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Chapterr  5 
MIGRATIO NN OF HUMA N HEMATOPOIETI C 

PROGENITORR CELL S ACROSS BONE-
MARROWW ENDOTHELIU M IS REGULATE D BY 

VE-CADHERIN . . 
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Migratio nn of Human Hematopoietic Progenitor  Cells Across 
Bonee Marro w Endothelium Is Regulated by Vascular 
Endotheliall  Cadherin1 

Jaapp D. van Buul,*  Carllj n Voermans,*  Veronique van den Berg,*  Eloise C. Anthony,* 
Frederikk  P. J. Mul,*  Sandra van Wetering,*  C. Ellen van der  Schoot,**  and Peter  L. Hordijk 2* 

Thee success of stem cell transplantation depends on the ability of i.v. infused stem cells to engraft the bone marrow, a process 
referredd to as homing. Efficient homing requires migration of CD34+ cells across the bone marrow endothelium, most likely 
throughh the intercellular  junctions. In this study, we show that loss of vascular  endothelial (VE)-cadherin-mediated endothelial 
cell-celll  adhesion increases the permeability of monolayers of human bone marrow endothelial cells (HBMECs) and stimulates the 
transendotheliall  migration of CD34+ cells in response to stromal cell-derived factor-la. Stromal cell-derived factor-la-induced 
migrationn was dependent on VCAM-1 and ICAM-1 , even in the absence of VE-cadherin function. Cross-linking of ICAM- 1 to 
mimicc the leukocyte-endothelium interaction induced actin stress fiber  formation but did not induce loss of endothelial integrity , 
whereass cross-linking of VCAM- 1 increased me HBMEC permeability and induced gaps in the monolayer. In addition, VCAM-
1-mediatedd gap formation in HBMEC was accompanied by and dependent on the production of reactive oxygen species. These 
dataa suggest that modulation of VE-cadherin function directly affects the efficiency of transendothelial migration of CD34+ cells 
andd that activation of ICAM- 1 and, in particular , VCAM-1 plays an important role in this process through reorganization of the 
endotheliall  actin cytoskeleton and by modulating the integrity of the bone marrow endothelium through the production of reactive 
oxygenn species. The Journal of Immunology, 2002, 168: 588-596. 

H ematopoieticc stem cell transplantation is applied to re-
storee hematopoiesis in cancer patients after myelo-abla-
tivee chemotherapy and/or after irradiation. The success 

off  the transplantation depends on the ability of the hematopoietic 
stemm cells to engraft the bone marrow, a process referred to as 
homingg (1). An important step in homing is the actual transmigra-
tionn of reinfused stem cells across the bone marrow eodomelium to 
thee bone marrow stroma. Although much is known about the mi-
grationn of granulocytes and T cells, the factors that control the 
transendotheliall  migration of hematopoietic stem cells are still 
poorlyy understood. 

Recently,, the first powerful chemoattractant for hematopoietic 
stemm cells (CD34+ cells) has been described and identified as stro-
mall  cell-derived factor-la (SDF-la).3 SDF-la is produced by 
severall  types of stromal cell, including those of the bone marrow 
(2-5),, and signals through a G protein-coupled receptor called 
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Fusin,, leukocyte-derived seven-transrnembrane domain receptor, 
orr CXCR-4 (6-9). SDF-la-driven homing of CD34+ cells has 
beenn suggested to be a multistep process similar to the extravasa-
tionn process of leukocytes at inflammatory sites (10) and is medi--
atedd by adhesion molecules both on CD34+ cells (11) and on bone 
marroww endothelial cells. In the final stage of homing, CD34+ 

cellss migrate across the bone marrow endothelium, presumably via 
thee intercellular junctions. Therefore, endothelial cell-cell adhe-
sionn is most likely an important regulatory factor in the homing of 
CD34++ cells. 

Endotheliall  cell-cell adhesion is largely dependent on the ho-
motypicc cell-cell adhesion molecule vascular endothelial (VE)-
cadherinn (cadherin-5, CD144). VE-cadherin is a transmembrane 
proteinn that, like other members of the cadherin family (12), as-
sociatess via its cytoplasmic tail with various cytosolic proteins, 
includingg a-, (5-, and -y-catenin (plakoglobin) and pl2(VplO0. 
Thesee proteins link VE-cadherin to the cortical actin cytoskeleton 
(13-15).. The role of VE-cadherin in leukocyte transendothelial 
migrationn was first described by Gotsch et al. (16), who showed an 
acceleratedd extravasation of neutrophils in a mouse peritonitis 
modell  in vivo upon i.v. injection of a mAb against mouse VE-
cadherin.. Transfection experiments and gene inactivation studies 
havee shown tfiat VE-cadherin expression reduces monolayer per-
meabilityy and promotes cell aggregation, motility, and growth, and 
thatt VE-cadherin is required for the organization of vascular-like 
structuress in embryoid bodies (17-19). Moreover, VE-cadherin, 
togetherr with 0-catenin, seems to be involved in cell survival (20). 
Regulationn of VE-cadherin, and thereby of endothelial cell-cell 
adhesion,, may occur through tyrosine or serine phosphorylation 
(21-24),, association with regulatory proteins (20), and modulation 
off  the endothelial actin cytoskeleton (17, 25). In addition, several 
studiess have proposed a role for leukocyte adhesion-induced sig-
naling,, e.g., through activation of myosin light chain kinase in the 
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endotheliall  cells, which may indirectly regulate VE-cadherin func-
tionn in the process of transendothelial migration (26-29). 

AA role for specific adhesion molecules in endothelial cell sig-
nalingg has been suggested by studies on VCAM-1 (CD 106) and 
ICAM-11 (CD54). Lorenzon et al. (30) concluded that VCAM-1 
andd endothelial selectins, in addition to their role as adhesion re-
ceptors,, mediate endothelial stimulation by adherent leukocytes. 
Moreover,, activation of ICAM-1 on endothelial cells after binding 
off  T cells has been reported to induce tyrosine phosphorylation of 
thee actin-binding protein cortactin (31). In line with this observa-
tion,, it was suggested that ICAM-1 mediates cell shape changes 
throughh coupling to the p21Rho GTPase and by inducing phos-
phorylationn of cytoskeletal proteins and transcription factors (32). 

