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Abstract

Slit, which mediates its function by binding to the Roundabout (Robo) receptor, has been shown to
regulate neuronal, dendritic, and leukocyte migration. However, the molecular mechanism by which
the Slit/Robo complex inhibits the migration of cells is not well defined. Here, we showed that Slit-2
can inhibit the CXCL12-induced chemotaxis and transendothelial migration of T cells and
monocytes. We observed that CXCR4 associates with Robo-1 and that Slit-2 treatment enhances this
association with the Robo-1 receptor. Robo-1 is a single-pass trans-membrane receptor whose
intracellular region contains four conserved motifs designated as CCO, CC1, CC2, and CC3.
Structural and functional analyses of Robo receptors revealed that interaction of the CC3 motif with
the CXCR4 receptor may regulate the CXCL12-induced chemotaxis of T cells. We further
characterized Slit-2-mediated inhibition of the CXCL12/CXCR4 chemotactic pathway and found
that Slit-2 can block the CXCL12-induced activation of the Src and Lck kinases but not Lyn kinase.
Although Slit-2 did not inhibit the CXCL12-induced activation of MAPKSs, it did inhibit the Akt
phosphorylation and Rac activation induced by this chemokine. Altogether, our studies indicate a
novel mechanism by which the Slit/Robo complex may inhibit the CXCR4/CXCL12-mediated
chemotaxis of T cells.
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INTRODUCTION

The Slit family of genes consists of large extracellular matrix-secreted and membrane-
associated glycoproteins [1-3]. The Slits (Slits 1-3) are ligands for the repulsive guidance
receptor (Robo) gene family [4-6]. Slit was originally found to be expressed in neurons and
glial cells in the neuronal system and was later shown to play the role of a multifunctional
signaling molecule by acting as a silencer and a repellent and perhaps as a branching and
elongation factor [4,7-12]. Slit consists of a family of three genes (Slit-1, Slit-2, and Slit-3),
which have been cloned from different model systems [13-15].

The roundabout (Robo) receptors are molecular targets for Slit [1,6,15,16]. Robo receptors are
highly conserved from fruit flies to mammals and constitute a novel subfamily of Ig
superfamily proteins [12]. Robo-1 is a single-pass transmembrane receptor whose extracellular
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region contains five Ig and three fibronectin I11 repeats. The large intracellular region of Robo-1
contains four conserved motifs designated CCO, CC1, CC2, and CC3 [7,17]. Identification of
Robo mutations during genetic screens for guidance defects has revealed the importance of
Slit/Robo signaling in axonal guidance and cell migration [16-20].

The intracellular transduction mechanism for Slit/Robo signaling is not well defined. Work in
Drosophila indicates that the Abelson kinase (Abl) and the Enabled (Ena) proteins are involved
in this process and that they interact with the CCO0, CC1, and CC3 domains of Robo-1,
respectively [17]. Extracellular application of Slit can increase the intracellular interaction
between soluble recombinant GTPase-activating protein 1 (srtGAP1) and Robo [12,20]. Slit
can also increase the interaction between srGAP1 and Cdc42 but decreases the interaction of
Cdc42 with RhoA [12,20].

Until recently, functional studies of the Slit/Robo interactions were confined to the CNS, where
the interactions were observed to mediate repulsive cues on axons and growth cones during
neural development [1,7,11,15,21,22]. More recently, there have been several reports, which
indicate that the expressions of Slit and Robo are widely distributed and that these molecules
regulate various biological functions in the body including the immune system [5,6,10,23—
33]. For example, the Robo-4 (magic roundabout) receptor was shown to be expressed by
endothelial cells. Furthermore, Slit-2 was shown to block the vascular endothelial growth factor
(VEGF) and EGF-mediated migration of endothelial cells [34-36], as well as to inhibit the
migration of leukocytes, dendritic cells (DC), and breast cancer cells [29-32]. Although Slit
has been reported to affect the chemokine-induced migration of different cell types, the
mechanism by which the Slit/Robo complex blocks migration has not been elucidated.

The CXCL12/CXCR4 axis plays an important role in immune and inflammatory responses
through the regulation of cell migration and growth [37-41]. It is well established that CXCR4
plays a crucial role in the pathogenesis of several diseases including HIV, autoimmune
diseases, atherosclerosis, and other inflammatory disorders [37-47]. CXCL12/CXCR4 has
also been shown to play an important role in the metastasis of different cancers [44,48]. These
results suggest that inhibition of the CXCR4/CXCL12 axis has potential value in the prevention
and treatment of various diseases.

In the present study, we observed that Slit-2 inhibits CXCL12-induced chemotaxis as well as
the transendothelial migration of T lymphocytes and monocytes. Moreover, our signaling
studies revealed that Slit-2 enhances an association between Robo-1 and CXCR4 and down-
regulates the activities of several critical downstream signaling molecules. This study provides
novel insights into Slit/Robo-mediated, antichemotactic signaling mechanisms.

MATERIALS AND METHODS

Cells, cell culture, and constructs

The human Jurkat T cell line was obtained from American Type Culture Collection (Manassas,
VA, USA). The cell lines were cultured at 37°C in 5% CO, in RPMI 1640 with 10% FCS, 2
mM glutamine, 50 pg/ml penicillin, and 50 ug/ml streptomycin. 293T cells, generously
provided by Hava Avraham (Beth Israel Deaconess Medical Center, Boston, MA, USA), were
maintained in DMEM with 10% FBS and 1% penicillin-streptomycin at 37°C in 5% CO, Yi
Rao (Washington University, St. Louis, MO, USA) generously provided all of the Robo-1 and
Slit-2 constructs.

Flow cytometry

To determine Robo-1 receptor expression, Jurkat T cells, PBMCs, and monocytes (1x10°)
were washed twice with PBS, resuspended in 100 pl PBS with 5% FBS and Robo-1 antibodies
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(Developmental Studies Hybridoma Bank, University of lowa, lowa City, 1A, USA) or with
mouse 1gG antibodies as a control, and then incubated at 4°C. Cells were washed three times
in PBS containing 5% FBS and incubated with anti-mouse 1gG labeled with FITC for 2 h at
4°C. The cells were next washed three times with ice-cold PBS, 5% FBS buffer, resuspended
in 200 pl PBS, and then analyzed by flow cytometry to determine the surface expression levels
of the receptor.

