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Chapter 2 

SUMMARY 

Human bone marrow endothelial cells (HBMEC) were immortalized with a retroviral 
construct containing the human papilloma virus 16 E6/E7 genes. Four cell lines were used for 
long-term propagation. These cell lines showed their endothelial nature by the expression of 
von Willebrand Factor and VE-cadherin (CD 144). Electron microscopic analysis revealed 
normal endothelial-cell characteristics, including the presence of Weibel-Palade bodies and 
intercellular junction structures. An extensive phenotypic analysis of the cell lines was 
performed, which showed that they resemble primary HBMEC. The only difference found 
was the absence of expression of E-selectin (CD62E) and VCAM-1 (CD 106) on resting 
HBMEC cell lines. Upon prestimulation with IL-Iß the expression of E-selectin, VCAM-1 
and ICAM-1 (CD54) was upregulated. All resting cell lines bound CD34+ HPC. Adhesion was 
increased by addition of the phorbol ester PMA. Two cell lines showed increased binding 
upon IL-Iß prestimulation. Highest adhesion was observed after the combination of IL-Iß 
prestimulation of the endothelial cells and addition of PMA. Binding of CD34+ HPC to 
HBMEC was compared with the binding to human umbilical vein endothelial cell lines and to 
a human dermal microvascular endothelial cell line (HMEC-1). So far, we only found 
relatively less binding of HPC to IL-1 ß-prestimulated HMEC-1 cells, which could be 
explained by a reduced induction of E-selectin and VCAM-1 upon IL-Iß prestimulation of 
these cells. 

In conclusion, the obtained immortalized HBMEC cell lines have maintained their 
endothelial morphology and functions and will therefore be useful to investigate the 
interactions between HPC and HBMEC involved in homing of HPC. 
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INTRODUCTION 

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 leukocytes into tissues. Yet, 
endothelial cells from different organs as well as from large and small vessels of the same 
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 [1,2]. 

During stem cell transplantation intravenously reinfused CD34+ hematopoietic progenitor 
cells (HPC) specifically migrate to the bone marrow, a process called homing. To home to the 
bone marrow, HPC first adhere to the bone-marrow endothelium, which forms a barrier 
between blood and bone-marrow stroma, and then migrate across the endothelium into the 
bone-marrow stroma [3,4]. Thus, adhesion of HPC to bone-marrow endothelial cells plays a 
key role in the homing process and the endothelial cells probably mediate the specificity of the 
homing process by the expression of bone marrow-specific adhesion molecules. In literature, 
such specific adhesion molecules have already been described for other organs, e.g. in mice, 
lung-specific endothelial-cell adhesion molecule (Lu-ECAM-1) is exclusively expressed by 
pulmonary postcapillary EC and some splenic venules [5]. Mucosal addressin cell adhesion 
molecule-1 (MadCAM-1) is expressed primarily on high endothelial venules in Peyer's 
patches of the small intestine [6]. 

Isolation of human bone-marrow endothelial cells (HBMEC) allows in vitro studies to 
elucidate the existence of such bone-marrow endothelium-specific adhesion molecules. 
Several groups have shown that it is possible to isolate these HBMEC [7-10]. However, the 
isolation procedures are time consuming and laborious, and result in only small cell yields. 
Moreover, the source material (human bone marrow) is not readily available. To overcome 
these problems, we have immortalized primary HBMEC. In contrast to three previously 
described HBMEC cell lines, which were immortalized by the introduction of the simian virus 
(SV40) large T-antigen [10-12], we used a retroviral construct pLXSN16E6/E7 [13]. This 
amphotrophic replication-defective retroviral construct contains the E6/E7 genes from the 
human papilloma virus 16 (HPV 16). This construct was used because it has been shown that 
integration of this construct into the genome of various types of cultured primary human cell 
leads to high-efficiency immortalization without changing the characteristics of the cells [13-
16]. One of these studies furthermore showed that the adhesive functions of immortalized 
human umbilical vein endothelial cells (HUVEC) were similar to those of primary HUVEC 
cells [14]. 

In this study we describe the generation and characterization of several HBMEC cell lines 
that can be used to elucidate the mechanisms involved in homing, especially concerning the 
specific role bone-marrow endothelial cells might play in this process. 
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MATERIALS AND METHODS 

Monoclonal antibodies (niAb) 

IgGl and IgG2a isotype control antibodies, mAb RAG-35 (von Willebrand factor) [17], 
Fluorescein isothiocyanate (FITC)-conjugated mAb CLB-mon-gran/2 (CD 13), mAbs MB 16 
(CD9), CLB Fcgranl (CD16), IB5 (CD24), HEC-75 (CD31), CLB ES-IVC7 (CD36), SAM-1 
(VLA-5, CD49e/CD29), CLB M9 (CD51), 15.2 (ICAM-1, CD54), CLB-thromb/1 (CD61), 
CLB-C2 (P-selectin, CD62P), and FAS-10 (CD95) were obtained from our institute (CLB, 
Amsterdam, The Netherlands). Mabs TF1 and TF5 (CD 142) were a kind gift of Dr H. te 
Velthuis (Dept. Autoimmune Diseases, CLB). FITC-conjugated goat-anti-mouse-Ig F(ab)2 
fragments were obtained from Caltag Laboratories (San Francisco, CA, USA). MAbs MT910 
(CD2), TÜK4 (CD14), C3D-1 (CD15), H3D37 (CD19), phycoerythrin (PE)-conjugated 
CD117 (c-kit), FITC-conjugated rabbit-anti-mouse-Ig, biotinylated mouse IgGl negative 
control, and RPE-Cy5-conjugated streptavidin were purchased from Dakopatts (Glosstrup, 
Denmark). The mAbs HP2/1 (VLA-4, CD49d/CD29), 1G11 (VCAM-1, CD 106), and the PE-
conjugated mAbs SJ1D1 (CD13) and 581 (CD34) were purchased from Immunotech 
(Marseille, France). The mAbs ENA-2 (E-selectin, CD62E) and BL-Ieuk 50 (ICAM-3, CD50) 
were purchased from Sanbio (Uden, The Netherlands). The mAb 5E10 (Thy-1, CD90) was a 
kind gift of Dr Peter Lansdorp (Terry Fox Laboratory, Vancouver, Canada). The mAbs IV.3 
(FcyRII, CD32) and 197 (FcyRI, CD64) were purchased from Medarex (Annandale, NJ, 
USA). The FITC-conjugated mAb B-ly7 (CD 103) was purchased from Immuno Quality 
Products (Groningen, The Netherlands). The PE-conjugated mAb Leu-19-PE (NCAM, CD56) 
was purchased from Becton Dickinson (San Jose, CA, USA). The mAb 12G5 (CXCR-
4/LESTR/Fusin) was purchased from Pharmingen (San Diego, CA, USA). The mAb anti-
cadherin-5 (VE-cadherin, CD 144) was purchased from Transduction laboratories (Lexington, 
KY, USA). The mAb F4/35H7 (S-endo, CD 146) [18] was purchased from Biocytex 
(Marseille, France) and characterized in the Fifth International Workshop [18]. The mAbs 
B721 (CD39), FW11.24 (CD44R), HP2/9 and 3F12 (both CD44), H5C6 (CD63), UM-A9 (ß4-
integrin, CD 104), 44G4 (endoglin, CD 105), H5G11 (LAMP-1, CD 107a), H4B4 (LAMP-2, 
CD107b), 4A11 (Ley), 8A3 (CD109), F439E-10 (S-endo, CD146), 105A5 and 103.B2 (both 
CD 164) and D66 (HLA-DR) were all obtained from the Fifth International Workshop [19]. 
The mAbs 131.4, 131.5, 131.7, 185.IG2, AMAK5, 1-59, 131.1, 131.2, and NaM28-8C12 (all 
CD36), N-L082 (CD147), 11B1.G4 (PETA-3, CD151), and J3-119 (ALCAM, CD166) were 
obtained from the Sixth International Workshop [20]. Biotin-conjugated Ulex europaeus 
agglutinin (UEA-1) was purchased from Sigma Chemical Co. (St. Louis, MO, USA). The 
mAbs BN12 (IL6-R, CD126) [21] and BR3 (gpl30, CD130) [22] were a kind gift of Dr J. 
Wijdenes (Besançon, France). 

