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Abstract
Vascular cell adhesion molecule-1 (VCAM-1) regulates leukocyte migration from the blood into
tissues. VCAM-1 expression is induced on endothelial cells during inflammatory bowel disease,
atherosclerosis, allograft rejection, infection, and asthmatic responses. During these responses,
VCAM-1 forms a scaffold for leukocyte migration. VCAM-1 also activates signals within
endothelial cells resulting in the opening of an “endothelial cell gate” through which leukocytes
migrate. Immediately following this migration, the endothelial cell–endothelial cell contact is re-
established. VCAM-1 outside-in signals are mediated by NADPH oxidase production of reactive
oxygen species and subsequently activation of matrix metalloproteinases. These signals are
required for endothelial cell shape changes and leukocyte migration. In addition, VCAM-1-
activated signals in endothelial cells are regulated by cytokines indicating that it is important to
consider both endothelial cell adhesion molecule expression and function during inflammatory
processes.
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1. Introduction
Leukocytes continuously circulate throughout the body in order to come in contact with
antigens sequestered within tissues. To enter tissues, circulating leukocytes migrate from the
blood, between vascular endothelial cells and into the tissue. During this migration,
leukocytes initially bind to endothelial cells via low affinity adhesion receptors (Springer,
1994, 1995). The low affinity adhesion in combination with the force of the blood flow
results in rolling of leukocytes on endothelial cells. Subsequently, adhesion molecule
affinity is upregulated and leukocytes firmly adhere to the endothelium (Springer, 1994,
1995). Finally, bound leukocytes migrate between the endothelial cells and into the tissue.
One of the endothelial cell adhesion molecules that mediate leukocyte binding is vascular
cell adhesion molecule-1 (VCAM-1; Chan and Aruffo, 1993; Springer, 1994, 1995). The
focus of this review is on VCAM-1, its signal transduction through reactive oxygen species
(ROS), and endothelial cell function during lymphocyte migration.

VCAM-1 is involved in both disease pathogenesis and normal processes. VCAM-1 is
expressed by lymph node endothelium (May et al., 1993; Cook-Mills et al., 1996) and is
induced on endothelium in inflammatory sites. In atherosclerosis, VCAM-1 is expressed on
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endothelial cells in sites predisposed to atherosclerotic lesion formation suggesting an early
role for VCAM-1 in lesions (Iiyama et al., 1999). In asthma, eosinophil migration into the
lung is VCAM-1 dependent (Chin et al., 1997; Sagara et al., 1997). In experimental allergic
encephalomyelitis, VCAM-1 is expressed by endothelium in the brain and is required for T
cell infiltration into the brain (Baron et al., 1993). VCAM-1 also plays a role in melanoma
tumor metastasis to the liver (Scherbarth and Orr, 1997; Vidal-Vanaclocha et al., 2000;
Kishimoto et al., 2001). In normal processes, VCAM-1 is important during development
since a VCAM-1 knockout is an embryonic lethal (Gurtner et al., 1995). In a conditional
VCAM-1 knockout, B cell homing to the bone marrow is impaired (Koni et al., 2001;
Leuker et al., 2001).

VCAM-1 structure and binding functions have been characterized. VCAM-1 is a member of
the immunoglobulin super family and it binds to α4β1-integrin on leukocytes. There are two
forms of VCAM-1 in mice and humans. In humans, VCAM-1 is a transmembrane protein
containing either seven immunoglobulin-like domains or a protein with just domains 1–3
and 5–7 (Cybulsky et al., 1991; Osborn et al., 1992; Pepinsky et al., 1992; Needham et al.,
1994; Chuluyan et al., 1995; Kilger et al., 1995). Domains 1 and 4 of VCAM-1 are the
ligand binding domains. In mice, VCAM-1 exists as a seven domain transmembrane protein
or as an alternatively spliced protein with domains 1–3 linked to glycophosphatidylinositol
(GPI; Moy et al., 1993; Terry et al., 1993; Hahne et al., 1994; Kumar et al., 1994). The
function of the GPI-linked form is not known. Different signals may be generated by the
transmembrane and GPI-linked forms of VCAM-1. VCAM-1 signals in endothelial cells
that are required for lymphocyte migration were identified by our studies on the
transmembrane form of VCAM-1 (Matheny et al., 2000; Tudor et al., 2001). It has been
reported that antibody crosslinking of VCAM-1 stimulates a calcium flux in endothelial
cells but the relevance of this calcium flux to endothelial cell function is not known (Ricard
et al., 1997). We have demonstrated that VCAM-1 activates the flavoprotein NADPH
oxidase in endothelial cells for the generation of reactive oxygen species and that this
function is required for VCAM-1-dependent lymphocyte migration (Matheny et al., 2000).

