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Summary

T-cell scanning for antigen-presenting cells (APC) is a finely tuned pro-

cess. Whereas non-cognate APC trigger T-cell motility via chemokines

and intercellular adhesion molecule-1 (ICAM-1), cognate APC deliver a

stop signal resulting from antigen recognition. We tested in vitro the con-

tribution of the actin cytoskeleton regulator Wiskott–Aldrich syndrome

protein (WASP) to the scanning activity of primary human CD4+ T cells.

WASP knock-down resulted in increased T-cell motility upon encounter

with non-cognate dendritic cells or B cells and reduced capacity to stop

following antigen recognition. The high motility of WASP-deficient T cells

was accompanied by a diminished ability to round up and to stabilize

pauses. WASP-deficient T cells migrated in a normal proportion towards

CXCL12, CCL19 and CCL21, but displayed an increased adhesion and

elongation on ICAM-1. The elongated morphology of WASP-deficient

T cells was related to a reduced confinement of high-affinity lympho-

cyte function-associated antigen 1 to the mid-cell zone. Our data there-

fore indicate that WASP controls CD4+ T-cell motility upon APC

encounter by regulating lymphocyte function-associated antigen 1 spatial

distribution.

Keywords: antigen-presenting cell scanning; lymphocyte function-associ-

ated antigen 1; T-cell motility; Wiskott–Aldrich syndrome protein.

Introduction

Efficacious and controlled adaptive immune responses

depend on fine tuning of the motility behaviour of

T cells, during their search for antigen-presenting cells

(APC) in lymphoid organs and peripheral tissues.1 Intra-

vital microscopy analysis has revealed that, in the absence

of antigen, T cells crawl in an amoeboid manner within

lymph nodes, cycling between highly motile and non-

motile states.2 In the presence of antigen, the recognition

of cognate APC by the engagement of the T-cell receptor

delivers a stop signal through lymphocyte-function-asso-

ciated antigen 1 (LFA-1) -driven adhesion strengthening.3

This allows sustained T-cell/APC interactions to take

place4 in the form of immunological synapses that will

orchestrate the antigenic activation.5,6 Although T-cell

motility during scanning may appear as a random behav-

iour, it is controlled by adhesive and chemotactic signals

provided by both cellular and extracellular components of

the tissue environment.7 In addition to the fibroblastic

reticular cell network that guides T-cell trajectories,8 APC

themselves are key regulators of T-cell motility. Indeed,

non-cognate APC trigger T-cell motility, a step required

for efficient exploration of cognate APC.9 Moreover,

non-cognate dendritic cells (DC) presenting self-antigen

deliver homeostatic signals to CD4+ T cells that promote

survival and increase responsiveness to subsequent

encounters with cognate APC.10–12 The DC-driven CD4+

T-cell motility can be recapitulated in vitro with speed

and motility behaviour comparable to those observed in

lymph nodes.4,13 Experiments in vitro have shown that

intercellular adhesion molecule 1 (ICAM-1) and chemo-

Abbreviations: shRNA short hairpin RNA; WAS Wiskott–Aldrich syndrome; WASP Wiskott–Aldrich syndrome protein; iDC
immature dendritic cells
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kines produced by immature DC (iDC) are responsible

for the induction of T-cell motility.13

Although the motility signals delivered by APC contrib-

ute to setting the pulse to CD4+ T-cell scanning, it

remains to be investigated which molecules integrate

these signals from the T-cell side. Actin cytoskeleton

remodelling proteins are known to be of central impor-

tance for the control of T-cell motility in response to

chemokines and in complex tissue environments.14 A

regulator of actin cytoskeleton in haematopoietic cells is

the Wiskott–Aldrich syndrome protein (WASP), which

deficiency causes the Wiskott–Aldrich syndrome (WAS).

A combination of defects affecting T-cell activation is

believed to contribute to the abnormal immune responses

accounting for the high susceptibility of WAS patients to

develop infections, malignancies and autoimmune disor-

ders. In the context of WAS, T-cell encounter with APC

may be reduced or delayed because WASP has been

reported to regulate T-cell chemotaxis15 and homing to

secondary lymphoid organs.16,17 Furthermore, upon

encounter with cognate APC, WASP appears to tune

T-cell activation by regulating immunological synapse

assembly through local actin polymerization.18–20 Recent

studies based on live imaging have further defined the

role of WASP as a molecule promoting symmetry and

focused T-cell receptor engagement at the immunological

synapse.21,22

Given the evidence of a functional contribution of

WASP to T-cell migration and immunological synapse

dynamics, we investigated whether WASP could regulate

T-cell scanning. In particular, we focused on the phase of

T-cell motility driven by non-cognate APC. Primary

human CD4+ T cells in which WASP was knocked-down

with a short hairpin RNA (shRNA) -encoding lentiviral

vector elongated abnormally and displayed a reduced

propensity to pause at the contact with autologous iDC.

