CHEMOKINES

CXCR3-mediated chemotaxis of human T cells is regulated hy @@
phospholipase C—dependent pathway and not via activation
of MEK/p44/p42 MAPK nor Akt/PI-3 kinase

Martine J. Smit, Pauline Verdijk, Elisabeth M. H. van der Raaij-Helmer, Marjon Navis, Paul J. Hensbergen,

Rob Leurs, and Cornelis P. Tensen

The chemokines CXCL9, 10, and 11 exert
their action via CXC chemokine recep-
tor-3 (CXCR3), a receptor highly ex-
pressed on activated T cells. These inter-
feron vy (IFNy)-induced chemokines are
thought to be crucial in directing acti-
vated T cells to sites of inflammation. As
such, they play an important role in sev-
eral chronic inflammatory diseases in-
cluding ulcerative colitis, multiple sclero-
sis, artherosclerosis, and delayed-type
hypersensitivity reactions of the skin. In

this study, we first demonstrate that in
COS-7 cells heterologously expressing
CXCR3, CXCL11 is a potent activator of
the pertussis toxin (PTX)-sensitive p44/
p42 mitogen-activated protein kinase
(MAPK) and Akt/phosphatidylinositol 3
kinase (PI3K) pathways. Next, we show
that these signal transduction pathways
are also operative and PTX sensitive in
primary human T cells expressing CXCRS3.
Importantly, abrogation of these signal-
ing cascades by specific inhibitors did

not block the migration of T cells toward
CXCR3 ligands, suggesting that MAPK
and Akt activation is not crucial for
CXCR3-mediated chemotaxis of T cells.
Finally, we demonstrate that CXCRS3-
targeting chemokines control T-cell migra-
tion via PTX-sensitive, phospholipase C
pathways and phosphatidylinositol ki-
nases other than class | PI3K . (Blood.
2003;102:1959-1965)
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Introduction

Chemokines are a group of small, secreted and heparin-bindimfgnflammation where they play an important role in Th1-mediated
proteins that are not only active as chemotactic factors but alsoiasnune responses. Expression of the CXCR3-targeting chemo-
end-point effectors of immune protective functions. These proteikBes have been demonstrated in several chronic inflammatory
are classified into Cys-Xaa-Cys (CXC), Cys-Cys (CC), Cys (Ciliseases including ulcerative colifis,multiple sclerosig81?
and Cys-Xaa-Xaa-Xaa-Cys (CX3C) chemokines based on thepatitis C—infected livel® artherosclerosi¥’ delayed-type
position of characteristic structure determining cysteine residulegpersensitivity skin reactions, and chronic skin inflamma-
within their N-terminal part# They are produced locally in the tions2%21However, to date little is known about the intracellular
tissues and exert their action on leukocytes by binding to specificégents following agonist binding to CXCR3, except for2Ca
protein—coupled receptors (GPCRs) embedded within the memebilization, in T cellst4.22-24
brane of their respective target cells. Typically, the binding of a In this study we have delineated several signaling pathways of
chemokine to its cognate GPCR triggers the activation of multip@XCR3 ligands, in particular of CXCL11, which appears to be the
signal transduction pathways, including a transient intracellulafost potent agonist in all assays used. We show that CXCR3
rise in C&*.5 To date, about 50 different chemokines and at least ligands are able to activate the p44/p42 MAPK and Akt/PI-3 kinase
different receptors have been identiffed. signaling cascades in CXCR3-transfected COS-7 cells and

For several chemokines it has been shown that receptor bindingmary human T cells. Chemotaxis of T cells, however, is not
also activates the p44/p42 mitogen-activated protein kinase (MAPHK)kdiated by these kinases but controlled via &d phospho-
(extracellular signal-regulated kinase) pathway in multiple ceipase C—dependent pathways and phosphatidylinositol kinases
types®1! Blockade of MAPK activation inhibited eotaxin-inducedother than class | P13K
eosinophil rolling in vivo and chemotaxis in vifftbas well as
CXCL12-mediated chemotaxis of CD4 cells'? pointing toward
a crucial role of MAPK activation in leukocyte migration.

