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ABSTRACT T 

Thee success of stem cell transplantation depends on the ability of intravenously 
infusedd stem cells to engraft the bone marrow, a process referred to as homing. 
Efficientt homing requires migration of CD34̂  cells across the intercellular 
junctionss of the bone-marrow endothelium. The adhesion between endothelial cells 
iss controlled by VE-cadherin. Here we show that loss of VE-cadherin function 
increasess the permeability of monolayers of human bone marrow endothelial cells 
(HBMEC)) and stimulates the transendothelial migration of CD34+ cells in response 
too SDF-la. The SDF-la-induced migration was dependent on ICAM-1 and 
VCAM-1,, even in the absence of VE-cadherin function. Crosslinking of ICAM-1, 
too mimic the leukocyte-endothelium interaction, induced actin stress fiber 
formationn and reduced the HBMEC permeability, whereas crosslinking of VCAM-
11 increased the HBMEC permeability and induced discernible gaps in the 
monolayer.. These data suggest that modulation of VE-cadherin function directly 
affectss the efficiency of transendothelial migration of CD34" cells. The endothelial 
adhesionn molecules ICAM-1 and in particular VCAM-1 play an important role in 
thiss process by activating intracellular signaling that regulates the integrity of the 
bone-marroww endothelium. 
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INTRODUCTION N 

Hematopoieticc stem cell transplantation is applied to restore hematopoiesis in 
cancerr patients after myelo-ablative chemotherapy and/or after irradiation. The 
successs of the transplantation depends on the ability of the hematopoietic stem cells 
too engraft the bone marrow, a process referred to as homing [1]. An important step 
inn homing is the actual transmigration of reinfused stem cells across the bone-
marroww endothelium to the bone-marrow stroma. Whereas much is known about 
thee migration of granulocytes and T-cells, the factors that control the 
transendotheliall  migration of hematopoietic stem cells are still poorly understood. 

Recently,, the first powerful chemoattractant for hematopoietic stem cells 
(CD34̂ ^ cells) has been described, i.e. stromal cell-derived factor-la (SDF-la), 
producedd by several types of stromal cell, including those of the bone marrow [2-
5].. SDF-la signals through a G-protein-coupled receptor, called Fusin, LESTR or 
CXCR-44 [6-9]. SDF-la-driven homing of CD34+ cells has been suggested to be a 
multi-stepp process similar to the extravasation process of leukocytes at 
inflammatoryy sites [10] and is mediated by adhesion molecules both on CD34+ 

cellss [11] and on bone-marrow endothelial cells. In the final stage of homing, 
CD34'' cells migrate across the bone-marrow endothelium, presumably via the 
intercellularr junctions. Therefore, endothelial cell-cell adhesion is most likely an 
importantt regulatory factor in the homing of CD34" cells. 

Endotheliall  cell-cell adhesion is largely dependent on the homotypic cell-cell 
adhesionn molecule vascular-endothelial-cadherin (VE-cadherin, cadherin-5, 
CDD 144). VE-cadherin is a transmembrane protein that, like other members of the 
cadherin-familyy [12], associates via its cytoplasmic tail with various cytosolic 
proteins,, including a-, [3-, and y-catenin (plakoglobin), and pl20/pl00. These 
proteinss link VE-cadherin to the cortical actin cytoskeleton [13-15]. The role of 
VE-cadherinn in leukocyte transendothelial migration was first described by Gotsch 
andd colleagues, who showed an accelerated extravasation of neutrophils in a mouse 
peritonitiss model in vivo upon intravenous injection of a monoclonal antibody 
againstt mouse VE-cadherin [16]. Transfection experiments and gene-inactivation 
studiess have shown that VE-cadherin expression reduces monolayer permeability, 
promotess cell aggregation, motility and growth, and that VE-cadherin is required 
forr the organization of vascular-like structures in embryoid bodies [17-19], 
Moreover,, VE-cadherin, together with p-catenin, seems to be involved in cell 
survivall  [20]. Regulation of VE-cadherin, and thereby of endothelial cell-cell 
adhesion,, may occur through tyrosine or serine phosphorylation [21 -24], 
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associationn with regulatory proteins [20], and modulation of the endothelial actin 
cytoskeletonn [17,25], In addition, several studies have proposed a role for 
leukocyte-adhesion-inducedd signaling, e.g. through activation of myosin light chain 
kinasee in endothelial cells, which may indirectly regulate VE-cadherin function in 
thee process of transendothelial migration [26-29]. 

