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ABSTRACT

Bone marrow derived human mesenchymal stem chN4SC) represent a
promising cell-based therapy for a number of degeive conditions. Many promising
applications require cell expansion following hatvend involve the treatment of
diseases and conditions found in an aging populaifiberefore, the effect of donor age
and long term passage must be understood in codgewvelop clinical techniques and
therapeutics based on hMSCs.

Previous investigations into affects of aging on3®lhave proved contradictory
due to the relative narrow age ranges of subjestessed. This study seeks to address
this controversy by increasing donor number andguaiwider range of donor ages. We
have established cultures of hMSCs from child (O&&rs, n = 6), adult (18-50 years, n
= 6) and old (over 50 years, n = 6) donors.

In this study, we evaluated the effects of dorgw an morphology, proliferation
potential and differentiation ability of bone masralerived hMSCs. In addition we
examined effects of long term passage on the ctaistics and trans-differentiation
potential of hMSCs towards neurogenic lineage.

Differences in morphology, cell growth and diffetiation potential of hMSCs
obtained from donors of different age were observ€élls from child donors
maintained their fibroblast-like morphology up tgler passages and proliferated in a
greater number than those from adult and old donadipogenic, osteogenic and
neurogenic differentiation potential decreased veitfe; while chondrogenic potential
didn’t change.

Long term serial passage affected morphology ardif@ration potential of
hMSCs from all ages. With increasing passage nunmoeliferation rate decreased and
cells lost their typical morphology. In order tosass effects of long term passage on
neural trans-differentiation potential, we havedu&T-PCR to investigate expression
levels of neural markers (Il Tubulin, NSE) and topo fi in populations of non-
differentiated hMSCs.

hMSCs spontaneously expressed certain neural pypnonarkers in culture,
without specialized induction reagents. Each d@aonple revealed a unique expression



pattern, demonstrating a significant variation airker expression. Marker expression
levels increased due to increasing passage numbbBMBECs from adult donors, in
contrast to hMSCs from child donors.

These results indicated that; even under highlpdstadized culture conditions,
donor age and long-term passage have effects orChdfi8racteristics, which should be
taken into account prior to stem cell based theapi

Keywords: human bone marrow mesenchymal stem cells, diffeten, age, neural
transdifferentiation, long term passage
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Oz

Hucresel tedaviler icinde kemikdiikokenli insan mezenkimal kdk hiicre (iMKH)
tedavisi heyecan verici ve hizla geln bir tedavieklidir. Mezenkimal kok hticrelerin,
elde edildikleri dokularda ¢ok az sayida olmalaedeniyle in vitro hicre kultar
ortaminda c¢paltiimalarinin gereklii ve bu hicrelerin ydanan populasyonda sikca
rastlanan hastaliklarin tedavisi icin kullaniimaladinik calismalar éncesi dondr ya
ve uzun sureli pasajlamanin iIMKH Uzerine etkisiaigstiriimasini gerektirmektedir.

Donér yainin iIMKH Uzerine etkisini ardiran 6énceki capmalardan elde edilen
sonuglarin  tutarsizli, secilen dondrlerin  wdarinin  birbirine  yakinigindan
kaynaklanmaktadir. Camamizda dondr sayisini arttirip,syaralgini geng tutarak bu
tutarsizlgr asmayl amacladik. iIMKH kulturleri cocuk (0-18 yas = 6), yetikin (18-50
yas, s = 6) ve ysli (50 ya Uzeri, s = 6) dondrlerden elde edigtimi.

Bu ¢alsmada, dondr yanin iMKH'nin; morfolojileri, proliferasyon potangelleri
ve farkhlagma ozellikleri tzerine olan etkisi gtaillmistir. Ayni zamandajn vitro
kiltar sartlarinda pasajlanarak gatiimalarinin bu hicrelerin karakteristik 6zel&ki
ve noral trans-farklikgna potansiyelleri Gizerine etkisi gkxlendirilmistir.

Farkli ya gruplarindaki tim hastalardan izole edilen iIMKHinihtcresel
morfolojileri, cozalmalari ve farklilama potansiyellerinde desiklikler gézlenmitir.
Cocuk donorlerden izole edilen hicreler fibroblastgubuk seklindeki hicresel
morfolojilerini in vitro kosullarda daha uzun sire korugnuyetiskin ve yal
dondrlerden izole edilen hicrelerle kiyasl@mdda daha fazla @alma &ilimi
gostermglerdir. iIMKH’nin adipojenik, osteojenik ve norojdnfarklilasma kapasiteleri
yasla beraber dimis fakat kondrojenik farklilgma kapasiteleri dgsmemitir.
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IMKH’nin kultir ortaminda pasajlanarak galtilmasinin bu hicrelerin; hicresel
morfolojileri ve farklilgma yeteneklerini etkiledi gozlenmitir. Artan pasaj sayisiyla
beraber hucrelerin proliferasyon oranlarismiis ve hicreler fibroblastoid-cubuk
seklindeki morfolojilerini kaybetnglerdir. Kiltir ortaminda pasajlayarak ggitmanin
hiicrelerin noral trans-farklgena potansiyeli Uzerine etkisini atamak icin RT-PZR
kullanilarak farklil@amamg iIMKH'nin noral tanimlayicilardan NSE v Il tubulin gen
ifade seviyeleri ardurilmistir.

IMKH’nin kultir ortaminda, uygun uyaricilar olmadaméral dokuya o6zel
tanimlayicilar ifade ettikleri ve her dondriin kereldzgun bir ifade modelinin olgu
gozlenmgtir. Cocuk donoérlerden izole edilen MKH’nin aksinggtiskin dondrlere ait
IMKH’nin, in vitro kiltar kosullarinda ¢glatiimalar sonucu; artan pasaj sayisingliba
olarak noral tanimlayici ifade dizeylerinin deigrtsonucuna varilntir.

Klinik calismalar 6ncesi, yiuksek derecede standardize ediimivitro kalttr
kosullarinda bile, don6r yanin ve hicrelerin uzun sire pasajlanmasinin iIMK'n
Ozelliklerinde farkliliklara yol acg g6z 6ntinde bulundurulmalidir.

Anahtar Kelimeler: insan kemik ilgi kokenli mezenkimal kok hicreleri, farklgiaa,
yas, noral trans-farklilgma, uzun streli pasaj
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CHAPTER 1

INTRODUCTION

1.1MESENCHYMAL STEM CELLS

1.1.1 Discovery of Mesenchymal Stem Cells

The existance of nonhematopoietic stem cells inebomarrow was first
suggested 130 years ago, by the observations ofgdrman pathologist Julius
Cohnheim [1]. Cohnheim, based on his observatisnggested that most of the cells
contributing to wound repair are derived from threwdating system and that some of
these cells had a fibroblast-like morphology.

More than a century later, Alexander Friedensteportedevidence that bone
marrow contains fibroblast-like cells that can eliféfntiate into mesenchymal cells and
these cells can be isolated from bone marrow \e& thherent adherence to plastic in
culture [2]. Friedenstein and his colleagues, mlaeéole bone marrow in plastic
culture dishes and after 4 hours they discardedatmpoietic cells by removing non-
adherent cells. They reported that the remainings cgere still heterogeneous in
morphology, but the most tightly adherent cells avepindle shaped, which remained
inactive for 2— 4 days and then began to multiglpidly. After several passages, the
adherent cells became more homogeneously fibrabiasappearance. They also found
that these cells were able to differentiate intteosytes and chondrocytes to form bone

and cartilage.

With regard to these findings, Maureen Owen su@ggeshe presence of

‘stromal’ stem cells, with the ability to make idexal copies of themselves and to



generate mature ‘stromal’ cells [4]. The stromalscg@roduce extracellular matrix
proteins and soluble substances in the BM to pmotaeimatopoiesis and to complete the

hematopoietic stem cell niche in its totality [4].

In the 1980s further work made clear that the cslidated by Friedenstein’s
method were multipotential and could differentiatéo chondrocytes, osteocytes,

adipocytes, and even myoblasts, biotkivo andin vitro.

Based on Friedenstein’s studies, Caplan definedntlesengenic process of
cellular differentiation from immature cells to rtiple mature cell types of the
mesodermal lineages (e.g. adipocytes, chondrocyistgocytes). In this way, to
describe these cells with stem cell-like featureapl@n introduced the term
‘mesenchymal stem cell’ (MSC) [4]. Mesenchyme imiddly describes the embryonic
loose connective tissue that is derived from thesaderm and that develops into

hematopoietic and connective tissue [4].

MSCs were not called as mesenchymal stem cells thenbeginning. They
were originally defined as colony forming unit fitmasts (CFU-Fs) by Friedenstein.
They have been denoted by many different nameashlierature from that time. Here
are the names used for these cells until so far [9]

« Fibroblast colony-forming cells

* Colony-forming unit-fibroblasts (CFU-Fs)
« Mesenchymal progenitor cells

e Marrow stromal cells

* Marrow stromal fibroblasts

» Stromal stem cells ( by Maureen Owen)

* Multipotent mesenchymal stromal cells

* Mesenchymal stem cells (first used by Caplan in0$99



1.1.2 Minimal Criteria to Define Human MSCs

The therapeutic potential of human mesenchymalrsttocells (hMSC) has
raisen biologic and clinical interest in MSC ovezays. Unfortunately, researchers
report studies of MSCs using different charactéiora isolation and expansion
methods, which causes difficulties to compare aodtrast the study outcomes.
Therefore, progress in the MSC field is frustratdah eliminate this issue, the
Mesenchymal and Tissue Stem Cell Committee ofrikerriational Society for Cellular
Therapy recommends minimal criteria to define hM3&efly; the criteria to identify
MSCs:

1. Plastic adherence of cells in standard culturelitimns

2. Surface antigen expression:

Phenotype
Positive (>95%/) Negative (<2%)
CD73 CD34
CD90 CD45
CD105 CD14 or CD11b
CD79a or CD19
HLA-DR

3. Multilineage differentiation potential into ostewes, adipocytes, chondrocytes

vitro andin vivo[16].

First, MSCs must adhere to tissue culture plastierwmaintained in standard
culture conditions. The expression of CD73, CD9d &D105 must be greater than
95%. In addition, MSCs must lack expression (<2%itpa) of hematopoietic markers
such as CD45, CD34, CD14 or CD11b, CD79a or CDIBHIA class I, as measured
by flow cytometry. Lastly, the biological characteat most uniquely identifies MSCs
is their ability to differentiate into osteocytex]jipocytes and chondrocytes. Therefore,

cells must be shown to differentiate into mesodéilmaages under standand vitro



differentiating conditions. Trilineage mesenchyrddferentiaton can be demonstrated
by histochemical staining techniques.

1.1.3 Source of MSCs

The bone marrow (BM) is by far the best studied aocksible source of MSCs
and almost all that is known about these cellsaised on studies about BM derived
MSCs. Apart from BM, MSCs have been shown to besgarein a number of other
foetal and adult tissues including circulating ldod2, 15], amniotic fluid [11, 15],
pericytes [12, 13], trabecular bone [12]. Theseoalg some examples in order to show
diversity of MSC-containing tissues. MSC nicheni® restricted to just BM. These
findings show that MSCs are diversely distribuiredivo, and as a result may occupy a

ubiquitous stem cell niche.

Table 1.1MSCs derived from different sources

Tissue References

circulating blood [5, 12, 15]

cord blood [5, 11, 13, 15, 27, 40, 61]
placenta [13, 15]

amniotic fluid [11, 15, 68]

heart [15]

skeletal muscle

[12-15, 27, 68]

adipose tissue

[5, 12-15, 40, 61, 68]

synovial tissue [11-14]
periosteum [12,13]
dermis [12,13]

dental pulp [8, 61, 62, 68]
pericytes [12, 13]

liver [13, 27, 61, 68]
spleen [5, 13]

thymus [5, 13]




1.1.4 Isolation and Growth of MSCs

MSCs constitute only a small percentage of thel totianber of cells in BM.
Friedenstein first described MSC as 0.01% to 0.0@f%ucleated cells of BM [17].
According to recent researches, frequency of M®Cxlult BM is reported to be 1x10
— 1x10 nucleated cells, as estimated by using colony-fogminit fibroblast (CFU-F)
assay [18]. The number of MSCs isolated from BM masy, even when the cells are
obtained from the same donor. Their number lesetvien lower in cord blood and
peripheral blood [17]. MSCs have been isolated fsmwveral species and tissues, but the
most well characterized and probably the puregigragion is from BM [19].

