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Introduction

Summary

Behget’s disease (BD) is a chronic systemic inflammatory disease with
unclear etiopathogenesis. Although gene variants of CC chemokine recep-
tor type 1 (CCR1) have been reported, the protein expression of CCRI in
patients with BD remains unclear. The objective of this study was to ana-
lyze the frequencies of CCR1" cells in a herpes simplex virus-induced
mouse model of BD. The frequencies of CCR1" cells on the surface and
in the cytoplasm of peripheral blood mononuclear cells and lymph nodes
were analyzed by flow cytometry. The CCR1" cells were significantly
down-regulated in BD mice compared with the normal control and symp-
tom-free control mice. Colchicine and pentoxifylline treatment improved
the symptoms of BD and increased the frequencies of CCR1™ cells in BD
mice. Treatment with chemokine CC motif ligand 3 (CCL3), a ligand of
CCRI, caused BD symptoms to deteriorate in 10 of 16 BD mice (62-5%)
via down-regulation of CCR1" cells. Anti-CCL3 antibody treatment ame-
liorated BD symptoms in 10 of 20 mice (50%) and significantly decreased
the disease severity score compared with CCL3-treated BD mice
(P = 0-01) via up-regulation of CCR1" cell frequencies. In patients with
BD, plasma levels of CCL3 in an active state were significantly higher than
in healthy control individuals (P = 0-02). These results show that the up-
regulation of CCR1" cells was related to the control of systemic inflamma-
tion of BD in mouse models.

Keywords: Behget’s disease; CCL3; CCRI1; herpes simplex virus; inflamma-
tion; mouse model.

rheumatoid arthritis,” asthma® and lupus nephritis.”
CCR1 knockout (—/—) mice show reduced pulmonary

Behget’s disease (BD) is a chronic systemic inflammatory
disease with unclear etiopathogenesis. Gene variants of
CC chemokine receptor type 1 (CCR1) in patients with
BD have been identified by genome-wide association
studies.”” However, the CCRI protein expression in
patients with BD or in mouse models remains unclear.
CC chemokine receptor type 1 is expressed in cells of
the immune system, including lymphocytes, monocytes,
neutrophils and dendritic cells.>* Tt is involved in host
defense, hematopoiesis, T helper type 1/2 (Th1/2) cell bal-
ance, and chemotaxis.”® The CCRI expression is corre-
lated with various inflammatory diseases, including

inflammation,'® and prolonged allograft survival.'' CCR1
polymorphism might be a general risk factor for autoim-
mune or inflammatory disease. CCR1 antagonists have
been used in clinical trials to treat multiple sclerosis, pso-
riasis and rheumatoid arthritis.'?

Herpes simplex virus (HSV) has been reported as an
etiological factor in BD.">™'® A mouse model of HSV-in-
duced inflammatory BD was developed and used in vari-
ous studies.'®"? The objective of the present study was to
determine the expression of CCR1 in mice with inflam-
matory BD symptoms and to investigate whether CCR1
was regulated by ligands, agonists or antagonists. Flow

Abbreviation: BD, Behget’s disease; BDN, herpes simplex virus-inoculated, but asymptomatic healthy mice; CCL3, chemokine
CC motif ligand 3; CCR1, CC chemokine receptor type 1; GM-CSF, granulocyte—-macrophage colony-stimulating factor; IL-10,

interleukin-10
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cytometry was used to examine the frequencies of CCR1"
cells on the surface and in the cytoplasm of lymph node
(LN) cells and peripheral blood mononuclear cells
(PBMC). Our results demonstrated the correlation
between CCRI1 surface expression on PBMC and the
severity of BD symptoms in mice.

Materials and methods

Animal experiments

Male ICR mice (4 weeks old) were infected with HSV
type 1 (1 x 10° plaque-forming units/ml, F strain) grown
in Vero cells as described previously.'® The virus was
inoculated twice into mice at a frequency of 10 days.
After the second HSV inoculation, mice were observed
from week 4 to week 32. Animals were handled in accor-
dance with guidelines provided by the Institutional Ani-
mal Care and Use Committee of Ajou University School
of Medicine (AMC-2016-0010).

Symptoms of BD in mice

Among all the mice infected with HSV, 15% developed
BD-like symptoms including skin ulcerations, skin pustules,
genital ulcerations, erythema, oral ulceration, ear inflamma-
tion, arthritis, genital ulcerations, red eye (left, right),
reduced vision (left, right), weight loss and facial swelling.
Oral, genital and skin ulcers, and eye symptoms were classi-
fied as major symptoms. Other symptoms were identified
as minor symptoms. Mice displaying more than one major
and one minor symptom were diagnosed with BD. Each
symptom score was assigned a single point. The sum of all
symptom scores was used to determine the severity of BD.
Disappearance of symptoms or >20% decrease in lesion size
was classified as symptom improvement. The disease sever-
ity score of BD was calculated according to the BD activity
index outlined in the BD Activity Form ( www.behcet.ws/
pdf/BehcetsDiseaseActivityForm.pdf). HSV-inoculated, but
asymptomatic, healthy mice (BDN mice) served as the con-
trol group, as described previously.

Flow cytometry

Peripheral blood mononuclear cells and LN cells were iso-
lated from mice. Erythrocytes were eliminated with
ammonium—chloride—potassium solution and washed with
phosphate-buffered saline (PBS) followed by surface stain-
ing of 1 x 10° cells with mouse CCRI allophycocyanin-
conjugated antibody (cat# FAB5986A; R&D Systems, Min-
neapolis, MN) for 30 min at 4° in the dark. For intracyto-
plasmic staining, cells were fixed in intracytoplasmic
fixation buffer for 20 min at room temperature. After
washing twice with a permeabilization buffer, 1 x 10°
cells were stained with an anti-mouse CCR1 antibody,

© 2019 John Wiley & Sons Ltd, Immunology, 158, 206-218

CCR1 and CCL3 in inflammation

followed by analysis of these cells with a flow cytometer
(FACS Canto II; Becton Dickinson, San Jose, CA).

Western blot analysis

Fresh PBMC were washed twice with cold PBS and lyzed
with lysis buffer (50 mm Tris—Cl, pH 7-4, 0-15 M NaCl,
1 mMm EDTA, 1% Triton X-100, 10 pg/ml each of aprotinin
and leupeptin, and 1 mm phenylmethylsulphonyl fluoride).
The protein (30 pg) lysate was electrophoresed on a 10%
sodium dodecyl sulfate—polyacrylamide gel. The proteins
were transferred onto nitrocellulose membranes (Protran;
GE Healthcare Life Sciences, Chicago, IL, USA) and sub-
jected to immunoblot analysis using antibodies. The
immunoblots were developed with the enhanced chemilu-
minescence system (GE Healthcare Life Sciences). Antibody
against CCR1 (MAB5986) was purchased from R&D Sys-
tems and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) antibody (sc-32233) was from Santa Cruz
Biotechnology, Inc. (Dallas, TX).

