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INTRODUCTION 

Stem Cells 
Stem cells are unspecialized cells having a unique ability to self-renew, proliferate 

and the potential to give rise to other specialized cells. The potential of stem cells to 

differentiate into different type of cells is determined regarding their potency. Cells 

produced by the first divisions of a fertilized egg are totipotent stem cells and they can 

differentiate into all embryonic and extraembryonic lineages. Pluripotent stem cells 

are derived from further stages of embryo (ex. Blastocyst). They can give rise to all 

three embryonic germ layers excluding extraembryonic tissues. Multipotent stem cells 

have a more restricted differentiation profile. Many adult tissues have been discovered 

to have residing multipotent stem cells that can differentiate into several tissue types. 

A unipotent stem cell still has a property of self-renewal for which it can be 

considered a stem cell; however, unipotent stem cell only can differentiate to one type 

of cell. Regarding their source there are two types of stem cells: embryonic and adult 

stem cells.  

Embryonic Stem (ES) Cells 
Embryonic stem cells are pluripotent cells derived from the inner cell mass of 

blastocyst (a four or five day old embryo) and can give rise to all three germ layers 

(ectoderm, mesoderm and endoderm) which are the embryonic source of all the 

tissues in the adult organism. Ectoderm is the upper external layer of the embryo 

which forms skin and nerve tissue. Mesoderm is the middle layer of cells of the 

embryonic disk which is known to be a precursor for bone, muscle and connective 

tissue. Endoderm is the lower layer of cells from the inner cell mass which gives rise 

to lungs and digestive organs at later stages.  

Blastocyst includes three structures. Trophoblast, a layer of cells surrounding the 

blastocyst, forms the extraembryonic tissue responsible for implantation of the 

embryo and developing of placenta. Blastocoel is the fluid-filled hollow cavity inside 

the blastocyst. The inner cell mass is a cluster of approximately 30 cells located at one 

end of blastocoel and forms the embryo. The inner cell mass cells are the pluripotent 

stem cell population, from which ES cells can be generated (Figure 1).  
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Source: http://www.stemcellresearchfoundation.org/WhatsNew/Pluripotent.htm  

 

Figure 1: Derivation of ES cells from inner cell mass (ICM) of blastocyst. 

Once derived and cultured in vitro on MEF cells, ICM cells can grow 

extensively without losing their pluripotent properties. ES cells are pluripotent 

stem cells derived from ICM cells. They easily can be differentiated to any 

kind of tissue under proper differentiation signals. 

Mouse embryonic stem cells can be maintained on mouse embryonic fibroblast 

(MEF) cells for very long time (years) without differentiation. It has been previously 

described that MEFs prevent differentiation of mouse ES cells via producing various 

factors, like cytokines IL-6 and Leukemia Inhibitory Factor (LIF) (Williams et al., 

1988;Smith et al., 1988). It is known that addition of recombinant LIF in culture 

medium can support the mouse ES cell self-renewal without MEF support. 

Pluripotency of ES cells can be confirmed via transplantation of these cells into 

ICM of blastocyst and analysis of the integration capacity of these cells into various 

tissues. Pluripotent cells integrate completely into a developing embryo after intra-

blastocyst injection and produce a high rate of chimerism in the tissues of the 
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developing fetus. Various transcription factors have been associated with pluripotency 

of the cell. 

Octamer 4 (Oct4) is a homeodomain transcription factor of the POU family. This 

protein is critically involved with self-renewal of undifferentiated embryonic stem 

cells. In mice Oct4 is expressed in oocyte and preimplantation embryo; however, later 

it is restricted only to inner cell mass of blastocyst (Okamoto et al., 1990;Scholer et 

al., 1990) indicating that the expression of Oct4 is restricted to totipotent and 

pluripotent cells. Oct 4 deficient embryos lose the pluripotency of ICM, and 

differentiate towards a trophoblast lineage (Nichols et al., 1998). Downstream genes 

of Oct4 include the gene encoding the extracellular matrix (ECM) protein osteopontin 

(Spp1), which is expressed in the primitive endoderm; heart and neural crest 

derivatives expressed-1 (Hand1), which is expressed in early trophoectoderm; 

fibroblast-growth factor-4 (Fgf4) which is expressed in the ICM ; F-box protein-15 

(Fbx15), which is expressed in embryonic stem cells and later in testis; and Rex1, 

which is also known as zinc-finger protein-42 (Zfp42).  

Nanog is a transcription factor critically involved in self-renewal of pluripotent 

embryonic stem cells. It was first discovered by Wang in 2003 (Wang et al., 2003a) 

and, later, it was named Tir nan Og or Tir Na Nog, after the mythological Celtic land 

of the 'ever young' (Chambers et al., 2003). Nanog expression is restricted to the inner 

cell mass of blastocysts and primordial germ cells. Nanog deficient embryonic stem 

cells go towards extra-embryonic endoderm lineage differentiation. Little is known 

about the regulation of Nanog gene, except that the transcriptional activator and tumor 

suppressor p53 binds to the promoter of Nanog, thereby enabling p53-dependent 

suppression of Nanog expression (Lin et al., 2005). 

Sox2 transcription factor is a member of the (high mobility group) HMG-domain 

Deoxiribonucleic acid (DNA)-binding-protein family that is implicated in the 

regulation of transcription and chromatin architecture. The Sox2 is expressed in ES 

cells as well as in neuronal stem cells. Oct4 binds to the octamer element in Sox2 

forming a complex which have recently been shown to be required for the 

upregulation of mouse and human Nanog transcription (Kuroda et al., 2005). 

Rex1 is a zinc finger protein (Zfp42). Zinc finger is a protein that can bind to DNA. 

The structure of each individual finger is highly conserved and consists of about 30 

amino acid residues, constructed as two antiparallel β sheets and an α helix and held 

together by the zinc ion. Many transcription factors, regulatory proteins, and other 
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proteins that interact with DNA contain zinc fingers. Rex1 messenger Ribonucleic 

acid (mRNA) is detected in undifferentiated ES and embryonic carcinoma (EC) cells, 

blastocyst, trophoectoderm and meiotic germ cells of an adult mouse testis. Rex1 

promoter contains an Octamer 4 binding region (ATTTGCAT) which requires Oct4 

for its regulation. Upon differentiation the expression of Oct4 is downregulated which 

consequently interfere with Rex1 promoter regulation downregulating Rex1 

expression. 

Although proteins like Oct4, Nanog, Sox2 and Rex1 are necessary for pluripotency 

in embryonic stem cells, these proteins seem to be the downstream effectors of 

upstream signalling events (Figure 2). 

 
Figure 2: Signalling pathways potentially involved in maintaining mouse ES 

cell pluripotency. 1) LIF pathway is involved in activation of STAT3, 2) WNT 

and Bone Morphogenic Protein 4 (BMP4) signalling regulates Sox2 and Oct4 

expression, and 3) Nanog although the molecular pathway is not defined are 

main pathways described to be important in maintaining the self-renewal and 

pluripotency of ES cells. 
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Signalling Pathways Involved in Maintenance of Pluripotency in ES cells: 

Leukemia Inhibitory Factor (LIF) 

LIF, an interleukin (IL) 6 class cytokine, has a major role in self-renewal and 

proliferation. LIF derives its name from the ability to induce the terminal 

differentiation of myeloid leukemic cells. LIF is essential for maintaining the 

undifferentiated state of mouse ES cells. Interestingly, LIF is only able to maintain ES 

cells in the presence of serum, suggesting that additional factors are required. LIF 

signalling involves gp130 and LIF receptor complex. The tyrosine kinase Janus 

Kinase (JAK) is bound to the intracellular part of this receptor complex. Once the 

complex is activated via LIF binding, JAK phosphorylates the tyrosine residues of 

both receptors which activate the signal transducers and activators of transcription 

(STAT), STAT1 and STAT3. Activated STAT proteins form homo or heterodimers 

and translocate to the nucleus. Once the activated transcription factors reach the 

nucleus, they bind to a DNA-recognition motif called gamma activated sites (GAS) in 

the promoter region of cytokine-inducible genes and activate transcription of these 

genes. (Okita and Yamanaka, 2006). The treatment of ESCs with LIF also induces the 

phosphorylation of extracellular signal-regulated protein kinases, ERK1 and ERK2 

(Ref. 23), and increases mitogen-activated protein kinase (MAPK) activity 

(Auernhammer et al., 2000) (Figure 2). 

Bone morphogenic protein 4 

BMP4 is a polypeptide belonging to the Transforming Growth Factor beta (TGF-β) 

protein superfamily. Like other bone morphogenetic proteins, it is involved in bone 

and cartilage development, specifically in tooth and limb development and fracture 

repair. BMP4 is another signalling molecule involved in self-renewal and 

proliferation during embryonic development. However, not much is known about its 

function. In the presence of LIF, BMP4 enhances self-renewal and proliferation of 

stem cells by activating the gene encoding for the transcription factor SMAD 4 

(similar to mothers against decapentaplegic homologue 4) which, in turn, activates 

member of Id (inhibitor of differentiation) gene family. This interaction is facilitated 

in serum containing conditions. By contrast, in the absence of LIF, BMP4 counteracts 

the LIF cascade, interacting with different SMAD transcription factors (for example, 

SMAD1, 5 and 8) that have an inhibitory effect on the Id genes. Furthermore, BMP4 
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can regulate cell fate in relation to cell density (Rajan et al., 2003) by activating 

distinct cytoplasmic signals (Figure 2).  

WNT 

Wnt is another pathway known to be involved in the signalling cascade required for 

self-renewal and proliferation of mouse ES cells. Wnt proteins bind to cell-surface 

receptors of the Frizzled family, causing the receptors to activate Dishevelled family 

proteins and ultimately resulting in a change in the amount of β-catenin that reaches 

the nucleus. Dishevelled is a key component of a membrane-associated Wnt receptor 

complex which, when activated by Wnt binding, inhibits a second complex of 

proteins that includes axin, GSK-3, and the protein APC. The axin/GSK-3/APC 

complex normally promotes the proteolytic degradation of the β-catenin intracellular 

signalling molecule. After this "β-catenin destruction complex" is inhibited, a pool of 

cytoplasmic β-catenin stabilizes, and some β-catenin is able to enter the nucleus and 

interact with TCF/LEF family transcription factors to promote specific gene 

expression (Figure 2).  

Since ES cells have unrestricted differentiation capacity, they represent a very 

important tool for future cell therapy applications. Moreover, the discovery of ES 

cells enables the development of gene targeting technology via generation of 

knockout mice for studying the gene function. Despite the outstanding contributions 

to the science, there are some controversial points to be solved in ES cell research. 

The use of human ES cells in therapeutic treatments requires direct isolation of these 

cells from blastocyst embryo. Opponents of ES cell research hold that the human life 

begins as soon as an egg is fertilized, which brings the ES research to a serious ethical 

discussions. Besides, there are also critics on therapeutical use of ES cells. As a matter 

of fact, ES cells induce tumor formation in many therapeutic studies performed with 

mice.  

Adult Stem Cells 
The abovementioned debates focused the search for derivation of multi- or 

pluripotent cell lines from adult tissues. Adult stem cells are active constructors 

during organogenesis, of tissue regeneration and homeostasis in an adult life. Adult 

stem cells have been identified in many tissues, where they continuously generate and 

regenerate mature tissues either as part of the normal physiology or in response to 

injury. Adult (or somatic) stem cells described so far include neural, epidermal, germ, 
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hematopoietic and mesenchymal stem cells. In postnatal life, adult stem cells reside in 

a special microenvironment called “niche”, which varies in nature and location 

depending on the tissue type. The “Niche” concept was first introduced by Schofield 

in 1978. It was proposed that Hematopoietic Stem Cells (HSCs) are in an intimate 

contact with the bone, and cell-to-cell contact is required to support the proliferation 

capacity of the HSCs (Schofield, 1978). However, the research work for the validation 

of the “niche” hypothesis is more recent. According to the most accepted definition, a 

stem cell “niche” contains microenvironmental niche cells that nurture the stem cells, 

provide a sheltering environment in order to protect the stem cells against 

differentiation, apoptotic signalling and many other stimuli that can change the 

“stemness” of the cells. The niche safeguards also against excessive cell proliferation 

that can potentially lead to cancer (Moore and Lemischka, 2006). Stem cells should 

periodically activate in order to maintain the tissue homeostasis and self-renew to 

keep the stem cell balance in the “niche”. 

Neural Stem Cells (NSC) 

Neural stem cells were first discovered in 1990 (varez-Buylla et al., 1990). Although 

they can be isolated from various regions from the adult brain, the subventricular zone 

(SVZ) and subgranular zone (SGZ) of hippocampus region are well-characterized 

germinal regions where NSCs reside and support neurogenesis (Lois and varez-

Buylla, 1993;Kirschenbaum et al., 1999). There are four types of cells in SVZ (Figure 

3). Immature astrocytes (B) in SVZ have stem cell features. They can self-renew and 

give rise to transient amplifying cells (C), which later generate neuroblasts (A). 

Neuroblasts differentiate into neurons and oligodendrocytes which later migrate to the 

olfactory bulb or other regions in the brain (Doetsch, 2003) . In SGZ region 

neurogenesis occurs locally in direct contact with blood vessels. Astrocytes (B) in this 

region show comparatively high self-renewal properties, proliferate and produce 

daughter cells (D) which further generates granule neurons (G). 
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(Li and Xie, 2005) 

Figure 3: Neural stem cells were discovered in SVZ and SGZ parts in the 

brain. Astrocytes (B cells) residing in that region proliferate and form 

daughter cells with high self-renewal properties (C and D cells) which further 

differentiate into neuronal lineages (A and G cells).  

Endothelial cells and specialized basal laminal cells in both SVZ and SGZ are 

known to be important components of the neural stem cell niche. Many signalling 

factors, generated from niche environment including BMPs, Noggin, fibroblast 

growth factors (FGFs), insulin like growth factor (IGF), vascular endothelial growth 

factor (VEGF), TGFα, brain-derived neurotrophic factor (BDNF), regulate 

neurogenesis (Shen et al., 2004) . 

Epithelial Stem Cells (ESCs) 

Epidermal stem cells are located in the bulge area in between the permanent and 

cycling segment of a hair follicle. The epidermal stem cells are self-renewing and 

highly proliferative cells that give rise to daughter cells that either can migrate upward 

generating epidermal progenitor cells and contribute to regeneration processes, or can 

migrate down forming hair-matrix progenitor cells (Niemann and Watt, 2002). The 

bulge area where the stem cells are located is an environment that restricts cell growth 

and differentiation by expressing Wnt inhibitors. Moreover, BMP, FGF, Notch, 

Noggin signalling pathways are important for epithelial stem cell maintenance in its 

niche (Li and Xie, 2005). 
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(Li and Xie, 2005) 

Figure 4: Hair follicle. An epidermal stem cell resides in the Bulge region in 

the hair follicle. These stem cells with high self renewal properties can 

migrate either to upwards and takes place in regeneration of epidermis or 

migrates towards the dermal part and becomes a matrix cell.  

Germ Stem Cells  

Germ stem cells are located in the periphery of seminiferous tubules. Germ stem 

cells (2n) are very rare; they divide and give rise to spermatogonial cells (2n). 

Spermatogonial cells divide and give rise to spermatocyte that later undergo meiosis 

and form immature sperm cells called spermatids (n) which finally become mature 

sperm cells. Germ stem cells are in close contact with the basement membrane. Steroli 

cells are the niche cells that maintain the germ stem cells and supports 

spermatogenesis (Shinohara et al., 2000). 
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(Li and Xie, 2005) 

Figure 5: Germ stem cells are found in very close contact with the basement 

membrane. Steroli cells are the supportive niche cells for the germ stem cells. 

Germ stem cells (2n) give rise to Spermatogonial cells (2n) and further on to 

Spermatocyte (2n) which finally undergoes meiosis and forms gametes (n). 

Bone Marrow Derived Stem cells 

Among adult stem cells, bone marrow derived stem cells and their niches are the 

most widely studied. Bone has an important role in stability and movement of the 

body. The bone is composed of many bone cells (osteoblasts and osteoclasts), 

collagen fibrils, and mineral deposits like calcium and phosphate. Bone marrow, the 

largest organ in the body, is a very complex organ located inside of the bone cavity 

and contains blood vessels and many types of cells including variety of progenitor 

cells and stem cells. Two kind of stem cells have been identified in the bone marrow 

(BM): Hematopoietic Stem Cells (MCCULLOCH and TILL, 1960) and Mesenchymal 

Stem Cells (MSCs) (Friedenstein, 1976). Of these, HSCs are among the most studied 

stem cells.  
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Hematopoietic Stem Cells 

HSC are the precursor cells which give rise to all the blood cell types of both the 

myeloid and lymphoid lineages. Murine HSCs are present at very low frequency 

(from 1/10 000 to 1/ 1 000 000) in the bone marrow depending on the age of the 

organism. There are 2 types of HSCs identified: short-term hematopoietic stem cells 

which have a short reconstitution ability limited to several weeks; and long-term 

hematopoietic stem cells which can contribute to hematopoiesis for a long time even 

for lifetime. Homing studies performed to trace the migration of the Green 

Fluorescent Protein (GFP)-labeled HSCs revealed that the endosteal surface of the 

trabecular bone might be the possible hematopoietic stem cell niche in the BM 

(Nilsson et al., 2001). Recent studies reported that an increase in the osteoblast 

number directly correlates with the number and activity of HSCs indicating that 

osteoblasts are an essential part of the niche (Zhang et al., 2003); (Calvi et al., 

2003;Visnjic et al., 2004). Detection of HSCs adjacent to sinusoidal endothelial cells 

(Kiel et al., 2005), suggests the existence of a second HSC niche in the bone marrow. 

Studies supporting the presence of both stem cell niches in the bone marrow suggest a 

model in which osteoblastic niche in the endosteum provides a quiescent 

microenvironment, while sinusoidal endothelial niche promotes proliferation and 

differentiation of stem cells providing nutrient-rich microenvironment and higher 

oxygen concentration (Figure 6). Many adhesion molecules like N-cadherin/β-catenin, 

VCAM/integrin, and osteopontin/β1 integrin are important in the niche function. They 

serve for stem cell-niche cell adhesion and communication and stem cell migration. 

One of the known signalling pathways to promote self-renewal and proliferation of 

HSCs is Stem Cell Factor (SCF)/c-kit signalling. SCF is secreted by stromal cells of 

the niche which can bind to the c-kit receptor of HSCs and promote proliferation. In a 

similar way, the Notch receptor expressed by HSCs interacts with its ligand Jag 1, 

secreted by osteoblasts, and maintains undifferentiated state of stem cells in the niche. 

HSCs also express FGF receptor and FGF has been shown to stimulate HSC self-

renewal and proliferation in vitro (de et al., 2003). Therefore, it is possible that the 

FGF signals coming from the vascular niche play a role in the recruitment of HSCs 

and Hematopoietic Progenitor Cells (HPCs) by a gradient between the osteoblastic 

niche (lower FGF expression) and the vascular niche (higher FGF expression) (Figure 

6). 
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Endothelial cells, osteoblasts, and other stromal cells constitutively express stromal 

derived factor 1 (SDF-1), and HSCs express CXCR4, the only known receptor for this 

factor. Mobilization of HSCs from the osteogenic niche to the endothelial niche, to 

the blood stream and back again to the BM, depends strongly on SDF-1/CXCR4 

interaction. The highest SDF-1 concentration is found on the surface of osteoblasts 

which is an important driving force for the HSC return to their osteoblastic niches. 

HSC mobilization will be described in detail further.  

 

 
(Yin and Li, 2006) 

Figure 6: Endosteal and Vascular HSC niche in the bone marrow. 

Recruitment of HSCs from endosteum towards vascular niche occurs in 

response to different FGF-4 and SDF-1 concentration. High FGF4 and low 

SDF-1 direct the cells towards vascular niche and induce their proliferation. 

High SDF-1 secreted by niche stromal cells maintains the HSCs in the 

endosteum. 

Recent studies have revealed that most of the described adult stem cells divide 

infrequently and can be quiescent even for months (Fleming et al., 1993;Zhang et al., 

2003;Tumbar et al., 2004). If so, these quiescent HSCs do not constitutively act in the 

hematopoiesis, instead they might be activated only during injury or stress. The 

proposed model for self-renewal in HSC niches reveals that there is an interface 

between the niche and non-niche environment where the dividing stem cells are 

affected already by the differentiation signals coming from adjacent non-niche 
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environment. The cells closer to that region become committed to differentiate while 

the daughter cell which remains in close proximity with niche cells retain its 

undifferentiated state (Wilson and Trumpp, 2006). It is not completely clear yet if the 

stem cells can be found only in a single cell niche or it is a network of interacting 

stem cell niches that maintain and store the quiescent stem cells. 

Mesenchymal Stem Cells 

Another stem cell source derived from the bone marrow is the MSC source, first 

described by Friedenstein, AJ at 1976. Together with his co-workers Friedenstein 

demonstrated that a small fraction of the bone marrow derived cells has the capacity 

to adhere to the tissue culture dish and that these cells can be differentiated both in 

vitro and in vivo into osteoblasts, chondrocytes and adipocytes. Many investigators 

confirmed the observations of Friedenstein et al. and they further differentiated the 

bone marrow derived MSCs into cells from different lineages like muscle and early 

precursor of neural cells, liver and cardiomyocites. There are no well defined markers 

for isolation of MSCs. Therefore, the major problem in MSC isolation via adherence 

to the plastic dish is the high heterogeneity of the isolated culture, which contains 

osteoblasts, adipocytes, fibroblasts, macrophages, endothelial cells and, in early 

cultures, HSCs and HPCs. Long term culturing of MSCs can reduce the heterogeneity 

of the culture.  

Recent works on the plasticity of adult stem cells, suggested that various adult stem 

cells, previously accepted as tissue committed stem cells, may cross the borders and 

differentiate to a much wider spectrum of cell types when cultured under defined 

conditions (Wagers and Weissman, 2004). Many proposed mechanisms were 

discussed in order to explain this phenomenon (Figure 7). “Transdifferentiation” 

could occur where lineage conversion occurs directly by the activation of 

differentiation programs leading to specific cell type commitment (Bjornson et al., 

1999). Lineage conversion can be also explained via dedifferentiation of the adult 

stem cell to a more primitive state and according to the molecular signals 

redifferentiate to another cell lineage. Although there are no clear evidences for 

dedifferentiation in mammals, studies on amphibians (Brockes and Kumar, 2002) 

show that dedifferentiation of mature cells might be involved in the regeneration 

processes. Plasticity of adult stem cells can be explained also with the coexistence of 

several multiple, distinct stem cell types within the isolated stem cell population 
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which might explain the multipotentiality of the stem cell population. In order to 

exclude this possibility the methods for stem cell isolation should be improved to 

favor more homogeneous stem cell populations. Recently, a hypothesis of the 

existence of a very rare pluripotent stem cell population in the bone marrow was 

suggested by the group of Catherine Verfaillie from Minnesota (Jiang et al., 2002a). 