Cell lines 

The human umbilical vein endothelial cell (HUVEC) cell line EC-RF24, immortalized 
with the retroviral construct pLXSN16E6/E7, was obtained from Dr R.D. Fontijn (Dept. of 
Biochemistry, Academic Medical Center, Amsterdam) [14]. The HUVEC cell line HUVEC-
94 was established in a similar fashion, in our laboratory (unpublished data). The human 
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microvascular endothelial cell line HMEC-1 [23] was obtained from Dr Ades (Centers for 
Disease Control and prevention (CDC), Atlanta, USA). All endothelial cell lines were 
maintained in endothelial cell culture medium consisting of Medium 199 with 25 mM HEPES 
buffer (Gibco BRL, Breda, The Netherlands) supplemented with 10% (v/v) pooled, heat-
inactivated human serum (CLB), 10% (v/v) heat-inactivated Fetal Calf Serum (Gibco BRL), 1 
ng/mL bFGF (Boehringer Mannheim, Mannheim, Germany), 5 U/mL heparin (Leo 
Pharmaceutical products, Weesp, The Netherlands), 0.3 mg/mL glutamine (Sigma), 100 U/mL 
penicillin, 100 ng/mL streptomycin and 100 jig/mL Geneticin (G418) (Gibco BRL) in culture 
flasks coated with fibronectin (CLB). The NIH 3T3 cell line was maintained in RPMI-1640 
culture medium (Gibco BRL) supplemented with 10% (v/v) heat-inactivated fetal calf serum, 
100 U/mL penicillin and 100 ug/mL streptomycin (Gibco BRL). 

Isolation and immortalization of human bone-marrow endothelial cells 

HBMEC were isolated from adult human bone marrow as described by Schweitzer et al. 
[9]. Bone-marrow aspirate was obtained after informed consent, from a patient undergoing 
cardiac surgery. Isolated endothelial cells were cultured in endothelial cell culture medium in 
six-well tissue culture dishes (Costar, Cambridge, MA, USA) coated with fibronectin (CLB). 

HBMEC were immortalized with the use of the amphotrophic helper-free retrovirus 
pLXSN16E6/E7 [13], as described previously [24]. 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 Cancer Research Center, Seattle, WA, USA). After 
the immortalization procedure, the obtained cell colonies were further expanded. At that stage, 
part of the culture was stored by cryopreservation and another part was used for long-term 
propagation. 

To investigate whether the HBMEC cell lines produce intact virus, conditioned medium of 
the HBMEC cell lines was used in the same way as described above. The NIH 3T3 cell line 
cells were used as target cells. 

Analysis of provirus DNA 

Isolation of high molecular weight cellular DNA was performed with the Puregene 
Isolation kit (Gentra, Systems, INC, Research Triangle Park, NC, USA), as recommended by 
the manufacturer. The DNA was digested with the restriction enzyme EcoRl (Gibco BRL), 
size-separated by electrophoresis on a 0.5% (w/v) agarose gel and blotted onto nitrocellulose. 
Hybridization was performed with a 32P-labeled PCR-fragment of HPV 16 E6/E7 that 
comprises the HPV 16 nucleotides 64 to 875 [25]. £coRI-digested high molecular weight DNA 
isolated from bone marrow cells was used as a negative control. 

Cytoplasmic immunofluorescent staining 

Endothelial cells were cultured to confluency on gelatin-coated glass slides. These glass 
slides were coated by incubation with 1% (w/v) gelatin-solution for one hour at room 
temperature, washing and subsequent incubation with 0.5% (v/v) glutaraldehyde in PBS for 
ten minutes. The slides were washed three times and used for culture. 
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The confluent monolayers on the glass slides were fixed in methanol for 30 minutes at 4°C 
and washed three times with PBS/1 %BSA. Then, the cells were incubated with the specific 
mAbs for 30 minutes at 4°C, washed three times with PBS/1%BSA and incubated with FITC-
conjugated goat-anti-mouse-Ig for 30 minutes at 4°C. The cells were washed again three times 
and analyzed by fluorescence microscopy. 

