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1.. INTRODUCTION 

Hematopoieticc stem cell transplantation is performed to rescue a patient's 
hematopoieticc system after myeloablative chemo- or radiotherapy. A special 
featuree of hematopoietic stem cell transplantation is the migration of intravenously 
infusedd hematopoietic stem- and progenitor cells (HPC) from peripheral blood to 
bonee marrow, a process referred to as homing. Despite the clinical and biological 
significance,, the (adhesive) mechanism(s) by which the process of homing of HPC 
too the bone-marrow microenvironment are mediated, are still not completely 
understood.. Improvement of the efficacy of stem cell transplantation might be 
achievedd by modulating the ability of stem cells to home to the bone marrow. For 
thiss purpose, a better understanding of the mechanisms involved in homing is 
necessary. . 

Thiss thesis focuses on the migration of various sources of normal and malignant 
HPC,, Special emphasis is placed on Stromal Cell Derived Factor-1 (SDF-1) and its 
receptorr CXCR-4, because this chemokine has been described as an important 
chemoattractantt for normal and malignant HPC. The following introduction 
providess an overview of normal and malignant hematopoiesis and of mechanisms 
involvedd in migration of hematopoietic stem cells. 

2.. HEMATOPOIESIS 

Alll  mature blood cells are derived from hematopoietic stem cells (HSC). In 
healthyy adults, hematopoiesis takes place in the bone marrow (BM), where the 
majorityy of hematopoietic stem cells are located. These stem cells are pluripotent, 
i.e.. they have the capability of self-renewal as well as the capacity to differentiate 
intoo committed progenitor cells. Further maturation and proliferation of the 
progenitorr cells leads to the production of mature cells of various lineages, which 
aree released into the peripheral blood. Stem cells and progenitor cells express the 
CD344 antigen, which is one of the most common markers used to characterize and 
too isolate these cells. During differentiation of the HPC the expression of CD34 
antigenn gradually diminishes, i.e. mature cells do not express the CD34 antigen 
anymore. . 

However,, a recent study showed reversible expression of CD34 by murine 
hematopoieticc stem cells, suggesting that CD34 may be a marker of activated stem 
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cellss but not necessarily of all stem cells [1]. Recent work indicates that human 
CD34""  stem cells may also exist, and are able to induce hematopoietic activity after 
transplantation.. [2-5], Further investigation is necessary to determine whether 
humann CD34" and CD34T stem cells are representing the same cell population and 
thee CD34 antigen is just a marker for activated stem cells. 

3.. STEM CELL TRANSPLANTATION 

Inn patients undergoing chemo- and/ or radiotherapy, hematopoiesis is seriously 
disturbed.. Bone-marrow function in these patients can be reconstituted by bone-
marroww transplantation (BMT) and by the more recently developed method of cord 
bloodd or peripheral blood stem-cell transplantation (PBSCT). BMT or PBSCT may 
bee allogeneic (from an HLA-matching donor) or autologous (from the patient him-
orr herself). For allogeneic PBSCT, Granulocyte-Colony-Stimulating Factor (G-
CSF)) and for autologous PBSCT, G-CSF in combination with chemotherapy is 
usuallyy applied to mobilize CD34" cells into peripheral blood (PB) [6,7]. After 
reinfusion,, CD34* cells derived from peripheral blood, bone marrow or cord blood 
(CB)) home to the bone marrow, and stem cells from all three sources are able to 
reconstitutee BM function [8,9]. 

Severall  factors determine the outcome as measured by hematopoietic recovery 
off  stem cell transplantations. The number of transplanted CD34' cells seems to be 
thee major factor [10]. The threshold quantity of PB CD34* cells needed for 
transplantationn is generally thought to lie between 2.5 and 5.0 x 106 cells/kg 
bodyweightt [10-12]. There is a relationship between the number of CD34+ cells 
transplantedd and the time required for hematological reconstitution. Patients who 
receivedd a greater number of CD34̂  cells/kg had shorter recovery times than 
patientss grafted with smaller number of CD34̂  progenitor cells [13-15]. 

3.11 Sources of stem cells 

Threee different sources of stem cells are used for stem cell transplantation, i.e bone 
marrow,, mobilized peripheral blood (PBSC), and umbilical cord blood (UCB). 
Bonee marrow transplantation has been used since the late 1950s [16,17]. The 
abilityy of PBSC to reconstitute hematopoiesis has been shown by several groups in 
19866 [18-21]. PBSC were collected during steady-state hematopoiesis or following 
cytotoxicc chemotherapy, since cytokines were not available at that time. In 1989 
thee first transplantation of cytokine-mobilized PBSC was reported [22]. The 
numberr of circulating HPC can be increased by a number of stimuli, including 
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chemotherapyy and cytokines such as G-CSF, granulocyte-macrophage colony 
stimulatingg factor (GM-CSF), stem cell factor (SCF), thrombopoietin (TPO), and 
IL-88 [23-31]. Several studies have shown that patients receiving mobilized HPC 
experiencedd a significantly faster neutrophil and platelet recovery than historical 
controlss who received autologous bone marrow transplantation [26,32,33], 
Mobilizedd PBSC are also widely used for allogeneic grafting, although an 
increasedd risk of chronic graft-versus-host disease (GVHD) has been reported 
[34,35].. Mobilized HPC are the most common source of stem cells nowadays, 
sincee large numbers of CD34+cells can easily be harvested. 

Inn the early 1980s it has been discovered that UCB contains high numbers of 
HPCC [36,37]. An advantage of the use of CB cells could be that they are 
immunologicallyy immature and therefore less likely to cause GVHD [38], 
Subsequently,, in 1988 the first successful CB transplant was performed in a 
Fanconi'ss anemia patient [39]. Until now, approximately 1,000 CB transplants 
havee been reported in literature [40-43]. Initially, it was assumed that only children 
andd small-size adults could be transplanted with UCB, because a single UCB 
collectionn might not contain enough repopulating cells to transplant an adult 
patient,, but clinical data have shown that cord blood stem cell grafts are capable of 
inducingg stable engraftment, despite the very low numbers of CD34" cells present 
[42]. . 

Moreover,, various in vitro and in vivo assays have been developed to study 
differencess between stem cells of various sources to repopulate the hematopoietic 
system.. Over the last decade, several groups have developed functional in vivo 
assayss to quantitate the number of primitive human severe combined immune 
deficiencyy (SCID) repopulating cells (SRCs), based on their ability to repopulate 
bonee marrow of intravenously transplanted SCID or nonobese diabetic 
(NOD/SCID)) mice [44,45]. It was observed that UCB stem cells, unlike PB or BM 
derivedd stem cells, are capable of engrafting NOD/SCID mice without the 
administrationn of exogenous cytokines [46]. Using the NOD/SCID model several 
groupss have shown that SRC are enriched in UCB compared with adult BM or 
mobilizedd peripheral blood [47,48], Noort et al. have shown that the repopulating 
abilityy and homing potential in NOD/SCID mice of CD34+ cells isolated from 
UCBB was higher than that of BM-derived cells [49]; similar results were shown by 
Holyoakee et al [50]. In contrast to the SRC frequency, which is normally 
determinedd 35 days after transplantation, the seeding efficiency of human stem 
cellss is usually analyzed 24 hours after transplantation [51]. Using this assay, van 
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Hennikk et al did not observe any significant differences in the seeding efficiencies 
off  UCB, BM and PBSC [52]. 

