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Generall  Introduction 

Generall  Introductio n 

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 TRANSPLANTATIO N 

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.. HOMIN G 

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 

Transendothelia ll  migratio n 

>> | HPC/ 

BONEE MARROW 
STROMA A 

selectin s s integrins s 

chemoattractant s s 

Figur ee 1. Sequentia l step s in transendothelia l 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-
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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 Migratio n and motilit y 

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 MALIGNAN T HEMATOPOIEISI S 

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 THI S 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. 

22 2 



Generall  Introduction 

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. . 
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ABSTRACT T 

Hematopoieticc progenitor cells (CD34+ cells) migrate to the bone marrow after 
reinfusionn into peripheral veins. Stromal cell-derived factor-1 (SDF-1) is a 
chemokinee produced by bone marrow stromal cells that induces migration of 
CD34++ cells. In this study we compared spontaneous and SDF-1-induced 
migrationn of CD34+ cells from bone marrow (BM), peripheral blood (PB) and cord 
bloodd (CB) across Transwell filters. Under all circumstances, CB-CD34+ cells 
showedd significantly more migration than did BM- or PB-CD34+ cells. SDF-I 
inducedd migration of BM-CD34+ cells was higher than that of PB-CD34+ cells, 
possiblyy due to differences in sensitivity towards SDF-1. Indeed, PB-CD34+ cells 
showedd a significantly lower expression of the receptor for SDF-1 (CXCR-4) than 
didd BM- and CB-CD34+ cells. The sensitivity to SDF-1, as measured by migration 
towardss different concentrations of SDF-1, was identical for BM- and CB-derived 
CD34""  cells and correlated with their equal CXCR-4 receptor expression. Coating 
off  the filters with the extracellular matrix protein fibronectin (FN) strongly 
enhancedd the SDF-1-induced migration of PB-CD34+ cells (2.5 times) and of BM-
CD34++ cells (1.5 times). SDF-1 induced migration of PB-CD34+ cells over FN-
coatedd filters was blocked by antibodies against Brintegrins. 

Subsequently,, analysis was performed to determine whether SDF-1 
preferentiallyy promoted migration of subsets of CD34* cells. Actively cycling 
CD34++ cells, which were present in BM (14%) but hardly in PB (2.2%) or CB 
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(1.2%),, were found to migrate preferentially towards SDF-1. In the input, 14
2.5%% of the BM-CD34+cells were in G2/M and S phase, whereas in the migrated 
fractionn 20  5.7% of the cells were actively cycling (p<0.05). We did not observe 
preferentiall  migration of phenotypicaliy recognizable primitive CD34+subsets, 
despitee the fact that CB-CD34"cells are thought to contain a higher percentage of 
immaturee subsets. In conclusion, the relatively lower migration of PB-CD34+ cells 
seemss to be due to a lower sensitivity towards SDF-1, and the higher migrational 
capacityy of CB-CD34+ cells, in comparison to BM- and PB-CD34+cells, seems to 
havee an as yet unknown intrinsic cause. The increased migration of CB-CD34+ 

cellss may favor homing of these cells to the bone marrow, which might reduce the 
numberr of cells required for hematological reconstitution after transplantation. 

INTRODUCTION N 

Inn healthy adults, hematopoiesis takes place in the bone marrow (BM), where the 
majorityy of hematopoietic progenitor cells (HPC) are located. In patients 
undergoingg chemo- and/ or radio- therapy, hematopoiesis is seriously disturbed. 
Bone-marroww function in these patients can be reconstituted by bone-marrow 
transplantationn and by the more recently developed method of peripheral stem-cell 
transplantation.. In this latter technique, the combination of chemotherapy and G-
CSFF is applied to mobilize CD34+ cells into peripheral blood (PB), and the cells are 
harvestedd for reinfusion after high-dose chemo- and radiotherapy [1,2]. After 
reinfusion,, CD34+ cells derived from peripheral blood, bone marrow or cord blood 
(CB)) home to the bone marrow, and progenitor cells from all three sources are able 
too reconstitute BM function [3,4]. Different factors determine the outcome as 
measuredd by hematopietic recovery of stem cell transplantations. The number of 
transplantedd CD34+ cells seems to be the major factor [5]. Possibly, the efficiency 
off  the homing process may also play a role. For example, we have previously 
shownn that the number of L-Selectin positive CD34+ cells is a better predictor of 
rapidd recovery than the total number of CD34+ cells [6]. 

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 [7]. The first step in migration consists of tethering and rolling of 
HPCC along the endothelium [8-10], Chemokines (chemotactic cytokines) or growth 
factorss located on the endothelial surface or bound to proteoglycans in the 
endotheliall  extracellular matrix, activate f31 — and (32-integrins on the rolling HPCs, 
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leadingg to firm adhesion to Ig-like receptors on the endothelial cells [11-13]. This 
processs is followed by transendothelial migration of HPC and finally leads to 
anchoringg of the HPC in the bone-marrow microenvironment [14-16]. This 
anchoringg of HPC depends mainly on adhesion via integrins to stromal cells and to 
extracellularr matrix proteins [17-19]. This multistep process, involving the 
differentt adhesion molecules that are activated by a range of modifiers, may 
explainn selective migration at specific places. Chemokines or other growth factors 
cann activate integrins by binding to their specific receptors, which are either seven-
transmembranee spanning G-protein coupled or cell surface growth factor receptors 
[20].. Recently, the first powerful chemoattractant for CD34+ cells was described, 
i.e.. stromal cell-derived factor-1 (SDF-1), produced by several stromal cells 
including,, bone-marrow stromal cells [14,21]. it has also been shown that SDF-1 
inducess transendothelial migration of HPC in vitro [14,22]. SDF-1 is classified as 
aa CXC-chemokine and is also a chemoattractant for monocytes and lymphocytes 
[23],, The receptor for SDF-1 is a G-protein coupled receptor, called Fusin, LESTR 
orr CXCR-4 [24-27]. In SDF-1 or CXCR-4 knockout mice, hematopoietic 
precursorss do not shift to the bone-marrow during fetal development, suggesting 
thatt SDF-1 plays an important role in the migration of HPC to the BM [28-30]. 

Inn this report, we compared the spontaneous and SDF-1 induced migration of 
CD34++ cells derived from BM, PB or CB and examined the effects of FN on this 
process,, in an in vitro Transwell system. Subsequently, we analyzed whether SDF-
11 preferentially promoted migration of subsets of CD34* cells. 

MATERIA LL  AND METHOD S 

Cells s 

Normall  bone marrow (BM) was aspirated from patients undergoing cardiac surgery 
(inn the Academic Medical Centre, Amsterdam, The Netherlands) after informed 
consent.. Peripheral blood (PB) progenitor cells were obtained from patients treated 
withh chemotherapy and G-CSF to induce stem cell mobilization. Cord blood (CB) 
wass collected after delivery, according to the guidelines of Eurocord Nederland. 
BM,, PB and CB mononuclear cells were enriched by density gradient 
centrifugationn over Ficoll-paque (1.077 g/ml) (Pharmacia Biotech, Uppsala, 
Sweden).. Mononuclear cells were resuspended in PBE buffer, containing PBS, 
0.5%% BSA and 5mM EDTA. 
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Thee HL-60 cell lines were obtained from the ATCC (Rockville, MO) and 

maintainedd in Iscove's Modified Dulbeco Medium (IMDM , BioWittaker, Brussel, 

Belgium)) containing L-glutamine, Pencillin 100 U/ml, /Streptomycin 100ug/ml, (3-

mercaptoethanoll  (0.1%) and 10% Fetal Calf Serum (Gibco, Life Technologies, 

Paisley,, Scotland). 

CD34++ cell purificatio n 
CD34TT cells were isolated with the VarioMacs system (Miltenyi Biotec GmbH, 
Gladbach,, Germany); which was a gift from Amgen. Firstly, the mononuclear cells 
inn PBE were incubated for 15 min at 4°C with a hapten-labelled antibody directed 
againstt CD34 (QBEND10) in the presence of human IgG as a blocking reagent. 
Thee cells were washed in PBE and then incubated with anti-hapten microbeads for 
anotherr 15 min at 4°C. The labelled cells were washed, resuspended in PBE and 
appliedd to a VS or RS separation column that was placed in the magnetic field of 
thee VarioMacs. The column was washed four times to remove CD34" cells. 
Thereafter,, the column was removed from the VarioMacs and the CD34" cells were 
elutedd with 1 ml PBE. The cells were further purified by means of a new RS 
column,, after which at least 95% of the cells isolated from PB or BM and 90% of 
thee cells from CB expressed CD34 as determined by FACS analysis (Becton and 
Dickinsonn (B&D) Immunocytometry Systems, San Jose, CA). 

Chemokiness and monoclonal antibodies (MoAbs) 
SDF-11 was purchased from Sanvertech (Heerhugowaard, The Netherlands). 
Monoclonall  antibody HP2/1 (CD49d, anti-VLA-4) was purchased from 
Immunotechh SA (Marseille, France). SAM-1 (CD49e, anti-VLA-5) is a MoAb 
producedd in our laboratory (CLB, Amsterdam, The Netherlands). MoAb IB4 
(CDD 18) was a kind gift from Dr. L Koenderman, Dept. of Pulmonology, Academic 
Hospitall  Utrecht, The Netherlands. For blocking studies, MoAbs were used at 
saturatingg conditions. 

Forr phenotypical analysis the following fluorescein isothiocyanate (FITC)-
conjugatedd MoAbs were used, IgGl isotype control (CLB-203; CLB), CD34 (581, 
Immunotech),, CD38 (AT13/5, Dakopatts, Glostrup, Denmark). Phycoerythrin 
(PE)-conjugatedd MoAbs that were used are: IgGl isotype control (X40; B&D), 
CD344 (581;Immunotech). Biotin-conjugated MoAbs that were used are: IgGl 
isotypee control (DAK-GO 1, Dakopatts), HLA-DR (L243; B&D) and were stained 
withh Streptavidin-Cy5 (Dakopatts). CXCR-4 expression was determined by PE-
labelledd anti-human Fusin (12G5, Pharmingen, Hamburg, Germany) 
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Celll  cycle analysis 
Celll  cycle analysis was performed by flow cytometry (FACScan, B&D). Input and 

migratedd cells were incubated for 1 hour at 4°C in PBS containing propidium 

iodidee (50 ug/ml) to stain the DNA, RNAse (100 ug/ml) and 0.15%(v/v) Tween 20 

(Merck,, Darmstadt, Germany). The data were analyzed with software Modfit for 

Macc (B&D). 

Migratio nn assay 
Migrationn assays were performed in Transwell plates (Costar, Cambridge, MA) of 
6.55 mm diameter, with 5 urn pore filters. For some experiments filters were used 
withh 3 urn pores. The upper and lower compartment of the Transwells were 
separatedd by an uncoated filter or by a filter coated overnight at 4°C with various 
extracellularr matrix proteins, such as (bovine) fibronectin (FN), laminin (LN) (both 
obtainedd from Sigma) or ICAM-1 (a kind gift from Dr. R Soede, Netherlands 
Cancerr Institute, Amsterdam), at a concentration of 20 ug/ml in PBS. Before 
addingg cells to the upper compartment, the coated and uncoated Transwells were 
washedd three times with assay medium (IMDM with 0.25% BSA [BSA, fraction V, 
Sigmaa ]). 20000-100000 freshly isolated CD34+ cells, in 0.1 ml of assay medium, 
weree seeded in the upper compartment and 0.6 ml of assay medium in the presence 
orr absence of SDF-1 (in indicated concentrations) was added to the lower 
compartment.. In blocking experiments, the cells were preincubated for 10 minutes 
att 37°C with monoclonal antibodies. A 0.1 ml sample containing cells in assay 
mediumm was diluted with 0.5 ml assay medium and was kept as an input control 
forr the quantitation of the number of migrated cells (see below). The Transwell 
platess were incubated at 37°C, 5% C02 for 4 hours. Cells that had migrated to the 
lowerr compartment were collected in a FACS tube to which a fixed number of 
controll  cell-line cells (HL-60) labeled with Calcein AM had been added, according 
too the manufacturer's instructions (Molecular Probes, Leiden, The Netherlands). 
Thee Hl-60 cells were added to the FACS tubes just before FACS analysis, 
FACScann analysis was used to determine the ratio between labeled cells and 
unlabeledd cells, with characteristic light scatter parameters, in the migrated 
fraction.. By comparing this ratio to that in the input control, the number of 
migratedd cells was quantitated. Using this method, we were able to reliably 
determinee a minimum number of 200 migrated cells. 
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Statisticall  analysis 

Al ll  results were expressed as the mean  standard deviation (SD). Significance 
levelss were determined using a two-sided Student's t-test. 

RESULTS S 

Migrationn of CD34+cells over uncoated and coated filters 

Wee compared the spontaneous and SDF-1 induced migration of CD34+ cells. 
derivedd from various sources, in a Transwell system with uncoated and FN-coated 
filters.. As presented in figure 1, hardly any spontaneous migration of PB-CD34' 
cellss or BM-CD34* cells was observed over uncoated filters. CB-CD34' cells 
showedd 7.4  3.9% spontaneous migration. However, over FN-coated filters 
increasedd spontaneous migration of CD34T cells from all three sources was noted. 
Again.. CB-CD34* cells exhibited a spontaneous migration (22.4  14.7%) that was 
significantlyy higher than the migration of BM- and PB-derived CD34' cells (2.3
0.8%,, p<0.01; and 5.4 , pO.01; respectively). 

Ass has been described previously, we found that the presence of SDF-1 in the 

Figur ee 1. Spontaneou s migratio n afte r 4 hour s of BM-CD34* cells , PB-CD34* cells , and CB-CD34* 
cells ,, acros s uncoate d and FN-coate d filter s (5 jim) . FN enhanced spontaneous migration of BM 
(**=p<0.01),, PB (*=p<0.05) and CB (**=p<0.01). Spontaneous migration of CB-CD34* cells (n=6) across 
uncoatedd filters was significantly different (p<0.01) fro m migration of PB-CD34* cells (n=7) and BM-
CD34** cells (n=6). Spontaneous migration of CB-CD34* cells over FN-coated filters was also 
significantlyy different (p<0.01) from migration of PB and BM. Migration of PB and BM did not 
significantlyy differ under both conditions. 
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lowerr compartment of the Transwell increased migration of CD34+ cells. The 
presencee of SDF-1 in the upper compartment completely abolished this migration, 
whichh is in agreement with the absence of chemokinetic activity for HPC as 
describedd by Kim and Broxmeyer [21]. However, as shown in figure 2, clear 
differencess seem to exist between the migration of CD34+ cells derived from 
variouss sources, towards a concentration of 200 ng/ml SDF-1. When the values 
foundd for spontaneous migration (as shown in figure 1) are subtracted from the 
valuesvalues observed for SDF-1 induced migration, CB-CD34+ cells amounted 58.4
10.8%% migration; BM-CD34+cells 36.5  10.2% and PB-CD34+cells 20.2  8.1%. 
Thuss even after correction, the SDF-1 induced migration over FN-coated filters of 
CB-CD34**  cells was significantly higher than BM-CD34+ cells (p<0.01) and PB-
CD34+cellss (PO.001). Migration of PB-CD34+cells was significantly lower than 
thee migration of BM-CD34+cells (PO.01). Considerably higher numbers of CB-
CD34++ cells migrated across FN-coated and uncoated filters than PB-and BM-
CD34++ cells. Across uncoated filters, PB-CD34+ cells showed the lowest percentage 
off  migrating cells (10.5  6.6%), which is significantly lower than the migration of 
BM-CD34""  cells (26.2  10.7%, p<0.01) and CB-CD34+ cells (68  10%, p<0.001). 
Again,, migration was enhanced by coating the filters with fibronectin. This was 
mostt evident for PB-CD34+cells, where migration was 2.5 times higher across FN-
coatedd filters than across uncoated filters (pO.0001). This effect was less 
pronouncedd for BM-CD34+ cells (1.5 times, pO.01) and was not seen for CB-
CD34++ cells. BM-CD34+ cells migrated significantly better across FN-coated filters 
thann did PB-CD34+ cells (p<0.05). However, when circumstances for migration 
weree made less optimal by decreasing the pore size of the filters to 3 u.m or by 
usingg a lower concentration of SDF-1 (100 ng/ml), FN also enhanced the SDF-1 
inducedd migration of CB-CD34+cells (data not shown). 

Wee also investigated the effect on migration by coating the filters with laminin 
(LN)) and ICAM-1. For these experiments PB-CD34+ cells were used, because 
migrationn of these cells appeared to be more dependent on the coating of the filters 
thann migration of the CD34+cells from both other sources. No migration-enhancing 
effectt was seen for LN-coating, whereas ICAM-1 enhanced the SDF-1-induced 
migrationn of PB-CD34+ cells two-fold in comparison to uncoated control filters 
(p<0.05)) (data not shown). 
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Figur ee 2. SDF-1 induce d (200ng/ml ) migratio n afte r 4 hour s of BM-CD34* cells , PB-CD34* cell s 
andd CB-CD34 * cell s acros s uncoate d and FN-coate d filter s (5 ^m) . FN enhanced migration of BM 
(**=p<0.01)) and PB (**=p<0.01). SDF-1-induced migration of CB-CD34' cells (n=6) across uncoated 
filterss was significantly different (p<0.001) from PB (n=7) and BM (n=6). SDF-1 induced migration of CB-
CD34*cellss over FN-coated filters was also significantly different (p<0.01) from PB and BM. Migration of 
BMM was significantly different from PB across uncoated (p<0.01) and FN-coated (p<0.05) filters. 

CXCR-44 expression 

Too determine whether the differences in migrational capacity between CB-, BM-

andd PB- CD34* cells are due to the sensitivity to SDF-1, the CXCR-4 expression of 

thee different CD34+ cells was measured (table 1). PB-CD34' cells showed a 

significantlyy lower expression of the CXCR-4 receptor than the BM- and CB-

CD34++ cells (p=0.008 and p=0.01, respectively). Expression of the CXCR-4 

receptorr on CB- and BM-CD34+ cells was not significantly different. 

SDF-11 dose-response curves 

Thee observed differences in migratory capacity of the CD34' cells from different 

sourcess might be due to differences in their responsiveness to SDF-1. Therefore, 

wee compared the relative percentage migration of the CD34' cells from different 

sourcess at various SDF-1 concentrations. As shown in figure 3 the shape of the 

dosee response curves of CB- and BM-derived CD34" cells is identical. For both 

typess of CD34+ cells maximal migration was observed at 600 ng/ml, whereas 

considerablee migration was already seen at a lower concentration such as 100 
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Tabl ee 1. CXCR-4 expressio n of CB-, PB- and BM-CD34* cell s 

Sourc e e CXCR-44 EXPRESSION (MFI*) 

CBB CD34* cells n=5 
PBCD34 + ce l l ss n=20 
BMM CD34+ cells n=9 

112.77 8 
35.66  18.9 
109.44 4 

] ] P=0.01 1 

i i P=0.008 8 N.S.1 1 

** MFI of all CD34* cells is given after correction for the PE-labelled lgG2a isotype control. In all cases a 
similarr homogeneous distribution of CXCR-4 was seen without an indication of subpopulations of extra 
brightt or dull cells. 1 N.S.= Not Significant 

ng/ml.. In contrast, the dose-response curve of the PB-derived CD34+cells seemed 
too have shifted to the right. These cells showed maximal migration at a higher 
concentrationn (1000 ng/ml) and less response was seen at lower concentrations. At 
1000 ng/ml only 38  2.9% of PB-CD34+ cells migrated compared to 70.3  20.8% 
off  BM-CD34* cells (p=0.05). These results suggest that PB-derived CD34" cells are 
lesss sensitive to SDF-1 than BM- and CB-derived cells. 
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Figur ee 3. Migratio n of BM-, PB- and CB-CD34* cell s acros s FN-coate d filter s (5 urn) at differen t 
SDF-11 concentrations . % of maximum migration is the result of absolute % migration divided by the 
maximall % migration per experiment x 100. Each curve represents the mean of at least three 
experiments. . 

Integrinss involved in the migration of CD34+ cells over filters 

Blockingg experiments were performed to determine the integrins involved in SDF-

ll  -induced migration. No effects of MoAbs directed against the a4 or a5 subunits of 
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Figur ee 4. Inhibitio n of SDF-1 induce d migratio n of PB-CD34* cell s acros s FN-coate d filter s (5 urn) 
byy blockin g antibodie s agains t P-, or p2-integrins . Migration of PB-CD34* cells (n=6) was significantly 
inhibitedd by antibodies against VLA-4 (*=p<0.05), VLA-5 (*=p<0.05) or by the combination of VLA-4 and 
VLA-55 (**=p<0.01). No inhibition of migration was seen by adding a MoAb against the p2-integrins 
(CD18). . 

thee pi-integrins or of MoAbs against the pVintegrins were seen on the migration of 

PB-.. BM- or CB-CD34* cells across uncoated filters (data not shown). As shown in 

figurefigure 4, the migration of PB-CD34' cells over FN-coated filters (5.0 urn) was 

partlyy inhibited by antibodies against the a4 (VLA-4) or a5 subunits (VLA-5) of the 

pi-- integrins (24% and 33% inhibition, respectively, p<0.01 and p<0.05). The 

combinationn of both antibodies resulted in 66% inhibition of migration (pO.Ol). In 

contrast,, the migration of BM-CD34' cells over FN-coated filters was only 

inhibitedd by a combination of antibodies against the a4 and the cu subunit (37% 

inhibition,, p<0.05) but not by the separate antibodies against the a-subunits (data 

nott shown). Similar results were obtained for CB-CD34" cells over FN-coated 3 

\im\im filters. An inhibition of 80% was found only when a combination of a4 and ou 

antibodiess was used (data not shown). In contrast, migration of CB-CD34* cells 

overr FN-coated 5.0 jam filters could not be inhibited. 

Cell-cyclee analysis of migrated PB, BM and CB derived CD34+ cells 

PB-CD34̂ ^ cells which are normally all in Go/G, phase can be partially brought into 

S-G:: M phase by stimulation with growth factors. It has recently been described 

thatt this growth factor stimulation has no effect on the adhesion of these cells, but 

resultss in enhanced migration across HUVECs and BMECs [15]. Therefore we 
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performedd cell-cycle analysis to determine whether the differences in cell-cycle 
statuss were responsible for the different responses towards a SDF-1 gradient. We 
determinedd the proportion of cells in Go/G, and G2/M or S-phase of the cells used 
forr migration experiments. The input cells and the cells that had migrated in 
responsee to SDF-1 were analyzed. CB- and PB-CD34+ cells hardly contained any 
cellss in G2/M or S-phase (see table 2) In contrast, BM-derived CD34+ cells, showed 
aa higher percentage of cells in S phase and in G2/M phase compared to PB- or CB-
derivedd cells (pO.001 and p<0.0001, respectively). We also found a significantly 
higherr percentage of migrated BM-CD34+ cells in the S- or G2/M phase compared 
too input BM-CD34+ cells (p<0.05). 

Tabl ee 2. Cell-cycl e analysi s of CD34+ cells 3 

Sourc ee % cell s in G0/G1 phas e % cell s in S+G2/M phas e 

CBB CD34+ cells 98.8  0.05 1.2  0.12 

PBCD34+ce l lss 97 .8+1 .7 2.2 7 

BMM CD34+ cells inpu t 86.0  2.5 14.0  2.5 

BMM CD34* cells migrate d 80.3  5.7 * 19.7  5.7 * 
aa Percentage cells: mean  SD of at least three experiments. Results of BM-CD34" cells : mean of 6 
experiments.. * Inpu t and migrate d fraction of BM-CD34* cells were significantly different, p<0.05, 

Phenotypicall  analysis of migrated BM- and CB-derived CD34+ cells 
Thee higher migratory ability of CB-CD34+ cells might be due to a phenotypically 
recognizablee subset of CD34+ cells that has a higher migratory capacity. Therefore, 
thee phenotype of the migrated and the input cells was analyzed. BM- and CB-
CD34""  derived cells were analyzed for the following subsets: CD347CD38" and 
CD347HLA-DR'' (see table 3). PB-derived CD34+ cells were not analyzed because 
previouss studies have shown that the immature subsets CD347CD38" and 
CD347HLA-DR"" , are usually very small in this source [5]. No significant 
differencess were found in the percentages of primitive CD347CD38" or 
CD347HLA-DR"" subsets in the input and migrated fraction of either CB or BM-
CD34TT cells. 

DISCUSSION N 

Itt has been reported that CD34' cells express CXCR-4, the receptor for SDF-l, and 
thatt SDF-1 is chemotactic for CD34" cells [14,21,22,27]. In this study we show 
thatt the migratory behavior of CD34~ cells depends on the source from which the 
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Tablee 3. Phenotypica l analysi s of inpu t and migrate d CB- and BM-derive d CD34+ cells 9 

Source/subse t t 
CB/CD34+/HLADR" " 
CBB / CD34+ /CD38" 
BMM / CD34+ / HLADR" 
BM/CD34+ /CD38" " 

%% inpu t 
5.66 9 
8.11 0 
8.88  12.2 
2.11 4 

%% migrate d 
6.44 7 N.S. 

00 N.S. 
12.9  17.8 N.S. 
1.44 + 1.6 N.S. 

33 Percentage CD34* cells: mean  SD of at least three experiments. N.S.=Not Significant 

cellss are obtained. Far more CB-derived CD34* cells migrated in response to SDF-
11 compared to PB- and BM-CD34* cells. Moreover, PB-CD34+ cells were less 
responsivee to SDF-1 than BM-CD34' cells. Gene-inactivation studies and 
experimentss on NOD/SCID mice, have shown that SDF-1 and CXCR-4 are 
criticall  for stem cell homing [28-31]. Our results may indicate that cord-blood 
derivedd CD34" cells home more rapidly than CD34* cells from other sources. This 
iss in line with clinical data, which show that cord blood stem cell grafts are 
capablee of inducing stable engraftment, despite the very low numbers of CD34* 
cellss present [32]. 

Theree are several explanations possible for the increased migratory response 
off  CB-CD34* cells, such as differences in sensitivity towards SDF-1. CB- and BM-
CD34**  cells were found to express CXCR-4 at the same level. However, 
comparablee receptor expression does not directly implicate a similar activity of the 
receptor,, e.g. SDF-1 is not chemotactic for astrocytes, although these cells do 
expresss CXCR-4 [33], But, our observation that CB- and BM- derived CD34+ cells 
showw a similar dose-response relationship indicates that they have no differential 
sensitivityy to SDF-1. 

Anotherr explanation could be that cord blood contains a subset of highly SDF-
11 responsive CD34' cells, that is absent in BM. Therefore, we investigated whether 
specificc characteristics of migrating cells could be identified by immunophenotype 
orr cell cycle analysis. As cord blood cells are thought to contain relatively more 
primitivee progenitors, we focussed on CD38 and HLA-DR dull subsets [34]. As 
shownn in table 3, no differences in migration between primitive and more mature 
precursorss were detected. Also Móhle et al. found that the expression of CXCR-4 
onn CD34* cells is not related to differentiation [22], and Aiuti et al. showed no 
preferentiall  SDF-1-induced migration of primitive precursors [14], 

Next,, we analyzed the cell cycle phase of the migrating cells. Yong et al. [15] 
havee recently shown that growth factor stimulation of CD34+ cells enhances their 
spontaneouss transendothelial migration. We here present evidence that SDF-1-
inducedd migration is preferentially exhibited by CD34+ cells in S+G2/M. 
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However,, similar to other publications, our BM-CD34+ cells contained a larger 
proportionn of CD34+ cells in (S+G2/M) phase than did CB- and PB-CD34+ cells 
[35-37].. Thus the cell cycle status of the CD34+ cells also does not explain the 
enhancedd migration of CB cells. The preferential migration of proliferating cells 
mightt be a mechanism underlying the specificity of the homing process. Only in 
thee bone marrow will CD34+ cells be exposed to growth factors at concentrations 
thatt induce cell activation, thereby directly influencing the trans migratory ability of 
thee cells. In addition it might be related to the physiological function of circulating 
cells.. It has been suggested that circulating cells are capable of redistributing 
hematopoiesis,, especially when increased blood cell production is needed. Under 
thesee circumstances homing of actively cycling cells would be preferable. 

Strikingly,, we observed that not only the SDF-1 induced migration but also the 
spontaneouss migration of CB-CD34+ cells is greatly increased in comparison to 
CD34++ cells from other sources. Therefore, we assume that the enhanced ability of 
CB-CD34++ cells to migrate across filters is mainly due to a higher chemokinetic 
activityy of these cells. Control of actin assembly and disassembly is important for 
celll  migration [38]. In fact, our preliminary results indicate that SDF-1 induced 
actinn polymerization, is higher in CB-CD34+ cells than in BM. 

Inn contrast, the diminished migration of PB-CD34+ cells compared to BM- and 
CB-CD34++ cells appeared to be due to differences in chemotactic activity towards 
SDF-11 rather than intrinsic differences in chemokinetic activity. PB-CD34+ cells 
showedd a significantly lower expression of the CXCR-4 receptor. Furthermore, the 
SDF-11 concentration at which half of the maximal response was observed, was 
higherr for PB-CD34+ cells. The reduced expression of CXCR-4 on PB-CD34+ 
cellss may be due to downregulation, which might be necessary for egress from the 
bonee marrow during mobilization. A similar mechanism has been suggested for 
VLA- 44 expression [6]. G-CSF did not decrease CXCR-4 expression in vitro, but 
wee did find that CXCR-4 was downregulated on migrated cells (data not shown). 
Thee increased SDF-1 sensitivity of cycling cells might be an explanation for the 
loww number of actively cycling CD34+ cells in peripheral blood, both in steady 
statee and after mobilization. 

Inn the present study we have demonstrated a direct link between integrin 
functionn and migration [39]. For migration, the cell has to deform by extending 
cytoplasmicc projections and generating contractile forces as it moves. Proper 
adhesionn of cytoplasmic extensions allows cells to generate contractility, necessary 
forr motility. Recently, Francis et al. have shown that human CD34+ cells form 
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pseudopodss that mediate adhesion to substrates coated with extracellular matrix 
proteinss [40]. Our results support this model. Coating of the filters with a ligand for 
pi-- or pi-integrins that are active on CD34+ cells, such as FN or ICAM-1, but not 
LN,, can clearly enhance the migration of these cells across the filters. Presumably, 
aa pseudopod of the CD34̂  cell drifts freely until its adhesion receptors encounter 
suitablee ligands on the substrate. Recently, Yamaguchi et al. have shown that 
cyclingg CD34+ cells express more VLA-4 and adhere more efficiently to stromal 
cellss than CD34+cells in G0/G] [37], Both the enhanced function of VLA-4 and a 
higherr sensitivity towards SDF-1 might favor the migration of cycling CD34+cells 
too the bone marrow, as discussed above. 

Thee enhancing effect of FN coating on the filters was most clearly seen when 
thee migration was suboptimal. a4pi integrin (VLA-4) and a5pi integrin (VLA-5) 
weree found to mediate binding to FN-coated filters. However, for each source of 
CD34**  cells, different blocking effects were observed. In the present study, 
migrationn of PB-CD34+ cells could be inhibited by adding either MoAbs against 
VLA- 44 or VLA-5. However, migration of BM-CD34" cells could only be inhibited 
byy adding a combination of both VLA-4 and VLA-5 MoAbs. This might indicate 
thatt there is lower functional activity of the pVintegrins on PB-CD34" cells than on 
BM-CD34++ cells. By blocking one of the receptors, the other receptor may be 
unablee to mediate FN-binding by itself. Indeed, we and others, have previously 
foundd a significantly lower expression of VLA-4 on PB-CD34+ cells than on BM-
CD34'' cells [6,37], Another explanation may be that PB-CD34" cells require a 
strongerr interaction with the filter than the BM-CD34* cells and are therefore more 
sensitivee to inhibition. Evidently, for optimal migration, reversible binding of the 
cellss to the filter is required. In case of irreversible adhesion, as seen when cells are 
activatedd by PMA or the B,-MoAb 8A2 [41], migration is blocked (data not 
shown). . 

Too summarize, we have shown that migration of CD34" cells is facilitated by 
reversiblee integrin-mediated interactions with FN-coated filters. PB-derived CD34+ 

cellss have a lower sensitivity towards SDF-I than BM- and CB-CD34+ cells, which 
couldd be due to its lower CXCR-4 expression. Preferential SDF-1 induced 
migrationn was observed for cells in active phases of the cell cycle. Finally, CB-
CD34'' cells showed increased migration, possibly because these cells have a 
higherr chemokinetic activity. This increased migration of CB-CD34" cells may 
favorr homing of these cells, thus reducing the number of cells required for 
hematologicall  reconstitution after transplantation. 

50 0 



Migrationn of HPC 

ACKNOWLEDGMENTS S 

Wee thank Dr. Dirk Roos for critically reading the manuscript. We also thank Dr. 
Iriss Weimar for her help with the transmigration experiments. The authors are 
gratefull  to all cardiac surgeons from the Academic Medical Centre who aspirated 
bone-marroww samples from healthy donors. They also thank Rineke van Doorn for 
herr help with collecting and transporting the bone marrow. Furthermore, we 
acknowledgee Kirsten Huijboom, Ada de Vries-van Rossen, Anita Boots, Linda 
Hortensiuss and Ineke Slaper-Cortenbach of the Stem Cell laboratory at the CLB for 
providingg leukapheresis and cord blood samples. 