They isolated so called Multipotent Adult Progenitor Cells (MAPCs) from the bone 

marrow with high plasticity. It was reported about the possibility to isolate these 

MAPCs not only from the BM but as well from different organs like brain and muscle 

tissue (Jiang et al., 2002b). It is not known if these cells actually exist in adult 

organisms, or such properties were gain under long in vitro culture conditions. The 

last proposed mechanism explaining cell plasticity relies on cell-cell fusion event. 

Cell-cell fusion has been observed in several BM transplantation studies, where BM 

cells contribute to hepatocytes, cardiomyocites, Purkinje neurons (Wang et al., 

2003b;Weimann et al., 2003;varez-Dolado et al., 2003). However, the observed 

frequency of this event was less than 1% which implies that this rare phenomenon 

makes it unlikely to be considered as a physiological repair mechanism.   

There have been many controversial results so far, which is the main reason why the 

hypothesis above does not hold enough evidences.  

 
(Wagers and Weissman, 2004) 

Figure 7: Schematic diagram representing different hypothesis used to explain 

adult stem cell plasticity.  

When compared to embryonic stem cells, adult stem cells show a clear difference in 

plasticity. Embryonic stem cells can be easily directed towards the lineage of interest, 

their epigenetic state is much more suitable for switching on and off the desired genes. 

Adult stem cells, on the other hand, are difficult to expand and to differentiate. The 
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epigenetic state of adult stem cells is less flexible. Recent studies developed new 

techniques to reprogram the adult nucleus into the embryonic state and to understand 

better the epigenetic changes that an embryonic stem cell undergoes during 

development and control better the adult stem cell differentiation.  

Nuclear Reprogramming 
The genetic information of an adult cell and an embryonic stem cell are the same; 

however, the differential gene expression is a result of reversible epigenetic changes 

that occur during development. The reversal of the differentiation state of an adult cell 

to one that is characteristic of the undifferentiated embryonic state is defined as 

nuclear ‘reprogramming’. Different reprogramming approaches have been studied so 

far.  

Reprogramming using Somatic Nuclear Transfer  

This technique is based on the injection of a somatic nucleus into an enucleated 

oocyte which upon transfer into a pseudopregnant mother can give rise to a clone 

(reproductive cloning), or upon explanation in culture, can give rise to genetically 

matched ES cells. This method, however, do not solve the ethical problems which 

arise from ES cell isolation since it requires the usage of donor oocytes. Furthermore, 

the clones derived by somatic nuclear transfer die very soon after implantation and the 

ones who survived till birth often show severe abnormalities like obesity (Ogonuki et 

al., 2002). The reason lays in the inefficient reprogramming due to the differentiation 

state of the donor cell (donor nuclei). The persistence of donor-cell-specific gene 

expression indicates that the preserved “epigenetic memory” of the donor nucleus can 

lead to the observed abnormalities (Hochedlinger and Jaenisch, 2006).  

Reprogramming via cell fusion 

Cell fusion involves the fusion of differentiated cells with pluripotent ES cells 

which results in the generation of hybrids that show characteristics of pluripotent ES 

cells. Also in this case ethical problems are not circumvented because of the need for 

ES cells. Moreover, the generation of tetraploid cells limits the application of this 

method. 
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Reprogramming by cell extract 

In this method somatic cells are exposed to cell extract derived from oocyte or ES 

cells inducing a transient modification of the gene expression profile in somatic cells. 

It is a potentially attractive approach, however, the data analysis can not exclude yet 

the possibilities that the detected gene products (Oct4, Nanog) following treatment 

might be from the ES cells used for extract preparation (Hakelien et al., 2002). So far 

no functional reprogramming was achieved using this technique. 

Culture induced reprogramming  

All the methods described so far, required extraction of oocyte or ES cells. In order 

to avoid the ethical complications, there have been many studies focused on adult 

stem cell reprogramming, using different growth factor combinations in vitro. 

Recently, neonatal (Kanatsu-Shinohara et al., 2004) and adult (Guan et al., 2006) 

testis cells were shown to gain characteristics similar to ES cells when exposed to 

specific combinations of growth factors. They express all the pluripotent markers of 

ES cells; they give rise to chimeras once injected into blastocyst, and formed 

teratomas after transplantation (like ES cells). However their potential therapeutic 

application is still debated due to unbalanced genomic imprinting. Lately discovered 

adult progenitor cells in the bone marrow (Jiang et al., 2002a) are found to express 

some important embryonic genes: Oct4, Nanog, and Rex1 when cultured with 

medium containing different growth factor combinations. Furthermore they were 

shown to have the ability to trans-differentiate to cells of all three germ layers. Having 

similar characteristics to embryonic stem cells, residing in the patients own bone 

marrow, and not leading to teratoma formation after injection in vivo, this so called 

multipotent adult progenitor cells may offer the possibility to overcome the ethical 

and clinical problems which restrict embryonic stem cell applications. Although these 

results are intriguing they await confirmation from independent laboratories. 

Culture induced reprogramming was the main method on which our study was 

based on. Bone marrow cells cultured in a medium supplemented with various growth 

factors like LIF, platelet derived growth factor (PDGF) generated a stem cell culture 

with high plasticity. Plasticity of the stem cell population was confirmed using in vitro 

differentiation and in vivo aggregation with morulae. The studies went further with 

detection and analysis of the real source of the stem cell population in the 
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heterogeneous BM culture. Consequently, the multilineage potential of BM derived 

stem cells, their ability to elude detection by the host's immune system, and their 

relative ease of expansion in culture make these stem cells a very promising source of 

stem cells in cell therapy applications. 

Bone marrow derived stem cells and their potential clinical 

application 
After their discovery by Alexander Friedenstein in 1976, mesenchymal stem cells 

(MSCs) drew attention of many researchers. Many studies since then reported the 

potential of these bone marrow derived MSCs to differentiate into different tissues 

including bone, cartilage, lipid, epithelial, muscle and nerve tissues. High plasticity 

and self-renewal of these cells provides a great potential for the clinical tissue 

regeneration. Therapeutic application of MSCs initiated with bone and cartilage 

regeneration studies involving assistance of suitable supportive scaffolds (Goshima et 

al., 1991). The main limitation in this approach is the insufficient cell number. Several 

novel approaches like serum treatment (Shahdadfar et al., 2005;Bruinink et al., 2004), 

application of osteogenic growth factors like BMPs and FGFs (Noel et al., 

2004;Reddi and Cunningham, 1990) have been used to improve the culture conditions 

in order to increase the proliferation of MSCs and prevent their loss of differentiation. 

Another interesting approach used was over-expression of telomerase, an enzyme that 

adds specific DNA sequences to the 3’ ends of the DNA strands and prevents the 

DNA shortening due to cell division. This approach led to extensive proliferation of 

MSCs (Kratchmarova et al., 2005). In patients suffering from an inherited disease 

called osteogenesis imperfecta approaches like allogenic MSC transplantation, and 

gene therapy using transplantation of autologous MSCs transfected with the corrected 

form of the gene gave promising results (Le et al., 2005;Chamberlain et al., 2004). 

Other exciting potential clinical application of MSCs was reported for heart tissue 

regeneration (Amado et al., 2005). Studies performed with systemic or local delivery 

of MSCs to different animal disease with cardiomyopathy and ischemic injury have 

clearly showed the engraftment of the cells to the heart tissue leading to improved 

cardiac function. The discussion related to the mechanism of the healing process is 

still ongoing. It needs to be proved if the MSCs can autonomously differentiate into 

cardiomyocytes or the tissue regeneration is achieved due to cell fusion. Recent 

studies, however, propose that the MSCs have a protective effect in myocardial 
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infarction due to their paracrine activity rather than replacement of cardyomiocytes 

(Tang et al., 2005;Gnecchi et al., 2005).  

In parallel to autologous cells source, MSCs can be used for their immunoregulatory 

role. Several studies demonstrated that MSCs avoid allogenic rejection in human and 

many animal models (Aggarwal and Pittenger, 2005;Le et al., 2004). Exact 

mechanism still being unknown, it was shown that MSCs lack major 

histocompatibility complex (MHC-II) which are antigen presenting proteins and 

initiators of the specific immunity in the body (Schoeberlein et al., 2005). Moreover, 

MSCs can show an immunosuppressive effect on T cells in vitro, also inducing 

apoptosis in activated T cells. Several studies suggest the treatment of graft-versus-

host diseases with MSCs co-injection which was shown to clearly reduce the graft 

rejection complications (Bartholomew et al., 2002).  

Animal studies illustrate the engraftment of MSCs to different tissues which can be 

enhanced via local tissue damage factors. This suggested that MSCs can be used as a 

targeting vehicle in gene therapy with various therapeutic molecules. Transplantation 

of MSCs genetically modified to express interleukin 2, responsible for T cell 

proliferation, into malignant gliomas inhibited the tumor growth and increased the 

survival of the rats with tumors (Nakamura et al., 2004). On the other hand MSCs 

over-expressing interferon (IFN) β were found to decrease the growth of pulmonary 

metastasis (Studeny et al., 2004). Treatment with human MSCs retrovirally 

transduced to express BDNF improved recovery in the rat transient middle cerebral 

occlusion model (Kurozumi et al., 2005). These studies demonstrate that gene therapy 

using MSCs as a targeting vehicle is a promising therapy approach in the treatment of 

many diseases.     

Success of gene therapy strongly depends on organ or site specific production of 

therapeutical proteins. Bone marrow derived stem cells are an accessible source for a 

cellular vehicle for gene therapy. Identifying the molecular cues important for cell 

migration is necessary to understand the developmental mechanism and to develop 

new therapy approaches. In our study, we investigate the effect of chemokine 

trafficking in organ specific targeting of BM derived stem cells.  

Chemokines and Chemokine Receptors 
Chemokines are a family of structurally related glycoproteins that function mainly 

as chemoattractants for leukocytes, recruiting monocytes, neutrophils and other 
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effector cells from the blood to sites of infection or damage. They can be released by 

many different cell types and serve to guide cells involved in innate immunity and 

also the lymphocytes in adaptive immunity. Some chemokines also have roles in the 

development of lymphocytes, migration and angiogenesis. Chemokines promote cell 

migration via inducing integrin activation and activating several intracellular 

pathways linked with cell proliferation and apoptosis (Ansel and Cyster, 2001). 

Chemokines are low molecular mass (8- 10 kDa) proteins, classified into four 

families: C, CC, CXC, and CX3C according to the number and spacing (X) of 

cysteine (C) residues in the amino- terminal part of each molecule. The α chemokines, 

also known as CXC chemokines, contain a single amino acid between the first and 

second cysteine residues; β, or CC, chemokines have adjacent cysteine residues. Most 

CXC chemokines are chemoattractants for neutrophils whereas CC chemokines 

generally attract monocytes, lymphocytes, basophils, and eosinophils. There are also 2 

other small sub-groups. The C group has one member (lymphotactin). It lacks one of 

the cysteines in the four-cysteine motif, but shares homology at its carboxyl terminus 

with the C-C chemokines. The C chemokine seems to be lymphocyte specific. The 

fourth subgroup is the CX3C subgroup. The CX3C chemokine 

(fractalkine/neurotactin) has three amino acid residues between the first two cysteines. 

It is bound directly to the cell membrane via a long mucin stalk and induces both 

adhesion and migration of leukocytes. 

More that 50 chemokines and more than 20 chemokine receptors were identified so 

far. Chemokines can bind to multiple chemokine receptors, as well as receptors can 

respond to more than one chemokine; however, the only exception of this rule is SDF-

1, which binds only to the chemokine CXC receptor 4 (CXCR4) and is the unique 

ligand of this receptor. This unique bond suggests that SDF-1-CXCR4 pathway may 

play an important role during the developmental process. 

Chemokine Receptor CXCR4 

CXCR4 is a member of the seven- transmembrane domain G- protein- coupled 

receptors, and is mainly expressed by cells in the immune system and the central 

nervous system. This receptor is also used by T- tropic Human Immunodeficiency 

Virus (HIV) strains to infect CD4+ T-cells. The ligand for this receptor a CXC 

chemokine stromal derived factor 1, known also as CXCL12, is reported as a 

chemoattractant for lymphocytes, CD34+ progenitor cells, pre- and pro- B cells. 
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Binding of SDF-1 to its receptor activates G-protein mediated signalling, including 

downstream pathways such as Ras, and phosphatidylinositol3 (PI3) kinase. PI3 kinase 

activated by SDF-1 and CXCR4 plays a role in lymphocyte chemotaxis. CXCR4 

signalling activates also extracellular-signal regulated kinases 1 and 2 (Erk1/Erk2) 

which are important for regulation of cell growth and proliferation. Janus Kinase and 

Signal Transducers and Activation of Transcription (JAK/STAT) signalling pathways 

also appear to play a role in SDF-1/CXCR4 signalling (Figure 8). 

SDF-1-CXCR4 axis is the major regulator of trafficking and homing of CXCR4 

expressing HSCs, progenitor cells, B and T lymphocytes. Beside HSCs, CXCR4 

expression was as well detected in many tissue stem cells, primordial germ cells and 

even murine embryonic stem cells, which points out that CXCR4 can be a cell surface 

marker also of various stem cell populations.   

There are 2 splice variant forms of SDF-1: α and β. SDF-1α is more abundant, and 

is expressed mainly by BM stromal cells, endothelial cells and fibroblasts. It reaches 

its highest concentration in the BM; however, it is widely secreted in other organs like 

heart, muscle, kidney and brain. SDF-1 secretion is upregulated in hypoxic 

conditions. Low oxygen levels triggers the expression of hypoxia induced factor 1 

(HIF-1). Upregulation of HIF-1 increases directly the expression of SDF-1. Molecular 

analysis showed that SDF-1 promoter region contains 2 binding sites for HIF-1 

(Ceradini et al., 2004). The shortage of oxygen in damaged tissues, like ischemia, 

triggers HIF-1 expression which consequently elevates SDF-1 expression. This leads 

to chemoattraction of CXCR4+ stem or progenitor cells to the site of injury where 

they participate to the regeneration process. HIF-1 upregulates also the expression of 

CXCR4 receptor (Helbig et al., 2003) which shows that HIF-1 regulates SDF-1-

CXCR4 signalling from both ligand and receptor level.  
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Figure 8: SDF-1-CXCR4 signalling pathway. Activation of CXCR4 receptor 

via SDF-1 leads to activation of PI3 pathway regulating the cell migration. 

Cell growth and proliferation is maintained via Erk1/Erk2 pathway activated 

through CXCR4 signalling.  

CXCR4-SDF-1 axis and Hematopoiesis 

The CXCR4-SDF-1 axis plays an important role during embryonic stages and 

adulthood. It is known that CXCR4-SDF-1 pathway is important in the development 

of cerebellum, hippocampus and neocortex (Jazin et al., 1997;Ma et al., 1998;Zou et 

al., 1998). Furthermore, this signalling pathway is necessary for the growth and 

survival of germ cells and it is suggested to play role in guiding the primordial germ 

cells (PGCs) into their gonadal niches during early mouse development (Molyneaux 

et al., 2003). Gene silencing experiments shows that SDF-1/CXCR4 signalling is 

crucial for colonization and formation of the bone marrow starting from E15 in early 

organogenesis. Fetal liver is colonized by HSCs at mouse embryonic day E9.5. 

Between E10.5-E14.5 colonization of HSCs from fetal liver towards the bone marrow 

initiates (McGrath et al., 1999). HSCs expressing CXCR4 are attracted towards the 
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BM due to high SDF-1 levels (Figure 9). Migrated HSCs reside within the bone 

marrow niches (endosteum). During differentiation process HSCs move out of 

endosteum region towards the inner parts of the bone attaching to the stromal cells via 

their α4β1 integrins (also known as Very Late Antigen (VLA-4) receptor). In B-cell 

maturation, surface-immunoglobulin -expressing premature B cells become 

desensitized towards the SDF-1; they either internalize their CXCR4 receptors and 

downregulate the expression due to high SDF-1 or the receptor becomes insensitive to 

its ligand during the differentiation process. Either way leads to the release of the pro-

B cells to the bloodstream. During the adult life SDF-1-CXCR4 axis plays a crucial 

role in the retention/homing of HSCs in the BM microenvironment. 

 
Modified from Ansel et al., 2001 

Figure 9: Hematopoiesis. During early organogenesis, hematopoietic stem 

cells expressing CXCR4 receptor migrate from fetal liver to the BM due to 

high SDF-1 concentration in the BM. During maturation the cells lose the 

sensitivity to the SDF-1. They may internalize their CXCR4 receptor or 

downregulate its expression regulated by high SDF-1 levels, or due to 

differentiation process they might have desensitized the receptor towards its 

ligand. As a result the committed stem cell overtakes the CXCR4-SDF-1 force 

and escapes to the bloodstream.  

High hypoxic conditions are known to enhance SDF-1 expression. During injury, 

organs like heart, liver and brain secrete high levels of SDF-1 due to depletion of 
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oxygen. This becomes the driving force for CXCR4 expressing stem and endothelial 

cells to migrate from the circulation to the lesion sites and contribute to the 

regeneration process. 

In addition to the defects in homing of HSCs in BM, the SDF-1 and CXCR4 

knockout studies revealed also an impaired development of heart, brain and vessels 

which points that this signalling pathway may have a more general role during 

organogenesis. 

In addition to HSCs, CXCR4 expression has been detected in some non-

hematopoietic stem cells in the bone marrow (Kucia et al., 2005a) and other tissues 

(brain-neural stem cells, (Bagri et al., 2002)), murine ES cells (Kucia et al., 2005b) as 

well as cancer cells. Tumor stem cells expressing CXCR4 are mainly involved in 

metastasis. They migrate to the bloodstream due to the SDF-1 gradient, adhere to the 

endothelium, invade the tissues, proliferate and grow new tumors in suitable 

environment for them. Several therapeutic approaches targeting the SDF-1-CXCR4 

axis have been experimentally applied in order to prevent the metastasis in cancer: 

like using CXCR4 inhibitor AMD3100; strategies based on RNA interference in order 

to downregulate expression of CXCR4 in metastatic tumor cells (Chen et al., 2003), 

or similarly downregulation of HIF-1 (Mazure et al., 2004) in order to reduce SDF-1 

expression in certain tissues and prevent CXCR4 expressing tumor cell invasion. 

Chemokine Receptor CXCR3  

Chemokine CXC receptor 3 (CXCR3) is expressed on the surface of many cell types 

including activated T cells, NK cells, dendritic cells, macrophages and B cells. It is a 

7 transmembrane G-protein linked receptor activation of which is inducing a number 

of signalling pathways including leukocyte trafficking, integrin activation, 

cytoskeletal changes and chemotactic migration. Three ligands, Mig (monokine 

induced by interferon γ) (CXCL9), IP-10 (interferon γ inducible protein10) 

(CXCL10), and I-TAC (interferon inducible T-cell α-chemoattractant) (CXCL11) are 

known to activate the CXCR3 receptor. IP-10, Mig and I-TAC share similar 

characteristics. They are produced by macrophages and other cell types like 

fibroblasts and endothelial cells and are stimulated by interferon-γ. In addition, IP10, 

Mig and I-TAC are produced by the local cells in inflamed tissues suggesting that 

CXCR3 is involved in recruitment of inflammatory cells (Piali et al., 1998;Cole et al., 

1998).  
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CXCR3 has been indicated as a polarization marker of the T helper cells towards 

Th1 phenotype (Bonecchi et al., 1998). Resting CD8+ cytotoxic T cells express 

CXCR3 receptor and IFN α/β in small amounts. With stimulation of CD8+ T cells by 

antigen presenting cells, the IFN expression increases and subsequently leads to the 

induction of CXCR3 receptor and its ligands (Cole et al., 1998). The ligands bound to 

CXCR3 activate a protein tyrosine kinase Src, which leads to recruitment of Ras and 

activation of Erk pathway. It is reported that, in parallel to Erk pathway, PI3K/Akt 

pathway is also activated. Whether activation of Src is somehow related with the 

regulation of PI3K pathway is not defined yet (Bonacchi et al., 2001). On the other 

hand the CXCR3 signal contributes to the expression of activation markers CD25, 

CD69 enabling an active proliferation of reactive CD8+ T cells.  

In contrary to CXCR4 signalling, the signalling pathway for CXCR3 is not 

described in detail. It is well known, however, that chemokines like IP-10 and Mig 

together with their receptor CXCR3, are primarily involved in autoimmune diseases 

like multiple sclerosis (MS). 

Multiple Sclerosis and its murine model Experimental Autoimmune 

Encephalomyelitis (EAE) 
There is no exact defined pathogen as a cause for MS. However, it is known for 

certain that it is an autoimmune inflammatory disorder affecting the central nervous 

system (CNS). More precisely the immune attack is raised against the myelin sheath, 

the lipoprotein produced by oligodendrocytes, covering the neuronal axons. Myelin 

sheaths, wrapping the neuronal axons, are separated by gaps called nodes of Ranvier. 

This structure of the axon facilitates the signal transmission along the axons. With the 

damage to the myelin, the conduction is impaired and transmission of impulses along 

the axons is critically delayed. 

MS affects 0.05% to 0.15% of the white population, leading over time to severe 

disability in half of the affected people. MS occurs twice as often in women as men, 

and typically starts between the ages of 20 and 40 years. In the majority of patients, 

the disease course is characterized by onset and remission of neurological symptoms 

originating from different areas in the CNS (relapsing remitting [RR-MS]). In acute 

MS lesions, demyelination of axons, activation of microglia, and infiltration of 

immune cells are key features. The infiltrates mostly consist of T cells and 

macrophages. B cells and plasma cells are also found, but at lower numbers. Two 
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kind of molecules direct leukocytes to the inflammatory sites, the adhesion molecules 

and chemoattractants. Among chemoattractants, chemokines received more interest 

since they have been known for their role in inflammation. During MS attacks, levels 

of three chemokines that act toward T cells and mononuclear phagocytes: IP-10; Mig; 

and regulated on activation, normal T-cell expressed and secreted (RANTES) have 

been elevated (Sorensen et al., 1999). They investigated whether specific chemokine 

receptors were expressed by infiltrating cells in demyelinating MS brain lesions and 

in cerebrospinal fluid. CXCR3, an IP-10/Mig receptor, was expressed on lymphocytes 

in virtually every perivascular inflammatory infiltrate in active MS lesions. Once T 

cells recognize the myelin antigen as non-self, they remain in perivascular space and 

produce proinflamatory cytokines like tumor necrosis factor (TNF-α) and IFN-γ, 

which will upregulate the chemokine expression in leukocytes and resident glial cells 

in CNS, microglia and astrocytes (Oh et al., 1999;Oppenheim et al., 1991). The blood 

brain barrier (BBB) loses its integrity and a large scale of leukocyte (expressing 

chemokine receptors) trafficking occurs towards the chemokine gradient within the 

CNS (Cuzner et al., 1996). Resident cells, activated T cells and infiltrating leukocytes 

can further promote the inflammatory response. The chemokines mostly involved in 

MS are CCL2, CCL3, CCL4, CCL5 and CXCL10. Within the cerebrospinal fluid the 

high levels of T cell chemoattractants CCL2, CCL5 and CXCL10 and high expression 

of CCR5 and CXCR3 indicated that these chemokines are involved in T cell 

infiltration within the CNS (Muller et al., 2004). The pathogenic role of chemokine-

chemokine receptor pathway in MS suggests new therapeutical strategies.  