Calcium flux assay

Jurkat T cells were washed twice with HBSS (Mediatech Co., Herndon, VA, USA) and
resuspended at 1 x 106 cells/ml in HBSS. The cells were pretreated with Slit-2 supernatant
(100 pg/ml) and control supernatant (100 pg/ml) for 30 min at 37°C. They were next loaded
with Indo-1 AM by adding 5 pl working (1 pg/ml/pl DMSO) Indo-1 AM solution and incubated
for 45 min at 37°C. The cells were then treated with CXCL12 (50 ng/ml) and analyzed for
calcium mobilization by flow cytometry (FACSVantage, BD Biosciences, San Jose, CA,
USA).

Receptor-binding assay

The binding of CXCL12 to its receptor CXCR4 was assessed by using 1 ng/ml 12]-labeled
CXCL12 (Amersham Biosciences, Piscataway, NJ, USA) in the presence of various
concentrations of purified Slit-2 or unlabeled CXCL12 (PeproTech, Rocky Hill, NJ, USA)
[29]. Briefly, Jurkat T cells at 107/ml in RPMI 1640 [containing 1% BSA (w/v) and 25 mM/
L HEPES] were incubated in the presence of various concentrations of purified Slit-2 or
unlabeled CXCL12, together with 1 ng/ml 125]-labeled CXCL12 for 1 h at room temperature
and then washed three times with cold RPMI 1640 (containing 25 mM/L HEPES). Cell pellet-
associated radioactivity was determined in a y-counter.

Preparation of PBMCs, monocytes, and CD4* T cells

Primary mononuclear cells were isolated from heparinized venous blood, as described before
[49]. Blood, collected from healthy donors, according to a protocol, which has been approved
by the Beth Israel Deaconess Medical Center Committee on Clinical Investigations, was
subjected to Ficoll-Paque density gradient centrifugation at 3000 rpm for 25 min. For the
primary lymphocyte culture, the cells were suspended in RPMI containing 15% FCS, 2 mM
glutamine, 50 IU/ml penicillin, and 50 ug/ml streptomycin. Monocytes were depleted by two
rounds of adherence to plastic. Nonadherent cells were stimulated with phytohemagglutinin
(5 ng/ml) for 3 days. Cells were then removed and placed in fresh medium supplemented with
recombinant human IL-2 (Advanced Biotechnologies, Columbia, MD, USA). The purity of
the PBMCs was checked by flow cytometry using CD3 antibody. Two-week-old cells were
used for various experiments. For the primary CD4" T cells, PBMCs were washed with PBS
containing 2% BSA, and CD4* T cells were collected by using the Easy ™ CD4* T cell
enrichment system (StemCell Technologies, Vancouver, BC, Canada), according to the
manufacturer’s instructions. Briefly, CD4* T cells were negatively isolated from a
mononuclear cell sample by treatment with a CD8, CD14, CD16, CD19, CD56, TCRy/3,
Glycophorin A, and Dextran antibody mix. The antibody-coupled cells were depleted by using
magnetic Dextran iron particles. The purity was checked by flow cytometry using CD4
antibody. For the primary monocytes, PBMCs were washed with PBS containing 0.1% BSA,
and then the monocytes were collected by using the Dynal negative-selection system (Dynal
Biotech, Norway), according to the manufacturer’s instructions. Briefly, monocytes were
negatively isolated from the mononuclear cell sample by treatment with a CD2, CD7, CD16,
CD19, CD56, and CD235a antibody mix. This was followed by depletion of the antibody-
coupled cells with Dynal beads. The purity of the monocytes was checked by flow cytometry
using CD14 antibody.
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Preparation of Slit-2 and control supernatant

Slit-2 was obtained from the supernatants of myc-tagged, Slit-2-transfected human embryonic
kidney (HEK) cells, according to published procedures [4,30]. Briefly, conditioned medium
containing Slit-2/myc proteins was collected from Slit-2/myc-transfected HEK293 cells and
concentrated using Amicon Ultra-100K filters. Slit-2 expression was detected with anti-c-myc
or anti-Slit-2 antibody. Control preparations obtained from the vector-transfected cell lines
were then generated using the same procedures as those used for the Slit-2 preparations. The
partially purified Slit-2 was enriched further on a Superdex 200 gel filtration column using the
Pharmacia (Uppsala, Sweden) fast protein liquid chromatography (FPLC) system. The
fractions were analyzed on 8% SDS-PAGE gels, stained with Silver stain or on immunaoblots,
and probed with anti-myc antibodies. The fractions harboring Slit-2 were dialyzed with PBS,
concentrated, and used for the chemotaxis assays.

Transfections

The CXCR4, hemagglutinin-tagged, full-length Robo-1 [HA-FL-Robo-1 (R1)] and mutant
constructs [HA-Robo-1 ACC3 (R1ACC3)] were transfected into 293T cells using
Lipofectamine transfection reagents, according to the manufacturer’s instructions (Invitrogen,
Life Technologies, Carlsbad, CA, USA). Briefly, ~4 x 10° cells were plated in six-well, tissue-
culture plates and grown to a confluency of 50% after 16 h of incubation at 37°C with
transfection medium containing different expression vectors. This was followed by the addition
of medium with serum, after which the cells were incubated further for another 36 h. The
transfection efficiency was checked by Western blot analysis. For the Jurkat T cell transfection,
cells were washed with PBS and resuspended in Nucleofector V solution at 5 x 106 cells/100
ul. Different plasmids (2 pg) were mixed with the cellular suspensions, transferred to a 2.0-
mm electroporation cuvet, and nucleofected (Program No. S-018) using the Amaxa
Nucleofector™ device (Amaxa Biosystems, Cologne, Germany). Following transfection, the
cells were transferred immediately to complete medium and cultured at 37°C for 36 h.
Transfection efficiency was monitored by using the pmaxGFP plasmid as a control and by
Western blotting procedures.