MSCs are generally isolated from BM aspirate haete$som the superior iliac
crest of the pelvis. MSCs have also been isolateah the tibial and femoral marrow
compartments in humans. In larger animals mar®wfien obtained from the same
site, and in rodents it is generally harvested ftbenmid-diaphysis of the tibia or femur
[26].

There are different methods to isolate MSCs from BM

* Placing whole BM aspirate in plastic culture dishr&moving non-adherent
hematopoietic cells by discarding the medium.

» Seperating mononuclear cells form BM using dergidient centrifugation and
seeding mononuclear cells. Non-adherent cells amoved by changing the
medium.

» Sorting cells in BM via florescence activated cetirter (FACS) for MSC
markers.

« Sorting cells using magnetic beads.

Ficoll density gradient is generally used in orderisolate MSCs from BM
aspirates. After isolation, cells are cultured imadium such as Dulbecco’s modified
Eagle’s medium (DMEM), with %10 fetal bovine ser@i@BS) and allowed to adhere to
plastic dishes for 48 hours; then, nonadherens calé removed by discarding the
medium and the remaining cells allowed to growlférdays. Cultures are maintained at
37°C in a humidified atmosphere containing %5 xCQonfluent cells are trypsinized

and allowed to expand for several passages [18].



In culture conditions, MSCs can be seen using l@htontrast microscoby in
their undifferentiated state, as an adherent mgeolaf cells. MSC cultures are
heterogeneous in their morphology even after ismiatCulture contains rapidly sel-
renewing cells that have fibroblastic appearanties piore mature cells which became
larger. Self-renewing cells stay in high numbers deveral passages, whereas more
mature cells predominate in later passages. Thedls cease proliferation at

approximately the Hayflick limit of 50 populatiomdblings [11].

Especially in long term passages, it is criticalofimize culture conditions.
Before all else, fetal bovine serum is an importamtstant which directly effects the
viability and number of MSCs. Apart from the qualf fetal bovine serum, other
culture parameters, including culture medium, gh@écooncentration, stable glutamine,
BM mononuclear cell plating density, MSC passagirgguency, and also plastic

surface quality affect the final outcome [20].

Growth of MSCsin vitro is characterized by the occurrence of three phases
similarly to other progenitor cells :

i. Lag phase:An opening lag phase, which lasts for 3-4 days.idRapll growth
occurs during which less than 50% of cells in aeltcomplete their life spgda1].

ii. Log phase:A rapid expansion phase. MSC doubling time is reggbto be 33
hours [18].

iii. Stationary phase:Cells cease to divide [21].

MSCs are not limitless in their life span in cu#u Depending on donor
variability (such as age) and culture conditionsytltan be expanded vitro for an
average of 50 population doublings (PD) [11, 2HeTnitial lag phase is characterized
by a rapid cell growth during which less than 50f&alls in culture complete their life
span. This rapid cell growth phase is followed kphase of reduced growth rate during
which about 50-80% of cells complete their life spd@he last stage the growth arrest
phase comes at which life span of more than 80%hefcells is completed [21].
Prockop et al., suggests that the shift betwederdifit stages is regulated maily by the
expression of Dickkopf-1 (Dkk-1) and Wnt5a genesjol play opposite roles. The



greatest expression of Dkk-1 appears during thehage and shortens the former stage
by inhibition of Wnt5a expression, whereas Wnt5atgn level becomes maximal
during the stationary phase [21].

Examination of the cell cycle profile of MSCs releshthat about 10% of these
cells occurs in phases S, G2 and M of the cellegyahile vast majority of the cells
remain in the GO/G1 phase [21].

1.1.5 Immunophenotype of MSCs

MSC population is heterogenous, in terms of thpmoliferation and
differentiation capacity and expression of cellfgace antigens [21]. There are a number
of reasons for this. First, by far the pioneeringrkvof Friedenstein et al. , it has been
demonstrated that all CFU-Fs were not highly peoéifive and multipotential [24].
Second, numerous research groups have used adimit@ber of various cell surface
antigens to identifyn vivo MSCs/CFU-Fs. Taking a synthesis of these inforomatihas
led to the impression that MSCs were phenotypicalig functionally heterogeneous
[24].

Characterization of different cell types are uspaarried out by use of cell
surface antigenic profile. Expression of speciétl surface proteins is used as a sign of
being a specific type of cell. These surface pnsta@ire mainly serving as growth factor

receptors, cytokines and extracellular matrices.

Although there are many studies to define MSCegiim$ of specific cell surface

markers, up to now, no single specific marker heenlidentified.

Because of the absence of a single specific markenuno-phenotyping of
these cells is done by analysis of a combinatiodiféérent markers determined to be
negative or positive for these cells by differeesaarchers. This makes identification

complicated as there is a highly variable profilenarkers suggested for MSCs.

Table 1.2Cell surface markers expressed on BM derived hMSCs



Molecule C_D (Clu-stejr of Expression on MSCs References
Differentiation)

CD3 complex 3 - [26]
IntegrinaL chain 1la - [14]
IntegrinaM chain 11b - [14, 29]
Aminopeptidase N 13 + [14, 30]

LPS receptor 14 - [14, 26]
IntegrinBl chain 29 + [14, 26]

PECAM 31 - [26]
Hyaluronate receptor 44 + [14, 26]
Leukocyte common antigemn 45 - [14, 26]
Integrina chain (1, 2, 3) 49a,b,c + [14, 26]
ICAM-3 50 + [26]
ICAM-1 54 + [14, 26]
NCAM 56 + [26]
LFA-3 58 + [14, 26]
Integrin3 chain 61 + [14, 26]
E-selectin 62E - [26]
L-selectin 62L + [14, 26]
P-selection 62P - [26]
Transferrin receptor 71 + [14, 26]
Ecto-5’-nucleotidase 73 + [14, 26]
Thy-1 90 + [14, 26]
ICAM-2 102 + [14, 26]
Integrinp4 chain 104 + [14, 26]
Endoglin: TGFBR 111 105 + [14, 26]
VCAM-1 106 +/- [14, 26]
TNF IR 120a + [14, 26]
TNF IR 120b + [14, 26]
IL-1R (a and B) 121a,b + [14, 26]
IL-3Ra 123 + [14, 26]
IL-4R 124 + [14, 26]
IL-6R 126 + [14, 26]
IL-7R 127 + [14, 26]
Catherin 5 144 - [26]

Another important issue is the stability of MSC keas in culture. Interestingly,
some cell surface markers are highly expressedreshliy isolated MSCs, but their

expression may disappear after a short period kilvation [21]. Such a phenomenon



was observed in case of CD34 and CD 271 antig2hs 34]. More likely, these
markers present on MS@s vivo may be induced by the BM microenvironment or be
reflective of a functionn vivo that is lost upon plastic adherence and exposure t

culture media.

Although the loss of some surface markers followengivation, MSC cultures
remain multipotential, showing that these markess unlikely to be reflective of the
MSC’s true ‘stem cell’ nature or its multipoteniigl [24]. It seems that the
heterogeneity in the MSC proliferative and diffdration capacities, cannot be

explained on the basis of known surface antigemrsea|24].

1.1.6 Self-Renewal Potential of MSCs

One of the major characteristics of stem cellhértself-renewal potential, the
ability to make identical copies of themselves tigio mitotic division over extended
time periods (even the entire lifetime of an orgami. BM derived hMSCs have been
shown to have a significant but highly variablef-sehewal potential duringn vitro

serial reproduction [14].

Self renewal capacity is a defining property of sitkm cells. It would thus be
necessary to identify extracellular signalling €ast including growth factors and
cytokines those not only stimulate proliferatiort biso retain self renewal capacity of
MSC.

Some of the prominent growth factors and cytokimdsch have been involved
in MSC ‘stemness’ maintenance are leukemia inhipifactor (LIF) [38], fibroblast
growth factors (FGFs) [40], and mammalian homolegwé Drosophila wingless
(Wnts) [41, 42]. A pleiotropic cytokine, LIF, maaihs the stem state of MSCs and
other stem cells [38]. In addition, LIF activatesd represses osteoblast and osteoclast
activities. Mechanisms of LIF action in MSC selfiesval may involve paracrine
crosstalk with neighboring cells, but the wholeqass is still unknown [33].

Several studies indicate that members of FGF-faragpecially FGF-2, play an

essential role to retain stem state of MSCs frovargety of species by prolonging their
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viability in culture [33]. In fact, higher populath doublings (i.e. >50 PDs) have been
achieved as a consequence of the addition of (FGte-2he culture medium [14].

Wnts may also regulate MSC maintenance [42], ag tio in the self-renewal
of various stem cells such as hematopoietic, neandlskin stem cells [41]. Treatment
of MSCs with Wnt3a is known to increase prolifevat{42].

In addition, other growth factors and cytokineshsas epidermal growth factor
(EGF), hepatocyte growth factor (HGF), platelethde growth factor (PDGF), have
a role to promote and/or maintain MSC self-renewaiitro [34].

1.1.7 MSC Niche

In analyzing the biological characteristics of steefis, it is critical to consider
the influence of their tissue of origin. Dependmythe source of the MSC population,
differences were observed in regard to differelmimmpotential [10, 69, 75]. The BM
microenvironment is a major site of MSC niche ie thody, in which a complex
cellular and noncellular interaction occurs [8]. G&Sare also isolated from a variety of
foetal and adult tissues raising the question ofatwhhe commonin vivo
microenvironment of the MSC might be. Is there enown MSC niche or do MSCs

function in a manner that is independent of theui@nment?

In 1978, Schofield first introduced the conceptadtem cell ‘niche’ [55], which
includes all of the elements surrounding the stelts avhen they are in their naive
state, containing the non-stem cells as well asaegellular matrix and soluble

molecules found in that locale.

All of these act together to maintain the stemscilltheir undifferentiated state.
Specifically, endothelial cells, adipocytes, mat¢rages, reticular cells, fibroblasts,

HSCs and their progeny are the primary cellular gonents of the marrow stroma [35].

It is clearly described that the niche supports M&@vival and growth, by
providing the requisite factors and adhesive priggito maintain their viability, It is

within this dynamic and cellular microenvironmerttave MSCs are presumed to exist.
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1.1.8 Localization and Trafficking of MSCs

The use of MSCs for cell based therapies has basitydarly hailed because of
their inherent ability to home to sites of inflamtioa following tissue injury when
injected intravenously. To understand the nichss, itnportant to analyze not only what

keeps stem cells in their niche but also what s$gytieem to emigrate from it.

The release of MSCs from their niche into circuatis defined as mobilization
[13]. Although the knowledge about the nature @nais released from the injured
tissue to mobilize MSCs is very limited, cytokireasd chemokines play critical roles in
regulating mobilization. It has been hypothesizet tytokines and/or chemokines that
are upregulated and released into circulation ungery conditions, stimulates MSCs
to down-regulate the adhesion molecules that keem in their niche.

Homing is a process by which cells migrate to amgr&ft in the tissue in which
they will exhibit functional and protective effect&n advantage of homing feature of
MSCs is that the complications associated with-giecific injection of stem cells, is
avoided, and systemic intravenous delivery with plogential for multiple dosages is

possible [2].

Although the precise molecular mechanisms by wM&8Cs are able to migrate
and home into sites of injury are not yet fully erstood, the complex multistep process
by which leukocytes migrate to peripheral sitegnlbmmation has been proposed as a

paradigm.

