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Fig. 6. Peroxynitrite induces tyrosine nitration of JRS-1, but not serine
phosphorylation of IRS-1. {A) 3T3-L1 adipocytes were incubared with
0, 4 or $mM SIN-1 for 12k, or with 50ng/m] TNF-o 48h. The cell
lysates wete immunoprecipitated with anti-nitrotyrosine ot anti-IRS-1
antibody and then immunoblotted with anti-phosphoserine (307)-IRS-
1 antibody, anti-insulin receptor § antibody or anti-IRS-1 antibody.
(B) 3T3-LI adipocytes and HIRc were incubated with 0 or 4mM
SIN-1 for 12h. The cell lysates were used for immunoblotting with
anti-IRS-1 antibody. (C) HIRc were incubated with 0, 4 or gmM
SIN-1 for 12h, or with 50 ng/ml TNF-¢ 48h. The cell lysates were
immunoprecipitated with anti-nitrotyrosine or anti-IRS-1 antibody
and then immunoblotted with anti-phosphoserine (307)-IRS-1 anti-
body, anti-insulin receptor f antibody or and-IRS-1 antibody. This
figure shows representative data from three independent experiments.

IRS proteins that act as docking sites for downstream
mediators. Among these mediators, PI3-kinase plays
an important role in the metabolic actions of insulin
and it binds to IRS-1 at its phosphorylated Tyr®*and
Tyr®™® [19]. IRS-1 is also a substrate for various serine
kinases, including c-Jun NH,-terminal kinase [20], Akt
{21}, inhibitor kB kinase [8], and protein kinase € [22].
Activation of these kinases by TNF-o or other factors
results in impairment of the insulin-signaliing pathway
and leads to the insulin resistance observed in obesity
and type 2 diabetes [23]. In the present study, we in-
vestigated the effect of peroxynitrite, which is gener-
ated by induction of iNOS, on insulin-stimulated
glucose uptake. The importance of iINOS for insulin
resistance in vivo is supported by previous studies
using iNOS gene-disrupted mice. In these mice, a de-
crease of IRS-1 phosphorylation by a high-fat diet
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Fig. 7. Identification of pitrated tyrosine residues of rat IRS-1 after
exposute to peroxynitrite. (A} One milligram of rat recombinant IRS-1
was incubated with or without 50 uM peroxynitrite for 1h at 4°C.
Then the sample was immunoprecipitated with anti-IRS-1 antibody
and immunoblotted with anti-pitrotyrosine antibody. (B) Represen-
tative SIM profiles of peroxynitrite-modified and unmaodified peptides.
The monitoring ions of both peptides at residues 1169-1179
(SLNYWZ{DLDLVK) are mfz 646.8 as the [M +2HJ** jon (top) and
miz 6693 as the [M +45 + 2H]P* jon (bottom). The molecular weights
of the peptides were 1291.7 and 1336.7Da.

was prevented [10]. Our data showed that peroxyni-
trite, which is an end-product of iNOS, inhibited in-
sulin-induced glucose uptake, coincident with the
tyrosine nitration of IRS-1. Thus, our findings sug-
gested that tyrosine nitration of IRS-1 might also
contribute to insulin resistance as does serine phos-
phorylation of this protein.

We found a decrease of the IRS-1 protein level and
IRS-1-mediated signal transduction after trcatment with
SIN-1. Previous studies have demonstrated that tyro-
sine-nitrated proteins are more easily degraded [6], thus,
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Ydentification of trypsinized peptides of IRS-1 and confirmation of the nitrated tyrosine residues of IRS-1 following treatment with peroxynitrite

Residue  MNo.  Sequence Identification of IRS-1 Niteation of Tyr
PROWL MASCOT  [M+45+2HF NO; %)
MS MS/MS SiM modification
29-33 5 FFVLR O
44-51 8 LEYYENEK O
32-89 8 HLVALYIR O o
157-166 10 EVWQVILKPK O o}
167-172 6 GLGQTEK o}
173-179 7 NLIGIYR O
192-207 16 LNSEAAAVVLQLMNIR O o
223-253 31  SAVTGPGEFWMQVDDSVVAQNMHETILEAMR o
282-296 15 HHALNNPPPSQVGLTR ’ e
300-315 16 TESITATSPASMVGGK O
316-320 5 PGSFR 0
489-515 27  YIPGATMGTSPALTGDEAAGAADLDNR O C 4.1
520-533 14 THSAGTSPTISHQK O
534-563 30  TPSQSSVVSIEEYTEMMPAAYPPGGGSGGR O
635-647 13 SVSAPQQIINPIR 0 o]
820-838 19 PESSVTHPHHHALQPHLPR O
856-862 7 LSLGDPK O
871-890 20 EQQQOQQQQQQQSSLHPPEPK 0
932-948 17 EETGSEEYMNMDLGPGR o O ¢ 26.9
950-962 13  ATWQESGGVELGR o o}
976-996 21  PTRSVPNSRGDYMTMQIGCPR O
997-1014 18 QSYVDTSPVAFPVSYADMR o o] 8.0
1022-1026 5 VSLPR O
1027-1073 47 TTGAAPPPSSTASASASVTPQGAAEQAAHSSLL O
GGPQGPGGMSAFTR
1169-1179 11 SLNYIDLDLVK o C 353
Total residues (1235) 389 it
Coverage 31.5% 6.2%

A mixture of trypsinized peptides was examined by peptide mapping using L.C-MS and the PROWL search engine. The amino-acid sequences of
some peptides were confirmed using LC-MS/MS and the MASCOT search engine. The nitzated tyrosine residues were confirmed by SEM at the
[M+2HP* and [M +45+ 2HP* ions. NO; (%) represents the ratio of the ion intensities of the modified and the wamodified tyrosine. Tyrosize

residues are showm in bold type.

we speculated that tyrosine-nitrated IRS-1 may also be
readily degraded. If so, the reason that we only observed
a modest increase of tyrosine nitration of IRS-1 in 3T3-
L1 adipocytes treated with SIN-1 (data not shown)
might be due to the degradation of IRS-1. In fact, we
found a definite increase of tyrosine nitration in HIRc
without showing the decrease of the protein level of
IRS-1. Thus, tyrosine nitration of IRS-1 may occur by
direct modification due to peroxynitrite, and such
modification may impair the stability of IRS-1 in a cell-
dependent manner.

We used MS to identify the nitrated tyrosine residues
in rat IRS-1. The rat IRS-1 protein has 34 tyrosine
residues, more than 10 of which can be phosphorylated
by insulin receptor tyrosine kinase. In this study, MS
covered about 30% of the peptide sequence and showed
that at least Tyr*®, Tyr®®, either Tyc™ or Ty, and
Tyr'"” residues could be nitrated by peroxynitrite.
Among the tyrosine residues of IRS-1, four are found in
the src homology 2 (SH2)-binding domain. Among
these, Tyr®® and Tyr®® are especially considered to be

important tyrosine residues for docking to the p85
subunit of PI3 kinase [6]. Although we could not in-
vestigate whether Tyr®® was nitrated because of diffi-
culty in isolating a digested peptide including Tyr*®,
nitration of Tyr®® may also inhibit the phosphorylation
of TRS-1 at this site and might be involved in the im-
paimment of IRS-I-associated PI3-kinase activity. We
showed that treatment with SIN-1 Jed to the suppression
of IRS-1 phosphorylation and more marked suppression
of IRS-i-associated p85 activity. These findings suggest
that nitration of the tyrosine residues of IRS-1 inhibits
tyrosine phosphorylation by the insulin receptor, and
thus inhibits its association with p85.

SIN-1 caused more dramatic suppression of IRS-1-
associated p85 activity than IRS-1 phosphorylation pos-
sibly due to the impairment of PI-3 kinase. Hellberg et al.
[24] reported that spermine NONOQate, a NO donor, in-
duced tyrosine nitration of the p85 subunit of PI3-kinase
in a macrophage cell line. We also detected a modest in-
crease of tyrosine nitration of the p85 subunit together
with a modest decrease of the interaction between p85 and
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p110. (T.N. and H.-W., unpublished observation}. Taken
together, it is conceivable that various molecules, in-
cluding p85, are probably involved in the NO-induced
reduction of insulin-stimulated glucose uptake. Among
these, IRS-1 is certainly the most upstream molecule and
one of the most important targets of peroxynitrite in the
insulin-signalling cascade (Fig. 4B).

Peroxynitrite is produced by the reaction of NO with
superoxide. High blood levels of free fatty acids and
glucose, which are often found in diabetes and obesity,
can induce the production of superoxide through vari-
ous mechanisms including increased uptake of sub-
strates by the mitochondria [25]. Thus, once INOS is
induced in insulin-sensitive tissues, peroxynitrite may be
easily generated from NO in obese and diabetic indi-
viduals. Clinical studies have demonstrated the presence
of nitrotyrosine in the blood of diabetic patients, and its
level increases in hyperglycaemia [26].

In conclusion, the present study identified a possible
mechanism of insulin resistance, which is the main eti-
opathological factor of type 2 diabetes and multiple risk
factor syndrome. Inhibition of the tyrosine nitration of
IRS-1 could be a potentially useful therapeutic target for
the treatment of diabetes and related discases.
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Hypoxia followed by reoxygenation induces secretion
of cyclophilin A from cultured rat cardiac myocytes™
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Abstract

We previously reported that hypoxia followed by reoxygenation (hypoxia/reoxygenation) rapidly activated intracellular signaling
such as mitogen-activated protein kinases (MAPKs) including extracellular signal-regulated protein kinase (ERK) 1/2, p38MAPK,
and stress-activated protein kinases (SAPKs). To investigate the humoral factors which mediate cardiac response to hypoxia/
reoxygenation, we analyzed the conditioned media from cardiac myocytes subjected to hypoxia/reoxygenation by two-dimensional
electrophoresis and mass spectrometry. We identified cyclophilin A (CyPA) as one of the proteins secreted from cardiac myocytes in
response to hypoxialreoxygenation. Hypoxia/reoxygenation induced the expression of CyPA and its cell surface receptor CD147 on
cardiac myoeytes in vitro. This was also confirmed by ischemia/reperfusion in vivo. Recombinant human (th) CyPA activated
ERK1/2, p38MAPK, SAPKs, and Akt in cultured cardiac myocytes. Furthermore, CyPA significantly increased Bet-2 in cardiac
myocytes. These data strongly suggested that CyPA is released from cardiac myocytes in response to hypoxia/reoxygenation and
may protect cardiac myocytes from oxidative stress-induced apoptosis.