2. NADPH oxidase
NADPH oxidase has been primarily studied in professional phagocytes, such as neutrophils
and macrophages as depicted in Fig. 1. NADPH oxidase is a complex of five proteins. In the
inactive state, NADPH oxidase is composed of two membrane components (gp91 phox and
p22 phox) and three cytosolic components (p47 phox, p67 phox and p40 phox; DeLeo and
Quinn, 1996; Leusen et al., 1996). During activation, the three cytosolic components are
recruited to the membrane. NADPH oxidase in the cell membrane catalyzes the production
of extracellular superoxide which can dismutate to hydrogen peroxide. Hydrogen peroxide
freely diffuses through cell membranes at a rapid diffusion rate (113 μm/s) that is just
slightly more than that for water (110 μm/s; Mathai and Sitaramam, 1994). Upon diffusion
into cells, many cells protect themselves from oxidative damage by scavenging hydrogen
peroxide with catalase. Catalase catalyzes the dismutation of hydrogen peroxide to oxygen
and water. In contrast to hydrogen peroxide, superoxide has a low diffusion rate across
membranes. But if superoxide does enter cells, it can be scavenged by the enzyme
superoxide dismutase which converts superoxide to hydrogen peroxide that can then be
scavenged by catalases. Upon phagocytosis of a target, cell membrane containing NADPH
oxidase is internalized and NADPH oxidase generates ROS within the phagosome. In a
phagolysosome, a Haber–Weiss reaction occurs in which hydrogen peroxide and
superoxide, in the presence of iron, react to generate hydroxyl radicals, hydroxyl ions and
oxygen. The reactive hydroxyl radical and hydroxyl ions are utilized to destroy internalized
pathogens. Finally, to regenerate NADPH utilized by the NADPH oxidase, NADP+ is
converted back to NADPH by the hexose monophosphate shunt. In summary, hydrogen
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peroxide can diffuse readily through the membrane and into the cytoplasm as well as have
extracellular and phagosome antimicrobial functions (Mathai and Sitaramam, 1994;
Mastroeni et al., 2000; Vazquez-Torres et al., 2000, 2001; Vazquez-Torres and Fang, 2001).

3. A model for VCAM-1 signal transduction
Our working model for VCAM-1 signal transduction via NADPH oxidase is shown in Fig.
2. Adhesion of leukocyte α4-integrin to endothelial cell VCAM-1 activates signals for the
stimulation of the endothelial cell NADPH oxidase (Matheny et al., 2000; Tudor et al.,
2001). NADPH oxidase in the endothelial cell membrane generates low levels of
extracellular ROS (1 μM; Tudor et al., 2001). Extracellular ROS activates local matrix
metalloproteinases (MMPs; manuscript in preparation). MMPs are present on the surface of
both leukocytes and endothelial cells. Hydrogen peroxide that diffuses through the
membranes may modulate phosphatases (Brautigan, 1992; Hecht and Zick, 1992; Fialkow et
al., 1997; Sommer et al., 2000) that potentially modulate actin binding proteins and actin
structure within the endothelial cell. The degradation of extracellular matrix by
metalloproteinases and changes in endothelial cell actin structure result in endothelial cell
retraction at the site of leukocyte binding. This opens an “endothelial cell gate” so that
leukocytes can migrate between the endothelial cells. In summary, VCAM-1 activation of
endothelial cell NADPH oxidase is required for VCAM-1-dependent lymphocyte migration,
indicating that the endothelial cell plays an active roll in this migration by leukocytes.

4. VCAM-1 stimulation of endothelial cell NADPH oxidase during
lymphocyte migration

VCAM-1 function was examined in endothelial cell lines as well as primary endothelial
cells. The endothelial cell lines used in our studies are the lymph node-derived mouse
endothelial cells, mHEVa and mHEVc (Cook-Mills et al., 1996). The important features of
the endothelial cell lines for this review are that the endothelial cell lines bind resting
lymphocytes, promote lymphocyte migration, express VCAM-1 and express the endothelial
cell TGFβ receptor, endoglin (Cook-Mills et al., 1996). Resting lymphocytes refers to
lymphocytes isolated from mice that have not been stimulated by addition of antigen. The
endothelial cell lines as well as primary cultures of endothelial cells were used in order to
determine whether VCAM-1 signals were consistent among endothelial cells (Matheny et
al., 2000). The mHEVa cell line expresses the mouse transmembrane form and a relatively
small amount of the GPI-linked form of VCAM-1, whereas the mHEVc cell line expresses
only the transmembrane form (Tudor et al., 2000). We have shown that the VCAM-1 signals
are similar in both of these endothelial cell lines and primary cultures of endothelial cells.
Since the mHEVc cells express only the transmembrane VCAM-1, this suggests that the
intracellular signals identified occur, at least, through the transmembrane form of VCAM-1
(Matheny et al., 2000).

