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Abstract
Aims/hypothesis We had previously reported that stromal cell-
derived factor 1 (SDF-1) mediates chemorepulsion of diabeto-
genic T cell adhesion to islet microvascular endothelium
through unknown mechanisms in NOD mice. Here we report
that SDF-1-mediated chemorepulsion occurs through slit ho-
mologue (SLIT)2-roundabout, axon guidance receptor, homo-
logue 1 (Drosophila) (ROBO1) interactions.
Methods C-X-C receptor (CXCR)4 and ROBO1 protein ex-
pression was measured in mouse and human T cells. Parallel
plate flow chamber adhesion and detachment studies were
performed to examine the molecular importance of ROBO1
and SLIT2 for SDF-1-mediated T cell chemorepulsion.
Diabetogenic splenocyte transfer was performed in NOD/LtSz
Rag1−/− mice to examine the effect of the SDF-1 mimetic
CTCE-0214 on adoptive transfer of diabetes.
Results CXCR4 and ROBO1 protein expression was elevated
in diabetic NOD/ShiLtJ T cells over time and coincided with
the onset of hyperglycaemia. CXCR4 and ROBO1 expression
was also increased in human type 1 diabetic T cells, with
ROBO1 expression maximal at less than 1 year post diagnosis.
Cell detachment studies revealed that immunoneutralisation of
ROBO1 prevented SDF-1-mediated chemorepulsion of NOD

Tcell firm adhesion to TNFα-stimulated islet endothelial cells.
SDF-1 increased NOD T cell adhesion to recombinant adhe-
sion molecules, a phenomenon that was reversed by recombi-
nant SLIT2. Finally, we found that an SDF-1 peptide mimetic
prevented NOD T cell adhesion in vitro and significantly
delayed adoptive transfer of autoimmune diabetes in vivo.
Conclusions/interpretation These data reveal a novel molec-
ular pathway, which regulates diabetogenic T cell recruit-
ment and may be useful in modulating autoimmune diabetes.
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Abbreviations
CXCR C-X-C receptor
HBSS Hanks’ balanced salt solution
ICAM-1 Intercellular cell adhesion molecule 1
ROBO Roundabout, axon guidance receptor
SDF-1 Stromal cell-derived factor 1
SLIT Slit homologue
TBS TRIS buffered saline
VCAM-1 Vascular cell adhesion molecule 1

Introduction

Stromal cell-derived factor 1 (SDF-1), also known as C-X-C
ligand 12, is a small, 8 kDa chemokine involved in leucocyte
activation and chemotaxis. The receptors for SDF-1 are C-X-
C receptor (CXCR)7 [1] and CXCR4, the latter of which
only binds SDF-1 and ubiquitin [2]. CXCR7 possesses a
tenfold higher affinity for SDF-1 than CXCR4 [1]; however,
it is expressed at very low levels on Tcells [3]. In vivo SDF-1
promotes cell adhesion, transendothelial migration and che-
motaxis. However, we and others have previously reported
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that SDF-1 can mediate chemorepulsion responses that may
be of pathophysiological importance [4–6].

Several agonists and antagonists that interact with CXCR4
have been developed. The small peptide agonist CTCE-0214
increases migration of CD34+ cells, although at much higher
concentrations than SDF-1 [7], and is beneficial in systemic
inflammation [8], while the peptide antagonist CTCE-9908
increases uropod formation, but has no effect on migration or
adhesion [9]. Disruption of SDF-1–CXCR4 binding by the
CXCR4 antagonist AMD3100 accelerates the development of
diabetes in adoptive transfer models [10] and induces beta cell
apoptosis [11].

SDF-1 is involved in recruitment of T cells to the pancreas
in type 1 diabetes [12]. The injection of mice with antibodies
against SDF-1 alters the development of diabetes and sup-
pression of insulitis [13]. We previously demonstrated that
SDF-1 produced different effects on NOD and C57BL/6J
mouse T cell adhesion under shear stress in vitro, promoting
adhesion and reducing detachment of C57BL/6J T cells,
while decreasing adhesion and increasing detachment of
NOD T cells [4]. However, the mechanisms regulating this
response remain unknown.

Members of the SLIT protein family are large glycoproteins
that are important for nervous system development, but can be
expressed by epithelial [14] and endothelial cells [15]. The SLIT
molecules (SLIT1, SLIT2 and SLIT3) bindwithmembers of the
roundabout, axon guidance receptor (ROBO) family of recep-
tors and interact with heparan sulphate chains [16]. In retinal
axons in vivo, SDF-1 has been shown to modulate SLIT and
ROBO signalling [17], while in leucocytes SLIT2 may modu-
late SDF-1-mediated chemotaxis [14, 18, 19], transendothelial
migration and adhesion of T cells [13], and migration of den-
dritic cells [15].

