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FLSs support pseudoemperipolesis [21]. Our results in-
dicate that LPA upregulated the expression of VCAM
and ICAM on RA FLSs, which was blocked by the LPA,
antagonist. Thus, LPA may enhance pseudoemperipolesis
via the upregulation of VCAM and ICAM expression on
RA FLSs through LPA;. Interestingly, CXCL12 produc-
tion by RA FLSs was not altered by LPA simulation.
Stimulation of lymphocytes by LPA via LPA; may also
contribute to the enhanced pseudoemperipolesis. In this
regard, it has been reported that LPA induced chemo-
kinesis in T cells [25] and lymphocyte transmigration
through high endothelial venules [26,27]. Further studies
are needed to clarify the effects of LPA-LPA, signaling for
the lymphocytes on pseudoemperipolesis.

The hyperplastic rheumatoid pannus is characterized
by an overabundance of FLSs [2]. This cellular excess
stems largely from an imbalance between the prolifera-
tion and apoptosis of FLSs [2]. The migration of RA
FLSs may also contribute to pannus formation [2]. Our
results show that LPA induced the proliferation and mi-
gration of FLSs, which was inhibited by the LPA; antag-
onist. Moreover, in a recent study, researchers reported
that LPA suppressed tumor necrosis factor~induced
apoptosis on RA FLSs via LPA; [28]. Therefore, it is
suggested that the LPA-LPA; signaling also contributed
to the cellular excess and migration of FLSs in the RA
synovium.

In this study, we show that there are important roles
of LPA-LPA; signaling on RA FLS stimulation. How-
ever, the effects of LPA signals via LPA,_g remain un-
clear, although RA FLSs also expressed LPA,_g. Further
studies are warranted to elucidate the roles of LPA,_¢
in LPA stimulation of FLSs by using each of the LPA
receptor—specific antagonists or FLSs from each LPA
receptor—deficient mouse.

It was shown that conditional genetic ablation of ATX,
which generates LPA via hydrolysis of lysophosphatidyl-
choline, in mesenchymal cells resulted in disease attenu-
ation in animal models of arthritis [12]. We have also
found that LPA; is essential for the development of arth-
ritis in collagen-induced arthritis [15]. The ATX~LPA~
LPA; axis may play an important role in the development
of arthritis.

Conclusion

Our study suggests that LPA-LPA, signaling in FLSs may
contribute to the pathogenesis of RA by inducing prolifera-
tion, production of inflammatory mediators, pseudoemper-
ipolesis and migration on RA FLSs. Thus, LPA; could be a
promising therapeutic target-for RA.
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Macrophage-Derived Delta-like Protein 1 Enhances
Interleukin-6 and Matrix Metalloproteinase 3
Production by Fibroblast-like Synoviocytes
in Mice With Collagen-Induced Arthritis

Chiyoko Sekine,' Toshihiro Nanki,> and Hideo Yagita®

Objective. We previously reported that blockade
of the Notch ligand delta-like protein 1 (DLL-1) sup-
pressed osteoclastogenesis and ameliorated arthritis in
a mouse model of rheumatoid arthritis (RA). However,
the mechanisms by which joint inflammation were sup-
pressed have not yet been revealed. This study was
undertaken to determine whether DLL-1 regulates the
production of RA-related proinflammatory cytokines.

Methods. Joint cells from mice with collagen-
induced arthritis (CIA) and mouse fibroblast-like syno-
viocytes (FLS) were cultured with or without stimuli in
the presence of neutralizing antibodies against Notch
ligands, and the production of proinflammatory cyto-
kines was determined by enzyme-linked immunosorbent
assay. The expression of Notch receptors and ligands on
mouse joint cells was determined by flow cytometry.

Results. The production of interleukin-6 (IL-6)
and granulocyte-macrophage colony-stimulating factor
(GM-CSF) by mouse joint cells with or without stimu-
lation was suppressed by DLL-1 blockade. DLL-1
blockade also suppressed the levels of IL-6 and matrix
metalloproteinase 3 (MMP-3) in the joint fluid in a
mouse model of RA. However, the production of tumor
necrosis factor a and IL-18 was not suppressed by
DLL-1 blockade. The production of IL-6 and MMP-3 by
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mouse FLS was enhanced by DLL-1 stimulation as well
as Notch-2 activation. Among joint cells, DLL-1 was not
expressed on mouse FLS but was expressed on macro-
phages.

Conclusion. These results suggest that the inter-
action of DLL-1 on mouse joint macrophages with
Notch-2 on mouse FLS enhances the production of 1L-6
and MMP-3. Therefore, suppression of IL-6, GM-CSF,
and MMP-3 production by DLL-1 blockade might be
responsible for the amelioration of arthritis in a mouse
model of RA.

Rheumatoid arthritis (RA) is a chronic auto-
immune disease characterized by joint inflammation and
synovial hyperplasia leading to joint destruction. At the
site of inflammation, inflammatory cells, such as T cells,
B cells, macrophages, and neutrophils, are recruited
and further activated. These cells also activate joint cells,
including fibroblast-like synoviocytes (FLS), chondro-
cytes, and osteoclasts, which increase inflammation and
induce cartilage degradation and bone erosion (1).

The intimal lining of the synovium is composed
of macrophage-like synoviocytes (type A synoviocytes)
and FLS (type B synoviocytes) in relatively equal pro-
portions. Macrophage-like synoviocytes express markers
similar to other tissue resident macrophages, such as
CD11b, CD68, CD14, and class II major histocompati-
bility antigens. They have little capacity to proliferate.
FLS are mesenchymal cells that display many character-
istics of fibroblasts and secrete proteins critical for joint
lubrication, including hyaluronan and lubricin.

The synovium plays a key role in the pathogenesis
of RA. Highly activated macrophage-like synoviocytes
and FLS interact with each other directly and through
the secretion of mediators that contribute to the perpet-
uation of synovitis and destruction of the extracellular
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matrix (1,2). The macrophage-like synoviocytes produce
proinflammatory cytokines, chemokines, and growth
factors, while the activated hyperplastic FLS augment
destructive inflammation by producing cytokines, pros-
taglandins, proteases, and cartilage-degrading enzymes.
Actually, these mediators are dominated in RA syno-
vium, and FLS are the primary source of interleukin-6
(IL-6) and matrix metalloproteinases (MMPs) in RA.
Moreover, FLS in RA exhibit unique aggressive features
and exacerbate joint damage by invading the bone
matrix of the rheumatoid joint.

It is well established that tumor necrosis factor «
(TNFa) and IL-6 play dominant roles in the pathobiol-
ogy of RA (1). IL-1 also has a significant impact on the
disease process. Therapeutic use of agents that inhibit
TNFa, IL-6, or IL-1 ameliorates inflammation and joint
destruction in RA. Collagenases (MMP-1 and MMP-13)
and stromelysin (MMP-3) are also important for the
degradation of cartilage in RA (2). Their synthesis and
activation are induced by various factors, including
proinflammatory cytokines and Toll-like receptor li-
gands.

The Notch pathway is known to regulate cell fate
decision and differentiation during embryonic and post-
natal development (3). Notch is conserved across spe-
cies, and 4 mammalian Notch receptors (Notch-1,- 2, -3,
and -4) have been identified. Notch ligands of the
delta-like protein (DLL) and Jagged families (DLL-1,
DLL-4, Jagged-1, and Jagged-2) are transmembrane
proteins, and the extracellular domain contains the
Delta/Serrate/Lag-2 domain that is required for their
interaction with Notch receptors. Jagged-1 and Jagged-2
contain an additional cysteine-rich domain. Receptor—
ligand engagement triggers the cleavage of Notch re-
ceptor extracellular domain, which facilitates a cleav-
age within the Notch transmembrane domain by a
y-secretase. This leads to release of the Notch intracell-
ular domain (ICD) from the membrane, and the re-
leased Notch ICD translocates to the nucleus to drive
the expression of Notch target genes (3,4).

The importance of Notch receptors in osteoclast
differentiation has been reported, and we previously
found that DLL-1 promoted osteoclastogenesis via
Notch-2, and that Jagged-1 suppressed osteoclastogen-
esis via Notch-1 in both mice and humans (5). We also
demonstrated that DLL-1 blockade reduced the number
of osteoclasts in the affected joints in a mouse model of
RA and suppressed ovariectomy-induced bone loss in
mice (5). In addition, the arthritis score and histologic
examination of joint sections indicated the amelioration
of arthritis by DLL-1 blockade in a mouse model of RA,
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suggesting that DLL-1 contributes to inflammation in
the joint.

