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Abstract
Leukocyte migration from the blood into tissues is vital for immune surveillance and inflammation.
During this diapedesis of leukocytes, the leukocytes bind to endothelial cell adhesion molecules and
then migrate across the vascular endothelium. Endothelial cell adhesion molecules and their counter-
receptors on leukocytes generate intracellular signals. This review focuses on the active function of
endothelial cells during leukocyte-endothelial cell interactions. We include a discussion of the
“outside-in” signals in endothelial cells, which are stimulated by antibody cross-linking or leukocyte
binding to platelet-endothelial cell adhesion molecule-1, intercellular adhesion molecule-1, and
vascular cell adhesion molecule-1. Some of these signals in endothelial cells have been demonstrated
to actively participate in leukocyte migration. We suggest that some of the adhesion molecule signals,
which have not been assigned a function, are consistent with signals that stimulate retraction of lateral
junctions, stimulate endothelial cell basal surface adhesion, or induce gene expression.
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INTRODUCTION
Leukocytes migrate from the blood and into tissues during immune surveillance. In sites of
inflammation, leukocytes of the innate immune system are the first to migrate across activated
endothelium. Meanwhile, naive lymphocytes migrate into draining peripheral lymph nodes
through specialized endothelium composed of high endothelial venule (HEV) cells. Within the
peripheral lymph nodes, antigen-specific lymphocytes are activated. These lymphocytes traffic
to the sites of inflammation, where they migrate across activated endothelium expressing
adhesion molecules. The adhesion molecules regulate leukocyte adhesion and leukocyte
migration into the tissue. During this process, the endothelial cell has an active role in regulating
leukocyte migration. Upon leukocyte-endothelial cell interaction, the endothelial cell promotes
the migration of the leukocytes through “outside-in” signals from adhesion molecules or
removes leukocytes that are in early stages of apoptosis. In addition, cross-linking of some of
the endothelial cell adhesion molecules stimulates signals that are consistent with a potential
for increased endothelial cell basal surface attachment or induction of gene expression.

Tissue infiltration by circulating leukocytes is a three-step process involving rolling on the
endothelium, attachment to the endothelium, followed by transmigration across the endothelial
cells lining blood vessel walls. Leukocyte migration out of the blood is initiated by leukocyte
rolling on the luminal side of the endothelium, as mediated by the low-affinity receptors
selectins and addressins [1,2]. In lieu of the selectin/addressin interaction, rolling can also be
mediated by the interaction of leukocyte α4β1-integrin and vascular cell adhesion molecule-1
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(VCAM-1)/CD106 [3]. Binding of selectins on leukocytes stimulates “outside-in” signals in
leukocytes, increasing the affinity of the integrin family of receptors, which then bind to
endothelial cell adhesion molecules such as intercellular adhesion molecule-1 [(ICAM-1)/
CD54] and VCAM-1 [4–6]. Leukocyte integrin affinity is also rapidly increased by “inside-
out” signals from leukocyte chemokine receptors triggered by chemokines displayed on the
surface of endothelial cells [7]. With an increase in leukocyte integrin receptor affinity,
leukocyte rolling is arrested. The arrested leukocyte is stimulated for chemotaxis by a
chemokine gradient on the surface of the endothelial cells [8].

The set of adhesion molecules expressed by an endothelial cell depends on the stimulant(s)
[9]. Furthermore, the combination of adhesion molecules expressed regulates the specificity
of leukocyte homing to tissues [10]. HEV cells in peripheral lymph nodes constitutively express
adhesion molecules required for lymphocyte migration [11]. These HEV cells are continuously
activated to express adhesion molecules, as occlusion of the afferent lymphatics returns the
HEV to a flattened cell morphology with loss of adhesion molecule expression [12]. In contrast,
endothelial cells at sites of inflammation require activation to increase expression of the
adhesion molecules. The adhesion events have been discussed in previous reviews [11,13–
17]. In comparison to our knowledge of the adhesion events on the luminal surface of the
endothelium, mechanisms for the subsequent transendothelial migration have been reported
more recently. This review will focus on the active participation of the endothelium during
leukocyte-endothelial cell interactions.