During inflammation, the recruitment of inflammatorcells requires a
coordinated sequence of multistep adhesive andalsignevents, including selectin-
mediated rolling fo MSCs in the blood vessels, @adtivation by chemokines and
cytokines, activation of integrins, integrin-medeitfirm adhesion onto the endothelial
cell surface lining the capilleries, transendotetigration, and finally extravasation
from the blood vessels and migration through thieaeellular matrix into the target
injured area [2, 13, 58, 59].
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It is known that chemokines, cytokines and alsegrts are important factors
in trafficking and homing of MSCs and; migratoryretition follows a chemokine
density gradient. The increase in inflammatory cbleme concentration at the site of
inflammation is a key mediator of trafficking of M'S to the site of injury. Chemokines
are released after tissue damage and MSCs exmesglkreceptors for chemokines
[60]. Activation by such chemokines is also an im@ot step during trafficking of

MSCs to the site of injury.

Proposed mechanism of homing and trafficking of MS@rts with the process
of rolling and binding on the endothelium betweenaid P-selectin [33], which are
considered as crtitical molecules involved in tloding of MSCs and adhesion to
endothelial cells. These molecules are expressedBMyendothelial cells and on
endothelium in infected tissue [33]. Rolling isléved by arrest and firm adhesion,
with chemokines receptors expressed on the sur&dcendothelium ligating to
respective chemokines and activating integrinsh sag very late antigen-4 (VLA-4).
VLA-4/VCAM-1 axis is responsible for mediating firmadhesion of MSCs to
endothelial cells [13]. Firm adhesion is followeg tbansendothelial migration between
endothelial cells by the action of junctional adbesmolecules (JAMs), cadherins, and
platelet-endothelial cell adhesion molecule-1 (PBEACD31), mediating
translocation to the extracellular matrix whereytlaelhere to the extracellular matrix
through molecules such as collagen, fibronectinaliantegrins, hyaluronic acid, and
CD44 [2].
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Figure 1.1 Proposed mechanisms involved in the homing arffickang of MSCs to

sites of injury after infusion [2].

1.1.9 Role of MSCs in Immunomodulation

MSCs have gained increasing interest in their dsiansplantation medicine.
The regenerative ability of MSCs through their ptid plasticity was seen as the
driving force behind interest in MSCs, however thele in modulating the immune

system is now attracting greater interest.

The immunological characteristic of MSCs (generdiined as MHC'| MHC
I, CD40, CD80, CD86) is regarded as nonimmunogenic and, therefore,

transplantation into an allogeneic host may notliregmmunosuppression [1].

Numerous studies have shown that MSCs modulatefuhetion of T cells

including cell activation [6]. T cells (T lympho®d) are a major executor of the
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adaptive immune response. MSCs lack expression l8€Milass Il and most of the
classical costimulatory molecules such as CD80, &8 CD40. MHC Class | may
activate T cells, but with the lack of expressidnTocell costimulatory molecules a
secondary signal would not engage, thus T-cellviégtmay result in anergy (immune

unresponsiveness) that may contribute to the obdeémmune tolerance [1, 2].

Many groups have reported that MSCs also have maswpressive properties.
Some reports have demonstrated that productioroloble factors cause suppressor
activity whereas others have shown that direct-adll contact is required for
suppression [1]. Release of soluble factors suchitas oxide (NO) and interleukin
(IL) by MSCs, has been implicated as a potentiathmaism by which MSCs inhibit T-

cell proliferation [39].

MSCs also appear to reduce T-cell activation thinoudirect mechanisms.
Dentritic cells (DCs) have an important role irtigan presentation to naive T-cells
immediately after maturation from monocytes. MSQ@éibite the maturation of
monocytes into DCs [6, 43, 52].

NK cells are key effector molecules of innate immtyrirhe interaction between
MSCs and natural killer (NK) cells may contributethe immunomodulatory effects of
MSCs [6]. Sotiropolou et al., referred that celll@®ntact between MSC-NK cells and
release of some soluble factors by MSCs, togetarse supressed proliferation of NK
cells [55].

The mechanisms by which MSCs exhibit their functmm immune cells are

pleiotropic and redundant, and it is clear thatunudlerstanding is far from complete.
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Figure 1.2 Possible effects of MSCs on immune cells [2] (rfied).

1.1.10 Clinical Applications of MSC-Based Therapy

MSCs have shown great promise in cell and genaplyeapplications, because
of their multipotential differentiation ability angkelf-renewal capacity. These cells have
high expansion potential and also, can be easilleated and shipped from the
laboratory to the bedside and are compatible wifferént delivery methods. In
addition, MSCs have other extraordinary charadtesisthey can migrate to sites of
injury and have strong immunosuppressive propethias can be used for successful

autologous as well as heterologous transplantafis]s

According to animal transplantation studies, MS&amdedex vivowere able
to differentiate into cells of the tissue whereytheside in, repair the damaged tissue

due to trauma, and partially restore its normactfiom [14].
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Apart from these features, MSCs not only regenetiateies of mesenchymal
lineages, but also differentiate into cells derivein other embryonic layers, including

neurons [48] and epithelia in skin, lung, liverteistine, kidney, and spleen [50].

There is considerable interest in combining gereeathy with stem cell therapy,
which offers the prospect of molecular engineeohgtem cells. MSCs are shown to be
an ideal carrier to deliver genes into the tisaafaaterest for gene therapy applications,
because neither autologous nor allogeneic MSCscaduny immunoreactivity in the

host upon systemic administration or local transiaigon [47, 50].

Various studies have been examined to introducgenaus DNA into MSCs.
Viral transduction, particularly using adenovirugdrated gene transfer, can generate
stable cell clones with high transfection efficigrand low cell mortality, thus making
rendering it a popular option in gene therapy. Heave alternative non-viral gene
delivery approaches should be investigated becaliiee safety concerns associated
with viral transduction. Traditional transfection ethods, like lipofection and
electroporation, have shown little success, usuabylting in less than 1% transfection
efficiency and high cell death [53]; therefore, dbemethods are not convenient for

producing adequate transfected cells for gene @gliand transplantation.

Despite their tremendous potential, one of the mdisadvantage in the use of
MSCs has been their limited numbers. Many clingggblications, such as regeneration
of large segmental bone defects, need significalitheimbers to achieve a successful
result [53]. The number of MSCs obtained from thenpry tissue source is inadequate
for such clinical applications. The low frequendyMSCs necessitates their vitro
expansion prior to clinical use. MSCs, which la&tomerase activity [54], show
defined ex vivo proliferation capability. They reach senescence &osk their
multilineage differentiation potential after 40-p@pulation doublingsn vitro. Thus, it
is essential and critical to develop new strategpemaintain proliferation capacity of

MSCs without loosing their multipotentiality.

The web site of the United States sponsored b\#t@nal Institutes of Health
(www.clinicaltrials.gov) provides information abotlite current clinical trials based on
the use of MSCs.



Table 1.3Current clinical studies using MSCs
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Study Condition Cell type Site of injection Status Sponsor
Mesenchymal stem
cells in multiple BM-derived Active, not yet University of

. Multiple sclerosis Intravenous » .
sclerosis autologous MSC recruiting Cambridge
Mesenchymal stem ) Leiden
n Organ BM-derived . . .
cells and subclinical . ) Intravenous Not yer recruiting University
o transplantation allogenic MSC )
rejection Medical Center
Autologous
implantation of
. Hadassah
mesenchymal stem . BM-derived Local . .
Tibial fracture ) . Active Medical
cells for the treatmen autologous MSC implantation o
. o Organization
of distal tibial
fractures
Cord blood .
) Myelodysplastic .
expansion on CB-derived = M.D. Anderson
syndrome; . Intravenous Recruiting
mesenchymal stem . allogenic MSC Cancer Center
leukemia
cells
Mesenchymal stem
cell transplantation in| Kidney transplant,
) . | Fuzhou General
the treatment of chronic allograft | BM-derived MSC Intravenous Not yet recruiting Hospital
ospital
chronic allograft nephropathy
nephropathy
Autologous ) )
) ) ) Rigshospitalet
mesenchymal stromdl Congestive heart BM- derived Intramyocardial " . .
. . o Not yet recruiting University
cell therapy in heart failure autologous MSC injection )
) Hospital
failure
Marrow St. Jude
mesenchymal cell Osteogenesis BM- derived Children’s
. . Intravenous Completed
therapy for imperfecta allogeneic MSC Research
osteogenesis Hospital

imparfecta
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Table 1.3 shows some of the ongoing studies basedSCs. At october 2010,
there are 137 clinical trials currently explorifg tapplication of MSCs.

Looking at ongoing clinical trails, it is too eartg tell whether all therapies

based on stem cells will prove to be clinicallyeetive.

1.2 Differentiation Potential of MSCs

1.2.1 Multilineage Mesodermal Differentiation of MSCs

In their niches, stem cells remain as undiffer¢atiacells that do not show
mature tissue-specific cell characteristics unsipacific stimulus cause them to produce

progenitor cells that then differentiate into sfieanature cells that are needed.

The multilineage differentiation potential of MS©pulations has been broadly
studiedin vitro since 1960s. Up to now, studies demonstrate thatahuBM derived
MSCs have the ability to differentiate into ostemige chondrogenic and adipogenic
lineages, when placed in appropriate vitro or in vivo conditions[11]. In vitro
differentiation into a specific lineage requiresubating cells with a proper mixture of
specific differentiation factors. Basal nutrientgpowth factors, cell density, spatial
organization, mechanical forces and cytokinespkl a role in MSC differentiation
process. To obtain efficient outcome, each fadtoukl be optimized.

1.2.1.1Molecular Regulation of Osteogenesis

Differentiation of MSCs into osteocytes is a higlpisogrammed process, best
illustratedin vitro [12]. In order to obtain osteogenic differentiaticMSCs should be
incubated with a mixture containing dexamethas@nglycerophosphate and ascorbic

acid, throughout the period of 3-4 weeks [21].

Treatment of MSCs with dexamethasone, a synthdficogorticoid, stimulates
cell proliferation and supports osteogenic linedgéerentiation. Organic phosphates
also support osteogenesip-glycerophosphate is essential for mineralizatiord a

modulation of osteoblast activities. Other commamdgd supplements are ascorbic acid
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and 1,25-dihydroxyvitamin D3, which are involvedintreasing alkaline phosphatase

activity in osteogenic cultures and promoting thedoiction of osteocalcin [12].

In addition, members of the bone morphogenetic gmo{BMP) family of
growth factors are also used for osteoinductionoAghBMP-2, 4, 6, and 7, BMP-6 is
the most consistent and potent regulator of osssthilifferentiation and, of these
BMPs, only BMP-6 gene expression is detected prior hMSC osteoblast
differentiation [78]. Commonly BMP-6 is used withM®-2 to support osteogenic
differentiation. BMP-2 increases bone nodule fororatand the calcium amount of
osteogenic cultureim vitro. Basic fibroblast growth factor (b-FGF) also playsole in
osteoinduction. Using BMPs and b-FGF together gased osteogenesis were observed
bothin vivo andin vitro [12]. Other important factors involved in osteoigeregulation
are: insulin-like growth factor (IGF), brain-dertvegrowth factor (BDGF), FGF-2,
leptin and parathyroid hormone related peptide (FP)HThese proteins organize
secretion of matrix proteins and the expressiosigrials necessary for bone remodeling

through osteoclast activation [21].

There are a number of signaling pathways involveME5C osteogenesis. Wnts
are known as signaling proteins, which have beermlidated in numerous
differentiation programs, including osteogenesiswidensity lipoprotein receptor-
related peptide 5 (LRP-5) is an estanblished Wneaaptor. In mice, LRP-5 mediates
Wnt signaling via the canonical pathway. In humabRP-5 has been related to
osteoporosis—pseudoglioma syndrome [12]. Patieitts this syndrome are prone to
fracture and bone deformation because of low boagsiand have an overall decrease
in trabecular bone volume. It has been demonsttatgdrabecular bone is a source of
MSCs [35]. MSCs may be affected in this diseasarethy leading to alterations in bone
formation and remodeling. It has also been showah riice with disruptions of LRP-5
expression have a decreased level of osteoblabtepation and display a phenotype

similar to humans with osteoporosis—pseudoglionmalyme [35].

Knockout and dosage compensation in Wnt-pathwatedltransgenic animals
provide the strongest proof that high levels ofagehous Wnts promote osteogenesis,

whereas low levels inhibit osteogenesis [33].