AA role for specific adhesion molecules in endothelial-cell signaling has been 
suggestedd by studies on VCAM-1 (CD 106) and ICAM-1 (CD54). Lorenzon and 
colleaguess concluded that VCAM-1 and endothelial selectins, in addition to their 
rolee as adhesion receptors, mediate endothelial stimulation by adherent leukocytes 
[30].. Moreover, activation of ICAM-1 on endothelial cells following binding of T-
cellss has been reported to induce tyrosine phosphorylation of the actin-binding 
proteinn cortactin [31]. In line with this, it was suggested that ICAM-1 mediates cell 
shapee changes through coupling to the p21Rho GTPase and by inducing 
phosphorylationn of cytoskeletal proteins and transcription factors [32]. 

Inn the present study, the role of VE-cadherin in the control of permeability of 
bone-marroww endothelium and of the transmigration of CD34+ cells was 
investigated.. For this purpose, we used immortalized human bone-marrow 
endotheliall  cells (HBMEC) [33], and CD34+ cells isolated from cord blood or from 
peripherall  blood of healthy volunteers. Using transmigration and permeability 
assaysassays in combination with analysis of the actin cytoskeleton and cell-cell 
adhesion,, we here show that adhesion of CD34+ cells to HBMEC through VCAM-
11 and PECAM-1/CD31 induces reduced VE-cadherin-mediated cell-cell adhesion, 
whichh facilitates SDF-la-driven transendothelial migration. 

METHODS S 

Reagentss and Abs. 

mAbss to VE-cadherin were from Transduction Laboratories (Becton Dickinson 

Company,, the Netherlands (cI75)) or Pharmingen (San Diego, USA (55-7H1)). 

Polyclonall  Ab to VE-cadherin was from Sanvertech (Heerhugowaard, the 

Netherlandss (C-19)). mAbs to PECAM-1/CD31 were generated in our own 

institutee (CLB, Amsterdam, the Netherlands) and have been described [34]. 

Recombinantt human Interleukin-lp (IL-ip ) was from PreproTech (Rocky Hill , 

N.J.,, USA); Calcein-acetoxymethyl (-AM), Texas-Red Phalloidin, FITC-Dextran 

30000 and FITC-dextran 40000, ALEXA 488-labeled goat-anti-mouse-Ig (GaM-Ig) 

andd ALEXA 488-labeled goat-anti-rabbit-Ig (GaR-Ig) secondary Abs were from 
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Molecularr Probes (Leiden, the Netherlands). PE-labeled secondary Abs and C3 
transferasee were from DAKO (Glostrup, Denmark). HSA, fibronectin (FN) and 
controll  Abs IgGl and IgG2a were obtained from the CLB. FCS was from Gibco 
BRLL (Life Technologies, Paisley, Scotland, UK). bFGF was from Boehringer 
Mannheimm (Mannheim. Germany). CXCR-4 expression was quantitated with PE-
labeledd anti-human Fusin (12G5, Pharmingen). mAbs to ICAM-1 (84H10) and 
VCAM-11 (1G11) were purchased from Immunotech SA (Marseille, France). 
Crosslinkingg studies were performed with F(ab)2 fragments of goat-anti-mouse IgG 
fromm Jackson Immunoresearch (Baltimore, MD, USA). 

Isolationn of CD34+ hematopoietic progenitor cells. 
Cordd blood (CB) was collected after delivery, according to the guidelines of 
Eurocord,, and peripheral blood from healthy volunteers (HV) was obtained from 
thee local bloodbank. Mononuclear leukocytes from whole blood of HV (500 ml) 
andd CB were enriched by density gradient centrifugation over Ficoll-paque (1.077 
g/ml)) (Pharmacia Biotech, Uppsala, Sweden). Then, the HV mononuclear fraction 
wass purified from thrombocytes by elutriation and further processed, similar to CB 
CD34**  cell isolation, with the VarioMacs system (Miltenyi Biotec GmbH, 
Gladbach,, Germany) as described [2]. At least 95% of the cells from CB, and 
>90%% of the cells from HV expressed CD34 as determined by FACS with CD34 
Abb (no. 581, Immunotech). 

