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The Journal of Immunology

The Neurorepellent Slit2 Inhibits Postadhesion Stabilization
of Monocytes Tethered to Vascular Endothelial Cells

Ilya Mukovozov,*,† Yi-Wei Huang,* Qiuwang Zhang,‡ Guang Ying Liu,*

Allan Siu,x Yaroslav Sokolskyy,* Sajedabanu Patel,* Sharon J. Hyduk,x

Michael J. B. Kutryk,‡ Myron I. Cybulsky,x and Lisa A. Robinson*,†

The secreted neurorepellent Slit2, acting through its transmembrane receptor, Roundabout (Robo)-1, inhibits chemotaxis of

varied cell types, including leukocytes, endothelial cells, and vascular smooth muscle cells, toward diverse attractants. The role

of Slit2 in regulating the steps involved in recruitment of monocytes in vascular inflammation is not well understood. In this study,

we showed that Slit2 inhibited adhesion of monocytic cells to activated human endothelial cells, as well as to immobilized ICAM-1

and VCAM-1. Microfluidic live cell imaging showed that Slit2 inhibited the ability of monocytes tethered to endothelial cells to

stabilize their actin-associated anchors and to resist detachment in response to increasing shear forces. Transfection of consti-

tutively active plasmids revealed that Slit2 inhibited postadhesion stabilization of monocytes on endothelial cells by preventing

activation of Rac1. We further found that Slit2 inhibited chemotaxis of monocytes toward CXCL12 and CCL2. To determine

whether Slit2 and Robo-1 modulate pathologic monocyte recruitment associated with vascular inflammation and cardiovascular

disease, we tested PBMC from patients with coronary artery disease. PBMC from these patients had reduced surface levels of

Robo-1 compared with healthy age- and sex-matched subjects, and Slit2 failed to inhibit chemotaxis of PBMC of affected

patients, but not healthy control subjects, toward CCL2. Furthermore, administration of Slit2 to atherosclerosis-prone LDL

receptor–deficient mice inhibited monocyte recruitment to nascent atherosclerotic lesions. These results demonstrate that Slit2

inhibits chemotaxis of monocytes, as well as their ability to stabilize adhesions and resist detachment forces. Slit2 may represent

a powerful new tool to inhibit pathologic monocyte recruitment in vascular inflammation and atherosclerosis. The Journal of

Immunology, 2015, 195: 3334–3344.

V
ascular inflammation associated with cardiovascular dis-
ease is the leading cause of morbidity and mortality in the
Western world (1, 2). At the center of this disease process

is recruitment of circulating monocytes into the injured vascular
wall. In human subjects, polymorphisms in the chemokine recep-
tors CCR2 and CX3CR1, which result in reduced chemotaxis of
monocytes, are highly protective against adverse cardiovascular
events (3, 4). Mice deficient in CCR2, CX3CR1, and CCR5 dem-
onstrate decreased monocyte trafficking into vascular lesions, and
combined blockade of all three confers additive protection (5–9).
Once recruited, monocytes adhere to inflamed endothelium before
traversing into the subendothelial space (2, 10). This requires
tethered monocytes to resist detachment caused by forces trans-
mitted by flowing blood. Stabilization of monocyte anchors is

dependent on actin cytoskeletal rearrangements and activation of
Rac (11). Thus, a strategy to simultaneously block chemotaxis of
monocytes to different attractants, as well as postadhesion stabili-

zation of monocytes tethered to inflamed endothelium, could prove

highly effective in preventing vascular inflammation. A means to

achieving this can be exploited from neuronal guidance cues that

direct cell migration during development.
The Slit family of secreted proteins, acting through their trans-

membrane receptor Roundabout (Robo), repels migrating neurons

during development (12, 13). Slit and Robo are also expressed in

mature organisms, and an isoform of Robo, Robo-1, was detected

on the surface of cells involved in vascular injury, including

neutrophils, vascular smooth muscle cells (VSMC), lymphocytes,

and monocytes (14–19). In neuronal cells, Slit2 promotes recruit-
ment of soluble Slit Robo GTPase-activating protein to the cyto-

plasmic tail of Robo-1, in turn preventing activation of the Rho

family GTPases Rac and Cdc42 (20). We (17, 21) and other inves-

tigators (14–16, 18, 19) showed that secreted Slit2 interacts with

Robo-1 on the surface of human PBMC, neutrophils, VSMC, and

monocytes to inhibit migration of these cells toward diverse in-
flammatory chemoattractant cues both in vitro and in vivo. We ob-

served that binding of Slit2 to Robo-1 prevented activation of

Cdc42 and Rac, thereby preventing the actin polymerization and

cell polarization necessary for directional migration of leuko-

cytes (17). However, the precise effects of Slit2 on the steps that

govern monocyte recruitment in vascular inflammation are not

well understood (21).
In this article, we report that primary human and murine mono-

cytes express the Slit2 receptor, Robo-1 and that Slit2 inhibits not

only monocyte chemotaxis but also the stabilization of adhesion

of monocytes tethered to endothelial cells. We further report that
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PBMC from patients with coronary artery disease (CAD) have de-
creased expression of Robo-1, resulting in decreased responsive-
ness to the actions of Slit2. Using atherosclerosis-prone LDL
receptor-deficient (Ldlr2/2) mice, we found that administration
of Slit2 inhibited early monocyte recruitment to nascent vascular
lesions. Together, these data support a role for Slit2 in preventing
early vascular inflammation.

Materials and Methods
Reagents and Abs

Unless otherwise stated, reagents were purchased from Sigma-Aldrich (St.
Louis, MO). Monocyte isolation kits were purchased from STEMCELL
Technologies (Vancouver, BC, Canada). Anti-human Robo-1 Ab was from
Rockland Immunochemicals (Gilbertsville, PA). Anti-Cdc42, anti-Rac1,
anti-Erk, anti–phospho-Erk, anti-Akt, and anti–phospho-Akt Abs were
from Cell Signaling (Danvers, MA). Alexa Fluor–conjugated Ab, Hoechst
33342, and BrdU were from Invitrogen (Burlington, ON, Canada). Anti-
CD45 Ab was purchased from eBioscience (San Diego, CA). Allophyco-
cyanin anti-mouse Ly6C Ab and biotin anti-mouse CD115 were purchased
from BioLegend (San Diego, CA). HRP-conjugated and DyLight-
conjugated Ab, Cy3-conjugated anti-rabbit IgG, Cy2-conjugated anti-
human IgG, and HRP-conjugated anti-rabbit IgG were purchased from
Jackson ImmunoResearch Laboratories (West Grove, PA). VCAM-1/Fc
and ICAM-1/Fc chimeric proteins were purchased from R&D Systems
(Minneapolis, MN). CCL2 and CXCL12 were purchased from PeproTech
(Rocky Hill, NJ). FITC-conjugated anti-BrdU, anti–b-actin, and HRP-
conjugated anti-FITC Ab were from Abcam (Cambridge, MA). FITC-
tyramide was purchased from PerkinElmer (Cambridge, MA). mAb24,
which recognizes functionally active b2 integrins molecules, was purchased
from Hycult Biotech (Plymouth Meeting, PA).