The chemokines CXCL9, 10, and 11 (formerly known as MigMaterials and methods
IP-10, and IP-9/I-TAC, respectively) exert their action via CXC )
chemokine receptor-3 (CXCR3), a receptor highly expressed Bfgterials
activated T cell$314 These interferory (IFN-y)—induced chemo- Cell culture media and supplements were obtained from GIBCO BRL
kines are thought to be crucial in directing activated T cells to sitéSarlsbad, CA). CXCL10 (IP-10) was obtained from Peprotech (Rocky
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Hill, NJ) and CXCL 11 (IP-9/I-TAC) wasfrom R & D Systems (Minneapo-
lis, MN). The MEK (mitogen-activated protein kinase kinase) inhibitors
PD98059 and U0126 were obtained from New England Biolabs (Beverly,
MA) and Promega (Leiden, The Netherlands), respectively. The phospho-
lipase C (PLC) inhibitor U73122, itsinactive analog U73343, phosphatidyl-
inositol kinase inhibitors wortmannin and LY 294002, and pertussis toxin
were obtained from Sigma (Sigma-Aldrich Chemie B.V., Zwijndrecht, The
Netherlands). The hCXCR3 in pcDNA |1l was a gift from Dr B. Moser
(Theodor-Kocher Ingtitute, University of Bern, Switzerland).14

Cell culture and transfection

COS-7 cells were grown at 5% CO, at 37°C in Dulbecco modified Eagle
medium supplemented with 5% fetal calf serum, 2 mM L-glutamine, 50
1U/mL penicillin, and 50 p.g/mL streptomycin. Transfection of COS-7 cells
was performed with diethylaminoethyl (DEAE)—dextran. The total amount
of DNA in transfected cells was kept constant by addition of the empty
vector. Transfected cellswere maintained in serum-free medium. I solations,
activation, and culturing of human T lymphocytes were performed as
described previously.??

Chemotaxis assays

The assay for chemotaxis was performed in 24-well plates (Costar,
Cambridge, MA) carrying Transwell permeable supports with a 5-pm
polycarbonate membrane. Cultured T cells were washed once and resus-
pended at 5 X 10° cells/mL in RPMI 1640 containing 0.25% bovine serum
albumin (BSA). Medium alone or supplemented with chemokine was
placed in the lower compartment, and cells were loaded onto the inserts at
0.5 X 105/100 pL for each individual assay. Chambers were incubated for
120 minutes in a 5% CO.,-humidified incubator at 37°C. After the
incubation period, numbers of T cells migrating to the lower chamber were
counted under a microscope using a hemocytometer (VWR International,
Amsterdam, The Netherlands). Viability was checked with trypan blue
exclusion. All conditions were tested at least in triplicate; statistic evalua-
tion was performed using the Student t test.

Cell stimulation

If not stated otherwise, interleukin 2 (I1L-2)—expanded activated T cellswere
serum starved overnight in medium supplemented with 400 U/mL IL-2 and
0.2% BSA. The cells were washed twice and resuspended in Hanks
balanced salt solution (HBSS) containing 20 mM HEPES (N-2-hydroxyeth-
ylpiperazine-N’-2-ethanesulfonic acid), pH 7.4 (2 X 107 cells/mL). Ali-
quots of 2 X 108 cells for immunoblotting were incubated for 10 minutes at
37°C and then stimulated with the appropriate agonist at indicated time
intervals. Incubations were terminated by centrifugation and pelleted cells
were lysed as described under Western blot analysis. COS-7 cells were
serum starved and stimulated as indicated in the figures.

Western blot analysis

Transiently transfected COS-7 cells (48 h after transfection) and IL-2—
expanded activated T cells were lysed in RIPA buffer (phosphate-buffered
saline containing 1% Nonidet P-40, 0.1% sodium dodecyl sulfate [SDS],
0.5% sodium deoxycholate, 1 mM phenylmethylsulphonylfluoride, 1 mM
sodium orthovanadate, and 2 pwg/mL of aprotinin and leupeptin), sonicated,
separated by SDS—polyacrylamide gel electrophoresis, and blotted to
polyvinylidene difluoride membrane. Antibodies recognizing p44/p42
MAPK, Akt, phospho-Akt ($473) (New England Biolabs) were used in
combination with a goat antirabbit horseradish peroxidase—conjugated
secondary antibody (Biorad, Hercules, CA). The antibody recognizing
phospho-p44/p42 MAPK (T202/Y 204) (New England Biolabs) was used in
combination with a goat antimouse horseradish peroxidase—conjugated
secondary antibody (Biorad). Protein bands were detected with enhanced
chemiluminescence (ECL) and directly quantified using an Image station
(NEN Life Science Products, Boston, MA).