Most of the studies related to MS have been done on the murine model for MS 

known as experimental autoimmune encephalomyelitis. EAE can be induced in mice 

by immunization with immunodominant peptides from myelin proteins such as 

myelin basic protein (MBP), proteolipid protein (PLP), and myelin oligodendrocytes 

glycoprotein (MOG) emulsified in complete Freund’s adjuvant followed by injection 

of pertussis toxin as an additional adjuvant for certain mouse strains (Whitham et al., 

1991;Amor et al., 1994). Disease score progression is variable from strain to strain. In 

SJL/J mice, PLP or MBP induce a relapsing-remitting progression, C57BL/6 mice on 

the other hand are resistant to MBP disease induction but develop a chronic EAE 

induced by MOG. EAE starts with the activation and differentiation of Th1 cells (van, 

V and Stohlman, 1993;Segal et al., 1998) that leave the lymph nodes and enter the 

CNS via crossing BBB (Brennan et al., 1999). Whether chemokines are involved in 
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this initial entry of the reactive T cells is not clear. EAE also can be induced by 

injection of antigen specific CD4+ T cells into recipient mice (Mokhtarian et al., 

1984). Adoptively-transferred, activated T cells migrate to the CNS within 24 hours 

(Hickey, 1991) and initiates the CNS inflammation.  

Chemokines and chemokine receptors are the main regulators in MS disease. Recent 

studies have focused on therapeutical approaches targeting this specific pathway. 

IFNβ administration for example, which already is approved for clinical uses, leads to 

a downregulation of CCR5 and CXCR3 receptor in CD4+ and CD8+ T cells in MS 

patients (Teleshova et al., 2002;Sorensen et al., 1999). Many studies report the 

amelioration of symptoms in experimental models (i.e. EAE) is observed when 

treated with neutralizing antibodies against chemokines CCL2 (Kennedy et al., 1998), 

CCL3 and CXCL10 (Karpus et al., 1995). Modified chemokines were reported to be 

used successfully in EAE in order to interfere with the signalling pathway of these 

chemokines (Gong et al., 1996). 

In our study, we investigated the therapeutic potential of bone marrow derived stem 

cells targeted to the CNS using retroviral expression of the chemokine receptor 

CXCR3.  

Retroviral Systems 
Retroviral vectors are widely used due to their safe and highly effective gene 

delivery. In order to create safe and effective gene expression systems, wild-type 

murine retroviruses have been modified to ensure that a replication-incompetent viral 

particle is generated. A basic retroviral vector contains elements required for 

replication as a virus (cis element); however, it lacks all the viral genes (Mann et al., 

1983). RNA from retroviruses consists of three major coding domains; gag which 

includes the proteins making up the matrix, the capsid and the nucleoproteins; pol, 

which encodes the reverse transcriptase and integrase and env, which codes for the 

proteins making up the viral envelope. An additional smaller coding domain, pro 

encodes the viral protease. Retroviruses include most oncogenic viruses, for example 

Moloney Murine Leukemia Virus (MMLV) (MOLONEY, 1960) and Mouse 

Mammary Tumor Virus (MMTV) (Bittner, 1936). For an efficient packaging of the 

retroviral vector special packaging cell lines are generated that supply all the 

packaging genes of the virus (gag, pol, env).  
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The retrovirus first binds to the surface of an uninfected cell by recognizing a cell 

receptor (Figure 10). After binding, the virus particle is brought into the cytoplasm of 

the cell. During this process, the viral envelope is removed, leaving the core particle. 

Once this happens, a unique virus-specified enzyme called reverse transcriptase is 

activated. This enzyme reads the viral RNA and makes viral DNA. The host cell lacks 

such an enzyme. The viral DNA then moves to the nucleus of the cell, where it is 

incorporated into the chromosomal DNA of the host cell using the long term repeats 

regions (LTRs). Once this viral DNA is integrated into the chromosome, it mimics the 

host cell gene. As a result, the normal cell machinery reads the integrated viral DNA 

to make more copies of viral RNA. This viral RNA is then used for two purposes: 1) 

some of the viral RNA moves to the cytoplasm and functions as viral messenger RNA 

to program the formation of viral proteins; 2) the rest of the viral RNA becomes 

genetic material for new virus particles by moving to the cytoplasm and combining 

with viral proteins. These virus particles are formed at the cell surface and leave the 

cell by a process called budding. 

 
Figure 10: Life cycle of a retrovirus. Once the viral RNA enters the cells, the 

viral reverse transcriptase enzyme converts the viral RNA into a DNA. The 

DNA fragment enters the nucleus and integrates into the host genomic DNA. 
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This viral DNA is transcribed through the cell transcription machinery into 

the viral RNA, which forms the necessary viral coat proteins and a part of this 

RNA serves as a genetic material to the new viruses. The new viral particles 

are packed and leave the host cell surface via budding. 

Retroviral systems can efficiently deliver a gene to any actively dividing cell. The 

envelop proteins (env) produced by the packaging cell lines, targeting specific cell 

surface receptors) determines the infectivity (tropism) of the virus.  

EcoPack 293 cell lines (Clontech) are Ecotropic and can produce viral particles that 

can infect both mouse and rat cells. This cell line is derived from human embryonic 

kidney (HEK) 293 cell line and can produce high viral titer 106 virus/ml/48 h. 

Viruses produced by RetroPack PT 67 cell line has dualtropic envelops, which has a 

broader range of infection (mouse, rat, hamster, rabbit, cat, dog, monkey, human). 

Pantropic expression systems produce an envelop glycoprotein, inducing the virus 

entry via plasma membrane fusion (Burns et al., 1993). These viruses have the 

broadest range of infection including mammalian and non-mammalian hosts. 

 

In our study we used retroviral delivery tool to express chemokine receptors 

CXCR4 and CXCR3 in BM derived stem cells. A commercially available Murine 

Stem Cell Virus vector (pMSCV) was used as a backbone vector for insertion of 

CXCR3 (or CXCR4) -Internal Ribosomal Entry Site (IRES)-GFP sequence in 

construction of the retroviral vectors. Genetically modified BM cells were used for in 

vivo targeting in response to their chemokine gradients. CXCR4 transduced BM cells 

were targeted in vivo into BM of lethally irradiated mice following high SDF-1 

concentrations, while CXCR3 transduced BM cells were used for targeting the lesion 

sites in EAE animal models following elevated IP10 expression in CNS tissues.  
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AIMS OF THE STUDY 
Lately there have been many reports regarding the plasticity of bone marrow 

derived stem cells; however, the multi- or pluripotency of these cells is still debated. 

Hereby, we characterized in detail BM derived stem cells cultured with various 

growth factors like LIF, PDGF and EGF. Furthermore, we investigated their capacity 

to differentiate to neurogenic, adipogenic and osteogenic lineages in vitro and to 

generate chimeric mice. Since the BM is a very heterogeneous population, we used 

Oct4GiP transgenic mice, where the GFP is expressed under Oct4 promoter, in order 

to isolate only the multipotent stem cell population from the bone marrow. This 

allowed us to enrich the multipotent stem cells expressing the Oct4 pluripotent gene 

in vitro cultures and to expand them maintaining their plasticity. Protein transduction 

with recombinant Nanog protein, culturing with Fibroblast Growth Factor 2 (FGF2), 

and other methods were used in order to expand the Oct4 expressing multipotent 

population maintaining their plasticity. 

A successful gene therapy relies on organ or site specific production of therapeutical 

proteins. We used the motility control properties of chemokines to achieve an organ 

specific migration and integration of BM derived stem cells via gene transfer of 

chemokine receptors. Retroviral vector system was used to transduce BM derived 

stem cells with chemokine receptors CXCR4 and CXCR3. CXCR4 transduced BM 

stem cells have been administered to lethally irradiated and various organs of the 

injected mice were analyzed 3 to 5 weeks post injection. Mice injected with only GFP 

transduced BM stem cells was used as a control.  

In addition, we used CXCR3 transduced cells in EAE animal models for a therapy 

of multiple sclerosis, since it has been shown that the chemokines IP10 and Mig (the 

ligands for the CXC3 receptor) are among the main regulators during the development 

of MS disease. During the onset of the disease (10 days post immunization) EAE 

induced mice were injected with CXCR3 transduced BM derived stem cells and the 

score was followed up to 15 days post injection. Scores were compared with mice 

injected with Phosphate Buffered Saline and BM stem cells transduced only with 

GFP. Using fluorescence microscopy, brain and spinal cord were analyzed to detect 

the cell migration to the lesion sites in EAE models. 
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MATERIALS AND METHODS 
Isolation and expansion of bone marrow derived stem cells  
Bone marrow was collected from 6-8 week- old C57BL6 mice (Charles River). The 

hind limbs were removed and, using a syringe, the bone marrow was flushed out with 

PBS from the medullary cavities of the tibia and femur bones. Removal of 

erythrocytes was performed by treatment with lysis buffer (See Appendix to Materials 

and Methods); cells were suspended in 5ml lysis buffer for 30sec followed by the 

addition of 5ml PBS to prevent further lysis of white blood cells. Isolated cells were 

cultured in stem cell expansion medium consisting of 54% Dulbecco’s Modified 

Eagle Medium- Low Glucose (DMEM- LG) (Gibco), 40% MCDB-201 (Sigma), 

supplemented with Insulin-Transferrin-Selenium (ITS, Gibco), 1X Linoleic- Acid- 

Bovine- Serum- Albumin (LA-BSA, Sigma), 10-9 M dexamethasone (Sigma), 10-4 M 

ascorbic acid 2- phosphate (Sigma), 100U penicillin, 1000U streptomycin (Gibco), 

2% Fetal Calf Serum (FCS) (Gibco), 10 ng/ml Epidermal Growth Factor (EGF, 

Sigma), 10 ng/ml Platelet Derived Growth Factor (PDGF, R&D)  and 10 ng/ml 

Leukemia Inhibitory Factor (LIF) (Chemicon) on Fibronectin (Sigma) (5ng/ml) 

coated flasks (Appendix).  

Adherent cells were cultured up to two 20 passages under above described 

conditions, splitted once or twice a week at 70% confluency. Passaged cells were 

seeded at a density of 4000 cells/cm2. More than 80% of presumed hematopoietic 

cells died during the first week of culture and only the cells which are resistant to long 

cell culture conditions and have a high proliferative capacity survived. 

Characterization of BM derived stem cells by Flow Cytometry, 

immunohistochemistry and RT-PCR  
The multipotency of generated BM derived stem cells was analyzed by 

immunological and molecular detection of various cell surface and intracellular 

markers specific for ES Cells. Flow cytometry analysis was performed for detection 

of various cell surface markers (See Appendix to Materials and Methods).  

Cells were trypsinized, washed with PBS and, in order to prevent unspecific 

binding, incubated with CD16/32 Fc blocking antibody for 5 min at 4˚C. First 

antibody was applied afterwards (at v/v ratio 1:100) for 30 min at 4˚C. Following 

washing, the cells were incubated with the selected secondary antibody (Appendix) 
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for 30 min at 4˚C. After washing, the samples were used immediately for flow 

cytometry analysis. Immunostaining for Oct- 4 transcription factor was performed 

using mouse anti-mouse Oct- 4 monoclonal antibody (Santa Cruz) (at a 1:100 

dilution) followed by Fluoro-sothiocyanate (FITC) conjugated goat anti- mouse 

IgG/IgM (Dianova) incubation (overnight at a 1:200 dilution) as a secondary 

antibody. Reverse Transcriptase- Polymerase Chain Reaction (RT- PCR) was used for 

detection of pluripotency transcription factors Oct- 4, Nanog, Rex- 1. RNA was 

extracted from cells by using the RNeasy kit (Qiagen); mRNA was reverse- 

transcribed and cDNA underwent 40 rounds of amplification with the following 

conditions: 94°C for 1`, 60°C for 40``, and 72°C for 50``. Amplifications without 

reverse transcriptase and reactions without addition of cDNA were used as a control. 

The housekeeping gene GAPDH was amplified using the PCR conditions above. 

In vitro differentiation of bone marrow derived stem cells into 

neuronal, adipogenic and osteogenic lineages 
BM cells were cultured in stem cell expansion medium for 2 weeks. Neuronal 

differentiation was induced via addition of FGF2 (100 ng/ml) to the stem cell 

expansion medium for 7 days followed by 10ng/ml FGF and 100 ng/ml Sonig 

Hedgehog (SHH) for 7 more days in the medium (Jiang et al., 2003). After 2 weeks in 

culture with differentiation medium the cells were stained with  anti β- tubulin isotype 

III (Sigma) (dilution of 1:100) followed by incubation with the secondary antibody 

Cy3 conjugated goat anti mouse IgG (Dianova) (dilution of 1:200) (Table2). 

Adipogenic differentiation of bone marrow derived cells was induced via removal of 

the growth factors (PDGF, EGF, LIF) from the stem cells expansion medium and 

addition of 10% horse serum and 10-6M dexamethasone (Laharrague et al., 1998). 14 

days after differentiation the cells were stained with Oil Red O (Sigma) (0.3%) in 

60% isopropanol for 1 h at room temperature after fixation with 4% 

paraformaldehyde for 30 min at 4˚C.  

Osteogenic differentiation was performed using DMEM medium containing 10% 

FCS (Gibco), 10 mM β- glycerophosphate (Sigma), 10-7 M dexamethasone (Sigma), 

and 0.2 mM ascorbic acid (Sigma). 14 days after differentiation calcium deposits were 

detected using Alizarin Red S (Sigma) staining. The cells were washed and fixed in 

4% paraformaldehyde and stained for 5 min with 1% alizarin red in 2% ethanol 

solution to reveal mineralization. 
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Aggregation with 8-cell stage morulae and chimera generation 
Aggregation of BM derived stem cells with 8-cell stage morulae was performed in 

order to confirm their in vivo differentiation potential. 8-cell stage morulae embryos 

were obtained from 6 weeks old CD1 female mice (Charles River). Pregnant mare’s 

serum (PMS), which is used to mimic follicle-stimulating hormone (FSH), and 46-48 

hours later human chorionic gonadotropin (hCG), which is used to mimic luteinizing 

hormone (LH), were administered intraperitoneally each at a dose of 5 IU/mice in 

order to increase the number of the ovulating eggs. After the administration of hCG, 

one female was placed in a cage with one stud male, and the next morning the female 

was checked for a copulation plug. Two days after, oviducts from sacrificed females 

were collected. The 8-cell embryos were flushed out and collected from the oviduct. 

The zona pellucida of the embryos was removed using an acidic tyrode solution. 

Small drops (50 ul) of M16 medium (Sigma) were placed on the bottom of a 35-mm 

sterile plastic culture dish. 3-4 holes were punched with special aggregation needles in 

each microdrop. The dish was flooded with light paraffin oil. Zona pellucida free 

embryos were transferred into these microdrops, each embryo in one well. Nearly 10 

BM derived stem cells expressing GFP were subsequently transferred on top of each 

embryo. The next day, blastocyts were transferred to the uterus of a pseudopregnant 

recipient female mouse. Embryos were analyzed at day 12.5. 

Enrichment of Oct4 expressing BM stem cells 
Mechanical isolation: In order to establish a more homogenous multipotent BM 

stem cell population, a transgenic mouse (Oct4GiP), in which GFP is expressed under 

the Oct4 promoter was used (Figure 11). The transgenic mice were generated via 

microinjection of the transgene into the pronuclei of a fertilized oocyte (Ying et al., 

2002). The transgenic line was kindly provided by laboratory of Prof. Austin Smith, 

ISCR, Edinburgh, UK. 

 

POct4   Puromycine pA GFP IRES
 

 

Figure 11: Construct used for transgenic generation. GFP is expressed under 

Oct4 promoter, followed by IRES and puromycine. 
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Bone marrow derived from these transgenic mice was cultured with stem cell 

expansion medium. After 2 weeks, GFP fluorescence was detected in some colonies 

in the cultures. The colonies were manually picked using a Pasteur pipette; and real 

time PCR was performed to quantify the relative concentration of pluripotency gene 

transcripts Oct4 and Nanog. 

Nanog protein transduction of BM derived stem cells: Recombinant Nanog 

protein transduction was used to enhance the proliferation of the stem cell population 

derived from the bone marrow. The TAT-Nanog fusion protein contains a Nuclear 

Localization Signal (NLS) (important for the translocation of the protein into the 

nucleus), the recombinant Nanog protein, and the positively charged Trans-actin 

Activator of Transcription (TAT) peptide which mediates the entry of the protein to 

the cell due to positive charge of TAT and negative charge of the cell membrane 

(Figure 12).  

 
Figure 12: TAT-Nanog construct. TAT (positively charged) promotes the 

entrance of the protein through the negatively charged plasma membrane via 

macropinocytosis. NLS region promotes the protein diffused from 

macropinocytic vehicle to the cytoplasm to enter the nucleus through the 

nuclear pores. 

The purified TAT- Nanog fusion protein was kindly provided by Frank Edenhover 

(RNB, Life&Brain Center, University of Bonn). The protein was added to the stem 

cell expansion medium at a concentration of 100nM. Cells were cultured for 3 weeks 

and analyzed for pluripotency markers. 

Growth Factor Application: 2-3 weeks after isolation of BM cells, the effect of the 

addition of FGF2 (25 ng/ml) and SCF (10 ng/ml) to the stem cell expansion medium 

was analyzed after 24h, 72h and 1 week post-administration. GFP fluorescence was 

detected in the cultured colonies and RT-PCR of treated (FGF2 and SCF added) and 

non-treated (stem cell expansion medium only) cultures for Oct4 expression was 

compared.  

 

 NLS  NANOG  TAT 

NLS: Nuclear Localisation Signal 

TAT: Trans-actin Activator of Transcription Peptide (+ve charge) 
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Retroviral expression of CXCR3 and CXCR4 in BM derived stem cells 

Construction of the retroviral vectors 

The retroviral vectors were constructed using a commercial pMSCVneo (Clontech) 

(Figure 13). The CXCR3 and CXCR4 genes were inserted using the XhoI and MluI 

restriction sites. IRES and GFP coding sequences were inserted in the multicloning 

site, between the MluI/XbaI and XbaI/BlgII restriction sites, respectively. 

          
      A              B 

  
        C 

Figure 13: Retroviral plasmids constructed via insertion of CXCR4 (or 

CXCR3), IRES and GFP into the MCS of the original construct pMSCVneo. 

pMSCV-CXCR4-IRES-GFP (A), pMSCV-CXCR3-IRES-GFP (B) and control 

pMSCV-IRES-GFP (C) used for transduction of BM cells. 

Effectene transfection of EcoPack 293 cells and generation of a stable cell line 

(PT67) for a viral production 

The DNA constructs used during the experiments were pMSCV-CXCR4-IRES-

GFP, pMSCV-CXCR3-IRES-GFP and pMSCV-IRES-GFP retroviral expression 

vectors. 
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EcoPack 293 (Clontech) cells, plated on 10 cm tissue culture dish, were transfected 

using Effectene Transfection Reagent (Qiagen). The transfection was performed 

according to the Qiagen transfection protocol. Fresh medium was added 7 hours after 

transfection. 48 hours later supernatant was collected, filtered using 0.45 um filters to 

avoid the cell debris and used for transduction of RetroPack PT 67 cells plated on 6 

well plates. PT 67 cells were treated with 1 ml of fresh viral supernatant/well using 

spin infection method, centrifuged at 2500 rpm, 37˚C for 45 min. The transduction 

was repeated a second time with a fresh viral batch and the cells were incubated 

overnight at 37˚C and 5% CO2. Fresh medium was added the next day. CXCR4 or 

CXCR3 transduced PT 67 cells were subjected several times to magnetic bead 

selection. Cells were trypsinized, washed with PBS, incubated with rat anti-mouse 

CXCR4 or CXCR3 monoclonal antibody (Pharmingen) for 1 h at 4˚C, washed with 

PBS and followed by incubation with secondary antibody Dynabeads- conjugated 

sheep anti- rat IgG (Dynal) for 30min at 4˚C. Following collection and washing of the 

magnetic fraction the cells were cultured till at least 2 passages in order to get a 

magnetic bead free culture. The PT 67 stable cell line was consequently producing 

retroviruses.  

Retroviral transduction of BM derived stem cells 

48 hours after confluency of the PT 67 cell line, the collected viral supernatant was 

filtered through 0.45 um filter and directly used for transduction of BM derived stem 

cells. Bone marrow stem cells, at a confluency of 40-50% (70 000 cells/well of a 6 

well plate) were treated twice with 1 ml fresh viral supernatant by spin infection 

method. Expression of GFP reached its peak, around 48 hours after transduction. 

Analysis of CXCR4 transduced BM derived stem cells 
Immunolabelling and flow cytometry analysis of CXCR4 transduced BM 

derived cells  

Transduced BM stem cells were fixed with 4% paraformaldehyde for 30 minutes, 

washed twice in PBS and incubated with 1% BSA for 1 hour at 4˚C to reduce the 

nonspecific binding of the antibody. The samples were then incubated overnight with 

rat anti-mouse CXCR4 monoclonal antibody (Pharmingen) at 4˚C. Cells were washed 

two times in PBS and incubated with goat anti-rat Cy3 secondary antibody (1:200, 

diluted with 1% BSA). For flow cytometry analysis the cells were trypsinized, washed 
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with PBS, incubated with primary antibody as mentioned above for 30 min at 4˚C, 

after rinsing with PBS incubated with secondary antibody for 30 min at 4˚C. 

In vitro migration assay 

The function of BM derived stem cells transduced with CXCR4 receptor was 

analyzed using the migratory property of CXCR4 transduced cells towards SDF- 1. 

100 000 BM derived stem cells  transduced with CXCR4-GFP retroviral vector were 

seeded on top of each Millicell filter (Millipore, USA) immersed into a 24- well plate 

containing 600 ul medium with varying concentrations of SDF- 1(0 to 60 ng/ml) 

(Figure 14). The same amount of BM derived stem cells transduced with only GFP 

retroviral vector was used as a control. The migration of BM stem cells from the 

membrane towards the medium was allowed to proceed for 4 hours at 37˚C and 5% 

CO2. Migrated cells were estimated by counting the cells in the well and on the 

opposite (downward) side of the membrane. 

 
Figure 14: Representative scheme for migration assay. The cells were seeded 

on top of a Millicell filter immersed into a well containing medium 

supplemented with SDF-1 at different concentrations. Cells were incubated for 

4h at 37˚C allowed to migrate towards SDF-1 containing medium. 

