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Figure 2 | Botulinum toxin A protected the reduction of vascularity by cutaneous I/R injury. (A) The amount of CD31" EC and NG2* pericytes in
cutaneous I/R area at 4 days after reperfusion. (B) The amount of ®SMA* myofibroblast or pericytes in cutaneous I/R area at 4 days after reperfusion.
Quantification of the CD31*, NG2* and aSMA™ areas in 6 random microscopic fields from the periphery of I/R area in n = 3 mice per groups was
performed using Image ] software. Positive area in control mice was assigned a value of 1. Values represent mean * SEM. **P < 0.01, * P < 0.05. Scale bar
= 20 pm.

secondary necrosis, and these responses induce inflammation in the
I/R area®**. At first, we examined whether hypoxia and/or oxidative
stress are related to the apoptosis in I/R area at 1 day after
reperfusion. The stainings of TUNEL and DAPI double-positive
nuclei were localized in pimonidazole® hypoxic area (Figure 5A).
In addition, the stainings of TUNEL were co-localized with both

DAPI and 8-OHAG (Figure 5B). These results suggest that hypoxia
and oxidative stress by I/R injury might be associated with apoptosis
in cutaneous I/R area. We next examined the influence of BTX-A on
the number of apoptotic cells in the I/R areas in mice. One day after
reperfusion, the number of apoptotic cells in the I/R areas in BTX-A-
treated mice were significantly lower than those in control mice
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Figure 3 | Botulinum toxin A reduced hypoxic area after cutaneous I/R injury. The amount of pimonidazole™ hypoxic area in cutaneous I/R site at 1 day
after reperfusion. Quantification of the pimonidazole’ areas in 8 random microscopic fields from the center of I/R area in n = 3 mice per groups
was performed using Image ] software. Positive area in control mice was assigned a value of 1. Values represent mean + SEM. **P < 0.01. Scale bar =

20 pm.
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Figure 4 | Botulinum toxin A protected DNA damages after cutaneous I/R injufy. The amount of 8-OHdG™ DNA damaged area in cutaneous I/R site at
1 day after reperfusion. Quantification of the 8-OHdG" areas in 6 random microscopic fields from the center of I/R area in n = 3 mice per groups
was performed using Image J software. Positive area in control mice was assigned a value of 1. Values represent mean * SEM. **P < 0.01. Scale bar =

20 pm.

(Figure 5C). These results suggest that BTX-A might reduce the
apoptosis induced by cutaneous I/R injury.

Botulinum toxin A reduced the oxidant-induced intracellular
accumulation of ROS in vascular endothelial cells. To examine
the effects of BTX-A on the oxidative stress affecting vascular
endothelial cells, we next examined the effects of BITX-A on H,0,-
induced intracellular ROS accumulation in vascular endothelial cells
using human umbilical vein endothelial cells (HUVECs) in vitro. BTX-
A suppressed the H,0,-induced intracellular ROS accumulation in the
HUVECs in a concentration-dependent manner (Figure 6), suggesting
that BTX-A might reduce oxidative stress in endothelial cells after I/R

injury.

Botulinum toxin A protected against ulcer formation in an
intermittent short-time cutaneous I/R injury. We introduced a
new cutaneous I/R injury model, which is consisted of three I/R
cycles; three-hour period of magnet placement, followed by a
reperfusion period of 3 hours, suggesting that this intermittent
short-time cutaneous I/R injury may mimic the pathogenesis of
RP. Forty percent of the mice developed small skin ulcers after
these short I/R cycles by four days after the I/R cycles (Figure 7).
The administration of BTX-A completely protected against the ulcer
formation after I/R injury (Figure 7). These results confirmed that
BTX-A might also prevent the development of cutaneous ulcers
induced by the intermittent short-time cutaneous I/R injury.

Discussion

I/R injury induces inflammation, including the infiltration of leuko-
cytes and macrophages and the production of proinflammatory cyto-
kines, and leads to the dysfunction of vascular endothelium, capillary
narrowing, vascular infarction and vascular spasm. These vascular
damages cause hypoxia and oxidative stress in tissues, resulting in the
apoptosis and necrosis of these tissues'™. In the present study, we
first assessed the vascular damage induced by I/R injury, and found
that the numbers of CD31" endothelial cells and aSMA™ pericytes or
myofibroblasts in I/R areas in BTX-A-treated mice were significantly
higher than those in control mice. These results suggest that BTX-A
could protect against vascular damages by I/R injury.

The mechanism(s) by which BTX-A protects against the vascular
damage induced by I/R injury is unclear. It has been recognized that
BTX-A has vasodilatory effects through sympathetic inhibition at the
neuromuscular junction. Several previous studies have reported that
treatment of the microvasculature with BTX- A causes an increase in
the arteriolar diameter and a subsequent increase in blood flow**.
In addition, pre-treatment with BTX-A was associated with a lower
rate of arterial and venous thrombosis in an animal model micro-
anastomosis®'. The damage of the vascular endothelium, including

capillary narrowing, vascular infarction and spasm, is associated with
the pathogenesis of I/R injury. In addition, endothelium-dependent
relaxation is decreased by the damage to the vascular endothelium by
I/R injury. These findings suggest that the vasodilation and the
inhibition of thrombosis and vasospasm by BTX-A might be
involved in the protective effects of BTX-A against the vascular
damage caused by I/R injury.

It has been reported that hypoxic insult to vascular endothelial
cells by I/R injury resulted in leukocyte-endothelial cell adhesion and
neutrophil migration through the endothelial barrier’>*. Reactive
oxygen species (ROS), such as H,O, and NO, also play essential roles
in the tissue damage*®. We herein demonstrated that BTX-A
reduced oxidative stress in vascular endothelial cells in vitro. These
results suggest that BTX-A might protect against the hypoxic insult
to the vascular endothelial cells, and these effects mediated by BTX-A
might provide us with new insight into the mechanisms by which
BTX-A protects against I/R injury. However, further investigations
are required to elucidate the precise mechanisms by which BTX-A
can reduce oxidative stress.

This is the first investigation to examine the effects of BTX-A
against cutaneous I/R injury. Using two experimental conditions
and an in vitro study, we identified the mechanisms underlying the
protective effects of BTX-A against cutaneous I/R injury; (i) protec-
tion against the reduction of vascularity by I/R injury, (ii) reduction of
the hypoxic area, oxidative stress and apoptosis of cells in vivo and
(iii) reduction of oxidative stress-induced ROS in vascular endothelial
cells in vitro. These results suggest that BTX-A might have the poten-
tial to prevent the ulcer formation induced by cutaneous I/R injury.

Recently, several studies have reported that the administration of
BTX-A significantly improved the symptoms of RP, such as the pain,
paresthesia of fingers and digital ulcers® . One of the mechanisms
was reported to be its established acetylcholine-mediated vascular
smooth muscle paralysis, which results in the inhibition of spasm
and vascular contraction. Another mechanism is thought to be due
to the fact that BTX-A inhibits the expression of adrenergic receptors
in the vessel walls and blocks the release of norepinephrine and various
other neuropeptides, such as calcitonin gene-related peptide (CGRP),
glutamate and substance P, which are increased in chronic nerve irrita-
tion and pain, and can exacerbate these symptoms®*****>, There had
previously been no experimental evidence of the beneficial effects of
BTX-A against I/R injury associated with RP-induced ulcers using
animal models. In this study, we introduced a new experimental con-
dition; an intermittent short-time I/R cutaneous injury. This condition
may mimic RP-induced cutaneous ulcers. We demonstrated that the
administration of BTX-A completely protected against the ulcer forma-
tion after I/R injury. These results confirmed that BTX-A might have
preventive and/or therapeutic potential with regard to the development
of cutaneous ulcers due to the intermittent I/R as seen in RP.
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Figure 5 | Botulinum toxin A reduced apoptotic cells after cutaneous I/R
injury. (A) Stainings of TUNEL, DAPI and pimonidazole in cutaneous I/R
area at 1 day after reperfusion. Stainings of TUNEL and DAPI double-
positive nuclei were localized in pimonidazole™ hypoxic area
(Arrowhead). Scale bar = 5 um. (B) Stainings of TUNEL, DAPI and 8-
OHJG in cutaneous I/R area at 1 day after reperfusion. Stainings of
TUNEL were co-localized with both DAPI and 8-OHdG (Arrowhead).
Scale bar = 5 pm. (C) The number of apoptotic cells in I/R site at 1 day
after reperfusion was determined by counting both TUNEL and DAPI
positive cells (Arrow). Values were determined in 6 random microscopic
fields from the center of I/R area in n = 3 mice per groups. The number of
apoptotic cells in control mice was assigned a value of 1. Values represent
mean * SEM. **P < 0.01. Scale bar = 20 pm.