The mode of leukocyte migration across endothelial cells has been a controversial topic for
over 40 years, with most reports maintaining that they cross between cells, while a few others
report them to transcytose through a pore in the cytoplasm of the endothelial cell [18–23].
Neutrophils have been shown to roll across the luminal surface of human umbilical vein
endothelial cells (HUVECs) to bicellular and tricellular endothelial cell junctions [19]. Several
laboratories have determined that neutrophils and monocytes migrate between endothelial cells
[18–22]. It has also been reported that neutrophils, in response to the peptide N-formyl-
methionyl-leucyl-phenylalanine, migrate through a pore in nonactivated, cutaneous endothelial
cells, as determined by electron microscopy [23,24]. In these electron micrographs, there is a
thin layer of the endothelial cell over the neutrophils [23]. In addition, there is a “clear” zone
without electron-dense material between the neutrophil membrane and the encompassing
endothelial cell [23].

In addition, upon leukocyte-endothelial cell interaction, endothelial cells function in the
removal of leukocytes at early stages of apoptosis. We have reported that leukocytes can be
found within vacuolar structures of endothelial cells, but this occurs only when endothelial
cells phagocytose apoptotic leukocytes [25,26]. Apoptotic T cells, B cells, and mononuclear
cells are phagocytosed by human tonsil microvascular endothelial cells in primary cultures, by
mouse lymph node endothelial cells in vivo, and by mouse endothelial cell lines in vitro, as
determined by studies using confocal microscopy, flow cytometry, and electron microscopy
[25,26]. This active function of endothelial cells may be a mechanism by which the endothelium
is protected from localized vascular damage, which would occur if apoptotic leukocytes were
to undergo necrosis. It is interesting that apoptotic leukocytes can be phagocytosed by
endothelial cells prior to significant accumulation of apoptotic cell markers [27,28]. In
summary, endothelial cells modulate leukocyte migration by promoting leukocyte migration
or removing leukocytes undergoing apoptosis.

During leukocyte migration, endothelial cells are not merely passive participants but are
activated by leukocytes. Endothelial cell adhesion molecules provide a scaffold on which
leukocytes can migrate as well as stimulate “outside-in” signal transduction in endothelial cells.
Signals are activated by the endothelial cell adhesion molecules platelet-endothelial cell
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adhesion molecule-1 [(PECAM-1)/CD31], CD99, ICAM-1 (CD54), and VCAM-1 (CD106).
Some of these signals have been demonstrated to cause localized alterations in endothelial cell
junctions. Adhesion molecule signals result in alterations in the function of cell junction
proteins and/or contractile forces in the endothelial cell, thereby opening an endothelial cell
junction and permitting leukocyte migration into the tissue. During migration by neutrophils
and monocytes, there is localized endothelial cell retraction of lateral junctions at the site of
leukocyte migration [19–22]. Furthermore, the migration by monocytes is dependent on
endothelial cell cytoskeletal changes. It has been reported that inhibition of the microfilaments
in lung microvascular endothelial cells or leukotriene B4-treated pulmonary artery endothelial
cells reduces monocyte and neutrophil transendothelial migration, respectively, indicating that
contractile forces in endothelial cells have an active role in leukocyte migration [29,30].

PECAM-1 AND CD99
Homophilic PECAM-1 adhesion at lateral borders of nonactivated endothelial cells participates
in the formation of endothelial cell junctions [31]. PECAM-1 also mediates homophilic binding
with PECAM-1 on leukocytes. Anti-PECAM-1 antibodies can block monocyte diapedesis
across tumor necrosis factor α(TNF-α)-activated or interleukin (IL)-1β-activated endothelial
cells [32], although there are examples of PECAM-1-independent models of lymphocyte,
neutrophil, and monocyte migration [33,34]. Anti-PECAM-1 antibodies arrest monocytes on
the apical surface of cytokine-activated endothelium, whereas blocking another junction
receptor CD99 arrests monocytes between these endothelial cells, suggesting a downstream
function of CD99 in monocyte migration [32]. Although a signaling role for CD99 in
endothelial cells during leukocyte migration has not been reported, CD99 may activate signals
in endothelial cells, as in Jurkat T cells, it activates extracellular signal-regulated kinase (ERK),
c-jun N-terminal kinase (JNK), and p38 mitogen-activated protein kinase (MAPK) [35].
Moreover, ERK, JNK, and MAPK have been shown to stimulate other endothelial cell
functions, including increases in vascular permeability and actin cytoskeletal remodeling
[36–38].