First we characterized the interactions of endothelial cell lines with resting lymphocytes. B
cells and T cells were isolated from spleens of BALB/c mice. B cells were isolated based on
their preferential adhesion to plastic and T cells were isolated using nylon wool columns
(Tudor et al., 2000). The lymphocytes were labeled with a fluorescent vital dye calcein AM
and lymphocyte binding to endothelial cells examined in an adhesion assay (Tudor et al.,
2000). B cells and T cells bound to the mHEVa and mHEVc cell lines, whereas there was
very little to no adhesion to a control cell line (mouse melanoma cell line, B78H1; Tudor et
al., 2000). Blocking antibodies were used to identify the receptors involved in lymphocyte
adhesion to the endothelial cell lines. Anti-α4-integrin antibodies completely blocked
lymphocyte adhesion to the endothelial cells and isotype control antibodies had no effect
(Tudor et al., 2000). Lymphocyte α4-integrin bound to VCAM-1 on the mHEVa and
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mHEVc cell lines. Adhesion to the mHEVc cells was completely mediated by VCAM-1
(Tudor et al., 2000). For the mHEVa cells, 75% of the adhesion was mediated by VCAM-1
and the remainder was mediated by novel α4-integrin ligands (Tudor et al., 2000). We also
examined several other adhesion molecules that may be involved in lymphocyte binding to
the endothelial cell lines. The cell lines do not express PECAM-1, ICAM-1, P-selectin, E-
selectin, MAdCAM-1 or the MECA antigens, indicating that these adhesion molecules on
the endothelial cell would not be involved in lymphocyte adhesion (Cook-Mills et al., 1996;
Tudor et al., 2000). Also, adhesion was not blocked using antibodies against the lymphocyte
adhesion molecules LFA-1, ICAM-1, ICAM-2, L-selectin, activated β1-integrin and a
combinatorial epitope of α4β7-integrin (Tudor et al., 2000). There is not a blocking antibody
directed against resting murine β1-integrin. Therefore, for these cells, α4-integrin most
likely functions in combination with non-active β1-integrin. In summary, α4-integrin on the
lymphocyte binds to VCAM-1 on the endothelial cell lines. Since VCAM-1 was the only
adhesion molecule on the mHEVc cells that was involved in lymphocyte binding to the
endothelial cells, it provided us with a unique model to study VCAM-1 signaling in the
absence of complications from binding of lymphocytes to other adhesion molecules. In
addition, since VCAM-1 is constitutively expressed on the endothelial cell lines, it avoided
complications of signals from cytokine induction of VCAM-1 expression on endothelial
cells. Therefore, using this unique model, we examined lymphocyte migration and then
VCAM-1 signals in endothelial cells that were required for VCAM-1-dependent lymphocyte
migration.

Resting lymphocytes migrate across the endothelial cell lines. To examine the time for
migration of individual lymphocytes, lymphocyte movement was followed by time lapse
confocal microscopy. Individual lymphocytes at a site of migration passed between the
endothelial cells and under a confluent endothelial cell monolayer in less than 2 min (Cook-
Mills et al., 1996). However, this is an asynchronous process. Therefore, to quantify
migration, a transwell migration assay was used (Matheny et al., 2000). Endothelial cells
were grown on transwell polycarbonate membranes with 12 μm pores. The endothelial cell
monolayers were confluent since they blocked diffusion of FITC-labeled albumin from the
transwell upper chamber to the lower chamber. To examine lymphocyte migration across
endothelial cell monolayers on these transwell membranes, lymphocytes from mouse
spleens as well as splenic red blood cells were placed in the upper chamber and at several
time points, lymphocytes from the lower chamber were collected and counted. Red blood
cells were an internal control for monolayer integrity during the assay since red blood cells
are not migratory and if the monolayer is disrupted, red blood cells would freely fall through
the membrane. Exogeneous agents such as chemokines were not required for this migration.
Lymphocyte migration was linear from 0 to 24 h and then there was a plateau between 24
and 48 h. Addition of either anti-α4-integrin or anti-VCAM-1 antibodies blocked migration,
indicating that α4-integrin binding to VCAM-1 was required for the migration process
(Matheny et al., 2000). Blocking antibodies against CD44 on the endothelial cells did not
inhibit migration (Matheny et al., 2000). In summary, lymphocyte adhesion to VCAM-1 was
necessary for migration across the endothelial cell lines.

