
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Homing of hematopoietic progenitor cells to the bone marrow

Rood, P.M.L.

Publication date
1999

Link to publication

Citation for published version (APA):
Rood, P. M. L. (1999). Homing of hematopoietic progenitor cells to the bone marrow. [Thesis,
fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/homing-of-hematopoietic-progenitor-cells-to-the-bone-marrow(84490364-a338-4240-91bd-d63e68f0ee5a).html


Chapter 4 

Adhesion of Hematopoietic Progenitor Cells 
to Human Bone Marrow or Umbilical Vein 

Derived Endothelial Cell Lines: 
a Comparison 

P.M.L. Rood', W.R. Gerritsen2, D. Kramer3, C. Ranzijn', A.E.G. Kr. von dem Borne1'4, CE. 
van der Schoot' 

1 Department of Experimental Immunohematology, CLB and Laboratory for Experimental and 
Clinical Immunology, Academic Medical Center, University of Amsterdam, Amsterdam, The 
Netherlands 

23 Departments of 2Medical Oncology and 3Molecular Pathology Academic Hospital of the 
Free University, Amsterdam, The Netherlands 

4 Department of Hematology, Academic Medical Center, Amsterdam, The Netherlands 

Experimental hematology 27: 1306-1314 (1999) 



Chapter 4 

SUMMARY 

Homing of hematopoietic progenitor cells (HPC) to the bone marrow may be mediated by 
adhesion molecules specifically expressed on human bone-marrow endothelial cells 
(HBMEC). This hypothesis suggests that HPC would preferentially bind to HBMEC 
compared to endothelial cells from other origins. In this study HPC were allowed to adhere 
either to HBMEC cell lines or to human umbilical vein endothelial cells (HUVEC) in two 
different experimental set-ups. First, adherence was measured using a flow cytometric assay 
with three different colors identifying each cell population (HPC, HBMEC, HUVEC). HPC 
could adhere (in a competitive way) to the two endothelial cell lines under stirring conditions, 
which simulated adhesion under shear stress, as present in blood vessels. Since this assay 
requires relatively firm adhesion and the endothelial cells do not form a monolayer, we studied 
the same interactions also under less stringent conditions. HPC were allowed to adhere to 
endothelial monolayers under gently rocking conditions. 

Differential adhesion of HPC to a set of endothelial cell lines did not correlate with the 
origin of the endothelial cells. Adhesion of HPC to both types of endothelial cells was 
inhibited in the presence of various combinations of monoclonal antibodies against the 
adhesion molecules VLA-4, CD 18, and/or E-selectin. No indications were obtained for 
qualitative differences in the role of these molecules in adhesion of HPC to either HBMEC or 
HUVEC cell lines. 

In conclusion, no preferential adhesion of HPC to HBMEC compared to HUVEC cells was 
observed. This may be due to a lack of origin-specific differences between endothelial cells, 
implying that the specificity of homing is not regulated at the entrance of the bone marrow. 
Otherwise, the origin-specific differences between endothelial cells of different origins may be 
microenvironment-induced, rather then intrinsic, implying that care should be exercised with 
the use of endothelial cell lines in studies investigating the specificity of homing of HPC. 
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_Adhesion ofHPC to Endothelial Cells of Different Origin: a Comparison 

In bone marrow and peripheral blood stem cell transplantation, hematopoietic progenitor 
cells (HPC) migrate from the peripheral blood to the bone marrow, a process called homing. 
This homing process is assumed to be a multistep process mediated by adhesion molecules on 
both HPC and endothelial cells, similar to the extravasation of leukocytes at inflammatory 
sites [1]. First, the HPC tether and roll along the bone-marrow endothelium, mediated by 
selectins [1]. Next, chemoattractants displayed on the endothelial cells activate the integrins, 
present on the HPC, resulting in firm adhesion of the HPC to the endothelial cells [1]. 
Eventually, HPC migrate across the endothelium into the bone-marrow stroma. 

Selective adhesion of HPC to bone-marrow endothelium, being the initial step in homing, 
is thought to be of the utmost importance for the specificity of the homing process. The 
molecular mechanisms involved are still poorly understood. The specificity of the homing 
process could be mediated by chemokines produced by the bone-marrow stroma and/or by the 
expression of a set of adhesion molecules specific for bone-marrow endothelial cells, 
functioning as homing receptors for HPC. In literature, such specific adhesion molecules have 
already been described for other organs, e.g. in the mouse, Lu-ECAM-1 (lung-specific EC 
adhesion molecule) is exclusively expressed by pulmonary postcapillary EC and some splenic 
venules [2], and MadCAM-1 (mucosal addressin cell adhesion molecule-1) is expressed 
primarily on high endothelial venules in Peyer's patches of the small intestine [3]. Whether the 
expression of such specific adhesion molecules is an endogenous property of endothelial cells 
or that it is microenvironment-induced, is not yet clear. 