The abnormal scanning behaviour of WASP-deficient

T cells was linked to a spatial dispersion of high-affinity

LFA-1. Our study therefore unravels a new role of

WASP as a brake that controls T-cell motility during

APC scanning.

Materials and methods

Cell lines

Blood samples from patients with WAS and healthy

donors were obtained following standard ethical proce-

dures and as per French Bioethics law and with the

approval of the local ethics committee. Patients WAS1
and WAS2 were reported by Calvez et al.22 and are

known to have defective WASP expression. Patient WAS4
was reported by Trifari et al.23 and is known to express

WASP in half of his CD4+ T cells as a result of spontane-

ous corrective mutation. CD4+ T cells were directly

isolated from the blood of healthy donors by negative

depletion using Rosette Sep (StemCell Technologies, Van-

couver, BC, Canada). Vb2
+ CD4+ T cells were then posi-

tively selected by incubating the CD4+ T cells with a

phycoerythrin (PE) -labelled anti-T-cell receptor Vb2
monoclonal antibody (mAb; Beckman Coulter, Fullerton,

CA) followed by magnetic sorting (StemCell Technolo-

gies). Freshly isolated Vb2
+ CD4+ T cells were expanded

with anti-CD3/CD28-coated Dynabeads (Invitrogen,

Carlsbad, CA) in RPMI-1640 containing 5% human

serum and 100 U/ml interleukin-2. The Vb2
+ CD4+ T cell

lines were restimulated as described above every

19–21 days. Vb2
+ CD4+ T cells from a WAS patient and

a control healthy donor were generated as previously

described.22 The Vb2
+ CD4+ T cells were used for

functional assays when they had regained a resting state

(14–21 days after activation). Epstein–Barr virus-trans-

formed B cells (JY cell line) were cultured in complete

medium (RPMI-1640 containing 10% fetal calf serum).

CD14+ cells were obtained by positive magnetic cell puri-

fication (Miltenyi Biotec, Bergisch Gladbach, Germany)

and differentiated into iDC by a 6-day culture in com-

plete medium supplemented with interleukin-4 and

granulocyte–macrophage colony-stimulating factor (R&D

Systems, Minneapolis, MN). The phenotype of the differ-

ent cell types was assessed by FACS analysis (FACSCali-

bur; BD Biosciences, San Jose, CA) using PE-labelled

anti-TCRVb2 mAb (Beckman Coulter), PE-CY5-labelled

anti-CD4 mAb, FITC-labelled anti-CD14 mAb, PE-Cy5-

labelled anti-CD11c mAb, FITC-labelled anti-HLA-DR,

DP, DQ mAb, PE-labelled anti-CD83 mAb and FITC-

labelled anti-CD86 mAb (all from BD Biosciences).

Results were analysed with the FLOWJO software (Tree

Star, Ashland, OR). Purity of Vb2
+ CD4+ T cells and iDC

was routinely between 95 and 99%.

Transduction with shRNA-encoding lentiviral vectors

At day 3 after stimulation with anti-CD3/CD28-coated

beads, Vb2
+ CD4+ T cells were transduced with previ-

ously optimized lentiviral vectors encoding green fluores-

cent protein (GFP) and two copies of the shRNA

sequences targeting WAS or an irrelevant control (scram-

ble).24 Transduction was performed at a multiplicity of

infection of 30 over 6 h in RPMI-1640 containing 5%

human serum, interleukin-2 (100 U/ml) and polybrene

(4 lg/ml). At day 10 after transduction, GFP-positive

CD4+ T cells were sorted on a FACSAria II sorter

(BD Biosciences). Transduced cells were analysed for

GFP and WASP expression by FACS. Cells were fixed/

permeabilized, labelled with anti-WASP mAb (5A5; BD

Biosciences) followed by A647-labelled GAM-IgG2a

mAb (Invitrogen) and subsequently acquired on a

FACSCalibur cytometer and analysed using the FLOWJO

software. The inhibition of WASP expression was
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assessed in parallel by Western blot, as previously

described.22 Proliferation of transduced T cells was

measured by liquid scintillation counting of [3H]thymi-

dine incorporation following stimulation for 72 hr with

immobilized anti-CD3 mAb (OKT3; ebiosciences, San

Diego, CA).

