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a b s t r a c t

Multiple sclerosis is an autoimmune disease in which the immune system attacks the nerve myelin
sheath. The balance between pathogenic Th17 cells and regulatory Treg cells, both of which express the
chemokine receptor CCR6 is critical for determining disease activity. It has been postulated that CCL20,
the cognate ligand of CCR6, produced by the blood-brain barrier attracts these immune cells to the
central nervous system (CNS). However, the pathological phenotypes of the experimental model of
multiple sclerosis in CCR6-knockout (KO) mice are inconclusive, while this has not been addressed in
CCL20-KO mice.

To address this, we generated CCL20-KO and CCR6-KO mice using the CRISPR/Cas9 system. Clinical
phenotypes of experimental autoimmune encephalomyelitis (EAE) in the chronic phase were slightly
exacerbated in both mutant mice relative to those in wild-type (WT) mice. Inflammatory cell infiltration
and demyelination in the CNS were similar in the KO and WT mice. CNS CD4þ T cell counts were the
same for mutant and WT mice. The mutant and WT mice did not differ significantly in the proportions of
Th17 and Treg cells in the CNS, or in IL-17 and TGF-b mRNA expression in the CNS.

These findings suggest that CCL20/CCR6-mediated cell migration is not necessarily required for the
onset of EAE, and may be compensated for by other chemokine signals.

© 2022 Elsevier Inc. All rights reserved.
1. Introduction

Chemokines are chemotactic cytokines that regulate immune
cell migration. Immune cells expressing the cognate chemokine
receptor migrate to the site of inflammation in response to gradi-
ents of the respective ligands. Thus, chemokines and their receptors
play key roles in the homeostasis and pathogenesis of various
diseases, including tumors, infectious diseases, and autoimmune
diseases [1]. In the CC class of chemokines, 28 members
(CCL1eCCL28) bind to their cognate CC chemokine receptors
(CCR1eCCR10) which are expressed predominantly by T cells,
monocytes, macrophages, and dendritic cells (DCs) [1]. Most
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chemokines bind to and activate multiple receptors, whereas a
single chemokine receptor is associated with several chemokine
ligands [1]. This overlapping ligandereceptor specificity makes it
difficult to elucidate the biological functions of each ligand or
receptor.

CCL20, also known as macrophage inflammatory protein (MIP)-
3a, induces migration via its cognate receptor, CCR6 [2]. The basal
expression of CCL20 is limited to the skin andmucosal surfaces, and
is further increased in response to inflammatory agents such as
PMA, ionomycin, TNF-a, and LPS [3e6]. Recently, it has been
postulated that astrocytes that form the blood-brain barrier pro-
duce CCL20, which in turn allows CCR6-expressing immune cells to
infiltrate the central nervous system (CNS). CCL20 expression in
astrocytes has been shown to be induced by IL-6 combined with IL-
17, and RANKL [7,8]. Inflammation in the CNS is highly associated
with neurodegenerative diseases such as multiple sclerosis (MS), in
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which CD4þ T helper (Th) cells are responsible for coordinating the
activation and suppression of the host immune response in the
disease. For instance, Th17 cells shape the pathogenesis of MS,
whereas Treg cells suppress the disease [9]. Both T cell subsets
highly express the chemokine receptor CCR6, and are attracted to
CCL20 in target tissues [1].

CCL20 and CCR6 are unique in that they interact only with each
other [1]. Targeted disruption of CCL20 or CCR6 in mice is therefore
expected to produce a distinct phenotype associated with immune
cell migration and inflammatory responses. However, the patho-
logical role of CCL20 in experimental autoimmune encephalomy-
elitis (EAE), a model of MS, has not been assessed using CCL20-
knoockout (KO) mice. Moreover, the pathological phenotypes of
EAE in CCR6-KO mice generated by embryonic stem (ES) cell-
mediated homologous recombination were not consistent be-
tween the research groups. For example, some groups have re-
ported that CCR6-KO mice exhibit more severe EAE [10,11], while
others have reported mild EAE [12e14]. These phenotypic differ-
ences between studies, following EAE induction, may be due to the
heterogeneity of the genetic backgrounds of the mutant mice used.