Small interfering RNA (siRNA)-mediated knockdown

siRNA-mediated knockdown of Robo-1 was performed using ON-TARGET-plus
SMARTpool Robo-1 siRNA (Dharmacon, Inc., Boulder, CO, USA), according to the
manufacturer’s protocol. Briefly, Jurkat T cells were electroporated with 250 nM siRNA using
the Amaxa system (Amaxa Biosystems), as mentioned above. The respective, nontargeted
siRNA SMARTpool was used as a control. Robo-1 siRNA-mediated knockdown was
estimated by detecting Robo-1 receptor expression 48 h after the initial transfection by using
flow cytometry.

Cell viability assay

Jurkat T cells were washed twice with RPMI 1640 and suspended in the RPMI-1640 medium
at a concentration of 1 x 106 cells/ml. Cell suspension (100 pl/well) was loaded into 96-well
plates and treated with Slit-2 supernatant (100 ug/ml) or control supernatant (100 pg/ml) for
various time-points. The number of viable cells was quantified by using the CellTiter 96®
Aqueous kit (Promega, Madison, WI, USA), as per the manufacturer’s instructions.

Stimulation of cells

The cells were stimulated as described earlier [50]. Briefly, Jurkat T cells were washed twice
with 1x HBSS (Mediatech Co.), suspended at 10 x 108 cells/ml in the same solution, and

starved for 1 hat 37°C in 5% CO,_The cells were pretreated with Slit-2 supernatant and control
supernatant (100 pg/ml), followed by stimulation with 100 ng/ml CXCL12. After stimulation,
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the cells were microfuged for 10 s and lysed with modified radioimmune precipitation assay
buffer [50 mM Tris-HCI, pH 7.4, 1% Nonidet P-40 (NP-40), 150 mM NaCl, 0.5% sodium
deoxycholate, 200 mM PMSF, 10 pg/ml aprotinin, 1 ug/ml each leupeptin and pepstatin, 2
mM each sodium vanadate and sodium fluoride, and 0.25 M sodium pyrophosphate]. Total
cell lysates were clarified by centrifugation at 10,000 g for 10 min. Protein concentrations were
determined by a Bio-Rad (Hercules, CA, USA) protein assay kit. The cell lysates were used
for the immunoprecipitation, immunoblotting, and kinase assays.

Immunoprecipitation

Immunoprecipitation analysis was done as described [50]. Briefly, equivalent amounts of
protein from each sample were precleared by incubation with protein-A-Sepharose CL-4B or
protein G-Sepharose (Amersham Biosciences) for 1 h at 4°C. The supernatant from each
sample was collected after brief centrifugation. A different primary antibody was added for
each experiment, and the samples were incubated at 4°C for 4 h. The immune complexes were
precipitated with 50 pl protein-A-Sepharose CL-4B (50% suspension) or protein-G-Sepharose
(10% suspension) overnight at 4°C or for 36 h for the anti-CXCR4 immunoprecipitations. The
nonspecific, bound proteins were removed by washing the Sepharose beads three times with
modified radioimmune precipitation assay buffer and once with 1x PBS. The immune
complexes bound to the beads were subjected to kinase assay or solubilized in 40 pl 2x Laemmli
buffer and analyzed further by Western blotting, as described below.

Western blotting

Chemotaxis

Western blot analyses were done as described previously [50]. Briefly, equivalent amounts of
protein from each sample were run on 8% SDS-PAGE gels and transferred to nitrocellulose
membranes, which were blocked with 5% nonfat dry milk and incubated with primary antibody
for 2 h at room temperature or overnight at 4°C. The blots were washed and incubated with
secondary antibody coupled to HRP for 2 h at room temperature or overnight at 4°C. The bands
were visualized by using the ECL system (Amersham Biosciences). The data are representative
of findings from three experiments.

and transendothelial migration assays

Assays were done as described previously [50,51]. Briefly, Jurkat T cells were washed twice,
and 2.5 x 106 cells/ml were suspended in medium containing RPMI 1640 with 2.5% BSA. The
chemotaxis assay was performed in 24-well plates containing 5 um porosity inserts (Co-Star
Corp., Kennebunk, ME, USA). Cells were pretreated with Slit-2 supernatant and control
supernatant (100 ug/ml) for 30 min at 37°C. Each cell preparation (100 uL) was loaded onto
the upper well, and then 0.6 ml medium containing chemokine (CXCL12) and the Slit-2
supernatant or control supernatant (100 ug/ml) was added to the lower chamber. The plates
were incubated for 3 hat 37°C in 5% CO,. After incubation, the inserts were removed carefully,
and the viable cells were counted using standard procedures. For the transendothelial migration
assay, endothelial cells were cultured on the upper side of the membrane for 2 days before the
start of the experiment and then left unstimulated. The integrity of the confluent HUVEC
monolayer was assessed by microscopic observation. The results are expressed as the number
of cells migrating to the bottom chamber. Each experiment was performed three or four times
in triplicate.

Cell adhesion assays

The T cell adhesion assay was performed by using the Viybrant™ cell adhesion assay kit
(Molecular Probes, Eugene, OR, USA). Briefly, Jurkat T cells were washed twice with PBS
and resuspended in RPMI 1640 at 5 x 106 cells/ml. Cells were then treated with 5 uM Calcein
AM at 37°C for 30 min. The cells were washed twice with prewarmed RPMI 1640, loaded on
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microplate wells containing confluent HUVEC (medium removed), and then incubated at 37°
C for 60 min. Nonadherent, Calcein-labeled cells were removed by careful washing with
prewarmed RPMI 1640, and 200 ul PBS was added to each well. Fluorescence was measured
at an absorbance maximum of 494 nm and emission maximum of 517 nm. Data were analyzed
by taking the control as 100% adhesion.

