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Abstract

Stable adhesion of leukocytes to endothelium is crucial for transendothelial migration (TEM) of leukocytes
evoked during inflammatory responses, immune surveillance, and homing and mobilization of hematopoietic
progenitor cells. The basis of stable adhesion involves expression of intercellular adhesion molecule-1 (ICAM-
1), an inducible endothelial adhesive protein that serves as a counter-receptor for �2-integrins on leukocytes.
Interaction of ICAM-1 with �2-integrins enables leukocytes to adhere firmly to the vascular endothelium and
subsequently, to migrate across the endothelial barrier. The emerging paradigm is that ICAM-1, in addition to
firmly capturing leukocytes, triggers intracellular signaling events that may contribute to active participation
of the endothelium in facilitating the TEM of adherent leukocytes. The nature, duration, and intensity of ICAM-
1-dependent signaling events may contribute to the determination of the route (paracellular vs. transcellular)
of leukocyte passage; these aspects of ICAM-1 signaling may in turn be influenced by density and distribution
of ICAM-1 on the endothelial cell surface, the source of endothelial cells it is present on, and the type of leuko-
cytes with which it is engaged. This review summarizes our current understanding of the “ICAM-1 paradigm”
of TEM with an emphasis on the signaling events mediating ICAM-1 expression and activated by ICAM-1 en-
gagement in endothelial cells. Antioxid. Redox Signal. 11, 823–839.
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Introduction

AHALLMARK OF INFLAMMATION is the recruitment of leu -
kocytes, particularly polymorphonuclear leukocytes

(PMN), to the site of injury or infection. To reach an inflam-
matory site in the interstitium, the circulating PMN must first
traverse the endothelial barrier, a process referred to as
transendothelial migration (TEM) or diapedesis. The TEM of
leukocytes is also critical for immune surveillance, and hom-
ing and mobilization of hematopoietic progenitor cells (21,
27, 131, 147, 177). The TEM of leukocytes is a complex but
highly ordered multi-step process involving sequential acti-
vation of adhesive proteins on endothelial cells and their
counter receptors on the surface of leukocytes, as depicted
in Fig. 1. The first step comprises the rolling of PMN along
the vessel wall during which PMN make brief adhesive con-
tacts (i.e., � 25 ms) with the endothelium (138). It begins with
the capture of PMN from the blood stream by tethering via

l-selectin (CD62L), a constitutively expressed selectin on
leukocytes that interacts with their glycoprotein ligands ex-
pressed on endothelial cells (1). PMN rolling is also sup-
ported by binding of endothelial-bound E-selectin and P-se-
lectin (CD62E and CD62P) to their prototypic ligand platelet
sialoglycoprotein ligand-1 (PSGL-1) on the surface of leuko-
cytes (76, 79, 88). PMN rolling on activated endothelium can
lead to secondary capture of PMN through homotypic in-
teractions mediated by binding of L-selectin to PSGL-1 be-
tween a free-stream PMN and one adherent to endothelium
(13, 140). Another mechanism implicated in supporting the
leukocyte recruitment involves heterotypic adhesion to acti-
vated platelets forming a thrombus on the blood vessel wall
(86). The second step, characterized by the transition from
PMN rolling to arrest, is contingent upon the upregulation
of intercellular adhesion molecule-1 (ICAM-1; CD54) on sur-
face of inflamed endothelium (4, 97) and the activation of its
counter receptor �2-integrins, LFA-1 (�L�2, CD11a/CD18)
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FIG. 1. The multistep model
of PMN capture, rolling, firm
adhesion, and transendothelial
migration. (A) The resting
PMN express selectin ligands,
but selectins are not present on
the resting endothelium. Hence,
PMN do not interact with the
endothelium in resting stage.
(B) Stimulation of the endothe-
lium by proinflammatory me-
diators triggers the expression
of selectins. The tethering on se-
lectins and selectin ligands fa-
cilitates primary PMN capture
to the endothelium and sec-
ondary PMN–PMN recruit-
ment. Tethering transitions to
rolling and  results in activation
of �2-integrins. (C) The interac-
tion of �2-integrins with ICAM-
1  upregulated on the activated
endothelium causes the arrest,
followed by spreading and
then crawling, and finally  trans
endothelial migration of PMN.
(For interpretation of the refer-
ences to color in this figure leg-
end, the reader is referred to the
web version of this article at
www.liebertonline.com/ars).

and Mac-1 (�M�2, CD11b/CD18) on the surface of leuko-
cytes (38, 39, 43, 100). An emerging view of integrin activa-
tion is that selectin-mediated cell tethering and rolling 
positions leukocyte in such close proximity that endothelial-
bound chemokine ligation can trigger the activation of �2-in-
tegrins (61). Interaction of ICAM-1 with activated �2-inte-
grins ensures a stable shear resistant adhesion of PMN to the
vascular endothelium (139, 142, 143) and thereby enables
them to migrate across the endothelial cells to the underly-
ing tissue (19, 56, 59). This review begins with an overview
of the routes taken by migrating leukocytes to cross the en-
dothelium, and then discusses the current state of knowledge
about the role of ICAM-1 in leukocyte TEM especially in the
context of the signaling events mediating ICAM-1 expression
and activated by ICAM-1 engagement in endothelial cells.

Leukocyte TEM: Transcellular or Paracellular?

