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CCL20/CCR6 Signaling Regulates Bone Mass Accrual
in Mice
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ABSTRACT

CCL20 is a member of the macrophage inflammatory protein family and is reported to signal monogamously through the receptor
CCR6. Although studies have identified the genomic locations of both Cc/20 and Ccr6 as regions important for bone quality, the role
of CCL20/CCR6 signaling in regulating bone mass is unknown. By micro—-computed tomography (.CT) and histomorphometric
analysis, we show that global loss of Ccr6 in mice significantly decreases trabecular bone mass coincident with reduced osteoblast
numbers. Notably, CCL20 and CCR6 were co-expressed in osteoblast progenitors and levels increased during osteoblast
differentiation, indicating the potential of CCL20/CCR6 signaling to influence osteoblasts through both autocrine and paracrine
actions. With respect to autocrine effects, CCR6 was found to act as a functional G protein—coupled receptor in osteoblasts and
although its loss did not appear to affect the number or proliferation rate of osteoblast progenitors, differentiation was significantly
inhibited as evidenced by delays in osteoblast marker gene expression, alkaline phosphatase activity, and mineralization. In addition,
CCL20 promoted osteoblast survival concordant with activation of the PI3K-AKT pathway. Beyond these potential autocrine effects,
osteoblast-derived CCL20 stimulated the recruitment of macrophages and T cells, known facilitators of osteoblast differentiation and
survival. Finally, we generated mice harboring a global deletion of Cc/20 and found that Ccl20”” mice exhibit a reduction in bone mass
similar to that observed in Ccr6”” mice, confirming that this phenomenon is regulated by CCL20 rather than alternate CCR6 ligands.
Collectively, these data indicate that CCL20/CCR6 signaling may play an important role in regulating bone mass accrual, potentially
by modulating osteoblast maturation, survival, and the recruitment of osteoblast-supporting cells. © 2016 American Society for Bone

and Mineral Research.
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Introduction

CL20 (MIP-3a) is @ member of the macrophage inflamma-

tory protein (MIP) family, which was discovered in 1988 and
consists of six chemokines of the CC type. Amongst CC
chemokines, including those of the MIP family, CCL20 has
some distinctive characteristics. Although most chemokines are
promiscuous in their ligand-receptor interactions, CCL20
participates in a monogamous ligand-receptor relationship,
wherein it signals through a single receptor, CCR6, which in turn
serves solely as the receptor for CCL20." Further, although
showing conservation among species,?® the gene structure of
Ccl20 differs from that of the CC chemokine family and is located
in a genomic region apart from that in which most CC
chemokine genes are clustered. Expression of CCL20 has been
reported on epithelial surfaces of the liver, lung, and intestine, as
well as in bone marrow and secondary lymphoid organs.””
Evidence suggests that CCL20 functions in both homeostatic
and inflammatory capacities, regulating the residence of leukocytes

at specific organ sites and the recruitment of immune cells (eg,
dendritic cells, T cells, B cells) in response to inflammatory signals,
respectively.®” Indeed, Ccr6” mice show impaired localization of
leukocytes under nonpathological conditions and impairment of
both innate and adaptive immune responses.&~'%

Consistent with its role in regulating chemotaxis of immune
effectors, studies indicate that CCL20 may be involved in various
inflammatory disorders. In addition to its potential involvement
in psoriasis, inflammatory bowel disease, and asthma, CCL20 has
been reported to play a role in various cancers.""'? Exploring its
potential involvement in renal cell carcinoma (RCC), we
observed high levels of CCL20 in patient samples of RCC
bone metastasis, which is classically associated with excessive
bone resorption. Correspondingly, inflammatory chemokines of
the MIP family have been identified as potential mediators of
pathological bone loss where MIP-1ac and MIP-13 have been
shown to directly enhance osteoclast development.'>'¥
Interestingly, genome-wide linkage analyses have identified
the genomic locations of both Cc/l20 and Ccr6 (2933-37 and
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6q27, respectively) as regions important for bone quality,"*~"”

indicating a potential role for CCL20 in the regulation of bone
mass. Although the expression of CCL20 and CCR6 in human
bone cells (eg, osteoblast, osteoclast, chondrocyte) has been
reported,'®'? the role of CCL20/CCR6 signaling in bone remains
unknown.

Bone disorders (eg, osteoporosis, rheumatoid arthritis, bone
metastasis) affect millions of men and women worldwide.
Advances in the prevention and treatment of these disorders
are dependent on our ability to identify key factors regulating
bone formation and remodeling. Here, we investigate the effect
of CCL20/CCR6 signaling on bone mass by examining the
skeletal phenotype of Ccr6”” and Ccl20”” mice. We demonstrate,
for the first time to our knowledge, that loss of CCL20/CCR6
signaling results in reduced trabecular bone volume, coincident
with a decrease in osteoblast numbers, potentially stemming
from deficiencies in osteoblast maturation, survival, and the
recruitment of osteoblast-supporting cells. Taken together,
these data indicate that CCL20/CCR6 signaling may represent a
novel pathway through which bone accrual and maintenance
are regulated.