PECAM-1 can activate signals that increase leukocyte adhesion. Antibody cross-linking of
PECAM-1 on IL-4-treated HUVECs stimulates an increase in eosinophil adhesion [39]. This
increased eosinophil binding is mediated by PECAM-1 “outside-in” stimulation of protein
kinase C (PKC) and phosphoinositide 3-kinase (PI-3K), which activate αvβ3-integrin on the
endothelial cell [39]. This binding stimulates an increase in the affinity of eosinophil α4β1-
integrin, which then binds to VCAM-1 on the endothelium [39].

In addition to PECAM signals for increased adhesion molecule affinity, its “outside-in” signals
may be involved in modulating PECAM-1 association with the cytoskeleton. PECAM-1 has
recently been shown to recycle between the cell membrane and a cytoplasmic compartment
juxtaposed to the membrane [20]. PECAM-1 is recruited to the endothelial cell surface at sites
of monocyte transmigration [20]. This recruitment of PECAM-1 may be regulated by “outside-
in” signals. Treating nonactivated HUVECs with an inducer of oxidative stress (tert-
butylhydroperoxide) increases PECAM-1 phosphorylation, correlating with an increase in
HL-60 leukocyte migration [40]. This increased PECAM-1 phosphorylation can be blocked
with anti-PECAM-1 antibodies, antioxidants, or inhibitors of PKC, Ras, and glutathione
synthesis [40]. Furthermore, PECAM-1 phosphorylation is regulated by phosphatases, as
pharmacologic inhibition of ser/thr phosphatases augments oxidant-induced PECAM-1
phosphorylation in HUVECs [40]. Homophilic adhesion of PECAM-1 or antibody cross-
linking of PECAM-1 on platelets or endothelial cells stimulates PECAM-1 binding to several
intracellular proteins involved in signaling including Src homology (SH)2-containing
phosphatase (SHP)-1, SHP-2, SH2 domain-containing inositol phosphatase, phospholipase C-
γ, and PI-3K [41–44]. PECAM-1 also is linked to the cytoskeleton. PECAM-1, on nonactivated
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HUVECs, can be phosphorylated by PKC and linked to the cytoskeletal-associated proteins
β- and γ-catenin through its immunoreceptor tyrosine-based activation motif [31]. PECAM-1
sequestering of the catenins may limit catenin translocation to the nucleus, thereby modulating
gene expression [31].

PECAM-1 localization in endothelial cells is modulated by cytokines. Shaw et al. [45] have
shown that PECAM-1 moves out of lateral junctions after treatment with TNF-α plus
interferon-γ (IFN)-γ. However, cytokine-induced movement of PECAM-1 out of lateral
junctions does not inhibit the ability of monocytes to migrate across these endothelial cells
under laminar flow conditions, whereas anti-PECAM-1 antibodies still inhibit migration
[45], suggesting that sufficient PECAM-1 is still available for migration. In summary, several
signals have been reported for PECAM-1, some of which increase leukocyte affinity. Whether
these PECAM-1 signals participate in leukocyte migration, endothelial cell basal surface
adhesion, or gene expression has not been established. The activation of PI-3K and PKC has
been shown in other signaling systems to stimulate focal adhesions on basal cell surfaces, gene
expression, or leukocyte migration [46–54].

