
CXCR3-mediated T-cell chemotaxis involves ZAP-70 and is regulated
by signalling through the T-cell receptor

Introduction

Chemokine receptors are transmembrane spanning,

G-protein-coupled polypeptides expressed on the surface

of various cells.1–6 These receptors bind chemokines, a

group of 8000 to 11 000 molecular weight (MW) proteins

subdivided into four families (C, CC, CXC and CX3C)

according to the position and separation of their first two
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Summary

The chemokine receptor CXCR3 is critical for the function of activated T

cells. We studied the molecular mechanisms of CXCR3 signalling. The

addition of CXCR3 ligands to normal human T cells expressing CXCR3

led to the tyrosine phosphorylation of multiple proteins. Addition of the

same ligands to Jurkat T cells engineered to express CXCR3 induced tyro-

sine phosphorylation of proteins with molecular weights similar to those

in normal cells. Immunoblotting with phosphotyrosine-specific antibodies

identified Zeta-associated protein of 70 000 molecular weight (ZAP-70),

linker for the activation of T cells (LAT), and phospholipase-C-c1

(PLCc1) to be among the proteins that become phosphorylated upon

CXCR3 activation. ZAP-70 was phosphorylated on tyrosine 319, LAT

on tyrosines 171 and 191, and PLCc1 on tyrosine 783. The ZAP-70 inhib-

itor piceatannol reduced CXCR3-mediated tyrosine phosphorylation of

ZAP-70, LAT, PLCc1 and mitogen-activated protein kinase Erk and it

reduced CXCL10-mediated chemotaxis of both CXCR3-transfected Jurkat

T cells and normal T cells expressing CXCR3. These results are consistent

with the involvement of ZAP-70 in CXCR3-mediated protein tyrosine

phosphorylation and CXCR3-induced T-cell chemotaxis. Studies with the

Lck-deficient Jurkat T-cell line, JCAM1.6, demonstrated that phosphoryla-

tion of ZAP-70 after CXCR3 activation is a Lck-dependent process.

Finally, stimulating CXCR3-expressing Jurkat T cells and normal T cells

expressing CXCR3 through the T-cell receptor attenuated CXCR3-induced

tyrosine phosphorylation and CXCR3-mediated T-cell migration, indica-

ting the occurrence of cross-talk between T-cell receptor and CXCR3-

signalling pathways. These results shed light on the mechanisms of

CXCR3 signalling. Such information could be useful when designing

therapeutic strategies to regulate T-cell function.

Keywords: chemokines; chemotaxis; signal transduction; T cells; T-cell
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Abbreviations: BSA, bovine serum albumin; DMSO, dimethyl sulphoxide; FACS, fluorescence activated cell sorting; FCS, fetal
calf serum; FITC, fluorescein isothiocyanate; IFN-c, interferon-c; IL, interleukin; LAT, linker for the activation of T cells; LFA-1,
lymphocyte function-associated antigen-1; mAb, monoclonal antibody; MAPK, mitogen-activated protein kinase; MCF, mean
channel fluorescence; MW, molecular weight; PE, phycoerythrin; PHA-L, phytohaemagglutinin-L; PI3K, phosphatidylinositol-
3-kinase; PLCc1, phospholipase-C-c1; PTX, pertussis toxin; SDS–PAGE, sodium dodecyl sulphate–polyacrylamide gel
electrophoresis; SEA–SEE, staphylococcal enterotoxins A to E; TCR, T-cell receptor; ZAP-70, Zeta-associated protein of 70 000
MW.
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N-terminal cysteine (C) residues of a four-cysteine

motif.1–6 The binding of ligands to chemokine receptors

contributes to multiple biological processes, including leu-

cocyte migration, wound healing, angiogenesis, metastasis,

inflammation and lymphopoiesis in the bone marrow.7–11

Recently, binding of chemokines to their cognate recep-

tors has been shown to induce intracellular signals

including protein phosphorylation, lipid hydrolysis and

calcium mobilization.5,11–20

The chemokine receptor CXCR3 is expressed on differ-

ent cell types, including T cells, B cells, natural killer cells,

tubular cells and vascular pericytes.7,8,14,21–24 CXCR3 is

scantily expressed on quiescent T cells, but its expression

markedly increases in T cells upon activation, indicating

that CXCR3 is important for the function of activated T

cells.7,8,15,16,22,25–27 Accordingly, CXCR3 and its ligands

have been linked to the recruitment of T cells to sites of

inflammation.4,7,9

CXCR3 interacts with at least three chemokines: inter-

feron-c (IFN-c)-inducible protein (IP-10/CXCL10),

monokine induced by IFN-c (MIG/CXCL9), and IFN-

c-inducible T-cell a-chemoattractant (ITAC/CXCL11).4,6

The level of these chemokines increases markedly during

inflammation and tissue injury presumably as a result

of the increases in the level of IFN-c. Binding of these

chemokines to CXCR3 has been implicated in regula-

ting T-cell infiltration during inflammation and tissue

injury.7,9,28–31

CXCR3 has been of particular interest in organ trans-

plantation. Recent studies indicate that CXCR3 plays an

important role in the immune response to allografts.9,10,32

The number of CXCR3-positive T lymphocytes increases

markedly in the bronchoalveolar lavage fluid of lung allo-

graft patients experiencing acute rejection.9 Heart allo-

grafts transplanted into allogeneic CXCR3 knockout mice,

in the absence of immunosuppressive therapy, demon-

strate markedly prolonged survival compared to allografts

transplanted into wild-type controls.10 Similarly, trans-

planting hearts from CXCL10–/– donors into wild-type

allogeneic strains prolonged allograft survival.10 Accord-

ingly, antibody against CXCR3 prevented graft recruit-

ment of activated T cells, prolonged allograft survival and

reversed acute allograft rejection.10

The molecular mechanisms by which CXCR3 regulates

T-cell function are not fully understood. Only a few stud-

ies have reported on CXCR3-mediated signalling.15–17

CXCR3–ligand interaction induces activation of the

p44/p42 mitogen-activated protein kinases (MAPK) and

Akt/phosphatidylinositol-3-kinase (PI3K) signalling path-

ways in T cells.17 Binding of ligands to CXCR3 induces

calcium flux in T cells.15 Molecular events linking CXCR3

to MAPK, Akt, PI3K and calcium signalling events are

not clear.

Phosphorylation of proteins on tyrosine residues by

protein tyrosine kinases is critical for transducing the

intracellular signals of various receptors, including chemo-

kine receptors.18,33–35 To explore signalling events linked

to CXCR3 activation, we examined if ligands to CXCR3

induced protein tyrosine phosphorylation in normal

human T cells. Our results indicate that CXCR3 activa-

tion induced rapid tyrosine phosphorylation of several

proteins. To dissect CXCR3-mediated protein tyrosine

phosphorylation further, we genetically engineered Jurkat

T cells to express human CXCR3. CXCR3 activation in

these engineered Jurkat T cells induced rapid tyrosine

phosphorylation of proteins with molecular weights sim-

ilar to those in normal cells. We identified three of these

proteins to be the signalling molecules Zeta-associated

protein of 70 000 MW (ZAP-70), linker for the activation

of T cells (LAT) and phospholipase-C-c1 (PLCc1).36–39

We also demonstrated that CXCR3–ligand binding indu-

ces tyrosine phosphorylation of ZAP-70 on tyrosine resi-

due 319, of LAT on tyrosine residues 171 and 191, and of

PLCc1 on tyrosine 783. Phosphorylation of these tyrosine

residues has been shown to be critical for T-cell receptor

(TCR) signalling.36,37,40 Inhibition of CXCR3-mediated

protein tyrosine phosphorylation and CXCR3-mediated

chemotaxis through the use of the ZAP-70 inhibitor

piceatannol reflects a critical role for this protein in the

function of CXCR3 in T cells.

We also investigated the mechanism of ZAP-70 phos-

phorylation after CXCR3 activation. Phosphorylation of

ZAP-70 at tyrosine residues was not attenuated in JE6.1/

CXCR3 cells treated with pertussis toxin. However, in

JCAM1.6 cells (Lck-deficient Jurkat T cells) engineered to

express CXCR3, CXCR3 activation resulted in an increase

of ZAP-70 phosphorylation only when the Src family kin-

ase Lck was present. These results suggest that ZAP-70

phosphorylation at tyrosine residues is a Gai-independ-

ent, Lck-dependent process.

Finally, stimulating Jurkat and normal T cells expres-

sing CXCR3 through the TCR attenuated CXCR3-induced

tyrosine phosphorylation as well as CXCR3-mediated

T-cell migration, suggesting cross-talk between TCR and

CXCR3 signalling pathways. These results shed further

light on the molecular mechanism of CXCR3 signalling in

T cells.