Studies have described α4-integrin signals in lymphocytes but very little is known about
VCAM-1 signals within endothelial cells or whether VCAM-1 signals in endothelial cells
play a role in lymphocyte migration. VCAM-1 is a member of the immunogobulin super
family and other members of this family stimulate intracellular signals. Therefore, it was
determined whether some of the typical immunoglobulin superfamily signals such as PI3
kinase and tyrosine kinases function in VCAM-1 intracellular signals. To test this,
monolayers of the endothelial cell lines were pretreated with irreversible inhibitors of PI3
kinase and tyrosine kinases. After washing, lymphocyte migration was examined.
Lymphocyte migration was not affected when the mHEVa and mHEVc cell lines were
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pretreated with herbimycin A, an inhibitor of tyrosine kinases, or wortmanin, an inhibitor of
PI3 kinase (Matheny et al., 2000). However, if lymphocytes were pretreated with either
herbimycin A or wortmanin, washed, and then added to non-treated endothelial cells, there
was a significant inhibition in migration across the mHEVa or the mHEVc cell lines
(Matheny et al., 2000). This indicated that lymphocyte but not endothelial cell tyrosine
kinases and PI3 kinase were required for α4-integrin/VCAM-1-dependent lymphocyte
migration. In contrast, a recent report indicates that PI3 kinase is stimulated by VCAM-1 on
smooth muscle cells (Lazaar et al., 2001). The function of VCAM-1-stimulated PI3 kinase
in the smooth muscle cells has not been identified. Perhaps, VCAM-1-stimulated PI3 kinase
is important for other signals such as increasing focal adhesions resulting in maintenance of
vascular integrity during leukocyte migration.

VCAM-1 has also been shown to activate a calcium flux in endothelial cells but the function
of the calcium flux has not been determined (Ricard et al., 1997). Calcium is known to
modulate calmodulin as well as many other cell functions. Whether calmodulin was required
for VCAM-1-dependent lymphocyte migration was examined by pretreating cells with the
irreversible calmodulin inhibitors phenoxybenzamine or fluphenazine. Pretreatment of
endothelial cells with phenoxybenzamine or fluphenazine had no inhibitory effect on
migration, but pretreatment of lymphocytes with the calmodulin inhibitors blocked
migration (Matheny et al., 2000). In summary, PI3 kinase, tyrosine kinase and calmodulin in
lymphocytes were required for VCAM-1-dependent migration. However, these enzymes in
the endothelial cells were not required for migration, indicating that for the migration event,
VCAM-1 does not signal through tyrosine kinases, PI3 kinase or calmodulin.

Endothelial cells produce reactive oxygen species. These ROS modulate smooth muscle cell
shape (Balligand and Cannon, 1997) and endothelial cells retract during leukocyte migration
(Cook-Mills et al., 1996). Therefore, we determined whether endothelial cell-generated ROS
were important during VCAM-1-dependent lymphocyte migration across endothelial cells.
ROS production is catalyzed by flavoprotein containing enzymes. To inhibit flavoproteins,
an irreversible inhibitor, diphenyliodonium (DPI), was used to pretreat either endothelial
cells or the lymphocytes. There was a dose-dependent inhibition of lymphocyte migration
after DPI pretreatment of endothelial cells (Fig. 3; Matheny et al., 2000). In contrast,
pretreatment of lymphocytes had no effect on migration (Matheny et al., 2000). This
indicates that flavoproteins in endothelial cells were required for migration, but
flavoproteins in the lymphocytes were not required for VCAM-1-dependent migration.
Since lymphocyte flavoproteins were not involved, specific reversible inhibitors could be
added to the co-cultures and inhibition of lymphocyte flavoproteins would have no effect on
migration. Inhibition of NADPH oxidase by apocynin gave a dose-dependent inhibition of
migration (Fig. 3; Matheny et al., 2000), indicating that NADPH oxidase in the endothelial
cells was important for the migration process.

Several other flavoprotein-containing enzymes that generate ROS were examined. For nitric
oxide synthase, cells were treated with the inhibitors L-NMMA or L-NIO, which are
arginine substrate analogues. Methoxsalin and troleandomycin were used to block
cytochrome P450. Allopurinol was used to block xanthine oxidase. None of these
flavoprotein inhibitors had an effect on lymphocyte migration (Matheny et al., 2000).
Therefore, endothelial cell NADPH oxidase was required for VCAM-1-dependent
lymphocyte migration, but endothelial cell nitric oxide synthase, xanthine oxidase and
cytochrome P450 were not required.

To determine whether ROS were important for VCAM-1-dependent migration, ROS were
scavenged. Superoxide was scavanged with superoxide dismutase, hydrogen peroxide was
scavenged with catalase, or both of these ROS were scavenged by the combination of
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superoxide dismutase and catalase. Exogenous addition of these enzymes to the migration
assay blocked migration (Fig. 3; Matheny et al., 2000), indicating that the generation of
ROS was critical for VCAM-1-dependent lymphocyte migration.

