully maintain functional and phenotypic characteristics of MSC [START_REF] Chase | A novel serum free medium for the expansion of human mesenchymal stem cells[END_REF][START_REF] Sensébé | Clinical grade production of mesenchymal stem cells[END_REF].

Introductory conclusions

Taking the previous points into consideration it has therefore been determined by our research group that there is a need for :

A better understanding of MSCs sources.

A better clinical harvesting techniques for MSC isolated from the umbilical cord.

A clear understanding of the exact phenotype of the harvested MSCs An overall clear route to the clinic.

With this in mind the aims and objectives of this thesis were formulated.

Aims and objectives of this study

Aim 1

Evaluation of the procedure for isolation and expansion of human MSC from umbilical cord.

Efficiency of the isolation protocol.

Reproducibility of the isolated tissue and cells.

Evaluate animal product substitute for MSC culture.

Development of protocols that could easily be translated to the clinic.

Aim 2 Characterisation of the WJ MSC surface phenotype:

Effect of the culture condition.

Comparison of WJ MSC to BM MSC and fibroblasts.

Design of extensive polychromatic flow cytometry protocols.

Simultaneous examination of a large number of surface antigens.

Evaluate impact of the cell culture protocol on surface phenotype.

Compare the WJ MSc population to BM MSC and fibroblasts.

Aim 3 Example of clinical development of human WJ MSC in a bone tissue differentiation protocol for cleft lip and palate repair.

Assess the conservation of WJ MSC multipotentiality after serum free expansion.

Evaluate the osteogenic differentiation potential of WJ MSC.

Estimate the potential of hydroxyapatite and fibrin glue as a scaffold.

Use of a highly specific assay for evaluation of mineralization.

2 Isolation and expansion of Wharton's Jelly MSC in serum free conditions.

Chapter introduction

Mesenchymal Stem Cells (MSC) are an unique class of uncommitted and undifferentiated multipotent cells first described isolated from bone marrow by Friedenstein et al in 1976 as tightly adherent spindle shaped cells and commonly though to originate from embryonic mesoderm. However, a recent study showed that they might originate from neuroepithelium through a neural crest intermediate [START_REF] Takashima | Neuroepithelial cells supply an initial transient wave of MSC differentiation[END_REF] and might then migrate through the bloodstream to the bone marrow [START_REF] Nagoshi | Ontogeny and multipotency of neural crest derived stem cells in mouse bone marrow, dorsal root ganglia, and whisker pad[END_REF].

These non haematopoietic progenitors, since isolated from a number of tissues in addition to bone marrow such as adipose tissue, muscle, dermis, deciduous teeth, mobilized peripheral blood, umbilical cord blood and placenta have been shown to possess the capability for self renewal and differentiation into various lineages not restricted to mesodermal origin like adipocytes, osteoblasts, chondrocytes [START_REF] Pittenger | Multilineage potential of adult human mesenchymal stem cells[END_REF], tenocytes, myogenic, cardiomyogenic cells [START_REF] Lakshmipathy | Stem cell plasticity[END_REF], hepatocytes (K. D. Lee et al., 2004), pancreatic [START_REF] Santos | Expression of pancreatic endocrine markers by mesenchymal stem cells from human umbilical cord vein[END_REF] and even from the neuronal lineage [START_REF] Dezawa | Specific induction of neuronal cells from bone marrow stromal cells and application for autologous transplantation[END_REF] Many stem cells types are being investigated as candidates for tissue engineering and regenerative medicine but the multilineage potential of MSCs, their migration capacity (J. [START_REF] Chen | Therapeutic Benefit of Intravenous Administration of Bone Marrow Stromal Cells After Cerebral Ischemia in Rats[END_REF]Edwin M Horwitz et al., 2002), and their capacity to modulate or suppress immunitary responses [START_REF] Aggarwal | Human mesenchymal stem cells modulate allogeneic immune cell responses[END_REF][START_REF] Crop | Potential of mesenchymal stem cells as immune therapy in solid organ transplantation[END_REF][START_REF] Uccelli | Mesenchymal stem cells: a new strategy for immunosuppression[END_REF] or inflammation [START_REF] Bassi | Immune regulatory properties of multipotent mesenchymal stromal cells: Where do we stand?[END_REF] gives them clear advantages for clinical applications.

Embryonic stem cells present some of these abilities and might be considered as candidates for clinical application despite their ethical issues. However donor derived tumors have been observed upon grafting. Therefore clinically validated MSC might important for the future of cell therapy.

MSCs were traditionally isolated from an aspirate of bone marrow harvested from the superior iliac crest of the pelvis in human. However, collection, even on this relatively accessible site requires invasive and elective procedure and potential donor site morbidity, pain and low cell number [START_REF] Fukuchi | Human placenta derived cells have mesenchymal stem/progenitor cell potential[END_REF] together with a decline in the differentiation potential and maximal life span coupled to age [START_REF] Kern | Comparative analysis of mesenchymal stem cells from bone marrow, umbilical cord blood, or adipose tissue[END_REF] have encouraged researchers to propose alternatives sources of

MSC for cell therapy application

One of these are the cells isolated from the umbilical cord and particularly the matrix cushioning the umbilical vessels named Wharton's Jelly (WJ). On the contrary to BM MSC, the ease of extraction and the availability of umbilical cord cells is one of their greater strengths as the procedure is completely non invasive to mother or baby, the number of samples extremely high, the tissue volume abundant, and the samples can be used for both autologous or allogeneic treatment.

Although presenting a similar phenotype, recent studies comparing neonatal to bone marrow derived human MSC showed a higher lifespan in culture, proliferation capacity [START_REF] Kern | Comparative analysis of mesenchymal stem cells from bone marrow, umbilical cord blood, or adipose tissue[END_REF] and differentiation potential (Dolores Baksh et al., 2007a) of the neonatal cells that might be due to the expression of telomerase by WJ MSC [START_REF] Mitchell | Matrix cells from Wharton's jelly form neurons and glia[END_REF].

Pushed by their capacity as pluripotent cells with immunosuppressive properties and able to produce growth factors or cytokines, MSCs are being tested in many clinical trials (S. [START_REF] Wang | Clinical applications of mesenchymal stem cells[END_REF].

However, even isolated from MSC rich tissue such as the umbilical cord, they will require in vitro expansion in order to provide sufficient cell number for most clinical application.

There is currently a large inconsistency between laboratories concerning every step of the expansion process, the media, culture surface and potential coating, passaging or seeding, leading to a potential heterogeneous cell population for in vitro tests, clinical experiments, and of course difficulties to compare data or reproduce experiments.

However, the increasing use of MSC in clinical trials requires the development of standardized isolation and expansion processes that needs to comply with Good Manufacturing Practice (GMP).

MSCs were traditionally cultured in a basal medium (such as Dulbecco's Modified Eagle's Medium) supplemented with foetal bovine serum (FBS) that allowed cell expansion while maintaining an undifferentiated state but the use of this variable and undefined supplement lead to inconsistent performances from lot to lot resulting in an overall variability between experimental results that hasn't been overcome by quality control or pre screening of individual FBS lots.

It is also important to notice that most clinical trials used MSC generated in a Foetal Bovine Serum (FBS) containing medium, when the use of this Xenogeneic Serum (XS) is a risk of transmitting animal known or unknown viral, prion, or zoonose contamination and source of xenogeneic antigens, and therefore a potential source of an immune reaction induced by remaining animal proteins [START_REF] Pytlík | The cultivation of human multipotent mesenchymal stromal cells in clinical grade medium for bone tissue engineering[END_REF][START_REF] Selvaggi | Development of antibodies to fetal calf serum with arthus like reactions in human immunodeficiency virus infected patients given syngeneic lymphocyte infusions[END_REF].

In order to address the risk and variability associated to FBS, new approaches using human platelet lysate and autologous or allogeneic plasma have been developed but these alternatives still lack the reproducibility of newly developed [START_REF] Chase | A novel serum free medium for the expansion of human mesenchymal stem cells[END_REF] Serum Free (SF) medium based on a cocktail of recombinant growth factors that allow cell expansion while maintaining phenotypic and functional characteristics of MSC in culture.

Therefore in this study, we propose a new method for the isolation of MSCs from Wharton's jelly of the umbilical cord that allows for a better standardization and repeatability of the tissue extraction procedure, hence improving reproducibility of experimental conditions.

We also propose and compare, against the conventional protocol, the performance of a new fully serum free procedure, based on commercially available media allowing Isolation, expansion and cryopreservation of MSC from umbilical cord or bone marrow without any contact with animal components.

All together, these procedures introduce standardization of the methods, serum free scalable production of vast number of MSC, and characterization of the cellular product, all critical steps for MSCs to be used as a cell therapy in immunotherapy, transplantation and regenerative medicine. 

Representation of the different experiments performed to improve efficiency of the umbilical cord or

Wharton's Jelly process and evaluate WJ MSC potential.

Material and methods

Collection and processing

Wharton's Jelly collection and processing

Umbilical cord samples were obtained after full term, normal or Caesarean section delivery, at the Hospital Privé Natecia and at the Centre Hospitalier St Jospeh St Luc, Lyon, France, only after obtaining written and informed consent from the parents (See appendix 1), when tests for HIV and B Hepatitis were negative and only when the collection of umbilical cord and cord blood was possible without interfering with the birth process.

Collection of umbilical cord and cord blood was performed either before or after the placenta was delivered, clamping and cutting of the cord was performed following the regular procedure by the midwifes, obstetrician or surgeon.

Umbilical cord blood was collected first following the standard sterile procedure [START_REF] Mcguckin | Cord blood revelations: the importance of being a first born girl, big, on time and to a young mother![END_REF] For every sample an information document was also collected recording sample characteristics, (See appendix 2) and anonymous additional medical information related to the parents.

The samples were placed together with 2 gel packs in a sealed box, itself maintained in an insulated box kept at room temperature and transported to the laboratory within 24h for processing.

Aseptic collection of the umbilical cord is usually not guaranteed, therefore washing of the sample is performed in order to reduce potential contamination.

Under a safety cabinet Class II, the cord section was transferred in a new 50mL tube containing 20mL of sterile PBS with antibiotics and manually shaken to remove remaining blood and potential contaminants from the sample. The procedure was repeated three times at least and until the solution remained clear after agitation.

The transversal cuts performed during sample collection being a risk of contamination, the umbilical cord was transferred in a large Petri dish (BD Falcon Ref 8003019) and 1 to 2 cm were removed from each ends using a scalpel and discarded. The remaining tissue was then transferred into a new 50mL tube to be washed again.

The umbilical cord piece was transferred again in a new Petri dish containing 5 mL, PBS, in order to avoid drying of the tissue and sliced in 1 to 2 mm thick transversal sections thus exposing two arteries, the umbilical vein and the surrounding tissue, the Wharton's Jelly (WJ).

Umbilical cord slices were placed flat on a new Petri dish containing 5mL of PBS for the Wharton's Jelly isolation. Various techniques were assessed in order to isolate the Wharton's Jelly while avoiding the surrounding and potentially contaminant tissue. Best results were obtained with the use of a biopsy punch (Ref : BP 25F KAI Corporation, Tokyo, Japan) holding a 2.5mm circular blade allowing to isolate standardized pieces of tissue 2.5mm diameter and 1 to 2 mm thick.

To further reduce risks of contamination WJ biopsies were immediately transferred in a separated vessel and maintained in D PBS + PSA. G and H The WJ tissue was isolated using a biopsy punch, thus producing explants of regular size. I Depending on the UC sample 1 to 8 explant could be isolated on each slice (average approx 2 to 5).

Bone Marrow collection and processing

Bone Marrow (BM) aspirate were acquired from Lonza (Lonza, Basel, Switzerland) from 7 healthy consenting donors.

Two BM derived MSC lines were shared from collaborating laboratory : Cartilage biology and engineering team, Prof Mallein Gerin, IBCP, Lyon.

Fibroblasts collection and processing

Fibroblasts were obtained from foreskin biopsy collected from surgical procedures performed at the Hospital Privé Natecia after obtaining informed consent from the donor and placed in 50mL tube Fibroblasts lines were also shared from collaborating laboratory : Cartilage biology and engineering team, Prof Mallein Gerin, IBCP, Lyon.

In order to separate dermis and epidermis, skin biopsy were placed in a 50mL tube containing 25mL of trypsin at 0.25% placed at 37°C for 1 to 1.5 hour.

After enzymatic digestion dermis and epidermis could be separated using 2 sterile tweezers, the dermis surface was sccrapped using sterile scalpel and later used for fibroblast isolation. In order to perform a comparison between Serum Free (SF) and serum containing medium (XS) for the expansion of WJ MSC cells both media were used for the expansion of the cells isolated from Wharton's Jelly.

MSC Isolation & Expansion

For the SF medium a coating of the culture vessels using Collagen I-III from human placenta (ABCell Bio, Paris, France) was recommended by the producer (Collagen I III at 10 g/cm² during isolation and 50 g/cm² during expansion, for 2 hours at 37°C and 5% CO2,). To prevent an impact on results of the culture surface on the medium performance the coating was extended to the XS culture as well.

After removal of the coating medium from the culture plates WJ pieces were plated at a density of 1 explant/ 2,5cm² and left for a few minutes until superficial drying was observed, thus allowing for a gentle attachment of the WJ pieces to the culture surface promoting migration of the cells from the tissue pieces to the culture plate.

WJ pieces were then gently covered with 200μL/cm² of medium, gently renewed every 2 to 3 days until apparition of adherent fibroblast shaped cells was noted around the tissue pieces (approximately 2 to 5 days), culture was continued until obtaining cell colonies covering approximately 50% of the culture surface available.

For easy removal of the explants at the first passage, 6 well plates were used (Nunc Ref 156499) for cell isolation, for the subsequent passages T25 and T75 (Nunc Ref 174951 and 174952) were used.

Bone Marrow MSC Isolation

BM was diluted using PBS to a ratio of 1:4 and nucleated cells isolated using density gradient centrifugation methods (Ficoll GE Healthcare Ref 17 1440 03). Cell suspension was layered on top of 10mL, Ficoll, in a 50mL Falcon tube and centrifugated at 500G for 20 min. The layer of mononucleated cells was then harvested using a plastic Pasteur pipette and washed through dilution using PBS and centrifugation at 500G. The cell pellet was then resuspended and cell number evaluated after dilution 1:1 with Trypan blue using Neubauer improved hemocytometer.

Nucleated cells were plated at a density of 1x10 4 cells/cm² in T25 or T75 coated flasks in SF medium and MSC were selected based on attachment. After 24 hours medium was removed and flasks were washed using PBS to remove any unattached cells. Remaining adherent cells were cultured in SF medium changed every 2 to 3 days, in humidified 37°C and 5% CO2 incubator until confluency.

Fibroblasts isolation

In a large Petri dish, the dermis was cut in small fragments of 1mm 3 , placed on the bottom of a collagen coated 6 well plate and left few minutes to allow superficial drying to provide attachment to the culture surface promoting migration of the cells from the tissue pieces to the culture plate.

Serum free ABCell Bio SPE IV medium (2mL) was gently added and culture were placed in a humidified 37°C 5% CO 2 incubator. The medium was not renewed for the first week or until observation of the first adherent cells around a tissue piece. During later phases of culture the medium was renewed every 2 to 3 days. Remaining tissue pieces were removed during the first passage.

Passaging

Upon reaching 60 to 80% confluency, cells obtained from all tissue sources were passaged using TrypLE Select (GIBCO, Invitrogen, Carlsbad, CA, USA) 1X as a replacement of the commonly used enzyme trypsin for its ability to dissociate strongly adherent MSC without need for inactivation using animal components that would contaminate SF cultured cell lines.

TrypLE was used following producer recommendations, culture medium was removed and cells were washed using PBS to remove any debris, 1mL/25cm² of pre warmed 37°C TrypLE was added and the culture vessels were incubated at 37°C 5% CO2 for approx 6 min. Detachment of the cell layer was checked under microscope and dissociation was stopped by addition of 3mL of PBS for each mL of TrypLE used.

Cell suspension was collected and culture vessel further washed using PBS. The suspension was centrifugated, 300 G, for 6 minutes and the cell pellet resuspended in culture medium and plated in new coated culture flasks.

The culture of WJ explants in order to isolate MSCs is a long process as cell expansion is low relatively to the number of days in culture when compared to the following expansion steps.

An isolation scale was created in order to provide a non destructive evaluation of the isolation level and several experiments were performed in order to improve and enhance efficiency of the isolation process and define the optimal culture conditions.

Evaluation of MSC isolation from WJ explants

Due to the very low number of cells isolated from the WJ pieces during the first days of MSC isolation from tissue explants and the impossibility to provide a reliable count of cells until cell number reached a total of 2500 cell, a table was created allowing to precisely evaluate the isolation level based on microscope observation of the cell, cell colonies and their disposition in the culture vessel.

This scale allowed for non destructive measurement of MSC isolation from WJ explants and was used to evaluate the effect of several parameter on MSC isolation process.

Level Grade Cell number

Cell shape 

Variation of WJ pieces density during Isolation

In order to increase efficiency of both umbilical cord process and MSC isolation from WJ explants during the first stage of culture, it was necessary to measure the optimal number of WJ pieces to seed that provided highest yield and to later define the most favourable number of WJ tissue/cm² of culture surface to use during the MSC isolation process.

One to six tissue pieces from 4 different UC samples were seeded in collagen coated wells of 6 well plate and cultured using 2mL of ABCellBio SF SPE IV medium until observation of large cell colonies covering over 4 microscope fields marking the end of the MSC isolation procedure. Cells were then passaged and counted in each condition, both total cell number and cell number per explants were compared and the statistical significance between groups of data were assessed with a two sided paired Student's t tests (alpha = 0.05) using Excel software.

WJ MSC isolation and expansion using synthetic coating BD PureCoat ECM Mimetic Surfaces

In order to provide the growth factor necessary for cell survival and expansion, traditional MSC culture medium contains xenogeneic FBS. This supplementation is however one of the biggest barriers to the clinical use of MSC since FBS is of undefined chemical nature, presents highly variable lot to lot compositions, and is a potential risk for transmission of infectious agents.

In order to overcome these difficulties, using commercially available reagents and media, we developed an animal component free isolation, expansion and cryopreservation procedure for MSC from various tissues.

However, when used to culture adherent cells such as MSC, SF culture medium often require a preliminary coating of the culture surface in order to facilitate cell attachment and to provide the adhesion factors usually supplied by animal serum.

So far, in the protocol we developed, this coating was performed using human collagen I III which although safe and homogeneous remained the only bio sourced component of our process.

A new animal component free, chemically defined culture surface was developed by the Becton Dickinson company, this surface name BD PureCoat ECM Mimetic surface is coated with fully synthetic peptides presenting the functional groups of adhesion protein like collagen or fibronectin.

These products are provided as "ready to use" culture vessels and do not require specific handling or storage. They present high sterility levels and are manufactured in cGMP compliant facilities simplifying further progress toward clinical application.

In order to evaluate performance of these new substitutes compared to human collagen coating WJ explants from two different samples were seeded at various density (from 1 to 6 WJ pieces/ well) on 6

well plates coated with either Human collagen I III, BD PureCoat fibronectin or BD PureCoat collagen mimetic surface and cultured using 2mL/well of SF ABCell Bio SPE IV culture medium.

Cell isolation was carefully followed in each condition using the isolation scale we developed and total cell number and cell number/explant were measured at the end of the isolation phase.

All the cells isolated from each condition were then seeded in T 75 flasks, coated with the respective component and culture was maintained until the cell reached approximately 90% confluency in one of the conditions, when all cells were passaged and counted again.

WJ MSC isolation and expansion in hypoxic conditions

Cell physiologic microenvironment or niche plays a critical role in maintenance of their function, and oxygen concentration is an important parameter. While a low oxygen environment (also termed hypoxia) is physiologic for many tissues, most in vitro cultured cells are exposed to ambient atmosphere where oxygen concentration reaches 21%. Proliferation of MSC has been shown to be influenced by culture in hypoxic conditions (Nekanti, Dastidar, Venugopal, Totey, & Ta, 2010).

MSC in the UC tissue are maintained in a low oxygen environment and based on the hypothesis that adaptation to a new high level oxygen concentration is needed during the isolation process and might slow down the isolation procedure. An experiment was designed to monitor if speed of isolation and expansion of WJ MSC could be increased or if the cell yield could be improved by maintaining WJ MSC in hypoxic condition.

Three umbilical cord samples were processed and following the previously set WJ explants optimal culture density of 4 WJ pieces/well in 6 well plates, 16 WJ pieces isolated from each samples were seeded in 4 wells of two different 6 well plates, the 4 remaining wells of each plate being filled with medium in order to maintain appropriate humidity level and reduce evaporation.

For each sample, one plate was cultured in standard in vitro atmospheric condition, defined as normoxic, and placed in cell culture incubator at 37°C, 5% CO 2 in air and high humidity, while the other plate was culture in reduced oxygen atmosphere termed hypoxic condition.

To achieve culture in hypoxic condition, hypoxic culture plates were placed in a Modular Incubator Chamber (MIC 101 Billups Rothenberg, Inc, Del Mar, CA) together with 2 open Petri dishes filled with 10 mL of sterile water. The chamber was sealed and flushed through the venting ports for 4 minutes with a gas mixture composed of 5% CO 2 5% O 2 90% N 2 at a rate of 20L/min. The ports were then closed and the chamber placed in an incubator at 37°C. The gas mix was replaced every 24h by a 4 minute flush with the same gas composition and the procedure repeated after every opening of the chamber.

Cell cultures were carefully monitored at each cell isolation step (first cells, first colonies, first passage) and total number of cell isolated in each condition counted during first passage.

Following passage, 2 T25 collagen coated culture flasks were seeded with the isolated cells maintained in their respective hypoxic or normoxic conditions for further expansion until we observed approximately 90% confuency in one of the culture vessels. At this step total cell number was once again measured.

Cryopreservation

Cells

Cells were dissociated and harvested using TrypLE following the passaging methods. Cells cultured in serum containing condition were cryopreserved using 10% DMSO, 40% DMEM F 12 and 50 % FBS medium.

The cell pellet was resuspended in 900μL of 4°C FBS and the cell suspension was transferred in a properly labelled 1.8mL Cryo tube and immediately placed on ice. Iced (0°C) DMEM F12 containing 20% DMSO (900μL) was used to collect the remaining cells in the centrifugation tube then added to the cryo tube and mixed thoroughly, thus obtaining the final XS cryopreservation solution.

Lid was tightened and if necessary cryo tubes were stored on ice for a few minutes and then transferred to a freezing container (Mr. Frosty, Nalgene, Rochester, NY, USA) containing isopropyl alcohol previously cooled at 4°C, and providing a repeatable 1°C/min cooling rate when placed in a 80°C freezer.

For long term storage, after 24h to 48h at 80°C, samples were transferred in the vapour phase of a liquid nitrogen storage vessel.

WJ slices

WJ slices were cryopreserved for later isolation of the WJ tissue.

For the cryopreservation of umbilical cord tissue, umbilical cord was treated following the processing method but slices were collected before isolation of the WJ.

WJ slices, 10 to 15, were transferred into a sterile cryopreservation resistant 15 mL tube and the tube filled at the 12mL mark using ice cold SF freezing medium (Stem Alpha Cryo 3 medium + 10 % DMSO)

and lid was tightened. The tube was then vortexed thoroughly to prevent slices from sticking to each other and thus insuring proper penetration of the freezing medium in the tissue.

The tube was then frozen for 2 hours at 20°C and 24 to 48 hours at 80°C before being transferred in the vapour phase of liquid nitrogen storage vessel for long term storage.

WJ pieces

For cryopreservation of WJ pieces isolated from umbilical cord slices, 15 to 20 pieces of WJ were collected after isolation from the WJ slices and transferred into a 1.8mL cryo tube and the tube filled at the 1.8mL mark using ice cold SF freezing medium (Stem Alpha Cryo 3 medium + 10 % DMSO). The tube was quickly agitated. If necessary cryo tubes were stored on ice for a few minutes and then transferred to a freezing container placed in a 80°C freezer.

For long term storage, after 24h to 48h at 80°C samples were transferred in the vapour phase of a liquid nitrogen storage vessel.

Cell thawing procedure 2.2.8.1 Thawing of cells suspension

Vials were removed from 80°C freezer or LN2 storage tank and immediately placed in a 37°C waterbath with constant agitation until the ice started to thaw on outer edges of the vial. The sample was then moved under PSMII and pre warmed 37°C DMEM was slowly added to the cryo tube in order to further melt the ice. The melted cell suspension was then transferred into a 15mL tube (Corning Ref 430790)

and the process was repeated until all the iced had melted and the now empty cryo tube washed once or twice with warm medium in order to fully recover all frozen cells.

The 15mL tube was the filled up to the 12mL mark, the lid tightened and the tube centrifuged at 300G for 6 minutes.

Supernatant was removed and the cell pellet resuspended in culture medium according to the pre cryopreservation conditions.

Thawing of slices and WJ pieces

Tubes or vials were removed from the 80°C freezer or LN2 storage tank and immediately placed in a 37°C water bath with constant agitation until the ice started to thaw on outer edges of tubes. Samples were then moved under PSMII. Pre warmed 37°C D PBS was slowly added to the cryo tube in order to further melt the ice. Melted cryopreservation medium was removed and replaced by fresh warm D PBS until ice had melted completly. Slices or WJ pieces were then transferred into 50 mL or 15mL tube respectively, the tube filled with warm D PBS and incubated for 5 minutes in order to allow effective dilution and full removal of cryopreservation solution and DMSO from the tissue. The process was repeated 3 times.

Umbilical cord processing could then be resumed and WJ pieces isolated from the slices following the normal protocol.

WJ pieces isolated from frozen slices or directly frozen were used for isolation of WJ MSC following the isolation and expansion protocol.

Results

Isolation, expansion, cryopreservation in SF condition

Efficiency of processing and Isolation

Processing method

Having processed over a hundred umbilical cord samples we determined the dissection and isolation technique described is more efficient and reproducible that the previous techniques described in the literature.

Umbilical cord veins and arteries are twisted and form a spiral along the cord, because of this structure it is difficult to predict the path of the umbilical vessels, by the transversal slicing of the cord we obtain short sections with a very restricted depth, hence a limited entanglement of the vessel, and allowing a precise location of the various structures present in the umbilical cord.

The use of a biopsy punch for the isolation of the Wharton's Jelly in the intervascular region highly simplified WJ dissection since the sample can be isolated in a single step but it also produced a standardized and reproducible tissue sample. Moreover we noticed that the use of a 2.5mm diameter punch through the very precise dissection of the tissue provided a higher yield of WJ recovered from a single slice compared to scalpel dissection.

Despite standardization of the biopsy diameter, tissue size remained dependant on the precision of UC transversal slicing. A device was therefore created in order to standardize the slicing process. The use of biopsy punch of 2.5mm diameter allowed sampling of standardized tissue pieces and greatly facilitated the isolation procedure.

Cord slicing holder

Umbilical cord can greatly vary in diameter, density of the Wharton's Jelly tissue or internal organization of the UC vessels.

In our WJ isolation method, the slices regularity and thickness has a significant impact on the following step of the process, yet it remains a long, tedious and very operator dependant step of the process.

Through the use of a biopsy tool to produce WJ explants, we standardized biopsy diameter. However the height of the tissue cylinder remained dependant on the precision of the transversal slicing and had to be controlled in order to produce explants of identical dimensions.

A device was then designed and produced in epoxy polymer using 3D printing technique (Cresilas Lyon, Genas, France) in order to perform as a guide during UC slicing. After the washing procedure, a 50mm long section of the UC is selected placed on the bottom part of the device. The top part of the device can then be positioned and thanks to its shape will automatically adjust to the cord diameter, maintaining it and providing a guide during slicing.

The top and bottom parts of the device being fitted with matching transversal openings every 2mm, the user simply has to insert a scalpel blade through the openings in order to cut the UC sample in precisely 2mm thick slices. The device can then be opened and the slices recovered for the next step of the isolation process. The shape of the device allows for automatic adjustments to the UC diameter while maintaining perfect alignment between the top and bottom part, the aligned cuts allows the precise insertion of a scalpel blade every two millimeter generating transversal slices of standardized and homogeneous dimensions.

In order to measure the performance of the cord slicing holder at least two 50mm long section from 7 independent UC samples were prepared and sliced manually or using the device and the wet weight of the produced slices using each of the technique was compared.

The UC present limited variation in diameter over the processed 50 mm sample, the weight variation that could be measured are thus mainly related to variation in slice thickness.

Large diameter cords often present a relaxed WJ structure and are thus difficult to hold steadily during manual cutting. We could observe that in such cases the slicing device presented significant advantages.

Small diameter cord on the other hand usually present a more dense structure that facilitate holding and cutting and in such cases the advantages provided by the slicing device are less marked.

The manual slicing of the umbilical cord is very time consuming as constant adjustments and modification of UC position are needed and tweezers needs to be adjusted for each cut. The use of the slicing holder thus greatly reduce the process duration since those steps are simply eliminated.

Figure 30 : Second version of the cord slicing holder.

A second version of the UC slicing tool was designed to respond to machining issues as the bottom part of the first version was difficult to produce due to its sharp edged concave shape. The new bottom part with simplified form allow for easier production of the device while a third part fully hollowed is closing the bottom part and thus maintaining the umbilical cord sample while forming a belt around the device insuring perfect alignment of the top and bottom part during slicing In order to validate the cord slicing tool design, a model of the first version was produced in epoxy polymer using rapid prototyping 3D printing technique. While the material did not allowed autoclave sterilization, ethanol sterilization allowed the cutting of several samples and accurate evaluation of the functionality of the device.

A and B Top (A) and bottom part (B) with a 5cm long umbilical cord sample C and D Top and bottom part closed with umbilical cord before and after cutting E The opening of the device after cutting reveal a precisely sliced umbilical cord. F Slices will necessitate further washing steps to remove blood released during slicing but the full length of the sample can be used for WJ isolation.

Statistical comparison of UC slicing tool to manual cutting

Analysis of the average weight of UC slices cut using the slicing holder or manually using student t test revealed statistically significant differences in slice weight for 4 out of 7 samples. Additionally, in 5 out of 7 samples, the device produced slices of lower or similar weight compared to manual cutting resulting in an equivalent or higher number of slices from an equal length of UC.

Statistical analysis of the standard deviation on weight showed significantly higher homogeneity (P = 0.022) of the slices processed using the cutting device (average standard deviation 0.0397 ± 0.0040) compared to the samples cut manually (0.0920 ± 0.0194).

Theoretically the cutting device is designed to produce 25 slices of 2mm thickness from 5cm of UC, however in some cases the 2 slices positioned at the end of the device are damaged and cannot be used for isolation of the WJP.

Nonetheless the average number of sliced obtained after cutting that could be later used for WJ explant isolation was still statistically significantly higher (P = 0.0012 ) using the cutting device (23.31 ± 0.624) than when cut manually (18.71 ± 0.892).

The use of the UC cutting device provided an easier and faster processing of the UC during the cutting process, higher homogeneity of the slices obtained and a higher number of slices for a given length of UC thus reduce loss of UC tissue, moreover while it is designed to accommodate 5cm section of UC it can be easily adapted to be used with shorter samples.

Finally thanks to the obtaining of equal thickness slices it provide fully standardized dimension for the isolated WJ explants. While the average weight of the slices obtained from one sample may present variation depending on cord diameter the use of the holder significantly increase homogeneity and reduce the processing time.

Sample

A well trained individual may be able to manually produce slices with a good weight consistency when the umbilical cord sample is thin and present dense Wharton's jelly (sample 1305 or 1311). It is however impossible when the cord present a large diameter and a relaxed tissue that make difficult holding of the sample with tweezers and cutting with the scalpel (sample 1306 or 1316). In such cases the use of the holder present radical advantages in facilitating the process and producing consistent slices. Data were obtained on 7 different specimen cut in over 335 slices. Weight (g)

Comparison of average slice weight

Device Manual

Umbilical cord slice backlighting device

During WJ dissection using biopsy punch, the variability of the UC vessels layout can prove challenging as for the untrained eye it can be difficult to distinguish the limits of veins, arteries and UC epithelium.

In our process, we noticed the 2mm slicing of the UC provide another advantage as WJ become translucent and it was possible to clearly see the internal structures of an UC slice when looking at the bottom of the Petri dish used for dissection.

In order to enhance this effect and permit simultaneous lighting and dissection we created a LED dissection backlighting prototype device.

This battery powered device was placed in a sealed large 150mm diameter Petri Dish and contained a white and a blue 5mm 3V LEDs that could be powered independently or simultaneously using 2x1.5V batteries.

Placed under the dissection plate this bright focused light greatly facilitate WJ isolation and improve its efficiency by allowing to easily distinguish the limits of the UC structures that need to be avoided hence reducing the usual error margin around vessels and epithelium and increasing the amount of tissue recovered from a slice.

Using this prototype we observed that the most adapted light colour to illuminate the sample was white light.

In the future, our goal is to produce a rechargeable battery powered device with bright and large lighting areas that could be placed like our prototype under the dissection plate. The large lighting area would facilitate dissection as it would not be necessary to place the slice over a precise area and the sealed cordless device would be easy to use and allow easy cleaning and disinfection in order to be safe under a Class II safety cabinet. The sealed rechargeable battery powered device presenting a large lighting area could easily be placed under the dissection plate to enhance observation of the umbilical cord structures. statistically significant for a 95% level of confidence ( = 0,05) probably because of reduced sample number, the use of SF medium for frozen tissue still reduce isolation time of 22%, but the freezing process seems to increase the variability in SF condition with a standard error for the 3rd steps of ± 2 to 3 days.

Fresh and Frozen tissue

For MSC isolated in SF condition alone but from fresh or frozen tissues, we observed a statistically significant increased time at all isolation steps in frozen samples probably due to the freezing process, with duration to the observation of the first cells of 3.25 ± 0.65 days from fresh sample compared to 

Effect of culture medium and cryopreservation on isolation

Days

Fresh XS Frozen XS

Effect of WJ pieces density during isolation of MSC

From 1 to 6 WJ explants were seeded in coated wells of 6 well plates and cultured using SF ABCell Bio SPE IV medium in order to evaluate the optimal number of WJ tissue pieces during MSC isolation.

The average isolation duration was 15.5 ± 1.66 days and after this period, all WJ explants had produced MSC colonies, however for some explant density the isolated cell number presented important inter individual variation resulting in an elevated SEM and difficulties to produce reliable statistical analysis.

Cell The total cell number obtained in each condition is also important as when important amounts of tissue are available, it may be interesting to choose a condition promoting the total amount of harvested MSC after the isolation step without concern to the yield.

However, we can observe from the average cell number / cultured explant ratio that the highest recovery is obtained using 4 WJ pieces for one well of a six well plate with a cell number reaching 27166

± 2959 cell/ explant.
This result is supported by the average total cell number obtained with the same condition of 4WJP/ well as we were able to isolate a total of 108666 ± 11837 cell, higher than obtained using 5 or 6 explants.

Statistical analysis using one way ANOVA did not present a statistically significant difference (P = 0.118) and concluded that he differences in the mean values among the treatment groups are not great enough to exclude the possibility that the difference is due to random sampling variability probably caused by low power of the test (0.287).

Statistically significant differences could however be observed using multiple t test comparison with the cell to explant number ratio and the total number of isolated cells. Interestingly, as we observed that the highest ratio of recovered cell/cultured WJ explants was obtained with 4 pieces of tissue, only statistically significant difference of this condition is of interest, and we can observe that using the total isolated cell number, the condition 4 is statistically superior to the condition 1, 2 and 3 and that using the number of cells/WJP the condition 4 is again statistically superior to the condition 5 and 6.

Although repetition of the experiment would be necessary in order to obtain higher power of the statistical analysis, we can assume with good confidence that the condition using 4WJP/well of 6 well plate approximately corresponding to 1 explant for 2.5cm² of culture surface increase efficiency and provide highest yield of MSC during isolation process. The capacity of the Mimetic surface to support MSC isolation compared to usual human collagen coating was also evaluated using cell counts at the end of the isolation process.

Considering the cell count/WJP parameter, human collagen once again seemed to better support MSC isolation from the tissue explants however, using multiple t test comparison, no significant difference could be observed. However a second testing of the data using a Mann Whitney U test confirmed that the difference between human collagen coating and BD mimetic fibronectin or BD mimetic fibronectin and BD mimetic collagen is not great enough to exclude the possibility that it is due to random sampling variability, (P = 0.078 and P = 0.506 respectively).

It however revealed that there is a statistically significant difference between the human collagen coating and the BD mimetic coating (P = 0.037).

WJ MSC expansion using Mimetic Surfaces

MSC isolated in each coating condition were passaged in T75 culture flasks and maintained on their respective culture surface during 7 days for further expansion until one of the condition reached approximately 90% confluency, cells were then passaged and counted.

Results are presented in table 9.

Average SEM

Human collagen 1.83E+06 ± 2.53E+05 Mimetic fibronectin 1.11E+06 ± 1.02E+05 Mimetic collagen 1.53E+06 ± 1.02E+05

Table 9 : Average yield on WJ MSC cultured on human Collagen and BD mimetic fibronectin or collagen coating at P1 (n=4).

During the expansion phase results appear to indicate that while human collagen seems to provide highest cell growth, the second best culture surface would be mimetic collagen.

Statistical analysis using Student t test indicate that although there is no difference between human collagen and mimetic collagen (P = 0.484) or between mimetic collagen and mimetic fibronectin (P = 0.064) there is now a statistically significant difference between the human collagen coating and the mimetic fibronectin surface (P = 0.039).

While the results of the fully synthetic culture surface compared to the human collagen coating during the MSC isolation phase seems to tend toward superiority of the human collagen coating, with mimetic fibronectin resulting in slightly inferior cell growth and mimetic collagen surface presenting the lowest outcome.

While during expansion the human collagen coating still appear to offer the best condition for cell growth, the outcome of the two mimetic surface are inverted as the mimetic collagen seems to provide better results than the fibronectin synthetic coating.

It is however important to observe that these experiments would need to be repeated in order to increase the sample numbers as data from only 2 samples were analyzed, although during isolation 6 measure points were taken on each sample, and cell counts analyzed using the ratio of cell number/WJP, this may have introduced a potential bias in the experiment by increasing results spread as we know that different explant density during isolation phase can result in significantly different cell number, thus reducing the power of the statistical analysis due to increased variance. Although the results of the total cell number harvested after isolation in hypoxic condition are consistently equal or superior to the cells cultured in normoxic condition, results of statistical analysis using Student t test and paired t test between the two sample groups reveal that there is no statistically significant difference (P = 0.180 and P = 0.115 respectively) the difference being too small to exclude the effect of random sampling variability.

WJ MSC Expansion in hypoxic condition

After isolation, WJ MSC were seeded in collagen coated T25 culture flasks and cultured in the same conditions for 5 (CB1418), 7 (CB1416) or 8 days (CB1415) until cells reached approximately 90% confluency in one of the condition, cells were then passaged and counted. During MSC expansion, the results of total harvested cell number are again similar or superior in hypoxic condition, but once again, the difference is too small to observe a statistically significant difference between the two sample groups using t test or paired t test (P = 0.419 and P = 0.090) However, the data obtained during MSC isolation strongly indicate a difference between the hypoxic and normoxic condition and based on the hypothesis that the statistical analysis failed to bring out this difference only because of the low sample number, data from both isolation and expansion phase were combined and tested again using paired t test which finally showed a statistically significant difference between the two culture conditions (P = 0.013).

It would be interesting to repeat this experiment in order to increase sample number and facilitate statistical analysis however the obtained data seems to show increased MSC number after isolation or expansion in hypoxic condition at 5% O2. This effect of hypoxia seems to be stronger during isolation of MSC from WJ explants.

Expansion of WJ MSC in serum free and serum containing medium

In order to compare the expansion rate and proliferative capability of the SF medium compared to usual XS medium, 3 samples of MSC isolated from UC Wharton's jelly were isolated and expanded in SF ABCell Bio or XS DMEM+10%FBS Medium.

In order to avoid culture surface influence on the results and given that the SF medium require coating of the culture surface with collagen, both XS and SF culture vessels were coated following the SF medium culture condition.

Cells were first isolated from WJ pieces in SF or XS medium and passaged when reaching approximately 70% confluency in order to maintain high proliferation rate. Cells culture surface was expanded during expansion, from one well of a 6 well plate (9,6cm²) during isolation, to one T25 flask at P1 offering 25cm² of culture surface, then increased to 75cm² at P2 and finally the culture surface was multiplied by 5 at each subsequent passages in order to observe the growth rate and final expansion capability of each medium.

For obvious practical reasons after P2 the N 1 harvested cells number was actually divided and only 1/5 of the cell number was re seeded at N+1 in the same culture surface in order to simulate a 5x increase of the culture surface. Results however were projected as a theoretical total cell number obtained in each condition when the cells expansion stopped.

Three cell lines were used, CB1112; CB1115 and CB1118, In SF medium, cell expansion stopped respectively for each sample at P8, P14 and P10 while in XS medium we were able to maintain expansion until P8 for CB1112 and P15 for CB1115 and CB1118.

Differences in morphology could be observed between cells cultured in SF and XS medium, as in SF MSCs presented better homogeneity in cell shape, size and cytoplasm condition as refractivity was more pronounced, cell size was also visibly smaller compared to XS cultured MSCs.

Comparatively, XS cultured cells presented very irregular cell morphology, with irregular cell contour and flattened weakly refractive cytoplasm.

Along the expansion process, parameters of cell morphology were better maintained in SF condition, as regularity of cell shape was conserved and cells only presented small changes in overall size while in XS we observed drastic changes in cell size and morphology. Overall, a higher concentration of debris could be observed in the XS culture vessels.

Due to the increased cell size in XS condition along the expansion process, we observed large differences in the cell/cm² ratio between SF and XS medium, while this difference was not too marked during the isolation phase, between passage 2 to 10 we measured an average of 41000 cell/cm² in SF condition versus 25700 cell/cm² in XS condition.

This difference is maintained after passage 10 when cells cultured in both conditions start to present important changes in morphology as we measured an average of 20500 cell/cm² in SF condition versus 12000 cell/cm² for MSC cultured in XS containing medium. The figure 39 presenting linear prospective expansion of WJ MSC present differences in expansion time and achieving higher cell number in a shorter timeframe in SF medium while logarithmic expansion chart present noticeable delay at each step of cell expansion in XS medium.

Although XS cultured MSC could be maintained up to P15, showing a higher final cell number, it is important to observe that while some levels of expansion could still be observed at this stage cells presented a highly abnormal cell morphology, making one suspect a possible cell transformation.

MSC cultured in SF medium however did not show this abnormal phenotype as cell expansion simply stopped between P8 and P14 depending on sample, while the cells retained normal MSC morphology. 
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Fresh SF Fresh XS

Discussion on WJ MSC Isolation and Expansion

Umbilical cord MSC

MSC properties and clinical applications

As a result of their multi/pluripotency, capabilities for production of cytokines or growth factors and immunomodulatory properties, MSCs present a high potential for cell therapy and regenerative medicine, several clinical trials have therefore been designed in order to investigate their therapeutic use in various conditions such as graft versus host disease (GVHD), Crohn's disease, multiple sclerosis, diabetes, myocardial infarction, cirrhosis, and osteogenesis imperfecta [START_REF] Kebriaei | Adult human mesenchymal stem cells added to corticosteroid therapy for the treatment of acute graft versus host disease[END_REF][START_REF] Perez Ilzarbe | Comparison of ex vivo expansion culture conditions of mesenchymal stem cells for human cell therapy[END_REF][START_REF] Remberger | Treatment of severe acute graft versus host disease with mesenchymal stromal cells: a comparison with non MSC treated patients[END_REF][START_REF] Sensébé | Good manufacturing practices production of mesenchymal stem/stromal cells[END_REF][START_REF] Troyer | Wharton's jelly derived cells are a primitive stromal cell population[END_REF].

However, therapeutic applications require the in vitro generation of clinical grade quality MSC, and while they are only present in small quantities in their in vivo niches, MSC transplantation requires a large amount of cells have to be generated within a reasonable time frame.

The Umbilical cord Wharton's Jelly

MSCs can be derived from a wide range of tissues, but availability of the source, capability to design an efficient isolation and expansion process in order to yield a reasonable number of viable cells and the qualities of the obtained cells are fundamentals factor to consider.

MSC can be isolated from several foetal neonatal tissues usually discarded after birth such as, amniotic fluid, placenta, amnion, umbilical cord blood, and the umbilical cord. They represent an inexhaustible resource that is both technically (painless procedure and lower risk of viral contamination) and ethically easily accessible, and from those, due to the amount of harvested material, it's ease of collection, and the abundance of MSC within the tissue, the umbilical cord matrix, or Wharton's Jelly represent the most coherent choice and are considered extremely promising for cell therapy applications (Can & Karahuseyinoglu, 2007;[START_REF] Secco | Multipotent stem cells from umbilical cord: cord is richer than blood! Stem Cells[END_REF].

Additionally UC isolated MSC have shown significantly higher proliferation capability than the more extensively studied BM isolated cells [START_REF] Gong | Banking human umbilical cord derived mesenchymal stromal cells for clinical use[END_REF].

Standardization of optimal MSC culture condition.

Due to the relatively low number of MSc in any given tissue and the large number of cells required for clinical application in regenerative medicine or immunomodulatory approaches, in vitro expansion must be achieved.

But despite this need for large amounts of MSC needed for therapeutic applications, information about the optimization of culture condition required for production is limited particularly regarding seeding or passage density, medium choices and the addition of supplementary factors, selection of donor and tissue source or the effect of cryopreservation.

MSC are not a homogeneous population and the extensive inconsistencies among laboratories concerning isolation and expansion protocols result in incomparable cell products that often prevent a valid comparison of experimental or clinical results.

To reach clinical applications, MSC production processes needs to comply with Good Manufacturing Practice (GMP), and the culture process should be robust, reproducible, efficient and above all safe.

It is therefore essential to standardize all the aspects of production from sample collection all the way to dispatching to the patient for quality assurance to be implemented.

MSC expansion is labor intensive and as such, expensive process. Therefore, the use and the diffusion of optimized procedures is essential to facilitate comparison of results involving MSCs and later meet the clinical demands.

