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Intestinal immunity exists as a complex relationship among immune cells, epithelial cells,
and microbiota. CCR6 and its ligand—CCL20 are highly expressed in intestinal mucosal
tissues, such as Peyer’s patches (PPs) and isolated lymphoid follicles (ILFs). In this study,
we investigated the role of the CCR6-CCL20 axis in intestinal immunity under homeo-
static conditions. CCR6 deficiency intrinsically affects germinal center reactions in PPs,
leading to impairments in IgA class switching, IgA affinity, and IgA memory B cell produc-
tion and positioning in PPs, suggesting an important role for CCR6 in T-cell-dependent
IgA generation. CCR6 deficiency impairs the maturation of ILFs. In these follicles, group
3 innate lymphoid cells are important components and a major source of IL-22, which
stimulates intestinal epithelial cells (IECs) to produce antimicrobial peptides (AMPs). We
found that CCR6 deficiency reduces IL-22 production, likely due to diminished numbers
of group 3 innate lymphoid cells within small-sized ILFs. The reduced IL-22 levels sub-
sequently decrease the production of AMPs, suggesting a critical role for CCR6 in innate
intestinal immunity. Finally, we found that CCR6 deficiency impairs the production of IgA
and AMPs, leading to increased levels of Alcaligenes in PPs, and segmented filamentous
bacteria in IECs. Thus, the CCR6-CCL20 axis plays a crucial role in maintaining intestinal
symbiosis by limiting the overgrowth of mucosa-associated commensal bacteria.

Keywords: CCR6, IgA, Peyer’s patch, antimicrobial peptide, isolated lymphoid follicle

INTRODUCTION

The mammalian intestine harbors trillions of commensal bacteria, which left unchecked, would
invade host tissues. Both innate and adaptive immune cells in intestinal tissues are important for
limiting tissue invasion by the resident commensal bacteria (1, 2), and maintenance of the symbiotic
relationship between the bacteria and host is a critical factor in intestinal homeostasis. IgA and
antimicrobial peptides (AMPs) serve as the first line of the mucosal defense system. IgA binds
and neutralizes intestinal microbes and antigens (3, 4), while AMPs exert bactericidal effects and
spatially constrain intestinal bacteria (5, 6). Intestinal IgA is produced mainly from Peyer’s patches
(PPs) in a T-cell-dependent manner (7-9). Activated PP B cells form germinal centers (GC), where
B cells undergo intensive proliferation, class-switch recombination, and somatic hypermutation, and
eventually differentiate into IgA memory B cells or IgA plasmablasts, which are capable of producing
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high-affinity T-cell-dependent IgA (TD-IgA) (10). AMPs, the
other important front-line defense system for intestinal barriers,
are secreted by enterocytes and Paneth cells in intestines (11-13).
The secretion of AMPs by intestinal epithelial cells (IECs) can
be induced by microbiota (5) or stimulated by group 3 innate
lymphoid cell (ILC3)-derived IL-22 (14). Lymphoid tissue
inducer (LTi) cells express the transcription factor RORyt and
are a subset of ILC3s (15-18). These LTi-ILC3s are not only
an important source of IL-22 (19) but they are also essential to
respond to microbiota stimulation by initiating the formation of
PPs at the embryonic stage and isolated lymphoid follicles (ILFs)
at postnatal stages (16, 20-22). Thus, the LTi-ILC3s play crucial
roles in both innate and adaptive immunity to maintain intestinal
homeostasis.

CCRG6 is expressed in naive and memory B cells (23, 24),
memory T cells (25), Th17 cells (26), Troxps cells (27), imma-
ture dendritic cells (DCs) (28), monocytes (29), and subsets
of ILC3s (18). CCL20, the sole chemokine ligand of CCR6 (30,
31), is constitutively expressed in gut tissues and abundantly
expressed in the follicle-associated epithelium (FAE) in PPs
(32, 33), while CCR6 is highly expressed in the subepithelial
dome (SED) of PPs (33). Based on the high expression of
CCR6 and CCL20 in PPs, one may speculate that the CCR6-
CCL20 axis plays a critical role in gut immunity (34), par-
ticularly in humoral immunity, since PPs are the major sites
for IgA induction (7). Using CCR67'~ mice, researchers have
shown that the CCR6-CCL20 axis is important for protecting
against mucosal infectious pathogens, such as rotavirus (32),
S. typhimurium (35), and respiratory syncytial virus (36). On
the contrary, CCR6™'~ mice are resistant to oral infection of
Yersinia enterocolitica (37). In addition, the CCR6-CCL20
axis plays a role in human intestinal inflammatory diseases.
CCL20 expression is elevated in patients with inflamma-
tory bowel disease (38), and the gene was identified as a
susceptibility factor for Crohn’s disease (39) by genome-wide
association studies. Thus, it is clear that the CCR6-CCL20
axis is involved in intestinal infection and inflammation, but
its specific roles in maintaining intestinal homeostasis are not
fully described.

To gain a basic understanding of how the CCR6-CCL20
axis affects intestinal immunity, we examined intestinal tissues
under steady-state conditions in CCR6™~ mice. To ensure
comparable genetic backgrounds and environments, we used
littermate CCR6™* (WT) and CCR67/~ mice under the same
housing conditions. We examined the effects of CCR6 on the
production of IgA and AMPs, the most important molecules
regulating intestinal adaptive and innate immunity, respectively.
Our study shows that CCR6 deficiency attenuates the production
of TD-IgA and interferes with the maintenance of IgA-bearing
memory B cells. Of note, we found that CCRé6 is dispensable for
B cell migration toward PPs. In addition, we found that CCR6
deficiency affects the innate response mediated by ILC3-LTi
cells. These cells are a major source of IL-22, which stimulates
IECs to produce AMPs. Our study highlights important roles
for the CCR6-CCL20 axis in both innate (AMP producing) and
adaptive immunity (IgA producing) in maintaining intestinal
homeostasis.

MATERIALS AND METHODS

Mice

CCR6™~ mice were generated as described (40) and kindly
provided by Dr. J. Farber (Laboratory of Molecular Immunology;,
National Institute of Allergy and Infectious Diseases, National
Institutes of Health, Bethesda, MD, USA). CCR67/~, WT, CD45.1,
Ragl~'~, and JH™~ mice on the C57BL/6 background were housed
in specific pathogen-free conditions at the Institute of Biomedical
Sciences, Academia Sinica (Taipei, Taiwan). CD45.1*+*CCR6"/~
heterozygous breeders were generated by crossing CCR6"~ to
CD45.1 mice. To minimize variations in experimental outcomes
that may be caused by genetic background or environmental
factors, we performed all experiments with CCR6**and CCR6™/~
littermates that were generated from heterozygous breeders
(CCR6*~ x CCR6%7). Age-matched littermates (8-12 weeks)
were used in the study and housed under the same conditions.
All animal experiments were approved by the Institutional
Animal Care and Utilization Committee at Academia Sinica and
performed in accordance with institutional guidelines.

Isolation of Lymphocytes from PPs and

Intestinal Lamina Propria

Peyer’s patches were excised, placed in RPMI 1640 medium
(Gibco) containing 10% FBS (Hyclone), 100 U/ml penicillin,
100 pg/ml streptomycin, and 10 mM HEPES (Gibco), and
mechanically dissociated by gently tearing the tissues with 27 G
needles. Tissue debris was removed by filtering cell suspensions
through a 40-pm cell strainer. Lamina propria lymphocytes were
isolated following the method described by Reissig et al. with
modifications (41). In brief, intestines were cut longitudinally,
washed in PBS to remove intestinal contents, and cut into small
pieces with 0.5 cm in length. The pieces of intestine were incu-
bated with predigestion buffer containing HBSS without Ca**
Mg**, 5% FBS, 10 mM HEPES, 1 mM DTT, and 5 mM EDTA
with gentle shaking for 15 min at 37°C to remove epithelium.
After incubation with predigestion buffer two times, the pieces
of intestine were incubated with wash buffer (HBSS without Ca**
Mg?** containing 5% FBS and 10 mM HEPES) with gentle shaking
for 15 min at 37°C. Intestine pieces were further cut into 1-mm
pieces and incubated with digestion buffer containing HBSS with
Ca’ Mg™, 10% FBS, 10 mM HEPES, 0.5 mg/ml type IV colla-
genase (Sigma-Aldrich), and 200 U/ml DNase I (Bioshop). After
30-min incubation at 37°C, cells were collected and subjected to
Percoll (GE Healthcare) gradient centrifugation (40 and 80%).
Cells at the interface were collected, washed twice with wash
buffer, and resuspended in RPMI medium containing 10% FBS.

Isolation of Naive B Cells from PPs and

Adoptive Transfer Experiments

Peyer’s patch lymphocytes were isolated and stained with FITC-
conjugated anti-mouse IgD (clone 11-26) (BioLegend) followed
by incubation with anti-FITC magnetic beads (Miltenyi). Naive
B cells were obtained by the purification of IgD-positive cells, by
positive selection using MACS columns (Miltenyi). The purity
was >98%. For adoptive transfer experiments, 2 X 10 of PP naive
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B cells were retro-orbitally transferred into Ragl ™~ or JH™~ mice.
Recipient mice were sacrificed 2 weeks post-transfer, and IgA
production was analyzed.

