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Figure 8 Binding to chondroitin sulfate chains protects CCL2 from protease-mediated degradation. (A) CCL2 was pre-incubated with
chondroitin sulfate (CS) or vehicle, and treated with a series of proteases including elastase, cathepsin G, and trypsin. A representative
immunoblot from three different experiments shows a band corresponding to intact CCL2 (10 kDa). (B) Amount of intact CCL2 in individual
wells precoated with CS or vehicle, and subsequently treated with a series of proteases. Mean and standard deviation of three independent
measurements is shown. The quantity of intact CCL2 in individual samples was expressed as a percentage of the quantity of CCL2 on wells

particularly noteworthy that versican generates a chemo-
tactic gradient of CC chemokines that attracts circulat-
ing monocytes and T cells to versican-rich sites [36].
Versican subsequently promotes the adhesion and activa-
tion of recruited monocytes through binding to adhesion
receptors such as integrins and CD44 on cell surfaces
[37]. Through these processes, versican generates a com-
plex set of environmental cues for infiltrating mononuc-
lear cells and resident cells [28].

Interestingly, monocytes and monocyte-derived cells
are not only recruited by versican, but are also major pro-
ducers of versican [38,39]. Therefore, after migrating to
versican-rich sites, these monocytes amplify the tissue
response by producing more versican, which in turn pro-
motes the influx of more monocytes [40]. In this regard,
recent studies indicate that the positive feedback loop
formed by versican and monocyte-lineage cells is critical
for inducing certain pathologic conditions, such as tumor
invasion and metastasis [41] and the formation of athero-
sclerotic plaques [38]. In patients with SSc, this versican-
mediated positive feedback loop probably contributes to
the fibrotic process by recruiting certain subsets of
monocytes that acquire profibrotic properties [6,15]. The
mechanisms that initially stimulate the release of versican
in the early stages of SSc remain elusive, but once this
positive feedback loop is established the profibrotic
response would, theoretically, be amplified endlessly.

CCL2, a chemokine known to be involved in patho-
genic process of SSc [42], is also elevated in circulating
monocytes from SSc patients. Levels of circulating CCL2
were elevated in SSc patients, especially in those with

early deSSc [43,44] or interstitial lung disease [43,45,46].
A recent longitudinal analysis in patients with dcSSc
found that circulating CCL2 decreases year after year,
along with improvements in skin sclerosis [47], suggest-
ing CCL2 as an indicator of profibrotic activity in
patients with SSc. Several animal models of tissue fibrosis
have demonstrated CCL2’s crucial role in the fibrotic
process, in which attenuating CCL2 activity prevents tis-
sue fibrosis. Mice lacking CCL2 are protected from bleo-
mycin-induced dermal fibrosis [48], while mice lacking
the CCL2 receptor CCR2 are protected from bleomycin-
induced lung fibrosis [49,50]. In these models, monocyte
infiltration and collagen deposition were remarkably
lower than in wild-type mice. The present study raises
the question of which cell type producing CCL2 is more
likely to be important for SSc pathogenesis. In this
regard, abundant expression of CCL2 was observed in
fibroblasts and mononuclear cells in the skin of SSc
patients [45,51,52]. CCL2 has also been reported to be
expressed mainly by infiltrating monocytes early in the
disease, whereas fibroblasts become the major source for
CCL2 in the skin later in the disease [42]. Unfortunately,
our ex vivo analysis failed to demonstrate which cell type
is the primary source of CCL2 involved in the pathogenic
process of SSc.

Despite this definitive role of CCL2 in the develop-
ment of excessive fibrosis in vivo, the details of the pro-
fibrotic mechanisms remain unclear. Yamamoto and
colleagues reported that CCL2 significantly increased
the levels of collagen mRNA expressed in cultured
dermal fibroblasts [53], but another study failed to
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reproduce this finding [54]. While CCR2 is generally not
expressed by fibroblasts, Carulli and colleagues found
that CCR2 is expressed by a small population of fibro-
blasts derived from patients with early dcSSc [55].
CCL2’s profibrotic effects may thus require interaction
with other cell types that express CCR2, such as mono-
cytes and T cells. In this regard, it has been shown in
SSc patients that CCL2 induces infiltrating CD4" T cells
to differentiate into T-helper 2 cells, which release
higher amounts of IL-4 and stimulate fibroblasts to pro-
duce excess ECM [54]. In this scenario, versican func-
tions as a local reservoir for CCL2 and, whether bound
to or released from versican, CCL2 is capable of effi-
ciently stimulating T cells. In addition to its role in this
T-cell-mediated mechanism, CCL2 also contributes to
fibrotic response by promoting the migration and accu-
mulation of profibrotic monocytes at affected sites in
SSc patients. All together, the upregulation of versican
and CCL2 in circulating monocytes accelerates CCL2-
mediated profibrotic responses in SSc patients.

What mechanisms assist in shaping circulating mono-
cytes to the profibrotic phenotype seen in patients with
S§Sc? One of histopathological hallmarks of SSc is the
perivascular infiltration of monocytes early in the dis-
ease [4]. It is possible that intrinsically altered mono-
cytes migrate into target organs and trigger a profibrotic
response by stimulating resident fibroblasts. Alterna-
tively, monocyte phenotypes may be altered in SSc
patients by the strong profibrotic environment. Versican
production is highly regulated by soluble factors and
certain stimuli, and several studies have reported that
profibrotic growth factors such as transforming growth
factor beta, platelet-derived growth factor, and basic
fibroblast growth factor upregulate versican synthesis
[56-58]. These factors are also known to upregulate
CCL2 expression [59,60]. In contrast, IFNy and IL-1f
reduce versican expression [61,62]. Hypoxia dramatically
upregulates versican in macrophages via hypoxia-induci-
ble factor signaling [38]. The profibrotic and hypoxic
environment associated with SSc may modulate gene
expression profiles of circulating monocytes.

Genes selected by initial screening via gene expression
array but excluded by confirmatory analyses may be of
some interest, because some of them have been reported
as molecules associated with SSc pathogenesis. For
example, circulating levels of soluble L-selectin and
CXCLS8 were increased in SSc patients versus healthy
controls [63,64]. In addition, gene expression of CCR1
was shown to be upregulated in PBMCs derived from
patients with lcSSc and pulmonary arterial hypertension
[65].

There are several limitations to this study. First, we
used total CD14" monocytes enriched form PBMCs,
which contained CD14" fibrocyte precursors [9]. Since
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fibrocyte precursors are reported to be a rare cell popu-
lation, comprising approximately 0.5% of circulating
monocytes [66], contamination of them into CD14"
cells should have minimal impact on gene and protein
expression data. Second, prominent upregulation of ver-
sican and CCL2 in circulating monocytes was observed
in a minority of SSc patients, raising a possibility that
the monocytic versican-mediated pathogenic process is
only one of the roles of circulating monocytes in the
pathogenesis of SSc. Since all patients with an extremely
high mRNA expression level of versican had dcSSc, this
type of monocyte phenotypic change might be unique
to patients with a prominent fibrotic phenotype. Finally,
this study represented only an in vitro functional inter-
action between versican and CCL2, which may not
reflect in vivo activity. In addition, overexpression of
versican in circulating monocytes of SSc patients might
be a bystander of other more important pathogenic pro-
cess of SSc. Further investigations involving genetically
manipulated animals- for example, mice lacking func-
tional versican expression specifically in monocytes - is
necessary to confirm a critical role of versican upregu-
lated by circulating monocytes in SSc pathogenesis.

Conclusion

The cellular and molecular mechanisms underlying the
SSc fibrotic process primarily involve the interaction of
cells such as fibroblasts, endothelial cells, and circulating
immune cells, orchestrated by profibrotic soluble media-
tors and ECM components. This concept is supported
by our observation that circulating monocytes in SSc
patients are phenotypically altered and amplify a positive
feedback loop, mediated by versican and CCL2, between
monocytes and fibroblasts. Further studies evaluating
the roles of circulating monocytes in the pathogenic
process of SSc should help to elucidate the complex
pathophysiology of SSc and assist us to develop novel
therapeutic strategies in this multisystem fibrotic
disease.
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Introduction

Circulating CD14" monocytes, which are heterogeneous in
terms of surface markers, phagocytic capacity, and differentiation
potential, are committed precursors in transit from the bone
marrow to their ultimate site of activity [1]. Until recently, it was
believed that monocytes could only differentiate into cells with
phagocytic capacity such as macrophages, and dendritic cells [1-
3]. However, there is growing evidence that circulating monocytes
can differentiate into a variety of cell types in addition to
phagocytes [4-8]. We previously identified a peripheral blood-
derived cell population, termed monocyte-derived multipotential
cells MOMGs), that have a fibroblast-like morphology in culture
and a unique phenotype positive for CD14, CD45, CD34, and
type I collagen [9]. This population originates from circulating
CD14" monocytes, and contains primitive cells that can differen-
tiate into cells with the typical phenotypes and functions of
mesenchymal cells, neurons, and endothelium i vitro [8-12]. We
recently showed that the intracranial delivery of MOMGs
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enhances functional recovery in a rat model for ischemic stroke
[13]. On the other hand, MOMG s derived from patients with
systemic sclerosis were functionally altered and deficient in their
ability to differentiate into endothelial cells, either @ vitro or in vivo
[14]. These findings raised the possibility that circulating
monocytes may contribute to tissue remodeling and regeneration
through MOMC differentiation in physiologic and pathogenic
states.