The main focus of this study was to design an optimal standardized process for the isolation of WJ tissue from the UC, derivation of MSC from the WJ explants and finally expansion of those cells in order to generate a sufficient amount of WJ MSC within a reasonable time frame while being later easily transposed to cGMP process.

Define methods for the production of UC MSC for cell therapy

Two main techniques for MSC isolation from the UC matrix are often described. The culture of explants such as described in this work, or the use of enzymatic dissociation techniques that digest the extracellular protein meshwork thus freeing the cells that can be immediately plated.

The explant method was however repeatedly proved superior to enzymatic digestion as the procedure of sequential enzymatic treatment often results in low cell yield, decreased cell viability due to the lytic activity and reduced proliferation capability probably caused by damages to the cell membrane and extracellular matrix. Alternatively the explant culture technique we selected prevented such cellular damages and was shown to provide a more homogeneous cell morphology (Ishige et al., 2009;[START_REF] Salehinejad | Comparison of different methods for the isolation of mesenchymal stem cells from human umbilical cord Wharton's jelly[END_REF][START_REF] Yoon | Comparison of Explant Derived and Enzymatic Digestion Derived MSCs and the Growth Factors from Wharton's Jelly[END_REF]. Explant culture also reduce the number of components getting in contact with the cells thus simplify compliance to cGMP.

Using the explant method allowed us to isolate MSC from the UC with a 100% success rate (excluding few fungus or bacterial contamination) and proved simple effective and reliable method to initiate MSC culture.

However the explant method presents one inconvenience during the process development phase, as we learned from histology studies that MSC concentration presents important variation between the different area of WJ within one sample and even more from donor to donor, thus preventing an easy comparison of isolation protocols as the explants may not contain similar cell numbers at seeding.

Through the development of methods and tools to standardize both explant thickness and diameter we were able to avoid variation of the tissue size that would increase this inconsistency and therefore designed the most standardized process for preparation of WJ explants.

This technique is characterized by reducing the tissue size small enough for gases and nutrients to diffuse freely (Atala and Lanza 2002). Success in the primary explanted culture is dependent on the migratory ability of the type of cells (Saward and Zahradka 1997).

Defined media for the Isolation of WJ MSC

The medium functions are often described as limited to supporting the cell survival and expansion yet they are underestimated and the medium is actually a key component for the efficiency and safety of MSC culture and it's quality is of paramount importance as it is responsible for maintenance of cell phenotype, genotype stability and MSC functions through several passages, and therefore must absolutely be optimized.

In most cases addition of cytokines and growth factors are necessary although the growth factors needs of MSC are still unknown and may depend on tissue source, cell number and level of commitment.

FBS is a commonly used supplement for MSC culture as it may provide many of the necessary supplements and while most clinical trials have used FBS cultured MSC, it is however undesirable at various levels. FBS is an animal derived inconsistent product and present important lot to lot variations introducing high variability in experimental results.

The safety risks associated with clinical use of cells exposed to FBS such as the possibility of disease transmission or severe immune reactions are being increasingly recognized and the observed sensibility to FBS exposed cells is particularly problematic in multiple doses protocols. (Delorme et al., 2008;[START_REF] Parker | Low serum and serum free culture of multipotential human adipose stem cells[END_REF][START_REF] Perez Ilzarbe | Comparison of ex vivo expansion culture conditions of mesenchymal stem cells for human cell therapy[END_REF][START_REF] Pytlík | The cultivation of human multipotent mesenchymal stromal cells in clinical grade medium for bone tissue engineering[END_REF][START_REF] Sensébé | Good manufacturing practices production of mesenchymal stem/stromal cells[END_REF] As this risk of serious side effects will probably never be fully eliminated, some regulatory authorities such as the German PEI have restricted or placed warnings on the clinical use of cell therapy products prepared using FBS.

Some protocols of MSC culture have replaced FBS with human plasma or platelet lysate, with variable success, but although solving the problem of the use of animal origin components, they still present important batch to batch inconsistencies which may negatively affect production efficiency.

The use of a fully defined FBS free medium for both research and clinical purpose would offer both consistency and safety and several media based on growth factors cocktails were developed that successfully maintain functional and phenotypic characteristics of MSC [START_REF] Chase | A novel serum free medium for the expansion of human mesenchymal stem cells[END_REF][START_REF] Sensébé | Clinical grade production of mesenchymal stem cells[END_REF].

Cell isolation from WJ explant is a long step in MSC culture in respect to the cell expansion obtained.

It is therefore important to choose a medium providing the best performance and thus reducing the final culture time needed to obtain the cell number necessary for a given procedure.

The commercially available fully defined FBS free medium we evaluated was during our experiments proved as superior in terms of isolation time compared to FBS containing medium. This fully defined FBS free medium, currently under validation for clinical use, would present a solution of improved safety, reliability and efficiency compared to other XS containing medium. Using such potentially clinical grade medium would in turn increase quality and safety of the transplanted cells and ease approval for clinical cell therapy treatments.

The use of a proprietary commercial formulation however highlight the potential problems of disclosure as risk assessment will be necessary for each component of culture solution used for human application in order to avoid adverse events. Confidentiality agreement with the manufacturer might however allow for occasional disclosure that would mitigate this risk [START_REF] Hunt | Cryopreservation of Human Stem Cells for Clinical Application: A Review[END_REF].

While the use of defined medium may pose specific problems that will have to be addressed, our data shows the ABCell Bio SPE IV medium is a viable choice for the isolation of MSC from tissue explants and as such, an important step toward clinical applications of UC derived MSCs.

Isolation of MSC from WJ after cryopreservation

Although recent studies [START_REF] Hunt | Cryopreservation of Human Stem Cells for Clinical Application: A Review[END_REF] have confirmed that cell cryopreservation using a slow controlled cooling technique and, later, thawing by means of rapid warming does not affect viability or differentiation potential of MSC, our experiments revealed significant increase of the duration necessary for MSC isolation from WJ explants after a freeze thaw cycle.

For cells isolated in SF condition the freezing process increased variability and isolation time reducing the difference observed between SF and XS isolated cells from fresh tissue. When WJ MSC were isolated in XS condition, we observed a remarkable increase of isolation time since up to a full month in culture was necessary to reach the first passage.

Although the freeze thaw process did not suppress the difference observed between SF and XS isolation, the advantages provided by the SF medium in term of isolation speed was reduced and coupled with an increase in variability this lead to the cancellation of the statistically significant difference previously observed.

It is important to observe that most studies on cryopreservation are performed on cell suspension, while our protocol of MSC isolation post freezing is based on the cryopreservation of WJ explants.

The presence of the WJ matrix surrounding MSC might have induced reduced DMSO concentration at the cell level and thus provided to the cell a reduced protection to cryopreservation induced damages. A lower cell viability at thawing would thus explain the increased time necessary to obtain sufficient cell number for passage.

It is however important to point out that our experiments validate the possibility to cryopreserved both UC tissue and WJ MSC in a defined medium, thus avoiding the drawbacks associated to the FBS usually present in the freezing medium, while maintaining the possibility to isolate or expand MSC after prolonged storage. This capability to cryopreserve UC tissue and MSC in a define medium will be a key factor to the development of WJ MSC based therapies.

Influence of WJ explant density on MSC isolation

Variation of MSC isolation yield following increase in tissue explant concentration was not purely linear as we could have expected as it increased from 1 to 4 WJ explant but decreased from 4 to 6 tissue pieces. The increase observed from 1 to 4 WJ explants when the cell yield was normalized with the number of seeded pieces could be linked to the secretion of adhesion molecules, growth factors and nutrients or to the beneficial effects of cell cell contact.

Additional experiments will be necessary to establish the precise causes behind the reduction of cell yield from 4 to 6 WJP. This could be explained either by a lack of growth factors in the condition 5 and 6 WJP as the higher initial cell number may have required more frequent medium changes, or by the release of cytokines by the MSC themselves as the increased number of WJP in condition 5 and 6

may have resulted in a cytokine concentration high enough to mimic physiologic condition of the UC and slow MSC expansion. A combination of those two effects or the influence of factors from the extracellular matrix are also possible.

During this experiment we were able to define the optimum condition in tissue explant density related to the medium volume and culture surface that allowed the highest cell yield in SF condition.

These data are particularly important in the context of clinical applications of WJ MSC as they enable rationalisation of the UC tissue use and optimisation of the in vitro culture time, both important parameter in clinical settings.

BD Mimetic Fibronectin synthetic coating as replacement of human derived collagen I III

While a basic medium supplemented with a cocktail of cGMP produced growth factor is efficient for MSC isolation and expansion, the need for proteins such as collagen of fibronectin to ensure adhesion of MSC to the cell surface remained challenging as most of them are of human or animal origin. Like others, the SF medium used in the process we developed requires coating of the culture plates, in our cases using human collagen I III.

While it still provided significantly higher results than the two mimetic surface developed by BD, the increased efficiency will have to be put into perspective to the potential advantages provided by a culture surface that results in MSC cell growth close to human collagen coating, as this fully synthetic, ready to use, highly consistent chemically defined coating, also provides advantages in term of user time and it's high sterility level and cGMP ready process might be key factors in the future development of MSC clinical applications.

Hypoxic culture to increase efficiency of MSC isolation and expansion

One of the key differences between the physiologic in vivo environment and the in vitro conditions is the oxygen concentration in which cells are cultured and although many tissue may present high variations in oxygen levels, its concentration is always significantly reduced compared to the 21% of atmospheric condition [START_REF] Bobis | Mesenchymal stem cells: characteristics and clinical applications[END_REF][START_REF] Panchision | The role of oxygen in regulating neural stem cells in development and disease[END_REF].

It was also shown that MSC maintained in hypoxic conditions present higher expansion and differentiation potential that may be related to telomerase activity upregulation [START_REF] D'ippolito | Marrow isolated adult multilineage inducible (MIAMI) cells, a unique population of postnatal young and old human cells with extensive expansion and differentiation potential[END_REF].

Our results suggest that the effects of hypoxia are enhanced during isolation compared to expansion, however, experimental conditions might be accountable since, so far, we are not able to maintain perfect hypoxic conditions for our cultures particularly during passage or cell culture monitoring.

Moreover although we used a 5% oxygen gas mix, the air volume contained in the T25 flasks combined with the reduced volume of the hypoxic chamber might have resulted in reduce hypoxia levels. It is also important to recognize that fully hypoxic cell culture incubators that would allow precise monitoring and regulation of the oxygen concentration would be far superior to the portable hypoxia chamber used in this experiment.

Those conditions might have, over the course of cell isolation and expansion, lowered the levels of Hypoxia Induced Factors such as HIF 1 and thus reduce the effect of hypoxia on cell expansion.

Although a repetition using various hypoxia levels and a proper doubling time measure might be interesting, our experiments however highlight the fact that hypoxia might be, although a technical constraint, an interesting tool when trying to achieve efficient cell isolation and expansion while maintaining initial cell potential.

While increasing the efficiency of MSC isolation and expansion can be reached by the addition of growth factors, they will often induce changes in the obtained cells.

In clinical settings, hypoxic in vitro culture of MSC will be important to consider as an alternate method since cell culture in hypoxia do not requires the introduction of additional component in contact with the cells and act by actually maintaining them closer to the in vivo conditions. It is thus likely to be easily validated by the regulatory authorities for the production of cells later used for clinical application.

Expansion of WJ MSC in defined SF medium.

Most MSC clinical application require an in vitro expansion phase in order to obtain sufficient cell number for efficient therapeutic effect. While MSC pool is maintained during the lifetime in vivo condition thanks to expansion and regeneration, this capability is abolished during in vitro cultures

where not only MSC capability to expand can present high variability between 2 samples from the same donor, but, additional reduction of the MSC expansion and proliferation rate and loss of multipotentiality was reported after successive passages [START_REF] Banfi | Proliferation kinetics and differentiation potential of ex vivo expanded human bone marrow stromal cells: Implications for their use in cell therapy[END_REF][START_REF] Bobis | Mesenchymal stem cells: characteristics and clinical applications[END_REF][START_REF] Digirolamo | Propagation and senescence of human marrow stromal cells in culture : a simple colony forming assay identifies samples with the greatest potential to propagate and differentiate[END_REF]Muraglia, Cancedda, & Quarto, 2000;[START_REF] Sensébé | Good manufacturing practices production of mesenchymal stem/stromal cells[END_REF].

MSC behaviour in culture usually follows 4 distinct phases, the initial culture phase, qualified as isolation in our experiments, is followed by an exponential growth phase ending in a gradual decrease of the growth speed and finally a stationary phase of the cultured cells also qualified of replicative senescence which arise through various mechanisms such as telomere shortening and activation of the pRB or p53 pathways [START_REF] Apel | Suitability of human mesenchymal stem cells for gene therapy depends on the expansion medium[END_REF][START_REF] Campisi | Cellular senescence: when bad things happen to good cells[END_REF][START_REF] Krishnamurthy | Ink4a / Arf expression is a biomarker of aging[END_REF][START_REF] Sensébé | Good manufacturing practices production of mesenchymal stem/stromal cells[END_REF].

As senescent cells were shown to lose part of their differentiation potential and experience changes in their secretion profile, the risks linked to the use of such cells for both experimental and clinical application should not be overlooked [START_REF] Sensébé | Good manufacturing practices production of mesenchymal stem/stromal cells[END_REF].

As it is of paramount importance to maintain stem cell characteristics for clinical use of MSC, the development of efficient expansion protocols allowing to reach sufficient cell numbers in a reasonable time frame while maintaining the cells in proliferation, are key to successful clinical application.

Our experimental protocol compared MSC in expansion phase when cultured in SF ABCellBio SPE IV or XS DMEM containing 10% FBS. For most parameters the SF medium outclass the XS condition as we observed higher expansion rate, cell density/cm², better cell morphology and higher homogeneity of the cells within the same sample and between samples.

Thanks to the use of SF medium we were able to obtain 4 passages in less than 30 days in culture while XS cultured cells were not able to reach 2 passages within the same time frame and while the presence of granulated cytoplasm and cell debris was observed in both condition at high confluency or during late passage, this phenomenon was clearly more frequent and marked in XS containing culture.

Although some groups were able to continuously grow MSC for 10 to 20 passages [START_REF] Apel | Suitability of human mesenchymal stem cells for gene therapy depends on the expansion medium[END_REF] during expansion in SF condition we observed reduction of the expansion rate and in one case arrest of cell growth around P8 which prompted us to restrain application of differentiation protocols to cells between P2 to P6 in order to limit the risk of multipotentiality loss.

In SF conditions we also observed full cell proliferation arrest at most during P14, and while cells were maintained in culture for a prolonged period of time after this event, we did not observe any changes in cell morphology nor further delayed cell multiplication.

Significantly different results were observed in XS conditions as cell proliferation was experienced, although slowed, further than P14 with no sign of arrest of cell growth while we did observe changes in cell morphology.

Although cells in XS at high passage did not lose adherence, which would be a definitely noted as a mark of malignant transformation, this risk and the potential tumorigenesis from MSC due to genomic instability after prolonged in vitro culture remain a major safety concern for clinical use.

Reports are still conflicting over the capability of MSC to undergo this process of malignant transformation as it was published then retracted for human Adipose Tissue derived cells [START_REF] Fuente | Retraction: Spontaneous human adult stem cell transformation[END_REF][START_REF] Rubio | Spontaneous human adult stem cell transformation[END_REF] and articles with contradictory conclusion were published concerning BM MSC [START_REF] Bernardo | Human bone marrow derived mesenchymal stem cells do not undergo transformation after long term in vitro culture and do not exhibit telomere maintenance mechanisms[END_REF][START_REF] Røsland | Long term cultures of bone marrow derived human mesenchymal stem cells frequently undergo spontaneous malignant transformation[END_REF]. In addition several reports are suggesting normal karyotype and DNA copy numbers in long term cultured MSC [START_REF] Tonti | From bone marrow to therapeutic applications: different behaviour and genetic/epigenetic stability during mesenchymal stem cell expansion in autologous and foetal bovine sera?[END_REF]. Regarding UC MSC, recent reports showed that MSC from several donors up to passage 15 did not grow in agar based medium nor formed tumor in immunodeficient mice, moreover, their in vivo capability to inhibit K562 leukemia cell lines was maintained [START_REF] Gong | Banking human umbilical cord derived mesenchymal stromal cells for clinical use[END_REF].

The event we observed at high passage in XS cultured MSC would have to be confirmed but it is important to note that when the cell surface markers of the same sample were analyzed at P12 we observed abnormalities expression of several surface molecules and particularly a reduced HLA ABC expression, while none of such observation were made in SF cultured MSC.

While any protocol of in vitro isolation and expansion of MSC introduces the risk of contamination through usual bacterial or fungal agents and possible changes in MSC biologic properties, we believe the SF protocol we developed here and the standardization we introduce might, through efficient process and medium formulation, significantly improve safety and quality of the produced cells and thus be an important step toward the development and approval of clinical application for UC derived MSC.

The in vitro process and the culture conditions might however influence characteristics and properties of the produced cells and extensive characterization will remain essential prior to clinical use.

Conclusion

Efficient and reproducible harvesting of umbilical cord Wharton's Jelly.

The development of tools and specific methods resulted in a standardized process for the preparation of umbilical cord WJ explant.

Efficiency and reproducibility of the process was greatly increased.

The developed protocol for explant isolation could already be used for cGMP process.

Optimization of MSC isolation from Wharton's Jelly tissue explants in serum free condition.

A commercially available fully defined xeno free medium was evaluated and proved superior to FBS containing medium for WJ MSC isolation thus facilitating WJ MSC application in clinical settings after in vitro isolation and expansion.

The optimal WJ explant density was investigated in order to improve yield of MSC obtained from the standardized tissue volume during the isolation process.

Hypoxic culture condition was investigated as a way to increase cell yield during MSC isolation and expansion process.

A cryopreservation medium that can be used not only for freezing of cell suspension but also preservation of WJ tissue explant was evaluated and found to produce better results than xeno serum containing conventional medium.

Evaluation of WJ MSC expansion capabilities in serum free conditions.

Fully synthetic culture surface were evaluated against conventional human collagen coating and found to be a viable option for MSC expansion in future clinical applications.

We compared MSC expansion when cultured in SF or XS containing medium and observed higher expansion rate, cell density and cell homogeneity for MSC expanded in ABCellBio SPE IV condition thus removing the need of protocols using serum containing medium for MSC expansion in future clinical application.

3 Flow cytometry analysis of WJ MSC

Chapter introduction

Many stem cells types are being investigated as candidates for tissue engineering and regenerative medicine but the multi lineage potential of MSCs, their migration capability (J. [START_REF] Chen | Therapeutic Benefit of Intravenous Administration of Bone Marrow Stromal Cells After Cerebral Ischemia in Rats[END_REF]Edwin M Horwitz et al., 2002), and their capacity to modulate or suppress immune responses [START_REF] Aggarwal | Human mesenchymal stem cells modulate allogeneic immune cell responses[END_REF][START_REF] Crop | Potential of mesenchymal stem cells as immune therapy in solid organ transplantation[END_REF][START_REF] Uccelli | Mesenchymal stem cells: a new strategy for immunosuppression[END_REF] or inflammation [START_REF] Bassi | Immune regulatory properties of multipotent mesenchymal stromal cells: Where do we stand?[END_REF] gives them advantages for clinical applications.

MSCs were traditionally isolated from an aspirate of bone marrow harvested from the superior iliac crest of the pelvis in humans, but collection, even on this relatively accessible site requires invasive and elective procedure and potential donor site morbidity, pain and low cell number [START_REF] Fukuchi | Human placenta derived cells have mesenchymal stem/progenitor cell potential[END_REF] together with a decline in the differentiation potential and maximal life span coupled with age [START_REF] Kern | Comparative analysis of mesenchymal stem cells from bone marrow, umbilical cord blood, or adipose tissue[END_REF] have encouraged researchers to propose alternative sources of MSC for cell therapy applications.

One of these are cells isolated from umbilical cord and particularly the matrix cushioning the umbilical vessels named Wharton's Jelly (WJ). Contrary to BM MSC, the ease of extraction and the availability of umbilical cord cells is one of the great strengths as the procedure is completely non invasive to mother or baby, the number of samples extremely high, the tissue volume abundant and the samples can be used for both autologous or allogeneic treatment.

Although presenting a similar phenotype, recent studies comparing neonatal to bone marrow derived human MSC showed a higher lifespan in culture, proliferation capacity [START_REF] Kern | Comparative analysis of mesenchymal stem cells from bone marrow, umbilical cord blood, or adipose tissue[END_REF] and differentiation potential (Dolores Baksh, Yao, & Tuan, 2007b) of the neonatal cells that might be due to the expression of telomerase by WJ MSC [START_REF] Mitchell | Matrix cells from Wharton's jelly form neurons and glia[END_REF].

Pushed by their capacity as pluripotent cells with immunosuppressive properties and able to produce growth factors or cytokines, MSCs are being tested in many clinical trials (S. [START_REF] Wang | Clinical applications of mesenchymal stem cells[END_REF], however, even isolated from MSC rich tissue such as the umbilical cord, they will require in vitro expansion in order to provide sufficient cell numbers for most clinical applications.

There is currently a large inconsistency between laboratories concerning every step of the expansion process, the media, culture surface and potential coating, passaging or seeding, leading to a potential heterogeneous cell population for in vitro trials, clinical experiments and of course difficulties to compare data or reproduce experiments.

Specific surface antigen expression is, together with phenotype in culture and differentiation potential, one of the three principal characteristics selected by the International Stem Cell Comity (ISCT) used to define MSC, but so far and despite several attempts, no reliable cell surface marker specific and excusive to MSC has been identified. It therefore remain challenging to specifically isolate or characterize MSC from a mixed cell population.

Following ISCT criteria , the core markers currently used to characterize MSCs are identified by the expression ( 95% +) of CD105, CD90 and CD73 and a lack of expression of endothelial/hematopoietic markers ( 2% +) of CD 45; CD 34; CD14; CD19 and HLA DR) (Dominici et al., 2006b).

However these very minimal criteria do not allow in depth characterization of the MSC population nor comparison between MSCs isolated from various tissues or cultured in different conditions and so far the only broad evaluation of the surface molecules expressed by MSC was only available through review work, compiling data obtained from various sources, in different culture conditions.

Therefore the aim of this study was to developed an extensive polychromatic flow cytometry protocol allowing simultaneous examination of 28 parameters and surface markers on MSCs isolated from the umbilical cord to establish the effects of culture conditions such as the use of animal serum or cryopreservation on specific surface markers.

We then applied this protocol to the comparison of Wharton's Jelly to Bone Marrow MSCs and skin fibroblasts cultured in XS or SF conditions.

All together, these procedures introduce a deep characterization of the cellular product, a critical steps for MSCs to be used as an active cell product in immunotherapy, transplantation and regenerative medicine.

Material and methods

Cell harvesting and staining

Phenotypical analysis was performed on cells cultured from passage 1 to 11. In order to obtain a sufficient number of recorded events, cells were harvested from approximately 150cm² of culture surface and to provide a single cell suspension, MSCs were harvested following the passaging method using TrypLE Select 1X (GIBCO, Invitrogen, Carlsbad, CA, USA) as an enzymatic dissociation reagent.

For surface epitope expression analysis a staining panel was designed using 27 antibodies and 7AAD

as a viability probe, combined in 6 tubes to offer full characterization of MSC, while allowing observation of potential sub populations, the capacity to compare cells sourced from various tissues and the effect of culture conditions.

Cells ( 10 

Compensation of emission spectral overlap

To allow for an accurate measurement of spectral overlap and to avoid reliance on cell surface protein expression, compensation samples were prepared using BD CompBeads Plus (ref : 560497).

These polystyrene beads bind any mouse light chain bearing immunoglobulin, are mixed with negative control beads and each fluorochrome conjugated antibodies providing a positive and a negative stained population used to set accurate compensations levels using BD Diva automatic compensations.

For compensation of STRO 1 AF647 Mouse IgM, chain antibodies which doesn't link with BD CompBeads, MSC were used, and compensation tailed for each sample using positive and negative cells.

For compensation of 7AAD viability dye or for staining of the 7AAD positive control, cells were fixed and permeabilized using BD Cytofix/Cytoperm (ref : 554714) for 20min at 4°C and then incubated with 7AAD. During recording of compensation controls, fresh unstained cells and 7AAD positive cells were recorded in order to obtain negative and positive stained population necessaries for calculation of an accurate compensation level. For the 7AAD positive control cells, 100000 events were recorded and later helped define the 7AAd positive cell population.

Specific note on determination of the positive cell population

Various methods can be used during flow cytometry experiments to accurately resolve the positive from the negative cell population, the use of unstained control, isotype controls and Fluorescence

Minus One (FMO) controls helps determine the fluorescence of the negative population and were applicable to our analysis.

Unstained control

The auto fluorescence of unstained control cells was used during this study for the determination of the negative cell population and thus any cells presenting higher level of fluorescence in a specific channel was considered as positive for such channel.

Isotype controls

Isotype controls were not used during this investigation as several groups have shown that not only they are no longer required to obtain accurate results but they actually can be misleading.

A correct use of isotype controls requires matching the isotype of the control to the test antibody since a different isotype will have varying level of background staining.

However, on the panel used in this study, this would have required the use of 13 different isotype controls to match the analysis panel hence greatly increasing the total cell number required for the experiment that would have limited the possibility to perform this analysis on cells cultured at low passages. However even with a control antibody isotyped matched to the test antibody, two major limitations would have remained to the utility of this control.

The first limitation of isotype controls is the fact that they do not reflect overlapping fluorescence from other channels, and the only method to overcome this limit would be to mix the test antibodies from all the other channels together with one isotype control, but even this method, that would be endless applied to our test panel would still suffer from the second limitation of isotype controls.

This second limitation of isotype controls being the fact they may not have the same background staining than the test antibody as the variability of the mean fluorescence intensity of antibody conjugate produce various level of background staining, due to their fluorochrome to antibody ratio, aggregation level, concentration or specificity [START_REF] Maecker | Flow cytometry controls, instrument setup, and the determination of positivity[END_REF], together with the finding that isotype controls can also present inconsistency in their mean fluorescence intensity [START_REF] Basford | Optimized multiparametric immunophenotyping of umbilical cord blood cells by flow cytometry[END_REF]. It is the very difficult to select an isotype control that matches the background staining of a specific test antibody. And this problem is almost impossible to solve as we are using isotype controls as a tool to define the accurate level of background staining.

FMO controls

In flow cytometry application, when high quality monoclonal antibody conjugates are used at the correct concentration they usually produce relatively low level of background staining and during polychromatic experiments, most of the background fluorescence is actually caused by fluorescence spillover from other channel.

While isotypes controls may partly address background signal due to non specific antibody binding, the use of Fluorescence Minus One or FMO controls as the use of sample which include all the fluorochrome conjugated antibody used in the sample but one, thus providing a gating control for background staining on the very channel where the antibody is missing, is now recognized as a useful and prudent approach in multicolor experiment where the major source of background variance after compensation is spillover induced [START_REF] Maecker | Flow cytometry controls, instrument setup, and the determination of positivity[END_REF][START_REF] Roederer | Spectral Compensation for Flow Cytometry : Visualization Artifacts , Limitations , and Caveats[END_REF].

But FMO cannot replace other controls as while it is a ways to measure the effect of spillover from other dye into a specific channel and therefore a valuable tool to maximize resolution sensitivity in such specific channel during the development of polychromatic panels, FMO however does not provide the measure of the background staining produced when the antibody is added in that channel, and while this may not be an issue if such background staining is not significant compared to the spillover from other dye, the FMO controls alone will not be sufficient to define the positive/negative gating if the antibody dependent background become significant.

While such controls could be easily applied on each specimen when a relatively simple antibody panel is used it would generate significant costs and efforts as the number of antibodies and tube expand.

They might however be performed during a pilot study in order to check the influence of sample specific factors that might influence staining intensities that might in turn affect the degree of spillover.

Note on the absence of FMO controls :

During our experiment we choose not to perform FMO controls as it would have required the recording of 48 different tubes and a very significant cell number for FMO controls only, which was not compatible with experiment design. We might however perform such controls in future experiments if the need arise to determine a positive/negative gating on an ambiguous population.

Sample Processing

The different combination of antibodies ( 6) were prepared before staining following manufacturer's recommendations (Table 14). Cell suspension was prepared at approximately 10 7 cells/mL. Cell suspension (100μL) was added to each tube and allowed to incubate for 25min at 4°C in the dark.

Stained cells were washed using BD Lyse wash assistant and the pre set "wash only" cycle to remove any unbound antibodies.

To maximize viability and prevent cell adhesion to the staining tube, samples were kept on ice and analyzed within 2 hours of processing. From the flow cell, laser light is routed to the collection optics, which gathers the signals emitted and scattered from each particle.

Figure 40 : BD Lyse Wash Assistant used to remove any unbound antibodies.

Acquisition of samples

When light arrives at an array, a longpass mirror (filter) transmits the highest wavelengths to the first PMT in the series and reflects lower wavelengths to the next PMT and so on around the array. A bandpass filter (or additional longpass mirror) in front of each PMT further screens unwanted light (BD FACS Canto reference manual).

Detector 

FACS data treatment

Gating methodology

For gating of the MSC population we started by excluding cell debris that were not removed by threshold during recording on a FSC/SSC dot plot. We then screened for viability on the main population using the 7AAD positive sample displayed on a histogram and by comparison between the 7AAD main dead cell peak and the sample tube containing 7AAD staining. This gating of the live cells usually excluded a second population and was applied to the 6 sample tubes.

Negative controls were used for the determination of the background staining, and the gating performed as for the negative gate of the negative control to contain precisely 99.99% of the total event, the opposite gate was applied to the test samples as the positive fraction.

Data of each control and sample tube were exported as CSV files and further analyzed on Microsoft Excel.

Figure 48 : Gating methodology for dead cell exclusion.

When displayed on a FSC/SSC dot plot, most MSC samples display a main population (A) and a smaller population (B) presenting lower FSC. Using the 7AAD positive control and in comparison with the tube 5 containing the 7AAD staining, we were able to observe that this side population is mainly composed of dead cells. The MSC population was then gated on the stained tube in order to avoid this side population. The specific staining obtained on cells displaying a FSC low/SSC low was also observed.

A B

Figure 49 : Example of staining and MSC subpopulation observed on bi parametric dot plot in the tube 3, one of the 6 tubes of the analysis panel (Table 14). Figure 50 : Analysis of mono parametric histograms staining obtained on WJ MSC in one of the analysis tube (Tube 3).

The signal obtained on mono parametric histograms in the unstained tube for each channel was gated in order to contain 99.9% of the live cell events. This gate was then applied to each of the 6 stained tube to define the negative population. Cells above this threshold were considered as positive.

Figure 51 : Example of population hierarchy during flow cytometry analysis (Tube 3).

Each of the fluorescent signal was evaluated based on both the total MSC events and on the FSC low/SSC low events, although the later was not further analyzed in this study.

Statistical treatment of data

Statistical comparisons were performed for each markers and for specific culture condition. Surface antigens expression of WJ MSC were compared for cells cultured in Serum Free (SF) or serum containing (XS) medium, at low or high passages and before or after a freeze thaw process. In the second part of this analysis, MSC or fibroblasts isolated from WJ, BM or skin tissue and cultured in SF medium were compared. Data were compared based on average and confidence intervals and the statistical significance between groups of data was assessed with a two sided paired Student's t tests (alpha = 0.05) using Microsoft Excel software. Probability values (P) equal to or less than 0.05 (*), 0.01 (**), or 0.001 (***) were considered to be statistically significant and marked in the figures accordingly, data are presented as mean percentage ± standard error of the mean (SEM).

Description of analyzed surface epitopes and markers.

CD 90, known as Thy 1, is a heavily N glycosylated, glycophosphatidylinositol (GPI) anchored conserved cell surface protein with a single V like immunoglobulin domain, originally discovered as a thymocyte antigen. Structural study of CD90 lead to the foundation of the Ig superfamily, of which it is the smallest member.

CD90 is one of the most heavily glycosylated membrane proteins with a carbohydrate content up to 30% of its molecular mass. The composition of Thy 1 carbohydrate moieties varies considerably between different tissues or even among cells of the same lineage at different stages of differentiation, presenting for example only galactosamine in the brain, but sialic acid glycosylation in thymic cells.

The function of Thy 1 has not yet been fully elucidated. It has speculated roles in cell cell and cell matrix interactions, implication in neurite outgrowth, nerve regeneration, apoptosis, metastasis, inflammation and fibrosis.

Thy1 expression varies between species. Amongst the cells reported to generally express Thy 1 are precursor T cells in the thymus and CD34+ prothymocytes; neurons, mesenchymal stem cells, hematopoietic stem cells, NK cells, renal glomerular mesangial cells, circulating metastatic melanoma cells, follicular dendritic cells (FDC), some leukemia cell lines, a fraction of fibroblasts and myofibroblasts. CD90 is also expressed by activated endothelial cells, smooth muscle cells, a subset of CD34+ bone marrow cells and umbilical cord blood, cardiac fibroblasts and fetal liver derived hematopoietic cells. CD90 expression in the nervous system is mainly neuronal, but some glial cells also express CD90 at later stages of their differentiation. In the brain, CD90 expression is developmentally regulated as during the first few weeks of postnatal development, CD90 levels increase exponentially as the brain matures, the highest concentration being reported in the striatum and hippocampus, followed by the neocortex, cerebellum, spinal cord, and the retina and optic nerve.

As one of the known ligands of 3 integrins CD90 plays a role in axons growth regulation and halting through interaction of maturing axons CD90 with 3 integrins of mature astrocytes.

In humans lymphoid tissue , expression is restricted to a small population of cortical thymocytes and not expressed on mature T cells.

Activation of endothelial cells induce CD90 expression and acting through several integrins and

probably other receptors CD90 mediates adhesion of leukocytes and monocytes to endothelial cells and fibroblasts, melanoma cells to endothelium, and thymocytes to thymic epithelium.

It has been reported that CD90 may play a role in inhibition of hematopoietic stem cells proliferation and differentiation and CD34 / CD90 co expression characterize primitive hematopoietic stem cells.

CD 133, also known as AC133 is a 120 kD pentaspan glycoprotein with 5 transmembrane domains which localize to cellular protrusions.

CD133 was initially described as a surface antigen specific for human hematopoietic stem cells and as a marker for murine neuroepithelial cells and some embryonic epithelia.

Later on, CD133 was found on other stem cells including endothelial progenitor cells, glioblastomas, neuronal, and glial stem cells. In addition to hematopoietic stem cells, CD133 was found on cancer cells, such as some leukemia cells and brain tumor cells. It also has been detected at low levels in the kidney, pancreas, placenta, and fetal liver tissue. Although the biological function of CD133 is not conclusive, CD133 has been extensively used as a stem cell marker for normal and cancerous tissues.

CD133 can be use to isolate MSC with high proliferation capability, Oct4 expression and multilineage differentiation potential from umbilical cord blood [START_REF] Tondreau | Mesenchymal stem cells derived from CD133 positive cells in mobilized peripheral blood and cord blood: proliferation, Oct4 expression, and plasticity[END_REF], although is usually not detected by flow cytometry analysis on MSC isolated from human placental tissue, the presence of CD133 mRNA was previously reported, suggesting that CD133 may be a trypsin sensitive epitope [START_REF] Fukuchi | Human placenta derived cells have mesenchymal stem/progenitor cell potential[END_REF][START_REF] Schwab | Identification of surface markers for prospective isolation of human endometrial stromal colony forming cells[END_REF].

CD 271, also known as p75NTR, TNFRSF16, p75(NTR), Gp80 LNGFR, and NGFR, is a type I transmembrane protein with a MW of 75 kD.

It is a member of the low affinity neurotrophin receptor and tumor necrosis factor receptor superfamily and, as one of the most specifically marker expressed by BM MSC, has been proposed as a potent marker for isolation and expansion of multipotent MSCs [START_REF] Maria | LNGFR ( CD271 ) as Marker to Identify Mesenchymal Stem Cells from Different Human Sources : Umbilical Cord Blood , Wharton ' s Jelly and[END_REF].

It is expressed by many cell types including neurons, Schwann cells, mesenchymal stem/stromal cells, follicular dendritic cells and melanocytes.

The extracellular portion contains four TNFR Cys repeats that form the binding domain for its ligands (NGF, BDNF, NTF3, and NTF4). The intracellular portion of CD271 contains a death domain, which interacts with TRAF2, TRAF4, TRAF6, PTPN13 and RANBP9, to promote cell apoptosis, and to regulate cell differentiation and neurogenesis.

In BM MSC, CD271 is known to present very high interdonor variability as up to 8 fold variation from high to low mRNA have been observed. Downregulation of CD271 surface expression during in vitro XS culture have been reported along with an increase in clonogenicity, however intracellular persistence of the proteins could suggests a reversibility of this downregulation and of the change induced by culture on the cell surface antigens expression [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF].

CD 73 is a 70 kD glycophosphatidylinositol (GPI) linked 5' nucleotidase also known as ecto 5' nucleotidase is an enzyme that in humans is encoded by the NT5E gene and commonly serves to catalyzes the conversion at neutral pH of adenosine monophosphate (AMP) to adenosine. It consists of a dimer of 2 identical 70 kD subunits bound by a glycosyl phosphatidyl inositol linkage to the external face of the plasma membrane and is expressed on subsets of T and B cells, mesenchymal stem cells, follicular dendritic cells, endothelial cells, and epithelial cells.

It has been reported that CD73 co stimulates T cell activation, and mediates adhesion of lymphocytes to follicular dendritic cells and endothelial cells. The enzyme is used as a marker of lymphocyte differentiation and CD73 deficiency is involved in a variety of immunodeficiency diseases.

Other forms of 5' nucleotidase exist in the cytoplasm and lysosomes and can be distinguished from ecto NT5 by their substrate affinities, requirement for divalent magnesium ion, activation by ATP and inhibition by inorganic phosphate.

CD 34, also known as gp105 120, is a type I monomeric sialomucin like glycophophoprotein with an approximate molecular weight of 105 120 kD.

As selectively expressed on the majority of hematopoietic stem/progenitor cells, CD34 is commonly used for their identification. Based on different sensitivities, four groups of CD34 epitopes have been described. CD34 mediates cell adhesion and lymphocytes homing through binding to L selectin and E selectin ligands.

It is expressed on the majority of primitive pluripotent stem and progenitor cells (both stromal and hematopoietic), is also a fundamental attribute of Endothelial Progenitor Cells (EPC) and can be found on embryonic fibroblasts and some nervous tissue [START_REF] García Pacheco | Human decidual stromal cells express CD34 and STRO 1 and are related to bone marrow stromal precursors[END_REF][START_REF] Leri | Endothelial progenitor cells: unexpected disclosures[END_REF].

However highly variable levels of CD34 mRNA were detected (with statistically significant differences between / ) and intracellular CD34 expression was observed in BM MSC in all cells, all donor and at all passages, and recent reports questionned the negative surface expression on BM MSCs, suggesting that CD34 is actually expressed by most primitive MSC and could be lost during IV culture [START_REF] Bakopoulou | Comparative characterization of STRO 1(neg)/CD146(pos) and STRO 1(pos)/CD146(pos) apical papilla stem cells enriched with flow cytometry[END_REF][START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF] CD 44 is a 80 95 kD cell surface glycoprotein also known as Hermes, Pgp1, H CAM, or HUTCH, is a receptor for hyaluronic acid that can also interact with other ligands, such as osteopontin, collagens,

and matrix metalloproteinases (MMPs). It is encoded by the CD44 gene on Chromosome 11

It is a multistructural and multifunctional cell surface molecule expressed in a large number of mammalian cell types such as, endothelial cells, hepatocytes, leukocytes and mesenchymal cells and involved in cell-cell interactions, cell adhesion, proliferation, differentiation, migration, angiogenesis, presentation of cytokines, chemokynes, or growth factors to the corresponding receptors, docking of proteases at the cell membrane, as well as in signaling for cell survival.

All these biological properties are essential to the physiological activities of normal cells, but they are also associated with the pathologic activities of cancer cells.

The CD44 adhesion molecule participate in a wide variety of cellular functions including lymphocyte activation, recirculation and homing to peripheral lymphoid organs and to sites of inflammation, leukocyte aggregation, hematopoiesis, and tumor metastasis.

CD44 function is controlled by its posttranslational modifications. One critical modification involves discrete sialofucosylations rendering the selectin binding glycoform of CD44 called HCELL (for Hematopoietic Cell E selectin/L selectin Ligand). The HCELL glycoform was originally discovered on human hematopoietic stem cells and leukemic blasts, and functions as a "bone homing receptor", directing migration of human hematopoietic stem cells and mesenchymal stem cells to bone marrow.

CD 33 is a 67 kD type I transmembrane glycoprotein also known as Siglec 3, gp67, and p67 that binds sialic acids, therefore is a member of the SIGLEC family of lectins.

It is a sialoadhesion immunoglobulin superfamily member expressed on myeloid progenitors, monocytes, granulocytes, dendritic cells and mast cells. It is usually considered myeloid specific, but it can also be found on some lymphoid cells( Hernández Caselles T, Martínez Esparza M, Pérez Oliva AB, et al, 2006).

CD33 is absent on normal platelets, erythrocytes and hematopoietic stem cells and functions as a sialic acid dependent cell adhesion molecule with carbohydrate/lectin binding activity. This signaling molecule regulates a variety of cellular processes including cell growth, differentiation, cell cycle, and oncogenic transformation is expressed on the plasma membrane of all hematopoietic cells, except erythrocytes and platelets. This 180 240 kD single chain type I membrane glycoprotein contains an extracellular domain, a single transmembrane segment and two tandem intracytoplasmic catalytic domains, CD45 non covalently associates with lymphocyte phosphatase associated phosphoprotein (LPAP) on T and B lymphocytes and plays a critical role in antigen receptor mediated activation by dephosphorylating substrates including p56Lck, p59Fyn, and other Src family kinases. It also suppresses JAK kinases, and, thus, functions as a negative regulator of cytokine receptor signaling. Four alternatively spliced transcripts variants of this gene, which encode distinct isoforms, have been reported. CD45 has been reported to bind galectin 1 and to be associated with several other cell surface antigens including CD1, CD2, CD3, and CD4.

Previous studies of CD45 expression on MSC reported no surface expression and no CD45 mRNA could be detected [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF]. However literature also suggest that some unprocessed or fresh MSC could present a CD45 med/low phenotype that was later lost in vitro, and a CD45 was observed at a low expression level on placenta derived cells during culture [START_REF] Fukuchi | Human placenta derived cells have mesenchymal stem/progenitor cell potential[END_REF].

CD 10 also known as Neprilysin, membrane metallo endopeptidase, neutral endopeptidase (NEP), or common acute lymphoblastic leukemia antigen (CALLA) is a 100 kD neutral endopeptidase and a member of the zinc dependent metalloprotease family enzyme, that degrades a number of small secreted peptides, most notably the amyloid beta peptide whose abnormal misfolding and aggregation in neural tissue has been implicated as a cause of Alzheimer's disease.

It is a type II transmembrane protein, synthesized as a membrane bound protein, the CD10 ectodomain is released into the extracellular domain after it has been transported from the Golgi apparatus to the cell surface. CD 106 is a 110 kD single chain type I glycoprotein also known as Vascular Cell Adhesion Molecule 1 (VCAM 1) and INCAM 110. The VCAM 1 gene contains six or seven immunoglobulin domains, and is expressed on both large and small blood vessels only after the endothelial cells are stimulated by cytokines. It is alternatively spliced into two known RNA transcripts that encode different isoforms in humans. The gene product is a cell surface sialoglycoprotein, a type I membrane protein that is a member of the Ig superfamily.

It is expressed predominantly on activated vascular endothelium but has also been identified on follicular and interfollicular dendritic cells, some macrophages, bone marrow stromal cells, and non vascular cell populations within joints, kidney, muscle, heart, placenta, and brain. Activated endothelial cells can also release soluble forms of CD106 which can be detected in the blood and it's expression has also been observed in other cell types such as smooth muscle cells and has been shown to interact with EZR and Moesin.

Depending on the experiment and review, CD106 as alternatively classified as expressed or absent of MSC, and a high interdonor variability for CD106 surface expression together with a 8 fold difference from low to high CD106 mRNA have been observed, these changes in cell phenotype could be induced by cell density, senescence and inflammatory cytokines making CD106 a context inducible protein with a highly plastic expression involved in immunomodulatory and migratory properties of MSCs [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF].

CD 105 is also known as Endoglin is a type I membrane glycoprotein located on cell surfaces and part of the TGF beta receptor complex.

It is a type I integral membrane homodimer of 180 kDA glycoprotein with disulfide links composed of a large 561 amino acids extracellular domain, a hydrophobic transmembrane domain and a short 45 amino acids cytoplasmic tail domain. The outermost extracellular domain is termed the orphan domain and it is the part that binds ligands such as BMP9.

The cytoplasmic tail contains a PDZ binding motif that allows it to bind to PDZ containing proteins and interact with them. It contains an Arginine Glycine Aspartic Acid (RGD) tripeptide sequence that enables cellular adhesion, through the binding of integrins or other RGD binding receptors that are present in the extracellular matrix (ECM).

There are two isoforms of endoglin created by alternative splicing: the long isoform (L endoglin) and the short isoform (S endoglin), the L isoform is however expressed to a greater extent than the S isoform. A soluble form of endoglin can be produced by the proteolytic cleaving action of metalloproteinase MMP 14 in the extracellular domain near the membrane CD 105 is expressed on vascular endothelial cells from all tissues, syncytiotrophoblasts in the placenta, monocytes, especially those transitioning into macrophages, vascular smooth muscle cells and fibroblasts.It has a crucial role in angiogenesis, and while CD105 is usually low in resting endothelial cells, expression is increased on activated endothelium in tissues undergoing neoangiogenesis, activation of endothelial cells in tumors, wound healing, dermal inflammation or during embryogenesis from the beginning of the vascular system at about 4 weeks.

CD105 is a component of the TGF receptor system and binds TGF 1 and 3 with high affinity but only present low affinity interaction with TGF 2. CD105 itself doesn't bind the TGF ligands, but has been found to be an auxiliary receptor for the TGF receptor complex.

