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ABSTRACT

Background: Skin fibrotic disorders such as systemic sclerosis (SSc) are characterized by an excessive
accumulation of extracellular matrix (ECM), and develop under the influence of certain cytokines. We
previously established a mouse model of skin fibrosis induced by exogenous application of cytokines. We
have revealed that both the number of macrophages and the levels of macrophage chemoattractant
protein-1 (MCP-1) mRNA positively correlate with the extent of skin fibrosis. Macrophages can be
divided into two subsets, the first expressing CCR2, and the second expressing CX3CR1.
Objective: To elucidate the role of skin infiltrating macrophages based on CCR2 and CX3CR1 in this
cytokine-induced murine fibrosis model.
Methods: We examined the amounts of collagen deposited in granulation tissues, the numbers of
macrophages and the levels of several mRNA in wild type (WT) mice, CCR2~/~ mice, and CX3CR1~/~ mice
during injections of transforming growth factor-p (TGF-f3) followed by injections of connective tissue
growth factor (CTGF).
Results: TGF-3 injection increased the expressions of MCP-1, fractalkine, CCR2 and CX3CR1 mRNA in WT
mice. The overproduction of collagen induced by TGF- was significantly reduced by CCR2 deficiency,
while collagen contents induced by CTGF were restored to wild-type levels. In contrast, overproduction
of collagen in CX3CR1-deficient mice decreased nearly 50% by both TGF- and CTGF stimulations.
Conclusion: The involvement of CCR2/MCP-1 interaction (CCR2-dependent loop) was during the TGF-3
phase. In contrast, the fractalkine/CX3CR1 interaction contributes to the initiation of fibrosis by TGF-p3
and its maintenance by CTGF. Collectively, two subsets of macrophages both cooperatively and
independently play important roles in the development of fibrosis.

© 2012 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights

reserved.

1. Introduction

understood, however, many studies have suggested that cytokine
release from inflammatory cells, endothelial cells, fibroblasts, and

SSc is an autoimmune rheumatic disease characterized by
fibrosis and vascular injury in the skin and multiple internal
organs. The etiology and pathogenesis of SSc remain unclear.
Clinically, SSc is typified by excessive collagen deposition, vascular
damage, and immunological activation and these clinical features
are likely interrelated [1-4]. The central event in the pathogenesis
of SSc is an abnormal accumulation of extracellular matrix (ECM)
components, predominantly type [ and III collagen. The mecha-
nisms that cause excessive fibrosis in SSc remain incompletely

* This work was supported by a Grant-in-Aid from the Ministry of Education,
Science, and Culture of japan.

* Corresponding author at: Department of Dermatology, Kanazawa University
Graduate School of Medical Science, 13-1 Takara-machi, Kanazawa, Ishikawa 920-
8641, Japan. Tel.: +81 76 265 2343; fax: +81 76 234 4270.

E-muail address: takehara@med.kanazawa-u.ac.jp (K. Takehara).

other cell types in the involved organs play important roles in the
initiation and maintenance of fibrosis [5,6].

Among these cytokines, transforming growth factor-g3 (TGF-B)
and connective tissue growth factor (CTGF) are thought to play
central roles in the pathogenesis of SSc [7,8]. To understand the
mechanisms of fibrosis and the contributions of cytokines better,
we established a unique animal model of skin fibrosis by
exogenously administering cytokines [9]. In this model, the in
vivo effects of cytokines are examined following subcutaneous
injection into newborn mice. We found previously that TGF-{3
induced only transient fibrosis on day 4, despite 7 days of
consecutive injections [10]. By contrast, serial injections of CTGF
after TGF-(3 administration caused persistent fibrosis [11]. We also
identified a positive correlation between the number of macro-
phages present, MCP-1 mRNA expression levels, and the extent of
skin fibrosis [12]. This finding suggested that macrophages and
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macrophage related cytokines might indirectly contribute to the
development of fibrosis.

Activated macrophages appear to play an important role in
fibrosis because they are among the first immune cells recruited
during the initial stages of fibrosis. It has long been known that early
SSc skin contains an increased number of CD14-positive cells
(monocytes/macrophages), compared to normal skin [13]. When
activated, macrophages release a number of pro-inflammatory and
fibrogenic mediators, such as TGF-3 and platelet-derived growth
factor (PDGF) [14]. Macrophages are classified into two functional
subsets based on their chemokine receptor expression pattern: a
short-lived CCR2 subset that is actively recruited to inflamed tissues,
and a CX3CR1 subset characterized as resident in non-inflamed
tissues [15]. CCR2 is a major receptor for MCP-1, while CX3CR1 is a
receptor for fractalkine, a chemokine expressed by endothelial cells.

MCP-1 stimulates collagen production by fibroblasts via
endogenous upregulation of TGF-3 expression [16]. Previous studies
have demonstrated that MCP-1 gene expression is increased during
bleomycin-induced pulmonary fibrosis in mice [17] and interstitial
kidney fibrosis [18]. In SSc patients, serum levels of MCP-1 are
elevated, and spontaneous MCP-1 production by peripheral blood
mononuclear cells is increased relative to normal controls [19].
MCP-1 is also strongly expressed in the epidermis, in inflammatory
mononuclear cells, and in endothelial cells in the sclerotic skin of SSc
patients, but it is not expressed in normal skin. Administration of
anti-MCP-1 neutralizing antibody reduced skin sclerosis in bleo-
mycin-treated mice [20]. Furthermore, mice deficient for the MCP-1
receptor CCR2 are protected from fluoresceinisothiocyanate-
induced and bleomycin-induced lung fibrosis [21,22]. Thus, it
appears that MCP-1 is critically involved in the pathogenesis of SSc.

Fractalkine is a membrane-bound chemokine that functions not
only as a chemoattractant but also as an adhesion molecule, and it
is expressed on proinflammatory cytokine activated endothelial
cells. The fractalkine receptor, CX3CR1, is expressed on mature
monocytes, NK cells, and cytotoxic effector T cells [23]. We
previously demonstrated that fractalkine was strongly expressed
on endothelial cells in affected skin and lung tissues in SSc patients.
Additionally, soluble fractalkine levels were significantly elevated
in sera and were associated with the existence of digital ischemia,
and severe pulmonary fibrosis. The number of CX3CR1-expressing
cells, including monocytes, was increased in the lesional skin and
lung tissues from SSc patients with diffuse cutaneous involvement
[24]. Collectively, these data suggest a role for fractalkine as a
major mediator of SSc.

In this study, we have investigated whether CCR2/MCP-1 or
CX3CR1/fractalkine play arole in the induction and maintenance of
skin fibrosis in our animal model, to determine if these molecules
might be useful as novel therapeutic targets in fibrotic disorders.

2. Materials and methods
2.1. Mice

Specific pathogen-free 8-10-week-old female BALB/c mice (WT
mice) were purchased from Charles River Japan (Yokohama,
Japan). CCR2-deficient (CCR27/~) mice and CX3CR1-deficient
(CX3CR1~/~) mice were generated [25,26] and backcrossed to a
BALB/c background for more than 8 generations in our animal
facility. All studies and procedures were approved by the
Committee on Animal Experimentation of Kanazawa University
Graduate School of Medical Science.

2.2. Growth factors

Human recombinant TGF-33 was purchased from R&D
Systems, Inc. (Minneapolis, MN). Human recombinant CTGF was

a generous gift from Nosan Corporation (Yokohama, Japan).
Endotoxin levels of TGF and CTGF were <1.0EU per 1 g of
cytokine as determined by the LAL method, respectively.

2.3. In vivo experimental model

TGF-P3 and CTGF were dissolved in phosphate-buffered saline
(PBS), to obtain final concentrations of 40 and 20ng/ul,
respectively. Newborn mice were injected with 20 ul of TGF-33
(800 ng), CTGF (400 ng), or with PBS as a control, into the
subcutaneous neck tissue once a day for 3 or 7 consecutive days.
Serial injections of the two growth factors (TGF-B3 for days 1-3
days and CTGF for days 4-7) were also conducted (Fig. 1). The
amounts of growth factors used in these experiments were
previously shown to be optimal in our skin fibrotic animal models
using BALB/C mice [10,11]. The mice were euthanized with an
overdose of diethyl ether 24 h after the final injection, and tissue
samples were obtained from the site of injection. Parts of the tissue
samples were fixed in 10% neutral buffered formalin and processed
for routine histological examination and the measurement of
collagen content. The remaining tissue was embedded in Tissue-
Tek OCT compound (Miles, IN), snap frozen in liquid nitrogen, and
stored at —70 °C prior to use. Ten serial 6-pm sections were cut
from each frozen sample embedded in OCT compound. The
sections were subjected to RNA extraction.