Administration of cytokines, ligand and antagonist

Normal and BD mice were treated in vivo with PBS,
interleukin-10 (IL-10) (50 pg/mouse/day) (cat# CYT-497;
Prospecbio, Ness-Ziona, Israel), granulocyte-macrophage
colony-stimulating factor (GM-CSF) (200 pg/mouse/day)
(cat# CYT-222; Prospecbio), chemokine CC motif ligand
3 (CCL3) (100 pg/mouse/day) (cat# CHM-320; Prospec-
bio), or anti-CCL3 antibody (20 ng/mouse/day) (cat# AF-
450-NA; R&D Systems) for five consecutive days by
intraperitoneal administration. Normal mice were
3-5 weeks old. PBMC and LN cells were isolated 3 hr
after the last medication for analysis of CCR1" cells by
flow cytometry. BX471, a CCRIl antagonist (cat#
SMLO0020; Sigma-Aldrich, St Louis, MO), was intraperi-
toneally administered to normal and BD mice at 0-5 mg/
mouse three times (every other day). BD symptoms were
observed before and after treatment. Images were
obtained to document the treatment-related changes.

Drug treatments

Mice were treated orally with PBS, colchicine (2 pg/mouse/
day), or pentoxifylline (400 pg/mouse/day) for five consecu-
tive days. Changes in symptoms were monitored. At 3 hr after
the last medication, the mice were killed by intramuscular
injection into the hind leg with a ketamine/xylazine cocktail
(15 mg/kg ketamine and 10 mg/kg xylazine). PBMC and LN
cells were isolated for analysis of CCR1" cells.

Patients with BD

The patient population consisted of 12 patients with BD,
who presented for the first time or were monitored at the
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Department of Dermatology, Ajou University Hospital.
Sampling from patients with BD was random when the
patients first arrived. Clinical characteristics and therapeu-
tic histories of these patients are shown in Tables 1 and 2.
According to the International Study Group for BD crite-
ria, the presence of any two of the following symptoms, in
addition to recurrent oral ulcerations, is considered as BD
diagnosis: recurrent genital ulceration, cutaneous erythema
nodosum, large-vessel vasculitis, arthritis, uveitis, and/or a
positive pathergy test. The disease severity score was calcu-
lated from Behget’s disease current activity form 2006
(http://www.behcetdiseasesociety.org/behcetwsData/Uploads
/files/BehcetsDiseaseActivityForm.pdf). Patients with active
BD (n = 12, 11 men, one woman, 45-0 £+ 10-2 years) were
enrolled. Gender differences among BD patients with
mucocutaneous manifestations were inconsistent among
different nationalities.”® Informed consent was obtained
from patients before the study. The healthy control group
(n =12, 48-8 £ 9-2 years) comprised one man and 11
women. Serum was provided by the Biobank of Ajou
University Hospital, a member of the Korea Biobank Net-
work. This study was approved by the ethics committee of
Ajou University Medical Center Institutional Review Board
(AJIRB-GN3-07-098) and all experiments were conducted
according to the Institutional Review Board permitted pro-
tocol.

CCL3 ELISA

Peripheral blood was collected in EDTA-coated test tubes
and centrifuged at 1000 g for 5 min at 20°. The

Table 1. Clinical characteristics of patients with Behget’s disease

—70° until used. CCL3 levels
were measured in plasma using a commercial enzyme-
linked immunosorbent assay (ELISA) kit (Cat#
BMS2029INST; Thermo Fisher Scientific, Waltham, MA)
following the manufacturer’s instructions. For ELISA
analysis, each sample was applied in duplicate wells and
three times in different ELISA plates.

supernatant was stored at

Statistical analysis

The data and statistical analysis complied with the recom-
mendations of experimental design and analysis in phar-
macology.

Results

Frequencies of CCR1" cells in BD mice

Flow cytometric analysis was performed to analyze the
surface and cytoplasm CCR1" cells stained with anti-
CCRI1 antibody for PBMC and LN cells isolated from
normal (n = 10), BDN (n = 10), and BD (n = 10) mice.
Frequencies of CCR1" cells on the surface of PBMC were
significantly down-regulated in BD mice compared with
those in normal mice (7-06 &+ 1-8% versus 11-11 + 2-5%,
P =0-0005) or BDN mice (7-06+ 1-8% versus
10-58 & 1:92%, P = 0-0006). Frequencies of CCR1" cells
on the surface of LN cells were also down-regulated in
BD mice compared with normal mice (10-6 £+ 3-2% ver-
sus 12:99 4+ 1-5%, P = 0-05) or BDN mice (10-6 £ 3-2%
versus 11-12 £ 2-1%, P = 0-67) (Fig. la).
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Arth, Arthritis; GU, genital ulcers; HLA, HLA-B51; Neur, neurological involvement; OL, ocular lesion; OU, oral ulcers; Path, pathergy test; Skin,

skin lesion; Vas, vasculitis.
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Table 2. Therapeutic history of patients with Behget’s disease

Patient  Colchicine  Azathioprine  Salazopyrine  Pentoxifylline =~ Minocycline  Aspirin ~ Vit.D ~ Methotrexate ~ Prednisolone ~ Methylprednisolone
1 + + +
2 + + + +
3 + +
4 + + + + +
5 +
6 + + + + + +
7 + + +
8 + + + +
9 + + +
10 + + +
11 + +
12 +
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Figure 1. Frequencies of CCR1" cells in normal, herpes simplex virus-inoculated, but asymptomatic healthy (BDN) and Behget’s disease (BD)
mice. Peripheral blood mononuclear cells (PBMC) and lymph node cells were isolated from normal, BDN and BD mice. Frequencies of surface
CCR1" cells (a) and cytoplasm CCR1" cells (b) of whole leukocytes were analyzed by FACS. Representative flow cytometric histograms of surface
CCR1" PBMC and lymph node cells are shown (c). (d) Protein expression of CCR1 by Western blot, (e) Expression ratio of CCR1 to GAPDH.

The frequencies of cytoplasm staining in CCR1" PBMC mice (3208 £ 16:3% versus 58-4 £ 11-05%,

were significantly lower in BD mice than in normal mice
(32-08 £ 16-3% versus 73-6 £ 3%, P < 0-0001) or BDN

© 2019 John Wiley & Sons Ltd, Immunology, 158, 206-218

P = 0-0005). The frequencies of CCR1" LN cells were also
significantly lower in BD mice than in normal mice

209



H. M. Sayeed et al.

(58-04 £ 22:39% versus 82-14 & 8-15%, P = 0-005).
There were no differences in frequencies of CCR1" cells
between BD and BDN mice (58:04 4 22:39% versus
59-10 £ 27-6, P =109) (Fig. 1b). Representative his-
tograms of surface staining results are presented in
Fig. 1(c). Figure 1(d) shows the Western blot analysis for
CCRI1 expression in whole PBMC lysates in normal, BDN
and BD mice (n = 3 in each group). The expression ratio
of CCR1 compared with GAPDH was not different
between BDN (1-42 4 0-34) and BD (1-48 & 1-15) mice
(Fig. le, n = 7). This means the entire amount of CCRI
in PBMC was not correlated with the symptoms.