Actin polymerization assay

Cellswere washed 3 timesin RPMI 1640 and resuspended in assay medium
(RPMI 1640 with 0.1% BSA [BSA, fraction V; Sigma]) in a concentration
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of 1 X 109 cells/mL. Prior to the experiment, the cells and chemokine were
kept at room temperature for 10 minutes. The chemokine was subsequently
added to the cell suspension (10 nM). At indicated time points, 100 L of
cell suspension was transferred to 100 wL of fixation solution (4%
paraformaldehyde [PFA]). Cells were incubated in the fixation solution for
at least 15 minutes. Thereafter, the cells were centrifuged and resuspended
in 100 L of permeabilization reagent (0.1% Triton-X 100). After 10
minutes of incubation in this solution, cells were washed, blocked with 1%
BSA (5 minutes), washed, and incubated with 0.5 pwM rhodamine-
phalloidin (Molecular Probes, Leiden, The Netherlands) to visuaize the
F-actin. After 30 minutes, the cells were centrifuged and resuspended in
phosphate-buffered saline (PBS) with 0.25% BSA. Mean fluorescence
intensity was measured by fluorescence-activated cell sorter (FACS)
analysis (FACScan; BD Biosciences, Alphen aan den Rijn, The Netherlands).

Results

CXCR3 agonists induce activation of p44/p42 MAPK in
CXCR3-transfected COS-7 cells

We first examined the relative potencies of CXCR3 agonists
CXCL11 and CXCL10 to activate the p44/p42 MAPK—signaling
pathway. To this end, the human CXCR3 receptor was transiently
expressed into COS-7 cells. Exposure of CXCR3-expressing
COS-7 cells to 30 nM CXCL11 for different periods of time
resulted in a time-dependent increase in endogenous MAPK
activity as detected by an increase in phosphorylation of p44/p42
MAPK, measured using an antibody recognizing the phosphory-
lated form of p44/p42 MAPK (Figure 1A). A maximal transient
increase in phosphorylation of p44/p42 MAPK was observed after
15 minutes’ exposure of cellsto CXCL 11 at a concentration of 30
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Figure 1. CXCR3 agonists stimulate activation of p44/p42 MAPK in CXCR3-
transfected COS-7 cells. (A) COS-7 cells transiently transfected with CXCR3
(2.0 pg plasmid/108 cells) were stimulated for different periods of time with 30 nM
CXCL11. Phosphorylation of p44/p42 MAPK was determined by Western blot
analysis using specific anti-phosho-p44/p42 (P-p44/p42) antibodies. Phosphoryla-
tion was quantified by chemiluminescence and corrected for total MAPK (T-p44/p42)
expression on stripped blots. (B) CXCR3-expressing COS-7 cells were incubated
with CXCL10 and 11 (30 nM) for 15 minutes before lysis of the cells. (C-E) Involvement of
Raf-MEK- (C), G- (D), and PI3K-signaling pathway (E) in CXCL11-induced (15 min-
utes, 30 nM) p44/p42 MAPK phosphorylation. CXCR3-expressing COS-7 cells were
grown in serum-free medium in the presence of U0126 (10 wM, 30 minutes; C), PTX
(100 ng/mL, 48 h; D), or wortmannin (wort) (100 nM, 30 minutes; E) before lysis and
Western blot analysis. A representative experiment of at least 2 independent
experiments is shown.
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Figure 2. CXCR3 agonists stimulate activation of p44/p42 MAPK in T lympho-
cytes. (A-B) Activated IL-2—expanded blood T cells were incubated for 15 minutes
with various concentrations of CXCL11 (A), CXCL10 (B), or CXCL9 (B) before lysis of
the cells. Phosphorylation of p44/p42 MAPK was determined by Western blot
analysis using specific anti-phosho-p44/p42 (P-p44/p42) antibodies. Phosphoryla-
tion was quantified by chemiluminescence and corrected for total MAPK (T-p44/p42)
expression on stripped blots. (C-E) Involvement of Raf-MEK- (C), G- (D), and
PI3K-signaling pathway (E) in CXCL11-induced p44/p42 MAPK phosphorylation.
T cells were grown in serum-free medium in the presence of U0126 (10 uM,
30 minutes; C), PTX (100 ng/mL, 48 h; D), or wortmannin (wort) (100 nM, 30 minutes;
E), and exposed to CXCL11 (15 minutes, 30 nM) before lysis and Western blot
analysis. A representative experiment of at least 2 independent experiments
is shown.

nM (Figure 1A). The other well-known CXCR3 agonist CXCL 10
(IP-10) also induced an increase in phosphorylation of p44/p42
MAPK, albeit to alesser extent (Figure 1B).