© 2004 Elsevier Inc. All rights reserved.

Keywords: Apoptosis; Autocrine; Cardiac myocyte; CD147%; Cyclophilin; Hypoxia;

Ischemia; Reoxygenation; Reperfusion; Signal transduction

We previously reported that both hypoxia and
hypoxia followed by reoxygenation (hypoxia/reoxy-
genation) rapidly and sequentially activated mitogen-
activated protein kinase kinase kinase (MAPKKK)
activity of Raf-1, MAP kinase kinase (MAPKK),
MAPKs (p44"%* and pd2marky (also called extracellular

* tpbreviations: BPB, bromophenol blue; CBB, Coomassie bril-
liant blue; CyPA, cyclophilin A; 2-D, two dimensional; DMEM,
Dulbecco’s modified Bagle’s medinm; DTE, dithioerythritol; ERK,
extracellular signal-regulated protein kinases; HIV, human immuno-
deficiency virus; IEF, isoelectric focusing; MAPK, mitogen-activated
protein kinase; MAPKK, MAPK kinase; MAPKKK, MAPK kinase
kinase; MS, mass spectrometry; PBS, phosphate-buffered szline; PDA,
piperazine diacrylamide; SAPK, stress-activated protein kinase; SDS-
PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis;
Ser, serine; TCA, trichloroacetic acid; TRITC, tetramethyl thodamine
isothiocyanate; TSA, tyramide signal amplification; Tyr, tyrosine; The,
threonine; VSMC, vascular smooth muscle cell.

* Cotresponding author. Fax: +81-3.5689-3815.

E-mail address: sekoyosh-tky@unin.ac.jp (Y. Seko).
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signal-regulated protein kinase [ERK]! and ERK2,
respectively), and S6 kinase (p90™*) as well as Src
family tyrosine kinases (c-Src and c-Fyn) and p21™,
which are upstream mediators of MAPK pathway
[1,2]. We also reported that both hypoxia and hypoxia/
reoxygenation rapidly activated stress-activated MAPK
signaling cascades involving p65¥4%, p38MAPK, and
stress-activated protein kinases (SAPKs) in cuitured rat
cardiac myocytes [3]. Activation of these signaling
cascades results in the expression of various genes
coding for growth factors, cytokines, cell-adhesion
molecules, and so on, which may play a role in the
adaptation to these stresses or lead to further cell
damage known as reperfusion injury. In this study, to
investigate the humoral factors which mediate cardiac
response to hypoxia/reoxygenation, we analyzed the
conditioned media from cardiac myocytes subjected to
hypoxia/reoxygenation and found that cyclophilin A
(CyPA) was secreted from cardiac myocytes and might
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play a role in protecting cardiac myacytes from oxi-
dative stress-induced cell injury.

Materials and methods

Cell culture. Primary cultures of ventricular cardiac myocytes were
prepared from neonatal rate as previously described [1). They were
cultured for two days until they were confluent and then serum-starved
for 24 h before use.

Hypoxia and reoxygenation. Hypoxic condition (95% N3, 5% COq,
and less thap 0.1% O;) was achieved by using an anaerobic jar
equipped with a new type AnaeroPack (disposable Oz absorbing and
(O, generating agent, Mitsubishi Gas Chemical, Japan) and an indi-
cator 1o monitor oxygen depletion as deseribed previously [11. By
placing fiasks, which contain phosphate-buffered saline (PBS), in an
anaerobic jar overnight, the PBS was balanced with the hypoxic at-
mosphere. Cultured cardiac myocytes were subjected to a hypoxic
condition by immediately replacing the medium with the hypoxic PBS
in an anaerobic jar. To keep hypoxic conditions, all the procedures
were petformed in a glove bag filled with 35% N; and 5% CO,. After
incubating in a hypoxic condition for 60 min, the cells were reoxy-
genated by immediately replacing the hypoxic PBS with normoxic PBS
for the indicated time periods. We collested the supernatant PBS after
10min of reoxygenation as reoxygenation-conditioned PBS. We also
collected the supernatant PBS after 10min of incubation with
non-stimulated cardiac myocytes under nommoxia as control-
conditioned PBS.

Two-dimensional gel electrophoresis. We concentrated the reoxy-
genation-conditioned PBS and control-conditioned PBS by using
centripreps (YM-10; Millipore, Bedford, MA, USA) and collected the
fractions of molecular weight >10kDa from them. Immobiline dry
strips at pH 3-10 (7cm), IPG baffer, PlusOne silver staining kit, and
Coomassie brilliant biue (CBB-R350) were purchased from Amersham
Biosciences (Uppsala, Sweden). For the first-dimeasional isoelecttic
focusing (IEF), IPGphor strips (7cm) at pH 3-10 were used. The
concentrated-conditioned PBS {50 ug/125 ply in a microtube (Treff AG,
Schweiz, Switzerland) was difuted with Milli Q water (375pl) and
deproteinized with the 500 1l of 40% trichloroacetic acid (TCA) (final
concentration 20%). The mixtures were allowed to stand on ice for
more than 1h and centrifuged at 13,000 rpm for 10min. The super-
natants were discarded and the precipitates were washed with cold
ether three times to remove excess TCA. The final precipitates were
dissolved in the IEF solution containing 9 M utea, 4% CHAPS, 65 mM
dithicerythritol (DTE), 2% IPG buffer, pH 3-10, and bromophenol
blue (BPB). The dried IPG strips were rehydrated overnight in. the
sample solution. Then, IEF was performed with the following steps;
increasing voltage 30V for 7h, 60V for 7h, from 60 to 200V for 0.5h,
from 200 to 500 V for 0.5 h, from 500 to 1000V for 0.5 h, from 1060 to
8000 V for 0.5h, and held at 8000V for Ih, ie., a total of 11.5 kvh
Before lozding on a 2-D SDS-PAGE, the IPG strips were immersed in
5mi solution comtaiming SOmM Tris-HCL (pH 8.5), 6M wrea, 30%
glycerol, 2% SDS, 150mM DTE, and 0.005% BPB and were shaken
slowly for 10min at room temperature in order to reduce the inner
and intra-disulfide bonds of cysteinyl residues. And then, the re-
duced proteins were alkylated with Sml of 300mM acrylamide at
toom femperatute for 10min. For the 2-D sodium dodecyl sulfate--
polyacrylamide gel electrophoresis (SDS-PAGE), we used a gel
(110 x 110 x 1 mm; Nihon Eido, Tokyo, Japan), which was prepared
for separating gel (10% acrylamide and 2.6% piperazine diacrylamide
[PDA)) and for stacking gel (4% actylamide and 2.6% PDA). The pre-
fun was performed at 24mA for 45 min to remove the excess reagents
and adjust gel condition. The IPG strips were placed onto the surface
of a stacking gel. At first, the 2-D SDS-PAGE commenced at 6 mA for
30min in ordet to release proteins from the IPG strips and to stack
those into the 2-D gel. Subsequently, the proteins were separated at

12mA for 3.25h. The proteins in the pels were stained with the silver
staining kit or the CBB R-350 reagent kit and profiled with the image
analyzer, Master Scan (Scapalytics, Billerica, MA, USA).

In gel digestion. The proteins on the 2-D SDS-PAGE were sub-
jected to in gel digestion as described previously [4]. The spots were
excised manually using 2 razor blade, placed in microtubes, washed
with HxO (10min, 37°C, five times), and destained in 100l of 50%%
CH,CN and 100mM ammonium bicarbonate (pH 8.5) for 10min at
37°C until colorless. The gels were debydrated in 1001 CHyCN ina
microtube for 10min at 37°C and was drded in Micro Vac MV-100
(Tomy, Tokyo, Japan) for Smin. The dried residue was rehydrated by
adding 50pl of 0.001% trypsin in 100 mM ammonium bicarbonate
(pH 8.5) and incubated overnight at 37 °C. The incubation mixture in
the microtube was centrifuged, and the residue was extracted with
50% CHs;CN and 0.1% trifieoroacetic acid, and centrifuged apain.
The residue was further extracted with 15% isopropyl alcohol, 20%
formic acid, 25% CH,CHN, 40% H,0, and finally with 30% CHCN.
The supernatant and all of the extracts were successively dried
in & single microtube, and the residue was dissolved in 6l of 0.1%
formic acid. Aliquots were used for protein identification by nass
spectyometry.

Mass spectrometry. Peptide mapping was carried out using API
QSTAR. Pulsar (I} hybrid mass spectrometer system with a micro-
liquid chromatograph (Magic 2002, Michrom BioResource, Aurbura,
CA, USA). The QSTAR pulsar hybrid mass spectrometer system
consists of the apparatus of nanoelectrospray jonization and the
quadrupole-time of fight (ESI-TOF) mass spectrometer. Mass accu-
tacy was 0.1 mass unit. Conditions of mass spectrometry (MS) were
as follows; ion spray voltage of 2.0-2.8kV, voltage for the electron
multiplier of 2400V, nitrogen for curtain gas of 10, nitrogen for col-
lision gas of 10, and collision energy of 20-55eV for MS/MS analysis.
Conditions of micro-L.C were as follows; Magic C18 colume (0.2 mm,
inner diameter x 50mm) and ehition with 0.1% formic acid (solvent
A) and 0.1% formic acid in 90% CH;CN (solvent B) using a program
of 1% solvent B for 2min, pradient at 2,1%/min for 45min, 100%
solvent B for Smin, and flow rate of 2.5ul/min. Proteins in-gel
digested on 2-D SDS-PAGE were identified with LC-MS/MS using
the PROWL (ProFound) and Mascot search engines, and NCBI
database.

Ischemia and reperfusion. Rats (male, 250-280 g) were subjected to
coronary artery ligation by technigues previously described [3].
Briefly, rats were anesthetized with sodium pentobarbital {40mgfkg,
intraperitoneally), intubated, and ventilated with room air {tidal
volume, 20mlkg at rate of 60/min) with a respirator (SN-480-7,
Shinano Manufacturing, Tokyo, Japan). After lateral thoracotomy
and pericardiectomy, a 6-0 silkc stitch was placed near the intramy-
ocardial location of the left coronary artery beneath the left atrial
appendage. We performed coronary artery occlusion by pressing a
short length of tube over the ends of the suture and clamping it
firmly against the heart. We achieved reperfusion by removing the
clamp. The standard limb lead II electrocardiogram was monitored
continuously. We confirmed the ischemia and reperfusion of the re-
gional myocardivm by following the changes of the ST segment level
on the electrocardiogram apd observing the change in the color of
the myocardiun.