Tnvolvement of Notch-1 in the TNFa-induced
proliferation of RA synoviocytes has been demonstrated
(6). Notch has also been implicated in vascular endothe-
lial growth factor/angiopoietin 2-induced angiogenesis
and the production of IL-6, IL-§, MMP-2, and MMP-9
in RA synovium (7,8). It has also been shown that
Notch signal inhibitors suppressed IL-6 production by
TNFa-stimulated FLS and by lipopolysaccharide (LPS)/
interferon-y (IFNvy)-stimulated macrophages (9,10).
Notch signaling has also been implicated in cytokine
production by dendritic cells and T cells (11,12). There-
fore, DLL-1 could modulate the production of inflam-
matory cytokines in the mouse model of RA, underlying
the suppression of joint inflammation by DLL-1 block-
ade demonstrated in our previous study (5). In the
current study, we investigated whether DLL-1 regulates
RA-related cytokine production in the joints in a mouse
model of RA.

MATERIALS AND METHODS

Mice. Seven-week-old male DBA/1 mice were pur-
chased from Charles River. Collagen-induced arthritis (CIA)
was induced by immunization with 150 pg of bovine type II
collagen (Collagen Research Center) emulsified with Freund’s
complete adjuvant (Difco) on day 0 and day 21. Eight weeks
after the second immunization, peripheral blood (PB), spleen,
bone marrow (BM), and joint cells were prepared and used
for experiments. Mice with CIA were injected intraperito-
neally with 0.25 mg of HMD1-5 or control hamster IgG twice
a week for 2 weeks. Treatment was begun on day 21. Arthritis
was assessed clinically by visual scoring using a scale of 0-4
as previously described (5). All animal experiments were
approved by the Juntendo University Animal Experimental
Ethics Committee.

Cell preparation. Mouse joint cells were prepared
from the hind legs of mice with CIA 8 weeks after the second
immunization, as previously described (13). Briefly, the skin
was removed from the hind legs, soft tissue and tendons were
cleaned as possible, and bones were then separated at the hip
joint without damaging the bones, to avoid contamination with
BM cells. The knee and ankle tendons were dissected in
phosphate buffered saline containing 0.5 mg/ml of collagenase
(Wako) to open up the joint cavity, then incubated at 37°C for
1 hour. Joint cells were pipetted from the knee and ankle joint
spaces and subjected to red blood cell lysis.

To establish mouse FLS as previously described (14),
joint cells prepared as described above were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Wako) con-
taining 10% fetal bovine serum (FBS; JRH Biosciences). Joint
cells other than mouse FLS, including synovial macrophages,
have a limited lifespan in vitro and rarely survive more than a
few weeks in culture. Cells beyond the third passage were
CD45-negative (99%). Cells from passages 6-11 were used.
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Femoral BM cells from mice with CIA were cultured
with 50 ng/ml of recombinant mouse macrophage colony-
stimulating factor (M-CSF; Wako) in o-minimum essential
medium (Wako) containing 10% FBS for 8 days and used as
BM-derived macrophages (BMMs).

Antibodies. Generation and characterization of ham-
ster IgG monoclonal antibodies (mAb) specific for mouse
Notch-1 (HMN1-12), Notch-2 (HMN2-29), Notch-3 (HMN3-
133), Notch-4 (HMN4-14), DLL-1 (HMD1-5), DLL-4
(HMD4-2), Jagged-1 (HMJ1-29), and Jagged-2 (HMJ2-1)
have been described previously (15,16). The stimulating ac-
tivity of the antireceptor mAb and the blocking activity of
the antiligand mAb have been verified in vitro and in vivo
(5,15,16). Fluorescein isothiocyanate (FITC)- or phyco-
erythrin (PE)-labeled mAb against mouse CD45 (30-F11),
PerCP-CyS.5-labeled mAb against mouse CD11b (M1/70),
allophycocyanin-labeled mAD against mouse F4/80 (BM8), and
PE-conjugated streptavidin were obtained from eBioscience.
FITC-labeled mAb against mouse Ly6G (1A8) was from BD
Bioscience. Antibodies against cleaved Notch-1 (Val1744) and
a-tubulin (11H10) were purchased from Cell Signaling Tech-
nology. Antibody specific for Notch-2 ICD (411801) was from
R&D Systems.

Reagents. The y-secretase inhibitor DAPT was pur-
chased from Calbiochem and used at 10 uM. Recombinant
mouse TNFa and IL-18 were purchased from Wako and used
at 10 ng/ml. Recombinant mouse IFNy (Wako) was used at
50 ng/ml, and LPS (Sigma) was used at 10 ng/ml.

Flow cytometry. Multicolor staining was conducted
using combinations of the indicated mAb as previously described
(16). The cells were analyzed on a FACSCalibur system and
analyzed with CellQuest software (both from BD Biosciences).

Cell culture. Mouse joint cells (3 X 10%/ml) or mouse
FLS (5 X 10%ml) were cultured in DMEM containing 10%
FBS in the presence of the indicated reagents. Cytokine
concentrations in the culture supernatant were measured using
a specific enzyme-linked immunosorbent assay (ELISA) kit
according to the protocols recommended by the manufacturers
(OptEIA for TNFq, IL-18, and IL-6 [BD Biosciences] and
Quantikine for MMP-3 and GM-CSF [R&D Systems]). Cell
viability was accessed by water-soluble tetrazolium 8 assay
using Cell Counting Kit 8 (Dojin).

Chinese hamster ovary (CHO) cells and mouse
DLL-1-, DLL-4-, Jagged-1-, or Jagged-2-transfected cells
(15) were fixed with 1% paraformaldehyde, then used as
stimulators. Mouse FLS were cultured with 10 uM DAPT or
control DMSO for 2 hours, then paraformaldehyde-fixed
CHO transfectants were added in the presence or absence of
10 ng/ml LPS. Cytokine concentrations in the culture superna-
tant after 24 hours were measured by ELISA as described
above.

To purify joint macrophages, CD11b+ cells were
sorted from the joint cells of mice with CIA using CD11b
MicroBeads (Miltenyi Biotec). These CD11b+ joint macro-
phages (3 X 10°/ml) were cultured with mouse FLS (5 X
10%ml) for 24 hours, and cytokine concentrations were ana-
lyzed as described above. BMMs, developed as described
above, were stimulated with IFNy for 24 hours and then
cultured with mouse FLS for 24 hours. Cytokine concentra-
tions were analyzed as described above.

Joint fluid collection. Serum from arthritic K/BxN mice
(100 wl) was injected into the peritoneal cavity of C57BL/6
mice on day 0 and day 2 to induce arthritis. Anti-mouse DLL-1
mAb (HMD1-5) or control hamster IgG (eBioscience) was
administrated intraperitoneally twice a week, beginning on day
3. Arthritis scores and hematoxylin and eosin staining of the
arthritic joints have been described previously (5). Thirteen
days after serum transfer, the knee joints were opened from
the patellar tendon and washed in 500 pl of complete medium,
and incubated for 1 hour at room temperature to allow the
elution of cytokines, as previously described (17). Supernatants
were then removed and stored at —20°C until assayed. Joint
fluid from mice with CIA was collected 36 days after immuni-
zation.

Immunohistochemistry. Joint cell suspensions were
centrifuged onto glass cytospin slides, fixed with acetone, and
then incubated with 2.5 ug/ml of rat anti-mouse 1L-6 mAb
(MPs-20F3; BD Bioscience) for 2 hours. They were then
incubated with biotinylated antibody against rat immunoglob-
ulins (DakoCytomation), and Alexa Fluor 594-labeled strepta-
vidin (Molecular Probes) was used for detection. They were
further incubated with FITC-labeled mAb to CD11b, then
Alexa Fluor 488-labeled anti-FITC (Molecular Probes) was
used as secondary antibody. DAPI was used for nuclear
counterstain. Fluorescent images were acquired on a micro-
scope (Eclipse TE300; Nikon) equipped with a digital camera
(C10600-10B; Hamamatsu Photonics) and processed using
AquaCosmos (Hamamatsu Photonics).

Paraffin-fixed joint tissue sections from mice with
K/BxN serum-induced arthritis (described above) were depar-
affinized, pretreated in Liberate Antibody Binding Solution
(Polysciences) for 5 minutes, and incubated with 2.5 pg/ml
of biotin-labeled HMD1-5. A Catalyzed Signal Amplification
System and peroxidase (DakoCytomation) were used for de-
tection. Color was developed with diaminobenzidine, whereas
the sections were counterstained with hematoxylin. Images
were acquired on a microscope (Eclipse E800M; Nikon)
equipped with a digital camera (DS-Filc; Nikon) and pro-
cessed using DS-L2 (Nikon). For fluorescence immuno-
histochemistry, HMD1-5 was detected using a Tyramide
Signal Amplification Kit (PerkinElmer). To detect FITC-
labeled mAb to CD11b, Alexa Fluor 488-labeled anti-FITC
(Molecular Probes) was used as a secondary antibody. For
staining CD248 (Abnova), biotinylated anti-rabbit IgG (Dako)
was used as a secondary antibody and detected by Alexa Fluor
594-labeled streptavidin (Molecular Probes). Fluorescent im-
ages were acquired as described above.

