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Preface 

 

Background 

 

In patients who undergo chemo- and/or radiotherapy (e.g. cancer patients) 

hematopoiesis is seriously disturbed, which may cause unacceptable severe or even lethal 

myelosuppression. To rescue the patient’s hematopoiesis, patients receive stem cell 

transplantation that contributes to the recovery of the patient’s hematopoiesis. 

Stem cell transplantation by injecting bone marrow was gradually accepted during the 

mid 70’s 1 and came into widespread use in the clinic during the 80’s. From then on, extended 

progress has been made in this field. Bone marrow is usually obtained from the anterior and 

posterior iliac crests, with the patient or donor under spinal or general anesthesia.2 However, 

this procedure has its limitations and is highly intensive for the patient or donor. Stem cells, or 

rather hematopoietic progenitor cells, derived from mobilized peripheral blood, turned out to 

be an excellent alternative for bone-marrow transplantation to repopulate and restore the 

patient’s hematopoiesis.3  

Nowadays, mainly hematopoietic progenitor cells derived from G-CSF-mobilized 

peripheral blood are transplanted to treat patients who undergo intensive chemotherapy and/or 

radiotherapy to overcome dose- limiting myelosuppression. A prerequisite for successful 

transplantation is the presence of sufficient numbers of hematopoietic progenitor cells (i.e. 

CD34+ cells because these cells express the CD34 molecule on their surface) in the graft, 

since these are the cells that have to migrate from the periphery back to the bone marrow, a 

process referred to as homing. Another source of CD34+ cells is umbilical cord blood, which 

contains a significant number of CD34+ cells. Although the number of cord-blood-derived 

CD34+ cells usually insufficient to transplant adults, it has already successfully been used as a 

source to repopulate hematopoiesis in children that had undergone chemo- or radiotherapy.4  

A possibility to overcome the low number of CD34+ cells in cord blood is to improve 

the homing efficiency of these cord blood-derived CD34+ cells. However, although a lot of 

studies have been carried out to examine the complex mechanism of homing of CD34+ cells, 

it is still unclear how the homing efficiency can be increased and what determines the 

specificity of CD34+ cells to home specifically to the bone marrow. Figure 1 shows a 

schematic overview of the process of stem cell transplantation. 
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Figure 1. Schematic overview of stem cell transplantation. First, stem cells (i.e. CD34+ cells) are mobilized from 
the bone marrow to the periphery by cytokines such as C-GSF (indicated by number 1). Subsequently, the 
CD34+ cells are harvested from the blood (2). Then the patient receives therapy, which will normally harm the 
patient’s haematopoiesis (3). After the therapy, the patient receives his/her CD34+ cells by intravenous re-
infusion (4). Finally, the CD34+ cells migrate back to the bone marrow, a process referred to as homing (5). The 
dotted square represents the specific part of stem cell transplantation, called homing. This part has been 
examined in detail in this thesis.  

 
Homing of CD34+ cells can be considered as a multistep process, in which various 

adhesion molecules are involved. It appears that homing of CD34+ cells shows many 

similarities with the inflammation process, when leukocytes extravasate from the bloodstream 

to the inflamed tissue.5,6 The first step of transendothelial migration is mediated by the 

selectin family.7 CD34+ cells indeed express selectin ligands,8,9 and in vitro studies have 

shown that selectins indeed mediate the initial rolling phase of CD34+ cells over the 

endothelium.10 Moreover, it has been suggested that CD34+/L-selectin+ cells predict a rapid 

platelet recovery after stem cell transplantation, indicating that L-selectin is actively involved 

in the homing of CD34+ cells in vivo.11 The second step is firm adhesion of the leukocyte to 

the endothelium through the binding of leukocyte- integrins to their ligands, i.e. cell adhesion 

molecules, on the endothelium.12 The integrins VLA-4, VLA-5 and LFA-1, together with 

PECAM-1 and E-selectin, have been found to be important also for the process of CD34+ cell 

adhesion.13-15 Moreover, VCAM-1 on the endothelium and immobilized chemokine SDF-1 

have been found to play an important role during the adhesion phase of CD34+ cells to bone-

marrow endothelium.16,17 Finally, the CD34+ cells migrate across the bone-marrow 

endothelium towards the underlying bone-marrow stroma.18 It has been shown that the 

junctional adhesion molecule vascular-endothelial (VE)-cadherin is involved in 

transendothelial migration of neutrophils in vitro and in vivo.19,20 However, it is unclear 

whether VE-cadherin plays a role in homing of CD34+ cells. Figure 2 briefly summarizes the 

different steps that are believed to occur both during inflammation and during homing. 
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Figure 2. Schematic overview of transendothelial migration of CD34+ cells. This process requires several steps, 
known as the multistep paradigm. Step 1 represents the rolling and adhering phase, mediated by selectins on the 
endothelium and their ligands on the CD34+ cells. Step 2 shows firm adhesion of CD34+ cells to the 
endothelium, mediated by adhesion molecules such as CAMs (Cell Adhesion Molecules) on the endothelium and 
integrins on the CD34+ cells. Moreover, immobilized chemokines are thought to guide the CD34+ cells during 
this phase. Step 3 highlights the final phase: passage of the CD34+ cells through the endothelial cleft. 

 

Although a lot of effort has been put in understanding the homing process of CD34+ 

cells, it is still unclear why these cells migrate specifically to the bone-marrow niche, 

although the chemokine SDF-1 and its receptor CXCR4 seem to play a major role.21 

Moreover, the role of the endothelial cell-to-cell junctions is still unclear, not only in the 

process of homing of CD34+ cells but also in the extravasation process of leukocytes in 

general. Especially the role for VE-cadherin, a very important junctional protein since VE-

cadherin knockout is lethal,22 is interesting in this respect. In addition, a lot of data have been 

generated about the involvement of various adhesion molecules, but almost no data show 

insight in the involvement of signalling cascades that occur in the endothelial cells. 

 

Scope of the thesis 

 

To improve CD34+ cell homing, we studied in detail the signalling events that occur 

during the migration of CD34+ cells across the bone-marrow endothelium towards the bone-

marrow niche, with special emphasis on the role of VE-cadherin. A better understanding of 

the signalling mechanisms that mediate transendothelial migration is necessary to improve 

efficient homing of CD34+ cells. The section below briefly summarizes the findings per 

chapter. 
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 Chapter 1 reviews recent findings in the field of transendothelial migration and 

especially highlights the signalling pathways that are involved in leukocyte transendothelial 

migration in general. 

 Chapter 2 focuses on the role of the chemokine receptor CXCR4 and its cognate 

ligand SDF-1 in polarized and adhered cells. As a CD34+ cell model, we studied the KG1a 

cell line, a cell line that expresses CD34 but lacks CXCR4 expression. By transducing the 

fusion protein CXCR4-GFP into this cell line, we were able to fully restore SDF-1 

responsiveness in these cells, which renders this cell line a valuable model for primary human 

hematopoietic progenitor cells.  Moreover, we could now visualize the localization of CXCR4 

and show that the receptor redistributes to the leading edge of migrating cells, in particular 

when cells migrate on chemokine- laden, cytokine-treated endothelium. 

 Chapter 3 presents an in-vivo study with the NOD/SCID mice model and focuses on 

the specific role of CXCR4 in the homing to and engraftment in the bone marrow of human 

CD34+ cells. KG1a-CXCR4-GFP cells, as described in chapter 2, were transplanted in sub-

lethally irradiated NOD/SCID mice and showed, in contrast to KG1a-GFP cells, efficient 

homing to and engraftment in the bone marrow, comparable to the homing and engraftment 

efficiency of human CD34+ cells. These results demonstrate that CXCR4 plays an important 

role in specific homing to and engraftment of the NOD/SCID bone marrow. 

 Chapter 4 introduces the endothelial adhesion molecule VCAM-1, required for proper 

CD34+ cell migration across the endothelial layer. Detailed studies analyzed the role of the 

p38 MAP kinase and of Reactive Oxygen Species (ROS) as second messengers in endothelial 

cells in the context of transendothelial migration. This chapter shows that VCAM-1 activation 

induces activation of the small GTPase Rac1, which is accompanied by the generation of ROS 

and results in the phosphorylation of p38. These events appear to be required for proper 

migration of leukocytes across endothelial monolayers.  

 Chapter 5 continues on the findings in chapter 3 and highlights the importance of the 

endothelial junctional protein VE-cadherin in the process of transendothelial migration. 

Blocking VE-cadherin function results in increased transendothelial migration of leukocytes 

and increased permeability of the endothelial monolayer. Moreover, VCAM-1 activation 

leads to loss of endothelial cell-to-cell junctions, a process that requires generation of ROS. In 

conclusion, this chapter shows that migrating leukocytes increase the production of 

endothelial ROS through VCAM-1 signalling and subsequently affect VE-cadherin-mediated 

cell-to-cell junctions. 
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 Chapter 6 emphasises the role of ROS and the involvement of the small GTPase Rac1 

in ROS generation and in endothelial gap formation. An active mutant of Rac1, RacV12, 

fused to a protein transduction domain, induces significant amounts of ROS and disrupts cell-

to-cell junctions. In contrast, a dominant negative mutant of Rac1, RacN17, has no effect on 

the cell morphology. Moreover, RacV12 induces tyrosine phosphorylation of junctional 

proteins, in particular of a-catenin. This study shows that Rac1 is actively involved in the 

disruption of endothelial cell-to-cell contacts, through the induction of ROS.  

 Chapter 7 shifts the focus of our studies from the apical side to the basolateral side of 

the endothelium (i.e. cell-to-cell junctions). Specific disruption of VE-cadherin-mediated cell-

cell contacts is studied in detail, a phenomenon that also occurs during the passage of a 

leukocyte, as is shown in chapter 4. These experiments show that increased ROS production 

precedes the loss of VE-cadherin-mediated cell-cell contacts. Moreover, loss of cell-cell 

contact is rapidly followed by Rac-mediated membrane ruffling, probably in order to restore 

the intercellular gap. This study indicates that endothelial cells use a rapid response, mediated 

by Rac-dependent production of ROS, to restore the loss of cell-cell contacts.   

 Chapter 8 describes the remarkable role of ICAM-3 in the control of the integrity of 

the bone-marrow endothelial monolayer and the involvement of ROS in that respect. 

Although endothelial ICAM-3 does not seem to play a role in transendothelial migration, nor 

in migration of endothelial cells, it is clear that ICAM-3 activation negatively affects cell- to-

cell junctions. We could show that ICAM-3-induced changes in endothelial monolayer 

permeability also depend on ROS generation. Future studies are required to investigate the 

specific role of ICAM-3 on endothelial cells. 

 Chapter 9 highlights the possible mechanisms that are responsible for ROS 

generation in endothelial cells and focuses in particular on the localization and distribution of 

the components of the NADPH-oxidase complex and of a NOX2 homologue, NOX4. The 

results show that NOX4 mRNA is expressed 100-fold higher than NOX2 in the endothelial 

cells. Moreover, the other NADPH-oxidase components, p22phox, p47phox and p67phox are all 

expressed in endothelial cells and localize, as NOX4, at the endoplasmic reticulum.  

 Chapter 10 summarises the work described in this thesis. Moreover, in this chapter it 

is proposed that the Rac-ROS pathway might play a central role in the loss and reformation of 

VE-cadherin-mediated cell- to-cell contacts, depending on the state of the endothelial cell. In 

addition, we speculate how this signaling may control transendothelial migration of 

leukocytes and of CD34+ cells in particular. 
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Chapter 1
SIGNALLING IN LEUKOCYTE

TRANSENDOTHELIAL MIGRATION.
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Signaling in Leukocyte Transendothelial Migration
Jaap D. van Buul, Peter L. Hordijk

Abstract—Under a variety of (patho) physiological conditions, leukocytes will leave the bloodstream by crossing the
endothelial monolayer that lines the vessels and migrate into the underlying tissues. It is now clear that the process of
extravasation involves a range of adhesion molecules on both leukocytes and endothelial cells, as well as extensive
intracellular signaling that drives adhesion and chemotaxis on the one hand and controls a transient modulation of
endothelial integrity on the other. We review here the current knowledge of the intracellular signaling pathways that are
activated in the context of transendothelial migration in leukocytes and in endothelial cells. In leukocytes, polarization
of receptors and of the signaling machinery is of key importance to drive adhesion and directional migration. Subsequent
adhesion-induced signaling in endothelial cells, mediated by Rho-like GTPases and reactive oxygen species, induces a
transient and focal loss of endothelial cell–cell adhesion to allow transmigration of the leukocyte. This review
underscores the notion that we have likely just scratched the surface in revealing the complexity of the signaling that
controls leukocyte transendothelial migration. (Arterioscler Thromb Vasc Biol. 2004;24:1-11.)

The migratory properties of white blood cells are indis-
pensable to drive immune responses throughout the

body. To ensure migration to the proper locations, the
trafficking of leukocytes is tightly regulated. The migration
and extravasation of leukocytes across the endothelium that
lines the vessel wall occurs in several distinct steps, referred
to as the multi-step paradigm, originally introduced by
Butcher1 and extended by Springer.2 The first step comprises
the rolling of the leukocytes over the endothelial cells,
mediated by transient weak interactions between adhesion
molecules. Subsequently, loosely attached leukocytes are in
such close proximity of the endothelium that they can be
activated by chemotactic cytokines, presented on the apical
surface of the endothelium. As a consequence, the activated
leukocytes will spread and firmly adhere to the endothelium
and finally migrate through the intercellular clefts between
the endothelial cells to the underlying tissue. An additional
level of complexity has been added by work that showed that
in addition to chemokines, shear stress can also act as a
transmigration-promoting stimulus.3 Figure 1 shows a sche-
matic overview of the different stages that occur during
transendothelial migration (TEM) of leukocytes.

The extravasation of leukocytes is essential for many
(patho) physiological processes, including migration of
T-lymphocytes for immune surveillance, recruitment of acti-
vated lymphocytes and granulocytes during acute and chronic
inflammatory responses, and homing and mobilization of
hematopoietic progenitor cells. In the past decade, knowledge
of the molecules and the signaling events, both in the
leukocytes and in the endothelial cells, that control transen-

dothelial migration of leukocytes has increased significantly
and is discussed here. We have divided this overview into 3
parts: the first part deals with chemokine-induced leukocyte
activation; the second part describes the signaling events that
occur in endothelial cells after leukocyte adhesion; and the
final part discusses our current knowledge about the role of
the endothelial cell–cell junctions in the final stage of the
transmigration process.

Chemokine-Induced Leukocyte Activation
The migration of leukocytes across the endothelium is mainly
driven by a large family of extracellular ligands: the chemo-
tactic cytokines, better known as chemokines. Chemokines
are small (8 to 14 kDa) structurally related molecules that
interact with 7-transmembrane-spanning G-protein–coupled
receptors and regulate leukocyte trafficking.4 Today, �40
different chemokines have been identified, and this number is
still growing. The nomenclature of chemokines is based on
the arrangement of the N-terminal cysteine residues. These
residues can be adjacent (CC chemokines) or have one or
more extra amino acids in between them (CXC or CX3C
chemokines). Two chemokines have only one cysteine at the
N-terminus, ie, lymphotactin/SCM-1� and SCM-1�. In the
current nomenclature, an “L” (as in CXCL12) refers to a
ligand, whereas an “R” (as in CXCR4) refers to a chemokine
receptor.5 The main topics of this review are discussed with
reference to stromal cell-derived factor-1 (SDF-1 or, accord-
ing to the current nomenclature, CXCL12), because SDF-1/
CXCL12 is involved in the migration of many, if not all,

Received October 28, 2003; revision accepted January 25, 2004.
From Sanquin Research at CLB and Landsteiner Laboratory, Academic Medical Center, University of Amsterdam, The Netherlands.
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different types of leukocytes and various types of tumor
cells6,7 and is expressed in virtually all human tissues.8,9

Chemokines and their receptors are one of the many levels
that coordinate the migration of leukocytes and leukocyte
subsets at various levels, resulting in a tightly controlled and
very complex system of cell trafficking.8,10,11 Various studies
have shown that leukocyte transendothelial migration is
induced by soluble chemokine gradients in vitro.8,12 How-
ever, it is unlikely that soluble chemokine gradients persist in
the bloodstream, because the gradient will be rapidly washed
away.3,13 It is therefore generally accepted that leukocytes
respond to chemokines that are immobilized on the surface of
the endothelium, which is underscored by detailed studies
showing that chemokines, such as IL-8/CXCL8 and SDF-1/
CXCL12, are indeed present on the vascular endothelium in
vivo.13–16 These immobilized chemokines are presented to
nearby rolling leukocytes by heparin-sulfate proteoglycans,
highly glycosylated proteins that are expressed on the surface
of endothelial cells.17–19 Middleton et al have shown that
IL-8, a potent chemokine for neutrophils, is presented on the
microvillous-like extensions on the luminal surface of the
endothelium. Moreover, these investigators showed that after
injection of IL-8 into the skin of a rabbit, IL-8 is transported
through the endothelial cells from the basolateral side to the
luminal side.13 For SDF-1/CXCL12, it has been shown
extensively that immobilization of this chemokine leads to
increased adhesion and TEM of leukocytes under physiolog-
ical flow.3,16,20,21

Chemokine Receptors
Chemokines transmit their pro-migratory signals through
G-protein–coupled, 7-times-spanning membrane receptors.
These receptors initiate adhesion and motility via (pertussis
toxin-sensitive) G-proteins, leading to integrin activation via
inside-out signaling, followed by coordinated actin polymer-

ization, spreading at the leading edge of the cell and contrac-
tion at the back.22,23 Directional migration of leukocytes is
accompanied by polarization of the cell body, of the actin and
tubulin cytoskeleton, and of a wide range of intracellular
signaling proteins, such as PI-3K, PTEN, Rho-like GTPases,
and G��-subunits. Their differential distribution mediates the
amplification of the chemokine gradient on the outside into a
(steep) signaling gradient inside the cell.24,25 Concomitant
polarization of the chemokine receptors at the cell surface is
subject to conflicting reports. Studies with C5a-receptor–GFP
fusion proteins in neutrophils or cAMP-receptor–GFP fusion
proteins in Dictyostelium cells showed uniform distribution
of these receptors over the plasma membrane in cells that
migrate toward chemoattractants.26 Other (chemokine) recep-
tors, such as CCR2 and CCR5 on T-lymphocytes and the
fMLP receptor on neutrophils, are distributed to the leading
edge on exposure to their cognate ligands.27,28 In
B-lymphocytes, SDF-1 induces polarization of CXCR4 to the
leading edge of the cell.29 In addition, it has been reported
that SDF-1/CXCL12 can bind to fibronectin and subse-
quently induces a polarized distribution of CXCR4 on adher-
ent T-lymphocytes.30 We recently showed that immobilized
SDF-1 on TNF�-activated endothelium rapidly induces po-
larization of CXCR4 to the leading edge of the migrating cell
and that CXCR4 subsequently co-localizes with cholesterol
lipid rafts (Figure 2A).20 Disruption of lipid rafts by cyclo-
dextrin inhibited SDF-1/CXCL12-induced CXCR4 internal-
ization and cell migration, indicating that internalization and
proper SDF-1–mediated signaling requires the presence of
lipid rafts.20,31

Adhesion Molecules
In the first phase of extravasation, leukocytes roll over the
endothelium, a process that is mediated by a family of
adhesion molecules called selectins.32,33 Recently, it became

Figure 1. Schematic overview of the distinct steps that comprise leukocyte transendothelial migration. The first step (I) represents the
rolling of leukocytes and involves adhesion molecules such as selectins on the leukocytes or endothelial cells and their ligands on the
cellular counterparts. The second step (II) represents firm adhesion, mediated through immobilized chemoattractants on the endotheli-
um and adhesion molecules such as integrins on the leukocytes and CAMs on the endothelium. The third step (III) represents the dia-
pedesis of the leukocytes through the endothelial cell–cell junctions, in which homophilic binding molecules such as the JAMs,
PECAM-1, CD99, and VE-cadherin are involved.
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clear that stimulation of L-selectin by antibody-specific
cross-linking induced CXCR4 expression in lymphocytes.34

Moreover, these authors showed that CXCR4 is stored in
intracellular vesicles and found that L-selectin, just as
CXCR4, localizes to lipid rafts.35 These findings suggest that
selectin-mediated rolling of leukocytes over the endothelium
already primes the leukocytes to target CXCR4 to lipid rafts.
In addition, Shamri et al showed that the integrin VLA-4
(�4�1) requires cholesterol rafts for adhesive activity but that
leukocyte function-associated antigen-1 (LFA-1; �L�2) acts
independent from lipid rafts to mediate adhesion.21 These
data suggest the presence of independent clusters of adhesion
molecules on the plasma membrane at the leading edge of
migrating leukocytes, before chemokine stimulation (Figure
2A).

Integrins play a major role in TEM of leukocytes and are,
in fact, indispensable for proper extravasation.36 The main
integrins that regulate SDF-1–induced adhesion and spread-
ing of leukocytes are LFA-1 (�L�2), Mac-1 (�M�2), VLA-4
(�4�1), and VLA-5 (�5�1).37,38 LFA-1, Mac-1, and VLA-4
bind to the adhesion molecules intercellular cell adhesion
molecule-1 (ICAM-1) and ICAM-2 (for LFA-1 and Mac-1),
and vascular cell adhesion molecule-1 (VCAM-1) (for VLA-
4), present on the apical surface of the endothelium.39,40 For
the integrins VLA-4 and VLA-5, it has been shown that they
bind to fibronectin.41 Studies in mice that lack �2-integrins or
studies that used blocking antibodies against �2-integrins
showed that neutrophil traffic was dependent on this inte-
grin.42,43 Similarly, mice that lacked the �4-integrin showed

impaired T-lymphocyte homing to Peyer patches, although
not to other secondary lymphoid organs.44 In vivo studies
with blocking antibodies to the �4-integrin VLA-4 also
showed that this integrin was involved in migration of CD34�

cells.37 These data point to a prominent role for these
integrins in the control of trafficking of leukocytes in
general.45

Binding of the integrins to their ligands induces multiple
signaling cascades in the leukocytes.46,47 This outside-in
signaling is translated by the leukocyte into cell polarization
and forward movement. This movement is generally assumed
to be driven by the combination of leading edge protrusion
and contractility at both the front and the back of the cell,
which allows displacement of the cell body.48–51 Some of
these studies have used Dictyostelium discoidea amoebae as
a model, because the ability to sense and to respond to
extracellular signals is remarkably similar to that of mamma-
lian leukocytes.49

A large number of structural and regulatory proteins are
located at the leading edge of the migrating cell, including
proteins that regulate the dynamics of the actin cytoskeleton,
such as the small GTPase Rac1, its effector PAK1, and the
Arp2/3 complex.52,53 Also, focal adhesion and focal contact
proteins such as adapter proteins, tyrosine kinases, and
integrins are found at the leading edge.52,53 These studies
mainly focused on fibroblasts; therefore, one should take in
account that different cell types might use different signaling
pathways to achieve the same goals.

Figure 2. A, Schematic overview of the signaling pathways at the leading edge of a migrating cell. A leukocyte adheres through
L-selectin to cellular adhesion molecules (CAM) or glycoproteins such as CD34 on the endothelial cells. L-selectin induces CXCR4
upregulation from intracellular granules on the leukocyte surface, resulting in increased activation of Rap1. Rap1 induces �4-integrin
activation, possibly through phosphorylation. These actions on the leukocyte surface appear to take place in a lipid raft. B, Schematic
overview of the signaling pathways at the trailing edge of a migrating cell. An adhered leukocyte moves forward by leading-edge pro-
trusion and retraction of its tail. Therefore, �L�2-integrin activates through Vav1, RhoA, which subsequently activates the kinase
p160ROCK. ROCK activation leads, through MLCK activation, to MLC phosphorylation, resulting in retraction of the actin cytoskeleton.
The actin cytoskeleton is linked via the ERM proteins to the adhesion molecules ICAM-3, PSGL-1, CD43, and CD44, which are
expressed at the rear end of the cell and might serve as an anchor for other migrating cells.
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At the back of the migrating cell, proteins such as ICAM-3,
PSGL-1, CD43, and CD44 are localized.54,55 ERM proteins
act as adapter proteins and link these transmembrane proteins
to the actin cytoskeleton.56,57 To move forward, cells have to
form new adhesion sites and break-down old ones, both in the
protruding and in the retracting part of the cell. The turnover
of focal adhesions is very complex and involves integrins58

and microtubules.59 Because of space limitations, we cannot
discuss the complex mechanisms that drive of focal adhesion
turnover.60 Recently, it has been shown that the �4-integrin is
phosphorylated on serine residues at the leading edge of
polarized cells and is required for lamellipodia stability,
although �4 is also present at the trailing edge.61 In addition,
these authors showed that paxillin, a protein present in focal
adhesions,62 co-localizes with �4 at the trailing edge but not at
the leading edge with the phosphorylated �4. Moreover,
enforced association of paxillin with �4 inhibits migration,
indicating that the �4-paxillin interaction mediates attachment
and detachment of membrane protrusions, which is required
for migrating cells to move forward.

Next to the �4-integrin, LFA-1 (�L�2) signaling is required
for proper leukocyte migration. Whereas the �4-integrin uses
paxillin to regulate the attachment and detachment of the
cells’ leading edge, LFA-1 seems to signal through myosin
light chain kinase and through p160ROCK, which regulates
cell contraction and detachment from the matrix (Figure
2B).63 Moreover, LFA-1 engagement induces actin polymer-
ization at the leading edge of the cell,64 possibly through the
Rho family exchange factor Vav1.65 Thus, both �4 integrins
and LFA-1 are required for leukocyte migration, acting
through distinct signaling cascades to drive efficient
chemotaxis.

Small GTPases
As is well known from studies in fibroblasts as well as in
leukocytes, Rho-like small GTPases (in particular Rho, Rac,
and Cdc42) are crucial for coordinated cell adhesion, spread-
ing, and migration.66 Rac1, being a critical regulator of cell
spreading, actin polymerization, and membrane ruffling in
any type of cell, is found throughout the cytoplasm under
resting conditions. However, in its active, GTP-bound form,
Rac1 localizes to growth factor-induced membrane ruffles
and to the leading edge of migrating cells.67 These authors
showed additionally that �1-integrins induce the interaction of
active Rac1 with its downstream effectors, such as PAK1.67,68

Using C-terminal cell-permeable peptides as selective inhib-
itors, we recently showed that Rac1 (and not Rac2 or CDC42)
plays an important role in SDF-1–induced actin polymeriza-
tion in HL-60 cells.69

Next to the involvement of Rac1 in driving membrane
protrusion, the small GTPase Rap1 was shown to be involved
in the control of the adhesive capacities of LFA-1 and
VLA-4.70,71 Moreover, Rap1 can be activated by SDF-1, and
in its active form induces cell polarization. In addition, active
Rap1 promotes transendothelial migration of T-lymphocytes.72

Recently, RAPL, a Rap1-binding protein, was shown to
associate with Rap1 after SDF-1 stimulation. RAPL induces
polarization of T-lymphocytes and distribution of LFA-1 to
the leading edge of the cell.73 These data suggest that Rap1

can signal between chemokine-activated G-protein–coupled
receptors, such as CXCR4, and integrin activation (Figure
2A).

As described, lamellipodia and membrane protrusions at
the front of the cell are required to move the cell forward.
Consequently, the rear of the cell has to contract and to detach
from the underlying matrix, ie, from the endothelial mono-
layer. RhoA and one of its effectors, the serine/threonine
kinase p160ROCK, have been found to mediate tail retraction
of migrating leukocytes.74,75 Inhibition of RhoA activity by
C3 transferase in monocytes prevents migration through an
endothelial monolayer, although overall attachment of mono-
cytes to activated endothelial monolayers was not affected.
Interestingly, the adhesion to either ICAM-1 or VCAM-1 was
largely promoted on inhibition of p160ROCK.75 In addition,
the �2-integrin mislocalized in these cells from the leading
edge to the trailing edge, indicating that RhoA and
p160ROCK signaling mediates integrin localization at the
leading edge. The results suggest a model in which RhoA
activity is inhibited at the front of the cell to allow the
induction of protrusions, in concert with enhanced Rac1
activity at the leading edge. Conversely, RhoA is activated at
the rear of the cell to retract and detach the uropod and Rac1
may become inhibited at sites of tail retraction. The events
that occur in chemokine-mediated leukocytes and are in-
volved in migration are summarized in Figure 2A and 2B.

Consequences of
Leukocyte–Endothelium Interactions
Huang et al were the first to show that intracellular calcium
levels in endothelial cells were increased on adhesion and
transmigration of neutrophils.4 Moreover, they showed that
this was also required for efficient TEM. In addition, Hixen-
baugh et al showed that chemoattractant-stimulated neutro-
phils induce an increase in the phosphorylation of myosin
light chain (MLC) in endothelial cells.76 Increased MLC
phosphorylation accompanies RhoA activation, subsequent
cell contraction, and a loss of endothelial cell–cell junctions,
which then leads to increased permeability of the endothelial
barrier.77,78 Using an inhibitor to MLC kinase (MLCK) on
endothelial cells, Saito et al showed that transmigration of
neutrophils was blocked and MLC phosphorylation was
inhibited.79 Adhesion molecules such as P-selectin and
E-selectin and VCAM-1 on the endothelium might be respon-
sible for transmitting the signals, induced by adhered neutro-
phils into the endothelium, because activation of these adhe-
sion molecules through antibody-specific cross-linking
results in a transient increase of intracellular calcium.80 These
studies put forward the notion that leukocyte adhesion affects
the endothelial cells in a specific fashion and that endothelial
cell function contributes importantly to TEM. Today, the
involvement of endothelial signaling in transmigration of
leukocytes is an accepted phenomenon, and various signaling
events in endothelial cells have been implicated in the process
of leukocyte TEM, although the exact mechanisms by which
the endothelial cells facilitate the passage of leukocytes is still
not entirely clear.81,82

As noted, leukocytes use mainly �1 (VLA-4/�4�1) and �2

(LFA-1/�L�2) integrins to firmly adhere to the endothelium.
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The ligands for these integrins on the endothelium are
VCAM-1 and ICAM-1, respectively. More recently, a novel
family of integrin ligands, called junctional adhesion mole-
cules (JAM), has been discovered.83 The role of JAMs in
transendothelial migration will be discussed. Signaling
through ICAM-1, induced by antibody-mediated cross-
linking, activates RhoA.84 Moreover, other proteins that
regulate the actin cytoskeleton, such as FAK, Cas, and
cortactin, are phosphorylated on tyrosine on antibody-
induced cross-linking of ICAM-1.85 Thus, engagement of
ICAM-1 induces signaling in endothelial cells. However, one
should take into account that receptor cross-linking is a rather
global stimulus compared with leukocyte binding to the
endothelium. The short (28 amino acids) intracellular tail of
ICAM-1 interacts with ezrin, an adapter protein that links
ICAM-1 with the actin cytoskeleton.86 Ezrin is a member of
the ERM protein family and plays an important role in
lamellipodia induction at the leading edge of fibroblasts.87,88

Moreover, it appears that ezrin links the proteoglycan
syndecan-2, which might possibly bind SDF-1, to the actin
cytoskeleton.89 Detailed analysis of monocytes adherent to
activated endothelium or cross-linking of the adhesion recep-
tors ICAM-1 and VCAM-1 showed clustering of the ERM
proteins near those sites of activation.90 Next to its function as
an adapter protein, there is evidence that shows ezrin to act as
a signaling molecule, because active ezrin is reported to be
responsible for the formation of lamellipodia.91 In addition,
these authors showed that Rac1, but not RhoA or Cdc42, is
activated in cells that express the active form of ezrin. Other
previous work suggested that the ERM proteins are rapidly
phosphorylated in a Rho-dependent manner.92 Barreiro et al
recently showed that the endothelial cells form a so-called
docking structure to “catch” the migrating leukocyte, and
they subsequently showed that moesin and ezrin localized to
those docking structures, together with ICAM-1 and
VCAM-1.93

We recently showed that clustering of VCAM-1 activates
Rac1.94 Inhibition of downstream signaling by Rac1 with an
inhibitory peptide, encoding the effector loop of Rac1 (aa17-
32;95), reduced the migration of leukocytes across endothelial
monolayers.94 Because transduction of an active mutant of
Rac1, RacV12, reduces endothelial cell–cell contacts,96–98

blocking Rac activity might prevent opening of endothelial
cell–cell contacts, thereby preventing leukocytes from mi-
grating. Moreover, ligation of VCAM-1 activates phosphati-
dylinositol 3-kinase (PI3-K), implicated as an activator of
Rac1.99,100

Studies performed by our group already showed that
inhibition of endothelial RhoA by C3 transferase decreased
monocyte migration across human umbilical vein endothelial
cells, although the C3 pretreatment had little or no effect on
the migration of primary CD34� cells across bone marrow
endothelial cells.12,94 Also, inhibition of p160ROCK signal-
ing in endothelial cells by Y-27632 decreases not only
migration of lymphocytes across endothelium but also adhe-
sion.93 The latter results indicate that RhoA activity is linked
to adhesion molecules on the endothelium and that blockade
of RhoA activity or downstream effectors prevents leukocyte
adhesion as well as endothelial cell contraction and subse-

quent loss of cell–cell contacts. Thus, blocking signaling
through Rac1 or RhoA in endothelial cells inhibits transen-
dothelial migration of monocytes. It is therefore likely that
both RhoA and Rac1 in endothelial cells are involved in
leukocyte-induced endothelial signaling: RhoA through liga-
tion of ICAM-1 and Rac1 through the ligation of VCAM-1.

For many years, it has been known that reactive oxygen
species (ROS) play an important role in the maintenance of
the endothelial monolayer integrity.101,102 The generated ROS
are spontaneously or enzymatically converted to hydrogen
peroxide (H2O2), which may disrupt the integrity of the
endothelial monolayer, possibly through inhibition of ty-
rosine phosphatases.103,104 Some studies already reported the
presence of components of the neutrophil-NADPH-oxidase
(gp91) complex in endothelial cells.105,106 Other studies
suggested the expression of various NADPH-oxidase homo-
logues in endothelial cells.107 Upregulation of Nox-based
NADPH-oxidases after vascular damage have been report-
ed.108,109 Nevertheless, how the activity or intracellular local-
ization of these protein complexes is regulated remains
unclear and warrants further study. Our group has previously
shown that active Rac1 induces ROS production in endothe-
lial cells and that endothelial ROS are actively involved in
TEM, because leukocyte migration across endothelium is
inhibited when the endothelial monolayer is pretreated with
oxygen-radical scavengers.97 Similar findings have been re-
ported by Wang and Doerschuk, who showed that engage-
ment of ICAM-1 induces ROS production in endothelial
cells.110 In line with these findings, we and others have found
that activation of VCAM-1 and PECAM-1, by antibody-
mediated cross-linking, results in increased levels of ROS
production.12,111,112 These findings suggest that leukocyte
adhesion to endothelium induces ROS production, which in
turn might transmit signals into the endothelium to facilitate
leukocyte passage.

Activation of ICAM-1, by cross-linking, remodels the actin
cytoskeleton through activation of p38 mitogen-activated
protein kinase.113 Also, VCAM-1 is able to activate p38
mitogen-activated protein kinase in a ROS-dependent man-
ner.94 Extracellular signal-regulated kinase-2, which is also
involved in motility and in proliferation, is also activated by
VCAM-1.99 Lorenzon et al showed previously that VCAM-1
can act as a signaling receptor.80 In their studies, VCAM-1
cross-linking was found to induce a transient increase in
endothelial calcium concentration, which is required for
efficient TEM.

These data suggest that engagement of ICAM-1 and
VCAM-1, through the integrin-mediated adhesion of leuko-
cytes, induces intracellular signaling in the endothelial cells
that finally results in the opening of the endothelial cell-to-
cell junctions. This hypothesis is supported by studies that
showed that active Rac1 induces loss of cell-to-cell adhesion
in endothelial cells.96–98 This contrasts with epithelial cells, in
which active Rac1 promotes cadherin-based cell-to-cell ad-
hesion.114 Although a lot is known about epithelial regulation
of cell-to-cell junctions, relatively little is known about the
control of endothelial cell-to-cell junctions with respect to the
opening and resealing of these junctions during the passage of
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leukocytes. The last part of this review discusses our current
knowledge about this topic.

Endothelial Cell-to-Cell Junctions in Leukocyte
Transendothelial Migration
Leukocytes need to migrate through the endothelial cell–cell
junctions to cross the endothelial monolayer in the final stage
of extravasation.2 To successfully cross the junctions, the
leukocytes have to bypass or block the adhesion, which is
mediated by junctional proteins. The endothelial cell-to-cell
junctions contain a large number of (adhesion) proteins,
including vascular endothelial (VE)-cadherin (CD144,
cadherin-5), a homophilic calcium-dependent transmembrane
adhesion molecule, which is localized at the adherens junc-
tions. In addition, the endothelial junctions comprise tight
junction proteins, eg, occludin, JAM family members, and
claudins, as well as proteins such as CD99 and PECAM-1
(CD31), which are more diffusely distributed at the cell–cell
junctions.

Many studies have described PECAM-1 as an important
player in the process of transendothelial migration based on
the effects of blocking PECAM-1 in vitro115–118 and in
vivo.119–127 However, PECAM-1 knockout mice do not show
a significant loss of inflammatory response, demonstrating
that PECAM-1 is not indispensable for transmigration.128 The
mechanisms that compensate for the loss of PECAM-1 are
not clear; however, Mamdouh et al recently found that in the
absence of leukocytes, PECAM-1 is present in a compartment
directly under the junctional border membrane.129 These
investigators suggest a new mechanism in which passing
leukocytes trigger these compartments to fuse with the
junctional border membrane. Because PECAM-1 is present
on the leukocyte as well as on the endothelium, this mecha-
nism might facilitate leukocytes to cross the endothelial
cell-to-cell junction through homophilic PECAM-1 bind-
ing.129 This mechanism also implies that leukocytes could be
engulfed by endothelial cells, for instance, through the
aforementioned docking structure.93 Intriguingly, it has been
described that neutrophils are also able to cross the endothe-
lial layer by a transcellular route, particularly in vivo.130 How
this process is controlled is unknown.

PECAM-1 is phosphorylated on tyrosine residues after
endothelial cell stimulation by mechanical force and shear
stress by means of the Fer tyrosine kinase, which is localized
on microtubules.131,132 Moreover, Ilan et al showed that
PECAM-1 can function as a reservoir for tyrosine-phosphor-
ylated �-catenin.133 These data suggest that PECAM-1 bind-
ing to �-catenin prevents cytosolic �-catenin from degrada-
tion by the proteosomes. Subsequently, PECAM-1
engagement induces SHP-2 phosphorylation through Fer,
which then dephosphorylates PECAM-1–bound �-catenin. It
has been shown that increased tyrosine phosphorylation of
junctional proteins leads to loss of cell-to-cell adhesion and
that subconfluent endothelial monolayers have increased
levels of tyrosine phosphorylation of the junctional proteins
VE-cadherin, �-catenin, and �-catenin.134,135 Moreover,
SHP-2 and �-catenin are both present in the VE-cadherin
complex at cell-to-cell junctions.136 In addition, inhibition of
protein tyrosine phosphatase activity promotes the flux of

albumin across an endothelial monolayer and the extravasa-
tion of neutrophils, indicating that phosphorylation plays an
essential role in the control of endothelial integrity and of the
process of TEM.137 Phosphatase activity can be inhibited by
H2O2, because H2O2 mediates the oxidation of critical cys-
teine residues in tyrosine phosphatases.138 As a result, ty-
rosine phosphorylation levels are increased, triggering loss of
endothelial cell-to-cell junctions. This suggestion links
VCAM-1–induced ROS production and phosphatase/kinase
activity to the transendothelial migration of leukocytes.

Another family of junctional proteins that has attracted a
lot of attention are the JAMs. Recently, new nomenclature for
the JAM family has been put forward by Muller and is used
in this review.139 JAM-A has been cloned and identified
recently and appears to mediate homophilic and heterophilic
interactions.140 JAM localizes at the apical regions of cell-to-
cell junctions, not only of endothelial cells but also of
epithelial cells, and regulates the electrical resistance across
monolayers of these cells.141,142 Antibodies to JAM cause
decreased transendothelial migration of leukocytes in vitro
and in vivo, strongly suggesting that this molecule might be
involved in TEM.140,143 Ostermann et al have shown that
JAM-A on endothelial cells is a ligand for the �2-integrin
LFA-1, and as such is involved in transendothelial migration
of leukocytes.144 The JAM protein family now comprises 3
members: JAM-A (approximately 32 kDa), present on endo-
thelial cells, epithelial cells, and on all leukocytes, functions
as a regulator of TEM and of electrical resistance. JAM-B (or
VE-JAM), which is �40 kDa in size, is expressed on vascular
and lymphatic endothelium and has been proposed to play a
role in lymphocyte homing.145,146 JAM-B also interacts with
the �1-integrin receptor VLA-4.147 Most recently, a third
family member has been identified as JAM-C (� 43 kDa),
present on endothelial cells, T-lymphocytes, platelets, and
NK-cells.147,148 JAM-C also functions as a regulator of TEM
of leukocytes and electrical resistance. It interacts with
JAM-B and Mac-1 (�M�2-integrin, present on leukocytes) but
not with LFA-1 or VLA-4.149,150 These findings indicate that
all 3 JAM family members could potentially be involved in
leukocyte transendothelial migration but that they are inde-
pendently involved in specific parts of the TEM process.83

The integral transmembrane protein CD99 regulates VLA-
4–dependent adhesion of T-lymphocytes to endothelial cells
under physiological shear stress.151 In contrast to VLA-4,
�2-integrins (ie, LFA-1) were not influenced by CD99 stim-
ulation. Recently, CD99 was found to be present on endothe-
lial cells as a homophilic binding molecule at cell-to-cell
junctions.152 Antibodies to CD99 were found to block trans-
migration of monocytes, particularly during diapedesis.
Blocking antibodies to PECAM-1 inhibit monocyte migration
before diapedesis started, indicative for a sequential engage-
ment of these proteins during transmigration across the
junction.152 Thus, whereas JAM and PECAM-1 are involved
in the first stages of transmigration across endothelium, CD99
seems to regulate further passage through the endothelial
junctions. A note should be made that, as mentioned,
PECAM-1 is required for migration through the basement
membrane but is apparently also involved in early steps of
diapedesis.
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Previous reports have shown that adhesion of neutrophils
to endothelium disrupts the VE-cadherin complex at cell–cell
junctions.153,154 However, it was subsequently shown that
preparation of cell lysates under relatively mild conditions
allows neutrophil proteases to cause breakdown of the VE-
cadherin-catenin complex.155 However, the latter study by
Moll et al did not indicate whether proteases are involved in
the physiological process; it only clarified that such experi-
ments could not demonstrate regulated proteolysis of VE-
cadherin on neutrophil attachment. Nevertheless, it has been
observed with GFP fusion proteins and live-cell imaging that
VE-cadherin and the associated catenins are indeed not
localized from cell–cell junctions on passage of monocytes or
CD34� cells through the endothelium.12,156,157 Recent evi-
dence showed that elastase, a protease present in neutrophil
granules and released on activation, is able to degrade the
extracellular part of VE-cadherin, keeping the hypothesis
alive that neutrophils disrupt endothelial cell–cell junctions
by releasing elastase and possibly other proteases to migrate
through the endothelial cleft.158 However, studies with neu-
trophils from elastase-deficient or MMP-9–deficient mice
have shown that these proteases are not required for rolling
over, adhesion to, or migration across endothelium, although
these neutrophils were still able to disrupt VE-cadherin
function.159 Together, these studies indicate that proteases
might be involved in transendothelial migration, but that the
role for elastase and MMP-9 seems to be limited. Figure 3
summarizes schematically the endothelial signaling that ac-
companies and drives TEM.

Conclusions
Little more than one decade since the seminal studies that
started this field of research, it has become increasingly clear

that the emigration of leukocytes from the bloodstream
involves complex signaling in the migrating leukocyte and in
the endothelium. This signaling needs to be carefully con-
trolled, not only to ensure proper and efficient extravasation
but also to limit leukocyte transendothelial migration to those
sites where the cells are required. Mislocalized or excessive
leukocyte exit damages the endothelium and underlying
tissues. Therefore, leukocyte migration and adhesion repre-
sent important areas for drug targeting. This is even more
underscored by the realization that tumor cell metastasis
resembles leukocyte TEM and also that some tumor cells
even rely on specific chemokines, such as SDF-1, for their
spreading through the body. The events that take place in the
endothelium and accompany or even allow leukocyte diape-
desis have everything to do with control of endothelial
integrity. Given the essential role of the endothelium and its
barrier function for normal physiology, detailed knowledge of
the intracellular signaling and adhesion molecules involved is
of key importance. The unique interactions between activated
leukocytes and endothelial cells will likely, despite their
complexity, help us to understand the interplay between
cell–surface molecules, intracellular signaling cascades, and
the control of motility and cell–cell adhesion.
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Chemokine-driven migration is accompanied by po-
larization of the cell body and of the intracellular sig-
naling machinery. The extent to which chemokine re-
ceptors polarize during chemotaxis is currently unclear.
To analyze the distribution of the chemokine receptor
CXCR4 during SDF-1 (CXCL12)-induced chemotaxis, we
retrovirally expressed a CXCR4-GFP fusion protein in
the CXCR4-deficient human hematopoietic progenitor
cell line KG1a. This KG1a CXCR4-GFP cell line showed
full restoration of SDF-1 responsiveness in assays de-
tecting activation of ERK1/2 phosphorylation, actin po-
lymerization, adhesion to endothelium under condi-
tions of physiological flow, and (transendothelial)
chemotaxis. When adhered to cytokine-activated endo-
thelium in the absence of SDF-1, CXCR4 did not localize
to the leading edge of the cell but was uniformly distrib-
uted over the plasma membrane. In contrast, when
SDF-1 was immobilized on cytokine-activated endothe-
lium, the CXCR4-GFP receptors that were present on
the cell surface markedly redistributed to the leading
edge of migrating cells. In addition, CXCR4-GFP co-lo-
calized with lipid rafts in the leading edge of SDF-1-
stimulated cells, at the sites of contact with the endothe-
lial surface. Inhibition of lipid raft formation prevents
SDF-1-dependent migration, internalization of CXCR4,
and polarization to the leading edge of CXCR4, indicat-
ing that CXCR4 surface expression and signaling re-
quires lipid rafts. These data show that SDF-1, immobi-
lized on activated human endothelium, induces
polarization of CXCR4 to the leading edge of migrating
cells, revealing co-operativity between chemokine and
substrate in the control of cell migration.

Recent studies on interactions between peripheral blood leu-
kocytes and vascular endothelium have provided much insight
into the molecular details of chemokine-induced cell trafficking
from the circulation to the tissues (1, 2). Although much is
known about the migration of granulocytes and T cells, the
factors that control the transendothelial migration of primary

human hematopoietic progenitor cells, i.e. CD34� cells, are still
poorly understood. In the process of homing, transplanted
CD34� cells migrate from the peripheral blood across the en-
dothelium back to their niche in the bone marrow. Stromal
cell-derived factor-1� (CXCL12) is the major chemokine in-
volved in the homing of primary human CD34� cells but is also
a chemoattractant for other leukocytes, such as monocytes and
B and T lymphocytes (3–5).