MOMC s are obtained with a 7-day culture of peripheral blood
mononuclear cells (PBMCs) on fibronectin-coated plastic plates
with 10% fetal bovine serum (FBS) as the only source of growth
factors. Our previous research indicated that to generate MOMCs
from circulating CD14" monocytes in vivo, the monocytes are
required to bind to fibronectin’s RGD domain via o538, integrin on
the monocytes’ cell surface, and are required to be exposed to
soluble factor(s) derived from the circulating CD14™ cell fraction
[9,15]. However, the details of the molecular factors involved in
this process remain unknown. In this study, we examined
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molecular factors involved in MOMC differentiation by focusing
on soluble factor(s) derived from circulating CD14™ cells.

Materials and Methods

Cell Preparations

PBMCs were isolated from heparinized venous blood from 10
healthy volunteers, aged 22-38, using Lymphoprep (Axis-Shield
PoC AS, Oslo, Norway) density-gradient centrifugation. In some
experiments, 3.8% sodium citrate was used as an anticoagulant
instead of heparin. Since the PBMC fraction was contaminated
with a large number of platelets, we removed platelets from the
PBMC fraction by MACS column separation using anti-CD61
monoclonal antibody (mAb)-coupled magnetic beads (Miltenyi
Biotech, Bergisch Gladbach, Germany). The platelet-depleted
PBMCs were then divided into CD14* monocytes and CD14~
PBMCGCs by MACS column separation using anti-CD14 mAb-
coupled magnetic beads (Miltenyi Biotech). In some instances, the
CD14" monocytes were separated into two distinct populations
based on high or low CXCR4 expression, by fluorescence-
activated cell sorting. Specifically, CD14" monocytes were
incubated with PE-conjugated anti-CXCR4 mAb (BD Bioscienc-
es, San Diego, CA) or FITC-conjugated anti-CDlla mAb
(Beckman-Coulter, Fullerton, CA) in combination with PC5-
conjugated anti-CD14 mAb (Miltenyi Biotech), and were sorted
with a FACS® Calibur system. The CD14" cells with CXCR4
levels in the top and bottom 40% were used as CD14"CXCR4"s"
and CDI4"CXCR4"Y cells, respectively. CD14*CD11a* cells
were also isolated as a control for the sorting procedure.

Platelets were prepared from platelet-rich plasma by a gel-
filtration method described elsewhere [16], with modifications to
avoid activating the platelets during the isolation procedure.
Briefly, sterilized Sepharose CL-2B gel (GE Healthcare Biosci-
ences AB, Uppsala, Sweden) in phosphate buffer (0.1 M
NaHyPO, 2Hy0, adjusted to pH 7 with NaOH) was washed
and equilibrated with Tyrodes buffer (140 mM NaCl, 3 mM K(lI,
I mM MgCly, 16.62 mM NaHCOs;, pH 7.4, 5.5 mM glucose,
and 10 mM HEPES) containing 0.5% bovine serum albumin
(BSA) (Sigma, St. Luis, MO). After packing the Sepharose beads
into a column, Tyrodes buffer containing 0.5% BSA was replaced
with serum-free low-glucose Dulbecco’s modified Eagle’s medium
(DMEM; Sigma). Platelet-rich plasma was prepared from periph-
eral blood by centrifugation (120 g for 10 minutes) and gently
applied to the Sepharose column. Platelets were then collected in
clouded drips before the plasma proteins exited the column.

The concentration of isolated cells was determined by counting
the cells under an inverted microscope (IX81: Olympus, Tokyo,
Japan). The protocol of this study was approved by the Ethics
Committee of Keio University School of Medicine. All blood
samples were obtained from subjects who had given written
informed consent.

Preparation of Platelet-Conditioned Medium
Platelet-conditioned medium was prepared from autologous
platelets by several methods. Platelets (4x107/mL) in low-glucose
DMEM containing 10% FBS (JRH Bioscience, Lenexa, KS) were
cultured on plastic plates coated with fibronectin (Sigma) for 24
hours, and supernatants recovered by centrifugation (180 g for 10
minutes) were used directly as platelet-conditioned medium.
Alternatively, platelets (245><1()8/mL) in serum-free low-glucose
DMEM were stimulated with one of the following platelet
agonists: thrombin (1 U/mL; Mochida Pharmaceutical Co.,
Ltd.,, Tokyo, Japan), thrombin receptor activation peptide
(SFLLRN; 50 uM), type I collagen (4 pg/mL), adenosine diphos-
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phate (ADP; 400 uM), ristocetin (15 mg/mL), or epinephrine
(50 uM) (Sigma) at 37°C for 15 minutes. Supernatants prepared
by centrifugation and diluted 10 times with low-glucose DMEM
containing 10% FBS were also used as platelet-conditioned
medium. In some experiments, medium conditioned by throm-
bin-treated platelets was fractionated using an Ultrafree-MC
Centrifugal Filter® (Millipore, Bedford, MA) with a 30-kDa
nominal MW limit, resulting in media enriched in either proteins
with a molecular weight (MW) greater than 30 kDa, or with
proteins with an MW less than 30 kDa.

Cultures for Generating MOMCs

In the original method, MOMCs are generated by culturing
PBMCs (2x10°/mL) for 7 days in low-glucose DMEM containing
10% FBS on fibronectin-coated plastic plates, without any
additional growth factors [9]. To evaluate the cell populations
and soluble factors required to transform circulating monocytes
into MOMGs, sorted CD14" monocytes (2x10°/mL) were
cultured on fibronectin-coated plastic plates with or without
autologous platelets (4x10”/mL), CD14~ PBMCs (10° cells/mL),
or unfractionated or fractionated platelet-conditioned medium. In
addition, CD14" monocytes were cultured on fibronectin-coated
plastic plates in low-glucose DMEM containing 10% FBS, in the
presence or absence of serial concentrations of the following:
interleukin (IL)-7, epidermal growth factor (EGF), basic fibroblast
growth factor (bFGF), transforming growth factor-p (TGF-B),
platelet-derived growth factor (PDGF)-AA, PDGF-AB, IL-8,
growth-related oncogene-o. (GRO-0), epithelial cell-derived neu-
trophil-activating peptide 78 (ENA78), thymus and activation-
regulated chemokine (TARC), stromal cell-derived factor (SDF)-1,
platelet factor 4 (PF4), regulated upon activation, normal T cell
expressed and secreted (RANTES), macrophage inflammatory
protein-lor (MIP-1o), monocyte chemotactic protein-3 (MCP-3),
or neutrophil-activating peptide 2 (NAP2). All of these cytokines,
growth factors, and chemokines were purchased from R&D
Systems (Minneapolis, MN, USA). In some instances, AMD 3100
(Sigma) was added to the MOMGC generation culture at a final
concentration of 0, 1, or 5 ng/mL.

In all cultures, medium containing floating cells was exchanged
with fresh low-glucose DMED with 10% FBS on day 3. The
number and morphology of adherent cells was assessed under an
inverted microscope on day 7. The number of total and spindle-
shaped adherent cells in a 1 mm x I mm square was counted on
10 randomly selected fields, and the efficacy of adherent cell
generation was expressed as the proportion (%) of the number of
the cells of interest in the culture compared to those observed in a
culture of CD14" monocytes alone, in low-glucose DMEM
containing 10% FBS during the entire culture period. In
experiments using CD14*CXCR4"" and CD14"CXCR4"Y cells,
the results were expressed in comparison with CD14YCD11a" cell
cultures. The adherent cells were subsequently recovered with
0.25% trypsin and assayed for cell-surface phenotype and i vitro
differentiation capacity.

Flow Cytometric Analysis

After staining with FITC-conjugated anti-CD34, FITC-conju-
gated anti-CDlla or PE-conjugated anti-CXCR4 mAb in
combination with PC5-conjugated anti-CD14 mAb, cells were
analyzed on a FACS® Calibur flow cytometer using CellQuest
software (BD Biosciences). Viable cells were identified by gating
based on forward and side scatters, and data were shown as
logarithmic dot-plots or histograms.
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Capacity for In Vitro Differentiation into Mesenchymal
and Endothelial Lineages

Adherent cells obtained in various MOMC generation cultures
were replated on fibronectin-coated chamber slides (BD Biosci-
ences) in high-glucose DMEM containing 10% FBS, and were
grown to semi-confluence. The cells were then cultured under
conditions known to induce the differentiation of MOMGCs into
mesenchymal and endothelial lineages [9,12]. MOMC s cultured
for 7 days under a mesenchymal-induction condition, as described
previously [9], were analyzed for mesenchymal lineage-specific
transcription factors, such as Cbfal for osteogenesis, Sox-9 for
chondrogenesis, and peroxisome proliferation-activated receptor v
(PPARY) for adipogenesis. For these analyses, the cells were
incubated with goat anti-Cbfal or anti-Sox-9 polyclonal antibod-
ies, or mouse anti-PPARy mAb (Santa Cruz Biotechnology, Santa
Cruz, CA), followed by AlexaFluor® 568 anti-goat or -mouse IgG
antibodies (Molecular Probes, Eugene, OR). The cells were
incubated with FITC-conjugated mouse anti-CD45 mAb (Dako
Carpinteria, CA) and observed under a fluorescence microscope
(IX82; Olympus, Tokyo, Japan).

