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Abstract
Chemokines are a superfamily of chemotactic cytokines that play an important role in leukocyte
trafficking and have been implicated as functional mediators of immunopathology in experimental
autoimmune encephalomyelitis (EAE). In the present study, we investigated the role of the CCL20
receptor, CCR6, in chronic EAE. After immunization with myelin oligodendrocyte glycoprotein 35–
55 in CFA, CCR6-/- mice developed a significantly more severe chronic EAE as compared to wild
type immunized animals. CCR6 expression was not required by T cells to induce EAE. Measurement
of peripheral T cell responses showed differences in IFN-γ and IL-17 responses between CCR6-/-

and wild type mice. At the time when CCR6-/- mice showed significantly more severe chronic EAE
there was a significant decrease in PD-L1-expressing mDC in the spleens and no differences in Foxp3
Treg. Furthermore, add back of mDC with increased PD-L1 expression to CCR6-/- mice reduced the
severe chronic EAE disease phase to that of wild type controls. The results suggest a role for CCR6-
expressing PD-L1+ mDC in regulating EAE progression.

Keywords
multiple sclerosis; chemokine; CCL20; CCR6; EAE; central nervous system

1. Introduction
Experimental autoimmune encephalomyelitis (EAE)4 is a CD4+ T cell–mediated
demyelinating disease of the CNS that serves as a model for MS (Hohlfeld et al., 2000). The
pathogenic mechanisms of disease development include antigen-specific T cell activation and
Th1 differentiation (Krakowski and Owens, 1997) followed by T cell (Hickey et al., 1991) and
macrophage migration into CNS (Cross et al., 1990; Hickey, 1991). More recently a role for
IL-17 producing T cells (Th17) in disease pathogenesis has been demonstrated (Bettelli et al.,
2006). EAE can be induced in mice by immunization with whole myelin proteins or peptide
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emulsified in CFA (Tuohy et al., 1992) or by adoptive transfer of autoreactive T cells to normal
recipient mice (Kuchroo et al., 1992; Whitham et al., 1991). Macrophages activated by the
effector T cell response appear to be the end stage disease effector cells inducing damage in
the CNS (Brosnan et al., 1981; Dogan et al., 2008; Huitinga et al., 1990).

Chemokines are leukocyte chemoattractants that play a crucial role during pathogenesis of
tissue specific inflammatory diseases by directing leukocyte recruitment and/or accumulation
at sites of inflammation (Murphy et al., 2000; Zlotnik and Yoshie, 2000). Chemokines and
their receptors have been implicated as functional mediators of immunopathology in EAE
(Karpus et al., 2003; Karpus and Ransohoff, 1998). CCL20 (MIP-3α) is a CC chemokine that
has only one known receptor, CCR6 (Baba et al., 1997; Varona et al., 1998), which is expressed
on a variety of cell types including lymphocytes (Liao et al., 1999; Schutyser et al., 2003),
dendritic cells (DC) (Greaves et al., 1997) and Langerhans cells (LC) (Dieu-Nosjean et al.,
2000). CCL20 has been shown to be expressed by astrocytes in the CNS after EAE induction
(Ambrosini et al., 2003) and in the periphery after immunization with spinal cord homogenate
(Kohler et al., 2003). Anti-CCL20 antibody treatments reduced clinical disease severity but
failed to prevent the induction of disease (Kohler et al., 2003). Similarly, CCR6-/- mice also
have been shown to have a delay in the development of acute EAE (Liston et al., 2009). These
studies suggested a role for CCL20 and its receptor in priming peripheral immune responses.
More recently it was shown that EAE-inducing Th17 cells expressed CCR6 (Yamazaki et al.,
2008). We sought to address the mechanism by which the CCL20 receptor, CCR6, regulated
chronic EAE pathogenesis. In the present report, we demonstrate that CCR6 plays a role in the
control of chronic EAE by modulating the migration of regulatory DC.

2. Materials and Methods
2.1. Animals

Female C57BL/6 (H-2b) mice were purchased from Harlan Sprague Dawley (Indianapolis,
IN). CCR6-/- (H-2b) homozygous knockout mice were previously described (Cook et al.,
2000). CCR6-/- mice were backcrossed 8× onto the C57BL/6 background. All mice were
maintained in the Center for Comparative Medicine at Northwestern University. Mice were
6-7 wk old at the initiation of the experiment and were maintained on standard laboratory chow
and water ad libitum. Animal care was provided in accordance with Northwestern University
and Public Health Service policies.