In this study, we generated CCL20-KO and CCR6-KO mice with a
C57BL/6 genetic background using the CRISPR/Cas9 system,
examining the pathological scores and body weight loss of the
mutant and wild-type mice, and using histopathological staining to
investigate inflammatory cell infiltration and demyelination in the
CNS. Flow cytometry was used to compare CNS CD4þ T cell counts.
Th17 and Treg cell counts, and IL-17 and TGF-b mRNA expression
levels in the CNS, were examined.

2. Materials and methods

2.1. Mice

C57BL/6 mice were purchased from Japan SLC (Hamamatsu,
Japan). The CCL20 and CCR6 target sequences of the gRNA are shown
in Fig. 1 gRNA and Cas9 were purchased from Integrated DNA
Technologies, Inc. (Coralville, IA, USA). Genome editing of fertilized
eggs in the oviduct (i-GONAD) was performed as described [15].
Briefly, on the day after mating, gRNA and Cas9 were injected into
the ampulla of the oviducts of C57BL/6 female mice with confirmed
plugs. Electrodes were then placed between the oviducts and pulses
were applied using a NEPA21 Electroporator (NEPA GENE Co. Ltd.,
Chiba, Japan). The mice were maintained in a specific pathogen-free
facility in the Division of Laboratory Animal Science at Oita Univer-
sity. All experimental protocolswere approved by the Oita University
Animal Ethics Committee (approval number 170902).

2.2. Experimental autoimmune encephalomyelitis (EAE) induction
and disease scoring

To induce EAE, each mouse was immunized s.c. on day 0 with
160 mg myelin oligodendrocyte glycoprotein (MOG) peptide (aa
35e55) (MEVGWYRSPFSRVVHLYRNGK) (SynPeptide Co. Ltd.,
Shanghai, China), emulsified in CFA supplemented with 2.2 mg/ml
Mycobacterium tuberculosis, and was injected i.p. on days 0 and 2
with 400 ng pertussis toxin (List Biological Laboratories, Inc.
Campbell, CA), as described [16]. The following clinical scoring
system was used: 0, no disease; 1, reduced tail tonus; 2, tail limp-
ness; 3, ataxia; 4, paralyzed hind limbs; 5, quadriplegia; and 6,
death. Scoring was performed every 24 h.

2.3. Histological evaluation

After disease induction, the mice were euthanized by cervical
dislocation. Thebrains and spinal cordswereobtainedandfixed in10%
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formalin for 48 h. Paraffin-embedded tissue samples were sectioned
and stainedwith hematoxylineeosin (HE) and Luxol Fast Blue (LFB) to
identify cellular infiltration and demyelination, respectively.

2.4. Flow cytometry

Fluorochrome-conjugated antibodies against CD3, CD4, CD8a,
CD11c, PD-L1, CCR6, IL-17, and IFN-gwere purchased from BioLegend
(San Diego, CA, USA). Antibodies against CD4, CD11b, CD44, B220,
IgM, IgD, and Foxp3 were purchased from BD Biosciences (Franklin
Lakes, NJ, USA) and F4/80, CD25, CD3, and CD8a were purchased
from eBiosciences (Santa Clara, CA, USA). Total cells from the spleen,
thymus, bone marrow, brain, and spinal cord were stained with
antibodies against cell-surface molecules for 20 min. In some ex-
periments, cells were fixed and permeabilized using an IC fixation/
permeabilization kit from e-Bioscience (San Diego, CA) for intracel-
lular staining (ICS). ICS was performed according to the manufac-
turer's protocol using anti-IFN-g-FITC, anti-IL-17-PE, and anti-Foxp3-
APC. Flow cytometric analysis was performed on a FACS LSR Fortessa
X-20 flow cytometer (BD Biosciences) using FlowJo (Tree Star).