Celll cultures. 
Thee human bone-marrow endothelial cell line has been described previously [33], 

Thee cells were cultured in FN-coated culture flasks (NUNC, Life Technologies) in 

Mediumm 199 (Gibco BRL), supplemented with 10% (v/v) pooled, heat-inactivated 

humann serum (CLB), 10% (v/v) heat-inactivated fetal calf serum (FCS) (Gibco 

BRL),, 1 ng/ml bFGF (Boehringer Mannheim), 5 U/ml heparin (Leo 

Pharmaceuticall  Products, Weesp, the Netherlands), 300 ug/ml glutamine (Sigma 

Chemicall  Co., St. Louis, USA), 100 U/ml penicillin and 100 ug/ml streptomycin. 

Afterr reaching confluency, the endothelial cells were passaged by treatment with 

trypsin/EDTAA solution (Gibco BRL). HL-60 and KG-la cell lines were obtained 

fromm ATCC (Rockville, MO, USA) and were maintained in Iscove's Modified 

Dulbecco7ss Medium (IMDM , Biowhittaker, Brussels, Belgium) containing L-

glutamine,, 100 U/ml penicillin, 100 ug/ml streptomycin and 10% FCS. All cell 
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liness were cultured at 37°C at 5% C02. In all experiments, HBMEC monolayers 

weree pretreated with IL-1 (3 for 4 hours. 

Permeabilityy assays. 

Permeabilityy of HBMEC monolayers, cultured on 5 ^m pore Transwell filters 

(Costar,, Cambridge, MA) of 6.5 mm, was assayed with FITC-labeled 3000 dextran 

ass described [17]. In some experiments, monolayers were pretreated with Abs (10 

(ig/ml,, 1 hour). All reagents were present during the permeability assays. The C3 

transferasee was added to the HBMEC monolayers 6 hours prior to the assays. After 

thee assays, the filters were fixed and stained with Texas-Red phalloidin to inspect 

thee HBMEC monolayer by confocal laser scanning microscopy (CLSM). 

Transendotheiiall Migration Assay. 
Transmigrationn assays were performed in Transwell plates of 6.5 mm diameter, 
withh 5 jim pore filters. HBMEC were plated at 50,000 cells/Transwell on FN-
coatedd filters. Non-adherent cells were removed after 18 hours. Freshly isolated 
CD34++ cells (20,000-100,000) were added to the upper compartment and the assay 
wass performed as described previously [2]. In blocking experiments, HBMEC were 
preincubatedd for 30 minutes at 37°C with mAbs (10 u.g/ml), followed by washing. 
Ass controls, IgGl and IgG2a isotypes were used. No mAbs were present during the 
assas.. After the assays, the filters were fixed and stained with Texas-Red phalloidin 
too analyse HBMEC monolayer by CLSM. 

Immunocytochemistry. . 
HBMECC were cultured on FN-coated glass coverslips and were fixed and 

immunostainedd as described [17] with mAb to VE-cadherin (7H1, 25 fig/ml) 

followedd by staining with fluorescently labeled secondary Abs (20 jag/ml). F-actin 

wass visualised by Texas-Red Phalloidin (1 U/ml). In some experiments, cells were 

pretreatedd with mAb to VE-cadherin (cl75, 1 hour, 10 |ig/ml). In the analysis 

followingg the permeability experiments, a goat polyclonal Ab to VE-cadherin was 

usedd for immunostaining. Images were recorded with a ZEISS LSM510 confocal 

microscopee with appropriate filter settings. Crosstalk between the green and red 

channell  was avoided by use of sequential scanning. 