It was determined whether endothelial cells produce ROS. To do this, confluent monolayers
of endothelial cell lines were preloaded with an indicator, dihydrorhodamine 123 (DHR).
This is a non-fluorescent dye that when oxidized becomes fluorescent. The endothelial cells
were stimulated by a monolayer of lymphocytes. Accumulation of fluorescence in optical
slices through the middle of the endothelial cells was examined by confocal microscopy.
Fluorescence was quantified by summing the pixel intensities from the confocal
micrographs. Lymphocytes stimulated an increase in ROS in the endothelial cells (Fig. 4;
Matheny et al., 2000). Non-stimulated cells had a low background fluorescence caused by
ROS generated during cell metabolism (Fig. 4; Matheny et al., 2000). Addition of the
NAPDH oxidase inhibitor, apocynin, blocked this lymphocyte stimulation (Fig. 4; Matheny
et al., 2000). Addition of soluable anti-VCAM-1 also blocked lymphocyte-stimulated
endothelial cell generation of ROS (Fig. 4; Matheny et al., 2000). Addition of soluable anti-
VCAM-1 in the absence of lymphocytes did not effect background fluorescence in the
endothelial cells (Fig. 4; Matheny et al., 2000). This indicates that lymphocyte binding to
VCAM-1 stimulates the generation of ROS in the endothelial cells and this generation of
ROS is important for migration.

VCAM-1-dependent lymphocyte stimulation of ROS did not demonstrate that VCAM-1
itself was signaling the production of ROS. In many lymphocyte interactions, there are
multiple binding events. Therefore, it was conceivable that VCAM-1 binds and then some
subsequent cell–cell interaction stimulates the generation of ROS. To determine whether
VCAM-1 itself could activate the production ROS, VCAM-1 was crosslinked with 10 μm
beads coated with anti VCAM-1 (Matheny et al., 2000). This did not cause what has been
termed “frustrated phagocytosis” of an object too large for phagocytosis since these
endothelial cells have been shown to be capable of phagocytosis of apoptotic lymphocytes
which are approximately the size of the beads (Hess et al., 1997). Addition of anti-
VCAM-1-coated beads stimulated the production of ROS (Fig. 5; Matheny et al., 2000).
Apocynin blocked the anti-VCAM-1 bead stimulation, indicating that NADPH oxidase was
required (Fig. 4C and D)(Matheny et al., 2000). Beads that were coated with another
antibody (anti-CD44) bound to the endothelial cells but did not stimulate production of ROS
(Fig. 5; Matheny et al., 2000). Therefore, VCAM-1 stimulates endothelial cell production of
ROS.

Primary cultures of endothelial cells were also examined for their ability to produce ROS
upon VCAM-1 stimulation. Human umbilical vein endothelial cells (HUVECs) were
stimulated with TNFα overnight to induce expression of adhesion molecules including
VCAM-1. VCAM-1 expression was verified by immunofluorescence and flow cytometry.
To specifically activate VCAM-1 and not the other adhesion molecules on the HUVECs,
VCAM-1 was crosslinked with anti-human VCAM-1-coated beads. This stimulated a
significant increase in generation of ROS by HUVECs (Matheny et al., 2000). The VCAM-1
stimulation was blocked by the NADPH oxidase inhibitor apocynin (Matheny et al., 2000).
Control beads coated with anti-PECAM bound to the HU-VECs but did not stimulate
production of ROS (Matheny et al., 2000). Recently, van Buul et al. (2002) confirmed that
crosslinking VCAM-1 activates production of ROS and they demonstrated that crosslinking
ICAM-1 on human bone marrow endothelial cells does not activate the generation of ROS.
In summary, VCAM-1 on endothelial cell lines and on primary endothelial cells activates
NADPH oxidase for the production of ROS. These ROS are required for endothelial cell
promotion of VCAM-1-dependent lymphocyte migration.
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Next, we determined the level of ROS produced by VCAM-1-stimulated endothelial cells. A
standard curve was generated using DHR-loaded endothelial cell lines (mHEVa and
mHEVc) and exogenous hydrogen peroxide (Tudor et al., 2001). Hydrogen peroxide was
used because (1) it is a metabolite of the superoxide generated by NADPH oxidase, (2)
hydrogen peroxide freely diffuses through membranes (Mathai and Sitaramam, 1994), and
(3) DHR within endothelial cells is oxidized by hydrogen peroxide but not by superoxide in
the presence of cellular peroxidase (Henderson and Chappell, 1993). Non-stimulated cells
had background levels of ROS (0.001 μM H2O2) generated from cell metabolism (Tudor et
al., 2001). Addition of lymphocytes or anti-VCAM-1-coated beads stimulated endothelial
cell production of approximately 1 μM hydrogen peroxide (Tudor et al., 2001). This is 50–
200 times lower than that produced after stimulation of NADPH oxidase in professional
phagocytes such as neutrophils and macrophages. Therefore, VCAM-1 stimulates the
production of low levels of ROS for the rapid localized activation of endothelial cell
function during the 2 min migration process by an individual lymphocyte.