Taken together, the present findings indicate that BTX-A sup-
presses the formation of skin ulcers induced by cutaneous I/R injury
by protecting against vascular damage, suppressing hypoxia,
decreasing oxidative stress and preventing apoptosis. In addition,
BTX-A could be expected to be effective for at least three to six
months in humans®-*, therefore, exogenous BTX-A administration
has possible long-term preventive and therapeutic potential for
patients with cutaneous I/R injuries, including decubitus ulcers
and RP-induced digital ulcers.
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Figure 6 | Botulinum toxin A reduced oxidant-induced intracellular
accumulation of ROS in vascular endothelial cells. Quantification of
H,0,-induced intracellular ROS production in vascular endothelial cells
treated with or without BTX. ROS formation in cells without BTX
treatment was assigned a value of 1. Values represent mean + SEM. n = 4
in each group. *P < 0.05.

1.0

Methods

Animals. All experiments were approved by the Ethical Committee for Animal
Experiments of the Gunma University Graduate School of Medicine, and carried out
in accordance with the approved guidelines. C57BL/6 mice were purchased from the
SLC (Shizuoka, Japan). Eight- to 12-week-old female mice were used for all
experiments. Mice were maintained in the Institute of Experimental Animal Research
of Gunma University under specific pathogen-free conditions. Mice were handled in
accordance with the animal care guidelines of Gunma University.

Antibodies. Antibodies (Abs) and their sources were as follows: rat anti-mouse CD31
monoclonal Ab (mAb) (MEC13.3; BD Bioscience, San Jose, CA), rabbit anti-mouse
NG2 polyclonal Ab (pAb) (Millipore, Billerica, MA), FITC-conjugated mouse anti-
aSMA mADb (Sigma, St Louis, MO), goat anti-8-OHdG pAb (abcam, Cambridge,
UK). Alexa 488-, Alexa 568-conjugated secondary Abs were obtained from
Invitrogen (Carlsbad, CA).

I/R cycles. We used 2 types of cutaneous I/R cycle mice models. The cutaneous I/R
model was performed according to previously published protocols®**. Briefly, mice
were anesthetized, and hair was shaved and cleaned with 70% ethanol. The dorsal skin
was gently pulled up and trapped between two round ferrite magnetic plates that had
a 12-mm diameter (113 mm®) and 5 mm thick, with an average weight of 2.69 gand
1180 G magnetic forces (NeoMag Co, Ichikawa, Japan). Epidermis, dermis,
subcutaneous fat layer and subcutaneous loose connective tissue layer, but not

A ;. B

40
35 -
30 -
25
20
15
10
5 - *

BTX

Control

Presence of ulcer (%)

Ctl BTX

Figure 7 | Botulinum toxin A protected ulcer formation in an
intermittent short-time cutaneous I/R injury. (A) The frequency of the
presence of skin ulcers in I/R area at 4 days after 3 cycles of I/R injury (n =
10 in each group). *P < 0.05. (B) Photographs of mice back skin after
cutaneous I/R in control or BTX treated mice at 4 days after reperfusion.
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muscles, were pinched by magnetic plates. This process creates a compressive
pressure of 50 mmHg between the two magnets**”, In the analysis of “decubitus
ulcer-like cutaneous I/R model”, dorsal skin was trapped between magnetic palates
for 12 hours, and then plates were removed. Mice were not immobilized, and not
anesthetized during ischemia. All of the mice developed two round ulcers separated
by a bridge of normal skin. In the analysis of “intermittent short-time cutaneous I/R
model”, 3 I/R cycles were performed in each mouse. A single IR cycle consisted of a 3-
hour period of magnet placement, followed by a release or rest period of 3 hours. To
assess the effects of BTX-A (BOTOX VISTA®, Allergan Pharmaceuticals, Irvine, CA)
on the development of ulcers after cutaneous I/R injury, 0.5 U or 1.0 U BTX-A per
200 pl0.9% saline or 200 pl of saline as a control were injected into the dermis in the
1/R site 24 hours before the beginning of I/R cycles. For analysis, each wound sites
were digitally photographed at the indicated time points after wounding, and wound
areas were measured on photographs using Image ] (version1.48, NIH, Bethesda,
MD) as previously reported™.

Histological examination and Immunofluorescence staining. Immunofluorescence
staining of frozen sections and analyses were performed according to previously
described protocols™*. Murine skins were removed and 4 pm frozen sections were
prepared and fixed in 4% PFA in PBS for 30 minutes. After blocking with 3% dry
milk-PBS supplemented with 5% normal donkey serum or 5% normal goat serum for
1 hour at room temperature, sections were stained with Abs of interest followed by
Alexa 488-, Alexa 568-conjugated secondary Abs, Sections were counterstained with
4,6-diamidino-2-phenylindole (DAPI) to visualize nuclei, mounted in ProLong Gold
antifade reagent (Invitrogen).

Assessment of tissue hypoxia. Hypoxic areas after cutaneous I/R injury in I/R site
were detected using the Hypoxyprobe™-1 Omni kit (Hypoxyprobe, Inc., Burlington,
MA) according to the manufacture’s protocol. Pimonidazole HCl was injected
intraperitoneally (60 mg/kg) 30 minutes before the sacrifice of the mice. Murine skins
were removed and 4 pm frozen sections were prepared and fixed cold acetone (4°C)
for 10 minutes. Sections were incubated overnight at 4°C with rabbit anti-
pimonidazole Ab (PAb2627) diluted 1:20 in PBS containing 0.1% bovine serum
albumin and 0.1% Tween 20. Sections were incubated for 1 hour with Alexa 488-
conjugated secondary Ab. Images (8 fields/section) were taken and visualized with a
FV10i-DOC confocal laserscanning microscope (Olympus). The positive area was
determined by Image ] (version1.48, NIH, Bethesda, MD) in the field (x600) as
previously reported**.

ROS detection assay in vitro. HUVEC were purchased from ATCC (Manassan, VA).
HUVEC were maintained in EBM-2 basal medium (Lonza, Basel, Switzerland)
supplemented with EGM-2 Single Quot Kit Suppl. & Growth Factors (Lonza).
HUVECs (2.5 X 10* cells) were cultured in OptiPlate™-96F microplate (Perkin
Elmer, Waltham, MA). Cells were incubated in the medium with or without BTX-A
(0,0.1,0.5, 1.0 U/ml FBS(-) DMEM) at 37°C for 24 hours. Cells were stimulated with
0.25 mM H,0, (100 pl/well) for 2 hours, and then ROS levels were measured with
DCFDA Cellular ROS Detection Assay Kit (abcam) according to the manufacturer’s
protocol. Fluorescence was detected by plate reader (Perkin Elmer).

Apoptosis assay. The presence of apoptotic cells in the skin sections were assessed 4
days after reperfusion using terminal deoxynucleotide transferase dUTP nick end-
labeling (TUNEL) staining kit (Roche Diagnostics, Indianapolis, IN) according to the
manufacturer’s protocols. Images (6 fields/section) were taken and visualized with a
FV10i-DOC confocal laserscanning microscope (Olympus). The number of
apoptotic cells was determined by counting TUNEL and DAPI double positive nuclei
in the field (x600) as previously reported®*.

Statistical analysis. P values were calculated using the Student’s ¢-test (two-sided),
Chi-square test analysis or by analysis of one-way ANOVA followed by Bonferroni’s
post test as appropriate. Error bars represent standard errors of the mean, and
numbers of experiments (n) are as indicated.
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Demographic and clinical features of systemic sclerosis
patients with anti-RNA polymerase lll antibodies
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ABSTRACT

Anti-RNA polymerase Il antibody (RNAP) is primarily detected in diffuse cutaneous type systemic sclerosis
(dcSSc) patients and strongly associated with renal crisis. Additionally, there has been increasing evidence that
cancer in SSc patients is associated with RNAP. The aim of this study was to examine the demographic and clini-
cal features of SSc patients with RNAP. Among 246 SSc patients, 5.7% were positive for RNAP, 20.7% were posi-
tive for anti-topoisomerase | antibody (Topo 1) alone and 39.4% were positive for anticentromere antibody (ACA)
alone. The modified Rodnan total skin score (mRTSS) in SSc patients with RNAP (19.1 + 2.6) was significantly
higher than those in SSc patients with Topo | (11.5 4+ 1.1) and patients with ACA (4.4 + 0.4). Furthermore, among
SSc patients with RNAP, the levels of RNAP were positively correlated with mRTSS. Renal crisis is also signifi-
cantly more prevalent in SSc patients with RNAP than patients without RNAP. Male sex, dcSSc subtype, digital
vasculopathy, including digital ulcers and acro-osteolysié, interstitial lung disease and rheumatoid arthritis com-
plications were prevalent in SSc patients with RNAP and patients with Topo-l. Primary biliary cirrhosis and
Sjogren’s syndrome were more in SSc patients with RNAP and patients with ACA compared with patients with
Topo 1. No significant difference in the frequency of complications, including Raynaud’s phenomenon, pulmonary
artery hypertension and malignancy was observed between the three groups. Thus, measurement of RNAP in SSc
patients is useful for the diagnosis and risk stratification of severe manifestation, such as renal crisis and severe
skin sclerosis.

Key words: anti-RNA polymerase III antibody, autoantibody, malignancy, renal crisis, systemic sclerosis.