In some experiments, mesenchymal induction cultures were
maintained for 3 to 4 weeks, and differentiation into functional
osteoblasts, chondroblasts, and adipocytes was detected by alizarin
red staining, immunostaining for type II collagen, and oil red O
staining, respectively [9]. The differentiation of MOMC:s into the
endothelial lineage was evaluated by fluorescent staining with
mouse anti-endothelial nitric oxide synthase (eNOS) mAb (BD
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Biosciences) or rabbit anti-Tie-2 polyclonal antibodies (Santa Cruz
Biotechnology), followed by incubation with AlexaFluor® 568 anti-
mouse or anti-rabbit IgG antibodies (Molecular Probes) [12].
Negative controls were slides incubated with isotype-matched
mouse or rabbit mAb to an irrelevant antigen, instead of the
primary antibody. Nuclei were counter-stained with 4', 6-
diamidino-2-phenylindole, dihydrochloride (DAPT).

Statistical Analysis

All continuous values are shown as the mean * standard
deviation (SD). Comparisons between two groups were tested for
statistical significance using the non-parametric Mann-Whitney U
test.

Results

Identification of Circulating CD14™ cells Required For
Generating MOMCs

We previously reported that to generate MOMUC s, circulating
CD14" monocytes are required to bind to fibronectin and be
exposed to peripheral blood CD147 cells [9]. To identfy the
circulating CD14 " cells required for generating MOMG:s, we first
evaluated the potential role of platelets that contaminated the
PBMC fraction isolated by Lymphoprep density-gradient centri-
fugation. We prepared CD14" monocytes and CD14~ PBMCs
from the PBMC fraction after removing the contaminating
platelets by negative selection with anti-CD61 mAb-coupled
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magnetic beads. In addition, circulating platelets were isolated
using a gel-filtration method to avoid activating the platelets
during the separation procedure. Next, we set up MOMC
generation cultures in which GD14" monocytes were cultured
alone, with platelets, or with platelet-depleted CD14~ PBMCs on
fibronectin-coated plastic plates. More adherent cells appeared in
the cultures with platelets or CD14~ PBMUCs than in the culture
with monocytes alone (Figure 1A and B). Adherent cells with a
fibroblastic morphology typical of MOMCs predominated in the
cultures with monocytes and platelets, but were rarely detected in
those with monocytes alone or with monocytes and CDI14~
PBMGs. Flow cytometric analysis showed that CD34 was
expressed by the adherent CD 14" cells obtained from the cultures
of monocytes and platelets, but not by those from cultures of
monocytes alone or monocytes with CD14~ PBMCis (Figure 1C).

The adherent cells obtained in these cultures were placed in
differentiation induction cultures to assess their ability to
differentiate into mesenchymal and endothelial lineages. As shown
in Figure 1D, the adherent cells obtained in cultures with
monocytes and platelets showed nuclear expression of the
lineage-specific transcription factors Chfal, Sox-9, and PPARY
together with CD45, upon 7-day osteogenic, chondrogenic, and
adipogenic induction treatment, respectively, and expression of the
endothelial markers eNOS and Tie-2 upon endothelial induction
treatment. In addition, functional osteoblasts, chondrocytes, and
adipocytes were detected after 3 weeks of osteogenic, chondro-
genic, and adipogenic induction treatment of adherent cells
obtained in cultures with monocytes and platelets (data not
shown). Adherent cells obtained in cultures of monocytes alone or
monocytes plus CD147 PBMCs lacked the capacity to differen-
tiate into mesenchymal or endothelial lineages. Concordant
findings were obtained from peripheral blood cells derived from
three additional donors. Adherent cells obtained in cultures of
monocytes and platelets on fibronectin had typical MOMC
characteristics, including fibroblast-like morphology, CD34 ex-
pression, and the potential to differentiate toward mesenchymal
and endothelial lineages [9], indicating that platelets are the
primary circulating cell population contributing to the transfor-
mation of circulating CD14" monocytes into MOMGCs.

We next examined whether platelet-conditioned medium could
be substituted for whole platelets for generating MOMUCis. For this
purpose, we evaluated MOMG generation by culturing CD14*
monocytes with platelets, or with platelet-conditioned medium
prepared by culturing platelets on fibronectin. These two cultures
yielded adherent cells with fibroblastic morphology with almost
the same efficiency (Figure 2A and B). Flow cytometry showed
similar scatter distributions and CD34 expression in the adherent
cells obtained in these cultures (Figure 2C). The adherent cells
obtained in these cultures were able to differentiate into
mesenchymal and endothelial lineages according to the induction
treatment (data not shown). Thus, MOMU s could be generated in
the presence of soluble factors released by platelets that have been
activated by exposure to fibronectin.

We further evaluated the MOMC-generation capacity of
platelet-conditioned media prepared by stimulation with a variety
of platelet agonists, including thrombin, thrombin receptor
activation peptide, type I collagen, ADP, ristocetin, and epineph-
rine. All the platelet agonists induced the release of MOMC-
induction factor(s), which promoted the generation of MOMC:s in
cultures of CD14" monocytes on fibronectin. The representative
morphology and flow cytometry analysis of CD34 expression in
the adherent cells obtained in cultures containing platelet-
conditioned medium prepared by stimulation with thrombin or
ADP are shown in Figure 2D. Consistent results were obtained
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from independent experiments using peripheral blood cells from
three additional donors. These results indicated that, to generate
MOMCs, circulating CD14" monocytes are required to be
exposed to soluble factor(s) released from activated platelets,
irrespective of the agonistic stimulation.

Screening and ldentification of a MOMC Differentiation

Factor

To screen for MOMC differentiation factor(s), the capacity to
transform CD14™ monocytes into MOMCs was evaluated by the
appearance of adherent cells with fibroblast-like morphology and
CD34 expression, observed by flow cytometry, and the ability to
differentiate into various lineages. CD14" monocytes were
cultured with fibronectin in the presence of thrombin-stimulated
platelet-conditioned media fractionated based on a protein MW
greater or smaller than 30 kDa (Figure 3). The capacity to
generate MOMCs was retained in the platelet-condition medium
enriched for proteins with a MW <30 kDa. Concordant results
were obtained from five donors. -

We then selected 16 candidate soluble factors required for
MOMC generation, based on (i) being released from platelets
upon activation and (i) having a MW <(30 kDa. These candidate
factors included IL-7, EGF, bFGF, TGF-B, PDGF-AA, PDGF-
AB, IL-8, GRO-a, ENA78, TARC, SDF-1, PF4, RANTES, MIP-
lo, MCP-3, and NAP2. Serial concentrations of these candidate
cytokines, growth factors, and chemokines were added to cultures
of CD14" monocytes on fibronectin derived from five donors, and
the generation of MOMG s was evaluated (Figure 4). SDF-1 and
RANTES were selected as potent factors that promoted the
generation of spindle-like adherent cells in a dose-dependent
manner (P<0.05 for both comparisons); bFGF, MIP-la, and
MCP-3 also promoted the appearance of adherent cells to some
extent. Among the adherent cells generated in cultures with these
candidate soluble factors, CD34 expression was detected in the
monocytes cultured with SDF-1; but not in those cultured with
RANTES, bFGF, MIP-1c, or MCP-3.

To confirm that SDF-1 was capable of inducing MOMC s,
CD14" monocytes from 10 independent donors were cultured on
fibronectin in the presence of serial concentrations of SDF-1. SDF-
1 increased the number of adherent cells with fibroblast-like
morphology, in a dose-dependent manner (Figure 5A and B).
Adherent cells generated in the presence of SDF-1 expressed
CD34 (Figure 5C) and had multidifferentiation potential toward
the osteogenic, chondrogenic, adipogenic, and endothelial lineages
(Figure 5D). In addition, functional osteoblasts, chondrocytes, and
adipocytes were successfully generated with 4-week mesenchymal
induction treatment (data not shown). SDF-1 is a chemotactic
factor for a variety of hematopoietic-lineage cells expressing the
SDF-1 receptor CXCR4. To examine how blocking the interac-
tion between SDF-1 and CXCR4 would affect MOMC genera-
tion, monocyte cultures on fibronectin with thrombin-treated
platelet-conditioned medium were prepared in the presence of
serial concentrations of AMD 3100, a CXCR4 antagonist. As
shown in Figure 5E, AMD 3100 suppressed the generation of
spindle-shaped adherent cells in a dose-dependent fashion.

These findings together indicate that the platelet-derived factor
SDF-1 is required for generating MOMCs. However, in MOMC
generation cultures consisting of CD14" monocytes, fibronectin,
and SDF-1, at least 5% FBS was required in the media to generate
MOMG s (results not shown), indicating that other factor(s) in the
serum were also required.