20

Osteogenic differentaition might be measured thinozegcium accumulation and
alkaline phosphatase activity. The MSCs generaigreggtes or nodules and the
expression of alkaline phosphatase increases;uoaleiccumulation can be seen over
time. These bone nodules stain positively by Tah&dBlue, Alizarin Red and Von

Kossa techniques [1].

1.2.1.2 Molecular Regulation of Chondrogenesis

Chondrogenic differentiation of MSGss vitro mimics cartilage development
vivo [33]. The induction of chondrogenesis in MSCs dejse on many factors,
including parameters such as cell density, celleadm, and growth factors. For
example, chondrogenic induction of MSCs requirehfdgnsity pelleting and serum-

free medium containing specific growth factors andplements.

The TGF$ superfamily of proteins and their members, suchtlres bone
morphogenetic proteins (BMPs), are well-establisheggulatory factors in
chondrogenesis [7]. Although, TG has recently been shown to induce rapid and
proper expression of chondrogenic markers, P&Fwas initially used to induce
chondrogenesisn vitro. BMPs, such as BMP-6, increases the amount of ixnatr
proteoglycan size and weight of pellet cultures.®BRland BMP-9, which can induce
markers of chondrogenesis, have been used in thmeensional MSC culture systems
[12].

wnt and Wnt-related family of signaling proteins/éaa role in chondrogenesis
and adult cartilage homeostasis during developnjg?t Wnt-4 and Wnt-14 were
shown to display high expression at sites of fujong development [21].

Other signaling pathways involved in crosstalk WitaF{3 include the mitogen-

activated protein kinase (MAPK) pathways. [12].

In hMSCs, permanent expression of Wnt7a is chondibitory, while transient
upregulation of Wnt7a enhances chondrogenesisughrovarious TGHB—MAPK

signaling pathways [33].
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As recent data indicate, the signaling triggeredthgy FGF receptor 3 is
sufficient to induce chondrogenic differentiatidiGF{3 and related cytokines are able
to induce signal transduction pathways specific @rondrogenesis, mostly via
activation of MAPKs such as: ERK-1, p38, PKC and,lhereas FGF receptor acts
through Smad protein signaling [48]. The activatieads to induction of specific
transcription factors Sox9, Msx2 expression [7heY¥ were shown to activate the
expression of chondrocyte-specific genes, like ecmn and collagen 1l [21]. Further
investigations should focus on the crosstalk betwssthways, such as those of T@4--
and Wnts [33].

After 2-3 weeks remaining in differentiation cukurchondrogenic formation,
except from multilayered, matrix rich morphologyaynbe confirmed by histological
staining for the presence of proteoglycan. Cellgtglshow strong staining with Alcian
Blue. Differentiated cells also produce collagepetyl, which are typical of articular

cartilage.

1.2.1.3 Molecular Regulation of Adipogenesis

To induce adipogenic differentiation, MSC cultureme treated with
indomethacin, dexamethasone, insulin and isobutgthgd xanthine. There is an
accumulation of lipid rich vacuoles within diffeteated cells, and they express
peroxisome proliferation-activated receptor PPARY), lipoprotein lipase (LPL), and
the fatty acid-binding protein aP2 [1]. A nonstéali anti-imflamoatory drug,
Indomethacin, binds to and activates the transoriptftactor PPAR, which is

significant for adipogenesis [12].

The nuclear hormone receptor, PBARs a critical adipogenic coordinator
promoting MSC adipogenesis while repressing osteegjs. The binding of PPARo
long chain fatty acids and thiazolidinedione conmutsj triggers the transactivation and

transrepression of PPAR33].

Wnt signaling proteins are also involved in adigoig differentiation pathways.
During the adipogenesis, Wnt signaling, possibhptlgh Wnt-10b expression by pre-
adipocytes, is known to decrease adipogenic difteaton of MSCdn vitro.
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It is thought that endogenous, canonical Wnt siggainaintains pre-adipocytes
in an undifferentiated state by inhibiting C/EBRnd PPARy. When Wnt signaling is
suppressed in pre-adipocytes, they proceed dowadipegenic lineage [12].

Lipid vacuoles in adipocytes are observed followstgining with Oil Red O
solution after 2-3 weeks. These adipocytes remaaltihy in culture for at least 3
months [18]. The differentiation also might be égonkd controlling the expression of

specific proteins such as PPAR, LPL and the fatty acid binding protein aP2 [21].

MSCs are heterogenous with respect to their rmétige differentiation
potential. Although various studies show them tonmdtipotent, with a mesodermal
differentiation potential, in clonal assays it ablde observed that only one third of
these MSCs are multipotent [4]. Thus, most of theave bi- or only uni-lineage
differentiation ability. It is hypothesized thatteengeneous MSC population contains a
minority of immature cells with tri-ineage multicy. Remaining ones have lost
their tri-ineage differentiation potential whileagsing through various stages of

maturation, ending with an only unipotent diffeiahbn capacity [4].

Mesenchymal Stem Cell
Wt signaling
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Wit signaling ) I .
Wl signaling

Adipose Cartilage
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Figure 1.3MSC differentiation into the three mesenchymagéiges.
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1.2.2 Transdifferentiation of MSCs Into Neurons

In earlier studies, it was believed that adultrsteell plasticity was restricted to
the tissue in which they reside and embryonic glryar boundaries cannot be passed.
Recently, according to large-scale studies on MS3&@odpyy, this dogma has been
changed. It has been reported that adult stem catisbe converted into the cells of
other germ layers under specific conditions whishdefined as ‘transdifferentiation’
[83]. Studies indicate that, under appropriateitro conditions, MSCs can cross germ

layers and transdifferentiate into tenocytes, my@ewand even neurons [1, 27].

Neural transdifferentiation of MSQs vitro started to attract attention in 2000
with two simultaneous studies by Sanchez-Ramos 84 and Woodbury et al [64].
They reported that rat, mouse and human MSCs canoheerted into cells with
neuronal morphology expressing neural markers #féatment with combinations of
different chemicals or growth factors. These twalsts were the first ones establishing

the potential of MSCs to differentiate into neuralls.

Some agents such as growth factors, cytokines,otrephins are known to
promote neural cell inductiom vitro [87]. Many neural induction methods are used

including use of chemical inducers and neurotrofdmtors so far.

Potent chemical reagents used for neural inductame 3-Isobutyl-1-
Methylxanthine (IBMX), dibutyryl cyclic adenosine anophosphate (dbcAMP) and
dimethylsulfoxide (DMSO) [31, 36]. These reagentsovide rapid neuron-like
morphology acquisition [64]. Neurotrophic growthacfors are essential polypeptide
hormones for the development and the maintenancieofcentral nervous system.
Some commonly used neurotrophic growth factordeaen derived neurotrophic factor
(BDNF), nerve growth factor (NGF) and neurotroph{ih8-3). BDNF and NT-3 take
role in development and maintenance of neural @jois. NGF is necessary for the

development and survival of some sympathetic and®sg neurons [65].
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Molecular pathways that can be effective in neditiérentiation of MSCs [79];

. Protein kinase A pathway; activated by an increéasfAMP levels.
. MEK-ERK signalling.
. CaMKII activity.

1.3 Aging of MSCs

1.3.1 Defining Aging

If the definition of MSC is elusive, a definitionf aging is even more
intimidating. In numerous cytological studies, het challanges arise in distinguishing
between agingn vivo and long term cultivationn vitro that might or might not
stimulate ‘true’ aging (h vitro aging’). According to Sames and Stolzing et al.,
definition of aging is ‘the sum of primary restrars in regenerative mechanisms of

multicellular organisms’ [71].

MSCs have a limited lifespan vitro as any normal, somatic cell. After a certain
number of cell division, MSC enter senescence. Smm MSCs show abnormalities
typical of the Hayflick model of cellular aging. ICsize increases, proliferation rate

decays, differential potential is affected, chrooroal instabilities may arise.

Aging can be conceptually distinguished from seeese, with the latter
emphasising the cellular level. Campisi et al., atgsl senescence with replicative

senescence by defining it as “an essentially grsible arrest of cell division” [72].

Cellular senescence is a complex phenotype thassesa alterations in
reproduction mechanism and also functions of cellarious culture conditions,
protocols and cell types give rise to differentdgrof senescence. Typically, senescent
cells show enlarged, flattened morphology. Thesks care characterized by an
irreversible G1 growth arrest including upregulatiof cell cycle inhibitors such as
p53/p21 and pl6/RB and supression of genes that dell cycle progression. There
are remarkable differences between senescent stalesed by the p53 and pl6/RB

pathways; there is a recent co-decision that senescoccurs by one pathway or the
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other, with p53 mediating senescence due primégiltelomere dysfunction and DNA
damage and the pl6/RB pathway mediating senesakregrimarily to oncogenes,

chromatin disruption, and various stresses [74].

MSCs are both exposed to and causes of organigyimg. &SCs are exposed to
aging directly, as they experience time-relateeésstrsuch as oxidative stress and
indirectly, as surrounding tissue becomes silent time, thus hindering the
differentiation ability of MSCs. MSCs are causesaging at the tissue and organ level
when their age-related inability to renew progemitells give rise to functional
impairment [66].

1.3.2 Effects of Age on MSCs

1.3.2.1 MSC Number

Although MSCs are present through the entire fhieti their total number is
inversely correlated to the age [3, 12]. Age relatecline in the number of MSCs in the
BM of rodents, monkeys and human have been rep{8te®0, 91, 95].

The highest number of MSCs are found in newborrybtian it is reduced to
about one-half at the age of 80 [19]. As for ciatulg fetal MSCs, the highest number
is detected in the first trimester and declinesimduithe second trimester to about
0.0001% and further to 0.00003% of nucleated dallsord blood [21]. In embryos,
mesenchymal tissues constitute from a relativelyh hiocal density of progenitors
within a very loose, extracellular matrix. Fromthito teens, many of these progenitors
are differentiated to specific cell types, and takative number of MSCs dramatically
decreased [19]. From this point of view, it seemasonable to expect regeneratively
repair of tissue injury of a child below the ageSoyears due to relatively high MSC
numbers; in a 25 years old, the same injury migtty oepair with fibrous scar tissue.
To take this comparison even further, 50 yearsvaddild have fewer MSCs than 20

years olds.

Accurate amount of MSCs in the body cannot berdeted, due to the lack of
unique probe for MSCs. Colony forming units-fibrafls can be measured as an
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estimate. Even in this situation, variations in Bpiration techniques, growth medium

and serum level prevent determining the experinheatgeement on the absolute

numbers of MSCs in marrow [19]. What everybody seémagree on is the decrease of
MSCs with age.

1.3.2.2 Morphology

In the initial phase of growth, MSCs of all agevé&ibroblast like morphology
in culture. With continued growth, cells becomegtarand a gradual loss of spindle
type occurs. Replicative senescence led to preliousntioned typical morphological
changes: cells gain irregular and flat shape, amdienbecame more circumscribed in
phase contrast microscoby. The cytoplasm begare tgrénular with many inclusions

appearing to be cell debris increased [22].
1.3.2.3 CFU Numbers and Colony Size

There is a notable tendency of CFU numbers to dseraccording to aging. In
addition to decreases in total CFU numbers, theralso evidence that the average
colony size decreases in aged MSCs [66].
1.3.2.4 Differentiation Potential

The multilineage differentiation ability of MSCs rdeed from various species
seems to change with age. According to literattivere is conflicting evidence with
some groups reporting no change, while a majoiriysf age-related decrease.

It has been demonstrated that long-term cultureahasnpact on differentiation
potential of MSCs. Recent studies have indicated riturine and human MSCs exhibit
reduced differentiation potential upon prolongeditro culture [17, 22].

1.3.2.5 Proliferation Potential

One sign of in vitro aging’ is a decreased replication ability. A dorage

associated decline is found in replicative life rsgd somatic cells [22], and this was
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also shown for MSCs. In contrast to embryonic steslls that show no loss of
proliferative potency, MSCs can be dublicated fppraximately 30-40 population
doublings [77].Proliferation/expansion potential of hMSCs is afiéet by in vitro

culture [10]. Proliferation gradually decreases in the coursdéonfj-term cultivation

until the cells finally stop to prolifera{@?2].

