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Abstract

Many immune cells can detect the direction and intensity of an extracellular chemical gradient, and migrate toward the source of stimulus.
This process, called chemotaxis, is essential for immune system function and homeostasis, and its deregulation is associated with serious
diseases. Chemotaxis is initiated by chemoattractant binding to heterotrimeric G protein-coupled receptors, which translate the gradients into
accurate directional migration. A necessary step in this process is cell polarization, the acquisition of functional and spatial asymmetry. The
use of new imaging technologies enables analysis of spatial and temporal changes in the activity of proteins and membrane domains involved
in polarization and chemotaxis. We discuss the sometimes contradictory evidence available and the emerging molecular model for immune
cell polarity and chemotaxis.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction cyte migration in response to inflammation, as well as the
homing of dendritic cells and ifnge lymphocytes to secondary
Cell migration is a crucial process in many important bio- lymphoid organs, which enables adaptive immune responses
logical events, including embryo implantation, developmen- and tissue homeostasis. As a corollary to the role of cell mi-
tal patterning, axon guidance and wound healing. In the im- gration in establishing a functional immune system, deregu-
mune system, migration is a prominent component of the lated movement of immune cells is associated with the devel-
leukocyte-mediated removal of invading microorganisms and opment of many pathological conditions, including autoim-
infected cells. Chemokines and their receptors regulate leuko-munity, chronic inflammation, immunodeficiency and cancer.
Immune cells can migrate in three ways. Chemotaxis
_ refers to a cell’s ability to move toward a source of a sol-
Abbreviations:Arp2/3, actin-related protein; CRAC, cytosolic regulator | ,ple chemoattractant molecule: chemokinesis is the increase
for adenylyl cyclase; DOCK-2, downstream of Crk-180 homolog-2 protein; ;o qom undirected cell motility, and haptotaxis is cell
ECM, extracellular matrix; ERM, ezrin-radixin-moesin; F-actin, filamen- . ) . . o
tous actin; fMLP, formyl-methionyl-leucyl-phenylalanine; FRET, fluores- migration toward a grad'ent of an immobilized substrate.
cence resonance energy transfer; GEF, guanine nucleotide exchange factoyVhether these processes are governed by the same molec-
GFP, green fluorescent protein; GM1, ganglioside-monosialic acid; GPCR, ular mechanisms is not known, but three basic principles can
G protein-coupled receptor; IQGAP, 1Q motif containing GTPase activat- pa applied to all of then[ll]. First. cells must become po-
ing protein; LFA-1, lymphocyte function-associated antigen; L-raft, leading | i, e to migrate. This means that migrating cells are mor-
edge raft; MLC, myosin light chain; MT, microtubule; MTOC, microtubule . . - . .
organizing center; PAK1, p21-activated kinase; PI3K, phosphatidylinositol- phologically and funCt'or_]a"y asymmetric, with two opposite
3 kinase; PKC, protein kinase C; PtdIns, phosphatidylinositol; PTEN, phos- compartments: the leading edge at the front and the uropod
phatase and tensin homolog on chromosome 10; RAPL, regulator for adhe-at the rear. Second, migration is a cyclic process, involving
sion and polarization enriched in lymphoid tissues; ROCK, Rho-associated the extension of protrusions (pseudopodia Iamellipodia and
coiled-coil kinase; U-raft, uropod raft; WASP, Wiskott—Aldrich syndrome fi . . .
. i ) ilopodia) at the cell front and retraction at the cell back. Fi-
protein; WAVE, WASP verprolin-homologous protein - . .
* Corresponding author. Tel.: +34 91 585 4840; fax: +34 91 372 0493, Nally, the ability to move is balanced by cell adhesion to the
E-mail addresssmanes@cnb.uam.es (S. iés). extracellular matrix (ECM), at least in vitro. On overly sticky
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surfaces, cells flatten but cannot crawl, whereas on insuffi- Basal
ciently sticky surfaces, cells cannot generate traction forces , e /\
to move forward. fambrans®]
Our present understanding of cell migration derives from | Basal
studies of different cell types, modes of migration, and en-  Chemo- : medium
. . .. . . . attractant Chemo
vironments. This variation explains the discrepancies among A) ®) attractant

studies and complicates full comprehension of the process.

Some components are nonetheless shared under different

conditions, indicating solid elements in the cell migration Chemo- Basal
program. In this review, we will focus on the spatial and func- attractant Cells modium
tional polarization of immune cells engaged in chemotaxis.

