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Integrin modulation and signaling in

leukocyte adhesion and migration

Summary: The movement of leukocytes from the blood into peripheral
tissues plays a key role in immunity as well as chronic inflammatory and
autoimmune diseases. The shear force of blood flow presents special
challenges to leukocytes as they establish adhesion on the vascular
endothelium andmigrate into the underlying tissues. Integrins are a family
of cell adhesion and signaling molecules, whose function can be regulated
to meet these challenges. The affinity of integrins for their vascular ligands
can be stimulated in subseconds by chemoattractant signaling. This aids in
inducing leukocyte adhesion under flow conditions. Further, linkage of
these integrins to the actin cytoskeleton also helps to establish adhesion to
the endothelium under flow conditions. In the case of a4b1 integrins, this
linkage of the integrin to the cytoskeleton ismediated in part by the binding
of paxillin to the a4 integrin subunit and the subsequent binding of paxillin
to the cytoskeleton molecule talin. The movement of leukocytes along the
vascular endothelium and in between endothelial cells requires the
temporal and spatial regulation of small guanosine triphosphatases, such as
Rac1. We describe mechanisms through which a4b1 integrin signaling
regulates appropriate Rac activation to drive leukocyte migration.
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Introduction

The movement of leukocytes from the blood into peripheral

tissues is critical for immune surveillance and host defense.

Further, aberrant leukocyte trafficking contributes to the

pathogenesis of inflammatory and autoimmune diseases.

Leukocyte trafficking is orchestrated and controlled by

combinatorial inputs of adhesion and chemoattractant

molecules located on both the leukocyte and the vascular

endothelium. Numerous in vivo and in vitro studies have

established that leukocytes circulating in the blood are

recruited to target organs by a series of sequential steps

mediated initially by leukocyte and endothelial selectins and

selectin ligands or subsets of leukocyte integrins and their

endothelial ligands of the immunoglobulin superfamily (1–3)

(Fig. 1). These steps include initial contacts with the

endothelium, which, in the presence of shear flow, result in
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leukocyte rolling along the endothelium. Subsequently,

stimulation by adhesive and chemoattractant agonists causes

the activation of leukocyte integrins, resulting in arrest.

Leukocytes then take up a polarized morphology and migrate

both laterally along the endothelium and in between

endothelial cells into the underlying tissue. As each adhesive

step is conditional on the next, the diversity of potential

interactions and their relative magnitude at each step provide

the combinatorial diversity that lends high specificity to sites

of leukocyte exit from the vasculature.

Leukocyte integrins are composed of a and b subunits and

function as both adhesion and signaling molecules. Both

integrin-mediated adhesion and signaling functions are regu-

lated, and, in the case of leukocyte integrins, this regulation helps

to meet the special challenges these cells face as they contact the

vascular endothelium under shear flow conditions. These

challenges require a mechanism for rapid activation of integrins

to establish adhesion as well as means to temporally and spatially

regulate integrin signal transduction for efficient migration

across the endothelium. This review focuses on the mechanisms

and signaling pathways that regulate integrin functions that

contribute to movement of leukocytes from the blood into

peripheral tissues.

Leukocyte capture: rolling and arrest

Leukocyte rolling

Rolling allows the leukocyte to examine the endothelial target

for its repertoire of endothelial chemoattractants and integrin

ligands. Rolling adhesions are primarily mediated by selectins,

a three member highly conserved family of C-type lectins (4).

L-selectin, expressed on most circulating leukocytes, is the key

selectin that initiates most leukocyte capture events on lymph

node venules and inflamed or injured vascular endothelium,

which express specific fucosylated sialoglycoproteins (5).

Leukocytes express P-selectin glycoprotein ligand-1; hence,

once leukocytes are bound to endothelium, they can also

capture L-selectin-expressing circulating leukocytes (6). With

few exceptions, P- and E-selectins are expressed on both acutely

and chronically stimulated endothelial beds in many inflam-

matory settings. Both selectins contribute to rolling, and either

one, if adequately expressed, is sufficient for this process (7).