Imnunohistockemistry. We used tyramide signal amplification
(TSA) technology for fiuorescence (TSA-Direct [Green], NEN Life
Science Products, according to the manufacturer’s instructions). Rats
were killed at each time point after myocardial ischemia/reperfusion.
Cryostat sections (6-um thick) of heart ventricles were prepared, air-
dried, and fixed in acetone for Smin. After washing in PBS, the sec-
tions were incubated with rabbit polyclonal anti-CyPA antibody
(Upstate Biotechnology, NY, USA) or goat pelyclonal anti-CD147
antibody (G-19; Santa Cruz Biotechnology, CA, USA) for 1h at 37 °C.
After washing in PBS, the sections were incubated with biotinylated
anti-rebbit or poat [pG antibody (Vector Laboratories, CA) for 1h at
37°C. After washing in TNT buffer (0.1mol/L Tris-HCI, pH 7.5,
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0.15 mol/I. NaCl, and 0.05% Tween 20), the sections were blocked with
TNB buffer containing a blocking reagent for 30min apd then
incobated with streptavidin-horseradish peroxidase for 30min.
After washing in TNT buffer, the sections were incubated with fluo-
rescein-tyramide for appropriate time (3-10min), washed in TNT
buffer, and then examined, and photographed under a fluorescence
micrascope.

Inymuocytochemistry. For immunocytochemical analysis, to dis-
tinguish cardiac myocytes from non-muscle cells (mainly consisted of
fibroblasts), we performed double-staining for cardiac myosin and
CyPA or CD147 using a mouse antj-cardiac myosin monoclonal an-
tibody (zmAb) (CMA]9) [6] and tetramethyl rhodamine isothiocyanate
(TRITC)-conjugated anti-mouse IgG antibody as described previously
{7]. The procedures for staining of CyPA and CD147 were the same as
for the tissue samples.

Western blot analyses for phosphorylation of ERKI112, p38 MAPK,
SAPKs, and Akt Cardiac myocytes were treated with 10nM of re-
combinant human (rh) CyPA (Sigma Chemical, MO, USA) for the
indicated time periods, then the culture media were aspirated im-
mediately and cardiac myocytes were frozen in liquid nitrogen. The
cells were lysed on ice with buffer A and the cell lysates were cen-
trifaged, as described previously [3). The superpatants were sus-
pended in Laemmli’s sample buffer, Aliquots of the samples wese
subjected. to ‘Western blot analyses using a rabbit polyclonal phos-
pho-specific anti-ERK1/2 (Thr20)/Ty:204), p38MAPK (Tyrig2),
SAPKs (Thri83/Tyr185), or Akt (Ser473) antibody (New England
Biolabs, MA, USA), respectively. Aliquots of the same samples were
also subjected to Western blot analyses using a rabbit polyclonal
control anti-ERK1/2, p3SMAPK, SAPKs, or Akt antibody {New
England Biolabs), respectively. The antibody-antigen complexes were
developed with chemiluminescence using alkalinephosphatase (New
England Biolahs).

Western blot analyses for Bel- 2 and Bel-X. Cardiac myocyies were
treated with 50nM rhCyPA for the indicated time periods. The pro-
cedures for preparing the Western blot samples were the same as de-
scribed above. Aliquots of the samples were subjected to Western blot
analyses using mouse anti-Bet-2 or -Bol-X mAb (Transduction Labo-
ratoties, Lexington, KY, USA). Aliquots of the same samples were
subjected to Western blot analysis nsinga goat polyclonal anti-actin (I-
19) antibody (Santa Cruz Biotechnology). The antibedy-antigen
complexes were developed with chemiluminescence using alkaline-
phosphatase.

A Mr (k)
pHI0

- 250

-150

-100
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- 50

- 25

Fig. 1. 2-D gel electrophotesis of countrol-
protein spot (B), which is not present in control-PBS {A).
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Results

Cultured cardiac myocytes secrete CyPA in response io
hypoxialreoxygenation

Fig. 1 shows the results of 2-D gel electrophoresis of
control conditioned PBS (panel A) and reoxygenation-
conditioned PBS (panel B) stained with silver. A protein
spot (M; 18.2kDa and pl 8.4) indicated by an arrow
(panel B) was not present in control-conditioned PBS
{panel A) and seemed to appear in response to hypoxia/
reoxygenation. LC-MS/MS analysis of the protein spot
identified CyPA.

Hypoxialreoxygenation induces expression of CyPA and
CD147 on cultured cardiac myocytes In vitro

Next, we examined whether cardiac myocytes express
CyPA and its cell surface receptor CD147 under normal
condition and in response to hypoxia/reoxygenation.
Fig. 2 shows double-stained cultured cardia¢ myocytes
under normal condition or subjected to hypoxia/reoxy-
genation. Panels A, B, and E show the staining pattern
specific for CyPA. Panel F shows the staining pattern
specific for CD147. Panels C, D, G, and H which cor-
respond to panels A, B, E, and F, respectively, show the
staining pattern specific for cardiac myosin heavy chain
and indicate that mast of the cells were cardiac myo-
cytes. There was only weak expression of CyPA on
cardiac myocytes under normal condition (panel A). No
significant change in the expression of CyPA was seen
on cardiac myocytes subjected to hypoxia for 60min
(panel B). Most of the cardiac myocytes subjected to
hypoxia for 60min followed by reoxygenation for
10 min moderately to strongly expressed CyPA on their

B
H3

P

Mr (kD
H1} &)

conditioned PBS (A) and reoxygenation-conditioned PBS (B) stained with silver. An arrow indicates a
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B
D

H-

Fig. 2. Immunocytochemical study of cultured cardiac myocytes for
CyPA. and CD147. (A, B, E, and F) Myocytes under normal condition
{A), myocytes subjected to hypoxia for 60 min (B), and myocytes
subjected to hypoxia for 60min followed by reoxygenation for 10min
(E), stained with anti-CyPA antibody, and labeled with FITC. Myo-
¢ytes under normal condition (F) stained with anti-CD147 antibody
and labeled with FITC. Panels C, D, G, and H which correspond to
panels A, B, E, and F, respectively, show the staining pattern specific
for cardiac myosia heavy chain aad labeled with TRITC. Bar= 50 .

surfaces (panel E). Strong expression of CD147 was seen
on cardiac myocytes under normal condition (panel F).
The expression levels of CD147 on cardiac myocytes

A- B- C-

Fig. 3. Immunohistochemical study of ventricular myocatdium for CyPA an

ischemia for 30min (B), and myocardium subjected to ischemia for 30min 1
myocardium subjected to ischeria for 30 min (E), and myocardium subjected to ischemia for 30min

antibody. Sham-operated myocardium (D),

wete not significantly changed by hypoxia or by hy-
poxia/reoxygenation in vitro (data not shown).

Ischemialreperfusion induces expression of CyPA and
CDI47 on cardiac myocytes in vivo

To confirm the expression of CyPA and CD147 on
cardiac myocytes in vivo, we cxamined their expression
in ventricular tissues from sham-operated rats and rats
subjected to myocardial ischemia/reperfusion. In sham-
operated rats and rats subjected to myocardial ischemia
for 30 min, there was only weak or almost no expression
of CyPA on cardiac myocytes (Figs. 3A and B, respec-
tively). In rats subjected to myocardial ischemia for
30min followed by reperfusion for 15min, there was a
clear expression of CyPA on most of the cardiac myo-
cytes (Fig. 3C). In sham-operated rats and rats subjected
to myocardial ischemia for 30 min, there was a moderate
expression of CD147 on most of the cardiac myocytes
(Figs. 3D and E, respectively). Myocardial ischemia for
30 min followed by reperfusion for 30min significantly
increased the expression of CD147 on most of the car-
diac myocytes (Fig. 3F).

CyPA activates ERK112, p38 MAPK, SAPKs, and Akt in
cultured cardiac myocytes

To investigate whether CyPA transduces signals
through CD147 and stimulates cardiac myocytes, we
examined whether rhCyPA phosphorylatess MAPK
family members ERK1/2, p38MAPK, and SAPKs, as
well as Akt in cultured cardiac myocytes. As shown in
Figs. 4A, B, and C, thCyPA significantly phosphory-
lated ERK1/2, p38MAPK, and SAPKs, indicating the
activation of these kinases, The phosphorylation was led
to a maximum level biphasically at 2-5min and 30 min
for ERK1/2 and SAPKs, and at 5-10min and 30 min for
p38MAPK. rhCyPA also significantly phosphorylated

d CD147. Sham-operated myocardium (A), myocardium subjected to
followed by reperfusion for 15min (C) were stained with 2nti-CyPA

followed by reperfusion for 30 min (F) were stained with anti-CD147 antibody. Bar=50pm.
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Fig. 4. Recombinant human (th) CyPA phosphorylates ERK172,
P38MAPK, SAPKs, and Akt. Serum-starved cardiac myocytes were
treated with recombinant buman (th) CyPA (10nM) for the indicated
time petiods and lysed in buffer A. The cell lysates were centrifuged
and the supernatants were subjected to Western blot analyses using a
phospho-specific ERK1/2 (Thr202/Tyr204) (A), p3MAPK (Tyr182)
{B), SAPKs (Thrl8¥Tyrl8%) (C), or Akt (Ser473) (D) antibody,
respectively. Aliquots of the same samples were also subjected o
Western blot analyses using a rabbit polyclonal control anti-ERK1/2
(A), p3SMAPK. (B), SAPK. (C), or Akt (D) antibody. The antibody—
antigen complexes were developed with chemiluminescence using
alkalinephosphatase. The experiments were performed at least in
triplicate. The results shown are from one typical experiment.

Akt with a maximum level at 15-30 min. We confirmed
that almost equal amounts of ERK1/2, p38MAPK,
SAPKs, and Akt proteins were electrophoresed in each
reaction by Western blot analyses using control anti-
ERK1/2, -p38MAPK, -SAPKs, and -Akt antibodies
(phosphorylation-state independent) (Fig. 4).

CyPA increases the expression of Bel2 in cultured
cardiac myocyltes

Because CyPA activates Akt in cardiac myocytes,
next, we examined whether CyPA increases anti-apop-
totic proteins such as Bcl-2 and Bel-X; in cardiac
myocytes. As shown in Fig. 5, CyPA significantly in-
creased Bel-2 with a maximum level at 16h, whereas
CyPA did not significantly change the levels of Bel-Xp.
and Bel-Xs. Western blot analysis using an anti-actin
antibody as an internal standard showed that almost
equal amounts of samples were electrophoresed in each

reaction (Fig. 5).

