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1. Introduction 

Hematopoietic stem cell transplantation is used to rescue patients after myeloablative 
chemotherapy and/or irradiation. The transplants contain multipotent stem cells, which give 
rise to all lineages of blood cells and repopulate the patient's impaired hematopoietic system. 
The success of the transplantation depends on the ability of the hematopoietic stem cells to 
engraft the bone marrow, a process referred to as homing. Thus, impaired homing may 
contribute to delayed hematopoietic reconstitution after transplantation, despite sufficient 
numbers of stem cells present in the graft. Although during recent years some progress has 
been made in the elucidation of the mechanisms involved in homing, the process is still poorly 
understood. Improvement of the efficacy of stem cell transplantation might be achieved by 
modulating the ability of stem cells to home to the bone marrow. Therefore, a better 
understanding of the mechanisms involved in homing is necessary. 

This thesis focuses on the initial steps in homing, the interactions of hematopoietic 
progenitor cells (HPC*) with the bone-marrow endothelium. These initial steps in homing are 
thought to be of utmost importance for the specificity of the homing process. The following 
introduction provides a short overview of hematopoiesis, of stem cells and the bone-marrow 
microenvironment and of mechanisms possibly involved in homing of hematopoietic stem 
cells to the bone marrow. 

2. Hematopoiesis 

Hematopoiesis is the process of formation of mature blood cells. All lineages of mature 
blood cells are derived from hematopoietic stem cells, which arise during embryonic 
development. These stem cells are pluripotent, i.e. they can give rise to offspring with stem 
cell potential (self-renewal capacity), and to precursors that proliferate to replenish the cells of 
the blood and the immune system (differentiation) (Figure 1). Upon proliferation and 
differentiation of pluripotent stem cells into progenitor cells, these cells lose their self-renewal 
and proliferative capacity. Progenitor cells include multipotent cells as well as more lineage-
restricted "committed" cells. Further maturation of the progenitor cells leads to mature cells of 
the various lineages, which are released into the peripheral blood. Stem cells and progenitor 
cells express the CD34 antigen^ which is the most common marker used to characterize and 
to isolate these cells. As HPC differentiate and become committed to particular lineages, 
CD34 expression is progressively reduced. Mature cells do not express the CD34 antigen. 
Normal adult bone marrow produces each day 2.5xl09 red cells, 2.5xl09 platelets and 1.0x10 
granulocytes per kg body weight [3]. 

* The abbreviation HPC will be used in this thesis to describe the heterogeneous population of hematopoietic stem 
cells and progenitor cells, 

t Recent studies suggest the existence of human LineageTD34" stem cells [1,2], In this thesis we have only studied 
the mechanisms involved in the homing of CD34+ HPC. 
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Figure 1. Schematic display of hematopoiesis. Abbreviations: CFU = colony-forming unit; BFU = 
burst-forming unit; GEMM = mixed granulocyte, erythroid, megakaryocyte; GMEo = granulocyte, 
monocyte, eosinophil; GM = granulocyte, monocyte; Meg = megakaryocyte; Eo = eosinophil; Baso = 
basophil; E = erythrocyte. 

The development of the blood system in vertebrates is characterized by the fact that 
distinct anatomical regions show successive hematopoietic activity. The first population of 
hematopoietic precursors observed in the embryo originates in the extra-embryonic mesoderm 
of the yolk sac in the blood islands [4]. Until several years ago it was generally assumed that 
this single cohort of hematopoietic precursors would colonize the other blood-forming tissues 
that sequentially develop in the embryo and fetus, i.e. the fetal liver, the spleen and eventually 
the bone marrow to establish adult hematopoiesis. 

However, a number of observations have changed this common accepted idea about the 
development of the adult hematopoietic system. First, experiments in amphibians and birds 
have demonstrated that during embryogenesis hematopoietic precursors do not only arise in 
the extra-embryonic yolk sac, but also in intra-embryonic regions [5-10]. Such an intra-
embryonic site of hematopoiesis was also discovered in humans and mice, i.e. the aorta-
gonad-mesonephros (AGM) region [11-13]. In humans, the intra-embryonic site of 
hematopoiesis was identified in the 5-week embryo. At this embryonic stage, a large 
population of hematopoietic CD34+ cells is associated with the ventral endothelium of the 
dorsal aorta, contained within the AGM region [14-18]. A recent study suggests that these 
cells play a pivotal role in the establishment of adult hematopoiesis [15]. Similarly, in mice the 
AGM region has proven to be the primary generator of hematopoietic progenitors and stem 
cells that establish adult hematopoiesis [13]. It seems that HPC travel between the AGM 
region and the yolk sac via the circulation [13,19]. Therefore, it is now generally assumed that 
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the development of the adult hematopoietic system occurs in two distinct waves during 
embryogenesis. The first wave occurs in the blood islands of the yolk sac and gives rise to 
primitive hematopoiesis. During the second wave that originates from the AGM-region, HPC 
arise that subsequently colonize fetal liver, spleen and bone marrow to give rise to definitive 
adult hematopoiesis. However, definitive erythropoiesis has been suggested to originate in the 
yolk sac [20]. 

At birth, blood cell formation occurs almost exclusively in the bone marrow. During 
childhood, many bone marrow sites change into non-hematopoietic yellow marrow, consisting 
primarily of adipocytes. In adults, hematopoiesis occurs mainly in the bone marrow found in 
the central skeleton and proximal epiphyses of the femora and humeri. Under certain 
(pathologic) conditions, however, fatty marrow, liver and spleen can again become active 
hematopoietic sites. 

2.1 Hematopoiesis and the microenvironment 

2.1.1 Structure of the bone-marrow microenvironment 

The bone-marrow microenvironment consists of stromal cells, i.e. reticular cells 
(fibroblastic and adventitial), endothelial cells, macrophages, adipocytes (fat cells) and smooth 
muscle cells, and of their products, i.e. extracellular matrix proteins and cytokines. 

The bone marrow contains branching vascular sinuses, which divide the bone marrow into 
an intravascular and an extravascular space. The sinus wall consists of a continuous layer of 
flattened endothelial cells, a discontinuous basement membrane and adventitial reticular cells. 
The basement membrane is present at the abluminal side of the endothelial cells. It consists of 
collagens, laminin, fibronectin and heparan sulfate [21]. The abluminal side of the endothelial 
cells is furthermore incompletely covered with adventitial reticular cells. These cells branch 
into the extravascular space, thus forming a scaffold on which hematopoietic cells are 
arranged [22-24]. Between the branching sinuses the hematopoietic cells are packed and form 
the hematopoietic cords. Fibroblastic reticular cells are located within these hematopoietic 
cords. These fibroblastic cells form a network of cytoplasmic structures that functions as 
physical support for the developing hematopoietic cells [24]. They produce extracellular 
matrix components and growth factors or cytokines, which play an important role in 
controlling hematopoiesis (see below). Macrophages are located at two distinct sites in the 
bone marrow. Perisinal macrophages are located on the abluminal side of the endothelium. 
They penetrate the endothelium with their cytoplasmic extensions and phagocytose senescent 
or defective red cells [25]. Central macrophages play a role in the regulation of red cell 
formation. They are located in erythroblastic islands and enfold with their cytoplasmic 
extensions a group of erythroblasts that divide and mature into erythrocytes [26,27]. These 
macrophages produce many hematopoietic growth factors, such as erythropoietin, G-CSF, 
GM-CSF and M-CSF [26]. Adipocytes are often situated perisinusoidally. It is assumed that 
they do not have a specific role in hematopoiesis. 

