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followed. The study protocol was approved by the Insti-
tutional Ethics Committee of the Tokyo Medical and
Dental University Hospital (protocol #853 in 2010). The
ethics guideline for epidemiological research in Japan
requires notifying eligible RA patients of this study and
allows implementation of this study without obtaining
individual written informed consent. This study was pub-
licized by leaflets or posters in outpatient clinics of each
participating institute and on the website of the Department
of Pharmacovigilance of the Tokyo Medical and Dental
University. Patients were excluded from the study when
they expressed unwillingness to participate in this study.

Results

Of the 198 patients enrolled in the study, 151 received
biological DMARDs (IFX, 44; ETN, 50; ADA, 33; TCZ,
24) (biological DMARDs group) and 47 received MTX
without biological DMARDs (MTX group). Baseline
characteristics of the biological DMARDs and MTX group
are given in Table 1. Patients from the MTX group were
numerically older, had shorter disease duration for RA, had
lower serum KL-6 levels at baseline, and used lower doses

Table 1 Characteristics of the enrolled rheumatoid arthritis patients

of MTX. The mean observation period was 11.2 months,
and 87.9 % patients were observed for 12 months.
Overall, 41 of 198 patients met criterion A, 32 crite-
rion B, and 8 criterion C, for elevation of serum KL-6
levels at least once by month 12. Percentages (incidence
rate/100 PY) of 151 patients in the biological DMARDs
group patients who met the criteria by month 12 were
21.9 % (23.1/100PY) for criterion A, 7.9 % (18.9/100PY)
for criterion B, and 3.3 % (3.5/100PY) for criterion C. The
percentages of patients who met criterion A or B in the
biological DMARDs group were higher than those for the
MTX group (21.9 versus 17.0 % for criterion A, 17.9
versus 10.6 % for criterion B, respectively), but lower for
criterion C (3.3 versus 6.4 %, respectively) (Table 2). In
the biological DMARDs group, patients treated with TCZ
showed lower incidence of elevation of serum KL-6 levels
compared with tumor necrosis factor (TNF) inhibitors
(8.3 % in the TCZ group versus 24.4 % in the TNF
inhibitor group for criterion A, 8.3 versus 19.7 % for cri-
terion B, 0 versus 3.0 % for criterion C) (Table 3).
Baseline characteristics of the patients in the biological
DMARD:s group who did and did not meet criterion B are
compared in Table 4. Those who met criterion B were
numerically older, had higher percentages of past illnesses

Biological DMARDs MTX group
group {(n = 151) (n = 47)

Gender (female) (%) 75.5 70.2
Mean age (years) 59.1 + 13.3 633+ 113
Mean disease duration for RA (months) 99.2 £ 110.2 40.6 -+ 68.0
Comorbidity

Interstitial pneumonia (%) 30.5 19.1

Other pulmonary disease (%) 9.9 21.3
Past illness

PCP (%) 0.0 0.0

Malignancy (%) 6.6 8.5

Drug-induced pulmonary disease (%) 2.0 2.1

Others (%) 25.2 38.3
Clinical characteristics

Baseline KL-6 (U/ml) 375.1 £ 346.8 276.9 + 141.7

MTX use at month 0 (%) 64.2 100

Mean dose of MTX at month 0 (mg/week) 85+ 25 56+ 13

Mean dose of MTX at month 12 (mg/week)® 84 £24 82+23

Corticosteroid use at month 0 (%) 51.0 40.4

Mean dose of corticosteroid at month 0 (mg/day) (prednisolone equivalent) 6.2+ 34 79 £82
DMARD:s other than MTX use at month 0 (%) 252 17.0

Values are mean £ SD, unless otherwise stated

RA rheumatoid arthritis, PCP Pneumocystis jirovecii pneumonia, MTX methotrexate, DMARDs disease-modifying antirheumatic drugs, SD

standard deviation

? At month 12 for patients followed up for 12 months and at last observation for patients followed up for less than 12 months
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Table 2 Number and percentage of rheumatoid arthritis patients meeting the criteria for elevation of serum KL-6 levels at least once by

month 12

Biological DMARDs group (n = 151) MTX group (n = 47)

n % n %
Criterion A 33 21.9 8 17.0
Criterion B 27 17.9 5 10.6
Criterion C 5 33 3 6.4

Criteria A, B, and C for elevation of serum KL-6 levels are defined in “Patients and methods™ section

MTX methotrexate, DMARDs disease-modifying antirheumatic drugs

Table 3 Number and percentage of rheumatoid arthritis patients in the biological DMARDs group meeting the criteria for elevation of serum

KL-6 levels at least once by month 12

IFX (n = 44) ETN (n = 50) ADA (n = 33) TNF inhibitors" TCZ (n = 24)
Total (n = 127)
n % n % n % n % n %
Criterion A 10 22.7 11 22.0 10 30.3 31 24.4 2 8.3
Criterion B 8 18.0 8 16.0 9 27.3 25 19.7 2 8.3
Criterion C 4 9.1 1 2.0 0 0 5 3.0 0 0
Criteria A, B, and C for elevation of serum KL-6 levels are defined in “Patients and methods” section

TCZ tocilizumab

* TNF inhibitors include infliximab (IFX), etanercept (ETN), and adalimumab (ADA)

other than PCP, IP, and drug-induced lung injury, and had a
higher percentage of biological DMARDs-naive patients at
baseline.

We analyzed the association between elevation of serum
KL-6 levels and pulmonary events. A total of 11 pulmon-
ary events in 10 patients, including one PCP, two IP, and
eight other pulmonary events such as bacterial pneumonia,
pneumonia [not otherwise specified (NOS)], pulmonary
tuberculosis, interstitial pulmonary shadow (ground-glass
opacity and small nodules, NOS), patchy pulmonary sha-
dow in right S10 (NOS), Mycobacterium avium complex,
drug-induced pneumonia, and pleural effusion (NOS), were
reported by month 12; however, no malignancies were
reported. In two patients with bacterial pneumonia or
interstitial pulmonary shadow, pulmonary lesions were
depicted by chest X-ray. In the remaining eight patients,
thoracic computed tomography identified the pulmonary
lesions.

Five patients in the biological DMARDs group and one
patient in the MTX group met both criteria A and B with
one or two of these pulmonary events. In these cases,
serum KL-6 levels were elevated around 1 month or less
before or after the onset of the pulmonary events. When we
restricted the pulmonary events to IP, PCP, and interstitial
pulmonary shadow, to which elevation of serum KL-6
levels has been attributed in the literature, three patients in
the biological DMARDs group and one patient in the MTX
group met both criteria A and B with these pulmonary
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events. However, we could not identify any apparent rea-
sons for elevation of serum KL-6 levels to the criterion B
level in 24 patients (15.9 %) in the biological DMARDs
group and four patients (8.5 %) in the MTX group.

Changes in serum KL-6 levels in patients who met cri-
terion B without developing IP, PCP, or interstitial pul-
monary shadow from the biological DMARDs group
(n = 24) and MTX group (n = 4) are shown in Fig. 1. Of
the 24 RA patients in the biological DMARDs group, 10
met criterion R by month 12 (Fig. 1a), 7 did not (Fig. 1b),
and 7 lacked available data on serum KL-6 levels after
meeting criterion B and reaching their maximum levels
(Fig. Ic). Of the 4 RA patients in the MTX group, 3 met
criterion R and 1 did not by month 12 (Fig. 1d).

Discussion

Our retrospective analysis of clinical practice data dem-
onstrated that serum KL-6 levels increased without
apparent clinical events in a substantial percentage of RA
patients during treatment with MTX and/or biological
DMARD:s. These observations are in agreement with the
report from our committee on data derived from clinical
trials that were conducted in Japan.