Interleukin-10 and GM-CSF affect frequencies of
CCR1" cells in normal mice

Interleukin-10 synergistically enhanced GM-CSF-induced
CCR1.”>! GM-CSF is known as a CCRl-enhancing cyto-
kine.?? Therefore, IL-10 and GM-CSF were administered
to normal and BD mice. To determine the functional
doses in mice in vivo, IL-10 and GM-CSF were injected
into 3-5-week-old normal mice intraperitoneally at the
following doses: IL-10 (25, 50 and 100 pg) and GM-CSF
(50, 100 and 200 pg). At 3 hr after the last treatment,
PBMC were isolated from mice for flow cytometry to
measure the frequencies of CCRI™ cells on the surface
and cytoplasm.

In mice treated with 50 pg of IL-10 (n = 13), the fre-
quencies of surface CCR1" cells were significantly up-reg-
ulated in PBMC compared with PBS-treated control mice
(n=5) (1314 £ 0-9% versus 11-0 & 0-3%, P = 0-009).
Treatment with 25 pg of IL-10 (n = 9) did not affect the
frequencies of CCR1" cells compared with PBS-treated
control mice (n=05) (11-74 £ 0-96% versus
11-0 £ 0-3%, P = 0-47). Treatment with 100 pg of IL-10
(n = 6) up-regulated the frequencies of CCR1" cells com-
pared with PBS-treated control mice (n = 5), although
the  difference was not statistically  significant
(13-65 £ 2:05% versus 11-0 = 0-3%, P = 0-18). The fre-
quencies of cytoplasm CCR1T PBMC were slightly
increased in mice treated with 50 pg of IL-10 and 100 pg
of IL-10 compared with those in PBS-treated control
mice (62-575 £ 9-89% versus 56-05 + 23-12%, P = 0-6;
58-8 £ 23:33%  versus  56-05 £ 23-12%, P =0.9),
although the differences were not statistically significant
(Fig. 2a).

In normal mice exposed to 200 pg of GM-CSF (n = 5),
the frequencies of surface CCR1" PBMC were up-regu-
lated compared with PBS-treated control mice
(15-65 & 1-4% versus 11-0 &= 0-42%, P = 0-05). In mice
treated with 100 pg of GM-CSF (n = 6), the frequencies
of CCR1" cells were higher compared with the levels in
PBS-treated control mice (n =5) (13-75 4+ 1-34% versus
11-0 &= 0-3%, P = 0-11). However, the difference was not
statistically significant. Mice treated with 50 pg of GM-
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CSF (n = 6) showed frequencies of CCR1" cells similar to
those in PBS-treated control mice (n = 5). In the cyto-
plasm of PBMC, frequencies of CCR1" cells in mice trea-
ted with GM-CSF at 50, 100 and 200 pg (62-25 £ 3-18%;
63-95 £+ 1-9%; 64-7 £ 1-5%, respectively) were not sig-
nificantly (P > 0-05) different compared with those in the
PBS control group (56-05 + 23-12%) (Fig. 2b).

Interleukin-10 and GM-CSF up-regulate frequencies
of CCR1" cells in BD mice

According to functional doses of IL-10 and GM-CSF in
normal mice, 50 pg/mouse/day of IL-10 and 200 pg/
mouse/day of GM-CSF were administered to BD mice to
up-regulate CCR1" cells. After five consecutive days of
treatment to BD mice, PBMC and LN cells were subjected
to surface and cytoplasm staining for FACS analysis. In
the surface of PBMC, the frequencies of CCR1" cells in
BD mice treated with IL-10 (n = 7) and GM-CSF (n = 7)
showed significant up-regulation compared with those in
PBS-treated BD mice (n =10) (IL-10 versus PBS:
13-61 £ 2-5% versus 7-06 = 1-8%, P < 0-0001; GM-CSF
versus PBS: 9-0 £ 1-3% versus 7-06 4+ 1-8%, P = 0-03).
The surface CCR1™ LN cells were significantly up-regu-
lated compared with PBS-treated BD mice (IL-10 versus
PBS: 176 £ 2:7% versus 10-6 & 3-23%, P = 0-0002;
GM-CSF versus PBS: 15-4 + 1:6% versus 10-6 + 3-23%,
P =0-003) (Fig. 2c). In the cytoplasm, CCR1" PBMC
also increased after treatment with IL-10 (54-67 =+ 5-00%
versus  32:04 + 16:3%, P =0-02) and GM-CSF
(821 + 6:4% versus 32:08 4+ 16-:3%, P = 0-001) com-
pared with PBS-treated BD mice. Cytoplasm CCR1" cells
in LN were increased only by GM-CSF (77-85 + 5-9%
versus 58-04%, P = 0-04). Frequencies of cytoplasm
CCR1" LN cells were not changed after IL-10 treatment
(Fig. 2d). IL-10 and GM-CSF up-regulated the frequen-
cies of CCR1" cells in both normal and BD mice.

CCL3 down-regulates the expression of CCR1" cells
in normal mice

CCRI has multiple ligands. CCL3 is one of its ligands for
CCRI1 down-regulation function.”> To determine whether
CCR1 was regulated by CCL3, CCL3 was intraperitoneally
injected into normal mice. Frequencies of CCR1" PBMC
and LN cells were decreased after CCL3 treatment. In sur-
face staining of PBMC, treatment with 100 pg of CCL3
(n = 6) significantly decreased the frequencies of CCR1"
cells compared with PBS control (n=5) (462 + 1-3%
versus 12:92 + 1-89%, P = 0-0002). Treatment with
50 pg CCL3 decreased frequencies of CCRI" cells,
although the decrease was not significant (9-05 £ 2-7%
versus 12-92 £ 1-89%, P = 0-06). In surface staining of
LN cells, treatment with CCL3 at 100 pg (n = 6) signifi-
cantly down-regulated the frequencies of CCR1" cells

© 2019 John Wiley & Sons Ltd, Immunology, 158, 206-218
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Figure 2. Frequencies of CCR1" cells in cytokine-treated normal and Behget’s disease (BD) mice. Interleukin-10 (IL-10) (25, 50 and 100 pg) and
granulocyte-macrophage colony-stimulating factor (GM-CSF) (50, 100 and 200 pg) were intraperitoneally injected into normal mice for five con-

secutive days and peripheral blood mononuclear cells (PBMC) were isolated. Frequencies of CCR1" cells were analyzed by FACS for expression
on the surface and in the cytoplasm of mice after treatment with IL-10 (a) or GM-CSF (b). IL-10 (50 pg) and GM-CSF (200 pg) were intraperi-
toneally injected into BD mice for five consecutive days. PBMC and lymph node cells were isolated. Frequencies of surface CCR1" (¢) and cyto-
plasm CCR1" (d) PBMC and lymph node cells derived from IL-10- and GM-CSE-treated BD mice were analyzed by FACS.

compared with PBS control (n =5) (9-42 £+ 1-32% ver-
sus 13-15 £+ 1-7%, P = 0-009). Treatment with CCL3
50 pg (n = 6) resulted in similar frequencies of CCR1"
cells compared with PBS-treated control mice (Fig. 3a).