Tracking CXCR4 transduced BM derived stem cells after injection to 

irradiated mice 
6 to 8 week- old C57BL6 mice were subjected to irradiation at 8 Gray. 1 million 

CXCR4 transduced BM stem cells together with 1.5 million freshly isolated 

hematopoietic stem cells (lin- c-Kit+ Sca1+ selected) from BM were injected 

intravenously to the mice the same day after irradiation. Control was injected with 1 

million IRES-GFP transduced cells together with 1.5 HSCs selected for lin-/c-

Kit+/Sca1+ markers. Freshly isolated HSCs are necessary for the recovery of the mice 
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from irradiation; they serve as an immediate source for HSC replacement. BM was 

flushed and erythrocytes were removed as described above. Enrichment of c-Kit+Sca-

1+ HSCs was performed by negative selection with the use of a mixture of purified rat 

anti-mouse monoclonal antibodies specific for the mature cell lineage antigens 

CDB220 (B lymphocytes), Gr-1 (granulocytes), CD4 (T lymphocytes), CD8 (T 

lymphocytes), TER119 (erythrocytes) and Mac-1 (macrophages) (all from 

Pharmingen, at a concentration of 1:100 for each antibody). After incubating for 1 

hour at 4˚C with this primary antibody mixture, cells were washed with PBS and 

incubated with rat anti-mouse immuno-magnetic beads (1x107/ml) (Dynal) for 30min 

at 4˚C. After selection, the non-magnetic fraction was washed and used together with 

transduced BM stem cells for intravenous injection. As a control injection, GFP 

transduced BM stem cells were used in combination with HSCs (lin- c-Kit+ Sca1 +). 

3 to 5 weeks postinjection, the animals were anesthetized and transcardially perfused 

with 0.125M PBS followed by 4% paraformaldehyde. Spinal cord, brain, leg, heart, 

spleen, liver, lung, thymus were removed and kept overnight in 4% paraformaldehyde 

followed by overnight incubation in glycerol solution (10% Glycerol and 1% DMSO) 

for dehydration. The organs were embedded in Tissue- Tek (SAKURA, NL), frozen at 

-80 ˚C for 2-3 hours and cryosectioned to slices of 20 um thickness. Tissue slices 

were fixed on microscope slides with 4% paraformaldehyde and migration was 

detected using fluorescence microscopy. 

Analysis of CXCR3 transduced BM derived stem cells 
BM derived stem cells were transduced with fresh PT67 supernatant from PT67 cell 

line expressing viral particles containing the CXCR3-IRES-GFP sequence. For 

immunostaining, transduced cells were washed and fixed with 4% Paraformaldehyde 

(PFA) for 30 min at 4˚C, and blocked with 1% BSA for 30 min at 4˚C to prevent 

unspecific binding. Primary antibody (rat ant-mouse CXCR3) was incubated 

overnight followed by 30 min incubation with Cy3 anti-rat secondary antibody for 30 

min at room temperature. The percentage of transduction efficiency was estimated by 

flow cytometry analysis. The cells were trypsinized, washed with PBS, incubated with 

rat ant-mouse CXCR3 for 30 min at 4˚C, washed with PBS and followed by 

incubation with Cy3 anti-rat secondary antibody for additional 30 min at 4˚C.   

The CXCR3 transduced BM derived stem cells were used for injection into EAE 

induced mice. 

 42 



EAE Induction 
6 weeks old C57/BL6 mice (Charles River) were immunized with the myelin 

oligodendrocyte glycoprotein peptide (MOG35-55, SeqLab). Complete Freund’s 

adjuvant (CFA) was prepared by suspending 1 ampoule (100mg) of desiccated 

M.Tuberculosis (Difco Laboratories) in 10ml incomplete Freund’s adjuvant (Difco 

Laboratories). Using CFA, MOG35-55 (2mg/ml) was diluted 1:1 and emulsified. 

100ul of the emulsion was injected subcutaneously into two sites at the base of the 

tail. 100ul of lyophilized pertussis toxin (PTX, 1ng/ul PBS; List Biological 

Laboratories Inc.) was injected intravenously to accelerate progression of the disease. 

48 hours later, a second injection of PTX was given intraperitoneally (100 ul). The 

weight and the clinical score (Figure 15) was followed up every day. Chronic, 

nonremitting EAE was induced normally within 10-12 days.  

Clinical Scores 
 

Forelimb 

paralysis 

hind limb 2hind limb 
death   limp tail healthy  paralysis  paralysis 

00  11  22  33  44  55  

 
Figure 15: Clinical Scores for EAE. 10-12 days post immunization mice show 

the first symptoms of the disease, weak tail, score 1. In 1-2 days the mice 

reach score 2 where they further show one hind limb paralysis while at score 

3 both hind limbs are paralyzed. Score 4 involves further forelimb paralysis 

which further leads to death (score 5). 

Injection of CXCR3 transduced BM derived stem cells into EAE mice 
0.5 Million CXCR3-IRES-GFP transduced BM cells were injected intravenously at 

2 different time points,  at the onset of the disease (10 days postimmunization) and at 

the peak of the disease (15-20 days post immunization). Clinical score was followed 

up immediately after immunization till 10 days post-injection of the cells. 10 days 

post-injection animals were anesthetized and transcardially perfused with 0.125M 

PBS followed by 4% paraformaldehyde. Organs were removed and kept overnight in 

4% paraformaldehyde followed by overnight incubation in glycerol solution (10% 

Glycerol and 1% DMSO) for dehydration. The organs were embedded in Tissue- Tek 

(SAKURA, NL), frozen at -80 ˚C for 2-3 hours and cryosectioned to slices of 20 um 
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thickness. Tissue slices were fixed on microscope slides with 4% paraformaldehyde 

and migration was detected using fluorescence microscopy.  
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APPENDIX TO MATERIALS AND METHODS 
Materials 
Antibodies  
Primary Antibodies  

Antigen Specificity Source Class Company 

SSEA-1 
Multipotent 

Cells 
Mouse Monoclonal Chemicon,USA 

Oct4 ES cells Mouse Monoclonal Santa Cruz, DE 

β- III tubulin Neurons Mouse Monoclonal Sigma, DE 

CD11b 
Macrophages 

and Microglia 
Rat Monoclonal Pharmingen, DE 

CD11c Macrophages Rat Monoclonal Pharmingen, DE 

Sca1 HSCs Rat Monoclonal Pharmingen, DE 

CD49d 
BM cells (α4 

integrin) 
Rat Monoclonal Pharmingen, DE 

CXCR4 HSCs, B cells Rat Monoclonal Pharmingen, DE 

CD29 
BM cells 

(β1integrin) 
Rat Monoclonal Pharmingen, DE 

c-Kit HSCs Rat Monoclonal Pharmingen, DE 

CD133 
Somatic Stem 

Cells 
Rat Monoclonal Pharmingen, DE 

 

Secondary Antibodies 

Fluorophore Specificity Source Company 

FITC Mouse Goat Dianova, DE 

FITC Rat Goat Dianova, DE 

Cy3 Rat Goat Sigma, DE 

Dynabeads M-450 Rat Goat Dynal, USA 
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Primers  
Primers Used for RT-PCR 

Gene Forward Primer Reverse Primer 

Oct4 5’-AGTGGAAAGCAACTCAGAGGG- 3’ 5’ -GGTTCTCATTGTTGTCGGCTT- 3’ 

Nanog 5’ -GGAGAACAAGGTCCTTGCCAG- 3’ 5’ -AGTTGGGTTGGTCCAAGTCTG- 3’ 

Rex-1 5’ -GGAAGATGGCTTCCCTGACG- 3’ 5’ -TGAGGACACTCCAGCATCGAT- 3’ 

β-3 tub 5’-CAGCGTATACTACAATGAGG-3’ 5’ -ATCGACAATGAAGCCCTCTACG- 3’ 

Sox2 5’ –AACCAGAAGAACAGCCCG- 3’ 5’ –GCATCGGTTGCATCTGTG-3’ 

Gapdh 5’-ACGACCCCTTCATTGACCTCAACT-3’ 5’-ATATTTCTCGTGGTTCACACCCAT-3’ 

Primers Used for Cloning: 

CXCR4XhoI: 5’-CCGCTCGAGCGGATGGAACCGATCAGTGTGAGTATA-3’ 

CXCR4MluI: 5’-CGACGCGTCGTTAGCTGGAGTGAAAACTGGAGG-3’ 

CXCR3XhoI: 5’-CCGCTCGAGCGGATGTACCTTGAGGTTAGTGAACGTC-3’ 

CXCR3MluI: 5’-CGACGCGTCGTTACAAGCCCAGGTAGGAGGCCACA-3’ 

Growth Factors (GF), Cytokines and Chemokines 

GF, Cytokines 

and Chemokines 
Source 

Affected 

Receptor 
Primary Activity 

LIF 

(Chemicon,USA) 

Wide range of  

cells (ex. stromal  

cells, astrocytes) 

LIFR 

Maintain self-renewal in ES and other  

stem cell populations, while it can also  

promotes differentiation in different cell  

types. 

PDGF 

(R&D Systems, 

DE) 

Platelets,  

Endothelial Cells,  

Placenta 

PDGF 

receptor 

Promotes proliferation, induces expression 

of some nuclear localized proto-oncogenes 

(Fos, Myc , Jun). 

EGF 

(Sigma, DE) 

Submaxillary  

gland, Brunners  

Gland 

EGF 

receptor 

Proliferative effect on cells from 

mesodermal and ectodermal origin, 

Induction of proto-oncogenes (Fos, Myc 

and Jun). 

FGF 

(Chemicon,USA) 

Wide range of  

Cells 

4 

distinct 

receptors 

Promotes proliferation of many cells, 

Inhibition of some stem cells, Induction of 

mesoderm to form in early embryos. 

SCF 

(R&D Syst,DE) 

Bone marrow  

stromal cells 
c-kit 

Support cell growth and proliferation of 

HSCs in the BM. 

SDF-1α 

(R&D Syst, DE) 

HSCs,astrocytes, 

Endothelial&ES cells 
CXCR4 Cell migration, Homing. 
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Buffers, Solutions and Medium 
0.125M Phosphate Buffered Saline (10XPBS)- pH 7.3 

Component Concentration Company 

NaH2PO4.H2O 0.007M Roth, DE 

Na2HPO4 0.034M Roth, DE 

NaCl 0.6M Roth, DE 

 

Lysis Buffer 

Component Concentration Company 

NH4Cl 0.156M Roth, DE 

KHCO3 0.01M Roth, DE 

EDTA 5x10-6M Roth, DE 

 

TBE Buffer (10X)

Component Concentration Company 

Tris-Base 1.78M Roth, DE 

Boric Acid 1.78M Sigma, DE 

EDTA 0.04M Roth, DE 

 

4% Paraformaldehyde  pH 7.3

Component Amount Company 

PFA 20g Sigma, DE 

PBS (0.125M) 50 ml See PBS preparation 

ddH2O 450 ml Roth, DE 

 

Agarose Gel (1%) 

Component Amount Company 

Agarose 0.5 g SeaKem, Cambrex, USA 

EtBr 1.25 ul Roth, DE 

Gel Star 4 ul BioWhittaker Mol Appl, USA 

TBE(1X) 50 ml See TBE preparation 

Fibronectin (Fn) Stock Solution 

Component Amount Company 

Fibronectin 1 mg Sigma, DE 

ddH2O 1 ml Roth, DE 

Working solution is 5ng/ml prepared with 1XPBS. 
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Pregnant Mare Serum Gonadotropin 

Component Amount Company 

PMS 1000 IU Intervet, DE 

NaCl (0.9%) 20 ml Roth, DE 

100 ul/mice used for injection. 

 

Human Choriongonadotropin 

Component Amount Company 

hCG 5000 IU Intervet, DE 

Sterile ddH2O 5 ml Intervet, DE 

NaCl (0.9%) 45 ml Roth, DE 

100 ul/mice used for injection. 

 

Avertin 

Component Amount Company 

Tribromethanol 2g Intervet, DE 

Tert-Amylalcohol 1g Intervet, DE 

ddH2O 158g Roth, DE 

Injected according to the mouse body weight (50 ul/g). 

 

Tyrod’s Solution (g/100ml) pH 2.5

Component Amount Company 

NaCl 0.800g Intervet, DE 

KCl 0.020g Intervet, DE 

CaCl22H2O 0.024g Roth, DE 

MgCl26H2O 0.010g Roth, DE 

Glucose 0.100g Sigma, DE 

Polyvinylpyrrolidone (PVP) 0.400g Sigma, DE 

 

Plasmid Restriction-Digestion (Total volume 20 ul) 

Component Amount Company 

Enzyme 1 0.5ul Roche, DE 

Enzyme 2 0.5ul Roche, DE 

Buffer 2ul Roche, DE 

Plasmid 17ul plasmid in ddH2O (up to 1 ug)  
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Plasmid Ligation (Total volume 10 ul)

Component Amount Company 

T4 Ligase 0.5 g Roche, DE 

Ligation Buffer 1.25 ul Roche, DE 

Total DNA 
8 ul (1:3 or 1:15 ratio of  

insert:plasmid) 

 

 

PCR Mix(1 sample tube-50 ul) 

Component Amount Company 

ddH2O 41 ul Roth, DE 

dNTP (10mM) 1 ul Amersham Biosciences, USA 

Buffer 5 ul Roche, DE 

Forward Primer (100pmol) 0.5 ul  MWG, DE 

Reverse Primer (100pmol) 0.5 u  MWG, DE 

DNA (<500 ng) 1 ul   

DNA Polymerase 1 ul Roche, DE 

 

Reverse Transcription Mix(1 sample tube- 20 ul)

Component Amount Company 

RNA (<400 ng) 11 ul   

dNTP (10mM) 1 ul Amersham Biosciences, USA 

Hexa-nucleotide Solution 1 ul Roche, DE 

5XRT Buffer 4 ul Invitrogen, DE 

DTT Buffer 2 ul Invitrogen, DE 

Reverse Transcriptase 1 ul  Invitrogen, DE 

 

Real time PCR Mix (1 sample tube- 50 ul) 

Component Amount Company 

SYBR Green 25 ul Applied Biosystems, UK 

Forward Primer(10pmol) 3 ul MWG, DE 

Reverse Primer(10pmol) 3 ul MWG, DE 

cDNA 1 ul  

dNTP (0.4mM)  1 ul Amersham Biosciences, USA 

ddH2O 17 ul Roth, DE 
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Medium 
Stem Cell Expansion Medium 

Component Amount Company 

Dexamethasone 50 nM Sigma, DE 

L-Ascorbic acid 100 uM Sigma, DE 

LA-BSA 0.5 mg/ml Sigma, DE 

BSA 0.5 mg/ml Sigma, DE 

ITS 1% Gibco, DE 

MCDB 201 40% Sigma, DE 

Penicillin/Streptomycine 1% Gibco, DE 

FCS 2% Gibco, DE 

DMEM/Low Glucose 54% Gibco, DE 

EGF 10 ng/ml Sigma, DE 

rhPDGF-BB 10 ng/ml R&D Systems, DE 

mLIF 1000 U/ml Chemicon, USA 

 

PT67 and EcoPack 293 Medium 

Component Amount Company 

DMEM/Low Glucose 87% Gibco, DE 

FCS 10% Gibco, DE 

L-Glutamine 1% Sigma, DE 

Penicillin/Streptomycine 1% Gibco, DE 

Glucose 1% Sigma, DE 

 

Medium Used During Aggregation 

M2 –Sigma, DE 

M16-Sigma, DE 

Equipments 
Fluorescence Microscope- Axiovert 40 CFL, Zeiss, DE 

Confocal Microscope- TSC-SP2 AOBS, Leica Microsystems GmbH, DE 

Stereomicroscope- SZ51, Olympus GmbH, DE 

BD FACS Calibur, BD Biosciences, DE 

Bio-Rad i-cycler, Bio-Rad Laboratories, DE 

Cryostat- Microm HM 560, Microm International GmbH, DE 

 

Filters used 

FITC- Excitation 450-490; Emission 515-565 

Cy3- Excitation 546/12; Emission 575-640 

DAPI- Excitation 365; Emission 420 
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Methods 
RNA Isolation  

Isolation of RNA was performed using the RNeasy Mini Kit (Qiagen). The protocol used 

is summarized as follows: 

i. Take eppendorf with tissue (e.g. 20-30mg in PBS). 
ii. Add 600ul lysis buffer (inc. 1:100 B-mercaptoethanol), use 300ul if less than 20mg of tissue 

(lysis buffer lasts approx. 1 month). 
iii.  Homogenise with small syringe (use large first if a lot of tissue). Centrifuge (3min, max). 
iv. Mix 600ul of supernatant with 600ul EtOH+DEPC H2O. 
v. Add 700ul into column and centrifuge (15s, 10000rpm), throw away waste, add rest of 

mixture and repeat. 
vi. Add 350ul wash buffer RW1 and centrifuge (15s, 1000rpm), throw away waste. 

vii. Mix 10ul DNase1 with 70ul RDD buffer, add to filter and leave for 15min. 
viii. Add 350ul wash buffer RW1 and centrifuge (15s, 10000rpm), throw away  waste. 

ix. Add 500ul wash buffer RPE (+EtOH) and centrifuge (15s, 10000rpm), remove waste, repeat 
and centrifuge (2min, max). Remove waste and centrifuge again to dry (1min, max). 

x. Place column in eppendorf, add 35ul RNase free H2O (onto filter), leave for 3min, centrifuge 
(1min, 10000), throw away column. RNA is collected in eppendorf. 

xi. Measure concentration (ug/ml) and RNA/protein absorption (260/280) using photometer 
(Eppendorf), and dilute with DEPC H2O accordingly: 

 

RNA conc. (ug/ml)    DEPC H2O 

<300      30 

300-400     40 

400-500     50 

>500     60 

 

Transfection 

Transfection of cell lines was performed to produce retroviral particles as well as to 

confirm the expression of genes cloned into plasmids. Retroviral particles were produced 

using Effectene transfection protocol (Qiagen): 

i. Plate 5x106 EcoPack293 cells in a poly-L-lysine coated 10cm dish one day before transfection 
to obtain a culture of 80-90% confluency. 

ii. On the day of transfection add antibiotic-free medium to the cells (10ml). 
iii. Prepare 425 ul EC-Buffer, 2.5 ul of plasmid, 20 ul of Enhancer (ratio Enhancer:DNA 8:1) in 

an eppendorf. 
iv. Vortex and leave for 2-5 min at RT. 
v. Add 50 ul Effectene to the mixture, vortex and leave for 5-10 min at RT. 

vi. Add 500 ul medium to the mix. 
vii. Add transfection mix to cells dropwise, mix gently and leave for 6 hours. 

viii. Add medium containing antibiotics and 2% serum to the transfected cells 
ix. Remove supernatant 36-72hrs post-transfection and pellet the debris. 
The supernatant may be stored overnight at 4ºC or frozen at -80ºC. 

 

Transduction 

 Supernatant Spin Infection  

Cells at a confluency of 30-50% in 6-well dishes were treated with retroviral supernatant, centrifuged 

twice (2500rpm, 37˚C, 45 min) and kept at 37oC overnight. Fresh medium was added to the cells on the 
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following day. Expression normally reached its peak 48hr post-transduction and was generally higher 

than that observed following regular supernatant treatment. 

 

Chimera Generation 

i. 6 weeks CD1 female mice were intraperitoneally injected with PMS. 
ii. 48 h later hCG hormone was administered intraperitoneally. 

iii. Female mice were placed in a cage with one stud male, and the next morning the female was 
checked for a copulation plug. 

iv. 2 days later the female mice were sacrificed and 8-cell morula stage embryos are collected by 
flushing the oviduct with M2 medium. 

v. Zona pellucida is removed from the collected embryos using acidic Tyrod’s solution. 
vi. The zona pellucida free 8-cell stage embryos are placed on previously prepared separate wells 

containing M16 medium. 
vii. 8-10 BM derived stem cells are transferred to each well containing a single 8-cell stage 

embryo and the cells were incubated overnight till blastocyst stage. 
viii. The next day the aggregated blastocysts were transferred to foster mice (max. 40 blastocysts 

per mice). 
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RESULTS 
Characterization of BM derived cells 
Total bone marrow was isolated from femur and tibia bones of C57Bl6 mice and 

cultured on fibronectin coated dishes in stem cell expansion medium containing LIF. 

Erythrocytes were removed with a hypotonic lysis buffer treatment for a very short 

time (30 seconds). Medium was changed every two days. The cells start to adhere to 

the culture dish after one week. The first passage is done after 7 days. Once adherent, 

the cells show high proliferation rate, 36 hours of doubling time. Cells were passaged 

twice a week at 60-70% confluency and plated at a density of 4000 cells/cm2. 

Adherent BM derived cells were cultured for up to 20 passages. More than 80% of 

presumed hematopoietic cells died during the first week of culture and only the cells 

which are resistant to long cell culture conditions and have a high proliferative 

capacity survived. Cultured with LIF, BM derived cell cultures form a heterogeneous 

population containing cells with various size and morphologies (Figure16).  

 
Figure 16: Heterogeneous Bone Marrow population cultured in LIF 

containing medium conditions. 

Detailed characterization using flow cytometry analysis (Figure 17) confirmed the 

high heterogeneity of the BM culture after 7 passages. Cells were collected, and 

immunostained against surface markers: CXCR4, Sca1, cKit, CD11b, CD11c, CD29, 

CD49d, SSEA-1 and CD133. Analysis via flow cytometry revealed cell population 

expressing 31±2% Sca-1, 13±1% c-kit and 15±2% CXCR4 surface receptors which 

are markers for hematopoietic stem cells. Some cells (13±0.5%) were expressing 

Alpha 4 integrin-CD49d and β1 integrin-CD29 (20±2%) which are important 

components of VLA4 integrins involved in stem cell mobilization. Nearly 45±3.5% of 

the cells were expressing CD 11b, a cell surface integrin of macrophages, 
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granulocytes and natural killer cells, demonstrate the presence of immune cells in the 

culture.  

Around 44±3% of cells in this heterogeneous population were expressing surface 

marker for murine ES cells, stage specific embryonic antigen 1 (SSEA-1) (Figure 17). 

In order to obtain a more homogenous stem cell population, SSEA-1 expressing cells 

were sorted and cultured on fibronectin coated dishes in stem cell expansion medium. 

However, the cells did not attach to the fibronectin coated dish and did not expand; 

they showed almost no proliferation and they died within one week after selection.  

 
 

Figure 17: Flow cytometry analysis of Bone Marrow derived stem cells after 7 

passages. Results reveal a high heterogeneity in the population. Many cells 

express hematopoietic stem cell markers (Sca1, c-Kit, CXCR4), some express 

early macrophage markers (CD11b), expression of stem cell adhesion markers 

(CD29, CD49d) confirmed the presence of stromal cells. Population was also 

enriched (44±3%) for SSEA-1, an early Embryonic Stem cell marker, 

expressing stem cells in BM cultures. 
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The SSEA-1 marker is a marker specific for ES cells. Its detection suggested the 

presence of a non-hematopoietic stem cell population in the BM culture. Analysis of 

other ES cell markers (Oct4, Nanog, and Rex1) was performed via RT-PCR and 

immunocytochemistry  

Reverse transcriptase data after 7 passages showed a significant expression of 

pluripotency genes like Oct4, and Rex1 followed by weak Nanog expression (Figure 

18). The expression was followed up to 20 passages after which the amount of these 

transcription factors was undetectable.  