2.5. ELISA

CCL20 protein concentration was determined using the mouse
CCL20/MIP-3 alpha DuoSet (R&D Systems, Minneapolis, MN, USA),
according to the manufacturer's protocol. OD at 450 nm was
determined using a Model 680 microplate reader (Bio-Rad, Her-
cules, CA, USA).

2.6. Quantitative real-time RT-PCR

Total RNA was extracted using TRI Reagent1 (Sigma-Aldrich),
purified using a PureLink RNAMini Kit (Thermo Fisher Scientific Inc.,
Waltham, MA, USA), and then reverse-transcribed using a Verso
cDNA Synthesis Kit (Thermo Fisher Scientific Inc.). Quantitative RT-
PCR was performed using a real-time PCR machine (LightCycler 96,
Roche Diagnostics, Rotkreuz, Switzerland) with a KAPA SYBR FAST
qPCR Kit (Kapa Biosystems, Wilmington, MA, USA). Relative mRNA
levels were normalized to those of b-actin, and all data were
analyzed using LightCycler Software 1.1 (Roche Diagnostics). The
primer sequences are listed in Supplementary Table S1.

2.7. Immunohistochemistry

Spleen samples were freshly frozen in Tissue-Tek OCT com-
pound (Sakura Finetek, Tokyo, Japan) and cut into slices 10 mm thick
using a Leica CM3050 S Cryostat (Wetzlar, Germany). The frozen
sections were stained with anti-CD3-APC, anti-B220-PE, and anti-
CD169-FITC (BioLegend). Images were captured with a BZ-9000
Biorevo All-in-one Fluorescence Microscope (KEYENCE Corpora-
tion, Osaka, Japan).

2.8. Statistical analysis

All data are presented as the mean ± SEM. Univariate analysis
between two groups was performedwith theMann-Whitney U test
using GraphPad Prism7 (GraphPad Software, San Diego, CA, USA).
P < 0.05 was considered statistically significant.

3. Results

3.1. Establishment of CCL20-KO and CCR6-KO mice

To assess the pathological significance of CCL20 in EAE, CCL20-
KO and CCR6-KO mice were generated using the CRISPR/Cas9



Fig. 1. CRISPR/Cas9-mediated deletion of murine CCL20 and CCR6 genes.
(A) Gene structure of CCL20with CRISPR/Cas9 target sites. Two gRNA target sequences in exon2 of CCL20 are underlined. Red letters represent the PAM (protospacer adjacent motif).
(B) Sequence alignment confirming deletions of 4 bp and 549 bp in CCL20, in mutant lines 1 and 10, respectively. (C) Representative sequencing chromatograms of the homozygous
CCL20mutant in lines 1 and 10. Arrows indicate mutation sites. (D) CCL20 protein levels in the Peyer's patches (PP). ELISA of CCL20 expression in wild-type (WT) and CCL20-KO mice
(lines 1 and 10). ND: not detected. (E) CCR6 gene structure, with the CRISPR/Cas9 target site. The RNA target sequence in the CCR6 gene is underlined. The sequence in the box
represents the first codon of CCR6. (F) Sequence alignment confirming an 8 bp deletion in CCR6 (line 5). (G) Representative sequencing chromatograms of the edited CCR6 gene in
line 5. Arrow indicates the mutation site. (H) CCR6 protein levels on splenic B cells from WT (shaded), CCL20-KO (blue) and CCR6-KO (red) mice, via flow cytometry. . (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article).
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system. We designed two gRNAs targeting exon 2 of murine CCL20,
and injected them alongwith Cas9 protein directly into the ampulla
of the oviducts of C57BL/6 plugged female mice (Fig. 1A), followed
by in vivo electroporation using an NEPA21 Electroporator (NEPA
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GENE Co. Ltd., Chiba, Japan) [15]. Sequencing analysis revealed
several mutations in CCL20 exon 2. Mice with deletions of 4 bp or
549 bp in exon 2 (hereafter, lines 1 and 10) were selected for further
experiments (Fig. 1B). Mice heterozygous for these CCL20
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mutations were intercrossed to generate homozygous (CCL20-KO)
offspring (Fig. 1C). ELISA-based confirmation of CCL20 protein
levels in the Peyer's patches (PP) revealed that CCL20 protein
expression was abolished in CCL20-KO lines 1 and 10 (Fig. 1D).