In this study we examined the mechanisms of SDF-1-induced
detachment of NOD T cells and the role of SLIT–ROBO in-
teractions in this response. We also evaluated whether an SDF-1
peptide mimetic could affect the development of adoptive trans-
fer of diabetes in NOD/LtSz Rag1−/− mice. Finally, we investi-
gatedwhether alterations in CXCR4 andROBO1were unique to
mouse T cells or also occurred in human T cells.

Methods

Animals Mice were housed at the Louisiana State University
Health Sciences Center (LSUHSC)-Shreveport Animal
Resource Facility, which is accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care,
and maintained according to the National Research Council
Guide for Care and Use of Laboratory Animals. Experiments
were conducted in compliance with the Institutional Animal
Care and Use Committee. Female NOD/ShiLtJ, NOD/LtSz
Rag1−/− and C57BL/6Jmicewere purchased from the Jackson

Laboratory (Bar Harbor, ME, USA). Cohorts of NOD/ShiLtJ
mice were killed at 6, 12, 18 and 22 weeks to examine protein
and gene expression changes during the progression of auto-
immune diabetes.

T cell isolation CD3 T cells isolated from splenocytes of
female NOD/ShiLtJ or C57BL/6J mice were negatively select-
ed using a kit (EasySep Mouse T Cell Enrichment; Stem Cell
Technologies, Vancouver, BC, Canada). For human T cells,
blood was drawn from either type 1 (n=16) or type 2 diabetic
(n=5) patients, or from healthy controls (n=11) after partici-
pants had given informed consent and procedures had been
approved by the Institutional Review Board at LSUHSC-
Shreveport (Protocol H08-070). T cells were negatively select-
ed from 20 ml blood using a RosetteSep human T cell enrich-
ment cocktail (Stem Cell Technologies).

Western blots T cells were isolated as described above and
lysed in radioimmunoprecipitation assay buffer (50 mmol/l
TRIS-HCl, pH 8.0, 150 mmol/l NaCl, 1% vol./vol. Nonidet-
40, 0.5% wt/vol. deoxycholate and 0.1% wt/vol. SDS)
supplemented with 0.1 μmol/l leupeptin, 0.3 μmol/l aprotinin
and 1 μmol/l phenylmethylsulfonyl fluoride. Whole-cell pro-
tein homogenates (12.5 μg total protein) were loaded on 10%
polyacrylamide SDS gels and electrophoresis was performed.
Gels were transferred overnight to Immobilon-P7 (Bio-Rad,
Hercules, CA, USA) and subsequent membranes were
blocked for 2 h with 5%wt/vol. BSA (ROBO1) or 5%wt/vol.
non-fat dry milk (CXCR4) in TRIS buffered saline (TBS).
Membranes were incubated overnight at 4°C with antibodies
against ROBO1 (vRobo1; Developmental Studies Hybridoma
Bank, Iowa City, IA, USA) or CXCR4 (ab2074; Abcam,
Cambridge, MA, USA) at a dilution of 1:100 (0.27 μg/ml)
or 1:500, respectively, in blocking buffer supplemented with
0.1% vol./vol. Tween-20. The remaining washes and incuba-
tions were performed at room temperature in TBS containing
0.1% wt/vol. milk and 0.1% vol./vol. Tween-20. To validate
the specificity of the CXCR4 antibody, additional blots were
also preincubated with and without an equal concentration of
the CXCR4 peptide (ab8126; Abcam), which served as the
immunogen for the antibody.

For ROBO1, membranes were washed three times for 5 min
and incubated for 2 h at room temperature with peroxidase-
conjugated anti-mouse IgM secondary antibody (A8786;
Sigma-Aldrich, St Louis, MO, USA) at a dilution of either
1:2,000 (mouse) or 1:500 (human). For CXCR4, membranes
were washed as above and incubated for 2 h with peroxidase-
conjugated anti-rabbit antibody (A0545; Sigma-Aldrich) at
1:2,000 dilution. After three 10 min washes, membranes were
rinsed for 10 min in TBS. Chemiluminescence was performed
using enhanced chemiluminescence detection reagents (GE
Healthcare, Little Chalfont, UK). Various exposures to Hyblot
film (E3018; Denville Scientific, South Plainfield, NJ, USA)
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were performed to ensure exposure linearity. Films were
scanned and quantified using Image J (National Institutes of
Health, Bethesda, MD, USA), with densitometric values being
normalised to actin expression and reported as means ± SEM.