Expression analysis of chemokines, chemokine
receptors and ICAM-1/LFA-1

The JY cells and iDC were fixed with 1% paraformalde-

hyde, then stained with anti-CXCL12 mAb (K15C, kindly

provided by F. Arenzana-Seisdedos) or an anti-CCL19

mAb (R&D systems) followed by A488-labelled GAM

IgG2a or A488-labelled GAM IgG2b mAb, respectively

(Invitrogen) or with PE-labelled anti-ICAM-1 Ab (BD

Biosciences). CD4+ T cells were incubated with

PE-labelled anti-CXCR4 antibody or with an A647-

labelled anti-CCR7 antibody (both from BD Pharmingen,

San Jose, CA). Expression of LFA-1 conformation was

measured by a 5-min incubation with the following anti-

bodies: HI111 (Biolegend, San Diego, CA), KIM127

(kindly provided by N. Hogg), 24 (Abcam, Cambridge,

UK), then incubated for an additional 5 min with 1 lg/
ml CXCL12 (Peprotech, London, UK), washed and incu-

bated with A647-labelled anti-IGg1 mAb (Invitrogen). All

samples were subsequently acquired on a FASCScan or

FACSCalibur cytometer (BD Biosciences) and analysed

using the FLOWJO software.

Survival assay

Vb2
+ CD4+ T cells (1 9 105) were cultured alone or in

the presence of iDC (0�5 9 105) in serum-free medium.

After 2, 4 and 6 days of culture, cells were harvested

and stained with 7-AAD (BD Biosciences). Expression of

7-AAD was subsequently measured on a FACSCalibur

cytometer (BD Biosciences) and analysed with the FLOWJO

software. Cell survival was determined as the percentage

of 7-AAD-positive T cells over total T cells.

Transwell assay

Migration assays were performed in 24-chamber plates

using Transwell inserts with 5-lm pores (Costar, Cam-

bridge, MA). Vb2
+ CD4+ T cells (5 9 105) were placed

onto the upper chamber in serum-free medium while

the lower chamber was filled with serum-free medium

supplemented or not with CXCL12, CCL19 or CCL21

(Peprotech) at the indicated concentration. After 2 hr of

incubation at 37° in 5% CO2, cells that migrated into the

lower chamber were harvested and counted with reference

beads (Calibration beads; BD Biosciences) on a FACSCali-

bur cytometer (BD Biosciences). The percentage of

migrating cells was determined as follows: number of

migrating cells (lower chamber)/total number of cells

(input) 9 100. To measure JY cell-driven Vb2
+ CD4+

T-cell transmigration, PFA-fixed JY cells loaded or not

with TSST-1 superantigen (Toxin Technology, Sarasota,

FL) were incubated for 8 min with T cells at the

JY : T-cell ratio indicated and then transferred onto the

upper chamber of a Transwell. Following 3-hr incubation

at 37° in 5% CO2, the percentage of transmigrating

T cells was determined as above.

Video microscopy

Vb2
+ CD4+ T cells (0�2 9 105) and APC (0�1 9 105)

were incubated for 8 min and transferred to poly-

D-lysine-coated Lab-Tek chambers (Nunc, Rochester,

NY). Under some conditions, T cells were pre-treated

overnight with pertussis toxin (Calbiochem, Darmstadt,

Germany) or for 1 hr with anti-LFA-1 blocking antibody

(HI111). Cells were recorded at 37° in 5% CO2 on an

LSM 510 confocal microscope equipped with a 9 40–1�3
oil immersion Plan-Apochromat objective (CarlZeiss AG,

Jena, Germany). Using the multi-position macro of the

Zeiss LSM IMAGE BROWSER, the different cell types were

recorded in parallel for 2 hr. For each film, 20 cells were

tracked with the MANUAL TRACKING plugin of the IMAGEJ

software (U.S National Institutes of Health, Bethesda,

MD). Tracks were plotted by fixing the starting location

of each cell at the x-y graph origin using the CHEMOTAXIS

TOOLS OF IBIDI (Martinsried, Germany). Motility parame-

ters, including mean velocity, accumulated distance, max-

imal distance from origin, instantaneous velocity, pause

frequency and pause duration were calculated using IBIDI

chemotaxis tools and a macro developed by D. Sapède

(INSERM). For the measurement of adhesion to ICAM-1,

CD4+ T cells were incubated for 10 min on Lab-Tek

chambers coated with recombinant ICAM-1/Fc chimera

(10 lg/ml; R&D Systems). Cells were recorded over

5 min at 37° in 5% CO2 on an LSM 510 confocal micro-

scope equipped with a 9 40–1�3 oil immersion Plan-Apo-

chromat objective. Adhesion was calculated as the

fraction of cells adhering to the coated surface in relation

to the total number of cells. Adherent cells were identified

by the emission of various protrusions over the ICAM-1-

coated surface, whereas non-adherent cells were identified

as inert cells floating above the bottom of the chambers.

The roundness coefficient of the cells was measured after

10-min incubation on ICAM-1 by drawing the outline of

each cell using the LIVEWIRE 2D plugin of IMAGEJ and

applying the Roundness Coefficient of IMAGEJ.