INTRODUCTION and clinical features, including digital vasculopathy, organ
involvements and the complications of other collagen diseases
Systemic sclerosis (SSc) is a connective tissue disorder and cancers, in SSc patients with RNAP.
characterized by fibrosis of the skin and internal organs and
microvascular dysfunction.” Autoantibodies, such as anti-
topoisomerase | antibody (Topo 1) and anticentromere antibody
(ACA), are useful for the diagnosis of SSc and classification of
subtypes. The presence of Topo | is associated with diffuse

METHODS

Patients
We analyzed 246 Japanese patients with SSc who visited Gun-

cutaneous type SSc (dcSSc), while the presence of ACA is
associated with limited cutaneous type SSc (IcSSc). It has
been recognized that anti-RNA polymerase Ill antibody (RNAP)
is primarily detected in dcSSc patients and strongly associated
with renal crisis (RC).2"® We recently reported that the demo-
graphic and clinical features of SSc patients showed that Topo
| positivity and severe skin sclerosis were significantly preva-
lent in SSc patients with digital ulcers (DU).” However, the
association of RNAP and digital vasculopathy, such as Ray-
naud’s phenomenon (RP), DU and acro-osteolysis (AO), in SSc
patients has not been well characterized. Furthermore, there
has been increasing evidence that cancer in SSc patients is
associated with RNAP. In this study, we analyzed demographic

ma University Hospital from 2011 to 2014. All patients fulfilled
the criteria for SSc proposed by the American College of
Rheumatology.® Mean disease duration was 11.8 = 0.6 years.
Patients were classified as having 1cSSc or dcSSc according
to the classification by LeRoy et al.® This study was approved
by the local research ethics committee of Gunma University.
Patients provided written informed consent before participa-
tion.

Clinical and laboratory assessments

Skin sclerosis was measured using the modified Rodnan total
skin score (MRTSS). Interstitial lung disease (ILD) was detected
as bibasilar interstitial fibrosis or a ground-glass shadow visible
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on high-resolution computed tomography scans. Pulmonary
artery hypertension (PAH) was defined as an elevated right
ventricular systolic pressure (456 mmHg) by echocardiography,
and subsequently, as an elevated mean pulmonary artery pres-
sure (>25 mmHg) by cardiac catheterization. Serum RNAP was
measured by enzyme-linked immunosorbent assay kit from
MBL (Nagoya, Japan), as previously described.®'® The cut-off
value was set at 28 according to the manufacturer’s recom-

mendation and as previously described.®°

Statistics

Analysis of anova followed by Bonferroni’s post-test was used
for multiple comparisons. xz—Test analysis was used to com-
pare frequencies. Spearman’s rank correlation coefficient was
used to examine the relationship between two continuous vari-
ables. Error bars represent standard errors of the mean.

RESULTS

dcSSc subtype and severe skin sclerosis are
associated with SSc patients with RNAP

A total of 246 SSc patients were enrolled in this study, includ-
ing 78 (31.7%) dcSSc and 168 (68.3%) lcSSc patients. We
identified 14 SSc patients with RNAP (5.7%; mean age,
64.1 years; mean disease duration, 9.6 + 3.1 years) and 232
SSc patients without RNAP (94.3%; mean age. 64.4 years;
mean disease duration, 12.0 = 0.7 years). Among 232 SSc
patients without RNAP, 51 SSc patients with Topo | alone
(20.7%; mean age, 61.3 years), 97 SSc patients with ACA
alone (39.4%: mean age, 66.8 years), six SSc patients double
positive for Topo |, ACA or RNP (2.4%; mean age, 68.7 years),

54 SSc patients positive for ANA and negative for Topo |, ACA
and RNAP (22%; mean age, 62.5 years), and 24 SSc patients
negative for ANA (9.8%; mean age, 63 years) were identified.
SSc patients with RNAP, Topo | or ACA are summarized in
Table 1. The dcSSc was more frequent in SSc patients with
Topo | (78.4%) and SSc patients with RNAP (64.3%) compared
with that in SSc patients with ACA (4.1%) (Topo | vs ACA,
P < 0.01; RNAP vs ACA, P < 0.01) (Table 1). Consistent with
these results, mRTSS in SSc patients with RNAP (19.1 + 2.6)
and SSc patients with Topo | (11.5 £ 1.1) were significantly
higher compared with SSc patients with ACA (4.4 + 0.4)
(RNAP vs ACA, P < 0.01; Topo | vs ACA, P < 0.01) (Fig. 1a).
Interestingly, mRTSS in SSc patients with RNAP was signifi-
cantly higher compared with SSc patients with Topo |
(P < 0.01). Furthermore, among SSc patients with RNAP, the
levels of RNAP were positively correlated with mRTSS
(P < 0.05, Fig. 1b). Taken together, these results indicate that
the dcSSc subtype and severe skin sclerosis may be signifi-
cant characteristics of SSc patients with RNAP.

Demographic and clinical features of SSc patients
positive for RNAP
The demographic and clinical features of SSc patients positive
for RNAP, Topo | and ACA are summarized in Table 1. The
proportion of male patients was significantly higher in SSc
patients with RNAP and patients with Topo | compared with
SSc patients with ACA (RNAP vs ACA, 286% vs 4.1%,
P < 0.01; Topo | vs ACA, 13.7% vs 4.1%, P < 0.05).

No significant difference in the frequency of RP was
observed between the three groups. The prevalence of DU in
SSc patients with RNAP and in patients with Topo | were

Table 1. Demographic and clinical characteristics of SSc patients with anti-RNA polymerase | antibody, anti-topoisomerase |

antibody and anticentromere antibody

P
Overall RNAP vs RNAP vs Topo | vs
RNAP (n = 14) Topo | (n = 51) ACA (n = 97) P-value Topo | ACA ACA
Sex
Male (%) 28.6 (4/14) 13.7 (7/51) 4.1 (4/97) <0.01 0.19 <0.01 <0.05
Female (%) 71.4 (10/14) 86.3 (44/51) 95.9 (93/97)
Type
1cSSc (%) 35.7 (5/14) 21.6 (11/51) 95.9 (93/97) <0.01 0.28 <0.01 <0.01
dcSSc (%) 64.3 (9/14) 78.4 (40/51) 4.1 (4/97)
Complication
RP (%) 92.9 (13/14) 94.1 (48/51) 94.8 (92/97) - 095 0.86 0.76 0.85
- DU (%) 42.9 (6/14) 37.3 (19/51) 16.5 (16/97) <0.01 0.7 <0.05 <0.01
PAH (%) 7.1 (1/14) 17.6 (9/51) 8.2 (8/97) 0.2 0.34 0.89 0.09
ILD (%) 78.6 (11/14) 96.1 (49/51) 9.3 (9/97) <0.01 <0.05 <0.01 <0.01
RC (%) 14.3 (2/14) 0 (0/51) 1(1/97) <0.01 <0.01 <0.01 0.47
PBC (%) 14.3 (2/14) 0 (0/51) 15.5 (15/97) <0.05 <0.01 0.91 <0.01
SiS (%) 28.6 {4/14) 18.7 (7/51) 29.9 (29/97) 0.09 0.19 0.92 <0.05
RA (%) 21.4 (3/14) 15.7 (8/51) 4.1 (4/97) <0.05 0.61 <0.05 <0.05
Malignancy (%) 7.1 (1/14) 3.9 (2/51) 6.2 (6/97) 0.82 0.61 0.89 0.56

ACA., anticentromere antibody: AO, acro-osteolysis; dcSSc, diffuse cutaneous type of SSc; DU, digital uicers; ILD, interstitial lung disease; IcSSc, lim-
ited cutaneous type of SSc; PAH, pulmonary artery hypertension; PBC, primary biliary cirrhosis; RA, rheumatoid arthritis; RC, renal crisis; RNAP, anti-
RNA polymerase Il antibody; RP. Raynaud’s phenomenon; SjS, Sjégren’s syndrome; Topo |, anti-topoisomerase | antibody.
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Figure 1. () Modified Rodnan total skin score (TSS) in sys-
temic sclerosis (SSc) patients with anti-RNA polymerase il
antibody (RNAP: n = 14, 20.4 & 3.1), anti-topoisomerase | anti-
body (Topo I: n =51, 11 = 1.1) and anticentromere antibody
(ACA: n =97, 4.4 4 0.4). Values represent mean -+ standard
error of the mean (**P < 0.01). (b) Correlation of anti-RNA poly-
merase Il antibody (RNAP) levels with modified Rodnan total
skin score (TSS) in SSc patients with RNAP. Solid line repre-
sents the regression line. RNAP levels significantly correlated
with modified Rodnan TSS (r = 0.6426, P < 0.05, Spearman’s
rank correlation coefficient).

significantly higher compared with SSc patients with ACA
(RNAP vs ACA, 42.9% vs 16.5%, P < 0.05; Topo | vs ACA,
37.3% vs 16.5%, P < 0.01). AO, the resorption of the terminal
tuft of the digit, is a characteristic feature in SSc, and AO is
caused by severe digital ischemia, including RP and chronic
vasculopathy.!” The prevalence of AO in SSc patients with
RNAP tends to be higher than in patients with ACA, but this
difference was not statistically significant (RNAP vs ACA,
14.3% vs 4.1%, P = 0.12). The prevalence of AO in SSc
patients with Topo | was significantly higher compared with
SSc patients with ACA (Topo | vs ACA, 13.7% vs 4.1%,
P < 0.05). These results suggest that the prevalence of digital
vasculopathy in SSc patients with RNAP may be similar to
those in patients with Topo | rather than those in patients with
ACA.