We investigated whether the elevation of serum KL-6
levels in the DMARDs group was induced by biological
DMARD:s alone, or additively or synergistically by the
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Table 4 Baseline characteristics of rheumatoid arthritis patients in the biological DMARDs group who did or did not meet criterion B for

elevation of serum KL-6 levels

Meeting criterion B

Not meeting criterion B

(n=27) (n = 124)

Gender (female) (%) 70.4 76.6
Mean age (years) 63.5+£9.7 58.1 & 13.8
Mean disease duration (months) 100.6 £ 120.3 98.9 £ 108.4
Comorbidity

Interstitial pneumonia (%) 44.4 27.4

Other pulmonary disease (%) 7.4 10.5
Past illness

PCP (%) 0.0 0.0

Malignancy (%) 0.0 8.1

Drug-induced pulmonary disease (%) 0.0 24

Others (%) 37.0 22.6
Clinical characteristics

Baseline KL-6 (U/ml) 419.5 + 180.1 365.4 & 3733

MTX use at month 0 (%) 63.0 64.5

Mean dose of MTX at month 0 (mg/week) 8.3 4+ 3.0 8.6 25

Corticosteroid use at month 0 (%) 51.9 50.8

Mean dose of corticosteroid at month 0 (mg/day) (prednisolone 6.5+20 6.1 £3.6

equivalent)

DMARDs other than MTX use at month 0 (%) 22.2 25.8

Biological DMARDs-naive (%) 92.6 74.2

Criterion B for elevation of serum KL-6 levels is defined in “Patients and methods™ section

Values are mean =+ SD, unless otherwise stated

RA rheumatoid arthritis, PCP Preumocystis jirovecii pneumonia, MTX methotrexate, DMARDs

standard deviation-

Fig. 1 Changes in serum KL-6
levels of rheumatoid arthritis
patients meeting criterion B at
least once during the
observation period without
apparent clinical events are
shown. Data from the biological
disease-modifying
antirheumatic drugs (DMARDs)
group: data from 10 patients
meeting criterion R by

month 12 (a), data from 7
patients not meeting criterion R
by month 12 (b), and data from
7 patients without available data
on serum KL-6 levels after
meeting criterion B and
reaching their maximum levels
(¢). d Data from the MTX group
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combination of biological DMARDs and MTX. The
percentages of patients with concomitant use of MTX
were similar for patients who did and did not meet cri-
terion B in the biological DMARDs group (63.0 versus
64.5 %) (Table 4). However, 5 (10.6 %) of 47 RA
patients given MTX without biological DMARDs met
criterion B (Table 2), and 4 (8.5 %) of these had any
apparent reasons for the elevation of serum KL-6 levels.
In our other study utilizing data from clinical trials [18], 3
(2.0 %) out of 149 patients given MTX + placebo met
criterion B by week 24 or 28 without associated pul-
monary events. These data indicate that we should con-
sider potential contribution of MTX to the elevation of
serum KL-6 levels during treatment with TNF inhibitor
plus MTX.

A possible explanation for the elevation of serum KL-6
levels without apparent clinical events would be the
presence of subclinical IP or PCP. We had 22 patients
with serum levels of SP-D, another serum marker for
interstitial lung disease [19], at both baseline and at least
one additional time point, and we exploratory analyzed
these data. Of the 22 patients, only two showed significant
elevation of SP-D [defined as max. SP-D >110 ng/ml
(upper limit of normal in Japan) and >1.5-fold from
baseline] and both of these patients met criterion B. One
of them developed PCP with simultaneous elevation of
serum KL-6 and SP-D levels while he was receiving
MTX without a biological DMARD. The other met cri-
terion B without any pulmonary events 6 months after
commencement of IFX with MTX and showed elevation
of serum SP-D level 6 months after meeting criterion B.
This patient did not have other available data for serum
SP-D levels. Of the remaining 20 patients with serum SP-
D levels reported, 5 patients met and 15 did not meet
criterion B without significant elevation of SP-D. It
appeared to be difficult to draw a definite conclusion from
these data. In 20 of 33 patients who met criterion A in the
biological DMARDs group, serum levels of f-p-glucan, a
marker for PCP [15], were measured at the time of the
elevation of serum KL-6 levels (data not shown), but did
not increase throughout the observation period. These
data suggest that subclinical PCP has a relatively low
possibility of being the reason for the elevation of serum
KL-6 levels.

In the normal state, bronchiolar epithelial cells and
bronchial gland cells, as well as type II alveolar epithelial
cells, produce KL-6. When lung injury occurs, proliferation
or regeneration of alveolar type II cells and increased
alveolar—capillary permeability have been reported to be
mechanisms for the elevation of serum KL-6 levels [20].
However, the relationship between these mechanisms and
the use of biological DMARDs or MTX is unknown, and
further pathophysiological studies will be required to
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clarify the mechanism for spontaneous elevation of serum
KL-6 levels during treatment with these drugs.

In our study, patients treated with TNF inhibitors had
higher incidence of elevation of serum KL-6 levels meeting
criterion A or B than patients treated with TCZ (Table 3).
Because we could not avoid selection bias and recall bias in
our study, we deliberately did not perform further statistical
analyses. Prospective studies or analysis of clinical trial
data may help clarify whether abnormal elevation of serum
KL-6 levels is more frequently observed in patients given
TNF inhibitors than in those given other classes of bio-
logical DMARD:s.

How should rheumatologists manipulate treatment for
RA patients given biological DMARDs when their serum
KL-6 levels are elevated in clinical practice? Taking the
established evidence for KL-6 into account, rheumatolo-
gists initially should compare chest X-ray or thoracic CT at
baseline and at elevation of serum KL-6 levels and search
for reasons for the elevation, such as PCP, IP, and malig-
nancy. When these adverse events are not identified,
continuing treatment with biological DMARDs under
careful observation is a reasonable option for RA patients
who have shown good responses to the treatments.

In summary, serum KL-6 levels may increase without
associated clinical conditions in patients receiving biolog-
ical DMARDs or MTX. Spontaneous reduction of serum
KL-6 levels was observed in the majority of these patients;
therefore continuing treatment with biological DMARDs
under careful observation is a reasonable option in this
clinical situation.
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Abstract

Objective Thrombus formation is the key event of vas-
cular manifestations in antiphospholipid syndrome (APS).
Phosphatidylserine (PS) is normally sequestered in the
inner leaflet of cell membranes. Externalization of PS
occurs during cell activation and is essential for promoting
blood coagulation and for the binding of antiphospholipid
antibodies (aPL) to cells. One of the molecules involved in
PS externalization is phospholipid scramblase 1 (PLSCR1).
We evaluated PLSCR1 expression on monocytes from APS
patients and analyzed the in vitro effect of monoclonal aPL
on PLSCRI1 expression.

Patients and methods Forty patients with APS were
investigated. In vitro experiments were performed in
monocyte cell lines incubated with monoclonal aPL.
PLSCRI expression was determined by quantitative real-
time polymerase chain reactions. PS exposure on CD14%
cell surface was analyzed by flow cytometry.

Results Levels of full-length PLSCR1 messenger RNA
(mRNA) were significantly increased in APS patients
compared with healthy controls (2.4 4 1.2 vs. 1.3 £ 04,
respectively, p < 0.001). In cultured monocytes, interferon
alpha enhanced tissue-factor expression mediated by
[2-glycoprotein-I-dependent monoclonal anticardiolipin
antibody.

Conclusions Monocytes in APS patients had increased
PLSCR1 mRNA expression.
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Introduction

Antiphospholipid syndrome (APS) is an autoimmune dis-
order characterized by the presence of antiphospholipid
antibodies (aPL) in plasma of patients with thrombosis and/
or pregnancy morbidity. Phospholipid-binding plasma
proteins, f2-glycoprotein I ($2-GPI) and prothrombin, are
the dominant antigenic targets recognized by aPL in APS
[1-4].

The interaction between aPL and cells involved in
hemostasis regulation is one of the most plausible mecha-
nisms responsible for the thrombophilic state in APS. aPL
react with phospholipid-binding proteins expressed on the
membranes of procoagulant cells. This interaction induces
a perturbation in the cells, leading to up-regulation of
adhesion molecules and procoagulant substances, which
results in a proinflammatory/prothrombotic response and
subsequently thrombosis [5]. However, in order that aPL
bind to the cell surface, the antigen—antibody complex
must be present on the phosphatidylserine (PS)-exposed
cell surface [6]. PS is a negatively charged phospholipid
normally located in the inner leaflet of the cell membrane.
PS exposure at the outer leaflet of plasma membranes
occurs in activated cells and is essential for promoting
blood coagulation, as PS serves as a catalytic surface for
the assembly of coagulation factors [7].