1.3.2.6 Marker Phenotype

The expression of some cell surface markers, whrehhighly expressed on
freshly isolated MSCs, may disappear after a ghemibd of cultivation. Significant age
related changes in the expression levels of somkersasuch as CD44, CD90, CD105
and Stro-1 were found when correlated the expressiahese markers with the age
range of samples used in the research [70]. Thessdts show that the expression level
of surface antigens varies according to long teasspge [22].

1.3.2.7 Telomere Length

Gradual shortening of the telomeres during a cdifes continues, until the
presence of critically short telomeres triggers 58/Rb senescence pathway, which
results in proliferation arrest. Because of thatpemal human cell can only divide 50 to
100 times inin vitro conditions [10]. hMSCs do not express telomerase therefore
telomere length decreases approximately 50-200entides per cell cycle. There is

evidence that telomere shortening occurs also agorgin vivo [44].

1.3.2.8 Gene Expression

Long term culture induces continuous changes ibajlgene expression profile
[22]. Genes involved in cell cycle, DNA replicatiomitosis and DNA repair are
significantly down-regulated in late passages [&f}enghting the hypothesis that
celular aging is driven by an organized processerathan a random accumulation of
cellular defects[56]. Also, long-term culture adated gene expression changes were
related to age-associated changes in MSCs fromgyeersus elderly donors [57]. This

indicates that cellular aging might be related ggifithe organism.
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The underlying molecular mechanisms of aging anteseence is a complex
process and the sequence of its molecular eventBus far unknown; however it

evidently has consequences for cellular theraphy§8].

With all of these in mind, we designed a study valgate the effects of donor
age on both differentiation and trans-differentiatcapacity of BM derived hMSCs by
differentiating cells into adipogenic, chondrogerosteogenic and neurogenic lineages
of child and adult donordn paralel, we investigated how morphology, probateon
potential and neural trans-differentiation capactyMSCs is affected by long term
serial passage. The objective of our study wasrawighe a controlled analysis of two
variables (donor age and long term serial passage)possible interactions between
these crucial factors in developing stem cell bakedapeutics for which no consensus

exists with respect to their effect in MSC diffetiation.



CHAPTER 2

MATERIALS AND METHODS

2.1 ISOLATION OF hMSCs FROM BONE MARROW

BM aspirates were obtained from healthy voluntemmads (age 0-80). Child
BM aspirates (age 0-18) were obtained fr8mgli Etfal Hospital; adult and old BM
aspirates (age 18-50 and over 50 years) were @otdiom SSK Samatya Hospital.
MSCs were isolated from BM by ficol density gradieentrifugation. 1 ml BM sample
was diluted with 9 ml Phosphate Buffered Saline §PBiochrom) in a 15 ml falcon
tube. 1:10 diluted BM aspirate was added on 5 icdlF(Biochrom) in 2:1 ratio very
slowly in a 15 ml falcon tube. Samples were cemgggfd at 800g (2500 rpm) for 25
minutes (min) at room temperature (RT). Samplesvwgeperated into different layers;
the bottom, red layer contains red blood cells,vab®d blood cells the colorless liquid
layer contains Ficoll; white, cloudy layer locateal top of Ficoll contains mononuclear
cells and on the top, yellow layer contains serliononuclear cells that include
mesenchymal stem cells were collected by rotatipgt@and transferred into a new 15
ml centrifuge tube. The volume was completed tonl®y adding Dulbecco’s modified
Eagle’s medium with low glucose (DMEM-LG, Gibco)danentrifuged at 350g (1500
rpm), RT, for 10 min to remove remaining Ficoll.@@unatant was discarded and pellet
was resuspended in 10 ml DMEM-LG and centrifugediragt 350g (1500 rpm), RT,
10 min in order to get rid of the Ficoll complete§upernatant was discarded and pellet
was resuspended. Cells were seeded into a 25issne culture flask (BD Falcon) in 10
ml DMEM-LG including 10% hMSC qualified fetal bovenserum (MSC-FBS, Gibco)
and 0.1 mg/ml primocin (InvivoGen) and incubate#C, 5% CQ incubator After 3

days, medium was refreshed in order to remove wibver@nt hematopoietic cells.

29
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2.2. SEEDING AND EXPANSION

Adherent primary hMSCs were grown in culture andmied colonies as they
were left for proliferation after isolation proseLulture medium (expansion medium;
DMEM-LG, 10% MSC-FBS, 0.1 mg/ml primocin) refreshmevas done twice weekly.
12-14 days later when culture reaches 80-90% cendly, primary hMSCs were
subcultured and seeded into a 75°¢issue culture flask (BD Falcon). Medium was
discarded from the flask and adherent cells werghe with 10 ml prewarmed PBS.
Cells were trypsinized with prewarmed 4 ml of 0.25%psin/EDTA (Gibco) solution
for 2-3 min. Cells were observed under microscate @ter most cells round up and
start to dissociate from tissue culture flask, Bigpvas inactivated by adding 1 ml FBS
into culture flask (20% of total volume). Neutrad: cells were transferred into a 15 ml
centrifuge tube and centrifuged at 350 g (1500 r@niRT, for 10 min. Supernatant was
discarded leaving average 0.5 ml of liquid at tbh&dm. Pellet was finger mixed and
suspended in 10 ml DMEM-LG and second centrifuge d@ane at 350g (1500 rpm),
RT, 10 min in order to remove remaining trypsinll&®ewas resuspended in 2 ml
DMEM-LG and cells were counted on hemocytometepuration doubling and cell
viability (assesed by Trypan Blue (Sigma) dye esidn) were recorded. Cells were
seeded at a density of 1500 cellsfewith DMEM-LG containing 10% MSC-FBS and
incubated in 37C, 5% CQincubator. Subculture of hMSC was repeated evesydays
and hMSCs could be expanded up to 15 passageshigtinethod.

2.3 IMMUNOPHONOTYPE OF hMSCs BY FLUORESCENT ACTIVATED
CELL SORTER (FACS)

Undifferentiated hMSCs in expansion cultures wetangned at passage 3 for
the expression of specific surface antigens comynaisled to characterize hMSC
populations. The monoclonal antibodies: CD45 flgsoedn isothiocyanate (FITC), Anti-
HLA-DR (FITC), CD15 (FITC), CD14 phycoerythrin (PE}D117 (PE), CD 116 (PE),
CD13 (PE), CD44 (PE), anti-human CD90, anti-hum&i€s (PE), CD34 (PE), CD71
(PE), CD29 (PE), HLA ABC (PE) were used.
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2.4 MULTILINEAGE MESODERMAL DIFFERENTIATION
2.4.1 Adipogenic Differentiation

For adipogenic differentiation, hMSCs were harveéste P3 by trypsinization
and seeded into 24-well plate at a density of 58 per cr Cells were incubated in
culture medium (DMEM-LG ,10% MSC-FBS, 0.1 mg/ml mpdcin) at 37C in a
humidified atmosphere of 5% G@r a minimum of 2 hrs up to 24 hrs. Expansion
medium was replaced with pre-warmed Complete Meskn&dipogenic Medium
containing MesenCult MSC Basal Medium (Stemcelt) 46% Adipogenic Stimulatory
Supplement (Stemcell). Complete MesenCult Adipogdhedium was refreshed every
3 days. Morpohologies of cells were observed urigbt microscobe. After 21 days
adipogenic cultures can be processed for oil rethiming

2.4.1.1 Oil Red O Stain Analysis

2.4.1.1.1 Procedure

1. After 21 days under differentiating condition, medvas removed from 24-well
plate.

Wells were rinsed with 1X PBS.

Cells were fixed with 4% paraformaldehyde solution30 min at RT.

Samples were incubated at 60% isopropanol for SaniiT.

Wells were rinsed once with 1X PBS and once with@H

Cells were stained with Oil Red O ( Sigma ) solutior 40-50 min at 3C.

Wells were rinsed again once with #M

Cells were counterstained in hematoxylen solufwr2 min.

© © N o o b 0N

Wells were rinsed with d#D.

10. Samples were mounted with mounting medium.

2.4.1.1.2 Results:

Lipids red

Nuclei pale blue
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2.4.1.2 Mayer's Hematoxylen

Table 2.1Mayer’s hematoxylen solution

Chemicals Amount Function
Aluminum potassium sulfate (alum) 50 g mordant
Distilled water 1000 ml solvent
Hematoxylen 19 dye

Sodium iodate 0.2¢g oxidizing agent
Glacial acetic acid 20 ml pH control

To prepare hematoxylen solution, first aliminum gssium sulfate was
dissolved in dBHO. When alum was completely dissolved, hematoxylexs added.
When hematoxylen was completely dissolved, sodiadate and glacial acetic acid
were added. The solution was boiled and cooledallyinhematoxylen solution was
filtered.

2.4.2 Chondrogenic Differentiation

For chondrogenic differentiation, hMSCs were hategsat P3 by trypsinization
and seeded into 24-well plate at a density of 7D d&lls per crh Cells were incubated
in culture medium (DMEM-LG, 10% MSC-FBS, 0.1 mg/miimocin) at 37C in a
humidified atmosphere of 5% G@r minimum of 2 hrs in order to get cells attached
the plate wells. To stimulate chondrogenic difféi@ion culture medium was replaced
with pre-warmed Stempro Chondrocyte Differentiatiddasal Medium (Gibco)
containing 10% Stempro Chondrogenesis Supplemeitic§c The medium was
changed every 3 days. After 21 days of cultivatichpndrogenic pellet can be
processed for Alcian blue staining.
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2.4.2.1 Alcian Blue Stain Analysis

2.4.2.1.1 Solutions and Reagents:

1. Alcian Blue solution (pH 2.5)

Alcian Blue (Sigma) 10g
Distilled water 97.0 ml
Glacial acetic acid 3.0ml

Alcian Blue was dissolved in distilled water, thacjd was added and the
solution was mixed well. Solution was filtered irikee reagent bottle and filtered

before use

2. Alcian Blue solution (pH 1.0)

Alcian Blue (Sigma) 10g
Distilled water 90 ml
Hydrochloric acid 10 ml

1 g of Alcian Blue was dissolved in 90 ml of diktd water and 10 ml of 1N

hydrochloric acid

3. Alcian Blue solution (pH 0.2)
Alcian Blue (Sigma) 10g
Sulphuric acid (10%) 100 ml

1 g Alcian Blue was dissolved in 100 ml of 10% $wipc acid.

2.4.2.1.2 Procedure:

1. After 21 days under differentiaitng condition, meedvas removed from 24 well
plate.

2. Wells were rinsed with 1X PBS.

3. Cells were fixed with 4% paraformaldehyde solution30 min at RT.

4. Wells were rinsed with 1X PBS.
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5. Cells were stained with 1% Alcian Blue solutionH{ B.5 ) for 40-50 min at RT.

6. For lower pH solutions ie pH 1.0 or pH 0.2 samplese drained and blotted dry, to
prevent removal of stain in water.

7. Cells were counterstain in hematoxylen solutionZfonin.

8. Wells were rinsed with d#D.

9. Samples were mounted with mounting medium.

2.4.2.1.3Results:

At pH 2.5 most acid mucins (except some of thengfiyosulphated groups) blue
At pH 1.0 only weakly and strongly sulphated acidcins blue

At pH 0.2 only strongly sulphated acid mucins blue

2.4.3 Osteogenic Differentiation

For osteogenic differentiation, hMSCs were hanase P3 by trypsinization
and seeded into 24-well plate at a density of 2célls per cri To stimulate osteogenic
differentiation, Complete MesenCult Osteogenic Mediincluding MesenCult MSC
Basal Medium, Osteogenic Stimulatory Supplemeng-Glycerophosphate,
Dexamethasone, Ascorbic acid (all from Stemcelly weepared. Cells were incubated
in Complete MesenCult Osteogenic Medium (withpu@lycerophosphate) at 32 in a
humidified atmosphere of 5% G@fter 5 days, culture was replanished with Complete
MesenCult Osteogenic Medium (without3-Glycerophosphate), unless cell
multilayering has been note@ell multilayering is the layering of cells on top each
other. Multilayering is indicative of the beginningf bone generation Once
multilayering has been observe@:Glycerophosphate was added to Complete
MesenCult Osteogenic Mediuras directed. Cultures were replenished with
Glycerophosphate-containing medium every 3 dayserAb weeks of cultivation,

chondrogenic pellet was processed for ToluidinesBitaining.
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2.4.3.1 Toluidine Blue Stain Analysis

2.4.3.1.1 Procedure

After 5 weeks under differentiating condition, reraanedia from 24-well plate.
Wells were rinsed with 1X PBS.