4.. HOMING 

Homingg of HPC can be considered as a multistep process, in which various 
adhesionn molecules present on both HPC and endothelial cells are involved, similar 
too what has been found for transendothelial migration of leukocytes at places of 
inflammationn (Figure 1) [53,54]. The first step in migration consists of tethering 
andd rolling of HPC along the endothelium [55-57]. The adhesion molecules known 
too be involved in these processes are described below. Chemokines (chemotactic 
cytokines)) or growth factors located on the endothelial surface or bound to 
proteoglycanss in the endothelial extracellular matrix, activate p r and p2-integrins 
onn the rolling HPCs, leading to firm adhesion to Ig-like ligands on the endothelial 
cellss [58-60]. Chemokines or other growth factors can activate integrins by binding 
too their specific receptors, which are either seven-transmembrane spanning G-
proteinn coupled or cell surface growth factor receptors [61]. Subsequently, the firm 

BLOOD D 

Transendotheliall migration 

>> | HPC/ 

BONEE MARROW 
STROMA A 

selectins s integrins s 

chemoattractants s 

Figuree 1. Sequential steps in transendothelial migration. Abbreviations: HPC= hematopoietic 
progenitorr cell; BMEC= bone marrow endothelial cell. 
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adhesionn is followed by transendothelial migration of HPC and finally leads to 
anchoringg of the HPC in the bone-marrow microenvironment [62-64]. Adhesion 
moleculess involved in transendothelial migration of HPC were unidentified at the 
startt of this project. The anchoring of HPC depends mainly on adhesion via 
integrinss to stromal cells and to extracellular matrix proteins [65-67], This 
multistepp process, involving the different adhesion molecules that are activated by 
aa range of modifiers, may explain selective migration at specific places. However, 
Roodd et al. did not obtain any indication that BM endothelial cells express a 
specificc adhesion molecule with respect to homing of HPC [68]. 

4.11 Adhesion Molecules 

Sincee adhesion molecules play an important role in the trafficking of HPC cells 
duringg the mobilization and homing processes, we here summarize the adhesion 
moleculess present on HPC or endothelial cells. The adhesion molecules can be 
dividedd in the following superfamilies: Selectins, Integrins, Immunoglobulin 
superfamily,, Sialomucins, CD44 antigens and Cadherins. 

4.1.11 Selectins 

Selectinss are transmembrane cell surface proteins of which three family members 
havee been identified so far; E(CD62E)-, L (CD62L)- and P(CD62P)-selectin. 
Selectinss are important for the initial rolling of leukocytes along the vessel wall 
[69],, E-Selectin is expressed on activated endothelial cells, P-Selectin on 
endotheliall  cells (activated with thrombin or histamine) and platelets and L-selectin 
onn leukocytes, including HPC [70]. All selectins bind to sialylated carbohydrates; 
i.e.. sialyl Lewis*  (sLex) or its isoform sLea [71]. L-selectin binds to the mucins 
CD34,, GlyCAM, MadCAM-1 [72-74]. CD34 is expressed on endothelium and 
mayy therefore serve as an endothelial ligand for L-selectin. A novel ligand for L-
selectinn has just been discovered [75]. This hematopoietic cell L-selectin ligand 
(HCLL)) is expressed by normal and leukemic hematopoietic progenitors and 
mediatess L-selectin-dependent cell-cell adhesive interactions (Sackstein). 
Moreover,, L- P-and E- selectin can bind to P-selectin glycoprotein ligand-1 
(PSGL-1),, expressed by leukocytes, including HPC [76-81]. Another ligand for E-
selectinn is E-selectin ligand (ESL-1) expressed on myeloid cells [82,83]. 

Sincee bone marrow endothelial cells have been described to constitutively 
expresss high levels of E-selectin, this molecule is thought to play a role in adhesion 
andd transendothelial migration of HPC [84-86]. A recent in-vitro study indeed 
indicatedd that SDF-1-induced migration of human CD34* cells is mediated by E-

15 5 



Chapterr 1 

selectinn [87]. Moreover, studies in murine models have indicated that E-selectin 
[88]]  and P-selectin [88,89] are involved in the initial adhesion and rolling of HPC 
onn the bone-marrow endothelial cells (BMEC). 

Inn addition, Dercksen et al. showed for patients undergoing PBSCT, that the 
numberr of L-selectin positive CD34* cells is a better predictor of rapid recovery 
thann the total number of CD34" cells. This suggests that L-selectin is involved in 
thee homing of the CD34* cells after PBSC transplantation [90]. 

4.1.22 Integrins 

Integrinss are a family of heterodimeric cell surface molecules consisting of a 

noncovalentlyy bound a- and p-chain. Thus far, 17 a-subunits and 8 P-subunits 

havee been defined, which in combination can result in at least 23 different integrin 

heterodimerss [91-93]. The integrins mediate adhesion of HPC to extracellular 

matrixx proteins (ECM) such as fibronectin, collagen, laminin or thrombospondin, 

orr cell-surface-expressed cell adhesion molecules (CAM) i.e. VCAM and ICAMs 

[94,95].. The integrins can be divided into 8 subfamilies on the basis of the different 

p-subunits.. Of the j3rintegrins or Very Late Antigens (VLA's), mainly a4Pi and 

oupii  are expressed on HPC [66]. Furthermore, HPC express two p2-integrins LFA-

11 («Lp2 ) and Mac-1 (aMp2) [66,95]. p:-integrins mediate cell-cell adhesive 

interactionss by binding to immunoglobulin superfamily molecules on other cells, 

suchh as endothelial cells [96], 

Moreover,, blocking antibodies against p2-integrins inhibit spontaneous 
transmigrationn of HPC through monolayers of bone marrow endothelial cells in an 
in-vitroin-vitro system [63,64], while during SDF-1-induced transendothelial migration of 
murinee HPC, VLA-4 and VCAM-1 are involved [97]. In vivo experiments suggest 
aa relatively predominant role of printegrins in the retention of HPC in the marrow 
andd homing of HPC to the marrow.[54,98,99], This idea stems from the 
observationn that circulating CD34' cells express VLA-4 at a lower level than 
CD34""  cells residing in the BM. This suggests that the release of CD34' cells and 
thee ability to circulate is related to the presence and expression level of VLA-4 [90, 
100-104].. In addition, treatment of human CD34+ cells with antibodies against p r 

integrinss prevented engraftment in NOD/SOD mice and sheep [105,106]. 

4.1.33 Immunoglobulin superfamily 

Immunoglobulinn superfamily antigens are characterized by repeats of 

immunoglobulin-Iikee domains. Adhesion mediated by these molecules is either 
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homophilicc (between two identical molecules) or heterophilic (between two 
differentt molecules). PECAM-1 (CD31) is an example of the first group. VCAM, 
ICAMM -1,-2 and -3, are examples of the second group; they bind to integrins. 
PECAM-11 is expressed on platelets, endothelial cells and leukocytes, including 
HPCC [107]. ICAM-1 is constitutively expressed on leukocytes and endothelial 
cells,, and activation of the endothelial cells by LPS, IL-1 or TNF-a induce 
expressionn of ICAM-1 [108]. ICAM-2 is expressed on endothelial cells and 
leukocytess [109], while ICAM-3 is mainly expressed on leukocytes [110]. VCAM-
11 is expressed at low levels on endothelial cells (upregulated by LPS, IL-1 or TNF-
ct),, but is constitutively expressed on bone-marrow endothelial cells [84]. A 
relativelyy new family member is CD 166 (ALCAM) , a transmembrane protein 
expressedd on 40-70% of CD34+ cells from BM or mobilized PB [111-112]. Almost 
alll  primitive (CD38", thy-l+) CD34Tcells express CD166. It is probably involved in 
homophilicc interactions between early hematopoietic progenitors. 

4.1.44 Sialomucins 

Thee mucin-like molecules represent an emerging family of transmembrane 
glycoproteinss expressed by tissues of the hematopoietic system [113]. Mucin-like 
moleculess all share the common characteristic of being highly glycosylated 
polypeptides,, containing predominantly O-linked carbohydrate side-chains [113]. 

Severall  sialomucins have been found on HPC, including the stem cell antigen 
CD344 [114], CD43 [115,116], CD45RA [117] and PSGL-1 [56,80] and CD164 
[118].. Other important members of this family that are not expressed on HPC 
includee GlyCAM-1 and MadCAM-1, ligands for L-selectin (see paragraph 4.1.1). 
Moreover,, CD34 is also expressed on endothelial cells [119]. Although the precise 
functionn of CD34 remains unclear, several studies show that it can act as an 
adhesionn molecule [72,120,121]. 