Phospholipid scramblase 1 (PLSCR1), a lipid-raft-
associated type II endofacial plasma protein, is involved in
the regulation of PS externalization during cell activation.
PLSCR1 catalyzes a rapid transbilayer movement of
phospholipids between membrane leaflets [8]. We
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previously reported enhanced PLSCR1 messenger RNA
(mRNA) expression in monocytes in patients with systemic
lupus erythematosus (SLE) [9], suggesting a role of
PLSCRI in the prothrombotic tendency in SLE. In the
study reported here, we investigated the involvement of
PLSCRI in the thrombophilic state in patients with APS.

Patients and methods
Study participants

Serum and plasma samples were obtained from 40 con-
secutive nonselected Japanese patients with APS who
visited the Rheumatic and Connective Tissue Disease
Clinic. All patients—35 women and five men, mean age
50 (range 26-76) years—fulfilled the Sydney-revised
Sapporo classification criteria for definite APS [10]. Fifteen
patients were diagnosed as having primary APS, and 25
patients had APS in association with SLE. Patients with
SLE fulfilled the American College of Rheumatology cri-
teria [11].

The historical profiles of clinical and laboratory mani-
festations were verified by the authors using medical records.
Twenty-two (55 %) patients experienced arterial thrombotic
events such as stroke or myocardial infarction confirmed
by magnetic resonance imaging, angiography, computed
tomography scan, electrocardiographic changes, and
increased cardiac enzymes. Deep vein thrombosis, pulmon-
ary embolism, or retinal thrombosis were found in 16 patients
(40 %) and confirmed by Doppler ultrasound, scintigraphy,
phlebography, or retinal fluorescence. Four patients (10 %)
had both arterial and venous thrombosis. Eight women
(23 %) had pregnancy morbidity. No patient had thrombosis
or pregnancy complications within 3 months before blood
collection. When blood was drawn, signs of acute thrombosis
were not detected in any patient: 16 patients were receiving
warfarin; none were on heparin (Table 1).

Blood collection

Venous blood was collected into tubes containing sodium
citrate and centrifuged immediately at 4 °C. Plasma sam-
ples were depleted of platelets by filtration then stored at
—80 °C until they were used in the experiments. Blood
samples were also collected from 43 apparently healthy
Japanese individuals who consented to join the study [25
women and 18 men, mean age 28 (range 20-38) years].
The study was performed in accordance with the Decla-
ration of Helsinki and the Principles of Good Clinical
Practice. Approval was obtained from the Local Ethics
Committee, and informed consent was obtained from each
study participant before enrollment.
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Table 1 Characteristics of antiphospholipid syndrome (APS)
patients
Number Percent
Primary APS 15 38
APS and SLE 25 62
Gender (F:M) 35:5
Age mean (range) years 50 (26-76)
Historical manifestations
Thrombosis 34 85
Arterial 22 65
Venous 16 47
Arterial and venous 4 12
Pregnancy morbidity 8 23
Anticoagulant therapy/antiplatelet drugs® 37 93
Warfarin alone 9 24
Aspirin alone 13 35
Cilostazol alone 2 5
Combined therapy
Warfarin + >1 antiplatelet drugs 7 19
Two antiplatelet drugs 6 16

APS antiphospholipid syndrome, SLE systemic lupus erythematosus
? Antiplatelet drugs: aspirin, cilostazol, clopidogrel

Materials

Human monocyte cell lines THP-1, U937, KGla (ATCC
TIB-202, CRL-1593, CCL-246.1, respectively), human
Burkitt’s B-cell lymphoma cell line Raji (ATCC CCL-86),
and murine monocyte cell line RAW 264.7 (ATCC TIB-
71) were purchased from American Type Culture Collec-
tion (ATCC) (Manassas, VA, USA). Human interferon «
(IFN-02a) was from Santa Cruz Biotechnology Inc (CA,
USA). The f2-GPI-dependent monoclonal anticardiolipin
antibody (aCL), WBCAL-1, was previously established
from splenocytes of a NZW x BXSB FI male mouse, as
described [12].

Methods
Isolation and preparation of PBMC or monocytes

Venous blood was collected into tubes containing heparin.
Peripheral blood mononuclear cells (PBMC) were isolated
on Ficoll-Paque plus® gradient centrifugation (Amersham
Biosciences, Uppsala, Sweden) using standard protocols.
Isolation of monocytes was performed, as reported [9].
Briefly, PBMC were pelleted by centrifugation and washed
with phosphate-buffered saline (PBS) (Sigma). Contami-
nated red blood cells were then lysated with Red Blood Cell
Lysis Buffer (eBioscience, CA, USA) and washed with
PBS. Monocytes were purified using CD14 microbeads
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(Miltenyi Biotec Bergisch Gladbach, Germany) as follows:
PBMC pellet was suspended in 80 pl of autoMACS™
rinsing solution (Miltenyi Biotec), and 20 ul of CD14
microbeads were added. After 15 min incubation at 4 °C,
cells were washed, suspended in 500 pl auto—MACSTM, and
separated in a magnetic separation kit (Miltenyi Biotec)
according to manufacturer’s instructions.

Cell culture

THP-1, U937, KGla, and Raji cell lines were cultured in
Roswell Park Memorial Institute (RPMI)-1640 medium
(Sigma) and RAW 264.7 cells in Dulbecco’s modified Eagle’s
medium (DMEM) (GIBCO BRL, Paisley, USA). Media were
supplemented with 10 % fetal bovine serum (FBS) (Sigma)
containing penicillin and streptomycin, and cells were main-
tained in a 5 % CO, atmosphere at 37 °C. Cultured monocyte
lines were incubated in the presence and absence of several
stimulators at different experimental conditions.

RNA extraction and reverse-transcription polymerase
chain reaction (RT-PCR)

Total RNA were isolated from cells using RNeasy Mini Kit
(Qiagen, Valencia, CA, USA) and reverse-transcribed with
the SuperScript™ First-Strand Synthesis System for
RT-PCR (Invitrogen, Carlsbad, CA, USA). RT-PCR was
performed as follows: 1 pl of complementary DNA
(cDNA) was amplified in a total volume of 10 pl con-
taining deoxyribonucleotide triphosphate (ANTP) (2 mM
each) (Applied Biosystems, CA, USA) in a standard buffer
with 1.25-1.5 mM magnesium chloride (MgCl,), 0.625 U
DNA Taq polymerase, and 10 pmol of each primer. The
gene-specific primer sequences were as follows: for human
PLSCRI1, forward 5-CAG CCT CCA TTA AAC TGT
CC-3" and reverse 5'-TCT TAG TGG TCT CTC CAGAG-3';
for mouse PLSCR1, forward 5'-CCT CCT CCA CTG AAC
TGT CC-3' and reverse 5'-CTC TCT GCC CGA GGC
TGT TCT-3'. Amplification for human PLSCR1 was per-
formed in 28 cycles: 95 °C, 45s; 53 °C,455; 72 °C, 45 s
and for mouse PLSCRI1 in 33 cycles: 95 °C, 45 s; 58 °C,
45 s; and 72 °C, 45 s. After all cycles were completed, a
final extension step of 72 °C for 7 min was performed in
all PCRs. The amplified products were resolved in 9 %
polyacrylamide gel (PAGE), stained with ethidium bro-
mide, and visualized under ultraviolet light. Bands of 273
and 148 bp were visualized for the human and mouse
PLSCRI1, respectively. Amplification of mRNA from the
housekeeping gene f-actin was used as control of these
experiments using the following primers: human f-actin
forward 5'-TAC ATG GCT GGG GTG TTG AA-3’ and
reverse 5'-AAG AGA GGC ATC CTC ACC CTG-3;
mouse f-actin forward 5'-ACC AAC TGG GAC GAT

ATG GAG AAG A-3' and reverse 5-CGC ACG ATT TCC
CTC TCA GC-3'.

Quantitative real-time PCR

PLSCRI expression in monocyles from APS patients and
healthy controls was evaluated by a relative quantification
(RQ) of gene expression by real-time PCR, as previously
reported [9]. The level of the PLSCRI transcript was nor-
malized to that of the housekeeping gene glyceraldehyde
3-phosphate dehydrogenase (GAPDH). RQ was done using the
comparable cycle threshold (Ct) method, as described [13].