The frequencies of cytoplasm CCR1" PBMC after treat-
ment with CCL3 at 50 and 100 pg were significantly
decreased  to (50-95 4+ 4:3%, P <0-0001) and
(33-9 + 4-4%, P <0-0001) compared with PBS control
(74-05 + 3-4%). Cytoplasm CCR1" LN cells were signifi-
cantly down-regulated in mice treated with 50 pg of
CCL3 (25-65 + 1-34%, P < 0-0001) or 100 pg of CCL3
(39:48 + 2-4%, P < 0-0001) compared with PBS-treated
control mice (73-75 + 1-4%) (Fig. 3b). A histogram of
surface and cytoplasm CCR1” PBMC after treatment with
CCL3 is presented in Fig. 3(c).

CCL3 down-regulates the expression of CCR1" cells
and deteriorates symptoms in BD mice

To down-regulate CCR1" cells in BD mice, CCL3 100 pg/
day was administered to BD mice (n=11) for five

© 2019 John Wiley & Sons Ltd, Immunology, 158, 206-218

consecutive days. Frequencies of surface CCR1" PBMC
were significantly lower compared with PBS-treated BD
mice (n=10) (459 &+ 1-36% versus 7-06 + 1-8%,
P =0-003). The frequencies of surface CCR1" LN cells
were not different after CCL3 treatment (Fig. 4a). Cyto-
plasm CCRI1" LN cells were down-regulated significantly
after CCL3 treatment compared with PBS control
(38-38 £ 7-74% versus 58-04 £ 22-39%, P = 0-01). How-
ever, CCR1" expression was not changed in PBMC cyto-
plasm (Fig. 4b). Treatment with CCL3 deteriorated BD
symptoms in 10 (62:5%) of 16 BD mice and the disease
severity score increased from 2:73 £ 0-47 to 3-2 £ 1-00
after 5 days of treatment. Four BD mice showed new skin
ulcer and arthritis, and the remaining BD mice showed
increased ulcer size.

BX471, a CCR1 antagonist, does not down-regulate
CCR1™ cells in BD mice

BX471 was developed as a CCR1 antagonist to treat sev-

eral inflammatory diseases, including rheumatoid
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Figure 3. Frequencies of CCR1" cells in CCL3-treated normal mice. CCL3 (50 pg and 100 pg) was intraperitoneally injected into normal mice
for five consecutive days. Peripheral blood mononuclear cells (PBMC) and lymph node cells were then isolated. Frequencies of CCR1" cells were

analyzed by FACS on the surface (a) and in the cytoplasm (b) of PBMC and lymph node cells. Representative flow cytometric histograms of
CCRI1" cells on the surface (a) and in the cytoplasm (b) of PBMC are shown in (c).

arthritis.'> BX471 was administered to BD mice to down-
regulate CCR1. BX471-treated BD mice (n = 3) showed
823 + 6-17% of surface CCR1™ PBMC, 11-53 + 3-71%
of surface CCR1" LN cells, 54-53 4 14-59% of cytoplasm
PBMC, and 67-17 &+ 11-49% of cytoplasm LN cells. In
BD mice, BX471 did not play a role in the down-regula-
tion of CCR1" cells (Fig. 4a,b). In normal mice, BX471-
treated mice showed higher frequencies of surface CCR1*
PBMC than in PBS-treated normal mice (17-22 + 8-66%
versus  12:15 £ 7-92%, P=0-3) and LN cells
(15-66 4 1:14% versus 13-15 + 1-73%, P = 0-05). Inhibi-
tion of CCR1 expression by BX471 was only found in the
cytoplasm of PBMC (BX471 versus PBS: 65-94 + 5-12%
versus 74-05 £ 3-47%, P = 0-02) (Fig. 4c,d).

Drug treatment regulates frequencies of CCR1" cells
in normal mice

Colchicine and pentoxifylline are the most frequently pre-
scribed medications for BD.** They are also used in BD
mice.”> To determine the correlation between CCRI
expression and these two agents, colchicine (n = 7) and
pentoxifylline (n = 7) were administered to 4-week-old
normal mice. The surface expression of CCR1 in PBMC
was significantly up-regulated compared with PBS-treated
normal mice (n=10) (colchicine versus PBS:
16-02 £ 2-2% versus 11-11 &£ 2-39%, P = 0-0006; pentox-
ifylline versus PBS: 17-02 £ 3-8% versus 11-11 £ 2-2%,
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P =0-001). Colchicine significantly up-regulated the
expression of CCR1 on the surface of LN cells, compared
with PBS-treated normal mice (16:02 & 2:2% versus
12:99 £ 1-56%, P = 0-005). Pentoxifylline also up-regu-
lated the expression of CCR1 compared with PBS-treated
normal mice, although the up-regulation was not statisti-
cally significant (14-8 £ 3-6% versus 12-99 £ 1-56%,
P =0-18) (Fig. 5a). Colchicine and pentoxifylline signifi-
cantly down-regulated the expression of cytoplasm
CCR1" PBMC (59-37 & 11-5%, P = 0-002; 597 + 18-8%,
P =0-03, respectively) compared with PBS control
(73-65 £ 3-0%). Cytoplasm CCRI1 expression in LN cells
was not altered under colchicine or pentoxifylline treat-
ment (Fig. 5b).

Drug treatment regulates frequencies of CCR1" cells
in BD mice

Frequencies of CCR1™ cells were determined after BD
mice were treated with medication. Treatment with col-
chicine (n = 7) or pentoxifylline (n = 7) significantly up-
regulated CCR1 surface expression in PBMC of BD mice
compared with PBS-treated BD mice (n = 10)
(1592 & 4-5% versus 7-06 + 1-8%, P < 0-0001;
19-083 £ 3-4% versus 7-06 = 1:8%, P < 0-0001, respec-
tively). The frequencies of surface CCR1" LN cells were
also increased significantly by colchicine or pentoxifylline
compared with the PBS-treated BD mice (17-68 £ 7-9%

© 2019 John Wiley & Sons Ltd, Immunology, 158, 206-218
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Figure 4. Frequencies of CCR1" cells in CCL3- and BX471-treated Behget’s disease (BD) mice. CCL3 and BX471 were used to treat BD mice and
frequencies of CCR1" cells were analyzed by FACS on the surface (a) and in the cytoplasm (b) of peripheral blood mononuclear cells (PBMC)

and lymph node cells. Frequencies of CCR1" cells in normal mice after treatment with BX471 are shown in (c) and (d).

versus 10-6 £ 3-23%, P = 0-02; 21-36 = 4% versus
10-6 £ 6-9%, P < 0-0001, respectively) (Fig. 5¢). In the
cytoplasm of PBMC, treatment with colchicine and pen-
toxifylline increased the frequencies of CCR1" cells. How-
only pentoxifylline treatment resulted
significant increase (77-4 £+ 6:97% versus
32-08 £ 16:39%, P < 0-0001), colchicine or pentoxifylline
did not affect the frequency of cytoplasm CCR1" LN cells
compared with PBS-treated BD mice (Fig. 5d). The his-
togram of CCR1" expression in the surface and cytoplasm
of PBMC after treatment with colchicine and pentoxi-
fylline is presented in Fig. 5(e). Results show that the fre-
quencies of surface CCRI1" expression rather than
cytoplasm expression strongly correlated with the regula-
tion of BD symptoms.

ever, in a

Anti-CCL3 antibody up-regulates the expression of
CCR1™ cells and improves symptoms in BD mice