Until now, the only known chemokine for CD34+ cells is stromal derived factor-1 (SDF-1), 
but this chemokine is not specifically produced by bone-marrow stromal cells [4]. In addition, 
no bone-marrow-specific adhesion molecules are known, but constitutive expression of E-
selectin and VCAM-1 has been found on endothelial cells of hematopoietic tissues [5,6]. At 
other sites, expression of E-selectin and VCAM-1 on endothelium has only been described in 
a number of inflammatory-disease states [7-10]. 

To study the origin-specificity of bone-marrow endothelium, we examined whether there 
are quantitative or qualitative differences in the adhesion of HPC to human bone marrow 
derived endothelial cell lines compared to endothelial cell lines derived from human umbilical 
veins. Differences in adhesion would indicate the presence of specific molecules or the 
increased expression of adhesion molecules on either one of these endothelial cell types. 
Although it is possible to isolate HBMEC from bone-marrow aspirates, the described isolation 
procedures result in too small cell yields not allowing the numbers of experiments as 
performed in this study [11-14]. Therefore, we performed our experiments with immortalized 
HBMEC cell-lines. To exclude clonal differences between cell-lines a panel of cell-lines was 
used. We employed two different adhesion assays in either the absence or the presence of 
blocking monoclonal antibodies (mAbs). First, a Triple-Color Flow Microfluorimetric 
(TCFM) adhesion assay was applied. This assay was specifically developed to detect 
preferential adhesion of HPC to one of two types of endothelial cells, based on competitive-
binding. The adhesion is studied under conditions of continuous stirring, simulating blood 
flow in sinusoidal marrow vessels. It should be noted although, that the physiological velocity 
of the blood flow in the bone-marrow sinuses is not known. Second, adhesion to endothelial 
monolayers, in which the associated glycocalyx is intact, was studied with the use of a solid-
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phase adhesion assay. In both assays we did not observe major origin-specific differences in 
adhesion of HPC to endothelial cells derived from bone marrow or umbilical veins. 

MATERIALS AND METHODS 

Monoclonal antibodies (mAbs) 

IgGl and IgG2a isotype control antibodies and mAbs MB22 (HLA-class I), CLB-LFA 1/1 
(CD 18), and fluorescein isothiocyanate (FITC)-labeled CLB-gran/mon2 (CD 13) were 
obtained from the CLB (Amsterdam, The Netherlands). MAb IB4 (CD 18) [15] was a kind gift 
of Dr L. Koenderman (Dept. of Pulmonology, Academic Hospital Utrecht, The Netherlands). 
MAb HP2/1 (VLA-4, CD49d), phycoerythrin (PE)-conjugated SJ1D1 (CD 13), and PE-Cy5 
conjugated Immu 103.44 (CD 13) were purchased from Immunotech (Marseille, France). MAb 
ENA-2 (E-selectin, CD62E) was obtained from Sanbio (Uden, The Netherlands). PE-
conjugated HPCA-2 (CD34) was purchased from Becton Dickinson (San Jose, CA, USA). 

CD34+ hematopoietic progenitor cells 

Peripheral blood (PB) CD34+ cells were isolated from the blood of cancer patients, who 
were treated with chemotherapy followed by granulocyte colony-stimulating factor (G-CSF) 
at 300 p.g/day subcutaneously (Filgrastim, Neupogen, Amgen, Thousand Oaks, CA, USA) for 
stem cell mobilization [16]. All patients gave informed consent, and the protocols were 
approved by the Ethical and Scientific Review Committees of the Netherlands Cancer Institute 
and the Academic Medical Center (Amsterdam, The Netherlands). 

PB CD34+ cells were isolated with the VarioMACS (Miltenyi Biotec, Bergisch Gladbach, 
Germany). Briefly, mononuclear cells (MNCs) were isolated by density centrifugation over 
Ficoll-Paque (Pharmacia, Uppsala, Sweden; specific gravity 1.077 g/cm3). The PB CD34+ 

cells were subsequently purified with the MACS CD34 isolation kit (Miltenyi Biotec) to 95-
99% purity as determined by flow cytometry. 

Cell lines 

The leukemic early myeloblastic cell line KG la, obtained from the ATCC (CCL 246.1), 
was maintained in Iscove's Modified Dulbecco's Medium (Biowhittaker, Verviers, Belgium) 
supplemented with 10% fetal calf serum (FCS; Gibco BRL, Breda, The Netherlands), 100 
U/mL penicillin and 100 ug/mL streptomycin (Gibco BRL), 300 ug/mL glutamine (Sigma, 
Chemical Co., St. Louis, MO, USA) and 0.05 mM 2-mercaptoethanol (Merck, Darmstadt, 
Germany). 