Materials and Methods

Animals

Animal experiments were carried out in accordance with
approved protocols and guidelines of the Johns Hopkins Animal
Care and Use Committee. Ccr6” (B6.129P2-Ccré6tm1Dgen/J) mice,
backcrossed at least five generations to C57BL/6 mice, were
purchased from The Jackson Laboratory (Bar Harbor, ME, USA)
and subsequently crossed with C57BL/6 mice (The Jackson
Laboratory) to generate the Ccr6” and WT littermate control mice
used in all experiments. To generate Ccl20” mice, embryonic
stem (ES) cells containing a Cc/20 mutant allele (Ccl20™'%) were
obtained from the European Conditional Mouse Mutagenesis
Program (Neuherberg, Germany). Within Cc/20™'?, the second
exon is flanked by loxP sites and when excised results in a
frameshift causing loss of CCL20 mRNA expression (Supplemental
Fig. S1). Ccl20"™"" ES cells (C57BL/6N) were injected into mouse
blastocysts (C57BL/6)J) at the Johns Hopkins University School of
Medicine Transgenic Core Laboratory to generate chimeric mice.
Chimeric mice were bred with C57BL/6J to produce Ccl20™7%/*
mice and subsequently crossed with the ubiquitous Cre deleter
strain B6.C-Tg(CMV-cre) 1Cgn/J (The Jackson Laboratory), gener-
ating heterozygous knockout mice (Ccl20™). Ccl20"" mice were
backcrossed to wild-type C57BL/6 mice to remove Creand bred to
homozygosity. For genotyping, genomic DNA was extracted from
the tails of 3-week-old animals using the Extract-N-Amp Tissue
PCR Kit (Sigma-Aldrich, St. Louis, MO, USA) per manufacturer’s
instructions. ldentification of wild-type (WT), heterozygous
mutant, and homozygous mutant mice was carried out by
allele-specific PCR.

Micro-computed tomography (uCT) and histomorphometry

Femora obtained from 3-, 6-, and 12-week-old Ccr6”, Ccl207,
and WT littermate mice were dissected free of soft tissue and
fixed overnight in 70% ethanol. For .CT analysis, femora were
scanned using a SkyScan 1172 high-resolution wCT scanner
(Bruker microCT, Kontich, Belgium). Image reconstruction
(NRecon v1.6), data analysis (CTAn v1.9), and three-dimensional
model visualization (CTVol v2.0) software (Bruker microCT) were
utilized to analyze bone structure in accordance with the

recommendations of the American Society of Bone and Mineral
Research.?>2" For histomorphometric analysis, 8-week-old
Ccr6” and WT littermate mice received injections of 1%
(wt/vol) calcein at 8 and 3 days before euthanization. Femurs
were embedded in polymethyl methacrylate for sectioning and
analyzed using a semiautomatic method (Osteoplan I, Kontron,
Poway, CA, USA).

Cell isolation and culture

Bone marrow was isolated from female Ccr6”, Ccl20”", and WT
littermate mice as previously described." T cells were isolated
from total bone marrow using the CD4* CD25™ T Cell Isolation
Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) per manu-
facturer’s instructions. To generate bone marrow macrophages
(BMM), marrow cells were washed and resuspended in
complete media (¢MEM + 10% fetal bovine serum [FBS] + 1%
penicillin/streptomycin)  containing 5ng/mL macrophage
colony-stimulating factor (M-CSF; R&D Systems, Minneapolis,
MN, USA) and incubated in a 100-mm dish overnight. Non-
adherent cells were then collected, strained through 70-pwm nylon
mesh, and treated with 50 ng/mL M-CSF for 3 days to generate
M-CSF-dependent BMM. To generate BMSC, marrow cells were
washed and resuspended in complete media and incubated
overnight. Adherent cells were collected as BMSC, and cell purity
was confirmed >95% negative for nonspecific esterase (a marker
for cells of the monocyte/macrophage lineage).

To determine the number of BMSC contained within the bone
marrow, marrow was plated at clonal density, incubated in
complete medium for 10 to 14 days, and colony formation was
assessed by methylene blue dye staining. To determine the
osteogenic potential of BMSC within the bone marrow, marrow
was plated at clonal density, incubated in osteogenic medium
(complete media containing dexamethasone [10~8 M], ascorbic
acid [50 pg/mL], and B-glycerolphosphate [5mM]) for up to
18 days, and alkaline phosphatase positive colony formation was
assessed by alkaline phosphatase staining. For osteoclast
differentiation, BMM were cultured in complete media contain-
ing M-CSF (20 ng/mL) and receptor activator of NF-kB ligand
(RANKL; 5ng/mL; R&D Systems) for a period of 7 days. Fifty
percent of the culture media was replaced with fresh complete
media containing cytokines every 3 days. For osteoblast
differentiation, BMSC were cultured in osteogenic media for
up to 21 days with biweekly media changes. Calcium deposition
was visualized by alizarin red staining and quantified by
measuring stain intensity via microtiter plate reader at 490 nm
(Bio-Rad, Hercules, CA, USA).

