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Nucleosome in patients with systemic sclerosis:
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ABSTRACY

Objective To determine the serum levels of
nucleosome in patients with systemic sclerosis {SS¢) and
relate the results to the clinical features of SSc.
Methods Serum nucleosome levels in 91 patients with
SSc were examined by ELISA. The expression of Toll-like
receptor (TLR) 9 in T and B cells was quantified by flow
cytometric intracellular protein analysis. The effects of
nucleosomes on lymphocytes were also analysed.
Moreover, we assessed the effects of nucleosomes on
fibrosis, using wild type and CD19-deficient bleomycin-
treated mice, an experimental model for human SSc.
Results Serum nucleosome levels were elevated in SSc
compared with healthy controls and correlated positively
with the extent of skin and pulmonary fibrosis and
immunological abnormalities. The retrospective
longitudinal analysis showed the serum nucleosome
levels to be attenuated during the follow-up period.
TLR9, which can be stimulated by nudeosome
expression was upregulated in the affected T and B cells
of patients with SSc. Moreover, nucleosome stimulation
strongly increased interleukin (iL)-4 and IL-17 expression
of T cells, B-cell IgG production and proliferation of
lymphocytes in SSc¢ compared with those in healthy
controls, in bleomycin-induced SSc model mice, serum
nucleosome levels were elevated compared with control
mice. Furthermore, nucleosomes increased lgG
production and proliferation of mouse B cells. Although
TLRY expression was similar between wild type and
CD19-deficient splenic B cells, CD19 deficiency reduced
these nucleosome effects.

Conclusion These results suggest that nucleosomes
and its signalling in B and T cells contribute to disease
development in SSc via TLR9.

INTRODULCTION

Systemic sclerosis (SSc) is a multisystemic disorder
of connective tissue characterised by excessive accu-
mulation of extracellular matrix in the skin and
various internal organs, such as lung, oesophagus,
kidney and heart.! $Sc has various immunological
abnormalities, including autoantibody production,
hyper-y-globulinaemia and elevated levels of several
cytokines.” *> Although these abnormalities were
associated with several organ involvement and sys-
temic vascular damage, the mechanism and patho-
genesis of SSc remain unknown.’

Previous studies have revealed that serum levels
of endogenous ligands for Toll-like receptors
(TLRs), such as DNA, hyaluronan, high-mobility
group box 1 protein and heat shock proteins,
increased in $Sc.””” These endogenous ligands for
TLRs are produced or released from damaged
tissues and necrotic and apoptotic cells, which
results in inducing immunological abnormalities in
autoimmune diseases through TLR signalling.” = *
Indeed, our previous studies have shown that
serum hyaluronan and high-mobility group box 1
protein levels are associated with disease severity
and immunological abnormalities in patients with
§Sc.” 7 Furthermore, these endogenous ligands for
TLRs induced several cytokine production from B
cells and this B-cell reaction was regulated by one
of the most important B-cell response regulators,
CD19, which is a critical cell-surface signal trans-
duction molecule of cells.® Our previous mouse
study using CD19 knockout (CD19—/-) mice also
indicated that CD19 deficiency suppresses fibrosis
and autoantibody production by inhibiting TLR
signals.® Nucleosomes are core particles composed
of an octamer of two copies each of histones H2A,
H2B, H3 and H4, around which helical DNA of
146 base pairs length is wrapped.” '’ Nucleosomes
can be found in low amounts in the serum and
plasma of healthy individuals.'' In addition, apop-
totic and necrotic cell death during autoimmune
systemic inflammation and infection has been iden-
tified as an important source of the nucleosomal
release from cell.'*""

Actually, elevated levels of serum nucleosomes
are found in various pathological conditions.'®
Although recent studies have shown that nucleo-
somes stimulate TLR9 as an endogenous ligand for
TLRY and thereby affect immunological abnormal-
ities, any correlation of serum nucleosome levels
with immunological measures and disease severity
has not been previously investigated in patients
with §$c.'® 77 It was therefore the objective of this
study to investigate the clinical and immunological
correlation of serum nucleosome levels in patients
with SSc and a bleomycin (BLM)-induced mice
model, which is well known and an established
model for human SSc. In addition, we examined
the responsiveness of T and B cells to nucleosome
stimulation.
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PATIENTS AND METHODS

Serum samples from patients

Serum samples were obtained from 91 Japanese patients with
SSc and signed informed consent was obtained from all patients.
All patients fulfilled the criteria proposed by the American
College of Rheumatology.'® Patients were grouped into limited
cutaneous SSc (ISSc) and diffuse cutaneous SSc (dSSc), accord-
ing to the classification system proposed by LeRoy et al.'” The
duration of the disease was calculated from the time of onset of
the first clinical event (other than Raynaud’s phenomenon) that
was a clear manifestation of SSc according to previous
studies.”"** None of the patients with SSc was treated with oral
corticosteroid, D-penicillamine or other immunosuppressive
therapy at the evaluation. Twenty age-matched and sex-matched
healthy Japanese individuals were used as normal controls.
Plasma samples were also obtained from 38 patients. All
samples were stored at —70°C prior to use. All studies were
approved by the Committee on Ethics of University of Tokyo
Graduate School of Medicine.

Clinical assessment

Complete medical histories, physical examinations and labora-
tory tests, including vital capacity (VC) and diffusion capacity
for carbon monoxide (DLco), were conducted for all patients.
‘When the DLco and VC were <75% and <80%, respectively,
of the predicted normal values, they were considered to be
abnormal. Skin score was measured by scoring technique of the
modified Rodnan total skin thickness score (TSS) as previously
described.”” Organ involvement was defined as described previ-
ously®”: pulmonary fibrosis=bibasilar fibrosis on chest radiog-
raphy and high-resolution CT; oesophagus=hypomotility shown
by barium radiography and gastroesophageal reflux disease
shown by gastrointestinal endoscopy; heart=pericarditis, con-
gestive heart failure or arrhythmias requiring treatment; kid-
ney=malignant hypertension and rapidly progressive renal
failure with no other explanation; joints=inflammatory polyar-
thralgias or arthritis and muscle=proximal muscle weakness and
elevated serum creatine kinase. These symptoms were assessed
and confirmed by each specialist, including rheumatologists,
chest physicians, gastroenterologists and cardiologists.

Mice

CD19~/— mice were generated as described®* and backcrossed
more than 15 generations onto the C57BL/6 background before
use in this study. All mice were housed in a specific pathogen-
free barrier facility and screened regularly for pathogens. The
mice used in these experiments were 6 weeks of age.

BLM-induced SSc model mice

BLM (Nippon Kayaku, Tokyo, Japan) was dissolved in phosphate-
buffered saline (PBS) at a concentration of 1 mg/mL and sterilised
by filtration. BLM or PBS (300 pg) was injected subcutaneously
into the shaved backs of the mice daily for 4 weeks with a
27-gauge needle, as described previously.” BLM-treated mice were
also intravenously injected with 300 pg/kg of the TLR9 antagonist,
ODN 2088 (Invivogen, San Diego, California, USA), or the nega-
tive control for ODN 2088 (Invivogen) weekly for 4 weeks. We
confirmed that the negative control for ODN 2088 did not affect
any analysis in this study (data not shown).