GST pull-down assay

The cytoplasmic domain and mutant cytoplasmic domain (ACC3) of Robo-1 were cloned into
EcoRI-Sall sites of the pGEX-6P-2 vector. The GST-FL-Robo-1 cytoplasmic domain (GST-
cytR1) and GST-Robo-1 mutant cytoplasmic domain (GST-cytR1-ACC3) vectors were then
transfected into Escherichia coli (BL12pLys) cells and expressed on induction with 1 mM
isopropyl-p-D-thiogalactoside for 3 h at 30°C. The bacteria-expressing fusion proteins were
lysed by sonication in TBS and their expression confirmed by SDS-PAGE gels followed by
Coomassie blue staining. The fusion proteins were then purified by glutathione Sepharose 4B
beads (Amersham Pharmacia, UK). For the pull-down assay, Jurkat T cells were stimulated
with Slit-2 (100 pg/ml) for 30 min at 37°C. The cells were lysed, and cell lysates were incubated
with 100 pl immobilized glutathione resin (50% slurry) for 30 min at 4°C. After washing,
purified GST-fusion proteins or GST protein (50 ug) were added to the lysates. The binding
was performed at 4°C for 3 h. Next, 100 ul immobilized glutathione resin (50% slurry) was
added to the lysates, which were then incubated for 1 h at 4°C. The resin was washed four
times with 500 pl TBS buffer containing 0.5% NP-40 and 1 mM DTT. Proteins were eluted in
50 pl SDS sample buffer and analyzed by 4-12% SDS-PAGE (Invitrogen, Life Technologies).

Kinase assay

Kinase assays for Src, Lck, and Lyn were done as described [50,52]. Briefly, the immune
complexes obtained by immunoprecipitating the cell lysates with antibodies to Src, Lck, and
Lyn were washed twice with radioimmune precipitation assay buffer and twice with kinase
buffer (20 mM HEPES, pH 7.4, 50 mM NaCl, 10 uM NazgV Oy, 5 mM MgCl,, 5 mM MnCl,).
Last, the immune complexes were incubated in a total volume of 25 pl kinase buffer containing
a final concentration of enolase (10 pg/ml) as a substrate, 10 uM ATP, and 5 uCi [y-32PJATP
(specific activity: 3000 Ci/mmol) for 30 min at 30°C. The proteins were separated on 12%
SDS-PAGE, and the bands were detected by autoradiography. Quantitative analysis of protein
phosphorylation was done by measuring band density using the Alpha ImageTech Imaging
system.

JNK and p38 MAPK assays

The JNK and p38 MAPK assays were performed as described earlier [51]. Briefly, cell lysates
were immunoprecipitated with JINK antibody (Santa Cruz Biotechnology, Santa Cruz, CA,
USA). The immune complexes were washed twice with radioimmunoprecipitation assay
(RIPA) buffer and once in kinase wash buffer (20 mM HEPES, pH 7.5, 2.5 mM MgCl,, 50
mM NaCl, 0.1 mM EDTA, 0.05% NP-40) and resuspended in JNK-kinase buffer (20 mM
HEPES, pH 7.7, 10 mM MgCl,, 2 mM DTT, 20 mM -glycerophosphate, 20 mM p-
nitrophenylphosphate, 0.1 mM NazVO,4 20 uM ATP) containing 5 pCi [y-32P] ATP (specific
activity: 3000 Ci/mmol) and 10 ug myelin basic protein (MBP; Upstate Biotechnology, Lake
Placid, NY, USA). The kinase reaction was carried out for 20 min at 37°C. The reaction was
terminated by adding 2x SDS sample buffer and boiling the samples for 5 min. Proteins were
separated on 12% SDS-PAGE gel and detected by autoradiography. For the p38 MAPK assay,
cell lysates were immunoprecipitated with p38 MAPK antibody (Santa Cruz Biotechnology).
The immunocomplexes were washed twice with RIPA buffer and once in JNK-kinase buffer
and then incubated in JNK-kinase buffer containing 7 ng MBP (Upstate Biotechnology) and
5 uCi [y-32P] ATP (specific activity: 3000 Ci/mmol) for 20 min at 30°C. The reaction was
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terminated by adding 2x SDS sample buffer and boiling the samples for 5 min. The proteins
were separated on 15% SDS-PAGE gel and detected by autoradiography. Quantitative analysis
of protein phosphorylation was done by measuring band density using the Alpha ImageTech
Imaging system.

Rac activation assay

Rac activation was determined by using the Rac/Cdc42 activation assay kit (SGT445, Upstate
Biotechnology) [53]. In brief, cell lysates were incubated with 15 pg/ml p21-activated kinase
(PAK)-1 agarose for 60 min at 4°C, according to the protocols of Upstate Biotechnology.
Agarose beads were collected by centrifugation, followed by denaturation, boiling of the
samples, and SDS-PAGE analysis. Proteins were transferred to nitrocellulose membranes, and
Western blotting was performed by using murine anti-human Rac antibody.

Statistical analysis

RESULTS

The results are expressed as the mean + SD of data obtained from three or four experiments
performed in duplicate or triplicate. The statistical significance was determined by the
Student’s t-test.

Expression of Robo receptors in Jurkat T cells, PBMCs, and monocytes

Slit mediates its effect by binding to Robo receptors, which are highly conserved from fruit
flies to mammals [4-6]. In mammals, four Robo genes (Robo-1, Robo-2, Robo-3, and Robo-4)
have been identified. The extracellular domain of Robo-1 contains five Ig domains and three
fibronectin Type Il repeats, whereas the intracellular region contains identifiable, conserved
motifs designated CCO, CC1, CC2, and CC3. Robo-2 and Robo-3 lack the CC2 and CC3
domains [7,17]. We analyzed the expression of Robo-1 in Jurkat T cells, PBMCs, and
monocytes by staining the cells with Robo-1-specific antibody, followed by flow cytometric
analysis. As shown, PBMCs (Fig. 1A) and Jurkat T cells (Fig. 1B) exhibited high expression
of the Robo-1 receptor, whereas monocytes (Fig. 1C) expressed a moderate amount of Robo-1
receptor.

Slit-2 inhibits the CXCL12-induced chemotaxis, transendothelial migration, and adhesion of

T cells

As CXCL12 has been shown to be a potent chemoattractant for various cells of the immune
system [37-40], we analyzed whether Slit-2-mediated activation of the Robo-1 receptor could
modulate CXCL12-induced T cell chemotaxis. Jurkat T cells and PBMCs were preincubated
with Slit-2 supernatant and control supernatant (10 or 100 pug/ml) and then analyzed for
chemotaxis toward CXCL12. As shown, the chemotactic response of Jurkat T cells (Fig. 2A)
and PBMCs (Fig. 2B) was inhibited significantly in the presence of the Slit-2 supernatant as
compared with the control supernatant. Moreover, Slit-2 inhibited the CXCL12-induced
chemotaxis in a dose-dependent manner, with a maximum inhibition of ~70%. Slit-2
supernatant was also able to block CXCL12-induced transen-dothelial migration in Jurkat T
cells (Fig. 2C) and PBMC:s (Fig. 2D). We then studied the effect of Slit-2 on the CXCL12-
induced adhesion of Jurkat T cells to endothelial cells. As shown in Figure 2E, pretreatment
with Slit-2 supernatant significantly inhibited the CXCL12-mediated adhesion of Jurkat T cells
to endothelial cells.

