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_Summary & General Discussion 

High-dose chemo- and/or radiotherapy is frequently used to treat various kinds of tumors, 
based on the hypothesis that a higher dose would lead to improved efficacy of therapy and 
survival rates in patients. High-dose therapies are, however, myeloablative, and result in 
severe granulocytopenia and thrombocytopenia. Therefore, hematopoietic stem cell 
transplantation is given to the patients to rescue their hematopoietic system. The transplants, 
containing hematopoietic stem- and progenitor cells (HPC), are intravenously infused. The 
HPC actually have to find their way from the site of injection to the bone marrow, where they 
cross the bone-marrow endothelium, a process called homing. Thereafter, the cells settle in the 
bone marrow and give rise to all lineages of blood cells. Thus, the success of stem cell 
transplantation depends on the presence of a sufficient number of repopulating HPC with the 
capacity to home to the bone marrow, to settle in it and to give rise to all lineages of blood 
cells. 

In most patients who have been treated with high-dose chemo- and/or radiotherapy in 
combination with peripheral blood stem cell transplantation, the duration of absolute 
neutropenia is reduced to less than a week and that of platelet transfusion dependence to 10 to 
15 days. However, in some patients, delayed hematopoietic reconstitution is observed, despite 
sufficient numbers of stem cells present in the graft. It is as yet unclear at which stage the 
recovery of the hematopoietic system is delayed. This might be at the stage of homing of the 
HPC to the bone marrow, the stage of the settlement of the HPC at the bone marrow, or at the 
stage of proliferation and differentiation of the stem cells in the bone marrow. We assume that 
improvement of the homing process might result in a shortened period of granulocytopenia 
and thrombocytopenia. Furthermore, this might also benefit patients in which, according to the 
present criteria, the number of stem cells harvested is too small for a transplantation. 
Especially in patients who are transplanted several times or in recipients of cord blood 
transplantation, the number of stem cells is the limiting factor. To improve hematopoietic stem 
cell transplantation, it is necessary to know more about the, at present largely unknown, 
(adhesive) mechanisms involved in homing. In this thesis we have examined the various 
stages in homing, viz. adhesion of HPC to bone-marrow endothelium, transendothelial 
migration of HPC and adhesion of HPC to bone-marrow stroma. 

In Chapter 1, an introduction is given to hematopoiesis, the microenvironment in which it 
occurs and the adhesion molecules, extracellular matrix components and chemoattractants that 
are possibly involved in homing. 