16 24 (h)

J

actin

Fig. 5. Bffects of recombinant human (th) CyPA on the expression of
Bel-2 and Bel-Xgy,. Serum-starved cardiac myocytes were treated with
thCyPA (50aM) for the indjcated time periods and lysed in buffer A.
The cell lysates were centrifuged and the supernatants were subjected
to Western blot analyses using an anti-Bcl-2 or -Bel-X mAb. Aliquots
of the same samples were also subjected to Western blot analysis using
an anti-actin antibody. The antibody-antigen complexes were devel-
oped with chemiluminescence using alkalinephosphatase. The experi-
ments were performed at least in triplivate. The results shown are from
one typical experiment.

Discussion

In the present study, we have showed that CyPA was
one of the proteins secreted from cultured rat cardiac
myocytes in response to hypoxia/reoxygenation and that
hypoxia/reoxygenation induced the expression of CyPA
and its cell surface receptor CD147 [8] on cardiac myo-
cytes. This strongly suggests that secreted CyPA interacts
with CD147 on cardiac myocytes in an autocrine fashion
and plays a role in activating intracellular signaling which
mediates cardiac response to hypoxia/reoxygenation, We
also showed that rhCyPA activated MAPK family ki-
nases and Akt, and significantly increased Bcl-2 in cardiac
myocytes, suggesting a protective role for CyPA against
oxidative stress-induced apoptosis.

CyPA. is an immunophilin family protein known to
exist intracellularly and is distributed ubiquitously.
CyPA is known to be an enzyme with peptidyl-prolyl
cis—trans isomerase activity and acts as a molecular
chaperone in protein folding [9,10]. In fact, CyPA
has been shown to bind with cyclosporine A or is
incorporated into human immunodeficiency virus type 1
(HIV-1) particles, and plays an essential role in immu-
nosuppressive effect of cyclosporine A as well as HIV-1
infection [11-13}. In addition to the intracellular func-
tion, CyPA has also been shown to be secreted by cells
in response to various stimuli and play important roles
in chemotaxis of neutrophils, monocytes, and eosin-
ophils as well as in protecting host cells from external
stresses [14-16). Jin et al. [16] reported that CyPA was
secreted by vascular smooth muscle cells (VSMCs) in
response to oxidative stress induced by LY83583, an O3
generator, and that secreted CyPA-mediated ERK
activation in VSMCs, increased DNA synthesis, and
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inhibited nitric oxide-induced apoptosis in VSMCs. The
authors also demonstrated that the expression of CyPA
was markedly increased in the balloon-injured vascular
lesion, suggesting that CyPA acts as an oxidative stress-
responsive growth and survival factor for VSMCs. It has
been shown that mammalian cells quickly respond and
adapt to external stresses such as mechanical load,
metabolic changes, and hypoxia/reoxygenation, by ex-
pressing a number of various genes, which may have
protective or injurious effects on the cells. In particular,
cardiac myocytes express various genes coding for
growth factors, cytokines, cell-adhesion molecules, and
so on, in response to ischemia/reperfusion to adapt to
these stresses or lead to further cell damage known as
reperfusion injury. Moreover, evidence has accumulated
that cardiac myocytes secrete various growth factors
such as angiotensin I, transforming growth factor-g1,
endothelin-1, atrial natriuretic peptide, and adreno-
medullin, which in turn mediate cellular response to
external stresses in an autocrine fashion [17-21]. Kitta et
al. [22] reported that hepatocyte growth factor protected
cardiac myocytes against apoptosis induced by oxidative
stresses such as daunorubicin, serum deprivation, and
hydrogen peroxide. In the present study, we have dem-
onstrated for the first time that cardiac myocytes se-
creted CyPA in response to hypoxia/reoxygenation and
that secteted CyPA played a role in activating intracel-
lular signaling through CD147, which was upregulated
on cardiac myocytes by hypoxia/reoxygenation. Up-
regulation of CyPA and CD147 on cardiac myocytes
was also confirmed by ischemiafreperfusion in vivo,
suggesting that the similar mechanism was involved in
cardiac response to ischemiafreperfusion in vive. Al-
though at least several growth factors may be involved
in the cardiac response to oxidative stresses, our data
strongly suggest that CyPA plays a role in the protection
of cardiac myocytes against oxidative stress-induced
apoptosis through this autocrine mechanism.
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Membrane-Associated IL-1 Contributes to Chronic Synovitis
and Cartilage Destruction in Human IL-1a Transgenic Mice

Yasuo Niki,"?* Harumoto Yamada," Toshiyuki Kikuchi,* Yoshiaki Toyama,*
Hideo Matsumoto,* Kyosuke Fujikawa,* and Norihire Tada

IL-1 molecules are encoded by two distinct genes, IL-1ar and IL-15. Both isoforms possess essentially identical activities and
potencies, whereas IL-1a, in contrast to IL-18, is known to act as a membrane-associated IL-1 (MA-IL-1} and plays an important
role in a variety of inflammatory situations, The transgenic (Tg) mouse line (Tg1706), which was generated in our laboratory,
overexpresses human YL-1a (h1L-1a) and exhibits a severe arthritic phenotype characterized by autonomous synovial prolifer-
ation with subsequent cartilage destruction. Because the transgene encoded Lys® to Ala®™ of the hIL-1a amine acid sequence,
Tg mice may overproduce MA-IL-1 as well as soluble JL-1a. The present study investigated whether MA-IL-1 contributes to
synovial proliferation and cartilage destruction in the development of arthritis. Flow cytometric analysis revealed that both
macrophage-like and fibroblast-like synoviocytes constitutively produce MA-IL-1. D10 cell proliferation assay revealed MA-FL-1
bioactivity of paraformaldeliyde-fixed synoviocytes and the further induction of endogenons mouse MA-IL-1 via autocrine mech-
anisms. MA-TIL-1 expressed on syneviocytes triggered synoviocyte self-proliferation through cell-to-cell (i.e., juxtacrine) interac-
tions and also promoted proteoglycan release from the cartilage matrix in chondrocyte monolayer cnlture. Interestingly, the
severity of arthritis was significantly correlated with MA-IL-1 aciivity rather than with soluble IL-1e activity or concentration of
serum hIL-1a. Moreover, when the Tg1706 line was compared with the Tgl01 line, which selectively overexpresses the 17-kDa
mature hIL-1e, the severity of arthritis was significantly higher in the Tg1706 line than in the Tgl?1 linc, These results suggest
that MA-IL-1 contributes to synoviocyte self-proliferation and subsequent cartilage destruction in inflammatory joint disease such

as rheumatoid arthvitis. The Journal of Tmmunology, 2004, 172: 577-584.

nently proliferative synovivm, leading to the formation

of hyperplastic synovial tissue (pannus) that invades both
cattilage and bone, Human IL-ler (hL-1e)) transgenic (Tg) mice
overexpressing hIL-1a exhibit macrophage- and neutrophil-dom-
inant arthritis characterized by marked synovial proliferation and
progressive cartilage destruction, resembling RA with a progres-
sive phenotype. Histopathological analysis of synovial joints from
WIL-1e Tg mice has demonstrated that proliferative synovium di-
rectly invades the cartilage, ultimately destroying both cartilage
and underlying bone (1). As IL-1 is known to play a pivotal role in the
pathogenesis of RA, analysis of 11-1-mediated synovial proliferation
and subsoquent invasion of the cartilage may clucidate the mecha-
nisms of joint destruction and suggest new therapies for RA.

IL-1 molecules are encoded by two distinct genes, IL-1c and
IL-1B8. Both genes initialty produce precursor polypeptides with a
predicted M, of 31 kDa. IL-ie precursor is fully biologically ac-
tive and acts as a membrane-associated IL-1 (MA-IL-1), whereas

R heumatoid arthritis (RA)? is characterized by a perma-
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IL-1B precursor displays no biological activity until it has been
processed to form the 17-kDa mature form (2, 3). Unlike other
secreted proteins, 1L- 1« precursor lacks a hydrophobic leader se-
quence (4) and is never found fn organelles involved in the clas-
sical secretory pathway. The processing and release of IL-1o dem-
onstrate atypical regulation through a number of post-translational
modifications (5—7), and the exact processes vary between differ-
ent cell types (8—10). Qur detailed analysis of hiL-1a Tg mice
revealed that among varicus cell types, synoviocytss are the pre-
dominant cefls producing both precursor and processed forms of
WIL-1ex despite the use of ubiquitous CAG promoter. This prefer-
entia] distribution of h{L-1e in synoviocytes seems at least par-
tially due to the extended retention of MA-IL-1 in these cells (6.

In certain situations, IL- 1« reportedly acts preferentially as MA-
IL-1 (11), which was first described as IL-1 bioactivity within
paraformaldehyde (PFA)-fixed macrophage or purified macro-
phage membranes (12). The presence of IL-la has subsequently
been demonsirated on the surface of various cell types (13-19). A
wide spectrum of biological properties has also been reported, in-
cluding induction of autonomous proliferation in vascular smooth
muscle cells (203, T cell activation during Ag presentation (21),
up-regulation of monocyte/inacrophage-mediated tumor cyiotox-
icity (22), and stimulation of osteoclast formation (23), where cell-
to-cell (i.e., juxtacrine) interactions play a key role in these actions.

The hiL-la Tg mouse line established in our laboratory was
designed to integrate a 660-bp HindIIl/Hincll restriction fragment
of hiL-1¢ cDNA coding Lys® to Ala®"" of the hIL-1a amino acid
sequenice in an aftempt to overproduce both pro and mature forms
of IL- L. As the transgene includes a nuclear localization sequence
(aa 79—86) that has been shown to be important for IL-le asso-
ciation with the plasma membrane (24), MA-IL-1 is expected to
express in Tg mice and play an important role in the development

0022-1767/04/$02.00
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of joint destruction. The present study investigated whether bio-
logically active hIL-la derived from the transgene appears on the
surface of synoviocytes, and whether MA-IL-1 contributes to sy-
novial proliferation and cartilage destruction in the development of
arthritis in hIL-1e Tg mice. MA-IL-1 was found (o be expressed
on the surface of synoviocytes from Tg mice and triggered syno-
viocyte self-proliferation and cartilage destruction in vitro. Inter-
estingly, the activity of MA-IL-1, but not soluble IL-1, in syno-
viocytes displayed correlations with both macroscopic and
histological severity ol arthritis in Tg mice. These resulls suggest
that blocking the activities of both membrane-associated and sol-
uble IL-1 may be required to effectively neutralize the pathogenic
potential of this cytokine in inflammatory arthropathy such as RA.