ICAM-1
ICAM-1 expression is constitutive on many cell types but can be increased on endothelium by
inflammatory mediators [55]. The first and third immunoglobulin-like domain of ICAM-1 bind
to the counter-receptors lymphocyte function-associated antigen-1 (LFA-1; CD11a/CD18) and
membrane-activated complex-1 (CD11b/CD18), respectively, on leukocytes [56]. In addition,
ICAM-1 binds to fibrinogen on lymphocytes [57]. LFA-1 binding to green fluorescent protein
(GFP)-labeled ICAM-1 in Chinese hamster ovary (CHO)-K1 cells causes redistribution of
ICAM-1 to microvilli projections, and this is dependent on calcium [58]. A role for endothelial
cell ICAM-1-mediated signals during lymphocyte migration has been reported. Etienne-
Manneville et al. [46] demonstrated that chelating intracellular calcium or inhibition of PKC
in IFN-γ-treated brain endothelial cell lines blocks ICAM-1-dependent lymphocyte migration
without affecting lymphocyte adhesion. Antibody cross-linking of ICAM-1 also induces
production of chemokines by HUVECs [59]. This ICAM-1-stimulated endothelial cell
chemokine production is dependent on activation of ERK1 and ERK2 [59]. These data suggest
that ICAM-1 induces endothelial cell signals that are required for lymphocyte migration (Fig.
1).

Other ICAM-1 signals have been reported to regulate the endothelial cell actin cytoskeleton.
Antibody cross-linking of ICAM-1 on TNF-α-activated pulmonary microvascular endothelial
cells activates xanthine oxidase and p38 MAPK, resulting in actin rearrangement [64]. The C-
terminal peptide of ICAM-1 can bind directly to α-actinin, β-tubulin, and glycer-aldehyde-3-
phosphate [65]. Antibody cross-linking of ICAM-1 on IFN-γ-stimulated brain endothelial cell
lines or TNF-α-activated HUVECs also activates Src kinase and increases phosphorylation of
the p60Src substrate cortactin, an actin-binding protein [46,66–68]. This ICAM-1-stimulated
phosphorylation of p60Src and cortactin requires PKC [46]. PKC and Rho are also required for
anti-ICAM-1-stimulated phosphorylation of focal adhesion kinase (FAK), paxillin, and
p130cas, as well as stress fiber formation in IFN-γ-stimulated brain endothelial cell lines [46,
67]. A downstream mediator of phosphorylated p130cas may be JNK [67]. Antibody cross-
linking of ICAM-1 on TNF-α-activated pulmonary microvascular endothelial cells induces
phosphorylation of another cytoskeletal protein ezrin [69]. ICAM-1 associates with the
cytoskeletal protein ezrin through phosphytidylinositol 4,5-bisphosphate in ICAM-1-
transfected Cos1 cells [70]. ICAM-1 also binds to the phosphatase SHP-2 in fibrinogen-
stimulated HUVECs [71]. This phosphatase has been shown to regulate focal adhesions in
embryonic fibroblast cell lines [72]. In summary, some of the many ICAM-1 receptor-mediated
signals that regulate the cytoskeleton of the endothelial cell may be important for leukocyte
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migration or alternatively, regulation of focal adhesions, which are known to be modulated by
paxillin and FAK.

VCAM-1
We have demonstrated that binding of lymphocytes or anti-VCAM-1-coated 10 μm beads to
VCAM-1 (CD106) stimulates localized endothelial cell-shape changes and the “opening of a
narrow passageway” through which leukocytes can migrate [33,60]. Endothelial cell shape,
endothelial cell viability, and vascular function can be regulated by endothelial cell NADPH
oxidase [73–76]. Endothelial cells express NADPH oxidase subunits (gp91 phox, p22 phox,
p47 phox, and p67 phox) [77,78]. NADPH oxidase catalyzes production of superoxide, which
dismutates to H2O2. We showed that lymphocyte binding to VCAM-1 or anti-VCAM-1-coated
beads activates endothelial cell NADPH oxidase for the generation of ROS in murine
endothelial cell lines [murine HEV (mHEV) cells], which constitutively express VCAM-1 and
the chemokine monocyte chemoattractant protein (MCP)-1 [60,79]. The anti-VCAM-1-
stimulated generation of ROS is blocked by morpholino antisense against the catalytic subunit
of NADPH oxidase in these endothelial cells [61]. Anti-VCAM-1-coated beads also stimulate
ROS generation in primary cultures of IL-4-activated HUVECs [60]. van Wetering et al. [62]
substantiated this VCAM-1 induction of ROS production. In contrast, antibody cross-linking
of ICAM-1 and PECAM-1 does not activate endothelial cell NADPH oxidase [60,80].
Importantly, the VCAM-1-stimulated endothelial cell NADPH oxidase activity is required for
VCAM-1-dependent lymphocyte migration, as inhibition of endothelial cell NADPH oxidase
by diphenyliodonium or apocynin blocks MCP-1-stimulated, VCAM-1-dependent lymphocyte
migration without altering lymphocyte adhesion [60,79] (Fig. 1). Furthermore, scavenging
ROS with catalase and/or superoxide dismutase inhibits VCAM-1-dependent lymphocyte
migration across the mHEV cell lines. In contrast, VCAM-1-dependent lymphocyte migration
is not blocked by inhibition of the ROS-generating enzymes nitric oxide synthase, xanthine
oxidase, or cytochrome p450 in endothelial cells [60].