Quantitative (q)PCR

Total RNA was extracted using Trizol (ThermoFisher Scientific,
Grand Island, NY, USA) and ¢DNA was generated by
reverse transcription. Twenty-five-microliter reactions contained
1X SYBR Green Reaction Mix (ThermoFisher Scientific), 1 L
cDNA, and 100nm of each primer: CCR6 (sense)
5/-TTGTCCTCACCCTACCGTTC-3/, (antisense) 5-AGGGCTTGA-
GATGATGATGG-3; CCL20 (sense) 5-CGACTGTTGCCTCTCG-
TACA-3', (antisense) 5'-AGGAGGTTCACAGCCCTTTT-3; Runx2
(sense) 5'-TTCAACGATCTGAGATTITGTGGG-3' (antisense) 5'-
GGATGAGGAATGCGCCCTA-3’; osterix (sense) 5-ATGGCGTCCTC
TCTGCTTG-3' (antisense) 5'-TGAAAGGTCAGCGTATGGCTT-3'; al-
kaline phosphatase (sense) 5'-GGCTGGAGATGGACAAATTCC-
3’ (antisense) 5-GGACCTGAGCGTTGGTGTTA-3'; bone sialopro-
tein (sense) 5-AGGGAGGCAGTGACTCTTCAG-3' (antisense)
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5'-CTTCGGAACTATCGCCGTCTC-3'; type | collagen (sense) 5'-TG
TTCAGCTTTGTGGACCTC-3' (antisense) 5'-TCTTTGGGGGTTGGG
ACAGT-3'; osteocalcin (sense) 5-ATGAGGACCATCTTTCTGCT-3'
(antisense) 5-ATAGTGATACCGTAGATGCG-3’; GAPDH (sense)
5-AACTTTGGCATTGTGGAAGG-3/, (antisense) 5-ACACATTGG
GGGTAGGAACA-3'. qRT-PCR parameters were: 1 cycle (95°C
for 3 minutes) and 40 cycles (95°C for 30 seconds, 61.9°C for
30 seconds, and 72°C for 45 seconds). Amplification of GAPDH
was used as an internal control. Relative expression between
samples was calculated by the comparative Ct method.

Western analysis

Total protein was extracted from cells using lysis buffer
consisting of 15% glycerol, 5% SDS, and 250 mM Tris-HCI, pH
6.7. Equal amounts of protein were resolved using 10%
SDS-PAGE. Protein was transferred to ECL nitrocellulose
membranes (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA)
and probed with anti-CCR6 (Enzo Life Sciences, Farmingdale, NY,
USA), anti-phospho-PI3K (Cell Signaling, Danvers, MA, USA), anti-
PI3K (Cell Signaling), anti-phospho-AKT (Cell Signaling), anti-AKT
(Cell Signaling), anti-caspase 3 (Cell Signaling), and B-actin
(Sigma-Aldrich) antibodies. Membranes were then incubated
with horseradish peroxidase-conjugated antibody against
rabbit 1gG (GE Healthcare Bio-Sciences), and binding was
revealed by chemiluminescence (GE Healthcare Bio-Sciences).

Immunohistochemical analysis

Paraffin-embedded sections were deparaffinized in xylene and
rehydrated through graded ethanol. Antigen retrieval was
achieved by immersing sections in 0.01 mol/L sodium citrate
(pH 6.0) and heating in a steamer for 20 minutes. Sections
were cooled to room temperature (RT), and endogenous
peroxidase activity was quenched by immersing in 0.3%
hydrogen peroxide. For CCL20: blocking was carried out by
incubation in Serum-free Protein Block (Dako, Carpinteria, CA,
USA) as per the manufacturer’s instructions. Sections were
then incubated with rabbit polyclonal anti-CCL20 (Abcam,
Cambridge, MA, USA) for 16 hours at 4°C. Diluted biotinylated
anti-rabbit I1gG (Vector Laboratories, Burlingame, CA, USA) was
added to the sections and incubated for 30 minutes at RT
followed by Vectastain ABC reagent (Vector Laboratories).
CCL20 protein was visualized using 3, 3'-diaminobenzidine
(DAB) as per the manufacturer’s instructions (Vector Laborato-
ries). Sections were subsequently washed in water and
counterstained in hematoxylin (ThermoFisher Scientific). For
CCR6: blocking was carried out by incubation in Serum-free
Protein Block (Dako) per the manufacturer’s instructions.
Sections were then incubated with hamster polyclonal anti-
CCR6 (Biolegend, San Diego, CA, USA) conjugated to Alexafluor
647 and rabbit polyclonal anti-osteocalcin (Santa Cruz Biotech-
nology, Dallas, TX, USA) for 16 hours at 4°C. Cells were then
incubated with anti-rabbit IgG conjugated to Alexafluor 488
(ThermoFisher Scientific) for 1 hour at room temperature.
Sections were stained with Hoechst (ThermoFisher Scientific) to
allow visualization of cell nuclei. Images of CCL20 and CCR6 were
acquired by light and fluorescence microscopy, respectively.