The route taken by leukocytes during TEM is of funda-
mental importance from both the mechanistic and regula-
tory standpoints, and consequently has been a subject of ac-
tive investigation for more than a century. Whereas the steps
involving selectin-mediated rolling and ICAM-1-mediated
firm adhesion during leukocyte TEM are now well accepted,
the fundamental issue of whether leukocytes take a paracel-
lular or transcellular route to migrate across endothelium re-
mains poorly understood and a matter of debate. Until re-
cently, the most accepted view was that shortly after arrest
leukocytes begin to crawl over the luminal surface of endo-
thelium and squeeze through the intercellular clefts between
endothelial cells to the underlying tissues (19, 56, 59) (Fig.
2). It has now become increasingly clear that in addition to

this “paracellular” route, there exists a “transcellular” route
whereby leukocytes migrate through the endothelial cell
body (Fig. 2). In fact, in vivo evidence indicating transcellu-
lar TEM of leukocytes existed as early as the 1960s and was
further supported by a series of subsequent studies (32, 44,
47, 49, 50, 64, 99). Pioneering studies by Marchesi and Flo-
rey (99) showed the penetration of leukocytes through 
the endothelial cytoplasm, and those by Williamson and 
Grisham (173) documented the presence of leukocytes in
large endothelial cytoplasmic vacuoles. These findings sug-
gested the possibility that engulfment of leukocytes by en-
dothelial cells could be a means of their migration through
the endothelial cell body. In later studies, Feng et al. (49) dem-
onstrated transcellular TEM of PMN through the microvas-
culature of the skin exposed to the chemotactic agent N-
formyl-methionyl-leucyl-phenylalanine (fMLP). However,
the idea of transcellular TEM of leukocytes was not viewed
favorably until recently when a series of in vitro studies pro-
vided unambiguous proof of the existence of transcellular
route for leukocyte TEM (24, 34, 103, 108, 181). These stud-
ies provide new insights into the mechanism of leukocyte
TEM and give fresh impetus to the idea that transcellular
and paracellular pathways may coexist.

The relative contribution of transcellular TEM in this co-
existence model varies considerably and appears to rely on
several factors including the type of leukocytes, the overall
signaling, and state of activation of the leukocyte and the en-
dothelium (71, 114). For example, Yang et al. (181) reported
a robust transcellular TEM of PMN (� 50% of the total trans-
migration events) in an in vitro flow model of TNF-�-acti-
vated human umbilical vein endothelium cells (HUVEC). In
contrast, primary T lymphocytes in this model exclusively
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used a paracellular route (181). Intriguingly, Nieminen et al.
(108) made a paradoxical observation; these studies used en-
dothelial cells isolated from fresh mouse skin preparations
to report that lymphocytes preferentially use the transcellu-
lar route, whereas PMN migrate through inter-endothelial
junctions. In another study, Cinamon et al. (34) showed that
depending on the state of endothelial activation, and the type
of activating chemoattractants displayed on the apical aspect
of the endothelial barrier, PMN translate shear stress signals
into transcellular TEM. The preference of one pathway over
the other appears to be also influenced by the origin or source
of endothelial cells. This possibility is highlighted by the
studies of Millan et al. (103) that showed a marked increase
in the percentage of lymphocytes migrating via transcellu-
lar route in experiments involving microvascular endothe-
lium. Similarly, the migration of lymphocytes across the in-
flamed blood–brain barrier occurs via a transcellular route
(44, 63, 114), and thus allowing the endothelial tight junc-
tions remain intact. These observations point to the possi-
bility that in the regions of vascular bed where endothelial
cell–cell junctions are particularly tight and well organized
such as blood–brain barrier, leukocytes might preferentially
use the transcellular route for their transmigration. Contrary
to this, the regions with relatively less tight endothelial junc-
tions such as postcapillary venules might be the preferred
sites for paracellular TEM of leukocytes. Collectively, the

above findings support the notion that the choice of migra-
tory pathway for leukocytes may be influenced by the type
of stimuli, activation state and source of endothelial cells,
and the type of leukocytes. However, additional studies are
required to definitively establish these parameters as deter-
minants of the route taken by migrating leukocytes.

Dual Role of ICAM-1 in Leukocyte TEM

ICAM-1 is a cell surface glycoprotein of 505 amino acids
with a molecular weight ranging from 76 to 114 kDa, de-
pending upon extent of tissue-specific glycosylation (146, 148).
It is a member of the immunoglobulin superfamily (IgSF) of
adhesion molecules and is characterized by the presence of
five extracellular Ig-like domains (domains 1–5, D1–5), a hy-
drophobic transmembrane domain, and a short cytoplasmic
domain of 28 amino acids (Fig. 3) (146, 148, 149). The binding
site for LFA-1 is present in D1 whereas that of Mac-1 maps to
D3 of ICAM-1 (39, 40, 146, 148). The extracellular domains of
ICAM-1 are essential and sufficient to mediate firm adhesion
of leukocytes to the endothelium. Consistent with this, stud-
ies showed that expression of ICAM-1 mutant lacking the cy-
toplasmic domain was capable of supporting firm adherence
of T lymphocytes to endothelial cells (44, 95).

The cytoplasmic domain of ICAM-1 interacts with the
actin cytoskeleton via �-actinin, ezrin, and moesin, localiz-
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FIG. 2. Alternative routes of
leukocyte passage across the en-
dothelium. Following �2-inte-
grin-mediated arrest of PMN,
the endothelium proactively
forms an ICAM-1 enriched “cu-
plike” structure (transmigratory
cup) comprising microvilli-like
projections which surround the
adherent PMN. The PMN in the
transmigratory cup can take two
different pathways to migrate
across the endothelium. PMN
can either squeeze through the
intercellular clefts between en-
dothelial cells (“paracellular”
TEM) or migrate through the en-
dothelial cell body (“transcellu-
lar” TEM). (For interpretation of
the references to color in this fig-
ure legend, the reader is referred
to the web version of this article
at www.liebertonline.com/ars).