 

 
Figure 18: Gene transcripts for pluripotency genes Oct4, Nanog and Rex1 in 

BM derived cell cultures (BMSC) and ES cells (ES) after 7 passages detected 

by RT-PCR (40 cycles). Oct4 and Rex1 are detected at higher levels, while 

Nanog shows weak expression. 

Immunolabelling for Oct4 of BM derived stem cells after 7 passages showed that 

cells with round shaped morphology and smaller in size (10-15 um) are the source for 

the Oct4 gene transcript (Figure 19).  

 
A                                            B 

Figure 19: Transmission (A) and fluorescence (B) images of BM derived stem 

cells after 7 passages stained for Oct4 transcription factor (green 
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fluorescence). Cells stained for Oct4 have high nuclei to cytoplasm ratio 

revealing stem cell-typical morphology. 

In vitro differentiation of BM derived stem cells 
Neuronal differentiation of the BM derived stem cells was induced by FGF2 and 

Shh supplemented to the culture medium for 2 weeks. Initially, Nestin negative BM 

cells initiated Nestin expression after 1-2 weeks in stem cell expansion medium. 

Together with Nestin, β-III tubulin expression was also detected after 1 week in 

differentiation medium via RT-PCR (Figure 20B). Immunostaining experiments 

revealed that after 2 weeks in neuronal differentiation medium most of the cells in 

culture expressed the early neuronal marker β-III tubulin (Figure 20A) initiating some 

cytoplasmic projections.  

 
A 

 
B 

Figure 20: Cells stained for β -III tubulin after 2 weeks in neuronal 

differentiation medium (A). RT-PCR for β -III tubulin, Nestin and GAPDH 

housekeeping gene expression was detected in BM derived stem cells (BMSC) 

following differentiation (B).  
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Adipogenic differentiation was performed for 2 weeks under adipogenic 

differentiation conditions. Oil red, a lipid soluble dye, was used for staining the fat 

droplets formed in the differentiated adipocytes (Figure 21 A). Osteogenic induction 

for 2 weeks allowed a detection of calcium deposits in differentiated osteocyte 

cultures. Alizarin Red, forming a complex with Calcium ions, was used to detect the 

mineralization in the cultures (Figure 21 B).  

 

   
A             B 

Figure 21: Oil red staining for lipid droplets indicating adipocyte 

differentiation (A); Mineralization detected via Alizarin Red staining in 

osteoblast differentiation cultures (B). 

In vivo plasticity of BM derived stem cells 
8-cell stage morulae derived from CD1 mouse were used to aggregate with GFP 

labeled BM derived cells. Embryos were analyzed at embryonic day 12.5 

(E12.5).GFP positive cells were detected in various parts of the embryos like brain, 

dorsal root and muscle tissues (Figure 22). Aggregation experiments revealed up to 5 

% contribution of BM derived stem cells in tissues of different embryonic lineages 

which suggest the presence of ES cell like population in the BM having capacity to 

contribute to different embryonic tissues. 
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A 

 

 
 

B 

 

 
 

C 

Figure 22: Aggregation of 8-cell CD1 morulae with GFP labeled BM derived 

cells from C57BL6 mice. GFP cells were detected in muscle (from tongue) (A), 

dorsal root (B), and brain (C) of embryos at 12.5 day. Overall contribution of 

GFP positive BM cells to the total embryo was in the range of (1-5%). 
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Selection of Oct4 expressing BM derived stem cells 
In order to enrich multipotent stem cells derived from the BM, we used transgenic 

mice expressing GFP under Oct4 promoter. GFP positive clusters have been detected 

within early cultures of BM derived cells cultured with stem cell expansion medium 

(Figure 23 A). GFP cluster formation was rare, 0.5% of the BM cells isolated from a 

mouse can form GFP clusters. GFP expression was mostly localized in the core of the 

cluster where cells were having a round shaped morphology, while there was no GFP 

signal in the periphery of the clusters where the differentiation had already started. 

Selected clusters were analyzed for Oct4 and Nanog expression levels via Real time 

PCR and compared with ES cells. Relative quantification by real time PCR revealed 

nearly 30 fold lower Oct 4 and 10 fold lower Nanog expression in BM derived GFP 

clusters in comparison to ES cells expression values (Figure 23 B). 

 
A 

 
B 

Figure 23: GFP positive clusters derived from BM of Oct4 promoter GFP 

transgenic mice (Oct4GiP) (A). GFP positive clusters have a low frequency, 

less than 0.5% /mouse. Real time PCR data represents Oct4 and Nanog gene 

transcript levels in BM derived GFP clusters (BMSC) in comparison with ES 

cell expression levels (ES) (B). Nanog shows 10 fold and Oct4 30 fold lower 

expression in comparison to the ES expression levels. Y-axis shows relative 

values of real time RT PCR normalized by GAPDH gene transcripts. 
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TAT-Nanog protein transduction 
Expansion of mechanically isolated GFP positive clusters in stem cell expansion 

medium without inducing differentiation was not possible. In order to rescue the cells 

from their quiescent state and improve their proliferation efficiency we used several 

approaches. Nanog, a pluripotency gene transcript, maintains self renewal in ES cells. 

In order to induce the further proliferation of the GFP clusters we introduced TAT-

Nanog fusion protein (Figure 24) to the stem cell expansion medium.  

 

 
Figure 24: NLS-Nanog-TAT protein construct. TAT (positively charged) is 

involved in the endocytosis (macropinocytosis). NLS is involved in nuclear 

transportation of the protein. The scheme is a representation of TAT-Nanog 

protein entering the cell via macropinocytosis. Once taken to the cell, very low 

amount of protein diffuses to the cytoplasm. 

The recombinant Nanog protein contains positively charged TAT on C terminus 

which allowed the attraction between the protein and the plasma membrane and 

enhanced the protein uptake via macropinocytosis. The nuclear localization signal was 

added to the N terminus which allowed the entrance of the protein to the nucleus. 

Most of the protein taken to the cell does not diffuse through the vesicle, only a very 

low amount is released to the cytoplasm.  

   NLS NANOG TAT 

NLS: Nuclear Localisation Signal 

TAT: Trans-actin Activator of Transcription Peptide (+ve charge) 
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        A     B 

 
C 

Figure 25: Transmission (A) and Fluorescence (B) images of clusters formed 

in medium containing Nanog protein. Total cell number and the rate of cluster 

formation were increased, however the GFP signal indicating Oct4 expression 

decreased. Higher Sox 2 expression was detected in cells cultured with Nanog 

(1) in comparison to cells cultured in stem cell expansion medium (2) (C). 

Introduction of the TAT-Nanog protein to the medium significantly increased total 

cell proliferation in freshly isolated cultures. The frequency of cluster formation was 

higher (10%) in comparison to the cell cultured in only stem cell expansion medium, 

however the early analysis (4th passage) showed very low Oct4 (and GFP) expression 

(Figure 25B) and strong Sox2 expression (Figure 25C) which is another early 

transcription marker in ES cells known to make complexes with Oct4 and activate 

other pluripotent genes like Rex1 and Nanog. Expansion of cells for 2 weeks (4 

passages) under Nanog containing conditions did not prolong the pluripotency gene 

expression.  
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FGF2 and SCF application 
Since FGF2 is an important regulator for maintenance in pluripotency in human ES 

and Primordial Germ Cell (PGC) cultures, we supplemented the stem cell expansion 

medium with FGF2 in order to expand the GFP positive multipotent stem cells and 

maintain their plasticity. The addition of the growth factors SCF (10 ng/ml) and FGF2 

(25 ng/ml) 2 weeks after the initiation of the BM cell culture induced an earlier 

expression of Oct 4 at 2nd passage (Figure 26). The effect was observed at 72 h after 

addition of the growth factors. The culture expressing Oct 4, was maintained up to 8 

passages. 

 
A                                                         B 

 

C 

Figure 26: Transmission (A) and Fluorescence (B) images of BM derived cells 

at 2nd passage cultured with SCF and FGF2 growth factors for 72 hours. 

Many small-sized GFP clusters were detected. The GFP signal was 

maintained up to 8 passages. Application of FGF and SCF induced early 

expression of Oct4 transcription factor, while no Oct4 was detected in cells 

cultured in stem cell expansion medium after 3 passage (C).  
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Bone Marrow Derived Stem Cells in Cell Therapy Application 

Generation of a stable cell line for constitutive retroviral expression  
EcoPack 293 cell line was transfected with the pMSCV-CXCR4-IRES-GFP vector 

using Effectene transfection kit (Qiagen). Transfection efficiency was >90% (Figure 

27 B). Immunostaining for CXCR4 marked the cell surface indicating the expression 

of the receptor on the membrane, while GFP was localized within the cell body 

(Figure 27 A and B). The retroviral supernatant collected from EcoPack cells was 

used for transduction of RetroPack PT 67 cells. After positive magnetic bead selection 

of PT 67 cells using monoclonal rat anti- mouse CXCR4 antibody, a highly enriched 

stably viral particle producing PT 67 cell line was generated (Figure 27 C). Similar 

results were obtained with EcoPack transfection using CXCR3-IRES-GFP, and IRES-

GFP vectors. PT67 cell lines expressing CXCR3-GFP and PT67 expressing only GFP 

were generated with same efficiency.  

  
          A             B 

 

 

 
C 

Figure 27: A- Immunostaining for CXCR4 receptor in EcoPack 293 cells 

transfected with pMSCV-CXCR4-IRES-GFP; B- Overlay for CXCR4 

immunostaining and GFP expression of transfected EcoPack 293 cells; C- 
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Stably transduced PT67 cell line transduced with CXCR4-IRES-GFP 

transfected EcoPack 293 viral supernatant.  

Retroviral CXCR4 Transduction of BM derived stem cells  
BM cells isolated from C57B6 mice were cultured for 7-8 passages in stem cell 

expansion medium prior to transduction. Transduction of BM derived stem cells was 

performed with fresh supernatant provided from PT 67 cell line producing 

retroviruses carrying the CXCR4-IRES-GFP sequence, 48h after confluency. The 

transduction process was repeated twice. Confocal images of CXCR4 transduced BM 

stem cells showed the labeling of the CXCR4 receptor (red labeling) on the surface of 

the cell membrane while GFP is mostly localized in a perinuclear region in the 

cytoplasm (Figure 28). Retroviral system using IRES gives the advantage of 

expressing both the gene of interest and the reporter gene simultaneously, avoiding 

interference with the function of the protein of interest, as might occur with fusion 

constructs. 

 
            A              B 

Figure 28: BM derived stem cells transduced with pMSCV-CXCR4-IRES-GFP 

vector. GFP expression (A) and immunostaining for CXCR4 receptor (B) in 

BM derived stem cells. 
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Flow cytometry analysis was performed in order to detect the transduction 

efficiency of our expression system. BM stem cell population is very heterogeneous. 

In fact, there is a cell population around 15% that already express the CXCR4 

receptor. Upon transduction, we were able to increase this cellular fraction up to 

48±3% (Figure 29). Cells used for experiments were enriched by sorting the GFP 

positive cells up to 90%. 

 

 
Figure 29: Flow cytometry results of CXCR4-IRES-GFP transduced BM stem 

cells. 48±3% transduction efficiency was achieved. Isotype control is shown as 

filled black histogram. 

In vitro functional analysis for CXCR4 transduced BM derived stem 

cells 
In vitro functional analysis for the CXCR4 expressed in BM stem cells was 

performed using a MilliCell chamber filter set up, where cells were seeded over the 

0.45 um filters embedded into a medium containing varying concentrations of the 

receptor ligand SDF-1. Migration was allowed to proceed for up to 4 hours. The 

results from three independent experiments revealed an increased migration potential 

of CXCR4 transduced cells in comparison to only GFP transduced cells (Figure 30). 

As a matter of fact, the number of GFP transduced cells was quite constant (around 

100 cells) at every SDF-1 concentration. Migrated CXCR4 transduced BM stem cells 

showed an increase between 120 up to 800 for SDF-1 concentrations between 0 and 

30 ng/ml. The dose dependent increase is almost linear, inducing an increase up to 8 

fold at a concentration of 30 ng/ml. Higher concentrations of SDF-1 (50 and 60 
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ng/ml) exhibit a limiting effect, reducing the migration levels similar to the control 

experiments (~100 cells).  

 
Figure 30: Migration Assay of CXCR4 and only GFP transduced BM stem 

cells towards various SDF-1 concentrations (0-60 ng/ml). CXCR4 transduced 

cells show increased migration in the range 0-30 ng/ml SDF-1, while follows a 

decreased migration in higher concentrations. GFP transduced cells (BM 

cells) on the other hand do not show much deviation in migration towards 

different SDF-1 levels. 

In vivo targeted migration of CXCR4 transduced BM stem cells in 

irradiated mice 
In vivo effect of CXCR4 expression was evaluated via injection of 1 million 

CXCR4-IRES-GFP transduced BM derived stem cells to lethally irradiated mice 

causing the depletion of their hematopoietic stem cells together with 1.5 million HSCs 

selected for lin-cKit+Sca1+ from freshly isolated BM of C57Bl6 mice. 1 million only 

IRES-GFP transduced BM cells together with 1.5 million HSCs were injected to a 

control irradiated mice. Majority of the engrafted CXCR4-IRES-GFP transduced BM 

cells were detected 3 weeks post injection within the endosteum (stem cell niche) of 

the bone marrow, and some within lung and spleen tissues (Figure 31). No cells were 

detected in organs from control mice using fluorescence imaging. 
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A            B               C 

Figure 31: Fluorescence images of CXCR4-IRES-GFP transduced BM derved 

stem cells detected in the endosteum region of the Bone Marrow (A), Lung (B), 

and Spleen (C), 3 weeks post-injection 

Observations revealed the domination of the endosteal regions by CXCR4 

transduced stem cells (Figure 32). More than 50% of the cells through the entire 

endosteum region were GFP positive cells.  

        A       B    C 

Figure 32: Part of endosteum (stem cell niche of the bone marrow), migration 

of CXCR4-IRES-GFP transduced BM derived stem cells (A), DAPI staining 

(B), and overlay (C). 

In order to confirm migration to the spleen we performed flow cytometry analyses 

where results (Figure 33) show a low migration of engrafted CXCR4 transduced cells 

to the spleen (3%). On the other hand via flow cytometry we detected 2% GFP 

positive cells in the spleen of the control mice (Figure 33) which can be associated 

with the low number of CXCR4 expressing cells in the initial heterogeneous BM 

culture. 
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Figure 33: Flow cytometry analysis of spleen taken from irradiated mouse 

(black), irradiated mouse 3 weeks after injection with GFP transduced (green) 

(2%) and with CXCR4 transduced BM stem cells (pink) (3%). Isotype control 

is shown as filled black histogram. 

Analysis 5 weeks post-injection revealed a higher reconstitution of the bone marrow 

via CXCR4 transduced BM stem cells (Figure 34), while there was no detected 

migration of injected IRES-GFP transduced BM cells except few cells detected in 

lung tissue. 

 
Figure 34: Fluorescence image of CXCR4-GFP-IRES transduced BM derived 

stem cells detected in the bone marrow of lethally irradiated mice 5 weeks 

post-injection. High reconstitution of the bone marrow by CXCR4-IRES-GFP 

transduced BM derived stem cells was achieved after 5 weeks. 
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Retroviral CXCR3 Transduction of BM derived stem cells  
Similarly, the EcoPack 293 and RetroPack PT 67 cell lines were generated using 

CXCR3-IRES-GFP vector. The supernatant derived from stably transduced PT 67 cell 

line was used for transduction of BM derived stem cells (Figure 35).  

 
            A     B 

Figure 35: Fluorescence images of CXCR3 transduced cells. GFP 

fluorescence of tranduced cells (A) and Cy3 immunostaining for CXCR3 

receptor (B) in transduced BM stem cells. 

BM stem cells were cultured under stem cell expansion conditions 3 weeks prior 

transduction. The transduction efficiency of BM cells was 40±5%; non-transduced 

BM stem cells do not show CXCR3 receptor expression (Figure 36).  

 

 
Figure 36:  Flow cytometry results of CXCR3-IRES-GFP transduced BM stem 

cells. Transduction efficiency was detected to be 40±5%. Isotype control is 

shown as filled black histogram.  
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Injection of CXCR3 expressing BM stem cells into EAE mice 
CXCR3 transduced BM derived cells were used in EAE animal models for multiple 

sclerosis to investigate its possible therapeutic effect. Cell injection was performed at 

the early onset of the disease, 10 days post-immunization of the mice using MOG 

emulsified in CFA and Pertussis Toxin. Immunized mice were injected with 0.5 

million CXCR3-IRES-GFP transduced or IRES-GFP transduced BM stem cells and 

controls were injected with PBS. Clinical score of the mice were followed for 10-13 

days post injection. Figure 37 (n=3) shows that in PBS injected controls, the disease 

showed a severe progression reaching up to score 4. Injection of GFP transduced BM 

cells did not prevent the progression of the disease for the first 7 days post-injection, 

however, it showed a subsequent amelioration of the symptoms. On the other hand, 

injection of CXCR3 expressing cells prevent the progression of the disease above 

score 2.  
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Figure 37: Clinical scores of EAE immunized mice showing progression of the 

disease after injection with PBS as a control (red), BM stem cells transduced 

with IRES-GFP (yellow) and CXCR3-IRES-GFP transduced BM stem cells 

(blue) 10 days post-immunization (n=3). 

13 days post-injection, the EAE mice were sacrificed and analyzed for migration of 

the GFP cells in CNS tissues. A low number of cells were detected in the brain and 
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the spinal cord of EAE mice injected with CXCR3 expressing BM stem cells (Figure 

38).  

 

Figure 38: Fluorescence images from

mice injected with CXCR3-IRES-GFP

days post-immunization. Low number 

 

A

 
  B 

 brain (A) and spinal cord (B) of EAE 

 transduced BM derived stem cells 10 

of cells was detected in CNS tissues. 
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DISCUSSION 

Characterization of Bone Marrow Derived Stem Cells 

Bone Marrow- A Home for Non-Hematopoietic Stem Cells 

Bone marrow is the largest organ in the body. It is known as an enriched resource 

for adult stem cells. Various stem cells, progenitor cells, stromal and blood-forming 

cells reside within the BM. HSCs are the most studied population of adult stem cells 

so far. Therefore many markers have been identified, which makes these cells easy to 

isolate from the bone marrow. MSCs, the non-hematopoietic stem cells within the 

bone marrow, do not have characteristic surface markers. This makes them difficult to 

isolate and to obtain homogenous cultures. Many culture conditions for the 

enrichment of non-hematopoietic stem cells were described. In our study, the medium 

conditions have been modified from Jiang et al, 2002. Removal of many erythrocytes 

was achieved shortly after extraction of BM via standard hypotonic lysis buffer. The 

remaining cells were seeded on fibronectin coated dishes. BM contains HSCs that 

give rise to all lineages of hematopoietic system and MSCs that constitutes the 

adhesive part of the BM derived cells. Major part of HSCs was removed during 

subsequent medium changes since they grow in suspension. The adherent cells, 

however, still contain many different cell types (Figure 16). Flow cytometry analysis 

revealed cell population expressing markers like c-Kit (13±1%), Sca1 (31±2%), 

CXCR4 (15±2%) indicating the presence of some HSCs after 7-8 passages in cultures. 

The expression of CD11b marker by a large fraction of the cells (45±3.5%) indicates a 

large macrophage population (Figure 17). Stem cell adhesion molecules CD29 

(20±2%) and CD49d (13±0.5%), which are important for the communication between 

stromal and stem cells, confirms also the presence of stromal cells within the cultures. 

On the other hand, 44±3% of the population was expressing stage specific embryonic 

antigen 1. SSEA-1 antigen is associated with embryonic stem cells. The expression is 

restricted to undifferentiated embryonic stem cells and primordial germ cells. The 

detection of this surface marker suggests the presence of another stem cell population 

beside HSCs within the BM culture. Sorted SSEA-1 positive population, however, did 

not proliferate when seeded on fibronectin coated dishes, which shows that they do 

not grow in the absence of supportive environment provided by the heterogeneous 

culture. Stem cells are “hidden” in special stem cell niches in the bone marrow. There 
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is a continuous interaction between the specialized niche cells and the stem cells. 

Molecular signalling, although still unknown, provides necessary conditions for 

maintenance of the stemness of these cells and their proliferation in case of injury. 

The amount of stem cells within the niche is kept constant. Their proliferation is only 

restricted to the need, allowing the protection against a continuous proliferation that 

might lead to cancer. The cells closer to the niche borders differentiate in response to 

the differentiation stimuli in the periphery. The difficulty of expanding SSEA-1 

positive cells out of their “niches” is possibly related to this mechanism. This can 

show that stem cells need the interaction between different progenitor and stromal 

cells for their survival and proliferation. Understanding the molecular signalling 

between the niche cells and the resident stem cells will provide a big advantage for the 

expansion of BM derived stem cells in vitro.  

Beside SSEA-1, we analyzed the expression of other pluripotency markers (Oct4, 

Nanog and Rex1) proteins exclusively expressed by embryonic stem cells. RT-PCR 

revealed a significant expression of Oct4 and Rex1 transcription factors and a weak 

Nanog expression in BM derived population after 7 passages in culture (Figure 18). 

Immunostaining for Oct4 transcription factor showed that small cells (diameter of 10-

15 um) with a high nuclear to cytoplasm ratio, which is a common morphology of 

stem cells, express Oct4 (Figure 19). In various adult stem cells which have been 

studied so far, no detection of pluripotency markers like Oct4, Nanog, Rex1, and 

SSEA-1 was reported. In freshly isolated bone marrow we could not detect any of 

these markers. This might suggest either that the cells gain this phenotype as a result 

of in vitro culture conditions, or this culture conditions enrich the low number of 

multipotent stem cells which initially is undetectable. Recently, however, similar 

findings were reported regarding BM population. Jiang and his coworkers (Jiang et 

al., 2002a) were able to obtain a homogeneous BM stem cell population which they 

named MAPCs. MAPCs were expressing the above mentioned pluripotency markers 

at a very low relative concentration (1000 fold less compared with ES cell expression 

levels). 
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BM derived stem cells can show differentiation towards neurogenic, adipogenic 

and osteogenic lineages in vitro 

Differentiation of bone marrow derived non-hematopoietic stem cells to multiple 

lineages have been studied for a long time. It has been widely accepted that bone 

marrow cells can differentiate to adipogenic, osteogenic and chondrogenic lineages. 

However, in the last 6 years, there has been accumulating evidence demonstrating the 

high plasticity of the BM from hepatocytes to neurons. Freshly isolated BM cells have 

been found to migrate to several brain regions and to adopt a neuronal phenotype after 

transplantation to irradiated mice (Mezey et al., 2000).  

