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Interleukin 17–producing T helper cells (TH-17 cells) are important in experimental autoimmune encephalomyelitis, but their

route of entry into the central nervous system (CNS) and their contribution relative to that of other effector T cells remain to

be determined. Here we found that mice lacking CCR6, a chemokine receptor characteristic of TH-17 cells, developed TH-17

responses but were highly resistant to the induction of experimental autoimmune encephalomyelitis. Disease susceptibility

was reconstituted by transfer of wild-type T cells that entered into the CNS before disease onset and triggered massive

CCR6-independent recruitment of effector T cells across activated parenchymal vessels. The CCR6 ligand CCL20 was

constitutively expressed in epithelial cells of choroid plexus in mice and humans. Our results identify distinct molecular

requirements and ports of lymphocyte entry into uninflamed versus inflamed CNS and suggest that the CCR6-CCL20

axis in the choroid plexus controls immune surveillance of the CNS.

The identification of specialized subsets of effector CD4+ T cells has
provided a paradigm for understanding immunity and immuno-
pathology. Interleukin 17 (IL-17)-producing T cells (TH-17 cells)
have been characterized in the mouse as a distinct lineage of
CD4+ T cells that can differentiate from uncommitted naive T cell
precursors under the aegis of the transcription factors RORgt and
RORa and the polarizing cytokines transforming growth factor-b,
IL-6 and IL-23 (ref. 1–3). IL-17 can mediate protection against
extracellular pathogens by promoting neutrophil recruitment but
has also been shown to cause immunopathology in various models
of autoimmunity4,5.

Experimental autoimmune encephalomyelitis (EAE) is a CD4+

T cell–mediated disease of the central nervous system (CNS) that is
used as a model of multiple sclerosis, a devastating inflammatory
demyelinating disease of the human CNS. Several lines of evidence
indicate that TH-17 cells are involved in the onset and maintenance of
EAE6. Thus, mice lacking RORgt, IL-17 or IL-23 as well as mice
treated with IL-17-blocking antibodies are less susceptible to EAE than
are wild-type or untreated mice7–10. In addition, IL-17+ T cells have
been found in lesions in brain tissues from patients with multiple
sclerosis11. However, it has also been shown that T helper type 1 (TH1)
cells are present in lesions of EAE and in multiple sclerosis during the
active phase of the disease and that mice lacking T-bet, the TH1
‘master’ transcription factor, are resistant to the development of

EAE12. EAE can be induced by transfer of either TH-17 or TH1
cells13,14 and the TH-17/TH1 ratio of infiltrating cells determines
where inflammation occurs in the CNS15,16. Together these studies
suggest the possibility that TH-17 and TH1 cells may be involved in
pathogenesis at different times or at different sites.

In the model of active EAE, autoreactive myelin-specific effector
T cells are primed in peripheral lymph nodes and must migrate into
uninflamed CNS to initiate tissue inflammation. The molecular
determinants that control this initial step of cell migration, which is
probably the same used for constitutive immune surveillance in the
brain, remain to be determined. In contrast, the molecular require-
ments for lymphocyte rolling and adhesion to activated vessels of the
inflamed blood-brain barrier have been intensively investigated in
both active and passive models of EAE17. The integrin a4b1 (VLA-4)
serves a key function in controlling the entry of lymphocytes into
the CNS by interacting with the adhesion molecule VCAM expressed
by inflamed endothelial cells18. P-selectin does not seem to be
necessary for the recruitment of inflammatory cells during active
EAE19 but can be expressed in small amounts on resting brain
endothelium or can be rapidly induced on endothelial cells by
inflammatory stimuli20,21. Chemokine receptors are required for the
entry of lymphocytes into the CNS21,22, but the nature of the receptors
has not been identified and may vary depending on the inflammatory
condition or location.
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Lymphocytes can also enter into the CNS
through the choroid plexus23,24. These
plexuses are villous structures extending into
the cerebrospinal fluid–filled ventricular
spaces that establish a blood–cerebrospinal
fluid barrier at the level of apical tight junc-
tions between epithelial cells of the choroid
plexus. The specific enrichment for memory
T cells in the cerebrospinal fluid of healthy
people24 and patients with multiple sclero-
sis25, as well as the regulated functional
expression of adhesion molecules on the
choroid plexus epithelium26, suggest that
T cells may use these structures to enter the
cerebrospinal fluid and disseminate to the
meningeal and perivascular spaces27. How-
ever, the homing determinants that regulate
the entry of lymphocytes through the choroid
plexus and the function of this port of entry
relative to that of the blood-brain barrier
remain to be defined.

It is well established that both in humans
and mice, chemokine receptors have differ-
ences in expression on subsets of effector and
memory T cells and provide specificity to cell
trafficking both in the steady state and
inflammation28. For example, CCR7 endows
naive and central memory T cells with the
ability to migrate into peripheral lymph
nodes, whereas CCR9 and CCR4 direct the
migration of memory T cells into the gut and
skin, respectively. In addition, some recep-
tors, such as CXCR3 and CCR5, are ‘prefer-
entially’ expressed on TH1 cells, whereas
others, such as CCR3, CCR8 and CRTH2,
are ‘preferentially’ expressed on TH2 cells. The finding that in humans,
CCR6 (A000629), the receptor for CCL20 (a chemokine expressed in
the liver, lungs and Peyer’s patches)29, is expressed on IL-17-producing
T cells (including some that also produce interferon-g (IFN-g))30

prompted us to investigate the function of CCR6 in regulating TH-
17-mediated immune pathology.

Here we report that CCR6-deficient (CCR6-knockout) mice were
highly resistant to EAE induction but became susceptible when given
transfer of small numbers of CCR6-sufficient T cells. CCR6 was
required on the first wave of TH-17 cells that entered the CNS through
epithelial cells of the choroid plexus, which constitutively expressed
CCL20 in both mice and humans. CCR6+ T cells triggered the entry of
a second wave of T cells that migrated in large numbers into the CNS
by crossing activated parenchymal vessels. Our results demonstrate
distinct molecular requirements and anatomical sites for lymphocyte
entry during the development of EAE and suggest that the CCR6-
CCL20 axis controls an evolutionary conserved pathway of immune
surveillance in the brain.