VCAM-1-mediated activation of NADPH oxidase is dependent on a calcium flux and the small
molecular weight G protein Rac1. We have shown that lymphocyte binding to VCAM-1 or
anti-VCAM-1-coated 10 μm beads stimulates endothelial cell verapamil-sensitive calcium
channels and the release of intracellular calcium, which are required for the activation of
NADPH oxidase in the mHEV cell lines [61]. A calcium flux is induced in lipopolysaccharide
(LPS)-stimulated HUVECs by VCAM-1-dependent monocyte adhesion to HUVECs or
antibody cross-linking of VCAM-1 [81]. In addition, anti-VCAM-1-coated 10 μm beads
stimulate endothelial cell Rac1 [61]. Transfection of endothelial cell lines with a dominant-
negative Rac1 prevents anti-VCAM-1-stimulated generation of H2O2 [61] as well as the
migration of U-937 cells across cytokine-activated HUVECs [62]. Thus, Rac1 likely is
involved in the assembly of the active NADPH oxidase complex in endothelial cells as in
neutrophils [82–84].

Low concentrations of H2O2 (1 μM) are generated in endothelial cell lines by lymphocyte
binding to VCAM-1 or anti-VCAM-1-coated bead stimulation [85]. This is in contrast to the
50 –200 μM H2O2 released by neutrophils and macrophages for the destruction of pathogens
[86,87] or released in disease states such as atherosclerosis, pulmonary fibrosis, ischemia-
reperfusion syndrome, and neurodegenerative diseases [88,89]. Low levels of ROS generate
rapid, transient, and reversible signals. This is important, as once a leukocyte reaches an
endothelial cell junction, the process of transmigration occurs within a couple of minutes.
Compartmentalization of ROS likely limits the proteins that are modified by ROS. In support
of this, TNF-α-activated HUVECs generate ROS from the mitochondria and a
nonmitochondrial Rac1-dependent process [74], yet the mitochondrial ROS induces apoptosis,
whereas the Rac1-dependent ROS generation is protective against TNF-α-induced apoptosis
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[74]. Forman and Torres [90] propose that low levels of ROS function as signaling molecules,
as they have a restricted location of action, their signals are transient, and their oxidation
reactions are reversible. ROS modify thiolate anions (−S−) to form sulfenate (−SO−) as well
as react with disulfide linkages [89]. These can be reduced back to their native state by
intracellular thiols in the cell such as thioredoxin, peroxiredoxins, and glutathione [90]. Thus,
ROS can reversibly and transiently activate “outside-in” signals in endothelial cells.

VCAM-1 activates changes in endothelial cell actin structure. Lorenzon et al. [81] reported the
presence of actin stress fibers in LPS-activated endothelial cells upon VCAM-1 cross-linking
or monocyte adhesion; however, the signals for the rearrangement of actin were not determined.
We reported that the ROS production stimulated by lymphocyte binding to VCAM-1 or anti-
VCAM-1-coated beads is required for endothelial cell actin coalescence at the site of adhesion
to endothelial cell lines or TNF-α-activated HUVECs [60]. van Wetering et al. [62]
demonstrated that the VCAM-1-stimulated ROS activates p38 MAPK with subsequent loss of
β-catenin staining at the cell periphery and an increase in intercellular gaps in IL-1β-activated
HUVECs.