Materials and Methods
Generation of Tg mice -

The generation of hiL-1e Tg mice has been described previously (1). A
660-bp HindIll/Hincll restriction fragment of hIL-1a cDNA (Immunex,
Sealtle, WA} coding Lys® lo Ala®"" of (he hIL-ler amino zeid sequence
was inserted into the EcoRlI site of he third exon of the rabbit S-globin
gene in the expression plesmid, pBsCAG-2. pBsCAG-2 possesses CAG
containing the first intron of the chicken B-actin gene and a portion of the
rabbit S-globin gene. The resulting construct was excised and tnicroin-
jected into pronuclei of fertilized one-cell eggs from B6XB6C3F, mice.
The established Tg mouse line (designaled Tg1706) was backcrossed with
C3H/Hel mice for six to eight generations and used in all experiments. The
Tgl01 line, which was desi%ued to integrate 420 bp of mature hiL-Ia
cDNA coding Ser'' to Ala*”", was used in a histological examination, and
fhe macroscopic and histological scores were compared with those of
Tgl706 (Fig. 1).

Cell culture

Synovial specimens obtained from knee joints of 6- to 8-wk-old Tg mice
were lreated using 120 U/ml Streptomyces sp. C-51 collagenase (Sanko
Junyaku, Tokyo, Japan) at 37°C for 30 min. Dispersed synovial cells were
allowed to adhere to dishes in DMEM (Life Technologies, Gaithersburg,
MD) containing 10% FBS (Life Technologies), 100 Uk penicillin, and
100 g/l streptomyein {Life Technofogies). Fifth-passage cells were used
in all experiments.

Macroscopic and histological essessment of arthrifis

Clinical symptoms of arthritis in all four limbs were macroscopically eval-
ualed according Lo 4 visual scoring system, Arthritic joinls were graded on
aseale of 0—4: 0 = no change, 0.5 = swelling and erytherna of 1 digit, 1 =
swelling and ervthema of =2 digits, 2 == mild swelling and erythema of the
limb, 3 = gross swelling and erythema of the limb, and 4 = gross defor-
mity and inabilily to use the limb. Scoring was performed in a blinded
Tashion by two observers, and lhe macroscopic score for eacl mouse com-
prised the sum of scores for all four limbs, for a maximum score of 16. In
histological evaluations, ankle and knee joints were dissected and fixed in
formalin. Sagittal sections (6 pm) were prepared and stained using H&E.
Using the method described by van den Berg et al. (25), synovial infilira-
tion and cartilage destruction were scored on four semiserial sections of
each specimen spaced 10 sections apart. Neufrophil infiltration was graded
on a scale of 0-3, according {o the number of neutrophils in synovial
tissue. Cartilage destruction was also graded on a scale of 0-3: 0 = no
chiange, 1 = dead chondrocytes {empty lacunae) or focal loss of cartilage,

HN

N4t
it ,}) COOH
3 Te] 701

64

FIGURE 1. Schemalic representation of hwnan IL-}e polypeptide. The
ieansgenes of Tgl1706 and Tgl01 coded Lys™ to Ala?™ and Ser''? 1o
AlaZ! of humnan IL-1¢ amino acid sequence, respectively: &, N-terminal
conserved region (Metl-Gly™); [ (), multiple basic region known as
nuclear localization sequence (Lys™-Arg®); B (—), negatively charged
region {Leu®-Arg"'%); M, mature 17-kDa IL-1a (Ser'*-Ala®™).
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2 = loss of 25-50% of cartilage, and 3 = complete loss of cartilage.
Scoring was performed again in a blinded fashion by two observers, and
histological scores for each mouse comprised the sum of scores for two
hind limbs, for a maximuem score of 24.

Flow cytometric analysis of MA-IL-1 synthesis

MA-H.-1 synthesis by synoviocyles was analyzed using flow cytometry.
Briefly, adherent synoviocytes (1-5 X 10° cells/test) were harvested and
placed in ice-cold 3 mM EDTA and 1% BSA in Ca?*/Mg?*-free PBS at
37°C for 15 min. In accordance with the method described by Bailly et al.
(26), either with or without 144 h of fixation in 1% (v/v) PFA at room
temperature, synoviocytes were incubated for 15 min with unlabaled anti-
CD16/32 (2.4G2; BD PharMingen, San Diego, CA} to block nonspecific
binding to FeRIIAIL Cells were then stained using PE-labeled anti-hIL-1c
mAb (BD Immunocyfometry Systems, San Jose, CA). In two-color anal-
ysis of freshly isolated synoviocytes, cells were further stained with bio-
tinylated anti-F4/80 Ab (Cedarlane Laboratories, Hormby, Ontario, Can-
ada), then incubated with cytochrome-conjugated streptavidin (BD
Immunocytometry Systems). PE-conjugated mouse fgG (BD PharMingen)
was used as an isotype-matched control to exclude the possibility of non-
specific binding. Stained cells were then analyzed using FACScan (BD
Biosciences, Mountain View, CA). In some experiments cells were treated
with 0.01 ug/ml trypsin before PFA fixation, then subjected to flow

cytometry.
Immunoprecipitation of synoviocyte membrane fraction

Cultured synoviocytes were maintained in methionine/cysieine-free me-
dium (Life Technologies) for 2 h, then medium was replaced with freshly
prepared appropriate deficient medium containing 40 uCi/ml [*>S]methi-
oninc/cysteine (Amersham Pharmacia Biotech, Little Chalfont, UK} for
6 h, and washed three times using ice-cold PBS. The synoviocyte mem-
brane fraction was prepared as previously described (27). Briefly, cultured
synoviocytes harvested with ice-cold 5 mnM EDTA in PBS were suspertded
at a concentration of 5 X 10° cells/nl in ice-cold homogenization buffer
(20 mM Tris-HCI {pH 7.4), 10 mM NaCl, 0.1 mM MgCl,, 0.1 mM PMSF,
and 0.5 mg/ml DNase I), followed by sonication three times for 15 s each
time. Homogenate was centrifuged at 95,000 X g for 1 h over 41% (wiv}
sucrose solution. The [*°Smethionine/cysteine-labeled membrane fraction
was recovered from the interface and ireated with lysis buffer (150 mM
NaCl, 10 mM Tris-HC! (pH 7.5), 1% deoxycholate, 1% Triton X-100,
0.1% SDS, 10 mM EDTA, and 2 mM PMSF). This isolated membrane
fraction was concentrated 5- to 10-fold in a Ceniricon Centrifugal Con-
centrator (Millipore, Bedford, MA), then subjected to immunoprecipitation
with anti-hIL-1ee polyclonal Alr {Cndogen, Woburn, MA) using an Immu-
noPure Protein A IgG Orientation Kit {Pierce, Rockford, IL). In some
experiments, 20 g of unlabeled recombinant hIL-le {Genzyme, Cam-
pridge, MA) was added during immunoprecipitation. Labeled proteins in
immunoprecipitates and '*C-methylated protein M, marker (Amersham
Pharmacia Biotech) were prepared for electrophoresis on 12.5% SDS-poly-
acrylamide gels, fixed, and treated with ENLIGHTNING (PerkinElmer,
Boston, MA). Gels were dried and exposed to film at —80°C for
autoradiography.

Bioassay for MA-IL-1 and soluble IL-1

MA-IL-1 bioactivity in synoviocytes was quantitated by PFA fixation of
cells, as described by Bailly et al. (26). Briefly, synoviocytes were inocu-
lated at 5 X 107 cells/well on 96-well, flat-hottom tissue culture plates (BT}
Riosciences, Franklin Patk, NJ}. After culturing for 24 h, cells were fixed
with 1% PFA in PRS (pH 7.4) al room temperature for 144 h, washed three
times, and incubated in 100 gl of medium for 24 h, IL-1-sensitive mouse
T cell clone D10.G4.1 (D10} cells {provided by Dr. Tadakuma, National
Defense Medical College) were propagated as deseribed previously (28),
then used as an indicator for the presence of IL-1. In the synoviocyte
proliferation assay, Tg mouse-derived synoviocytes were usad as indicators
for IL-1. Indicator cells were distributed to wells af a concentration of 4 X
10* cellsiwell containing fixed synoviocytes in a total volume of 200 pl of
medium supplemented with 1 zg/ml Con A (Sigma-Aldrich, St. Louis,
MO). In assays for soluble IL-1, indicator cells were similarly distributed
to wells in medium containing 25% {v/v) final concentration of samples,
instead of fixed cells. The incorporation of [*H]thymidine into indicator
cells was measured during the final 4 h of the 48-h culture. In some ex-
periments peutralizing Abs against human IL-le (20 ugiml; Endogen)
and/or mouse IL-1¢ (20 pg/ml; R&D Systems, Minneapolis, MN) were
added to cultures during assays. Nonmnal rabbit or goat IgGs (R&D Sys-
tems) wers used as isotype-matched controls for anti-human or anti-mouse
IL-1e neutralizing Ab, respectively. The iitogenic activity of 100 pg/ml
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recombinant human IL-1e (Endogen) was determined to provide a refer-
ence for the mapnitude of the effects of MA-IL-1 expressed on fixed
synoviocytes.

Effect of cell culture inserts on MA-IL-1 activity

Synoviveyles were inoculaled al 1.5 X 10° cellsiwell on 24-well, fal-
bottom tissue culure plates (BD Biosciences). After 24 h of culture, cells
were fixed with 1% PFA in PBS (pii 7.4) at room temperature for 144 h.
Live synoviocytes were added to wells as indicator cells at 1.5 X 10°
cells/well jn a total volume of 500 w), either directly or into the top com-
pariment of the Cell Culture Insert {BD Biosciences). Incorporation of
[*H]thymidine into live synoviocytes was measured during the final 24 h of
the 48-h culture. For blockade of IL-1, neutralizing Abs against hIL-1c (20
ug/ml; Endogen) and/or mouse 1L-le {20 pg/ml; R&D Systems) were
added to cultures during assays.