REFERENCES S 

1.. To LB, Haylock DN, Simmons PJ, Juttner CA (1997) The biology and clinical uses of blood 
stemm cells. Blood 89:2233 

2.. Elias AD, Ayash LA, Anderson KC, Hunt M, Wheller C, Schwartz G, Tepler I, Mazanet R, 
Lynchh C, Pap S, Paleaz J, Reich E, Critchlow J, Demetri G, Bibbo J, Schnipper L, Griffin JD, 
Freii  E, Antman KH (1992) Mobilization of peripheral blood progenitor cells by chemotherapy 
andd granulocyte-macrophage colony-stimulating factor for hematologic support after high-dose 
intensificationn for breast cancer. Blood 79:3036 

3.. Tavassoli M, Hardy CL (1990) Molecular basis of homing of intravenously transplanted stem 
cellss to the marrow. Blood 76:1059 

4.. Gordon MY, Blackett NM (1995) Some factors determining the minimum number of cells 
requiredd for successful clinical engraftment. Bone Marrow Transplant 15:659 

5.. Dercksen MW, Rodenhuis S, Dirkson MKA, Schaasberg WP, Baars JW, van der Wall E, 
Slaper-Cortenbachh ICM, Pinedo HM, von dem Borne AEGKr, van der Schoot CE, Gerritsen 
WRR (1995) Subsets of CD34+ cells and rapid recovery after peripheral blood stem cell 
transplantation.. J Clin Oncol 13:1922 

6.. Dercksen MW, Gerritsen WR, Rodenhuis S, Dirkson MKA, Slaper-Cortenbach ICM, 
Schaasbergg WP, Pinedo HM, von dem Borne AEGKr. van der Schoot CE (1995) Expression of 
adhesionn molecules on CD34+ cells: CD34* L-selectin+ cells predict a rapid platelet recovery 
afterr peripheral blood stem cell transplantation. Blood 85:3313 

7.. Springer TA (1994) Traffic signals for lymphocyte recirculation and leukocyte emigration: the 
multistepp paradigm. Cell 76:301 

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

9.. Dercksen MW, Weimar IS, Richel DJ, Breton-Gorius J, Vainchenker W, Slaper-cortenbach 
CM,, Pinedo HM, von dem Borne AE, Gerritsen WR, van der Schoot CE (1995) The value of 
floww cytometric analysis of platelet glycoprotein expression of CD34" cells measured under 
conditionss that prevent P-selectin-mediated binding of platelets. Blood 86:3771 

10.. Schweitzer CM, Vicart P, Delouis C, Paulin D, Drager, Langenhuijsen MMAC, Weksler BB 
(1997)) Characterization of a newly established human bone marrow endothelial cell line: 
distinctt adhesive properties for hematopoietic progenitors compared with human umbilical vein 
endotheliall  cells. Lab Invest 76:25 

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

12.. Levesque JP, Haylock DN, Simmons PJ (1996) Cytokine regulation of proliferation and cells 
adhesionn are correlated events in human CD34* hemopoietic progenitors. Blood 88:1168 

51 1 



Chapterr 2 

13.. Kovach NL, Lin Y, Yednock T, Harlan JM, Broudy VC (1995) Stem cell factor modulates 
avidityy of alpha 4 beta 1 and alpha 5 beta 1 integrins expressed on hematopoietic cell lines. 
Bloodd 85:159 

14.. Aiuti A, Webb I J. Bleu! C, Springer TA, Gutierrez-Ramos ÏC (1997) 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 
185:111 1 

15.. Yong K.L, Warts M, Shaun Thomas N, Sullivan A, Ings S, Linch DC (1998) Transmigration of 
CD34**  cells across specialized and nonspecialized endothelium requires prior activation by 
growthh factors and is mediated by PECAM-1 (CD31). Blood 91:1196 

16.. Möhle R, Moore MA, Nachman RL, Raffi S (1997) Transendothelial migration of CD34* and 
maturee hematopoietic cells: an in vitro study using a human bone marrow endothelial cell line. 
Bloodd 89:72 

17.. Turner ML, Maser LC, Hardy CL, Parker AC, Sweetenham JW (1998) Comparative adhesion 
off  human heamatopoietic eel! lines to extracellular matrix components, bone marrow stromal 
andd endothelial cultures. Br J Hematol 100:112 

18.. Kerst JM, Sanders JB, Slaper-Cortenbach IC, Doorakkers MC, Hooibrink B, van Oers RH, von 
demm Borne AE, van der Schoot CE (1993) Alpha 4 beta 1 and alpha 5 beta 1 are differentially 
expressedd during myelopoiesis and mediate the adherence of human CD34" cells to fibronectin 
inn an activation-dependent way. Blood 81:344 

19.. van der School CE, Dercksen MW (1994) Mobilization and homing of haematopoietic 
progenitorr cells. Vox Sang 67: 221 

20.. Rollins BJ (1997) Chemokines. Blood 90: 909 
21.. Kim CH, Broxmeyer HE (1998) In vitro behavior of hematopoietic progenitor cells under the 

influencee of chemoattractants: stromal cell-derived factor-1, steel factor, and the bone marrow 
environment.. Blood 91:100 

22.. Möhle R, Bautz F, Raffi S, Moore MAS, Brugger W, Kanz L (1998) The chemokine receptor 
CXCR-44 is expressed on CD34* hematopoietic progenitors and leukemic cells and mediates 
transendotheliall  migration induced by stromal cell-derived factor-1. Blood 91:4523 

23.. Bleul CC, Fuhlbrigge RC, Casasnovas JM, Aiuti A, Springer TA (1996) A highly efficacious 
lymphocytee chemoattractant, stromal cell-derived factor 1 (SDF-1). J Exp Med 184:1101 

24.. Bleul CC, Farzan M, Choe H, Parolin C, Clark-Lewis I, Sodroski J. Springer TA (1996) The 
lymphocytee chemoattractant SDF-1 is a ligand for LESTR/fusin and blocks HIV entry. Nature 
382:829 9 

25.. Oberlin E, Amara A, Bachelerie F, Bessia C, Virelizier J-L, Arenzana-Seisdedos F, Schwartz O, 
Heardd J-M, Clark-Lewis I, Legler DF, Loetscher M, Baggiolini M, Moser B (1996) The CXC 
chemokinee SDF-1 is the ligand for LESTR/fusin and prevents infection by T-cell-line adapted 
HIV-1.. Nature 382:833 

26.. Loetscher M, Geiser T, O'Reilly T. Zwahlen R, Baggiolini M, Moser B (1994) Cloning of a 
humann seven-transmembrane domain receptor LESTR, that is highly expressed in leukocytes. J 
Bioll  Chem 269:232 

27.. Deichmann M. Kronenwett R. Haas R (1997) Expression of the human immunodeficiency virus 
type-11 coreceptors CXCR-4 (fusin, LESTR) and CKR-5 in CD34" hematopoietic progenitor 
cells.. Blood 89: 3522 

28.. Nagasawa T, Hirota S, Tachibana K. Takakura N. Nishikawa S, Kitamura Y, Yoshida N, 
Kikutanii  H. Kishimoto T (1996) Defects of B-cell lymphopoiesis and bone-marrow 
myelopoiesiss in mice lacking the CXC chemokine PBSF/SDF-1. Nature 382:635 

29.. Ma Q, Jones D, Borghesani PR, Segal RA, Nagasawa T, Kishimoto T, Branson RT, Springer 
TAA (1998) Impaired B-lymphopoiesis, myelopoiesis, and derailed cerebellar neuron migration 
inn CXCR4- and SDF-1-deficient mice. Proc Natl Acad Sci 95:9448 

30.. Zou Y-R, Kottmann AH. Kudora M, Taniuchi I. Littman DR (1998) Function of the chemokine 
receptorr CXCR4 in haematopoiesis and in cerebellar development. Nature 393:595 

52 2 



Migrationn of HPC 

31.. Peled A, Petit A, Kollet O, Magid M, Ponomatyov T, Byk T, Nagler A, Ben-Hur H, Many A, 
Shultzz L, Lider O, Alon R, Zipori D, Lapidot T (1999) Dependence of human stem cell 
engraftmentt and repopulation of NOD/SCID mice on CXCR4. Science 283:845 

32.. Rubenstein P, Carrier C, Scaradavou A, Kurtzberg J, Adamson J, Migliaccio AR, Berkowitz 
RL,, Cabbad M, Dobrila NL, Taylor PE, Rosenfield RE, Stevens CE (1998) Outcomes among 
5622 recipients of placental-blood transplants from unrelated donors. N Engl J Med 339:1665 

33.. Tanabe S, Heesen M, Yoshizawa I, Bermans MA, Luo Y, Bleul CC, Springer TA, Okuda K, 
Gerardd N, Dorf ME (1997) Functional expression of the CXC-chemokine receptor-4/fusin on 
mousee microglial cells and astrocytes. J Immunol 159:905 

34.. Almici C, Carlo-Stella C, Wagner JE, Mangoni L, Garau D, Rizzoli V (1997) Biologic and 
phenotypicc analysis of early hematopoietic progenitor cells in umbilical cord blood. Leukemia 
11:2143 3 

35.. Uchida N, He D, Friera AM, Reitsma M, Sasaki D, Chen B, Tsukamoto A (1997) The 
unexpectedd Go/G[ cell cycle status of mobilized hematopoietic stem cell from peripheral blood. 
Bloodd 89:465 

36.. Croockewit AJ, Raymakers RA, Smeets ME, vd Bosch G, Pennings AH, de Witte TJ (1998) 
Thee low cycling status of mobilized peripheral blood CD34+ cells is not restricted to the more 
primitivee subfraction. Leukemia 12:571 

37.. Yamaguchi M, Ikebuchi K, Hirayama F, Sato N, Mogi Y, Ohkawara J, Yoshihiro Y, Sawada K, 
Koikee T, Sekiguchi S (1998) Different Adhesive characteristics and VLA-4 expression of 
CD34++ progenitors in Go/G! versus S+G2/M phases of the cell cycle. Blood 92:842 

38.. Stossel TP (1994) The E. Donnall Thomas Lecture, 1993. The machinery of blood cell 
movements.. Blood 84:367 

39.. Schofield KP, Rushton G, Humphries MJ, Dexter M, Gallagher JT (1997) Influence of 
interleukin-33 and other growth factors on a4Pi integrin-mediated adhesion and migration on 
humann hematopoietic progenitor cells. Blood 90:1858 

40.. Francis K, Ramakrishna R, Holloway W, Palsson BO (1998) Two new pseudopod 
morphologiess displayed by the human hematopoietic KGla progenitor cell line and by primary 
humann CD34(+) cells. Blood 92:3616 

41.. Kovach NL, Carlos TM, Yee, E, Harlan JM (1992) A monoclonal antibody to beta 1 integrins 
(CD29)) stimulates VLA-dependent adherence of leukocytes to human umbilical vein 
endotheliall  cells and matrix components. J Cell Biol 116: 499 

53 3 





Chapte rr  3 

ln-vitroln-vitro  migrator y capacit y of CD34+ cell s is relate d to 
hematopoieti cc  recover y after autologou s stem cel l 

transplantation . . 
Blood.Blood.  2001;97:799-804 





CD34'' cell migration and hematopoietic recovery 

In-vitroIn-vitro  migratory capacity of CD34+ cells is related to 
hematopoieticc recovery after  autologous stem cell 
transplantation n 

C.Voermans1'2,, M.L.K. Kooi3, S. Rodenhuis1, J. van der Lelie4, CE. van der 

Schoot24,, W.R. Gerritsen5 

Divisionn of 'Medical Oncology and 3of Biometrics, Netherlands Cancer Institute, 
Amsterdam,, The Netherlands. 
2CLB,, Sanquin Blood Supply Foundation, and Laboratory for Experimental and Clinical 
Immunology,, Academic Medical Center, University of Amsterdam, Amsterdam, The 
Netherlands s 
departmentt of Hematology, Academic Medical Center, Amsterdam, The Netherlands 
5Divisionn of Gene Therapy Program, Department of Medical Oncology, University 
Hospitall  of Vrije Universiteit, Amsterdam, The Netherlands 

ABSTRACT T 

Too investigate whether the migratory ability of peripheral blood (PB) derived 
CD34++ cells of patients undergoing autologous peripheral blood stem cell 
transplantationn (PBSCT) is related to the homing efficiency of these cells, the 
migrationn in vitro of these cells was determined and correlated with in-vivo 
hematopoieticc recovery. Large inter-individual differences of the in-vitro migratory 
abilityy of the CD34+ cells were observed, ranging from 1.1% to 16.4% for 
spontaneouss migration and 6.2% to 40.8% for SDF-1-mduced (100 ng/mL) 
migration.. Significantly faster hematological recovery was observed in those 
patientss transplanted with CD34+ cells that showed high spontaneous and SDF-1-
inducedd migration in vitro (p<0.05). Moreover, CD34+ cells from healthy G-CSF 
mobilizedd donors exhibited a significantly higher spontaneous and SDF-1 -induced 
(pO.01)) migration than CD34+ cells from patients mobilized with chemotherapy 
andd G-CSF. The lower migratory capacity in vitro of patient-derived CD34+ cells 
wass not due to lower expression of CXCR-4, but probably reflects a decreased 
motogenicc behavior of the cells. Our results indicate that the migratory capacity of 
thee cells is important for hematopoietic recovery. The data suggest that in patients 
thee engraftment potential of autologous stem cells is more or less impaired, by the 
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treatmentt before or during the mobilization procedure and might possibly be 
restoredd by in-vitro manipulation of the cells. 

Inn addition, an exponential relation between CXCR-4 expression and the number of 
CD34++ cells that mobilized to the peripheral blood was found (pO.001). This 
suggestss that CXCR-4 expression plays a role in mobilization of CD34" cells. 

INTRODUCTION N 

Homingg of hematopoietic progenitor cells (HPC) can be considered as a multistep 
process,, in which various adhesion molecules present on both HPC and endothelial 
cellss are involved, similar to what has been found for transendothelial migration of 
leukocytess at places of inflammation.1 This multistep process, involving the 
differentt adhesion molecules that are activated by a range of modifiers, may 
explainn selective migration at specific places. Recently, the first powerful 
chemoattractantt for CD34+ cells was described, i.e. stromal cell-derived factor-1 
(SDF-1),, produced by stromal cells, including those from the bone-marrow 
(BM).~'""  It has also been shown that SDF-1 activates integrins on HPC and induces 
transendotheliall  migration of HPC in vitro.2A'y SDF-1 is classified as a CXC-
chemokinee and is also a chemoattractant for monocytes and lymphocytes.6 The 
receptorr for SDF-1 is a G-protein-coupled receptor, called Fusin, LESTR or 
CXCR-4.'""  In SDF-1 or CXCR-4 knock-out mice, hematopoietic precursors do 
nott shift to the bone-marrow during fetal development, suggesting that SDF-1 
playss an important role in the migration of HPC to the BM.11"13 Recently, Peled et 
al.. found SDF-1 and CXCR-4 to be critical for murine bone marrow engraftment 
byy SCID-repopulating stem cells.14 They also demonstrated that migration to SDF-
11 of CD34+CD38"0W cells to SDF-1 in vitro correlated with in-vivo engraftment 
andd stem cell function in NOD/SCID mice. 

Too investigate which factors may be involved in homing of CD34+cells derived 
fromm the peripheral blood (PB) of patients undergoing autologous peripheral stem 
celll  transplantation (PBSCT), we determined CXCR-4 expression and migration in 
vitrovitro of these cells. We hypothesized that reinfused CD34* cells that have a high 
migratoryy capacity might home more efficiently to the BM compartment, and that 
thiss may lead to a more rapid hematopoietic recovery after PBSCT. 
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MATERIA LL AND METHODS 

Patientt  characteristics 
Thee CD34+ cells of 62 patients undergoing autologous PBSCT and of 6 healthy 
donorss for allogeneic transplantation were used in this study. The patients were 
treatedd for the following diseases: metastatic breast cancer (BC1), breast cancer 
withh 4 or more tumor-positive axillary lymph nodes (BC4+), multiple myeloma 
(MM),, ovarian cancer (OC), non-Hodgkin's lymphoma (NHL), Hodgkin's disease 
(HD),, acute lymphoid leukemia (ALL) , germ-cell cancer (TC), acute myeloid 
leukemiaa (AML) , paraganglioma, neuroblastoma and Ewing sarcoma. The mean 
agee of the cancer patients was 45 years (range 3-66 yrs). Six healthy donors for 
allogeneicc transplantation had a mean age of 34 years; (range 17-43 yrs) . 

Mobilizatio nn procedure, PBSC harvest and reinfusion 
Hematopoieticc progenitor cells from patients were mobilized by chemotherapy 
followedd by daily 5 pg/kg (leukemia patients 10 pg/kg) subcutaneous granulocyte 
colony-stimulatingg factor (G-CSF) (Filgastrim, Amgen Inc., Thousand Oaks, CA) 
untill  completion of the leukapheresis. The mobilization regimens, high dose 
regimenss and reinfusion procedures are only described for the 28 patients that were 
analyzedd for in vitro migration and in vivo recovery. In patients with breast cancer, 
thee chemotherapy regimen consisted of 5-fluorouracil (500 mg/m2), epirubicin (120 
mg/m2)) and cyclophosphamide (CY) (500 mg/m2) on day 1 with G-CSF started on 
dayy 2.15 In patients with ovarian cancer, PBSCs were mobilized by ifosfamide (4 
g/m22 on day 1) followed by G-CSF on day 2.16 Patients with MM were pre-treated 
withh vincristine 0.4 mg, doxorubicine 9 mg/m2 and dexamethasone 40 mg (VAD) 
ass initial therapy.17 Thereafter, cyclophosphamide 4 g/m2 was given and G-CSF 
wass started on day 4. Patients with HD were mobilized by G-CSF following 
dexamethasonn 40 mg/day 1-4, high dose Ara-C 4 g/m2 on day 2 and platinum 100 
mg/m22 on day 1 (DHAP). Patients with NHL were mobilized with different 
regimens:: cyclophosphamide 750 mg/m2, adriamycine 50 mg/m2, VM26 and 
prednisonee 50 mg/m2 (CHVmP) or DHAP followed by G-CSF. The patient with 
ALLL was mobilized by mitoxantrone 10 mg/m2 and Ara-C 2x3 g/m2. 

Healthyy donors were treated with G-CSF (2x5 ug/kg/day) for 4-5 days. When 
thee white blood cell (WBC) count exceeded 3.0xl09/L after G-CSF administration 
andd an unequivocal increase in CD34+ cell percentage was observed, leukapheresis 
proceduress were started. The leukaphereses were performed as an outpatient 
proceduree with a continuous-flow blood cell separator on 1-5 consecutive days, 
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dependingg on the number of CD34+ cells procured, which was determined at the 
endd of each pheresis day. The cells were cryopreserved in physiological saline 
solution,, containing 0.1% glucose, 0.38% trisodium citrate, 10% (w/v) human 
serumm albumin and 10% (v/v) dimethylsulfoxide at a cell concentration of about 
50xx 106 mononuclear cells/mL. After emptying the leukaphereses bags, the residual 
cellss left in the bags were collected and used in our experiments. The cell 
suspensionss were frozen at a controlled rate and were subsequently stored in the 
vaporr phase of liquid nitrogen until reinfusion. 

Patientss with non-hematological malignancies received high-dose 
chemotherapyy consisting of 1600 mg/m2 carboplatin, 480 mg/m2 thiotepa and 6000 
mg/m22 cyclophosphamide (CTC) intravenously, divided over four days.ls Patients 
withh malignant lymphoma received the regimen of carmustine 300 mg/m2, etopside 
8000 mg/m2, cytarabine 800 mg/m2 and melphalan 140 mg/m2 (BEAM).19 Patients 
withh MM were treated with cyclophosphamide 60 mg/kg on day -5 and -4, 
followedd by total body irradiation (TBI) 4.5 Gy on day -2 and -1 (CYTBI) before 
PBSCT.. The patient with ALL received busulfan 4 mg/kg on day -7 till -4 and 
cyclophosphamidee on day -3 and -2 (BUCY) before PBSCT. 

Forr reinfusion, the cryopreserved products were thawed rapidly by the bedside 
andd were reinfused via an indwelling subclavian catheter. Following 
transplantation,, patients received G-CSF 300 ug/day, irrespective of bodyweight, 
whichh was started on the day of PBSC transplantation and was continued until the 
WBCC count in the peripheral blood was higher than 5x 109/L. 

Followingg high-dose chemotherapy, a mean number of 11.4xl06 autologous 
CD34"cells/kgg (range, 3.5 to 31.8xl06 CD34+celIs/kg) was reinfused in 25 patients. 
188 of 25 patients had recovered to neutrophil counts of at least 0.1xl09/L at day 11 
afterr reinfusion, when the day of reinfusion is considered day 0 (n=25; mean 11 
days;; range, 7-30 days). No significant differences in the rate of neutrophil 
recoveryy were observed between the CTC or BEAM chemotherapy regimens. 
Recoveryy in patients after CYTBI was significantly delayed as compared to 
treatmentt with CTC and BEAM. No significant differences in the rate of neutrophil 
recoveryy were found between the various diagnoses, but the recovery in the group 
off  patients with MM (n=3) was significantly slower compared to the other 
diagnoses.. Consequently, we excluded the three MM patients from the engraftment 
study,, so the remaining group of patients consisted of 22 patients. In this group a 
meann of 10.9xl06 CD34+cells/kg (range: 3.5 to 31.8xl06 CD34~cells/kg) was 
reinfused.. From all 22 patients data on spontaneous migration were available. For 
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211 out of 22 patients, data on SDF-1-induced migration were available: the mean of 
reinfusedd CD34T cells in this group was ll. lxlO 6 CD34~cells/kg (range: 3.5 to 
31.8xl06CD34+cells/kg). . 

Neutrophill  recoveries were determined as the number of days needed for the 
neutrophilneutrophil counts in the patients to reach 0.1xlO9/L (=gran 100); the day of 
reinfusionn was considered day 0. Platelet recoveries were determined as the 
numberr of days needed to reach platelet-transfusion independency, i.e. when 
platelett counts reached 20x109/L (plat 20) without transfusion. We did not observe 
anyy correlation between migration in vitro and in-vivo platelet recovery. Most 
likely,, this is due to the fact that we could not correct for the number of reinfused 
CD347CD4TT cells which is known to strongly vary between patients and to be 
highlyy predictive for platelet recovery as we previously showed.20 

CD34++ cell purificatio n 

Freshlyy obtained PB mononuclear cells were enriched by density gradient 
centrifugationn over Ficoll-paque (1.077 g/ml) (Pharmacia Biotech, Uppsala, 
Sweden).. Mononuclear cells were resuspended in PBE buffer, containing PBS, 
0.5%% (w/v) BSA and 5 mM EDTA. CD34" cells were isolated with a hapten 
labeledd CD34-antibody (QBEND 10) with the VarioMacs system according to the 
manufacturer'ss instructions (Miltenyi Biotec GmbH, Gladbach, Germany). At least 
95%% of the cells isolated from PB expressed CD34 as determined by FACS 
analysiss (Becton and Dickinson (B&D) Immunocytometry Systems, San Jose, CA). 

Flowcytrometri cc analysis 

CXCR-44 expression was determined as mean fluorescence intensity (MFI) of all 
CD34++ cells and is given after correction for the PE-labelled IgG2a isotype control. 
CXCR-44 expression was determined by PE-labeled anti-human Fusin (12G5, 
Pharmingen,, Hamburg, Germany). In all cases a similar homogeneous distribution 
off  CXCR-4 was seen without an indication of sub-populations of extra bright or 
dulll  cells.21 

Migratio nn assay 

Migrationn assays were performed in Transwell plates (Costar, Cambridge, MA) of 
6.55 mm diameter, with 5 urn pore filters, as previously described.5 The upper and 
lowerr compartment of the Transwells were separated by a filter coated overnight at 
4°CC with (bovine) fibronectin (FN) (obtained from Sigma, St. Louis, MO) at a 
concentrationn of 20 ng/ml in PBS. Before adding cells to the upper compartment. 
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thee coated Transwells were washed three times with assay medium (IMDM with 
0.25%% BSA [BSA, fraction V, Sigma ]). 20,000-100,000 freshly isolated CD34+ 

cells,, in 0.1 ml of assay medium, were added to the upper compartment and 0.6 ml 
off  assay medium in the presence or absence of SDF-1 (in indicated concentrations) 
wass added to the lower compartment. SDF-1 a was purchased from Strathmann 
Biotechh GmbH (Hannover, Germany). A 0.1-ml sample containing cells in assay 
mediumm was diluted with 0.5 ml of assay medium and was kept as an input control 
forr the quantitation of the number of migrated cells (see below). The Transwell 
platess were incubated at 37°C, 5% C02 for 4 hours. Preliminary experiments 
showedd that after 4 hours a substantial fraction of the CD34+ cells had migrated. 
Cellss that had migrated to the lower compartment were collected in a FACS tube to 
whichh a fixed number of control cell-line cells (HL-60) had been added labeled 
withh Calcein AM, according to the manufacturer's instructions (Molecular Probes, 
Leiden,, The Netherlands). The HL-60 cells were added to the FACS tubes just 
beforee FACS analysis. FACScan analysis was used to determine the ratio between 
labeledd cells and unlabeled cells, with characteristic light scatter parameters, in the 
migratedd fraction as previously described.5 By comparing this ratio to that in the 
inputt control, the number of migrated cells was quantitated. Using this method, we 
weree able to reliably determine a minimum number of 200 migrated cells. All 
migrationn assays were performed using freshly obtained CD34' cells. In a control 
studyy we did not observe any difference in migration betwreen purified fresh or 
cryopreservedd CD34+ cells (data not shown). 

Statisticall  Analysis 

Forr normal distributed values the arithmetic mean and standard deviation were 
used.. Differences were tested by using the Student t-test. For multiple comparisons 
thee ordinary ANOVA with the Student-Newman-Keuls Multiple Comparisons 
post-testt (only performed when p<0.05) were used. Correlation was determined 
withh a Pearson test or linear regression analysis. A p value lower than 0.05 was 
consideredd significant. 

RESULTS S 

Migratio nn of PB CD34+ cells from various patient-groups 
Migrationn assays were performed with mobilized PB CD34' cells obtained from 6 

healthyy donors, from 18 patients with non-hematological malignancies (BC1 (n=9), 

BC4++ (n=7) or OC (n=2)) and from 10 patients with hematological malignancies 
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Figur ee 1. PB CD34* cell s obtaine d fro m mobilize d patient s sho w reduce d spontaneou s and SDF-
1-induce dd migratio n acros s FN-coate d filter s compare d to PB CD34* cell s of health y mobilize d 
donors .. Spontaneous and SDF-1-induced migration (100 ng/mL and 300 ng/mL) of PB-derived CD34' 
cellss after 4 hours of 6 healthy mobilized donors (white bars), 18 patients with non-hematological 
malignanciess (hatched bars) and 10 patients with hematological malignancies (black bars). 
Spontaneouss migration and SDF-1-induced migration (100 ng/mL and 300 ng/mL SDF-1) of PB CD34* 
cellss derived from healthy donors was significantly higher than from patients with nonhematological or 
hematologicall malignancies (*=p<0.05. "=p<0.01 and ***= p<0.001). No significant differences in 
spontaneouss and SDF-1-induced migration were observed between the two patient-groups. Each bar 
representss the mean  SEM. 

(MMM (n=6). HD (n=l), NHL (n=2) or ALL (n=l) (see figure 1). The patients were 
dividedd into these groups, because the hematological patients had received higher 
cumulativee doses of chemotherapy, and in previous studies a correlation between 
stemm cell function after PBSCT and the prior use of stem cell-toxic drugs has been 
observed."""  Spontaneous migration and SDF-1-induced migration with 100 and 
3000 ng/ml SDF-1 over fibronectin-coated transwell filters were analyzed. The data 
representt the migration of the total CD34' ce!! population. There are currently no 
clearr indications that CD34" subsets differ in their migratory behavior (data not 

""  A broad range in percentages of migrated CD34" cells was observed, 
varyingg not only within, but also between the three groups. For all three groups 
togetherr a mean of 6.6% spontaneous migration (range 1.1-19.0%), 24.8% SDF-1 -
inducedd migration by 100 ng/mL SDF-1 (range 6-61%) and 36% by 300 ng/mL 
(rangee 13-72%) was observed. When tested in the Student-Newman-Keuls multiple 
comparisonss test it was found that in all experimental settings the PB CD34* cells 
fromm mobilized healthy donors migrated significantly better than PB CD34' cells 
harvestedd from patients with either non-hematological or hematological 
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Figur ee 2. The migrator y capacit y of patient-derive d PB CD34* cells . The migratory capacity of 
patient-derivedd PB CD34* cells was determined by subtracting the percentage of migration induced by 
1000 ng/mL SDF-1 from the percentage of migration induced by 300 ng/mL SDF-1. A positive correlation 
(r=0.5,, p<0.01) was observed between the increment in migration and the percentage migration induced 
byy 100 ng/mL SDF-1 fora group of 27 patients. 

malignanciess (p<0.05). No significant differences were detected between the two 

patientt groups in the three migration assays, although CD34' cells from patients 

withh hematological malignancies seemed to migrate less than those from patients 

withh non-hematological malignancies (figure 1). 

Becausee the higher percentage of SDF-1-induced migrated cells in healthy 

donorss might be the result of a higher level of CXCR-4 expression on these cells, 

thee CXCR-4 expression on CD34~ cells obtained from the different groups was 

determined.. CXCR-4 expression, defined by the mean fluorescence intensity 

(MFI),, on CD34+ cells did not significantly differ between the three groups 

(healthyy donors 33-17, patients with nonhematological malignancies 1 and 

patientss with hematological malignancies . Also the percentage of CD34' 

cellss from each group that are positive for CXCR-4 did not significantly differ 

betweenn the groups of mobilized healthy donors . patients with 

nonhematologicall  malignancies ) and patients with hematological 

malignanciess (77:rl9%). Freeze-thawing and DMSO exposure did not influence 
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CXCR-44 expression on CD34+ cells (mean MFI fresh 24+8, mean MFI of these 

cellss after cryopreservation , n=9). 

Correlationn between CXCR-4 expression and migration 
Too determine whether the broad range in percentages of migrated CD34* cells 
couldd be explained by a variable expression of the CXCR-4 receptor, we correlated 
dataa from the migration assay to the MFI of CXCR-4 receptor of the CD34+ cells. . 
Firstly,, the group of healthy mobilized donors was investigated. As expected, no 
correlationn between CXCR-4 expression and spontaneous migration was observed 
(dataa not shown). A very strong correlation between CXCR-4 expression and 
migrationn towards a concentration of SDF-1 of 100 ng/mL or 300 ng/mL was 
foundd (r=0.82 and r=0.92 respectively, p<0.05 and pO.OI, data not shown). In 
contrast,, no correlation was observed between the CXCR-4 expression and the 
SDF-1-inducedd migration when the CD34+ cells of a group (n=27) of mobilized 
cancerr patients was analyzed. The lack of correlation between migration in vitro 
andd CXCR-4 expression on CD34+ cells from mobilized patients, suggests that the 
differencess in sensitivity for SDF-1 form just one of the factors responsible for 
variancee in SDF-1-induced migration between patients. In a previous study it was 
foundd that maximal migration of PB CD34+ cells is induced by 600-1000 ng/mL 
SDF-1,, without much differences between patients.5 The concentrations of 100 and 
3000 ng/mL are both in the linear part of the dose-response curve and were therefore 
usedd during this study to obtain insight in possible differences of dose-response 
curvess between patients. The migratory capacity of patient-derived PB CD34+ cells 
wass determined by subtracting the percentage of migration induced by 100 ng/mL 
SDF-11 from the percentage of migration induced by 300 ng/mL SDF-1. Had a 
decreasedd SDF-1 response been only due to a shift to the right of the dose-response 
curve,, then the increment in migration would have been the same for all patients. 
However,, as shown in figure 2 for a group of 27 patients, more increment was 
observedd for CD34+ cells which show a relatively higher migration towards 100 
ng/mLL SDF-1 (r=0.5, pO.01). This results indicate that the migratory ability of the 
CD34++ cells is increased for cells with a relatively high migration towards 100 
ng/mll  SDF-1 rather than that in these patients the sensitivity of the CD34' cells for 
SDF-!!  is increased. 

Correlationn between in-vivo recovery and in-vitr o migration 
Recentlyy Peled et al. demonstrated that human stem cell engraftment and 

repopulationn of NOD/SOD mice is dependent on the ability of CD34~ cells to 
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Figuree 3. Negative correlation between spontaneous migration in  vitro  and neutrophil recovery 
inin  vivo  in patients undergoing autologous peripheral stem cell transplantation. On the Y-axis is 
depictedd on which day the neutrophil count in the patients in circulation reached 0.1x10s cells/L (day 
Grann 100). The X-axis represents the spontaneous migration (% of input). A negative correlation (r=-
0.5.. p<0.05) was found between spontaneous migration in vitro and neutrophil recovery in vivo for a 
groupp of 22 patients. 

migratee towards SDF-l.14 Therefore, the in-vitro migratory capacity of CD34" 
cellss of mobilized patients was investigated and correlated to neutrophil recovery 
inn these patients after stem cell transplantation. Figure 3 shows the negative 
correlationn (r=-0.5, p<0.05) between spontaneous migration in vitro and neutrophil 
recoveryy (gran 100) in vivo for a group of 22 patients (i.e. the faster the cells 
migrate,, the sooner neutrophil recovery is reached). This was also observed if we 
analyzedd the same parameters obtained from 21 patients and compared these to 
SDF-l-inducedd (100 ng/mL) migration in vitro (r=-0.46, p<0.05) (see Figure 4). 
Similarly,, the correlation coefficient was -0.4 when the recovery was related to the 
migrationn towards 300 ng/mL SDF-l (p=0.07). The observed correlation between 
spontaneouss as well as SDF-l-induced migration in vitro and neutrophil recovery 
inin vivo was independent of the number of reinfused CD34" cells (data not shown). 

CXCR-44 expression durin g mobilization 

Itt has been suggested that the CXCR-4 expression is downregulated during 
mobilization,, because expression of CXCR-4 is significantly higher on BM CD34* 
cellss than on PB CD34' cells.'2'2'' Therefore, it was determined whether a 
correlationn existed between the number of mobilized CD34" cells and their CXCR-
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Figuree 4. Negative correlation between SDF-1-induced migration in  vitro  and neutrophil recovery 
inin vivo  in patients undergoing autologous peripheral stem cell transplantation. On the Y-axis is 
depictedd on which day the neutrophil count in the patients in circulation reached 0.1x109 cells/L (day 
Grann 100). The X-axis represents the SDF-1-induced migration (% of input). A negative correlation (r=-
0.5,, p<0.05) was found between SDF-1-induced (100 ng/mL) migration in vitro and neutrophil recovery 
inin vivo for a group of 21 patients. 

44 expression during the first leukapheresis. For this purpose, CXCR-4 expression 
wass determined on the CD34~ cells from 54 patients undergoing autologous 
peripherall  stem cell transplantation. As shown in figure 5 an exponential relation 
betweenn CXCR-4 expression and the number of CD34+ cells that mobilized to the 
peripherall  blood was found by regression analysis (p<0.001). The higher the level 
off  CXCR-4 expression on mobilized CD34̂  cells, the lower the number of 
mobilizedd cells. However, only 26% of the variation in the number of mobilized 
CD34**  cells can be explained by this model, indicating that also other factors are 
involved. . 

Too evaluate whether CXCR-4 expression changes under the influence of 
continuouss G-CSF stimulation, PB CD34" cells were obtained on subsequent days 
off  leukapheresis procedures from 8 patients receiving treatment for NHL (2), HD 
(2),, BCl (2), MM or paraganglioma. The CXCR-4 expression on the PB CD34~ 
cellss was determined starting on the first day of leukapheresis. In only l out of 8 
patientss (patient 1) a clear increase in CXCR-4 expression on the second day of 
leukapheresiss was observed (figure 6). In two patients (patient 4 and 6) a decrease 
inn CXCR-4 expression on day 2 followed by an increase on day 3 was measured. 
However,, no overall clear or consistent differences in CXCR-4 expression were 
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Figuree 5. Correlation between CXCR-4 expression and mobilization of CD34* cel ls per kg body 
we igh tt dur ing the first course of leukapheresis. An exponential decrease of mobilized CD34* cells is 
observedd when the MFI of CXCR-4 on the CD34* is higher. Linear regression analysis was performed 
withh the natural logarithm (Ln) of the number of CD34' cells as a dependent variable and MFI of CXCR-
44 as independent variable. The following function; CD34=18.062xe ,"0033, ,CXCR"4" describes this model. 
Thee coefficient of CXCR-4 is significant different from 0 (p<0.0001). 

foundd during the several days of leukapheresis. These results indicate that G-CSF 
inducedd mobilization did not further downregulate or upregulate the CXCR-4 
receptorr on the PB CD34' cells. 

DISCUSSION N 

Duringg the process of homing of HPC to the bone marrow, the HPC must cross the 

bone-marroww endothelium to engraft. This migration process is a complex 

interplayy of transient interactions, directed by chemoattractants, mediated by 

variouss adhesion molecules and requires motogenic behavior of the HPC. 

Inn the present study we observed large differences between the in-vitro 

migrator)'' ability of the CD34* cells obtained from patients undergoing autologous 

peripherall  stem cell transplantation ranging from 1.1% to 16.4% for spontaneous 

migrationn and 6.2% to 40.8% for SDF-1-induced migration (100ng/mL). Peled et 

al.. have shown in the NOD/SCID model that only CD34* cells that are able to 

migratee towards SDF-1 have SCID repopulating activity.14 Consequently it was 

foundd relevant to investigate whether the observed differences in migratory ability 

off  CD34 cells of patients were correlated with their hematopoietic recovery after 

stemm cell transplantation. Indeed, a significantly faster neutrophil recovery was 

observedd in those patients transplanted with CD34' cells that showed a high SDF-

1-- induced migration percentage in vitro (p<0.05). This correlation was found. 