Materials and methods

Reagents and materials

Culture media and supplements were purchased from

Fisher Scientific (Hampton, NH). Purified antibody to

phospho-LAT (pY171 and pY191), phospho-ZAP-70

(pY391), phospho-p44/p42 MAPK Erk (pT202/pY204),

ZAP-70, phospho-PLCc1 (pY783), p44/p42 Erk, and

PLCc1 were obtained from Cell Signaling Technology Inc.

(Beverly, MA). Antibody to LAT was purchased from

Upstate Biotechnology (Lake Placid, NY). The phospho-
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tyrosine antibody was supplied by Transduction Laborat-

ory (San Diego, CA). Monoclonal anti-human CD3 was

from Ancell Corporation (Bayport, MN). Phycoerytherin

(PE)-conjugated anti-human CD3 antibody, fluorescein

isothiocyanate (FITC)-conjugated anti-human TCR-ab
antibody, and cychrome and PE-conjugated anti-human

CXCR3 antibody and isotype controls were purchased

from BD Biosciences (San Diego, CA). Recombinant

human CXCL9 and CXCL10 were obtained from R & D

Systems, Inc. (Minneapolis, MN). Phytohaemagglutinin-L

(PHA-L) was from Roche Applied Science (Indianapolis,

IN) and recombinant human interleukin-2 (IL-2) was

from Biosource (Camarillo, CA). Piceatannol, pertussis

toxin and recombinant human CXCL11 were from Sigma

(St Louis, MO). JCAM1.6 cells were obtained from the

American Type Culture Collection (ATCC, Manassas,

VA). Lck cDNA in pCMV6-XL4 (TC116770) was supplied

by Origene (Rockville, MD). All enzymes for cloning were

from NEB (Ipswich, MA) and the 10% Tris–glycine gels

were from Invitrogen (Carlsbad, CA). Chemiluminescent

substrates were obtained from KPL (Gaithersburg, MD)

and Western blot stripping buffer was from Pierce Bio-

technology (Rockville, IL). Polyvinylidene difluoride

(PVDF) membranes and all other electrophoresis reagents

were from Sigma and Fisher Scientific.

Cells and cell culture

Normal human T cells were isolated from the blood of

healthy donors as described previously.41 Briefly, peripheral

blood was collected in heparin and mononuclear cells were

isolated through Ficoll–Hypaque density gradient centrifu-

gation. The lymphocyte-rich layer was removed and cells

were washed twice in culture medium (RPMI-1640 with

10% human AB serum, 2 mM glutamine, 50 lg/ml penicil-

lin, 50 lg/ml streptomycin and 0�05 lg/ml amphotericin

B), suspended in the same media, and cultured at 37� in

5% CO2. The Jurkat T-cell line JE6.1/CXCR3 (JE6.1

Jurkat T cells stably transfected with the chemokine

receptor CXCR3) was cultured at 37� in 5% CO2 in

RPMI-1640 with 20% fetal calf serum (FCS), 2 mM glut-

amine, 50 lg/ml penicillin, 50 lg/ml streptomycin, and

0�05 lg/ml amphotericin B. All JCAM1.6-derived cell

lines were cultured according to ATCC guidelines.

Activation of primary T cells for the expression
of CXCR3

For biochemical studies, lymphocytes prepared as above

were suspended in culture media with PHA-L (500 ng/ml)

at 2 · 106 cells/ml for 48 hr at 37�. After incubation, cells

were removed from culture and resuspended at the same

density in culture media supplemented with recombinant

human IL-2 (50 ng/ml). Culture media were changed and

IL-2 was re-supplemented every 2 days. T cells in culture

were analysed by fluorescence activated cell sorting

(FACS) analysis for TCR expression with FITC-conju-

gated anti-TCR-ab and for CXCR3 expression with

PE-conjugated anti-hCXCR3 antibody. Cells in culture for

10 days were composed of 80–90% T cells and these T

cells expressed CXCR3 at high levels. These cells were

used to study CXCR3 signalling as described below. For

chemotaxis studies, lymphocytes were prepared as above,

but were stimulated with a staphylococcal enterotoxin

cocktail (SEA, SEB, SEC, SED, and SEE) at 500 pg/ml

supplemented with 500 IU/ml IL-2 for 72 hr. Cells were

then kept in culture for 19 days before their use in

chemotaxis experiments.

Stable expression of CXCR3 in Jurkat T cells
and JCAM1.6 cells

Five million Jurkat JE6.1 cells were resuspended in 0�8 ml

growth medium (RPMI-1640 without HEPES) and elec-

troporated at 260 V, 960 lF in a Gene Pulser (Bio-Rad,

Hercules, CA) with 20 lg pBJneo/human CXCR3.26,42

After electroporation, cells were placed in growth medium

for 48 hr, then changed to growth medium containing

1 mg/ml G418 to select resistant cells. Single cell clones

were isolated by dilution cloning into round-bottom,

96-well plates (Costar, Cambridge, MA). Positive clones

were identified by staining with anti-CXCR3 antibody

[monoclonal antibody (mAb) clone IC6, PE-labelled; BD

Biosciences] and analysed by flow cytometry. The CXCR3

clones that were chosen for future use showed a single

population of CXCR3-positive cells at moderate cell den-

sity. Receptor expression was quantified using Quanti-

BRITE beads (BD Biosciences). JCAM1.6 cells were

engineered to express CXCR3 and Lck as follows. CXCR3

DNA from pBJneo was cloned into the retroviral vector

pCMMP-IRES-GFP. Lck cDNA from pCMV6-XL4 was

cloned into the retroviral vector pCMMP-IRES-Puro.

Retrovirus was produced as described previously.43

JCAM1.6 cells were then infected with pCMMP-CXCR3-

IRES-GFP or control retrovirus and sorted based on high

GFP expression. The top 20% of the green cells as meas-

ured by FACS was collected. These cells were then infec-

ted with pCMMP-Lck-IRES-Puro or control retrovirus

and cells were selected in 1 lg/ml Puromycin. Lck expres-

sion and the expression of CXCR3 were confirmed by

Western blotting and FACS, respectively. The three engin-

eered cell lines derived from JCAM1.6 cells were as fol-

lows: JCAM1.6 CXCR3–/Lck–, JCAM1.6 CXCR3+/Lck–,

and JCAM1.6 CXCR3+/Lck+ cells.

Stimulation of T cells through CXCR3

Ten-day-old normal human T cells were washed three

times in 0�001% bovine serum albumin (BSA)/RPMI then

suspended at 40 · 106 cells/ml in the same solution;
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5 · 106 cells were placed in each reaction tube. JE6.1/

CXCR3 cells or engineered JCAM1.6 cell lines were sus-

pended at 80 · 106 cells/ml and 20 · 106 cells were

placed in each reaction tube. Normal T cells or engin-

eered Jurkat cells were placed on ice for 5 min, and then

an equal volume of 0�001% BSA/RPMI containing

CXCL9, CXCL10 or CXCL11 at the concentrations indi-

cated was added to the cell suspensions. Cells were incu-

bated on ice for a further 5 min. After incubation, cells

were transferred to a 37� water bath. After stimulation,

the cells were lysed using boiling 2· sample buffer (20%

sodium dodecyl sulphate, 20% glycerol, 1�0 M Tris–HCl,

0�2 M dithiothreitol, pH 6�8). Cell lysates were used for

Western blotting as described below.

For stimulation through the TCR, JE6.1/CXCR3 cells

were washed three times in 0�001% BSA/RPMI and sus-

pended at 80 · 106 cells/ml in the same solution;

20 · 106 cells were placed in each reaction tube. Cells

were stimulated with anti-CD3 mAb (3 lg/ml) for 5 min

in a 37� waterbath. Cells were lysed with boiling 2 · sam-

ple buffer. Tyrosine phosphorylated proteins in whole cell

lysates were analysed by immunoblotting as described

below.

Piceatannol and pertussis toxin studies

JE6.1/CXCR3 cells were suspended in media with 5% FCS

at 80 · 106 cells/ml, and 20 · 106 were placed in each

reaction tube. Cells were incubated with the indicated

concentration of piceatannol for 2 hr at 37� in 5% CO2.

For inhibition with pertussis toxin, JE6.1/CXCR3 cells

were washed and suspended in 0�01% BSA/RPMI con-

taining the indicated concentrations of pertussis toxin for

4 hr. After incubation, cells were washed twice with

0�001% BSA/RPMI, resuspended in the same solution,

and then stimulated with CXCL10 or CXCL11 for the

indicated times. After stimulation cells were lysed with

2 · sample buffer. Tyrosine phosphorylated proteins in

whole cell lysates were analysed by immunoblotting as

described below.