4.1.55 CD44 

CD444 is a highly glycosylated surface molecule with various isoforms arising from 
differencess in glycosylation and alternative splicing [122], Normal and malignant 
HPCC express CD44, which supports adhesion to hyaluronan (HA) and fibronectin 
[123-126].. Furthermore, CD44 is involved in the recirculation of lymphocytes 
throughh the binding to vascular addressins on high endothelial venules [127]. In 
CD444 knock-out mice, progenitor cell egress from the BM appears to be defective 
[128].. CD44 functions as a cell-cell adhesion receptor as well as an extracellular 
matrixx receptor. 
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4.1.66 Cadherins 

Cadherinss constitute a major class of adhesion molecules that support calcium-
dependent,, homophilic cell-cell adhesion in all solid tissues of the body [129]. The 
cadherinn family can be divided into two subfamilies, the classic cadherins and the 
protocadherins;; each of the subfamilies can be further subdivided [93]. The only 
cadherinss strongly expressed on endothelial cells are Neural (N)- and Vascular 
Endotheliall  (VE) cadherin. Recently, Cadherin-13 was found in bovine aortic 
endotheliumm [130]. N-cadherin is expressed on adult neural tissue, muscle cells and 
endotheliall  cells [93], whereas (VE)-cadherin is expressed on all types of 
endothelium.. VE-cadherin is localized in the intercellular junctions, and its 
expressionn is required for the control of vascular permeability and vascular 
integrityy [131]. Moreover, epithelial (E) cadherin has been described to be 
expressedd on erythroid cells, mainly on normoblasts and erythroblasts [132]. 

4.22 Migration and motility 

Priorr to migration in response to a chemotactic stimulus, leukocytes display a 
complexx repertoire of motility-associated processes, including shape changes, 
polarizationn of signaling complexes, actin polymerization and polarized adhesion. 
Subsequentt acto-myosin based contractility moves the cell forward, in the direction 
off  the source of the chemotactic gradient. Chemokines bind to their receptors, 
whichh thereby trigger signaling cascades that lead to directed motility. We here 
summarizee the role of chemokines involved in migration of HPC and the 
cytoskeletall  changes necessary for this process. 

4.2.11 Chemoattractants and chemokines in historical perspective 
Theree are two classes of chemoattractants, the classical leukocyte chemoattractants 
suchh as fMLP, LTB4, C5a and PAF, and the chemotactic cytokines (chemokines). 
Classicall  leukocyte chemoattractants act broadly on neutrophils, eosinophils, 
basophilss and monocytes [133]. Chemokines are a group of small <8-14kDa), 
structurallyy related molecules that regulate cell trafficking of various types of 
leukocytess through interactions with a subset of seven-transmembrane, G-protein-
coupledd receptors [134,135]. About 40 different chemokines have now been 
identifiedd in humans, but new chemokines are still discovered in a rapid pace. 

Chemokiness have been divided into two major subfamilies on the basis of the 
arrangementt of the two N-terminal cysteine residues, depending on whether the 
firstt two cysteine residues have an amino acid between them (CXC) or are adjacent 
(CC).. [61,134], Two other sub-families of chemokines have been described: C and 
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CX3C,, but they both consist of only one member each [134]. Chemokine receptors 
aree also divided into subfamilies, i.e. the CXCR, CCR, CR and CX3CR family 
[134,136].. Recently, new nomenclature has been proposed in which the R (of 
receptor)) is replaced by a L (of ligand) to designate the chemokines [134] 

Althoughh several factors have been identified as chemoattractants for 
leukocytes,, until 1997 only limited information was available on chemoattractants 
forr HPC. Till that time, a broad range of chemotattractants and growth factors had 
beenn tested for their chemotactic effect on HPC. No chemotactic effects were 
foundd with fMLP, Rantes, Gro-a, MIP-la, MIP-1|3, MCP-1, GM-CSF, IP-10, IL-
la,, IL-lp , IL-4, IL-6, IL-8, eotaxin, TNF-a, IFN-y [62,137]. In contrast, stem cell 
factorr (SCF) and IL-3 were reported as a chemoattractant for murine HPC [138], 
butt these factors only slightly induced migration of human HPC [139-140]. Cherry 
ett al. showed that murine bone marrow stromal cell lines produce a chemotactic 
factorr for mouse hematopoietic stem cells [141]. Furthermore, Schweitzer et al. 
observedd that supernatant of bone marrow cultures enhanced the migration of HPC 
throughh bone-marrow endothelium, providing evidence for the production of (a) 
chemotacticc factor(s) for human HPC as well [137]. At that time it was postulated 
thatt one of these chemotactic factors might be hepatocyte growth factor/scatter 
factorr (HGF/SF), which is produced by murine stromal cells as well as by human 
bonee marrow stromal cells [142,143]. At the start of this project, HGF/SF was a 
promisingg candidate to induce migration of normal and malignant hematopoietic 
progenitorr cells. HGF/SF is described below. 

4.2.1.11 HGF/SF 
Hepatocytee growth factor /scatter factor (HGF/SF) is a multifunctional cytokine 

thatt regulates cell growth, motility, migration and angiogenesis [144-146]. HGF/SF 

iss produced by a variety of mesenchymal cells as a single chain pro-HGF/SF, 

whichh is enzymatically cleaved into biologically active HGF/SF consisting of an a-

andd a (3-chain [147-151]. The receptor for HGF/SF is encoded by the MET proto-

oncogene,, c-MET, which is a cell surface tyrosine-kinase receptor also consisting 

off  an extracellular a- and a transmembrane p-chain [152]. 

Thee ligand and its receptor play a role in dissemination of multiple solid tumors. 

HGF/SFF is produced by tumor cells or stromal cells within the tumor and in 

additionn a role has been proposed to HGF/SF and c-MET in hematopoiesis 

[143,153-155].. CD34+ HPC express the c-MET receptor, and it was observed that 

HGF/SFF promoted survival of human HPC and could be detected in the supernatant 
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off  bone-marrow stromal cells [142,156]. Moreover, HGF/SF and c-MET seem to 
bee involved also in malignant hematopoiesis, because it has been reported that 
leukemicc and lymphoma cells produce HGF/SF [157]. Furthermore, significant 
amountss of HGF/SF have been detected in blood and bone-marrow plasma of 
leukemicc patients [158,159]. Overexpression of c-MET, leading to activation of the 
proto-oncogene,, has also been detected in some cases of human leukemia and 
lymphomaa [159,160]. 

4.2.1.22 Chemokines for HPC 

Inn 1997, the first powerful chemoattractant for CD34' cells was described, i.e. 
stromall  cell-derived factor-1 (SDF-1, also known as PBSF), produced by stromal 
cells,, including those from the bone marrow [62,140]. It has subsequently been 
shownn that SDF-1 activates integrins on HPC and induces transendothelial 
migrationn of HPC in vitro [62,161], SDF-1 is classified as a CXC-chemokine and 
iss also a chemoattractant for monocytes and lymphocytes [162]. The receptor for 
SDF-11 is a G-protein-coupled receptor, called Fusin, LESTR or CXCR-4 [163-
166].. In SDF-1 or CXCR-4 knock-out mice, hematopoietic precursors do not shift 
too the bone-marrow during fetal development, suggesting that SDF-1 plays an 
importantt role in the migration of HPC to the BM [167-169], Recently, Peled et al. 
foundd SDF-1 and CXCR-4 to be critical for murine bone marrow engraftment by 
SCID-repopulatingg stem cells [170], They also demonstrated that migration of 
CD344 CD38"'°*  cells to SDF-1 in vitro correlated with in-vivo engraftment and 
stemm cell function in NOD/SOD mice. 

Furthermore,, Aiuti et al. have described that chemotaxis of CD34* cells to SDF-
11 was enhanced by pretreatment of the cells with IL-3 or SCF [62]. Recently, two 
studiess appeared both reporting an enhancing effect of chemotaxis of CD34* cells 
byy a combination of SDF-1 and SCF compared to SDF-1 alone [140,171]. The 
enhancedd chemotaxis observed with the combination of SDF-1 and SCF can 
possiblyy be explained by cooperativity in downstream signaling pathways [171]. 