Reverse transcriptase—polymerase chain reaction (RT-
PCR). Total RNA was isolated using TRIzol reagent (Life
Technologies) and was reverse-transcribed to complementary
DNA with oligo(dT) and SuperScript RT (Invitrogen). PCR
consisted of 35 cycles of 45 seconds at 94°C, 1 minute at 58°C,
and 1 minute at 72°C. The primers have been described
previously (5).

Immunoblotting. Immunoblotting was performed as
previously described (5). Briefly, mouse FLS were lysed in
whole cell lysis buffer (20 mM HEPES, pH 7.8, 420 mM NaCl,
0.5% Nonidet P40, 25% glycerol, 0.2 mM EDTA, 1.5 mM
MgCl,, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluo-
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ride, and complete protease inhibitors) (Roche). The lysates
were subjected to sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and transferred to PVDF membranes. These
membranes were incubated with primary antibody, and then
with horseradish peroxidase—conjugated secondary antibodies.
The immunoreactive proteins were visualized using ECL
Prime (GE Healthcare).

RNA interference. Small interfering RNAs (siRNAs)
targeting mouse Notch-1 or Notch-2 and scrambled nega-
tive control siRNA were purchased from OriGene. Each
siRNA was transfected into mouse FLS using Metafectene Pro
(Biontex). Cell surface expression was analyzed by flow cytom-
etry to validate the silencing of Notch-1 or Notch-2.

Statistical analysis. All comparisons between 2 groups
were analyzed using Student’s unpaired ¢-test. P values less
than 0.05 were considered significant.

RESULTS

Mouse joint cell populations. Joint cells were
prepared from the arthritic hind legs of mice with CIA
as described in Materials and Methods. As shown in
Figure 1A, CD45—-CD11b— cells, which included mouse
FLS, were detected in joint cells but few were detected
in PB or BM cells. In contrast, the CD45+CD11b— cell
population, mainly CD3+B220— T and CD3-B220+ B
lymphocytes, was small in joint cells but abundant in
PB cells. In the CD45+CD11b™2" cell population,
Ly6GMe"F4/80— neutrophils were detected in similar
percentages in joint, PB, and BM cells. While joint cells
had Ly6Gintermediatepg gohieh tissue-resident macro-
phages, PB and BM cells had Ly6G—F4/g0intermediate
monocyte-lineage cells in the CD45+CD11b"" com-
partment. As expected, the number of joint cells ob-
tained from normal mice was 14 times lower than that
obtained from mice with CIA, and few leukocytes were
detected in normal joint cells (Figure 1B). The increase
in neutrophils was most prominent in joint cells from
mice with CIA, but the macrophage population and the
fibroblast population were also increased considerably.

DLL-1 blockade suppresses IL-6 production by
mouse joint cells. To address how the blockade of
DLL-1 suppressed joint inflammation in K/BxN serum-—
transfer arthritis (5), a mouse model of RA (18,19), we
determined the effect of DLL-1 blockade on the pro-
duction of RA-related proinflammatory cytokines in a
culture of mouse joint cells. Production of TNFa and
IL-18 was not affected by the blockade of DLL-1,
DLL-4, Jagged-1, or Jagged-2 (Figure 2A). Production
of IL-6, GM-CSF, and MMP-3 was significantly sup-
pressed by the blockade of DLL-1 but not DLL-4,
Jagged-1, or Jagged-2 (Figure 2A). The production of
IL-6, GM-CSF, and MMP-3 by mouse joint cells was
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Figure 1. Cell populations in the joints of mice with collagen-induced
arthritis (CIA). A, Flow cytometric analysis of populations of joint
cells, peripheral blood (PB), and bone marrow (BM) cells from mice
with CIA. Right panels show staining of the CD45+CD11b"&".gated
cells in the left panels. Values are the mean = SD percent of total cells
(n = 3 mice). B, Results of flow cytometric analysis of joint cell
populations from mice with CIA and normal mice. Values are the
mean = SD cell number (X 10%) per leg (n = 3 mice per group).

enhanced by stimulation with TNFa and IL-1p, and this
increase was also suppressed by DLL-1 blockade, while
cell viability was not reduced (Figure 2B). IL-6 and
GM-CSF production by LPS-stimulated mouse spleen
cells was also suppressed by DLL-1 blockade, while
TNFa and IL-1p levels were not affected (Figure 2C).
MMP-3 production from LPS-stimulated spleen cells
was not detected. These results indicate that the contri-
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Figure 2. Effects of Notch ligand blockade on inflammatory cytokine production by joint cells from mice with collagen-induced arthritis (CIA). A,
Levels of cytokines in the supernatants of joint cells from mice with CIA after 24 hours of culture with 20 ug/ml of the indicated monoclonal antibody
(mAb) (HMD1-5 [D1], HMD4-2 [D4], HMJ1-29 [J1], or HMJ2-1 [J2]) or control hamster IgG (Ham), as measured by enzyme-linked
immunosorbent assay (ELISA). B, Levels of cytokines in the supernatants of joint cells from mice with CIA after 24 hours of stimulation with tumor
necrosis factor a (TNFew) and interleukin-18 (IL-18) (10 ng/mi each) in the presence of the indicated mAb or control, as measured by ELISA. Cell
viability was analyzed by water-soluble tetrazolium 8 assay and is indicated as the stimulation index (SI). C, Levels of cytokines in the supernatants
of spleen cells from mice with CIA after 24 hours of stimulation with 10 ng/ml lipopolysaccharide in the presence of the indicated mAb or control,
as measured by ELISA. In A-C, values are the mean = SD from triplicate wells. D, Cytokines in the joint fluid of mice with K/BxN serum-induced
arthritis and mice with CIA treated with control hamster IgG or HMD1-5, as measured by ELISA. Values are the mean = SD (n = 7 mice per
group). E, Severity of arthritis, assessed by arthritis score, in mice with CIA treated with control hamster IgG or HMD1-5. Values are the mean *
SEM (n = 7 mice per group). In A-E, results are representative of 3 independent experiments. = = P < 0.05; ## = P < 0.01; #=x = P < 0.001 versus
control hamster IgG. GM-CSF = granulocyte-macrophage colony-stimulating factor; MMP-3 = matrix metalloproteinase 3.

bution of DLL-1 to IL-6 and GM-CSF production is not
specific to the mouse joint cells.

Next, we measured the levels of TNFa, IL-18,
IL-6, GM-CSF, and MMP-3 in the sera and swollen
joints of mice with K/BxN serum-induced arthritis that
were treated with anti~-DLIL-1 mAb or control IgG as
previously described (5). Although these cytokines were
undetectable in the serum on day 13, the levels of IL-6
and MMP-3, but not TNF« or IL-183, in the joints of
anti-DLL-1 mAb-treated mice were significantly lower

than those in the control IgG-treated mice (Figure 2D).
The levels of IL-6 and MMP-3 in the joint fluid of mice
with CIA were also suppressed by anti-DLI-1 mAb
treatment (Figure 2D). GM-CSF was undetectable in
the joints of these mice. In addition, in mice with CIA,
arthritis was suppressed by DLL-1 blockade (Figure 2E).
These results suggest that the suppression of IL-6,
GM-CSF, and MMP-3 production in the mouse joint
might be responsible for the suppression of arthritis by
DLL-1 blockade.
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Figure 3. Mouse fibroblast-like synoviocyte (FLS) expression of Notch receptors and ligands. A, Immunohistologic staining of joint cells, bone
marrow (BM) cells, and FLS (MFS) from mice with CIA. Green indicates CD11b, red indicates IL-6, and blue indicates DAPI. Original
magnification X 200. B, Expression of Notch receptors and ligands on CD45—CD11b— mouse joint cells, analyzed by flow cytometry. Mouse FLS
were cultured with or without the indicated stimulus for 6 hours, and then expression was analyzed. Shaded histograms indicate staining with control
hamster IgG. Open histograms indicate staining with mAb specific for the indicated Notch receptor or ligand. Values are the mean * SD mean
fluorescence intensity of positive staining divided by control (n = 3 independent experiments). C, Levels of mRNA for delta-like protein 1 (DLL-1)
and Jagged-1, measured by reverse transcriptase—polymerase chain reaction. Mouse FLS were cultured with or without lipopolysaccharide (LPS) for
6 hours. DLL-1-transfected Chinese hamster ovary (CHO) cells and Jagged-1-transfected CHO cells were used as positive controls. D, Western
blotting of DLL-1 and Jagged-1 using HMD1-5 (for DLL-1) or HMJ1-29 (for Jagged-1). Mouse FLS were cultured with or without LPS for 6 hours.
DLL-1-transfected CHO cells and Jagged-1-transfected CHO cells were used as positive controls, and a-tubulin was used as a loading control. See

Figure 2 for other definitions.