Chemotaxis studies

Treatment of JE6.1/CXCR3 cells and normal T cells with

piceatannol or dimethylsulphoxide (DMSO) control

before chemotaxis studies was performed as described

above. For cross-talk experiments, JE6.1/CXCR3 cells and

normal T cells were stimulated with anti-CD3 mAb or

mouse immunoglobulin G before conducting chemotaxis

studies. Chemotaxis in response to CXCR3 ligands was

measured as follows. Chemotaxis plates (5�7-mm diam-

eter, 5-lm pore size, 30-ll well; Neuro Probe Inc., Gai-

thersburg, MD) were prepared by treating chemotaxis

filters with fibronectin (10 lg/ml). The bottom wells of

chemotaxis plates were then loaded with assay buffer

alone (0�5% BSA/0�5% DMSO/RPMI without phenol red)

or with assay buffer containing CXCL10 or CXCL11 in

the concentrations indicated. JE6.1/CXCR3 cells were pre-

pared by washing with 0�01% BSA/Hanks’ balanced salt

solution without phenol red and were then resuspended

in the same solution at 1 · 106 cells/ml. Cells were

stained with Calcein AM (Molecular Probes Inc., Eugene,

OR) for 30 min, washed and resuspended in assay buffer,

then loaded on the top of the chemotaxis plate filters at

3 · 105 cells per well. Cells and plates were incubated at

37� for 1 hr. The top of the chemotaxis filter was then

washed to remove non-adherent cells and plates were

read in a fluorescent plate reader. Chemotactic index was

calculated by dividing the fluorescence in wells containing

chemoattractant by fluorescence in wells filled with assay

buffer alone. Dose–response curves and statistical analyses

were performed using PRISM software (GraphPad Software,

Inc.).

TCR/CXCR3 cross-talk studies

JE6.1/CXCR3 cells were first stimulated with anti-

CD3 mAb for 5 min as described above. After stimula-

tion, the cells were washed twice in 0�001% BSA/RPMI,

suspended in media with 5% FCS, and then incubated for

2 hr at 37� in 5% CO2. Following incubation, cells were

again washed twice in 0�001% BSA/RPMI, resuspended in

the same solution and then stimulated with CXCL10 or

CXCL11. After stimulation, cells were lysed with 2 · sam-

ple buffer. Tyrosine phosphorylated proteins in whole cell

lysates were analysed by immunoblotting as described

below.

Gel electrophoresis, Western transfer and
immunoblotting

These techniques were performed as described pre-

viously.44 Briefly, proteins in whole cell lysates were

subjected to 10% Tris–glycine sodium dodecyl sulphate–

polyacrylamide gel electrophoresis (SDS–PAGE) and then

transferred to PVDF membranes. Free sites on the mem-

branes were blocked by incubating the membranes for

4 hr at room temperature in 5% non-fat dried milk or

4% BSA. After blocking, the membranes were incubated

with primary antibody, washed and then incubated with

secondary antibody conjugated to horseradish peroxidase.

Proteins bands were visualized using a chemiluminescent

system. To examine for equal loading, blots were treated

with stripping buffer for 45 min at 37� and washed before

reblotting.

Flow cytometry/internalization studies

These techniques were performed as described previ-

ously.45 CXCR3, CD3 and TCR molecules on primary
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human T cells and JE6.1/CXCR3 were stained with the

antibodies listed above for 30 min at 4�. For CXCR3

down-regulation analysis as described in Fig. 5, JE6.1/

CXCR3 cells were first incubated with CXCL10 or

CXCL11 (as described above) for the times indicated

and subsequently fixed with 1% paraformaldehyde solu-

tion on ice for 5 min. Cells were washed with FACS

buffer (5% FCS/PBS), resuspended in the same, and

stained with FITC–anti-hCD3e and PE–anti-hCXCR3

antibodies along with appropriate isotype controls. For

CXCR3 down-regulation analysis as described in Fig. 9,

JE6.1/CXCR3 cells were first stimulated with anti-CD3

mAb before being stained with fluorescent antibody.

Anti-CD3-stimulated cells were washed twice in 0�001%

BSA/RPMI and then resuspended in media with 5%

FCS. Cells were incubated for 2 hr at 37�. Cells were

centrifuged and resuspended in FACS buffer (5% FCS/

PBS) and evaluated for surface expression of CXCR3 via

flow cytometry.

Results

The addition of CXCR3 ligands to normal human
T cells and to Jurkat T cells engineered to express
CXCR3 induces protein tyrosine phosphorylation

The molecular mechanisms underlying CXCR3 signalling

are not clearly understood. Although CXCR3 is scantily

expressed on quiescent T cells, it is strongly expressed on

activated T cells.7,8,15,16,22,25–27 To induce the expression

of CXCR3, T cells isolated from normal human volun-

teers were stimulated with PHA-L (500 ng/ml) in combi-

nation with human IL-2 (50 ng/ml) as described in the

Material and methods. This approach reproducibly led to

the stable expression of CXCR3 (Fig. 1). At least 90% of

the cells expressed TCR (Fig. 1).

To study CXCR3-induced phosphorylation of proteins

on tyrosines, normal T cells expressing CXCR3 were sti-

mulated with the ligands, CXCL9, CXCL10 or CXCL11.
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Figure 1. CXCR3–ligand interaction in normal human T cells induces protein tyrosine phosphorylation. T cells were harvested from the blood of

normal volunteers, stimulated with PHA (500 ng/ml) for 48 hr and then supplemented with IL-2 (50 ng/ml). After 10 days in culture, FACS ana-

lysis of stimulated cells was performed by labelling cells with PE-conjugated anti-human-CXCR3 and FITC-conjugated anti-TCR-ab monoclonal

antibody along with appropriate isotype controls for 30 min on ice. PI was used to exclude non-living cells from the FACS analysis. Panels repre-

sent per cent of cells positive for CXCR3 and TCR-ab as compared to isotype controls. Purified normal human T cells expressing CXCR3 were

incubated on ice for 5 min in 0�001% BSA/RPMI alone (lane 1) or in 0�001% BSA/RPMI containing 100 nm of the CXCR3 ligands CXCL9,

CXCL10, or CXCL11 (lanes 2–4). After incubation cells were moved to a 37� water bath for 5 min. Proteins in whole cell lysates were separated

by SDS–PAGE, transferred to membranes, and immunoblotted with anti-phosphotyrosine mAb. Arrows indicate proteins showing increased tyro-

sine phosphorylation after CXCR3–ligand interaction. (a) and (b) represent experiments with T cells harvested from two unique donors.
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As shown in Fig. 1, incubation of these cells, individually,

with each ligand increased the tyrosine phosphorylation

of proteins with MW 110 000, 70 000–85 000, 65 000 and

38 000. Although, these results were reproducibly seen in

cells from different volunteers, the extent of CXCR3-

induced phosphorylation varied (Fig. 1). The reason for

the variation in CXCR3-induced phosphorylation of pro-

teins is not clear at this time.

Having demonstrated that CXCR3 activation induces

phosphorylation of proteins on tyrosines in normal

human T cells, we engineered Jurkat T cells to express

CXCR3 (JE6.1/CXCR3 T cells) and used these cells to dis-

sect the mechanism of CXCR3 signalling further. We

chose to generate these cells because CXCR3 is sparsely

expressed on quiescent T cells, because of the marked

variation in the expression of CXCR3 on activated T cells

from different individuals, and because of the prolonged

culture methods needed to induce the expression of

CXCR3 on T cells. As shown in Fig. 2, we successfully

expressed CXCR3 on Jurkat T cells (Fig. 2a). These cells

also expressed CD3 robustly (Fig. 2b). Cells were rou-

tinely subjected to FACS analysis for CD3 and CXCR3

expression; both CD3 and CXCR3 expression remained

abundant and stable for at least 6 months (not shown).

Transfected Jurkat T-cell clones showing a uniform

CXCR3 peak expression at a low cell density were selected

to study CXCR3 signalling. To ensure that the experimen-

tal results generated were not unique to a single clone or

simply the consequence of over-expression of CXCR3,

biochemical experiments were carried out with at least

two clones, a high-expressing clone (64 000 copies

CXCR3 per cell) and a low-expressing clone (32 000 cop-

ies CXCR3 per cell) with similar results. Results with

these two clones were also confirmed in similar experi-

ments using the entire pool of Jurkat cells successfully

transfected with CXCR3, cells which had a broad range of

CXCR3 expression.