No significant difference in the frequency of PAH was
observed between the three groups. The prevalence of ILD in
SSc patients with RNAP and in SSc patients with Topo | was
also significantly higher than that in SSc patients with ACA
(RNAP vs ACA, 78.6% vs 9.3%, P < 0.01; Topo | vs ACA,
96.1% vs 9.3%, P < 0.01). The prevalence of RC in SSc
patients with RNAP was also significantly higher than that in
SSc patients without RNAP (RNAP vs Topo |, 14.3% vs 0%,
P < 0.01; BNAP vs ACA, 14.3% vs 1%, P < 0.01). The compli-
cation of primary biliary cirrhosis (PBC) and Sjogren’s syn-
drome (SjS) was more frequent in SSc patients with RNAP and
SSc patients with ACA than in SSc patients with Topo | (PBC:
RNAP vs Topo |, 14.3% vs 0%, P < 0.01; ACA vs Topo |,
15.5% vs 0%, P < 0.01) (SjS: RNAP vs Topo |, 28.6% vs
18.7%, P - 0.19; ACA vs Topo |, 29.9% vs 13.7%, P < 0.05).
Rheumatoid arthritis (RA) was more frequent in SSc patients
with RNAP and SSC patients with Topo | than in SSc patients
with ACA (RNAP vs ACA, 21.4% vs 4.1%, P < 0.05; Topo | vs
ACA, 15.7% vs 4.1%, P < 0.05). No significant difference in
the frequency of malignancy was observed between the three
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groups. These results suggest that the presence of RNAP may
help to predict organ involvements and the complications of
other collagen diseases in SSc patients.

Because severe skin sclerosis was treated with corticoster-
oids, the rate of the treatment with corticosteroids in SSc
patients with RNAP was significantly higher compared with
that in patients without RNAP (71.4% [10/14] vs 24.1%
[56/232], P < 0.01). In addition, the rate of the treatment with
i.v. prostanoid, such as lipoprostaglandin E1, in SSc patients
with BNAP was significantly higher compared with that in
patients without RNAP (28.6% [4/14] vs 7.3% [17/232],
P < 0.01). In contrast, no significant differences in the rate of
antiplatelet agents (42.9% [6/14] vs 35.8% [83/232], P = 0.59),
oral prostanoid (71.4% [10/14] vs 63.8% [148/232], P = 0.56)
and endothelin receptor antagonist bosentan (14.3% [2/14] vs
5.6% [13/232], P = 0.19) were observed between the two
groups.

DISCUSSION

The positive rate of RNAP in SSc patients varies in previous
studies; 26.6% of 2177 patients in the UK,'? 19.4% of 242
patients in Canada,* 15.3% of 451 patients in Australia,®
15.3% of 196 patients in the USA,? 9.4% of 319 patients in
France® and 4.4% of 360 patients in Italy.” In the studies of
Japanese SSc patients, 10.7% of 354 patients,® 6.4% of 265
patients® and 5.9% of 203 patients'* were positive for RNAP.
In our study, 5.7% of 246 SSc patients was positive for RNAP,
suggesting that the prevalence of RNAP in Japanese patients
appears to be lower than in North American and English
patients, and that ethnicity or lifestyle may account for the vari-
ety of positivity rates for RNAP.

Previous studies have reported the associations of RNAP
with diffuse cutaneous type, higher maximum skin thickness
score, tendon friction rubs and renal crisis.?® Our SSc patients
with RNAP were also associated with high mRTSS and renal
crisis, being consistent with previous results. The awareness of
high risk for renal crisis by the detection of RNAP is essential
to establish an early correct diagnosis of renal crisis and to
perform early appropriate treatment.

We found that the levels of RNAP were positively corre-
lated with mRTSS in SSc patients with RNAP. Kuwana et al.?
reported that RNAP levels were serially analyzed for more
than 8 years in six RNAP-positive SSc patients and that RNAP
levels were closely correlated with the total skin score in four
patients with RNAP. In addition, Tanahashi et al.’® reported
that RNAP levels become negative after successful treatment
in SSc patients with RNAP. These findings suggested that
BNAP may be useful in evaluating disease activity, and
that serial measurement of RNAP in SSc patients may be
useful for predicting disease progression and the onset of
renal crisis.

There are few studies on the association of RNAP and digi-
tal angiopathy, and no association of RNAP with DU has been
reported.>® In our study, the prevalence of DU in SSc patients
with RNAP and in patients with Topo | were significantly higher
compared with SSc patients with ACA. We previously reported
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that all RNAP-positive SSc patients with DU had DU at the
extensor surface of the joints, suggesting that RNAP positivity
was more frequent in SSc patients with DU at the extensor
surface of joints.” Because DU at the extensor surface of the
joints may be predominantly caused by a contracture of the
phalanges due to severe skin sclerosis and minor trauma,
severe skin sclerosis rather than digital angiopathy may be
responsible for DU in SSc patients with RNAP.

Several studies have pointed out that there is an associa-
tion with cancer in SSc patients with RNAP and the onset of
SSc. A cohort study of 360 ltalian patients with SSc demon-
strated that malignancies were more frequent in the RNAP
group (7/16 patients) compared with the Topo | (11/101) and
ACA groups (21/243) (P < 0.001)."® Among the SSc patients
who were diagnosed with cancer within 6 months before to
12 months after the onset of SSc, there were more patients
with RNAP (3/16 patients) than patients with Topo | (0/101) or
ACA (1/243)."® These findings suggested a significant associa-
tion between malignancies synchronous with SSc onset and
positive for RNAP. Other large studies of SSc patients in
France, Australia and the UK have also reported similar
results.>®'2 Shah et al.'® demonstrated that exclusive nucleo-
lar staining of RNA polymerase lll was detected in four out of
five ovary or breast cancers from SSc patients with RNAP
and suggested that tumor antigen expression and SSc
autoantibodies were closely associated, and that malignancy
may initiate the scleroderma-specific immune response and
drive disease in a subset of SSc patients. In our study, only
one patient with RNAP had lung cancer, which occurred
29 years after the diagnosis of SSc. Our SSc patients with
RNAP were not significantly associated with malignancy.
Because the SSc patients were collected until recently (2014)
in this study, there is the limitation that the follow-up period
may not be long enough for analysis of demographic and clin-
ical features, especially malignancy, in SSc patients with
RNAP. Therefore, a longer follow-up period and more patients
are required to assess the association of malignancy with
RNAP, and careful survey of malignancy in SSc patients with
RNAP is required.

In conclusion, we found that severe skin sclerosis and renal
crisis was significantly more prevalent in SSc patients with
RNAP and that the level of RNAP was positively correlated with
the total skin score, suggesting that the measurement of RNAP
in SSc patients may be useful for the diagnosis and risk stratifi-
cation of a severe manifestation.
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Protective Effect of MFG-E8 after Cutaneous
Ischemia—Reperfusion Injury

Akihiko Uchiyama', Kazuya Yamada', Buddhini Perera’, Sachiko Ogino', Yoko Yokoyama', Yuko Takeuchi’,
Osamu Ishikawa' and Sei-ichiro Motegi'

We recently demonstrated that the secreted glycoprotein and integrin-ligand MFG-E8 promotes cutaneous
wound healing by enhancing angiogenesis. Several studies have identified potential roles for MFG-E8 in
regulation of ischemia-reperfusion (I/R) injury in the brain, kidney, and liver. Our objective was to assess the role
of MFG-E8 in the formation of skin ulcers using a murine model of cutaneous I/R injury—cutaneous pressure
ulcers. Cutaneous I/R was performed by trapping the dorsal skin between two magnetic plates for 12hours,
followed by plate removal. Expression of MFG-E8 increased in the dermis during ischemia, and then decreased
after reperfusion. Administration of recombinant (YMFG-E8 in I/R areas at the beginning of reperfusion
significantly inhibited the formation of cutaneous pressure ulcers, and the number of CD31" vessel and
NG2™ pericytes in wounds were increased in I/R mice treated with rMFG-E8. The number of M1 macrophages
and the amount of proinflammatory mediators monocyte chemotactic protein-1,induced nitric oxide synthase,
IL-6, tumor necrosis factor-z, and IL-1f in the wound area were reduced by the administration of rMFG-E8. We
conclude that MFG-E8 may inhibit the formation of pressure ulcers induced by cutaneous I/R injury by regulating
angiogenesis and inflammation. Exogenous application of MFG-E8 might have therapeutic potential for

cutaneous IR injuries, including decubitus ulcers and Raynaud’s phenomenon-induced digital ulcers.