Cell culture

THP-1 and U937 human monocytic cells (American Type Culture Collec-
tion) were cultured in RPMI 1640 (Sigma-Aldrich) containing 10% FBS.
HUVEC and human aortic endothelial cells (HAEC; Lonza, Walkersville,
MD) were grown in Endothelial Basal Medium-2 containing Clonetics
EGM-2 SingleQuots (Lonza). Only cells from passages four through eight
were used.

Expression plasmids encoding wild-type GFP-tagged Rac1 (WT-Rac1-
GFP) and a constitutively active allele of Rac1 (CA-Rac1-GFP) were
kind gifts from Dr. Sergio Grinstein (The Hospital for Sick Children)
(22). U937 cells were electroporated with the plasmids using the Cell
Line Nucleofector Kit V (Lonza) and the Nucleofector II program V-001.
FACSwas performed using anAstriosMoFlo (BeckmanCoulter) to isolate
GFP+ cells.

Isolation of human and mouse monocytes and PBMC

Monocytes were isolated from the blood of healthy volunteers using Poly-
morphprep gradient separation solution (Axis-Shield, Oslo, Norway) and an
EasySep Negative Selection Kit (STEMCELL Technologies) (11). Cell vi-
ability was determined to be .98% by trypan blue staining. Mouse blood
was obtained by cardiac puncture, and monocytes were isolated using an
EasySep Mouse Monocyte Enrichment Kit (STEMCELL Technologies).
In some experiments, PBMC were isolated from the blood of patients
with CAD or from healthy age- and sex-matched controls by Ficoll gradi-
ent centrifugation (11). Informed consent for study participation was
obtained from all patients and healthy volunteers. All protocols involv-
ing human samples were approved by the Research Ethics Board of
St. Michael’s Hospital in accordance with The Code of Ethics of the World
Medical Association (Declaration of Helsinki). Patients with stable CAD,
who were scheduled to undergo percutaneous coronary intervention, were
recruited. A total of 10 patients and 8 age- and gender-matched healthy
subjects was recruited.

Expression and purification of Slit2, N-Slit2, Slit2DD2, C-Slit2,
and RoboN

Full-length Slit2 and bioactive truncated N-Slit2 were purified as previously
described (17, 21, 23). N-Slit2 was also purchased from PeproTech. Slit2DD2,
a Slit2 mutant that lacks the D2 domain required to bind Robo-1, and RoboN,
the soluble N-terminal region comprising aa 60–870 of Robo-1, were purified
as previously described (21). C-Slit2, an inactive fragment comprising aa
1268–1525 of Slit2, was cloned in pTT28 using BamHI restriction sites and
purified as described for N-Slit2, RoboN, and Slit2DD2 (17, 21, 24).

RNA extraction and RT-PCR

Total RNAwas extracted from PBMC using a miRNeasy Mini Kit (QIAGEN,
Toronto, ON, Canada), according to the manufacturer’s instructions. The
first-strand cDNA was generated by reverse transcription using an Omni-
script RT Kit (QIAGEN). Robo-1 was semiquantified using VisionWorksLS
Image Acquisition and Analysis Software (UVP Bioimaging Systems,
Upland, CA), with GAPDH used as an internal control. Primers for each
gene amplification were designed to span an intron to eliminate detection
of genomic contamination. The following primer sequences were used: hu-
man Robo-1 (GenBank gene accession number NM_002941.3), sense 59-G-
CTGTGAGCCACAATGCATCGCTG-39 and antisense 59-GTGATCATGAG-
CTTTCCTCCT-39; and GAPDH (gene accession number: x02231), sense
59-CTCTAAGGCTGTGGGCAAGGTCAT-39 and antisense 59-GAGATC-
CACCACCCTGTTGCTGTA-39.

Immunofluorescence microscopy

Primary human and murine monocytes, as well as cultured THP-1 cells and
U937 cells, were allowed to adhere to fibronectin- or poly-L-lysine–coated
coverslips. Cells were fixed with 4% paraformaldehyde, incubated with
rabbit anti–Robo-1 Ab (1 mg/ml) for 2 h, washed, and then incubated with
Cy3-conjugated anti-rabbit IgG and Alexa Fluor 488–conjugated wheat
germ agglutinin to visualize the plasma membrane. A Leica DMIRE2
spinning disc confocal microscope (Leica Microsystems, Toronto, ON,
Canada) equipped with a Hamamatsu back-thinned EM-CCD camera and
Volocity software (Improvision, Lexington, MA) was used to capture
images.

Cell migration assays

Transwell migration assays were performed as previously described (17).
Monocytic cells were incubated with control vehicle or with Slit2 (0.3–
30 nM) placed in the upper well of the Transwell chamber, and CXCL12
(100 ng/ml) or CCL2 (20 ng/ml) was placed in the lower well. Cell migra-
tion into the lower well was examined after 3 h (17).

In some experiments, a FluoroBlok 24-well Insert System (pore size
5 mm; BD Biosciences, Oakville, ON, Canada) was used to perform
modified Boyden chamber migration assays. PBMC were labeled with
Calcein, AM (Life Technologies, Burlington, ON, Canada) and washed
three times. PBMC (1 3 106) were incubated with recombinant Slit2
protein (4 nM) at 37˚C for 10 min and then transferred to the top chamber.
CCL2 (50 ng/ml) or control medium was placed in the bottom well. After
1 h, PBMC migration was assessed by measuring the fluorescence inten-
sity in the bottom chamber using a fluorescence reader, with excitation
set at 490 nm and emission at 530 nm. The percentage of cell migration
in the presence of Slit2 over cell migration in the absence of Slit2 was
used to express the inhibitory effect of Slit2 on PBMC migration.

Adhesion assays

Primary HUVEC and HAEC were grown to confluence and incubated with
TNF-a (20 ng/ml) for 4 h. THP-1 cells were labeled with Calcein, AM, and
adhesion assays were performed as described (23). Nonadherent monocytic
cells were removed by centrifuging the plates (1003 g, 1 min) upside down
(23). A fluorescent plate reader was used to measure the fluorescence in-
tensity of each well. Fluorescence intensity was normalized to the corre-
sponding unstimulated condition. In some experiments, adhesion of
monocytic cells to immobilized ICAM-1 and VCAM-1 was examined, as
described above (25).

Murine peritonitis experiments

Murine peritonitis experiments were carried out as previously described
(17, 26). All procedures were performed in accordance with the Guide for
the Humane Use and Care of Laboratory Animals and were approved by
TheHospital for SickChildrenResearch InstituteAnimalCareCommittee.
Slit2 (2 mg) was administered i.p. or i.v. via tail vein injection to BALB/c
and CD1 mice (Charles River Canada, Saint-Constant, QC, Canada) 1 h
prior to i.p. injection of sodium periodate (1 mg) (17). Peritoneal lavage
was performed after 24 h; cells were recovered, washed, and counted
using a hemocytometer after lysis of contaminating RBCs. In some ex-
periments, peritoneal cells were fixed, labeled with anti-mouse F4/80 Ab,
and analyzed by flow cytometry. More than 75% of peritoneal cells re-
covered were positive for F4/80, consistent with a macrophage phenotype
(data not shown).