2.4. Measurement of collagen content in tissue samples

Tissue samples were embedded in paraffin and sections,
approximately 15 um thick, were obtained. Groups of 10-20
sections were deparaffinized after incubation with xylol, xylo-
l:ethanol (1:1), ethanol, water:ethanol (1:1), and water. We used
only granulated areas of the sections. Individual samples were
placed in small test tubes and covered with 0.2 ml of a saturated
solution of picric acid in distilled water that contained 0.1% Fast
green FCF and 0.1% Sirius red F3BA. The samples were rinsed several
times with distilled water until the fluid was colorless. One milliliter
of 0.1 N NaOH in absolute methanol (1:1; v/v) was added and the
eluted color was read in a spectrophotometer at 540 nm and
605 nm. The method is based on the selective binding of Sirius red
F3BA and Fast green FCF to collagens and non-collagenous proteins,
respectively [27]. Each experimental sample was run in triplicate.

2.5. RNA isolation and cDNA synthesis

Total RNA was extracted from frozen granulation tissue samples
using RNeasy (Qiagen, Valencia, CA) spin columns, according to the
manufacturer’s protocol, with the addition ofa DNase digestion step.

RNA concentration and purity was determined spectrophotometri-
cally by measuring fluorescence at 260 nM and 280 nM. Total RNA
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Fig. 1. Cytokine-induced fibrosis model. Serial injections of the two growth factors
(TGF-B3 for days 1-3 and CTGF for days 4-7) were conducted.
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(100 wg) was reverse transcribed into ¢cDNA in a total volume of
20 pg using a Reverse Transcription System (Promega, Madison, WI)
according to the manufacturer’s instructions.

2.6. Taqman quantitative real-time PCR analysis

Four microliters of cDNA were used as a template for real-time
PCR, which was carried out in an ABI Prism 7000 Sequence
Detector System (PE Applied Biosystems, Foster city, CA). The
sequences of the mouse « 2 chain of the type I collagen (COL1A2)
primers and probe used are 5'-CAC CCC AGC GAA GAA CTC ATA-3'
(forward), 5'-GCC ACC ATT GAT AGT CTC TCC TAA C-3' (reverse)
and 5-CGC CCA GGC CAA CAA GCA TGT C-3' (probe). Intron-
spanning primers were used to minimize the possibility of co-
amplifying genomic DNA. The primers for MCP-1, fractalkine,
CCR2, CX3CR1 and CTGF were purchased from Applied Biosystems.
We used the Tagman rodent GAPDH control reagent (PE Applied
Biosystems) as an internal control. PCR (1x (50 °C, 2 min, 95 °C,
10 min), 40x (95°C, 155, 60°C, 1 min) was performed in the
presence of 0.6 x Tagman Universal PCR master mix (PE Applied
Biosystems), forward and reverse primers and a sequence-specific
fluorescent probe. Optimal probe and primer concentrations were
determined for each assay to ensure maximum specificity. Relative
units (RU) were calculated by the comparative Gy method. First, the
Cr for the target amplification (FAM) and the Gy for the endogenous
control (VIC; GAPDH) were determined for each sample. The
difference between the Cr for the target and the Cy for the internal
control, called ACr, was calculated to normalize for the differences
in the amounts of total nucleic acid added to each mixture. The ACr
of the calibrator was subtracted from the ACy of each experimental
sample to give AACr. The amount of target normalized to an
endogenous control and relative to the calibrator, was then
calculated using the equation 2(=2A¢) Each experimental sample
was run in triplicate.

2.7. Histological examination and immunohistochemistry

The formalin-fixed and paraffin-embedded specimens were cut
to a thickness of 4 mm and stained with hematoxylin and eosin.
Immunohistochemical analysis using antimouse F4/80 antibody
(clone A3-1, ACM, UK), CD11b (clone M1/70, BD Biosciences, San
Jose, CA), Gr1 (clone RB6-8C5, BD Biosciences) at a dilution 1:100
was performed with biotinylated anti-mouse IgG as secondary
antibody. Visualization was done with the standard streptavidin-
biotin-coupled immunoperoxidase technique (Histofine Kit,
Nichirei, Tokyo, Japan). The measurement of macrophages was
performed by averaging the number of cells identified by positive
for the F4/80 or CD11b staining per visual field in five high power
fields (magnification, x200), respectively. Each experimental
sample was run in triplicate.

2.8. Macrophage isolation

Magnetic cell sorting technology (Miltenyi Biotec, Bergisch
Gladbach, Germany) was used to purify macrophages according to
the manufacture’s instructions. CD11b microbeads were used to
purify macrophages from spleen cells.

2.9. Cell culture in vitro

Primary fibroblast cultures were established from dorsal skin of
newborn wild-type mice as described. Fibroblasts were grown at
37°C in a 5% CO, atmosphere in Dulbecco’s modified Eagle’s
medium (DMEM) (Wako Pure Chemical Industries, Osaka, Japan)
with 10% fetal calf serum (Nunc, Roskilde, Denmark), 100 U/ml
penicillin/streptomycin in 6-well multi-dishes. Passages 3-5 were

used for the experiments. After cells reached confluence, the
culture medium was discarded and cells were starved using DMEM
with 0.1% bovine serum albumin and nonessential amino acids
(Sigma, St. Louis, MO) for 24 h prior to initiating TGF-33 or CTGF
stimulation. TGF-33 or CTGF was added to the cell culture medium
to a final concentration of 10ng/ml, 150 ng/mL after 24 h
starvation. The cells were then cultured for 24 h. For macro-
phage-fibroblast cocultues, macrophages (5 x 10° cells per well)
were added in the upper wells (insert) of a 6-well transwell plate
(0.4 mm pore size; BD Falcon) simultaneously with TGF-33. At the
end of each experiment, total RNA was isolated from fibroblasts in
the lower chamber using RNeasy (Qiagen, Valencia, CA) as above.
To examine a contamination by endothelial cells, we added the
FACS analyses of skin fibroblasts. CD31+ cells were not detected in
isolated skin fibroblasts by FACS analysis (data not shown).

2.10. Flow cytometry

Abs used in this study included PE-conjugated anti-CCR2 mAb
(R&D Systems, Minneapolis, MN), APC-conjugated anti-CX3CR1
mAb(R&D Systems). Single-cell suspensions of isolated macro-
phages were incubated with the Abs for 30 min at 4 °C. The cells
washed and fixed with 1% paraformaldehyde in PBS. Stained
Samples were analyzed on FACSVantage SE (BD Biosciences),
analyzing data from 10° cells. Data were analyzed using the
Flow]o (Tree Star, Ashland, OR) software. Positive and negative
populations of cells were determined using unreactive isotype-
matched mAbs (BD Biosciences) as controls for background
staining.

2.11. Statistical analysis

Values were expressed as the mean + SEM. Student’s t-test was
used to evaluate the statistical differences between the groups.

3. Results

3.1. Semi-quantitative analysis of collagen content in skin fibrosis
induced by exogenous injection of TGF-f3 and CTGF in CCR2-KO and
CX3CR1-KO mice

We previously showed that serial injections of CTGF after TGF-f3
induced persistent fibrotic tissue formation in newborn mice [11],
leading to increased amounts of deposited collagen in granulation
tissue [12]. We next wanted to analyze the requirements for the
chemokine receptors CCR2 and CX3CR1 in this same model system
in order to examine potential roles for chemokines in SSc. In this
study, we injected 800 ng of TGF-( on days 1-3 followed by 400 ng
of CTGF on days 4-7. Since the profibrogenic effects of TGF-1, -p2,
and -B3 were almost identical in previous experiments [10], we
used TGF-33 (henceforth referred to as TGF-[3) for all experiments
in the present study.