All endothelial cell lines used were established by immortalization of primary endothelial 
cells with the replication-defective retroviral construct pLXSN16E6/E7, containing the E6/E7 
genes from the human papilloma virus (HPV) 16 [17]. To establish the human bone-marrow 
endothelial cell lines, primary bone-marrow endothelial cells were isolated, as described by 
Schweitzer et al. [13], and immortalized as described by Fontijn et al. [18] with some minor 
modifications. The packaging cell line PA317, which produces the amphotrophic helper-free 
retrovirus pLXSN16E6/E7 [17], was kindly provided by Dr D.A. Galloway (Fred Hutchinson 
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Cancer Research Center, Seattle, WA, USA). The replication defective retroviral vector 
pLXSN16E6/E7 contains the gene encoding neomycin resistance (neoR) under the control of 
the Simian virus 40 "early" promoter-enhancer sequences of Moloney leukemia virus [17]. To 
obtain retrovirus-containing medium, the PA317 packaging cell line was cultured overnight 
with serum-free medium (mixture of 1:1 of RPMI 1640 medium (Gibco BRL) and M199 
medium (Gibco BRL)). Retroviral infection was performed with this conditioned serum-free 
medium supplemented with 4 ug/mL polybrene (Sigma) by an 8-hours incubation of first 
passage primary bone-marrow endothelial cells, grown to near-confluence in a six-well tissue 
culture dish (Costar). After this incubation, the medium was refreshed with endothelial cell 
culture medium consisting of Medium 199 (Gibco BRL), supplemented with 10% (v/v) 
pooled, heat-inactivated human serum (CLB), 10% (v/v) heat-inactivated FCS, 1 ng/mL bFGF 
(Boehringer Mannheim, Mannheim, Germany), 5 U/mL heparin (Leo Pharmaceutical 
Products, Weesp, The Netherlands), 300 ug/mL glutamine (Sigma), 100 U/mL penicillin, 100 
ug/mL streptomycin. Forty-eight hours after infection, cells were treated with trypsine and 
replated. At that time, selection was initiated by the addition of the neomycin analogue G418 
to a final concentration of 100 p.g/mL (Gibco BRL). After ten days of selection, individual 
neo cell colonies were picked up by means of limiting dilution. The obtained cell colonies 
were further expanded. Four individual clones, HBMEC-27, HBMEC-28, HBMEC-33 and 
HBMEC-60 were further phenotyped and their endothelial nature were shown by the 
expression of von Willebrand Factor and VE-cadherin (unpublished data). 

The human umbilical vein endothelial cell (HUVEC) cell line HUVEC EC-RF24 was 
obtained from Dr R.D. Fontijn (Dept. of Biochemistry, Academic Medical Center, 
Amsterdam) [18]. Three other HUVEC cell lines, HUVEC-94, HUVEC-95 and HUVEC-96, 
were established at our laboratory in a similar fashion (unpublished data). 

All endothelial cell lines were routinely cultured in fibronectin-coated culture flasks in 
endothelial cell culture medium. After reaching confluence, the endothelial cells were 
passaged by treatment with trypsin/EDTA solution (Gibco BRL). When used in the Triple-
Color Flow Microfluorimetric adhesion assay, the confluent monolayers of endothelial cells 
were detached by incubation in medium containing EDTA (5 mmol/L) at 37°C for one hour. 
The cells were washed twice and were suspended at 2xl06 cells/mL in incubation medium (for 
incubation medium see "Triple-Color Flow Microfluorimetric adhesion assay"). Monolayers 
of the endothelial cells pre-treated with IL-lß (10 U/mL for four hours) (Sanver Tech Inc., 
Heerhugowaard, The Netherlands) were handled similarly. 

Triple-Color Flow Microfluorimetric (TCFM) adhesion assay 

The TCFM adhesion assay is a modified version of the Double-Color Flow 
Microfluorimetric adhesion assay described by Kuijpers et al. [19]. The CD34+ HPC, either 
PB CD34+ cells or KG la cells, were washed once with PBS supplemented with 0.2% (w/v) 
bovine serum albumin (BSA, Sigma) (PBS/0.2%BSA) and suspended in incubation medium at 
5xl06 cells/mL. The incubation medium consisted of 132 mM NaCl, 1 mM MgS04, 1 mM 
CaCl2, 6 mM KCl, 1.2 mM KH2P04, 20 mM Hepes, 5.5 mM glucose, 0.5% (w/v) human 
serum albumin (HSA, CLB) pH 7.4. 