2.2. Peptides, Antibodies and Flow cytometry
MOG 35–55 (MEVGWYRSPFSRVVHLYRNGK) and OVA 323-339
(LSGAVHAAHAGLAGAGR) were purchased from Peptides International. Amino acid
composition was verified by mass spectrometry, and purity was >98%. mAbs to CD3 (500A2),
CD4 (RM4-5), CD8a (Ly-2), CD11b (M1/70), CD11c (HL3), CD45 (Ly-5), CD274 (B7-H1
or PD-L1; MIH5), CCR6 (140706), and purified Fc Block (2.4G2), (BD PharMingen, San
Diego, CA). CNS mononuclear cells were isolated by centrifugation (500 g) at 24°C from the
interface of a 30–70% discontinuous Percoll (Amersham Pharmacia Biotech, Piscataway, NJ)
gradient and 1×106 cells were pre-incubated with Fc Block for 15 min at 4°C in PBS containing
0.1% NaN3 and 2% BSA (Sigma-Aldrich, St. Louis, MO), followed by specific Ab staining.
Data collection was performed on a FACSCalibur™ and LSR II flow cytometers using
CELLQuest™ and FACs Diva software (Becton Dickinson, Franklin Lakes, NJ) according to
the setup recommendations of Maecker and Trotter (Holden T. Maecker, 2006). Analysis was
performed on a PC workstation using FCS Express software (DeNovo Software, Thornhill,
Ontario, Canada).
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2.3. Cell Culture
Single cell suspensions from spleens were isolated from mice by mechanical disruption through
mesh stainless steel screens. Red blood cells in the spleen samples were lysed by hypotonic
shock in Tris-NH4Cl (pH 7.3) and cells were resuspended in HBSS. The cells were cultured
in 96 well microtiter plates (Corning-Costar, Acton, MA) at a density of 5×106 viable cells/ml
in DMEM (Life Technologies) containing 5% FCS (HyClone, Logan UT), 2 mM L-glutamine
(Life Technologies, Carlsbad, CA), 100 U/ml penicillin (Life Technologies), 100μg/ml
streptomycin (Life Technologies), 0.1 M nonessential amino acids (Life Technologies) and
5×10-5M 2-ME) in the presence of 0, 0.5, 50 μM MOG35-55. Cells were incubated at 37°C in
a humidified atmosphere containing 7.5% CO2.

2.4. Disease Induction and Clinical Evaluation
For actively induced EAE, mice were immunized with 200 μg of MOG35–55 emulsified in
CFA containing 4 mg/ml Mycobacterium tuberculosis (Difco, Kansas City, MO)
subcutaneously and given 200 ng of pertussis toxin (List Biological Laboratories)
intraperitoneally on the day of and 2 days after immunization. For adoptively induced EAE,
donor wild-type and CCR6-/- mice were immunized with MOG35–55 in CFA. Ten days after
immunization, draining LN were harvested and cultured. Cells were cultured at 1×106 cells/
ml in DMEM for 72 h with 50 μg/ml MOG35–55, 20 ng/ml rmIL-12 (R&D Systems,
Minneapolis, MN) (Segal et al., 1998). 5 × 106 CD4+ T cells were transferred intravenously
to recipients who received 100 ng of pertussis toxin i.p. on the day of and two days after cell
transfer. Individual animals were graded according to clinical severity as follows: grade 0, no
abnormality; grade 1, limp tail; grade 2, limp tail and hind limb weakness; grade 3, partial hind
limb paralysis; grade 4, complete hind limb paralysis.

2.5. Histology
Evaluation of CNS inflammation was performed using standard H&E methodology as
previously described (Karpus et al., 1995).

2.6. ELISPOT assay
Spleen cells were obtained from mice cultured in 96-well microtiter ELISPOT plates
(Whatman Polyfiltronics, Clifton, NJ) that were coated overnight with capture antibodies to
IFN-γ (BD Pharmingen, Mountain) or IL-17 (eBioscience). Total cell numbers recovered were
determined by use of a hemocytometer. ELISPOT assay was performed as previously described
(Karpus et al., 1996). Plates were washed and spots were counted using an ELISPOT plate
reader and software (Cellular Technologies Inc., Cleveland, OH). At least three wells per
sample were counted, and presented as a mean value±standard deviation.