ELISA

Cells were plated at 2x 10° cells/well in 6-well plates in
appropriate  medium for 48 hours. Conditioned media
was collected and levels of CCL20 were analyzed by ELISA
using a mouse CCL20 immunoassay kit (R&D Systems) per

manufacturer’s instruction. For measurement of osteocalcin and
CTX-l, serum was collected from 8-week-old mice and the levels
of osteocalcin and CTX-I were analyzed by ELISA using the
Mouse Osteocalcin (Biomedical Technologies, Stoughton, MA,
USA) and RatLaps (Immunodiagnostic Systems, Fountain Hills,
AZ, USA) EIA kits, respectively, per manufacturer’s instruction.
For measurement of cyclic (c)AMP, BMSC were isolated from WT
C57BL/6 mice and cultured in osteogenic media for 7 days. Cells
were washed in PBS and cultured in media containing 0.1%
FBS overnight. Amounts of 1 wM forskolin (Sigma-Aldrich),
100 ng/mL CCL20 (R&D Systems), and 100 ng/mL pertussis toxin
(Sigma-Aldrich) were then added alone or in combination for
30 minutes, and cAMP levels were analyzed by ELISA using the
cAMP EIA kit (Cayman Chemical, Ann Arbor, MI, USA), per
manufacturer’s instruction.

Migration assay

BMM or T cells were suspended in complete medium and added
to the upper chamber of transwell filter units with 5-um pore
size (Corning, NY, USA). Inserts were then placed into the lower
chambers of transwell units containing osteoblasts (BMSC
previously cultured in osteogenic media), conditioned media
obtained from osteoblasts, CCL20 (1pg/mL), or complete
medium alone. Transwell units were then incubated at 37°C
for 24 hours, fixed in methanol, and cells on the upper side of the
transwell filter were removed with a cotton swab. Filters
were stained with 0.5% toluidine blue and migrated cells were
counted by light microscopy.

Survival assay

BMSC were cultured in osteogenic media to induce osteoblast
differentiation. Osteogenic media was subsequently replaced
with complete media+ CCL20 (100ng/mL) and cells were
incubated for 24 hours. Cell culture was continued in
complete media or under starvation conditions (0.1% FBS)
in the presence or absence of CCL20 for 24 hours. Cells were then
harvested and total protein was extracted for Western analysis.

Proliferation assay

Cell proliferation was determined by MTS assay. Cells were
incubated in a 96-well plate for the desired time periods and
MTS (0.2 mg/mL) (Promega, Madison, WI, USA) and phenazine
ethosulfate (30 wM) (Sigma-Aldrich) were subsequently added
to each well. Plates were then incubated at 37°C for 2 hours and
the conversion of MTS to formazan by metabolically viable cells
was monitored using a 96-well microtiter plate reader at 490 nm
(Bio-Rad).

Statistical analysis

Comparison between groups was conducted by unpaired,
two-tailed Student’s t test using Prism 4 software (GraphPad
Software, La Jolla, CA, USA). All results are reported as the
mean + the standard error of the mean (SEM). Any p values
<0.05 were considered significant. For all figures, (*) denotes
p <0.05, (**) denotes p < 0.01, and (***) denotes p < 0.001.

Results

Global deletion of Ccré6 reduces bone mass

To begin assessing the impact of CCL20/CCR6 signaling on bone,
we utilized mice harboring a global deletion of Ccr6. Because
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CCR6 and CCL20 are reported to interact monogamously, this
model is predicted to prevent all manner of CCL20 and CCR6
signaling. We initially examined the skeletal phenotype of
female Ccr6” mice relative to age- and sex-matched WT
littermate control mice by quantitative w.CT analysis. Although
no differences in animal size or femur length were observed
(data not shown), femora of Ccr6” mice demonstrated a
greater than 37% reduction in trabecular bone volume at age
3 weeks that was maintained at 6 and 12 weeks relative to WT
controls (Fig. 1A, B). Further, the decrease in trabecular bone
volume was coincident with significant decreases in trabecular
number and thickness, along with a significant increase in
trabecular separation (Fig. 1C-E). A 10% reduction in cortical
bone volume was also observed in femora of 3-week-old
Ccr6” mice. However, in contrast to the effects observed in
trabecular bone, this difference was not maintained at 6
and 12 weeks, and no differences in cortical thickness
were observed (Fig. 1F-H). Similar effects on bone mass
were observed in male mice (Supplemental Fig. S2), although
the reduction in cortical bone volume remained evident at
12 weeks.

To characterize the molecular and cellular changes associated
with the reduction in trabecular bone volume, histomorphometric

analysis was performed on femora of 8-week-old female Ccr6”
and WT mice. Consistent with the reduction in bone volume
observed by n.CT analysis, osteoblast numbers were significantly
decreased in Ccr6” relative to WT mice as indicated by a 69%
reduction in osteoblast number/bone length (Fig. 1/). Corre-
spondingly, osteoid deposition was also significantly lower with a
71% reduction in osteoid volume/tissue volume, 61% reduction in
osteoid surface/bone surface, and 43% reduction in osteoid
thickness (Fig. 1J-L). In line with reduced bone volume and
osteoblast numbers, Ccr6” mice demonstrated significantly lower
serum levels of the bone-formation marker osteocalcin relative to
WT controls as measured by ELISA (Fig. 1M). Notably, the mineral
apposition rate was unchanged in Ccr6” relative to WT mice
(Fig. 1N), indicating that although the number of osteoblasts is
reduced in Ccr6”” mice, those present function at a level similar to
that in WT mice. In contrast to the pronounced effect on
osteoblast numbers, no significant difference was observed in the
number of osteoclasts in Ccr6” versus WT mice (Fig. 10).
Moreover, Ccr6” mice demonstrated reduced serum levels of
C-telopeptide of type | collagen (CTX-l) relative to WT controls,
indicating reduced osteoclast activity (Fig. 1P), incongruent with
the observed reduction in bone mass. Taken together, these data
demonstrate that the loss of Ccré results in a marked bone
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Fig. 1. Effect of Ccr6 loss on bone mass. (A-H) Femora obtained from 3-, 6-, and 12-week-old female Ccr6” and wild-type (WT,