We reported another function for the ROS generated during VCAM-1-dependent lymphocyte
migration. Lymphocyte binding to VCAM-1, antibody cross-linking of VCAM-1, or
exogenous 1 μM H2O2 activates within minutes MMPs associated with endothelial cell lines
or IL-4-activated HUVECs [63]. Anti-VCAM-1 bead activation of these endothelial cell
MMPs is not altered by laminar flow at the rate found in postcapillary venules (2 dynes/cm2)
[63]. The endothelial cell-derived H2O2 also activates lymphocyte-associated MMPs but these
MMPs are not activated until 2–5 h later [63]. Several other laboratories have also reported
that lymphocyte MMPs are activated several hours after T cell binding to VCAM-1 or cross-
linking of the ligand for VCAM-1, α4-integrin [91–93]. This suggests that H2O2 as well as
α4-integrin signals stimulate a delayed activation of lymphocyte MMPs. It is most interesting
that the endothelial cell-associated rather than the lymphocyte-associated MMPs are required
for VCAM-1-dependent lymphocyte migration across VCAM-1-expressing endothelial cell
lines as determined with pharmacological inhibitors of MMPs [63] (Fig. 1). Romanic and Madri
[91] also demonstrated that tissue inhibitors of metalloproteinase-2 (TIMP-2) inhibition of
MMP activity blocked T cell migration [91], although they did not determine whether inhibition
with TIMP-2 was mediated by blocking lymphocyte or endothelial cell MMPs. In summary,
the requirement for VCAM-1-stimulated endothelial cell ROS generation and endothelial cell-
associated MMP activity during lymphocyte migration indicates that the endothelial cell has
an active role in VCAM-1-dependent lymphocyte migration (Fig. 1).

MMPs associated with endothelial cells are likely more important than secreted MMPs during
lymphocyte migration, as secreted MMPs would be removed from the site by the flow of blood.
MMPs are held at the cell surface by membrane-type MMPs (MT-MMPs) and adhesion
molecules. MMP-2 is held by MT1-MMP (MMP-14) [94]. MMP-9 and MMP-7 bind to cell-
surface CD44 [95–97]. Pro-MMP-9 can bind to ICAM-1 [98]. MMP-1, MMP-2, and MMP-9
bind to α2β1-integrin on keratinocytes, αvβ3-integrin on endothelial cells, and α2-integrin on
epithelial cells, respectively [99]. The endothelial cell-associated MMP-2 and MMP-9 likely
degrade matrix and endothelial cell junction molecules at the site of transmigration. Endothelial
cell junction proteins, such as vascular endothelial (VE)-cadherin, can be cleaved by MMPs,
as demonstrated during endothelial cell apoptosis [100].

The anti-VCAM-1 or lymphocyte-stimulated VCAM-1 rapidly activates endothelial cell-
associated MMPs without altering cell-associated levels of the MMPs or the TIMPs [63]. As
this expression does not change and as low levels of exogenous H2O2 can directly activate
purified MMPs [101], the H2O2 generated by VCAM-1 stimulation likely has a direct, rapid
effect on the endothelial cell-associated MMPs. ROS activate purified MMPs by oxidizing the
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cysteine in the propeptide arm, opening the arm, and exposing the MMP active site [102]. This
opening of the propeptide arm stimulates autocatalytic removal of the arm, forming an active
MMP [103].

In contrast to a direct effect of H2O2 on endothelial cell-associated MMPs, H2O2 indirectly
activates lymphocyte-associated MMPs. H2O2 activation of the lymphocyte-associated MMPs
is mediated by the down-regulation of the expression of the relatively high levels of TIMPs on
lymphocytes without altering expression of lymphocyte MMPs [63]. This results in a net
increase in lymphocyte MMP activity. Given the several hours it takes to induce the increase
in lymphocyte MMP activity and our studies indicating that lymphocyte MMPs are not required
for VCAM-1-dependent lymphocyte migration, the stimulation of lymphocyte MMPs is likely
involved in the subsequent leukocyte migration through extravascular tissue.