Thee CC chemokine Macrophage inflammatory protein-3p (MIP-3(3, also known 

ass CK.p-11 or ELC) and its receptor CCR-7 were originally described to be 

importantt in migration of B and T cells [172,173]. A few studies have shown that 

MIP-3pp can also act as chemoattractant for a small subset of human CD34* cells 

[174,175].. In contrast to SDF-1, which attracts multiple types of HPC, MIP-3p 

attractedd mainly HPC restricted to macrophage differentiation [175]. Recently, 

anotherr CC chemokine Secondary lymphoid-tissue chemokine (SLC, also known 
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ass exodus2/6ckine/TCA4), has been shown to be a specific agonist for CCR-7 
[176,177],, and similar to MIP-3p it was found to be mainly attractive for 
macrophagee progenitors [178]. 

4.2.22 Cytoskeleton 

Chemokiness that bind to G-protein-coupled receptors trigger signaling cascades 
thatt lead to directed motility. This signaling is still poorly understood but probably 
involvess Rho-like GTPases that regulate temporally and spatially coordinated actin 
polymerizationn in concert with integrin-mediated adhesion [179-181]. Shape 
changess and migration requires dynamic rearrangements of the cytoskeleton and 
modulationn of cell adhesion [182,183]. These temporal and spatial reorganizations 
off  cell structure and cell contacts are controlled by extracellular signals including 
growthh factors, chemokines and adhesion molecules. 

Thee cytoskeleton consists mainly of three components: actin filaments, 
microtubules,, and intermediate filaments [182-184]. Reorganization of actin 
filamentss and cell-substratum contacts is believed to be involved in cell motility 
[185].. Actin at the area of the leading edge is thought to be continuously 
depolymerizingg and repolymerizing during cell movement [184]. 

55 MALIGNANT HEMATOPOIEISIS 

5.11 Acute myeloid leukemia (AML) 

Acutee myeloid leukemia (AML) is caused by malignant counterparts of 
hematopoieticc progenitor and precursor cells. AML is characterized by an increase 
inn the number of immature myeloid cells in the marrow and an arrest in their 
maturation,, finally resulting in hematopoietic insufficiency, with or without 
leukocytosis.. [186]. AML is a heterogeneous disease, caused by a variety of 
pathogenicc mechanisms [186]. In contrast to normal hematopoiesis, immature cells 
inn AML leave the bone marrow, and these cells may anchor in extramedullar 
locations,, such as in liver and spleen. This may reflect differences in the control of 
migrationn of leukemic cells in comparison with non-malignant cells. 

Thee most commonly used method of classification has been developed by the 
French-American-Britishh (FAB) group, and divides AML into distinct subtypes 
(M0-M7)) that differ with respect to the particular myeloid lineage involved and the 
degreee of leukemic cell differentiation [187-191]. In addition, cytogenetic analysis 
off  leukemic blasts has resulted in the identification of specific chromosomal 
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aberrationss in about half of patients with AML [192-194]. For example, in 98% of 
thee patients suffering from acute promyelocytic leukemia (AML-M3) , a 
t(15;17,q22;q21)) translocation has been observed. 

AMLL treatment usually includes intensive chemotherapy, alone or in 
combinationn with autologous of allogeneic stem cell transplantation. Despite 
treatment,, the survival rate among patients who are less than 65 years of age is only 
400 percent [195]. Patients older than 60 years generally have an even poorer 
prognosis,, with a probability of survival at five years of less than 10 percent [195], 

Similarr to what has been found for normal hematopoietic progenitor cells, 
Möhlee et al. recently described that leukemic blasts from patients with acute 
myeloblasticc leukemia (AML) express variable amounts of CXCR-4 [161]. This 
expressionn might be an indication that the SDF-l/CXCR-4 pathway plays a role in 
thee trafficking of leukemic cells. Further research is necessary to establish this 
hypothesiss (this thesis). 

5.22 Myelodysplastic syndrome (MDS) 
MDSS are a heterogeneous group of clonal hematological disorders characterized by 
cytopeniass and dysplastic changes of hematopoietic cells, due to a defect of the 
stemm cells [196], The MDS are classified into five subgroups i.e.: refractory anemia 
(RA),, RA with ring sideroblasts (RARS), RA with excess blasts (RAEB), RAEB in 
transformationn (RAEBt) and chronic myelomonocytic leukemia (CMML). 

Aboutt half of the patients are over 70 years old, and males are more commonly 
affected.. MDS is considered pre-leukemic since a significant percentage of patients 
developp AML [197]. Conversion to AML is diagnosed when the percentage 
myeloblastss in the marrow exceed 30 % [186], Similar to what has been found in 
AMLL patients, approximately half of the MDS patients bear specific cytogenetic 
lesionss such as deletions of (parts of) chromosome 5 and/or 7 [198]. A variety of 
treatmentss has been attempted for MDS patients, depending on the severity of the 
disease.. This varies from transfusion of red cells and platelets to intensive 
chemotherapyy or bone-marrow transplantation. 

6.. SCOPE OF THIS THESIS 

Thee aim of this study was to unravel different mechanisms involved in migration of 

hematopoieticc progenitor cells during homing to the bone marrow. A better 

understandingg of the mechanisms involved in homing is necessary to improve the 

efficiencyy of stem cell transplantation. 
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Sincee different sources of CD34* cells are available for stem cell 
transplantation,, we first established the in-vitro migratory capacity of CB-, PB- and 
BM-derivedd CD34+ cells over FN-coated filters. For this purpose, an improved 
Transwelll  assay was developed for which low numbers of cells are needed. 
Furthermore,, we investigated the role of CXCR-4 expression on these cells and the 
integrinss involved in SDF-1-induced migration (chapter 2). Subsequently, we 
investigatedd to what extent the in-vitro migratory capacity of PB-derived CD34+ 

cellss is related to hematopoietic recovery after autologous stem cell transplantation 
(chapterr 3). 

Largee differences in migration between CD34+ cells of various sources and 
withinn one source (CB, PB, BM) were observed. Therefore, we investigated in 
chapterr 4 whether differences in migratory ability of various sources of CD34+ 

cellss could be explained by differences in actin polymerization. For movement of 
cellss in the direction of a chemotactic gradient, cells have to be able to change their 
cytoskeleton.. Rearrangement of the actin cytoskeleton has been described as an 
earlyy cellular response during chemotactic activation. In the present study we 
analyzedd the extent and kinetics of SDF-1-induced actin polymerization in CB and 
PB-derivedd CD34+ cells and studied whether this correlated with the migratory 
capacityy of these cells. 

Inn the process of homing, CD34+ hematopoietic progenitor cells migrate across 
thee bone-marrow endothelium in response to SDF-1. To study the process of 
homingg in a situation that better resembles the in vivo situation, we have developed 
ann in-vitro transendothelial migration assay. In this assay, we investigated the role 
off  adhesion molecules on the CD34+ cells as well as on the endothelial cells 
(chapterss 5 and 6). 
Acutee myeloid leukemia (AML) cells represent malignant counterparts of 
hematopoieticc progenitor and precursor cells. Because leukemic and lymphoma 
cellss produce HGF/SF, we investigated whether HGF/SF affects the function of 
leukemicc cells. Migration of leukemic cells induced by HGF/SF was investigated 
inn an in-vitro assay similar to the assay for normal HPC (chapter 7). 

Möhlee et al. previously showed that leukemic blasts from patients with acute 
myeloblasticc leukemia (AML) express variable amounts of CXCR-4 [161]. In the 
presentt study, we compared spontaneous and SDF-1 -induced migration of 
leukemicc cells from the peripheral blood or the bone marrow derived of 26 
patients.. Besides migration and CXCR-4 expression, these cells were also analyzed 
forr cell cycle and phenotypical analysis, to determine which other factors could 
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playy an important role in the trafficking of malignant hematopoietic cells (chapter 
8),, In Chapter 9 the results of the preceding chapters are discussed and 

summarized. . 

REFERENCES S 

1.. Sato T, Laver JH, Ogawa M. Reversible expression of CD34 by murine hematopoietic stem 
cells.. Blood. 1999;94:2548-2554. 

2.. Zanjani ED, Almeida Porada G, Livingston AG, Flake AW, Ogawa M . Human bone marrow 
CD34""  cells engraft in vivo and undergo multilineage expression that includes giving rise to 
CD34̂ ^ cells. Exp Hematol. 1998;26:353-360. 