Immunoblotting

Immunoblotting was performed as previously described (17, 21). THP-1
cells were serum starved overnight and then incubated with either PBS

The Journal of Immunology 3335
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vehicle or Slit2 (30 nM) for 10 min and then with PBS vehicle or CXCL12
(100 ng/ml) for 2 min (17, 21). All samples were pipetted in the same
manner. Protein lysate was extracted, and immunoblotting was performed
using Ab directed to phospho-Akt or phospho-Erk. Blots were stripped and
reprobed with Ab detecting total Akt and Erk (17, 21). ImageJ software
(National Institutes of Health, Bethesda, MA) was used for densitometry
analysis. In some experiments, lysates were obtained from PBMC, as well
as from human and murine monocytes, and immunoblotting was per-
formed using an Ab to detect Robo-1.

Cdc42- and Rac1-activation assays

Immunoprecipitation and immunoblotting experiments were performed as
previously described, using the p21-binding domain (aa 67–150) of p21/
Cdc42/Rac1-activated kinase 1 (17, 21). THP-1 cells were incubated with
Slit2 (30 nM) for 10 min and then with CXCL12 (100 ng/ml) for 0 or 2 min.
In some experiments, U937 cells were allowed to adhere to HUVEC
monolayers that had been activated with TNF-a and fixed with 4% para-
formaldehyde. Active Rac1 was detected as described previously (17, 21).

Flow cytometry

THP-1 cells, U937 cells, and primary human and murine monocytes were
incubated with Ab detecting Robo-1, followed by PE-conjugated secondary
Ab, and flow cytometry was performed as previously described (17, 21). To
quantify activation of b1 integrins on the surface of U937 cells, binding of
FITC-conjugated peptide 4-((N9-2-methylphenyl)ureido)-phenylacetyl-l-
leucyl-l-a-aspartyl-l-valyl- l-prolyl-l-alanyl-l-alanyl-l-lysine was assessed
by flow cytometry as previously described (25). Cells were treated with
N-Slit2 (30 nM) for 10 min and then incubated with CXCL12 (100 ng/ml)
for 0 or 2 min. Activation of b2 integrins was determined using the
(CD11/CD18) b2 integrin activation reporter Ab mAb24 (Hycult Biotech),
which only binds active b2 integrins (27).

BioFlux microfluidics assays

Confluent HUVEC monolayers were grown in fibronectin-coated BioFlux
microfluidic channels (Fluxion Biosciences, San Francisco, CA) and incu-
bated with TNF-a for 4 h (23). Monocyte- accumulation and -detachment
assays were performed as previously described (11, 23). Leukocytes were
incubatedwith Slit2 (30 nM), latrunculin B (LatB; 2mM), or control vehicle.

Accumulation assays. Monocytic cells (5.0 3 106 cells/ml) were infused
in microfluidic channels at a wall shear stress of 2 dyn/cm2. The number
of leukocytes that interacted with the monolayer or that remained stationary
for.2 s was determined in real time using images from 303 fields (23).

Detachment assays. Monocytic cells were infused in the microfluidic
channels and allowed to settle under static conditions onto the endothelial
monolayers for 1 min. After static adhesion, shear force was introduced and
incrementally increased by 1 dyn/cm2 at 10-s intervals from 1 to 10 dyn/cm2

and then increased incrementally by 5 dyn/cm2. The number of cells
remaining adherent after each interval was determined using BioFlux ac-
quisition software (11).

Assessment of monocyte recruitment in Ldlr2/2 mice

Ldlr2/2 mice, backcrossed for .10 generations onto the C57BL/6
background, were obtained from The Jackson Laboratory. All proce-
dures were approved by the University Health Network Animal Care
Committee. At 10–12 wk of age, Ldlr2/2 mice were switched to a 1.25%
cholesterol-rich diet and maintained on this diet for 3 wk (28). Mice re-
ceived a single i.v. injection of BrdU (2 mg) in PBS. Three hours following
BrdU injection, an i.v. injection of N-Slit2 (5 mg) or PBS vehicle was
administered.

Aortas were harvested 3 or 24 h after BrdU injection (29). Following
perfusion fixation (4% paraformaldehyde, 100 mmHg), careful dissection
of the surrounding adipose tissue was performed (29). For detection of
BrdU-labeled intimal cells, aortas were permeabilized (0.5% Triton
X-100 for 15 min) and incubated sequentially with 0.3% H2O2 (30 min),
1 M HCl (1 h at 37˚C), FITC-conjugated anti-BrdU (2 mg/ml; 18 h at 4˚C),
HRP-conjugated anti-FITC (3 mg/ml), and FITC-tyramide (29). Lipid
accumulated in lesions was detected by Nile Red staining, and nuclei
were counterstained with Hoechst 33342 (2 mg/ml) (29). Anti-CD45 Ab
(eBioscience) was used to label infiltrating leukocytes. A confocal micro-
scope (FV-1000;Olympus)with a 403 (NA1.3) oil-immersionobjectivewas
used to acquire images.

Statistical analysis

ANOVA followed by the Tukey post hoc test were performed using
GraphPad Prism statistical software to analyze the data from experiments

with multiple comparisons. In all other cases, the Student t test was used.
A significant difference was considered at p , 0.05. Data represent
mean 6 SEM.

Results
Human and murine monocytes express the Slit2 receptor
Robo-1

Using immunoblotting, immunofluorescence microscopy, and flow
cytometry, Robo-1 protein was detected in cultured human mono-
cyticcellsandprimaryhumanandmousemonocytes (Fig.1).Robo-2
and -4 were not detected in the monocytic cell types studied (data
not shown).