Subsets of effector lymphocytes also use splice variants of CD44

to roll on endothelial surface hyaluronic acid before arresting on

endothelial integrin ligands (7). Increasing evidence suggests

that to resist detaching forces, both selectins and their ligands

need to be properly anchored to the cytoskeleton (8–12).

Recent evidence suggests that selectin–ligand interactions can

be stabilized by low forces (13), and thus it appears that proper

anchorage of both selectins and ligands within their respective

cell membranes is mandatory for these counter receptors to load

and resist detachment forces.

Chemokine signals to integrins underlying leukocyte arrest

The arrest of leukocytes rolling on target vascular beds involves

rapid formation of shear-resistant adhesions by specialized

leukocyte integrins. This arrest can be mediated by integrins

that contain the b2 subunit, e.g. aLb2 [leukocyte function-

associated antigen-1 (LFA-1)] or a4 subunit, e.g. a4b1 [very

late antigen-4 (VLA-4)]. Most circulating leukocytes maintain

their integrins in largely low affinity state (14). Leukocyte

integrins must undergo in situ modulation to develop high

avidity for their endothelial ligands to establish shear-resistant

adhesion and firm leukocyte arrest on the target endothelial site

(15). Striking exceptions to this rule are T- and B-cell blasts and

some myeloid subsets that maintain integrins in constitutively

high affinity (16) or at intermediate affinity (17–19).

Nevertheless, for most leukocytes, this dramatic change in

integrin affinity is triggered when the rolling leukocyte

encounters and rapidly responds to a proper chemoattractant

signal presented on the apical endothelial surface (20, 21).

Lymphocyte and myeloid cells cease rolling and arrest on

lymph node high endothelial venules as well as on peripheral

Fig. 1. Sequential steps in the movement of leukocytes from the

blood into peripheral tissues. Step 1: transient interactions between
leukocyte selectins and their vascular ligands result in tethering
and rolling of the leukocyte along the vascular endothelium.
Step 2: appropriate leukocyte activation (typically triggered by
chemoattractants) induced transformation of leukocyte integrins
into a high-affinity conformation. Step 3: leukocytes establish firm,
integrin-mediated adhesion on the vascular endothelium.
Step 4: lateral movement of leukocytes along the endothelium
until they come to the junction of two or more endothelial cells.
Step 5: leukocytes migrate in between the junctions of endothelial
cells to reach the underlying tissues.
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tissues upon activation of at least one of the four major

leukocyte integrins: VLA-4, a4b7, LFA-1, and the myeloid-

specific integrin, Mac-1 (3). The molecular basis of integrin

activation underlying leukocyte stoppage (sticking, arrest) on

target endothelial sites is beginning to unfold (22, 23). New

structural and functional data strongly suggest that bidirec-

tional integrin signals involve rearrangements of their a and b
subunit cytoplasmic tails and changes in the extracellular

domain that follow binding of extracellular ligands (24–26).

Changes in conformation initiated at the cytoplasmic domain

and transmitted to the headpiece by the integrin leg domains

are referred to as inside-out signaling. Recent in vivo and in vitro

data in T cells indicate that integrin activation by immobilized

chemokines is local and abrupt and involves inside-out signals

initiated by G-protein-coupled receptors (GPCRs) and near

simultaneous rearrangement of the in situ-activated integrin by

a juxtaposed integrin ligand (27, 28). In light of the short time

frame required for biologically significant integrin activation

by chemokines, integrins may exist in preformed associations

with different cytoskeletal adapters (29) and membrane

proteins, such as tetraspanins (30), CD47 (31), CD98 (32),

and CD44 (33).