2.7. mDC isolation and adoptive transfer
Wild type mice were immunized with MOG35-55 in CFA as described above. The control
mDC population was obtained from spleens of mice 3 days after MOG33-55 priming. The PD-
L1-enriched mDC population was obtained similarly from spleens of mice 21 days after
priming. Enrichment for PD-L1 expression was determined by flow cytometry prior to cell
transfer. A total of 5 × 107 control or PD-L1-enriched spleen cells were transferred
intravenously to recipient mice prior to showing peak signs of clinical EAE.

2.8. Statistical analysis
Comparisons of disease incidence were analyzed by the χ2 analysis, using Fisher's exact
probability test. Statistical significance of cytokine levels, disease onset, and disease severity
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was analyzed using the Student's t test for comparisons of two means. Values of P ≤0.05 were
considered significant.

3 Results
To understand the role of CCR6 in EAE, C57BL/6 wild type control and CCR6-/- mice were
primed with 200 μg MOG35-55 peptide emulsified in CFA and monitored for clinical disease.
The results shown in Figure 1A demonstrate that wild type and CCR6-/- mice developed severe
ascending hind limb paralysis. Peak disease severity and disease incidence was comparable
between the wild type and CCR6-/- groups at 18 days post-immunization. However, during the
chronic phase of disease, between days 21-35, the CCR6-/- mice developed a significantly more
severe disease (p<0.05). This result initially suggested that CCR6 was involved in the
regulation of chronic disease progression.

Using CNS tissue from the previously described experiment, we examined the spinal cord
histology by H&E staining. Paraffin-embedded sections were analyzed for mononuclear cell
infiltrates and the number of perivascular lesions was quantified. We found that wild type mice
demonstrated infiltrating mononuclear cells as early as day 10 post disease induction (Figure
1B). CCR6-/- mice had significantly (P<0.05) less infiltrate and fewer lesions at days 10 and
15, but by day 20 the spinal cords appeared identical to wild type mice with significant spinal
cord white matter infiltrate (Figure 1B). During the chronic phase of disease, the CCR6-/- mice
demonstrated a significantly (p<0.05) larger number of CNS white matter lesions. During
chronic disease in wild type mice, a representative flow cytometric evaluation of CNS-
infiltrating mononuclear cells revealed approximately 8% CD4+ T cells (Figure 1C) and 3.5%
macrophages (Figure 1E) compared to 19% CD4+ T cells and 16.5% macrophages in the
CCR6-/- mice that had more severe disease, while the percentages of microglia remained
equivalent. These data further suggested that CCR6 expression played a role in the regulation
of EAE progression.

Previous studies have demonstrated that CCR6-/- mice may have a defect in developing DTH
responses (Varona et al., 2001) and a second group demonstrated that anti-CCL20 treatment
had an effect on peripheral T cell priming which affected acute EAE development (Kohler et
al., 2003). Moreover, a recent study suggested that CCR6 is predominantly expressed on Th17
encephalitogenic T cells (Yamazaki et al., 2008) and might be required for EAE development.
To examine the role of CCR6 in peripheral T cell responses in EAE, wild type and CCR6-/-

mice were primed with MOG35-55 in CFA and during chronic disease, representative animals
were killed and lymphocytes from the draining lymph nodes, spleen and CNS were assessed
for recall IL-17 and IFN-γ responses using ELISpot analysis. The results indicate the
CCR6-/- mice had significantly (p<0.05) enhanced numbers of IL-17- (Figure 2B) and IFN-γ-
producing (Figure 2E) T cells in the spleen and as well as significantly (p<0.05) enhanced
numbers of IFN-γ-producing T cells in the peripheral lymph node (Figure 2D) when compared
to wild type control mice. There were no significant differences between CCR6-/- and wild
type control mice in terms of IL-17- or IFN-γ-producing T cells in the CNS (Figure 2C &F).
CCR6-/- mice did not show any increases in either IL-17- or IFN-γ-producing T cells in any
tissue compartment at earlier time points (data not shown). These data suggest that there is
dysregulation of Th17 and Th1 responses during the chronic stage of EAE in the CCR6-/- mice.