Also, with regard to any possible differences in chemo-

taxis between our engineered cells and normal T cells

expressing CXCR3, the migratory behaviour of JE6.1/

CXCR3 cells and normal T cells expressing CXCR3 was

compared before their use in experiments described

below. The migratory behaviour of JE6.1/CXCR3 cells

and normal T cells expressing CXCR3 was found to be

identical, indicating that the chemotaxis of the cells

engineered to express CXCR3 reflects that of normal T

cells. For example, JE6.1/CXCR3 and normal T cells

expressing CXCR3 had identical dose–response curves

and EC50 values when exposed to either CXCL9, CXCL10

or CXCL11 in trans-well migration assays (data not

shown).

To examine if CXCR3 activation in JE6.1/CXCR3 cells

induced phosphorylation of proteins on tyrosines, JE6.1/

CXCR3 cells were incubated with CXCL9, CXCL10 and

CXCL11. CXCR3–ligand interaction induced tyrosine

phosphorylation of multiple proteins in JE6.1/CXCR3

cells compared to untreated controls (Fig. 3a). These

results were consistent with those seen in primary T cells.

Time–course studies indicated that CXCR3-induced phos-

phorylation of proteins on tyrosines is rapid; it was

apparent within 5 min of CXCR3–ligand interaction

(Fig. 3b).

Treatment of JE6.1/CXCR3 cells with CXCR3 ligands
induces rapid tyrosine phosphorylation of ZAP-70,
LAT and PLCc1

We next identified the proteins that became tyrosine-

phosphorylated upon treating JE6�1/CXCR3 cells with the

CXCR3 ligands CXCL9, CXCL10, and CXCL11. As shown

in Fig. 3(a,b), treating cells with CXCR3 ligands led to
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Figure 2. JE6.1 Jurkat T cells stably transfected to express CXCR3

have high expression of both CXCR3 and CD3. JE6.1 Jurkat T cells

were transfected with plasmid (PBJneo) containing human CXCR3

cDNA. Successfully transfected cells were isolated by selection in

media containing 1 mg/ml G-418. After selection, FACS analysis was

performed on clones to determine level of surface expression of

CXCR3 (a) and CD3 (b).
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the tyrosine phosphorylation of a 70 000 MW protein. To

examine if this protein was ZAP-70, a molecule that is

critical for T-cell activation and function,36 cell lysates

from unstimulated and CXCR3-stimulated cells were

immunoblotted with antibody that recognized phosphory-

lated tyrosine residue 319 (pY319) on ZAP-70. CXCR3

activation led to the tyrosine phosphorylation of Y319

(Fig. 4a, upper panel). Equal protein loading was con-

firmed by reblotting membranes with anti-ZAP-70 anti-

body (Fig. 4a, lower panel). CXCR3-induced tyrosine

phosphorylation of ZAP-70 was rapid, with an increase in

the phosphorylation of ZAP-70 apparent within 5 min of

adding ligands to the cells.

Another protein of which the tyrosine phosphoryl-

ation increased after the addition of ligand had a

molecular mass of �40 000 (Fig. 3a,b). ZAP-70 has

previously been implicated in phosphorylating LAT, a

�36 000–38 000 protein, in TCR signalling cascades.37

To examine if LAT was involved in the CXCR3 signal-

ling, cell lysates from unstimulated and CXCR3-stimula-

ted cells were immunoblotted with antibodies that

recognize phosphorylated tyrosine residues 171 (pY171)

or 191 (pY191) in LAT. CXCL10 treatment induced

phosphorylation of tyrosine 171 (Fig. 4b, upper panel)

and 191 (Fig. 4c, upper panel). Equal protein loading

was confirmed by reblotting membranes with anti-LAT

antibody (Fig. 4b,c, lower panels). As with CXCR3-

induced tyrosine phosphorylation of ZAP-70, CXCR3-

induced tyrosine phosphorylation of LAT was rapid; the

increase in the phosphorylation of Y171 and Y191 was

apparent within 5 min of CXCR3 activation. These

results indicate that CXCR3 signalling pathways involve

both ZAP-70 and its substrate LAT.

Another potential target for ZAP-70 is PLCc1.40 For

example, optimal TCR-induced tyrosine phosphorylation

of PLCc1 required the phosphorylation and the activation

of ZAP-70.38–40 To examine whether PLCc1 was involved

in CXCR3 signalling, cell lysates from unstimulated and

from CXCR3-stimulated cells were transferred to mem-

branes and then immunoblotted with antibody that

recognizes phosphorylated tyrosine residue 783 in PLCc1

(pY783). The addition of CXCL10 to the cells induced

tyrosine phosphorylation of tyrosine 783 in PLCc1

(Fig. 4d, upper panel). Equal loading was confirmed by

reblotting membranes with anti-PLCc1 antibody (Fig. 4d,

lower panel). As with CXCR3-induced tyrosine phos-

phorylation of ZAP-70 and LAT, CXCR3-induced tyro-

sine phosphorylation of PLCc1 was rapid; the increase in

the phosphorylation of Y783 was apparent within 5 min

of CXCR3–ligand interaction.

To confirm that our results were related to the activa-

tion of CXCR3 in general and were not specific to treat-

ment of cells with CXCL10, we treated cells with CXCL9

and CXCL11 as well. Similar increases in tyrosine phos-

phorylation of LAT and ZAP-70 were seen whether cells

were treated with CXCL9, CXCL10 or CXCL11 (Fig. 4e,f).

To ensure that the detected phosphorylation of proteins

was the result of ligand interaction with CXCR3 and not

the activation of some other surface signalling molecule

such as CD3, surface expression of CD3 and CXCR3 was

tested by FACS after treatment with CXCR3 ligands.

Treatment with CXCR3 ligands reduced CXCR3 surface

expression (indicating internalization) by up to 50% in

treated cells versus controls but had no effect on CD3

expression levels (Fig. 5a–l). Furthermore, treatment of

untransfected Jurkat cells, as well as of cells that did not

express CXCR3 but contained the empty transfection vec-

tor, with CXCR3 ligands did not result in the phosphory-

lation of proteins at tyrosine residues either in general or

specifically with regards to ZAP-70, LAT and PLCc1 (data

not shown).
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CXCL10: – – – –++ +

Time (min):

CXCL11 MW

MW
0 5 5 10 10 15 15

114 000

88 000

50 700

35 500

114 000

88 000

50 700

35 500

1
Immunoblot: Anti-phosphotyrosine

(b)

(a)

2 3 4

1

Immunoblot: Anti-phosphotyrosine

2 3 4 5 6 7

–

Figure 3. CXCR3–ligand interaction induces rapid protein tyrosine

phosphorylation in JE6.1/CXCR3 cells. (a) Jurkat T cells stably

expressing CXCR3 (JE6.1/CXCR3) were incubated for 5 min on ice

in 0�001% BSA/RPMI alone (lane 1) or in 0�001% BSA/RPMI con-

taining 0. 3 nm CXCL9, CXCL10 or CXCL11 (lanes 2–4). After incu-

bation, the cells were moved to a 37� water bath for 5 min. Proteins

in whole cell lysates were separated by SDS–PAGE, transferred to

membranes, and immunoblotted with anti-phosphotyrosine mAb.

(b) Time–course study of CXCR3-induced protein tyrosine phos-

phorylation. Cells were stimulated for the indicated time with

CXCL10 as described in (a) and protein tyrosine phosphorylation

was analysed as in (a).
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Piceatannol inhibits CXCR-mediated phosphorylation
of proteins on tyrosines and CXCR3-mediated T-cell
chemotaxis

To examine the role of ZAP-70 in CXCR3 signalling

pathways, JE6.1/CXCR3 cells were treated with the indi-

cated concentrations of the Syk/ZAP-70 inhibitor picea-

tannol.46–49 After incubating with piceatannol, the cells

were stimulated with CXCL10 as described above. After

incubation, the cells were lysed and cell lysates were

transferred to membranes and immunoblotted with

anti-phosphotyrosine antibodies. Piceatannol treatment

inhibited CXCR3–CXCL10-induced phosphorylation of

proteins on tyrosines in a dose-dependent manner

(Fig. 6a, lanes 3–5). Piceatannol blocked CXCR3–

CXCL10-induced tyrosine phosphorylation of ZAP-70

(Fig. 6b, upper panel; lanes 3–5), LAT (Fig. 6c, upper

panel; lanes 3–5), and PLCc1 (Fig. 6d, upper panel;

lanes 3–5) in the JE6.1/CXCR3 cells in a dose-dependent

manner. In contrast, treating the cells with the vehicle

DMSO (using the volume used to dilute 100 lg picea-

tannol) had no effect on CXCR3-induced phosphoryla-

tion of proteins on tyrosines (Fig. 6a–d, upper panels;

lane 6). Equal amounts of ZAP-70, LAT and PLCc1

were present in each lane (Fig. 6b–d, lower panels).