September 2013 | Volume 8 | Issue 9 | e74246



SDF-1 as a Monocyte Differentiation Factor

A B

Monocytes 4 Spindle-shaped adherent cells
Monocytes Monocytes Platelet-conditioned 5
alone Platelets medium £ ¥ 400+
¥
f;) _!_% 300~
E w3
) %’ 200
o
g § 100
EE
=)
5 0-
O Monocytes Monocytes
Platelets Platelet-
C Monocytes conditioned
Monocytes Monocytes Platelet-conditioned medium
alone Platelets medium
5 . :
Scattered 8
plots $
ke
w 3
Forward scatter "
CD34
D Monocytes + Platelet-conditioned medium
Thrombin ADP
Morphology
CD34

Figure 2. Soluble factor(s) released from activated platelets are required for MOMC generation. CD14* monocytes were cultured alone
or in combination with platelets or platelet-conditioned medium on fibronectin. (A} Morphology of adherent cells on culture day 7. Bars: 200 um. (B)
Spindle-shaped adherent cells generated in the indicated culture, expressed as a proportion (%) of those generated in a culture of monocytes alone.
Results show the mean and SD of three independent experiments. (C) Scatter plots and surface expression of CD34 on adherent cells, analyzed by
flow cytometry. CD34 expression is shown by a closed histogram; open histograms represent staining with isotype-matched control mAb. (D) The
morphology and CD34 expression of adherent cells obtained from cultures with platelet-conditioned medium prepared by stimulating platelets with
thrombin or ADP. Bars: 200 um. Cell-surface CD34 expression, analyzed by flow cytometry, is shown by closed histograms.
doi:10.1371/journal.pone.0074246.g002

Effect of the Circulating CD14™ Monocytes’ CXCR4 CXCR4M8" and CXCR4" monocytes using fluorescent-activated

Expression Level on the MOMC Differentiation Capacity cell sort%ng (Figure 6B). Flow cytometry revealeq that these two cell

Nearly all the CD14" monocytes in circulation express CXCR4 popula:_tlons hi;}](pressed PXCRZ} o differently. The
on their surface, but the expression level is highly variable CD14°CXCR4 } %nd CD14"CXCR4 cel.ls were then cul-
(Figure 6A). The expression level of CXCR4 was almost the same tured on fibronectin in the presence of thrombin-treated platelet-

- ‘- . . + .

between CD 14" monocytes derived from peripheral blood samples Cfmdmo.n medium. Since nearly a}} the C+Dl4 monocytes 1
anticoagulated with heparin and sodium citrate. To evaluate how circulation EXpress CDlla, _CDM CDl1la" cells prepared by
the level of CXCR# expressed by circulating CD14% monocytes fluorescent-activated cell sorting were used as a control. After 7
affects their capacity to differentiate into MOMC s, we prepared days of culture, spindle-shaped adherent cells appeared more

PLOS ONE | www.plosone.org 5 September 2013 | Volume 8 | Issue 9 | e74246



Monocytes

Al

SDF-1 as a Monocyte Differentiation Factor

+
Platelet-conditioned medium

Monocyles e
Unfractionated

alone MW > 30 kDa

N

MW < 30 kDa

B

Unfractionated

MW > 30 kDa

MW < 30 kDa

j P =0.0002

| I
0 100

|
200

Number of spindle-shaped adherent cells relative to

cultures of monocytes alone (%)

Figure 3. The MOMC generation activity resides in the MW <30-kDa fraction of platelet-conditioned medium. CD14" monocytes were
cultured on fibronectin with or without unfractionated or fractionated platelet-conditioned medium prepared by stimulating platelets with thrombin.
(A) Adherent cell morphology on culture day 7. Bars: 200 um. (B) The generation of spindle-shaped adherent cells in the indicated cultures, expressed
as a proportion (%) of those generated by culturing monocytes alone. Results show the mean and SD of three independent experiments.

doi:10.1371/journal.pone.0074246.g003

frequently in cultures of CD14"CXCR4™" cells than in cultures
of CD14"CXCR4™ cells (Figure 6C and D), although adherent
cells from these cultures expressed CD34 similarly (data not
shown). Adherent cells obtained from the CD14"CXCR4"E" cell
cultures expressed Cbfal, Sox-9, and PPARy upon 7-day
osteogenic, chondrogenic, and adipogenic induction cultures,
respectively, and expressed eNOS and Tie-2 in endothelial
induction cultures (Figure 6L). In contrast, these lineage-specific
transcription factors and endothelial proteins were scarcely
detectable in the adherent cells cultured from CD14*CXCR4Y
cells.  MOMCs  were also generated by  culturing
CDI14"CXCR4" cells in the presence of SDF-1 instead of
platelet-conditioned medium (data not shown). These results
together indicate that MOMOC precursors are abundant in the
circulating CD14*CXCR4ME" cell fraction.

Discussion

Using a stepwise approach, this study successfully identified
SDF-1 as a soluble factor required for transforming circulating
CD14* monocytes into MOMCs. First, we found that platelets
played a critical role in generating MOMO s from circulating
CD14" monocytes. Subsequently, soluble factors with a MW <30
kDa released from activated platelets were shown to contain
MOMC differentiation factor(s). The screening of candidate
platelet-derived soluble factors identified SDF-1 as a factor
required for MOMC generation. The critical role of SDF-1 in
this process was further confirmed by the finding that blocking the
SDF-1-CXCR#4 interaction with AMD 3100 inhibited the
MOMC generation. Finally, we found that circulating monocytic
MOMC precursors were enriched in the CD14"CXCR4"8" cell
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population. Taken together with our previous findings [15], the
transformation of circulating monocytes into MOMGOGs requires
multiple signals through cell-surface o5B; integrin and CXCR4.
This information should be useful for investigating how circulating
CD14"* monocytes acquire multidifferentiation potential, and for
establishing an optimal culture condition for generating MOMCs
for potential use in regenerative medicine.

SDF-1, also designated CXCLI12, is a chemotactic factor for
such varied cell types as stem cells, progenitor cells, and mature
hematopoietic-lineage cells, such as monocytes. During embryo-
genesis, SDF-1 is critically involved in the development of
hematopoietic, nerve, and endothelial tissues through its regula-
tion of tissue progenitor cell migration, homing, and survival
{17,18]. In adult life, the SDF-1-CXCR4 axis is the key factor for
stem- and immune-cell trafficking. For example, hematopoietic
stem cells migrate from the bone marrow along the SDF-1
concentration gradient and contribute to tissue repair [19,20].
Moreover, Yamaguchi and colleagues found that SDF-1 released
from activated platelets into the microcirculation is functionally
involved in recruiting bone marrow-derived endothelial progenitor
cells to vascular injury areas [21]. In contrast to its chemotactic
activities, we have found that SDF-1 also modulates the cellular
phenotype and differentiation potential of circulating CD14"
monocytes.

Although relatively little is known about CXCR4’ s downstream
signaling cascades, it has been shown that the binding of SDF-1 to
CXCR#4 in hematopoietic-lineage cells triggers G protein-mediat-
ed downstream signaling, including phosphoinositide-3 kinase,
protein kinase A, protein kinase G, and mitogen-activated protein
kinase, as well as G protein-independent tyrosine phosphorylation
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of Janus kinase (JAK) 2 and other members of the JAK signal
transduction pathway [22]. These effector pathways regulate cell
adhesion, locomotion, and chemotaxis, but how these signaling
pathways elicit biological effects, such as proliferation and
differentiation, is controversial. Given that o5f; integrin is also
required for generating MOMOC [15], interactions between
CXCR4 and integrin signals are of potential interest [23]. In this
regard, it has been reported that CXCR4 and integrin signals
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interact with each other and are crucial for retaining progenitor
cells in the bone marrow by phosphorylating c-kit [24], a receptor
tyrosine kinase that functions in such diverse biological functions
as proliferation, survival, and differentiation [25]. To determine
the mechanisms underlying the transdifferentiation of circulating
monocytes into multipotential cells, we must examine the
downstream signaling pathways of CXCR4 and o5B; integrin.
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Figure 5. SDF-1 is required for generating MOMCs. CD14" monocytes were cultured on fibronectin in the presence of serial concentrations of
SDF-1. (A) The generation of spindle-shaped adherent cells, expressed as a proportion (%) of those generated from culturing monocytes alone. The
results shown are the mean and SD of 10 independent experiments. (B) Morphology of adherent cells obtained in a culture with 100 ng/ml SDF-1.
Bars: 200 um. (C) Cell-surface CD34 expressed on adherent cells obtained in a culture with 100 ng/ml SDF-1, as analyzed by flow cytometry. Closed
histograms indicate CD34 expression; open histograms represent staining with isotype-matched control mAb. (D) Multidifferentiation potential of
adherent cells obtained in a culture with 100 ng/ml SDF-1. Cells treated for osteogenic, chondrogenic, adipogenic, and endothelial induction for 1
week were analyzed by immunohistochemical staining for Cbfa1, Sox-9, or PPARY (red) in combination with CD45 (green), or for eNOS or Tie-2 (red) in
combination with DAPI (blue), and were observed under a fluorescence microscope. Representative results of 3 independent experiments are shown.
Bars: 50 um. (E) AMD 3100, a CXCR4 antagonist, suppressed the generation of MOMCs. Circulating monocytes were cultured with platelet-
conditioned medium on fibronectin in the presence of 0, 1, or 5 ng/ml AMD 3100. Results are expressed as a proportion (%) of the number of spindle-
shaped adherent cells obtained in the culture of monocytes alone. *P<<0.05, compared with culturing without AMD 3100.
doi:10.1371/journal.pone.0074246.g005

Activated platelets are known to release a variety of soluble by mesenchymal cells and endothelium, not by platelets or other
factors stored in their granules, including cytokines, chemokines, hematopoietic-lineage cells. Platelets hold substantial amounts of
and growth factors [16]. Interestingly, SDF-1 is produced mainly SDF-1 in their granules that exists in a complex with CXCR4, and
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doi:10.1371/journal.pone.0074246.9006
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release SDF-1 when activated by various agonists [26]. Platelets
have long been considered to function solely as chief effector cells
in hemostasis. However, the growing evidence that soluble
mediators released from activated platelets are involved not only
in hemostasis, but also in inflammation, innate/adaptive immune
responses, and tissue repair indicates that platelets are more
multifunctional than previously thought [27].