NN = 54 
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Figuree 6. CXCR-4 expression on PB CD34* cells during mobilization in 8 patients undergoing 
autologouss peripheral stem cell transplantation. On the y-axis the CXCR-4 expression in MFI of all 
CD34** cells is given after correction for the PE-labelled lgG2a isotype control. On the X-axis the day of 
leukapheresiss is depicted. 

despitee the fact that due to the high number of transplanted CD34' cells (3.5 to 

31.8x100 cells/kg) the hematologic recovery within the analyzed patient group was 

relativelyy fast and barely variable. Previously is shown, that because of the flat end 

off  the dose-effect curve it is hard to enhance neutrophil recovery by increasing the 

celll  dose.27'28 

CD34++ cells from healthy G-CSF mobilized donors exhibited a significantly 

higherr SDF-1-induced (pO.01) migration than CD34̂  cells from patients 

mobilizedd with chemotherapy and G-CSF. This may indicate that for the group of 

patientss with malignancies, the treatment before or duiing the mobilization 

proceduree is responsible for the lower migratory capacity of these cells. It has been 

shownn in other studies, that the exposure of stem cells to stem cell toxic drugs 

beforee mobilization affects the engraftment potential of PBSC grafts.2223 

Whatt causes the difference in migration between mobilized CD34* cells 

obtainedd from healthy donors and cancer patients and the differences between the 

patients?? The activity of chemokines can be regulated by chemokine receptor 

expressionn and/or by modification of signaling pathways.29 The lower migratory 

capacityy in vitro of patient-derived CD34+ cells seemed not to be due to 

downregulationn of CXCR-4, because the mean CXCR-4 expression on the CD34" 

cellss of the various patient groups was not significantly different from the 
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expressionn on CD34" cells of healthy donors. Moreover, no correlation between 
CXCR-44 expression and SDF-1-induced migration was observed for PB CD34" 
cellss from mobilized patients. In contrast, a strong correlation between CXCR-4 
expressionn and SDF-1-induced migration was observed for CD34' cells derived 
fromm healthy G-CSF mobilized donors. Presumably, for CD34~ cells obtained from 
mobilizedd patients, the SDF-1-induced migration is not dependent on the CXCR-4 
expressionn level alone. We have previously described that CB-derived CD34* cells 
showw enhanced migration in comparison to BM-derived CD34+ cells, although 
theirr CXCR-4 expression was similar.3 Also for other cell-types it is known that 
receptorr expression is often not the sole determinant of responses to chemokines. 
Forr example, only a minority of CXCR-4 expressing T cells responds to SDF-1 
withh a rise in calcium influx.29 In developing human bone marrow B cells, SDF-1 
responsivenesss does not correlate with CXCR-4 expression levels.' This lack of 
correlationn between expression and function may be due to differences in CXCR-4 
functionn among the different cells. 

Ann alternative explanation might be that CXCR-4 signaling is identical between 
thee different cells, but that not all cells are equally capable of translating the 
CXCR-44 signal into a migratory response due to intrinsic differences in motility of 
thee cells. Recently, Pilarski et al studied RHAMM-mediated motility of HPC and 
observedd marked differences in motogenic behavior between mobilized CD34* 
cellss from different patients."1 Also our results support this latter explanation. 
Similarr to the SDF-1 -induced migration, also the spontaneous migration of patient-
derivedd CD34* cells was significantly lower (p<0.05) than that of CD34+ cells 
derivedd from healthy mobilized donors. Comparable with the SDF-1-induced 
migration,, also a correlation between spontaneous migration in vitro and 
hematopoieticc recovery in vivo was observed (p<0.05). Furthermore, CD34" cells 
thatt showed a relatively high percentage of migration towards 100 ng/mL SDF-1, 
alsoo had the capacity to show augmented migration to 300 ng/mL SDF-1. Thus, for 
CD34~~ cells from cancer patients, the intrinsic migratory capacity of the cells might 
bee of larger importance for the migratory response than CXCR-4 induced 
signaling.. Moreover, control of actin assembly and disassembly has been described 
too be important for cell migration.32 Our previous results indicated that SDF-1 -
inducedd actin polymerization is higher in the better migrating CB CD34* cells than 
inn BM CD34T cells.5 It is possible that the ability of the CD34+ cells obtained from 
mobilizedd patients to reorganize the cytoskeleton is diminished due to pretreatment 
withh various drugs. 
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Mobilizationn and homing can be seen as "mirror images" of each other: they 
differentiallyy utilize similar classes of molecules and receptors.33 Indeed, Lapidot et 
al.. suggested a role for SDF-1 in the mobilization of hematopoietic stem cells.34 

Ourr data support this presumed involvement of SDF-1, as a significant correlation 
wass observed between CXCR-4 expression and the number of mobilized CD34+ 

cells.. An exponential decrease in the amount of mobilized CD34+ cells per kg body 
weightt was observed when the cells expressed higher amounts of CXCR-4. 

Inn conclusion, the precise analysis of patient data in combination with 
functionall  in-vitro assays can give an insight into the mechanisms of stem cell 
homingg and mobilization.35 Our results indicate that the intrinsic migratory 
capacityy of the cells is important for hematopoietic recovery. This intrinsic 
migratoryy capacity seems to be influenced by pre-treatment of the patients with 
cytotoxicc drugs. These results suggest that the engraftment potential of stem cells 
obtainedd from pretreated cancer patients is more or less impaired. An improvement 
inn migratory capacity of CD34+ cells in autologous stem cell grafts, e.g. by in-vitro 
manipulation,, could possibly lead to an enhanced recovery or to the use of smaller 
grafts. . 
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ABSTRACT T 

Thee capacity of hematopoietic progenitor cells (HPCs) to respond to chemotactic 
stimulationn is essential for their homing efficiency, e.g. during peripheral stem cell 
transplantation.. In previous studies, it has been established that SDF-1 and its 
receptorr CXCR-4 play an important role in the homing of HPCs. However, the 
mechanismss that control HPC migration in response to SDF-1 have not been 
studiedd in detail. In the present study, the extent and kinetics of SDF-1-induced 
actinn polymerization in, and migration of HL-60 cells and primary human CD34~ 
cellss obtained from cord blood (CB) and peripheral blood (PB) were analyzed. 

Additionn of SDF-1 (100 ng/mL) induced a rapid and transient increase in actin 
polymerizationn in HL-60 cells as well as in CD34~ cells. Analysis of GFP-actin 
expressingg HL-60 cells migrating towards a gradient of SDF-1, revealed highly 
localized,, repetitive bursts of actin polymerization at the leading edge. To further 
establishh the role for SDF-1-induced actin polymerization in stem cell migration, 
fastt migrating CB CD34+ cells were compared with relatively slow migrating PB 
CD34++ cells. SDF-1 induced significantly more actin polymerization in CB CD34" 
cellss compared to PB CD34+ cells (p<0.05). Moreover, migrated CB CD34" cells 
showedd an elevated and prolonged rise in F-actin levels compared to non-migrated 
cells,, although both cell-types expressed similar levels of CXCR-4. 

Inn conclusion, we here show that the magnitude of the SDF-1-induced actin 
polymerizationn response correlates positively with the migration capacity of 
primaryy human HPC and is independent from CXCR-4 expression. 
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INTRODUCTION N 

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 chemotactic gradient. Chemokines bind to G-protein-coupled receptors that, 
throughh a pertussis toxin sensitive trimeric G-protein, trigger signaling cascades 
thatt lead to directed motility. This signaling is still poorly understood but likely 
involvess Rho-like GTPases that regulate temporally and spatially coordinated actin 
polymerizationn in concert with integrin-mediated adhesion. ~ The induction of 
actinn polymerization by chemokines is most pronounced within the first 1-2 
minutess after stimulation of the receptor. Thereafter, the amount of F-actin declines 
too control levels and it is therefore not obvious whether and to what extent this 
rapidd and transient response is related to chemokine-induced spreading and 
migration. . 

Thee capacity of hematopoietic progenitor cells (HPC) to respond to chemotactic 
stimulationn is an important aspect in various (patho)physiological processes. This 
iss in particular true for peripheral stem cell transplantation, commonly used to 
reconstitutee hematopoiesis in patients treated with myeloablative chemo- or 
radiotherapy.. The most effective chemoattractant for HPC is SDF-1, which is 
producedd by stromal cells, including those from the bone-marrow. 3"6 Similar to 
otherr chemoattractants, SDF-1 has been described to induce actin polymerization 
inn human Peripheral Blood Lymphocytes (PBL) and CD34" cells. ' 

Inn mice lacking SDF-1 or its receptor CXCR-4, hematopoietic precursors do not 
shiftt to the bone-marrow during fetal development, suggesting that SDF-1 and/or 
CXCR-44 play an important role in the migration of HPC to the BM.9"15 Recently, 
Peledd et al. found SDF-1 and CXCR-4 to be critical for murine bone marrow 
engraftmentt by SCID-repopulating stem cells.16 They also demonstrated that 
migrationn of CD34+CD38"low cells to SDF-1 in-vitro correlated with in-vivo 
engraftmentt and stem cell function in NOD/SCID mice. Subsequently, we showed 
thatt significantly faster hematological recovery was observed in patients 
transplantedd with CD34+ cells that showed high spontaneous and SDF-1-induced 
migrationn in vitro (p<0.05). 

Earlierr studies in our laboratory have revealed that Cord Blood (CB)-derived 
CD34'' cells demonstrate higher spontaneous and SDF-1 -induced migration 
comparedd to Peripheral Blood (PB)-CD34+cells6. Similarly, our group has recently 
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shownn that CD34+ cells from healthy G-CSF mobilized donors exhibited a 
significantlyy higher spontaneous and SDF-1-induced migration than CD34* cells 
fromm patients mobilized with chemotherapy and G-CSF. The lower migratory 
capacityy of patient-derived CD34+ cells in vitro was not due to reduced expression 
off  CXCR-4, but probably reflected a decrease in the motile capacity of the cells. I7 

Inn the present study, we analyzed the extent and kinetics of SDF-1-induced 
actinn polymerization in HL-60 cells and primary human CD34' cells obtained from 
CBB or PB as well as the correlation with the efficiency of SDF-1-induced 
migration.. Furthermore, we studied whether migration towards SDF-1 selects for 
cellss that have an increased capacity to polymerize actin. Together, the present data 
showw that SDF-1-induced migration of primary human HPC is positively correlated 
withh the magnitude of the initial actin polymerization response and is independent 
fromm CXCR-4 expression or receptor polarization. 

MATERIA LL  AND METHOD S 

Cells s 

Peripherall  blood (PB) progenitor cells were obtained from patients treated with 
chemotherapyy and G-CSF to induce stem cell mobilization. Cord blood (CB) was 
collectedd after delivery, according to the guidelines of Eurocord Nederland. The 
HL-600 cell lines were obtained from the ATCC (Rockville, MO) and maintained in 
Iscove'ss Modified Dulbeco Medium (IMDM , BioWittaker, Brussel, Belgium) 
containingg L-glutamine, Pencillin 100 U/ml, Streptomycin 100 jug/ml, p-
mercaptoethanoll  (0.1% v/v) and 10% Fetal Calf Serum (Gibco, Life Technologies, 
Paisley,, Scotland). 

CD34++ cell purificatio n 

Freshlyy obtained PB or CB mononuclear cells were enriched by density gradient 
centrifugationn over Ficoll-paque (1.077 g/ml) (Pharmacia Biotech, Uppsala, 
Sweden).. Mononuclear cells were resuspended in PBE buffer, containing PBS, 
0.5%% (w/v) BSA and 5 mM EDTA. CD34̂  cells were isolated with a hapten-
labeledd CD34-antibody (QBEND10) with the VarioMacs system according to the 
manufacturer'ss instructions (Miltenyi Biotec GmbH, Gladbach, Germany). At least 
95%% of the cells isolated from PB and 90% of the cells from CB expressed CD34 
ass determined by FACS analysis (Becton and Dickinson (B&D) Immunocytometry 
Systems,, San Jose, CA). 
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Flo>vcytrometri cc analysis 
CXCR-44 expression was determined by PE-labeled anti-human Fusin (12G5, 
Pharmingen,, Hamburg, Germany). CXCR-4 expression was determined as mean 
fluorescencee intensity (MFI) of all CD34" cells and is given after correction for the 
PE-labeledd IgG2a isotype control. In all cases a similar homogeneous distribution 
off  CXCR-4 was seen without any indication of sub-populations of extra bright or 
dullcells.ts s 

Migratio nn assay 
Migrationn assays were performed in Transwell plates (Costar, Cambridge, MA) of 
6.55 mm diameter with 5 urn pore filters, as previously described.6 The upper and 
lowerr compartment of the Transwells were separated by a filter coated overnight at 
4°CC with (bovine) fibronectin (FN) (obtained from Sigma, St. Louis, MO) at a 
concentrationn of 20 fig/ml in PBS. Before adding cells to the upper compartment, 
thee coated Transwells were washed three times with assay medium (IMDM with 
0.25%% BSA [BSA, fraction V, Sigma]). Dependent on the amount of cells 
available,, 20000-100000 freshly isolated CD34' cells, in 0.1 ml of assay medium, 
weree added to the upper compartment and 0.6 ml of assay medium in the presence 
orr absence of SDF-1 was added to the lower compartment. SDF-la was purchased 
fromm Strathmann Biotech GmbH (Hannover, Germany). An 0.1-ml sample of cells 
inn assay medium was diluted with 0.5 ml of assay medium and was kept as an input 
controll  for the quantitation of the number of migrated cells (see below). The 
Transwelll  plates were incubated at 37°C, 5% C02 for 4 hours. Preliminary 
experimentss showed that after 4 hours a substantial fraction of the CD34* cells had 
migrated.. Cells that had migrated to the lower compartment were collected in a 
FACSS tube to which a fixed number of control cell-line cells (HL-60) had been 
addedd labeled with Calcein AM, according to the manufacturer's instructions 
(Molecularr Probes, Leiden, The Netherlands). The HL-60 cells were added to the 
FACSS tubes just before analysis. FACScan analysis was used to determine the ratio 
betweenn labeled cells and unlabeled cells, with characteristic light scatter 
parameters,, in the migrated fraction as previously described.6 By comparing this 
ratioo to that in the input control, the number of migrated cells was quantitated. 
Usingg this method, we were able to reliably determine a minimum number of 200 
migratedd cells. All migration assays were performed with freshly obtained primary' 
humann CD34' cells. 
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Secondaryy migration assay 

Too analyze secondary migration, cells from the migrated and non-migrated 
fractionss were collected after 4 hours. Two samples of migrated cells were kept 
separatee to determine the initial migration efficiency. The collected migrated and 
non-migratedd fractions were washed three times with assay medium, were 
resuspendedd in assay medium and were adjusted to similar concentrations. 20,000-
100,0000 CD34X cells in 0.1 mL of assay medium were added to the upper 
compartmentt of fresh FN-coated Transwells, and 0.6 ml of assay medium in the 
presencepresence of SDF-1 {100 ng/mL) was added to the lower compartment. After 4 
hourss the migration efficiency of the two fractions was measured. 

Actinn polymerization assay 

Cellss were washed three times in assay medium and resuspended in assay medium 
(IMDMM with 0.25% BSA [BSA, fraction V, Sigma]) in a concentration of 1 x 106 

cellss /mL. Prior to the experiment, the cells and SDF-1 were incubated separately 
att 37°C for 10 minutes. SDF-1 (100 ng/mL) was added to the cell suspension, and 
att indicated time points 100 uL of cell solution was transferred to 100 faL of 
fixationn solution (Intraprep Permeabilization Reagent, Coulter Immunotech). Cells 
weree incubated in the fixation solution for at least 15 minutes. Thereafter, the cells 
weree centrifuged and resuspended in 100 uL of permeabilization reagent (Intraprep 
Permeabilizationn Reagent, Coulter Immunotech). After 5 minutes incubation in this 
solution,, lU/mL Alexa 488 phalloidin (Molecular Probes) was added to visualize 
thee F-actin. After 20 minutes the cells were centrifuged and resuspended in PBS 
withh 0.5% BSA. Mean fluorescense intensity (MF1) was measured by FACScan 
(B&D).. The distribution of F-actin was analyzed on cytospins of 50000 cells. 
Imagess were analysed with a Zeiss confocal laser scanning microscope using 
identicall  instrument settings when appropriate. Z-stacks were deconvolved with the 
Huygenss software (Bitplane AG, Zurich, Switserland) with reconstructed point 
spreadd functions derived from 170 urn fluorescent latex beads (Molecular Probes) 

Analysiss of the actin cytoskeleton in migrating HL-60 cells 

GFP-actinn was subcloned as a Nhel-BamHI fragment from the pEGFP-actin vector 
(Clontech).. and inserted into the Xbal-BamHI sites of pBluescript. The insert was 
thenn cloned as a blunt Notl-EcoRI fragment into the Swal-EcoRI sites of the 
modifiedd vector LZRS-IRES-zeocinT The resulting construct, LZRS-GFP-Actin-
IRES-zeocin.. was transfected into amphotropic Phoenix packaging cells'" using the 
calciumm phosphate transfection system (Life Technologies) to produce retroviruses. 
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HL-600 cells were transduced with virus supernatant in the presence of 10 ug/mL 
DOTAPP (Boehringer) and were centrifuged twice at 2000 rpm for 30 min. After 6 
hours,, supernatant was replaced with fresh medium, and the cells were allowed to 
recoverr overnight. This procedure was repeated twice on two consecutive days. 
Transducedd cells were sorted for GFP expression by FACStar (B&D). 

Too monitor the actin during migration, GFP-actin expressing HL-60 cells were 
placedd on fibronectin-coated glass slides in a closed incubation chamber (volume 
4000 uL) inserted in a heatstage (37°C) on the confocal microscope. SDF-1 was 
thenn added in a volume of 40 uL (final concentration 100 ng/mL) through the inlet 
off  the chamber so that a SDF-1-gradient would form by diffusion. The 
establishmentt of this gradient ŵ as monitored and confirmed by inclusion of Texas-
Redd dextran 10000 with the SDF-1. Green and red fluorescence were imaged 
simultaneouslyy by time-lapse confocal laser scanning microscopy with a 63x oil-
immersionn objective. 

Statisticall  Analysis 

Forr normal distributed values the arithmetic mean and standard deviation were 
used.. Differences were tested by using the Student t-test. A p value lower than 0.05 
wass considered significant. 

RESULTS S 

SDF-11 induced actin polymerization and polarization in HL-60 cells. 
Inn an initial series of experiments, the human leukemic cell line HL-60 wras used. 
Thiss line strongly expresses CXCR-4 and efficiently responds to SDF-1 in 
(trans)endotheliall  migration assays (data not shown).3" Dose-response analysis 
showedd that 1 ng/mL SDF-1 was already sufficient to induce transient actin 
polymerizationn after 15-30 sec (data not shown). In subsequent experiments, the 
maximumm effective concentration of 100 ng/mL was used. This concentration is in 
accordancee with related studies in which the M07e cell line or megakaryocytes 
weree used.A'~l 

Figuree 1A shows the detailed kinetics of SDF-1-induced F-actin formation in 
HL-600 cells. The response peaked already at 15 seconds, followed by a rapid 
declinee to control levels at 60-120 sec. In parallel experiments, we analyzed the 
distributionn of the F-actin in SDF-1 treated HL-60 cells by confocal microscopy. 
Thesee data (Figure IB) show that the rapid increase and decline in F-actin levels 
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Figuree 1. SDF-1 induced actin polymerization in HL-60 cells 
AA The kinetics of SDF-1 (100 ng/mL) induced F-actin formation in HL-60 cells measured by FACS 
analysis.. The line represents the mean  sem of 4 experiments. 
BB Maximal-intensity projections of F-actin staining in HL-60 cells exposed to 100 ng/mL SDF-1 for a. 0 s: 
b,, 15 s, c, 30 s; d, 60 s; e 120 s and f, 300 s. Scale bar represents 5 urn 

cann be clearly visualized during the time course and corresponds well with the 
FACScann analysis. Intriguingly, whereas the initial burst of F-actin formation 
occurredd throughout the cells, the second phase of the response was associated with 
aa redistribution of F-actin into large polarized clusters that contained most of the 
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cellularr F-actin. Again, this polarization was transient, and after 2-5 minutes F-
actinn was more randomly distributed, albeit that increased levels of filamentous 
structuress remained visible that were absent in the control situation. 

Too visualize actin distribution directly during migration, we expressed a fusion 
proteinn of green fluorescent protein (GFP) and actin in HL-60 cells. These HL-60 
GFP-actinn transfectants polarize and migrate in response to a gradient of SDF-1. 
Ass recorded by confocal microscopy. GFP-actin became initially clustered at the 
sidee of cell facing the SDF-1 gradient. During the extension of cellular protrusions 
andd the subsequent actual migration, actin was repeatedly and transiently 
concentratedd in small spikes at the leading edge of the cell (Arrowheads in Figure 
1C).. At the rear, transient formation of membrane 'blebs' were observed that were 
clearlvv distinct from the cellular extensions at the front of the cell. 

Figuree 1C Time-lapse imag ing of migrat ing HL-60 GFP-actin cel ls. Images were taken of the same 
celll at 158 s, 329 s, 447 s. 486 s and 579 s after addition of the SDF-1 (100ng/mL) through the inlet of 
thee incubation chamber (arrowhead below the figure). Arrow indicate lamellipodial extension, 
arrowheadss indicate transient actin spikes at the leading edge of the cell. At the rear transient formation 
off membrane "blebs" was observed. Scale bar represents 10 urn. 

Thesee results show that addition of high concentrations of SDF-l induce a 
transientt and massive burst of actin polymerization, followed by a transient 
polarization,, finally leaving the F-actin in a more random, yet altered distribution. 

S4 4 



SDF-1-inducedd aciin polvmer/ation and migration 

Gradient-exposedd cells showed a more moderate response, characterized by 
polarizationn of the cell and followed by highly localized, transient and apparently 
cyclingg rises of F-actin at the leading edge. 

SDF-11 induced actin polymerization in CB and PB-derived CD34+ cells 
Fromm previous work it is known that spontaneous and SDF-1-induced migration of 
CBB CD34+ cells is significantly higher than those of PB CD34' cells (4 times and 3 
timess higher, respectively).6'22 Therefore CB- and PB CD34" cells were chosen to 
comparee actin polymerization induced by SDF-1. In contrast to the HL-60 cells, 1 
ng/mLL SDF-1 was not sufficient to induce optimal actin polymerization in primary 
CD34~~ cells, but 10 to 300 ng/mL SDF-1 was required lo induce a transient rise in 
F-actinn assembly. 100 ng/mL SDF-1 induced similar effects in PB-CD34̂  cells as 
observedd in Hl-60 cells. When analyzed by confocal microscopy pronounced F-
actinn formation was initially observed throughout the cell, followed by transient 
polarizationn of the F-actin in large clusters (see Figure 2A). Interestingly. 

Figuree 2A. Confocal analysis of SDF-1- induced F-actin formation in primary CD34* cells. 
Phalloidinn staining of PB CD34' cells exposed to 100 ng/mL SDF-1 fora. 0 s;b, 15s:c, 30 s, and d, 120 
s.. Arrowheads indicate polarized F-actin clusters. Scale bar represents 20 .urn. 

85 5 



Chapterr 4 

complementaryy FACS analysis showed that SDF-1 induced significantly more 
actinn polymerization in CB CD34' cells compared to PB CD34' cells (Figure 2B). 
Afterr 15. 30. 60 and 300 seconds the levels of F-actin were significantly higher in 
CBB CD34' cells as compared to PB CD34* cells (p<0.05 for all the indicated time 
points),, although the kinetics of the responses were almost similar in both cell 
types.. For CB CD34' cells, the response peaked at 15-30 sec. while PB CD34" 
cellss showed maximal F-actin levels just at 15 sec. The rapid increase in F-actin 
wass followed by a fast decline to control levels after 60-120 sec for PB CB34" cells 
orr 120-600 sec for CB CD34' cells. 
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Figuree 2B. Time course of SDF-1-induced F-actin formation in PB CD34* cells (A) and CB CD34* 
cel lss ( • ) analyzed by FACS analysis. After 15, 30, 60 and 300 sec the levels of F-actin were 
significantlyy higher in CB CD34* cells compared to PB CD34 ' cells (p<0.05 for each indicated time 
point).. Each line represents the mean  SEM of 6 experiments with CB CD34* and 9 experiments with 
PBB CD34'cel ls . 

Previouslyy it has been shown that CXCR-4 expression on CB CD34' cells is 

significantlyy higher than on PB CD34* cells.4'' However, in the present 

experimentss the mean fluorescence intensity (MFI) of CXCR4 expression on the 

CBB CD34' cells was 1 (n=4) and showed no significant difference compared 

too the CXCR-4 levels on PB CD34* cells 26+17 (n=5), indicating that receptor 

expressionn is not a major factor determining the extent of actin polymerization. In 

addition,, also the basal levels of F-actin in the two cell types were not different. 

Complementaryy confocal analysis showed that CXCR-4 expression was not 

clearlyy polarized either in PB or in CB-derived CD34' cells. This was not altered 

byy stimulation of the cells with SDF-1 (data not shown). Absence of receptor 
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polarizationn was further confirmed with KG la cells expressing CXCR-4-GFP. 
Exposuree of these cells to a concentration gradient of SDF-1 did not alter the even 
distributionn of the receptor over the cell surface, demonstrating that polarization of 
CXCR-44 does not occur in response to SDF-1 (data not shown). 

SDF-1-inducedd actin polymerization in migrated and non-migrated CD34+ 

cells s 

Peledd et al recently demonstrated that mice, transplanted with nonmigrating (i.e. 
nonn SDF-1 responsive) human CD34+ cells were poorly engrafted as compared to 
micee transplanted with migrating (SDF-1 responsive) human CD34" cells, while 
thesee populations did not differ in the incidence of progenitor cells.16 These 
findingss were supported by our own results that significantly faster hematological 
recoveryy was observed in patients transplanted with CD34+ cells that showed high 
spontaneousspontaneous and SDF-1-induced migration in vitro (p<0.05).17 

Too investigate migratory capacity and actin polymerization of CD34+ cells from 
PBB or CB, we performed migration assays, followed by the analysis of actin 
polymerizationn in the migrated as well as the non-migrated cells. For the PB 
CD34++ cells no obvious differences were observed between the cells from the 
migratedd and non-migrated fractions in terms of transient SDF-1-induced F-actin 
formationn (see Figure 3 A). The kinetics of SDF-1-induced actin polymerization in 
thesee two fractions were similar and comparable to the kinetics of the total 
populationn (Figure 2B). Furthermore, parallel confocal analysis showed that in the 
non-migratedd fraction, no polarization of F-actin was observed, while the cells of 
thee migrated fraction showed a polarized actin distribution even a t=0 (see Figure 
3B). . 

Inn contrast, for CB-CD34+ cells there was a strong tendency for the migrated 
cellss to demonstrate a higher and prolonged rise in F-actin levels compared to the 
non-migratedd cells (Figure 4). The response of the migrated fraction peaked 
betweenn 15 and 60 sec, followed by a slow decline to control levels at 300-600 sec. 
Inn contrast, the non-migrated fraction peaked at 15 sec, followed by a rapid decline 
thereafter.. FACS analysis showed that CXCR-4 expression on the migrated cells 
didd not differ from the expression on the non-migrated cells (data not shown). This 
iss in line with the CXCR-4 data of the PB and CB CD34~ cells as described in the 
previouss section, once more indicating that CXCR-4 expression levels are not 
directlyy proportional to the extent of SDF-1-induced F-actin formation and 
migration. . 
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Figuree 3. F-actin fo rmat ion and polar izat ion in migrated and non-migra ted f rac t ions of PB CD34* 

ce l ls s 
AA SDF-1-induced (100 ng/mL) F-actin formation in migrated (A) and non-migrated (A) fractions of PB 
CD34"" cells. Each line represents the mean  SEM of 4 experiments. 
BB Confocal analysis of PB CD34 ' cells showed that in the non-migrated fraction (panel a) no 
polarizationn of F-actin was observed. The arrowheads in panel b indicate the polarized F-actin clusters 
inn cells from the migrated fraction. Scale bar represents 10 j im. 

Commonlyy used isolates of primary human CD34' cells, either from CB or PB, 
aree heterogeneous with respect to the proportions of more primitive progenitors. It 
wass therefore of relevance to test whether the migratory capacity was related to 
thesee subsets. In a previous study1' we did not observe differences between 
phcnotypicallyy defined immature subsets (CD34+/CD38" and CD347HLA-DR"',0W) 
andd the total CD34' population from cord blood (n=5) in migration towards SDF-1 
acrosss a FN-coated filter. Also in the present study no significant differences in 
migrationn between the immature CD34' cells and the total CD34' cell population 
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Figuree 4. Actin polymerization in migrated and non-migrated fractions of CB CD34* cells 
SDF-1-inducedd (100 ng/mL) F-actin formation in migrated ) and non-migrated (Q) fractions of CB 
CD34** cells. Each line represents the mean  SEM of 5 experiments. 

off  PB-derived CD34' were observed (see table l). It is unlikely that the higher 
percentagee of immature subsets in CB CB34" cells is the cause of the pronounced 
differencee in actin polymerization compared to PB CD34" cells. Thus, our results 
demonstratee that migrated and non-migrated fractions of CB CD34" cells differ 
intrinsicallyy in the ability to polymerize actin in response to SDF-l, independent of 
CXCR-44 levels or the presence of more primitive progenitors. 

Tablee 1. Phenotypical analysis of input and migrated CB- and PB-derived CD34+ cells* 

SOURCE/SUBSET T 
CB// CD34+/HLADR" 
CB/CD34VCD38' ' 
PB// CD34*/HLADR' 
PB/CD34VCD38" " 

%% INPUT 
5.66 r 2.9 
8.11 -6 .0 
0.66 3 
1.00 9 

%% MIGRATED 
6.44 7 NS 

S S 
1.00 7 NS 
1.11 r 0.3 NS 

'' Percentage CD34* cells: mean  SD of at least three experiments; NS= difference not significant 

Secondaryy migration of migrated and non-migrated fractions of CD34"  cells 
Too further investigate whether migrating CD34* cells retain their migratory 
responsee to SDF-1 and comprise a higher intrinsic migratory capacity than non-
migratingg CD34~ cells, we performed secondary migration assays. After 4 hours 
migrationn towards 100 ng/ml SDF-1, migrated and non-migrated CD34' cells were 
washedd and resuspended in assay medium. Subsequently, both fractions were used 
ass input in a second migration assay, again using (100 ng/mL) SDF-1. As indicated 
inn Figure 5A, the migrated fractions of CB CD34' cells showed a 2.7 times higher 
secondaryy migration efficiency than cells derived from the originally non-migrated 
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fractionn (p<0.05). Moreover, two similar experiments with PB-CD34" cells gave 
comparablee results (Figure 5A). On average we observed a 3.4 times higher 
secondaryy migration efficiency of migrated CD34" cells as compared to non-
migratedd CD34~ cells (p<0.01). As in the above discussed experiments, no 
significantt differences in CXCR-4 expression were found between the migrated 
andd non-migrated fractions of CD34" cells, prior to the secondary migration assay 
(meann MFI 1 and 0 respectively, n=5) (figure 5B). These results indicate 
thatt CB CD34 cells indeed possess an intrinsic migratory capacity that is 
independentt of the levels of CXCR-4 expression, but con-elates positively with the 
cells'' ability to induce a rapid and transient formation of F-actin. 
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F iguree 5. Secondary migra t ion of migrated CD34* cells is s ign i f icant ly h igher than of non-
migratedd CD34* ce l ls , i r respect ive of CXCR-4 express ion levels. A SDF-1-induced migration (100 
ng/mL)) of 3 independent CB CD34 ' cell donors and 2 independent PB CD34* cell donors. Initial 
migrationn efficiency after 4 hours is indicated in open bars. The secondary migration of the migrated and 
non-migratedd fractions is indicated in hatched bars and filled bars, respectively. The migrated fractions 
off both cell types showed a 3.4 times higher secondary migration compared to the non-migrated 
fractionss (p<0.01). B CXCR-4 expression of all CD34* cells of the fractions corresponding to those in 
figuree 5A, is given after correction for the PE-labeled lgG2a isotype control. The MFI of the CXCR-4 
expressionn on the CD34* cells were not significantly different during the first and second round of 
migration. . 
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DISCUSSION N 

Duringg the process of homing of HPC to the bone marrow, the cells must cross the 
bone-marroww endothelium to engraft. This process of transendothelial migration is 
aa complex interplay of transient interactions and events, initiated by 
chemoattractants,, mediated by various adhesion molecules and dependent on the 
motogenicc behavior of the HPC. The mechanisms underlying cell movement in 
responsee to chemoattractants have not been clearly established. 

Severall  studies have shown that expression of CXCR-4 is essential for SDF-1 -
inducedd migration and homing, but there is no clear correlation between receptor 
levelss and the efficiency of stem cell migration. Surprisingly littl e is known about 
thee regulation of migration of stem cells. Francis et al have described long 
pseudopodss formed by KG la cell line cells and primary human CD34+ cells.23 The 
beta-1-andd beta-2 integrins, CD34 and L-selectin were found to be present on these 
podia.244 However, these experiments were performed in the absence of a 
chemokine.. SDF-1 induces actin polymerization in CD34+ cells4,25, but its 
reorganizationn has never been studied in HSCs, 

Ass a first step to define cellular factors that control HPC motility, we analyzed 
thee SDF-1-induced F-actin formation in CD34+ cells from various sources and 
subfractionss thereof. Initial experiments showed that, in the CXCR-4-positive 
leukemicc HL-60 cell line, SDF-1 induced a transient burst of actin polymerization, 
followedd by an altered cellular distribution of F-actin. These observations were in 
accordancee with data on the control of actin polymerization during neutrophil 
chemotaxis,, showing that chemotactic stimuli cause neutrophils to organize actin 
polymerizationn at discrete sites, the distribution of which is governed by external 
chemotacticc gradients.26 This asymmetrical actin polymerization possibly drives 
directionall  migration of neutrophils in response to a chemoattractant.26 Our 
analysiss of HL-60 cells (expressing GFP-actin) moving towards a SDF-1 gradient, 
aree in line with this notion and support the idea that subtle yet highly localized 
burstss of actin polymerization are instrumental in cell motilty. 

Fromm previous work it is known that spontaneous and SDF1 -induced migration 
off  CB CD34+ cells is significantly higher than of PB CD34+ cells.6 Consequently it 
wass relevant to investigate whether the observed differences in migratory ability of 
PBB CD34' cells and CB CD34+ cells could be explained by differences in actin 
polymerization.. In the present study, we show that SDF-1-induced F-actin 
formationn is significantly less efficient in PB-CD34+ cells than in CB-CD34+ cells; 
however,, maximal responses were seen at the same time points in both cell types. 
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Inn addition, no consistent differences were found when the absolute F-actin levels 
off  cells from these sources were compared. 

Thee enhanced F-actin formation in CB CD34+ cells was not caused by 
differencess in CXCR-4 expression, because the mean CXCR-4 expression on the 
CD34~~ cells of the CB CD34* cells was not significantly different from the 
expressionn on mobilized CD34~ cells of patients. These conclusions are further 
corroboratedd by the secondary migration experiments, which showed a lack of 
correlationn between CXCR-4 expression and remigration efficiency. It remains to 
bee established whether the ability to reorganize the cytoskeleton is reduced in 
mobilizedd CD34~ cells obtained from patients due to pre-treatment with various 
jj  27.2S 

drugs. . 
Thus,, the current data indicate that, for CD34+ cells obtained from PB of 

patientss or from CB, the SDF-1-induced migration and actin polymerization is not 
dependentt on the CXCR-4 expression level alone. We have previously described 
thatt CB-derived CD34" cells show enhanced migration in comparison to BM-
derivedd CD34̂  cells, although their CXCR-4 expression was similar.6 Also for 
otherr cell types it is known that receptor expression is often not the sole 
determinantt of responsiveness to chemokines. For example, only a minority of 
CXCR-4-expressingg T cells responds to SDF-1 with a rise in calcium influx." Also 
inn developing human bone-marrow B cells, SDF-1 responsiveness does not 
correlatee with CXCR-4 expression levels.30 This lack of correlation between 
receptorr expression and function is probably due to differences in CXCR-4 
signalingg among the different cells.17 

Formerr studies have produced contradictory observations with respect to 
receptorr localization in moving cells. It has been described for lymphocytes that 
polarizationn of chemokine receptors to the leading edge occurs during lymphocyte 
chemotaxis.1"'11 In contrast, our confocal analysis of permeabilized primary cells as 
welll  as of living KGla cell-line cells expressing CXCR-4-GFP, demonstrates that 
CXCR-44 is not polarized to the leading edge during migration towards (or in the 
presencee of) SDF-1. These observations are in accordance with recent data 
obtainedd in migrating PLB-985 cells that showed no preferential accumulation of 
chemokinee receptors at the leading edge of these cells/" 

Inn conclusion, we here show for the first time that the magnitude of the SDF-1 -
inducedd actin polymerization response correlates positively with migration capacity 
off  primary human HPC and is independent from CXCR-4 expression or receptor 
polarization.. The phenomenon of intrinsic migratory capacity thus seems to be 
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definedd by heterogeneous, cell-specific differences in the signaling between the 
chemokinee receptor and the actin polymerization machinery. Many cellular 
componentss involved in cell motility have recently been identified.33,34 Careful 
molecularr analysis of various types of CD34" cells will be required to allow the 
identificationn of proteins and signaling complexes that ultimately determine the 
velocityy and efficiency of stem cell migration. 
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ABSTRACT T 

Inn the process of homing, CD34" hematopoietic progenitor cells migrate across the 

bonee marrow endothelium in response to SDF-1. To develop more efficient stem 

celll  transplantation procedures, it is important to define the adhesion molecules 

involvedd in the homing process. Here, we identified the adhesion molecules that 

controll  the migration of primary human CD34* cells across human bone marrow 

endotheliall  cells. 