To examine the EAE-induced phenotype in CCR6-KO mice, we
generated CCR6-KO mice using CRISPR/Cas9-mediated gene dele-
tion in syngeneic C57BL/6 mice. We designed a gRNA targeting the
first coding exon of CCR6 (Fig. 1E) and obtained founder mice car-
rying an 8 bp deletion in CCR6 (Fig. 1F). Mice heterozygous for this
CCR6 mutation were intercrossed to generate homozygous (CCR6-
KO) offspring (Fig. 1G). Flow cytometric analysis confirmed the
lack of CCR6 protein expression on the surface of B cells in CCR6-KO
mice, but not in wild-type or CCL20-KO mice (Fig. 1H). Both CCL20-
KO and CCR6-KO mice were born at a normal Mendelian ratio.

3.2. Normal leukocyte populations in lymphoid organs of CCL20-KO
and CCR6-KO mice

T cell development occurs in distinct compartments of the
thymus, and involves intrathymic thymocyte migration regulated
by chemokines [17]. To examine whether the CCL20/CCR6 axis
regulates this migration, we analyzed thymic cell populations using
flow cytometry. The proportions of double-negative (DN), double-
positive (DP), CD4 single-positive (SP) and CD8 SP subsets were
equivalent (Fig. 2A), with no significant differences in the
Fig. 2. Flow cytometry of leukocytes in the thymus and bone marrow.
(AeD). Thymocytes from wild-type (WT), CCL20-knockout (CCL20-KO), and CCR6-KO mice,
using anti-CD4 and anti-CD8a antibodies for DN, DP, CD4, and CD8 SP cells. (B) Percentages o
Representative flow cytometry, using anti-CD25 and anti-CD44 antibodies, for subsets DN1
stained with anti-B220 and anti-IgM antibodies. Numbers in the dot plots denote cells in t
dependent experiments.
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proportions of these subsets among the three groups (Fig. 2B).
Moreover, the DN1 (CD25�CD44þ), DN2 (CD25þCD44þ), DN3
(CD25þCD44�), and DN4 (CD25�CD44�) populations in the DN
subset were comparable among the three groups (Fig. 2C and D).
Analysis of B cell development in the bone marrow revealed that
the ratios of the Pro-/Pre-B cell population (B220intIgM�IgD�),
immature B cell population (B220intIgM þ IgD�), and recirculating B
cell population (B220highIgM þ IgDþ) were normal in CCL20-KO and
CCR6-KO mice (Fig. 2E). These data suggest that the CCL20/CCR6
axis is not required for normal lymphocyte development in the
thymus and bone marrow.

Next, we examined the splenic architecture and cell pop-
ulations. Splenic weight and cellularity were comparable among
the three genotypes (Fig. 3A and B). Immunohistochemical (IHC)
analysis of spleen sections revealed that CCL20-KO and CCR6-KO
mice showed normal splenic architecture, in which typical T cell
areas were surrounded by follicular and marginal-zone B cell areas
separated by marginal zone macrophages (Fig. 3C). Moreover, flow
cytometric analysis revealed that splenic B220þ B cells, CD3þ T cell
frequencies, and CD4/CD8 ratios in CD3þ T cell populations were
comparable among the three groups (Fig. 3DeG). The frequencies
of CD11cþ dendritic cells (DCs) and CD11bþ macrophages were
essentially equivalent among the groups (Fig. 3H and I). These data
suggest that the CCL20/CCR6 axis is not necessary to maintain
normal splenic architecture and cell populations.
stained with fluorochrome-conjugated antibodies. (A) Representative flow cytometry
f T cell subsets in WT (open bar), CCL20-KO (hatched bar), and CCR6-KO (gray bar) mice.
eDN4 subsets (C), and percentages of DN subsets (n ¼ 5) (D). (E) Bone marrow cells
he gate as a percentage of the parent population. Data are representative of three in-