Serial injections of CTGF following TGF-f administration
caused a prominent collagen accumulation in WT mice (Fig. 2A
and E). By contrast, the collagen content was not increased in
CCR27/~ mice until day 4, resulting in a significant reduction of
local collagen as compared with WT mice (p < 0.005) (Fig. 2A and
C). However, during days 5-8, when CTGF was injected, enhanced
collagen production was observed in CCR2~/~ mice, resulting in
equivalent collagen content levels in CCR2~/~ mice and WT mice at
day 8 (Fig. 2A and F). In CX3CR1~/~ mice, collagen levels were
decreased by approximately 50% on days 4 and 8 as compared with
WT mice (p < 0.05 and p < 0.005, respectively) (Fig. 2A, D and G).
These semi-quantitative results were for the most part consistent
with the histological findings. The collagen contents injected with
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Fig. 2. (A) The amounts of collagen deposited in granulation tissues in WT mice, CCR2~/~ mice, and CX3CR1~/~ mice during injections of 800 ng of TGF-B on days 1-3 followed
by injections of 400 ng of CTGF on days 4-7. Control WT mice were treated with PBS. Values are the mean = SEM of 4-7 mice in each group. *p < 0.05, **p < 0.01, ***p < 0.005.
(B)-(G) Representative histopathology from WT mice (B), CCR2™/~ mice (C), and CX3CR1~/~ mice (D) on day 4, and WT mice (E), CCR2™/~ mice (F), and CX3CR1~/~ mice (G) on day 8.

PBS as control were not increased in WT, CCR2~/~, or CX3CR1~/~
mice (data not shown).

3.2. mRNA levels for the a2 chain of type 1 collagen in granulation
tissues

We next investigated mRNA levels for the a2 chain of type I
collagen (COL1A2) in granulation tissues. The levels of COL1A2
were determined by real-time PCR and normalized against the
GAPDH mRNA level in each sample. As shown in Fig. 3, just TGF-[3
induced a significant increase in the amount of COL1A2 mRNA in
WT mice on day 4 (p < 0.05). The level of COL1A2 mRNA at day 4
was reduced in CCR2~/~ and CX3CR1~/~ mice, but were still greater
than that observed in WT mice in the absence of TGF-{3. These data
suggest that the increased collagen content observed after TGF-3
administration is due to alterations at the transcriptional level. As
shown in Fig. 4, CTGF following TGF-$ induced an increase in the
amount of COL1A2 mRNA in WT mice on day 8.

3.3. Profile of inflammatory cells in this animal model of skin fibrosis

It has been reported that the numbers of macrophages are
increased in fibrotic tissues [28]. In our model, TGF-[3 injection
increased the number of lesional macrophages on day 4, and these
numbers continued to increase with subsequent CTGF injections
on days 4-7 [12]. The numbers of accumulated F4/80-positive
cells on day 4 and 8 were significantly decreased in CCR2~/~ mice,
as compared to WT mice (p < 0.05 and p < 0.001) (Fig. 5A and C).
CX3CR1~/~ mice also exhibited an approximately 30% reduction in
macrophage infiltration on day 8 (p < 0.005, as compared to WT
mice) (Fig. 5A and D). The numbers of accumulated CD11b-
positive cells on day 4 and 8 were significantly decreased in
CCR2~'~ mice, as compared to WT mice (p < 0.05 and p < 0.05)
(Fig. 5E). CX3CR1~/~ mice also exhibited a reduction in macro-
phage infiltration on day 8 (p < 0.05, as compared to WT mice)
(Fig. 5E). The numbers of accumulated Gr1-positive cells on day 4
and 8 were not decreased in CCR2~/~ and CX3CR1~/~ mice, as
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Fig. 3. mRNA levels for the a2 chain of type I collagen in granulation tissues from
WT mice, CCR2"/~ mice, and CXCR3~/~ mice on day 4 after TGF-B injections. The
expression levels of COL1A2 mRNA were determined by real-time PCR and
normalized against the GAPDH mRNA expression level in each sample. Values are
the mean of 4-6 mice in each group. *p < 0.05.

compared to WT mice (Fig. 5F). The numbers of macrophages were
not increased in WT, CCR2™/~, or CX3CR1~/~ mice injected with
PBS as control (data not shown).

3.4. Chemokine and chemokine receptor mRNA levels in granulation
tissues

To examine whether chemokines produced by macrophages
and inflammatory cells play a role in skin fibrosis, we performed
real-time PCR analysis. TGF-[3 injection increased the expressions
of MCP-1, fractalkine, CCR2 and CX3CR1 mRNA on day 4 in WT
mice (Fig. 6). Similarly, we examined the expression of these
molecules in CCR2™/~ mice and CX3CR1~/~ mice. As expected,
CCR2 and CX3CR1 mRNA were undetectable in their respective
knock-out mice. In CX3CR1™/~ mice and CCR2~/~ mice, each
chemokine level was low, as compared to treated WT controls. In
CX3CR1~/~ mice and CCR2~/~ mice, each chemokine receptor level
was low, as compared to treated WT controls. CTGF following TGF-
B injection increased the expressions of MCP-1 and fractalkine on
day 8 in WT mice (Fig. 7).

3.5. Expression of CCR2 and CX3CR1 on WT macrophages

Flowcytometric analysis showed that WT CD11b" gated cells
expressed CCR2 and CX3CR1 protein (Fig. 8).

3.6. Chemokine and chemokine receptor mRNA levels in fibroblast
cultures

In macrophage-fibroblast cocultures, cultured fibroblasts pos-
sessed increased levels of not only MCP-1 mRNA, but also CTGF
mRNA (p <0.0005 and p < 0.05), compared with fibroblasts
cultured alone. Stimulation with TGF-8 significantly augmented
fractalkine and CTGF mRNA expression in cultured fibroblasts
(p < 0.0005 and p < 0.0005), and tended to augment COL1A2
mRNA. Fibroblast stimulation with CTGF augmented CTGF mRNA
levels (p < 0.05), providing evidence for an autocrine feedback
loop. In contrast, CTGF stimulation of fibroblasts did not alter
fractalkine mRNA levels (Fig. 9).
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Fig. 4. mRNA levels for the o2 chain of type | collagen in granulation tissues from
WT mice, CCR2"/~ mice, and CXCR3™/~ mice on day 8 after CTGF following TGF-f
injections. The expression levels of COL1A2 mRNA were determined by real-time
PCR and normalized against the GAPDH mRNA expression level in each sample.
Values are the mean of 4-6 mice in each group. *p < 0.05.

4. Discussion

In the current study using a cutaneous fibrosis model, in which
fibrosis is induced by serial TGF-3 and CTGF injections, we have
shown that macrophage-related chemokines play important roles
in the development of this condition. This is consistent with our
previous finding of increased number of macrophages at the CTGF
injection site following TGF-B administration [12]. The current
study suggests that interactions between fibroblasts and immune
cells, including macrophages, contribute to the induction and
maintenance of fibrosis via increased production of cytokines and
chemokines.

MCP-1 is produced by macrophages, fibroblasts, endothelial
cells, and other cells. MCP-1 is the predominant chemoattractant
and activator of CCR2" monocytes and T cells. In addition to its
chemoattractant activities, this chemokine induces Th2 cell
polarization [29]. MCP-1 directly stimulates collagen production
by fibroblasts via specific receptors and endogenous upregulation
of TGF-{3 expression [16]. Our in vivo data also revealed that serial
injections of TGF-B increased MCP-1 mRNA and CCR2 mRNA
levels. Conversely, the loss of CCR2 attenuated macrophage
infiltration as well as skin fibrosis at day 4. Also, in macro-
phage-fibroblast in vitro cocultures, fibroblasts displayed in-
creased levels of both MCP-1 and CTGF mRNAs. The up-
regulated collagen levels induced by TGF-B were significantly
reduced by CCR2 deficiency, while collagen levels induced by CTGF
were unaffected. Thus, MCP-1 is required for TGF-B-mediated
fibrosis induction in our mouse model. Collectively, the involve-
ment of MCP-1/CCR2 interaction (CCR2-dependent loop) may be
involved in the pathogenesis of skin fibrosis in which TGF-3 plays a
role.