Slit2 inhibits monocyte chemotaxis to diverse chemokines

To study the effects of Slit2 on the migration of monocytic cells,
we performed Transwell chemotaxis assays (30). Basal migration
was negligible (Fig. 2A, 2F) but increased significantly toward
a gradient of the chemokine CCL2 (Fig. 2B, 2F, p , 0.001). Slit2
inhibited cell chemotaxis in a concentration-dependent manner
(Fig. 2A–F, p , 0.001 for CCL2 versus 30 nM Slit2; p , 0.05 for
CCL2 versus 3 nM Slit2 and for 30 nM Slit2 versus 0.3 nM Slit2).
To determine whether Slit2 inhibits monocytic cell migration to-
ward chemokines belonging to different classes, we performed
Transwell assays using CXCL12. Migration increased significantly
toward a gradient ofCXCL12 (Fig. 2G, p, 0.001) andwas inhibited
by Slit2 (Fig. 2G, p , 0.05). To confirm the specificity of the ob-
served inhibition, we tested a bioactive N-terminal fragment of
Slit2 (N-Slit2), containing the leucine-rich regions required to bind
Robo-1 (31). N-Slit2 also significantly inhibited monocytic cell
chemotaxis (Fig. 2G, p , 0.05).
We also performed Transwell assays using primary human

monocytes and U937 monocytic cells and, in both instances, N-Slit2
significantly inhibited cell migration toward the chemokine
CXCL12 (Fig. 2H, 2I, primary monocytes, p, 0.001; U937, p,
0.05). To confirm that the observed effects of Slit2 did not result
from nonspecific protein binding, we used a Slit2 mutant Slit2DD2
(21, 23). As expected, Slit2DD2 did not inhibit monocytic cell
migration toward CXCL12 (Fig. 2I, p , 0.01, versus N-Slit2).
Similarly, C-Slit2 did not inhibit chemotaxis (Fig. 2I, p , 0.05,
versus N-Slit2) (21, 23). To verify the specificity of the observed
Slit2-induced effects, we used RoboN, a soluble truncated version
of the Robo-1 receptor that acts as a decoy receptor for Slit2,
preventing its binding to cell surface Robo-1 receptors (18, 23).
Preincubation of N-Slit2 with RoboN abolished the inhibitory
effect of N-Slit2 (Fig. 2I, p , 0.01, versus N-Slit2), providing
further support that the inhibitory effects of Slit2 are Robo-1
dependent. These data demonstrate that Slit2 is a potent inhibi-
tor of monocytic cell chemotaxis toward different classes of
chemokines.

Slit2 inhibits chemokine-induced activation of Rac1 and Cdc42

Chemotactic stimulation of monocytes results in activation of the
Rho family GTPases, Rac and Cdc42 (32, 33). Because the pre-
dominant isoform of Rac in human monocytes is Rac1, we spe-
cifically examined the activation of Rac1 (34). Unstimulated
THP-1 cells had low basal levels of activated Rac1 and Cdc42
(Fig. 3A–D). Exposure to CXCL12 increased levels of activated
Rac1 by .20-fold (Fig. 3A, 3B, p , 0.001) and the levels of ac-
tivated Cdc42 by 5-fold (Fig. 3C, 3D, p , 0.001). Slit2 did not
affect basal levels of activated Rac1 and Cdc42, but it inhibited
CXCL12-induced activation of Rac1 (Fig. 3A, 3B, p , 0.05) and
Cdc42 (Fig. 3C, 3D, p , 0.05). These data demonstrate that Slit2
inhibits monocytic cell chemotaxis by preventing activation of
Rac1 and Cdc42.

3336 Slit2 BLOCKS MONOCYTE RECRUITMENT AND ADHESION STABILIZATION
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Slit2 inhibits chemokine-induced activation of PI3K and Erk1/2

We studied the effects of Slit2 on the activation of kinase signal-
ing pathways known to be associated with monocyte chemotaxis:
PI3K/Akt, and Erk (11, 35). Stimulation with CXCL12 induced

robust phosphorylation of Akt (Fig. 3E, 3F, p , 0.01) and Erk

(Fig. 3G, 3H, p, 0.001). Incubation with Slit2 alone had no effect

on basal levels of kinase activation (Fig. 3E–H). However, Slit2

significantly inhibited CXCL12-mediated phosphorylation of Akt

FIGURE1. Human andmousemonocytes express Robo-1. (A) Cell lysates fromprimary humanmonocytes and bonemarrow–derivedmurinemonocytes

were harvested, and immunoblotting was performed using anti–Robo-1 primary Ab and HRP-conjugated secondary Ab. (B) THP-1 cells, U937 cells,

primary humanmonocytes, and primarymurine monocytes on fibronectin- or poly-L-lysine–coated coverslips were labeled with anti–Robo-1 Ab, followed

by Cy3-conjugated secondary Ab and Alexa Fluor 488–conjugated wheat germ agglutinin (WGA). Cells were examined using a Leica DMIRE2 spinning

disc confocal microscope (original magnification3150). (C) Human monocytes were isolated as in (A). Cells from murine blood were labeled with anti-

Ly6C allophycocyanin Ab, biotin anti-CD115 Ab, and streptavidin–Alexa Fluor 488. Cells were fixed, incubated with anti–Robo-1 Ab, followed by PE-

conjugated secondary Ab or with secondary Ab alone, and analyzed by flow cytometry. Cells were gated based on forward scatter area and side scatter area.

For murine monocytes, Robo-1 expression is shown for Ly6Chigh and CD115+ cells. Representative images from one of three similar independent

experiments.

The Journal of Immunology 3337
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(Fig. 3E, 3F, p, 0.05) and Erk (Fig. 3G, 3H, p, 0.01). These data
suggest that Slit2 inhibits chemokine-induced activation of Akt
and Erk signaling in monocytic cells.

Slit2 inhibits adhesion of monocytes to activated endothelial
cells and to immobilized VCAM-1 and ICAM-1

We showed that Slit2 prevents activation of Cdc42, Rac1, PI3K/
Akt, and Erk, which mediate multiple steps of the adhesion cas-
cade, culminating in firm arrest of monocytes under shear flow (25,
35). We next investigated the effects of Slit2 on the adhesion of
monocytic cells to endothelial cell monolayers. TNF-a significantly
increased adhesion to venous and arterial endothelial cells (Fig. 4A,
4B, p , 0.01), and incubation of monocytic cells with N-Slit2 sig-
nificantly diminished adhesion (Fig. 4A, 4B, p , 0.05). To selec-
tively study Slit2’s effects on monocytic rather than endothelial
cells, we examined monocytic cell adhesion to immobilized adhe-
sion ligands (25). Cell adhesion to ICAM-1– and VCAM-1–coated
surfaces was significantly greater relative to BSA (Fig. 4C, 4D, p,
0.05, ICAM-1 versus 1% BSA; p , 0.001, VCAM-1 versus 1%
BSA), and N-Slit2 significantly decreased adhesion to ICAM-1
and VCAM-1 (Fig. 4C, 4D, p , 0.05). These data demonstrate that
Slit2 acts on monocytes to inhibit their adhesion to ICAM-1 and

VCAM-1, which are abundantly expressed on the surface of acti-
vated endothelial cells (Supplemental Fig. 1).

Slit2 inhibits recruitment of monocytes/macrophages in vivo

To study the effects of Slit2 on recruitment of monocytes/
macrophages in vivo, we used a mouse model of chemical irritant
peritonitis (17, 26). Sodium periodate induced recruitment of
monocytes/macrophages into the peritoneal cavity (Fig. 5A, p ,
0.001), and i.p. administration of Slit2 1 h prior to induction of peri-
tonitis inhibited leukocyte influx (Fig. 5A, p , 0.001). Slit2 admin-
istered i.v. 1 h prior to induction of peritonitis also blunted monocyte/
macrophage accumulation in the peritoneum after 24 h (Fig. 5B, p,
0.05). These results are in keeping with our previous observation
that Slit2 blocked neutrophil recruitment to the peritoneum follow-
ing induction of peritonitis (17). Slit2 retained its biological activity,
even when administered up to 4 d before induction of peritonitis
(Fig. 5C, 1 d, p, 0.001; 4 d, p, 0.01). To ensure that Slit2 did not
deplete circulating monocytes, we measured monocyte levels in
murine blood 1 and 4 d after administration of Slit2. No difference in
the number of circulating monocytes was observed (Fig. 5D). More
than 75% of peritoneal cells recovered were positive for F4/80, con-
sistent with a monocyte/macrophage phenotype (data not shown).