Expression of Notch receptors and ligands by
mouse FLS. The mouse joint cells produced a high level
of IL-6, while levels of TNFa and IL-13 were low
(Figure 2A). We found that IL-6 was produced by a
subset of CD11b— nonmyeloid cells in the joints and
cultured mouse FLS, while CD11b+ macrophages in the
joint and BM did not secrete IL-6 (Figure 3A). IL-6
production by cultured BM cells was not detectable by
ELISA (data not shown). Therefore, we next examined
whether DLL-1 was involved in the production of IL-6
by mouse FLS.

As shown in Figure 3B, the CD45—-CD11b— FLS
population in the joint cells expressed Notch-2, and low
levels of DLL-1 and Jagged-1 were also detected. Mouse
FLS, which were established as described in Materials
and Methods, also expressed Notch-2 and Jagged-1 but
not DLL-1. Notch-1 expression was detected on mouse
FLS and was up-regulated significantly by inflammatory
stimulation with TNFe, IL-18, or LPS (P = 0.00031, P =
0.000029, and P = 0.000018, respectively). In contrast,

Notch-2 and Jagged-1 expression on mouse FLS were
slightly down-regulated by such stimulation. Statistical
analysis showed that these decreases in expression
were also significant (P = 0.0005 for TNFe, P = 0.027
for IL-1B, and P = 0.00025 for LPS). DLL-1 expression
on mouse FLS was not detectable even after stimu-
lation. RT-PCR analysis showed that DLL-1 messenger
RNA (mRNA) was not detectable in mouse FLS with
or without LPS stimulation, while Jagged-1 mRNA
was expressed in mouse FLS (Figure 3C). Immunoblot
analysis supported these results, indicating that DLL-1
was not detectable, while Jagged-1 was expressed in
mouse FLS (Figure 3D).

Enhanced production of IL-6 and MMP-3 by
mouse FLS cultured with DLL-1. Since DLL-1 was not
detected on mouse FLS, DLL-1 on other cells in the
joints could stimulate Notch-1 and Notch-2 on mouse
FLS. As shown in Figure 4A, IL-6 production by mouse
FLS was enhanced by DLL-1 but not by any other Notch
ligands. Levels of MMP-3, which is produced primarily
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Figure 4. Increased production of IL-6 and MMP-3 by fibroblast-like
synoviocytes (FLS) from mice with CIA cultured with delta-like protein 1
(DLL-1). A, Levels of IL-6 and MMP-3 in mouse FLS cultured with
DLL-1~, DLL-4-, Jagged-1-, or Jagged-2-transfected Chinese hamster
ovary (CHO) cells or control CHO cells in the presence of DAPT or
DMSO control for 24 hours, as measured by ELISA. The 2 bottom panels
show the results of experiments that also included stimulation with
lipopolysaccharide (LPS). B, Levels of IL-6 and MMP-3 in mouse FLS
cultured with the indicated stimulus for 24 hours in the presence of DAPT
or DMSO control, as measured by ELISA. Cell viability was analyzed by
water-soluble tetrazolium 8 assay and is indicated as the SI. C, Levels of
IL-6 and MMP-3 in mouse FLS stimulated with LPS in the presence of
the indicated mAb or control hamster IgG as described in Figure 1, as
measured by ELISA. Results are representative of 3 independent exper-
iments. Values are the mean = SD from triplicate wells. = = P < 0.05;
wi = P < 0.01; w=xx = P < 0.001. See Figure 2 for other definitions.

by FLS and is important for cartilage degradation in RA,
were also increased by DLL-1. This enhancement by
DLL-1 was abrogated by the Notch inhibitor DAPT,
implying that DLL-1 activates Notch signaling. Stimu-
lation of mouse FLS with LPS up-regulated the pro-
duction of IL-6 and MMP-3, and DLL-1 further en-
hanced it (Figure 4A). The LPS-induced up-regulation,
as well as the DLL-1-induced enhancement, was also
abrogated by DAPT (Figure 4A), indicating that the
LPS-induced up-regulation was also Notch dependent.
In addition, TNFa-induced and IL-1B-induced up-
regulation of IL-6 and MMP-3 was inhibited by DAPT,
while cell viability was not affected (Figure 4B). These
results imply that Notch signaling via mouse FLS-mouse
FLS interactions is involved in the up-regulation of IL-6
and MMP-3 by these proinflammatory agents. Consis-
tent with the expression of Notch ligands on mouse FLS
(Figures 3B-D), blockade of Jagged-1 only inhibited the
IL-6 and MMP-3 production by LPS-stimulated mouse
FLS without affecting cell viability (Figure 4C). Pro-
duction of GM-CSF by mouse FLS was undetectable
even with stimulation in this culture condition (data not
shown).

Expression of DLL-1 on mouse joint cells. Since
DLL-1 was involved in the production of IL-6 by mouse
FLS, we next determined the DLL-1-expressing cells
in the joint. As shown in Figure 5A, DLL-1 was ex-
pressed on CD11bMeMLy6Gintermediatepy gohish macro-
phages but not on CD11bMe"Ly6G"€"F4/80— neutro-
phils or CD45+CD11b— lymphocytes. Notch-2 was
expressed on all of these cells. DLL-1 was also expressed
on the CDI11bMEMLy6G—F4/80™ermediate monocyte/
macrophage population in the PB and BM of arthritic
mice (Figure 5B).

To examine the effect of inflammation on DLL-1
expression on macrophages, BMMs were stimulated
with inflammatory cytokines. BMMs expressed DLL-1
at a low level (mean = SD MFI 1.33 = 0.049), and the
expression was strongly up-regulated by IFNvy stimula-
tion (mean = SD MFI 7.21 * 1.16; P = 0.00091), while
TNFo or IL-18 stimulation had no effect (Figure 5C).
Stimulation of BMMs with a combination of TNFa and
IL-18 also did not affect the expression of Notch ligands
(data not shown). Expression of Jagged-1 and Jagged-2
was also up-regulated by IFNvy (for Jagged-1, mean *
SD MFI 1.13 = 0.025 versus 1.91 = 0.14; P = 0.00063
and for Jagged-2, mean = SD MFI 3.97 = 0.39 versus
7.52 = 0.70; P = 0.0016) (Figure 5C).
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Figure 5. Expression of Notch receptors and ligands on macrophages (M¢). A, Expression of Notch receptors and ligands on the indicated joint
cell populations from mice with CIA, analyzed by flow cytometry. B, Delta-like protein 1 (DLL-1) expression by the monocyte/macrophage
population (CD11b"88Ly6G — F4/80i™ e ™ediaie) in hone marrow (BM) and peripheral blood (PB) from mice with CIA. C, Expression of Notch ligands
on BM-derived macrophages (BMMs). BMMs were stimulated with the indicated cytokine for 24 hours, and the expression of Notch ligands was
analyzed by flow cytometry. In A-C, shaded histograms indicate staining with control hamster IgG, and open histograms indicate staining with mAb
specific for the indicated Notch receptor or ligand. D, Immunohistochemical staining for DLL-1 expression in arthritic joints from mice with K/BxN
serum—induced arthritis. Representative staining is shown. Bar = 100 pm in top panel. Original magnification X 200 in bottom panels. E, Levels
of IL-6 and MMP-3 in the supernatants of fibroblast-like synoviocytes (MFS) from mice with CIA cultured with CD11b+ cells (macrophages) sorted
from the joints of mice with CIA (left) or cultured with interferon-y (IFNy)-stimulated BMMs (right), as measured by ELISA. Cells were cultured
in the presence of HMD1-5 or control hamster IgG. Results are representative of 3 independent experiments. Values are the mean * SD from

triplicate wells. * = P < 0.05; #x = P < 0.01; =#% = P < 0.001. See Figure 2 for other definitions.

DLL-1 expression in the joints of arthritic mice
was determined by immunohistochemistry (Figure 5D).
Double-labeling of arthritic joints revealed that some of
the CD11b+ cells expressed DLL-1 and were in direct
contact with CD248+ mouse FLS (13) (Figure 5D).
To verify that the interaction of macrophages and
mouse FLS induced IL-6 and MMP-3 production,
CD11b+ cells in the joints were isolated and cultured
with established mouse FLS. As shown in Figure SE,
stimulation of mouse FLS with CD11lb+ joint cells
enhanced the production of IL-6 and MMP-3, and
these increases were suppressed by DLL-1 blockade.
Consistent with the results shown in Figure 3A, IL-6
was not secreted from CD11b+ joint cells alone (Figure
5E). Stimulation of mouse FLS with IFNvy-stimulated
BMMs, which expressed DLL-1 as shown in Figure 5C,
also enhanced the production of IL-6 and MMP-3, and
these increases were inhibited by DLL-1 blockade
(Figure 5E).