Our data and previous studies estimate the following hypothe-
sis regarding the role of MCP-1/CCR2 in the development of tissue
fibrosis in SSc: first, MCP-1 augments the recruitment of CCR2-
expressing macrophages and T cells into tissues, and promotes the
interaction of CCR2" macrophages and fibroblasts. Then, TGF-3
and PDGF produced by activated CCR2-expressing macrophages
stimulate collagen synthesis by fibroblasts. At the same time, MCP-
1 preferentially induces T cell differentiation to Th2 cells rather
than Th1 cells, and IL-4-secreting Th2 cells migrate to the
fibroblasts. In turn, activated fibroblasts produce MCP-1, leading
to the amplification loop for the development of tissue fibrosis.

Fractalkine is a membrane-bound chemokine that functions not
only as a chemoattractant but also as an adhesion molecule.
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Fig. 5. Kinetics of macrophage recruitment assessed by immunohistochemical analysis using anti-mouse F4/80, CD11b and Gr1 antibody. WT, CCR2/~, and CX3CR1~/~ mice
were injected with TGF-8 and CTGF. Control WT mice were injected with PBS. (A) The total numbers of F4/80-positive cells counted in five high power fields at x200 are
shown. (B)-(D) Representative photographs from WT mice (B), CCR2~/~ mice (C), and CX3CR1~/~ mice (D) on day 8. (E) The total numbers of CD11b-positive cells counted in
five high power fields at x200 are shown. (F) The total numbers of Gr1-positive cells counted in five high power fields at x200 are shown. Values are the mean + SEM from 4

to 7 mice in each group. *p < 0.05, **p < 0.005, ***p < 0.001.

Fractalkine is expressed by endothelial cells that are activated by
proinflammatory cytokines. The fractalkine receptor, CX3CR1, is
expressed on mature monocytes, NK cells, and cytotoxic effector T
cells. Our data also revealed that serial injections of TGF-B
increased fractalkine mRNA and CX3CR1 mRNA expression levels
in granulation tissues. Additionally, the blockade of CX3CR1
attenuated macrophage infiltration and skin fibrosis. Furuichi et al.
have reported that CX3CR1 deletion attenuates macrophage
infiltration as well as late-phase renal interstitial fibrosis and
renal function after ischemic-reperfusion injury in a mouse model.
In this model, CX3CR1 was found to be expressed mainly in kidney-
infiltrating macrophages [30]. Our data linking CX3CR1 to skin

fibrosis are consistent with a report stating that CX3CR1 is
important for macrophage accumulation in the wound site and
that angiogenic and profibrotic macrophage products are reduced
in wounded skin in the absence of CX3CR1 [31]. The number of
CX3CR1-expressing cells including monocytes were found to be
increased in the lesional skin and lung tissues from SSc patients
with diffuse cutaneous involvement [24]. Thus, infiltrating F4/80"
macrophages are assumed to be mostly CX3CR1 positive.
Fractalkine augments the recruitment of CX3CR1-expressing
mononuclear cells into the affected tissue of SSc, leading to
inflammation and vascular injury. A short-lived CCR2-expressing
macrophage subset is actively recruited to inflamed tissues, while
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the CX3CR1-expressing subset has been characterized as resident
in non-inflamed tissue [15]. In the current study, we found that the
number of accumulated macrophages was decreased in CCR27/~
mice at day 4, while CX3CR1~/~ mice also exhibited moderately
reduced macrophage infiltration at day 8. CX3CR1~/~ mice also
showed less collagen accumulation after both TGF-B and CTGF
stimulations, as compared to WT mice.

In vitro, we observed that stimulation with TGF-f3 significantly
augmented fractalkine expression in cultured fibroblasts. To the
best of our knowledge, this is the first study to demonstrate the
expression of fractalkine in skin fibroblasts. Ruth et al. previously
reported increased expression of fractalkine and CX3CR1 in
synovial tissue fibroblasts in rheumatoid arthritis (RA) patients
as well as in an adjuvant-induced arthritis model in rats [32]. Our
data revealed that stimulation with TGF-[3 significantly augments
CTGF mRNA expression in cultured fibroblasts, in the absence of

macrophages. Thus, the fractalkine/CX3CR1 pathway may play an
important role in the induction of fibrosis via both direct effects on
fibroblasts, and indirect effects mediated by cytokine release from
CX3CR1-macrophages and leukocytes in the lesional tissues. We
have demonstrated that fractalkine was strongly expressed on
endothelial cells in the affected skin and lung tissues. Soluble
fractalkine levels were significantly elevated in sera and were
associated with the existence of digital ischemia, and severity of
pulmonary fibrosis [24]. Other studies have shown that Raynaud’s
phenomenon, a type of ischemia-reperfusion, usually precedes the
development of skin sclerosis. Therefore, it is possible that
endothelial cell injury caused by recurring ischemia-reperfusion
induces inflammatory cell infiltration and cytokine production,
leading to the development of tissue fibrosis.
Fractalkine-dependent adhesion of monocytes is greatly
enhanced by MCP-1 [33]. Both chemokine pathways may work



M. Arai et al. /Journal of Dermatological Science 69 (2013) 250-258 257

100

80 -

% of Max
5 2
k3

20 -

CCR2

100

80

60 -]

% of Max

40 -

20

)
102 10°

CX3CR1

10%

Fig. 8. Representative histograms of CCR2 and CX3CR1 expression on WT macrophages. Bold lines (open regions) in the histogram represent WT CD11b-gaeted cells, and thin

lines (shaded regions) in the histogram represent isotype control staining.

MCP1 mRNA

8 f——
70 T
80
5
40
30 t
20
10
o —
) Macro

Relative expression

TGF-p  CTGF

COL1AZ2 mRNA

228 ¢

175
15
1.25

0.75
0.5
0.25

Relative expression

CTGF

) Macro

TGF-B

Fractalkine mRNA

Relative expression
nN
o

{-) Macro  TGF-8 CTGF

CTGF mRNA .

228
20
17.8
15
12.5

Relative expression

CTGF

-} Macro

TGF-B

Fig. 9. Chemokines and chemokine receptor mRNA levels from in vitro-cultured fibroblasts. Primary fibroblast cultures were established from dorsal skin of newborn WT mice.
TGF-P or CTGF was added to the cell culture medium to a final concentration of 10 ng/ml or 150 ng/ml, respectively. For macrophage-fibroblast cocultures, macrophages
(5 x 10° cells per well) were added to the upper wells. Total RNA was isolated from only fibroblasts, and expression levels were determined by real-time PCR and normalized
against the GAPDH mRNA transcript level in each sample. Results were obtained from 4 samples in each group. *p < 0.05, **p < 0.01, *p < 0.001, ****p < 0.0005.

independently and cooperatively to support the firm adhesion of
monocytes in vivo. Our data demonstrated that up-regulated
transcription of fractalkine and CX3CR1 mRNA in TGF-f3-induced
fibrosis tended to be reduced by CCR2 deficiency. Also, up-
regulated transcription of MCP-1 and CCR2 mRNA in TGF-3-
induced fibrosis tended to be reduced by CX3CR1 deficiency.

In summary, fibrosis is a complex process that may involve
multiple cytokines and chemokines, which crosstalk with
effector cells. MCP-1/CCR2 and fractalkine/CX3CR1 play impor-
tant roles of the induction and maintenance of fibrosis, likely via
differing mechanisms. Therefore, these molecules should be

considered as potential therapeutic targets in patients with
fibrotic disorders.
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Augmented ICOS expression in patients with early
diffuse cutaneous systemic sclerosis
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Abstract

Objective. Inducible costimulator (ICOS), expressed on activated T cells, and its ligand, ICOS ligand
(ICOSL), expressed on antigen-presenting cells, have been considered a single receptor-ligand pair.
Here we investigated the expression of ICOS and ICOSL in patients with SSc.

Methods. ICOS expression on peripheral blood T cells, and ICOSL expression on B cells and macro-
phages was determined by flow cytometry. Expression of ICOS and ICOSL was assessed by immuno-
histological staining and real-time PCR of lesional skin.