FIG. 3. Schematic of ICAM-1 protein structure
and binding sites for leukocytes. ICAM-1 con-
tains five extracellular Ig-like domains
(D1through D5), a hydrophobic transmembrane
domain, and a short cytoplasmic domain. D1 and
D3 harbor the binding sites for LFA-1 and Mac-1,
respectively.



ing it to cell surface microvilli (25, 68, 153). Increasing evi-
dence indicate that the cytoplasmic domain of ICAM-1 plays
a crucial role in facilitating the TEM of leukocytes (62, 95,
181). In support of this notion, studies have shown that in-
hibition of ICAM-1 cytoplasmic tail function or expression
of truncated ICAM-1 mutant lacking cytoplasmic domain,
each was effective in preventing the TEM without affecting
the adhesion of leukocytes to endothelial cells (62, 95, 181).
Intriguingly, interfering with ICAM-1 cytoplasmic domain
function preferentially reduced the transcellular TEM of
PMN (181). Similarly, an important role of ICAM-1 cyto-
plasmic tail in preferentially promoting transcellular TEM of
lymphocytes has been documented in earlier studies (62, 95).
Thus, the function of ICAM-1 is not restricted only to sup-
port the firm adhesion of leukocytes but also to facilitate the
migration of the adherent leukocytes across the endothelium,
preferentially via transcellular route, and this dual role of
ICAM-1 can be assigned to the different domains of the mol-
ecule (62, 95, 181). Because ICAM-1 is also required for para-
cellular leukocyte TEM, its remains to be determined how
ICAM-1 cytoplasmic tail preferentially contributes to tran-
scellular TEM events.

The level of ICAM-1 expression is also implicated in de-
termination of the route for leukocyte TEM. Studies by Yang
et al. (181) showed that duration and intensity of ICAM-1 ex-
pression favors the transcellular TEM of PMN. These inves-
tigators found that prolonged exposure (24 h) of endothelial
cells to TNF� was associated with a robust expression of
ICAM-1 and increased proportion (�20%) of PMN migrat-
ing via transcellular route compared to predominantly para-
cellular TEM of PMN when endothelial cells were challenged
with TNF� for a short period (4 h) (181). In addition to the
density, distribution of ICAM-1 on endothelial cell surface
contributes to leukocyte TEM. Engagement of endothelial
ICAM-1 with leukocyte �2-integrins alters the distribution
dynamics of ICAM-1, leading to its clustering on endothe-
lial cell surface. Carman et al. (23) demonstrated that in re-
sponse to LFA-1 engagement, the endothelium proactively
forms an ICAM-1 enriched “cuplike” structure (Fig. 2). In
subsequent studies, they provided evidence for transcellular
TEM in vitro and showed that virtually all, both para- and
transcellular, TEM takes place in the context of this “cup-
like” transmigratory structure (24). This docking structure is
enriched not only in adhesive proteins but also in cy-
toskeletal components, and forms microvilli-like projections
that surrounds the migrating leukocytes (Fig. 2). The obser-
vation of similar endothelial microvilli embracing transmi-
grating leukocytes in previous EM studies (47, 55, 127, 173)
is consistent with formation of transmigratory cup in vivo.
Additionally, this endothelial structure causes redistribution
of leukocyte integrins into linear tracks that are aligned per-
pendicular to the plane of endothelium and parallel to the
direction of TEM (24). Moreover, preventing the formation
of these projections impairs the leukocyte TEM (24). Based
on these findings, Carman et al. (24) proposed a novel mech-
anism of transmigration in which endothelium by virtue of
forming the “transmigratory cup” provides directional guid-
ance to leukocytes for their transmigration.

To clarify the role of the 28-amino acid cytoplasmic do-
main of ICAM-1 in the formation of such transmigratory cup,
Oh et al. (110) recently showed that C-terminal 21 amino
acids are dispensable whereas a segment of 5 amino acids

507RKIKK511 in the NH-terminal third of intracellular domain
is required for the proper localization and dynamic distri-
bution of ICAM-1 and the association of ICAM-1 with F-
actin, ezrin, and moesin. Deletion of 507RKIKK511 motif
markedly delays LFA-1-dependent membrane projection
and decreases leukocyte adhesion and subsequent TEM
(110). Moreover, exposure of endothelial cells with cell-per-
meant peptide comprising RKIKK sequences causes inhibi-
tion of leukocyte TEM (110). These findings indicate an 
essential role of 507RKIKK511 motif in the microvillus pre-
sentation of ICAM-1 and suggest a novel regulatory role for
ICAM-1 topography in leukocyte TEM. Another mechanism
by which cytoplasmic domain of ICAM-1 may contribute to
leukocyte TEM involves its phosphorylation at Tyr474 and
Tyr485 upon ICAM-1 ligation by fibrinogen (115, 141). Phos-
phorylation of these residues results in increased interaction
of ICAM-1 with membrane type1-matrix metalloproteinases
(MT1-MMP) and appears to play an important role in me-
diating the ectodomain cleavage of ICAM-1 and leukocyte
TEM. Consistent with this, expression of phosphorylation-
defective ICAM-1 mutants (ICAM-1Y474A and ICAM-
1Y485A) in endothelial cells reduced the interaction of 
MT1-MMP with ICAM-1 and also inhibited monocyte 
TEM. Additionally, overexpression of MT1-MMP promoted
ICAM-1 cleavage and monocyte TEM whereas RNAi knock-
down of MT1-MMP suppressed monocyte TEM (141). Thus,
these results show that tyrosine phosphorylation of ICAM-
1 in the cytoplasmic domain controls leukocyte TEM through
interaction with MT1-MMP. However, it remains to be 
clarified whether Tyr474 and/or Tyr485 phosphorylation 
also influences 507RKIKK511-dependent proper localization
of ICAM-1 and LFA-1-dependent membrane projection and
leukocyte TEM.