To investigate the plasticity of BM derived stem cell population, in vitro 

differentiation studies were performed. BM cells in stem cell expansion medium 

initiate a Nestin expression, which is an early neural marker. It is known that low 

serum conditions can initiate Nestin expression in BM cells (Wislet-Gendebien et al., 

2003). Neuronal differentiation medium, containing FGF2 and Shh promoted neural 

differentiation and process outgrowth of BM stem cells, enhanced further the 

expression of Nestin and β-III tubulin as detected by RT-PCR (Figure 20B). Cells 

labeled for β-III tubulin show elongated processes resembling neural outgrowth 

(Figure 20A).  

Differentiation of BM stem cells to adipocytes was performed using horse serum 

and dexamethasone. High cortisol content in horse serum has a positive effect on 

adipocyte differentiation. Dexamethasone in the absence of horse serum leads to 

differentiation to the bone lineages; however, in the presence of horse serum, it 

enhanced the differentiation and proliferation of adipocytes. Oil red O staining shows 

the oil droplets formed within adipocytes 2 weeks after differentiation (Figure 21A).  

Osteogenic differentiation of BM stem cells was achieved using ascorbic acid and 

dexamethasone supplements. 14 days of differentiation induced calcium phosphate 

deposits formation, which was detected with Alizarin staining (Figure 21B). In vitro 

differentiation of BM derived stem cells to neurogenic, adipogenic and osteogenic 

lineages confirms an existence of multipotent stem cell population within BM derived 

cells which have a plasticity allowing them to respond to the external stimuli and 

program their differentiation.  

Further studies involving appropriate in vivo experiments are in progress in order to 

explore the functional properties of these cells. Another point that needs exploration is 

whether multipotent stem cells( the most primitive source in adult organism) are a 
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very small fraction in the BM and have high differentiation capacity, or BM is a pool 

for all kind of progenitor cells that circulate and in case of injury they migrate to the 

damaged tissue and they differentiate. Since we are still dealing with heterogeneous 

BM cultures this question can have an answer once the different populations residing 

in the BM are investigated more in detail.  

BM derived stem cells contribute in vivo to multiple embryonic tissues 

Aggregation of ES cells with morulae (8-cell stage embryo) and chimera generation 

experiments are widely used for testing the pluripotent properties of ES cells. The 

higher the plasticity of the cells aggregated with morulae, the higher is the rate of 

contribution of these cells to different embryonic tissues. A similar experiment was 

performed to test the plasticity of BM derived stem cells in vivo. The contribution of 

BM derived stem cells into different embryonic tissues confirmed the multipotency of 

the stem cells residing in the bone marrow (Figure 22). GFP labeled BM stem cells 

contributed to tissues from mesodermal (Figure 22A) and ectodermal (Figure 22B, C) 

origin. The overall contribution to the whole embryo was about 5%. The low 

contribution of these cells can be associated with the heterogeneous population 

obtained under in vitro conditions. BM cultures cultured in defined medium 

conditions still contain many stromal and progenitor cells together with a very low 

amount of multipotent stem cells. Under these conditions, the aggregation 

experiments which require 10-12 BM cells, per embryo exhibited a low percentage of 

chimera generation.  

In vitro differentiation experiments and chimera experiments confirmed the 

presence of a non-hematopoietic stem cell population derived from the BM that 

exhibit high plasticity.  

Bone marrow harbor a very low number of “real” non-hematopoietic stem cell 

population 

In order to select the stem cell population that express Oct4 transcription factor, we 

used a transgenic mouse model generated via microinjection of a transgene, which has 

GFP driven under Oct4 promoter, to the pronuclei of a fertilized oocyte. Extensive 

studies on the transgenic mouse confirmed that the GFP expression is only detected in 

ES cells derived from blastocyst embryos of the Oct4 transgenic mice (Ying et al., 

2002).  
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In early cultures (4th passage) in stem cell expansion medium, we observed very low 

number (<0.5% /mouse BM) of GFP positive clusters (Figure 23A). We did not detect 

any GFP signal from freshly isolated BM by flow cytometry analysis. We note that 

fresh BM exhibits a high autofluorescence background; dealing with low cell number, 

the GFP fluorescence of these cells may be undetectable. However, in vitro culture 

conditions were clearly selective for these GFP positive cells. Mechanical isolation 

and real time PCR analysis for Oct4 and Nanog gene expression revealed very high 

levels of expression. In the clusters Oct 4 expression was nearly 30 fold less, and 

Nanog expression nearly 10 fold less than ES cell expression levels (Figure 23B). 

This finding confirms our previous findings that BM may harbor non-hematopoietic 

stem cells with high plasticity. The only report regarding Oct4 and Nanog expression 

profile of BM cells (Jiang et al., 2002a) shows a 1000 fold lower expression of Oct4 

and Nanog in MAPCs in comparison to ES cell expression levels. Detected very high 

Oct4 and Nanog expression levels in our study suggests that our culturing conditions 

supported with the Oct4GiP reporter system supports the enrichment of more 

homogeneous population from the BM. We went further with expansion of these 

clusters; however, their low proliferation brought a major limitation for our further 

analysis. It is known that the quiescence of stem cells in the bone marrow is of critical 

importance in order to keep a constant stem cell number and to avoid their extensive 

proliferation that could lead to cancer. Their proliferation in vivo is stimulated 

according to the demand in the injured area. We used several approaches in order to 

expand the multipotent stem cells in vitro. 

TAT-Nanog protein transduction induced cell proliferation in expense of Oct4 

expression 

Recombinant Nanog protein transduction was one of the methods which we used in 

order to expand GFP positive BM clusters (Figure 24). It has been reported that 

elevated Nanog expression is sufficient for clonal expansion of ES cells maintaining 

their Oct4 expression (Chambers et al., 2003). Application of Nanog protein for 2 

weeks induced cell proliferation. Cluster formation rate was higher than the ones in 

stem cell medium; however, the GFP signal within the clusters was relatively low 

(Figure 25) in comparison to clusters formed in expansion medium (Figure 23A). 

Although there was induction in Sox2, a pluripotency marker, the GFP was not 

detectable after 2 weeks (4 passages) of Nanog application. This results shows that 
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Nanog transduction may induce cell proliferation, however at the detriment of Oct4 

expression. This might indicate that Nanog per se is not enough for the maintenance 

and proliferation of BM multipotent stem cells. Adult stem cells differ from ES cells 

in differential gene expression. The chromatin structure of ES cells is much loose. The 

gene loci are easily accessible for the regulatory molecules. However, in various adult 

stem cells many gene loci have been described to be highly methylated and 

inaccessible to the transcription factors. In our particular example, Nanog 

transcription factor applied to the bone marrow derived stem cells certainly activates 

the cell proliferation cascade; however, some other unidentified downstream targets of 

Nanog closely related with the maintenance of “stemness” in the cell (like Oct4 

expression) might be inaccessible due to excessive methylation. In a recent study it 

was reported about the induction of pluripotency in embryonic and adult mouse 

fibroblasts (Takahashi and Yamanaka, 2006). Combinatorial overexpression 

experiments were performed either alone or in combination of different pluripotency 

genes and oncogenes. The interesting finding was that from 24 different genes only 4 

of them (Oct4, Sox-2 transcription factors, c-Myc (oncogene), and Klf4 (tumor 

suppressor) genes) have been described as being the genes sufficient for induction of 

pluripotency in adult cells. Nanog, on the other hand, was not sufficient to induce the 

pluripotency of adult cells.  

Since the cells used in our experiment are neither fibroblasts nor ES cells, we do not 

know whether or not Nanog has an effect in pluripotency induction. However, it is 

also clear that Nanog alone is not enough for maintenance of pluripotency gene 

expression in our culture system. For this reason, we suggest that other signalling 

pathways in combination with Nanog may help for maintenance and proliferation of 

multi- or pluripotent stem cell population derived from the bone marrow. Oct4 

recombinant protein might be another factor that can be used in combination with 

Nanog protein in BM cultures for the enrichment of multipotent stem cell colonies. 

FGF2 and SCF induce early Oct4 and Nanog expression in BM derived stem 

cells 

Primordial germ cells (PGCs) are detectable in embryos at E7. Once isolated this 

cells proliferate for up to 7 days in vitro, but their number eventually declines and 

their proliferative capacity is only a fraction of that seen in vivo. It has been reported 

previously (Resnick et al., 1992) that in order to enrich the pluripotent PCG 
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population, SCF (also known as steel factor), FGF2 and LIF were supplemented to 

their culture medium. This composition further enhanced their proliferation and 

stimulated the derivation of embryonic germ (EG) cells which has similar 

characteristics to ES cells. In parallel to this study, Durcova-Hills and her coworkers 

(Durcova-Hills et al., 2006) reported that PGC reprogramming towards EG cells can 

be induced via exogenous FGF2 addition for not more than 24 hours in the presence 

of LIF. In the light of these studies we used exogenous FGF2 and SCF supplements in 

our stem cell expansion medium containing LIF. The application for 24 hours did not 

show any effect, however 72 hours after application the cells showed an expression of 

Oct4 (Figure 26). FGF2 application induced an early expression of pluripotency 

factors (Figure 26C). The clusters formed were smaller in size however with a high 

GFP signal (Figure 26B). The cultures were maintained up to 8 passages.  

It has been known that FGF2 is important for maintenance of pluripotency in human 

ES cells (Dvorak et al., 2005). A recent report brings a closer look to the FGF2 

signalling (Greber et al., 2006). They suggest a regulatory circuit for the maintenance 

of pluripotency in hES cells where FGF2 is the most upstream self-renewal factor. 

Exogenous signalling of FGF2 sustains Oct4, Nanog and Sox2 expression via 

upregulating TGFβ1, Inhba (Activin A), Grem1, down regulates BMP4 genes and 

consequently activates the endogenous expression in human ES cells. TGFβ1 and 

Activin A prevent differentiation via activation of SMAD 2/3 (James et al., 

2005;Vallier et al., 2005), while BMP4 initiates trophoblast and primitive endoderm 

differentiation via SMAD 1/5/8 signalling (Xu et al., 2002;Pera et al., 2004). On the 

other hand Gremlin1 is a BMP4 antagonist which is upregulated at high FGF2 levels.  

FGF2 studies conclude that at defined concentrations it has a crucial role in 

maintenance of pluripotency in human ES cells and initiation of pluripotency in 

PGCs. This may clearly explain the early initiation of Oct4 expression in BM derived 

stem cell culture after 72 hours of FGF2 application. Short term maintenance of Oct4 

expression, on the other hand, suggests the involvement of other signalling pathways 

necessary for the maintenance of adult stem cell plasticity. 

Due to their high plasticity, ES cells offer a great promise in regenerative medicine; 

however, the ethical and serious clinical problems limit their application. On the other 

hand, there is an accumulating evidence regarding the multilineage potential of adult 

stem cells. Moreover, adult stem cells can be reprogrammed to embryonic-like cells 

via nuclear transfer to oocyte or fusion with ES cells. These methods, however, have 
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major disadvantages. Our findings suggest existence of a BM stem cell population 

with very similar characteristics to ES cells. Discovering the critical factors involved 

in epigenetic reprogramming may allow the derivation of pluripotent adult stem cells. 

Providing the advantages and lacking the limiting factors of ES cell properties, adult 

stem cells might open a new road in stem cell therapies. 

Bone Marrow Derived Stem Cells in Cell Therapy Application 
Specific targeting of therapeutical proteins is a crucial for a successful gene therapy. 

Since chemokines are the key regulators in cell migration, we have focused on organ 

specific targeting of BM derived stem cells by gene transfer of chemokine receptors. 

Transfection and Transduction using Retroviral System 

pMSCV, a retroviral plasmid having murine stem cell vector background was used 

for construction of the vectors. pMSCV-CXCR3(or CXCR4)-IRES-GFP vector 

encodes murine CXCR3 or CXCR4 receptor- IRES-GFP (Figure 13). This is a 

bicistronic vector in which both CXCR3(or CXCR4) and GFP are constitutively 

expressed through a specifically designed 5’ LTR from murine stem cell virus. IRES 

of the encephalomyocarditis virus (ECMV) permits the translation of two open 

reading frames from one messenger RNA. Ribosomes can enter the bicistronic mRNA 

either at the 5' end to translate the gene of interest (CXCR3 or CXCR4) or at the 

ECMV IRES to translate the GFP.  

The envelope protein made by packaging cell line determines the infectivity 

(tropism) of the virus. Ecotropic viruses, produced by EcoPack 293 cell lines, can 

recognize EcoR receptor on mouse and rat cells. PT 67 cells on the other hand, 

produce high titer dualtropic viruses which recognize both Ram-1 and EcoR receptors 

and can infect broad range of mammalian cells.  

Cells successfully transduced with CXCR3 (or CXCR4)-IRES-GFP, shows clearly a 

CXCR4 membrane staining while GFP is localized in the cytoplasm (Figure 28 and 

35). This expression system allows an expression of the desired gene and the reporter 

gene (i.e. GFP) without any alteration in the function of the gene of interest which is 

highly advantageous to fusion protein expression systems. In fusion protein approach 

two genes, the gene of interest and the reporter gene are linked together. Transcription 

of the fusion gene occurs under the control of definable upstream promoter/enhancer 

elements and the fusion protein is a single hybrid of two individual proteins: the 

protein of interest and the reporter protein. Thus, information obtained by imaging the 
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reporter component will provide information about the gene of interest (Hackman et 

al., 2002). However, fusion construct may not produce a functional product, the fused 

protein may interfere with conformational structure of the protein of interest resulting 

in alteration of the function or localization of the protein (Kien et al., 2003;Blasberg, 

2003;Hart and Tarendeau, 2006) 

CXCR4-IRES-GFP transduced cells express functional CXCR4 receptor 

Functional analysis was performed in order to verify the CXCR4 activity. 

According to Figure 30, GFP transduced cells, showed a consistent migration pattern 

at different SDF-1 concentrations. On the other hand, the CXCR4 expressing BM 

cells showed a linear increase in migration towards elevating SDF-1 concentrations. 8 

fold increase was observed in migration of the CXCR4 transduced cells at SDF-1 

concentrations between 0-30 ng/ml, however there was a sharp decline in migration of 

these cells in concentrations ≥50 ng/ml. Decreased migration can be associated with 

high SDF-1 levels. In mice bone marrow 50 ng/ml fells in a range of non 

physiological concentration (Petit et al., 2002). It is known that high levels of SDF-1 

can negatively regulate the production and expression of the receptor in the cell 

membrane. In high SDF-1 conditions cells expressing CXCR4 are known to either 

internalize their receptors or desensitize them towards their ligand (McGrath et al., 

1999;Ansel and Cyster, 2001), which results to a reduced migration of BM stem cells 

towards SDF-1.  

CXCR4 transduced BM derived stem cells can be successfully targeted in vivo 

towards high SDF-1 expressing organs 

Targeting potential of receptor expressing BM cells was investigated via injection to 

lethally irradiated mice.   

Irradiation damages stem cells and their microenvironment (Di et al., 1994) causes 

damage to the cellular plasma membrane, cytoplasmic organelles, and DNA synthesis 

and repair, partially due to free-radical generation (Harper et al., 1997;Nikkels et al., 

1987). Primitive hematopoietic stem cells, responsible for life-long marrow stem cell 

reconstitution, are most significantly impacted by irradiation (Down et al., 1995). 

Jacobsen et al (JACOBSON et al., 1951) and Lorenz et al (LORENZ et al., 1951) 

have shown that transplantation of hematopoietic tissues is protective against lethal 

doses of radiation.  
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Nowadays, irradiation is a common method used in cancer therapy. The primary 

reason for that is to eliminate malignant cells since actively dividing cells are the most 

sensitive to the DNA-damaging agents which also leads to the elimination of host 

hematopoietic cells. On the other hand, in bone marrow transplantation studies the 

replacement of the stem cells is more effective via irradiation, since elimination of 

host HSCs creates a space in the marrow niches which improves the engraftment of 

healthy donor marrow cells (Ponomaryov et al., 2000). Irradiation also prevents the 

host immune response toward the graft (Weissman, 2000;Moore, 1999), and 

significantly increases IL-1a, IL-6, and TNF-α mRNA levels in mouse BM and spleen 

(Chang et al., 1997). It has been shown by Ponomaryov et al (Ponomaryov et al., 

2000) that expression levels of SDF-1 increases in the bone marrow following 

irradiation, which unable the stem cell homing after transplantation. 

A similar method could be used to target a renewable reservoir of genetically 

modified cells for gene therapy. BM derived stem cell reported in this study are an 

interesting population, since they contain multipotent stem cell that can be maintained 

in culture for up to 20 passages sustaining their multipotency and allowing adequate 

gene transfers. 

Following irradiation, within 24h we injected mice with CXCR4-IRES-GFP 

transduced BM stem cells in assistance with freshly isolated HSCs selected for lin-

cKit+Sca1+. Since injected BM stem cells do not have a hematopoietic origin, the 

mice need an immediate supply for HSCs due to the depletion of HSCs in the BM 

upon irradiation. Control mice were injected with only GFP transduced stem cells 

together with freshly isolated HSCs. Coinjection of transduced BM derived stem cells 

and HSCs might induce a competition in homing between these two types of stem 

cells. Cells with increased CXCR4 expression will dominantly populate the regions 

with high SDF-1 expression (Kahn et al., 2004;Brenner et al., 2004). 

Migration to the lung, spleen and the BM was observed in CXCR4 transduced stem 

cell injected mice 3 weeks post-injection (Figure 31) CXCR4 expressing cells mainly 

migrated towards the BM due to high SDF-1 levels, however, low number of cells 

were detected in lung and spleen. It is not clear whether the cells detected in the 

spleen migrated directly after injection (since the cells can be attracted from the mixed 

chemokine pool of the spleen during circulation) or they were directed later from the 

bone marrow. Figure 33 shows around 3% of contribution of CXCR4-IRES-GFP 

transduced cells to the whole spleen. Very low migration to the lung reflects mainly a 
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generalized migration, due to the long circulation of the stem cells in the body, rather 

that a specific targeted migration. Interestingly the cells which migrated to the bone 

marrow localized in the endosteum, known as the stem cell niche where previously 

have been shown that the most primitive HSCs are localized (Wilson and Trumpp, 

2006). Higher expression of SDF-1 is detected in these areas by immature osteoblasts 

(Ponomaryov et al., 2000). It is therefore possible that these stem cells expressing 

high levels of CXCR4 show high migration potential towards SDF-1 and home in the 

endosteum region (Figure 31A). More than 50% of the cells within the entire 

endosteum were GFP positive which indicates the preferential engraftment of CXCR4 

transduced BM stem cells to the coinjected HSCs (Figure 32). We can see a striking 

difference between the bone marrow analyzed 3 weeks after and 5 weeks after 

injection with CXCR4-IRES-GFP transduced stem cells. 5 weeks post-injection the 

total BM is reconstituted via GFP positive CXCR4 expressing stem cells, which 

indicates a persistent engraftment of the cells (Figure 34).  

Control mice injected with only GFP transduced stem cells together with HSCs did 

not show any migration towards the bone marrow. This is not surprising since lacking 

the CXCR4 expression they do not respond to the SDF-1 gradient. Low migration, 

however, was detected in the spleen (Figure 33) which suggests the presence of low 

number of CXCR4 expressing cells remaining in the BM cultures (Figure 17). The 

CXCR4 expression is mainly associated with HSCs/HPCs in the bone marrow. It is 

not easy however the maintenance of this population ex vivo. Prior to transduction, 

BM cultures have been expanded for up to 7-8 passages in vitro, which may suggest 

that culturing under LIF conditions expanded the ex vivo lifetime of HSCs/HPCs 

matching the findings of Shih et al (Shih et al., 2000). These cells however did not 

migrate to the bone marrow. The level of CXCR4 expression in those cells differs 

very much from those transduced with CXCR4. There is an upregulated CXCR4 

expression in transduced cells while the other cells produce native levels of CXCR4, 

which can explain their lower migratory potential to the bone marrow. Furthermore, 

being low in number they hardly can compete with coinjected freshly isolated HSCs 

for BM homing. 

Findings from CXCR4 experiments have shown that we can use genetically 

engineered BM derived stem cells and express CXCR4 receptor to successfully target 

tissues where its ligand SDF-1 is highly expressed. One possible application is 

ischemic model. Ischemia induces mobilization of bone marrow progenitors both in 
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animal models and in humans (Takahashi et al., 1999;Gill et al., 2001;Murayama et 

al., 2002). Some of the molecules involved in mobilization of bone marrow 

progenitors to the circulation are VEGF, PDGF, SCF, G-CSF, eNOS (De et al., 2004). 

SDF-1 is involved in mobilization of stem cells from the bone marrow. G-CSF-

induced mobilization of hematopoietic progenitor cells requires a reduction of SDF-1 

expression in the BM and elevated SDF-1 levels in the plasma and enhancement of 

CXCR4 expression on the HPCs. Recently, a possible role for SDF-1 in homing of 

stem cells to damaged sites has been reported by studies in animal models of liver, 

limb and heart damage (Yamaguchi et al., 2003;Ceradini et al., 2004;Kollet et al., 

2003). Ceradini and coworkers showed that SDF-1 gene expression is regulated by 

the transcription factor HIF-1 in endothelial cells, resulting in selective in vivo 

expression of SDF-1 in ischemic tissue in direct proportion to reduced oxygen 

tension. HIF-1-induced SDF-1 expression increases the adhesion, migration and 

homing of circulating CXCR4-positive progenitor cells to ischemic tissue.  

In parallel to these studies, our findings suggest that CXCR4 transduced BM derived 

stem cells are good candidates for cell therapy in ischemic models, being able to 

target them specifically to the ischemic tissues. Moreover, they can be further 

engineered in order to deliver genes the production of which can enhance the 

regeneration process in damaged tissues.  

CXCR3 transduced BM derived stem cells injected to EAE mice cause 

amelioration of the disease symptoms 

EAE is the murine model for multiple sclerosis. It is an autoimmune disease where 

the target antigen for T cells is the myelin peptide found in the myelin sheath 

wrapping the neuronal axons. The disease begins with infiltration of cytotoxic T cells 

into the CNS. They recognize the myelin protein as “non-self” and induce an immune 

reaction which leads to more T cell infiltration and severe immune reaction. It is not 

known whether chemokines are involved during the first cytotoxic T cell infiltration; 

however, it is well known that chemokine signalling is one of the key regulatory 

elements involved in the progression of the disease. Once the reactive T cells 

recognize the myelin protein, they reside in the CNS and initiate a secretion of pro-

inflammatory cytokines like TNF-α and IFN-γ. These cytokines upregulate the 

production of chemokines IP-10, Mig and Rantes. They are involved in infiltration of 

many other reactive lymphocytes through the already disrupted blood brain barrier. 
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Many studies have focused on therapies via treatment with neutralizing antibodies 

against chemokines CCL2 (Kennedy et al., 1998), CCL3 and CXCL10 (Karpus et al., 

1995). Modified chemokines were reported to be used successfully in EAE in order to 

interfere with the signalling pathway of these chemokines (Gong et al., 1996). 

We investigated the therapeutic potential of bone marrow derived stem cells 

targeted to the CNS using retroviral expression of the chemokine receptor CXCR3.  