To determine whether CCR1 was regulated by CCL3 inhi-
bition, anti-CCL3 antibody was intraperitoneally injected
into normal mice. Frequencies of CCR1"™ PBMC and LN
cells were increased after anti-CCL3 antibody treatment.
In surface staining of PBMC, treatment with anti-CCL3

© 2019 John Wiley & Sons Ltd, Immunology, 158, 206-218

antibody at 1-200 ng significantly increased frequencies
of CCRI1™ cells compared with PBS-treated normal mice
(1 ng, 12-84 4+ 1-98%, P = 0-009; 2 ng, 13-37 + 2-28%,
P =0-002; 20 ng, 15-28 £+ 2-57%, P < 0-0001; 50 ng,
16:92 £ 1-32%, P <0-0001; 200 ng, 156 £ 2-12%,
P = 0-0005; versus PBS, 8-3 & 2.04%). In surface staining
of LN cells, treatment with anti-CCL3 antibody signifi-
cantly up-regulated frequencies of CCR1™ LN cells com-

pared  with  PBS-treated normal mice (I ng,
15-16 £ 2-83%, P <0-0001; 2ng, 17-62 £ 4-24%,
P <0-0001; 20 ng, 19-4 £+ 1-59%, P < 0-0001; 50 ng,
19-82 £ 1-:76%, P < 0-0001; 200 ng, 16-75 £ 5-58%,

P = 0-0008; versus PBS, 872 £+ 1-21%) (Fig. 6a). In the
cytoplasm, frequencies of CCR1" PBMC after treatment
with anti-CCL3 antibody at 1-200 ng were not altered
significantly in PBMC cytoplasm compared with PBS-

treated normal mice (1 ng, 6436 £ 11-82%; 2 ng,
55-75 £ 3-33%; 20 ng, 53-94 £ 5-04%; 50 ng,
64-65 £ 8-:83%; 200 ng, 40-05 £ 2-33%; versus PBS,

5245 4+ 13-42%) (Fig. 6b). Cytoplasm CCR1" LN cells
were significantly up-regulated in mice treated with 1 ng
of anti-CCL3 antibody (42-12 + 8-93%, P = 0-02) or
200 ng of anti-CCL3  antibody  (59-0 &+ 7-77%,
P =0-0002) compared with PBS-treated normal mice
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Figure 5. Frequencies of CCR1" cells in colchicine (Col) and pentoxifylline (Pento) -treated normal and Behget’s disease (BD) mice. Colchicine
(2 pg/mouse/day) and pentoxifylline (400 pg/mouse/day) were used to treat mice. Frequencies of surface and cytoplasm CCR1" peripheral blood

mononuclear cells (PBMC) and lymph node cells were analyzed in normal mice (a, b) and BD mice (¢, d) by FACS. (e) Representative flow cyto-

metric histogram of surface and cytoplasm CCR1" PBMC following colchicine or pentoxifylline treatment of BD mice.

214

© 2019 John Wiley & Sons Ltd, Immunology, 158, 206-218




(a)

CCR1 and CCL3 in inflammation

Normal/Anti-CCL3/PBMC/Surface

Normal/Anti-CCL3/LN/Surface

20 P=0.009 2 P<0-0001
-0 <0-
- o
of T8 gB8s e — g8
o 15 é © ©
T o 2 . o o
Q .
5 gﬂm P<0-0001 @'—:ROOOO T peo000t
—  P<0.0001 5 P<0-0001
P =0-0005 P =0-0008
0 T T T T 0 T T T T T T
Control 2 20 50 200 Control 1 2 20 50 200
ng ng
N=7 N=5 N=4 N=5 N=4 N=3 N=7 N=5 N=4N=5 N=4 N=3
(b)
Normal/Anti-CCL3/PBMC/Cytoplasm Normal/Anti-CCL3/LN/Cytoplasm
100 70
=0 o
o 60 P=0.02 o
80 o o o
. . . . 50 8 o
Figure 6. Frequencies of CCR1" cells in anti- 60 8 @. o 8
CCL3 antibody-treated normal mice. Anti- o @ Ie) g‘ é (0] L 40 g 8 8 §
CCL3 antibody (1, 2, 20, 50 and 200 ng) was 40 o ) 30 g e} '§
intraperitoneally injected into normal mice for 20 8
five consecutive days. Peripheral blood 20 10
P =0-0002
mononuclear cells (PBMC) and lymph node o 0
cells were isolated. Frequencies of surface Conltrol '2 2:0 5;0 2'0 Conltrol '1 '2 2'0 5'0 26

CCR1" (a) and cytoplasm CCR1" (b) PBMC
and lymph node cells were analyzed by FACS.

N=7 N=5 N=4N=5N=4 N=3

ng ng
N=7N=5N=4N=5N=4 N=3

(30-0 £ 7-27%). Treatment with 2, 20 and 50 ng of anti-
CCL3 did not yield significant changes compared with
PBS-treated normal mice (Fig. 6b).

To up-regulate CCR1" cells in BD mice, anti-CCL3
antibody 20 ng/day was administered to BD mice
(n=16) for five consecutive days. The frequencies of
CCRI" expression on the surface of PBMC were signifi-
cantly increased compared with those in PBS-treated BD
mice (n=10) (1561 * 2-92% versus 7-92 £ 2-61%,
P <0:0001). In LN cells, frequencies of surface CCR1"
expressions were significantly increased after anti-CCL3
antibody treatment (22-8 £ 2:7% versus 10-6 + 3-1%,
P = 0-0001) (Fig. 7a). In the cytoplasm of PBMC, the fre-
quencies of CCR1 expression after treatment with anti-
CCL3 antibody were up-regulated significantly compared
with PBS control (5142 + 13-08% versus
32:11 £ 16-40%, P < 0-0001). However, the cytoplasm
CCR1" LN cells were down-regulated after treatment with
anti-CCL3 antibody compared with PBS control
(40-62 + 7-81% versus 58-04 + 22-43%, P = 0-008;
Fig. 7b). Anti-CCL3 antibody treatment improved BD
symptoms in 10 (50-0%) of 20 BD mice on day 5 after
initiation with anti-CCL3 antibody treatment. The list of
improved mice is provided in the Supplementary material
(Table S1). The disease severity score in BD mice changed
from 3-1 £ 0-3 to 2-45 £ 0-68 on day 5 with symptom
improvement after anti-CCL3 antibody treatment

© 2019 John Wiley & Sons Ltd, Immunology, 158, 206-218

(P < 0-0001). Disease severity score was also significantly
varied between CCL3-treated BD mice (3-2 £ 1-0) and
anti-CCL3 antibody-treated BD mice (2-45 £ 0-68) on
day five (P =0-004) (Fig. 7c). Figure 7(d) show the
changes in symptoms after treatment with CCL3 or anti-
CCL3 antibody in BD mice.