To confirm that Slit-2 inhibits CXCL12-induced chemotaxis, Slit-2 was immunodepleted (1.D.)
from the concentrated supernatants using anti-myc antibody, and then the 1.D. supernatants
were analyzed for their inhibitory activities. We found that the 1.D. supernatants were not able
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to inhibit the chemotaxis of Jurkat T cells in response to CXCL12 (Fig. 3A). We next
determined the antichemotactic activity of highly purified Slit-2, which was purified using the
Superdex 200 FPLC system. The purity of the sample was determined by Silver staining and
immunoblotting (Fig. 3C). Purified Slit-2 was able to block the CXCL12-induced chemotaxis
in a dose-dependent manner, and a maximum inhibition (~55%) was obtained at 500 ng/ml
(2.6 nM) of Slit-2 (Fig. 3B).

To confirm that the Slit-2/Robo-1 interaction mediates the inhibition of CXCL12-induced
chemotaxis, we used siRNA-driven knockdown of Robo-1 in Jurkat T cells and studied the
effect of Slit-2 on CXCL12-induced chemotaxis. As shown in Figure 3D, 65-70% knockdown
of Robo-1 was observed in the Jurkat T cells transfected with the Robo-1 siRNA, as compared
with cells transfected with the control (nontargeted) siRNA. Furthermore, Robo-1 knocked-
down cells did not show any significant Slit-2-mediated inhibition of the CXCL12-induced
chemotaxis (Fig. 3E).

Slit-2 inhibits the CXCL12-induced chemotaxis of primary monocytes and CD4" T cells

We isolated monocyte and CD4* T cell populations by negative selection. The purity of the
monocytes (80-85%) and CD4* T cells (>90%) was analyzed by using a flow cytometer. We
also used flow cytometry to analyze Robo-1 expression in these cell populations and found
that ~60% of the monocytes and ~48% of the CD4* T cells showed Robo-1 expression (data
not shown). We then analyzed the effect of Slit-2 on the CXCL12-induced chemotaxis of
monocytes and CD4* T cells. As shown, the chemotactic response of the Slit-2 supernatant-
pretreated monocytes (Fig. 4A) and CD4* T cells (Fig. 4B) was significantly inhibited toward
CXCL12 as compared with the control supernatant-pretreated cells.

Slit-2 induces an association between Robo-1 and CXCR4

We then analyzed the possible molecular mechanisms involved in the Slit-2-mediated
inhibition of chemotaxis induced by CXCL12. Initially, we evaluated the cytotoxic effects in
Slit-2-stimulated cells. As shown in Figure 5A, Slit-2-treated Jurkat T cells did not show any
cytotoxicity. Next, we studied the effect of Slit-2 on CXCL12-induced calcium flux in Jurkat
T cells. We found no significant change in the CXCL12-induced calcium flux in Jurkat T cells
pretreated with Slit-2 supernatant or control supernatant (Fig. 5B). This result indicates that
Slit-2/Robo-1 did not induce heterologous desensitization of CXCR4. Moreover, we did not
find any significant change in 1251-CXCL12 binding to CXCR4 in Jurkat T cells in the presence
of different concentrations of Slit-2 supernatant (Fig. 5C). However, unlabeled CXCL12 (100
ng/ml), which was used as a control, did inhibit the 1251-CXCL12 binding to CXCR4 (Fig.
5C). These results suggest that Slit-2 does not inhibit the binding affinity of CXCL12 to its
receptor. We also studied the association between Robo-1 and CXCR4. To analyze their
interaction, we overexpressed HA-FL-Robo-1 and FLAG-tagged CXCR4 (CXCR4) plasmids
in 293T cells and then stimulated the cells with Slit-2 supernatant or control supernatant
preparation. As shown in Figure 6A, Robo-1 associated with CXCR4 and the Slit-2 supernatant
enhanced this association when compared with the control supernatant-treated cells. We also
confirmed this enhanced association of the two receptors following Slit-2 treatment of the
Robo-1 overexpressing Jurkat T cells by using coimmunoprecipitation techniques (Fig. 6B).

The CC3 domain of the Robo-1 intracellular region plays an important role in the Robo-1/
CXCR4 coassociation and in the Slit-2-mediated inhibition of Jurkat T cell chemotaxis
induced by CXCL12

To further analyze the role of Robo-1 in the Slit-2-mediated inhibition of chemotaxis induced
by CXCL12, we overexpressed HA-FL-Robo-1 (R1; Fig. 7A), an HA-tagged mutant form of
Robo-1 (Robo-1 with a deletion in the CC3 motif, HA-Robo-1 ACC3; R1ACC3; Fig. 7A) and
FLAG-tagged CXCR4 in the 293T cells. We then treated the cells with Slit-2 supernatant and
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determined the coassociation of Robo-1 and CXCR4 by immunoprecipitation assays. We
observed reduced coassociation of Robo-1 with CXCR4 in cells which overexpressed the
mutant Robo-1 receptor lacking the CC3 motif (HA-Robo-1 ACC3; Fig. 7B). In addition, we
confirmed these results by using a GST pull-down assay. As shown in Figure 7C, an interaction
between the fused GST-cytR1 and CXCR4 was observed, whereas no such interaction was
observed in samples containing GST alone. In contrast, the fused GST-cytR1 ACC3 showed
a significantly reduced interaction with CXCR4. This suggests that the CC3 domain of the
Robo-1 intracellular region may regulate the association between Robo-1 and CXCR4. We
further analyzed the functional significance of the CC3 domain of Robo-1 in regulating
CXCL12-induced chemotaxis. We performed chemotaxis assays in mutant Robo-1 (HA-
Robo-1 ACC3)-overexpressing Jurkat T cells and observed no significant inhibition of
CXCL12-induced chemotaxis by Slit-2 in the cells which overexpressed the Robo-1 receptor
lacking the CC3 domain. However, a signifi-cant inhibition of chemotaxis was observed in the
presence of Slit-2 in Jurkat T cells overexpressing HA-FL-Robo-1 (Fig. 7D). The transfection
efficiency of each construct was analyzed by Western blotting. As shown in Figure 7E, a high
transfec-tion efficiency for both of the constructs was observed in the Jurkat T cells. This result
suggests that the CC3 domain of the Robo-1 receptor is important for the Slit-2-mediated
inhibition of chemotaxis induced by CXCL12.