Fig. 3. Flow cytometry of leukocytes in the spleen.
Weights (A) and total cell numbers (B) in the spleens of wild-type (WT), CCL20-deficient (CCL20), and CCR6-deficient (CCR6) mice (n > 6). (C) Splenic microarchitecture was
visualized via immunohistochemical staining with anti-B220 (red), anti-CD3 (blue), and anti-CD169 (green) antibodies. Results are representative of at least three mice. Scale bars
represent 100 mm. (DeI) Splenocytes were stained with the indicated antibodies and analyzed via flow cytometry. (D) Cells stained with anti-B220 and anti-CD3 antibodies for B
and T cells. (E) Percentages of CD3þ T cell and B220þ B cells in the spleens of WT (open bar), CCL20-KO (hatched bar), and CCR6-KO (gray bar) mice. (F) CD4 and CD8 expression in
CD3þ cells. (G) Percentages of CD4þ and CD8þ T cell subsets of CD3þ T cells in the spleen. (H) Splenocytes stained with anti-CD11b and anti-CD11c. (I) Percentages of CD11cþ DC and
CD11bþ macrophages in the spleen. Numbers in the dot plots denote cells in the gate as a percentage of the parent population. Data are representative of three independent
experiments. . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article).
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3.3. EAE development in CCL20-KO and CCR6-KO mice

Although some studies have shown that CCR6-KO mice with EAE
exhibit less CNS pathology [12e14], others have reported that CCR6-
KO mice exhibit exacerbated EAE [10. 11]. Kohler et al. showed that
treatment with anti-CCL20 antibody significantly reduced the
severity of EAE by inhibiting the sensitization of peripheral T cells
[18]. To clarify the pathological role of the CCL20/CCR6 axis in EAE,
we induced EAE inWT, CCL20-KO, and CCR6-KOmicewith a C57BL/6
genetic background, via MOG35-55 immunization.
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The MOG35-55-immunized mice all displayed prominent body
weight loss, beginning ca. 10e12 d post immunization (dpi)
(Fig. 4A). In WT mice, the maximum weight loss was at ca. 14 dpi,
followed by recovery over 5 d. However, both CCL20-KO and CCR6-
KO mice showed delayed recovery of body weight during the re-
covery phase of EAE. The clinical score in EAE-induced mice peaked
at 3.0 ± 0.0 (for WT), 3.4 ± 0.2 (for CCL20-KO), and 4.0 ± 0.0 (for
CCR6-KO). Shortly after peaking, WT mice showed a partial
reduction in EAE symptoms (Fig. 4B). However, most of the CCL20-
KO and CCR6-KO mice exhibited sustained severe paralytic disease



Fig. 4. Increased disease severity and delayed recovery of experimental autoimmune encephalomyelitis (EAE) in CCL20-knockout (KO) and CCR6-KO mice.
Wild-type (open circles; n ¼ 5), CCL20-deficient (closed circles; n ¼ 5), and CCR6-deficient (closed triangles; n ¼ 5) mice on a C57BL/6 background, immunized with MOG35-55

emulsified in CFA, and monitored for body weight (A) and clinical scores of EAE (B). Data are representative of at least three independent experiments. *, P < 0.05. (C) Immune cell
infiltration in the spinal cord was evaluated via HE-staining. Representative images of coronal sections of the spinal cord in mice with MOG-induced EAE (21 d post-immunization
[dpi]) are shown in the upper panels. Arrows indicate infiltration of inflammatory cells. Higher-magnification images of the rectangle in the upper panels are shown in the lower
panels. Scale bars represent 600 mm (upper) and 100 mm (lower). (D) Demyelination in the spinal cord was evaluated using LFB staining at 21 dpi. The demyelinated areas are
indicated by the arrows. Higher-magnification images of the rectangle in the upper panels are shown in the lower panels. Scale bars represent 600 mm (upper) and 100 mm (lower).
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until the end of the experiment. Based on HE-staining, the extent of
mononuclear cell infiltration in the spinal cord was comparable
among the three groups of EAE mice (Fig. 4C), as was the extent of
demyelination, evaluated via LFB staining (Fig. 4D). These results
indicate that the absence of the CCL20/CCR6 axis has less impact on
the clinical outcomes of EAE in the mutant mice generated using
CRISPR/Cas9-mediated genome editing than in those generated
using ES cell-mediated gene targeting.