ENDOTHELIAL CELL JUNCTION PROTEINS
Endothelial cells have tight junctions, adherence (or adherens) junctions, complexus adherents,
and gap junctions [104,105]. Endothelial cell junctions dissociate during intercellular
leukocyte migration. There have been recent advances in the participation of cell junction
proteins during lymphocyte migration. The function of the endothelial cell junction molecules
may be modulated by adhesion molecule signals or may be cleaved by MMPs. The junction
protein claudin can recruit active MT-MMP/MMP-2 complexes to cell-cell borders in
transfected COS cells and the embryonic kidney cell line 293T cells [106]. Therefore, claudin
recruitment of MMPs may regulate localized adhesion molecule stimulation of MMPs in these
junctions.

Endothelial cell tight junctions also contain junctional adhesion molecules (JAMs) [107],
which have recently been assigned a new nomenclature that we use here to discuss the JAMs
[107]. Anti-JAM-A decreases inflammatory infiltrates into the cerebrospinal fluid in a mouse
model of meningitis [108]. Anti-JAM-A antibodies also inhibit stromal cell-derived factor
(SDF)-1 and IL-8-induced chemotaxis of memory T cells and neutrophils across nonactivated
HUVECs [109]. In contrast, anti-JAM-A antibodies do not inhibit neutrophil migration across
JAM-A-expressing, TNF-α-activated HUVECs under conditions of laminar flow at 1 dyne/
cm2 [45]. Furthermore, when TNF-α plus IFN-γ-treated HUVECs stimulate movement of
JAM-A out of lateral junctions, there is no reduction in neutrophil migration under flow
conditions [45]. JAM-A can bind to αLβ2-integrin (LFA-1) on leukocytes, but the contribution
of the binding to αLβ2-integrin in the presence of other adhesion molecules has not been
demonstrated [109]. In addition, purified recombinant JAM-A as well as JAM-A-transfected
CHO cells mediate homophilic adhesion [110], but a functional role for homophilic binding
has yet to be determined [18]. JAM-A interacts with other tight junction proteins, claudin and
occludin, via the intracellular actin-binding protein zonula occludin-1 [110]. JAM-A also
directly binds to the signaling molecule calcium/calmodulin-dependent serine protein kinase
and indirectly binds to PKC via the cell polarity protein proteinase-activated receptor-3 [111,
112]. Thus, although JAM-A can participate in leukocyte migration, and JAM-A binds several
signaling molecules, further studies are necessary to determine if these signaling molecules
regulate JAM-A function during leukocyte migration.

JAM-B has also been shown to be involved in SDF-1-stimulated migration of peripheral blood
lymphocytes across nonactivated HUVECs [113]. JAM-B is expressed primarily by
endothelial cells in peripheral lymph nodes, but some arterioles express it in sites of
inflammation and tumor foci [113]. In humans but not mice, JAM-B is also expressed on
lymphocytes and monocytes [113]. Murine endothelial cell JAM-B can bind to JAM-C on
leukocytes [18]. JAM-C is expressed by T cells, natural killer cells, dendritic cells, and
peripheral lymph node endothelial cells [18]. As leukocytes in humans express JAM-B and
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JAM-C, it is not clear whether transendothelial migration is mediated by homophilic or
heterophilic interactions or whether JAM involvement in transendothelial migration differs in
humans and mice [18].

In adherens junctions, cadherins are linked to actin via catenins. Endothelial cells express N-
and VE-cadherin, which mediate homophilic binding. In the absence of VE-cadherin, N-
cadherin can replace the function of VE-cadherin in the adherens junctions [114]. Studies using
VE-cadherin-GFP demonstrate that during neutrophil or monocyte migration across TNF-α-
activated HUVECs, VE-cadherin moves laterally in the membrane so that it is out of the
location of the leukocyte migration [22]. After migration, the VE-cadherin moves back into
the junction [22]. In contrast, PECAM-1 in cell junctions is not displaced during leukocyte
migration; instead, it can be recruited to the junction during migration of monocytes across
TNF-α-activated HUVECs [20,115]. Antibodies to VE-cadherin increase neutrophil
transmigration across IL-1β-activated HUVECs or coronary venular endothelial cells in vitro
and increase microvascular permeability in vitro and vivo [104,116,117]. The N-terminal
domains of VE-cadherin can be cleaved by neutrophil cell-surface elastase [118]. This domain
of VE-cadherin is thought to be critical for homophilic interactions of VE-cadherin, as
demonstrated for another member of the cadherin family, C-cadherin [119]. VE-cadherin can
also be cleaved by MMPs during TNF-α-induced apoptosis in HUVECs [100]. Therefore, when
endothelial cell-associated MMPs or leukocyte proteases are activated during leukocyte
migration, they may cleave cadherins, thus decreasing the homophilic binding in endothelial
cell junctions at sites of leukocyte migration.