Only specific pairs of chemokines and cognate GPCRs can

activate integrins under shear flow, and these GPCRs activate

specific Gi and Gq heterotrimeric proteins and their down-

stream effectors (34). The targets of these effectors and their

mode of action in bidirectional integrin activation are still

obscure. Two key guanosine triphosphatases (GTPases), RhoA

and Rap1, have been implicated in chemokine activation of

integrins (22, 35, 36). All leukocyte integrins link to the actin

cytoskeleton by binding to cytoskeleton-associated proteins,

such as talin. Talin plays a key role in rapid stimulation of

integrin affinity by inside-out signals including chemokine

signals through its ability to bind integrin cytoplasmic tails

(28). Rap1 has been shown recently to activate integrins by

a profilin and vasodilator-stimulated phosphoprotein-binding

protein termed Rap-interacting adapter molecule (RIAM) (37),

which recruits talin to the vicinity of target integrins in response

to Rap1 activation and thereby triggers integrin activation (38).

GPCR-activated Rap1 may also localize its effector, called regu-

lator of adhesion and cell polarization enriched in lymphoid

tissues (RAPL), nearby membrane proximal regions of par-

ticular vascular integrins to mediate integrin activation (39).

Ligand-induced rearrangements of the integrin headpiece can

follow these inside-out activation events and result in additional

unclasping of the integrin intracellular interface (40). Leukocytes

do not need to accumulate chemoattractant signals over periods

of rolling upstream of the arrest site, as their vascular integrins

can undergo this bidirectional conformational activation

within milliseconds (41). Slow rolling, especially on endothelial

selectins, exposes inaccessible integrins and GPCRs to endothelial

signals through leukocyte flattening and collapse of microvilli

(42). In addition to the rapid integrin activation mechanism,

neutrophils and effector lymphocytes can use prolonged selectin-

mediated rolling routes to activate their integrins (43, 44). This

alternative mechanism may afford a stepwise integration over

distance of weak endothelial signals distinct of the rapid in situ

chemokine signals. New evidence also suggests that mechanical

signals transduced by shear stress can further facilitate integrin

activation by ligand (21, 45, 46), followed by post-arrest

ligand-driven integrin microclustering and macroclustering

(25, 47, 48).

Similar to selectins, GPCR-activated integrins may need to be

properly anchored to the actin cytoskeleton to establish

adhesion under shear flow conditions. Preformed associations

of a4 integrins with the cytoskeleton adapter paxillin facilitate

the ability of these integrins to mediate initial capture and

rolling interactions on vascular cell adhesion molecule-1

(VCAM-1) and mucosal addressin cellular adhesion molecule-

1 (49). The a4-binding adapter paxillin not only appears

important to link these a4 integrins to the actin cytoskeleton but
also does so without altering the affinity of the a4 integrins

under shear-free conditions (50). Other vascular integrins, like

LFA-1 and Mac-1, may also use specific cytoskeletal adapters to

facilitate activation by ligand and chemokine signals under

shear forces, yet the relative importance of anchorage for

specific b2 and a4 members to adhesiveness is still open for

further investigation. We suggest that moderate anchorage is

ideally suited to translate ligand recognition into high-affinity

and force-resistant binding. Unclasped integrins that are not

tethered to the cytoskeleton may acquire high affinity for

ligands but fail to support shear-resistant leukocyte arrest under

shear flow because of their poor anchorage to the cytoskeleton.

These subsets are expected to be more mobile than integrins

specialized to generate immediate shear-resistant arrest. These

mobile integrins would readily be recruited to sites stabilized by

the cytoskeletally anchored integrins, where they may contrib-

ute to post-arrest adhesion strengthening.

Leukocyte polarization and migration

Once a leukocyte establishes firm adhesion to the vascular

endothelium, it undergoes a morphological change known as

polarization. Subsequently, the leukocyte migrates over the

apical endothelial surface toward interendothelial junctions,

where it then can transmigrate into the subendothelial tissues.
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Polarization establishes the front (or leading edge) and the

trailing edge (in leukocytes, an extended rear projection,

termed the uropod, forms a specialized trailing edge) of a cell

(51). After polarization is achieved, the cell is poised for

directional movement. Depending on the adhesive and

chemotactic cues, integrins on the polarized leukocyte generate

highly dynamic adhesions. These integrins must constantly

integrate both biochemical information from ligands and

inside-out activation signals as well as mechanical signals in

the form of external forces exerted by the shear stress

experienced by the leukocyte at the endothelial contact site

and internal forces generated by polymerized actin and

actomyosin contractility (21, 52, 53).

