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Mechanisms of T cell motility and arrest: Deciphering the relationship
between intra- and extracellular determinants
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Department of Pathology, University of California at San Francisco, 513 Parnassus Avenue, San Francisco, CA 94143-0511, USA

Abstract

T lymphocytes are capable of rapid motility in vitro and in vivo. Upon antigen recognition, they may stop crawling and form a stable cell–cell
contact called the ‘immunological synapse’ (IS). However, it is becoming clear that this outcome may not occur with the reliability that was once
presumed. T cells, particularly naı̈ve cells, are apparently triggered partly ‘on the fly’ during short contacts with peptide–MHC (pMHC) bearing
antigen-presenting cells (APCs) and are also influenced in both activity and synapse duration by a multitude of external cues. Underlying the
emerging issues is a paucity of data concerning the cell biology of T lymphocytes. Here, we review the molecular mechanisms of crawling and
adhesion versus the various potential modes of ‘stopping’ in T lymphocytes. Both motility and arrest involve similar processes: adhesion, actin
elongation and internal tension control, but with different coordination. We will attempt to integrate this with the known and potential external
cues that signal for T cell motility versus stopping to form a synapse in vivo. Finally, we discuss how this interplay may give rise to unexpectedly
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. Introduction

T lymphocytes transition between motile and sedentary
odes depending upon stimuli from their environment. Rapid
otility permits them to scan a large number of antigen-
resenting cells (APCs) and potentially infected targets, whereas
talling and stopping in response to stimuli may permit them to
ngage in prolonged signaling and cellular crosstalk.

Amongst the factors influencing the decision between motil-
ty and stopping, the T cell receptor (TCR) has received the
reatest amount of attention. This is in part because triggering
f pre-activated T cells with peptide–MHC (pMHC) complexes

n vitro induces these cells to stop[1,2] and form a prolonged
ontact characterized by concentric arrays of TCR, adhesion
eceptors, and glycoproteins (termed central-, peripheral- and
istal-supramolecular activating clusters (SMACs)) in the con-

act interface[3,4]. This ordered interface, sometimes referred
o as the ‘mature immunological synapse’ (mature IS) forms
ver the first minutes of contact, following a dynamic phase
ermed the immature IS in which these receptors are distributed

in smaller clusters. It is actually during this immature phase
tyrosine phosphorylation[5] and intracellular calcium relea
[6] begins. It is also clear that some effector functions suc
CTL lysis of targets can clearly be initiated prior to the forma
of a canonical mature IS[7].

Despite an emphasis on the ‘stopped’ mode as a si
antigen-engagement, there are increasing data showing
cells can also receive antigenic stimuli during more mo
encounters with APCs. For example, T cells in a colla
matrix stop very infrequently and briefly while still effe
tively getting activated as assessed both by surface ma
and by proliferation[8]. More recent two photon scanning la
microscopy (TPSLM) imaging data[9–12]have all shown shor
lived encounters with antigen-bearing APCs as a prelud
stable interactions. While it has not been conclusively e
lished that these short-lived encounters permit signaling vi
TCR, this is strongly suggested by the observed upregul
of the CD69 activation antigen in the hours preceding st
interactions[9,10].

As a general theme, the activation status of both the APC
the T cell appear to modulate the rate at which contact can tr
∗ Corresponding author. Tel.: +1 415 514 3130; fax: +1 415 514 3165.
E-mail address: matthew.krummel@ucsf.edu (M.F. Krummel).

the formation of a mature stable synapse in vitro. For example,
maturation of dendritic cells (DCs) leads to more frequent and
stable T cell interactions when assayed in vitro[13]. Similarly,
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näıve T cells were shown to take approximately 30 min to form
a mature IS whereas pre-activated cells do so in less than 5 min
[14]. The microenvironment may also play a role as indicated by
the differences in experiments performed in vitro versus those
in a collagen matrix or in an intact lymph node. While these
differences have been observed, it remains unclear whether they
derive from microenvironmental cues or are simply a reflection
of the source and activation status of the T cells and APCs being
studied.

Thus, for T cell behavior in vivo, there remains the question
of how microenvironmental cues influence the T cell motility
machinery and these signals integrate with TCR stimulation. We
will analyze this from the perspective of their biochemical effects
upon adhesion, cytoskeleton and motor proteins, and how this
might integrate to produce complex interconversions between
crawling and stopping.

2. T cell amoeboid movement: the interplay of
cytoskeletal polymerization, adhesion and tension

Motile T cells in lymphoid organs and in peripheral tissues
are most similar in morphology to neutrophils and to the amoeba
Dictyostelium discoideum. In shape, they are said to resemble a
hand-mirror or frying pan with a large bulky cell body consisting
largely of the nucleus, trailed by a pinched handle-shaped tail
termed a uropod containing the majority of the cytoplasm, and
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Fig. 1. Morphological dynamics, MTOC and nuclear positioning during T cell
crawling. D10 T cell clones were transfected with tubulin-GFP and allowed to
crawl on glass coverslips in media containing FCS. DIC and fluorescence images
(a pseudocolor scale green–yellow–red) are shown at 1 min intervals. White
arrow indicates starting position of the MTOC. Nucleus is round area in front
of MTOC and having less fluorescence. Full movie available asSupplementary
data, movie 1.

active in their GTP-bound state and assume a closed confor-
mation when GTP is hydrolyzed to GDP. While an exposed
domain in the active conformation can bind and stimulate a
variety of proteins, the closed conformation typically fails to
do so. In lymphocytes as well as in a majority of motile cells
Rac and Cdc42, when active, tend to favor membrane protru-
sions while the Rho subfamily of proteins appear to oppose
these.

3.1. Growth of the leading edge via Rac and Cdc42

Longstanding data on motility inD. discoideum demonstrates
that Rac controls leading edge formations. There is clearly
unregulated pseudopod extension in these cells when Rac is
overactive and poor motility and an absence of the leading edge
characterizes cells expressing a dominant negative form of Rac
[16]. In T cells[17] as well as neutrophils[18], activated Rac also
leads to increased cell spreading and pseudopodal projections.
Biosensors expressed in motile fibroblasts reveal that activated
Rac is more plentiful at leading, relative to trailing edges[19],
consistent with this role.

One activator of Rac in T cells is the guanine nucleotide
exchange factor (GEF), Tiam-1. This GEF was originally iden-
tified on the basis of a screen for gene products that promoted T
lymphocyte invasion and metastasis. Tiam-1 was subsequently
shown to activate Rac (reviewed in[20]). Tiam-1 overexpression
he microtubule organizing center (MTOC). Time-lapse ana
f T cell movement shows the protrusions called pseudop
manating from the leading edge and a consistent absen
rotrusions and pinching at the uropod (Fig. 1). Furthermore, in
ontrast to many epithelial cells that move with their MTO
loser to the leading edge relative to the nucleus, lympho
everse this order and lead with the nucleus, until the o
f synapse formation. Movement in lymphocytes, as in m
ther cells, is modeled on three fundamental processes: (1
rotrusion and elongation leading to expansion of a memb
order; (2) regulated adhesion along the cell surface to pr

ethering spots for actin extension; and (3) regulated intr
ular tension between the adhesive points, typically gene
ia class II myosin motor proteins. These are modeled inFig. 2
s a means to orient the further discussion. While these c
eparated in some cases, it is becoming evident that mole
nvolved in regulating one antagonize or promote another—
oordinating crawling.

One notable aspect of T cell motility is that in many settin
ells interconvert in a cyclical way between an amoeboid, m
orm and a round non-polarized and relatively immobile f
15]. The basis for this is not yet clear but may represen
nternal timer or possibly a weak ongoing response to an ext
stop’ signal.