Inn the present study, the role of VE-cadherin in the control of 
permeabilityy of bone marrow endothelium and of the transmigra-
tionn of primary CD34+ cells was investigated. For this purpose, 
wee used immortalized human bone marrow endothelial cells 
(HBMECs)) (33) and primary CD34+ cells isolated from cord 
bloodd (CB) or from peripheral blood (PB) of healthy untreated 
volunteers.. In this study, we show that transendothelial migration 
off  primary CD34+ cells is promoted by reduced VE-cadherin-
mediatedd cell-cell adhesion and is accompanied by a focal loss of 
VE-cadherinn at sites of transmigration. Cross-linking of VCAM-1, 
butt not ICAM-1, was found to induce loss of endothelial cell-cell 
adhesionn and increased permeability. VCAM-1-mediated gap for-
mationn was accompanied by and dependent on the generation of 
reactivee oxygen species (ROS). These data indicate that activation 
off  Ig-like adhesion molecules, in particular VCAM-1, regulate 
VE-cadherinn function, which might facilitate SDF-la-driven 
transendotheliall  migration of primary CD34+ cells across die bone 
marroww endothelium. 

Materialss and Methods 
Materials Materials 

mAbss against VE-cadherin (cl75) and j3-catenin were from BD Transduc-
tionn Laboratories (Amsterdam, The Netherlands). VE-cadherin Ab 7H1 
wass from BD PharMingen (San Diego, CA). Hybridoma supernatant 
TEAA 1.31 was a kind gift from Dr. E. Dejana (Institute di Ricerche Faima-
cologichee Mario Negri, Milan, Italy). Polyclonal Ab against VE-cadherin 
(CI9)) was from SanverTech (Heerhugowaard, The Netherlands). Recom-
binantt human IL-18 was from PeproTech (Rocky Hill , NJ); calcein-ace-
toxymethyl,, Texas-Red phaUoidin, FTTC-Dextran 3000, ALEXA 488-la-
beledd goat anti-mouse Ig (GaM-Ig), and ALEXA 488-labeled goat anti-
rabbitrabbit Ig secondary Abs were from Molecular Probes (Leiden, The 
Netherlands).. PE-labeled secondary Abs and botulinum C3 toxin were 
fromm DAKO (Glostrup, Denmark). Pooled human serum, human serum 
albumin,, fibronectin (FN), and control Abs IgGl and IgG2a were obtained 
fromm die CLB (Amsterdam, The Netherlands). FCS was from Life Tech-
nologiess (Paisley, U.K.). Basic fibroblast factor was from Boehringer 
Mannheimm (Mannheim, Germany). CXCR-4 expression was quantitated 
withh PE-labeled anti-human Fusin (12GS; BDD PharMingen). mAbs against 
ICAM-11 (84H10) and VCAM-1 (1G11) were purchased from Immunotech 
(Marseille,, France). Additional mAbs against ICAM-1 (15.2; CLB) and 
VCAM-11 (4B2; PeproTech) were also used to exclude epitope dependence 
off  the effects. Cross-linking studies were performed witü F(ab')2 of GaM-
IgGG from Jackson ImmunoResearch Laboratories (Baltimore, MD). 
Thrombinn and ^-acetyl-cysteine (AT-AC) were from Sigma-Aldrich (St. 
Louis,, MO). 

IsolationIsolation of CD34+ hematopoietic progenitor cells 

CBB was collected after delivery, according to the guidelines of Eurocord, 
andd PB from healthy volunteers was obtained from the local blood bank. 
Thesee volunteers were normal donors Üiat were not treated with G-CSF or 
withh chemotherapy. Mononuclear leukocytes from PB (500 ml) and from 
CBB were enriched by density gradient centrifugation over Ftcoll-Paque 
(1.0777 g/ml; Pharmacia Biotech, Uppsala, Sweden). Then the PB mono-
nuclearr fraction was purified from thrombocytes by elutriation and further 
processed,, similar to CB CD34+ cell isolation, widi the VarioMacs system 
(MUtenyii  Biotec, Gladbach, Germany) as described (2). At least 95% of the 

cellss from CB and >90% of the cells from PB expressed CD34 as deter-
minedd by FACS analysis with a CD34 Ab (no. 581; Immunotech). 

CellCell cultures 

Thee HBMEC line has been described previously (33). The cells were cul-
turedd in FN-coated culture flasks (Nunc, Roskilde, Denmark; Life Tech-
nologies)) in Medium 199 (Life Technologies) supplemented with 10% 
(v/v)) pooled, heat-inactivated human serum, 10% (v/v) heat-inactivated 
FCS,, 1 ng/ml basic fibroblast factor, 5 U/ml heparin, 300 jxg/ml glutamine, 
1000 U/ml penicillin, and 100 jig/ml streptomycin. After reaching conflu-
ency,, die cells were passaged by treatment with trypsin/EDTA (Life Tech-
nologies).. In all experiments, HBMEC monolayers were pretreated widi 
IL-166 for 4 h. HL-60 and KG-la cell lines were obtained from the Amer-
icann Type Culture Collection (Manassas, VA) and were maintained in 
IMDMM (BioWhittaker, Brussels, Belgium) containing L-glutamine, 100 
U/mll  penicillin, 100 /ig/ml streptomycin, and 10% FCS. All cell lines were 
culturedd at 37°C at 5% C02. 

