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The Journal of Immunology

Netrin-1 Augments Chemokinesis in CD4+ T Cells In Vitro
and Elicits a Proinflammatory Response In Vivo

Leo Boneschansker,*,†,‡ Hironao Nakayama,x Michele Eisenga,* Johannes Wedel,*,†

Michael Klagsbrun,x Daniel Irimia,‡ and David M. Briscoe*,†

Netrin-1 is a neuronal guidance cue that regulates cellular activation, migration, and cytoskeleton rearrangement in multiple cell

types. It is a chemotropic protein that is expressed within tissues and elicits both attractive and repulsive migratory responses.

Netrin-1 has recently been found to modulate the immune response via the inhibition of neutrophil and macrophage migration.

However, the ability of Netrin-1 to interact with lymphocytes and its in-depth effects on leukocyte migration are poorly understood.

In this study, we profiled the mRNA and protein expression of known Netrin-1 receptors on human CD4+ T cells. Neogenin,

uncoordinated-5 (UNC5)A, and UNC5B were expressed at low levels in unstimulated cells, but they increased following mitogen-

dependent activation. By immunofluorescence, we observed a cytoplasmic staining pattern of neogenin and UNC5A/B that also

increased following activation. Using a novel microfluidic assay, we found that Netrin-1 stimulated bidirectional migration and

enhanced the size of migratory subpopulations of mitogen-activated CD4+ T cells, but it had no demonstrable effects on the

migration of purified CD4+CD25+CD127dim T regulatory cells. Furthermore, using a short hairpin RNA knockdown approach, we

observed that the promigratory effects of Netrin-1 on T effectors is dependent on its interactions with neogenin. In the humanized

SCID mouse, local injection of Netrin-1 into skin enhanced inflammation and the number of neogenin-expressing CD3+ T cell

infiltrates. Neogenin was also observed on CD3+ T cell infiltrates within human cardiac allograft biopsies with evidence of

rejection. Collectively, our findings demonstrate that Netrin-1/neogenin interactions augment CD4+ T cell chemokinesis and

promote cellular infiltration in association with acute inflammation in vivo. The Journal of Immunology, 2016, 197: 1389–1398.

A
xonal guidance molecules belong to at least four fami-
lies, namely netrins, semaphorins, slits, and ephrins, and
they regulate cellular activation,migration, and cytoskeleton

rearrangement in multiple cell types (1–3). An increasing number
of reports indicate that guidance receptors are also expressed on
leukocyte subsets where they primarily function to regulate migra-
tion (4–7). For instance, the binding of class 3 semaphorin family
molecules to the neuropilin-1 receptor results in antimigration and
cytoskeletal collapse in multiple cell types, including leukocytes

(8–10). Slit–Robo interactions inhibit chemokine-induced leukocyte
migration and protect against neutrophil-induced ischemia/reperfusion
injury (6, 11, 12). Additionally, ephrins are reported to function in
chronic inflammation by enhancing both T cell maturation and leu-
kocyte trafficking, for instance in rheumatoid arthritis (13, 14).
Netrin-1 is a more recently described guidance cue with unique

effects on the immune response (4, 15, 16). It is a major growth
and promigratory chemotactic factor (17), and it has been reported
to elicit chemoinhibitory responses in bulk populations of leuko-
cytes (4, 15, 18). Netrin-1 is a secreted laminin-related protein that
mediates signaling through seven receptors, namely members of
the uncoordinated-5 (UNC) family (UNC5A–D), deleted in co-
lorectal cancer (DCC) family, neogenin, and Down syndrome cell
adhesion molecule (DSCAM) (19). The binding of Netrin-1 to the
UNC5 family of receptors promotes axonal chemorepulsion,
whereas its binding to neogenin and/or DCC promotes chemo-
attraction (19). Initial reports demonstrated that the UNC5 family
of receptors are expressed at high levels on human peripheral
blood leukocytes and that Netrin-1 inhibits migration toward
chemotactic stimuli in vitro in Transwell assays (4). Additional
reports indicate that it is anti-inflammatory in models of peritonitis
(4, 18), acute lung injury (20), hypoxia-induced inflammation
(21), acute colitis (22), as well as in kidney ischemia/reperfusion
injury (15). In these and other studies, Netrin-1 was proposed to
dominantly function via interactions with UNC5 family receptors
(4, 15, 16, 20–22).
However, more recent studies suggest that the effects of Netrin-

1 may be more complex (19, 23). For example, in an athero-
sclerosis model, Netrin-1 was found to retain macrophages within
plaques by inhibiting macrophage emigration from the inflam-
matory site (5); additionally, Netrin-1 has been found to promote
chronic inflammation in adipose tissue (24). Several studies have
evaluated Netrin-1 receptor biology using neogenin knockout mice,
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which mount a reduced inflammatory peritonitis reaction (25) and
have less leukocyte infiltrates and reduced inflammation in models
of acute lung injury (26) and ischemia/reperfusion injury (27).
These collective studies allow for the possibility that both

chemoattractive/neogenin and chemorepulsive/UNC5 family re-
ceptors may be coexpressed on subsets of leukocytes and that the
relative expression of the promigratory receptor neogenin may
determine the ability of Netrin-1 to elicit a pro- versus anti-
inflammatory response. However, little is known about Netrin-1/
netrin receptor interactions in CD4+ T cells and adaptive immu-
nity. In these studies, we used a novel in vitro microfluidic assay to
evaluate the effects of Netrin-1 on migration of CD4+ T cells at
the single-cell level. Our findings demonstrate that Netrin-1 in-
duces bidirectional migratory responses, and that it increases the
size of migratory subpopulations of mitogen-activated CD4+

T cells. Furthermore, we observed that Netrin-1 primarily reg-
ulates T effector migration and does not alter the migration of
purified populations of CD4+CD25+CD127dim T regulatory cells
(Tregs). Additionally, we find that these biological effects of
Netrin-1 on CD4+ T cell migration are dependent on the expres-
sion of neogenin. In vivo, the administration of Netrin-1 into
human skin in the humanized SCID (huSCID) mouse augmented
the recruitment of CD3+ T cells and the local inflammatory re-
sponse. We also observed high levels of neogenin expression on
CD3+ T cell infiltrates within inflamed skin from the huSCID mice
and within endomyocardial biopsies from human cardiac trans-
plant recipients, suggesting that it is of great pathophysiological
significance. Taken together, our findings indicate that the primary
function of Netrin-1 is to augment chemokinesis of activated
CD4+ T effector cells. Furthermore, we show that this function of
Netrin-1 is elicited via interactions with neogenin. Our findings
are most suggestive that Netrin-1/neogenin interactions function
to augment T cell recruitment into sites of acute inflammation,
including allografts undergoing rejection.