Piceatannol treatment did not affect cell viability; this

was indicated by an assay using trypan blue exclusion

(not shown). It is noteworthy that although piceatannol

has been shown to block the activation of Syk and ZAP-

70, Syk is not expressed in JE6.1 cells.50 Previous studies

have shown that ligands to CXCR3 increase tyrosine

phosphorylation of MAPK Erk.17 Interestingly, piceatan-

nol also blocked CXCR3-induced tyrosine phosphory-

lation of MAPK Erk (Fig. 6e, upper panel). To confirm

that our results were not specific to CXCL10, we treated

cells with piceatannol before stimulating them with

CXCL11. Treatment of JE6.1/CXCR3 cells with piceatan-

nol inhibited CXCL11-induced protein tyrosine phos-

phorylation of LAT, ZAP-70 and PLCc1, to the same

extent as seen in experiments with CXCL10 (Fig. 6f,
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Figure 4. CXCR3–ligand interaction induces tyrosine phosphorylation of ZAP-70, LAT, and PLCc1. JE6.1/CXCR3 cells were incubated with

0�001% BSA/RPMI alone (a–d: lanes 1, 2, 4 and 6; e and f: lane 1) or with 0�001% BSA/RPMI containing CXCL9 (e and f: lane 2), CXCL10

(a–d: lanes 3, 5 and 7; e and f: lane 3), or CXCL11 (e and f: lane 4) for 5 min on ice. After incubation, the cells were moved to a 37� water bath

for the times indicated. Proteins in whole cell lysates were separated by SDS–PAGE, transferred to membranes, and immunoblotted with antibody

specific for phosphotyrosine residue 319 (pY319) in ZAP-70 (a and e, upper panels), with antibody specific for phosphotyrosine residue 171

(pY171) in LAT (b and f, upper panels), with antibody specific for phosphotyrosine residue 191 (pY191) in LAT (c and f, upper panels), or with

antibody specific for phosphotyrosine residue 783 (pY783) in PLCc1 (d, upper panel). After immunoblotting, membranes were stripped and

reblotted with antibody against ZAP-70 (a and e, lower panel), LAT (panels b, c and f, lower panel), and PLCc1 (d, lower panel) to test for equal

protein loading.
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upper panels). These results implicate ZAP-70 as having

a role in CXCR3-induced tyrosine phosphorylation of

LAT, PLCc1 and Erk.

Published data also indicate that ZAP-70 activation is

critical for chemokine-induced migration in T cells.19,20

We examined the role of ZAP-70 in CXCR3-mediated

T-cell chemotaxis by pretreating cells with piceatannol

before their incubation with the CXCR3 ligands CXCL10

and CXCL11 in a transwell chemotaxis assay. JE6.1/

CXCR3 cells treated with piceatannol demonstrated a

reduced chemotactic index in response to CXCL10 or

CXCL11 as compared to cells treated with DMSO alone

(Fig. 7a,b). The reduction of chemotaxis was dose-

dependent. Furthermore, this reduction in chemotaxis

was statistically significant when dose–response curves

were compared using both ANOVA and t-tests for non-

paired data: P < 0�01 DMSO treatment versus piceatannol

for CXCL10 chemotaxis assay, P < 0�001 DMSO treat-

ment versus piceatannol for CXCL11 chemotaxis assay.

Treatment of cells with pertussis toxin completely blocked

JE6.1/CXCR3 chemotaxis, suggesting that the cell

chemotaxis seen in this assay was mediated by CXCR3

activation.

However, when these same studies were performed in

normal T cells expressing CXCR3, treatment with picea-

tannol dose-dependently reduced chemotaxis in response

to CXCL10 (Fig. 7c) but not CXCL11 (Fig. 7d). This

finding suggests that although CXCL10 or CXCL11 treat-

ment of T cells can result in tyrosine phosphorylation of

ZAP-70, the role of ZAP-70 differs in the CXCL10 path-

way compared to the CXCL11 pathway. Together, these

results indicate that ZAP-70 plays a role in CXCR3-medi-

ated T-cell chemotaxis but that this role depends on

which ligand binds to CXCR3.
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Figure 5. CXCL11 treatment results in internalization of CXCR3 but not CD3. JE6.1/CXCR3 cells were treated with media alone (0�001% BSA/

RPMI) or with media containing CXCL10 or CXCL11. After treatment for the times indicated in a 37� water bath cells were fixed on ice with

1% paraformaldehyde then washed and stained with FITC anti-CD3e antibody, PE anti-hCXCR3 antibody, and appropriate isotype controls.

After staining, CD3 and CXCR3 surface expression were measured by FACS analysis. (a, b, e, f, i and j) represent CD3 expression measured by

FACS in untreated (a, e, i) and CXCL11-treated (b, f, j) cells at 0 min (a, b), 10 min (e, f) and 30 min (i. j). Similarly, (c, d, g, h, k and l) repre-

sent CXCR3 expression measured by FACS in untreated cells (c, g, k) and CXCL11-treated cells (d, h, l) at 0 min (c, d), 10 min (g, h), and

30 min (k, l). Results presented are representative of two independent experiments performed separately with CXCL10 and CXCL11. CD3 expres-

sion as measured by mean channel fluorescence (MCF) was statistically identical for all treatment groups at all time-points as evaluated by both

unpaired and paired t-tests. Differences in CXCR3 expression as measured by mean channel fluorescence were statistically non-identical for trea-

ted versus untreated cells as evaluated by both unpaired and paired t-tests. These values are listed as follows. CXCL10 (treated versus untreated):

10 min MCF 568�5 ± 0�5 versus 608 ± 7�0, P < 0�05; 30 min MCF 579 ± 13�0 versus 639 ± 17�0, P < 0�05. CXCL11 (treated versus untreated):

0 min, MCF 493�5 ± 14�5 versus 635 ± 19�5, P < 0�05; 10 min, 376 ± 23�06 versus 608 ± 11�0, P ¼ 0�01; 30 min MCF 370 ± 9�5 versus

621�5 ± 6�5, P < 0�005.
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ZAP-70 phosphorylation at tyrosine residues
following CXCR3 activation is a Gai-independent,
Lck-dependent process

Having found that ZAP-70 was involved in CXCR3-

mediated signalling and in CXCL10-mediated T-cell che-

motaxis, we investigated what mechanisms might be

responsible for ZAP-70 phosphorylation at tyrosine 319

following CXCR3 activation. One possibility is that

CXCR3-mediated ZAP-70 phosphorylation is a Gai-

dependent process. Chemokine receptors signal through

Gai-coupled G proteins and Gai proteins can activate

Src family kinases directly.1–4,13,51 Activation of the Src

family kinase Lck expressed in T cells is necessary for

phosphorylation of ZAP-70 at tyrosine residues after

stimulation of the TCR.33–36 Thus, ligand binding to

CXCR3 could result in Gai-dependent activation of Lck,

and activated Lck could in turn phosphorylate ZAP-70

at tyrosines. To investigate the role of Gai in CXCR3-

mediated ZAP-70 phosphorylation, we treated JE6.1/

CXCR3 cells with the Gai-inhibitor pertussis toxin

before stimulating them with CXCL10 or CXCL11. We

found that pertussis toxin had no effect on CXCL10-

mediated or CXCL11-mediated phosphorylation of pro-

teins at tyrosines in general (Fig. 8a, lanes 2–11) or on

CXCL10-mediated or CXCL11-mediated phosphorylation

of ZAP-70 at tyrosine 319 (Fig. 8b, lanes 2–11, upper

panel). These results suggest that phosphorylation of

ZAP-70 at tyrosine 319 after CXCR3 activation is a Gai-

independent process.

However, Lck could still be involved in CXCR3-medi-

ated ZAP-70 phosphorylation at tyrosine 319. Beta arres-
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Figure 6. Piceatannol (Pic) inhibits CXCR3-

induced protein tyrosine phosphorylation.

JE6.1/CXCR3 cells were incubated for 2 hr at

37� with 5% CO2 in 5% FCS/RPMI in the

absence (a–f: lanes 1 and 2) or presence of the

inducted concentrations of piceatannol (Pic;

a–f: lanes 3–5). Control cells were incubated in

5% FCS/RPMI containing DMSO (a–f: lane 6).

After incubation, the cells were washed and

incubated in 0�001% BSA/RPMI alone (a–f:

lane 1) or in 0�001% BSA/RPMI containing

30 nm CXCL10 or 30 nm CXCL11 (f: lanes

2–6) for 5 min on ice. After incubation, cells

were moved to a 37� water bath for 5 min.