Migrationn of CD34+ cells is enhanced across IL-l p prestimulated bone marrow 

endothelium,, suggesting an important role for the endothelium in adhesion and 

formationn of the chemotactic gradient. Under these conditions, 30-100 ng/mL SDF-

11 induced a rapid and efficient migration of CD34~ cells (  46% migration in 4 

hrs).. In contrast, 600-1000ng/mL SDF-1 was required for optimal migration across 

fibronectin-coatedd filters. Subsequent studies revealed that transendothelial 

migrationn of CD34" cells is mediated by p,- and p2- integrins and PECAM-1 

(CD31)) but not by CD34 or E-selectin. Whereas these antibodies individually 

blockedd migration for 25-35%, migration was reduced by 68% when the antibodies 

weree combined. Thus, these adhesion molecules play specific and independent 

roless in the transmigration process. Finally, O-glycosylated proteins appeared to 

playy a role, since SDF-1-induced migration of CD34* cells (treated with a 

glycoproteasee from Pasteurella haemolytica) across endothelial cells was clearly-

inhibited. . 
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Inn conclusion, we show that efficient SDF-1-induced migration of primary human 

CD34'' cells across bone marrow endothelium is mediated by pi-integrins, p2-

integrins,, CD31 and by O-glycosylated proteins. 

INTRODUCTIO N N 

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. Extravasation of HPC is a multi-
stepp process, similar to extravasation of leukocytes at inflammatory sites [1] and 
mediatedd by adhesion molecules on both HPC and endothelial cells. HPC first 
tetherr and roll along the bone-marrow endothelium. Subsequently, 
chemoattractantss displayed on the endothelial cells activate adhesion molecules, 
resultingg in firm adhesion of the HPC to the endothelial cells. Eventually, HPC 
migratee across the endothelium into the bone-marrow stroma. Despite the clinical 
andd biological significance, the adhesive mechanism(s) by which the process of 
homingg of HPC on the bone-marrow microenvironment are mediated, are still not 
completelyy understood. 

Studiess in murine models have indicated that E-selectin [2] and P-selectin [2,3] 
aree involved in the initial adhesion and rolling of HPC on the bone-marrow 
endotheliall  cells (BMEC). Studying the rolling of HPC along perfused 
microvesselss in murine bone marrow also revealed an important role for the p r 

integrinn VLA-4. The role of VLA-4 was confirmed in larger animals [4,5]. A small 
proportionn of human CD34~ cells migrates spontaneously across unstimulated 
humann BMEC. Möhle et al. showed that the low spontaneous migration of HPC 
wass reduced by blocking with an antibody <mAb) against LFA-1, but not by mAbs 
againstt L-selectin or VLA-4 [6]. In contrast, Yong et al. could not detect 
spontaneouss migration of HPC across BMEC [7]. Only after stimulation of the 
HPCC with the hematopoietic growth factors IL-3, IL-6 and stem cell factor, 
transmigrationn was observed. The migration of these growth-factor-activated HPC 
wass inhibited by mAbs against CD 18 and CD31 [7], In vivo microvascular BM 
endotheliall  cells express constitutively the adhesion molecules E-selectin and 
VCAM-11 [8]. Moreover, migration of CD34' cells in vivo is induced by 
chemokiness produced by BM stromal cells. At present, the only known chemokine 
withh strong chemotactic effects on CD34" HPC. is stromal cell-derived factor-1 
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(SDF-1)) [9]. The dominant role of SDF-1 and its receptor in migration of CD34~ 
cells,, was demonstrated in knock-out mice which had impaired BM myelopoiesis 
[10-13].. Peled et al recently described that SDF-1 and its receptor CXCR-4 are 
criticall  for bone-marrow engraftment in NOD/SCID mice [14]. These two 
observationss indicate that migration of CD34+ cells in vitro should be studied using 
BMECC with upregulated adhesion molecules E-selectin and VCAM-1 and 
migrationn should be analysed using the chemokine SDF-1. Using such 
experimentall  conditions, Imai et al. reported that the VLA-4 and VCAM-1 
moleculess are involved in migration of murine HPC [15]. However, their murine 
endotheliall  lines express only low levels of E-selectin, while no expression of 
ICAM-11 could be detected [15]. In contrast, a recent study indicated that migration 
off  human CD34+ cells is mediated by E-selectin and not by VCAM-1 or ICAM-1 
[16]. . 

Inn the present study, we have investigated the adhesion molecules involved in 
thee SDF-1-induced migration of human cord-blood derived CD34+ HPC across 
humann BMEC. Our data demonstrate that HPC require p,-integrins, p2- integrins, 
CD311 and O-glycosylated proteins for efficient migration across the bone-marrow 
endothelium. . 

MATERIA LL  AND METHOD S 

Monoclonall  antibodies (mAbs) 

MAbb 6H3 (CD59), mAb CLB-mon-gran/2 (CD 13), mAb HEC 65 (CD31), mAb 
HECC 170 (CD31), mAb MD34.1 (CD34) and mAb MDCD34.2 (CD34), were 
obtainedd from our institute (CLB, Amsterdam, The Netherlands). MAb IB4 (CD 18, 
p2-integrins)) was a kind gift from Dr L. Koenderman (Dept. of Pulmonology, 
Academicc Hospital Utrecht, The Netherlands). The mAb P4C10 (CD29, (3,-
integrins)) was purchased from Gibco BRL (Breda, The Netherlands). MAb ENA-2 
(CD62E,, E-selectin) was obtained from Sanbio (Uden, The Netherlands). The 
followingg mAbs have previously been shown to block receptor-ligand interactions 
duringg adhesion and migration processes: HEC65 (CD31) and HEC 170 (CD31) 
[17],, MD34.1 (CD34) [18], IB4 (CD18) [19,20], P4C10 (CD29) [21,22] and ENA-
22 (E-selectin) [23]. All mAbs were used in a concentration of 20 ug/ml. CXCR-4 
expressionn was determined by PE-labeled anti-human Fusin (12G5, Pharmingen, 
Hamburg,, Germany) 
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CD34++ hematopoietic progenitor  cells 
Normall  bone marrow (BM) was aspirated from patients undergoing cardiac surgery 
(inn the Academic Medical Centre, Amsterdam, The Netherlands) after informed 
consent.. Peripheral blood (PB) progenitor cells were obtained from patients treated 
withh chemotherapy and G-CSF to induce stem cell mobilization. Cord blood (CB) 
wass collected after delivery, according to the guidelines of Eurocord Nederland. 
BM,, PB and CB mononuclear cells were enriched by density gradient 
centrifugationn over Ficoll-paque (1.077 g/mL) (Pharmacia Biotech, Uppsala, 
Sweden).. CB CD34+ cells were isolated with the VarioMacs system (Miltenyi 
Biotecc GmbH, Gladbach, Germany). First, the mononuclear cells were incubated 
forr 15 minutes at 4°C in PBE buffer {0.5% w/v bovine serum albumin (BSA) and 
0.055 mM EDTA in PBS) with a hapten-labeled antibody directed against CD34 
(QBEND10),, in the presence of human IgG as a blocking reagent. The cells were 
washedd in PBE and then incubated with anti-hapten microbeads for another 15 
minutess at 4°C. The labeled cells were washed, resuspended in PBE and applied to 
aa VS or RS separation column that was placed in the magnetic field of the 
VarioMacs.. The column was washed four times to remove CD34' cells. Thereafter, 
thee column was removed from the VarioMacs and the CD34+ cells were eluted 
withh 1 mL PBE. The cells were further purified by means of a new RS column, 
afterr which at least 95% of the cells from CB expressed CD34 as determined by 
flowcytrometricc analysis [FACScan, Becton and Dickinson (B&D) 
Immunocytometryy Systems, San Jose, USA], 

Endotheliall  cell lines 
Alll  endothelial cell lines used were established by immortalisation of primary 
endotheliall  cells with the replication-defective retroviral construct pLXSN16 
E6/E7,, containing the E6/E7 genes from the human papilloma virus (HPV) 16 [24] 
ass described previously [25]. It is necessary to use immortalised cells since it is not 
possiblee to obtain primary bone marrow endothelial cells on a regular basis and in 
sufficientt quantities. All endothelial cell lines were routinely cultured in 
fibronectin-coatedd (CLB) culture flasks and in culture medium consisting of 
Mediumm 199 (Gibco BRL), supplemented with 10% (v/v) pooled, heat-inactivated 
humann serum (CLB), 10% (v/v) heat-inactivated fetal calf serum (FCS), 1 ng/mL 
basicc fibroblast growth factor (bFGF) (Boehringer Mannheim, Mannheim, 
Germany),, 5 U/mL heparin (Leo Pharmaceutical Products, Weesp, The 
Netherlands),, 300 ug/mL glutamine (Sigma Chemical Co., St. Louis, USA), 100 
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U/mLL penicillin, 100 jag/mL streptomycin and 100 Mg/mL geneticin (G418), a 
neomycinn analogue (Gibco BRL). After reaching confluency, the endothelial cells 
weree passaged by treatment with trypsin/EDTA solution (Gibco BRL). All cell 
liness were cultured at 37°C at 5% C02. 

Transendotheliall  Migratio n 

Migrationn assays were performed in Transwell plates (Costar, Cambridge, USA) of 
6.55 mm diameter, with 5-um pore filters. Endothelial cells were plated at 20,000-
30,0000 cells/Transwell on fibronectin-coated (CLB) filters. Non-adherent cells 
weree removed after 18 hours. The adherent cells were cultured for 2-3 days to 
obtainn confluent endothelial monolayers. Confluency of the endothelial cell 
monolayerss was confirmed by measuring permeability for FITC-dextran 3000 
(Molecularr Probes, Leiden, The Netherlands). Monolayers of endothelial cells were 
usedd unstimulated or pretreated for 4 hours with IL-l p (10 U/mL Sanvertech Inc., 
Heerhh ugo waard, The Netherlands). 

Beforee adding CD34+ cells to the upper compartment, the endothelial 
monolayerss were washed three times with assay medium (Iscove's Modified 
Dulbecco'ss Medium (IMDM) with 0.25% (w/v) BSA (BSA, fraction V, Sigma)). 
Freshlyy isolated CD34+ cells (20,000-100,000) were added to the upper 
compartmentt in 0.1 mL of assay medium, and 0.6 mL of assay medium with or 
withoutt the indicated concentrations of recombinant human SDF-1 (Strathmann 
Biotechh GmbH (Hannover, Germany) was added to the lower compartment. In 
blockingg experiments, the CD34+ cells were preincubated for 10 minutes at 37°C 
withh monoclonal antibodies. As a control we used mAbs CD 13 and/or CD59. Both 
antigenss are highly expressed on HPC and endothelial cells. A combination of the 
twoo antibodies was used to exclude aspecific inhibition by high concentrations of 
antibodies.. An 0.1-mL sample containing cells in assay medium was diluted in 0.5 
mLL of assay medium and was kept as input control for quantitation of the number 
off  migrated cells (see below). The Transwell plates were incubated at 37°C, 5% 
C022 for 4 hours. Preliminary experiments showed that after 4 hours a substantial 
fractionn of the CD34+ cells had migrated. Cells that had migrated to the lower 
compartmentt were collected in a FACS tube to which a fixed number of control 
cell-linee cells (HL-60) labeled with Calcein AM (Molecular Probes) was added. 
FACScann analysis was used to determine the ratio between labeled and unlabeled 
cells,, with characteristic light scatter parameters, in the migrated fraction as 
describedd before [26]. By comparison of this ratio to that of the input control, the 
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numberr of migrated cells was quantitated. Using this method, we were able to 

determinee reliably a minimum number of 200 migrated cells. 

Enzymee treatment 
Thee progenitor cell surface proteins that contain O-linked glycans were cleaved by 

pretreatmentt with glycoprotease [27] (derived from Pasteurella Haemolytica, a 

kindd gift of Dr Mellors, University of Guelph, Ontario, Canada) for 30 minutes at 

37°C.. As a control also CD34* cells without glycoprotease treatment were 

incubatedd at 37°C. Thereafter, both treated and untreated CD34* cells were washed 

extensivelyy and resuspended in assay medium prior to the. migration assay. The 

efficacyy of the treatment with glycoprotease was established by the complete loss 

off  reactivity of CD34 antibody MD34.2, belonging to epitope class I (data not 

shown). . 

Statisticall  analysis 
Alll  results were expressed as the mean  standard error of the mean (SEM). 
Significancee of differences was determined with a two-sided Student's /-test. Two-
sidedd P values less than 0.05 were considered to be significant. 

RESULTS S 

Comparisonn of SDF-1 induced migration over  unstimulated and IL-lp -
prestimulatedd endothelial cells 
Purifiedd CB CD34+ cells were tested for their ability to migrate across a monolayer 

off  four different HBMEC lines. The SDF-1 induced migration ranged from 12% 

(HBMEC-28S)) to 46% (HBMEC-60). The HBMEC-60 expressed the CD34 

antigenn and was used in all further studies. We investigated whether the 

transendotheliall  migration induced by 100 ng/mL SDF-1 was different over 

unstimulatedd or IL-lp-prestimulated HBMEC-60 cells (Figure 1). Spontaneous and 

SDF-1-inducedd migration across IL-lp-prestimulated HBMEC-60 endothelial cells 

(4.2%% and 46.2%, respectively) was significantly higher than across unstimulated 

cellss (2.2% and 18.7%, respectively). Both in the unstimulated and in the IL-lp -

prestimulatedd situation the SDF-1-induced migration over HBMEC-60 was 

significantlyy higher than the spontaneous migration. 
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Figuree 1. Transendothelial migration of CB CD34* cells across unstimulated or IL-ip-
prestimulatedd endothelial cells (HBMEC-60). Endothelial cells were used unstimulated or 
prestimulatedd with IL-1[3 (10 U/ml, 4h) and transendothelial migration in a Transwell system was 
determinedd towards medium or SDF-1 (100 ng/ml) after 4h. Results are expressed as the percentage of 
migratedd cells (mean  SEM n=6). 

p<0.05 5 

SDF-11 dose response curve 
Thee optimal concentration of SDF-1 for transendothelial migration of CB CD34 
cellss was determined in dose-response studies. The shape of the SDF-1 dose-
responsee curves for cells migrating across unstimulated and across IL-l p 
prestimulatedd endothelial cells appeared to be identical (data not shown). Optimal 
transendotheliall  migration of CB CD34* cells was found when a concentration of 
300 or 100 ng/mL SDF-1 was used, and reduced migration was observed at very 
highh SDF-1 concentrations (Figure 2). In contrast, the SDF-1 dose-response curve 
forr migration across fibronectin (FN)-coated filters reached its optimum around 
6000 ng/mL SDF-1. Thus. CD34* cells responded optimally to lower concentrations 
off  SDF-1 when an endothelial layer was present. This observation was confirmed 
inn paired experiments using the same source of CB CD34' cells (data not shown). 

Next,, we tested whether the enhanced response towards SDF-1 in the presence 
off  endothelial cells was due to upregulation of CXCR-4 on the CD34~ cells. For 
thesee experiments FN-coated 0.45-um pore size filters (to prevent the migration of 
thee CD34T cells) with or without endothelial cells were used. The CXCR-4 
expressionn on the CD34* cells, after exposure to SDF-1 (present in the lower 
compartmentt for 4 hours) was measured by F ACS. The mean fluorescence 
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intensityy (MFI) on the CD34' cells was not influenced by the presence of an 

endotheliall  layer on the Transwell insert (n=3, data not shown). 

c c 
o o 
CO O 

en n 

Mediumm 30 100 300 600 900 

SDF-11 concentration (ng/ml) 

3000 0 

Figuree 2. Dose-response relationship of SDF-1-induced migration of CB CD34* cells across FN-
coatedd filters and across ll_-1p-prestimulated endothelial cells. The black bars represent the 
migrationn across FN-coated filters, the hatched bars represent transendothelial migration across IL-1p-
prestimulatedd endothelial cells (HBMEC-60). Results are expressed as the percentage of migrated cells 
(meann T SEM, n=3-6). N.D. = not determined 

Inhibitio nn of SDF-1 induced transendothelial migration of CB CD34"  cells 
Blockingg antibodies were used to investigate the role of various adhesion 

moleculess in SDF-1-induced transendothelial migration. Most experiments were 

performedd with IL-lp-prestimulated HBMEC-60, because under this condition 

optimall  migration was observed, and the enhanced expression of VCAM-1 and E-

selectinn mimics the situation in vivo. MAbs against p2-integrins (CD18). (V 

integrinss (CD29) or PECAM-1 (CD31) partially inhibited , % and 

%% (mean  SEM, respectively) the SDF-1-induced migration as compared to 

aa control mAb (P<0.05 for all three rnAbs) (Figure 3). A stronger inhibition was 

observedd when the antibodies against the different adhesion structures were 

combined.. All combinations demonstrated a significantly stronger inhibition than 

mAbss to CD18 or CD29 alone. The combination of all three antibodies was not 

superiorr to the combination of two antibodies, and a maximal inhibition of 68  6% 

wass obtained (Figure 3). A combination of two control antibodies (CD13 and 

CD59)) was used to exclude aspecific inhibition by high concentrations of 

antibodies. . 
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Figuree 3. Role for adhesion molecules in SDF-1-induced migration of CB CD34* cells across II-
ip-prestimulatedd endothelial cells (HBMEC-60). Migration of CB CD34* cells was determined in the 
presencee of CD18, CD29 and CD31 or control mAbs as indicated in the figure. The presence of mAbs 
againstt (32-integrins (CD18), (3,-integrins (CD29) or PECAM-1 (CD31) partially inhibited , % 
andd ) the SDF-1-induced migration as compared to a control mAb (P<0.05 for all three mAbs). 
Combinationss of mAbs: CD18+CD29; CD18+CD31 and CD29+CD31 significantly inhibited 
transendotheliall migration (P<0.05, P<0.01 and P<0.05, respectively) as compared to the control. With 
thee combination of mAbs against CD29, CD18 and CD31, a slightly higher inhibition was observed, 
althoughh not significantly different from the earlier mentioned combinations. Results are expressed as 
thee percentage of inhibition of transendothelial migration in the absence of inhibitory antibodies. The 
meann of the SDF-1-induced migration (100 ng/mL) in these experiments (n=9) was 46.9 _: 3.3 %. Each 
barr represents the mean  SEM of at least three separate experiments. 

AA role for CD34 and E-selectin (CD62E) has been described in adhesion of 
HPCC to BMEC [28-30]. Therefore, the contribution of these proteins in migration 
off  HPC was investigated. Figure 4 shows that the presence of the single mAbs 
againstt CD34 or E-selectin did not significantly inhibit the SUE-1-induced 
transendotheliall  migration. The combination of these two mAbs tended to inhibit 
migration,, but this did not differ significantly (P=0.06) from the controls. When 
bothh antibodies (or the mAb against E-selectin alone) were added to the 
combinationn of mAbs against CD18, CD29 and CD31. a slightly increased 
inhibitionn was observed, but again this increase did not reach significance. 

Too investigate whether O-glycosylated proteins such as CD34, CD43, CD44 or 
CD455 were involved in the transendothelial migration, the CD34* cells were 
treatedd with a glycoprotease derived from Pasteurella haemolytica. Treatment with 
thiss glycoprotease. resulted in a clearly decreased SDF-l-induced migration of 
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Figuree 4. The role of CD34 and E-selectin in SDF-1-induced migration across IL-ip-prestimulated 
endotheliall cells (HBMEC-60). Migration of CB CD34* cells was determined in the presence of anti-E-
selectin,, CD34, CD18, CD29, CD31 or control mAbs (CD13 or/and CD59). as indicated in the figure. 
Thee presence of single mAbs against CD34 or E-selectin did not significantly inhibit the transendothelial 
migration.. The combination of these two mAbs did also not reach significance (P=0.06). When anti-E-
selectinn was added to the combination of mAbs against CD18, CD29 and CD31, a slightly higher 
inhibitionn was observed, although again not significantly different from the situation without anti-E-
selectin.. Results are expressed as the percentage of inhibition of transendothelial migration in the 
absencee of inhibitory antibodies. The mean of the SDF-1-induced migration (100 ng/mL) in these 
experimentss (n=7) was 48.4  3.5 %. Each bar represents the mean  SEM of at least three separate 
experiments. . 

CD34'' cells over IL-1 (3-prestimulated HBMEC-60 (see Table 1). However, the 

inhibitionn of migration obtained with the blocking mAbs against printegrins, [3:-

integrinss and PECAM-1 was not augmented further by the glycoprotease treatment 

off  the CD34" cells (data not shown). CD34* cells derived from CB, peripheral 

bloodd (PB) or bone marrow (BM) were used in these experiments. 

Furtherr support for the role of the adhesion molecule VCAM-1 was found when 

wee compared the migration over HBMEC 60 and 28S. These cell lines differ in 

theirr response to IL-lp ; E-selectin and VCAM-1 was 5x and 10.x less upregulated 

onn HBMEC 28S than on HBMEC 60. The expression of ICAM-1 on HBMEC-28S. 

afterr IL-l p prestimulation, was only slightly lower than on HBMEC-60. 

Prestimulationn had no effect on CD3 1 expression and CD31 was equally expressed 

onn both cell-lines. Only 12% of CB CD34' cells migrated over HBMEC-28S in 

comparisonn with 46% of the cells over HBMEC-60. These differences between 
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Tablee 1. Inhibition of SDF-1-induced migration of glyco pro tease-treated CD34+ cells 
acrosss IL-1p-prestimulated endothelial cells. 

Sourcee % inhibition of migration 
CBB CD34+ cells 43% 
PBB CD34* cells 32% 
BMCD34** cells (n=2) 4 1 % 

SDF-11 induced migration (100 ng/mL) over HBMEC-60. Percentage inhibition was determined as 
comparedd to untreated CD34+ cells. Migration of untreated CB, PB or BM CD34* cells wass 33%, 9% and 
27%% respectively. 

HBMECC 28S and HBMEC 60 support a more important role of VCAM-l 
comparedd to ICAM-1 orCD31. 

Althoughh the SDF-1-induced migration across unstimulated HBMEC cells was 
low,, we also investigated which molecules were involved under this condition. The 
resultss of these experiments were variable (see Table 2). None of the single 
antibodiess (CD18, CD29, and CD31) significantly inhibited the transmigration and 
alsoo the combinations of the antibodies had no significant effect. 

DISCUSSION N 

Inn the process of homing of HPC to the bone marrow, as occurs during stem-cell 
transplantation,, the HPC must cross the bone-marrow endothelium. This migration 
processs consists of a sequence of transient interactions, directed by 
chemoattractantss and mediated by various adhesion molecules. In the present study 
wee have examined the role of adhesion molecules involved in SDF-1-induced 
transendotheliall  migration of HPC. 

Inn accordance with other reports, we found that the presence of SDF-1 greatly 
enhancedd transendothelial migration of CB CD34+ cells [9,15]. From our own 
previouss studies it is known that CB CD34̂  cells show maximal migration over 
FN-coatedd filters when concentrations between 600 and 1000 ng/mL SDF-1 are 
usedd [26]. In the present work we demonstrate that maximal transendothelial 
migrationn is observed with considerably lower amounts of SDF-1. The presence of 
300 or 100 ng/mL SDF-1 in the lower compartment of the Transwell system was 
alreadyy sufficient to induce maximal migration. Imai et al previously showed that 
bonee marrow endothelial cells produce SDF-1 [31]. However, the low spontaneous 
migrationn of CB CD34" cells over HBMEC excludes that the shift of the dose-
responsee curve is due to high levels of endogenous SDF-1 production. Most likely, 
thee observed differences in dose-response curves are related to an efficient 
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Tablee 2. Effects of blocking antibodies on SDF-1 -induced migration of CB CD34+ cells 
acrosss unstimulated endothelial cells. 

Antibody y 
Controll (anti-CD59) 
CD18{anti-p22 integrins) 
CD299 (anti-pi integrins) 
CD311 (anti-PECAM) 
CD188 + CD29+CD31 

%% inhibition of migration 
-- 3.3  9.1 % 

32.66  10.7% 
0.4++ 8.2% 

-- 14.3  18.0% 
7.88  15.8% 

SDF-11 induced migration (100 ng/mL) over HBMEC-60 Percentage inhibition represents the mean of 
fourr experiments r SEM. The mean of the SDF-1-induced migration (100 ng/mL) in these experiments 
(n=4)wass 18.5 + 5.6%. 

presentationn of SDF-l by endothelial cells. Probably, the chemokine is bound to 
vascularr proteoglycans because SDF-1 associates at high affinity with heparan 
sulfatess [32-34]. Indeed, when SDF-1 was added to the lower compartment of the 
Transwelll  system and the free SDF-1 was subsequently washed away, increased 
migrationn was still observed (data not shown). This observation suggests that 
endotheliall  cells are able to build up a concentration gradient within the endothelial 
layer.. Also in vivo SDF-1 is presented on the surface of BMEC [33]. The 
importancee of the presentation of SDF-1 by endothelial cells was also shown by 
Peledd et al. who recently demonstrated that only immobilized and not soluble SDF-
11 could upregulate integrin adhesiveness of CD34* cells [33]. 

IL-l pp prestimulation of endothelial cells further increased the SDF-1-induced 
migration.. Also the spontaneous transendothelial migration of the CD34' cells was 
significantlyy increased under these conditions, but remained below 5%. The fact 
thatt 1L-1 p prestimulation increased transendothelial migration stresses the 
importancee of integrin-mediated adhesion. This was confirmed by experiments 
withh the endothelial cell line HBMEC-28S, which shows a lower expression of the 
adhesionn molecules E-selectin and VCAM-1 upon Il-l p prestimulation than does 
HBMEC-600 and also show a dramatically lower migration (data not shown). In this 
regardd it is of interest that E-selectin and VCAM-1 are expressed on small 
endotheliall  vessels in hematopoietically active tissues in the in vivo situation, as 
shownn by [8]. Moreover, we have previously found that VCAM-1 and E-selectin 
aree involved in the interaction between HPC and HBMEC [28]. Finally, Il-l p 
prestimulationn normally induces cytokine production (e.g. IL-8 or IL-6) by 
endotheliall  cells. HBMEC-60 and HBMEC-28S barely release IL-6 and IL-8 under 
restingg conditions. After four hours of prestimulation with IL-lp . HBMEC-60 
producedd IL-6 and IL-8 in a nanogram/mL range, but the production by HBMEC-
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28SS was significantly less (data not shown). Thus, besides the upregulation of 
importantt adhesion molecules, also the release of various cytokines may be 
important.. Recently, Peled et at. showed that IL-6, which is also induced by IL-l p 
prestimulation,, can upregulate the expression of the CXCR-4 receptor on HPC 
[14].. This event did not occur in our assays, probably because of a shorter exposure 
too IL-6. Peled et at. stimulated HPC for 48 hours with IL-6, while exposure in our 
assayy is only 4 hours. 

Ourr data demonstrate that HPC require a set of adhesion molecules to migrate 
efficientlyy across IL-lp-prestimulated bone-marrow endothelium. In this situation, 
thee migration of HPC was only partially inhibited by mAbs against p2-integrins, p> 
integrinss or PECAM-1, and the effect of the single mAbs was much lower than 
whenn combinations of mAbs were used. Previous studies have only partially 
addressedd the role of adhesion molecules in the regulation of HPC transendothelial 
migration.. Möhle et at. [6] observed a role for p2 integrins and Yong et at. [7] for 
CD33 1 in spontaneous transendothelial migration of HPC. VLA-4 antibodies did not 
havee an inhibitory effect on this spontaneous migration [6]. Remarkably, a role for 
VLA- 44 and VCAM-1 in SDF-1-induced migration of murine HPC across BMECs 
hass been described by Imai et at. [15]. In contrast to these and our results, Naiyer et 

at.at. did not see any effect of VCAM-1 on SDF-1-induced transendothelial migration 
off  CD34+ cells [16]. They also did not observe an effect of antibodies to ICAM-1. 
However,, combinations of antibodies were not tested in their assay and these 
investigatorss tested migration after 24 hours. The blocking of the single mAbs in 
ourr assay was around 25% after 4 hours of migration, and it might well be that 
singlee antibodies only delay transmigration and that after 24 hours of migration 
thesee percentages inhibition could not be detected anymore. In our system, CD34 
andd E-selectin did not seem to play a role. We cannot exclude that these 
observationss are due to the static condition of our assay. In contrast to our data, 
Naiyerr et at. recently showed that E-selectin mediates SDF-1 -induced 
transendotheliall  migration across BMEC [16]. Naiyer et at. used a similar static 
Transwelll  assay. Moreover, they prestimulated the endothelial cells with II- lp for 
12-166 hours. In our hands, maximal expression of E-selectin is observed after 4 
hours,, and expression is much lower after 12 hours [25]. 

Finally,, we showed that treatment of CD34~ cells with glycoprotease from 
PasteureltaPasteurelta haemotytica caused an inhibition of migration across IL-ip -
prestimulatedd HBMEC-60 cells, indicating that O-glycosylated adhesion molecules 
suchh as CD34, CD43, CD44 or CD45 are probably also involved in the 
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transmigrationn process. Pilarski et al. recently showed a potential role for CD44 in 
HPCC adhesion studies [35]. However, the presence of mAbs against pVintegrins, 
pVintegrinss and PECAM-1 in combination with glycoprotease-treated CD34* cells 
didd not give a stronger inhibition than the presence of the three mAbs alone. A 
possiblee explanation for this lack of additive inhibition could be cross-talk between 
thee different adhesion molecules. For instance, cross-linking of CD34 or CD43 
antigenn by a putative ligand on BMEC might activate the pVintegrins, as has been 
describedd [36,37], 

Wee observed about 20% migration across unstimulated HBMEC-60, which was 
nott inhibited by mAbs against CD18, CD29, CD31, CD34 or E-selectin (neither 
singlee nor in combination). Apparently, HPC are able to use additional as yet 
unidentifiedd (adhesion) molecules for their transmigration. These molecules might 
alsoo be responsible for most of the transmigration across unstimulated HBMEC. 

Becausee we quantified migration of total CD34* cells in majority consisting of 
moree committed progenitor cells, we cannot conclude whether similar adhesion 
moleculess are required for the transmigration of more primitive hematopoietic 
progenitorr cells. However, there are currently no clear indications that CD34 
subsetss differ in their migrationa! behavior. In a previous study we did not observe 
differencess between phenotypically defined subsets in migration across a FN-
coatedd filter [26], Also Aiuti et al. showed no SDF-1-induced preferential 
migrationn of primitive precursors [9]. Finally, Jo et al. demonstrated that there was 
noo difference between transendothelial migration of the week 2 CB CAFC (which 
detectss committed progenitors) and the week 5 CB CAFC (which detects candidate 
stemm cells) [38]. 

Inn conclusion, we have shown that IL-l p prestimulation of endothelial cells 
enhancess SDF-1-induced migration of CB CD34* cells. This SDF-1-induced 
transendotheliall  migration is more efficient than migration over FN-coated filters. 
p2-integrins,, pVintegrins, PECAM-1 and O-linked structures are involved in the 
migrationn of HPC across HBMEC but our data suggest the involvement of other as 
yett unidentified molecules as well. 
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ABSTRACT T 

Thee success of stem cell transplantation depends on the ability of intravenously 
infusedd stem cells to engraft the bone marrow, a process referred to as homing. 
Efficientt homing requires migration of CD34̂  cells across the intercellular 
junctionss of the bone-marrow endothelium. The adhesion between endothelial cells 
iss controlled by VE-cadherin. Here we show that loss of VE-cadherin function 
increasess the permeability of monolayers of human bone marrow endothelial cells 
(HBMEC)) and stimulates the transendothelial migration of CD34+ cells in response 
too SDF-la. The SDF-la-induced migration was dependent on ICAM-1 and 
VCAM-1,, even in the absence of VE-cadherin function. Crosslinking of ICAM-1, 
too mimic the leukocyte-endothelium interaction, induced actin stress fiber 
formationn and reduced the HBMEC permeability, whereas crosslinking of VCAM-
11 increased the HBMEC permeability and induced discernible gaps in the 
monolayer.. These data suggest that modulation of VE-cadherin function directly 
affectss the efficiency of transendothelial migration of CD34" cells. The endothelial 
adhesionn molecules ICAM-1 and in particular VCAM-1 play an important role in 
thiss process by activating intracellular signaling that regulates the integrity of the 
bone-marroww endothelium. 
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INTRODUCTION N 

Hematopoieticc stem cell transplantation is applied to restore hematopoiesis in 
cancerr patients after myelo-ablative chemotherapy and/or after irradiation. The 
successs of the transplantation depends on the ability of the hematopoietic stem cells 
too engraft the bone marrow, a process referred to as homing [1]. An important step 
inn homing is the actual transmigration of reinfused stem cells across the bone-
marroww endothelium to the bone-marrow stroma. Whereas much is known about 
thee migration of granulocytes and T-cells, the factors that control the 
transendotheliall  migration of hematopoietic stem cells are still poorly understood. 

Recently,, the first powerful chemoattractant for hematopoietic stem cells 
(CD34̂ ^ cells) has been described, i.e. stromal cell-derived factor-la (SDF-la), 
producedd by several types of stromal cell, including those of the bone marrow [2-
5].. SDF-la signals through a G-protein-coupled receptor, called Fusin, LESTR or 
CXCR-44 [6-9]. SDF-la-driven homing of CD34+ cells has been suggested to be a 
multi-stepp process similar to the extravasation process of leukocytes at 
inflammatoryy sites [10] and is mediated by adhesion molecules both on CD34+ 

cellss [11] and on bone-marrow endothelial cells. In the final stage of homing, 
CD34'' cells migrate across the bone-marrow endothelium, presumably via the 
intercellularr junctions. Therefore, endothelial cell-cell adhesion is most likely an 
importantt regulatory factor in the homing of CD34" cells. 

Endotheliall  cell-cell adhesion is largely dependent on the homotypic cell-cell 
adhesionn molecule vascular-endothelial-cadherin (VE-cadherin, cadherin-5, 
CDD 144). VE-cadherin is a transmembrane protein that, like other members of the 
cadherin-familyy [12], associates via its cytoplasmic tail with various cytosolic 
proteins,, including a-, [3-, and y-catenin (plakoglobin), and pl20/pl00. These 
proteinss link VE-cadherin to the cortical actin cytoskeleton [13-15]. The role of 
VE-cadherinn in leukocyte transendothelial migration was first described by Gotsch 
andd colleagues, who showed an accelerated extravasation of neutrophils in a mouse 
peritonitiss model in vivo upon intravenous injection of a monoclonal antibody 
againstt mouse VE-cadherin [16]. Transfection experiments and gene-inactivation 
studiess have shown that VE-cadherin expression reduces monolayer permeability, 
promotess cell aggregation, motility and growth, and that VE-cadherin is required 
forr the organization of vascular-like structures in embryoid bodies [17-19], 
Moreover,, VE-cadherin, together with p-catenin, seems to be involved in cell 
survivall  [20]. Regulation of VE-cadherin, and thereby of endothelial cell-cell 
adhesion,, may occur through tyrosine or serine phosphorylation [21 -24], 
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associationn with regulatory proteins [20], and modulation of the endothelial actin 
cytoskeletonn [17,25], In addition, several studies have proposed a role for 
leukocyte-adhesion-inducedd signaling, e.g. through activation of myosin light chain 
kinasee in endothelial cells, which may indirectly regulate VE-cadherin function in 
thee process of transendothelial migration [26-29]. 

AA role for specific adhesion molecules in endothelial-cell signaling has been 
suggestedd by studies on VCAM-1 (CD 106) and ICAM-1 (CD54). Lorenzon and 
colleaguess concluded that VCAM-1 and endothelial selectins, in addition to their 
rolee as adhesion receptors, mediate endothelial stimulation by adherent leukocytes 
[30].. Moreover, activation of ICAM-1 on endothelial cells following binding of T-
cellss has been reported to induce tyrosine phosphorylation of the actin-binding 
proteinn cortactin [31]. In line with this, it was suggested that ICAM-1 mediates cell 
shapee changes through coupling to the p21Rho GTPase and by inducing 
phosphorylationn of cytoskeletal proteins and transcription factors [32]. 