Interaction between CD105 with the TGF beta receptor complexes indicates an important role for CD105 in modulation of TGF beta responses, such as cellular localization and cellular migration but also to activin A, BMP 2, and BMP 7 and can also mediate F actin dynamics, focal adhesions, microtubular structures, endocytic vesicular transport through its interaction with zyxin, ZRP 1, beta arrestin and Tctex2beta, LK1, ALK5, TGF 2 receptor, and GIPC.

HLA G is a nonclassical MHC class I (MHC Ib) molecule structurally related to MHC class Ia (HLA A,B, C). HLA G belongs to the HLA nonclassical class I heavy chain paralogues. This class I molecule is a heterodimer consisting of a heavy chain and a light chain (beta 2 microglobulin). The heavy chain is anchored in the membrane. There are seven isoforms of this molecule, including membrane bound HLA G1, G2, G3 and G4 and soluble HLA G5, G6, and G7.

HLA G is primarily expressed on trophoblast cells and may play a role in immune tolerance in pregnancy, being expressed on fetal derived placental cells, while the classical MHC class I genes HLA I and HLA B are not. This HLA A and B downregulation results in protection from cytotoxic T cell responses, but would in theory result in a missing self response by natural killer cells.

HLA G exerts its inhibitory functions to regulate immune tolerance via interaction with inhibitory receptors ILT2(CD85j), ILT4(CD85d), and KIR2DL4(CD158d), which is expressed on NK cells, T cells, monocytes, dendritic cells, and B cells. Its expression is also found on thymic epithelial cells, cytokine activated moncytes, macrophages/dendritic cells during viral infection, and in various tumors. HLA G is also able to bind CD8 / , which may mediate positive and/or negative selection in thymus.

HLA DR is a heterodimeric cell surface glycoprotein comprised of a 36 kD (heavy) chain and a 27 kD (light) chain, each subunit contains 2 extracellular domains, a membrane spanning domain and a cytoplasmic tail. Both and chains are anchored in the membrane.

This cell surface receptor is encoded by the human leukocyte antigen complex on chromosome 6, and the complex of HLA DR and its ligand, a peptide of 9 amino acids in length or longer, constitutes a ligand for the T cell receptor (TCR).

The primary function of HLA DR is to present peptide antigens, potentially foreign in origin, to the immune system for the purpose of eliciting or suppressing T (helper) cell responses that eventually lead to the production of antibodies against the same peptide antigen.

In conjunction with the CD3/TCR complex and CD4 molecules, HLA DR is critical for efficient peptide presentation to CD4 + T cells. In the instance of an infection, the foreign peptide is bound into a DR molecule and presented to the variety of T cell receptors found on T helper cells that will then bind to antigens on the surface of B cells stimulating their proliferation.

It is typically expressed on B cells, activated T cells, monocytes/macrophages, dendritic cells, and other non professional APCs. Increased abundance of DR 'antigen' on the cell surface is often a response to stimulation, making HLA DR a marker of immune stimulation.

In MSC, HLA DR has been shown to be stored intracellularly and express at the cell surface after exposure to interferon [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF].

HLA ABC is a MHC class I antigens associated with 2 microglobulin are one of two primary classes Alternatively, class I MHC itself can serve as an inhibitory ligand for natural killer cells (NKs).

Reduction in the normal levels of surface class I MHC, a mechanism employed by some viruses during immune evasion or in certain tumors, will activate NK cell killing.

CD 49a is a 200 kD type I transmembrane glycoprotein also known as 1 integrin, that heterodimerizes with CD29 ( 1 integrin) to form VLA 1 complex, a collagen IV and alminin 1 receptor, expressed on activated T cells, monocytes, NK cells, smooth muscle cells, neuronal cells, fibroblasts, and mesenchymal cells. CD49a is involved in cell cell adhesion, in the regulation of leukocyte migration, T cell proliferation, cytokine production and thus may play a role in inflammation and fibrosis. The alpha 1 subunit contains an inserted (I) von Willebrand factor type I domain which is thought to be involved in collagen binding.

Although shown to be highly variable between BM MSC donors (together with Stro 1 and CD63), it is a well known marker of both fibroblasts and mesenchymal cells, but it is also a smooth muscle cell specific marker gene and it was shown to be upregulated in CD146 high clones together with specific Vascular Smooth Muscle Cell (VSMC) markers such as CNN1 [START_REF] Espagnolle | CD146 expression on mesenchymal stem cells is associated with their vascular smooth muscle commitment[END_REF].

In BM, CD49a+ cells represent a subset of Stro 1+ MSC which present increased CFU capabilities. The expression of both markers also seems to be developmentally regulated and linked to differentiation and maturation of osteo lineage, as is CD63 shown to be increased during osteo differentiation by dexamethasone [START_REF] Stewart | STRO 1, HOP 26 (CD63), CD49a and SB 10 (CD166) as markers of primitive human marrow stromal cells and their more differentiated progeny: a comparative investigation in vitro[END_REF].

CD 63 is a 53 kD type III cell surface glycoprotein, member of the tetraspan transmembrane superfamily (TM4SF) protein characterized by the presence of four hydrophobic domains. TSM4 complex are clustered in adherent structures at cell periphery and are involved in large cell functions, migration, and cell to cell or cell to matrix adhesion [START_REF] Stewart | STRO 1, HOP 26 (CD63), CD49a and SB 10 (CD166) as markers of primitive human marrow stromal cells and their more differentiated progeny: a comparative investigation in vitro[END_REF].

CD 63 is usually expressed on activated platelets, monocytes/macrophages, endothelium, fibroblasts, osteoclasts, and smooth muscle cells and is mainly associated with membranes of intracellular vesicles, although cell surface expression may be induced.

Alternative splicing results in multiple transcript variants encoding different proteins that mediate signal transduction events playing a role in the regulation of cell development, activation, growth and motility. It is known to complex with integrins, may be involved in platelet activation and is thought to function as a transmembrane adaptor protein controlling the functions of interacting proteins by inducing their internalization thus modulating integrins signaling and compartmentalization on the cell surface and their intracellular trafficking and recycling.

CD63 has been shown to associate with CD9, CD81, VLA 3, VLA 6 and to interact with CD18 ( 2integrin) possibly affecting it's trafficking and function. CD63 staining was observed in BM MSC, although high variability in expression level was reported [START_REF] Pilz | Human mesenchymal stromal cells express CD14 cross reactive epitopes[END_REF].

CD 29 is a 130 kD single chain type I glycoprotein, known as integrin 1 , VLA chain, or gpIIa, member of the integrin family, heterodimeric proteins made up of alpha and beta subunits forming membrane receptors, involved in cell adhesion and recognition in a variety of processes including embryogenesis, hemostasis, tissue repair, immune response and metastatic diffusion of tumor cells.

The protein encoded by this gene is a beta subunit. Six alternatively spliced variants have been found

for this gene which encodes five proteins with alternate carboxy termini. It is non covalently associated with integrin 1 6 chains to form VLA 1 to VLA 6 molecules, respectively. At least 18 alpha and 8 beta subunits have been described in mammals.

Integrins like CD29 bind to several cell surface (e.g. VCAM 1, MadCAM 1) and extracellular matrix molecules. It is broadly expressed on a majority of hematopoietic and non hematopoietic cells, including leukocytes (although at low level on granulocytes), platelets, fibroblasts, endothelial cells, epithelial cells, and mast cells. It acts as a fibronectin receptor and is involved in a variety of cell cell and cell matrix interactions.

CD29 has been shown to interact with TSPAN4,CD9, Filamin, FLNB, CD81, CD46, MAP4K4, FHL2, NME1, PKC alpha, YWHAB, ITGB1BP1, LGALS8 and GNB2L1. It can be neutralized by the AIIB2 antibody.

CD 31 is a 130 140 kD type I transmembrane glycoprotein also known as platelet endothelial cell adhesion molecule 1 (PECAM 1) or Endocam, expressed on monocytes, platelets, granulocytes, endothelial cells and lymphocyte subsets it makes up a large portion of endothelial cell intercellular junctions and plays a key role in removing aged neutrophils from the body. Member of the immunoglobulin superfamily, it has been reported to bind CD38, and is likely involved in wound healing, integrin activation, angiogenesis, and cellular migration in an inflammatory situation.

In the literature, CD31 was found to be negative in MSC concerning cell surface protein expression, but intracellular expression was confirmed, although downregulation was observed during in vitro culture, significant levels of corresponding mRNA were yet detected independently of passage numbers [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF].

CD 14 is a 53 55 kD glycosylphosphatidylinositol (GPI) linked membrane glycoprotein also known as LPS receptor and component of the innate immune system which exists in two forms, one anchored to the membrane by a glycosylphosphatidylinositol tail (mCD14), the other a soluble form (sCD14)which appears after shedding of mCD14 (48 kDa) or is directly secreted from intracellular vesicles (56 kDa).

CD14 is mainly expressed at high levels by monocytes and macrophages and at a 10x lower level on granulocytes. Some dendritic cell populations such as interfollicular dendritic cells, reticular dendritic cells, and Langerhans cells have also been reported to express CD14.

As a high affinity co receptor (along with the Toll like receptor TLR 4 and MD 2) for bacterial lipopolysaccharide (LPS), CD14 is involved in the clearance of gram negative pathogens, and in the upregulation of adhesion molecules and expression of cytokines in monocytes and neutrophils, CD14 can however only bind LPS in the presence of lipopolysaccharide binding protein (LBP) and although LPS is considered its main ligand, CD14 also recognizes other pathogen associated molecular patterns.

The soluble form of the receptor (sCD14) is secreted by the liver and monocytes and is sufficient in low concentrations to confer LPS responsiveness to cells not expressing CD14.

CD14 is usually considered as a protein not expressed at the surface of MSC however some studies while confirming the absence of CD14 surface and intracellular expression, detected the presence of CD14 mRNA on cultured BM MSC regardless passage number [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF].

D7 Fib recognizes a 112kD molecule expressed on the cell surface of human fibroblasts and epithelial cells, and while the antigen has been found to be sensitive to SDS, it is resistant to trypsin, tunicamycin and collagenase. In peripheral blood the antibody stains myeloid cells and a very small number of lymphocytes while it has been found to bind to epithelium, myoepithelium, smooth muscle and some leucocytes in immunohistological studies.

D7 FIB has been shown to be useful as a cell membrane marker to characterize chondrocyte differentiation giving a positive reaction with dedifferentiated human chondrocytes, and negative with differentiated chondrocytes. In BM, D7 fib positive cells were reported to be CD14, CD34, CD133 and CD177 negative, whereas D7 Fib negative cells presented no Multipotent Progenitor Cell activity [START_REF] Jones | Isolation and characterization of bone marrow multipotential mesenchymal progenitor cells[END_REF].

Stro 1 is a cell surface antigen recognized by mAb STRO 1. It is expressed by bone marrow mesenchymal stromal cells and nucleated erythroid precursors, but not by committed hematopoietic progenitors.

The Stro 1 antibody was produced through mice immunization with human BM CD34+ cells and by screening the obtained hybridomas in order to detect CD34 subpopulations. Stro 1 was later identified as an antibody of the IgM isotype and reacting with stromal cells in the adherent layer of long term BM cultures [START_REF] Simmons | Identification of stromal cell precursors in human bone marrow by a novel monoclonal antibody, STRO 1[END_REF] In combination with glycophorin A (GPA), STRO 1 is a useful marker for identification of MSC and has been reported that STRO 1 + /GPA bone marrow cell subset can be used as a universal stromal feeder layer for hematopoietic stem/progenitor cells. This subset of cells has multipotent to differentiate into fibroblasts, adipocytes, osteoblasts, chondrocytes, and vascular smooth muscle like cells.

Stro 1 staining was shown to present a high interdonor variability and in BM, Stro 1+/CD49a+ cells represent a high CFU subpopulation which in vitro expression is developmentally regulated and linked to differentiation and maturation toward osteogenic lineage [START_REF] Stewart | STRO 1, HOP 26 (CD63), CD49a and SB 10 (CD166) as markers of primitive human marrow stromal cells and their more differentiated progeny: a comparative investigation in vitro[END_REF] However, in adipose tissue, Stro 1 staining was observed on endothelial cells and perivascular cells and the colocalization with SMA (Smooth Muscle Actin) suggest potential commitment of Stro 1+ cells toward the endothelial lineage [START_REF] Lin | Tissue distribution of mesenchymal stem cell marker Stro 1[END_REF]. Other studies described the presence of a Stro 1 subpopulation detected by CD146 that generate a 9 fold increase of CFU in the CD146+/Stro 1 + population versus CD146 /Stro 1+ [START_REF] Schwab | Identification of surface markers for prospective isolation of human endometrial stromal colony forming cells[END_REF].

CD 13 or Alanine aminopeptidase is a 150 170 kD type II transmembrane glycoprotein presenting a large extracellular carboxyterminal domain containing a pentapeptide consensus sequence characteristic of members of the zinc binding metalloproteinase superfamily. It is expressed on granulocytes, myeloid progenitors, endothelial cells, epithelial cells, subset of granular lymphoid cells and synaptic membranes from the CNS. It is not expressed on platelets or erythrocytes.

CD13 is thought to be involved in the metabolism of many regulatory peptides and functions in antigen processing and the cleavage of chemokines such as MIP 1. In human, CD13 is a receptor for one strain of human coronavirus that is an important cause of upper respiratory tract infections.

Defects in this gene appear to be a cause of various types of leukemia or lymphoma.

CD 56 is a single transmembrane homophilic binding glycoprotein also known as NCAM (Neural Cell Adhesion Molecule) and member of the Ig superfamily. At least 27 alternatively spliced CD56 mRNAs are produced, giving a wide diversity of isoforms. Variation of their cytoplasmic domain characterize the three main CD56 isoforms, with a GPI anchored 120kD, and 140kDa or 180kD CD56 with respectively short and long cytoplasmic domain.

The extracellular domain consists of five immunoglobulin like (Ig) domains followed by two fibronectin type III (FNIII) domains. The different domains of the glycoprotein have been shown to have different roles, with the Ig domains being involved in cell-cell homophilic and heterophilic adhesion via binding to itself or heparin sulfate, and the FNIII domains being involved in signaling leading to neurite outgrowth (though to be induced via the Fibroblast Growth factor receptor (FGFR)

and act upon the p59Fyn signaling pathway) and thus synaptic plasticity, learning and memory.

The 140 kD CD56 isoform is expressed on NK cells and NK T cells, but CD56 is also expressed on the surface of neurons, glia and at neuromuscular junctions. Certain large granular lymphocyte (LGL) leukemias, small cell lung carcinomas, neuronal derived tumors, myelomas, and myeloid leukemias also express CD56.

Literature suggests a downregulation of CD56 present at the MSC surface during IV culture [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF]. This reduced level of CD56 expression was also linked with a reduced capability for chondrocyte and pancreatic differentiation while CD56 cells could only be differentiated toward adipocyte [START_REF] Battula | Isolation of functionally distinct mesenchymal stem cell subsets using antibodies against CD56, CD271, and mesenchymal stem cell antigen 1[END_REF].

CD 146, also known as MCAM (Melanoma Cell Adhesion Molecule), is a 118 kD integral transmembrane glycoprotein belonging to the Immunoglobulin superfamily, composed of five Ig domains, a transmembrane domain, and a cytoplasmic region, that is currently used as a marker for endothelial cell lineage.

CD146 is expressed on melanoma cells, epithelial cells, endothelial progenitors cells (such as angioblasts), fibroblasts, activated T cells, multipotent mesenchymal stromal cells, activated keratinocytes, and strongly expressed on blood vessel endothelium and smooth muscle cells. CD146

has also been demonstrated to appear on a small subset of T and B lymphocytes in the peripheral blood of healthy individuals.

Two isoforms exist (MCAM long (MCAM 1), and MCAM short, or MCAM s) which differ in the length of their cytoplasmic domain. These isoforms seems to have functional differences as MCAM 1 seems to be involved in cell adhesion to endothelial cell monolayer and increased microvilli formation while no such function could be observed in MCAM s.

The ligand of CD146 remains to be identified but evidence points to it being part of the endothelial junction associated with the actin cytoskeleton and thus mediates heterophilic cell adhesion and regulates monocyte transendothelial migration. These characteristics seems to depict CD146 as an important part of the inflammatory response.

CD146 has been found as a marker for mesenchymal stem cells isolated from multiple adult and fetal organs and its expression may be linked to multipotency as mesenchymal stem cells with greater differentiation potential express higher levels of CD146 on the cell surface. The promoter of CD146 contain the gene regulator element CarGbox, present in all promoter of key genes involved in the vascular smooth muscle lineage MSC normoxic culture conditions have also been observed to increase CD146 expression versus hypoxic cultures, while addition of FGF 2 could increase cell proliferation but decrease CD146 expression. It also seems that in BM MSC only CD146+ cells could be differentiated toward adipo, osteo and chondro lineage, and present hematopoietic supporting capabilities (as the capacity to maintain in vitro HSCs with long term repopulating potential).

In the umbilical cord matrix, CD146 is known to be expressed in the perivascular area of the umbilical vessels and not in the WJ itself (Dolores Baksh et al., 2007b). Finally it has been shown that CD146+

MSCmay present higher CFU rate [START_REF] Schwab | Identification of surface markers for prospective isolation of human endometrial stromal colony forming cells[END_REF] CD 184, also known as fusin or CXCR4, is a 45 kD seven transmembrane G protein linked CXC chemokine receptor specific for stromal derived factor 1 (SDF 1 also called CXCL12), a molecule endowed with potent chemotactic activity for lymphocytes. It is widely expressed on blood and tissue cells, including B and T cells, monocytes, macrophages, dendritic cells, granulocytes, megakaryocytes/platelets, lymphoid, myeloid precursor cells, endothelial cells, epithelial cells, astrocytes, and neurons where it plays a role in neuronal guidance in newly generated cells during embryogenesis and adult life, the receptor expression level decreasing during neurons maturation.

CD184 also mediates blood cell migration and is involved in B lymphopoiesis and myelopoiesis, cardiogenesis, blood vessel formation, and cerebellar development.

In hematopoietic stem cell the ligand of CD184, SDF 1 is known to be involved in homing to the bone marrow and in hematopoietic stem cell quiescence. Until recently, SDF 1 and CXCR4 were believed to be a relatively "monogamous" ligand receptor pair but recent evidence demonstrates ubiquitin is also a natural ligand of CXCR4 [START_REF] Saini | CXC chemokine receptor 4 is a cell surface receptor for extracellular ubiquitin[END_REF]. Evidence suggests ubiquitin is an anti inflammatory immune modulator and endogenous opponent of proinflammatory damage associated molecular pattern molecules. It is speculated this interaction may be through CXCR4 mediated signaling pathways [START_REF] Majetschak | Extracellular ubiquitin: immune modulator and endogenous opponent of damage associated molecular pattern molecules[END_REF].

Drugs that block the CXCR4 receptor appear to be capable of "mobilizing" hematopoietic stem cells into the bloodstream as peripheral blood stem cells. Peripheral blood stem cell mobilization is currently performed using drugs such as G CSF. G CSF is a growth factor for neutrophils and may act by increasing the activity of neutrophil derived proteases such as neutrophil elastase in the bone marrow leading to proteolytic degradation of SDF 1.

While CXCR4's expression is low or absent in many healthy tissues, it was demonstrated to be expressed in over 23 types of cancer, including breast cancer, ovarian cancer, melanoma, and prostate cancer. Expression of this receptor in cancer cells has been linked to metastasis to tissues containing a high concentration of CXCL12, such as lungs, liver and bone marrow.

CXCR4 is upregulated during the implantation window in the endometrium, producing, in presence of a human blastocyst, a surface polarization of the CXCR4 receptors suggesting that this receptor is implicated in the adhesion phase of human implantation.

Expression of CD184 on WJ MSC and BM MSC could be related to their capability for immunomodulation and regulation of inflammatory processes.

CD 15 is 3 fucosyl N acetyllactosamine (3 FAL), also known as Lewis X, 3 FAL, X hapten, and SSEA 1.

Synthesized by FUT4 (fucosyltransferase 4) and FUT9, CD15 is a carbohydrate adhesion molecule (not a protein) that can be expressed on glycoproteins, glycolipids and proteoglycans. It mediates phagocytosis and chemotaxis and has also been implicated in adhesion and bactericidal activity, mainly expressed on granulocytes and monocytes, it has also been shown to be expressed on Langerhans cells and in patients with Hodgkin's disease, some B cell chronic lymphocytic leukemias, acute lymphoblastic leukemias and most acute non lymphocytic leukemias.

SSEA 1 (stage specific embryonic antigen 1) represents a marker for murine pluripotent stem cells, in which it plays an important role in adhesion and migration of the cells in the preimplantation embryo.

CD 166, also known as the CD6 ligand or the Activated Leukocyte Cell Adhesion Molecule (ALCAM), is a 100 105 kD transmembrane glycoprotein belonging to the Ig superfamily of proteins and expressed on activated T cells, activated monocytes, epithelial cells, fibroblasts, and neurons.

It plays an important role in mediating adhesion interactions between thymic epithelial cells and CD6+ cells during intrathymic T cell development. Recently CD166 has also been used as a potential cancer stem cell marker.

7 AAD (7 amino actinomycin D) is a fluorescent chemical compound with a high binding constant in double stranded DNA, with a high affinity for GC rich regions.

With an absorption maximum at 546 nm, 7 AAD is efficiently excited using a 543 nm helium neon laser; it can also be excited with somewhat lower efficiency using a 488 nm or 514 nm argon laser lines. Its emission has a very large Stokes shift with a maximum in the far red: 647 nm (650 nm long pass filter). 7 AAD is therefore compatible with most blue and green fluorophores and many red fluorophores, in multicolour applications.

7 AAD does not readily pass through intact cell membranes, if it is to be used as a stain for imaging DNA fluorescence, the cell membrane must be permeabilized or disrupted. This method can be used in combination with formaldehyde fixation of samples.

7 AAD is also used as a cell viability stain. Cells with compromised membranes will stain with 7 AAD, while live cells with intact cell membranes will remain dark making it usefull for dead cell discrimination during flow cytometric analysis.

Results and discussion

Introductory note

During analysis of the surface expression of the 27 antigens screened during this experiment it appeared that while several antigens corresponding to the "classical" positive core markers used to define MSC comply with the literature, important variations in surface staining (Figure 51) could be observed in antigens usually classified as negative or rarely tested, from donor to donor, from one culture condition to another and finally depending on the MSC tissue source.

Precise and extensive characterization remain key for future clinical application of MSC as some variation in surface antigens expression may bring evidence on changes in MSC differentiation or immunomodulatory capabilities, either related to the cell tissue source or generated by the various step and products used during in vitro culture.

The important variation observed during this experiment however demonstrate the need to analyze each condition separately in order to better understand both the differences related to the MSC tissue source and the effect induced by the in vitro culture.

Comparison were thus performed for WJ MSC at low and high passages when cells were cultured in XS or SF medium. Data of the two culture where then aggregated and tested in order to improve power of the statistical analysis.

Similar approach was then applied to WJ MSC before or after a freeze/thaw process, testing first cells cultured in each SF or XS medium and then from both culture medium.

Surface expression of WJ MSC cultured in SF or XS medium was then compared.

Finally, comparison of MSC and fibroblasts isolated from WJ, BM or skin and cultured in SF medium only was performed.

Due to the high number of analyzed antigens, only those presenting difference between the two compared condition will be displayed. Out of the 27 antigens analyzed only those presenting differences are presented.

CD 34 High > Low passages : No statistically significant difference

Although the difference is not statistically significant, CD34 was expressed at a lower level in the early passage sample, with 1.1% and 0.7% (average 0.90 ± 0.2%) than in the late passage sample with values of 5%, 5.7% and 16.6% (average 9.10 ± 3.75%).

Most literature report CD34 as negative at the cell surface of MSC, however highly variable levels of CD34 mRNA were detected (with statistically significant differences between / ) and intracellular CD34 expression was observed in BM MSC in all cells, all donor and at all passages [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF].

While in our early passage sample the surface expression of CD34 was indeed lower than the 2% threshold frequently used to classify negative markers, all samples at late passage are over this limit and cells in those sample express low but significant levels of CD34 antigens.

CD34 is known to present variability at the cell surface of MSCs, and the low staining observed on late passage could also be related to the detection of intracellular CD34 due to damaged cell While the level in the early passage sample is below the 2% threshold used to classify negative markers, 2 out of 3 specimen in the late passage sample can be classified as positive, it is however important to observe that as in most cases and both in WJ and BM isolated MSC, CD31 is either very limited (under 10% expression) or present a significant staining (approaching or over 40%).

In the literature, CD31 was found to be negative concerning cell surface protein expression in XS, but intracellular expression was confirmed, although downregulation was observed during in vitro culture, significant levels of corresponding mRNA were yet detected independently of passage numbers [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF].

CD31 being usually found on endothelial cells, variation could be caused by the presence of subpopulation in the isolated cells or difference concerning MSC commitment as the presence of an endothelial progenitor population expressing a CD31+/CD34+/CD45 phenotype could explain the CD34 expression observed in late passage samples.

However, CD31 has also been reported as involved in cellular migration during inflammation and could be implicated in MSC capability to modulate inflammation. Only antigens presenting differences are presented. Although not statistically significant CD133 expression seems to be elevated in sample under passage The level of CD133 expression observed in late passage sample is therefore in accordance with the common criteria for MSC surface antigen expression as it is below the 2% threshold used to classify negative markers.

CD133 surface antigen is well known as a human haematopoietic stem cell marker, it has also been described on other stem cells such as endothelial progenitor cells and neuronal or glial stem cell and found on cancer stem cell in some forms of leukemia and brain tumor cells.

The surface staining of most early passage WJ MSC specimen can probably be explained by inter individual variation, the previously reported presence of CD133 mRNA in peri natal tissue [START_REF] Schwab | Identification of surface markers for prospective isolation of human endometrial stromal colony forming cells[END_REF] and the effect of the SF medium composition as the mean level remain relatively low and in accordance with the values usually recorded.

However, the significantly elevated staining observed on the 2 samples at 18.20% (1115 SF P4) and 24.70% (1330 SF P1) is surprising and cannot be explained at present.

CD271 High > Low : No statistically significant difference

Although there is no statistically significant difference between the two analyzed populations, in the early passage condition a very high variability can be observed concerning CD271 as the range is extended from 6.80% (1574 SF P1) to 100% (1573 SF P1) and the mean established at 46.94 ± 8.66%.

In late passage samples, a better homogeneity of CD271 CD271 is a member of the low affinity neurotrophin receptor and tumor necrosis factor receptor superfamily and as one of the most specifically marker expressed by BM MSC, has been proposed as a versatile marker for isolation and expansion of multipotent MSCs [START_REF] Maria | LNGFR ( CD271 ) as Marker to Identify Mesenchymal Stem Cells from Different Human Sources : Umbilical Cord Blood , Wharton ' s Jelly and[END_REF].

CD271 however is known to present very high interdonor variability and 8 fold variation from high to low mRNA have been observed while downregulation of surface expression of CD271 (and CD146) during in vitro XS culture have been reported along with an increase in clonogenicity, however intracellular persistence of the proteins would suggests a reversibility of this downregulation and of the change induced by culture on the cell surface antigens expression [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF].

Expression of CD271 on WJ MSC and the high variability observed in our data is in accordance with the literature and describe the presence of a subpopulation of multipotent cells with immunosuppressive and lympho hematopoietic engraftment promoting properties.

A possible heterogeneity of the population at low passages caused by isolation of MSCs sub populations could explain the high variability of CD271 at low passage, the subsequent passages could have caused amplification of high CFU cells, and the better homogeneity observed at higher passages.

The difference between CD271 expression between early and late passage could indicate the presence of MSC subpopulation with different capabilities in term of immunomodulatory properties and immuno hematopoietic supporting abilities.

It is also interesting to observe that inter individual variations of CD271 seems to be correlated with variation of CD56 and CD146.

CD34 High > Low : Statistically significant difference

A prolonged time in culture seems to increase CD34 expression on WJ MSC cultured in SF medium as CD34 antigen staining is statistically significantly increased in the late passage samples.

While in the early passage samples (under P4) we can observe limited range with staining levels from 0.47 % (1574 SF P1) to 8.50% (1330 SF P1) and an average of 3.45 ± 0.89%, in the late passage samples expression range from 3.00% (1420 SF P5) to 25.30% (1112 SF P9) resulting in an average of 13.38 ± 3.84%

Most literature report CD34 as negative at the cell surface of MSC, however highly variable levels of CD34 mRNA were detected (with statistically significant differences between / ) and intracellular CD34 expression was observed in BM MSC [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF].

While in early passage sample the average surface expression of CD34 is close to the 2% threshold, all sample in the late passage sample are over this limit and express significant levels of CD34 antigens.

CD34 is known to present variability at the cell surface of MSCs, and the staining observed on late passage could also be related to the detection of intracellular CD34 due to damaged cell membrane however there doesn't seem to be an existing correlation between the different levels of CD34 expression and the 7AAD staining in our late passage WJ MSC.

Another hypothesis explaining the presence of CD34+ cells in our late passage sample could be the presence of an endothelial progenitor population in the late WJ sample, as EPC present a CD45 /CD31+/CD34+ phenotype however while a correlation between CD34+ and CD31+ cells can be observed in some sample it does not apply to most specimens.

However there seems to be a correlation between CD34 and CD184, but other than the hematopoietic mobilization effect of CD184 blocking, no link can be found to explain an increased expression of both CD34 and CD184 after long in vitro expansion, this could however be an artifact as both anti CD34 and anti CD184 are APC conjugated and their apparent correlation could actually be related to technical issues.

CD15 High > Low : Statistically significant difference

CD15 is expressed at a statistically significantly higher level in cell analyzed at late passage, indeed, in early passage sample CD15 antigen is expressed at a very low level but still present some variability as range spread from 0% (1574 SF P1) to 13.70% (1436 SF P2) and the average equal to 2.49 ± 1.16%. Although no expression tendency for all these markers related to CD15 could be observed it might be related to the fact that comparing to the other samples only one specimen clearly over express CD15 in each condition.

It is important to observe that CD15 upregulation was observed on fibroblasts cultured in SF medium compared to the same specimen cultured in XS condition.

This increase expression of CD15,(known to mediate phagocytosis and chemotaxis, expressed on neutrophils with high level of CD14 and with the ability to differentiate into macrophages and dendritic cells) in SF condition could be caused by the presence of PDGF in the SF culture medium, related to the observed increased expression of CD14 and the capability of MSC to modulate inflammation and regulate immune response.

In WJ MSC however, only a limited increase of CD15 expression could be observed on cells cultured in SF medium compared to cells amplified in XS condition.

Although CD15 is mostly upregulated in late passage samples, we can still observe a high inter sample variability as some sample express up to 30% of CD15, this high level could indicate either that surface expression was triggered by specific events during cell expansion or the presence of a subpopulation with potentially increased capability to modulate inflammation and regulate immune response.

CD184 High > Low : Statistically significant difference

We can observe a statistically significant difference of CD184 expression between sample recorded at early or late passage. Indeed, while in the early samples, surface expression range from 0.96% (1574 SF P1) to 17.80% (1410 SF P4) (average is calculated at 6.76 ± 1.59%), both higher range and expression levels can be observed at late passage with staining from 12.00% (1115 SF P9) to 37.00%

(1112 SF P5) (mean of 21.56 ± 4.70%.)

Although surface expression presents some inter donor variability in both conditions, these are limited and we can observe very distinct range of surface staining between early and late passage sample without relation to the culture medium composition CXCR4's ligand SDF 1 is known to be important in hematopoietic stem cell homing to the bone marrow and in hematopoietic stem cell quiescence. Until recently, SDF 1 and CXCR4 were believed to be a relatively "monogamous" ligand receptor pair but recent evidence demonstrates ubiquitin is also a natural ligand of CXCR4 [START_REF] Saini | CXC chemokine receptor 4 is a cell surface receptor for extracellular ubiquitin[END_REF].

Evidence suggests ubiquitin is an anti inflammatory immune modulator and endogenous opponent of proinflammatory damage associated molecules. It is speculated this interaction may be through CXCR4 mediated signaling pathways [START_REF] Majetschak | Extracellular ubiquitin: immune modulator and endogenous opponent of damage associated molecular pattern molecules[END_REF].

Expression of CD184 on WJ MSC could therefore be related to their capability for immunomodulation and regulation of inflammatory processes and it's higher expression on late passage sample may indicate increase potential to exert anti inflammatory mechanisms.

Comparison of low and high passage in XS or SF culture medium

Surface antigens presenting variation :

CD133 + Low > High Not significant (P = 0.159) CD34 + Low > High Significant (P = 0.001) ** CD184 + Low > High Significant (P = 0.001) **

Figure 55 : Antigens presenting variation of surface expression on WJ MSC cultured in SF or XS medium at low and high passages.

Only antigens presenting differences are presented.

CD133 Low > High : No statistically significant difference

Although not statistically significant CD133 expression seems to be elevated in sample under passage The surface staining of most early passage WJ MSC specimen can probably be explained by inter individual variation and the previously reported presence of CD133 mRNA in perinatal tissue [START_REF] Schwab | Identification of surface markers for prospective isolation of human endometrial stromal colony forming cells[END_REF] as the mean expression level remain relatively low and in accordance with the values usually recorded.

However the significantly elevated staining observed on the 3 samples at 14.90% (1112 XS P4) While most literature report CD34 as absent at the MSC surface, variable levels of CD34 mRNA were detected and intracellular CD34 expression was observed in BM MSC [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF].

While in early passage sample the average surface expression of CD34 is close to the 2% threshold, all sample in the late passage sample are over this limit and express significant levels of CD34 antigens.

CD34 is known to present variability at the cell surface of MSCs, and the staining observed on late passage could also be related to the detection of intracellular CD34 due to damaged cell membrane however there doesn't seem to be an existing correlation between the different levels of CD34 expression and the 7AAD staining in our late passage WJ MSC.

Another hypothesis explaining the presence of CD34+ cells in our late passage sample could be the presence of an endothelial progenitor population in the late WJ sample, as EPC present a CD45 /CD31+/CD34+ phenotype however while a correlation between CD34+ and CD31+ cells can be observed in some sample it does not apply to most specimens.

However there seems to be a correlation between CD34 and CD184, but other than the hematopoietic mobilization effect of CD184 blocking, no link can be found to explain an increased expression of both CD34 and CD184 after long in vitro expansion, this could however be an artifact as both CD34 and CD184 are APC conjugated and their apparent correlation could be related to technical issues.

CD184 High > Low : Statistically significant difference

We can observe a statistically significant difference of CD184 expression between sample recorded at early or late passage, indeed while in the early sample, surface expression range from 0.96% (1574 SF P1) to 19.20% (1334 XS P4) and the average value is calculated at 7.86 ± 1.64%, both higher range and expression levels can be observed at late passage with staining from 11.10% (1112 XS P11) to 37.00% (1112 SF P5) and a mean of 21.35 ± 3.74%.

Although surface expression present some inter donor variability in both conditions, these are limited and we can observe very distinct range of surface staining between early and late passage sample without relation to the culture medium composition.

Evidence suggests that CD184 ligand, ubiquitin, is anti inflammatory immune modulator and endogenous opponent of proinflammatory damages [START_REF] Saini | CXC chemokine receptor 4 is a cell surface receptor for extracellular ubiquitin[END_REF]. It is speculated this interaction may be through CXCR4 mediated signaling pathways [START_REF] Majetschak | Extracellular ubiquitin: immune modulator and endogenous opponent of damage associated molecular pattern molecules[END_REF].

Expression of CD184 on WJ MSC could thus be related to their capability for immunomodulation and regulation of inflammatory processes and it's higher expression on late passage sample may indicate increase potential to exert anti inflammatory mechanisms that might have been triggered by prolonged contact with the culture medium.

Final statement on WJ MSC surface marker expression at low and high passages

From the data it can be concluded that a prolonged time in culture will have variable effects on WJ MSC surface antigens expression, some markers being more subject to variation than others.

The following table is an attempt to summarize the observed differences between cells at low or high passage. Although not statistically significant CD63 expression seems to be reduced in Frozen sample, however due to the low number of specimen this difference can, to a certain extent, be explained by the very low level of expression of 1112 XS P11 displaying only 7.40% of CD63 positive cells when other frozen sample express 43.80 % and51.30 % (1112 XS P4 and1118 XS P5 respectively).

Antigen

In this frozen sample analyzed at a very late passage, several other markers usually displaying a high expression level such as CD105; CD166; CD10 and D7 Fib also present a reduced expression level.

The low level of expression of HLA ABC in this sample suggest a possible transformation of the cells that would explain the irregular expression of these markers.

CD63 staining has been observed in BM MSC, although high variability in expression level was reported [START_REF] Pilz | Human mesenchymal stromal cells express CD14 cross reactive epitopes[END_REF].

Although the significance of a the reduced CD63 expression on frozen MSC cannot be explained at present, evidences would suggest the implication of CD63 in the MSC capability to modulate inflammation. The differential CD63 expression before or after freezing may thus be linked to different capability in term of immuno inflammatory functions.

Indeed CD63 can function as an adaptator, controlling the functions of interacting proteins by inducing their internalization. It was shown to interact with CD18 ( 2 integrin) and could affect it's trafficking and function.

CD18 is expressed on leukocytes, is involved in leukocyte extravasation from blood into tissue and has been shown to interact with ICAM 1, FHL2, PSCD1 and GNB2L1 which are themselves linked to CD29, CD54, CD44, and CD106 antigens expressed by MSC and linked to leucocyte adhesion and transmigration across vascular endothelia and the recruitment of inflammatory immune cells.

CD166 + Fresh > Frozen : No statistically significant difference

On fresh WJ MSC, CD166 is expressed at a very high level of 99.70% (1115 XS P5) and 99.60% (1334 XS P4) with a mean of 99.65 ± 0.05%.

Although still expressed at a high level, increased variability can be observed on frozen cells as the staining range from 80.20% (1112 XS P11) to 99.70% (1118 XS P5) resulting to a lower average of 92.30 ± 6.10%.

Although we can observe some difference in CD166 expression before and after freezing, this is only caused by the low number of samples evaluated in this conditions and the reduced expression of the sample 1112 XS P11 analyzed at very late passage after prolonged in vitro expansion and presenting a reduced expression level for other markers usually displayed at high expression level such as CD105, CD10 and D7 Fib.

Interestingly this sample also present abnormalities in HLA ABC expression, this marker being expressed by all human nucleated cells, variation in expression are abnormal and sign of cell alteration, the high cell passage and the high degree of expansion of these cells probably resulted in cell senescence and perhaps transformation.

If confirmed on other late passage frozen samples, this specific variation of CD166 could be used as marker for the detection of cell senescence and transformation during MSC expansion.

Stro 1 + Fresh > Frozen : No statistically significant difference

In Fresh WJ samples we observe a high level of Stro 1 variability with 31.80% (1334 XS P4) and 61.90% (1115 XS P5) of expression resulting in a mean of 46.85 ± 15.05% In the frozen samples variability of Stro 1 expression can still be observed but both the range and the expression level are reduced as staining spread from 7.40% (1112 XS P5) to 25.00% (1118 XS P5).

Although we observed a large variability of Stro 1 expression on fresh sample, only a low expression with a limited range was detected on WJ MSC post freezing and even if low sample number prevented observation of a statistically significant difference between Fresh and Frozen sample, the expression level of Stro 1 seems to be reduced after freezing.

Stro 1 staining was shown to present a high interdonor variability and in BM, Stro 1+/CD49a+ cells represent a high CFU subpopulation which in vitro expression is developmentally regulated and linked to differentiation and maturation toward osteogenic lineage [START_REF] Stewart | STRO 1, HOP 26 (CD63), CD49a and SB 10 (CD166) as markers of primitive human marrow stromal cells and their more differentiated progeny: a comparative investigation in vitro[END_REF].

However, in adipose tissue, Stro 1 staining was observed on endothelial cells and perivascular cells and colocalization with SMA (Smooth Muscle Actin) suggest potential commitment of Stro 1+ cells toward the endothelial lineage [START_REF] Lin | Tissue distribution of mesenchymal stem cell marker Stro 1[END_REF].

WJ MSC differentiation capabilities toward the endothelial or osteogenic lineage could thus be reduced by the freezing process.

The freeze / thaw process seems to influence Stro 1 expression as similar downregulation can be observed on cells cultured and frozen in different SF and XS medium, while no difference on Stro 1 expression was observed between SF and XS cultured sample nor between sample at low or high passages As cells cultured in SF or XS medium are frozen in different cryopreservation medium, the components of each freezing medium are probably not the cause of the Stro 1 reduced expression.

However, as it is still required for optimal cell survival DMSO is present at an equal concentration of 10% in both medium, and could have triggered Stro 1 downregulation. However other cellular response to the freeze / thaw process could also be involved in this variation of Stro 1 expression.

CD56 + Fresh > Frozen : Statistically significant difference

The low number of sample recorded doesn't prevent the observation of a statistically significant difference of CD56 surface expression before or after freezing of WJ MSC as values on fresh samples of 27.10% (1115 XS P5) and 18.25% (1334 XS P4) were measured and the average calculated at 22.67 ± 4.42, while, lower staining was observed in sample that went through the freeze/thaw process as the range spread from 0.40% (1112 XS P11) to 8.65% (1112 XS P4) with an average of 5.00 ± 2.43%.

The reduced expression level of CD56 in XS containing medium after freezing is consistent with data from the literature as downregulation has been observed for MSC cultured in XS condition [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF] and the freeze/thaw process could have amplified this effect.

MSC displaying higher levels of CD56 have also been shown to present a higher CFU capability [START_REF] Battula | Isolation of functionally distinct mesenchymal stem cell subsets using antibodies against CD56, CD271, and mesenchymal stem cell antigen 1[END_REF], which is also consistent with our observation as a lower expansion rate was recorded in XS condition particularly post freezing.

In the literature this lower level of CD56 expression was also linked with a reduced capability for chondrocyte and pancreatic differentiation and CD56 cells could only be differentiated toward adipocyte. The observed reduction of CD56 surface expression after freezing could thus be linked with reduced differentiation capabilities.

CD146 + Fresh > Frozen : Statistically significant difference

Cultured in XS containing medium, Fresh MSCs displayed a statistically significant higher level of CD146 expression with staining at 72.80% (1115 XS P5) and 71.70% (1334 XS P4) and with a mean of 72.25 ± 0.55% while frozen cells staining ranged from 31.50% (1118 XS P5) to 46.60% (1112 XS P4).

Although obtained on a limited number of specimens, these data indicate that freezing cells in XS condition could downregulate CD146 surface expression.

The promoter of CD146 contains the gene regulator element CarGbox, present in all promoter of key genes involved in the vascular smooth muscle lineage and in normal tissue CD146 is known as a marker of vascular endothelium and smooth muscle cells [START_REF] Bakopoulou | Comparative characterization of STRO 1(neg)/CD146(pos) and STRO 1(pos)/CD146(pos) apical papilla stem cells enriched with flow cytometry[END_REF]Dolores Baksh et al., 2007b;[START_REF] Espagnolle | CD146 expression on mesenchymal stem cells is associated with their vascular smooth muscle commitment[END_REF], the surface expression level observed in our experiment on WJ MSC could indicate a differentiation capability or a commitment of these cells toward this vascular endothelium or smooth muscle cell lineage.

Normoxic culture conditions have also been observed to increase CD146 expression versus hypoxic culture, while addition of FGF 2 could increase cell proliferation but decrease CD146 expression.

In BM MSC only CD146+ cells could be differentiated toward adipocyte, osteocyte and chondrocyte lineage, and present hematopoietic supporting capabilities, as the capacity to maintain in vitro HSCs with long term repopulating potential.

Concerning surface antigens expression profile of CD146 /low versus CD146+ cells no difference could be observed regarding CD90, CD73, CD105, CD44, CD13, CD166, CD106, CD49d and CD49f but upregulation of CD49a was observed in CD146 high clones [START_REF] Espagnolle | CD146 expression on mesenchymal stem cells is associated with their vascular smooth muscle commitment[END_REF].

In the umbilical cord matrix, CD146 is known to be expressed in the perivascular area of the umbilical vessels and not in the WJ itself (Dolores Baksh et al., 2007b), yet the processing technique developed in our laboratory is supposed to isolate WJ only. The CD146 expression observed in our experiment could be due to a higher spread of CD146+ cells within the UC tissue than previously reported or to a preferential expansion of CD146+ cells during the first phases of cell culture as it has been shown that CD146+ cells may present higher CFU rate [START_REF] Schwab | Identification of surface markers for prospective isolation of human endometrial stromal colony forming cells[END_REF] The CD146 expression observed in WJ MSC can probably be related to the CD146 expression reported by the literature in the perivascular area of the umbilical cord, however, the level observed here are increased compared to cells cultured in SF medium probably because of the CD146 It was suggests that CD184 ligand, ubiquitin, is anti inflammatory immune modulator and endogenous opponent of proinflammatory damages [START_REF] Saini | CXC chemokine receptor 4 is a cell surface receptor for extracellular ubiquitin[END_REF]. It is speculated this interaction may be through CXCR4 mediated signaling pathways [START_REF] Majetschak | Extracellular ubiquitin: immune modulator and endogenous opponent of damage associated molecular pattern molecules[END_REF].

This downregulation of CD184 after freezing was not observed in SF cultured samples, but it could be explained by the reduced expression level of CD184 in fresh SF cultured specimens, actually comparable to XS frozen samples therefore explaining the absence of CD184 variation between fresh and frozen in SF conditions.

Expression of CD184 on WJ MSC could be related to their capability for immunomodulation and regulation of inflammatory processes and this downregulation after the freeze thaw process could indicate reduced capability to exert anti inflammatory mechanisms. 

Percentage of positive cells

Average This difference between fresh and frozen samples is however not statistically significant.

CD106 or VCAM 1 (Vascular Cell Adhesion Molecule 1) is known to be expressed on the endothelial cells present in blood vessels after stimulation by cytokines such as Tumor Necrosis Factor alpha (TNF ) and Interleukin 1 (IL 1). Depending on the experiment and review, CD106 was alternatively classified as expressed or absent of MSC, and a high interdonor variability for CD106 surface expression, together with a 8 fold difference from low to high CD106 mRNA have been observed, these changes in cell phenotype could be related by cell density, senescence and inflammatory cytokines making CD106 a context inducible protein with a highly plastic expression involved in immunomodulatory and migratory properties of MSCs [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF].