Plasma levels of CCL3 in patients with BD

The levels of CCL3 in patients with active BD
(76-88 £ 74-48 pg/ml) were higher than in patients with
inactive BD (24-58 + 7-54 pg/ml, P = 0-09) and healthy

control individuals (22-82 £ 7-87 pg/ml, P = 0-02)
(Fig. 8).
Discussion

This study quantitatively analyzed the expression of che-
mokine receptors in PBMC and LN cells of BD mice.
Our results suggest that BD-like symptoms were corre-
lated with frequencies of CCR1" cells. Percentages of
CCR1" cells were significantly down-regulated in BD mice
compared with normal or BDN mice. Cytokine IL-10-
and GM-CSF-treated BD mice exhibited significant up-
regulation of CCR1" cells compared with PBS-treated BD
mice. CCR1 ligand CCL3-treated BD mice showed signifi-
cant down-regulation of CCR1" cells compared with PBS-
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Figure 7. Frequencies of CCR1" cells in anti-CCL3 antibody-treated Behget’s disease (BD) mice. Anti-CCL3 antibody 20 ng was intraperitoneally
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score after CCL3 or anti-CCL3 antibody treatment of BD mice. (d) Symptoms of BD mice after CCL3 or anti-CCL3 antibody treatment.
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Figure 8. Plasma levels of CCL3 in patients with active and inactive
Behget’s disease (BD).

treated BD mice. Ten of 16 CCL3-treated BD mice
showed deteriorated BD symptoms. Anti-CCL3 antibody
treatment improved BD symptoms, decreased the disease
severity score, and up-regulated CCR1™ cells significantly
compared with PBS-treated BD mice. Treatment of BD
mice with colchicine and pentoxifylline significantly up-
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regulated CCR1" cells compared with PBS treatment. Fre-
quencies of CCRI1" cells were strongly associated with
symptoms in BD mice.

Chemokine receptors are essential moderators of leuko-
cyte trafficking in inflammatory diseases. CCR1 may be a
strong therapeutic target in a variety of diseases.”® CCRI
has been shown to play a role in recruiting monocytes
and Thl cells according to active inflammation.”” CCRI1
and its ligands are associated with the development of
experimental arthritis. In rheumatoid arthritis, CCR1 is
an efficient therapeutic target because it mediates the reg-
ulation of tumor necrosis factor-o and 1L-10.® However,
in patients with BD, the frequencies of CCR1" cells are
decreased in patients with active BD than in normal con-
trols, even though the difference was not statistically sig-
nificant.”” Similarly, this study also shows that the
frequencies of CCRI™ cells in BD mice were down-regu-
lated compared with the control mice. Down-regulated
CCRI expression has been reported after infection with
Leishmania infantum® or coronavirus.”’ Correlation
between HSV infection and CCR1 expression does not
show consistent results.**?”

© 2019 John Wiley & Sons Ltd, Immunology, 158, 206-218



Chemokine CCL3 expression has been reported in
arthritic inflammation.”* CCL3 recruits inflammatory
leukocytes by binding to CCR1.%® It affects chronic joint
inflammation.*® Neutralizing antibodies to CCL3 alleviate
inflammation.”” Higher serum levels of CCL3 have been
found in patients with active BD than in patients with
inactive stages of BD.”® Results of the present study
demonstrate that treatment with CCL3 deteriorated
symptoms in BD mice and down-regulated the frequen-
cies of CCR1" cells. Increased CCL3 expression exacer-
bates BD symptoms through down-regulation of CCRI.

Interleukin-10 is known as a CCR1 stimulator.”® Tt is
mainly expressed in monocytes, macrophages, Th2 cells,
and B cells. IL-10 is one of the key anti-inflammatory
cytokines expressed in the human immune response. It is
a strong inhibitor of Thl cytokines IL-2 and interferon-
72941 Anti-inflammatory cytokine IL-10 suppresses pro-
inflammatory cytokines and protects the host against tis-
sue damage.*” In patients with BD, IL-10 polymorphisms
have been identified.">** Such gene variation might be
correlated with insufficient expression of IL-10. Results of
the present study show that IL-10 up-regulated the fre-
quencies of CCR1" cells in BD mice compared with PBS
control. IL-10 and GM-CSF also synergistically increased
the frequencies of CCR1™ cells in BD mice.

Granulocyte—macrophage colony-stimulating factor is a
stimulator of CCR1 expression.”? It enhances the matura-
tion of dendritic cells and plays a role in recruiting circu-
lating neutrophils, monocytes and lymphocytes for host
defense.”” Different types of inflammatory and immune
cells such as dendritic cells, monocytes, neutrophils,
microglia and macrophages are modulated by GM-CSF
under autoimmune conditions.** GM-CSF may influence
chronic inflammatory diseases such as arthritis,*” experi-
mental autoimmune encephalitis*® and airway inflamma-
tion.” GM-CSF also enhances resistance to viral
infection®® and bacterial translocation.”® In patients with
BD, GM-CSF transcription was down-regulated more
than in controls.’> However, the protein expression or
serum levels of GM-CSF in patients with BD have yet to
be elucidated. According to a case report, intra-lesional
injection with recombinant human GM-CSF induces
wound healing in genital ulcers of BD.”> GM-CSF also
enhances CCR1 expression.?** Our data demonstrated
that treatment with GM-CSF significantly up-regulated
CCR1" expression in PBMC and LN cells.

BX471 was developed as a potent antagonist against
CCRI1.>* BX471 treatment attenuated systemic inflamma-
tion of sepsis,” nephritis,”® arthritis® and myocarditis.”®
In our study, BX471 was administered to BD mice to
confirm the correlation of CCRI1 expression with BD by
inhibiting CCR1. BX471 treatment failed to inhibit the
frequencies of surface or cytoplasm CCR1" PBMC and
LN cells in BD mice. In normal mice, BX471 inhibited
the expression of CCRI1 only in the cytoplasm of PBMC.

© 2019 John Wiley & Sons Ltd, Immunology, 158, 206-218

CCR1 and CCL3 in inflammation

These results indicate that BX471 treatment failed to ade-
quately inhibit CCR1" cells in vivo, which partly explains
why clinical trials of BX471 inhibition of CCR1 were dis-
continued.

In conclusion, our study demonstrated down-regulated
frequencies of CCR1" cells, which were closely correlated
with BD symptoms and the expression of CCR1" cells
was controlled by cytokine IL-10, GM-CSF and ligand
CCL3. Even though BD is a multi-factorial inflammatory
disease associated with immune dysregulation, treatment
with single chemokine or chemokine receptor alone con-
tributes to immune regulation resulting in the control of
systemic symptoms of BD.

Acknowledgements

SS designed experiments and analyzed the data. HMS and
HOB performed experiments. ESL supplied and was con-
sulted on human samples. HMS and SS wrote the manu-
script. This study was supported by a grant from the
Korea Health Technology R&D Project through the Korea
Health Industry Development Institute funded by the
Ministry of Health & Welfare, Republic of Korea
(HI15C2483) and the Basic Science Research Program
through the National Research Foundation of Korea
funded by the Ministry of Education
(2017R1D1A1B03032168).

Disclosure

The authors declare no conflicts of interest.

References

1 Hou S, Xiao X, Li F, Jiang Z, Kijlstra A, Yang P. Two-stage association study in Chi-
nese Han identifies two independent associations in CCR1/CCRI1 locus as candidate for
Behget’s disease susceptibility. Hum Genet 2012; 131:1841-50.