Polarization

Polarization in leukocytes is primarily triggered by chemokines

and involves reorganization of the actin cytoskeleton, Golgi,

and microtubule-organizing center as well as redistribution of

cell surface molecules (51, 54, 55). F-actin goes from being

radially symmetric around the cell to being focused in areas

such as the leading edge (56). Chemokine receptors redistribute

to the leading edge, while other cell surface molecules, such as

the adhesion molecule CD44, redistribute to the uropod (51).

Integrin molecules also reorganize, forming clusters at the

leading edge and the uropod. In addition, the activation state of

integrins can change in a spatially distinct manner during

polarization, with high and intermediate affinity integrins

being primarily localized to the leading edge (57, 58). Several

signaling pathways contribute to polarization including Rho

family GTPases, protein kinases, and lipid kinases. Over the past

few years, the small GTPase Rap1 has emerged as a major

molecule contributing to integrin activation and redistribution

during leukocyte polarization (22, 39, 57). Thus, we restrict

our discussion to this molecule and its downstream effectors.

Chemokine stimulation causes guanosine triphosphate

(GTP) loading of Rap1, which results in both integrin affinity

regulation and leukocyte polarization (57). In particular,

expression of a Rap1-specific GTPase-activating protein (GAP)

(which inhibits Rap1 activation) inhibited chemokine-induced

polarization, while expression of a constitutively active Rap1

(Rap1V12) induced all the characteristics of polarization, as

seen with chemokine stimulation (57). Thus, Rap1 is a major

signaling molecule mediating leukocyte polarization. The

distribution of LFA-1 integrins to the leading edge of a polarized

leukocyte is reported to proceed through a signaling cascade

involving Rap1 and its downstream effectors RAPL and the

threonine–serine kinase, Mst1 (39, 59) (Fig. 2). GTP-bound

Rap1 associates with the protein RAPL, which is a non-kinase

adapter molecule possessing a central Ras-binding domain

mediating its interaction with Rap1 and a C-terminal coil–coil

region for interactionwith other effectormolecules (39). RAPL

is a Rassf (Ras suppressor factor) family member, and it is an

alternative splice form of Rassf5 (Nore1) (60). The Rap1/RAPL

complex alters both Rap1-dependent LFA-1 distribution and

activation. Recently, RAPL has been reported to interact with

the protein kinase, Mst1, and RAPL redistributes Mst1 from the

Golgi to the leading edge (60). Furthermore, the movement of

the RAPL/Mst1 complex is associated with transport of LFA-1

in vesicles to the leading edge. This vesicular redistribution

Fig. 2. Model for the role of the small GTPase Rap1 in the

redistribution and activation of integrins during lymphocyte

polarization. The stimulation of lymphocytes by endothelial surface-
bound chemokines triggers the activation of the small GTPase Rap1.
Active Rap1 (Rap1-GTP) and its effectors mediate the redistribution of
integrins from the rear (uropod) to the front (leading) edge of the
lymphocyte during polarization. Furthermore, Rap1 activates integrins
at the leading edge. This integrin activation takes the form of both
clustering (avidity changes) as well as increased affinity for ligands
(affinity maturation). The trimolecular complex of Rap1 bound to the
adapter molecule RAPL that associates with the serine–threonine kinase
Mst1 mediates the redistribution of integrins from the rear to the front.
This occurs by directional transport of integrin-containing vesicles
along the cytoskeletal microtubule system. These vesicles containing
clustered integrins are delivered to the leading edge of the lymphocyte.
Leading edge integrins may be converted to their intermediate and
high-affinity ligand-binding states by inside-out signaling mechanisms
mediated by active Rap1. Two Rap1 effectors, RAPL and RIAM, act
independently but perhaps cooperatively to change integrin affinity.
RAPL associated with active Rap1 can bind to the cytoplasmic domain
of a-integrin subunits. Such binding results in a conformational switch
in the extracellular headpiece of the integrins in which the bent (low
affinity) headpiece transitions to an extended (high affinity) position. A
second mechanism that contributes to integrin activation mediated by
Rap1 is the facilitation of talin binding to the intracellular domain of
the b-integrin subunit. This talin binding is mediated by the second
Rap1 effector RIAM. The binding of talin to the b integrin subunit also
results in the opening of the extracellular integrin headpiece to promote
high-affinity-ligand binding.
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occurs along tracks of the microtubular system. Notably,