CD106 expression in MSC being known to present important variability, it is thus not surprising to observe changes in surface expression after a freeze/thaw process, the analysis of additional samples is however necessary to conclude to a significant effect. The CD106 staining and it's variation might be related to other markers staining for vascular endothelium and smooth muscle cell such as CD146 or 49a and to MSC commitment toward these lineages.

CD105 + Fresh > Frozen : Statistically significant difference

CD105 is very highly and homogenously expressed in WJ MSC as the range for fresh samples goes from 99.80% (1311 SF P2 and 1330 SF P1) to 100% staining observed in several samples, this result in a high mean of 99.91 ± 0.03%.

Similar results were obtained in frozen samples but a slightly higher spread can be observed as ranges goes from 99.40% (1429 SF P4) to 99.90% (expressed by 4 out of 10 samples) and the mean established at 99.73 ± 0.05%

Although the difference is minimal, high homogeneity of fresh samples and slightly lowered values of CD105 staining in frozen samples resulted in a statistically significant difference between the two populations.

Both mean values are however above 98% positivity and hence comply with MSC standards, The very slightly lowered values observed in frozen samples are probably related to a very low increase of protein expression variability after freezing and will have to be investigated in future experiments. In BM MSC, Stro 1 was shown to present high variability and to be related to subpopulation

presenting high CFU and differentiation potential toward osteogenic lineage [START_REF] Stewart | STRO 1, HOP 26 (CD63), CD49a and SB 10 (CD166) as markers of primitive human marrow stromal cells and their more differentiated progeny: a comparative investigation in vitro[END_REF]. In adipose tissue however, Stro 1 staining was observed on endothelial and perivascular cells and colocalization with SMA (Smooth Muscle Actin) associated with commitment of Stro 1+ cells toward the endothelial lineage [START_REF] Lin | Tissue distribution of mesenchymal stem cell marker Stro 1[END_REF].

We can observe similar expression levels of CD146 in both condition, however, while frozen WJ MSC present a weak CD31+ staining (3.51%), a higher expression level can be observed on fresh samples (13.99%). As observed in cells isolated from adipose tissue or bone marrow, Stro 1 expression seems to be associated to key differentiation capabilities related to the tissue of origin. The reduced Stro 1 expression observed in WJ MSC could thus indicate a significant loss of their differentiation capability.

CD31 + Fresh > Frozen : No statistically significant difference

Although the difference is not statistically significant, CD31 is expressed at a higher level in fresh samples with some variability, a range from 0.10% (1311 SF P2) to 44.00% (1573 SF P1) and an average of 13.99 ± 7.05%. Variability and mean expression levels are reduced in frozen samples as the range spread from 0.10% (1115 SF P4 and SF P9) to 15.00% (1429 SF P4) and the average calculated at 3.51 ± 1.43%.

In the literature, CD31 surface expression was not observed on MSC, but intracellular expression was confirmed although downregulation was observed during in vitro culture. [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF].

CD31 being usually found on endothelial cells, the observed inter individual variation could be caused by the presence of a subpopulation of endothelial progenitor cells expressing a CD31+/CD34+/CD45 phenotype in some samples. CD31 has also been reported as involved in cellular migration during inflammation and could thus be implicated in MSC capability to modulate inflammation. If the reduced CD31 expression is confirmed, both capabilities for endothelial differentiation and modulation of inflammatory phenomenon's could be affected by the freeze thaw process.

Comparison of WJ MSC, Fresh or after a freeze/thaw cycle in SF or XS culture

Cryopreservation is a key step in storing tissue before transplant and understanding the effect of the freezing and subsequent thawing process and its implications remain a critical issue. This issue should not be underestimated and remains one of the key barrier to making cells available for clinical trials, therefore in this section we have amalgamated all available data to allow for the most accurate analysis of the freeze thaw process.

Surface antigens presenting variation :

CD106 + Fresh > Frozen Not significant (P = 0.111) CD63 + Fresh > Frozen Not significant (P = 0.175) Stro 1 + Fresh > Frozen Significant (P = 0.002) **

Figure 58 : Antigens presenting differences of surface expression on WJ MSC cultured in XS or SF medium before or after a freeze thaw cycle.

CD106 + Fresh > Frozen : No statistically significant difference CD106 expression in most WJ MSC fresh and frozen samples present some variability with a range for fresh sample from 1.90% (1334 XS P4) to 29.20% (1311 SF P2), although one sample present a surprising level of 56.60% (1573 SF P1) raising the mean for fresh samples at 17.09 ± 5.74%. In frozen samples we observed a range from 0.20% (1112 XS P11) to 29.90% (1115 SF P4) with a mean of 7.89 ± 2.34%. The difference between fresh and frozen samples is not statistically significant. 

Percentage of positive cells

Average Fresh Average Frozen **

As previously stated, CD106 expression in MSC is known to present important variability and changes in surface staining [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF] are thus expected after a radical culture event such as freezing.

While the recording of additional sample will be necessary to increase the power of the statistical analysis, the variation in CD106 staining might be related to the commitment of WJ MSC toward vascular endothelium and smooth muscle cell lineages.

CD63 + Fresh > Frozen : No statistically significant difference

On fresh WJ MSC, CD63 is expressed at a medium to high level and present some variability with a range from 35.80 (1410 SF P4) to 100% (1573 SF P1) and a mean of 70.86 ± 7.79%. Higher variability can be observed on frozen cells as the staining range from 7.40% (1112 XS P11) to 98.20% (1436 SF P2) resulting to a lower average of 54.30 ± 8.16%. This difference in CD63 expression levels between fresh and frozen cells is however not statistically significant.

CD63 staining was observed in BM MSC, although high variability in expression level was reported [START_REF] Pilz | Human mesenchymal stromal cells express CD14 cross reactive epitopes[END_REF].

And while fibroblasts cultured in SF medium presented a high and homogeneous CD63 expression, this level was reduced when cultured in XS medium suggesting a possible effect of the growth factors contained in the SF medium over CD63 expression

Although the significance of a reduced CD63 expression on WJ MSC cannot be explained at presentt, evidences would suggest the implication of CD63 in the MSC capability to modulate inflammation thanks to its role as regulator of interacting proteins themselves involved in the immune or inflammatory system. The differential CD63 expression before or after freezing may be linked to different capability in term of immuno inflammatory functions.

Stro 1 + Fresh > Frozen : Statistically significant difference

In WJ fresh sample we observe a high level of inter donor variability as Stro 1 staining ranges from 4.00% (1311 SF P2) up to 100% (1573 SF P1) with a mean of 47.29 ± 11.61%. In frozen sample, variation of Stro 1 are limited with a range from 3.30 % (1436 SF P2) to 36.10 % (1112 SF P9) resulting in a mean of 11.97 ± 2.54%.

Difference between the fresh and frozen sample is statistically significant, we can additionally observe that both variability and average expression levels are reduced after freezing.

Although an important variability of Stro 1 expression can be observed on fresh sample as expression range from a very reduce staining to expression on 100% of the cells, only a low expression with a limited range was detected on WJ MSC post freezing.

The freeze / thaw process seems to influence Stro 1 expression as similar downregulation can be observed on cells cultured and frozen in different SF and XS medium, while no difference on Stro 1 expression was observed between SF and XS cultured sample nor between sample at low or high passages. As cells cultured in SF or XS medium are frozen in different cryopreservation medium, the components of each freezing medium are probably not the cause of the Stro 1 reduced expression.

However, as it is still required for optimal cell survival DMSO is present at an equal concentration of 10% in both medium, and could have played a role in triggering Stro 1 downregulation.

As observed in cells isolated from adipose tissue or bone marrow, Stro 1 expression seems to be associated to key differentiation capabilities related to the tissue of origin [START_REF] Lin | Tissue distribution of mesenchymal stem cell marker Stro 1[END_REF][START_REF] Stewart | STRO 1, HOP 26 (CD63), CD49a and SB 10 (CD166) as markers of primitive human marrow stromal cells and their more differentiated progeny: a comparative investigation in vitro[END_REF]. The reduced Stro 1 expression observed in WJ MSC could thus indicate a significant loss of their differentiation capability.

Final statement on surface antigens expression of WJ MSC, fresh or after a freeze thaw cycle.

After data analysis it come into view that expression of some surface antigens are noticeably more impacted by the freezing process.

It is also interesting to observe that culture and cryopreservation in SF medium seems to reduce the effect of the freezing process on antigens expression since only Stro 1 seems significantly affected while in XS medium CD56 and CD146 presented significant differences (in addition to Stro 1, CD63 and CD184 presenting noticeable but not statistically significant differences)

The table 18 is summarizing the differences in surface antigens expression observed before or after cryopreservation.

Antigen Statement Note

CD63

CD63 surface expression is reduced after a freeze/thaw process CD63 can be related to leukocyte adhesion and transmigration across vascular endothelia and the recruitment of inflammatory immune cells. The observed variation of CD63 surface staining may be linked to different capabilities of regulation of immuno inflammatory functions.

Stro 1

Stro 1 present a statistically significant reduction in expression level after cryopreservation Stro 1 expression seems to be associated to key differentiation capabilities related to the tissue of origin, the reduced Stro 1 expression observed in WJ MSC could thus indicate a significant loss of their differentiation capability.

CD56 and CD146

CD56 and CD146 surface expression are reduced after cryopreservation in XS medium CD56 is linked to both proliferation and differentiation and CD146 is a marker of the vascular endothelium and smooth muscle cells lineage, these data could indicate that while XS cultured cells could present a high differentiation potential, it could be considerably reduced by the freeze/thaw process.

Table 18 : Summary of the differences in surface antigens expression observed before or after cryopreservation.

Comparison of WJ MSC cultured in Serum Free or Xeno Serum containing medium

Surface antigens presenting variation : In SF condition a very high variability can be observed concerning CD271 as the range is extended from 6.80% (1574 SF P1) to 100% (1573 SF P1) and the mean established at 54.69 ± 6.78 %.

CD271
Heterogeneity of CD271 expression is limited in XS cultured samples as the range goes from 3.04% (1118 XS P5) to 19.68% (1115 XSP5) and the mean of positive cells thus limited to 13.53 ± 3.16%.

Cd271 is one of the most specifically marker expressed by BM MSC and has been proposed for the isolation and expansion of multipotent MSCs [START_REF] Maria | LNGFR ( CD271 ) as Marker to Identify Mesenchymal Stem Cells from Different Human Sources : Umbilical Cord Blood , Wharton ' s Jelly and[END_REF]. It is however known to present important interdonor variation and downregulation during XS in vitro culture (although persistence of the proteins would suggests a potential reversibility) [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF].

If specific to the XS culture condition, this downregulation of CD271 surface expression could explain the difference observed in our samples between cells cultured in SF and XS medium.

It is also interesting to observe that while many other marker are either downregulated (CD56, CD63, HLA ABC, CD49a, CD10, CD105, CD166, D7 fib, CD15) or over expressed (CD14) at high passage, in the sample 1112 XS P11, CD271 expression doesn't seems to be affected.

CD106 SF>XS Not significant

CD106 expression in most SF samples present a good homogeneity with a range from 1.5% (1436 SF P2) to 29.90% (1115 SF P4), however one sample present a surprising level of 56.60% (1573 SF P1) raising the mean for SF samples at 15.21 ± 3.49%, while in XS samples we observed a limited range from 0.20% (1112 XS P11) to 5.40% (1115 XS P5) with a mean of 2.14 ± 0.92%.

Although the difference between SF and XS was not statistically significant at first we noticed that it became significant with the removal of the sample presenting abnormal CD106 expression in the SF group : 1573 SF P1 (56.60%). The new mean of CD106 expression for SF sample would then be calculated at 12.45 ± 2.28% CD106 is known as a context inducible protein in MSC involved in their immunomodulatory and migratory properties, it is thus not surprising to observe changes in surface expression depending on the culture medium used for cell isolation and expansion. However, expression of CD106 is homogenously reduced in the samples cultured in XS medium (or increased in SF expanded cells).

Expression of CD106 on endothelial cells is induced by inflammatory stimuli and cytokines, the causes of this differential expression depending on culture conditions is probably similar to those involved in the expression of other markers responsible for the immunomodulatory and inflammation regulatory properties of MSC.

CD14 SF>XS : Statistically significant difference

High variability was observed concerning CD14 expression in WJ SF samples with a range from 8.95% (1574 SF P1) to 99.80 % (1429 SF P4) and a mean of 57.03 ± 10.09 %, CD14 expression level and variability are significantly reduced in XS cultured sample with a range from 3.20 % (1118 XS P5) to 27.70 % (1112 XS P11) and a mean of 13.94 ± 4.20 %, the sample presenting the higher level of CD14 expression in XS condition was however recorded after a prolonged time in culture, and this high level of expression could have been caused more by the high passage number and time in culture than by the effect of the culture medium. Without this sample the mean of XS cultured sample would have been calculated at 10.50 ± 3.13%.

The difference in CD14 expression at the surface of WJ MSC cultured in SF or XS medium is statistically significant.

The level of CD14 expression on WJ MSC is surprising as it goes against the conventional criteria used to define MSC cells. The potential of a technical artifact was investigated as human BM MSC were found to express CD14 cross reactive epitopes [START_REF] Pilz | Human mesenchymal stromal cells express CD14 cross reactive epitopes[END_REF], and two clones of CD14 antibody (HCD14 and M5E2) could generate a positive staining on MSC cells. We however used the M P9 clone that was shown to discriminate CD14 expressing monocytes and MSCs more efficiently, and the CD14 staining we observed was confirmed as we obtained similar results during a single color experiment, using a different CD14 clone conjugated with a different fluorochrome and analyzed on a different instrument.

Other groups also confirmed the absence of CD14 surface and intracellular expression but they detected the presence of CD14 mRNA on BM MSC cultured in XS condition regardless passage number [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF]. Although significant, the level of CD14 expression at the surface of XS cultured cells remain very low on the contrary of cells cultured in SF condition as CD14 is expressed on almost 100% of the cells in several samples. CD14 high level of expression at the surface of WJ MSC could have been induced by the presence of specific growth factors used in the culture medium during cell expansion such as PDGF.

PDGF is indeed one of the growth factors produced by activated macrophages expressing themselves a high level of CD14 as a high affinity receptor for LPS and involved in the clearance of gram negative pathogens. The presence of PDGF in the SF culture medium as a growth factor for MSC expansion might induce MSC to react as if in presence of activated macrophage in an inflammatory situation that would induce the CD14 glycoprotein transcription at the MSC surface in order to detect LPS and act as potential regulators of an inflammatory situation.

HLA ABC SF>XS : Statistically significant difference

HLA ABC expression is very stable and highly expressed on WJ MSC cultured in SF condition with a range from 98.30% (1112 SF P9) to 100% (1573 and 1574 SF P1) and a mean of 99. 74 ± 0.10 The expression is also very elevated but slightly less stable in XS condition with a range from 92.80 % (1334 XS P4) to 98.90 (1118 XS P5), however one sample present abnormally reduced level of HLA ABC expression with only 40.80% (1112 XS P11), with this sample the global mean of XS sample is 85.76 ± 11.29 % while by removing the abnormal sample we obtain a mean of 97.00 ± 1.43 %.

The MHC class I antigen HLA ABC are expressed by all human nucleated cells, variation in expression are abnormal and sign of cell alteration.

In the case of our 1112 XS P11 sample expressing only 40.80% of HLA ABC the cause is very probably the high cell passage and the high degree of expansion of the cells that resulted in cell senescence and maybe transformation, however the sample 1112 XS P11 also present the higher level of 7AAD staining (45.30%) indicating the presence of dead or apoptotic cells It is also interesting to observe that in SF cultured sample, the sample expressing the lower level of HLA ABC (98.30%) is also the one recorded at the higher passage (P9) but in this case the low expression level is not correlated with a high 7AAD staining (15.50%), and the sample presenting the highest 7AAD staining (17.80% for 1115 SF P4 and 16.20% for 1115 SF P9) don't present abnormalities in HLA ABC expression ( respectively 99.90% and 99.80%).

HLA ABC could then be proposed as an important marker for the detection of cell senescence and transformation during MSC expansion.

CD56 SF>XS : Statistically significant difference

In SF sample CD56 present high interdonor variability with a range from 1.25% (1436 SF P2) to 98.40% (1115 SF P9) and a mean of 56.49 ± 7%. Lower variation and expression levels were recorded in XS cultured samples with a limited range from 0.40% (1112 XS P11) to 27.10% (1115 XS P5) and a mean of 12.07 ± 4.74%.

The high level of variation in SF samples doesn't prevent the observation of a statistically significant difference between SF and XS samples.

The reduced expression level of CD56 in XS containing medium is consistent with data from the literature as downregulation has been observed for MSC cultured in XS condition [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF] and the growth factors contained in the medium used in the SF condition could have prevented this modification of MSC phenotype. MSC displaying higher levels of CD56 have also been shown to present a higher CFU capability [START_REF] Battula | Isolation of functionally distinct mesenchymal stem cell subsets using antibodies against CD56, CD271, and mesenchymal stem cell antigen 1[END_REF], which is consistent with our observation as a lower expansion rate was recorded in XS condition.

In the literature this lower level of CD56 expression was also linked with a reduced capability for chondrocyte and pancreatic cell differentiation and CD56 cells could only be differentiated toward adipocyte.

Study of the interdonor variation allowed observation of a noticeable correlation of CD56 expression

with other surface markers, in both SF and XS samples as CD56 surface expression seems to be strongly correlated with CD146 and CD271.

The correlation between CD56 and CD271 surface expression on MSCs is particularly interesting and should be further investigated in the future as CD56 is also known as NCAM (Neural Cell Adhesion Molecule) a homophilic binding glycoprotein expressed on the surface of neurons and implicated in cell cell adhesion, neurite outgrowth, synaptic plasticity, learning and memory, and, CD271 also called the LNGFR (Low affinity Nerve Growth Factor Receptor) is one of the two receptor types for the neurotrophins, a family of protein growth factors that stimulate neuronal cells to survive and differentiate. Lower correlation could be observed with CD63 in SF condition and CD63, Stro 1 and CD49a in XS conditions.

It is also interesting to observe that the sample presenting the lowest CD56 expression (1436 SF P2), also present the lowest CD271 (18.95%), CD146 (0.70%), CD106 (1.5%), CD49a (40.10%) and Stro 1 (3.30%) together with high levels of CD15 (13.70%), CD63 (98.20) and highest levels of CD45 (2.38%) expression.

CD146 XS>SF : Statistically significant difference

Surface expression of CD146 is statistically significantly higher in WJ MSC samples cultured in XS than in SF medium, however, interdonor variability can be observed in both condition (although higher between SF specimens) as SF samples range from 0.70% (1436 SF P2) to 69.10% (1573 SF P1) with a mean of 27.53 ± 5.20% and XS expression levels ranges from 31.50% (1115 XS P5) to 72.80% (1115 XS P5) with a mean of 52.38 ± 8.45%.

In normal tissue CD146 is known as a marker of vascular endothelium and smooth muscle cells [START_REF] Bakopoulou | Comparative characterization of STRO 1(neg)/CD146(pos) and STRO 1(pos)/CD146(pos) apical papilla stem cells enriched with flow cytometry[END_REF]Dolores Baksh et al., 2007b;[START_REF] Espagnolle | CD146 expression on mesenchymal stem cells is associated with their vascular smooth muscle commitment[END_REF] and in vitro culture in presence of FGF 2 was shown to increase cell proliferation but decrease CD146 expression while in BM MSC, CD146+ cells also present higher differentiation and hematopoietic supporting capabilities.

Upregulation of CD146 during cell expansion in normoxic condition could explain the relatively high level of expression observed here in both condition (Espagnolle), while the higher CD146 surface expression in XS samples is probably due to the presence of FGF 2 in the SF culture medium which increase cell proliferation as observed in culture but can downregulate CD146 expression.

These data indicate that SF expansion, probably because of the FGF 2 contained in the SF medium, could have an effect on differentiation as CD146 is a marker of the vascular endothelium and smooth muscle cells lineage and only CD146+ cells were able to be differentiated toward adipocyte, osteocyte and chondrocyte lineage.

It is also interesting to note that CD146 expression doesn't seem to be reduced like many other markers at high passages in XS condition (P11). CD10 SF>XS : Statistically significant but with only a small difference.

We can observe a statistically significant difference in CD10 expression between SF and XS cultured sample, this difference is probably an artifact as CD10 expression in SF samples is extremely high with a extremely narrow range from 99.90 to 100%, while in XS sample expression is also very high although the range is slightly more spread from 96.90 (1334 XS P4) to 99.90% and the mean only lowered by the P11 sample expressing CD10 on only 72.20% of the cells.

The mean of XS samples is equal to 93.26 ± 5.30 with the P11 sample while it is calculated at 98.53 ± 0.8% without it.

The reduction of CD10 at very high passage is probably related to cell ageing, CD10 could thus be an important marker for the detection of cell senescence and transformation during prolonged MSC expansion.

Because of the very high homogeneity of SF cultured sample, the difference between SF and XS samples is significant even after removal of the P11 sample, however, the small variation observed in XS samples are probably only induced by the variability introduced by the FBS used in the culture medium.

It is interesting to observe that similar variation were observed between fibroblasts samples when the same specimen was cultured both in SF and XS medium. CD 13 SF>XS : Statistically significant but only a reduced difference can be observed CD13 is very highly homogeny and elevated as all SF samples express it a 100%, XS sample also express similar levels but two sample display 99.30% (1112 XS P11) and 99.60% (1118 XS P5) instead of 100% expression introducing variation recorded as a significant difference since the SF sample express perfectly homogeneous levels.

Although this difference is probably not significant, and caused by variation on the late passage sample and variability induced by inconsistency of XS, the level of CD13 in SF sample is so evenly regular, that this difference may be interesting to investigate as it could be meaningful.

D7 Fib SF>XS : Statistically significant difference but reduced difference.

D7 Fib expression show a statistically significant difference between WJ MSC cultured in SF and XS condition, this difference however could have been caused by the very high level of expression and the very limited range observed in SF sample, from 99.80%(1574 SF P1) to the 100% expressed by all but 3 sample (mean 99.98 ± 0.01) , compared to the slightly more spread values obtained in XS condition from 96.70% (1118 XS P5) to 99.90% (1112 XS P4) and once again to the D7 Fib reduced expression in the P11 sample (86.10%) decreasing the mean value for XS at 96.22 ± 2.58% (98.75 ± 0.70% upon removal of the P11 sample)

While the reduction of D7 Fib expression is probably caused by senescence and a possible transformation at very high passage in XS medium it is important to observe that the difference between SF and XS condition remain statistically significant even after removal of the abnormal sample.

Although this difference is probably caused by variation in the FBS composition, or by the presence of growth factors in the SF medium causing overexpression of D7 Fib, expression level in SF sample is very homogeneous and the cause of this difference with XS cultured sample might be interesting to investigate.

It is also important to observe that similar difference are present between fibroblasts samples when the same specimen was cultured in SF or XS medium. 

7AAD XS>SF : Statistically significant difference

In SF samples, staining for 7AAD ranges from 0% (1573 and 1574 SF P1) to 17.80% (1115 SF P4) and the mean percentage of dead cells is 7.56 ± 1.41%.

Values for 7AAD staining is XS sample are slightly elevated with a range from 6.5% (1118 XS P5) to 21% (1112 XS P4) however the sample 1112 XS P11 recorded after prolonged expansion shows a high level of dead cell (or impaired capability of the cells to exclude 7AAD) with 45.30% of the cells stained with 7AAD bringing the mean of XS up to 19.24 ± 6.99% (12.73 ± 3.28% without the P11 sample)

Although the difference between SF and XS sample is statistically significant, this significance is cancelled once the P11 is removed.

While a difference remains between SF and XS sample, it can probably be attributed to a less supportive XS medium and to FBS induced variability. The use of PDGF in the SF culture medium might induce MSC to react as if in presence of activated macrophage in an inflammatory situation that would induce the CD14 glycoprotein transcription at the MSC surface in order to detect LPS and act as regulator in a potential inflammatory situation.

HLA ABC

The MHC class I antigen HLA ABC are expressed by all human nucleated cells, variation in expression are abnormal and sign of cell alteration Variation in HLA ABC expression in XS condition are related to one sample expressing abnormally reduced levels of surface staining probably caused by high cell passage number that might have resulted in cell senescence and probably transformation.

CD56

Staining variability in SF samples doesn't prevent the observation of a statistically significant increased CD56 surface expression in SF cultured cells

The reduced CD56 staining in XS medium is consistent with the literature as downregulation was observed in vitro and could have been prevented by the SF medium growth factors. Strong correlation of CD56 expression with CD146 and CD271 was observed in both SF and XS samples.

CD146

Surface expression of CD146 is statistically significantly higher in WJ MSC samples cultured in XS than in SF medium CD146 expression in XS samples is probably related to the FGF 2 in the SF medium which increase cell proliferation but can downregulate CD146 expression. This indicate that SF expansion in FGF 2 containing medium could have an effect on differentiation since CD146+ cells were shown to present higher differentiation capabilities.

CD15

CD15 antigen is absent on XS cultured cells but can be observed on WJ MSC cultured in SF condition

Increase expression of CD15 in SF condition could be linked to PDGF in the SF culture medium, related to the increased expression of CD14 or CD106 in SF condition and to the capability of MSC to modulate inflammation and regulate immune response.

Tableau 22 : Summary of the differences in surface antigens expression observed on WJ MSC cultured in SF or XS medium

Comparison of surface antigen expression of WJ MSC, BM MSC and Fibroblasts cultured in SF condition.

In this second part of the experimental results of MSC flow cytometry immunophenotyping, we analyzed cells isolated from three different tissues, the Wharton's Jelly MSC, the Bone Marrow MSC, and Fibroblasts isolated from skin.

Although some specimens were cultured in both SF and XS containing medium, we will focus in this chapter on data obtained from cells in the SF medium since it appear to be the most relevant culture system for future clinical applications.

We will thus compare BM MSC to Fibroblasts, then WJ MSC to fibroblasts and finally WJ MSC to BM MSC.

As previously for each comparison only antigens presenting difference will be displayed.

Comparison of BM MSC and Fibroblasts.

Surface antigens presenting variation : CD34 expression in BM MSC present high variability as staining ranges from 1.60% (BM 2 and 3 SF P1) up to 96.30% (BM32 SP P3) and the mean is calculated at 33.89 ± 12.92%. Although the difference is not statistically significant, CD34 expression in fibroblasts, is reduced as staining ranges from 0.20%(110508 SF P1) to 23.20% (V449 SF P2) with an average of 12.96 ± 3.96%.

As previously stated, most literature report CD34 as negative at the cell surface of MSC, however highly variable levels of CD34 mRNA were detected (with statistically significant differences between / ) and intracellular CD34 expression was observed in BM MSC in all cells, all donor and at all passages [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF].

In BM MSC due to the high interdonor variability we can observe some sample being either negative with under 2% expression to highly positive with CD34 staining over 95% of the cells.

A high and statistically significant difference is displayed by Fibroblasts depending on culture medium composition as fibroblasts in XS condition express a very significant level of CD34 antigens. Additional experiments will be needed to characterize CD34 behavior in BM MSC cultured in XS medium. Aware of the possible internal expression of CD34 , the low to high staining observed in BM sample could be caused by the detection of internal CD34 due to damages to the cell membrane, indeed and although not proportional, the BM samples expressing high CD34 levels also present high 7AAD staining.

While a higher staining for CD34 can be expected on BM isolated cells due to the possible presence of hematopoietic progenitors, the very high levels and the inter individual variation observed could have been caused by different isolation technique, as sample BM 1, 2 and 3 were isolated by plating and adherence after Ficoll selection, samples BM 30,31,32 and 33 were also isolated by plating but after selection of TNC using gradient density separation through physical device.

Another possible explanation would be the presence of an endothelial progenitor population in the BM sample, as EPC present a CD45 /CD31+/CD34+ phenotype and a good correlation can be observed between CD34+ and CD31+ staining between the different BM MSC samples.

CD106 BM>Fib : Statistically significant difference CD106 expression in BM samples range from 1.6% (Allo1519 SF P1) to 38.4% (BM2 SF P1) with a mean of 20.09 ± 12.28 while in Fib samples we observed a limited range from 0.8% (111184 SF P1) to 4% (110302 SF P1) with a mean of 2.28 ± 0.69. The difference between Bone Marrow and Fibroblasts sample regarding CD106 expression is statistically significant.

This difference was expected as BM MSC are known to express CD106, and the high interdonor variability observed for CD106 expression has been previously documented by Schack and colleagues [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF].

HLA G Fib > BM : No statistically significant difference

We observe a very high variability concerning HLA G expression in BM samples from 0.5% (BM3 SF P1) to 99.3% (BM31 SF P3) with a mean of 52.46 ± 17.58%, it is interesting to note that most samples are either present HLA G at a very low level (BM 1 2 3 ) or very high level (BM 30 31 32 33) and only the sample Allo 1519 present HLA G at an intermediary level of 18.1%.

Concerning fibroblasts samples we also observe a very high range from 38.9% (110508 SF P1) to 96.6% (110302 SF P1) but the average was calculated at 83.86 ± 11.26 as all sample but one express HLA G from 90 to 100%.

HLA G expression on BM MSC and fibroblast cells is surprising especially as it was not detected on cells isolated from the umbilical cord. Concerning BM MSC, the very high variability together with the high 7AAD staining on samples that present the higher HLA G staining asks for the recording of additional samples to conclude. No explanation could be found to explain the presence of HLA G on fibroblasts other than a specific influence of growth factors contained in the culture medium over fibroblasts cells. This hypothesis might be confirmed in the future as the same sample analyzed here but cultured in XS medium did display a lower level of HLA G staining. 

CD14 BM> Fib : Statistically significant difference

High variability was observed concerning CD14 expression in BM samples with a range from 6.5 % (Allo1519 SF P1) to 100 % (BM32 SF P3) and a mean of 36.20 ± 10.68 %, however the expression level of 100% obtained with the BM32 sample is discordant from the other values obtained in BM samples and by removal of this specimen we obtained a maximum level of CD14 expression at 54.9 % (BM2 SF P1) and a mean of 27.09 ± 6.43 %. CD14 expression level and variability are however significantly reduced in Fib sample with a range from 1.8 % (111184 SF P1) to 13.2 % (110302 SF P1) and a mean of 4.68 ± 2.14 %, this very low level of expression could be considered as negative.

The level of CD14 expression on BM MSC is surprising as it goes against the conventional criteria used to define MSC cells. As previously explained the potential technical artifact was investigated as human BM MSC were found to express CD14 cross reactive epitopes [START_REF] Pilz | Human mesenchymal stromal cells express CD14 cross reactive epitopes[END_REF]. We however used the M P9 clone that was shown to discriminate CD14 expressing monocytes and MSCs more efficiently, and the CD14 staining we observed was confirmed during a single color experiment, using a different CD14 clone conjugated with a different fluorochrome and analyzed on a different instrument.

While no surface or intracellular CD14 expression could be observed, other groups detected the presence of CD14 mRNA on BM MSC cultured in XS condition [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF]. CD14 expression at the surface of BM MSC could have been induced by the specific SF condition used during cell expansion and the growth factors used in the medium. CD14 is indeed a high affinity receptor for LPS involved in the clearance of Gram pathogens, usually taken in charge by macrophages, themselves expressing CD14 and secreting PDGF when activated.

The presence of PDGF in the SF culture medium as a growth factor for MSC expansion might induce MSC to react as if in presence of activated macrophage in an inflammatory situation that would induce upregulation of CD14 at the MSC surface in order to detect LPS and act as potential regulators of an inflammatory situation.

CD14 expression in fibroblasts cultured in SF medium is very limited in most samples, however it is interesting to observe that CD14 expression is increased for cells cultures in XS medium and the difference of CD14 expression between SF and XS is statistically significant and while it could be considered as close to negative in SF culture, over 40% of XS cultured fibroblasts express CD14 (mean = 43 ± 9.33 %) and the composition of the culture medium seems to be confirmed as a key factors regarding CD14 expression. 

HLA DR BM > Fib : No statistically significant difference

In BM MSC samples, HLA DR is expressed at low level with a range from 1.4% (Allo1519 SF P1) to 15.7% (BM1 SF P1) but in the BM32 SF P3 sample that present a abnormally elevated expression level of 78.3% that might be caused by the very high 7AAD staining and thus the very low viability of this specimen. Without this elevated sample mean of BM MSC is calculated at 6.10±1.98%.

With a range from 0.9% (111184 SF P1) to 3.4% (110302 SF P1) and a mean of 1.68 ± 0.44% HLA DR surface expression on fibroblasts cells can be considered as negative.

CD63 Fib > BM : Statistically significant but with a very small difference.

CD63 is expressed at a high level on BM MSC with a range from 90.6% (BM1 SF P1) to 99.2% (Allo1519 SF P1) and with a mean of 95.59 ± 1.25, it is however expressed at higher level and more homogeneously in fibroblasts with a range from 98.2% (V449 SF P2) to 100% (110302 SF P1) and with a mean of 99.38 ± 0.31.

Both Fibroblasts and BM MSC express CD63 at very high levels and only a small difference can be observed from these two cell sources however the good results homogeneity lead to a statistically significant difference.

CD63 expressed on BM MSC and fibroblasts could be involved in the immunomodulatory and anti inflammatory capabilities of MSC.

The lower level of CD63 expression in fibroblasts cultured in XS condition could be an indication that the SF medium composition might be linked to the observed high expression level of CD63. 

CD56 BM>Fib : No statistically significant difference

In BM samples, CD56 expression seems highly variable, with a range from 5.25 % (BM3 SF P1) to 86.9% (BM32 SF P3) and a mean of 48.36 ± 10.83.

Expression levels are more homogeneous in fibroblasts sample, as the range spread from 6.9 % (V449 SF P2) to 49.7% (110302 SF P1) and mean calculated at 24.35 ± 7.12.

Although a difference in CD56 surface expression can be observed, it is probably not statistically significant because of the high variability of BM samples, it is however important to note that CD56 surface expression and mRNA has been reported in BM MSC even if surface expression has been shown to be down regulated in culture [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF].

Together with CD271, CD56 seems to be indicating or involved in higher CFU capabilities and differentiation potential and MSCA 1+/CD56+ MSC population have been shown to present higher differentiation capabilities for chondrocytic and pancreatic lineage versus MSCA 1+/CD56 cells [START_REF] Battula | Isolation of functionally distinct mesenchymal stem cell subsets using antibodies against CD56, CD271, and mesenchymal stem cell antigen 1[END_REF].

The influence of the culture medium is also significant in CD56 surface expression as shown by the fibroblasts samples cultured in FBS containing medium where no CD56 antigen could be detected. 

CD146 BM >> Fib : Statistically significant difference

We can observe a high statistically significant difference between BM MSC and Fibroblast cells concerning surface expression of CD146.

BM samples present some variability with a range from 21.7% (BM1 SF P1) to 91.2% (BM33 SF P3) and a mean of 66,40 ± 7.80.

On the other hand Fibroblasts sample present a good homogeneity at a very low level of CD146 expression with a range from 2.1% (110508 SF P1) to 7.8% (111184 SF P1) and a mean of 3.42 ± 1.09.

Compared to fibroblasts cultured in XS condition, no reduction of CD146 expression could be observed in the FGF 2 containing SF medium. This could indicate that on the contrary to MSC, FGF 2 has no effect on CD146 expression in fibroblasts.

As previously stated, in normal tissue CD146 is known as a marker of vascular endothelium and smooth muscle cells [START_REF] Bakopoulou | Comparative characterization of STRO 1(neg)/CD146(pos) and STRO 1(pos)/CD146(pos) apical papilla stem cells enriched with flow cytometry[END_REF]Dolores Baksh et al., 2007b;[START_REF] Espagnolle | CD146 expression on mesenchymal stem cells is associated with their vascular smooth muscle commitment[END_REF] and in vitro culture in presence of FGF 2 was shown to increase cell proliferation but decrease CD146 expression while in BM MSC, CD146+ cells also present higher differentiation and hematopoietic supporting capabilities.

CD146 has been observed as one of the marker providing a good distinction between BM MSC and fibroblasts cells (CD164 being another) (L. [START_REF] Zhao | Novel Negative Selection Marker CD54 Enhances Differentiation of Human Adipose Derived Mesenchymal Stem Cells[END_REF] and it is confirmed in our analysis as in fibroblasts the very low level of CD146 expression is almost negligible, while 2/3 of the BM MSC seems to be CD146+ cells despite the fact that some groups reported a higher proliferation capability of the CD146 cells in BM samples [START_REF] Espagnolle | CD146 expression on mesenchymal stem cells is associated with their vascular smooth muscle commitment[END_REF].

CD15 Fib> BM : Statistically significant difference

In BM MSC CD15 expression present some variability with a range from 1.15% (BM1 SF P1) to 66.25% (BM30 SF P3) and a mean of 23.59 ± 7.74%, this expression level is elevated on fibroblasts samples, with a range from 25.8% (111184 SF P1) to 82.55%(V448 SF P2) and a mean of 57.74 ± 11.56%.

The BM MSC and fibroblasts sample do present a statistically significant difference and in BM MSC CD15 and Stro 1 expression seems to be inversely correlated.

Interestingly, in XS condition CD15 expression is inferior at 2% and can be qualified as negative, however upregulation was observed on WJ MSC when cultured in SF condition. Although this difference was not statistically significant, increase expression of CD15 in SF condition could be caused by the presence of PDGF in the culture medium, itself related to the observed increased expression of CD14 and to the capability of MSC to modulate inflammation and regulate immune response.

CD49a Fib > BM : No statistically significant difference

CD49a is expressed at a high level in BM MSC with a range from 75.6%(BM1 SF P1) to 99.9% (BM32 SF P3) resulting in a mean of 92.16 ± 2.68. Expression in fibroblasts is also very elevated and homogenous with a very limited range from 97.1% (110508 SF P1) to 99.8% (V449 SF P2) and a mean equal to 99.00 ± 0.50.

No difference of CD49a surface expression could be observed between fibroblasts cultured in SF or XS condition, the composition of the culture medium and the presence of additional growth factors in the SF medium doesn't seems to affect CD49a expression in fibroblasts, however as the observed levels are very high it is also likely they would mask a possible upregulation.

CD49a, a transmembrane glycoprotein also known as 1 integrin, although shown to be highly variable between BM MSC donors (together with Stro 1 and CD63), is a well known marker of both fibroblasts and mesenchymal cells, but it is also a smooth muscle cell specific marker gene and it was shown to be upregulated in CD146 high clones together with specific Vascular Smooth Muscle Cell (VSMC) markers such as CNN1 [START_REF] Espagnolle | CD146 expression on mesenchymal stem cells is associated with their vascular smooth muscle commitment[END_REF].

In BM CD49a+ cells represent a subset of Stro 1+ MSC which present increased CFU capabilities. The expression of both markers also seems to be developmentally regulated and linked to differentiation and maturation of osteogenic lineage, as is CD63 shown to be increased during osteocyte differentiation by dexamethasone [START_REF] Stewart | STRO 1, HOP 26 (CD63), CD49a and SB 10 (CD166) as markers of primitive human marrow stromal cells and their more differentiated progeny: a comparative investigation in vitro[END_REF]. In fibroblast we observe both a higher expression level and variability as sample are distributed from 17.00% (110302 SF P1) to 64.80 % (111184 SF P1) resulting in a mean of 37.86 ± 7.93% While the level of CD133 expression observed on most WJ MSC can be explained by inter individual variation or the effect of the SF medium composition, the mean level remain low and in accordance with the values usually recorded.

The level of CD133 antigen expressed by fibroblasts cell is however very surprising, and cannot be explained by an over expression of CD133 caused by the growth factors of the SF medium as for the sample cultured in SF or XS condition the level observed in XS medium is homogeneously increased with a mean of 94.4% of cell positive for CD133. 

CD271 WJ > Fib : Statistically significant difference

In SF condition a very high variability can be observed concerning CD271 as the range is extended from 6.80% (1574 SF P1) to 100% (1573 SF P1) and the mean established at 54.69 ± 6.78 % Phenotype of fibroblasts concerning CD271 present a better homogeneity as expression levels are limited from 10.98% (V448 SF P2) to 47.76% (110302 SF P1) and the mean consequently lowered at 23.16 ± 7.94%

Expression of CD271 on WJ MSC and the high variability observed in our data is in accordance with the literature and describe the presence of a subpopulation of multipotent cells with immunosuppressive and lympho hematopoietic engraftment promoting properties.

The expression of CD271 on fibroblasts could indicate the presence of a subpopulation of cells that would share some of the MSCs properties in term of immunomodulatory properties and hematopoietic supporting abilities.

It is also interesting to observe that inter individual variations of CD271 seems to be correlated with variation of CD56 and CD146.

CD34 Fib>WJ : No statistically significant difference

CD34 is expressed at a low level on WJ MSC but present inter individual variability as the range spread from 0.47% (1574 SF P1) to 25.30% (1112 SF P9) and the mean expression is calculated at 6.55 ± 1.73%.

In fibroblasts, expression seems to be slightly higher as most sample express CD34 antigen over 9% with a range from 0.20 %( 110508 SF P1) to 23.20% (V449 SF P2) and a mean of 12.96 ± 3.96%.

Usual MSC standards classify CD34 as an antigen not expressed by MSCs however, variable levels of CD34 mRNA were detected and intracellular CD34 expression was observed in BM MSC. Although in our sample expression levels are low, they are not below the 2% threshold frequently used to classify negative markers.

The difference in CD34 staining between WJ MSC and Fibroblasts is not statistically significant, however, fibroblasts seems to present higher level of surface expression, moreover, while no difference could be observed between WJ MSC cultured in SF and XS medium, a high and statistically significant difference is displayed by Fibroblasts depending on culture medium composition as Fibroblasts in XS condition express a very significant level of CD34 antigens.

In contrast CD34 staining on WJ MSC remain low and stable regardless of culture condition, and aware of the possible internal expression of CD34 , the low to medium staining observed in our sample could be caused by the detection of internal CD34 due to damages to the cell membrane. 

CD45 Fib > WJ : Statistically significant difference

Other groups studied CD45 expression on MSC and no surface expression nor mRNA presence were detected [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF] and while CD45 expression in WJ MSC can be classified as negative with a range from 0.12% (1330 SF P1) to 2.38% (1436 SF P2) and a mean of 0.54 ± 0.14%, light CD45 staining can be observed on fibroblasts with a range from 1.10% (110302 SF P1) to 3.60% (111184 SF P1) and a mean slightly above the positive 2% level with 2.36 ± 0.48%.

This small difference is, probably caused by the very low level and good homogeneity of WJ sample, classified as statistically significant, and while the 2.36% of fibroblast positivity for CD45 is not of major concern, the level CD45 staining with the same fibroblasts samples cultured in XS of almost 23% is of interest.

Combined with the CD34 expression observed, and if co expressed, this presence of CD45 in fibroblasts would describe the very surprising presence of a subpopulation of hematopoietic lineage within fibroblasts cultured in XS.

As isotypes controls were not recorded during this analysis, another explanation would be the presence of increased non specific binding in XS condition, experiments with isotypes controls will be performed in the future in order to conclude on CD45 expression. and Interleukin 1 (IL 1).

As previously described, important variation of CD106 expression triggered by cell density, senescence and inflammatory cytokines have been reported making CD106 a context inducible protein with a highly plastic expression involved in immunomodulatory and migratory properties of MSCs [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF].

We previously observed that culture in SF medium triggered CD106 expression on WJ cells and while CD106 expression in fibroblast cells can be considered as negative, the higher surface staining observed on WJ MSC could be linked to expression of other markers staining for vascular endothelium and smooth muscle cell such as CD146 and 49a and to a higher capability or commitment of WJ MSC cultured in SF condition toward these lineages. As predicted by the literature, and although isolated from neonatal tissue, HLA G expression on WJ MSC is negative, but it's expression at very high level on fibroblast cells is surprising especially as it was not detected on cells isolated from the umbilical cord.

HLA G Fib

No explanation could be found to understand the presence of HLA G on fibroblasts other than non specific binding that will have to be investigated in the future or the specific influence of growth factors contained in the SF culture medium over fibroblasts cells. and with a mean of 99.38 ± 0.31.

CD63 staining on fibroblasts is acknowledged by the literature and a high and consistent expression level is confirmed in our experiment, expression was also observed in BM MSC, although high variability in expression level was reported in such cells [START_REF] Pilz | Human mesenchymal stromal cells express CD14 cross reactive epitopes[END_REF].

WJ MSC however, present a statistically significantly reduced level of CD63 staining compared to Fibroblasts and BM MSC, and an increased interdonor variability.

The lower level of CD63 expression in fibroblasts cultured in XS condition could be an indication that the growth factors contained in the SF medium are at least partly involved in the higher expression level of CD63 observed in this condition. Although not statistically significant at first the difference between WJ MSC sample and fibroblasts became significant after removing the highest WJ sample showing 100% of Stro 1 expression.

As previously stated, in cells isolated from adipose tissue or bone marrow, Stro 1 expression seems to be associated to key differentiation capabilities related to the tissue of origin [START_REF] Lin | Tissue distribution of mesenchymal stem cell marker Stro 1[END_REF][START_REF] Stewart | STRO 1, HOP 26 (CD63), CD49a and SB 10 (CD166) as markers of primitive human marrow stromal cells and their more differentiated progeny: a comparative investigation in vitro[END_REF].

These data would suggest the presence of distinct populations between fibroblasts and UC cells that could present diverse degree of differentiation potential, with possible higher CFU capability of the WJ MSC subpopulation.

Fibroblast Stro 1 expression doesn't seems to be affected by culture medium composition as no significant difference could be observed in the sample expanded in XS medium versus SF medium.

CD56 WJ > Fib : Statistically significant difference

In WJ sample CD56 present high interdonor variability with a range from It is also interesting to observe that while fibroblasts present a significant amount of CD56 expression when cultured in SF condition, no staining could be detected when cultured in XS containing medium.

The reduced expression level of CD56 in XS cultured Fibroblasts is consistent with data from the literature as downregulation has been observed for MSC cultured in XS condition [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF] and the growth factors contained in the medium used in the SF condition could have prevented this modification of MSC phenotype.