Confluent monolayers of two types of endothelial cell line, one HBMEC cell line and one 
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HUVEC cell line, were either or not prestimulated with 10 U/mL IL-1 ß for four hours, washed 
twice with PBS, and detached from the extracellular fibronectin matrix. The cells were then 
washed twice with PBS/0.2%BSA and were suspended in incubation medium at 5xl06 

cells/mL. 
Each of the three cell types HPC, HBMEC, and HUVEC cells were then stained for 30 

minutes at 4°C with a different fluorescence label, i.e. using Cy-5, FITC, and PE-labeled anti-
CD 13, respectively. Next, cells were washed twice with PBS/0.2%BSA and suspended in 
incubation medium at lxlO6 cells/mL. Because not all PB CD34+ cells express CD 13, we used 
PE-labeled mAb HPCA-2 (CD34) to label the PB CD34+ cells, and the Cy-5 labeled anti-
CD 13 mAb to stain the HUVEC cell line. Control experiments showed that the addition of 
mAbs against CD 13 or CD34 had no effect on the adhesion of HPC to endothelial cells. 
Furthermore, upon mixing of the three cell populations no cross-staining was observed. 

When indicated the cells were preincubated for ten minutes at 37°C in the presence or 
absence of blocking mAb at saturating concentrations. Next, the three cell types, HPC, 
HBMEC and HUVEC were mixed at a ratio of 1:1:1 (lxlO5 cells of each) in siliconized 
cuvettes of an aggregometer (Payton Scientific, series 1000B, Buffalo, NY, USA) at 37°C 
under continuous stirring (500 rpm). Thereafter, phorbol myristate acetate (PMA) was added 
as a stimulus. The total volume was 330 uL. Samples of 30 uL each were taken at various 
time points and were immediately fixed in 1.0 % paraformaldehyde in incubation medium. 

The samples were analyzed in a FACScan (Becton Dickinson) as shown in Figure 1. Five 
distinct fluorescence labeled populations could be recognized: three single colored clusters 
consisting of HPC and both types of endothelial cells, and two differently double colored cell 
clusters, representing HPC bound to either type of endothelial cells. The population of HPC, 
containing both bound and unbound HPC, was then selected by means of its fluorescence 
label. The percentage of HPC bound to each type of endothelial cells was determined as the 
percentage of double-colored cell clusters present in the selected HPC population. The binding 
ratio was calculated as (mean of the % CD34+ cells bound to HBMEC)/(mean of the % CD34+ 

cells bound to HUVEC). 

The solid-phase adhesion assay under rocking conditions 

Endothelial cells were plated at 0.6x105 cells/well in a 24-wells culture dish (Costar, 
Cambridge, MA, USA), two days before the adhesion assay was performed. The culture 
medium was refreshed the day before the adhesion assay. Confluent monolayers of the 
endothelial cells were either prestimulated or not with IL-Iß (10 U/mL for 4-5 hours). The 
cells were then washed twice with washing buffer (PBS containing 1 mM CaCl2, 0.5% w/v 
human serum albumine and 5.5 mM glucose). The HPC, either KG la cells or PB CD34+ cells, 
were washed twice with washing buffer and were resuspended in incubation medium at a 
concentration of 7-10xl06 cells/mL. The HPC were labeled with Calcein-AM (Molecular 
Probes, Leiden, The Netherlands) for 45 minutes at 37°C, washed twice with washing buffer, 
and resuspended at a concentration of 0.25xl06 cells/mL (PB CD34+ cells) or lxlO6 cells/mL 
(KGla cells). When blocking mAb were used, the cells were incubated with the blocking mAb 
for 20 minutes at 37°C. After this incubation, the HPC were added to the endothelial cells and 
incubated on a rocker platform (Bellco Glass Inc. Vineland, NJ, USA; level 5) for 20 minutes 
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at 37°C. Subsequently, the non-adherent cells were washed away with washing buffer by three 

washing steps. The adherent cells were lysed with lysis-medium (PBS supplemented with 

0 .1% (v/v) Tween-20, 0.2% (w/v) hexadecyl-trimethyl-ammoniumbromide (Sigma), 0.2% 

(w/v) BSA and 20 mM EDTA). The fluorescence of the lysate was measured in a 

spectrofluorometer (Model RF-540, Shimadzu Corporation, Kyoto, Japan; ^EX: 485 nm; XEM: 

525 nm). Percentage adhesion was determined as: (number of cells bound/total input of cells) 

x 100%. 
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Figure 1. Schematic representation of the FACS-analysis as performed for the TCFM-adhesion 
assay. 1. Each of the three cell types HPC, HBMEC, and HUVEC cells were stained with a different 
fluorescence label, i.e. PE (FL2), FITC (FL1), and Cy-5 (FL3), respectively. Cells are mixed at t=0 
minutes and incubated for maximal 15 minutes. During the incubation cells will bind to each other. 2. 
Histogram in which the FL-2-positive CD34+ HPC, either unbound or bound to endothelial cells can be 
distinguished from the FL-2-negative unbound endothelial cells. The FL-2 positive cells are selected for 
further analysis. 3. The selected FL-2 positive cell-population can be divided in a FL-2/FL-3-positive 
population (the HPC bound to HUVEC), a FL-2/FL-1 -positive population (the HPC bound to HBMEC), 
and a FL-2-positive/FL-3-negative/FL-l-negative population (the unbound HPC). Shown are those 
populations at t=0 and t=15 minutes. 