3.4. Infiltration of Th17 and Treg cells into the CNS in CCL20-KO and
CCR6-KO mice

To understand the underlying causes of EAE development in
CCL20-KO and CCR6-KO mice, cell infiltration and cytokine pro-
duction in the CNS were analyzed. The absolute numbers of CD4þ

cells in the brains of EAE mice were comparable among the three
genotypes (Fig. 5A). When we analyzed the frequency of distinct
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helper T cell subsets such as Th17, Treg, and Th1 cells via flow
cytometry, the ratio of IL-17þ, Foxp3þ, and IFN-gþ cells to CD4þ T
cells in the brain was statistically comparable among the three
groups (Fig. 5B and C, Supp. Figs. S1A and B). The three groups of
EAE mice did not differ significantly in mRNA expression of IL-17A,
Foxp3, or TGF-b in the spinal cord (Fig. 5D), or in IFN-g and IL-10
expression in the spinal cord (Supp. Fig. S1C). These results suggest
that neither CCL20 nor CCR6 is required for the proper migration of
Th17 and Treg cells into the CNS.

Enhanced chronic EAE in CCR6-KO mice is associated with
reduced presence of PD-L1þ-regulatory DCs in the spleen [11]. We
therefore examined the accumulation of regulatory DCs in the
spleens of EAE-induced mice at 28 dpi. The frequencies of splenic
CD11cþ DCs in the EAE-treated mice were comparable among the
three groups (Fig. 6A and B), as were those of splenic CD11bþF4/80þ

macrophages (Fig. 6C and D). Interestingly, DC expression of PD-L1
was elevated in the EAE-induced mutant mice (Fig. 6E): the



Fig. 5. Comparable frequency of Th17 and Treg cells in the CNS of mice with experimental autoimmune encephalomyelitis (EAE).
(A) Mononuclear cells from the brain were prepared fromWT (open bar), CCL20-knockout (KO) (hatched bar) and CCR6-KO (gray bar) mice with EAE and stained for CD4. Following
staining, the cells were analyzed via flow cytometry, and absolute numbers of CD4þ T cell subsets in the brain were calculated. (B) Representative flow cytometry of Th17 and Treg
cells in the brain from EAE-induced mice. CD3þCD4þ cells from the brain were intracellularly stained with anti-IL-17 and anti-Foxp3 antibodies. (C) Percentages of Th17 and Treg
cells in CD4þ T cells. (D) The mRNA expression of IL-17A, Foxp3 and TGF-b in the spinal cord of mice unimmunized (�) or immunized with MOG peptide (þ), measured via real time
PCR. Data were normalized to levels of b-actin.
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geometric mean of PD-L1 fluorescence intensity was significantly
higher in CCL20-KO mice than in WT mice (Fig. 6F).

4. Discussion

The pathophysiological function of CCL20 in autoimmune dis-
eases has not previously been investigated using genetically engi-
neered mouse models of human disease. We therefore used
CRISPR/Cas9-mediated CCL20-KO and CCR6-KO mice on a syngenic
C57BL/6 background, analyzing two lines of CCL20-KO mice: both
lines showed the same phenotype as the CCR6-KO mice. Both the
CCL20-and CCR6-deficientmice exhibited normal development of T
cells in the thymus (Fig. 2AeD), and of B cells in the bone marrow
(Fig. 2E). Although it has been reported that the frequency of DN2
and DN3 cells in the thymus was reduced in CCR6-KO mice
generated via ES cell-mediated homologous recombination [19],
our findings suggest that thymocyte development is normal in the
absence of CCL20 or CCR6 on a syngenic C57BL/6 background.
Moreover, the splenic architecture and cell populations were
normal in the mutant mice (Fig. 3). These findings suggest that the
CCL20/CCR6 axis is not required for normal lymphocyte develop-
ment or homeostatic distribution in primary and secondary
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lymphoid organs.
To gain insight into the pathological roles of the CCL20/CCR6