however, Mst1 does not appear to directly interact with LFA-1,

and thus, RAPL may be the direct LFA-1-binding partner in this

complex (59).

Rap1 can stimulate integrin activation at the leading edge of

a leukocyte through integrin avidity changes (clustering) in

addition to affinity modulation (22). Rap1 acting through RAPL

has been reported to alter integrin clustering, and RAPL

overexpression appears to stimulate soluble ligand binding to

LFA-1, suggesting that part of Rap1-induced changes in LFA-1

affinity is through RAPL binding (39) (Fig. 2). This alteration in

LFA-1 affinity induced by RAPL is not dependent on Mst1 (59).

Thus, the Rap1 effector Mst1 is responsible for redistribution but

not activation of LFA-1 during polarization. However, over-

expression of constitutively active Rap1 (Rap1V12) induced

a greater change in LFA-1 affinity than RAPL, suggesting that

Rap1 may alter LFA-1 affinity through additional effector

molecules (39). Recently, a second Rap1 effector, RIAM, has

been implicated in integrin affinity modulation (38). Rap1

activation results in RIAM association with the integrin aIIbb3
and its subsequent activation. RIAM also contributes to LFA-1

activation by Rap1 (37). The activation of integrin aIIbb3 by

Rap1 signaling is ultimately dependent on the binding of talin to

the b-integrin subunit (38) (Fig. 2). As talin binding also leads to
activation of b1 and b2 integrins (61, 62), it is likely that the

capacity of Rap1–RIAM to activate these integrins will also be

mediated by talin. Integrin activation involves alterations in the

transmembrane helix packing of integrin a and b subunits (63–

65) initiated by interactions at the integrin cytoplasmic domain

(66, 67). Talin binding to integrin b subunits activates integrins

(68), and a recent study suggested that this event was mediated

by a talin-specific interaction with a conserved membrane

proximal region of the integrin b tails (69, 70). In sharp contrast,
the reported activating effects of Rap1–RAPL on LFA-1 require

a specific sequence motif in the a-subunit tail of LFA-1 and are

reported to be insensitive tomutations in a conservedNPXFmotif

in the b2 tail that is important in talin binding (39).

Consequently, Rap1–RIAM–talin and Rap1–RAPL appear to

activate integrins through distinct mechanisms (Fig. 2), with

RAPL being apparently specific for LFA-1. In sum, the

establishment of leukocyte polarity initiated by integrin ligands

presented in combination with chemokine cues on the vascular

endothelial surface is a key event that precedes transendothelial

migration.

Transendothelial migration

Once a leukocyte establishes polarity on the endothelial surface,

it can start the process of migrating across the endothelium to

enter the underlying tissues. For the most part, the leukocyte

relies on cues in the form of chemokines, adhesive integrin

ligands, and shear flow to maintain lateral migration along the

endothelial surface until it reaches the junction of two or more

endothelial cells. At that site, it migrates between the endothelial

cells.