Clustering of cell surface ICAM-1 occurs following its en-
gagement with leukocyte �2 integrins and serves to promote
leukocyte adhesion to the endothelium and subsequent TEM
(26, 175). It can also be induced by specific antibodies that
mimic leukocyte binding to ICAM-1 or exposure of endo-
thelial cells to TNF� (74, 153, 175). Clustering of constitu-
tively expressed cell surface ICAM-1 plays an important role
in mediating the rapid-onset of endothelial adhesivity to-
ward PMN (74). The clustering leading to the induction of
binding activity of the constitutive cell surface ICAM-1 is sec-
ondary to the phosphorylation of ICAM-1 by the atypical
protein kinase C� (PKC�). Inhibition of PKC� activity by
pharmacological and genetic approaches prevented the
TNF�-induced ICAM-1 clustering and the early-onset of en-
dothelial adhesivity. Similarly, studies by Wojciak–Stothard
et al. (175) also showed that clustering of ICAM-1 is crucial
for endothelial adhesivity, although in contrast to the above
study, Wojciak–Stothard et al. (175) focused on the role of de
novo expression of ICAM-1. In support of ICAM-1 clustering
being a critical determinant of endothelial adhesivity, Jun et
al. (77) showed that dimerized ICAM-1 has �1.5- to 3-fold
greater affinity toward the I-domain of LFA-1 than
monomeric ICAM-1. These studies also postulated that
dimers and W-shaped tetramers form oligomers of ICAM-1,
which could have important implications for regulating
leukocyte adhesion (77). Collectively, these findings point to
an important role of clustering in increased binding activity
of cell surface ICAM-1 to PMN. The rapid clustering of con-
stitutive cell surface ICAM-1 represents a novel mechanism
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for promoting the stable adhesion of PMN to endothelial
cells that is needed to facilitate the early-onset TEM of PMN.
The clustering of de novo synthesized ICAM-1 may be a
mechanism of amplifying and sustaining the PMN adhesion
and migration responses. These findings reveal ICAM-1 clus-
tering as a central element contributing to both adhesion and
TEM of leukocytes.

Milan et al. (103) recently showed that ICAM-1 clustering
causes the translocation of apical ICAM-1 into caveolin-1-
rich regions close to the ends of actin stress fibers. In these
F-actin-rich areas, ICAM-1 is internalized and transcytosed
to the basal plasma membrane through caveolae (103). This
is followed by fusion of ICAM-1-containing caveolae into
multivesicular structures, leading to formation of transcel-
lular pores, characterized by a ring of F-actin and caveolin-
1, through which leukocytes squeeze and cross the endo-
thelial cell body for their transcellular TEM. Depletion of
caveolin-1 with short-interfering RNA (siRNA) only inhibits
the transcellular, not the paracellular, pathway of leukocyte
migration (103). Given that the ICAM-1-enriched cuplike
structures are associated both with the paracellular and tran-
scellular TEM, these findings suggest the existence of addi-
tional mechanisms that may be engaged to initiate transcel-
lular, rather than paracellular, TEM, and may involve
association of ICAM-1 with F-actin and its translocation into
caveolae. In brief, the findings of Milan et al. (103) suggest a
model wherein binding of lymphocytes to endothelial cells
induces ICAM-1 clustering and recruitment to caveolae, and
subsequently, fusion of these caveolae into multivesicular
structures, resulting in formation of a transcellular pore. The
adherent lymphocytes, through their projections, will pre-
sumably scan endothelial surface for such sites for their tran-
scytosis. This model finds further support from a previous
report showing that leukocytes migrate through the endo-
thelial cell cytoplasm in vivo through multivesicular struc-
tures called vesiculo-vacuolar organelles (50). However, it
remains to be clarified what directs ICAM-1 to interact with
F-actin and translocate into caveolae, and how the recruit-

ment of ICAM-1 into caveolae contributes to transcellular
TEM of leukocytes.

ICAM-1 as a Signaling Molecule

ICAM-1 has now emerged as a key signaling molecule; en-
gagement of ICAM-1 triggers signaling events in endothe-
lial cells that are critical for TEM of leukocytes (8, 26, 73, 166)
(Fig. 4). The signaling capacity of ICAM-1 resides in the cy-
toplasmic domain, which, as discussed above, interacts with
F-actin (159) and the cytoskeleton-associated proteins �-ac-
tinin (25) and ezrin (68). The emerging paradigm is that in-
teraction of ICAM-1 with the actin cytoskeleton provides the
structural framework for efficient signal transduction to 
occur. Indeed, destabilization of actin cytoskeleton by cy-
tochalasin D and microtubule by nocodazole inhibited
ERK1/2 phosphorylation, indicating the requirement of in-
tact cytoskeleton architecture for ERK1/2 signaling (116).
Ligation of endothelial ICAM-1 by leukocytes, antibodies, or
fibrinogen causes increases in Ca2�, cytoskeletal changes,
and gene expression (154, 166). Huang et al. (72) observed
that transient increases in endothelial Ca2� occur in response
to PMN adhesion to and transmigration across fMLP- or IL-
1-activated endothelial cells. Preventing the Ca2� increase in-
hibits the PMN transmigration, but not PMN adhesion. PMN
adhesion and transmigration induced by chemoattractants
fMLP or LTB4 also causes phosphorylation of endothelial
myosin light chain (MLC), and inhibition of MLC kinase
(MLCK) decreases transmigration (57, 70, 132). PMN adhe-
sion to TNF�-activated pulmonary microvascular endothe-
lial cells induces cytoskeletal changes and these changes can
be prevented by an anti-ICAM-1 antibody (166). Further-
more, these changes induced by PMN adhesion can be mim-
icked by cross-linking ICAM-1 with antibodies (163, 164).
Ligation of ICAM-1 during PMN adhesion also induces ROS
generation in endothelial cells (161, 164). Intriguingly, ligat-
ing either constitutive or induced ICAM-1 on the endothe-
lial cell surface, or exposing endothelial cells to soluble
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FIG. 4. Signaling events activated by
ICAM-1 engagement during leukocyte ad-
hesion. Ligation of ICAM-1 induces a variety
of responses in endothelial cells. These in-
clude RhoA activation, ERK, and JNK activa-
tion, ROS generation, and Src activation. 
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ICAM-1 (sICAM-1), also increases GSH concentrations (117).
The effect of ICAM-1 ligation on ROS generation and GSH
levels suggest a tight regulation of endothelial redox status
under basal and inflammatory conditions. It is likely that in-
creasing GSH levels may limit the ROS accumulation upon
ICAM-1 ligation and thus, may serve to restrict the inflam-
matory response (117). Unlike ROS generation, the mecha-
nism of GSH increase by ICAM-1 ligation remains unclear.