3.. Bhatia M, Bonnet D, Murdoch B, Gan OI, Dick JE. A newly discovered class of human 
hematopoieticc cells with SCID-repopulating activity, Nat Med. 1998;4:1038-1045. 

4.. Goodell MA, Rosenzweig M, Kim H, et al. Dye efflux studies suggest the existence of CD34-
negative/loww hematopoetic stem cells in multiple species. Nat Med. 1997;3:1337-1345. 

5.. Verfaillie CM, Almeida-Porada G, Wissink S, Zanjani ED. Kinetics of engraftment of CD34" 
andd CD34+ celts from mobilized blood differs from that of CD34" and CD34* cells from bone 
marrow.. Exp Hematol. 2000;28:1071-1079. 

6.. To LB, Haylock DN, Simmons PJ, Juttner CA. The biology and clinical uses of blood stem 
cells.. Blood. 1997;89:2233-2258. 

7.. Elias AD, Ayash LA, Anderson KC, et al. Mobilization of peripheral blood progenitor cells by 
chemotherapyy and granulocyte-macrophage colony-stimulating factor for hematologic support 
afterr high-dose intensification for breast cancer. Blood. 1992;79:3036-3044. 

8.. Tavassoli M, Hardy CL. Molecular basis of homing of intravenously transplanted stem cells to 
thee marrow. Blood. 1990;76:1059-1070. 

9.. Gordon MY, Blackett NM. Some factors determining the minimum number of cells required for 
successfull  clinical engraftment. Bone Marrow Transplant. 1995;15:659-662. 

10.. Dercksen MW, Rodenhuis S, Dirkson MKA, et al. Subsets of CD34+ celts and rapid recovery 
afterr peripheral biood stem cell transplantation. J Clin Oncol. 1995;13:1922-1932. 

11.. Hohaus S, Goldschmidt H, Ehrhardt R, et al. Successful autografting following myeloablative 
conditioningg therapy with blood stem cells mobilized by chemotherapy plus rhG-CSF. Exp 
Hematol.. 1993;21:508-514. 

12.. Haas R, Möhle R, Fruhauf S et al. Patient characteristics associated with successful 
autograftingg of peripheral blood progenitor cells in malignant lymphoma. Blood. 1994;83;3787-
3794. . 

13.. Weaver CH, Hazelton B, Birch R. An analysis of engraftment kinetics as a function of the 
CD344 content of peripheral blood progenitor cell collections in 692 patients after the 
administrationn of myeloablative chemotherapy. Blood. 1995;86:3961-3969. 

14.. Bensinger WI, Longin K, Appelbaum F, et al. Peripheral blood stem cells (PBSCs) collected 
afterr recombinant granulocyte colony stimulating factor (rhG-CSF): an analysis of factors 
correlatingg with the tempo of engraftment after transplantation. Br J Haematol. 1994;87;825-
831. . 

15.. Ketterer N, Salles G, Raba M, et al. High CD34+ cells counts decrease hematologic toxicity of 
autologouss peripheral blood progenitor cell transplantation. Blood. 1998;91:3148-3155. 

16.. Thomas ED. A history of haemopoietic cell transplantation. Br J Haematol. 1999;105:330-339. 
17.. Körbling M, Fliedner TM. The evolution of clinical peripheral blood stem cell transplantation. 

Bonee marrow transplant. 1996;17: 675-678. 
18.. Reiffers J, Bernard P, David B. et al. Successful autologous transplantation with peripheral 

bloodd hemopoietic cells in a patient with acute leukemia. Exp Hematol 1986; 14:312-315. 

24 4 



Generall  Introduction 

19.. Kessinger A, Armitage JO, Landmark JD, et al. Reconstitution of human hematopoietic 
functionn with autologous cryopreserved circulating stem cells. Exp hematol 1986; 14:192-196, 

20.. To LB, Dyson PG, Juttner CA. Cell-dose effect in circulating stem-cell autografting. Lancet. 
I986;404-405. . 

21.. Körbling M, Dörken B, Ho AD, et al. Autologous transplantation of blood-derived hemopoietic 
stemm cells after myeloablative therapy in a patient with Burkitt's lymphoma. Blood. 
1986;67:529-532. . 

22.. Gianni AM, Siena S, Bregni M, et al. Granulocyte-macrophage colony-stimulating factor to 
harvestt circulating haemopoietic stem cells for autotransplantation. Lancet. 1989;2:580-585. 

23.. Bensinger W, Singer J, Appelbaum F, et al. Autologous transplantation with peripheral blood 
mononuclearr cells collected after administration of recombinant granulocyte stimulating factor. 
Blood.. 1993;81:3158-3163. 

24.. Siena S, Bregni M, Brando B, Ravagnani F, Bonadonna G, Gianni AM. Circulation of CD34+ 
hematopoieticc stem cells in the peripheral blood of high-dose cyclophosphamide-treated 
patients:: enhancement by intravenous recombinant human granulocyte-macrophage colony-
stimulatingg factor. Blood. 1989;74: 1905-1914. 

25.. Prosper F, Stroncek D, Verfaillie CM. Phenotypic and functional characterization of long-term 
culturee initiating cells present in peripheral blood collections of normal donors treated with 
granulocytee colony-stimulating factor. Blood. 1996;88:2033-2042. 

26.. Sheridan WP, Begley CG, Juttner CA, et al. Effect of peripheral-blood progenitor cells 
mobilisedd by filgastrim (G-CSF) on platelet recovery after high-dose chemotherapy. Lancet. 
1992;339:640-644. . 

27.. Murray LJ, Luens KM, Estrada MF, et al. Thrombopoietin mobilizes CD34+ cell subsets into 
peripherall  blood and expands multilineage progenitors in bone marrow of cancer patients with 
normall  hematopoiesis. Exp Hematol. 1998;26:207-216. 

28.. Glaspy JA, Shpall EJ, LeMiastre CF, et al. Peripheral blood progenitor cell mobilization using 
stemm cell factor in combination with filgastrim in breast cancer patients. Blood. 1997;90:2939-
2951. . 

29.. Weaver A, Ryder D, Crowther D, Dexter TM, Testa NG. Increased numbers of long-term 
culture-initiatingg cells in the apherisis product of patients randomized to receive increasing 
dosess of stem cell factor administered in combination with chemotherapy and a standard dose of 
granulocytee colony-stimulating factor. Blood. 1996;88:3323-3328. 

30.. Begley CG, Basser R, Mansfield R, et al. Enhanced levels and enhanced clonogenic capacity of 
bloodd progenitor cells following administration of stem cell factor plus granulocyte colony-
stimulatingg factor to humans. Blood. 1997;90: 3378-3389. 

31.. Laterveer L, Lindley IJ, Hamilton MS, Willemze R, Fibbe WE. Interleukin-8 induced rapid 
mobilizationn of hematopoietic stem cells with radioprotective capacity and long-term 
myelolymphoidd repopulation ability. Blood. 1995;85:2269-2275. 

32.. Gianni AM, Tarella C, Siena S, et al. Durable and complete hematopoietic reconstitution after 
autograftingg of rh GM-CSF exposed peripheral blood progenitor cells. Bone Marrow 
Transplant.. 1990;6:143-145. 

33.. To LB, Roberts MM, Haylock DN, et al. Comparison of haematological recovery times and 
supportivee care requirements of autologous recovery phase peripheral blood stem cell 
transplants,, autologous bone marrow transplants and allogeneic bone marrow transplants. Bone 
Marroww Transplant. 1992;9;227-284. 

34.. Schmitz N, Dreger P, Suttorp M, et al. Primary transplantation of allogeneic peripheral blood 
progenitorr cells mobilised by filgastrim (G-SCF). Blood. 1995;85:1666-1672. 

35.. Storek J, Gooley T, Siadak M, et al. Allogeneic peripheral blood stem ceil transplantation may 
bee associated with a high risk of chronic graft-versus-host disease. Blood. 1997;90:4705-4709. 

36.. Nahakata T, Ogawa M. Hemopoietic colony-forming cells in umbilical cord blood with 
extensivee capability to generate mono and multipotential hemopoietic progenitors. J Clin Invest, 
1982;70:1324-1328. . 