Notch-2 signaling enhances the production of
IL-6 and MMP-3 by mouse FLS. Although Notch-1 and
Notch-2 were expressed on mouse FLS (Figure 3B),
production of IL-6 and MMP-3 was enhanced only by
anti-Notch-2 agonistic mAb with or without LPS stim-
ulation (Figures 6A and B). GM-CSF production was
undetectable with such stimulation (data not shown).
Stimulation of Notch-1 and Notch-2 with each agonistic
mAb was demonstrated by induction of Notch-1 ICD
and Notch-2 ICD, respectively (Figure 6C). Notably,
LPS stimulation of mouse FLS preferentially induced
Notch-2 ICD, and DAPT suppressed this generation of
Notch-2 ICD as well as Notch-1 ICD (Figure 6C).
Furthermore, stimulation of mouse FLS with DLL-1
induced Notch-2 ICD but not Notch-1 ICD (Figure 6D).
In addition, the specific inhibition of Notch-2, but not
that of Notch-1, in mouse FLS using siRNA resulted in
a decrease in IL-6 and MMP-3 production, while cell
viability was equivalent (Figure 6E). These results indi-
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Figure 6. Notch-2 activation enhances IL-6 and MMP-3 production by fibroblast-like synoviocytes (FLS) from mice with CIA. A and B, Levels of
IL-6 and MMP-3 in the supernatants of mouse FLS stimulated with 5 pug/ml of immobilized mAb (HMN1-12 [N1], HMN2-29 [N2], HMN3-133 [N3],
or HMN4-14 [N4]) or control hamster IgG for 24 hours in the absence (A) or presence (B) of lipopolysaccharide (LPS). IL-6 and MMP-3 levels were
measured by ELISA. Values are the mean = SD from triplicate wells. = = P < 0.05; #» = P < 0.01; #»+ = P < 0.001, versus control hamster IgG.
C and D, Western blot analysis of the Notch-1 intracellular domain (N1ICD) and Notch-2 ICD in mouse FLS cultured with the indicated mAb or
LPS in the presence of DAPT or DMSO control (C), or with paraformaldehyde-fixed delta-like protein 1 (DLL-1)-transfected Chinese hamster
ovary (CHO) cells or control CHO cells (D) for 15 hours. The loading control was o-tubulin. Results are representative of 3 independent
experiments. E, Levels of IL-6 and MMP-3 in mouse FLS after inhibition of Notch-1 and Notch-2. Notch-1 small interfering RNA (siRNA) or
Notch-2 siRNA was transfected into mouse FLS. Expression of Notch-1 and Notch-2 was analyzed by flow cytometry to validate the reduction.
Shaded histograms indicate control hamster IgG staining. Open histograms indicate Notch-1 or Notch-2 mAb staining. Transfected siRNA are
indicated for each histogram. Mouse FLS transfected with the indicated siRNA were stimulated with LPS. IL-6 and MMP-3 were measured as
described in A. Cell viability is indicated as the SI. * = P < 0.05; =+ = P < 0.01, versus control. See Figure 2 for other definitions.

cate that Notch-2 signaling enhances the production of of RA-related proinflammatory cytokines in the mouse
IL-6 and MMP-3 by mouse FLS. joint.

In this study, we demonstrated that stimulation
of mouse FLS with DLL-1 enhanced the production
of IL-6 and MMP-3. Notch-2 signaling also enhanced

DISCUSSION
We previously reported that DLL-1 blockade

ameliorates the arthritis induced by K/BxN serum trans-
fer in mice, and histologic examination indicated that
DLL-1 blockade suppressed inflammation in the joint in
addition to suppressing osteoclastogenesis (5). To exam-
ine how DLL-1 blockade suppressed joint inflammation,
we investigated whether DLL-1 regulates the production

the production of IL-6 and MMP-3 by mouse FLS,
and DLL-1 stimulation activated Notch-2 signaling in
mouse FLS. These results indicate that DLL-1 pro-
motes the production of IL-6 and MMP-3 by mouse
FLS via Notch-2. In these experiments, strong expres-
sion of DLL-1 on DLL-1-transfected CHO cells (15)
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activated Notch-2 vigorously, while the agonistic effect
of HMN2-29 mAb to activate Notch-2 was weaker than
the effect of the ligand. We also found that DLL-1
blockade suppressed the production of IL-6 and MMP-3
by joint cells from arthritic mice in vitro and in vivo.
DLL-1 was expressed on joint macrophages, and the
expression of DLL-1 on BMMSs was up-regulated by
IFNY. This was consistent with our previous report that
IFNvy induced DLL-1 expression on thioglycolate-
elicited peritoneal macrophages (15). Of note, IFNy did
not induce the expression of DLL-1, or of DLL-4,
Jagged-1, or Jagged-2, on mouse FLS (data not shown).
IFNYy is produced by Th1 cells, CD8 T cells, and natural
killer cells and is involved in arthritis. Collectively,
DLL-1 on macrophages in the joint, which was up-
regulated by IFN7y, could activate Notch-2 on mouse
FLS, leading to the production of IL-6 and MMP-3.
Therefore, DLL-1 blockade might ameliorate inflamma-
tion in the joint by suppressing the production of IL-6
and MMP-3 by mouse FLS.

In RA, blockade of IL-6 with biologic agents
improves clinical outcomes, but K/BxN serum transfer
resulted in comparable arthritis in IL-6-deficient mice
and control mice (20), suggesting that suppression of
IL-6 alone might not be sufficient to suppress K/BxN
serum~induced arthritis. However, DLL-1 blockade also
suppressed GM-CSF production. GM-CSF is important
for the activation, differentiation, and survival of neu-
trophils and macrophages. Blockade of GM-CSF has
been effective against RA in clinical trials (21). It has
been reported that GM-CSF blockade ameliorated
K/BxN serum-induced arthritis by regulating systemic
and joint myeloid cell populations (22). Since DLL-1
was expressed on joint macrophages, macrophage—
macrophage interactions may contribute to the GM-CSF
production by Notch activation in the joint. Further
studies are needed to address this possibility.

Notch-1 signaling was not involved in the pro-
duction of IL-6 and MMP-3 by mouse FLS, while the
expression was up-regulated by proinflammatory stimuli.
DLL-1 stimulation did not activate Notch-1 signaling in
mouse FLS, suggesting that Notch-1 on mouse FLS was
not involved in the enhancement of arthritis by DLL-1.
A preferential interaction of Notch-2 with DLL-1 has
been reported in marginal zone B cell development (3)
and osteoclastogenesis (5). Notch-1 was also expressed
on these cells. Glycosylation of Notch extracellular
domain by Fringe regulates DLL-Notch interactions
(23-25). Therefore, a differential modification of
Notch-1 and Notch-2 on mouse FLS by Fringe might be
responsible for the preferential interaction of Notch-2—
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DLL-1. It would be interesting to elucidate whether
Notch-1 on mouse FLS plays any role in arthritis.

Jagged-1 was the only Notch ligand that was
expressed on mouse FLS, and Jagged-1 blockade, as well
as Notch inhibitor, suppressed IL-6 and MMP-3 pro-
duction by LPS-stimulated mouse FLS, indicating that
Jagged-1 on mouse FLS stimulates Notch receptors
on mouse FLS to produce these mediators. However,
stimulation of mouse FLS with Jagged-1-transfected
CHO cells did not enhance the production of these
mediators, and the blockade of Jagged-1 did not sup-
press cytokine production by joint cells. Therefore,
Jagged-1 could regulate IL-6 and MMP-3 production
through mouse FLS-mouse FLS interactions but may
play little role in total joint cells. The mechanism to
explain this discrepancy remains to be determined.

The effect of DLL-1 blockade on LPS-stimulated
mouse spleen cells suggests a systemic regulation of
these cytokines by DLL-1 blockade. It is also intriguing
to investigate whether IL-6, GM-CSF, and MMP-3 are
direct target genes of Notch-2 ICD, but not Notch-1
ICD. The up-regulation of DLL-1 on macrophages by
IFNy seems to enhance the production of IL-6, MMP-3,
and GM-CSF in the mouse joint, leading to augmenta-
tion of joint inflammation. The clinical relevance to
human RA is now under investigation, but preliminary
results demonstrated that IL-6 production by RA FLS
was suppressed by DAPT, and RA FLS expressed
Notch-2 and Jagged-1 but not Notch-1, as in mice (data
not shown). Therefore, DLL-1 blockade may be a novel
strategy to treat RA by suppressing not only osteoclas-
togenesis but also inflammatory cytokine production in
the joint.
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Abstract

antagonist could be a new treatment for RA.

the recipient mice were counted.

splenocytes into the synovial tissues.

for RA.