Floww Cytometry. 
Thee expression of surface antigens on the HBMEC was measured by flow 
cytometry.. Following preincubations, the HBMEC were detached with 5 mM 
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EDTAA in calcium-free HEPES medium for 15 minutes at 37CC. After harvesting, 

thee cells were incubated in PBS containing 0.5% BSA and 1 m.M calcium with the 

differentt mAbs (10 ug/ml) for 30 minutes at 4°C and were washed with a 30-fold 

excesss of ice-cold PBS/BSA. The cells were then incubated with PE-conjugated 

goat-anti-mouse-Igg for 30 minutes at 4°C and washed. The relative fluorescence 

intensityy was measured by flow cytometry (FACScan, Becton Dickinson). 

Statistics. . 

Student'ss t-test for paired samples (two-tailed) was used for statistical analysis. 

Student'ss t-test for independent samples was used where indicated. 

RESULTS S 

Rolee of VE-cadherin in permeability and integrity of HBMEC monolayers. 

Inn the initial series of experiments, the role of VE-cadherin in the control of 

HBMECC monolayer integrity was examined. Ab-mediated inhibition of VE-

cadherinn resulted in an increased permeability of HBMEC monolayers, whereas a 

non-blocking,, isotype-matched VE-cadherin Ab or an irrelevant IgGl did not have 

anyy effect on the permeability of HBMEC (Figure 1). Immunofluorescent staining 

off  HBMEC showed a jagged distribution of VE-cadherin (Figure 2a) and 

colocalizationn with the ends of F-actin stress fibers (Figure 2c) [17,35]. 

Pretreatmentt of HBMEC monolayers with the blocking Ab against VE-cadherin 

resultedd in a redistribution of VE-cadherin over the cell surface (Figure 2d) and a 

markedd reorganization of the F-actin cytoskeleton (Figure 2e). This observation is 

inn line with the increased HBMEC permeability being the result of loss of VE-

cadherin-mediatedd cell-cell adhesion, indicating that VE-cadherin plays an 

importantt role in the regulation of the integrity of HBMEC monolayers. 

Figure ll .VE-cadher in-mediated permeabi l i ty 
off HBMEC mono layers . Cells were grown to 
confluencyy on FN-coated Transwell filters, 
prestimulatedd with IL-1p, followed by 
pretreatmentt for 30 minutes with Abs (10 
jag/ml)) and incubated for 3 hours with FITC-
dextrann 3000 in the upper compartment. Next, 
fluorescencee in the lower compartment was 
measuredd in a fluorimeter (>.EX 485 nm; /.EM 

5255 nm) and expressed as percentage of 
basall fluorescence in that compartment. The 
cl755 Ab to VE-cadherin, but not its isotype 
7H1,, increased monolayer permeability 
significantlyy (*p<0.001). Data are means
SEMM of five independent experiments. 

a-lgG11 ^ 

> > 7H1 1 

cl75 5 

25 5 50 0 75 5 100 0 
%% Increase in Permeability 
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Figur ee 2. Inhibitio n of VE-cadheri n alter s VE-cadheri n distributio n and induce s cytoskeleta l 
reorganization .. HBMEC were grown to confluency on FN-coated glass coverslips, pretreated with IL-
ip,, and VE-cadherin and F-actin were visualised by double immunofluorescence as described in 
Methods.. The overlays show VE-cadherin in green (a) and F-actin in red (b): colocalization appears in 
yelloww (c). Pretreatment with the c175 Ab (10 ng/ml) caused loss of junctional localization of VE-
cadherinn (d), and a reorganization of the actin cytoskeleton as revealed by the loss of stress fibers (e). 
Ass a result of these changes, colocalization was lost (f) Bar, 50 urn. 
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Figur ee 3. (a) Transmigration of primary CD34* cells 
acrosss FN. SDF-1a (30 ng/ml)-induced migration of 
CBB CD34' cells (hatched bars) across FN-coated 
filterss was significantly higher than the migration of 
HL-600 cells (filled bars) or HV CD34* cells (open 
bars)) (*p<0.001). Data are means  SD of four 
independentt experiments. 
(b)) SDF-1u-induced transendothelial migration of 
HL-600 cells. Dose-response of SDF-1u-induced 
migrationn of HL-60 cells across HBMEC shows a 
bell-shapedd curve with an optimal migration at 70 
ng/mll SDF-1a (filled bars). Open bars represent 
HBMECC that were pretreated for 30 minutes with Ab 
c1755 to VE-cadherin (10 ng/ml), resulting in a 
significantlyy increased migration at 30 ng/ml SDF-1a 
(*p<0.05)) and a shift of the dose for optimal 
migrationn from 70 to 30 ng/ml SDF-1«. Data are 
meanss  SD of three independent experiments 