The extracellular matrix, produced by the bone-marrow stromal cells, consists of 
fibronectin, collagen I and III-VI, laminin, tenascin, thrombospondin, hemonectin [28-35], 
hyaluronic acid and proteoglycans with the glycosaminoglycan (GAG)-chains dermatan 
sulfate, chondroitin sulfate and heparan sulfate [36-39]. 
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2.1.2 Stromal regulation of hematopoiesis 

Hematopoiesis is a process in which the multipotent stem cells are continuously forced to 
produce appropriate numbers and types of committed progenitor cells that generate the 
specific blood-lineages and, meanwhile, to maintain enough multipotent progenitors by self-
renewal. Obviously, this requires strict regulation. In bone marrow, this regulation occurs via 
interactions of the HPC with the bone-marrow microenvironment within so called stem-cell 
niches. Such stem-cell niches are composed of a complex meshwork of stromal cells, 
extracellular matrix proteins and cytokines. By transmitting signals to the HPC, the 
microenvironment regulates the self-renewal capacity, proliferation and differentiation of the 
HPC. A regulatory role of the microenvironment has been clearly demonstrated by Cashman 
et al, who observed that in long-term bone-marrow cultures progenitors adherent to stroma 
proliferate significantly less than nonadherent progenitors [40]. 

One group of regulators of hematopoiesis present in the microenvironment are the 
cytokines, produced by stromal fibroblasts, macrophages and endothelial cells. Several growth 
inhibitory cytokines are known, such as transforming growth factor (TGF)-ßl [41-44], 
macrophage inflammatory protein (MlP)-la [44-46], and tumor necrosis factor (TNF)-a [44]. 
Recently, it has been suggested by Bhatia et al. that bone morphogenetic proteins, members of 
the TGF-ß family also play a role in the negative regulation of hematopoiesis [47]. Various 
other cytokines are known, which in contrast to the growth inhibitory cytokines, stimulate 
proliferation and differentiation of HPC into functional mature blood cells. These include the 
colony-stimulating factors and the majority of the interleukins. Cytokines can be divided into 
two groups, the early-acting cytokines, including IL-3, IL-6, stem cell factor (SCF or kit 
ligand), GM-CSF, flfi-ligand, steel factor (SF or HGF) and thrombopoetin (TPO) and the late-
acting cytokines, including G-CSF, M-CSF, IL-4, IL-5 and IL-11 [48-50]. 

Cytokines might also regulate hematopoiesis by regulating adhesion of HPC to the bone-
marrow stroma. It has been shown that the cytokines IL-3, GM-CSF and SCF increase the 
adhesion of HPC to stromal cells by activation of the adhesion molecules VLA-4 and VLA-5 
[51-54]. Moreover, it has been shown that the activation state of VLA-4 and VLA5 expressed 
on HPC is highly correlated with the proliferation state of these cells [55]. 

In addition to the binding of HPC to stromal cells, binding of HPC to components of the 
extracellular matrix is also important in the regulation of hematopoiesis. Hurley et al. showed, 
for example, that adhesion of HPC to fibronectin inhibits HPC proliferation [56]. The heparan 
sulfate proteoglycans (HSPG), which form an ubiquitous component of the bone-marrow 
microenvironment, have also been suggested to be potential regulators of hematopoietic cell 
differentiation and proliferation [57-59]. These components mediate adhesion of HPC to 
stromal cells [57,60-62] and can present a number of hematopoietic cytokines, such as IL-3, 
GM-CSF, basic Fibroblastic Growth Factor (bFGF) and hepatocyte growth factor (HGF) to 
HPC [38,39,63,64]. Recent studies suggest that specifically HSPG with large, highly 6-0-
sulfated heparan sulfate side-chains support the maintenance of primitive HPC and are central 
components of the stem cell niches [65]. These HSPG can bind both cytokines, such as the 
growth-promoting cytokine IL-3 and the growth-inhibitory cytokines MIP-loc and platelet 
factor 4, and matrix components critical for hematopoiesis, whereas HSPG lacking these 
highly glycosylated side chains cannot [65], 
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Only during recent years, it has become clear that two important regulating systems, i.e. 
the Notch signaling pathway and the Wnt signaling pathway, might also play an important role 
in influencing cell differentiation and self-renewal during hematopoiesis [66-68]. Both 
pathways play critical roles in the determination of cell fates and maintenance of progenitors 
in many developmental systems. The Notch family comprises a group of highly conserved 
proteins that function both as cell surface receptors and direct regulators of gene transcription. 
In general, activation of Notch by interaction with its ligands, leads to transcriptional 
suppression of lineage-specific genes, inhibiting differentiation in response to inductive 
signals. Four Notch receptors i.e. Notchl-4 are expressed by HPC [68-70]. Ligands for the 
Notch receptors, i.e. Delta and Serrate and Caenorhabditis elegans Lag-2 (DSL) proteins are 
expressed on stromal cells in bone marrow, fetal liver and thymus [71-74]. Thus, the 
interaction between stromal cells and the HPC might involve interactions between the Notch 
receptors and their ligands, suggesting a regulating role for the Notch family in hematopoiesis. 

Wnt proteins are secreted glycoproteins that have been found to be associated with the cell 
surface or extracellular matrix of secreting cells [75,76]. These proteins are therefore assumed 
to act locally, either as paracrine or as autocrine signals [77,78]. Receptors for the Wnt 
proteins are encoded by the frizzled ifz) gene family [79-81]. A recent study by van den Berg 
et al. has shown that human fetal bone-marrow stromal cells, human fetal bone marrow and 
human adult bone marrow express three members of the Wnt gene family, i.e. WntSA, Wnt-
2B and Wnt-lOB, whereas primitive human HPC express only WntSA [67]. Moreover, these 
investigators have shown that CD34+ fetal bone-marrow cells and CD34+ adult bone-marrow 
cells express several members of the receptor fz gene family [67]. In addition, they showed 
that the gene products of the Wnt gene family function as hematopoietic growth factors [67], 
suggesting a role for the Wnt gene family in hematopoiesis. The precise role of these two 
regulating systems in the hematopoiesis has to be studied in the years to come. 

3. Stem cell transplantation 

A prerequisite for successful transplantation is the presence of sufficient numbers of stem 
cells in the graft. Therefore, the enumeration of stem cells is crucial. However, the low 
number of human stem cells and the fact that these cells show only few distinctive physical 
features and no distinctive morphological features renders it difficult to study them. The most 
commonly used approach to enumerate stem cells is the CD34+ cell counting. The sialomucin 
CD34 is expressed on hematopoietic stem cells. Repopulating studies have shown that the 
CD34+ cell population is capable of reconstitution of the hematopoietic system in 
myeloablated recipients, and CD34+ selection is now often applied in clinical stem cell 
transplantation. Expression of the CD34 antigen is gradually reduced during the proliferation 
and differentiation of stem cells. The CD34+ population is thus very heterogeneous, and many 
of the CD34+ cells are not pluripotent stem cells but committed cells. Thus, CD34+ cell 
enumeration is only a practical easy-to-perform approach to give an indication of the number 
of stem cells present in a transplant. Published studies suggest that transplantation of >5 x 106 

CD34+ cells/kg is necessary for rapid and durable platelet engraftment, whereas 
transplantation of less than 1 to 2 x 106 CD34+ cells/kg results in delayed engraftment and 
sometimes even engraftment failure [82-87]. 
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Another approach to enumerate stem cells is the use of surrogate clonogenic assays or 
long-term bone-marrow cultures in vitro. Clonogenic assays measure the presence of colony-
forming unit cells (CFU-C), which have limited proliferative potential and are already 
committed to a specific lineage (Figure 1). Addition of specific mixtures of hematopoietic 
growth factors determines the outgrowth of the specific types of CFU-C. The most primitive 
HPC detectable in vitro can be assayed with the use of stroma-dependent long-term cultures 
(LTC) of hematopoietic cells, originally described by Dexter et al. [88]. LTC measure the 
capacity of a graft to generate HPC over a number of weeks, typically 5-8 weeks. HPC can be 
detected in the non-adherent cell fraction that is harvested weekly during medium changes, 
and in the adherent layer that can be harvested by trypsinization. Two types of limiting 
dilution-type LTC to enumerate the most primitive HPC detectable in vitro have been 
reported, which either use CFU-C production [89,90] or stroma-associated clone formation 
[91-94] as a read-out system for the presence of primitive HPC. The first system measures the 
presence of so-called LTC-initiating cells (LTC-IC) or extended LTC-IC, whereas the second 
system measures the presence of so-called cobble stone area-forming cells (CAFC) in the 
initial seeded population of HPC. 