Cells were fixed with 4% paraformaldehyde solution30 min at RT.

Wells were rinsed with 1X PBS.

Cells were stained with 1% Toluidine Blue (Sigmajusion (in 50% isopropanol)
for 40-50 min at 37C.

Samples were incubated in absolute isopropandl fam.

o bk 0D PE

Cells were counterstained in hematoxylen soluta@r2fmin.

Wells were rinsed with dyD

© © N o

Samples were mounted with mounting medium.

2.4.3.1.2 Results

Calcium deposits dark blue

Background blue

2.5 REVERSE TRANSCRIPTION POLYMERASE CHAIN REACTION (RT-
PCR)

2.5.1 RNA Isolation

RNA was extracted using RNeasy kit (Qiagen). 2.8xcIs were seeded into
10 cnf tissue culture dish. After 2 days, cells were dited by adding Buffer RLT.
Buffer RLT was added the appropriate volume (sda@erd.2) and vortex to mix for 1

min.
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Table 2.2Volumes of buffer RLT for lysing pelleted cells

Number of cells Volume of buffer RLT (ul)
<5x10 350
5x10° — 1x1d 600

Ethanol (70%) was added 1 volume to the homogerimate, and mixed well
by pipetting. The sample was transfered up to KQdnto an RNeasy spin column
placed in a 2 ml collection tube. The lid was cthgently and centrifuged for 15s at
8000 x g. Buffer RW1 added in 7@ to the RNeasy spin column. The lid was closed
gently and centrifuged for 15s at 8000 x g. BUREIE was added in 500 to RNeasy
spin column. The spin column membrane was cengdugr 15s at 8000 x g to wash.
Buffer RPE was added in 5Q0 to the RNeasy spin column. The lid was closedlgen
and centrifuged for 2 min at 8000 x g. the RNeasy solumn was placed in a new 1.5
ml collection tube. RNase-free water was addedul3@irectly into the spin column
membrane and centrifuged for 1min at 8000 x g tdeethe RNA. For the RNA
guantification sample tubes were set up as follamsl with the components as

prescribed in Table 2.3.

Quant-iT working solution was prepared by dilutihg Quant-iT reagent 1:200
in Quant-iT buffer. 200 pl of working solutiowas required for each sample and
standard. Assay tubes were prepared according @otdble and read in Qubit

fluorometer

Table 2.3RNA Quantification Kit ingredients and amoungi$) (fequired for assay

Standard Assay User Sample Assay
Tubes Tubes

Volume of working solution to add 190 180-199ul

Volume of standard to add 10 —

Volume of sample to add — 1-20

Total volume in each assay tube 200 200 pl




2.5.2 cDNA Synthesis

RNA was reverse transcribed to obtain cDNA by qiiectt reverse transcription
kit (Qiagen). Template RNA, gDNA wipeout buffer,aqiiscript reverse transcriptase,
guantiscript rt buffer, rt primer mix, and rnasedrwater were thawed at RT. The

genomic DNA elimination reaction was prepared om according to Table 2.4 and

mixed well and then stored on ice.

Table 2.4Genomic DNA elimination reaction components

Component

Volume/Reaction

Final Concentration

gDNA wipeout buffer,7x

2

1x

Template RNA variable
(0.1ug)

RNase-free water variable
Total volume 14l

Reaction mixture was incubated for 2 min at 42A@ @nen placed on ice. Then,

the reverse-transcription master mix was prepaneidey according to Table 2.5.

Table 2.5Reverse-transcription reaction components

Component

Volume/Reaction

Final Concentration

Quantiscript-reverse transcriptasé pl

Quantiscript-rt buffer,5x

A

1x

RT primer mix

1

reaction

Entire genomic DNA elimination 14 ul

Total

20l
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Template RNA was added (14) to each tube containing reverse-transcription
master mix. It was mixed and then stored on icestBtamix was incubated for 15 min

at 42°C and incubated for 3min at 95°C to inacavgiantiscript reverse transcriptase.

Then it was stored at -20°C.

2.5.3 RT-PCR

PCR reactions were performed in reaction mixture28ful containing the

components in Table 2.6.

Table 2.6PCR solutions and their initial and final concetitnas with final volumes.

Reagent Initial Concentration | Final Concentration | Fnal Volume
Taqg buffer 10X 1X 2.5 ul
dNTP 2 mM 0.2 uM 1.5 ul
MgCl, 25 mM 2mM 2.5 ul
Primers (x2) 12,5 pmol/ul 12,5 pmol 2 ul
ddH20 - - 16.8 pl

Tag DNA polymerase 5 U/ul 1U 0.2 ul
cDNA 2.5 ul

Total reaction volume 28 pul

The denaturation of the dsDNA at 94°C 30s, so thattwo strands separated
and the primers bound again at lower temperaturddagan a new reaction. Then, the

temperature decreased until it reaches the angdalmperature (see table 2.7).



39

Table 2.7PCR procedure of primers

Primers Denaturation Annealing Extension | Number of
temp. / time temp./ time temp. / time cycle
Actin 94°C 30s 66C 45s 72C 1min 30
Topo llo 94°C 30s 54C 45s 72C 1min 35
Topo IIB 94°C 30s 66C 45s 72C 1min 35
B Il Tubulin 94°C 30s 66C 45s 72C 1min 35
NSE 94C 30s 65C 45s 72C 1min 35

The final step of PCR amplification is cDNA extemsifrom the primers. This
was done with thermostable Tag DNA polymerase, liysaa 72°C, the temperature at
which the enzyme works optimally. The length of theubation at each temperature,
the temperature alterations, and the number of esyalvere controlled by a

programmable thermal cycler components

2.5.3.1 Agarose Gel Electrophoresis

PCR products were resolved on 2% agarose gelds@etpared adding 1.6 g of
powdered agarose gel into 80 ml of 0.5 x TBE buffduka) solution and it is boiled
until the agarose is completely dissolved in théfdousolution. 12ul of safe DNA
staining solutionwas added when the boiled solstizegan to cool down. Solution was
mixed homogenously by making hand-shaking. It wiasctly poured into horizontal
agarose gel platform and 20 wells were placed e af the gel. Gels were let to

solidify for at least 10 min.

2.5.3.2 Loading and Visualization of the Gel

12.5 pl PCR products were loaded in each slotu8df a 100 bp DNA Ladder
(Bioron) was mixed with 2 pl bromophenolblue. THes pl of this mix was put into
usually the first slot as a molecular size marié&e gel was run at 110 V in 0.5X TBE

buffer for 45 min. Bands were detected under U¥isiluminator.
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2.6 NEURAL TRANSDIFFERENTIATION

For neural differentiation, hMSCs were harvestegassage 3 and at passage
15. Cells were seeded into 24-well plate at a derofi 1500 cells per chprior to
neural induction. Cells were incubated in culturedmm (DMEM-LG, 10% MSC-FBS,
0.1 mg/ml primocin) at € in a humidified atmosphere of 5% €00n the day of

induction, medium was replaced with neural inductieedium.

Induction medium which is composed of several ciyte& and growth factors
includes 0,5 mg/ml dbcAMP (dibutyryl cyclic AMP, GMA), 0.5 mM IBMX (3-
isobutyl-1-methylxanthine, SIGMA), 20 ng/ml hEGFRuthan epidermal growth factor,
SIGMA), 40 ng/ml rhFGF (recombinant human fibroblagrowth factor, R&D
systems), 10 ng/ml FGF-8 (fibroblast growth fadoiRepro Tech), 10 ng/ml rhBDNF (
recombinant human brainderived neurotrophic facte&D systems) 2 mM L-
Glutamine (GIBCO) and 40 ng/ml NGF in Neurobasatimm (GIBCO) supplemented
with 2% B27 Supplement (GIBCO). Induction media weeshed per 48 hrs during

12 days. Morphologies of the cells were observetbufight microscobe.

Table 2.8N3 cytokine combination used in neural differetiia of hMSCs

Induction Medium With N3 Final
Neurobasal Medium 50X
B27 Supplement 1X
dbCAMP (100 mg/ml) 0.125mg/ml
IBMX (1M) 0.5 mM
hEGF (100 mg/ml) 20 ng/mi
BFGF (100 mg/ml) 40 ng/ml
FGF-8 (10 mg/ml) 10 ng/ml
BDNF (10 mg/ml) 10 ng/mi

L-Glutamine (200mM) 2mM
NGF (100 mg/ml) 40ng/ml




41

2.7 IMMUNOFLOURESCENT STAINING

The day before experiment, hMSCs were seeded #tweldl culture for
immunofluorescence staining. At the day of stainmgdium was aspirated from wells.
To permeabilize cells, pre-warmed {&%) 500 pl/well TZN buffer (10 mM pH 7.5 Tris-
HCI, 0.5% Nondet P40, 0.2 mM ZnCI2 were with) wakled to each well and then
incubated for 15 min by mixing on rocking shakewaty low speed (approx. 10 rpm).
Then the cells were fixed with 4% paraformaldehy&8S (500 pl/well) for 10 min at
RT. Cells were washed with 750 ul/well PBS (PhospHauffered Saline, pH 7.4,
SIGMA) for 3 times, 5 min at each time on rockirgker. 500 pl/well of 10% Normal
Goat Serum (Gibco) and 10% Normal Horse Serum (Ban) in 0.3% TritonX / PBS
(PBS-Tx) were used to block cells for 30 min at Rhen, cells were incubated with
60.l/well specific primary antibodies for targetotgins for 2 hrs at RT. Antibodies
diluted in PBS-Tx with 3% NHS. Washing steps wiBSPwas repeated for three times.
Cells were then treated with 50 pl/well Alexa Fldabeled anti mouse or anti rabbit
secondary antibodies at RT for 1 hr. After thisuipation, cells were washed 3 times
with PBS and treated with 150 pl/well, 1/15000X OABiIgma) for 10 min. Then
washing with PBS was repeated for three times amally cells were washed with
dH20. 4 ul Prolong Gold Antifade Reagent (Invitropwas applied on glass coverslips
and they were placed on cells in the wells. Welkravobserved under fluorescent

microscope (Nikon) and images were taken next day.

Antibodiy against NSE (1:100, Chemicon) and NF @D,1Chemicon) was used at
indicated dilutions. Secondary antibodies GAM-IgG&»a Fluor 488 (1:100) and
GAR-IgGAlexa Fluor 594 (1:100) were purchased friowitrogen.



CHAPTER 3

RESULTS

3.1 CHARACTERIZATION OF hMSCs BY FLUORESCENT ACTIVA TED
CELL SORTING (FACS)

Fag-m.mmrmmm g -
£ S B
] & g
= 5 £
T ez ¥
- R -

1

w1’ 1 1
o gkl FITC

N B F TS G0 ﬁ
ME. E %0.18 § Z
§ e S 5 i
u:. 3 53 =
- =3 - q'l
W el el io !
Fi N, R P O MO0 E §
'g‘ § E 8] wes.01 £
= = oy 7 B
& £ & 5 ®
i i i= e I
J., 2 = = =
= = b * v ot = 1wt
wd ! 13;.1": [T Y e G 166 P B PE
F IR, PR P T, b D ﬁ
S E E %8908 £ Ha0.60)
2 B i .
& e
2 % % f: !
i I o R ' 0! 1ot it

? 4% 80 130 w60 200

Cans
0 40 B0 170 160 200
g
5
3
;l-
Caris

H
g

Figure 3.1 Surface marker expressions of h(MSCs.
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Immunophenotypic surface profile for CD45, anti-HIDR, CD15, CD14,
CD117, CD116, CD13,CD44, anti-human CD90, anti-hun@D166, CD34, CD71,
HLA ABC, CD29, CD146 and CD73 of isolated hMSCgassage 3 were analyzed by
FACS.