Bone Marrow Chimeras

Six-week-old Ragl™~ mice were irradiated with sublethal dose
(4 Gy) of X-ray followed by intraperitoneal injection with 1 x 107
mixed bone marrow cells isolated from WT and CCR6~/~ mice
with different isoforms of CD45 (WT:CCR6~'~ = 1:1). For the
bone marrow chimera experiments, 15 chimeric mice were gen-
erated: 5 mice were reconstituted with mixed bone marrow from
WT (CD45.1*CD45.2%) and CCR67/~ (CD45.1**); 4 mice were
reconstituted with mixed bone marrow from WT (CD45.1**)
and CCR67/~ (CD45.1*CD45.2%); 6 mice were reconstituted
with mixed bone marrow from WT (CD45.1*"*) and CCR67/~
(CD45.2%*). In these experiments, we used CD45 congenic
markers (CD45.1%+, CD45.2+*, CD45.1*CD45.2%) in each
genotype in order to minimize variations that might be caused
by the use of different congenic markers. After the bone marrow
was reconstituted for at least 3 months, chimeric mice were used
in experiments.

Antibodies for Flow Cytometry

The following fluorochrome-conjugated antibodies used in this
study were purchased from eBioscience: anti-mouse CD45 (clone
30-F11), anti-mouse CD3e (clone 145-2C11), anti-mouse CD4
(clone RM4-5), anti-mouse lineage (clones 11A2, RB6-8CS5,
M1/70, RA3-6B2, TER-199), anti-mouse CD95 (clone 15A7),
anti-mouse CD38 (clone 90), anti-mouse IgD (clone 11-26),
anti-mouse IgM (clone I1/41), anti-mouse CD73 (clone TY/11.8),
anti-mouse PD-L2 (clone TY25), and anti-mouse RORyt (clone
B2D). The following fluorochrome-conjugated antibodies were
purchased from BioLegend: anti-mouse CD45.1 (clone A20), anti-
mouse CD45.2 (clone 104), anti-mouse I-A® (clone AF6-120.1),
anti-mouse PD-1 (clone 29F1A12), anti-mouse CCR6 (clone
29-2L17), anti-mouse CD127 (clone A7R34), anti-mouse CD117
(clone 2B8), anti-mouse Foxp3 (clone MF-14), and anti-mouse
IL-17 (clone TC11-18H10.1). Texas-red-conjugated anti-mouse
IgA (goat polyclonal) was purchased from SouthernBiotech, and
fluorochrome-conjugated anti-mouse IgG1 (clone X56), anti-
mouse B220 (clone RA3-6B2), and anti-mouse CXCR5 (clone
2G8) were purchased from BD Biosciences.

Flow Cytometry Analysis

For surface staining, cells were washed with FACS staining buffer
(HBSS with Ca** Mg**, 1% FBS, 10 mM HEPES, and 0.1% NaNj)
followed by incubation with Fc blocker (anti-CD16/32, clone
2.4G2, BD Biosciences) on ice for 15 min and stained with anti-
bodies against surface markers on ice for 30 min. After two washes
with PBS, cells were stained with fixable viability dye (eBioscience)
on ice for 10 min. After two washes with PBS, cells were fixed
in PBS containing 0.8% paraformaldehyde followed by FACS
analysis. For intracellular staining of transcription factors, cells
were first stained with surface markers followed by fixation and
intracellular staining using Foxp3/Transcription factor staining
buffer (eBioscience) according to the manufacturer’s instruction.

For intracellular cytokine staining, cells were stimulated with
20 ug/ml PMA (Sigma-Aldrich) and 1 uM ionomycin (Sigma-
Aldrich) in the presence of 5 ug/ml brefeldin A (BioLegend) for
4 h at 37°C prior to staining with surface markers and viability
dye. After surface staining, cells were fixed with 2% paraform-
aldehyde, washed and permeabilized with intracellular staining
(IC) buffer (1% BSA and 0.1% saponin in PBS), blocked with 2%
normal rat serum in IC buffer for 15 min at room temperature
followed by staining with fluorochrome-conjugated antibodies
to cytokines for 30 min at room temperature. Cells were washed
with IC buffer twice, resuspended in FACS staining buffer, and
subjected to FACS analysis. FACS analyses were performed using
LSRII system (BD Biosciences), and data were analyzed using
FlowJo software (TreeStar). The fold change of mean fluorescence
intensity (MFI) was presented as MFI from samples divided
by the MFI of a given WT mouse in each experiment. Gating
strategies for the FACS analysis are depicted in Figures S2-S6 in
Supplementary Material.

Apoptosis Analysis

Active caspase 3 was detected using CaspGLOW™ Fluorescein
Active Caspase-3 Staining Kit (eBioscience) according to
the manufacturer’s instructions. Cells were incubated with
FITC-DEVD-FMK or Z-VAD-FMK for 30 min at 37°C prior
to surface staining. The cells were then fixed with 0.8%
paraformaldehyde in PBS followed by FACS analysis. For
the detection of Annexin V, cells were stained with surface
markers, washed with binding buffer (10 mM HEPES, 140 mM
NaCl, 2.5 mM CaCl, in PBS), and incubated with Alexa Fluor
647-conjugated Annexin V (Invitrogen) for 10 min at room
temperature. After two washes with binding buffer, cells were
tixed with 0.8% paraformaldehyde in PBS and subjected to
FACS analysis.

Analysis of Fecal Bacteria by Flow
Cytometry

IgA coated on fecal bacteria was examined following the methods
described by Kawamoto et al. with modifications (42). Feces were
collected from mouse cecum, weighted, and homogenized in pro-
tease inhibitor solution (0.01% NaNs, 20 mM EDTA, and protease
inhibitor 1:1,000 v/v in PBS) at 100 mg/ml. Homogenates were
centrifuged at 400 X g for 5 min at 4°C to remove large particles.
Supernatants were collected and filtered through a 40-pum cell
strainer. Fecal bacteria were obtained by further centrifugation
at 10,000 X g at 4°C for 5 min. Bacteria-free supernatants were
collected and subjected to ELISA analysis of IgA. After removal
of bacteria-free supernatants, fecal bacteria were resuspended in
staining buffer (1% BSA in PBS) and 100 ul of bacteria suspension
were used for IgA staining. To detect IgA coated on fecal bacteria,
fecal bacteria were washed with staining buffer once, blocked with
5% normal goat serum for 1 h at 4°C, and incubated with biotin-
conjugated goat anti-mouse IgA (SouthernBiotech) for 20 min
at 4°C followed by incubating with Alexa Fluor 647-conjugated
Streptavidin (Invitrogen) for 20 min at 4°C. After three washes
with staining buffer, bacteria were resuspended in staining buffer
containing DAPI (1 pg/ml) and subjected to FACS analysis with
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LSRII (BD Biosciences). Bacteria were gated on DAPI positive
events (Figure S3 in Supplementary Material).

ELISA

For the analysis of antibody concentrations in sera or feces,
96-well microtiter plates were coated with 2 pg/ml of goat
anti-mouse antibodies (H + L) (SouthernBiotech) in 50 mM
carbonate/bicarbonate coating buffer at 4°C overnight. Plates
were washed several times with PBST (0.05% Tween 20 in PBS)
and blocked with 1% BSA in PBS for 2 h at room temperature.
Serially diluted sera or fecal bacteria-free supernatants were
added into the plates and incubated overnight at 4°C. Serial
diluted recombinant mouse IgA (SouthernBiotech), IgM, IgGl,
IgG2a, and IgG2b (BioLegend) were used as standard. After
overnight incubation, the plates were washed with PBST, and
HRP-conjugated goat anti-mouse IgA, IgM, IgG1, IgG2a, and
IgG2b (SouthernBiotech) were added into the plates followed by
1-h incubation at RT. The plates were then washed with TBST fol-
lowed by adding 3,3',5,5'-tetramethylbenzidine substrate (KPL)
for color development. The enzymatic reaction was stopped by
adding 1 M H,SO,, and the plates were subjected to the measure-
ment of OD 450 nm. For the detection of CXCL13 by ELISA,
mice PPs were weighed and homogenized in protease inhibitor
solution (0.01% NaNs, 20 mM EDTA, and protease inhibitor
1:1,000 v/v in PBS) at 50 mg/ml. Tissue debris was removed by
centrifugation with 1,000 X g at 4°C. Total tissue proteins were
determined by Bradford protein assay (Bio-Rad Laboratories),
and CXCL13 were measured by ELISA according to the manu-
facturer’s instructions (R&D systems). The concentrations of
chemokines in PPs were normalized to micrograms of tissue
proteins.