) mice were analyzed by

quantitative wCT analysis. (A) Representative images of trabecular bone. (B) Trabecular bone volume/tissue volume (BV/TV). (C) Trabecular number
(Tb.N). (D) Trabecular thickness (Tb.Th). (E) Trabecular separation (Tb.Sp). (F) Representative images of cortical bone. (G) Cortical BV/TV. (H) Cortical
thickness (Ct.Th). (I-L, N, O) Histomorphometric analysis of the distal femur was conducted in 8-week-old female Ccr6” and WT mice. (/) Osteoblast
number (Ob.N)/bone length. (J) Osteoid volume/tissue volume (OV/TV). (K) Osteoid surface/bone surface (OS/BS). (L) Osteoid thickness (O.Th). (N) Mineral
apposition rate (MAR). (O) Osteoclast number (Oc.N)/bone length. (M, P) Protein levels of osteocalcin and CTX-l in the serum of 8-week-old Cer6” and WT
mice were determined by ELISA. Data are reported as the mean + SEM. For A-P, n > 8/age group. *p < 0.05; **p < 0.01; ***p < 0.001.

B 4 DOUCETETAL.

Journal of Bone and Mineral Research



phenotype characterized by reduced trabecular bone volume and
decreased osteoblast numbers.

Expression of CCL20 and CCR6 increases during
osteoblast differentiation

To elucidate the contribution of CCL20/CCR6 signaling toward
the low-bone phenotype observed in Ccr6”” mice, we first
examined the expression of CCL20 and CCRé6 in cells regulating
bone formation and homeostasis. Expression of CCR6 was
detected at similar levels in bone marrow macrophages (BMM), a
common source of osteoclast precursors, before and after
differentiation in the presence of M-CSF and RANKL, whereas
CCL20 expression was not detectable in either condition
(Fig. 2A). Albeit at low levels, CCL20 and CCR6 were
both expressed in bone marrow stromal cells (BMSC), a common
source of osteoblast, chondrocyte, and adipocyte precursors.
Notably, levels of CCL20 and CCR6 increased significantly after
differentiation of BMSC toward the osteoblast lineage (Fig. 2B),
beginning early in the differentiation process and escalating
toward maturity (Fig. 2C-E). In contrast, little to no change in
CCL20 or CCR6 expression occurred after differentiation toward
the chondrocyte or adipocyte lineages (Fig. 2B). Correspond-
ingly, CCL20 and CCR6 protein was readily detected in
osteoblasts residing in the murine femur by immunohistochem-
ical (IHC) analysis, whereas levels in bone marrow, osteocytes,
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and chondrocytes were low/absent (Fig. 2F, G). In aggregate,
these data indicate that CCL20 and CCR6 are present in both
developing and mature osteoblast populations, increasing
during differentiation.

CCR6 is coupled to Ga; and Goyg in osteoblasts

CCR6 is a seven-transmembrane domain receptor reportedly
coupled to Ga; in intestinal epithelial cells and Gog in natural
killer cells;*® however, its signaling in osteoblasts has not been
explored. Thus, we next examined whether CCR6 acts as a
functional G protein—coupled receptor (GPCR) in osteoblasts.
Because Gas and Ga; signaling are known to activate and
inhibit the cyclic adenosine monophosphate (cCAMP)-generating
enzyme adenylate cyclase, respectively, we began by examining
the ability of CCL20 to modulate cAMP levels. BMSC obtained
from WT mice were cultured in osteogenic media to generate
mature osteoblasts. Upon treatment with forskolin, a potent
stimulator of cAMP production, cAMP levels were significantly
induced (Fig. 3A). Consistent with signaling through G,
CCL20 inhibited the induction of cCAMP by forskolin. Moreover,
the inhibitory effect of CCL20 on cAMP levels was reversed by
pertussis toxin, a known antagonist of Ga; signaling. Because
many GPCRs are capable of activating more than one Ga
subtype, we next examined the ability of CCL20 to activate Go,.
To accomplish this task, we focused on the PI3K-AKT pathway, a
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Fig. 2. Expression of CCL20 and CCR6 in bone cells. (A) BMM were cultured in the presence or absence of M-CSF/RANKL. (B—E) BMSC were cultured in the
presence or absence of (B-E) osteogenic, (B) adipogenic, or (B) chondrogenic media. (A-C) CCL20 and CCR6 mRNA expression was determined by
gRT-PCR.ND = not detected. (D) Protein levels of CCR6 in total cell lysates were determined by Western analysis. Representative blot from 2 independent
experiments. (E) Protein levels of CCL20 in conditioned media were determined by ELISA. Data for A-C and E are representative of >3 independent
experiments, n=3. Data are reported as the mean+ SEM. **p < 0.01; ***p < 0.001. (F) CCL20 expression in murine femora was determined by
immunohistochemical staining, n = 3. Proteins were identified using DAB (brown) and visualized by light microscopy (x200). (G) CCR6 and osteocalcin
(OC) expression in murine femora was determined by immunofluorescent labeling with red and green fluorophores, respectively, and presented as
individual and composite images (yellow = co-localization of CCR6 and osteocalcin in osteoblasts) obtained by fluorescence microscopy (x200), n = 3.
Ob = osteoblast; C = chondrocyte; BM = bone marrow; red arrowheads = osteocytes.
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Fig. 3. Ability of Cc/20 to activate G protein signaling in osteoblasts. (A) Murine osteoblasts were cultured in the presence or absence of 1 M forskolin
(FSK), 100 ng/mL CCL20, and 100 ng/mL pertussis toxin (PTX). Protein levels of CAMP were determined by ELISA. Data are representative of 3 independent
experiments, n = 3, and are reported as the mean + SEM. *p < 0.05; **p < 0.01. (B) Murine osteoblasts were cultured in the presence or absence of CCL20
(100 ng/mL) and PTX (100 ng/mL). Levels of phosphorylated (p) and total AKT were determined by Western analysis. Representative blot from