SDF-1a(ng/ml ) ) 
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Rolee of VE-cadherin in transmigration of CD34" cells across HBMEC. 
Purifiedd CD34* cells from CB and HV and the human leukemic cell line HI -60. 

whichh all express CXCR-4, were tested for their ability to migrate across FN or 

HBMECC towards a gradient of^ SDF-1 a. HL-60 cells showed a similar efficiency as 

didd CD34" cells from HV in transmigration across FN to 70 ng/ml SDF-la, 

whereass CB CD34* cells showed a higher migration efficiency (Figure 3a). 

Howw ever. CXCR-4 expression of HV and CB CD34* were similar (data not 

shown),, indicating that differences in CXCR-4 expression could not explain the 

moree efficient migration of CB CD34* cells. Because of the limited supply of 

primaryy CD34* cells, HL-60 cells were used as a model in dose-response studies of 

transmigrationn across HBMEC. The results show a bell-shaped response with 

optimall  migration at 70 ng/ml SDF-la (Figure 3b). When VE-cadherin was 

blockedd on HBMEC, a shift of the optimal concentration from 70 to 30 ng/ml SDF-

l aa was observed (Figure 3b). Moreover, a significant increase in the 

transmigrationn of CD34* cells at 30 ng/ml SDF-la was observed. This finding 

showss that VE-cadherin function is an important determinant of the efficiency of 

migrationn of CD34" cells across bone-marrow endothelium. Therefore, we 

analysedd the VE-cadherin distribution during transmigration in more detail. We 

observedd a focal loss of VE-cadherin as well as of p-catenin at sites of 

Figur ee 4. Transmigratio n of CB CD34* cell s induce s foca l los s of VE-cadherin . CD34* cells and 
HBMECC were stained and fixed after 3 hours of transmigration. Loss of VE-cadherin localization (green) 
wass observed at the site of migration of the CB CD34* cell, indicated by the arrowhead (a). The 
migratingg cell is visualised by F-actin staining in red (b. arrowhead). Yellow indicates colocalization of F-
actinn and VE-cadherin at the periphery of the migrating cell (c, arrowhead). The X-Z section shows the 
samee migrating CD34* cell, protruding into a filterpore (d, dashed arrow). Bar, 10 urn. 
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transmigrationn of CD34* cells (Figure 4a and data not shown). In addition, stress 
fiberss seemed to converge at the periphery of the transmigrating CD34* cell 
(Figuree 4c). These observations suggest a co-ordinated interaction between the F-
actinn cytoskeleton and VE-cadherin at sites of CD34* cell transmigration. 

++ - - + 
++ + + 

++ + - + + 

++ - + 
++ + 

Figur ee 5. Effec t of inactivatio n of p21Rh o on th e transmigratio n of CD34* cell s and on th e 
permeabilit yy  and integrit y of HBMEC monolayers , fa) HBMEC were treated for 6 hours with 10 ng/ml C3 
transferasee to inactivate p21Rho and were immunostained for F-actin and VE-cadherin. The treatment with C3 
causedd a loss of stress fibers (a), but staining of VE-cadherin remained localized to cell-cell junctions (b): 
colocalizationn appears in yellow (c). In addition to the C3 treatment, the monolayer was pretreated for 30 
minutess with the c175 antibody (10 ng/ml), which caused a loss of HBMEC cell-cell adhesion (d) and diffuse 
stainingg of VE-cadherin over the surface (e). Bar, 50 pm. Inactivation of p21Rho had no effect on the SDF-1u-
inducedd migration of CB CD34' cells across HBMEC with or without 30 minutes pretreatment with the c175 
antibodyy (10 ng/ml) (g). Inactivation of p21Rho also had no significant effect on the permeability to FITC-
dextrann 3000 of HBMEC (h). Data are means  SD of three independent experiments. 

Rolee of p21Rho in VE-cadherin-mediated transmigration of CD34* cells and 
inn the permeability and integrity of HBMEC monolayers. 