The only conclusive way to assay pluripotent stem cells is to measure their capacity to 
repopulate the hematopoietic system of myeloablated recipients and to sustain long-term 
multi-lineage hematopoiesis in vivo. A number of immunodeficient murine models for 
engraftment and quantification of human stem cells have been described (reviewed in Greiner 
et al. [95]). The most optimal engraftment of human HPC was observed in mice homozygous 
for the seid mutation (hereafter referred to as SCID mice). In these mice a gene termed 
"protein kinase DNA activated catalytic polypeptide" (Prkdc) is disrupted [95]. SCID mice 
lack both humoral and cell-mediated immunity due to the absence of mature T and B 
lymphocytes [96]. This lack of an adaptive immune system in SCID mice results from their 
inability to express rearranged antigen receptors [97,98], due to the mutation in the Prkdc 
gene. Despite this defect, some antigen-receptor rearrangements do occur and result in a 
phenomenon described as "leakiness" [99-101]. Moreover, the residual immunity in the form 
of NK cells, complement and myeloid cells in these mice are a problem for efficient 
engraftment of human HPC. This can be overcome by either transplanting pieces of human 
fetal liver or fetal bone-marrow tissue in these mice [102], or by transplanting high doses of 
human bone-marrow cells in combination with human cytokines [103]. However, in both 
situations still only a low degree of engraftment was observed [103]. This prompted the search 
for a murine model in which higher engraftment of human HPC could be achieved. Such a 
model was found in the non-obese diabetic (NOD)/SCID strain of mice [100]. The 
NOD/SCID strain shows a high degree of immune dysfunction, due to defects in the 
complement pathway and macrophage function in addition to the absence of T and B 
lymphocytes [100]. As a result, the engraftment level of human cells in the NOD/SCID mice, 
after transplantation with CD34+ cells from peripheral blood, bone marrow or umbilical cord 
blood (UCB) cells is higher than can be achieved in the classical SCID mouse [104-108]. 
UCB CD34+ cells grow spontaneously in NOD/SCID mice, but stem cells derived from bone 
marrow or peripheral blood need continuous cytokine support after their transplantation. The 
stem cells that have the ability to engraft in irradiated SCID or NOD/SCID mice are called 
SCID-repopulating cells (SRC) and are more primitive than the LTC-IC observed in vitro. The 
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in vivo animal models may give rise to more knowledge about the engraftment capacity of a 
transplant, but also about mechanisms involved in homing of HPC and mobilization. 

3.1 Sources of stem cells 

Three different sources of stem cells are used for stem cell transplantation, i.e. bone 
marrow, peripheral blood containing stem cells, which are mobilized from the bone marrow 
into the peripheral blood, and UCB. In a steady-state situation, HPC reside within the bone 
marrow, and only low numbers circulate in the peripheral blood. The number of circulating 
HPC can be increased by a number of stimuli, including chemotherapy and cytokines such as 
granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage (GM)-CSF, stem 
cell factor, thrombopoietin (TPO) and IL-8 [109-120]. These mobilized HPC, which are 
harvested by leukapheresis, are the most common source of stem cells nowadays. 

At birth, significant numbers of HPC are present in UCB [121-123]. These HPC can 
provide both short- and long-term engraftment in related and unrelated recipients [124-128]. 
UCB transplantation has several advantages, viz. the source of the stem cells is readily 
available, UCB collection and storage is easy, there is only a low risk of viral contamination 
of the transplants, and UCB transplantation is associated with lower incidence and less 
severity of acute graft-versus-host disease. Initially, it was assumed that only children and 
small-sized adults could be transplanted with UCB because of its limited volume and, 
therefore, its absolute HPC content. However, clinical data presented by Rubinstein et al. have 
shown that also individuals above 60 kg can be transplanted successfully with UCB [129]. 
Because of the initial concern that a single UCB collection would not contain enough 
repopulating cells to transplant an adult and because the number of reinfused CD34+ cells/kg 
correlates with the rate of hematopoietic recovery after hematopoietic stem cell transplantation 
[82,84-87,130,131], ex vivo expansion of hematopoietic stem cells has been a major goal of 
various scientific groups. Recent studies have demonstrated that it is indeed possible to 
expand the most primitive HPC detectable in vitro (LTC-IC) [132-136]. However, in most 
studies, the in vivo repopulating hematopoietic stem cell population remains at around the 
initial input level [137-140] or even declines [141-143]. In contrast, a recent study of Bhatia et 
al. showed an increase in SCID-repopulating cells (SRC) after a four-day incubation of CD34+ 

CD38"UCB cells under stroma-free conditions; however, these SRC were lost after 9 days of 
culture [144]. Moreover, Piacibello et al. have shown expansion of the SRC population in 
stroma-free suspension cultures in the presence of a combination of early-acting growth 
factors (flt3/flk2 ligand + TPO ± SCF ± IL-6) for up to 10 weeks [136]. Thus, these latter 
studies have shown that it is possible to maintain and even expand the primitive in vivo 
repopulating stem cells, but culture conditions should be further optimized. 

4. Endothelial cells 

Endothelial cells constitute the inner lining of the blood vascular system and form a 
functional barrier between blood and tissue. Endothelial cells have some common functions in 
various physiological processes, providing a non-thrombogenic surface and actively regulating 
the influx of fluid, macromolecules and various types of leukocyte into tissues. Yet, 
endothelial cells from different organs as well as from large and small vessels of the same 
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organ show marked heterogeneity, and have specialized functions. One of these specialized 
functions is the capacity to mediate homing of specific cells to specific tissues. For example, 
endothelial cells from high endothelial venules show specific homing properties for 
lymphocytes [145,146]. 

Endothelial cells are flattened elongated cells with a prominent nucleus and the common 
cytoplasmic organelles [147] such as smooth and rough endoplasmic reticulum, ribosomes, 
Golgi network, multivesicular bodies and filaments of actin and myosin. The endothelial cell 
cytoplasm also contains rod-shaped organelles, specific for endothelial cells, called Weibel-
Palade bodies [148]. These Weibel-Palade bodies are the storage site for the endothelial-
specific marker von Willebrand Factor [149]. Between the endothelial cells, areas of overlap 
and interdigitation are observed. In these intercellular areas two types of complex junction 
structures are present, i.e. tight junctions and adherens junctions, with which the endothelial 
cells are attached to each other. 

It is assumed that the hematopoietic lineages and endothelial lineages derive from a 
common precursor, the hemangioblast. The close developmental association of the 
hematopoietic and endothelial lineages within the blood islands in the yolk sac [150], and 
observations that hematopoietic and endothelial lineages share expression of a number of 
different genes [151-158] support this hypothesis. Moreover, recently Choi et al. have 
demonstrated the existence of precursors that can differentiate both to hematopoietic lineages 
and the endothelial lineage [159]. These precursors, termed the blast colony-forming cells 
arise in response to vascular endothelial growth factor from a precursor population present in 
embryonic stem cell-derived embryoid bodies, and might represent the in vitro equivalent of 
the hemangioblast [159]. 

5. Homing of hematopoietic stem cells to the bone marrow 

Homing of HPC to the bone marrow can be divided into two phases, adhesion to and 
transmigration of the HPC through the bone-marrow endothelium of the bone-marrow sinuses, 
and migration of the HPC through the bone-marrow stroma to settle in a stem-cell niche. The 
mechanisms involved in the first phase of homing are assumed to be similar to those involved 
in emigration of leukocytes into lymphatic tissue or sites of inflammation. Emigration of 
leukocytes is a multi-step process of which the consecutive events are regulated by the 
expression of adhesion molecules and activating agents on both the leukocytes and the target 
tissue [160-165]. First, the leukocytes roll along the endothelium, via weak binding mediated 
by selectins [164]. Next, chemoattractants displayed on the endothelial cells activate integrins 
present on the leukocytes, resulting in firm adhesion of the leukocytes to the endothelial cells 
[164]. Eventually, the leukocytes migrate across the endothelium into the target tissue (Figure 
2). It is generally assumed that leukocytes migrate between the endothelial cells instead of 
through the endothelial cells. However, a study of Feng et al. has shown that in response to N-
formyl-methionyl-leucyl-phenylalanine (FMLP) neutrophils emigrate from cutaneous venules 
by a transcellular route though endothelial cells [166]. It remains to be determined whether 
this holds also true for other cells, other stimuli or other vascular beds. Although the precise 
mechanisms of the migration of HPC through the bone-marrow stroma are as yet unclear, it is 
likely that this is mediated by complex adhesive interactions between HPC, bone-marrow 
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stromal cells and extracellular matrix proteins. Chemoattractants and cytokines present in the 

bone-marrow stroma most likely influence these interactions. 