To help understand if the difference in chronic disease seen in CCR6-/- mice was due to a defect
in CD4+ T cell and/or macrophage/dendritic cell trafficking to the CNS we performed adoptive
transfer experiments. Antigen re-stimulated CD4+ T cells from wild type donors were
transferred intravenously to wild type or CCR6-/- recipients. Likewise, antigen re-stimulated
CD4+ T cells from CCR6-/- donors were transferred intravenously to wild type or CCR6-/-

recipients. The results in Figure 3 illustrate that wild type recipients of either MOG-specific
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wild type T cells or CCR6-/- T cells developed acute EAE with the same disease onset (13.6 ±
2.2 and 12.2 ± 2.7, respectively) and similar severity. These results suggest that
encephalitogenic T cells do not need to express CCR6 in order to traffic to CNS and induce
disease. Additionally, CCR6-/- recipients of MOG-specific wild type or CCR6-/- T cells also
developed EAE with the same disease onset (13.4 ± 1.7 and 12 ± 1.5) and severity. These
results suggest that host-derived T cells, macrophages and dendritic cells do not need to express
CCR6 in order to traffic to CNS and induce disease.

In order to explain the development of severe chronic EAE in the CCR6-/- mice, We
hypothesized that CCR6 expression might affect trafficking of regulatory T cells to tissue-
specific sites such as spleen or CNS where autoimmune responses could be down-modulated
(Kleinewietfeld et al., 2005; Korn et al., 2007). To address this idea we examined wild type
and CCR6-/- mice in the chronic phase of disease for the presence of Treg cells. At the time
point when CCR6-/- mice were exhibiting significantly more severe clinical disease (c.f. Figure
1A, days 21-35 post disease induction) we assessed the spleen and CNS compartments for the
presence of Tregs using flow cytometric analysis for CD4+Foxp3+ cells. The representative
results shown in Figure 4 indicate no differences between wild type and CCR6-/- mice in terms
of percentages or numbers (data not shown) of CD4+Foxp3+ cells in either the spleen or CNS.
Likewise, there was no difference in regulatory cytokine (e.g. IL-10 and TGF-β) expression
(data not shown). These data suggested that the failure to control chronic EAE was not due to
the inability of CCR6+Foxp3+ Treg to traffic to either the spleen or the CNS.

Since we did not detect a difference in Treg cells between wild type and CCR6-/- mice, we
assessed the possibility that peripheral lymphoid tissues and CNS from the CCR6-/- mice
contained differences in B7-H1+ (PD-L1+) dendritic cells that have been shown to have
regulatory function (Latchman et al., 2004). Groups of wild type and CCR6-/- mice were
immunized with MOG35-55/CFA. During chronic disease when CCR6-/- mice were showing
increased signs of clinical disease progression compared to wild type control mice, draining
lymph node, spleen and CNS were harvested from both groups of mice and assessed for the
presence of CD45+CD11c+PD-L1+ dendritic cells. The results shown in Figure 5A demonstrate
no differences in the number of total mDC in either draining lymph node (pln) or CNS of wild
type and CCR6-/- mice. Similarly, there were no differences in the number of PD-L1+ mDC
in either draining lymph node (pln) or CNS of wild type and CCR6-/- mice (Figure 5B).
However, there was a significant decrease in the number of total mDC (Figure 5A) and the
number of PD-L1+ mDC (Figure 5B) in the spleens of CCR6-/- mice compared to wild type
control mice.

Unprimed (naïve) and day 7 post-MOG35-55 immunized (primed) wild type and CCR6-/- mice
were assessed for mDC PD-L1 expression in order to determine if there was an inherent
difference between the two strains of mice in terms of the regulatory mDC population prior to
disease development and progression. The data in Figure 6 demonstrate that in the peripheral
lymph nodes and spleen there was no difference in the percentages of CD11c+PD-L1+ mDC
in either the naïve or primed wild type (WT) and CCR6-/- mice (i.e. they contained similar low
percentages of PD-L1+ mDC). Collectively, these results showed that in the absence of CCR6
expression there were fewer regulatory mDC in the spleen during the chronic EAE, suggesting
that during normal disease pathogenesis CCR6 contributes to the regulation of disease
progression by modulating the accumulation of regulatory mDC in the spleen.