Introduction: Biological drugs are effective in patients with rheumatoid arthritis (RA), but increase severe infections.
The CC chemokine receptor (CCR) 9 antagonist was effective for Crohn’s disease without critical adverse effects
including infections in clinical trials. The present study was carried out to explore the pathogenic roles of
chemokine (C-C motif) ligand (CCL) 25 and its receptor, CCR9, in autoimmune arthritis and to study if the CCR9

Methods: CCL25 and CCR9 expression was examined with immunohistochemistry and Western blotting.
Concentration of interleukin (IL)-6, matrix metalloproteinase (MMP)-3 and tumor necrosis factor (TNF)-a was
measured with enzyme-linked immunosorbent assays. Effects of abrogating CCR9 on collagen-induced arthritis
(CIA) was evaluated using CCR9-deficient mice or the CCR9 antagonist, CCX8037. Fluorescence labeled-CD11b*
splenocytes from CIA mice were transferred to recipient CIA mice and those infiltrating into the synovial tissues of

Results: CCL25 and CCR9 proteins were found in the RA synovial tissues. CCR9 was expressed on macrophages,
fibroblast-like synoviocytes (FLS) and dendritic cells in the synovial tissues. Stimulation with CCL25 increased IL-6
and MMP-3 production from RA FLS, and IL-6 and TNF-a production from peripheral blood monocytes. CIA

was suppressed in CCR9-deficient mice. CCX8037 also inhibited CIA and the migration of transferred CD11b™

Conclusions: The interaction between CCL25 and CCR9 may play important roles in cell infiltration into the RA
synovial tissues and inflammatory mediator production. Blocking CCL25 or CCR9 may represent a novel safe therapy

Introduction

Rheumatoid arthritis (RA) is characterized by persistent
and erosive arthritis in multiple joints. The accumulation
of a large number of T cells and macrophages [1-3], prolif-
eration of fibroblast-like synoviocytes (FLS), production of
inflammatory mediators and activation of osteoclasts are
revealed in the affected joints and lead to destruction of

* Correspondence: nanki@med.teikyo-u.acjp

'Department of Rheumatology, Graduate School of Medical and Dental
Sciences, Tokyo Medical and Dental University, 1-5-45, Yusima, Bunkyo-ku,
Tokyo 110-8519, Japan

Department of Clinical Research Medicine, Teikyo University, 2-11-1 Kaga,
Itabashi-ku, Tokyo 173-8605, Japan

Full list of author information is available at the end of the article

@]

iofied Central

the joints with pain and daily disability [4-8]. Biological
drugs, such as tumor necrosis factor (TNF) blockers and
interleukin (IL)-6 receptor antagonists, are effective in pa-
tients with RA [9-11]. Since the risk of severe infections is
increased by biological drugs [12-14], safer therapies for
RA should be developed.

As a new treatment, anti-chemokine therapy has been
intensively studied for inflammatory diseases. Chemokines
are a family of small secreted molecules that induce di-
rected chemotaxis of responding cells and activation of
inflammatory cells [15-17]. According to the results of a
large phase II study, the CC chemokine receptor (CCR) 9
antagonist, CCX282-B was effective for Crohn’s disease

© 2014 Yokoyama et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http:/creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. The Creative Commans Public

Domain Dedication waiver (httpy//creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this
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without critical adverse effects [18,19]. Especially, this
treatment did not increase the risk of infections for
12 months. CCRY, a unique receptor for chemokine (C-C
motif) ligand (CCL) 25, is expressed on lymphocytes of in-
testinal lamina propria and intraepithelial and dendritic
cells (DCs) in the small intestine and thymocytes [20,21].
CCL25 is expressed by the follicle-associated epithelium
of Peyer’s patches, the crypts of Lieberkiihn in the small
intestine and the thymus [21,22]. Physiologically, the inter-
action between CCL25 and CCR9 contribute to the T cell
and DC migration into the small intestine and movement
of T cells in the thymus.

It was reported that CCR9 expression on cell surface
of peripheral blood monocytes from RA patients was
higher than that from healthy donors [23]. CCR9 and
CCL25 were expressed on macrophages in the RA syn-
ovial tissues [23]. These data suggest that interaction of
CCL25 and CCR9 may contribute to the inflammatory
cell migration into the RA synovial tissues. Although
blockade of CCL25 and CCR9 interaction might also be
applicable to RA, the pathogenic roles of these mole-
cules in RA have been little known.

In this study, we examined the stimulatory effects of
CCL25 on FLS and monocytes and effects of the abroga-
tion of CCRY on a murine model of RA.

Methods

Specimens

Synovial tissue samples were obtained from eleven RA pa-
tients who fulfilled the American College of Rheumatology
classification criteria for RA [24] and seven patients with
osteoarthritis (OA) who underwent total knee joint re-
placement. Nine RA patients were positive for rheumatoid
factor (81%) and ten were positive for anti-citrullinated
protein antibodies (91%). All subjects provided written
informed consent. The experimental protocols were ap-
proved by the Ethics Committee of Tokyo Medical and
Dental University.

Immunodetection

Mouse anti-CCR9 (248621: R&D Systems, Minneapolis,
MN, USA), CCL25 (52513: R&D Systems), or p-actin (AC-
15: Sigma-Aldrich, St Louis, MO, USA) monoclonal anti-
body (mAb) was used as a primary antibody for Western
blotting [25]. Immunohistochemistry was conducted as de-
scribed previously [25]. Frozen sections fixed with ice-cold
acetone was blocked with Tris-buffered saline, 2% goat
serum, 1% bovine serum albumin, 0.1% Triton X-100, and
0.05% Tween-20. Mouse anti-CCR9, CCL25 mAb (10 pg/
ml: R&D Systems) or isotype control was used as a primary
antibody. Alexa Fluor™ 546-conjugated goat anti-mouse
IgG2a or IgG2b Ab (4 pg/ml: Invitrogen, Carlsbad, CA,
USA) was used as a secondary antibody. For double im-
munohistochemistry, the sections were also stained with
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mouse anti-CD68 (10 pg/ml: KP1; Dako, Glostrup,
Denmark), cadherin-11 (1 pg/ml: 16A; Acris Antibodies,
Hiddenhausen, Germany), or dendritic cell lysosome-
associated membrane glycoprotein (DC-LAMP) (10 pg/ml:
104.G4; Immunotec Inc., Quebec, Canada) mAb. They
were then incubated with 4 pg/ml Alexa Fluor™ 488-
conjugated goat anti-mouse IgG1 (Invitrogen). A nuclear
stain was performed with 4, 6-diamidino-2-phenylindole.
To determine the percentages of CCR9-expressed cells, the
number of CCR9-positive cells in CD68-, cadherin-11-, or
DC-LAMP-positive cells was counted in three randomly
selected fields examined at x200 magnification under fluor-
escence microscope.

Cell culture

FLS was established from the RA and OA synovial tis-
sues and used for experiments after five passages [26].
The cells did not express CD14 or human leukocyte anti-
gen class II, suggesting that macrophages and DCs were
not contained in the FLS [26]. Human peripheral blood
CD14" monocytes from healthy donors were purified by
magnetic-activated cell sorting microbeads coupled with
mAb and magnetic cell separation columns (Miltenyi
Biotec, Bergisch Gladbach, Germany). The purity of CD14"
monocytes was more than 95%. CCR9 expression of RA
FLS and purified human peripheral blood monocytes was
evaluated with phycoerythrin-conjugated anti-CCR9 mAb
(112509: R&D Systems) or the isotype control staining
using an Accuri C6 flow cytometer (Accuri Cytometers, BD
Biosciences, San Jose, CA, USA). RA FLS were cultured
with 10% fetal calf serum (FCS) for 48 hours with or
without recombinant human CCL25 (R&D Systems).
Purified human peripheral blood monocytes were cultured
with 10% FCS for 24 hours with or without CCL25.
Concentrations of IL-6, matrix metalloproteinase (MMP)-3
and TNF-« in the culture supernatants were measured with
enzyme-linked immunosorbent assay (ELISA) kits (DuoSet:
R&D Systems).

Induction and treatment of collagen-induced arthritis (CIA)

To induce CIA, 10-week-old CCR9-deficient mice [27]
and wild-type (WT) mice with a C57BL/6 ] background
were treated with chicken type II collagen (CIL; Sigma-
Aldrich) [28]. Eight-week-old DBA/1 ] mice were treated
with bovine CII (Collagen Research Center, Kiel, Germany)
[29]. Disease severity was evaluated with the clinical arth-
ritis score, incidence of arthritis, pathological score [29]
and radiological score. Bone destruction was evaluated
with bone erosion of the bilateral foot joints as follows: 0 =
not obvious erosion, 1 = one erosion, 2 = two erosions, 3 =
more than three erosions, and if a bone deformity was seen
in the foot joint, one point was added (to a maximum of
eight points).
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DBA/1 ] mice with CIA were injected subcutaneously
with selective CCR9 antagonist, CCX8037 [30] or vehicle
alone. Migration of CD11b"* splenocytes into synovial tis-
sues of CIA mice was evaluated as described previously
[31,32]. CD11b-positive splenocytes from CIA mice were
purified using magnetic-activated cell sorting microbeads
coupled with mAb and magnetic cell separation columns
(Miltenyi Biotec). The purified CD11b cells were labeled
with CellTracker™ Orange 5-(and-6)-(((4-chloromethyl)
benzoyl) amino) tetramethylrhodamine (CMTMR: Mo-
lecular Probes, Eugene, OR, USA) according to the proto-
col supplied by the manufacturer. The CMTMR-labeled
1 x 107 cells were intravenously injected into the tail vein
of CIA mice at day 9. The recipient mice were treated
with CCX8037 (10 mg/kg in 1% hydroxyprophyl methyl-
cellulose) or vehicle 24 hours, 12 hours, and 30 minutes
before the transfer, and 12 hours after the transfer. After
24 hours, ankle joints were harvested, embedded in glycol
methacrylate, and sagittal 3-um-thick microtome sections
were prepared. The numbers of CMTMR-labeled cells
that migrated into the synovium between tibiotalar and
tarsometatarsal joints were counted under fluorescent mi-
croscopy. The experiment protocols were approved by the
Institutional Animal Care and Use Committee of Tokyo
Medical and Dental University.