Effect of Slit-2 on Src and MAPK activities

Src kinases are early signaling molecules activated in the CXCL12/CXCR4 pathway [54—
56]. These kinases have been shown to associate with focal adhesion kinases and to play a
crucial role in the signal transduction implicated in cellular migration and adhesion [57,58].
Src kinases have also been shown to regulate the phosphorylation and activation of various
signaling molecules, including components of focal adhesion complexes [54-57]. We thus
studied the effect of Slit-2 on the CXCL12-induced activation of Src kinases in Jurkat T cells.
As shown in Figure 8, we observed significant inhibition of Src kinase and Lck kinase activities
in the Slit-2 supernatant-pretreated cells when compared with the control supernatant-
pretreated cells. However, no significant change in Lyn kinase and MAPK activities was
observed between the Slit-2 supernatant-pretreated and control supernatant-pretreated cells
(Fig. 8, A-C).

Slit-2 inhibits the CXCL12-induced phosphorylation of Akt as well as Rac activation

The PI1-3K pathway is reported to play an important role in CXCL12-induced migration [54—
57]. Inaddition, P1-3K has been shown to activate Akt, and CXCL12 has been found to enhance
Akt phosphorylation [59]. Hence, we analyzed the effect of Slit-2 on the CXCL12-induced
phosphorylation of Akt in Jurkat T cells. As shown in Figure 8D, the Slit-2 supernatant
significantly blocked the CXCL12-induced phosphorylation of Akt when compared with the
control supernatant. In addition, Slit-2 alone inhibited the basal level of Akt activity. Equal
amounts of Akt protein were present in each lane (Fig. 8D, lower panel).

Rac, a member of the Rho-GTPase family, plays an important role in regulating cytoskeletal

dynamics during the chemotaxis of various cell types. In addition, CXCL12 has been shown

to activate Rac, and crosstalk between activated Rac and the PI-3K pathway has been reported
during immune cell migration [60-62]. Thus, we studied the effect of Slit-2 on Rac activation
and observed that the Rac activation induced by CXCL12 was also inhibited significantly in

the Slit-2-treated cells as compared with control-treated cells (Fig. 8E).

DISCUSSION

The chemokine-induced transendothelial migration and chemotaxis of immune cells play an
important role in inflammation and autoimmune disorders [42-46,48]. Recently, an
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endogenous factor termed Slit was shown to inhibit the migration of leukocytes and DC [30,
32]. Slit, which binds to the Robo receptor, has been shown previously to play a role as a multi-
factorial molecule in the nervous system by acting as a silencer, repellent, and branching and
elongation factor [4,7-12]. In this study, we demonstrate that Slit-2 can inhibit CXCL12-
induced and CXCR4-mediated T cell and monocyte chemotaxis. Slit-2 also blocked T cell
transendothelial migration, which is an important step in inflammation. It has been well
established that the CXCL12/CXCR4 axis modulates the pathogenesis of various inflammatory
disorders, such as autoimmune diseases and atherosclerosis [42-46,48]. It has also been shown
that the CXCL12/CXCR4 axis plays a pivotal role in the retention/homing of hematopoietic
stem cells into the bone marrow microenvironment and more recently, that the perturbation of
this axis is essential for the egress of hematopoietic stem/progenitor cells from the bone marrow
into the peripheral blood [44]. These studies suggest that use of Slit-2 to block CXCR4/
CXCL12-induced chemotactic responses has therapeutic potential for various disorders.

Although Slit-2 has been shown to inhibit the CXCL12-induced migration of different cell
types [29,30,32-36], the molecular mechanism of the Slit-2-mediated inhibition of chemotaxis
is not well known. In this regard, we observed an enhanced association between the CXCR4
and Robo-1 receptors upon stimulation with Slit-2 in T cells. The functional interactions of
Robo with other receptors have also been observed during midline crossing-over of axonal
growth cones in the nervous system [6]. Slit-induced activation of the Robo receptor silences
the attractive effects of netrin-1 through direct binding of the cytoplasmic domain of Robo to
that of the netrin receptor deleted in colorectal cancer (DCC) [6]. This interaction of the
cytoplasmic tails of the two receptors is mediated by short, conserved domains in each receptor
(CC1in Robo and P3 in DCC) [6]. In the present study, we demonstrate that the CC3 domain
of the cytoplasmic region of Robo-1 plays an important role in its interaction with CXCR4 and
in the inhibition of chemotaxis. These studies indicate functional crosstalk between two distinct
families of guidance molecules, one working through single transmembrane receptors and the
other through seven-transmembrane G protein-coupled receptors.

The intracellular signaling mechanism in the Slit/Robo pathway is not well defined. Work in
Drosophila indicates that the Abl and the Ena proteins are involved in Slit/Robo signaling
[17]. Moreover, Slit enhances the association between srGAP1 and Robo via the CC3 motif,
and this localization may induce the inactivation of Cdc42 [12,20].

Thus, we further analyzed Slit/Robo-mediated, antichemotactic signaling mechanisms in T
cells and observed that Slit-2 inhibited CXCL12-induced Src kinase activity in these cells. c-
Src has been shown previously to play an important role in the phosphorylation of components
of focal adhesion complexes [52,54-56]. We also found that Slit-2 blocked Lck kinase activity,
which is reported to be a key regulator of T cell migration [55], although we did not observe
any change in Lyn kinase activity. The direct involvement of Lck kinase in CXCL12-induced
T cell chemotaxis has been demonstrated in the Lck-deficient, Jurkat-derived cell line JCaM1.6
[55].