Proteins in whole cell lysates were separated by

SDS–PAGE, transferred to membranes, and

immunoblotted with anti-phosphotyrosine

mAb (a), anti-pY319 ZAP-70 antibody (b and

f, upper panels), the combination of anti-

pY171 LAT antibody and anti-pY191 LAT

antibody (c and f, upper panels), with anti-

p783 PLCc1 antibody (d and f, upper panels),

or with anti-phospho-Erk (pT202/pY204) anti-

body (e, upper panel). After immunoblotting,

membranes were stripped and reblotted with

anti-ZAP-70 antibody (b and f, lower panels),

anti-LAT antibody (c and f, lower panels), with

anti-PLCc1 (d and f, lower panels), or with

anti-Erk (e, lower panel).
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tins can be recruited to ligand-bound G-protein-coupled

receptors in a G-protein-independent manner and can

serve as signalling scaffolds upon which Src family kinases

can bind and become activated.52–54 So Lck could be acti-

vated and phosphorylate ZAP-70 at tyrosine 319 in a

Gai-independent fashion. To investigate this potential

role of Lck in CXCR3-mediated ZAP-70 phosphorylation

at tyrosine 319 we engineered the Lck-deficient Jurkat

T-cell line JCAM1.6 to express CXCR3. A subset of these

cells was then reconstituted with Lck. These engineered

cell lines JCAM1.6 CXCR3–/Lck–, JCAM1.6 CXCR3+/Lck–,

and JCAM1.6 CXCR3+/Lck+ were treated with CXCL10.

An increase in ZAP-70 phosphorylation at tyrosine 319

after CXCL10 treatment was only apparent in JCAM1.6

cells expressing both CXCR3 and Lck (CXCR3+/Lck+,

Fig. 8c, compare lanes 5 and 6, upper panel). The pres-

ence of CXCR3 alone or of vector controls was not suffi-

cient to induce CXCL10-mediated ZAP-70 tyrosine

phosphorylation (Fig. 8c, lanes 1–4, upper panel). In

total, these results suggest that Lck is involved in CXCR3-

mediated ZAP-70 tyrosine phosphorylation and that Lck

activation and ZAP-70 phosphorylation following CXCR3

activation are Gai-independent events.

Stimulation through TCR attenuates
CXCR3-induced protein tyrosine phosphorylation
and CXCR3-mediated T-cell migration

Our results showed that CXCR3–ligand interaction indu-

ces the tyrosine phosphorylation of ZAP-70, LAT and

PLCc1. These molecules also become phosphorylated on

tyrosines upon TCR ligation.36–39,55 Thus, both TCR and

CXCR3 signalling appear to involve, at least in part, the

activation and/or tyrosine phosphorylation of the same

molecules. To test the possibility that these receptors

affect each others’ signalling, we examined whether the

simultaneous activation of these receptors induced syner-

gistic phosphorylation of ZAP-70, LAT or PLCc1. How-

ever, we did not observe a significant increase in the

phosphorylation of these proteins upon coactivating

CXCR3 and TCR (not shown). We also examined whe-

ther stimulating either of these receptors would modulate

subsequent stimulation through the other receptor as fol-

lows: JE6.1/CXCR3 cells were left untreated or were

stimulated through the TCR with anti-CD3 mAb. After

treatment, the cells were either lysed (Fig. 9a), or were

washed and then rested for 2 hr at 37� to allow for TCR-
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Figure 7. Piceatannol differentially inhibits CXCR3-mediated T-cell chemotaxis. JE6.1/CXCR3 cells (a, b) and normal T cells expressing CXCR3

(c, d) were treated with piceatannol as described above before being subjected to a trans-well chemotaxis assay. Chemotaxis filters were treated

with 10 lg/ml fibronectin. Lower wells were filled with assay buffer alone or assay buffer containing CXCL10 (a, c) or CXCL11 (b, d) at the con-

centrations indicated. Cells were stained with Calcein AM and then loaded at 3 · 105 cells per well. Plates were incubated at 37� for 1 hr, after

which, filter inserts were washed to remove non-adherent cells. Fluorescence was measured in a plate reader (485 nm excitation, 530 nm emis-

sion) and the chemotactic index was calculated by comparing the fluorescence of wells with chemoattractant to those with assay buffer alone.

Dose–response curves based on chemotactic index were calculated for DMSO and piceatannol-treated cells and plotted: (a, b) represent data

obtained with JE6.1/CXCR3 cells and (c, d) represent data obtained from normal T cells. Dose–response curves were compared using one-way

anova and non-paired t-tests. Results of statistical analyses are indicated below each panel.
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induced protein tyrosine phosphorylation to subside to

baseline levels. After resting, the cells were incubated in

media alone or in media containing CXCL10. After incu-

bation, cell lysates were transferred to membranes and

immunoblotted with anti-phosphotyrosine antibody. Sti-

mulation through the TCR reduced CXCR3-induced pro-

tein tyrosine phosphorylation (Fig. 9b, compare lanes 2

and 3). Similarly, stimulation through the TCR reduced

CXCR3-induced protein tyrosine phosphorylation of

ZAP-70 (Fig. 9c, upper panel, compare lanes 2 and 3)

and LAT (Fig. 9d, upper panel, compare lanes 2 and 3) as

compared to untreated cells. Equal protein loading was

confirmed by reblotting membranes with anti-ZAP-70

and anti-LAT antibodies. To confirm that this result was

not specific to CXCL10 alone, JE6.1/CXCR3 cells were

incubated with CXCL11 after stimulation of the TCR

with anti-CD3 mAb. Treatment of cells with anti-CD3

mAb attenuated CXCL11-induced protein tyrosine phos-

phorylation to the same extent as seen in experiments

conducted with CXCL10 (Fig. 9e,f). Previous stimulation

through CXCR3 with either CXCL9, CXCL10 or CXCL11,

however, had no effect on TCR-induced protein tyrosine

phosphorylation (not shown). These results demonstrate

that TCR stimulation can attenuate CXCR3 signalling,

indicating that TCR and CXCR3 signalling pathways are

probably interdependent.

Internalization of chemokine receptors on T cells can

occur after stimulation through the TCR.56 To test the

possibility that TCR ligation is attenuating CXCR3 signal-

ling by inducing the internalization of CXCR3, JE6.1/

CXCR3 cells were left untreated (Fig. 10a) or were stimu-

lated with anti-CD3 mAb (Fig. 10b). After resting, cells

were stained with PE-conjugated anti-CXCR3 antibody.

The surface expression of CXCR3 was measured by FACS

analysis. Stimulation with anti-CD3 mAb did not affect

CXCR3 surface expression as compared to untreated cells

(compare Fig. 10b with Fig. 10a): mean ± SE channel

fluorescence was 577 ± 80�2 for media alone and

588 ± 75�8 for media + anti-CD3 antibody (n ¼ 3; P ¼
0�44 as indicated by ANOVA and Fisher’s exact test). This

indicates that TCR-induced attenuation of CXCL10-

mediated or CXCL11-mediated protein tyrosine phos-

phorylation in JE6.1/CXCR3 cells is not a result of

down-regulation of CXCR3 surface expression.

Having found that TCR stimulation could attenuate

CXCR3-mediated signalling, we investigated the effects of

TCR activation on CXCR3-mediated T-cell migration.
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Figure 8. CXCR3-mediated phosphorylation of ZAP-70 at tyrosine

319 is a Gai-independent, Lck-dependent process. JE6.1/CXCR3 cells

were treated with pertussis toxin (PTX) with the concentrations indi-

cated (a and b: lanes 3–6, 8–11) or left untreated (a and b: lanes 2

and 7) before stimulation with CXCL10 (a and b: lanes 2–6) or

CXCL11 (a and b: lanes 7–11). Lysates in (a) and (b), lane 1, are

from untreated, unstimulated JE6.1/CXCR3 cells. In (c), the Lck-

deficient Jurkat T cell line JCAM1.6 was enginereed to express

CXCR3. A subset of these cells was then reconstituted with Lck.