Materials and Methods
Reagents

Anti-human UNC5A and anti-neogenin Abs were purchased from Santa
Cruz Biotechnology (Dallas, TX), anti-UNC5B or anti-DCC was from
Abcam (Cambridge, MA), and anti-CD3 Ab was from Dako (Carpinteria,
CA). Goat anti-mouse Alexa Fluor 488 and goat anti-rabbit Alexa
Fluor 594 were purchased from Life Technologies (Carlsbad, CA). Human
Netrin-1 was produced as previously described (23). Briefly, 293T cells
were transfected with Netrin-1/pcDNA3.1/V5-His-TOPO plasmid using
FuGENE HD transfection reagent (Roche Applied Science, Indianapolis,
IN), and secreted Netrin-1 was purified from the culture medium using
HiTrap HP chelating columns (GE Healthcare Bio-Sciences, Pittsburgh,
PA), as described (28). Anti-human CD3 and anti-human CD28 were
purchased from BD Pharmingen (San Jose, CA), and PHAwas from Fisher
Scientific (Pittsburgh, PA).

CD4+ T lymphocyte culture

Human blood samples were obtained from consenting healthy volunteers
in accordance with Institutional Review Board approval by Boston
Children’s Hospital. PBMCs were harvested by gradient centrifugation
(2200 rpm for 30 min) using Ficoll (GE Healthcare, Waukesha, WI), and
CD4+ T cells were positively isolated from the PBMCs using magnetic
beads (Dynabeads CD4+ isolation kit; Invitrogen, Carlsbad, CA) according
to the manufacturers’ protocols. CD4+CD25+ and CD4+CD252 T lymphocytes
were isolated by positive selection, and the CD127dim subset of CD4+CD25+

Tregs were isolated by a subsequent negative selection using the hu-
man CD4+CD127loCD25+ Treg isolation kit (Stemcell Technologies,
Vancouver, BC, Canada) according to the manufacturer’s protocol. CD4+

T lymphocyte subsets were cultured in RPMI 1640 media (Cambrex,
Charles City, IA) containing 10% FBS, 2 mM L-glutamine, 100 U ml21

penicillin/streptomycin (Life Technologies-Invitrogen), 1% sodium bi-
carbonate, and 1% sodium pyruvate (Cambrex). CD4+ T cells were used
immediately or following a freeze thaw (occasionally) and were acti-
vated with anti-human CD3 and anti-human CD28 (each at 1 mg/ml) or

PHA (2.5 mg/ml) for intervals of 6–48 h. CD4+CD252 T cells were
cultured in medium (above) and stimulated with 1 mg/ml plate-bound
anti-CD3 Ab in the absence or presence of different concentrations of
Netrin-1 (0.1–1 mg/ml).

Real-time PCR

Total RNA was isolated from CD4+ T cells following mitogen activation
using the RNeasy isolation kit (Qiagen, Valencia, CA). cDNAwas generated
using qScript Supermix (Quanta Biosciences, Gaitherburg, MD), according
to the manufacturer’s instructions. The quantitative RT-PCR primers used
in the present study are as follows: UNC5A, forward 59-TCTACCT-
CACGCTGCACAAG-39 and reverse 59-AGTGGTCCATAGCCAGGATG-
39; UNC5B, forward 59-TCCAGCTGCATACCACTCTG-39 and reverse 59-
GGATGGACAGTGGGATCTTG-39; UNC5C, forward 59-AGCAAGGCA-
GACTGATCCAT-39 and reverse 59-TCAGCAAGCTGACTCCTGAA-39;
UNC5D, forward 59-AGTGGGTCCATCAGAACGAG-39 and reverse 59-
CATGGAAGTCCTCCACCTGT-39; neogenin, forward 59-GTGTTGCCA-
TGTGTTGCTTC-39 and reverse 59-ACCTGCCAGCAATACCAATC-39;
DCC, forward 59-AGGTCGTCATGGAGATGGAG-39 and reverse 59-
TCACAAGCAGGTTGCTGTTC-39; DSCAM, forward 59-CGAATGCA-
CATCGACATACC-39 and reverse 59-TCAGCATCCGTCAACAGAAC-39;
GAPDH, forward 59-ACCACAGTCCATGCCATCAC-39 and reverse 59-
TCCACCACCCTGTTGCTGTA-39; IFN-g, forward 59-TCGGTAACT-
GACTTGAATGTCCA-39 and reverse 59-TCGCTTCCCTGTTTTAGCTGC-
39; IL-2, forward 59-AACTCCTGTCTTGCATTGCAC-39 and reverse 59-
GCTCCAGTTGTAGCTGTGTTT-39; IL-4, forward 59-CCAACTGCTTCC-
CCCTCTG-39 and reverse 59-TCTGTTACGGTCAACTCGGTG-39; IL-5,
forward 59-TCTACTCATCGAACTCTGCTGA-39 and reverse 59-CCC-
TTGCACAGTTTGACTCTC-39; IL-6, forward 59-ACTCACCTCTTCA-
GAACGAATTG-39 and reverse 59-CCATCTTTGGAAGGTTCAGGTTG-
39; IL-10, forward 59-TCAAGGCGCATGTGAACTCC-39 and reverse 59-
GATGTCAAACTCACTCATGGCT-39; IL-17A, forward 59-AGATTACTA-
CAACCGATCCACCT-39 and reverse 59-GGGGACAGAGTTCATGTGG-
TA-39; b2-microglobulin, forward 59-TTTCATCCATCCGACATTGA-39
and reverse 59-CCTCCATGATGCTGCTTACA-39. Primers and cDNA
were mixed with SYBR Green supermix (Quanta Biosciences) and real-
time PCR was performed using the 7300 real-time PCR system (Applied
Biosystems, Foster City, CA). A comparative threshold cycle (Ct) value
was normalized for each sample using the formula: DCt = Ct (gene of
interest) 2 Ct (GAPDH or b2-micoglobulin). The relative expression was
then calculated according to the 22DCt method.