Generation of ROS upon ICAM-1 ligation is mediated by
xanthine oxidase, and ROS thus generated triggers Src tyro-
sine kinase activity and induces the tyrosine phosphorylation
of the cytoskeleton-associated proteins cortactin (a substrate
of Src kinase), focal adhesion kinase, paxillin, and the adap-
tor protein p130Cas (42, 45, 166, 167) (Fig. 4). Phosphoryla-
tion of cortactin at Tyr421, Tyr466, and Tyr482 plays a signifi-
cant role in PMN transmigration (182). RNAi knockdown of
cortactin in HUVEC-impaired TEM of PMN which was res-
cued by reexpression of wild-type cortactin, but not by a mu-
tant of cortactin, in which tyrosine phosphorylation sites were
mutated to phenylalanine (cortactin3F). Activated Src kinases
also stimulate p38 mitogen-activated protein kinase, which
in turn contributes to the cytoskeletal remodeling via phos-
phorylation of the heat shock protein 27 (HSP27), an actin-
binding protein implicated in cytoskeletal rearrangement. Ac-
cordingly, inhibition of p38 MAP kinase was effective in
preventing PMN adhesion-induced ICAM-1-dependent cy-
toskeletal changes in endothelial cells (165). Further studies
led to the identification of p38� as the critical isoform that is
activated by the upstream kinases MAP kinase kinase 3 and
6 (MKK-3 and -6) and mediates HSP27 phosphorylation, cy-
toskeletal changes, and PMN migration to the endothelial
junctions in response to ICAM-1 ligation (168). Together,
these studies unveil ROS/Src/MEKK(3/6)/ p38 MAPK/
HSP27 and ROS/Src/cytoskeleton-associated proteins (Fig.
4) as important signaling cascades that are activated by PMN
adhesion to mediate the cytoskeletal changes and subsequent
PMN TEM. Ligation of ICAM-1 can also cause activation of
extracellular signal-regulated kinase 1/2 (ERK1/2) and/or c-
Jun N terminal kinase (JNK) depending on the experimental
system (89, 134, 154). Additionally, ICAM-1 ligation promotes
RhoA activation and the formation of actin stress fibers (2,
45) (Fig. 4). Activated Rho GTPase by this mechanism is im-
plicated in facilitating lymphocyte TEM (26, 181). The Rho-
dependent leukocyte migration is impaired when ICAM-1 cy-
toplasmic tail is deleted (135, 181). Future studies are required
to decipher how these signaling networks are integrated to
regulate leukocyte TEM.

Induction of endothelial cell gene expression represents
another important consequence of ICAM-1 engagement. An-
tibody cross-linking of ICAM-1 results in activation of ERK-
1 and the AP-1 transcription factor complex, without any in-
crease in NF-�B activity, and transcription of VCAM-1 gene
in HUVEC (89). Pretreatment of cells with MEK inhibitor
PD98059 inhibited expression of VCAM-1 in response to
ICAM-1 cross-linking, suggesting that the ERK pathway is
involved in ICAM-1-mediated VCAM-1 expression. Activa-
tion of ERK1/2 is also required for the production of IL-8
and RANTES (134) and expression of ICAM-1 (35) in re-
sponse to ICAM-1 cross-linking. In addition, ICAM-1 liga-
tion induces the transcription of c-fos and rhoA expression in
endothelial cells (153) (Fig. 4). Given that RhoA plays a cru-
cial role in mediating ICAM-1 expression in endothelial cells

(7), these findings raise the possibility of a positive feedback
loop between RhoA and ICAM-1 that may serve to amplify
expression of RhoA and ICAM-1, and thereby promote the
sustained adhesion and TEM of leukocytes to the site of in-
flammation.

Signaling Mechanisms of ICAM-1 Expression in
Endothelial Cells

The human ICAM-1 gene is located on chromosome 19
and comprises seven exons and six introns with each of the
five Ig-like domains encoded by a separate exon (129). Ex-
pression of ICAM-1 gene in endothelial cells can be induced
by a variety of mediators including thrombin, TNF�, IL-1�,
lipopolysaccharide (LPS), phorbol esters (PMA), vascular en-
dothelial growth factor (VEGF), sheer stress, oxidants, in-
fectious agents, and high glucose (20, 66, 76, 82, 87, 105, 119,
123, 125, 129, 150, 158, 176). The molecular cloning of ICAM-
1 gene and functional dissection of ICAM-1 promoter
showed that ICAM-1 expression is regulated mainly at the
level of transcription (36, 37, 160, 170). Analysis of the 5�
flanking region of ICAM-1 gene revealed that ICAM-1 pro-
moter contains binding sites for several transcription factors
including two NF-�B sites; an upstream NF-�B site (-533
bases from translation start site) and a downstream NF-�B
site (-223 bases from translation start site) (160) (Fig. 5). Site-
directed mutagenesis of this region indicated that activation
of the downstream NF-�B site is essential for ICAM-1 tran-
scription (36, 90, 123). Gel supershift assays demonstrated
that ICAM-1 expression requires NF-�B p65 (RelA/p65)
binding to the downstream NF-�B site of the ICAM-1 pro-
moter (90, 123). Activation of AP-1 is also implicated in some
cases to mediate ICAM-1 expression in endothelial cells (85,
98, 128).