Gene Expression by Quantitative PCR

Analysis

Mouse intestines were equally divided into three parts and PPs
were removed. The distal part of the intestine (ileum) was cut lon-
gitudinally, followed by washing with PBS, and the epithelia were
collected by gently scrapping the inner layer of intestines with
glass slides. The scrapped epithelia were referred to ileum scrapes
in this study. The remaining intestines containing crypts were
referred to ileum crypts. Total RNA was extracted using Trizol
reagent (Invitrogen) according to the manufacturer’s instructions.
Total RNA was treated with RQ1 RNase-free DNase (Promega),
and the first strand of cDNA was synthesized by using random
hexamers and SuperScript III Reverse Transcriptase (Invitrogen).
Quantitative PCR was performed on ABI prism 7500 (Applied
Biosystems) using SYBR Green Master mix (Thermo Scientific)
or TagMan probes (Applied Biosystems). The thermal cycling
protocol was 1 cycle at 50°C for 2 min and 95°C for 10 min,
followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The
resultant PCR products were measured using an ABI prism 7500
Sequence Detection System (Applied Biosystems). Gene expres-
sion was normalized to GAPDH and analyzed using the AAC,
method. DNA sequences of the primer pairs used in this study
are listed in Table S1A in Supplementary Material, and Tagman
probes are listed in Table S1B in Supplementary Material.

Microbiota Analysis

Feces were collected from mouse cecum and weighted. PPs
and ileum scrapes were homogenized and lysed in Buffer ASL
(QIAGEN). Total genomic DNA from feces, PPs, and ileum
scrapes were isolated using QIAamp DNA Stool Mini Kit
(QIAGEN) according to the manufacturer’s instructions. The
abundance of intestinal bacteria was measured by quantitative
PCR on ABI prism 7500 (Applied Biosystems) using SYBR
Green Master Mix (Thermo Scientific) with the same protocol
described above. Specific primers to bacterial groups are 16S
universal (UniF340: 5-ACTCCTACGGGAGGCAGCAGT-3’
and UniR514: 5'-ATTACCGCGGCTGCTGGC-3"), Clostridiales
(UniF338: 5'-ACTCCTACGGGAGGCAGC-3" and C.cocR491:
5'-GCTTCTTAGTCAGGTACCGTCAT-3'), segmented fila-
mentous bacteria (SFB) (SFB736F: 5'-GACGCTAGGCATGAG
AGCAT-3" and SFB844R: 5-GACGGCACGGATTGTTATT
CA-3’), Lactobacillaceae (LabF362: 5'-AGCAGTAGGGAATCT
TCCA-3' and LabR677: 5-CACCGCTACACATGGAG-3'),
Bacteroides (BactF285: 5-GGTCTGAGAGGAAGGTCCC-3'
and UniR338: 5-GCTGCCTCCCGTAGGAGT-3’), Enteroba-
cteriaceae (Uni515F: 5'-GTGCCAGCAGCCCGCGGTAA-3’
and Ent826R: 5'-GCCTCAAGGGCACAACCTCCAAG-3") (43),
and Alcaligenes (ALIF: 5-GGCGGACGGGTGAGTAATA-3’
and ALIR: 5-AGTGAGAGGTCTTGCGATCC-3") (44). The
quantitative results were normalized to universal 16S rDNA and
analyzed using AC; method.

Tissue Section and Immunofluorescence
Assay (IFA)

For performing IFA on paraffin-embedded sections, PPs were
excised, fixed in 4% paraformaldehyde at 4°C for 4 h followed by
embedding in paraffin, and sectioned parallelly to the long axis of
villi at 5 pm. Sections were deparaffined, rehydrated, blocked with
PBS containing 1% BSA, 5% normal donkey serum, and 0.2%
triton X-100, and then stained with the following antibodies:
goat anti-CCL20 (R&D systems), rat anti-B220 (clone RA3-6B2,
eBioscience), goat anti-IgA-biotin (SouthernBiotech), goat anti-
IL-17 (polyclonal, Santa Cruz Biotechnology), and rat anti-mouse
CD4-biotin (clone 4SM95, eBioscience). Sections were then
washed and stained with following secondary antibodies: donkey
anti-goat IgG-Alexa Fluor 594, goat anti-rat IgG-Alexa Fluor 488,
and Streptavidin-Alexa Fluor 647 (Invitrogen). For performing
IFA on cryosections, PPs were excised and small intestine frag-
ments (approximately 1 cm in length) were longitudinally cut and
flattened on a filter paper with mucosal side facing downwards.
Tissues were then fixed in 4% paraformaldehyde at 4°C for 4 h
followed by dehydration with 30% sucrose at 4°C for overnight.
Tissues were embedded in tissue-tek O.C.T. compound (Sakura
Finetek) and sectioned at 10 um. PPs were sectioned parallelly to
the long axis of villi and ILFs were sectioned perpendicularly to
the long axis of villi. The ilea of WT and CCR67~ mice were sec-
tioned entirely to produce consecutive sections, and sections with
the largest surface areas of ILFs were subjected to IFA. Sections
were fixed with ice-cold acetone, blocked with TBS containing
1% BSA, 5% normal goat serum, 5% normal donkey serum and
0.2% triton X-100, and stained with the following antibodies: rat
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anti-activation-induced cytidine deaminase (AID) (clone mAID-
2, eBioscience), ratanti-IgD-FITC (clone 11-26¢, eBioscience), rat
anti-CD90.2-FITC (clone 30-H12, BioLegend), Armenian ham-
ster anti-CD3e-biotin (clone 145-2C11, BD), rat anti-B220-PE
(clone RA3-6B2, eBioscience), rat anti-RORyt (clone AFKJS-9,
eBioscience), and Armenian hamster anti-CD11c-Alexa Fluor
488 (clone N418, eBioscience). Fluorescence signal of AID was
amplified using TSA detection kit (PerkinElmer) according to the
manufacturer’s instruction. Endogenous and excessive peroxi-
dase activity after TSA amplification was quenched by incubating
sections with 1% H,O; solution for 10 min. Sections were then
stained with the following secondary antibodies: HRP-conjugated
goat anti-rat IgG (Santa Cruz Biotechnology), Streptavidin-Alexa
Fluor 555, and goat anti-rat- Alexa Fluor 555 (Invitrogen). All sec-
tions were counterstained with DAPI (BioLegend), mounted in
fluorescent mounting medium (Dako Cytomation), and analyzed
by Zeiss LSM 700 stage confocal microscope (Carl Zeiss). The
sizes of ILFs were selected manually and measured using Zen 2.1
(Carl Zeiss).

Statistics

Statistical analysis was performed using GraphPad Prism
(GraphPad Software). The Mann-Whitney U test was applied to
evaluate the differences between two groups. Spearman correla-
tion test was used to analyze the correlation of RORyt" and B220*
cells with the area of a given ILE. A P value <0.05 was considered
statistically significant.

RESULTS

CCR6~'- Mice Show Reduced Serum IgA
and Intestinal Tissue IgA during

Homeostasis

To understand how CCR6 affects humoral immunity, we first
examined antibody levels in serum of both WT and CCR6~/~ mice
during homeostasis. CCR6~'~ mice showed significantly reduced
serum IgA but comparable levels of IgM and IgG subclasses
(Figure 1A). Because IgA production mainly occurs in intestinal
tissues, we next examined IgA-bearing cells in various intestinal
tissues. Both the frequency and number of IgA-bearing cells in
PPs and small intestinal lamina propria (SI-LP) were significantly
reduced in CCR67/~ mice as compared to WT mice (Figure 1B).
The large intestinal lamina propria (LI-LP) of CCR6™'~ mice also
showed a trend toward reduced generation of IgA-bearing cells
(Figure 1B). In addition, the levels of fecal bacteria-free IgA
(Figure 1C) and the frequency of fecal bacteria-coated IgA were
significantly lower in CCR67~ mice than WT mice (Figure 1D).
Altogether, these results indicate that CCR6 deficiency affects IgA
production during homeostasis.

CCRG6 Expressed on B Cells Plays an
Intrinsic Role in TD-IgA Generation

IgA induction mainly occurs in PPs (7). Previous studies have
reported conflicting results with regard to the size of PPs in
CCR67~ mice. Cook et al. reported that CCR6 deficiency did not
affect the size of PPs (32), while we (Figure S1 in Supplementary

Material) and others (45) find that the size of PPsin CCR6~/~ mice
is smaller than WT. Therefore, we asked whether the diminished
IgA level in CCR67~ mice (Figure 1) was due to the reduced
size of PPs, containing fewer IgA-bearing B cells, or whether the
IgA reduction was due to the intrinsic role of CCR6-expressing
B cells in IgA production. To examine whether CCR6 expressed
on B cells had an intrinsic effect on IgA production, we trans-
ferred equal numbers of naive B cells isolated from the PPs of
WT or CCR6™~ mice into JH™~ mice or Ragl~'~ mice. JH™~ mice
receiving PP naive B cells from CCR67~ mice showed fewer
IgA-bearing cells in the SI-LP (Figure 2A), reduced serum IgA
(Figure 2B), and reduced fecal IgA (Figures 2C,D) compared to
JH™~ mice receiving PP naive B cells from WT mice. However,
Ragl™~ mice receiving naive B cells from the PPs of WT mice
or CCR6™~ mice showed similar levels of serum IgA and fecal
IgA (Figure 2E). These results indicate that CCR6 expressed on
B cells has an intrinsic effect on the production of TD-IgA but
not T-cell-independent IgA (TI-IgA). Taken together, the results
shown in Figure S1 in Supplementary Material and Figure 2
suggest that CCR6 deficiency affects IgA production by two fac-
tors. First, the IgA quantity is diminished by the development of
small-sized PPs containing fewer B cells, and second, CCR6 plays
an essential intrinsic role in TD-IgA production by B cells.