PermeabilityPermeability assay 

Permeabilityy of HBMEC monolayers, cultured on 5-fim-pore, 6.5-mm 
Transwelll  filters (Costar, Cambridge, MA), was assayed using FTTC-la-
beledd 3000 Dextran as described (17). The permeability response to throm-
binn (1 U/ml) after 30 min was set to 100%. In some experiments, mono-
layerss were pretreated with Abs (10 pig/ml) for 30 min. Unbound blocking 
Abss against VCAM-1 and ICAM-1 were washed away before the start of 
diee permeability or transmigration assays. Cross-linking Abs and Abs to 
VE-cadherinn were present during the permeability or transmigration assay. 
Botulinumm C3 toxin was added to the HBMEC monolayers 6 h before the 
assay.. In our previous publication (17), die incubation time for C3 was 
188 h. However, we found tiiat a 6-h incubation of HBMEC with C3 was 
alreadyy sufficient to inhibit actin polymerization. The 6-h incubation with 
C33 did not affect die VE-cadherin localization, whereas die 18-h incubation 
withh C3 resulted in diffuse staining of VE-cadherin (17). Kinetics of 
VCAM-1-mediatedd increase in permeability was performed as described 
byy Corada et al. (34). In brief, at indicated time points, 50 ftl were taken 
fromfrom the lower compartment and fluorescence was measured. After the 
assay,, filters were washed witii ice-cold Ca2+- and Mg2+-containing PBS 
andd Uien fixed with 2% paraformaldehyde and 1% Triton X-100-containing 
PBSS and stained widi Texas-Red phaUoidin to inspect die HBMEC mono-
layerr by confocal laser scanning microscopy. 

TransendothelialTransendothelial migration assay 

Migrationn assays were performed in Transwell plates of 6.5-mm diameter 
withh 5-/im pore filters. Endothelial cells were plated at 20,000-30,000 
cells/rranswelll  on FN-coated filters. Nonadherent cells were removed after 
188 h. The adherent cells were cultured for 2-3 days to obtain confluent 
endotheliall  monolayers. Monolayers of endothelial cells were pretreated 
forr 4 h witti IL-1B. Before adding CD34+ cells to die upper compartment, 
diee endothelial monolayers were washed three times with assay medium 
(IMDMM with 0.25% (w/v) BSA (fraction V; Sigma-Aldrich)). Freshly iso-
latedd CD34+ cells (50,000-100,000) were added to die upper compartment 
inn 0.1 ml of assay medium, and 0.6 ml of assay medium widi or without the 
indicatedd concentrations of recombinant human SDF-la (Strathmann Bio-
tech,, Hannover, Germany) was added to die lower compartment. A 0.1-ml 
samplee containing cells in assay medium was diluted in 0.5 ml of assay 
mediumm and was kept as input control for quantitation of die number of 
migratedd cells. The Transwell plates were incubated at 37°C, 5% C02, for 
44 h. Preliminary experiments showed that after 4 h, a substantial fraction of 
diee CD34* cells had migrated. Cells Üiat had migrated to die lower com-
partmentt were collected in a FACS tube to which a fixed number of control 
celll  line cells (kG-la) labeled with calcein-acetoxymediyl was added. 
FACSS analysis was used to determine the ratio between labeled and unla-
beledd cells, with characteristic tight scatter parameters, in die migrated 
fractionn as described before (2). By comparison of this ratio to that of the 
inputt control, die number of migrated cells was quantitated. Using this 
method,, we were able to determine reliably a minimum number of 200 
migratedd cells. In blocking experiments, HBMECs were preincubated for 
300 min at 37°C widi mAbs (10 /ig/ml), followed by washing. As controls, 
IgGll  and lgG2a isotypes were used. Blocking Abs against VCAM-1 and 
ICAM-11 were not present during the transendothelial migration assay. 
However,, blocking Abs against VE-cadherin (cl75) were present during 
thee transendothelial migration assay. After die assay, the filters were 
fixedd and stained with Texas-Red phaUoidin to inspect HBMEC mono-
layerss by confocal laser scanning microscopy. 
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Immunocytochemistry Immunocytochemistry 

HBMECss were cultured on FN-coated glass coverslips and were fixed and 
immunostainedd as described (17) with mAb against VE-cadherin (7H1, 10 
jxg/ml)) or anti-/3-catenin (10 /xg/ml) followed by staining with fluores-
centlyy labeled secondary Abs (10 p.g/m\). Filamentous actin (F-actin) was 
visualizedd by Texas-Red phalloidin (1 U/ml). In some experiments, cells 
weree pretreated with mAb against VE-cadherin (blocking cl75, 10 /ig/ml; 
partiallyy blocking TEA1.31; hybridoma supernatant 1/2 dilution; or the 
nonblockingg 7H1, 10 jxg/ml) for 30 min. In the analysis after the perme-
abilityy experiments, a polyclonal Ab against VE-cadherin was used for 
immunostaining.. Images were recorded with a confocal microscope with 
appropriatee filter settings (LSM510; Zeiss, Oberkochen, Germany). Cross-
talkk between the green and red channels was avoided by use of sequential 
scanning. . 

AnalysisAnalysis of ROS production 

Too measure intracellular ROS production, HBMECs were cultured on FN-
coatedd six-well plates and loaded with di-hydro-rhodamine-1,2,3 (DHR; 30 
pM;pM; Molecular Probes) for 60 min in the presence of catalase (60 fig/ml) 
andd NaN3 (2 mM) at 37°C. Adhesion molecules were subsequently cross-
linkedd at 37°C as described in Permeability assay. After 30 min, cells were 
incubatedd for 1 min with trypsin at 37°C, collected on ice, and washed with 
ice-coldd Ca2+- and Mg2+-containing PBS, and DHR fluorescence was 
quantitatedd by FACS in the FL-2 channel (AEX, 488 nm; A^ , 585 run) for 
10,0000 counted cells per incubation. For the kinetics of the production of 
ROS,, the endothelial cells were cultured on FN-coated glass coverslips and 
loadedd as described above. Then ROS production was recorded and quan-
titatedd by time-lapse confocal microscopy of DHR-loaded HBMECs. In-
tensityy values are shown as the percentage of increase relative to the values 
att the start of the experiment. In some experiments, cells were pretreated 
forr 18 h with 5 mM of the oxygen radical scavenger iV-AC to prevent 
ROS-mediatedd signaling. FACS analysis showed that N-hC preincubation 
hadd no effect on the IL-1 /3-mediated up-regulation of adhesion molecules 
suchh as VCAM-1 and ICAM-1. 

Statistics Statistics 

Alll  results that were performed at least three times were expressed as the 
meann  SD or SEM, as indicated in the legend. Differences were tested by 
usingg the Student t test. A value of p < 0.05 was considered significant. 