In the literature this lower level of CD56 expression was also linked with a reduced capability for chondrocyte and pancreatic differentiation and CD56 cells could only be differentiated toward adipocyte.

Study of the interdonor variation allowed observation of a noticeable correlation of CD56 expression with other surface markers, in both WJ and fibroblasts samples as CD56 surface expression seems to be strongly correlated with CD271 and CD146 in WJ MSC only.

As previously explained, the correlation between CD56 and CD271 surface expression on MSCs is particularly interesting and should be further investigated in the future.

CD146 WJ > Fib : Statistically significant difference

Surface expression of CD146 is statistically significantly higher in WJ MSC samples cultured in SF medium than in Fibroblasts, however, some interdonor variability can be observed in WJ MSC samples as CD146 expression range from 0.70% (1436 SF P2) to 69.10% (1573 SF P1) with a mean of 27.53 ± 5.20% while in fibroblasts, CD146 is uniformly expressed at a very low level from 2.10%

(110508 SF P1) to 7.80% (111184 SF P1) with a mean of 3.42 ± 1.10%.

As previously explained CD146 is a marker of vascular endothelium and smooth muscle cells [START_REF] Bakopoulou | Comparative characterization of STRO 1(neg)/CD146(pos) and STRO 1(pos)/CD146(pos) apical papilla stem cells enriched with flow cytometry[END_REF]Dolores Baksh et al., 2007b;[START_REF] Espagnolle | CD146 expression on mesenchymal stem cells is associated with their vascular smooth muscle commitment[END_REF] and in vitro culture in presence of FGF 2 was shown to increase cell proliferation but decrease CD146 expression while in BM MSC, CD146+ cells also present higher differentiation and hematopoietic supporting capabilities.

In the umbilical cord matrix, CD146 is known to be expressed in the perivascular area of the umbilical vessels and not in the WJ itself (Dolores Baksh et al., 2007b), yet the processing technique developed in our laboratory is supposed to isolate WJ only. The CD146 expression observed in our experiment could be due to a higher spread of CD146+ cells within the UC tissue than previously reported, to a preferential expansion of CD146+ cells during the first phases of cell culture as CD146+ cells may present higher CFU rate [START_REF] Schwab | Identification of surface markers for prospective isolation of human endometrial stromal colony forming cells[END_REF] or to an upregulation of CD146 during cell expansion in normoxic condition [START_REF] Espagnolle | CD146 expression on mesenchymal stem cells is associated with their vascular smooth muscle commitment[END_REF].

The higher CD146 expression observed in WJ MSC can probably be related to the CD146 expression reported by the literature in the perivascular area of the umbilical cord, however, the level observed here is reduced compared to WJ MSC cultured in XS medium probably because of the presence of FGF 2 in the culture medium.

The same effect of the FGF 2 containing medium can be observed on fibroblasts as the same cell line express higher levels of CD146 when cultured in FBS containing (FGF 2 free medium). Expression in fibroblasts is also very elevated but present better homogeneity with a very limited range from 97.1% (110508 SF P1) to 99.8% (V449 SF P2) and a mean equal to 99.00 ± 0.50.

The difference in CD49a expression between WJ MSC and fibroblasts is not statistically significant and no difference of CD49a surface expression could be observed between fibroblasts cultured in SF or XS condition, the composition of the culture medium and the presence of additional growth factors in the SF medium doesn't seems to affect CD49a expression in fibroblasts, however as the observed levels are very high it is also likely they would mask a possible upregulation.

CD49a is involved in cell cell adhesion and may play a role in inflammation and fibrosis. Shown to present highly variable expression levels between BM MSC donors (together with Stro 1 and CD63), it is a well known marker of both fibroblasts and mesenchymal cells, but it is also a smooth muscle cell specific marker gene and it was shown to be upregulated in CD146 high clones together with specific Vascular Smooth Muscle Cell (VSMC) markers such as CNN1 [START_REF] Espagnolle | CD146 expression on mesenchymal stem cells is associated with their vascular smooth muscle commitment[END_REF].

CD184 Fib>WJ : Statistically significant difference

In It was suggests that CD184 ligand, ubiquitin, is anti inflammatory immune modulator and endogenous opponent of proinflammatory damages [START_REF] Saini | CXC chemokine receptor 4 is a cell surface receptor for extracellular ubiquitin[END_REF]. It is speculated this interaction may be through CXCR4 mediated signaling pathways [START_REF] Majetschak | Extracellular ubiquitin: immune modulator and endogenous opponent of damage associated molecular pattern molecules[END_REF].

Expression of CD184 on WJ MSC and fibroblasts could be related to their capability for immunomodulation and regulation of inflammatory processes and it's higher expression on fibroblast sample may indicate increase potential to exert anti inflammatory mechanisms usually associated with MSC.

7AAD Fib > WJ : Statistically significant difference

In WJ samples, staining for 7AAD ranges from 0% (1573 and 1574 SF P1) to 17.80% (1115 SF P4) and the mean percentage of dead cells is 7.56 ± 1.41%.

Values for 7AAD staining in fibroblast sample are slightly elevated with a range from 4.50% (V449 SF P2) to 18.60% (110508 SF P1) however the sample 110302 SF P1 present very high level of 7AAD staining with as high as 97.10% of the cells marked with 7AAD bringing the mean of fibroblast up to 28.32 ± 17.42% (11.13 ± 3.65% without the highly stained 7AAD sample)

Although the difference between WJ MSC and Fibroblast is statistically significant, this significance is cancelled once the highly 7AAd stained fibroblast sample is removed.

As cells were recorded unfixed, a long delay between staining/washing and actual recording could explain the high 7 AAD staining observed in one sample. In BM MSC due to the high interdonor variability, we can observe sample being either negative with under 2% expression to highly positive with CD34 staining over 95% of the cells.

No influence of the culture medium could be observed in WJ MSC concerning CD34 expression however a strong significant difference was displayed by fibroblasts, additional experiments are needed to characterize CD34 behavior in BM MSC cultured in XS medium.

In contrast as CD34 staining on WJ MSC remain low and stable regardless of culture condition, and aware of the possible internal expression of CD34 , the low to high staining observed in BM sample could be caused by the detection of internal CD34 due to damages to the cell membrane, indeed and although not proportional, the BM samples expressing high CD34 levels also present high 7AAD staining.

While a higher staining for CD34 can be expected on BM isolated cells due to the possible presence of hematopoietic progenitors, the very high levels and the inter individual variation observed could have been caused by different isolation technique, as sample BM 1, 2 and 3 were isolated by plating and adherence after Ficoll selection, samples BM 30,31,32 and 33 were also isolated by plating but after a different method for TNC selection.

Another possible explanation would be the presence of an endothelial progenitor population in the BM sample, as EPC present a CD45 /CD31+/CD34+ phenotype and a good correlation can be observed between CD34+ and CD31+ staining between the different BM MSC samples.

CD33 WJ > BM : Statistically significant, but very low observed difference.

CD33 is not expressed in BM MSC as most sample show no staining, 2 sample show 0.20% (BM 3 SF P1 and 32 SF P3) and two present 0.30% (BM1 and 2 SF P1) resulting in a average of 0.13 ± 0.049%. This level of expression is slightly elevated in WJ samples as the observed CD33 staining goes from 0.20% (1330 SF P1 and 1436 SF P2) to a maximum of 6.10% (1439 SF P1) resulting in a mean of 1.63 ± 0.42%.

Although these values result in a statistically significant difference concerning CD33 expression between BM and WJ samples, given the specificity of CD33 for myeloid progenitors, monocytes, granulocytes, dendritic cells and mast cells, this result is probably only caused by non specific binding and different equipment parameters combined with the very low level and very good results homogeneity obtained with BM samples versus the slightly higher variability of WJ sample.

CD45 BM > WJ : No statistically significant difference

Previous reports of CD45 expression on MSC reported no surface expression and no CD45 mRNA detection, [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF] and while CD45 expression in WJ MSC can be classified as negative with a range from 0.12% (1330 SF P1) to 2.38% (1436 SF P2) and a mean of 0.54 ± 0.14% some CD45 staining can be observed on BM MSC with a range from 0.14% (BM2 SF P1) to 44.70% (BM32 SF P3) resulting in a mean above the positive 2% level with 7.42 ± 5.36%.

However on the total 8 BM samples, 4 does not reach the 2% of positive cells and only one is above 5% staining with a surprising 44.70%, by removing this last sample we obtain a mean of 2.09 ± 0.71% barely over the positivity level and while the difference with WJ MSC is still statistically significant this level of CD45 expression on BM MSC is more in accordance with the levels previously reported.

The difference between the two cell type is, probably due to the very low level and good homogeneity of WJ sample, classified as statistically significant, and while the 2.09% positivity for CD45 is not of major concern, this level of CD45 staining and inter individual variation can probably be explained by cell origin and diversity of isolation protocols of the BM TNC, the 44.70% staining observed on the BM32 sample is however surprising and is probably related to the high level of 7AAD staining and to unspecific binding of the antibody to damaged, dead cells or cell debris.

CD45 staining on XS cultured BM MSC also have to be investigated as fibroblasts cell presented increased CD45 expression when cultured in XS condition.

CD105 WJ > BM : Statistically significant but only small difference

CD105 is very highly and homogenously expressed in WJ MSC as the range goes from 99.40% (1429 SF P4) to 100% staining observed in several samples, this resulted in an elevated average of 99.82 ± 0.04%. Similar results were obtained in BM MSC but higher spread can be observed as ranges goes from 94.70% (Allo1519 SF P1) to 99.90% (BM31 and 33 SF P3) and the mean established at 98.84 ± 0.62%.

Although the difference is minimal, high homogeneity of WJ MSC samples and discordant BM MSC Allo1519 CD105 staining resulted in a statistically significant difference between BM MSC and WJ MSC populations.

Both mean values are however above 98% positivity and hence comply with MSC standards, the reason for slightly lowered results observed in BM MSC and the reduced CD105 surface expression in discordant BM sample will have to be investigated in future experiments.

HLA G BM >> WJ : Statistically significant difference

On WJ MSC, HLA G present a good homogeneity at a low level with a range from 0.10% (1574 SF P1) to 5.10% (1112 SF P5), but one sample present abnormal expression level of 71.60% (1573 SF P1), increasing the mean at 6.08 ± 4.38%. After removal of the sample presenting increased staining the mean is lowered at 1.71 ± 0.4%.

Concerning BM isolated cells, we observe a very high range and expression level from 0.50% (BM3 SF P1) to 99.30% (BM31 SF P3) but the mean is calculated at 52. 46 ± 17.58 as on a total of 8 BM samples, 3 express HLA G below 4% and 4 present over 98% staining creating 2 highly disparate expression profile.

HLA G staining present a statistically significant difference between MSC isolated from BM and WJ and while WJ MSC HLA G expression matches with data collected in the literature with the marker being below 2% and so considered as negative, BM MSC expression in 5 out of 8 samples present medium to highly elevated expression that can hardly be explained particularly as HLA G is not found on neonatal isolated tissue such as the WJ MSC.

Specific influence of growth factors present in the SF medium can however be one of the causes for this HLA G increased staining as on fibroblasts cells we observed a reduced level of expression in sample cultured in XS containing medium versus SF cultured cells. The reason for the very high inter donor variation remains elusive but could be explained by non specific binding.

HLA ABC WJ > BM : Statistically significant with only small difference

HLA ABC expression is very stable and highly expressed on WJ MSC cultured in SF condition with a range from 98.30% (1112 SF P9) to 100% (1573 and 1574 SF P1) and a mean of 99.74 ± 0.10%.

Expression is also very elevated but slightly less stable in BM samples with a range from 97.60 % (BM32 SF P3) to 99.90 (BM 1 and 2 SF P1) resulting in a mean of 99.04 ± 0.31 %.

The MHC class I antigen HLA ABC are expressed by all human nucleated cells, variation in expression are abnormal and sign of cell alteration. Although inter individual variation are limited in both sample groups, we can observe a slightly higher spread in the BM samples, probably resulting in the statistically significant difference of HLA ABC expression between BM and WJ MSCs.

It is however interesting to observe the correlation between high 7AAD staining related to dead or apoptotic cells and the decrease in HLA ABC expression in BM samples as although variation are limited, samples presenting lower HLA ABC also present the higher 7AAD staining.

We previously proposed HLA ABC as an important maker for detection of cell senescence and transformation, this new correlation confirms that HLA ABC variation in MSC should be considered abnormal and causes of these variations should be investigated.

HLA DR BM > WJ : No statistically significant difference

In BM MSC samples, HLA DR is expressed at low but significant level with a range from 1.4% (Allo1519 SF P1) to 15.7% (BM1 SF P1) but the BM32 SF P3 sample present a abnormally elevated expression level of 78.3% that might be linked to the very high 7AAD staining and thus the very low viability of this specimen. Without this elevated sample mean of BM MSC is calculated at 6.10 ± 1.98% versus 15.13 ± 9.18% when the BM32 sample is included. These variation caused the statistically significant difference with WJ MSC where HLA DR expression is limited both in range or value and staining spread from 0.11% (1574 SF P1) to a maximum of 9.70% (1115 SF P4) with an average of 2.05 ± 0.55%, it is however important to observe that over 16 specimen only 2 sample present HLA DR staining over 2.5% and only 2 more over 2% explaining the low mean that can be considered as a global negative expression of HLA DR in WJ MSC HLA DR has been shown to be stored intracellularly and express at the cell surface after exposure to interferon [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF].

In this context, upregulation of HLA DR at the cell surface through signaling could be the cause for the increased expression observed in some MSC samples in both WJ and BM MSC as HLA DR is involved in peptide antigens presentation and MSC have been shown to interact with the immune and inflammatory system.

CD63 BM > WJ : Statistically significant difference

CD63 is expressed at a medium and variable level on WJ MSC cultured in SF medium, with a range from 11.20% (1429 SF P4) to 100% (1573 SF P1) and a mean of 61.83 ± 6.68%, however data shows a statistically significant difference with BM MSC where it is expressed at higher level and more homogeneously with a range from 90.60% (BM1 SF P1 and BM30 SF P3) to 99% (BM33 SF P3) and with a mean of 95.59 ± 1.25%. CD63 staining was observed in BM MSC, although high variability in expression level were reported [START_REF] Pilz | Human mesenchymal stromal cells express CD14 cross reactive epitopes[END_REF].

However while fibroblasts cultured in SF medium presented a high and homogeneous CD63 expression, this level was reduced when cultured in XS medium suggesting a possible effect of the growth factors contained in the SF medium over CD63 expression.

Although the significance of a reduced CD63 expression on WJ MSC cannot be explained at present, evidences would suggest the implication of CD63 in the MSC capability to modulate inflammation thanks to its role as regulator of interacting proteins themselves involved in the immune or inflammatory system. The differential CD63 expression between WJ and BM MSC may be caused by different capability in term of immuno inflammatory functions.

Stro 1 BM > WJ : No statistically significant difference

In WJ samples we observe some variability in Stro 1 staining as expression ranges from 3.30% (1436 SF P2) up to 100% (1573 SF P1) although most values remain below 40% and only 3 samples are above this limit explaining the mean of 26.82 ± 7.99% (13.45 ± 3.28% As previously stated, in cells isolated from adipose tissue or bone marrow, Stro 1 expression seems to be associated to key differentiation capabilities related to the tissue of origin [START_REF] Lin | Tissue distribution of mesenchymal stem cell marker Stro 1[END_REF][START_REF] Stewart | STRO 1, HOP 26 (CD63), CD49a and SB 10 (CD166) as markers of primitive human marrow stromal cells and their more differentiated progeny: a comparative investigation in vitro[END_REF].

While WJ MSC are only slightly positive for CD31 (8%) and about 30% of CD146 staining, BM MSC shows CD31 expression around 20% and over 65% for CD146 suggesting the presence of distinct subpopulations within MSCs isolated from UC and BM that could present diverse degree of differentiation potential with possible higher commitment and CFU capability of the WJ MSC subpopulation.

CD146 BM > WJ : Statistically significant difference

Although it present important inter donor variations, surface expression of CD146 is statistically significantly higher in BM MSC than in WJ samples with a range from 21.70% (BM1 SF P1) to 91.20% (BM33 SF P3) and an average of 66.40 ± 7.80%. Some interdonor variability can also be observed in WJ MSC samples as CD146 expression range from 0.70% (1436 SF P2) to 69.10% (1573 SF P1) with a mean of 27.53 ± 5.20%.

As previously explained CD146 is a marker of vascular endothelium and smooth muscle cells [START_REF] Bakopoulou | Comparative characterization of STRO 1(neg)/CD146(pos) and STRO 1(pos)/CD146(pos) apical papilla stem cells enriched with flow cytometry[END_REF]Dolores Baksh et al., 2007b;[START_REF] Espagnolle | CD146 expression on mesenchymal stem cells is associated with their vascular smooth muscle commitment[END_REF] and in vitro culture in presence of FGF 2 was shown to increase cell proliferation but decrease CD146 expression while in BM MSC, CD146+ cells also present higher differentiation and hematopoietic supporting capabilities. The CD146 expression observed in WJ MSC can probably be related to the CD146 expression reported by the literature in the perivascular area of the umbilical cord. The reduced expression level observed here is probably caused by the FGF 2 rich medium.

Similar effects of the FGF 2 also probably occurs with BM MSC and we could expect even increased CD146 expression levels from those observed in SF medium which would mean strong CD146 staining on most of the BM MSC samples. Such high level of CD146 surface expression on BM MSC could have potential effect on differentiation capabilities.

CD31 BM > WJ : No statistically significant difference

In WJ MSC CD31 present some inter donor variability, as staining ranges from 0.10% (1311 SF P2 and 1115 SF P4 and P9) to 44.00% (1573 SF P1), but a global moderate expression level as the average over the 16 sample equal 8.20 ± 3.34%.

Comparable levels of inter donor variability can be observed in BM MSC with ranges from 0.20% (BM2 and 3 SF P1) to 49.60% (BM32 SF P3) but as 3 of the 8 sample express CD31 levels over 40% the average is elevated to 19.83 ± 7.8%.

Difference in CD31 surface expression between BM and WJ isolated cells is not statistically significant, however, it is important to observe that in each sample of both cell types, CD31 is either very limited (under 10% expression) or present a significant staining (approaching or over 40%).

In the literature, CD31 was found to be negative concerning cell surface protein expression, but intracellular expression was confirmed, although downregulation was observed during in vitro culture, significant levels of corresponding mRNA were yet detected independently of passage numbers [START_REF] Schäck | Analysis of surface protein expression in human bone marrow stromal cells: new aspects of culture induced changes, inter donor differences and intracellular expression[END_REF].

Influence of medium composition will have to be investigated as in fibroblast, we observe a statistically significant increase in CD31 expression in cells cultured in SF medium compared to XS medium, even though each samples presented various levels of CD31 upregulation (2, 10 and 20% increase depending on the specimen).

CD31 being usually found on endothelial cells, variation could be caused by the presence of subpopulation in the isolated cells or difference concerning MSC commitment, however, it has also been reported as involved in cellular migration in inflammation and could be implicated in MSC capability to modulate inflammation.

CD15 BM > WJ : Statistically significant difference

In WJ MSC cultured in SF medium, CD15 antigen is expressed at a very low level but still present some variability as range spread from 0% (1574 SF P1) to 30.20%(1118 SF P5) and the mean equal to 4.98 ± 1.90%.

In BM CD15 surface expression is statistically significantly higher than in WJ MSC and present increased variability as values ranges from 1.55% (BM1 SF P1) to 66.25% (BM30 SF P3) and the average equal to 23.59 ± 7.73%.

It is important to correlate these values with the results obtained on fibroblasts as they show an important CD15 upregulation when the cells were cultured in the SF medium.

Final statement on surface antigen expression of WJ MSC, BM MSC and Fibroblasts in SF condition

Important variation of the expression of several surface antigens can be observed between MSC isolated from WJ or BM and fibroblasts. While the function of some of these antigens at MSC surface

it not yet elucidated we can observe that several markers presenting important variation are involved in either their capability to modulate immune or inflammatory phenomenon, or in their differentiation potential. The following table (continued on next page) summarize the main observed differences between the 3 analyzed cell type.

Antigen

Statement Note

CD133

Compared to Fibroblast and BM MSC, CD133 expression is statistically significantly downregulated in WJ MSC While CD133 expression on fibroblasts cannot be explained yet, the high levels of CD133 and the observed variation could be the result of isolation technique as sample BM 1, 2 and 3 were isolated by adherence after Ficoll selection and samples BM 30,31,32 

CD184

Compared to the expression levels in BM MSC and fibroblasts, CD184 expression is significantly reduced in WJ MSC.

Expression of CD184 on fibroblasts, BM and WJ MSC could be related to their capability for immunomodulation and regulation of inflammatory processes and it's higher expression on fibroblast and BM MSC sample may indicate increase potential to exert anti inflammatory mechanisms.

Table 36 : Summary of the differences in surface antigens expression observed between Wharton's

Jelly MSC, Bone Marrow MSC and Fibroblasts cultured in SF medium.

Discussion on surface antigen expression of MSC

MSC express a broad range of surface molecules related to adhesion (CD44, CD105, CD106, CD146, CD166), growth factor receptors (CD140b, CD271, CD340, CD349) or integrin receptors (CD29, CD49a to f, CD51) and over the years several groups have tried to discover specific MSC antigens that would facilitate identification or characterization of their potential. This issue of defining a specific surface phenotype to MSC is further complicated by the fact that, as we observed in our experiments, they present important interdonor variation in surface antigens expression and these can be greatly altered depending on in vitro expansion parameters [START_REF] Digirolamo | Propagation and senescence of human marrow stromal cells in culture : a simple colony forming assay identifies samples with the greatest potential to propagate and differentiate[END_REF][START_REF] Larson | Human multipotent stromal cells undergo sharp transition from division to development in culture[END_REF][START_REF] Phinney | Mesenchymal stromal cells: misconceptions and evolving concepts[END_REF][START_REF] Sacchetti | Self renewing osteoprogenitors in bone marrow sinusoids can organize a hematopoietic microenvironment[END_REF], and in the case of our experiment the presence of growth factors such as FGF 2 or PDGF significantly impacted cell surface phenotype and possibly some of their capabilities. This plasticity seems maintained even after MSC were administered in vivo (R. H. [START_REF] Lee | Intravenous hMSCs improve myocardial infarction in mice because cells embolized in lung are activated to secrete the anti inflammatory protein TSG 6[END_REF][START_REF] Németh | Bone marrow stromal cells attenuate sepsis via prostaglandin E2-dependent reprogramming of host macrophages to increase their interleukin 10 production[END_REF] and is thus thought to be key to most of the positive effects reported in animal models and during human clinical trials and while the potent capability of MSC for tissue regeneration were first attributed to the replacement of damaged cell by differentiated transplanted MSCs., Further works however shown that MSC mainly promote tissue repair by a paracrine action, and the secretion of a large number of factors possessing angiogenic, trophic, neuro regulatory, immunomodulatory, and anti inflammatory activity.

In addition to their variation of surface phenotype, MSC are known to present significant donor to donor heterogeneity in term of morphologic features, growth rate, differentiation potential, and potency in functional based assays [START_REF] Phinney | Biochemical heterogeneity of mesenchymal stem cell populations: clues to their therapeutic efficacy[END_REF].

So far these differences were attributed to donor age, variation in the tissue or cell isolation methods, but recent clonal based studies have revealed a fundamental heterogeneity of the cell population that probably cannot be addressed by cloning technique as the generated MSC colonies seems to generate their own microenvironment inducing differences in morphologic features and cell transcriptomes that maintain population heterogeneity [START_REF] Ylöstalo | Reversible commitment to differentiation by human multipotent stromal cells in single cell-derived colonies[END_REF] While the presence of a subpopulation that can be identified by a subset of surface epitopes and may delineate functional difference within MSC isolated from various tissues is no more questioned, our capability to select and expand these cells while maintaining their beneficial effects in order to use them for specific therapeutic application remains to be explored.

During our experiments variation in three main categories of surface molecules could be observed depending on cell source or in vitro culture condition : they were either related to MSC capabilities for immunomodulation and regulation of inflammation, associated with MSC differentiation capabilities or linked to MSC similarities with endothelial cells. This resemblance between peri vascular cells, fibroblasts and MSC regarding surface phenotype, expression profile and functional properties was underlined in several studies (Dimas T [START_REF] Covas | Multipotent mesenchymal stromal cells obtained from diverse human tissues share functional properties and gene expression profile with CD146+ perivascular cells and fibroblasts[END_REF][START_REF] Crisan | A perivascular origin for mesenchymal stem cells in multiple human organs[END_REF], however marked differences in expression levels of lineage restricted mRNA and clear differences in function between perivascular cells and MSC were observed (Batouli et al., 2003;[START_REF] Silva Meirelles | Mesenchymal stem cells reside in virtually all post natal organs and tissues[END_REF], and the evidences now suggest that MSCs from different tissues and perivascular cells actually originate from several distinct developmental programs and progenitor cells, and although MSCs from various tissues do share similarities in phenotype or gene expression profile, clear differences in function can be distinguished experimentally using rigorous assays.

It is thus clear that MSCs isolated from various tissues are not necessarily equivalents and the characteristics and functional capabilities of the various subpopulation and population isolated within cells originating from one or different tissue should be carefully monitored and tailored for specific use before implementation in cell therapy [START_REF] Phinney | Mesenchymal stromal cells: misconceptions and evolving concepts[END_REF].

One feels that the data presented in this work do not support the existence of a single MSC type, and thus the ISCT criteria should be considered a minimal guidelines for MSC identification that should absolutely be extended according to the application considered for the isolated cells.

MSCs extensive characterization and their specificities in term of surface antigens expression are extremely important to consider for human clinical trials procedure. Therefore and to highlight these differences, figure 37 Fibroblasts Given that certain bone defects can now be identified in utero or immediately at birth, WJ MSC provide a significant opportunity in clinical osteogeneic reparation. In this chapter we attempt to apply our highly characterized UC MSc to creating better quality osteogenic differentiation pathway.

In vertebrates, bone is a mineralized connective tissue that fulfils 4 different functions as it maintains mineral homeostasis, allow movements of the organisms thanks to its attachment to muscle, supports body weight and finally provides protection of the internal organs against external forces and shocks.

In the human, bone is mainly generated at two different times, first during embryonic and post natal development and again at puberty, it is then maintained and renewed during the rest of the individual lifetime [START_REF] Ryoo | Critical molecular switches involved in BMP 2 induced osteogenic differentiation of mesenchymal cells[END_REF].

Embryonic development of bone

During embryonic life, bone is generated from mesenchymal progenitors (that may have three distinct embryonic origins: neural crest, somites, or lateral plates) through two different mechanisms, intramembranous ossification and endochondral ossification [START_REF] Day | Wnt and hedgehog signaling pathways in bone development[END_REF][START_REF] Karsenty | Reaching a genetic and molecular understanding of skeletal development[END_REF][START_REF] Zelzer | The genetic basis for skeletal diseases[END_REF].

As with most differentiation mechanisms, they require precise interaction of several cell types and metabolic or regulatory factors and while they both start by a process of mesenchymal condensation, (where MSC will form a loosely woven embryonic connective tissue that will differentiate either into chondrocyte or osteoblasts), the intramembranous ossification, taking place mostly for head bone formation, is the most direct, as it will lead to direct MSC differentiation into osteoblasts that will form membranous bone.

Endochondral ossification that will form most bone tissue in the trunk region will however first require MSC differentiation into chondrocytes forming a cartilage blueprint for the future bone.

Osteoblasts will later differentiate at the cartilage edge and invade mature area of the cartilage, secreting bone matrix and forming trabecular bone.

Endochondral ossification also contribute to the formation of long bone and chondrocyte presenting various properties of differentiation and proliferation are involved and located in distinct area in order to allow their elongation.

The chondrocytes within the center of the shaft, the diaphysis, usually present a small round cell shape and proliferate slowly, they will increase proliferation speed, elongate and align along the longitudinal axis forming the columnar zone. Theses columnar chondrocytes will then become hypertrophic, apoptotic, and secrete factors inducing osteoblasts differentiation, maturation and blood vessel invasion (required for osteoblast migration). This will allow formation of the bone marrow cavity that will expand while an area of chondrocyte maintaining the different area of resting, proliferative, maturating and hyperthrophic cell is preserved between the middle of the bone and the epiphyses allowing longitudinal growth until puberty when chondrocyte proliferation cease and become ossified [START_REF] Grayson | Engineering custom designed osteochondral tissue grafts[END_REF]. 

Bone damage and defects

Important bone defects remain a challenge of reconstructive surgery, usually caused by trauma, infection, tumor resection, nonunions, aseptic osteonecroses or skeletal abnormalities. The current therapies usually involving autologous bone graft present several limitations such as significant donor site morbidity and painful collection, risk of infection, haemorrhage, cosmetic disability, nerve damage, loss of function and sometimes a lack of sufficient material depending on the patient [START_REF] Damien | Bone graft and bone graft substitutes: a review of current technology and applications[END_REF][START_REF] Liu | Tissue engineered bone formation with cryopreserved human bone marrow mesenchymal stem cells[END_REF][START_REF] Petite | Tissue engineered bone regeneration[END_REF][START_REF] Younger | Morbidity at bone graft donor sites[END_REF].

This has thus triggered research for alternative to autologous bone grafting and in some cases solution can be provided by scaffolds made of natural or synthetic biomaterials that might induce migration and proliferation of bone cells or even treatment using unprocessed BM or BM MNC that has given promising results. however these approaches are still limited in repairing large bone defects and by the small number of osteogenic cell obtained from BM without expansion [START_REF] Connolly | Autologous marrow injection for delayed unions of the tibia: a preliminary report[END_REF][START_REF] Hernigou | Percutaneous autologous bone marrow grafting for nonunionsInfluence of the number and concentration of progenitor cells[END_REF][START_REF] Petite | Tissue engineered bone regeneration[END_REF][START_REF] Pytlík | The cultivation of human multipotent mesenchymal stromal cells in clinical grade medium for bone tissue engineering[END_REF][START_REF] Tidermark | Primary total hip arthroplasty with a Burch Schneider antiprotrusion cage and autologous bone grafting for acetabular fractures in elderly patients[END_REF].

Bone tissue engineering

Tissue engineered bone substitute offer a most promising option and to provide ideal solution it should present three main characteristics, osteoprogenitor cells, osteoinductive factors, and an osteoconductive scaffold.

While osteogeneic differentiation is often performed as a test for MSC multipotent potential, a tissue engineered bone obtained by combining a resorbable scaffold with such osteogenic competent cells was shown to recreate a favourable environment, succeeded in repairing bone defects and is thus considered as a potential substitute to autologous bone transplantation [START_REF] Lane | Biosynthetic bone grafting[END_REF][START_REF] Liu | Tissue engineered bone formation with cryopreserved human bone marrow mesenchymal stem cells[END_REF][START_REF] Liu | Tissue engineered bone formation using human bone marrow stromal cells and novel beta tricalcium phosphate[END_REF][START_REF] Petite | Tissue engineered bone regeneration[END_REF].

MSC differentiation into bone tissue for cleft lip and palate repair.

The development of the bone structures supporting the face is regulated by complex morphogenetic events and important proliferative expansion and thus present high risks of perturbation by genetic or environmental factors.

Cleft lip and cleft palate (respectively cheiloschisis and palatoschisis) which can also occur simultaneously is a congenital deformity caused by abnormal non fusion of several structures during gestation.

The shape of the embryo's head is formed during the first six to eight weeks of gestation by the growth of five different primitive tissue lobes.

The first (Frontonasal Prominence) will grow down from the top of the head and meet the second and third lobes (Maxillar Prominence) growing from the cheeks to form the upper lip while just below two additional lobes (Mandibular Prominence) will grow from each sides forming the chin and the lower lip.

When these tissues fails to meet, a gap will appear where the tissues should have fused, either in a single joining site or simultaneously in several or all of them. The resulting defect will depend on the place and scale of each fusion failure as cleft lip may form only a small gap in the lip or may continues and join the nose. Cleft palate results from incomplete fusion of the second and third lobes that normally grows from the cheeks and forms palatal shelves that usually fuse in the middle forming the hard palate. Failure of palate bone structures usually result in cleft of the back palate soft tissue and is usually accompanied by cleft lip.

Palate formation is the last step in joining the five embryonic facial lobes and is a very vulnerable process, sensible to environmental factors, nutritional imbalance or toxic compounds and the mechanisms involved in biological mutual recognition of the two structures and involved in their fusion are complex and remain so far unknown [START_REF] Dudas | Palatal fusion Where do the midline cells go?. A review on cleft palate, a major human birth defect[END_REF].

Reconstruction of the bone defect at the site of alveolar cleft is important and thus should be performed at an early age. However it usually involves autologous bone graft from the iliac bone and such technique present the same shortcomings presented earlier and sometimes lead to insufficient integration, moreover the early graft of bone tissue with a different embryonic origin may lead to lack of tissue growth and graft resorption during childhood (A. [START_REF] Mueller | Osteoblastic differentiation of wharton jelly biopsy specimens and their mesenchymal stromal cells after serum free culture[END_REF]).

An autologous tissue engineered bone would thus provide important advances in the treatment of cleft palate as it could be used earlier in childhood and would follow craniofacial bone growth.

Since cleft lip and palate can be recognized at birth, collection and cryopreservation of UC samples for later autologous WJ MSC isolation and differentiation toward bone tissue could easily be performed.

The potential for osteogenic differentiation of serum free expanded Wharton's Jelly derived MSC was therefore evaluated in the following experiment.

Use of BMP 2 to trigger MSC differentiation into bone tissue.

The presence of bone inducing agent was first reported in demineralised bone matrix in 1965 [START_REF] Urist | Bone: formation by autoinduction[END_REF], they were later identified as proteins belonging to the transforming growth factor (TGF )

superfamily [START_REF] Wozney | Novel regulators of bone formation: molecular clones and activities[END_REF] and termed Bone morphogenetic proteins (BMPs).

In MSC they have the ability to regulate new bone formation after signalling through MSC surface receptors and results in the synthesis of macromolecules involved in bone formation and subsequent mesenchymal cell differentiation into osteoblasts [START_REF] Dorman | In vitro effects of bmp 2, bmp 7, and bmp 13 on proliferation and differentation of mouse mesenchymal stem cells[END_REF][START_REF] Hakki | Bone morphogenetic protein 2, 6, and 7 differently regulate osteogenic differentiation of human periodontal ligament stem cells[END_REF].

Importantly BMP 2 and BMP 7 are currently approved for clinical applications as bone inducer for spinal fusions surgery and to help in long bone nonunion fractures [START_REF] Hakki | Bone morphogenetic protein 2, 6, and 7 differently regulate osteogenic differentiation of human periodontal ligament stem cells[END_REF][START_REF] Kamiya | The role of BMPs in bone anabolism and their potential targets SOST and DKK1[END_REF].

Materials and methods

In order to validate UC MSC capability for osteogenic differentiation and in order to easily apply such protocol in clinical settings, MSC isolated from the UC Wharton's jelly were seeded in porous hydroxyapatite scaffold regularly used for bone treatment of bone defect, aggregated using fibrin sealant, a commonly used surgical glue, moreover, the key differentiation factor, BMP 2 is currently approved for clinical applications as bone inducer.

Following results obtained during preliminary 3 weeks differentiation experiments, WJ MSC seeded scaffolds were first cultured for 3 weeks in control medium as it seems to induce formation of an osteoid tissue and then transferred in the osteogenic differentiation medium that in the preliminary experiment seemed to induce mineralization of the osteoid tissue previously formed.

Constructs of Wharton Jelly-Derived Mesenchymal Stromal Cells, Fibrin, and Hydroxyapatite

WJ MSC from two different donors, between passage 2 and 3, isolated and expanded in SF medium as previously described were harvested from T75 culture flasks and 3.10 6 cells were resuspended in 30 l of surgical fibrinogen (40 mg/ml TISSEEL Kit, Baxter Innovations, Wien, Austria) then mixed with porous silicate substituted hydroxyapatite microgranules (60 mm 3 , Actifuse Microgranules, ApaTech, Hertfordshire, UK) that had been previously washed with xeno free medium. The mix of cell and beads were then sealed by the addition of 30 l of thrombin (12 IU/ml) that triggered fibrin coagulation and the final preparation was incubated for 15min at 37°C and 5% CO 2 in humidified atmosphere. When necessary, depending on the sample group, 5μl of BMP 2 (BMP 2, 50μg/ml) were added to the mix before thrombin addition. Constructs without cells served as controls. 

Control and osteogenic differentiation medium

Experimental plan

In order to confirm the results obtained in the preliminary experiments, similar experimental plan was repeated, MSC seeded scaffold were thus cultured for 3 weeks in three different conditions, control medium (C DMEM), osteogenic factors containing medium (F DMEM) or osteogenic medium with addition of BMP 2 during aggregation of cell and scaffolds (F DMEM + BMP 2).

As the preliminary experiment seemed to indicate formation of osteoid tissue with higher density in the control medium than in the osteogenic differentiation medium with or without BMP 2, but a higher mineralisation of such tissue when the differentiation factors were present, we decided perform a two step differentiation consisting in maintaining the cell constructs for 3 weeks in the control medium, with the hope it would allow formation of the osteoid tissue previously observed, and then transfer of the MSC seeded scaffold in one of the two differentiation medium to encourage mineralization of the formed osteoid tissue.

Sample preparation

At the end of the differentiation protocols, the cell constructs were fixed in 90% EtOH and transferred to the Novotec laboratory specialized in the study of ECM matrix and bone tissue for further analysis.

There the sample were dehydrated in absolute EtOH and xylene (Dimethylbenzenes) then included in methylmethacrylate (MMA) polymer. The sample were then cut in 7μm slices using a tungsten blade microtome.

Histological staining

The slices were coloured using Groat hematoxilin, fushin ponceau mix, phosphomolybdic acid and light green, after another dehydration in ethanol and methylcyclohexane, the slices were mounted in Entellan medium.

The cells will show a red cytoplasm and brown nucleus, while mineralized bone tissue will appear green and osteoid tissue redish orange.

Observation

Observation was performed on a brightfield microscope (Leica DMLB) and acquired through digital camera controlled using picture acquisition software (LAS V3). Pictures were obtained and archived as jpeg.

Collaborations

The protocol for the generation of MSC/hydroxyapatite constructs was developed during a joint project with a fellow CTI Lyon PhD student Andreas Mueller, Dr.Med., PhD.

Sample preparation, staining and observation was carried out in collaboration with the Novotec laboratory (13 15 rue Jacques Monod 69007 Lyon, France) and Professor Hartmann.

Results

Histological analysis following osteogenic differentiation

Results are explained in term of differentiation duration (21 and 42 days) and culture medium which are Control DMEM medium (C DMEM), differentiation medium without BMP 2 (F DMEM) and differentiation medium with BMP 2 (F DMEM+BMP 2).

Note : Each sample was given a tracking number to be identified during the histological staining process (for example 13E1344).

Pictures of the second analysed sample can be found in appendixes 3 to 8.

Samples after 21 days of differentiation 4.3.2.1 Culture of cell constructs in control condition C DMEM

In the sample 13E1344 (CB1515 UC1 C DMEM J14), samples show low to no presence of extracellular matrix. As one might expect in the control culture, the MSC continue to grow in their usual characteristic appearance with some area of high density but with no osteogenic differentiation highlighted. Therefore the majority of cells are stained with the expected red cytoplasm.

Both samples shows low to no presence of extracellular matrix and in the small areas where it can be observed, mainly at the edge of the material, the matrix is condensed and seems lytic.

Few spindle shaped cells can be observed at the periphery but no area of mineralization or mineralized particle could be observed in both samples.

The sample 13E1347 (CB1518 UC2 C DMEM) only shows one small area of extracellular matrix with deteriorated appearance. Only limited presence of extracellular matrix and no mineralization or osteoid tissue can be observed in the control medium.

Culture of cell constructs in differentiation medium F DMEM

The sample 13E1345 (CB1515 UC1 F DMEM) is rich in cells presenting round morphology with orange/reddish ( ) or green cytoplasm( ) located at the edge of the construct. Few spindle like cells presenting parallel alignment between each others were lining the periphery of the sample and few matrix fibers could be observed next to large mineralization areas.

Similar results could be observed on the sample 13E1348 (CB1518 UC1 F DMEM) although despite the presence of similar large mineralization area surrounding the sample and a high cell density, the extracellular matrix network was almost null.

Overall as compared to the control, an immediate two tone color effect is observed, even at low magnification. Although it is not easy to seen on figure X when observed on the high quality microscope it was possible to see that while not all MSC had begun the differentiation process toward bone tissue, as a whole the culture had initiated bone formation.

One the second lower left hand side panel (*) it is possible to see an area which had moved toward highly densities mineralization even at 21 days. Important area of mineralization can already be observed after 21 days in F DMEM.

Culture of cell constructs in differentiation medium F DMEM + BMP 2

Only few differences could be observed between the sample cultured in F DMEM with or without BMP 2 after 14 days of differentiation for the sample 13E1349 (CB1518 UC1 F DMEM + BMP2).

However the sample 13E1346 did not present wide area of mineralization but instead a important number of cells with a green cytoplasm (*).

We could also observe that the mineralized tissue is mainly present at the edge of the construct while the inner area is almost exclusively composed of cells presenting either an orange cytoplasm or a green coloration respectively sign of osteoid tissue or mineralized area. As previously, matrix synthesis and cell density remain low and no mineralized area could be observed in this control sample. Several important area of mineralization can be observed both inside and at the edge of the construct.

Discussion

Although the extra cellular matrix and mineralization process is less developed in the sample CB1515 than in the CB1518, observation shows similar results in each of the tested conditions for both WJ MSC sample and depending on the culture medium specific characteristics developed after 3 weeks in culture can still be observed after 42 days.

In the control medium we can observe variable amount of ECM depending on time in culture, however, no mineralization could be observed in the different sample cultured in such medium, moreover no mineralization grains could be seen in the cytoplasm.

In the differentiation medium with no BMP 2, some level of matrix synthesis and mineralization can be observed, however, mineralization is mainly located at the edge of the constructs although some cell present green cytoplasm deeper in the sample.

In the medium supplemented in differentiation factors and BMP 2, similar results can be observed with the presence of extracellular matrix and mineralized area, the later however seems more extensive and important and the population of green round cells is lower than in the sample without BMP 2.

The results in the sample cultured for 3 or 6 weeks do not show significant increase of mineralization at the two time, however extracellular matrix development seems increased after 6 weeks.

It is however important to observe that both matrix synthesis and mineralization seems to be reduced compared to the previous study.

The results allows to conclude to a positive effect of the differentiation medium on osteogenic differentiation, however, they also enlighten the fact that several aspects of the culture sample technique and histological analysis could be improved.

We observed that the process of sample mineralization is tightly dependant on matrix synthesis, thus addition to the culture medium of ascorbic acid, key factor for the collagen synthesis, could increase ECM and later sample mineralization.

It is also important to note that several parameter may introduce bias to the histological analysis such as sample placement during inclusion or the choice of the analyzed section as indeed we can observe important sample heterogeneity and several empty area within the different specimens. It is thus possible to miss area where ECM synthesis or mineralization are important, and it would be technically difficult to cut the totality of the sample or scan through all the slices to find the best area.

Observation of the full extent of the sample in 3 dimension together with localization of the extracellular matrix and mineralization area could be made possible by the use of micro Computed Tomography ( CT) together with the use of collagen I fluorochrome coupled antibody.

Finally, in most of the samples, observation of the extracellular matrix and mineralization process are limited to the edge of the constructs in direct contact with the culture medium and only few cells could be observed deep within the samples, thus the use of a bioreactor could facilitate diffusion of oxygen and nutrients within the constructs and increase homogeneity of cell and ECM distribution.

WJ MSC have been observed to present increased bone differentiation capability compared to adipose derived MSC and as a neonatal tissue they present characteristics of immunonaivety , and increased proliferation and differentiation capability that BM derived cells, isolated from adult tissue, lacks, making MSC derived from neonatal tissue a promising cell source for the correction of bone defects related to congenital malformations (Hsieh, Fu, Chang, Tsuang, & Wang, 2010;[START_REF] Mueller | Osteoblastic differentiation of wharton jelly biopsy specimens and their mesenchymal stromal cells after serum free culture[END_REF][START_REF] Nekanti | Long term expansion and pluripotent marker array analysis of Wharton's jelly derived mesenchymal stem cells[END_REF][START_REF] Zhang | Superior osteogenic capacity for bone tissue engineering of fetal compared with perinatal and adult mesenchymal stem cells[END_REF].

In addition to the ease of neonatal tissue collection, the protection provided to the WJ MSC by the UC tissue further facilitate clinical application as the cells can still be isolated 48 to 72 hours after delivery which provide sufficient time for the transfer of the sample to a laboratory with the capability to isolate, expand and differentiate the cells for the designated application.

Moreover thanks to the very large amount of UC tissue available at birth we have the capability to isolate tens or hundreds WJ explant and easily provide a very high number of WJ MSC at very low passage and after limited expansion and thus adapt the isolation and expansion process to the application.

The characteristic ECM matrix synthesis and mineralization obtained during the osteogenic differentiation protocols performed on SF expanded MSC proves that even when cultured in xeno free condition WJ MSC retain their osteogenic differentiation capability.

However we were so far not able to obtain such results when using an osteogenic differentiation medium based on the SF medium used for MSC expansion.

It is very likely the growth factors contained in the SF medium promoting cell expansion and the factors added in order to obtain osteogenic differentiation interfered and actually had antagonist effects.

As discussed earlier FBS is a highly undesirable component in the culture medium of cells later used for clinical application. Further experiments will thus need to investigate our capability to compose a fully defined SF differentiation medium, and if necessary the possibility to replace FBS by autologous serum or platelet lysate in order to facilitate clinical translation of this osteogenic differentiation protocol.

The in vitro protocol of osteogenic commitment of WJ MSC aggregated on porous hydroxyapatite granules might enhance in vivo differentiation of the cells toward viable bone tissue and provide new opportunities as autologous material for cleft palate repair. Representation of the various levels of osteogenic differentiation achieved using our protocol and the future experiments necessary to reach clinical applications of WJ MSC for bone repair.

Conclusion

Evaluation of WJ MSC osteogenic differentiation capability after serum free expansion for cleft lip and palate repair.