Hereafter various families of adhesion molecules, as shown in Figure 3 and summarized in 

Table 1, will be discussed in general and their possible role in homing of HPC in particular. 

Subsequently, the role of chemoattractants in homing of HPC will be discussed. 

BLOOD 

Transendothelial 
Firm adhesion migration 

Selectins Integrins 

BONE 
». MARROW 

STROMA 

Chemoattractants 

Figure 2. Sequential steps in transendothelial migration. Abbreviations: HPC = hematopoietic 
progenitor cell; HBMEC = human bone marrow endothelial cells. 

Lectin domain 
EGF-like domain 

SCR domains 

Selectins Integrins Ig superfamily Sialomucins 

N-linked glycans 
O-linked glycans 

1 Chondroitin sulfate 

CD44 

Figure 3. Schematic representation of the five superfamilies of adhesion molecules. Abbreviations: 
SCR = short consensus repeat; EGF = Epidermal Growth Factor; SS = disulfide binding. 
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CD-number Other names Ligands 
Selectins 
E-selectin CD62E ELAM-1 
P-selectin CD62P PADGEM 
L-selectin CD62L LAM-1; MELI4. 

gp90MEL 

Integrins 

ßi-integrins 
Otißi CD49a/CD29 VLA-1 
a2ß, CD49b/CD29 VLA-2 
a3ß, CD49c/CD29 VLA-3 
a4ßi CD49d/CD29 VLA-4 

a5ß. CD49e/CD29 VLA-5 
a6ßi CD49f/CD29 VLA-6 

ßi-integrins 

aLß2 CDlla/CD18 LFA-1 
aMß2 CDllb/CD18 Mac-1 

axß2 CD11C/CD18 p 150/95 

aDß2 CDlld/CD18 

ßyintegrins 
ain,ß3 CD41/CD61 

a v ß 3 CD51/CD61 

ßj-integrins 
a4ß7 - LPAM-1 

aEß7 CD103 HML-1 

Immunoglobulin gene superfamily 

sLe", sLe^CLA, PSGL-1, ESL-1 
sLex,sLe"-PSGL-1, 
sLex, sLea'CLA, CD34, GlyCAM-1, 
MAdCAM-l,PCLP-l 

collagen, laminin 
collagen, laminin 
collagen, laminin, fibronectin, epiligrin 
VCAM-1, fibronectin (CS-1, CS-5 and 
HepII) 
fibronectin (RGD), invasin 
laminin 

ICAM-1, ICAM-2, ICAM-3 
ICAM-1, ICAM-2, fibrinogen, fX, C3bi, 
CD23 
fibrinogen, C3bi,CD23 
ICAM-3 

fibrinogen, fibronectin, vWf, vitronectin, 
thrombospondin 
CD31, vitronectin, fibronectin, collagen, 
vWf, laminin, fibrinogen, 
thrombospondin, osteopontin 

MAdCAM-l.VCAM-
a4ß, 
E-cadherin 

fibronectin, 

ICAM-1 CD54 CDlla/CD18, CDllb/CD18, CD43 
ICAM-2 CD 102 CDlla/CD18 
ICAM-3 CD50 CDlla/CD18 
VCAM-1 CD 106 INCAM CD49d/CD29, a4ß7 

CD31 CD31 PECAM-1 CD31, avß3, sulphated proteoglycans 
LFA-3 CD58 CD2 
c-KIT CD117 stem cell factor or kit ligand 

CD44 
CD44 CD44 HCAM-1, Hermes Ag hyaluronic acid, collagen, laminin, 

fibronectin 

Sialomucins 
CD34 CD34 L-selectin 
GlyCAM-1 - L-selectin 
MAdCAM-1 - L-selectin, a4ß7 

PSGL-1 CD 162 P-selectin, E-selectin, L-selectin 
CD43 CD43 Leukosialin ICAM-1 
CD45 CD45 ? 
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Table 1. Adhesion molecules on leukocytes or important in leukocyte interactions with other cells; 
nomenclature and ligands. 
< 

5.1.1 Selectins 

Selectins are a family of transmembrane adhesion molecules, composed of three closely 
related molecules, i.e. L-selectin (CD62L), P-selectin (CD62P) and E-selectin (CD62E). L-
selectin is expressed on almost all leukocytes, including HPC, but not on some memory 
lymphocytes [167-169]. Upon activation of leukocytes, L-selectin is lost from the cell surface 
due to cleavage by a metalloprotease [170,171]. P-selectin is stored in a-granules in platelets 
and in Weibel-Palade bodies in endothelial cells [172,173]. Upon activation of platelets or 
endothelial cells with agents such as thrombin or histamine [174], P-selectin is rapidly 
transported to the cell membrane and transiently expressed on the cell surface. Thereafter, P-
selectin is internalized and either degraded in lysosomes or recycled via endosomes to the 
trans-Golgi network, where it is resorted into secretory granules. E-selectin is expressed on 
endothelial cells upon activation with IL-1, IFN-y, TNF-a, lipopolysaccharide, IL-3 or IL-10 
[175-179]. This inducible cell surface expression of E-selectin requires de novo protein 
synthesis. Although low levels of E-selectin mRNA can be detected in many tissues of healthy 
wild-type mice [180], most endothelial cells require prior cytokine activation or other 
inflammatory stimuli to support rolling interactions via endothelial selectins [181-183]. In 
contrast, bone-marrow endothelium constitutively expresses higher levels of E-selectin that 
are capable of mediating rolling of HPC [184,185]. 

Selectins have a characteristic extracellular part composed of an amino-terminal Ca2+-
dependent (C-type) lectin domain, a single epidermal growth factor (EGF)-like domain and, 
depending on the type of selectin, two to nine short consensus repeat (SCR) domains (Figure 
3). L-selectin has two SCR domains, P-selectin has nine and E-selectin six. The lectin domain 
plays a major role in ligand recognition, mediating cell-cell contact through Ca2+-depedent 
interactions with cell-surface carbohydrates [186]. The EGF-like domain and the SCR 
domains also play a role, either in stabilizing the conformation of the lectin domain or in 
directly interacting with the ligand [187-190], 

Selectins bind sialylated, fucosylated and/or sulfated carbohydrate determinants, such as 
sialyl Lewis" and its isoform sialyl Lewis3, displayed in the proper context of a number of 
glycoproteins. These glycoproteins serve as a scaffold for the display of the carbohydrate 
structures. Several L-selectin ligands have been described. Vascular ligands are the CD34 
antigen [191,192], mucosal addressin cell adhesion molecule-1 (MAdCAM-1) [193], 
glycosylation-dependent cell adhesion molecule-1 (GlyCAM-1) [194] and podocalyxin-like 
protein (PLCP-1) [195]. These ligands are all present on high endothelial venules (HEV). Two 
non-endothelial ligands for L-selectin are presently known, viz. P-selectin glycoprotein 
ligand-1 (PSGL-1), expressed by leukocytes, including HPC [196-199], and a not further 
identified glycoprotein expressed on hematopoietic cells [200,201]. This latter glycoprotein 
binds to L-selectin in a sulfate-independent manner [200,201], whereas all other known 
ligands bind to L-selectin in a sulfate-dependent manner. A cytokine-induced ligand for L-
selectin is expressed by human umbilical vein endothelial cells (HUVEC) and microvascular 
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endothelial cells [202-205]. A recent study suggests that the sLex-like structure termed 
cutaneous lymphocyte antigen (CLA), as defined by the HECA-452 niAb, is an essential 
carbohydrate component of this inducible vascular L-selectin ligand [206]. The inducible 
CLA-bearing ligands also required sulfation and appropriate molecular scaffolds for 
functional activity [206]. The glycoprotein displaying CLA on activated endothelium is 
unknown. A ligand of P-selectin is PSGL-1 [207-209]. Ligands for E-selectin are E-selectin 
ligand 1 (ESL-1) [210,211], PSGL-1 [209] and the sLex-like structure CLA as expressed by 
skin-homing memory T cells [212-216]. 