5. Cytokine modulation of VCAM-1 signals
Cytokines are produced in most inflammatory sites with infiltrating leukocytes. Cytokines
have many modulatory effects on leukocytes as well as endothelial cells. Therefore, it was
determined whether cytokines alter VCAM-1-dependent lymphocyte migration and whether
cytokine modulation of this migration was, at least in part, due to changes in VCAM-1
signaling. For these studies, endothelial cell lines (mHEVa and mHEVc) were treated with
cytokines overnight, washed, and lymphocytes added. Transforming growth factor 1
(TGFβ1) was examined because the endothelial cell lines express the endothelial cell
receptor for TGFβ, endoglin. It was first determined whether TGFβ1 pretreatment of the
endothelial cell lines affected lymphocyte adhesion, VCAM-1 expression, or cell viability.
TGFβ1 had no effect on adhesion of either B cells or T cells as compared to non-treated
endothelial cells (Tudor et al., 2001). There was no effect of TGFβ1 on the constitutive
expression of VCAM-1 by the endothelial cell lines or on endothelial cell viability (Tudor et
al., 2001). In contrast, pretreatment of the endothelial cells caused a dose-dependent
inhibition of B cell migration and T cell migration across the endothelial cell lines (Tudor et
al., 2001).

The effect of TGFβ1 pretreatment of the endothelial cells could result from a direct effect of
the cytokine on the endothelial cells. Alternatively, the cytokine may be simply bound to the
surface of the endothelial cell causing a subsequent effect on lymphocytes. To test this, (1)
neutralizing anti-TGFβ1 antibodies were used to block TGFβ1 function during the 18 h
TGFβ1 pretreatment of the endothelial cells or (2) endothelial cells were pretreated with
TGFβ1, washed and then neutralizing anti-TGFβ1 was added immediately before the
addition of the lymphocytes in order to block function of TGFβ1 bound to the surface the
endothelial cells. Neutralization of TGFβ1 during the TGFβ1 pretreatment of the endothelial
cells blocked the inhibitory effect of TGFβ1 (Tudor et al., 2001). When the neutralizing
antibody was added after TGFβ1 pretreatment, it had no blocking effect on TGFβ’s
inhibition of migration (Tudor et al., 2001). Isotype control antibodies also had no affect
(Tudor et al., 2001). This indicates that TGFβ1 pretreatment of endothelial cells had a direct
effect on endothelial cells for the inhibition of VCAM-1-dependent lymphocyte migration.

The effect of other cytokines on VCAM-1-dependent lymphocyte migration was examined.
The cytokines TNFα, IL-1, GM-CSF, and IL-6 had no effect on lymphocyte migration
across the endothelial cell lines (Tudor et al., 2001). However, IFNγ pretreatment of the
endothelial cell lines had a dose-dependent inhibitory effect on B cell and T cell migration
across the endothelial cell line mHEVa (Tudor et al., 2001). Neutralizing antibodies blocked
this effect (Tudor et al., 2001). Interferon gamma had no affect on the mHEVc cell line
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although both endothelial cell lines express IFNγ receptors (Tudor et al., 2001). Therefore,
the mHEVc cells were a control cell line in these migration assays demonstrating a direct
affect of the interferon on the mHEVa cell line. In summary, IFNγ and TGFβ1 can block
VCAM-1-dependent lymphocyte migration by having a direct effect on the endothelial cells.
In contrast to the inhibitory effect of IFNγ, IL-4 stimulated a two-fold increase in
lymphocyte migration without affecting VCAM-1 expression (Tudor et al., 2001). Thus,
IFNγ and IL-4 had opposite effects which is consistent with many opposing modulatory
functions of these two cytokines.

The effect of TGFβ1 and IFNγ on VCAM-1 activation of NADPH oxidase was determined
in order to define a mechanism for this cytokine inhibition of endothelial cell function
during VCAM-1-dependent lymphocyte migration. TGFβ1 and IFNγ pretreatment of
endothelial cells blocked activation of endothelial cell NADPH oxidase whether the
endothelial cells were stimulated with lymphocytes or anti-VCAM-1 beads (Tudor et al.,
2001). TGFβ1 and IFNγ in the absence of VCAM-1 stimulation had no effect on
background ROS generated by endothelial cell metabolism (Tudor et al., 2001). In
summary, TGFβ1 and IFNγ did not affect lymphocyte adhesion, constitutive VCAM-1
expression, or endothelial cell viability. Pretreatment of the endothelial cell lines with these
cytokines did block VCAM-1-dependent lymphocyte migration. At least one mechanism for
the effect of these cytokines was the inhibition of VCAM-1-stimulated endothelial cell
generation of ROS. This indicates that these cytokines can have a functional effect on
adhesion molecule signaling within endothelial cells.