Ab-mediatedd loss of VE-cadherin function was accompanied by a reorganization of 
thee actin cytoskeleton (Figure 2). Together with the results shown in figure 4. these 

125 5 



Chapterr 6 

++ + + + - + + ++ + + + - + + SDF-1a (30ng/ml) 
. . . . + ++ + a-VE-cadherin 

<< < ö < < 
o o 

<< < ö 

yy u i 
< < 
o o 

Figuree 6. Role fo r endothe l ia l adhes ion molecules in SDF-1a- induced t ransmigra t ion of pr imary 
CD34** cells ac ross HBMEC . To determine the role of these adhesion molecules on CD34' cell 
transmigration.. HBMEC were cultured on Transwell filters and prestimulated as described under 
Methods.. Prior to the addition of the CD34' cells from HV or CB to the upper compartment, the 
monolayerss on the filter were incubated for 30 minutes with blocking antibodies to adhesion molecules, 
fol lowedd by washing, (a) mAbs to ICAM-1 (10 ug/ml; u-ICAM-1) and to VCAM-1 (10 ^ig/ml; u-VCAM-1) 
inhibitedd the SDF-1a-induced migration of HV CD34* cells. The combination of Abs to ICAM-1 and 
VCAM-11 (a-l-1+ct-V-1) showed a significant inhibition of the transmigration (**p<0.01). Pretreatment of 
HBMECC with Ab c175 against VE-cadherin (10 ug/ml, filled bars) increased basal migration of HV 
C D 3 4 '' cells (***p<0.001). Under these conditions. ICAM-1 was still required for efficient migration 
(*"*p<00 001). (b) mAbs to ICAM-1 (10 ug/ml) also inhibited the migration of CB CD34* cells (**p<0.01). 
Similarly,, mAbs VCAM-1 (10 ug/ml) inhibited the migration of CB CD34* cells (*p<0.05). In addition, the 
combinationn of mAbs to ICAM-1 and VCAM-1 (a-l-1+«-V-1) inhibited the transmigration (**p<0.01). 
Pretreatmentt of HBMEC with Ab c175 to VE-cadherin (10 ug/ml, filled bars) increased basal SDF-1a-
inducedd migration of CB CD34 ' cells, but mAbs to ICAM-1 were still able to inhibit the migration 
(**p<0.01).. Data are means  SD of at least three independent experiments. 

findingss suggest that the actin cytoskeleton regulates VE-cadherin function in 
HBMEC.. Regulation of endothelial contractility can be mediated by changes in 
cAMPP levels [36] and by the small GTPase p2lRho [37.38]. p21Rho is required 
forr actin stress fiber formation in response to extracellular stimuli in many cell 
typess and has also been implicated in the organization of cadherin-based cell-cell 
adhesionn in epithelial cells [39.40]. To investigate the role of p2lRho in control of 
transmigrationn of CD34~ cells across HBMEC and of HBMEC permeability, 
HBMECC were pretreated with C3 transferase. As a result, a loss of cytoplasmic F-
actinn staining (Figure 5a), but no change in VE-cadherin distribution (Figure 5b) 
wass observed. When, in addition to C3 pretreatment. VE-cadherin was blocked, the 
proteinn became diffusely localized over the cell surface (Figure 5d and e). 
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Inactivationn of p21Rho by C3 did not significantly affect the transmigration of 
CD34'' cells across HBMEC (Figure 5g), indicating a minor role for p21Rho in the 
controll  of the transmigration of CD34" cells. Moreover. C3 pretreatment also did 
nott affect the permeability of HBMEC (Figure 5h). 

CD CD 

In In 
</) ) 
o o 
O O 

%% Increase in Permeability 

Figur ee 7. Effec t of crosslinkin g of adhesio n molecule s on th e permeabilit y of HBMEC 
monolayers .. The HBMEC monolayer permeability to FITC-dextran 3000 was measured following 
pretreatmentt of the endothelial cells with mAbs to ICAM-1, VCAM-1, PECAM-1 or lgG1 (1 hour 10 
ug/ml).. Thirty minutes prior to the addition of FITC-dextran 3000, the antibodies were crosslinked with 
goat-anti-mouse-lgG.. Fluorescence in the lower compartment was measured after 3 hours Crosslinking 
off ICAM-1 decreased the permeability of HBMEC ( p O . 0 0 1 , compared to control), whereas crosslinking 
off VCAM-1 showed an increase in permeability HBMEC (p<0.001, compared to control) Also PECAM-
1/CD311 induced permeability after crosslinking HBMEC (p<0.001, compared to control) Data are 
meanss  SD of at least 4 independent experiments. 