FIGURE 2. Slit2 inhibits monocyte chemotaxis to different chemokines. (A–E) THP-1 cells were incubated with Slit2 at the indicated concentrations

for 10 min at 37˚C, and migration assays were performed across 5-mm Transwell inserts. The lower chamber contained RPMI 1640 or Slit2-containing

RPMI 1640 in the presence or absence of CCL2 (20 ng/ml). Cells were placed in the upper chamber, and plates were incubated for 3 h at 37˚C. The insert

was removed, cells that hadmigrated to the lower chamber were centrifuged gently onto coverslips, and cell nuclei were labeled with DAPI. Representative

high-power images (original magnification 360) from 10 independent experiments were taken using a Leica deconvolution microscope. (A) Control ve-

hicle. (B) CCL2. (C) Slit2 (30 nM) and CCL2. (D) Slit2 (3 nM) and CCL2. (E) Slit2 (0.3 nM) and CCL2. (F) Assays were performed as above in the presence

of the indicated concentrations of Slit2. At least 10 random fields were counted. Data are mean6 SEM from 10 independent experiments. (G) Transwell

migration assays were performed as above. CXCL12 (100 ng/ml) was placed in the lower chamber in the presence or absence of purified Slit2 (30 nM) or

N-Slit2 (30 nM). Data are mean6 SEM from four independent experiments. (H) Experiments were performed as in (G) using primary human monocytes.

CXCL12 (100 ng/ml) was placed in the lower chamber in the presence or absence of purified N-Slit2 (30 nM). Data are mean6 SEM from five independent

experiments. (I) Experimentswere performed as in (G) usingU937 cells. CXCL12 (100 ng/ml)was placed in the lower chamber in the presence or absence of

purified N-Slit2 (30 nM), Slit2DD2 (30 nM), C-Slit2 (30 nM), or N-Slit2 (30 nM) + RoboN (60 nM). Data are mean 6 SEM from 11 independent

experiments. *p , 0.05, **p, 0.01, ***p , 0.001.
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Slit2 does not inhibit monocyte tethering, rolling, or
accumulation under shear flow

We found that Rac1 is robustly activated in monocytes during ad-
hesion to endothelial cells (Supplemental Fig. 2). Therefore, we
tested the effects of Slit2 on adhesion of monocytes exposed to
shear flow, where Rac1 activation is critical for cells to maintain
stable adhesions and resist detachment (11).
Using a microfluidic system to mimic shear-regulated integrin

activation encountered in the vasculature, we found that, at
2 dyn/cm2, exposure to N-Slit2 did not affect monocyte capture,
rolling, or firm arrest on TNF-a–activated endothelial cell mono-
layers (Fig. 6A–C) (21, 23). Because selectin-mediated signaling

can slow down rolling or tethering cells, we calculated the rolling
velocity and observed that N-Slit2 did not change the average
rolling velocity of cells (Fig. 6D). Furthermore, exposure to
N-Slit2 did not prevent chemokine-induced activation of a4b1-
integrins or b2-integrins in monocytic cells (Fig. 6E, 6F). Taken
together, these results suggest that Slit2 does not affect early steps
involved in monocyte recruitment: monocyte capture by activated
endothelium, rolling on endothelium, or activation of monocyte
a4b1- and b2-integrins.

Slit2 inhibits monocyte adhesion stabilization under shear flow

Although we did not observe any effect of Slit2 on monocyte
rolling and tethering to endothelium in a flow chamber under low
shear conditions, Slit2 inhibited adhesion of monocytic cells to
endothelial cells in static adhesion assays (Fig. 4). In these ex-
periments, nonadherent monocytic cells are removed by centrifu-
gation, which effectively exposes cells to higher detachment forces
(36). Therefore, we questioned whether Slit2 may affect dynamic
stabilization of firm monocyte adhesion, an actin-dependent and
Rac1-dependent process that strengthens integrin anchors to the
cortical cytoskeleton of the cell (11). To test this idea, detachment

FIGURE 3. Slit2 inhibits CXCL12-mediated activation of Cdc42, Rac1,

PI3K/Akt, and Erk1/2 in monocytic cells. (A) THP-1 cells were incubated

with PBS or CXCL12 (100 ng/ml for 2 or 5 min) in the presence or absence

of Slit2, and cell lysates were collected. GST beads conjugated to the PBD

of PAK1 were used to pull down activated Rac, and immunoblotting was

performed using a specific Ab directed against Rac1. Representative blot

from one of four independent experiments. (B) Experiments were performed

as in (A). Data are mean 6 SEM of normalized band intensities. (C)

Experiments were performed as in (A), using Ab directed against Cdc42. (D)

Experiments were performed as in (C). Data are mean 6 SEM from four

independent experiments. (E) THP-1 cells were incubated with PBS or

CXCL12 (100 ng/ml for 2 min) in the presence or absence of Slit2, and cell

lysates were collected. Immunoblotting was performed using Ab detecting

p-Akt. Blots were stripped and reprobed using Ab detecting total Akt.

Representative blot from one of seven experiments. (F) Experiments were

performed as in (E). Band intensities for p-Akt normalized to total Akt. Data

are mean 6 SEM. (G) Experiments were performed as in (E), using Ab

detecting p-Erk and total Erk. (H) Experiments were performed as in (G).

Band intensities for p-Erk normalized to total Erk. Data aremean6 SEM for

six independent experiments. *p, 0.05, **p, 0.01, ***p, 0.001.

FIGURE 4. Slit2 inhibits adhesion of monocytic cells to endothelial cells

and to immobilized ICAM-1 and VCAM-1. (A) THP-1 cells were labeled

with Calcein, AM, incubated with N-Slit2 or control vehicle for 10 min, and

allowed to adhere to HUVEC monolayers exposed to TNF-a for 4 h. After

30 min, nonadherent THP-1 cells were removed by centrifuging the plates

upside down at 100 3 g, and a fluorescent plate reader was used to quan-

tify adherent cells. Data are mean 6 SEM from five independent experi-

ments. (B) Experiments were performed as in (A) using TNF-a–activated

HAEC instead of HUVEC. Data are mean 6 SEM from eight independent

experiments. (C) Experiments were performed as in (A), using wells coated

with 1% BSA, ICAM-1/Fc, or VCAM-1/Fc instead of HUVEC. Wells

were imaged using a Leica deconvolution microscope (original magnifica-

tion 315). Representative images from 1 of 11 independent experiments.