We were able to observe differentiation of the WJ MSC toward the osteogenic lineage.

The mineralization process seems to be tightly dependent on matrix synthesis.

Thanks to both the ease of collection even after a delayed time and the amount of available tissue the UC provide a viable source of MSC for cell therapy applications.

The serum free expansion protocols do not alter MSC capability for osteogenic differentiation.

We were however not able to obtain osteogenic differentiation in SF medium probably due to the growth factors contained in the medium promoting MSC expansion and thus less favourable to differentiation Aggregation of WJ MSC on porous hydroxyapatite granules might enhance differentiation toward bone tissue and provides a viable clinically validated material for cleft palate repair.

This work demonstrate the early stages of preclinical trials development using human UC MSC for therapy, particularly in autologous osteogenic imperfections.

Summary

The Wharton's Jelly is an accessible and reliable source of MSC for clinical application.

A highly efficient protocol applicable to every collected UC sample was developed for tissue explant production.

MSC could be isolated from Wharton's Jelly tissue in every single sample.

WJ MSC isolation, expansion and cryopreservation was performed following serum free procedure with increased efficiency compared to classical serum containing process.

All the developed protocols were designed to be easily translated to clinical settings.

Flow cytometry characterisation of the WJ MSC surface phenotype:

The flow cytometry protocol described and used in this study enable analysis of 27 different surface antigens and thus an efficient characterization and evaluation of the MSC population.

This protocol introduce in deep characterization of the cellular product, a critical steps for MSCs to be used as an active cell product in immunotherapy, transplantation and regenerative medicine.

We were able to observe that in vitro culture condition and process can trigger significant variation of surface antigen related to MSC key clinical potential.

Application of this protocol to compare WJ MSC, BM MSC and fibroblasts allowed identification of several antigens presenting source related variation of expression levels involved in very significant mechanisms for MSC therapeutic applications such as their capability to regulate immune and inflammatory phenomenon's.

Clinical development of human WJ MSC in osteogenic differentiation protocol for cleft lip and palate repair.

We confirmed serum free expanded WJ MSC capability to generate osteoid and mineralized tissue through the use of a highly specific staining.

Thanks to its ease of collection, the amount of available tissue and its flexibility in term of collection and processing duration, the umbilical cord posses key advantages as autologous or allogeneic source of MSC for therapeutic applications.

Aggregation of WJ MSC on porous hydroxyapatite scaffold thanks to surgical fibrin glue provides a clinically validated osteo inductive system that can be used for filling bone defects in cleft palate repair.

This work present and in vitro protocol in which WJ MSC exhibit signs of osteogenic commitment and form a dense collagen matrix under conditions compatible with clinical translation.

Further developments

The data generated in this study are very promising for future clinical application of WJ MSC.

Concerning the umbilical cord processing and Wharton's Jelly isolation, based on the work developed in this document the concept of an automated device was designed to take in charge the washing and cutting of the umbilical cord in order to produce umbilical cord slices ready for further processing or freezing for later use. This automated closed cGMP compliant device would reduce processing time and eliminate operator dependent work and risks of contamination during the umbilical cord preparation process.

New versions of the cutting device and back lighting plate are also under development.

Concerning MSC isolation and expansion, additional experiments using equipments that would allow higher stability of the oxygen level in the cell atmosphere is considered to conclude on the beneficial effect of hypoxia on MSC culture.

Evaluation of Platelet Lysate (PL) performance as a replacement of FBS for MSC culture medium will also be performed.

For the comparative flow cytometry analysis of WJ MSC, The work described in this study was since completed by the application of this flow cytometry protocol to MSC isolated from adipose tissue, dental pulp and to chondrocytes.

Since important inter individual variation were observed it will be interesting to analyse cells from the same donor cultured in various condition at low passage particularly in SF or XS medium and in medium supplemented in Platelet Lysate

We also recently begun the recording of isotype controls and some FMO controls as a mean to monitor non specific binding and to evaluate if the staining observed on several surface antigens usually considered as negative at the MSC surface is the result of a technical artefact.

Concerning osteogenic differentiation, the future work will consists in the evaluation of new SF or platelets lysate based medium as support for the osteogenic differentiation medium and in the possible use of bioreactors to facilitate oxygen and nutrients diffusion within the construct in order to increase homogeneity of the differentiation process through the sample.
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Wharton jelly-derived mesenchymal stromal cells and Wharton jelly tissue using Xeno-Free (Cell-Systems, Troisdorf, Germany) culture methods.

In newborns, the umbilical cord is-in contrast to fat or bone marrow-an abundant source of mesenchymal stromal cells without donorsite morbidity. Because the cleft lip and palate is recognized at birth, the patient's own Wharton jelly-derived mesenchymal stromal cells could be preserved for bone regeneration. Stem cellinduced bone regeneration for cleft patients would be interesting beyond its use as an autologous bone graft. More importantly, bone regeneration that complies with craniofacial growth could be targeted.

Reconstruction of the alveolar cleft commonly involves the use of autologous bone from the iliac bone. This method has important shortcomings, including transient donor-site morbidity and the reconstruction of the alveolar graft needing to be delayed to preteen age, because earlier grafting leads to growth inhibition and graft resorption. Thus, an autologous, tissueengineered material with no donor-site morbidity and that can be used early in life and complies with craniofacial bone growth would provide multiple benefits to the patient.

The challenge of rendering clinically possible the use of Wharton jelly-derived mesenchymal stromal cells for autologous osteogenic tissue engineering for cleft lip-cleft palate was addressed in the present study by evaluating the following three factors:

1. Efficacy to isolate, store and, expand Wharton jelly-derived mesenchymal stromal cells under Xeno-Free conditions and its efficacy for subsequent osteoblastic differentiation.

In vivo survival and tissue formation by naive

Wharton jelly-derived mesenchymal stromal cells seeded onto three-dimensional constructs, made under Xeno-Free conditions. 3. In vitro osteoblastic differentiation of Wharton jelly biopsy specimens subsequent to cultivation under Xeno-Free conditions.

MATERIAL AND METHODS

Xeno-Free Isolation, Expansion, and Cryopreservation of Wharton Jelly-Derived Mesenchymal Stromal Cells

Human umbilical cord samples for research purpose were taken after written informed consent, using guidelines approved by the institutional review board "comité de protection des personnes Lyon Sud-Est." Human umbilical cord was stored at room temperature in phosphate-buffered saline with penicillin, streptomycin, and amphotericin B (100 U/ml, 100 µg/ml, and 0.25 µg/ml, respectively) and processed within 48 hours after delivery. Adherent cells were isolated using the explant method. 3 Briefly, 2-mm-thick slices were cut from the cord and 2.5-mm diameter biopsy specimens (MIL3331B; Integra Miltex, Plainsboro, N.J.) were taken from these slices, in between the two umbilical arteries and the vein (Fig. 1). Isolation dishes (35 mm in diameter) were coated with a 4:1 mixture of phosphate-buffered saline and 200 µg/ml collagen I to III from human placenta (ABCell-Bio, Paris, France), replaced with Xeno-Free medium SPE-IV/EBM (ABCell-Bio) and four Wharton jelly biopsy specimens, and maintained in a humidified atmosphere with 5% carbon dioxide at 37°C. The medium contained clinical-grade human albumin and recombinant human growth factors. The cells were first passaged to a surface ratio of 1:3 to 1:5 after approximately 2 weeks using a cell-dissociation reagent that is free of animal-and human-derived components (TrypLE Select; Gibco/Invitrogen, Carlsbad, Calif.).

A 5100 Cryo 1°C freezing container was used for cryopreservation (Nalgene, Rochester, N.Y.). Cryopreservation medium that was free of human and animal components (Cryo3, reference no. 5617; Stem Alpha, St. Genis L'Argentière, France) was mixed with 10% dimethyl sulfoxide (reference no. 8418; Sigma-Aldrich, St. Louis, Mo.). Three Wharton jelly biopsy specimens or Wharton jelly-derived mesenchymal stromal cells from a confluent T-25 flask were suspended in 1.8 ml of cryopreservation-dimethylsulfoxide solution. The box was stored at -80°C.

Osteogenic Differentiation Medium

The osteogenic medium contained high-glucose Dulbecco's Modified Eagle Medium (reference no. GIBCO 41966, Invitrogen) supplemented with 10% low-immunoglobulin G fetal bovine serum (reference no. DE14-870E; Lonza, Basel, Switzerland) and the following osteogenic factors: 10 mM β-glycerol phosphate (reference no. G9422; Sigma-Aldrich), 50 µg/ml ascorbic acid (reference no. A4403; Sigma-Aldrich), and 10 nM dexamethasone (reference no. D2915; Sigma-Aldrich). The osteogenic control medium was free of any osteogenic factors. The complete media were stored in the dark at 4°C and used within 1 month. The osteogenic differentiation was initiated at a culture confluence of 80%, and the medium was changed twice per week for 3 weeks. Wharton jelly-derived mesenchymal stromal cells isolated and expanded with Xeno-Free at passages 2 and 3 were combined with fibrin sealant (TISSEEL Kit; Baxter Innovations, Wien, Austria) and porous silicate-substituted hydroxyapatite (Actifuse Microgranules; ApaTech, Hertfordshire, United Kingdom). Wharton jelly-derived mesenchymal stromal cells (3 × 10 6 ) were suspended in 30 µl of fibrinogen (40 mg/ml) and mixed with hydroxyapatite microgranules (60 mm 3 ) that had been washed with Xeno-Free medium. Coagulation was triggered by adding 30 µl of thrombin (12 IU/ml), and the preparation was incubated for 15 minutes at 37°C and 5% carbon dioxide. Constructs without cells served as controls. For in vivo experiments, the constructs were implanted subcutaneously in the backs of five female, 6-week-old, immunoincompetent mice (CD-Nu/NU; Charles River Laboratories, Wilmington, Mass.). The experiment was conducted in duplicate and the mice were killed 8 weeks after implantation (animal permit no. 1797).

Fluorescence-Activated Cell Sorting

Wharton jelly-derived mesenchymal stromal cells isolated and expanded with Xeno-Free were incubated for 30 minutes at 4°C with fluorochrome-conjugated antibodies (Table 1). The cells were analyzed using fluorescence-activated cell sorting with the aid of a FACSCanto flow cytometer and software, by collecting 10,000 events (BD Biosciences, San Jose, Calif.).

Quantitative Real-Time Polymerase Chain Reaction

Wharton jelly-derived mesenchymal stromal cells isolated and expanded with Xeno-Free were expanded for 3 weeks in osteogenic medium and 

Staining and Labeling

Samples were fixed with 4% paraformaldehyde (reference no. HT5011; Sigma-Aldrich) for 10 minutes. Alizarin red stain was prepared fresh (20 mg/ml), filtered, and then left for 2 minutes on the cells. The OsteoImage mineralization assay was used for specific green-fluorescence labeling of the hydroxyapatite (reference no. PA-1503; Lonza). Von Kossa staining was performed in 5% silver nitrate under ultraviolet light with 2% sodium thiosulfate, followed by counterstaining with hematoxylin of Mayer.

The implanted constructs were excised as a single piece, fixed in 1% paraformaldehyde, and decalcified in ethylenediaminetetraacetic acid-based decalcification solution for 2 weeks. The decalcified samples were embedded in paraffin, sectioned at 7 μm, and stained with Masson trichrome (reference no. 361350; Réactifs RAL, Martillac, France). Cells of human origin were identified as described previously for human-specific Alu sequences with the aid of a ZytoFast CMV chromogenic in situ hybridization kit (ZytoVision, Bremerhaven, Germany). 5

Immunohistochemistry

The slides were incubated overnight at 4°C with polyclonal anti-BSP2 antibodies (reference no. ALX-210-312; Enzo, Farmingdale, N.Y.) diluted in phosphate-buffered saline/bovine serum albumin 3% to 1:100. Secondary antibody was applied (reference no. K4002; Dako, Baar, Switzerland) and precipitated by diaminobenzidine (reference no. K3468; Dako). Counterstaining was performed with Mayer hematoxylin.

RESULTS

Isolation, Expansion, and Storage of Xeno-Free Wharton Jelly-Derived Mesenchymal Stromal Cells

Isolation of Wharton jelly-derived mesenchymal stromal cells from biopsy specimens of human umbilical cord always succeeded (n = 47) (Fig. 1). Although most of the samples (n = 31) were from spontaneous rather than cesarean deliveries (n = 16), no bacterial or fungal contamination occurred. After 1 week, the Wharton jelly biopsy specimens had condensed and the emigration of spindle-shaped cells had commenced (Fig. 1, above, right). Vials containing Wharton jelly biopsy specimens or Wharton jellyderived mesenchymal stromal cells at passage 1 and stored at -80°C could always be thawed and reexpanded. The longest period of freezing time was 1 year.

Surface Markers of Xeno-Free-Isolated Wharton Jelly-Derived Mesenchymal Stromal Cells

The surface marker expression of the Wharton jelly-derived mesenchymal stromal cells was analyzed after isolation, cryopreservation for 1 month at passage 1, and reexpansion in Xeno-Free medium to passages 3 to 5. The donors were the same as for the in vivo experiments. Wharton jelly-derived mesenchymal stromal cells expressed standard mesenchymal stromal cell markers but were negative for hematopoietic markers (Fig. 2). Wharton jelly-derived mesenchymal stromal cells expressed CD73, 

CD44, CD13, CD90, CD10, HLA-ABC, CD105, and CD166 but not (or to a very low extent) CD106, CD15, CD31, CD34, CD45, HLA-DR, and CD133. This spectrum of marker expression is typically known from mesenchymal stromal cells derived from adipose tissue and bone marrow (Table 3). 2,6-16 In Vitro Monolayer Osteogenic Differentiation of Wharton Jelly-Derived Mesenchymal

Stromal Cells

In contrast to the controls (Fig. 3, below), the osteodifferentiation samples exhibited mineralization, positive for hydroxyapatite staining with Alizarin red and OsteoImage (Fig. 3, above). Fresh T3 AQ4 F3 Fig. 2. Mean ± SD values of flow cytometric expression of surface markers in Wharton jellyderived mesenchymal stromal cells after isolation, cryopreservation, and expansion in fully defined media (n = 5; passages, ≤5): CD73, 100 ± 0 percent; CD44, 100 ± 0 percent; CD13, 100 ± 0 percent; CD90, 100 ± 0 percent; CD10, 100 ± 0.1 percent; HLA-ABC, 99.8 ± 0.1 percent; CD105, 99.7 ± 0.3 percent; CD166, 98.0 ± 1.7 percent; CD106, 7.3 ± 2.6 percent; CD15, 6.8 ± 1.9 percent; CD31, 6.1 ± 3.6 percent; C34, 3.4 ± 1.4 percent; CD45, 1.7 ± 0.8 percent; HLA-DR, 0.9 ± 0.3 percent; and CD133, 0.1 ± 0.2 percent. 

Plastic and Reconstructive Surgery and thawed samples showed equal mineralization performance. The expression of osteogenic downstream genes increased after 3 weeks of osteodifferentiation (Fig. 4). The increase was significant for the early downstream genes RUNX2 and Hoxa10, and a nonsignificant trend was observed for OSX, ALPL, OCN, and BSP2.

In Vivo Testing of Osteogenic Potential of Xeno-Free-Cultured Wharton Jelly-Derived Mesenchymal Stromal Cells

The intrinsic bone-forming capacity of naive human Wharton jelly-derived mesenchymal stromal cells was investigated by implanting constructs of hydroxyapatite granules and fibrin with and without Wharton jelly-derived mesenchymal stromal cells subcutaneously into immunoincompetent mice (Fig. 5). After 8 weeks, the cell-loaded constructs displayed a uniform tissue with a dense fibrillar extracellular matrix (Fig. 6, above, left), and all of the granules were surrounded by a dense continuous cell layer (Fig. 6, above, center). Control acellular constructs exhibited only loose connective tissue between the granules (Fig. 6, below, left and center). The staining for specific DNA human Alu sequences confirmed that the cells within the dense fibrillar matrix were derived from the human Wharton jelly-derived mesenchymal stromal cells (Fig. 6, above, right), whereas the staining was absent in acellular constructs (Fig. 6, below, right). The human cells within the matrix displayed spherical large nuclei (Fig. 6, above).

Direct Osteogenic Differentiation of Entire Wharton Jelly Biopsy Specimens

Because Wharton jelly itself is composed of collagen I, as with bone, the direct use of Wharton jelly biopsy specimens itself as a scaffold for osteodifferentiation is appealing and was therefore tested for such. The osteodifferentiated Wharton jelly biopsy specimens (Fig. 7, above) exhibited peripheral hydroxyapatite deposits confirmed by OsteoImage (Fig. 7, above, left) staining and von Kossa (Fig. 7, above, center), respectively, whereas it was absent in controls (Fig. 7, below, left and center). In every donor, 80 percent of the differentiated Wharton jelly biopsy specimens exhibited such calcifications. Staining for bone sialoprotein 2, which is a noncollagenous bone matrix protein produced by early committed osteogenic cells, was markedly increased in the periphery of osteogenic differentiated Wharton jelly biopsy specimens, with the intensity being maximal around the mineralization deposits (Fig. 7, above, right). In control specimens, bone sialoprotein 2 staining was negative (Fig. 7, below, right).

DISCUSSION

Wharton jelly-derived mesenchymal stromal cells are well protected in the umbilical cord and always survived for up to 48 hours at room temperature in the present study. This time window eases the clinical handling of Wharton jelly-derived mesenchymal stromal cells. The cord piece can be quickly obtained even in the rush of a delivery, and can later be processed for cryopreservation or transferred into a designated laboratory. Even storage at -80°C for up to at least 1 year appears to be possible; it is therefore feasible to temporarily store Wharton jelly-derived mesenchymal stromal cells in operating room freezers, which are commonly available for autologous bone grafting. The isolation technique allowed the removal of 32 × 10 6 Wharton jelly-derived mesenchymal stromal cells from a 10-cm cord piece at passage 1; this is sufficient for 10 constructs of 5-mm diameter, which allows the filling of cleft alveolar bone defects of any shape. To generate sufficient cell numbers for experimentation and intended clinical application, we cryopreserved and reexpanded the cells from each donor up to passages 3 to 5. No phenotypic changes were observed during the reexpansion. Wharton jelly-derived mesenchymal stromal cells have shown highly stable karyotype, population doubling time, and osteoblastic differentiation capacity up to passages 15 to 20. 15 Wharton jelly-derived mesenchymal stromal cells were even expanded beyond passage 40 without reaching senescence, whereas bone marrow mesenchymal stromal cells did so at passage 8. 17

The Wharton jelly-derived mesenchymal stromal cell CD marker signature observed in the present study matched well the commonly described mesenchymal stromal cell phenotypes of adipose tissue and bone marrow, with the exception of immunostaining for CD106, which was negative in Wharton jelly-derived mesenchymal stromal cells, whereas in bone marrow mesenchymal stromal cells it is commonly expressed (Table 3). CD106 corresponds to vascular cell adhesion molecule 1, which mediates the adhesion of white blood cells and is not a mesenchymal-specific stem cell marker. Accordingly, in adipose tissue-derived mesenchymal stromal cells, CD106 is reportedly variably positive 2,6 or even negative. 15 Although defined CD marker signatures are commonly described for distinct mesenchymal stromal cell phenotypes, individual marker cannot predict the clinical performance of bone formation. Thus, regardless of the question as to whether Wharton jelly-derived mesenchymal stromal cells are true mesenchymal stromal cells, 7 their ability to form bone remains to be established. It was assumed that mesenchymal stromal cells from neonatal tissue are more naive 6 and have a greater proliferation capacity and differentiation potential 18 relative to bone marrow mesenchymal stromal cells, which are derived from adult tissue. Wharton jelly-derived mesenchymal stromal cells also reportedly exhibit a greater bone-formation capacity compared with adipose-derived stem cells, 19 making them a promising cell source for the correction of bone defects related to congenital malformations. However, one limitation is the absence of a method for growing the cells under a fully defined and regulated protocol.

Osteodifferentiated Wharton jelly-derived mesenchymal stromal cells exhibited characteristic mineralization in monolayers. Thus, the osteodifferentiation ability of Wharton jelly-derived mesenchymal stromal cells withstands the Xeno-Free cultivation method. In line with the histology, the expression of early and specific genes downstream from osteogenesis increased significantly under osteogenesis: the expression of RUNX2 increased and up-regulated the transcription of OSX and ALPL, and the expression of Hoxa10 increased, which is a functional element in osteoblast genes, including OCN, BSP2, and ALPL. 20 The spontaneous in vivo bone-forming capacity of Wharton jelly-derived mesenchymal stromal cells was tested by subcutaneous implantation of constructs that contained naive Wharton jellyderived mesenchymal stromal cells. Thus, despite the absence of bone signaling and the absence of predifferentiation, the Wharton jelly-derived mesenchymal stromal cells started to produce a dense unmineralized lamellar matrix, similar to bone matrix, around the hydroxyapatite granules. The therein embedded Wharton jelly-derived mesenchymal stromal cells displayed large spherical nuclei, resembling osteoblastic lineage cells (Fig. 6). However, the differentiation was not sufficient to produce woven or lamellar bone within an 8-week period.

The data in the literature regarding the ability of Wharton jelly-derived mesenchymal stromal cells to produce ectopic bone are inconsistent. Although mature bone formation has been reported for predifferentiated Wharton jelly-derived mesenchymal stromal cells on Plastic and Reconstructive Surgery hydroxyapatite-polylactic acid scaffolds after 12 weeks, 8 others have found a solely mineralized matrix, but no mature bone, when using predifferentiated polycaprolactone/tricalcium phosphate/Wharton jelly-derived mesenchymal stromal cells constructs. 19 Nonetheless, predifferentiation of Wharton jelly-derived mesenchymal stromal cells might critically enhance their ability to form bone in vivo. Predifferentiation has also been applied to tests of orthotopic bone formation by Wharton jelly-derived mesenchymal stromal cells. 9,10 In vitro predifferentiation is commonly performed with bovine serum, which is difficult to replace with Xeno-Free components. In the future, autoserum from the cord blood 21 or extract from umbilical cord tissue 22 could be an option to satisfy autologous and clinical translatable conditions.

Osteodifferentiated Wharton jelly biopsy specimens exhibited hydroxyapatite mineralization in the Wharton jelly tissue, which we attribute to osteodifferentiation of Wharton jelly-derived mesenchymal stromal cells within their natural niche. Bone sialoprotein is a major noncollagenous glycoprotein of the bone matrix that promotes the initiation of mineralization. Accordingly, it was found in maximal concentrations around the hydroxyapatite deposits. To our knowledge, this is the first report on the osteogenic differentiation of native Wharton jelly tissue. The structural similarity between the extracellular matrix of Wharton jelly and bone, both comprising collagen I with coassembled collagen V, 23 might be an advantage for bone or periosteal tissue engineering. For cleft surgical application, frozen and thawed Wharton jelly tissue specimens could be evaluated as an autologous viable and periost-like material for palatal fistula repair, for which amnion, 24 acellular dermal matrix, 25 and autologous cancellous bone 26 have been proposed. Even more promising, the Wharton jelly tissue could be an alternative to free tissue grafts for primary cleft palate surgery. 27 Free tissue grafts have been proposed in palatal surgery as a reinforcement onto vomerine flaps, to avoid lateral bone denudation 28,29 -or as a soft-tissue graft onto laterally denuded bone, 30 to avoid healing by secondary intention, which inhibits palatal growth. 31 

CONCLUSIONS

We present in this article an in vivo protocol in which Wharton jelly-derived mesenchymal stromal cells exhibit signs of osteogenic commitment and form a dense collagenous matrix under Xeno-Free conditions and that is compatible with clinical translation. A striking finding of our work concerned the conversion of Wharton jelly tissue into mineralized tissue under osteogenetic differentiation. This raises new options for boneregenerative techniques from the umbilical cord, including direct transplantation of umbilical cord tissue graft for primary cleft palate surgery.

inflammation but as yet have failed to translate effectively in a clinical setting [12,13].

MSCs are very promising candidates for CNS therapy, having shown strong immunomo dulatory capacity following CNS transplantation [14][15][16][17][18]. Human MSCs have already been used in several clinical trials to treat ischemic stroke [19,20], spinal cord injury [21,22], Parkinson's disease [23] and graft versus host disease [24,25] with varying degrees of success. However , the mechanism by which MSCs modulate the immune profile of the brain as well as their cross-tal k with microglia still needs explanation in order to improve the clinical outcome of CNS cell therapy and reduce negative effects.

It has been shown that microglial activation can be modulated by neuronal cells which express a number of ligands which inhibit inflammation [26]. Neurons and endothelial cells have been shown to decrease LPS-induced microglial activation in a CD200 ligand dependent manner, because it results in activation of CD200 receptor (CD200R) which is present on microglia and contributes to maintenanc e of microglia in a quiescent state [10,11]. Expression of CD200 ligand by neurons can be modulate d by . CD200 protein expression is known in different types of MSCs [28], so, it is possible that MSCs, in a manner similar to neurons and endothelial cells, could modulate microglial responses via the interaction between CD200 and CD200R.

An important aspect of brain cell therapy is undestandin g molecular interactions between graft and recipient ischemic tissue as well as effects of pro-and anti-inflammatory cytokine s on transplanted stem cell activity. STAT3 signaling is involved in microglial mediated inflammatory processes and JAK kinase-d ependent phosphorylation of STAT3 is stimulated by pro-inflammatory cytokines secreted in injured brain [29][30][31][32]. Besides classical STAT3 signaling, which is dependent on tyrosine Y705 phosphorylatio n, unphosphor ylated STAT3 has recently been implicated in the control of inflammation [33]. Our findings describe different mechanisms responsible for STAT3 signaling activation, with data correlating with the pro-inflammatory role ascribed to microglia as well as the anti-inflammatory activity of human MSCs when transplante d into animal models of ischemic brain.

Materials and methods

A supplementary file has been provided to reviewer s as evidentiary and may be supplied online.

Biological material

Human umbilical cord-der ived mesenchymal stem cells (hMSCs dervived from cord): Umbilical cords were collected from: (1) The Departemen t de Gynecologie Obstetrique at the Centre Hospitalier St. Jospeh -St. Luc., Lyon, France and (2) The Hospital Privé Natecia, Lyon, France. Samples were collected with written parental consent with knowled ge of destination for a research study. Umbilical cords were collected both from normal deliveries or caesarean sections and placed into an isothermal CTI-LYON-designe d collection kit for research and anonymised. Sections of umbilical cord (approximately 5 cm long) were placed in a sterile 50 mL tube (Corning, France) filled with 20 mL of sterile PBS (Lonza, France) with antibiotics (Penicillin, Streptomyc in, Amphote ricin B) (Lonza, France). Tissue was processed within 48 h of collection, but in majority within 12 h. The umbilical cord section was washed in sterile PBS containing antibiotics and the Wharton's jelly removed using surgical scalpel or biopsy tool (Punch KAI, France). Pieces of Wharton's jelly (1-5 pieces) were placed in the wells of standard 6well plates (Nunclon; NUNC, France) for isolation of plastic-adhe rent hMSCs.

Primary mixed glia culture experiments

Primary mixed glia were isolated and prepared from 1-d-old Wistar rats. Dissected tissue was roughly chopped and added to pre-warm ed Dulbecco's modified Eagle medium (DMEM; Invitrogen, Ireland) containing fetal bovine serum (FBS; Gibco, Ireland), penicillin and streptomycin (100 U/mL; Gibco, US). Tissue was triturated, the suspensi on was filtered through a sterile mesh filter (40 lm; BD Bioscience, Ireland), centrifuged at 2000 g for 3 min at 20 °C and the pellet re-suspende d in warmed DMEM. Cells were grown at 37 °C in a humidified 5% CO 2 and 95% air environment and media was changed every 3d as described previously [34]. Cells were grown in culture for up to 10-12d before treatment.

In one series of experiments , hMSCs were added in suspension to mixed glia in DMEM for 24 h at ratios ranging from 10:1-1:2 glia:hMSCs. The supernat ants were removed for measure ment of cytokine concentratio ns by ELISA. In a second series of experiments, hMSCs were treated for 24 h with IL-4 (50-400 ng/mL; R&D Systems, US) and cell lysates were prepared for analysis of protein expression by Western Blotting and immunohistoc hemical analysis using confocal microscopy . In another sequence of experiments, hMSCs were treated with IL-4 (400 ng; R&D Systems, Ireland) for 24 h in the presence or absence of anti-IL-4 antibody (10 lg/ml; R&D Systems, Ireland) and cultured mixed glia, prepared from 1-d-old Wistar rats, were treated for 24 h with anti-CD200 antibody (10 lg/ml; R&D Systems, Ireland). HMSCs were then added to the mixed glia in a 10:1 ratio (cell counts averaged 1.2-2 Â 10 4 glia/well and 0.12-0.2 Â 10 4 hMSCs/w ell) and, after 1 h, LPS (100 ng/mL; Alexis Biochemical , UK) was added. Incubation continued for 24 h. The supernat ants were removed for measuremen t of cytokine concentr ations by ELISA and cell lysates were prepared for analysis of mRNA expression by qPCR. For FACS analysis, information is appende d in supplem entary data available from the authors.

Animal model of brain ischemia

The experime nts were performed on adult male Wistar rats of weight 250 g. All procedures complied with EU guidelines for the use of animals in research and were approved by the First Warsaw Local Ethics Committ ee. The rats were anesthetize d with ketamine (90 mg/kg b.w.)/xylazine (2%) injected i.p. and immobilized in a stereotactic apparatu s (Stoelting, US). A small burr hole was drilled in the cranium over the right hemisphere. The needle (length 15 mm, gauge 33) connected with a 10 lL syringe (Hamilton, Switzerland) was lowered into the right striatum (coordinates: A 0.0, L 3.0, D 5.0 mm) for ouabain (OUA) injection (1 lL of 5 mmol). Three days later the gelatin macroporus scaffolds described elsewhere [35], with or without hMSCs were placed into cortex above lesion site with ophthalmic tweezers. After transplantation the skin of the scalp was repositioned and resealed. 7 days after transplanta tion rats were deeply anaesthetized with pentobarbital (65 mg/kg i.p.).

Organoty pic hippocampal model of ischemia

Organoty pic hippocampal slice cultures (OHC) were prepared accordin g to the interface method of Stoppini et al. [36]. Slices were prepared from postnatal days 7-9 Wister rats. Pups were sacrificed by decapitation , and the hippocampi were dissected and transversely sliced (350 lm) on a McIlwain tissue chopper (The Mickle Laboratory Engineering Co., UK). The slices were transferred onto humidified porous Millicell membrane inserts (0.4 lm; Millipore, France) and placed in 6-well plates. After 7 days of culturing oxygen-g lucose deprivation (OGD) injury was performed. The cultures were transferred to 6-well plates with 1 ml of Ringer solution containing 10 mM mannitol saturated with a mixture of 95% N 2 /5% CO 2 then placed into an anaerobic chamber for 40 min, that was equilibrated to 37 °C and exposed for of 95% N 2 /5% CO 2 gas flow 10 min. The experime nts carried out were approved by the local government commission for animal health. All possible efforts were made to minimize animal suffering and the numbers of animals used.

Real-time PCR analysis of MHCII, CD40, IL-1 b, IL-6 and STAT3 mRNA expression Total RNA was extracted from harvested mixed glial cells using a NucleoSp in Ò RNAII isolation kit (Macherey-Nagel Inc., Germany) as per manufactur er's instructions. Real-time PCR was performed using Taqman Gene Expression Assays (Applied Biosystems, Germany) which contain forward and reverse primers, and a FAM-labelled MGB Taqman probe for each gene of interest or SYBR green method (primer details outlined in Table 2 supplem entary files). Real-time PCR was conducted using an ABI Prism 7300 instrument (Applied Biosystems, Germany). A 20 mL volume was added to each well (9 ml of diluted cDNA, 1 mL of primer and 10 mL of Taq-man1 Universal PCR Master Mix). Samples were assayed in one run (40 cycles), which consisted of three stages, 95 °C for 10 min, 95 °C for 15 s for each cycle (denaturation) and finally the transcrip tion step at 60 °C for 1 min.

Immunocyto chemisty and immunohist ochemistry

Cells immunocyt ochemistry (ICC): HMSCs were washed with PBS and fixed with Accustain (Sigma, UK) at room temperat ure (RT) (20 min). Nonspecific binding epitopes were blocked with 5% albumin (Sigma, France) and 5% goat serum (Sigma, France) in PBS (1 h at RT). Cell membranes were treated with 1% triton X 100 solution in PBS (Sigma, UK) (1 h at RT). The primary antibodies indicated in Table 1 (supplementary files) were diluted in PBS and added to the cells for over-night incubation at 4 °C. Subsequently, after washing, the appropriate secondar y antibodies were used against primary antibodie s host's isotype: Alexa Fluor 488 (green), dilution 1:1000 (Invitrogen, France) or Alexa Fluor 546 (red), dilution 1:1000 (Invitrogen, France) and incubated in the dark for 1 h at RT.

Brain tissue preparation, fixation and immunohistoc hemistry (IHC): The rats were anaesthe tized with pentobarbital and decapitated 7 days after transplanta tion. The brains were then quickly removed, immediatel y frozen in powdered dry ice, and stored at À70 °C. Primary antibodies were applied overnight at 4 °C (Table 1 supplementary files). After rinsing in PBS, rat brain sections were exposed to secondary antibodie s for 60 min at RT in the dark. The adjacent sections were used as negative controls. All the procedures for negative controls were processed in the same manner except the primary antibodies were omitted.

Image acquisition and statistics

To obtain detailed images of the transplante d hMSCs, and images of CD200 ligand expression, a confocal laser scanning microscop e (LSM 510, Zeiss) was used. Expression of STAT proteins in hMSCs was analyzed by Eclipse Ti-S (Nikon, France) epifluorescent microscope equipped with cooled digital camera DS-Ri1 (Nikon, France). All experiments were at least triplicate s (n P 3). The data was analyzed using non parametric, one-way ANOVA Kruskal-Wallis test with Dunns post-test comparison. The results are presente d as mean ± SD with stars indicating decimal place of significance. A one-way ANOVA was performed to determine whether there were significant differenc es between conditions in expression of MHCII, CD40, IL-1 b, IL-6 mRNA, and in production of IL-1 b, IL-6 and CD200 proteins. The post hoc Student-Newmann-Keuls test was used to determine which conditions were significantly different from each other. In some circumstanc es, Student's t test for independen t means of IL-1 b and IL-6 proteins measuremen ts were used.

Real-tim e data of STAT3 mRNA expression were analyzed with one-taile d Mann-Whitney test comparison of result groups. The results are presente d as mean ± SEM with stars indicating decimal place of significance. Experiments were at least doubled and analysis was performed in triplicate each time. a Human (H), Rat (R), Rabbit (Rb), Goat (G), Mouse (M).

Table 2

List of the primers used for qPCR analysis .

Gene name Primers

Human STAT3 F: 5 0 -GGGTGGAGAAGGACATCAGCGGTAA-3 0 R: 5 0 -GCCGACAATACTTTCCGAATGC-3 0 Rat STAT3 F: 5 0 -GCGGAGGAGCATCGTGAGCG-3 0 R: 5 0 -GACTAAGGGCCGGTCCGGGT-3 0 Rat IL-6

Applied Biosystems, Germany, Rn00561420_m1 Rat IL-1 b

Applied Biosystems, Germany, Rn00580432_m1 Rat MHCII Applied Biosystems, Germany, RN01768597_m1 Rat CD40 Statistical analysis was carried out using Prism 4 (GraphPad, US) software. For all experime nts, if not specify differently, a p value <0.05 was considered to be statistically significant.

Results

hMSCs interact with glial cells in a dose-depend ent manner

In vitro analysis utilizing co-cultur e techniques revealed a cell number-depen dent effect of hMSCs, with respect to their immunomodulatory effects on glia. We have shown that hMSCs mixed at low concentratio ns with rat mixed glia (less than 1 hMSCs-5 glia cells) did not induce secretion of the inflammatory cytokines IL-6 and IL-1 b as measured by ELISA (Fig. 1A andB, respectively). However, we could observe that high numbers of hMSCs mixed with glia (2:1-1:2 ratio of glia to hMSCs) resulted in significant induction of IL-6 release (Fig. 1B). Mean supernat ant IL-6 concentratio n in quiescent unstimulate d glial cells was 41.8 ± 14.8 pg/ml of IL-6 and this value increased to 236.5 ± 71.8 pg/ml after co-incubating with hMSCs in 1:2 ratio (Fig. 1B).

hMSCs reduce inflammation in rat focal brain-inju red tissue

In order to confirm overall ability of the hMSC's to reduce inflammation we transplanted, ex vivo , a low number (10 4 ) of encapsulated naïve hMSCs [asterisks] into OGD-induced OHC ischemic brain and into an in vivo ischemic rat brain model induced by focal OUA injection (Fig. 2A-F and G-L, respectively ; dashed line indicate graft border). Note this was a qualitativ e study, allowing more sophisticated analysis of CD200, IL-4 and related to be investigated .

The OHC model does not have systemic immune components and its immune reaction is limited to microglial cells. We observed good survival of encapsul ated cells 7 days after transplanta tion on OHC and in rat striatum. We detected a significant reduction in microglial and astroglial activation 7 days after hMSCs transplantation in ischemic OHC dentate gyrus, when compare d with control hippocampal slices (Fig. 2D-F vs. A-C (control)). This was shown by confocal analysis of immunolab eled ED1 marker (Fig. 2A and D; arrow) and Iba1 marker (Fig. 2B andE; arrow) of reactive microglia cells and GFAP marker of astrocytes (Fig. 2C andF; arrow).

A similar immunosup pressive effect was observed in vivo 7 days following hMSCs transplanta tion when compare d with ischemic control brain tissue (Fig. 2J-L vs. G-I (control)). The in vivo immunosuppressive effect of hMSCs was revealed by reduced numbers of ED1 + and Iba1 + microglial cells and a significantly smaller GFAP + macroglia scar in the ischemic striatum region (Fig. 2J-L, respectively; arrows) in comparis on to control stroke tissue without hMSCs (Fig. 2G-I, respectively ).

Immunom odulatory effects of hMSCs are dependent on CD200/CD200receptor interaction and can be super-ind uced by IL-4 stimulation FACS analysis has shown expression of CD200 protein in naïve hMSCs (Fig. 3A). We observed an increase in CD200 protein expression on hMSCs following treatment with IL-4 at concentratio ns ranging from 50 to 400 ng/ml as indicated by immunohistoc hemistry and confirmed by western blotting techniques ( ⁄⁄ p < 0.001; ⁄p < 0.05; Student's t-test; Fig. 3B andC, respectively ). It could be argued however, that the increase is modest and might require a strategy for subsequent elevation.

To establish whether naïve hMSCs or IL-4 treated hMSCs alter glial activation we measure d pro-inflammatory IL-1 b and IL-6 cytokine production by LPS-treated mixed glia (Fig. 3D andE, respectively ). Results showed that LPS significantly increased glial IL-1b and IL-6 production and that addition of naïve hMSCs did not abrogate the LPS-indu ced immune response as measure d by ELISA (Control glia 2.9 ± 3.7 pg/ml IL-1 b; LPS-treated 110.9 ± 90.7 pg/ml IL-1b; MSC + LPS 125.3 ± 83.8 pg/ml IL-1 b; Control 75.09 ± 29.3 pg/ml IL-6; LPS-treated 2992 ± 1327 pg/ml IL-6; MSC + LPS 3002 ± 1694 pg/ml IL-6; ⁄⁄⁄ p < 0.001; ANOVA; Fig. 3D andE). The addition of IL-4 treated hMSCs to LPS-treated glia significantly reduced IL-1 b and IL-6 secretion (37.28 ± 26.14 pg/ml IL-1 b; 1314 ± 959.3 pg/ml IL-6; + p < 0.05; ++ p < 0.01; ANOVA; Fig. 3D andE, respectively ). Real-time PCR analysis also revealed significant decreases in other markers of glial activation, MHCII and CD40 gene expression (IL-1b and IL-6 gene expression changes were not significant) in glial cells co-cultured with IL-4-trea ted hMSCs in the presence of LPS (Control glia 1.4 ± 0.9 MHCII; LPStreated 2.2 ± 0.6 MHCII; IL-4-treated MSC + LPS 1.5 ± 0.5 MHCII; Control glia 0.6 ± 0.3 CD40; LPS-treated 14.53 ± 6.7 CD40; IL-4MSC ± LPS 6.8 ± 4.6 CD40; ⁄⁄⁄ p < 0.001; ++ p < 0.01; ANOVA; + p < 0.05; student's t-test; Fig. 3F andG, respectivel y).

To confirm the immunomodu latory role of CD200 ligand expressed on hMSCs, and the influence of Il-4, we used monoclonal antibody to inhibit CD200 activity and/or IL-4. Co-cultur es containing LPS-treated mixed glia and IL-4-treated hMSCs produced significant levels of the pro-inflammatory cytokine IL-1 b in the presence of anti-CD2 00 antibody (82.3 ± 73.6 pg/ml IL-1 b; d p < 0.05; student's t-test; Fig. 4). Inhibition of immunomo dulatory propertie s of hMSCs was also observed when hMSCs were treated with anti-IL-4 antibody (81.08 ± 66.5 pg/ml IL-1 b; # p < 0.05; student's t-test; Fig. 4). hMSCs added to primary rat mixed glia cells did not elicit significant release of the pro-inflammatory cytokines IL-1 b (A) and IL-6 (B) when mixed with mixed glia at low ratio, but at higher ratios hMSCs induced IL-6 production (B). The control group here is glia, since in vivo transplant would be hMSC's into the neural environment. is beyond image site). Empty scaffolds were transplante d into injured and intact brains and onto HOC as controls. We found that transplante d hMSCs modulated the activity of STAT3 signaling pathways in OGD hippocampal tissue in vitro and in oubain-induced (OUA) ischemic brain in vivo . As shown by immunoh istochemical analysis and confocal scanning, the expression of total STAT3 and the activated phosphorylated form of P(Y705)-STAT3 were significantly increased in injured ischemic brains (Fig. 5H andK, respectively; arrows) and in ODG-treate d organotyp ic cultures in vitro (Fig. 5B andE, respectivel y; arrows) when compared with normal brain tissue (Fig. 5G, J and A, D, respectively ; arrows). Expression of STAT3 and its phosphorylatio n at tyrosine site (Y705), was reduced following transplanta tion with encapsul ated naïve hMSCs into ischemic OHC when compared with control injured tissues in vitro where empty scaffolds were grafted (Fig. 5C, F vs. B, E, respectively ; arrows). Similar decreases in STAT3 expression and P(Y705)-STAT3 activity were also observed in vivo following transplanta tion with encapsul ated naïve hMSCs when compared to control ischemic brains which where grafted with empty scaffolds (Fig. 5I, L vs. H, K, respectivel y; arrows).

Analysis

We used qPCR technique and species-sp ecific primers to distinguish the expression level of STAT3 genes in host rat brain tissue (rSTAT3) and in transplanted human umbilical cordhMSCs (hSTAT3) (Fig. 6). The following brain regions were microdissected from injured and intact brains: 1) graft region (scaffold); 2) area of injury (only injured brains) and 3) control contralateral region. The in vivo data showed significantly higher expression of rSTAT3 in the injured hemispher e (at scaffold and injury area) when compared with the contralateral hemispher e and intact brain ( ⁄ p 6 0.05; one-taile d Mann-Whitney test; Fig. 6A). We observed no differenc e in rSTAT3 expression in the contralateral hemisphere in injured or control intact brain (Fig. 6A). There was an increase in rSTAT3 expression in the intact contralateral hemisphere following hMSCs transplanta tion when comparisons were made with control animals grafted with empty scaffolds ( ⁄⁄⁄ p 6 0.0001; Fig. 6A).

Analysis of STAT3 expression with human primers (hSTAT3) revealed the inverse expression pattern when compared to rSTAT3 (Fig. 6B). We have observed hSTAT3 expression at low level in intact and injured brain regions both at scaffold and contralater al sites (Fig. 6B). Significant increased hSTAT3 gene expression was observed exclusively at the site of injury in comparison to contralateral and scaffold transplant areas in injured brains ( ⁄⁄ p 6 0.001) and intact brains ( ⁄ p 6 0.05) (one-tailed Mann-Whitney test; Fig. 6B).

A similar pattern of hSTAT3 expression was observed in the ex vivo organotyp ic model. The hSTAT3 mRNA level was significantly increased in injured OHC ( ⁄⁄ p 6 0.001) in comparis on to normal tissue (one-tailed Mann-Whitney test; Fig. 6C). In contrast to the in vivo experiments we did not observe a significant increase in rSTAT3 mRNA expression in response to injury (Fig. 6C).

Activity of unphosphorylated STAT3 in hMSCs in vitro

We have shown that STAT3 expression and phospho rylation in naive hMSCs can be modulated by dexamethasone and cytokine (OSM or IL-4) treatment in vitro (Fig. 7). hMSCs cultured in basal medium containing serum expressed STAT3 in 56.87% ± 12.46% of total cells (Fig. 7A) and in 91.71% ± 10.79% of total hMSCs cultured in serum-fr ee medium containing dexamethasone ( ⁄⁄⁄ p 6 0.0001; one-way ANOVA; Fig. 7A). Expression changes of STAT3 mRNA were confirmed by qPCR analysis ( ⁄⁄⁄ p 6 0.0001; one-way ANOVA; Fig. 7B). Total STAT3 and phosphoryla ted STAT3 at serine site (S727) was immunodet ected in hMSCs nuclei suggesting a triggering of the STAT3 a isoform (Fig. 7C andD, respectively). Immunocytochemical analysis did not detect phosphorylated STAT3 at tyrosine site (Y705) neither in cytoplasm nor in the nuclei of naïve hMSCs, regardless of the culture condition (Fig. 7E).

We used EMSA to reveal how cytokine ligands stimulate STAT3 activity in hMSCs. We focused on the different pro-and antiinflammatory cytokines secreted by inflamed brain tissue: OSM, CNTF, LIF, IL-6 and IL-4. We found that STAT3 signaling was induced in naïve hMSCs in response to OSM, which belongs to the pro-inflammatory IL-6 family, but not by IL-6 itself (Fig. 7F). Surprisingly , DNA binding activity of STAT3 was also significantly induced in response to the anti-inflammatory IL-4 cytokine (Fig. 7F), but weaker than the OSM-induce d STAT3-DNA binding complex. IL-4 is known to activate STAT6 and in line, we found strong STAT6 DNA binding activity upon IL-4 treatment (Supplemental data Fig. 2).