Histopathological assessment of dermal and lung fibrosis
Skin and lung sections obtained from mice were assessed under
a light microscope. Sections were stained with H&E. We
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examined dermal thickness, which was defined as the thickness
of skin from the top of the granular layer to the junction
between the dermis and subcutaneous fat. The skin tissue hydro-
xyproline content was also measured as a quantitative measure
of collagen deposition as previously described.”’ The severity of
lung fibrosis was semi-quantitatively assessed according to the
method of Ashcroft et al*® The grading criteria were as
follows: grade 0=normal lung; grade 1=minimal fibrous thick-
ening of alveolar or bronchiolar walls; grade 3=moderate thick-
ening of walls without obvious damage to lung architecture;
grade S=increased fibrosis with definite damage to lung struc-
ture and formation of fibrous bands or small fibrous masses;
grade 7=severe distortion of structure and large fibrous areas
and grade 8=total fibrous obliteration of fields. Grades 2, 4 and
6 were used as intermediate pictures between the aforemen-
tioned criteria.

Determination of hydroxyproline content in the skin tissue
Hydroxyproline is a modified amino acid uniquely found at a
high percentage in collagen. Therefore, the skin and lung tissue
hydroxyproline content was measured as a quantitative measure
of collagen deposition as previously described.”> The punch
biopsy (6 mm) samples obtained from shaved dorsal skin and
the harvested right lung of each mouse were analysed. A hydro-
xyproline standard solution of 0~6 mg/mL was used to generate
a standard curve.

ELISA for serum nucleosomes, centromeric protein B, Ig,
antinuclear antibodies and other autoantibodies

ELISA for serum levels of nucleosome in both human and mouse
(Roche Applied Science, Indianapolis, Indiana, USA) was performed
using specific ELISA kits, according to the manufacture’s protocols.
Serum IgG concentrations were assessed as described.® Antinuclear
antibodies (Abs) were assessed by indirect immunofluorescence
staining using HEp-2 substrate cells (Medical & Biological
Laboratories, Nagoya, Japan) as described.”” The specific ELISA
kits were used to measure anti-nucleosome, anti-topoisomerase
I (Medical & Biological Laboratories), anti-centromere (Medical &
Biological Laboratories), anti-centromeric protein B (Funakoshi,
Tokyo, Japan), anti-histone (Medical & Biological Laboratories),
anti-single-stranded DNA Abs (Medical & Biological Laboratories)
and centromeric protein B (Antibodies-online, Aachen, Germany).
Each sample was tested in duplicate.

T-cell and B-cell purification and stimulation

Heparinised blood samples were obtained from 20 patients with
dSSc and 10 healthy individuals. In addition, splenocytes were
obtained from five wild type and five CD19—/— mice. These T
or B cells are enriched with each isolation kit using AutoMACS
isolator (Miltenyi Biotec, Bergisch Gladbach, Germany). A total
of >99% of these cells were CD3 or CD19. To analyse mRNA
expression of interleukin (IL)-4, IL-10, IL-17 or interferon
(IFN)-y in T cells, real-time PCR quantification was performed
as described previously.” Expression of TLRY was determined
by flow cytometric intracellular protein analysis and real-time
PCR. Abs used in this study included fluorescein isothiocyanate
(FITC)-conjugated anti-human or mouse CD3 and CD19 as
well as phycoerythrin (PE)-conjugated monoclonal Ab to TLR9
(all Abs from eBioscience, San Diego, California, USA). The
cells (1x10°) were stimulated with 1, 5 or 10 pg/mL of nucleo-
somes (Reaction Biology Corp, Malvern, Pennsylvania, USA) or
10 pg/mL of CpG (ODN 2006 for humans and ODN 1826 for
mice), DNA (Sigma-Aldrich, St Louis, Mississippi, USA) and/or
histone (Sigma-Aldrich). In addition, the nucleosomes were
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isolated from plasma of patients with SSc, according to manu-
factures’ protocol (Epigentek, Brooklyn, New York, USA). To
assess whether patient nucleosomes stimulate lymphocyte stron-
ger than commercial competent nucleosomes, T cells and B cells
obtained from 10 patients with SSc were stimulated with 10 pg/
mL of their own plasma nucleosomes. T cells were cultured for
72 h and expression levels of cytokines were measured by real-
time PCR. In addition, B cells were cultured for 8 days and IgG
concentrations in the culture medium were measured by ELISA
(Bethyl Laboratories, Montgomery, Texas, USA). Proliferation
of T and B cells was quantified by a colorimetric
5-bromo-2'-deoxyuridine (BrdU) cell proliferation ELISA kit
(Roche Applied Science, Indianapolis, Indiana, USA). After 24 h
incubation with or without nucleosomes, BrdU (10 uM) was
added to each well and incubated for 24 h. ODN 2088 or the
ODN 2088 negative control (Invivogen) was added 60 min
before nucleosome stimulation at concentrations of 10 pg/mlL.
Each sample was performed in triplicate. We confirmed that the
negative control for ODN 2088 did not affect any analysis in
this study (data not shown).

Statistical analysis

Statistical analysis was performed using Mann-Whitney U test
for determining the level of significance of differences between
sample means, Fisher’s exact probability test for comparison of
frequencies and Bonferroni test for multiple comparisons.
Spearman’s rank correlation coefficient was used to examine the
relationship between two continuous variables. A p value <0.05
was considered statistically significant.

RESULTS

Serum nucleosome levels in SSc

Serum nucleosome levels were significantly elevated in patients
with SSc compared with controls (figure 1A; p<0.01). There
was no difference in nucleosome concentration when serum or
plasma samples were studied (r=0.94; figure 1B). For the SSc
subgroups, serum nucleosome levels were significantly elevated
in patients with dSSc relative to those with 1SSc (p<0.05).
Values higher than the mean+2SD of the control serum samples
were found in 62% of all patients with SSc, in 67% of patients
with dSSc and in 56% of patients with 1SSc. By contrast, only
5% of controls had elevated nucleosome levels. In addition, the
retrospective longitudinal analysis in this study showed the
serum nucleosome levels to be attenuated during the follow-up
period (figure 1C).

Clinical features of patients with SSc having elevated

serum nucleosome levels

We assessed the clinical features of patients with SSc having ele-
vated nucleosome levels compared with the patients with SSc
having normal nucleosome levels (table 1). The duration of
disease from the onset of clinical manifestations of SSc, includ-
ing Raynaud’s phenomenon, was significantly shorter (p<0.01)
in patients with SSc having increased nucleosome levels than
normal nucleosome levels. Patients with SSc having elevated
nucleosome levels had significantly higher frequency of dSSc
(p<0.01), pulmonary fibrosis (p<0.01) and presence of anti-
topoisomerase I Ab (p<0.01), higher modified Rodnan TSS
points (p<0.05) and serum levels of IgG (p<0.05), decreased
%DLco (p<0.05) and more frequent involvement of pitting
scar/ulcer (p<0.01) and oesophagus (p<0.01) than those with
normal levels. Consistent with these findings, nucleosome levels
were significantly elevated in patients with SSc having pitting
scar/ulcer, pulmonary fibrosis or oesophageal involvement
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Figure 1 (A) Nucleosome levels in serum samples from patients with
diffuse cutaneous systemic sclerosis (dSSc), those with limited
cutaneous systemic sclerosis {ISSc) and healthy controls (CTL). Serum
nucleosome levels were determined by ELISA. Horizontal lines show the
mean values. A broken line indicates the cut-off value (mean+2SD of
the healthy control samples). (B) The concentrations of nucleosomes
were almost similar when serum or plasma samples were studied. {C)
Serial changes in serum nucleosome levels during the follow-up period
in 10 patients with systemic sclerosis (SSc). This retrospective
longitudinal analysis showed the serum nucleosome levels to be
attenuated during the follow-up period. OD, optical density.