SDF-1 is produced by several stromal cell types, including
those of the bone marrow (3), and signals through the G-
protein-coupled receptor CXCR4 (6). It has been shown that
SDF-1 stimulates integrin-mediated arrest of CD34� cells and
also of T lymphocytes on vascular endothelium under flow, and
that SDF-1 is constitutively expressed on human bone marrow
endothelium (2, 7). Moreover, SDF-1 activates the integrins
LFA-1, VLA-4, and VLA-5 on immature CD34� cells (8). Thus,
the interplay between SDF-1, presented on the bone marrow
endothelium, and adhesion molecules on the CD34� cells rep-
resents the main driving force for the homing process.

Although directional migration of leukocytes is accompanied
by polarization of the cell body and of the actin cytoskeleton,
redistribution of chemokine receptors has been the subject of
contradictory reports. Studies with C5a receptor-GFP1 fusion
proteins in neutrophils or cAMP receptor-GFP fusion proteins
in Dictyostelium cells show uniform distribution of these recep-
tors over the plasma membrane in cells that migrate to che-
moattractants (9, 10). Recent evidence indicates that differen-
tial distribution of G��-subunits leads to amplification of the
chemokine receptor signaling (11). Other chemokine receptors,
such as the formylmethionylleucylphenylalanine receptor on
neutrophils and CCR2 and CCR5 on T lymphocytes, are dis-
tributed to the leading edge upon exposure to their correspond-
ing chemokines (12, 13). In B lymphocytes, SDF-1 induces
polarization of CXCR4 to the leading edge of the cell (14). In
addition, it has been reported that SDF-1 can bind to fibronec-
tin and subsequently induces a polarized distribution of
CXCR4 on adherent T lymphocytes (15). However, these stud-
ies were all performed with artificial substrates, and to our
knowledge it is unclear whether leukocytes that adhere to acti-
vated endothelial cells redistribute chemokine receptors, such as
CXCR4, over their surface to drive directional migration. In
addition, there is no information on the distribution and localiza-
tion of CXCR4 in human hematopoietic progenitor cells.
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To study SDF-1-CXCR4 signaling and the distribution of
CXCR4 during the interaction of human hematopoietic progen-
itor cells with human bone marrow endothelium in more detail,
we generated a CXCR4-GFP fusion construct and retrovirally
expressed the protein into the CXCR4-deficient CD34� progen-
itor cell model KG1a. The CXCR4-GFP protein was function-
ally expressed at the cell surface and mediated SDF-1-depend-
ent actin polymerization, ERK1/2 activation, adhesion to
endothelium under flow, and directional migration. By using
this cell model, we found that SDF-1, immobilized on activated
human bone marrow endothelium to mimic the in vivo situa-
tion, induced formation of lamellipodia and membrane ruffles
and a marked redistribution of surface-expressed CXCR4 to the
leading edge of the cell. In addition, CXCR4 co-localized with
lipid rafts at the leading edge, at the sites of contact with the
endothelial apical surface. In conclusion, these findings suggest
that SDF-1, when presented by the endothelium, induces
CXCR4 polarization during directional and transendothelial
migration of human hematopoietic progenitor cells.

MATERIALS AND METHODS

Reagents—Recombinant tumor necrosis factor-� (TNF-�) was from
PeproTech (Rocky Hill, NJ); calcein-acetoxymethyl, Texas Red phalloi-
din, membrane-dye DiI, cholera toxin subunit B (CTB)-Alexa 594, Alexa
488/568-labeled goat anti-mouse Ig, and Alexa 488/568-labeled goat
anti-rabbit Ig secondary antibodies (Abs) were from Molecular Probes
(Leiden, The Netherlands). Phospho-ERK1/2 mAb and ERK2 polyclonal
Ab were purchased from Santa Cruz Biotechnology (Heerhugowaard,
The Netherlands). Recombinant human SDF-1 was purchased from
Strathmann Biotech GmbH (Hannover, Germany). Pooled human se-
rum, human serum albumin, fibronectin (FN), and control PE-labeled
Abs IgG1 and IgG2a were obtained from the CLB (Amsterdam, The
Netherlands). Fetal calf serum was from Invitrogen. Basic fibroblast
growth factor was from Roche Applied Science. CXCR4 expression on
the cell surface was detected with PE-labeled anti-human CXCR4; for
CLSM imaging, unlabeled anti-human CXCR4 mAb (both 12G5) from
Pharmingen was used when indicated. Methyl-�-cyclodextrin (CD) was
from Sigma. ICAM-3 mAb conjugated to PE was obtained from Beck-
man Coulter (Mijdrecht, The Netherlands).

Isolation of CD34� Hematopoietic Progenitor Cells—Cord blood was
collected after delivery, according to the guidelines of Eurocord (Leiden,
The Netherlands). Cord blood CD34� cells were isolated with the
VarioMacs system (Miltenyi Biotec GmbH, Gladbach, Germany) as
described (4). At least 95% of the cells from cord blood expressed CD34
as determined by fluorescence-activated cell sorter with CD34 mAb
(number 581, Beckman Coulter).

Cell Cultures—The human bone marrow endothelial cell line-60 (HB-
MEC) has been described previously (16). The cells were cultured in
FN-coated culture flasks (NUNC, Invitrogen) in Medium 199 (Invitro-
gen), supplemented with 10% (v/v) pooled, heat-inactivated human
serum, 10% (v/v) heat-inactivated fetal calf serum, 1 ng/ml basic fibro-
blast growth factor, 5 units/ml heparin, 300 �g/ml glutamine, 100
units/ml penicillin, and 100 �g/ml streptomycin. After reaching conflu-
ency, the endothelial cells were passaged by treatment with trypsin/
EDTA solution (Invitrogen). In all experiments, HBMEC monolayers
were pretreated with TNF-� for 4 h. HL60 and KG1a cell lines were
obtained from ATCC (Manassas, VA) and were maintained in Iscove’s
modified Dulbecco’s medium (BioWhittaker, Brussels, Belgium) con-
taining L-glutamine, 100 units/ml penicillin, 100 �g/ml streptomycin,
and 10% fetal calf serum. All cells were cultured at 37 °C at 5% CO2. All
experiments were performed in Iscove’s modified Dulbecco’s medium
with 0.25% bovine serum albumin (BSA), hereafter termed assay
medium.

Construction of the CXCR4-GFP—The full-length cDNA encoding
CXCR4 was obtained from the National Institutes of Health AIDS
Research and Reference Reagent Program, operated by McKesson Bio-
services (Rockville, MD). The CXCR4 cDNA was subcloned as an EcoRI-
ApaI fragment into the N2pEGFP vector (Clontech, Palo Alto, CA). The
insert was then cloned into the EcoRI-NotI sites of the modified vector
LZRS-IRES-Zeocin (17). The resulting construct, LZRS-CXCR4-GFP-
IRES-Zeocin, was transfected into amphotropic Phoenix packaging cells
(18) by means of the calcium-phosphate transfection system (Invitro-
gen) to produce retroviruses. KG1a cells were transduced with virus-
containing supernatant in the presence of 10 �g/ml N-[1-(2,3-dioleoyl-
oxy)propyl]-N,N,N-trimethylammonium methylsulfate (Roche Applied

Science) and were centrifuged twice at 2000 rpm for 30 min. After 6 h,
the supernatant was replaced with fresh medium, and the cells were
allowed to recover overnight. This procedure was repeated twice on 2
consecutive days. Transduced cells were sorted for GFP expression by
FACStar (BD Biosciences).

Transmigration Assay—Transmigration assays were performed in
6.5-mm, 5-�m pore Transwell plates (Corning Costar, Cambridge, MA).
HBMEC were plated at 50,000 cells/Transwell on FN-coated filters.
Non-adherent cells were removed after 18 h. HBMEC were cultured to
confluency and stimulated overnight with TNF-� (10 ng/ml). Freshly
isolated CD34� cells or cell line cells (100,000) were added to the upper
compartment, and the assay was performed as described previously
(19). After the assays, the filters were fixed and stained with Texas
Red-phalloidin to confirm the integrity of the HBMEC monolayer
by CLSM.

Immunocytochemistry—Cells were fixed with 2% paraformaldehyde
and immunostained with Abs or DiI as indicated in figure legends,
followed by staining with fluorescently labeled secondary Abs (10 �g/
ml) when necessary. Cells were permeabilized with 0.5% Triton X-100
when indicated. F-actin was visualized with Texas Red-phalloidin (1
unit/ml). Images were recorded with a Zeiss LSM510 confocal laser-
scanning microscope (CLSM) with appropriate filter settings. Cross-
talk between the green and red channel was avoided by the use of
sequential scanning. Time-lapse microscopy was performed at 37 °C in
a temperature-controlled incubation chamber. FN-coated glass cover-
slips or confluent endothelial monolayers cultured on FN-coated glass
coverslips and stimulated overnight with TNF-� (10 ng/ml) were used.
FN or endothelium was preincubated for 30 min with 100 ng/ml SDF-1
at 37 °C, and medium was refreshed at the start of the experiments, as
described previously (2, 8). SDF-1 presence on endothelium was
checked by CLSM with anti-SDF-1 polyclonal Ab (PeproTech). 200,000
KG1a wild type (wt) or KG1a CXCR4-GFP cells were added to the
incubation chamber, and cell migration was recorded for at least 30
min. Imaging interval between recordings was �10 s.

Quantification of CXCR4 Polarization—Cells were incubated on ac-
tivated endothelium, which was coated or not with SDF-1, for 30 min at
37 °C. Then cells were fixed with 2% paraformaldehyde and immuno-
stained with ICAM-3-PE mAbs. ICAM-3 was used to determine the
back end in polarized cells, and four different microscopic fields per
glass coverslip were counted. By determine the back end with ICAM-3
expression and the leading edge with CXCR4-GFP expression, the
amount of polarized CXCR4-GFP cells was quantitated.

CXCR4 Internalization—Following the indicated preincubations, the
cells were fixed and not permeabilized, subsequently washed and kept
in PBS containing 0.25% BSA and 1 mM calcium with CXCR4-PE Ab
(1:4) for 30 min at 4 °C, and then washed with a 30-fold excess of
ice-cold PBS with 0.25% BSA. The relative fluorescence intensity was
measured by flow cytometry (FACScan, BD Biosciences).

Adhesion of Cells under Flow—Perfusions under steady flow (0.4
dynes/cm2) were performed in a modified version of a transparent
parallel plate perfusion chamber as described previously by Ulfman et
al. (20). The endothelial monolayer was cultured to confluency on a
gelatin-coated glass coverslip. Monolayers were pretreated overnight
with TNF-� (10 ng/ml). Additional incubation with SDF-1 (100 ng/ml)
was done at 37 °C for 30 min. Migration medium with 2 � 106 KG1a wt
or KG1a CXCR4-GFP cells/ml was perfused. After 5 min, the chamber
was flushed with migration medium to wash out all non-adhered cells,
and thereafter at least 20 areas of the perfusion surface were analyzed
with the image analysis software Optimas 6.1 (Media Cybernetics Sys-
tems, Silver Spring, MD). Adhesion of CD-treated cells to TNF-�-
treated endothelium was determined under static conditions, after
three washing steps with migration medium and by counting the ad-
hered cells per field of view, and 4 fields of view were analyzed
per experiment.

Actin Polymerization Assay—Cells were washed three times in assay
medium and resuspended in a concentration of 1 � 106 cells/ml. Prior to
the experiment, the cells and SDF-1 were incubated separately at 37 °C
for 10 min. SDF-1 (100 ng/ml) was added to the cell suspension, and at
indicated time points 100 �l of cell solution was transferred to 100 �l of
fixation solution (Intraprep Permeabilization Reagent, Beckman
Coulter). Cells were incubated in the fixation solution for at least 15
min. Thereafter, the cells were centrifuged and resuspended in 100 �l of
permeabilization reagent (Intraprep Permeabilization Reagent). After 5
min, 1 unit/ml Texas Red-phalloidin was added to visualize the F-actin.
After 20 min the cells were centrifuged and resuspended in PBS with
0.25% BSA. Mean fluorescence intensity was measured by FACScan.
The distribution of F-actin was analyzed on cytospins of 50,000 cells.
Images were analyzed by CLSM.
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Statistics—Student’s t test for paired samples (two-tailed) was used
for statistical analysis. Student’s t test for independent samples was
used where indicated.

RESULTS

To gain insight in the dynamics and distribution of the
receptor for SDF-1, CXCR4, during hematopoietic progenitor
cell-endothelium interactions, we generated a cell line that
stably expressed a CXCR4-GFP fusion protein. For this ap-
proach we used the human hematopoietic progenitor cell line
KG1a, which lacks endogenous expression of CXCR4 but does
express the progenitor cell marker CD34 (21). Flow cytometric
analysis of cells transduced with the CXCR4-GFP encoding
retrovirus confirmed stable expression of the CXCR4-GFP pro-
tein in the KG1a cells (Fig. 1A). CLSM revealed that the
CXCR4-GFP was localized both at the plasma membrane and
in sub-membranous vesicles (Fig. 1B). Flow cytometric analysis
showed that the CXCR4-GFP fusion protein was recognized by
monoclonal antibodies against CXCR4. Moreover, SDF-1 in-
duced rapid internalization of CXCR4-GFP (Fig. 1C).

Chemokine-induced intracellular signaling via G-protein-
coupled receptors, including CXCR4, has been studied exten-
sively (9, 22). To confirm that the transduced CXCR4-GFP
fusion protein was functional in mediating intracellular signal-
ing, we analyzed the phosphorylation of ERK1/2 following
SDF-1 stimulation (23). We observed rapid maximal phospho-
rylation of ERK1/2 in the KG1a CXCR4-GFP cells after 1 min
of SDF-1 treatment (Fig. 2). Medium changes did not induce
increased phosphorylation of ERK1/2 in either cell type,
whereas fetal calf serum, used as a positive control, induced
ERK1/2 phosphorylation in the KG1a wt cells as well as in the
KG1a CXCR4-GFP-transduced cells (data not shown). p38 mi-
togen-activated protein kinase phosphorylation was observed
in KG1a CXCR4-GFP cells after 15–30 min of SDF-1 stimula-
tion, whereas the wt cells did not show p38 phosphorylation
upon SDF-1 stimulation (data not shown). These findings in-
dicate that the transduced fusion protein is capable of inducing
intracellular signaling toward ERK1/2 and p38.

Chemokine-induced directional migration is accompanied by
localized actin polymerization, mainly at the leading edge of
the cell, to induce lamellipodial protrusions and to drive direc-
tional migration (24, 25). The KG1a CXCR4-GFP cells showed
a rapid and significant actin polymerization upon exposure to
SDF-1, whereas the KG1a wt cells did not (Fig. 3A). The kinet-
ics and extent of SDF-1-induced actin polymerization in the
KG1a CXCR4-GFP cells were similar as in primary human
CD34� cells (24). CLSM analysis confirmed these results (Fig.
3B) and underscored the observation that only the CXCR4-
GFP-positive cells responded to SDF-1 by polymerizing and

polarizing their actin cytoskeleton. The above data show that
transduction of CXCR4 is sufficient to restore SDF-1-respon-
siveness in these cells.

Several groups have reported that SDF-1 can be efficiently
presented by fibronectin to migrating T lymphocytes and in-
duces redistribution of CXCR4 to the leading edge of the cell,
suggesting that immobilized SDF-1 promotes directional cell
migration and receptor polarization (5, 7, 15). Analysis of
CXCR4-GFP redistribution on immobilized SDF-1 on fibronec-
tin-coated surfaces showed polarization of CXCR4-GFP (Fig.
4A). Labeling of the cells with the membrane probe DiI showed
that the polarization of CXCR4-GFP is not simply due to accu-
mulation of plasma membrane, because large parts of the cell
that stained strongly positive for DiI were negative for CXCR4-
GFP (Fig. 4B). Thus, SDF-1, immobilized on fibronectin, in-
duces redistribution of CXCR4 at the plasma membrane.

The expression levels of adhesion molecules such as VLA-4,
VLA-5, �2 integrins, and selectins, known to be involved in the
process of homing of primary CD34� cells, were not affected by

FIG. 1. Expression, localization, and SDF-1-induced internalization of the CXCR4-GFP fusion protein in KG1a cells. A, expression
of the CXCR4-GFP protein in KG1a cells was analyzed by flow cytometry. Solid line shows green fluorescence of KG1a CXCR4-GFP, and the dotted
line shows background fluorescence of KG1a wt cells. FL1 on the abscissa represents fluorescence emission at 530 nm. B, a CXCR4-GFP-expressing
KG1a cell was analyzed by CLSM. Arrow indicates CXCR4 localization at the plasma membrane, and the arrowhead shows localization of
CXCR4-GFP in intracellular vesicles. Bar, 5 �m. C, SDF-1-induced internalization of CXCR4-GFP. The solid line indicates CXCR4 expression in
resting KG1a CXCR4-GFP cells, analyzed by flow cytometry of fixed but not permeabilized cells with a PE-labeled CXCR4 mAb. Dashed line shows
rapid (5 min) SDF-1 (100 ng/ml)-induced internalization of CXCR4. Dotted line left shows IgG2a-isotype control. FL2 on the abscissa represents
fluorescence emission at 585 nm. Results are representative of three independent experiments.

FIG. 2. SDF-1 induces phosphorylation of ERK1/2. KG1a
CXCR4-GFP cells were serum-starved overnight and subsequently ex-
posed to 100 ng/ml SDF-1 for the indicated times. Western blot analysis
shows phosphorylation of ERK1/2 (pERK) at 1–2 min in KG1a CXCR4-
GFP cells, whereas the KG1a wt cells did not induce phosphorylation of
ERK1/2 upon SDF-1 exposure. Addition of medium alone did not influ-
ence the phosphorylation of ERK1/2 in both cell types. Lower blots for
total ERK2 confirm equal protein loading. Results are representative
for two independent experiments.
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the CXCR4-GFP transduction into the KG1a cells (data not
shown) and were comparable with those on primary CD34�

cells (data not shown and see Refs. 26 and 27). Peled and
colleagues (7) reported that SDF-1 is constitutively expressed
on human bone marrow endothelium and induces firm adhe-
sion of primary human CD34� cells to the endothelium under
shear stress. Moreover, on primary human CD34� cells, SDF-1
activates the integrins LFA-1, VLA-4, and VLA-5 (8). To test
whether the SDF-1-induced adhesion of CD34� cells to the
endothelium is specifically mediated by CXCR4, the KG1a
CXCR4-GFP cells and the KG1a wt cells were exposed to TNF-
�-stimulated and SDF-1-incubated endothelium under physio-
logical shear stress. Adhesion of KG1a CXCR4-GFP cells to
activated endothelium was significantly enhanced in the pres-
ence of SDF-1 (Fig. 5). KG1a wt cells did not show a significant
increase in adhesion, indicating that the SDF-1-mediated in-
crease in adhesion to endothelium was mainly dependent
on CXCR4.

The final step in the homing of CD34� cells is the migration
to the bone marrow stroma. In Transwell-based in vitro migra-
tion assays, the KG1a wt cells showed no increase in transmi-
gration across FN-coated filters to SDF-1, whereas KG1a

CXCR4-GFP cells showed a significant increase. Primary hu-
man CD34� cells migrated for almost 50% across FN-coated
filters to SDF-1 (Fig. 6A). Migration experiments with CXCR4-
deficient KG1a cells and CXCR4-expressing and SDF-1-respon-
sive HL60 cells, which both were transduced with GFP-actin,
showed that the transduction procedure itself did not alter the
migratory capacities or SDF-1 responsiveness of these cells.

Dose-response experiments showed optimal migration of the
KG1a CXCR4-GFP cells across fibronectin at 70 ng/ml SDF-1
(Fig. 6B). A decline in migration was observed at high SDF-1
concentrations (1000 ng/ml, n � 1; data not shown). Migration
of the KG1a CXCR4-GFP cells across TNF-�-stimulated HB-
MEC revealed an optimal concentration for SDF-1 of 30 ng/ml
and a bell-shaped dose-response curve (Fig. 6C). Although the
absolute migration of the cells across the endothelium was
lower than across FN, the SDF-1 concentration, required for
maximal migration, was reduced. This suggests that the endo-
thelium presents the chemokine more efficiently than the FN
or that the adhesion to the endothelium promotes SDF-1 re-
sponsiveness, compared with the adhesion to FN. Previous
experiments performed with primary human CD34� cells
showed similar results in migration across endothelium versus
FN (26). Thus, migration of KG1a-CXCR4-GFP cells to SDF-1
across FN and HBMEC was comparable with that of primary
human CD34� cells and was dependent on CXCR4.

Under physiological flow, the role of soluble chemokines to
create a gradient will be limited. It has been published that
chemokines can bind to proteoglycans and glycosaminoglycans
on the endothelium (28, 29). Moreover, Middleton and col-
leagues (30) have reported that intradermally injected chemo-
kines are presented on the apical side of the endothelium in
vivo. Based on the results that showed immobilized SDF-1 to
induce firm adhesion to activated endothelium (Fig. 5), we
analyzed the distribution of CXCR4-GFP on untreated or SDF-

FIG. 4. SDF-1-induced redistribution of CXCR4-GFP. A, CLSM
analysis of KG1a CXCR4-GFP on a FN-coated glass coverslip showed
diffuse staining of CXCR4-GFP on the cell membrane of resting cells
(control, a). Preincubation for 30 min of the FN surface with 100 ng/ml
SDF-1 induced a marked CXCR4-GFP redistribution (SDF-1, b). a and
b, bar, 30 �m. Right panels show magnification of KG1a CXCR4-GFP
cells, exposed to SDF-1, immobilized on FN (c, bar, 10 �m). B, KG1a
CXCR4-GFP cells were incubated for 30 min on FN-coated glass cover-
slips (control, a–c) or on FN- and SDF-1-coated glass coverslips (SDF-1,
d–f) and subsequently fixed and stained with lipid marker DiI to visu-
alize the plasma membrane. Cell membrane labeling with DiI is shown
in red (a and d), CXCR4-GFP in green (b and e), and co-localization
appears in yellow (c and f). Bar, 10 �m. Graphs show fluorescent
intensity of the red (DiI) and green (CXCR4-GFP) signal, along the line
shown in the merged images (c and f) and show distinct differences in
localization of the fluorescent signals of the DiI and CXCR4-GFP.

FIG. 3. SDF-1 induces rapid actin polymerization in KG1a
CXCR4-GFP cells. A, cells were stimulated with 100 ng/ml SDF-1 and
immediately fixed, permeabilized, and stained with Alexa-488-labeled
phalloidin and analyzed by flow cytometry. SDF-1 induced a significant
and rapid (after 15 and 30 s) increase in F-actin in KG1a CXCR4-GFP
cells (�) but not in KG1a wt cells (Œ). Untreated KG1a CXCR4-GFP
cells are indicated by f. Data are mean � S.D. of at least three
independent experiments. *, p � 0.01. B, following the actin polymeri-
zation assay, cytospins were prepared from the fixed KG1a CXCR4-
GFP cells and analyzed by CLSM. CXCR4-GFP is shown in a and c and
F-actin in b and d. Exposure of SDF-1 for 15 s induced a rapid polar-
ization of F-actin (c and d). a and b show KG1a CXCR4-GFP cells
without SDF-1. CLSM analysis revealed that SDF-1-induced actin po-
lymerization and polarization only occurred in CXCR4-GFP-positive
cells, indicated by the asterisks. Bar, 10 �m.
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1-treated TNF-�-activated endothelium in real time (Fig. 7).
These experiments showed that in the absence of SDF-1, KG1a
CXCR-4-GFP cells adhered and migrated on TNF-�-stimulated
endothelial monolayers. Moreover, upon adhesion, the cells
formed membrane ruffles and lamellipodia. However, no prom-
inent CXCR4-GFP localization was observed in these ruffles,
but CXCR4-GFP seemed to accumulate in the back of the cell
(Fig. 7A, see Supplemental Material for 4 Quick-Time movies).
However, not all CXCR4-GFP-expressing cells showed such
CXCR4-GFP localization in the back of the cell but a more
uniform distribution over the plasma membrane. These differ-
ences might be due to the different expression levels of CXCR4-
GFP per cell. Addition of soluble SDF-1 to the medium did not
induce a redistribution of CXCR4-GFP in already adherent
cells (data not shown). In contrast, immobilization of SDF-1
onto TNF-�-stimulated endothelium induced increased adhe-
sion and lamellipodia formation by the migrating KG1a
CXCR4-GFP cells. Moreover, under these conditions CXCR4-
GFP was redistributed to the leading edge of the cell, in par-
ticular to the newly formed lamellipodia (Fig. 7B, see Supple-
mental Material). These results clearly show that immobilized
SDF-1 on activated endothelium induces a redistribution of
CXCR4 toward the leading edge of the migrating cell.

To determine whether the CXCR4-GFP was localized intra-
cellularly or on the cell surface, the KG1a CXCR4-GFP cells
were fixed but not permeabilized and stained with a CXCR4
antibody, following their incubation on TNF-�-stimulated en-
dothelium, with or without immobilized SDF-1. Confocal mi-
croscopy of non-permeabilized cells confirmed that a fraction of
the CXCR4-GFP was localized to the cell surface at the leading
edge, whereas the CXCR4-GFP fraction at the back of the cell
was not stained by the antibody (Fig. 8A). By using the PE-
conjugated CXCR4 antibody, also primary human CD34� cells
showed a polarized CXCR4 localization after exposure to im-
mobilized SDF-1 (Fig. 8A). Real time live cell analysis with the
PE-conjugated antibody to CXCR4 revealed that SDF-1, immo-
bilized on the endothelium, induced CXCR4 distribution to the
front of the migrating KG1a CXCR4-GFP cell (Fig. 8B).
CXCR4-GFP that did not co-localize with the antibody staining
was present in the back of the cell, similar to fixed cells as
described above. Moreover, the change of cell shape and the
directionality of migration were paralleled by a corresponding
CXCR4 redistribution over the cell surface to a newly formed
lamellipodium, whereas the KG1a wt cell shape did not change
(Fig. 8B). Although the antibody used (clone 12G5) is described

as a blocking antibody, our results indicate that responses
induced by immobilized SDF-1 were not inhibited by this an-
tibody. Reports by others (31, 32) already showed that this
antibody only partially blocks SDF-1 responses. However, on
cells that are treated in suspension, the 12G5 antibody is still
capable of blocking SDF-1 responses.2 Together these results
showed that, upon exposure to immobilized SDF-1 on endothe-
lium, CXCR4-GFP is present on the cell surface at the front of
the cell, whereas CXCR4-GFP at the back of the cell is localized
intracellularly. To confirm that the antibody recognized the
CXCR4-GFP fusion protein, SDF-1-stimulated KG1a CXCR4-
GFP cells were fixed, permeabilized, and stained for CXCR4
with the CXCR4 antibody. Confocal analysis showed a 100%
co-localization of staining by the antibody with the CXCR4-
GFP fusion protein (Fig. 8C).

To quantify SDF-1-induced CXCR4-GFP polarization at the
leading edge of KG1a CXCR4-GFP cells on activated endothe-
lium, the cells were incubated on SDF-1-coated and TNF-�-
activated endothelium and stained for ICAM-3, which localizes
to the back of a polarized cell (Fig. 9A) (14). The other side of
the cell therefore represents the leading edge. After exposure to

2 J. D. van Buul and C. Voermans, unpublished observations.

FIG. 5. SDF-1 induces CXCR4-dependent adhesion to activated
endothelium under flow conditions. TNF-�-activated endothelial
monolayers on gelatin were incubated for 30 min with SDF-1 (100
ng/ml) prior to the experiment, when indicated, and subsequently ex-
posed to physiological shear stress (perfusion rate 0.4 dynes/cm2). The
KG1a CXCR4-GFP or wt cells were then allowed to flow over the
endothelial surface for 5 min; non-adherent cells were washed away,
and the number of adherent cells per mm2 were counted. SDF-1 induced
a significant increase in the number of adherent KG1a CXCR4-GFP
cells to the endothelium (filled bars), whereas KG1a wt cells (open bars)
did not. Data are mean � S.D. of three independent experiments. *,
p � 0.01.

FIG. 6. Migration to SDF-1 across fibronectin requires expres-
sion of CXCR4-GFP. A, cells were allowed to migrate across FN-
coated Transwell filters for 4 h at 37 °C. Primary CD34� cells, HL60 wt,
and KG1a CXCR4-GFP cells responded to SDF-1 (100 ng/ml), whereas
the KG1a wt cells did not. The transduction procedure itself did not
affect migration to SDF-1, as shown by the GFP-actin-transduced cells.
Data are mean � S.D. of at least three independent experiments. *, p �
0.05; **, p � 0.01. B, migration of KG1a CXCR4-GFP to SDF-1 across
FN-coated filters reached a maximum at 70 ng/ml SDF-1. Data are
mean � S.D. of three independent experiments. *, p � 0.01 compared
with control levels without SDF-1. C, migration of KG1a CXCR4-GFP
cells across HBMEC in response to SDF-1. HBMEC were cultured on
FN-coated filters and stimulated overnight with 10 ng/ml TNF-� as
described under “Materials and Methods.” SDF-1-induced migration of
KG1a CXCR4-GFP cells across HBMEC was optimal at 30 ng/ml
SDF-1. Data are mean � S.D. of three independent experiments. *, p �
0.05 compared with control without SDF-1.
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immobilized SDF-1, detailed examination of ICAM-3 and of
CXCR4-GFP distribution showed a significant increase in cells
(73%) that expressed CXCR4-GFP at the leading edge, whereas
in the absence of SDF-1 only 34% of the cells showed a redis-
tribution of CXCR4-GFP to the leading edge (Fig. 9B). Thus, in
order to amplify signaling, induced by immobilized SDF-1 on
TNF-�-stimulated endothelium, migrating cells redistribute
CXCR4 to the leading edge.

To organize chemokine-induced signaling, migrating and po-
larized cells associate glycosphingolipids with cholesterol to
cluster membrane microdomains or so-called lipid rafts. Sev-
eral reports have shown that depletion of cholesterol from the
plasma membrane, which disturbs lipid raft integrity, results
in an impaired responsiveness to extracellular signals (33, 34).
Visualizing the lipid rafts with CTB showed that in resting
KG1a CXCR4-GFP cells CXCR4 co-localized with these rafts
(Fig. 10A). Stimulation with soluble SDF-1 resulted in a rapid
clustering of lipid rafts and polarization of CXCR4-GFP. Be-
sides the fact that CXCR4-GFP still co-localized with the clus-
tered lipid rafts on the cell surface, we also observed a rapid
CXCR4-GFP internalization after SDF-1 exposure. Depletion
of cholesterol from the membrane by CD significantly pre-
vented SDF-1-induced CXCR4 internalization, as was meas-
ured by flow cytometry (Fig. 10B). In addition, SDF-1-driven
transmigration of the KG1a CXCR4-GFP cells across FN-
coated filters was also significantly inhibited upon depletion of
cholesterol by CD (Fig. 10C). Moreover, pretreatment of the
KG1a CXCR4-GFP cells with CD significantly decreased firm
adhesion to activated endothelium (Fig. 10D). These results
indicate that the complete inhibition of SDF-1-induced migra-
tion of CD-treated KG1a CXCR4-GFP cells is partially due to
less adhesion to the endothelium but also due to deficient
CXCR4 signaling.

SDF-1, immobilized on activated endothelium, induced lipid
raft redistribution to the leading edge of migrating cells. De-
tailed three-dimensional analysis revealed that the lipid rafts

co-localized with CXCR4-GFP at the leading edge of the cell, at
sites of contact with the apical surface of the endothelium. The
back of the cell did not show co-localization between lipid rafts
and CXCR4-GFP (Fig. 10E). In order to determine whether
lipid rafts are involved in SDF-1-induced CXCR4 polarization,
the cells were pretreated with CD and subsequently incubated
on activated endothelium, on which SDF-1 was immobilized.
These results showed that lipid rafts support SDF-1-induced
polarization of CXCR4 (Fig. 10F). In conclusion, proper lipid
raft organization is required for efficient SDF-1-mediated
responses.

FIG. 7. SDF-1 promotes redistribution of CXCR4-GFP on acti-
vated endothelium. HBMECs were cultured to confluency on FN-
coated glass coverslips and stimulated overnight with TNF-�. Real time
analysis by CLSM showed induction and migration of lamellipodia of
the KG1a CXCR4-GFP cells but no redistribution of CXCR4-GFP, as
indicated by the arrowhead (a–c). Images were extracted at indicated
times (in seconds) from a time-lapse movie. a depicts CXCR4-GFP
localization in green; b shows phase-contrast image. c shows the merged
image. Preincubation of the TNF-�-stimulated endothelial monolayer
with SDF-1 promoted migration of the KG1a CXCR4-GFP cells and
redistribution of CXCR4-GFP to the leading edge of the cell (asterisk),
whereas the KG1a wt cells did not migrate or change morphology (�)
(c–e). Images were extracted at indicated times (in seconds) from a
time-lapse movie. d depicts CXCR4-GFP localization in green; e shows
phase-contrast image. f shows the merged image. Bar, 5 �m. Videos of
this experiment are available as Quick Time movies, see Supplemental
Material.

FIG. 8. CXCR4 is expressed at the outside of the plasma mem-
brane in a polarized fashion. A, antibody labeling showed marked
redistribution of CXCR4 to the leading edge of the cells after exposure
to immobilized SDF-1 on TNF-�-stimulated endothelium. After a 30-
min exposure of the KG1a CXCR4-GFP cells to activated endothelium,
without (control, a–c) or with immobilized SDF-1 (e–g), the cells were
fixed but not permeabilized and stained with CXCR4 mAb in red (b and
f). Green shows localization of CXCR4-GFP (a and e), and yellow rep-
resents co-localization (c and g). Asterisk shows CXCR4 polarization at
the surface; arrowhead shows intracellular localized CXCR4. Right
panel shows CXCR4-PE staining of fixed primary human CD34� cells
incubated on control (d) or SDF-1-coated endothelium (h). Bar, 5 �m. B,
immobilized SDF-1 on TNF-�-stimulated endothelium redistributes
CXCR4 on the cell surface to a newly formed lamellipodium on the
migrating cell, indicated by the asterisk. Images were taken with a
short time interval, as indicated in seconds in the upper left corner.
Cells were labeled with PE-labeled CXCR4 Ab (b and e). Green shows
distribution of CXCR4-GFP (a and d). Co-localization between CXCR4-
GFP and CXCR4-PE is shown in yellow (merge, c and f). Phase contrast
panels on the right show four cells, one of which is CXCR4-GFP-positive
and hence spreads upon exposure to immobilized SDF-1 (d and g). Bar,
10 �m. C, the antibody 12G5 to CXCR4 recognizes all the CXCR4-GFP
fusion proteins. Cells were exposed to immobilized SDF-1 on FN (5
min), fixed, permeabilized, and stained with CXCR4 Ab and secondary
Alexa-568 Ab. Green shows CXCR4-GFP (a),and red represents staining
with CXCR4 Ab (b). Co-localization appears in yellow (merge, c). Bar,
20 �m.
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DISCUSSION

Chemokine-induced polarization of the cell body and of the
intracellular signaling machinery is well established (35). In
contrast, polarization of the relevant chemokine receptors is
induced by chemokine exposure according to some authors (13)
but not to others (36), possibly due to cell type-specific differ-
ences. The present study was designed to test the hypothesis
that the context in which the chemokine is presented plays a
crucial role in the modulation of receptor (re)distribution. To
this end, we expressed a CXCR4-GFP fusion protein in the
CXCR4-deficient hematopoietic progenitor cell line KG1a. The
expression of the fusion protein restored the ability of the cell to
respond to SDF-1 in migration, internalization, and actin po-
lymerization assays. Studies with primary human hematopoi-
etic progenitor cells, i.e. CD34� cells derived from cord blood,
showed similar kinetics in these assays as the KG1a CXCR4-
GFP cells (7, 26), which also shows that the KG1a CXCR4-GFP
cell line is a valid model to study human hematopoietic pro-
genitor cell responses to SDF-1 in detail.

By using this newly transduced cell line, we were able to
document the redistribution of CXCR4 in response to SDF-1.
Several studies already analyzed the behavior and redistribu-
tion of chemokine receptors. From these studies, it was clear
that not all chemokine receptors behave similarly in response
to their cognate ligands. Studies with GFP-tagged fusion pro-
teins, such as the C5a receptor and the cAMP receptor, have
shown that these receptors did not polarize upon activation (10,
36). However, Meili et al. (37) showed that the pleckstrin ho-
mology domain of protein kinase B/Akt fused to GFP polarizes
upon exposure to cAMP, indicating that polarized signaling
from G-protein-coupled receptors is involved in sensing and
responding to chemokine gradients. With fluorescent antibod-
ies, it was shown that the chemokine receptors CCR5, CCR2,
and CXCR4 polarize upon chemokine activation under static
conditions (13–15). These conflicting results were obtained ei-
ther with Dictyostelium as a model or with mammalian cells
adhered to an artificial matrix. Moreover, chemokines were
added in solution or via a micropipette to study the mechanism
that controls cell polarization.

In vivo, human leukocytes crawl over the endothelium of the
vessel wall in response to signals from the underlying tissue.
Peled et al. (7) have shown that the chemokine SDF-1 is ex-
pressed on human bone marrow endothelium. In addition,
Middleton et al. (30) reported that chemokines, such as inter-
leukin-8 and regulated on activation normal T cell expressed
and secreted (RANTES), could be presented at the apical sur-
face of endothelial cells. Moreover, because SDF-1 is not only
produced by bone marrow stroma cells, but also by other tis-
sues, and because also other human leukocytes, such as mono-
cytes and T and B lymphocytes express CXCR4, SDF-1 pres-
entation on the endothelium might represent a general
mechanism to promote CXCR4-mediated chemotaxis. Here we
show that CXCR4 rapidly redistributes to the leading edge of
the cell in response to immobilized SDF-1, both on FN (this
paper and Ref. 15) and on a physiological relevant substrate
such as activated human endothelium. Complementary
ICAM-3 staining, to visualize the back of the cell, revealed
that CXCR4 was mainly polarized to the leading edge. More-
over, we observed that the shape of the KG1a wt cells did not
change on activated endothelium, in the presence or absence
of immobilized SDF-1, whereas the KG1a CXCR4-GFP cells
did spread and migrate over activated endothelium, even in
the absence of SDF-1. This observation might indicate that
not only the underlying tissue but also the human bone
marrow endothelium itself is able to produce and subse-
quently present chemokines, in this case SDF-1, in order to
mediate chemotaxis, although this amount of chemokine,
present at the surface of activated endothelium, is not suffi-
cient to induce clear polarization of CXCR4 to the leading
edge of the migrating cell.

It has been suggested that cells cluster signaling receptors
into so-called lipid rafts to respond rapidly to environmental
changes. Previous reports (34, 38) suggest that lipid rafts
localize to the leading edge of a migrating cell, although this
topic is the subject of conflicting reports. Here we show that
SDF-1, immobilized on activated endothelium, induces clus-
tering of lipid rafts. Three-dimensional analysis suggests
that CXCR4 co-localizes with the lipid rafts at the basolateral

FIG. 9. Immobilized SDF-1-induced polarization of CXCR4-GFP on endothelium. A, cells were incubated on SDF-1-coated and TNF-�-
activated endothelium for 30 min at 37 °C and subsequently fixed, not permeabilized, and stained with a PE-conjugated mAb to ICAM-3. CLSM
analysis showed distinct localization of CXCR4-GFP in green (a) and ICAM-3 in red (b) in a polarized cell (d). The line across the merged image
in (c) corresponds to fluorescent intensities of the green, red, and phase-contrast channels, depicted in B, panel e. Bar, 5 �m. B, immobilized SDF-1
on TNF-�-activated endothelium significantly increased CXCR4 polarization. Open bar shows CXCR4 polarization in the absence of SDF-1; closed
bar shows CXCR4 polarization induced by immobilized SDF-1. Polarization of CXCR4-GFP was defined as the lack of co-localization of ICAM-3 and
CXCR4-GFP. Three independent experiments were carried out. *, p � 0.01.
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side of the cell. Recently, Shamri et al. (39) showed that
G-protein-coupled receptor-mediated activation of �4�1 inte-
grin depends on the formation of cholesterol-raft platforms.
The specific localization of CXCR4 in the lipid rafts at the
basolateral side of the cell suggests that in lipid rafts, inte-
grins may cluster with G-protein-coupled receptors on leuko-
cytes, which would likely favor chemokine-induced integrin-
mediated activation.

Finally, chemokine receptor distribution can be studied by
means of GFP fusion proteins or specific antibodies. Here we

show that CXCR4-GFP redistributes to the cell surface at the
leading edge of the cell, and we underscore these findings by
using specific antibodies, directed to the receptor. However,
CXCR4-GFP was also detected at the rear of the cell, where it
was not recognized by these antibodies on non-permeabilized
cells, indicating that this fraction of the receptor pool was
localized intracellularly. This observation shows that GFP fu-
sion protein distribution does not necessarily represent cell
surface localization.

In conclusion, we have generated and characterized a suita-

FIG. 10. SDF-1-induced CXCR4 polarization and signaling depends on lipid raft formation. A, cells were incubated on poly-L-lysine- and
SDF-1-coated glass coverslips at 37 °C. Time is indicated in seconds in the upper left corner. Cells were stained with cholera toxin B (CTB), fixed,
and analyzed with CLSM as described under “Materials and Methods.” Lipid rafts are in red (a, d, and g); green indicates CXCR4-GFP (b, e, and
h), and yellow represents co-localization (merge, c, f, and i). Lipid rafts co-localize with CXCR4-GFP and cluster upon exposure to SDF-1. Bar, 5
�m. B, depletion of cholesterol from the plasma membrane inhibits SDF-1-induced internalization of CXCR4. Cells were treated with 10 mM

methyl-�-cyclodextrin (CD) (open bars) or with PBS alone (closed bars) for 30 min at 37 °C and exposed to SDF-1 for the times indicated on the
abscissa. CXCR4 surface expression was measured using CXCR4-PE mAb on fixed but not permeabilized cells. Data are mean � S.D. of three
independent experiments. *, p � 0.05. C, lipid raft integrity is required migration. Cells were treated with 10 mM CD or were left untreated for
30 min at 37 °C and were subsequently allowed to migrate to 30 ng/ml SDF-1 in a Transwell assay as described under “Materials and Methods.”
Data are mean � S.D. of three independent experiments. *, p � 0.001. D, SDF-1-induced firm adhesion of KG1a CXCR4-GFP cells to endothelium
is blocked by CD. Cells were treated with 10 mM CD or were left untreated for 30 min at 37 °C and were subsequently allowed to adhere to activated
endothelium, on which SDF-1 was immobilized. Percentage on the y axis represents the number of cells per field of view, analyzed by CLSM. Data
are mean � S.D. of three independent experiments. *, p � 0.01. E, CXCR4 and lipid rafts co-localize to the leading edge. Endothelial cells were
cultured on FN-coated glass coverslips and stimulated with TNF-�. 30 min prior to the addition of the cells, the endothelial cells were coated with
100 ng/ml SDF-1. Cells were allowed to adhere to the endothelium for 30 min and were then fixed and analyzed by CLSM. CTB is visualized in
red (a) and CXCR4-GFP in green (b), and co-localization appears in yellow (merge, c). Detailed X-Z images revealed that the lipid rafts localize to
the baso-lateral side of the cell, together with CXCR4-GFP, as is indicated by the white arrows (d). Red color layer in X-Z image represents CTB
staining on the endothelium. Bar, 5 �m. F, methyl-�-cyclodextrin blocks SDF-1-induced polarization of CXCR4. Cells were treated as described
under E. CXCR4 polarization was determined as described under “Materials and Methods.” Data are mean � S.D. of three independent
experiments. **, p � 0.05.
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ble model cell line for human hematopoietic progenitor cells to
be used in studies on SDF-1-induced chemotaxis and stem cell
homing. Moreover, we have shown that the CXCR4 receptor
displays substrate- and chemokine-dependent polarization to
the leading edge and that the cells redistribute the receptor to
lipid rafts. These data provide new insights in the mechanisms
that govern cell polarization and migration and underscore the
crucial role of cellular context for the responses to chemokines.
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Abstract

Re-infused hematopoietic stem and progenitor cells selectively migrate to the

bone marrow by a process called homing. We investigated whether the chemokine

receptor CXCR4 is the sole determinant of the specific homing to and engraftment of

the bone marrow by human hematopoietic progenitor cells.

For this purpose, we transduced a CXCR4-GFP fusion protein into the human

progenitor KG1a cell line, which lacks endogenous CXCR4, transplanted these cells into

sub-lethally irradiated NOD/SCID mice and analyzed the homing and engraftment

potential in various organs. The results showed that KG1a-CXCR4-GFP cells, but not

control KG1a-GFP cells, home to and engraft the murine bone marrow but not to other

organs, with similar efficiency as did human CD34+ cells. These results demonstrate that

CXCR4 triggers specific homing to and engraftment of the NOD/SCID bone marrow

and that the KG1a cell line is a powerful tool for such studies.

Introduction

Following hematopoietic stem cell harvesting and myelo-ablative therapy,

intravenously re-infused stem and progenitor cells home to the bone marrow (BM), and

subsequently restore the patient’s hematopoiesis.1,2 The chemokine CXCL12 (SDF-1) and its

receptor CXCR4 play a central role in the homing of (subpopulations of) human CD34+

cells.3-5 CXCL12 is constitutively expressed on human BM endothelium in vivo and promotes

the arrest of CD34+ cells on the endothelium under physiological flow.6 We recently showed,

using the human CD34+/CXCR4- cell line KG1a, engineered to express a CXCR4-GFP fusion

protein, that CXCL12, immobilized on activated endothelium, induces polarization of CXCR4

to lipid rafts in the leading edge of the migrating cell.7 In addition, CXCR4 expression

restored SDF-1-induced arrest of KG1a cells on endothelium under physiological flow, in line
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with the findings of Peled and co-workers.6,7 In-vivo experiments with the NOD/SCID mice

model have shown that the engraftment of CD34+ cells depends on CXCR4.5 We previously

found a significant correlation between SDF-1-induced migratory capacity of CD34+ cells of

different patients and the time to hematological recovery after autologous stem cell

transplantation.8 Based on these data, it is believed that the CXCL12/CXCR4 axis is crucial

for homing and engraftment of CD34+ cells to the BM, although the specificity of this process

is not fully understood.9

To analyze the role of CXCR4 in the homing of CD34+ cells to the BM, we used the

CD34+ cell line model KG1a, transduced with CXCR4-GFP.7 As controls we used KG1a

cells, transduced with GFP, and primary human CD34+ cells. The various cells were

transplanted in NOD/SCID mice. The results show that CXCR4 is necessary and sufficient to

mediate the seeding to and engraftment of the NOD/SCID BM. 