(D) Experiments were performed as in (C), and adhesion was quantified as

in (A). Data are mean6 SEM from 11 independent experiments. *p, 0.05,

**p, 0.01, ***p, 0.001.

The Journal of Immunology 3339

 at U
niv of N

ebraska L
incoln L

ib/A
cq D

ept on N
ovem

ber 28, 2015
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1500640/-/DCSupplemental
http://www.jimmunol.org/


assays were performed in which monocytic cells were allowed to
adhere to activated endothelial cells and then were exposed to in-
creasing shear forces of up to 20 dyn/cm2 (11). Monocytic cells
readily detached from endothelial monolayers under basal con-
ditions, and,20% of monocytic cells stabilized their adhesions at
shear forces . 4 dyn/cm2 (Fig. 7A). Activation of endothelial
monolayers with TNF-a significantly increased the number of
monocytic cells that resisted detachment (Fig. 7A, p, 0.001 for$1
dyn/cm2). At all shear forces$ 3 dyn/cm2, N-Slit2 exposure caused
monocytic cells to detach more readily (Fig. 7A, p , 0.01). Expo-
sure to LatB, an inhibitor of actin polymerization, similarly in-
hibited adhesion stabilization of monocytes (Fig. 7A, p , 0.001
for $ 2 dyn/cm2). These results suggest that dynamic actin poly-
merization is required for adhesion stabilization and that Slit2
interferes with this process.
To determine whether Slit2 prevents adhesion stabilization of

monocytes on endothelial cells by binding Robo-1, we incubated
a soluble decoy of the Robo-1 receptor RoboN with N-Slit2 prior
to incubation with monocytic cells. Under basal conditions,
monocytic cells readily detached from endothelial monolayers
(Fig. 7B). Activation of endothelial monolayers with TNF-a sig-
nificantly increased the number of cells that resisted detachment
(Fig. 7B, p , 0.001 for $ 1 dyn/cm2). Above 4 dyn/cm2, N-Slit2
exposure caused monocytes to detach more readily (Fig. 7B, p ,
0.05, N-Slit2 versus control at 4 dyn/cm2; p , 0.01, N-Slit2 versus
control at 5-7 dyn/cm2; p , 0.001, N-Slit2 versus control at 8-
20 dyn/cm2). RoboN had no effect, but when RoboN was added to
N-Slit2 prior to incubation with cells, significantly less detachment

of monocytes was observed compared with N-Slit2 alone (Fig. 7B,
p, 0.01 for 8-20 dyn/cm2; p, 0.05 for 5-7 dyn/cm2). These results
suggest that the effect of Slit2 on adhesion stabilization of mono-
cytes is specifically mediated by Robo-1.

Slit2 inhibits adhesion stabilization of monocytic cells by
preventing activation of Rac1

To determine whether Slit2 prevents adhesion stabilization of
monocytes on endothelial cells by preventing activation of Rac1,
we expressed CA-Rac1-GFP in monocytic cells. CA-Rac1-GFP is

FIGURE 5. Slit2 inhibits monocyte/macrophage recruitment in vivo. (A)

BALB/cJ mice were injected i.p. with Slit2 (2 mg) or control vehicle and 1 h

later with 1 ml sodium periodate (NaIO4; 5 mM). After 24 h, peritoneal ex-

udatewas collected by lavagewith chilled PBS (5ml/mouse). The number of

infiltrating macrophages was quantified. Data are mean 6 SEM from five

separate experiments. (B) CD1 mice received Slit2 (2 mg) i.v. by tail vein

injection, and peritonitis experiments were performed as in (A). Data are

mean 6 SEM from four separate experiments. (C) Experiments were per-

formed as in (B) after administering Slit2 1, 4, or 10 d prior to induction of

peritonitis. Data are mean 6 SEM from six separate experiments. (D) CD1

mice received control vehicle or Slit2 (2 mg) i.p. After 24 h, blood was col-

lected by cardiac puncture and labeled with anti-Ly6C allophycocyanin Ab,

biotin anti-CD115 Ab, and streptavidin–Alexa Fluor 488. The number of

Ly6C+/CD115+monocyteswas assessedbyflowcytometry.Data aremean6
SEM from 10 animals. *p, 0.05, **p, 0.01, ***p, 0.001.

FIGURE6. Slit2 does not affect monocyte capture, accumulation, rolling

velocity, or affinity upregulation of integrins. HUVEC grown to confluence

in channels of the BioFlux microfluidic systemwere incubated with TNF-a

for 4 h. Calcein, AM-labeled U937 cells were preincubated with PBS or

N-Slit2 (30 nM) and then perfused through the channels at a shear rate of

2 dyn/cm2. A Nikon TE2000 inverted microscope and Hamamatsu video

camera were used to record U937 cell–HUVEC interactions. U937 cell

adhesion was quantified using ImageJ software. (A) Interactions between

U937 cells and endothelial cells were recorded after 20 s of flow at

2 dyn/cm2, and the total number of monocytic cells interacting with the en-

dothelium (rolling and adherent)was quantified. Data aremean6SEM from

five separate experiments. (B) Experiments were performed as in (A), and the

number of rolling monocytic cells was quantified. Data are mean 6 SEM

from five separate experiments. (C) Experiments were performed as in (A),

and the number of firmly adherent cells was quantified (defined as cells that

did not move for a 2-s interval). Data are mean 6 SEM from five separate

experiments. (D) Experiments were performed as in (A), and the rolling

velocity was calculated. Data are mean 6 SEM from five separate experi-

ments. (E) U937 cells were pretreated with control vehicle or N-Slit2

(30 nM) and stimulated with Mn2+ or CXCL12 (100 ng/ml) for 2 min.

FITC-conjugated peptide 4-((N9-2-methylphenyl)ureido)-phenylacetyl-l-

leucyl-l-a-aspartyl-l-valyl- l-prolyl-l-alanyl-l-alanyl-l-lysine binding was

analyzed by flow cytometry. Data are mean 6 SEM from five separate

experiments. (F) U937 cells were pretreated with control vehicle or N-Slit2

(30 nM) and stimulatedwithMn2+ or CXCL12 in the presence of the CD11a

activation epitope reporter mAb 24, labeled with FITC-conjugated second-

ary Ab on ice, and analyzed by flow cytometry. Data are mean6 SEM from

seven separate experiments.
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unable to hydrolyze GTP and, thus, cannot be inactivated (22).
Monocytic cells expressing WT-Rac1-GFP readily stabilized their
adhesions to TNF-a–activated endothelial monolayers, and N-
Slit2 caused these cells to detach more readily (Fig. 7C, p , 0.05
for 4–10 dyn/cm2; p , 0.01 for 15 and 20 dyn/cm2). Cells ex-
pressing CA-Rac1-GFP demonstrated strong adhesion stabiliza-
tion, even in the presence of N-Slit2 (Fig. 7C). Collectively, these
data demonstrate that Slit2 inhibits postadhesion stabilization of

monocytic cells tethered to endothelial cells by preventing acti-
vation of Rac1.