3 independent experiments.

downstream target of Gay, as well as the GB+y subunit released
upon Ga; activation. Stimulation of osteoblasts with CCL20
resulted in phosphorylation of AKT, indicating induction of the
PI3K-AKT pathway (Fig. 3B). Because Gayg signaling is insensitive
to pertussis toxin, unlike Go;, we determined whether pertussis
toxin could inhibit CCL20-induced AKT phosphorylation. In
contrast to its effects on CCL20-mediated repression of cAMP
levels, pertussis toxin did not inhibit the phosphorylation of AKT
by CCL20, indicating activation of Gag. Overall, these data
indicate that CCR6 is a functional GPCR in osteoblasts, coupled
to both Ga; and Gay,.

Ccr6 loss delays osteoblast maturation

Because CCL20 and CCR6 are co-expressed in the osteoblast
lineage, both autocrine and paracrine signaling events could
contribute to the decreased osteoblast numbers and trabecular
bone volume observed in Ccr6” mice. Investigating potential
autocrine actions, we first examined the effect of Ccr6 loss on the
proliferation and differentiation of osteoblast precursors. To
determine whether Ccr6 loss affected the growth rate of
osteoblast precursors, BMSC from Ccr6”" and WT mice were
cultured in complete media and proliferation was assessed over
96 hours. As measured by MTS assay, no difference in the growth
rate of Ccr6”” BMSC was observed relative to WT BMSC (Fig. 4A).
Next, we examined the effect of Ccr6 loss on the number of BMSC
contained within the bone marrow. Equivalent cell densities of
Ccr6” and WT bone marrow were cultured in complete media
and colony formation was assessed after methylene blue staining.
As observed in Fig. 4B, an equal number of colonies formed in
cultures of Ccr6” and WT bone marrow, suggesting that Ccr6 loss
does not affect the number of BMSC present.

Lastly, we examined whether Ccr6 loss impacts the osteogenic
potential of BMSC. After culture of Ccr6”” and WT bone marrow
in osteogenic media to promote differentiation toward the
osteoblast lineage, a significant reduction in alkaline phospha-
tase-positive colony formation was observed in Ccr6” versus WT
cultures (Fig. 4B), indicating a potential delay in osteoblast
maturation. To examine the rate of osteoblast maturation, equal
numbers of Ccr6”" and WT BMSC were cultured in osteogenic

media and matrix mineralization was assessed at various time
points along with the expression of genes regulating and
demarcating osteoblast differentiation. Although matrix miner-
alization occurred in both Ccr6”” and WT BMSC cultures, a
significant delay was observed in Ccr6” cultures at 10 days post
differentiation by alizarin red staining (Fig. 4C). Correspondingly,
expression of Runx2 and osterix, two central regulators of
osteoblast differentiation, was significantly delayed in Ccré6”
versus WT cultures beginning 4 days post differentiation and
continuing through day 10 (Fig. 4D). Further, the delay in Runx2
and osterix expression in Ccr6”” cultures was accompanied by
similar delays in the expression of the osteoblast marker genes
alkaline phosphatase, bone sialoprotein, type | collagen, and
osteocalcin (Fig. 4D). Collectively, these data indicate that
osteoblast maturation is delayed by the absence of Ccr6,
consistent with the reduced osteoblast numbers and trabecular
bone volume observed in Ccr6”” mice.