Green histograms represent the fluorescence fromgative control cells
incubated with only secondary antibody; blue histogs represent the counts of cells
incubated with the relevant primary antibody. Thgdrithm on the X-axis represents

the intensity of the fluorescent signal and Y-aeigresents number of cells.

hMSCs at passage 3 were positive for the markers3C0D44, CD90, CD166,
HLA ABC, CD29, CD146, CD73 but negative for CD45| DR, CD15, CD14,
CD117, CD116, CD34.

3.2 STUDY POPULATION

Cell Name Donor Age Donor Sex Group
Child 1 11 female C
Child 2 5 female H
Child 3 8 male I
Child 4 3 female L
Child 5 9 male D
Child 6 2 female (0-18years)
Adult 1 44 female A
Adult 2 26 male D
Adult 3 33 female U
Adult 4 48 female L
Adult 5 42 male T
Adult 6 50 male (18 -50years)
Old1 57 female
Old 2 57 female O
Old 3 77 male L
Old 4 70 male D
Old 5 53 male
Old 6 65 male (over 50 years)

Table 3.1Bone marrow samples used in the project.
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Fifteen individuals participated in the study: fiehildren (three females and
three males) aged 0-18 years; five adults (thresalles and three males) aged 18-50

years; five old donors (four males and two femadegEd over 50 years.

The participants were recruited from the local camity and they had no
history of concurrent iliness or intake of medioatthat could affect bone metabolism.

All participants signed an informed written consent

3.3 GROWTH KINETICS AND MORPHOLOGY

3.3.1 Growth Curve

Growth Curve

Cumulative Doubling
(8]
w
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Passage Numbher
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e AUl 1 =— Adult 2 Adult 3 = Adult 4 =— Adult 5 Adult6
——Qld]l =——0Qld2 Old3 —0ld4 Qld5s Olde

Figure 3.2.1Long term growth curves; each obtained from aividdal donor.

To examine long term growth kinetics of h(MSC cudtsrcumulative population

doublings were measured with respect to passageemummultiple donors.

Cell growth was monitored by determining the numifePD using the formula
log N/log 2, where N is the cell number of the doaht monolayer divided by the

initial number of cells seeded. This procedure vegeated in every passage.
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In 120 days, the average number of cumulative PB && for hMSCs from
child donors; 25 for hMSCs from adult donors andfdOhMSCS obtained from old

donors.

MSC from old donors exhibited a decreased maxiif@alspan compared with
cells from child and adult donors and mean PD vess lower in old donor cells
compared with young and adult donor cells. A reiductn the proliferation rate was

observed in MSCs from all ages according to inéngggassage number.

MSCs harvested from adult donors stopped prolifegatt about P15, and
hMSCs form old donors stopped proliferating at R@wever, cells from child donors
continued to divide. To determine maximal life sgdnMSCs from child donors, we
passaged cells until they did not proliferate. @sults indicated that, MSCs obtained
from child donors reach their maximal life span R24 (182 days) with the 45

cumulative population doublings.

404
5
/5/3_
35- - D
/:: -
. 304 —O— child . _A
£ —— Adult / /z_v—’é"é
H S
S 254 —a— O h/:-f /é/é
£ B
2 20 Eﬁf
= —_
I —
10- / /I/;“*_‘
P AT
o
5] "
*/I

i 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Tassage Number

Figure 3.2.2 Long term growth curves; average cumulative pdmnadoublings of
each group.
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3.3.2 Long-term Culture of h(MSCs

Figure 3.3 Phase-contrast images of hMSCs at different passag

Primary cells on culture (A), at passage 3 (B)patsage 6 (C), at passage 9 (D), at
passage 12 (E) and at passage 15 (F). All imagesken under 10X magnification.

Primary colonies of hMSCs (P0O) show fibroblast-likkgpearance. With
continuedin vitro serial propagation, hMSCs gradually lost their pmalogy. At P15,
17 weeks after primoculture, cells were enlarged it and difficult to harvest by
trypsinization.
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Adult

Old

Figure 3.4 Comparison of hMSCs from child, adult and old denn terms of
morphology. All images are taken under 10X magatfan.

In the initial phases of cultivation (P3), hMSCwrfr all ages were spindle
shaped. However, during long term serial passadg&ds gradually lost their fibroblast
like morphology. hMSCs from child donors gain iéay and flat shape when they
were at P15. Cells obtained from adult donors ghititee same morhology at P9.

hMSCs obtained from old donors became enlargedlandhen they were at P5.
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3.4 MESODERMAL DIFFERENTIATION OF hMSCs
3.4.1 Adipogenic Differentiation

A.

)

S,

Figure 3.5 Adipogenic differentiation of hMSCs obtained froimld donors (A-F).
(A-C-E) Differentiated hMSCs before staining (A 4X, C 120X magnification).

(B-D-F) Differentiated hMSCs after staining with Oil RedWith hematoxylen nuclear
counterstain) (B 4X, D 10X, F 20X magnification).
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Figure 3.6 Adipogenic differentiation of hMSCs obtained fraault donors (A-F).

(A-C-E) Differentiated hMSCs before staining (A 4X, C 120X magnification)

(B-D-F) Differentiated hMSCs after staining with Oil RedWith hematoxylen nuclear
counterstain) B 4X, D 10X, F 20X magnification).

The arrow indicates lipid vacoules.
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Figure 3.7 Adipogenic differentiation of hMSCs obtained frarhild and adult donors
after staining with Oil Red O (with hematoxylen tear counterstain).

To assess the adipogenic differentiation poteofi&dMSCs, Oil Red O staining
was quantified after 3 weeks in differentiation ditions. Cells containing a visibly Oil
Red O stained lipid vacuoles were considered t@dmstively stained. Significantly
lower cells stained positive with Oil Red O, whigtains lipid vacuoles, in adult versus
child donors.



51

Child Adult

Figure 3.8Comparison of adipogenic differentiation.
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Figure 3.9Percentage of total area that was positively sthiviéh Oil Red O.

Quantification was performed by determining thecpatage of total area that
contianed Oil Red O stained lipid laden vacuoleéaguémageJ (NIH, Bethesda, MD).
The percentage of cells that were posively stamhsrieased from 51% to 34% due to

increasing donor age. Donor age related declineolkasrved between child and adult
donors.
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3.4.2 Chondrogenic Differentiation

Figure 3.10 Chondrogenic differentiation of h(MSCs obtained fronild donors (A-F).
(A-C-E) Differentiated hMSCs before staining (A 4X, B 10X20X magnification)

(B-D-F) Differentiated hMSCs after staining with Alcian bl(D 4X, E 10X, F 20X

magnification).
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Figure 3.11 Chondrogenic differentiation of h(MSCs obtained fronild donors (A-F).
(A-B-C) Differentiated hMSCs before staining (A 4X, B 10X20X magnification)

(D-E-F) Differentiated hMSCs after staining with hematoxyl® 4X, E 10X, F 20X

magnification).
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Figure 3.12 Chondrogenic differentiation of hMSCs obtained fradultdonors (A-F).
(A-C-E) Differentiated hMSCs before staining(A 4X, B 10X2GX magnification)

(B-D-F) Differentiated hMSCs after staining with Alcian bI(D 4X, E 10X, F 20X

magnification).
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Figure 3.13 Chondrogenic differentiation of hMSCs obtained fraimld and adult
donors, after staining with Alcian Blue.

The effect of donor age on chondrogenesis was wisseure. hMSCs obtained
from both child and adult donor generated chondrmgeellet after 5 weeks under
chondrogenic differentiation culture. Chondrogemellets stained positively with
Alcian Blue, which stains proteoglycans in chongtes. Due to our findings, we can

say that chondrogenic differentiation potentiah®SCs was independent of donor age.
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Figure 3.14Comparison of chondrogenic differentiation.
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Figure 3.15Percentage of total area that was positively stewi¢gh Alcian Blue.

Quantifying the area stained with Alcian Blue shdweo statistically
siginificant difference in chondrogenic differenita of hMSCs obtained from child
and adult donors.
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3.4.3 Osteogenic Differentiation

Figure 3.160steogenic differentiation of hMSCs obtained framiccdonors (A-F).
(A-B-C) Differentiated hMSCs before staining (A 4X, B 10X20X magnification).

(D-E-F) Differentiated hMSCs after staining with ToluidiBéue (D 4X, E 10X, F 20X

magnification).
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Figure 3.170steogenic differentiation of hMSCs obtained framiccdonors (A-F).

(A-C-E) Differentiated hMSCs before staining (A 4X, B 10X20X magnification)

(B-D-F) Differentiated hMSCs after staining with hematoxyl® 4X, E 10X, F 20X

magnification)



Figure 3.180steogenic differentiation of hMSCs obtained frasmladonors (A-F).

(A-C-E) Differentiated hMSCs before staining (A 4X, B 10X20X magnification).

(B-D-F) Differentiated hMSCs after staining with ToluidiBéue (D 4X, E 10X, F 20X

magnification).
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Figure 3.190steogenic differentiation of hMSCs obtained frashaladonors (A-F).

(A-B-C) Differentiated hMSCs before staining (A 4X, B 10X20X magnification).

(D-E-F) Differentiated hMSCs after staining with hematoxyl® 4X, E 10X, F 20X
magnification).



Figure 3.200steogenic differentiation of hMSCs obtained frohild and adult donors,
after staining with Toluidine Blue .

Osteogenic differentiation potential of hMSCs weadversly affected by
increased donor age in terms of calcium contenigiwis stained by Toluidine blue.
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Figure 3.21Comparison of osteogenic differentiation.
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Figure 3.22Percentage of total area that was positively stewiéh Toluidine Blue.

Differentiation potential of hMSCs to osteocyte®mped from 42% in child
donors to 9% in adult donors. Great number of hM3@&st their osteogenic
differentiation potential due to increasing donge.aOur study also demonstrated that,

donor age affected osteogenic differentiation pidenf hMSCs more than it affected
adipogenic potential.
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3.5 NEURAL TRANSDIFFERENTIATION OF hMSCs

Figure 3.23 Neural transdifferentiation of hMSCs obtained frarhild and adult
donors, with N3 cytokine combination (A-B).

(A) Differentiated hMSCs obtained from child donors.
(B) Differentiated hMSCs obtained from adult donors

Images are taken under 10X magnification.
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Figure 3.24 Immunostaining of neural markers (NSE and NF) during neural

transdifferentiation of hMSCs obtained from chiltbaadult donors.

MSCs harvested from both child and adult dononssaldferentiated into neural
phenotype when treated with N3 cytokine combinatlonmunostaining results of early
neural marker NSE and late neural marker NF comfirmeural transdifferentiation of
these cells. hMSCs from child donors had greatenbar of differentiated cells; which

showed higher expression of neural markers thait ddnors.
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Figure 3.25Comparison of N3 mediated neural transdiffereiutnt
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Figure 3.26Percentage of neural transdifferentiated cells.

Neural differentiation efficiency was quantified bigtermining the percentage
of morphologically neural differentiated cells. Mautransdifferentiation potential of
hMSCs decreased with age and repeated passagey nabrbgates neural
transdifferentiation in adult donors.
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3.6 RT-PCR RESULTS

3.6.1 RT-PCR results obtained from child donors.
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Figure 3.27 Actin (208 bp) expressions of hMSCs, obtained fronild donors, at
different passages.
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Figure 3.28 NSE (254 bp) expressions of hMSCs, obtained fronhd athonors, at

different passages.

RT-PCR results of NSE expression of undifferentiatdSCs indicated that,
there was donor-related heterogeneity in the esmeslevel of NSE marker. Each

donor revealed a unique expression pattern.

Except inter-donor variability, there was no passaglated increase in the

expression of this marker.
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Figure 3.298 1l Tubulin (317 bp) expressions of hMSCs, obtairfieom child donors,

at different passages.