Immunofluorescence staining

To investigate the spatial distribution of LFA-1 under its

intermediate-affinity and high-affinity conformations,

Vb2
+ CD4+ T cells were seeded for 30 min at 37° onto
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glass slides (Erie Scientific, Portsmouth, NH) coated with

10 lg/ml recombinant ICAM-1/Fc chimera, then fixed

with 3% paraformaldehyde and permeabilized with 0�1%
saponin and 3% BSA. Cells were stained with anti-WASP

antibody (H-250; Santa Cruz Biotechnology, Santa Cruz,

CA) and with either KIM127 or 24 antibody, followed by

A647-labelled anti-rabbit antibody and A546-labelled

anti-IgG1 antibody (both from Invitrogen). F-actin was

stained with A350-labelled phalloidin (Molecular Probes,

Eugene, OR). Slides were mounted with in 90% glycerol-

PBS containing 2�5% 1,4-diazabicyclo[2.2.2]octane (Fluka,

Geneva, Switzerland) and examined with an LSM 710

confocal microscope equipped with a 9 63–1�4 oil

immersion Plan-Apochromat objective (CarlZeiss AG).

The profile of 24 and KIM-127 antibody staining inten-

sity was measured on IMAGEJ by tracing a line along the

longitudinal T-cell axis, from the leading edge to the tip

of the uropod. To compare the distribution of the high-

affinity and intermediate-affinity LFA-1 in WASP-positive

and WASP-depleted cells, the area under the curve for

the 24 antibody staining was calculated at the mid-body

(10–14 lm) and the area under the curve for the KIM127

antibody staining was calculated at the cell front

(1–3 lm) and at the cell rear (12–22 lm). To investigate

local actin polarization and cell morphology, Vb2
+ CD4+

T cells were incubated with latex beads pre-coated with

10 lg/ml recombinant ICAM-1/Fc chimera at a 2 : 1 cell

to bead ratio for 30 min. Cell–bead conjugates were

seeded on poly-D-lysine-coated glass slides, then fixed

with 3% paraformaldehyde and permeabilized with 0�1%
saponin and 3% BSA. Cells were stained with anti-WASP

antibody (H-250; Santa Cruz Biotechnology) followed by

A633-labelled anti-rabbit antibody (Invitrogen) and with

A546-labelled phalloidin (Molecular Probes). Slides were

mounted with 90% glycerol-PBS containing 2�5% 1,4-

diazabicyclo[2�2�2]octane and examined with an LSM 710

confocal microscope equipped with a 9 63–1�4 oil

immersion Plan-Apochromat objective (CarlZeiss AG).

Results

Generation of WASP-deficient primary human CD4+

T cells

To investigate the role of WASP in the scanning behav-

iour of human CD4+ T cells, its expression was knocked-

down in Vb2+ CD4+ T cells purified from the blood of

healthy donors. For that purpose, CD4+ T cells were

transduced with a lentiviral vector encoding two copies of

a WASP-specific shRNA (shWASP) and expressing GFP

as a reporter gene, allowing purification of transduced

cells by flow cell sorting. WASP expression was efficiently

inhibited in transduced cells as shown by flow cytometry

and confirmed by Western blot analysis (Fig. 1a,b). In

comparison, the transduction of primary human CD4+

T cells with a control vector encoding a control scramble

shRNA and GFP (shControl) had no effect on WASP

expression. In shWASP CD4+ T cells, WASP expression

remained at undetectable levels following several stimula-

tion cycles, indicating that a stable inhibition of WASP

expression was achieved (data not shown). The shRNA-

mediated WASP knock-down approach was then vali-

dated at a functional level because shWASP CD4+ T cells

harboured a proliferation defect following TCR stimula-

tion (Fig. 1c), as previously described for CD4+ T cells

from WAS patients.22 Therefore, primary human CD4+

T cells transduced with the shWASP lentiviral vector can

be used as a relevant model to study the role of WASP in

T-cell scanning.

Increased motility of WASP-deficient CD4+ T cells
upon contact with non-cognate APC