CCL20/CCR6 signaling promotes osteoblast survival

In addition to their ability to stimulate chemotaxis, homeostatic
chemokines such as CCL20 have been reported to increase
survival in various cell types.?>*¥ Continuing our investigation
of autocrine CCL20/CCR6 signaling events with the potential to
impact osteoblast numbers, we assessed the ability of CCL20 to
promote osteoblast survival. After culture under starvation
conditions, osteoblasts derived from both Ccr6”~ and WT mice
underwent apoptosis as evidenced by increased levels of
cleaved caspase-3 (Fig. 5A). Notably, CCL20 treatment of WT
osteoblasts prevented apoptosis as cleavage of caspase-3 was
markedly reduced relative to untreated cells. In contrast,
treatment with CCL20 did not provide any protective effect in
osteoblasts from Ccr6”" mice where cleaved caspase-3 levels
were similar to that observed in untreated cells. Consistent with
the observed anti-apoptotic effect, treatment of WT osteoblasts
with CCL20 resulted in PI3K-AKT activation as evidenced by
increased phosphorylation of PI3K and AKT, whereas no
activation was observed in osteoblasts derived from Ccré6”
mice (Fig. 5B). Given the known role of PI3K-AKT signaling
in regulating survival, these findings suggest that CCL20 may
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Fig. 4. Effect of Ccr6 loss on osteoblast development. (A) BMSC were isolated from bone marrow, cultured in complete media, and proliferation was
assessed by MTS assay. (B) Bone marrow was plated at clonal density in complete or osteogenic media. Colony formation was examined by
visualization (left) and quantification (right) of methylene blue dye (MBD) and alkaline phosphatase (ALP) staining for the determination of BMSC
quantity and osteogenic potential, respectively. NS =not significant. (C, D) BMSC were cultured in osteogenic media and differentiation was
examined by (left) visualization and (right) quantification of alizarin red staining and (D) by assessment of osteoblast marker gene expression via
gPCR. Data for A-D are representative of >3 independent experiments, n=3. Data are reported as the mean +SEM. *p < 0.05; **p < 0.01;
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Fig. 5. Effect of CCL20 on osteoblast survival. (A) Murine osteoblasts were
cultured in the presence or absence of CCL20 (100 ng/mL) under starvation
or non-starvation conditions. Protein levels of cleaved caspase-3 in total cell
lysates were determined by Western analysis. (B) Murine osteoblasts were
cultured under starvation conditions and subsequently stimulated with
CCL20 (100 ng/mL). Cells were harvested at various time points and levels of
phosphorylated (p) and total PI3K and AKT were determined by Western
analysis. Data for A, B are representative of 3 independent experiments.

exert a protective effect on osteoblasts, mediated though the
activation of AKT.

CCL20/CCR6 signaling promotes recruitment of
osteoblast-supporting cells

Because osteoblasts appear to be a significant source of
CCL20 in the bone environment (Fig. 2F) and CCL20 is known
to exert chemotactic effects in a variety of cell types, we also
examined the possibility that the reduced osteoblast
numbers in Ccr6”” mice were in part owing to the ability of
osteoblast-derived CCL20 to recruit supporting cells through
paracrine actions. CCR6 is expressed on several cell types
commonly found in the bone marrow environment, including
macrophages and T cells. Given the reported ability of BMM
and T cells to facilitate osteoblast differentiation and
survival,®*" we examined the ability of CCL20 to promote
the recruitment of these cells. BMM or T cells isolated from
Ccr6” and WT mice were plated in the top chamber of
transwell filter units, whereas CCL20, osteoblasts, or osteo-
blast-conditioned media were placed in the lower chamber.
CCL20 induced migration of both WT BMM and T cells,
whereas Ccr6” cells were unaffected (Fig. 64, B). Supporting a
role for osteoblast-derived CCL20 in this process, although
the presence of osteoblasts or osteoblast-conditioned media
in the lower chamber stimulated migration of BMM and T cells
from both WT and Ccr6”" mice, recruitment of Ccr6” cells
was significantly inhibited relative to WT cells. Taken
together, these data indicate that CCL20, among other
factors produced by osteoblasts, has the ability to stimulate
the recruitment of BMM and T cells, representing another
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potential event contributing to the reduced osteoblast
numbers and trabecular bone volume observed in Ccr6”
mice.

Global deletion of Cc/20 reduces trabecular bone mass

To this point, the principal findings of our study have stemmed
from observations made using Ccr6”” mice. Operating under the
premise that CCL20 and CCR6 interact in a monogamous
fashion, it is presumed that these results were attributable to the
loss of CCL20 signaling. Although this is generally supported by

the literature, it remained possible that our results were
reflective of signaling initiated by non-chemokine or as yet
undiscovered ligands of CCR6.2? To address this possibility,
we generated mice harboring a global deletion of Ccl20
and examined their skeletal phenotype relative to age- and
sex-matched WT littermate control mice by quantitative pCT
analysis. Similar to our observations in Ccr6”” mice, femora of
female Ccl20” mice demonstrated a greater than 45%
reduction in trabecular bone volume at 3 weeks of age that
was maintained at 6 and 12 weeks relative to WT controls
(Fig. 7A, B). Further, the decrease in trabecular bone volume was
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Fig. 7. Effect of Cc/20 loss on bone mass. (A-H) Femora obtained from 3-, 6-, and 12-week-old female Ccl20”" and wild-type (WT) mice were analyzed by
quantitative wCT analysis. (A) Representative images of trabecular bone. (B) Trabecular bone volume/tissue volume (BV/TV). (C) Trabecular number
(Tb.N). (D) Trabecular thickness (Tb.Th). (E) Trabecular separation (Tb.Sp). (F) Representative images of cortical bone. (G) Cortical bone volume/tissue
volume (BV/TV). (H) Cortical thickness (Ct.Th). Data are reported as the mean + SEM. n > 8/age group. *p < 0.05; **p < 0.01.
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Fig. 8. Effect of Ccl20 loss on osteoblast development. BMSC were
cultured in osteogenic media and differentiation was examined by (left)
visualization and (right) quantification of alizarin red staining. Data are
representative of 2 independent experiments, n = 3. Data are reported
as the mean + SEM. *p < 0.05; ***p < 0.001.