FACS analysis of the HBMEC cell lines 

HBMEC cell line cells were either prestimulated or not with 10 U/mL human IL-Iß 
(Specific activity: > lxlO7 U/mg, Sanver Tech Inc., Heerhugowaard, The Netherlands). The 
cells were detached from the extracellular fibronectin matrix by medium consisting of 5 mM 
EDTA, 132 mM NaCl, 1 mM MgS04, 6 mM KCl, 1.2 mM KH2P04, 20 mM Hepes, 5.5 mM 
glucose, 0.5% w/v human serum albumin (CLB) pH 7.4 for one hour at 37°C. Thereafter, the 
cells were incubated with the specific mAbs for 30 minutes at 4°C, washed once with 
PBS/0.2%BSA and subsequently incubated with PE-conjugated or FITC-conjugated goat-anti-
mouse-Ig for 30 minutes at 4°C. The cells were washed with PBS/0.2%BSA before flow 
cytometric analysis was performed on a FACScan (Becton Dickinson). 

Flow cytometric analysis of DNA content of cells 

Immortalized endothelial cells were detached with the use of trypsin/EDTA and were fixed 
with 1% paraformaldehyde. After centrifugation, the cells were incubated for one hour at 4°C 
with propidium iodide (50 ug/mL) to stain the DNA, in a medium containing RNAse (100 
ug/mL) and 0.1% (v/v) Tween 20. Subsequently, the fluorescence of 30,000-50,000 cells was 
analyzed by flow cytometry (FACScan, Becton Dickinson). As a reference for diploid cells, 
freshly isolated human mononuclear leukocytes were treated identically to the immortalized 
cells and were analyzed in parallel. 

Transmission electron microscopy 

Confluent monolayers of endothelial cells were grown on Petriperm dishes. The cells were 
fixed in situ with 2.5% glutaraldehyde (v/v) in 0.1 M cacodylate buffer for one hour and were 
postfixed in 1% (w/v) osmium tetroxide in the same buffer for one hour, block-stained with 
uranyl acetate, dehydrated and embedded in LX-112. Thin sections were stained with uranyl 
acetate and lead citrate and examined with a CM 10 transmission electron microscope (Philips, 
Eindhoven, The Netherlands). 

Peripheral blood (PB) CD34+ hematopoietic progenitor cells 

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 ug/day 
subcutaneously (Filgrastim, Neupogen, Amgen, Thousand Oaks, CA, USA) for stem cell 
mobilization [26]. 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). 

54 



Characterization of New HBMEC Cell Lines 

PB CD34+ cells were isolated with the VarioMACS (Miltenyi Biotec, Bergisch Gladbach, 
Germany). Briefly, mononuclear cells 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. 

The solid-phase adhesion assay under rocking conditions 

The solid-phase adhesion assay was performed as described previously [24]. Briefly, 
confluent monolayers of endothelial cells, cultured in fibronectin-coated 24-well tissue culture 
dishes (Costar) were either prestimulated or not with IL-lß (10 U/mL, 4-5 hours). Peripheral 
blood (PB) CD34+ HPC were labeled with Calcein-AM (Molecular Probes, Leiden, The 
Netherlands) and added to the endothelial cells. At this point, phorbol myristate acetate (PMA) 
was added as a stimulus when indicated in the text. The cells were incubated on a rocker 
platform (Bellco Glass Inc. Vineland, NJ, USA; level 5) for 20 minutes at 37°C. Subsequently, 
the non-adherent cells were washed away and 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; 1EM 525 nm). The percentage adhesion was determined as (the number of 
cells bound/total input of cells) x 100%. 

Statistical analysis 

Results were analyzed with the Student's /-test, or in case of non-equal variances with the 
Welch /-test. Two-sided P values were calculated, and P values less than 0.05 were considered 
significant. 

RESULTS 

Isolation and immortalization of human bone-marrow endothelial cells 

HBMEC were isolated from a bone-marrow aspirate by means of immuno-purification as 
described by Schweitzer et al. [9]. To immortalize these cells, human papilloma virus 16 
E6/E7 DNA was introduced into the genome of first passage cells by infection with the 
replication-defective retroviral construct pLXSN16E6/E7. Upon infection of the primary 
HBMEC, the cells were cultured in selection medium containing G418. By means of limiting 
dilution twelve cell colonies were isolated. 

Southern blot analysis was performed on the isolated cell colonies to determine the number 
of integration sites of the retroviral construct and to analyze whether the obtained individual 
cell colonies were unique. Eight of twelve cell colonies (colony 23, 27, 28, 29, 33, 54, 60 and 
61) had arisen by a single integration site of the viral construct at distinct integration sites, as 
shown by the variation in length of the hybridizing fragments (Figure 1 ). Cell colonies 29 and 
33 showed single hybridizing fragments with virtually the same length, suggesting the same 
offspring. The other four cell colonies (colony 30, 32, 55 and 58; Figure 1) showed multiple 
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integration sites. This might be due to the presence of multiple integration sites. However, it is 
also possible that these cell colonies were in fact not monoclonal. Therefore, we did not use 
these cell colonies in further experiments. 

HBMEC cell colonies  
i 1 

M 23 27 28 29 30 32 33 54 55 58 60 61 Con 

4-J'l —> ÉÉflM* 9Ê0 

9.4 -• mm 

6.6 « M * 

4.4 

m m 

Figure 1. Southern blot analysis of isolated cell colonies for HPV E6/E7 gene-specific DNA 
sequences. High molecular weight DNA of the various isolated HBMEC cell colonies (as indicated by 
their number) and of normal bone-marrow cells (Con) digested with EcoRl, was subjected to 
electrophoresis on a 0.5% (w/v) agarose gel, blotted onto nitrocellulose, and hybridised with a 32P-
labeled fragment containing HPV16 E6/E7 nucleotides 64-875. Sizes of the marker (M) are indicated at 
the left (kb). 
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Four cell colonies showing a single integration site, HBMEC-27, HBMEC-28, HBMEC-33 
and HBMEC-60 were used for long-term culturing. These cell colonies, further referred to as 
cell lines, displayed a doubling time of two to three days, and have been passaged more than 
40 times over a period of more than six months, without any significant loss of function. 

The obtained endothelial cell lines did not produce intact virus, according to the 
observation that conditioned medium from the HBMEC cell lines did not confer neomycin-
resistance to NIH 3T3 cell line cells. 

Immunophenotyping of the HBMEC cell lines 

To examine the endothelial nature of the cells, HBMEC cell lines grown on gelatin-coated 
glass slides were analyzed by means of cytoplasmic immunofluorescent staining. The 
endothelial nature of the cells was confirmed by their strongly positive granular 
immunofluorescence for von Willebrand Factor, resembling Weibel-Palade bodies. Staining 
with a mAb against CD31 showed a characteristic intercellular staining pattern (data not 
shown). 