Statistical analysis 

Significance was defined by Student's Mest, or in case of non-equal variances with the 
Welch Mest. Two-sided P values were calculated, and P values less than 0.05 were considered 
to be significant. 
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RESULTS 

Adhesion of HPC to HBMEC and HUVEC in a Triple-Color Flow Microfluorimetric 

adhesion assay 

A Triple-Color Flow Microfluorimetric (TCFM) adhesion assay was used to examine 
whether or not hematopoietic progenitor cells show preferential adhesion to endothelial cells 
derived from human bone marrow as compared to adhesion to endothelial cells derived from 
human umbilical veins. In this assay, peripheral blood-derived (PB) CD34+ cells or KGla 
cells were mixed with two types of labeled endothelial cells. Adhesion was analyzed in 
suspension with the FACSscan. We have previously shown that significant adhesion of CD34 
cells to a HBMEC cell line under stirring conditions was only observed after prestimulation of 
the endothelial cells with IL-Iß, causing upregulation of the adhesion molecules E-selectin, 
VCAM-1 and ICAM-1, and addition of the protein kinase-C activator PMA (data not shown). 
Therefore, all experiments performed in the present study were performed with IL-lß-
prestimulated endothelial cells in the presence of PMA, unless mentioned otherwise. 

First, the adhesion of PB CD34+ cells to four different HBMEC cell lines, HBMEC-27, 
HBMEC-28, HBMEC-33 and HBMEC-60, was compared with the adhesion to the HUVEC 
cell line EC-RF24. As shown in Figure 2, the PB CD34+ cells bound equally well to HBMEC-
28 and HBMEC-33 as to the HUVEC cell line EC-RF24. In contrast, HBMEC-27 showed less 
adhesion of PB CD34+ cells at later time points, and HBMEC-60 showed increased adhesion 
at early time points in comparison to EC-RF24. Thus, we found differences between the 
endothelial cell lines, but these differences appeared not to be related to the origin of the cells. 

30 

| 1 % HPC bound to HBMEC ^ H % HPC bound to HUVEC 

30 

O 20 
CL 

? 10 
•<* 
co 
O 
O 
"O 30 

2 5 15 u 2 5 15 

B. 

m 20 

10t 

o 

30 

2 5 15 ° 2 5 15 

Time (minutes) 

Figure 2. The adhesion of PB CD34+ HPC to A. HBMEC-27, B. HBMEC-28, C. HBMEC-33, D. 
HBMEC-60 compared with that to the HUVEC cell line EC-RF-24 (A-D) as measured in the 
TCFM adhesion assay. The endothelial cells were prestimulated with IL-Iß and the stimulus PMA was 
added at the start of the experiment. Data shown are mean ± SEM of at least five experiments. 
Percentage adhesion to the HBMEC cell line differed significantly from the adhesion to the HUVEC cell 
line where indicated (* = PO.05). 
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To exclude clonal differences between cell lines derived from the same origin, we 
subsequently compared the adhesion of KG la cells to the HBMEC cell lines with the adhesion 
to a panel of four HUVEC cell lines, EC-RF24, HUVEC-94, HUVEC-95 and HUVEC-96. 
The KG la cell line was used because these cells are available at higher amounts than PB 
CD34+ cells and so far no differences in adhesive properties between KG la and primary 
CD34+ cells have been observed. As shown in Table 1, again the HBMEC-60 showed the 
highest and HBMEC-27 the lowest adhesive capacity of the four HBMEC cell lines. 
Differences were also found between the HUVEC cell lines. In general, the KG la cells 
showed better adhesion to HUVEC-94 and HUVEC-96 than to EC-RF24 and HUVEC-95 
(Table 1). 

Table 1. Adhesion of KGla cells to four different HBMEC-cell lines compared to four different 
HUVEC cell lines. 

EC-RF24 HUVEC-94 HUVEC-95 HUVEC-96 

HBMEC-27 0.68±0.32 0.29±0.29* 0.46±0.25* 0.28±0.17* 

HBMEC-28 0.68±0.42 0.69±0.59 0.83±0.22 0.64±0.22* 

HBMEC-33 0.65±0.26* N.D. N.D. N.D. 