Analysis of kinetics for synthesis of MA-IL-1 and soluble IL-I

Synoviocytes were inoculated at 1.5 X 10° cells/well on 24-well, flat-
bottom plates {BD Biosciences) in a total volume of 500 l and incubated
for 24, 48, 72, or 96 h, and culture supernatants were collected before
fixation in 1% PFA for 144 h. In MA-IL-1 assays, 1.5 X 10° D10 cells
were added to PFA-fixed synovioeytes. In soluble IL-1 assays, 1.5 X 10°
D10 celis were incubated with a 25% (v/v) final concentration of culture
supemalants from the corresponding time points. Incorporation of [*Hjthy-
midine into D10 cells was measured during the final 4 i of the 48-h culture.

Proteoglycan release assay

Articular chondrocytes were obtained from glenohumeral joints of young
Japanase White rabbits. Freshly isolated chondrocytes were seeded at 1 X
10° cellshnl in a 24-well, flat-bottom plate (BD Biosciences). After 1 wk
of culture, confluent cells were incubated for 24 h in 500 wl of fresh
medium containing [**S]silfate (Amersham Pharmacia Biotech) at 5
uCiiml and washed four times with cold fresh medium. Radiolabeled cells
were further incubated for 48 h in the prasence or the absence of detergent-
insoluble membrane fraction isolated from synoviocytes. In some wells,
|abeled cells were incubated with membrane fraction isolated from trypsin-
treated synoviocytes or with 100 M L-N-monomethy] arginine (LMMA:
Wako Pure Chemical Industries, Osaka, Japan), an NO synthase inhibitor.
The amount of >*S-Iabeled proteoglycan (PG in cell and matrix layer and
in supernatant was defermined as previously described (29). Briefly, **S-
labeled cells and supernatants were separated. A total of 25 ui of super-
nalant was solubilized using 75 pl of 1.33 M guanidine HC] with 0.5%
Triton X-160. Twenty-five microliters of **S-labeled cell and matrix layer
was solubilized for 4 h at 4°C with 4 M guanidine HC1and 0.05 M sodium
acetate, pH 6.0, containing protease inhibitors, followed by dilution with
75 sl of dilution buffer containing 0.5% Triton X-100. Next, 100 gl of
cach sample was prepared in a 96-well MultiScreen fillration plate assem-
bly (Millipore), and 150 gl of 0.2% Alcian Blue was added to the well.
Well contents were then filtered through the Millipore Durapore membrane
{0.45-un pore size). Unincorporated [**S]sulfate was removed by three
passages of vacuum filtration with wash butfer through the membrane. The
membrane dise in each well was punched out and applied to the scintilla-
tion counter. All samples were analyzed in triplicate. PG release into su-
pematant was calculated according fo the following equation: % PG re-
lease = [{[*°S]PG in supematanty([**S]PG in cell and matrix + [**SIPG
in supematant)] X 100%.

Statistical analysis

Resulls wers expressed as the mean + SEM. Statistical comparisons were
performed using nonparametric Mann-Whitney U tests. Correlation anal-
ysis was performed using StatView-J 5.0 statistical software (SAS Insti-
fute, Cary. NCL A value of p < 0.05 was considered statistically
significant.

Results
Elow cylometric analysiy of MA-IL-1

Two-color flow cytemetric analysis of transgene-derived MA-IL-1
revealed that freshly isolated synoviocytes consisted of ~80% F4/
80* synovial macrophages and 20% F4/80~ synovial fibroblasts
{Fig. 24, left panel). In histogram analysis, ~78% of F4/807 cells
and T0% of F4/80~ cells expressed MA-IL-1 on their cell surface
(Fig. 24, right panel), As hL-la Tg mice constitutively express
transgene under the control of CAG promoter, both types of sy-
noviocytes constitutively produced hil-le. The fact that mem-
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FIGURE 2. Flow cytometric analysis of transgene-derived MA-IL-1 on
the surface of synoviocytes. 4, Freshly isolated synoviocytes from 8-wk-
old Tg mice were stained with PE-labeled anti-hIL-1a Ab in conjunction
with biotinylated anti-F4/80 Ab to identify synovial macrophages (right
panel). The levels of MA-TL-] after gating on F4/80™ cells or F4/80™ cells
are shown in histograms. The percentage of cells expressing MA-IL-1 is
indicated (right panel), The results are representative of three different
experiments. B, MA-IL-1 expression in fifih-passage synoviocytes (purity
of synovial fibroblasts, >95%). Histograms show effects of PFA-fixation
and mild trypsin treatment on the staining pattern of cell surface hll-la.
MA-I1-1 can be detected on the surface of synoviocytes in both the pres-
ence (middle panel) and absence (Jeff panel} of PFA. fixation, MA-IL-1
exposed an the surface of synoviocytes was removed by mild trypsin treal-
ment {rigit panely. Gray lines show the background with isotype-matched
conirol Abs. Results are representative of three different experiments.

brane permeabilization was not required for staining synoviocytes
with PE-labeled ML-1a Ab ensured cell surface distribution of
hIL-le (Fig. 2B, left panel). Identical staining patterns were ob-
served in PFA-fixed synoviocytes (Fig. 2B, middle panel). Fur-
thermore, this membrane-localized IL-1 in synoviocytes was re-
moved with mild trypsin treatment (Fig. 2B, right panel), s
reported by others (9, 30). This indicates that MA-IL-1 was sub-
stantiaily anchored in the membrane, with tryptic cleavage sites
exposed on the cellular surface.

Tmmunoprecipitation of MA-IL-1

To further confirm membrane localization of transgene-derived
hIL-1c, a membrane fraction was isolated from synoviocytes, and
immunoprecipitation was performed using specific Abs. The re-
sults clearly indicated that transgene-derived hiL-ler within the
membrane fraction mcluded a 25-kDa protein, slightly heavier
than the 23-kDa primary translation product of the transgene (Fig.
3). In fact, culture supematants and cell lysates of synoviocytes
displayed both 23- and 25-kDa hlL- La proteins (1). However, only
the 25-kDa protein was detected in the membrane fraction. This
preferential distribution of 25-kDa hIL-1a implies the promotion
of post-translational modifications probably refated to membrane
localization of hIL- 1o, such as phosphorylation (5), mannosylation .
(6), and myristolation (7). To examine whether this band was the
truth, competition analysis was performed by adding excess unla-
beled recombinant hIL-1a (~—2.0 pg) during inmunoprecipitation.
As expected, recombinant hIL-1a completely prevented the immu-
noprecipitation of labeled hIL-la with specific Ab, whereas neither
recombinant hIL-18 nor mouse IL-la (mlL-1a) demonstated any
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FIGURE 3. Immunoprecipitation of hlL-Ia isolaled from synoviocyte

membrana fraction. Culiured synoviocytes were labeled with [**$]methi-
onine/cysteine (40 pCiiml) for 6 h. Membrane fraction was obtained as
indicated in Materials and Methods, followed by immunoprecipitation us-
ing anti-hIL-1e polyclotal Ab. Lane ], Inmunoprecipitation in the pres-
ence of excess unlabeled recombinant hIL-1a. Lase 2, immunoprecipita-
tion of synoviocyte membrane fraction, showing the 25-kDa precursor
form of hiL-1« (airow},

effect (data not shown), This indicates that transgene-derived hIL-1a
actually localizes within the membrane of synoviocytes.

MA-IL-1 an the surface of syroviocytes is biclogically active
and promotes synoviocyte proliferation

Kaye and co-workers (31, 32) have reported a IL.-1-sensitive T cell
clone, D10.GA4.1, that can be used to detect and titrate IL-1 by
adding test molecules together with Con A. Using these charac-
teristics of D10 cells, MA-IL-1 expression on LPS-stimulated
macrophages hias been elucidated by PH]thyinidine incorporation
into D10 cells cultured on PFA-fixed macrophages (14). This pro-
cedure was used to determine the MA-IL-1 activity of synovio-
cytes from Tg mice. Tg mouse-derived synoviocytes significantly

A

|*H]Thymidine incorporation (X10-*epm)

FIGURE 4, A, Tg mouse-derived synoviocytes express biol
mates (&) were inoculated on 96-well plates and fixed with 1%
neufralizing Abs against hiL-1eo/mll-1a. Isotype-matel
reactions. [*H]thymidine incorporatio
SEM of four separate experiments. 5,
06-well plates were fixed with 1% PFA for 144 h.

against hiL-Je/mil-le. [*H]tliymidine incorporation into overlaid synoviocytes was measured
[FH]thymidine incorporation into synoviocytes incubated with medium alone. Data represent the mean counis per mintde

experiments. #, p < 0.05: »¥, p < 0.0
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stimulated D10 cell proliferation compared with littermate-derived
synoviocytes (Fig. 44). To exclude the possibility of the mitogenic
activity of MA-IL-1 actually being attributable to minor contam-
inants in preparations, newtralizing Ab against hiL- lo/miL-1o was
added to cultures during the assay. Addition of anti-hIL-la Ab
resulied in significant inhibition of D10 cell proliferation, suggest-
ing that bioactivity of synoviocytes is due to transgens-derived
MA-IL-1. Farthermore, anti-mlL-1a Ab inhibited D10 cell prolif-
eration to a similar degree as anti-hIL-le Ab, with inhibition
reaching a maximum wilth the combination of bolh Abs, Trans-
gene-derived MA-IL-1 thus induces the production of endogenous
mouse MA-TL-1, and both forms of MA-IL-1 may play a role in
the development of proliferative synovitis in Tg mice. AsIL-1 has
been shown to act as a mitogen for synoviocytes (33-35), the
effects of MA-IL-1 on synoviccyte proliferation were examined. In
this experiment, live synoviocytes isolated from Tg mice and RA
patients were used as indicator cells for EL-1 activity, instead of
D10 cells. Notably, putative MA-IL-1 in Tg mouse-derived syno-
yiocyles led to significant stimulation of [°H]thymidine incorpo-
ration into indicator cells compared with that in littermate-derived
synoviocytes (Fig. 48), indicating that MA-IL-1 on Tg mouse-
derived synoviocytes stinmlates synoviocyte self-proliferation via
juxtacrine mechanisis.