. Actin protrusions underlying lymphocyte motility

The fundamentals of lymphocyte movement can be tho
f as beginning with actin-based protrusion. Growth of a
laments has been highly associated with the small GTP
f the Rho/Rac/Cdc42 family. These proteins are unfolded
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Fig. 2. Mechanistic aspects of T cell motility. A ratcheting model for motil-
ity requires: (a–b) controlled actin protrusion, (b–c) spatially restricted integrin
activation, and (c–e) controlled Myosin II-mediated local tension between adhe
sion sites and front to rear. Arrows represents critical spatial control for each o
these processes. Blue lines are actin fibers; red represents myosin, here deno
as a coil; orange dot represents the MTOC; and the density of green undernea
the cell denotes the level of adhesiveness at this position. The cartoon is base
on crawling on a two-dimensional planar surface but the same principle applie
to amoeboid motility in 3D.

in N1E-115 neuroblastomas results in Rac dependent increas
in both cell spreading and neurite outgrowth and the inability to
retract neurites in response to lysophosphatidic acid[21]. Tiam-
1 is primarily localized to the leading edge of normal T cells,
consistent with a role in directing Rac function to the leading
edge. Although, indirect evidence showing inhibition of T cell
polarization by overexpressed Tiam-1[22] would suggest a pos-
sible requirement for motility, this has not been directly assessed
Amongst the other Rac GEFs, Vav is clearly implicated in func-
tioning during synapse establishment[23,24]but its role during
motile behavior is less clear.

A related GTPase, Cdc42, shares many upstream GEFs an
downstream targets with Rac and is also located at sites of pro

trusions[25]. However, at least as assessed in vitro, its function
in motile and stationary cells may be quite different. Indeed,
increasing evidence is arising to suggest Cdc42 as a compass
for cellular polarity in both amoeboid and epithelial cells. In
yeast, expression of a constitutively active allele of Cdc42 in
unpolarized cells can lead to spontaneous polarized localization
of Cdc42 and establishment of a polarized morphology. This is
in part mediated by directional trafficking of Cdc42 itself using
the yeast Myo5 homologue[26]. Since this property is unique to
Cdc42, it has been suggested to represent a self-feeding loop in
which small accumulations of Cdc42 can dictate the membrane
localization of future pools.

In epithelial cells Cdc42 plays a critical, although indirect,
role in establishing MTOC positioning relative to the nucleus
[27]. Intriguingly, this is primarily a result of Cdc42 require-
ment for nuclear positioning—dominant negative Cdc42 has
little effect on MTOC positioning per se, but has dramatic effects
on nuclear movement, thus, swapping the position of these two
structures[27]. To this extent, the observation that dominant
negative Cdc42 inhibits chemokine-mediated chemotaxis[22]
might well be attributed to a failure to properly orient to the gra-
dient rather than inability to extend the cytoskeleton. During IS
assembly, regulated Cdc42 function in T cells is clearly down-
stream of TCR and upstream of MTOC reorientation—either
overactive or dominant negative forms block the reorientation
[28].
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Cdc42 may, thus, play a directional role in a way that
erhaps does not. Interestingly Rac activation can result
dc42 activation, making one event capable of triggering
ther and suggesting that Rac effects may in some case
ubset of Cdc42 functions[29].

.2. Downstream effectors of Cdc42 and Rac at the leading
dge

Both Rac and Cdc42 are upstream activators of Wisk
ldrich syndrome protein (WASP) family of proteins via t

nteractions of GTP-bound Rac and Cdc42 with Rho-bin
omains (RBD). The activation of the Wiskott–Aldrich s
rome protein and its related homologues N-WASP and
ave/Scar family results in the de-repression of Arp2/3 b

ng domains and subsequent actin polymerization. This is l
he basis for Rac/Cdc42 activation/modulation of leading e
ehavior.

WASP−/−T cells do not polymerize actin[30] or cap thei
CRs [31] in response to immobilized anti-CD3 and it
eported that WASP−/−T cells fail to assemble a c-SMA
32,33]. It is possible that this phenotype somewhat simpl
he defect in WASP−/−T cells as the most dramatic defect
he context of APCs lies in the frequency of actual stron
ttached T–APC couples (reduced from 80% to 10% in
tudy[32]). In RBL-2H3 leukemia cells, specific recruitment
ASP to a surface near a bead resulted in unique mem
rotrusions that began to engulf the attached bead[34]. These
iffered from the elongated protrusions that occurred per
icular to a recruited Cdc42 allele, suggesting that WASP
e a more precise mechanism of membrane control, suit
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generating an engulfing membrane to capture effectors. Thus, it
is perhaps a failure of the T cell surface to sense and conform
to the APC, perhaps just at the onset TCR engagement, that is
most defective in WASP−/−cells rather than in the molecular
recruitment of proteins into the central zone of a defective con-
tact. In this light, the ability of a leading edge to wrap around a
surface may be seen as a unique form of projection and perhaps
one mediated most by WASP.

Recent studies have also suggested that WASP−/−T cells
show marginally reduced homing into lymph nodes and spleen
and show defective chemotaxis to CCL19[35]. These effects are
much less severe than, for example, homing of integrin deficient
cells. Indeed the defect in migration to lymph nodes may follow
the mold posed above as it might result from defective cell–cell
adhesions normally mediated in response to chemokine or other
surface molecule signaling. A small collection of chemokines
might also modulate WASP independently of Rac/Cdc42, per-
haps by direct phosphorylation[36]. It is believed that in non-
stimulated T cells WASP is complexed together with WIP, an
interaction which prevents its association with and activation by
Cdc42[37]. Ultimately WASP may play a more important part
in the fine-tuning of leading edge morphologies rather than in
motility-based leading edge behavior.

In contrast, the WASP-related Cdc42/Rac effectors, N-WASP
and Scar/Wave, are likely to play prominent roles in leading edge
behavior in T lymphocytes. Like WASP, N-WASP and Wave
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3.3. Inhibition of Rac/Cdc42 by Rho and the formation of
the uropod

No discussion of Rac and Cdc42 in motility is complete with-
out considering the antagonistic relationship of Rac/Cdc42 and
Rho. At the biochemical level, this latter relationship can be
demonstrated by introducing the active form of Rac and mea-
suring reciprocal decreases in cellular Rho activation[43]. At
the cellular level, while Rac and Cdc42 localize to the leading
edge in multiple cell types, Rho localizes to the trailing edge in
neutrophils[18].

Activation of Rho prevents the formation of leading edges in
neuroblastomas, even those initiated by overexpression of Tiam-
1 [21]. Conversely, inhibition of the major Rho effector, Rho
kinase (ROCK) and in monocytes results in multiple protrusions
[44]. In T lymphocytes, interfering with RhoA prevents detach-
ment of the trailing edge and also reduces the rate of migration
[45,46]. Neutrophils provide one of the most direct examples of
cross inhibition by Rho and Rac—Bourne and colleagues have
described these molecules functioning in concert to determine
‘frontness’ and ‘backness’. In this model, ‘frontness’ (the mak-
ing of a leading edge) is enhanced by Rac and inhibited by Rho,
while the making of a round non-protrusive surface (‘backness’)
is enhanced by constitutively active Rho and blocked by active
Rac [18]. These signals apparently feedback on one another
although the molecular nature of this feedback effect is still
u
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nfold upon Cdc42 or Rac binding to reveal an Arp2/3 b
ng motif. Injection of anti-N-WASP antibodies into fibrobla
revents filopodia formation, for example[38]. However, it is
nlikely that N-WASP is unique in the ability to generate filo
ia, as embryonic stem-cells from N-WASP deficient cells
evertheless capable of forming filopodia and lamellopodia[39].
lso, short hairpin RNA-mediated knockdown of the single S
rotein inDrosophila also results in reduced lamellopodia a
lopodia formation. Similarly, the migration of neutrophils
ntegrins in the presence of fMLP was inhibited by block
eptides against Scar but much less so by peptides that co

or binding with WASP[40]. At present, it is unknown whic
f the N-WASP and Scar/Wave players are responsible fo
seudopodial projections in T cells.