Cytokine regulation of endothelial cell adhesion molecule function is important to consider
when examining the migration of leukocytes into tissues. The adhesion molecule repertoire
involved in leukocyte infiltration into a tissue is defined by the combination of functional
adhesion molecules and not simply by the adhesion molecules expressed at the site.
Furthermore, these studies emphasize that the endothelial cell function in this migration
process is important during lymphocyte migration and that endothelial cell adhesion
molecules are not simply a scaffold on which lymphocytes migrate.

6. VCAM-1-stimulated endothelial cell ROS activate matrix
metalloproteinases (MMPs)

We have demonstrated that VCAM-1 stimulates endothelial cell NADPH oxidase-catalyzed
production of ROS and that these ROS are required for VCAM-1-dependent lymphocyte
migration (Fig. 2). Next, we determined a mechanism for ROS function in this process.
Matrix metalloproteinases (MMPs) were examined because (1) purified MMPs are activated
by low levels of ROS (Rajagopalan et al., 1996), (2) MMPs are expressed by both
endothelial cells and leukocytes, and (3) it has been reported that T cell binding to VCAM-1
on cytokine-stimulated endothelial cells activates T cell matrix metalloproteinase 2 (MMP2;
Romanic and Madri, 1994; Madri et al., 1996). Romanic and Madri (1994) also reported that
inhibition of MMP2 with tissue inhibitor of metalloproteinase (TIMP-2) blocks VCAM-1-
mediated T cell migration. However, they did not show the mechanism for activation of T
cell MMP2. It was possible that VCAM-1-stimulated production of low levels of ROS could
activate MMPs on both the endothelial cell and the leukocyte at localized interactions. This
MMP activation and degradation of extracellular matrix could then cause localized
retraction of the endothelial cells to allow leukocytes to migrate out of the vasculature. We
have determined that the VCAM-1-stimulated endothelial cell ROS were required for
activation of MMP2 and MMP9 during lymphocyte migration (manuscript in preparation).
In summary, lymphocyte α4-integrin interaction with VCAM-1 activates endothelial cell
NADPH oxidase for the production of ROS. These ROS activate MMPs (Fig. 2).
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7. VCAM-1-stimulated generation of ROS causes localized endothelial cell
actin changes

During VCAM-1-dependent lymphocyte migration, the endothelial cell retracts at the
localized site of leukocyte binding within 2 min and then closes again (Cook-Mills et al.,
1996). An endothelial cell shape change likely involves a cytoskeletal change. Therefore, we
examined endothelial cell actin structure after VCAM-1 stimulation. Endothelial cell
monolayers were stimulated with lymphocytes for 5 min and fixed. Actin was labeled with
TRITC-phalloidin. Fluorescence was examined in optical slices of the cells by confocal
microscopy. There was a coalescence of endothelial cell actin just below the site of
lymphocyte binding (Fig. 6C; Tudor et al., 2001). There was no change in actin structure in
the center of the endothelial cell (Tudor et al., 2001). Lymphocyte binding stimulated
endothelial cell actin coalescence for about 35% of the bound lymphocytes (Fig. 6A; Tudor
et al., 2001). Addition of the NADPH oxidase inhibitor apocynin blocked this activation
(Fig. 6A; Tudor et al., 2001). Addition of the actin polymerization inhibitor, cytochalasin D,
also blocked this activation (Fig. 6A; Tudor et al., 2001). Since it was possible that
lymphocytes bound to VCAM-1 and then some subsequent interaction stimulated the actin
structural change, we determined whether crosslinking VCAM-1 stimulated the localized
endothelial cell actin structural change. Crosslinking VCAM-1 with anti-VCAM-1-coated
beads activated endothelial cell actin coalescence immediately under the location of the
beads (Fig. 6D; Tudor et al., 2001). Sixty-five percent of the bound beads activated actin
coalescence (Fig. 6B; Tudor et al., 2001). Inhibition of NADPH oxidase with apocynin
blocked VCAM-1 activation of actin coalescence to the same extent as the actin
polymerization inhibitor cytochalasin D (Fig. 6B; Tudor et al., 2001). Therefore, leukocyte
α4-integrin binds to VCAM-1. VCAM-1 activates endothelial cell NADPH oxidase for the
production of ROS (1 μM). These low levels of ROS activate endothelial cell MMPs and
localized endothelial cell cytoskeletal changes. Recent preliminary data also indicate that
these VCAM-1-stimulated ROS modulate intracellular endothelial cell enzyme activities
which may regulate endothelial cell actin structure (Fig. 2).