Western blot analysis

Cells were lysed with radioimmunoprecipitation assay buffer (Boston
Bioproducts, Boston, MA), and protease and phosphatase inhibitors
(Thermo Scientific, Rockford, IL) were added. Proteins were separated on
a Mini-Protean TGX precast gel (Bio-Rad Laboratories, Hercules, CA)
and transferred onto a polyvinylidene difluoride membrane (Millipore,
Billerica, MA). Membranes were blocked with 4% skimmed milk in TBS
and 0.1% Tween 20 for 1 h and incubated with primary Abs (as indi-
cated) overnight at 4˚C. Membranes were subsequently washed and in-
cubated with a species-specific secondary peroxidase-linked Ab for 90 min
at room temperature, and the protein of interest was detected by chemi-
luminescence (Thermo Scientific, Tewksbury, MA).

Flow cytometry

CD4+ T lymphocytes were stained with unconjugated anti-neogenin or
a rabbit IgG isotype Ab (GeneTex, Irvine, CA) as a control for 30 min at
4˚C. Cells were subsequently washed and incubated with species-specific
secondary FITC-conjugated Ab for 30 min at 4˚C. Data were acquired on a
FACSCalibur (BD Biosciences) and analyzed using FlowJo software (Tree
Star, Ashland, OR).

Cellular immunofluorescence

Unactivated and 48-h mitogen-activated (PHA 2.5 mg/ml) cells were
plated onto ImmunoSelect adhesion slides (MoBiTec, Duesseldorf,
Germany), washed, and blocked with 5% BSA (Fisher Scientific, Pitts-
burgh, PA) in PBS. The cells were subsequently incubated with primary
Abs or a rabbit IgG isotype control Ab for 60 min at room temperature.
After washing in PBS, cells were incubated with secondary Ab for 1 h.
Finally, cells were mounted with ProLong Gold antifade with DAPI (Life
Technologies), and staining was evaluated by microscopy using a Nikon
Eclipse 80i microscope and a Retiga-2000R CCD camera (QImaging,
Surrey, BC, Canada). Each image was collected and processed using NIS
Elements (version 3.2) software. Images were analyzed using ImageJ
(National Institutes of Health).
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Short hairpin RNA knockdown

Lentivirus was produced with 293T cells, using the pPACKH1 HIV len-
tivector packaging kit and PureFection (System Biosciences, Mountain
View, CA), together with neogenin short hairpin RNA (shRNA) plasmids
(Neo1 Mission shRNA plasmids: shNeo-1 [TRCN0000311710] and
shNeo-2 [TRCN0000118046]) or a control shRNA (Mission pLKO.1-puro
non-target shRNA, Sigma-Aldrich, St. Louis, MO), according to the
manufacturers’ protocols. In all experiments, CD4+ T cells were activated
for 48 h (with anti-CD3/CD28) and simultaneously transfected with len-
tivirus containing Neo-shRNA or control shRNA. Cells were infected
with shControl or shNEO1 lentivirus using a multiplicity of infection
from 10 to 15.

Migration experiments

Migration of CD4+ T cell subsets was analyzed in microfluidic devices
designed for the analysis of live-time bidirectional migration patterns, as
described previously (12). Briefly, three layers (3, 10, and 50 mm thick)
of negative photoresist (SU8, Microchem, Newton, MA) were patterned
on a silicon wafer by sequentially employing three photolithography
masks and processing cycles, according to the manufacturer’s instruc-
tions. The wafer with patterned photoresist was used as a mold to pro-
duce polydimethylsiloxane (Fisher Scientific, Fair Lawn, NJ) parts,
which were subsequently bonded irreversibly to standard glass slides
(75 3 25 mm; Fisher Scientific). The microfluidic devices were primed
with chemoregulatory proteins 30 min prior to loading of the device with
T cells. Netrin-1 and/or RANTES/CCL5 (BioLegend, San Diego, CA)
were instilled into the device (∼20 ml) in combination with 100 nM
human fibronectin (Sigma-Aldrich) in cell culture media. After 15 min
the solution was washed out of the device using complete media. Passive
diffusion of chemoregulatory proteins from the reservoirs into the main
channel creates a gradient from the reservoir (highest concentration) to
the buffer channel (lowest concentration). Subsequently, 2 3 105 cells
were gently delivered into the cell-loading chamber, where the cells were
evenly distributed in the cell loading traps, from where they can migrate
into 10-mm-wide migration channels. Cell migration is recorded using
time-lapse imaging on a fully automated Nikon TiE microscope (310
magnification) with biochamber heated to 37˚C with 5% CO2 gas for 8 h.
Cell displacement was tracked manually using ImageJ (National Insti-
tutes of Health).

Analysis of cell migration

Cell migration inside migration channels was analyzed, as previously
described (12), using four parameters: 1) the percentage of migrating cells,
2) the direction of migration, 3) the speed of migration, and 4) the di-
rectional persistence (DP) following migration. The percentage of mi-
grating cells was evaluated as the number of cells migrating in each
direction as a ratio of the total number of cells loaded in the cell reservoir.
The direction of migration was evaluated as a response either toward or
away from the chemokine. Speed was calculated by the total distance
traveled divided by the duration of migration, and DP was determined by
comparing the relative displacement of cells from their initial to their final
position within the migration channel as a ratio of the total distance
traveled during an 8-h time period. Cells migrating persistently toward the
chemokine reservoir without changing direction were determined to have a
DP equal to “1,” and cells migrating persistently away from the gradient
have a DP equal to “21.” DP values ,1 identify cells that change di-
rection in the course of migration. For instance, a DP value of 0 reflects
cells that migrate back and forth through the migration channels and
ultimately return to their initial starting position by the end of the ex-
periment.