Beyond WASP, two other mechanisms arise for Rac/C
ctivation of leading edge behavior. First, Cdc42/Rac RBD
ation of the P21 kinase Pak results in upregulation of the k
ctivity and ultimately results in actin modulation. Second,
ctivation is frequently closely correlated with local produc
f PI(3,4,5)P3. There is no existing evidence that Rac ac

ion directly stimulates PI3-kinase activation. However, it wo
ppear that once locally activated PIP3 and Rac coloca

ion is tightly reinforced, perhaps via a feedback loop that
elp polarize protrusive activities[41]. One attractive playe

or this synergy is the P-Rex family of Rac GEFs[42]—the
EF activity of these proteins are activated by PIP3 in co
ation with Ras activation and the P-Rex family is though
ct as coincidence detectors for the presence of both. In

ion, Tiam-1 and Rac itself are PIP3 sensitive as a result of
omain that directs its localization to membranes bearing

ipids.
te
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nclear.
The net result of Rho activation (or Rac inactivation) is

uppression of membrane extension. This is ultimately a
ssary feature of a uropod—a structure from which memb
rotrusions are never observed. While this is partly due t
bsence of actin elongation initiated by Rac/Cdc42-like e

ors, it is also a result of the effects of Rho kinase on both inte
ffinity and cellular tension via myosins and/or ERMs as
ussed below.

. Regulated adhesive contacts

Localized cell adhesion and attachment of membrane
eins to the cytoskeleton is thought to allow actin extens
o be used as adhesive points for pushing/pulling, and
ompleting translation of the cell body. For this to occur,
ffinity of the leading edge of lymphocytes and their trai
ropods needs to be regulated differentially. Although the a
ion receptor that takes on the differential adhesive role in
s unknown, it is widely speculated that integrins, particul
FA-1 must play this role for T lymphocytes. In vitro, hum
cells that normally do not migrate on glass substrates c

nduced to migrate when plated on immobilized ICAM, show
hat differential ICAM/LFA-1 interactions and/or LFA-1 sign
ng may be sufficient to permit amoeboid movement[45,47,48].
urthermore, T cells that cannot deactivate LFA-1 due to m

ions in the�-chain cytoplasmic domain are essentially una
o crawl[49]. LFA-1 ligands are widely present in the lymph
nvironment including on DCs, B cells, and other neighbo
cells. Beyond LFA-1, other integrin receptors (VLA-4/�4�1)

re present on selected cells and surfaces in the lymph
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Both LFA-1 and�4�1 are known to be required for B cell entry
into marginal zone in the spleen[50] and a similar multiplex
requirement may be in place for the complete spectrum of T cell
motile behaviors, particularly when considering non-lymphoid
tissue sites.

4.1. Determinants of local integrin adhesion during
dynamic movement

Integrins and LFA-1 in particular are clearly a component
of the adhesive structure that constitutes the immunological
synapse. This likely results from TCR activation of protein-
kinase C (PKC) isoforms and PI3-kinase that signal for integrin
affinity upregulation. This process is thought to highly utilize
talin[4] which directly binds to and modulates integrin tails[51].
For T cell motility using LFA-1, talin mediated adhesion mecha-
nisms are possible, however numerous other proteins bind to and
modulate integrin tails. In the case of motility, the already com-
plex regulation of global integrin affinity and avidity is increased
by the need to differentially regulate affinity locally at specific
sites on the cell surface. This is clearly demonstrated by the
absence of crawling on ICAM-1 bilayers when LFA-1 is artifi-
cially kept in an open conformation[2].

In the case of crawling cells, a clear line of evidence con-
nects Rho activation at the uropod to integrin deactivation. For
T cells, Rho kinase at the trailing edge deactivates integrins,
a ding
b resu
f illin
a nte-
g ge
i es
r e to
t

addi
t acti
v
A ead-
i m
o uce
f to
o s to
i L
s des
c

5

ents
t atrix
( per-
h ired
t latio
o tion
a tion
a his
i TCR

signals in the uropod[1,56] despite the fact that a majority of
the T cell receptor is concentrated in this relatively small patch
of membrane[6].

5.1. Myosin II as a protrusive engine

As in most motile cells[57], one player mediating crawl-
ing on adhesive surfaces in T cells is active Myosin II. T cells
predominantly express a single Myosin II isoform called non-
muscle myosin heavy chain IIA (NMMHC-IIA) or MyH9[58].
Interference with active Myosin IIA, either through restriction
of the phosphorylation of the light chains[45], shRNA-mediated
loss of the heavy chain, or drug inhibition[58] result in T
cells with significantly diminished or absent motility. Notably,
shRNA or drug-mediated inhibition both give rise to cells lack-
ing a defined uropod suggesting that this structure in particular
requires motor-mediated tension to exist. This is consistent with
the posterior localization of Myosin II during chemotaxis inD.
discoideum [59] and in motile T cells[58]. Inhibition of Myosin
IIA, nonetheless, permits transient protrusions such as are gen-
erated suggesting that actin polymerization dependent leading
edge extension does not strictly require tension but that transla-
tion of the cell body does require this function.

5.2. Spatial control of Myosin II activity to coincide with
sites of binding and signaling
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rom a requirement for ROCK to deactivate Pyk2 and Pax
ctivation—both of which are otherwise associated with i
rin activation[44]. In this way, de-adhesion at the trailing ed

s clearly linked to ROCK and indeed, ROCK inhibition giv
ise to cells with extended uropodal projections probably du
heir ability to de-adhere[45].

Leading edge integrin adhesion may also occur via an
ional Rac-like GTPase called Rap1. Rap1 is known to be
ated by TCR engagement after which it localizes to the IS[52].
dditionally, it has recently been shown to be activated by l

ng edge chemokines as well[53]. Importantly, an activated for
f Rap1 enhances LFA-1 clustering and adhesion and ind

ast motility on ICAM/VCAM [52,53]. These effects appear
ccur by Rap1 direct activation of RapL which directly bind

ntegrins to activate them[54]. Notably, the knockout of Rap
how defects in T cell migration into secondary lymph no
onfirming its critical role in modulating this process[55].