The previous experiments indicated that enhanced chronic EAE in the CCR6-/- mice correlated
with a decreased presence of PD-L1+ mDC in the spleen. In order to determine whether the
mechanism of chronic disease regulation was a function of PD-L1+ mDC, we attempted to
isolate a pure population of these cells and add them back to CCR6-/- mice that had shown
increased chronic EAE severity (c.f.Figure 1). With this approach it has been difficult to obtain
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a large quantity of PD-L1+ mDC sufficient for the add-back experiments. Therefore, we utilized
bulk populations of CD11c+ mDC isolated from the spleens of mice primed with MOG35-55/
CFA that either had baseline (control DC) or upregulated (regulatory DC) levels of PD-L1
expression. Isolated cell populations were stained with antibodies specific for CD45, CCR6,
CD11c and PD-L1 and analyzed by flow cytometry for the number of CD11c+PD-L1+ cells.
Specifically, splenic CD45.1+CCR6+CD11c+ mDC harvested 3 days post MOG35-55 priming
showed 1% PD-L1 expression (Figure 7A), similar to the baseline expression previously seen
(Figure 6). In contrast, splenic CD45.1+CCR6+CD11c+ mDC harvested 21 days post
MOG35-55 priming showed 8% PD-L1 expression (Figure 7B). The percentage of total
CD11c+ mDC in the spleens of both groups of primed mice (day 3 and 21) was approximately
the same (5.2% and 4.9%, respectively) and there were no differences in the other leukocyte
constituents (i.e. T cells, B cells, macrophages and NK cells). Four groups of wild type
CD45.2+ mice were primed with MOG35-55/CFA for the induction of EAE. At day 17 post
immunization when the four groups showed similar EAE scores, the first wild type control
group received a dose of 50×106 (containing approximately 29,000 PD-L1+ mDC) day 3
control spleen cells, the second wild type control group received a dose of 50×106 (containing
approximately 200,000 PD-L1+ mDC) of the day 21 spleen cells, the first CCR6-/- group
received 50×106 (containing approximately 29,000 PD-L1+ mDC) day 3 control spleen cells,
and the second CCR6-/- group received 50×106 (containing approximately 200,000 PD-L1+

mDC) of the day 21 spleen cells. The results of this experiment shown in Figure 7C demonstrate
that add back of the population of cells containing increased numbers of the PD-L1+ regulatory
mDC reduced the severity of chronic EAE in the CCR6-/- mice compared to those mice that
received the population of cells not enriched for regulatory mDC. Moreover, the CD45.1+ PD-
L1+ regulatory mDC population could be detected in the spleens of wild type and CCR6-/-

recipient mice (1.24±0.40% and 1.10±0.15%, respectively). These data further suggest that
splenic CCR6+, PD-L1+ mDC function to regulate chronic EAE.

Since add-back of CCR6+PD-L1+ regulatory mDC to CCR6-/- mice with severe chronic EAE
resulted in a reduction of EAE severity during disease progression, we sought to understand if
the regulatory mDC functioned by reducing ongoing CNS inflammation. To that end we
performed H&E histology on the CNS of the DC recipient mice and noted the CCR6-/- mice
that had severe chronic EAE (c.f. Figure 7) and were recipients of control DC showed large
focal CNS inflammatory lesions in the white matter (Figure 8). In contrast, wild type and
CCR6-/- recipients of regulatory DC as well as wild type recipients of the control DC population
showed a diffuse inflammatory cell infiltrate win the white matter (Figure 8). These data
suggest that add-back of regulatory mDC to CCR6-/- mice downregulated CNS inflammation.