axis in autoimmune diseases, we compared the clinical phenotypes
of EAE in CCL20-KO, CCR6-KO, and WT mice. The two mutant lines
exhibited slightly but significantly worse body weight loss and
clinical scores than the WT mice (Fig. 4A and B). Histological
analysis revealed that inflammatory cell infiltration and demye-
lination in the CNS were comparable among the three groups
(Fig. 4C and D). Previously, three independent groups reported that
ES cell-derived CCR6-KOmice are resistant to EAE induction, due to
impaired recruitment of helper T cells, including Th17 and Treg
cells, into the CNS [12e14] However, we observed comparable
numbers of CD4þ T cells in the brains of EAE-induced CCL20-KO,
CCR6-KO, and WT mice (Fig. 5A). In addition, the frequencies of
Th17, Treg, and Th1 cells in the CNS, as determined via flow
cytometry and real-time PCR, were comparable among the three
groups (Fig. 5BeD, Supp. Fig. S1). In contrast, two independent
groups have demonstrated that CCR6-KO mice show exacerbated
EAE [10,11]. One possible mechanism of severe EAE in CCR6-KO
mice is the reduced frequency of Foxp3þ T cells in the CNS [10];
however, we did not observe any differences in the frequency of
Foxp3þ T cells in the CNS (Fig. 5 B-D). Another possible mechanism,



Fig. 6. Relative frequency of dendritic cells (DCs) with increased levels of PD-L1 in the spleens of CCL20-knockout (KO) and CCR6-KO mice with experimental autoimmune
encephalomyelitis (EAE).
(A) Splenocytes from EAE-induced mice at 28 d post immunization (dpi) were stained for CD11c and PD-L1 and measured via flow cytometry. (B) Percentages of CD11cþ DCs. (C)
Representative data of CD11b and F4/80 staining. (D) Percentages of CD11bþ F4/80þ macrophages. (E) PD-L1 expression on CD11cþ DC from wild-type (shaded), CCL20-KO (blue),
and CCR6-KO (red) mice. (F) PD-L1 geometrical mean fluorescence intensity (geo-MFI) on CD11cþ DCs. *, P < 0.05. . (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article).
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suggested by another group, is a significant reduction in PD-L1-
expressing myeloid DCs in the spleen of EAE-induced CCR6-KO
mice [11]. In contrast, the frequencies of PD-L1þ CD11cþ myeloid
DCs in the spleen were comparable among CCL20-KO, CCR6-KO,
and WT mice 28 d after immunization with MOG peptide. PD-L1
geometrical mean fluorescence intensity on DCs was significantly
higher in CCL20-KO mice than in WT mice (Fig. 6E and F), sug-
gesting that PD-L1þ regulatory DCs are not responsible for the
aggravated clinical phenotypes of EAE in CCL20 and CCR6-KO mice.
Previously reported pathological phenotypes of EAE in CCR6-KO
mice are not consistent among research groups, probably due to
the heterogeneous genetic background of the mutant mice gener-
ated via ES cell-mediated homologous recombination. In contrast,
we utilized CCL20-KO and CCR6-KO mice generated via CRISPR/
Cas9-mediated gene deletion in the syngeneic C57BL/6 strain,
which is expected to have a stable phenotype.

Treatment of mice with specific neutralizing anti-CCL20 anti-
bodies significantly reduces the severity of both clinical EAE and
130
neuroinflammation [18]. Our findings, however, do not correspond
to this. This contrasting result suggests that neutralizing anti-CCL20
antibodies may inhibit not only CCL20, but also other chemokines.

These findings demonstrate that cell migration via the CCL20/
CCR6 axis is not necessarily required for the onset of EAE, and may
be compensated for by other chemokine signals. Further in-
vestigations are needed to elucidate the molecular regulation of
EAE pathogenesis via chemokine signaling in autoimmune
diseases.
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