As expected, incubation of cells expressing CXCR3 with the
specific MEK inhibitors U0126 (10 M) or PD98059 (10 .M, data
not shown) led to a complete abolishment of basal and CXCL 11-
induced phosphorylation of p44/p42 MAPK, confirming theinvolve-
ment of the Raf-MEK pathway (Figure 1C). CXCR3 belongsto the
class of G;-coupled receptors that are known to activate p44/p42
MAPK in COS-7 cells?®>% through the release of Gg, subunits
leading to activation of PI3K and Ras.?’ In order to examine the
involvement of the Gi-signaling pathway in CXCR3-mediated
signaling to p44/p42 MAPK, cellswere treated with pertussistoxin
(PTX, 100 ng/mL) for 48 hours. Pretreatment of cells with PTX
resulted in a partial reduction of CXCR3-induced increase in
MAPK phosphorylation (Figure 1D). Involvement of PI3K was
examined by pretreatment of cellsfor 30 minutes with wortmannin
(200 nM). Pretreatment of cells with wortmannin led to a complete
inhibition of basal and CXCL 11-induced phosphorylation of MAPK
(Figure 1E).

CXCR3 agonists induce activation of p44/p42 MAPK
in Tlymphocytes

As previously shown, T lymphocytes treated for 10 days with IL-2
express CXCR3.1422 | n | L-2—expanded, activated T cells, CXCL11
induced a time- (data not shown) and concentration-dependent
increase in phosphorylation of p44/p42 MAPK (Figure 2A). A
maximal increase in phosphorylation of p44/p42 MAPK, ranging
from a 2- to 5-fold increase, was observed after 5 to 15 minutes'
stimulation of cells with CXCL11, varying with the T-cell donor.
Analogous to the observations made in CXCR3-expressing COS-7
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cells, the activation of p44/p42 MAPK by CXCL 11 appeared to be
transient, since no increase in phosphorylation of MAPK was
detected after 60 minutes’ exposure of cells to CXCL11 (data not
shown). A maximal effect by CXCL 11 was reached at a concentra-
tion of 3 nM (Figure 2A), whereas CXCL9 and in particular
CXCL10 were less potent in phosphorylating p44/p42 MAPK
(Figure 2B).

In activated T cells, CXCR3-mediated activation of p44/p42
MAPK appeared to be mediated by the Raf-MEK pathway, as the
MEK inhibitor (U0126) completely inhibited the CXCL 11-induced
increase in MAPK phosphorylation (Figure 2C). The CXCL11-
induced phosphorylation of p44/p42 MAPK in T cells appeared to
be G; and partialy PI3K mediated, as preincubation of cells with
PTX (48 h, 100 ng/mL; Figure 2D) resulted in a complete
inhibition, whereas preincubation of cells with wortmannin (30
minutes, 100 nM; Figure 2E) led to a partia attenuation, of the
CXCL 11-induced phosphorylation of p44/p42 MAPK.

CXCR3 agonists phosphorylate Akt in CXCR3-transfected
COS-7 cells

The serine/threonine kinase Akt is known to be critical for cell
survival, proliferation, and gene expression.?® In addition, Akt has
been shown to be implicated in cell migration.?%31 Exposure of
CXCRS-expressing COS-7 cells to CXCL11 resulted in a marked
and sustained increase in phosphorylation of endogenous Akt in
COS-7 cells, as evidenced by immunoblotting with a phosphospe-
cificantibody (Figure 3A). CXCL 11 induced atime- and concentra-
tion-dependent phosphorylation of Akt, reaching a maximal effect
with 10 nM after 15 to 30 minutes' exposure (Figure 3A). CXCL11
induced a marked increase in phosphorylation of Akt at 30 nM,
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Figure 3. CXCR3 agonists stimulate activation of Akt in CXCR3-transfected
COS-7 cells. (A) COS-7 cells transiently transfected with CXCR3 (2.0 w.g plasmid/
108 cells) were stimulated for different periods of time with 10 (Ai), 30 (Aii), and
100 (Aiii) nM CXCL11, and phosphorylation of Akt was determined by Western blot
analysis using specific anti-phosho-Akt (P-Akt) antibodies. Phosphorylation was
quantified by chemiluminescence and corrected for total Akt (T-Akt) expression on
stripped blots. (B) CXCR3-expressing COS-7 cells were incubated with 30 nM
CXCL11 or CXCL10 for 15 minutes before lysing the cells. (C-D) Involvement of
Gi- (C) and PI3K-signaling pathway (D) in CXCL11-induced Akt phosphorylation.
CXCR3-expressing COS-7 cells were grown in serum-free medium in the presence
of PTX (100 ng/mL, 48 h; C) or wortmannin (wort) (100 nM, 30 minutes; D) and
exposed to CXCL11 (15 minutes, 30 nM) before lysis and Western blot analysis. A
representative experiment of at least 2 independent experiments is shown.
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while at this concentration CXCL10 induced only a marginal
increase in phosphorylation of Akt.