Circulating monocytes are recruited to extra-vascular injury
sites, where they are exposed to inflammatory cytokines, and
differentiate into macrophages that take up debris, clean the tissue,
and induce an acquired immune response. Since the differentia-
tion of CD14"CXCR4™" monocytic precursors into MOMCs
requires that the monocytes bind to fibronectin and be exposed to
SDF-1 released from activated platelets, circulating monocytes
may encounter these signals at the injury site. In that case, these
external signals would induce specific intracellular signals in the
infiltrating monocytic precursors, leading to the acquisition of
mesenchymal and endothelial differentiation potentials. The
MOMCs would subsequently differentiate into tissue-specific cells
in response to organ-specific environmental cues.

Fibrocytes, a population of circulating cells with fibroblast
properties, are characterized by a distinctive phenotype positive
for CD45, CD34, and type I collagen [28]. MOMGCs and
fibrocytes in cultures commonly have spindle-shaped morphology
and express CD34 and type I collagen, but have several distinct
characteristics. Specifically, MOMCs are gencrated from circu-
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lating CD14" monocytes without expression of CD34 [9]: this
phenotypic feature is apparently distinct from that of circulating
fibrocytes (CD45"CD34 type I collagen™). In addition, fibrocytes
are able to self-replicate and expand in long-term cultures [28],
whereas MOMOGs have limited lifespan at least in vitro [8,9].
Finally, isolation of fibrocytes in PBMC cultures requires either
fibronectin or type I collagen [26], but MOMC induction cultures
using type I collagen instead of fibronectin fail to generate CD34"
cells with multiple differentiation potentials [15]. These findings
strongly suggest that circulating MOMOC precursors are different
from fibrocytes.

In summary, our results indicate that MOMGCGs are generated
from circulating CD14*CXCR4"" monocytic precursors through
their exposure to fibronectin and SDF-1. These findings are
helpful for understanding the mechanisms at work in the
transdifferentiation of monocytic progenitors into multipotential
cells, and the role of these cells in physiologic and pathogenic
states.

Author Contributions

Conceived and designed the experiments: HM TK MK. Performed the
experiments: NS YO MK. Analyzed the data: NS YO HM TK MK.
Contributed reagents/materials/analysis tools: MK. Wrote the paper: NS
MK.

. Walkowiak B, Kralisz U, Michalec L, Majewska E, Koziolkiewicz W, et al.
(2000) Comparison of platelet aggregability and P-selectin surface expression on
platelets isolated by different methods. Thromb Res 99: 495-502.

Nagasawa T, Hirota S, Tachibana K, Takakura N, Nishikawa S, et al. (1996)

Defects of B-cell lymphopoiesis and bone-marrow myelopoiesis in mice lacking

the CXC chemokine PBSF/SDF-1. Nature 382: 635-638.

Zou YR, Kottmann AH, Kuroda M, Taniuchi I, Littman DR (1998) Function of

the chemokine receptor CXCR4 in haematopoiesis and in cerebellar

development. Nature 393: 595-599.

Massberg S, Konrad I, Schiirzinger K, Lorenz M, Schncider S, ct al. (2006)

Platelets secrete stromal cell-derived factor lalpha and recruit bone marrow-

derived progenitor cells to arterial thrombi in vivo. J Exp Med 203: 1221-1233.

Kucia M, Ratajczak J, Reca R, Janowska-Wieczorek A, Ratajezak MZ (2004)

Tissue-specific muscle, neural and liver stem/progenitor cells reside in the bone

marrow, respond to an SDF-1 gradient and are mobilized into peripheral blood

during stress and tissue injury. Blood Cells Mol Dis 32: 52-57.

21. Hattori K, Heissig B, Tashiro K, Honjo T, Tateno M, et al. (2001) Plasma
elevation of stromal cell-derived factor-1 induces mobilization of mature and
immature hematopoietic progenitor and stem cells. Blood 97: 3354--3360.

. Sharma M, Afrin F, Satija N, Tripathi RP, Gangenahalli GU (2011) Stromal-

derived factor-1/CXCR4 signaling: indispensable role in homing and

engraftment of hematopoicetic stem cells in bone marrow. Stem Cells Dev 20:

933-946.

Peled A, Kollet O, Ponomaryov T, Petit I, Franitza S, et al. (2000) The

chemokine SDF-1 activates the integrins LFA-1, VLA-4, and VLA-5 on

immature human CD34" cells: role in transendothelial/stromal migration and

engraftment of NOD/SCID mice. Blood 95: 3289-3296.

Cheng M, Qin G (2012) Progenitor cell mobilization and recruitment: SDF-1,

CXCR4, ad-integrin, and c-kit. Prog Mol Biol Transl Sci 111: 243-264.

Edling CE, Hallberg B (2007) c-Kit-a hematopoietic cell essential receptor

tyrosine kinase. Int J Biochem Cell Biol 39: 1995-1998.

Vieira-de-Abreu A, Campbell RA, Weyrich AS, Zimmerman GA (2011)

Platelets: versatile effector cells in hemostasis, inflammation, and the immune

continuum. Semin Immunopathol 34: 5-30.

Weyrich AS, Zimmerman GA (2004) Platelets: signaling cells in the immune

continuum. Trends Immunol 25: 489-495.

Bucala R, Spiegel LA, Chesney J, Hogan M Cerami A (1994) Circulating

fibrocytes define a new leukocyte subpopulation that mediates tissue repair. Mol

Med 1: 71-81.

23.

25.

26.

27.

28.

September 2013 | Volume 8 | Issue 9 | e74246



Letters to the Editor 3125

Presence of desaturated hemoglobin enhances the contribution of blood cells to
flow-mediated dilation in subjects with systemic sclerosis

Eisuke Amiya *!, Munenori Takata *!, Masafumi Watanabe **, Takehiro Takahashi®, Yoshihide Asano P,
Masaru Hatano ?, Atsuko Ozeki ?, Aya Watanabe ¢, Shuichi Kawarasaki %, Zenshiro Tamaki °,
Takashi Taniguchi ®, Yohei Ichimura ?, Tetsuo Toyama P, Ryozo Nagai ¢, Shinichi Sato ?, Issei Komuro *¢

@ Department of Cardiovascular Medicine, Graduate School of Medicine, The University of Tokyo, Japan
b Department of Dermatology, Graduate School of Medicine, The University of Tokyo, Japan

¢ Jichi Medical School, Japan

4 Department of Cardiovascular Medicine, Osaka University Graduate School of Medicine, Japan

ARTICLE INFO

Article history:

Received 31 March 2013
Accepted 6 April 2013
Available online 4 May 2013

Keywords:
Flow-mediated dilation
Hemoglobin
Desaturation

Systemic sclerosis

Systemic sclerosis (SSc) is characterized by alterations of the
microvasculature, disturbances of the immune system, and
massive deposition of collagen and other matrix substances in
connective tissue. Endothelium is the target tissue of the
pathological process of SSc, and the vasculature modified by the
impairment of endothelial cell function affects the pathological
process of SSc. SSc is also accompanied by respiratory dysfunction
caused by interstitial lung disease, and subjects with SSc are likely
to be exposed to hypoxic conditions.

In an experimental model, deoxygenation enhanced the inter-
relationship between platelets, nitric oxide (NO), and erythrocytes
[1,2]. However, the impact of desaturated hemoglobin (Hb) on
vascular function has not been clearly elucidated in the clinical
setting.

In this study, we assessed the association between desaturation of Hb
and flow-mediated dilation (FMD) response in subjects with SSc.

We studied 48 (26 diffuse-type and 22 limited-type) SSc and 23
control subjects. Endothelial function was assessed by FMD. FMD
measurement was performed by amplitude and brightness mode ultra-
sonography using a linear-array 10-MHz transducer (UNEXEF18G,
UNEX, Nagoya), as previously described [3]. All components of a standard
informed consent form were explained to each subject, and written
informed consent was obtained from all subjects. The study protocol
conformed to the Declaration of Helsinki and was reviewed and
approved by the University of Tokyo Institutional Review Board. All
values were expressed as mean + standard deviation. Univariate and
linear regression analyses were used to evaluate the association between
clinical variables, and a p-value < 0.05 was considered significant.

Both FMD and brachial artery diameter (BAD) decreased in
subjects with SSc (FMD: 5.62 + 2.71%vs 7.33 & 2.95%, p = 0.012; BAD:
3.36 4 0.58 mm vs 3.69 4 0.50 mm, p = 0.016). In subjects with SSc,
BAD correlated with Hb, platelet count, and the Hb to platelet count
ratio (Hb/Plt). Among these factors, Hb/Plt demonstrated the most
significant correlation with BAD [Hb: R = 0.34 (p = 0.018); Plt: R =
—0.32 (p = 0.027); Hb/Plt: R = 042 (p = 0.0031)]. In contrast, such
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Tel.: +81 3 3815 5411.
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correlative relationships between blood cell counts and BAD were not
observed in control subjects.