RESULTS

CCR6-knockout mice are highly resistant to EAE

To study the function of CCR6 in TH-17-mediated immunopathology,
we compared the susceptibility of wild-type and CCR6-knockout
mice31 to EAE induction. When immunized by subcutaneous injec-
tion of a peptide consisting of amino acids 35–55 of myelin oligo-
dendrocyte glycoprotein (MOG(35–55)) in complete Freund’s

adjuvant (CFA) and pertussis toxin, wild-type mice developed a
monophasic disease characterized by ascending paralysis 9–16 d
after immunization and prominent leukocyte infiltration and micro-
glial activation in the CNS (Fig. 1a–c and data not shown). Notably,
most CCR6-knockout mice were completely resistant to the develop-
ment of EAE and did not show leukocyte infiltration in the CNS,
whereas a few (8 of 26) had only minimal disease (clinical score, 0.17
± 0.28 (mean ± s.d.)) that developed with similar kinetics but had a
much lower score (Table 1). On day 20, we detected MOG-specific
T cells able to produce IL-17 and IFN-g in the spleens of both wild-
type and CCR6-knockout mice (Fig. 1d). In contrast, we detected
MOG-specific T cells that produced IL-17 and IFN-g only in the
brains of wild-type diseased mice. These results indicate that in CCR6-
knockout mice, MOG-reactive TH-17 and TH1 cells are primed in
lymph nodes and enter the circulation but fail to migrate into the CNS
and induce EAE.

CCR6 is not required for TH-17 priming

To rule out a possible contribution of CCR6 in the priming and
differentiation of T cells, we assessed the ability of T cells from CCR6-
knockout mice to polarize into effector T cells in vitro. We stimulated
wild-type and CCR6-knockout CD4+ naive T cells in vitro in TH1-,
TH2- or TH-17-polarizing conditions (Supplementary Methods
online). Both wild-type and CCR6-knockout T cells showed a similar
capacity to upregulate mRNA encoding the transcription factors
T-bet, GATA-3 and RORgt and to produce IFN-g, IL-4 and IL-17,
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Figure 1 CCR6-deficient mice are resistant to EAE induction. (a) Clinical scores of wild-type mice

(WT; n ¼ 5) and CCR6-knockout mice (CCR6-KO; n ¼ 5) at various times after immunization with

MOG(33–55) in CFA. *, P o 0.01 (Student’s t-test). Data are representative of six experiments (mean

and s.d.). (b,c) Immunofluorescence and histology of cryosections of brains and spinal cords from wild-

type and CCR6-knockout mice with clinical scores of 2 and 0, respectively, collected on day 13 after

perfusion. (b) Staining with anti-laminin (red) and anti-CD45 (green). (c) Immunoperoxidase staining

for CD45 with a hemalaun counterstain. Scale bars, 20 mm. Results are representative of three

experiments. (d) IL-17 and IFN-g in supernatants of total splenic cells (spleen; 2.5 � 106) and CD45+

cells enriched from brains (brain; 0.5 � 106 to 1 � 106) obtained from MOG(35–55) immunized

wild-type mice (clinical score, 3) and CCR6-knockout mice (KO; clinical score, 0), restimulated in vitro

with MOG(33–55) and assessed at 72 h of culture. IL-17 and IFN-g were not detected in supernatants

of unstimulated cultures (data not shown). Data are representative of three independent experiments
with three mice per group in each (mean and s.d.).
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respectively (Supplementary Fig. 1a online). As shown before in
humans30, CCR6 was selectively upregulated on wild-type TH-17 cells
but not TH1 or TH2 cells (Supplementary Fig. 1b). To address
whether the lack of CCR6 affected T cell priming in vivo, for example,
by affecting antigen presentation by dendritic cells that express CCR6
(ref. 32), we immunized wild-type and CCR6-knockout mice by
subcutaneous injection of ovalbumin admixed with lipopolysacchar-
ide–monophosphoryl lipid A or CFA (Supplementary Methods). The
magnitude and quality of the ovalbumin-specific recall T cell
responses were similar in wild-type and CCR6-knockout mice, with
TH1 responses prevailing in mice primed with lipopolysaccharide–
monophosphoryl lipid A and TH-17 responses prevailing in mice
primed with CFA (Supplementary Fig. 1c). Furthermore, OT-II
T cell antigen receptor (TCR)–transgenic T cells labeled with the
cytosolic dye CFSE (carboxyfluorescein diacetate succinimidyl ester)
and adoptively transferred into wild-type or CCR6-knockout mice
proliferated and differentiated into TH-17 cells to a similar extent in
both types of mice after immunization with ovalbumin in CFA
(Supplementary Fig. 2 online). These results collectively indicate
that CCR6 is selectively upregulated in developing mouse TH-17
cells and that its expression is not required for TH-17 priming and
differentiation in vitro and in vivo.

CCR6-knockout mice given T cells are susceptible to EAE

To determine whether CCR6 was required only on T cells, we
adoptively transferred green fluorescent protein–positive (GFP+)
MOG-specific naive 2D2-transgenic T cells into CCR6-knockout
mice or wild-type control mice. After immunizing mice with
MOG(35–55) in CFA, we found CCR6+ IL-17-producing 2D2
T cells in similar proportions in the spleens of CCR6-knockout and
wild-type mice (Fig. 2a,b), which indicated that in CCR6-knockout
mice, MOG-reactive T cells differentiated into CCR6+ TH-17 effector

cells. Notably, when given 2D2 T cells, both CCR6-knockout and wild-
type mice developed EAE with same kinetics and with greater severity
relative to that of mice that did not receive 2D2 T cells (Fig. 2c).
Finally, CCR6-knockout mice given CCR6-deficient 2D2 T cells
(obtained by crossing of 2D2 TCR–transgenic mice with CCR6-knock-
out mice) did not develop EAE (Fig. 2c). These results indicate that
CCR6 expression on transferred T cells is both necessary and sufficient
to reconstitute disease susceptibility in CCR6-knockout mice.

We further investigated the molecular requirements for the recon-
stitution of susceptibility to EAE induction in CCR6-knockout mice.
Adoptive transfer of wild-type polyclonal naive CD4+ T cells recon-
stituted disease susceptibility in CCR6-knockout mice, as did the
transfer of naive CD4+ T cells from CXCR3-knockout and IFN-g-
knockout mice (Fig. 2d). Transfer of naive CD4+ T cells from CCR7-
knockout mice induced the development of EAE, which was delayed
approximately 2 weeks (Fig. 2d), possibly due to inefficient priming of
CCR7-deficient naive T cells in lymph nodes. The results presented
above collectively indicate that T cells able to reconstitute disease
susceptibility in CCR6-knockout mice require CCR6, which is char-
acteristic of TH-17 cells, but not CXCR3 or IFN-g, which are
characteristic of TH1 cells.