The cells were analyzed with a broad panel of mAbs against cell surface antigens by flow 
cytometric analysis. Most of the mAbs of this panel are reactive with primary HUVEC cells 
[20]. As shown in Table 1, all HBMEC cell lines showed similar expression of the endothelial 
specific antigen VE-cadherin and several non-specific antigens known to be present on 
endothelial cells, i.e. CD9, CD 13, CD31, CD44, VLA-4, VLA-5, Integrin aV-chain, ICAM-1, 
Integrin ß3-chain, CD63, endoglin, CD104, LAMP-1, LAMP-2, CD109, gpl30 (CD130), S-
endo, CD 147, CD151, CD 164, ALCAM, HLA-DR and Ley. All cell lines strongly bound the 
lectin Ulex europaeus agglutinin (UEA-1), which recognizes L-fucose residues on endothelial 
cells, megakaryocytes and erythroid cells [27]. For all cell lines low expression of ICAM-3, c-
kit and LESTR was observed. None of the HBMEC cell lines showed expression of FcyRI, 
FcyRII, FcyRIII, CD36, CD44R, NCAM, E-selectin, VCAM-1, CD 103 or IL-6R. 

Between the HBMEC cell lines some variation in the expression levels of some of the 
examined antigens was found. The cell line HBMEC-28 was the only cell line showing 
expression of the CD24 antigen, which is a P-selectin-ligand, and a low expression of tissue 
factor (CD 142). Two of the four cell lines, HBMEC-28 and HBMEC-60 showed expression of 
the CD34 antigen (% positive cells: 43% ± 12% and 48% ± 8%, respectively). This expression 
was maintained during culturing. Moreover, it was independent of the cell density in which 
the endothelial cells were cultured (data not shown). 

No clear differences were found between the HUVEC cell line EC-RF24 and the HBMEC-
cell lines, except that the HUVEC cell line showed a two times higher percentage of cells 
expressing the integrin ß4-chain (CD 104) (data not shown). Also when we compared our data 
with data on the expression of antigens on primary HUVEC obtained from the Sixth 
International Workshop of white cell differentiation antigens [20], no clear differences were 
observed. 
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Antigens Other names 
HMBEC-28 

Pos. cells (%) MFI 
HBMEC-33 

Pos. Cells MFI 
CD9 P24 98 8587 98 8603 
CD13 Aminopeptidase N 100 2354 96±5 2100 
CD16 FcyRIII 8 12 11 60 
CD24* BA-1, HS A 66±16 1719±882 5 -43±12 
CD31 PEC AM-1 100±1 7500±455 98±2 7795±1196 
CD32 FCYRII 3 - 3 11 
CD34* Gpl05-120 43±12 640±394 6±1 7±5 
CD36 Thrombospondin R 3±1 8±9 7±3 22±21 
CD441 HCAM 99±0 9031+83 99±1 6639±926 
CD44R CD44v9 (isoform) 2 15 2 5 
CD49d/CD29 VLA-4 97±1 2392±81 95±4 1999±735 
CD49e/CD29 VLA-5 100±0 7006±2751 100±1 5402±2833 
CD50 ICAM-3 10 52 15 26 
CD51 Integrin aV-chain 99 8371 100 7488 
CD54 ICAM-1 99±1 3905±1245 97±4 4474Ü365 
CD561 NCAM 4 20 5±1 6±3 
CD61 Integrin ß3-chain 90 569 87 683 
CD62E E-selectin 6±5 48±67 9±6 12±17 
CD62P P-selectin 10±1 - 8±8 49±69 
CD63 LIMP 92±6 1900±518 93±2 1822±658 
CD64 FcyRI 4 - 6 -
CD90 Thy-1 22±4 76±90 6±4 -
CD95 Fas 15±2 32±4 6±4 13±8 
CD103 Integrin aE-chain 7 - 4 1 
CD 104 Integrin ß4-chain 52 792 37±1 194±172 
CD 105 Endoglin 96±6 8510±813 98±3 7692Ü195 
CD 106 VCAM-1 5±4 16±20 4±3 0±0 
CD 107a LAMP-1 40±22 379±323 47±27 423±517 
CD 107b LAMP-2 38±15 308±225 41 405 
CD 109 8A3 95±9 5808±2350 99±2 5164±3161 
CD117 c-kit 10 10 14 15 
CD126 IL-6R 6 - 6 13 
CD130 Gpl30 97 1014 96 2983 
CD1421* Tissue Factor 33±8 161±24 8 10 
CD144 VE-cadherin 93±1 3161±110 96±3 3331±1605 
CD146 S-endo 98±3 8978±583 98±4 8744±524 
CD147 Basigin 100 3055 95 2511 
CD151 PETA-3 99 7608 99 7947 
CD1641 MGC-24 99 2838 94 2942 
CD 166 ALCAM 97±4 7104±1945 95±5 3572±970 
HLA-DR 73±22 1398±979 74±15 962±459 
Ley 76±6 2110±597 68±22 1965±1492 
LESTR 25±9 224±187 19±9 221±14 
UEA-1 100 4824 99 4179 

More than one mAb was used (see "Materials and methods"); all mAbs used showed similar results. 
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Table 1. FACS analysis of cell lines HBMEC-28 and HBMEC-33. The antigens examined showed 
similar expression on all four HBMEC cell lines, except for the antigens indicated with an asterisk (data 
of HBMEC-27 and HBMEC-60 are not shown). Data were obtained by FACS analysis as described in 
Materials and Methods. PE-conjugated goat-anti-mouse-Ig was used as the second mAb. The mean 
fluorescence intensity (MFI) was determined as MFI sample - MFI control (Mean MFI: 91). Data shown 
are either mean of two experiments (single data) or means ± SD of three experiments. Abbreviations: 
Pos. cells = positive cells; R = receptor; - = not detectable. 
< 

Upregulation of the activation antigens ICAM-1, E-selectin and VCAM-1 

We intended to use the HBMEC cell lines to investigate the adhesion of HPC to the bone-
marrow endothelium. In previous studies of our group, a HUVEC cell line was used for this 
purpose. These studies showed that maximal binding of HPC to endothelial cells is observed 
when the expression of E-selectin and VCAM-1 has been induced (unpublished observations). 
Therefore, we examined the ability of the endothelial cell lines to upregulate the adhesion 
molecules ICAM-1, E-selectin and VCAM-1 upon prestimulation with IL-Iß. 