Flow cytometry Splenocytes were isolated as above, Fc-
blocked for 15 min at room temperature with 5 μg/106 cells
of anti-mouse CD16/CD32 (14-0161-82; eBioscience, San
Diego, CA, USA) and incubated for 20 min at room temper-
ature with 0.8 μg/106 cells of allophycocyanin-conjugated
anti-mouse CXCR7 clone 11G8 (FAB4227A; R&D
Systems, Minneapolis, MN, USA) and 0.3 μg/106 cells of
FITC-conjugated anti-mouse CD3 (553062; BD Biosciences,
San Jose, CA, USA). Cells were rinsed twice in PBS contain-
ing 2% vol./vol. FBS, and 10,000 events per sample were
collected and analysed using FacsCalibur (BD Biosciences)
and CellQuest software (BD Biosciences).

RNA isolation and quantitative RT-PCR Quantitative RT-
PCR analysis was performed as previously reported by our
laboratory [20]. Total RNAwas isolated using a kit (RNeasy
Isolation Kit; Qiagen, Hilden, Germany). Reverse transcrip-
tion was carried out using 1 μg total RNA from each sample.
Primers for Cxcr4 and Robo1 were designed with a software
package (Beacon Designer, Premier Biosoft, Palo Alto, CA,
USA) with sequences as listed in electronic supplementary
material (ESM) Table 1. A 40-fold dilution of cDNAwas used
as a template to perform quantitative RT-PCR with iQ SYBR
Green Supermix (Bio-Rad). Gapdh was used as the internal
control gene for the reactions. The threshold cycle (Ct) for-
mula was used to calculate changes in gene expression.

Cell culture MS1 mouse pancreatic islet endothelial cells
(CRL-2279; ATCC, Manassas, VA, USA) were cultured in
DMEM supplemented with L-glutamine, penicillin, streptomy-
cin and 5% vol./vol. FBS (Atlanta Biologicals, Lawrenceville,
GA, USA). Culturing was done in 5% CO2 at 37°C. Cells were
grown to confluence in T75 flasks and seeded in 35 mm tissue
culture dishes.

In vitro hydrodynamic flow chamber adhesion assays Hydro-
dynamic flow chamber assays were performed as previously
described [4]. Briefly, Tcells isolated as described above were
labelled with CellTracker Green (C7025; Life Technologies,
Carlsbad, CA, USA), rinsed and resuspended at a concentra-
tion of 2×105 cells/ml in phenol red-free Hanks’ balanced salt
solution (HBSS). The cells were placed in a beaker previously
coated with Sigmacote (Sigma-Aldrich), kept at 37°C and
stirred at 60 rev/min. A flow chamber insert and gasket with
a 0.5 cm flow width and 250 μm thickness (GlycoTech,
Gaithersburg, MD, USA) were used with 35 mm cell culture
dishes containing confluent MS1 cell cultures to form a par-
allel plate flow chamber. To activate the endothelium, MS1

cells were treated for 4 to 6 h at 37°C with 10 ng/ml recom-
binant mouse TNFα (T7539; Sigma).

For the SDF-1 peptide mimetic T cell adhesion assay, MS1
cells were rinsed with HBSS and treated for 10 min with an
SDF-1 peptide mimetic [21] (sequence AYWKENKEQ with
two branched lysines) at 0.5, 1, 5 or 10 μg/ml. T cells were
pulled through polypropylene tubing by a syringe pump (KD
Scientific, Holliston, MA, USA) across the endothelial mono-
layer at a physiological shear stress of 150 mPa. Real-time
digital video images (minimum 28 frames/s) were captured
with an epifluorescence microscope (TE-2000 Eclipse; Nikon,
Tokyo, Japan) and digital camera (Model C4742-95-12ER:
Hamamatsu Photonics, Hamamatsu, Japan). Simple PCI soft-
ware (Hamamatsu Photonics) was used to analyse the video
and extract T cell rolling velocities. Cells were considered
firmly adherent if they remained stationary for 10 s within
the field of view. A minimum of three videos per plate and
four plates per condition were used for analysis.