4. Discussion
The data in the present report suggests a role for CCR6 in the regulation of chronic EAE as
CCR6-/- mice developed a significantly more severe clinical and histologic disease progression
compared to wild type controls (Figure 1). The increased disease progression in CCR6-/- mice
does not appear to be related to a requirement for T cell CCR6 expression (Figure 3), differences
in Foxp3+ Treg accumulation (Figure 4), or ability to make suppressive cytokines (not shown).
Rather, the fact that CCR6-/- mice develop a significantly more severe disease progression
appears to be related to the lack of accumulation of PD-L1+ mDC in the spleen (Figure 5) that
regulated ongoing effector T cells (Figure 2). PD-L1 has been shown to be expressed by both
immature and mature DC and functions to down regulate T cells (Brown et al., 2003). That
DC utilize PD-L1 as a mechanism to regulate immune responses and autoimmune disease was
suggested by experiments showing PD-L1 expression by CNS-infiltrating cells in mice with
EAE (Liang et al., 2003). The demonstration that PD-L1 was a potent effector of disease
regulation was elucidated by experiments that showed decreased EAE in recipients of
embryonic stem cell-derived DC that expressed PD-L1 (Hirata et al., 2005). Similarly, the
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severity of EAE progression was enhanced when mice were treated with a PD-L1-specific
antibody (Zhu et al., 2006), further suggesting a down regulatory role for PD-L1. The role for
PD-L1 as a negative regulator of disease development and progression in EAE was
convincingly demonstrated by experiments where PD-L1 was genetically deleted and disease
was more severe in mice deficient for PD-L1 expression (Carter et al., 2007;Latchman et al.,
2004;Ortler et al., 2008). A role for PD-L1 in the immunoregulation of insulin-dependent
diabetes has also been demonstrated (Fife et al., 2006), further supporting the idea that
autoreactive T cell responses in general are modulated by PD-L1 DC with regulatory function.
Our report is the first to demonstrate a role for CCR6 in the accumulation of these potent
disease-regulating mDC. This line of investigation has therapeutic implications as treatment
of MS patients with IFN-β resulted in enhanced expression of PD-L1+ DC, suggesting a role
for that cell type in human disease regulation (Schreiner et al., 2004). This raises the possibility
of CCR6 agonist development for the promotion of PD-L1+ mDC accumulation as a new
therapeutic modality for autoimmune disease.

There are three possible explanations for increased severity in chronic EAE progression related
to CCR6-dependent, PD-L1+ mDC: 1) lack of DC regulatory cytokine expression in tissue-
specific sites (e.g., CNS); 2) lack of regulatory DC induction of Treg; and 3) lack of tissue-
specific regulatory DC accumulation resulting in a lack of alteration of effector T cells leading
to enhanced responses. We do not believe that the first of these possibilities plays a role in
regulating chronic disease progression in our experiments because we did not detect a
difference in production of inhibitory cytokines such as TGF-β or IL-10 (data not shown)
related to PD-L1 mDC. Although PD-L1+ cells have been shown to influence Treg function
(Tokita et al., 2008; Wang et al., 2008), we believe the possibility that CCR6-/- mice have
decreases in PD-L1+ mDC-mediated Treg cells in tissue-specific compartments is also an
unlikely explanation for the exacerbated chronic disease progression. This conclusion was
reached primarily because the data showed no differences in CD4+Foxp3+ Treg cells in spleen
or CNS between wild type or CCR6-/- mice (Figure 4).

We currently favor the explanation that the absence of CCR6 expression alters regulatory PD-
L1 DC migration to the spleen where a direct regulation of encephalitogenic T cells does not
occur thereby resulting in exacerbated chronic EAE progression. The data shown in Figure 5B
supports this idea as there were no differences in numbers of PD-L1+ mDC in peripheral lymph
node or CNS; however, there was a significant decrease of these cells in the spleen of
CCR6-/- mice. Additionally, antigen-specific Th17 and Th1 responses in the spleen, but not
CNS, were seen in CCR6-/- mice (Figure 2). Moreover, add back of wild type splenocytes
containing an enriched CCR6+ PD-L1+ mDC population to CCR6-/- mice reduced the chronic
disease progression severity to that of wild type mice (Figure 7C).

CCL20 expression was originally described for spleen, lymph nodes, liver, thymus, small
intestine, colon and CNS (Ambrosini et al., 2003; Baba et al., 1997; Varona et al., 1998). We
have observed that the spleen constitutively expresses CCL20, the only known chemokine
ligand for CCR6, at higher levels than either the lymph node or CNS (data not shown).
Therefore, it is reasonable to assume the added back regulatory PD-L1+ mDC (Figure 7)
population could accumulate in the spleen in response to the constitutive CCL20 expression.
In fact we have noted that the passively transferred PD-L1+ mDC could be found in the spleen.
PD-L1 has been shown to be expressed in the spleen (Liang et al., 2003); the tissue site that
we believe plays a role in the inhibition of autoreactive T cells. Indeed Flugel et al. (Flugel et
al., 2001) have demonstrated the spleen to be a key regulatory checkpoint for development of
EAE where T cells traffic prior to migration to the CNS.