The general function of selectins is to mediate the initial, weak attachment to, tethering and 
rolling of leukocytes over the vascular wall. L-selectin plays an essential role in regulating 
lymphocyte binding to high endothelial venules and subsequent entry into lymph nodes. This 
is demonstrated clearly in L-selectin-deficient mice, which have only small peripheral lymph 
nodes with reduced cellularity [217,218] and show reduced migration of lymphocytes into 
Peyer's patches. In addition to its role in normal lymphocyte recirculation, multiple lines of 
evidence indicate that L-selectin also mediates rolling of leukocytes on endothelium at sites of 
inflammation [219]. For instance, L-selectin-deficient mice show deficiencies in leukocyte 
recruitment to sites of inflammation. 

Although L-selectin is expressed on the majority of HPC [220-222], its function in homing 
of HPC to the bone marrow is unclear. Our group has shown that the number of L-selectin-
positive HPC in bone-marrow grafts correlates with recovery of thrombopoiesis [221]. This 
indicates that L-selectin is involved in homing of HPC to the bone marrow by binding to a 
ligand present on bone-marrow endothelial cells or on bone-marrow stromal cells. However, it 
might also be that the L-selectin-positive subset of HPC has some sort of advantage in 
proliferation and differentiation into mature cells, resulting in a faster hematopoietic recovery 
of the recipient. Mazo et al. have shown in a murine model that L-selectin is not involved in 
rolling of HPC along bone-marrow endothelium [185]. Moreover, in L-selectin-deficient mice 
no hematopoietic defects have been described [217]. 

P-selectin plays a role in the earliest leukocyte rolling during acute inflammation. This is 
clearly shown by P-selectin-deficient mice. These mice show almost no leukocyte rolling upon 
exteriorization of mesenteric venules and delayed extravasation of neutrophils in 
thioglycollate-induced peritonitis [223]. The mice furthermore show mild neutrophilia and 
slightly, but not significantly, increased levels of the hematopoietic cytokines IL-3 and GM-
CSF [180]. In addition, P-selectin mediates adhesion of activated platelets to monocytes, 
neutrophils, NK cells and memory/activated T cells. This interaction serves to amplify the 
recruitment of both leukocytes and platelets to sites of vascular injury [224-227]. 

A role for P-selectin in the homing of HPC has been suggested by a study of Mazo et al. 
[185] in which rolling of HPC along bone-marrow endothelium was inhibited in the presence 
of monoclonal antibodies against P-selectin. Moreover, these data were confirmed in mice 
deficient in both P- and E-selectin (see below). 

E-selectin supports rolling of leukocytes at sites of inflammation [228]. In addition, it has 
been suggested to play an important role as a tissue-specific homing receptor for leukocyte 
recruitment to the skin, especially for memory T cells [219]. However, mice deficient in E-
selectin do not show abnormalities compared to wild-type mice, which is likely due to a 
redundancy in the functions of E-selectin and P-selectin. 
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This redundancy is shown by mice deficient in both E- and P-selectin, which show more 
severe abnormalities than mice deficient for either E- or P-selectin. The double knock-out 
mice show severe leukocytosis, defective leukocyte rolling and impaired leukocyte 
extravasation [180,229]. Moreover, they show expanded splenic hematopoiesis, elevated 
levels of the hematopoietic cytokines IL-3 and GM-CSF and increased numbers of 
differentiating myeloid precursors, but not of the earliest precursors [180]. 

These double knock-out mice also show a role for both E-selectin and P-selectin in homing 
of HPC. With the use of intravital microscopy it has been shown that HPC show reduced 
rolling along the bone-marrow sinusoids and venules of these mice compared to wild-type 
mice [185]. Moreover, the homing of HPC to the bone marrow in the double knock-out mice 
was also reduced [230]. 

5.1.2 The integrins 

Integrins form a family of heterodimeric transmembrane glycoproteins, each composed of 
an a- and a ß-subunit (Fig. 3). Thus far, 16 a-subunits and 8 ß-subunits have been defined, 
which can combine into 22 different integrin heterodimers. Integrins have been classified into 
eight subfamilies, based on their ß-subunit. These subfamilies include ß^integrins or Very 
Late Antigens (VLA), ß2-integrins or the leukocyte cell adhesion molecule (LEU-CAM) 
family and ß3-integrins or the cytoadhesin family. Only the integrins expressed on leukocytes 
will be discussed in more details, i.e. the ß,-, ß2-, ß3- and ß7-integrins. 

ßi-integrins are expressed on a variety of cells. Most hematopoietic cells, including HPC, 
express VLA-4 (a4ß,) and VLA-5 (a5ß,) [231-235]. ß2-integrins are expressed only on 
leukocytes [164]. HPC express two ß2-integrins, viz. LFA-1 (aLß2) and Mac-1 (aMß2) 
[234,236,237]. ß3-integrins are expressed on approximately 10% of the CD34+ cells present in 
the bone marrow. Expression of the ß3-integrin aIIbß3 is restricted to the 
megakaryocyte/platelet lineage, including megakaryocyte precursors. Integrin avß3 is 
expressed in a number of tissues, including endothelial cells [238-240]. ß7-integrins are 
leukocyte specific, and are expressed mainly on lymphocytes of the mucosal immune system 
[241]. They are not expressed on HPC. 

Integrins mediate both cell-cell and cell-extracellular matrix interactions. Ligands for 
integrins include extracellular matrix proteins, mucins and members of the immunoglobulin 
gene superfamily, as is shown in Table 1. Interactions between integrins and their ligands 
require divalent cations and generate intracellular signals that regulate cell survival and 
growth, cell differentiation and cell motility. Thus, integrins are not mere adhesion molecules 
but are also important signaling molecules. Ligand binding results in "outside-in" signaling 
[242,243]. This leads to events such as phosphorylation on protein tyrosine residues, changes 
in intracellular pH, intracellular calcium fluxes, changes in the cytoskeleton organization, cell 
activation and cell differentiation. On the other hand, cells are able to regulate integrin-
dependent adhesion through "inside-out" signaling. Inside-out signaling can result in e.g. 
clustering of integrins and in changes in affinity of integrins for their ligands by inducing 
conformational changes of the integrins, which is often referred to as activation of integrins 
[244,245]. For example, the ßi-integrin VLA-4, which can bind to fibronectin and VCAM-1, 

23 



Chapter 1 

can exist in at least three activation states: one that mediates essentially no adhesion to either 
ligand, one that binds with moderate affinity to VCAM-1 but that does not bind to fibronectin, 
and one that mediates high-affinity binding to VCAM-1 and also binds to fibronectin 
[246,247]. Thus, further activation of VLA-4 is required for binding to fibronectin. This is in 
accordance with previous observations from our group that purified CD34+ HPC show some 
binding to VCAM-1 without prior activation, whereas they only bind to fibronectin after 
activation, indicating that the partially active form of VLA-4 is constitutively expressed on 
HPC [235]. Several integrin-activating agents are known. Cytokines such as IL-3, 
granulocyte-macrophage-CSF (GM-CSF), and stem cell factor are transient activators of the 
ßrintegrins VLA-4 and VLA-5 on HPC [54]. Certain antibodies are also able to activate 
integrins, probably by stabilizing the high-affinity state of the molecule or by mimicking 
ligand binding. PMA activates ßrintegrins and ß2-integrins, probably by first activating 
protein kinase C. The activity of integrins can also be regulated through signals from co-
expressed adhesion molecules [248-256]. In HPC this has been shown for CD31 and CD34 
[248-250]. Leavesly et al. have demonstrated that a mAb against CD31 enhances VLA-4-
mediated adhesion of CD34+ HPC to VCAM-1 transfected cells [248], and it has been shown 
that mAbs against CD34 can induce homotypic aggregation of HPC in a ß2-integrin-dependent 
way [249,250]. 