T cell detachment assays were performed as previously
reported by us [4]. Briefly, T cells were injected into the tubing
via an inlet port upstream of the flow chamber at a concentra-
tion of 2×106 cells/ml and allowed to firmly adhere under static
conditions for 15 min. Next, the shear stress was initiated and
increased in a step-wise manner every 30 s as follows: 35, 56,
91, 224, 504 and 980 mPa. The assay was recorded by video,
which was analysed to determine the percentage of cells de-
tached at the end of each shear stress interval. For the anti-
ROBO1 detachment assay, MS1 cells were treated for 10 min
at 37°Cwith TNFα as described above and thenwith 100 ng/ml
recombinant mouse SDF-1α (460-SD; R&D Systems). T cells
were pretreated for 30 min at 37°C with 20 μg/ml ROBO1
blocking antibody (GT15144; Neuromics, Edina, MN, USA)
or isotype control (GT15900; Neuromics).

In the SLIT2 detachment assay, the following modifica-
tions were made. Vascular cell adhesion molecule 1 (VCAM-
1)- and intercellular cell adhesion molecule 1 (ICAM-1)-coat-
ed plates were substituted for confluent monolayers of MS1
cells to isolate the specific ligand and receptor interactions
involved. Plates were treated by tracing five 5 mm diameter
circles aligned in one row in the centre of a 100 mm diameter
tissue culture dish using a PAP pen, and then applying 15μl of
1 mg/ml protein A to each circle for 30min. Plates were rinsed
twice with PBS and blocked for 30 min with 5% wt/vol. BSA
in PBS. Plates were rinsed and each circle then treated for
30 min with 15 μl of a solution containing 5 μg/ml ICAM-
1/Fc chimera (796-IC; R&D Systems) and 5 μg/ml VCAM-
1/Fc chimera (643-VM; R&D Systems), or PBS (control).
Plates were rinsed and stored at 4°C. T cells were suspended
in HBSS containing 10 μg/ml heparin sodium and treated for
15 min at 37°C with 250 ng/ml SDF-1 and 20 μg/ml recom-
binant mouse SLIT2 (5444-SL; R&D Systems) before use. A
Glycotech rectangular flow chamber with 250 μm thick gas-
ket and 1 cm wide flow path was used.
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Diabetes adoptive transfer Single cell suspensions of spleno-
cytes were isolated from spleens of spontaneously diabetic fe-
male NOD/ShiLtJ mice as described previously [22].
Erythrocytes were lysed with 150 mmol/l NH4Cl, 1.0 mmol/l
KHCO3 and 0.1 mmol/l disodium EDTA, and resuspended in
PBS at 200×106 splenocytes per ml. Female NOD/LtSzRag1−/−

mice were injected retro-orbitally with 20×106 splenocytes.
Recipient mice were injected retro-orbitally, either once or three
times per week, with the SDF-1 peptide mimetic CTCE-0214
(sequence KPVSLSYRCPCRFF-Linker-LKWIQEYLEKALN-
OH) (British Canadian BioSciences, Vancouver, BC, Canada)
at 1 or 10 mg/kg, or with PBS. Blood glucose was measured
twice per week (Ascensia Glucometer Elite; Bayer, Leverkusen,
Germany) from a tail stick. Mice were considered hyper-
glycaemic following two consecutive measurements at
13.9 mmol/l (250 mg/dl) glucose.

Results

CXCR4, ROBO1 and CXCR7 expression We first investigat-
ed whether different expression levels of CXCR4, the recep-
tor for SDF-1, occur in T cells from C57BL/6J and diabetes-
prone NOD/ShiLtJ mice at 12 weeks of age. NOD/ShiLtJ
mice showed an increase in expression of CXCR4 in T cells
vs C57BL/6J mice (Fig. 1a). We then examined T cell ex-
pression levels of ROBO1, a receptor for SLIT2 that is
known to modulate the signalling effects of SDF-1 and

CXCR4. NOD/ShiLtJ mice showed a significant increase in
ROBO1 T cell expression levels over that of C57BL/6J mice
(Fig. 1b). These data indicate that the contrasting effects of
SDF-1 on C57BL/6J and NOD/ShiLtJ mice are possibly the
result of the different levels of CXCR4 and ROBO1 expressed
on their T cells. To determine whether SDF-1 was likely to
have an effect by signalling through CXCR7, we dual-stained
splenocytes from NOD/ShiLtJ and C57BL/6J mice with anti-
mouse CD3 and anti-mouse CXCR7, and analysed them by
flow cytometry. Staining for CXCR7 in CD3+ cells was
minimal in both strains of mice (Fig. 1c, d).