. Regulated intracellular tension and protrusive forces

Integrins provide the most likely source of local attachm
o adjacent cells, the reticular network and extracellular m
ECM). A source of tension mediated by motor proteins and
aps the Ezrin–Radixin–Moesin (ERM) proteins is then requ

o translate contacts into changes in cell shape and trans
f the cell body. There is also feedback with actin elonga
nd integrin affinity here as Rho affects myosin motor func
nd ERM proteins in the uropod via ROCK. Additionally, t

ncreased tension may give rise to a bias against receiving
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Myosin II motors are modulated by regulatory light cha
nd heavy chain phosphorylation. Myosin light chains (M
re activated by phosphorylation and the known kinases m
ting this include two associated with the leading edge: my

ight chain kinase (MLCK) and myotonic dystrophy kina
elated Cdc42-binding kinase (MRCK)[60] and two associate
ith the uropod: Rho kinase and the Rho-sensitive citron ki

61]. Blockade of the calcium-sensitive MLCK using the d
L-7 demonstrated that this is required for the initiation of ad

ive contacts. Additionally, treatment of already adhered
hows that MLCK is required for continued pseudopodal ex
ion [45]. In contrast, Rho kinase, another kinase for my
ight chains appears to be required more for uropodal f
ions as treatment with ROCK inhibitors results in an inab
o release the uropod and subsequently very long extension
oor motility [45]. The functions for the remaining light cha
inases and existence of other players are as yet undiscov

During synapse formation, Myosin IIA/MyH9 is phosph
ylated at protein-kinase C sites in the heavy chain[58]. This
hosphorylation occurs as a result of increased calcium l

nduced by TCR stimulation. Evidence is now clear that he
hain phosphorylation of Myosin IIA/MyH9 at either the PK
within ACD of coil–coil and mts binding site) or casein-kina

(CK2—just outside of these) sites can significantly red
lament formation[62]. Such a reduction leads to the loss
ortical tension provided by the actin cytoskeleton[63–65]. A
imilar global loss of cytoskeletal tension is likely to be resp
ible for the loss of the uropodal integrity as well as allow
yosin IIA and possibly other proteins to translocate from

ormer uropod toward the synapse. Notably, phosphorylatio
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the CK2 site in particular prevents binding of the S100 protein,
mts1. This small protein is frequently overexpressed in highly
motile cells[66] including lymphocytes and tumor cells where
it confers metastatic potential[67,68]. At present, it is unclear
whether phosphorylation of filaments at distinct cellular sites
might also be a mechanism to regulate their contractile capac-
ity during crawling. It is notable, however, that in PC12 cells,
Tiam-1 overexpression or bradykinin (a Rac activator) induce
phosphorylation of Myosin II isoforms[69], suggesting that
these players also regulate local tension via controlling filament
formation.

5.3. ERM attachment of membrane proteins to the
cytoskeleton and control of cell shape

A major integrator of cell surface morphology and cytoskele-
tal rearrangements is the Ezrin–Radixin–Moesin family. The
canonical 4.1-ERM (FERM) domain present in these proteins
(as well as in talin and in Myosin X, for example) is capa-
ble of binding highly conserved positively charged sequences
on transmembrane proteins in their cytoplasmic domains while
alternative domains in ERM proteins can bind to actin. Whereas
c-terminal phosphorylated ERMs (cp-ERMs) are competent to
bind to transmembrane proteins, the dephosphorylated forms
are not. In T cells, ERMs reside primarily in the uropod
during motile behavior and are described as providing rigid-
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6. Signaling for T cell motility and stopping

Crawling T cells within a lymph node are subject to perturba-
tion of the crawling machinery as a result of multiple signaling
mechanisms.

6.1. TCR and the calcium signal

TCR signaling alters the dynamics of all three of the major
aspects of motility. On the one hand, TCR-induced WASP acti-
vation, presumably through leading edge activations of Vav and
Rac/Cdc42 alter the dynamics of actin assembly at this site, so
that rather than being purely protrusive, the leading edge now
acts to engulf the triggering APC. In addition, TCR signaling
induces a strong upregulation of LFA-1 activity—presumably
globally through mediators such as DAG/Ca2+ and their acti-
vation of PKC, and also perhaps locally at the synapse via such
players as Rap1/RapL[52]. Finally, strong calcium influx can
induce phosphorylation of the Myosin II heavy chain via an
unknown kinase leading to filament disassembly and the loss of
the uropod.

Calcium influx is, at present, the strongest candidate to medi-
ate the TCR-induced ‘stop’ signal. High intracellular calcium
levels are strongly correlated with cell rounding and lack of
motility in lymphocytes in vitro[1,74] and in thymocytes[75]
in vivo. As discussed above, this calcium rise has clear effects
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his setting.
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ia Vav1, which is a Rac activator[70] and may, therefore
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.2. Chemokine signaling
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dual requirement for Rho control as well as Cdc42 activation is
consistent with requirements for both leading edge protrusions
and uropodal tension to produce bona fide migration.

Chemokines also trigger upregulation of LFA-1 affinity,
which requires the activation of Rho as well as an atypical PKC
isoform [79]. Such atypical PKC isoforms rely on membrane
targeting for their function and are also associated with the
‘partitioning’ (Par) proteins in a number of species[80].
This raises the possibility that similar molecules are required
for effective chemokine signaling in T cells. Additionally,
chemokine-mediated adhesion to low-density but not high-
density ICAM-bearing surfaces appears to require PI3-kinase
function, suggesting that multiple pathways are involved in
chemokine-mediated adhesions[81]. Notably, chemokine
induced adhesion on its own is transient, on the order of
5 min [82], perhaps allowing for the cell to rapidly redirect its
attention to other stimuli after responding briefly to the first.

One of the most timely developments in the study of
chemokine regulated adhesion is the demonstration by Shamri
et al.[83] that surface immobilized chemokines have more pro-
found effects as compared with the same chemokines in soluble
form. In a recent study, this group demonstrated that immobi-
lized chemokine triggers localized LFA-1 extension and suggest
that ICAM ligands bound to the same surface are uniquely capa-
ble of capturing and stabilizing the upregulated integrin. This is
particularly intriguing for the T cell chemokines with respect
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merging evidence is demonstrating that CCR5, CXCR4
CR7 ligands costimulate T cell activation[88,89]. Together

his raises the issue of how these signals may interact d
ormal cell encounters to alter motility and adhesive beha

n response to the APC.
One unique area in which chemokines might influence T

eactivity lies in the formation of small microvilli on the surfa
f T cells. These small protrusions are the first point of c

act between T cells and other surfaces and their membran
omposed of unique contents relative to the planar memb
f the cell (the planar body). For example, CD4 and CD8
pparently uniquely localized to microvilli whereas CD3 is
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ind and mediate contact[91]. Notably, cp-ERMs localize t
icrovilli (perhaps mediating their existence) and chemo

ignaling can induce resorbtion of the microvilli through a me
nism that involved ERM dephosphorylation[92].
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Fig. 3. Motility on immobilized chemokine-bearing surfaces via competitive cellular adhesions. Immobilized chemokines with direct effects on integrin adhesiveness
may permit competitive cellular adhesions by presentation of these chemokines. This is shown in schematic for a T cell scanning a series of dendritic cells. The
surface loading of chemokine is indicated by the DC coloration, with darker DCs bearing more chemokine. Integrin adhesive contacts are indicated by adark green
patch at the T cell-DC contact. In (a–d) and (i–l), contact with an APC bearing more chemokine gives rise to a transfer of the cell body from one cell contact to
another. In (e–h), a DC bearing lower levels of chemokine is encountered and no transfer of adhesive site occurs.Supplementary data, animation available as movie
2.

This raises the possibility of distinct oxygen sensation in lym-
phocytes. A haem-containing guanylate cyclase homologue has
been found inC. elegans and this permits worms to sense and
chemotax towards distinct oxygen levels, for example, in soil.
The guanylate cyclase and an associated ion channel are thereby
responsible for social behavior as well as perhaps the depth
of localization of the worm in soil[93]. Homologues of this
gene are not clearly present in the mammalian genomes but the
observed oxygen dependence of general motility in lymph nodes
as well as evidence of HEV binding of T cells in lymph nodes[9]
might suggest a related mechanism to guide T cells to and around
vasculature. Notably, the cGMP pathway in worms detects an
optimum level of oxygen—both higher and lower oxygen lev-
els produce suboptimal migration. Such carefully tuned oxygen
sensing mechanisms might also help T cells to know whether

they were in the blood stream (higher oxygen tension—at which
point they also round up) or isolated in lymphoid compartments
(intermediate levels at which they crawl) or perhaps deep in
target tissue (where rapid crawling might once again be less
favored).