CCR6~’- Mice Show Enlarged GC and
Impaired Production of IgA-Bearing Cells
in PPs

We next examined the expression of CCR6 on PP B-cell sub-
populations. CCR6 is expressed homogeneously on naive B cells
(B220*CD38*CD957IgD"), upregulated on pre-GC B cells (B22
0*CD95*PNAMIgD*), downregulated on GC B cells (B220*
CD95"PNAMIgD-), and reexpressed at the highest level on
IgA-bearing memory B cells (B220*CD38*CD95 IgD IgA*)
(Figure 3A). Given that PPs are the major induction sites of
TD-IgA (46) and that CCR6 on B cells plays an intrinsic role in
TD-IgA production (Figure 2), and that CCR6™'~ mice showed
reduced IgA (Figure 1), we hypothesized that CCR6™~ mice
might have abnormalities in the structure and function of PPs,
leading to impaired IgA production. Examining the GC structure
by IFA, we found that CCR6™~ mice showed enlarged GCs as
compared to WT mice (Figure 3B). This observation prompted
us to analyze the subpopulations of B cells in PPs of WT and
CCR67~ mice. The frequency of B cells (B220*) was similar
between WT and CCR67~ mice. Interestingly, the frequencies
of naive B cells (B220*CD95 PNA™IgD*IgM*) and pre-GC
B cells (B220*CD95*PNAMIgD*) were significantly decreased in
CCR67~ mice (Figure 3C), whereas the frequency of GC B cells
(B220*CD95*PNAM) was significantly increased in CCR6~/~ mice
as compared to WT mice (Figure 3C). The increased frequency
of GC B cells may explain the enlarged GC structure in PPs of
CCR67'~ mice.

Interestingly, we found that while CCR6™~ mice showed
increased GC B cells (Figures 3B,C), the GC B cells were not
frequently IgA-bearing (B220*CD95*CD38-IgA*) (Figure 3D).
We hypothesized that CCR6™'~ mice might have a defect in
generating IgA-bearing GC B cells due to the impaired IgA class
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FIGURE 1 | CCR6~~ mice show reduced IgA production. (A) Sera from WT and CCR6~'~ littermates were analyzed for immunoglobulin subtypes using ELISA.
(B) Lymphocytes isolated from Peyer’s patches (PPs), SI-LP, and LI-LP were subjected to FACS analysis of surface IgA and B220. The frequency and absolute
number of IgA-bearing cells are shown. (C,D) Mouse feces were collected from the cecum, weighed, and homogenized in PBS-containing protease inhibitors. The
homogenates were subjected to consecutive centrifugations to separate bacteria from bacteria-free supernatants. Bacteria-free supernatants were subjected to the
analysis of IgA with ELISA (C). Cecal bacteria were subjected to FACS analysis of IgA-coated bacteria (D). Each symbol represents one mouse. Data are a
compilation of three to five (A) or three independent experiments (B-D) ("p < 0.05; “*p < 0.01; ***p < 0.0001).

switching in GC reactions. It has been reported that sustained
T-B cell interactions require Bcl6 expression in pre-GC B cells
to undergo GC reactions and that Bcl6 positively regulates
activation-induced cytidine deaminase (AID), which is required

for somatic hypermutation and class-switch recombination in
GC reactions (47, 48). Thus, we examined Bcl6 expression in
the pre-GC B cells of WT and CCR6™~ mice and found sig-
nificantly lower levels of Bcl6 expression in the pre-GC B cells

Frontiers in Immunology | www.frontiersin.org

July 2017 | Volume 8 | Article 805


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Lin et al.

CCR®6 Deficiency Alters Intestinal Flora

IgA*B220

CCR6KO
10% 0.25%
104

10Y

1(())2i

% of SI-LPL

0102

2108 10+ 108
> B220 WT CCR6KO
B Serum IgA C Fecal bacteria-free IgA
200
150{ © y
-
E o £
5 100 9 . 5
50{ © oo
o

WT CCR6KO

D Fecal bacteria-coated IgA
109 % =
E 104 'g af °
o 3 HOSY I
- 105 | o6 8 o e,
- 5
109 33.9% |102 sew| B 2L 4t
01 0 N
e e o
010210° 10¢ 105 010210° 10° 10°
> WT CCR6KO

> IgA

E Serum IgA Fecal bacteria-free IgA

ug/mL
ug/mL

WT CCR6KO WT CCR6KO

FIGURE 2 | CCRé6 deficiency intrinsically affects the generation of

T cell-dependent IgA. Peyer’s patch (PP) naive B cells (2 x 109 isolated from
WT and CCR6~"~ mice were transferred to JH~ recipient mice via
retro-orbital injection. (A) Recipient mice were sacrificed 2 weeks post-
transfer, and SI-LP lymphocytes were subjected to FACS analysis of surface
IgA and B220. (B,C) Serum (B) and fecal (C) IgA levels in the recipient mice
were measured by ELISA. (D) Fecal bacteria were subjected to FACS
analysis of IgA-coated bacteria. (E) PP naive B cells (2 x 109 isolated from
WT and CCR6~~ mice were transferred to Rag1~"~ recipient mice. Serum IgA
(left panel) and fecal IgA (right panel) were analyzed 2 weeks post-transfer.
Each symbol represents one mouse. Data are a compilation of two (A) or
three (B-E) independent experiments (***p < 0.001).

of CCR67~ mice as compared to WT mice (Figure 3E). The
reduced Bcl6 expression in the pre-GC B cells in CCR6™'~ mice
may affect the sustained T-B cell interactions and GC reactions,
leading to insufficient generation of IgA in CCR6™~ mice and
providing an explanation for the observed reduction of IgA
generation in CCR6™'~ mice.

To further demonstrate the intrinsic effect of CCR6 on IgA-
bearing GC B cells, we generated mixed bone marrow chimeras
by reconstituting Ragl~'~ recipients with bone marrow from WT
and CCR6™~ mice mixed at a 1:1 ratio. Analyzing the PPs of

chimeras, we found significantly fewer IgA-bearing GC B cells
derived from CCR67~ bone marrow than WT bone marrow
(Figure 3F), further confirming the intrinsic role of CCR6 in
generating IgA-bearing GC B cells.

To test the physiological importance of CCR6 effects on
immunization-stimulated IgA generation, we orally immunized
WT and CCR67/~ mice with cholera toxin (CTX). Interestingly,
both the frequency and the absolute number of GC B cells were
increased in WT mice upon oral challenge with CTX; however,
GC B cells in CCR6™'~ mice failed to expand after challenge, even
though the frequency of these cells was higher in CCR6™'~ mice
than in WT mice during homeostasis (Figure 3G). Accordingly,
the generation of CTX-specific IgA was significantly lower in
both serum and the intestines of CCR67~ mice (Figure 3H).

Together, these results demonstrate that CCR6 deficiency
affects GC structure and functionality in PPs, leading to impaired
generation of IgA-bearing GC B cells and reduced production of
antigen-specific IgA.

The Generation of IgA-Bearing Memory B
Cells in PPs Is Significantly Decreased in
CCR6~~ Mice

Knowing that CCR67~ mice showed fewer IgA-bearing GC
B cells (Figures 3D,F), we expected that CCR6™~ mice would
produce fewer IgA-bearing memory B cells. Interestingly, WT
and CCR67~ mice showed comparable frequencies of total
memory B cells (B220*CD38+*CD957IgD") in PPs (Figure 4A).
However, CCR6™'~ mice showed significantly fewer IgA-bearing
memory B cells (B220*CD38+*CD95 IgD"IgA*) (Figure 4B).
Given that both CD73 and PD-L2 expression are associated with
high levels of somatic mutations in T-cell-dependent memory
B cells (49), we examined CD73 and PD-L2 expression on IgA-
bearing memory B cells. Almost all IgA-bearing memory B cells
expressed CCR6, and the majority of IgA-bearing memory B cells
were positive for PD-L2 and CD73 (Figure 4C). However, the fre-
quency of PD-L2*CD73* double-positive IgA* memory B cells in
PPs of CCR6™'~ mice was significantly reduced (Figure 4D), with
this effect being mainly attributable to the reduced expression of
CD73. Because elevated expression of CD73 has been shown to
be beneficial to cell survival (50), we further examined whether
the reduced CD73 expression on IgA-bearing memory B cells in
CCR67~ mice might account, at least in part, for their suscepti-
bility to apoptosis. The frequencies of caspase 3-activated cells
and annexin V* cells were significantly increased in IgA-bearing
memory B cells in CCR6™~ mice (Figure 4E), but not in IgA-
bearing GC B cells or naive B cells (data not shown), suggesting
that IgA memory B cells without CCR6 expression are indeed
prone to apoptosis.