Upon four hours of prestimulation with IL-Iß, all four HBMEC cell lines had upregulated 
these adhesion molecules (Table 2). The expression levels of these molecules differed slightly 
between the different cell lines. HBMEC-60 cell line cells expressed the highest level of all 
three adhesion molecules, whereas HBMEC-27 showed the lowest levels of expression. 
Especially the expression of VCAM-1 was significantly higher on both HBMEC-60 and 
HBMEC-28 than on HBMEC-27 and the HUVEC cell line (EC-RF24) (PO.05). 

The expression of the activation antigens upon prestimulation with IL-Iß during various 
times was also examined on two HBMEC cell lines (HBMEC-28 and HBMEC-60). As shown 
in Figure 2, the expression of E-selectin showed a peak level at about four hours, whereas 
after 24 hours of prestimulation most of its expression had disappeared again. The expression 
of VCAM-1 and ICAM-1 persisted longer. VCAM-1 showed a maximal level at about six 
hours. Its expression was still enhanced after 30 hours. The expression of ICAM-1 was 
maximal after eight hours and remained at this maximal level for at least 48 hours. 

Flow cytometric analysis of DNA content of cells 

DNA content of the HBMEC cell lines was measured by flow cytometric analysis. This 
showed that all HBMEC cell lines were aneuploid (Figure 3). The control mononuclear cells 
were diploid. 

Transmission electron microscopy 

We examined the morphology of three HBMEC cell lines (HBMEC-28, HBMEC-33, and 
HBMEC-60) together with the HUVEC cell line EC-RF24 by transmission electron 
microscopy. All four cell lines showed similar morphology. The cells were thin, especially at 
areas not in the near vicinity of the nucleus. Broad areas of overlap and interdigitation 
between cells were evident (Figure 4A, B, D). In the intercellular areas at least one of two 
types of complex junctional structures was found. The most common were those that 
resembled adherens type junctions (Figure 4A, D), characterized by an electron-dense plaque 

59 



Chapter 2 

on the cytoplasmic face of the membrane. Structures with the characteristics of tight junctions, 

fusions of outer membrane leaflets, (Figure 4D) were also common. Some cells with abundant 

Weibel-Palade bodies (Figure 4B, C) were found. 

Table 2. Expression of E-selectin (CD62E), VCAM-1 (CD106) and ICAM-1(CD54) on four 
HBMEC cell lines (HBMEC-27, HBMEC-33, HBMEC-28 and HBMEC-60) and one HUVEC cell 
line (EC-RF24) after four hours of prestimulation with IL-lß. 

HBMEC HUVEC 

HBMEC-27 HBMEC-28 HBMEC-33 HBMEC-60 EC-RF24 

E-selectin1 932±189 1269±217 1458±288 1487Ü97 951±120 

VCAM-11 189±51 450±80* 292±77 497±55* 297±59 

ICAM-12 2287±365 2057±216 1986±308 2458±239 2433±287 

Data were obtained by FACS analysis as described in Materials and Methods. FITC-conjugated goat-
anti-mouse-Ig were used as the second mAbs. The mean fluorescence intensities (MFI) were determined 
as MFI sample - MFI control (mean MFI-control: 94). Data shown are mean MFI ± SEM of at least 
eight experiments. * Expression was significantly different from both the HBMEC-27 and the HUVEC 
EC-RF24 cell line (PO.05). 'MFIs for the expression of both E-selectin and VCAM-1 on non-IL-lß-
prestimulated endothelial cells were between 0 and 20. 2MFIs for the expression of ICAM-1 on non-IL-
1 ß-prestimulated endothelial cells were between 800-1200. 

Time (hours) Time (hours) Time (hours) 

Figure 2. E-selectin (A), VCAM-1 (B), and ICAM-1 (C) expression on HBMEC-28 and HBMEC-60 
upon IL-lß prestimulation. IL-1 ß-prestimulated HBMEC-28 (closed circles), non-prestimulated 
HBMEC-28 (open circles), IL-1 ß-prestimulated HBMEC-60 (closed squares), non-prestimulated 
HBMEC-60 (open squares). Data shown are means ± SEM of at least three experiments. 
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Figure 3. Flow cytometric analysis of DNA content of the HBMEC cell lines. FACS profiles of the 
DNA content of A. the cell line HBMEC-33 and B. diploid mononuclear leukocytes. Similar FACS 
profiles were obtained for the HBMEC cell lines HBMEC-27, HBMEC-28 and HBMEC-60. Data of one 
representative experiment are given. 

Adhesion of peripheral blood (PB) CD34+ HPC to HBMEC cell lines 

Adhesion of PB CD34+ cells to the HBMEC cell lines was measured in a solid-phase 
adhesion assay under rocking conditions. As shown in Figure 5, all HBMEC cell lines were 
capable of binding PB CD34+ cells. Resting HBMEC cell lines already showed some adhesion 
of PB CD34+ cells. Prestimulation of the HBMEC cell lines with IL-Iß increased the binding 
of the PB CD34+ cells, which is analogous to what was found for HUVEC cells (data not 
shown). However, this IL-lß-induced increase in binding was only significant for binding of 
HPC to HBMEC-33 and HBMEC-60, whereas the increase in binding to the other cell lines 
did not reach significance. Addition of the phorbol ester PMA increased the binding of PB 
CD34+ cells to all HBMEC cell lines, both under resting conditions and after IL-Iß 
prestimulation of the cells. The latter conditions induced the highest binding of the PB CD34+ 

cells to the cell lines. Some differences between the HBMEC cell lines were observed. 
HBMEC-27 seemed to have the highest binding capacity, whereas HBMEC-60 had a lower 
binding capacity. 

Adhesion of PB CD34+ HPC to HBMEC cell lines compared to non-marrow-derived 
endothelial cell lines 

Next, we compared the adhesion of PB CD34+ cells to the cell line HBMEC-33 with that 
to endothelial cell lines of a different origin: two HUVEC cell lines (HUVEC EC-RF24 and 
HUVEC-94) and a human dermal microvascular endothelial cell line HMEC-1. No differences 
were observed in binding to non-IL-lß-prestimulated endothelial cell lines either in the 
presence or absence of the stimulus PMA (Figure 6). When the endothelial cell lines were IL-
lß-prestimulated for four hours, still no differences were observed between the binding of PB 
CD34+ cells to the HBMEC cell line and the binding to the HUVEC cell lines. The binding to 
the dermal microvascular endothelial cell line HMEC-1, however, was lower both in the 
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absence of PMA (PO.05) and in the presence of PMA (P=0.0539) (Figure 6). Upon IL-Iß 

prestimulation the HMEC-1 cell line showed, in contrast to the HBMEC cell lines (Table 2), 

very low expression of the activation antigens E-selectin and VCAM-1 (data not shown). 