Statistical analysis

To compare three or more groups, including results of
concentration of inflammatory mediators, area under the
curve (AUC) by arthritis score, histological and radio-
logical scores by therapeutical treatment, a one-way ana-
lysis of variance (ANOVA) test was used. To compare
arthritis score, a two-way ANOVA test was used. AUC by
arthritis score, histological score and radiographic score
by prophylactic treatment or experiments using CCR9Y-
deficient mice, and number of migrated CD11b" spleno-
cytes, Student’s £ test was also applied. A P value less than
0.05 was considered statistically significant.

Results

Expression of CCR9 and CCL25 in the RA synovial tissues
CCR9 expression in RA and OA synovial tissues was
evaluated with Western blotting. The CCR9 protein was
found more in the RA synovial tissues than in the OA
synovial tissues (Figure 1A). Immunohistochemical ana-
lyses of the RA synovial tissues revealed that most CD68*
macrophages expressed CCR9 (Figure 1B-D), which is
consistent with previous reports [23]. To examine the pro-
portion of CCR9-expressed cells, the number of CCRY-
positive cells in 218.83 +24.11 CD68" cells (n =3),
206.33 £ 23.08 cadherin-11* cells (n =3) and 11.33 %
0.53 DC-LAMP? cells (n =3) was counted. The percent-
age of CCR9-positive cells in CD68" macrophages was
76.1 + 5.3%. In addition, cadherin-11* FLS and DC-LAMP*
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Figure 1 CCR9 and CCL25 expression in the RA synovial tissues.
(A) Western blots of CCR9 protein expression in three RA and three
OA synovial tissues. Ratio of CCR9/B-actin protein level is indicated
below. (B-J) Sections of RA synovial tissue were double-stained with
CCR9 and CD68, cadherin-11 and DC-LAMP (B, CD68; C, CCR9; D,
merged B with C; E, cadherin-11; F, CCR9; G, merged E with F; H,
DC-LAMP; I, CCR9; J, merged H with 1). Bar, 20 um. (K) Western blots
of CCL25 protein expression in four RA and four OA synovial tissues.
Ratio of CCL25/B-actin protein level is indicated below. (L-N)
Sections of RA synovial tissue were double-stained with CCL25

and CD68 (L, CD68; M, CCL25; N, merged L with M). Bars, 20 um.
CCL, chemokine (C-C motif) ligand; CCR, CC chemokine receptor;
DC-LAMP, dendritic cell lysosome-associated membrane glycoprotein;

OA, osteoarthritis; RA, rheumatoid arthritis.

DCs also expressed CCR9 (67.1 £8.3%, 11.4+15.2%, re-
spectively) (Figure 1E- J).

The CCL25 expression in RA and OA synovial tissues
was analyzed with Western blotting. CCL25 was expressed
more in the RA synovial tissues than in the OA synovial
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tissues (Figure 1K). Double immunohistochemistry re-
vealed that CD68" macrophages expressed CCL25 in the
RA synovial tissues (Figure 1L-N), which is consistent
with previous reports {23].

Stimulatory effects of CCL25 on RA FLS and human
peripheral blood monocytes
Since FLS expressed CCR9 in the RA synovial tissues,
we examined the stimulatory effects of CCL25 on the
cultured RA FLS, which also expressed CCR9 (Figure 2A;
mean fluorescence intensity (MFI) for CCR9: 157,963 +
37,811, MFI for isotype control: 70,914 + 3,163 (mean +
standard error of the mean (SEM)), n =3). We cultured
RA FLS for 48 hours with various concentrations of
CCL25. Stimulation with CCL25 increased IL-6 and
MMP-3 levels in the culture supernatants in a dose-
dependent manner (Figure 2B). Production of TNF-a
was not detected by unstimulated or CCL25-stimulated
RA FLS. We next examined the effect of CCL25 on IL-6
and MMP-3 production by OA FLS. IL-6 and MMP-3
were also secreted from unstimulated OA FLS, although
the levels were lower than those from RA FLS (IL-6; RA:
1,393 +493 mg/dl (n =3), OA: 171+ 83 mg/dl (n =2),
P <0.05, MMP-3; RA: 2135+ 644 mg/dl, OA: 296 +
50 mg/dl, P <0.05). IL-6 secretion from OA FLS was
slightly increased by CCL25, although it was not statisti-
cally significant (CCL25 5 ng/ml: 185 + 93 mg/dl, 50 ng/
ml: 206 + 120 mg/dl, 500 ng/ml: 243 + 123 mg/dl). Pro-
duction of MMP-3 from OA FLS was not significantly
altered by CCL25 (CCL25 5 ng/ml: 324+ 115 mg/dl,
50 ng/ml: 324 + 65 mg/dl, 500 ng/ml: 312 + 112 mg/dl).
Instead of the synovial macrophages, which were not
available on a large scale, we examined the effect of
CCL25 on human peripheral blood monocytes. They also
expressed CCR9 (Figure 3A; MFI for CCR9: 24,149 £
13,536, MFI for isotype control: 2,038 + 1,265, n =3) and
were cultured for 24 hours with various concentrations of
CCL25. This treatment promoted IL-6 and TNF-a pro-
duction in a dose-dependent manner (Figure 3B).
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Effects of CCR9 gene deletion on murine CIA

The above data prompted us to investigate the effect of
the abrogation of CCR9 on murine CIA. We analyzed
the development of CIA in CCR9-deficient mice. The
clinical arthritis scores in the CCR9-deficient mice were
significantly lower than those in the WT (Figure 4A).
AUC by the arthritis score was calculated. The AUC
tended to be smaller in CCR9-deficient mice compared to
WT mice, although the difference was not statistical sig-
nificant (WT: 13.40 + 17.75, CCR9-deficient: 4.08 + 10.34).
Histological and radiographic examinations revealed that
mononuclear cell infiltration and bone destruction were
inhibited in the CCR9-deficient mice (Figure 4B and C).

Effects of the CCR9 antagonist on murine CIA

Next, we investigated the effect of the CCR9 antagonist,
CCX8037, on murine CIA. To analyze its effects in a
preventive protocol, CCX8037 (3 mg/kg or 10 mg/kg) or
vehicle alone was injected subcutaneously twice daily
from 7 days prior to the second immunization to 14 days
after the immunization. This treatment significantly inhib-
ited clinical arthritis score in a dose-dependent manner
(Figure 5A). AUC by the arthritis score was also signifi-
cantly smaller by CCX8037 (10 mg/kg)-treated mice com-
pared with vehicle-treated mice (vehicle: 17.67 +11.78,
CCX8037 3 mg/kg: 13.67 £11.79 (not significant, vs.
vehicle), CCX8037 10 mg/kg: 6.79+£9.22 (P =0.01, vs.
vehicle)). Moreover, CCX8037 significantly inhibited mono-
nuclear cell infiltration and bone destruction (Figure 5B
and C).

To investigate the effects of CCX8037 in a therapeutic
protocol, we injected CIA mice with CCX8037 10 mg/kg or
vehicle alone 5 days after the second immunization for
13 days. CCX8037 significantly inhibited arthritis, mono-
nuclear cell infiltration and bone destruction (Figure 5D-F).
AUC by the arthritis score was also significantly smaller in
CCX8037-treated mice compared with vehicle-treated mice
(vehicle: 30.50 + 16.46, CCX8037 10 mg/kg: 14.46 +10.75
(P <0.01, vs. vehicle)).
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Figure 2 Effects of CCL25 on cultured RA FLS. (A) CCR9 expression on in vitro cultured RA FLS was determined by flow cytometry. Horizontal
line indicates fluorescence intensity (Fl). (B} RA FLS were cultured for 48 hours with various concentrations of CCL25. Concentrations of IL-6 ()
and MMP-3 (i) in the culture supernatant were measured with ELISA. Values are the mean £ SEM of three independent experiments. *P <0.05.
CCL, chemokine (C-C motif) ligand; CCR, CC chemokine receptor; ELISA, enzyme-linked immunosorbent assay; FLS, fibroblast-like synoviocytes; IL,
interleukin; MMP, metalloproteinase; RA, rheumatoid arthritis; SEM, standard error of the mean.
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Figure 3 Effects of CCL25 on human peripheral blood monocytes. (A) CCR9 expression on peripheral blood CD14" monocytes was analyzed
with flow cytometry. (B) Monocytes were cultured for 24 hours with various concentrations of CCL25. Concentrations of IL-6 (i) and TNF-a (i) in
the culture supernatant were measured with ELISA. Values are the mean + SEM of three independent experiments. *P <0.05. CCL, chemokine
(C-C motif) ligand; CCR, CC chemokine receptor; ELISA, enzyme-linked immunosorbent assay; IL, interleukin; SEM, standard error of the mean;