compared with those without each clinical measure (figure 2).
Serum nucleosome levels also weakly correlated inversely with
%DLco (r=-0.42, p<0.001) or %VC (r=-0.29, p<0.005)
and positively with modified Rodnan TSS (r=0.29, p<0.005;
figure 3). Furthermore, serum nucleosome levels correlated posi-
tively with serum levels of IgG (r=0.65, p<0.001). However,
serum nucleosome levels did not correlate with any other clin-
ical symptoms, antinuclear Abs, autoantibodies, including anti-
nucleosome and anti-centromeric protein-B Abs and centro-
meric protein-B.
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Table 1 Clinical and laboratory fea
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Characteristic

Sex; no. of men/women”

Age at onset, median (quartiles) years
Disease duration, median (quarties) years

Clinical features
‘Modified Rodnan TS5, median (quartiles) p
Pitting scar/ulcer

Organ involvernent
Lungs

Normal nucleosome
n=56 n=35

Elevated nucleosome

52 (40-62) 52 (36-59)

5 (2-6)** 10 (6-12)

" Puimonary fibrosis
%VC, median (quartiles)
" %DLco; median-(quartiles)
Oesophagus
Joints
Muscles
Heart
Kidneys
Laboratory findings -
Positive for anti-nucleosome Ab
Positive for anti-topoisomerase | Ab
Positive for anti-centromere Ab
Positive for anti-CENP-B Ab
Positive for anti-histone Ab
Positive for anti-ssDNA Ab
Serum igG, median (quartiles)
Serum IgM, median (quartiles)
C reactive protein, median (quartiles)

1280 (1195-1500)
o 1same)
0.28 (0.06-0.55) 0.24 (0.06-0.51)

1880 (1570-2284)**

Unless noted otherwise, values are in percentage.
*p<0.05, **p<0.01 versus patients with SSc having normal nucleosome levels.

Ab, antibody: DLco, diffusion capacity for carbon monoxide; dSSc, diffuse cutaneous systemic sclerosis; ISSc, limited cutaneous systemic sclerosis; SSC, systemic sclerosis; ssDNA,

single-stranded DNA; TSS, total skin thickness score; VC, vital capacity.

The responsiveness of 5S¢ T and B cells to nucleosome
stimulation

To determine the role of serum nucleosomes in the function
of SSc Tand B cells, first we assessed TLR9 expression levels on
T and B cells from patients with SSc (figurc 4A). The levels of
TLRY expression on SSc T and B cells were significantly higher
than those observed in healthy controls (p<0.01, respectively).
Similar results were obtained in real-time PCR analysis. Next,
we assessed the responsiveness of T and B cells stimulated with
10 pg/mL of nucleosomes. Stimulation of SSc or healthy T cells
with nucleosomes significantly increased expression of IFN-y,
IL-4, IL-17 and IL-10 compared with media alone, respectively
(p<0.01, figure 4B). Although there was no significant differ-
ence in IFN-y and IL-10 expression between patients with SSc
and healthy controls, IL-4 and IL-17 mRNA levels of SSc T cells
were higher than those of healthy T cells (p<0.01, respectively).
Similarly, stimulation of B cells with nucleosomes increased IgG
production compared with media alone (p<0.01, figure 4C).
Furthermore, the production of IgG in SSc B cells treated with
nucleosomes was higher than those in healthy B cells (p<0.01).
Although the proliferative effect of CpG, a specific TLRY
ligand, was observed on both SSc and healthy lymphocytes,
CpG significantly increased BrdU incorporation in SSc T and B
cells compared with that in healthy controls (p<0.01,

figure 4D). Similarly, the proliferative effect of nucleosomes was
observed on both healthy and SSc lymphocytes in a dose-
dependent manner. However, in SSc T and B cells, nucleosomes
significantly increased BrdU incorporation compared with
healthy controls (p<0.05). In addition, the mRNA expression
levels of 1L-4, IL-10, IL-17 and IFN-y in SSc T cells and IgG
production from SSc B cells stimulated with nucleosomes from
patients with SSc were almost similar to those with commercial
competent nucleosomes. We then assessed whether or not the
TLRY antagonist inhibited nucleosome-induced lymphocyte
proliferation (figure 4D). In SSc and healthy control lympho-
cytes, treatment of both nucleosomes and the TLRY antagonist
inhibited the proliferative effect of nucleosomes compared with
nucleosomes alone (p<0.01, respectively). The stimulation with
cell-free DNA and/or histone could not increase cytokine
mRNA expression and IgG production.

The TLR9 antagonist attenuated the development of skin

and lung fibrosis induced by BLM

Skin fibrosis and lung fibrosis were assessed 4 weeks after the
initiation of BLM treatment in wild type and CD19—/~ mice
(figure SA), according to our previous studies.” * Dermal thick-
ness and hydroxyproline content which are highly sensitive to
assess the collagen synthesis and skin sclerosis in BLM-treated

4
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wild type and CD19~/— mice were significantly higher than that
in PBS-treated mice (p<0.01 and p<0.0S, respectively). The
TLRY antagonist, ODN 2088, significantly reduced dermal
fibrosis induced by BLM treatment in wild-type mice, though
dermal thickness in mice treated with both BLM and ODN
2088 remained greater than that in only PBS-treated mice
(p<0.05). However, in CD19—/— mice, ODN 2088 did not
affect dermal thickness. Similar results were obtained for the
lung fibrosis score (figure SA). The histological changes were
reduced by treatment with ODN 2088 in wild-type
mice, whereas ODN 2088 did not change lung fibrosis in CD19
—/— mice. In addition, serum levels of nucleosomes were signifi-
cantly increased in BLM-treated wild-type and CD19-/—
mice, respectively (p<0.01, figure 5B). However, there was no
significant difference between BLM-treated wild-type and CD19
—/— mice and ODN2088 did not affect the nucleosome levels.

Effects of nucleosomes on B cells in wild-type and CD19
—/— mice
The expression levels of TLR9 were similar in wild-type and

| p<0.05 | | p<0.05 | | p<0.05 |

stimulated wild-type B cells significantly increased BrdU incorp-
oration compared with wild-type B cells cultured with only
media (p<0.01, figure 5D). Similarly, wild-type B cells treated
with nucleosomes significantly increased production of IgG
compared with those treated with media alone (p<0.01). In
contrast, there was no difference in BrdU incorporation and IgG
production between CD19—/— B cells treated with nucleosome
and CD19~/— B cells treated with media alone.