25 5 



Chapterr 1 

37.. Broxmeyer HE, Douglas GW, Hangoc G, et al. Human umbilical cord blood as a potential 
sourcee of transplantable hematopoietic stem/progenitor cells. Proc Natl Acad Sci USA 1989 
86:3828-3832. . 

38.. Thomas ED. Bone marrow transplantation: a review. Semin Hematol. 1999;36:93-103. 
39.. Gluckman E, Broxmeyer HA, Auerbach AD, et al. Hematopoietic reconstitution in a patient 

withh Fanconi's anemia by means of umbilical cord-blood from an HLA-identical sibling. N Eng 
JMed.. 1989;321:1174:1178. 

40.. Kurtzberg J, Laughlin M, Graham ML, et al. Placental blood as a source of hematopoietic stem 
cellss for transplantation into unrelated recipients. N Eng J Med. 1996;335:157-66. 

41.. Gluckman E, Rocha V, Boyer-Chammard A, et al. Outcome of cord blood transplantation form 
relatedd and unrelated donors. N Eng J Med. 1997;337:373-381. 

42.. Rubinstein P, Carrier C, Scaradavou A, et al. Outcomes among 562 recipients of placental-
bloodd transplants from unrelated donors. N Engl J Med. 1998;339:1665-1677. 

43.. Locatelli F, Rocha V, Chastang C, et al. Factors associated with outcome after cord blood 
transplantationn in children with acute leukemia. Eurocord-Cord Blood Transplant group. Blood 
1999;93:3662-3671. . 

44.. Lapidot T, Pflumio F, Doedens M, Murdoch B, Williams DE, Dick JE. Cytokine stimulation of 
multilineagee hematopoiesis from immature human cells engrafted in SCID mice. Science, 
1992;225:1137-1141. . 

45.. Larochelle A, Vormoor J, Hanenberg RH, et al. Identification of primitive human hematopoietic 
cellss capable of repopulating NOD/SCID mouse bone marrow: Implication for gene therapy. 
Natt Med. 1996 ;2:1329-37 

46.. Vormoor J, Lapidot T, Pflumio F, et al. Immature human cord blood progenitors engraft and 
proliferatee to high levels in sever combined immunodeficient mice. Blood. 1994;83:2489-2497. 

47.. Wang JC, Doedens M, Dick JE. Primitive human hematopoietic cells are enriched in cord blood 
comparedd with adult bone marrow or mobilized peripheral blood as measured by the 
quantitativee in vivo SCID-repopulating cell assay. Blood. 1997;89:3919-3924. 

48.. Connealy E, Cashman J, Peter A, Eaves C. Expansion in vitro of transplantable human cord 
bloodd stem cells demonstrated using a quantitative assay of their lymph-myeloid repopulating 
activityy in nonobese diabetic-scid/scid mice. Proc Natl Acad Sci. 1997;94;9836-9841. 

49.. Noort WA, Willemze R, Falkenburg JH. Comparison of repopulating ability of hematopoietic 
progenitorr cells isolated from human umbilical cord blood or bone marrow cells in NOD/SCID 
mice.. Bone Marrow Transplant.l998;22:S58-60. 

50.. Holyoake TL, Nicolini FE, Eaves CJ. Functional differences between transplantable human 
hematopoieticc stem cells from fetal liver, cord blood and adult bone marrow. Exp Hematol 
1999;27:1418-1427. . 

51.. Van der Loo JC, Ploemacher RE. Marrow- and spleen-seeding efficiencies of all murine 
hematopoeticc stem cell subsets are decreased by preincubation with hematopoietic growth 
factors.. Blood. 1995;85:2598-2606. 

52.. Van Hennik PB, de Koning AE, Ploemacher RE. Seeding efficiency of primitive human 
hematopoieticc cells in nonobese diabetic/severe combined immune deficiency mice: 
implicationss for stem cell frequency assessment. Blood. 1999;94:3055-3061. 

53.. Springer TA. Traffic signals for lymphocyte recirculation and leukocyte emigration: the 
multistepp paradigm. Cell. 1994;76:301-314. 

54.. Verfaillie CM. Adhesion receptors as regulators of the hematopoietic process. Blood. 
1998;92:2609-2612. . 

55.. Zannettino ACW, Bemdt MC, Butcher EC, Vadas MA, Simmons PJ. Primitive human 
hematopoieticc progenitors adhere to P-selectin (CD62P). Blood. 1995;85:3466-3477. 

56.. Dercksen MW, Weimar IS, Richel DJ, et al. The value of flow cytometric analysis of platelet 
glycoproteinn expression of CD34' cells measured under conditions that prevent P-selectin-
mediatedd binding of platelets. Blood. 1995;86:3771-3782. 

26 6 



Generall  Introduction 

57.. Schweitzer CM, Vicart P, Delouis C, et al. Characterization of a newly established human bone 
marroww endothelial cell line: distinct adhesive properties for hematopoietic progenitors 
comparedd with human umbilical vein endothelial cells. Lab Invest. 1997;76:25-36. 

58.. Levesque JP, Leavesley DI, Niutta S, Vadas M, Simmons PJ. Cytokines increase human 
hemopoieticc cell adhesiveness by activation of very late antigen (VLA)-4 and VLA-5 integrins. 
JJ Exp Med. 1995;181:1805-1815. 

59.. Levesque JP, Haylock DN, Simmons PJ. Cytokine regulation of proliferation and cells adhesion 
aree correlated events in human CD34+ hemopoietic progenitors. Blood. 1996;88:1168-1176. 

60.. Kovach NL, Lin Y, Yednock T, Harlan JM, Broudy VC. Stem cell factor modulates avidity of 
alphaa 4 beta 1 and alpha 5 beta 1 integrins expressed on hematopoietic cell lines. Blood. 
1995;85:159-167. . 

61.. Rollins BJ. Chemokines. Blood. 1997;90: 909-928. 
62.. Aiuti A, Webb IJ, Bleul C, Springer TA, Gutierrez-Ramos JC. The chemokine SDF-1 is a 

chemoattractantt for human CD34+ hematopoietic progenitor cells and provides a new 
mechanismm to explain the mobilization of CD34+ progenitors to peripheral blood. J Exp Med. 
1997;185:111-120. . 

63.. Yong KL, Watts M, Shaun Thomas N, Sullivan A, Ings S, Linch DC. Transmigration of CD34+ 

cellss across specialized and nonspecialized endothelium requires prior activation by growth 
factorss and is mediated by PECAM-1 (CD31). Blood. 1998;91:1196-1205. 

64.. Möhle R, Moore MA, Nachman RL, Raffi S. Transendothelial migration of CD34+ and mature 
hematopoieticc cells: an in vitro study using a human bone marrow endothelial cell line. Blood. 
1997;89:72-80. . 

65.. Turner ML, Maser LC, Hardy CL, Parker AC, Sweetenham JW. Comparative adhesion of 
humann hematopoietic cell lines to extracellular matrix components, bone marrow stromal and 
endotheliall  cultures. Br J Haematol. 1998;100:112-122. 

66.. Kerst JM, Sanders JB, Slaper-Cortenbach IC, et al. Alpha 4 beta 1 and alpha 5 beta+l are 
differentiallyy expressed during myelopoiesis and mediate the adherence of human CD34+ cells 
too fibronectin in an activation-dependent way. Blood. 1993;81:344-351. 

67.. van der Schoot CE, Dercksen MW. Mobilization and homing of haematopoietic progenitor 
cells.. Vox Sang. 1994;67: 221-226. 

68.. Rood PML, Gerritsen WR, Kramer D, Ranzijn C, Von dem Borne AEGKr, van der Schoot CE. 
Adhesionn of hematopoietic progenitor cells to human bone marrow or umbilical vein derived 
endotheliall  cell lines: a comparison. Exp Hematol. 1999;27:1306-1314. 

69.. Lawrence MB, Springer TA. Leukocytes roll on a selectin at physiologic flow rates: Distinction 
fromm and prerequisite for adhesion through integrins Cell. 1991;65:859-873. 

70.. Kansas GS . Selectins and their ligands: Current concepts and controversies. Blood. 1996; 
88:3259-87. . 