R e s u l ts s 
RoleRole of VE-cadherin in permeability and integrity of HBMEC 
monolayers monolayers 

Inn the initial series of experiments, the role of VE-cadherin in the 
controll  of monolayer integrity of HBMECs was examined. Ab-
mediatedd inhibition of VE-cadherin function using two indepen-
dentt blocking Abs resulted in increased permeability of HBMEC 
monolayers,, whereas a nonblocking, isotype-matched VE-cad-
herinn Ab and an irrelevant IgGl did not have any effect on the 
permeabilityy of HBMECs (Fig. \a). Immunofluorescent staining of 
IL-l/3-prestimulatedd HBMECs after treatment with the nonblock-
ingg VE-cadherin Ab showed a jagged distribution of VE-cadherin 
(Fig.. 1M) and normal F-actin stress fiber formation (Fig. IbB). At 
thee ends of the F-actin stress fibers, colocalization of VE-cadherin 
withh actin was observed (Fig. \bC), as previously described for 
primaryy HUVECs (17, 34, 35). Pretreatment of HBMEC mono-
layerss with a blocking Ab against VE-cadherin (cl75) resulted in a 
redistributionn of VE-cadherin over the cell surface (Fig. \bD) and 
aa marked reorganization of the actin cytoskeleton (Fig. \bE). Al -
thoughh the partially blocking TEA1.31 Ab to VE-cadherin did in-
creasee the HBMEC permeability (Fig. la), it did not dramatically 
affectt the localization of VE-cadherin (Fig. \bG) or the actin cy-
toskeletonn of the HBMECs (Fig. \bH), in agreement with pub-
lishedd results obtained with primary HUVECs (35). These findings 
underscoree the essential role of VE-cadherin in the regulation of 
thee integrity of HBMEC monolayers and show that its function 
(i.e.,, control of permeability) and localization can be modulated 
differentiallyy by different blocking Abs. 

a a 

a a 

IgGl l 
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\ \ 

HHH^^^H- 11 A 
00 25 50 75 100 
%% Increase in permeability 

FIGUREE 1. a, VE-cadherin-mediated permeability of HBMEC mono-
layers.. Cells were grown to confluency on FN-coated Transwell filters and 
prestimulatedd with IL-1 /3, followed by pretreatment for 30 min with Abs 
(100 fLg/ml) or hybridoma supernatant TEA1.31 (tissue culture supernatant 
dilutedd 1/2 in medium). The Transwells were incubated for 3 h with H'l'C-
Dextrann 3000 in the upper compartment in the presence of the Abs. Next, 
fluorescencefluorescence in the lower compartment was measured in a fluorometer 
(AEX,, 485 nm; AEM, 525 nm) and expressed as described in Materials and 
Methods.Methods. The blocking cl75 and the partially blocking TEA 1.31 Abs to 
VE-cadherin,, but not the isotype control Ab to VE-cadherin 7H1, increased 
monolayerr permeability significantly. Thrombin-induced permeability was 
sett to 100%, as described in Materials and Methods. Data are mean
SEMM of at least three independent experiments (aA, p < 0.001). b. Block-
ingg Abs to VE-cadherin alter VE-cadherin distribution and induce cy-
toskeletall  reorganization. HBMECs were grown to confluency on FN-
coatedd glass coverslips, pretreated with IL-1/3, and incubated with the 
differentt anti-VE-cadherin Abs for 1 h. VE-cadherin and F-actin were vi-
sualizedd as described in Materials and Methods. The overlays show VE-
cadherinn in green (A, D, and G) and F-actin in red (B, Et and /ƒ); colocal-
izationn appears in yellow (C, F, and /). The nonblocking 7H1 Ab (10 
jig/ml)) did not affect VE-cadherin distribution, whereas the blocking cl75 
Abb (10 jxg/ml) caused loss of junctional localization of VE-cadherin (D) 
andd a reorganization of the F-actin cytoskeleton as revealed by the loss of 
stresss fibers (£). The TEA 1.31 Ab induced a partial loss of cell-cell con-
tactss (//) which, however, was not as prominent as with the blocking cl75 
Ab.. VE-cadherin remained localized to cell-cell junctions (G). Bar, 50 pm. 

RoleRole of VE-cadherin in transmigration of CD34+ cells across 
HBMECs HBMECs 

Purifiedd primary CD34+ cells from CB and PB and the human 
leukemicc cell line HL-60, which all express CXCR-4, were tested 
forr their ability to migrate across FN or HBMECs to a gradient of 



Thee Journal of Immunology 

SDF-la.. HL-60 cells migrated across FN with a similar efficiency 
ass primary PB CD34+ cells to 30 ng/ml SDF-la, whereas primary 
CBB CD34+ cells showed a higher migration efficiency (Fig. 2a). 
However,, CXCR-4 expression of PB and CB CD34+ was com-
parablee (data not shown). Because of the limited supply of primary 
CD34++ cells, CXCR-4-expressing HL-60 cells were used as a 
modell  in dose response studies of SDF-la-induced migration 

00 30 
SDF-laa (ng/ml ) 

100 30 70 100 300 
SDF-1a(ng/ml ) ) 

TEAA CI75 

acrosss IL-lB-prestimulated HBMECs. The results show a bell-
shapedd response with optimal migration at 70 ng/ml SDF-la (Fig. 
2b).2b). When VE-cadherin was blocked with the c!75 Ab on IL-1/3-
prestimulatedd HBMECs, a shift of the optimal concentration for 
migrationn from 70 to 30 ng/ml SDF-1 a and a significant increase 
inn migration across HBMECs were observed (Fig. 2b). Moreover, 
migrationn of primary CB CD34+ cells to 30 ng/ml SDF-la across 
HBMECss pretreated with either the partially blocking TEA 1.31 or 
thee blocking cl75 Ab resulted in a significant increase in transmi-
grationn efficiency (Fig. 2c). These findings show that VE-cadherin 
functionn is an important regulator of efficient migration of primary 
CD34++ cells across bone marrow endothelium. 