HBMEC-60 1.16±0.46 0.88±0.46 1.27±0.49 1.03±0.46 

Shown are the binding ratios: (mean % bound KGla cells to HBMEC)/(mean % bound KGla cells to 
HUVEC) at 15 minutes, for each combination of a HBMEC cell line and a HUVEC cell line. This ratio 
indicates whether the CD34+ cells preferentially bound to the HBMEC cells or to the HUVEC cells. The 
endothelial cells were prestimulated with IL-Iß and the stimulus PMA was added at the start of the 
experiment. Data shown are binding ratio ± SD of at least three experiments. Adhesion of KGla cells to 
HBMEC differed significantly from adhesion to HUVEC where indicated (* P<0.05). N.D., not done. 

Adhesion of HPC to endothelial cells in a solid-phase adhesion assay 

To confirm these data we also studied adhesion of HPC to endothelial cell monolayers 
under rocking conditions. We tested the adhesion of CD34+ cells to endothelial cells that were 
either unstimulated, IL-1 ß-prestimulated or IL-lß-prestimulated combined with the addition 
of PMA. No differences in adhesion of PB CD34+ cells to four different HBMEC cell lines 
compared to the adhesion to the HUVEC cell line EC-RF24 were observed under any of these 
conditions (Figure 3A). The only differences observed were among the individual HBMEC 
cell lines as indicated in the legend of Figure 3. When these experiments were performed with 
KGla cells, some differences in adhesion of these cells to the HBMEC cell lines compared to 
the adhesion the HUVEC cell lines EC-RF24 and HUVEC-94 were observed, but also among 
the HBMEC cell lines and the HUVEC cell lines themselves (Figure 3B). So, no clear origin-
specific differences were found in this adhesion assay. 
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Figure 3. Adhesion of HPC to various HBMEC cell lines and HUVEC cell lines as measured in the 
solid-phase adhesion assay. A) PB CD34+ cells, B) KGla cells. Data shown are mean + SEM of at least 
three experiments. Statistically significant differences in adhesion of CD34+ cells to HBMEC cell lines 
compared to adhesion to a HUVEC cell line is indicated (* = PO.05). The following significant 
differences were observed among the HBMEC cell lines or the HUVEC cell lines themselves (PO.05): 
A) Adhesion of PB CD34+ cells: - IL-lß/- PMA: (HBMEC-27, HBMEC-28) > (HBMEC-33, HBMEC-
60); + IL-lß/-PMA: (HBMEC-27, HBMEC-33) > HBMEC-28; + IL-lß/+ PMA: HBMEC-27 > 
HBMEC-60; B) Adhesion of KGla cells: + IL-lß/- PMA: HUVEC-94 > HUVEC EC-RF24; + IL-lß/+ 
PMA: HUVEC-94>HUVEC EC-RF24. +/- IL-lß/PMA: stimulated or not with IL-lß or PMA. 

Blocking of adhesion molecules inhibits the adhesion of PB CD34+ cells to HBMEC or 
HUVEC to an equal extent 

The adhesion of HPC to endothelial cells from different origins might only show subtle 
quantitative differences in the utilization of adhesion molecules. Moreover, the contribution of 
unknown adhesion molecules might only be apparent after blocking of adhesion molecules 
that are known to play a role in homing. To investigate this, the TCFM adhesion assay and the 
solid-phase adhesion assay were performed in the presence of blocking mAbs against various 
adhesion molecules. In a previous study we have shown that VLA-4, present on the HPC, and 
E-selectin, present on the endothelial cells, mediate the adhesion of HPC to endothelial cells 
[20]. Therefore, mAbs against these adhesion molecules were included in the present 
experiments. 

In the TCFM adhesion assay, adhesion of PB CD34+ cells to HBMEC-28 and HBMEC-33 
was partially blocked by a mAb against E-selectin. It was completely blocked by a 
combination of mAbs against E-selectin, VLA-4 and CD 18 (Figure 4). The adhesion of PB 
CD34+ cells to HBMEC-28 was also reduced by a combination of mAbs against VLA-4 and 
CD 18 (Figure 4A). In almost all cases adhesion of the PB CD34+ cells to the HBMEC as well 
as to the HUVEC was inhibited to an equal extent, as indicated by the lack of significant 
changes in the adhesion ratios (Table 2). Only after blocking the adhesion of HPC to 
HBMEC-28 and HUVEC EC-RF24 with the combination of mAbs against E-selectin, VLA-4, 
and CD 18 a change in adhesion ratio was observed. However, it is difficult to conclude 
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whether this change is indeed significant, because only very low adhesion of the PB CD34+ 