PBMC from patients with CAD have decreased levels of
Robo-1 and show decreased response to the actions of Slit2

Our results showed that by binding to leukocyte-expressed Robo-1,
Slit2 prevented adhesion stabilization of monocytes on endothelial
cells and, thus, could potentially temper leukocyte influx associated
with vascular inflammation. Therefore, we determined whether
levels of Robo-1 in leukocytes are altered in patients with cardio-
vascular disease. Accordingly, we found that PBMC from patients
with CAD displayed significantly less Robo-1 mRNA and protein
than did PBMC from healthy, matched control subjects (Fig. 8A, 8B,
mRNA, p, 0.05; protein, p, 0.01). We next determined whether
PBMC from patients with CAD are indeed less responsive to the
actions of Slit2. PBMC from patients with CAD and from healthy
individuals demonstrated similar chemotaxis toward CCL2
(Fig. 8C). However, the ability of Slit2 to inhibit cell migration was
significantly dampened in PBMC from patients with CAD (Fig. 8D,
p, 0.05). Together, these data suggest that low levels of Robo-1 in
PBMC from patients with CAD may be a risk factor that could
prevent Slit2-mediated inhibition of leukocyte recruitment in early
vascular inflammation.

Slit2 inhibits early trafficking of monocytes into nascent
atherosclerotic lesions

To directly test whether Slit2 can inhibit early monocyte recruit-
ment into nascent atherosclerotic lesions, we used BrdU pulse
labeling combined with en face confocal microscopy to assess

FIGURE 7. Slit2 inhibits stabilization of adhesive contacts of monocytic

cells tethered to endothelial cells. (A) HUVEC monolayers were incubated

with TNF-a for 4 h in a BioFlux microfluidic chamber. U937 cells were

incubated with N-Slit2 (30 nM, 10 min) or LatB (2 mM, 5 min) before in-

fusing them at 2 dyn/cm2 and allowing them to settle for 1 min. Shear stress

was gradually increased by 1 dyn/cm2 every 10 s up to 20 dyn/cm2. The

number of adherent cells was expressed as a percentage of the initial cells in

the channel. Data are mean 6 SEM from seven independent experiments.

***p , 0.001, unstimulated versus TNF-a, **p , 0.01, TNF-a versus N-

Slit2. (B) U937 cells were incubated with N-Slit2 (30 nM) and/or RoboN

(60 nM), and experiments were performed as in (A). Data are mean6 SEM

from seven independent experiments. *p , 0.05, TNF-a versus N-Slit2

at 4 dyn/cm2, N-Slit2 versus N-Slit2 + Robo-N at 5–7 dyn/cm2, ***p ,
0.001, TNF-a versus N-Slit2 at$ 8 dyn/cm2, **p, 0.01, TNF-a versus N-

Slit2 at 5–7 dyn/cm2, N-Slit2 versus N-Slit2 + RoboN at $8 dyn/cm2. (C)

U937 cells were electroporated with WT-Rac1-GFP or CA-Rac1-GFP and

labeledwithDAPI to exclude dead cells, and liveGFP+ cellswere isolated by

FACS using anAstriosMoFlo flow cytometer.WT-Rac1-GFP– or CA-Rac1-

GFP–expressing cells were incubated with N-Slit2 or control vehicle, and

experiments were performed as in (A). Data are mean 6 SEM from 11 in-

dependent experiments. *p , 0.05, WT-Rac1-GFP and N-Slit2 versus

WT-Rac1-GFP at 4–10 dyn/cm2, **p , 0.01, WT-Rac1-GFP and N-Slit2

versus WT-Rac1-GFP at 15–20 dyn/cm2.

FIGURE 8. PBMC from patients with CAD display reduced levels of

Robo-1 and decreased response to the actions of Slit2. (A) PBMC were

isolated from patients with CAD and from age- and sex-matched control

subjects. RNA was extracted, and RT-PCR was performed using Robo-1–

specific primers. Data are mean6 SEM from four 4 patients with CAD and

four healthy control subjects. (B) PBMCwere isolated as in (A), and protein

was extracted. Immunoblotting was performed using anti–Robo-1 Ab. Blots

were stripped and reprobed with anti–b-actin Ab, and levels of Robo-1 were

normalized to b-actin using the VersaDoc Imaging System (Bio-Rad). Data

are mean6 SEM from seven patients with CAD and seven control subjects.

(C) PBMC were isolated as in (A), and chemotaxis assays were performed

as in Fig. 2, examining PBMC migration toward CCL2 (50 ng/ml). Data

are mean 6 SEM from five patients with CAD and five control subjects.

(D) PBMC were incubated with Slit2 (10 nM) for 10 min, and chemotaxis

experiments were performed. Percentage of PBMC migration toward

CCL2 in the presence of Slit2 in CAD patients and healthy controls. Data

are mean 6 SEM from five patients with CAD and five healthy control

subjects. *p, 0.05, **p, 0.01.
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recruitment of Ly6Chigh monocytes to 3-wk lesions in Ldlr2/2mice
(28, 37). As expected, a single injection of N-Slit2 21 h before
analysis did not influence the extent of lipid accumulation in lesions,
as determined by Nile Red staining (Fig. 9A, 9C, 9E). However,
N-Slit2 significantly reduced the number of BrdU-labeled nuclei in
CD45+ cells 24 h after BrdU injection (145 6 19 versus 86 6 14,
p , 0.05, Fig. 9B, 9D, 9F). The number of proliferating macro-
phages in lesions was the same for both groups, and is indicated
by BrdU+ nuclei 3 h after injection (Fig. 9F). Together, these
data suggest that Slit2 inhibits influx of monocytes into early
vascular lesions.

Discussion
We report in this article that human and mouse monocytes express
the Slit2 receptor Robo-1 and that Slit2 blocks monocyte migra-
tion toward different chemotactic gradients by inhibiting activation
of Rac1 and Cdc42, as well as Akt and Erk. Our findings are in
keepingwith those ofGeutskens et al. (38),who reported that human
monocytes express Robo-1, but not Robo-2 or Robo-3, as well as
with signaling studies performed in neutrophils, vascular smooth

muscle cells, T lymphocytes, breast cancer cells, and neuronal
cells (14–17, 20). Moreover, Prasad et al. (16) showed that mono-
cytes express Robo-1 and that Slit2 blocks chemotaxis toward
CXCL12. We extend these findings to show that Slit2 also blocks
chemotaxis of monocytes toward a chemokine of a different class:
CCL2. Although our study did not distinguish between directional
chemotaxis and random chemokinesis, we demonstrated previ-
ously that, in human neutrophils, Slit2 blocked directional chemo-
taxis and not random chemokinesis (17).
In vascular inflammation, the local cytokine microenvironment