NF-�B, typically a heterodimer of 50 kDa (p50) and 65 kDa
(RelA) subunits, is sequestered in the cytoplasm in an inac-
tive form by its association with I�B�, the prototype of a fam-
ily of inhibitory proteins termed I�B proteins (12, 172). Ac-
tivation of NF-�B requires the degradation of I�B� achieved
through serine phosphorylation (Ser32 and Ser36) of I�B� by
a macromolecular I�B kinase (IKK) complex (101, 185). Phos-
phorylation targets I�B� for polyubiquitination by the E3-
SCF�-TrCP ubiquitin ligase, and subsequently its degrada-
tion by the 26 S proteasome (80). The released NF-�B rapidly
translocates to the nucleus to activate the transcription of tar-
get genes such as ICAM-1. Another important mechanism
regulating NF-�B activity is through modulation of its tran-
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scriptional function by phosphorylation of RelA/p65 (41, 67,
133, 157, 162, 180). Studies have shown that phosphorylation
of RelA/p65 at serines 276, 311, 529, or 536 increases the tran-
scriptional capacity of NF-�B in the nucleus (41, 67, 133, 157,
162, 180). However, unlike I�B� phosphorylation, RelA/p65
phosphorylation site and the kinase involved vary in a stim-
ulus- and cell type-specific manner (41, 67, 133, 157, 162, 180).

The majority of extracellular signals causing activation of
ICAM-1 gene converge on NF-�B. The molecular mecha-
nisms by which signaling from cell surface receptors lead to
activation of NF-�B and thereby expression of ICAM-1 is still
largely unknown. The following section will summarize the
signaling mechanisms regulating NF-�B activation and the
resultant ICAM-1 gene expression in endothelial cells, espe-
cially in the context of TNF� and thrombin, two well-stud-
ied activators of ICAM-1 gene in these cells.

Oxidant Signaling of ICAM-1

Several lines of evidence indicate that ROS, generated ei-
ther extracellularly or intracellularly through li-
gand–receptor interactions, serve important signaling func-
tion in the mechanism of ICAM-1 expression in endothelial
cells. Exposure of endothelial cells to exogenous H2O2 in-
duced ICAM-1 expression via activation of AP-1/Ets ele-
ments within the ICAM-1 promoter (94, 130) (Fig. 5). The el-
evation of intracellular ROS by a variety of inducers such as
cytokines, LPS, angiotensin II (Ag-II), cyclic strain, and shear
stress, high glucose, homocysteine, and iron, is implicated in
activating ICAM-1 gene transcription in endothelial cells (9,
18, 29–31, 60, 111, 112, 125, 145, 183). Accordingly, overex-
pression of Cu/Zn superoxide dismutase (SOD) in endo-
thelial cells attenuates TNF�-induced superoxide anion

(O2
�.) production and ICAM-1 expression, and that this pro-

tective effect is mediated, in part, by inhibition of NF-�B (93).
Recent evidence implicate that NADPH oxidase is the major
source of ROS generation in endothelial cells (3, 5, 33, 54, 58,
92, 169) and ROS thus generated are critically involved in
the ICAM-1 expression (14, 52, 53, 91, 112, 145). In particu-
lar, the role of NADPH oxidase in TNF-� signaling of ICAM-
1 expression has been studied in some detail (46, 52, 91). It
was found that TNF-�-induced oxidant signaling via
NADPH oxidase leads to I�B�-degradation-dependent NF-
�B activation and subsequently, ICAM-1 expression in en-
dothelial cells. A crucial upstream event controlling TNF�-
induced NADPH oxidase activation resulting in oxidant
generation and NF-�B-dependent ICAM-1 expression in-
volves activation PKC� (52, 54, 121, 125) (Fig. 6).

PKC Signaling of ICAM-1

PKC plays a crucial role in promoting ICAM-1 expression
in endothelial cells. Evidence implicating PKC in ICAM-1 ex-
pression was provided by the ability of PKC activators such
as phorbol esters and phorbol dibutyrate to induce ICAM-1
expression (87, 150). The protective effect of PKC inhibitors
suggested that PKC is also required for ICAM-1 expression
induced by a variety of other proinflammatory mediators
(82, 87, 104, 124, 150). While these studies point to the par-
ticipation of PKC in the response, they do not identify the
specific PKC isoforms that may be activated in a stimulus-
specific manner to promote ICAM-1 expression. Using a
combination of isoform-specific inhibitors and genetic ap-
proaches, studies have established that atypical PKC� occu-
pies a central position in TNF-� signaling of ICAM-1 ex-
pression by virtue of activating NF-�B in endothelial cells
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(52, 121, 125) (Fig. 6). These studies further showed that PKC�
controls NF-�B activation by promoting its DNA binding
function secondary to degradation of I�B�. Studies by An-
rather et al. (6) demonstrated that PKC-� contributes to the
transcriptional activity of NF-�B by a mechanism involving
phosphorylation of RelA/p65. Together, these findings in-
dicate that PKC� signals TNF-�-induced ICAM-1 expression
by facilitating the binding of NF-�B to ICAM-1 promoter and
enhancing the transcriptional activity of the bound
RelA/p65 (Fig. 6). In other studies, it was found that sphin-
gosine 1-phosphate mediates ICAM-1 expression through
PKC�, whereas histamine response requires the participa-
tion of PKC� (137). Similarly, studies have identified PKC�
as a critical isoform that signals thrombin-induced ICAM-1
expression in endothelial cells (124). These studies demon-
strate that thrombin-induced expression of ICAM-1 is regu-
lated by PKC� through a dual mechanism involving the ac-
tivation of IKK� and p38 MAP kinase. Activation of IKK�
contributes to thrombin-induced ICAM-1 expression by pro-
moting I�B� degradation and thereby promoting NF-�B
binding to the ICAM-1 promoter, whereas p38 MAP kinase
activity contributes to the response by increasing the trans-
activation potential of the bound NF-�B through phospho-
rylation of RelA/p65 (Fig. 7). These two mechanisms may
operate in a synergistic fashion to sustain ICAM-1 expres-
sion in endothelial cells and thereby promote stable endo-
thelial adhesivity.