7. Complex interactions in the milieu

The signals from antigen receptors, chemokines, integrin
activation events and perhaps gas/energy sensing mechanism
obviously do not work in isolation and this raises the interesting
possibility of crosstalk between these mechanisms that alter the
fundamentals of ‘stopping’. In some cases, crawling cells might
thereby be restrained (by stable integrin activation patches at
the site of a contact) though still attempting to crawl (a ‘tether’)
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Fig. 4. Oxygen-dependent motility of T cells in isolated lymph nodes. T cells were labeled with CFSE and transferred to recipient mice. Inguinal lymphnodes were
isolated and perfused with RPMI alone (a) or with RPMI saturated with bubbling 95% O2 (b) and subjected to TPSLM analysis. In regions imaged at identical
depths within the lymph node, T cells were tracked in three-dimensions over time. Tracks (colored lines in (a) and (b)) were used to extract velocity information as
shown in (c–d) and show dramatically increased velocities in the presence of high oxygen concentrations.Supplementary data, movie 3shows the dynamics of cells
in these differing environments.

or might round up due to calcium influx despite highly adhe-
sive membrane patches that might otherwise guide chemotaxis.
Examples of some of these behaviors for T cells in lymph nodes
have previously been described[11] and those discussed below
are shown inSupplementary data, movie 4. Here we explore
these behaviors in some greater detail and speculate as to their
possible biochemical causes.

7.1. Canonical “immunological synapse” stopping

As discussed previously and presented inFig. 5a, conven-
tional TCR engagement in the absence of chemokine signaling
gives rise to an immunological synapse through a continu-
ous series of stopping events. This starts when TCR signaling
induces high calcium signaling, localized integrin activation at
the IS and a loss of uropodal integrity and motility. Ultimately,
receptors are recruited to the flattened contact site where they
assume central-, peripheral-, distal-, or mixed-SMAC patterns.

7.2. T cell “drive by” behavior

TCR triggering, particularly suboptimal and especially in
näıve cells, may be insufficient to turn off motility. Thus,
although mild adhesion may be generated and a slight increase
in dwell time on the APC may result, the cell ultimately contin-

ues to form leading edge protrusions capable of grabbing new
partners while the uropodal-based myosin network continues
to pump the cell forward (Fig. 5b). These short contacts may,
nonetheless, stimulate the cell to some degree and ultimately
second messengers may accumulate during each engagement
such that full-synapses can ultimately be formed—particularly
on ‘sticky’, chemokine rich or otherwise highly costimulatory
activated APCs. Examples of TCR mediated encounters that
fail to induce rounding up and stopping consistent with such a
mechanism have clearly been observed in collagen matrixes in
vitro [8] and probably also during the first hours of lymph node
priming in vivo [9–12].

7.3. T cell “stalling”

Crawling requires a precisely tuned level of a number of sec-
ond messengers, in particular calcium. In the presence of too
little calcium, the MLCK requirement for calcium/calmodulin
may not be met, and in the absence of MLCK T cells are poorly
adhesive to ICAM and show poor motility[45]. In contrast, when
intracellular calcium levels are high, Myosin IIA/MyH9 heavy
chain phosphorylation results in loss of myosin filamentation
and contractile function. Thus, cyclical stopping and rounding
may result from imbalances, either up or down, in calcium lev-
els, perhaps as a result of protein turnover or ER functioning
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Fig. 5. Alternative synapses and cellular behaviors. T cells are shown at time intervals during deviations from crawling. Sequential times are indicated as degrees
of green in cartoon models. Examples depicting these behaviors in a popliteal lymph node are shown in adjacent panels. Labeled T cells (green) and bonemarrow
derived dendritic cells (red) were imaged through TPSLM in excised lymph nodes maintained in O2 perfused media. Full movies, playing at 300× real-time available
asSupplementary data, movie 4a–d. (a) Canonical IS formation involves loss of uropodal structures, tight adhesion to an APC via a flattened leading edge and
receptor reorganization to form a c-SMAC. (b–d) Selected interactions lacking the canonical c-SMAC behavior are depicted. (b) “Drive by” interaction in which
insufficient calcium signal/Myosin IIA depolymerization is achieved during engagement with an APC. (c) T cell “stalling” in which intracellular calcium imbalance
results in either MLC global dephosphorylation due to insufficient calcium levels to activate MLCK and/or debundling of motor proteins due to non-TCR-induced
calcium signaling leading to Myosin IIA filament disassembly. Note that TCR may nevertheless remain polarized in the domain formerly comprising the uropod,
however, no flattened leading edge is formed with adjacent cells. (d) “Tethered contact” in which a high-affinity integrin adhesion patch prevents progress but distal
leading edge behavior continues or is enhanced as a result of polarized Rho activation at the site of integrin tethering.

associated with calcium stores. It should be noted that such
‘stopped’ cells are distinguished from prototypical immunologi-
cal synapses on the basis of their morphology—they would have
no flattened leading edges (Fig. 5c).

7.4. “Tethered contacts”

An imbalance of adhesive forces may arise in T lymphocytes
as a result of the numerous pathways mediating integrin adhe-
sion. Overactive adhesion contacts localized to a leading edge
that are not associated with a downregulation of actin polymer-
ization and/or myosin motor repression prevent the cell from
detaching. Such adhesions ultimately reside in the uropod as the
cell continues to attempt actin- and myosin-mediated transla-
tion resulting in a ‘tethered’ cell (Fig. 5d). Such ‘tethered’ cells
with uropodal adhesions have been observed in intact lymph
nodes[11] although the details surrounding/initiating the behav-
ior have note been well characterized. Also, T cells in vitro
appear to bind to one another via contacts on the uropod in the
presence of chemokines[94]. It has been argued that integrin
activation in the uropod resulting in a tether may be a mecha-
nism for recruitment of lymphocytes into tissues[94] although
their function in the context of dendritic cells and a total lymph
node environment[11] has not been determined.

8. Concluding remarks

There are numerous questions remaining to be answered
about how motility is internally regulated. Most notably, it
remains unclear how actin elongation and myosin tension
crosstalk to regulate the morphology. The evidence of ROCK
inhibition giving rise to hyperextended cells would suggest that
the Rho/Rac system plays one such role. However, the details of
this crosstalk have yet to be worked out.

More dramatically, it seems clear that regulation of each
aspect of motility independently can give rise to highly com-
plex motile behaviors as well as a select variety of ‘stopped’
behaviors in T lymphocytes. Transient, stalled or tethered con-
tacts, for example, may both influence T cell fate and also serve
as an indicators of the balance of specific signaling pathways in
T lymphocytes.
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[6] Krummel MF, Sjaastad MD, Ẅulfing C, Davis MM. Differen-
tial assembly of CD3� and CD4 during T cell activation. Science
2000;289:1349–52.

[7] Purbhoo MA, Irvine DJ, Huppa JB, Davis MM. T cell killing does not
require the formation of a stable mature immunological synapse. Nat
Immunol 2004.

E-B,
cells
nity

en-
ature

[ cell
es.

[ of
ience

[ is-
nce

[ z C,
apse

ytes.

[ iza-
unol

[ ck-
atl

[ in
Proc

[ grin-
l Cel

[ , et
nizin

[ h S,
lls.

[20] Mertens AE, Roovers RC, Collard JG. Regulation of Tiam1-Rac sig-
nalling. FEBS Lett 2003;546(1):11–6.

[21] van Leeuwen FN, Kain HE, Kammen RA, Michiels F, Kranenburg OW,
Collard JG. The guanine nucleotide exchange factor Tiam1 affects neu-
ronal morphology; opposing roles for the small GTPases Rac and Rho.
J Cell Biol 1997;139(3):797–807.