AA more detailed analysis of VE-cadherin distribution revealed a 
focall  loss of VE-cadherin immunostaining at sites of transmigra-
tionn of CD34+ cells (Fig. 3a) where stress fibers seemed to con-
vergee at the periphery of the transmigrating CD34+ cell (Fig. 3, b 
andd c). The cell is fixed during its passage through the filter and the 
endotheliall  junctions (Fig. 3d). Similarly, also B-catenin was re-
distributedd over the surface of HBMECs at such sites (data not 
shown).. These observations suggest a coordinated interaction be-
tweenn the actin cytoskeleton and VE-cadherin at sites of transmi-
gratingg CD34+ cells. 

RoleRole ofp21Rho in VE-cadherin-mediated transmigration of 
CD34CD34++ cells and in the permeability and integrity of HBMEC 
monolayers monolayers 

Blockingg VE-cadherin function by the cl75 Ab was accompanied 
byy a reorganization of the actin cytoskeleton (Fig. 16). Together 
withh the results shown in Fig. 3, these findings indicate that the 
actinn cytoskeleton, in concert with VE-cadherin, regulates barrier 
functionn in HBMECs. Regulation of cytoskeletal contractility in 
endotheliall  cells can be mediated by changes in cAMP levels (36) 
andd by the small GTPase p21Rho (37, 38). p21Rho is required for 
actinn stress fiber formation in response to extracellular stimuli in 
manyy cell types and has also been implicated in the organization of 
cadherin-basedd cell-cell adhesion in epithelial cells (39,40). More-
over,, inactivation of p21Rho by pretreatment of primary HUVECs 
withh the botulinum C3 toxin causes cytoskeletal reorganization, 
mainlyy reflected in a loss of actin stress fibers (17). To investigate 
thee role of p21Rho in the control of transendothelial migration of 
CD34++ cells and endothelial permeability, HBMECs were pre-
treatedd with the C3 toxin. As a result, a loss of actin stress fibers 
(Fig.. 4a), but no loss of VE-cadherin localization (Fig. 4b), was 

00 30 
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FIGUREE 2. a, Migration of primary CD34+ cells across FN. SDF-la 
(300 ng/ml)-induced migration of CB CD34+ cells (hatched bars) across 
FN-coatedd filters was significantly higher than the migration of HL-60 cells 
(filledd bars) or PB CD34+ cells from healthy untreated volunteers (open 
bars),, b, SDF-la-induced transendothelial migration of HL-60 cells. Dose 
responsee of SDF-la-induced migration of HL-60 cells across HBMECs 
showedd a bell-shaped curve with an optimal migration at 70 ng/ml SDF-1 a 
(filledd bars). Open bars represent HBMECs that were pretreated for 30 min 
andd subsequenüy incubated during the assay with blocking Ab cI75 against 
VE-cadherinn (10 jug/ml), resulting in a significantly increased migration at 
300 ng/ml SDF-1 a and a shift of the dose for optimal migration from 70 to 
300 ng/ml SDF-la. c, Effect of Ab-mediated loss of VE-cadherin function 
onn SDF-la-induced transendothelial migration of primary CB CD34+ 

cells.. Pretreatment and incubation of HBMECs with the blocking c!75 Ab 
(100 Mg/ml) or the partially blocking TEA1.31 hybridoma supernatant to 
VE-cadherinn showed a significant increase in transmigration to SDF-la. 
Dataa are mean  SD of at least three independent experiments. bA and cA, 
pp < 0.05; cB, p < 0.01; aC, p < 0.001. 

VE-cadheri nn Acti n Merge e 

FIGUREE 3. Transmigration of CB CD34+ cells induces focal loss of 
VE-cadherin.. Primary CB CD34+ cells and HBMECs were stained and 
fixedfixed after 3 h of transmigration. Loss of VE-cadherin localization (green) 
wass observed at the site of migration of a CB CD34+ cell, indicated by the 
arrowheadd (a). The migrating cell is visualized by F-actin staining in red 
{b,{b, arrowhead). Yellow indicates colocalization of F-actin and VE-cadherin 
att the periphery of the migrating cell (c, arrowhead). The X-Z section 
showss the same migrating CD34+ cell in red, protruding into a filter pore 
(d).(d). The dashed gray arrow in d corresponds to the gray arrow in the 
schematic.. The drawing represents a cell (red) protruding into the endo-
theliall  cells (gray). Bar, 10 pm. 
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FIGUREE 4. Role of p21Rho in the transmigration of CB CD34+ cells and in permeability and integrity of HBMEC monolayers. HBMECs were treated 
forr 6 h with 10 p-g/ml C3 toxin to inactivate p21 Rho and were immunostained for F-actin and VE-cadherin. The treatment with C3 caused a loss of stress 
fibersfibers (a), but staining of VE-cadherin remained localized to cell-cell junctions (ft). Colocalization appears in yellow (c). In addition to the C3 treatment, 
thee monolayer was pretreated for 30 min with the blocking cl75 Ab (10 /xg/ml), which caused a loss of HBMEC cell-cell adhesion (J) and diffuse staining 
off  VE-cadherin over the surface (e). Colocalization appears in yellow if). Inactivation of p21Rho had no effect on the SDF-1 a-induced migration of CB 
CD34++ cells across HBMECs with or without treatment with the blocking cl75 Ab (10 fig/ml) (g). Similarly, inactivation of p21Rho had no significant 
effectt on the permeability of HBMECs to FITC-Dextran 3000 (h). The VE-cadherin Ab remained present during the assays. Data are mean  SD of three 
independentt experiments. a-VE, VE-cadherin Ab cl75. Bar, 50 jim. 

observed.. When, in addition to C3 pretreatment, the blocking cl75 
Abb was used (Fig. 4d), VE-cadherin was diffusely distributed over 
thee cell surface (Fig. 4e) and the cells had lost cell-cell contact as 
aa consequence of reduced VE-cadherin function. This result also 
indicatess that cellular contractility is not an absolute requirement 
forr the Ab-mediated loss of VE-cadherin-mediated cell-cell adhe-
sion.. Inactivation of p21Rho by C3 did not significantly affect the 
migrationn of primary CD34+ cells across HBMECs (Fig. 4g), in-
dicatingg a minor role for p21Rho in die control of transmigration 
off  primary CD34+ cells. Moreover, inhibition of active p21Rho by 
C33 did not affect die permeability of HBMECs either (Fig. 4A). 