Involvement of Gj-signaling pathways in the CXCR3-induced
signaling to Akt was determined by treatment with PTX. As can be
seenin Figure 3C, PTX treatment resulted in amarked inhibition of
CXCL11-induced phosphorylation of Akt. To study the role of
PI3K (a known key player in the activation of Akt3?), CXCR3-
expressing cells were treated with PI3K inhibitor wortmannin (30
minutes, 100 nM). As expected, inhibition of PI3K resulted in a
total abolishment of CXCL11-induced phosphorylation of Akt
(Figure 3D).

CXCR3 agonists phosphorylate Akt in T lymphocytes

Alsoinactivated T cells, CXCL 11 generated atime- and concentra-
tion-dependent increase in phosphorylation of Akt (Figure 4Ai-iii).
At low concentrations of CXCL11 (10 nM), amaximal increasein
phosphorylation of Akt was detected after 30 minutes' incubation.
Remarkably, at higher concentrations of CXCL 11 (30 and 100 nM)
a marked increase in Akt phosphorylation was aready observed
after 1-minute exposure of cells. Akt phosphorylation levels
remained at an elevated level for at least 60 minutes when cells
were exposed to 30 nM, while at higher concentrations of CXCL 11
(100 nM) a gradual decrease to basal levels was observed. Again,
the ability of CXCL10 to induce an elevation of Akt phosphoryla-
tion was less pronounced compared with CXCL 11 at the different
concentrations (Figure 4Bi-iii). CXCL9 appeared to exert asimilar
increase of Akt phosphorylation compared with CXCL11 after 1
minute of exposure (Figure 4Bi-iii). However, CXCL9 was not
ableto induce a sustained elevated level of Akt phosphorylation.
As acontrol, activated T cells were also exposed to CXCL12
(SDF-1 [stromal cell-derived factor 1]), which binds to its cognate
receptor CXCR4 on these cells. As previously shown by Tilton et
al,’t CXCL12 (SDF-1) induced asustained increase in activation of
Akt (Figure 4C). CXCL11-mediated phosphorylation of Akt ap-
peared to be G, dependent astreatment of cellswith PTX abrogated
the CXCL 11-induced increase in phosphorylation of Akt (Figure
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Figure 4. CXCR3 agonists stimulate activation of
Akt in T lymphocytes. (A-C) T cells were stimulated
for different periods of time with 10, 30, and 100 nM
CXCL11 (Ai-iii), CXCL10 (Bi-iii), CXCL9 (Bi-iii), or
CXCL12 (C), and phosphorylation of Akt was deter-
mined by Western blot analysis using specific anti—
phosho-Akt (P-Akt) antibodies. Phosphorylation was
quantified by chemiluminescence and corrected for
total Akt (T-Akt) expression on stripped blots. (D-E) In-
volvement of G;- (D) and PI3K-signaling pathway (E)
in CXCL11-induced Akt phosphorylation. T cells were
grown in serum-free medium in the presence of PTX
(100 ng/mL, 48 h; D) or wortmannin (wort) (100 nM,
30 minutes; E) and exposed to CXCL11 (1 minute,
30 nM) before lysis and Western blot analysis. A
representative experiment of at least 2 independent
experiments is shown.
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4D). In addition, PI3K appeared to be involved as preincubation of
cells with wortmannin markedly attenuated the CXCL 11-induced
phosphorylation of Akt (Figure 4E).

CXCR3-mediated actin polymerization and chemotaxis
of Tlymphocytes

Finally, the role of MEK-1, PI3K/PI4K, phospholipase C, and G;
protein was determined in CXCR3-induced actin polymerization
and CXCR3-mediated chemotaxis of T cells. Addition of CXCL11
to CXCR3-expressing primary T cells induced arapid and marked
onset of F-actin polymerization (Figure 5). CXCL11-stimulated
actin polymerization was not inhibited by pretreatment with the
MEK inhibitor U0126 (Figure 5). Moderate inhibition of CXCL11-
mediated actin polymerization was found after 30 seconds when

control

10 uM L0126

300 nM wortmannin
3 uM wortmannin
5uM U73122

100 ng/mL PTX

relative F-actin

0 10 20 30 40 50 60 300

time (seconds)