Only six members of the integrin-family have been reported to be involved in the 
extravasation process of leukocytes. These are the ßrintegrins a4ßi and a5ßi, the ß2-integrins 
cci.ß2, aMß2 and axß2 and the ß7-integrin a4ß7. Of these integrins, the ß2-integrin axß2 and the 
ß7-integrin a4ß7 are not expressed by HPC and will not be further discussed, ß,-integrins 
mediate both cell-cell interactions and cell-extracellular-matrix interactions. They bind to the 
extracellular-matrix components fibronectin, laminin and collagen and to the cellular adhesion 
molecule VCAM-1. This latter molecule is expressed on activated endothelial cells and, like 
E-selectin, constitutively on bone-marrow endothelial cells [184,257]. It has been shown that 
VLA-4 is involved in lymphocyte, monocyte, eosinophil, basophil and NK cell adhesion to 
cytokine activated endothelial cells [258-260]. Moreover, a role for the VLA-4-VCAM-1 
interaction during transmigration of leukocytes has been suggested [258,260-262]. 

In recent years, it has been demonstrated that the interaction between VLA-4 and VCAM-1 
plays an important role in the homing of HPC. In animal models, it has been shown that 
blocking antibodies against VLA-4 inhibit homing of HPC [230,263] and induce mobilization 
of HPC from the bone marrow into the peripheral blood [264-266]. Furthermore, studies in E-
and P-selectin double-deficient mice have shown that interactions between VLA-4 and 
VCAM-1 mediate selectin-independent rolling of HPC along the bone-marrow endothelium 
[185]. VLA-5 has also been implicated in the adhesion of HPC to bone-marrow stroma 
[237,267-270], but mAbs against VLA-5 do not inhibit homing in mice [271]. 

ß2-integrins mainly mediate cell-cell interactions. LFA-1 (aLß2-integrin) binds to the 
cellular adhesion molecules ICAM-1, -2 and -3. The other ß2-integrin expressed on HPC, 
Mac-1 (aMß2-integrin) binds to ICAM-1, -2, fibrinogen, complement C3bi, coagulation factor 
X and CD23. Several studies have shown that the interaction between the ß2-integrins on 
leukocytes and ICAM on endothelial cells is involved in transmigration of leukocytes through 
endothelial cell layers [272-275]. The role of ß2-integrins in homing is poorly understood. 
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Torensma et al. have shown that HPC express the ß2-integrin LFA-1 in an inactive form, but 
that LFA-1-mediated binding to ICAM-1 was induced upon stimulation of the HPC with PMA 
[276]. Blocking antibodies against ß2-integrins inhibit both spontaneous transmigration of 
HPC across bone-marrow endothelial cells [277,278] and adhesion of HPC to bone-marrow 
stroma in vitro [237]. In contrast, such antibodies are unable to mobilize stem cells into the 
peripheral blood in vivo, like antibodies against VLA-4 do [265]. 

5.1.3 The immunoglobulin gene superfamily 

The immunoglobulin gene superfamily contains transmembrane proteins, proteins 
anchored to the membrane via a phosphatidylinositol tail and soluble proteins. It is a large 
family of molecules with more than 70 members. Those that might play a role in the adhesion 
of leukocytes with other cells are listed in Table 1. The members of this family are 
characterized by repeats of immunoglobulin-like domains, consisting of ß-pleated sheets 
stabilized by disulfide bridges [279] (Figure 3). These domains contain the site that mediates 
the cation-independent ligand binding. This family of adhesion molecules primarily functions 
in cell-cell interactions. 

ICAM-1 is constitutively expressed on endothelial cells and monocytes. Its expression on 
B- and T-lymphocytes, thymocytes, dendritic cells, endothelial cells and fibroblasts can be 
induced or increased by inflammatory agents, such as IL-1, TNF-a and LPS [176,280]. It can 
bind to the ß2-integrins LFA-1 (aLß2-integrin) and Mac-1 (aMß2-integrin). A single report has 
suggested that CD43 can also bind to ICAM-1 [281]. ICAM-1 is involved in adhesion of 
monocytes, lymphocytes and neutrophils to activated endothelium [165]. Its function in 
hematopoiesis and in homing of HPC to the bone marrow is unknown. Because bone-marrow 
endothelium does express ICAM-1, it might function as the ligand of the ß2-integrins that are 
expressed on HPC and might thus be involved in homing, as mentioned above. ICAM-2 is 
constitutively expressed on endothelial cells and on leukocytes [282]. Its expression is not 
inducible. Similar to ICAM-1, it can bind to the ß2-integrins LFA-1 (aLß2-integrin) and Mac-1 
(aLß2-integrin) [283]. Constitutive expression of ICAM-2 on endothelial cells may be 
important for leukocyte migration in uninflamed tissues. Its role in homing of HPC has never 
been examined. ICAM-3 is expressed on practically all leukocytes, including HPC [267,284], 
and binds to LFA-1. Its function in homing is not known. 

VCAM-1 is expressed on endothelial cells in sites of inflammation in vivo, in which it 
plays a role in leukocyte recruitment [285-290]. In contrast, VCAM-1 is constitutively 
expressed on bone-marrow endothelial cells [184,185,291]. Moreover, VCAM-1 is also 
constitutively expressed in low levels on bone-marrow fibroblasts and on tissue macrophages 
[269,292]. Its expression is enhanced by stimulation with IL-1, IL-4, TNF-a, IFN-y, and IL-13 
[176,293-297]. VCAM-1 can bind to VLA-4, and weakly to a4ß7 on lymphocytes [298,299]. 
As described above, the VLA-4/VCAM-1 interaction is important for both homing of HPC to 
and egress from the bone marrow. 

CD31 (PECAM-1) is expressed on circulating platelets, monocytes, granulocytes, some T 
cells and HPC [300] and is a major constituent of endothelial intercellular junctions. It can 
bind both in a homophilic way to CD31 and in a heterophilic way to the integrin avß3 and to 
sulfated glycosaminoglycan chains such as heparin and chondroitin sulfate [301,302]. It plays 
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an important role in transendothelial migration of leukocytes and probably also in 
transendothelial migration of HPC [278,303-306]. In addition to its adhesive properties, CD31 
has also been shown to act as a signaling molecule. Its cytoplasmic tail contains specific sites 
for phosphorylation and assembly of cytosolic signaling molecules [307-311]. Recent studies 
have shown that antibody-mediated engagement of CD31 on the cell surface can result in a 
number of downstream cellular events. These include cell spreading and cytoskeletal 
rearrangement of natural killer cells [312], tyrosine phosphorylation of multiple cytoplasmic 
proteins in human T lymphocytes [313], activation of both ß,- and ß2-integrins in leukocytes 
[251-254], and activation of the anbß3-integrin on platelets [314]. 

As mentioned before, antibody-mediated engagement of CD31 on HPC increases the 
affinity of the ßrintegrin VLA-4 for its ligand [248]. A regulating role in hematopoiesis for 
CD31 has been suggested by El Marsafy et al, who showed that addition of a CD31 mAb to 
in vitro cultures of UCB-derived progenitors significantly augmented the number of CFU-GM 
andBFU-E[315]. 

c-Kit (CD117, SCF-receptor) is a tyrosine kinase receptor for both soluble and membrane 
bound SCF. It is expressed on approximately 75% of the CD34+ cells in the bone marrow, 
including the majority of CFU-GM, BFU-E and LTC-IC [316]. It affects proliferation, 
differentiation and migration of multiple cell lineages, including HPC [317]. Some of these 
functions could be mediated by c-kit through inside-out signaling and modulation of integrins 
[318-321]. Moreover, signaling through the c-kit/SCF pathway is required for mobilization of 
HPC induced by mAb against VLA-4 or VCAM-1, and might thus be important for the 
retention of CD34+ cells in the bone marrow [322]. 