cells to both endothelial cell lines (<1.0% adhesion, see Figure 4 for adhesion to HBMEC) 

was observed under these conditions. 
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Figure 4. Effect of blocking mAbs on adhesion of PB CD34+ cells to HBMEC cells as determined in 
the TCFM adhesion assay. Adhesion of PB CD34+ cells to A) HBMEC-28 or B) HBMEC-33 in the 
presence or absence of blocking mAbs. The endothelial cells were prestimulated with IL-Iß and the 
stimulus PMA was added at the start of the experiment. Data shown are mean ± SEM of the adhesion of 
the CD34+ cells to the HBMEC cells of at least three experiments. Percentage adhesion to the HBMEC 
cells differed significantly from controls where indicated (* = P<0.05). Abbreviations: Con = control 
mAb (HLA class I); CD 18 = mAb against CD 18; VLA4 = mAb against VLA-4; VLA4/CD18 = 
combination of mAbs against VLA-4 and CD18; Esel = mAb against E-selectin; Esel/VLA4/CD18 = 
combination of mAbs against, VLA-4, CD 18 and E-selectin. 

Table 2. Effect of blocking mAb on the binding ratio of PB CD34+ cells bound to HBMEC and 
HUVEC cell lines. 

Con CD18 VLA-4 V/C E-sel V/C/E 

HBMEC-28 

HBMEC-33 

.10±0.52 

,09±0.72 

1.27±0.24 

1.07±0.83 

0.77±0.47 

0.90±0.57 

.15±0.82 

.05±0.39 

1.72±2.03 

1.50Ü.58 

0.29±0.35* 

0.88±1.34 

Shown are the binding ratios (mean % bound PB CD34+ cells to HBMEC)/(mean % bound PB CD34+ 

cells to HUVEC EC-RF24) at 15 minutes for HBMEC-28 and HBMEC-33. The endothelial cells were 
prestimulated with IL-Iß and the stimulus PMA was added at the start of the experiment. Data shown are 
adhesion ratio ± SD of at least three experiments. The adhesion ratio after incubation with the indicated 
mAbs differed significantly from the control where indicated (* = P<0.05). Abbreviations: Con = control 
mAb MB22 (HLA class I); V/C = combination of mAbs against VLA-4 and CD 18; E-sel = E-selectin; 
V/C/E = combination of mAbs against E-selectin, VLA-4 and CD18. 
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Similar results were obtained in the solid-phase adhesion assay with HBMEC-28 and 
HBMEC-60. Adhesion of PB CD34+ cells was partially inhibited by a mAb against E-selectin, 
a combination of mAbs against VLA-4 and CD 18, a combination of mAbs against E-selectin 
and VLA-4, and was almost completely inhibited by the combination of mAbs against E-
selectin, VLA-4 and CD 18. Again, adhesion of PB CD34+ cells to the HBMEC cell lines and 
to the HUVEC cell line was equally inhibited (Figure 5). 

Thus, both adhesion assays showed that the adhesion molecules examined are used in 
adhesion of PB CD34+ cells to HBMEC as well as to HUVEC in a similar way. We obtained 
no indications that other unknown adhesion molecules play a major role in the adhesion of 
HPC to endothelial cells. 

VLA4 VLA4/CD18 Esel Esel/VLA4 Esel/VLM/ 
CD18 

Figure 5. Effect of blocking mAbs on adhesion of PB CD34+ cells to endothelial cells as determined 
in the solid-phase adhesion assay. Adhesion of PB CD34+ cells to HBMEC-28 (E22 ), to HBMEC-60 
(MM) or to HUVEC EC-RF24 ( ! • ) in the presence or absence of blocking mAbs. The endothelial cells 
were prestimulated with IL-Iß and the stimulus PMA was added at the start of the experiment. Data 
shown are mean ± SEM of three experiments. Percentage adhesion differed significantly from controls 
where indicated (* = P<0.05). Abbreviations: Con = control mAb (HLA class I); VLA4 = mAbs against 
VLA-4; VLA4/CD18 = combination of mAbs against VLA-4 and CD 18; Esel = mAb against E-selectin; 
Esel/VLA4 = combination of mAbs against E-selectin and VLA-4; Esel/VLA4/CD18 = combination of 
mAbs against E-selectin, VLA-4, and CD18. 