DISCUSSION

In this study, we showed that nucleosome levels were elevated in
serum samples of patients with SSc, especially dSSc, relative to
normal controls (figure 1A). Furthermore, the present study is
the first to reveal that nucleosome levels correlated positively or
negatively with several clinical and laboratory features (figures 2
and 3 and table 1). Furthermore, we showed that elevation of
nucleosome levels was significantly related to the early stage of
SSc (figure 1C and table 1). Collectively, these results suggest
that the serum level of nucleosomes is a useful serological

CD19—/— B cells (figure 35C). Remarkably, nucleosome-  marker for evaluating the disease severity and disease activity.
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Figure 3 The correlations of serum nucleosome levels against modified Rodnan total skin thickness score (TSS), serum IgG levels, antinuclear
antibody titres, % diffusion capacity for carbon monoxide (DLco), % vital capacity (VC), and centromeric protein-B levels in patients with systemic
sclerosis. Serum nucleosome and centromeric protein-B levels were determined by ELISA.
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Figure 4 Blood samples were obtained from 20 patients with systemic sclerosis (S5¢) and 10 healthy controls (CTL). (A) Toll-like receptor (TLR)9
expression in T cells (1x10%) and B cells (1x10°) was analysed by flow cytometry and real-time PCR. (B and C) For expression of interleukin (IL)-4,
1L-10, IL-17 and interferon (IFN)-y (B) and production of igG (C), purified T cells (1x10%) and B cells (1x10°) were stimulated with nucleosomes,
DNA, and/or histone. (D) For proliferation assay, after 24 h incubation, purified T cells (1x10°) and B cells (1x10°) were treated with nudeosomes
and TLR9 antagonist. 5-Bromo-2/-deoxyuridine (BrdU) (10 M) was also added to each well and incubated for 24 h. BrdU incorporation in
proliferating cells was quantified by ELISA. (E~G) To assess whether nucleosomes from SSc stimulate lymphocyte stronger than commercial
competent nucleosomes, T cells and B cells were stimulated with nucleosomes obtained from same $Sc patient (n=10) or with competent
nucleosomes. The mRNA expression levels of IL-4, IL-10, IL-17 and IFN-y in SSc T cells (E) and IgG production from SSc B cells (F) were assessed.
For proliferation assay, BrdU incorporation was measured by ELISA (G). Each histograms indicate mean (+2SD); *p<0.05, **p<0.01. 1p<0.05,
+1p<0.01 versus cells stimulated with 10 pg/mL nucleosomes. MFI, mean fluorescence intensity.

In this study, serum nucleosome levels correlated with
immunological parameters (figure 3 and table 1). Nucleosomes
which are released from damaged, necrotic and apoptotic cells
interact with TLR9.'*"™* " Nucleosomes appear to be the parti-
cles that provide DNA in vivo, possibly making the DNA
immunogenic when not properly cleared.” Numbers of apop-
totic or necrotic cells have been found to be increased in several
autoimmune/inflammatory diseases.® '* '* ** * Indeed, it is well
established that TLR9 which binds bacterial DNA via unmethy-
lated CpG sequences is thought to play a role in the T-cell and
B-cell response to nucleosomes and the pathogenesis of systemic
lupus erythematosus.'” *' ** In this study, stronger expression of
TLRY was detected in SSc T and B lymphocytes than in healthy
controls (figtre 4A). Nucleosome stimulation enhances the
lymphocyte proliferation, production of inflammatory cytokines
and IgG production through TLRY (figure 4B-D). Moreover,
recent studies have reported that B-cell cytokine production is
regulated by TLRY signalling, in which the B-cell receptor
pathway is not required.’” ** Actually, in this study, the levels of
nucleosomes were most positively correlated with serum IgG
levels, which supposed that nucleosomes induced polyclonal B-cell
activation (figure 3). Therefore, B cells respond to nucleosomes
without B-cell receptor signalling, which may reflect that the
serum levels of anti-nucleosome Abs do not increase in SSc.
Furthermore, between the stimulation of patient nucleosomes and
commercial competent nucleosomes, there were no significant dif-
ferences in mRNA expression in SSc T cells, IgG production from
SSc B cells and lymphocyte proliferation (figure 4E~G). These
results suggested that nucleosome stimulation was independent to

their structures, such as their DNA sequence and DNA methyla-
tion and acetylation. Previous studies have also indicated that
TLRY stimulation also increases T-cell activity and viability and
induces differentiation directly via the MyD88-TLR9 pathway.”*
7 Although nucleosome levels correlated several disease manifes-
tations, nucleosome levels did not correlate antinuclear Abs and
nucleosome-related autoantibodies, including anti-nucleosome,
anti-centromere, anti-centromeric B and anti-histone Abs (table 1
and figure 3). These results reflect that nucleosomes may play a
direct role in immunological abnormalities associated with SSc,
which is independent of the antigen-specific pathway.

Serum nucleosome elevation was also detected in
BLM-induced SSc model mice (figure 5B). Moreover, TLR9
antagonist reduced dermal and lung fibrosis in BLM-induced SSc
model mice, which were confirmed by hydroxyproline content
measurement (figure SA). In contrast, CD19 deficiency cancelled
these inhibitory events of TLRY antagonist, though the expres-
sion levels of TLRY were similar between wild-type and CD19
—/— mice (figure 5A, C). Among B-cell response regulators,
CD19, which is a critical cell-surface signal transduction mol-
ecule of B cells, is a most potent positive regulator.” ** Transgenic
mice that overexpress CD19 by approximately threefold lose tol-
erance and generate autoantibodies spontaneously.*” ** Actually,
human patients with SSc exhibit a 20% increase in CD19 expres-
sion.”’ This CD19 overexpression may be related to autoanti-
body production and hyper-y-globulinaemia in human SSc,
because mice that overexpress CD19 to a similar extent as human
SSc have hyper-y-globulinaemia and elevated levels of various
autoantibodies,”* In previous study, we have showed that CD19

6
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(D) 5-Bromo-2’-deoxyuridine (BrdU) incorporation and IgG production by B cells stimulated with nucleosomes. (E} A model linking systemic
autoimmunity and tissue fibrosis in patients with SSc and BLM-induced SSc model mice, Patients with SSc exhibit enhanced reactive oxygen species
(ROS) production, due to ischaemia and reperfusion injury following Raynaud's phenomenon. Similarly, BLM induces the production of ROS.
Consequently, tissue damage, such as necrosis and apoptosis, induced by ROS increases nucleosomes which induce B-cell activation through the
TLRY signalling. In the surface blebs of apoptotic cells, autoantigens including topoisomerase | are concentrated, which may result in the antigen
presentation of the cryptic epitopes. Remarkably, CD19 loss inhibits these B-cell activation and autoantibody production. Each histograms indicate
mean (+25D); *p<0.05, **p<0.01. The double-headed arrow indicates dermis. Original magnification, x200. BCR, B-cell receptor; MFI, mean

fluorescence intensity.

regulates fibrogenic cytokine production by B cells through
TLR2 and TLR4 signalling, which was activated by
BLM-induced endogenous TLR ligands.” Remarkably, in this
study, CD19 deficiency inhibited nucleosome-induced B-cell pro-
liferation and IgG production (figure 5D), suggesting that CD19
also influences TLRY signalling. These results suggest that
nucleosomes regulate fibrosis by inducing B-cell activation,
which is primarily dependent on CD19 signalling.