[22] del Pozo MA, Vicente-Manzanares M, Tejedor R, Serrador JM, Sanchez-
Madrid F. Rho GTPases control migration and polarization of adhesion
molecules and cytoskeletal ERM components in T lymphocytes. Eur J
Immunol 1999;29(11):3609–20.

[23] Wulfing C, Bauch A, Crabtree GR, Davis MM. The vav exchange factor
is an essential regulator in actin-dependent receptor translocation to the
lymphocyte-antigen-presenting cell interface. Proc Natl Acad Sci USA
2000;97(18):10150–5.

[24] Holsinger LJ, Graef IA, Swat W, Chi T, Bautista DM, Davidson L,
et al. Defects in actin-cap formation in Vav-deficient mice implicate
an actin requirement for lymphocyte signal transduction. Curr Biol
1998;8:563–72.

[25] Nalbant P, Hodgson L, Kraynov V, Toutchkine A, Hahn KM. Acti-
vation of endogenous Cdc42 visualized in living cells. Science
2004;305(5690):1615–9.

[26] Wedlich-Soldner R, Altschuler S, Wu L, Li R. Spontaneous cell polariza-
tion through actomyosin-based delivery of the Cdc42 GTPase. Science
2003;299(5610):1231–5.

[27] Gomes ER, Jani S, Gundersen GG. Nuclear movement regulated by
Cdc42, MRCK, myosin, and actin flow establishes MTOC polarization
in migrating cells. Cell 2005;121(3):451–63.

[28] Stower L, Yelon D, Berg LJ, Chant J. Regulation of the polarization of
T cells toward antigen-presenting cells by Ras-related GTPase CDC42.
Proc Natl Acad Sci USA 1995;92:5027–31.

[29] Glogauer M, Hartwig J, Stossel T. Two pathways through Cdc42 cou-
man

[ n M,
ement
ho-

[ H, et
for

[ LA,
CD2
f the

[ C,
ics

57–

[ y L,
cell-
tion.

[ t al.
ation

[ rich
omal

T-

[ RT,
uno-
ell

[ iki
and

[ D, et
ojec-
[8] Gunzer M, Schafer A, Borgmann S, Grabbe S, Zanker KS, Brocker
et al. Antigen presentation in extracellular matrix: interactions of T
with dendritic cells are dynamic, short-lived, and sequential. Immu
2000;13:323–32.

[9] Mempel TR, Henrickson SE, von Andrian UH. T-cell priming by d
dritic cells in lymph nodes occurs in three distinct phases. N
2004;417:154–9.

10] Miller MJ, Safrina O, Parker I, Cahalan MD. Imaging the single
dynamics of CD4+ T cell activation by dendritic cells in lymph nod
J Exp Med 2004;200(7):847–56.

11] Miller MJ, Wei SH, Parker I, Cahalan MD. Two-photon imaging
lymphocyte motility and antigen response in intact lymph node. Sc
2002;296(5574):1869–73.

12] Hugues S, Fetler L, Bonifaz L, Helft J, Amblard F, Amigorena S. D
tinct T cell dynamics in lymph nodes during the induction of tolera
and immunity. Nat Immunol 2004;5(12):1235–42.

13] Benvenuti F, Lagaudriere-Gesbert C, Grandjean I, Jancic C, Hivro
Trautmann A, et al. Dendritic cell maturation controls adhesion, syn
formation, and the duration of the interactions with naive T lymphoc
J Immunol 2004;172(1):292–301.

14] Watson AR, Lee WT. Differences in signaling molecule organ
tion between naive and memory CD4+ T lymphocytes. J Imm
2004;173(1):33–41.

15] Miller MJ, Wei SH, Cahalan MD, Parker I. Autonomous T cell traffi
ing examined in vivo with intravital two-photon microscopy. Proc N
Acad Sci USA 2003;100(5):2604–9.

16] Chung CY, Lee S, Biscoe C, Ellsworth C, Firtel RA. Role of Rac
controlling the actin cytoskeleton and chemotaxis in motile cells.
Natl Acad Sci USA 2000;97:5225–30.

17] D’Souza-Schorey C, Boettner B, Van Aelst L. Rac regulates inte
mediated spreading and increased adhesion of T lymphocytes. Mo
Biol 1998;18(7):3936–46.

18] Xu J, Wang F, Van Keymeulen A, Herzmark P, Straight A, Kelly K
al. Divergent signals and cytoskeletal assemblies regulate self-orga
polarity in neutrophils. Cell 2003;114(2):201–14.

19] Kraynov VS, Chamberlain C, Bokoch GM, Schwarz MA, Slabaug
Hahn KM. Localized Rac activation dynamics visualized in living ce
Science 2000;290:333–7.
l

g

ple the N-formyl receptor to actin nucleation in permeabilized hu
neutrophils. J Cell Biol 2000;150(4):785–96.

30] Zhang J, Shahabeldin A, da Cruz LAG, Butler J, Somani A, McGavi
et al. Antigen receptor-induced activation and cytoskeletal rearrang
are impaired in Wiskott–Aldrich syndrome protein-deficient lymp
cytes. J Exp Med 1999;190:1329–41.

31] Snapper SB, Rosen FS, Mizoguchi E, Cohen P, khan W, Liu C-
al. Wiskott–Aldrich syndrome protein-deficient mice reveal a role
WASP in T but not B cell activation. Immunity 1998;9:81–91.

32] Badour K, Zhang J, Shi F, McGavin MK, Rampersad V, Hardy
et al. The Wiskott–Aldrich syndrome protein acts downstream of
and the CD2AP and PSTPIP1 adaptors to promote formation o
immunological synapse. Immunity 2003;18(1):141–54.

33] Dupre L, Aiuti A, Trifari S, Martino S, Saracco P, Bordignon
et al. Wiskott–Aldrich syndrome protein regulates lipid raft dynam
during immunological synapse formation. Immunity 2002;17(2):1
66.

34] Castellano F, Montcourrier P, Guillemot JC, Gouin E, Machesk
Cossart P, et al. Inducible recruitment of Cdc42 or WASP to a
surface receptor triggers actin polymerization and filopodium forma
Curr Biol 1999;9(7):351–60.

35] Snapper SB, Meelu P, Nguyen D, Stockton BM, Bozza P, Alt FW, e
WASP deficiency leads to global defects of directed leukocyte migr
in vitro and in vivo. J Leukoc Biol 2005;77(6):993–8.

36] Okabe S, Fukuda S, Broxmeyer HE. Activation of Wiskott–Ald
syndrome protein and its association with other proteins by str
cell-derived factor-1[alpha] is associated with cell migration in a
lymphocyte line. Exp Hematol 2002;30(7):761–6.

37] Sasahara Y, Rachid R, Byrne MJ, de la Fuente MA, Abraham
Ramesh N, et al. Mechanism of recruitment of WASP to the imm
logical synapse and of its activation following TCR ligation. Mol C
2002;10(6):1269–81.

38] Martinez-Quiles N, Rohatgi R, Anton IM, Medina M, Saville SP, M
H, et al. WIP regulates N-WASP-mediated actin polymerization
filopodium formation. Nat Cell Biol 2001;3(5):484–91.

39] Snapper SB, Takeshima F, Anton I, Liu CH, Thomas SM, Nguyen
al. N-WASP deficiency reveals distinct pathways for cell surface pr

http://dx.doi.org/10.1016/j.smim.2005.09.006


398 R.S. Friedman et al. / Seminars in Immunology 17 (2005) 387–399

tions and microbial actin-based motility. Nat Cell Biol 2001;3(10):
897–904.