Homing of HPC is believed to be a specific process. Spangrude et al. have shown that 
transplantation of five murine Thy-l.llowLinnegLy-6A/E+ Rh-123low stem cells in the presence 
of 105 normal bone-marrow cells resulted in over 10% donor-derived cells in the peripheral 
blood in 64% of the recipient mice [1]. This supports the assumption of specific homing. 
Moreover, specific homing also occurs with other cells, e.g. lymphocytes that home 
specifically to the peripheral lymph nodes. Because bone-marrow endothelium forms a barrier 
between the bloodstream and the bone-marrow stroma, it might be visualized as the entrance 
to the bone marrow for the HPC. Interactions of HPC with the bone-marrow endothelium are 
therefore, assumed to be of utmost importance for the specificity of the homing process of 
HPC. Until a few years ago, most studies investigating these interactions were performed with 
endothelial cells of irrelevant origin, like the human umbilical vein or the aorta. However, 
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endothelial cells of different origin can differ in phenotype and function. For example, the 
high endothelial cells present in the peripheral lymph nodes are specialized in the 
extravasation of lymphocytes [2,3]. Interactions between HPC and bone-marrow endothelium 
involved in homing of HPC are therefore best studied with human bone-marrow endothelial 
cells (HBMEC). Most appropriate to use are probably freshly isolated HBMEC. However, the 
described isolation procedures [4-7] result in very small cell yields, which do not allow the 
number of experiments as performed in this thesis. Therefore, we have developed several 
HBMEC cell lines, as described in Chapter 2, and used these instead of primary endothelial 
cells. The cell lines were developed by immortalization of primary HBMEC by means of the 
replication-defective retroviral construct pLXSN16E6/E7 [8], containing the human papilloma 
virus E6/E7 genes. We used this viral construct because it had been described as being gentle 
in regard to changes in morphology and function of the immortalized cells [8-11]. The 
phenotype of the HBMEC cell lines resembles that of primary HBMEC as described in the 
literature, but some differences were observed (Chapter 2). Two cell lines lack the expression 
of the CD34 antigen. Moreover, the resting HBMEC cell lines do not express E-selectin and 
VCAM-1, in contrast to resting primary HBMEC that do express these molecules 
constitutively [6,12-14]. This constitutive expression of E-selectin and VCAM-1 is a special 
feature of endothelial cells of hematopoietic tissues [12,13]. At other sites, expression of E-
selectin and VCAM-1 on endothelium has only been described in a number of inflammatory-
disease states [15-18]. IL-lß prestimulation of the HBMEC cell lines induced normal 
upregulation of the activation antigens E-selectin, VCAM-1 and ICAM-1. The importance of 
these molecules in both adhesion and transmigration is shown by the findings that IL-lß 
prestimulation of the HBMEC cell lines is necessary for the HPC to bind to or to migrate over 
the HBMEC cells. Only low binding of HPC to or low migration of HPC over unstimulated 
HBMEC cell lines was observed (Chapter 3 and Chapter 5, respectively). Because of these 
findings and because VCAM-1 and E-selectin are constitutively expressed on HBMEC in 
vivo, we mainly used IL-lß-prestimulated endothelial cells in our studies as a model for the 
bone-marrow endothelium in vivo. It is likely, but not proven that the constitutive expression 
of E-selectin and VCAM-1 in vivo is also due to the presence of cytokines, including IL-lß, 
produced by bone-marrow stromal cells [19,20]. Since we cannot exclude that prestimulation 
with IL-lß in vitro also affects HBMEC in other ways, alternatively we could have produced 
and used E-selectin and VCAM-1 transfectants of HBMEC. 

It is assumed that homing of HPC is mediated by similar mechanisms as those that are 
involved in the emigration of leukocytes. So, presumably HPC first roll along the bone-
marrow endothelium, mediated by selectins. Subsequently, they firmly bind to the bone-
marrow endothelium, mediated by integrins. In accordance to this hypothesis, we found a role 
for E-selectin expressed on IL-lß-prestimulated HBMEC and VLA-4 expressed on HPC in 
the adhesion of HPC to HBMEC (Chapter 3). E-selectin is mainly involved in the initial 
contact of CD34+ HPC to endothelial cells. Such an initial role for E-selectin in homing is 
consistent with recent studies of P- and E-selectin-deficient mice, in which both impaired 
rolling of HPC and a reduced engraftment of HPC were demonstrated [14,21]. In addition, it 
corresponds with the function of E-selectin in the interaction of mature leukocytes with 
endothelium [22]. We furthermore showed that this selectin-mediated adhesion is sufficient 
for a firm interaction between HPC and endothelial cells, because a role for the ßrintegrin 
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VLA-4 in adhesion of HPC to HBMEC could only be demonstrated after preventing E-
selectin-mediated adhesion. Adhesion of HPC to the HBMEC cell lines was only observed 
upon the induction of the activation antigens E-selectin, VCAM-1 and ICAM-1 by means of 
IL-Iß prestimulation. Therefore, we assume that in our study VLA-4 present on the HPC 
interacts with VCAM-1. These findings are consistent with the findings of Mazo et al. who 
have shown that in mice the VLA-4/VCAM-1 interaction play a role in rolling and adhesion of 
HPC to BMEC [14]. Papayannopoulou etal. have shown that the VLA-4-VCAM-1 interaction 
is involved in engraftment of HPC to the bone marrow [23]. 

We did not detect a role for P-selectin, but a study of Mazo et al. suggests a role for P-
selectin in rolling of murine HPC along the bone-marrow endothelial cells [14]. The role of 
ß2-integrins in homing of HPC is still not clear. In the study described in Chapter 3, we did not 
obtain clear evidence that CD 18 does play a role in binding of HPC to endothelial cells. 
However, in Chapter 5 we found that CD 18 antibodies were capable in inhibiting the 
transmigration over HBMEC. 