Inn the present study, the role of VE-cadherin in the control of permeability of 
bone-marroww endothelium and of the transmigration of CD34+ cells was 
investigated.. For this purpose, we used immortalized human bone-marrow 
endotheliall  cells (HBMEC) [33], and CD34+ cells isolated from cord blood or from 
peripherall  blood of healthy volunteers. Using transmigration and permeability 
assaysassays in combination with analysis of the actin cytoskeleton and cell-cell 
adhesion,, we here show that adhesion of CD34+ cells to HBMEC through VCAM-
11 and PECAM-1/CD31 induces reduced VE-cadherin-mediated cell-cell adhesion, 
whichh facilitates SDF-la-driven transendothelial migration. 

METHOD S S 

Reagentss and Abs. 

mAbss to VE-cadherin were from Transduction Laboratories (Becton Dickinson 

Company,, the Netherlands (cI75)) or Pharmingen (San Diego, USA (55-7H1)). 

Polyclonall  Ab to VE-cadherin was from Sanvertech (Heerhugowaard, the 

Netherlandss (C-19)). mAbs to PECAM-1/CD31 were generated in our own 

institutee (CLB, Amsterdam, the Netherlands) and have been described [34]. 

Recombinantt human Interleukin-lp (IL-ip ) was from PreproTech (Rocky Hill , 

N.J.,, USA); Calcein-acetoxymethyl (-AM), Texas-Red Phalloidin, FITC-Dextran 

30000 and FITC-dextran 40000, ALEXA 488-labeled goat-anti-mouse-Ig (GaM-Ig) 

andd ALEXA 488-labeled goat-anti-rabbit-Ig (GaR-Ig) secondary Abs were from 
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Molecularr Probes (Leiden, the Netherlands). PE-labeled secondary Abs and C3 
transferasee were from DAKO (Glostrup, Denmark). HSA, fibronectin (FN) and 
controll  Abs IgGl and IgG2a were obtained from the CLB. FCS was from Gibco 
BRLL (Life Technologies, Paisley, Scotland, UK). bFGF was from Boehringer 
Mannheimm (Mannheim. Germany). CXCR-4 expression was quantitated with PE-
labeledd anti-human Fusin (12G5, Pharmingen). mAbs to ICAM-1 (84H10) and 
VCAM-11 (1G11) were purchased from Immunotech SA (Marseille, France). 
Crosslinkingg studies were performed with F(ab)2 fragments of goat-anti-mouse IgG 
fromm Jackson Immunoresearch (Baltimore, MD, USA). 

Isolationn of CD34+ hematopoietic progenitor  cells. 
Cordd blood (CB) was collected after delivery, according to the guidelines of 
Eurocord,, and peripheral blood from healthy volunteers (HV) was obtained from 
thee local bloodbank. Mononuclear leukocytes from whole blood of HV (500 ml) 
andd CB were enriched by density gradient centrifugation over Ficoll-paque (1.077 
g/ml)) (Pharmacia Biotech, Uppsala, Sweden). Then, the HV mononuclear fraction 
wass purified from thrombocytes by elutriation and further processed, similar to CB 
CD34**  cell isolation, with the VarioMacs system (Miltenyi Biotec GmbH, 
Gladbach,, Germany) as described [2]. At least 95% of the cells from CB, and 
>90%% of the cells from HV expressed CD34 as determined by FACS with CD34 
Abb (no. 581, Immunotech). 

Celll  cultures. 
Thee human bone-marrow endothelial cell line has been described previously [33], 

Thee cells were cultured in FN-coated culture flasks (NUNC, Life Technologies) in 

Mediumm 199 (Gibco BRL), supplemented with 10% (v/v) pooled, heat-inactivated 

humann serum (CLB), 10% (v/v) heat-inactivated fetal calf serum (FCS) (Gibco 

BRL),, 1 ng/ml bFGF (Boehringer Mannheim), 5 U/ml heparin (Leo 

Pharmaceuticall  Products, Weesp, the Netherlands), 300 ug/ml glutamine (Sigma 

Chemicall  Co., St. Louis, USA), 100 U/ml penicillin and 100 ug/ml streptomycin. 

Afterr reaching confluency, the endothelial cells were passaged by treatment with 

trypsin/EDTAA solution (Gibco BRL). HL-60 and KG-la cell lines were obtained 

fromm ATCC (Rockville, MO, USA) and were maintained in Iscove's Modified 

Dulbecco7ss Medium (IMDM , Biowhittaker, Brussels, Belgium) containing L-

glutamine,, 100 U/ml penicillin, 100 ug/ml streptomycin and 10% FCS. All cell 
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liness were cultured at 37°C at 5% C02. In all experiments, HBMEC monolayers 

weree pretreated with IL-1 (3 for 4 hours. 

Permeabilityy assays. 

Permeabilityy of HBMEC monolayers, cultured on 5 ^m pore Transwell filters 

(Costar,, Cambridge, MA) of 6.5 mm, was assayed with FITC-labeled 3000 dextran 

ass described [17]. In some experiments, monolayers were pretreated with Abs (10 

(ig/ml,, 1 hour). All reagents were present during the permeability assays. The C3 

transferasee was added to the HBMEC monolayers 6 hours prior to the assays. After 

thee assays, the filters were fixed and stained with Texas-Red phalloidin to inspect 

thee HBMEC monolayer by confocal laser scanning microscopy (CLSM). 

Transendotheiiall  Migratio n Assay. 
Transmigrationn assays were performed in Transwell plates of 6.5 mm diameter, 
withh 5 jim pore filters. HBMEC were plated at 50,000 cells/Transwell on FN-
coatedd filters. Non-adherent cells were removed after 18 hours. Freshly isolated 
CD34++ cells (20,000-100,000) were added to the upper compartment and the assay 
wass performed as described previously [2]. In blocking experiments, HBMEC were 
preincubatedd for 30 minutes at 37°C with mAbs (10 u.g/ml), followed by washing. 
Ass controls, IgGl and IgG2a isotypes were used. No mAbs were present during the 
assas.. After the assays, the filters were fixed and stained with Texas-Red phalloidin 
too analyse HBMEC monolayer by CLSM. 

Immunocytochemistry. . 
HBMECC were cultured on FN-coated glass coverslips and were fixed and 

immunostainedd as described [17] with mAb to VE-cadherin (7H1, 25 fig/ml) 

followedd by staining with fluorescently labeled secondary Abs (20 jag/ml). F-actin 

wass visualised by Texas-Red Phalloidin (1 U/ml). In some experiments, cells were 

pretreatedd with mAb to VE-cadherin (cl75, 1 hour, 10 |ig/ml). In the analysis 

followingg the permeability experiments, a goat polyclonal Ab to VE-cadherin was 

usedd for immunostaining. Images were recorded with a ZEISS LSM510 confocal 

microscopee with appropriate filter settings. Crosstalk between the green and red 

channell  was avoided by use of sequential scanning. 

Floww Cytometry. 
Thee expression of surface antigens on the HBMEC was measured by flow 
cytometry.. Following preincubations, the HBMEC were detached with 5 mM 
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EDTAA in calcium-free HEPES medium for 15 minutes at 37CC. After harvesting, 

thee cells were incubated in PBS containing 0.5% BSA and 1 m.M calcium with the 

differentt mAbs (10 ug/ml) for 30 minutes at 4°C and were washed with a 30-fold 

excesss of ice-cold PBS/BSA. The cells were then incubated with PE-conjugated 

goat-anti-mouse-Igg for 30 minutes at 4°C and washed. The relative fluorescence 

intensityy was measured by flow cytometry (FACScan, Becton Dickinson). 

Statistics. . 

Student'ss t-test for paired samples (two-tailed) was used for statistical analysis. 

Student'ss t-test for independent samples was used where indicated. 

RESULTS S 

Rolee of VE-cadherin in permeability and integrity of HBMEC monolayers. 

Inn the initial series of experiments, the role of VE-cadherin in the control of 

HBMECC monolayer integrity was examined. Ab-mediated inhibition of VE-

cadherinn resulted in an increased permeability of HBMEC monolayers, whereas a 

non-blocking,, isotype-matched VE-cadherin Ab or an irrelevant IgGl did not have 

anyy effect on the permeability of HBMEC (Figure 1). Immunofluorescent staining 

off  HBMEC showed a jagged distribution of VE-cadherin (Figure 2a) and 

colocalizationn with the ends of F-actin stress fibers (Figure 2c) [17,35]. 

Pretreatmentt of HBMEC monolayers with the blocking Ab against VE-cadherin 

resultedd in a redistribution of VE-cadherin over the cell surface (Figure 2d) and a 

markedd reorganization of the F-actin cytoskeleton (Figure 2e). This observation is 

inn line with the increased HBMEC permeability being the result of loss of VE-

cadherin-mediatedd cell-cell adhesion, indicating that VE-cadherin plays an 

importantt role in the regulation of the integrity of HBMEC monolayers. 

Figure ll .VE-cadher in-mediated permeabi l i ty 
off HBMEC mono layers . Cells were grown to 
confluencyy on FN-coated Transwell filters, 
prestimulatedd with IL-1p, followed by 
pretreatmentt for 30 minutes with Abs (10 
jag/ml)) and incubated for 3 hours with FITC-
dextrann 3000 in the upper compartment. Next, 
fluorescencee in the lower compartment was 
measuredd in a fluorimeter (>.EX 485 nm; /.EM 

5255 nm) and expressed as percentage of 
basall fluorescence in that compartment. The 
cl755 Ab to VE-cadherin, but not its isotype 
7H1,, increased monolayer permeability 
significantlyy (*p<0.001). Data are means
SEMM of five independent experiments. 
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Figuree 2. Inhibition of VE-cadherin alters VE-cadherin distribution and induces cytoskeletal 
reorganization.. HBMEC were grown to confluency on FN-coated glass coverslips, pretreated with IL-
ip,, and VE-cadherin and F-actin were visualised by double immunofluorescence as described in 
Methods.. The overlays show VE-cadherin in green (a) and F-actin in red (b): colocalization appears in 
yelloww (c). Pretreatment with the c175 Ab (10 ng/ml) caused loss of junctional localization of VE-
cadherinn (d), and a reorganization of the actin cytoskeleton as revealed by the loss of stress fibers (e). 
Ass a result of these changes, colocalization was lost (f) Bar, 50 urn. 
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Figuree 3. (a) Transmigration of primary CD34* cells 
acrosss FN. SDF-1a (30 ng/ml)-induced migration of 
CBB CD34' cells (hatched bars) across FN-coated 
filterss was significantly higher than the migration of 
HL-600 cells (filled bars) or HV CD34* cells (open 
bars)) (*p<0.001). Data are means  SD of four 
independentt experiments. 
(b)) SDF-1u-induced transendothelial migration of 
HL-600 cells. Dose-response of SDF-1u-induced 
migrationn of HL-60 cells across HBMEC shows a 
bell-shapedd curve with an optimal migration at 70 
ng/mll SDF-1a (filled bars). Open bars represent 
HBMECC that were pretreated for 30 minutes with Ab 
c1755 to VE-cadherin (10 ng/ml), resulting in a 
significantlyy increased migration at 30 ng/ml SDF-1a 
(*p<0.05)) and a shift of the dose for optimal 
migrationn from 70 to 30 ng/ml SDF-1«. Data are 
meanss  SD of three independent experiments 

SDF-1a(ng/ml) ) 
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Rolee of VE-cadherin in transmigration of CD34"  cells across HBMEC . 
Purifiedd CD34* cells from CB and HV and the human leukemic cell line HI -60. 

whichh all express CXCR-4, were tested for their ability to migrate across FN or 

HBMECC towards a gradient of  ̂SDF-1 a. HL-60 cells showed a similar efficiency as 

didd CD34" cells from HV in transmigration across FN to 70 ng/ml SDF-la, 

whereass CB CD34* cells showed a higher migration efficiency (Figure 3a). 

Howw ever. CXCR-4 expression of HV and CB CD34* were similar (data not 

shown),, indicating that differences in CXCR-4 expression could not explain the 

moree efficient migration of CB CD34* cells. Because of the limited supply of 

primaryy CD34* cells, HL-60 cells were used as a model in dose-response studies of 

transmigrationn across HBMEC. The results show a bell-shaped response with 

optimall  migration at 70 ng/ml SDF-la (Figure 3b). When VE-cadherin was 

blockedd on HBMEC, a shift of the optimal concentration from 70 to 30 ng/ml SDF-

l aa was observed (Figure 3b). Moreover, a significant increase in the 

transmigrationn of CD34* cells at 30 ng/ml SDF-la was observed. This finding 

showss that VE-cadherin function is an important determinant of the efficiency of 

migrationn of CD34" cells across bone-marrow endothelium. Therefore, we 

analysedd the VE-cadherin distribution during transmigration in more detail. We 

observedd a focal loss of VE-cadherin as well as of p-catenin at sites of 

Figuree 4. Transmigration of CB CD34* cells induces focal loss of VE-cadherin. CD34* cells and 
HBMECC were stained and fixed after 3 hours of transmigration. Loss of VE-cadherin localization (green) 
wass observed at the site of migration of the CB CD34* cell, indicated by the arrowhead (a). The 
migratingg cell is visualised by F-actin staining in red (b. arrowhead). Yellow indicates colocalization of F-
actinn and VE-cadherin at the periphery of the migrating cell (c, arrowhead). The X-Z section shows the 
samee migrating CD34* cell, protruding into a filterpore (d, dashed arrow). Bar, 10 urn. 
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transmigrationn of CD34* cells (Figure 4a and data not shown). In addition, stress 
fiberss seemed to converge at the periphery of the transmigrating CD34* cell 
(Figuree 4c). These observations suggest a co-ordinated interaction between the F-
actinn cytoskeleton and VE-cadherin at sites of CD34* cell transmigration. 

++ - - + 
++ + + 

++ + - + + 

++ - + 
++ + 

Figuree 5. Effect of inactivation of p21Rho on the transmigration of CD34* cells and on the 
permeabilityy and integrity of HBMEC monolayers, fa) HBMEC were treated for 6 hours with 10 ng/ml C3 
transferasee to inactivate p21Rho and were immunostained for F-actin and VE-cadherin. The treatment with C3 
causedd a loss of stress fibers (a), but staining of VE-cadherin remained localized to cell-cell junctions (b): 
colocalizationn appears in yellow (c). In addition to the C3 treatment, the monolayer was pretreated for 30 
minutess with the c175 antibody (10 ng/ml), which caused a loss of HBMEC cell-cell adhesion (d) and diffuse 
stainingg of VE-cadherin over the surface (e). Bar, 50 pm. Inactivation of p21Rho had no effect on the SDF-1u-
inducedd migration of CB CD34' cells across HBMEC with or without 30 minutes pretreatment with the c175 
antibodyy (10 ng/ml) (g). Inactivation of p21Rho also had no significant effect on the permeability to FITC-
dextrann 3000 of HBMEC (h). Data are means  SD of three independent experiments. 

Rolee of p21Rho in VE-cadherin-mediated transmigration of CD34* cells and 
inn the permeability and integrit y of HBMEC monolayers. 

Ab-mediatedd loss of VE-cadherin function was accompanied by a reorganization of 
thee actin cytoskeleton (Figure 2). Together with the results shown in figure 4. these 
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Figuree 6. Role fo r endothe l ia l adhes ion molecules in SDF-1a- induced t ransmigra t ion of pr imary 
CD34** cells ac ross HBMEC. To determine the role of these adhesion molecules on CD34' cell 
transmigration.. HBMEC were cultured on Transwell filters and prestimulated as described under 
Methods.. Prior to the addition of the CD34' cells from HV or CB to the upper compartment, the 
monolayerss on the filter were incubated for 30 minutes with blocking antibodies to adhesion molecules, 
fol lowedd by washing, (a) mAbs to ICAM-1 (10 ug/ml; u-ICAM-1) and to VCAM-1 (10 ^ig/ml; u-VCAM-1) 
inhibitedd the SDF-1a-induced migration of HV CD34* cells. The combination of Abs to ICAM-1 and 
VCAM-11 (a-l-1+ct-V-1) showed a significant inhibition of the transmigration (**p<0.01). Pretreatment of 
HBMECC with Ab c175 against VE-cadherin (10 ug/ml, filled bars) increased basal migration of HV 
C D 3 4 '' cells (***p<0.001). Under these conditions. ICAM-1 was still required for efficient migration 
(*"*p<00 001). (b) mAbs to ICAM-1 (10 ug/ml) also inhibited the migration of CB CD34* cells (**p<0.01). 
Similarly,, mAbs VCAM-1 (10 ug/ml) inhibited the migration of CB CD34* cells (*p<0.05). In addition, the 
combinationn of mAbs to ICAM-1 and VCAM-1 (a-l-1+«-V-1) inhibited the transmigration (**p<0.01). 
Pretreatmentt of HBMEC with Ab c175 to VE-cadherin (10 ug/ml, filled bars) increased basal SDF-1a-
inducedd migration of CB CD34 ' cells, but mAbs to ICAM-1 were still able to inhibit the migration 
(**p<0.01).. Data are means  SD of at least three independent experiments. 

findingss suggest that the actin cytoskeleton regulates VE-cadherin function in 
HBMEC.. Regulation of endothelial contractility can be mediated by changes in 
cAMPP levels [36] and by the small GTPase p2lRho [37.38]. p21Rho is required 
forr actin stress fiber formation in response to extracellular stimuli in many cell 
typess and has also been implicated in the organization of cadherin-based cell-cell 
adhesionn in epithelial cells [39.40]. To investigate the role of p2lRho in control of 
transmigrationn of CD34~ cells across HBMEC and of HBMEC permeability, 
HBMECC were pretreated with C3 transferase. As a result, a loss of cytoplasmic F-
actinn staining (Figure 5a), but no change in VE-cadherin distribution (Figure 5b) 
wass observed. When, in addition to C3 pretreatment. VE-cadherin was blocked, the 
proteinn became diffusely localized over the cell surface (Figure 5d and e). 
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Inactivationn of p21Rho by C3 did not significantly affect the transmigration of 
CD34'' cells across HBMEC (Figure 5g), indicating a minor role for p21Rho in the 
controll  of the transmigration of CD34" cells. Moreover. C3 pretreatment also did 
nott affect the permeability of HBMEC (Figure 5h). 
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Figuree 7. Effect of crosslinking of adhesion molecules on the permeability of HBMEC 
monolayers .. The HBMEC monolayer permeability to FITC-dextran 3000 was measured following 
pretreatmentt of the endothelial cells with mAbs to ICAM-1, VCAM-1, PECAM-1 or lgG1 (1 hour 10 
ug/ml).. Thirty minutes prior to the addition of FITC-dextran 3000, the antibodies were crosslinked with 
goat-anti-mouse-lgG.. Fluorescence in the lower compartment was measured after 3 hours Crosslinking 
off ICAM-1 decreased the permeability of HBMEC ( p O . 0 0 1 , compared to control), whereas crosslinking 
off VCAM-1 showed an increase in permeability HBMEC (p<0.001, compared to control) Also PECAM-
1/CD311 induced permeability after crosslinking HBMEC (p<0.001, compared to control) Data are 
meanss  SD of at least 4 independent experiments. 

Rolee of ICAM- 1 and VCAM- 1 in VE-cadherin-mediated transmigration of 
CD34""  cells. 

Thee VLA-4 and VLA-5 integrins are necessary for efficient migration of CD34* 
cellss across HBMEC [2.11.41,42]. Therefore, we investigated which adhesion 
moleculess that are known ligands for VLA-4 and VLA-5 mediate the 
transmigrationn of CD34" cells across HBMEC. ICAM-1 is highly expressed on IL-
ip-prestimulatedd HBMEC, whereas VCAM-1 is expressed at a lower level (data 
nott shown). Pretreatment of the HBMEC monolayers with blocking Abs to ICAM-
11 or VCAM-1 inhibited the transmigration of HV and CB CD34' cells across 
HBMEC.. 4The combination of Abs to ICAM-1 and VCAM-1 inhibited the 
transmigrationn for HV and CB CD34" cells significantly (Figure 6a and b). 
Pretreatmentt of HBMEC with Abs to PECAM-1 did not affect the transmigration 
off  both HV and CB CD34+ cells (data not shown). Following pretreatment of the 
HBMECC with mAbs to VE-cadherin. which increased the transmigration of CD34' 
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cellss across HB.MEC for both cell types, the transmigration was still dependent on 

ICAM-11 (Figure 6a and b) and VCAM-1 (data not shown). 

Figuree 8 Effect of crosslinking of adhesion molecules on the integrity of HBMEC monolayers. HBMEC 
weree grown to confluency on FN-coated glass coverslips and stained for VE-cadherin and F-actin. The images 
showw F-actin in red (a.d.g) and VE-cadherin in green, stained with a polyclonal Ab (b.e.h): colocahzation 
appearss in yellow (c.f.i) HBMEC monolayers were incubated for 30 minutes with mAbs to ICAM-1, followed by 
300 minutes of crosslinking with goat-anti-mouse-lgG. F-actin staining showed induction of stress fibers, but this 
wass not accompanied by the formation of discernible gaps (d). VE-cadherin was localized normally to cell-cell 
lunctionss (e) Crosslinking of VCAM-1 induced stress fibers and gaps were formed in the HBMEC monolayer 
(g).. with diffuse VE-cadherin localization at sites of gap formation (h). Staining of endothelial nuclei was due to 
aspecificc binding of the ALEXA 488-labeled goat-anti-rabbit-lg secondary antibody. Bar. 20 urn. 

Rolee of ICAM- 1 and VCAM- 1 in permeability and integrit y of HB.MKC 
monolayers. . 
Ass was shown in figure 1, loss of VE-cadherin function increased the permeability 
o(o( HBMEC monolayers. To establish the effects of signaling induced by specific 
adhesionn molecules on VE-cadherin-mediated cell-cell adhesion and thus on 
monolayerr integrity, permeability assays in combination with crosslinking were 
performed.. Crosslinking of ICAM-1 with specific mAbs resulted in a small, but 
significantt decrease in the HBMEC permeability (Figure 7). In contrast, 
crosslinkingg of VCAM-1 or PECAM-1 induced a significant increase in the 
permeabilityy of HBMEC monolayers (Figure 7). These results imply that ICAM-1 
playss no direct role in reducing endothelial cell-cell contact, whereas VCAM-1 and 
PE(( AM-1 may promote signaling which controls VE-cadherin. Analysis oi the 1-
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actinn cytoskeleton showed that crosslinking of ICAM-1 induced stress fiber 
formationn (Figure 8d), but this was not accompanied by discernible gaps in the 
HBMECC monolayer (Figure 8e). VE-cadherin at cell-cell junctions was distributed 
normallyy (Figure 8f). In contrast, crosslinking of VCAM-I did induce gaps in 
betweenn endothelial cells (Figure 8g) and focal loss of VE-cadherin at sites of gap 
formationn was observed (Figure 8h). Similar results were obtained with 
crosslinkingg of PECAM-1 (data not shown). 

DISCUSSION N 

Thee present study demonstrates that VE-cadherin is a crucial regulator of the 
permeabilityy of human bone-marrow endothelial cells and that its adhesive 
propertiess control the efficiency of migration of hematopoietic progenitor cells 
(CD34++ cells) across HBMEC. In addition, endothelial adhesion molecules such as 
ICAM-11 and VCAM-1 were found to be important for CD3<TcelI adhesion and for 
thee induction of endothelial signaling, regulating VE-cadherin function and 
HBMECC monolayer integrity. 

Transmigratingg CD34' cells induced a focal loss of VE-cadherin and of p-
cateninn at endothelial cell-cell junctions. This focal loss of VE-cadherin was 
reversible;; the normal, jagged pattern of VE-cadherin distribution was restored 
followingg the transmigration assays. A similar phenomenon was also reported by 
Allportt et al. [35], who studied monocyte migration across HL'VEC under flow, 
albeitt in the absence of a chemotactic gradient. One of the proposed mechanisms 
forr the loss of VE-cadherin function during leukocyte passage is the trapdoor 
mechanism:mechanism: the VE-cadherin-catenin complex is mechanically pushed aside by the 
migratingg leukocyte and simply re-adheres after leukocyte passage [35]. However, 
despitee the fact that the VE-cadherin distribution was lost at sites of CD34+ cell 
transmigration,, the migration across HBMEC remained dependent on ICAM-1 and 
VCAM-1-mediatedd adhesion in the absence of VE-cadherin function. 

Conflictingg results on the role of ICAM-1 and VCAM-1 in transmigration of 
CD34~~ cells have been published [43,44]. We therefore tested the hypothesis that 
leukocyte-endotheliumm interactions, mediated by ICAM-1 and VCAM-1, induce 
endotheliall  signaling that controls cell-cell adhesion, i.e. VE-cadherin function. 
Crosslinkingg experiments supported a role for VCAM-1 in the regulation of 
endotheliall  cell-cell junctions. In contrast, ICAM-1 failed to induce gaps between 
thee cells after crosslinking, despite the induction of actin stress fibers. This 
suggestss that ICAM-1 is important for strong adhesion of CD34' cells to the 
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HBMECC and that VCAM-1, besides its role in CD34" cell-adhesion, induces 
signalingg to control HBMEC cell-cell contacts. Several reports have suggested a 
signalingg role for ICAM-1 during leukocyte transmigration, e.g. through activation 
off  p21Rho [36,45,46], Our crosslinking studies indicate that also in HBMEC, 
ICAM-11 may activate Rho, as deduced from the induction of stress fibers. 
However,, this response was not sufficient to induce loss of HBMEC integrity. In 
linee with this, inhibition of p21Rho by the C3 transferase did not affect the 
transmigrationn of CD34+ cells or the integrity of HBMEC monolayers, suggesting 
onlyy a minor role for the Rho GTPase in the control of CD34" cell transmigration. 
Thesee findings suggest differential, possibly cell-type specific use of a Rho-
signalingg pathway in the control of endothelial monolayer integrity during 
leukocytee transmigration. 

Basedd on these data, we suggest that homing of CD34+ cells requires ICAM-1 
forr firm adhesion to the bone-marrow endothelium and that VCAM-1 may be 
requiredd to induce focal loss of VE-cadherin function via as yet uncharacterised 
signall  transduction pathways. It has been reported that loss of VE-cadherin 
functionn promotes increased neutrophil recruitment in a murine model of 
thioglycollate-inducedd acute peritonitis and increases vascular permeability in the 
heartt and lungs of mice [16,47]. Together with these published data, our current 
resultss suggest that adhesion molecule-mediated regulation of VE-cadherin 
functionn in human bone-marrow endothelial cells is essential for efficient 
transendotheliall  migration and thus plays an important role in the homing of 
CD34~~ cells. 
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ABSTRACT T 

Hepatocytee growth factor (HCF), also known as scatter factor (SF), is produced by 

mesenchymall  cells, including bone marrow (BM) stromal cells, and has mitogenic 

andd motogenic effects on a variety of cell types. Recently, a role has been assigned 

too HGFISF and its receptor, c-MET, in both normal and malignant hematopoiesis. 

Wee investigated the function of HGF/SF on hematopoietic mononuclear cells 

(MNC)) from patients with acute myeloid leukemia (AML ) and myelodysplastic 

syndromee (MDS) with circulating blasts. In contrast to results with normal MNC, 

HGF/SFF alone stimulated the proliferation and colony formation of MNC from 

thesee patients. MNC from some (4/13) of the AM L patients also produced HGF/SF 

(0.10.22 ng/ml/day), while we could not detect HGF/SF in cultures from normal 

MNC.. Furthermore, it appeared that HGF/SF induced migration of leukemic cells 

inn Boyden chambers using KG la cells as a model for leukemic blasts. The 

membraness dividing the two compartments of the Boyden chambers were coated 

withh fibronectin. HGF/SF significantly promoted migration in 3/5 samples of MDS 

patientss and in 5/7 samples of AML patients. Supernatant of human BM stromal 

cells,, which is chemoattractive for normal human hematopoietic progenitor cells, 

alsoo promoted migration of MNC from 4/5 MDS patients and 6/7 AM L patients. 

Sincee HGF/SF is one of the growth factors produced by BM stromal cells, a 

neutralizingg antibody directed against HGF/SF was added to the BM stroma 
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supernatant,, which reduced migration significantly in 2/3 MDS and in 3/6 AML 
responderss to BM stroma supernatant. In conclusion, HGF/SF promotes 
proliferationn and migration of hematopoietic cells from AML and MDS patients in 
vitroo and may therefore contribute to the malignant potential of these cells. 

INTRODUCTION N 

Hepatocytee growth factor (HGF), also known as scatter factor (SF), was first 
isolatedd from rat platelets and from plasma of patients with hepatic 
abnormalities.1^^ HGF/SF is produced by a variety of mesenchymal cells as a single 
chainn pro-HGF/SF, which is enzymatically, cleaved into biologically active 
HGF/SFF consisting of an a- and a p-chain.6'10 The receptor for HGF/SF is encoded 
byy the MET proto-oncogene, c-MET, which is a cell surface tyrosine kinase 
receptorr also consisting of an extracellular a- and a transmembrane p-chain. The 
P-chainn contains the tyrosine kinase domain, as well as sites for tyrosine 
autophosphorylation.12'133 HGF/SF regulates liver regeneration, and furthermore has 
mitogenic,, morphogenic and motogenic effects on many different epithelial cells 
(egg mammary, kidney, intestinal and bronchial epithelial cells) as well as 
endotheliall  cells.14'20 However, among its pleiotropic effects, a role has also 
recentlyy been assigned to HGF/SF and c-MET in hematopoiesis.2!'22 HGF/SF was 
foundd to be synergistic with GM-CSF and IL-3 in proliferation of murine myeloid 
progenitorr cell lines and murine hematopoietic progenitor cells (HPC) enriched 
fromm bone marrow (BM) or fetal liver.23"25 Recently, three different groups, 
includingg ours, observed a synergistic proliferative effect of HGF/SF with other 
growthh factors on human HPC, and detected c-MET expression in human CD34̂  
HPC.26"2tJJ In addition, HGF/SF promoted survival of human HPC and was detected 
inn the supernatant of BM stromal cells.2'29 Apart from normal hematopoiesis, 
HGF/SFF and c-MET seem to be involved in malignant hematopoiesis: In vitro 
HGF/SFF production has been reported by leukemic and lymphoma cells and 
significantt amounts of HGF/SF have been detected in blood and bone marrow 
plasmaa of leukemic patients.30"32 Overexpression of c-MET, which may activate the 
proto-oncogene,, has also been detected in some cases of human leukemia and 
lymphoma.. " " 

Sincee these reports indicate that HGF/SF might play a role in leukemia, we 
investigatedd whether HGF/SF affected the function of leukemic cells. Using either 
peripherall  blood (PB) or bone marrow (BM) samples from MDS (refractory 
anemiaa with excess blasts (RAEB) or RAEB in transformation (RAEBt) and AML 
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patients,, the effect of HGF/SF on proliferation of these leukemic cell samples was 
studied.. HGF/SF alone promoted both proliferation and colony formation in these 
leukemicc cell samples in a dose-dependent manner, while it did not exert this effect 
onn normal PB or BM samples. Besides proliferation, the capacity of this growth 
factorr to induce migration of leukemic cells was studied using Boyden chambers 
withh fibronectin-coated membranes dividing the two compartments. HGF/SF 
promotedd both adhesion to fibronectin and migration in Boyden chambers to a 
similarr extent as supernatant from BM stromal cells, which is known to induce 
migrationn of hematopoietic progenitor cells. 

MATERIAL SS AND METHOD S 

Cells s 
Normall  bone marrow (BM) was aspirated from patients undergoing cardiac surgery 
afterr informed consent (approval by local ethical committee Academic Medical 
Center,, Amsterdam, The Netherlands). Mononuclear cells (MNC) from normal 
bonee marrow (BM MNC), from peripheral blood from healthy volunteers, or from 
bonee marrow or peripheral blood of patients (see below) were isolated by density 
centrifugationn (Lymphoprep, Nycomed Pharma, Oslo, Norway; density 1.077 g/ml; 
20°C;; 15 min at 2200 r.p.m.). Mononuclear cells were frozen in IMDM + 20% 
FCSS + 20% DMSO in liquid nitrogen. Before use, cells were thawed and allowed 
too recover overnight in IMDM containing L-glutamine (Gibco/BRL, Gaithersburg, 
MD,, USA), supplemented with 10% FCS (Bio Whittaker, Walkersvilie, MD, 
USA),, penicillin (100 U/ml; Gibco/BRL) and streptomycin (100 }ig/ml; 
Gibco/BRL;; P/S) with or without 10 ng/ml IL-ip , 15 ng/m) HGF/SF, or 0.1 ng/ml 
PMAA (Fluka Chemie AG, Buchs, Switzerland) at 37°C. Then, supernatants were 
collectedd (to measure HGF/SF production by ELISA; see below) and cells were 
usedd for proliferation, adhesion and migration assays (see below). The KG la cell 
linee was obtained from the ATCC (Rockville, MD, USA) and maintained in culture 
mediumm (IMDM containing L-glutamine and P/S) with 5% FCS. Bone marrow 
stromall  cells were cultured as follows: 6 x 106 BM-MNC were seeded in a 75 mm2 

flaskk in 6 ml 50% DMEM and 50% RPMI 1640 containing L-glutamine 
(Gibco/BRL)) supplemented with 10% FCS (Bio Whittaker), P/S (100 U/ml 
penicillin;; Gibco/BRL and 100 ug/ml streptomycin: Bio Whittaker). After 1 day 
thee medium was refreshed and only the adhering cells were kept in culture. 
Monolayerss were grown and half of the medium was refreshed once a week. The 
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supernatantt of these BM stromal cells was used in migration experiments (see 

below)) and the amount of HGF/SF present in the supernatant was tested by ELISA 

(seee below). 

Patients s 
MNCC from 16 patients with a myelodysplastic syndrome (MDS) and from 16 
patientss with an acute myeloid leukemia (AML) were isolated and stored in liquid 
nitrogenn before use. From the 16 MDS patients, 15 samples were obtained from 
peripherall  blood and one sample from bone marrow. At the time of collection, 15 
sampless were from MDS patients with a diagnosis of RAEB (refractory anemia 
withh excess blasts) or RAEBt (RAEB in transformation) and one sample from a 
patientt with RA (refractory anemia). Six samples from AML patients were 
obtainedd from bone marrow and 10 from peripheral blood. The diagnosis of 10/16 
AMLL patients were known for two patients with Ml , five with M2, one with M3, 
onee with M4, and two with M5, and was unknown for five patients. 

Normall  bone marrow (BM) was aspirated from patients undergoing cardiac 
surgeryy after informed consent (approval by local ethical committee Onze Lieve 
Vrouwee Gasthuis, and Academie Medical Center, Amsterdam, The Netherlands). 

Cytokines s 
HGF/SFF was a gift from Prof dr TNakamura, Osaka, Japan. 

Colony-formationn assay 
Mononuclearr cells from MDS or AML patients or from normal bone marrow were 
usedd for the colony assays. 2 x 105 BM MNC were suspended in 1 ml of IMDM + 
L-glutaminee (Gibco/BRL), supplemented with 10% FCS (Bio Whittaker), P/S, 7.3 
xx 10"5 M a-monothioglycerol (Sigma, St Louis, MO, USA) and 0.36% agarose 
(SeaPlaquee GTG; FMC, Rockland, ME, USA) and plated in triplicate in petri 
dishess (35 x 10 mm Falcon/Becton Dickinson, Plymouth, UK). Colonies were 
grownn for 2-3 weeks, after which colony formation was scored using an inverted 
microscope.. Colonies were scored when consisting of 50 cells or more. 

3H-thymidin ee incorporation assay 

Proliferationn was tested using 3H-thymidine incorporation. Mononuclear cells (5 x 

104)) were plated per well in a 96-well plate (round bottom; Greiner, Germany) in 

0.222 urn filtered culture medium (IMDM + L-glutamine, supplemented with 5% 
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FCSS and P/S). After 3 days at 37°C the plates were pulsed with 3H-thymidine (0.5 

uCi/well)) overnight and counted in a Betaplate counter (1205 Betaplate, Finland). 