/ o 
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Figure 4. Electron microscopic analysis of HBMEC-33 (A-C) and HBMEC-60 (D). Perpendicular 
sections of cells cultured on Petriperm dishes. A. gives a survey of a broad area of overlap and 
interdigitation between two cells where an adherens junction (arrow) is present. B. a survey of a cell with 
abundant Weibel-Palade bodies (arrows). C. higher magnification of an area of B. Longitudinal section 
of Weibel-Palade bodies (1) showing parallel arrangement of internal tubules; Oblique section of Weibel-
Palade bodies (o) with cross-sectioned tubules (arrows). D. shows an intercellular junctional structure 
consisting of an adherens type junction (arrow) characterized by an electron-dense plaque on the 
cytoplasmic face of the membrane consisting of filaments; and a structure with the characteristics of tight 
junctions (asterisk) that at higher magnification (inset) shows the fusion of outer membrane leaflets 
(arrows). Bars: A,B 400 nm; C,D 200 nm. 
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Figure 5. Adhesion of CD34+ hematopoietic progenitor cells to HBMEC cell lines in a solid-phase 
adhesion assay. CD34+ cells were bound to resting HBMEC cell lines in either the absence of PMA 
(white bars) or the presence of PMA (hatched bars), and to IL-lß-prestimulated HBMEC cell lines in 
either the absence of PMA (double hatched bars) or the presence of PMA (black bars). The following 
combinations were significantly different from each other (PO.05): 1. No IL-lß prestimulation, no 
PMA: (HBMEC-27, HBMEC-28) > (HBMEC33, HBMEC-60); 2. No IL-lß prestimulation, PMA 
added: HBMEC-27 > (HBMEC-28, HBMEC-33 and HBMEC-60), HBMEC-28 > HBMEC-60; 3. IL-lß-
prestimulated, no PMA: (HBMEC-27, HBMEC-33) > HBMEC-28; 4. IL-lß-prestimulated, PMA added: 
HBMEC-27 > HBMEC-60. The binding of CD34+ cells to IL-lß-prestimulated endothelial cells with the 
addition of PMA was significantly higher than the binding to resting endothelial cells and IL-lß-
prestimulated endothelial cells without PMA addition for all cell lines, whereas it was significantly 
higher than the binding to non-IL-lß-prestimulated endothelial cells with the addition of PMA only for 
HBMEC-33 and HBMEC-60 (P<0.05). Data shown are means ± SEM of at least three experiments. 

DISCUSSION 

In this paper we describe the generation and characterization of several HBMEC cell lines. 

To generate these HBMEC cell lines, primary HBMEC were isolated from a bone-marrow 

aspirate. These cells expressed von Willebrand Factor directly after isolation [28], making it 

unlikely that these cells were circulating CD34+, von Willebrand Factor-negative precursors of 

endothelial cells [29]. The HBMEC were immortalized by means of the amphotrophic 

retroviral construct pLXSN16E6/E7. The HPV E6/E7 genes are thought to immortalize cells 

by inactivating the cellular tumor suppressor proteins p53 and Rb [30-32]; however, the 

complete mechanism is not entirely understood. As shown by Southern blot analysis, eight of 

the twelve cell lines obtained, have arisen by a single integration event of the pLXSN16E6/E7 

construct, at distinct integration sites in the genome of the cells. Thus, we obtained at least 

eight unique cell lines. 
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Figure 6. The adhesion of PB CD34+ HPC to HBMEC cell lines compared to non-bone-marrow-
derived endothelial cell lines in a solid-phase adhesion assay. PB CD34+ cells were bound to resting 
endothelial cell lines either in the absence of PMA (- ILlß/- PMA) or the presence of PMA (- ILlß/+ 
PMA), and to IL-lß-prestimulated endothelial cell lines in either the absence of PMA (+ ILlß/- PMA) or 
the presence of PMA (+ ILlß/+ PMA). Data shown are means ± SEM of three experiments. Percentage 
adhesion to non-bone-marrow-derived endothelial cells differed significantly from the adhesion to 
HBMEC-33 where indicated (* = P<0.05). 

The HBMEC cell lines showed three characteristics clearly demonstrating that they were 
of endothelial origin. First, the cells showed characteristic granular expression of von 
Willebrand Factor in the Weibel-Palade bodies. These endothelial cell-specific organelles 
were also shown to be present by transmission electron microscopy. Second, the HBMEC cell 
lines showed expression of the endothelial-specific antigen VE-cadherin. Third, expression of 
E-selectin was upregulated upon prestimulation of the endothelial cells with IL-Iß. In 
addition, analysis by transmission electron microscopy showed typical monolayers of 
elongated flat cells containing intercellular contacts with junctional complexes. 

The phenotype of our HBMEC cell lines resembles the phenotype of primary HBMEC 
described in literature [9,12]. However, in contrast to the constitutive expression of E-selectin 
and VCAM-1 by primary HBMEC [9,33,34], our cell lines did not express these molecules. 
Expression of these activation antigens is of interest because both E-selectin and VCAM-1 are 
involved in the homing of HPC to the bone marrow (unpublished observations), [11]. Loss of 
expression of these molecules during culturing of primary HBMEC in vitro was shown by 
Schweitzer et al. [9]. This might be due to the separation of the HBMEC from their specific 
microenvironment, thereby isolating them from stimulating cytokines that induce the 
expression of these molecules on the endothelial cells. The observation that upon 
prestimulation with IL-1 ß expression of these antigens was detected again, supports this idea. 
The expression of ICAM-1 was also upregulated upon IL-Iß prestimulation. The upregulation 
of all three activation antigens showed kinetics similar to the kinetics found for the 
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upregulation of these molecules on primary HBMEC [11] and on primary HUVEC [35]. Thus, 
it seems that there are no differences in the regulation of the expression of these antigens 
between HBMEC and HUVEC. Although the immortalization procedure will have affected 
the biology of the cells, it does not seem to have changed the adhesive characteristics of the 
cells. 