PI3K/Akt Signaling of ICAM-1

Several groups have demonstrated a role for PI3 kinase
(PI3K) and its downstream target Akt in regulating ICAM-

1 expression in endothelial cells. Studies involving a combi-
nation of dominant negative and constitutively active mu-
tants of PI3K and Akt indicated the contribution of PI3K/Akt
pathway in thrombin-induced NF-�B activation and ICAM-
1 expression (126). Activation of PI3K/Akt pathway serves
to link the signaling from the thrombin receptor, protease-
activated receptor-1 (PAR-1), to IKK/NF-�B and thereby
ICAM-1 (Fig. 7). Antisense oligonucleotide directed against
PI3K prevents ICAM-1 expression induced by 2-fucosyllac-
tose (H-2g), a glucose analogue of blood group H antigen
(187). Arnold and Konig (10) have demonstrated that respi-
ratory syncytial virus (RSV)-induced ICAM expression is de-
pendent on PI3K. Using lung microvascular endothelial cells
isolated from mice with targeted deletion of the p110� cat-
alytic subunit of PI3K�, Frey et al. (52) have recently estab-
lished an important role of PI3K� in signaling TNF-�-in-
duced ICAM-1 expression. This study extends the previous
findings (54, 121, 125) by showing that PI3K� lies upstream
of PKC-� in the endothelium, and its activation is crucial in
signaling NADPH oxidase-dependent oxidant production
and subsequent NF-�B activation and ICAM-1 expression
(Fig. 6).

There are, however, some conflicting reports concerning
the requirement of PI3K and Akt in the mechanism of ICAM-
1 expression, especially in the context of VEGF signaling. For
example, Kim et al. (82) have demonstrated that inhibition
of PI3K by wortmannin promotes both basal and VEGF-in-
duced ICAM-1 (as well as VCAM-1 and E-selectin) expres-
sion in endothelial cells. In another report, Kim et al. (83)
have shown that adrenomedullin reduces VEGF-induced en-
dothelial ICAM-1 expression through a PI3K-dependent
pathway. This is in contrast to the findings of Radisavljevic
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et al. (120) showing that VEGF upregulates ICAM-1 expres-
sion via the PI3K/Akt pathway. PI3K also contributes to
thrombin-induced ICAM-1 expression via activation of Akt
(126). The exact reasons for the contrasting observations are
not clear; one notable difference between these studies, how-
ever, is the use of pharmacological vs. genetic approaches to
address the role of PI3K/Akt pathway.

MAP Kinase Signaling of ICAM-1

MAP kinases represent another important family of ser-
ine/threonine kinases involved in the regulation of ICAM-1
expression in endothelial cells. Studies have implicated a role
of p38 MAP kinase in the regulation of ICAM-1 expression
by various inducers, such as TNF-�, LPS, RSV, bile acids,
nicotine, advanced oxidation protein products (AOPPs),
sphingosine 1-phosphate (S1P), and thrombin (10, 28, 65, 75,
106, 118, 124, 137, 152, 156, 179). Consistent with the re-
quirement of p38 MAP kinase, a number of agents suppress
ICAM-1 expression by targeting p38 MAP kinase (11, 93, 109,
122). Other MAP kinases, JNK and ERK1/2, have also been
reported to mediate ICAM-1 expression. Inhibition of JNK
prevents thrombin-induced ICAM-1 expression in endothe-
lial cells (102). Further evidence supporting a role JNK in
ICAM-1 expression is provided by the ability of various com-
pounds to inhibit ICAM-1 expression by interfering with the
activation JNK (28, 84, 85, 93, 98, 144, 184). Studies have also
shown a role of ERK1/2 in controlling ICAM-1 expression
(11, 78, 96, 106). The mechanisms by which p38 MAPK, JNK,
and ERK1/2 promote ICAM-1 expression involve activation
of NF-�B or in some cases AP-1 (11, 28, 78, 84, 85, 96, 98, 109,
122, 124, 144, 156). However, in contrast to the above find-
ings, there are reports that argue against the involvement of
p38 MAPK, JNK, and ERK1/2 in signaling ICAM-1 expres-
sion in endothelial cells (51, 102, 158, 176, 186). It is unclear
whether the observed differences reflect the differences in
the experimental conditions/technique used in these stud-
ies.

Small GTPase Signaling of ICAM-1

In addition to regulating cytoskeletal dynamics, cell ad-
hesion, and migration, Rho GTPases can also affect gene ex-
pression (22, 69, 107). Indeed, GTPases have been shown to
be critical determinants of ICAM-1 expression in endothelial
cells. Chen et al. (29) used adenoviral-mediated expression
of dominant negative mutant of Rac1 (N17Rac1) to address
the role of this GTPase in mediating the expression of ICAM
gene in endothelial cells. Expression of N17Rac1 by this ap-
proach inhibited TNF�-induced ICAM-1 expression by sup-
pressing the transcriptional activity of NF-�B (29). Expres-
sion of N17Rac1 was also effective in preventing ICAM-1
expression by IL-6 (178). In another study, it was found that
activation of Rac1 by shear stress is crucial for NF-�B-de-
pendent ICAM-1 expression (155). RhoA is also implicated
as a critical mediator of ICAM-1 expression in endothelial
cells. Inhibition of RhoA by Clostridium botulinum C3 trans-
ferase or dominant negative form of RhoA (RhoAT19N)
markedly decreased LPS-induced ICAM-1 expression in en-
dothelial cells (151). In addition, RhoA is required for 12/15-
lipoxygenase-induced ICAM-1 expression via activation of
NF-�B in endothelial cells (17). Considered together, these
findings suggest that RhoA and Rac1 regulate ICAM-1 ex-