Figure 5. CXCL11-induced F-actin formation in primary human T cells and the
effect of inhibitors. At 10, 30, 60, and 300 seconds after 10 nM CXCL11 stimulation,
the levels of F-actin were determined by FACS analysis. Significantly lower F-actin
levels were found after pretreatment with PTX, U73122, and high concentrations of
wortmannin. No effects were observed with the MEK inhibitor U0126 and the inactive
analog of U73122 (U73433; data not shown). Data shown are the average of
independent experiments with T cells from 7 different donors. Error bars represent
SEM. Asterisks indicate values significantly different from CXCL11-induced actin
polymerization without inhibitor (Student t test; *P < .05, **P < .005).
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cells were pretreated with 300 nM wortmannin or earlier (10
seconds) when pretreated with higher concentrations of wortman-
nin (3 wM). Complete inhibition, however, was achieved after
pretreatment with pertussis toxin and the PLC inhibitor U73122
(5 wM). The inactive analog of U73122, U73343, had no effect
(not shown).

The role of MEK-1 and p44/p42 MAPK in CXCR3-mediated
T-cell migration was studied using the MEK inhibitors PD98059
and U0126 (Figure 6). Neither PD98059 nor U0126 caused
inhibition of CXCL 11-induced chemotaxis. Low concentrations of
wortmannin, selective for class | PI3K inhibition, did not block
CXCR3-mediated T-cell migration (Figure 6). However, at high
concentrations of wortmannin (= 1 wM) significant inhibition of
CXCRS3-mediated T-cell migration was observed. Similar results
were obtained with the structuraly distinct PI3/PI4K inhibitor
LY 294002. At concentrations selective for class | PI3K inhibition
no effects were detected, while increased concentrations induced
partial inhibition of CXCL11-induced T-cell migration. Finaly,
CXCL11-induced migration was completely blocked by pertussis
toxin pretreatment and the selective inhibitor of phospholipase C
(U73122), while the inactive analog of U73122 (U73343) had no
effect (Figure 6). This confirmed the crucial role of G; proteins and
PLC in CXCR3-mediated migration of human primary T cells.
None of theinhibitors except for the specific PLC inhibitor U73122
affected chemokinesis (data not shown).

Discussion

T-cell migration into sites of inflammation is a complex processin
which several cell surface molecules (eg, adhesion molecules,
integrins, and their ligands), act together. Soluble mediators,
mainly chemokines, are central in both activating and directing
T-cell subsets to target tissues. However, the signaling pathways
involved in the regulation of these processes are still poorly
defined. CXCRS is predominantly expressed on activated T cells
and activation by CXCL9, 10, and 11 leads to Ca?" mobiliza-
tion®42224 and chemotaxis in T cells. 2 Recently, CXCL9 was

150 4
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(% of CXCL11 stimulated)

‘wortmannin

U0126 10 uM

PTX 100 ngimL |7
PDY8059 100 uM

CXCL11

Figure 6. CXCR3-mediated chemotaxis of activated, primary human T lympho-
cytes and the effect of inhibitors. The chemotactic activity of activated IL-2—
expanded, blood-derived human T cells toward 30 nM CXCL11 was determined by
the Transwell migration system. Migration is reduced by pretreatment with PTX, the
PLC inhibitor U73122, and high concentrations of the kinase inhibitors wortmannin
and LY294002. No significant effects on chemotactic activity were found with the
inactive analog of U73122 (U73433) and the MEK inhibitors U0126 and PD98059.
Data shown are the average of experiments with T cells from at least 5 different
donors, except for the different LY294002 concentrations (n = 4). Chemotaxis is
expressed as percentage of cells migrating in comparison to 30 nM CXCL11 (set at
100% for each individual donor). Error bars represent SEM. Asterisks indicate values
significantly different from CXCL11-induced chemotaxis without inhibitor (Student t
test; **P < .001).
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shown to stimulate also the p44/p42 MAPK pathway in melanoma
cells®® and both CXCL9 and 10 were reported to activate the
Ras/ERK (extracellular signal—regulated kinase), Src, and the
PI3K/Akt pathways* in tissue-specific pericytes. However, CXCR3-
signaling eventsin T cellsaswell astherelative effects of CXCL9,
10, and 11 on activation of the p44/p42 MAPK- and Akt-signaling
pathways on cells heterologously expressing CXCR3 are thus
far unknown.