MA-IL-1 expression and ifs activity affect severity of arthrifis in
Ty mice

To elucidate the contribution of MA-IL-1 to the development of
arthritis, the severity of arthritis was evaluated according to a scor-
ing system. Clinical symptoms of arthritis in all four paws and
histology of bilateral knee joints were scored, and these macro-
seopic and histological scores were compared between the two Tg
mouse lines, Tg1706 and Tgl01, which overexpress pro-{L-Le and
mature IL-1a, respectively. Interestingly, these scores of Tgl706

B

PPH]Thymidine incorporation (X10~cpm)

Z
Tg mouss

ogically active MA-IL-1. Fifth-passage synoviocytes isolated from Tg mouse (M) or litier-
PFA in PBS for 144 h. D10 cells wers distributed Lo wells and incubated with or without
hed control IpGs were used to exclude a possibility that these neviralizations include nonspecific
1 into D10 cells was measured during the final 4 h of 2 43-h incubation, Data represent the mean counts per minute =
MA-IL-1 contributes to self-proliferation of synoviocytes. Tg mouse- or [ittermate-derived synoviocytes cultured on
Live synoviocytes from Tg mouse were overlaid on the fixed cells with or without nautralizing Abs

during the final 4 h of a 48-h incubation. Contrel comprised
+ SEM of four separate
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were significantly higher than those of Tg101, indicating relatively
severe artliritic phenotype in Tg1706 compared with Tgl01 (Fig.
54) In the next cxperiment, the relationship between MA-IL-1
activity of synoviocytes and severity of arthritis was examined in
10 6-wk-ald Tg mice. Correlations between these scores and levels
of MA-IL-1, soluble IL-1, and serum hIL-la were determined.
Linear analyses revealed that MA-IL-I activity dispiayed signifi-
cant correlations with both macroscopic and histological scores
{Fig. 5B). However, soluble IL-1 activity and serum concentrations
of hlL-le displayed no correlation with either score. MA-IL-1
expression in synovial tissue may therefore represent a key ele-
ment in the development of synovitis and subseguent joint destruc-
tion in Tg mice.

Direct cell-to-cell contact is indispensable in promotion of M4-
IL-1 activity

To investigate whether direct celi-to-cell interactions are required
for MA-IL-1 activity, 2 coculfure system using the celi culture
insert with 1-um pores was emplayed, allowing the infiltration of
macromelecules, but not direct cell-to-cell contact. Similar to the
experiment in Fig. 5B, live synoviocytes were used as indicator
cells for [L-1 activity and cocuitured with PFA-fixed synoviocyies
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with or without cell culture inserts. Significant differences in live
synoviocyte proliferation were observed between the two different
cultures. Live synoviocytes displayed obvious proiiferation when
directly cultured with PFA-fixed synoviocytes without separation
{Fig. 6). However, once cells were separated from each other using
a cell culture insert, the proliferative activity of PFA-fixed syno-
viocytes was abrogated. When neutralizing Abs against hil-le/

- mIL-1c were added to cultures during the assay, synoviocyte pro-

liferation was significantly diminished in culture without cell
culture inserl, indicating thal this proliferative activily was aliributable
to MA-IL-1 in PFA-fixed synoviocytes. Weak, but nonsignificant,
neutralization was observed in culture with the cell culture insert; in
conirast to D10 cells, Tg mouse-derived synoviccytes spontaneously
produce soluble IL-1 and MA-IL-1, and endogenous JL-1-dependent
prolifetation of fhese cells was blocked by the specific Abs. These
results indicate that direct cell-to-cell contact is indispensable in the
promotion of proliferative activity by MA-1L-1,

Differential kneiics between synthesis of MA-IL-1 and soluble IL-]

To investigate the kinetics of synthesis for MA-IL-1 and solible
IL-1, incorporation of [*HJthymidine into synoviocytes was deter-
mined when cells were overlaid on PFA-fixed synoviccytes as a
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FIGURE 5. A, Comparison of severity of arthritis between Tgl706 and Tgl01. Macroscopic and histological findings were scored at 6-wk-old Tg mice.

Data are presented as the mean

+ SEM of four mice. 8, Correlation between macroscopic score, histological score, relative MA-IL-1 activity, relative

soluble JL-1 activity, and serum hiL-1e« level in 10 6-wk-old Tg mice. Data are presented as the coefiicient (R} and p value derived from linear regression

analysis. #, p < 0.05.
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FIGURE 6. MA-IL-1 promotes synoviocyte proliferation in a cell-o-
cell contact-dependent manner, Tg mouse-derived synoviocytes cultured
on 24-well plates were fixad with 1% PFA for 144 h. Live synoviocytes
were added directly o the fixed synoviocytes (M) or the top compartraent
of the cell culture insert () and incubated for 48 h. For blockade of IL-1
aclivity, nevfralizing Abs apainst hIL-1einiLl-lo: were added during in-
cubation. [*H]Thymidine incorporation into live synoviocytes was deter-
amined during the final 4 h of 5 48- incubatjon. Data are presented as the
mean counts per minute = SEM for four separate experiments, +,p < 0.05;
sk, iy < 0,01

feeder lzyer of MA-IL-1, Soluble JL-1 secreted info culture super-
natant by overlaid synoviocytes was demonstrable from 24 h after
inoculation and plateaved between 72 and 96 h {Fig. 74), whereas
the corresponding MA-IL-| activity reached a platean by 24 h after
inocculation, remaining stable until at least 96 h (Fig. 78). In ad-
dition, the proliferative activity of soluble IL~1 was ~3-fold higher
than that of MA-JL-1.

MA-IL-1 induces PG release from cartilage matrix in vitro

Monolayer-cultired articuiar chondrocytes derived from Japanese
White tabbits were lobeled with [**S]sulfate for 24 h, then incu-
bated with synoviocyte membrane fraction in the presence or the
absence of anti-hIL-la Ab for 48 h. Release of **S-labeled PG
from cell and matrix laver was examined. The synoviocyte mem-
brane fraction significantly stimulated PG release into culture su-
peratant compared with control (Fig. 8), and stimulation was de-
creasad almost to control levels by the addition of anti-IL- le Ab.
In contrast, the membrane fraction isolated from synoviocytes
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T2-hr 72-hr
95-hr| 96-hr
cont.| cont.

" 10 0 3 % s o0 246 8 01N
[PHIThymidine incorporation (Xi0-Zcpm)

FIGURE 7. Synthetic kinetics of MA-IL-1 and soluble IL-la. Fifth-
passage synoviocytes derived from Tg mice wers fixed on the indicated
day of cultuwe afier inoculation. Corresponding culture supernatants were
collacted immediately before fixation of synoviocytes. D10 cells were in-
cubated on fixed cefls or with a 25% {v/v) final concentration of culture
supernatants. The IL-1 activity of supernatants {4) and fixed cells (B) was
determined by measuring [*Hjthymidine incorporation into D10 cells dur-
ing the Jast 4 b of a 48-h incubation (I}, Control data for synoviocytes
were derived from littermates {{7). Data are presented as the mean couwnts
per minuts *+ SEM for four separate experimetits.
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FIGUGRE 8. MA-IL-! stimulates PG release from cartilage matrix
through generation of NO. Cultured articular chondrocytes were radiola-
beled with [°S]sulfate for 24 h, then incubated for 48 h with synoviecyte
membrane fraction alone, membrane fraction plus anti hil-lo Ab, mem-
brane fraction plus 100 mM LMMA, or membrane fraction isolated from
trypsin-treated synoviocytes. Control data were derived from chondrocytes
without membrane fraction. The release of **S-labeled PG from the cell
and mairix layer to culture supernatant was examined. The percent PG
release was calculated according to the following equation: % release =
[358]PG in supematant/[*>SIPG in cell and matrix + [**S]PG in superna-
tant. Data are presented as the mean counts per minute = SEM for four
separate experiments. *, p < 0.05 compared with the control.

treated with mild trypsin did not affect PG release, compatible with
the flow cytometric data in Fig. 3C showing that MA-IL-1 has a
tryptic cleavage site and can be removed by mild trypsin treatment,
Furthermore, the NO synthase inhibitor, LMMA, for the most part
inhibited membrane fraction-stimulated PG release, indicating the
involvement of NO in this process, These data suggest that MA-
IL-1 induces PG releass from the cell and matrix through gener-
ating NO in chondrocyte monolayer culture, further indicating that
MA-IL-1 may play a role in cartilage destruction in vivo.

Discussion

MA-IL-1 was found to play key roles in the development of ar-
thritic phenotypes in Tg mice. Of interest is the fact that both
macroscopic and histological scores were correlated with activity
of MA-IL-1, but not with activity of soluble IL-1 produced by
synoviocytes. Moreover, cartilage destruction of Tgl01 Tine over-
expressing 17-kDa tnature IL- 1o was relatively mild even at 12 wk
after birth, although the Tgl706 line overexpressing pro-1L-le
demonstrated complete loss of cartilage at § wk after birth, which
refiected fow macroscopic and histological scores in the Tgl01
line. This obsarvation was not attributable to the difference in lev-
els of ansgene expression between the two lines, because the
Tevels of serum IL- 1 ¢ were almost similar (-~ 100 pg/ml). Thus, as
in Tg mouse studies on membrane-associated TNF (36, 37), the
arthritogenic properties of MA-IL-1 may be sufficient to cause
severe arthritis even in conditions without processing of proteins to
mature form.

However, we cannot neglect the fact that, in general, fransgene
expression can be affected by copy number and integration site of
the transgene, and a simple comparative study of phenotypic char-
acteristics among Tg mouse lines is untikely to provide informa-
tive data. In actual fact, we established two transgenic founders for
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each Tg mouse for pro- and active IL-lc. As assessed by tail
Southern blot analysis, copy number of {ransgenes was similar
among the four transgenic founders (three or four copics), and
differences in integration site were confirmed by fluorescence in
situ hybridization analysis. Northern blot analysis revealed quite
similar levels and patterns of mRNA expression in all four trans-
genic founders, and of course in offspring of Tgl01 and Tg1706.
Al four founders exhibited arthritic phenotypes, and a more severe
artluitic phenotype in pro-IL-1la Tg mice than in active IL-le Tg
mice was noted as 4 universal trend, even in ospring, This indi-
cates that in our study the effects of copy number and integration
site of transgenes can be neglected, allowing direct comparison of
the two Tg mouse lines. We therefore believe that Tg mice for
pro-IL-1a exhibited a more progressive arthritic phenotype than
mice for active [L-1¢v, and membrane IL-1 plays an important role
m the evolution of inflammatory arthritis.