CCR6-knockout T cells enter the CNS during active EAE

We next analyzed the cells that infiltrated the CNS at the peak of the
disease. We isolated CD45+ cells from the perfused brains and spinal
cords of CCR6-knockout and wild-type mice given 2D2 T cells and
counted endogenous and transferred 2D2 T cells on the basis of the
expression of GFP and CD45 congenic markers. Unexpectedly, in
both wild-type and CCR6-knockout mice, GFP+ 2D2 T cells were
almost completely undetectable in the brain, and we detected only a
few in the spinal cord on day 20 (Fig. 3a). Notably, the abundant
cellular infiltrate in both CCR6-knockout and wild-type mice was
mainly endogenous CCR6-knockout CD4+ and CD8+ T cells, B cells,
neutrophils and inflammatory monocytes (Fig. 3a,b and data not
shown). We confirmed those findings by immunohistology that
showed only rare GFP+ cells in inflammatory clusters and several
inflammatory foci with apparently no infiltrating GFP+ cells (Fig. 3c).
After in vitro stimulation with MOG(35–55), brain-infiltrating endo-
genous CD4+ T cells produced IL-17 and IFN-g (Fig. 3d), which
demonstrated that they were antigen specific and may have been
TH-17 cells, TH1 cells and T cells producing both IL-17 and
IFN-g. The results reported above suggest that both CCR6-sufficient
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Table 1 EAE in wild-type and CCR6-knockout mice

Mouse genotype Incidence

Day of onset

(mean ± s.d.)

Maximum

clinical score

(mean ± s.d.)

Wild type 26 of 29 (89.65%) 16.67 (±0.81) 2.78 (±0.42)

CCR6-knockout 8 of 26 (30.77%) 16.33 (±0.52) 0.17 (±0.28)

Results are cumulative data from six different experiments.

Figure 2 Transfer of wild-type 2D2 T cells reconstitutes EAE susceptibility

in CCR6-knockout mice. Analysis of wild-type and CCR6-knockout mice

given sham treatment (PBS) or adoptive transfer of naive GFP+ CD4+ 2D2

T cells or naive polyclonal CD4+ T cells from wild-type mice or mice of

various knockout strains, then immunized 16 h later with MOG(33–55)

in CFA for EAE induction. (a) Expression of CCR6 (left) and production of

IL-17 and IFN-g (right) by GFP-gated 2D2 T cells transferred into wild-type

and CCR6-knockout mice and primed 7 d earlier (left). Numbers in

quadrants indicate percent CCR6+ cells on GFP-gated 2D2 T cells (left)

or percent cells in each (right). Data are representative of three different

experiments. (b) Production of IL-17 and IFN-g by sorted CCR6+ and CCR6–

2D2 T cells primed in wild-type mice. Numbers in quadrants indicate

percent cells in each. (c) Clinical scores of wild-type and CCR6-knockout

mice given sham treatment or adoptive transfer of 2D2 T cells (+ 2D2) or

with 2D2 � CXCR6-knockout T cells (+ 2D2 CXCR6-KO). (d) Clinical scores
of CCR6-knockout mice given sham treatment or adoptive transfer of CD4+ T

cells (T) from wild-type, CXCR3-knockout, IFN-g-knockout or CCR7-knockout

mice. Data are representative of at least three different experiments with

groups of four or five mice per condition (b,c; mean and s.d.).
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and CCR6-deficient T cells can enter the CNS in mice with active EAE
and that at least some of these cells are MOG specific.

CCR6-knockout T cells roll and adhere to inflamed CNS venules

To visualize the interaction of effector T cells with CNS postcapillary
venules, we injected in vitro–primed wild-type and CCR6-knockout
TH-17 cells into wild-type mice in which EAE had been induced 12 d
before and measured cell rolling and adhesion by intravital micro-
scopy. Activated wild-type and CCR6-knockout CD4+ T cells rolled
and adhered to spinal cord postcapillary venules to a similar extent
(Fig. 4a). In addition, the fraction of permanently adhering T cells was
similar and did not change over time (Fig. 4b), which suggested that
the adhering cells began to enter the spinal cord during the time of
observation. In contrast, when we injected T cells into CCR6-knock-
out mice that had been primed with MOG(35–55) and CFA 12 d
before but did not develop disease, the cells failed to interact with
endothelial cells (data not shown). Similarly, and consistent with a
published report21, in healthy mice, activated T cells of either
wild-type or CCR6-knockout origin failed to show adhesive interac-
tion with brain endothelium (data not shown). These results
indicate that CCR6 is not sufficient to mediate adhesion of TH-17
cells to uninflamed endothelial cells (even in CCR6-knockout mice
immunized with CFA and pertussis toxin) and that it is not required
for the entry of T cells into the CNS once tissue inflammation
is established.

T cells migrate into the CNS in two waves

On the basis of the results reported above, we hypothesized that a first
wave of TH-17 cells migrating into the uninflamed CNS in a CCR6-
dependent way is needed to trigger activation of parenchymal

endothelial cells and the recruitment of a second wave of effector
cells, composed of TH-17 and TH1 cells, which can migrate in a CCR6-
independent way across the activated blood-brain barrier. To test
our hypothesis, we transferred into wild-type mice a mixture of
naive 2D2 T cells from wild-type and CCR6-knockout mice that could
be identified by their expression of GFP and CD45 and, after
immunizing the recipient mice with MOG(35–55), we measured
the relative proportions of transferred cells in the brain during
disease development (Fig. 5a). On day 10, wild-type T cells
predominated over CCR6-knockout T cells. In contrast, on day 16,
more cells of both populations were present in the brain in
similar proportions.

We also adoptively transferred a mixture of in vitro–primed TH-17
cells from wild-type mice (which had more than 60% CCR6+ cells)
and CCR6-knockout mice and, 48 h later, measured their migration
into the spleens and brains of mice that developed EAE (Fig. 5b). We
recovered wild-type and CCR6-knockout T cells in similar propor-
tions from spleens at all time points tested. In contrast, in the brain,
wild-type T cells were present at higher frequency than were CCR6-
knockout T cells on day 7, but the proportion of CCR6-knockout cells
steadily increased at later time points (days 10 and 16; Fig. 5b). These
results are collectively consistent with the hypothesis that early
migration of T cells in the brain is CCR6 dependent, whereas late
migration can occur in a CCR6-independent way.