For in vitro analysis of PLSCR1 expression, quantita-
tive analysis of gene expression was performed by
real-time PCR using the ABI PRISM 7000® Sequence
Detection System (Applied Biosystems). Gene-specific sets
of either Sybr® Green PCR master Mix (Applied Biosys-
tems) and specific forward and reverse PLSCR1 and tissue
factor (TF) primers, or Tag Man® Universal PCR Master
Mix® and Assays-on-Demand Gene Expression Probes®
(Applied Biosystems) were used. A standard curve for
serial dilutions of f-actin was generated using a standard
method provided by the manufacturer.

Measurement of cell-surface PS exposure

Monocytes from eight APS patients and 24 healthy indi-
viduals, who agreed to the double blood collection, were
isolated, and cell-surface PS exposure was evaluated by
flow cytometry using the Annexin-V-Fluos staining kit
(Roche), as described [9], and FACSCalibur (Becton—
Dickinson Immunocytometry Systems, San Jose, CA,
USA) with the Cell Quest program. From each sample,
data from 10,000 counted-gated viable cells were collected
and expressed as the percentage of Annexin-V-positive
cells in the total gated-cell population.

Laboratory investigations in plasma samples
D-dimer

Plasma D-dimer levels (Nanopia, D-dimer, Daiichi
Kagaku, Tokyo, Japan) were measured as markers of fibrin
turnover. The cutoff level was previously defined as >95
percentile of 65 healthy individuals as a routine laboratorial
assay.

Antiphospholipid antibodies
Immunoglobulin G (Ig)G and M aCL were assayed
according to the standard aCL enzyme-linked immuno-

sorbent assay (ELISA) [14]. IgG and M anti-f2-GPI anti-
bodies and IgG and M PS-dependent antiprothrombin
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antibodies (aPS/PT) were determined by in-house ELISAs,
as reported [15, 16]. The detection of lupus anticoagulant
(LLA) was based on the previous version of the guidelines
recommended by the Subcommittee on Lupus Antic-
oagulant/Antiphospholipid Antibody of the Scientific and
Standardisation Committee of the International Society of
Thrombosis and Haemostasis [17].

Statistical analysis

Statistical evaluation was performed using Student’s 7 test.
Spearman’s rank correlation coefficient was used to ana-
lyze correlations. The significance level was set at
p < 0.05.

Results

Expression of full-length PLSCR1 mRNA
in monocytes from APS patients

Full-length PLSCR1 mRNA mean levels were evaluated by
real-time PCR. Levels of PLSCR1 mRNA were signifi-
cantly higher in monocytes in APS patients than in healthy
controls (2.4 +:1.2 vs. 1.3 £ 0.4, respectively, p < 0.001)
(Fig. 1). There were no statistically significant differences
in PLSCR1 mRNA levels between patients with primary
APS and SLE patients or among those who had arterial
thrombosis and those with venous thrombosis. Patients
with pregnancy complications, without thrombotic events,
have elevated PLSCRI1 levels compared with those with
thrombotic events (3.43 £ 1.1 vs. 2.2 £ 1.2, respectively,
p < 0.027).

Cell-surface PS on CD14™ cells

Flow-cytometric analysis showed that the amount of
expressed PS on CD14™" cells was increased in cells from
APS patients compared with healthy controls (21.5 % =+
11.0 and 17.8 % =+ 5.8, respectively). However, the dif-
ference in PS expression did not reach statistical signifi-
cance. No statistically significant correlation was found
between PLSCR1 mRNA levels and PS expression on
monocytes in patients with APS.

Laboratory investigations

Plasma levels of D-dimer were significantly increased in
patients with APS compared with those in healthy controls
(1.1 £ 0.6 vs. 0.6 &+ 0.2 pg/ml, p < 0.001). There was no
difference in plasma D-dimer levels between patients with
SLE and those without. aCL, anti-f2-GPI antibodies, aPS/

@ Springer

g 0.001
p=0502
prns <0001
RG
& o ©
5
2]
4
<]
3 e}
<]
[ee]
&
Q
1 @
All APR PaPs APSISLE Healthy Contrels
=49} {n=15} n=25} @=43)

Fig. 1 Phospholipid scramblase 1 (PLSCR1) messenger RNA
(mRNA) expression in monocytes from antiphospholipid syndrome
(APS) patients. Gene expression of PLSCR1 in CD14™ cells was
evaluated in patients with antiphospholipid syndrome (APS) and in
healthy individuals using real-time polymerase chain reaction (PCR).
Expression values were normalized to the expression of the house-
keeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
and expressed as relative quantification (RQ) in the Y axis. Data are
shown as individual results. Horizontal lines show the mean + stan-
dard deviation. PLSCRI mRNA expression was significantly higher
in patients with APS. PAPS primary APS; SLE systemic lupus
erythematosus

Table 2 Laboratory investigations

Number Percent
D-dimer positive 14 35
Anticardiolipin antibodies 21 53
IeG 14 35
IegM 1 3
Anti-f32-GPI antibodies 23 58
IeG 17 43
IeM 4 10
aPS/PT 21 53
1sG 18 45
IsgM 6 15
Lupus anticoagulant 34 85

IG immunoglobulin, f2-GPI p2-glycoprotein 1, aPS/PT phosphati-
dylserine-dependent antiprothrombin antibodies

PT, and LA were positive in 53, 58, 53, and 85 % of
patients, respectively (Table 2).

There were no statistically significant correlations
between the levels of PLSCR1 mRNA expression and titers
of D-dimer, IgG/M aCL, IgG/M anti-f2-GP1I antibodies, or
IgG/IgM aPS/PT in patients with APS.
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Effect of IFN-a on PLSCR1 mRNA expression treatment with [2-GPI-dependent monoclonal aCL,

WBCAL-1, for an additional 5 h. IFN-02a/WBCAL-]
Cultured cell lines and PBMC from a healthy donor were ~ combination significantly enhanced PLSCR1 mRNA

incubated in the presence or absence of IFN-c«2a (IFN «,
500 IU/ml) for 6 h in a 5 % CO, atmosphere at 37 °C.
RT-PCR showed that IFN-o increased the expression of
PLSCR1 mRNA (Fig. 2a). Quantitative real-time PCR
demonstrated that the mean levels of PLSCR1 mRNA were
significantly higher in cells treated with IFN-o (Fig. 2b).

Effect of antiphospholipid antibodies on PLSCR1
expression

RAW 264.7 cells were pretreated in the presence or
absence of IFN-o2a (400 IU/ml) for 3 h, followed by

A IFN o ()
12 3 4 56

PLSCR1/P—actin mRNA

expression. WBCAL-1 is a well-known inducer of TF, and
TF mRNA expression was also enhanced by IFN-u2a/
WBCAL-1 combination (Fig. 3).

Discussion

In our study, we showed increased expression of PLSCR1
mRNA in monocytes in patients with APS. We also dem-
onstrated that monoclonal aPL upregulated PLSCRI1 in
monocytes in vitro. The association between aPL and
thrombotic events is widely accepted. Numerous pathogenic
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Fig. 2 Phospholipid scramblase 1 (PLSCR1) expression in cultured
cells after interferon alpha (IFN-«) treatment. PLSCR1 expression
was evaluated 6 h after treatment with (IFN-a*) or without (IFN-o™)
500 IU/ml IFN-2a. a Reverse transcriptase polymerase chain
reaction (RT-PCR) products are shown in 9 % polyacrylamide gel
from one representative of three independent experiments. Bands of
273 and 148 bp correspond to human and mouse PLSCR1 products,
and bands of 200 and 403 bp to human and mouse f-actin products,
respectively. Lanes 1-5 human cells: lane 1 Raji, lane 2 U937, lane 3
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THP-1, lane 4 KGla, lane 5 peripheral blood mononuclear cells
(PBMC); lane 6 mouse RAW 264.7 cells. b Quantitative real-time
analysis. Results are expressed as copy numbers of PLSCR1/f-actin
messenger RNA (mRNA). Left panel corresponds to PLSCR1 mRNA
from PBMC. Middle panel includes PLSCR1 mRNA from human
cells lines Raji, U937, THP-1, and KGla. Right panel corresponds to
mouse PLSCR1 mRNA from RAW 264.7 (RAW) cell line. Data
represent the mean =+ standard error of triplicate samples from one
representative of three independent experiments
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Fig. 3 Phospholipid scramblase 1 (PLSCRI1) messenger RNA
(mRNA) induction by monoclonal antiphospholipid antibody. RAW
267.4 cells were incubated in the presence or absence of interferon
(IFN)-o2a, followed by f2-glycoprotein (GPI)-dependent monoclonal
anticardiolipin antibody (WBCAL-1). PLSCR1 and tissue factor (TF)
gene expression were evaluated by real-time polymerase chain
reaction (PCR). Values are expressed as copy numbers of PLSCR1
or TF/f-actin mRNA. Data represent the mean & standard error of
three independent experiments. P values above the dotted line refer to
PLSCR1 and above the solid line to TF

mechanisms have been related to the aPL-mediated throm-
botic complications, including inhibition of natural antico-
agulant systems, impairment of fibrinolytic activity, and the
direct effect of aPL on cell functions, but the precise
mechanism of thrombosis production in APS is not yet clear.
The interaction between aPL and procoagulant cells is
necessary for the onset of thrombosis, and the exposition of
PS on the cell surface is essential for this binding.