If indeed the specificity of homing is determined at the entrance to the bone marrow, this 
might be mediated by a homing receptor or adhesion molecules specifically present on the 
bone-marrow endothelium. This would likely result in a difference in adhesion of HPC to 
HBMEC compared to adhesion to human umbilical vein endothelial cells (HUVEC). To study 
this, we performed this comparison in two experimental set-ups (Chapter 4). In neither of 
these we observed differences in binding that correlated with the origin of the endothelial 
cells. Nor did we obtain indications for qualitative differences in the role of the adhesion 
molecules VLA-4, CD 18 on HPC and E-selectin on the endothelial cells in the binding of 
HPC to the endothelial cells of different origin. So, we have not obtained any indication for 
origin-specific differences between HBMEC cell lines and HUVEC cell lines with respect to 
binding of HPC. Moreover, preliminary results also showed no origin-specific differences 
between transmigration of HPC over HBMEC and that over HUVEC (Voermans et al, 
unpublished observations). These findings seem to contrast with studies in which differences 
in binding and/or transmigration of HPC to endothelial cells of different origin are 
demonstrated [24-26]. However, these studies used only one cell line of each origin, which 
renders it impossible to exclude the differences that exist between cell lines of the same origin. 
This might lead to deceiving conclusions, because the observed differences in these studies 
might be merely clonal differences. Therefore, we have performed our comparison with 
several endothelial cell lines of each origin. 

The fact that we did not observe origin-specific differences might simply mean that these 
differences do not exist in vivo and that thus the specificity might not be determined at the 
stage of adhesion of the HPC to the bone-marrow endothelium. However, two other 
explanations cannot be excluded. First, it might be that the most primitive stem cells do show 
a difference in binding to HBMEC and HUVEC cell lines. The CD34+ HPC population, which 
we examined, is a heterogeneous population of which the most primitive repopulating stem 
cells form only a small part. By examining the whole population we may have missed 
differences for subpopulations of HPC. However, to perform experiments with only the most 
primitive stem cells is, due to the low number of cells, technically almost impossible. 
Secondly, it might be that origin-specific adhesion molecules do exist, but are 
microenvironment-induced rather then intrinsic. Isolation of the HBMEC from their bone-
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marrow microenvironment may thus cause a loss of specific characteristics of the HBMEC. 
Other molecules, e.g. E-selectin, VCAM-1 and CD34 are known to vanish during culturing of 
the human bone-marrow endothelial cells in vitro [6]. If it holds true that the specificity of the 
bone-marrow endothelial cells is microenvironment-induced, this implies that care should be 
exercised with the use of endothelial cell lines in studies investigating the specificity of 
homing of HPC. Moreover, studies in vivo might be necessary to really elucidate the specific 
mechanisms in homing of HPC to the bone marrow. The engraftment of human HPC in 
NOD/SCID mice might be a useful model for this. However, it should be noted that although 
human stem cells are able to repopulate lethally irradiated NOD/SCID mice, the grafting 
mechanisms in mice need not necessarily be the same as that mediating engraftment of HPC to 
human bone marrow. One may also use assays in which the endothelial cells are still 
embedded in their natural microenvironment, such as the classical frozen-section adhesion 
assay described by Stamper and Woodruff [27], modified for HPC by Barbe et al. [28] as we 
used in Chapter 6. Alternatively, one may culture endothelial cell lines and cells that are 
normally present in the bone-marrow microenvironment, such as stromal cells and osteoblasts 
on opposite sides of a porous insert. The influence of the co-cultured cells in such a system 
has, for example, been shown in a study of Hurwitz et al. [29]. These investigators cultured 
HUVEC with astrocytes as a model for the blood-brain barrier. This co-culturing induced the 
expression of blood-brain-barrier markers on the HUVEC, which the HUVEC normally do not 
express. We have set up a similar system with HBMEC and osteoblast that might function as a 
useful model in vitro (data not shown). 