Over the past several years, amodel has emerged that explains

the overall mechanics of cell migration in extravascular space

(70). Major aspects of this paradigm can be applied to the

description of leukocyte locomotion over and across endothelial

junctions. However, transendothelial migration also involves

spatiotemporal bidirectional signaling between the leading

edge of the transmigrating leukocyte and specific junctional

molecules that reversibly remodel the endothelial junction

through contractility events that allow the leukocyte passage

and the sealing of the contracted endothelial junction soon after

the leukocyte has terminated its passage (71, 72). The general

model of cell motility involves repetitive cycles of new

projections being sent out at the leading edge in the form of

lamellipodia and filopodia (70). At these sites, new adhesions

by integrins are laid downwith the underlying substratum. This

allows for traction as the bulk of the cell body is propelled

forward, while at the same time adhesions are released at the

rear of the cell. Integrins play key roles in cellular migration

acting both as adhesive molecules that maintain locomotion

over the apical endothelial surface and as signaling molecules,

which, together with chemokine signals, maintain polarity and

motility (22).

The signaling needed to coordinate migration is complex.

Just as Rap1 activation plays a key role in integrin activation and

leukocyte polarization, the activation of the small GTPase Rac

has emerged as a key signaling event controlling cell motility on

adhesive substrata (73–75). Rac activation drives actin

polymerization and lamellipodia formation (76). However,

efficient migration requires this Rac activation to be spatially

and temporally restricted to the leading edge of the cell (77). A

recently defined signaling pathway provides for spatial and

temporal regulation of Rac activation during a4b1-integrin-
dependent cell migration on both the vascular ligand VCAM-1

and on the extracellular matrix protein fibronectin. This a4b1-
dependent modulation of Rac activation is mediated by the

reversible binding of paxillin to the a4 cytoplasmic domain.

The a4 integrin subunits bind directly to the signaling adapter

molecule paxillin (78), and this interaction is regulated by

selective phosphorylation of the a4 cytoplasmic domain at

serine988 in a protein kinase A–dependent manner (Fig. 3).

Phosphorylation at this position leads to release of paxillin from

the a4 subunit, while dephosphorylation promotes the a4
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integrin–paxillin interaction (79). In a migrating cell, the

phosphorylated a4 integrins are localized to the leading edge of
the cell, while dephosphorylated a4 integrins are localized to

the lateral and trailing edge of the cell (80). This spatial

regulation of a4 integrin–paxillin binding promotes effective

leukocyte migration, as either disrupting or enforcing the asso-

ciation of a4 with paxillin greatly impairs cell migration (81).

The a4 integrin–paxillin interaction contributes to effective

cell migration by spatially regulating Rac activity. Paxillin

bound to a4 integrin provides scaffolding for recruitment of

additional signaling molecules to this site (82). One of these

recruited signaling molecules is an adenosine diphosphate-

ribosylation factor (Arf)-GAP, GIT1 (83) (Fig. 3). GIT1

ultimately leads to inhibition of Rac activation by inhibiting

the activation of another small GTPase, Arf6 (84). Arf6

modulates Rac function through mechanisms involving

changes in cellular distribution of Rac1 by endosomal

trafficking and recruitment of Rac activators such as a Rac-

guanine nucleotide exchange factor (GEF), DOCK180/ELMO

(85). Thus, during a4-dependent migration, the a4 integrin–

paxillin interaction contributes to the inhibition of Rac

activation at the lateral and trailing edges through the

recruitment of Arf-GAP.

a4 integrins can also regulate Rac activation and cell

migration through Src kinases, independent of the a4–paxillin
interaction (86). Thus, a4b1 integrin-dependent activation of

Rac at the leading edge can proceed through activation of Src

kinases (Fig. 3). Polarization andmotility are alsomaintained by

inhibition of Rac at the lateral and trailing edgesmediated by the

a4 integrin–paxillin complexes that recruit an Arf6 inhibitor.

These two integrin-mediated signaling pathways can be

complemented by chemoattractive signals presented to the

leukocyte on the apical junctional and subluminal compart-

ments of the endothelial barrier. When these chemoattractant

signals are robust, the a4b1-Rac activation pathway may be less

important for migration. For instance, T cells expressing an a4-
tail mutant that lacks paxillin binding can still respond to

chemotactic cues from the chemokine stromal cell-derived

factor-1 when crossing ligand-free barriers but show reduced

migration toward the same chemoattractants when crossing

VCAM-1- or fibronectin-coated barriers (50).