In normal quiescent cells, the distribution of phospho-
lipids over the two halves of the cellular membrane is
asymmetric with neutral/polar-phospholipids, phosphati-
dylcholine and sphingomyelin confined to the outer
monolayer, and amino-phospholipids, with PS and phos-
phatidylethanolamine being almost exclusively present in
the inner monolayer. This asymmetric distribution of
phospholipids is maintained by lipid transporters termed
“flippases,” which transport lipids from the outer to the
inner leaflet of membranes, and “floppases,” which cata-
lyze the outward transport of phospholipids. However,
injury and/or cell activation leads to a rapid redistribution
of phospholipids in both directions that is catalyzed by
scramblase and results in cell-surface exposition of PS and
phosphatidylethanolamine [18, 19]. Externalization of PS
has been associated with pathological phenomena, includ-
ing hemostasis and thrombosis [20]. PLSCRI1 is a member
of the scramblase family of lipid transporters and has been
detected in a variety of cells and tissues [8].

In this study, we found elevated levels of PLSCRI1
mRNA in monocytes from patients with APS in the
absence of acute thrombosis. We previously reported
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increased levels of PLSCR1 mRNA in circulating mono-
cytes in SLE patients with a prothrombotic state, suggest-
ing that PLSCRI! up-regulation was related to the
thrombophilic state [9]. APS was originally described in
patients with SLE and is recognized as a systemic disease,
rather than merely a thrombotic disorder, which has several
common clinical manifestations with SLE. On the other
hand, thrombotic events are frequent manifestations in
SLE. Patients with SLE and/or APS have a thrombophilic
state related not only to the presence of aPL but also to
other thrombotic risk factors and some predisposing con-
ditions. In both clinical conditions, the increased levels of
PLSCR1 may contribute to the prothrombotic tendency.

There are two aspects of APS: vascular manifestations
and pregnancy complications. They have substantial dif-
ferences in the aPL profile and clinical features. The
obstetric complications in APS cannot be explained solely
by thrombosis, and additional pathogenic mechanisms such
as acute inflammatory-mediated tissue damage and com-
plement activation have been reported [21]. In our APS
patients, we observed higher levels of PLSCR1 mRNA in
patients with pregnancy morbidity, as the only clinical
feature of APS, compared with those with thrombosis.
Mechanisms involved in the pathogenesis of obstetric and
thrombotic complications in APS are partly different, and
up-regulation of PLSCR1 may play a major role in the
obstetric subgroup. Another possible explanation of this
finding may be related to the difference in antithrombotic
treatments. APS patients with thrombotic manifestations
received anticoagulation combined with antiplatelet drugs,
whereas obstetric APS patients did not. However, the small
number of women with pregnancy complications only does
not allow definitive conclusions.

PLSCR1 mRNA levels did not correlate with titers of
aCL, anti-fi2-GPI antibodies, aPS/PT, or D-dimer plasma
levels in patients with APS, implying that PLSCR1 up-
regulation is due to the total biological alteration in APS.

In our previous study in SLE patients [9], PS external-
ization was relatively increased in the surface of monocytes
in patients compared with healthy controls. In the study
reported here, we failed to demonstrate statistically sig-
nificant differences in PS exposure in monocytes between
patients with APS and healthy controls. PLSCR1 is not the
sole determinant of PS externalization. The appearance of
PS on the cell surface is related to multiple mechanisms,
such as inhibition of lipid transporters involved in main-
taining integrity of the membrane in quiescent cells.
Recently, the transmembrane protein 16 F (TMEMI16F)
was reported to be an essential component for calcium-
dependent scramblase activity for PS. A mutation at a
splice acceptor site of the gene encoding TMEMI16F was
found in a patient with Scott syndrome, which results from
a defect in phospholipid scrambling activity [22].
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PLSCRI expression is induced by IFN [23, 24] or by
various growth factors [25-27]. We observed induction of
PLSCRI mRNA by IFN-2 in cultured monocyte cell lines
and in human PBMC. INF-targeted genes have been
associated with the pathogenesis of autoimmune diseases,
and IFN-o up-regulation may be also linked to thrombo-
philia through the overexpression of PLSCR1. Expression
of type 1 IFN-induced genes, including PLSCRI1, was
increased in PBMC in patients with APS [28].

Evidence has supported the role of the TF pathway in the
pathogenesis of aPL-related thrombosis [29], and we demon-
strated TF up-regulation by aPL [5]. In the study reported here,
we showed that IFN-o markedly increased TF expression
mediated by f2-GPI-dependent monoclonal aCL antibody in
RAW 264.7 cells. The effect of WBCAL-1 on PLSCR1
expression was also evaluated on the THP-1 cell line. How-
ever, THP-1 cells showed a lower response to WBCAL-1 with
regard to TF induction compared with RAW 264.7 cells.
Therefore, the effect of IFN-02a/WBCAL-1 combination on
PLSCR1 induction could not be fully evaluated in THP-1 cells.

Increased PLSCRI1 expression in APS may be related to
IFN-a up-regulation and represent one of the contributing
factors in the prothrombotic tendency in APS. Although the
regulation of PLSCR1 and PS exposure may be strong
drivers toward thrombosis, patients do not develop
thrombosis unless an additional trigger is present.

In conclusion, our findings demonstrated PLSCR1 up-
regulation in patients with APS. Additional studies will
increase our understanding of the molecular effects of this
protein.
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Overexpression of TNF-a-converting enzyme in
fibroblasts augments dermal fibrosis after inflammation

Shinji Fukaya'#", Yuki Matsui*", Utano Tomaru', Ai Kawakami®, Sayuri Sogo®, Toshiyuki Bohgaki?,
Tatsuya Atsumi?, Takao Koike?, Masanori Kasahara' and Akihiro Ishizu®

TNF-a-converting enzyme (TACE) can cleave transmembrane proteins, such as TNF-o, TNF receptors, and epidermal
growth factor receptor (EGFR) ligands, to release the extracellular domains from the cell surface. Recent studies have
suggested that overexpression of TACE may be associated with the pathogenesis of inflammation and fibrosis. To
determine the roles of TACE in inflammation and fibrosis, TACE transgenic (TACE-Tg) mice, which overexpressed TACE
systemically, were generated. As the transgene-derived TACE was expressed as an inactive form, no spontaneous
phenotype developed in TACE-Tg mice. However, the transgene-derived TACE could be converted to an active form
by furin in vitro and by phorbol myristate acetate (PMA) in vivo. Subcutaneous injection of PMA into mice induced
inflammatory cell infiltration 1 day later and subsequent dermal fibrosis 7 days later. Interestingly, the degree of
dermal fibrosis at day 7 was significantly higher in TACE-Tg mice than in wild-type mice. Correspondingly, PMA increased
the expression of type | collagen in the primary culture of dermal fibroblasts derived from TACE-Tg mice. Furthermore,
phosphorylated EGFR was increased in the fibroblasts by the PMA treatment. The collective findings suggest that
TACE overexpression and activation in fibroblasts could shed off putative EGFR ligands. Subsequently, the soluble
EGFR ligands could bind and activate EGFR on fibroblasts, and then increase the type | collagen expression resulting
in induction of dermal fibrosis. These results also suggest that TACE and EGFR on fibroblasts may be novel therapeutic
targets of dermal fibrosis, which is induced after diverse inflammatory disorders of the skin.