Interestingly, examining the anatomical localization of IgA-
bearing cells in PPs using IFA, we found that there were IgA-
bearing cells within the SED and that fewer IgA-bearing cells were
localized within the SED in CCR6™~ mice as compared to WT
mice (Figure 4F). Some IgA-bearing cells within the SED were
B220 positive, likely indicating that they are IgA memory B cells
(IgA*B220%) (Figure 4G, left panel). We also noticed some IgA*
cells without B220 expression (IgA*B220~) within the SED of PPs,
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and the number of these cells was also reduced in CCR6™~ mice
(Figure 4G, right panel). Because memory B cells have the high-
est levels of CCR6 among B cell subsets (Figure 3A), we expected

that CCL20 expressed in FAE may be important for I[gA memory

B cells to migrate toward and establish residence in the SED.
Interestingly, despite CCR6 deficiency on IgA-bearing B cells,
some IgA*B220* and IgA*B220~ cells were still found within
the SED in CCR67~ mice. This observation may be due to the
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FIGURE 3 | Continued

CCR6~~ mice show enlarged GC and fewer IgA-bearing germinal centers (GC) B cells in Peyer’s patches (PPs). (A) CCR6 expression on B-cell subsets in PPs was
determined by FACS analysis. B cell subsets analyzed are naive B cells (B220*CD38*CD95-IgD*), pre-GC B cells (B220*CD95*PNA"IgD*), GC B cells
(B220+*CD95*PNA"IgD-), and IgA* memory B cells (B220*CD38+CD95-IgD-IgA*). (B) Cryosections of PPs from WT and CCR6~- mice. Sections were stained with
AID (red) and IgD (green). PPs from two WT mice and two CCR6~~ were processed and examined. Representative PPs from the distal part of small intestine are
shown. (C) FACS analysis of B-cell subsets in PPs of WT and CCR6~~ mice. The frequencies of total B cells (B220*), naive B cells (B220*CD95-PNAMgD*IgM*),
pre-GC B cells (B220*CD95+*PNA"IgD*), and GC B cells (B220+*CD95+*PNA") are shown. (D) PP lymphocytes from WT and CCR6~'~ mice were subjected to FACS
analysis of IgA-bearing GC B cells (B220*CD95*CD38-IgA*). Representative contour plots (left panel) and the frequency (right panel) of IgA-bearing GC B cells are
shown. (E) PP lymphocytes from WT and CCR6~~ mice were subjected to FACS analysis of pre-GC B cells (B220*CD95*PNA"IgD*) along with intracellular staining
of BclB. A representative histogram is shown (left panel), and the mean fluorescence intensity (MFI) of Bcl6 is shown (right panel). (F) Irradiated Rag1-~ mice were

reconstituted with mixed bone marrow from WT and CCR6~~ mice (1:1). Three months later, PP lymphocytes were isolated and analyzed for IgA-bearing GC

B cells. Representative contour plots (left panel) and the frequency (right panel) of IgA-bearing GC B cells are shown. (G,H) WT and CCR6~'~ mice were orally
immunized with 10 pg of cholera toxin (CTX) three times with 7 days intervals. Mice were sacrificed on day 7 after final immunization. PP lymphocytes were
subjected to FACS analysis of GC B cells (B220*CD95+PNA"). The frequency (left panel) and number (right panel) of GC B cells are shown (G). Mouse sera were
adjusted to an equal IgA concentration (100 mg/ml), and intestinal tissue extracts were adjusted to an equal protein concentration (5 mg/ml). Sera and intestinal
samples were serially diluted, followed by measurement of anti-CTX IgA with ELISA (H). Each symbol represents one mouse. Data are a compilation of six (C), four
(D,E), three (F), or two (G,H) independent experiments (‘p < 0.05; “*p < 0.01; ***p < 0.0001).

non-directional migration of cells toward the SED. Altogether,
these results demonstrate the important role of CCR6 in the gen-
eration, maintenance, and positioning of IgA-bearing memory
B cells in the SED.

The Milieu of PPs in CCR6~/- Mice Is
Altered and Becomes Unfavorable for

B-Cell Homing

Because both CCR6 and CCL20 are highly expressed in PPs
(32) and CCR67~ mice show small-sized PPs (Figure SI in
Supplementary Material), it has been postulated that CCR6-
CCL20 axis may regulate B-cell homing to PPs (34). We next
examined whether CCR6 deficiency impaired B-cell homing
to PPs, leading to the small-sized PPs, and whether CCR6
deficiency altered the microenvironment of PPs, leading to
the aberrant GC reactions, and subsequently reduced IgA
production (Figures 1-4). We performed in vivo migration
assays by transferring PP lymphocytes into recipient mice with
different congenic markers and then analyzed donor B-cell
subpopulations in PPs. Following the transfer of the same
batch of PP lymphocytes from either WT or CCR6™~ mice
into WT or CCR67'~ recipient mice, CCR67~ recipient mice
showed significantly decreased migration of both naive B cells
and IgA-bearing memory B cells compared to WT recipient
mice (naive B cells: WT — WT vs. WT — CCR67—, P < 0.01;
CCR6™~ = WTvs. CCR67~ = CCR6™'7, P < 0.01; IgA memory
Bcells: WT — WTvs. WT - CCR67~,P<0.05; CCR67/~— WT
vs. CCR6™~ - CCR67'7, P < 0.05) (Figure 5A). These results
suggest that the milieu of PPs in CCR6~/~ mice is important for
B cells to traffic toward PPs. Interestingly, no significant differ-
ence in the migration of naive B cells and IgA memory B cells
was observed when WT or CCR67'~ recipients received PP lym-
phocytes isolated from either WT or CCR6™~ mice (WT — WT
vs. CCR67~ - WT; WT — CCR67~~ vs. CCR67'~ — CCR67)
(Figure 5A). These results indicate that CCR6 expression on
B cells is dispensable for B cell migration toward PPs. This result
is in contrast with previous proposal that CCR6 on B cells plays
a critical role in B cells homing to PPs (34). Instead, our results
demonstrate that CCR6 deficiency leads to alterations in the PP
milieu, which impairs B cell homing to PPs.

CCR6~'~ Mice Show Significantly Reduced
Expression of Th17-Related Cytokines in
PPs

Knowing that the milieu of PPs is altered in CCR67~ mice
(Figure 5A), we next examined whether the expression levels
of B cell-associated cytokines and chemokines were altered.
CXCL13, a potent B cell chemoattractant, was significantly
reduced in PPs of CCR6™~ mice (Figure 5B), suggesting that
CXCL13 may be a critical factor driving B cell migration toward
PPs, consistent with a previous report by Okada et al. (51).
Cytokines related to B cell differentiation into IgA-producing
cells (TGF-B, IL-10, IL-21, BAFE and APRIL) and cytokines
related to lymphoid organogenesis (LTa and LTf) were not sig-
nificantly altered in PPs of WT and CCR6™'~ mice (Figure 5C).
Interestingly, cytokines (IL-6, IL-17, GM-CSE, and IL-1p) related
to Th17 cell differentiation and secretion were reduced in PPs
of CCR67~ mice (Figure 5C), suggesting that CCR6 deficiency
affects the function and differentiation of Th17 cells in PPs. These
results support the conclusion that CCR6 deficiency alters the
milieu of PPs, which may affect PP functionality.