activates endothelial cells to express increased levels of adhesion
molecules, notably ICAM-1 and VCAM-1, in turn facilitating ef-
ficient capture of circulating monocytes, their firm arrest, and dia-
pedesis across the vessel wall. We found that Slit2 inhibited
adhesion of monocytes to activated endothelial cells. Our obser-
vations are consistent with work showing that Slit2 inhibited
CXCL12-mediated adhesion of human breast cancer cells to fi-
bronectin and collagen (15).Recently,Zhaoet al. (39) demonstrated
that Slit2 prevented adhesion of monocytic cells to activated
HUVEC by inhibiting LPS-induced upregulation of ICAM-1 in
endothelial cells. It is possible that Slit2 similarly inhibits upreg-
ulation of ICAM-1 on the surface of endothelial cells exposed to
TNF-a, contributing to the decreased adhesion of monocytic cells
that we observed. Our results suggest that Slit2 also acts directly
on monocytes, because it inhibited their adhesion to immobilized
ICAM-1 and VCAM-1, even in the absence of HUVEC. Further-
more, we reported previously that Slit2 inhibited static adhesion
of neutrophils to TNF-a–activated HUVEC through its selective
actions on neutrophils (23) and that administration of Slit2 also
inhibited neutrophil recruitment into the peritoneal cavity fol-
lowing induction of peritonitis (17). Further exploration regarding
the molecular mechanisms by which Slit2 differentially affects
endothelial cells following exposure to varied inflammatory
stimuli is needed.
Because the Rho family GTPases, Rac1 and Cdc42, also regulate

the actin rearrangement required for monocyte adhesion (11, 40),
signaling events downstream of Slit2/Robo-1 could influence
the ability of monocytes to form and maintain adhesive contacts.
G protein–coupled receptor engagement by chemokines during
monocyte rolling induces outside-in signaling, which increases
integrin avidity on monocytes (25). We did not observe any effect of
Slit2 on transient upregulation of monocyte integrin affinity induced
by CXCL12. Because cytoskeletal regulation couples conforma-
tional changes of LFA-1 to lateral mobility and clustering of the
receptor, it is possible that Slit2 affects the overall avidity of
monocyte integrins via cytoskeletal changes (41). Although Slit2
had no effect on monocyte integrin affinity or on tethering and
capture ofmonocytes exposed to shear flow, it significantly inhibited
adhesion stabilization of monocytes bound to endothelial cells in
a Robo-1– andRac1-dependentmanner. These results are consistent
with the previous demonstration that Rac1 mediates the dynamic
actin polymerization required for stabilization of adhesive contacts
of monocytes bound to endothelial cells (11). Importantly, the shear
forces used in our study are similar to those that would be encoun-
tered by monocytes tethered to vascular endothelium in early ath-
erosclerotic lesions (42).
We noted reduced levels of Robo-1 in PBMC from patients with

CAD compared with matched control subjects, but the mecha-
nisms underlying these differences are unknown. A recent study
demonstrated that Robo-1 expression is downregulated in endo-
thelial cells via targeting of miR-218 (39). Because Robo-1 is a
single-pass transmembrane protein, cell surface levels could, in
principle, also be determined by endocytosis and recycling back
to the plasma membrane. In addition, plasmalemmal Robo-1 was

FIGURE 9. Slit2 inhibits monocyte recruitment to nascent atheroscle-

rotic lesions. (A) Ldlr2/2micewere fed a cholesterol-rich diet for 3 wk and

pulsed with BrdU for 24 h, and control vehicle was administered i.v. After

24 h, aortas were removed and labeled with Nile Red and CD45 (data not

shown). Composite of en face images taken with a 403 objective shows the

entire Nile Red–labeled lesion area (red) in the lower curvature of the as-

cending aortic arch (FV-1000; Olympus). (B) High-power images (original

magnification340) of the regions in (A) indicated by dashed lines. BrdU+

nuclei (green) and intimal lipid accumulation (red) were visualized. (C)

Experiments were performed as in (A), but mice were given N-Slit2 (5 mg)

i.v. instead of control vehicle. (D) High-power images (original magnifi-

cation340) of the regions in (C) indicated by dashed lines. (E) Experiments

were performed as in (A) and (C). Lesion areas relative to the value for the

control group were determined using ImageJ software. (F) Experiments

were performed as in (A) and (C). Intimal BrdU+ nuclei were enumerated at

3 and 24 h after BrdU pulse labeling. The entire surface of the ascending

aorta above the aortic valve was scanned by en face confocal microscopy. For

each condition, at least three independent experiments were performed. Data

are mean6 SEM derived from four to seven mice. *p, 0.05, ***p, 0.001.
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shown to undergo sequential proteolysis by metalloproteases and
g-secretase, resulting in proteolytic release of the Robo-1 ectodo-
main and accumulation within the nucleus of the C-terminal frag-
ment of the protein (43–45). Although beyond the scope of our
present study, a detailed exploration of how the proinflammatory
milieu seen in vascular inflammation and atherosclerosis influences
regulation of Robo-1 in leukocytes would be of great clinical and
translational interest.
Early influx of monocytes into affected vessels plays a critical

role in shaping the subsequent development of atherosclerotic
lesions (5, 6). We found that Slit2 blocked monocyte chemotaxis
to different classes of chemokines, as well as inhibited adhesion
stabilization of monocytes tethered to endothelial cells. We
(17) and other investigators (18) demonstrated that Slit2 prevents
chemotaxis of leukocytes toward chemokines, as well as other
chemoattractants. Thus, by simultaneously targeting varied che-
motactic signals, Slit2 could potently inhibitmonocyte recruitment
to injured vessels. Accordingly, we noted that administration of
Slit2 attenuated monocyte recruitment to nascent atheroscle-
rotic lesions.
Atherogenesis involves a complex, interconnected series of

events, including monocyte infiltration, as well as recruitment of
neutrophils and T lymphocytes, VSMCmigration from the medial
to the intimal layer of the vessel, and platelet adhesion to the in-
jured vessel wall (1, 2, 46). Slit2 can inhibit each of these processes.
Slit2 was shown to inhibit chemotaxis of neutrophils and T
lymphocytes to various chemoattractants, including fMLF and
chemokines (16, 17). Slit2 was also noted to inhibit VSMC mi-
gration toward platelet-derived growth factor (14). We reported
that Slit2 is a potent inhibitor of platelet function both in vitro
and in vivo and that it prevents thrombosis in injured arteries and
arterioles (21). Thus, Slit2 could represent an exciting therapeutic
candidate to simultaneously inhibit the individual events that col-
lectively promote the initiation and progression of vascular in-
flammation associated with atherosclerosis. Other guidance cues,
such as ephrin B2, netrin1, and semaphorin 3E, are differentially
regulated in proatherogenic conditions; however, overall, these
factors appear to exacerbate, and not attenuate, progressive vas-
cular injury (47–49). Further studies are needed to determine
whether Slit2 is unique among these cues, preventing early traf-
ficking of monocytes into affected vessels, as we report in this
article, as well as advanced lesion progression.
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