To first investigate the role of WASP in non-cognate

APC-induced T-cell motility, live CD4+ T cells and fixed

Epstein–Barr virus-transformed B cells (JY cell line) were

seeded in the upper chamber of a Transwell. T-cell motil-

ity was assessed as the capacity of T cells to transmigrate

to the lower Transwell chamber within 3 hr. In the

absence of JY cells, approximately 10% of control and

WASP-deficient CD4+ T cells were able to transmigrate

(Fig. 2a). In the presence of JY cells, the transmigration

of control CD4+ T cells was increased, thereby revealing

JY cell-induced T-cell motility. Reproducibly, the JY cell-

induced motility of shWASP T cells was higher than that

of control T cells (+ 41% on average). The increased

motility of WASP-deficient T cells was confirmed when

titrating down the number of JY cells and thereby reduc-

ing the JY : T ratio (see Supplementary material,

Fig. S1a). Given the increased motility of WASP-deficient

CD4+ T cells upon encounter with non-cognate JY cells,

we next assessed their capacity to stop upon encounter

with JY cells presenting increasing concentrations of

TSST-1 superantigen (Fig. 2b). At high superantigen

doses (1 and 10 ng/ml), the JY cell-induced transmigra-

tion of both shControl and shWASP CD4+ T cells was

prevented, indicating that WASP deficiency did not alter

the sensing of the superantigen-driven stop signal. Never-

theless, shWASP CD4+ T cells remained more mobile

than shControl cells in the presence of JY cells presenting

a lower dose of TSST-1 (0�1 ng/ml). To investigate the

functional consequence of the increased motility of

shWASP CD4+ T cells, cell survival promoted by APC

was measured over 6 days of culture (Fig. 2c). In the

absence of APC, the mortality rate of shWASP CD4+

T cells was slightly increased compared with shControl

CD4+ T cells. As expected, the presence of APC (iDC)

strongly diminished the mortality of shControl CD4+

T cells. Interestingly, iDC reduced spontaneous death of

shWASP CD4+ T cells to a level comparable to that of
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shControl CD4+ T cells. Collectively, these data reveal

that the abnormally high APC-driven T-cell motility

observed in WASP-deficient T cells may counteract their

capacity to stop following antigen recognition and

neutralize their increased spontaneous death.

WASP-deficient CD4+ T cells pause less upon contact
with non-cognate APC

To better characterize the high motility behaviour of

WASP-deficient CD4+ T cells in the presence of non-cog-

nate APC, we tracked shControl and shWASP CD4+

T cells by real-time microscopy as they encountered

autologous iDC (Fig. 3a) or JY cells (see Supplementary

material, Fig. S1b). In the presence of non-cognate APC,

CD4+ T cells acquired a random motile behaviour as

illustrated by their multidirectional migratory paths.

Notably, the proportion of fast-migrating CD4+ T cells

(> 1�8 lm/min, red tracks) was higher for shWASP

CD4+ T cells than for shControl CD4+ T cells. WASP-

deficient T cells were very motile within a confined area

relatively close to their starting position (Fig. 3a and

Supplementary material, Fig. S1b). Accordingly, the

analysis of APC-induced motility parameters (Fig. 3b and

Supplementary material, Fig. S1c) showed that, compared

with shControl CD4+ T cells, shWASP CD4+ T cells

acquired a higher mean velocity and an increased

accumulated distance, without moving further away from

their origin. We then investigated whether the increased

motility of shWASP CD4+ T cells was related to a higher

instantaneous speed. The speed of both shControl and

shWASP CD4+ T cells fluctuated over time within a

comparable range of 0 – 25 lm/min. However, when

considering the alternation of motile phases (white areas)

and pauses (grey areas), shWASP CD4+ T cells spent less

time in pause than control cells over the observation

period (Figs. 3c and Supplementary material, Fig. S2a).

This was linked to a decreased pause length rather than

to a reduced pause frequency (see Supplementary mate-

rial, Fig. S2b). Together, these data show that in the

context of non-cognate iDC encounter, WASP-deficient

T cells harbour a restless scanning behaviour because of a

reduced ability to pause.

WASP-deficiency promotes CD4+ T-cell adhesion to
ICAM-1

T-cell motility induced by non-cognate APC has

been shown to depend on both chemokines and ICAM-1

present at the APC surface.13 Using pertussis toxin, we

first confirmed in our model that signalling through

chemokine receptors was contributing to APC-induced

T-cell motility (Fig. 4a). Blocking the stimulation through

chemokine receptors affected APC-induced motility of
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WASP-deficient T cells, indicating that the increased

motility of these cells may be driven by an abnormal

response to chemokines. We investigated in our model

whether the main chemokines recognized by CD4+ T cells

were present at the surface of APC. Whereas CCL19 was

bound at the surface of both iDC and JY cells, CXCL12

was detected only at the surface of iDC (Fig. 4b). The

basal expression of the corresponding chemokine recep-

tors CXCR4 and CCR7 was not altered in shWASP CD4+

T cells compared with shControl CD4+ T cells (Fig. 4c).

Moreover, WASP deficiency did not interfere with

CXCR4 internalization following CXCL12 stimulation

(data not shown). Using a Transwell assay, we unexpect-

edly observed that shWASP CD4+ T cells migrated

toward CXCL12, in a dose–response manner, as efficiently

as shControl and untransduced CD4+ T cells (Fig. 4d).