Journal of Investigative Dermatology advance online publication, 8 January 2015; doi:10.1038/id.2014.515

INTRODUCTION

Pressure ulcers are increasing over the world owing to aging of
the population. Pressure ulcers are significant sources of pain
and distress, leading to the impairment of the quality of life of
patients (Gorecki et al., 2009). Although it has long been
considered that chronic tissue ischemia was a primary factor
in the pathogenesis of pressure ulcers, there has been
increasing evidence that ischemia-reperfusion (I/R) is asso-
ciated with the pathogenesis of pressure ulcers (Salcido et al.,
1994; Peirce et al., 2000; Stadler et al., 2004). Many studies of
I/R injury in various organs, including the brain, kidney, and
liver, suggested that the pathogenesis of I/R injury was quite
complex and different from that of the injury by chronic
ischemia {Carden and Granger, 2000). I/R injury is defined as
a cellular injury caused by the reperfusion of blood to
previously ischemic tissue, and the cascade of harmful
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events, including dysfunction of endothelial cells, edema,
capillary narrowing, leukocyte and macrophage infiltration,
production of proinflammatory cytokines, and, thereafter, the
apoptosis and necrosis of tissues (Pretto 1991; Wolfson et al.,
1994). Therefore, I/R injury causes more severe tissue damage
compared with ischemia alone (Carden and Granger, 2000;
Carmo-Aradjo et al., 2007). Reactive oxygen species also have
essential roles in tissue damage by reperfusion. Nitric oxide
(NO) is one of the reactive oxygen species, and excessive
NO or its synthase, inducible NO synthase (iNOS), is
associated with the pathogenesis of I/R-induced apoptosis
and tissue injury (Nathan and Xie, 1994; Reid et al., 2004;
Kasuya et al. 2014). Saito et al.,(2008) reported that cutaneous
I/R induced the recruitment of neutrophils and macrophages
and the subsequent release of proinflammatory cytokines,
including IL-1B, IL-6, and tumor necrosis factor-s (TNF-a),
and toxic oxygen-derived free radicals induced the apo-
ptosis of skin fibroblasts and skin injury. In addition, they
reported that monocyte chemoattractant protein-1 (MCP-1)
was an important factor for macrophage recruitment and it
had a role in apoptosis and injury via inducing iNOS during
reperfusion rather than the ischemic period (Saito et al., 2008).

The secreted glycoprotein MFG-E8, also called lactadherin
and SED1, is composed of two N-terminal EGF-like domains
and two C-terminal discoidin-like domains (C1 and C2) that
share homology with blood coagulation factors V and VIl
(Stubbs et al., 1990; Ogura et al., 1993). One EGF-like domain
(E2) contains RGD integrin-binding motif, and MFG-E8 binds
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to integrin avB3/5 (Andersen et al., 1997; Taylor et al., 1997;
Hanayama el al., 2002). MFG-E8 acts as a bridging protein
between phosphatidylserine on the surface of apoptotic cells
and integrin 2vB3/5 on the surface of phagocytes, and it
enhances the phagocytosis and clearance of apoptotic cells
{Hanayama et al., 2002; Asano et al., 2004).

With respect to the regulation of angiogensis, there are
several reports stating that the interactions of MFG-E8 with
integrin «v have been implicated in the enhancement of
angiogenesis in mice (Silvestre et al., 2005; Neutzner et al.,
2007). Recently, we demonstrated that pericytes and/or
pericyte precursors were important sources of MFG-E8 in
melanoma tumors in mice, and that MFG-E8 enhanced
angiogenesis in melanoma tumors and in oxygen-induced
retinopathy in mice (Motegi et al, 2011a). We have also
determined that MFG-E8 associated with integrin zv and
platelet-derived growth factor receptor 8 (PDGFRB) on the
surface of pericytes after platelet-derived growth factor (PDGF)
treatment, and inhibited PDGF-stimulated degradation of
PDGFRB, resulting in the enhancement of PDGFRB signaling
mediated by integrin-growth factor receptor cross talk (Motegi
et al., 2011h). Moreover, we recently demonstrated that MFG-
E8 is important for cutaneous wound healing using a mouse
model with full-thickness cutaneous wounds (Uchiyama et al.,
2014), in which MFG-E8 was increased in granulation tissue
in cutaneous wound area. Wound healing was significantly
delayed in MFG-E8 knockout (KO) mice compared with wild-
type (WT) mice, and recombinant mouse MFG-E8 (rMFG-E8)
treatment enhanced wound healing in MFG-E8 KO mice.
These results suggest that MFG-E8 could be effectively
targeted with therapeutic benefit for the wound caused by
ischemic disordlers.

Recent studies revealed that MFG-E8 significantly reduces
inflammation and protects tissue injury after YR in several
organs including the brain, liver, kidney, and gut (Matsuda
et al., 2011; Wu et al., 2012; Deroide et al., 2013; Matsuda
et al., 2013). These studies demonstrated that MFG-E8 mRNA
and protein expression in organs, including kidney, liver, and
gut, were significantly decreased by I/R, and that treatment
with rMFG-E8 recovered organ dysfunction and suppressed
inflammatory responses. From these previous findings and our
results, we hypothesized that treatment with rMFG-E8 might
prevent tissue damage and promote angiogenesis in cutaneous
I/R injury. However, the possible role of MFG-E8 in cutaneous
IR injury has not been studied previously. Herein, we
analyzed changes of the expression of MFG-E8 in cutaneous
I/R injury, and the effect of the treatment with rMFG-E8 in
cutaneous I/R injury of mouse skin.

RESULTS

Expression of MFG-E8 during cutaneous 1/R in vivo

To investigate the effect of cutaneous I/R injury on MFG-E8
expression in vivo, mMRNA levels of MFG-E8 expression in the
skin of I/R sites during /R injury were analyzed. Levels of
MFG-E8 mRNA increased in the skin during ischemia by 2.5-
fold compared with that before /R, and then immediately
decreased to the basal levels at 4 hours after reperfusion,
followed by a gradual decrease by 0.5-fold at 72 hours after

journal of investigative Dermatology (2015), Volume 00

reperfusion compared with that before I/R (Figure Ta). These
results suggest that MFG-E8 expression was enhanced by
hypoxic condition owing to the ischemia.

To assess which kinds of cells in skin can contribute to the
increased MFG-E8 expression during ischemia, we performed
immunofluorescence staining of MFG-E8 in skin before
ischemia (~12hours), just after reperfusion (Ohour), and
72hours after reperfusion (72 hours). We determined that
MFG-E8 expression around CD31" ECs and aSMA™ (u-
smooth muscle actin) pericytes/vascular smooth muscle cells
(SMCs) just after reperfusion (0 hour) was enhanced compared
with that before ischemia (—12hours) and 72 hours after
reperfusion (72 hours; Figure 1b). These results suggest that
ECs and pericytes/vascular SMCs might be primary sources of
MFG-E8 during ischemia.

Expression of MFG-E8 in pericyte-like cells, endothelial cells, and
fibroblasts treated with hypoxic condition in vitro

We previously determined that pericytes were the major
sources of MFG-E8 in B16 melanoma tumors, and that
MFG-E8 localized in close proximity to pericytes/vascular
SMCs in the dermis of murine and human skin (Motegi et al.,
2011a; Uchiyama et al, 2014). In addition, immuno-
fluorescence staining of skin in the I/R site showed that the
MFG-E8 expression levels around blood vessels were
enhanced during ischemia. Therefore, we next examined
whether hypoxic condition enhanced the expression of
MFG-E8 in pericytes, ECs, and fibroblasts in vitro. In 107T1/2
cells, which are surrogates for pericytes and pericyte
precursors, MFG-E8 mRNA levels were significantly
enhanced by hypoxia in a time-dependent manner
(Figure Tc). MFG-E8 mRNA levels in ECs (human umbilical
vein endothelial cells) were also significantly enhanced by
hypoxia in a time-dependent manner (Figure 1¢). MFG-E8
mRNA levels in fibroblasts (NIH3T3) were significantly
enhanced by hypoxia for 1hour, but were not changed by
hypoxia for 12 hours. In addition, in immunoblots of whole-
cell lysates, protein levels of MFG-E8 expression in 10T1/2
cells were also increased by hypoxic conditions (Figure 1d).
These results suggest that ischemia-induced hypoxia in the
skin may enhance the expression of MFG-E8 in pericytes/
vascular SMCs and ECs in I/R sites.