Epithelial cells of the choroid plexus express CCL20

To identify the initial port of entry of CCR6+ T cells, we analyzed in
the CNS of healthy wild-type and CCR6-knockout mice and diseased
wild-type mice expression of the CCR6 ligand CCL20, which is
expressed in liver and Peyer’s patches29. We found CCL20 on scattered
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Figure 3 Recruitment of endogenous effector T cells into the CNS of CCR6-knockout mice after

transfer of 2D2 T cells. (a,b) Seven-color staining (with lineage-specific antibodies) of infiltrating

cells isolated from various organs (above plots) of wild-type and CCR6-knockout mice immunized

20 d before. (a) Expression of CD4 and GFP on gated CD3+ T cells from spleens, brains and spinal

cords of mice after transfer of GFP+ 2D2 T cells. Numbers in quadrants indicate percent CD4+GFP–

cells (top left) or CD4+GFP+ cells (top right). Data are representative of three independent

experiments with three mice each. (b) Absolute number of endogenous (GFP–) CD3+CD4+ T cells,

CD3+CD8+ T cells and B220+ B cells in brains of wild-type and CCR6-knockout mice with (+ 2D2)

or without (–) adoptive transfer of GFP+ 2D2 T cells. NS, not significant. P values, Student’s t-test.

Data are representative of three independent experiments (mean and s.d. of three mice per group).

(c) Immunofluorescence staining for CD45 (red) in spinal cords from a wild-type mouse and a CCR6-knockout mouse (two images from each) after adoptive
transfer of GFP+ 2D2 T cells at day 20 of EAE, showing inflammatory cuffs with or without GFP+ 2D2 T cells. Scale bars, 20 mm. Results are representative

of three independent experiments. (d) IL-17 and IFN-g in supernatants of CD45+ cells enriched from spleens and brains of immunized mice with (+ 2D2) or

without (�) adoptive transfer of GFP+ 2D2 T cells, and stimulated in vitro with MOG(33–55), assessed at 72 h of culture. IL-17 and IFN-g were not

detected in unstimulated cultures (data not shown). P values, Student’s t-test. Data are representative of three separate experiments (mean and s.d.).
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cells in several regions of the brain but not on normal or inflamed
endothelial cells of the brain (data not shown). Notably, however, we
found very high and uniform expression of CCL20 in epithelial cells of
the choroid plexus of healthy wild-type and CCR6-knockout mice and
of wild-type mice that developed EAE (Fig. 5c and data not shown).
There was no staining of the choroid plexus parenchyma (data not
shown), which suggested accumulation of CCL20 in and around
choroid plexus epithelium. We detected CCL20 mRNA in liver and
Peyer’s patches, as expected, as well as comparable expression in
choroid plexuses of healthy and EAE mice, whereas we did not
detect it in the brain parenchyma (Supplementary Methods and
Supplementary Fig. 3 online).

The findings reported above suggested that CCL20 might be
required for the initial entry of CCR6+ cells into uninflamed CNS
through the choroid plexus and cerebrospinal fluid and that the same
pathway might be used for the constitutive migration of lymphocytes
for immunosurveillance of the CNS. That hypothesis is consistent
with two observations. First, the choroid plexus of MOG-immunized
CCR6-knockout mice had an accumulation of CD45+ cells greater
than that of wild-type mice (Fig. 5d), which supports the idea that the
epithelial layer of the choroid plexus is the barrier that EAE-initiating
T cells must pass through. In addition, CD45+ cells accumulated in the
choroid plexus in CCR6-deficient mice in the parenchyma between

laminin-positive endothelial and epithelial basement membranes (data
not shown). Finally, in the steady state, CCR6-knockout mice had
significantly fewer CNS-associated CD4+ T cells, CD8+ T cells and
B cells than did wild-type mice (Fig. 5e).

CCR6 and CCL20 in human cerebrospinal fluid and brain

To determine whether the findings reported above obtained with the
mouse model could be extended to the human disease of multiple
sclerosis, we analyzed CCR6 expression in T cells from patients with
multiple sclerosis and analyzed CCL20 expression in the brains of
controls and patients with multiple sclerosis. In eight patients with an
initial demyelinating event (the first clinical episode of multiple
sclerosis), CCR6+CD25–CD4+ inflammatory T cells were present at
significantly higher frequencies in the cerebrospinal fluid than in
peripheral blood (Fig. 6a). This finding demonstrates that many
cells detectable in the cerebrospinal fluid at the earliest clinical
demyelinating event express CCR6.

Immunohistology of normal healthy tissues showed that CCL20
was expressed in the liver, mainly in Kupffer cells, and in scattered cells

Figure 4 CCR6 is not required for T cell rolling and the adhesion of T cells

to inflamed brain endothelia. Intravital microscopy (epi-illumination) of

in vitro–primed TH-17 cells obtained from wild-type and CCR6-knockout

mice, labeled with CellTracker green and injected into the catheterized right

carotid arteries of wild-type mice (with a clinical score of 0.5–1) that had

undergone laminectomy from C2–C7 and removal of the dura. (a) Initial

contact, rolling and capture of T cells in postcapillary venules, among total

T cells passing through a given venule during a 1-min observation period.
Each dot represents one postcapillary venule; small horizontal lines indicate

the median with the interquartile range. Statistical analysis, Mann-Whitney

U-test. Data are representative of three experiments analyzing 20 venules in

five mice that received wild-type TH-17 cells and 18 venules in four mice that received CCR6-knockout TH-17 cells. (b) Adherent and plugging T cells,

presented as cell number per field of view (Cells/FOV), normalized to the number of fields of view. Data are representative of three experiments analyzing four

to six fields of view per mouse (mean and s.d. of five mice that received wild-type TH-17 cells and four mice that received CCR6-knockout TH-17 cells).
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Figure 5 CCR6 is required for the migration of T cells into the CNS through

CCL20-expressing epithelial cells of the choroid plexus in the steady state
and at early time points of EAE. (a,b) Recruitment of wild-type and CCR6-

knockout T cells in developing EAE. (a) Recovery of naive CD4+ T cells

(2.5 � 106) sorted from wild-type (GFP+) mice and CCR6-knockout

(CD45.1+) mice, mixed at a ratio of 1:1 and transferred into wild-type

CD45.2+ mice, which were then immunized with MOG(33–55) in CFA,

presented as the proportion of transferred wild-type and CCR6-knockout

T cells recovered from the brain 10 d or 16 d after immunization.