Some differences in the expression of certain antigens between the HBMEC cell lines 
themselves were also observed. Only two of our HBMEC cell lines showed expression of the 
CD34 antigen. Vascular CD34 has been demonstrated to act as a ligand for L-selectin, which 
is also present on hematopoietic cells [36], and might therefore be involved in homing of these 
cells to the bone marrow. Moreover, Rafii et al. have shown that binding of HPC to HBMEC 
is blocked by mAbs against CD34 [8]. Our CD34-positive cell lines could therefore be of use 
to ' further elucidate the role of CD34 in the homing process. Another difference observed 
between the HBMEC cell lines was the expression of CD24, another mucin-like glycoprotein, 
by the cell line HBMEC-28 only. It has been suggested that this antigen can be upregulated 
upon activation of the endothelial cells [37]. However, we have no other indications for an 
activated phenotype of HBMEC-28. Because it has recently been shown that CD24 may 
function as an adhesion molecule by presenting a ligand for P-selectin, the expression of this 
antigen on HBMEC-28 may be of interest. 

The phenotype of the HBMEC cell lines also resembles the phenotype of three HBMEC 
cell lines described in literature [10-12], although some differences were observed. In contrast 
to the cell lines described in this study, the BMEC-1 cell line described by Candal et al. [12] 
showed a higher expression of CD36 and c-kit, and the HBME-1 cell line described by Lehr 
and Pienta [10] showed almost no expression of CD31. No clear differences with the cell line 
described by Schweitzer et al. [11] were observed. The differences between the various 
HBMEC cell lines indicate the importance of using several HBMEC cell lines as a model for 
primary HBMEC in functional studies. 

The main purpose to generate HBMEC cell lines was to use these cell lines to elucidate the 
mechanisms involved in homing of HPC to the bone marrow. Therefore, it is of importance 
that the HBMEC cell lines showed adhesion of CD34+ HPC and that this adhesion was 
increased upon IL-Iß prestimulation of the endothelial cells. The initial experiments in which 
we showed preferential binding of the PB CD34+ cells to the HBMEC compared to the dermal 
microvascular endothelial cells can be completely explained by the much lower expression of 
E-selectin and VCAM-1 upon IL-Iß prestimulation of the endothelial cells. However, it 
should be further studied whether preferential binding of PB CD34+ cells to HBMEC cell lines 
indeed exists, e.g. by using more endothelial cell lines and different adhesion assays. 

In conclusion, our data show that important phenotypic characteristics of the bone-marrow 
endothelial cells were preserved in the cell lines obtained and that also functional 
characteristics, such as the ability of the cell lines to bind CD34+ HPC, were preserved. The 
HBMEC cell line cells might therefore be useful tools to examine the homing process and in 
particular the hypothesis of the presence of a bone-marrow-specific homing receptor, or bone-
marrow-specific adhesion molecules. 

65 



Chapter 2 

ACKNOWLEDGEMENTS 

We thank Dr Karin Schweitzer (Academic Hospital Free University, Amsterdam) for 
assistance in the isolation of the human bone-marrow endothelial cells, and J. Jansen 
(Academic Medical Center, Amsterdam) for assistance in the immortalization of the 
endothelial cells. The experiments with the HMEC-1 cell line, were performed under the 
supervision of Dr E. Roos (Netherlands Cancer Institute, Amsterdam). 

REFERENCES 

1. Girard JP, Springer TA (1995) High endothelial venules (HEVs): specialized endothelium for lymphocyte 
migration. Immunol Today 16: 449-457. 

2. Michie SA, Streeter PR, Bolt PA, Butcher EC, Picker LJ (1993) The human peripheral lymph node vascular 
addressin. An inducible endothelial antigen involved in lymphocyte homing. Am J Pathol 143: 1688-1698. 

3. Gordon MY ( 1993) Physiological mechanisms in BMT and haemopoiesis-revisited. Bone Marrow Transplant 11 : 
193-197. 

4. Van der Schoot CE, Dercksen MW (1994) Mobilization and homing of haematopoietic progenitor cells. Vox 
Sang 67 (Suppl 3): 221-226. 

5. Zhu DZ, Cheng CF, Pauli BU (1991) Mediation of lung metastasis of murine melanomas by a lung-specific 
endothelial cell adhesion molecule. Proc Natl Acad Sei USA 88: 9568-9572. 

6. Berg EL, McEvoy LM, Berlin C, Bargatze RF, Butcher EC (1993) L-selectin-mediated lymphocyte rolling on 
MAdCAM-1. Nature 366: 695-698. 

7. Masek LC, Sweetenham JW (1994) Isolation and culture of endothelial cells from human bone marrow. Br J 
Haematol 88: 855-865. 

8. Rafii S, Rimarachin J, Nachman RL, Ferris B, Weksler B, Moore MAS, Asch AS (1994) Isolation and 
characterization of human bone marrow microvascular endothelial cells: hematopoietic progenitor cell adhesion. 
Blood 84: 10-19. 

9. Schweitzer CM, van der Schoot CE, Drager AM, Van der Valk P, Zevenbergen A, Hooibrink B, Westra AH, 
Langenhuijsen MMAC (1995) Isolation and culture of human bone marrow endothelial cells. Exp Hematol 23: 
41-48. 

10. Lehr JE, Pienta KJ (1998) Preferential adhesion of prostate cancer cells to a human bone marrow endothelial cell 
line. J Natl Cancer Inst 90: 118-123. 

11. Schweitzer CM, Vicart P, Delouis C, Paulin D, Drager AM, Langenhuijsen MMAC, Weksler BB (1997) 
Characterization of a newly established human bone marrow endothelial cell line: distinct adhesive properties for 
hematopoietic progenitors compared with human umbilical vein endothelial cells. Lab Invest 76: 25-36. 

12. Candal FJ, Rafii S, Parker JT, Ades EW, Ferris B, Nachman RL, Kellar KL (1996) BMEC-1: a human bone 
marrow microvascular endothelial cell line with primary cell characteristics. Microvasc Res 52: 221-234. 

13. Halbert CL, Demers GW, Galloway DA (1991) The E7 gene of human papillomavirus type 16 is sufficient for 
immortalization of human epithelial cells. J Virol 65: 473-478. 

14. Fontijn R, Hop C, Brinkman HJ, Slater R, Westerveld A, van Mourik JA, Pannekoek H (1995) Maintenance of 
vascular endothelial cell-specific properties after immortalization with an amphotrophic replication-deficient 
retrovirus containing human papilloma virus 16 E6/E7 DNA. Exp Cell Res 216: 199-207. 