It was previously hypothesised that immune responses to
autoantigens are induced by cryptic self-epitopes that are gen:
erated by the modification of self-antigens during apoptosis.*
In addition, apoptosis is detected in endothelial cells of early
inflammatory lesions in patients with $Sc, which is strongly
associated with the prevalence of Raynaud’s phenomenon.™
Many previous studies have confirmed that production of free
radicals is enhanced in human patients with SSc, due to ischae-
mia and reperfusion injury following Raynaud’s phenomenon,
an initial clinical manifestation of $Sc¢.*’ Raynaud’s phenom-
enon is accompanied by the presence of proinflammatory cyto-
kines and the loss of redox control, leading to oxidative stress,

tissue damage and endothelial cell apoptosis.”® Previous
studies have also shown that apoptotic cells secrete nucleo-
somes and are considered as source of extracellular nucleo-
somes.”” ** Similarly, in the BLM-induced SSc model,
apoptosis was prominently detected in the skin with upregu-
lated expression of Fas and FasL and increased oxidative
stress.”” *” *7 In this regard, it is considered that the elevation
of nucleosome levels, which was observed in both patients
with SSc and BLM-induced SSc¢ model mice, reflects apoptosis
and tissue damage. Nucleosomes released from apoptotic cells
stimulate immune cells, including T and B cells through TLR9
as an endogenous ligand for TLR9. Taken together, we
hypothesise that BLM and Raynaud’s phenomenon induce
fibrosis by enhancing nucleosome production, which activates
B cells to produce mainly fibrogenic cytokines, including IL-6,
via CD19 and TLRY signaling’® " and induces autoantibody
production (figure SE). Although further studies are required
to clarify the role of nucleosomes in the development of SS¢, it
may be a useful serological marker for the disease severity and
a newly therapeutic target of SSc.
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Background Endothelial protein C receptor (EPCR), expressed predominanty on
endothelial cells, plays a critical role in the regulation of the coagulation system
and also mediates various cytoprotective effects by binding and activating protein
C. So far, the role of EPCR has not been studied in systemic sclerosis (SSc).
Objectives To investigate the potential contribution of EPCR to the development of SSc.
Methods EPCR expression was examined in skin samples and cultivated dermal
microvascular endothelial cells by immunostaining, immunoblotting and/or
quantitative reverse-transcription polymerase chain reaction. Flil, binding to the
PROCR promoter, was assessed by chromatin immunoprecipitation. Serum EPCR
levels were determined by enzyme-linked immunosorbent assay in 65 patients
with SSc and 20 healthy subjects.

Results EPCR expression was decreased in dermal small vessels of SSc lesional skin
compared with those of healthy control skin. Transcription factor Flil, deficiency
of which is implicated in SSc vasculopathy, occupied the PROCR promoter, and
EPCR expression was suppressed in Flil small interfering RNA-treated endothelial
cells and dermal small vessels of Fli1*/~ mice. In patients with SSc, decreased serum
EPCR levels were associated with diffuse skin involvement, interstitial lung disease
and digital ulcers. Furthermore, serum EPCR levels inversely correlated with plasma
levels of plasmin—a2-plasmin inhibitor complex (PIC). Importantly, bosentan sig-
nificantly reversed circulating EPCR and PIC levels in patients with SSc, and the
expression of Flil and EPCR in dermal small vessels was elevated in patients treated
with bosentan compared with untreated patients.
Conclusions Endothelial EPCR downregulation due to Flil

deficiency 1may

contribute to hypercoagulation status leading to tissue fibrosis and impaired
peripheral circulation in SSc.
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2 The role of EPCR in systemic sclerosis, R. Saigusa et al.

Systernic sclerosis (SSc) is a multisystemn connective tissue dis-
ease characterized by fibrosis of the skin and certain internal
organs following immune attacks and vascular injury.' As a
part of its pathogenesis, a variable degree of luminal thrombo-
sis following vascular injury may contribute to impaired
peripheral circulation and the activation of vascular cells and
fibroblasts.”™

Endothelial protein C receptor (EPCR), a type [ trans-
membrane glycoprotein in the CDI/major histocompatibility
complex family, is expressed predominantly on endothelial
cells and exerts various effects on the coagulation pathway
and the behaviour of those cells through binding to protein
C.> EPCR amplifies the activation status of protein C approx-
imately 20-fold by binding and presenting it to the throm-
bin—thrombomodulin complex. Activated protein C is then
released from EPCR, localizes on negatively charged phos-
pholipid membranes of endothelial cells, and proteolytically
inactivates factors Va and VIIfa under the aid of protein S.
As factors Va and VIIla are the key cofactors amplifying
blood coagulation leading to thrombin generation, EPCR-
dependent activation of protein C plays a critical role in the
anticoagulation system. Indeed, EPCR loss results in embry-
onic lethality due to placental thrombosis in mice,® and
anti-EPCR antibodies are independent risk factors for fetal
death in humans.” On the other hand, activated protein C
may also stay bound to EPCR, and this complex cleaves
protease-activated receptor 1, initiating cell signalling with
cytoprotective effects, such as anti-inflammatory and anti-
apoptotic activities and protection of endothelial barrier
integrity.®® Thus, EPCR diversely operates endothelial cell
homeostasis.

As coagulation, inflammation, apoptosis and endothelial
barrier integrity are impaired in SSc, we here investigated the
potential role of EPCR in this disease by using clinical samples
and animal models.

Materials and methods

Ethics statement

This study was approved by the ethical committee and the
committee on animal experimentation of the University of
Tokyo Graduate School of Medicine, and was performed
according to the Declaration of Helsinki. Written informed
consent was obtained from all participants.

Immunohistochemistry

with Vectastain ABC kit
Laboratories, Burlingame, CA, US.A.) was performed on for-
malin-fixed, paraffin-embedded skin sections using anti-EPCR
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, US.A.).
Skin samples were obtained from forearms of six patients with

Immunohistochemistry (Vector

SSc¢ and six healthy controls, and from the back skin of wild-

type and Flil-mutated mice.'*"'

British Journal of Dermatology (2015)

Cell cultures

Human dermal microvascular endothelial cells (HDMECs) were
purchased from Takara Bio Inc. (Shiga, Japan) and cultured on
collagen-coated tissue culture plates in EBM-2 (endothelial cell
basal medium) supplemented with the EGM-2 (endothelial cell
growth medium) BulleiKit (Lonza, Walkersville, MD, US.A.).
Murine dermal microvascular endothelial cells (MDMECs) were
isolated as described previously.'? Experiments were conducted
with HDMECs and MDMECs in passages 1-3, in which a cobble-
slone appearance was maintained.

RNA isolation and quantitative reverse-transcription
polymerase chain reaction in cultured cells and skin
samples

Gene silencing of Flil in HDMECs, the generation of a bleomy-
cin-induced murine $Sc model, RNA isolation from cultivated
cells and skin tissue, and quantitative reverse-transcription poly-
merase chain reaction (qQRT-PCR) were carried out as described
previously.”™'* The sequences of primers were as follows.
Human PROCR (encoding EPCR): forward 5'-GTAGCCAAGACGC
CTCAGAT-3/, reverse 5'-GATAGGGGTCGCGGAAGTA-3'; mur-
ine Procr: forward 5'-AGCGCAAGGAGAACGTGT-3', reverse 5'-G
GGTTCAGAGCCCTCCTC-3'; human FLII: forward 5/-GGATGG-
CAAGGAACTGTGTAA-3', reverse 5'-GGTTGTATAGGCCAGCA
G-3'; human GAPDH: forward 5'-ACCCACTCCTCCACCTTTGA-
3/, reverse 5'-CATACCAGGAAATGAGCTTGACAA-3’; murine
Gapdh: forward S'-CGTGTTCCTACCCCCAATGT-3', reverse 5'-
TGTCATCATACTTGGCAGGTTTCT-3".

Chromatin immunoprecipitation assay

The chromatin immunoprecipitation (ChIP) assay was carried
out using EpiQuik ChIP kit (Epigentek, Farmingdale, NY,
U.S.A).'® The putative Flil binding site in the PROCR pro-
moter was predicted by Tfsitescan (http://www.ifti.org/
Tfsitescan/). The primers that amplify a 209-bp fragment of
the PROCR promoter (—200 bp to +9 bp) were as follows:
PROCR ChIP: forward 5'-GAGAAGGGAAAAGGCAGGTC-3',
reverse 5'-CTGGCTGCAGTCTAGGGAAA-3'.