We used FACS technique to confirm the expression of cytokine receptors responsible for STAT signal transduction in hMSCs. The results showed expression of gp130 co-receptor of JAK/STAT pathway and OSMR on naïve hMSCs (Fig. 7H). We did not observe significant expression of IL-6R on hMSCs (Fig. 7H).

Further, we have investigated the mechanism of STAT3 binding to DNA in hMSCs nuclei. As shown before, the immunoc ytochemical analysis did not reveal nuclear localization of STAT5 and STAT6, therefore we have focused on STAT1 as a possible heterodimerisation partner for STAT3 molecule. EMSA analysis did indeed show strong STAT1 activation upon OSM stimulati on (Fig. 7G). Importantly, STAT1 could heterodime rize with STAT3 and bind to DNA after nuclear translocation what is shown by our EMSA supershift results (Fig. 7G). Last but not least, with surprise we observed also STAT1 activation upon IL-4 treatment, which overall contributes to the immunomo dulatory activities of cytokines in hMSCs, an area which awaits further exploration.

Discussion

Regenerati ve medicine holds great promise, but only if new drugs, stem cells, biomaterials and surgical techniqu es can be brought together efficiently. A key factor in determining treatment efficacy is the environm ent in the damaged tissue, which can significantly reduce the effectiven ess of a therapy. hMSCs are one of the most interesting potential cell types to be considered not only due to ease of availability, but also due to the immunomodu latory propertie s [15][16][17][18][19].

In this consortium based study we transplante d hMSCs from an umbilical cord source (hMSCs), encapsulated in new 3D bioscaffolds [35], into models of brain stroke both in vivo and ex vivo . However, we first evaluated the effect of hMSC's on microglial activation in vitro. The data indicated that naïve hMSCs when co-cultur ed with primary rat mixed glia elicited a dose-dependent immunomodulato ry effect. We found that hMSCs delivered at high doses could have proinflammatory effects on brain tissue. This adverse effect could in part be due to the contribution of naïve MSCs to the co-culture system as they have been shown to release both anti-and proinflammatory cytokines in unstimulated experime ntal settings [37]. Secretion of proinflammatory cytokine s by MSCs under certain experimental conditions has also previously been shown by other groups [38,39], but one of our aims was to establish an appropriate cell dosage to efficiently modulate these deleterious inflammatory effects in injured brain models using hMSCs.

If cell-cell contact is to have any influence in the damaged microenvironm ent it must also overcome the inherent in vivo negative regulation which has evolved in the damaged tissue. It was shown previously that MSCs induced immunomodu latory effects when in direct contact with antigen presenting cells [40], but the exact mechanism by which they did so remained unknown . Further, in the specific case of the neural microenvironmen t, Neurons, which express CD200 ligand, have been shown, in vivo and in vitro , to inhibit the activity of CD200R-expres sing microglia [10,41]. In our work presented here we have shown for the first time the immunomo dulatory effect of CD200 glycoprotei n expressed on hMSCs. IL-4-treated hMSCs, which express CD200 ligand, when co-cultured with LPS-activate d mixed glia, significantly reduced glial secretion of IL-6 and IL-1 b. This immunomodu latory effect was observed in co-cultures where hMSCs had direct cell-cell contact with rat mixed glia. Such experiments were designed to mimick the in vivo damaged environment.

We have shown that expression of CD200 in hMSCs is significantly increased by the anti-inflammatory cytokine IL-4, and that this increase in CD200 expression was sufficient to exert antiinflammatory effects on LPS-treated hMSCs in vitro . The immunomodulatory effect of hMSC CD200 expression was effectively inhibited by anti-IL-4 or anti-CD200 antibodies. These results are consistent with previous findings that describe spontaneous microglial activation in CD200 knockout mice [41]. It is key to know what state both transplante d cells and inherent damaged cells are in, to be able to understand the useful role of transplante d hMSC's. The observed anti-inflammatory effects of IL-4-treated hMSCs in vitro could also explain the activation of the inherent immunomo dulatory properties of naïve hMSCs in in vivo models of stroke as T cells have been shown to release anti-inflammatory cytokines at stroke injury sites [42].

CNS ischemia and trauma induce expression and release of proinflammatory cytokines by microglia, while anti-inflammatory cytokines are produced by T cells infiltrating damaged brain paren-chyma [9,42]. Inflammation in the CNS is associated with activation of the STAT3 signaling pathway in microglia cells [44,30,31]. In this study we have shown that STAT3 signaling activity had an opposite effect on microglia when compared with hMSCs. STAT3 activation in microglia cells followed an inflammatory phenotype, whereas STAT3 expression in hMSCs correlated with an antiinflammatory phenotype in injured brain tissue.

Immunohi stochemical analysis of phosphorylated STAT3 (P-STAT3) expression following brain injury induced in rat brain by in vivo and in vitro OHC methods, revealed significant increases in STAT3 tyrosine (Y705) phosphoryla tion. STAT3 phosphoryla tion at tyrosine Y705 residue has been shown to be necessary for microglia activation in inflamed brains and inhibition of JAK kinase by small molecule AG490 has been shown to reduce microglia activity and neuronal damage [30,45]. We have shown that expression of P-STAT3 (Y705) and rat rSTAT3 mRNA decreased following transplanta tion of encapsul ated naïve hMSCs into injured brain tissue in vitro and in vivo . This correlate d with significantly lower expression of Iba1 and ED1 markers of reactive microglia, when compare d with control ischemic brain tissue. It is worth stressing that the increased expression of rSTAT3 mRNA was paralleled by significantly increased levels of human hSTAT3 mRNA in hMSCs transplante d into injured neural tissue but not control brains. This suggests that STAT3 signaling could be involved in governing the immunomo dulatory effects of hMSCs.

Other studies have described increased expression of STAT3 in MSCs co-cultur ed with antigen presenting cells [40]. In our experiments in vitro analysis of naïve hMSCs revealed expression of STAT3 at protein and mRNA level which was consisten t with those reports describin g constitutive expression of STAT3 in MSCs [40]. Detailed analysis of STAT3 activity in naïve hMSCs revealed phosphorylati on at serine site (S727) but not at tyrosine site (Y705) suggestin g a triggering of the STAT3 a isoform. Serine phosphorylation of STAT3 was recently also linked to an important role for mitochondr ial ATP generation. Mitochondrial STAT3 modulate s the respiratory chain and contributes to RAS transformat ion [46,47]. We found that expression of STAT3 mRNA and protein could be stimulated in hMSCs by serum-free medium containing dexamet hasone which is a strong modulator of JAK-STAT signaling, however phosphorylatio n at Y705 remained negative. It could be that the non tyrosine, but serine phosphorylated STAT3 is recruited to inflammatory genes by NF jb which was elegantly demonstrated by the George Stark laboratory [33].

A recent growing body of evidence suggests an important role for unphosphor ylated STAT3 (U-STAT3) in signal transductio n and gene expression [33]. Contrasting transcrip tional activity in P-STAT3 and U-STAT3 has already been shown in several immunomodulation studies [START_REF] Liu | Proc. Natl. Acad. Sci[END_REF][START_REF] Yang | [END_REF]. Liu and colleagues (2005) explain the nuclear localization of U-STAT3 in hMSCs as being related to the mechanism of nuclear localization of importin-a3, which is independent of Y705 phosphoryla tion. Our STAT3 DNA binding results, as shown by EMSA, may suggest an alternative mechanis m by which STAT3 governs the immunomodu lation of injured brain tissue in a tyrosine phospho rylation independen t manner.

EMSA analysis of STAT3 activity revealed that naïve hMSCs did not respond to IL-6 stimulation, the well-known inflammatory ligand of the gp130 receptor. FACS analysis confirmed high surface expression of gp130 but no significant expression of the IL-6R a chain on naïve hMSCs. We have found however, that hMSCs strongly express the receptors for OSM, which heterodime rizes with gp130. OSM belongs to the IL-6 family of pro-inflammatory cytokine s, and it has been shown that OSM can be secreted by microglia l cells [43]. However, we have also observed STAT3 activation by IL-4 in association with STAT1 and strong STAT6 activation. This result represents a unique feature of hMSCs with respect to IL-4 signaling, they differ greatly with respect to the genes employed when compare d to other cell types such as fibroblasts, which when stimulated with IL-4, only activate STAT6. Our EMSA analysis of naïve hMSCs confirmed that stimulati on of STAT3 is possible by pro-inflammatory OSM and anti-inflammatory IL-4.

Conclusi ons

Certainly moves towards cellular clinical therapy has been hampere d by the negative environmental influences found due to trauma and indeed also after cell transplant. The potential for a cell component such as hMSCs to aide in the roadbloc k that negative inflammation causes is great, but only if the secondary effects of hMSC implant do not cross over into negative effects themselves. 
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 1 Figure 1 : Schematic of hES cell lines from human blastocyst.
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Figure 17 :Figure 18 :

 1718 Figure 17 : Foetus in utero between 5 and 6 months. The diagram present a foetus in utero connected to the placenta by the umbilical cord and it's structure with the two umbilical arteries (in red) wounded around the unique umbilical vein (in blue). (The Bartleby.com edition of Gray's Anatomy of the Human Body)

Figure 19 :

 19 Figure 19 : Diagram of Wharton's Jelly Macromolecular composition. Schematic illustration of intact Wharton's Jelly tissue, the indicated components are collagen (C), glycoprotein microfibrils (MF), hyaluronan (HA), and proteoglycan (PG). For clarity, only part of the microfibril network and a single molecule of HA and PG are shown. From Wharton's Jelly of the Umbilical Cord,[START_REF] Meyer | Wharton's Jelly of the Umbilical Cord[END_REF].

Figure 20 :

 20 Figure 20 : Diagram of the umbilical cord and the different stem/progenitor cells derived from the blood and tissue.Umbilical cord blood contains mono nucleated progenitor or stem cells that can be isolated through various methods. Wharton's jelly contains Mesenchymal Stem Cells with broad differentiation capability. Cells with various degree of commitment can be isolated from the umbilical vein and arteries, although presenting a very similar phenotype to MSC after the first passage, they might present higher differentiation capability toward the vascular lineages due to their origin (Aaron Gardner Prof McGuckin group diagram ©, pictures from personal research).

Figure 21 : 1 . 2 . 1

 21121 Figure 21 : Mesenchymal Stem Cell phenotype during in vitro culture. MSC isolated from the Wharton's Jelly of the umbilical cord present a long spindle like cell body, long digitations and adhere to plastic in standard culture condition in a tissue culture flask (personal research). (Scale bar = 50μm)

  Figure 22 : M MSC in vivo their ability transdiffere (Uccelli, Mo

Figure 24 :

 24 Figure 24 : Possible mechanisms of the interactions between MSCs and cells of the innate and adaptive immune systems.
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 25 Figure 25 : P

Figure 26 :

 26 Figure 26 : The various steps, process and experiments performed during WJ MSC evaluation.

  using a sterile collection bag (Macopharma, Tourcoing, France Ref MSC1206DU), once drained, a section of the umbilical cord between 5 and 25 cm long was selected, if possible avoiding needle punctures, and placed in a 50mL tube (Corning Centristar ref 430921, Corning NY, USA) beforehand filled with 20mL of sterile Phosphate Buffered Saline (PBS Ref 17 516F, Lonza, Basel, Switzerland) supplemented with 1% antibiotics (PSA Penicillin streptomycin amphotericin B Ref BE02 034E, Lonza).

Figure 27 :

 27 Figure 27 : Umbilical cord processing and Wharton's Jelly isolation.A and B After transport to the laboratory, the UC sample was washed using PBS supplemented with antibiotics in order to remove remaining blood cells and reduce contamination; this sample presented a usual length between 5 and 10 cm and diameter of approximately 1 to 1.5cm.C The two open ends of the sample were removed as this part of the tissue may present a higher risk of contamination. D The UC sample is cut in 1 to 2 mm transversal slices, exposing vein, arteries and the WJ tissue. E and F Close up on the umbilical slice; where one can distinguish veins and arteries surrounded by the Wharton's Jelly tissue now easily accessible easy to isolate from the other UC structures. G and H The WJ tissue was isolated using a biopsy punch, thus producing explants of regular size. I Depending on the UC sample 1 to 8 explant could be isolated on each slice (average approx 2 to 5).

  Cells cultured in SF condition were also cryopreserved using a SF cryopreservation medium (Ref 5617, Stem Alpha, St. Genis L'Argentière, France) supplemented with 10% dimethyl sulfoxide (DMSO; Ref 8418, Sigma Aldrich, St. Louis, MO, USA). The cell pellet was resuspended in 900μL of cold (4°C) Cryo 3 medium and the cell suspension was transferred in a properly labelled 1.8mL Cryo tube (Thermo scientific Ref 377267) immediately placed on ice, 900μL of iced (0°C) Cryo 3 solution mixed with 20% DMSO was used to collect the remaining cells in the centrifugation tube then added to the cryo tube and mixed thoroughly, thus obtaining the 10% DMSO final cryopreservation solution.

Figure 28 :

 28 Figure 28 : Biopsy punches used for WJ isolation from umbilical cord slices.

Figure 29 :

 29 Figure 29 : Schematics of the initial version of the cord holder.

Figure 31 :

 31 Figure 31 : Transversal slicing of umbilical cord sample using the holder.

Figure 32 :

 32 Figure 32 : Comparison of the average weight of the slices obtained from each sample when cut manually or using the holder.

Figure 33 :

 33 Figure 33 : Prototype of the umbilical cord slice backlighting device. A and B The LED, wire and battery are placed in a sealed Petri Dish C and D Close up on the umbilical slice lit from behind where we can clearly distinguish veins and arteries surrounded by the Wharton's Jelly tissue.

Figure 34 :

 34 Figure 34 : Second version of the backlighting device.
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 314 Isolation of MSC from Fresh or frozen tissue in SF or XS culture medium. WJ explants were sampled from 15 different UC slices, fresh or frozen and MSCs were isolated in SF ABCell Bio SPE IV or XS DMEM +10% FBS medium, for each condition, 3 steps were used as a measure of the isolation level, date of observation of the first cells around the WJ biopsy, date of observation of the first colony and date of passage marking the end of isolation process. Results are indicated +/ SEM.

Figure 35 :

 35 Figure 35 : Isolation of MSC from one Wharton's jelly tissue explant.A Observation of the first cells at the edge of the tissue piece 7 days after plating. B Formation of a transition area between the tissue and the coated plate. C Rapid formation of a large MSC colony surrounding the Wharton's jelly. D The cell colony is large enough to be passaged 14 days after observation of the first cells. Scale bar in pictures A to C = 500μmScale bar in picture D = 1000μm. The dotted line is marking the edge of the cell colony.

Figure 36 :

 36 Figure 36 : Average duration of WJ MSC isolation in various conditions.Comparison of the average time necessary to isolate WJ MSC from tissue explant and to reach the 3 steps of the first cells or first colonies observation and to the first passage depending on culture medium and with or without preliminary cryopreservation of the tissue.

Figure 37 :

 37 Figure 37 : Comparative expansion of WJ MSC in SF SPE IV or DMEM+10% FBS medium.Comparison of the projected theoretical cell number obtained in SF or XS culture medium from isolation until the cells stopped growing.While the difference in growth speed is particularly visible on the diagram presenting linear cell number scale, the logarithmic scale allows observation of similar

Figure 39 :

 39 Figure 39 : Cumulative passaging time during WJ MSC expansion in SF SPE IV or XS DMEM+10% FBS medium.

5 (

 5 6 ) were stained with the following mouse anti human fluorochrome conjugated antibodies: CD90 (ref : 555595), CD106 (ref : 551146), CD63 (ref : 557288), CD146 (ref : 560846), and CD31 (ref : 555445) were conjugated with FITC (fluorescein isothiocyanate). CD133 (ref : 130 090 853), CD105 (ref : 560839), CD166 (ref : 559263), CD10 (ref : 555375), D7 Fib (ref : ABIN319868) and CD49a (ref : 559596) were PE (phycoerythrin) conjugated. CD271 (ref : 560834) was conjugated with PerCP Cy5.Peridinin Chlorophyll Protein cyanin 5.5). CD73 (ref : 561258) was conjugated with PE Cy7 (phycoerythrin cyanin 7). STRO 1 (ref : 340104 ) was conjugated with AF647 (Alexa Fluor 647). CD34 (ref : 555824), HLA G (ref : 17 9957 42), CD13 (ref : 557454), CD29 (ref : 559883) and CD184 (ref : 555976) were conjugated with APC (allophycocyanin). CD44 (ref : 560532) and CD14 (ref : 560180) were linked with allophycocyanin hilite 7 (APC H7). CD33 (ref : 561157), HLA ABC (ref : 561346), CD56 (ref : 560360), and CD15 (ref : 642917) were coupled with V450 (BD Horizon V450). CD45 (ref : 560777) and HLA DR (ref : 561224) were linked to V500 (BD Horizon V500). The nucleic acid dye 7AAD (7 Amino Actinomycin D) (ref : 559925) was used for the exclusion of non viable cells. CD133 was purchased from Miltenyi Biotech GmbH, Bergisch Gladbach, Germany, D7 Fib was purchased from antibodies online.com, STRO 1 and HLA G were purchased from BioLegend, San Diego, USA. All the other reagents such as the staining buffer (Ref : 554657), cell washing buffer (CELLWASH, Ref : 349524), sheath fluid (BD FACSFLOW, Ref : 342003), Cleaning fluid (FACSCLEAN, Ref : 340345) Rinsing fluid (FACSRINSE, Ref : 340346), shut down fluid (FACS SHUTDOWN Solution, Ref : 334224), cytometer Setup and Tracking beads (CST, Ref : 642412) were purchased from BD Biosciences, San Jose, CA, USA.

Table 14 :

 14 Description of the 6 different combinations of antibodies coupled with their fluorochromes and their respective excitation wavelength and detection channel.

Figure 42 :

 42 Figure 42 : BD FACS Canto II cytometer laser optical pathway. This diagram present the optical pathway of the laser light from the outlet of the optical fiber to the flow cell where it hit the stained cells. Configuration 4 2 2 (BD FACS Canto reference manual).

Figure 43 :

 43 Figure 43 : Diagram of BD FACS Canto II cytometer flow cell.(BD FACS Canto reference manual).

Figure 44 :

 44 Figure 44 : Principle of hydrodynamic focusing of the sample flow through the flow cell. The fluidic system thanks to the higher relative flow of the sheath fluid compared to the sample fluid precisely align the cells contained in the sample in front of the optic collecting the fluorescent light emitted by the cells after being hit by the lasers (BD FACS Canto reference manual).

Figure 45 :

 45 Figure 45 : Diagram of BD Octagon fluorescent detector array.

Figure 46 :

 46 Figure 46 : BD FACS Canto II 4 2 2 octagon optical detector array from 488 nm blue laser. The octagon contains five PMTs and detects light from the 488 nm (blue) laser. One PMT in the octagon collects side scatter (SSC) signals (BD FACS Canto reference manual).

Figure 47 :

 47 Figure 47 : BD FACS Canto II 4 2 2 octagon optical detector array from 633 nm red and 405 nm violet laser. The trigon each contains two PMTs and detects light from the 633 nm (red) laser and 405 nm (violet) laser (BD FACS Canto reference manual).

  The extracellular portion of this receptor contains two immunoglobulin domains (one IgV and one IgC2 domain), placing CD33 within the immunoglobulin superfamily. The intracellular portion of CD33 contains immunoreceptor tyrosine based inhibitory motifs (ITIMs) that are implicated in inhibition of cellular activity CD 45 is a Protein tyrosine phosphatase, receptor type, C (PTPRC) originally known as leukocyte common antigen (LCA) is an enzyme encoded in humans by the PTPRC gene, and member of the protein tyrosine phosphatase (PTP) family.

  Hematopoetic progenitors expressing CD10 are considered "Common Lymphoid Progenitors," which means they can differentiate into T, B or Natural Killer cells. It is involved in B cell development and has been shown to bind opioid enkephalins, bradykinin, angiotensins I and II, and other biologically active peptides. CD10 is used in hematological diagnosis since it is expressed by early B, pro B and pre B lymphocytes, and by lymph node germinal centers.

  The CD106 protein is an endothelial ligand for the integrins CD49d/CD29 (VLA 4 or Very Late Antigen 4 or 4 1) of the 1 subfamily of integrins, and for integrin 4 7 that contribute co stimulation of T cell proliferation and to the adhesion and transmigration of lymphocytes, monocytes eosinophils, and basophils to vascular endothelium. It also functions in leukocyte endothelial cell signal transduction and it may play a role in the development of atherosclerosis and rheumatoid arthritis. Inflammatory stimuli and cytokines induce upregulation of VCAM 1 in endothelial cells (and other cell types) through increased gene transcription in response to Tumor necrosis factor alpha (TNF ) and Interleukin 1 (IL 1)) and stabilization of mRNA by Interleukin 4 (IL 4). The promoter region of the VCAM 1 gene contains functional tandem NF B (nuclear factor kappa B) sites. The sustained expression of VCAM 1 lasts over 24 hours.

  of major histocompatibility complex (MHC) molecules and are expressed by nearly all human nucleated cells. HLA A, B and C are the three major types of human MHC class I cell surface receptors. These receptor are heterodimer, composed of a heavy chain and smaller chain. The chain is encoded by a variant HLA A, B or C gene, and the chain ( 2 microglobulin) is an invariant 2 microglobulin molecule coded for by a separate region of the human genome.MHC Class I molecules are extremely variable in their primary structure, and HLA A is ranked among the genes in humans with the fastest evolving coding sequence. They are involved in presentation of antigens to CD8 + T cells and play an important role in cell mediated immune responses and tumor surveillance. Because they present peptides derived from cytosolic proteins, the pathway of MHC class I presentation is often called the cytosolic or endogenous pathway. However, class I MHC can also present peptides generated from exogenous proteins, in a process known as cross presentation.

Figure 52 : 1 Figure 53 :

 52153 Figure 52 : Surface expression of the 27 antigens composing the analysis panel on Fibroblast, BM MSC and SF or XS WJ MSC.

Figure 54 :

 54 Figure 54 : Antigens presenting variation of surface expression on WJ MSC cultured in SF medium at low and high passages.

Figure 56 :

 56 Figure 56 : Surface antigens presenting differences of expression on WJ MSC cultured in XS medium before or after a freeze thaw cycle.

Figure 57 :

 57 Figure 57 : Surface antigens presenting differences of expression on WJ MSC cultured in SF medium before or after a freeze thaw cycle.

Figure 59 :

 59 Figure 59 : Surface antigens presenting differences of expression on WJ MSC cultured in XS or SF medium.

CD34Figure 60 :

 60 Figure 60 : Antigens presenting differences of surface expression between BM MSC and Fibroblast cultured in SF medium.

Figure 61 :

 61 Figure 61 : Antigens presenting differences of surface expression between WJ MSC and Fibroblast cultured in SF medium.

Figure 62 :

 62 Figure 62 : Antigens presenting differences of surface expression between WJ MSC and BM MSC cultured in SF medium.
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Figure 64 :

 64 Figure 64 : Differentiation of mesenchymal progenitor cells is regulated by Wnt signaling.During mesenchymal condensation, Wnt signaling controls the differentiation of mesenchymal progenitors either toward chondrocytes or osteoblasts. While a low Wnt signaling will results in differentiation to cartilage (endochondral ossification), a high Wnt signaling will leads to osteoblast differentiation (intramembranous ossification). Mesenchymal progenitors cells differentiation toosteoblasts is regulated in the perichondrium by Ihh expression in the prehypertrophic chondrocytes (green shade) adapted from[START_REF] Day | Wnt and hedgehog signaling pathways in bone development[END_REF] 

Figure 65 :

 65 Figure 65 : Endochondral bone formation is tied to cartilage development.[START_REF] Day | Wnt and hedgehog signaling pathways in bone development[END_REF] 

Figure 66 :

 66 Figure 66 : Sample 13E1344 after 21 days in the control medium.

Figure 67 :

 67 Figure 67 : Sample 13E1345 after 21 days in the differentiation medium F DMEM.

Figure 68 :

 68 Figure 68 : Sample 12E1349 after 21 days of differentiation in F DMEM + BMP 2 medium.Area presenting a strong green coloration, sign of mineralization, can be observed at the edge of the construct.

Figure 69 :

 69 Figure 69 : Sample 13E1641 after 42 days in the control medium.

Figure 70 :

 70 Figure 70 : Sample 13E1642 after 42 days in the differentiation medium F DMEM. After 42 days in differentiation medium this sample present area of dense matrix and several area were osteoid and mineralized tissue are mixed.

Figure 71 :

 71 Figure 71 : Sample 12E1643 after 42 days of differentiation in F DMEM + BMP 2 medium.

Figure 72 :

 72 Figure 72 : Range of osteogenic differentiation achieved during our experiment.

T1Fig. 1 .

 1 Fig. 1. Isolation of Wharton jelly-derived mesenchymal stromal cells. The umbilical cord (above, left) is sliced into slices of 2-mm thickness (below, left) slices. A skin biopsy tool of 2.5-mm diameter is connected to a 1-ml syringe (below, right) to take Wharton jelly biopsy specimens (above, right). Cell outgrowth from the Wharton jelly biopsy specimens takes place after 1 week by plastic adherence (increments on the scale are millimeters).

Fig. 3 .

 3 Fig. 3. Wharton jelly-derived mesenchymal stromal cells isolated and expanded with Xeno-Free after 21 days of differentiation with osteogenic factors (above) and without them (control) (below). Positive staining for hydroxyapatite using alizarin (above, left) and OsteoImage (above, right) in the differentiation group and negative staining in the control group (below, left and right).

Fig. 4 .

 4 Fig. 4. Transcription profile of Wharton jelly-derived mesenchymal stromal cells isolated and expanded with Xeno-Free after 21 days of differentiation with osteogenic factors (gray bars), presented as mean ± SD values of the relative change in gene expression compared with the control condition without osteogenic factors (black bars). Transcription profiles of controls are normalized to -1 (n = 4; passages, ≤ 5). Gene, relative change, p value: HOX-A10, 23.1, p < 0.04; OSX, 17.9, p < 0.16; BGLAP, 6.6, p < 0.19; RUNX2, 4.7, p < 0.005; ALPL, 4.3, p < 0.21; and IBSP, 4.0, p < 0.58.

Fig. 5 .

 5 Fig. 5. Hydroxyapatite granules (left) were combined with Wharton jelly-derived mesenchymal stromal cells and fibrin (second from left) to produce osteogenic constructs (second from right). Constructs of hydroxyapatite granules and fibrin with and without human Wharton jelly-derived mesenchymal stromal cells were subcutaneously implanted in immunoincompetent mice for 8 weeks (right).

Fig. 6 .

 6 Fig. 6. Constructs of hydroxyapatite granules and fibrin with (above) and without (below) human Wharton jelly-derived mesenchymal stromal cells after 8 weeks of subcutaneous implantation in immunoincompetent mice. Wharton jelly-derived mesenchymal stromal cell-containing constructs formed a dense uniform tissue with fibrillar matrix (above, left) and the hydroxyapatite granules were surrounded by continuous cell layers (above, center). In constructs without Wharton jelly-derived mesenchymal stromal cells, the tissue was irregular and loose (below, left), and no cell layer formed around the granules (below, center). Cells of human origin were identified by staining for human-specific Alu sequences. Human Wharton jelly-derived mesenchymal stromal cells are embedded within the dense lamellar matrices, as highlighted by the purple nucleus staining. (Above, right) The Wharton jelly-derived mesenchymal stromal cells showed spherical large nuclei. Constructs devoid of human Wharton jelly-derived mesenchymal stromal cells were negative for human Alu sequence staining (below, right). *Lacunae of hydroxyapatite granules. (Left and center) Masson trichrome staining. (Right) Human-specific Alu sequences.AQ7

Fig. 7 .

 7 Fig. 7. Wharton jelly biopsy specimens after 21 days of in vitro differentiation with (above) or without osteogenic factors (below). Mineralization assay on native Wharton jelly biopsy specimens showing peripheral net-like hydroxyapatite staining on osteodifferentiated samples (above, left) and absence in the control samples (below, left). Von Kossa stain confirming strong peripheral mineralization in differentiated Wharton jelly biopsy specimens (above, center) and weak central mineralization in undifferentiated samples (below, center). The bone sialoprotein 2 staining intensity (above, right) was maximal around the hydroxyapatite deposits (above, right). Control samples without osteogenic factors were negative for bone sialoprotein 2 (below, right).

  of STAT3 signaling activity in grafted hMSCs and in focal brain injured tissue Encapsul ated hMSCs [asterisks] were transplante d into injured and intact (control) brains and onto hippocamp al organotypic cultures (HOC) (Fig. 5G-L dashed line indicate graft border, A-F graft

Fig. 1 .

 1 Fig.1. Dose-dependent stimulation of microglia activity by hMSCs. Effect of increasing dose of hMSC's with modelled glia cells were investigated for Il-1 b and Il-6 production. hMSCs added to primary rat mixed glia cells did not elicit significant release of the pro-inflammatory cytokines IL-1 b (A) and IL-6 (B) when mixed with mixed glia at low ratio, but at higher ratios hMSCs induced IL-6 production (B). The control group here is glia, since in vivo transplant would be hMSC's into the neural environment.

Fig. 2 .

 2 Fig. 2. Immunomodulatory effect of hMSCs transplanted into ischemic brain tissue. The implanted area of the brain is indicated. Confocal analysis 7 days post transplantation of encapsulated hMSCs revealed reduction of ED1, Iba1 and GFAP immunopositive cells (red) in comparison to control injured slices and brain tissue where empty scaffolds were transplanted. Nuclei in blue; Scale bars: A-F = 200 lm; G-L = 100 lm (Qualitative observation).

Fig. 3 .

 3 Fig. 3. Effect of CD200 expression level on immunomodulatory properties of hMSCs. CD200 expression on hMSC by FACS analysis (A) and confocal (B), revealed expression of CD200 in naïve hMSCs and its expression was increased by IL-4. (B and C) Treatment of hMSCs with IL-4 was effective in suppression of IL-1 b and IL-6 production and MHCI, CD40 expression by LPS-activated microglia (D-G). Scale bars = 50 lM.

Fig. 4 .

 4 Fig. 4. Blocking IL-4 induced hMSC CD200 expression or CD200-CD200R interaction reverses LPS-induced glial cell activation.To know what state the hMSC must be into be useful, the role of the CD200/CD200R was investigated in tandem with IL-4 and inflammatory state using IL-1 expression as a model. Ilb was measured in response to added components indicated. Immunomodulatory properties of IL-4treated hMSCs when co-cultured with LPS-treated mixed glia could be effectively blocked by addition of monoclonal antibodies against IL-4 and CD200 ligand, indicating that hMSC's are a potential agent for positive influence in damaged environment, but dependent on state.

Fig. 5 .

 5 Fig. 5. STAT3 activity in the ischemic brain tissue after transplantation of hMSCs. Microscopic evaluation of STAT3 and P(Y705)-STAT3 expression (red) showed increases in the OHC at 7 days after OGD-injury and in OUA-treated brain tissue in comparison to intact control. Expression and activity of total STAT3 and P(Y705)-STAT3 significantly decreased after transplantation of hMSCs. Scale bars: A-F = 200 lm; G-L = 100 lm.

Fig. 6 .

 6 Fig. 6. Quantitative PCR analysis of STAT3 gene expression after transplantation of hMSCs into ischemic brain tissue. STAT3 gene expression was analyzed in in vitro brain tissue (A and B) and in vivo organotypic cultures. (C) Species-specific primers have been used to detect expression of human STAT3 (hSTAT3) in transplanted hMSCs and in rat brain tissue (rSTAT3).

Fig. 7 .

 7 Fig. 7. STAT3 signaling in hMSCs. STAT3 and P(S727)-STAT3 (green) was detected in cell nuclei of naïve hMSCs. EMSA analysis of STAT3 activity in response to cytokine stimulation showed strong response to OSM and lower to IL-4. EMSA supershifts show also that STAT1:STAT3 heterodimers can bind to DNA. Scale bars C-D = 100 lm.
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Table 1 : Macromolecular composition of the extracellular matrix of Wharton's Jelly. 1.1.3.2.3 Cells of the umbilical cord
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	Structural macromolecules	
	Insoluble fibrillar network phase	
	Collagen	3.6
	Glycoproteins microfibrills	0.3
	Interfibrillar soluble phase	
	Hyaluronan	0.31
	Sulfated glycosaminoglycan (PG)	0.14
	Diffusible (plasma) proteins	1.2
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1.2.5 Immunomodulatory properties of MSC So

  far the clinical interest behind MSCs was mainly due to a potential use in regenerative medicine through plasticity, with the goal of obtaining in vitro or in vivo differentiated cells.

	Recently MSC received renewed interest particularly in the field of transplantation medicine thanks to
	one of the most intriguing aspect of MSCs biology, their properties to modulate the immune response.
	MSCs do not initially express MHC class II or co stimulatory molecules such as B7 1 and 2, CD40 or
	CD40L, CD80, CD86, (Ennis, Götherström, Le Blanc, & Davies, 2008; Kode, Mukherjee, Joglekar, &

.2.5.9 MSCs in haematopoietic stem cell transplant, interaction with NK cells.

  

		1		
		Possible mec chanisms inv volved in MS SC proinflam mmatory or im mmunosupp pressive pola arization.
	Short term	and low leve el priming of f TLR4 (left si ide) and TLR3 3 (right side) ) by the prop posed agonis ts for the
	toll like rece eptor (TLR) le eads to the p polarization o of heterogen neous BM M MSC into a pro o inflammato ory
	MSC1 pheno otype or an i immunosupp pressive MSC C2 phenotype e.
	It is suppose ed that MSC	1 may contri ibute to early y tissue injur ry responses	while MSC2	may be invo olved in
	later tissue	resolution re esponses bas sed on simila ar contributio ons by polari ized monocy ytes in wound d healing
	Poly(I:C), po olyinosinic:po olycytidylic a acid. From Ne ew concepts	on the immu une modulat tion mediate ed by
	mesenchym mal stem cells s, (Bunnell et t al., 2010).	

2.2.2.1 Wharton's Jelly MSC isolation WJ

  MSC isolation and expansion was performed in Serum Free (SF) and serum containing medium (XS).

	Serum Free medium was composed of ABCell Bio SPE IV (SPE IV/EBM, ABCell Bio, Paris, France).
	Serum containing medium was composed of high glucose Dulbecco Modified Eagle's Medium (Ref
	Gibco 41966, Invitrogen) supplemented with 10% low IgG fetal bovine serum (Ref DE14 870E, Lonza).

Table 2 : Grading table used for monitoring of WJ MSC isolation culture.
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	1	First cells	1 to 20 cells	Fibroblast like cells Isolated no cell/cell contact	
	2	First colonies	Over 20cells	Fibroblast like cells close first cell cell interaction	
	3	Small + colonies	Smaller than one microscope field multiple	Fibroblast like cells cell/cell interaction	
	4	Medium colonies	Up to one microscope field	Fibroblast like cells cell/cell interaction possible confluency of colony center	
	5	Medium + colonies	Up to one microscope field multiple	Fibroblast like cells cell/cell interaction Confluency of colony center	
	6	Large colonies	Up to 4 microscope field	Fibroblast like cells cell/cell interaction Confluency of colony center	
	7	Large + colonies	Up to 4 microscope field multiple	Fibroblast like / Confluent MSC cell/cell interaction Confluency	
	8	Very large colonies	Larger than 4 microscope field	Fibroblast like / Confluent MSC cell/cell interaction Confluency	Ready For Passage
	9	Multiple very large colonies	Larger than 4 microscope field multiple	Fibroblast like / Confluent MSC cell/cell interaction Confluency	Ready For Passage
	10	Multiple Highly Confluent very large colonies	Larger than 4 microscope field multiple	Fibroblast like cells cell/cell interaction High confluency multilayer	Ready For Passage

Table 3 : Slice wet weight comparison when produced using cutting device or by manual technique.
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		P(T<=t) bilatéral	Average weight (g)	Device Ecart type	Std error of mean	Average weight (g)	Manual Ecart type	Std error of mean
	1306	1.3289E 15	0.293	0.0443	0.0068	0.497	0.1025	0.0242
	1305	0.5446	0.192	0.0360	0.0048	0.187	0.0404	0.0063
	1307	0.0320	0.308	0.0388	0.0089	0.340	0.0491	0.0119
	1311	0.9396	0.336	0.0221	0.0064	0.335	0.0732	0.0164
	1316	8.2599E 05	0.335	0.0553	0.0134	0.556	0.1892	0.0525
	1318	0.0595	0.338	0.0424	0.0100	0.298	0.0757	0.0178
	1330	0.0197	0.402	0.0323	0.0083	0.339	0.0956	0.0225

Sample highlighted in red present statistically significant difference in the weight of the slices obtained with the two methods.

2.3.1.5 Evaluation of SF and XS medium in MSC isolation from WJ explants.

  For MSC isolated from fresh tissue and cultured in SF or XS condition delay to the apparition of the first cells were not significantly different, as MSC could be observed in SF condition after 3.25 ± 0.65 while 4.67 ± 0.33 days were needed in XS condition.

	However duration to the observation of first cell colonies and time of culture needed until first passage
	were statistically significantly reduced in SF condition as first colonies could be observed after 4.88 ±
	0.58 days in SF medium compared to 8.33 ± 1.88 days in serum containing condition (P=0.020) and
	passage was necessary after 13.20 ± 0.98 days in SF against 19.00 ± 1.15 days in XS (P=0.0123).
	Taking into account only the passage date, the SF condition offers a 30% reduction in isolation time.

Concerning the cells isolated from frozen tissue in SF and XS conditions, date of observation for the first cells are similar with 11.83 ± 2.67 days in SF medium compared to 11.50 ± 0.50 days in FBS containing medium, however a clear difference was observed for the two other parameters as 16.00 ± 2.40 days were necessary in SF medium to observe the first colony against 23.50 ± 0.5 days in XS and it took 23.33 ± 2.29 days in SF compared to 30 ± 2 days in XS medium to reach the first passage. Although this was not

  11.83 ± 2.68 in the frozen WJ explants (P=0.0038), time to obtain the first MSC colonies of 4.88 ± 0.58 against 16 ± 2.41 days for fresh and frozen sample respectively (P=0.0002) and a total MSC isolation time of 13.20 ± 0.99 against 23.33 ± 2.29 days to the first passage (P=0.0003).

	The increase in isolation time due to freezing on cells isolated in XS condition was also statistically
	significant with respectively for each step 4.67 ± 0.33 compared to 11.50 ± 0.50 days for the first cells
	(P= 0.0012), 8.33 ± 1.33 against 23.50 ± 0.50 days for the first colonies (P= 0.0032) and 19 ± 1.15 to 30 ±
	2 days to the first passage (P= 0.0136).

Table 4 : Normalized MSC number isolated from different sample when WJ biopsy are seeded at various density.
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				number / WJP		
	Sample	1311	1330	1330	1398	Average	SEM
	WJP						
	1	14444	2222	1111	444	4556	3317
	2	42222	12500	2222	1333	14569	9559
	3	32593	12593	13333	7778	16574	5480
	4	30556	23333	21111	33667	27167	2959
	5	17778	12444	15111	17778	15778	1277
	6	15926	16296	18519	5333	14019	2951
				Total cell number		
	Sample	1311	1330	1330	1398	Average	SEM
	WJP						
	1	14444	2222	1111	444	4556	3317
	2	84444	25000	4444	2667	29139	19119
	3	97778	37778	40000	23333	49722	16439
	4	122222	93333	84444	134667	108667	11838
	5	88889	62222	75556	88889	78889	6383
	6	95556	97778	111111	32000	84111	17707

This table normalize the cell number isolated in each condition by presenting the total cell number harvested divided by the number of seeded Wharton's Jelly tissue piece thus giving information on the yield.

Table 5 : Total MSC number isolated from different sample when WJ biopsy are seeded at various density.
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Table 6 : Wharton's Jelly seeding density presenting statistically significant differences (cell per WJ number)
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	Statistically significant difference in cell/WJP ratio
	WJP			P(T<=t) bilatéral
	1 is inferior to	4	with P =	0.00225034
	1 is inferior to	5	with P =	0.019619856
	4 is superior to	5	with P =	0.012313805
	4 is superior to	6	with P =	0.019916875
	Statistically significant difference in total isolated cell number
	WJP			P(T<=t) bilatéral
	1 is inferior to	3	with P =	0.035896574
	1 is inferior to	4	with P =	0.00014815
	1 is inferior to	5	with P =	4.8011E 05
	1 is inferior to	6	with P =	0.004489442
	2 is inferior to	4	with P =	0.012269227
	2 is inferior to	5	with P =	0.048575424
	3 is inferior to	4	with P =	0.026989779

Table 7 : Wharton's Jelly seeding density presenting statistically significant differences (total cell number)
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2.3.1.7 WJ MSC isolation and expansion using synthetic coating BD PureCoat ECM Mimetic Surfaces 2.3.1.7.1 WJ MSC Isolation using Mimetic Surfaces

  Concerning performance of the mimetic surface during the MSC isolation procedure evaluated using the isolation scale the human collagen coating seems to provide better results than the Mimetic fibronectin surface itself being superior to the Mimetic collagen coating. However, statistically significant differences in the duration necessary to reach each step of the isolation scale are limited as human collagen presents significantly higher isolation performance over Mimetic fibronectin and collagen for only 2 out of 10 isolation steps in each conditions.

	In order to evaluate performance of BD PureCoat ECM Mimetic culture surface compared to human
	collagen coating, WJ explants from two different samples were seeded at various density (from 1 to 6
	WJ pieces/ well) on 6 well plates coated with either Human collagen I III, BD PureCoat fibronectin or BD
	PureCoat collagen mimetic surface and cultured using 2mL/well of SF ABCell Bio SPE IV culture
	medium.				
	Statistically significant difference in isolation duration between coatings	
		Human collagen I III coating / BD mimetic Collagen coating	
	Isolation Step			P(T<=t) bilatéral
	2	hCollagen is more efficient than	BD collagen	with P =	0.0110
	9	hCollagen is more efficient than	BD collagen	with P =	0.0202
		Human collagen I III coating / BD mimetic Fibronectin coating	
	Isolation Step			P(T<=t) bilatéral
	4	hCollagen is more efficient than BD Fibronectin with P =	0.0432
	6	hCollagen is more efficient than BD Fibronectin with P =	0.0151

Table 8 : Efficiency of BD Mimetic coating to support WJ MSC isolation compared to hCollagen.
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2.3.1.8 Effect of hypoxic culture condition on WJ MSC Isolation and expansion 2.3.1.8.1 WJ MSC Isolation in hypoxic condition

  Three umbilical cord samples were processed and 4 WJ explants isolated from each sample were seeded in 4 collagen coated wells of 2 different 6 well plate that were culture in normoxic (21% O2) or hypoxic (5% O2) condition.Explants were cultured in SF ABCell Bio SPE IV medium and passaged after 11 ± 1 days, cells were then counted, total cell number for each condition are presented in table10 and 11.