coincident with significant decreases in trabecular number and
thickness, along with a significant increase in trabecular
separation (Fig. 7C-E). Although cortical bone volume was
reduced at 3 weeks of age, this difference was not maintained
because no differences in either cortical bone volume or
thickness were observed at 6 or 12 weeks (Fig. 7F-H), consistent
with observations in Ccr6” mice. Also similar to Ccr6”" mice,
Ccl20”" mice did not demonstrate any differences in animal size
or femur length, and comparable results were obtained in male
animals (Supplemental Fig. S3). Moreover, BMSC isolated from
Ccl20”" mice demonstrated delayed osteoblast maturation in
vitro (Fig. 8). Collectively, these data demonstrate that Ccl20”
mice exhibit reduced trabecular bone volume akin to that
observed in Ccr6”" mice, indicating that this phenomenon is
regulated by CCL20 signaling through CCR6.

Discussion

The goal of the present study was to gain insight into the role of
the CCL20/CCR6 axis in the accrual of bone mass. We
demonstrated for the first time to our knowledge that deletion
of Ccr6 in mice results in a significant reduction in trabecular
bone volume, likely secondary to a decrease in osteoblast
numbers. The lower osteoblast numbers together with
unchanged mineral apposition rate observed in Ccr6” versus
WT mice suggests impairment in osteoblast maturation rather
than osteoblast function. This was further supported by in vitro
studies revealing delays in the differentiation of Ccr6”” versus WT
osteoblast progenitors, with no apparent effect on their quantity
in bone marrow or proliferation rate. Further, the reduced
trabecular bone volume in Ccr6” mice does not appear to be
related to changes in bone resorption as neither osteoclast
number or activity was elevated. Recently, the anti-microbial
peptide B-defensin 2 has been reported to be a non-chemokine
ligand for CCR6, calling into question the involvement of CCL20
in various CCR6 functions.®? Importantly, we also found that the
reduced trabecular bone volume observed in Ccr6”" mice was
recapitulated in Ccl20” mice, confirming that this bone
phenotype was the product of disrupting CCL20/CCR6 signaling.
To our knowledge, this represents the first in vivo evidence that
loss of CCL20 can “phenocopy” the loss of CCR6, although

further studies are needed to confirm this relationship
with respect to other functions attributed to the CCL20/CCR6
axis (eg, immune response).

Although the ultimate mechanism responsible for the
low-bone phenotype observed in Ccr6” and Ccl20” mice is
yet to be determined, our studies indicate that osteoblasts are a
significant source of CCL20 in the bone environment and that
CCR6 is present in both developing and mature osteoblast
populations, highlighting the potential of osteoblast-initiated
CCL20/CCR6 signaling to contribute through both autocrine and
paracrine actions. Supporting potential autocrine effects, we
provide evidence that CCR6 acts as a functional G protein-
coupled receptor in osteoblasts and promotes osteoblast
differentiation and survival. With respect to potential paracrine
effects, CCR6 expression has been reported in various immune
cells found within the bone environment, and CCL20 has been
shown to stimulate chemotaxis in these cells.”~” Our data
indicate that osteoblasts are able to recruit both BMM and
T cells, at least in part through CCL20/CCR6 signaling. Given the
reported ability of BMM and T cells to promote osteoblast
differentiation and survival,?®?°33  diminished recruitment
of these immune cells may also contribute to the observed
low-bone phenotype. Given the multitude of possible signaling
events and cell types involved, conditional deletion of Cc/20 and
Ccr6in specific cell lineages will be important to fully establish the
mechanisms responsible for the reduced trabecular bone mass
and osteoblast numbers occurring in Ccr6”” and Ccl207 mice.

Given that several studies have reported a potential role for
MIP family members (eg, CCL3, CCL15), including CCL20, in
mediating pathological bone loss by promoting osteoclast
formation,"*' our discovery that loss of CCL20/CCR6 signaling
results in reduced trabecular bone mass may appear surprising.
However, most of the aforementioned studies were centered on
inflammation-related disease models (eg, rheumatoid arthritis,
cancer) and focused largely on the ability of MIP family members
to recruit immune cells under inflammatory conditions, whereas
detailed in vivo studies examining the homeostatic role of these
factors in bone formation and maintenance are lacking. Our data
indicate that CCL20/CCR6 signaling may play an important role
in fostering bone accrual, possibly by promoting osteoblast
development and survival, representing a novel homeostatic
function for this chemokine/receptor pair. These findings may
not only apply to bone development and homeostasis but to
fracture healing as well, suggesting further study in this area is
warranted. Advantageously, the monogamous interaction
between CCL20 and CCR6 makes the CCL20/CCR6 axis an
attractive therapeutic target, increasing the translational
potential of this line of investigation.
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