Rolee of ICAM-1 and VCAM-1 in VE-cadherin-mediated transmigration of 
CD34"" cells. 

Thee VLA-4 and VLA-5 integrins are necessary for efficient migration of CD34* 
cellss across HBMEC [2.11.41,42]. Therefore, we investigated which adhesion 
moleculess that are known ligands for VLA-4 and VLA-5 mediate the 
transmigrationn of CD34" cells across HBMEC. ICAM-1 is highly expressed on IL-
ip-prestimulatedd HBMEC, whereas VCAM-1 is expressed at a lower level (data 
nott shown). Pretreatment of the HBMEC monolayers with blocking Abs to ICAM-
11 or VCAM-1 inhibited the transmigration of HV and CB CD34' cells across 
HBMEC.. 4The combination of Abs to ICAM-1 and VCAM-1 inhibited the 
transmigrationn for HV and CB CD34" cells significantly (Figure 6a and b). 
Pretreatmentt of HBMEC with Abs to PECAM-1 did not affect the transmigration 
off  both HV and CB CD34+ cells (data not shown). Following pretreatment of the 
HBMECC with mAbs to VE-cadherin. which increased the transmigration of CD34' 
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cellss across HB.MEC for both cell types, the transmigration was still dependent on 

ICAM-11 (Figure 6a and b) and VCAM-1 (data not shown). 

Figur ee 8 Effec t of crosslinkin g of adhesio n molecule s on the integrit y of HBMEC monolayers . HBMEC 
weree grown to confluency on FN-coated glass coverslips and stained for VE-cadherin and F-actin. The images 
showw F-actin in red (a.d.g) and VE-cadherin in green, stained with a polyclonal Ab (b.e.h): colocahzation 
appearss in yellow (c.f.i) HBMEC monolayers were incubated for 30 minutes with mAbs to ICAM-1, followed by 
300 minutes of crosslinking with goat-anti-mouse-lgG. F-actin staining showed induction of stress fibers, but this 
wass not accompanied by the formation of discernible gaps (d). VE-cadherin was localized normally to cell-cell 
lunctionss (e) Crosslinking of VCAM-1 induced stress fibers and gaps were formed in the HBMEC monolayer 
(g).. with diffuse VE-cadherin localization at sites of gap formation (h). Staining of endothelial nuclei was due to 
aspecificc binding of the ALEXA 488-labeled goat-anti-rabbit-lg secondary antibody. Bar. 20 urn. 

Rolee of ICAM-1 and VCAM-1 in permeability and integrity of HB.MKC 
monolayers. . 
Ass was shown in figure 1, loss of VE-cadherin function increased the permeability 
o(o( HBMEC monolayers. To establish the effects of signaling induced by specific 
adhesionn molecules on VE-cadherin-mediated cell-cell adhesion and thus on 
monolayerr integrity, permeability assays in combination with crosslinking were 
performed.. Crosslinking of ICAM-1 with specific mAbs resulted in a small, but 
significantt decrease in the HBMEC permeability (Figure 7). In contrast, 
crosslinkingg of VCAM-1 or PECAM-1 induced a significant increase in the 
permeabilityy of HBMEC monolayers (Figure 7). These results imply that ICAM-1 
playss no direct role in reducing endothelial cell-cell contact, whereas VCAM-1 and 
PE(( AM-1 may promote signaling which controls VE-cadherin. Analysis oi the 1-
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actinn cytoskeleton showed that crosslinking of ICAM-1 induced stress fiber 
formationn (Figure 8d), but this was not accompanied by discernible gaps in the 
HBMECC monolayer (Figure 8e). VE-cadherin at cell-cell junctions was distributed 
normallyy (Figure 8f). In contrast, crosslinking of VCAM-I did induce gaps in 
betweenn endothelial cells (Figure 8g) and focal loss of VE-cadherin at sites of gap 
formationn was observed (Figure 8h). Similar results were obtained with 
crosslinkingg of PECAM-1 (data not shown). 