Our results also indicate a delay in disease development between days 7 and 13 post
immunization (Figure 1A) in CCR6-/- mice. This delay in clinical disease is not as substantial
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as observed by others (Liston et al., 2009; Reboldi et al., 2009). One possibility that might help
to explain the differences in how CCR6 affects acute disease development might be related to
differences between immunization protocols used by them and us, especially the amount of
adjuvant. Regardless of the magnitude of CCR6 influence on acute EAE development, our
results indicating T cell CCR6 expression is not necessary for adoptive EAE (Figure 3) are
compatible with those of Liston et al (Liston et al., 2009). In aggregate, the evidence supports
a role for antigen presenting cell rather than T cell expression of CCR6 in EAE development.
We therefore speculate that CCR6 may contribute to EAE pathogenesis in two different ways:
first to regulate disease development through modulation of APC migration and second to
regulate disease progression through modulation of a regulatory DC population.

Our data suggests the mechanism of CCR6 regulation of chronic EAE is related to splenic
accumulation of a PD-L1+ regulatory mDC population. Although we demonstrated an increase
in antigen-specific Th responses in spleen at a time when there are fewer PD-L1+ mDC and
no changes in either IL-10 or TGF-β, we do not know the precise mechanism of PD-L1 mDC-
mediated effector T cell regulation. There is a suggestion that factors such as reactive oxygen
species (ROS) produced by myeloid-derived suppressor cells may inhibit ongoing immune
responses (reviewed in (Gabrilovich and Nagaraj, 2009)), a possibility that we cannot yet rule
out. We are currently investigating the possibility that the lack of CCR6+PD-L1+ mDC in the
spleen of CCR6-/- mice results in less direct ROS production by those DC resulting in enhanced
autoreactive Th responses and exacerbated chronic EAE. Additionally, we are actively
investigating whether PD-L1+ DC regulate disease progression by directly down modulating
IL-17 and IFN-γ production by autoantigen-specific Th17 and Th1 cells, whether PD-L1+ DC
regulate disease progression by altering chemokine and/or chemokine receptor expression and
to what extent PD-L1+ DC affect the ability of APC to stimulate encephalitogenic T cells.
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Figure 1. Increased chronic disease severity in CCR6-/- mice
Wild type and CCR6-/- mice were immunized with MOG35-55 emulsified in CFA and
monitored for clinical disease. A) CCR6-/- mice show increased chronic clinical disease
severity. The data are expressed as the mean clinical disease score and are representative of
three separate experiments. N=10 mice per group. *, p < 0.05 when mean clinical score was
compared between CCR6-/- and wild type mice for that particular day. B) CCR6-/- mice show
significantly (*, p < 0.05) increased chronic histological disease severity. The data are
expressed as the mean (±SD) histologic disease score as determined from the microscopic
analysis of H&E stained spinal cord sections. The data are representative of three separate
experiments. N=3 mice per group.
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Figure 2. Differences in Th17 and Th1 immune responses between CCR6-/- and wild type mice
Peripheral draining lymph node cells (pln; A and D), splenocytes (spl; B and E) and CNS-
infiltrating mononuclear cells (CNS; C and F) were harvested from wild type (WT) and
CCR6-/- mice 21 days post immunization. Th17 and Th1 responses were determined by
ELISpot. The data is shown as the mean number of cytokine-producing cells (±SD) per the
number of input cells. There are statistically significant differences (*p<0.05) in IL-17- and
IFN-γ-producing T cells in the spleen between wild type and CCR6-/- mice. The data is
representative of two similar experiments.
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Figure 3. CCR6 is not required for adoptively induced EAE
Wild type and CCR6-/- mice received primed, in vitro re-activated MOG35-55-specific
CD4+ cells from wild type or CCR6-/- donors. The data are expressed as the mean clinical
disease score for all mice in each group as a function of time post adoptive transfer. There are
no statistical differences between any of the indicated groups. The data shown are
representative of two similar experiments.
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Figure 4. No difference in Foxp3+ Treg in CCR6-/- mice with severe chronic disease progression
