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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 

183 3 



Chapterr 9 

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 
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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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