CCR6~'- Mice Show Reduced Frequency
of Th17 Cells in PPs

Since we found that IL-17 level is significantly reduced in PPs of
CCR67~ mice (Figure 5C) and it is known that Th17 cells play a
role in GC reactions (52, 53), we hypothesized that the reduced
level of IL-17 in CCR6™~ mice might result, in part, from the
reduced frequency and number of Th17 cells, which impair GC
reactions in PPs and affect IgA production. We analyzed the fre-
quency of T helper cell (CD3*CD4") subsets in PPs. CCR6™'~ mice
exhibited significant decreases in both the frequency of Th17 cells
(CD3*CDA4'IL-17%) (Figure 6A, left panel) and also the level of
IL-17 in Th17 cells (Figure 6A, right panel). Interestingly, we
observed that some CD4*IL-17* cells were located in PP GCs, but
that the number and IL-17 staining intensity of these cells were
reduced in CCR6™~ GCs (Figure 6B), indicating an important
role for PP Th17 cells in supporting GC responses. The frequen-
cies of Troxps cells (CD3*CD4*Foxp3*), Ty cells (CD3*CD4*PD1*
CXCR5"), and T cells (CD3*CD4*PD1*CXCR5"Foxp3™*) were
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FIGURE 4 | CCR6~"~ mice show decreased IgA-bearing memory B cells in Peyer’s patches (PPs). (A-E) PP lymphocytes from WT and CCR6~~ mice were
subjected to FACS analysis of memory B cells. The frequencies of total memory B cells (B220+CD38+*CD95-1gD-) (A) and IgA-bearing memory B cells (B) are
shown. Representative histograms indicating the expression of CCR6, PD-L2, and CD73 on IgA-bearing memory B cells are shown (C). Representative contour
plots (left panel) and the frequency of PD-L2 and CD73 double-positive, IgA-bearing memory B cells in WT and CCR6~- mice (right panel) are shown (D).
Representative contour plots and the frequency of IgA-bearing memory B cells positive for active caspase 3 and annexin V in WT and CCR6~"~ mice are shown (E).
(F,G) Sections of paraffin-embedded PPs from WT and CCR6~~ mice were subjected to immunofluorescence assay (IFA) for the detection of IgA (red) and CCL20
(green) (F) or IgA (red) and B220 (green) (G). PPs from four mice (WT n = 2, CCR6~~ n = 2) were processed and examined. Representative IFAs from cryosection of
the distal part of small intestine are shown (F). IgA*B220* cells (left panel) and IgA*B220- cells (right panel) in the subepithelial dome (SED) of WT PPs are shown.
The quantification of the IgA-bearing cells was performed by counting cells within the SED, which is depicted as a more diffuse area immediately underneath
follicle-associated epithelium. The results obtained from one pair of WT and CCR6~"~ mice are shown (G). Each symbol represents one mouse (A-E). Each symbol
represents one SED (G). Data are a compilation of six (A,B), two (D), or three (E) independent experiments (**p < 0.001; ***p < 0.0001).
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represents one mouse. Data are a compilation of three (A,B) or three to four (C) independent experiments (‘o < 0.05; *p < 0.01; **p < 0.001).
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FIGURE 6 | CCR6~"~ mice show significantly reduced Th17 cells in Peyer’s patches (PPs). (A) PP lymphocytes were subjected to FACS analysis of Th17 cells
(CD3+*CD4+IL-17+). The frequency of Th17 in T helper cells (left panel) and the mean fluorescence intensity of IL-17 in Th17 cells (right panel) are shown.

(B) Representative immunofluorescence assay of CD4 (green) and IL-17 (red) from paraffin-embedded PPs of WT and CCR6~~ mice are shown. Dash lines indicate
GC boundary. Arrows indicate CD4+IL-17+ double-positive cells within germinal centers (GC). (C) FACS analysis of PP lymphocytes. The frequencies of Troxps
(CD3*CD4*Foxp3*), Try (CD3*CD4+*CXCR5*PD1+), and Trr (CD3*CD4+CXCR5*PD1+Foxp3+) cells are shown. (D) PP lymphocytes from WT and CCR6~~ mice were
prepared and subjected to FACS analysis for detecting Tr+ (CD3*CD4*CXCR5*PD1+) and GC B (B220*CD95*PNA") cells. The absolute cell number of Tey and GC
B cells was calculated. The ratio of Ts/GC B was calculated by dividing the absolute cell number of Tgy cells by the absolute cell number of GC B cells.

(E) Representative contour plots of Tey cells (CD3*CD4+*CXCR5*PD1+) in PPs (left panel) and representative histograms of CCR6 expression on Te cells (right panel)

are shown. Each symbol represents one mouse. Data are a compilation of six (A), four (C), or three (D) independent experiments (**p < 0.01; ****p < 0.0001).

similar in the PPs of WT and CCR6~~ mice (Figure 6C). However,
the ratio of Tru cells to GC B cells in the PPs of CCR67~ mice was
significantly decreased as compared to WT mice (Figure 6D), pro-
viding an explanation for the observed impairment of GC reactions
in CCR6™'~ mice. Of note, CCR6, the signature chemokine receptor
for Th17 cells, was detected on some Trw cells (Figure 6E) in WT
PPs, supporting the notion that Tey cells are likely derived from
Th17 cells. Altogether, these results suggested that CCR6 deficiency
specifically affects the frequency and function of Th17 cells in PPs,
which may impair Th17 plasticity toward Tes, and consequently
reduces the production of TD-IgA.

ILC3s in PPs of CCR6~- Mice Show
Reduced IL-17 and Increased MHCII
Expression

In addition to Th17 cells, ILC3-LTi cells, a subset of ILC3s, express
CCR6 and produce IL-17 (54). Since ILC3-LTi cells are known
to be important in PP formation (55) and PPs in CCR6™'~ mice
are small in size, we then examined the frequency of ILC3-LTi

cells (Lin"CD45*CD127*CD117*RORyt*) in PPs. Although
CCR6 deficiency did not affect the frequency of ILC3-LTi
(Figures 7A,B), the frequency of IL-17-positive ILC3-LTi cells
in PPs was significantly reduced in CCR6™'~ mice (Figure 7C).
This result suggests that CCR6 signaling in ILC3-LTi cells may
regulate IL-17 expression. The impaired production of IL-17 by
ILC3-LTi cells may also contribute to the reduced IL-17 expres-
sion in PPs of CCR6™~ mice as well as the reduction of Th17 cells
(Figures 5C and 6A). A recent report has shown that ILC3-LTi
cells, expressing high levels of MHCII, induce cell death of acti-
vated commensal bacteria-specific CD4* T cells (56). We further
examined whether CCR6 deficiency affected the frequency of
MHCII* ILC3-LTi cells in PPs. The frequency of MHCII* ILC3-
LTi cells in PPs was significantly higher in CCR6™~ mice than
that of WT mice (Figure 7D). The inverse association between
the frequency of Th17 cells and the frequency of MHCII-positive
ILC3-LTiin CCR67'~ PPs (Figures 6A and 7D) may suggest that
the decrease of Th17 cells in PPs is due, in part, to the elimina-
tion of Th17 cells by MHC-positive ILC3-LTi cells. As such,
this mechanism would contribute to generating the observed
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FIGURE 7 | ILC3s show significantly decreased IL-17 expression but
significantly increased MHCII expression in Peyer’s patches (PPs) of
CCR6~~ mice. PP lymphocytes were subjected to immunofluorescence
staining of surface markers (Lin, CD45, CD117, CD127, and MHCII) followed
by intracellular staining of RORyt. (A) Representative contour plots for the
identification of ILC3-LTi (Lin"TRORyt*CD117+CD127+) in PPs are shown.

(B) The frequency of ILC3-LTi in PPs of WT and CCR6~~ mice is shown.

(C) PP lymphocytes were stimulated with 20 pg/ml PMA, 1 uM ionomycin,
and 5 pg/ml brefeldin A for 4 h followed by surface staining of ILC3-LTi and
intracellular staining of IL-17 and RORyt. The frequency of IL-17-producing
ILC3-LTi in PPs of WT and CCR6~~ mice is shown. (D) The frequency of
MHCII-expressing ILC3-LTi in PPs of WT and CCR6~~ mice is shown. Each
symbol represents one mouse. Data are a compilation of six (B), three (C), or
four (D) independent experiments (*p < 0.05; *p < 0.01).

reduction of Th17 cells in the PPs of CCR6™~ mice, in addition
to the previously described impairment of Th17 cells trafficking
toward PPs (57).

CCR6~'~ Mice Show Reduced IL-22
Production in the Lamina Propria, Leading

to the Reduced Production of AMPs

In addition to IgA, AMPs that are produced by IECs upon IL-22
stimulation also play a critical role in maintaining gut homeo-
stasis (58). ILC3-LTi cells are important for the development of

intestinal cryptopatches and ILFs and are the major source of
IL-22 (14, 58). Given that ILC3-LTi cells and B cells are impor-
tant components of ILFs and both express CCR6, we examined
whether CCR6 deficiency had an effect on the structure and func-
tionality of ILFs. We found that the ILFs in the ileum of WT and
CCR67~ mice were approximately 2,000-20,000 pum? The ILFs
of CCR6™'~ mice were mostly small-sized follicles (<5,000 pm?)
(Figure 8A, left panel). Interestingly, WT and CCR6~~ mice
showed comparable frequencies of ILC3-LTi (RORyt*) and
B cells (B220%) in the given ILF areas (Figure 8A, middle and
right panels). The number of ILC3-LTi cells was positively cor-
related with the ILF area in CCR6™'~ mice, but not in WT mice
(Figure 8B). It is possible that the ILFs in WT mice were mostly
large sized (>5,000 pm?), in which the number of ILC3s was
already saturated. Unlike ILC3-LTi cells, the number of B cells
was correlated with the ILF area in both WT and CCR6™~ mice
(Figure 8C), indicating that CCR6 deficiency does not affect the
initial B-cell trafficking toward ILFs, but causes ILF expansion
to fail at a later stage. Notably, the reduced expression of CCL20
and CXCL13 in the ileum crypts of CCR6~'~ mice (Figure 8D) is
reminiscent of the reduced expression of CCL20 and CXCL13 in
PPs of CCR67'~ mice (Figures 4F and 5B). The small-sized ILF
is a recapitulation of small-sized PP in CCR6™~ mice, indicating
that both follicular structures may suffer from a defect of B cell
influx or maintenance at the later stage.