Humanized SCID mouse model

Human neonatal foreskins were obtained from the birthing unit at the
Brigham and Women’s Hospital in accordance with Institutional Review
Board approval. The skin was prepared under sterile conditions and was
transplanted onto SCID mice. Once healed (after ∼6 wk), the mice were
humanized by i.p. injection of 3 3 108 human PBMCs. At days 0 and 7
following humanization, growth factor reduced Matrigel (BD Biosciences,
Bedford, MA) combined with Netrin-1 (5 mg diluted in sterile PBS) was
injected intradermally into the skin graft. Injection of Matrigel with PBS
served as a control. After 14 d, the mice were euthanized and the skin
grafts were harvested for evaluation by histology. Each skin was divided
into two parts, one of which was frozen in liquid N2/OCT compound
(Sakura Finetek, Torrance, CA) for later cryosectioning and histochemis-
try; the other part was fixed in formalin and embedded in paraffin, for
processing with H&E staining.

Immunohistochemistry/immunofluorescence

Skin grafts were cut into 4-mm cryosections and were initially blocked with
0.3% hydrogen peroxide or 10% serum (host of secondary Ab) in 0.05%
Tris/Tween, washed, and incubated with the primary Ab for 1 h. Control
sections were incubated with a species-specific IgG. After washing in PBS,
sections were incubated with a secondary species-specific HRP-conjugated
or fluorescent-tagged Ab for 1 h. For immunohistochemistry, staining was
resolved using amino-ethylcarbazole, and the slides were mounted in
glycerol gelatin (Sigma-Aldrich); for immunofluorescence, the sections
were mounted with VectorShield mounting medium with DAPI (Vector
Laboratories, Burlingame, CA).

Human endomyocardial biopsies were collected from cardiac trans-
plant recipients during routine posttransplantation care and were stored at
280˚C until use in this study. Collection was approved by the Human
Research Committee, Brigham and Women’s Hospital (Boston, MA). Re-
search studies were performed after clinicopathologic diagnoses and clinical
care was completed. Four-micrometer cryosections were prepared as de-
scribed above and stained with anti-human CD3 and anti-human neogenin,
as above. Staining of skin and heart was evaluated by microscopy using a
Nikon Eclipse 80i microscope and a Retiga-2000R CCD camera (QImag-
ing). Confocal microscopy imaging was performed using a Leica TCS SP5 X
laser scanning microscope (Leica, Mannheim, Germany).

FIGURE 1. Netrin-1 receptor expression by human CD4+ T lympho-

cytes. The expression of known Netrin-1 receptors was analyzed at the

mRNA level by quantitative PCR (A–C), at the protein level by Western

blot analysis (D and E), and by FACS after 48 h of activation (F). (A–C)

Mean fold change in mRNA expression 6 SEM. In (D), induced expres-

sion of neogenin, UNC5A, and UNC5B is illustrated, and (E) illustrates

densitometric analysis of n = 3 independent Western blots. The illustrated

data in (A)–(F) are representative of n = 3 independent experiments.
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Statistical analysis

Statistical significance was determined using the Student t test or one-way
ANOVA for normally distributed data and the Mann–Whitney U test for
data that did not have normal distribution. Differences were considered
statistically significant when p values were ,0.05.

Results
Neogenin is the dominant Netrin-1 receptor expressed by
activated CD4+ T lymphocytes

Purified human CD4+ T cells were initially profiled at the mRNA
level for known Netrin-1 receptors. Using quantitative PCR, we
found neogenin, UNC5A, and UNC5B, and low levels of DCC on
unactivated cells (Fig. 1A–C, Supplemental Fig. 1A); in contrast,
UNC5C-D and DSCAM were not expressed at any significant level
(data not shown). Following mitogenic activation with anti-
CD3/anti-CD28, there was a marked time-dependent increase in
the expression of neogenin during 6–48 h (average 7-fold, Fig.
1A) and a smaller increase in UNC5B expression (∼1.5-fold,
Fig. 1C). No change in UNC5A mRNA expression was observed
(Fig. 1B; Ct value .30). By Western blot analysis (Fig. 1D,
1E), neogenin, UNC5A, and UNC5B were expressed by unac-
tivated CD4+ T cells, and expression of neogenin notably in-
creased (∼3.5-fold) following activation with PHA (Fig. 1D, 1E)
or anti-CD3/CD28 (not shown). Induced expression of neogenin
was also evident by flow cytometry (Fig. 1F) following 48 h of
mitogenic activation of CD4+ T cells. UNC5A increased in ex-
pression following mitogenic activation, but to a lesser degree
than neogenin (∼1.5-fold; Fig. 1D, 1E), and UNC5B expression
was also induced (∼2.5-fold) following activation. We failed to
observe expression of DCC at the protein level (Supplemental
Fig. 1B). Immunofluorescence staining of unactivated CD4+

T cells showed minimal neogenin and UNC5A and detectable

levels of UNC5B expression. However, staining of neogenin and
UNC5B was prominent following 48 h of activation with PHA
(2.5 mg/ml, Fig. 2). Thus, both chemoattractive (neogenin) and
chemorepulsive (UNC5A and UNC5B) Netrin-1 receptors are
expressed by CD4+ T cells, and each receptor is modulated
following cellular activation.