RoleRole of ICAM-1 and VCAM-1 in VE-cadherin-mediated 
transmigrationtransmigration of CD34* cells 

Itt was previously shown by our group and others that the /31 in-
tegrinss very late Ag (VLA)- 4 and VLA- 5 are required for efficient 
transendotheliall  migration of CD34+ cells (2, 11, 41, 42). There-
fore,, we investigated which adhesion molecules that are known 
ligandss for VLA- 4 and VLA- 5 mediate the migration of CD34+ 

cellss across HBMECs. ICAM-1 is highly expressed on IL-10-pre-
stimulatedd HBMECs, whereas VCAM-1 is expressed at a lower 
level.. Pretreatment of die HBMEC monolayers with blocking Abs 
too ICAM-1 inhibited the transmigraüon of PB and CB CD34+ 

cellss across HBMECs. Blocking Abs against VCAM-1 also inhib-
itedd die transmigration of PB and CB CD34+ cells. The combi-
nationn of Abs against ICAM-1 and VCAM-1 inhibited the trans-
migraüonn of PB and CB CD34+ cells significantly (Fig. 5, a and 
b,b, respecdvely). After pretreatment of the HBMECs widi the 
blockingg cl75 Ab to VE-cadherin, the transmigration of untreated 
PBB CD34+ (Fig. 5a) and CB CD34+ cells (Fig. 5b) remained 
dependentt on ICAM-1 and VCAM-1. Other blocking mAbs to 
VCAM- 11 and ICAM-1 showed similar results. 

RoleRole oflCAM-1 and VCAM-1 in permeability and integrity of 
HBMECHBMEC monolayers 

Ass was shown in Figs. 1 and 2, loss of VE-cadherin function 
increasedd die permeability of HBMEC monolayers and promoted 
transendotheliall  migration of CD34+ cells. To establish a role for 
intracellularr signaling in the control of VE-cadherin-mediated cell-
celll  adhesion, induced by specific adhesion molecules, permeabil-
ityy assays in combination with Ab-mediated cross-linking were 
performed.. Cross-linking of ICAM-1 resulted in a significant de-
creasee in the HBMEC permeability (Fig. 6a). In contrast, cross-
linkingg of VCAM-1 induced a significant increase in the perme-
abilityy of HBMEC monolayers (Fig. 6a). Cross-linking of ICAM-1 
inducedd stress fiber formation (Fig. 6bD), which was not accom-
panied,, however, by altered VE-cadherin distribution at cell-cell 
junctionss (Fig. 6bE) or discernible gaps in the HBMEC monolayer 
(Fig.. 6bF). In contrast, cross-linking of VCAM-1 did induce loss 
off  cell-cell contacts of endothelial cells (Figs. 6bG and Id) and 
concomitantt loss of VE-cadherin localization at sites of gap for-
mationn (Fig. 6, bH and bf). Kinetics of VCAM-1-induced perme-
abilityy showed maximal increase in permeability already after 90 
minn (Fig. 6a, inset). 

RoleRole of ROS in VCAM-1-mediated gap formation 

Cross-linkingg of VCAM-1 on activated HUVECs has been re-
portedd to be accompanied by the production of low levels of ROS 
(43).. Moreover, ROS have been described to mediate intercellular 
gapp formation, cell shape change, and F-actin cytoskeletal reorga-
nizationn in endothelial cells (44). In line widi diese data, we found 
thatt incubation with the oxygen radical scavenger N-AC signifi-
canüyy inhibited die VCAM-1-mediated increase in permeability 
(Fig.. 6a). In addition, cross-linking of VCAM-1, but not ICAM-1, 
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FIGUREE 5. Role for endothelial adhesion molecules in SDF-la-induced 
transmigrationn of primary CD34+ cells across HBMECs. a, HBMECs were 
culturedd on Transwell filters and prestimulated with IL-10 as described in 
MaterialsMaterials and Methods. Before the addition of the CD34+ cells from PB 
off  healthy untreated volunteers to the upper compartment, the monolayers 
onn the filter were incubated for 30 min with blocking Abs against adhesion 
molecules,, followed by washing. mAbs against ICAM-1 (10 /xg/ml; 
o-ICAM-1)) and to VCAM-1 (10 u.g/ml; a-VCAM-1) inhibited the SDF-
la-inducedd migration of PB CD34+ cells (30 ng/ml SDF-la). The com-
binationn of Abs against ICAM-1 and VCAM-1 (a-I-1 + a-V-1) showed a 
significantt inhibition of the transmigration. Pretreatment of HBMECs with 
blockingg Ab cl75 against VE-cadherin (10 /xg/ml, filled bars; VE-cadherin 
Abb present during the assay) increased basal migration of PB CD34+ cells. 
Underr these conditions, ICAM-1 was still required for efficient migration. 
b,b, mAbs against ICAM-1 (10 ng/ml) and VCAM-1 (10 ug/ml) also in-
hibitedd the migration of CB CD34+ cells. Blocking Ab cl75 against VE-
cadherinn (10 /xg/ml, filled bars) increased basal SDF-la-induced migration 
off  CB CD34+ cells, but mAbs against ICAM-1 and VCAM-1 were still 
ablee to inhibit. Data are mean  SD of at least three independent experi-
ments.. M, p < 0.05; aB and bB, p < 0.01; aC, p < 0.001. 

onn HBMECs induced ROS production (Fig. la). Kinetic analysis, 
performedd by time-lapse confocal microscopy, revealed a rapid 
increasee in ROS production in HBMECs within 5-15 min after 
VCAM-11 cross-linking (Fig. lb). Moreover, transmigration of pri-
maryy CB CD34+ cells across HBMECs was significantly dimin-
ishedd when HBMECs were pretreated with /V-AC, indicating a role 
forr oxygen radicals during transendothelial migration (Fig. 7c). In 
addition,, pretreatment of HBMECs with /V-AC, which by itself did 
nott affect the actin cytoskeleton or VE-cadherin distribution, pre-
ventedd VCAM-1-induced gap formation (Fig. Id). 