Kirino Y, Bertsias G, Ishigatsubo Y, Mizuki N, Tugal-Tutkun I, Seyahi E et al. Gen-
ome-wide association analysis identifies new susceptibility loci for Behget’s disease and
epistasis between HLA-B*51 and ERAP1. Nar Genet 2013; 45:202-7.

3 Su SB, Mukaida N, Wang J, Nomura H, Matsushima K. Preparation of specific poly-

)

clonal antibodies to a C-C chemokine receptor, CCR3, and determination of CCR3
expression on various types of leukocytes. ] Leukoc Biol 1996; 60:658-66.

IS

Cochand L, Isler P, Songeon F, Nicod LP. Human lung dendritic cells have an imma-
ture phenotype with efficient mannose receptors. Am ] Respir Cell Mol Biol 1999;
21:547-54.

Gao JL, Wynn TA, Chang Y, Lee EJ, Broxmeyer HE, Cooper S et al. Impaired host

v

defense, hematopoiesis, granulomatous inflammation and type 1-type 2 cytokine bal-
ance in mice lacking CC chemokine receptor 1. ] Exp Med 1997; 185:1959-68.
Bonecchi R, Polentarutti N, Luini W, Borsatti A, Bernasconi S, Locati M et al. Up-reg-
ulation of CCR6 and CCR6 and induction of chemotaxis to CC chemokines by IFN-y
in human neutrophils. J Immunol 1999; 162:474-9.

Katschke KJ Jr, Rottman JB, Ruth JH, Qin S, Wu L, LaRosa G et al. Differential

expression of chemokine receptors on peripheral blood, synovial fluid, and synovial tis-

o

N

sue monocytes/macrophages in rheumatoid arthritis. Arthritis Rheum 2001; 44:1022-32.
Joubert P, Lajoie-Kadoch S, Welman M, Dragon S, Letuvee S, Tolloczko B et al.
Expression and regulation of CCR8 by airway smooth muscle cells in asthma. J Immu-
nol 2008; 180:1268-75.

Bignon A, Gaudin F, Hemon P, Tharinger H, Mayol K, Walzer T et al. CCR9 inhibi-
tion ameliorates the progression of lupus nephritis in NZB/W mice. ] Immunol 2014;
192:886-96.

=3

©

217



H

1

8]

1

w

14

16

17

1

®

2

S

21

2!

[N

2

@

24
25

2
27

=N

28

29

3

S

3

=

32

3

@

3

&

3

@

3

=N

3

<

. M. Sayeed et al.

Blease K, Mehrad B, Standiford TJ, Lukacs NW, Kunkel SL, Chensue SW et al. Airway
remodeling is absent in CCR10”~ mice during chronic fungal allergic airway disease.
Immunol 2000; 165:1564—72.

Choi SW, Hildebrandt GC, Olkiewicz KM, Hanauer DA, Chaudhary MN, Silva IA et al.
CCR11/CCL5
responses and graft-versus-host disease following stem-cell transplantation. Blood 2007;
110:3447-55.

Horuk R. Chemokine receptor antagonists: overcoming developmental hurdles. Nat Rev
Drug Discov 2009; 8:23-33.

Eglin RP, Lehner T, Subak-Sharpe JH. Detection of RNA complementary to herpes-

(RANTES) receptor-ligand interactions modulate allogeneic T-cell

simplex virus in mononuclear cells from patients with Behget’s syndrome and recurrent
oral ulcers. Lancet 1982; 2:1356-61.

Young C, Lehner T, Barnes CG. CD4 and CD8 cell responses to herpes simplex virus
in Behget’s disease. Clin Exp Immunol 1988; 73:6-10.

Behcet H. Uber rezidivierende, aphthose, durch ein virus verursachte geschwiire am
mund, am auge und an den genitalien. Dermatologische Wochenschrift 1937; 105:1152-7.
Sohn S, Lee ES, Bang D, Lee S. Behget’s disease-like symptoms induced by the Herpes
simplex virus in ICR mice. Eur ] Dermatol 1998; 8:21-3.

Sohn S, Lee ES, Bang D. Learning from HSV-infected mice as a model of Behget’s dis-
ease. Clin Exp Rheumatol 2012; 30:596-103.

Kim DY, Cho S, Choi MJ, Sohn S, Lee ES, Bang D. Immunopathogenic role of herpes
simplex virus in Behget’s disease. Genet Res Int 2013; 2013:638273.

Zheng Z, Sohn S, Ahn KJ, Bang D, Cho SB. Serum reactivity against herpes simplex
virus type 1 UL48 protein in Behget’s disease patients and a Behget’s disease-like mouse
model. Acta Derm Venereol 2015; 95:952-8.

Vaiopoulos GKP, Evangelatos N, Kaklamanis PH. The spectrum of mucocutaneous
manifestations in Adamantiades-Behget’s disease in Greece. ] Eur Acad Dermatol Vener-
eol 2010.

Li H, Cheung W, Choo HH, Chan JH, Lai PS, Fred Wong WS. IL-10 synergistically
enhances GM-CSF-induced CCR21 expression in myelomonocytic cells. Biochem Bio-
phys Res Commun 2003; 304:417-24.

Cheng SS, Lai JJ, Lukacs NW, Kunkel SL. Granulocyte-macrophage colony stimulating
factor up-regulates CCR22 in human neutrophils. J Immunol 2001; 166:1178-84.

Elsner J, Dulkys Y, Gupta S, Escher SE, Forssmann WG, Kapp A et al. Differential pat-
tern of CCR23 internalization in human eosinophils: prolonged internalization by
CCLS5 in contrast to CCL3. Allergy 2005; 60:1386-93.

Bang D. Treatment of Behget’s disease. Yonsei Med J 1997; 38:401-10.

Choi B, Kim HA, Suh CH, Byun HO, Jung JY, Sohn S. The relevance of miRNA-21 in
HSV-induced inflammation in a mouse model. Int ] Mol Sci 2015; 16:7413-27.

Gerard C, Rollins BJ. Chemokines and disease. Nat Immunol 2001; 2:108-15.

Oo YH, Shetty S, Adams DH. The role of chemokines in the recruitment of lympho-
cytes to the liver. Dig Dis 2010; 28:31-44.

Amat M, Benjamim CF, Williams LM, Prats N, Terricabras E, Beleta J et al. Pharmaco-
logical blockade of CCR28 ameliorates murine arthritis and alters cytokine networks
in vivo. Br ] Pharmacol 2006; 149:666—75.

Houman H, Hamzaoui A, Ben Ghorbal I, Khanfir M, Feki M, Hamzaoui K. Abnormal
expression of chemokine receptors in Behget’s disease: relationship to intracellular Th1/
Th2 cytokines and to clinical manifestations. J Autoimmun 2004; 23:267-73.

Panaro MA, Spinelli R, Lisi S, Sisto M, Acquafredda A, Fumarola L et al. Reduced
expression of the chemokine receptor CCR30 in human macrophages and U-937 cells
in vitro infected with Leishmania infantum. Clin Exp Med 2004; 3:225-30.