pression in a stimulus-specific manner. This possibility be-
came more evident in studies by Anwar et al. (7) that inves-
tigated the involvement RhoA/ROCK pathway in the mech-
anism of thrombin- and TNF-�-induced ICAM-1 expression
in endothelial cells. Results showed that RhoA/ROCK path-
way mediates thrombin- but not TNF-�-induced induced
ICAM-1 expression. RhoA/ROCK signals thrombin-induced
ICAM-1 expression by promoting RelA/p65 binding to the
ICAM-1 promoter secondary to phosphorylation and degra-
dation of I�B� (Fig. 8) as well as enhancing the transactiva-
tion capacity of the bound NF-�B through Ser536 phospho-
rylation of RelA/p65 (7). Other studies also found that
TNF-�-induced ICAM-1 expression occurs independently of
RhoA/ROCK pathway (26, 175). Importantly, RhoA/ROCK
has been shown to mediate TNF�-induced reorganization of
the actin cytoskeleton and endothelial cell apoptosis (113,
174, 175). Hence, the lack of involvement of the RhoA/ROCK
pathway in TNF�-induced ICAM-1 expression cannot be as-
cribed to the inability of TNF� to activate RhoA/ROCK path-
way in endothelial cells. The reasons for the different effects
of RhoA/ROCK inhibition on thrombin- vs. TNF�-induced
ICAM-1 expression are not clear. A possible explanation is
that there may be distinct mechanisms of thrombin and
TNF� activation of RhoA/ROCK as well as a specialized set
of downstream effectors activated by each agonist. Consis-
tent with these findings, Fazal et al. (48) recently demon-
strated an important role of actin cytoskeleton downstream
of RhoA in mediating thrombin- but not TNF–induced
ICAM-1 expression (48). Results showed that actin cy-
toskeleton selectively contributes to thrombin-induced
ICAM-1 expression by facilitating the nuclear translocation
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of RelA/p65 (Fig. 8). These findings support the notion that
each receptor system utilizes a distinct set of adaptor mole-
cules and signaling enzymes to construct a unique pathway
that mediates NF-�B activation and ICAM-1 expression ac-
tivation in a signal- and cell-specific manner.

Tyrosine Kinase Signaling of ICAM-1

Clues for a role of tyrosine kinases in ICAM-1 expression
were provided by the protective effect of tyrosine kinase in-
hibitors on the response. Pretreatment of endothelial cells
with genistein or tyrphostin AG126 results in decreased ex-
pression of ICAM-1 in response to TNF� (81, 171). Tyrosine
kinase signaling is also required for induction of ICAM-1 ex-
pression by glycosylphosphatidyinositol (GPI) toxin of
malaria parasite (136). Similarly, activation of ICAM-1 pro-
moter and subsequent transcription of ICAM-1 gene by
lysophosphatidylcholine (lyso-PC) is dependent on tyrosine
kinases (188). The expression of ICAM-1 in these cases is as-
cribed to the ability of tyrosine kinases to induce NF-�B DNA
binding (136, 171, 188). Recently, Bijli et al. (15, 16) have iden-
tified c-Src and Syk (spleen tyrosine kinase) as critical regu-
lators of ICAM-1 expression by thrombin. The above stud-
ies demonstrate that thrombin activates c-Src and Syk to
phosphorylate RelA/p65. The tyrosine phosphorylation of
RelA/p65 in turn promotes ICAM-1 expression by increas-
ing the transcriptional activity of NF-�B. These findings
highlight the importance of tyrosine kinases in controlling
the expression of ICAM-1 by increasing NF-�B binding to
the promoter or transcriptional capacity of the bound 
NF-�B.

Conclusions

In recent years, it has become clear that the role of ICAM-
1 in leukocyte TEM is not restricted only to firm adhesion of
leukocytes to the endothelium. An important consequence
of ICAM-1 engagement during adhesion is the activation of
signaling events that are believed to facilitate the active par-
ticipation of endothelial cells in leukocyte TEM. The dual
role of ICAM-1 in leukocyte TEM derives, at least in part,
from its structure, whereas the binding to leukocytes is me-
diated by extracellular Ig-like domains, signaling capacity
resides in the short cytoplasmic domain. It still remains un-
clear how the cytoplasmic domain is activated upon ICAM-
1 ligation and how the activation of this domain induces sig-
naling events in endothelial cells to facilitate TEM of
leukocytes. One possibility is that it can be phosphorylated
by protein kinases. In support of this concept, PKC-� has
been shown to phosphorylate ICAM-1, leading to increased
endothelial adhesivity toward PMN (74). Future studies are
required to identify the phosphorylation sites and the ki-
nases involved in order to understand the way ICAM-1 cy-
toplsamic domain is activated to initiate intracellular signal-
ing. Furthermore, delineation of the complete spectrum of
the signaling pathways activated by ICAM-1 engagement
and those responsible for the upregulation of ICAM-1 ex-
pression in endothelial cells is critical to the understanding
of the role played by the endothelium in leukocyte TEM.
These studies may also enable us to identify the specific sig-
nals that are devoted to paracellular versus transcellular TEM
of leukocytes. Additionally, these studies may identify the
signals that amplify the leukocyte TEM by virtue of partici-

pating in upregulation of ICAM-1 expression and being ac-
tivated upon ICAM-1 engagement. For example, ligation of
ICAM-1 activates both RhoA and c-Src in endothelial cells
(26, 166), and the activation of each has been shown to pro-
mote the ICAM-1 expression in these cells (7, 16). These find-
ings suggest a model wherein RhoA and ICAM-1 or c-Src
and ICAM-1 may function in a feed-forward manner to en-
hance and sustain the inflammation by facilitating the fur-
ther waves of leukocyte TEM. By systematically elucidating
the signaling pathways mediating upregulation of ICAM-1
expression and those activated downstream of ICAM-1 en-
gagement, especially in the context of endothelial hetero-
geneity and the type of adherent leukocyte, it would be pos-
sible to selectively prevent or limit leukocyte TEM associated
with various immune and inflammatory disease states. 
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