Materials and Methods

Antibodies. Antibodies to human CD45, conjugated with allophycocyanin (APC), and to

mouse CD45, conjugated to fluorescein isothiocyanate (FITC), were obtained from

Pharmingen (San Diego, CA, USA). ICAM-3 mAb conjugated to phycoerythrin (PE) was

obtained from Beckman Coulter (Mijdrecht, The Netherlands). Control Abs to IgG1 and

IgG2a were purchased from Sanquin (Amsterdam, The Netherlands).

Isolation of CD34+ cells.  Cord blood was collected after delivery, according to the

guidelines of Eurocord, and CD34+ cells were isolated as described.7

Transplantation of NOD/SCID mice. Pathogen-free NOD/LtSz-scid/scid (NOD/SCID)

mice were obtained from Jackson Laboratories (Bar Harbor, MA, USA) and housed as

described.10 To determine the homing percentage of transplanted cells to a particular organ,

i.e. seeding, 5x106 KG1a-GFP cells, 5x106 KG1a-CXCR4-GFP or 1x106 human CD34+ cells

were injected per mouse intravenously into the lateral tail vein of sub-lethally (3.5 Gy)

irradiated mice, 3 mice per group. Twenty-four hours after transplantation, the mice were

sacrificed and femurs, lungs, liver, spleen and blood were harvested, processed to obtain cell

suspensions and analyzed by flow cytometry (FACScan, Becton Dickinson, Heidelberg,

Germany). Percentage seeding was calculated as described.11 To establish engraftment

potential, 30x106 KG1a-GFP cells, 30x106 KG1a-CXCR4-GFP or 1x105 human CD34+ cells

were injected per mouse intravenously into the lateral tail vein of sub-lethally irradiated mice,
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5 mice per group. Six weeks after injection, the mice were sacrificed and the above-

mentioned organs were isolated, processed to obtain cell suspensions and analyzed by flow

cytometry.

Immunofluorescence analysis. To determine the presence of human cells in the various

organs of the NOD/SCID mouse, cell suspensions were stained with fluorescently labeled

antibodies to human CD45 (APC), human ICAM-3 (PE) and mouse CD45 (FITC). The

incubations were performed as described.12 Seven-aminoactinomycin D (7-AAD; Molecular

Probes, Eugene, OR, USA) was added to the samples to exclude dead cells.

Statistics. ANOVA parametric Tukey test for paired samples (two-tailed) was used for

statistical analysis (GraphPath Instat). Data are depicted as mean (± SD).

Results and Discussion

CXCR4-GFP and, as a control, GFP alone were expressed in the progenitor cell line

KG1a, which lacks endogenous CXCR4. Stable expression of CXCR4-GFP and GFP was

established in approximately 90% of the cells. KG1a-CXCR4-GFP cells showed full

restoration of responsiveness to CXCL12, as reported previously.7 To study the specific

requirement of CXCR4 for seeding and engraftment in the BM, KG1a-CXCR4-GFP, KG1a-

GFP and, as a positive control, human CD34+ cells were transplanted in to NOD/SCID mice. 

The seeding experiment showed that 12% (±17) of the transplanted KG1a-CXCR4-

GFP cells was found in the BM after 24 hours, compared to only 1% (±1) of the KG1a-GFP

cells (Figure 1). Since the total BM is around 2% of the total weight of a NOD/SCID mouse,13

this indicates that there is no specific homing of the KG1a-GFP cells to the bone marrow.

Approximately 13% (±3) human CD34+ cells were seeded to the murine BM within 24 hours

(Figure 1). Seeding to the liver was comparable among the cell types used, for the KG1a-

CXCR4-GFP 10% (±3), KG1a-GFP cells 7% (±5) and the human CD34+ cells 12% (±3)

(Figure 1). These data indicate that seeding to the liver is not CXCR4 dependent. The spleen

and lungs did not contain any significant numbers of transplanted human cells after 24 hours

(data not shown). These experiments prove that CXCR4 expression is necessary for efficient

seeding of hematopoietic cells to the NOD/SCID BM in vivo. 

Six weeks after transplantation, the human CD34+ cells engrafted in the BM

engraftment for 6% (±4)(Figure 2). The KG1a-CXCR4-GFP cells showed a similar BM

engraftment efficiency of 6% (±6), whereas a minimal number of KG1a-GFP cells were
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detected in this organ (0.01%±0.02) (Figure 2). These findings indicate that CXCR4 is not

only essential for specific homing to the BM, but also mediates engraftment in the BM.

Figure 1. Seeding of human cells in murine BM and liver. Five million KG1a cells, transduced with CXCR4-

GFP or GFP, were transplanted into the sub-lethally irradiated NOD/SCID mice to study the seeding potential of

these cells. As a positive control, 1x106 human CD34+ cells were transplanted into irradiated NOD/SCID mice.

KG1a-CXCR4-GFP cells and CD34+ cells migrated to the murine bone marrow (BM), whereas the KG1a-GFP

cells did not. All cell types seeded to the murine liver with equal efficiency. Mean ± SD of at least three mice.

*p<0.01 (CD34+ vs KG1a-GFP).

Human CD34+ cells showed detectable engraftment in the spleen (0.4%±0.2), which

was significantly different from spleen engraftment of KG1a-GFP cells (0.003%±0.008), but

not from KG1a-CXCR4-GFP cells (0.14%±0.2) (Figure 2). Limited numbers of human cells

were found in other organs, i.e. lungs, liver and blood. These data indicate that the KG1a cell

line may not be a proper model to study engraftment in other organs than the BM. However, it

may also suggest that CXCR4 is specifically involved in BM engraftment and promotes

survival in the BM but not in the spleen or other organs. Other data underscore CXCR4

involvement in CD34+ cell survival.14,15

Recently, Kahn and colleagues have shown that CXCR4 overexpression in human

CD34+ cells improves BM engraftment in vivo.3 However, in contrast to our seeding

efficiency data, Kahn and colleagues did not observe an increased seeding to the BM of

CXCR4-overexpressing CD34+ cells. This may be due to the fact that their seeding data were

obtained after 16 hours or less, while we studied the seeding efficiency after 24 hours,

according to Lahiri and colleagues.16 Nevertheless, these data add to earlier results published

by Peled and co-workers, which showed that blocking CXCR4 with antibodies prevented
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homing of human CD34+ cells to the murine BM 5 and by Kollet and colleagues, which

demonstrated efficient and rapid homing of human CD34+/CD38-/low/CXCR4+ cells to the

murine BM, and strongly indicate that CXCR4 is important for the homing process. 

Our present data provide additional evidence that CXCR4 triggers specific homing

and engraftment of human CD34+ cells to the BM in vivo. Moreover, the KG1a-CXCR4-GFP

cell line appears to be a very powerful tool to be used in exploring the mechanism of homing

and engraftment of human hematopoietic progenitor cells in vivo.

Figure 2. Engraftment of human cells in murine bone marrow. Thirty million KG1a cells, transduced with

CXCR4-GFP or GFP, were transplanted into the NOD/SCID mice to study the engraftment potential of these

cells. As a positive control, 0.1x106 human CD34+ cells were transplanted into the NOD/SCID mice. KG1a-

CXCR4-GFP cells and CD34+ cells engrafted in the murine bone marrow (BM), whereas the KG1a-GFP cells

did not. CD34+ cells engrafted also in the spleen, but the KG1a-CXCR4-GFP and the KG1a-GFP cells did not

show engraftment. No engraftment was found in peripheral blood (PB), lungs and liver. Mean ± SD of at least

three mice. *p<0.001; **p<0.01 (CD34+ or KG1a-CXCR4-GFP vs KG1a-GFP).

Reference List

1. Korbling M, Dorken B, Ho AD, Pezzutto A, Hunstein W, Fliedner TM. Autologous transplantation of blood-

derived hemopoietic stem cells after myeloablative therapy in a patient with Burkitt's lymphoma. Blood.

1986;67:529-532.

2. Kessinger A, Armitage JO, Landmark JD, Weisenburger DD. Reconstitution of human hematopoietic

function with autologous cryopreserved circulating stem cells. Exp Hematol. 1986;14:192-196.

40



3. Kahn J, Byk T, Jansson-Sjostrand L, et al. Overexpression of CXCR4 on human CD34+ progenitors increases

their proliferation, migration, and NOD/SCID repopulation. Blood. 2003.

4. Kollet O, Spiegel A, Peled A, et al. Rapid and efficient homing of human CD34(+)CD38(-/low)CXCR4(+)

stem and progenitor cells to the bone marrow and spleen of NOD/SCID and NOD/SCID/B2m(null) mice.

Blood. 2001;97:3283-3291.

5. Peled A, Petit I, Kollet O, et al. Dependence of human stem cell engraftment and repopulation of NOD/SCID

mice on CXCR4. Science. 1999;283:845-848.

6. Peled A, Grabovsky V, Habler L, et al. The chemokine SDF-1 stimulates integrin-mediated arrest of CD34(+)

cells on vascular endothelium under shear flow. J Clin Invest. 1999;104:1199-1211.

7. van Buul JD, Voermans C, van Gelderen J, Anthony EC, van der Schoot CE, Hordijk PL. Leukocyte-

endothelium interaction promotes SDF-1-dependent polarization of CXCR4. J Biol Chem. 2003;278:30302-

30310.

8. Voermans C, Kooi ML, Rodenhuis S, van der LH, van der Schoot CE, Gerritsen WR. In vitro migratory

capacity of CD34+ cells is related to hematopoietic recovery after autologous stem cell transplantation.

Blood. 2001;97:799-804.

9. Papayannopoulou T. Bone marrow homing: the players, the playfield, and their evolving roles. Curr Opin

Hematol. 2003;10:214-219.

10. Van Hennik PB, Verstegen MM, Bierhuizen MF, et al. Highly efficient transduction of the green fluorescent

protein gene in human umbilical cord blood stem cells capable of cobblestone formation in long-term

cultures and multilineage engraftment of immunodeficient mice. Blood. 1998;92:4013-4022.

11. Van Hennik PB, de Koning AE, Ploemacher RE. Seeding efficiency of primitive human hematopoietic cells

in nonobese diabetic/severe combined immune deficiency mice: implications for stem cell frequency

assessment. Blood. 1999;94:3055-3061.

12. Verstegen MM, Van Hennik PB, Terpstra W, et al. Transplantation of human umbilical cord blood cells in

macrophage-depleted SCID mice: evidence for accessory cell involvement in expansion of immature

CD34+. Blood. 1998;91:1966-1976.

13. Metcalf D, Moore MAS. General description of blood cells and hematopoietic organs, in Hematopoietic

cells, Vol. 1. Edited by Neuberger A, Tatum E. Amsterdam, North Holland. Publishing Company, 1971, p.1. 

14. Broxmeyer HE, Kohli L, Kim CH, et al. Stromal cell-derived factor-1/CXCL12 directly enhances

survival/antiapoptosis of myeloid progenitor cells through CXCR4 and G(alpha)i proteins and enhances

engraftment of competitive, repopulating stem cells. J Leukoc Biol. 2003;73:630-638.

41



15. Lataillade JJ, Clay D, Dupuy C, et al. Chemokine SDF-1 enhances circulating CD34(+) cell proliferation in

synergy with cytokines: possible role in progenitor survival. Blood. 2000;95:756-768.

16. Lahiri SK, van Putten LM. Distribution and multiplication of colony forming units from bone marrow and

spleen after injection in irradiated mice. Cell Tissue Kinet. 1969;2:21-28.

Acknowledgements

The authors thank Dr.W. Noort and Mrs. M.Kleijer for technical assistance and Prof. D. Roos

for critical reading of the manuscript. JDvB and ECA are supported by grant no.99-2000 from

the Dutch Cancer Society. PBvH is supported by grant no. 2001-2544 from the Dutch Cancer

Society. PLH is a fellow of the Landsteiner Foundation for Blood Transfusion Research.

42



Chapter 4
VCAM-1-MEDIATED RAC SIGNALING

CONTROLS ENDOTHELIAL CELL-CELL
CONTACTS AND LEUKOCYTE

TRANSMIGRATION.

43



VCAM-1-mediated Rac signaling controls endothelial cell-cell
contacts and leukocyte transmigration

Sandra van Wetering, Nadia van den Berk, Jaap D. van Buul,
Frederik P. J. Mul, Ingrid Lommerse, Rogier Mous,
Jean-Paul ten Klooster, Jaap-Jan Zwaginga, and Peter L. Hordijk
Department of Experimental Immunohematology, Sanquin Research at CLB and Laboratory for
Clinical and Experimental Immunology, Academic Medical Center, 1066 CX Amsterdam, The Netherlands

Submitted 4 February 2003; accepted in final form 13 April 2003

Van Wetering, Sandra, Nadia van den Berk, Jaap D.
van Buul, Frederik P. J. Mul, Ingrid Lommerse, Rogier
Mous, Jean-Paul ten Klooster, Jaap-Jan Zwaginga,
and Peter L. Hordijk. VCAM-1-mediated Rac signaling
controls endothelial cell-cell contacts and leukocyte transmi-
gration. Am J Physiol Cell Physiol 285: C343–C352, 2003.
First published April 16 2003; 10.1152/ajpcell.00048.2003.—
Leukocyte adhesion is mediated totally and transendothelial
migration partially by heterotypic interactions between the
�1- and �2-integrins on the leukocytes and their ligands,
Ig-like cell adhesion molecules (Ig-CAM), VCAM-1, and
ICAM-1, on the endothelium. Both integrins and Ig-CAMs
are known to have signaling capacities. In this study we
analyzed the role of VCAM-1-mediated signaling in the con-
trol of endothelial cell-cell adhesion and leukocyte transen-
dothelial migration. Antibody-mediated cross-linking of
VCAM-1 on IL-1�-activated primary human umbilical vein
endothelial cells (pHUVEC) induced actin stress fiber forma-
tion, contractility, and intercellular gaps. The effects induced
by VCAM-1 cross-linking were inhibited by C3 toxin, indicat-
ing that the small GTPase p21Rho is involved. In addition,
the effects of VCAM-1 were accompanied by activation of Rac,
which we recently showed induce intercellular gaps in pHU-
VEC in a Rho-dependent fashion. With the use of a cell-
permeable peptide inhibitor, it was shown that Rac signaling
is required for VCAM-1-mediated loss of cell-cell adhesion.
Furthermore, VCAM-1-mediated signaling toward cell-cell
junctions was accompanied by, and dependent on, Rac-medi-
ated production of reactive oxygen species and activation of
p38 MAPK. In addition, it was found that inhibition of
Rac-mediated signaling blocks transendothelial migration of
monocytic U937 cells. Together, these data indicate that
VCAM-1-induced, Rac-dependent signaling plays a key role
in the modulation of vascular-endothelial cadherin-mediated
endothelial cell-cell adhesion and leukocyte extravasation.

human umbilical vein endothelial cells; vascular-endothelial
cadherin; F-actin; reactive oxygen species; p38 mitogen-acti-
vated protein kinase; vascular cell adhesion molecule

THE ENDOTHELIAL LINING of the vasculature represents an
important and dynamic barrier that controls diffusion
and transport of plasma proteins and solutes and mi-
gration of leukocytes (4, 17). Under a variety of (patho)-
physiological conditions, such as immune surveillance

or inflammation, activated leukocytes are recruited
from the circulation into the tissues. This extravasa-
tion process is composed of a tightly controlled se-
quence of events, driven by chemokines that are pre-
sented on the endothelial cell surface, and by adhesion
molecules. Extravasation is initiated by selectin-medi-
ated rolling and integrin-dependent adhesion of the
leukocytes to the endothelium. This adhesion is fol-
lowed by spreading, crawling, and the actual transen-
dothelial migration of the leukocyte (10, 53, 63).

It is well established that leukocyte integrins are
essential for stable adhesion to the endothelium and
can also mediate rolling interactions (2, 8, 18, 27, 51).
Various studies have demonstrated that leukocyte-en-
dothelium interactions are accompanied by changes in
intracellular Ca2� levels (30, 38), the organization of
the endothelial actin cytoskeleton (38, 46), and phos-
phorylation of myosin light chain kinase (23, 26, 46).
Evidence that this signaling is initiated by Ig-like cell
adhesion molecules (Ig-CAM) has come from studies
showing endothelial cytoskeletal rearrangements, pro-
tein phosphorylation, and activation of transcription
factors upon intercellular adhesion molecule (ICAM)-1
or vascular cell adhesion molecule (VCAM)-1 cross-
linking (19, 21, 36, 40, 44). Furthermore, ICAM-1-
mediated lymphocyte migration across endothelium
appears to require the activation of the small GTP-
binding protein Rho (1), which is a member of the
family of Rho-like GTPases that are known to control
cytoskeletal rearrangements and cadherin function (6,
29, 54, 57).

Previous studies from various laboratories, including
our own, have shown that endothelial cell-cell junc-
tions play an important role in the control of leukocyte
transmigration (17, 24, 28, 50, 56). Endothelial cell-cell
adhesion is largely dependent on the homotypic cell
adhesion molecule vascular-endothelial cadherin (VE-
cadherin, CD144) (15). VE-cadherin is a transmem-
brane glycoprotein, complexed via its cytoplasmic tail
to armadillo family members such as �- or �-catenin,
which, in turn, are associated with �-catenin and the
actin cytoskeleton (14, 16). Inhibition of VE-cadherin
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function increases neutrophil transmigration in vitro
(28) and promotes neutrophil extravasation in a mu-
rine model for acute peritonitis (24). Furthermore, leu-
kocyte adherence to endothelial cells results in the
formation of intercellular gaps and a transient and
focal loss of VE-cadherin localization between adjacent
endothelial cells (50, 56). This gap formation is impor-
tant for efficient transendothelial migration (56) and
suggests that leukocyte adhesion induces endothelial
signaling toward the cell-cell junctions.

Recently, we demonstrated that in human bone mar-
row endothelial cells, VCAM-1 cross-linking results in
the formation of gaps and increased endothelial per-
meability (56). Furthermore, we showed that in pri-
mary endothelial cells, VE-cadherin-mediated cell-cell
adhesion is controlled, at least in part, by the Rho-like
GTPase Rac1 and involves Rac-mediated formation of
reactive oxygen species (ROS) (57). In the present
study, we further investigated the intracellular signal-
ing events that occur upon VCAM-1 cross-linking and
that might control VE-cadherin function. We show that
VCAM-1 cross-linking results in the formation of gaps
and a concomitant focal loss of VE-cadherin staining.
This effect was dependent on the activation of the
small GTPase Rac1 and the formation of ROS. More-
over, we identified p38 mitogen-activated protein ki-
nase (p38 MAPK) as a downstream component in this
VCAM-1-induced signaling pathway toward VE-cad-
herin. These data reveal a VCAM-1-mediated signaling
cascade that plays an important role in the modulation
of endothelial junctions during leukocyte extravasa-
tion.

MATERIALS AND METHODS

Antibodies and reagents. Mouse monoclonal antibodies
(MAb) against VE-cadherin (cl75), �-catenin, phosphoty-
rosine (PY-20), or Rac were from Transduction Laboratories
(Becton Dickinson, Amsterdam, The Netherlands). VCAM-1
antibody (1G11) was purchased from Immunotech SA (Mar-
seille, France), and the phospho-p38 MAPK and p38 MAPK
rabbit polyclonal antibodies were purchased from Cell Sig-
naling Technology (Beverly, MA). Texas red-phalloidin,
FITC-Dextran 3000, dihydrorhodamine-123 (DHR), and Al-
exa 488 goat-anti-mouse Ig secondary antibody were all from
Molecular Probes (Leiden, The Netherlands). Cross-linking
studies were performed with goat-anti-mouse-Ig F(ab)2 frag-
ments from Jackson ImmunoResearch (Baltimore, MD).
Goat-anti-mouse-Ig conjugated to horseradish peroxidase
(HRP) was purchased from CLB (Amsterdam, The Nether-
lands). N-acetyl-L-cysteine (NAC) and catalase were from
Sigma (Sigma Chemical, St. Louis, MO). The inhibitor of p38
MAPK (SB-203580) was purchased from Calbiochem (La
Jolla, CA). Clostridium botulinum exoenzyme C3 was ob-
tained from Kordia Laboratory Supplies (Leiden, The Neth-
erlands). The Rac17–32 peptide that was recently shown to
inhibit Rac function (58) was designed in combination with
the protein transduction domain of the human immuno-
deficiency virus TAT-protein (41). The isolated transduction
domain (YGRKKRRQRRRG) as well as the resulting fusion
peptide (YGRKKRRQRRRGTCLLISYTTNAFPGEY) was syn-
thesized at the Netherlands Cancer Institute (Amsterdam,
The Netherlands). Peptides were dissolved in dimethyl sul-

foxide (100 mg/ml) and used in a final concentration of 0.2
mg/ml.

Cell culture. Primary human umbilical vein endothelial
cells (pHUVEC) were harvested as described (7) and main-
tained in RPMI 1640 (GIBCO, Grand Island, NY) supple-
mented with 10% (vol/vol) heat-inactivated human serum
(HAS; CLB), 2 mM glutamine (GIBCO), 100 U/ml penicillin,
and 100 �g/ml streptomycin (GIBCO) in fibronectin-coated
culture flasks. The cells were used from passages 2–4.

Primary human monocytes were isolated from fresh buffy
coats, using centrifugal elutriation as described previously
(25). U-937 cells (a monocytic cell line) derived from a human
histiocytic lymphoma were purchased from American Type
Culture Collection (Manassas, VA). The cells were grown in
culture flasks in a humidified, 5% CO2-95% air atmosphere in
RPMI 1640 (GIBCO) containing 10% heat-inactivated fetal
calf serum (GIBCO), 2 mM L-glutamine, 50 IU/ml penicillin,
and 50 �g/ml streptomycin (complete medium).

Rac activation. The Rac activity assay was performed as
previously described (48) with minor modifications. Briefly,
pHUVEC cultured in fibronectin-coated 80-cm2 cell culture
dishes until confluency were stimulated overnight with IL-1�
(10 ng/ml) and incubated for 45 min with anti-VCAM-1 an-
tibodies. After VCAM-1 was cross-linked with the secondary
antibody for the indicated periods, cells were washed with
ice-cold PBS containing 2 mM Ca2�-0.5 mM Mg2� and sub-
sequently lysed for 10 min on ice in lysis buffer [50 mM
Tris �HCl, pH 7.2, 5 mM MgCl2, 1% NP-40, 10% glycerin, 150
mM NaCl, and a protease inhibitor cocktail (Roche)]. Cleared
lysates were incubated for 30 min at 4°C with glutathione
S-transferase-p21-activated kinase (GST-PAK) protein, after
which glutathione-Sepharose beads were added to precipi-
tate GTP-bound Rac. Total lysates and precipitates were
analyzed on Western blot with the MAb against Rac1.

Immunocytochemistry. Cells, cultured on fibronectin-
coated glass coverslips, were treated with IL-1� overnight,
and VCAM-1 was cross-linked as described in Rac activation
for various periods. Next, cells were fixed and permeabilized
with 2% paraformaldehyde and 0.5% (vol/vol) Triton X-100 in
washing buffer [PBS containing 0.5% (vol/vol) HAS and 1
mM Ca2�] for 20 min at room temperature. Cells were
stained with the indicated mouse monoclonal or polyclonal
antibodies, washed, and incubated with Alexa 488-conju-
gated goat-anti-mouse-Ig antibodies. F-actin was visualized
by Texas red-phalloidin (1 U/ml). Images were recorded with
a Zeiss LSM 510 confocal laser scanning microscope. For
time-lapse confocal microscopy, cells were kept in culture
medium in a temperature-controlled incubation chamber at
37°C. To assess the role of Rho, we pretreated monolayers for
18 h with the C3 toxin (5 �g/ml).

Detection of ROS production. To measure generation of
ROS in endothelial cells, we cultured pHUVEC on fibronec-
tin-coated glass coverslips and stimulated them with IL-1�
(10 ng/ml) for 6 h. Next, the VCAM-1 antibody was added for
30 min, and cells were simultaneously loaded with DHR (30
�M) for 30 min. After the cells were washed, VCAM-1 was
cross-linked, and the fluorescence of DHR was quantitated by
time-lapse confocal microscopy. For ROS scavenging or inac-
tivation, cells were incubated overnight with 5 mM NAC or 3
mg/ml catalase as described (12). We found no effects of these
pretreatments on the expression of VCAM-1 by the endothe-
lial cells.

Detection of p38 MAPK by Western blotting. Endothelial
cells were grown to confluency in 60-mm dishes, stimulated
overnight with IL-1� (10 ng/ml), and treated with anti-
VCAM-1 antibody for 30 min. Next, cells were washed and
incubated with the cross-linking secondary antibody [F(ab)2

 VCAM-1 CROSS-LINKING INDUCES RAC ACTIVATION
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fragments]. At the indicated times, cells were washed with
ice-cold PBS containing 1 mM CaCl2 and 0.5 mM MgCl2 and
lysed in 100 �l of SDS-sample buffer. Samples were run on
12.5% SDS-PAGE and transferred onto 0.2-�m nitrocellulose
filters (Schleicher and Schuell, Dassel, Germany). The blots
were blocked with 5% dried milk protein in TBST buffer [10
mM Tris �HCl, pH 7.4, 150 mM NaCl, and 0.5% (vol/vol)
Tween 20], washed with TBST, and incubated with anti-
phospho-p38 MAPK antibody (1:500 in TBST) or anti-total
p38 MAPK antibody (1:500 in TBST) to assess equal load-
ing. This was followed by incubation with goat-anti-rabbit-
IgG-HRP (1:4,000; Amersham) at room temperature. p38 MAPK
proteins were visualized using the ECL kit (Amersham).

Transmigration assay. Migration assays were performed
in Transwell plates (Costar, Cambridge, MA) of 6.5 mm in
diameter, with 5-�m pore filters. Before the assays were
performed, U-937 cells were pretreated for 24 h with 1 mM
dibutyryl cAMP to induce expression of the C5a receptor.
Confluent endothelial monolayers on the filters were treated
with IL-1� (10 ng/ml) and, where indicated, pretreated in
parallel with C3 toxin (5 �g/ml, 18 h), the Tat-Rac17–32
peptide (30 min), or carrier. Monolayers were then washed
with transmigration medium (RPMI with 0.25% human se-
rum albumin). At the start of the assay, 105 U-937 cells were
placed in the upper compartment of the Transwells and
allowed to migrate toward 10 nM C5a in the lower compart-
ment for 120 min in a tissue culture incubator. Next, cells in
the lower compartment were harvested and quantitated by
fluorescence-activated cell sorter (FACS) analysis in the
presence of a known amount of fluorescent beads (Molecular
Probes). The percentage of migrated cells was calculated as a
fraction of the input. Statistical analysis was performed
using a Student’s t-test.

Electric cell-substrate impedance sensing. Endothelial cells
were added at 100,000 cells per array to fibronectin-coated
electrode arrays (surface area 0.8 cm2) and grown to conflu-
ency. Each array contains a 0.001-cm2-diameter gold elec-
trode and a 1-cm2 gold counter electrode. The arrays are
connected to a phase-sensitive lock-in amplifier that allows
continuous recordings of the electrical resistance of the
monolayers, which was on average between 10 and 15 � 103

�. After electrode check of the arrays and of the basal
electrical resistance of the endothelial monolayers under
resting conditions, VCAM-1 was cross-linked as described in
Rac activation and the electrical resistance was continuously
monitored at 37°C at 5% CO2 with the electric cell-substrate
impedance sensing (ECIS) model 100 controller (BioPhysics,
Troy, NY) as described previously (61).

RESULTS

VCAM-1 cross-linking induces intercellular gaps in
pHUVEC. To document the morphological changes
within endothelial monolayers in response to VCAM-
1-mediated signaling, we incubated IL-1�-treated
pHUVEC with anti-VCAM-1 antibody that was subse-
quently cross-linked for 30 min. This cross-linking
mimics the clustering of integrins on the leukocyte and
leads to the clustering of their ligands after leukocyte
cell adhesion (47). Because of the lack of an appropriate
VE-cadherin polyclonal antibody, endothelial cell-cell
junctions were stained with a polyclonal anti-�-catenin
antibody. As shown in Fig. 1A, VCAM-1 cross-linking
resulted in stress fiber formation, intercellular gaps,
and loss of cell-cell adhesion. At sites of gap formation,
concomitant loss of �-catenin staining was observed.

This effect was transient, because these events were
completely restored after �6 h of cross-linking. Treat-
ment of endothelial cells with only the anti-VCAM-1 or
the cross-linking F(ab)2 antibody did not alter the mor-
phology of the monolayer (Fig. 1A). Figure 1B shows
the surface distribution of cross-linked VCAM-1, which
can be seen in small clusters covering the endothelial
cell surface. Complementary analysis of monolayer
electrical resistance shows that VCAM-1 cross-linking
induces a transient loss of resistance (Fig. 1C). The
effect of VCAM-1 is restored after 2 h, in line with our
earlier data (56), obtained with permeability assays.
The difference with the experiments in Fig. 1A, which
required more time for restoration of the VCAM-1
effects, are likely due to the difference in substrate; we
found that cells grown on fibronectin-coated glass cov-
erslips consistently require more time to reseal their
junctions compared with cells cultured on fibronectin-
coated ECIS electrodes or fibronectin-coated tissue cul-
ture plastic.

Activation of ICAM-1 has been shown to induce ac-
tivation of p21Rho (49). Because VCAM-1 activation
leads to a Rho phenotype in the pHUVEC (i.e., induc-
tion of stress fiber formation), we tested for a role for
Rho by treatment of the cells with the Rho-inactivating
C3 toxin, before VCAM-1 cross-linking. Figure 1D
shows that C3 prevented the VCAM-1-induced forma-
tion of actin stress fibers, focal adhesions, and intercel-
lular gaps, indicating that Rho activity is required for
this response.

VCAM-1 cross-linking induces Rac activation in en-
dothelial cells. Recently, we showed that transduction
of endothelial cells with a cell-penetrating constitu-
tively active form of Rac (Tat-RacV12) induced (Rho-
dependent) formation of stress fibers and concomitant
loss of VE-cadherin-mediated cell-cell adhesion (57),
although transduction with a cell-permeable Tat-
RhoV14 protein only partially mimicked the effects of
Tat-RacV12. Because these effects were very similar to
those of VCAM-1 cross-linking, we analyzed whether
VCAM-1-mediated loss of cell-cell adhesion involves
activation of Rac using a pull-down assay. As shown in
Fig. 2A, cross-linking of VCAM-1 resulted in Rac acti-
vation within 5 min that lasted up to 15 min. At later
time points (	30 min), Rac activity decreased to con-
trol levels (not shown).

To test whether Rac activity was required for the
VCAM-1-mediated loss of cell-cell adhesion, we per-
formed VCAM-1 cross-linking in the presence of a
cell-permeable peptide inhibitor of Rac, Tat-Rac17–32.
This peptide represents a part of the effector loop of
Rac1 and will compete in the cells with Rac-effector
interactions, thereby preventing downstream signal-
ing (58). In parallel experiments, we confirmed that
this peptide blocked membrane ruffling in epithelial
cells, induced by hepatocyte growth factor (not shown).
In the presence of this Tat-Rac17–32 peptide, VCAM-
1-mediated loss of cell-cell adhesion and focal loss of
�-catenin staining was completely abolished (Fig. 2B).
These data indicate that Rac activity is involved in
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VCAM-1-mediated signaling, resulting in loss of cell-
cell adhesion.

VCAM-1-mediated loss of cell-cell adhesion requires
formation of ROS. ROS, e.g., H2O2, have been shown to
reduce cadherin-based cell-cell adhesion and to affect
endothelial cell function (39). In addition, our group
recently showed that ROS mediate the formation of
gaps in pHUVEC transduced with the cell-permeable
Tat-RacV12 protein (57). In line with these data, we

observed a rapid increase (within 5–15 min) in ROS
production upon VCAM-1 cross-linking in pHUVEC
(Fig. 3A). This effect lasted for �30–45 min, after
which the response declined. Moreover, Rac activity
was shown to be essential for the formation of ROS
upon VCAM-1 cross-linking, because the effect was
blocked completely in the presence of the inhibitory
Tat-Rac17–32 peptide (Fig. 3B). This peptide does not
inhibit Rac activation (data not shown). As expected,

Fig. 1. Effect of VCAM-1 cross-linking on the actin cytoskeleton and cell-cell contacts. A: primary human umbilical
vein endothelial cells (pHUVEC) were incubated for 30 min with medium (control), the monoclonal anti-VCAM-1
antibody, the cross-linking F(ab)2 antibodies, or with both of these in sequence to cross-link endothelial VCAM-1
[VCAM-1/F(ab)2]. Only under conditions of cross-linking of VCAM-1 was prominent formation of stress fibers
observed, accompanied by the appearance of intercellular gaps (asterisks). Endothelial cells were stained for
F-actin (red) and �-catenin (green). Images are representative of at least 3 independent experiments. Bar, 20 �m.
B: monolayers of pHUVEC were incubated with antibodies to VCAM-1 followed by cross-linking or were incubated
with control antibodies (control), after which the cells were fixed and stained with antibodies to VCAM and with
Texas red-phalloidin to visualize F-actin. VCAM-1 cross-linking induced intercellular gaps (asterisks) and clus-
tering of VCAM-1 on the endothelial cell surface, as concluded from the punctate staining of VCAM-1 compared
with the control. Bar, 20 �m. X-L, cross-linking. C: monolayer electrical resistance was monitored, as described in
MATERIALS AND METHODS, for a period of 2 h after the addition of a cross-linking antibody to endothelial cells that
were preincubated with the anti-VCAM-1 (■ ) or a control antibody (F). The drop in resistance surpasses the effect
of addition of reagents to the cells, as shown for the control. The effect of VCAM-1 cross-linking was transient, and
endothelial resistance was back to normal after 2 h. D: pHUVEC were pretreated with the Rho-inactivating C3
toxin, after which VCAM-1 was cross-linked for 30 min. C3 pretreatment prevented both the VCAM-1-mediated
induction of F-actin stress fibers and intercellular gaps (asterisks). Cells were stained for F-actin (red) and
phosphotyrosine (green), to detect focal adhesions. Images are representative of at least 3 independent experi-
ments. Bar, 20 �m.
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formation of ROS was also prevented in the presence of
the oxygen scavengers NAC (not shown) and catalase
(Fig. 3B). Moreover, we found that after preincubation
with NAC or catalase, which by itself left the actin
cytoskeleton and �-catenin distribution unaltered,
VCAM-1-mediated gap formation and concomitant loss
of �-catenin staining was prevented (Fig. 3C). This
finding is in line with our recent findings in human
bone-marrow endothelial cells (56). The induction of
actin stress fibers was not reduced by NAC or catalase,
indicating that ROS are not required for this effect and
that the induction of stress fibers is not sufficient to
induce intercellular gaps. To test whether these effects
also accompanied direct leukocyte-endothelium inter-
actions, we seeded primary human monocytes for 30
min on monolayers of IL-1�-activated pHUVEC. These
experiments showed that scavenging of ROS also pre-
vented interendothelial gap formation, induced by ad-

Fig. 2. Role of Rac in the VCAM-1 signaling. A: after cross-linking of
VCAM-1, pHUVEC were lysed and Rac GTP was isolated using the
GST-PAK pull-down assay, as described in MATERIALS AND METHODS.
VCAM-1 cross-linking induced an increase in the levels of activated
Rac, as shown by Western blotting of the samples with an anti-Rac
MAb (top). Cell lysates were blotted in parallel to control for differ-
ences in the total amount of Rac protein (bottom). B: VCAM-1
cross-linking was performed after pretreatment with a cell-perme-
able peptide inhibitor of Rac (Tat-Rac17–32). Cells were stained with
Texas red-phalloidin to detect F-actin (red) and with polyclonal
antibodies for �-catenin to visualize cell-cell junctions (green). The
Tat-Rac17–32 peptide prevented VCAM-1-induced intercellular gap
formation (asterisks). Bars, 20 �m. Data are representative of 3–4
independent experiments.

Fig. 3. Role of ROS in the effects of VCAM-1 in pHUVEC. A:
pHUVEC were labeled with dihydrorhodamine-123 (DHR) before
VCAM-1 cross-linking, as described in MATERIALS AND METHODS.
VCAM-1 induced a time-dependent increase in endothelial ROS (Œ),
which was detectable for 30–45 min. Control cells do not show
increased production of ROS (■ ). Data are representative of 3 inde-
pendent experiments and are presented as the percent increase over
basal values. B: the VCAM-1-induced increase in endothelial ROS
was blocked by preincubation of pHUVEC with the Tat-Rac17–32
peptide. As a control, cells were preincubated overnight with cata-
lase, which prevented the VCAM-1-induced increase in ROS produc-
tion. Data are presented as percentages of maximum increase, mea-
sured 30 min after cross-linking of VCAM-1. Data are means of 2–3
independent experiments. C: preincubation of pHUVEC with the
oxygen scavenger N-acetyl-L-cysteine (NAC) prevented VCAM-1-in-
duced intercellular gap formation (asterisks), indicating that ROS
are required for this effect. Preincubation of pHUVEC monolayers
with catalase had a comparable effect. Endothelial cells were stained
for F-actin (red) and �-catenin (green). Stress fiber formation was
still induced; this was not caused by the NAC or Tiron pretreat-
ments. Bar, 20 �m. Cat, catalase. D: monocytes were seeded for 30
min on monolayers of activated pHUVEC, pretreated or not with
NAC to scavenge ROS. Phase-contrast images show the induction of
intercellular gaps (asterisks) in the endothelial monolayer; this is
prevented by the NAC pretreatment. Images are representative of 3
independent experiments. Adherent monocytes appear as phase
bright. Bar, 50 �m. EC, endothelial cells.
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hesion of primary monocytes (Fig. 3D). ROS scaveng-
ing did not interfere with the adhesion of the mono-
cytes to the endothelium. Together, these results point
to a role for ROS as important signaling molecules
involved in VCAM-1-mediated and monocyte adhesion-
induced loss of cell-cell adhesion.

VCAM-1 cross-linking results in phosphorylation of
p38 MAPK. MAPKs, such as p42/p44 MAPK, JNK, and
p38 MAPK, are essential signaling molecules impli-
cated in cell growth, differentiation, and cellular re-
sponses to environmental stress. Furthermore, p38
MAPK is required for oxidant-induced rearrangement
of the endothelial cytoskeleton (31) and VEGF-medi-
ated stress fiber formation (45). Because these events
are also induced by VCAM-1-mediated signaling, we
analyzed whether p38 MAPK is activated by VCAM-1.
As shown in Fig. 4A, cross-linking of VCAM-1 induced
a maximal phosphorylation of p38 MAPK within 2–5
min, followed by a decline after 10 min. The VCAM-1-
mediated phosphorylation of p38 MAPK was prevented
by the Tat-Rac17–32 peptide, indicating that activa-
tion of Rac is required (Fig. 4B). Moreover, pretreat-
ment of endothelial cells with NAC also largely pre-
vented VCAM-1-induced phosphorylation of p38
MAPK, providing evidence that p38 MAPK activation
occurs downstream of Rac and ROS (Fig. 4C). To test
whether p38 MAPK is involved in VCAM-1-mediated
loss of cell-cell adhesion, we pretreated endothelial

cells with SB-203580 (a pharmacological inhibitor of
p38 MAPK) for 30 min, after which VCAM-1 was cross-
linked, also for 30 min in the presence of the inhibitor.
Figure 4D shows that in the presence of SB-203580,
VCAM-1-induced gap-formation and loss of cell-cell
adhesion was partially reduced, confirming the notion
that p38 MAPK is involved in VCAM-1-mediated loss
of cell-cell adhesion.

Role for the VCAM-1-mediated Rac signaling in leu-
kocyte transendothelial migration. To further establish
the contribution of VCAM-1-mediated activation of Rac
to leukocyte transendothelial migration, we analyzed
C5a-induced migration of monocytic U-937 cells across
pHUVEC in an in vitro Transwell-based assay. The
migration of U-937 cells across monolayers of activated
HUVEC is mediated by very late antigen (VLA)-4 and
VCAM-1 when HUVEC are activated by IL-1 and C5a
is the chemotactic factor (9). Before the induction of
transendothelial migration, the HUVEC monolayers
were pretreated either with carrier, the isolated pro-
tein transduction domain (Tat-peptide), or the Tat-
Rac17–32 peptide. The pHUVEC were washed to re-
move excess peptide, and migration of U-937 cells
toward a gradient of C5a was analyzed. These experi-
ments showed that inhibition of endothelial Rac
strongly reduced the efficiency of U-937 transendothe-
lial migration (Fig. 5). This inhibition was more pro-
nounced compared with the effect of C3, used to inac-
tivate endothelial Rho, suggesting that the role of Rac
is dominant over Rho in the control of leukocyte trans-
migration. This is in line with earlier data showing
that activated Rac can induce loss of endothelial cell-
cell adhesion, whereas active Rho is less effective in
this respect (57).

Fig. 4. Phosphorylation of p38 MAPK after VCAM-1 activation. A:
VCAM-1 was cross-linked for various periods as indicated, and cell
lysates were blotted with either phospho-specific antibodies to p38
MAPK (pp38; top) or antibodies that detect all p38 in the lysate, as
a loading control (bottom). VCAM-1 cross-linking induced a rapid
and transient phosphorylation of p38 MAPK. This phosphorylation
of p38 MAPK by VCAM-1 activation was prevented by the Tat-
Rac17–32 peptide (B; VCAM-1 cross-linking for 2 min) as well as by
preincubation of the cells with NAC (C), indicating that the phos-
phorylation of p38 MAPK is downstream of Rac as well as ROS. D:
preincubation of the endothelial monolayers with the p38 inhibitor
SB-203580 (SB) largely prevented the effects of VCAM-1 on induc-
tion of F-actin stress fibers and intercellular gap formation (aster-
isks). Endothelial cells were stained for F-actin (red) and �-catenin
(green). Blots and images are representative of 3–5 independent
experiments. Bar, 20 �m.

Fig. 5. Role of endothelial Rac and Rho proteins in transendothelial
migration of monocytic U-937 cells. As indicated, monolayers of
pHUVEC on Transwell filters were pretreated with carrier, the Tat
control peptide, or the Tat-Rac17–32 peptide for 30 min or with the
Rho-inactivating C3 toxin for 18 h. After the monolayers were
washed, C5a-induced transendothelial migration of U-937 cells was
assayed as described in MATERIALS AND METHODS. Data represent
means 
 SE of 3 independent experiments performed in duplicate.
*P � 0.01; **P � 0.002 vs. Tat control.
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DISCUSSION

The interplay between activated leukocytes and the
vascular wall is an important aspect of various (patho)-
physiological processes, including immune surveil-
lance, (chronic) inflammatory disorders, and stem cell
homing. Since the initial studies of Huang et al. (30),
who showed that endothelial calcium signaling contrib-
utes importantly to neutrophil transendothelial migra-
tion, the insights in the active role of the endothelium
in the extravasation process have been growing
steadily. The identification of ICAM-1-mediated acti-
vation of the small GTPase Rho (1, 19, 20), together
with the studies that showed neutrophil-induced acti-
vation of endothelial myosin light chain kinase and its
role in transendothelial migration (23, 26, 46), further
underscored the role for endothelial signaling in the
transmigration process. In the present study we pro-
vide evidence for a signaling pathway that controls
VE-cadherin-mediated endothelial cell-cell adhesion
during the process of leukocyte transendothelial mi-
gration.

Given the close interaction and interdependence of
the VE-cadherin-catenin complex with the actin cy-
toskeleton, it is apparent that increased stress fiber
formation, mediated by Rho, will impose contractile
strength on the cadherins, counteracting their adhe-
sive function. In line with this, it has been shown that
Rho activity is required for the modulation of cadherin
function (60, 62). However, transduction of pHUVEC
with a cell-permeable, activated form of RhoA is not
sufficient to induce large intercellular gaps (57) and
induces only a partial increase in endothelial perme-
ability. Similarly, activating Rho by the cytotoxic ne-
crotizing factor from Escherichia coli also did not im-
pair endothelial integrity or the distribution of VE-
cadherin, despite the induction of prominent stress
fibers (60). Finally, the effect of Rho inactivation with
the C3 toxin on leukocyte transendothelial migration
are limited (Fig. 5 and Ref. 56). Together, these data
indicate that additional signaling must be involved in
the induction of reduced endothelial cell-cell adhesion
after activation of endothelial adhesion molecules.

Our current data suggest that the production of ROS
by the Rac1 GTPase may constitute this additional
signaling toward endothelial cell-cell junctions. In an
earlier study we showed that protein transduction of
an activated form of Rac is sufficient to induce (Rho
dependent) loss of endothelial cell-cell adhesion and
that this effect was mediated by ROS (57). The addition
of H2O2 to endothelial (as well as epithelial) cells leads
to a rapid and dramatic loss of cadherin-based cell-cell
adhesion (data not shown; Ref. 59). In the current
study we have shown that inactivation of ROS with
catalase or scavenging of ROS with NAC prevents
VCAM-1 or monocyte adhesion-induced interendothe-
lial gap formation in pHUVEC. Finally, scavenging of
ROS (40, 56) as well as inhibition of Rac signaling (Fig.
5) reduces monocyte transendothelial migration, indi-
cating that the Rac-ROS pathway is an essential com-
ponent of endothelial signaling during transendothe-

lial migration. The work of Matheny et al. (40) is of
particular relevance because these authors showed
that VCAM initiates production of ROS in the endothe-
lium, which was found to mediate efficient lymphocyte
transendothelial migration. It is important to empha-
size that it is not clear to what extent this pathway is
used by transmigrating leukocytes in general. This will
likely depend on the adhesion molecules used by vari-
ous types of leukocyte. In agreement with this, we
found that neutrophil transendothelial migration,
which is mainly dependent on �2-integrin-ICAM-1 in-
teractions (52), does not seem to require ROS-mediated
signaling in endothelial cells.

The current data suggest the following model (Fig.
6). Upon integrin-mediated adhesion of leukocytes to
endothelial cells, Ig-CAMs such as VCAM-1 are clus-
tered and initiate intracellular signaling via an as yet
unidentified mechanism. This signaling involves acti-
vation of a Rac-dependent pathway, which results in
the production of ROS and activation of p38 MAPK.
The link among cadherin function, Rac, and ROS has
been established in several different cell systems (6,
28, 29, 54, 57, 59), but the molecular details of the
connection between p38 MAPK and cadherin function
have yet to be explored. However, there are various
studies that provide evidence that p38 MAPK is in-
volved in reorganization of the endothelial actin cy-
toskeleton (31, 33) and in TNF-induced vascular per-
meability (22, 34, 43). Our data indicate that inhibition
of p38 MAPK also reduces the effects of VCAM-1 on
actin reorganization (Fig. 4D), although this does not
appear to occur after ROS scavenging, which reduces
p38 MAPK activity (Fig. 3C). This discrepancy might
be due to the different means of interfering with the
pathway. For instance, NAC pretreatment blocks acti-
vation of MAPK but leaves basal activity intact. In
addition, this signaling pathway may not be completely
linear, and it may be that p38 MAPK is required for
Rho to be fully active. Future experiments are required

Fig. 6. Schematic representation of VCAM-1-induced endothelial
signaling pathways. VE-cad, vascular-endothelial cadherin; �, �, and
�: �-, �-, and �-catenin. Dashed arrows from p38 MAPK indicated the
lack of knowledge about the link between this kinase and endothelial
contractility or tyrosine phosphatases that could link p38 MAPK to
the control of VE-cadherin. For further details, see text.