CXCR3 transduced BM derived cells were used for injection into EAE mice. BM 

stem cells transduced with IRES-GFP, the same vector used in CXCR4 experiments, 

were used as a control to test CXCR3 migratory effect. PBS was used as a general 

control. The cells were injected 10 days post induction in the early onset of the 

disease and the clinical score was followed up to 15 days post-injection. As followed 

in Figure 37, PBS injected control mice had a severe progress in the disease score 

reaching score 4, while mice injected with only GFP expressing BM stem cells, 

showed a score progression up to 3 until the day 17 post-immunization, however there 

was a clear decline in the score afterwards. On the other hand, injection of CXCR3 

expressing BM stem cells evaded the progression of the disease further than score 2. 

Analysis of CNS tissues revealed a low migration of BM derived stem cells 

transduced with CXCR3 to the brain and spinal cord (Figure 38). This can be due to 

low cell number injection or the inability of the cells (due to their size or lack of 

necessary adhesion molecules) to cross the blood brain barrier. The low migration 

efficiency suggests that CXCR3 targeting to the CNS tissues maybe not the optimal 

strategy for a gene delivery. Nevertheless, this finding indicates that BM derived stem 

cells are involved in the amelioration of EAE symptoms not via direct migration to 

the CNS tissues, but they might rather show a paracrine effect. They may secrete 

certain cytokines that reduce the further progress of the disease. On the other hand, 

the results obtained by injection of CXCR3 transduced BM cells show that they may 

lead to better engraftment and targeting to the closer regions in CNS tissues, which 

could enhance the paracrine effect of BM derived stem cells. The findings are in line 

with the extensive work of Zappia et al (Zappia et al., 2005), where they inject MSCs 

into EAE mice and they observe the reduced clinical scores. They observed migration 

of the cells mainly within the lymphoid organs, concluding that MSCs might have a 

paracrine effect which causes the amelioration of disease symptoms. Our data shows 

consistence as well with the work of Zhang et al (Zhang et al., 2005), where they 

injected human bone marrow stromal cells into EAE mice and detected a significant 
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decrease in the maximal clinical score of cell transplanted mice in comparison to the 

PBS injected ones. They observed significant reduction in demyelination and 

reduction of inflammatory infiltrates.  

Not many studies have been reported about BM stem cell based therapies in EAE. 

However, BM derived cells have an ascending potential in cell therapies. According 

to our preliminary findings we suggest that BM derived stem cells have a potential to 

be used in EAE therapies. Furthermore, CXCR3 expression seems to enhance the 

positive effect of BM stem cells in moderating the EAE symptoms, possibly due to 

better engraftment and targeting to the closer regions to CNS tissue which still needs 

to be confirmed. Accordingly we suggest that the therapeutical effect of BM derived 

stem cells can be further improved via genetically engineering them to express anti-

inflammatory cytokines and be used as a gene delivery tool in EAE disease therapies. 

Genetic manipulation of BM stem cells using chemokine receptors or similar 

surface markers can improve gene delivery efficiency via successful targeting of stem 

cells to the damaged area. In the light of this study, we suggest that BM derived stem 

cells can be isolated and expanded easily in culture allowing their genetic 

manipulation which makes them a powerful tool in gene therapy applications. 
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SUMMARY 
Despite of having a short history, stem cell research had made a remarkable 

progress. ES cells are pluripotent stem cells which have unrestricted capacity of 

differentiation into all cell lineages. This makes them a particularly attractive choice 

for cell therapy applications. However, therapies involving ES cell application are 

facing certain ethical (destroying embryos) and clinical (tumor formation) difficulties. 

Therefore, scientists have focused on the search for possible “pluri- or multipotent” 

cells in various adult tissues. MSCs derived from the bone marrow were first 

described by Friedenstein and co-workers (Friedenstein, 1976). They demonstrated 

that a small fraction of the bone marrow derived cells has the capacity to adhere to the 

tissue culture dish and that these cells can be differentiated both in vitro and in vivo 

into osteoblasts, chondrocytes and adipocytes. Recent works on the “plasticity” of 

adult stem cells, suggested that various adult stem cells, previously accepted as tissue 

committed stem cells, may cross the borders and differentiate to a much wider 

spectrum of cell types when cultured under defined conditions (Wagers and 

Weissman, 2004). Lately discovered adult progenitor cells in the bone marrow (Jiang 

et al., 2002a) were found to express some important embryonic genes: Oct4 and 

Nanog. Furthermore, they were shown to have the ability to contribute to tissues of all 

three germ layers in chimera generation experiments.  

Our study was mainly based on culture induced reprogramming. Bone marrow cells 

cultured in a medium supplemented with various growth factors like LIF and PDGF 

generated a stem cell culture with high plasticity. Plasticity of the stem cell population 

was confirmed using in vitro differentiation and in vivo aggregation with morulae. 

Furthermore, we detected and analyzed the high Oct4 and Nanog expressing stem cell 

population in the heterogeneous BM culture. Real-time PCR data revealed 30 fold 

less Oct4 and 10 fold less Nanog expression in comparison to ES cell expression 

levels. These high Oct4, Nanog expressing stem cell clusters were mechanically 

isolated and cultured with Nanog or FGF2 supplemented medium in order to expand 

them in vitro. 

Success of gene therapy strongly depends on organ or site specific production of 

therapeutical proteins. The identification of the molecular cues important for cell 

migration is necessary to understand the developmental mechanism and to develop 
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new therapy approaches. Bone marrow derived mesenchymal stem cells are an 

accessible source for a cellular vehicle in targeted gene therapy. 

In our study we asked whether it is possible to use trafficking properties of 

chemokine receptors in order to achieve a targeted migration using BM stem cells in 

vivo for cell therapy approach. We investigated the migratory effect of CXCR4 

transduced BM derived stem cell in different tissues after injection in irradiated mice, 

to study their contribution in reconstitution of hematopoietic system. CXCR4 receptor 

was expressed in murine bone marrow derived mesenchymal cells by gene transfer 

with retroviral vector. Cells transduced with CXCR4 or with a GFP control retroviral 

vector were injected intravenously into lethally irradiated mice. At 3-5 weeks after 

injection CXCR4 transduced GFP+ cells were detected mostly in the bone marrow, 

some were detected in lung and spleen, and after 5 weeks a high reconstitution of the 

BM by CXCR4 transduced GFP+ cells was detect. The results demonstrate that gene 

transfer of chemokine receptors can target BM derived stem cells into the bone 

marrow opening new avenues for tissue specific gene delivery.  

In parallel, we used the chemokine-chemokine receptor driving force as an 

alternative approach in therapy for EAE, a murine disease model for multiple sclerosis 

(MS). CXCR3 receptor, whose ligands were known to be upregulated during the onset 

of the disease, was expressed in BM derived stem cells via retroviral transduction and 

BM cells were targeted to the EAE lesion sites. Low cell migration was detected in 

the CNS lesion sites; more striking was the effect in amelioration of the symptoms 

during the disease score. This result suggests that BM stem cell delivery may improve 

the disease symptoms in EAE via a paracrine effect, such that they might secrete 

factors having an immunosuppressive effect on T-cell induced inflammation in EAE. 

The multilineage potential of BM derived stem cells, their ability to elude detection 

by the host's immune system, and their relative ease of expansion in culture, make 

these stem cells a very promising source for cell therapy applications. 

 

 87



REFERENCE LIST 
 

Aggarwal S, Pittenger MF (2005) Human mesenchymal stem cells modulate 
allogeneic immune cell responses. Blood 105:1815-1822. 

Amado LC, Saliaris AP, Schuleri KH, St JM, Xie JS, Cattaneo S, Durand DJ, Fitton 
T, Kuang JQ, Stewart G, Lehrke S, Baumgartner WW, Martin BJ, Heldman AW, 
Hare JM (2005) Cardiac repair with intramyocardial injection of allogeneic 
mesenchymal stem cells after myocardial infarction. Proc Natl Acad Sci U S A 
102:11474-11479. 

Amor S, Groome N, Linington C, Morris MM, Dornmair K, Gardinier MV, Matthieu 
JM, Baker D (1994) Identification of epitopes of myelin oligodendrocyte glycoprotein 
for the induction of experimental allergic encephalomyelitis in SJL and Biozzi AB/H 
mice. J Immunol 153:4349-4356. 

Ansel KM, Cyster JG (2001) Chemokines in lymphopoiesis and lymphoid organ 
development. Curr Opin Immunol 13:172-179. 

Auernhammer CJ, Bousquet C, Chesnokova V, Melmed S (2000) SOCS proteins: 
modulators of neuroimmunoendocrine functions. Impact on corticotroph LIF 
signaling. Ann N Y Acad Sci 917:658-664. 

Bagri A, Gurney T, He X, Zou YR, Littman DR, Tessier-Lavigne M, Pleasure SJ 
(2002) The chemokine SDF1 regulates migration of dentate granule cells. 
Development 129:4249-4260. 

Bartholomew A, Sturgeon C, Siatskas M, Ferrer K, McIntosh K, Patil S, Hardy W, 
Devine S, Ucker D, Deans R, Moseley A, Hoffman R (2002) Mesenchymal stem cells 
suppress lymphocyte proliferation in vitro and prolong skin graft survival in vivo. Exp 
Hematol 30:42-48. 

Bittner JJ (1936) Some possible effects of nursing on the mammary tumor incidence 
in mice. pp 162. Science. 

Bjornson CR, Rietze RL, Reynolds BA, Magli MC, Vescovi AL (1999) Turning brain 
into blood: a hematopoietic fate adopted by adult neural stem cells in vivo. Science 
283:534-537. 

Blasberg RG (2003) Molecular imaging and cancer. Mol Cancer Ther 2:335-343. 

Bonacchi A, Romagnani P, Romanelli RG, Efsen E, Annunziato F, Lasagni L, 
Francalanci M, Serio M, Laffi G, Pinzani M, Gentilini P, Marra F (2001) Signal 
transduction by the chemokine receptor CXCR3: activation of Ras/ERK, Src, and 
phosphatidylinositol 3-kinase/Akt controls cell migration and proliferation in human 
vascular pericytes. J Biol Chem 276:9945-9954. 

Bonecchi R, Bianchi G, Bordignon PP, D'Ambrosio D, Lang R, Borsatti A, Sozzani S, 
Allavena P, Gray PA, Mantovani A, Sinigaglia F (1998) Differential expression of 

 88 



chemokine receptors and chemotactic responsiveness of type 1 T helper cells (Th1s) 
and Th2s. J Exp Med 187:129-134. 

Brennan FR, O'Neill JK, Allen SJ, Butter C, Nuki G, Baker D (1999) CD44 is 
involved in selective leucocyte extravasation during inflammatory central nervous 
system disease. Immunology 98:427-435. 

Brenner S, Whiting-Theobald N, Kawai T, Linton GF, Rudikoff AG, Choi U, Ryser 
MF, Murphy PM, Sechler JM, Malech HL (2004) CXCR4-transgene expression 
significantly improves marrow engraftment of cultured hematopoietic stem cells. 
Stem Cells 22:1128-1133. 

Brockes JP, Kumar A (2002) Plasticity and reprogramming of differentiated cells in 
amphibian regeneration. Nat Rev Mol Cell Biol 3:566-574. 

Bruinink A, Tobler U, Halg M, Grunert J (2004) Effects of serum and serum heat-
inactivation on human bone derived osteoblast progenitor cells. J Mater Sci Mater 
Med 15:497-501. 

Burns JC, Friedmann T, Driever W, Burrascano M, Yee JK (1993) Vesicular 
stomatitis virus G glycoprotein pseudotyped retroviral vectors: concentration to very 
high titer and efficient gene transfer into mammalian and nonmammalian cells. Proc 
Natl Acad Sci U S A 90:8033-8037. 

Calvi LM, Adams GB, Weibrecht KW, Weber JM, Olson DP, Knight MC, Martin RP, 
Schipani E, Divieti P, Bringhurst FR, Milner LA, Kronenberg HM, Scadden DT 
(2003) Osteoblastic cells regulate the haematopoietic stem cell niche. Nature 425:841-
846. 

Ceradini DJ, Kulkarni AR, Callaghan MJ, Tepper OM, Bastidas N, Kleinman ME, 
Capla JM, Galiano RD, Levine JP, Gurtner GC (2004) Progenitor cell trafficking is 
regulated by hypoxic gradients through HIF-1 induction of SDF-1. Nat Med 10:858-
864. 

Chamberlain JR, Schwarze U, Wang PR, Hirata RK, Hankenson KD, Pace JM, 
Underwood RA, Song KM, Sussman M, Byers PH, Russell DW (2004) Gene 
targeting in stem cells from individuals with osteogenesis imperfecta. Science 
303:1198-1201. 

Chambers I, Colby D, Robertson M, Nichols J, Lee S, Tweedie S, Smith A (2003) 
Functional expression cloning of Nanog, a pluripotency sustaining factor in 
embryonic stem cells. Cell 113:643-655. 

Chang CM, Limanni A, Baker WH, Dobson ME, Kalinich JF, Patchen ML (1997) 
Sublethal gamma irradiation increases IL-1alpha, IL-6, and TNF-alpha mRNA levels 
in murine hematopoietic tissues. J Interferon Cytokine Res 17:567-572. 

Chen Y, Stamatoyannopoulos G, Song CZ (2003) Down-regulation of CXCR4 by 
inducible small interfering RNA inhibits breast cancer cell invasion in vitro. Cancer 
Res 63:4801-4804. 

 89



Cole KE, Strick CA, Paradis TJ, Ogborne KT, Loetscher M, Gladue RP, Lin W, Boyd 
JG, Moser B, Wood DE, Sahagan BG, Neote K (1998) Interferon-inducible T cell 
alpha chemoattractant (I-TAC): a novel non-ELR CXC chemokine with potent 
activity on activated T cells through selective high affinity binding to CXCR3. J Exp 
Med 187:2009-2021. 

Cuzner ML, Gveric D, Strand C, Loughlin AJ, Paemen L, Opdenakker G, Newcombe 
J (1996) The expression of tissue-type plasminogen activator, matrix metalloproteases 
and endogenous inhibitors in the central nervous system in multiple sclerosis: 
comparison of stages in lesion evolution. J Neuropathol Exp Neurol 55:1194-1204. 

De FE, Porcelli D, Torella AR, Straino S, Iachininoto MG, Orlandi A, Truffa S, 
Biglioli P, Napolitano M, Capogrossi MC, Pesce M (2004) SDF-1 involvement in 
endothelial phenotype and ischemia-induced recruitment of bone marrow progenitor 
cells. Blood 104:3472-3482. 

de HG, Weersing E, Dontje B, van OR, Bystrykh LV, Vellenga E, Miller G (2003) In 
vitro generation of long-term repopulating hematopoietic stem cells by fibroblast 
growth factor-1. Dev Cell 4:241-251. 

Di PR, Falcieri E, Centurione L, Centurione MA, Mazzotti G, Rana R (1994) 
Ultrastructural patterns of cell damage and death following gamma radiation exposure 
of murine erythroleukemia cells. Scanning Microsc 8:667-673. 

Doetsch F (2003) The glial identity of neural stem cells. Nat Neurosci 6:1127-1134. 

Down JD, Boudewijn A, van OR, Thames HD, Ploemacher RE (1995) Variations in 
radiation sensitivity and repair among different hematopoietic stem cell subsets 
following fractionated irradiation. Blood 86:122-127. 

Durcova-Hills G, Adams IR, Barton SC, Surani MA, McLaren A (2006) The role of 
exogenous fibroblast growth factor-2 on the reprogramming of primordial germ cells 
into pluripotent stem cells. Stem Cells 24:1441-1449. 

Dvorak P, Dvorakova D, Koskova S, Vodinska M, Najvirtova M, Krekac D, Hampl A 
(2005) Expression and potential role of fibroblast growth factor 2 and its receptors in 
human embryonic stem cells. Stem Cells 23:1200-1211. 

Fleming WH, Alpern EJ, Uchida N, Ikuta K, Spangrude GJ, Weissman IL (1993) 
Functional heterogeneity is associated with the cell cycle status of murine 
hematopoietic stem cells. J Cell Biol 122:897-902. 

Friedenstein AJ (1976) Precursor cells of mechanocytes. Int Rev Cytol 47:327-359. 

Gill M, Dias S, Hattori K, Rivera ML, Hicklin D, Witte L, Girardi L, Yurt R, Himel 
H, Rafii S (2001) Vascular trauma induces rapid but transient mobilization of 
VEGFR2(+)AC133(+) endothelial precursor cells. Circ Res 88:167-174. 

Gnecchi M, He H, Liang OD, Melo LG, Morello F, Mu H, Noiseux N, Zhang L, Pratt 
RE, Ingwall JS, Dzau VJ (2005) Paracrine action accounts for marked protection of 
ischemic heart by Akt-modified mesenchymal stem cells. Nat Med 11:367-368. 

 90 



Gong JH, Uguccioni M, Dewald B, Baggiolini M, Clark-Lewis I (1996) RANTES and 
MCP-3 antagonists bind multiple chemokine receptors. J Biol Chem 271:10521-
10527. 

Goshima J, Goldberg VM, Caplan AI (1991) The osteogenic potential of culture-
expanded rat marrow mesenchymal cells assayed in vivo in calcium phosphate 
ceramic blocks. Clin Orthop Relat Res298-311. 

Greber B, Lehrach H, Adjaye J (2006) FGF2 Modulates TGF{beta} Signaling in 
MEFs and Human ES cells to Support hESC Self-renewal. Stem Cells. 

Guan K, Nayernia K, Maier LS, Wagner S, Dressel R, Lee JH, Nolte J, Wolf F, Li M, 
Engel W, Hasenfuss G (2006) Pluripotency of spermatogonial stem cells from adult 
mouse testis. Nature 440:1199-1203. 

Hackman T, Doubrovin M, Balatoni J, Beresten T, Ponomarev V, Beattie B, Finn R, 
Bornmann W, Blasberg R, Tjuvajev JG (2002) Imaging expression of cytosine 
deaminase-herpes virus thymidine kinase fusion gene (CD/TK) expression with 
[124I]FIAU and PET. Mol Imaging 1:36-42. 

Hakelien AM, Landsverk HB, Robl JM, Skalhegg BS, Collas P (2002) 
Reprogramming fibroblasts to express T-cell functions using cell extracts. Nat 
Biotechnol 20:460-466. 

Harper K, Lorimore SA, Wright EG (1997) Delayed appearance of radiation-induced 
mutations at the Hprt locus in murine hemopoietic cells. Exp Hematol 25:263-269. 

Hart DJ, Tarendeau F (2006) Combinatorial library approaches for improving soluble 
protein expression in Escherichia coli. Acta Crystallogr D Biol Crystallogr 62:19-26. 

Helbig G, Christopherson KW, Bhat-Nakshatri P, Kumar S, Kishimoto H, Miller KD, 
Broxmeyer HE, Nakshatri H (2003) NF-kappaB promotes breast cancer cell migration 
and metastasis by inducing the expression of the chemokine receptor CXCR4. J Biol 
Chem 278:21631-21638. 

Hickey WF (1991) Migration of hematogenous cells through the blood-brain barrier 
and the initiation of CNS inflammation. Brain Pathol 1:97-105. 

Hochedlinger K, Jaenisch R (2006) Nuclear reprogramming and pluripotency. Nature 
441:1061-1067. 

JACOBSON LO, SIMMONS EL, MARKS EK, GASTON EO, ROBSON MJ, 
ELDREDGE JH (1951) Further studies on recovery from radiation injury. J Lab Clin 
Med 37:683-697. 

James D, Levine AJ, Besser D, Hemmati-Brivanlou A (2005) TGFbeta/activin/nodal 
signaling is necessary for the maintenance of pluripotency in human embryonic stem 
cells. Development 132:1273-1282. 

Jazin EE, Soderstrom S, Ebendal T, Larhammar D (1997) Embryonic expression of 
the mRNA for the rat homologue of the fusin/CXCR-4 HIV-1 co-receptor. J 
Neuroimmunol 79:148-154. 

 91



Jiang Y, Henderson D, Blackstad M, Chen A, Miller RF, Verfaillie CM (2003) 
Neuroectodermal differentiation from mouse multipotent adult progenitor cells. Proc 
Natl Acad Sci U S A 100 Suppl 1:11854-11860. 

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

Jiang Y, Vaessen B, Lenvik T, Blackstad M, Reyes M, Verfaillie CM (2002b) 
Multipotent progenitor cells can be isolated from postnatal murine bone marrow, 
muscle, and brain. Exp Hematol 30:896-904. 

Kahn J, Byk T, Jansson-Sjostrand L, Petit I, Shivtiel S, Nagler A, Hardan I, Deutsch 
V, Gazit Z, Gazit D, Karlsson S, Lapidot T (2004) Overexpression of CXCR4 on 
human CD34+ progenitors increases their proliferation, migration, and NOD/SCID 
repopulation. Blood 103:2942-2949. 

Kanatsu-Shinohara M, Inoue K, Lee J, Yoshimoto M, Ogonuki N, Miki H, Baba S, 
Kato T, Kazuki Y, Toyokuni S, Toyoshima M, Niwa O, Oshimura M, Heike T, 
Nakahata T, Ishino F, Ogura A, Shinohara T (2004) Generation of pluripotent stem 
cells from neonatal mouse testis. Cell 119:1001-1012. 

Karpus WJ, Lukacs NW, McRae BL, Strieter RM, Kunkel SL, Miller SD (1995) An 
important role for the chemokine macrophage inflammatory protein-1 alpha in the 
pathogenesis of the T cell-mediated autoimmune disease, experimental autoimmune 
encephalomyelitis. J Immunol 155:5003-5010. 

Kennedy KJ, Strieter RM, Kunkel SL, Lukacs NW, Karpus WJ (1998) Acute and 
relapsing experimental autoimmune encephalomyelitis are regulated by differential 
expression of the CC chemokines macrophage inflammatory protein-1alpha and 
monocyte chemotactic protein-1. J Neuroimmunol 92:98-108. 

Kiel MJ, Yilmaz OH, Iwashita T, Yilmaz OH, Terhorst C, Morrison SJ (2005) SLAM 
family receptors distinguish hematopoietic stem and progenitor cells and reveal 
endothelial niches for stem cells. Cell 121:1109-1121. 

Kien F, Abraham JD, Schuster C, Kieny MP (2003) Analysis of the subcellular 
localization of hepatitis C virus E2 glycoprotein in live cells using EGFP fusion 
proteins. J Gen Virol 84:561-566. 

Kirschenbaum B, Doetsch F, Lois C, varez-Buylla A (1999) Adult subventricular 
zone neuronal precursors continue to proliferate and migrate in the absence of the 
olfactory bulb. J Neurosci 19:2171-2180. 

Kollet O, Shivtiel S, Chen YQ, Suriawinata J, Thung SN, Dabeva MD, Kahn J, 
Spiegel A, Dar A, Samira S, Goichberg P, Kalinkovich A, renzana-Seisdedos F, 
Nagler A, Hardan I, Revel M, Shafritz DA, Lapidot T (2003) HGF, SDF-1, and 
MMP-9 are involved in stress-induced human CD34+ stem cell recruitment to the 
liver. J Clin Invest 112:160-169. 