Three cell lines were generated: CXCR3– Lck– cells (contain vector

control for both constructs; c: lanes 1 and 2), CXCR3+ Lck– cells

(express CXCR3 and have vector control for Lck construct; c: lanes 3

and 4), and CXCR3+ Lck+ cells (express CXCR3 and Lck; c: lanes 5

and 6). These cells were stimulated with CXCL10 as described ear-

lier. After stimulation with either CXCL10 or CXCL11, JE6.1/CXCR3

cells or JCAM1.6-derived cell lines were lysed. Whole cell lysates

were separated by SDS–PAGE, transferred to membranes, and im-

munoblotted with anti-phosphotyrosine mAb (a) or with antibody

specific for phosphotyrosine residue 319 in ZAP-70 (b and c, upper

panels). After immunoblotting, membranes were stripped and reblot-

ted with antibody against ZAP-70 (b and c, lower panels) to test for

equal protein loading.
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JE6.1/CXCR3 cells and normal T cells expressing CXCR3

were treated with anti-CD3 mAb (0�03, 0�3 or 3 lg/ml)

or mouse immunoglobulin G1 (3 lg/ml) before incuba-

tion with CXCL10 or CXCL11 in a trans-well chemotaxis

assay. Initial experiments conducted with JE6.1/CXCR3

cells demonstrated that stimulation of the TCR with anti-

CD3 mAb attenuated maximal T-cell chemotaxis in

response to CXCL10 (Fig. 11e). These results were recon-

firmed in a single experiment with CXCL11 (data not

shown). However, given the differences in chemotaxis

after piceatannol treament in normal T cells expressing

CXCR3 compared with our engineered cell lines we deci-

ded to proceed with more extensive studies in normal T

cells. Treatment of normal T cells expressing CXCR3 with

anti-CD3 mAb attenuated T-cell chemotaxis in response

to CXCL10 (Fig. 11a,b) or CXCL11 (Fig. 11c,d). This

effect was dose-dependent (Fig. 11b,d). The effect was sta-

tistically significant whether comparing dose–response

curves or maximal chemotactic index (Fig. 11). In total,

our results suggest that TCR activation and CXCR3-medi-

ated T-cell chemotaxis are closely linked, that activation

of the TCR or CXCR3 induces similar signalling events,

and that regulation of these signalling events involves

common regulatory mechansims.

Discussion

The chemokine receptor CXCR3 plays an important role

in regulating the immune response by controlling T-cell

migration and function; yet, the molecular mechanisms of

CXCR3 signalling in the T cell are not clear. Studying

CXCR3 signalling has been hampered, at least in part, by
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Figure 9. Stimulation through the TCR

attenuates CXCL10-induced and CXCL11-

induced protein tyrosine phosphorylation.

(a) JE6.1/CXCR3 cells were incubated at 37�
for 5 min in 0�001% BSA/RPMI alone (lane 1)

or with 0�001% BSA/RPMI containing 3 lg/ml

anti-CD3 antibody (lane 2). After incubation,

the cells were either lysed (a), or were washed

and resuspended in 5% FCS/RPMI. The cells

were then allowed to rest for 2 hr at 37� in 5%

CO2. After resting, the cells were washed and

incubated for 5 min on ice in 0�001% BSA/

RPMI alone (b–f: lane 1) or in 0�001% BSA/

RPMI containing 30 nm CXCL10 (b–d: lanes

2, 3) or 30 nm CXCL11 (e and f: lanes 2, 3).

After incubation, the cells were moved to a 37�
water bath and incubated for 5 min. After

incubation, the cells were lysed and the pro-

teins in the whole cell lysates were separated

by SDS–PAGE, transferred to membranes,

and immunoblotted with anti-phosphotyrosine

mAb (b, e), with antibody specific for phos-

photyrosine residue 319 in ZAP-70 (c and f,

upper panels), or with the combination of

antibodies specific for phosphotyrosine resi-

dues 191 and 171 in LAT (d and f, upper pan-

els). After immunoblotting, membranes were

stripped and reblotted with antibody against

ZAP-70 (c and f, lower panels) or LAT (d and

f, lower panels) to test for equal protein load-

ing. Pre-aCD3 indicates cells that were pre-

stimulated with anti-CD3 antibody.
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the limited expression of CXCR3 on quiescent T cells, by

the variation in the expression of CXCR3 on activated T

cells from different individuals, and by the prolonged cul-

ture methods needed to induce the expression of CXCR3

on T cells. We overcame these problems by stably trans-

fecting CXCR3 in Jurkat T cells, which are widely used as

a model for T-cell activation. We showed that the interac-

tion between CXCR3 and its ligands induces the tyrosine

phosphorylation of several proteins, including the T-cell

signalling molecules ZAP-70, LAT and PLCc1.

To maximize signalling through chemokine receptors,

previous studies used activation protocols in which cells

were serum-starved for extended periods before engaging

the chemokine receptor with its ligand.17 We found that

incubating normal human T cells expressing CXCR3 on

ice for 5 min, adding the ligands, and then incubating the

cells for an additional 5 min on ice before transferring

the cells to 37� led to a stronger CXCR3-induced protein

tyrosine phosphorylation compared to CXCR3-induced

protein tyrosine phosphorylation in cells that were not

preincubated on ice (not shown). The reason for this dif-

ference may be that CXCR3 was fully occupied by ligand

while cells were on ice, but that signalling was inhibited.

Transfer of cells from ice to 37� may have allowed for

synchronized signalling through CXCR3, resulting in a

stronger signal. The addition of CXCR3 ligands to JE6.1/

CXCR3 T cells yielded similar results regardless of whe-

ther the cells were preincubated on ice or not (not

shown). This was true in all biochemical studies conduc-

ted with JE6.1/CXCR3 cells (stimulation, piceatannol and

cross-talk studies). To be consistent, we chose to stimu-

late JE6.1/CXCR3 T cells under the same conditions that

were used to stimulate normal T cells.

ZAP-70 is a protein-tyrosine kinase (PTK) expressed

primarily in T cells, and is critical for T-cell development

and function.36 Previous studies have also implicated

ZAP-70 in playing a role in chemokine receptor signal-

ling.18–20 For example, activation of CXCR4, a chemokine

receptor constitutively expressed on T cells, with its lig-

and SDF-1a induced tyrosine phosphorylation of ZAP-70

in T cells.18,20 Furthermore, the CXCR4-induced tyrosine

phosphorylation of ZAP-70 was critical for CXCR4-medi-

ated T-cell migration.20 Our studies showed that CXCR3

activation induced a rapid increase in ZAP-70 tyrosine

phosphorylation and that inhibition of ZAP-70 with

piceatannol reduced both CXCR3-mediated protein

tyrosine phosphorylation and CXCR3-mediated T-cell

chemotaxis. These results indicate a role for ZAP-70 in

CXCR3-signalling.

The activation of ZAP-70 is known to require phos-

phorylation by a PTK.57,58 CXCR3 has no intrinsic PTK

activity. Thus, the phosphorylation of ZAP-70 upon

CXCR3 activation must be brought about by a PTK that

becomes activated following ligand binding. The binding

of certain chemokines to their receptors induces activa-

tion of Src PTK in T cells.59,60 For example, the binding

of SDF-1a to CXCR4 induces the phosphorylation and

activation of Lck in T cells;59 Lck is a PTK that phos-

phorylates ZAP-70.61,62 We showed that the addition of

CXCR3 ligands induces the phosphorylation of ZAP-70

on tyrosine 319. Phosphorylated tyrosine 319 on ZAP-70

is critical for ZAP-70–Lck protein–protein interactions;

phosphorylated tyrosine 319 acts as a docking site for the

SH2 domain of Lck.61 Our studies with JCAM1.6 (Lck-

deficient) Jurkat T cells engineered to express CXCR3
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Figure 10. Stimulation through the TCR does not affect CXCR3

expression in JE6.1/CXCR3 cells. JE6.1/CXCR3 cells were incubated

with 0�001% BSA/RPMI alone (a) or with 0�001% BSA/RPMI con-

taining 3 lg/ml anti-CD3 mAb (b). After treatment, the cells were

moved to a 37� water bath for 5 min. Cells were removed from the

water bath, washed, resuspended in 5% FCS/RPMI, and incubated

for 2 h at 37�, 5% CO2. After incubation, FACS analysis was per-

formed to determine the level of surface CXCR3 surface expression

on unstimulated cells (a) or on cells stimulated with anti-CD3

mAb (b).
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suggest that Lck is involved in CXCR3-mediated phos-

phorylation of ZAP-70 at tyrosine residues and that the

activation of Lck and phosphorylation of ZAP-70 after

CXCR3 stimulation are Gai-independent processes. At

first glance, these results appear inconsistent with our

functional studies in which both the Gai-inhibitor per-

tussis toxin and ZAP-70-inhibitor piceatannol attenuated

migration of JE6.1/CXCR3 cells in response to CXCL10.

However, it seems likely that ZAP-70 and Gai contribute

differently to CXCR3-mediated T-cell chemotaxis. ZAP-

70 is involved in lymphocyte function-associated antigen

1 (LFA-1)-dependent migration of T-cell hybridomas

and ZAP-70 phosphorylation is enhanced upon LFA-1

ligation in these cells.48,63 CCR5 activation results in the

phosphorylation of ZAP-70 at tyrosines and leads to its

coprecipitation with focal adhesion kinase in Jurkat T

cells.19 These reports indicate that ZAP-70 has a role

in integrin- and chemokine-induced T-cell adhesion.