VCAM-1 CROSS-LINKING INDUCES RAC ACTIVATION

50



to clarify the role of p38 MAPK in this signaling path-
way.

VCAM-1 cross-linking also leads to Rho-dependent
formation of actin stress fibers and contractility, which
is required but is not sufficient (57) to disrupt cell-cell
adhesion. The Rac-ROS pathway, in combination with
Rho-mediated contractility, may regulate leukocyte ad-
hesion (42) and transendothelial migration, in part
because of its role in inducing a transient and focal loss
of endothelial cell-cell adhesion. In this regard it is of
interest that shear stress has recently been identified
as a transmigration-promoting stimulus and that cell
tension, which will be affected by fluid shear, can
induce Rac activation (11, 32).

Having identified the Rac-mediated signaling in the
control of VE-cadherin-mediated cell-cell adhesion, a
number of important questions require further analy-
sis. First, it is unclear how adhesion molecules such as
VCAM-1 may transduce signals into the cell. The
COOH-terminal domains of ICAM-1 and VCAM-1 are
only 29 and 19 amino acids long, respectively, and no
signaling motifs have been identified, other than a
series of basic amino acids in the juxtamembrane re-
gion that have been implicated in binding ezrin/ra-
dixin/moesin (ERM) proteins (64). Interestingly, the
association of VCAM-1 with ERM proteins was re-
cently described by Barreiro et al. (3) to occur in an
endothelial docking structure for adherent leukocytes
that contains adhesion, signaling, and structural pro-
teins, suggesting that formation of this structure may
be required for the induction of adhesion-induced en-
dothelial signaling. Ig-CAM deletion mutants and
transfection studies with (domains of) ERM proteins
are required to provide more insight in this topic.

Second, the link between Rac and endothelial ROS is
unclear. Endothelial cells have been reported to ex-
press the Rac-controlled neutrophil NADPH oxidase in
association with the actin cytoskeleton (37), but
whether this complex is implicated in the control of
VE-cadherin function and cell-cell adhesion is pres-
ently unknown. A group of related enzymes (NADPH
oxidases, or NOXs) has recently been identified (35),
and preliminary data, based on RT-PCR analysis, show
that a subset of these proteins is expressed in HUVEC
as well. However, the mode of regulation and possible
function of these enzymes in endothelial cells remain to
be established.

Finally, it is unknown how activation of Rac ulti-
mately contributes to reduced cadherin function. The
production of ROS may play an important role in that
ROS can inactivate tyrosine phosphatases (5), leading
to a net increase in tyrosine kinase activity. In this
respect it is of interest that the SHP-2 tyrosine phos-
phatase was found to be associated with the VE-cad-
herin complex and becomes dissociated upon cell treat-
ment with thrombin (55). Regulation of the composi-
tion of these protein complexes may be another
mechanism to control the tyrosine phosphorylation sta-
tus and function of the cadherins and associated mol-
ecules.

In conclusion, the present study provides new data
on endothelial signaling, initiated by cross-linking of
VCAM-1. This signaling modulates endothelial cell-cell
adhesion, monolayer integrity, and, probably as a re-
sult, leukocyte transendothelial migration. Given the
importance of VCAM-1 in the induction of atheroscle-
rosis (13), it is very likely that the relevance of VCAM-
1-induced Rac activation and production of ROS ex-
tends beyond the process of leukocyte transendothelial
migration and that this pathway has an important,
more general role in the control of endothelial cell
function.
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Migration of Human Hematopoietic Progenitor Cells Across
Bone Marrow Endothelium Is Regulated by Vascular
Endothelial Cadherin1

Jaap D. van Buul,* Carlijn Voermans,* Veronique van den Berg,* Eloise C. Anthony,*
Frederik P. J. Mul,* Sandra van Wetering,* C. Ellen van der Schoot,*† and Peter L. Hordijk 2*

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

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

of the transplantation depends on the ability of the hematopoietic
stem cells to engraft the bone marrow, a process referred to as
homing (1). An important step in homing is the actual transmigra-
tion of reinfused stem cells across the bone marrow endothelium to
the bone marrow stroma. Although much is known about the mi-
gration of granulocytes and T cells, the factors that control the
transendothelial migration of hematopoietic stem cells are still
poorly understood.

Recently, the first powerful chemoattractant for hematopoietic
stem cells (CD34� cells) has been described and identified as stro-
mal cell-derived factor-1� (SDF-1�).3 SDF-1� is produced by
several types of stromal cell, including those of the bone marrow
(2–5), and signals through a G protein-coupled receptor called

Fusin, leukocyte-derived seven-transmembrane domain receptor,
or CXCR-4 (6–9). SDF-1�-driven homing of CD34� cells has
been suggested to be a multistep process similar to the extravasa-
tion process of leukocytes at inflammatory sites (10) and is medi-
ated by adhesion molecules both on CD34� cells (11) and on bone
marrow endothelial cells. In the final stage of homing, CD34�

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

Endothelial cell-cell adhesion is largely dependent on the ho-
motypic cell-cell adhesion molecule vascular endothelial (VE)-
cadherin (cadherin-5, CD144). VE-cadherin is a transmembrane
protein that, like other members of the cadherin family (12), as-
sociates via its cytoplasmic tail with various cytosolic proteins,
including �-, �-, and �-catenin (plakoglobin) and p120/p100.
These proteins link VE-cadherin to the cortical actin cytoskeleton
(13–15). The role of VE-cadherin in leukocyte transendothelial
migration was first described by Gotsch et al. (16), who showed an
accelerated extravasation of neutrophils in a mouse peritonitis
model in vivo upon i.v. injection of a mAb against mouse VE-
cadherin. Transfection experiments and gene inactivation studies
have shown that VE-cadherin expression reduces monolayer per-
meability and promotes cell aggregation, motility, and growth, and
that VE-cadherin is required for the organization of vascular-like
structures in embryoid bodies (17–19). Moreover, VE-cadherin,
together with �-catenin, seems to be involved in cell survival (20).
Regulation 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
of the endothelial actin cytoskeleton (17, 25). In addition, several
studies 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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endothelial cells, which may indirectly regulate VE-cadherin func-
tion in the process of transendothelial migration (26–29).

A role for specific adhesion molecules in endothelial cell sig-
naling has been suggested by studies on VCAM-1 (CD106) and
ICAM-1 (CD54). Lorenzon et al. (30) concluded that VCAM-1
and 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
of T cells has been reported to induce tyrosine phosphorylation of
the actin-binding protein cortactin (31). In line with this observa-
tion, it was suggested that ICAM-1 mediates cell shape changes
through coupling to the p21Rho GTPase and by inducing phos-
phorylation of cytoskeletal proteins and transcription factors (32).

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

Materials and Methods
Materials

mAbs against VE-cadherin (cl75) and �-catenin were from BD Transduc-
tion Laboratories (Amsterdam, The Netherlands). VE-cadherin Ab 7H1
was from BD PharMingen (San Diego, CA). Hybridoma supernatant
TEA1.31 was a kind gift from Dr. E. Dejana (Instituto di Ricerche Farma-
cologiche Mario Negri, Milan, Italy). Polyclonal Ab against VE-cadherin
(C19) was from SanverTech (Heerhugowaard, The Netherlands). Recom-
binant human IL-1� was from PeproTech (Rocky Hill, NJ); calcein-ace-
toxymethyl, Texas-Red phalloidin, FITC-Dextran 3000, ALEXA 488-la-
beled goat anti-mouse Ig (G�M-Ig), and ALEXA 488-labeled goat anti-
rabbit Ig secondary Abs were from Molecular Probes (Leiden, The
Netherlands). PE-labeled secondary Abs and botulinum C3 toxin were
from DAKO (Glostrup, Denmark). Pooled human serum, human serum
albumin, fibronectin (FN), and control Abs IgG1 and IgG2a were obtained
from the CLB (Amsterdam, The Netherlands). FCS was from Life Tech-
nologies (Paisley, U.K.). Basic fibroblast factor was from Boehringer
Mannheim (Mannheim, Germany). CXCR-4 expression was quantitated
with PE-labeled anti-human Fusin (12G5; BD PharMingen). mAbs against
ICAM-1 (84H10) and VCAM-1 (1G11) were purchased from Immunotech
(Marseille, France). Additional mAbs against ICAM-1 (15.2; CLB) and
VCAM-1 (4B2; PeproTech) were also used to exclude epitope dependence
of the effects. Cross-linking studies were performed with F(ab�)2 of G�M-
IgG from Jackson ImmunoResearch Laboratories (Baltimore, MD).
Thrombin and N-acetyl-cysteine (N-AC) were from Sigma-Aldrich (St.
Louis, MO).

Isolation of CD34� hematopoietic progenitor cells

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

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

Cell cultures

The HBMEC line has been described previously (33). The cells were cul-
tured 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 �g/ml glutamine,
100 U/ml penicillin, and 100 �g/ml streptomycin. After reaching conflu-
ency, the cells were passaged by treatment with trypsin/EDTA (Life Tech-
nologies). In all experiments, HBMEC monolayers were pretreated with
IL-1� for 4 h. HL-60 and KG-1a cell lines were obtained from the Amer-
ican Type Culture Collection (Manassas, VA) and were maintained in
IMDM (BioWhittaker, Brussels, Belgium) containing L-glutamine, 100
U/ml penicillin, 100 �g/ml streptomycin, and 10% FCS. All cell lines were
cultured at 37°C at 5% CO2.

Permeability assay

Permeability of HBMEC monolayers, cultured on 5-�m-pore, 6.5-mm
Transwell filters (Costar, Cambridge, MA), was assayed using FITC-la-
beled 3000 Dextran as described (17). The permeability response to throm-
bin (1 U/ml) after 30 min was set to 100%. In some experiments, mono-
layers were pretreated with Abs (10 �g/ml) for 30 min. Unbound blocking
Abs against VCAM-1 and ICAM-1 were washed away before the start of
the permeability or transmigration assays. Cross-linking Abs and Abs to
VE-cadherin were present during the permeability or transmigration assay.
Botulinum C3 toxin was added to the HBMEC monolayers 6 h before the
assay. In our previous publication (17), the incubation time for C3 was
18 h. However, we found that a 6-h incubation of HBMEC with C3 was
already sufficient to inhibit actin polymerization. The 6-h incubation with
C3 did not affect the VE-cadherin localization, whereas the 18-h incubation
with C3 resulted in diffuse staining of VE-cadherin (17). Kinetics of
VCAM-1-mediated increase in permeability was performed as described
by Corada et al. (34). In brief, at indicated time points, 50 �l were taken
from the lower compartment and fluorescence was measured. After the
assay, filters were washed with ice-cold Ca2�- and Mg2�-containing PBS
and then fixed with 2% paraformaldehyde and 1% Triton X-100-containing
PBS and stained with Texas-Red phalloidin to inspect the HBMEC mono-
layer by confocal laser scanning microscopy.

Transendothelial migration assay

Migration assays were performed in Transwell plates of 6.5-mm diameter
with 5-�m pore filters. Endothelial cells were plated at 20,000–30,000
cells/Transwell on FN-coated filters. Nonadherent cells were removed after
18 h. The adherent cells were cultured for 2–3 days to obtain confluent
endothelial monolayers. Monolayers of endothelial cells were pretreated
for 4 h with IL-1�. Before adding CD34� cells to the upper compartment,
the endothelial monolayers were washed three times with assay medium
(IMDM with 0.25% (w/v) BSA (fraction V; Sigma-Aldrich)). Freshly iso-
lated CD34� cells (50,000–100,000) were added to the upper compartment
in 0.1 ml of assay medium, and 0.6 ml of assay medium with or without the
indicated concentrations of recombinant human SDF-1� (Strathmann Bio-
tech, Hannover, Germany) was added to the lower compartment. A 0.1-ml
sample containing cells in assay medium was diluted in 0.5 ml of assay
medium and was kept as input control for quantitation of the number of
migrated cells. The Transwell plates were incubated at 37°C, 5% CO2, for
4 h. Preliminary experiments showed that after 4 h, a substantial fraction of
the CD34� cells had migrated. Cells that had migrated to the lower com-
partment were collected in a FACS tube to which a fixed number of control
cell line cells (kG-1a) labeled with calcein-acetoxymethyl was added.
FACS analysis was used to determine the ratio between labeled and unla-
beled cells, with characteristic light scatter parameters, in the migrated
fraction as described before (2). By comparison of this ratio to that of the
input control, the number of migrated cells was quantitated. Using this
method, we were able to determine reliably a minimum number of 200
migrated cells. In blocking experiments, HBMECs were preincubated for
30 min at 37°C with mAbs (10 �g/ml), followed by washing. As controls,
IgG1 and IgG2a isotypes were used. Blocking Abs against VCAM-1 and
ICAM-1 were not present during the transendothelial migration assay.
However, blocking Abs against VE-cadherin (cl75) were present during
the transendothelial migration assay. After the assay, the filters were
fixed and stained with Texas-Red phalloidin to inspect HBMEC mono-
layers by confocal laser scanning microscopy.
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Immunocytochemistry

HBMECs were cultured on FN-coated glass coverslips and were fixed and
immunostained as described (17) with mAb against VE-cadherin (7H1, 10
�g/ml) or anti-�-catenin (10 �g/ml) followed by staining with fluores-
cently labeled secondary Abs (10 �g/ml). Filamentous actin (F-actin) was
visualized by Texas-Red phalloidin (1 U/ml). In some experiments, cells
were pretreated with mAb against VE-cadherin (blocking cl75, 10 �g/ml;
partially blocking TEA1.31; hybridoma supernatant 1/2 dilution; or the
nonblocking 7H1, 10 �g/ml) for 30 min. In the analysis after the perme-
ability experiments, a polyclonal Ab against VE-cadherin was used for
immunostaining. Images were recorded with a confocal microscope with
appropriate filter settings (LSM510; Zeiss, Oberkochen, Germany). Cross-
talk between the green and red channels was avoided by use of sequential
scanning.

Analysis of ROS production

To measure intracellular ROS production, HBMECs were cultured on FN-
coated six-well plates and loaded with di-hydro-rhodamine-1,2,3 (DHR; 30
�M; Molecular Probes) for 60 min in the presence of catalase (60 �g/ml)
and NaN3 (2 mM) at 37°C. Adhesion molecules were subsequently cross-
linked at 37°C as described in Permeability assay. After 30 min, cells were
incubated for 1 min with trypsin at 37°C, collected on ice, and washed with
ice-cold Ca2�- and Mg2�-containing PBS, and DHR fluorescence was
quantitated by FACS in the FL-2 channel (�EX, 488 nm; �EM, 585 nm) for
10,000 counted cells per incubation. For the kinetics of the production of
ROS, the endothelial cells were cultured on FN-coated glass coverslips and
loaded as described above. Then ROS production was recorded and quan-
titated by time-lapse confocal microscopy of DHR-loaded HBMECs. In-
tensity values are shown as the percentage of increase relative to the values
at the start of the experiment. In some experiments, cells were pretreated
for 18 h with 5 mM of the oxygen radical scavenger N-AC to prevent
ROS-mediated signaling. FACS analysis showed that N-AC preincubation
had no effect on the IL-1�-mediated up-regulation of adhesion molecules
such as VCAM-1 and ICAM-1.

Statistics

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

Results
Role of VE-cadherin in permeability and integrity of HBMEC
monolayers

In the initial series of experiments, the role of VE-cadherin in the
control of monolayer integrity of HBMECs was examined. Ab-
mediated inhibition of VE-cadherin function using two indepen-
dent blocking Abs resulted in increased permeability of HBMEC
monolayers, whereas a nonblocking, isotype-matched VE-cad-
herin Ab and an irrelevant IgG1 did not have any effect on the
permeability of HBMECs (Fig. 1a). Immunofluorescent staining of
IL-1�-prestimulated HBMECs after treatment with the nonblock-
ing VE-cadherin Ab showed a jagged distribution of VE-cadherin
(Fig. 1bA) and normal F-actin stress fiber formation (Fig. 1bB). At
the ends of the F-actin stress fibers, colocalization of VE-cadherin
with actin was observed (Fig. 1bC), as previously described for
primary HUVECs (17, 34, 35). Pretreatment of HBMEC mono-
layers with a blocking Ab against VE-cadherin (cl75) resulted in a
redistribution of VE-cadherin over the cell surface (Fig. 1bD) and
a marked reorganization of the actin cytoskeleton (Fig. 1bE). Al-
though the partially blocking TEA1.31 Ab to VE-cadherin did in-
crease the HBMEC permeability (Fig. 1a), it did not dramatically
affect the localization of VE-cadherin (Fig. 1bG) or the actin cy-
toskeleton of the HBMECs (Fig. 1bH), in agreement with pub-
lished results obtained with primary HUVECs (35). These findings
underscore the essential role of VE-cadherin in the regulation of
the integrity of HBMEC monolayers and show that its function
(i.e., control of permeability) and localization can be modulated
differentially by different blocking Abs.

Role of VE-cadherin in transmigration of CD34� cells across
HBMECs

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

FIGURE 1. a, VE-cadherin-mediated permeability of HBMEC mono-
layers. Cells were grown to confluency on FN-coated Transwell filters and
prestimulated with IL-1�, followed by pretreatment for 30 min with Abs
(10 �g/ml) or hybridoma supernatant TEA1.31 (tissue culture supernatant
diluted 1/2 in medium). The Transwells were incubated for 3 h with FITC-
Dextran 3000 in the upper compartment in the presence of the Abs. Next,
fluorescence in the lower compartment was measured in a fluorometer
(�EX, 485 nm; �EM, 525 nm) and expressed as described in Materials and
Methods. The blocking c175 and the partially blocking TEA1.31 Abs to
VE-cadherin, but not the isotype control Ab to VE-cadherin 7H1, increased
monolayer permeability significantly. Thrombin-induced permeability was
set to 100%, as described in Materials and Methods. Data are mean �
SEM of at least three independent experiments (aA, p � 0.001). b, Block-
ing Abs to VE-cadherin alter VE-cadherin distribution and induce cy-
toskeletal reorganization. HBMECs were grown to confluency on FN-
coated glass coverslips, pretreated with IL-1�, and incubated with the
different anti-VE-cadherin Abs for 1 h. VE-cadherin and F-actin were vi-
sualized as described in Materials and Methods. The overlays show VE-
cadherin in green (A, D, and G) and F-actin in red (B, E, and H); colocal-
ization appears in yellow (C, F, and I). The nonblocking 7H1 Ab (10
�g/ml) did not affect VE-cadherin distribution, whereas the blocking cl75
Ab (10 �g/ml) caused loss of junctional localization of VE-cadherin (D)
and a reorganization of the F-actin cytoskeleton as revealed by the loss of
stress fibers (E). The TEA1.31 Ab induced a partial loss of cell-cell con-
tacts (H) which, however, was not as prominent as with the blocking cl75
Ab. VE-cadherin remained localized to cell-cell junctions (G). Bar, 50 �m.
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SDF-1�. HL-60 cells migrated across FN with a similar efficiency
as primary PB CD34� cells to 30 ng/ml SDF-1�, whereas primary
CB CD34� cells showed a higher migration efficiency (Fig. 2a).
However, CXCR-4 expression of PB and CB CD34� was com-
parable (data not shown). Because of the limited supply of primary
CD34� cells, CXCR-4-expressing HL-60 cells were used as a
model in dose response studies of SDF-1�-induced migration

across IL-1�-prestimulated HBMECs. The results show a bell-
shaped response with optimal migration at 70 ng/ml SDF-1� (Fig.
2b). When VE-cadherin was blocked with the cl75 Ab on IL-1�-
prestimulated HBMECs, a shift of the optimal concentration for
migration from 70 to 30 ng/ml SDF-1� and a significant increase
in migration across HBMECs were observed (Fig. 2b). Moreover,
migration of primary CB CD34� cells to 30 ng/ml SDF-1� across
HBMECs pretreated with either the partially blocking TEA1.31 or
the blocking cl75 Ab resulted in a significant increase in transmi-
gration efficiency (Fig. 2c). These findings show that VE-cadherin
function is an important regulator of efficient migration of primary
CD34� cells across bone marrow endothelium.

A more detailed analysis of VE-cadherin distribution revealed a
focal loss of VE-cadherin immunostaining at sites of transmigra-
tion of CD34� cells (Fig. 3a) where stress fibers seemed to con-
verge at the periphery of the transmigrating CD34� cell (Fig. 3, b
and c). The cell is fixed during its passage through the filter and the
endothelial junctions (Fig. 3d). Similarly, also �-catenin was re-
distributed over the surface of HBMECs at such sites (data not
shown). These observations suggest a coordinated interaction be-
tween the actin cytoskeleton and VE-cadherin at sites of transmi-
grating CD34� cells.

Role of p21Rho in VE-cadherin-mediated transmigration of
CD34� cells and in the permeability and integrity of HBMEC
monolayers

Blocking VE-cadherin function by the cl75 Ab was accompanied
by a reorganization of the actin cytoskeleton (Fig. 1b). Together
with the results shown in Fig. 3, these findings indicate that the
actin cytoskeleton, in concert with VE-cadherin, regulates barrier
function in HBMECs. Regulation of cytoskeletal contractility in
endothelial cells can be mediated by changes in cAMP levels (36)
and by the small GTPase p21Rho (37, 38). p21Rho is required for
actin stress fiber formation in response to extracellular stimuli in
many cell types and has also been implicated in the organization of
cadherin-based cell-cell adhesion in epithelial cells (39, 40). More-
over, inactivation of p21Rho by pretreatment of primary HUVECs
with the botulinum C3 toxin causes cytoskeletal reorganization,
mainly reflected in a loss of actin stress fibers (17). To investigate
the role of p21Rho in the control of transendothelial migration of
CD34� cells and endothelial permeability, HBMECs were pre-
treated 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

FIGURE 2. a, Migration of primary CD34� cells across FN. SDF-1�
(30 ng/ml)-induced migration of CB CD34� cells (hatched bars) across
FN-coated filters was significantly higher than the migration of HL-60 cells
(filled bars) or PB CD34� cells from healthy untreated volunteers (open
bars). b, SDF-1�-induced transendothelial migration of HL-60 cells. Dose
response of SDF-1�-induced migration of HL-60 cells across HBMECs
showed a bell-shaped curve with an optimal migration at 70 ng/ml SDF-1�
(filled bars). Open bars represent HBMECs that were pretreated for 30 min
and subsequently incubated during the assay with blocking Ab cl75 against
VE-cadherin (10 �g/ml), resulting in a significantly increased migration at
30 ng/ml SDF-1� and a shift of the dose for optimal migration from 70 to
30 ng/ml SDF-1�. c, Effect of Ab-mediated loss of VE-cadherin function
on SDF-1�-induced transendothelial migration of primary CB CD34�

cells. Pretreatment and incubation of HBMECs with the blocking cl75 Ab
(10 �g/ml) or the partially blocking TEA1.31 hybridoma supernatant to
VE-cadherin showed a significant increase in transmigration to SDF-1�.
Data are mean � SD of at least three independent experiments. bA and cA,
p � 0.05; cB, p � 0.01; aC, p � 0.001.

FIGURE 3. Transmigration of CB CD34� cells induces focal loss of
VE-cadherin. Primary CB CD34� cells and HBMECs were stained and
fixed after 3 h of transmigration. Loss of VE-cadherin localization (green)
was observed at the site of migration of a CB CD34� cell, indicated by the
arrowhead (a). The migrating cell is visualized by F-actin staining in red
(b, arrowhead). Yellow indicates colocalization of F-actin and VE-cadherin
at the periphery of the migrating cell (c, arrowhead). The X-Z section
shows the same migrating CD34� cell in red, protruding into a filter pore
(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-
thelial cells (gray). Bar, 10 �m.
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observed. When, in addition to C3 pretreatment, the blocking cl75
Ab was used (Fig. 4d), VE-cadherin was diffusely distributed over
the cell surface (Fig. 4e) and the cells had lost cell-cell contact as
a consequence of reduced VE-cadherin function. This result also
indicates that cellular contractility is not an absolute requirement
for the Ab-mediated loss of VE-cadherin-mediated cell-cell adhe-
sion. Inactivation of p21Rho by C3 did not significantly affect the
migration of primary CD34� cells across HBMECs (Fig. 4g), in-
dicating a minor role for p21Rho in the control of transmigration
of primary CD34� cells. Moreover, inhibition of active p21Rho by
C3 did not affect the permeability of HBMECs either (Fig. 4h).

Role of ICAM-1 and VCAM-1 in VE-cadherin-mediated
transmigration of CD34� cells

It was previously shown by our group and others that the �1 in-
tegrins very late Ag (VLA)-4 and VLA-5 are required for efficient
transendothelial migration of CD34� cells (2, 11, 41, 42). There-
fore, we investigated which adhesion molecules that are known
ligands for VLA-4 and VLA-5 mediate the migration of CD34�

cells across HBMECs. ICAM-1 is highly expressed on IL-1�-pre-
stimulated HBMECs, whereas VCAM-1 is expressed at a lower
level. Pretreatment of the HBMEC monolayers with blocking Abs
to ICAM-1 inhibited the transmigration of PB and CB CD34�

cells across HBMECs. Blocking Abs against VCAM-1 also inhib-
ited the transmigration of PB and CB CD34� cells. The combi-
nation of Abs against ICAM-1 and VCAM-1 inhibited the trans-
migration of PB and CB CD34� cells significantly (Fig. 5, a and
b, respectively). After pretreatment of the HBMECs with the
blocking cl75 Ab to VE-cadherin, the transmigration of untreated
PB CD34� (Fig. 5a) and CB CD34� cells (Fig. 5b) remained
dependent on ICAM-1 and VCAM-1. Other blocking mAbs to
VCAM-1 and ICAM-1 showed similar results.

Role of ICAM-1 and VCAM-1 in permeability and integrity of
HBMEC monolayers

As was shown in Figs. 1 and 2, loss of VE-cadherin function
increased the permeability of HBMEC monolayers and promoted
transendothelial migration of CD34� cells. To establish a role for
intracellular signaling in the control of VE-cadherin-mediated cell-
cell adhesion, induced by specific adhesion molecules, permeabil-
ity assays in combination with Ab-mediated cross-linking were
performed. Cross-linking of ICAM-1 resulted in a significant de-
crease in the HBMEC permeability (Fig. 6a). In contrast, cross-
linking of VCAM-1 induced a significant increase in the perme-
ability of HBMEC monolayers (Fig. 6a). Cross-linking of ICAM-1
induced stress fiber formation (Fig. 6bD), which was not accom-
panied, however, by altered VE-cadherin distribution at cell-cell
junctions (Fig. 6bE) or discernible gaps in the HBMEC monolayer
(Fig. 6bF). In contrast, cross-linking of VCAM-1 did induce loss
of cell-cell contacts of endothelial cells (Figs. 6bG and 7d) and
concomitant loss of VE-cadherin localization at sites of gap for-
mation (Fig. 6, bH and bI). Kinetics of VCAM-1-induced perme-
ability showed maximal increase in permeability already after 90
min (Fig. 6a, inset).

Role of ROS in VCAM-1-mediated gap formation

Cross-linking of VCAM-1 on activated HUVECs has been re-
ported to be accompanied by the production of low levels of ROS
(43). Moreover, ROS have been described to mediate intercellular
gap formation, cell shape change, and F-actin cytoskeletal reorga-
nization in endothelial cells (44). In line with these data, we found
that incubation with the oxygen radical scavenger N-AC signifi-
cantly inhibited the VCAM-1-mediated increase in permeability
(Fig. 6a). In addition, cross-linking of VCAM-1, but not ICAM-1,

FIGURE 4. Role of p21Rho in the transmigration of CB CD34� cells and in permeability and integrity of HBMEC monolayers. HBMECs were treated
for 6 h with 10 �g/ml C3 toxin to inactivate p21Rho and were immunostained for F-actin and VE-cadherin. The treatment with C3 caused a loss of stress
fibers (a), but staining of VE-cadherin remained localized to cell-cell junctions (b). Colocalization appears in yellow (c). In addition to the C3 treatment,
the monolayer was pretreated for 30 min with the blocking c175 Ab (10 �g/ml), which caused a loss of HBMEC cell-cell adhesion (d) and diffuse staining
of VE-cadherin over the surface (e). Colocalization appears in yellow (f). Inactivation of p21Rho had no effect on the SDF-1�-induced migration of CB
CD34� cells across HBMECs with or without treatment with the blocking c175 Ab (10 �g/ml) (g). Similarly, inactivation of p21Rho had no significant
effect 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
independent experiments. �-VE, VE-cadherin Ab cl75. Bar, 50 �m.
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on HBMECs induced ROS production (Fig. 7a). Kinetic analysis,
performed by time-lapse confocal microscopy, revealed a rapid
increase in ROS production in HBMECs within 5–15 min after
VCAM-1 cross-linking (Fig. 7b). Moreover, transmigration of pri-
mary CB CD34� cells across HBMECs was significantly dimin-
ished when HBMECs were pretreated with N-AC, indicating a role
for oxygen radicals during transendothelial migration (Fig. 7c). In
addition, pretreatment of HBMECs with N-AC, which by itself did
not affect the actin cytoskeleton or VE-cadherin distribution, pre-
vented VCAM-1-induced gap formation (Fig. 7d).

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
increased stress fiber formation and reduced endothelial cell-cell
adhesion.

FIGURE 5. Role for endothelial adhesion molecules in SDF-1�-induced
transmigration of primary CD34� cells across HBMECs. a, HBMECs were
cultured on Transwell filters and prestimulated with IL-1� as described in
Materials and Methods. Before the addition of the CD34� cells from PB
of healthy untreated volunteers to the upper compartment, the monolayers
on the filter were incubated for 30 min with blocking Abs against adhesion
molecules, followed by washing. mAbs against ICAM-1 (10 �g/ml;
�-ICAM-1) and to VCAM-1 (10 �g/ml; �-VCAM-1) inhibited the SDF-
1�-induced migration of PB CD34� cells (30 ng/ml SDF-1�). The com-
bination of Abs against ICAM-1 and VCAM-1 (�-I-1 � �-V-1) showed a
significant inhibition of the transmigration. Pretreatment of HBMECs with
blocking Ab c175 against VE-cadherin (10 �g/ml, filled bars; VE-cadherin
Ab present during the assay) increased basal migration of PB CD34� cells.
Under these conditions, ICAM-1 was still required for efficient migration.
b, mAbs against ICAM-1 (10 �g/ml) and VCAM-1 (10 �g/ml) also in-
hibited the migration of CB CD34� cells. Blocking Ab cl75 against VE-
cadherin (10 �g/ml, filled bars) increased basal SDF-1�-induced migration
of CB CD34� cells, but mAbs against ICAM-1 and VCAM-1 were still
able to inhibit. Data are mean � SD of at least three independent experi-
ments. bA, p � 0.05; aB and bB, p � 0.01; aC, p � 0.001.

FIGURE 6. a, Effect of cross-linking of adhesion molecules on the per-
meability of HBMEC monolayers. HBMEC monolayer permeability was
measured after pretreatment of the endothelial cells with mAbs against
ICAM-1, VCAM-1, or IgG1 (30 min, 10 �g/ml). Together with the addi-
tion of FITC-Dextran 3000, the Abs were cross-linked with G�M-IgG,
which remained present during the 3-h assay. Cross-linking of ICAM-1
decreased the permeability of HBMECs (p � 0.001, compared with con-
trol), whereas cross-linking of VCAM-1 showed an increase in permeabil-
ity of HBMECs (p � 0.001, compared with control). The oxygen radical
scavenger N-AC significantly inhibited the permeability induced by
VCAM-1 cross-linking (V1 � N-AC) (p � 0.05, compared with cross-
linked VCAM-1-induced permeability). Thrombin-induced permeability
after 30 min was set to 100%. Data are mean � SD of at least three
independent experiments. Inset, Kinetics of VCAM-1-induced permeabil-
ity, measured as described in Materials and Methods. E, Control; f,
VCAM-1 cross-linking. b, Effect of cross-linking of adhesion molecules on
the morphology of HBMECs. HBMECs were grown to confluency on FN-
coated glass coverslips, treated as indicated, fixed, and stained for VE-
cadherin and F-actin. The images show F-actin in red (A, D, and G) and
VE-cadherin (VE-cad) in green, immunostained with a polyclonal Ab (B,
E, and H). Colocalization appears in yellow (C, F, and I). HBMEC mono-
layers were incubated for 30 min with mAbs against ICAM-1 (X-ICAM-1),
followed by 30 min of cross-linking with G�M-IgG. F-actin staining
showed induction of stress fibers, but this was not accompanied by the
formation of gaps between the cells (D). VE-cadherin was localized nor-
mally to cell-cell junctions (E). Cross-linking of VCAM-1 (X-VCAM-1)
induced stress fibers and gap formation in the HBMEC monolayer (G),
with loss of discrete VE-cadherin localization at sites of absent cell-cell
contacts (H). Staining of endothelial nuclei was due to nonspecific binding
of the ALEXA 488-labeled goat anti-rabbit Ig secondary Ab. Bar, 20 �m.
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Discussion
The present study demonstrates that VE-cadherin is a crucial reg-
ulator of the permeability of HBMECs and that its adhesive prop-
erties control the efficiency of migration of hematopoietic progen-
itor cells (CD34� cells) across HBMECs. In addition, endothelial
adhesion molecules such as ICAM-1 and, in particular, VCAM-1
were found to be important for CD34� cell transmigration and,
upon activation, for the modulation of endothelial integrity.

Primary CD34� cells induced a focal loss of VE-cadherin and of
�-catenin at sites of transmigration. This focal loss of VE-cadherin
was reversible. The normal jagged pattern of VE-cadherin distri-
bution 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, albeit in the absence of a chemotactic gradient. One of the
proposed mechanisms for the loss of VE-cadherin function during
leukocyte passage is the trapdoor mechanism: the VE-cadherin-
catenin complex is mechanically pushed aside by the migrating
leukocyte and simply re-adheres after leukocyte passage (35).
However, despite the fact that the VE-cadherin distribution was
lost at sites of CD34� cell transmigration, the migration across
HBMECs remained dependent on VCAM-1- and ICAM-1-medi-
ated adhesion in the absence of VE-cadherin function. It is impor-
tant to note that the transendothelial migration assay is performed
under static conditions. Although the VE-cadherin distribution
during transmigration under static conditions was similar to what
Allport and colleagues (35) found using shear stress, the effect of
blocking Abs to VCAM-1 and ICAM-1 on the transendothelial
migration of CD34� cells under flow remains to be investigated.
Recently, Cinamon et al. (45) showed that shear stress itself in-

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

Conflicting results on the role of VCAM-1 and ICAM-1 in the
transmigration 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-
lial signaling that might control endothelial cell-cell adhesion.
Cross-linking experiments supported a role for VCAM-1 in the
regulation of endothelial cell-cell junctions. In contrast, ICAM-1
failed to induce changes in endothelial cell-cell junctions or for-
mation of gaps between the cells after cross-linking, despite the
induction of actin stress fibers. Similar findings have been reported
by Del Maschio et al. (28). Moreover, activation of the small
GTPase p21Rho by ICAM-1 cross-linking in HUVECs has been
suggested (32). Our studies also indicate that in HBMECs,
ICAM-1 may activate Rho, as deduced from the induction of stress
fibers. However, this response was not sufficient to induce loss of
HBMEC integrity. In line with this notion, inhibition of p21Rho by
the C3 toxin did not affect the transmigration of CD34� cells or the
integrity of HBMEC monolayers, suggesting only a minor role for
the p21Rho GTPase in the control of CD34� cell transmigration.
Although several reports suggest a signaling role for ICAM-1 dur-
ing leukocyte transmigration, e.g., through activation of p21Rho
(36, 48, 49), these findings indicate a differential, possibly cell-
type-specific role for a p21Rho signaling pathway in the control of
endothelial monolayer integrity during leukocyte transmigration.
Moreover, in the absence of p21Rho activity, the endothelial cell-
cell contacts are still reduced upon Ab-mediated loss of VE-cad-
herin function. This finding shows that gap formation, induced by

FIGURE 7. VCAM-1 activation induces generation of ROS in HBMECs. a, VCAM-1 and ICAM-1 were cross-linked as described in Materials and
Methods on DHR-loaded and IL-1�-pretreated HBMECs. After 30 min, the production of ROS was analyzed by FACS as described in Materials and
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-linking had no effect. Ten millimolar H2O2 was used as a positive control and increased the DHR response by 44% (data not shown). Data are mean �
SD of three independent experiments. b, Kinetics of ROS production were measured by time-lapse confocal microscopy during 30 min of VCAM-1
cross-linking as described in Materials and Methods. Data are shown as percentage increase relative to the values at the start of the experiment. f, Control;
�, VCAM-1 cross-linking. Data represent the mean of two independent experiments. c, Role for ROS in SDF-1�-induced transendothelial migration of
primary CB CD34� cells. Pretreatment and incubation of HBMECs with the oxygen radical scavenger N-AC (5 mM) showed a significant decrease in
transmigration to SDF-1�. Data represent the mean � SD of at least three independent experiments (cA, p � 0.05). d, Phase-contrast images show that
gap formation, indicated by the arrowheads, occurred already after 15 min of VCAM-1 cross-linking. To prevent ROS-mediated signaling, HBMECs were
pretreated 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 �m.
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anti-VE-cadherin Ab or cross-linking of VCAM-1, might occur
independently of cellular contractility.

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

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

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

Our present results suggest that the transendothelial migration of
primary CD34� cells requires VCAM-1 and ICAM-1 for firm ad-
hesion to the bone marrow endothelium and that the binding to
VCAM-1 may lead to the focal loss of VE-cadherin function
through the production of ROS. Detailed analysis of VCAM-1-
induced signaling to VE-cadherin-mediated cell-cell adhesion thus
will be of relevance, not only for our understanding of the role of
the endothelium in transmigration of hematopoietic stem cells, but

also for our insight in endothelial cell function, which is important
in a wide range of (patho)physiological conditions.
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Chapter 6
REACTIVE OXYGEN SPECIES MEDIATE RAC-
INDUCED LOSS OF CELL-CELL ADHESION IN

PRIMARY HUMAN ENDOTHELIAL CELLS.
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Introduction
The endothelial lining of the vascular system represents an
important barrier to plasma proteins, solutes and leukocytes.
Vascular integrity is largely dependent on endothelial cell-cell
adhesion mediated by vascular endothelial (VE)-cadherin
(Cadherin-5, CD144) (Carmeliet, 2000; Dejana et al., 1999).
VE-cadherin is a transmembrane glycoprotein that is
complexed via its cytoplasmic tail to various proteins, such as
the armadillo-family members β- or γ-catenin, which are in
turn associated with α-catenin, which links the complex to the
actin cytoskeleton (Lampugnani et al., 1995). In addition, VE-
cadherin is associated with p120 catenin, which was recently
shown to act as a negative regulator of the small GTPase Rho
(Noren et al., 2000). 

Like the other cadherins, VE-cadherin mediates calcium-
dependent, homophylic intercellular adhesion and is an
important regulator of endothelial permeability (Corada et al.,
1999; Hordijk et al., 1999). Inhibition of VE-cadherin-
mediated cell-cell adhesion has pronounced effects on the
organisation of the endothelial actin cytoskeleton and vice
versa (Hordijk et al., 1999; Wojciak-Stothard et al., 1998).
Transfection studies have shown that VE-cadherin is involved

in endothelial cell migration (Breviario et al., 1995) and
survival (Carmeliet et al., 1999) and appears to be required for
the organisation of vascular structures in embryoid bodies,
angiogenesis and tumor growth (Liao et al., 2000). The
mechanisms that control the function of VE-cadherin are not
well understood, but they have been suggested to involve
indirect signaling through changes in the actin cytoskeleton
and more direct signaling through tyrosine phosphorylation of
VE-cadherin or its associated proteins (Esser et al., 1998;
Lampugnani et al., 1997).

Recent studies have underscored the important role for the
actin cytoskeleton in regulating cadherin function and cell-cell
adhesion in epithelial and endothelial cells. Consequently, Rho
family GTPases have been identified as regulators of cadherin-
based cell-cell adhesion. In epithelial cells, Rac, Rho and
CDC42 have all been implicated in the formation and control
of E-cadherin-mediated cell-cell adhesion (Braga et al., 1997;
Braga et al., 1999; Hordijk et al., 1997; Takaishi et al., 1997).
In endothelial cells, the functional link between Rho-like
GTPases and VE-cadherin function is less clear. Inhibition of
Rho-dependent contractility has been shown to prevent
receptor-mediated increases in endothelial permeability
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The integrity of the endothelium is dependent on cell-cell
adhesion, which is mediated by vascular-endothelial (VE)-
cadherin. Proper VE-cadherin-mediated homotypic
adhesion is, in turn, dependent on the connection between
VE-cadherin and the cortical actin cytoskeleton. Rho-like
small GTPases are key molecular switches that control
cytoskeletal dynamics and cadherin function in epithelial
as well as endothelial cells. We show here that a cell-
penetrating, constitutively active form of Rac (Tat-RacV12)
induces a rapid loss of VE-cadherin-mediated cell-cell
adhesion in endothelial cells from primary human
umbilical veins (pHUVEC). This effect is accompanied by
the formation of actin stress fibers and is dependent on Rho
activity. However, transduction of pHUVEC with Tat-
RhoV14, which induces pronounced stress fiber and focal
adhesion formation, did not result in a redistribution of
VE-cadherin or an overall loss of cell-cell adhesion. In line
with this observation, endothelial permeability was more
efficiently increased by Tat-RacV12 than by Tat-RhoV14. 

The loss of cell-cell adhesion, which is induced by Tat-

RacV12, occurred in parallel to and was dependent upon
the intracellular production of reactive oxygen species
(ROS). Moreover, Tat-RacV12 induced an increase in
tyrosine phosphorylation of a component the VE-
cadherin–catenin complex, which was identified as α-
catenin. The functional relevance of this signaling pathway
was further underscored by the observation that
endothelial cell migration, which requires a transient
reduction of cell-cell adhesion, was blocked when signaling
through ROS was inhibited.

In conclusion, Rac-mediated production of ROS
represents a previously unrecognized means of regulating
VE-cadherin function and may play an important role in
the (patho)physiology associated with inflammation and
endothelial damage as well as with endothelial cell
migration and angiogenesis.

Key words: pHUVEC, Rac, Rho, Reactive oxygen species, VE-
cadherin
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(Nieuw Amerongen et al., 1998), whereas others have shown
that activation of Rho using bacterial toxins was not sufficient
to perturb endothelial integrity (Vouret-Craviari et al., 1999).
Dominant-negative Rac (RacN17) has been described as
blocking as well as promoting thrombin-induced permeability
in transfected HUVEC (Vouret-Craviari et al., 1998; Wojciak-
Stothard et al., 2001). In both of these studies, active Rac
(RacV12) was found to mimic the effects of thrombin in
stimulating permeability. In contrast to this studies, Braga et
al. (Braga et al., 1999) have described endothelial cell-cell
adhesion as independent from either Rho or Rac activity.
However, this study was performed using unstimulated cells,
which may explain the different effects of the Rho and Rac
GTPases.

In previous work, we showed that activation of Rac
promotes E-cadherin function in normal and Ras-transformed
epithelial cells (Hordijk et al., 1997). We therefore investigated
whether introduction of constitutively active Rac would also
affect the localisation and function of VE-cadherin in primary
human endothelial cells. Since these cells are notoriously
difficult to manipulate using classical transfection or retroviral
transduction techniques, we developed cell-penetrating
variants of Rho-like GTPases by fusion with the cell-
penetrating sequence of HIV-Tat (Nagahara et al., 1998). The
main advantages of using such cell-penetrating GTPases are
that one can analyse cellular responses in primary human cells
directly after addition of the proteins, which is comparable to
adding receptor agonists, and that all cells in the culture are
transduced, which allows the combination of functional and
biochemical assays with morphological analysis. 

Using this approach we show here that, in contrast to
epithelial cells, introduction of active Rac in primary human
endothelial cells disturbs VE-cadherin localisation and reduces
cell-cell adhesion. This was paralleled by and dependent on the
synthesis of reactive oxygen species (ROS) and was also
accompanied by tyrosine phosphorylation of the VE-cadherin
complex. This mode of regulation is likely to be relevant during
a variety of (patho)physiological processes, such as
inflammation, endothelial damage following ischemia,
endothelial cell migration and angiogenesis. 

Materials and Methods
Antibodies
Mouse monoclonal antibodies (Mabs) against VE-cadherin (cl75),
vinculin, α- or β-catenin or phosphotyrosine (PY-20) were from
Transduction Laboratories (Becton Dickinson Copany, Amsterdam,
The Netherlands). VE-cadherin antibody 7H1 was from Pharmingen
(San Diego, CA. USA). Texas Red phalloidin, FITC-dextran 3000 and
Alexa-488 goat-anti-mouse-Ig secondary antibody were all from
Molecular Probes (Leiden, The Netherlands). Goat-anti-mouse Ig
conjugated to horseradish peroxidase was purchased from the CLB
(Amsterdam, The Netherlands). Clostridium botulinum exoenzyme
C3 was obtained from Kordia Laboratory supplies (Leiden, The
Netherlands).

Cell culture
Human endothelial cells were harvested from umbilical veins
(HUVECs) as described previously (Brinkman et al., 1994) and
maintained in RPMI 1640 (Gibco, Grand Island, NY) supplemented
with 10% (v/v) heat-inactivated human serum (HSA, CLB), 2 mM
glutamine (Gibco), 100 units/ml penicillin and 100 µg/ml

streptomycin (Gibco) in fibronectin-coated cultures flasks. The cells
were used from passages two to four.

NIH3T3 cells were cultured in Iscove’s Modified Dulbecco’s
Medium (IMDM, Gibco) containing 10% heat-inactivated foetal calf
serum (FCS, Gibco), 2 mM glutamine and 100 units/ml penicillin and
100 µg/ml streptomycin. Ras-transformed epithelial cells, Madin
Darby Canine Kidney-f3 (MDCK-f3), were cultured in Dulbecco’s
Modified Epithelial Medium (DMEM, Gibco) containing 10% heat-
inactivated fetal calf serum (FCS, Gibco), 100 units/ml penicillin and
100 µg/ml streptomycin.

Retroviral tranduction and transfection assays
Immortalized HUVEC were transduced as described (Michiels et al.,
2000) with a MMLV-based amphotrophic retrovirus that contained the
GFP-human β-actin fusion protein. The retroviral construct was
generated by cloning the GFP actin from the pEGFP-actin vector
(Clontech, Palo Alto, USA) using NheI-BamHI restiction digestion
into pBluescript and subsequently NotI (blunted)-EcoRI into the
SwaI-EcoRI sites of the retroviral vector. 