Furthermore, the expression of RORyt (a marker of ILC3s
and Th17 cells) and CD79a (a marker of B cells) was significantly
reduced in the crypts of CCR6™~ mice (Figure 8D). Because we
did not observe differences in IL-17 levels in the ileum scrapes
and crypts between WT and CCR6~'~ mice (Figures 8D,E), we
presumed that the decreased RORyt in the crypts of CCR67~
mice resulted from the reduced number of ILC3-LTi cells rather
than from Th17 cells. A recent report showed that the stimulation
of neuroregulatory receptor RET on ILC3-LTi cells is critical for
ILC3-LTi cells to produce IL-22 (59). Notably, we found that
the reduced RET expression in the crypts of CCR67~ mice was
associated with the diminished IL-22 levels (Figure 8D). The
reduced number of ILC3-LTi cells and the reduced level of RET
in CCR67~ mice would attenuate IL-22 production and subse-
quently impair AMP production. The levels of antimicrobial lec-
tins, regenerating islet-derived protein III (ReglIII) and the serum
amyloid A family, which was recently shown to be important for
protecting hosts from microbial infection (60), were significantly
reduced in the IECs of CCR67'~ mice (Figure 8E). These results
suggest that CCR6 deficiency precipitates the underdevelopment
of ILFs with fewer B cells and ILC3-LTi cells in the intestines. The
reduced numbers of ILC3-LTi cells in CCR6™~ mice lead to less
IL-22 production and subsequently less AMP production.

CCR6~/- Mice Have an Altered

Composition of Commensal Bacteria

Both IgA and AMPs are important for maintaining intestinal
homeostasis (61, 62). We hypothesized that since CCR6™'~ mice
show lower levels of IgA (Figures 1-4) and reduced AMP pro-
duction (Figure 8), they might exhibit an aberrant composition
of commensal bacteria in homeostatic conditions. We examined
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FIGURE 8 | CCR6~~ mice show small-sized isolated lymphoid follicles (ILFs) and reduced expression of genes involved in epithelial defense. (A—=C) Cryosections of ileum from
WT and CCR6~~ mice were subjected to immunofluorescence assay (IFA) to detect ILFs. ILFs were defined as lymphoid aggregates with surface areas between 2,000 and
20,000 pm?. ILFs were stained for RORyt (red) and CD11c (green) [(B), left panel] or B220 (red), CD90.2 (green), and CD3e (no signal, data not shown) [(C), left panel].

Quantification of ILF surface areas [(A), left panel] and the frequencies of RORyt* cells and B220* cells in ILFs are shown [(A), middle and right panels]. (B,C) Representative IFA
of ILFs in the ilea of WT and CCR6~~ mice are shown [(B,C), both left panel]. The scatter plots show the correlation between RORyt-expressing cells and ILF surface area in
WT [(B), middle panel] or CCR6~~ [(B), right panel] mice. The scatter plots show the correlation between B220-expressing cells and ILF surface area in WT [(C), middle panel]
or CCR6~~ [(C), right panel] mice. The number of RORyt* cells or B220* cells was counted in a given area of tissue sections from two mice in each group; the data shown are
the results of Spearman correlation test with regression line (solid line), 95% confidence interval (dashed line), P value, and correlation coefficient (r). Each symbol represents one
ILF. (D,E) Total RNA extracted from ileum scrapes and crypts of WT and CCR6~~ mice was subjected to reverse transcription into cDNA followed by quantitative PCR analysis.
Relative gene expression was normalized to the level of GAPDH and compared to expression in WT mice. The expression of various genes in crypts (D) and scrapes (E) is
shown. Each symbol represents one mouse. Data are a compilation of three (D) or four (E) independent experiments (*p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001).
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FIGURE 9 | CCR6 deficiency results in the altered intestinal flora. Peyer's patches (PPs), ileal scrapes, and cecal feces were collected from WT and CCR6~~ mice.
Genomic DNA was purified from the tissues and feces. The levels of indicated bacteria species were analyzed by quantitative PCR using primers specific to
Alcaligenes, Bacteroides, Clostridiales, segmented filamentous bacteria, Lactobacillaceae, and Enterobacteriaceae. The quantitative results were normalized to
universal 16S rDNA. The levels of indicated bacterial species in PPs (A), ileal scrapes (B), and feces (C) are shown. Each symbol represents one mouse. Data are a
compilation of three (A,B) or four (C) independent experiments (*p < 0.05; *p < 0.01).
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the composition of commensal bacteria by analyzing 16S rDNA
from PPs, the ileum, and feces by quantitative PCR. CCR6™"~
mice showed significantly increased levels of Alcaligenes, which
are intra-tissue commensal bacteria that exclusively inhabit
PPs (Figure 9A) (63). Notably, Bacteroides are not expected to
be present in PPs, but CCR6™~ mice displayed an abundance
of Bacteroides in PPs (Figure 9A). In addition, CCR6~'~ mice
showed significantly more SFB, but not other species, in ileal
epithelial cells (Figure 9B) and feces (Figure 9C). These results
demonstrate that CCR6 deficiency leads to an altered composition
of commensal bacteria in intestinal tissues, which subsequently
disrupts intestinal homeostasis.

DISCUSSION

In this study, we demonstrate that the CCR6-CCL20 axis is
critical for both adaptive and innate immunity to maintain
intestinal homeostasis. CCR6 plays an important role in humoral
immunity, and CCRé6 deficiency intrinsically affects the func-
tionality of B cells and Th17 cells, impairs GC reactions, and
subsequently leads to impaired TD-IgA production. In contrast,
CCR6 is critical for innate immune responses mediated by
ILC3-LTi cells. CCR6 deficiency impairs IL-22 production by
ILC3-LTi cells, thus affecting the capability of IECs to produce
AMPs. Consequently, the reduced production of IgA and AMPs
in CCR6™~ mice fails to maintain intestinal homeostasis and
leads to an increased number of mucosa-associated commensal

bacteria residing in intestinal tissues and subsequently disturbing
intestinal homeostasis (Figure 10).

CCR6 and CCL20 are highly expressed in PPs, which is the
major site for IgA induction (7). We have demonstrated that
CCR6 has an intrinsic role in GC reactions (Figure 3F), and that
CCR6 deficiency impairs TD-IgA production, but not TI-IgA
production (Figure 2). Tr cells, which provide help to B cells, are
essential for the establishment of GC reactions to generate high-
affinity TD antibodies (64). It has been shown that the plasticity
of Th17 cells in development toward Ty cell fate is restiricted
to the PP environment and is responsible for the induction of
TD-IgA responses (53). By IFA, we detected CD4*IL-17* cells
in the GC region of PPs (Figure 6B), presumably representing
Tru cells derived from Th17 cells. Furthermore, the number of
CDA4*IL-17* cells and the expression of IL-17 are decreased in
CCR67~ mice (Figure 6B). By FACS analysis, we have demon-
strated that CCR6™'~ mice display significant reductions, not only
in the frequency of Th17 cells but also in the capability of IL-17
production per cell base in PPs (Figure 6A). It is plausible that
the reduced frequency and functionality of Th17 cells in PPs of
CCR67'~ mice may significantly affect the plasticity of Th17 cells
toward Ty cells, limiting help to B cells undergoing GC reac-
tions and subsequently impairing the generation of high-affinity
TD-IgA. Because CCR6 is a signature chemokine receptor for
Th17 cells, it has been proposed that the reduced frequency of
Th17 cells in PP of CCR67~ mice is due to the impaired recruit-
ment of Th17 cells toward PPs (57). In our study, we found that

IL-22%%,° [B celliTh17 | 22
ILC3 ILC3
ILF Peyer’s|patch ILF (small)

FIGURE 10 | The summary of CCR6 deficiency leading to the altered intestinal flora. CCR6 deficiency affects T-cell-dependent IgA (TD-IgA) production in PPs and
antimicrobial peptide (AMP) production in intestinal epithelial cells, leading to an increase of segmented filamentous bacteria and Alcaligenes, and subsequently to

the perturbations of intestinal homeostasis.
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the milieu of PPs in CCR6™~ mice is altered, with cytokines
(IL-6, IL-1p) involved in Th17 cell polarization being reduced.
The decrease of the Th17 frequency in CCR6™~ mice may be due,
in part, to the alteration of PP milieu, resulting in reduced Th17
generation. Furthermore, MHCII-positive ILC3s can eliminate
commensal bacteria-specific CD4* T cells (56). We found an
inverse association between the frequency of Th17 cells and the
frequency of MHCII-positive ILC3s in PPs of CCR67~ mice
(Figures 6A and 7D), which led us to propose that the elimination
of Th17 cells by MHCII-positive ILC3-LTi cells may account, in
part, for the observed reduction in Th17 frequency. It is plausible
that the reduction of Th17 cells in PPs of CCR6™'~ mice may result
from decreased Th17 cell generation and/or the increased elimi-
nation of Th17 cells by ILC3s with high MHCII expression. These
mechanisms would be in addition to the impaired recruitment of
Th17 cells into PPs as shown by Wang et al. (57).