The shWASP CD4+ T cells also migrated normally toward

CCL19 and CCL21 (Fig. 4d). To confirm that WASP

deficiency did not alter human CD4+ T-cell migration

toward chemokines in vitro, the chemotactic responses of

CD4+ T cells isolated from patients with WAS and from

healthy donors were compared. The WAS CD4+ T cells

expressed normal levels of CXCR4 and CCR7 (see Sup-

plementary material, Fig. S3a) and were able to migrate

toward CXCL12, CCL19 and CCL21, as efficiently as con-

trol CD4+ T cells (see Supplementary material, Fig. S3b,

c). Among the patients studied here, WAS4 patient had

the particularity of being able to express WASP in

approximately half of his CD4+ T cells as the result of a

spontaneous corrective mutation in the WAS gene (see

Supplementary material, Fig. S3d). The proportion of

WASP-positive and WASP-negative CD4+ T cells from

WAS4 patient was preserved in those cells that had

migrated toward CXCL12 at the two concentrations

tested. This reveals that neither WASP-positive nor

WASP-negative CD4+ T cells had a chemotactic

advantage in this assay. Together, these results clearly

demonstrate that in primary human CD4+ T cells, WASP
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is dispensable for in vitro migration toward CXCL12,

CCL19 and CCL21.

We then examined whether WASP may rather be

involved in adhesion to ICAM-1 in our model. Using

anti-LFA-1 blocking antibody, we confirmed that signal-

ling through LFA-1 was also contributing to APC-

induced T-cell motility (Fig. 5a). Blocking the stimulation

through LFA-1 inhibited the increased APC-induced

motility of WASP-deficient T cells, indicating that this

dysfunction may be induced by an abnormal response to

ICAM-1. As expected, ICAM-1 was present at the surface

of both iDC and JY cells (Fig. 5b). Total LFA-1 as well as

LFA-1 under intermediate-affinity and high-affinity

conformation was expressed at comparable levels in

shWASP and shControl CD4+ T cells (Fig. 5c,d). Further-

more, intermediate-affinity and high-affinity LFA-1 levels

increased similarly in shWASP and shControl CD4+

T cells upon CXCL12 stimulation. Clearly however, a

higher percentage of WASP-deficient CD4+ T cells

adhered on ICAM-1-coated slides compared with control

cells (Fig. 5e). These results show that in the absence of

WASP, CD4+ T cells were more prone to adhere on

ICAM-1, even if they expressed normal levels of LFA-1

under its different conformations. This implies that

the abnormally high APC-driven motility of WASP-

deficient T cells may be related to an abnormal adhesion

to ICAM-1, rather than to an abnormal chemotactic

ability.

Increased ICAM-1-driven elongation in WASP-
deficient T cells

How to reconcile the increased ICAM-1 adhesion with

the enhanced motility observed in WASP-deficient

T cells? To answer this question, we first analysed the

morphology of these cells upon ICAM-1 stimulation.

The proportion of WASP-deficient T cells that elongated

on ICAM-1-coated slides was increased compared with

control cells (Fig. 6a). This was further illustrated by the

measurement of cell roundness showing that in the
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absence of WASP the fraction of round cells diminished.

CD4+ T cells were then incubated with ICAM-1-coated

latex beads, to investigate F-actin polymerization at the

site of ICAM-1 stimulation. As shown in Fig. 6(b), most

of the control T cells establishing contacts with beads

remained relatively spherical (morphology ‘type 1’). In

accordance with the data above, a higher percentage of

WASP-deficient T cells elongated upon contact with

ICAM-1-coated latex beads (morphology ‘type 2’). Both

shControl and shWASP CD4+ T cells displayed polarized

actin cytoskeleton surrounding the beads. However, in

contrast to control cells, a substantial proportion of

WASP-deficient CD4+ T cells establishing contacts with

beads protruded actin-rich structures away from the

bead-contact sites (morphology ‘type 3’). Finally, we used

real-time microscopy to study morphology dynamics of

shControl and shWASP CD4+ T cells upon encounter

with non-cognate iDC (Fig. 6c and Supplementary mate-

rial, Videos S1 and S2). In agreement with their elonga-

tion on ICAM-1, WASP-deficient CD4+ T cells coming

into contact with iDC stretched extensively. This mor-

phology was associated to motility. Interestingly, actively

scanning WASP-deficient CD4+ T cells remained in close

contact with APC, occasionally losing contact for a short

time when crawling from one APC to another. Indeed,

their elongated shape was characterized by a uropod that

appeared to stick to iDC (red arrows) and a dynamic

leading edge. Compared with control T cells, WASP-

deficient T cells in contact with iDC displayed a reduced

propensity to round up (white arrows). These results

therefore link the increased adhesiveness of WASP-

deficient T cells to a higher propensity to elongate and to

actively scan an APC-rich environment. Moreover, these

data corroborate the notion that the increased propensity
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of WASP-deficient T cells to elongate is driven by

abnormal integration of ICAM-1 stimulation.