Protein purification and transduction
To produce Tat-fusion proteins, PCR products encoding human Rac1
(V12 and N17 mutants) and RhoA (V14 and N19 mutants) were
cloned as KpnI/EcoRI fragments into the pTat-HA factor (Nagahara
et al., 1998), sequenced and transformed into the BL21(DE3) strain.
Rac primers: forward, GATCGGTACCCAGGCCATCAAGTGTG-
TGGT; reverse, GATCGAATTCTTACAAACAGCAGGCATTTTC-
TC; Rho primers: forward, 5′-GATCGGTACCGCTGCCATCCGG-
AAGAAACT-3 ′; reverse, 5′-GATCGAATTCTCACAAGACAAGG-
CAACCAG-3′. Transformed bacteria were obtained from an overnight
culture, resuspended and sonicated in Z-buffer (8 M Urea, 100 mM
NaCl and 20 mM Hepes, pH 8.0). Cleared lysates, produced by the
addition of 20 mM imidazole, were loaded onto a Ni-NTA column
(Qiagen) as described (Nagahara et al., 1998). Tat-fusion proteins were
eluted with 1 M imidazole in Z buffer, diluted five times with 20 mM
Hepes buffer pH 8.0 and applied to a Source 30Q column (Pharmacia
Biotech, Uppsala, Sweden). After washing, bound proteins were eluted
with 1 M NaCl, desalted on PD-10 columns with PBS with 1 mM Ca2+,
snap frozen in 10% (v/v) glycerol and stored at –80°C. 

For transduction, proteins were added directly to the cells in normal
culture medium at a final concentration of 50 nM. For controls, we
used the Tat-PTD peptide (YGRKKRRQRRR), which was dissolved
in PBS/1 mM Ca2+. 

Permeability assays
Permeability of pHUVEC monolayers, cultured for 4-5 days on
Transwell filters (0.4 µm pore size, 12 mm diameter; Costar,
Cambridge, MA, USA), was assessed with FITC-labeled dextran
(Hordijk et al., 1999). Phalloidin staining of cells on a filter, cultured
in parallel, was used to confirm confluency of the monolayers used in
the permeability assays. The endothelial cell monolayers were
preincubated for 30 minutes with 50 nM of Tat-RacV12, Tat-RhoV14
or an antibody to VE-cadherin as a positive control (10 µg/ml; cl75).
FITC-dextran 3000 (10 µg/ml; Molecular Probes, Leiden, The
Netherlands) was then added to the upper compartment, and
fluorescence in the lower compartment was measured after 2 hours
with a spectrofluorimeter (λex 485 nm; λem 525 nm). Permeability of
untreated monolayers was set at 100% (absolute permeability was in
the range of 5-10% and depended on donor variability).

Immunocytochemistry
Cells that were cultured to subconfluency were incubated with TAT-
proteins or the TAT-peptide in PBS with 1 mM Ca2+ for various time
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periods, fixed and permeabilized with 2% paraformaldehyde and 0.5%
(v/v) Triton-X100 in wash buffer (PBS containing 0.5% (v/v) HSA,
1 mM Ca2+) for 20 mintes at room temperature (RT). Cells were
stained with the indicated mouse monoclonal antibodies, washed and
incubated with Alexa-488-conjugated goat-anti-mouse Ig antibodies
in combination with Texas Red phalloidin (1 U/ml) to visualize F-
actin. Images were recorded with a ZEISS LSM 510 confocal laser
scanning microscope. Immunofluorescent staining for the HA-epitope
confirmed protein transduction of all cells in the culture (not shown).
For time-lapse confocal microscopy, cells were mounted in culture
medium in a temperature-controlled incubation chamber kept at 37°C. 

Endothelial cell migration assay
To monitor endothelial cell migration, pHUVECs were serum-starved
overnight, detached with 5 mM EDTA and plated on fibronectin-
coated Transwell filters (8 µm pore size, 6.5 mm diameter; Costar) in
serum-free RPMI 1640 medium. Medium containing 0-10% FCS was
added to the lower chamber and the cells were allowed to migrate for
3-5 hours. Next, the cells were fixed in 2% paraformaldehyde
containing 0.5% (v/v) human serum albumin (HSA) and 1 mM Ca2+.
Cells from the upper compartment were removed with a cotton swab.
Nuclei of migrated cells were stained with Hoechst 33258 and
counted by fluorescence microscopy.

Measurement of reactive oxygen species
To measure generation of reactive oxygen species (ROS) in
endothelial cells, pHUVECs cultured on fibronectin-coated glass
coverslips were loaded with dihydrorodamine 123 (DHR, 30 µM;
Molecular Probes) for 30 minutes, washed and subsequently
transduced with the Tat-peptide or Tat-fusion proteins. Fluorescence
of DHR was quantified by time-lapse confocal microscopy. Intensity
values are shown as the percentage increase relative to the values at
the start of the experiment. 

Immunoprecipitaton and western blotting
Cells were grown to confluency in 6-well plates, washed and lysed
for 10 minutes in 0.5 ml lysis buffer (50 mM Tris, pH 7.4, 1 mM
EDTA, 150 mM NaCl, 1% NP-40, 0.5 mM orthovanadate with the
addition of protease inhibitor cocktail tablets (Boehringer Mannheim,
Mannheim, Germany) and, where indicated, in the presence of 0.1%
SDS. The lysates were precleared with 25 µl Protein A-sepharose
beads (Pharmacia Biotech). Next, the lysates were incubated with 25
µl of Protein A beads, coated with 10 µg/ml VE-cadherin (7H1) or
anti-α-catenin antibodies for 1 hour at 4°C under continuous mixing.
The beads were extensively washed in lysis buffer, and proteins were
eluted by boiling in sample buffer. Samples were run on 10% SDS-
PAGE under reducing conditions, transferred onto 0.2 µm
nitrocellulose filters (Schleicher & Schuell, Dassel, Germany), which
were blocked with 5% dried milk protein in TBST buffer (10 mM
Tris-HCl, pH 7.4, 150 mM NaCl and 0.5% (v/v) Tween-20) and
incubated with the appropriate antibodies (to VE-cadherin (7H1), α-
catenin or PY-20, all diluted 1:1000 in blocking buffer). This was
followed by incubation with rabbit anti-mouse (RαM) IgG-HRP
(1:1000, DAKO) at room temperature. The immunoreactive bands
were visualised with the ECL kit (Amersham Pharmacia Biotech,
Buckinghamshire, England).

Results
Transduction of Tat-RacV12 into fibroblasts and
epithelial cells
A cell-penetrating, constitutively active mutant of Rac (Tat-
RacV12) was constructed by fusion of the Rac coding

sequence to that of the protein transduction domain of HIV-
TAT (Nagahara et al., 1998). The fusion protein was isolated
as previously described for Tat-Rho proteins (Alblas et al.,
2001; Chellaiah et al., 2000) and validated by transduction into
NIH3T3 fibroblasts and Ras-transformed epithelial MDCKf3
cells. Time-lapse studies of NIH3T3 fibroblasts showed that
Tat-Rac-V12 induced a limited and transient contractile
response within 1-3 minutes, followed by the rapid formation
of lamellipodia and membrane ruffles. Visualisation of the F-
actin cytoskeleton and of vinculin, a marker for focal adhesions
and focal contacts, showed that Tat-RacV12 induced a rapid
increase in the stress fiber content of the cells, which was
accompanied by formation of vinculin-containing focal
adhesions (Fig. 1a,b). In addition, lamellipodia were formed
along the cells’ periphery, where rims of cortical actin,
protruding over vinculin-containing focal contacts, were
observed. 

The effects of Tat-RacV12 were also tested in Ras-
transformed MDCKf3 cells, which are known to revert from a
fibroblastoid to a more epithelial phenotype upon expression
of constitutively active Rac (Hordijk et al., 1997). Time-lapse

Fig. 1.Transduction of Tat-RacV12 in fibroblasts and epithelial cells.
Tat-PTD (control, a) or Tat-RacV12 (b) was transduced into NIH3T3
fibroblasts for 30 minutes. Next the cells were fixed and
permeabilized, (immuno)stained for actin (red) and vinculin (green)
and analysed by confocal microscopy. Tat-RacV12 induced rapid
formation of actin stress fibers and induced pronounced vinculin-
containing focal adhesions and lamellipodia along the cells’
periphery (inset). Bar, 10 µm (inset: bar, 5 µm). Ras-transformed
epithelial MDCK cells were transduced with the Tat-PTD (c) or Tat-
RacV12 (d), and the distribution of F-actin and β-catenin was
analysed by immunocytochemistry after 3 hours. Tat-RacV12 did not
induce stress fibers but recruited F-actin to the cellular cortex. In
addition, β-catenin was found to be more pronounced at the sites of
cell-cell contact, which is indicative of increased cell-cell adhesion.
Bar, 10 µm.



analysis showed that these MDCK cells, in contrast to NIH3T3
cells, did not show either contraction or lamellipodia formation
following transduction with Tat-RacV12. However, incubation
with Tat-RacV12 induced a clear increase in cortical F-actin
and recruitment of β-catenin to cell-cell contact sites (Fig.
1c,d). These effects were already seen after 3 hours, but were

most obvious following overnight incubation, indicating that
the cell-penetrating Rac protein, similar to its retrovirally
expressed equivalent, promotes cell-cell adhesion in these Ras-
transformed epithelial cells. These data demonstrate that
protein transduction of RacV12 induces similar phenotypic
changes to RacV12 proteins expressed through microinjection
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Fig. 2.Effect of Tat-RacV12 on HUVEC. (A) GFP-actin-expressing
immortalized HUVEC were transduced with Tat-RacV12 while the
cells were monitored by time-lapse confocal microscopy (phase
contrast, top row; GFP-actin, bottom row). Tat-RacV12 induced a
rapid contractile response (asterisks) followed by extensive induction
of lamellipodia formation (arrows). Bar, 10 µm. (B) Primary
HUVEC were cultured on fibronectin-coated coverslips to near
confluency and transduced for 15 (Bb) or 30 minutes (Bc) with Tat-
RacV12 or for 30 minutes with Tat-RacN17 (b,d). Next, the cells
were fixed and immunostained for F-actin (red) and VE-cadherin
(green). Bar, 20 µm. (C) Primary HUVEC were cultured at different
densities (high, a,b; middle, c,d; low, e,f) and next transduced with
Tat-RacV12 for 30 minutes. Next, the cells were fixed and immunostained for F-actin (red) and VE-cadherin (green). Bars, 20 µm.
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(Ridley et al., 1992) or retroviral transduction (Hordijk et al.,
1997).

Transduction of Rac proteins in primary HUVECs
Given the stimulatory effect of Rac on E-cadherin function in
epithelial cells (Hordijk et al., 1997), we analysed its effect on
cadherin-based adhesion and barrier function of primary
HUVECs. The Tat-RacV12 protein induced pronounced but
transient cellular contraction, followed by extensive cell
spreading and lamellipodia formation. This was clearly
visualized in immortalized HUVEC (Fontijn et al., 1995) that
expressed a GFP-actin fusion protein (Fig. 2A).
Immunocytochemical analysis of subconfluent pHUVEC
showed that Tat-RacV12 induced endothelial contractility and
intercellular gap formation after only 15 minutes of
transduction (Fig. 2Bb), and prominent loss of cell-cell
adhesion and formation of lammelipodia was observed after 30
minutes. Furthermore, this Tat-RacV12-induced contractility
and loss of cell-cell adhesion was accompanied by a rapid
increase in the levels of F-actin stress fibers and in altered VE-

cadherin distribution (Fig. 2Bc). Complementary FACS
analysis showed that under these circumstances the surface
expression of VE-cadherin remained unaltered (not shown). In
contrast, transduction of Tat-RacN17 protein did not induce
significant changes in the cytoskeleton or in VE-cadherin
distribution (Fig. 2Bd). When Tat-RacV12-treated cells were
left overnight, VE-cadherin distribution and cell-cell adhesion
were restored (not shown), indicating that the protein was not
toxic to the cells and that its effects were reversible. Together,
these results show that the Tat-RacV12 protein induces a rapid
loss of VE-cadherin-mediated cell-cell adhesion followed by
the induction of a ‘Rac-phenotype’, as deduced from the
induction of lamellipodia. 

It has been reported that control of endothelial cell-cell
adhesion by Rho-like GTPases is dependent on the confluency
of the cells (Braga et al., 1999). The effects of Tat-RacV12
were therefore analysed in cultures of different cell density.
The data in Fig. 2C show that in confluent monolayers, Tat-
RacV12 induces mainly stress fibers and small gaps in between
the cells. Occasionally, formation of ruffles can also be
observed. At subconfluent monolayers, the Tat-RacV12-

Fig. 3.Role of Rho in the
control of endothelial cell-cell
adhesion. (A) Primary
HUVECs on fibronectin-coated
coverslips were pretreated or
not with the Rho-inactivating
C3 exoenzyme (10 µg/ml) and
subsequently transduced with
the Tat PTD or Tat-RacV12 (50
nM) for 30 minutes. The cells
were fixed and stained for F-
actin (red) and VE-cadherin
(green). Bar, 20 µm.
(B) Primary HUVEC were
transduced with Tat-RhoV14 or
Tat-RhoN19 for 30 minutes,
fixed and stained for F-actin
(red) and vinculin or VE-
cadherin (green). Bars, 20 µm.



induced cellular contraction results in a more pronounced loss
of cell-cell adhesion, accompanied by formation of lamellae
and ruffles. Thus, the effects of Tat-RacV12, that is, induction
of contractility and gap formation, seem not to be qualitatively
different, but a more general loss of cell-cell adhesion and
appearance of lamellae is most clear at lower densities. 

Role of Rho GTPase in Rac-mediated responses
As the effects of Tat-RacV12 were accompanied by transient
cellular contraction, we tested Rho-mediated contractility for
a role in this response. Pretreament of pHUVECs with the C3
exo-enzyme from Clostridium botulinum prevented Tat-
RacV12-induced stress fiber formation and loss of cell-cell
adhesion (Fig. 3A), suggesting that in HUVECs, as in
fibroblasts (Ridley and Hall, 1992), the Rac phenotype requires
Rho activity. To assess whether the effects of Rac could be
mimicked by constitutively active Rho, we transduced
pHUVECs with Tat-RhoV14. The active Rho protein rapidly
induced pronounced stress fiber formation and prominent focal
adhesions, as revealed by vinculin staining (Fig. 3B), but did
not induce significant changes in junctional VE-cadherin
staining or loss of cell-cell adhesion (Fig. 3B). Small gaps in
between the cells could be observed, but this effect was not
comparable with the more general loss of cell-cell adhesion
induced by transduction of Tat-RacV12 (compare Fig. 3B with
Fig. 2A). Tat-RhoN19, the inactive mutant of Rho, had little
effect on the cellular F-actin distribution and did not
significantly alter VE-cadherin distribution (Fig. 3B).

To analyse whether the Tat-RacV12-induced loss of cell-cell
adhesion and gap formation would result in reduced monolayer
integrity we performed permeability assays. As shown in Fig.
4A, Tat-RacV12 increased endothelial monolayer permeability
by 25-30% compared with basal values. Tat-RhoV14 only
partially mimicked the response of Tat-RacV12 and increased
permeability by approximately 15%. An antibody against VE-
cadherin was used as a positive control. As shown in Fig. 4B,
Tat-RacV12 also induced gap formation and loss of cell-cell
adhesion in highly confluent cells that were grown on the
filters. The results obtained with Tat-RacV12 and Tat-RhoV14
are in line with the immunofluorescence analysis shown in Figs
2A and 3B and indicate that, although Rho activity is required
for Rac-mediated loss of cell-cell adhesion, the Tat-RhoV14
protein by itself is not sufficient to fully mimic this effect. The
combination of the constitutively active Rac and Rho proteins
did not result in an additional increase in the Rac-induced
increase in permeability (not shown). The Tat-RacV12-
mediated increase in endothelial permeability in HUVEC is in
agreement with recent data from Wojciak-Stothard et al.
(Wojciak-Stothard et al., 2001) who used adenovirus to express
active Rac proteins in primary HUVEC. 

Induction of ROS by Tat-RacV12 in primary HUVECs
In phagocytes, the Rac2 protein is essential in the synthesis of
ROS through its activation of the NADPH oxidase complex
(Diebold and Bokoch, 2001). Exposure to ROS, in particular
H2O2, has been show to reduce cell-cell adhesion in epithelial
cells (Volberg et al., 1992) and to affect endothelial cell
function (Lum and Roebuck, 2001). Since Rac activation has
also been implicated in the production of ROS in endothelial

cells (Deshpande et al., 2000), we analyzed whether production
of ROS was induced by Tat-RacV12. As shown in Fig. 5A, Tat-
RacV12 induced a rapid (within 5 minutes) increase in DHR
(dihydrorodamine 123) fluorescence, indicating that ROS were
formed. This effect lasted for approximately 60 minutes, after
which time a decline in DHR fluorescence was observed. These
kinetics paralled the effects on cell-cell adhesion. In contrast,
neither the Tat-peptide nor Tat-RhoV14 (not shown) induced
ROS production.

To determine whether ROS were involved in Tat-RacV12-
mediated loss of cell-cell adhesion, pHUVEC were pretreated
with the oxygen scavenger N-acetyl-cysteine (N-AC) and then
incubated with Tat-RacV12. N-AC, which by itself left the
cytoskeleton and VE-cadherin distribution unaltered, was
found to prevent the Tat-RacV12-induced production of ROS
(not shown) and blocked the concomitant loss of cell-cell
contacts (Fig. 5Bc), indicating that ROS are essentially
involved in Rac-mediated loss of cell-cell adhesion and VE-
cadherin redistribution. In contrast, the induction of stress
fibers was not inhibited in N-AC-pretreated cells,
demonstrating that N-AC is not toxic for the cells and did not
interfere with (Rho-dependent) cell signaling events (Fig.
5Bc). The addition of 1 mM H2O2 mimicked the Tat-RacV12-
induced loss of cell-cell adhesion (not shown).
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Fig. 4.Effect of Tat-RacV12 and Tat-RhoV14 on endothelial barrier
function. (A) Primary HUVECs were cultured on fibronectin-coated
transwell-filters until confluent, and monolayers were pretreated for
30 minutes with Tat-RacV12 and TAT-RhoV14 (both 50 nM) or an
antibody against VE-cadherin that was used as a positive control.
Permeability was assessed 2 hours later as described in the Materials
and Methods. (B) Endothelial cells, which were cultured on
fibronectin-coated transwell filters, were treated with Tat-RacV12 for
30 minutes, and cells were then stained and fixed for F-actin (red)
and VE-cadherin (green). Bar, 10 µm. 
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Induction of tyrosine
phosphorylation 
The pathways that regulate VE-
cadherin-mediated cell-cell adhesion
from within the endothelial cells are
poorly defined. Cellular contractility
has been proposed to be important, but
our present data indicate that the
induction of Rho-mediated
contractility is not sufficient to disrupt
VE-cadherin function (Fig. 3B). Others
have reported an important role for
tyrosine phosphorylation of the VE-
cadherin complex as a means to
regulate cell-cell adhesion in epithelial
and endothelial cells (Braga et al.,
1999; Esser et al., 1998; Volberg et al.,
1992). In this regard, tyrosine
phosphorylation of VE-cadherin, β-
catenin and γ-catenin have been
reported, although the kinase that is
involved in phosphorylation of the
cadherin-catenin complex in
endothelial cells has not been
identified.

To investigate the induction of
tyrosine phosphorylation, the cellular
distribution of phosphotyrosine was
analysed in pHUVEC that had been
transduced with Tat-RacV12. The data
in Fig. 6A show that Tat-RacV12
induced an increase in phosphotyrosine
content, in particular at cell borders. To
detect tyrosine phosphorylation at
adherens junctions, phosphotyrosine
was detected using a monoclonal
antibody, and, owing to the lack of a
suitable polyclonal VE-cadherin
antibody, adherens junctions were
marked using a polyclonal anti-β-
catenin antibody. Colocalisation of
phosphotyrosine and β-catenin could
be observed following transduction
with Tat-RacV12, indicating that
junctional proteins become phosphorylated (Fig. 6B). To test
for specific changes in tyrosine phosphorylation of the VE-
cadherin complex, the fusion protein was immunoprecipitated
under non-denaturing conditions following transduction of the
cells with Tat-RacV12. Within 10-20 minutes, increased
tyrosine phosphorylation was detected in the
immunoprecipitate, albeit not of VE-cadherin itself (migrating
at around 130 kDa), but of an associated protein with a
molecular weight of approximately 100-110 kDa (Fig. 6C).
This apparent molecular weight corresponds to that of α-
catenin. Subsequent immunoprecipitation under denaturing
conditions indicated tyrosine phosphorylation of α-catenin
(molecular weight, 105 kDa) upon transduction of pHUVEC
with Tat-RacV12 (Fig. 6D). This response was inhibited when
the cells were preincubated with N-AC, indicating that the
phosphorylation of α-catenin is dependent on Rac-mediated
production of ROS.

To further establish the significance of Rac-mediated ROS
production for endothelial cell function, we analysed migration
of pHUVEC across fibronectin-coated Transwell filters. Serum
increased endothelial migration five-fold after 3 hours and 15-
fold after 5 hours of migration (Fig. 7). No differences were
observed in the migration induced by either 5 or 10% serum.
Transduction of pHUVEC with Tat-RacV12 did not promote
either the spontaneous or serum-induced migration (not
shown). However, pretreatment of the pHUVEC with N-AC
almost completely abrogated serum-induced migration of
pHUVEC, underscoring the importance of cellular ROS
production for endothelial cell motility. 

Discussion
The control of VE-cadherin-mediated endothelial cell-cell
adhesion is important in the context of a variety of

Fig. 5. Role for ROS in Tat-RacV12-mediated loss of cell-cell adhesion in pHUVEC. (A) Tat-
RacV12-induced production of reactive oxygen species (ROS). Endothelial cells were loaded
with the H2O2-sensitive dye DHR, washed, transduced with the TAT-peptide (d) or Tat-
RacV12 (j, 50 nM) and monitored for DHR fluorescence using time-lapse microscopy. Images
showing DHR fluorescence at t=0 minutes and t=60 minutes are shown in the panels on the
left. Bar, 50 µm. The graph depicts the % increase over basal values. (B) The role of ROS in
the Tat-RacV12-induced loss of cell-cell adhesion. pHUVEC were cultured in the absence (a,b)
or presence (c) of 5 mM N-AC prior to transduction with Tat-RacV12 for 30 minutes (b,c).
Fixed cells were stained for F-actin (red) and VE-cadherin (green). Bar, 20 µm.



(patho)physiological processes, such as inflammation, edema
and tumor angiogenesis. This is because endothelial integrity
is strictly dependent on VE-cadherin function; inhibitory
antibodies induce a rapid and in some cases dramatic loss of
cell-cell adhesion, inhibit angiogenesis and promote
endothelial permeability (Corada et al., 1999; Corada et al.,
2001; Hordijk et al., 1999; Liao et al., 2000). Moreover, VE-
cadherin plays an important role in cell survival (Carmeliet et
al., 1999), further underscoring its crucial and complex role in
endothelial cell function. In the current work, we reveal a
previously unrecognized signaling pathway that modulates
endothelial cell-cell adhesion. We demonstrate that Rac, in
conjunction with Rho-dependent contractility, reduces

cadherin-based cell-cell adhesion and induces an increase in
permeability. This effect is paralleled by and dependent on the
synthesis of ROS and is accompanied by ROS-dependent
tyrosine phosphorylation of the VE-cadherin complex. 

The analysis of the role of Rac and Rho proteins in primary
human endothelial cells was simplified significantly by using
protein transduction, which has previously proven successful
for a variety of proteins, including the small GTPase Rho in
chicken osteclasts (Chellaiah et al., 2000) as well as in human
eosinophils (Alblas et al., 2001). 

The major finding of this study is that RacV12 induces loss
of endothelial cell-cell adhesion through a pathway that
involves the production of ROS and tyrosine phosphorylation
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Fig. 6.Tat-RacV12 induces tyrosine
phosphorylation of junctional
proteins. (A) Primary HUVECs were
treated with Tat-peptide (control) or
Tat-RacV12 for 30 minutes, fixed
and stained for F-actin (red) and
phosphotyrosine (PY, green). Arrows
indicate increased phosphorylation at
cell borders and in between cells.
Bar, 20 µm. (B) Primary HUVECs
were treated with Tat-RacV12 for 30
minutes, fixed and stained for β-
catenin (a) and phosphotyrosine (b).
(c) shows the merged picture;
colocalization as determined using
specific software (identifying pixels
with equal intensities of red and
green) is indicated in white. Bar, 5
µm. (C) Primary HUVECs were
treated with Tat-RacV12 for the
various time periods indicated, after
which VE-cadherin was
immunoprecipitated. Western blots
for phosphotyrosine (upper panel)
and for VE-cadherin (lower panel,
migrating at a molecular weight of
approximately 130 kDa) are shown.
VE-cadherin itself (130 kDa) is not
phosphorylated upon Tat-RacV12
treatment. (D) Immunoprecipitation
of α-catenin followed by western
blotting for phosphotyrosine (upper
panel) following Tat-RacV12
treatment for the time periods
indicated with or without
pretreatment with N-AC. The lower
panel indicates blotting for α-catenin
to control for equal loading.
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of the VE-cadherin complex. This negative effect of RacV12
on VE-cadherin function is in sharp contrast to its effect in
epithelial cells where Rac and its exchange factor Tiam-1
promote E-cadherin function (Hordijk et al., 1997).
Considering the fact that the basic principles of cadherin-
mediated homotypic adhesion (composition of the cadherin-
catenin complexes, regulation through the actin cytoskeleton)
are very similar in epithelial cells and in endothelial cells, this
result represents an intriguing discrepancy.

Although Rho-mediated cell contractility was required for
RacV12-induced loss of cell-cell adhesion, Tat-RhoV14
showed limited effects on cell-cell junctions and monolayer
permeability. These results may be explained by the fact that
experiments were performed in the presence of 10% serum,
a known activator of Rho, so that transduction with
exogenous active Rho would have limited additional effects.
Another explanation might be that Rho activity per se is not
sufficient to open intercellular contacts and that RacV12, in
addition to inducing Rho-dependent contractility, activates a
complementary Rho-independent pathway that negatively
controls endothelial cell-cell adhesion. This explanation is
supported by our observation that scavenging ROS reduces
Rac-mediated loss of cell-cell adhesion but does not affect
the Rho-dependent formation of stress fibers. Recently,
RacV12-mediated loss of cadherin-dependent adhesion was
also described in keratinocytes (Braga et al., 2000). However,
since the intracellular signaling underlying this effect was not
studied, it is not clear whether similar pathways control
cadherin function in keratinocytes and in endothelial cells.
We have not been able to detect increased production of ROS
by Tat-RacV12 in epithelial cell lines, and it needs to be
investigated whether this pathway may be prevalent in
primary cells. Finally, transduction of primary HUVEC with
Tat-N17-Rac or Tat-N19-Rho proteins did not disturb VE-
cadherin localization at cell-cell borders, indicating that, at
least within the time frame of these experiments, Rac or Rho
activity is not required to keep VE-cadherin at cellular
junctions, which is in agreement with earlier studies (Braga
et al., 1999).

The modulatory role of ROS in cell-cell adhesion is well
known and is largely based on the addition of (high
concentrations of) H2O2 to endothelial and epithelial cells,

resulting in increased permeability, cellular injury and cell
death (Lum and Roebuck, 2001). However, increasing
evidence indicates that at low levels, ROS can also function as
signaling molecules participating in the regulation of
fundamental cellular processes such as cell growth, cell
division and apoptosis (Finkel, 1999). A number of previous
studies have suggested that Rac is involved in ROS production
in endothelial cells, as it is in neutrophils, although it is not
certain which type of ROS-generating enzyme is expressed in
these cells. Rac-mediated ROS production has been implicated
in TNF-α-induced endothelial apoptosis (Deshpande et al.,
2000) and shear-stress induced tyrosine phosphorylation (Yeh
et al., 1999) but to our knowledge, production of intracellular
peroxide has so far not been implicated in the regulation of VE-
cadherin function. 

The mechanism of action of ROS-mediated loss of cadherin
function is not established, but peroxide has been proposed to
increase oxydation of crucial cysteine residues in tyrosine
phosphatases (Rhee et al., 2000), leading to inactivation. This
results in a net increase in tyrosine phosphorylation, which
could lead to increased phosphorylation of the cadherin-
catenin complex, an event that is generally associated with
reduced cell-cell adhesion. Our data are in agreement with this
hypothesis in that Tat-RacV12-induced ROS production is
accompanied by ROS-dependent phosphorylation of α-
catenin, which links the VE-cadherin complex to the cortical
actin cytoskeleton. It is not known which phosphatase or kinase
may be involved in this signaling, although it is intriguing that
association of the SHP2 tyrosine phosphatase with VE-
cadherin has recently been reported to be modulated by
thrombin (Ukropec et al., 2000). Previous studies demonstrated
a lack of α-catenin phosphorylation (Andriopoulou et al.,
1999; Lampugnani et al., 1997). However, these studies were
performed under different conditions and therefore difficult to
compare. Although Tat-RacV12 induces delocalization of the
VE-cadherin-catenin complex, we have not been able to detect
Tat-RacV12-mediated dissociation of the complex, suggesting
that the complex as it exists at the cell-cell junctions becomes
disconnected from the cortical actin cytoskeleton, resulting in
loss of adhesion.

The role of Rac-mediated ROS production in reducing VE-
cadherin function may explain the endothelial damage that is
associated with, for instance, ischemia-reperfusion injury, an
effect that is known to be accompanied by the formation of
ROS. Moreover, the modulation of VE-cadherin function
through the intracellular levels of ROS appears to also be
relevant for migration (Fig. 7), indicating that inhibition of
ROS production may interfere with angiogenesis. This
hypothesis is based on the fact that transient reduction of
cadherin function is required for efficient endothelial cell
migration (Cai et al., 1999; Liao et al., 2000). The general roles
that intracellular ROS levels may play in endothelial integrity
are further underscored by our finding that thrombin-mediated
loss of cell-cell adhesion was also blocked following ROS
scavenging (not shown), although we have not yet been able to
detect thrombin-induced formation of ROS. 

In conclusion, the Rac-ROS signaling pathway seems to be
an important regulator of VE-cadherin function and cell-cell
adhesion in primary human endothelial cells. Future research
will focus on the type of oxidase that is relevant for endothelial
cells and the pathway that leads to Rac-mediated
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Fig. 7.Role for ROS in the migration of endothelial cells. pHUVEC,
pretreated or not with 5 mM N-AC, were allowed to migrate for 5
hours towards 0% (m), 5% (d) and 10% (j) (v/v) FCS in medium
with or without the N-AC present during the assay, after which the
cells were fixed, stained and counted by fluorescence microscopy as
described in the Materials and Methods.



phosphorylation of the cadherin-complex and the concomitant
loss of cadherin function.
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Abstract

VE-cadherin bridges adjacent endothelial cells and prevents vascular

leakage. In order to maintain the endothelial barrier function, VE-cadherin function

is tightly regulated through mechanisms that involve protein phosphorylation and

cytoskeletal dynamics.

Here, we study the regulation of VE-cadherin function by using blocking

antibodies that disrupt VE-cadherin homotypic binding. Incubation of endothelial

cells with these antibodies results in increased tyrosine phosphorylation of �-catenin

and dissociation of the VE-cadherin-catenin complex from the actin cytoskeleton.

Interestingly, loss of VE-cadherin function initially induces rapid production of

reactive oxygen species followed by the loss of cell-cell contact. In addition, this

response involves rapid and transient activation of RhoA and prolonged activation

of Rac1. 

Loss of VE-cadherin function is followed by lateral membrane ruffling and

spreading. Detailed analysis revealed that this membrane ruffling occurs dorsal to

the retracting membrane. In line with this latter observation, a GFP-tagged version

of Rac1 was found in membrane ruffles and in newly formed cell-cell junctions,

where it co-localizes with VE-cadherin. Finally, use of a membrane-permeable

peptide inhibitor showed that Rac1 activity is required for the loss of VE-cadherin

function but also for the restoration of cell-cell adhesion. 

In conclusion, these data show that loss of VE-cadherin-mediated cell-cell

adhesion induces signaling which involves activation of Rho-like GTPases and



77

production of reactive oxygen species, and is followed by Rac-mediated spreading,

which drives the restoration of cell-cell contact.

Introduction

Vascular-Endothelial Cadherin (VE-cadherin, Cadherin-5) is a transmembrane,

calcium-dependent, homophilic adhesion molecule that bridges adjacent endothelial cells.

Loss of VE-cadherin function results in unstable endothelial junctions and a decrease in

endothelial monolayer resistance, despite the fact that several other proteins, such as

claudin, occludin and PECAM-1, are also present at sites of endothelial cell-cell contact.

Thus, VE-cadherin function is indispensable for the maintenance of the endothelial

barrier function.

VE-cadherin is linked to the actin cytoskeleton via the armadillo-family members

�- and �-catenin that bind the actin-binding protein �-catenin [5;29]. VE-cadherin

function is controlled by cytoskeletal dynamics and by protein phosphorylation events.

Lampugnani and colleagues showed that tyrosine phosphorylation of VE-cadherin and

associated catenins is increased in loosely confluent endothelial monolayers, whereas

tyrosine phosphorylation is reduced in confluent cells [12]. Recently, a novel vascular

endothelial-protein tyrosine phosphatase (VE-PTP) was shown to interact with VE-

cadherin and to increase VE-cadherin-mediated barrier function [15]. In addition,

Ukropec and co-workers reported that the phosphatase SHP-2 interacts with �-catenin

and thereby regulates thrombin-induced changes in the endothelial barrier function [24].

The specific association of VE-PTP with VE-cadherin and SHP-2 with �-catenin

provides further evidence that tyrosine phosphorylation of the VE-cadherin-catenin

complex is important for the regulation of endothelial cell-cell adhesion.

In addition, the dynamics of the actin cytoskeleton also control VE-cadherin

function. Our previous work has shown that VE-cadherin co-localizes with the tips of

actin stress fibers at cell-cell junctions [8]. Moreover, stress fiber formation induced by

thrombin or histamine is accompanied by a loss of VE-cadherin-mediated cell-cell

contacts and increased permeability of the endothelial monolayers [1;16]. Thus, actin

cytoskeleton-mediated contractility plays an important role in the regulation of VE-

cadherin-based cell-cell junctions.
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We and others have previously reported that antibody-mediated inhibition of VE-

cadherin function promotes extravasation of leukocytes in vitro and in vivo [6;25].

However, to avoid vascular leakage during leukocyte extravasation or related (patho)

physiological events, maintenance of VE-cadherin-mediated cell-cell adhesion is of key

importance and must be tightly controlled. Although mechanisms that (in part) constitute

the inside-out control of VE-cadherin function have been described, it is unknown how

endothelial cells respond to reduced cell-cell adhesion in order to restore vascular

integrity.  

To analyze this outside-in signaling, we used antibodies that block interactions

between the extracellular regions of the VE-cadherin protein and thus induce loss of VE-

cadherin-mediated cell-cell contacts [3;4;8;25]. Here, we show that loss of VE-cadherin

function increases the levels of tyrosine phosphorylated �-catenin and promotes the

association of �-catenin to �-catenin. Moreover, loss of VE-cadherin function activates

the small GTPases Rac1 and RhoA and induces membrane ruffling, specifically at sites

where the loss of cell-cell contact is induced. In addition, antibody-mediated loss of cell-

cell adhesion is preceded by and mediated by the production of reactive oxygen species

(ROS). Rac1 activity appears to be required for both the antibody-induced disruption of

VE-cadherin-mediated cell-cell contacts and the subsequent formation of new junctions.

Together, these data show that loss of VE-cadherin function represents a trigger in itself

that initiates intracellular signaling that drives the reformation of cell-cell junctions.

Materials and Methods

Reagents and Abs. Monoclonal antibodies (mAbs) to VE-cadherin (cl75), �-

catenin, �-catenin and phosphotyrosine (PY-20) were from Transduction Laboratories

(Becton Dickinson Company, Amsterdam, The Netherlands). VE-cadherin mAb 7H1 was

from Pharmingen (San Diego, CA, USA). �-Catenin and �-catenin polyclonal Abs were

obtained from Santa Cruz (Santa Cruz, CA, USA). The polyclonal Ab to phosphotyrosine

was from Zymed Laboratories (Uden, The Netherlands). Recombinant Tumor-Necrosis-

Factor (TNF)-� was from PeproTech (Rocky Hill, NJ, USA); Calcein-acetoxymethyl (-

AM), Texas-Red Phalloidin, FITC-Dextran 3000, ALEXA-488-labeled Goat-�-Mouse

(G�M)-Ig, ALEXA-568-labeled G�M-Ig and ALEXA-488-labeled G�R-Ig secondary
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Abs were from Molecular Probes (Leiden, The Netherlands). HRP-labeled G�M-Ig or

Goat-�-Rabbit (G�R)-Ig was from DAKO (Glostrup, Denmark). Fibronectin (FN) was

obtained from the CLB (Amsterdam, The Netherlands). Fetal Calf Serum (FCS) was from

Gibco-BRL (Life Technologies, Paisley, Scotland, UK). Basic fibroblast-growth-factor

(bFGF) was from Boehringer Mannheim (Mannheim, Germany). Anti-VE-cadherin mAb

TEA1.31 was purchased from Immunotech (Marseille, France). EDTA and EGTA were

purchased from Sigma (Sigma Chemical Co., St. Louis, MO, USA).

Cell cultures. Immortalized human umbilical vein endothelial cells (HUVEC) or

primary (p)HUVEC, isolated from umbilical cord, were cultured in FN-coated culture

flasks (NUNC, Life Technologies) in Medium 199 (Gibco-BRL), supplemented with

20% (v/v) pooled, heat-inactivated FCS, 1 ng/ml bFGF, 5 U/ml heparin, 300 �g/ml

glutamine, 100 U/ml penicillin and 100 �g/ml streptomycin. After reaching confluency,

the endothelial cells were passaged by treatment with trypsin/EDTA (Gibco BRL). In

some experiments, endothelial cells were pretreated with 10 ng/ml TNF-� overnight as

indicated. All cell lines were cultured at 37�C at 5% CO2.

Green-Fluorescent-Protein (GFP)-Rac expressing endothelial cells. The full-

length cDNA encoding Rac1 was a kind gift of Dr. J.G. Collard (Netherlands Cancer

Institute, Amsterdam, The Netherlands). The Rac1 cDNA was subcloned as a Xho-SnaBI

PCR-fragment and swapped with the actin cDNA from the modified LZRS-GFP-actin-

IRES-zeocin vector [30]. The resulting construct, LZRS-GFP-Rac-IRES-zeocin, was

transfected into amphotropic Phoenix packaging cells [10] by means of the calcium-

phosphate transfection system (Life Technologies) to produce retroviruses. HUVECs

were transduced with virus-containing supernatant in the presence of 10 �g/ml DOTAP

(Boehringer). After 6 hours, the supernatant was replaced with fresh medium, and the

cells were allowed to recover overnight. This procedure was repeated twice on two

consecutive days. Transduced cells were sorted for GFP expression by FACStar (Becton

Dickinson, Heidelberg, Germany).

Peptide synthesis. The Rac17-32 peptide, which inhibits Rac1 function [28], was

designed in combination with the protein transduction domain of the HIV Tat-protein
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[14]. The resulting peptide (YGRKKRRQRRRGTCLLISYTTNAFPGEY) was

synthesized at the Netherlands Cancer Institute, Amsterdam, The Netherlands. 

Immunocytochemistry. HUVEC were cultured on FN-coated glass cover slips,

fixed and immunostained as described [8] with a mAb to VE-cadherin (7H1, 10 �g/ml) or

to phosphotyrosine (PY-20, 10 �g/ml). Polyclonal anti-phosphotyrosine (10 �g/ml), anti-

�-catenin (10 �g/ml) and anti-�-catenin (10 �g/ml) were used when endothelial cells

were pretreated with mAbs to VE-cadherin (25 �g/ml). Subsequent visualization was

performed with fluorescently-labeled secondary Abs (10 �g/ml). F-actin was visualized

with Texas-Red Phalloidin (1 U/ml). In some experiments, cells were pretreated for 30

minutes at 37�C with 20 �g/ml Rac17-32 peptide, followed by washing. Images were

recorded with a ZEISS LSM510 confocal microscope with appropriate filter settings.

Cross-talk between the green and red channel was avoided by use of sequential scanning. 

Electric Cell-substrate Impedance Sensing (ECIS). Endothelial cells were seeded

at 100,000 cells per well (0.8 cm2) on FN-coated electrode arrays and grown to

confluency. After the electrode check of the array and when the basal electrical resistance

of the endothelial monolayer reached a plateau, Abs to VE-cadherin were added and

electrical resistance was monitored on-line at 37�C at 5% CO2 with the ECIS-Model-100

Controller from BioPhysics, Inc. (Troy, NY, USA). After eight hours, data were collected

and changes in resistance of endothelial monolayer were analyzed.

Immunoprecipitation and Western blot analysis. Cells were grown to confluency

on FN-coated dishes (50 cm2), washed twice gently with ice-cold Ca2+- and Mg2+-

containing PBS and lysed in 1 ml of lysis buffer (25 mM Tris, 150 mM NaCl, 10 mM

MgCl2, 2 mM EDTA, 0.02% (w/v) SDS, 0.2% (w/v)  deoxycholate, 1% NP-40, 0.5 mM

orthovanadate with the addition of fresh protease-inhibitor-cocktail tablets (Boehringer

Mannheim) pH 7.4). After 10 minutes on ice, cell lysates were collected and precleared

for 30 minutes at 4�C with protein-G Sepharose (Pharmacia Biotech, Uppsala, Sweden,

15 �l for each sample). The supernatant, separated by centrifugation (14,000g, 15

seconds at 4�C) was incubated with 15 �l of protein-G Sepharose that had been coated

with 5 �g/ml �-catenin mAb for 1 hour at 4�C under continuous mixing. The beads were

washed 3 times in lysis buffer and proteins were eluted by boiling in SDS-sample buffer
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containing 4% 2-mercaptoethanol (Bio-Rad). The samples were analyzed by SDS-

polyacrylamide gel electrophoresis (PAGE). Proteins were transferred to 0.45-�m nitro-

cellulose (Schleicher and Schnell Inc., NH, USA) and the blots were blocked with

blocking buffer (1% (w/v) low-fat milk in TBST) for 1 hour, subsequently incubated at

room temperature with the appropriate Abs for 1 hr, followed by incubation with R�M-

Ig-HRP for 1 hr at room temperature. Between the various incubation steps, the blots

were washed 3 times with TBST and finally developed with an enhanced

chemiluminescence (ECL) detection system (Amersham).

Rac1 and RhoA activity assays. Cells were stimulated for the indicated times with

cl75 (25 �g/ml) or 5 mM EDTA and put on ice. Cells were washed with ice-cold PBS,

lysed for 10 minutes on ice in lysis buffer and assayed for Rac activation, as described by

Sander and co-workers [23]. The RhoA activity assay was carried out in the same way as

the Rac1 activity assay, with GST-Rhotekin instead of GST-PAK. Finally, in both assays,

the beads were washed four times with lysis buffer; the fourth time, the beads were put in

new tubes and subsequently suspended in 2x-sample buffer containing 4% 2-

mercaptoethanol. Samples were analyzed by SDS-PAGE as described above.

Cell fractionation. Cells were grown to confluency on FN-coated dishes (50 cm2),

washed twice gently with ice-cold Ca2+- and Mg2+-containing PBS and lysed in 1 ml of

lysis buffer, as described above, containing 1% Triton-X-100 instead of 1% NP-40. After

10 minutes on ice, cell lysates were collected and separated by centrifugation (14,000g, 1

minute at 4�C). The pellet fraction contained Triton-X-100-insoluble proteins, associated

to the actin cytoskeleton, and the supernatant contained Triton-X-100-soluble, cytosolic

proteins. Samples were boiled in SDS-sample buffer containing 4% 2-mercaptoethanol

(Bio-Rad), and were immediately analyzed by SDS-PAGE and continued as described

above.

Measurement of reactive oxygen species (ROS). To measure generation of

reactive oxygen species (ROS) in endothelial cells, pHUVECs cultured on fibronectin-

coated glass coverslips were loaded with dihydrorodamine-1,2,3 (DHR, 30 µM;

Molecular Probes) for 30 min, washed and subsequently treated with the VE-cadherin Ab

cl75, control Ab IgG, or medium. Fluorescence of DHR was quantitated by time-lapse



82

confocal microscopy. Intensity values are shown as the percentage increase relative to the

basal DHR values at the start of the experiment.

Results

VE-cadherin is an essential junctional protein that specifically localizes to

adherens junctions and controls endothelial integrity. Using antibodies (Abs) that

recognize distinct epitopes in the extracellular domain of VE-cadherin, we and others

have described differential effects of these Abs on the permeability of endothelial cells

[3;4;6;25]. However, these studies were in part based on diffusion of a fluorescently

labeled high-molecular weight marker over the endothelial monolayer to measure the

endothelial integrity. In our initial experiments, we used a more sensitive approach,

which is based on real-time analysis of the electrical resistance of endothelial

monolayers. This analysis shows that the VE-cadherin-blocking Ab cl75 rapidly reduces

the resistance of the endothelial monolayer, whereas TEA1.31 did so only partially

(Figure 1A). The non-blocking Ab 7H1 did not have any effect on the resistance of the

endothelial cells (Figure 1A). Previous reports from our group and from others have

shown that the VE-cadherin-Abs are able to disrupt endothelial junctions and induce a

redistribution of VE-cadherin over the endothelial-cell surface [3;8;25]. We now found

that also �- and �-catenin became diffusely distributed, when the endothelial cells were

treated with the cl75 Ab (Figure 1B). 

In sparse endothelial-cell cultures, the tyrosine phosphorylation levels of the VE-

cadherin complex are relatively high [12]. Since cl75 induces loss of endothelial cell-cell

contacts, we studied the effects of cl75 on the tyrosine-phosphorylation levels of

junctional proteins in confluent monolayers. Immunocytochemical analysis showed that

in control situations, most tyrosine-phosphorylated proteins appear to reside in focal

adhesions (Figure 2A). A brief exposure to cl75 induced increased tyrosine

phosphorylation at endothelial cell-cell junctions (Figure 2A). To establish that these

results were due to loss of VE-cadherin-mediated cell-cell contacts and not to an

unspecific effect of the Ab, we induced junctional disruption with EGTA. EGTA

sequesters extracellular calcium and blocks VE-cadherin-mediated, calcium-dependent
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cell-cell contacts, similar to cl75. EGTA treatment also increased phosphotyrosine levels

at endothelial junctions (data not shown).

Figure 1. Blocking antibodies to VE-cadherin decrease endothelial electrical resistance (A)

Modulation of HUVEC monolayer electrical resistance was analyzed as described in Methods. At the start

of the experiment, antibodies to VE-cadherin (25 �g/ml) were added (open arrowhead). The control anti-

VE-cadherin Ab 7H1 did not affect the electrical resistance (filled line), whereas the TEA1.31 (dashed line)

and cl75 (dotted line) Abs rapidly decreased the electrical resistance of the endothelial monolayers.