 92 



Kratchmarova I, Blagoev B, Haack-Sorensen M, Kassem M, Mann M (2005) 
Mechanism of divergent growth factor effects in mesenchymal stem cell 
differentiation. Science 308:1472-1477. 

Kucia M, Reca R, Jala VR, Dawn B, Ratajczak J, Ratajczak MZ (2005a) Bone 
marrow as a home of heterogenous populations of nonhematopoietic stem cells. 
Leukemia 19:1118-1127. 

Kucia M, Reca R, Miekus K, Wanzeck J, Wojakowski W, Janowska-Wieczorek A, 
Ratajczak J, Ratajczak MZ (2005b) Trafficking of normal stem cells and metastasis of 
cancer stem cells involve similar mechanisms: pivotal role of the SDF-1-CXCR4 axis. 
Stem Cells 23:879-894. 

Kuroda T, Tada M, Kubota H, Kimura H, Hatano SY, Suemori H, Nakatsuji N, Tada 
T (2005) Octamer and Sox elements are required for transcriptional cis regulation of 
Nanog gene expression. Mol Cell Biol 25:2475-2485. 

Kurozumi K, Nakamura K, Tamiya T, Kawano Y, Ishii K, Kobune M, Hirai S, 
Uchida H, Sasaki K, Ito Y, Kato K, Honmou O, Houkin K, Date I, Hamada H (2005) 
Mesenchymal stem cells that produce neurotrophic factors reduce ischemic damage in 
the rat middle cerebral artery occlusion model. Mol Ther 11:96-104. 

Laharrague P, Larrouy D, Fontanilles AM, Truel N, Campfield A, Tenenbaum R, 
Galitzky J, Corberand JX, Penicaud L, Casteilla L (1998) High expression of leptin by 
human bone marrow adipocytes in primary culture. FASEB J 12:747-752. 

Le BK, Gotherstrom C, Ringden O, Hassan M, McMahon R, Horwitz E, Anneren G, 
Axelsson O, Nunn J, Ewald U, Norden-Lindeberg S, Jansson M, Dalton A, Astrom E, 
Westgren M (2005) Fetal mesenchymal stem-cell engraftment in bone after in utero 
transplantation in a patient with severe osteogenesis imperfecta. Transplantation 
79:1607-1614. 

Le BK, Rasmusson I, Sundberg B, Gotherstrom C, Hassan M, Uzunel M, Ringden O 
(2004) Treatment of severe acute graft-versus-host disease with third party 
haploidentical mesenchymal stem cells. Lancet 363:1439-1441. 

Li L, Xie T (2005) Stem cell niche: structure and function. Annu Rev Cell Dev Biol 
21:605-631. 

Lin T, Chao C, Saito S, Mazur SJ, Murphy ME, Appella E, Xu Y (2005) p53 induces 
differentiation of mouse embryonic stem cells by suppressing Nanog expression. Nat 
Cell Biol 7:165-171. 

Lois C, varez-Buylla A (1993) Proliferating subventricular zone cells in the adult 
mammalian forebrain can differentiate into neurons and glia. Proc Natl Acad Sci U S 
A 90:2074-2077. 

LORENZ E, UPHOFF D, REID TR, SHELTON E (1951) Modification of irradiation 
injury in mice and guinea pigs by bone marrow injections. J Natl Cancer Inst 12:197-
201. 

 93



Ma Q, Jones D, Borghesani PR, Segal RA, Nagasawa T, Kishimoto T, Bronson RT, 
Springer TA (1998) Impaired B-lymphopoiesis, myelopoiesis, and derailed cerebellar 
neuron migration in C. Proc Natl Acad Sci U S A 95:9448-9453. 

Mann R, Mulligan RC, Baltimore D (1983) Construction of a retrovirus packaging 
mutant and its use to produce helper-free defective retrovirus. Cell 33:153-159. 

Mazure NM, Brahimi-Horn MC, Berta MA, Benizri E, Bilton RL, Dayan F, Ginouves 
A, Berra E, Pouyssegur J (2004) HIF-1: master and commander of the hypoxic world. 
A pharmacological approach to its regulation by siRNAs. Biochem Pharmacol 
68:971-980. 

MCCULLOCH EA, TILL JE (1960) The radiation sensitivity of normal mouse bone 
marrow cells, determined by quantitative marrow transplantation into irradiated mice. 
Radiat Res 13:115-125. 

McGrath KE, Koniski AD, Maltby KM, McGann JK, Palis J (1999) Embryonic 
expression and function of the chemokine SDF-1 and its receptor, CXCR4. Dev Biol 
213:442-456. 

Mezey E, Chandross KJ, Harta G, Maki RA, McKercher SR (2000) Turning blood 
into brain: cells bearing neuronal antigens generated in vivo from bone marrow. 
Science 290:1779-1782. 

Mokhtarian F, McFarlin DE, Raine CS (1984) Adoptive transfer of myelin basic 
protein-sensitized T cells produces chronic relapsing demyelinating disease in mice. 
Nature 309:356-358. 

MOLONEY JB (1960) Properties of a leukemia virus. Natl Cancer Inst Monogr 4:7-
37. 

Molyneaux KA, Zinszner H, Kunwar PS, Schaible K, Stebler J, Sunshine MJ, O'Brien 
W, Raz E, Littman D, Wylie C, Lehmann R (2003) The chemokine SDF1/CXCL12 
and its receptor CXCR4 regulate mouse germ cell migration and survival. 
Development 130:4279-4286. 

Moore KA, Lemischka IR (2006) Stem cells and their niches. Science 311:1880-1885. 

Moore MA (1999) "Turning brain into blood"--clinical applications of stem-cell 
research in neurobiology and hematology. N Engl J Med 341:605-607. 

Muller DM, Pender MP, Greer JM (2004) Chemokines and chemokine receptors: 
potential therapeutic targets in multiple sclerosis. Curr Drug Targets Inflamm Allergy 
3:279-290. 

Murayama T, Tepper OM, Silver M, Ma H, Losordo DW, Isner JM, Asahara T, Kalka 
C (2002) Determination of bone marrow-derived endothelial progenitor cell 
significance in angiogenic growth factor-induced neovascularization in vivo. Exp 
Hematol 30:967-972. 

 94 



Nakamura K, Ito Y, Kawano Y, Kurozumi K, Kobune M, Tsuda H, Bizen A, Honmou 
O, Niitsu Y, Hamada H (2004) Antitumor effect of genetically engineered 
mesenchymal stem cells in a rat glioma model. Gene Ther 11:1155-1164. 

Nichols J, Zevnik B, Anastassiadis K, Niwa H, Klewe-Nebenius D, Chambers I, 
Scholer H, Smith A (1998) Formation of pluripotent stem cells in the mammalian 
embryo depends on the POU transcription factor Oct4. Cell 95:379-391. 

Niemann C, Watt FM (2002) Designer skin: lineage commitment in postnatal 
epidermis. Trends Cell Biol 12:185-192. 

Nikkels PG, de Jong JP, Ploemacher RE (1987) Radiation sensitivity of hemopoietic 
stroma: long-term partial recovery of hemopoietic stromal damage in mice treated 
during growth. Radiat Res 109:330-341. 

Nilsson SK, Johnston HM, Coverdale JA (2001) Spatial localization of transplanted 
hemopoietic stem cells: inferences for the localization of stem cell niches. Blood 
97:2293-2299. 

Noel D, Gazit D, Bouquet C, Apparailly F, Bony C, Plence P, Millet V, Turgeman G, 
Perricaudet M, Sany J, Jorgensen C (2004) Short-term BMP-2 expression is sufficient 
for in vivo osteochondral differentiation of mesenchymal stem cells. Stem Cells 
22:74-85. 

Ogonuki N, Inoue K, Yamamoto Y, Noguchi Y, Tanemura K, Suzuki O, Nakayama 
H, Doi K, Ohtomo Y, Satoh M, Nishida A, Ogura A (2002) Early death of mice 
cloned from somatic cells. Nat Genet 30:253-254. 

Oh JW, Schwiebert LM, Benveniste EN (1999) Cytokine regulation of CC and CXC 
chemokine expression by human astrocytes. J Neurovirol 5:82-94. 

Okamoto K, Okazawa H, Okuda A, Sakai M, Muramatsu M, Hamada H (1990) A 
novel octamer binding transcription factor is differentially expressed in mouse 
embryonic cells. Cell 60:461-472. 

Okita K, Yamanaka S (2006) Intracellular Sgnalling Pathways Regulating 
Pluripotency of Embryonic Stem Cells. pp 103-111. Current Stem Cell Research & 
Therapy. 

Oppenheim JJ, Zachariae CO, Mukaida N, Matsushima K (1991) Properties of the 
novel proinflammatory supergene "intercrine" cytokine family. Annu Rev Immunol 
9:617-648. 

Pera MF, Andrade J, Houssami S, Reubinoff B, Trounson A, Stanley EG, Ward-van 
OD, Mummery C (2004) Regulation of human embryonic stem cell differentiation by 
BMP-2 and its antagonist noggin. J Cell Sci 117:1269-1280. 

Petit I, Szyper-Kravitz M, Nagler A, Lahav M, Peled A, Habler L, Ponomaryov T, 
Taichman RS, renzana-Seisdedos F, Fujii N, Sandbank J, Zipori D, Lapidot T (2002) 
G-CSF induces stem cell mobilization by decreasing bone marrow SDF-1 and up-
regulating CXCR4. Nat Immunol 3:687-694. 

 95



Piali L, Weber C, LaRosa G, Mackay CR, Springer TA, Clark-Lewis I, Moser B 
(1998) The chemokine receptor CXCR3 mediates rapid and shear-resistant adhesion-
induction of effector T lymphocytes by the chemokines IP10 and Mig. Eur J Immunol 
28:961-972. 

Ponomaryov T, Peled A, Petit I, Taichman RS, Habler L, Sandbank J, renzana-
Seisdedos F, Magerus A, Caruz A, Fujii N, Nagler A, Lahav M, Szyper-Kravitz M, 
Zipori D, Lapidot T (2000) Induction of the chemokine stromal-derived factor-1 
following DNA damage improves human stem cell function. J Clin Invest 106:1331-
1339. 

Rajan P, Panchision DM, Newell LF, McKay RD (2003) BMPs signal alternately 
through a SMAD or FRAP-STAT pathway to regulate fate choice in CNS stem cells. 
J Cell Biol 161:911-921. 

Reddi AH, Cunningham NS (1990) Bone induction by osteogenin and bone 
morphogenetic proteins. Biomaterials 11:33-34. 

Resnick JL, Bixler LS, Cheng L, Donovan PJ (1992) Long-term proliferation of 
mouse primordial germ cells in culture. Nature 359:550-551. 

Schoeberlein A, Holzgreve W, Dudler L, Hahn S, Surbek DV (2005) Tissue-specific 
engraftment after in utero transplantation of allogeneic mesenchymal stem cells into 
sheep fetuses. Am J Obstet Gynecol 192:1044-1052. 

Schofield R (1978) The relationship between the spleen colony-forming cell and the 
haemopoietic stem cell. Blood Cells 4:7-25. 

Scholer HR, Ruppert S, Suzuki N, Chowdhury K, Gruss P (1990) New type of POU 
domain in germ line-specific protein Oct-4. Nature 344:435-439. 

Segal BM, Dwyer BK, Shevach EM (1998) An interleukin (IL)-10/IL-12 
immunoregulatory circuit controls susceptibility to autoimmune disease. J Exp Med 
187:537-546. 

Shahdadfar A, Fronsdal K, Haug T, Reinholt FP, Brinchmann JE (2005) In vitro 
expansion of human mesenchymal stem cells: choice of serum is a determinant of cell 
proliferation, differentiation, gene expression, and transcriptome stability. Stem Cells 
23:1357-1366. 

Shen Q, Goderie SK, Jin L, Karanth N, Sun Y, Abramova N, Vincent P, Pumiglia K, 
Temple S (2004) Endothelial cells stimulate self-renewal and expand neurogenesis of 
neural stem cells. Science 304:1338-1340. 

Shih CC, Hu MC, Hu J, Weng Y, Yazaki PJ, Medeiros J, Forman SJ (2000) A 
secreted and LIF-mediated stromal cell-derived activity that promotes ex vivo 
expansion of human hematopoietic stem cells. Blood 95:1957-1966. 

Shinohara T, Orwig KE, Avarbock MR, Brinster RL (2000) Spermatogonial stem cell 
enrichment by multiparameter selection of mouse testis cells. Proc Natl Acad Sci U S 
A 97:8346-8351. 

 96 



Smith AG, Heath JK, Donaldson DD, Wong GG, Moreau J, Stahl M, Rogers D 
(1988) Inhibition of pluripotential embryonic stem cell differentiation by purified 
polypeptides. Nature 336:688-690. 

Sorensen TL, Tani M, Jensen J, Pierce V, Lucchinetti C, Folcik VA, Qin S, Rottman 
J, Sellebjerg F, Strieter RM, Frederiksen JL, Ransohoff RM (1999) Expression of 
specific chemokines and chemokine receptors in the central nervous system of 
multiple sclerosis patients. J Clin Invest 103:807-815. 

Studeny M, Marini FC, Dembinski JL, Zompetta C, Cabreira-Hansen M, Bekele BN, 
Champlin RE, Andreeff M (2004) Mesenchymal stem cells: potential precursors for 
tumor stroma and targeted-delivery vehicles for anticancer agents. J Natl Cancer Inst 
96:1593-1603. 

Takahashi K, Yamanaka S (2006) Induction of pluripotent stem cells from mouse 
embryonic and adult fibroblast cultures by defined factors. Cell 126:663-676. 

Takahashi T, Kalka C, Masuda H, Chen D, Silver M, Kearney M, Magner M, Isner 
JM, Asahara T (1999) Ischemia- and cytokine-induced mobilization of bone marrow-
derived endothelial progenitor cells for neovascularization. Nat Med 5:434-438. 

Tang YL, Zhao Q, Qin X, Shen L, Cheng L, Ge J, Phillips MI (2005) Paracrine action 
enhances the effects of autologous mesenchymal stem cell transplantation on vascular 
regeneration in rat model of myocardial infarction. Ann Thorac Surg 80:229-236. 

Teleshova N, Pashenkov M, Huang YM, Soderstrom M, Kivisakk P, Kostulas V, 
Haglund M, Link H (2002) Multiple sclerosis and optic neuritis: CCR5 and CXCR3 
expressing T cells are augmented in blood and cerebrospinal fluid. J Neurol 249:723-
729. 

Tumbar T, Guasch G, Greco V, Blanpain C, Lowry WE, Rendl M, Fuchs E (2004) 
Defining the epithelial stem cell niche in skin. Science 303:359-363. 

Vallier L, Alexander M, Pedersen RA (2005) Activin/Nodal and FGF pathways 
cooperate to maintain pluripotency of human embryonic stem cells. J Cell Sci 
118:4495-4509. 

van d, V, Stohlman SA (1993) Encephalitogenic Th1 cells are inhibited by Th2 cells 
with related peptide specificity: relative roles of interleukin (IL)-4 and IL-10. J 
Neuroimmunol 48:213-220. 

varez-Buylla A, Theelen M, Nottebohm F (1990) Proliferation "hot spots" in adult 
avian ventricular zone reveal radial cell division. Neuron 5:101-109. 

varez-Dolado M, Pardal R, Garcia-Verdugo JM, Fike JR, Lee HO, Pfeffer K, Lois C, 
Morrison SJ, varez-Buylla A (2003) Fusion of bone-marrow-derived cells with 
Purkinje neurons, cardiomyocytes and hepatocytes. Nature 425:968-973. 

Visnjic D, Kalajzic Z, Rowe DW, Katavic V, Lorenzo J, Aguila HL (2004) 
Hematopoiesis is severely altered in mice with an induced osteoblast deficiency. 
Blood 103:3258-3264. 

 97



Wagers AJ, Weissman IL (2004) Plasticity of adult stem cells. Cell 116:639-648. 

Wang SH, Tsai MS, Chiang MF, Li H (2003a) A novel NK-type homeobox gene, 
ENK (early embryo specific NK), preferentially expressed in embryonic stem cells. 
Gene Expr Patterns 3:99-103. 

Wang X, Willenbring H, Akkari Y, Torimaru Y, Foster M, Al-Dhalimy M, Lagasse E, 
Finegold M, Olson S, Grompe M (2003b) Cell fusion is the principal source of bone-
marrow-derived hepatocytes. Nature 422:897-901. 

Weimann JM, Johansson CB, Trejo A, Blau HM (2003) Stable reprogrammed 
heterokaryons form spontaneously in Purkinje neurons after bone marrow transplant. 
Nat Cell Biol 5:959-966. 

Weissman IL (2000) Stem cells: units of development, units of regeneration, and units 
in evolution. Cell 100:157-168. 

Whitham RH, Jones RE, Hashim GA, Hoy CM, Wang RY, Vandenbark AA, Offner 
H (1991) Location of a new encephalitogenic epitope (residues 43 to 64) in 
proteolipid protein that induces relapsing experimental autoimmune 
encephalomyelitis in PL/J and (SJL x PL)F1 mice. J Immunol 147:3803-3808. 

Williams RL, Hilton DJ, Pease S, Willson TA, Stewart CL, Gearing DP, Wagner EF, 
Metcalf D, Nicola NA, Gough NM (1988) Myeloid leukaemia inhibitory factor 
maintains the developmental potential of embryonic stem cells. Nature 336:684-687. 

Wilson A, Trumpp A (2006) Bone-marrow haematopoietic-stem-cell niches. Nat Rev 
Immunol 6:93-106. 

Wislet-Gendebien S, Leprince P, Moonen G, Rogister B (2003) Regulation of neural 
markers nestin and GFAP expression by cultivated bone marrow stromal cells. J Cell 
Sci 116:3295-3302. 

Xu RH, Chen X, Li DS, Li R, Addicks GC, Glennon C, Zwaka TP, Thomson JA 
(2002) BMP4 initiates human embryonic stem cell differentiation to trophoblast. Nat 
Biotechnol 20:1261-1264. 

Yamaguchi J, Kusano KF, Masuo O, Kawamoto A, Silver M, Murasawa S, Bosch-
Marce M, Masuda H, Losordo DW, Isner JM, Asahara T (2003) Stromal cell-derived 
factor-1 effects on ex vivo expanded endothelial progenitor cell recruitment for 
ischemic neovascularization. Circulation 107:1322-1328. 

Yin T, Li L (2006) The stem cell niches in bone. J Clin Invest 116:1195-1201. 

Ying QL, Nichols J, Evans EP, Smith AG (2002) Changing potency by spontaneous 
fusion. Nature 416:545-548. 

Zappia E, Casazza S, Pedemonte E, Benvenuto F, Bonanni I, Gerdoni E, Giunti D, 
Ceravolo A, Cazzanti F, Frassoni F, Mancardi G, Uccelli A (2005) Mesenchymal 
stem cells ameliorate experimental autoimmune encephalomyelitis inducing T-cell 
anergy. Blood 106:1755-1761. 

 98 



Zhang J, Li Y, Chen J, Cui Y, Lu M, Elias SB, Mitchell JB, Hammill L, Vanguri P, 
Chopp M (2005) Human bone marrow stromal cell treatment improves neurological 
functional recovery in EAE mice. Exp Neurol 195:16-26. 

Zhang J, Niu C, Ye L, Huang H, He X, Tong WG, Ross J, Haug J, Johnson T, Feng 
JQ, Harris S, Wiedemann LM, Mishina Y, Li L (2003) Identification of the 
haematopoietic stem cell niche and control of the niche size. Nature 425:836-841. 

Zou YR, Kottmann AH, Kuroda M, Taniuchi I, Littman DR (1998) Function of the 
chemokine receptor CXCR4 in haematopoiesis and in cerebellar development. Nature 
393:595-599. 
 
 

 99



ACKNOWLEDGEMENTS 
In the first place, I would like to thank to Prof. Harald Neumann for his support and 

fruitful discussions and for giving me the opportunity to work on a project which I 

was really willing to work on.  

I would like to extend my thanks to Prof. Ahmed Mansouri for his helpful criticism 

and availability for discussing in detail my research project.  

I am grateful to my supervisors Prof. Ralf Heinrich and Prof. Michael Kessel for 

their great supervision and supportive discussions during my project. 

I would like to express my acknowledgements to Prof. Austin Smith (ISCR, 

Edinburgh) for providing us with the Oct4GiP transgenic mouse line. Special thanks 

also go to Dr. Frank Edenhofer and Michael Peitz for their helpful discussions, 

collaboration and for providing us with the TAT-Nanog protein. 

I would like to thank to Prof. Oliver Brüstle for his availability and helpful 

suggestions regarding my current and future projects. I would also like to thank to 

everyone from RNB group in Life&Brain Institute for providing a nice working 

atmosphere. 

I am grateful to my sensei Dr. Kazuya Takahashi for being a great friend, for 

sharing his broad knowledge with me, for always having time to discuss my project 

and give his valuable suggestions.  

I would like to thank to my friend Ulrike Englert, first of all for opening the door of 

her home to me from the first day that I arrived in Germany and also for her 

significant contribution to this project. 

It was great to work in a highly international and friendly environment in ENI. My 

special thanks go to the former members of my group Christian, Massimiliano, Heiko 

and Alex for their wonderful friendship and endless support. Dagmar Thomitzek and 

Wiebke Heinrich deserve a special acknowledgment not only for always solving all 

my burocratic problems but also for being great friends! 

I am grateful to my dear friend Byambaa for always being there for me and for the 

nice memories which will make me miss her so much.  

I would like to thank to all my friends and colleagues from Göttingen for their 

support and not letting me feel homesickness for a moment. 

I started my PhD journey with Sarita, Phillip and Sadanand. It has been always “the 

four of us”..We shared everything. We lived the best and the worst together. Every 

 100 



difficulty got us closer to each other. Thank you guys for everything! I know we are 

still together but I also know how much I will miss you… 

I would like to thank to Olga and Mark for the short but great time we had together. 

I extend my special thanks to dostum Levent for his great friendship and for the 

relaxing laughing sessions. I take this opportunity to thank to everybody in my group 

Yiner, Jianguo, Isabella, Anissa, Sergey, Jens, Christine, Jessica and Vera for the 

pleasant working environment and for their friendship. 

I would like to thank to my best friend Aydan for her ineffable friendship and her 

support regardless of the distance. 

I am deeply grateful to my parents and my brother for their deep love, their trust in 

me, their understanding and indispensable support. There was no way I could have 

accomplished this work without them. 

Finally, I would like to express my utmost gratitude to Alessandro Esposito. He is a 

very special person who walked with me trough all this three years making my every 

step easier. In the basis of my success and happiness lie his endless love, support, 

encouragement and excellent help.  

 101



 

 
 
 
 
 
 
 
 
 
 
 

 
 

This is not the end. It is not even the beginning of the end. But it is, 
perhaps, the end of the beginning. 

 

Winston Churchill (1874-1965) 
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