rMFG-E8 protected ulcer formation after cutaneous I/R

To assess the effect of rMFG-E8 on cutaneous pressure ulcers
after I/R in vivo, we compared the wound area after I/R injury
in normal C57BL/6 mice treated with subcutaneous injection
of rMFG-E8 or phosphate-buffered saline as a control. We
used a simple, reproducible, and noninvasive experimental
mouse model to evaluate the pathogenesis of cutaneous
pressure ulcers by /R in vivo (Stadler et al, 2004; Saito
et al., 2008). Administration of rtMFG-E8 significantly inhibited
the formation of cutaneous pressure ulcers after I/R (Figure 2a
and b). At 3 days after reperfusion, wound areas in rMFG-E8-
treated mice were 60% of the wound areas in control mice.
Wound areas in rMFG-E8-treated mice were significantly
smaller than those in control mice from 1 to 8 days after
reperfusion. The wound closure time in control mice was
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Figure 1. MFG-E8 mRNA expression during ischemia-reperfusion (I/R) injury and hypoxia treatment. (a1 Quantification of MFG-I:8 mRNA levels in the IR site
from the beginning of ishemia to 72 hours after reperfusion by quantitative reverse transcriptase-PCR (RT-PCR}. The end of ischemia was assigned 0. Data are
relative ta mRNA level in 0 h. Values were determined in n= 3 mice. (b) Expression and distribution of MFG-E8 in the skin during I/R injury ( ~ 12 hours: before
ischemia, 0 hour: just after repertusion, 72 hours: 72 hours after reperfusion). Scale bar =20 pm. Data are representative of n=3 independent experiments. (¢}

Quantification of MFG-E8 mRNA levels in pericyles, endothelial cells, and fibroblasts by quantitative RT-PCR. Cells were treated with hypoxia for the indicated

times. The amount of MFG-E8 expression in nontreated cells was assigned a value of 1. Values were determined in three independent experiments. #*P<0.01,
*P<0.05 relative (o nontreated cells. i MFG-E8 protein fevels in 107172 cells by immunoblotting. 10T1/2 cells were treated with hypoxia or normoxia conditions

for 24 hours. Data are representative of n= 3 independent experiments.

significantly longer than that in rMFG-E8-treated mice. These
results demonstrate that rMFG-E8 partially protected the
formation of cutaneous pressure ulcers after I/R.

To further examine the protective effect of MFG-E8 on IR
injury, we compared the wound area after I/R in MFG-E8 WT
and KO mice. Wound areas in the MFG-E8 KO mice tended
to be larger than those in WT mice. At 2 days after reperfusion,
wound areas in MFG-E8 KO mice were significantly larger
than those in WT mice (Figure 2¢). This result may partially
support the results that rMFG-E8 injection protected against
cutaneous I/R injury.

rMFG-E8 suppressed infiltrating macrophages, especially M1
macrophages, into cutaneous I/R area

Infiltrating neutrophils and macrophages participate in /R
injury by regulating inflammation and angiogenesis. There-
fore, we next analyzed the effect of rMFG-E8 on infiltrating
neutrophils and macrophages aiter cutaneous I/R injury. At 1
dlay after reperfusion, the prominent edema in the dermis and
the infiltration of inflammatory cells in the hypodermis were
histologically observed (data not shown). The numbers of
infiltrating MPO ™ neutrophils in control mice were compar-
able to those in rMFG-E8-treated mice at 1 day after
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Figure 2. rMFG-E8 protected pressure ulcer formation after cutaneous
ischemia—reperfusion (I/R). (@) The size of the wound area after /R injury in
normal C57BL/6 mice treated with subcutaneous injection of tMFG-E8 or
phosphate-buffered saline as a control. The size of the ulcer in control mice at
3 davs after reperfusion was assigned a value of 100% (Control: n=10, rMFG-
E8: n=10, for each time point and group). ~*P<0.01, *P<0.05. (b}
Photographs of the wound afler cutaneous I/R in control or tMFG-E8 mice at 0,
2,4, 6, 8, and 12 days after reperfusion. () The size of the wound area after /R
injury in MFG-E8 wild-type tWT1 and KO (knockout) mice. The size of the
ulcer in WT mice at 3 davs after reperfusion was assigned a value of 100%.
n=>5 mice per genotype. “P<0.05.

reperfusion (Figure 3a). However, the numbers of CD68™
macrophages in rMFG-E8-treated mice were significantly
decreased (Figure 3b), suggesting that rMFG-E8 might regulate
accumulation or functions of macrophages.

Local microenvironment influences the phagocytic and
secretory behavior of macrophages to promote the development
of either classically activated macrophages (M1 macrophages)
or alteatively activated macrophages (M2 macrophages;
Lawrence and Natoli, 2011; Ferrante and Leibovich, 2011).
M1 macrophages are observed in initial tissue damage
responses, and they induce inflammation by the secretion of

journal of Investigative Dermatology (2015}, Volume 00

proinflammatory mediators, including MCP-1, NO, IL-1, IL-6,
IL-12, and TNF-o (Mosser, 2003; Lawrence and Natoli, 2011).
M2 macrophages have an essential role in early and middle
stages of wound healing, and they induce the resolution of
inflammation and promote tissue repair. Therefore, we next
examined the numbers of M1/M2 macrophages in IR areas. The
number of total CD68 ™ macrophages and CD68 ¥, INOS™ M1
macrophages in /R areas in rMFG-E8-treated mice
were significantly reduced compared with those in control
mice (Figure 3¢). In addition, the numbers of CD68™, argi-
nase-1* M2 macrophages in the /R area in rMFG-E8-treated

- mice were significantly reduced (Figure 3d). mRNA levels of

INOS and arginase-1 in I/R areas in rMFG-E8-treated mice were
also significantly reduced (Figure 3e). Although M1 macro-
phage/total macrophage ratios in the wound area in rMFG-E8-
treated mice were reduced, M2 macrophage/total macrophage
ratios in the wound area in rMFG-E8-treated mice were not
different from those in control mice, suggesting that rMFG-ES
might suppress the number of total macrophages, especially M1
macrophages, which infiltrated into the wounded area.

rMFG-E8 suppressed apoptotic cells after cutaneous I/R
V/R-induced reactive oxygen species causes apoptosis and
subsequent exaggerated inflammatory responses induced by
secondary necrosis (Miksa et al., 2009; Aziz et al,, 2011). To
examine the influence of MFG-E8 on the number of apoptotic
cells in I/R areas, TUNEL staining of skin sections was
performed. At 1 day after reperfusion, the number of
apoptotic cells in I/R areas in rMFG-E8-treated mice were
decreased compared with those in control mice (Figure 4).
These results suggest that rMFG-E8 might suppress the forma-
tion and/or accumulation of apoptotic cells induced by
cutaneous I/R injury.

rMFG-E8 suppressed the production of proinflammatory
cytokines and chemokines after cutaneous I/R

Next we investigated the effect of MFG-E8 on the mRNA
levels of proinflammatory cytokines and chemokines, includ-
ing MCP-1, IL-1B, TNF-2, and IL-6, in the I/R area by real-time
PCR. Treatment with rMFG-ES significantly suppressed mRNA
levels of proinflammatory cytokines and  chemokines
(Figure Sa-d). These results suggest that rMFG-E8 might
suppress the inflammation of skin after I/R.

Next we examined the production of intracellular inflam-
matory cytokines and chemokines in infiltrating macrophages
in the I/R sites using fluorescence-activated cell sorting
analysis, because macrophages, rather than neutrophils, are
major sources of proinflammatory cytokines and chemokines,
including 1L-6, TNF-o, and MCP-1. Similar to the results of
histological analyses depicted in Figure 3, the total number of
infiltrating CD68™ macrophages in I/R sites was inhibited by
rMFG-E8 treatment (Figure 5e). The ratios of MCP-1" macro-
phages/total macrophages, TNF-2. ™ macrophages/total macro-
phages, and IL-6 " macrophages/total macrophages in I/R sites
were also inhibited by rMFG-E8 treatment (Figure 5f-h). These
results suggest that rMFG-E8 might inhibit the recruitment of
macrophages, as well as the production of proinflammatory
cytokines and chemokines, in macrophages.
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Figure 3. rMFG-E8 suppressed infiltrating macrophages, especially M1 macrophages, into the cutaneous ischemia-reperfusion (I/R) area. (a) The number of
infiltrating neutrophils in the I/R site at 1 day after reperfusion was determined by counting myeloperoxidase-posilive cells. Values were determined in six random
microscopic fields in n=23 mice per groups. Scale bar =20 um. (b} The number of infiltrating macrophages in the IR site at 1 day after reperfusion was determined
by counting CD68-positive cells. Values were determined in six random microscopic fields in n=3 mice per group. **P<0.01. Scale bar =20pum. ic, d}
Infiltration of CD68™ and induced nitric oxide synthase (iNOS)™ M1 macrophages () or CD68™ and arginase-1" M2 macrophage (d) in the I/R area 1 day after

reperfusion. Quantification of the CD68 ™. INOS™, and arginase-1~

areas in six random microscopic fields in n=3 mice per group was performed using the

Image | software. The ratio of M1 or M2 macrophages (M1 or M2 macrophages/Tolal macrophages) in control mice was assigned a value of 1. **P<0.01,
“P<0.05. Scale bar= 20 um. (e} Quantification of iNOS and arginase-1 mRNA levels in I/R area at 1 day after reperfusion. n= 3 mice per group. *P<0.05.

rMFG-E8 promoted angiogenesis in the 1/R area after cutaneous
I/R

We previously determined that blood vessel formation was
inhibited in cutaneous wound area in MFG-E8 KO mice,
suggesting that MFG-E8 might regulate angiogenesis in cuta-
neous wound healing. Therefore, we investigated the effect of
rMFG-E8 on vascularity in the /R area. At 6 days after
reperfusion, the numbers of CD31™ ECs and NG2 " pericytes
in the I/R areas were significantly increased compared with
those in control mice (Figure 6a). The numbers of ¥SMA™ (-
smooth muscle actin) pericytes/vascular SMCs in I/R areas in

rMFG-E8-treated mice tended to be more than those in control
mice (Figure 6b). These results suggest that rMFG-E8 might
enhance angiogenesis in I/R injury.