SUMMARY
In summary, endothelial cells play an active and essential role during transendothelial cell
migration of leukocytes. Leukocytes activate endothelial cell signals that stimulate endothelial
cell retraction during localized dissociation of the endothelial cell junctions. Signals for
ICAM-1 and VCAM-1 have been defined as functioning in endothelial cell promotion of
leukocyte migration (Fig. 1). ICAM-1-mediated signals activate an endothelial cell calcium
flux and PKC, which are required for ICAM-1-dependent leukocyte migration. VCAM-1-
mediated signals stimulate an endothelial cell intracellular calcium release, calcium channels,
and Rac1, which then increase endothelial cell NADPH oxidase activity. This activation of
NADPH oxidase yields the generation of low concentrations of H2O2, which activate
endothelial cell-associated MMPs, and these MMPs are required for VCAM-1-dependent
lymphocyte migration. How signals from several adhesion molecules are coordinated and
whether there is functional redundancy in the downstream signals from these adhesion
molecules are interesting avenues for future research. Signals such as PKC and PI-3K are
activated by several adhesion molecules. After endothelial cell retraction, the adhesion
molecules in the junctions and perhaps some of the other transmembrane junction proteins
provide receptors on which the leukocytes can migrate.

Signals activated by endothelial cell adhesion molecules may also have important endothelial
cell functions during inflammation, which are independent of endothelial cell junction
retraction and are not required for leukocyte migration. We propose that some of the endothelial
cell adhesion molecule signals are consistent with enhancement of endothelial cell basal surface
adhesion, thus retaining vascular integrity during opening of endothelial cell junctions under
flow conditions. Adhesion molecule signals through PI-3K, AKT, and Src may modulate
integrin-mediated focal adhesions on the endothelial cell basal surface, as these signals have
been reported to modulate focal adhesions in several cell types [47–51]. Furthermore, some of
the adhesion molecule signals in endothelial cells may modulate gene expression. For instance,
adhesion molecule signals such as p38 kinase, Akt, and PKC could also stimulate gene
expression, as these signals have been shown to activate transcription factors including nuclear
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factor-κB in endothelial cells [52–54]. Furthermore, activation of ICAM-1 induces ERK1 and
ERK2-dependent gene expression of chemokines by HUVECs [59]. In summary, endothelial
cells demonstrate active function during leukocyte transendothelial migration involving
adhesion molecule-stimulated “outside-in” signals as well as endothelial cell removal of
apoptotic leukocytes via phagocytosis.
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Fig. 1.
Stimulation of ICAM-1 and VCAM-1 activates “outside-in” signals, which are required for
leukocyte migration. Intracellular calcium or PKC in brain endothelial cells is necessary for
ICAM-1-dependent lymphocyte migration but not lymphocyte adhesion [46]. Antibody cross-
linking of VCAM-1 or lymphocyte binding to VCAM-1 activates release of intracellular
calcium, calcium channels, and Rac1, which are required for the VCAM-1 activation of
endothelial cell nicotinamide adenine dinucleotide phosphate (NADPH) oxidase [61]. This
stimulation of NADPH oxidase is required for the VCAM-1-dependent activation of
endothelial cell-associated matrix metalloproteinases (MMPs) [63]. VCAM-1-dependent
lymphocyte migration requires VCAM-1-stimulated endothelial cell NADPH oxidase and
endothelial cell-associated MMPs [60,63]. ROS, Reactive oxygen species; JAMs, junctional
adhesion molecules.
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