Wild type and CCR6-/- mice were immunized with 200 μg MOG35-55/CFA and monitored
for clinical disease. Twenty eight days post immunization when CCR6-/- mice were showing
increased clinical disease severity (cf. Figure 1A), lymphocytes from spleen and CNS were
harvested and analyzed for the presence of CD4+Foxp3+ Treg by flow cytometry. The data is
derived from a CD45+ cell gate and is representative of individually analyzed mice (N=5/
group). The results indicate similar numbers of Treg in the spleen and CNS of wild type control
and CCR6-/- mice.
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Figure 5. Decreased splenic PD-L1+ mDC in CCR6-/- mice with severe chronic disease progression
Wild type and CCR6-/- mice were immunized with 200 μg MOG35-55/CFA and monitored
for clinical disease. Twenty eight days post immunization when CCR6-/- mice were showing
increased clinical disease severity, peripheral lymph node cells (pln), splenocytes (spl) and
CNS-infiltrating mononuclear cells (cns) were harvested and analyzed for the presence of
CD11c+PD-L1(B7-H1)+ mDC by flow cytometry. Percentages of positive populations were
obtained and total cell numbers were calculated based on the known input numbers. A) The
data indicate similar numbers of mDC in the pln and cns of CCR6-/- mice compared to wild
type controls. However, there is a significant (*, P<0.05) decrease in the number of mDC in
the spleen of CCR6-/- mice compared to wild type controls. B) The data indicate similar
numbers of PD-L1+ mDC in the pln and cns of CCR6-/- mice compared to wild type controls.
However, there is a significant (*, p<0.05) decrease in the number of PD-L1+ mDC in the
spleen of CCR6-/- mice compared to wild type controls. N=5 mice per group. Data is displayed
as mean cell number ± SD.
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Figure 6. PD-L1 expression by mDC in naïve and primed mice
Wild type and CCR6-/- mice were either analyzed prior to immunization or immunized with
200 μg MOG35-55/CFA and analyzed for PD-L1+ mDC in peripheral lymph node (PLN) or
spleen. In representative naïve mice, wild type peripheral lymph node and spleen PD-L1+ mDC
were 1.26% and 1.89% compared to 0.87% and 1.57%, respectively, in CCR6-/- animals. In
representative mice, seven days after MOG35-55 priming, wild type peripheral lymph node
and spleen PD-L1+ mDC were 0.83% and 2.15% compared to 0.81% and 1.84%, respectively,
in CCR6-/- animals. The bar graphs summarize the data from 5 individual mice in each group
and indicate no significant differences between naïve or primed wild type and CCR6-/- animals
(data is displayed as mean cell number ± SD).
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Figure 7. PD-L1+mDC administration decreases severe chronic EAE in CCR6 -/- mice
A) Splenocytes low in DC PD-L1 expression were harvested from mice 3 days after priming
with MOG35-55/CFA. The data shown was gated on CD45 and CCR6 expression and plotted
as PD-L1 vs. CD11c. This population of cells was termed control DC as there was only 1.1%
PD-L1 expression. B) Splenocytes with elevated DC PD-L1 expression were harvested from
mice 21 days after priming with MOG35-55/CFA. The data shown was gated on CD45 and
CCR6 expression and plotted as PD-L1 vs. CD11c. This population of cells was termed
regulatory DC as there was 8.2% PD-L1 expression. C) 50×106 splenocytes containing either
regulatory or control DC were transferred i.v. to wild type or CCR6-/- (CCR6KO) mice primed
with MOG35-55/CFA to induce EAE 14 days earlier. The data are shown as mean clinical
disease score vs. days post immunization and indicate a significant (*, p<0.05) increase in
chronic disease severity in the CCR6-/- group receiving control DC. The CCR6-/- group
receiving regulatory DC showed a disease course similar to that of controls. N=5-6 mice/
recipient group.
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Figure 8. PD-L1+ DC add-back reduced chronic CNS inflammation
Spinal cords from the experiment in Figure 7 were analyzed by H&E histology for the presence
of mononuclear cells. The data is a representative photomicrograph (200×) of the animals in
each group. The following experimental groups showed diffuse mononuclear cell inflammation
in the white matter tracts: Regulatory DC → WT, Regulatory DC → CCR6-/-, and Control
DC → WT. The Control DC → CCR6-/- showed large focal perivascular inflammatory foci
(arrows).
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