Upon adhesion of the HPC to the bone-marrow endothelium, the HPC have to migrate 
through this cell layer, to reach the bone-marrow stroma. This migration process is a complex 
array of transient interactions directed by chemoattractants and mediated by various adhesion 
molecules. In Chapter 5, we have shown the importance of the chemokine stromal-derived 
factor-1 (SDF-1) for the transendothelial migration of HPC, which is in accordance with 
previous studies of other groups [30,31]. Furthermore, it seems that the endothelial cells are 
able to present the SDF-1 in an efficient matter to the HPC. To date, SDF-1 is the only known 
chemokine for HPC. Mice deficient for SDF-1 or for the SDF-1 receptor CXCR4 indicate a 
role for SDF-1 in the migration of fetal-liver HPC to the bone marrow in embryogenesis [32-
35]. Moreover, Peled et al. have shown that SDF-1 and its receptor CXCR4 are critical for 
bone-marrow engraftment in NOD/SCID mice [31]. However, SDF-1 is not only produced by 
bone-marrow stromal cells, but by stromal cells of a broad range of tissues [30]. It is therefore 
unlikely that SDF-1 is the only chemokine that plays a role in homing. During recent years the 
knowledge of the chemokine families has been greatly expanded and in the near future, new 
chemokines specific for HPC are expected to be discovered. With regard to the improvement 
of hematopoietic stem-cell transplantation, it is important to know which chemoattractants are 
involved in homing of HPC. It might be that, for example, the bone-marrow stroma of patients 
showing delayed recovery after a stem-cell transplantation, show a decreased production of 
one or more chemoattractants. Alternatively, the transplanted cells might show decreased 
migration towards the chemoattractants present in the bone marrow. Findings of Voermans et 
al. indeed demonstrate that transplants showing lower migration towards SDF-1 in vitro also 
induce a slower recovery of the recipients (unpublished observations), supporting the latter 
hypothesis. It might be possible to increase the migration of HPC towards SDF-1, or other 
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chemokines involved, by e.g. increasing the expression of the involved chemokine-receptors, 
by prestimulation of the transplants with cytokines. It has been shown that preincubation of 
HPC with IL-6 alone or in combination with stem cell factor induces an increase in the 
expression of the SDF-1 receptor CXCR4 [31,36]. 

In Chapter 5 we furthermore showed a role for ßrintegrins (CD29), ß2-integrins (CD 18) 
and CD31 in the transendothelial migration of HPC. Since we never observed a complete 
inhibition of the migration, other molecules are probably also involved. We observed no effect 
of mAbs against E-selectin. This is in accordance with a role for E-selectin only in the initial 
interactions of HPC with the bone-marrow endothelium under flow conditions. In the system 
we used, transmigration after four hours in a static situation was measured, and so no role of 
E-selectin was expected. We observed also no effects of mAbs against the CD34 antigen. 

Our data are in contrast as well as in agreement with previous studies. Imai et al. have 
previously shown that VLA-4 present on the HPC most likely interacts with VCAM-1 present 
on the bone-marrow endothelial cells, because both mAbs against VLA-4 and mAbs against 
VCAM-1 inhibited transendothelial migration of HPC [26]. However, these investigators 
observed no role for ß2-integrins, which is in agreement with the fact that the endothelial cells 
used in their system showed no expression of ICAM-1 [26]. In contrast, Möhle et al. and 
Yong et al. did show a role for ßrintegrins [37,38]. Moreover, Möhle et al. observed no role 
for ßrintegrins [37,38]. The endothelial cells used by Möhle et al. constitutively expressed 
ICAM-1, but did not express VCAM-1 [37]. The endothelial cells used in our system express 
both VCAM-1 and ICAM-1. Thus, we assume that both the ßrintegrins and the ß2-integrins 
present on HPC can mediate transendothelial migration if the ligands of these adhesion 
molecules are expressed on the endothelial cells. 

The finding that CD31 plays a role in transendothelial migration is in accordance with the 
findings of Yong et al. [38]. CD31 is expressed on both HPC and HBMEC. It is not known 
whether CD31 present on either HPC or HBMEC mediates transendothelial migration or that 
CD31 present on both cell types are involved. CD31 might act directly as adhesion molecule, 
but it might also be involved in signaling and thereby activation of the ßrintegrins and/or ß2-
integrins [39-41]. 