DISCUSSION N 

Thee present study demonstrates that VE-cadherin is a crucial regulator of the 
permeabilityy of human bone-marrow endothelial cells and that its adhesive 
propertiess control the efficiency of migration of hematopoietic progenitor cells 
(CD34++ cells) across HBMEC. In addition, endothelial adhesion molecules such as 
ICAM-11 and VCAM-1 were found to be important for CD3<TcelI adhesion and for 
thee induction of endothelial signaling, regulating VE-cadherin function and 
HBMECC monolayer integrity. 

Transmigratingg CD34' cells induced a focal loss of VE-cadherin and of p-
cateninn at endothelial cell-cell junctions. This focal loss of VE-cadherin was 
reversible;; the normal, jagged pattern of VE-cadherin distribution was restored 
followingg the transmigration assays. A similar phenomenon was also reported by 
Allportt et al. [35], who studied monocyte migration across HL'VEC under flow, 
albeitt in the absence of a chemotactic gradient. One of the proposed mechanisms 
forr the loss of VE-cadherin function during leukocyte passage is the trapdoor 
mechanism:mechanism: the VE-cadherin-catenin complex is mechanically pushed aside by the 
migratingg leukocyte and simply re-adheres after leukocyte passage [35]. However, 
despitee the fact that the VE-cadherin distribution was lost at sites of CD34+ cell 
transmigration,, the migration across HBMEC remained dependent on ICAM-1 and 
VCAM-1-mediatedd adhesion in the absence of VE-cadherin function. 

Conflictingg results on the role of ICAM-1 and VCAM-1 in transmigration of 
CD34~~ cells have been published [43,44]. We therefore tested the hypothesis that 
leukocyte-endotheliumm interactions, mediated by ICAM-1 and VCAM-1, induce 
endotheliall  signaling that controls cell-cell adhesion, i.e. VE-cadherin function. 
Crosslinkingg experiments supported a role for VCAM-1 in the regulation of 
endotheliall  cell-cell junctions. In contrast, ICAM-1 failed to induce gaps between 
thee cells after crosslinking, despite the induction of actin stress fibers. This 
suggestss that ICAM-1 is important for strong adhesion of CD34' cells to the 
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HBMECC and that VCAM-1, besides its role in CD34" cell-adhesion, induces 
signalingg to control HBMEC cell-cell contacts. Several reports have suggested a 
signalingg role for ICAM-1 during leukocyte transmigration, e.g. through activation 
off  p21Rho [36,45,46], Our crosslinking studies indicate that also in HBMEC, 
ICAM-11 may activate Rho, as deduced from the induction of stress fibers. 
However,, this response was not sufficient to induce loss of HBMEC integrity. In 
linee with this, inhibition of p21Rho by the C3 transferase did not affect the 
transmigrationn of CD34+ cells or the integrity of HBMEC monolayers, suggesting 
onlyy a minor role for the Rho GTPase in the control of CD34" cell transmigration. 
Thesee findings suggest differential, possibly cell-type specific use of a Rho-
signalingg pathway in the control of endothelial monolayer integrity during 
leukocytee transmigration. 

Basedd on these data, we suggest that homing of CD34+ cells requires ICAM-1 
forr firm adhesion to the bone-marrow endothelium and that VCAM-1 may be 
requiredd to induce focal loss of VE-cadherin function via as yet uncharacterised 
signall  transduction pathways. It has been reported that loss of VE-cadherin 
functionn promotes increased neutrophil recruitment in a murine model of 
thioglycollate-inducedd acute peritonitis and increases vascular permeability in the 
heartt and lungs of mice [16,47]. Together with these published data, our current 
resultss suggest that adhesion molecule-mediated regulation of VE-cadherin 
functionn in human bone-marrow endothelial cells is essential for efficient 
transendotheliall  migration and thus plays an important role in the homing of 
CD34~~ cells. 
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