The above described paradigm for a4b1 integrin-dependent

regulation of Rac activation and migration is just one

mechanism that contributes to leukocyte transendothelial

migration. Certainly other cues that drive migration, such as

chemoattractants and signals generated by mechanical force on

the cell (such as shear flow), will come into play to regulate Rac

activation and cell migration. The combined input of these cues

will ultimately determine how and where leukocytes migrate.

Furthermore, the relative importance of each of these cues may

vary widely between different types of leukocytes. For example,

while a fluid shear plays an important role in lymphocyte

transendothelial migration, it plays a lesser role in neutrophil

migration, especially on endothelium expressing high amounts

of b2 integrin ligands (87, 88).

Not all forms of leukocyte migration are the same with

respect to mechanics and signaling. In lateral migration,

leukocytes migrate to reach the junction of endothelial cells

(89, 90), and in migration across the junction, the leukocyte

moves between two endothelial cells. Junctional migration

involves highly specialized adhesive interactions between the

leukocyte and endothelial cells, which allows for the initial

separation and reforming of endothelial junction as the

leukocyte passes through (71, 91). These differences in

Fig. 3. Model for spatially restricted activation of the small GTPase

Rac during a4b1 integrin-dependent lymphocyte migration. A key
process in cell migration is the projection of new cell extensions in the
form of lamellipodia at the front or leading edge of the cell.
Lamellipodia are formed by the polymerization of actin, which is
largely driven by the activation of the small GTPase Rac. Thus, for
efficient directional migration, Rac activation needs to be spatially
limited to the leading edge. During a4b1 integrin-dependent cell
migration, the binding of the signaling adapter molecule paxillin to the
a4 integrin subunit is spatially restricted, which acts to spatially restrict
Rac activation. a4 integrin subunits at the lateral and tailing edges of the
cell are bound to paxillin, which recruits the GAP molecule GIT1. GIT1
inhibits the activation of the small GTPase Arf6, which ultimately leads
to inhibition of Rac activation, thus preventing lamellipodia formation
at these sites. At the leading edge, the a4 integrin subunit is
phosphorylated at serine988 in a protein kinase A–dependent fashion.
Phosphorylation at this site disrupts the binding of paxillin to the a4
subunit and consequently removes the inhibition of Rac activation
mediated by GIT1 recruitment. Furthermore, engagement of a4b1
integrin triggers the activation of Src kinase, which can activate Rac-
GEFs such as the Cas/Crk/DOCK180 complex to facilitate Rac activation
and lamellipodia formation at the leading edge.
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migration are reflected in different signaling pathways

involved. For example, lateral migration of lymphocytes,

driven by chemokines, requires DOCK2-dependent activation

of Rac, while junctional migration of lymphocytes is DOCK2

independent (92).

Conclusions

Where and when leukocytes leave the blood and enter the

peripheral tissues play key roles in immunity and inflammatory

diseases. These locations are selected by repertoires of chemo-

attractant and adhesion molecules. The precisely regulated

expression and functional state of these molecules allows for

accurate specification of leukocyte trafficking throughout the

body. Integrins are adhesion and signaling molecules involved

in the adhesive interactions between leukocytes and the vascular

endothelium needed to resist the physical forces of blood flow

and mediate effective migration across the endothelium. To

meet the challenge of adhesion under shear flow conditions,

leukocyte integrins link to the cytoskeleton to resist detachment

under shear flow condition and undergo rapid reversible

modulation of their ligand-binding affinities within subseconds

of stimulation by chemoattractants. In addition, integrin-

mediated signal transduction must be both spatially and

temporally regulated in leukocytes to allow for effective

migration across the endothelial barrier. Unraveling the

molecular machineries that regulate adhesion, motility, and

transendothelial migration in different subsets of leukocytes

may help to identify therapeutic targets to selectively modify

leukocyte trafficking.
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