71.. Imai Y, Singer MS, Fennie C, Lasky LA, Rosen SD. Identification of a carbohydrate-based 
endotheliall  ligand for lymphocyte homing receptor. J Cell Biol. 1991; 113:1213-1221. 

72.. Baumhueter S, Singer MS, Henzel W, et al. Binding of L-selectin to the vascular sialomucin 
CD34.. Science. 1993; 62:436-438. 

73.. Lasky LA, Singer MS, Dowbenko D, etal. An endothelial ligand for L-selectin is a novel 
mucin-likee molecule. Cell. 1992; 69:927-938. 

74.. Briskin MJ, McEvoy LM, Butcher EC. MAdCAM-1 has homology of immunoglobulin and 
mucin-likee adhesion receptors and to IgAL Nature. 1993; 363:461-464. 

75.. Sackstein R, Dimitroff CJ. A hematopoietic cell L-selectin ligand that is distinct form PGSL-1 
andd displays N-glycan-dependent binding activity. Blood. 2000;96:2765-2774. 

76.. Sako D, Chang XJ, Barone KM, et al. Expression cloning of a functional glycoprotein ligand 
forr P-selectin. Cell. 1993;75:1179-1186. 

77.. Asa D, Raycroft L, Ma L, et al. The P-selectin glycoprotein ligand functions as a common 
humann leukocyte ligand for P-and E-selectins. J Biol Chem. 1995;270:11662-11670. 

78.. Walcheck B, Moore KL, mcEver RP, Kishimoto TK. Neutrophil-neutrophil interactions under 
hydrodynamicc shear stress involve L-selectin and PGSL-1. J Clin Invest. 1996;98:1081-1087. 

27 7 



Chapterr 1 

79.. Guyer DA, Moore Kl, Lynam EB, et al. P-selectin glycoprotein ligand-1 (PGSL-1) is a ligand 
forr L-selectin in neutrophil aggregation. Blood. 1996;88:2415-2421. 

80.. Spertini O, Cordey AS, Monia N, Giuffre LL, Schapira M. P-selectin glycoprotein ligand-lis a 
ligandd for L-selectin on neutrophils, monocytes and CD34+ hematopoietic progenitor cells J 
Celll  Biol. 1996;135:523-531. 

81.. Tu L, Chen A, Delahunty MD, et al. L-selectin binds to P-selectin glycoprotein iigand-1 on 
leukocytes:: interactions between the lectin, epidermal growth factor and consensus repeat 
domainss of the selectins determine ligand binding specificity. J Immunol. 1996;157:3995-4004. 

82.. Levinovitz A, Muhlhoff J, Isemann S, Vestweber D, Identification of a glycoprotein ligand for 
E-selectinn on mouse myeloid cells. J Cell Biol, 1993; 121 ;449-459. 

83.. Walcheck B, Watts G, Jutila Ma. Bovine gamma/delta T cells bind E-selectin via a novel 
glycoproteinn receptor: first characterization of a lymphocyte/e-selectin interaction in an animal 
model.. J Exp Med. 1993;178:853-863. 

84.. Schweitzer CM, Drager AM, Van der Valk P, et al. Constitutive expression of E-selectin and 
VCAM-11 on endothelial cells from hematopoietic tissues. Am J Pathol. 1996;148:165-175. 
Roodd PML, Dercksen MW, Cazemier H et al. E-selectin and VLA-4 mediate adhesion of 
hematopoieticc progenitor cells to bone marrow endothelium in stirred cell suspensions Ann 
Hematol.. 2000;79:477-484. 
Roodd PML, Calafat J, von dem Borne AEGKr. et al. Immortalisation of human bone marrow 
endotheliall  cells: characterisation of new cell lines. Eur J Clin Invest. 2000;30:618-629. 

87.. Naiyer AJ, Jo DY, Ahn J et al. Stromal derived factor-1-induced chemokinesis of Cord Blood 
CD34~~ cells (long-term culture initiating cells) through endothelial cells is mediated by E-
selectin.. Blood 1999;94:4011-4019. 
Mazoo IB. Gutierrez-Ramos JC, Frenette PS, et al. Hematopoietic progenitor cell rolling in bone 
marroww microvessels: parallel contributions by endothelial selectins and vascular eel! adhesion 
moleculee 1. J Exp Med. 1998;188:465-474. 
Frenettee PS, Subbarao S, Mazo IB, et al. Endothelial selectins and vascular cell adhesion 
molecule-11 promote hematopoietic progenitor homing to bone marrow, Proc Natl Acad Sci 
USA.. 1999;24:14423-14428. 
Dercksenn MW, Gerritsen WR, Rodenhuis S, et al. Expression of adhesion molecules on CD34~ 
cells:: CD34+ L-selectin*  cells predict a rapid platelet recovery after peripheral blood stem cell 
transplantation.. Blood. 1995; 85:3313-3319. 

91.. HynesRO. A family of cell surface receptors. Cell. 1987;48:549-554, 
92.. HynesRO. Versatility, modulation and signaling adhesion in cell adhesion. Cell. 1992;69:11-25 
93.. Isacke CM and Horton MA. The adhesion molecule facts book. London: Academic Press, 2000. 
94.. Simmons PJ, Masinovsky B, Longenecker BM, Berenson R. Torok-Storb B, Gallatin WM. 

Vascularr cell adhesion molecule-1 expressed by bone marrow stromal cells the binding of 
hematopoieticc progenitor cells. Blood. 1992; 80:388-395. 

95.. Teixido J, Hemler ME, Greenberger JS, Anklesaria P. Role of betal and beta 2 integrins in the 
adhesionn of human CD34hi stem cells to bone marrow stroma. J Clin Invest. 1992;90:358-367. 

96.. Carlos TM. Harlan JM. Leukocyte-endothelial adhesion molecules. Blood. 1994:84:2068-2101. 
97.. Imai K, Kobayashi M, Wang J, et al. Selective transendothelial migration of hematopoietic 

progenitorr cells: a role in homing of progenitor celts. Blood. 1999;93:149-156. 
98.. Williams DA, Rios M, Stephens C, Patel VP. Fibronectin and VLA-4 in hematopoietic stem 

cell-microenvironmentt interactions. Nature. 1991;363:438-441. 
99.. Papayannopoulou T, Craddock C, Nakamoto B, Priestley GV, Wolf SN. The VLA-4/VCAM 

adhesionn pathway defines contrasting mechanisms of lodging of transplanted murine 
hematopoieticc progenitors between bone marrow and spleen. Proc Natl Acad Sci USA 
1995;92:9647-9651. . 
Prosperr F, Stroncek D, Mc Carthy JB et al. Mobilization and homing of peripheral blood 
progenitorss is related to reversible downregulation of alpha4 betal integrin expression and 
function.. J Clin Invest. 1998;101:2456-2467. 

85 5 

86 6 

88 8 

89 9 

90 0 

100. . 

28 8 



Generall  Introduction 

101.. Leavesley DI, Oliver JM, Swart BW, et al. Signals from platelet/endothelial cell adhesion 
moleculee enhance the adhesive activity of the very late-antigen 4 of human CD34+ hemopoietic 
progenitorr cells. J Immunol. 1994;153:4673-4683. 

102.. Yamaguchi M, Ikebuchi K, Hirayama F, et al. Different adhesive characteristics and VLA-4 
expressionn of CD34(+) progenitors in GO/GI versus S+G2/M phases of the cell cycle. Blood. 
1998;92:842-848. 1998;92:842-848. 

103.. Bellucci R, De Propris MS, Buccisano F et al. Modulation of VLA-4 and L-selectin expression 
onn normal CD34+ cells during mobilization with G-CSF. Bone Marrow Transplant. 1999;231-
8. . 

104.. Lichterfeld M, Martin S, Burkly L, et al. Mobilization of CD34+ haematopoietic stem cells is 
associatedd with functional inactivation of the integrin very late antigen 4. Br J Haematol. 
2000;110:71-81. . 

105.. Möhle R, Murea S, Kirsch M, et al. Differential expression of L-selectin, VLA-4, and LFA-1 on 
CD34++ progenitor cells from bone marrow and peripheral blood during G-CSF-enhanced 
recovery.. Exp Hematol 1995;23:5135-1542. 