Netrin-1 increases the size of migratory subpopulations of
activated CD4+ T cells

To next determine the effects of Netrin-1 on CD4+ T cell migration,
we used a microfluidic device that allows for the quantitative
analysis of bidirectional trafficking at single-cell resolution (12)
(Fig. 3A). Initially, positively selected CD4+ T cells were mitogen
activated (48 h) and introduced into the device and then exposed
to increasing concentration gradients of Netrin-1 during an 8-h
period (Fig. 3B). Their migration characteristics were compared
with cells in culture media alone as a control. We found that all
concentrations of Netrin-1 enhance the number of migrating
T cells from 19.0 6 5.1% (media control) to 41.9 6 12.2, 37.5 6
15.7, and 28.1 6 12.6% in Netrin-1 concentrations of 0.1, 0.5, or
5 mg/ml respectively (Fig. 3B, p , 0.05; Supplemental Videos 1
and 2). Netrin-1 increased the number of cells migrating toward
the gradient from 8.8 6 2.9 (in media alone) to 21.5 6 5.1% (in
0.1 mg/ml). It also increased the number of cells migrating away
from the gradient from 10.2 6 2.6 (in media alone) to 18.2 6
7.3% (in 0.1 mg/ml Netrin-1; Fig. 3B, p , 0.05). Increasing the
concentration of Netrin-1 did not change these bidirectional mi-
gration patterns.
We next examined the effect of Netrin-1 on the migration of

CD4+ subpopulations, including CD4+CD252 naive and CD4+

CD25+CD127dim Treg subsets. Similar to pooled populations of
CD4+ cells (12), we found that low numbers of CD4+CD252 cells

FIGURE 2. Localization of Netrin-1 receptors on

CD4+ T cells. Expression of neogenin, UNC5A, and

UNC5B was analyzed on unactivated or mitogen-

dependent activated (PHA at 2.5 mg/ml) human

CD4+ T cells by immunofluorescence staining.

Netrin-1 receptor expression (red), anti-CD3 (green),

and colocalization (yellow merged stain) are illus-

trated in the respective panels. All images are rep-

resentative of n = 3 independent experiments.
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migrate within the device in media alone (12.3 6 3.5%), but this
subset demonstrated an induced migratory response to a Netrin-1
gradient (17.8 6 3.0% in 0.1 mg/ml Netrin-1, Supplemental Fig.
2A). However, surprisingly few Tregs were observed to migrate
within the device in media alone (7.66 4.6% cells migrating), and
the addition of Netrin-1 failed to increase or decrease the numbers
of migrating cells (6.4 6 3.6%) or their directional migratory
pattern during an 8-h period (Supplemental Fig. 2). In general, we
also observed that Tregs migrate in low numbers within the device
even following mitogen-dependent activation (data not shown).
Consistent with these functional observations, we also noted that
Treg subsets express minimal cell surface neogenin (data not

shown). Collectively, these findings suggest that Netrin-1 stimu-
lates bidirectional migratory responses in activated CD4+ T ef-
fector cells by increasing the size of migratory subpopulations.

CD4+ T effector cell migration is induced by Netrin-1

We next wished to map the individual migratory trajectory of
Netrin-1–responsive CD4+ T cells and calculate an overall DP, as
previously described (12). Using the DP algorithm, we found that
Netrin-1 favors persistent migration of CD4+ T cells toward the
gradient (DP = 0.18 versus DP = 0.06 in media alone, p , 0.05,
Fig. 3C). We also analyzed the migration response for every cell
during the 8-h observation period (Fig. 4A–C). We found that the
fraction of the total cell population that migrates within the first
hour increases from ∼1.5% (in media alone) to ∼7% in the presence
of Netrin-1 (p , 0.05). As shown in Fig. 4A, the effect of Netrin-1

FIGURE 3. Netrin-1 increases both the size and the chemokinetic re-

sponse of migrating CD4+ T cells. CD4+ T cell migration was analyzed in

a microfluidic device that allows for the quantitative analysis of the frac-

tion of migrating cells as well as their directionality, persistence, and speed

at the single-cell level. (A) The microfluidic device. CD4+ T cells are

loaded into the central main channel and are monitored in real-time while

migrating through 10-mm side channels for 8 h. Each cell has potential to

migrate either toward (direction of reservoir) or away (direction of buffer

channel) from a chemokine gradient. (B) Quantitative analysis of bidi-

rectional migratory patterns of 48-h mitogen-activated CD4+ T cells (anti-

CD3/anti-CD28 at 1 mg/ml each) in response to increasing concentrations

of Netrin-1, as indicated. Gray bars represent migration toward the gra-

dient, and black bars represent migration away from the gradient (mean 6
SD of n $ 3 independent experiments). (C) Scatter plot of DP of CD4+

cells in response to Netrin-1. The migratory patterns of individual CD4+

T cells were evaluated and are illustrated as either gray dots (media alone)

or black dots (response to Netrin-1). The black lines represent the median

and SD of migratory responses under each condition. The number of cells

analyzed in media alone was 449 of 2232 total migrating cells, and in

Netrin-1 was 399 of 1068 total migrating cells. Illustrated are data from

n = 3 independent experiments. *p , 0.05. FIGURE 4. Migration characteristics of CD4+ T lymphocytes in re-

sponse to Netrin-1. Migration patterns of individual T cells were analyzed

using time-lapse videos during an 8-h time. (A) Time distribution of the

initial migratory response and the hourly response during the course of

each experiment. The effect of Netrin-1 was prominent in the first 3 h of

migration. Black symbols represent cell migration in response to Netrin-1,

whereas gray symbols represent response in media alone. In (B) and (C),

the percentage of cells that migrate at each indicated speed (in microme-

ters per minute) is separated into groups of 3.3-mm/min intervals, for cells

migrating away from the gradient (B) and toward the gradient (C). Black

bars represent cells migrating in response to Netrin-1, and gray bars rep-

resent cells migrating in response to media alone (as a control). The av-

erage migratory speed for each condition is shown in the box-and-whiskers

plot. Error bars represent mean 6 SD. The number of cells analyzed in

media was 449 of 2232 total and in Netrin-1 was 399 of 1069 total. Il-

lustrated data are from n $ 3 independent experiments. *p , 0.05.
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on the induction of migration was prominent in the first 3 h. The
average speed of cells migrating in the direction of the Netrin-1
gradient did not increase (10.3 6 4.2 mm/min) as compared with
culture medium alone (9.9 6 4.7 mm/min, Fig. 4C). The speed of
migration away from the Netrin-1 gradient was also comparable to
the response in media (Fig. 4B). Collectively, these findings indi-
cate that the total fraction of migrating CD4+ cells increases in the
presence of Netrin-1, and that Netrin-1 favors persistent migration
toward a gradient without affecting speed.