ZAP-70 could similarly regulate CXCL10-mediated T-cell

adhesion and so inhibition of ZAP-70 by piceatannol

would lead to decreased CXCL10-induced T-cell chemo-

taxis. This process is likely independent of Gai-initiated

signalling events that also contribute to T-cell chemotaxis

in response to CXCL10. Thus, signalling through both

ZAP-70 and Gai would be necessary but individually

insufficient to support successful T-cell chemotaxis after

the activation of CXCR3 by CXCL10; however, inhibiting

the signalling activity of either molecule would result in a

decreased chemotactic response to CXCL10, as we saw in

our studies.

ZAP-70 tyrosine phosphorylates various signalling mol-

ecules in T cells, including LAT and PLCc1.37,40,64 LAT is

a linker protein linking ZAP-70 with downstream signal-

ling events in T cells.37,55,64 We showed that CXCR3 acti-

vation induces rapid phosphorylation of tyrosine residues

171 and 191 in LAT. Interestingly, these tyrosine residues

become phosphorylated upon TCR ligation, and are crit-

ical for TCR function.37,55,64 LAT has previously been

shown to be a substrate for ZAP-70 because LAT became

markedly phosphorylated on tyrosine residues when coex-

pressed with ZAP-70 in 293T cells.37 Thus, it is possible

that ZAP-70 is the PTK, or at least one of the PTKs, that

phosphorylates LAT after CXCR3 activation. The phos-

phorylation of tyrosine residues 171 and 191 in LAT has

been shown to be important for linking ZAP-70 with

downstream signalling molecules, including PLCc1, in the

TCR signalling.37,55,64 Our results showing that CXCR3–

CXCL10 interaction induces the phosphorylation of tyro-
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Figure 11. Stimulation of the TCR attenuates

CXCR3-mediated T-cell chemotaxis. Normal T

cells expressing CXCR3 (a–d) or JE6.1/CXCR3

cells (e) were stimulated with varying concen-

trations of anti-CD3 mAb or with immuno-

globulin G1 before being subjected to a trans-

well chemotaxis assay as described above.

Dose–response curves to CXCL10 (a) or

CXCL11 (c) were calculated and statistically

compared. In addition, per cent inhibition of

maximal chemotaxis was also compared

between treatment groups for both CXCL10

(b and e) and CXCL11 (d). Per cent inhibition

of maximal chemotaxis for each treatment is

indicated below each bar graph. Results of sta-

tistical analyses using one-way anova and

non-paired t-tests are reported below each

panel.
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sine residue 783 in PLCc1 suggest that a similar chain of

signalling events might also be involved in transducing

CXCR3 signalling. The phosphorylation of tyrosine resi-

due 783 in PLCc1 has been shown to be critical for the

activation of PLCc1.65 Because activated PLCc1 has been

implicated in calcium mobilization in T cells, it is tempt-

ing to speculate that PLCc1 is involved, at least in part,

in CXCR3-induced calcium flux in T cells.15

The studies with piceatannol, a ZAP-70-inhibitor, fur-

ther implicate ZAP-70 in the tyrosine phosphorylation of

LAT and PLCc1. Interestingly, piceatannol also blocked

CXCR3-induced MAPK Erk tyrosine phosphorylation; so

ZAP-70 appears to function upstream of Erk in the

CXCR3 signalling cascade.

The role played by ZAP-70 in CXCR3-mediated chemo-

taxis appears to be dependent on which ligands bind to

CXCR3. The inhibition of CXCL10-induced, but not

CXCL11-induced, normal T-cell chemotaxis after treat-

ment of these cells with piceatannol suggests that these

two ligands can produce CXCR3-mediated T-cell chemo-

taxis through different signalling mechanisms. Since both

CXCL10 and CXCL11 treatment of JE6.1/CXCR3 cells

resulted in tyrosine phosphorylation of ZAP-70, ZAP-70

probably has a role in CXCL11-induced signalling that

remains undefined.

Recent studies have reported cross-talk between chemo-

kine receptors and other surface molecules.56,66,67 For

example, TCR ligation strongly inhibited CXCR4-medi-

ated T-cell chemotaxis, a process that appears dependent

on molecules that are important for initiating TCR signal-

ling such as Lck.56,59,66 Interestingly, CXCR4–ligand inter-

action attenuated TCR-induced phosphorylation of ZAP-

70 and LAT, suggesting that CXCR4 regulates the thresh-

old for TCR-mediated T-cell activation.56 However, Nanki

et al. reported that CXCR4 acted as a costimulator for

TCR-mediated proliferation and cytokine production.67

The reason for the discrepancy between the studies of

Nanki67 and of Peacock56 is not clear at this time. Never-

theless, these studies suggest an interaction between TCR

and chemokine receptors. Our data suggest that CXCR3

and TCR may cross-talk.

(1) Both TCR and CXCR3 induced tyrosine phosphoryla-

tion of ZAP-70, LAT, and PLCc1.

(2) Both receptors induced tyrosine phosphorylation of

the same tyrosine residues in ZAP-70, LAT, and

PLCc1.

(3) Previous TCR ligation strongly attenuated CXCR3-

induced protein tyrosine phosphorylation and CXCR3-

mediated T-cell migration.

However, we did not detect any additive or synergistic

increase in protein tyrosine phosphorylation upon

costimulating CXCR3 and TCR (not shown). Thus, the

mechanisms by which TCR ligation attenuates CXCR3

signalling and CXCR3-mediated T-cell migration are not

clear; but they could be attributed to TCR-activated tyro-

sine phosphatases because TCR ligation has been shown

to activate several tyrosine phosphatases.68–70 This issue

awaits further investigation. In contrast, we did not detect

any attenuation in TCR signalling when the cells were

prestimulated through CXCR3. This finding might be

attributed to the fact that CXCR3-induced signalling

events are weaker than that induced by TCR ligation; so

the regulatory mechanisms elicited by CXCR3–ligand

interaction might not be strong enough to down-regulate

TCR-induced signals in this experimental system.

Our data suggest that a regulatory relationship exists

between T-cell activation and CXCR3-mediated effects on

T-cell function. Other in vitro and in vivo evidence,

though, suggests a costimulatory role for CXCR3; it has

been well documented that T-cell activation by major

histocompatibility complex–antigen occurs while in close

juxtaposition to antigen-presenting cells, leading to the

formation of specialized contact zones, a reorganization

of signalling components and an assembly of supra-

molecular activation clusters.71 These complexes, termed

immunological synapses, function in part to control the

strength and duration of costimulatory signals.72,73 Recent

data suggest that chemokine receptors are recruited to the

immunological synapse, where secretion of their cognate

ligands by antigen-presenting cells, not only provide

costimulatory signals to T cells, but also helps to sustain

T-cell–antigen-presenting cell interactions.74 Data in sup-

port of a costimulatory role for CXCR3 in this regard

come from the study of CXCR3 knockout mice, which

have decreased mixed lymphocyte reaction responses, but

normal T-cell proliferative responses to mitogen.10 An

additional level of complexity exists in that the contribu-

tion of CXCR3-mediated signals to T-cell activation may

be T-cell subset specific. For example, CXCR3 signalling

has been shown to be more important for efficient activa-

tion of CD8+ than CD4+ T cells, especially those of the

CD44low naive phenotype.27

Antithetically, some chemokines have been proposed to

suppress T-cell activation by overriding major histocom-

patibility complex–antigen-mediated ‘stop signals’, allow-

ing T cells to migrate away before the formation of an

immunological synapse.75 Interestingly, in one in vitro

system, CXCL10 has been shown to have this effect.76

Thus, while the data presented here define, at the molecu-

lar and in vitro functional levels, the potential for cross-

talk between TCR and CXCR3 on both recombinant and

normal T cells, future studies will focus on the signalling

interplay between these receptors on specific T-cell sub-

sets, in a setting of immune responses initiated by anti-

gen-presenting cells.

In summary, we have shown for the first time that

CXCR3 activation induces protein tyrosine phosphoryla-

tion in normal human T cells and in Jurkat T cells stably

expressing CXCR3. We also demonstrate that ZAP-70,
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LAT and PLCc1 are involved in CXCR3 signalling and

that ZAP-70 plays a role in CXCR3-mediated chemotaxis.

Our data suggest that more than one signalling pathway

may be involved in CXCR3-mediated T-cell chemotaxis.

Finally, we present data on the attenuation of CXCR3 sig-

nalling and CXCR3-mediated T-cell chemotaxis upon

previous TCR ligation, indicating a close and complex

relationship between T-cell activation and CXCR3 activa-

tion. These results shed new light on the molecular mech-

anisms of CXCR3 signalling in T cells.
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