		Isolation	
		Total cell number
	Sample well	Hypoxic condition	Normoxic condition
	1415 1	60000	53333
	1415 2	64444	24444
	1416 1	75556	62222
	1416 2	55556	55556
	1418 1	382222	173333
	1418 2	188889	68889
	Average	1.38E+05	7.30E+04
	SEM	5.30E+04	2.10E+04

Table 10 : Total WJ MSC number harvested from tissue explant cultured in hypoxic or normoxic conditions (n=6).
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Table 11 : Total WJ MSC number harvested after expansion in hypoxic or normoxic condition (n=6).
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		Expansion	
		Total cell number
	Sample well	Hypoxic condition	Normoxic condition
	1415 1	5.31E+05	4.16E+05
	1415 2	4.47E+05	3.11E+05
	1416 1	1.98E+05	2.00E+05
	1416 2	1.87E+05	9.56E+04
	1418 1	4.13E+05	4.71E+05
	1418 2	4.22E+05	2.98E+05
	Average	3.66E+05	2.99E+05
	SEM	5.76E+04	5.61E+04

Table 12 : Comparison of the average cell number and time at each passages when WJ MSc are cultured in SF SPE IV or XS DMEM +10%FBS medium.
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			Isolation First cells	First colony	1st passage	2nd passage	3rd passage
			T0 I	T0	T0 1	P1	P2	P3
	SF ABCell Bio	Mean time (days)	0	1.67	4.00	12.33	20.00	23.67
	Expansion	Mean Cell number	0	9.60E+01 9.60E+02 1.58E+05 1.03E+06 3.08E+06
	XS DMEM	Mean time (days)	0	4.67	7.00	19.00	34.33	39.00
	+ 10% FBS	Mean Cell number	0	9.60E+01 9.60E+02 1.58E+05 6.43E+05 1.93E+06
			4th	5th	6th	7th	8th	9th
			passage	passage	passage	passage	passage	passage
			P4	P5	P6	P7	P8	P9
	SF ABCell Bio	Mean time (days)	28.67	32.67	37.00	43.00	47.33	54.00
	Expansion	Mean Cell number 1.54E+07 7.69E+07 3.84E+08 1.92E+09 9.61E+09 4.80E+10
	XS DMEM	Mean time (days)	46.33	56.00	64.00	72.67	77.33	79.50
	+ 10% FBS	Mean Cell number 9.64E+06 4.82E+07 2.41E+08 1.20E+09 6.02E+09 3.01E+10
			10th	11th	12th	13th	14th	15th
			passage	passage	passage	passage	passage	passage
			P10	P11	P12	P13	P14	P15
	SF ABCell Bio	Mean time (days)	60.50	63.00	70.00	76.00	90.00	
	Expansion	Mean Cell number 2.40E+11 6.01E+11 3.00E+12 1.50E+13 7.51E+13	
	XS DMEM	Mean time (days)	85.50	92.50	100.00	107.50	123.00	144.00
	+ 10% FBS	Mean Cell number 1.51E+11 3.52E+11 1.76E+12 8.79E+12 4.39E+13 2.20E+14

Table 13 : List of antibodies (with corresponding isotype) or staining reagent and their respective supplier and reference, used for MSC characterization.
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	Marker	Fluorochrome	Supplier	Reference	Isotype
	Stro 1	AF647	Biolegend	340104	Ms IgM,
	CD166	PE	BD Biosciences	559263	Ms IgG1,
	CD133	PE	Miltenyi biotec	130 090 853	Ms IgG1,
	HLA G	APC	Biolegend	17 9957 42	Ms IgG2a,
	CD73	PE Cy7	BD Biosciences	561258	Ms IgG1,
	CD105	PE	BD Biosciences	560839	Ms IgG1,
	CD 271	PerCP Cy5.5	BD Biosciences	560834	Ms IgG1,
	CD90	FITC	BD Biosciences	555595	Ms IgG1,
	CD 29	APC	BD Biosciences	559883	Ms IgG1,
	CD106	FITC	BD Biosciences	551146	Ms IgG1,
	CD31	FITC	BD Biosciences	555445	Ms IgG1,
	HLA ABC	V450	BD Biosciences	561346	Ms IgG1,
	HLA DR	V500	BD Biosciences	561224	Ms IgG2a,
	CD 34	APC	BD Biosciences	555824	Ms IgG1,
	CD 44	APC H7	BD Biosciences	560532	Ms IgG2b,
	CD45	V500	BD Biosciences	560777	Ms IgG1,
	CD49a	PE	BD Biosciences	559596	Ms IgG1,
	D7 Fib	PE	Antibodies online	ABIN319868	Ms IgG2a
	CD 63	FITC	BD Biosciences	557288	Ms IgG1,
	CD 146	FITC	BD Biosciences	560846	Ms IgG1,
	CD 13	APC	BD Biosciences	557454	Ms IgG1,
	CD 184	APC	BD Biosciences	555976	Ms IgG2a,
	CD10	PE	BD Biosciences	555375	Ms IgG1,
	CD 56	V450	BD Biosciences	560360	Ms IgG1,
	CD 33	V450	BD Biosciences	561157	Ms IgG1,
	CD 14	APC H7	BD Biosciences	560180	Ms IgG2b,
	7AAD	staining solution	BD Biosciences	559925	
	CD15	V450	BD Biosciences	642917	Ms IgM,

Table 15 : BD Canto II optical filter configuration.
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	Array (Laser)	PMT Position	LP (Long Pass) Mirror	BP (Band Pass) or LP mirror	Intended Dye
		A	735	780/60	PE Cy7
		B	655	670	PerCP Cy5.5 or PerCP
		C	610	blank optical holder	
	Octagon	D	556	585/42	PE
	(488 nm blue Laser	E	502	530/30	FITC
		F	blank optical holder	488/10 and pinhole	SSC
		G	blank optical holder	blank optical holder	
		H		blank optical holder	
		A	735	780/60	APC Cy7 or APC H7
	Trigon (633 nm red laser)	B	685	blank optical holder	
		C		660/20	APC
		A	502	510/50	V500
	Trigon (405 nm violet laser)	B	blank optical holder	450/50	V450
		C		blank optical holder	

The 4 2 2 configuration collection optics include thee detector arrays, which consist of photomultiplier tubes (PMTs) arranged in one octagon and two trigon as shown in figures

43, 44, 45 and table 15. 

Table 16 : Correlated variation of CD34 and CD31 expression on WJ MSC cultured in XS medium at low and high passages. CD 31 High > Low passages : No statistically significant difference

 16 however there is no correlation between the different levels of CD34 expression and the 7AAD staining in our late passage WJ MSC.Another hypothesis explaining the presence of CD34+ cells in our late passage sample could be the presence of an endothelial progenitor population in the late WJ sample, as EPC present a CD45

	Percentage of positive cells	0 10 20 30	CD 34 APC CD 31 FITC
		Low Passages Average
		High Passages Average

membrane Although the difference is not statistically significant, CD31 was expressed at a lower level in the early passage sample, with 0.2% and 1.7% (average 0.95 ± 0.75%) than in the late passage sample where we can also observe a high variability with values of 1.7%, 2.5% and 42.5% (average 15.57 ± 13.46%).

  4 compared to specimens recorded at later passage.

	Indeed while CD133 staining in late passage sample present very low expression and little inter
	individual variations, with a range limited from 0% (Sample number : 1420 cultured in SF condition at
	Passage : P5) to 3% (1112 SF P9) and an average of 1.86 ± 0.59%, CD133 surface expression present a
	higher variations at low passage, with values from 0% (1393, 1427 and 1410 SF P4) to 24.70% (1330
	SF P1), and a consequently increased mean value of 6.02 ± 2.67% mainly due to several sample
	showing over 10% staining (1330 SF P1 = 24.70%; 1311 SF P2 = 10%; 1115 SF P4 = 18.20%; 1574 SF P1
	= 11.90%)

Table 17 : Summary of the differences in surface antigens expression observed between WJ MSC at low or high passages.
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		Statement	Note
	CD34 and CD31	CD 34 and 31 are upregulated in late passage WJ MSC samples.	Potential presence of an Endothelial Progenitor Cell (EPC) population presenting a CD45 /CD31+/CD34+ phenotype amplified or induced by prolonged in vitro culture and the possible effect of normoxic culture.
			The increased CD15 expression in SF condition could be
		CD15 present a statistically	induced by specific growth factors in SF condition,
	CD15	significant increased expression	related to the increased expression of CD14 and to MSC
		level in SF culture at late passages	capability to modulate inflammation and regulate
			immune response.
			Related to ubiquitin, an anti inflammatory immune
		CD184 surface expression is	modulator and opponent of proinflammatory damage,
	CD184	statisticaly significantly increased	CD184 expression on late passage samples could indicate
		at late passages	increased potential to exert anti inflammatory
			mechanisms.

Percentage of positive cells

  

	CD63 + Fresh > Frozen : No statistically significant difference
	On fresh WJ MSC, CD63 is expressed at a medium to high level 64.20% (1115 XS P5) and 88.50%
	(1334 XS P4) with a mean of 76.35 ± 12.15 %	
	High variability can be observed on frozen cells as the staining range from 7.40 % (1112 XS P11) to
	51.30% (1118 XS P5) resulting to a lower average of 34.16 ± 13.55 %.
		**
		*
	Average Fresh	Average Frozen

  Although we can observe some difference in D7 Fib expression before and after freezing, this is only caused by the low number of samples evaluated in this conditions and the reduced expression of the sample 1112 XS P11 analyzed at very late passage after prolonged in vitro expansion.

	If future experiments confirm that D7 Fib expression on MSC is only altered in those specific
	condition, this variation could be used as marker for the detection of cell senescence and
	transformation during MSC expansion.
	CD184 + Fresh > Frozen : No statistically significant difference
	On fresh WJ MSC, C184 is expressed at 35.80% (1115 XS P5) and 19.20% (1334 XS P4) with a mean of
	27.5 ± 8.3%. We can observe a reduced expression on frozen cells as staining levels are 11.10% (1112
	XS P11), 16.10% (1118 XS P5) and 8.6%(1112 XS P4) resulting to a lowered average of 11.93 ± 2.20%.
	downregulation by FGF 2.
	This high level of CD146 surface expression could have potential effect on differentiation capabilities,
	as CD146 is a marker of the vascular endothelium and smooth muscle cells lineage and some groups
	have shown that only CD146+ cells are able to be differentiated in adipocyte, osteocytes and
	chondrocyte. If confirmed in the future, these data could indicate that while XS cultured cells could
	present a higher potential for differentiation, but these capabilities could be considerably reduced by
	the freeze/thaw process.
	D7 Fib + Fresh > Frozen : No statistically significant difference
	On fresh WJ MSC, D7 Fib is expressed at a very high level of 99.40% (1115 XS P5) and 99.00% (1334
	XS P4) with a mean of 99.20± 0.20%

Although still expressed at a high level, slightly increased variability can be observed on frozen cells as the D7 Fib staining levels are 86.10% (1112 XS P11), 96.70% (1118 XS P5) and 99.90 (1112 XS P4) resulting to a lowered average of 94.

23 ± 4.17%. 

Stro 1 + Fresh > Frozen : Statistically significant difference

  In WJ fresh sample we observe a high level of inter donor variability as Stro 1 expression ranges from 4.00% (1311 SF P2) up to 100% (1573 SF P1) although most values remain below 40% and only 3 samples are above this limit explaining the mean of47.41 ± 14.84% (26.68 ± 9.32% when removing the 2 highest values of 98.50% 1574 SF P1 and 100% 1573 SF P1). Highly reduced variability can be

	observed on frozen samples as the range only spread from 3.30% (1436 SF P2) to 36.10% (1112 SF
	P9) resulting in a mean of 10.96 ± 2.98%. Difference between the fresh and frozen sample is
	statistically significant as we can observe that both variability and average expression levels are
	reduced after freezing.

Table 19 : Variation of CD10 surface expression on fibroblasts cultured in SF or XS medium.
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Table 20 : Variation of D7 Fib surface expression on fibroblasts cultured in SF or XS medium. CD15 SF>XS : No statistically significant difference

 20 In WJ MSC cultured in SF medium, CD15 antigen is expressed at a very low level but still present some variability as range spread from 0% (1574 SF P1) to 30.20%(1118 SF P5) and the mean equal to 4.98 ± 1.90%. expression is inferior at 2% and can be qualified as negative, however upregulation can be observed on WJ MSC when cultured in SF condition. Although this difference is not statistically significant, increase expression of CD15, (usually found on monocytes, known to mediate phagocytosis and chemotaxis, expressing high level of CD14 and with the ability to differentiate into macrophages and dendritic cells) in SF condition could be caused by the presence of PDGF in the SF culture medium, related to the observed increased expression of CD14 and to the capability of MSC to modulate inflammation and regulate immune response. Interestingly a similar although amplified effect was observed on Fibroblast cells cultured in XS or SF medium .

		Fib 110302 P1	Fib 110508 P1	Fib 111184 P1
	D7 Fib SF	100.00	99.90	100.00
	D7 Fib XS	99.20	58.30	98.90

Table 21 : Variation of CD15 surface expression on fibroblasts cultured in SF or XS medium.

 21 

3.4.2.1 Final statement on antigens expression of WJ MSC in SF or XS culture conditions.

  The data summarized in the table 19 indicate that the culture medium used for MSC in vitro isolation and expansion can have very important effect on the cells surface antigens expression and thus on their function and capabilities.

	Antigen	Statement	Note
	CD271	CD271 surface expression is statistically significantly increased in SF culture condition	If specific to the XS culture condition, this downregulation of CD271 surface expression could be linked to the difference of growth rate observed in our samples between cells cultured in SF and XS medium.
		CD106 is not expressed when	CD106 is usually observed on endothelial cells stimulated by
		WJ MSC are cultured in XS	inflammatory stimuli and cytokines, the surface expression in
	CD106	condition, a low but significant	SF cultured MSC could be related to the presence of growth
		expression can be observed in SF	factors such as PDGF in the culture medium stimulating MSC
		condition	through similar mechanisms to endothelial cells.
		CD14 surface expression is	
		significantly increased in SF	
	CD14	condition compared to XS	
		cultured cells	
		in XS medium	

Table 23 : Variation of CD34 surface expression on fibroblasts cultured in SF or XS medium.
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		Fib 110302 P1	Fib 110508 P1	Fib 111184 P1
	CD 34 SF	9.50	0.20	18.90
	CD 34 XS	35.90	28.20	72.00

Table 24 : Variation of HLA G surface expression on fibroblasts cultured in SF or XS medium.

 24 

		Fib 110302 P1	Fib 110508 P1	Fib 111184 P1
	HLA G SF	96.60	38.90	92.70
	HLA G XS	60.70	11.80	22.10

Table 25 : Variation of CD14 surface expression on fibroblasts cultured in SF or XS medium.
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		Fib 110302 P1	Fib 110508 P1	Fib 111184 P1
	CD 14 SF	13.20	2.40	1.80
	CD 14 XS	58.80	26.50	43.70

Table 26 : Variation of CD63 surface expression on fibroblasts cultured in SF or XS medium.

 26 

Table 27 : Variation of CD56 surface expression on fibroblasts cultured in SF or XS medium.
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Table 28 : Variation of CD133 surface expression on fibroblasts cultured in SF or XS medium.
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		Fib 110302 P1	Fib 110508 P1	Fib 111184 P1
	CD133 SF	17,00	28,30	64,80
	CD133 XS	92,50	93,10	97,60

Table 29 : Variation of CD34 surface expression on fibroblasts cultured in SF or XS medium.
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		Fib 110302 P1	Fib 110508 P1	Fib 111184 P1
	CD 34 SF	9,50	0,20	18,90
	CD 34 XS	35,90	28,20	72,00

Table 30 : Variation of CD45 surface expression on fibroblasts cultured in SF or XS medium. CD106 WJ>Fib : No statistically significant difference

 30 

	CD106 expression in most WJ MSC samples present a good homogeneity with a range from 1.5%
	(1436 SF P2) to 29.90% (1115 SF P4), however one sample present a surprising level of 56.60% (1573
	SF P1) raising the mean for SF samples at 15.21 ± 3.49%, while in fibroblast samples we observed a
	limited range from 1.10% (V449 SF P2) to 4% (110302 SF P1) with a mean of 2.28 ± 0.69%.
	Although the difference between WJ and Fibroblasts was not statistically significant at first we
	noticed that it became significant with the removal of the sample presenting abnormal CD106
	expression in the WJ group : 1573 SF P1 (56.60%). The new mean of CD106 expression for WJ sample
	would then be calculated at 12.45 ± 2.28%.
	CD106 or VCAM 1 (Vascular Cell Adhesion Molecule 1) is express on the endothelial cells present in
	blood vessels after stimulation by cytokines such as Tumor Necrosis Factor alpha (TNF )

>> WJ : Statistically significant difference

  

	On WJ MSC, HLA G present a good homogeneity at a low level with a range from 0.10% (1574 SF P1)
	to 5.10% (1112 SF P5), but one sample present abnormal expression of 71.60% (1573 SF P1),
	increasing the mean at 6.08 ± 4.38%. After removal of the sample presenting increased staining the
	mean is lowered at 1.71 ± 0.4%.
	Concerning the Fibroblasts samples we observe a very high range and expression level from 38.9%
	(110508 SF P1) to 96.6% (110302 SF P1) but the mean is calculated at 83.86 ± 11.26 as all sample but
	one express HLA G from 90 to 100%.

Table 31 : Variation of HLA G surface expression on fibroblasts cultured in SF or XS medium. CD14 WJ >> Fib : Statistically significant difference
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	High variability was observed concerning CD14 expression in WJ MSC samples with a range from
	8.95% (1574 SF P1) to 99.80 % (1429 SF P4) and a mean of 57.03 ± 10.09 %, CD14 expression level
	and variability are significantly reduced in Fibroblast with a range from 1.80% (111184 SF P1) to
	13.20 % (110302 SF P1) and a mean of 4.68 ± 2.14 %, the difference in CD14 expression at the surface
	of WJ MSC or fibroblasts cultured in SF medium is statistically significant.
	While fibroblasts present low CD14 staining with levels close to negative, the high level of CD14
	expressed by WJ MSC is surprising as it goes against the conventional criteria used to define MSC
	cells.
	As previously stated, the potentiality of a technical artifact due compensation, fluorochrome issues
	or cross reactive epitopes present on some CD14 antibodies clones was investigated. The CD14
	staining observed was however confirmed.
	When culturing WJ MSC in the classical FBS containing medium, reduced levels of CD14 staining were
	observed, on the contrary to cells cultured in SF condition as CD14 is expressed on almost 100% of
	the cells in several samples.
	As previously explained the CD14 high level of expression at the surface of WJ MSC could have been
	induced by the presence of specific growth factors used in the culture medium during cell expansion
	such as PDGF. PDGF is indeed one of the growth factors produced by activated macrophages
	expressing themselves a high level of CD14 as a high affinity receptor for LPS and involved in the
	clearance of gram negative pathogens.
	The presence of PDGF in the culture medium of WJ MSC could induce transcription of the CD14
	glycoprotein at the cell surface in order to detect LPS and react as immune and inflammation
	regulatory effectors. It has also been shown that fibroblast growth factor (FGF) activates a signaling
	pathway that positively regulates the PDGF receptors in oligodendrocyte progenitor cells (McKinnon,
	Matsui, Dubois Dalcq, & Aaronson, 1990)
	CD63 Fib > WJ : Statistically significant difference
	CD63 is expressed at variable level on WJ MSC cultured in SF medium, with a range from 11.20%
	(1429 SF P4) to 100% (1573 SF P1) and a mean of 61.83 ± 6.68, it is however expressed at higher level
	and very homogeneously in fibroblasts with a range from 98.2% (V449 SF P2) to 100% (110302 SF P1)

Table 32 : Variation of CD63 surface expression on fibroblasts cultured in SF or XS medium.

 32 Although the significance of a reduced CD63 expression on WJ MSC cannot be explained at present, evidences would suggest the implication of CD63 in the MSC capability to modulate inflammation thanks to its role as regulator of interacting proteins themselves involved in the immune or inflammatory system. The differential CD63 expression before or after freezing may be linked to different capability in term of immuno inflammatory functions.

	Stro 1 Fib > WJ : No statistically significant difference
	In WJ samples we observe some variability in Stro 1 staining as expression ranges from 3.30% (1436
	SF P2) up to 100% (1573 SF P1) although most values remain below 40% and only 3 samples are
	above this limit explaining the mean of 26.82 ± 7.99% (13.45 ± 3.28% by removing the 3 highest
	values of 55.80% 1439 SF P1; 98.50% 1574 SF P1; 100% 1573 SF P1).
	In fibroblasts samples we observe a high level of Stro 1 variability with a range from 15.60% (110508
	SF P1) to 97.20% (111184 SF P1) resulting in a mean of 58.42 ± 16.64%.

Table 33 : Variation of CD56 surface expression on fibroblasts cultured in SF or XS medium.
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Table 34 : Variation of CD146 surface expression on fibroblasts cultured in SF or XS medium.
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	However, whatever the culture condition, surface staining for CD146 of fibroblast remain always
	lower than observed on WJ MSC. This could indicate a potential effect on differentiation, as CD146 is
	a marker of the vascular endothelium and smooth muscle cells lineage and other groups have shown
	that only CD146+ cells were able to be differentiated toward adipocyte, osteocyte and chondrocyte
	lineage.

Table 35 : Variation of CD15 surface expression on fibroblasts cultured in SF or XS medium.

 35 This high level expression of CD15, is similarly to CD14, probably triggered by the presence of PDGF in the SF culture medium and linked to MSC capability to modulate inflammation and regulate immune response.

	Fibroblasts however while known to display immunosuppressive effects similar to those of BM MSC
	(Cappellesso Fleury et al., 2010; Haniffa et al., 2014) express higher levels of CD15 but do not present
	CD14 upregulation in SF medium, which could indicate a different reaction to PDGF and/or
	alternative mechanism or capability for immunomodulation and regulation of inflammatory
	responses.
	CD49a Fib>WJ : No statistically significant difference
	CD49a is expressed at a high level but present some variability in WJ MSC with a range from
	40.10%(1436 SF P2) to 100% (1115 SF P4 and 1573 SF P1) resulting in a mean of 87.00 ± 4.94%.

  or 33 were also isolated by plating but using a different method for TNC selection.

	Antigen	Statement	Note
			Upregulation of HLA DR at the cell surface through interferon
	HLA DR	HLA DR is significantly increased in BM MSC compared to WJ MSC and fibroblasts	signaling could have caused the increased expression of some BM MSC samples as it is involved in peptide antigens presentation. It could also be the result of poor sample viability and damaged cells that would have allowed staining of
			intracellular HLA DR.
		Compared to BM MSC and	
		fibroblasts where it presents a	Reduced CD63 expression level in XS cultured fibroblasts could
		high and homogeneous staining,	indicate involvement of the SF growth factors in CD63
	CD63	CD63 is expressed at a	expression. Although significance of WJ MSC reduced CD63
		significantly reduced level and	expression cannot be explained yet, evidences suggest it's
		with an increased variability in	implication in MSC capability to modulate inflammation.
		WJ MSC	
			These data suggest the presence of distinct subpopulations
	Stro 1	Stro 1 surface expression is increased in BM MSC and fibroblasts compared to WJ MSC	between BM MSC or fibroblasts and WJ cells that could present diverse degree of differentiation potential toward the endothelial lineage and smooth muscle cell, with possibly a different commitment and CFU capability of a WJ MSC
			CD271 expression on WJ MSC describe the presence of a subpopulation.
	CD271 CD56	CD271 expression is significantly reduce in fibroblast compared to WJ MSC Compared to BM and WJ MSC, CD56 expression is statistically significantly reduced on fibroblasts compared to WJ	subpopulation of multipotent cells with immunosuppressive The influence of the culture medium is again shown as and lympho hematopoietic engraftment promoting properties. significant regarding surface marker expression. CD56 was Observed in fibroblasts, this could indicate the presence of a subpopulation sharing some of the MSCs properties. shown to be downregulated when MSC were cultured in FBS containing medium, this result show that culture in the SF
	CD34 CD146	MSC, it is also clearly lowered compared to BM MSC BM MSC and fibroblasts seems BM MSC express CD146 in about to present higher level of CD34 2/3 of the cell population, WJ surface expression MSC present a reduce level of about 25% and finally no CD146	culture medium could help maintenance of the MSC native When linked to 7AAD staining, the highly variable intracellular phenotype. expression of CD34, and its detection caused by damages to the cell membrane, could explain the high and variable levels CD146 expression on BM MSC and WJ is likely the result of a observed in our experiments on BM MSC. Similar balance between upregulation caused by normoxic culture phenomenon could have resulted in the low level staining observed on WJ MSC. condition and downregulation induced by FGF 2, this might have resulted in various CD146 staining depending on origin
		When compared to MSCs expression could be observed on fibroblasts	tissue and in vivo cell environment which could indicate We previously observed that culture in SF medium triggered low but significant CD106 expression on WJ MSC and while variation of differentiation capabilities.
	CD106	isolated from WJ or BM, CD106 expression in fibroblasts is Fibroblasts present CD15 on	CD106 expression in fibroblast is negative, the higher surface CD15 expression in XS cultured fibroblasts is null and the staining observed on WJ or BM MSC could be linked to upregulation observed in these cells and BM MSC was thus
		significantly lowered almost 60% of the cells while we	expression of other markers staining for vascular endothelium caused by the SF medium composition, probably through
	CD15	can observe around 23% of	and smooth muscle cell such as CD146 and 49a. similar mechanism than CD14 upregulation at WJ MSC surface.
		expression on BM MSC and only	Absence of CD14 upregulation on fibroblasts could however
		around 5% on WJ MSC.	While WJ MSC HLA G staining matches data collected in the indicate alternative reaction mechanism to PDGF and
		HLA G expression is significantly	literature, additional BM MSC samples and isotype controls capability for immunomodulation.
	HLA G	increased on BM MSC compared to WJ cells and even higher on	will be necessary to exclude non specific binding. HLA G staining is significantly reduced on fibroblasts cultured in XS
		fibroblasts	conditions thus, growth factors of the SF medium and non
			specific binding should be investigated.
		The level of CD14 measured on	PDGF in the SF medium might induce CD14 at MSC surface to
		WJ and BM MSC is significantly	detect LPS and act as regulator in a potential inflammatory
	CD14	increased compared to fibroblast and surprising as it goes against	situation. Culture medium composition seems to be a key factor regarding CD14 surface expression, however different
		the conventional criteria used to	mechanisms with opposite effects seems to be involved
		define MSC	between WJ or BM MSC and fibroblasts.

Table 37 : Expressional diagram comparing surface expression of the 27 antigens on Fibroblast, BM MSC and SF or XS cultured WJ MSC.
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		WJ MSC XS			WJ MSC SF
		CD 90				CD 90
	100 HLA ABC HLA G	CD 73	CD 44	100 HLA ABC HLA G	CD 73	CD 44
	HLA DR	75		CD 105	HLA DR	75	CD 105
	CD 15			CD 166	CD 15		CD 166
	CD 31	50		CD 13	CD 31	50	CD 13
	CD 33	25		CD 10	CD 33	25	CD 10
	CD 45	0		CD 29	CD 45	0	CD 29
	CD 34			D7 Fib	CD 34		D7 Fib
	CD133			CD 63	CD133		CD 63
	CD 14			CD49a	CD 14		CD49a
	CD 184			CD 56	CD 184		CD 56
	CD106	Stro 1	CD 271 CD 146	CD106	Stro 1	CD 271 CD 146
		WJ MSC XS			WJ MSC SF
		BM MSC SF			Fibroblasts SF
		CD 90				CD 90
	100 HLA ABC HLA G	CD 73	CD 44	100 HLA ABC HLA G	CD 73	CD 44
	HLA DR	75		CD 105	HLA DR	75	CD 105
	CD 15			CD 166	CD 15		CD 166
	CD 31	50		CD 13	CD 31	50	CD 13
	CD 33	25		CD 10	CD 33	25	CD 10
	CD 45	0		CD 29	CD 45	0	CD 29
	CD 34			D7 Fib	CD 34		D7 Fib
	CD133			CD 63	CD133		CD 63
	CD 14			CD49a	CD 14		CD49a
	CD 184			CD 56	CD 184		CD 56
	CD106	Stro 1	CD 271 CD 146	CD106	Stro 1	CD 271 CD 146
		BM MSC SF			Fibroblasts SF

Example of a clinical development of human Wharton's Jelly MSC toward osteogenic bone implantation 4.1 Chapter Introduction Although

  Bone Marrow has been used as a source of MSC for osteogenic differentiation, results reported have been variable and based on relative small sample size. UC MSc provides an opportunity for use potentially in both autologous and allogeneic bone defects.

Table 1 . Antibodies for Fluorescence-Activated Cell Sorting

 1 ΔΔ Ct using four samples for every t test, and three housekeeping genes in replicates.4 

	Marker	Fluorochrome	Provider	Reference No.
	CD10	PE	BD Biosciences	555375
	CD13	APC	BD Biosciences	557454
	CD15	V450	BD Biosciences	642917
	CD31	FITC	BD Biosciences	555445
	CD34	APC	BD Biosciences	555824
	CD44	APC-H7	BD Biosciences	560532
	CD45	V500	BD Biosciences	560777
	CD73	PE-Cy7	BD Biosciences	561258
	CD90	FITC	BD Biosciences	555595
	CD105	PE	BD Biosciences	560839
	CD133	PE	Miltenyi Biotech* 130-090-853
	CD106	FITC	BD Biosciences	551146
	CD166	PE	BD Biosciences	559263
	HLA-ABC	V450	BD Biosciences	561346
	HLA-DR	V500	BD Biosciences	561224
	FITC, fluorescein isothiocyanate; PE, phycoerythrin; APC,
	allophycocyanin.		
	*Miltenyi Biotech GmbH, Bergisch Gladbach, Germany.

Table 2 . Primers for Quantitative Real-Time Polymerase Chain Reaction of Gene Expression

 2 

	Gene	Reference No.	BP	Forward Primer (5′-3′)	Reverse Primer (5′-3′)
	ALPL	NM_000478.4	132	TATAAGGCGGCGGGGGTGGT	TGTTCCAATCCTGCGCAGAGCAC
	BGLAP (OCN)	NM_199173.4	159	CCTATTGGCCCTGGCCGCAC	ACTGGGGCTCCCAGCCATTGA
	HOX-A10	NM_018951.3	167	GAGCGAGCCCTCGATTCGCC	GAATTGCCCAGGGAATCCTTCTCCG
	IBSP (BSP2)	NM_004967.3	76	CCAGAGGAAGCAATCACCAAA	TTGAGAAAGCACAGGCCATTC
	OSX	NM_001173467.1	77	CACTCTCCCTGCCAGACCTCCAG	GCAGATGGAGAGAGCTGGGGGAAC
	RUNX2	NM_001024630.3	128	ACAGAACCACAAGTGCGGTGCA	TGCTTGCAGCCTTAAATGACTCTGT
	GAPDH	NM_002046.3	170	GGCTGGGGCTCATTTGCAGGG	TGACCTTGGCCAGGGGTGCT
	r18S	NM_022551.2	345	ACCAACATCGATGGGCGGCG	TCGGACACGAAGGCCCCAGA
	PTK9	BT019691.1	190	CCAGACCGGCATCCAAGCAAGT	TGGTTGTTTGTCCTCCAACAGGGG
	BP, product size in base pairs.			

Table 3 . Mesenchymal Stromal Cell Marker Expression in Xeno-Free-Cultured Wharton Jelly-Derived Mesenchymal Stromal Cells Compared with Known Expression in BMMSC, ATMSC and Wharton Jelly-Derived Mesenchymal Stromal Cells
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	AQ5														
	CD 73	CD 44	CD 13	CD 90	CD 10	HLA ABC (MHC-I)	CD 105	CD 166	CD 106	CD 15	CD 31	CD 34	CD 45	HLA-DR (MHC-II)	CD 133
	Xeno-free WJMSC														
	BMMSC ‡														
	ATMSC †														
	WJMSC*									NA					NA
															AQ6

MSC, mesenchymal stromal cell; WJMSC, Wharton-jelly derived mesenchymal stromal cells; BMMSC, bone marrow-derived mesenchymal stromal cells; ATMSC, adipose tissue-derived mesenchymal stromal cells; NA, not applicable; , negative expression; , positive expression. *Results compiled from references 6 through 13. †Results compiled from references 2 and 14 through 16. ‡Results compiled from references 2, 7, 14, and 16. d AQ5

Table 1

 1 List of the antibodies used for immunocytoc hemistry (ICC), immunohistochemistry (IHC), fluorescent cell sorting (FACS), western blot (WB) and cell co-culture (CC).

	Antibody name	Application	Company	Catalogue no	Dilution	Isotype/specificity a
	STAT3 (H-190)	ICC	Santa Cruz	sc-7179	1:50	Rb IgG against H/R
	P-STAT3 (S727)	ICC	Abcam	ab32143	1:100	Rb IgG against H/R
	P-STAT3 (Y705)	ICC	Abcam	ab76315	1:200	Rb IgG against H/R
	STAT5 (C-17)	ICC	Santa Cruz	sc-835	1:50	Rb IgG against H/R
	STAT6 (S-20)	ICC	Santa Cruz	sc-621	1:50	Rb IgG against H/R
	CD200	FACS	eBioscience	25-9200	0.125 g/test	M IgG1 (PE-Cy7) H
	STAT1	EMSA	BD Biosciences	BD 610115	1:20	M IgG1 against H/R
	STAT3 (C-20)	EMSA	Santa Cruz	sc-482	1:20	Rb IgG against H/R
	gp130 (B-R3)	FACS	Diaclone	852 063 020	1:10	M IgG2a against H
	IL-6R (B-R6)	FACS	Diaclone	852 033 020	1:10	M IgG1 against H
	OSMR b (AN-A2)	FACS	Santa Cruz	sc-9992	1:20	M IgG1 against H
	ED1	IHC	Serotec	MCA341R	1:100	M IgG1 against H/R
	NuMa	IHC	Oncogene	NA09L	1: 50	M IgG2B against H
	GFAP	IHC	Cappel	10,555	1: 200	R IgG against H/R
	Iba1	IHC	Abcam	Ab5076	1: 500	G IgG against H/R
	CD200	ICC & WB	R&D Systems	AF2724	1:50	G IgG against H
	Anti-hCD200	CC	R&D Systems	MAB27243	10 lg/ml	M IgG1 against H
	Anti-hIL-4	CC	R&D Systems	AB-204-NA	10 lg/ml	

G IgG against H
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Chapter 2

Isolation and expansion of Wharton's Jelly MSC in serum free conditions.

Comparison of expansion rate shows statistically significant differences between cells cultured in SF and XS as cells cultured using the ABCell Bio medium reach P1 in 12.33 ± 1.33 days versus 19 ± 1.15 days using XS containing medium.

P4 in SF medium is reached in 28.67 ± 2.02 days with a total cell number of 1.54x10 7 while 46.33 ± 1.45 days were necessary in XS medium with a total cell number of 9.64x10 6 . Finally in SF medium P8 could be obtained in 47.33 ± 4.25 days with a total number of 9.61x10 9 cells when it took 77.33 ± 7.12 days in XS medium for a total number of 6.02x10 9 cells.

Figure 38 : Comparative expansion of WJ MSC isolated from fresh or frozen tissue in SF SPE IV or XS DMEM+10% FBS.

Chapter 3

Flow cytometry analysis of WJ MSC

Stained MSC samples were acquired on a BD FACSCanto II Flow cytometer (BD Biosciences, San Jose, CA) equipped with 3 lasers, violet 405 nm, blue 488 nm, red 633 nm and a 4 2 2 detection optics configuration. Prior to data acquisition, the Photomultiplier Tube Voltage (PMT V) were calibrated to the highest signal to background ratio using Cytometer Setup and Tracking (CST) beads (BD Biosciences, San Jose, CA, USA Ref : 642412) and BD Diva Cytometer Setup and Tracking software as recommended. Thresholds were set on FSC channel between 5000 and 15000 depending on the sample in order to eliminate debris. The target number of acquired events was 300000 for each tube of the panel. Data were acquired as uncompensated events (although compensations were used during acquisition) and recorded as FCS 3.0 files. Analysis was performed using BD Diva software. This schema present the simplified global pathway of the laser emitted and fluorescent light in the Canto II system equipped with 3 laser (BD FACS Canto reference manual).

The following figure display, as an example, the gating strategies applied on bi parametric dot plots to the antigens observed in the tube 3 (Table 14). Consequently, the levels of CD133 expression in WJ MSC and BM MSC present statistically significant differences.

The following figure display the histograms gating strategies on the unstained control sample allowing determination of the negative and positive populations applied, as an example, to the tube 3 (

While the level of CD133 expression observed on most WJ MSC can be explained by inter individual variation, the previously reported presence of CD133 mRNA in peri natal tissue [START_REF] Schwab | Identification of surface markers for prospective isolation of human endometrial stromal colony forming cells[END_REF] and the effect of the SF medium composition as the mean level remain low and in accordance with the values usually recorded.

The level of CD133 antigen expressed by BM MSC is however very surprising, mostly because of the very high variation recorded, and because while sample BM 1, 2 and 3 present very low levels of CD133 surface expression, samples BM 30,31,32 and 33 present at the opposite very high CD133 levels.

While a higher staining for CD133 can be expected on BM isolated cells due to the possible presence of hematopoietic progenitors, the very high levels of CD133 and the inter individual variation observed could have been caused by different isolation technique, as sample BM 1, 2 and 3 were isolated by plating and adherence after Ficoll selection, samples BM 30,31,32 and 33 were also isolated by plating but after selection of TNC using density gradient method but based on a physical device. As previously stated, it was suggests that CD184 ligand, ubiquitin, is anti inflammatory immune modulator and endogenous opponent of proinflammatory damages [START_REF] Saini | CXC chemokine receptor 4 is a cell surface receptor for extracellular ubiquitin[END_REF]. It is speculated this interaction may be through CXCR4 mediated signaling pathways [START_REF] Majetschak | Extracellular ubiquitin: immune modulator and endogenous opponent of damage associated molecular pattern molecules[END_REF].

CD34 BM > WJ

Expression of CD184 on WJ MSC and BM MSC could be related to their capability for immunomodulation and regulation of inflammatory processes and it's higher expression on BM MSC sample may indicate increase potential to exert anti inflammatory mechanisms.

7AAD BM > WJ : Statistically significant difference

In WJ samples, staining for 7AAD ranges from 0% (1573 and 1574 SF P1) to 17.80% (1115 SF P4) and the average percentage of dead cells is calculated at 7.56 ± 1.41%.

Values for 7AAD staining in BM samples are elevated due to a high 7AAD staining in several samples, the range spread from 5.10% (BM2 SF P1) to values as high as 100% (BM32 SF P3) resulting in a average of 46.48 ± 11.17 % of BM MSC marked with 7AAD.

The difference between BM MSS and WJ MSC concerning cell viability is statistically significant.

Although a compensation or staining issue cannot be overlooked, the high 7AAD staining of several BM MSC samples is probably due to the recording of unfixed cells on a remote instrument and the long delay between staining/washing and actual recording through the flow cytometer, this issue will have to be addressed before future experiments.

Conclusion

Characterisation of the MSC surface phenotype.

The flow cytometry protocol described used in this study enable analysis of 27 different surface antigens and thus an efficient characterization and evaluation of the Mesenchymal Stem Cell population obtained from various sources and cultured in different conditions.

To our knowledge this is the most complete polychromatic immunophenotyping assay described for the analysis of MSCs.

While ISCT surface expression standard may offer minimal guidelines for MSC identification, they only describe limited criteria and are not sufficient for characterization of MSC populations

MSCs present important interdonor variation of some of the surface antigens expression and these can be greatly altered depending on in vitro expansion parameters.

The increased characterization capability described in this experiment has the potential to become a new standard in MSC characterization.

Evaluation of the impact of culture condition on WJ MSC surface phenotype.

Several of the analysed antigens had never been studied on Wharton's jelly derived MSC.

Taking into account inter individual variation and the absence of isotype controls we can conclude that cells isolated from the umbilical cord comply with ISCT criteria.

The expansion or freezing process only influence a limited number of antigens and thus present limited impact on WJ MSC surface phenotype, they however present significant differences.

The MSC cultured in SF or XS medium present significant variation of surface expression on key markers for MSC expansion and potential such as CD271, CD56 or CD146.

Supplementation of culture medium with growth factors such as FGF 2 or PDGF may significantly impact cell surface phenotype and possibly some of their capabilities.

Surface antigens comparison between WJ MSC, BM MSC and fibroblasts.

Variation in three main category of surface molecules could be observed depending on cell source, they were related to MSC capabilities for immunomodulation and regulation of inflammation, associated with MSC differentiation capabilities or linked to MSC similarities with endothelial cells.

Several surface antigens analyzed in this panel such as CD146, CD271, CD56, CD63 and Stro 1 may be key for MSC characterization and for evaluation of their potential in cell therapy application.

MSC present important heterogeneity of surface molecule expression within one sample, between sample and between cell sources, characterization of each subpopulations and their respective potential could be key to allow tailoring of the cell population to a dedicated cell therapy application.

This flow cytometry protocol will be an important tool in the exploration of the condition promoting isolation and expansion of specific MSC subpopulation. The sample 13E1642 (CB1518 UC2 F DMEM) presents many area of dense matrix (but it might be due to cutting artefact) localized mainly around the sample but also present inside the construct ( ).

At higher magnification this matrix appears heterogeneous in some area the matrix seems dense and in other more relaxed but containing more cells. Inside this matrix, a green staining that may be related to mineralization area can be observe(*).

This sample present elevated and heterogeneous cell population as both spindle like cells, similar to those of the control sample can be observed primarily in the matrix rich area and at the edge of trabeculae, and a population of round and granular cells can be observed in the area of relaxed matrix. Although most of those round cells present pink/reddish cytoplasm, few of them seems characterized by the cytoplasmic presence of green granules ( ).

The sample 13E1639 (CB1515 UC1 F DMEM) presents the same main characteristics with the presence of mineralized area and heterogeneous cell population but the mineralized area are reduced and the presence of extracellular matrix is almost null.

Culture of cell constructs in differentiation medium F DMEM + BMP 2

Large area of dense matrix ( ) and several mineralized area (*) can be observed both inside and at the edge of the sample 13E1643 (CB1518 UC2 F DMEM + BMP2).

At higher magnification we can observe that matrix area seems more homogeneous and dense than in the sample cultured in the differentiation medium without BMP 2, and several mineralization area can be observed both inside this matrix and at the edge of the sample.

Spindle like shaped cells ( ) were mainly located around the sample and trabeculae while the population of round cells characterized by green granulation is mainly represented and predominant in the area were the extracellular matrix is relaxed ( ). In the area of dense matrix, the cell population is limited and hard to observe.

The sample 13E1640 (CB1515 UC1 F DMEM + BMP2) present similar characteristics in terms of mineralized area, dense homogeneous matrix and round green cells, although extracellular matrix and mineralized area seems reduced and mainly located at the edge of the sample. T he stem cell type, its regenerative potential, and the intended therapeutic use must be closely aligned to increase the chance of successful clinical translation. The use of animal-derived products considerably limits the feasibility of developing a validated cell culture protocol to clinical standards. 1,2 We therefore focused on testing the osteogenic potential of AQ1 Background: Cleft lip and cleft palate are increasingly being detected by prenatal ultrasound, which raises the opportunity of using the patient's own osteogenicity from umbilical cord mesenchymal cells for bony repair. The authors address the growth of the cells under a fully defined and regulated protocol. Methods: Wharton jelly-derived mesenchymal stromal cells were isolated and expanded as a monolayer with defined Xeno-Free medium. Osteoblastic differentiation was tested in the cells and in the entire Wharton jelly biopsy specimens. The Xeno-Free-cultured cells were included in hydroxyapatite granule-fibrin constructs and, without predifferentiation, subcutaneously implanted into immunoincompetent mice. Results: Isolation and expansion of Wharton jelly-derived mesenchymal stromal cells were consistently successful under Xeno-Free conditions, and the cells expressed standard mesenchymal stromal cell markers. The Xeno-Freecultivated cells produced a mineralized extracellular matrix under osteogenic differentiation, with a significant increase of osteoblastic lineage gene expression (Hox-A10 and Runx2) and an up-regulation of downstream osteogenic genes (OSX, OCN, ALPL, and BSP2). In vivo, they formed a dense matrix adjacent to the granules after 8 weeks, but no lamellar bone. Xeno-Free-cultivated entire Wharton jelly biopsy specimens produced a mineralized extracellular matrix within the collagen matrix of the Wharton jelly.

Conclusions:

The osteogenic differentiation potential of Wharton jelly-derived mesenchymal stromal cells was maintained under Xeno-Free isolation and expansion techniques. The cells without predifferentiation form a dense collagen matrix but not bone in vivo. Moreover, entire Wharton jelly biopsy specimens showed periosteal-like mineralization under osteogenic differentiation, which offers new options for autologous bone tissue engineering, including cleft palate surgery. (Plast. Reconstr. Surg. 134: 00, 2014.)
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From CTI-BIOTECH, Cell Therapy Research Institute; the Department of Biomedicine, University and University Hospital of Basel; Craniomaxillofacial Surgery, University Hospital Basel; Novotec; and the Faculty of Pharmacy, University Claude Bernard Lyon. Received for publication August 7, 2013;accepted January 10, 2013. Dr. Forraz and Dr. Gueven made equal contributions. Presented in part at the XXI Congress of the European Association for Cranio-Maxillo-Facial Surgery, in Dubrovnik, Croatia, September 11 through 15, 2012;and at the Eighth International Bernd-Spiessl-Symposium for Innovative and Visionary Technologies in Cranio-Maxillofacial Surgery, in Basel, Switzerland, June 14 through 16, 2012. Author's personal copy Increasi ng global birth rate, coupled with the aging population surviving into their eighth decade has lead to increased incidence diseases, hitherto designated as rare . Brain related ischemia, at birth, or later in life, during, for exampl e stroke, is increasing in global prevalence. Reactive microglia can contribute to neuronal damage as well as compromising transplantion. One potential treatment strategy is cellular therapy, using mesenchymal stem cells (hMSCs), which possess immunomodulatory and cell repair properties. For effective clinical therapy, mechanisms of action must be understood better. Here multicentre international laboratories assessed this question together investigating application of hMSCs neural involvement , with interest in the role of reactive microglia. Modulation by hMSCs in our in vivo and in vitro study shows they decrease markers of microglial activation (lower ED1 and Iba) and astrogliosi s (lower GFAP) following transplantation in an ouabain-induc ed brain ischemia rat model and in organotypic hippocampal cultures. The anti-inflammatory effect in vitro was demonstrated to be CD200 ligand depende nt with ligand expression shown to be increased by IL-4 stimulation. hMSC transplant reduced rat microglial STAT3 gene expression and reduced activation of Y705 phosphorylated STAT3, but STAT3 in the hMSCs themselv es was elevated upon grafting. Surprisingly, activity was dependent on heterodimerisation with STAT1 activated by IL-4 and Oncostatin M. Our study paves the way to preclinical stages of a clinical trial with hMSC, and suggests a non-canon ical JAK-STAT signaling of unphosphorylated STAT3 in immunomo dulatory effects of hMSCs.

Ó 2013 Elsevier Inc. All rights reserved.

Introductio n

Immune responses in brain tissue may be triggered by ischemia, trauma or inflammation. It has been shown that certain inflammatory conditions may have a positive effect on brain repair and neurogenesis [1, 1b, 1c]. However , it is accepted that severe bouts of acute or prolonged inflammation can reduce neuronal viability and impinge on brain regenerati ve processes [2][3][4]. Microglia cells are the key mediators of immune response in the brain and upon stimulation release pro-inflammatory cytokine s such as IL-6, TNF-a and IL-1 b which significantly reduce neurogen esis in vitro and in vivo [5,6]. Activated microglia cells are also responsib le for the immedia te eradication of intracraniall y transplanted stem cells [7,8].

The extent of the immune response effect following brain trauma depends on a discrete balance between the pro-neuroge nic and pro-inflammatory activities of microglia in the injured central nervous system (CNS) 1 [9,1,4]. Microglial activation can be modulate d by their interactio n with T cells (Th2) which infiltrate the brain parenchy ma [9,1], as well as interaction with resident neurons and endotheli al cells [10,11]. Unfortunately, innate CNS immunomodulato ry mechanism s do not prove effective in preventing neuronal damage following injury. Several pharmac otherapies have been developed in animal models with the aim of reducing brain Author's personal copy Therefore, our results are important in the move towards clinical trials in this area, showing that immunomo dulatory effects of hMSCs (in this case sourced from umbilical cord, a readily available source) is dependent on CD200-CD200R interaction with microglia and the effect can be further significantly increased by stimulati on with IL-4. In this case, a balance has to be struck between which types of neural cells must be suppressed and which must be stimulated towards differentiaton. We found an essential role of the JAK-STAT pathway in immunomodu lation of hMSCs on microglia cells in brain injury models suggestin g also a non-canonic al JAK-STAT signaling of unphosp horylated STAT3. We must conclude, therefore, that not only the correct dose of hMSC is important, but the form in which they are implanted and the environment into which they are received.