Resulis. ICOS expression levels were specifically increased on both peripheral blood memory T cells and
Tregs from early dcSSc patients compared with those from healthy controls. Mean ICOSL expression on
B cells or macrophages was comparable between SSc patients and healthy controls. ICOS-expressing T
cells, ICOSL-expressing macrophages and mRNA levels of ICOS and ICOSL were increased in the lesional
skin of patients with early dcSSc. In vitro ICOS costimulation enhanced production of IFN-vy, IL-4 and
IL-17A from T cells in SSc patients vs normal controls. Soluble ICOS levels were significantly increased in
SSc patients and were negatively associated with the presence of ACAs and positively associated with
CRP values. Serum levels of soluble ICOS were more closely associated with clinical features compared
with levels of soluble IL-2 receptor.

Conclusion. Augmented ICOS signalling may contribute to the pathogenesis of SSc during early progres-
sive disease. Soluble ICOS levels may be used as a serum marker for the activity and severity of SSc.

Key words: systemic sclerosis, scleroderma, ICOS, ICOSL, T cell, B cell, macrophage, cytokine, biomarker,
siL-2R.

Introduction

SSc is a CTD characterized by tissue fibrosis in the skin
and internal organs. A growing body of evidence suggests
that overproduction of extracellular matrix components by
activated fibroblasts results from complex interactions be-
tween endothelial cells, leucocytes and fibroblasts via a
number of mediators, including cytokines [1-4].

Inducible costimulator (ICOS) is the third member of the
CD28 family of costimulatory molecules, and is induced
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on the cell surface following T-cell activation [5-7]. ICOS
ligand (ICOSL) (also called B7-H2, B7h, B7RP-1, LICOS
and GL50), the unique ligand of ICOS, is weakly ex-
pressed on antigen-presenting cells in the steady state
and is up-regulated after activation of these cells [6, 8].
Originally it was reported that the ICOS-ICOSL pathway
promotes T-cell activation, differentiation and effector re-
sponses, and T-cell-dependent B-cell responses. ICOS--
mediated costimulation of T cells leads predominantly to
the production of effector cytokines such as IL-4 and
IL-10, and to a lesser extent, IL-2, IFN-y and TNF-a [9],
thereby playing a more important role in Th2 responses
than Th1 responses [5, 10-12]. However, recent studies
have demonstrated that ICOS influences the expansion of
follicular T cells, Th17 cells and Tregs [13-15]. Therefore it
has been suggested that ICOS-ICOSL signalling is most
critical for the survival or expansion of T cells rather than
T-cell differentiation.

© The Author 2012. Published by Oxford University Press on behalf of the British Society for Rheumatology. All rights reserved. For Permissions, please email; journals.permissions@oup.com



ICOS expression in scleroderma

There are numerous reports regarding the roles of
ICOS-ICOSL  signalling in various animal disease
models, including autoimmunity, allergy, infectious dis-
eases, tumour immunity and transplantation [16-19].
Overexpression of ICOS on CD4* and CD8"* T cells has
been reported in patients with SLE [20, 21]. In addition, we
reported previously that ICOS and ICOSL affect inflamma-
tion and fibrosis in bleomycin-induced skin and lung fibro-
sis, a model of SSc [22]. However, there were no reports
regarding ICOS or ICOSL in patients with SSc. In this
study we addressed this deficiency by investigating the
expression of ICOS and ICOSL in patients with SSc.

Materials and methods

Patients and clinical assessments

All patients fulfilled the SSc criteria proposed by the ACR
[28]. Patients were grouped into IcSSc and dcSSc accord-
ing to the degree of skin involvement, based on the
classification system proposed by LeRoy et al. [24]. The
dcSSc patients were further divided into early dcSSc
(disease duration <3 years) and intermediate/late dcSSc
(disease duration >3 years), as proposed by Medsger [25].

The presence of disease-specific autoantibodies was
determined by immunoprecipitation. Complete medical
histories, physical examinations and laboratory tests
were conducted on all patients. The degree of skin in-
volvement was determined according to the modified
Rodnan skin thickness score, as described elsewhere
[26]. Organ system involvement was defined as described
previously [27]. The study was approved by the Ethical
Review Board of Kanazawa University. Informed consent
was obtained from study participants.

Measurement of serum soluble ICOS levels

Serum levels of soluble ICOS (sICOS) were measured in
duplicate with a specific sandwich ELISA kit (Uscn Life
Science Inc., Wuhan, China), according to the manufac-
turer’s protocol.

Measurement of serum soluble 1L-2 receptor levels

Serum levels of soluble IL-2 receptor (sIL-2R) were mea-
sured in duplicate with a specific sandwich ELISA kit
(BioVendor Inc., Karasek, Czech Republic), according to
the manufacturer’s protocol.

Flow cytometric analysis

Heparinized blood samples were collected. Three- or
four-colour analysis was performed with a combination
of APC-Cy7, FITC, Pacific blue, PE, PE-Cy7 or PerCP-
conjugated anti-ICOS antibody (Ab) (Biolegend, San
Diego, CA, USA), anti-ICOSL Ab (Biolegend), anti-CD4
Ab (BD Biosciences, San Jose, CA, USA), anti-CD8 Ab
(BD Biosciences), anti-CD14 Ab (BD Biosciences), anti-
CD19 Ab (BD Biosciences), anti-CD25 Abs (Beckman
Coulter, Brea, CA, USA), anti-CD45RO Abs (BD Bios-
ciences), anti-CD69 Abs (Beckman Coulter), anti-CD127
Abs (BD Biosciences) or anti-HLA-DR Abs (Beckman
Coulter), as reported previously [22]. FoxP3 staining was
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performed using intracellular fixation and staining proced-
ures according to the manufacturer’s protocol (eBios-
ciences, San Diego, CA, USA).

Immunohistochemical staining of ICOS and ICOSL

ICOS and ICOSL expression in the skin were determined
by immunohistological staining, as reported previously
[22]. The serial tissues of skin were stained with rat
anti-CD3 (AbD Serotec, Kidlington, OX, UK), mouse
anti-CD20 (Dako Cytomation A/S, Tokyo, Japan) and
mouse anti-CD68 (Dako Cytomation A/S) Abs to identify
the leucocyte subsets of cells expressing ICOS or ICOSL.

RNA isolation and real-time PCR

Total RNA was isolated from the frozen tissue of skin le-
sions using Qiagen RNeasy spin columns (Qiagen Lid,
Crawley, SXW, UK). Total RNA from each sample was
reverse-transcribed into cDNA. Expression of ICOS and
ICOSL was analysed using a real-time PCR quantification
method (Applied Biosystems, Foster City, CA, USA), as
reported previously [22].

T-cell costimulation

Purified CD4* (2 x 10%/well) T cells from each SSc patient
and healthy subject were cultured in 96-well, flat-
bottomed plates pre-coated with anti-CD3 Ab (12-F6,
3ug/ml; eBioscience) plus anti-CD28 (CD28.6, 5pg/ml;
eBioscience), anti-ICOS (C398.4A, 5ug/ml; eBioscience)
or hamster IgG (isotype control, 5 ug/ml; eBioscience) for
48 h at 37°C. Each specimen was stimulated in triplicate
wells. The supernatants were used for cytometric beads
array (BD Biosciences) for cytokine detection.

Statistical analysis

Statistical analyses were performed using Student’s t-test
for comparison of sample means between two groups.
For comparisons of more than two groups, one-way ana-
lysis of variance with Bonferroni post hoc test was used.
The Pearson product-moment correlation coefficient was
used to examine the relationship between two continuous
variables. Multiple regression analysis was also performed
in some situations. P-values <0.05 were considered to
be statistically significant. All values are reported as the
mean (s.D.).