Minimal effect of Netrin-1 on RANTES-induced migration

Because our studies indicated that Netrin-1 functions to increase the
size of migratory subpopulations, we postulated that it alters mi-
gration toward established chemokines. We used RANTES (100 nM)
as a reference chemoattractant chemokine (29). As expected, we found
that RANTES induced a marked chemoattractant response in 22.2 6
5.0% of mitogen-activated CD4+ T cells in our microfluidic device.
However, when Netrin-1 (0.1 mg/ml) was combined with RANTES,
the chemoattractant response did not change significantly (chemo-
attraction in 22.2 6 9.5% cells, Fig. 5A). RANTES also increased
migration speed versus cells in media alone (12.1 6 5.2 mm/min
versus 10.9 6 5.2 mm/min, p , 0.01), and the combination of

Netrin-1 with RANTES failed to change this response significantly
(Fig. 5B). Thus, Netrin-1 does not enhance or inhibit the promigratory
effects of the potent chemoattractant chemokine RANTES.

Netrin-1/neogenin interactions function to augment migration
of CD4+ T cells

Owing to its high level of expression, we next wished to determine if
neogenin regulates Netrin-1 responsiveness in activated CD4+ cells.
To test this possibility, we infected human CD4+ T cells with two
different neogenin shRNA lentiviral constructs (knockdown effi-
ciency of 50–70%, Supplemental Fig. 3) or a control shRNA, and we
evaluated migration in response to Netrin-1. As illustrated in Fig. 6A,
we found that the bidirectional migratory response to Netrin-1 was
significantly reduced in neogenin shRNA-infected cells as compared
with control shRNA-infected cells (p , 0.05). There was a prom-
inent inhibitory effect on the migratory response toward Netrin-1
(11.3 6 4.1% in controls versus 2.9 6 1.8% in shRNA-infected
cells, p , 0.05, Fig. 6B) as well as on the migratory response
away from Netrin-1 (10.3 6 3.4% in controls and 4.3 6 3.7% in
shRNA-infected cells, p , 0.05, Fig. 6B). These findings are most
suggestive that neogenin functions as a promigratory/chemokinetic
receptor and does not confer preferential directionality to cells within

FIGURE 5. Effect of Netrin-1 on RANTES-induced migration. CD4+

T cells were loaded in the microfluidic device and were exposed to a

RANTES gradient in the absence or presence of Netrin-1 (0.1 mg/ml). (A)

Percentage of cells migrating in the direction of the gradient during an 8-h

period. (B) Migratory speed of individual T cells. The black bars represent

migratory speed induced by RANTES, and the gray bars represent mi-

gration speed in response to both RANTES and Netrin-1. The dashed gray

line illustrates the speed distribution in media alone. Solid gray and black

lines illustrate the distribution of migratory speed for RANTES with (gray)

or without (black) Netrin-1. Illustrated is the combined data from n = 3

independent experiments showing responses in n = 377 (RANTES alone)

and n = 256 (RANTES plus Netrin-1) migrating cells. Bars represent the

mean 6 SD. *p , 0.05.

FIGURE 6. Knockdown of neogenin attenuates the migratory response

to Netrin-1. Human CD4+ T cells were infected with two neogenin

shRNAs, each yielding a knockdown efficiency of 50–70% (as shown in

Supplemental Fig. 3). Control shRNA or neogenin shRNA-infected CD4+

T cells were loaded into microfluidic devices and the percentage of cells

migrating in response to Netrin-1 was evaluated (A). In (B), bidirectional

migratory patterns were evaluated in response to Netrin-1 (0.1 mg/ml)

versus media alone using control shRNA or neogenin shRNA-infected

CD4+ T cells. Error bars represent mean 6 SD. Data shown are from n = 3

independent experiments with a total of n = 1120 (neogenin shRNA no. 1),

n = 1324 (neogenin shRNA no. 2), and n = 1222 (control shRNA) analyzed

cells. *p , 0.05.
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the Netrin-1 gradient. Furthermore, they suggest that the Netrin-1–
induced migratory response is a function of random neogenin-
regulated chemokinesis.

Effects of Netrin-1 on T cell activation

Previous work has shown that Netrin-1 binds the UNC family of
receptors on murine CD4+ T cells to inhibit cytokine production
(15). Although we observed minimal expression of UNC5A/B on
human CD4+ T cell subsets, we also wished to determine whether
Netrin-1 regulates activation responses. Freshly isolated CD4+

CD252 T cells were cultured with plate-bound anti-CD3 (1 mg/ml)
for 24–48 h in the absence or presence of increasing concentrations
of Netrin-1 (0.1–1 mg/ml). Cytokine production (IL-2, IL-4, IL-5,
IL-6, IL-10, IL-17A, and IFN-g) was evaluated at the mRNA level.
We observed a marked increase in cytokine production in anti-
CD3–treated cells, but coculture with Netrin-1 failed to alter this
activation response (Supplemental Fig. 4 and data not shown).
Additionally, coculture of induced Tregs with Netrin-1 failed to
alter the expansion of CD4+CD25hiFOXP3+ T cells in vitro (data
not show). Thus, Netrin-1 does not regulate mitogen-dependent
activation of human CD4+ T cell subsets, consistent with their
low levels of expression of UNC5 family molecules.