Together,, these results suggest that, upon adhesion of CD34+ 

cells,, activation of VCAM-1, probably in conjunction with 
ICAM-1,, induces signaling in the endothelial cells that leads to 
increasedd stress fiber formation and reduced endothelial cell-cell 
adhesion. . 
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FIGUREE 6. a. Effect of cross-linking of adhesion molecules on the per-
meabilityy of HBMEC monolayers. HBMEC monolayer permeability was 
measuredd after pretreatment of the endothelial cells with mAbs against 
ICAM-1,, VCAM-1, or IgGl (30 min, 10 /xg/ml). Together with the addi-
tiontion of FITC-Dextran 3000, the Abs were cross-linked with GaM-IgG, 
whichh remained present during the 3-h assay. Cross-linking of ICAM-1 
decreasedd the permeability of HBMECs (p < 0.001, compared with con-
trol),, whereas cross-linking of VCAM-1 showed an increase in permeabil-
ityy of HBMECs (j> < 0.001, compared with control). The oxygen radical 
scavengerr /V-AC significantly inhibited the permeability induced by 
VCAM-II  cross-linking (VI + N-AC) (j> < 0.05, compared with cross-
linkedd VCAM-1-induced permeability). Thrombin-induced permeability 
afterr 30 min was set to 100%. Data are mean  SD of at least three 
independentt experiments. Inset, Kinetics of VCAM-1-induced permeabil-
ity,, measured as described in Materials and Methods. O, Control; I , 
VCAM-11 cross-linking, b. Effect of cross-linking of adhesion molecules on 
thee morphology of HBMECs. HBMECs were grown to confluency on FN-
coatedd glass coverslips, treated as indicated, fixed, and stained for VE-
cadherinn and F-actin. The images show F-actin in red (A, D, and C) and 
VE-cadherinn (VE-cad) in green, immunostained with a polyclonal Ab (B, 
E,E, and H). Colocalization appears in yellow (C, F, and /)  HBMEC mono-
layerss were incubated for 30 min with mAbs against ICAM-1 (X-ICAM-1), 
followedd by 30 min of cross-linking with GaM-IgG. F-actin staining 
showedd induction of stress fibers, but this was not accompanied by the 
formationn of gaps between the cells (£>). VE-cadherin was localized nor-
mallyy to cell-cell junctions (£). Cross-linking of VCAM-1 (X-VCAM-1) 
inducedd stress fibers and gap formation in the HBMEC monolayer (G), 
withh loss of discrete VE-cadherin localization at sites of absent cell-cell 
contactss (H). Staining of endothelial nuclei was due to nonspecific binding 
off  the ALEXA 488-Iabeled goat anti-rabbit Ig secondary Ab. Bar, 20 /im. 
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FIGUREE 7. VCAM-1 activation induces generation of ROS in HBMECs. a, VCAM-1 and ICAM-1 were cross-linked as described in Materials and 
MethodsMethods on DHR-loaded and IL-10-pretreated HBMECs. After 30 min, the production of ROS was analyzed by FACS as described in Materials and 
Methods.Methods. Cross-linking of VCAM-1 showed a significant 20% increase in ROS production compared with control levels (A, p < 0.05), whereas ICAM-1 
cross-linkingg had no effect. Ten millimolar H202 was used as a positive control and increased the DHR response by 44% (data not shown). Data are mean
SDD of three independent experiments, b. Kinetics of ROS production were measured by time-lapse confocal microscopy during 30 min of VCAM-1 
cross-linkingg as described in Materials and Methods. Data are shown as percentage increase relative to the values at the start of the experiment.  Control; 
G,, VCAM-1 cross-linking. Data represent the mean of two independent experiments, c. Role for ROS in SDF-1 a-induced transendothelial migration of 
primaryy CB CD34+ cells. Pretreatment and incubation of HBMECs with the oxygen radical scavenger N-AC (5 mM) showed a significant decrease in 
transmigrationn to SDF-la. Data represent the mean  SD of at least three independent experiments (c/t, p < 0.05). d, Phase-contrast images show that 
gapp formation, indicated by the arrowheads, occurred already after 15 min of VCAM-1 cross-linking. To prevent ROS-mediated signaling, HBMECs were 
pretreatedd for 18 h with 5 mM N-AC. This treatment prevented VCAM-1 -mediated gap formation. Data are representative of three independent experiments. 
Bar,, 100 ptsa. 

Discussion n 
Thee present study demonstrates that VE-cadherin is a crucial reg-
ulatorr of the permeability of HBMECs and that its adhesive prop-
ertiess control die efficiency of migration of hematopoietic progen-
itorr cells (CD34+ cells) across HBMECs. In addition, endothelial 
adhesionn molecules such as ICAM-1 and, in particular, VCAM-1 
weree found to be important for CD34+ cell transmigration and, 
uponn activation, for the modulation of endothelial integrity. 

Primaryy CD34+ cells induced a focal loss of VE-cadherin and of 
8-cateninn at sites of transmigration. This focal loss of VE-cadherin 
wass reversible. The normal jagged pattern of VE-cadherin distri-
butionn was restored after the transmigration assays (data not 
shown).. A similar phenomenon was also reported by Allport et al. 
(35),, who studied monocyte migration across HUVECs under 
flow,flow, albeit in the absence of a chemotactic gradient. One of die 
proposedd mechanisms for the loss of VE-cadherin function during 
leukocytee passage is the trapdoor mechanism: the VE-cadherin-
cateninn complex is mechanically pushed aside by the migrating 
leukocytee and simply re-adheres after leukocyte passage (35). 
However,, despite the fact that the VE-cadherin distribution was 
lostt at sites of CD34+ cell transmigration, the migration across 
HBMECss remained dependent on VCAM-1- and ICAM-1-medi-
atedd adhesion in the absence of VE-cadherin function. It is impor-
tantt to note that the transendothelial migration assay is performed 
underr static conditions. Although the VE-cadherin distribution 
duringg transmigration under static conditions was similar to what 
Allportt and colleagues (35) found using shear stress, the effect of 
blockingg Abs to VCAM-1 and ICAM-1 on the transendothelial 
migrationn of CD34+ cells under flow remains to be investigated. 
Recently,, Cinamon et al. (45) showed that shear stress itself in-

ducedd migration of lymphocytes across endothelium. Therefore, 
shearr stress might also have its effect on stem cell homing and on 
thee role of specific adhesion molecules in this process. 