Having determined that NOD/ShiLtJ CD3 T cells have in-
creased CXCR4 and ROBO1, we investigated whether protein
and mRNA levels changed during the time course of disease
progression. As shown in Fig. 2a, NOD/ShiLtJ mice become
hyperglycaemic by 18 weeks of age. Western blots of T cell
lysates for CXCR4 and ROBO1 (Fig. 2b) were quantified by
densitometric analysis. Protein levels of CXCR4 and ROBO1
progressively increased between 12 and 22 weeks of age
(Fig. 2c, d). However, mRNA expression of Cxcr4 significantly
decreased over time during diabetes progression (Fig. 2e), while
mRNA expression of Robo1 remained unchanged (Fig. 2f).

Log10 fluorescence intensity

0

100

200

300

400

500

C
ou

nt
s

100 101 102 103 104 100 101 102 103 104

Log10 fluorescence intensity

0

100

200

300

400

500

C
ou

nt
s

CXCR4
Actin

0.0

0.5

1.0

1.5

2.0

Fo
ld

 c
ha

ng
e *

a ROBO1

Actin

C57BL/6J NOD/LtJ C57BL/6J NOD/LtJ
0.0

0.5

1.0

1.5

2.0

Fo
ld

 c
ha

ng
e *

b

dc

Fig. 1 (a) Densitometric analysis, with representative western blots,
showing increased expression of CXCR4 and (b) ROBO1 in T cells
from 12-week-old NOD/ShiLtJ (LtJ) mice over that from T cells of
C57BL/6 J mice (*p<0.05). (c) Flow cytometric analysis of Tcells from
C57BL/67 and (d) NOD/ShiLtJ mice showed only low-level staining
for extracellular CXCR7 (solid line) with isotype controls (dashed line)
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Fig. 2 (a) NOD/ShiLtJ mice develop significantly increased blood
glucose levels by 18 weeks of age. The dashed line at 13.9 mmol/l
glucose (250 mg/dl) denotes the threshold for hyperglycaemia. (b)
Western blots for CXCR4 and ROBO1 in NOD/ShiLtJ T cells showing
significantly increased (c) CXCR4 and (d) ROBO1 protein at 22 weeks
of age vs 6 and 12 weeks of age as measured by densitometric analysis.
(e) mRNA expression in T cells of Cxcr4 was significantly decreased at
22 weeks of age compared with 12 weeks of age, whereas (f) mRNA
expression of Robo1 in T cells was unchanged. (a, c–e) *p<0.05
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Human type 1 diabetic patients have increased Tcell CXCR4
and ROBO1 expression Next, we investigated whether a
similar increase in CXCR4 and ROBO1 was found in human
type 1 diabetic patients. CD3 T cells were purified from
blood drawn from human type 1 diabetic patients and non-
diabetic controls to measure CXCR4 and ROBO1 expres-
sion by western blot of protein lysates. CXCR4 abundance in
T cells from type 1 diabetic patients was approximately three
times that of non-diabetic controls (Fig. 3a). There was no
statistical difference between recently diagnosed type 1 dia-
betic patients (≤1 year) and those diagnosed at least 1 year
previously. A similar increase was also seen for ROBO1
expression in T cells from type 1 diabetic patients compared
with those from healthy controls (Fig. 3b). Interestingly, a

significant increase in ROBO1 expression occurred in type 1
diabetic participants less than 1 year after diagnosis, subse-
quently diminishing over time. Figure 3c, d shows that
CXCR4 and ROBO1 levels were not elevated in patients
recently diagnosed (≤1 year) with type 2 diabetes compared
with non-diabetic controls. Table 1 reports patient sex distri-
bution, age, duration of disease, per cent HbA1c and autoan-
tibody positivity.