A point of concern about the HBMEC-28 cell line has to be made. This cell line, which has 
been described in Chapter 2, 4 and 5, has changed during culturing. In the experiments 
described in the first two Chapters mentioned, this cell line showed no differences in the level 
of E-selectin and a higher level of expression of VCAM-1 upon four hours of IL-Iß 
prestimulation in comparison to other HBMEC cell lines. In contrast, when used in the 
experiments of Chapter 5, almost no upregulation of the activation antigens was found 
anymore. Most likely, a subclone showing a much lower sensitivity for IL-Iß has overgrown 
the other HBMEC-28 cells. Therefore we have termed the cell line used in Chapter 5 
HBMEC-28S. In contrast, no such phenotypical change has been observed for the other cell 
lines described in Chapter 2. 

In Chapter 6, we examined the adhesion of HPC to bone-marrow stroma. We did this with 
a modified Woodruff-Stamper frozen section assay on rat bone marrow, as described earlier 
[28]. This assay closely resembles the in vivo situation, because within the frozen bone-
marrow sections all stromal components are available and the delicate bone-marrow stromal 
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meshwork is still intact. Moreover, possible bone-marrow-specific addressins might still be 
expressed on the endothelial cells. In accordance to various other studies, we showed a role for 
the ß,-integrin VLA-4 and a possible role for the ß,-integrin VLA-5 and for ß2-integrins 
[23,42-47]. Moreover, our findings suggest a role for sialic acid residues and O-linked sugars, 
which corresponds to the findings of Aizawa et al. who have shown a role for carbohydrate 
structures and membrane lectins in a murine model [48]. We identified two adhesion 
molecules, L-selectin and the CD34 antigen, that meet these features and seem to play a role 
in the adhesion of HPC to the bone-marrow stroma. MAbs against several other heavily 
glycosylated sialomucins, i.e. CD43, CD45RA and CD164 showed no effect on the binding of 
HPC. A previous study of Dercksen et al. has shown a correlation between the number of L-
selectin-positive HPC in bone-marrow grafts and the recovery of thrombopoiesis. Our findings 
fit with those data. Mazo et al. did not observe inhibition of the rolling of HPC along bone-
marrow endothelium in the presence of mAbs against L-selectin, in a murine model [14]. So, 
it might be that L-selectin present on the HPC is important in migration of the HPC towards 
the appropriate stem cell niche. However, in contrast with this hypothesis, L-selectin-deficient 
mice show no hematopoietic defects [49]. Further studies are thus necessary to better specify 
the role of L-selectin in the adhesion of HPC to bone-marrow stroma. 

The heavily glycosylated sialomucins are obviously candidate molecules for performing 
carbohydrate-dependent interactions. Therefore, we examined the effect of mAbs against 
several sialomucins that are expressed on HPC. We only observed an effect of mAbs against 
CD34. In contrast to our findings, Zannettino et al. have demonstrated that the mAb against 
CD 164, the same as we used in our system, inhibited the binding of human HPC to human 
bone-marrow stromal layers in vitro [50]. This might be due to the fact that rat bone marrow 
was used in our system, so that either the mAb against CD 164 might not recognize rat CD 164, 
or the CD 164 expressed on the human HPC does not recognize the ligand presented on the rat 
bone marrow. 

The finding that we did inhibit the binding of HPC to bone-marrow stroma with mAbs 
against the CD34 antigen, is in accordance with studies that have previously shown a function 
of CD34 as adhesion molecule [51-53]. We did not observe any effects of mAbs against CD34 
on the binding of HPC to bone-marrow endothelial cells (unpublished observation) or on the 
migration of HPC over the endothelial cells (Chapter 5). The CD34 antigen present on HPC 
thus most likely binds to a ligand present on the rat stromal cells. To further investigate the 
role of the CD34 antigen, we established a CD34Fc-chimeric protein consisting of the 
extracellular domain of the CD34 antigen and the Fc-domain of human IgGl. Fc-chimeras 
have previously been produced by others and have been successfully applied to study various 
proteins. They have been used as powerful tools for e.g. the identification of ligands for the 
examined molecules and have been useful for both studies in vitro and in vivo dissecting 
molecular interactions [54]. An example is the characterization of the CD34 antigen as an L-
selectin ligand by means of an L-selectin-Fc chimera [55]. 