T'o date, MA-1L-1 has been shown to be more potent than sol-
uble IL-1 in a variety of situations, such as neutrophil extravasa-
tion via endothelial cells, T ccll activation during Ag prescntation,
and osteoclast formation through up-regulation of receptor activa-
tor NF-kB ligand expression on ostecblasts, all of which play cru-
cial roles in the development of inflammatory joint diseases. Of the
pleioteopic activities of MA-IL-1, the present study focused on the
effects on synoviocytes and chondrocytes, as IL-1 has been shown
to act as a mitogen for rhewnatoid synovial fibroblasts, and ab-
normal 1L-1 production contributes to synovial proliferation and
degradation of the cartilape matrix in RA and collagen-induced
artliitis in mice. As MA-1L-1 synthesis is spontaneously promoted
in hIL-la Tg mice and persists due to the characteristics of the
promoter, synoviocytes cultured on PFA-fixed synoviocytes dis-
played marked proliferation in the absence of stimuli. Moreover,
transgene-derived hiL- 1o further up-regulated endogenous mouse
MA-1L-1 synthesis via autocrine mechanisms, and this may also be
involved in the joint patholegy of hil-1a Tg mice.

Kurt-Jones et al. (12) provided the first evidence that PFA-fixed
macrophages stimulate IL-1-sensitive T cell clone, D10 G4.1 pro-
liferation due to IL-1 activity on the extemal plasma membrane of
macrophage. In the present study MA-IL-1 expression on the sur-
face of synoviocytes isolated from arthritic joints was directly
identified using flow cytometry. Cellular staining regardless of
membrane pexmeabilization and dissociation of hIL-1e from the
cell surface by mild trypsin treatinent indicated that IL-ier is un-
doubtedly associated with the exferior plasma membrane surface
of synovigcytes. Matsushima et al. (30} also documented the. re-
lease of biologically active IL-1 from plasma membrane, when
LPS-stimulated tmacrophages are treated with mild trypsin or plas-
min-like proteases.

IL- 1 precursor propeptide lacks a classical signal sequence (4),
which is known 1o regulate the processing of secreted and integral
plasma membrane-associated proteins. To date, a number of post-
translational modifications within the NII,-terminal domain have
been proposed to affect the intracellular distribution of IL-le, in-
cluding phosphorylation (5), mannosylation (6}, and myristolation
(7). However, the details of these processes have remained un-
known. Several speculations have been proposed regarding such
post-translational modifications and their impact on intracellular
distribution of IL-1c. One investigator has demonstrated that phos-
phorylation of newly synthesized IL~1c signifies intracellular rout-
ing of IL-1e precursor, and ~10% of phosphorylated IL-1ex pre-
cursor is committed to the membrane-associated form. Another
study revealed that glycosylation of IL-1¢ precursor allows asso-
ciation wilh membrane-bound lectins and membrane-localization
of IL-1c (6). Alternatively, striking evidence has been proposed
that physica} injury or programmed cell death ( i.e., apoplosis) play
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a role in IE~1a secretion through membrane disruption (38). Al-
though certain post-translational modifications are likely to reflect
the differonce between transgene-predicted (25 kDa) and obscrved
{23 kDa) masses of IL- 1« precursor in inmmunoprecipitation of the
synioviocyts membrane fraction in IL-1a Tg mice, the mechanisms
affecting membrane localization of 1L-1« remain unknown.

MA-IL-1 expression on the surface of synoviocytes was clari-
fied from another perspective. Synoviocytes were plated onto 24-
well plates and fixed using 1% PFA. Live synoviocytes were di-
reclly added Lo {ixed synovioeyles or the lop compariment of the
cell culture insert, aliowing soluble IL-1e, but not MA-IL-1, to
migrate between the top and bottom compartments. This experi-
ment indicated that synoviocytes without separation engaged in
direct cell-to-cell interactions, resulting in higher proliferation at-
tributable to the activities of soluble IL-1 plus MA-IL-1. However,
the true magnitude of [*H]thymidine incorporation into indicator
synoviocytes cultured on the PFA-fixed synoviocytes actually ap-
peared higher than that cultured on nonfixed live synoviocytes.
This can be cxplained by our unpublished observations that live
synoviocytes spontaneously produce IL-1 receptor antagonist in
vitro, which may block IL-1 activity during the experiment.

As reported by van de Loo et al. (39, 40), IL-1 inhibits synthesis
of PG by chondrocytes throngh generation of NO in zymosan-
induced arthritis. The present study demonstrated that membrane
fraction isolated from synoviocytes induces PG release from the
cartilage matrix in chondrocyte monolayer culture, and that this
phenomencn is mediated by NO synthesis. This indicates that MA-
[L-1 within the membrane is essentially implicated in chondrocyte
PG loss, sugpesting the possibility that MA-IL-1 contributes to
cartilage destruction during the course of arthritis in IL-le Tg
mice. However, PG loss was not detected when chondrocytes were
cultured in agarose gels (data not shown). The absence of chon-
drocyte PG loss is probably attributable to the prevention of direct
cell-to-cell contact by the surrounding agarose gel. Chondrocyte
PG loss caused by the synoviocyte membrane fraction may thus,
for the most part, be due to MA-IL-1 within the membrane.

Finally, the importance of membrane-associated molecules pro-
posed in the current experimental study is that ceil-cell interactions
between macrophage-like synoviocytes and T lymphocytes acti-
vate the production of proinfammatory cytokines at the inflamed
synovium (41-43). These include membrane-associated IL~]1 and
TNF, which induce fibroblast-like synoviocytes to produce large
amounts of matrix metalloproteinases that degrade cartilage and
bone. In the present study using IL-le Tg mice, MA-IL-1 ex-
pressed on synoviocytes may {rigger synoviocyte self-proliferation
and induce cartilage degradation, mechanisis that may operate in
the cartilage-pannus junction through cell-cell interactions it vivo,
Moreover, a correlation between MA-IL-1 activily and severity of
arthritis indicates that MA-IL-1 is a potent effector of joint nflam-
ation. As the present results were obtained purely from animal
studies, the importance and extent of MA-IL-1 contribution to the
pathogenesis of human inflammatory jeint diseases such as RA
warrant investigation.
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Osteopontin is Strongly Expressed by Alveolar
Macrophages in the Lungs of Acute Respiratory
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Abstract. Acute respiratory distress syndrome (ARDS) is characterized by an
intense inflammatory response in the lung parenchyma. Recent studies suggest
that excessive nitric oxide (NO) production mediated by inducible NO synthase
(iNOS) in macrophages is partially involved in mediating acute lung injury in
ARDS. On the other hand, osteopontin (OPN) is a cytokine which is capable
of inhibiting NO production by suppressing iNOS mRNA expression in
macrophages. In this study, we investigated the expression of OPN in the lungs
of 10 patients with ARDS. In most patients, OPN is strongly expressed on
alveolar macrophages. In addition, we produced a murine model for ARDS by
intratracheal administration of lipopolysaccharide and investigated the ex-
pression of endogenous OPN and iNOS in the lungs of ARDS mice. Immu-
nostaining demonstrated that in vivo OPN protein was coinduced with iNOS
protein predominantly in. the accumulating alveolar macrophages. OPN
mRNA expression was also coinduced with iNOS mRNA, but was induced
more slowly than iINOS mRNA in the lungs of ARDS mice. These results
suggested that OPN, which may reduce NO production of macrophages by
inhibiting iNOS expression, is significantly induced and expressed on alveolar
macrophages in the lungs of ARDS. It is possible that OPN is partially in-
volved in playing 2 protective role against excessive production of NO in
ARDS.
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Introduction

Acute respiratory distress syndrome (ARDS) is characterized by an edematous
reaction in the lung, leading to defective gas exchange, and carries a high mor-
tality rate [1, 2]. ARDS frequently occurs following sepsis caused by gram-
negative bacterial infection, aspiration of gastric contents, major trauma, or other
clinical events [2]. Although many researchers have investigated the pathogenesis
of ARDS, its causc remains largely unknown. Superoxide anion and protcolytic
enzymes produced by activated nentrophils induce marked lung injury in ARDS
[3-5]. Thus, the sequestration and subscquent activation of ncutrophils in the lung
are considered to be essential in the development of ARDS [1]1. However, it has
been demonstrated that neutrophil-depleted mice arc still susceptible to lipo-
polysaccharide (LPS) in the development of ARDS [6].

Recent studies suggest that activated macrophages are also essential in the
pathogenesis of ARDS. Stimulation of macrophages with LPS and various cy-
tokines induces inducible nitric oxide synthase (INOS) expression, resulting in
elevated nitric oxide (NO) production [7]. The interaction of NO induced by iNOS
with superoxide anion generated from macrophages or neutrophils forms a potent
reactive oxidant, peroxynitrite, which induces severe tissue damage [8, 9]. It has
therefore been suggested that increased output of NO production by alveolar
macrophages stimulated with LPS is partially involved in mediating acute lung
injury in ARDS. A number of studies support this hypothesis: Arkovits et al. [10]
reported that selective iINOS inhibitors prevent pulmonary transvascular flux
caused by LPS injection in 2 rat model Wu et al. [11] also demonstrated that the
selective iNOS inhibitor aminoguanidine improves survival in an animal model
for endotoxic shock induced by LPS. Similarly, lung damage after LPS injection is
markedly reduced in iNOS-deficient mice compared with wild-type mice, as
evaluated by the lung wet/dry ratio and lactate dehydrogenase content in BAL
fluid [12]. These reports suggest that increased output of NO production mediated
by iNOS from activated macrophages contributes to the development of acute
hung injury/ARDS.

Osteopontin (OPN) is a secreted, arginine-glycine-asparatic acid (RGD)-con-
taining phosphoglycoprotein with cell-adhesive and migratory properties {3, 14]. It
has been demonstrated to be expressed in a variety of cells including cancer cells,
osteoclasts, activated T cells, and activated macrophages [1 5-17]. Other than cell-
adhesive and migratory functions, OPN has many other novel properties, sug-
gesting that it may act as a cytokine and chemokine in various pathological con-
ditions [18-20]. Recently, several investigators have demonstrated that OPN is
capable of inhibiting NO production by suppressing iNOS expression in macr-
ophages [21], renal epithelial cells [22], rat thoracic aorta [23], cardiac myocytes and
microvascular endothelium [24]. It has been shown that endogenous OPN produced
by activated macrophages inhibits cytotoxicity against tumor cells as a consequence
of suppression of iNOS mRNA [21]. Scott et al. [23] reported that OPN suppresses
iNOS activity in rat vascular tissues stimulated with LPS in vitro, suggesting that it
may exert an anti-inflammatory effect during sepsis caused by gram-negative bac-
terial infection [23]. Singh et al. [24] demonstrated that glucocorticoids markedly