Conflictingg results on the role of VCAM-1 and ICAM-1 in the 
transmigrationn of CD34+ cells have been published (46, 47). 
Therefore,, we tested the hypothesis that leukocyte-endothelium 
interactions,, mediated by VCAM-1 and ICAM-1, induce endothe-
liall  signaling that might control endothelial cell-cell adhesion. 
Cross-linkingg experiments supported a role for VCAM-1 in die 
regulationn of endothelial cell-cell junctions. In contrast, ICAM-1 
failedd to induce changes in endothelial cell-cell junctions or for-
mationn of gaps between the cells after cross-linking, despite die 
inductionn of actin stress fibers. Similar findings have been reported 
byy Del Maschio et al. (28). Moreover, activation of the small 
GTPasee p21Rho by ICAM-1 cross-linking in HUVECs has been 
suggestedd (32). Our studies also indicate that in HBMECs, 
ICAM- 11 may activate Rho, as deduced from the induction of stress 
fibers.fibers. However, this response was not sufficient to induce loss of 
HBMECC integrity. In line with this notion, inhibition of p21Rho by 
thee C3 toxin did not affect the transmigration of CD34+ cells or the 
integrityy of HBMEC monolayers, suggesting only a minor role for 
thee p21Rho GTPase in the control of CD34+ cell transmigration. 
Althoughh several reports suggest a signaling role for ICAM-1 dur-
ingg leukocyte transmigration, e.g., through activation of p21Rho 
(36,, 48, 49), these findings indicate a differential, possibly cell-
type-specificc role for a p21Rho signaling pathway in the control of 
endotheliall  monolayer integrity during leukocyte transmigration. 
Moreover,, in the absence of p21Rho activity, the endothelial cell-
celll  contacts are still reduced upon Ab-mediated loss of VE-cad-
herinn function. This finding shows that gap formation, induced by 
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anti-VE-cadherinn Ab or cross-linking of VCAM-1, might occur 
independentlyy of cellular contractility. 

Thee increased HBMEC permeability after VCAM-1 cross-link-
ingg and the accompanying formation of endothelial gaps suggest 
thatt this Ig-like cell adhesion molecule can act as a bona fide sig-
nalingg receptor. Lorenzon et al. (30) already described a prominent 
rolee for VCAM-1 in the induction of cytoskeletal changes in en-
dotheliall  cells, although these authors did not analyze changes in 
endotheliall  permeability or VE-cadherin localization. Our present 
workk adds new data to this issue in that the production of ROS 
appearss to be a crucial signaling event in VCAM-1-induced gap 
formation.. The fact that VCAM-1-induced loss of cell-cell adhe-
sionn is dependent on the production of ROS represents a new 
mechanismm by which cell surface molecules can modulate cad-
herin-mediatedd cell-cell adhesion. However, activation of ICAM-1 
didd not increase significant generation of ROS or gap formation or 
changess of VE-cadherin localization in HBMECs. Therefore, 
ICAM-11 seems to function mainly as an endothelial adhesion 
moleculee for CD34+ cells rather than as a signaling molecule in 
HBMECs.. In contrast, VCAM-1 displays, besides its adhesive role 
inn the interaction between the CD34+ cells and the bone marrow 
endothelium,, a function as a signaling receptor that modulates 
HBMECC cell-cell contact, presumably through the production of 
ROS.. Interestingly, ICAM-1-mediated production of ROS in 
HUVECss has recendy been implicated in cytoskeletal remodeling 
(50).. Although we did not observe ROS production upon ICAM-1 
activationn in HBMECs, this might very well represent a general 
signalingg event, involved in adhesion-mediated signaling in endo-
theliall  cells. Decreased migration of CD34+ cells across HB-
MECs,, which were pretreated with the oxygen radical scavenger 
N-AC,N-AC, supports the role for intracellular endothelial ROS produc-
tionn during transmigration. 

Obviously,, there remain many unresolved issues with respect to 
thiss signaling pathway. First, the nature of the oxidase-generating 
systemm in endothelial cells is obscure, although it has been sug-
gestedd that endothelial cells express a similar NADPH oxidase, as 
iss also found in neutrophils (51). However, additional oxidase-like 
enzymess have recently been described that may be expressed in 
endotheliall  cells as well (52). Second, the pathway through which 
thee endothelial oxidase is activated by cell surface receptors is 
unknown.. Studies on the neutrophil NADPH oxidase suggest an 
extremelyy complex mechanism of activation involving Ser/Thr ki-
nases,, small GTPases, and correct intracellular targeting and as-
semblyy of the NADPH oxidase complex (53-55). Finally, although 
ann important role for ROS has been described in the regulation of 
endotheliall  barrier function (44), the components of the pathway 
byy which ROS lead to altered cadherin function are unclear. 

Ann intriguing possibility is that ROS production plays a more 
generall  role in receptor-mediated modulation of endothelial cell-
celll  adhesion. Our own recent results, which showed the impor-
tancee of ROS production for endothelial cell migration and for 
thrombin-mediatedd loss of cell-cell adhesion (J. D. van Buul, 
S.. van Wetering, and P. L. Hordijk, unpublished observations), 
underscoree the relevance for this signaling event in endothelial cell 
function. . 

Ourr present results suggest that the transendothelial migration of 
primaryy CD34+ cells requires VCAM-1 and ICAM-1 for firm ad-
hesionn to the bone marrow endothelium and that the binding to 
VCAM-11 may lead to die focal loss of VE-cadherin function 
throughh the production of ROS. Detailed analysis of VCAM-1 -
inducedd signaling to VE-cadherin-mediated cell-cell adhesion thus 
willl  be of relevance, not only for our understanding of die role of 
thee endodielium in transmigration of hematopoietic stem cells, but 

alsoo for our insight in endotiielial cell function, which is important 
inn a wide range of (patho)physiological conditions. 
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