Hickey MJ, Held KS, Baum E, Gao JL, Murphy PM, Lane TE. CCR31 deficiency
increases susceptibility to fatal coronavirus infection of the central nervous system.
Viral Immunol 2007; 20:599-608.

Cook WJ, Kramer MF, Walker RM, Burwell TJ, Holman HA, Coen DM et al. Persistent
expression of chemokine and chemokine receptor RNAs at primary and latent sites of
herpes simplex virus 1 infection. Virol J 2004; 1:5.

Sorensen LN, Paludan SR. Blocking CC chemokine receptor (CCR) 1 and CCR33 dur-
ing herpes simplex virus type 2 infection in vivo impairs host defence and perturbs the
cytokine response. Scand ] Immunol 2004; 59:321-33.

Zhang R, Sun P, Jiang Y, Chen Z, Huang C, Zhang X et al. Genome-wide haplotype
association analysis and gene prioritization identify CCL3 as a risk locus for rheuma-
toid arthritis. Int J Immunogenet 2010; 37:273-8.

Turner MD, Nedjai B, Hurst T, Pennington DJ. Cytokines and chemokines: at the
crossroads of cell signalling and inflammatory disease. Biochim Biophys Acta 2014;
1843:2563-82.

Chintalacharuvu SR, Wang JX, Giaconia JM, Venkataraman C. An essential role for
CCL3 in the development of collagen antibody-induced arthritis. Immunol Lett 2005;
100:202—4.

Manczak M, Jiang S, Orzechowska B, Adamus G. Crucial role of CCL3/MIP-1x in the
recurrence of autoimmune anterior uveitis induced with myelin basic protein in Lewis
rats. ] Autoimmun 2002; 18:259-70.

218

38

3

°

A

S

4

4

)

4

@

44

45

4

o

4

;S

48

4

o

5

S

5

52

53

5

=

55

5

=N

5

N

5i

3

Kim WU, Do JH, Park KS, Cho ML, Park SH, Cho CS et al. Enhanced production of
macrophage inhibitory protein-1o in patients with Behget’s disease. Scand J Rheumatol
2005; 34:129-35.

Musso T, Cappello P, Stornello S, Ravarino D, Caorsi C, Otero K et al. IL-10 enhances
CCL2 release and chemotaxis induced by CCL16 in human monocytes. Int J Immuno-
pathol Pharmacol 2005; 18:339—49.

Li L, Elliott JF, Mosmann TR. IL-10 inhibits cytokine production, vascular leakage, and
swelling during T helper 1 cell-induced delayed-type hypersensitivity. J Immunol 1994;
153:3967-78.

Saraiva M, O’Garra A. The regulation of IL-10 production by immune cells. Nat Rev
Immunol 2010; 10:170-81.

Cyktor JC, Turner J. Interleukin-10 and immunity against prokaryotic and eukaryotic
intracellular pathogens. Infect Immun 2011; 79:2964-73.

Mizuki N, Meguro A, Ota M, Ohno S, Shiota T, Kawagoe T et al. Genome-wide associ-
ation studies identify IL23R-IL12RB2 and IL10 as Behget’s disease susceptibility loci.
Nat Genet 2010; 42:703-6.

Remmers EF, Cosan F, Kirino Y, Ombrello MJ, Abaci N, Satorius C et al. Genome-
wide association study identifies variants in the MHC class I, IL10, and IL23R-IL12RB2
regions associated with Behget’s disease. Nat Gener 2010; 42:698-702.

Shi Y, Liu CH, Roberts Al Das J, Xu G, Ren G et al. Granulocyte-macrophage colony-
stimulating factor (GM-CSF) and T-cell responses: what we do and don’t know. Cell
Res 2006; 16:126-33.

Bhattacharya P, Thiruppathi M, Elshabrawy HA, Alharshawi K, Kumar P, Prabhakar
BS. GM-CSF: an immune modulatory cytokine that can suppress autoimmunity. Cyto-
kine 2015; 75:261-71.

Cornish AL, Campbell IK, McKenzie BS, Chatfield S, Wicks IP. G-CSF and GM-CSF as
therapeutic targets in rheumatoid arthritis. Nar Rev Rheumatol 2009; 5:554-9.
Ponomarev ED, Shriver LP, Maresz K, Pedras-Vasconcelos J, Verthelyi D, Dittel BN.
GM-CSF production by autoreactive T cells is required for the activation of microglial
cells and the onset of experimental autoimmune encephalomyelitis. J Immunol 2007;
178:39-48.

Cates EC, Fattouh R, Wattie J, Inman MD, Goncharova S, Coyle AJ et al. Intranasal
exposure of mice to house dust mite elicits allergic airway inflammation via a GM-
CSF-mediated mechanism. ] Immunol 2004; 173:6384-92.

Huang FF, Barnes PF, Feng Y, Donis R, Chroneos ZC, Idell S et al. GM-CSF in the
lung protects against lethal influenza infection. Am J Respir Crit Care Med 2011;
184:259-68.

Unal AE, Cevikel MH, Ozgun H, Tunger A. Effect of granulocyte-macrophage colony
stimulating factor on bacterial translocation after experimental obstructive jaundice.
Eur J Surg 2001; 167:366-70.

Takahama H, Itoh R, Inoue-Komatsu C, Furusawa S, Takahashi H, Mizoguchi
M. Granulocyte colony-stimulating factor (G-CSF) and granulocyte-macrophage
colony-stimulating factor (GM-CSF) in Behget’s disease. J Dermatol 1994;
21:546-52.

Alli N, Karakayali G, Kahraman I, Artuz F. Local intralesional therapy with hGM-CSF
for a large genital ulcer in Behget’s disease. Br J Dermatol 1997; 136:639—40.

Vaidehi N, Schlyer S, Trabanino RJ, Floriano WB, Abrol R, Sharma § et al. Predictions
of CCR54 chemokine receptor structure and BX 471 antagonist binding followed by
experimental validation. J Biol Chem 2006; 281:27613-20.

He M, Horuk R, Moochhala SM, Bhatia M. Treatment with BX471, a CC chemokine
receptor 1 antagonist, attenuates systemic inflammatory response during sepsis. Am J
Physiol Gastrointest Liver Physiol 2007; 292:G1173-80.

Anders HJ, Belemezova E, Eis V, Segerer S, Vielhauer V, Perez de Lema G et al.
Late onset of treatment with a chemokine receptor CCR56 antagonist prevents
progression of lupus nephritis in MRL-Fas(lpr) mice. ] Am Soc Nephrol 2004;
15:1504-13.

Lebre MC, Vergunst CE, Choi IY, Aarrass S, Oliveira AS, Wyant T et al. Why CCR57
and CCR57 blockade failed and why CCR57 blockade might still be effective in the
treatment of rheumatoid arthritis. PLoS ONE 2011; 6:e21772.

Futamatsu H, Suzuki J, Koga N, Adachi S, Kosuge H, Maejima Y et al. A CCR58 antag-
onist prevents the development of experimental autoimmune myocarditis in association
with T cell inactivation. J Mol Cell Cardiol 2006; 40:853—61.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Table S1 List of symptoms in anti-CCL3 antibody-trea-

ted Behcet’s disease mice.

© 2019 John Wiley & Sons Ltd, Immunology, 158, 206-218