The effects of rMFG-E8 on iFA-induced skin inflammation

To examine whether the effects of rMFG-E8 are specific to I/R
injury or globally relate to skin inflammation, we next
analyzed the effect of MFG-E8 on the skin inflammation
induced by incomplete Freund’s adjuvant (IFA). It has been
known that IFA injection into the skin induced skin inflam-
matory response, such as inflammatory cells infiltration and
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proinflammatory cytokines production (Vitoriano-Souza et al.,
2012). IFA-injected sites were treated with subcutaneous
injection of rMFG-E8 or phosphate-buffered saline as a
control. The appearance of skin at 1 day after IFA injection
did not differ between the two groups (Supplementary Figure
S1a online). rMFG-E8 treatment did not affect the number of
neutrophils, total macrophages, and M1 macrophages in the
IFA-injected site at 1 day after IFA injection (Supplementary
Figure S1h,c online). No significant difference in the number
of apoptotic cells was observed between the two groups
(Supplementary Figure Ste online). mRNA levels of iNOS,
arginase-1, MCP-1, IL-1, TNF-2, and IL-6 in IFA-injected skin
in rMFG-E8-treated mice were also comparable to those in
control mice at 1 day after IFA injection (Supplementary
Figure S1d and S2 online). These results indicate that rMFG-
E8 did not modify IFA-induced skin inflammation.
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Figure 4. rMFG-E8 suppressed apoptotic cells after cutaneous ischemia—
reperfusion (I/R). The number of apoptotic cells in the IR site at 1 day after
reperfusion was determined by counting both TUNEL- and DAPI (4,6-
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determined in 6 random microscopic fields in n=3 mice per group.
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DISCUSSION

This is a study to investigate the role of MFG-E8 in cutaneous
VR injury. Using murine model (Stadler et al., 2004), we
determined that MFG-E8 expression was significantly
increased in the skin during ischemia, suggesting that MFG-
E8 expression might be enhanced by hypoxic conditions.
immunofluorescence staining of MFG-E8 revealed that MFG-
E8 expression levels around ECs and pericytes/vascular SMCs
just after reperfusion (0 hour) were enhanced compared with
those before ischemia (—12hours) and at 72hours after
reperfusion (72 hours), suggesting that ECs and pericytes/
vascular SMCs might be primary sources of MFG-E8 during
ischemia. In addition, we confirmed that mRNA and/or
protein levels of MFG-E8 in pericytes and ECs were
significantly enhanced by hypoxia in a time-dependent
manner. These findings suggest that hypoxia in ischemic
areas might be associated with the enhancement of MFG-ES
expression in pericytes/vascular SMCs and ECs. Previous
studies have reported that MFG-E8 mRNA and protein
expression in organs, including the kidney, liver, and gut,
were significantly decreased by I/R (Matsuda et al., 2011; Wu
et al., 2012; Deroide et al, 2013; Matsuda et al, 2013).
Consistent with these previous results, MFG-E8 expression in
cutaneous /R areas was decreased by 0.5-fold at 72 hours
after reperfusion. The pathogenesis of the suppression of MFG-
E8 expression after I/R is currently unknown; however, we
suggest that I/R might cause severe damage of tissue, including
pericytes/vascular SMCs and ECs, and this I/R-induced
damage to the source of MFG-E8 may account for the
suppression of MFG-E8 expression after I/R. Kasuya
et al.(2014) reported that blood vessels in the I/R areas were
reduced compared with those in marginal zones after
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Figure 5. rMFG-E8 suppressed the production of proinflammatory cytokines after cutaneous ischemia-reperfusion (I/R). Quantification of mRNA levels of
monocyle chemolactic protein-1 (MCP-1} (@), 1L-18 th), tumor necrosis factor o (TNF-2) (€), and 1L-6 (d) in the I/R area at 1 day after reperfusion by quantitative
reverse transcriptase-PCR (RT-PCR). mRNA levels in control mice were assigned values of 1. {e-h) Flow cytomelry analyses of the production of intracellular
inflammatory cvtokines and chemokines in infiltrated macrophages in the IR site. (e} The relative number of infiltrated CD68 + macrophages in the I/R site. Total
number of macrophages in control mice was assigned a value of 1. (f) The relative ratio of MCP-1 -+ macrophages/total macrophages, (g) TNF-a* macrophages/
total macrophages, and thy 1L-6™ macrophages/total macrophages in the IR site. The ratio of MCP-17, TNF-2*, or IL-6 = macrophages/total macrophages in
control mice was assigned a value of 1. n= 3 mice per group. **P<0.01, *P<0.05.
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Figure 6. rMFG-E8 promoted angiogenesis in the ischemia-reperfusion (I/R)
area after cutaneous I/R. @) The amount of CD31 "' ECs and NG2 * pericytes
in the cutaneous VR area at 6 days after reperfusion. (b} The amount of -
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area al 6 days after reperfusion. Quantification of the CD317, NG27, and
2SMAT areas in 6 random microscopic fields in n=3 mice per group was
performed using the Image J software. Positive area in control mice was
assigned a value of 1. **P<0.01, “P<0.05.

reperfusion, suggesting that I/R-induced reactive oxygen
species might damage the blood vessels (Kasuya et al., 2014).

We determined that the injection of rMFG-E8 significantly
inhibited the formation of ulcers after I/R; however, the
differences of the formation of ulcers after I/R between
MFG-E8 WT and KO mice were not strikingly different.
The reason why the KO mice have not had a more
marked response is unknown. However, we suggest that the
immediate suppression of MFG-E8 expression in the IR site
after I/R in WT mice may lead to no remarkable difference of
MFG-E8 expression in the I/R site after /R between WT and
KO mice.

We identified rMFG-E8-mediated protective mechanisms of
cutaneous /R injury, including (i) suppression of macrophages,
especially M1 macrophages, infiltrating into the /R area; (i)
suppression of apoptotic cell accumulation; (iii) suppression of
proinflammatory cytokine synthesis; and (iv) enhancement of
angiogenesis. We recently demonstrated that MFG-E8 regu-
lates angiogenesis and wound healing in a cutaneous wound

A Uchiyama et al.
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healing mice model (Uchivama et al., 2014). In the present
study using a murine /R model, we additionally determined
that MFG-E8 regulates the functions of M1 macrophages,
including the secretion of proinflammatory cytokines.

M1 macrophages infiltrate in the early phase of response to
tissue damage, and they are involved in cutaneous injury and
inflammation by secreting proinflammatory mediators, includ-
ing MCP-1, NO, IL-1, 1L-6, IL-12, and TNF-2 (Mosser, 2003;
Saito et al., 2008; Lawrence and Natoli, 2011). Therefore, our
results inclicate that MFG-E8 suppresses the M1 macrophage
infiltration, through which cutaneous inflammation induced
by proinflammatory mediators from M1 macrophages is
restrained. With respect to M1 macrophages and MFG-E8, it
has been reported that coculture of macrophages with
apoptotic  prostate cancer cells increased efferocytosis,
elevated MFG-E8 expression levels, and induced macro-
phage polarization into the M2 phenotype (Soki et al,
2014). They also demonstrated that MFG-E8 enhanced the
phosphorylation of STAT3, and inhibited SOCS3, a negative
regulator of STAT3, therefore keeping STAT3 signaling
activated and promoting M2 polarization. This study
suggests that rMFG-E8 might induce M2 macrophage
polarization in the /R area, resulting in the suppression of
M1 macrophage ratios. However, M2 macrophage ratios were
not increased by rMFG-E8 treatment in our experiments.
Therefore, further studies are required to clarify the effect of
MFG-E8 on M1/M2 macrophages.

It has been well recognized that MFG-E8 acts as a bridging
protein between phosphatidylserine on apoptotic cells and
integrin avp3/5 on phagocytes, thereby enhancing phagocytosis
and clearance of apoptotic cells (Hanayama et al., 2002; Asano
et al, 2004). In an experimental sepsis model using cecal
ligation and puncture, MFG-E8-containing exosome admini-
stration attenuated the acute systemic inflammatory response in
sepsis by enhancing apoptotic cell clearance (Miksa et al,
2009). We showed that treatment with rMFG-E8.decreased I/R-
incuced apoptotic cell accumulation. These findings suggest
that the decreased levels of MFG-E8 after cutaneous /R may be
associated with impaired phagocytosis, leading to the
accumulation of apoptotic cells in the I/R area, and that the
administration of rMFG-E8 may enhance phagocytosis of
apoptotic cells, leading to the suppression of apoptosis and
necrosis in the I/R area and protection from pressure ulcers.