In our study, we also investigated the effect of Slit-2 on the downstream pathways, which are
known to mediate transcriptional activation. Earlier we had shown that CXCL12 enhances Akt
phosphorylation [49]. Activation of the PI-3K/Akt pathway by CXCL12 is known to regulate
the chemotaxis of various cell types [49,59]. We observed here that Slit-2 inhibited the
CXCL12-induced phosphorylation of Akt. However, Slit-2 had no effect on the CXCL12-
induced activation of MAPK in T cells. It is interesting that Slit-2 has been shown to inhibit
the CXCL12-induced phosphorylation of Erk1/2 in breast cancer cells [29]. It is further known
that MAPK does not regulate the CXCL12-induced chemotaxis of T cells [49]. In addition, we
observed that Slit-2 inhibited the activation of Rac, which has been shown previously to
participate in the chemokine-induced migration of macrophages [61]. Moreover, in neuronal
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cells, it has been observed that the Slit/Robo pathway inhibits the activity of Cdc42 (a member
of the Rho-GTPase family) by inducing an interaction between the intracellular domain of
Robo and the Rho-GAPs [20]. Altogether, Slit-2-induced/Robo-1-mediated signaling results
in decreased activation of various downstream signaling molecules of the CXCR4 pathway,
which might inhibit the CXCL12-induced activation of focal adhesion components and
downstream effector molecules.

Our data imply an important role for Slit-2 in CXCL12-induced chemotaxis/chemoinvasion.
Specifically, our results suggest that Slit-2 regulates chemotaxis by a novel mechanism
involving the interaction of Robo-1 with CXCR4 as well as by down-modulating the activities
of focal adhesion complex components and the PI-3K/Akt pathway. These studies add a new
dimension to our understanding of CXCR4-mediated chemotaxis and may yield new,
therapeutic interventions for autoimmune, inflammatory, and other diseases.
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Fig. 1.

Expression of Robo. (A) PBMCs, (B) Jurkat T cells, or (C) monocytes were treated with Robo-1
(open area) or normal mouse 1gG antibodies as a control (filled area) and stained with anti-
mouse antibody conjugated with FITC. Cells were analyzed by flow cytometry.
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Slit-2 blocks the CXCL12-induced chemotaxis of T cells and inhibits transendothelial
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migration and cell adhesion. Jurkat T cells (A) and PBMCs (B) were pretreated with varying
concentrations of Slit-2 supernatant (ug/ml) or control supernatant (ug/ml) and then subjected
to a chemotactic assay in the presence of CXCL12 (50 ng/ml), as described in Materials and
Methods. Jurkat T cells (C) and PBMCs (D) were pretreated with the indicated concentration
of Slit-2 supernatant (ug/ml) or control supernatant (ug/ml) and then subjected to a CXCL12
chemotactic assay through a uniform monolayer of HUVECS, as described in Materials and
Methods. (E) Jurkat T cells were treated with Calcein AM at 37°C for 30 min and monitored
for their adhesive properties on the HUVEC monolayer in the presence of Slit-2 supernatant
or control supernatant and CXCL12 (50 ng/ml) by using a cell adhesion assay kit. The percent
cell adhesion was calculated by considering the OD of the untreated control as 100%. The

experiments were done in triplicate and are presented as the mean + SE. The data are

representative of four different experiments. *, P < 0.05, for all experiments.
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Fig. 3.

Slit-2/Robo-1 interaction inhibits CXCL12-induced chemotaxis. (A) The Slit-2 supernatant or
control supernatant concentrates were incubated with anti-myc antibodies for 1 h at 4°C,
followed by overnight incubation with protein A-Sepharose. The beads were removed by
centrifugation, and the supernatant was used as the 1.D. sample. Jurkat T cells were pretreated
with the 1.D. control supernatant (Control I.D., 100 pg/ml), I.D. Slit-2 supernatant (Slit-2 I.D.,
100 pg/ml), or the undepleted supernatants (Slit-2 supernatant or control supernatant, 100 pg/
ml). The cells were untreated (-) or treated (+) with CXCL12 as indicated and then subjected
to chemotactic assays. (B) The Jurkat T cells were untreated (—) or pretreated with varying
concentrations of FPLC-purified Slit-2 as indicated and then subjected to chemotactic assays
using CXCL12 (50 ng/ml). (C) The purity of the FPLC-enriched Slit-2 was checked by Silver
staining (SS) and by Western blot analysis (WB) using anti-myc antibody. (D) Control siRNA
(solid line) and Robo-1 siRNA-transfected (dotted line) Jurkat T cells were stained using anti-
Robo-1 antibody and analyzed by flow cytometry. Cells stained with control IgG (filled area)
represent the antibody control. (E) Control siRNA and Robo-1 siRNA-transfected Jurkat T
cells were pretreated with Slit-2 supernatant (100 pg/ml) or control supernatant (100 pg/ml)
and then subjected to a chemotactic assay in the presence of CXCL12 (50 ng/ml), as described
in Materials and Methods. The experiments were done in triplicate and are presented as the
mean + SE. The data are representative of four different experiments. *, P < 0.05, for all
experiments
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Fig. 4.