(b) Recovery of naive CD4+ T cells sorted from wild-type (GFP+) and CCR6-

knockout (CD45.1+) mice, stimulated in vitro in TH-17 conditions, mixed at

a ratio of 1:1 and transferred into CD45.2+ wild-type mice in which EAE

was induced 7, 10 or 16 d earlier, presented as the proportion of transferred

T cells recovered from the spleen and brain at 48 h after transfer. Data are

representative of three separate experiments (mean and s.d.). (c) Immuno-

fluorescence of CCL20 staining of cryosections of brains from wild-type and

CCR6-knockout mice collected after perfusion. Scale bars, 50 mm. Results

are representative of three experiments. (d) Immunoperoxidase staining and

hemalaun counterstaining of CD45+ cells in the choroid plexus parenchyma

of wild-type and CCR6-knockout mice in which EAE was induced 13 d
earlier. Scale bars, 50 mm (top row and bottom left) or 20 mm (bottom,

right). Results are representative of at least three separate experiments.

(e) Absolute numbers of CD4+ T cells, CD8+ T cells and CD19+ B cells in

brains of wild-type and CCR6-knockout mice in the steady state. Each symbol

represents an individual mouse; small horizontal lines indicate the median.

P values, Student’s t-test. Data are representative of two experiments.
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in the crypts of the ileum (Fig. 6b). Notably, there was strong and
uniform staining for CCL20 in epithelial cells of the choroid plexus in
the brain (Fig. 6b), whereas normal brain parenchyma contained
some cells that stained faintly for CCL20, including astrocytes and cells
with neuronal and microglial morphology (data not shown). In tissues
from patients with multiple sclerosis, we detected high CCL20
expression in inflamed areas, in astrocytes positive for glial fibrillary
acidic protein and in the choroid plexus (Fig. 6c and data not shown).
Accordingly, we detected some CD3+CCR6+ T cells in inflamed
parenchyma near astrocytes that were CCL20+ (data not shown).
These findings suggest that in humans, recruitment of CCR6+ cells
into the CNS may occur initially through epithelial cells of the choroid
plexus that constitutively express CCL20, whereas at a later stage,
CCL20 production by activated astrocytes may contribute to the
recruitment of CCR6+ T cells into the brain parenchyma. Thus,
CCR6 and CCL20 may represent an evolutionary conserved axis
that regulates the CNS entry and dissemination of T cells in the
steady state and during inflammation.

DISCUSSION

We have shown here that the CCR6 serves an essential function in the
initiation of EAE by controlling the migration of a first wave of
autoreactive TH-17 cells in the uninflamed CNS. The entry of CCR6+

T cells into the CNS probably occurs through the blood–cerebrospinal
fluid barrier, as epithelial cells of the choroid plexus constitutively
expressed the CCR6 ligand CCL20. The first wave of migratory T cells
was required for the recruitment of a second wave of T cells that
entered the CNS parenchyma in a CCR6-independent way through
activated parenchymal postcapillary venules.

The conclusions above were based on three main findings. First,
when immunized by a standard protocol MOG(35–55) in CFA plus
pertussis toxin, CCR6-knockout mice developed TH-17 responses but
failed to develop EAE. In particular, we did not recover MOG-reactive
effector T cells from the CNS of these mice and their parenchymal
venules did not support the extravasation of adoptively transferred
T cell blasts. Second, the transfer of wild-type naive T cells into CCR6-
knockout mice was sufficient to reconstitute disease susceptibility.
However, wild-type CCR6+ T cells predominated in the CNS only at
an initial asymptomatic stage of the disease, whereas during active
disease, the cellular infiltrate in the CNS parenchyma was composed of
endogenous CCR6-knockout T cells, including MOG-reactive TH-17

and TH1 cells, that efficiently adhered to
activated CNS endothelial cells. Third, the
CCR6 ligand CCL20 had high and constitu-
tive expression by epithelial cells of the
choroid plexus but not by parenchymal
endothelial cells. In addition, in CCR6-
knockout mice, T cells seemed to be trapped
between the endothelial and epithelial base-
ment membranes of the choroid plexus.

Our findings provide a molecular and
anatomical basis for distinguishing between
constitutive and inflammatory pathways of
T cell entry into the CNS and support a two-
step model of EAE pathogenesis in which a
first wave of CCR6+ TH-17 cells leads to the
CCR6-independent recruitment in the CNS
of a second wave of T cells, including TH1
cells, and inflammatory leukocytes. The two-
step model of EAE pathogenesis is consistent
with the finding that in the early phases of

EAE, CD4+ T cells accumulate first in the subarachnoid space and
subsequently appear in the CNS parenchyma33,34. In those studies, the
nature of the T cells that initially infiltrate the subarachnoid space and
their port of entry were not defined, although it was suggested that
they might enter directly through the meningeal vessels or disseminate
through the cerebrospinal fluid after crossing the epithelial cell layer of
the choroid plexus. The model is also consistent with the published
description of ‘pioneer’ lymphocytes that migrate into uninflamed
CNS through the choroid plexus in a P-selectin-dependent way20 and
with studies emphasizing the importance of the activation state and
antigenic specificity of T cells that migrate in the CNS in the initial
phases of EAE35,36. A two-wave migration of TH-17 and TH1 cells
into tissues may apply to other autoimmune diseases such as collagen-
induced arthritis37. In addition, in a model of Mycobacterium
tuberculosis infection, it has been shown that vaccination induces
IL-17-producing CD4+ T cells that populate the lung and, after
challenge, trigger the production of chemokines that recruit CD4+ T
cells that produce IFN-g, which ultimately restrict bacterial growth38.

The findings that CCR6 is essential for the entry of T cells into the
CNS in the early phase of EAE and the expression of CCL20 in
epithelial cells of the choroid plexus provide a molecular determinant
and an anatomical site for the first triggering step in EAE pathogen-
esis. It remains to be established which adhesion molecules are needed
to T cells to cross the blood–cerebrospinal fluid barrier and whether
chemokines other than CCL20 might be expressed on epithelial cells
of the choroid plexus. Consistent with our finding that CXCR3 was
not needed to mediate the entry of T cells in the initial phase of EAE,
we found that its ligands, CXCL9 and CXC10, were not expressed in
the choroid plexus of C57BL/6 mice (D.B., unpublished data), which
also do not express CXCL11 because of a genetic defect.