Experiments were performed at least five times in duplicate. A representative experiment is shown. (B)

Endothelial cells were cultured and grown to confluency on FN-coated glass cover slips and subsequently

incubated with 7H1 antibody (a,b,c,d) or cl75 (e,f,g,h) for 30 minutes. Incubation of the cells with cl75

induced loss of cell-cell contacts and redistribution of �-catenin and �-catenin over the endothelial cell-

surface. �-Catenin is shown in green (a,e), F-actin in red (b,f) and yellow shows co-localization between �-

Catenin and F-actin (c,g). �-Catenin is in green (d,h). Nuclear staining is due to a-specific binding of the

polyclonal antibody. Bars, 20 �m.
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Biochemical analysis of �-catenin immunoprecipitates showed that cl75 primarily

induced the tyrosine phosphorylation of �-catenin (Figure 2B). Additional analysis

revealed that cl75-induced loss of cell-cell contact did not result in the dissociation of

VE-cadherin from �-catenin (Figure 2B). Surprisingly, the levels of VE-cadherin-

associated �-catenin increased upon cl75-treatment, whereas those of �-catenin did not or

only slightly (Figure 2C). Since the association between �-catenin and VE-cadherin was

hardly altered upon loss of VE-cadherin-mediated cell-cell contacts, we used Abs to �-

catenin to immunoprecipitate the complex and showed that both cl75 and EDTA

promoted the association of �-catenin to the VE-cadherin complex (Figure 2D). These

findings show that loss of VE-cadherin function induces increased tyrosine

phosphorylation of �-catenin and also increases the association of �-catenin to �-catenin

present in the VE-cadherin complex.

To study whether loss of VE-cadherin function and, as a consequence, loss of VE-

cadherin-mediated cell-cell contacts, induced dissociation of �-catenin from the actin

cytoskeleton, we fractionated the cl75-treated endothelial cells and analyzed the

cytoskeletal and the cytosol/membrane fraction for the presence of �-catenin. These

experiments showed that �-catenin dissociated from the cytoskeleton when VE-cadherin-

mediated cell-cell contacts were disrupted by either cl75 or EDTA treatment (Figure 3).

Also �-catenin translocated to the same fraction as �-catenin upon loss of cell-cell

contacts (data not shown), indicating that the entire VE-cadherin complex becomes

dissociated from the cytoskeleton.

Real-time analysis by phase-contrast microscopy revealed that endothelial cells

rapidly lost contact and contracted upon exposure to the cl75 antibody, followed by the

induction of membrane ruffles (Figure 4A; see for video Quick-Time movie Fig4A.mov).

Similarly, EGTA treatment also resulted in a rapid loss of cell-cell contacts, which was

followed by induction of membrane ruffles. Intriguingly, the ruffles appeared specifically

at sites where the endothelial cells had just lost contact with the neighboring cell (Figure

4B; see for video Quick-Time movie Fig4B.mov).
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Figure 2. Antibody-mediated loss of cell-cell contacts induces tyrosine phosphorylation of junctional

proteins. (A) Endothelial cells were cultured and grown to confluency on FN-coated glass cover slips and
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treated with 7H1 Ab (a,b,c) or cl75 (d,e,f) for 15 minutes. Cells were fixed, permeabilized and stained for

phosphotyrosine in green (pY; a,d) and F-actin in red (b,e). Merged images are shown in panels c and f. Ab

cl75 increased the levels of phosphotyrosine, in particular at the cell-cell junctions. Bars, 50 �m. (B) Cells

were cultured as described in Methods, and treated for 30 minutes with cl75, followed by �-catenin

immunoprecipitation (I.P.). Samples were analyzed by SDS-PAGE and subsequently analyzed by

immunoblot (I.B.) with specific mAbs to phosphotyrosine (pY), VE-cadherin and �-catenin. Upper panel

shows increased phosphotyrosine levels of �-catenin after 30 minutes of cl75-induced loss of cell-cell

contacts in primary HUVEC. The middle panel shows that VE-cadherin and �-catenin remain associated;

the I.P. for �-catenin and I.B. for VE-cadherin (7H1) show no changes in the level of their association.

Lower panel shows equal amounts of �-catenin in the I.P. (C) I.P. of VE-cadherin (TEA1.31) shows that �-

catenin becomes enriched in the VE-cadherin I.P. (upper panel) and that the levels of associated �-catenin

remain unaltered (lower panel) upon treatment with cl75. Note that the cl75 Ab will not immunoprecipitate

VE-cadherin in the lysis buffer used, due to a lack of calcium. (D) I.P. of �-catenin shows that more �-

catenin associates with �-catenin upon EDTA (7 minutes)-induced loss of VE-cadherin-mediated cell-cell

contacts (upper panel). Lower panel represents the loading control for �-catenin. All experiments were

repeated at least two times.

Figure 3. �-Catenin dissociates from the actin cytoskeleton upon loss of VE-cadherin-mediated cell-

cell adhesion. Cells were cultured as described in Methods and treated as indicated for 30 minutes, except

for EDTA (7 minutes). Cells were lysed in Triton-X-100 buffer and fractions were separated in a cytosolic

and membrane fraction (defined as Triton-X-100 soluble) and a cytoskeletal fraction (Triton-X-100

insoluble) and analyzed by SDS-PAGE. Immunoblots (I.B.) were probed for �-catenin and show that cl75

and EDTA treatment induce a shift of �-catenin from the cytoskeletal fraction to the cytosolic and

membrane fraction. A representative experiment from three independent experiments is shown.
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Detailed real-time analysis of a particular endothelial junction showed that its

dissociation was immediately followed by the induction of membrane ruffles from both

endothelial cells, exactly at the site where the cells had dissociated (Figure 4C; see for

video Quick-Time movie with filename Fig4C.mov). Moreover, the membrane ruffles

appeared dorsal to the retracting membrane. These observations indicate that re-closure

of the junction rapidly follows loss of cell-cell adhesion and is initiated by the induction

of membrane ruffles at specific sites along the cell-periphery.

Figure 4. Loss of cell-cell junctions induces formation of membrane ruffles and spreading. (A) Cells

were plated on glass cover slips and followed in real-time by phase-contrast microscopy. Still phase-

contrast images were taken from time-lapse recordings at the times indicated in upper-left corner. At time 0

seconds, cl75 was added (a). After 862 seconds the cells were rounded (b) and started to induce membrane

ruffles, as indicated by the open arrowhead (1724 seconds, c). See for video Quick-Time movie Fig4A.mov.

Bar, 50 �m. (B) Endothelial cells treated with 5 mM EGTA at time 0 seconds (a) and monitored on-line by

confocal microscopy. EGTA rapidly induces loss of cell-cell contacts (asterisk, 884 seconds, b) which is

followed by membrane ruffles at sites where the cells just lost contact (open arrowhead, 1863 seconds, c).

Still phase-contrast images were taken from time-lapse recording at the times indicated in upper-left corner.

See for video Quick-Time movie Fig4B.mov. The experiment was repeated five times. Bar, 50 �m. (C)

Detailed analysis of an endothelial cell-cell junction following loss of cell-cell contact (0 seconds, a).

Spontaneous loss of cell-cell contact (asterisk, 950 seconds, b) is immediately followed by membrane

ruffling (open arrowhead, 1357 seconds, c), until the cell-cell junction is restored (open arrowhead, 2036

seconds, d). Note that the membrane ruffles from both cells appear right at the sites where the cells lost
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contact; however, the localization of the ruffle is dorsal to the retracting membrane. Bar, 10 �m. See for

video Quick-Time movie Fig4C.mov.

Previously, we have shown by protein transduction that an active mutant of the

small GTPase Rac1 induced loss of cell-cell contacts of confluent endothelial cells,

followed by membrane ruffling [26]. Thus, the observed phenotype is likely induced by

Rac1, a known regulator of membrane ruffles [22]. To test this, we investigated whether

loss of VE-cadherin function activated Rac1 by pull-down assays with GST-p21-

activating kinase (PAK) and showed that cl75 indeed induces Rac1 activation (Figure

5A). The response was highest at 5 minutes, after which it declined somewhat, although

the levels of activation of Rac1 at 30 minutes remained elevated compared to the control

samples (Figure 5A). To show that the Rac1 activation was due to the loss of VE-

cadherin function, we treated the cells with EDTA. This resulted also in a rapid activation

of Rac1 in endothelial cells (Figure 5B).

The fact that the cells respond initially with contraction following loss of VE-

cadherin function induced either by the antibody cl75 or by EDTA, was suggestive for

activation of RhoA, since RhoA is known to induce cell contraction and stress fiber

formation. As expected, RhoA was activated, albeit modestly, with a maximum at 5

minutes, after which the activation levels dropped below control levels at 15 minutes

(Figure 5C). These results show that primarily Rac1 and RhoA are activated following

the loss of VE-cadherin function.

Antibodies to the extracellular domain of VE-cadherin, such as cl75, inhibit its

function, reflected by a reduction of the endothelial monolayer resistance (Figure 1A).

Moreover, these antibodies are capable of activating Rac1 (Figure 5A). To define

whether the response to the loss of VE-cadherin function depends on Rac1 activity, we

used a cell-permeable peptide-inhibitor of Rac1, Tat-Rac17-32. This peptide represents

part of the effector loop of Rac1 and competes in cells with Rac1-effector interactions,

thus preventing downstream signaling [27;28]. After 30 minutes, cl75 had maximally

reduced the endothelial monolayer resistance as is shown in figure 1A and this reduction

was set to 100%.



89

Figure 5. Rac1 is rapidly activated after loss of VE-cadherin-mediated cell-cell contacts. (A) Cells

were cultured and treated as indicated and described in Methods. Rac1 activity assay (upper panel) shows

that Rac1 was activated after 5 minutes of cl75-treatment (Rac.GTP). Lower panel shows equal protein

loading (Total Rac). (B) Cells were treated as in A, with EDTA for 5 minutes to dissociate VE-cadherin-

mediated cell-cell contacts. EDTA treatment induced activation of Rac1 (upper panel, Rac.GTP). Lower

panel shows equal protein loading (Total Rac). (C) Cells were treated as in A. RhoA pull-down assay

(upper panel) shows that RhoA was activated after 1 minute of cl75 treatment (RhoA.GTP). Lower panel

shows equal protein loading (Total RhoA). Experiments were done at least two times.

The Tat-Rac17-32-incubated monolayers showed a reduced response to the cl75

treatment (approximately 50% reduction in resistance, Figure 6A). This indicates that the

loss of VE-cadherin function, induced by cl75, depends at least in part on the activity of

Rac1. Additionally, we studied the involvement of PI-3K, a known mediator of Rac1

activation [23], by using the LY-294002 compound. Similar to the inhibitor of Rac1,
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inhibition of PI-3K had only a partial effect (approximately 25%) on the cl75-induced

decrease of the endothelial monolayer resistance (data not shown). We previously

showed that Rac1 activation in endothelial cells induces a RhoA phenotype, i.e. stress

fibers and cell-contraction [26]. Therefore, we tested an inhibitor of Rho-kinase, a

downstream effector of RhoA, to assess the role for RhoA in VE-cadherin function. The

Rho-kinase inhibitor Y-27632 did prevent the cl75-mediated reduction of the electrical

resistance of the monolayer, although not as effective as the Rac1 inhibitor (Figure 6A).

Previous work had already indicated that also the RhoA-inhibiting C3 transferase had a

minor effect on cl75-induced reduction of the monolayer resistance [25]. 

Interestingly, under control conditions, we observed a small decrease in the

electrical resistance of the endothelial monolayer when the confluent endothelial

monolayers were incubated with Tat-Rac17-32 alone or with the PI-3K inhibitor alone

(Figure 6A and data not shown). This suggests that in order to maintain the endothelial

junctions, a low level of active Rac1 is required. In conclusion, these findings suggest

that the loss of cell-cell contact, induced by cl75, requires active Rac1 and, to a limited

extent, PI-3K and Rho-kinase.

Previous work had revealed that active Rac1 mediates the loss of endothelial cell-

cell adhesion through production of reactive oxygen species (ROS) [26]. Scavenging

ROS, by treating the cells with N-acetylcysteine (N-AC), resulted in inhibition of cl75-

induced loss of cell-cell contacts (Figure 6B). In line with this result, the cl75-induced

drop in endothelial monolayer resistance was prevented by N-AC (data not shown).

These findings indicate that production of ROS is required to mediate the loss of VE-

cadherin-mediated cell-cell adhesion. Consistently, cl75-induced loss of VE-cadherin-

mediated cell-cell contacts promoted a rapid increase in ROS production. (Figure 6C; see

for video Quick-Time movie Fig6DHR.mov). Additional experiments showed that

irrelevant antibodies such as isotype control IgG1 or medium changes do not mimic the

induction of ROS. Moreover, the ROS production is rapidly followed by loss of cell-cell

contacts, as is observed with phase-contrast real-time microscopy imaging (Figure 6D;

see for video Quick-Time movie Fig6Phase.mov). Since ROS is found to act downstream

of Rac1 activity, these observations indicate that ROS play an important role in the

control of the dynamics of VE-cadherin-mediated cell-cell adhesion. 
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Figure 6. VE-cadherin-mediated loss of cell-cell contacts requires Rac1 activity and ROS. (A)  Cells

were treated for 30 minutes with either the Tat-Rac17-32 peptide, with the Rho-kinase inhibitor Y-27632 or

left untreated and further processed as described in Methods and legends of Figure 1A. The cl75-induced

decrease in resistance at 30 minutes is set to 100% (filled bars). The reduction in resistance by cl75 of the

Tat-Rac17-32-treated monolayers was less compared to the control (inhibition by the Tat-Rac17-32 peptide

of 52%). The cl75-induced resistance of the Y-27632-treated monolayers was inhibited for 37%.

Spontaneous resistance of the Tat-Rac17-32-treated monolayers was decreased by 24% (open bars). Data

represent three experiments, performed in duplicate. (B) Endothelial cells were cultured and grown to

confluency on FN-coated glass cover slips and pretreated with 5 mM N-AC overnight or left untreated.

Subsequently, the cells were incubated with cl75 (a-f) for 30 minutes. Scavenging of ROS prevented cl75-

induced loss of cell-cell contacts. VE-cadherin is shown in green (a,d), F-actin in red (b,e) and yellow

shows co-localization between VE-cadherin and F-actin (c,f). A representative experiment, performed

twice, is shown. Bar, 50 �m. (C) Endothelial cells were cultured and grown to confluency on FN-coated

glass cover slips and incubated with DHR, as described in Methods. Time-lapse recordings of increases in

fluorescence are measured by confocal microscopy and reflect increased ROS production. Value at time 0

represents the basal presence of ROS in resting endothelial cells. Closed circles represent ROS production

in endothelial cells after cl75 treatment, i.e. loss of VE-cadherin function, open circles represent ROS

production in endothelial cells after addition of medium. Experiment is done twice in duplicate. (D)

Endothelial cells were cultured and grown to confluency on FN-coated glass cover slips, incubated with
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DHR, as described in Methods, and treated with cl75 to induce loss of cell-cell contacts. Upper panels are

confocal images, taken from time-lapse recordings and show increase in DHR signal in endothelial cells.

Time in seconds is indicated in upper-left corner. Lower panels are the phase-contrast images, taken from

same time-lapse recordings as presented in upper panels and show morphological changes of the

endothelial monolayer upon cl75 addition. Experiment was done twice in duplicate. Bar, 100 �m. Videos

of this experiment are included as Quick Time movies. Movie 1 upper panel: Fig6DHR.mov; movie 2

lower panel: Fig6Phase.mov). 

Transduction of GFP-Rac into endothelial cells revealed that Rac1 was not only

localized in membrane ruffles (Figure 7A, see for video Quick-Time movies

Fig7AGFP.mov and Fig7APhase.mov), but also at endothelial cell-cell junctions, where it

co-localized with VE-cadherin (Figure 7B). In addition, stable endothelial junctions still

showed GFP-Rac expression. Real-time analysis of the formation of newly formed cell-

cell contacts with GFP-Rac-transduced endothelial cells showed that GFP-Rac stably

localized at the newly formed endothelial cell-cell junction (Figure 7C; see for video

Quick-Time movies Fig7CGFP.mov and Fig7CPhase.mov), suggesting that Rac1 activity

may be required for the establishment of new cell-cell contacts. To test this, we first

decreased the monolayer resistance by adding EGTA to the endothelial cells and at the

moment when the lowest resistance was measured, we added fresh medium plus the

Rac17-32 peptide and studied the recovery of the endothelial monolayer resistance in

time (Figure 7D). Control monolayers showed a recovery of their electrical resistance

within 2 hours, whereas the Rac17-32 treated monolayers were unable to restore the

resistance. 

The presented data suggest that VE-cadherin-mediated cell-cell adhesions require

a basal level of Rac1 activity to maintain their integrity and barrier function. Changes in

VE-cadherin-mediated cell-cell adhesions rapidly elevate Rac1 activity, first to induce

ROS production and secondly to restore the barrier function of the endothelial

monolayer.

Discussion

This study focuses on the effects of the loss of VE-cadherin-function induced by a

specific VE-cadherin antibody and describes a novel and specific response of endothelial
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cells to loss of integrity that drives subsequent rapid restoration of VE-cadherin-mediated

cell-cell adhesion. 

Figure 7. Rac-GFP is localized to ruffles and endothelial cell-cell junctions. (A) GFP-Rac (green)

localizes in membrane ruffles (open arrowheads, a). See for time lapse recordings Fig7AGFP.mov and

Fig7APhase.mov. Bar, 20 �m. (B) GFP-Rac-transduced endothelial cells were cultured on FN-coated glass

cover slips, fixed, permeabilized and analyzed with CLSM. Green staining represents GFP-Rac (a), VE-

cadherin appears in red (b) and yellow indicates co-localization (c, merge). Bar in c, 50 �m. Zoomed image

in d represents magnification of the square in c. Open arrowheads show GFP-Rac co-localization with VE-

cadherin at the cell-cell junctions. Bar, 10 �m. (C) Endothelial cells were transduced with GFP-Rac and

seeded on FN-coated glass cover slips and monitored by confocal microscopy. Still images are taken from

time-lapse recordings and show GFP-Rac in green (a,b,c). The phase-contrast images are shown in panels

d,e and f. GFP-Rac was targeted to new cell-cell contacts (open arrowhead in a,b,c) and once the cell-cell

contact is established (open arrowhead), Rac-GFP remained localized to these sites. Time in seconds is

shown in upper-left corner. Bar, 10 �m. See for videos Quick-Time movies Fig7CGFP.mov and

Fig7CPhase.mov. (D) Endothelial cells were cultured until confluency for analysis by  ECIS, as described

in Methods. At the start of the experiment, EGTA (triangles or solid line) or medium (filled circles) was

added to the well, as indicated by the asterisk. Open arrow-head shows the maximum drop in resistance,
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induced by EGTA and replacement of EGTA medium for calcium-rich medium without (triangle line) or

with Tat-Rac17-32 peptide (solid line). Inhibition of downstream effectors of Rac1 by Tat-Rac17-32

peptide prevents the recovery of the endothelial monolayer resistance, i.e. the reformation of cell-cell

contacts. Representative experiment is shown. Experiments were performed at least two times in duplicate. 

Cadherin-induced signaling has recently received much interest. Several reports

describe the use of cadherin engagement to induce intracellular signaling, thereby

mimicking the formation of cadherin-based junctions. These studies showed that E-

cadherin engagement promotes Rac1 activation [11;18]. Interestingly, endothelial and

epithelial cell-cell junctions are regulated differently by Rac1, as has been observed by

our group as well as by others [2;9;26;31]. Rac1 promotes strong cell-cell adhesion in

epithelial cells, but it reduces cell-cell adhesion in endothelial cells, although membrane

ruffles and cell spreading require Rac1 activity in both cell types. Whereas several studies

have described the effect of active Rac1 on cell-cell junctions by introducing Rac1

mutants into the cells, in the present paper we show that the initial loss of VE-cadherin-

mediated cell-cell contacts induces activation of endogenous Rac1, as well as of RhoA.

In contrast to the transient RhoA activation, Rac1 activation is prolonged, which

corroborates our findings that active Rac1 is not only required for the loss of VE-

cadherin-based cell-cell contacts, but is also involved in the re-formation of cell-cell

contacts. 

Nimnual and colleagues have recently shown that RhoA inhibition through Rac1

depends on reactive oxygen species (ROS) and involves inhibition of the low-molecular-

weight protein tyrosine phosphatase (LMW-PTP) [17]. Our findings, which implicate

ROS in the loss of VE-cadherin-based cell-cell adhesion, support the idea that RhoA

activity is decreased by Rac1-mediated ROS production. Additionally, in line with the

notion that H2O2, as a product of ROS, oxidizes critical cysteine residues thereby de-

activating tyrosine phosphatases, we found that loss of VE-cadherin function decreased

the phosphotyrosine levels of the �-catenin-interacting phosphatase SHP-2 (JDvB,

unpublished results). In addition, scavenging ROS decreased the basal phosphotyrosine

levels at endothelial cell-cell junctions (JDvB, unpublished results). These results indicate

that Rac1-mediated production of ROS is essential for phosphorylation events at cell-cell

junctions that occur upon inhibition of VE-cadherin function. Thus, VE-cadherin-
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mediated loss of cell-cell adhesion requires concerted action of RhoA- and Rac1-

mediated signaling and involves ROS, whereas proper reformation of VE-cadherin-based

cell-cell junctions depends mainly on Rac1 activity.

The loss of VE-cadherin-mediated cell-cell adhesion was found to be

accompanied by increased tyrosine phosphorylation of �-catenin. This is in line with data

from Lampugnani and co-workers, who have shown elevated phosphotyrosine levels of

the VE-cadherin complex in sub-confluent endothelial monolayers [12]. Similarly,

Ozawa and Kemler reported that pervanadate treatment, leading to tyrosine kinase

activation and phosphorylation of junctional proteins, results in loss of E-cadherin

function and cell-cell contacts [19]. These authors proposed that the dissociation of the

cadherin complex from the actin cytoskeleton underlies the dysfunction of E-cadherin. In

agreement with this notion, we found that loss of VE-cadherin function induces the

dissociation of the VE-cadherin-catenin complex from the actin cytoskeleton. These

results support the idea that tyrosine phosphorylation of �-catenin and the interaction of

the VE-cadherin-catenin complex with the actin cytoskeleton critically determine the

strength of VE-cadherin-mediated cell-cell adhesion [21]. 

Hirano and colleagues have shown that �-catenin is crucial for strong cadherin-

based adhesion [7]. In addition, it has been suggested that increased tyrosine

phosphorylation levels of �-catenin might trigger the dissociation of �-catenin from �-

catenin [20]. Surprisingly, we found that �-catenin increased its association to �-catenin

upon loss of VE-cadherin-based cell-cell contacts. The increased association is observed

after the VE-cadherin antibody-induced drop in endothelial monolayer resistance, when

the tyrosine phosphorylation levels of �-catenin are still elevated. However, Piedra and

co-workers showed that induced phosphorylation of Tyr-142 �-catenin by Fer or Fyn

tyrosine kinases resulted in reduced association of �-catenin to α-catenin in epithelial

cells [20]. Interestingly, recent data from the same group showed that tyrosine kinase Fer

phosphorylates plakoglobin on Tyr549 and thereby increases its binding to α-catenin

[13]. In our study, tyrosine phosphorylation in endothelial cells occurs after the loss of

VE-cadherin function. Until now, it is not known which tyrosine residues of �-catenin are

phosphorylated in either event or which tyrosine kinase is involved, but it is clear that

phosphorylated junctional proteins play an important role in the regulation of cell-to-cell
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junctions. We hypothesize that the increased association of �-catenin to �-catenin

following the loss of cell-cell contact might be important to ensure efficient restoration of

VE-cadherin-based cell-cell junctions by increasing the interaction of the VE-cadherin-

catenin complex to the actin cytoskeleton. However, future experiments should be

performed to study this latter hypothesis in detail.

Although it is clear from the present study that Rac1 mediates both the loss and

the restoration of VE-cadherin-based cell-cell adhesion, the location of Rac1 activity may

be different. The data suggest that the interaction of Rac1 with downstream targets, its

intracellular targeting and thus the outcome of Rac1-mediated signaling is determined by

the adhesive status, and perhaps localization, of VE-cadherin. Although we tried to

implicate the Rac guanosine-nucleotide-exchange factors Vav1, Vav2 and Tiam1, we

were unable to show involvement of these molecules in VE-cadherin-mediated loss of

cell-cell contacts. Further analysis of the pathway that leads to VE-cadherin-dependent

modulation of Rac1-signaling represents an important goal for future studies.

In conclusion, this paper presents new information about the molecular events that

accompany endothelial damage and that drive the subsequent repair response. It appears

that VE-cadherin is of key importance in this process. Loss of cell-cell adhesion through

inhibition of VE-cadherin results in activation of signaling, which leads to cell retraction

followed by spreading and restoration of cell-cell adhesion, as is illustrated in figure 8.

The current data on how endothelial cells regulate their cell-cell junctions in order to

maintain proper barrier function is important to better understand a wide range of (patho)

physiological processes related to vascular integrity, such as leukocyte extravasation,

angiogenesis, ischemia-reperfusion injury and chronic inflammatory disorders.
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Abstract
The Ig-like cell adhesion molecule ICAM-3 is mainly
expressed on human leukocytes and is involved in cell-
cell interactions. Its expression on endothelium is ob-
served during disorders such as Crohn’s disease and in
solid tumors. We found low but detectable expression of
ICAM-3 on VE-cadherin-expressing cells from primary
human bone marrow aspirates, i.e. endothelial cells, and
on primary human endothelial cells from cord blood.
Also, immortalized human umbilical cord endothelial
cells and human bone marrow endothelial cells showed
ICAM-3 expression. However, its function on human
endothelium is not known. Surprisingly, activation of
endothelial ICAM-3 by crosslinking with specific anti-
bodies resulted in a drop in the electrical resistance of
bone marrow endothelial monolayers. In line with this,
immunocytochemical analysis showed a loss of endo-
thelial cell-cell contacts after ICAM-3 crosslinking in
HBMEC. Detailed biochemical analysis showed an asso-
ciation of moesin and in a later stage ezrin with ICAM-3
upon crosslinking in HBMEC. Moreover, ICAM-3 cross-
linking induced the production of reactive oxygen spe-
cies (ROS), which are known to be involved in the control

of endothelial cell-cell contacts. In conclusion, we
showed that ICAM-3 is expressed on human bone mar-
row endothelial cells and controls endothelial integrity
via ROS-dependent signaling.

Copyright © 2004 S. Karger AG, Basel

Introduction

The role for Ig-like cell adhesion molecules such as
ICAM-1 (CD54) and VCAM-1 (CD106) in the process of
leukocyte transendothelial migration is well established
[1]. In addition, ICAM-2 (CD102) is involved in the migra-
tion of dendritic cells across the endothelium [2]. These
proteins are localized to the apical side of the endothelium.
A fourth member of this family, PECAM-1 (CD31), is
found at endothelial junctions and is also involved in the
passage of leukocytes across the endothelium [3]. In con-
trast, the Ig-like cell adhesion molecule ICAM-3 (CD50)
seems to play no role in endothelium, but instead contrib-
utes to leukocyte-leukocyte interactions [4, 5].

ICAM-3 is constitutively expressed on human leuko-
cytes, such as T and B lymphocytes, monocytes and neutro-
phils, and recognizes the ß2-integrin leukocyte function
associated molecule-1 (LFA-1) as a receptor, which is also
the receptor for ICAM-1 and -2 [6]. It has been reported that
ICAM-3 localizes to the rear of polarized leukocytes and
clusters with the ezrin-radixin-moesin (ERM) proteins
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moesin and ezrin. These ERM proteins link ICAM-3 to the
actin cytoskeleton [7–9]. Stimulation of ICAM-3 by cross-
linking on T lymphocytes induces calcium fluxes in which
protein tyrosine kinases p56Lck and p59Fyn are involved
[5].

Although no prominent role for ICAM-3 on endothe-
lium has been described, several studies have reported
endothelial expression of ICAM-3 using histological de-
tection methods [10–13]. Increased ICAM-3 expression
on endothelium is observed in certain disorders, such as
Crohn’s disease and in solid tumors. It is suggested that
ICAM-3 upregulation on endothelium in these diseases
is induced by a mechanism similar to that known for
ICAM-1 and VCAM-1 upregulation [12–14]. Some studies
suggest a role for ICAM-3 on endothelium in early stages of
angiogenesis, based on its expression in different stages of
vascular differentiation of hemangiomas [10, 11].

In this study, we show that VE-cadherin-expressing
cells from primary human bone marrow aspirates, i.e.
endothelial cells, express ICAM-3. Moreover, expression
of ICAM-3 on primary and immortalized human umbili-
cal vein endothelial cells (HUVEC) and human bone mar-
row endothelial cells (HBMEC) is low, but detectable, and
remains stable after treatment with different endothelial
stimuli. Using the electrical cell-substrate impedance
sensing technique, we show that ICAM-3 activation by
crosslinking results in a drop in the electrical resistance of
HBMEC. In addition, ICAM-3 activation generates reac-
tive oxygen species (ROS) and is accompanied by the
association of the ERM protein moesin with ICAM-3 in
HBMEC. In conclusion, we show that ICAM-3 contrib-
utes to the control of the integrity of human bone marrow
endothelial monolayers.

Materials and Methods

Reagents and Antibodies
Monoclonal antibodies (mAbs) to moesin and ezrin were from

Transduction Laboratories (Becton Dickinson Company, Amster-
dam, The Netherlands). ß-Catenin and ezrin polyclonal antibody
(Ab) were obtained from Santa Cruz Biotechnology, Inc. (Santa
Cruz, Calif., USA). Recombinant human interleukin (IL)-1ß and
tumor necrosis factor (TNF)-· were from PeproTech (Rocky Hill,
N.J., USA); vascular endothelial growth factor (VEGF)165 was from
R&D Systems (Minneapolis, Minn., USA); Texas Red phalloidin,
FITC-dextran 3000, Alexa 488- or Alexa 568-labeled goat-anti-
mouse (G·M) Ig and Alexa 488-labeled goat-anti-rabbit Ig secondary
Abs were from Molecular Probes (Leiden, The Netherlands). PE-
labeled secondary Abs and mAb KS128 against ICAM-3 were from
DAKO (Glostrup, Denmark). Pooled human serum, HSA, fibronec-
tin (FN) and isotype mAbs IgG1, IgG1-FITC, IgG2a and IgG2a-PE
(as control) were obtained from the CLB (Amsterdam, The Nether-

lands). FCS was from Gibco BRL (Life Technologies, Paisley, Scot-
land, UK). bFGF was from Boehringer Mannheim (Mannheim, Ger-
many). mAb to ICAM-3 (HP2/19) and ICAM-3 conjugated with PE
were purchased from Beckman Coulter (Mijdrecht, The Nether-
lands). mAb to ICAM-3 (CBR.IC3/1) and mAb to VE-cadherin, con-
jugated with FITC, were from Bender Medsystems (Vienna, Aus-
tria). Crosslinking studies were performed with F(ab)2 fragments of
G·M IgG from Jackson Immunoresearch (Baltimore, Md., USA).
Oxygen radical scavengers N-acetyl-cysteine (N-AC) and tiron were
purchased from Sigma Chemical Co. (St. Louis, Mo., USA).

Cell Cultures
The HBMEC lines used (HBMEC-28, -33 and -60) have been

described previously [15]. HBMEC and HUVEC lines or primary
(p)HUVEC, isolated from umbilical cord, were cultured in FN-
coated culture flasks (NUNC, Life Technologies) in Medium 199
(Gibco BRL), supplemented with 10% (v/v) pooled, heat-inactivated
human serum, 10% (v/v) heat-inactivated FCS, 1 ng/ml bFGF, 5 U/
ml heparin, 300 Ìg/ml glutamine, 100 U/ml penicillin and 100 Ìg/ml
streptomycin. After reaching confluence, the endothelial cells were
passaged by treatment with trypsin-EDTA solution (Gibco BRL).
The HBMEC-60 line was used in all experiments described, unless
stated otherwise. In some experiments, HBMEC monolayers were
pretreated with 10 ng/ml TNF-· overnight as indicated. All cell lines
were cultured at 37°C in 5% CO2.

Immunocytochemistry
HBMEC were cultured on FN-coated glass coverslips, fixed and

immunostained as described elsewhere [16] with the polyclonal Ab to
ß-catenin (5 Ìg/ml), followed by staining with fluorescently labeled
secondary Abs. F-actin was visualized by Texas Red phalloidin (1 U/
ml). In some experiments, cells were pretreated with mAb to ICAM-3
(HP2/19 or IC3/1, 10 Ìg/ml) for 30 min, followed by 30 min of cross-
linking with 10 Ìg/ml F(ab)2 fragments of G·M IgG. Images were
recorded with a Zeiss-LSM510 confocal microscope with appro-
priate filter settings. Cross-talk between the green and red channel
was avoided by use of sequential scanning.

Flow Cytometry
Following preincubations, the HBMEC or HUVEC were de-

tached with 5 mM EDTA in calcium-free HEPES medium for
10 min at 37 °C. After harvesting, the cells were incubated with the
different mAbs (5 Ìg/ml) in PBS containing 0.5% BSA and 1 mM
calcium for 30 min at 4°C and were washed with a 30-fold excess of
ice-cold PBS-BSA. The cells were then incubated with PE-conjugated
G·M IgG for 30 min at 4°C and washed. The relative fluorescence
intensity was measured by flow cytometry (FACScan, Becton Dick-
inson).

Analysis of ROS
To measure intracellular ROS production, HBMEC were cul-

tured on FN-coated glass coverslips and loaded with di-hydro-rho-
damine-1,2,3 (30 ÌM; Molecular Probes) for 60 min at 37 °C. Adhe-
sion molecules were subsequently crosslinked at 37°C as indicated in
the figure legends. After 30 min, cells were washed twice, incubated
for 1 min with trypsin at 37°C, collected on ice and again washed
twice with ice-cold Ca2+- and Mg2+-containing PBS, and di-hydro-
rhodamine-1,2,3 fluorescence was quantitated by flow cytometry in
the FL-2 channel (ÏEX 488 nm, ÏEM 585 nm), as described elsewhere
[17]. Intensity values are shown as the percentage increase relative to
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the values at the start of the experiment. In some experiments, cells
were pretreated for 18 h with a 5 mM concentration of the oxygen
radical scavengers N-AC or tiron to prevent ROS-mediated signal-
ing.

Immunoprecipitation and Western Blot Analysis
Cells were grown to confluence on 50-cm2 FN-coated dishes,

gently washed twice with ice-cold Ca2+- and Mg2+-containing PBS
and lysed in 0.5 ml of lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 1% NP-40 and 0.5 mM orthovanadate with the addition of
protease inhibitor cocktail tablets, Boehringer Mannheim). After
10 min on ice, cell lysates were collected and precleared for 30 min at
4°C with protein-G Sepharose (Pharmacia Biotech, Uppsala, Swe-
den; 15 Ìl for each sample of 0.5 ml). The supernatant, separated by
centrifugation (14,000 g, 15 s at 4°C), was incubated with 15 Ìl of
protein-G Sepharose, coated with 5 Ìg/ml ICAM-3 Ab (HP2/19), for
1 h at 4 °C under continuous mixing. The beads were washed 3 times
in lysis buffer and proteins were eluted by boiling in SDS-sample
buffer containing 4% 2-mercaptoethanol (Bio-Rad). The samples
were analyzed by 10% SDS-polyacrylamide gel electrophoresis. Pro-
teins were transferred to 0.45-Ìm nitrocellulose (Schleicher and
Schuell Inc., USA), and the blots were incubated with the appropriate
Abs (either moesin or ezrin diluted 1:2,000, or ICAM-3 diluted
1:1,000) in blocking buffer (1% low-fat milk in Ca2+- and Mg2+-con-
taining PBS) overnight at 4 °C, followed by incubation with rabbit-
anti-mouse IgG-HRP (1:1,000, 1 h; DAKO) at room temperature.
Between the various incubation steps, the blots were washed 3 times
with Ca2+- and Mg2+-containing PBS with 0.05% Tween-20 and
finally developed with an enhanced chemiluminescence detection
system (Amersham).

Electric Cell-Substrate Impedance Sensing
Endothelial cells (HBMEC/HUVEC) were added at 100,000 cells

to FN-coated electrode arrays (surface area 0.8 cm2) and grown to
confluence. Each array contains a 250-Ìm-diameter gold electrode
and a much larger gold counter-electrode. After electrode check of
the array and the electrical resistance of the endothelial monolayer
under resting conditions, ICAM-3 was crosslinked as described
above and the electrical resistance was continuously monitored at
37°C in 5% CO2 with the ECIS-Model-100 Controller from BioPhy-
sics, Inc. (Troy, N.Y., USA). Data were collected for a period of 2 h,
and changes in the resistance of different endothelial monolayers
were analyzed.

Permeability Assay
Permeability of HBMEC monolayers, cultured on 5-Ìm-pore,

6.5-mm Transwell filters (Costar, Cambridge, Mass., USA), was
assayed using FITC-labeled dextran 3000 as described elsewhere
[17]. The monolayers were pretreated with Abs (10 Ìg/ml) for 30 min
as described above. Crosslinking Ab was present during the perme-
ability assay. After the assay, filters were washed with ice-cold Ca2+-
and Mg2+-containing PBS, then fixed with 2% paraformaldehyde
and 1% Triton X-100-containing PBS and stained with Texas Red
phalloidin to inspect the HBMEC monolayer by confocal laser scan-
ning microscopy.

Statistics
Student’s t test for paired samples (two-tailed) was used for statis-

tical analysis. Student’s t test for independent samples was used
where indicated.

Results

Analysis of freshly isolated venous endothelial cells
from umbilical cord (pHUVEC) by flow cytometry re-
vealed low but detectable expression of the Ig-like super-
family member ICAM-3 (CD50) (fig. 1A). To study
ICAM-3 expression from primary HBMEC, bone marrow
aspirates were analyzed for ICAM-3 expression. Although
the total number of endothelial cells (defined as VE-cad-
herin-positive cells) in primary bone marrow aspirates is
low (0.16%), flow cytometry analysis showed that an aver-
age of 49% of the VE-cadherin-positive cells also stained
positive for ICAM-3 (fig. 1B). Western blot analysis of
ICAM-3 protein on whole-cell lysates from immortalized
umbilical cord (HUVEC) and bone marrow (HBMEC)
confirmed the expression of the protein and additional-
ly showed that the expression of ICAM-3 in HBMEC
was more pronounced than in HUVEC (fig. 1C). Thus,
ICAM-3 is expressed on primary and immortalized endo-
thelium from umbilical cord and bone marrow.

Pretreatment of HBMEC (fig. 2) or pHUVEC (data
not shown) with the inflammatory mediators IL-1ß,
TNF-· or both induced upregulation of the surface ex-
pression of ICAM-1 (CD54) and VCAM-1 (CD106),
whereas the expression of PECAM-1 (CD31) and VE-cad-
herin (CD144) was not affected (fig. 2). The expression of
ICAM-3 did not significantly change under these condi-
tions on either endothelial cell type. ICAM-2 (CD102)
was slightly downregulated upon IL-1ß and TNF-· treat-
ment (fig. 2). Because some reports suggest a role for
ICAM-3 in angiogenesis, the endothelial cells were also
stimulated with VEGF. However, the expression of none
of the tested adhesion molecules was affected (fig. 2).
Thus, because the expression of ICAM-3 is not affected by
inflammatory stimuli, in contrast to its family members
ICAM-1 and VCAM-1, these results suggest that ICAM-3
may be involved in processes such as constitutive lym-
phocyte trafficking.

Biochemical analysis of ICAM-3 immunoprecipitates
from HBMEC revealed a 120-kD band, corresponding to
the size of ICAM-3 (fig. 3A). An unidentified protein
coimmunoprecipitated at approximately 97 kD. Studies
in T lymphocytes show that the ERM protein moesin
binds to ICAM-3, linking this Ig-like adhesion molecule to
the actin cytoskeleton [9]. Activation of ICAM-3 by cross-
linking on HBMEC monolayers resulted in an increased
interaction of ICAM-3 with moesin, but not ezrin, after
5–15 min. After 30 min of crosslinking on HBMEC mon-
olayers, the association with moesin was lost but the bind-
ing to ezrin was increased (fig. 3B). Incubation of the cells
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Fig. 1. Expression of ICAM-3 on human endothelial cells. A Flow
cytometry analysis of pHUVEC, showing expression of ICAM-3 (sol-
id line). The dotted line indicates the signal obtained with the isotype
IgG2a Ab. B Human bone marrow aspirates showed ICAM-3 expres-
sion on 52% of VE-cadherin-positive cells. The mean of three in-
dependent experiments showed 49% VE-cadherin-positive cells.
a Scatter plot of flow cytometry analysis showing cells from the aspi-
rate which were incubated with IgG1-FITC or VE-cadherin-FITC.
0.16% of all cells (R1) stained positive for VE-cadherin. Results are

data of one experiment, representative of 3 independent experi-
ments. b 52% of VE-cadherin-positive cells stained positive for
ICAM-3. Data in B are representative of 3 independent analyses.
C Western blot analysis of total cell lysates with ICAM-3 Ab showed
a band at approximately 120 kD, corresponding to the molecular
weight of ICAM-3. 2 ! 106 endothelial cells (HBMEC or HUVEC)
and 0.5 ! 106 HL60 cells, as a positive control, were loaded per lane.
Results are representative of four independent experiments.

with IgG2a Abs as a control induced no changes in the
association of ICAM-3 with either moesin or ezrin. These
findings indicate that, upon activation of ICAM-3 in
HBMEC, first moesin and later ezrin interacts with the
intracellular tail of clustered ICAM-3, as in T lympho-
cytes. This interaction might transmit intracellular signal-
ing into the endothelial cells.

Because moesin and ezrin can link activated ICAM-3
to the actin cytoskeleton, and the actin cytoskeleton con-
trols cell-cell adhesion, we studied the effects of ICAM-3
crosslinking on the integrity of the endothelial mono-
layers. Therefore, we used the electric cell-substrate impe-
dance sensing technique to measure the electrical resis-
tance of the endothelial monolayers following various
treatments. The basal resistance of the HBMEC mono-
layer was significantly higher than that of the HUVEC
line monolayers and the pHUVEC monolayers (8.4 B 0.3
vs. 7.1 B 0.2 and 7.2 B 0.3 kø, respectively) (fig. 4A).
Other HBMEC lines (HBMEC-28 and -33) were also
tested and showed similar results to the HBMEC-60 line
(data not shown). Expression levels of the endothelial
junction proteins VE-cadherin and PECAM-1, which are
involved in the maintenance of the barrier function, were
similar in both types of endothelial cells, as determined by
flow cytometry (data not shown).

Surprisingly, activation of ICAM-3 by Ab-mediated
crosslinking decreased the electrical resistance of the
TNF-·-pretreated HBMEC monolayer within 60 min
(fig. 4B). The resistance of the HBMEC monolayer was
restored after approximately 4–5 h, although occasionally
the resistance of the monolayer was restored already after
2 h of ICAM-3 activation. Control levels of the HBMEC
monolayers sometimes showed an increase in the resis-
tance. However, this increase was not consistent through-
out different experiments, whereas the drop in resistance
of the HBMEC monolayer after ICAM-3 crosslinking
was. To further quantify the effect of ICAM-3 activation,
we analyzed the ICAM-3-induced decrease in resistance
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Fig. 2. Expression of adhesion molecules on HBMEC. HBMEC were
cultured on FN-coated 8-cm2 dishes and stimulated for 6 h with IL-
1ß (10 ng/ml), TNF-· (10 ng/ml), both or VEGF (100 ng/ml). Expres-
sion analysis was performed with flow cytometry. ICAM-1 and
VCAM-1 showed increased expression upon stimulation with IL-1ß,
TNF-· or both, whereas ICAM-2 showed a slight decrease in expres-
sion upon treatment with these stimuli. PECAM-1, VE-cadherin

and ICAM-3 showed no change in expression levels. Stimulation
with VEGF did not have any effect on the expression levels of any of
the tested adhesion molecules. Closed bar: ICAM-1; open bar:
ICAM-2; hatched bar left: ICAM-3; hatched bar right: VCAM-1;
light grey bar: PECAM-1; dark grey bar: VE-cadherin. Data are mean
B SD of 4 independent experiments.
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Fig. 3. Interaction of ICAM-3 with moesin and ezrin. A HBMEC
were cultured on FN-coated 50-cm2 dishes and grown to confluence.
Cells were lysed and ICAM-3 was immunoprecipitated from the
lysate as described in Materials and Methods. Isotype control IgG2a
was taken as a control sample. The immunoblot was incubated with
Ab against ICAM-3. The arrowhead indicates ICAM-3 protein of
approximately 120 kD in untreated HBMEC (2 ! 106 cells). An
unidentified protein coimmunoprecipitated at approximately 97 kD.
The 60-kD band indicates the heavy chain of the precipitating Ab.
B HBMEC were cultured and treated as described above. ICAM-3

was activated (X-link) for 5, 15 or 30 min as indicated. Control repre-
sents HBMEC incubated with mAb against isotype IgG2a and subse-
quently crosslinked for 5, 15 or 30 min as indicated. ICAM-3 was
immunoprecipitated (IP) and samples were blotted with mAbs
against moesin or ezrin, as indicated. The association with ICAM-3
of moesin and, after 30 min, of ezrin, was induced by crosslinking.
Lower panels show protein expression of moesin and ezrin in total
cell lysates (TCL), to show that each immunoprecipitate contained
equal amounts of protein. Data are representative of 2 independent
experiments.

of the HBMEC and HUVEC monolayer after 60 min. The
results revealed that ICAM-3 activation on HBMEC sig-
nificantly reduced the resistance of the monolayer, where-
as ICAM-3 activation on HUVEC did not (fig. 4C).
Monolayers of three HBMEC lines (HBMEC-60, -28 and

-33) were tested, and all three cell lines responded to
ICAM-3 activation with a significant decline in monolayer
resistance at 60 min. Together, these results indicate that
the activation of ICAM-3 on HBMEC, but not on HU-
VEC, negatively regulates cell-cell junctions, resulting in a
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Fig. 4. ICAM-3 activation decreases the resistance of HBMEC
monolayers, but not of HUVEC monolayers. A Endothelial cells
were plated on FN-coated electrode arrays in equal amounts and cul-
tured to confluence. The left panel shows a representative recording
of the basal resistance of a HUVEC line monolayer (squares) and
HBMEC (triangles) monitored over 2 h. The right panel shows the
average of the basal resistance of HBMEC and HUVEC monolayers
at 60 min and indicates that the resistance of the HBMEC monolayer
is significantly higher than that of HUVEC monolayers. Data are
means B SD of 3 independent experiments. Each experiment was
carried out in quadruplicate. *p ! 0.05. B The left panel shows the
electrical resistance of HBMEC monolayers, which were plated on
FN-coated electrode arrays and cultured to confluence. The electrical
resistance of the endothelial monolayers was monitored for 2 h.