15. Wazer DE, Liu XL, Chu Q, Gao Q, Band V (1995) Immortalization of distinct human mammary epithelial cell 
types by human papilloma virus 16 E6 or E7. Proc Natl Acad Sei USA 92: 3687-3691. 

16. Perez Reyes N, Halbert CL, Smith P, Benditt EP, McDougall JK (1992) Immortalization of primary human 
smooth muscle cells. Proc Natl Acad Sei USA 89: 1224-1228. 

17. Stel HV, Sakariassen KS, Schölte BJ, Veerman EC, van der Kwast TH, de Groot PG, Sixma JJ, van Mourik JA 
(1984) Characterization of 25 monoclonal antibodies to factor Vlll-von Willebrand factor: relationship between 
ristocetin-induced platelet aggregation and platelet adherence to subendothelium. Blood 63: 1408-1415. 

18. George F, Poncelet P, Laurent JC, Massot O, Amoux D, Lequeux N, Ambrosi P, Chicheportiche C, Sampol J 
(1991) Cytofluorometric detection of human endothelial cells in whole blood using S-Endo 1 monoclonal 
antibody. J Immunol Methods 139: 65-75. 

19. Schlossman SF, Boumsell L, Gilks W, Harlan JM, Kishimoto T, Morimoto C, Ritz J, Shaw S, Silverstein R, 
Springer T, Tedder TF, Todd RF editors. Leucocyte typing V White Cell Differentiation Antigens, Oxford 
University Press, Walton street, Oxford, 1995. 

20. Kishimoto T, Kikutani H, von dem Borne AEG Kr, Goyert SM, Mason DY, Miyasaka M, Moretta L, Okumura 
K, Shaw S, Springer TA, Sugamura K, Zola H editors Leucocyte typing VI White cell differentiation antigens, 

66 



Characterization of New HBMEC Cell Lines 

Garland Publishing, Inc New York & London, 1997. 
21. Frieling JTM, Sauerwein RW, Wijdenes J, Hendriks T, Van der Linden CJ (1994) Soluble interleukin 6 receptor 

in biological fluids from human origin. Cytokine 6: 376-381. 
22. Wijdenes J, Heinrich PC, Muller-Newen G, Roche C, Gu ZJ, Clement C, Klein, B (1995). Interleukin-6 signal 

transducer gpl30 has specific binding sites for different cytokines as determined by antagonistic and agonistic 
anti-gp 130 monoclonal antibodies. Eur J Immunol 25 : 3474-3481. 

23. Ades EW, Candal FJ, Swerlick RA, George VG, Summers S, Bosse DC, Lawley TJ (1992) HMEC-1: 
establishment of an immortalized human microvascular endothelial cell line. J Invest Dermatol 99: 683-690. 

24. Rood PML, Gerritsen WR, Kramer D, Ranzijn C, von dem Borne AEG Kr, van der Schoot CE (1999) Adhesion 
of hematopoietic progenitor cells to human bone marrow or umbilical vein derived endothelial cell lines: a 
comparison. Exp Hematol 27: 1306-1314. 

25. Seedorf K, Krammer G, Durst M, Suhai S, Rowekamp WG. (1985) Human papillomavirus type 16 DNA 
sequence. Virology 145: 181-185. 

26. Dercksen MW, Rodenhuis S, Dirkson MKA, Schaasberg WP, Baars JW, van der Wall E, Slaper Cortenbach IC, 
Pinedo HM, von dem Borne AEG Kr, van der Schoot CE (1995) Subsets of CD34-positive cells and rapid 
hematopoietic recovery after peripheral blood stem cell transplantation J Clin Oncol 13: 1922-1932. 

27. Jackson CJ, Garbett PK, Nissen B, Schrieber L (1990) Binding of human endothelium to Ulex europaeus I-coated 
Dynabeads: application to the isolation of microvascular endothelium. J Cell Sei 96: 257-262. 

28. Molgaard HV, Spurr NK, Greaves MF (1989) The hemopoietic stem cell antigen, CD34, is encoded by a gene 
located on chromosome 1. Leukemia 3: 773-776. 

29. Shi Q, Rafii S, Wu MH, Wijelath ES, Yu C, Ishida A, Fujita Y, Kothari S, Möhle R, Sauvage LR, Moore MA, 
Storb RF, Hammond WP (1998) Evidence for circulating bone marrow-derived endothelial cells. Blood 2: 362-
367. 

30. Dyson N, Howley PM, Munger K, Harlow E (1989) The human papilloma virus-16 E7 oncoprotein is able to 
bind to the retinoblastoma gene product. Science 243: 934-937. 

31. Boyer SN, Wazer DE, Band V (1996) E7 protein of human papilloma virus-16 induces degradation of 
retinoblastoma protein through the ubiquitin-proteasome pathway. Cancer Res 56: 4620-46244. 

32. Lechner MS, Mack DH, Finicle AB, Crook T, Vousden KH, Laimins LA (1992) Human papillomavirus E6 
proteins bind p53 in vivo and abrogate p53-mediated repression of transcription. EMBO J 11: 3045-3052. 

33. Schweitzer CM, Drager AM, Van der Valk P, Thijsen SF, Zevenbergen A, Theijsmeijer AP, van der Schoot CE, 
Langenhuijsen MMAC (1996) Constitutive expression of E-selectin and vascular cell adhesion molecule-1 on 
endothelial cells of hematopoietic tissues. Am J Pathol 148: 165-175. 

34. Mazo IB, Gutierrez-Ramos JC, Frenette PS, Hynes RO, Wagner D, von Andrian UH (1998) Hematopoietic 
progenitor cell rolling in bone marrow microvessels: parallel contributions by endothelial selectins and vascular 
cell adhesion molecule 1. J Exp Med 3: 465-474. 

35. Kuijpers TW, Roos D (1993) Leukocyte extravasation: mechanisms and consequences. Behring Inst Mitt 92: 
107-137. 

36. Baumhueter S, Singer MS, Henzel W, Hemmerich S, Renz M, Rosen SD, Lasky LA (1993) Binding of L-selectin 
to the vascular sialomucin CD34. Science 262: 436-438. 

37. Favaloro EJ (1993) Differential expression of surface antigens on activated endothelium. Immunol Cell Biol 71: 
571-581. 

67 