Anti-ROBO1 reverses SDF-1-induced detachment of NOD T
cells in vitro Having established that T cell levels of ROBO1
differ between C57BL/6J and NOD/ShiLtJ mice, we inves-
tigated whether SDF-1-mediated firm adhesion defects were
dependent on ROBO1–SLIT2 binding. Using a parallel plate
flow chamber detachment assay where NOD/ShiLtJ T cells
were allowed to statically adhere to islet endothelial cell
monolayers, adherent T cells were subsequently exposed to
incrementally increased shear stress to test whether blocking
of ROBO1–SLIT2 binding with an anti-ROBO1 antibody
would alter T cell adhesion. Figure 4a demonstrates that
TNFα stimulation decreased detachment, as expected, com-
pared with unstimulated control, while the addition of treat-
ment with SDF-1 (TNFα+SDF) reduced this adhesive effect.
Anti-ROBO1 pretreatment (TNFα+SDF+anti-ROBO1) pro-
duced an adhesive effect, indicating that ROBO1 is involved
in mediating detachment responses of NOD T cells from
SDF-1-treated endothelial cells. The detachment of T cells
treated with an isotype control (TNFα+SDF+isotype con-
trol) was not significantly different from that of untreated
T cells from TNFα+SDF-1-treated endothelial monolayers.
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Fig. 3 (a) Densitometric analysis of representative western blots
showing increased expression of CXCR4 in type 1 diabetic patients
with ≤1 year and >1 year disease duration compared with non-diabetic
controls; n=4 for each diabetes group, n=5 for control group; *p<0.05.
(b) Analyses and western blots as above (a) showing increased expres-
sion of ROBO1 in recently diagnosed type 1 diabetic patients (n=7)
compared with non-diabetic controls; n=5; *p<0.05. No statistical sig-
nificance was seen between either of the above groups and type 1 diabetic
patients at more than 1 year after diagnosis (n=9). (c) Analyses and
western blots as above (a, b) showing no increase in CXCR4 in recently
diagnosed type 2 diabetic patients (n=4) and a significant difference in
CXCR4 levels between recently diagnosed type 1 diabetic patients (n=4),
and both non-diabetic (n=5; *p<0.05) and recently diagnosed type 2
diabetic patients (†p<0.05). (d) No increase in ROBO1 was seen in
recently diagnosed type 2 diabetic patients (n=3), but significant differ-
ences in ROBO1 levels were found between recently diagnosed type 1
diabetic patients (n=7) and both non-diabetic (n=5; *p<0.05) and re-
cently diagnosed type 2 diabetic patients (†p<0.05)

Table 1 Data for diabetic patients

Variable Type 1 Type 2

Participants (n) 15 5

Sex (n)

Male 8 1

Female 7 4

Mean age (years) 10.9 (4–17) 15.7 (14–18)

Diabetes duration (years) 1.8 (0–9) 3.5 (1–5)

HbA1c (%) 10.9 (6.7–16.0) 6.3 (5.1–7.4)

HbA1c (mmol/mol) 95.6 (49.7–151) 45.3 (32.2–57.4)

Autoantibody positivity, % (n)

GAD-positive 73.3 (11) 20 (1)

ICA-positivea 20 (3) 0 (0)

IAA-positiveb 26.7 (4) 0 (0)

1 autoantibody 33.3 (5) 20 (1)

2 autoantibodies 33.3 (5) 0 (0)

3 autoantibodies 6.6 (1) 0 (0)

Unless indicated otherwise, values are mean (range)
a ICA, islet cell antibodies; b IAA, insulin autoantibodies
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Figure 4b, c more clearly illustrates the changes in detach-
ment at 91 and 224 mPa, respectively.

SLIT2 reverses the effect of SDF-1 on T cell adhesion To
confirm the importance of ROBO1–SLIT2 binding, we next
examined the effect of SLIT2 on T cell adhesion. Because
SLIT2 is expressed in endothelial cells, plates coated with recom-
binant ICAM-1 and VCAM-1 were used in a detachment assay
with Tcells treatedwith recombinant SLIT2 protein. As shown in
Fig. 5a, ICAM-1- and VCAM-1-coated plates dramatically re-
duced T cell detachment compared with BSA controls. T cells
pretreated with SDF-1 alone showed increased resistance to
shear-mediated detachment compared with untreated T cells.
However, cells treated with SDF-1 and SLIT2 showed a signif-
icant increase in detachment compared with cells treated with
SDF-1 alone, demonstrating that SLIT2–ROBO1 binding regu-
lates SDF-1-mediated chemorepulsion. Figure 5b, c illustrates the
change in per cent detachment at 91 and 224 mPa, respectively.

SDF-1 peptide mimetic in vitro and in vivo Next, we exam-
ined whether a linear SDF-1 peptide mimetic containing the
receptor-binding site could replicate the effect of full length
SDF-1 in blocking adhesion of T cells to activated endothelium.
MS1 cells were treated for 4 h with 10 ng/ml TNFα, followed
by treatment for 10 min with an SDF-1 peptide mimetic at 200,

1,000 or 5,000 ng/ml. Cells were then used in a parallel plate
flow chamber cell adhesion assay. Fluorescently labelled T cells
obtained from NOD/ShiLtJ mice were flowed over the endothe-
lialmonolayers at 150mPa. Figure 6a shows that TNFα induced
adhesion five times greater than that of untreated endothelium
and that this increase was significantly reduced by the SDF-1
peptide mimetic in a dose-dependent manner up to 5 μg/ml.
Leucocyte adhesion videos were analysed to calculate the T cell
rolling velocity and determine whether the decrease in firm
adhesion was due to a decreased number of rolling cells.
Consistent with our previous report [4], the SDF-1 peptide
mimetic did not decrease the number of rolling cells (data not
shown), nor did it affect the rolling velocity (Fig. 6b).