CD 166 (ALCAM-1 or HCA) is a transmembrane protein of about 100 kD. It is expressed 
on 40% to 70% of the CD34+ hematopoietic cells in human fetal liver and fetal and adult bone 
marrow and on virtually all CD34+ cells in peripheral blood after precursor cell mobilization 
[323]. Moreover, all of the most primitive CD34+ CD38-/I°, Thy-1+, rhol23 l0 cells express 
CD166 [323]. CD166 is also expressed on stromal cells in the primary hematopoietic sites, i.e. 
the para-aortic mesoderm, liver, thymus and bone marrow from the human embryo and fetus 
[324]. In addition, low but significant levels of the ligand for this molecule, CD6, have been 
shown at the surface of CD34+ CD38" HPC. These data suggest that ALCAM-1 is involved in 
homophilic or heterophilic (with CD6) interactions between early hematopoietic progenitors 
and associated stromal cells in primary hematopoietic sites [324]. 

5.1.4 The sialomucins 

Sialomucins or mucin-like glycoproteins form a family of secreted or membrane-
associated adhesion molecules. They share limited homology at the amino acid level, but are 
defined by two criteria: (1) their high regional content of proline, threonine, and/or serine 
residues and (2) their dense local concentrations of O-linked carbohydrates that are attached to 
the serine and threonine residues and that constitute one or more mucin-like domains 
[325,326]. The high proline content and heavy O-glycosylation predict an extended 
filamentous conformation, with the membrane-linked forms protruding above the glycocalyx. 
In general, sialomucins are thought to function in two opposing manners in vivo: first as anti-
adhesive molecules and second as adhesion molecules [219,325,327,328]. Due to their 
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negative charge and extended configuration, they may act as a repulsive barrier around the 
cells; however, association of sialomucins with specific receptors can overcome these anti-
adhesive characteristics [329]. It is not known whether these molecules indeed display both 
functions with regard to their involvement in homing of HPC to the bone marrow, retention of 
HPC at the bone marrow and mobilization of HPC from the bone marrow. Until now, five 
mucin-like proteins have been identified on primitive human bone marrow HPC, bone-marrow 
stromal cells and/or endothelial cells, i.e. CD34, PSGL-1, CD43, CD45RA and CD 164 
[196,330-338]. 

The sialomucin CD34 is a transmembrane glycoprotein of about 115 kD, with a protein 
backbone of about 40 kD. It is expressed on all hematopoietic stem and progenitor cells from 
the onset of embryonic hematopoiesis throughout later embryonic and adult hematopoietic 
development. CD34 is also expressed on all vascular endothelial cells of both embryos and 
adults [151,157,339] and on bone-marrow stromal cells [340,341]. 

The function of the CD34 molecule is poorly understood, although data obtained so far 
suggest that it may act as an adhesion molecule and may be involved in signal transduction 
[249,255,342,343]. CD34 expressed on high endothelium venules has been demonstrated to be 
a ligand for L-selectin present on lymphocytes [344]. In contrast, CD34 isolated from HPC 
does not function as a ligand for L-selectin [345]. Thus, it seems that post-translational 
modifications, such as glycosylation, are important in modifying the function of CD34. 
Several studies have shown that CD34 on HPC can act as a signaling molecule. Its 
intracellular part, which is essential for signaling [343], contains several known or potential 
protein-kinase phosphorylation target sites, including two protein-kinase C sites and tyrosine 
phosphorylation sites [151,342,346]. Antibody-mediated engagement of certain epitopes on 
CD34 triggers homotypic adhesion of CD34-expressing KG la cells, which is ß2-integrin 
dependent [249]. Moreover, ectopic expression of human CD34 on thymocytes of transgenic 
mice significantly increases their ability to bind to human bone-marrow stroma [255]. This 
CD34-dependent adhesion is enhanced by antibody-mediated engagement of the CD34 
antigen, indicating that CD34 might promote adhesive interactions of HPC with the bone-
marrow microenvironment, and that this might be in part due to signaling of the CD34 antigen 
[255]. Finally, Fackler et al. have shown that constitutive overexpression of CD34 in murine 
Ml myeloid leukemia cells inhibits differentiation of these cells, suggesting that CD34 may be 
involved in regulating differentiation of HPC [347]. 

At present, CD34-deficient mice have been described in two studies, which do not 
completely correspond with each other. The first study by Cheng et al. suggests that 
expression of CD34 is associated with the formation and maximal expansion of the 
hematopoietic cell pool during both embryonic and adult hematopoiesis [348]. This is in 
accordance with a regulatory role of CD34 in hematopoiesis. In the second study, however, 
impaired function of stem and progenitor cells was not observed [349]. In both studies the 
CD34-deficient mice developed normally and showed no peripheral cytopenia. The 
discrepancy between these two CD34-knockout studies has not been clearly resolved yet, and 
makes it difficult to draw clear conclusions about the function of CD34 out of these studies. 

PSGL-1 is widely expressed on hematopoietic cells, including HPC. It is a disulfide-linked 
dimer and binds to P-, E, and L-selectin [196-199,209]. It has been found to mediate rolling of 
neutrophils and HPC on P-selectin [330,350]. A recent study proposes a role of PSGL-1 as a 
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signaling molecule that triggers tyrosine kinase-dependent mechanisms leading to 
CD lib/CD 18 (Mac-1) activation in polymorphonuclear leukocytes [256]. It has not yet been 
studied whether PSGL-1 expressed by HPC functions in a similar fashion. 

CD43 is a single-chain transmembrane molecule of about 95-135 kDa [351]. CD43 is 
expressed on almost all leukocytes, including HPC [352]. Its function is not clear. It seems 
involved in maintaining repulsive forces between leukocytes in the blood flow. Leukocyte 
rolling and adhesion induced by chemotactic stimuli are enhanced in CD43-deficient mice 
[353]. Moreover, CD43 can be rapidly lost from lymphocytes and neutrophils by proteolytic 
shedding after activation of the cells with various stimuli [354-358]. CD43 is also shed when 
polymorphonuclear leukocytes adhere to and spread on protein substrates or endothelial cells 
[359]. The shedding of this negatively charged repulsive molecule is assumed to facilitate cell 
adhesion. However, despite the above-mentioned increased rolling and adhesion of CD43-
deficient leukocytes, these cells are impaired in their ability to emigrate out of the vasculature 
[353]. This suggests that CD43 besides acting as a passive repulsive barrier also actively 
facilitates leukocyte emigration. The fact that complete shedding is never observed [360] is in 
accordance with this notion. In accordance with an adhesive function for CD43, Kuijpers et al. 
have shown that cross-linking of CD43 induces activation of the ß2-integrins [356]. Finally, 
CD43 might play a role in apoptosis of HPC, because cross-linking of CD43 by specific mAbs 
induces apoptosis in HPC [334]. 

The recently discovered sialomucin, CD 164, is a homodimeric glycoprotein of 
approximately 160 kD. It is expressed on bone-marrow stromal cells and on a subpopulation 
of HPC. This subpopulation includes all committed myeloid and erythroid progenitors, their 
more immature precursors, and very primitive CD34+ HPC as defined by the co-expression of 
e.g. AC 133, Thy-1, FLT3 receptor and c-kit [333]. MAbs against CD 164 are able to perturb 
adhesion of CD34+ HPC to cultured bone-marrow stromal cells in vitro, suggesting an 
adhesion function for CD 164 [361]. Furthermore, binding of one of these mAbs (103B2/9E10) 
to CD164 inhibits proliferation of CD34+CD38lo/" HPC in the presence of the cytokines IL-3, 
IL-6, G-CSF and kit-ligand in serum-free medium [361]. This suggests that CD164 represents 
a potent signaling molecule with the capacity to suppress HPC proliferation. 