ICAM-3 was activated at time point 0 min and induced a drop in the
electrical resistance of the monolayer within 60 min. The lower line
indicates ICAM-3 crosslinking on the HBMEC monolayer, while the
upper line shows the HBMEC monolayer, incubated with only F(ab)2
Ab, as indicated. Each experiment was carried out in quadruplicate
and done at least three times for HBMEC-60; HBMEC-28 and -33
were tested twice. The right panel shows the electrical resistance of
HUVEC monolayers, treated as indicated. Each experiment was car-
ried out in quadruplicate and done at least three times for primary
and immortalized HUVEC. C At 60 min after ICAM-3 activation,
the changes in HBMEC and HUVEC monolayer resistance were
quantified, which showed that ICAM-3 activation significantly re-
duced the resistance of HBMEC (filled bars) but not of HUVEC
(open bars). *p ! 0.05. X-link = Crosslinking.

decrease in resistance of the human bone marrow endo-
thelial monolayers.

In line with the latter observation, detailed confocal
laser scanning microscopy analysis of cell-cell junctions of
HBMEC after ICAM-3 activation showed a loss of cell-
cell contacts, which explains the drop in resistance of the
HBMEC monolayers after ICAM-3 activation (fig. 5A).

Staining for the junctional protein ß-catenin showed an
altered distribution at sites of gap formation. Real-time
analysis of ICAM-3 activation on HBMEC monolayers by
phase-contrast microscopy indicated that after 30–60 min
of ICAM-3 activation, loss of cell-cell contacts is induced
(fig. 5B; also video 1 and control in video 2, see Supple-
mental Video Files below). Additional confocal microsco-

105



J Vasc Res 2004;41:28–37 van Buul/Mul/van der Schoot/Hordijk

�-Catenin F-actin Merge

Ig
G

2a
IC

A
M

-3

X
-l

in
ke

d

A

B

ERM ICAM-3 Merge

Ig
G

2a
IC

A
M

-3

X
-l

in
ke

d

C

Fig. 5. Effect of ICAM-3 crosslinking on
cell-cell contacts of HBMEC. A HBMEC
were grown to confluence on FN-coated glass
coverslips, stimulated with TNF-· overnight
and treated for 60 min as indicated, fixed
and permeabilized and subsequently stained
for ß-catenin and F-actin as described in
Materials and Methods. The images show ß-
catenin in green (a, d) and F-actin in red (b,
e), while colocalization appears in yellow (c,
f). Incubation of endothelium with isotype
control IgG2a Ab showed normal ß-catenin
localization at cell-cell junctions (a). F-actin
staining showed a normal pattern of stress
fibers and no loss of cell-cell contact (b).
Merge shows combined images (c). Cross-
linking of ICAM-3 (X-linked) induced loss of
endothelial cell-cell contacts (indicated by
the asterisks) in the HBMEC monolayer (e),
with loss of discrete ß-catenin localization at
sites of absent cell-cell contacts (d). Merge
shows combined images (f). Bar = 20 Ìm.
B Real-time analysis by phase-contrast mi-
croscopy showed that ICAM-3 activation in-
duced a loss of HBMEC cell-cell contacts
within 30 min. Still images are taken from a
time-lapse video. Crosslinking Ab was added

at 0 s (a). Open arrowheads represent the
sites where loss of cell-cell contact will ap-
pear. Gaps (asterisks) start to appear at ap-
proximately 15 min (b). Endothelial cell-cell
contact is lost at approximately 30 min (c).
(See also videos 1 and 2, the latter showing
crosslinking of IgG2a mAb; for details, see
Supplemental Video Files below). Bar =
50 Ìm. C HBMEC were cultured and treated
as described in A. To stain ERM proteins, a
polyclonal Ab against ezrin was used, which
recognized all three ERM proteins. Images
show ERM protein staining in red (a, d) and

ICAM-3 staining in green (b, e), while colo-
calization is indicated in white (c, f). Incuba-
tion of endothelium with isotype control
IgG2a mAb showed almost no induction of
colocalization between the ERM proteins
and ICAM-3 (c). The ERM proteins showed
a punctate distribution over the apical cell
surface (a), in a similar fashion to ICAM-3
(b). Crosslinking of ICAM-3 (X-linked) in-
duced a loss of endothelial cell-cell contacts
of the HBMEC monolayer (as shown in A),
with increased colocalization between the
ERM proteins and ICAM-3 (f). Bar = 5 Ìm.
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Fig. 6. Role of ROS in endothelial ICAM-3 signaling. A HBMEC
were grown to confluence and loaded with di-hydro-rhodamine-
1,2,3. Subsequently, the cells were treated as indicated, and after
30 min, the production of ROS was analyzed by flow cytometry as
described in Materials and Methods. Crosslinking of ICAM-3 with
mAb HP2/19 or CBR.IC3/1 (both 10 Ìg/ml) showed a small but sig-
nificant increase in ROS production compared to control levels.
Control levels represent crosslinking of IgG2a mAb. Data are means
B SD of 3 independent experiments. * p ! 0.05. B Scavenging ROS
results in decreased loss of cell-cell contacts. HBMEC were cultured
on FN-coated Transwell filters and incubated overnight with me-

dium and the oxygen radical scavengers N-AC or tiron at 37 °C, as
indicated. Subsequently, ICAM-3 (filled bars) or IgG2a, as a control
(open bars), were crosslinked as described in Materials and Methods
(X-linked ICAM-3 with mAb HP2/19), and FITC-labeled dextran
3000 was added to the upper compartment of the Transwell system.
After 3 h, the amount of fluorescence in the lower compartment was
calculated as the percentage increase compared to control levels.
Control levels represent basal leakage of the endothelial monolayer
incubated with medium alone. Data are means B SD of 3 indepen-
dent experiments. * p ! 0.05.

py analysis after ICAM-3 activation showed that the
ERM proteins moesin and ezrin are localized at the apical
side of the endothelial cell surface (fig. 5C). Moreover,
after 60 min of ICAM-3 activation, colocalization is
observed between ICAM-3 and a fraction of the ERM
proteins. This is probably due to the interaction of the
ERM proteins with other adhesion molecules, such as
ICAM-1 and CD44, which are also present on the apical
side of the endothelial cells [7]. The polyclonal Ab used in
these localization studies recognized all three ERM pro-
tein members, ezrin, radixin and moesin. Therefore, we
were not able to discriminate between moesin and ezrin
localization in these assays.

We and others have shown that members of the Ig-like
superfamily such as VCAM-1 and ICAM-1 can act as sig-
naling receptors [17–20]. In addition, we have shown that
upon activation, VCAM-1 generates ROS and subsequent-
ly induces loss of endothelial cell-cell contacts [17]. There-
fore, we studied the ability of ICAM-3 to generate ROS in
HBMEC after activation by using the di-hydro-rhodamine-
1,2,3 assay, as described in Materials and Methods. The
results of this assay, performed with two independent Abs,
indicate that crosslinking of ICAM-3 induced a small but
significant increase in the production of intracellular ROS
in HBMEC after 30 min compared to control levels
(fig. 6A). Crosslinking of ICAM-2, also expressed on the

apical membrane of the endothelial cells, did not induce
detectable amounts of ROS (data not shown).

To study the involvement of ROS in ICAM-3-induced
loss of endothelial cell-cell contacts, i.e. increased perme-
ability, HBMEC were preincubated overnight with the
oxygen radical scavengers N-AC or tiron. As a result, the
scavengers significantly prevented the ICAM-3-induced
increase in permeability, suggesting that ROS mediate
ICAM-3-induced loss of endothelial integrity in HBMEC
(fig. 6B). The inhibitors N-AC and tiron had no signifi-
cant effect on the basal resistance of the HBMEC mono-
layer.

Discussion

Although the majority of the current literature states
that ICAM-3 is not expressed by human endothelium,
some studies indicate that ICAM-3 is expressed on hu-
man endothelial cells in certain disorders, such as Crohn’s
disease and cancer [6, 7, 9]. We found that ICAM-3 is
expressed on primary human endothelial cells isolated
from normal human bone marrow and umbilical cord,
although the basal expression is low and expression is not
upregulated by inflammatory stimuli, such as IL-1ß or
TNF-·.
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Because endothelial ICAM-3 is expressed at low levels
and is not upregulated by inflammatory stimuli, it is prob-
ably not involved in leukocyte transendothelial migration.
In line with this, we were unable to inhibit stromal-cell
derived factor-1 (SDF-1)-induced migration of HL60 cells
across endothelium with ICAM-3-blocking Abs in a Trans-
well assay [van Buul, unpubl. observation].

Surprisingly, activation of ICAM-3 on immortalized
human endothelial cells derived from bone marrow
(HBMEC) induces a decline of the basal electrical resis-
tance of these monolayers, whereas the resistance of endo-
thelial monolayers from human umbilical cord blood
(HUVEC) remains unaltered. The fact that the basal resis-
tance of HBMEC monolayers is higher than that of HU-
VEC indicates a different regulation of the cell-cell junc-
tions, although we found no differences in expression lev-
els of the junctional adhesion molecules VE-cadherin and
PECAM-1. These results show that endothelial cells de-
rived from different origins are also different in their abil-
ity to regulate their endothelial junctions and barrier func-
tion.

The fact that ICAM-3 is expressed on HBMEC as well
as on HUVEC, whereas ICAM-3 activation only has an
effect on HBMEC monolayer resistance, is remarkable,
although Western blot data already showed that ICAM-3
expression in HUVEC is lower than in HBMEC. This dif-
ference in expression level might explain the different
effects of ICAM-3 activation on the monolayer resistance
of HBMEC and HUVEC. Some studies suggest a role for
ICAM-3 in early angiogenesis [10, 11]. However, treating
endothelial cells with recombinant VEGF, which is
known to be involved in the process of vascular angiogen-
esis [21], did not change the expression levels of ICAM-3.
In addition, because motile endothelial cells are charac-
teristic for angiogenesis, we checked whether ICAM-3
activation induces the motility of HBMEC using a Trans-
well assay. The results revealed that ICAM-3 activation
did not increase endothelial motility, whereas fetal calf
serum, as a positive control, did [van Buul, unpubl. obser-
vation]. Based on these data, we conclude that it is unlike-
ly that ICAM-3 on endothelial cells is involved in cell
motility. However, whether ICAM-3 plays a role in the
modulation of endothelial integrity during an angiogenic
response remains an open question.

The interaction of ICAM-3 with the cytoskeletal
adapter proteins moesin and ezrin is not restricted to leu-
kocytes only, but appears to occur also in HBMEC. More-
over, activation of ICAM-3 on HBMEC increased the
association of first moesin and later ezrin with ICAM-3.
Since the ERM proteins are known as adapter proteins

linking apical surface proteins to the actin cytoskeleton,
the increased association might induce cytoskeletal
changes. ERM proteins have also been reported to acti-
vate signaling via the small GTPase RhoA, which induces
the formation of actin stress fibers and increased cell con-
tractility [22]. Conversely, Shaw et al. [23] reported that
RhoA activity is necessary and sufficient to phosphorylate
radixin and moesin. These data, together with the results
presented in this paper, might suggest that ICAM-3 acti-
vation induces changes in the actin cytoskeleton through
the ERM proteins in a RhoA-dependent manner. In addi-
tion, our results show that ICAM-3 activation decreases
the resistance of HBMEC monolayers, probably by modu-
lating the lateral cell-cell junctions, which results in a loss
of barrier function. Pujuguet et al. [24] recently reported
that ezrin is capable of modulating E-cadherin-based cell-
cell contacts in epithelial cells. Whether ezrin and possibly
moesin modulate the VE-cadherin complex in endothelial
cells will require future study.

The hypothesis that ICAM-3 expression on endothe-
lium is involved in tumor progression is in line with
experiments that show ROS generation after ICAM-3
activation. The fact that ICAM-3 expression on endothe-
lium is found on solid tumors and that oxygen radicals are
elevated in tumor environments and are involved in
tumor angiogenesis might indicate that ICAM-3 on endo-
thelium contributes to tumorigenesis, although it remains
unknown how ICAM-3 becomes activated under these
conditions. Additional experiments show that not all api-
cally expressed adhesion molecules induce ROS produc-
tion. Although it is reported that ICAM-1 and VCAM-1
are involved in the production of endothelial ROS, we
observed that ICAM-2 lacks the ability to produce ROS,
underscoring the specificity of this response [17, 19, 25].
Our previous work suggests that VCAM-1-mediated pro-
duction of ROS is involved in transendothelial migration
[17]. However, ICAM-3-mediated ROS production seems
to play no role in transendothelial migration. Therefore,
we hypothesize that although the amount of ROS produc-
tion mediated by ICAM-3 and VCAM-1 might be compa-
rable, the outcome of their activation could be different.

In conclusion, we have shown that ICAM-3 negatively
regulates endothelial cell-cell contacts of human bone
marrow endothelium. Together with the knowledge that
ICAM-3 is upregulated on endothelium in disorders such
as Crohn’s disease and tumors, these data suggest that
ICAM-3 is involved in the dissociation of endothelial cells
during the formation of new blood vessels.
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REGULATION OF THE OXIDASE SYSTEM IN
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Abstract

Reactive oxygen species (ROS) control the integrity of the vascular endothelium.

Our lab has recently shown that transduction of human umbilical vein endothelial cells

(HUVEC) with an active variant of the small GTPase Rac promotes the production of

ROS, ROS-dependent activation of  p38 MAP kinase and loss of VE-cadherin-mediated

cell-cell adhesion 

We show that HUVEC express mRNAs for NOX2 as well as NOX4, but not for

NOX1 or NOX3. Interestingly, NOX4 mRNA was expressed at approximately 100-fold

higher levels compared to NOX2 mRNA. NOX4-GFP largely localized to an

intracellular compartment that co-stained with a marker for the endoplasmic reticulum,

and its distribution did not overlap with lysosomes, Weibel-Palade bodies or

mitochondria. The NOX2-regulatory proteins p47phox and p67phox associated with the

actin cytoskeleton and were found in cell protrusions and membrane ruffles, co-

localizing with Rac1.  This translocation to the cell periphery was promoted by TNF-�.

Finally, scavenging of ROS was found to impair TNF-�-induced cytoskeletal

rearrangements and the formation of a confluent endothelial monolayer.  

Together, these data prove the differential mRNA expression of NOX family

members in human endothelium and indicate that these NOX proteins and their

regulators may be involved in the control of endothelial cell spreading, motility and cell-

cell adhesion.

Introduction

Reactive oxygen species (ROS) are well known for their role in killing engulfed

pathogens by phagocytic leukocytes. ROS are generated in the cells through the NADPH-

oxidase system, which is a complex of multiple membrane-associated and cytosolic
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components (37). This multi-molecular complex uses electrons, derived from intracellular

NADPH, to generate superoxide anions, which subsequently dismutate to H2O2 (5). 

However, next to their role as “pathogen-killer”, it has been shown that low levels of

ROS function as second messengers and are involved in intracellular signalling in a variety of

cell types. Irani and colleagues showed previously that ROS were required for Ras-mediated

cell-growth in fibroblasts (18). Since then, numerous reports have been published on the

signalling capacities of low levels of ROS (for review: 6, 8, 23), particularly in the vascular

endothelium. At sites of inflammation and infection, the local environment is enriched with

cytokines, such as tumor-necrosis-factor (TNF)-�, interleukin (IL)-1 and interferon (INF)-�.

These cytokines induce a dose- and time-dependent increase in ROS in endothelium (23).

Also shear stress as well as vasoactive peptides such as bradykinin induce production of ROS

in endothelial cells (16, 40).

The generation of ROS requires the activation of the small GTPase Rac. Studies with

Rac2-deficient cells have shown clearly that the NADPH-oxidase system in neutrophils

mainly depends on Rac2 (12, 15). However, in other cell-types such as endothelium and

monocytes, it has recently been shown that the NADPH-oxidase complex favours Rac1 over

Rac2 for the generation of ROS, albeit that the amounts of ROS generated in endothelial cells

are almost 100-fold lower than in neutrophils (29, 41). 

Recent literature indicates that the NADPH-oxidase system, as it is present in

neutrophils, is also expressed in endothelial cells (13, 21). We recently reported that

transduction of an active form of Rac1 (RacV12) into endothelial cells induces ROS

production and ROS-mediated loss of endothelial cell-cell adhesion (35). Moreover,

endothelial cell migration also appeared to be dependent on ROS (35). However, the

mechanism and signalling pathways that drive Rac-dependent ROS production in endothelial

cells are currently unclear.

In the present study, we analysed the expression of the leukocyte NADPH-oxidase

components gp91phox (phagocytic oxidase), also called NOX2 (NADPH-oxidase2), p67phox,

p47phox and p22phox in endothelial cells. We found, using real time-PCR, relatively high

expression of NOX4 mRNA, a NOX2-homologue, in endothelial cells. By using micro-

injection of a NOX4-GFP fusion construct into endothelial cells, we detected NOX4-GFP at

the endoplasmatic reticulum. Moreover, GFP-fusion proteins of p47phox and p67phox also

localize to the endoplasmatic reticulum and translocate to the tips of TNF-α-induced

membrane ruffles, together with the small GTPase Rac1. These findings are compatible with
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expression of multiple oxidase-generating enzymes in endothelial cells that may play a role in

endothelial cell-cell adhesion and motility.

Methods

Materials. Monoclonal antibodies (mAb) to �-catenin were obtained from

Transduction Laboratories (Becton Dickinson, Amsterdam, The Netherlands). Polyclonal Abs

to p67phox and p47phox were purchased from Upstate Biotechnology (Lake Placid, NY, USA).

Monoclonal Ab to NOX2 (7D5) was a kind gift of Dr. Nakamura (Nagasaki University,

Nagasaki, Japan), mAb to p67phox was a kind gift of Dr. Quinn (Montana State University,

Bozeman, USA), mAb to p47phox was a kind gift of Dr. Heyworth (Scripps Research Institute,

La Jolla, California, USA) and mAb to p22phox (449) was kindly provided by Dr. D. Roos

(Sanquin Research at CLB, Amsterdam, The Netherlands). mAb to VE-cadherin (7H1) was

obtained from Pharmingen (Becton Dickinson, Amsterdam, The Netherlands). Texas-Red

Phalloidin, Alexa-488-labeled G�M-Ig, Alexa-568-labeled G�M-Ig, Alexa-568-labeled

G�R-Ig secondary Abs and Mitotracker were purchased from Molecular Probes (Leiden, The

Netherlands). Ab to calreticulin was obtained from Affinity Bioreagents (Golden, CO, USA).

CD63 mAb was obtained from Sanquin (Amsterdam, The Netherlands). TNF-α, N-acetyl-

cysteine (N-AC) and Tiron were purchased from Sigma-Aldrich (Chemical Co, St. Louis,

MO, USA).

Cell culture. Primary human umbilical vein endothelial cells (pHUVECs) were

isolated from fresh umbilical veins as described previously (4) and used for passage 2-4.

pHUVECs, immortalized HUVEC and immortalized human microvascular endothelial cells

(HMEC) were cultured at 37˚C at 5% CO2 in FN-coated flasks in M199 medium (Gibco-

BRL; Life Technologies) supplemented with L-glutamine (300 µg/ml, Gibco), 20% heat-

inactivated fetal-calf serum (FCS; Life Technologies, Paisley, Scotland, UK), 100 U/ml

penicillin and 100 �g/ml streptomycin. The cells were passaged by treatment with

trypsin/EDTA solution (Gibco). Jurkat, Ramos and the stroma cell line 88.7 were cultured at

37˚C at 5% C O2 in IMDM medium (Gibco) supplemented with L-glutamine (300 µg/ml,

Gibco), 10% heat-inactivated FCS (Life Technologies), 100 U/ml penicillin and 100 �g/ml

streptomycin. Stroma cells were passaged by treatment with trypsin/EDTA solution (Gibco).

Neutrophils were isolated according to Roos and De Boer (28). 

Constructs. The full-length cDNA encoding NOX4 was a kind gift of Dr. J.D.

Lambeth (Emory University Medical School, Atlanta, GA, USA). The NOX4 cDNA was
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subcloned as a KpnI-ApaI PCR-fragment into the pE-GFP N1-vector, resulting in a NOX4-

GFP fusion product (Clontech, Palo Alto, CA, USA). The full-length cDNA’s encoding

NOX2, p67phox and p47phox were a kind gift of Dr. D. Roos (Sanquin Research at CLB,

Amsterdam, The Netherlands). The NOX2 cDNA was subcloned as a BamHI-HindIII PCR-

fragment into the pE-GFP-C1 vector (Clontech), resulting in a GFP-NOX2 fusion construct.

The p67phox cDNA was subcloned into the pE-GFP C1-vector as described (32). The p47phox

cDNA was subcloned as an EcoRI-ApaI PCR-fragment into the pE-GFP C1-vector

(Clontech). The constructs were microinjected into the nuclei of primary endothelial cells as

described in the Method section microinjection.

Green-Fluorescent-Protein (GFP)-Rac expressing endothelial cells. The full-length

cDNA encoding Rac1 was a kind gift of Dr. J.G. Collard (Netherlands Cancer Institute,

Amsterdam, The Netherlands). The Rac1 cDNA was subcloned as an Xho-SnaBI PCR-

fragment and swapped with the actin cDNA from the modified LZRS-GFP-actin-IRES-zeocin

vector (39). The resulting construct, LZRS-GFP-Rac-IRES-zeocin, was transfected into

amphotropic Phoenix packaging cells (20) by means of the calcium-phosphate transfection

system (Life Technologies) to produce retroviruses. HUVECs were transduced with virus-

containing supernatant in the presence of 10 �g/ml DOTAP (Boehringer). After 6 hours, the

supernatant was replaced with fresh medium, and the cells were allowed to recover overnight.

This procedure was repeated twice on two consecutive days. Transduced cells were sorted for

GFP expression by FACStar (Becton Dickinson, Heidelberg, Germany).

Generation of cDNA. Total RNAs were extracted from confluent HUVEC using

RNAzole protocol (Campro Scientific, Veenendaal, The Netherlands) from which mRNA was

isolated using Qiagen Isolation Kit (Qiagen, Valencia, CA, USA). The reverse transcriptase

reaction contained Reverse Transcriptase and buffer, RNAse inhibitor, Hexanucleotide mix

and DTT (all from Boehringer Mannheim, Germany) and dNTPs (MBI Fermentas, St.Leon-

Rot, Germany) and approximately 2 µg of mRNA. This mix was incubated at 42°C for 45

minutes and then at 99°C for 3 minutes. 5% of this reaction was used for the nested PCR and

quantative PCR, as described in the sections below.

Nested Polymerase Chain Reaction. Taq-polymerase, buffer and dNTPs (all from MBI

Fermentas) and primers for the appropriate NOX were combined. 20% of the resulting PCR

product was used in a nested PCR under the same conditions. Amplification of Abl was used

to check the integrity of the cDNA used.

Real-time quantitative-Polymerase Chain Reaction. Syber-green Taq mix and Syber-

green (Eurogentec, Maastricht, The Netherlands) was combined with forward, reverse
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primers, cDNA and water. The following primers for real-time quantitative PCR were used:

forward primer for NOX2: CTGGACAGGAATCTCACCTTTCAT, reverse primer for

NOX2: AATTTATCTACACGTTACCACACTTAG; forward primer for NOX4:

GCCAACGAAGGGGTTAAACA, reverse primer for NOX4: CGGGAACCAATATGTTCG

TTCTTC. The house-keeping gene Gus was used as a control to generate a standard curve and

the relative expression of NOX2 and NOX4 was calculated by means of this standard curve.

Micro-injection. Confluent monolayers of HUVEC were injected with cDNA of GFP-

NOX2, NOX4-GFP, p67phox-GFP or p47phox-GFP (50-60 cells/ glass cover slip) by means of

an Eppendorf Microinjection Unit (Microinjector model 5242; Micromanipulator model 5170;

CO2
 Controller model 3700, and Heat Controller model 3700) attached to a microscope

(Axiovert 135m; Zeiss, Inc., Thornwood, NY). After microinjection, the samples were

processed for confocal imaging microscopy as described in the next section.

Immunocytochemistry. HUVEC were cultured on FN-coated glass cover slips and

were fixed and immunostained as described (17) with antibodies (5 �g/ml) to the various

proteins as indicated. The antibodies were subsequently visualized with fluorescently labelled

secondary anti-mouse IgG or anti-rabbit IgG antibodies (5 �g/ml). F-actin was visualized by

Texas-Red Phalloidin (1 U/ml). In some experiments, the cells were pre-treated 30 minutes at

37�C with TNF-α (10 ng/ml), or overnight with N-Acetyl-Cysteine (N-AC; 5 mM) or Tiron (5

mM), as indicated. Images were recorded with a ZEISS LSM510 confocal microscope with

appropriate filter settings. Cross-talk between the green and red channel was avoided by use

of sequential scanning. 

Western blotting. Cells were grown to confluency on FN-coated 50-cm2 Petri dishes,

washed twice gently with ice-cold Ca2+ and Mg2+-containing PBS and lysed in boiled SDS-

sample buffer containing 4% (w/v) 2-mercaptoethanol (Bio-Rad). The samples were analyzed

by SDS-polyacrylamide gel electrophoresis (PAGE). Proteins were transferred to 0.45-�m

nitro-cellulose (Schleicher and Schnell Inc., NH, USA) and the blots were blocked with

blocking buffer (1% (w/v) low-fat milk in TBST) for 1 hour, subsequently incubated at room

temperature with the appropriate Abs for 1 hr, followed by incubation with R�M-Ig-HRP for

1 hr at room temperature. Between the various incubation steps, the blots were washed 3

times with TBST and finally developed with an enhanced chemiluminescence (ECL)

detection system (Amersham).

Measurement of reactive oxygen species (ROS). To measure the generation of reactive

oxygen species (ROS) in endothelial cells, pHUVECs cultured on fibronectin-coated glass
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cover slips were loaded with dihydrorodamine-1,2,3 (DHR, 30 µM; Molecular Probes) for 30

min, washed and subsequently treated with at 37�C with TNF-α (10 ng/ml) or control Ab IgG,

or medium. Fluorescence of DHR was quantified by time-lapse confocal microscopy.

Intensity values are shown as the percentage increase relative to the basal DHR values at the

start of the experiment.

Statistics. Student’s t-test for paired samples (two-tailed) was used for statistical

analysis. Student’s t-test for independent samples was used when indicated.

Results

To analyse expression of NOX2-homologue mRNAs in primary human umbilical vein

endothelial cells (pHUVEC), we first investigated the presence of the various NOX’s in

endothelial cells using nested PCR (Table 1). We also included leukemic and T-cell lines in

the analysis to serve as positive controls for each Nox variant. Primary human endothelial

cells were found to express NOX2 and NOX4 mRNA, but not NOX1 or NOX3 mRNA.

NOX4 mRNA was also expressed in the erythroleukemic cell line K562 and in the T-

lymphocyte cell line Jurkat, but not in B-lymphocyte cell line Ramos. In contrast, NOX2

mRNA was expressed in Ramos but not in K562 and Jurkat. NOX3 mRNA was only found in

Jurkat T-cells and NOX1 mRNA was only detectable in Jurkat and Ramos lines. The

expression of NOX2 in endothelium had been suggested previously, based on

immunocytochemical data and Western blot analysis (21). Subsequently our positive results

were confirmed using real-time quantitative PCR using specific primers for NOX2 and 4. The

results of the real-time quantitative PCR analysis are also shown in Table 1. The levels of

NOX4 mRNA were found to be at least 100 times higher than those of NOX2 mRNA (Table

1). This might indicate that NOX4 is the most abundant member of this protein family in

human endothelium.

Table 1. Expression of NOX mRNA’s in HUVEC. mRNA was isolated from primary HUVEC, K562, Jurkat cells

or Ramos cells and primers specific to NOX1, 2, 3 and 4 were used to investigate mRNA expression by nested

PCR as described in Methods. Samples that did not express the indicated mRNAs are indicated with -. Positive
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samples are indicated with +. Relative expression levels of NOX2 and NOX4 mRNA was measured by real-time

quantitative PCR and calculated as described in Methods. All experiments are performed independently and at

least two times.

The NOX2 protein is known to form a multi-molecular complex with a series of

regulatory proteins, including p22phox, p47phox, p67phox and the small GTPase Rac in activated

phagocytes (37). Western Blot analysis was used to confirm the expression of the phagocytic

NADPH-oxidase components NOX2 (gp91phox), p47phox and p22phox in human umbilical vein

and microvascular endothelial cells (Figure 1). Neutrophil lysates were used as a positive

control and a stromal cell line served as a negative control. NOX2 is highly glycosylated in

neutrophils, and migrated as a smear rather than a distinct band, as was also shown by others

(26, 36). However, in endothelial cells, two distinct bands appeared, one at approximately 90

kD and one band at approximately 75 kD, possibly due to differential glycosylation. The

detection by Western blot analysis of a doublet for NOX-2 in the endothelial cell lysates has

also been reported by others (21). p47phox is highly expressed in endothelial cells, suggestive

for a prominent role in endothelial ROS formation. The stromal cells expressed only p22phox

to a detectable level, but were devoid of the other components analysed, including NOX2 (3).

Unfortunately, we were unable to confirm expression of p67phox protein, probably due to the

fact that the available antibodies were not appropriate for blotting. Also detection of NOX4

protein by Western blot failed, since appropriate blotting antibodies are not available at this

time. 

Figure 1. Expression of the NADPH-oxidase complex in human endothelial cells. Cells were cultured as

described in Methods and cell lysates were analyzed by Western blotting for expression of the indicated

components of the NADPH-oxidase complex. Detection of NOX2 revealed two proteins with an apparent Mw

around 90 and 75 kD (arrowheads) in lysates of HUVEC, as well as of human microvascular endothelial cells

(HMEC), although the expression in HMEC was less than in HUVEC. The stromal cell line 88.7 (Stroma) did
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not show any detectable expression of NOX2, whereas NOX2 in PMN cell-lysates appeared as a smear, due to

the high glycosylation of NOX2 in PMN. p47phox is expressed in HUVEC, HMEC and PMN but not in stroma

(arrowhead). p22phox is expressed in all four cell types (arrowhead). Experiments were performed at least three

times.

In order to visualize the intracellular localization of the NOX2 and NOX4 proteins, we

made use of microinjection into pHUVEC of expression constructs encoding GFP-fused NOX

proteins. The GFP-NOX2 fusion protein showed a non-homogeneous intracellular

distribution, suggesting that the protein associated with intracellular membranes (Figure 2A-

a). GFP-NOX2 did not show prominent association with the plasma membrane or with F-actin

in these experiments. The distribution of the GFP-NOX2 fusion protein was comparable to the

staining obtained with a monoclonal antibody to NOX2 (Figure 2A-a,d).

The NOX4-GFP fusion protein showed a comparable distribution as NOX2, localizing

to intracellular membranes, in particular in the peri-nuclear region (Figure 2B-a,d,f,h). The

use of different markers indicated that NOX4-GFP does not co-localize with the actin

cytoskeleton, lysosomes or Weibel-Palade bodies. CD63 was used as a marker for the

lysosomes and Weibel-Palade bodies (38). NOX4-GFP did not seem co-localize with the

mitochondrial marker mitotracker, although the staining was not optimal (Figure 2B-e,g).

However, NOX4-GFP did co-localize with an antibody to calreticulin, a marker for the

endoplasmic reticulum (Figure 2B-i,j). Comparable to NOX4-GFP, the GFP-NOX4 fusion

protein was expressed in a similar way following microinjection (data not shown). NOX2 was

also found at the ER, since NOX2 co-localized with anti-calreticulin, in the same way as

NOX4 (data not shown).

To determine the intracellular distribution of NOX2-associating proteins p47phox,

p67phox and Rac1, we used both immunocytochemistry as well as microinjection of GFP-

fusion constructs. Immunostaining of p47phox showed that the protein was localized on actin

stress fibers (Figure 3A-a). Moreover, p47phox also distributed in part to a peri-nuclear

compartment (Figure 3A-d), similar to the NOX2 and NOX4 proteins. Expression of the

p47phox-GFP fusion protein revealed that p47phox localized peri-nuclearly and associated with

actin stress fibers (Figure 3A-c). In single, non-associated endothelial cells, p47phox-GFP

localized to the tips of membrane ruffles (Figure 3A-c). Detailed confocal microscopy

analysis revealed that p47phox co-localized at least in part to the ER (Figure 3A-e,f). 
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 Figure 2. Localization of NOX2 and NOX4 in human endothelial cells. Endothelial cells were cultured on FN-

coated glass cover slips, fixed, permeabilized and stained as described in Methods. (A) NOX2 localization was

studied by antibody staining as well as microinjection of a GFP-NOX2 fusion construct. Confocal microscopy

revealed that GFP-NOX2 is distributed in a peri-nuclear region (a). The green nucleus is explained by the co-

injection of GFP-histone-2B in order to determine the micro-injected cells (a). F-actin is shown in image (b) and

β-catenin, as a marker for the cell border, in (c). Bar, 20 µm. Antibody staining of NOX2 is shown in (d) and F-

actin in (e). Bar, 50 µm. (B) NOX4-GFP fusion proteins were expressed following microinjection revealing a

peri-nuclear distribution (a,d,f,h). F-actin is shown in (b) and VE-cadherin, as a marker for cell borders, is shown

in (c). CD63 is a marker for lysosomes and Weibel-Palade bodies in endothelial cells and is shown in image (e).

Mitochondria are visualized by Mitotracker and are shown in image (g). Endoplasmatic Reticulum (ER),

visualized by calreticulin, is shown in (i). Image (j) is a magnification of image (i) and shows co-localization in

detail, indicated by the arrowheads (j). Bar, 20 µm. 

Antibody staining for p67phox and microinjection of p67phox-GFP revealed that p67phox

is localized in a peri-nuclear region (Figure 3B-a,f,g,j). Moreover, detailed confocal

microscopy analysis showed p67phox expression at the tips of membrane ruffles, where also F-

actin is localized (Figure 3B-c,d,e,f,g,i). Also p67phox localized at least in part with the ER

(Figure 3B-k,l). The small GTPase Rac is also an important regulator of the NADPH-oxidase
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complex (1). Confocal microscopy imaging of living endothelial cells, cultured at low density,

showed that GFP-Rac1 localized to membrane ruffles, similar to p47phox and p67phox (Figure

3B-m). We were unable to show p22phox staining using confocal microscopy, since the

available antibody was not appropriate for immunocytochemistry in endothelial cells.

TNF-α is an inflammatory cytokine, which is a potent activator of endothelial cells,

resulting in increased endothelial permeability, up-regulation of adhesion molecules,

production of chemokines and induction of gene expression (9, 19). Therefore, TNF-α might

play an important role in early as well as later stages of transendothelial migration. Our lab

has recently shown that production of endothelial ROS is involved in transendothelial

migration of leukocytes (33).

Figure 3. Localization of p47phox and p67phox in human endothelial cells. (A) Endothelial cells were cultured on

FN-coated glass cover slips, fixed, permeabilized and stained as described in Methods. p47phox is detected in a

peri-nuclear region, on actin stress fibers and at the cell periphery, at the tips of membrane ruffles. Antibody

staining of p47phox is shown in image (a), F-actin is indicated in (b) and image (c) shows a single endothelial cell

that displayed extensive membrane ruffling and expresses p47phox-GFP at the tips (open arrow head). Moreover,

p47phox-GFP is also found peri-nuclear and at stress fibers (asterisk; c). Bar, 20 µm. Antibody staining of p47phox

is shown in (d) and the endoplasmatic reticulum (ER), visualized by calreticulin, is shown in (e). Image (f) is a

magnification of image (e) and shows co-localization in detail (open arrowhead). Bar, 20 µm. (B) Analysis of

p67phox immunostaining by a monoclonal antibody and microinjection of the p67phox-GFP fusion construct

showed peri-nuclear expression and expression at membrane ruffles. Antibody staining of p67phox is shown in (a)

and F-actin is represented in (b). Image in (c) represents p67phox antibody-staining and F-actin. Bar 50 µm.

Marked area is enlarged in images (d-f). Image (d) shows p67phox staining at the tips of membrane ruffles (open

arrow heads), F-actin in (e). Image (f) shows p67phox-GFP, localized to membrane ruffle (magnification of image

(g); open arrow head). Bar, 5 µm. p67phox-GFP micro-injection is shown in (g), β-catenin in (h) and F-actin in (i).
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Bar, 10 µm. Image (j) represents antibody staining of p67phox and the endoplasmatic reticulum (ER), visualized

by calreticulin, is shown in (k). Image (l) is a magnification of image (k) and shows co-localization in detail

(open arrowhead). Bar, 20 µm. Image (m) shows GFP-Rac localization at membrane ruffles (open arrowhead) in

green. Bar, 20 µm.

We tested whether TNF-α induced ROS production in endothelial cells and found that

30 minutes of TNF-α treatment significantly increased ROS production (Figure 4A).

Moreover, F-actin staining showed that TNF-α induced stress fibers, which is in agreement

with its effects on endothelial cell morphology and endothelial monolayer permeability (25)

(Figure 4B-a,b). Importantly, scavenging ROS with N-acetyl-cysteine prevented TNF-

��induced actin rearrangements, indicating that ROS are required for this effect (Figure 4B-

c). We then tested whether TNF-α would affect the localization of p47phox by immunostaining.

These experiments showed that in confluent monolayers, TNF-α does not induce a prominent

change in the intracellular distribution of p47phox (Figure 4B-d,e,f). However, TNF-α

treatment of cells that were pre-treated with ROS scavengers resulted in an, as yet

unexplained, increase of p47phox staining in the nucleus (Figure 4B-f). Surprisingly, we found

that TNF-α treatment of p47phox-GFP expressing endothelial cells that were cultured at low

density induced formation of membrane ruffles to which p47-GFP was recruited (Figure 4C,

also available as Quick Time movie: Figure4C p47GFP). These findings indicate that short-

term TNF-α treatment induces membrane ruffles in single cell-cultures and that these

membrane ruffles contain the oxidase components Rac1, p47phox and p67phox. 

The presence of Rac1, p47phox and p67phox at the cell periphery of non-confluent,

stimulated cells suggests that these proteins might be involved in cell spreading and migration

or in the formation of endothelial cell-cell contact, or in both. Indeed, we have previously

shown that scavenging ROS blocks endothelial cell migration in a Transwell assay (35). To

analyse this further, suspended endothelial cells were incubated with ROS scavengers and

formation of cell-cell junctions was analysed by confocal microscopy. The results showed that

the formation of a proper monolayer is dependent on endothelial ROS, since treatment of the

cells with the ROS scavengers N-acetyl-cysteine or tiron (not shown) resulted in an impaired

formation of endothelial cell-cell junctions, as concluded from the presence of multiple

intercellular gaps (Figure 4D). These findings indicate that endothelial ROS are involved in

the formation of the endothelial monolayer and suggest that ROS are important determinants

of endothelial integrity.
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Figure 4. TNF-α-stimulation induces stress fibers and ROS production in human endothelium. (A) Endothelial

cells (HUVEC) were cultured on FN-coated glass cover slips, grown to confluency, pre-incubated with DHR as

indicated in Methods, then treated for 30 minutes with TNF-α (10 ng/ml) or medium and DHR intensity was

measured by confocal microscopy. Control bar represents basal levels of ROS in resting endothelial cells. TNF-

α-treatment increased ROS production significantly with 30%. This experiment was repeated three times in

duplicate. *p<0.05. (B) Endothelial cells (HUVEC) were cultured on FN-coated glass coverslips, pre-treated

overnight with 5 mM N-AC and subsequently stimulated for 30 minutes with TNF-α or not (control), fixed,

permeabilized and stained. F-actin staining showed a massive increase in stress fiber formation, which was

blocked by ROS scavenging. F-actin is represented in (a,b,c) and (d,e,f) shows p47phox staining. Bar 20 µm. This

experiment was performed twice in duplicate. (C) Image (a) is a still image of a p47phox-GFP expressing

endothelial cell at time-point 0. Image (b) (after 27 minutes, indicated in upper-left corner) and image (c) (after

48 minutes) are still images taken from a 60-minute recording of TNF-α treated p47phox-GFP-transduced

endothelial cells, available as a quick-time movie: Figure 4C p47GFP, and show induction of membrane ruffles

(open arrowhead). Bar, 20 µm. (D) Endothelial cells were treated with medium (control) or 5 mM N-AC, as

indicated in Methods, in suspension and subsequently plated on FN-coated glass coverslips. After 2 hours, the

cells were processed for confocal microscopy analysis and VE-cadherin is shown in (a,c), F-actin is shown in red

(b,d). Scavenging ROS resulted in an impaired monolayer, illustrated by the asterisks. Bar, 100 µm.

Discussion

The role for ROS in the control of endothelial cell function is well established.

Endothelial ROS are produced upon stimulation by various agonists, including cytokines,

fluid shear stress, ischemia-reperfusion and leukocyte adhesion (16, 23, 40). ROS-mediated

signalling is known in endothelial cells to mediate both short-term (e.g. p38 MAP kinase

activation) as well as long-term effects (induction of gene expression) (6). Moreover, we have
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recently shown that endothelial ROS negatively control endothelial cell-cell adhesion, directly

implicating ROS in endothelial integrity (33, 34, 35). 

The sources of ROS in endothelial cells are not well defined. We have shown that

production of endothelial ROS depends on the action of the small GTPase Rac, suggesting

that the ROS are produced by a member of the family of NOX2-related proteins (35). Our

real-time PCR analysis has shown that primary human endothelial cells express a limited

amount of NOX2 mRNA (i.e. gp91phox) and relatively high levels of NOX4 mRNA, albeit that

the levels of ROS, produced in endothelial cells, remains 40-200 times less compared to those

produced in neutrophils. These data may also explain why CGD patients that carry mutations

in their NOX2 gene do not have vascular defects, as the role for NOX2 in the vasculature

appears very limited. Our findings are in agreement with earlier reports on the expression of

the NOX2-homologue NOX4 mRNA in vascular cells in human atherosclerosis and restenosis

(30, 31). 

The regulatory components that are involved in control of the NOX2 protein in

phagocytes all appear to be expressed in endothelial cells as well, in line with data from other

laboratories (21, 13). The p47phox protein is apparently expressed at high levels compared to

its expression in phagocytes, which may indicate that it has a role in the control of NOX4

activation. However, although p47phox and possibly p67phox are highly expressed in endothelial

cells, CGD patients that carry mutations in their p47phox or p67phox gene do not show any

vascular defects either. Recently, two new p47- and p67-homologues have been identified,

termed NOXO1 and NOXA1 that control the activity of NOX1 (2, 10). Although the

expression of these proteins appears to be restricted to colon epithelium, their expression at

low levels in endothelial cells cannot be excluded. In addition, these proteins might replace

the mutated p47phox or p67phox proteins, as described for CGD patients, in endothelial cells.

However, even if these proteins are expressed in endothelial cells, their possible preference

for activating one NOX protein over another remains to be established.

The small GTPase Rac is important for ROS production in granulocytes as well as in

other cell types (16, 37). The regulation of the NADPH-oxidase complex in neutrophils is

mainly controlled by Rac2 (12), although Rac1 is also able to activate the NADPH-oxidase

system (27). More recently, Zhao and colleagues showed that monocytes prefer Rac1 over

Rac2 to generate ROS (41). Our lab has shown that transduction of active Rac1 into

endothelial cells increased ROS production (35). Rac1 was now found in the tips of

membrane ruffles, together with p47phox and p67phox. The assembly of these proteins in the tips
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of membrane ruffles suggests involvement in the restoration of cell-cell junctions, underlined

by the fact that scavenging of ROS results in impaired cell-cell contacts.

The expression studies with the various GFP-fusion proteins showed that the NOX2

and NOX4 proteins in endothelial cells reside primarily in the ER. Also in neutrophils, the

NOX2 protein complex is localized at intracellular vesicles and plasma membrane expression

is detectable after activation (7, 11). It is unknown whether the NOX proteins in HUVEC can

localize to the plasma membrane. However, this is not very likely since currently available

data suggest that endothelial cells produce low levels of ROS that are primarily involved in

intracellular signalling and do not have a role outside the cell. Our current observations show

that in low density cultures, in the absence of cell-cell contact, p47phox and p67phox are

localized to the cellular periphery, which suggests that under certain conditions a ROS-

generating system may be present at or near the plasma membrane. Given our earlier data, that

suggests a role for endothelial ROS in Rac1-mediated modulation of cell-cell adhesion, the

localization of p47phox and p67phox proteins may well reflect a state of the cell in which ROS

are required for cellular spreading and control of cell-cell adhesion. This is supported by the

observation that TNF-α, which increases ROS production and endothelial permeability, also

promotes localization of p47phox-GFP to membrane ruffles.  Moreover, formation of a tight

monolayer was prevented in cells that were pre-treated with ROS scavengers, suggesting that

ROS are required for cell spreading and formation of cell-cell contact. A role for ROS in cell

spreading may also explain the defect in cell motility in endothelial cells treated with N-acetyl

cysteine (35). 

In endothelial monolayers, Rac-mediated ROS production leads to the activation of

p38 MAP kinase and loss of integrity through the inactivation of VE-cadherin-mediated cell-

cell adhesion. This pathway is also activated upon leukocyte adhesion and is important for

efficient leukocyte transendothelial migration. Conversely, in isolated or freshly seeded

endothelial cells, ROS are required for spreading and formation of cell-cell contact. This latter

finding may also relate to inefficient inactivation of Rho, for which ROS are also required, in

the N-acetyl-cysteine treated cells (24). The emerging picture is that ROS production is

required for the dynamics of endothelial cell-cell adhesion and that it is the state of cell-cell

contact that determines which effect the ROS will exert.

In conclusion, the current study defines the proteins and their localization that are

likely to be involved in the generation of ROS in endothelial cells. The likelyhood of NOX4

being one of the major NOX2 homologues in endothelial cells will focus studies toward its



Van Buul et al.

125

activation, its regulation by associating proteins and its role in the control of endothelial

integrity in health and disease.
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Discussion

Introduction

Transmigration of leukocytes across the endothelium, which lines the blood vessel

wall, is a dynamic and tightly controlled process. This migration is part of inflammatory

responses as well as of immune surveillance and is relevant for all types of white blood cells.

Transendothelial migration also determines the recovery of hematopoiesis after stem cell

transplantation, when mobilized hematopoietic stem cells (i.e. CD34+ cells), are re-infused

into the veins of the patient following myelo-ablative chemo- and/or radiotherapy. These re-

infused stem cells will migrate from the blood stream, across the vessel wall, toward their

bone-marrow niche. This process is called homing and is the main theme of this thesis. 