[40] Anderson SI, Behrendt B, Machesky LM, Insall RH, Nash GB. Linked
regulation of motility and integrin function in activated migrating neu-
trophils revealed by interference in remodelling of the cytoskeleton. Cell
Motil Cytoskeleton 2003;54(2):135–46.

[41] Srinivasan S, Wang F, Glavas S, Ott A, Hofmann F, Aktories K, et al.
Rac and Cdc42 play distinct roles in regulating PI(3,4,5)P3 and polarity
during neutrophil chemotaxis. J Cell Biol 2003;160(3):375–85.

[42] Welch HC, Coadwell WJ, Ellson CD, Ferguson GJ, Andrews
SR, Erdjument-Bromage H, et al. P-Rex1, a PtdIns(3,4,5)P3- and
Gbetagamma-regulated guanine-nucleotide exchange factor for Rac. Cell
2002;108(6):809–21.

[43] Sander EE, ten Klooster JP, van Delft S, van der Kammen RA, Collard
JG. Rac downregulates Rho activity: reciprocal balance between both
GTPases determines cellular morphology and migratory behavior. J Cell
Biol 1999;147(5):1009–22.

[44] Worthylake RA, Burridge K. RhoA and ROCK promote migration
by limiting membrane protrusions. J Biol Chem 2003;278(15):13578–
84.

[45] Smith A, Bracke M, Leitinger B, Porter JC, Hogg N. LFA-1-induced
T cell migration on ICAM-1 involves regulation of MLCK-mediated
attachment and ROCK-dependent detachment. J Cell Sci 2003;116(Part
15):3123–33.

[46] Woodside DG, Wooten DK, Teague TK, Miyamoto YJ, Caudell EG,
Udagawa T, et al. Control of T lymphocyte morphology by the GTPase
Rho. BMC Cell Biol 2003;4(1):2.

[47] Dustin ML, Carpen O, Springer TA. Regulation of locomotion and
cell–cell contact area by the LFA-1 and ICAM-1 adhesion receptors.
J Immunol 1992;148(9):2654–63.

[48] Dustin ML, Miller JM, Ranganath S, Vignali DA, Viner NJ, Nelson CA,
yers

shed-

[ DH,
n of

[ ntry

[ , et
grin

[ p1
tigen
ase.

[ hie
, cell
Cell

[ ing
ulatio

[ i Y,
ym-
45–

[ ells
a

[ of

[ gle
apse

[ al-
and

[60] Leung T, Chen XQ, Tan I, Manser E, Lim L. Myotonic dystrophy kinase-
related Cdc42-binding kinase acts as a Cdc42 effector in promoting
cytoskeletal reorganization. Mol Cell Biol 1998;18(1):130–40.

[61] Yamashiro S, Totsukawa G, Yamakita Y, Sasaki Y, Madaule P,
Ishizaki T, et al. Citron kinase, a Rho-dependent kinase, induces di-
phosphorylation of regulatory light chain of Myosin II. Mol Biol Cell
2003;14(5):1745–56.

[62] Dulyaninova NG, Malashkevich VN, Almo SC, Bresnick AR. Regulation
of Myosin-IIA assembly and mts1 binding by heavy chain phosphory-
lation. Biochemistry 2005;44(18):6867–76.

[63] Egelhoff TT, Lee RJ, Spudich JA. Dictyostelium myosin heavy chain
phosphorylation sites regulate myosin filament assembly and localization
in vivo. Cell 1993;75(2):363–71.

[64] Bresnick AR. Molecular mechanisms of nonmuscle Myosin-II regula-
tion. Curr Opin Cell Biol 1999;11(1):26–33.

[65] Redowicz MJ. Regulation of nonmuscle myosins by heavy chain phos-
phorylation. J Muscle Res Cell Motil 2001;22(2):163–73.

[66] Grigorian MS, Tulchinsky EM, Zain S, Ebralidze AK, Kramerov DA,
Kriajevska MV, et al. The mts1 gene and control of tumor metastasis.
Gene 1993;135(1–2):229–38.

[67] Ambartsumian NS, Grigorian MS, Larsen IF, Karlstrom O, Sidenius N,
Rygaard J, et al. Metastasis of mammary carcinomas in GRS/A hybrid
mice transgenic for the mts1 gene. Oncogene 1996;13(8):1621–30.

[68] Davies MP, Rudland PS, Robertson L, Parry EW, Jolicoeur P, Barra-
clough R. Expression of the calcium-binding protein S100A4 (p9Ka) in
MMTV-neu transgenic mice induces metastasis of mammary tumours.
Oncogene 1996;13(8):1631–7.

[69] van Leeuwen FN, van Delft S, Kain HE, van der Kammen RA, Col-
lard JG. Rac regulates phosphorylation of the Myosin-II heavy chain,
actinomyosin disassembly and cell spreading. Nat Cell Biol 1999;1(4):
242–8.

[ uth
ation
.

[ t acti-
le for
80.

[ esin
elial

[ s of
pod

[ og-
for

unol

[ mo-
mic

[ ctant-
5251):

[ PL.
acti-

[ c42
Cell

[ ntin
A-1
in

[ KC
n cell

[ C,
bility
et al. TCR-mediated adhesion of T cell hybridomas to planar bila
containing purified MHC class II/peptide complexes and receptor
ding during detachment. J Immunol 1996;157(5):2014–21.

49] Semmrich M, Smith A, Feterowski C, Beer S, Engelhardt B, Busch
et al. Importance of integrin LFA-1 deactivation for the generatio
immune responses. J Exp Med 2005;201(12):1987–98.

50] Lo CG, Lu TT, Cyster JG. Integrin-dependence of lymphocyte e
into the splenic white pulp. J Exp Med 2003;197(3):353–61.

51] Tadokoro S, Shattil SJ, Eto K, Tai V, Liddington RC, de Pereda JM
al. Talin binding to integrin beta tails: a final common step in inte
activation. Science 2003;302(5642):103–6.

52] Katagiri K, Hattori M, Minato N, Irie S, Takatsu K, Kinashi T. Ra
is a potent activation signal for leukocyte function-associated an
1 distinct from protein-kinase C and phosphatidylinositol-3-OH kin
Mol Cell Biol 2000;20(6):1956–69.

53] Shimonaka M, Katagiri K, Nakayama T, Fujita N, Tsuruo T, Yos
O, et al. Rap1 translates chemokine signals to integrin activation
polarization, and motility across vascular endothelium under flow. J
Biol 2003;161(2):417–27.

54] Katagiri K, Maeda A, Shimonaka M, Kinashi T. RAPL a Rap1-bind
molecule that mediates Rap1-induced adhesion through spatial reg
of LFA-1. Nat Immunol 2003;4(8):741–8.

55] Katagiri K, Ohnishi N, Kabashima K, Iyoda T, Takeda N, Shinka
et al. Crucial functions of the Rap1 effector molecule RAPL in l
phocyte and dendritic cell trafficking. Nat Immunol 2004;5(10):10
51.

56] Wei X, Tromberg BJ, Cahalan MD. Mapping the sensitivity of T c
with an optical trap: polarity and minimal number of receptors for C2+

signaling. Proc Natl Acad Sci USA 1999;96:8471–6.
57] Jay PY, Pham PA, Wong SA, Elson EL. A mechanical function

Myosin II in cell motility. J Cell Sci 1995;108(Part 1):387–93.
58] Jacobelli J, Chmura SA, Buxton DB, Davis MM, Krummel MF. A sin

class II myosin modulates T cell motility and stopping but not syn
assembly. Nat Immunol 2004;5:531–8.