5.1.5 CD44 

CD44 consists of a broadly distributed family of transmembrane proteoglycans. It is 
expressed on almost all hematopoietic cells, epithelial cells, glial cells, fibroblasts and 
myocytes [292]. In addition, CD44 is expressed on a subset of HPC, including LTC-IC, CFU-
GM and BFU-E [362]. Due to alternative RNA splicing, a large number of CD44 isoforms 
exists. Variation in glycosylation further contributes to the structural and functional diversity 
within the CD44 family. As yet, little is known about the oligosaccharides present on the 
CD44 molecules. The most common isoform is the "standard" CD44 (CD44s) molecule. 
Hematopoietic cells express this isoform. Isoforms of CD44 containing various combinations 
of alternatively spliced exons are expressed on epithelial cells, activated lymphocytes and 
malignant lymphomas [363-365]. 

Members of the CD44 family have been implicated in a number of important biological 
processes, including recirculation of mature lymphocytes, rolling of lymphocytes over lymph 
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node endothelial cells, migration of prothymocytes to the thymus, hematopoiesis, and tumor 
progression and metastasis [366,367]. It has further been suggested that CD44 functions as a 
signaling molecule in immune interactions [368-371]. Several studies suggest a role for CD44 
in homing of HPC to the bone marrow. First, CD44 is the principal receptor for hyaluronic 
acid (HA) [372,373], a major component of the bone-marrow extracellular matrix [36,374]. 
CD44-mediated adhesion of HPC to HA can be rapidly modulated by cytokines such as GM-
CSF, IL-3 and SCF [375]. This interaction might be involved in the migration of the HPC 
through the bone-marrow stroma to engraft the right niche. CD44 also binds to other 
components of the bone-marrow stroma, i.e. collagen, laminin and fibronectin. Second, it has 
been shown that mAbs against CD44 inhibit proliferation of early and committed murine HPC 
in long-term bone-marrow cultures [376]. And third, impaired homing of murine HPC to the 
bone marrow has been observed after treatment with mAbs against CD44 [376,377]. Further 
studies are necessary to examine at which steps of the homing of HPC CD44 is involved. 

5.2 Homing of hematopoietic stem cells to the bone marrow: the chemoattractants 

In addition to the above-described adhesion molecules, chemoattractants are important 
mediators of the extravasation of leukocytes and also of the homing of HPC. In both processes 
chemoattractants are involved in activation of integrins, resulting in firm adhesion of the 
leukocytes or HPC, respectively, and in directing the migration of these cells across the 
endothelium into the target tissue. 

There are two classes of chemoattractants, the classical leukocyte chemoattractants such as 
fMLP, C5a, LTB4, PAF, and the chemokines, which are chemotactic cytokines. Classical 
leukocyte chemoattractants act broadly on neutrophils, eosinophils, basophils and monocytes 
[378]. Chemokines were initially characterized as chemoattractant agents with specificity for 
subsets of leukocyte. In recent years, it has become clear that chemokines and their receptors 
are expressed by a wide variety of hematopoietic and non-hematopoietic cells, and that the 
functions of chemokines extend far beyond leukocyte physiology [379]. Other functions of 
chemokines include regulation of angiogenesis [380] and involvement in fetal development 
[381-383]. 

Chemokines are low-molecular-weight cytokines (8-14 kD) [382,384-386]. They are 
characterized by four conserved cysteine residues, forming two disulfide bonds. At present 
four subfamilies of chemokines are known. The first two families are distinguished according 
to the presence or absence of an amino acid (X) between a pair of cysteine residues near the 
amino terminus of the protein. These are the CXC-family or a family and the CC family or ß 
family of chemokines. Two other families are the C family and the CX3C family, so far 
consisting each of only one member. The C family chemokine lymphotactin has only two 
cysteine residues, with one present in the amino terminus of the protein. The CX3C family 
chemokine fractalkine is an integral membrane protein with a chemokine domain at its N-
terminus. It has four cysteine residues, but differs from other chemokines by the presence of 
three amino acids between the two cysteine residues present in the amino terminus of the 
protein. Chemokine receptors are also divided into subfamilies, i.e. the CXCR family, the 
CCR family, the CR family and the CX3CR family. These receptors are seven-membrane-
spanning proteins and are G-protein coupled. Binding of a chemokine to its receptor results in 
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G-protein activation, leading to degranulation, shape change, actin polymerization and 
respiratory burst activation. A list of the various chemokine family members and their 
receptors has recently been published by Kim et al. [387]. 

In contrast to the large number of chemoattractants described for mature blood cells, until 
a few years ago no chemoattractants were known for HPC. In 1997, stromal derived factor 
(SDF-1) was identified as the first chemoattractant for HPC [388]. This chemokine was 
originally identified as a highly efficacious lymphocyte chemoattractant [393]. It binds to the 
CXCR4 receptor, also termed fusin or LESTR, which is also a co-receptor for HIV Type-1 
[390,391]. Studies in vitro have shown a clear chemoattractant function of SDF-1 for HPC 
[388,392,393]. In addition, Peled et al. have shown that SDF-1 and its receptor CXCR4 are 
critical for bone-marrow engraftment in NOD/SCID mice [394]. Mice deficient in either SDF-
1 or the CXCR4 receptor die perinatally. These mice have defective B-cell lymphopoiesis and 
severely impaired bone-marrow myelopoiesis, despite normal myeloid development in the 
fetal liver [381,383]. Thus, SDF-1 might support colonization of the fetal bone marrow by 
HPC. Because SDF-1 is not specific for HPC and is produced by stromal cells in a broad 
range of tissues, it is unlikely that this chemokine is the only chemokine involved in the 
homing of HPC. 

5. Scope of this thesis 

The aim of this study was to further investigate the interactions between HPC, bone-
marrow endothelial cells and bone-marrow stromal cells involved in homing of HPC to the 
bone marrow. Because the specificity of homing might be due to adhesion molecules 
specifically expressed by bone-marrow endothelial cells, we first established new human 
bone-marrow endothelial cell (HBMEC) lines (Chapter 2). We subsequently used one of 
these HBMEC cell lines to examine which adhesion molecules are involved in the adhesion of 
HPC to bone-marrow endothelial cells (Chapter 3). We applied a method of Double-Color 
Flow Microfluorimetric (DCFM) analysis in which interactions of progenitor cells with 
endothelial cells can be studied under conditions of continuous stirring, simulating blood flow 
in sinusoidal marrow vessels. We hypothesized that bone-marrow endothelial cells might 
mediate the specificity of homing of HPC by the expression of bone-marrow-endothelial-cell-
specific adhesion molecules. If this holds true, it is to be expected that HPC will bind better to 
HBMEC than to endothelial cells of different origin. To examine our hypothesis we compared 
the binding of HPC to HBMEC with the binding of HPC to HUVEC (Chapter 4). For this 
purpose, we applied two different adhesion assays. First, we applied a new adhesion assay, the 
Triple-Color Flow Microfluorimetric (TCFM) adhesion assay, which was a modified form of the 
DCFM adhesion assay. This assay was specifically developed to detect preferential adhesion of 
HPC to one of two types of endothelial cells, based on competitive binding. For the same 
reason as mentioned above, adhesion was studied under conditions of continuous stirring. 
Second, we examined adhesion of HPC to endothelial monolayers, in which the associated 
glycocalyx was still intact, by means of a solid-phase adhesion assay. 

Next, we studied the transendothelial migration of HPC with the use of a transwell system, 
in which HPC were allowed to migrate through a confluent monolayer of HBMEC. It might 
be that the mechanisms involved in this migration process contribute to the specificity of 
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homing. We examined which adhesion molecules mediate the migration by using monoclonal 
antibodies against these molecules (Chapter 5). 

Finally, we studied the last step in homing, i.e. the interactions of HPC with bone-marrow 
stroma to find a way to the appropriate niche. The frozen-section assay, as developed by 
Woodruff and Stamper [395] has proven to be of crucial value for the identification of the 
molecules involved in the specific binding of lymphocytes to high-endothelial venules in 
lymph nodes. In Chapter 6, we have therefore used a modified Woodruff and Stamper assay 
on rat bone marrow, as described earlier [396]. 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 meshwork is still intact. In Chapter 7 the 
results of the preceding chapters are discussed. 
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