Results

Serum sICOS levels

Serum samples were obtained from 68 Japanese patients
with SSc and 20 healthy age- and sex-matched volun-
teers. We evaluated the association between sICOS
levels and clinical disease features (Table 1). Twenty
healthy age- and sex-matched volunteers served as
normal controls [16 women and 4 men, average age
47.8 (16.1) years]. Serum sICOS levels were significantly
higher in all patients with SSc or in each SSc subset than
in healthy controls (P < 0.01; Fig. 1A). Patients with early
dcSSc had serum sICOS levels that were significantly
higher than those in patients with 1cSSc (P <0.05).
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TasLe 1 The profile and clinical features of SSc patients

parameter

77):1 (22.1)

Female:male 53

(

IcSSc 34 (50.0)
dcSSc 34 (50.0)

Early dcSSc 21 (30.9)

Intermediate/late dcSSc 13 (19.0)
Age, mean (s.n.), years 51.3 (11.7)
Disease duration, 4.3 (5.3)

mean (s.n.), years
Modified Rodnan total skin 12.3 (10.6)

thickness score,

mean (s.p.), points
ILD 38 (55.9)

(8 1cSSc and 30 dcSSc)

Pulmonary arterial hypertension 4 (5.9)
Oesophagus 32 (47.0)
Heart 1(1.5)
Kidney 1(1.5)
Joint 11 (16.2)
Muscle 4 (5.9)
ACAs 22 (32.4)
Anti-topo | Ab 22 (32.4)
Anti-RNA polymerases 1(1.5)
Anti-U1 RNP Ab 1(1.5)
Anti-U3 RNP Ab 1(1.5)
Elevated CRP (>0.05 mg/d) 6 (8.8)
Elevated ESR (>20 mm/h) 28 (41.2)
%VC, mean (s.n.) 100.1 (18.6)
%DLco, mean (s.n.) 65.3 (15.5)
CS therapy 28 (41.2)
CYC therapy 2(2.9)

DL.o: diffusion lung capacity for carbon monoxide; %VC:
percentage vital capacity.

Patients with SSc with interstitial lung disease (ILD) had
slICOS levels higher than those without ILD, although this
increase was not statistically significant. Patients with ele-
vated CRP exhibited significantly higher sICOS levels than
in patients with normal CRP levels (P <0.05). Patients
without ACAs showed significantly higher sICOS levels
than patients with the Abs (P < 0.05), although the exist-
ence of anti-topo | Ab did not significantly affect the
slCOS levels. Other clinical or laboratory factors did not
significantly affect sICOS levels. We also performed mul-
tiple regressions using a stepwise method that specified
the a-level for either adding or removing a regression of
0.15. Among various clinical or laboratory parameters
described above, the existence of ACA (P=0.01) and ele-
vated CRP (P=0.04) was determined as predicting fac-
tors. As a result, the multiple regression equation
predicting sICOS is 1011.8+ACA (‘= — +98.9, ‘+' —
—98.9) + elevated CRP (‘—' — —204.9, 4+’ — +204.9)
[R? (determination coefficient)=0.39, P <0.01, RMSE
(root mean square error)=270.0].

The levels of sICOS could be non-specifically elevated
as negative feedback of T-cell activation like siL-2R, a
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representative serum marker of T-cell activation. There-
fore, serum levels of siL-2R were also measured in the
same serum samples for comparison (Fig. 1B). Although
serum slL-2R levels were elevated in patients with SSc
compared with healthy controls, the difference was not
statistically significant. Among each disease subset,
early dcSSc or IcSSc showed increased slL-2R levels
compared with normal controls, but the differences were
not significant. The slL-2R levels were not significantly
associated with any clinical or laboratory features. More-
over, the association between sICOS levels and slL-2R
levels was not significant in patients with SSc (r=0.18,
P =0.14). Therefore serum levels of sICOS were more clo-
sely associated with clinical features of SSc compared
with serum levels of sIL-2R. Thus sICOS was significantly
increased in patients with SSc, especially early dcSSc,
and was inversely associated with the existence of ACAs.

ICOS expression on peripheral blood mononuclear
cell in patients with SSc

Expression levels of ICOS and ICOSL. by peripheral blood
mononuclear cells (PBMCs) were examined by flow cyto-
metry in more than six patients selected at random from
each SSc subgroup (early dcSSc, intermediate/late
dcSSc, IcSSc) (Table 2 and Fig. 2). Since the expression
levels of this surface marker exhibited slight variability
between experiments even in the same healthy controls,
results are reported as the percentage of each surface
marker in patients vs that of the same healthy control
(n=3) in each assay. Bulk CD4* T cells from patients
with early dcSSc exhibited 37% higher mean ICOS
expression levels than those from normal controls. ICOS
expression on memory (CD45R0*) CD4* T cells was sig-
nificantly elevated (42%) in early dcSSc patients com-
pared with normal controls. Mean ICOS expression on
bulk CD8" T cells was significantly increased by 18% in
patients with early dcSSc compared with controls. ICOS
expression on memory (CD45R0*) CD8* T cells was sig-
nificantly elevated at 24% in early dcSSc patients com-
pared with normal controls.

Tregs are commonly identified by CD25 (IL-2Ra) surface
expression and/or intracellular expression of the FoxP3
transcription factor. Tregs are also characterized by low
CD127 (IL-7Ra) expression [28], although CD25*FoxP3* T
cells and CD25"CD127~ T cells may represent different
Treg populations [29, 30]. Mean ICOS expression on
Tregs, defined as either CD4*CD25*FoxP3* or
CD4*CD25%C127~, was increased by 101% and 54%, re-
spectively, in patients with early dcSSc compared with
controls. The ICOS expression levels of each T cell
subset from 1cSSc were not significantly different from
normal controls.

Expression levels of T-cell activation markers were also
assessed and the association with ICOS expression was
evaluated (Table 2). In general, expression levels of CD25,
CD69 and HLA-DR on CD4* or CD8* T cells were signifi-
cantly elevated in each SSc subset (early dcSSc, inter-
mediate/late dcSSc and 1cSSc) compared with normal
controls. In patients with SSc, ICOS expression levels
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Fie. 1 Levels of (A) sICOS and (B) siL-2R in serum samples from patients with SSc and healthy controls (CTL).
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Serum slICOS and slL-2R levels were also compared with respect to each clinical factor. Levels of sICOS and sllL-2R
were determined by sandwich ELISA. Bars show the group means. *P < 0.05 and **P < 0.01. EdcSSc: early dcSSc; I/
LdcSSc: intermediate and late dcSSc.

were significantly associated with that of HLA-DR on
CD4" T cells and CD8* T cells (r=0.49, P=0.008 and
r=0.72, P=0.008, respectively). However, there were no
significant associations between ICOS expression levels
and expression levels of CD25 or CD69 on CD4* and

www.rheumatology.oxfordjournals.org

CD8" T cells in patients with SSc (data not shown).
These findings indicate that increased ICOS expression
on T cells may just be reflecting T-cell activation, but are
more specifically increased in patients with early dcSSc
compared with expression levels of other T-cell activation

245



Minoru Hasegawa et al.

TasLe 2 Expression levels of ICOS and ICOSL on each leucocyte subset in SSc subgroups

ICOS on CD4* cells
ICOS on CD4*CD45R0O™ cells
ICOS on CD4*CD25*FoxP3™ cells
ICOS on CD4*CD25*CD127~ cells
ICOS on CD8" cells

ICOS on CD8*CD45RO" cells
ICOSL on CD19* cells

ICOSL on CD14* cells

CD25 on CD4* cells

CD69 on CD4™* cells 127 (15)
HLA-DR on CD4* cells 174 (43)**
CD25 on CD8" cells 108 (5)

CD69 on CD8" cells 149 (18)*
HLA-DR on CD8" cells 127 (18)*

102 (11)

(

121 (18)* 94 (17)
113 (1) 106 (13)
144 (40)* 112 (64)
125 (22)* 95 (15)
136 (28)* 103 (12)

99 (24) 94 (24)

98 (12) 94 (20)
147 (A7) 128 (9)*
122 (1) 129 (16)*
161 (15)™ 177 (19)™

98 (7) 106 (6)
114 (12) 145 (19)*
154 (14)* 128 (32)

Expression levels of ICOS and ICOSL were assessed by flow cytometry. Results [mean (s.0.)] are reported as the percentage
of each surface marker in patients vs that of the same healthy control (n=3) in each assay. *P <0.05 vs normal controls,

**P <0.01 vs normal controls.

markers. Thus expression levels of ICOS were signifi-
cantly increased on peripheral blood memory T cells
and Tregs in patients with early dcSSc.