After proving the effectiveness of an SDF-1 peptide mimetic,
we then used diabetogenic splenocytes in NOD/LtSz Rag1−/−

mice to determine whether the CTCE-0214-stabilised, cyclic
SDF-1 peptide designed for in vivo use altered the adoptive
transfer of diabetes. Figure 6c–f shows the effectiveness of
different doses of the SDF-1 mimetic peptide in delaying the
onset of hyperglycaemia. At a dose of 10 mg/kg, the SDF-1
peptide mimetic effectively delayed adoptive transfer of diabe-
tes, with a more beneficial effect being observed with once a
week vs three times a week dosing. Together, these data confirm
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the biological utility of SDF-1-mediated chemorepulsion re-
sponses in regulating the development of autoimmune diabetes.

Discussion

Having previously demonstrated a difference in the adhesion
of T cells from C57BL/6J and NOD/ShiLtJ mice to SDF-1-
treated endothelial cells in vitro [4], we investigated the levels
of CXCR4 and ROBO1 in the T cells of these mice. CXCR4
levels in NOD/ShiLtJ T cells were significantly greater than
those in C57BL/6J T cells. We found no significant cell

surface CXCR7 expression on C57BL/6J or NOD/ShiLtJ T
cells, suggesting that the difference in SDF-1-induced adhesion
is likely to be mediated primarily by CXCR4. We found
ROBO1 levels were significantly higher in NOD/ShiLtJ T cells,
suggesting that increased SLIT2 and ROBO1 signalling could
cause subsequent reversal of the adhesive effects of SDF-1.

Interestingly, we found that CXCR4 and ROBO1 protein
expression increased over time in NOD/ShiLtJ CD3 T cells.
This increase coincidedwith the development of hyperglycaemia,
which, coupled with the fact that CXCR4 and SLIT2–ROBO1
dual engagement mediates chemorepulsion, might indicate a
potential adaptive response to limit autoimmune leucocyte re-
cruitment, as insulitis is known to occur many weeks before the
onset of frank hyperglycaemia in NOD/ShiLtJ mice [23].
Surprisingly, steady-state mRNA levels of Cxcr4 and Robo1
did not increase with protein expression over time. In fact,
Cxcr4 mRNA significantly decreased over time for reasons not
currently understood. Nonetheless, the divergence of changes in
protein and mRNA expression strongly suggests that post-
transcriptional regulation of gene expression could be responsible
for the observed differences. Future studies will need to further
investigate the reasons for these differences, as well as examining
whether the upregulation of these proteins represents a potential
protective response to regulate leucocyte recruitment.

We also measured expression of CXCR4 and ROBO1 in
human T cells from diabetic and control participants to deter-
mine whether increased ROBO1 and CXCR4 expression was
unique to the NOD/ShiLtJ mouse model. Interestingly, CXCR4
and ROBO1 expression was significantly elevated in type 1
diabetic patients versus non-diabetic controls. We also found
that the difference between non-diabetic and type 1 diabetic
participants was even more pronounced than that between
C57BL/6J and NOD/ShiLtJ mice. Furthermore, while CXCR4
remained elevated in type 1 diabetic patients over 1 year after
diagnosis, ROBO1 expression was reduced somewhat in long-
term type 1 diabetic patients, suggesting that CXCR4 and
ROBO1 expression profiles may serve as unique biomarkers
for diagnosis or ‘therapeutic windows’ for type 1 diabetes, thus
meriting future investigation.