Intriguingly, CCR67~ mice have a higher frequency of GC
B cells, but a lower frequency of IgA-bearing GC B cells as com-
pared to WT mice during homeostasis (Figure 3D). Furthermore,
CCR67~ mice have increased GC B cells, but the GC B cells fail
to expand and produce lower levels of high-affinity TD-IgA upon
oral challenge with antigens (Figures 3G,H). All these results
indicate that CCR6 plays a critical role in GC reactions for IgA
class switching and somatic hypermutation. Given that Bcl6
expression in pre-GC B cells is critical for the sustained interac-
tion of pre-GC B cells with cognate T helper cells (47) and that
Bcl6 is important on the regulation of class switching and somatic
hypermutation during GC reactions (48), our finding of reduced
expression of Bcl6 in pre-GC B cells of CCR6™'~ mice (Figure 3E)
may provide an explanation for the impaired generation of high-
affinity TD-IgA in CCR67'~ mice. It is plausible that the reduced
expression of Bcl6 in the pre-GC B cells of CCR67'~ mice may
impede sufficient cognate interactions between pre-GC B cells
and T helper cells and cause the pre-GC B cells of CCR6™~ mice
to aberrantly enter into GC, where they fail to efficiently undergo
somatic hypermutation, thus increasing GC B cells and produc-
ing low-aftinity IgA. How CCR6 signaling in B cells regulates Bcl6
expression in pre-GC B cells warrants further investigation.

Notably, the cytokine milieu in PPs of CCR6™~ mice is dif-
ferent from that of WT mice (Figures 5B,C). It is known that
cytokines are important for regulating antibody production.
However, the expression of cytokines (TGF-, IL-10, and IL-21)
involved in IgA class switching is not affected by CCR6 deficiency.
We noted that IL-6 expression in PPs is significantly reduced in
CCR67~ mice (Figure 5C). It has been reported that IL-6 is a
critical cytokine, which is secreted by CD11b* DCs in the SED of
PPs, to induce IgA production (65). Given that CCR6 is expressed
on CD11b* DCs of PPs (33) and that CCR6 deficiency results in
reduced CD11b* DCs in the SED of PPs (33), it is plausible that
CCR67~ mice have reduced PP CD11b* DCs and produce less
IL-6, which in turn, affects IgA production.

Interestingly, the critical role for CCR6 in GC responses
does not seem to be restricted to mucosal lymphoid tissues, as
recent studies have shown abnormal GC responses in spleens
and diminished high-affinity, antigen-specific IgG production in
CCR67~ mice upon antigen challenge (66, 67). Our study, along
with these previous studies, implies that in addition to CXCR5,

which is known to be important for GC reactions and antibody
production, CCR6 expression on B cells is also crucial for GC
reactions and TD antibody production.

Memory B cells are responsible for eliciting rapid and efficient
immune responses upon reexposure to the same antigen. We have
demonstrated that the localization of CCR6-bearing IgA memory
B cells to the SED are associated with marked expression of
CCL20 in the FAE (Figure 4F) and that CCR6 signaling regulates
the survival of IgA memory B cells in PPs (Figure 4E). These
results demonstrate that CCR6-CCL20 axis is critical for the
maintenance of IgA memory B cells by regulating their survival
and recruitment to the SED. The maintenance of IgA memory
B cells is particularly important for gut immunity because micro-
fold cells (M cells) of PPs continuously receive harmful antigens/
pathogens from the gut lumen. Sufficient numbers and effective
function of IgA memory B cells is expected to be required for
hosts to mount memory responses to antigens/pathogens. CCR6
signaling may regulate the survival of IgA memory B cells via the
PI3K-Akt pathway (24, 68), which mediates the survival of cells,
including B cells (69). In addition, we cannot exclude the involve-
ment of CD73 in the survival of IgA memory B cells because IgA
memory B cells highly express CD73 (Figure 4C), which has
been shown positively associated with anti-apoptotic effects (50).
Considered teleologically, the switch in CCR6 expression from a
very low level on GC B cells to a very high level on IgA memory
B cells (Figure 3A) may represent a critical point, not only in
maintaining IgA memory B-cell pool but also in situating IgA
memory B cells within the SED of PPs for efficiently mounting
secondary immune responses.

Our study demonstrates that CCR6 plays an important role
in TD-IgA production in PPs, in which CCR6 expression on
both B cells and Th17 cells in PPs is critical for GC reactions to
efficiently generate high-affinity TD-IgA. Furthermore, CCR6
expression on memory B cells is required for their survival
and positioning in the SED of PPs. During the preparation of
this manuscript, Reboldi et al. reported that CCR6 mediates the
interaction between pre-GC B cells and DCs in the SED, which is
necessary for IgA production (70). Although both studies show
the important role of CCR6 in IgA production, the approaches
employed, and the mechanisms proposed are quite different.
First, we used WT and CCR67~ littermate mice for this study,
while Reboldi et al. used bone marrow chimera and cell transfer
approaches. Second, we focused on determining how CCR6
expression on pre-GC B cells and Th17 cells influences GC reac-
tions and IgA production. In contrast, Reboldi et al. focused their
study on determining how CCR6 expression on pre-GC B cells
promotes their migration toward the SED to interact with DCs
for IgA production.

In addition to IgA, LTi cells, a subset of ILC3s that express
CCR6 and situate at cryptopatches and ILFs (71), play a critical
role in maintaining intestinal homeostasis. ILC3-LTi cells are
the primary source of IL-22, which stimulates IECs to produce
AMPs for maintaining barrier function and mediating innate
defenses (14). The significant decrease of IL-22 production in
intestinal tissues of CCR6~~ mice (Figures 8D,E) may be due to
the small-sized ILFs containing fewer ILC3-LTi cells, suggesting
the quantitatively reduced IL-22 production in CCR6™~ mice.
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Notably, a very recent study demonstrates that RET, a recep-
tor tyrosine kinase, is predominantly expressed on ILC3-LTi
cells and the ablation of RET in ILC3s strongly reduced IL-22
production by ILC3s, suggesting that the RET signaling in
ILC3-LTi cells is critical for IL-22 production (59). We found
that RET expression in the crypts of CCR67~ mice is significantly
reduced compared to WT mice (Figure 8D). Thus, the reduced
RET levels in CCR67~ mice may also contribute to the reduced
IL-22 production, suggesting an additional mechanism by which
IL-22 production may be qualitatively affected in CCR67'~ mice.
It is plausible that CCR6 deficiency results in quantitative and
qualitative decreases in IL-22 production by ILC3-LTi cells, and
accordingly the diminished IL-22 impairs IEC functioning.

In addition to the maintenance of intestinal barrier, ILC3-LTi
cells are important for developing tertiary lymphoid tissues
(16). ILC3-LTi cells, B cells, and DCs are major components of
cryptopatches and ILFs (22). Although the frequencies of RORyt-
expressing cells and B cells in ILFs were comparable in CCR67~
mice and WT mice, the majority of ILFs in CCR67~ mice were
small-sized ILFs, suggesting that CCR6 regulates ILF maturation
(Figure 8A), consistent with previous report (72). Interestingly,
we found that CCR6 deficiency alters the milieu of gut-associated
lymphoid tissues (PPs and ILFs) with reduced levels of CXCL13
and CCL20 (Figures 5B and 8D). CXCL13 may be responsible
for continuously recruiting B cells into the follicular structures
(both PP and ILFs) at the later stage of development, as CXCL13
is the sole ligand for CXCR5 and is important for B cell chemoat-
traction. CCL20 may serve as chemoattractant for ILC3-LTi cells
into ILFs, but may not be necessary for B cells and ILC3-LTi cells
trafficking into PPs (Figures 5A and 7B). The reduced CXCL13
and CCL20 provide an explanation on the small-sized ILFs and
PPs in CCR6™~ mice. Of note, CCR6 deficiency seems to affect
the expression of CXCL13 and CCL20. The underlying mecha-
nism by which CCR6 signaling regulates CXCL13 and CCL20
expression requires further investigation.

Interestingly, among commensal bacteria analyzed, Alcaligenes
and SFB were significantly increased in intestinal tissues in
CCR6™~ mice. Notably, both Alicaligenes and SFB are intestinal
tissue-associated commensal bacteria; Alcaligenes exclusively
inhabit murine PPs and SFB dominates the epithelial surface of
gut-associated lymphoid structure and intestinal epithelial sur-
face (63). These particular niches allow the bacteria to participate
in the regulation of intestinal adaptive immunity (63, 73). CCR6
appears to play an important role in the control of gut pathobi-
onts, which are known to overgrow in the absence of a strong
specific adaptive immune response in the mucosa. Immune
mechanisms that restrict the interactions between commensal
bacteria and epithelial cells include mucus barrier, IgA secretion,
and AMP production. The mucus barrier may not be critical for
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