We demonstrated that the CD34 part of the chimeric molecule was recognized by a mAb 
against the CD34 antigen. However, in contrast to the effect of mAbs against CD34, we could 
not inhibit the binding of HPC to the frozen bone-marrow sections with the CD34Fc chimeras. 
In addition, we detected no binding of the chimera to HPC, HBMEC or the frozen sections of 
rat bone marrow. Most likely, the chimera is not properly glycosylated and therefore does not 
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Figure 1. A model for homing of HPC to the human bone marrow. A. Rolling and firm adhesion of 
HPC to human bone-marrow endothelial cells (HBMEC). B. Transmigration of HPC over HBMEC. C. 
Anchorage of HPC in bone-marrow stroma. Abbreviations: CK-I = growth/differentiation inhibiting 
cytokines; CK-S = growth/differentiation stimulating cytokines; Cytokine-R = Cytokine Receptor; ECM 
= extracellular matrix; Fn = Fibronectin; GAG = glycosaminoglycans; HA = Hyaluronic acid; N = 
nucleus; sLex = sialyl Lewis". 
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function properly. The glycosylation of CD34 is very important and cell-type dependent, as 
shown by the finding that CD34 expressed on high endothelial venules acts as an L-selectin-
ligand, whereas CD34 expressed on HPC does not. It might therefore be necessary for the 
chimera production to use cells that normally already express CD34, like the myeloblasts cell 
line KG la, or the HBMEC cell lines HBMEC-28 and HBMEC-60. We have tried this, but we 
did not succeed in obtaining transfectants producing detectable amounts of chimeras. So, more 
studies are necessary to define the role of CD34 in the binding of HPC to bone-marrow 
stroma. 

In conclusion, we have shown in this thesis that no differences in binding of HPC to 
HBMEC compared to binding of HPC to HUVEC were detected, either due to a lack of 
origin-specific differences between HBMEC and HUVEC, or due to a possible loss of the 
specific characteristics of the HBMEC upon culturing of the cells in vitro. Furthermore, we 
showed a role for E-selectin and VLA-4 in the adhesion of HPC to HBMEC. Transmigration 
of HPC seems to be mediated by ßrintegrins, ß2-integrins and CD31, but other as yet 
unidentified molecules may also play a role. Moreover, the chemokine SDF-1, most likely 
presented by the bone-marrow endothelium to the HPC, plays an important role in 
transmigration. Finally, we showed a role for L-selectin, VLA-4, the CD34 antigen, sialic acid 
residues, and O-linked sugars in the binding of HPC to the bone-marrow stroma. To 
summarize the data presented in this thesis and in the literature, we propose a model for 
homing of HPC to the bone marrow as depicted in Figure 1. Still a lot of questions remain to 
be answered. We do e.g. still not know what makes homing specific. To answer that question, 
it might be necessary to develop new assay systems, such as the mentioned co-culture 
systems. Moreover, we need to identify all the participants mediating homing of HPC, i.e. 
adhesion molecules and chemokines. Most likely we do not yet know all adhesion molecules, 
such as the hypothesized homing receptor, and almost certainly we do not yet know all 
chemokines involved. So, to complete the model shown in Figure 1, effort should be put in the 
identification of new participants in the homing process. 

However, with the present data, research might also start to focus on whether the at present 
known mechanisms are indeed impaired in patients who show delayed recovery upon stem-
cell transplantation. Furthermore, the present data clearly show a role for E-selectin, the 
interaction between VLA-4 and VCAM-1, and the chemokine SDF-1. It is therefore important 
that in case of ex-vivo manipulations of hematopoietic stem cells, the expression of VLA-4, E-
selectin ligands and the capacity of the cells to migrate towards SDF-1 should be at least 
preserved or, even better, enhanced. 
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