We divided the subjects with SSc into two groups based on the
desaturated Hb value (high, >0.3 g/dL and low <0.3 g/dL) calculated
using the following formula: desaturated Hb = Hb x {100 — [arterial
oxygen saturation measured by pulse oximeter (Sp02)]/ 100} [4].
The desaturated Hb values ranged from 0 to 0.9 g/dL (mean: 0.32;
standard deviation: 0.22; median: 0.294). Right ventricular systolic
pressure, heart rate, and white blood cell count were significantly
different between the two groups (Table 1), whereas no differences
in FMD or basal BAD were observed. The interrelationship between
FMD and blood cells was also significantly different between the two
groups. FMD had a negative correlative relationship with Hb/Pit in
subjects with high desaturated Hb [R = —0.48 (p = 0.020)], which
was not observed in subjects with low desaturated Hb [R = 0.20
(p = 0.30); Fig. 1a]. A comparison of the correlation coefficients
between FMD and Hb/Plt in these two groups showed that the Z
score, calculated by Fisher r to z transformation, was 2.35
(p = 0.0094), suggesting a significant difference in the contribution
of blood cells to FMD between groups with low and high desaturated
Hb. In addition, hemodynamic parameters such as systolic blood
pressure, estimated glomerular filtration rate, and BAD corresponded
to the Hb/PIt value in subjects with high desaturated Hb, whereas in
subjects with low desaturated Hb, no significant differences were
observed in these hemodynamic parameters (Fig. 1b). These results
also suggested the enhanced hemodynamic effect of blood cells in the
presence of desaturated Hb.

Table 1
Baseline characteristics of subjects with high (>0.3 g/dL) and low (<0.3 g/dL) desaturated
Hb.

Desaturated Desaturated p value
Hb <0.3 Hb>0.3

N 25 23
Age (years) 53.7 + 143 55.5 + 14.6 0.34
Body surface area (m?) 144 4+ 0.12 1.56 4+ 0.21 0.013
Systolic BP (mmHg) 103.3 £ 16.0 104.0 & 10.2 0.43
Diastolic BP (mmHg) 59.0 + 74 57.6 + 8.4 0.27
Heart rate (/min) 64.5 & 104 783 £ 215 0.0031
Hemoglobin (g/dL) 122+ 17 12.7 £ 2.0 0.14
White blood cell (1000/uL) 63 + 2.6 82437 0.025
Platelet count (10,000/LL) 257 4+ 70 254453 043
Hb/Plt 051 +0.15 0.53 +0.19 0.29
eGFR (ml/min/1.73 m?) 832 £ 189 771 4229 0.16
CRP (mg/dL) 0.32 £ 0.66 0.55 + 1.01 0.19
BNP (pg/mL) 48.0 4 66.0 68.4 + 60.3 0.20
Right ventricular systolic pressure 320+£76 38.6 + 106 0.020

(mmHg)
Vascular parameter

Brachial artery diameter (mm) 3.32 £ 0.56 3.40 + 0.62 0.31

FMD (%) 5.68 + 2.64 554 4+283 043

Abbreviations: BP, blood pressure; Hb/PIt, Hemoglobin/platelet count ratio, eGFR, estimated
glomerular filtration ratio; CRP, C-reactive protein; BNP, brain natriuretic peptide; and FMD,
flow-mediated dilation.
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Fig. 1. a) Correlations between FMD and Hb/Pit in subjects with high (>0.3 g/dL) and low (<0.3 g/dL) desaturated Hb. Hb: hemoglobin, FMD: flow-mediated dilation, and Hb/Plt:
hemoglobin to platelet count ratio. b) Differences of clinical variables between subjects with high (>0.5) and low (<0.5) hemoglobin to platelet count ratio (Hb/Plt) after subjects
were divided into two groups, high (>0.3 g/dL) and low (<0.3 g/dL) desaturated Hb groups. The results are represented by box plots (middle hash of the box indicates the median;
25th-75th percentiles are represented by end caps of the box; whiskers extend to the last observed value) and presented in subjects with high and low desaturated Hb. BAD: brachial
artery diameter, FMD: flow-mediated dilation, and eGFR: estimated glomerular filtration ratio.

This report provides a novel knowledge regarding the impact of
blood cells on FMD response in the presence of desaturated Hb.

Hb regulates vascular dynamics through the following three
pathways: S-nitrosohemoglobin-dependent bioactivity, adenosine
5'-triphosphate release, and deoxyhemoglobin-mediated regula-
tion of NO [2]. Several studies have reported that increased Hb
corresponds to the decline in FMD response in hypertensive or diabetic
nephropathy subjects, suggesting that endothelial-derived vascular
dilatation was greatly affected by the Hb value in the presence of
vascular injury [5,6]. These reports suggested that vascular injury
enhances the association between blood cells and vascular dynamics. In
contrast, the present study suggests that the presence of desaturated Hb
also increased the impact of blood cells on vascular dynamics. There are
multiple complex pathways between NO metabolites and hemoglobin,
and it is known that deoxygenated red blood cells lead to the reduction
of nitrite to NO, leading to hypoxia-induced vasodilatation. However, the
fate of NO derived from the endothelium in the presence of desaturated
Hb is not yet clarified.

The baseline diameter and the association between the baseline
diameter and blood cells were not different between groups with high
and low desaturated Hb. Therefore, regulation of the baseline vascular
diameter was not affected by the presence of desaturated Hb, whereas
flow-mediated NO was influenced by its presence in a blood cell count-
dependent manner.

Hb can scavenge NO produced by the endothelium, as demon-
strated in cases of hemolysis in dialysis subjects in a clinical setting
[7]. However, hemoglobin-NO reactions were significantly suppressed
in the absence of hemolysis [8]. More rigorous experiments and studies

are needed to elucidate the underlying mechanism. In addition, Hb/Pit,
and not the absolute Hb value, most significantly correlated with FMD
response in the present study. Platelets, which are another target of
endothelium-derived NO, may regulate the accessibility or modulation
of endothelium-derived NO to red blood cells.

The interrelationship between blood cells and vascular function
should be clarified in each clinical situation when considering
therapeutic strategies. In the present study, the contribution of Hb/
Plt to FMD response was increased in the presence of desaturated
Hb in subjects with vascular injury resulting from SSc. In the
presence of desaturated Hb in subjects with SSc, FMD was more
susceptible to blood cell effects, and the increase of Hb and
decrease of platelet count led to the impairment of the magnitude
of FMD, leading to a hemodynamic disadvantage.
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Cell therapies

Induced pluripotent stem cells (iPSCs), a type of pluripotent stem cell
artificially derived from a non-pluripotent cell by inducing a “forced”
expression of specific genes, have achieved great progress since it was
firstly established [1]. iPSC technology provides a potential solution to
overcome the drawbacks of conventional methods to model human
diseases. Inherited long QT syndrome (LQTS) is an inborn heart
condition, which predisposes patients to a potentially fatal ventricular
arrhythmia. To date, hundreds of mutations in 13 different genes have
been indentified to cause LQTS [2]. The pathophysiological feature of
LQTS cannot be investigated directly in human cardiomyocytes (CMs)
because harvesting mature CMs is confounded by many factors, such as
limitations in cell numbers and proliferative capacity. Thus, previous
investigations of LQTS used heterologous expression in non-human CMs
and animal models. However, heterologous systems do not precisely
reflect the influence of potential compensatory pathways and the
impact of known and unknown accessory channel subunits, all effects
that may be present in functional CMs. Additionally, because of the
profound differences between animal and humans in the biochemical,
physiological and anatomical characteristics of CMs, animal models do
not faithfully reproduce the pathophysiological features of human LQTS
[3]. Therefore, as an increasing number of genetic variants become
associated with LQTS, it is essential to develop effective and accurate
model systems to understand the mechanism underlying LQTS. iPSC
platforms to derive different cells and tissues in the human body for
disease models appear to be an attractive option.

The LQTS-specific iPSC model was firstly established in LQT1 due to
an autosomal dominant missense mutation (R190Q) in the KCNQ1 gene
[4]. LQT1-derived iPSC-CMs maintained the disease phenotypes of LQT1.
The action potential duration was markedly prolonged in iPSC-CMs from
patients, as compared with cells from the control. Further characteriza-

* Corresponding authors.
E-mail addresses: pjq1980214@163.com (J. Pan), cfsun1@mail.xjtu.edu.cn (C. Sun).

tion of the role of the mutation revealed a dominant negative trafficking
defect associated with a 70%-80% reduction in Iy, current. The iPSC
models of LQTS were also obtained in other studies (Table 1). LQTS-
derived iPSC lines can be differentiated into CMs and documented
phenotypes that are indicative of LQTS, showing the disease's character-
istic electrophysiological signature, establishing a convenient system for
in vitro illustration of mechanisms underlying LQTS. Particularly, one
obvious advantage of human iPSC-CMs is the possibility to evaluate the
effect of the patient's genetic background on the relation between
genotype and phenotype. In addition, access to LQTS-derived iPS-CMs in
combination with other technologies presents the opportunity to
identify disease-relevant biological characteristics that can shed light
on new mechanistic insights into LQTS pathology not readily evident
through conventional systems, making the LQTS-derived iPS-CMs a
promising resource for more research work in the future (Fig. 1).

Current drug development programs are inefficient. Compounds
that appear to be safe and efficacious in animal models or in vitro cell
systems may fail in later clinical trials because of safety issues or a lack of
efficacy [5]. iPSC technology provides the means to obtain drug efficacy
and toxicity data in a disease-relevant context, which ensures lower
attrition at late stages of the clinical pipeline. The ability to derive and
test cells from individuals with known drug sensitivities would help
identify the molecular basis of variable human drug responses. In
addition, Patient-derived iPSCs are amenable to almost limitless
expansion, thus enabling tests of more candidate compounds than
possible in actual clinical trials. Moreover, testing drugs on LQTS-specific
iPSCs also suggests the possibility for individualized medicine strategies
and optimization of therapies of patient with a specific genetic
background.