8. Conclusions and future directions
In summary, the endothelial cell plays an important role in VCAM-1-dependent lymphocyte
migration and endothelial cells are not simply a scaffold on which leukocytes crawl.
VCAM-1 stimulates endothelial cell NADPH oxidase activity that is required for this
lymphocyte migration (Matheny et al., 2000). The cytokines TGFβ1 and IFNγ block
VCAM-1-dependent lymphocyte migration at least by inhibiting VCAM-1 activation of
endothelial cell NADPH oxidase (Tudor et al., 2001). ROS from the VCAM-1 signaling
pathway activate endothelial cell MMPs that can degrade ECM and membrane proteins
(manuscript in preparation). The ROS from the VCAM-1 signaling pathway also activate
localized endothelial cell actin restructuring (Matheny et al., 2000). Therefore, the
endothelial cells retract, opening an “endothelial cell gate” and allowing lymphocytes to
migrate from the blood and into tissues. Future studies will delineate the function of the
cytoplasmic domain of VCAM-1, intermediates in the VCAM-1 signaling pathway and
VCAM-1 signals in vivo.
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Fig. 1.
NADPH oxidase generation of ROS in phagocytes.
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Fig. 2.
VCAM-1 signal transduction (working model).
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Fig. 3.
Mouse mHEVa cell promotion of lymphocyte migration requires endothelial cell NADPH
oxidase production of ROS. (A) mHEVa cells were pretreated for 30 min with DPI and
washed before addition of lymphocytes. (B) Lymphocyte migration across mHEVa cells in
the presence of apocynin. (C) Lymphocyte migration across mHEVa cells in the presence of
superoxide dismutase (500 U/ml SOD) and/or catalase (5000 U/ml). There was no effect on
cell viability. All inhibitors significantly blocked migration (P < 0.05). Similar data were
obtained for mHEVc cell promotion of lymphocyte migration. (Modified and reproduced
with permission from Matheny et al., 2000. J. Immunol. 164:6550–6559.)
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Fig. 4.
Lymphocytes stimulate the production of ROS by endothelial cell lines. Monolayers of
mHEVc cells were preloaded with 1.5 μM dihydrorhodamine for 15 min at room
temperature and not washed. Total of 2.5×106 lymphocytes/ml were added and rhodamine
123 fluorescence was examined by time lapse confocal microscopy at room temperature for
5–40 min. Shown are data from representative fields of an optical thin slice through the
center of the mHEV cells at 30 min. mHEV cells incubated in the absence (A) or presence
(B) of lymphocytes. The inset shows a representative phase contrast image of confluent
monolayers of lymphocytes on top of confluent monolayers of the mHEVc cells. (C) Sum of
the fluorescent pixel intensities/100 μm2 at the center of the mHEV cells at 30 min. L on the
x-axis indicates lymphocytes. (*) P < 0.05 compared to the non-stimulated control. Similar
data were obtained for mHEVa cells. (Modified and reproduced with permission from
Matheny et al., 2000. J. Immunol. 164:6550–6559.)
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Fig. 5.
Crosslinking VCAM-1 stimulates the production of ROS by endothelial cell lines. The
mHEVc cells were preloaded with 1 μM dihydrorhodamine for 15 min at room temperature
and not washed. Total of 2.5 × 106 anti-VCAM-1-coated or anti-CD44-coated control beads/
ml were added and rhodamine 123 fluorescence was examined by time lapse confocal
microscopy at room temperature for 5–40 min. Shown are data from the sum of the
fluorescent pixel intensities/100 μm2 at the center of the mHEV cells at 30 min. (*) P < 0.05
compared to the non-stimulated control. Similar data were obtained for mHEVa cells.
(Modified and reproduced with permission from Matheny et al., 2000. J. Immunol.
164:6550–6559.)
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Fig. 6.
Lymphocytes and anti-VCAM-1-coated beads stimulate apocynin-inhibitable actin
coalescence in endothelial cells at the site of contact. Lymphocytes and anti-VCAM-1-
coated beads (2.5 × 106/ml) were incubated in the presence or absence of 2.5 mM apocynin
or 1 μM cytochalasin D with confluent monolayers of mHEVc cells for 5 min. The cells
were fixed, permeabilized, labeled with TRITC-phalloidin, and examined by confocal
microscopy. (A) Percentage of lymphocytes or (C) % of anti-VCAM-1-coated beads with
endothelial cell actin coalescence at the site of contact with the lymphocytes or beads,
respectively. L indicates lymphocytes. (*) P < 0.05 compared to controls (lymphocyte-
stimulated or bead-stimulated mHEV cells). Micrographs shown are representative optical
thin slices of TRITC-phalloidin labeled actin in the endothelial cell at the site of lymphocyte
(C) or anti-VCAM-1-coated bead (D) contact. (*) in panel C, indicates the location of the
center of a lymphocyte, above the thin slice shown, as determined by labeling with FITC-
conjugated anti-CD45 (data not shown). There was no effect of bead or lymphocyte binding
on the actin structure at the center of the mHEV cell (data not shown). Similar data were
obtained for mHEVa cells. (Modified and reproduced with permission from Matheny et al.,
2000. J. Immunol. 164:6550–6559.)
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