TNF, tumor necrosis factor.
J
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Figure 4 Suppressed CIA in CCR9-deficient mice. (A-C) CCR9-deficient mice (knockout (KO)) (n =13) and WT mice (n =16) were immunized
with chicken Cll on day —21 and 0. Day 0 means the day of the second immunization. Disease severity was recorded as the clinical arthritis score
until day 18 (A). Ankle joints on day 18 from KO (B(i)) and WT mice (B(ii)) were stained with hematoxylin and eosin. Bar, 300 um. Inflammatory cell
infiltration in the right ankle joint was scored with a pathological score (B(iii)). Representative radiographs of the ankle joints of KO (C())) and WT
mice (C(ii)). Bone erosion in the bilateral ankle joints was scored with radiological score (C(ijii). Representative photomicrographs are shown.
Values are the mean + SEM of each group. *P <0.05 versus WT. CCR, CC chemokine receptor; CIA, collagen-induced arthritis; ClI, type il collagen;

SEM, standard error of the mean; WT, wild-type.
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Figure 5 Effects of CCX8037 on CIA mice. (A-C) CCX8037 (3 mg/kg or 10 mg/kg) or vehicle (all n =12) was injected subcutaneously twice daily from
day —7 to day 14. Disease severity was recorded as the clinical arthritis score until day 14 (A). Representative photographs showing hematoxylin and
eosin staining of the ankle joints from mice with CIA treated with vehicle (B(i)) or CCX8037 (10 mg/kg) (B(i). Bar, 300 pm. Inflammatory cell infiltration in
the right ankle joint was scored with a pathological score (B(iii)). Representative radiographs of the ankle joints of CIA mice treated with vehicle (C(i) or
CCX8037 (10 mg/kg) (C(ii). Bone erosion in the bilateral ankle joints was scored with radioclogical score (C(iii)). Values are the mean + SEM of each group.
*P <005, CCX8037 (10 mg k) versus vehicle. (D-F) To investigate the therapeutic effects of CCX8037, at day 5 after the second immunization, mice were
divided into two groups with equal average arthritis score. CCX8037 (10 mg/kg) or vehicle @ll n =12) was injected subcutaneously twice daily from day
5 to day 18. Disease severity was recorded as the clinical arthritis score (D). Representative hematoxylin and eosin staining of the ankle joints of CIA mice
treated with vehicle (E()) or CCX8037 (10 mg/kg) (E(ii)). Bar, 300 pm. Pathological score (E(iii). Representative radiographs of the ankle joints of CIA mice
treated with vehicle (F())) or CCX8037 (10 mg/kg) (F(ii)). Radiological score (F(iii)). Values are the mean + SEM of each group. *P <0.05 versus vehicle.
CCX8037, CC chemokine receptor (CCR) 9 antagonist; CIA, collagen-induced arthritis; SEM, standard error of the mean.

The CCRY antagonist inhibited migration of CD11b* interaction of CCL25 and CCR9 may have an important
splenocytes role in the migration of monocytes into the inflamed
In the RA synovial tissues, most macrophages expressed  synovial tissues.

CCR9, and CCL25 was abundant (Figure 1B-D and 1K).  We then analyzed the effect of CCR9 blockade on in-
It was reported that CCL25 induced migration of mono-  flammatory cell migration in vivo. We showed previously
cytes/macrophages in vitro [23,33,34], indicating that the  that CD11b" macrophages from CIA mice labeled and
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transferred to the recipient CIA mice were identified in
the inflamed synovial tissues of the recipients [31,32].
CD11b* splenocytes express CCR9 [35]. To analyze the
effect of CCX8037 on the macrophages migration, recipi-
ent mice were treated with CCX8037 or vehicle 24 hours,
12 hours, and 30 minutes before the cell transfer, and
12 hours after the transfer. Twenty-four hours after the
transfer, the number of labeled cells in the synovial tissues
was counted. Although, this short-term treatment did not
alter the arthritis severity of the recipient mice, the treated
mice had significantly reduced number of the migrated
cells in the synovial tissues in contrast to the vehicle-
treated group (Figure 6).

Discussion
In this study, we showed that the abrogation of CCR9
ameliorated arthritis in a murine model of RA. We also
found that the ixn vivo migration of macrophages was sup-
pressed by the administration of CCX8037. In addition,
we showed stimulatory effects of CCL25 on the produc-
tion of inflammatory mediators from RA FLS and human
peripheral blood monocytes in vitro. The results suggest
that CCR9 could be a therapeutic target for RA.

As was reviewed earlier, chemokines are apparent thera-
peutic targets in RA treatment. Especially, CCR1, CCR2
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Figure 6 Effect of CCX8037 on the migration of CD11b*
splenocytes into the joints. Cell Tracker Orange CMTMR-labeled
CD11b* splenocytes from CIA mice (1 x 107) were adoptively
transferred into each recipient CIA mouse on day 9 after the second
immunization. The recipient mice were treated with CCX8037 (10 mg/
kg in 1% hydroxyprophyl methylcellulose) or vehicle 24 hours, 12 hours,
and 30 minutes before the transfer, and 12 hours after the transfer.
Twenty-four hours after the transfer, ankle joints were harvested and
examined for migrated cells under a fluorescent microscope. The total
number of labeled cells in three fields of vision was counted in the
synovial tissue between the tibiotalar and transmetatarsal joints (n =5)
at x20 magnification. Horizontal bars indicate the mean of each group.
*P <0001 versus vehicle. CCX8037, CC chemokine receptor (CCR) 9
antagonist; CIA, collagen-induced arthritis; CMTMR; 5-(@and-6)-(((4-

chloromethyl) benzoyl) amino) tetramethylrhodamine.
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and CCR5 are abundantly expressed on RA synovial mac-
rophages and the validity of CCR1, CCR2 and CCR5 an-
tagonist for the animal model of arthritis has been
studied. CCR1 antagonist was effective in a clinical trial
[36], while blockade of CCL2, CCR2 or CCR5 was not
[37-39]. In the trial of CCR2 or CCR5 antagonist, no sig-
nificant reduction in numbers of macrophages in the syn-
ovial tissues was observed, suggesting that CCR2 and
CCR5 may not play a critical role in the migration of
monocytes. In addition, since CCR2 and CCR5 are
expressed on regulatory T cells, their blockade might in-
hibit regulatory T cells that suppressed the disease.

CCR9 was expressed on FLS, macrophages and DCs in
the RA synovial tissues. This should be driven by inflam-
matory cytokines in the synovial tissues, since stimula-
tion with TNF-a increased CCR9 expression on THP
monocytic cells [23]. CCR9 was also expressed on in vitro
cultured RA FLS and peripheral blood monocytes from
healthy donors. CCL25 stimulated them to produce in-
flammatory mediators that are important in the pathogen-
esis of RA. CCL25 should exacerbate arthritis via these
effects in addition to the inflammatory cell recruitment.
We could not measure CCL25 concentration in the RA
synovial tissue. However, chemokines bind surface pro-
teoglycans [40], and they could be sequestered and pre-
sented to target cells at high concentration in the local
microenvironment.

In vivo macrophage migration was suppressed by CCR9
inhibition, which might have a great impact on inhibition
of CIA. It was shown that CD3* T cells and CD20" B cells
in the RA synovial tissues did not express CCR9 [23]. In
addition, the serum concentration of anti-CII IgG1, I[gG2a
and IgG2b in the CCX8037-treated group was not lower
than the vehicle group both in the preventive and thera-
peutic treatment experiments (data not shown). The effect
of CCX8037 may not depend on the inhibition of T and B
cells recruitment into the synovial tissues or reduction of
antibody production. It was reported that deficiency of
CCR9, as well as CCR1, CCR2 and CCR5, did not attenu-
ate a murine model of serum transfer arthritis [41]. It is
believed that innate immune system is important for
serum transfer arthritis, while adaptive immune system is
important for CIA. Macrophages and neutrophils are
essential for serum transfer arthritis [41,42]. Reduction in
the number of macrophages in the synovial tissues might
not have enough of an impact to suppress the inflamma-
tion of arthritis in serum transfer arthritis, while that
might suppress CIA. On the other hand, CCR9 was
expressed on the DC-LAMP™ cell in the synovial tissues,
which is a mature DC [43] in the RA synovial tissues.
We did not investigate the effect of the CCL25-CCR9
interaction on DCs in this study. Further studies are
needed to investigate the regulation of CCR9 expression
and effect of CCL25 stimulation on DCs.
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