Celll  purificatio n 

CD34""  cells were isolated using the VarioMACS system (Miltenyi Biotec, 
Bergisch-Gladbach,, Germany; gift from Amgen, Thousand Oaks, CA, USA). 
Briefly,, mononuclear cells were incubated with a hapten-Iabeled antibody directed 
too CD34 (QBEND) in the presence of human IgG as a blocking reagent in PBE 
(PBS,, 0.5% BSA, 5 mM EDTA) for 15 min at 4°C. Cells were washed in PBE and 
incubatedd with anti-hapten microbeads for another 15 min at 4°C. The labeled cells 
weree washed and resuspended in PBE, passed through a 30 urn nylon filter 
(Miltenyii  Biotec) to remove cell aggregates. The cell suspension was applied to an 
RŜ ^ separation column, which was placed in the magnetic field of VarioMACS. 
Thee column was washed four times to remove CD34" cells and the CD34+ cells 
weree eluted with 1 ml PBE after removing the column from the VarioMACS. The 
cellss were further purified using a new RS" separation column after which at least 
95%% of the cells expressed CD34 (as measured by FACS). 

HGF/SFELISA A 

AA HGF/SF-ELISA kit (Institute of Immunology, Tokyo, Japan) determined the 
levell  of HGF/SF. HGF/SF detection is based upon a sandwich method using a solid 
phasee coated antihuman HGF/SF mouse monoclonal antibody and a 
peroxidase-labeledd anti-human HGF/SF mouse monoclonal antibody. Amounts 
fromm 0.1 ng/ml were reliably detected according to the linearity of the standard 
curve.. Supernatants were diluted 1:2 with sample dilution buffer. No HGF/SF was 
detectedd in culture media containing 5% orr 10% FCS. 

Adhesionn assay 

Adhesionn assays were performed as described by Sonnenberg et a I.34 

Ninety-six-welll  plates (U-bortom; Greiner, Kernsmunster, Austria) were coated 

overnightt at 4°C with 20 ug/ml of bovine fibronectin (FN; Sigma). Plates were 

washedd three times with PBS and blocked with 1 % BSA in PBS for at least 1 h at 

roomm temperature. Mononuclear cells were labeled with Na:
51Cr04 (Amersham, 

Essex,, UK) for 30 min, washed three times and resuspended in IMDM containing 

L-glutaminee and 0.35% BSA at a concentration of 1 x 106 cells/ml. The cells were 

preincubatedd with HGF/SF (5-50 ng/ml) or PMA (0.1 ug/ml; Fluka Chemie, 

Switzerland)) for 10 min at 37CC. Thereafter. 100 ul of the cell suspension 
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(includingg HGF/SF or PMA) was plated in the FN-coated wells. Cells were 
allowedd to adhere to the extracellular matrix molecule for 30 min at 37°C after 
whichh the wells were gently washed in IMDM + L-glutamine + 0.35% BSA at least 
fivee times until no more floating cells were seen with an inverted light microscope. 
Finally,, the adherent cells were lysed with 0.2% SDS and counted in a 
gamma-counterr (Packard). The percentage of cells that had adhered was calculated 
byy dividing the measured radioactivity by that of the cells added (set at 100%). All 
incubationss were performed in triplicate. 

Migratio nn assay 
Boydenn chambers (24-well plates; Becton Dickinson, Mountain View, CA, USA) 
weree used to assess migration as described previously by Albini et al."5 Upper and 
lowerr chambers of the Boyden chambers were separated by human fib-
ronectin-coatedd membrane with 3 um pores (Becton Dickinson). Cells (3 x 10') 
weree seeded in the upper chambers in culture medium (IMDM containing 
L-glutamine,, supplemented with containing 5% FCS and P/S) and HGF/SF (5-50 
ng/ml),, supernatant of BM stromal cells (1:2 diluted with culture medium without 
FCSS to obtain a final concentration of 5% FCS), monoclonal anti-HGF/SF (10 
fig/ml;; neutralizing antibody; R&D, Oxon, UK), or monoclonal anti-IL-10 (10 
ug/ml;.. neutralizing antibody; R&D, Oxon, UK) were added to the lower chambers 
inn the same culture medium as present in the upper wells. The chambers were 
incubatedd overnight at 37°C. The cells that had migrated from the upper to the 
lowerr chamber were counted using an inverted light microscope. Three different 
fieldss or all cells (depending on the cell number) of the lower chamber were 
countedd with a 20 x ocular. 

Statisticall  analysis 
Alll  results were expressed as the mean  standard deviation (s.d.). Significance 
levelss were determined between different groups in the proliferation, adhesion and 
migrationn assays using the two-tailed Student's t-test. 

RESULTS S 

Proliferatio nn of MDS and A ML cells by HGF/SF 
Normall  hematopoietic cells, including CD34' purified cells, do not proliferate or 
formm colonies in the presence of HGF/SF alone.23"26"29 Peripheral blood or bone 
marroww samples were obtained from MDS patients with circulating blasts or AML 
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patients.. MNC from 10/16 MDS patients responded to HGF/SF as measured by an 
increasee in thymidine incorporation (mean  s.d.: 4.1  3.2, n = 10\ Table 1 a). 
Withinn the MDS population 6/7 patients formed more colonies (mean  s.d.: 2.0
1.1)) in the presence of HGF/SF (Table la). Proliferation of AML samples 
increasedd 2.3  2.9 (mean  s.d., n = 8) in 8/16 patients in the thymidine assay and 
1.99  0.7 (mean  s.d., n = 7) more colonies were found in 7/8 AML patients 
(Tablee lb). 

Tablee 1a. Effect of HGF/SF on proliferation, measured as thymidine incorporation, 
and/orr on colony formation of MDS patients. 

Patient t 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 

Diagnosis s 

MDS S 
MDS S 
MDS S 
MDS S 
MDS S 
MDS S 
MDS S 
MDS S 
MDS S 
MDS S 
MDS S 
MDS S 
MDS S 
MDS S 
MDS S 
MDS S 

Subtype e 

RAEB B 
RAEB B 
RAEB B 
RAEB B 
RAEB B 
RAEBt t 
RAEB B 
RAEB B 
RAEB B 
RA A 
RAEB B 
RAEB B 
RAEB B 
RAEB B 
RAEB B 
RAEB B 

Material l 

PB B 
PB B 
BM M 
PB B 
PB B 
PB B 
PB B 
PB B 
PB B 
PB B 
PB B 
PB B 
PB B 
PB B 
PB B 
PB B 

Thym m dine e 
incorporation3 3 

2 2 
1.4 4 
7 7 
1 1 
1 1 
1 1 
4 4 
8.4 4 
10 0 
2 2 
3 3 
2 2 
1.5 5 
1 1 
1 1 
ND D 

Colony y 
formati i 
2 2 
1.2 2 
1.5 5 
2 2 
1 1 
1.2 2 
ND D 
ND D 
ND D 
ND D 
ND D 
ND D 
ND D 
ND D 
ND D 
4 4 

MDS,, myelodysplastisch syndrome; ND not determined;RAEB, refractory anemia excess of blasts;PB, 
peripherall blood;BM, bone marrow. 'Increment 

AA clear dose-effect of HGF/SF was seen in most of the patients (Figure 1). Both 
colonyy formation and thymidine incorporation was studied in 14 AML/MD S 

patientss and similar results were seen in both assays (Table la and b). The FAB 
classificationn of 11 AML patients (Ml : n = 2, M2: n =5, M3: n = I, M4: n= I, M5: 
n=2)) was available, but the number of patients per subgroup was too small to draw-
anyy conclusions. 

HGF/SFF was produced by KGla cells (33.5 ng/ml/106 cells/24 h). In 4/10 AML 
sampless tested, significant HGF/SF levels (0.10 (patient 2, Table lb), 0.21 (patient 
8),, 0.14 (patient 12), 0.17 (patient 15) ng/ml/106 cells/24 h) were detected in 
supernatantt after culturing mononuclear cells for 24 h. From these four AML 
sampless only one responded to HGF SF in the thymidine incorporation assay. 
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whilee an increase in proliferation was detected in 5/6 samples without detectable 
HGF/SFF levels. HGF/SF was not detected in supernatant from five MDS samples. 

Tablee 1 b. Effect of HGF/SF on proliferation, measured as thymidine incorporation, and 
onn colony formation of AML patients 

Patient t 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 

Diagnosis s 

AML L 
AML L 
AML L 
AML L 
AML L 
AML L 
AML L 
AML L 
AML L 
AML L 
AML L 
AML L 
AML L 
AML L 
AML L 
AML L 

Subtype e 

M1 1 
NA A 
M2 2 
M5 5 
M5 5 
M2 2 
NA A 
NA A 
NA A 
NA A 
M2 2 
M3 3 
M2 2 
M4 4 
M1 1 
NA A 

Material l 

PB B 
PB B 
PB B 
PB B 
PB B 
PB B 
PB B 
PB B 
PB B 
BM M 
BM M 
BM M 
BM M 
PB B 
BM M 
BM M 

Thymidine e 
incorporation8 8 

1.1 1 
1.6 6 
1,4 4 
1.2 2 
1.1 1 
1 1 
1 1 
1 1 
9.5 5 
1 1 
1.5 5 
1 1 
1.3 3 
1 1 
1 1 
1 1 

Colonyy formation 

1.25 5 
3 3 
2 2 
1.35 5 
2 2 
1 1 
2.5 5 
1.25 5 
ND D 
ND D 
ND D 
ND D 
ND D 
ND D 
ND D 
ND D 

AML.. acute myeloid leukemia; M1-M5, FAB classification of AML;NA, not available; ND, not determined: 
PB,, peripheral blood; BM, bone marrow." Increment 

HGF/SFF effect on migration of leukemic cells 
KGG la is a CD34~ leukemic cell line, which migrates spontaneously (2-5%) in 
fibronectmm (FN)-coated Boyden chambers. BM stromal cell supernatant contains 
chemoattractants,, such as SDF-1. and promotes migration of KG la cells (256 = 
118%)) (Table 2). Since BM stromal cells also produce HGF/SF (2 ng'2 x 10' cells 
inn 3 days of culture), the effect of HGF/SF on migration of leukemic cells was 
investigated.. HGF/SF (25 ng/ml) in the lower compartment significantly promoted 
migrationn of KG1 a cells (166  44%) in comparison to medium control (100
10%).. Checkerboard analysis revealed that KG la cells migrated only when 
HGF/SFF was present in the lower compartment (Table 2). A neutralizing antibody 
againstt HGF/SF inhibited migration of KG la cells induced by BM stroma 
supernatantt or HGF-SF. Spontaneous migration was not affected by the 
neutralizingg antibody. An irrelevant antibody (monoclonal antibody against IL-10) 
didd not affect migration. 
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Fguree 1. Number of colonies grown after 2 weeks of 2x105 BM MNC from a representative MDS 
patientt in agarose in the presence of different concentrations of HGF/SF. Values are mean 
numberr of colonies  s.d. from triplicates. *,** indicates that the number of colonies is significantly 
increasedd compared to no addition of HGF/SF (*: P<0.05, **:p<0.01). 

KGG la cells only migrated when Boyden chambers contained membranes coated 
withh fibronectin (FN). Compared to medium control. 160  40% (n = 3) of the 
cellss migrated through the FN-coated membrane in the presence of HGF-SF while 
onlyy 10  6% (n = 3) reached the lower chamber using uncoated membranes. For 
thee rest of the experiments FN-coated membranes were applied. 

Thesee results with KG la ceils suggest that HGF/SF promotes migration of 
leukemicc cells. Further migration experiments with normal CD34̂  BM cells were 
carriedd out to investigate whether this feature is specific for leukemic cells or for 
normall  and malignant CD34- cells. HGS/SF also induced migration of normal 
CD34'' BM cells similarly to KG la cells (Table 3). 

Effectt  of HGF/SF on samples from MDS and leukemia patients 

Thee results with the leukemic cell line KG la indicated that HGF/SF is a cytokine 
whichh is produced by BM stromal cells and promotes migration of KG la a cells 
throughh FN-coated membranes in Boyden chambers. To test whether HGF/SF 
affectss proliferation and migration of leukemic cells obtained from patients, we 
collectedd cells from MDS patients with circulating leukemic blasts and cells from 
AMLL patients. 

Pilott experiments (n - 4) with MNC from MDS and AML patients confirmed 
ourr previous observations with normal hematopoietic progenitor cells and Burkitt 
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celll  lines"" which showed that HGF/SF promotes adhesion of hematopoietic cells 
too fibronectin. HGF/SF promoted adhesion of MNC from 1/2 MDS (from 47% 
withh medium to 56% with 50 ng/ml HGFSF; Figure 2a) and 2/2 AML patients 
(fromm 33% to 69% with HGF/SF (Figure 2b) and in the other patient from 58% to 
67%>> to immobilized fibronectin. The effect of HGF/SF was quantitatively similar 
too the positive control PMA. Since adhesion to fibronectin could be the first step in 
migration,, we tested whether HGF/SF induced migration using Boyden chambers 
off  which the membrane dividing the two compartments was coated with 
fibronectin. . 

Tablee 2. Checkerboard analysis of HGF/SF-induced migration of KGIa ceils 

Stimulus s 
HGF/SFHGF/SF in lower well 
Medium m 
HGF/SF:: 25 ng/ml 
BMM stroma supernatant 
HGF/SFHGF/SF in upper well 
HGF/SF:: 25 ng/ml 
HGF/SFHGF/SF in upper + lower well 
HGF/SF:: 25 ng/ml 

Withoutt antibody 

1000  10 
a a 

2566  118a 

677 + 44b 

1099  34 

n n 

9 9 
9 9 
7 7 

2 2 

2 2 

Withoutt antibody 

1244 1 
1200 + 15 
1566 + 65 

n n 

3 3 
2 2 
4 4 

33 x 105 KG 1a were mounted in the upper wells of Boyden chambers. After 24 h all cells that had 
migratedd to the lower chamber were counted with an inverted microscope. Spontaneous migration (with 
medium)) was set at 100%. Number of experiments performed is indicated (n) and the s.d. between the 
experimentss is shown HGF/SF (25 ng/ml), supernatant of BM stromal cells (BM stroma sup), and 
neutralizingg anti-HGF/SF (10 ug/ml) were put in the lower chambers unless otherwise indicated. In all 
upperr and lower wells culture medium with 5% FCS was present. 
ss Number of migrated ceils is significantly increased compared to medium alone (P < 0.05). a Number 
off migrated cells is significantly decreased compared to spontaneous migration (P < 0.05). 

Cellss were placed in the upper chamber and medium with or without HGF/SF 
wass placed in the lower chamber. Cells that crossed the filters with pores of 3 um 
weree counted after 16 h. As the pores are smaller than the cells, migration from the 
upperr to the lower chamber is an active process. Differences in migration rate were 
assessedd by counting cells on the bottom of the lower chamber in three different 
fieldss with an inverted microscope. Spontaneous migration of the MNC with 
controll  medium was between approximately 0.01 and 1% of the number of cells 
placedd in the upper chamber. 

MNCC (3 x 10') from five MDS patients were mounted in the upper chamber and 
HGF'SFF significantly promoted migration in 3 5 MDS patients by a 2.6  0.8-fold 
(meann ^ s.d.; Table 4) compared to control medium. BM stroma supernatant 
inducedd migration significantly in the same three patients and in an additional 
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Tablee 3. HGF/SF-induced migration of normal human BM CD34' cells 

Stimuluss Migrated cells (%) + ~ 
s U U 

Mediumm 100 2 5 
HGF/SF: : 
5ng/mll a 2 
15ng/mll a 3 
50ng/mll a 3 
BMM stroma supernatant 256  52b 5 

CD34++ cells were mounted in the upper wells of Boyden chambers. After 24 h, cells that had migrated 
too the bottom of the lower chamber were counted (three different fields were counted) with a 20x 
ocularr of an inverted microscope. HGF/SF (5-50 ng/ml) or supernatant of BM stromal cells were 
addedd to the lower chamber. Spontaneous migration (with medium) was set at 100%. Numbers are 
thee result of n (number indicated) pooled experiments  s.d. For exact protocol see Materials and 
methods. . 
aa ^Number of migrated cells is significantly increased compared to medium alone (a' P < 0 05 &' P < 
0.01). . 

patientt (total 4/5 patients) by a 3.2  1.4-fold (mean  s.d.; Table 4). Migration 
inducedd by supernatant of BM stromal cells was partly inhibited by addition of 
anti-HGF/SFF in two patients (patients 3 and 4; Table 4) and significantly decreased 
inn another two cases (patients 3 and 4; Table 4). HGF/SF enhanced migration of 
5/77 AML samples significantly with a 1.8  0.2 increment (Table 4). BM stroma 
supernatantt gave similar results in 6/7 cases with a mean increase of migrated cells 
off  2  0.6. Again, addition of anti-HGF/SF had an inhibitory effect on the BM 
stromall  cell supernatant induced migration, which was significant in 3/6 responders 
(Tablee 4). 

Inn contrast to patient material migration of normal PBMC was not detected in 
fivee cases. These data with patient samples indicate that a small proportion of the 
cellss migrated in response to HGF/SF. Because of the low number of migrating 
cells,, phenotypic analysis of the migrating cells could only be performed in two 
samples.. In both cases the percentage of CD33* cells and CD34+ cells in the cell 
population,, which reached the bottom of the Boyden chamber, were comparable to 
thee proportion of immature cells in the starting material, suggesting that HGF/SF 
nott only induced migration of leukemic blasts but also of other cells. 
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Figuree 2. Adhes ion of BM MNC f rom one MDS patient (A) and of one of two AMLpat ients (B) to 
f i b ronec t inn in the presence or as a posit ive cont ro l PMA (0.1 pg/m I). Values are means of triplicate 
wellss n s.d. *.**: indicates that adhesion is significanlty different from adhesion obtained without stium.li 
(*p<0.05;**:P<0.01).. HGF/SF significantly (p<0.05) increased adhsion of MNC from the second Ami 
patientt from 58 = 3% to 71  3%, which was at the same level as observed with PMA (69 r 2%). 

DISCISSION N 

Thiss report shows that HGF/SF has both mitogenic and motogenic effects on 
leukemicc cells. HGF SF is produced by bone marrow stromal cells and exerts a 
synergisticc effect on normal HPC from peripheral blood or bone marrow. which are 
c-METT positive." '' c-MET encodes the receptor for the ligand HGF/SF, which 
belongss to the tyrosine kinase receptor family, and is expressed on CD34' cells. 
Thee HGF SF receptor is expressed on leukemic cell lines and leukemic blasts"* 
andd in MDS samples.'" These reports prompted us to investigate further the 
functionall  role of HGF SF on leukemic cells. While normal PBMC or bone 
marroww MNC do not proliferate in the presence of HGF SF. " HGF SF stimulated 
thee proliferation or colony formation of peripheral blood or bone marrow samples, 
whichh contained leukemic cells. This observation suggests that HGF SF had a 
directt effect on the leukemic cells in both the thymidine incorporation assay as well 
ass the colonv formation in soft agar. The effects of HGF SF on MDS and AML 
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Tablee 4. Migration of mononuclear cells of patients or KG1a cells in Boyden chamber 
underr the influence of HGF/SF or bone marrow stroma supernatant. 

Patient/ / 
Celll line 
MDS1 1 
MDS2 2 
MDS3 3 
MDS4 4 
MDS5 5 

AML1 1 
AML2 2 
AML3 3 
AML4 4 
AML5 5 
AML6 6 
AML7 7 

KG1a a 

Medium m 

4 4 
5 5 

4 4 
2 2 
3 3 

9 9 
4 4 

5 5 
0 0 
2 2 

5 5 
2 2 

2 2 
r. r. 

HGF/SF F 

a a 
a a 

a a 
3 3 

35+17 7 

a a 
a a 

a a 
a a 
a a 

5 5 
4 4 

a a 

BMM stroma sup 

55+6 6 
a a 

a a 
a a 

5 5 

a a 
a a 
a a 

a a 
a a 

a a 
0 0 

a a 

BMM stroma sup 
++ anti-HGF/SF 

b b 
b b 

6 6 
5 5 

37+9 9 

3 3 
3 3 
b b 
b b 

183+11b b 
35+5 5 

8 8 

2 2 
Cellss ( 3 x 1 0 ) were mounted in the upper compartment of Boyden chambers. After 16 h cells that had 
migratedd to the lower compartment were counted with an inverted microscope. Numbers are means
s.d.. of cells counted in three different fields. HGF/SF (25 ng/ml}, supernatant of BM stromal cells (BM 
stromaa sup), and neutralizing anti-HGF/SF (10 ng/ml) were put in the lower chambers In all upper and 
lowerr wells culture medium with 5% FCS was present. 
a)) Number of cells ts significantly increased compared to medium alone (p<0.05) 
b)) Number of cells is significantly decreased compared to migration with BM stroma sup without anti-

HGF/SFF (p<0.05) 

cells,, are reminiscent of those obtained with another tyrosine kinase receptor FLT3 
(alsoo known as FLK2 and STK1) and its ligand FL. FLT3 is expressed in human 
acutee leukemias of the myeloid and lymphoid lineages.37'40 Like HGF/SF, FL also 
stimulatess the growth of myeloid leukemic cells alone and is a synergistic 
proliferativee factor with other growth factors.41 Furthermore, the HGF/SF receptor 
iss only expressed on a small minority of peripheral blood cells," 27 while it is 
expressedd on leukemic cells,22'323336 supporting the hypothesis that HGF/SF has a 
directt effect on leukemic cells. However, since mixtures of cells were used for this 
sett of experiments we cannot rule out that the observed effects in the proliferation 
assayy or colony assay is the result of a synergistic effect of HGF/SF with other 
cytokiness produced by leukemic cells or other cell populations within the patient 
samples. . 

Hematopoieticc cells from AML patients produce small amounts of HGF/SF 
duringg 24 h of culture, while normal BM MNC did not. This is in line with the 
observationss that HGF/SF has been found in blood and bone marrow plasma of 
leukemiaa patients30'32 as well as in supernatants of human leukemia cell lines3''4243 

andd myeloma cells.44 Transfection of the HGF/SF gene and/or c-MET gene in 
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severall  epithelial cell lines and NIH3T3 cells45"52 has revealed that these genes 
influencee the invasiveness of these cells. Furthermore, studies for the expression 
patternn in normal, premalignant and malignant lesions has demonstrated 
overexpressionn of the c-MET gene in different tumors.53"56 HGF/SF is produced by 
severall  epithelial tumors. 575S Production of HGF/SF by breast cancer cells, 
measuredd either in serum of patients or in tumor extracts, is an indicator of 
aggressivee behavior of the tumor.A60 These reports about epithelial tumors indicate 
thatt HGF/SF and its receptor might play a role in determining the aggressiveness of 
ann epithelial tumor. Our results and the reported production of HGF/SF by 
leukemicc cell lines may warrant further clinical studies as to whether HGF/SF 
productionn in leukemic patients might be an indicator for the clinical behavior of 
leukemia,, especially since our results indicate that HGF/SF affects both 
proliferationn and migration of leukemic cells. 

HGF/SFF not only affected directly or indirectly proliferation of leukemic cells, 
butt also had an effect on migration of leukemic cells. KG la leukemic cells 
migratedd over fibronectin-coated membranes in Boyden chambers. The pores in the 
Boydenn chambers were much smaller {3 urn) than the size of the cells (10-12 um) 
indicatingg that migration would require an active change of shape and active 
movementt of the cells. 

HGF/SFF only induced migration of the KG la cells when the filters were coated 
withh fibronectin suggesting that adhesion to fibronectin is the first step in the 
migrationn process. Previously, we demonstrated that HGF/SF promotes adhesion of 
CD34TT cells and Burkitt lymphoma cells to fibronectin in a dose-dependent manner 

277 This adhesion to fibronectin was mediated by the integrins a4pi, and ajpi, 
Additionall  experiments with normal CD34̂  cells indicate that the effect of HGF/SF 
onn KG la cells is not exclusive for leukemic cells, but merely an effect of HGF/SF 
onn migration of early myeloid progenitor cells. The data with KG la cells and 
CD34++ cells indicate that HGF/SF affects to the same extent the number of 
migratingg leukemic cells, which is only a very small proportion of the cells. The 
smalll  proportion of cells is dependent on the pore size, since additional 
experimentss have shown that more cells migrate when bigger pore sizes are applied 
(Voermans,, unpublished observations). 

Thee addition of HGF/SF in the Boyden chambers promoted migration from 
MNCC from MDS and AML patients. Three of five MDS patients and 5/7 AML 
patientss showed a marked migration in response to HGF/SF. Supernatant of BM 
stromall  cells, which contains a strong chemoattractant (SDF-1) for hematopoietic 
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progenitorr cells, was superior to HGF/SF in inducing migration61'62 (Table 4). The 
chemoattractivee property of BM stroma supernatant was partially reversed by the 
additionn of a neutralizing monoclonal antibody directed to HGF/SF, suggesting that 
HGF/SF,, which is present in supernatant of BM stromal cells (approximately 1-2 
ng/mll  ;27), is at least partly responsible for the migration promoting effect. 

Sincee 5-12% of the KG la cells migrated to the lower chamber, it was not 
surprisingg that only a very small proportion of the AML/MD S cells passed through 
thee membranes. The phenotypic analysis of the migrating cells may indicate that 
HGF/SFF does not affect migration of a specific subpopulation of cells, but rather of 
aa mix of cells including immature myeloid cells. 

Inn conclusion, HGF/SF promotes proliferation, adhesion to fibronectin, and 
migrationn in Boyden chambers of hematopoietic cells from MDS and AML 
patients.. Therefore, the HGF/SF-c-MET interaction may increase the malignant 
potentiall  of MDS and AML cells not only by increasing proliferation, but also by 
promotingg migration. Additional studies are warranted with purified leukemic cell 
populationss to support these observations that HGF/SF has a direct effect on 
leukemicc cells. 
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ABSTRACT T 

Thee chemokine stromal cell-derived factor-1 (SDF-1) and its receptor CXCR-4 

contributee to stem cell homing and may play a role in the trafficking of leukemic 

cells.. Therefore, we analyzed migration across Transwell filters of cells derived 

fromm bone marrow (BM) or peripheral blood (PB) from 26 acute myeloid leukemia 

(AML )) patients. The presence of the extracellular matrix protein fibronectin (FN) 

stronglyy enhanced the spontaneous and SDF-1-induced migration of leukemic PB 

andd BM cells. No differences in spontaneous, SDF-1-induced migration or CXCR-

44 expression were observed between the different AML subtypes. Subsequently, it 

wass determined whether SDF-1 preferentially promoted migration of subsets of 

leukemicc cells. Leukemic cells expressing CD34, CD38 and HLA-DR were 

preferentiallyy migrating, whereas cells expressing CD14 and CD36 showed 

diminishedd migration. Analysis of paired PB and BM samples indicated that 

significantlyy higher SDF-1-induced migration was observed in AML for CD34~ BM-

derivedd cells compared to CD34T PB-derived cells, suggesting a role for SDF-1 in 

thee anchoring of leukemic cells in the BM or other organs. The lower percentage of 

circulatingg leukemic blasts in patients with a relatively high level of SDF-1 -

inducedd migration also supports this hypothesis. In conclusion, we have shown that 

primaryy AML cells are migrating towards SDF-1 independent of the AML 

subtypes. . 
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INTRODUCTION N 

SDF-ll  is the major chemoattractant released by bone-marrow stromal cells that 
actss on hematopoietic cells such as lymphocytes and progenitors [1,2]. The 
receptorr for SDF-l is a G-protein coupled receptor, called Fusin, LESTR or 
CXCR-44 [3-6], Although the production of SDF-l is not restricted to the bone 
marrow,, recent publications suggest a particular role of SDF-l and CXCR-4 in the 
bone-marroww microenvironment. It has also been shown that SDF-l activates 
integrinss on HPC and induces transendothelial migration of HPC in vitro [2,7,8,9]. 
Inn SDF-l or CXCR-4 knock-out mice, hematopoietic precursors do not shift to the 
bone-marroww during fetal development, suggesting that SDF-l plays an important 
rolee in the migration of HPC to the BM [10-12]. Furthermore, Peled et ai recently 
describedd that SDF-l and its receptor CXCR-4 are critical for bone-marrow 
engraftmentt in NOD/SCID mice [13]. Subsequently, we showed that significantly 
fasterr hematological recovery was observed in patients transplanted with CD34+ 

cellss that showed high spontaneous and SDF-1-induced migration in vitro (p<0.05) 
[14]. . 

Therefore,, it was of interest to investigate the role of SDF-l and CXCR-4 in 
malignantt hematopoiesis. Previous studies have revealed that CXCR-4 is 
overexpressedd and functionally active in B-CLL, and may therefore contribute to 
thee tropism of B-CLL cells for the bone-marrow stroma [15]. Others have 
demonstratedd that CML CD34* cells bear an impaired chemotactic response to 
SDF-l,, which is not caused by a lack or uncoupling of CXCR-4, but may be due to 
ann intracellular signalling defect downstream of the receptor [16]. Moreover, SDF-
11 may also be important in influencing the localization of precursor B-ALL cells in 
bone-marroww microenvironment niches that regulate their survival and 
proliferationn [17]. 

Acutee myeloid leukemia (AML) represents malignant counterparts of 
hematopoieticc progenitor and precursor cells. In contrast to normal hematopoiesis, 
immaturee cells leave the bone marrow (in most patients), and these cells may 
anchorr in extramedullar locations, such as in the liver and spleen [18]. Möhle et al. 
previouslyy showed that leukemic blasts from patients with acute myeloblastic 
leukemiaa (AML ) express variable amounts of CXCR-4 [7], This might indicate a 
rolee for SDF-l and CXCR-4 in the trafficking of leukemic cells. 

Inn this study we compared spontaneous and SDF-l-induced migration of 
peripherall  blood or bone-marrow-derived leukemic cells from 26 patients. In 
addition,, from 11 patients BM cells were compared with PB-derived cells in 
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parallell  experiments, to determine which role SDF-1 and CXCR-4 might play in 
thee egress of the leukemic blasts from the BM to PB. Besides migration and 
CXCR-44 expression, these cells were also analyzed for cell cycle and phenotypical 
analysis,, to determine which other factors could play an important role in the 
traffickingg of malignant hematopoietic cells. Therefore, it was analyzed to what 
extentt the number of circulating blasts and leukocytes may be determined by 
differencess in SDF-1-induced migration of the leukemic cells. 

MATERIA LL  AND METHOD S 

Leukemicc cells and cell lines 

KGG la and HL-60 cell lines were obtained from the ATCC (Rockville, MO, USA) 
andd maintained in Iscove's Modified Dulbecco Medium (IMDM , BioWhittaker, 
Brussels,, Belgium) containing L-glutamine, Pencillin 100 U/mL, streptomycin 100 
fig/ml,, P-mercaptoethanol (0.1% v/v) and 10% (v/v) fetal calf serum (FCS; Gibco, 
Lif ee Technologies, Paisley, Scotland). 

Primaryy leukemic cells from the peripheral blood or bone marrow of patients 
withh acute myeloblasts leukemia (AML) were isolated by Ficoll density gradient 
centrifugation.. Subsequently the cells were cryopreserved in RPMI (BioWhittaker) 
withh 20%(v/v) FCS, 10% (v/v) dimethylsulfoxide at a cell concentration of 
maximallyy 50xl06 mononuclear cells/mL. The cell suspensions were frozen at a 
controlledd rate and were subsequently stored in the vapor phase of liquid nitrogen. 
Priorr to an experiment the cryopreserved products were thawed rapidly and 
resuspendedd in thawing medium: IMDM (BioWhittaker) containing, 10% FCS 10 
mMM MgCI:, 100 ug/ml DNAse (Sigma, St. Louis, MO, USA) at room temperature 
forr 15 minutes. Subsequently, the cells were washed twice, resuspended in thawing 
mediumm and incubated for 15 minutes at 37°C. Thereafter, the cells were washed 
twice,, resuspended in assay medium (IMDM with 0.25% BSA [BSA, fraction V, 
Sigmaa ]) and counted. 

Thee diagnosis of leukemia was based on routine morphologic evaluation and 
cytochemicall  smears, according to the French-American-British (FAB) 
classification,, as well as immunophenotyping and cytogenetic analysis. The patient 
characteristicss and the materials used in this study are shown in Table 1. 
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Tablee 1. Patient characteristics 

Patientt No 
1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 
17 7 
18 8 
19 9 
20 0 
21 1 
22 2 
23 3 
24 4 
25 5 
26 6 

Age/Sex x 
69/M M 
79/F F 
69/F F 
70/M M 
76/F F 
25/F F 
64/F F 
80/F F 
85/M M 
79/M M 
74/F F 
81/F F 
41/F F 
33/M M 
75/M M 
71/M M 
69/F F 
71/F F 
44/M M 
72/F F 
77/M M 
71/M M 
51/F F 
72/F F 
54/F F 
49/M M 

FABB subtype 
M5a a 

M1/M2 2 
ND D 
M2 2 
M2 2 
M4 4 
M2 2 
M1 1 
M4 4 

M1/M2 2 
MO O 

M1/M2 2 
M2 2 
M5a a 
M4 4 
M2 2 
M2 2 
M2 2 
M1 1 

M4/M5 5 
M4 4 

M5b b 
M2 2 
M2 2 
M3 3 
M2 2 

Peripherall Blood 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

Bonee Marrow 

+ + 
+ + 
+ + 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

ND== not determined 

Migratio nn assay 
Migrationn assays were performed in Transwell plates (Costar, Cambridge, MA, 
USA)) of 6.5 mm diameter, with 5-um pore filters, as previously described [8]. The 
upperr and lower compartment of the Transwells were separated by a filter coated 
overnightt at 4°C with (bovine) fibronectin (FN) (Sigma) at a concentration of 20 
jig/mll  in PBS. Before adding cells to the upper compartment, the coated 
Transwellss were washed three times with assay medium (IMDM with 0.25% BSA. 
100,0000 mononuclear leukemic or cell-line cells, in 0.1 ml of assay medium, were 
addedd to the upper compartment, and 0.6 ml of assay medium in the presence or 
absencee of SDF-1 (in indicated concentrations) was added to the lower 
compartment.. SDF-1 a was purchased from Strathmann Biotech GmbH 
(Hannover,, Germany). An 0.1 ml sample of cells in assay medium was diluted with 
0.55 ml of assay medium and was kept as an input control for the quantitation of the 
numberr of migrated cells (see below). The Transwell plates were incubated at 
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37°C,, 5% C02 for 4 hours. Preliminary experiments showed that after 4 hours a 
substantiall  fraction of the cells had migrated. Cells that had migrated to the lower 
compartmentt were collected in a FACS tube to which a fixed number of control 
cell-linee cells had been added labeled with Calcein AM, according to the 
manufacturer'ss instructions (Molecular Probes, Leiden, The Netherlands). The 
controll  cell-line cells were added to the FACS tubes just before FACS analysis. 
FACScann analysis was used to determine the ratio between labeled cells and 
unlabeledd cells with characteristic light scatter parameters, in the migrated fraction 
ass previously described [8], By comparing this ratio to that in the input control, the 
numberr of migrated cells was quantitated. Using this method, we were able to 
reliablyy determine a minimum number of 200 migrated cells. In some input 
sampless T-cells were present; because these cells have the ability to migrate 
towardss SDF-1, the percentage migration was always corrected for migrated T-
cells.. Therefore, the percentage of T-cells in the input as well as in the migrated 
fractionn was determined by FACS analysis. Subsequently, the following formula 
wass applied: (% migrated cells (total cells - % migrated T-cells) x % migration x 
100):: (% input cells (total cells - % input T-cells) x 100)= corrected % migration. 