An implication of our findings is that one function of the first wave
of CCR6+ TH-17 cell is to activate the postcapillary venules in the CNS
parenchyma, which in normal circumstances are inefficient in sustain-
ing rolling and adhesion of activated leukocytes and hence the entry of
cells into the CNS parenchyma21. It is conceivable that once they have
entered through the choroid plexus into the cerebrospinal fluid, TH-17
cells may disseminate at the pial surface and in the enlarged perivas-
cular Virchow-Robin spaces, where they may recognize self antigens
displayed on resident antigen-presenting cells. Once activated, TH-17
cells produce cytokines and chemokines that act locally to trigger
activation of the blood-brain barrier and to initiate the influx of large
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Figure 6 Expression of CCL20 and CCR6 in human normal tissue and multiple sclerosis tissues.

(a) CCR6+ cells among gated CD4+ CD25– T cells from matched samples of peripheral blood (PBMC)

and cerebrospinal fluid (CSF) obtained from eight patients with multiple sclerosis. P value, Mann-

Whitney U-test. Data are representative of eight experiments. (b,c) CCL20 expression on normal human

tissues (b) and in various areas of the brains of patients with multiple sclerosis (MS; c), assessed by

immunohistochemistry of formalin-fixed, paraffin-embedded sections with a CCL20-specific antibody.

Original magnification, �40 (b, all images; c, top left and bottom row) or �60 (c, top right). Results

are representative of two separate experiments on two different tissue samples.
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numbers of inflammatory cells, including TH-17 and TH1 cells,
neutrophils and inflammatory monocytes, that build up the lesions
characteristic of EAE. Although we have shown that the T cell infiltrate
was composed of MOG-reactive T cells, it is likely that antigen-
nonspecific bystander T cells are also recruited through the blood-
brain barrier and may constitute a large fraction of the total cellular
infiltrate, as has been shown in delayed-type hypersensitivity reactions
as well as several autoimmune diseases39.

It is worth noting that in the experimental conditions of active EAE
used in our studies, effector T cells were induced in peripheral lymph
nodes by subcutaneous immunization and had to enter uninflamed
CNS, as the inflammatory stimuli were limited to the local effect of
CFA and the systemic effect of pertussis toxin administered at the time
of immunization. It can be anticipated that the requirement for the
CCR6-dependent entry of autoreactive T cells through the choroid
plexus, which seems to be rate-limiting in steady-state conditions, may
be bypassed whenever the CNS vasculature is activated by local or
systemic inflammatory stimuli40 or in models of passive EAE induced
by the injection of highly activated T cell blasts.

An open issue relates to the nature of the cytokines produced by the
first wave of TH-17 cells needed for the initiation of EAE. TH-17 cells
produce IL-17, IL-22, tumor necrosis factor and, in some cases, IFN-g,
which can act on microglial cells and endothelial cells41. We found that
IFN-g expression was not required in the CCR6+ T cells that initiated
EAE, and we have preliminary evidence that IL-17A may also be
dispensable (A.R., unpublished data). In addition, studies have shown
that IL-17A and IL-17F, as well as IL-22, may not be required for the
development of EAE42,43; such findings would be consistent with
either a redundant function of these cytokines in disease development
or with an essential involvement of another functional property
(cytokine or chemokine production; chemokine receptor expression)
of TH-17-lineage cells. Experiments with CCR6-knockout mice given
adoptive transfer of CCR6-sufficient T cells carrying selective genetic
defects will help to resolve this issue.

We have shown here that once EAE was triggered, effector T cells of
both wild-type and CCR6-knockout origin efficiently rolled and
adhered to inflamed CNS postcapillary venules and migrated with
similar efficiency into the CNS. These findings indicate that at a late
stage, the CCR6-CCL20 axis is dispensable and the recruitment of
inflammatory cells into the CNS parenchyma can be mediated by
other chemokine receptors44. Several inflammatory chemokines are
upregulated in the CNS during EAE45–47, and some chemokine
receptors, such as CCR1, CCR2 and CXCR3, have been shown to be
involved in EAE48–52. In addition, a CCR5 receptor antagonist and
antibodies to CCL20 have been reported to diminish disease sever-
ity53,54. Such findings are consistent with the presence of multiple
redundant mechanisms that regulate the entry of leukocytes into the
CNS once inflammation has been established.

In the context of its function in migration into the CNS, CCR6
expression on activated and memory T cells and other cell types
deserves mention. We have shown that CCR6 was selectively upregu-
lated in developing mouse TH-17 cells but not TH1 or TH2 cells both
in vitro and in vivo. In addition, we have shown that in mice, CCR6 was
selectively induced by CFA, the adjuvant typically used for EAE
induction. It is notable that in humans, CCR6 is expressed not only
on TH-17 cells, where it is expressed together with CCR4, but also on
cells that produce both IL-17 and IFN-g, as well as on a subset of TH1
cells characterized by CXCR3 expression30. It remains to be determined
whether CCR6 can be induced on mouse TH1 cells in certain condi-
tions, a possibility that may explain the finding that TH1 cells can enter
uninflamed brain40, although in that case40, the port of entry into the

CNS was not identified. CCR6 is also expressed on B cells, which have
been linked to the pathogenesis of multiple sclerosis55, and on a subset
of regulatory T cells56. Indeed, it has been shown that CCR6 is
important in regulating the recruitment of TH-17 cells as well as
regulatory T cells into inflammatory tissues57. Thus, it is possible that
CCR6 is used by a variety of cells to enter the brain through the
choroid plexus and participate in immunoregulatory circuits.

Our findings help address a controversial aspect of the relative
functions of TH1 and TH-17 cells in brain inflammation. Although
studies have demonstrated a requirement for IL-17-producing T cells
in EAE10, it was puzzling that TH-17 cells often accounted for a minor
fraction of infiltrating T cells, at least at the peak of the disease. Indeed,
subsequent studies have led to a reevaluation of the function of TH1
cells58. The two-step model of EAE pathogenesis provides a way to
reconcile those findings with the following considerations. First, the
proportion of TH1 and TH-17 cells may be highly variable depending
on the priming conditions. Second, a few autoreactive CCR6+ T cells
may be able to promote the vascular recruitment of large numbers of
inflammatory cells. Third, CCR6 is expressed in subsets of TH1 cells in
humans and possibly in mice.