Laboratory Investigation (2013) 93, 72-80; doi:10.1038/labinvest.2012.153; published online 12 November 2012

KEYWORD%: EGFR; fibrosis; inflammation; PMA; TACE

TNF-a-converting enzyme (TACE), which belongs to a dis-
integrin and metalloproteinase (ADAM) family, can cleave
transmembrane proteins to release the extracellular domains
from the cell surface.”? Initially produced as an inactive
120kDa protein, the N-terminus prodomain is removed by
furin at the trans-golgi network, and consequently TACE is
converted to an active form of 100kDa protein.>~® The active
form of TACE is transported to the plasma membrane and
binds to its substrates on the cell surface. Substrates of TACE
include TNF-¢, TNF receptors, and epidermal growth factor
receptor (EGFR) ligands.

When focusing on the role of TNF-¢ in inflammation, it is
considered that TACE contributes to promote inflammation
by increasing soluble TNF-o. However, it is also considered

that TACE plays a role in the suppression of inflammation by
decreasing membrane-type TNF receptors and producing
soluble TNF receptors, which can work as decoy receptors.
These concepts seem contradictory, but TACE really func-
tions to maintain the physiological homeostasis. The ex-
pression of TACE substrates is strictly regulated in a time-
dependent manner during the inflammation process.

On the other hand, it has been demonstrated that rat
collagen antibody-induced arthritis and lipopolysaccharide
(LPS)-induced acute lung injury can be treated by TACE
inhibitors.”® Recently, Terao et al’® have demonstrated that
murine bleomycin-induced scleroderma could also be treated
by TACE inhibitors. These findings suggest that TACE may be
critically involved in the pathogenesis of these inflammatory
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and fibrous connective tissue diseases. However, the precise
mechanism of the implication of TACE in inflammation and
fibrosis has not been revealed. This study aimed to clarify the
role of TACE in the pathogenesis of inflammation and
fibrosis using TACE transgenic (TACE-Tg) mice, which could
overexpress TACE in the systemic organs.

MATERIALS AND METHODS

Generation of TACE-Tg Mice

The transgene for generation of TACE-Tg mice contained the
full-length mouse TACE ¢cDNA, which connected the Flag tag
to the 3’ region. The connection of the Flag tag rendered
distinction of the transgene-derived TACE from the en-
dogenous TACE. The construct was inserted into pCAGGS
vector containing the f-actin promoter, which could bring
systemic expression of the transgene. Then, the pCAGGS
vector carrying the transgene was microinjected into ferti-
lized eggs of BDFI mice at Genome Information Research
Center, Research Institute of Microbial Disease, Osaka Uni-
versity (Osaka, Japan). Four founder mice obtained were
mated with C57BL/6 mice (Japan Clea, Tokyo, Japan), and
then the offspring mice were backcrossed into C57BL/6 mice
more than 6 times. Among them, one stable line of TACE-Tg
mice with heterozygous transgene insertion was served for
this study. Age-matched wild-type (WT) C57BL/6 mice were
used for the control. Experiments using mice were done in
accordance with the guidelines for the care and use of la-
boratory animals in Hokkaido University.

Real-Time RT-PCR

For RNA extraction from mouse tissues, RNeasy Mini kit
(Qiagen, Hilden, Germany) was used. After digestion of
contaminated genomic DNA by DNase I, RNA was reverse
transcribed to c¢DNA using Superscript III First-Strand
Synthesis System (Invitrogen, Carlsbad, CA, USA). The
expression of TACE mRNA was quantified by real-time
RT-PCR using QuantiTect SYBR Green PCR kit (Qiagen).
The primer sequences for TACE were as follows: 5'-ATCTG
AAGAGTTTGTTCGTCGAG-3" (sense) and 5-TCCACGG
CCCATGTATTTAT-3' (antisense). PCR was run on ABI
Prism 7000 (Applied Biosystems, Carlsbad, CA, USA) as
follows: after denaturation at 95 °C for 10 min, 40 cycles of
reaction at 95°C for 15s and at 56 °C for 60s were carried
out. For the internal control, the expression of hypoxanthine-
guanine phosphoribosyltransferase 1 (HPRT1) was mon-
itored. The primer sequences for HPRT-1 were as follows:
5 -TGGAAAGAATGTCTTGATTGTTGAA-3" (sense) and
5'-AGCTTGCAACCTTAACCATTTTG-3' (antisense).

Western Blotting

The mouse tissues were homogenized in lysis buffer (0.1%
sodium dodecyl sulfate (SDS), 1% Nonidet-P40, 0.5%
sodium deoxycholate, 100pug/ml  phenylmethylsulfonyl
fluoride, 1 mM sodium orthovanadate, protease inhibitor
cocktail (Complete Mini, Roche, Basel, Switzerland)). The
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lysates adjusted ranging from 10 to 40 pug/lane were fractio-
nated on 7.5% SDS polyacrylamide gel and then transferred
onto PVDF membranes (GE Healthcare, Buckinghamshire,
UK). After blocking by TBS-T (0.1% Tween-20 in Tris-buf-
fered saline) containing 2% non-fat milk, the membranes
were incubated with 1:5000 dilution of the anti-TACE anti-
body (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or
1:5000 dilution of the anti-Flag antibody (Sigma-Aldrich,
St Louis, MO, USA) overnight at 4 °C. After 3 times of wash
by TBS-T, the membranes were next incubated with 1:25 000
dilution of the peroxidase-labeled secondary antibodies
(GE Healthcare) overnight at 4°C. Protein bands were
detected using ECL Advance Western Blotting Detection kit
(GE Healthcare). The anti-TACE antibody used in this study
could react with the C-terminus of mouse TACE; thus, it
could detect both the inactive and active forms.

Activation of TACE by Furin In Vitro

The skin tissues obtained from TACE-Tg and WT mice were
lysed in the furin assay buffer (100 mM HEPES (pH 7.5),
0.5% Triton X-100, 1mM CaCl,, and 1 mM 2-mercap-
toethanol). The lysates (140 ug/100 ul) were incubated with
recombinant human furin (Sigma-Aldrich) at respective
concentrations of 0, 0.1, and 1 unit/ul for 1h at 30 °C. The
samples were then fractionated on 7.5% SDS polyacrylamide
gel, and western blotting was performed using the anti-TACE
or anti-Flag antibodies.

Measurement of TACE Activity

The skin lysates treated by furin were subjected to measure-
ment of TACE activity. The TACE activity was measured
using SensoLyte 520 TACE Activity Assay kit (AnaSpec,
Fremont, CA, USA) and Varioskan Flash Microplate Multi-
mode Readers (Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s protocol.

Primary Culture of Dermal Fibroblasts

The back skin of TACE-Tg and WT mice were turned inside
out and 3 mm pieces of the dermis were excised, put on flat
dishes, and then incubated in RPMI-1640 (Sigma-Aldrich)
containing 20% fetal calf serum, 50 pig/ml streptomycin, and
50U/ml penicillin. Several days later, spindle-shaped cells
migrated and proliferated around the skin pieces. After re-
moval of the skin pieces, the cells were used as primary
culture of dermal fibroblasts. Experiments were conducted
using the cells at 3-5 passages.

Stimulation of Dermal Fibroblasts by PMA

The primary culture of dermal fibroblasts was stimulated by
phorbol myristate acetate (PMA; LC Laboratories, Woburn,
MA, USA) at respective concentrations of 0, 6.4, 64, and
640nM. After 30 min of incubation at 37 °C, the cells were
lysed, and then the lysates were served for the anti-TACE or
anti-Flag immunoblotting.
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Subcutaneous Injection of PMA

TACE-Tg and WT mice (10 weeks old, female) with shaved
back skin were subcutaneously injected with 0.08 ug PMA in
0.1 ml PBS (1300 nM) using 29 G syringe needle. As control,
the same volume of PBS without PMA was injected sub-
cutaneously.

Histological Evaluation

At 1 and 7 days after the inoculation, the skin sites with PMA
and PBS injections were excised as 6 mm round-shaped
pieces, fixed in formalin, and then subjected to hematoxylin
and eosin (HE) staining. The samples at 7 days were also
subjected to Elastica—-Masson (EM) staining. Dermal thick-
ening ratio was calculated as follows: (1) thickness of dermis
was measured at three random points of the sites with PBS
injection, (2) mean thickness at the sites with PBS injection
was calculated, (3) thickness of dermis was measured at three
random points of the sites with PMA injection, and (4)
dermal thickness ratios were calculated by dividing the
thickness of dermis at the PMA injection sites by the mean
dermal thickness at the sites with PBS injection.