Table 1
Summary of existing induced pluripotent stem cell models of long QT syndrome.
Syndrome Transcription factors Affected gene Gene
mutation
LQT1 0OCT3/4, SOX2, KLF4, and c-MYC KCNQ1 R190Q
LQT2 (hOCT3/4, hSOX2, hKLF4 or
he-MYC KCNH2 (HERG) R176W
LQT1 OCT3/4, SOX2, KLF4, and
c-MYC KCNQ1 1893delC
LQT2 0OCT4, SOX2 and KLF4 KCNH2 (HERG) AB14V
LQT2 0OCT4, SOX2, LIN28, and NANOG KCNH2 (HERG) G1681A
LQT8 YFP, SOX2, OCT3/4, MYC or KLF4 ACNA1C gene G406R
mutation
LQT3 Oct4, Sox2, and Kif4 or c-Myc SCN5A AKPQ
LQT2 OCT4, SOX2, NANOG, LIN28, KCNH2 (HERG) W1001X

c-Myc, and KLF4
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FTY720 Ameliorates Murine Sclerodermatous Chronic
Graft-Versus-Host Disease by Promoting Expansion of
Splenic Regulatory Cells and Inhibiting
Immune Cell Infiltration Into Skin

Doanh Le Huu, Takashi Matsushita, Guihua Jin, Yasuhito Hamaguchi,
Minoru Hasegawa, Kazuhiko Takehara, and Manabu Fujimoto

Objective. Sphingosine 1-phosphate (S1P) exerts
a variety of activities in immune, inflammatory, and
vascular systems. S1P plays an important role in sys-
temic sclerosis (SSc) pathogenesis. Regulation of S1P in
fibrotic diseases as well as in SSc was recently reported.
FTY720, an oral S1P receptor modulator, has been
shown to be a useful agent for the prevention of trans-
plant rejection and autoimmune diseases. Murine
sclerodermatous chronic graft-versus-host disease
(GVHD) is a model for human sclerodermatous chronic
GVHD and SSc. We undertook this study to investigate
the effects of FTY720 in murine sclerodermatous
chronic GVHD.

Methods. FTY720 was orally administered to al-
logeneic recipient mice from day 0 to day 20 (short-term,
early-treatment group), from day 0 to day 42 (full-term,
early-treatment group), or from day 22 to day 42
(delayed-treatment group) after bome marrow trans-
plantation.

Results. Delayed administration of FTY720 atten-
uated, and early administration of FTY720 inhibited,
the severity and fibrosis in murine sclerodermatous
chronic GVHD. With early treatment, FTY720 induced
expansion of splenic myeloid-derived suppressor cells,

Supported by grants-in-aid from the Ministry of Education,
Science, and Culture of Japan.

Doanh Le Huu, MD, Takashi Matsushita, MD, PhD, Guihua
Jin, MD, Yasuhito Hamaguchi, MD, PhD, Minoru Hasegawa, MD,
PhD, Kazuhiko Takehara, MD, PhD, Manabu Fujimoto, MD, PhD:
Kanazawa University, Kanazawa, Japan.

Address correspondence to Takashi Matsushita, MD, PhD,
Department of Dermatology, Faculty of Medicine, Institute of Medi-
cal, Pharmaceutical, and Health Sciences, Kanazawa University, 13-1
Takaramachi, Kanazawa, Ishikawa 920-8641, Japan. E-mail:
t-matsushita@derma.m.kanazawa-u.ac.jp.

Submitted for publication September 18, 2012; accepted in
revised form March 5, 2013.

1624

Treg cells, and Breg cells. Vascular damage in chronic
GVHD was inhibited by FTY720 through down-
regulating serum levels of S1P and soluble E-selectin.
FTY720 inhibited infiltration of immune cells into skin.
Moreover, FTY720 diminished the expression of mes-
senger RNA for monocyte chemotactic protein 1, mac-
rophage inflammatory protein 1a, RANTES, tumor
necrosis factor «, interferon-y, interleukin-6 (IL-6),
1L-10, IL-17A, and transforming growth factor 81 in the
skin.

Conclusion. FTY720 suppressed the immune re-
sponse by promoting the expansion of regulatory cells
and reducing vascular damage and infiltration of im-
mune cells into the skin. Taken together, these results
have important implications for the potential use of
FTY720 in the treatment of sclerodermatous chronic
GVHD and SSc in humans.

Sphingosine 1-phosphate (S1P) is a biologically
active lysophospholipid with key functions in the im-
mune, inflammatory, and vascular systems (1-3). Fin-
golimod (FTY720) is phosphorylated by sphingosine
kinase (4) to become FT'Y720 phosphate. FTY720 phos-
phate can bind to S1P receptor 1 (S1P;), S1P;, S1P,, and
S1Ps, but not to S1P, (1). These receptors are critically
involved in cell survival, cytoskeletal rearrangements,
cell motility, and cell migration (5). FI'Y720 has also
been reported to accelerate the homing of lymphocytes
from peripheral blood and spleen into secondary lym-
phoid tissues (6). In addition, FTY720 retains lympho-
cytes within the thymus and secondary lymphoid organs,
eliminating their ability to home to peripheral sites of
inflammation (7).

Moreover, recent reports indicate that FTY720
also modulates monocyte/macrophage migration and
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activation (8), dendritic cell trafficking and function (9),
Treg cell activity (10,11), and marginal zone (MZ) B cell
movement (12,13). FTY720 has been shown to be a
useful agent for the prevention of transplant rejection,
contact hypersensitivity, and autoimmune diseases (14—
17). Recent studies provided evidence that S1P and S1P
receptors might be mediators involved in development
of fibrotic diseases as well as systemic sclerosis (SSc)
(18-22). Serum levels of S1P were reported to increase
in SSc patients (19). SSc-derived fibroblasts showed
decreased expression of S1P; and S1P, and increased
expression of S1P; as compared with normal fibroblasts.
Furthermore, phosphorylation of Smad3 was increased
by S1P via S1P, and S1P, in SSc fibroblasts (18,20). In
SSc fibroblasts, the phosphatase and tensin homolog
(PTEN) level was restored and matrix metalloproteinase
1 (MMP-1), Smad3 phosphorylation, and collagen levels
were normalized by dihydrosphingosine 1-phosphate
(20). However, both S1P and FTY720 were demon-
strated to have similar profibrotic effects including Smad
phosphorylation and collagen up-regulation and in-
duced myofibroblast differentiation from healthy fibro-
blasts via S1P; (23).

Chronic graft-versus-host disease (GVHD)
emerges from alloreactive reactions between donor-
derived immune and host cell populations. Transplanta-
tion of B10.D2 mouse bone marrow (BM) and spleno-
cytes across minor histocompatibility loci into
sublethally irradiated BALB/c mouse recipients is a
well-established animal model for human scleroderma-
tous chronic GVHD and SSc, which show many clinical
similarities (24). Histologic analysis of the initial stages
of SSc and murine sclerodermatous chronic GVHD
showed infiltration of mononuclear cells into the dermis
with an associated increase in collagen synthesis (25). In
the present study, we analyzed the effects of FT'Y720 on
murine sclerodermatous chronic GVHD.

MATERIALS AND METHODS

BM transplantation. Male B10.D2 (H-2%) mice and
female BALB/c (H-2%) mice ages 8-12 weeks were used as
donors and recipients, respectively. BM was depleted of T cells
with anti-Thy1.2 microbeads (Miltenyi Biotec). BALB/c recip-
ient mice were irradiated with 800 cGy (MBR-1520R; Hitachi)
and were injected via the tail vein with 10 X 105 T cell-
depleted BM cells and 10 X 10° splenocytes in 0.5 ml of
phosphate buffered saline (PBS) to generate murine sclero-
dermatous chronic GVHD (allogeneic BM transplantation
[BMT]). A control syngeneic group of female BALB/c mice
received male BALB/c mouse T cell-depleted BM cells and
splenocytes (syngeneic BMT). All studies were approved by
the institutional review board.

Reagents. FTY720 (fingolimod; Cayman Chemical)
was administered to allogeneic recipients by daily oral gavage
at a dose of 1 mg/kg from day 0 to day 20 (short-term,
early-treatment group), day O to day 42 (full-term, early-
treatment group), or day 22 to day 42 (delayed-treatment
group) after BMT. Control mice received distilled water only
(allogeneic group).

GVHD skin score. The clinical chronic GVHD score
was previously described (26): healthy appearance = 0; skin
lesions with alopecia =1 cm? in area = 1; >1-2 cm? = 2; >2-5
cm? = 3; >5-10 cm?® = 4; >10~15 cm® = 5; >15-20 cm® = 6;
>20 cm? = 7. Additionally, animals were assigned 0.4 points
for skin disease (lesions or scaling) on the tail and 0.3 points
each for lesions on the ears and paws (minimum score = 0,
maximum score = 8). Final scores for dead animals were kept
in the data set for the remaining time points.

Histologic analysis. The skin and lung were fixed in
10% formalin and embedded in paraffin. Sections (6 pwm in
thickness) were stained with hematoxylin and eosin and Mas-
son’s trichrome. Skin histopathology was scored by a dermato-
pathologist (blinded to the experimental groups) on the basis
of epidermal interface changes, dermal collagen thickness,
mononuclear cell inflammation, subdermal fat loss, and follic-
ular dropout, with scores from 0 to 2 for each category (total
possible score 0-10) (27). Dermal thickness was defined as the
thickness of skin from the top of the granular layer to the
junction between the dermis and intradermal fat (28). Colla-
gen deposition was quantified on trichrome-stained sections as
the ratio of blue-stained area to total stained area using Adobe
Photoshop CS4 analysis tools.