We assessed vascularity in I/R areas, and found that the
numbers of ECs and pericytes in the I/R areas were signifi-
cantly more than those in control mice. We assume that the
protective effect of rMFG-E8 on cutaneous I/R injury might be
associated with both suppression of inflammation and promo-
tion of angiogenesis.

Finally, we demonstraed that rMFG-E8 did not affect IFA-
induced skin inflammation, suggesting that the inhibition of
skin inflammation by rMFG-E8 treatment may be relatively
restricted in cutaneous I/R injury. However, further investiga-
tion may be warranted in additional skin inflammation models.

Taken together, we conclude that MFG-E8 suppresses the
formation of pressure ulcers induced by cutaneous I/R injury
by regulating inflammation and angiogenesis. Exogenous
MFG-E8 administration has possible therapeutic potential for
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cutaneous /R injuries, including decubitus ulcers and Ray-
naud’s phenomenon-induced digital ulcers,

MATERIALS AND METHODS
The detailed protocols and statistical analysis are described in
Supplementary Materials and Methods online.

Mice

C57BL/6 mice were purchased from the SLC (Shizuoka, Japan). 8- to
12-week-old mice were used for all experiments. MFG-E8 KO
C57BL/6 mice were generated as previously described (Neutzner
et al., 2007; Motegi et al., 2011a). All experiments were approved by
the Ethical Committee for Animal Experiments of the Gunma
University Graduate School of Medicine and carried out in
accordance with the approved guidelines.

I/R cycles and analysis

The I/R model that has been previously reported was used (Peirce et al.,
2000; Stadler et al., 2004; Saito et al., 2008). The dorsal skin was gently
pulled up and trapped between two round ferrite magnetic plates that
had a 12-mm diameter (113 mm?} and that were 5-mm thick (NeoMag
Co, Ichikawa, Japan 1 for 12 hours, and then plates were removed. All of
the mice developed two round ulcers separated by a bridge of normal
skin. For analysis, each wound site was digitally photographed after
wounding, and the wound areas were measured on photographs using
Image | (version 1.48, NIH, Bethesda, MD). To assess the effects of
rMFG-E8 on wound healing after cutaneous IR injury, 400 ng of rtMFG-
E8 (R&D systems, Minneapolis, MN) per 50 ul of phosphate-buffered
saline or 50 ul of phosphate-buffered saline as a control were injected
into the dermis in the IR site at the beginning of reperfusion.

Real-time RT-PCR

To analyze the mRNA levels of expression in the I/R site by real-time
RT-PCR, the whole-skin samples in the I/R site were used. Real-time
RT-PCR was performed as described in Supplementary Materials and
Methods online.

Statistics

P-values were calculated using the Student’s ftest (two-sided) or by
analysis of one-way analysis of variance followed by Bonferroni’s post
test, as appropriate. Error bars represent s.e.m., and numbers of
experiments (n) are as indicated.
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ABSTRACT

Localized scleroderma (LSc) primarily affects skin, whereas systemic sclerosis (SSc) affects skin and various
internal organs. LSc and SSc are considered to be basically different diseases, and there is no transition between
them. However, LSc and SSc have several common characteristics, including endothelial cell dysfunction,
immune activation, and excess fibrosis of the skin, and there exist several SSc cases complicated with LSc during
the course of SSc. Clinical and laboratory characteristics of SSc patients with LSc remain unclear. We investi-
gated the clinical and laboratory features of 8 SSc patients with LSc among 220 SSc patients (3.6%). The types of
LSc included plaque (5/8), guttate (2/8), and linear type (1/8). All cases were diagnosed as having SSc within
5 years before or after the appearance of LSc. In three cases of SSc with LSc (37.5%), LSc skin lesions preceded
clinical symptoms of SSc. Young age, negative antinuclear antibody, and positive anti-RNA polymerase lll anti-
body were significantly prevalent in SSc patients with LSc. The positivity of anticentromere antibody tended to be
prevalent in SSc patients without LSc. No significant difference in the frequency of complications, such as inter-
stitial lung disease, reflux esophagitis, and pulmonary artery hypertension, was observed. The awareness of these

characteristic of SSc with LSc are essential to establish an early diagnosis and treatment.
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INTRODUCTION

Systemic scleroderma (SSc) is a generalized disease charac-
terized by fibrosis of the skin and internal organs, vascular dys-
function, and immune disorder.™* Localized scleroderma (LSc)
is a disease with sclerotic lesions (fibrosis) of the skin and
underneath the skin. It is generally differentiated from SSc by
the lack of Raynaud’s phenomenon and visceral involvements.
Although the proghosis of LSc is generally favorable, it occa-
sionally reveais serological and growth abnormalities, as well
as deformation and motor dysfunction of the extremities.® LSc
and SSc have several common characteristics including endo-
thelial cell dysfunction, Th2-dominant immune activation, and
excess fibrosis of the skin with similar pathological findings.®
0 previous studies have shown that 4.9-6.7% of SSc cases
are complicated with LSc.'™'® However, the demographic and
clinical features of these patients have not been well character-
ized. In this study, we clinically investigated the patients with
SSc complicated with LSc.

METHODS

Patients
We analyzed 220 Japanese patients with SSc who visited Gun-
ma University Hospital from 2006 to 2013. All patients fulfilled

localized scleroderma, morphea, systemic sclerosis.

the criteria of SSc proposed by the American College of Rheu-
matology.' Patients were classified into limited cutaneous
type and diffuse cutaneous type of SSc according to the clas-
sification by LeRoy et al.'®

LSc was diagnosed from its characteristic clinical finding of
glossy, well-defined local sclerotic lesions along with the histo-
logical findings of sclerotic lesions. The disease types of LSc
are largely classified into plague type, linear type, and general-
ized morphea, along with subtypes including guttate type, bul-
lous type, and deep type.'® Generalized morphea was defined
as four or more LSc lesions with a diameter of 3 cm or greater
in two or more anatomical sites.'” This study was approved by
the local research ethics committee of Gunma University.
Patients provided written informed consent before participa-
tion.

Clinical and laboratory assessments

Skin sclerosis was measured by the modified Rodnan total skin
score. Interstitial lung disease was detected as bibasilar inter-
stitial fibrosis or a ground-glass shadow visible on high-resolu-
tion computed tomography scans. Pulmonary artery
hypertension was defined as an elevated right ventricular sys-
tolic pressure (>45 mmHg) on echocardiography and, subse-
quently, as an elevated mean pulmonary artery pressure
(>25 mmHg) during cardiac catheterization. Reflux esophagitis
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Table 1. Summary of nine patients of SSc with LSc

Onset age Complication LSc
of SS¢ with SSc Duration between ACR/EULAR
Case LSc(years) Sex RP SD DPS type  Autoantibody ILD RE PAH Type Location LSc and SSc Past history criteria score
1 44 F -+ - IcSSc  RNAP + - - Plaque Chest, abdomen, 10 months - 12
lower back (LSc—+88S¢)
2 37 F -+ - Ic8SC  Centromere - - - Guttate Buttock, thigh 4 years AD 10
(LSc-+SSc)
3 28 M + o+ ~ dcSSc  RNAP - - - Plaque Face, chest, abdomen, 5 years AD, asthma 19
(GM) upper arm, lower (LSc~—S8c)
extremity
4 44 M + o+ - decSSc  Topo | + + - Guttate Face, chest, abdomen, 1 year - 28
back, thigh (8Sc—LSc)
5 61 F + + - dcSSc  —~ + + — Plague Chest, abdomen, 1 year - 20
(GM) lower leg (SSc—-LSc)
6 57 F + 4+ 1cSSc  Topo | - + - Plague Chest 1.5 years Hashimoto’s 19
(SSc—LSc) disease
7 54 F + + + dcSSc  ~ + + - Plague Chest, abdomen, 2 years - 21
(GM) back, upper arm, {SSc—LSc)
thigh
8 37 F + o+ - IcSSC Topo |, RNP - - - Linear  Chest 4 years - 12
(8Sc—LS8c)

ACR/EULAR, American College of Rheumatology/European League Against Rheumatism; AD, atopic dermatitis; ANA, antinuclear antibody; centromere, anticentromere antibodly; dcSSc, diffuse
cutaneous type of SSc; DPS, digital pitting scars; GM, generalized morphea; ILD, interstitial lung disease; {cSSc, limited cutaneous type of SSc; LSc, localized scleroderma; PAH, pulmonary artery
hypertension; RA, rheumatoid arthritis; RE, reflux esophagitis; RNAP, anti-RNA polymerase il antibody; RNP, ribonucleoprotein; RP, Raynaud's phenomenon; SD, sclerodactyly; SSc, systemic
scleroderma; Topo |, anti-topoisomerase | antibody. Patients with a total score 29 according to the ACR/EULAR classification were classified as having definite SSc.
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