Expression of Type | Collagen

To evaluate fibrosis in the molecular level, the expression of
type I collagen (collagen 1A1) was examined by real-time RT-
PCR. First, at 7 days, the skin sites with PMA and PBS in-
jections were excised as 6 mm round-shaped pieces, RNA was
extracted from the tissues, and then real-time RT-PCR was
performed as described above. The primers for collagen
1A1 were as follows: 5-GAGCCCTCGCTTCCGTACTC-3
(sense) and 5'-TGTTCCCTACTCAGCCGTCTGT-3' (antisense).
Next, the primary culture of dermal fibroblasts was treated by
PMA at respective concentrations of 0, 20, 160, and 1300 nM.
After 4h of incubation at 37 °C, RNA was extracted from the
cells, and then the expression of collagen 1Al was examined
similarly by real-time RT-PCR.

TACE Inhibition Assay

The fibroblasts derived from TACE-Tg mice were treated by
1300 nM of PMA with or without 25 pg/ml of TAPI-0 (Enzo
Life Sciences, Farmingdale, NY, USA) at 37 °C. TAPI-0 can
inhibit TACE and other matrixmetalloproteases.!” The
concentration of TAPI-0 was adopted according to the
literature.!! After 4 h of incubation, RNA was extracted from
the cells, and then the expression of collagen 1Al was
examined by real-time RT-PCR as described above.

Detection of Phosphorylated EGFR

To determine if EGFR was activated by PMA, phosphoryla-
tion of EGFR was examined. The primary culture of dermal
fibroblasts was treated by PMA at respective concentrations
of 0, 20, 160, and 1300 nM. After 1h of incubation at 37 °C,
RNA and cell lysates were extracted. The RNA was then
served for RT-PCR using the EGFR primers (sense: 5'-
GAACTGGGCTTAGGGAACTGC-3', antisense: 5'-CATTGG
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GACAGCTTGGATCAC-3), and the lysates were served for
western blotting using the anti-phosphorylated EGFR anti-
body (Phospho-EGF Receptor (Tyrl068); Cell Signaling
Technology, Tokyo, Japan). RT-PCR was carried out as de-
scribed above. As internal controls, the expression of HPRT1
and the amount of actin detected by the anti-actin antibody
(Chemicon International, Temecula, CA, USA) were mon-
itored.

Statistics

Data were presented as mean +s d. Student’s #-test was ap-
plied for statistical analysis. The P-value of <0.05 was con-
sidered to be significant.

RESULTS

Overexpression of TACE in TACE-Tg Mice

The TACE mRNA and protein expressions in the systemic
organs of 6-week-old TACE-Tg and WT mice were evaluated
by real-time RT-PCR and western blotting, respectively. The
TACE mRNA expression in all organs examined was higher
in TACE-Tg mice than in WT mice, although the expression
level was variable among organs (Figure 1a). The top five
organs with the highest level of expression of TACE mRNA
included the muscle, pancreas, heart, skin, and intestine. In
WT mice, the TACE mRNA expression was relatively high in
the pancreas and skin. The TACE protein expression, which
was detected by the anti-TACE immunoblotting, well
reflected the mRNA expression (Figure 1b). These findings
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Figure 1 TACE mRNA and protein expressions in TACE-Tg and WT mice.
The mRNA expressions of TACE in systemic organs of 6-week-old TACE-
Tg and WT mice were quantified using real-time RT-PCR (a). The
expression level in each organ was standardized by the level in the skin
of WT mice. The expression of TACE protein was examined by western
blotting (b). Lysates of systemic organs from 6-week-old TACE-Tg and WT
mice were subjected to anti-TACE and anti-Flag immunoblotting.
Experiments were repeated 3 times, and similar results were reproduced.
Representative data are shown.
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indicated the overexpression of TACE in TACE-Tg mice
compared with WT mice. The anti-Flag immunoblotting
suggested that the difference in the amount of TACE between
TACE-Tg and WT mice was attributable to the expression of
the transgene-derived TACE. Remarkably, most of the
transgene-derived TACE protein was detected as the 120 kDa
inactive form.

No Spontaneous Phenotype in TACE-Tg Mice
Comparison of histology of systemic organs between 6-week-
old TACE-Tg mice and WT mice revealed no remarkable
difference (Supplementary Figure 1). The TACE-Tg mice
kept for up to 2 years showed no spontaneous development
of a specific phenotype. This might be consistent with the
presence of most of all transgene-derived TACE protein as the
inactive form in TACE-Tg mice.

Activation of TACE by Furin

ADAM family molecules, including TACE, undergo proteo-
lysis to the active form by protein convertases.»* The inactive
TACE of 120kDa protein is removed in the N-terminus
prodomain and then converted to the active form of 100 kDa
protein by furin in vivo.>® To determine the catalytic capacity
of transgene-derived TACE, the tissue lysates of skin from
TACE-Tg and WT mice were incubated with furin in vitro.
The western blotting using the anti-TACE and anti-Flag
antibodies revealed that the transgene-derived TACE protein
could be converted to the 100 kDa active form by furin in a
dose-dependent manner (Figure 2a). Compatible with these
findings, the TACE activity in the samples from TACE-Tg
mice was increased by furin dose-dependently, and the in-
creased TACE activities in the samples from TACE-Tg mice
exhibited significantly higher levels than those in WT samples
(Figure 2b).

Activation of TACE by PMA In Vitro

Administration of furin into mice is difficult because furin
exclusively functions in the cytoplasm in vivo. In this study,
alternative stimulation, which can convert TACE to the active
form, was sought; hence, PMA was employed. When the
primary culture of dermal fibroblasts was stimulated by
PMA, the transgene-derived TACE protein was effectively
converted to the active form (Figure 3a). Although the TACE
activity in WT fibroblasts was significantly increased by PMA
dose-dependently as well as that in the TACE-Tg fibroblasts,
the increased amount of active TACE in WT samples seemed
to remain at an undetectable level of the anti-TACE im-
munoblotting (Figure 3b).

Activation of TACE by PMA In Vivo

To determine that PMA could convert TACE to the active
form in vivo, PMA was subcutaneously injected into TACE-
Tg and WT mice, and then skin samples were obtained 1 and
7 days after the inoculation. Western blotting using the anti-
TACE and anti-Flag antibodies revealed that the active TACE
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Figure 2 TACE activation by furin in vitro. Lysates of the skin from
6-week-old TACE-Tg and WT mice were incubated with furin at
respective concentrations of 0, 0.1, and 1 unit/ul for 1h at 30°C. The
samples were then subjected to anti-TACE and anti-Flag immunoblotting
(a). Experiments were repeated 3 times, and similar results were
reproduced. Representative data are shown. TACE activities in the
samples (TACE-Tg: n=3, WT: n=3) were measured using SensoLyte 520
TACE Activity Assay kit (b). NC represents the spontaneous cleavage of
TACE substrates in the kit. *P<0.05, **P<0.01.

of 100 kDa protein increased in the sites of PMA injection in
TACE-Tg mice at day 1. The amount of the active TACE in
the sites of PMA injection in WT mice did not reach detec-
tion level (Figure 4a). The TACE activation recovered to the
unstimulated level at 7 days after the PMA injection even in
TACE-Tg mice. The TACE activity in the skin tissues of
WT mice was significantly increased by PMA at day 1 as well
as that in the TACE-Tg samples, although the increased
amount of active TACE in the WT samples still remained at
an undetectable level of the anti-TACE immunoblotting
(Figure 4b).