ICOSL expression on antigen-presenting cells
in SSc samples

We next examined ICOSL expression on B cells and
macrophages from SSc patient peripheral blood samples
(Table 2 and Fig. 2). The mean ICOSL expression on
CD19* B cells was not significantly different between
each SSc subset and normal controls. We then examined
ICOSL expression on CD14" macrophages and found
this to be comparable between SSc patients and normal
controls. Overall the ICOSL levels on B cells or macro-
phages were not significantly different between each
SSc subset.

immunohistochemical examination of ICOS- and
ICOSL-expressing cells

Biopsy samples were taken from the lesional skin (dorsal
aspect of the mid-forearm) of eight females in each SSc
subgroup. In the affected skin tissue from patients with
early dcSSc, a considerable number of ICOS-expressed
mononuclear cells were found around the small vessels
(Fig. 3A and C). ICOS™ cells were less commonly found in
affected skin tissue from patients with intermediate/late
dcSSc or [cSSc. ICOS™ cells were sparse by immunohis-
tochemical staining of normal control skin tissue. Although
the frequency of ICOS-positive cells among mononuclear
cells was higher in patients with early dcSSc [75 (10%)]
compared with that in normal controls and patients with
late dcSSc or IcSSc, the difference was not statistically
significant (Fig. 3B). Most CD3™ T cells were considered
as expressing ICOS by immunohistochemical staining of
serial sections (data not shown).
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Although there were some variations between patients,
moderate numbers of ICOSL-expressed mononuclear
cells were detected around the small vessels of affected
skin from patients with early dcSSc (Fig. 3A and C).
ICOSL* cells were modestly found in affected skin tissue
from patients with intermediate/late dcSSc and IcSSc.
ICOSL" cells were only sparsely detected by immunohis-
tochemical staining of normal control skin tissue. Although
the frequency of ICOSL-expressed cells among mononu-
clear cells was higher in early dcSSc patients [18 (6%)]
than in normal controls and patients with late dcSSc
or IcSSc, the difference was not statistically significant
(Fig. 3B). Most of the ICOSL" cells were considered as
monocytes/macrophages morphologically and by immu-
nostaining with anti-CD68 Ab in serial sections (data not
shown). CD20" B cells were very few in the skin tissues
from patients with SSc and normal controls (data not
shown). Thus infiltration of ICOS™ cells and ICOSL" cells
was increased in the affected skin from patients with early
dcSSc.

ICOS and ICOSL. mRNA expression in the skin

Next we examined the expression of ICOS and ICOSL
mRNA in the lesional skin of more than eight early
dcSSc patients and normal control skin by real-time
PCR (Fig. 3D). ICOS mRNA levels in patients with early
dcSSc were significantly higher in the lesional skin than
those in healthy control subjects (P <0.05). Additionally,
ICOSL mRNA also showed a significant elevation in the
skin of early dcSSc patients compared with healthy sub-
jects (P <0.05). Thus mRNA expression levels of ICOS
and ICOSL were augmented significantly in the skin of
patients with early dcSSc, although the elevation was
not so dramatic despite the marked increase of ICOS-
or ICOSL-expressed mononuclear cells in the lesional
skin by immunohistochemical staining.

www.rheumatology.oxfordjournals.org
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Fic. 2 Expression of ICOS and ICOSL on leucocyte subpopulations from patients with early dcSSc and normal controls.

A CD4*CD45R0O* T cells

CD4*CD25'FoxP3* T celis

100

80~

60

Relative cell number

B CD19* B cells cells

Relative cell number

S ey
10°10° 10

T—rery

102 108 10°
ICOSL >

Expression levels were assessed by three- or four-colour immunofluorescent staining and flow cytometric analysis.

All samples were stained and analysed sequentially by flow cytometry using the same instrument settings.

(A) Representative expression of ICOS on CD4"CD45R0O™ memory T cells and CD4"CD25FoxP3* Tregs from patients
with early deSSc (bold red line) and normal controls (thin line). (B) Representative expression of ICOSL. on CD19* B cells
and CD14" monocytes from patients with early dcSSc (bold red line) and normal controls (thin line). Relative fluorescence

intensity is shown on a log scale.

ICOS costimulation on T cells

As expression levels of ICOS were up-regulated in early
dcSSc patients, we examined the effects of ex vivo ICOS
ligation on T cells from early dcSSc patients. Purified
CD4* T cells from the peripheral blood of early deSSc
patients and age- and sex-matched healthy controls
(n=5) were costimulated with either anti-ICOS Ab or
anti-CD28 Ab. The supernatants were used for cytometric
beads array evaluation of cytokine production (Fig. 4).
CD28 costimulation significantly increased the production
of IL-2, IL-4 and IL-17A in both normal controls and SSc
patients, and the levels were similar between controls and
SSc patients. On the other hand, ICOS costimulation sig-
nificantly augmented the production of IFN-y, IL-4 and

www.rheumatology.oxfordjournals.org

IL-17A in SSc patients but not in normal controls.
However, CD28 or ICOS costimulation did not significantly
affect the production of TNF-«, IL-6 and IL-10. Thus ICOS
costimulation induced production of pro-inflammatory
(IFN-y and 1L-17A) and pro-fibrogenic cytokines (IL-4)
from CD4* T cells from early dc8Sc patients.

Discussion

In the present study, the expression levels of ICOS on
peripheral blood T cells were found to be significantly
elevated in patients with early dcSSc. Additionally,
mRNA expression levels of ICOS and ICOSL were
augmented in the affected skin of early dcSSc patients.
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Fic. 3 Expression of ICOS and ICOSL in skin tissue from
patients with SSc.
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(A) Number [mean (s.n.)] of ICOS- or ICOSL-positive cells
in normal skin tissue (CTL) and skin tissue from early
dcSSc (EdcSSc), intermediate/late deSSc (I/LdcSSc) and
IcSSc (n=5). (B) Frequency [(mean (s.n.)] of ICOS- or
ICOSL-positive cells among mononuclear cells in

each group. (C) Representative immunohistological
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Ex vivo ICOS costimulation of CD4* T cells from SSc pa-
tients led to specific induction of pro-inflammatory and
pro-fibrogenic cytokines. We found that serum sICOS
levels were significantly increased in patients with SSc,
and were inversely associated with the existence of
ACAs and positively associated with elevated CRP.
These findings suggest that augmented ICOS-ICOSL sig-
nalling contributes to the development of SSc via cytokine
production from T cells, especially in the early progressive
stage of disease. Furthermore, sICOS levels may be a
useful biomarker for evaluating the disease activity and/
or severity of SSc.

The current study demonstrates that expression of
ICOS is significantly increased on memory T cells from
SSc patients. ICOS-expressing T cells and ICOS mRNA
were both significantly increased in the lesional skin from
SSc patients. There are several reports regarding ICOS
expression in other inflammatory diseases. One previous
study demonstrated that ICOS expression is increased on
peripheral CD4" as well as CD8™ T cells in patients with
SLE [20, 21]. Regarding ICOS expression on specific
T-cell subsets, the finding of ICOS overexpression on
CD4* and CD8" memory T cells in patients with active
SLE, but not inactive SLE, is similar to our findings in
SSc patients [31]. ICOS overexpression on peripheral
CD4* and CD8* T cells has been shown to contribute to
dysregulated T-cell proliferation, T-cell activation and
pathogenic Ab production in SLE in vitro [21]. Another
report demonstrated that ICOS expression is elevated
on CD4* T cells and contributes to the production of
IFN-v, IL-17 and TNF-a from PMBCs of Behget’s disease
patients with uveitis [32]. In addition, expression of [COS
on T cells was increased in SF of RA patients [33]. These
findings highlight the importance of the ICOS signalling
pathway in a variety of autoimmune or inflammatory
diseases.