Sircol soluble collagen assay. Total soluble collagen
was quantified using the Sircol Soluble Collagen Assay (Bio-
color). Briefly, 6-mm skin and left lung samples were homog-
enized in acid-pepsin solution (0.5M acetic acid containing
1 mg/ml pepsin) over 2 nights at 4°C. After centrifugation, 1 ml
of Sircol dye was added to 100 ul of supernatant and incubated
for 30 minutes. After removing the suspension, droplets were
dissolved in 1 ml Sircol alkali reagent, and relative absorbance
was measured at 555 nm.

Immunohistochemical staining of skin. The skin sam-
ples were removed and frozen in liquid nitrogen using embed-
ding medium for frozen tissue specimens (Tissue-Tek OCT
compound; Sakura Finetek) and stored until used at —70°C.
Frozen sections (6 um) were immediately fixed in cold acetone
and were incubated with rat anti-mouse CD3 monoclonal
antibody (mAb) (17A2), rat anti-mouse CD4 mAb (GK1.5),
rat anti-mouse CD11b mAb (M1-70), or rat anti-mouse B220
mAb (30-F11) (all from BD Biosciences). Rat IgG (Southern
Biotech) was used as a control for nonspecific staining. Sec-
tions were then incubated sequentially (for 20 minutes at 37°C)
with a biotinylated goat anti-rabbit IgG secondary antibody
(BD Biosciences) followed by incubation with horseradish
peroxidase~conjugated avidin-biotin complexes (Vector). Sec-
tions were washed 3 times with PBS between incubations,
developed with 3,3'-diaminobenzidine tetrahydrochloride and
H,0O,, and then counterstained with methyl green.

Skin sections (6-um thick) were applied to slides.
Before immunostaining, the slides were heated at 37°C over-
night in a drying oven and then deparaffinized in xylene,
hydrated through graded alcohols, and washed in distilled
water. For PTEN and MMP-1 detection, antigen retrieval was
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performed via heat treatment (10 minutes in 10 mmoles/liter
sodium citrate buffer at 95°C). The slides were allowed to cool
for 20 minutes, then rinsed in distilled water and placed into a
container of wash buffer (Tris buffered saline). Endogenous
peroxidase activity was blocked by incubating the slides for 5
minutes in 3% H,O,. After rinsing in wash buffer, sections
were incubated for 1 hour at room temperature with anti-
PTEN antibody (1:100 dilution, NBP1-73972; Novus Biologi-
cals), anti-MMP-1 antibody (1:100 dilution, NBP1-72209;
Novus Biologicals), or antibody against Smad3 phosphorylated
at Ser*?® (1:100 dilution, NB100-92630; Novus Biologicals) in
wash buffer. Slides were rinsed in wash buffer and incubated
for 30 minutes with peroxidase-labeled donkey anti-rabbit IgG
antibody (BD Biosciences) followed by incubation with avidin—
biotin—peroxidase complexes (Vectastain ABC method; Vec-
tor). Sections were developed with 3,3’-diaminobenzidine tet-
rahydrochloride and H,O, and then counterstained with
methyl green.

Immunohistochemical stains were evaluated for the
presence of positively staining fibroblast-like spindle cells
between collagen bundles in the dermis. The following semi-
quantitative scale, based on the percentage of positively
stained spindle cells, was used: — (no staining), + (<25%
staining), ++ (25-50% staining), +++ (>50-75% staining),
and ++++ (>75-100% staining).

Stained cells were counted under a high-power micro-
scopic field (original magnification X 400) on a light micro-
scope. Each section was examined and scored independently
by 2 investigators in a blinded manner. The mean score was
used for analysis.

Enzyme-linked immunosorbent assay (ELISA). Serum
samples were measured for levels of S1P, soluble E-selectin,
soluble intercellular adhesion molecule 1 (sICAM-1), and
soluble vascular cell adhesion molecule 1 (sVCAM-1) using
an SI1P competitive ELISA kit (Echelon Biosciences) and
Quantikine mouse soluble E-selectin, sICAM-1, and
sVCAM-1 immunoassay kits (R&D Systems), respectively,
according to the manufacturers’ instructions.

Preparation of skin cell suspensions for flow cytom-
etry. A 3 X 3-cm piece of depilated back skin was minced and
then digested in 7 ml of RPMI 1640-10% fetal bovine serum
(FBS) containing 2 mg/m! crude collagenase (Sigma-Aldrich),
1.5 mg/ml hyaluronidase (Sigma-Aldrich), and 0.03 mg/ml
DNase I (Sigma-Aldrich) at 37°C for 90 minutes. Digested
cells were passed through a 70-um Falcon cell strainer (BD
Biosciences) to generate single-cell suspensions. After centrif-
ugation at 1,500 revolutions per minute for 5 minutes, the
pellet was resuspended in 70% Percoll solution (GE Health-
care) and then overlaid with 37% Percoll solution, followed by
centrifugation at 1,800 rpm for 20 minutes. The cells were
aspirated from the Percoll interface and passed through a
70-um Falcon cell strainer. The cells were harvested by
centrifugation and washed with PBS plus 5% FBS.

Flow cytometry. The following mAb to mouse antigens
were used: fluorescein isothiocyanate (FITC)-conjugated,
phycoerythrin (PE)-conjugated, PE-Cy5-conjugated, PE-
Cy7-conjugated, PerCP-Cy5.5-conjugated, allophycocyanin
(APC)—conjugated, and APC-Cy7-PE-Cy7-conjugated anti-
B220 (30-F11), APC-Cy7-conjugated anti-CD4 (RM4-5),
Pacific Blue—conjugated anti-CD8 (53-6.7), FITC-conjugated
anti-CD11b (M1-70), PerCP-Cy5.5—-conjugated anti-CD11c
(N418), PE-Cy7-conjugated anti-CD19 (1D3), PE-conjugated
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anti-CD25 (MF-14), and FITC-conjugated anti-Gr-1 (RB6-
8C5) (all from BioLegend), PE-conjugated anti-S1P; (713412;
R&D Systems), and FITC-conjugated anti-FoxP3 (FJK-16s;
eBioscience). The Live/Dead Fixable Aqua Dead Cell Stain kit
was from Invitrogen. Splenic and skin single-cell suspensions
were stained for 20 minutes for 3- to 6-color immunofluores-
cence analysis at 4°C using mAb at predetermined optimal
concentrations. Intracellular staining for FoxP3 was performed
using the Cytofix/Cytoperm kit (BD Biosciences). Stained
samples were analyzed on a FACSCanto II (BD Biosciences).
Data were analyzed using FlowJo software (Tree Star).

Intracellular cytokine staining. Cell suspensions were
stimulated for 5 hours at 37°C with lipopolysaccharide (10 pg/
ml; Sigma-Aldrich), phorbol myristate acetate (PMA) (50 ng/
ml; Sigma-Aldrich), ionomycin (500 ng/ml; Sigma-Aldrich),
and brefeldin A (3 nM; BioLegend) for detection of interleukin-
10 (IL-10) production by B cells, and were stimulated for 4
hours at 37°C with PMA (50 ng/ml), ionomycin (1 ug/ml), and
brefeldin A (3 uM) for detection of cytokine production by T
cells. After cell surface staining, the cells were washed, fixed,
and permeabilized using the Cytofix/Cytoperm kit, then stained
with anti-IL-10 mAb (JES5-16E3) or with anti-tumor necrosis
factor « (anti-TNFa) (MP6-XT22), anti-interferon-y (anti-
IFNy) (XMG1.2), or anti-IL-17A (TC11-18H10.1) (all from
BioLegend).

Reverse transcription—polymerase chain reaction (RT-
PCR). Total RNA was isolated from frozen skin specimens
using RNeasy spin columns (Qiagen) and digested with DNase
I (Qiagen) to remove chromosomal DNA. Total RNA was
reverse-transcribed to a complementary DNA using a reverse
transcription system with random hexamers (Promega). Cyto-
kine messenger RNA (mRNA) was analyzed using real-time
quantitative RT-PCR (Applied Biosystems). Real-time RT-
PCR was performed on an ABI Prism 7000 sequence detector
(Applied Biosystems). GAPDH was used to normalize the
mRNA. The relative expression of real-time RT-PCR products
was determined according to the AAC, method to compare
target gene and GAPDH mRNA expression.

CD4+ T cell proliferation assay. Splenic CD11b+ cells
were isolated from syngeneic BM-transplanted, FTY720-
treated, and water-treated allogeneic BM-transplanted mice 7
days after BMT, and splenic CD4+ T cells were isolated from
wild-type B10.D2 mice, using corresponding MACS magnetic
microbeads (Miltenyi Biotec). Isolated CD4+ T cells were
labeled with 10 uM 5,6-carboxyfluorescein succinimidyl ester
(CFSE; Invitrogen). CFSE-labeled CD4+ T cells (4 X 10%)
were cocultured with various amounts of purified CD11b+
cells in the presence of plate-bound anti-CD3 (1 pg/ml) and
anti-CD28 (1 wg/ml) for 48 hours in 24-well plates. Two-color
flow cytometric analyses were performed.

Statistical analysis. All data are shown as the mean =+
SEM. The significance of differences between sample means
was determined with Student’s #-test.

RESULTS

Delayed administration of FTY720 attenuates
and early administration of FTY720 inhibits murine
sclerodermatous chronic GVHD. When compared with
the water-treated group, full-term early treatment with
FTY720 significantly inhibited murine sclerodermatous