Slit-2 inhibits the CXCL12-induced chemotaxis of primary monocytes and CD4* T cells.
Monocytes (A) and CD4* T cells (B) were isolated from peripheral blood by using negative
selection Kits according to the manufacturers’ instructions (Dynal Biotech and StemCell
Technologies). The cells were pretreated with Slit-2 supernatant (100 pug/ml) or control
supernatant (100 ug/ml) and then subjected to chemotactic assays in the presence of CXCL12
(50 ng/ml), as described in Materials and Methods. The experiments were done in triplicate
and are presented as the mean + SE. The data are representative of four different experiments.
* P <0.05.
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Slit-2 treatment does not cause cytotoxicity or inhibit CXCL12-induced calcium flux in Jurkat
T cells, which were treated with Slit-2 supernatant (100 pug/ml) or control supernatant (100
ng/ml) for various time-points. (A) The number of viable cells was quantified by using the
CellTiter 96® Aqueous kit (Promega), as per the manufacturer’s instructions. UN, Untreated
cells. (B) Slit-2 supernatant (100 pg/ml)-and control supernatant (100 pg/ml)-pretreated Jurkat
T cells were loaded with Indo-1 AM and stimulated with CXCL12 (50 ng/ml). Calcium
mobilization was then analyzed by flow cytometry, as described in Materials and Methods.
Data are representative of three independent experiments. (C) The effect of Slit-2 on CXCL12
binding to CXCR4 was analyzed. Specifically, the binding of 1251-labeled CXCL12 in the
presence of various concentrations of purified Slit-2 or unlabeled CXCL12 (100 ng/ml) was
determined in Jurkat T cells, as described in Materials and Methods. The experiments were
done in triplicate and are presented as the mean + SE. The data are representative of three
different experiments. *, P < 0.05, for all experiments
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Slit-2 enhances the association between Robo-1 and CXCR4. (A) 293T cells were transfected
with HA-FL-Robo-1 and FLAG-tagged CXCR4 plasmids by using Lipofectamine reagent
(Invitrogen, Life Technologies), and (B) Jurkat T cells were transfected with HA-FL-Robo-1
by Nucleofection, according to the manufacturer’s instructions (Amaxa Biosystems). These
variously transfected cells were stimulated with Slit-2 supernatant (100 pug/ml) or control
supernatant (100 ug/ml). The cell lysates were immunoprecipitated (IP) with anti-CXCR4
antibody and Western blotted with anti-HA antibody (A and B, upper panels). Equal protein
was confirmed in each sample by Western blotting with anti-f-actin antibody (A and B, lower
panels). AbC, Antibody control; TCL, total cell lysates; UN, untreated cells.
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Fig. 7.

Role of the CC3 domain in the Robo-1 and CXCR4 association. (A) Schematic representation
of HA-FL-Robo-1 (R1) and an HA-tagged mutant form of Robo-1 (Robo-1 with a deletion in
the CC3 motif, HA-Robo-1 ACC3; R1ACC3). FN I, Fibronectin Type I1l repeats. (B) 293T
cells were transfected with HA-FL-Robo-1 or HA-Robo-1 ACC3 as indicated, along with
CXCR4 by using Lipofectamine reagent (Invitrogen, Life Technologies). These variously
transfected cells were stimulated with Slit-2 cell-conditioned culture supernatant (100 pg/ml).
The cell lysates were immunoprecipitated with anti-CXCR4 antibody and Western blotted with
anti-HA antibody (upper panel). Equal protein was confirmed in each sample by Western
blotting with anti-B-actin antibody (lower panel). (C) Jurkat T cells were stimulated with Slit-2
supernatant (100 ug/ml) or control supernatantug/ml) for 30 min, and cell lysates were
incubated with GST alone, with GST-cytR1, or GST-cytR1-ACC3 fusion proteins for 3 h at
4°C, after whicul-immobilized glutathione resin (50% slurry) was added. Following a further
incubation of 1 h at 4°C, the resin was washed, and the proteins were eluted in SDS sample
buffer and analyzed by Western blotting with anti-CXCR4 antibody. (D) Jurkat T cells were
transfected with HA-FL-Robo-1 or mutant Robo-1 (HA-Robo-1 ACC3) by using the Nucleo-
fection method, stimulated with Slit-2 supernatantug/ml) or control supernatantug/ml) for 30
min at 37°C and then subjected to a chemotaxis assay toward CXCL12 (50 ng/ml), as described
in Materials and Methods. *, P < 0.05. (E) Transfection efficiency in the Jurkat T cells was
analyzed by Western blot analysis using anti-HA antibody. Experiments were repeated three
times, and a representative one is shown. ABC, antibody control; UN, untreated cells; TCL,
total cell lysates.
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Fig. 8.

Effect of Slit-2 on the CXCL12-induced activities of Src kinase, MAPK, Akt, and Rac. (A)
Jurkat T cells were preincubated with Slit-2 supernatant (100 ug/ml) or control supernatant
(100 pg/ml) preparation and stimulated with CXCL12 (100 ng/ml) for the indicated time-
points. The stimulated cells were lysed, and equal amounts of protein lysate were
immunoprecipitated with Src kinase, Lck kinase, or Lyn kinase antibodies. The immune
complexes were subjected to in vitro kinase assays as described in Materials and Methods. (B)
Quantitative analysis of the protein phosphorylation of Src, Lck, and Lyn kinases. The band
intensity in each lane was determined by densitometry. The phosphorylation index of each
kinase shown in the bar graph was determined by calculating the value of each lane as the fold-
increase over the unstimulated control (Control 0). *, P < 0.05. (C) Cell lysates were obtained
from the Slit-2 supernatant (100 pg/ml)- or control supernatant (100 pg/ml)-pretreated Jurkat
T cells after stimulation with CXCL12 (100 ng/ml) for various time periods. The lysates were
immunoprecipitated with JINK kinase (top panel) or with p38 MAPK (second panel from top)
antibodies and subjected to an in vitro kinase assay using c-Jun or MBP, respectively, along
with labeled ATP as substrates. For the Erk1/2 assay, cell lysates were run on SDS-PAGE and
Western blotted with phospho-Erk1/2 antibody (p-Erk1/2; second panel from bottom). The
protein levels were monitored by stripping the blot and reprobing it with anti-Erk1/2 antibodies
(bottom panel). (D) Slit-2 supernatant (100 pug/ml)- or control supernatant (100 pg/ml)-
pretreated Jurkat T cells were unstimulated (0) or stimulated with CXCL12 (100 ng/ml) for
the indicated time-points. The cells were lysed, and the lysates were analyzed by Western
blotting with phospho-Akt antibody (p-Akt; upper panel). The blots were stripped and reprobed
with anti-Akt antibody (lower panel). (E) Lysates from control and Slit-2 supernatant-treated
cells in the presence of CXCL12 for various time periods were incubated with PAK-1 p21-
binding domain (PBD) agarose. After incubation (Inc), the agarose beads were collected by
centrifugation and analyzed for Rac-binding activity by Western blotting with anti-Rac mAb,
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as described in Materials and Methods (upper panel). The protein levels were monitored by
stripping the blot and reprobing it with anti-PAK-1 antibodies (lower panel). (+) Control, Cell
lysate with GTPy;S; (—) Control, cell lysate with GDPBS. All of the above experiments were
repeated three times, and a representative one is shown.
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