Flowcytometricc analysis 

Alll  samples were tested with the following MoAbs. The fluorescein isothiocyanate 
(FITC)-conjugatedd MoAbs that were used are IgGl isotype control (CLB-203; 
CLB,, Amsterdam, The Netherlands), CD3 (SP34; Becton and Dickinson (B&D), 
Sann Jose, CA, USA), CD7 (M-T701; B&D), CD13 (CLB-mon-gran/2; CLB), 
CD144 (CLB-mon/1, CLB), CD16 (CLB-FcR gran/I 5D2; CLB), CD34 (581; 
Immunotech,, Marseille, France), CD36 (CLB-IVC7; CLB), CD38 (AT13/5; 
Dakopatts,, Glostrup, Denmark), CD49d ((VLA-4) HP2/1; Immunotech). 
Phycoerythrinn (PE)-conjugated MoAbs that were used are IgGl isotype control 
(X40;; B&D), CD13 (CLB-mon-gran/2), CLB CD14 (M5E2, B&D), CD33 (P67.6; 
B&D),, CD34 (581;Immunotech), CD56 (B159; CLB), CXCR-4 (12G5; 
Pharmingen,, Hamburg, Germany). Phycoerythrin-cyanin 5.1 (PC5) conjugated 
MoAbss that were used are CD3 (UCHT1; Immunotech), CD34 (581; Immunotech). 
Biotin-conjugatedd MoAbs that were used are IgGl isotype control (DAK-GO 1, 
Dakopatts),, CD19 (HD37; Dakopatts), CD49e ((VLA-5), VC5, Pharmingen), 
HLA-DRR (L243; B&D); these MoAbs were stained with Streptavidin-Cy5 
(Dakopatts). . 
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Cell-cyclee analysis 
Cell-cyclee analysis was performed by flow cytometry (FACScan, B&D). Input and 

migratedd cells were incubated for 1 hour at 4°C in PBS containing propidium 

iodidee (50 u.g/m1) to stain the DNA, RNAse (100 u.g/ml) and 0.15%(v/v) Tween 20 

(Merck,, Darmstadt, Germany). This assay was also corrected for contaminating T-

cells.. The data were analyzed with software Modfit for Mac (B&D). 

Statisticall  Analysis 
Forr normally distributed values the arithmetic mean and standard deviation were 
used.. Differences were tested with the Student t-test. For multiple comparisons, the 
ordinary'' ANOVA with the Student-Newman-Keuls Multiple Comparisons post-
testt (only performed when p<0.05) were used. Correlation was determined with a 
Pearsonn test or linear regression analysis. A p value lower than 0.05 was 
consideredd significant. 

RESULT S S 

Migratio nn of leukemic cells over  uncoated and coated filter s 
Recently,, we have reported that coating of the Transvvell filters with the 
extracellularr matrix protein fibronectin (FN) strongly enhanced the spontaneous 
andd SDF-1-induced migration of primary human CD34' cells [8]. In the present 
study,, it was investigated to what extent the migration of leukemic cells is FN-
mediated.. Therefore, the effect of FN on the migration of cells of a CD34* 
leukemicc cell-line (KGla) was studied, over filters in a Transwell system. During a 
4-hourr incubation period, hardly any migration was seen over uncoated filters 

.. In contrast, 15%+ 5.4% of the KG la cells migrated spontaneously 
overr FN coated filters (p<0.01) as shown in Figure 1. Thus KG la cell-line cells 
onlyy migrate spontaneously through Transwell filters when the filters are coated 
withh fibronectin. Because KG I a cells do not express the SDF-1 receptor (CXCR-
4),, SDF-1 did not induce migration of KG la cells. To study the role of FN on SDF-
1-inducedd migration of leukemic cells, we performed migration experiments with 
thee CD34', but CXCR-4-positive leukemic cell line HL-60. Over uncoated or FN-
coatedd filters hardly any spontaneous migration of these cells was observed 

%% and 0.3°o+0.3%, respectively). In contrast. % SDF-1-
inducedd migration (100 ng/niL) over FN-coated filters was observed, almost 7 
timess higher (p<0.001) than over uncoated filters . 
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Figuree 1 . Spontaneous and SDF-1-induced migration over uncoated and FN-coated filters. 
Panell A: Spontaneous migration after 4 hours of KG1a cells across uncoated and FN-coated filters (5 
|.im)) (n=5). FN enhanced spontaneous migration of KG1a cells (p<0.01). 
Panell B: SDF-1-induced migration (100 ng/mL) of HL-60 cells (n=4) across FN filters was significantly 
higherr (p<0.001) compared to migration across uncoated filters. Each bar represents the mean  SD. 

Next,, it was analyzed in paired experiments whether SDF-1-induced migration 
off  primary human leukemic cells could also be enhanced by FN. Primary leukemic 
cellss derived from PB (n=9) and from BM (n=5) were studied. The percentage 
migrationn of leukemic cells from PB was highly variable (range 0.48-13.92 over 
uncoatedd and 0.61-26.87 over FN-coated filters). Also for BM-derived leukemic 
cellss a broad range in percentages of migrated cells was observed, varying between 
1.62-28.39%% over uncoated and 8.24-32.77% over FN-coated filters. As shown in 
Figuree 2, the migration of PB or BM-derived leukemic cells was 3.5 times 
augmentedd by the presence of FN on the filters. 

Figuree 2. Enhancement of SDF-1-induced 
migrationn of leukemic cells across FN-
coatedd filters. Fold increase of SDF-1 -
inducedd migration across FN-coated filters 
comparedd to uncoated filters of primary 
humann leukemic cells derived from 
peripherall blood (hatched bar, n=9) or bone 
marroww (filled bar, n=5). The migration of PB 
orr BM-derived leukemic cells was 3.5 times 
higherr (p<0.01) compared to migration 
acrosss uncoated filters. Each bar represents 
thee mean - SD. 
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Migratio nn of PB or  BM-derived leukemic cells 
Spontaneouss and SDF-1-induced migration across FN-coated filters of the total 
leukemicc cell fractions obtained from 26 patients with AML were determined. In 
Figuree 3 it is depicted that the migratory response of the primary AML cells 
derivedd from PB or BM was heterogeneous. The spontaneous migration remained 
inn the majority of the patients, below 2% (Figure 3A). SDF-1-induced migration 
(1000 ng mL) was 7.2%  9.1 for PB-derived leukemic cells (n-22) and 5 
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Figuree 3. Spontaneous and SDF-1-induced migra t ion of AML subtypes. A Spontaneous migration 
(%% of input) of different types of primary leukemic cells derived from peripheral blood or bone marrow 
acrosss FN-coated filters. No significant differences were observed between migration of myeloid 
(M0/M1/M2)) and (myelo)monocytic AML (M4/M5). The line indicates the mean of the samples shown 
BB SDF-1-induced (100 ng/mL) migration (% of input) of primary leukemic cells derived from peripheral 
bloodd or bone marrow across FN-coated filters. No significant differences were observed between SDF-
1-inducedd migration of myeloid (M0/M1/M2) and (myelo)monocytic AML (M4/M5) Line indicates the 
mean. . 
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forr BM-derived cells (n=14) (p=0.08). Because of the high heterogeneity within the 
groupp of AML patients we divided the 26 patients in three groups according to the 
French-American-Britishh (FAB) classification, viz. in myeloid (FAB M0/M1/M2), 
promyelocytee (FAB M3) or (myelo)monocytic (FAB M4/M5). The group of 26 
patientss comprised only a single AML M3 patient, so only the groups of FAB 
M0/M1/M22 and FAB M4/M5 were further analyzed. No differences in 
spontaneouss or SDF-1-induced migration were observed when PB or BM FAB 
M1/M22 cells were compared with PB or BM FAB M4/M5 cells (Figure 3B). 
Migrationn of BM FAB M4/M5 cells was slightly higher than the migration of the 
cellss of the three other groups, but this did not reach significance. In 11 cases of 
AML ,, paired PB and BM samples were available and were analyzed in parallel. No 
consistentt differences in SDF-1-induced migration of leukemic cells from PB or 
BMM origin were found. 

CXCR-44 expression is related to migration 

Too determine whether the broad range in percentages of migrated leukemic cells 
couldd be explained by differences in the expression of the CXCR-4 receptor, we 
correlatedd data from the migration assay to the MFI of CXCR-4 of the leukemic 
cells.. As demonstrated in Figure 4, a correlation between CXCR-4 expression and 
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Figuree 4. Positive correlation between CXCR-4 expression and SDF-1-induced migration of 
leukemicc cells. On the y-axis the CXCR-4 expression in MFI of all cells is given after correction for the 
PE-labelledd lgG2a isotype control. The X-axis represents the SDF-1-induced (100 ng/mL) migration (% 
off input) of the cells. A positive correlation (r=0.62. p<0.01) was found between CXCR-4 expression (in 
MFI)) and SDF-1-induced migration across FN-coated of leukemic cells derived from PB p ) or BM ) 
off 14 patients. 
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migrationn towards 100 ng/mL SDF-1 was found (r=0.62, p<0.01). The lack of a 

veryy strong correlation between migration in vitro and CXCR-4 expression on 

leukemicc cells from AML patients suggests that also other factors may influence 

thee SDF-1-induced migration. 

Furthermore,, it was investigated to what extent the AML subtypes vary in 

CXCR-44 expression. The CXCR-4 expression of PB and BM FAB M4/M5 cells 

tendedd to be higher compared with PB or BM FAB M1/M2 cells, but this was not 

significantlyy different. In the paired BM and PB samples, the CXCR-4 expression 

wass equal in all cases. 

Cell-cyclee analysis of input and migrated leukemic cells 
Too determine whether the differences in cell-cycle status were influencing the 
differentt responses towards a SDF-1 gradient, cell-cycle analysis was performed. 
Wee analyzed the proportion of cells in G0/G] and G2/M or S-phase of the cells used 
forr migration experiments. The input cells and the cells that had migrated in 
responsee to SDF-1 were analyzed. PB-derived cells hardly contained any cells in 
G2/MM or S-phase (see table 2). In contrast, BM-derived cells showed a higher 
percentagee of cells in S phase or in G2/M phase (p<0.01). We also observed a 
higherr percentage of migrated BM-CD34" cells in the S or G2/M phase compared 
too migrated PB cells, but these percentages were not significantly different. 

Tablee 2. Cell-cycle analysis of leukemic cells3 

S o u r c ee % cells in Gp/Gi phase % cells in S+G2/M phase 

PBB leukemic cells input 96.2 3 3.8+ 1.3 

PBB leukemic cells migrated 95.4 + 1.98 4.6  1.98 

BMM leukemic cells input 91.2 * 8.8  1.1** 

BMM leukemic cells migrated 93.1 5 6 .9+ 1.5 
aa Percentage cells, mean  SEM. Results of BM cells and PB cells, mean of 12 and 8 experiments, 

respectively. . 
"" Input fraction of BM cells was significantly different from input of PB cells, p<u.Ul 

Phenotypicall  analysis of migrated BM- and PB-derived cells 
Thee higher migratory ability of leukemic cells of some AML patients may be due 
too a phenotypically recognizable subset of cells with a higher migratory capacity. 
Therefore,, the phenotype of the migrated and the input cells was analyzed. BM-
andd PB-derived cells were analyzed for the expression of myeloid differentiation 
antigens,, such as HLA-DR, CD13, CD14, CD33, CD34, CD36, and CD38. 
Phenotypicc analysis was only performed when SDF-1-induced migration (100 
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ng/mL)) was above 2.5%. Analysis of CD34 expression demonstrated that in 9 of 
thee 15 cases preferential migration of CD34T cells was observed. In 2 cases less 
migrationn was observed, in 4 other cases CD34 expression was equal in input and 
migratedd cells. Analysis of the markers CD38 and HLA-DR (which are in most 
casess co-expressed on CD34+ cells) on leukemic cells of PB and BM of all FAB 
groupss also revealed preferential migration of CD38Tand HLA-DR+ cells (see table 
3).. For cells that express the myeloid marker CD13 or CD33 the results were less 
consistent:: in the group analyzed for CD33 showed 50% of the samples preferential 
migration,, 25% diminished migration and 25% equal migration. In the group 
analyzedd for CD13 only 37% of the samples showed preferential migration. 

CD144 and CD36 expression is commonly found on AML M4/M5 cells, and 
thereforee only this group was thoroughly analyzed. In 7 out of 8 samples less 
migrationn of cells expressing CD14 was observed. In one other sample, CD14+ 

cellss migrated equally to CD 14' cells. CD36 expression was variably expressed but 
overalll  (on FAB groups M4/M5), a decreased number of cells expressing CD36 
wass observed in the migrated fraction. 

Tablee 3. Phenotypical analysis of input and migrated leukemic cells 

CDD marker 

CD34 4 

CD38 8 
HLADR R 
CD33 3 
CD13 3 
CD14 4 
(FABB M4/M5) 
CD36 6 
(FABB M4/M5) 

Totall positive 
samples s 

BMM or PB1 

15 5 
11 1 
20 0 
16 6 
19 9 
8 8 

9 9 

Preferential l 
migration2 2 

99 (60%) 
66 (55%) 
12(60%) ) 
88 (50%) 
77 (37%) 
00 (0%) 

00 (0%) 

Equal l 
migration2 2 

44 (27%) 
55 (45%) 
44 (20%) 
44 (25%) 
99 (47%) 

11 (12,5%) 

1(11%) ) 

Diminished d 
migration2 2 

2(13%) ) 
00 (0%) 

44 (20%) 
44 (25%) 
3(16%) ) 

77 (87,5%) 

88 (89%) 

Whenn in a sample less than 2% or more than 99% of the ceils were positive for the CD marker, the 
samplee was excluded from the analysis. 
Migrationn was considered preferential migration when the percentage cells expressing a CD marker in 

thee migrated fraction divided by the percentage cells in the input fraction had a ratio higher than 1.2. 
Migrationn was considered diminished migration when the ratio was lower than 0.8. All ratios between 
thesee margins were considered equal. 

Inn eleven cases of AML both peripheral blood and bone marrow samples were 

availablee and analyzed in parallel. Despite differences in migration between 

phenotypicallyy defined subsets, in generally no phenotypically differences were 

observedd between circulating and bone-marrow-derived cells of the same patient. 

Thee expression of CD34 on BM cells seemed to be a predictor for SDF-1 -induced 

migrationn of the cells, e.g. % migration was observed with BM cells 
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containingg CD34+ cells (more than 20% of the cells expressing CD34). while only 

%% migration was observed of BM cells containing CD34" cells (less than 

20%% of the cells expressing CD34) (p=0.08) (Figure 5). For PB-derived cells this 

wass even more clear, 10.5%  2.9% migration of CD34̂  PB cells, and only 

%% migration was observed when the cells were negative for CD34 

(p<0.01).. This indicates that the presence of CD34~ blasts in the PB or BM 

influencess the migration. Especially in patients in which the PB-derived blasts were 

negativee for CD34, significantly lower migration was observed. 
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Figuree 5. SDF-1-induced migration of leukemic PB or BM cells containing more than 20% CD34* 
cellss compared to migration of PB or BM cells containing less than 20% CD34* cells. 
Panell A: SDF-1-induced (100 ng/mL) migration (% of input) of leukemic BM-derived cells containing 
>20%% CD34' cells (open bar, n=8) was not significantly different compared to SDF-1-induced migration 
off BM-derived cells containing <20% CD34* cells (hatched bar. n=7). Panel B: SDF-1-induced 
migrationn of leukemic PB-derived cells containing >20% CD34" cells (filled bar. n=13) is significantly 
higherr (p<0.01) compared to migration of PB-derived cells containing < 20% CD34* cells (dotted bar. 
n=8).. Each bar represents the mean  SEM. 

Similarr as for the total cells also the migration from the CD34 subset ot 

leukemicc blasts of PB and BM were determined. In contrast to the total migration, 

SDF-1-inducedd migration of BM CD34+ cells , n=13) was 

significantlyy higher (p<0.05) compared to PB CD34' cells , n=16), 

ass shown in Figure 6. No differences in spontaneous migration were observed, 

neitherr in the total group nor when the group was divided into the different FAB 

classificationss (data not shown). 
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Figuree 6. SDF-1 -induced migration of 
leukemicc BM-derived CD34* cells is 
significantlyy higher compared to PB-
derivedd CD34* cells. SDF-1-induced (100 
ng/mL)) migration (% of input) across FN-
coatedd filters of leukemic BM-derived CD34' 
cellss (I, n=13) is significantly higher (p<0.05) 
thann migration of leukemic PB-derived 
CD34'' cells (A, n=16). The line represents 
thee mean migration for each group. 

Correlationn of PB migration and percentage of blast cells or  leukocytes in the 
peripherall  blood 
Nextt it was investigated whether the percentage of blast cells in the peripheral 
bloodd was influenced by the SDF-1-induced migration of cells derived from PB or 
BM.. A weak negative correlation (r=-0.4, p<0.09) was found between the 

percentagee of blasts in PB and the SDF-1-induced migration of cells derived from 
PBB (Figure 7). In addition, no correlation was observed between the percentage of 
blastss in the BM and migration of PB or BM cells. Furthermore, no correlation was 
observedd between the leukocyte count and SDF-1-induced migration of the PB- or 

BM-derivedd cells, when data of 21 patients were analyzed (data not shown). 
Thesee results demonstrate that the percentage of leukemic blast cells in the PB 

mightt be partially influenced by SDF-1-induced migration of PB-derived leukemic 

cells.. However, the percentage of blasts in the BM or the leukocyte count in the PB 
seemedd not to be influenced by the extent of SDF-1-induced migration. 

DISCUSSION N 

Inn the present study we have analyzed the spontaneous and SDF-1-induced 
migrationn of leukemic cell-line cells and primary leukemic cells. First, we 
investigatedd the effect of coating the Transwell filters with the extracellular matrix 
proteinn fibronectin. Similar as previously described for healthy CD34* cells [8]. we 
heree demonstrate that spontaneous and SDF-1-induced migration of leukemic cells 
wass enhanced by coating the Transwell filters with FN. For migration, the cell has 
too deform by extending cytoplasmic projections and by generating contractile 
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Figuree 7. Correlation between percentage circulating blasts and SDF-1-induced migration of 
leukemicc PB-derived cells. On the Y-axis the percentage circulating blasts in the patients is depicted. 
Thee X-axis represents the SDF-1-induced migration (% of input) of PB-derived cells. A weak negative 
correlationn (r=-0.4, p=0.09) was found between SDF-1-induced (100 ng/mL) migration of PB-derived 
cellss and the percentage circulating blasts for a group of 19 patients. 

forcess as it moves. Proper adhesion of cytoplasmic extensions allows the cells to 
generatee contractility, necessary for motility. Recently, Francis et al. have shown 
thatt human CD34" cells and KG la cells form pseudopods that mediate adhesion to 
substratess coated with extracellular matrix proteins [19]. Our observation that FN 
coatingg of Filters clearly enhances the migration of leukemic cells across these 
filterss supports this model. The spontaneous migration of KG la cells across FN-
coatedd filters was 90% inhibited by a blocking MoAb against cup, (p<0.05) (data 
nott shown). Presumably, a pseudopod of the leukemic cell drifts freely until its 
adhesionn receptors encounter suitable ligands on the substrate. In addition, binding 
off  the FN to the integrins on the leukemic cells, can result in "outside in" signaling, 
whichh is known to affect migration, proliferation and differentiation of cells [20-
23]. . 

Besidess an enhancing effect on spontaneous migration, we also observed an 
enhancingg effect of FN on SDF-1-induced migration of leukemic cells, similar as 
describedd for HGF/SF-induced migration [24]. A recent publication of Pelletier el 
al.al. showed that SDF-1 can be immobilized by FN [25]. This might indicate that the 
presencee of FN in the experiments is useful for an optimal presentation of SDF-1. 
Probably,, the FN-mediated and/or SDF-1-induced activation of the integrins may 
causee the observed enhanced motility of the leukemic cells, in combination with a 
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moree optimal SDF-1 presentation by FN. Thus, migration of leukemic cells may be 
facilitatedd by reversible integrin-mediated interactions with FN-coated filters and 
seemss in this respect not to differ from the migration of normal CD34" cells. 

Inn the AML patient group large differences were observed in SDF-1-induced 
migrationn of the leukemic cells. For all FAB-classes, SDF-1 acted as 
chemoattractant,, and CXCR-4 expression was detectable. No significant 
differencess in SDF-1 induced migration or CXCR-4 expression were determined 
betweenn cells derived from AML M0/M1/M2 or M4/M5. This is in contrast with 
dataa from Möhle et ai, who showed that SDF-1 is preferentially active in 
myelomonocyticc blasts as a result of differentiation-related expression of CXCR-4 
[26].. These investigators did not observe SDF-1-induced migration of AML FAB 
Ml ,, M2 and M6 blasts, but increased migration of FAB M3, M4 and M5 was 
observed.. The discrepancy between their and our results might be caused by 
differencess in migration assays. We used transmigration over FN-coated filters 
afterr 4 hours as a readout, whereas Möhle et al. performed transendothelial 
migrationn for 14 hours. Transendothelial migration of cells is not only dependent 
onn SDF-1 but is also influenced by the expression of adhesion molecules on the 
leukemicc cells and on the endothelial cells. These latter factors might contribute to 
thee lack of migration of AML M1/M2 and M6 blasts in the experiments from the 
groupp of Möhle et al. 

Primaryy leukemic blasts from the peripheral blood or bone marrow of patients 
withh AML expressed various amounts of CXCR-4. The expression level of CXCR-
44 correlated with transmigration in response to SDF-1 (r^O.62). The lack of a very 
strongg correlation indicates that besides CXCR-4 also other factors might be 
responsiblee for the variation in SDF-1-induced migration. Differences in cell cycle 
cann be excluded as such a factor, because no preferential migration of cells in a 
particularr phase of the cell cycle was observed. The higher migratory ability of 
leukemicc cells of some AML patients may be due to a phenotypically recognizable 
subsett of cells that has a higher migratory capacity. Blasts expressing CD34, CD38 
orr HLA-DR exhibited preferential migration compared to blasts that did not 
expresss these markers. In contrast, blasts expressing (myelo)monocytic markers 
suchh as CD 14 and CD36 showed decreased migration. For the myeloid markers 
CD133 and CD33, less consistent differences were observed. Furthermore, leukemic 
cellss from patients in which more than 20% of the cells expressed CD34 showed a 
higherr migration than leukemic cells of patients with less than 20% CD34" cells. 
Thiss indicates that SDF-1-induced migration is at least partially influenced by the 

171 1 



Chapterr 8 . . 

presencee of CD34" blasts in BM or PB. Moreover, a significantly higher migration 
wass observed for CD34" BM cells compared to CD34+ PB cells. However, CXCR-
44 expression was equal on CD34+ cells and CD34" cells. An alternative explanation 
mightt be that, similar to what has been described for healthy cells [8], CXCR-4 
signalingg is identical between the different cells, but that not all cells are equally 
capablee of translating the CXCR-4 signal into a migratory response, due to intrinsic 
differencess in motility of the cells. 

Inn conclusion, we have shown that primary acute myeloid leukemic cells 
migratee towards SDF-1, especially the more immature CD34* cells. This response 
doess not seem to differ from non-malignant CD34" cells. Similar to healthy 
individuals,, also in leukemia the migratory response of PB-derived blasts is slightly 
decreased,, suggesting a role for SDF-I in the anchoring of leukemic cells in the 
BMM or other organs. Also the weak correlation between migration and percentage 
off  circulating blasts suggests that, similar to what we found in normal cells, 
downregulationn of the SDF-1 response facilitates the egress of leukemic cells out 
thee BM. However, careful analysis of migration of phenotypical recognizable 
subsetss in paired PB or BM samples did not give any indication that circulating 
blastss are enriched for subsets with a decreased migratory response towards SDF-1. 
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AMLL patients. We also thank Dr van 't Veer of the Hovon Review Committee for 
MDSS and AML . Furthermore, we acknowledge the specialists for internal diseases 
off  the Free University, Onze Lieve Vrouwe Gasthuis and Slotervaart Hospital 
Amsterdam,, Spittaal Hospital Zutphen, Lucas Hospital Apeldoorn, RKZ 
Heemskerk,, Zeeweg Hospital Umuiden, Gelderse Vallei Bennekom, SFG 
Rotterdam,, Bronovo Hospital Den Haag, Mesos Medical Center, Utrecht and the 
Rijnstatee Hospital Arnhem, for their cooperation with this project. We thank Dr. 
Dirkk Roos for critically reading the manuscript. 

REFERENCES S 

1.. Bleul CC, Fuhlbrigge RC, Casasnovas JM, Aiuti A, Springer TA. A highly efficacious 
lymphocytee chemoattractant, stromal cell-derived factor 1 (SDF-1). J Exp Med. 1996; 184:1101-
1109. . 

172 2 



Migrationn of leukemic cells 

2.. 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. . 

3.. Bleul CC, Farzan M, Choe H, et al. The lymphocyte chemoattractant SDF-1 is a ligand for 
LESTR/fusinn and blocks HIV entry. Nature. 1996;382:829-833. 

4.. Oberlin E, Amara A, Bachelerie F, et al. The CXC chemokine SDF-1 is the ligand for 
LESTR/fusinn and prevents infection by T-cell-line adapted HIV-1. Nature. 1996;382:833-835. 

5.. Loetscher M, Geiser T, O'Reilly T, Zwahlen R, Baggiolini M, Moser B. Cloning of a human 
seven-transmembranee domain receptor LESTR, that is highly expressed in leukocytes J Biol 
Chem.. 1994;269:232-237. 

6.. Deichmann M, Kronenwett R, Haas R. Expression of the human immunodeficiency virus type-1 
coreceptorss CXCR-4 (fiisin, LESTR) and CKR-5 in CD34' hematopoietic progenitor cells 
Blood.. 1997;89:3522-3528. 

7.. Möhle R, Bautz F, Rafii S, Moore MAS, Brugger W, Kanz L. The chemokine receptor CXCR-4 
iss expressed on CD34+ hematopoietic progenitors and leukemic cells and mediates 
transendotheliall  migration induced by stromal cell-derived factor-1. Blood. 1998;91:4523-4530. 

8.. Voermans C, Gerritsen WR, von dem Borne AEG Kr, van der Schoot CE. Increased migration 
off  cord blood-derived CD34* cells, as compared to bone marrow and mobilized peripheral 
bloodd CD34' cells across uncoated or fibronectin-coated filters. Exp Hem. 1999;27:1806-1914. 

9.. 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 marrow 
environment.. Blood. 1998;91:100-110. 

10.. Nagasawa T, Hirota S, Tachibana K, et al. Defects of B-cell lymphopoiesis and bone-marrow 
myelopoiesiss in mice lacking the CXC chemokine PBSF/SDF-1. Nature. 1996;382:635-638. 

11.. Ma Q, Jones D, Borghesani PR, et al. Impaired B-lymphopoiesis, myelopoiesis, and derailed 
cerebellarr neuron migration in CXCR-4- and SDF-1-deficient mice. Proc Natl Acad Sci USA 
1998;95:9448-9453. . 

12.. Zou Y-R, Kottmann AH, Kudora M. Taniuchi I, Lirtman DR. Function of the chemokine 
receptorr CXCR-4 in haematopoiesis and in cerebellar development. Nature. 1998;393:595-599. 

13.. Peled A, Petit A, (Collet O, et al. Dependence of human stem cell engraftment and repopulation 
off  NOD/SC1D mice on CXCR-4. Science. 1999;283:845-848. 

14.. Voermans C, Kooi MLK. Rodenhuis S, van der Lelie J, van der Schoot CE, Gerritsen WR. In 
vitrovitro migratory capacity of CD34* cells is related to hematopoietic recovery after autologous 
stemm cell transplantation. Blood. 2001;97:799-804. 

15.. Möhle R, Failenschmid C, Bautz F. Kanz L, Overexpression of the chemokine receptor CXCR4 
inn B cells chronic lymphocytic leukemia is associated with increased functional response to 
stromall  cell-derived factor-1 (SDF-1). Leukemia. 1999;13:1954-1959. 

16.. Dürig J, Rosenthal C, Elmaagacli A, et al. Biological effects of stromal-derived factor-la on 
normall  and CML CD34* haemopoietic cells. Leukemia. 2000; 14; 1652-1660. 

17.. Bradstock KF, Makrynikola V, Bianci A. Shen W, Hewson J, Gottlieb DJ. Effects of the 
chemokinee stromal cell-derived factor-I on the migration and localization of precursor-B acute 
lymphoblasticc leukemia cells within bone marrow stromal layers. Leukemia. 2000;14:882-888. 

[8.. Löwenberg B, Downing JR. Burnett A. Acute myeloid leukemia New Eny J Med 
1999;341:1051-1062.. " " 
Franciss K, Ramaknshna R. Holloway W, Palsson BO. Two new pseudopod morphologies 
displayedd by the human hematopoietic KGla progenitor cell line and by primary human 
CD34(( + ) cells. Blood. 1998;92:3616-3623. 

20.. Dedhar S. Integrins and signal transduction. Curr Opin Hematol. 1999;6:37-43. 
21.. Clark E A, Brugge JS. Integrins and signal transduction pathwavs: the road taken Science 

1995;268:233-239. . 

19 9 

173 3 



Chapterr 8 

22.. Liesveld JL, Dispersio JF, Abboud CN. Integrins and adhesive receptors in normal and 
leukemicc CD34* progenitor cells: potential regulatory checkpoints for cellular traffic. Leuk 
Lymphomaa 1994;14:19-28. 

23.. Bendall LJ, (Cortlepel K, Gottlieb DJ. Human acute myeloid leukemia cells bind to bone 
marroww stroma via a combination of beta-1 and beta-2 integrin mechanisms. Blood 
1993;82:3125-3132. . 

24.. Weimar IS, Voermans C, Bourhis J-H, et al. Hepatocyte Growth Factor/scatter factor (HGF/SF) 
affectss proliferation and migration of myeloid leukemic cells. Leukemia. 1998;12:1195-1203. 

25.. Pelletier AJ, van der Laan LJW, Hildbrand P. et al. Presentation of chemokine SDF-la by 
fibronectinn mediates directed migration of T cells. Blood, 2000; 96:2682-2690. 

26.. Möhle R, Schittenhelm M, Failenschmid C, et al. Functional response of leukemic blasts to 
stromall  cell-derived factor-1 correlates with preferential expression of the chemokine receptor 
CXCR-44 in acute myelomonocytic and lymphoblastic leukemia. Br J Hematol. 2000;110;563-
572. . 

174 4 



Chapterr 9 

Summaryy and General Discussion 
Samenvatting g 

Dankwoord d 
Curriculumm Vitae 





Summaryy and General Discussion 

Summaryy and General Discussion 

Inn healthy adults, hematopoiesis takes place in the bone marrow, where the 
majorityy of hematopoietic progenitor cells (HPC) are located. In patients 
undergoingg chemo- and/ or radiotherapy, hematopoiesis is seriously disturbed. 
Reconstitutionn of the bone-marrow function can be achieved by bone-marrow 
transplantationn or peripheral blood stem-cell transplantation. Both types of 
transplantationn can be performed with autologous or allogeneic HPCs. Besides 
bone-marroww or peripheral-blood HPCs, also HPC derived from umbilical cord 
bloodd are able to reconstitute bone-marrow function. 

Homingg and engraftment of transplanted hematopoietic cells within the 
hematopoieticc microenvironment are important biological processes for sustained 
long-termm hematopoiesis. However, the molecular mechanisms that govern these 
processess are poorly understood. It is likely that the mechanism of homing is a 
multistepp process, consisting of adhesion to endothelial cells of the marrow 
sinusoids,, followed by transmigration directed by chemoattractants, and finally 
anchoringg within the extravascular bone-marrow spaces where proliferation and 
differentiationn will occur. Determining the role of chemokines and adhesion 
moleculess in human stem-cell migration and engraftment will help to identify the 
underlyingg mechanisms that regulate stem-cell homing and will advance clinical 
stem-celll  transplantation. Recently, the first powerful chemoattractant for 
HPC/CD34~~ cells has been described, i.e. stromal cell-derived factor-1 (SDF-1), 
producedd by stromal cells, including those from the bone marrow [1,2]. 

Inn this thesis, we have examined the migratory behavior of normal and 
malignantt HPC from various sources. We focused on various aspects of migration, 
i.e.. the role of the chemokine SDF-1 and its receptor CXCR-4, the involvement of 
adhesionn molecules and the induction of actin polymerization in the HPC. 

Inn chapter  2 we compared spontaneous and SDF-1-induced migration of 
CD34̂ ^ cells from bone marrow (BM), peripheral blood (PB) and cord blood (CB) 
acrosss Transwell filters. Under all circumstances, CB CD34~ cells showed 
significantlyy more migration than did BM or PB CD34~ cells. Similarly, Yong et 
al.. have shown that CB HPC have a stronger transendothelial migratory potency 
andd increased responses to SDF-1 compared with mobilized progenitor cells from 
adultss [3], 

Moreover,, our results indicated a significantly lower CXCR-4 expression of PB 
CD34~~ cells compared to BM and CB CD34" cells, which expressed similar levels 
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off  CXCR-4. Coating of the filters with the extracellular matrix protein fibronectin 
(FN)) strongly enhanced the SDF-1-induced migration of PB CD34" cells and of 
BMM CD34+ cells. SDF-1-induced migration of PB and BM CD34̂  cells over FN-
coatedd filters was blocked by antibodies against pVintegrins. In contrast, migration 
off  CB CD34* cells over FN-coated filters could not be inhibited by these 
antibodies.. In addition, the results of chapters 2 and 3 demonstrate large inter-
individuall  differences of the in-vitro migratory ability of PB CD34' cells, in 
spontaneouss migration as well as in SDF-1-induced migration. In both chapters we 
describee that the observed differences in migration within or between the various 
sourcess of CD34" cells could be due to preferential migration of phenotypically 
recognizablee primitive CD34' subsets. For none of the three cell sources (BM, CB or 
PB)) preferential migration of such a subset was observed, despite the fact that CB 
CD34**  cells are thought to contain a higher percentage of immature subsets. 

Ourr results may indicate that cord-blood-derived CD34* cells home more 
rapidlyy than CD34~ cells from other sources. This is in line with clinical data, 
whichh show that cord-blood stem-cell grafts are capable of inducing stable 
engraftment,, despite the low numbers of CD34* cells present [4,5], These 
differencess in homing capacity might indicate that the differences in SCID 
repopulatingg cell frequency, as described by others [6,7], is not only due to the 
presencee of more immature stem cells in CB but also related to an enhanced 
engraftmentt of these cells. 

Recently,, Peled et al. found SDF-1 and CXCR-4 to be critical for murine bone-
marroww engraftment by SCID-repopulating stem cells [8]. They also demonstrated 
thatt migration of CD34TD38"'0*  cells to SDF-1 in vitro correlated with in-vivo 
engraftmentt and stem-cell function in NOD/SCID mice. Therefore, as described in 
Chapterr  3, we investigated whether the migratory' ability of peripheral blood (PB)-
derivedd CD34" cells of patients receiving autologous PB stem-cell transplantation 
iss related to the homing efficiency of these cells. Significantly faster hematological 
recoveryy was observed in patients transplanted with CD34* cells that showed high 
spontaneouss and SDF-1-induced migration in vitro (p<0.05). 

Moreover,, CD34" cells from healthy G-CSF-mobilized donors exhibited a 
significantlyy higher spontaneous and SDF-1-induced migration than did CD34̂  
cellss from patients mobilized with chemotherapy and G-CSF. The lower migratory 
capacityy in vitro of patient-derived CD34* cells was not due to lower expression of 
CXCR-4.. but probably reflects a decreased motogenic behavior of the cells. These 
resultss suggest that the engraftment potential of stem cells obtained from pretreated 
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cancerr patients may be impaired. An improvement in migratory capacity of CD34+ 

cellss in autologous stem cell grafts, e.g. by in-vitro manipulation, could possibly 
leadd to an enhanced recovery or to the use of smaller stem cell grafts. 

Anotherr important aspect of this chapter is the role of CXCR-4 in the stem-cell 
mobilization.. As has been shown in chapter 2, the expression of CXCR-4 is 
significantlyy lower on PB than on BM CD34" cells. This phenomenon has also 
beenn reported by others [9,10]. Moreover, Lapidot et al. have suggested a role for 
SDF-11 in the mobilization of hematopoietic stem cells [11]. This group reported 
thatt a single dose of G-CSF indirectly upregulated CXCR-4 expression on 
hematopoieticc cells prior to their mobilization by inhibiting the production of SDF-
11 by stromal cells. Our data suggest the opposite: we postulate that a reduced 
expressionn of CXCR-4 is required prior to mobilization. This is based on the fact 
thatt we observed a significant correlation between CXCR-4 expression and the 
numberr of mobilized CD34+ cells, while an exponential decrease in the numbers of 
mobilizedd CD34+ cells per kg body weight was observed when the cells expressed 
higherr amounts of CXCR-4. The reduced expression of CXCR-4 on PB CD34+ 

cellss may be due to downregulation, which might be necessary for egress from the 
bonee marrow during mobilization. To date, only one other study has been 
publishedd reporting this phenomenon [12]. Gazitt et al. observed a significant 
decreasee in the expression of CXCR-4 in PBSC collections compared with steady-
statee bone-marrow, irrespective of the growth factor used for mobilization. 
Furthermore,, when the patients were regrouped as "good mobilizers" and "poor 
mobilizers",, a significant higher percentage of CD34"/CXCR-4+ positive cells was 
observedd in the group of "good mobilizers" compared to the "poor mobilizers". 