The knowledge on leukocyte transendothelial migration has increased significantly

over the past decade, albeit that a variety of aspects have only recently been addressed in

more detail, e.g. the role of the endothelium and the maintenance of its integrity during

leukocyte passage. The complexity of the entire event is underscored by various recent

reviews, each discussing, in detail, part of the transmigration process.1-8

SDF-1 and CXCR4

Chemokines guide leukocytes on their route of migration. One of these chemokines,

SDF-1/CXCL12, together with its receptor CXCR4, is of key importance for the migration of

stem cells to the bone marrow.9 Over the years, it has been shown that SDF-1 is one of the

most ubiquitous chemokines, affecting (transendothelial) migration of a wide range of

leukocytes and other cell types.1,10 It appears that SDF-1 is not only involved in leukocyte

transendothelial migration, but is also essential for lymphoma metastasis.11-13

We have studied the interaction of SDF-1 and CXCR4 using a newly developed stem

cell model.14 Expression of a CXCR4-GFP fusion protein into a CXCR4-deficient KG1a cell

line revealed that CXCR4 redistributes to the leading edge of crawling and adherent

leukocytes, only when SDF-1 is immobilized on activated endothelium. Moreover, it appears

that CXCR4 redistributes into lipid rafts at the basolateral side of the migrating leukocyte, i.e.

at the sites of contact of leukocytes with the endothelium. These rafts appear to be essential

for proper CXCR4 signalling and SDF-1-induced migration of CD34+ cells.14-16
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SDF-1- induced adhesion to bone marrow endothelium

The group of Alon previously showed that SDF-1 is constitutively expressed on, and

localized to the luminal side of human bone-marrow endothelium in vivo.17 Additionally, it

has been shown that SDF-1, immobilized on cultured endothelial cells, improves firm

adhesion of T-lymphocytes and CD34+ cells under conditions of physiological flow in a

CXCR4-dependent fashion,14,18 presumably through activation of α4-integrin (VLA-4)

binding to VCAM-1.16,19,20 L-selectin, involved in the rolling of leukocytes, induces the

upregulation of CXCR4 to the leukocyte-surface.21 Immobilized SDF-1 activates CXCR4,

followed by Rap1 activation, which in turn results in α4-integrin-mediated firm adhesion.22

Recently, impaired Rap1 activation was linked to LAD-III, a leukocyte adhesion deficiency

syndrome.23 Thus, the initial activation of leukocytes to spread and firmly adhere to the

endothelium is induced by immobilized chemokines on the endothelial cell surface.

Leukocytes firmly adhere to the endothelium through the interaction of integrins with

endothelial adhesion molecules such as ICAM-1 and VCAM-1. Blocking these adhesion

molecules decreases the migration of leukocytes across endothelium dramatically.24 Barreiro

and colleagues previously observed VCAM-1-containing leukocyte docking structures on the

endothelium.44 Recently, Feigelson and colleagues showed that VCAM-1 is not only involved

in mediating firm adhesion, but also in the rolling process of the leukocytes across the

endothelium.25,26 We showed that VCAM-1 activation leads to Rac1 activation.27 Moreover,

Rac1 is the main inducer of membrane ruffles.28 Together with the finding that VCAM-1 is

constitutively expressed on human bone-marrow endothelium,29 we here postulate that the

endothelial docking structures are induced upon VCAM-1-dependent adhesion and are

instrumental in transendothelial migration of leukocytes. Figure 1 presents a schematic

overview of the data presented above. 

Endothelial cell signalling

As already illustrated in figure 1, activated α4-integrin (VLA-4) binds to VCAM-1 and

provides the next step in the transmigration process: firm adhesion. VCAM-1-induced

signalling appears to be essential for efficient transendothelial migration of leukocytes, since

inhibition of the VCAM-1-signalling pathway, by blocking Rac1 signalling, or by scavenging

ROS, decreases transendothelial migration of leukocytes.24,27 In addition, Rac1 inhibition

prevents VCAM-1-induced loss of endothelial cell-cell adhesion and stress fiber formation.

These findings were recently underscored by other groups.30-32 
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Figure 1. Schematic overview of (a part of) an activated leukocyte in an endothelial docking structure.

Chemokine SDF-1, immobilized on the endothelium, induces polarization of CXCR4 into lipid-rafts to the

leading edge of the migrating leukocyte. This results in integrin activation and firm adhesion of the leukocyte to

the endothelium. Through binding of the integrins to VCAM-1, the small GTPase Rac1 is activated, which then

results in top-ruffles, or so-called docking structures.

In line with our finding that VCAM-1 activation increases ROS production, which is

critically dependent on Rac1,33 we showed that an active mutant of Rac1, RacV12, induced

ROS production in endothelial cells, leading to a rapid loss of endothelial cell-cell contact and

cell retraction, followed by membrane ruffles. We and others already reported that active

Rac1 induces loss of cell-cell contacts in endothelial cells, whereas active Rac1 promotes cell-

cell contacts in epithelial cells.34-37 Rac1-induced loss of endothelial cell-cell contacts is

possibly regulated through ROS, since scavenging of ROS prevents Rac1-induced loss of

endothelial cell-cell junctions.38

For the final step of transmigration, diapedesis, the leukocytes have to squeeze through

the intercellular clefts, i.e. the endothelial cell-cell junctions. VE-cadherin is the most

important player in the assembly of the endothelial cell-cell junctions, because inhibition of

VE-cadherin function decreases monolayer integrity dramatically.24,39 Moreover, VE-cadherin

appears to be essential for angiogenesis.40 We and others recently showed that VE-cadherin

mediates the migration of leukocytes across the endothelium in vitro and in vivo.24,41-43

However, inhibition of VE-cadherin function alone is not sufficient to improve leukocyte

transendothelial migration. Blocking ICAM-1 and VCAM-1 on VE-cadherin antibody-treated

endothelial cells still inhibited transendothelial migration of leukocytes,24 indicating that

under these condition the leukocytes remain dependent on firm adhesion, likely to be

mediated by the endothelial cell docking structures.44
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It is clear that VE-cadherin plays an important role in transmigration of leukocytes and

in the maintenance of the barrier function of the endothelium. However, its means of

regulation is less clear. It has been shown that loss of VE-cadherin-mediated cell-cell

adhesion increases tyrosine phosphorylation of VE-cadherin and associated proteins.45, Van Buul

et al., Chapter 6 Recently, it was shown that protein kinase C deregulates the barrier function by

modifying the VE-cadherin complex.46 Together, these data point to an important role for

tyrosine phosphorylation in the regulation of VE-cadherin function.47 In addition, the group of

Vestweber has shown that the phosphatase VE-PTP interacts with VE-cadherin, leading to

increased resistance of cellular monolayers.48 Moreover, others recently showed that

phosphatases, which are present at endothelial cell-cell contacts, increase junctional

strength.49,50 Thus, the balance between tyrosine kinase and phosphatase activity determines

the state of VE-cadherin-mediated cell-cell adhesion. Recently, it has been shown that ROS

inhibit phosphatase activity.51 Moreover, H2O2-treated endothelial cells show increased

tyrosine phosphorylation levels and a loss of cell-cell adhesion.52 Others report that H2O2

increases tyrosine phosphorylation and disassembly of the adherens but not of the tight

junctions in epithelial cells.53 This would implicate that ROS has a specific effect on the

cadherin-mediated cell-cell junctions through the modulation of phosphatase activity.

The latter suggestion is underscored by the recent finding of increased ROS

production upon the loss of VE-cadherin-mediated cell-cell contacts.Van Buul et al., Chapter 6

Detailed observation of cell-cell adhesions reveal that the membranes retract and immediately

induce ruffles in order to restore cell-cell adhesion. Loss of VE-cadherin-mediated cell-cell

adhesion results in transient RhoA and prolonged Rac1 activation. Surprisingly, after loss of

VE-cadherin-mediated cell-cell adhesion, α-catenin increases its association to β-catenin,

possibly to increase the strength of the newly formed cell-cell junction. Figure 2 shows a

schematic overview of the current working hypothesis, based on the above-described data.

Endothelium from different organs

Several reports in the literature indicate that endothelium from different origin has

distinct characteristics. For instance, the endothelium that forms the blood-brain barrier shows

upregulation of other genes than the endothelium isolated from umbilical veins.54 Human

bone-marrow endothelial cell (HBMEC) monolayers appear to have a higher electrical

resistance than human umbilical vein endothelial cell (HUVEC) monolayers, although the

expression of junctional proteins such as VE-cadherin and PECAM-1 are similar.Van Buul et al.

Chapter 7 Interestingly, we found an, until now not appreciated, low but stable expression of the
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adhesion molecule ICAM-3 on both endothelial cell types, HBMEC and HUVEC. Although

there has been some literature about ICAM-3 expression on human endothelium, textbooks

attribute the expression of ICAM-3 strictly to leukocytes.55-58,69 Recently, expression of

ICAM-3 on endothelium was added to the “Protein Review On The Web” web.70 Thus,

ICAM-3 expression on the endothelium is currently appreciated, although it is unclear what

the role of ICAM-3 is. 

Figure 2. Schematic overview of endothelial signalling that might occur during transendothelial migration of

human leukocytes. Disruption of VE-cadherin-mediated cell-cell contacts occurs when phosphotyrosine levels

are increased, due to ROS. Subsequently, VE-cadherin and its associated proteins are internalized into vesicles,

resulting in Vav1/Rac1 activation, i.e. membrane ruffles, in order to restore disrupted cell-cell contacts.

ICAM-3 expression on endothelial cells is not affected by inflammatory stimuli such

as IL-1β or TNF-α. Also the chemokine SDF-1 or VEGF do not affect ICAM-3 expression. In

addition, we could not show any involvement of endothelial ICAM-3 in the process of

transendothelial migration of leukocytes. Surprisingly, ICAM-3 activation decreases the

resistance of HBMEC, but not of HUVEC. A possible explanation might be that the basal

ROS levels in bone-marrow endothelium are different from those in HUVEC, since ICAM-3
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activation results in increased ROS levels in HBMEC. As already described above, different

ROS levels might influence the basal integrity of endothelial cell-cell junctions.

ROS production in endothelial cells

It is well established that ROS is involved in the killing of engulfed pathogens by

phagocytes. High levels of ROS are generated by the NADPH-oxidase (NOX2) complex in a

specialized phagosome, which protects the phagocyte from these toxic amounts of ROS.

However, low amounts of ROS have been found to be involved in intracellular signalling

pathways in a variety of cell types.59,60 The presence and importance of ROS in endothelial

cell signalling has been appreciated for some time now. However, less is known how and

where these ROS are generated. We showed the presence of NADPH-oxidase components in

primary and immortalized HUVEC, and found p67phox and p47phox localized to membrane

ruffles.Van Buul et al. Chapter 8 Others have underscored these findings.61,62 Moreover, Görlach et al.

showed that ROS generation was attenuated in the aortae of NOX2-deficient mice,63 whereas

Souza and colleagues reported that the vascular oxidase is structurally distinct from the

leukocyte oxidase.64 In addition, patients who suffer from chronic granulomatous disease

(CGD), i.e. functional mutations in NADPH-oxidase components NOX2 (gp91phox), p67phox,

p47phox or p22phox and therefore unable to generate ROS in phagocytes have no specific

clinical disorders of the vasculature, indicating that the leukocyte NADPH-oxidase

components play a minor role in the maintenance of the vasculature barrier function, although

vascular lesions in a CGD patient has been described.65

NOX-homologues

Recently, a series of NOX2 homologues have been discovered.66 These new members

of the NOX family might play a more pronounced role in the endothelial ROS production. We

found significant amounts of NOX2 mRNA and in particular its homologue NOX4 mRNA in

endothelial cells using real-time PCR. No NOX1, NOX3 or NOX5 mRNA was detected.

Others have also reported significant expression of NOX4 mRNA in atherosclerosis.67 These

findings point to the possibility that NOX4 might be involved in ROS production in

endothelium and might play an important role in intracellular signalling, especially in the

regulation of transendothelial migration. Future studies are now focussed on the localization

of NOX4 in endothelial cells, with NOX4-GFP fusion proteins and inhibitory studies with

siRNA of NOX4.
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Guanine-nucleotide exchange factors as oxidase regulators

It has been shown that overexpression of active mutants of Rac1 exchange factors

Vav1, Vav2 and Tiam1 induce activation of Rac1, however, only the active mutant of Vav1

induces ROS production in transgenic Cos7 cells.68 Endothelial cells express Vav1 and Vav2,

but not Tiam1. Since Vav1 localizes to stress fibers (Unpublished observation, JDvB), where

also p47phox and p67phox are found, Vav1 might play an important role in the activation of the

NOX complex in endothelial cells, although it is as yet unclear what the composition of this

complex would be. Figure 3 shows a schematic overview of a possible oxidase complex in

endothelial cells.

Figure 3. Schematic representation of a possible vascular oxidase system. NOX4 co-localizes with the

endoplasmatic reticulum (ER) in endothelial cells, together with p47phox and p67phox (Chapter 8). Extracellular

stimuli activate intracellular signaling pathways, including Vav1. This might result in Rac1 activation and

assembly of the ROS-generating complex on the ER. The hydrogen peroxide (H2O2) produced then inhibits

phosphatase activity at cell-cell junctions, which leads to loss of VE-cadherin-mediated cell-cell contacts.

Final remarks

This thesis provides detailed information about the regulation of transendothelial

migration of leukocytes in general, and of CD34+ cells in particular. It clearly shows that the

endothelium is not just a passive layer, but rather an active component that helps and co-

operates with the leukocytes to facilitate efficient passage through the endothelial junctions.
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Future studies should aim on the regulation of the endothelial cell-cell junctions. Not

only to study the involvement in the migration of leukocytes, but also in the restoration of the

endothelial cell-cell border after leukocyte passage or after disruption, caused by mechanical

damage. ROS and its oxidase system might be instrumental in the loss and subsequent repair

of endothelial cell-cell junctions. In more detail, the mechanism how VE-cadherin-mediated

cell-cell adhesion is regulated in the formation of new cell-cell adhesions is essential for

processes such as angiogenesis and sprouting vessels. Information about this mechanism

might lead to efficient therapies regarding new vessel formation and vessel repair.
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Summary 

 

This thesis describes the process of transendothelial migration of leukocytes, in 

particular of hematopoietic progenitor cells. Transendothelial migration can be divided into 

distinct stages. In brief, the leukocytes first roll over the endothelium, then adhere to the 

endothelium and finally migrate through the endothelial cleft towards the underlying tissues 

such as, in the case of progenitor cells, the bone marrow stroma. The leukocytes are guided in 

this complex process by chemokines, small molecules that are able to attract subsets of 

leukocytes. For hematopoietic progenitor cells, the chemokine SDF-1 (or CXCL12) as well as 

its receptor CXCR4 are very important; blocking antibodies to CXCR4 prevent homing of 

progenitor cells to the bone marrow, and homing is impaired in SDF-1- and CXCR4-deficient 

mice. Our current knowledge about transendothelial migration of leukocytes and the 

accompanying signalling events in leukocytes as well as in endothelial cells are reviewed in 

chapter 1. 

SDF-1 is presented by the endothelial cells in vivo presumably through heparin 

sulphates on the apical side. Rolling leukocytes or progenitor cells will bind immobilized 

SDF-1 through CXCR4 and subsequently adhere more strongly to the endothelium.  We have 

found that CXCR4 polarizes upon binding to SDF-1 immobilized to endothelial cells. 

Moreover, detailed analysis revealed that CXCR4 was recruited to lipid rafts and that these 

rafts were necessary for proper SDF-1-induced CXCR4 signalling and migration. These 

findings are described in chapter 2. 

In-vivo studies with the NOD/SCID mice model and the KG1a-CXCR4-GFP cells, as 

described in chapter 2, revealed that CXCR4 is sufficient for specific homing to and 

engraftment in the murine bone marrow of human cells. KG1a-CXCR4-GFP cells, KG1a GFP 

cells and primary human CD34+ cells were transplanted in sub-lethally irradiated NOD/SCID 

mice. The KG1a-CXCR4-GFP cells and the CD34+ cells, but not the KG1a-GFP cells, were 

found in the bone marrow after 24 hours, and all cell types were found in the liver after 24 

hours. These results indicate that CXCR4 specifically triggers seeding to the bone marrow. In 

addition, six weeks after transplantation, the KG1a-CXCR4-GFP cells had engrafted the 

murine bone marrow with similar efficiency as did the CD34+ cells, whereas the KG1a-GFP 

cells did not show engraftment. The findings of this in-vivo study are described in chapter 3.  

 Leukocytes adhere to the endothelium through leukocyte integrins and endothelial 

adhesion molecules such as ICAM-1 and VCAM-1. Subsequently, the leukocytes migrate 

through the endothelial cell-cell junctions. The junctional function depends on the homophilic 
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binding protein vascular-endothelial (VE)-cadherin. Inhibition of VE-cadherin function not 

only increases the permeability of the endothelial monolayer but also promotes migration of 

hematopoietic progenitor cells across the endothelial monolayer. However, blockade of 

ICAM-1 and VCAM-1 still inhibits efficient migration across endothelial cells that lack VE-

cadherin function, indicating that the progenitor cells effectively use the endothelial cells to 

migrate across them. To mimic progenitor cell adhesion to the endothelium, we clustered 

VCAM-1, an important molecule for the homing of progenitor cells, with specific antibodies. 

Clustering of VCAM-1 induces intracellular signaling in the endothelial cells, resulting in a 

loss of VE-cadherin-mediated endothelial cell-cell contacts and a drop of the electrical 

resistance across the endothelial monolayer. VCAM-1-induced loss of cell-cell contacts 

appears to depend on the generation of reactive oxygen species (ROS) and requires activation 

of the small GTPase Rac1. Moreover, we showed that p38 MAP kinase is involved in this 

pathway, downstream of ROS production. We suggest that the VCAM-1-Rac-ROS-p38 

signalling pathway in endothelial cells is activated by the adhesion of hematopoietic 

progenitor cells to the endothelium and that this pathway is required for efficient migration of 

leukocytes in general and hematopoietic progenitor cells in particular across endothelial 

monolayers. These findings are described in chapters 4 and 5. 

To study in more detail the ROS production in endothelial cells, we made use of a 

cell-permeable active mutant of Rac1, Tat-RacV12 and describe in chapter 6 that this mutant 

increases ROS production in endothelial cells. Moreover, active Rac1 induced loss of cell-cell 

contacts in a ROS-dependent fashion, underscoring the idea that ROS is involved in the 

regulation of endothelial cell-cell contacts. Detailed analysis with confocal imaging 

microscopy revealed increased levels of phosphotyrosine at sites of cell-cell contacts. 

Moreover, biochemical analysis showed increased phosphorylation levels of the VE-cadherin 

complex, in particular of a-catenin. In line with the suggestion that ROS is involved in the 

regulation of cell-cell contacts, scavenging of ROS prevented increased phosphotyrosine 

levels at sites of cell-cell contacts. 

To further explore the regulation of endothelial cell-cell contacts, chapter 7 focuses 

on the endothelial cell-cell contacts and in particular on VE-cadherin. Loss of endothelial cell-

cell contacts by disruption of VE-cadherin-specific cell-cell interactions resulted in a rapid 

increase in ß-catenin tyrosine phosphorylation. Detailed observation of endothelial cell-cell 

contacts showed that local loss of contact is immediately followed by the induction of local 

membrane ruffles. This observation is underscored by the finding that loss of cell-cell contact 

leads to transient and rapid RhoA activation, required for cell contraction, and a prolonged 
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Rac1 activation, required for contraction (chapter 6) and cell-spreading. It appeared that 

Rac1 localizes with VE-cadherin to cell-cell borders and that inhibition of active Rac1 

prevents the restoration of endothelial cell-cell junctions. The initial loss of cell-cell contact is 

preceded by increased production of ROS. Moreover, induced loss of VE-cadherin-specific 

cell-cell contacts is inhibited by scavenging of ROS. These studies suggest that ROS play a 

key role in the regulation of VE-cadherin-mediated endothelial cell-cell contacts and thus in 

transendothelial migration of leukocytes. Moreover, it suggests that VE-cadherin functions as 

a signaling molecule. 

Chapter 8 highlights the effects of ICAM-3 on the regulation of bone-marrow 

endothelial cell-cell junctions. ICAM-3 is generally thought to be expressed exclusively on 

human leukocytes, although ICAM-3 expression on endothelial cells in tumour vasculature 

has also been reported. We found ICAM-3 expression on primary human umbilical vein 

endothelial cells as well as on human bone-marrow endothelial cells. The level of ICAM-3 

expression was not affected by inflammatory stimuli such as TNF-a or IL-1ß, and endothelial 

ICAM-3 appeared not to be involved in transendothelial migration. Surprisingly however, 

clustering of ICAM-3 reduced the electrical resistance of monolayers of bone-marrow 

endothelial cells but had no effect on the resistance of monolayers of endothelial cells derived 

from umbilical veins and depended on ROS production. Although we describe here the effects 

of ICAM-3 clustering on bone-marrow endothelium, it is as yet unclear what the role of 

ICAM-3 on these endothelial cells is. 

To study the source of endothelial ROS, we focused in chapter 9 on the expression 

and localization of components of the oxidase-generating complex, as previously described in 

phagocytic cells. It appeared that the regulatory components for the phagocytic NADPH-

oxidase complex are also expressed in endothelial cells. Moreover, endothelial cells express 

mRNA for NOX2 (gp91phox) as well as for a homologue, NOX4. Importantly, NOX4 was 

found to be expressed at approximately 100-fold higher mRNA levels compared to NOX2. 

Confocal imaging of GFP-fusion proteins revealed that NOX4, together with the other 

NADPH-oxidase components p47phox and p67phox, localizes at the endoplasmic reticulum. We 

further demonstrated that endothelial ROS are required for full restoration of stimulus-

induced loss of intercellular adhesion. Future, detailed studies are required to reveal the 

precise regulation of ROS generation in endothelial cells. 

Finally, the findings that are described in this thesis are summarized in chapter 10 and 

further discussed to incorporate them into our current model of transendothelial migration of 

leukocytes. 
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Samenvatting voor niet-ingewijden 
 
Achtergrond 
 

Chemotherapie en/of bestraling wordt gebruikt om sneldelende cellen, zoals 
kankercellen, te doden. Echter, een van de grote nadelen van deze behandeling is dat de 
therapie geen onderscheid maakt tussen kwaadaardige sneldelende cellen en goedaardige 
sneldelende cellen, zoals bijvoorbeeld de stamcellen die verantwoordelijk zijn voor de 
vorming van nieuwe bloedcellen. Stamcellen bevinden zich in het beenmerg en differentiëren 
razend snel om uit te groeien tot de verschillende bloedcellen die 1. bescherming bieden tegen 
infecties van buitenaf (de witte bloedcellen: leukocyten), 2. zuurstof vervoeren naar de 
spieren om die van energie te voorzien (de rode bloedcellen: erytrocyten) en 3. de wondjes in 
de bloedbaan te dichten (bloedplaatjes: thrombocyten). Dit complexe proces van celaanmaak 
in het beenmerg wordt hematopoïese genoemd. Het is duidelijk dat goed werkende 
stamcellen, of populair genoemd “moeder van alle bloedcellen”, onmisbaar zijn voor de 
hematopoïese en dus van levensbelang zijn. 

Om zo weinig mogelijk schade aan de stamcellen op te lopen door de chemotherapie 
en/of bestraling, worden stamcellen vóór de behandeling uit het lichaam van de patiënt 
gehaald, een proces dat we stamcel mobilisatie noemen. Na de chemokuur en/of bestraling 
krijgt de patiënt zijn eigen stamcellen weer terug. Echter, bij sommige vormen van kanker, 
zoals bij bloedkanker (leukemie) waarbij tussen de stamcellen kankercellen kunne zitten, kan 
de patiënt zijn eigen stamcellen niet terug krijgen. In dat geval ontvangt de patiënt stamcellen 
van een donor. 

De te ontvangen stamcellen, dan wel van de patiënt of van een donor, worden 
intraveneus bij de patiënt toegediend. Het fraaie is dat de stamcellen op den duur via de 
bloedbaan hun eigen weg vinden naar de plek waar ze thuis horen: het beenmerg. Daar 
kunnen ze hun bijdrage weer leveren aan het herstel van de hematopoïese van de patiënt. Dit 
proces, het vinden van het beenmerg door de stamcellen, wordt homing genoemd. 

 
Doel van dit proefschrift 
  

Om de hematopoïese van de patiënt weer zo snel mogelijk op orde te hebben, is het 
van belang dat de intraveneus toegediende stamcellen goed en efficiënt terugmigreren naar 
het beenmerg. Daarvoor bewegen ze vanuit de bloedbaan tussen de bloedvatwand door naar 
het onderliggende beenmerg. De bloedvatwand is aan de binnenzijde bekleed door 
endotheelcellen. Primair dienen deze cellen als een barrière om willekeurige migratie van de 
bloedcellen uit de bloedbaan te voorkomen. Echter, in bepaalde situaties wordt de 
endotheelcellaag permeabel en kunnen de bloedcellen er tussendoor migreren. Er is weinig 
bekend over dit mechanisme, waarbij endotheelcellen bloedcellen laten passeren. In het 
bijzonder de homing van stamcellen is afhankelijk van efficiënte migratie tussen de 
endotheelcellen door. Daarom hebben wij in dit proefschrift onderzocht welke mechanismen 
betrokken zijn bij de migratie tussen de endotheelcellen door van bloedcellen in het algemeen 
en van stamcellen in het bijzonder, met het uiteindelijke doel om meer te begrijpen van het 
homingspoces en om dit proces efficiënter te kunnen laten verlopen. De resultaten van dat 
onderzoek staan in dit proefschrift vermeld. 
 
Dit proefschrift 
  

In hoofdstuk 1 wordt de huidige kennis samengevat betreffende het proces van 
leukocyt-transmigratie tussen de endotheelcellen door. Dit hoofdstuk is een 
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literatuuronderzoek, en daaruit blijkt dat de migratie van leukocyten uit de bloedbaan, tussen 
de endotheelcellen door naar het onderliggende weefsel, een proces is dat uit minstens drie 
verschillende onderdelen bestaat. Ten eerste: het rollen van de leukocyt over de 
endotheelcellaag. Ten tweede: het hechten van de leukocyt aan de endotheelcellaag en 
tenslotte het migreren tussen de endotheelcellen door naar het onderliggende weefsel. 
Gedurende dit proces worden de leukocyten geholpen door stoffen, chemokines, die door 
endotheelcellen op de buitenkant van hun plasmamembraan worden gepresenteerd. Deze 
chemokines wijzen de leukocyten, c.q. de stamcellen, de weg tijdens hun migratie naar de 
achterliggende weefsels toe.  

Het chemokine SDF-1 wordt herkend door stamcellen en helpt de stamcel zijn weg 
terug te vinden naar het beenmerg. De stamcel bezit CXCR4, de specifieke receptor voor 
SDF-1, en dat is essentieel in het homingsproces van stamcellen. CXCR4 op de stamcel 
herkent SDF-1 dat op het endotheel wordt gepresenteerd. Als gevolg hiervan verzamelt 
CXCR4 zich aan de voorkant van de stamcel en verhoogt het de hechting van de stamcel aan 
het endotheel (hoofdstuk 2). Hierdoor kan de stamcel beter zijn route bepalen om tussen de 
endotheelcellen door naar het beenmerg te migreren. 

Om te onderzoeken of CXCR4 van belang is bij de specifieke homing van de 
stamcellen naar het beenmerg, hebben we cellen die CXCR4 tot expressie brengen 
getransplanteerd in muizen en vervolgens bestudeerd waar deze cellen 6 weken na 
transplantatie terecht komen. Uit de resultaten die gepresenteerd zijn in hoofdstuk 3 bleek dat 
de cellen die CXCR4 tot expressie brachten naar het beenmerg migreerden en niet naar andere 
organen. Cellen die geen CXCR4 tot expressie brachten, migreerden niet naar het beenmerg. 
Hieruit blijkt dat CXCR4 nodig is voor homing, specifiek naar het beenmerg. 
 Op het moment dat een stamcel aan de endotheelcel hecht, wordt de endotheelcel 
‘geactiveerd’. Dit gebeurt o.a. via het adhesiemolecuul VCAM-1, aanwezig op de 
endotheelcel. Hoofdstuk 4 laat zien dat VCAM-1 in staat is een cascade aan reacties op gang 
te brengen in de endotheelcellen, die leiden tot het verlies van onderling contact tussen de 
endotheelcellen. Een van deze reacties is de vorming van reactieve zuurstof producten, van 
belang bij verschillende regelprocessen in de endotheelcel. Ook het eiwit Rac1 speelt een 
belangrijke rol in de endotheelcellen en is nodig om leukocyten en stamcellen snel het 
endotheel te laten passeren. 

Hoofdstuk 5 laat vervolgens zien dat het molecuul VE (Vasculair-Endotheel)-
cadherin een grote rol speelt bij de migratie van stamcellen. Dit eiwit bevindt zich tussen de 
endotheelcellen in en houdt de endotheelcellen met elkaar verbonden. Hierdoor kan de 
endotheelcellaag een barrière vormen voor de bloedcellen in het bloed. Door deze VE-
cadherin verbinding te verbreken, neemt de migratie van stamcellen, tussen de 
endotheelcellen door, toe. Activatie van het adhesiemolecuul VCAM-1 leidt ook tot verlies 
van VE-cadherin-geregelde endotheelcel-cel contacten. Het wegvangen van de reactieve 
zuurstof producten uit de endotheelcellen voorkomt efficiënte migratie van stamcellen tussen 
de endotheelcellen door. Dit suggereert dat reactieve zuurstof producten een effect hebben op 
VE-cadherin-geregelde endotheelcel-cel contacten, en dat dit alles geregeld kan worden door 
VCAM-1. 

Activatie van het eiwit Rac1 verhoogt de vorming van reactieve zuurstof producten in 
endotheelcellen, zoals wordt beschreven in hoofdstuk 6. Ook Rac1 activatie leidt tot verlies 
van VE-cadherin-geregelde endotheelcel-cel contacten, evenals VCAM-1 activatie. In 
hoofdstuk 4 wordt al aangetoond dat VCAM-1 activatie leidt tot Rac1 activatie en vorming 
van reactieve zuurstof producten. Het is dus aannemelijk dat deze signaal transductie route 
betrokken is bij transendotheliale migratie van leukocyten die gebruik maken van het 
adhesiemolecuul VCAM-1. Immers, blokkade van deze route op elk willekeurige plek in de 
route doet de transendotheliale migratie van leukocyten afnemen. 
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Gedurende de laatste fase migreren leukocyten tussen de endotheelcellen door en 
verbreken de onderlinge endotheelcel-cel contacten die in stand gehouden worden door VE-
cadherin. Na passage van de leukocyt herstelt zich het onderlinge contact tussen de 
endotheelcellen zich razend snel. Er is echter over dit specifieke gedeelte van de 
transendotheliale migratie erg weinig kennis. Daarom wordt in hoofdstuk 7 de nadruk meer 
gelegd op de endotheelcel-cel contacten, en in het bijzonder op de regulerende rol van VE-
cadherin. Uit dit onderzoek blijkt dat verlies van VE-cadherin-geregelde cel-cel contacten 
voorafgegaan wordt door toegenomen vorming van reactieve zuurstof producten. Daarna 
verliezen de endotheelcellen contact met elkaar en trekken ze samen. Dit proces kan 
gedeeltelijk geblokkeerd worden door de activatie van het eiwit Rac1 te remmen, evenals 
door het wegvangen van de zuurstof producten. Als de endotheelcellen het onderlinge contact 
hebben verloren wordt er een mechanisme in werking gezet dat herstel van het onderlinge 
contact moet bewerkstelligen. Ook in dit proces spelen het eiwit Rac1 en de reactieve zuurstof 
producten een grote rol. Echter, hoe dit mechanisme precies werkt is tot op heden nog 
onduidelijk en verdient meer en diepgaand onderzoek in de toekomst. 

Hoofdstuk 8 laat een onverwachte rol voor het adhesiemolecuul ICAM-3 op 
endotheel zien. Tot voor kort werd ICAM-3 expressie louter toegeschreven aan leukocyten, 
hoewel er verschillende publicaties zijn verschenen die ICAM-3 expressie op humaan 
endotheel hebben beschreven. Ook wij hebben ICAM-3 expressie op endotheelcellen 
gemeten. Ontstekingsmediatoren, zoals TNF-α of IL-1β, hebben geen invloed op de ICAM-3 
expressie, en ICAM-3 blijkt dan ook niet betrokken te zijn bij transendotheliale migratie van 
leukocyten. Activatie van ICAM-3 leidde tot verlies van weerstand van beenmergendotheel, 
maar verrassend genoeg niet van navelstrengendotheel. Dit verlies van weerstand ging 
gepaard met het verlies van cel-cel contact en met verlies van de vorming van reactieve 
zuurstof producten. Het bleef echter onduidelijk wat de rol van ICAM-3 op 
beenmergendotheel zou kunnen zijn en waarom het effect van het verlies van weerstand 
alleen optrad bij beenmergendotheel en niet bij endotheelcellen van de navelstreng. 
Desondanks laat deze studie zien dat endotheelcellen, geïsoleerd uit verschillende weefsels, 
duidelijk andere eigenschappen kunnen hebben. 

Om te kunnen achterhalen waar de reactieve zuurstof producten in de endotheelcellen 
vandaan komen, zijn in hoofdstuk 9 de eiwitten bestudeerd die betrokken te zijn bij de 
vorming van reactieve zuurstof producten. Endotheelcellen brengen dezelfde eiwitten tot 
expressie die in neutrofiele granulocyten verantwoordelijk zijn voor de vorming van reactieve 
zuurstof producten. NOX4 is een nieuw eiwit dat veel overeenkomst vertoont met het eiwit 
NOX2 uit neutrofiele granulocyten en komt ongeveer 100 keer hoger tot expressie in 
endotheelcellen dan NOX2. Dit is gemeten aan de hand van de hoeveelheid mRNA, een 
speciale vorm van het genetisch materiaal dat gebruikt wordt voor de aanmaak van eiwitten. 
Verder hebben we in dit hoofdstuk laten zien dat NOX4, samen met andere eiwitten die 
betrokken zijn bij de vorming van reactieve zuurstof producten, lokaliseren op het 
endoplasmatisch reticulum. Ondanks dat het mechanisme en de regulatie van de vorming van 
de reactieve zuurstof producten in endotheelcellen nog veel vragen oproept, is het wel 
duidelijk dat de endotheelcellen eiwitten tot expressie brengen die een bijdrage kunnen 
leveren aan dit proces. Studies in de toekomst zullen moeten uitwijzen hoe dit precies 
geregeld wordt. 

Hoofdstuk 10 somt de bevindingen op die zijn gedaan in dit onderzoek en past deze in 
in de huidige theorie over transendotheliale migratie van leukocyten en van stamcellen in het 
bijzonder. 
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Dankwoord……..Loftrompet 
 

“…….En ik begin er gewoon ook niet eens aan, altijd het laatste onderdeel en 
wetenschappelijk gezien absoluut niet interessant, en jawel, wat wordt er nu weer als eerste 
gelezen……….Het bedanken van iedereen? En waarom? Omdat degene die je geholpen 
hebben dit enkel en alleen deden omdat ze ervoor betaald kregen, toch? Tja, je kunt het ook 
zo zien: als ik dit proefschrift niet had geschreven, hadden een hoop mensen geen werk 
gehad……. En ik maar op mijn trompetje blazen zeker…...”  

Om het meest impopulaire dankwoord te schrijven, lijkt dit me wel een mooi begin. 
Sommige dingen kunnen niet alleen, en wil je niet alleen, zoals een proefschrift in elkaar 
knutselen. Al is het maar de ideeën die je van anderen krijgt, soms nog wel eens zonder dat ze 
het zelf in de gaten hebben! 

Tja, een dankwoord…..… Wie te bedanken? Nou, in ieder geval degene die me toen 
aangenomen heeft, een sollicitatie gesprek op de gang: “Lijkt het je wat?” vroeg- ie, “ach wel 
ja”, zei ik, “ik heb de volgende 4 à 5 jaar toch niet echt wat te doen….…”. Het grappige is dat 
ik me geen betere mentor/begeleider etc. had kunnen wensen. Niet alleen enorm motiverend 
maar ook reusachtig geduldig, altijd tijd en de eerste die de 24-uurs economie ook direct 
toepaste voor ons onderzoekers in de vorm van de 24-uurs-nakijk-dienst. Er werd gefluisterd 
dat de beste man niet sliep……. Het is zelfs zo dat ik wel kan stellen dat als ik Peter niet was 
tegengekomen, ik waarschijnlijk nooit zoveel plezier in het wetenschappelijke werk zou 
hebben gehad als dat ik nu heb. Ik eindig daarom ook mijn ruim 4 jarige stage met een dubbel 
gevoel. Echter, het gevoel van: en nu zelf doen! overheerst het meest, gelukkig. Dus  daar 
komt- ie: tatatraattatrattartattaaa (maal 10! Vooral qua volume!) 

Mijn verhaal: via de snuffelstage van de UvA in 1997 kwam ik op de afdeling 
Celchemie terecht. Niet dat dát mijn eerste keus was, nee, Celchemie kwam überhaupt niet in 
mijn rijtje voor, maar aangezien mijn drie voorkeursonderwerpen reeds vergeven waren, en 
niemand, ik herhaal: niemand zich had aangemeld voor Celchemie werd ik daar maar 
ingedeeld! Uit pure armoede, dus! En achteraf…..wat een geluk (toeval?). Ik werd daar 
opgevangen door de analist pur sang: Erik Mul. Wonderbaarlijk welk enthousiasme jij hebt en 
nog steeds hebt. Door jouw enthousiasme  laat ik me graag meeslepen en Erik, dat is je bij mij 
goed gelukt. Je bent belangrijker voor mij geweest dan je zelf waarschijnlijk in de gaten hebt 
gehad. Ik waardeer jouw aanwezigheid altijd zeer. Hans Middelhoven, toen AIO op 
Celchemie en degene waar ik na mijn afstuderen als eerste bij aan de slag ging, op de afdeling 
IH-E inmiddels, want Celchemie was gefuseerd en verhuisd. De naam moest veranderen want 
er kwamen echt geen studenten meer af op zo’n oude naam, ja, die ene die er wel op af kwam, 
die ging ook gelijk niet meer weg! Veel van je geleerd in deze periode, Hans, ook al beweer je 
zelf vaak het tegengestelde. We keep in touch.  

De groep werd aangestuurd door Dirk Roos, vanaf Celchemie nog uit de kamer pal 
naast het lab en op de nieuwe ruimte wat verder van het lab. Daarom konden we eindelijk de 
muziek weer eens aandraaien, ook al kwam je dan ook nog wel eens klagen: “Hoe is het toch 
mogelijk dat jullie kunnen werken in deze herrie!” Standaard antwoord was dan altijd: “We 
werken ook niet…….” Al een hele tijd ben ik dus al op jouw lab te vinden, en ik vind het dan 
ook een hele eer dat jij mijn promotor bent. 

Zoals al eerder vermeld fuseerde het oude Celchemie lab met de Immunohematologie 
afdeling onder leiding van Ellen van der Schoot. Door de stamcel kennis van de een (Ellen) en 
de migratie kennis van de ander (Peter) werd mijn project geboren. Ellen, fijn dat je altijd bij 
mijn project betrokken bleef en ook wilde blijven. Door al die enorme werkzaamheden van je 
kon ik me voorstellen dat het moeite kostte er bij te blijven. Maar op een of andere manier 
lukte je dat altijd. Fijn dat jij (ook bij mij!) mijn tweede co-promotor bent. 



En toen begon het AIO tijdperk, samen met Robin en Mirte. Het geeft op zijn minste 
verbondenheid. Toen Robin eindelijk uit de bieb kwam en daadwerkelijk proeven begon te 
doen, hebben we erg veel lol gehad, met toch als letterlijk en figuurlijk hoogtepunt: eten op 
grote hoogte, en hoe! Eens moeten we daar naar terug! Iemand als jij erbij op het lab en de 
sfeer kan niet meer stuk. Meer dan prachtig dat jij mij terzijde wilt staan tijdens de 
verdediging, en mooi dat we dit vice versa doen! Om met Hans Teeuwen te eindigen: 
“Dussssss……”. Ook Mirte zat in hetzelfde schuitje, hoewel jij alles nu al helemaal hebt 
afgerond. Alle drie een volstrekt ander onderwerp en toch niet helemaal. 

Het bureau van ondergetekende stond in P114, waar in een mum van tijd een eigen 
structuur werd gecreëerd! Buurvrouw Eloise kreeg er wel eens een punthoofd van. Als bijna 
moeder heb jij verschillende constructen in elkaar gezet en dit heeft geleid tot prachtig 
gekleurde cellen. Er zijn maar weinig mama’s die cellen zó licht kunnen laten geven! En dank 
nog voor al die verrassende CDtjes. Prachtig! Paula van Hennik, ook moeder (van P114?), is 
onze sociale factor, ook al gaat dat soms ten koste van haarzelf. Alles willen doen en o ja, ook 
dat nog effe…….en dan die drukke agenda ook nog. Tot overmaat van compleetheid ontvang 
je meestal 2 e-mail berichten van Paula, bedoeld of niet, maar dat soort dingen zal ik toch echt 
gaan missen. Misschien kun je dubbele e-mails blijven zenden naar de U.S.? Altijd 
goedgeluimd en de stimulerende factor van hoofdstuk 3. Ik hoop dat jij en je mannen (en 
…….) een mooie plek in het buitenland vinden. Je bent een topper! Jean Paul, of te wel Jup, 
nog een topper. Vanuit het NKI, via analist nu een echte promovendus! Altijd in voor van 
alles, met name de squash partijtjes, zeker gedurende de congressen. Vaak was je me de baas, 
al was het alleen al conditioneel, met alle gevolgen van dien! En niet te vergeten de EC-dag, 
wat een hoeveelheid bitterballen! 

Het leuke aan het werk op het lab is het, laten we zeggen, Europese karakter. Zuidelijk 
temperament, waar ondergetekende ook wel eens aan moest wennen, vulde de kamer. Mar 
hebben we even moeten missen, maar in de periode dat je er wel was heb ik veel van je 
kunnen leren en dat niet alleen: je humor is geweldig, dat wordt lastig straks aan de andere 
kant. Effe bellen dan maar? Er is niemand die mooier kan mopperen in het Nederlands, vooral 
op reviewers van bepaalde wetenschappelijke tijdschriften (…), dan Portugese Paula. And 
you are absolutely right! Gelukkig is er altijd nog Bruce the Boss: “Waiting on a sunny day.” 
Magdalena, you were already at the lab as a graduate student and now as a PhD-student. I 
hope I can be there when you, Paula and Magdalena, receive your PhD., keep on going!  

Anderen uit P114, die er later bij kwamen en allen op hun eigen manier een rol 
vervullen: Rachel, samen proeven doen, jij op jouw manier en ik op de mijne……. Fijn dat jij 
er met je vrolijke inslag bent. Jaap Jan, je zat in de aangrenzende kamer maar kwam vaak 
even binnenvallen hoe alleen jij dat kan. Nadia, al was het tijdelijk, je inzet was voorbeeldig. 
Marloes, Willy, Nathalie, Janine en studenten Theo en Anita, net begonnen op IH-E en jullie 
passen er perfect in. Sven en nieuwbakken bovenbuurman Sander, alias Ron B.: net binnen,  
maar al volledig ingeburgerd. Ik zou willen zeggen: “Wat is dit sleeeeeeecht en we hebben 
taart.” Ook Sandra van Wetering, inmiddels in Leiden werkzaam, heeft een belangrijk aandeel 
in dit proefschrift gehad. Sandra, dank. Merlijn, in de “Taco-tijd”, mooi dat jij er was, 
enne….. die klok?? Daaraansluitend Taco, die mij geheel mijn gang liet gaan met doodgaande 
neutrophielen. 

Veronique, Susan, José, José en Ingrid, en ook de snuffels Vincent en Ingrid, allen 
studenten. Allen verschillend, maar allemaal een geweldige bijdrage aan dit boek geleverd. 
Sommige stukken wordt nog aan gewerkt. Het was fijn om jullie te mogen begeleiden. Rene, 
als niet direct student, kom effe free-loaden, duzzzz. 

P112: de kamer met de neutrofielen en de rhesus, en toch een afdeling! Maarten, de 
relaxedheid zelve, op de vaste plek naast de printer. Lekker flinke files naar jullie printer 
sturen…. De koffiecorner werd een soort ontmoetingsplaats. And Kolya, lots of fun, not only 



in Brussels : what about the meat and where is the kriek? Great meeting you! Anton, eigenlijk 
een oud-P114-er en lid van de Celchemie garde, en tegenwoordig expert in remmers en 
klankbord/recensent voor muziek DVDs. Mooi om nogmaals naar P.G. te gaan. Er gaat 
weinig boven een echt goed live-concert. Rob Dee, altijd in voor een “mannen-avondje”! 
Houd me op de hoogte van de Tour perikelen, dat wordt niks daar aan de andere kant. Nanne, 
Debbie, Nanette, Judy, Rob van Z. en ook Nigel (goed plaatsen is ook squash!), Marion, 
Serge, Onno, Goedele, Martine, Irma, Bernadette en Aicha, allen daar, de hele tijd. Erg 
prettige collega’s, waar je altijd bij langs kon komen voor het een of ander. Dat geldt 
trouwens ook voor andere afdelingen, zoals Stolling, hier binnen het CLB. Anita en R’kia, 
bedankt voor de post en de korte babbels en Anita, niet op de laatste plaats voor de hulp 
rondom het symposium. De interne groepen, Rode Cel onder leiding van Herma, dank voor de 
hockey stukjes, stuur je ze straks door naar Chapel Hill? En Immunocytologie, voor hun hulp 
bij hoofdstuk 8.  

Tweede paranimf en TOWARIETSJ, Frans. Zo’n reis maakt alles. Bommie, best bud! 
Nico, mijn studentenvader enne……Bohr had toch gelijk. Alle anderen die ik hier helaas niet 
persoonlijk kan noemen. Een speciaal dank aan mijn ouders, waar ik altijd bij terecht kon en 
kan en die altijd achter mij stonden en nog steeds staan. Wat zou ik nou zonder jullie moeten? 
Ma, we bellen!! en Pa, ik zou willen zeggen: “daattttat mmooii vvooorr mekaarrr is….” (BV). 
Pieter, voor die waanzinnige beurzen en Paris! Super, laten we het nog vaak doen. “Let’s go 
ramroddin’tonight!!”.  
En last but not least, that’s right, last but not least:   

“she is a fast machine, 
she keeps her motor clean, 

she is the best woman I have ever seen.” 
 

Samen, met jou durf ik alles! 
 

 
 
En hij wandelde verder, en mompelde: “Nou, en nu die trompet nog ……….” 

 
 
 
 

TaataratatatatataaaaaaaaaaaTaataratatatatataaaaaaaaaa! 
TaataratatatatataaaaaaaaaaaTaataratatatatataaaaa! 

TaataratatatatataaaaaaaaaaaTaataratatatatataa! 
TaataratatatatataaaaaaaaaaaTaatarat! 

TaataratatatatataaaaaaaaaaaT! 
Taataratatatatataaaaaaaa! 

Taataratatatatataa! 
Taataratatat! 

Taatarat! 
 
 



 

 

 

 

 

 

 

Well, it's a marvelous night for a Moondance 
With the stars up above in your eyes  
A fantabulous night to make romance 

'Neath the cover of October skies 
And all the leaves on the trees are falling 

To the sound of the breezes that blow 
And I'm trying to please to the calling 

Of your heart-strings that play soft and low 
And all the night's magic seems to whisper and hush 

And all the soft moonlight seems to shine in your blush 

Can I just have one more Moondance with you, my love. 
 

 Van Morrison 



 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

……Cadillac, Cadillac, 
Long and dark, shiny and black.  

Open up your engines let ‘em roar, 
Tearing up the highway like a big old dinosaur……. 

Bruce Springsteen 
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