Immunoblotting

Whole-cell lysates were prepared from endothelial cells treated
with endothelin-1 or bosentan, as described previously.'® Sam-
ples were subjected to sodium dodecylsulfate polyacrylamide
gel electrophoresis and immunoblotting with antibodies against
EPCR or B-actin (Sigma-Aldrich, St Louis, MO, US.A.).

Patients enrolled in the measurement of serum
endothelial protein C receptor levels

Serum samples, frozen at —80 °C until assayed, were obtained
from 65 patients with SSc. These included 63 women and two
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men, median age 59-5 years [interquartile range (IQR) 48-8—
68-0] and disease duration 6-0 years (IQR 2-0-20-0). Samples
were also obtained from 20 healthy individuals [20 women;
median age 52 years (IQR 45-3-71-5)]. The numbers of
patients positive for antibodies against topoisomerase I, cen-
tromere and RNA polymerase III antigens were 29, 21 and
four, respectively, including one patient positive for both anti-
topoisomerase 1 antibody and anticentromere antibody.
Patients treated with corticosteroids or other immunosuppres-
sants prior to their first visits were excluded. Patients were
grouped by the LeRoy classification system:'” 38 with diffuse
cutaneous SSc (dcSSc) and 27 with limited cutaneous SSc
(leSSc). All patients fulfilled the new classification criteria for
ssc.'®

Measurement of serum endothelial protein C receptor
levels

Specific enzyme-linked immunosorbent assay kits were used
to measure serum EPCR levels (R&D Systems, Minneapolis,
MN, US.A.). Briefly, polystyrene cups coated with anti-EPCR
antibodies were incubated with 50 pL of assay diluent and
50 pL of 39-fold diluted serum, which was acidified before-
hand, at room temperature for 2 h. Then, the cups were
washed and incubated at room temperature for 2 h with
horseradish peroxidase-conjugated anti-EPCR antibodies. Next,
the wells were washed again, treated with tetramethylben-
zidine, and incubated at room temperature for 30 min.
Finally, sulfuric acid was added to terminate the reaction and
the absorbance at 450 nm was measured. Serum EPCR levels
were calculated using a standard curve.

Clinical assessment

Disease onset was defined as the first clinical event related to
SSc other than Raynaud phenomenon. Disease duration was
defined as the interval between the onset and the time of
blood sampling. Elevated right ventricular systolic pressure
was defined as > 35 mmHg on echocardiogram. Scleroderma
renal crisis was defined as malignant hypertension and/or
rapidly progressive renal failure.

Statistical analysis

Statistical analysis was carried out with one-way anova fol-
lowed by Tukey post hoc test for multiple comparison; with the
Mann-Whitney U-test to compare the distributions of two
unmatched groups; with a paired t-test for the comparison of
paired data after confirming the normal distribution of the
data; with Spearman’s rank correlation coefficient to evaluate
the correlation with clinical data; with Wilcoxon matched-
pairs signed-rank test for the comparison before and afier
weatment; and with the Shapiro-Wilk normality test to con-
firm a normal distribution. Statistical significance was defined
as a P-value < 0-05.
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Results

Endothelial protein C receptor expression is decreased in
dermal microvascular endothelial cells of patients with
SSc

We initially investigated EPCR expression in dermal small ves-
sels of patients with SSc and control subjects by immunohisto-
chemistry (Fig. | and Table 1). In healthy controls, EPCR
expression was detected abundanily in the nucleus and moder-
ately in the cytoplasm of vascular cells, including endothelial
cells and pericytes/vascular smooth muscle cells (Fig. 1a, left
panel). On the other hand, in patients with SSc, EPCR was
expressed weakly in the nucleus and marginally in the cyto-
plasm of those cells (Fig. la, right panel). Consistently with
this, SSc lesional skin expressed PROCR mRNA at significandy
lower levels than control skin (Fig. 1b). These results indicate
that PROCR gene expression is decreased in dermal small blood
vessels of patients with SSc.

Endothelial protein C receptor expression is decreased in
dermal blood vessels of bleomycin-treated mice

As persistent fibrin deposition is involved in the pathologi-
cal dermal fibrosis of animal models,'® we next investigated
EPCR expression in the skin of bleomycin-treated mice, an
animal model of $$¢.?® As shown in Figure 1(c), 4 weeks
of injecdon of bleomycin markedly reduced EPCR expres-
sion in the nucleus and cytoplasm of endothelial cells and
pericytes/vascular smooth muscle cells. Accordingly, Procr
mRNA levels in the treated skin were significantly lower in
bleomycin-injected mice than in phosphate-buffered saline-
injected (conwrol) mice (Fig. 1d). Therefore, EPCR downreg-
ulation may be involved in the pathological dermal fibrosis
of bleomycin-treated mice, possibly through persistent fibrin
deposition.

Autocrine endothelin-1 stimulation reduces the
expression of endothelial protein C receptor through
transcription factor Fli1 in human dermal microvascular
endothelial cells

As endothelin-1 is deeply associated with vascular activation and

tissue fibrosis in SSc,'>?*!

we next assessed its impact on EPCR
expression in HDMECs by gRT-PCR and immunoblotting. As
shown in Figure 1(e~h), endothelin-1 suppressed EPCR expres-
sion, while bosentan, a dual endothelin receptor antagonist,
induced EPCR expression, indicating that autocrine endothelin-
1 stmulation regulates EPCR expression in HDMECs. As
endothelin-1 stimulation induces an SSc¢ phenotype in endothe-
lial cells at molecular levels at least partially by reducing the
DNA binding ability of Fli1,?! deficiency of which is implicated
in SSc vasculopathy,'®!***72¢

Flil regulates endothelin-1-dependent EPCR expression in

we next investigated whether

HDMECs. As shown in Figure 1(i), gene silencing of Flil
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resulted in the suppression of EPCR expression. Furthermore,
Flil occupied the PROCR promoter and endothelin-1 stimulation
decreased Flil binding to the PROCR promoter (Fig. 1j). These
results indicate that endothelin- I reduces PROCR gene expression
through Flil in endothelial cells.
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Fli1 deficiency contributes to the downregulation of
endothelial protein C receptor in endothelial cells in vivo

As Flil deficiency is potentially involved in the activation of

endothelial cells in S$Sc, and Flil*/™ mice show a vascular
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Fig 1. Endothelial protein C receptor (EPCR) expression is decreased in systemic sclerosis (8Sc) small dermal vessels, at least partially due to Flil
deficiency. (a, ¢) Representative images of staining for EPCR (a) in human skin samples from healthy controls (HC) and patients with SSc¢ and (c)
in skin samples from C57BL/6 wild-type mice treated with phosphate-buffered saline (PBS) or bleomycin (BLM) for 4 weeks. Bar = 100 pm. (b,
d) mRNA levels of the PROCR gene in the bulk skin from S$Sc and HC (b, n = § for each group) and those of the Procr gene in treated murine skin
(d, n = 10 for cach group) werc assessed by quantitative reverse-transcription polymerase chain reaction (qRT-PCR). (e—-h) EPCR expression levels
were determined by gRT-PCR and immunoblotting in human dermal microvascular endothelial cells (FIDMECs) untreated or treated with
endothelin-1 (ET-1) for 24 h (e, qQRT-PCR, n = 10; f, immunoblotting, n = 4) and in HDMECs untreated or treated with bosentan for 48 h (g,
qRT-PCR, n = 8; h, immunoblotting, n = 4). In (f) and (h), representative blots are shown in the left-hand panels. The values below each blot
represent relative expression levels of EPCR normalized to B-actin by densitometry. The results of densitometry are sununarized in the right-hand
panels (n = 4). (i) mRNA levels of the PROCR gene (lefi panel) and the FLIT gene (right panel) in HDMECs treated with scrambled nonsilencing
RNA (SCR) or Fiil small interfering (si)RNA were assessed by gRT-PCR (n = 6). (j) Chromatin was isolated from HDMECs untreated or treated
with ET-1 (200 nmol L™") for 2 h, and immunoprecipitation was conducted with rabbit anti-Flil antibody or rabbit IgG. PCR amplification was
carried out using PROCR promoter-specific primers. One representative of five independent experiments is shown (left panel). The occupancy of
the target gene promoters by Flil was also quantified by qRT-PCR, with levels normalized to input values (graph on right). AU, arbitrary units.