After demonstrating that NOD/ShiLtJ mice have higher
levels of T cell ROBO1 than their C57BL/6J counterparts,
we investigated whether the blocking of SLIT2–ROBO1
binding with a blocking antibody against ROBO1 would
restore the adhesive effect of SDF-1–CXCR4 binding. Our
results clearly demonstrate that SLIT2–ROBO1 binding is
involved in SDF-1-mediated detachment in NOD T cells,
providing additional evidence that increased ROBO1 in
NOD T cells might be responsible for this detachment.
Next, by replacing endothelial cells with recombinant
VCAM-1- and ICAM-1-coated plates, we were able to un-
equivocally demonstrate that SDF-1 increases NOD/ShiLtJ
T cell adhesion in the absence of SLIT2–ROBO1 signalling
and that the addition of SLIT2 mediates SDF-1-dependent
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Fig. 6 (a) The SDF-1 peptide mimetic reversed TNFα-mediated adhe-
sion in response to shear stress in vitro in a dose-dependent manner as
measured by the fold change in the number of adherent cells captured
by video; *p<0.05 vs TNFα alone. (b) The SDF-1 peptide mimetic did
not significantly affect rolling velocity in TNFα-treated endothelial
cells; *p<0.05 vs control. (c) CTCE-0214 slowed the development of
diabetes in a NOD/LtSz Rag1−/− adoptive transfer model. At 5.5 and
6 weeks post-transfer, mice treated with 10 mg/kg CTCE-0214 once per
week (upward-pointing triangles) showed significantly reduced glucose
levels (*p<0.05) compared with PBS-treated mice (squares). The
dashed line at 13.9 mmol/l glucose denotes the threshold for
hyperglycaemia. (d) At 4 to 5 weeks post-transfer, mice treated with
10 mg/kg (upward-pointing triangles), but not those treated with 1 mg/
kg (circles) CTCE-0214 three times per week, showed significantly
reduced glucose levels (*p<0.05) compared with PBS treatment
(squares). Dashed line, as above (c). Mice treated with CTCE-0214 at
10 mg/kg (upward-pointing triangles) both one (e) and three (f) times
per week showed delayed development of hyperglycaemia compared
with PBS treatment (squares)
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chemorepulsion of firm adhesion, as we had previously
reported [4].

We also found that an SDF-1 peptide mimetic can reduce
NOD/ShiLtJ T cell adhesion to islet endothelial cell mono-
layers in vitro. This is consistent with our previous findings,
where adhesion of NOD/ShiLtJ T cells was reduced in the
presence of full length SDF-1, whereas adhesion of C57BL/6J
T cells was enhanced [4]. We then used the stabilised peptide
agonist CTCE-0214 in an adoptive transfer model of type 1
diabetes, which is much more rapidly progressing than the
spontaneous development of diabetes in NOD/ShiLtJ mice
[24]; we found that CTCE-0214 significantly delayed the
onset of hyperglycaemia. Together, these data clearly demon-
strate that modulation of SDF-1 signalling responses for dia-
betogenic T cell recruitment can affect disease development in
a model that is destined to develop diabetes, suggesting that a
similar approach might be useful in altering T cell recruitment
during spontaneous diabetes development.

Consistent with our results, Aboumrad et al showed that
blockade of SDF-1–CXCR4 binding with AMD3100 accel-
erated the onset of diabetes in an adoptive transfer model and
suggested that CXCR4+ T cells were protective against dia-
betes [10]. This suggests that increased SDF-1 could poten-
tially slow the development of disease, although others have
shown that SDF-1 appears to accelerate disease development
[12, 13]. Our data suggest that SDF-1 may be beneficial or
detrimental during the development of diabetes, depending
on the levels of T cell ROBO1 and locally expressed SLIT2,
and require further investigation.

We used two doses of CTCE-0214 to examine therapeutic
responses: 10 mg/kg, which proved to be beneficial, and
1 mg/kg, which had no effect. Moreover, the dosing frequency
appeared to have some effect, as the once per week regimen
showed a reduced incidence of hyperglycaemia up to 8 weeks
(data not shown). It is possible that the decreased efficiency of
the three times per week regimen of retro-orbital injections
resulted from localised scarring or augmented immune-
mediated clearance of the mimetic. Nonetheless, these data
are encouraging and suggest that SDF-1 peptide mimetics
may be able to alter the progression of autoimmune diabetes.

In summary, it is possible that higher levels of CXCR4, as
seen in NOD/ShiLtJ mice and type 1 diabetic patients, cause
increased SDF-1–CXCR4 signalling, resulting in a greater adhe-
sion affinity of T cells for endothelial cells, which in turn would
increase recruitment of T cells to the pancreas. Likewise, in-
creased expression of ROBO1 may represent a complementary
regulatory response to control the recruitment of overly aggres-
sive T cells, resulting in a chemorepulsive effect for SDF-1.
Many questions remain from these findings. For example, are
CXCR4 andROBO1 expression changes global across all Tcells
or associated with autoreactive Tcells? Which Tcell populations
are involved (CD4 vs CD8)? Is divergent protein and mRNA
expression for these molecules also seen in T cells from human

type 1 diabetic patients, and if so, how might this occur? These
questions aside, our results demonstrate that in vivo modulation
through use of SLIT2 and ROBO1 peptides may prove useful in
enhancing T cell chemorepulsive effects to delay the onset of
diabetes. Future studies will need to examine this possibility
further, as well as investigating molecular mechanisms of this
novel regulatory pathway of diabetic T cell recruitment.
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