Augmented Dermal Fibrosis after PMA-Induced
Inflammation in TACE-Tg Mice

At 1 day after PMA injection, a severe infiltration of poly-
morphonuclear cells was observed in the subcutaneous tissue.
Variety and degree of inflammatory cell infiltration were
equivalent between TACE-Tg and WT mice (Figure 5).
Thickening of the dermis and scar formation in the sub-
cutaneous tissue were observed at the inflammation sites 7
days after the PMA injection (Figures 6a—h). The dermal
thickening ratio (PMA injection site/PBS injection site) was
significantly higher in TACE-Tg mice than in WT mice
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Figure 3 TACE activation by PMA in vitro. The primary culture of dermal
fibroblasts derived from TACE-Tg and WT mice was stimulated by PMA at
respective concentrations of 0, 6.4, 64, and 640 nM. After 30 min of
incubation at 37 °C, the cells were lysed, and then the lysates were
subjected to anti-TACE and anti-Flag immunoblotting (a). Experiments
were repeated 3 times, and similar results were reproduced.
Representative data are shown. PC: positive control (furin-treated TACE-
Tg skin lysates used in Figure 2). TACE activity in each sample (n=3, in
each group) was measured using Sensolyte 520 TACE Activity Assay kit (b).
**P<0.01.

(Figure 6i). Correspondingly, the mRNA expression of type I
collagen in the skin 7 days after the PMA injection was re-
latively higher in TACE-Tg mice than in WT mice, though
there was no statistical significant difference (Figure 6j).
Notably, the type I collagen expression at the sites of PMA
injection reached twofold level of the PBS-injected sites in
TACE-Tg mice, whereas the expression at PMA injection sites
was equal to that of the PBS injection sites in WT mice.

Induction of Type | Collagen Expression in Dermal
Fibroblasts by PMA

To elucidate the hypothesis that the quantitative difference of
TACE in dermal fibroblasts between TACE-Tg and WT mice
was attributable to the degree of dermal fibrosis after the
PMA-induced inflammation, the primary culture of dermal
fibroblasts was stimulated by PMA in vitro, and then the
mRNA expression of type I collagen was examined by real-
time RT-PCR. As a result, the levels of type I collagen ex-
pression were upregulated by PMA dose-dependently in
dermal fibroblasts of TACE-Tg mice, although the expression
was not altered by the PMA treatment in dermal fibroblasts
of WT mice (Figure 7a). In addition, the induction of type I
collagen by PMA was significantly inhibited by the TACE
inhibitor, TAPI-0 (Figure 7b). These findings suggested that
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Figure 4 TACE activation by PMA in vivo. PMA (0.08 ug/0.1 ml PBS,

1300 nM) was injected subcutaneously into TACE-Tg and WT mice using
29 G syringe needle. As a control, the same volume of PBS without PMA
was injected subcutaneously. Lysates were obtained from the sites with
PMA and PBS injection, respectively, at day 1 and day 7. Western blotting
was performed using the anti-TACE and anti-Flag antibodies (a).
Experiments were repeated 3 times, and similar results were reproduced.
Representative data are shown. TACE activity in each sample (n =3, in
each group) was measured using Sensolyte 520 TACE Activity Assay kit (b).
*#p<0.01.

the overexpression and activation of TACE in dermal fibro-
blasts could promote the type I collagen expression.

Increase of Phosphorylated EGFR in Dermal Fibroblasts
by PMA

It has been shown that the expression of type I collagen was
driven by the EGFR signal in fibroblasts.!? To determine the
activation of EGFR, the primary culture of dermal fibroblasts
was treated by PMA, and then the expressions of EGFR and
phosphorylated EGFR were examined. As a result,
phosphorylated EGFR was increased by the PMA treatment
dose-dependently, and the degree was higher in TACE-Tg
mice than in WT mice (Figure 7c).

DISCUSSION

Association of the TACE expression with the pathogenesis of
inflammation and fibrosis has been documented in animal
models.”? In humans, TACE has also been demonstrated to
be involved in the pathogenesis of inflammatory and fibrous
connective tissue diseases, such as rheumatoid arthritis!®!4
and systemic sclerosis (SSc).!> Bohgaki et al'® reported that
TACE was overexpressed in peripheral blood monocytes of
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Figure 5 Subcutaneéus inflammatory cell infiltration at sites with PMA injection At 1 day after the PMA injection, the sites with PMA injection were
excised from TACE-Tg (n=5) and WT (n = 8) mice, and then subjected to HE staining (a, b, c: TACE-Tg; d, e, f: WT; bar: 100 uM). Representative photos

are shown.

patients with early stage of SSc, and that the TACE expression
was decreased by treatment. These findings suggest that the
overexpression of TACE in monocytes might be critically
implicated in the development of SSc. On the other hand, it
remains elusive how TACE in organ cells can be implicated in
the pathogenesis of inflammation and fibrosis.

In the present study, TACE-Tg mice were generated in
order to answer the question (Figure 1). As a majority of the
transgene-derived TACE were expressed as an inactive form,
no spontaneous phenotype occurred in TACE-Tg mice
(Supplementary Figure 1). However, furin could convert the
transgene-derived inactive TACE to active form; thus, TACE-
Tg mice were regarded as inducible models of TACE over-
expression and activation (Figure 2). Interestingly, furin
failed to activate endogenous TACE unlike the transgene-
derived TACE. Although the reason should be revealed by
further studies, it is possible that undetermined factors in
tissue lysates interfered with the measurement of TACE ac-
tivity when inactive TACE were converted to active form in
the tissue lysates. The amount of the putative inhibitory
factors seemed to be enough to mask the TACE activity in
WT samples mostly, but insufficient to mask that in TACE-Tg
samples with overexpression of TACE.

As furin functions exclusively in the cytoplasm in vivo, we
employed PMA as stimulant to induce TACE activation in
TACE-Tg mice (Figure 3). As a result, the overexpression and
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activation of TACE in fibroblasts were demonstrated to
augment dermal fibrosis after inflammation (Figures 4-6).
The subcutaneous injection of PMA into TACE-Tg mice
activated TACE in the tissue 1 day later and induced sub-
sequent dermal fibrosis 7 days later. As PMA-induced acti-
vation of TACE already returned to the baseline level at day 7,
it remained unclear whether the TACE overexpression and
activation at day 1 were critically associated with the in-
creased fibrosis at day 7. Although further studies are needed
to clarify the association, it is possible that the TACE-
dependent type I collagen induction at an early state in
inflammation could make an orientation toward subsequent
fibrosis. Interestingly, the degree of dermal fibrosis 7 days
after PMA injection was significantly higher in TACE-Tg
mice than in WT mice, although the degree of inflammatory
cell infiltration at day 1 was comparable between the two.
These findings suggest that the overexpression of TACE is
related to fibrosis after inflammation rather than inflamma-
tion itself.

There is a controversy over the contribution of TACE to
tissue fibrosis. Terao et al’ demonstrated that TACE
contributed to dermal fibrosis using murine bleomycin-
induced scleroderma model. This finding corresponds to our
results. On the contrary, Leco et al'® reported that lung
emphysema, an opposite phenotype of fibrosis, developed in
tissue inhibitor of metalloproteinase 3 (TIMP-3)-deficient
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Figure 6 Dermal fibrosis at sites with PMA injection. At 7 days after the PMA injection, the sites with PMA injection (b, d, f, h) and the sites with PBS
injection (a, ¢, e, g) were excised from TACE-Tg (n=5) and WT (n = 8) mice, and then subjected to HE (a-d) and EM (e-h) staining (a, b, e, f: TACE-Tg,
n=5; ¢, d, g, h: WT, n=8). Representative photos are shown. Dermal thickening ratios were calculated as follows: dermal thickness measured at three
random points of the sites with PMA injection (arrows in b and d)/mean value of dermal thickness measured at three random points of the sites with
PBS injection (arrows in a and ¢), and then were compared between TACE-Tg and WT mice (i). The skin tissues at sites with PMA and PBS injections
were obtained at day 7, the expression of type | collagen (collagen 1A1) was examined by real-time RT-PCR, and then fold increase by the PMA
injection was compared between TACE-Tg (n=5) and WT (n=8) mice (j). *P<0.05.

mice. As TIMP-3 functions as a TACE inhibitor in vivo, deficient mice are not necessarily an ideal model of TACE
TIMP-3-deficient mice have been documented as a TACE  activation in vivo because TIMP-3 inhibits not only TACE but
activation model.!”!® Therefore, this findin: suggests that  also other metalloproteinases.

TACE plays an opposite role in induction of tissue fibrosis To confirm the contribution of TACE overexpression
and is contradictory to our results. However, TIMP-3- in fibroblasts to dermal fibrosis, the expression of type I
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