It is well appreciated that chemokines and their receptors, together
with adhesion molecules, control the constitutive homing of lympho-
cytes to lymphoid and nonlymphoid tissues to accomplish their
immunosurveillance function. For example, CCR9 defines a subset of
gut-homing lymphocytes, whereas CCR4 and CCR10 direct skin-tropic
T-cell trafficking59. Similar selective mechanisms that target T cells to
the CNS are thought to exist60, but they have not been identified. On
the basis of our findings, we propose that CCR6 is a brain-specific
determinant for the constitutive trafficking of patrolling T cells and
B cells in the CNS. The rapid distribution of T cells throughout the
choroid plexus and the cerebrospinal fluid into the meningeal space
seems to be instrumental for broad surveillance over the entire surface
of the CNS, thus maximizing the chance that antigen-bearing antigen-
presenting cells will be detected at superficial sites while at the same
time the entry of inflammatory cells into the parenchyma, where this is
needed, will be elicited. The cytokine-mediated activation of endothe-
lial cells of the blood-brain barrier executed by patrolling T cells might
provide a means for targeting large numbers of effector cells to a
precise region of the CNS parenchyma.

Some aspects of the mouse model also apply to humans. These
include the fact that in humans, CCR6 is expressed by TH-17 cells30, as
well as the enrichment for CCR6+ cells in the cerebrospinal fluid of
patients presenting with the first clinical symptom of multiple
sclerosis, a condition that may parallel the earliest phase of EAE.
Moreover, in noninflammatory conditions in humans, CCL20 is
expressed almost exclusively by epithelial cells of the choroid plexus,
whereas in multiple sclerosis tissues, CCL20 can also be expressed by
astrocytes positive for glial fibrillary acidic protein (A.U., unpublished
data), which suggests that in multiple sclerosis, selective recruitment of
CCR6+ cells may occur through the choroid plexus in the early phase
of disease, whereas at a later stage, astrocytes may contribute to the
recruitment of CCR6+ T cells in brain parenchyma. These findings
indicate involvement of the CCR6-CCL20 axis in initiating brain
inflammation in humans and possibly an evolutionary conserved
mechanism of immune surveillance in the CNS. The relapsing-
remitting form of human multiple sclerosis and the anatomical
distribution of multiple sclerosis lesions may be consistent with either
distinct waves of migration or asynchronous activation of already
resident CCR6+ T cells. Distinguishing between these possibilities is
relevant to understanding the potential therapeutic use of CCR6-
blocking drugs in human multiple sclerosis.
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METHODS
Mice. C57BL/6 mice were from Harlan; 2D2 TCR–transgenic (006912), UBC-

GFP (004353) and Ifng–/– (002287) mice were from the Jackson Laboratory.

OT-II TCR–transgenic mice (provided by J. Kirberg) were bred onto back-

grounds of various Cd45 alleles in the animal facility of the Institute for

Research in Biomedicine. Ccr6–/– mice have been described31, Cxcr3–/– mice

were provided by C. Gerard, and Ccr7–/– mice were provided by M. Lipp. Mice

were treated in accordance with guidelines of the Swiss Federal Veterinary

Office and experiments were approved by the Dipartimento della Sanità

e Socialità.

EAE model. Groups of female C57BL/6 mice 8–10 weeks of age were

immunized subcutaneously on day 0 with 100 mg MOG(35–55) (MEVG

WYRSPFSRVVHLYRNGK; Servei de Proteòmica, Pompeu Fabra University,

Barcelona) emulsified in CFA (Difco). Pertussis toxin in 100 ml saline was

injected intravenously twice, on days 0 and 2 or days 1 and 3. Disease severity

was assigned scores on the following scale: 0, no disease; 1, tail weakness; 2,

paraparesis; 3, paraplegia; 4, paraplegia with forelimb weakness or paralysis; 5,

moribund or dead. In some EAE experiments, naive T cells (1 � 105) from

GFP+ 2D2-transgenic mice or 2D2 � CCR6-knockout mice or total CD4+

T cells (10 � 106) from wild-type, CXCR3-knockout, IFN-g-knockout or

CCR7-knockout mice were transferred intravenously into mice 16 h before

immunization. In some experiments, a mixture of GFP+ 2D2-transgenic T cells

(2.5 � 106) and 2D2 � CCR6-knockout T cells (at a ratio of 1:1) were

transferred intravenously into mice 16 h before immunization. Alternatively,

effector TH-17 cells were generated in vitro from GFP+ 2D2-transgenic T cells

(2.5 � 106) and 2D2 � CCR6-knockout T cells (at a ratio of 1:1) and were

transferred intravenously in wild-type mice at various times after EAE induc-

tion. For the preparation of CNS lymphocytes, mice were perfused through the

left cardiac ventricle with cold PBS. The forebrain and cerebellum were

dissected, were cut into pieces and were digested for 45 min at 37 1C with

collagenase D (1 mg/ml; Roche Diagnostics) and DNaseI (1 mg/ml; Sigma).

CD45+ cells were isolated by passage of the tissue through a cell strainer

(70 mm), followed by incubation with beads coated with antibody to CD45

(anti-CD45; 130-052-301; Milteny). After passage through the column, CD45+

cells were washed and resuspended in culture medium for further analysis.

Flow cytometry analysis and in vitro stimulation. For analysis of mouse

phenotypes, the following monoclonal antibodies were used: anti-L-selectin

(MEL14), anti-CD44 (IM7), anti-CD4 (RM4-5), anti-CD8a (53-6.7), anti-CD3

(145-2C11), anti-CD28 (37.51), anti-B220 (RA3-6B2), anti-CD19 (1D3), anti-

CD11b (M1/70), anti-CD45.1 (A20), anti-CD45.2 (104), anti-CD127 (A7R34)

and anti-IFN-g (XMG1.2; all from eBiosciences); and anti-IL-17A (TC11-

18H10) and anti-CCR6 (140706; both from BD Biosciences). For intracellular

cytokine staining, cells were stimulated for 4 h with phorbol 12-myristate

13-acetate (100 nM; Sigma) and ionomycin (1 mg/ml; Sigma), with the final 2 h

of culture in the presence of brefeldin A (10 mg/ml; Sigma). Labeled antibodies

were used after cells were fixed in 4% (wt/vol) paraformaldehyde and made

permeable with 0.5% (wt/vol) saponin (Sigma-Aldrich). Six-color staining of

the cell surface was done with the appropriate combinations of antibodies

conjugated to fluorescein isothiocyanate, phycoerythrin, peridinine chlorophyll

protein complex, phycoerythrin-indotricarbocyanine, allophycocyanin, allo-

phycocyanin-indotricarbocyanine or biotin, and with streptavidin labeled with

phycoerythrin-indotricarbocyanine or allophycocyanin-indotricarbocyanine

(BD Biosciences). Samples were acquired on a FACSCanto (BD Biosciences)

and were analyzed with FlowJo software (TreeStar).