106.. Zanjani ED, Flake AW, Almeida-Porada G, Tran N, Papayannopoulou T. Homing of human 
cellss in the fetal sheep model: modulation by antibodies activating or inhibiting very late 
activationn antigen-4-dependent function . Blood. 1999;94:2515-2522. 

107.. Albeda SM, Muller WA, Buck CA, Newman PJ. Molecular and cellular properties of PECAM-
11 (endoCAM-31): a novel vascular cell-cell adhesion molecule. J Cell Biol. 1991;1141059-
1068. . 

108.. Dustin ML, Rothlein R, Bhan AK, Dinarello CA, Springer TA. Induction by U-l and interferon-
gamma:: tissue distribution, biochemistry, and function of a natural adherence molecule (ICAM-
1).. J Immunol. 1986; 137:245-254. 

109.. De Fougerolles AR, Stacker SA, Schwarting R, Springer TA. Characterization of ICAM-2 and 
evidencee for a third counter-receptor for LFA-1. J Exp Med. 1991; 174:253-267. 

110.. Fawcett J, Holness CL, Needham LA, et al. Molecular cloning of ICAM-3, a third ligand for 
LFA-1,, constitutively expressed on resting leukocytes. Nature. 1992;360:481-484. 

111.. UchidaN, YangZ, Combs J, et al. The characterization, molecular cloning, and expression of a 
novell  hematopoietic cell antigen from CD34+ human bone marrow cells. Blood. 1997-
89:2706-2716. . 

112.. Cortes F, Deschaseaux F, Uchida N, et al. An immunoglobuiin-like adhesion molecule present 
onn the earliest human hematopoietic precursor cells, is also expressed by stromal cells in blood-
formingg tissues. Blood 1999; 93 :826-837. 

113.. Shimizu Y, Shaw S. Mucins in the mainstream. Nature. 1993;366:630-631. 
114.. Krause DS, Ito T, Fackler MJ, Civin CI, May WS. CD34: structure, biology, and clinical utility 

Blood.. 1996;87:1-13 
115.. Bazil V, Brandt J, Tsukumato A, Hoffman R. Apoptosis of human hematopoietic progenitor 

ceilss induced by crosslinking of surface CD43, the major sialogtycoprotein of leukocytes 
Blood.. 1995;86;502-511. 

116.. Bazil V, Brandt J, Chen S, et al. A monoclonal antibody recognizing CD43 (leukosialin) 
initiatess apoptosis of human hematopoietic progenitor cells but not stem cells Blood 1996' 
87;1272-1281. . 

117.. Lansdorp PM, Sutherland HJ, Eaves CJ. Selective expression of CD45 isoforms on functional 
subpopulationss of CD34+ hemopoietic cells from human bone marrow, J Exp Med 
1990;172;363-366. . 

118.. Zannettino ACW, Bühring HJ, Niutta S, Watt SM. Benton MA, Simmons PJ. The sialomucin 
CD1644 (MGC-24v) is an adhesive glycoprotein expressed by human hematopoietic progenitors 
andd bone marrow stromal cell that serves as a potent negative regulator of hematopoiesis. 
Blood.. 1998;92:2613-2628. 

119.. Fina L, Molgaard HV, Robertson D. et al. Expression of the CD34 gene in vascular endothelial 
cells.. Blood. 1990;75:2417-2426. 

29 9 



Chapterr 1 

120.. Healy, L, May G, Gale K, Grosveld F, Greaves M, Enver T. The stem cell antigen Cd34 
functionss as a regulator of hemopoietic cell adhesion. Proc Natl Acad Sci Usa. 1995;92:12240-
12244. . 

121.. Majdic O, Stockl J, Pickl WF, et at. Signaling and induction of enhanced cytoadhesiveness via 
thee hematopoietic progenitor cell surface molecule CD34. Blood. 1994;83:1226-1234. 

122.. Kronenwett R, Martin S, Haas R. The role of cytokines and adhesion molecules for 
mobilizationn of peripheral blood stem cells. Stem Cells, 2000; 18: 320-330. 

123.. Ghaffari S, Dougherty GJ, Lansdorp PM, Eaves AC. Eaves CJ. Differentiation-associated 
changess in CD44 isoform expressing during normal hematopoiesis and their alteration in 
chronicc myeloid leukemia. Blood. 1995; 86:2976-2985. 

124.. Morimoto K, Robin E, Le Bousse-Kerdiles MC, et al. CD44 mediates hyaluronan binding by 
humann myeloid KGla and KG1 cells. Blood. 1994; 83:657-662. 

125.. Legras S, Levesque J, Charrad R, et al. CD44-mediated adhesiveness of human hematopoietic 
progenitorss to hyaluronan is modulated by cytokines. Blood. 1997;89:1905-1914. 

126.. Verfaillie CM, Benis A, Iida J, McGlave PB, McCarthy JB. Adhesion of committed human 
hematopoieticc progenitors to synthetic peptides from the C-terminal heparin-binding domain of 
fibronectin:: Cooperation between the integrin alpha 4 beta 1 and the CD44 adhesion receptor. 
Blood.. 1994;84:1802-1811. 

127.. Horst E, Meijer CJ, Duijvestijn AM. Hartwig N, van der Harten HJ, Pals ST. The ontogeny of 
humann lymphocyte recirculation: high endothelial antigen (HECA-452) and CD44 homing 
receptorr expression in the development of the immune system. Eur J Immunol. 1990; 20:1483-
1489. . 

128.. Schmits R, Filmus J, Gerwin N, et al. CD44 regulates hematopoietic progenitor distribution, 
granulomaa formation, and turnorigenicity. Blood. 1997;90:2217-2233. 

129.. Yap AS, Brieher WM, Gumbiner BM. Molecular and functional analysis of cadherin-based 
adherenss junctions. Annu Rev Dev Biol. 1997;13:119-146. 

130.. Haselton FR, Heimark Rl, Role of cadherin 5 and 13 in the aortic endothelial barrier. J Cell 
Physioll  . 1997;171:243-251. 

131.. Dejana E, Bazzoni G, Lampugnani MG. Vascular Endothelial (VE)-cadherin: Only an 
intercellularr glue? Exp Cell Research. 1999; 252:13-19. 

132.. Burning HJ, Muller T, Herbst R, et al. The adhesion molecule E-cadherin and a surface antigen 
recognizedd by the antibody 9C4 are selectively expressed on erythroid cells of defined 
maturationall  stages. Leukemia. 1996;10:106-116, 

133.. Oppenheim J J, Overview of chemokines . Adv Exp Med Biol. 1993;351:183-186, 
134.. Zlotnik A, Yoshie O. Chemokines: a new classification system an their role in immunity. 

Immunity.. 2000;12:121-127. 
135.. Baggiolini M, Dewald B, Moser B. Human chemokines : an update. Annu Rev Immunol. 

1997;15:675-705, , 
136.. Kim CH, Broxmeyer HE. Chemokines: signal lamps for trafficking of T and B cells for 

developmentt and effector function. JLeukoc Biol. 1999;1:6-15. 
137.. Schweitzer CM, Zevenbergen A, van der Schoot CE, Langenhuijsen MMAC. Migration of 

hematopoieticc progenitor cells through human bone marrow endothelium is enhanced by a 
chemotacticc factor produced by marrow stroma. Chapter 7, PhD thesis. 1997, Febodruk 
Enschede. . 

138.. Okumura N, Tsutj K, Ebihara Y. Chemotactic and chemokjnetic activities of stem cell factor on 
murinee hematopoietic progenitor cell. Blood. 1996;87:4100-4108. 

139.. Schofield KP, Rushton G, Humphries MJ, Dexter TM, Gallagher JT, Influence of Interleukin-3 
andd other growth factors on cup1] integrins-mediated adhesion and migration of human 
hematopoieticc progenitor cells. Blood. 1997;90:1858-1866. 

140.. Kim CH, Broxmeyer HE. In vitro behavior of hematopoietic progenitor cells under the 
influencee of chemoattractants: stromal cell-derived factor-1, steel factor, and the bone marroŵ  
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