DISCUSSION 

In the process of homing of CD34+ hematopoietic progenitor cells (HPC) from the 
peripheral blood to the bone marrow, the bone-marrow endothelium is assumed to play an 
important role in determining the specificity of this process. In the present study, we compared 
the adhesion of HPC to endothelial cells of different origin with the use of two adhesion 
assays. Differential adhesion of HPC would indicate origin-specific expression of adhesion 
molecules on the various endothelial cell lines. All endothelial cell lines were immortalized in 
a similar way, i.e. by transfection with a retroviral construct containing the human papilloma 
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virus 16 E6/E7 genes. 
We found that in both assays some cell lines bound HPC significantly better than did 

others. However, the major conclusion from our experiments is that these differences were not 
related to the origin of the endothelial cells. The differences in adhesion of HPC to the various 
HBMEC cell lines observed in the TCFM adhesion assay might be explained by small 
differences in the expression of E-selectin and VCAM-1 after prestimulation of the endothelial 
cells with IL-Iß (unpublished data). The HBMEC-27 cell line, which showed the lowest 
binding capacity, also showed the lowest upregulation of E-selectin and VCAM-1, whereas 
the HBMEC-60 cell line, which showed the highest binding capacity, also showed a higher 
expression of E-selectin and VCAM-1. The differences in the expression of these adhesion 
molecules were not consistently correlated with the origin of the endothelium. It might be that 
the observed differences in binding of HPC between the endothelial cell lines were in fact 
rather small, and that they were enlarged in the TCFM adhesion assay due to the fact that in 
this assay competitive-binding is measured. The fact that these differences were not observed 
in the solid-phase adhesion assay supports this explanation. 

The experiments in which adhesion of HPC to endothelial cells was blocked by 
combinations of mAbs against E-selectin, VLA-4 or CD 18 revealed that these adhesion 
molecules mediate the adhesion to both types of endothelium in a qualitatively similar way. 
Furthermore, the results render it unlikely that other, specifically expressed adhesion 
molecules play a major role in the adhesion of HPC to both types of endothelial cell lines. 

So, using two different adhesion assays and several endothelial cell lines, we have not 
obtained any indications for differences between endothelial cell lines derived from bone 
marrow and endothelial cell lines derived from umbilical vein with respect to binding of HPC. 

Schweitzer et al. did show some differences between the adhesion of PB CD34+ cells to a 
HBMEC cell line and HUVEC cells [21]. However, in contrast to the present study, in that 
study only one HBMEC cell line was tested, so the observed differences might also be clonal 
differences. Furthermore, a recent study of Imai and Kobayashi [22] showed differences in 
adhesion of a murine HPC cell line to murine endothelial cell lines derived from either bone 
marrow or lung. However, also in this study only one cell line of each origin was tested. 
Moreover, the cell lines were not obtained from the same mouse strain. So, no formal proof 
was given that these differences were not merely clonal differences. 

The fact that we have not been able to demonstrate major origin-specific differences in 
adhesive capacity between the HBMEC cell lines and the HUVEC cell lines indicates that 
origin-specific adhesion molecules may not exist and that the specificity of the homing 
process is completely due to chemokines specifically produced by the bone-marrow stroma. 
However, other explanations can also be given. First, it cannot be excluded that we have 
missed subtle differences in adhesion of HPC to different cell lines, because of our 
experimental conditions. However, this is not likely, since by employing two adhesion assays 
with which we could indeed detect different interactions, we have minimized this option. A 
second possibility is that there are origin-specific antigens present on endothelium in vivo, but 
that these are no longer present on our HBMEC cell lines. When origin-specific antigens are 
induced by the bone-marrow microenvironment, isolation of the endothelial cells from this 
microenvironment may cause a loss of the specific characteristics. This holds true for the 
expression of E-selectin and VCAM-1, which are expressed on freshly isolated primary 
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HBMEC cells, but are lost upon culturing [13]. The endothelial cell lines used in the present 
study, were phenotypically similar to primary HBMEC except for the lack of expression of E-
selectin and VCAM-1 expression and for two of the four HBMEC cell lines (HBMEC-27 and 
HBMEC-33) the lack of the CD34 antigen expression (unpublished data). 

When it holds true that the origin-specific antigens are indeed microenvironment-induced, 
in vivo studies might be necessary to really elucidate the specific mechanisms in homing of 
HPC to the bone marrow. Alternatively, one may use assays in which the endothelial cells are 
still embedded in their natural microenvironment, such as the classical frozen-section adhesion 
assay described by Woodruff and Stamper [23], and modified for HPC by Barbe et al. [24]. 

In conclusion, in the present study no preferential adhesion of HPC to HBMEC cells 
compared to adhesion to HUVEC cells was observed. This indicates that either bone-marrow 
endothelial cells lack origin-specific adhesive-properties, or that the origin-specific properties 
are microenvironmentally-induced rather then intrinsic. The first implicates that the specificity 
of homing is to be searched not at the entrance of the bone marrow, the endothelium, but e.g. 
in the interactions of HPC with the bone-marrow stroma. The latter implies that endothelial 
cell lines should be used with caution in studies investigating the specificity of homing of 
HPC. 
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