activation status similar to that seen in SSc at molecular in vivo and in vitro,2' we next asked whether bosentan reverses

10,16,27

levels, we next investigated whether Flil deficiency EPCR expression in Flil ECKO mice. As shown in Figure 2(c),

contributes to EPCR reduction in dermal microvascular 4-week administration of bosentan increased EPCR expression

endothelial cells in vivo. To this end, we carried out immuno-
staining for EPCR with skin samples from Flil™/~ and wild-
type mice. Notably, EPCR expression was decreased in the
nucleus and cytoplasm of vascular cells in Fil™’™ mice com-
pared with wild-type mice (Fig. 2a). Consistent with this, Procr
mRNA expression in the skin was significantly lower in Hil*/
~ mice than in wild-type mice (Fig. 2b). These results indi-

in dermal microvascular endothelial cells and pericytes/vascu-
lar smooth muscle cells in Flil ECKO mice. Furthermore,
bosentan increased EPCR expression in MDMECs isolated from
Flil ECKO mice (Fig. 2d), in which Flil expression was
increased by bosentan.'? These results indicate that bosentan
reverses the Flil deficiency-dependent endothelial cell pheno-
type, including decreased EPCR expression in vivo and in vitro.

cate that Flil deficiency is enough to attenuate EPCR expres-

ion in d I mi lar endothelial cells in vivo. . . .
sion i dermal microvascuiar endotheiat cells n vivo Serum endothelial protein C receptor levels in patients

with systemic sclerosis
Bosentan reverses the Fli1 deficiency-dependent
suppression of endothelial protein C receptor in vive and
in vitro

We next evaluated the clinical correlation of serum EPCR
levels, because membrane-bound EPCR is released by metallo-
proteolytic cleavage.”® In patients with $Sc overall, serum
As bosentan reverses the Flil deficiency-dependent endothelial EPCR levels were significantly decreased compared with

cell phenotype by increasing the DNA binding ability of Flil healthy contrcls: median 3058 ng mL™' (IQR 259-2-352-7)

Table 1 Endothelial protein C receptor levels in skin sections from patients with SSc and HCs

~Agefsext
TR
42/8
77/¥
37/F
78/F
78/F .
68/F .
T 48/F
SO/F
25/M
63/F
71/E
Ssc+Bos'l - 60/F
SSc+Bos2 - 63/F
SSct+Bos3  54/F

: ‘SiS,c, systemic sclerosis; HCs, he:
“merase T'antbody; ACA, anticentro
staining; +++, strong staining. *Age
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Fig 2. Bosentan reverses the decreased expression of endothelial
protein C receptor (EPCR) in dermal small vessels of Flil*" mice. (a,
¢) Representative images of staining for EPCR in sections from the
skin of wild-type (WT) mice and 1Y mice (a) and in sections
from the skin of Flil ECKO mice treated with phosphate-buffered
saline (PBS) or bosentan for 4 weeks (c¢). Bar = 50 um. (b) mRNA
levels of the Procr gene in the back skin of wild-type and Flil ™~ mice
were assessed by quantilative reverse-transcription polymerase chain
reaction (n = 8 for WT mice, n = 7 for Fil*/~ mice). AU, arbitrary
units. (d) Expression levels of EPCR and B-actin were determined by
immunoblotting in murine dermal microvascular endothelial cells
(MDMECs) 48 h.
Representative blots of three independent experiments are shown.

untreated or treated with bosentan for

vs. 330-8 ng mL™' (IQR 295-2-374.7), P = 0-046. Evaluation
in disease subsets showed that patients with dcSSc exhibited
serum EPCR levels significandy lower than those seen in
patients with lcSSc and healthy controls, while the levels were
comparable between patients with 1¢SSc and healthy controls:
2999 ng mL™! (JQR  237.0-325-4) for dcSSc and
335-6 ng mL™! (IQR 282-0-379-9) for 1cSSc (Fig. 3a). In line
with these findings, serum EPCR levels had a weak, but statis-
tically significant, inverse correlation with modified Rodnan
total skin-thickness score (MRSS) (r= —0-36, P < 0-01;
Fig. 3b) in all patients with SSc, but there was no correlation
with disease duration (r = 0-02, P = 0-87).

British Journal of Dermatology (2015)

r=-036

400

™~
8
Serum EPCR levels (ng mL-)

Serum EPCR levels (ng mL1)

Serum EPCR levels (ng mIL)
Serum EPCR levels (ng mL-1)

ILD ()

LD (=) DUMH DU

Fig 3. Clinical correlation of serum endothelial protein C receptor
(EPCR) levels in patients with systemic sclerosis (SS¢). Serum EPCR
levels were measured by a specific enzyme-linked immunosorbent
assay. (a) Serum EPCR levels were significantly decreased in patients
with diffuse cutancous (dc)SSc (n = 39) compared with patients with
limited cutaneous (Ic)SSc (n = 26) and healthy controls (HC, n = 20).
(b) Serum EPCR levels were inversely correlated with modified
Rodnan total skin-thickness score (MRSS) in patients with SSc
(r=—0-36, P < 0-01). The solid line represents the regression line.
(c) Serum EPCR levels were significandy lower in patients with SSc
with interstiial lung disease (ILD) (n = 40) than in those without
(n = 25). (d) Patients with SSc with a current or past history of
digital ulcers (DUs, n=35) had lower serum EPCR levels than
patients with SSc without a history of DUs (n = 30). Horizontal bars
represent the median of each group.

As dcSSc is characterized by extensive fibrosis of various inter-
nal organs, especially lung, we next compared serurmn EPCR
levels in patients with or without fibrotic organ involvement,
such as interstitial liver disease (ILD), oesophageal dysfunction
and heart involvement. Of note, the presence of ILD was associ-
ated with a significant decrease in serum EPCR levels [291-6
ng mL™' (IQR 237-0-348-8) vs. 318-9 ng mL™' (IQR 282-0~
364-4), P = 0-043; Fig. 3c], while the presence of other organ
involvement did not affect serum EPCR levels (data not shown).