CXCR3induces activation of the p44/p42 MAPK and Akt/PI3K
pathways in T cells

In CXCR3-transfected COS-7 cells and in activated primary
human T cells, CXCL 11, 10, and 9 induce activation of the
p44/p42 MAPK- as well as the Akt-signaling pathways. However,
considerable differences exist between these CXCR3-activating
chemokines, with CXCL11 being a more potent ligand than
CXCL9 and CXCL10. The potencies of CXCL9 and in particular
CXCL 10 to phosphorylate p44/p42 MAPK and Akt are lower than
that observed for CXCL 11 at different time points. These observa-
tions are in agreement with the reduced affinities reported for
CXCL9 and 10 compared with 11 for CXCR3, with CXCL 11 being
unique as it interacts with 2 receptor states of CXCR3.% In both
model systems, CXCRS3 agonists activate p44/p42 MAPK and Akt
in a G- and PI3K—sensitive manner. It should be noted that the
efficacy of chemokines is subject to T-cell donor variability, while
their rank order of potency remains the same. As signaling induced
by the different chemokines in CXCR3-expressing COS-7 is
similar to that in activated T cells, CXCR3-expressing COS-7 cells
may function as auseful aternative model system.

CXCR3induces sustained activation of Akt in T cells

Interestingly, CXCR3 activation by CXCL11 leads to sustained
phosphorylation of Akt in T cells that is similar to that previously
observed for CXCL 12 (SDF-1) and CXCR4 but distinct from other
chemokine receptors. In the case of CXCR4, persistent activation
of Akt by CXCL12 was explained by the fact that CXCL12 and
CXCR4 are involved in homeostasis rather than inflammation;
sustained activation could protect CXCR4™" cells from undergoing
apoptosis, a process that is critica for the activation of T cells.t
Our data not only reveal that persistent activation of the Akt-
signaling pathway is not an exclusive property of the CXCL12/
CXCR4-signaling pathway but also demonstrate that sustained
activation strongly depends on the concentration of the chemokine
present in the environment of the receptor. At low concentrations of
CXCL11, activation of Akt is sustained, whereas at higher concen-
trations CXCL 11-mediated activation of Akt is transient. Loss of
Akt activation might in turn be the signal for chemokine-induced
apoptosis as recently demonstrated for CXCL12 and CD4+ T
cells.®2 In a physiologic context (eg, inflammation) such processes
might not only regulate and guide the migration of CXCR3-bearing
T cells but also be the trigger for T-cell apoptosis in case of local
high expression of CXCL 11. Disturbance of such a balance might
contribute to the presence of high numbers of CXCR3* T cellsin
certain inflammatory diseases (eg, chronic skin inflammations).?!

CXCR3-mediated T-cell migration is not dependent on the
PI3K/Akt or the p44/p42 MAPK pathway

Both the PI3K/Akt and the p44/p42 MAPK pathways have been
reported to be involved in chemokine-induced migration of various
cell types.101214 Additional evidence for PI3K-y as an important
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intermediary signal for chemotaxis came from genetic studies
using PI3K~y knock-out mice.3¢38 In our study, the potent inhibitors
of MEK1/2 (PD98 059 and U0126) were unable to block CXCR3-
mediated transmigration of T cells and CXCR3-induced actin
polymerization. The inhibitors of PI3K showed a moderate attenu-
ation of CXCR3-mediated transmigration of T cells and actin
polymerization at relatively high concentrations. Both MEK1/2
and PI3K inhibitors were active in blocking the CXCL 11-mediated
phosphorylation of MAPK-p44/p42 and Akt at low concentrations.

Although wortmannin and LY 294002 have been used exten-
sively to study the physiologic role of (class I) PI3Ks in various
cellular responses (including chemotaxis), contradictory results
have been obtained. For example, treatment with these PI3K
inhibitors inhibited chemotaxis in some studies®” but not in
others.3%40 These studies should be interpreted with caution, as it
was shown that at higher concentrations (above 100 nM wortman-
nin or 10 pM LY 294002) these compounds inhibit other signaling
enzymes, including class Il PI3K and Ptdins 4-kinases (Pl4Ks).*
As in our transmigration and actin polymerization assays only a
moderate inhibition of T-cell migration and actin polymerization is
obtained with relative low (PI3K specific) concentrations, we
conclude that it is more likely that class Il PI3K, PI4K, or related
enzymes other than PI3K+y areinvolved in CX CR3-mediated T-cell
migration. To date, limited information is available on the role of
PI4K in cell migration. However, in neutrophils, aclose association
of PI4K, a3B1integrin, and transmembrane-4 superfamily (TM4SF)
protein (CD151) was demonstrated.*? From this observation, a
functionally important role of thiscomplex (including PI4K) in cell
migration was suggested.