Dispersed high-affinity LFA-1 localization in WASP-
deficient T cells

The precise localization of LFA-1 under its intermediate-

affinity and high-affinity conformations is key to the tun-

ing of T-cell adhesive properties,25 so the staining with

KIM127 and 24 antibodies (revealing intermediate-affinity

and high-affinity LFA-1, respectively) was compared in

WASP-deficient and control T cells. Both WASP-deficient

and control T cells that adhered to ICAM-1 adopted a

polarized morphology with a front enriched in F-actin

and a uropod at the rear (Fig. 7a). KIM127 staining

showed comparable distribution in both cell types with a

narrow enrichment at the front and a wide distribution

towards the rear (Fig. 7a,b). Staining with 24 in control

T cells was concentrated at the mid-body. However, in

WASP-deficient T cells the intensity of the 24 staining at

the mid-body was significantly diminished. Instead,

WASP-deficient T cells displayed an abnormally broad

pattern of high-affinity LFA-1 distribution, which

extended along the uropod. These data therefore strongly

suggest that the increased propensity of WASP-deficient

T cells to adhere to ICAM-1 was a consequence of a

defect in restricting high-affinity LFA-1 to the mid-cell

region. Altogether, our data suggest that the restless scan-

ning behaviour of WASP-deficient CD4+ T cells might

be, at least in part, consecutive to an inability to restrict

high-affinity LFA-1 and to stabilize arrest phases at the

contact with APC.

Discussion

The function of APC is generally viewed through the

restricted angle of cognate interactions with T cells. How-

ever, most APC/T-cell encounters in vivo are non-cog-

nate. Interactions between steady-state iDC and T cells

are expected to take place frequently, either in secondary

lymphoid organs or in peripheral tissues. In this context,

a key function of DC is to activate T-cell motility to pro-

mote efficient scanning. The present study provides

insight into the molecular mechanisms regulating the

motility programme acquired by effector CD4+ T cells

upon encounter with iDC and B cells.

Here, we identify the actin cytoskeleton regulator

WASP as a key controller of APC-driven T-cell motility.

Our study shows that WASP deficiency in primary

human CD4+ T cells enhanced APC-induced motility in

vitro. The cause of the enhanced motility of WASP-defi-

cient CD4+ T cells was directly related to a decreased

length of time spent under arrest. In contrast to control

CD4+ T cells, WASP-deficient CD4+ T cells did not tran-

siently round up upon APC encounter, a phase of

scanning normally associated to speed reduction.26

Instead, at the contact with APC, WASP-deficient CD4+

T cells displayed an abnormally sustained migrating mor-

phology characterized by an active leading edge and an

elongated uropod. It has been shown that DC-mediated

T-cell survival is dependent on cell-to-cell contact and

that it may be driven by signalling originating from the

uropod.27 It would therefore be interesting to test

whether the elongated uropod observed in WASP-defi-

cient T cells contributes to their high propensity to sur-

vive at the contact with iDC. In our in vitro setting, the

enhanced motility and the elongated morphology of

WASP-deficient T cells did not permit them to reach fur-

ther distances and to contact more DC. Indeed, the

motility of WASP-deficient T cells was restricted to a

confined area and this appeared to be related to the fact

that WASP-deficient T cells were sticking to APC through

their uropod. In apparent contrast, WASP-deficient T

cells transmigrated at an increased rate in our Transwell

assay. This might be explained by an enhanced scanning

activity leading these cells to contact membrane pores

more frequently. Moreover, the elongated morphology of

WASP-deficient T cells may have facilitated their transmi-

gration. It remains to be tested how the abnormal mor-

phology and the restless scanning of WASP-deficient T

cells, observed here in vitro, could impact scanning in

dense matrices and in natural tissue environments.

The APC-driven T-cell motility is known to be driven

by chemokines and ICAM-1.13 Both chemotaxis in

response to various chemokines15,16,28,29 and adhesion to

ICAM-130–32 have been reported, in different cell types,

to depend on the presence of WASP. Therefore, how

could WASP deficiency exacerbate APC-driven T-cell

motility? In agreement with previous studies reporting

that WASP is dispensable for murine T-cell chemotaxis

in vitro,16,17,33 we clearly show that WASP-deficiency,

both in shWASP and WAS patient T cells, does not alter

chemotaxis to CXCL12. This finding was reinforced by

the direct comparison of the chemotaxis of WASP-posi-

tive and WASP-negative CD4+ T cells originating from a

revertant patient. The discrepancy with a previous study

reporting defective CXCL12-driven chemotaxis in CD3+

T cells from WAS patients15 may be linked to differences

in the nature and the maturation stage of the T cells

studied. Furthermore, our data indicate that WASP is dis-

pensable to chemotaxis towards CCL19 and CCL21,

although the migratory response towards these chemokin-

es was low, as expected for effector T cells expressing low

levels of CCR7.