By contrast, a down-regulation of ICOSL has been re-
ported on peripheral blood memory B cells in patients with
SLE [20]. In vitro experiments indicate that ICOSL down-
regulation on B cells is a signature of recent interaction
with 1COS-expressing T cells [20]. In our study, ICOSL
expression levels on peripheral blood B cells or macro-
phages from SSc patients were not significantly different
from those of normal controls. We previously reported that
ICOS-deficient mice show markedly increased ICOSL ex-
pression on splenic macrophages and B cells, whereas
ICOSL-deficient mice exhibit striking increases in ICOS
expression on splenic T cells [22]. Therefore it is possible
that increased ICOS expression on T cells in SSc patients

Fie. 3 Continued

pictures in normal skin tissues and skin tissues from
EdcSSc patients with rapidly progressing skin sclerosis.
Magnification x200. (D) ICOS and ICOSL mRNA expres-
sion in affected skin from patients with EdcSSc and CTL
(n=8). Real-time PCR was used to quantify the expres-
sion of mRNA in skin samples obtained from patients with
EdcSSc and CTL. *P <0.05 and **P <0.01.
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Fic. 4 Cytokine production from CD4* T cells by ICOS
costimulation.
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Peripheral CD4" T cells from early dcSSc (EdcSSc)
patients and normal controls (CTL) were stimulated with
pre-coated anti-CD3 Ab plus anti-CD28 Ab, anti-ICOS
Ab or control I1gG for 48 h. Supernatants were used for
cytometric bead array. *P <0.05 and **P < 0.01 vs
anti-CD3 Ab costimulation.

may down-regulate ICOSL expression on antigen-pre-
senting cells, as found in SLE. Nonetheless, in our present
study we found that ICOSL levels were not reduced, and
|COSL-expressing mononuclear cells and mRNA levels of
ICOSL were increased in the skin of early dcSSc patients.
Therefore increased ICOS expression can enhance
ICOS-ICOSL interactions and may affect both ICOS-
expressing T cells and ICOSL-expressing B cells and
macrophages in SSc.

www.rheumatology.oxfordjournals.org

ICOS is expressed at low levels on resting naive T cells
and is rapidly up-regulated after TCR ligation and CD28
costimulation [9]. ICOS expression can be regulated by
signalling molecules activated downstream of TCR en-
gagement and CD28 costimulation, including the Src
kinase Fyn and the MAP kinase ERK at the transcription
level [34, 35]. ICOS expression can be also regulated by
the RING-type ubiquitin ligase family member Roquin at
the post-transcriptional level [36, 37]. It is also possible
that ICOS expression is differentially regulated in each
T-cell lineage [38]. Increased ICOS expression may just
be reflecting the activation of T cells. Nonetheless, levels
of ICOS expression on T cells were more specifically
increased in early dcSSc compared with other activation
markers. Therefore increased ICOS expression levels may
be contributing to the development of SSc, especially in
patients with early dcSSc.

ICOS expression was also increased in Tregs in patients
with SSc. This is not surprising since ICOS is expressed
on all T cells after activation [39]; thus enhanced ICOS on
memory T cells and Tregs probably reflects cellular acti-
vation status, indicating that these T cells are continuing
to receive antigen receptor and CD28 stimulation in vivo.
Recent studies have demonstrated that Tregs could also
be working as effector cells via production of IL-17A in
response to IL-1B and IL-6 [40-42]. It has been reported
that the CD4"ICOS*FoxP3* subset of Tregs can be dis-
tinguished from other Tregs by the production of effector
cytokines in mice [43, 44]. Therefore increased ICOS ex-
pression on Tregs in early dcSSc may reflect precursor
inflammatory T cells. Under certain conditions they may
lose their suppressor functions and convert to effector T
cells, as suggested in the case of both active SLE and a
murine melanoma model [44, 45]. Thus the net effect of
ICOS-ICOSL signalling in host immune responses is prob-
ably dependent on the environment, which can lead to
seemingly controversial results depending on the disease
or disease models being examined [42, 44, 46]. In this
study, in vitro ICOS costimulation induced the production
of IFN-v, IL-4 and IL-17A from peripheral blood T cells.
IL-4 is a representative pro-fibrogenic cytokine, and IFN-y
and [L-17A are pro-inflammatory cytokines, although
IFN-v has anti-pro-fibrogenic effects. Recent studies sug-
gest critical roles of IL-17A in fibrogenic diseases, includ-
ing SSc [47-49]. Therefore augmented ICOS signalling
may be contributing to the development of fibrosis via
cytokine production in patients with SSc.

To the best of our knowledge, this study is the first to
evaluate sICOS levels in human or animal serum samples.
We found that sICOS levels were markedly increased in
patients with early dcSSc. While SSc patients with ACA
generally show mild symptoms except for pulmonary ar-
terial hypertension, sICOS levels were significantly
increased in SSc patients without ACA and SSc patients
with elevated CRP. It has been reported that serum levels
of slL-2R reflect the T-cell activation and disease activity
or severity in various inflammatory diseases including SSc
[50]. However, serum levels of sICOS were more closely
associated with clinical features of SSc compared with
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serum levels of slL-2R. The mechanism of shedding and
the roles of siCOS remain unknown. Nonetheless, our
findings indicate that sICOS levels may be useful as a
biomarker of disease activity and severity in SSc patients.

_ Rheumatology key messages. =

o ICOS expression on peripheral T cells and the
lesional skin is augmented in patients with early
dcSSC.

e Soluble ICOS levels may be useful as a serum
marker of disease activity and severity in patients
with SSc.
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ABSTRACT

Objectives. This paper aims to inves-
tigate the efficacy of intravenous im-
munoglobulin (IVIG) for skin sclerosis
in diffuse cutaneous systemic sclero-
sis (dcSSc) by a randomised, double-
blind, placebo-controlled, multicentre
trial (DBT) with subsequent long-term
observational and readministration
studies.

Methods. In DBT, IVIG (400mg/kg/day
Jor 5 consecutive days: a single course)
or placebo (P) was intravenously ad-
ministered to 63 dcSSc patients of 17
medical institutions in Japan, and
changes in the modified Rodnan skin
thickness score (MRSS) 12 weeks after
administration or at discontinuation
were compared as a primary endpoint.
Patients with a 5-point or more im-
provement in the MRSS were continu-
ously observed (long-term observation-
al study), whereas IVIG was adminis-
tered to those with less than a 5-point
improvement (readministration study).
Results. In DBT, changes in the MRSS
(mean+SD) were -3.324.2 and -4.2+4.6
in IVIG and P groups, respectively,
and were not significantly different.
Non-responder patients were subse-
quently subjected to the readministra-
tion study, and the change in the MRSS
(LS-mean+SEM) at 60 weeks after the
Sfirst administration was -8.3+1.0 in the
IVIG — IVIG (GG) group treated with
two courses of IVIG administration and
-4.1+l.1 in the P — IVIG (PG) group
treated with a single course of IVIG ad-
ministration. The GG group represented
a significant improvement in the MRSS
against the PG group (p=0.0040).
Conclusion. Although the primary
endpoint was not achieved in DBT, re-
peated administration of IVIG for two
courses may be effective for skin scle-
rosis in dcSSc. Further investigation
by the administration of plural courses
will be necessary.
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Introduction

Systemic sclerosis (scleroderma or
SS8c) is a disease characterised by fi-
brosis of the skin and visceral organs,
and extracellular matrix, mainly type
I and type III collagen, is excessively
deposited. The cause is unclear, but
autoimmune phenomena, collagen me-
tabolism, overproduction of growth
factors and cytokines, vascular disor-
ders, hereditary backgrounds, and en-
vironmental factors are considered to
be entangled in a complex way to form
the pathology. The disease is classified
as an aatoimmune disease because au-
toantibodies against cell nuclear com-
ponents, such as topoisomerase 1 and
centromere, are frequently detected (1,
2). In diffuse cutaneous SSc (dcSSc),
skin sclerosis expands toward proxi-
mal regions of the elbow and knee and
acutely aggravates, and pulmonary, re-
nal, and myocardial impairments occur
frequently.

Since fibrotic lesions in SSc are less
reversible, the main objective of treat-
ment is set at the prevention of organ
disorders and inhibition of progression
when impairments are already present.
Many agents have been investigated
as therapeutic drugs to inhibit the pro-
gression of SS8c, although no drug has
demonstrated clear efficacy for the im-
provement of skin sclerosis by a multi-
centre, randomised, double-blind, con-
trolled study (3-7).

Intravenous immunoglobulin (IVIG)
has been used as an important therapeu-
tic drug for many clinical conditions,
such as primary immunodeficiency and
autoimmune diseases and acute inflam-
matory conditions, for a long time (8).
IVIG acts based on the function of nat-
ural antibodies, a factor of homeostasis
maintenance in healthy individuals (9).
It is also assumed to exhibit an immu-
nomodulatory action against inconti-
nence of the immunoregulatory sysiem