Pathophysiological significance of Netrin-1/neogenin
interactions in vivo

Next, we evaluated the effect of Netrin-1 on the recruitment of
T cells into sites of inflammation in vivo. For these studies, we

initially used a humanized SCIDmousemodel that is well established
in our laboratory (30–33). In this model, human skin is allowed to
engraft onto SCID mice during a 6-wk period, after which 3 3 108

human PBMCs are adoptively transferred by i.p. injection. Netrin-1
(5 mg in matrigel) was injected intradermally into the transplanted
human skin on day 0 and day 7 posttransfer, and the skin was
harvested on day 14 for evaluation of leukocytic infiltrates
(Fig. 7A); intradermal injection of Matrigel/PBS alone served as a
negative control. By H&E staining, we observed focal leukocytic
infiltrates within control skins harvested from humanized mice (3076
58 cells per high power field (hpf), Fig. 7B). In contrast, diffuse in-
filtrates were present throughout skins following intradermal injection
of Netrin-1 (466 6 24 cells per hpf, Fig. 7B). Overall, by semi-
quantitative grid counting there was an ∼1.5-fold increase (p , 0.01)
in infiltrates in Netrin-1–injected skins, as compared with negative
control skins (Fig. 7B). By immunohistochemistry using anti-CD3,
there was an ∼2-fold increase in the number of T cell infiltrates in
Netrin-1–injected skins versus negative controls (162 6 59 T lym-
phocytes per hpf versus 86 6 51, p , 0.01, Fig. 7C).
We also analyzed the expression of neogenin on CD3+ T cell

infiltrates within the harvested skin tissue. Interestingly, we found
diffuse expression of neogenin throughout the skin grafts (Fig. 7D)
on infiltrates as well as on interstitial cells and blood vessels. Using
double immunofluorescence staining, we found marked colocali-
zation of the neogenin receptor on CD3+ T cells (Fig. 7D, 7E),
suggesting that infiltrating neogenin-expressing T cells respond to
Netrin-1 in vivo.

FIGURE 7. Effect of Netrin-1 on leukocyte

infiltration in vivo. (A) Cartoon of the huSCID

model; human skin is transplanted onto SCID

mice, and after 6 wk the mice are humanized by

i.p. injection of 3 3 108 human PBMCs. On

day 0 and day 7, Netrin-1/Matrigel (5 mg) or

Matrigel alone is injected s.c. into the human

skin graft. (B) H&E staining of human skin

samples harvested on day 14 after humaniza-

tion. Representative histology is shown in the

right panels (original magnification 3100; box

inset, original magnification 3400); the aver-

age number of infiltrates in each skin was grid

counted (as described in Ref. 30) and is shown

in the left bar graph (n = 8 skins; **p , 0.01).

(C) Representative cryosections (original mag-

nification 3100) from day 14 skin samples

immunostained with anti-CD3; the number of

CD3+ T cells was grid counted and the average

CD3+ T cell count (mean6 SD) is illustrated in

the bar graph (left panel) (n = 8, **p , 0.01).

(D) Representative immunofluorescence stain-

ing (original magnification 3100) of a Netrin-

1–treated human skin graft using anti-CD3

(green stain) and anti-neogenin (red stain);

colocalization is seen in the merged image as

yellow color. (E) High original magnification

(original magnification 3400) immunofluores-

cence images of (D), showing polarized ex-

pression of neogenin receptors on the CD3+ T

cell surface as the merged yellow image. Nuclei

are stained with DAPI (blue).
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Finally, we analyzed the colocalization of neogenin with CD3+

infiltrates in human endomyocardial allograft biopsies (n = 6) with
varying degrees of rejection. By grid counting, we found that
neogenin was expressed on 12.4 6 8.5% and 17.9 6 10.5% of
CD3+ cells in biopsies either with isolated (Fig. 8A) or focal
(Fig. 8B) infiltrates, respectively. We interpret these findings to
suggest that the expression of neogenin on T cells is of great
pathophysiological significance in vivo, and that it functions to
elicit a T cell chemokinetic response in the process of T cell in-
filtration into human allografts.

Discussion
In this study, we show that the axonal guidance molecule Netrin-1
stimulates bidirectional migration of human CD4+ T cells. Our
results are based on the use of a novel microfluidic device that
allows for the characterization of migration in terms of direc-
tionality, speed, and persistence at single-cell resolution. Our
findings indicate that Netrin-1 increases the fraction of migrating
CD4+ cells and stimulates bidirectional chemokinesis, but it does
not alter the directionality or the speed of the motile cells in vitro.
shRNA knockdown of neogenin in human CD4+ T cells has
marked effects to inhibit bidirectional migration and chemo-
kinesis, suggesting that Netrin-1/neogenin interactions elicit these
migratory responses. When administered in vivo, Netrin-1 in-
creases the local accumulation of neogenin-expressing CD3+

T cell infiltrates into human skin on the huSCID mouse. Addi-
tionally, neogenin colocalizes with CD3 on infiltrates within hu-
man endomyocardial biopsies from cardiac transplant recipients.
Collectively, these findings suggest that Netrin-1/neogenin inter-
actions are pathophysiological to enhance T cell chemokinesis in
association with acute inflammation and allograft rejection.
The biology of Netrin-1 is complex owing to its potential to

interact with both chemoattractive and chemorepulsive receptors

on activated CD4+ T cells. Indeed, the reported effects of Netrin-1
in inflammation are controversial. Netrin-1 has been previously
described as an anti-inflammatory guidance protein via its binding
to chemorepellent UNC5B in the absence of neogenin (4, 15).
This effect was reported to be mediated in part via its effects on
the local infiltration of neutrophils and macrophages (16, 18, 20,
34). However, more recent studies indicate that the expression of
promigratory neogenin may be critical in the functional outcome
of an inflammatory response (25–27, 35, 36). For example, in-
flammation is reduced in neogenin knockout mice in models of
peritonitis, lung injury, and ischemia/reperfusion. Thus, contrary
to its reported anti-inflammatory effects, these findings support the
interpretation that Netrin-1 has proinflammatory properties via
interactions with distinct neogenin-expressing leukocyte subsets
(25–27). Our new findings in the present study indicate that the
key function of Netrin-1 on CD4+ T lymphocytes is to induce
chemokinesis, and that its effect on either chemoattraction or
chemorepulsion are a function of random directional migration
and/or additional factors.
Unlike traditional assays that define migration in a single

direction, these studies have characterized migration using
four quantitative parameters that include the fraction of cells
responding, directionality, speed, and DP. In this manner, our re-
sults illustrate new concepts and paradigms about the biology of
Netrin-1 and its associated induction of migratory responses in
human T cells. Our studies demonstrate that its biological effects
on CD4+ T cells are multiparameter, resulting in a chemokinetic
migratory response similar to C5a and IL-8 (12). Furthermore,
contrary to previous reports showing that Netrin-1/UNC5A/B in-
teractions dominate and induce chemorepulsion, we did not ob-
serve repellant migratory patterns in neogenin knockdown cells.
Rather, we observed a significant decrease of the population of
migrating cells, without changes in directionality, similar to the