59] Liang W, Licate L, Warrick H, Spudich J, Egelhoff T. Differential loc
ization in cells of Myosin II heavy chain kinases during cytokinesis
polarized migration. BMC Cell Biol 2002;3(1):19.
n

70] Faure S, Salazar-Fontana LI, Semichon M, Tybulewicz VL, Bism
G, Trautmann A, et al. ERM proteins regulate cytoskeleton relax
promoting T cell–APC conjugation. Nat Immunol 2004:1529–2908

71] Yonemura S, Matsui T, Tsukita S. Rho-dependent and -independen
vation mechanisms of ezrin/radixin/moesin proteins: an essential ro
polyphosphoinositides in vivo. J Cell Sci 2002;115(Part 12):2569–

72] Speck O, Hughes SC, Noren NK, Kulikauskas RM, Fehon RG. Mo
functions antagonistically to the Rho pathway to maintain epith
integrity. Nature 2003;421(6918):83–7.

73] Lee JH, Katakai T, Hara T, Gonda H, Sugai M, Shimizu A. Role
p-ERM and Rho-ROCK signaling in lymphocyte polarity and uro
formation. J Cell Biol 2004;167(2):327–37.

74] Delon J, Bercovici N, Liblau R, Trautmann A. Imaging antigen rec
nition by naive CD4+ T cells: compulsory cytoskeletal alterations
the triggering of an intracellular calcium response. Eur J Imm
1998;28:716–29.

75] Bhakta NR, Oh DY, Lewis RS. Calcium oscillations regulate thy
cyte motility during positive selection in the three-dimensional thy
environment. Nat Immunol 2005;6(2):143–51.

76] Laudanna C, Campbell JJ, Butcher EC. Role of Rho in chemoattra
activated leukocyte adhesion through integrins. Science 1996;271(
981–3.

77] Takesono A, Horai R, Mandai M, Dombroski D, Schwartzberg
Requirement for Tec kinases in chemokine-induced migration and
vation of Cdc42 and Rac. Curr Biol 2004;14(10):917–22.

78] Etienne-Manneville S, Hall A. Integrin-mediated activation of Cd
controls cell polarity in migrating astrocytes through PKCzeta.
2001;106(4):489–98.

79] Giagulli C, Scarpini E, Ottoboni L, Narumiya S, Butcher EC, Consta
G, et al. RhoA and zeta PKC control distinct modalities of LF
activation by chemokines: critical role of LFA-1 affinity triggering
lymphocyte in vivo homing. Immunity 2004;20(1):25–35.

80] Ohno S. Intercellular junctions and cellular polarity: the PAR–aP
complex, a conserved core cassette playing fundamental roles i
polarity. Curr Opin Cell Biol 2001;13(5):641–8.

81] Constantin G, Majeed M, Giagulli C, Piccio L, Kim JY, Butcher E
et al. Chemokines trigger immediate beta2 integrin affinity and mo



R.S. Friedman et al. / Seminars in Immunology 17 (2005) 387–399 399

changes: differential regulation and roles in lymphocyte arrest under
flow. Immunity 2000;13(6):759–69.

[82] Campbell JJ, Hedrick J, Zlotnik A, Siani MA, Thompson DA, Butcher
EC. Chemokines and the arrest of lymphocytes rolling under flow con-
ditions. Science 1998;279(5349):381–4.

[83] Shamri R, Grabovsky V, Gauguet JM, Feigelson S, Manevich E,
Kolanus W, et al. Lymphocyte arrest requires instantaneous induction
of an extended LFA-1 conformation mediated by endothelium-bound
chemokines. Nat Immunol 2005;6(5):497–506.

[84] Gretz JE, Norbury CC, Anderson AO, Proudfoot AE, Shaw S. Lymph-
borne chemokines and other low molecular weight molecules reach high
endothelial venules via specialized conduits while a functional barrier
limits access to the lymphocyte microenvironments in lymph node cor-
tex. J Exp Med 2000;192(10):1425–40.

[85] Bromley SK, Peterson DA, Gunn MD, Dustin ML. Cutting edge: hierar-
chy of chemokine receptor and TCR signals regulating T cell migration
and proliferation. J Immunol 2000;165(1):15–9.

[86] Peacock JW, Jirik FR. TCR activation inhibits chemotaxis toward stro-
mal cell-derived factor-1: evidence for reciprocal regulation between
CXCR4 and the TCR. J Immunol 1999;162(1):215–23.

[87] Bromley SK, Dustin ML. Stimulation of naive T-cell adhesion and
immunological synapse formation by chemokine-dependent and -
independent mechanisms. Immunology 2002;106(3):289–98.

[88] Flanagan K, Moroziewicz D, Kwak H, Horig H, Kaufman HL. The
lymphoid chemokine CCL21 costimulates naive T cell expansion and

Th1 polarization of non-regulatory CD4(+) T cells. Cell Immunol
2004;231(1–2):75–84.

[89] Molon B, Gri G, Bettella M, Gomez-Mouton C, Lanzavecchia A, Mar-
tinez AC, et al. T cell costimulation by chemokine receptors. Nat
Immunol 2005.

[90] Singer II, Scott S, Kawka DW, Chin J, Daugherty BL, DeMartino
JA, et al. CCR5, CXCR4, and CD4 are clustered and closely apposed
on microvilli of human macrophages and T cells. J Virol 2001;75(8):
3779–90.

[91] von Andrian UH, Hasslen SR, Nelson RD, Erlandsen SL, Butcher EC. A
central role for microvillous receptor presentation in leukocyte adhesion
under flow. Cell 1995;82(6):989–99.

[92] Brown MJ, Nijhara R, Hallam JA, Gignac M, Yamada KM, Erland-
sen SL, et al. Chemokine stimulation of human peripheral blood T
lymphocytes induces rapid dephosphorylation of ERM proteins, which
facilitates loss of microvilli and polarization. Blood 2003;102(12):3890–
9.

[93] Gray JM, Karow DS, Lu H, Chang AJ, Chang JS, Ellis RE, et al. Oxygen
sensation and social feeding mediated by aC. elegans guanylate cyclase
homologue. Nature 2004;430(6997):317–22.

[94] del Pozo MA, Cabanas C, Montoya MC, Ager A, Sanchez-Mateos
P, Sanchez-Madrid F. ICAMs redistributed by chemokines to cellular
uropods as a mechanism for recruitment of T lymphocytes. J Cell Biol
1997;137(2):493–508.


	Mechanisms of T cell motility and arrest: Deciphering the relationship between intra- and extracellular determinants
	Introduction
	T cell amoeboid movement: the interplay of cytoskeletal polymerization, adhesion and tension
	Actin protrusions underlying lymphocyte motility
	Growth of the leading edge via Rac and Cdc42
	Downstream effectors of Cdc42 and Rac at the leading edge
	Inhibition of Rac/Cdc42 by Rho and the formation of the uropod

	Regulated adhesive contacts
	Determinants of local integrin adhesion during dynamic movement

	Regulated intracellular tension and protrusive forces
	Myosin II as a protrusive engine
	Spatial control of Myosin II activity to coincide with sites of binding and signaling
	ERM attachment of membrane proteins to the cytoskeleton and control of cell shape

	Signaling for T cell motility and stopping
	TCR and the calcium signal
	Chemokine signaling
	Competitive actions of chemotactic and antigen-receptor signaling
	Oxygen and energy sensing?

	Complex interactions in the milieu
	Canonical "immunological synapse" stopping
	T cell "drive by" behavior
	T cell "stalling"
	"Tethered contacts"

	Concluding remarks
	Acknowledgements
	Supplementary data
	References