For studies of human cell phenotypes, peripheral blood and cerebrospinal

fluid were obtained from eight patients (after informed consent was provided)

who presented with a first demyelinating event suggestive of multiple sclerosis

and underwent venipuncture and lumbar puncture for diagnostic purposes.

The study was approved by the Ethical Committee and Board of the Depart-

ment of Neurosciences, Ophthalmology and Genetics, University of Genoa.

Peripheral blood mononuclear cells were isolated with Ficoll and cerebrospinal

fluid leukocytes were collected after centrifugation, then these cells were

incubated for 30 min with the following monoclonal antibodies: fluorescein

isothiocyanate–conjugated anti-CD4 (RPA-T4), phycoerythrin-conjugated

anti-CCR6 (11A9), phycoerythrin-indodicarbocyanine–conjugated anti-CD25

(M-A251) and allophycocyanin-conjugated anti-CD45RO (UCHL1; all from

BD Biosciences). At the end, cells were washed with PBS, were resuspended,

were counterstained with propidium iodide (1 mg/ml; Sigma Aldrich) and were

analyzed by flow cytometry of the propidium iodide–negative population. A

FACSCanto (BD Biosciences) was used for all flow cytometry and data were

analyzed with FACSDiva & FloJo software.

For antigen-specific restimulation of mouse T cells, 5 � 106 splenocytes or

2.5 � 106 lymph node cells were cultured for 3 d in presence of MOG(35–55).

Cells purified from the brain were cultured for 3 d in presence of fixed

splenocytes loaded with MOG(35–55). For fixation, spleens were removed from

naive C57BL/6 mice and erythrocytes were lysed. Splenocytes were incubated

for 90 min at 37 1C with MOG(35–55) (50 mg/ml), then were washed in 1%

(vol/vol) FCS in PBS and were fixed for 30 s at 20 1C in 0.05% (vol/vol)

glutaraldehyde (Merck). An equal volume of a solution of glycine (0.2 M;

Sigma-Aldrich) was added for 30 s and then cells were washed and used for

coculture. Cytokines in culture supernatants were measured by enzyme-linked

immunosorbent assay according to the manufacturer’s protocols (BD Bios-

ciences). Data were analyzed with the SoftMax program.

Immunohistology and immunofluorescence. Mice were perfused through the

left cardiac ventricle with 1% (vol/vol) formaldehyde (Grogg Chemie) in PBS.

Brains and spinal cords were removed, were embedded in Tissue-Tek optimum

cutting temperature compound (Haslab) and were ‘snap-frozen’ in a bath of

dry ice and isopentane (Grogg Chemie). Cryostat sections 6 mm in thickness

were air-dried overnight, were fixed in acetone and were stained for immuno-

histology with a three-step immunoperoxidase staining kit according to the

manufacturer’s protocol (Vectastain; Reactolab). For immunofluorescence

staining, sections were blocked for 20 min with skim milk and then were

incubated for 1 h each with primary and secondary antibody diluted in skim

milk, with washing steps of Tris-buffered saline between incubations. After a

final wash in Tris-buffered saline, sections were mounted in Mowiol solution

(Calbiochem). Antibodies used were as follows: fluorescein isothiocyanate–

conjugated anti-CD45 (30F11; BD Biosciences), anti-CCL20 (AB9829; Abcam),

anti-laminin (Z0097; Dako), anti-PECAM-1 (Mec13.3; BD Biosciences) and

anti–‘pan cytokeratin’ (C2562; Sigma).

LifeSpan Biosciences analyzed CCL20 expression in healthy and diseased

human tissues. Formalin-fixed, paraffin-embedded tissues were stained with

rabbit polyclonal anti-CCL20 (15 mg/ml; AB9829; Abcam). The detection

system consisted of anti-rabbit secondary antibody (BA-1000; Vector) and an

ABC-AP kit (avidin–biotinylated enzyme complex–alkaline phosphatase;

AK-5000; Vector) with a Red substrate kit (SK-5100; Vector), which was used

to produce a fuchsia-colored deposit. Only tissues that were positive for

staining of CD31 and vimentin were used. The negative control consisted

of immunohistochemistry of adjacent sections in the absence of primary

antibody. Slides were imaged with a DVC 1310C digital camera coupled to a

Nikon microscope.

Intravital microscopy. Active EAE was induced by immunization with

MOG(35–55) in CFA. Mice with a score of 0.5 (limp tail) to 1 (hind leg

weakness) were used for intravital fluorescence videomicroscopy experiments.

The spinal cord window was created as described in the Supplementary

Methods. Normal body temperature was maintained throughout the entire

experiment. Epi-illumination techniques were used for intravital fluorescence

videomicroscopy with an IVM500 microscope (Mikron Instruments) coupled

to a 50-Watt mercury lamp (HBO 50 microscope illuminator; Zeiss) and

combined with blue filter blocks (exciter, 455DF70; dichroic, 515DRLP;

emitter, 515ALP) and green filter blocks (exciter, 525DF45; dichroic, 560DRLP;

emitter, 565ALP). Observations were made with 4�, 10� and 20� long-

distance working objectives (Zeiss). All experiments were recorded by means of

a low-light silicon-intensified target video camera with an optional image

intensifier for weak fluorescence (Dage-MTI of Michigan City). Data were

transferred to a digital video system for later offline analysis of the interaction

of cells with CNS microvessels. The injection of 1% (vol/vol) tetramethyl-

rhodamine isothiocyanate–conjugated dextran in 0.9% (wt/vol) NaCl allowed

visualization of the spinal cord microvasculature. In parallel, mouse T cells were

stained for 45 min at 37 1C with 2.5 mM CellTracker green (Molecular Probes)

and were injected into the carotid artery (4 � 106 T cells in three
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0.1-ml aliquots). Injection into this catheter resulted in direct transport into

observed vessels, where interactions were recorded by digital video for sub-

sequent offline analysis. Several adjacent areas were scanned in a ‘stepwise’ way

for recording of permanently adhering T cells at 10 min, 30 min and 1 h after

injection. Recorded videos were subsequently analyzed offline as described

(Supplementary Methods).

Statistics. Differences between data sets were analyzed by Student’s t-test or a

Mann-Whitney U-test.

Accession code. UCSD-Nature Signaling Gateway (http://www.signaling-gate

way.org): A000629

Note: Supplementary information is available on the Nature Immunology website.
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