Expression level o Ill Tubulin changed according to donor, but expres of

this marker didn’t increase due to increasing pgssaimber.
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Figure 3.30Topo llo (596 bp) expressions of hMSCs, obtained from ctiddors, at

different passages. AGS was used as (+) contralnBvas used as (-) control.

RT-PCR results of topod| which is found only in dividing cells, showed tha

proliferation potential of MSCs from child donorsalease after P12.
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Figure 3.31Topo 1B (508 bp) expressions of hMSCs, obtained from ctiddors, at
different passages.

Except high degree of donor heterogeneity, theas mo significant difference
between passage numbers in tofioebkpression of h(MSCs.
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3.6.2 RT-PCR results obtained from adult donors.
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Figure 3.32 Actin (208 bp) expressions of hMSCs, obtained fradult donors, at
different passages.
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Figure 3.33 NSE (254 bp) expressions of hMSCs, obtained fromltadonors, at
different passages.

Donor related heterogeneity was observed betweant atbnors in the
expression level of NSE. However, MSCs from all al@n revealed increasing

expression pattern due to increasing passage number
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Figure 3.34p Ill Tubulin (317 bp) expressions of hMSCs, obtairieom adult donors,

at different passages.

B Il tubulin expression level increased gradullytwserial passage.
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Figure 3.35Topo lla (596 bp) expressions of hMSCs, obtained from adaitors, at

different passages. AGS was used as (+) contralnBvas used as (-) control.

RT-PCR results of topod| which is found only in dividing cells, showed tha
proliferation potential of MSCs from adult donomscdeased due to long term passage.
Our result indicated that, cells stopped prolif@igafter P9; which corresponded with

growth curve and observed morphological changes.
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Figure 3.36 Topo 1B (508 bp) expressions of hMSCs, obtained from adaitors, at
different passages.

In addition to neural markef$ 11l tubulin and NSE, increasing expression of
topolIf was also observed dueitovitro serial propagation.
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Figure 3.37Average actin, NSHj Ill tubulin, topo Il and topo I marker expressions
of hMSCS from child donors.

There was no significant difference between passagebers in neural marker
(NSE andp 11l tubulin) and topo I expression patterns of hMSCs from child donors.

Increasing marker expression level didn’t obsemwél increasing passage number.

Topo lla level was decreased after P12, corresponding thighgrowth curve
and observed morphological changes.
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Figure 3.38Average actin, NSHj Ill tubulin, topo Il and topo I marker expressions
of hMSCS from adult donors.

Neural marker (NSE and Il tubulin) expression level increased due to
increasing passage number, in paralel with topdeivel, in hMSCs from adult donors.

Depending on donor, expression levels startedaease at P9.

Topo llo. expression level decreased due to long term passatjthe expression

was lost after P9 confirming the lost of prolifeoat potential.
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Figure 3.39Average marker expression levels of hMSCS fromdcaiid adult donors.

Figure 3.39 shows average peak intensity level§vef different markers of

hMSCs obtained from both child and adult donorthatsame graphic.



CHAPTER 4

DISCUSSION & CONCLUSION

Many promising applications of tissue engineeriaquire cell expansion and
involve the treatment of diseases and conditionsxdoin an aging population [81].
Therefore, the effect of donor age amdvivohandling must be understood in order to

develop clinical techniques based on MSCs.

In the present study, we investigated the effe€tdomor age on proliferation
potential, morphology and differentiation abilityf ®{MSCs towards adipogenic,
chondrogenic, osteogenic and neurogenic lineagasteTis currently little consensus
and in many cases conflicting reports regardingat$f of donor age on MSCs. A study
have previously reported no age related differenioeslifferentiation using human
BMSCs [85]; however, many studies demonstratingcimange in differentiation have
found changes in proliferation, attachment or setfewal in mouse [81], rat [88], and
human [89] BMSCs. It was shown that tissue regéiveraapacity, decline with age
and this decline has been attributed to the reolictif number and differentiation
capacities of MSC [92-94].

During the initial phases of growth, we observed3®4 of all ages had spindle
type morphology, in agreement with Stolzing et |@0]. During in vitro serial
propagation, cells gradually lost their morpholo@ells obtained from adult and old
donors lost their fibroblast like morphology at lear passages than child donors.

Incerasing donor age accelerated changes in hMSg@hology.

We also found clear differences in growth pattedrhMSC obtained from child,
adult and old donors with a decrease in the pralifen rate of hMSC with donor age.
hMSCs obtained from child donors could be exparidedpproximately 37
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population doublings (PD) in about 120 days (17 ksgm vitro; however maximal PD
decreased to 30 population doublings for cells iobth from adult donors. hMSCs
obtained from old donors exhibit a significant é&®e in their proliferative potential
with 10 PD. Our findings demonstrated a negativeeatation between donor age and
the proliferative potential of cells. Cells obtainffom adult and old donors exhibited
decreased proliferation potential compared wittsagbtained from child donors.

Several clinical and histomorphometric studies hdemonstrated that aging is
associated with decreased bone mass and that sedreane formation is an important
pathogenic factof23]. The majority of reports describe a loss of M8§teogenic
potential with donor age regardless of species. [Béhg et al. found that expression of

osteogenesis-related genes peaked very early folipwduction in MSCs [28].

In contrast, age related changesvitro chondrogenic differentiation have not
been well investigated. Im et al., found that ¢tage shows an age-related decline in its
repair capacity [37]. One report of Murphy et ahas shown a reduction in
chondrogenesis in MSC from osteartritis patien€,[8ut failed to demonstrate a direct
age-related decline in the chondrogenic potemid8C from normal donors.

In this study, our results are in agreement wittvfmus work which found donor
age affected osteogenic differentiation of hMSOse @mount of calcium accumulation
in differentiated cells was lower in adult donoMBlerived hMSCs obtained from adult
donor exhibited decreased potential for osteogeifierentiation than hMSCs from
child donor. Great number of hMSCs lost their ogeuc differentiation potential with

age.

We have found an age related decrease in osteigblagt not chondrogenic
differentiation potential. Rather than an adverffiece of increased donor age, no
significant decrease was observed; supporting tieothesis that chondrogenic
potential of hMSCs is independent of age [85]. hM$@m both child and adult donors
generated chondrogenic pellet and stained positivsi Alcian Blue. Similar to

Hermann et al., we could conclude that condrogeneas not age dependent [25].

Studies have found an age related decrease inbtettio but not adipogenic
differentiation in BMSCs from rats [49] and humdh§, 70]. Several studies addressed
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the hypothesis that age related decreases in legeaeration were due to BMSC aging,
resulting in a decreased osteogenic potential wittoncurrent increase in adipogenic
potential [80, 84].

According to our results, no absolute increase dipagenic potential was
observed with increasing age. In contrast, we Hawed lower percentage of cells
stained positive with Oil Red O in adult donors gamng to child donors. The
disparity probably arises from the choice of ageugs, group size and isolation and

cultivation conditions.

The potential of adult MSCs to transdifferentiateoineural cell types [83] has
aroused great interest in research. Such a capapépns extensive possibilities for
autologous therapeutic treatments in a variety @firological disorders. However,
because of the low frequency of MSCs in BM [17,,44is necessary to expand MSCs
extensivelyin vitro to acquire sufficient cells for use in researcl &tinical trials.
Another important parameter that must be considgradicularly is the effect of cell
passage on adult MSCs. Several reports on the sxéesubcultivation of BM-derived
hMSCs have described changes in morphology, pratiten, and differentiation

capacity [63].

In this study, we focused on examining effectsasfgl term serial passage on
morphology, proliferation potential and especiditgnsdifferentiation ability of BM
derived hMSCs into neuronal phenotype. In our stpdynary colonies of hMSCs at PO
contained small and fibroblast-like cells. With reasing passage number, cells
gradually lost their morhology. hMSCs from childndos gained irregular and flat
shape when they were at P15. hMSCs obtained framt ddnors gained the same
morphology at P9. Cells obtained from old donorsenenlarged when they were at P5.

Our results have demonstreated that, high passaljeres included fewer
dividing cells. Similar to Wagner et al., a redoatiin the proliferation rate was
observed in MSCs from all ages according to inéngapassage number [22], which
corresponded with the observed morphological chenB&-PCR results of Topoal|
which is only present in dividing cells, confirm#tht; proliferation potential of h(MSCs
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harevsted from child donors decreased after P1Re\ploliferation potential of hMSCs
from adult donors lost after P9.

To assess whether culture to high passage numbers athe neural
transdifferentiation potential of h(MSCs, cells fré?8 and P15 were exposed to neural
differentiation and compared for differences in pimlogy and expression of neural
markers. P15 hMSC culture had a reduced propetwsitsird acquiring a neuronal-like
morphology. Also, P15 culture contained larger a@lhd greater amounts of cellular
debris than P3 culture. Here, we have analyzed ithatitro trans-differentiation
potential is affected by long term passage. Intamldio morphological results, we also
checked early and late neural markers by immunastimethods. Cells were positive

for early neural marker NSE and late neural maker

MSCs have the ability to express immature and/otureaprotein from other
tissues without any induction [67, 73]. It has mekmonstrated that MSCs express
neural genes and proteins not only following expesto neural differentiation
conditions, but also before differentiation [27,, &%, 76, 87]. Montzka et. al., has
presented inter-donor variability of expressiomefiral related markers in hMSCs [76];
however, small number of donors were randomly seteand therefore results obtained

from this study were inadequate.

In the present investigation, to evaluate how neusasdifferentiation ability of
hMSCs from child and adult donors is affecteditoyitro serial propagation, we used
RT-PCR. We investigated differences in the expogssevel of neural marker$ (I
tubulin, NSE) and topo fl during 17 weeks in culture. Topglis required for neural
transdifferentiation and also has a regulatory mlé&anscriptional activation of some
inducible genes. Each donor sample revealed a enigupression pattern,
demonstrating a significant variation of marker reggsion. Even though the same
criteria for isolation were followed, there was smerable donor-related heterogeneity
in the expression pattern of the hMSC populatidiss observation likely reflects the

high degree of donor variability.

Except inter donor variability, there was no sigaht difference between
passage numbers in neural marker and tgp@xpression patterns of hMSCs obtained
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from child donors. Increasing marker expressiorell@rdn’t observed with increasing
passage number. It is possible that h(MSCs frondahiinors may have greater trans-
differentiation ability than hMSCs from adult dosorCells may not loose their
transdifferentiation capability until P15. Howeveneural marker and topo fll
expression levels were seem to increase accordihggher passage number in hMSCs
obtained from adult donors. Depending on donorresgion levels started to increase at
P9. Similar to Bonab et al., we can conclude tha88s from adult donors loose their
stem cells characteristics [17] not from the moniewitro culture begins, but durinig

vitro serial propagation continues.

We obtained similar results with Khoo et al., thahg-term subculture of
hMSCs did not result in spontaneous neural difféaéon [63], in contrast to a recent
study on rat MSCs [82].

In conclusion, we have shown that donor age angd tenm passage are both
critical factors which affected morphology, protd#ion potential and differentiation
ability of hMSCs. With increasing age and passagualyer, proliferation rate decreased
and cells lost their fibroblast like morphology.t@sgenic, adipogenic and neurogenic
differentiation potential decreased due to age; bhobndrogenic potential was
maintained. Undifferentiated hMSCs expressed neueakersp Il Tubulin and NSE,
with a high donor related heterogeneity. Expres$amel of neural markers increased
due to increasing passage number, in paralel o 113, in hMSCs obtained from
adult donors. Topo d expression level was lost after P9 confirming tbst of
proliferation potential. However, there was no #igant difference between passage
numbers in the expression level of neural markadstapo IB, of hMSCs from child
donors. Also, topo # level was decreased after P12. In the light odeéhesults, we can
conclude that increasing age have inverse effects both differentiation and
transdifferentiation potential of hMSCs. Cells frochild donors have greater
transdifferentiation ability than adult donors. Hoxer; hMSCs from all ages lost their
stem cell characteristics upon long term passage.

Based on the results of this study and other pusvistudies, it appears that
many parameters, such as donor age and long tessage should be considered when

choosing an ideal or appropriate cell source fepecific application.
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