AA similar mechanism has been suggested for VLA-4 expression [13]. 
Circulatingg CD34+ cells express VLA-4 at a lower level than CD34" cells residing 
inn the BM. This suggests that the release of CD34+ cells is related to the expression 
levell  of VLA-4 [14-19]. So, it appears that downregulation of the expression of at 
leastt VLA-4 (and possibly other adhesion molecules) and/or CXCR-4 are required 
forr the process of release of PBSC from the bone marrow to the peripheral blood. 

Fromm chapters 2 and 3 it has become clear that for movement toward a 
chemotacticc gradient, hematopoietic progenitor cells are not only dependent on 
CXCR-44 expression but also on their intrinsic migratory ability, e.g. they must be 
ablee to modulate their cytoskeleton. Control of actin assembly and disassembly has 
beenn described to be important for cell migration [20]. In chapter  4 we studied the 
extentt and kinetics of SDF-1-induced actin polymerization in PB- and CB-derived 
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CD34~~ cells and studied whether this correlated with the migratory capacity of 
thesee cells. Addition of a high concentration of SDF-1 induced a rapid and transient 
burstt of actin polymerization in HL-60 cells as well as in CD34" cells. It was 
foundd that SDF-1 induced significantly more actin polymerization in CB CD34" 
cellss than in PB CD34" cells. This enhanced F-actin formation was not only caused 
byy differences in CXCR-4 expression. This is in line with preliminary observations 
ass described in chapter 2. In that chapter was shown that SDF-1-induced actin 
polymerizationn was higher in CB CD34* cells than in BM CD34+ cells, although 
thee CXCR-4 expression levels were similar in both cell types. To investigate 
migratoryy capacity of and actin polymerization in CD34+ cells from PB or CB, we 
performedd migration assays using SDF-1 as the chemokine, followed by the 
analysiss of SDF-1-induced actin polymerization in the migrated as well as the non-
migratedd cells. Indeed, migrated CB CD34+ cells showed a higher and prolonged 
risee in F-actin levels compared to non-migrated cells. To further investigate 
whetherr migrating CD34̂  cells retain their migratory response to SDF-1 and 
comprisee a higher intrinsic migratory capacity than do non-migrating CD34+ cells, 
wee performed secondary migration assays. Interestingly, migrated CD34" cells 
showedd a significantly higher migration efficiency as measured in the secondary 
migrationn assay compared to the non-migrated fraction. This is in accordance with 
publishedd data from Peled et al. [8], who showed in the NOD/SCID model that 
onlyy CD34* cells that are able to migrate towards SDF-1 have SCID-repopulating 
activity.. In contrast, mice transplanted with non-migrating cells were poorly 
engrafted.. These and our results are further evidence for the link between in-vitro 
motilityy and in-vivo stem cell function. 

Inn conclusion, the magnitude of the SDF-1-induced actin polymerization 
responsee correlates positively with migration capacity of primary human HPC and 
iss independent from CXCR-4 expression. The phenomenon of intrinsic migratory 
capacityy thus seems to be defined by heterogeneous, cell-specific differences in the 
signalingg between the chemokine receptor and the actin polymerization machinery. 
Combiningg the results of chapter 2 and 4, it can be concluded that CB CD34* cells 
seemm to have a higher intrinsic migratory ability and motogenic behavior than 
CD34++ cells from PB and or BM. It remains to be established whether the ability to 
reorganizee the cytoskeleton is reduced in CD34" cells obtained from mobilized 
patientss due to pre-treatment with various drugs [21,22]. Moreover, it is of interest 
too investigate whether these differences are specific in response to SDF-1 or also 
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appearr with other stimuli. For example, RHAMM, a receptor for HA-mediated 
motility,, has also been described to mediate the motile behavior of HPC [23]. 

Inn the process of homing, CD34" cells migrate across the bone-marrow 
endothelium,, probably in response to SDF-1. In chapters 5 and 6 we examined 
whichh adhesion molecules (present on HPC or endothelial cells) mediate the 
migrationn by using monoclonal antibodies against these molecules. Instead of 
coatingg the Transwell filters with FN, we now cultured bone-marrow endothelial 
cellss (BMEC) on top of the filters. After pre-stimulation of these endothelial cells 
withh IL-lp , the adhesion molecules E-selectin and VCAM-1 were strongly 
expressed.. This enhanced expression of VCAM-1 and E-selectin mimics the 
situationn in vivo, where both molecules are found to be expressed on small 
endotheliall  vessels in hematopoietically active tissues [24]. 

Inn chapter 2 was shown that CB CD34+ cells showed maximal migration over 
FN-coatedd filters when concentrations between 600 and 1000 ng/mL SDF-1 were 
used,, whereas in chapter 5 we demonstrated that maximal transendothelial 
migrationn was observed in the presence of 30-100 ng/mL SDF-1. The observed 
differencess in dose-response curve are related to an efficient presentation of SDF-1 
byy endothelial cells, similar to the situation in vivo where SDF-1 is presented on 
thee surface of BMEC [25]. The importance of the presentation of SDF-1 by 
endotheliall  cells was also found by Peled et al., who demonstrated that only 
immobilizedd and not soluble SDF-1 could upregulate integrin adhesiveness of 
CD34++ cells. However, a recent publication of Pelletier et al. indicated that SDF-1 
couldd also be immobilized by FN [26], This might indicate that the presence of FN 
inn the experiments described in chapter 2 and 3 was necessary for an optimal 
presentationn of SDF-1. On the other hand, also the spontaneous migration of CB, 
PBB and BM CD34̂  cells (chapter  2) as well as of KGla cells (chapter  8) 
appearedd to be significantly enhanced by coating of the Transwell filters with FN. 
Inn chapter 2 we demonstrated that migration of CD34+ cells is facilitated by 
reversiblee integrin-mediated interactions with FN-coated filters. Moreover, binding 
off  the integrins on the CD34+ cells to the FN, can result in "outside in11 signaling, 
whichh is known to affect migration, proliferation and differentiation of cells 
[27,28].. Thus, the observed enhanced motility of the CD34+ cells might be FN-
mediatedd and/or mediated by activation via the SDF-1 /CXCR-4 pathway, rather 
thann SDF-1 presentation by FN (see figure I A). 

Moreover,, in chapter 6 it was shown that when VE-cadherin function is blocked 
onn the endothelial cells, a further shift in the optimal concentration to 30 ng/mL 
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SDF-11 was observed. Treatment with antibodies that block VE-cadhenn function 
resultt in diminished endothelial cell-cell contact, which might result in faster 
establishmentt of the chemokine gradient toward the upper compartment of the 
Transwell.. However, even after blocking the VE-cadherin function, migration was 
stilll  mediated by VCAM-1 and ICAM-1. This interaction is probably similar to 
whatt has been described above for FN and HPC, In addition, HPC-endothelium 
interactionss via adhesion molecules, such as VCAM-1 and ICAM-1, induce 
intracellularr endothelial signaling that affect the endothelial cell-cell junctions. 
Crosslinkingg experiments to mimic HPC-endothelium interactions support the 
involvementt of VCAM-1, PECAM-1 and ICAM-3 (van Buul et al. unpublished 
observations)) in the regulation of endothelial cell-cell junctions i.e. in VE-cadherin 
regulation. . 

Inn addition, further studies have revealed that SDF-1-induced transendothelial 
migrationn of CD34̂  cells under our experimental conditions is partly mediated by 
p,-andp2-integrinss and PECAM-1, but not by CD34 or E-selectin. Even when the 
antibodiess against these adhesion molecules were combined, we never observed 
completee inhibition of the transendothelial migration, suggesting the involvement 
off  additional structures. While in chapter 5 we mainly focused on the adhesion 
structuress present on HPC, the studies in chapter 6 were performed with another 
approach.. In chapter 5 the HPC were pretreated, here the endothelial cells were 
pretreatedd with antibodies and these were subsequently washed away, Under these 
conditions,, a role for ICAM-1 and VCAM-1 was observed; the combination of 
thesee antibodies inhibited transendothelial migration to a similar extent as did the 
combinationn ofpi-and p2-integrins and PECAM-1 used in chapter 5. The results of 
chapterr 5 and 6 lead to the following hypothetical model for adhesion molecules 
involvedd in transendothelial migration of HPC (see figure IB). The SDF-1-induced 
transendotheliall  migration is probably mediated by the p, (VLA-4/VLA-5)/FN , 
VLA-4/VCAM- 11 and p2/ICAM- l pathway and by PECAM-1 and VE-Cadherin 
homotypicc interactions. Despite the fact that most previous studies have only 
partiallyy addressed the role of adhesion molecules in the regulation of HPC 
transendotheliall  migration, taken together most of these data are in accordance with 
ourr results [29,30,31 ]. In contrast, Naiyer et al. did not see any effect of antibodies 
againstt VCAM-1 and ICAM-1 on SDF-1-induced transendothelial migration of 
CD34++ cells [32], but showed that E-selectin mediates SDF-1-induced 
transendotheliall  migration across BMEC [32]. Previous studies by Rood et al. have 
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shownn that E-selectin is mainly involved in the initial interaction between HPC and 
BMECC [33,34]. 

SDF-1 1 

osss of VE-cadhcrin 
nteraction n 

B B SDF-1 1 

Figuree 1. Interaction of adhesion molecules on HPC and bone marrow endothel ia l cell during 
t ransendothe l ia ll migra t ion. A. Interactions during adhesion of HPC to bone-marrow endothelial cells. 
BB Adhesion molecules involved in transmigration of HPC across BMEC 
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Onee recent publication was almost in total agreement with our results [35]. The 
authorss showed that the SDF-1 -induced transendothelial migration of CD347 
CXCR4'' cells could be inhibited by a combination of antibodies against VLA-4, 
VLA- 55 and LFA-1. Furthermore, they showed that treatment of human CD34* cells 
withh antibodies to either VLA-4 or VLA-5 prevented engraftment, and treatment 
withh anti-LFA-1 reduced the levels of engraftment in NOD/SCID mice [35]. The 
presumedd involvement of VLA-4/VCAM- 1 in homing had previously been 
establishedd in in-vivo models [36,37]. 

Inn chapters 7 and 8 malignant hematopoiesis was studied. For this purpose, 
cellss obtained from MDS and AML patients were used. Since HGF/SF was found 
too be produced by bone-marrow stromal cells and acts as a chemoattractant for 
normall  HPC [38,39], we studied HGF-induced migration over FN-coated filters of 
AMLL and MDS cells. HGF/SF significantly promoted migration of 3/5 samples of 
MDSS patients and of 5/7 samples of AML patients. Furthermore, supernatant of 
bone-marroww stromal cells promoted migration of 4/5 MDS patients and 6/7 AML 
patients.. This HGF-c-MET interaction may increase the malignant potency of 
AMLL cells by promoting migration. The oncogenic role of HGF/SF-MET signaling 
pathwayss has recently been reviewed [40,41]. This role could be mediated by 
autocrinee or paracrine mechanisms that promote tumor cell growth, invasion and 
angiogenesiss [40]. It was reported that HGF/SF up-regulates the expression of 
CD444 receptors on the surface of endothelial cells and thereby enhances tumor 
cell-endotheliall  adhesions [42]. Most likely, HGF/SF plays a role in the trafficking 
off  malignant HPC. 

Inn chapter 8 we studied spontaneous and SDF-1-induced migration of malignant 
cells.. First we studied migration of leukemic cell lines. Similar to observations on 
HGF-inducedd migration in Chapter 7, coating of the Transwell Filter with FN was 
necessaryy to obtain optimal spontaneous as well as SDF-1-induced migration. This 
indicatess that also for migration of malignant HPC, adhesion is an initial 
requirementt for migration. Comparable results were obtained with primary cells 
derivedd from BM or PB of AML patients. 

Spontaneouss migration was usually very low, but large differences in SDF-1 -
inducedd migration between the 26 patients were observed. The response does not 
seemm to differ from SDF-1-induced migration of non-malignant CD34* cells. 
Furthermore,, significantly higher migration of BM CD34+ blasts compared to PB 
CD34**  blasts was observed. Moreover, this variation in SDF-1-induced migration 
cann be at least partly explained by differences in CXCR-4 expression. Similar to 

184 4 



Summaryy and General Discussion 

thee results of Möhle et al. a positive correlation between CXCR-4 expression and 
SDF-11 -induced migration was observed [43]. 

Inn summary, our results imply that SDF-I may contribute to leukemic 
trafficking,, as has also been shown for chronic myeloid leukemia, acute and 
chronicc lymphocytic leukemia [44,45,46], A recent study by Möhle et al. even 
suggestss preferential expression of CXCR-4 on myelomonocytic blasts 
(FABM4/M5)) [47]. 

Inn conclusion, the work described in this thesis has shown that CB CD34+ cells 
havee an enhanced migratory capacity compared to CD34+ cells derived from BM 
orr PB. However, this is not only due to the higher CXCR-4 expression of CB 
CD34++ cells. When analyzing migration of PB CD34" cells, a broad range in 
percentagess of migrated CD34+ cells was observed. The variation in migration 
withinn but also between the three groups of CD34+ cells indicate that CD34" cells 
differr in terms of intrinsic migratory capacity. This was shown in secondary 
migrationn assays: migrated cells retain their capacity to migrate toward SDF-1, 
whereass non-migrated cells barely migrate at all. One of the factors defining 
intrinsicc migratory capacity is probably F-actin formation. It was determined that 
CBB CD34* cells show enhanced SDF-1-induced actin polymerization compared to 
PBB CD34" cells. Furthermore, a link between in-vitro migration and in-vivo 
hematopoieticc recovery was found. Significantly faster hematological recovery was 
observedd in patients transplanted with CD34* cells that showed high spontaneous 
andd SDF-1-induced migration in vitro than in patients transplanted with slower 
migratingg CD34* cells. 

SDF-1-inducedd transendothelial migration of CD34" cells seems to be mediated 
byy at least VLA-4/VLA-5/FN , VLA-4/ VCAM-1, (32 /ICAM-1 interactions, and by 
PECAMM and VE-cadherin homotypic interactions. The interaction between HPC 
andd endothelial cells via Ig superfamily members /integrins leads to enhanced 
motilityy of HPC and to focal loss of VE-cadherin at sites of transmigration. In 
addition,, efficient presentation of SDF-1 by endothelial cells probably facilitates 
thee transmigration. 

Forr malignant hematopoiesis HGF/SF and SDF-1 are most likely important 
factors.. A role for the two factors in the trafficking of the malignant cells is 
possible.. But also for migration of malignant HPC the intrinsic migratory capacity 
off  these cells, besides the expression of CXCR-4 or c-MET, is important. However 
knowingg the present data, new research should focus on the development of a 
strategyy to improve homing efficiency of stem cell grafts, which can be directly 
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usedd in clinical stem cell transplantation. This might lead to the use of smaller stem 
celll  grafts, thereby facilitating stem cell harvesting and reducing tumor 
contamination.. Furthermore, these results might be important for gene therapy with 
CD34+cells. . 
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Kankerpatiëntenn worden vaak behandeld met chemo- en/of radiotherapie. Een be-
langrijkk resultaat van deze therapie is het doden van snel delende cellen, zoals de 
cellenn in de tumor. Naast de tumorcellen worden echter ook gezonde cellen ge-
dood,, onder meer de cellen die zorgen voor de bloedcelaanmaak in het beenmerg. 
Inn het beenmerg worden grote hoeveelheden witte en rode bloedcellen gemaakt, en 
ookk de bloedplaatjes. De witte cellen spelen een belangrijke rol in het afweersys-
teem,, de rode cellen zorgen voor zuurstoftransport en de plaatjes zijn onmisbaar 
voorr stollingsprocessen. Een vervelende bijwerking van chemo- of radiotherapie is 
dann ook dat de patiënten na de behandeling vaak last hebben van bloedarmoede en 
eenn verminderde afweer. 

Omm het herstel van de bloedcelaanmaak (hematopoïese) te versnellen, worden 
beenmergtransplantatiess of perifere stamceltransplantaties uitgevoerd. Deze behan-
delingenn zijn gebaseerd op teruggave van zogenaamde hematologische 
voorlopercellenn (die nog kunnen uitrijpen tot alle soorten bloedcellen) aan de pati-
ent.. Deze cellen zorgen er voor dat de bloedcelaanmaak sneller wordt hersteld dan 
zonderr transplantatie. Normaal gesproken bevindt de meerderheid van de hema-
topoietischee voorlopercellen (HPC) zich in het beenmerg, slechts een zeer klein 
gedeeltee van deze cellen circuleert in het bloed. Vanaf ongeveer 1950 begon men 
mett het uitvoeren van beenmergtransplantaties bij kankerpatiënten. Patiënten wer-
denn zowel getransplanteerd met eigen (autoloog) beenmerg (dat voorafgaand aan 
dee chemo- of radiotherapie is afgenomen) of met beenmerg van een donor die im-
munologischh identiek is aan de patiënt (allogene transplantatie). In de jaren tachtig 
werdd duidelijk dat het aantal HPC in het bloed kan worden verhoogd door middel 
vann het toedienen van groeifactoren zoals granulocyte-colony stimulating factor 
(kortwegg G-CSF) al dan niet in combinatie met chemotherapie. Dit wordt toege-
diendd voordat de patiënt de "echte" chemo- of radiotherapie ondergaat, en de HPC 
wordenn daarna verzameld en ingevroren. Het uitdrijven van de stamcellen uit het 
beenmergg wordt mobilisatie genoemd. Na de behandeling met chemo- of radiothe-
rapiee worden aan de patiënt eigen of donor voorlopercellen teruggegeven. Een 
derdee bron van voorlopercellen is navelstrengbloed. In navelstrengbloed, dat na een 
geboortee meestal als afval wordt beschouwd, bevinden zich relatief veel hematolo-
gischee voorlopercellen. Ook deze cellen zijn geschikt om de beenmergfunctie van 
patiëntenn te herstellen. Op dit moment is de meest toegepaste vorm van transplan-
tatiee die met stamcellen uit het bloed van de patiënt zelf. 
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Eenn opmerkelijk feit is dat bij teruggave van de hematologische voorlopercellen 
(afkomstigg van welke bron dan ook) deze niet worden ingespoten in het beenmerg. 
Dee cellen worden teruggeven aan de patiënt via een bloedvat (intraveneus) in de 
arm.. De HPC verplaatsen zich (migreren) vervolgens via de bloedbaan naar de 
verschillendee plaatsen in het lichaam waar zich het beenmerg bevindt (borstbeen, 
wervels,, bekken). Dit proces van het migreren van de HPC via de bloedbaan naar 
hett beenmerg wordt "homing" genoemd. Echter, de mechanismen die verantwoor-
delijkk zijn voor dit homingsproces zijn slechts ten dele bekend. Het wordt 
verondersteldd een meerstapsproces te zijn, beginnend met hechting (adhesie) van 
dee HPC aan endotheelcellen (cellen die de wand van bloedvaten bekleden) van het 
beenmerg,, gevolgd door migratie van de HPC tussen de endotheelcellen door, een 
process dat plaats vindt onder invloed van zogenaamde chemoattractanten (stoffen 
diee de migratie van cellen naar een specifieke plaats kunnen bewerkstelligen). De 
HPCC komen uiteindelijk terecht in het beenmergstroma, alwaar ze zich nestelen. In 
dezee omgeving kunnen ze zich delen en uitrijpen en zodoende de functie van het 
beenmergg herstellen. 

Hett bestuderen van de rol van de chemoattractanten en de hechtingsmoleculen 
(adhesiemoleculen)) tijdens de migratie en de innesteling van de stamcellen in het 
beenmergg zal helpen bij het ontrafelen van de mechanismen die de stamcelhoming 
reguleren.. Deze kennis kan wellicht bijdragen tot een verbetering van de klinische 
stamceltransplantatie.. In 1996 is de eerste sterke chemoattractant voor HPC be-
schreven,, te weten stromal cell-derived factor-1 (SDF-1). SDF-1 wordt 
geproduceerdd door stromale cellen inclusief die van het beenmerg. In dit proef-
schriftt hebben we het migratiegedrag van normale en maligne HPC (meestal van 
leukemiepatiënten)) uit verschillende bronnen bestudeerd. Zowel de rol van SDF-1 
enn zijn receptor CXCR-4, de betrokkenheid van adhesiemoleculen en het induceren 
vann veranderingen in het cytoskelet (vorm en bewegelijkheid) van de HPC zijn 
bestudeerd. . 

Inn hoofdstuk 1 wordt een introductie gegeven over HPC, adhesiemoleculen en 
dee tot nu toe bekende feiten omtrent migratie en homing van stamcellen. In hoofd-
stukk 2 van het proefschrift zijn de spontane en SDF-1-geïnduceerde migratie van 
HPCC afkomstig uit beenmerg, perifeer bloed en navelstrengbloed met elkaar ver-
geleken.. Hiervoor werd een zogenaamd Transwell systeem gebruikt, bestaande uit 
eenn boven- en een ondercompartiment die worden gescheiden door een filter met 
gaatjess van ongeveer 5 micrometer waar de cellen doorheen kunnen migreren. In 
hett onderste compartiment wordt medium of SDF-1 gedaan, in het bovenste com-
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partimentt de HPC, waarna de cellen 4 uur de tijd krijgen om van het bovenste naar 
hett onderste compartiment te migreren. Het aantal cellen in het onderste comparti-
mentt wordt vervolgens geteld en daarmee wordt het percentage migratie bepaald. 
Onderr alle condities migreerden de HPC afkomstig uit navelstrengbloed beter dan 
HPCC afkomstig uit perifeer bloed of beenmerg. Een andere observatie was dat de 
expressiee van de CXCR-4 receptor significant lager was op HPC uit perifeer bloed 
vergelekenn met HPC uit beenmerg of navelstrengbloed; deze laatste vertoonden 
eenn gelijke expressie van de receptor. Het bedekken van de Transwell filters met 
hett extracellulaire matrixeiwit fibronectine verhoogde de migratie van HPC uit 
beenmergg en perifeer bloed. Zowel in hoofdstuk 2 als 3 wordt beschreven dat er 
grotee donorafhankelijke verschillen zijn in spontane en SDF-1-geïnduceerde mi-
gratiee van cellen afkomstig uit perifeer bloed. 

Onzee resultaten kunnen mogelijk een indicatie zijn dat HPC uit navelstreng-
bloedd sneller "homen" dan HPC afkomstig uit andere bronnen. Deze waarneming 
komtt overeen met klinische data die laten zien dat navelstrengbloed transplantaten 
inn staat zijn om goed herstel van het beenmerg te bewerkstelligen, ondanks de lage-
ree aantallen HPC die normaliter uit navelstrengbloed kunnen worden geïsoleerd. 

Onlangss heeft de onderzoeksgroep van Peled et al. aangetoond dat SDF-1 en 
zijnn receptor CXCR-4 van groot belang zijn voor het beenmergherstel in muizen. 
Zijj  lieten ook zien dat de SDF-1-geïnduceerde migratie van HPC in een Transwell 
systeemm correleerde met het herstel en de functie van beenmerg in de muizen. Dit 
wetendee hebben wij in hoofdstuk 3 bestudeerd in welke mate de migratoire capa-
citeitt van HPC uit perifeer bloed van patiënten in een Transwell systeem overeen 
kwamm met het beenmergherstel van deze patiënten na perifere- stamceltransplanta-
tie.. Een sneller beenmergherstel werd gevonden bij patiënten die zijn 
getransplanteerdd met cellen die een hoge spontane of SDF-1-geïnduceerde migratie 
vertoondenn in het Transwell systeem. Een andere observatie is dat HPC van gezon-
dee G-CSF gemobiliseerde donoren een hogere spontane en SDF-1-geïnduceerde 
migratiee vertoonden in het Transwell systeem dan HPC van patiënten die waren 
gemobiliseerdd met chemotherapie en G-CSF. Deze verlaagde migratie werd niet 
veroorzaaktt door een lagere expressie van CXCR-4 op de HPC, maar werd moge-
lij kk veroorzaakt door een verlaagde vervorm- of beweegbaarheid van de cellen. 
Daardoorr is het potentieel van deze cellen om te migreren en vervolgens been-
mergherstell  te bewerkstelligen wellicht verlaagd. Een verbetering van de 
migratoiree capaciteit van de HPC, bijvoorbeeld door bewerking in het laboratori-
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urn,, kan mogelijk leiden tot verbeterd beenmergherstel of tot het gebruik van klei-

neree transplantaten. 

Dee resultaten van hoofdstuk 2 en 3 maakten duidelijk dat voor migratie naar 
eenn chemoattractant de HPC niet alleen afhankelijk zijn van CXCR-4, maar ook 
vann de intrinsieke migratoire capaciteit. Met andere woorden, de cellen moeten in 
staatt zijn om hun cytoskelet te veranderen om daarmee snel te kunnen migreren. 
Ditt skelet bestaat voornamelijk uit het actine eiwit, dat kan polymeriseren en de-
polymeriserenn onder invloed van prikkels van buiten de cel zoals bijvoorbeeld de 
aanwezigheidd van chemoattractanten. In hoofdstuk 4 werd daarom onderzocht in 
welkee mate de aanwezigheid van SDF-1 actine polymerisatie kan beïnvloeden en 
off  dit anders is in HPC uit verschillende bronnen. SDF-1 veroorzaakte een hogere 
actinee polymerisatie in cellen afkomstig uit navelstrengbloed dan in cellen uit peri-
feerr bloed. Verder bleek dat gemigreerde navelstrengbloed HPC een hogere en 
langdurigerr actine polymerisatie vertoonden dan niet-gemigreerde navelstreng-
bloedd HPC. Er lijk t dus een correlatie te bestaan tussen de actine polymerisatie 
responss en de migratoire capaciteit van HPC, die onafhankelijk is van de expressie 
vann CXCR-4. De gecombineerde resultaten van hoofdstuk 2 en 4 suggereren dat 
HPCC uit navelstrengbloed een hogere intrinsieke migratoire capaciteit bezitten en 
beweeglijkerr zijn dan cellen uit perifeer bloed of beenmerg. Verder onderzoek zal 
moetenn uitwijzen of de verminderde vervormbaarheid en bewegelijkheid van HPC 
uitt perifeer bloed van patiënten is veroorzaakt door de behandeling met chemo- of 
radiotherapie. . 

Tijdenss het homingsproces migreren de HPC tussen de beenmergendotheelcel-
lenn door, waarschijnlijk door de aanwezigheid van SDF-1. In hoofdstuk 5 en 6 is 
onderzochtt welke adhesiemoleculen (aanwezig op de HPC of op de endotheelcel-
len)) een rol spelen tijdens de migratie. Hiervoor werd wederom het Transwrell 
systeemm gebruikt, alleen werden er eerst endotheelcellen gekweekt op de filters. 
Voordatt de HPC cellen in het bovenste compartiment werden gebracht ondergin-
genn de endotheelcellen een behandeling met IL-1(3. Deze behandeling heeft tot 
gevolgg dat de endotheelcellen de adhesiemoleculen VCAM-1 en E-selectin tot 
expressiee brengen, en juist deze expressie is een goede benadering van de situatie 
inn het lichaam, waar de expressie van deze moleculen specifiek is bevonden voor 
endotheelcellenn in weefsels zoals het beenmerg. Een eerste verschil tussen de mi-
gratiee over de met fibronectine gecoate Transwell filters en de filters met 
endotheelcellenn erop was, dat minder SDF-1 nodig was in aanwezigheid van en-
dotheelcellenn om maximale migratie van de HPC te bereiken. Dit duidt op een 
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efficiëntee expressie van de SDF-1 door de endotheelcellen, gelijk aan de situatie in 
hett lichaam, waar SDF-1 ook wordt gepresenteerd door het endotheel. 

Dee resultaten van verdere experimenten wijzen erop dat de SDF-1-geïnduceerde 
migratiee van HPC deels wordt gemedieerd door de printegrinen, p2-integrinen en 
PECAM-1,, maar niet door de adhesiemoleculen CD34 en E-selectin. Zelfs de 
combinatiee van antistoffen tegen de drie eerst genoemden gaf geen complete rem-
mingg van de migratie. Dit suggereert de betrokkenheid van andere nog nader te 
identificerenn moleculen. De voorbehandeling van endotheelcellen zoals beschreven 
inn hoofdstuk 6 leidde tot de conclusie dat ook ICAM-1 en VCAM-1 (liganden 
voorr respectievelijk p2-integrinen en pi. integrinen) betrokken zijn bij de regulatie 
vann transendotheliale migratie van HPC. De behandeling van het endotheel met 
antistoffenn tegen de adhesiemoleculen VE-cadherin (belangrijk voor adhesie van 
endotheelcellenn onderling) leidde tot een verhoogde migratie van HPC, maar deze 
migratiee was nog steeds afhankelijk van ICAM-1 en VCAM-1. Samenvattend leidt 
ditt tot de hypothese dat transendotheliale migratie wordt gemedieerd door de p] 
(VLA-4/VLA-5)/fibronectine,, VLA-4/VCAM-1 , p2/ICAM- l route en door 
PECAM-1/PECAM-11 en VE-cadherin/VE-cadherin interacties. 

Inn de hoofdstukken 7 en 8 hebben we migratiegedrag van maligne cellen be-
studeerd.. Hiervoor hebben we cellen gebruikt afkomstig uit patiënten met acute 
myeloïdee leukemie (AML) en myelodysplastisch syndroom (MDS). AML wordt 
veroorzaaktt door maligne HPC en gekenmerkt door een verhoogd aantal onrijpe 
HPCC in het beenmerg of in het bloed. In tegenstelling tot de normale hematopoïese, 
verlatenn de onrijpe HPC het beenmerg en nestelen zich in organen zoals de lever en 
milt.. Dit duidt op een andere regulatie van migratiegedrag van maligne HPC in 
vergelijkingg met de eerder beschreven gezonde HPC. MDS is een heterogene groep 
vann hematologische afwijkingen die meestal wordt veroorzaakt door defecte stam-
cellen.. Deze ziekte wordt in veel gevallen gezien als een pre-leukemisch stadium, 
omdatt een groot aantal patiënten met MDS op de langere termijn AML ontwikkelt. 
Inn hoofdstuk 7 hebben we als chemoattractant hepatocyte growth factor/scatter 
factorr (HGF/SF) gebruikt. Voordat SDF-I werd ontdekt als een sterke chemoat-
tractantt voor HPC, spitste het onderzoek met betrekking tot migratiegedrag van 
gezondee HPC zich toe tot HGF/SF, mede omdat het wordt geproduceerd door 
beenmergstroma.. Nadat was gevonden dat HGF/SF de migratie van gezonde HPC 
konn verhogen, hebben wij het effect van deze stof onderzocht op maligne cellen. 
HGF/SFF verhoogde de migratie van cellen van 3 uit 5 MDS patiënten en van 5 van 
dee 7 AML patiënten. Het lijk t er dus op dat de interactie tussen HGF/SF en de bij -
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behorendee receptor c-MET de maligne potentie van MDS en AML cellen verhoogt 
doorr de migratie van deze cellen te verhogen. In hoofdstuk 8 hebben we vervol-
genss bestudeerd wat het effect van SDF-1 is op de migratie van leukemische 
cellijnenn en cellen afkomstig van AML patiënten. Hoewel de spontane migratie van 
dee AML cellen over het algemeen erg laag bleef, vonden we grote verschillen in de 
SDF-11 geïnduceerde migratie van cellen uit 26 patiënten. Verder vertoonden cellen 
uitt beenmerg van deze patiënten meer migratie dan cellen afkomstig uit het perifere 
bloed,, ondanks een gelijke expressie van CXCR-4 op deze cellen. Tevens werd 
eenn positieve correlatie gevonden tussen CXCR-4 expressie en SDF-1 -
geïnduceerdee migratie. Deze resultaten suggereren dat SDF-1 bijdraagt tot het mi-
grerenn van leukemische cellen, zoals door anderen is gevonden voor andere 
vormenn van leukemie. In hoofdstuk 9 zijn de resultaten uit de hoofdstukken 2 t/m 
88 samengevat en bediscussieerd. 

Mett deze data in het achterhoofd lijk t het mij dat verder onderzoek zich moet 
richtenn op de ontwikkeling van een strategie om de homingefficiëntie van stamcel-
transplantatenn te verhogen. Dit zou kunnen leiden tot het gebruik van kleinere 
transplantt at en, wat de stamceloogst kan vergemakkelijken en de kans op tumor-
contaminatiee vermindert. Ook zouden de beschreven resultaten belangrijk kunnen 
zijnn voor toekomstige gentherapie met hematologische voorlopercellen. 
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Consummatumm est, oftewel het is volbracht. Een mooiere samenvatting van mijn 
gevoell  kan ik op dit moment niet geven. Volbracht heeft iets positiefs in de 
"klank",, maar aan de andere kant klinkt er ook iets in door van "moeite voor 
gedaan".. En dat is ook zo, en niet alleen door mijzelf. Vele anderen hebben de 
afgelopenn jaren op een of andere manier meegedacht, -geleefd of geholpen. Op 
sommigee momenten heb ik gedacht dat er nooit een dankwoord zou komen, op 
anderee momenten had ik de zinnen al panklaar. De wedstrijd is afgelopen en 
gewonnen.gewonnen. Als individuele sporter in teamverband kun je niet zonder goede 
begeleiding.. Op 1 april 1996 kwam ik het veld op en even later klonk het 
beginsignaal.beginsignaal. Twee coaches zo was mij duidelijk geworden tijdens de 
voorbespreking.voorbespreking. Op welke helft spelen we eigenlijk, waar is het doel en hoe groot? 
LangsLangs de kant wees de vrouwelijke coach fanatiek naar een doel. Het mannelijke 
deeldeel maakte aantekeningen en schreef patronen op. Al snel bleek dat de 
inspirerendee dagelijkse coaching in handen was van mijn co-promotoren Ellen en 
Winald.. Het woord dagelijks is zeker van toepassing op Ellen, hoewel ook 's 
avondss goed bereikbaar. Al jouw creatieve ideeën en bijna onuitputtelijke 
enthousiasmee heeft mij de zonnige kant van de experimenten doen inzien. Ik heb 
opp een heleboel vlakken enorm veel van je geleerd en wat mij betreft ben je de 
ongekroondee koningin van de Immunohematologie. Door een transfer naar een 
anderee universiteit was Winald uitsluitend bij de wekelijkse trainingen aanwezig. 
Hett structureren van alle aanwezige (wilde) plannen, het opzetten van de 
trainingschematrainingschema 's en het evalueren van de haalbaarheid ervan. Bedankt voor al 
jouww bijdragen. Dit alles speelde zich af onder verantwoording van de directeuren 
spelersbeleid,spelersbeleid, mijn promotoren Dirk Roos en Albert Kr. von dem Borne. Dirk, 
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TijdensTijdens de eerste helft werd er behoorlijk geploeterd, de ene na de andere 
tactiektactiek werd uit de kast gehaald om de ballen aan het rollen te krijgen. Een 
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gezorgd.. Sonja, ji j bent degene die mij de afdeling heeft rond geleid op de eerste 
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enthousiastt op los. Zij zette het raamwerk neer voor het laatste hoofdstuk. 
Willemijnn bedankt voor je geweldige inzet. In 1997 betrad Peter H. de arena en 
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eenn grote trofee voor al je bijdragen, je positieve kijk op de zaken en je bereidheid 
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niett is toegestaan, maar anders... 

Irma,, ji j hebt ervoor gezorgd dat het laatste hoofdstuk toch nog afkwam. Eloise, 
bedanktt voor alle mooie groene cellen. Erik Mul, achter wie ik in beginsel aan 
moestt rennen om de chemotaxie te leren. Bedankt voor alle hulp met de meest 
uiteenlopendee proeven. Anton 'zijn er nog chokotoffs V Tool, van uiteenlopende 
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Anderee vliegende wissels die op hun manier hebben gezorgd voor support of het 
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vriendenn en familie met minder kennis van deze tak van sport moeten de afgelopen 
jarenn een rare gewaarwording zijn geweest. All e mensen die de afgelopen jaren zo 
belangrijkk zijn geweest en hebben meegeleefd; of het nou was met de middelbare 
schoolvriendenn (Joost, fantastisch datje mijn paranimf wil zijn), de "meiden" van 
Medischee Biologie, hockey-, squash-, skeeler- of sportmijdende vrienden, op 
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