In contrast to their normal ability to migrate in

response to chemokines, WASP-deficient T cells adhered

at an abnormally high rate on ICAM-1. This result is in

accordance with the increased ability of CD4+ T cells

from WAS patients to form conjugates with non-cognate

APC.22 The increased adhesion of WASP-deficient T cells
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mirrored an increased proportion of elongated cells that

were prompt to move. The exacerbated response of

WASP-deficient T cells to ICAM-1 was neither the result

of an abnormal expression level of LFA-1 nor of an

abnormal conformational activation of LFA-1 following

ICAM-1 engagement. However, WASP deficiency resulted

in a loose confinement of high-affinity LFA-1 to the mid-

cell focal zone and a dispersion towards the uropod. Dur-

ing T-cell scanning of DC surfaces, LFA-1 is dynamically

redistributed from the leading edge to the mid-cell zone

where it forms a signalling platform.27 WASP deficiency

might therefore affect the spatial organization of LFA-1
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signalling. Previous studies have brought to light the con-

cept that the spatial confinement and the dynamics of

intermediate-affinity and high-affinity LFA-1 pools are

controlled by physical links with the actin cytoskele-

ton.25,34 Intermediate-affinity LFA-1 linked to a-actinin-1
permits new adhesions at the leading edge, whereas high-

affinity LFA-1 linked to talin provides a central adhesive

platform at the mid-cell region. It can be assumed that

the widening of the high-affinity LFA-1 spatial distribu-

tion in WASP-deficient T cells is the result of a defective

anchorage to the actin network. In favour of this hypoth-

esis is the observation in natural killer cells that WASP is

recruited by talin to the site of LFA-1 engagement to pro-

mote localized actin polymerization.31 However, in con-

trast to our data, WASP-deficient natural killer cells fail

to adhere to ICAM-1 and fail to polymerize actin at the

site of LFA-1 engagement. T cells may therefore have a

molecular control of integrin anchorage to the cytoskele-

ton less strictly dependent on WASP than natural killer

cells. The experiments based on the incubation of WASP-

deficient T cells with ICAM-1-coated beads show that

WASP is dispensable to actin polymerization at the site

of LFA-1 engagement, although a mild defect could not

be excluded. Interestingly, the contact with ICAM-1-

coated beads promoted the formation of actin-rich

protrusions away from the contact site, suggesting a

decoupling between LFA-1 engagement and actin poly-

merization. We therefore propose that, in the absence of

WASP, both abnormal anchorage of high-affinity LFA-1

to the actin cytoskeleton and LFA-1 signalling into aber-

rant actin remodelling lead to elongated restless cells.

Our results indicate that during the scanning of APC,

WASP favours T-cell stability rather than motility. The

role of WASP as a gatekeeper of APC-driven T-cell motil-

ity may, at least in part, account for the combination of

exacerbated response to self-antigen and defective

response to certain pathogens observed in WAS.35,36 On

the one hand, the restless scanning of APC presenting

self-antigen might favour the activation of auto-reactive

T-cell precursors. Of interest, the morphology of WASP-

deficient T cells sticking to iDC via their uropod is

reminiscent of the previously described ICAM-1/LFA-1-

dependent tethered adhesion on chemokine-bearing APC,

a mechanism shown to prepare T cells for antigenic

stimulation.37 The exacerbation of tethered adhesion in

the context of WASP deficiency may lead to increased

sensitivity to self-antigen. On the other hand, our data

indicate that the reduced ability of WASP-deficient T cells

to stabilize pauses upon inspection of APC is impacting

on their capacity to stop in the context of cognate anti-

gen presentation. An increased threshold for antigen-

driven stop in WASP-deficient T cells would reduce the

capacity of these cells to respond optimally to low affinity

antigen or to antigen present at low concentrations. In

conclusion, the present study highlights the fact that APC

are endowed with the capacity to activate a WASP-

controlled motility programme in effector T cells. It will

be interesting to address the contribution of the abnormal

T-cell scanning identified here in the physiopathology of

WAS, using in vivo imaging in WASP knockout mice.

Moreover, the murine model would permit the study the

role of WASP in the scanning activity of naive T cells.

Another open question is whether WASP regulation of

T-cell scanning also applies to regulatory T cells because

Foxp3+ regulatory T cells are functionally impaired in

WAS patients and in WASP-deficient mice.38–40

Acknowledgements

We thank Nancy Hogg for providing the anti-LFA-1

KIM127 antibody and Fernando Arenzana-Seisdedos for

providing the anti-CXCL12 antibody. We thank Sophie
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Wiskott–Aldrich syndrome protein (WASP)

-deficient CD4+ T cells are hyper-motile at the contact

with JY cells.

Figure S2. Wiskott–Aldrich syndrome protein (WASP)

-deficient CD4+ T cells are hyper-motile at the contact

with immature dendritic cells.

Figure S3. CD4+ T cells isolated from patients with

Wiskott–Aldrich syndrome migrate normally toward

CXCL12, CCL19 and CCL21.

Video S1. Scanning of immature DC by control T cells.

Video S2. Scanning of immature DC by Wiskott–
Aldrich syndrome protein-deficient T cells.
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