We also investigated the potential contribution of EPCR to the
development of vascular symptoms (Table 2). As expected,
serum EPCR levels were decreased in patients with SSc with a
current or past history of digital ulcers compared with those
with no history of digital ulcers (Fig. 3d), while the presence of
other vascular symptoms, including Raynaud phenomenon,
nailfold bleeding, telangiectasia, elevated right ventricular sys-
tolic pressure and scleroderma renal crisis, did not alter serum
EPCR levels. Therefore, EPCR downregulation may be relevant
to the development of tissue fibrosis in the skin and lung and
impaired peripheral circulation leading to digital ulcers in
patients with SSc.
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Table 2 Correlation of serum endothelial protein C receptor (EPCR) levels with clinical features related to systemic sclerosis vasculopathy

Clinical symploms:.
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Ra)inaud}'p}iéhofnenon
Nailfold bleeding =~
_ Telangiectasia
Digital ulcers.
© Elevated RVSP
_ Sclerodernia renal crisis

Valucs are the median (interquartile range)
> 35 mmHg on echocardiogram. Scleroderm

Inverse correlation of serum endothelial protein C
receptor levels with plasma plasmin-o2-plasmin inhibitor
complex levels

The association of decreased serum EPCR levels with digital
ulcers suggests that endothelial EPCR downregulation con-
tributes to impaired peripheral circulation through the hyper-
coagulation status in SSc. Therefore, we next looked at the
correlation of serum EPCR levels with coagulation/fibrinolysis
markers, such as plasma levels of thrombin—antithrombin
complex, D-dimer and plasmin-u2-plasmin inhibitor complex
(PIC). Among these, of note, there was a weak, but statisti-
cally significant, negative correlation between plasma PIC
levels and serum EPCR levels (Fig. 4a). Given that PIC is a fib-
rinolytic marker directly reflecting the generation of plasmin
in vivo, these results suggest that endothelial EPCR downregula-
tion is involved in the induction of the prothrombotic condi-
tion in SSc.

Bosentan decreases serum plasmin—2-plasmin inhibitor
complex levels in patients with systemic sclerosis

As bosentan reversed EPCR expression in Flil ECKO mice,
we finally examined the effect of bosentan on the EPCR-
dependent coagulation system in patients with SSc. In 29
patients with SSc treated with bosentan, plasma PIC levels
were significantly reduced after (reatment [median
0-9 pg mL™' (IQR 0-65-1-35) vs. 0-7 pg mL™' (IQR 0-5—
1-0), P =0-0029; Fig. 4b]. In contrast, treatment with
prostanoids did not alter plasma PIC levels in 14 patients
with $S¢ [median 0-9 pg mL™' (IQR 0-78-1-13) vs.
1-1 pg mL™" (IQR 0-78-1-25), P = 0-10; Fig. 4c). Further-
more, bosentan, but not prostanoids, significantly increased
serum EPCR levels (Fig. 4d, ). Moreover, three patients
with $Sc treated with bosentan showed much more ele-
vated Flil and EPCR expression in dermal small vessels
than three patients with SSc not treated with bosentan
(Table 1 and Fig. 4f). These results suggest that bosentan
improves the hypercoagulation status in patients with SSc
at least partially through reversing EPCR expression in
endothelial cells. i
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ssure (RVSP) was defined as.
r rapidly progressive renal failure

Discussion

This study was undertaken to investigate the mechanism
underlying hypercoagulation status in SSc by focusing on
EPCR. A series of clinical and experimental data indicates the
potential contribution of EPCR downregulation due to Flil
deficiency to the hypercoagulation status in SSc.

Flil deficiency is a potential predisposing factor of SSc
reflecting environmental influences, because Flil is epigeneti-
cally suppressed in this disease.””** The contribution of Flil
deficiency to SSc vasculopathy has been well studied in Flil-
mutated mice in terms of their structural and functional
abnormalities. Regarding the structural abnormalities, dermal
small vessels of Flil ECKO mice are characterized by stenosis
of arterioles, dilation of capillaries and vascular fragility, remi-
niscent of SSc vasculopathy. As for the functional abnormali-
ties, Flil deficiency contributes to the altered expression of
cell adhesion molecules in $Sc endothelial cells; that is, the
relatively higher expression of intercellular adhesion molecule-
1 and glycosylation-dependent cell adhesion molecule-1 than
E-selectin and P-selectin,”’ leading to the promotion of T
helper cell (Th)2/Th17 infilration in the lesional skin.*' Fur-
ther supporting the pivotal role of Flil deficiency in the func-
of SSc endothelial cells, we also
demonstrated that EPCR downregulation in dermal small vas-
culature was also commionly seen in Flit ECKO mice and

tional abnormalities

patients with SSc. Taking into account the inverse correlation
of serum EPCR levels with plasma PIC levels in patients with
SSc, BPCR downregulation is pathologically significant in this
disease. Therefore, the current data further reinforce the
notion that endothelial Flil deficiency is a key feature induc-
ing SSc vasculopathy.

As shown in clinical trials, bosentan prevents the develop-
ment of new digital ulcers in patients with $8¢.3%%% Accord-
ingly, bosentan appears to exert a potential disease-modifying
effect on S$Sc vasculopathy. For instance, 1-year administration
of bosentan increases the number of nailfold capillaries with
early and active patterns, while decreasing the number of
those with late pattern.** Furthermore, the number of nailfold
capillaries is increased by 3-year combination therapy with
bosentan and iloprost, but decreased by iloprost alone.*® Thus,
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Fig 4. Circulating endothelial protein C receptor (EPCR) and plasma plasmin—%2-plasmin inhibitor complex (PIC) levels are reversed in parallel
with the upregulation of Flil and EPCR in endothelial cells after treatment of patients with $Sc with bosentan. (a) Serum EPCR levels inversely
correlated with plasma PIC levels in patients with SSc (r = —0-36, P < 0-01; n = 56). The solid line represents the regression line. (b, ¢) Plasma
PIC levels were significantly decreased after treaument with bosentan (b, n = 29), but not after treatment with prostanoids (¢, n = 14). (d, e)
Serum EPCR levels were significantly clevated after treatment with bosentan (d, n = 9), but not after treatment with prostanoids (¢, n = 5). (f)
Immunostaining for EPCR and Flil was carried out in three patients with SSc treated with bosentan and another three patients with SSc not treated
with bosentan. Representative results are shown. Similar results were obtained in the remaining patiemis (Table {). Bar = 50 pm.

bosentan appears to improve the peripheral circulation by nor-
malizing neovascularization and vascular structural changes,
but the impact of bosentan on the coagulation system has
remained unstudied. Considering that bosentan increased
serum EPCR levels in inverse parallel with plasma PIC levels,
bosentan may normalize hypercoagulation status by increasing
EPCR expression, subsequently contributing to the prevention
of new digital ulcers in patients with SSc. Given that bosentan
enhances Flil expression in endothelial cells by increasing its
protein stability, "

2

it is plausible that bosentan improves the
impaired coagulation system characteristic of SSc, which is
partly atributable to endothelial Flil deficiency.

In addition to impaired peripheral circulation, intravascular
microthrombi induce and exacerbate inflammation. In the
acute inflammatory stage of SSc, activated dermal fibroblasts
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are located predominandy around small blood vessels with
mononuclear cells,*® suggesting that these inflammatory cells
are activated through their interaction with injured endothe-
liumn and subsequently stimulate fibroblasts. Intravascular fib-
rin deposits may be involved in this process as a trigger and/
or amplifier of inflammatory reaction. Supporting this idea,
serum EPCR levels were inversely correlated with MRSS, and
the presence of ILD was associated with decreased serum EPCR
levels in patients with SSc. Therefore, an impaired coagula-
tion/fibrinolysis system is likely to be a part of the fibrotic
mechanisms underlying SSc, as is the case with animal models
of fibrotic disorders.'?37~3?

Independently of regulation of the coagulation pathway,
EPCR mediates cytoprotective effects, such as anti-inflammatory
and antiapoptotic activities and protection of the endothelial
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