FIGURE 8. Expression of neogenin on lym-

phocytes within human cardiac allografts. (A)

Immunofluorescence staining of CD3 and neo-

genin in a representative biopsy from a cardiac

allograft with sparse CD3+ T cell infiltrates.

Illustrated is coexpression of neogenin with

CD3 on an isolated infiltrating lymphocyte

(original magnification 3100; box inset, origi-

nal magnification 3200). (B) High-power pho-

tomicrograph of a representative biopsy showing

colocalization of neogenin with CD3 within a

focal infiltrate (original magnification3200; box

inset, original magnification3400). (C) Confocal

microscopy illustrating coexpression of CD3 and

neogenin on a focal infiltrate within an allograft

biopsy (original magnification 31000).
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effects of Slit2 on neutrophils (12). These new findings suggest
that neuronal repellant cues inhibit leukocyte migratory activity,
rather than inducing a true repellant migratory response.
Our in vitro studies indicate that Netrin-1/neogenin interactions

provide a stimulus for CD4+ T cell migration either toward or
away from a gradient, and that directionality is dependent on the
presence of additional chemoattractive or repulsive cues. How-
ever, Netrin-1 did not alter the potent chemoattractant effects of
the chemokine RANTES (37–39). Thus, RANTES likely elicits a
maximal signaling response resulting in chemoattraction. Overall,
we interpret these data to indicate that Netrin-1/Netrin-1 receptor
interactions on T cells may be independent or dependent on other
cues depending on the potency of the signaling response, but that
the expression of neogenin is of major biological significance in
the augmentation of migratory response.
Several Netrin-1 regulated signaling pathways have potential to

mediate these observed migratory responses. For example, Rho
GTPases, including Rho, Rac, and Cdc42, are key elements in the
control of cell shape, actin cytoskeleton reorganization, and cell
motility (40). Netrin-1 activates RhoA in glioblastoma and en-
dothelial cells, enhancing the integrity of F-actin cytoskeleton,
thereby inducing cell migration and invasion (41). Rac1 and
Cdc42 are also required for Netrin-1–induced axon outgrowth and
neuronal cell migration during development (42, 43). Collectively,
these findings are most suggestive that Netrin-1 augments Rho
GTPases, which in turn elicit key migratory signals in T cells (44).
Finally, Netrin-1 activates both focal adhesion kinase and Src
kinase (45, 46), which may also function as key signals for che-
motaxis (47). Thus, there are several Netrin-1–induced signaling
responses to explain our observations and the diverse promi-
gratory effects of T cell neogenin.
Our observations also suggest that there is some redundancy in

the function of chemorepulsive UNC5 receptors on CD4+ T cells.
Consistent with this interpretation, medulloblastoma cells that
express both neogenin and UNC5B respond to Netrin-1 with a
marked migratory response resulting in increased invasiveness and
angiogenesis (23). Thus, when multiple receptors are expressed by
an individual cell type, high-affinity binding to neogenin may
allow for a dominant activation response. In contrast, in the ab-
sence of neogenin, the binding of Netrin-1 to UNC5 family recep-
tors alone may result in chemoinhibition. Interestingly, UNC5A/B
serves as a coreceptor for neogenin, as has been described for
repulsive guidance molecule-A (48). Collectively, these reports
allow for the interpretation that Netrin-1/UNC5A/B interactions
may be anti-inflammatory, but that these effects are redundant
once Netrin-1 binds neogenin.
Finally, to translate our in vitro findings in vivo, we used an

established huSCID mouse model in which it is possible to ad-
minister Netrin-1 at the local inflammatory site and test its effects
on the recruitment of human lymphocytes in vivo. Based on our
in vitro data, we anticipated that Netrin-1 has potential to be both
proinflammatory and/or proresolution in vivo depending on the
local microenvironment. However, we observed that local Netrin-1
augments lymphocyte recruitment diffusely throughout the in-
flammatory site, which is consistent with its observed effect of
chemokinesis. Furthermore, we found abundant neogenin ex-
pression on both infiltrating lymphocytes and on other cell types,
including endothelial cells. Previous work has already established
that neogenin is expressed by endothelial cells, and that Netrin-1
may function as an angiogenic factor (23, 49). This allows for the
interpretation that the local overexpression of Netrin-1 promotes
inflammation via its direct interactions with infiltrating CD4+

T cells and perhaps via indirect effects on endothelial activation.
The pathophysiological importance of neogenin in T cell re-

cruitment is further supported by our finding that it is expressed on
CD3+ T cells in rejecting human cardiac allografts. However, we
have not excluded the possibility that these interactions may also
promote chemokinesis and the emigration of lymphocytes out of
tissues in the resolution phase of inflammation. Collectively, the
novelty of these findings is that Netrin-1/neogenin interactions
elicit bidirectional chemokinetic migration in CD4+ T effectors
but not in Treg subpopulations. Neogenin is expressed on
activated lymphocytes in vivo in human allografts, and Netrin-1
promotes inflammation in human skin in the huSCID mouse. The
translational implications of these findings is that targeting neo-
genin will likely have potent effects to inhibit cell-mediated im-
mune responses, acute and chronic inflammation, and lymphocyte
recruitment into allografts.
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