It is inevitable, but also helpful, to look at other cell types

that polarize in response to attractants, as this highlights the

basic molecular mechanisms involved in cell polarity.

(©)

2. Basic prlnC|pIes of chemotaxis Fig. 1. Methods for studying chemotaxis. (A) Boyden chamber assay. Cells

. . ) . are plated on a porous membrane in a well, which is placed over a chamber
During chemotaxis, a cell must determine the general di- containing the chemoattractant; a gradient is formed by passive diffusion.

rection of the signal source and orient itself accordingly. This The magnitude of the chemotactic response is quantified by comparing the
is possible since chemotaxing cells are extremely sensitive to_number of cells that‘traverse the filter to the basal levels qf transmigratiqn
small differences in chemoattractant concentrations between” the absence of stimulus. Transwell assays are appropriate for screening
. . . and easy to perform, but can be misleading, since results are influenced by
the cell frontand rear; for example, neutrophils can identify a changes in adhesion, motility, or spatial orientation. Moreover, they do not
2% difference in chemoattractant concentration overarh0 permit measurement of cell migration speed or small changes in the direction
distance (the length of the cell2]. Shallow extracellular  of moving cells. (B) The Dunn direct-viewing chemotaxis chamber is built
chemoattractant gradients are amplified into steep intracellu-on the principles of the Zigmond chamber, and offers the possibility of
lar gradients (a process termed directional sensing), |eading|mag|ng mlgratl_on wlthln alinear chemoattra_\ctantgradlent.'(C) The under-

. . ., Jagarose cell migration assay for chemotaxis and chemokinesis creates an
to spatial and functional asymmetry. Based on currently avail- environment with complex spatial and temporal chemotactic gradients; it
able techniques for chemotaxis analys$tgy( 1), two major can be adapted for real-time imaging and fluorescence studies. (D) Real-
models have been proposed for directional senBhgThe time imaging experiments create a diffusion gradient using a point source of
spatial sensing model involves the detection of differences in chemoking, such as apipette tip. This method was usr_edto showchemotaxisin
chemoattractant concentrations across the cell, whereas temP'costelium neuronal growth cones, and neutrophils. Coupled with GFP

L. . . technology, such assays permit real-time analysis of membrane receptors

poral sensing implies that cells sense time-dependent changeg, signaling intermediates in moving cells.
in concentration as they move. Small motile cells such as bac-
teria rely mainly on temporal sensing, but eukaryotic cells use
spatial and temporal sensing simultaneously. For both mech-3. Chemoattractant receptors: sensing devices
anisms, receptor modification and downregulation are key
adaptations to prevent receptor saturation. Chemoattractants are the spatial signals that initiate and

Directional sensing is regulated by the interplay of var- maintain cell polarization during chemotaxis. Most known
ious signaling pathways and other cellular events, presum-chemoattractants bind to seven-transmembrane receptors
ably connected to the actin polymerization machinery, which coupled to heterotrimeric G proteins (GPCR) that contain the
is the basal mechanism of pseudopod formafijn In the Goa.: subunitand mediate chemotaxis througdyGubunit re-
absence of chemoattractants, a cell extends pseudopodia itease. Data suggest that GPCR also govern cell polarity and
more or less random directions. In the presence of a chemo-chemotaxis in response to different non-GPCR agoft$ts
tactic gradient, however, actin polymerization is biased to This highlights the importance of dissecting GPCR signaling
produce more pseudopodia at the cell front, defined as theto understand the mechanisms of cell polarity.
site of the highest chemoattractant concentration. In neu- There is debate as to the location of GPCR in polarized
trophils and lymphocytes, this polarity is very persistent even immune cells. It was initially reported that formyl-methionyl-
in a homogeneous chemoattractant solution; & @nge leucyl-phenylalanine (fMLP) receptors in neutrophils, and
in gradient direction usually leads cells to make U-tJgjs the CCR2, CCR5, and CXCR4 chemokine receptors in some
This contrasts wittDictyosteliumcells, in which polarity is lymphocyte subsets were located preferentially at the lead-
a fairly transient state, and a cell usually develops a new ing edge of polarized cells (for review, sg&). Nonetheless,
leading edge when the gradient source is changed. In the fol-experiments using GFP-tagged receptors suggested that C5a
lowing sections, we will scrutinize the molecular machinery receptors on human neutrophils did not concentrate at the
that underlies persistent cell polarization and migration in leading edge of polarized moving c€l§; although receptor

chemoattractant gradients. number was apparently enriched in some polarized cells, this
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