Our data on the possible involvement of class Il PI3K or PI4K
arein contrast with the general concept that chemotaxisisregulated
via PI3Kvy.4345 This apparent discrepancy might result (aside from
the fact that PI3K inhibitors at high concentrations also inhibited
class Il PI3K and Pl14K#), also from the conception that signals
involved in the regulation of cell migration act in a species-, cell-,
and chemokine/chemokine receptor—dependent fashion (like the
different roles of p44/p42 MAPK). The most convincing data
pointing toward acrucial role for PI3K+y in chemotaxis used PI3K-y
knock-out mice and tested CCR5/CX CR4/CX CR2-mediated migra-
tion of neutrophils/macrophages.36-3¢ At this point one cannot
exclude that CXCR3-mediated chemotaxis of human T cells is
coordinated and regulated in a different way involving class Il
PI3K or PI4K rather than PI3K-y.

Animportant role for MAPK in leukocyte migration came from
studies in which blockade of MAPK activation by the MAPK
kinase inhibitors led to a decrease in eotaxin-induced eosinophil
chemotaxisin vitro as well asinhibition of actin polymerization.1°
Similar observations were made for CX CL 12-induced migration of
CD4" T cells.’2 These pathways are clearly not employed in case of
CXCR3-mediated T-cell migration. Two structuraly different
MAPK inhibitors (PD98059 and U0126) were not able to inhibit
CXCRS-induced actin polymerization assays or CXCR3-mediated
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in vitro transmigration while fully inhibiting phosphorylation of
p44/p42 MAPK. At this point a role for MAPK in the overal
process of transendothelial T-cell migration cannot be excluded.
Recently, it was shown for eosinophils that under flow conditions
CCR3-mediated MAPK signals cause these cells to rapidly de-
crease their vascular cell adhesion molecule-l (VCAM-1)—
mediated adherence while enhancing their intercellular adhesion
molecule-1 (ICAM-1) binding.* In analogy, recruitment of T cells
into sites of inflammations might require CXCR3-mediated MAPK
activation for proper adherence during transendothelial migration.
In addition, CXCR3 activation of MAPK pathways might be of
importance for T-cell function and development. As it was shown
that MAPK signaling is involved in T-cell proliferation,” the
observed CXCL11-induced p44/p42 MAPK activation might in-
ducelong-term effectson T cells.

CXCR3-mediated T-cell migration is dependent on Ga;, PLC,
and Pl-kinase signaling

Thecrucial role of G proteinsin chemotaxis of lymphocytesiswell
known. It is commonly accepted that al chemokine receptors
couple to G;, although some chemokine receptors can also couple
t0 Gag, Garyy, Gogg, and Gy proteins &0 As pretreatment of T
cells with pertussis toxin completely blocks CXCR3-mediated
chemotaxis, it can be concluded that CXCRS3 is primarily coupled
to Ga;. The preference of CXCRS coupling to Ga; over Gag Was
also demonstrated in a CHO cell line overexpressing human
Gay6.2 PTX treatment of these cells completely abrogates CXCL 11-
induced Ca2* signaling, demonstrating that CXCR3 couples to
endogenously Ga; and not to Gous.

The presence of the PLC-signaling pathwaysin T cells and the
ability of chemokines to activate this system were previously
demonstrated for CXCL8/CXCR2.51 Moreover, PLCPB activation
of heterologously expressed chemokine receptors was shown for
CCR1 and 2.4 Themgjor role of PL C as determinant of chemokine-
mediated chemotaxis of T cells (as described in this manuscript),
however, is hitherto not recognized. Strikingly, the PLC pathway
was thus far considered to play a role in down-modulation of
chemotaxis® rather than being crucial for T-cell chemotaxis. The
fact that the specific inhibitor of PLC attenuated chemokinesis
further stresses its pivotal role in T-cell motility. It remains to be
determined which downstream signaling moieties of PLC are
responsible for the control of the chemotactic process. Calmodulin
kinase, myosin light-chain kinase, rho kinase, or other small
guanosine triphosphatases (GTPases) are potentia candidates,
which are currently under investigation.

In summary, our experiments indicate that both PI3K-y (result-
ing in Akt phosphorylation) and MEK1/2 (resulting in p44/p42
MAPK phosphorylation) are functionally active in transating
CXCRS3-triggered signals in human T lymphocytes. However,
these signals are not directly involved in CXCR3-mediated T-cell
migration, which is primarily regulated in a manner dependent on
G;, PLC, and phosphatidylinositol kinases other than class| PI3Kvy.
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