2076

5 ng/ml of each cytokine was the optimal concentration for
stimulating RASFs. . )

Cell proliferation assay. Cell growth was assessed by
incorporation of *H-thymidine. Three days after the adenoviral
infection, RASFs were stimulated for 36 hours with IL-18,
TNFa, or indomethacin. *H-thymidine (0.3 uCi; Amersham
Biosciences, Buckinghamshire, UK) was added during the last
24 hours of culture, and the incorporated radioactivities were
quantified. Numbers of live cells were determined using Cell
Counting Kit 8 (Dojin, Kumamoto, Japan).

Flow cytometry for cell cycle analysis. Cells were fixed
in phosphate buffered saline containing 0.15% Triton X-100
for 10 minutes, and then incubated with 50 pg/ml of propidium
iodide (Sigma) and 5 pg/ml of RNase A. Cells were analyzed
using a FACSCalibur (BD Biosciences, San Diego, CA), and
data were collected.

Northern blot and real-time polymerase chain reac-
tion (PCR) analyses. Northern blot analyses to detect MMP-3,
MCP-1, and IL-1RI mRNA were performed as described
elsewhere (8). Real-time PCR was performed using iQ SYBR
Green Supermix (Bio-Rad, Hercules, CA) and sets of primers
specific for MMP-3 (22) or MCP-1 (23) complementary DNA.
Data were standardized against human GAPDH mRNA using
the threshold cycle method (24).

Enzyme-linked immunosorbent assay (ELISA). The
adenovirus-infected RASFs were cultured for 60 hours and
transferred to microwells. Twelve hours after transfer, the
culture supernatants were replaced with fresh Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum
with IL-183, TNFe, and indomethacin. Supernatants from this
24-hour culture were collected, and levels of MMP-3 (Fuji
Chemical, Toyama, Japan), MCP-1 (BioSource International,
Camarillo, CA), macrophage inflammatory protein 3a (MIP-
3a; R&D Systems, Minneapolis, MN), and IL-6 (BioSource
International) were determined by ELISA.

Analysis of the effects of a small-molecule CDK-4/6
. inhibitor. A CDK-4/6 inhibitor, CDK4I (2-bromo-12,13-
dihydro-5H-indolo[2,3-a]pyrrolo[3,4-c]carbazole-5,7(6 H)-

dione; Merck, Whitehouse Station, NJ) (25), was dissolved in_

DMSO and added to the culture medium. RASFs were
pretreated with CDK4I for 6 hours. The RASFs were then
stimulated with IL-13 and TNF« for either 36 hours (for cell
and culture supernatant analysis) or 12 hours (for RNA
extraction and analysis).

Immunoprecipitation and Western blot analyses. For
immunoprecipitation, cell lysates of RASFs were prepared on
day 3 after adenovirus infection (4,8). JNKs 1-3 were immu-
noprecipitated using mouse anti-JNK monoclonal antibody
(sc-7345; Santa Cruz Biotechnology, Santa Cruz, CA) (26).
Rabbit anti-human p16™%** mouse anti-human p18™X* and
p21<"' polyclonal antibodies (sc-468, sc-9965, and sc-387,
respectively; Santa Cruz Biotechnology) were used as primary
antibodies for Western blot analyses.

Multiwell colorimetric transcription factor assays. To
assess transcription factors and JNK activities in RASFs,
nuclear extracts were prepared using a nuclear extract kit
(Active Motif, Carlsbad, CA). Trans AM AP-1/c-Jun, NF-
«kBp50, and NF-«kBp65 transcription factor assay kits (Active
Motif) were used to quantify DNA binding activities of AP-1
and NF-«B transcription factors.

NONOMURA ET AL

Statistical analysis. *H-thymidine incorporation, sig-
nal intensity ratios from the real-time PCRs, and protein
concentrations in the supernatants were compared by Stu-
dent’s paired ¢-test using StatView 5.0J software (SAS Insti-
tute, Cary, NC).

RESULTS

Suppression of RASF production of MMP-3 and
MCP-1 production by p16™%*2 but no down-regulation’
of IL-1RI expression or association with JNK. RASFs
derived from joints with active rheumatoid inflammation
were cultured in vitro. It has been shown that endoge-
nous p16™** is not expressed in cultured RASFs (4).
Cells were infected with the AxCAp16 adenovirus con-
taining the human p16™¥*? gene or with the control

* Axlwl blank adenovirus. When the transgene expres-

sion was at the highest level, the cells were examined for
proliferation and cell cycle progression.

*H-labeled- thymidine incorporation by the
p16™*“*_expressing RASFs was profoundly suppressed
as compared with incorporation by RASFs infected with
control virus. This suppression was accompanied by an
increase in the number of cells in the G/G, phase of the
cell cycle (Figure 1A).

Preliminary DNA array analyses of gene expres-
sion in RASFs samples with and without gene transfer of
pl6™¥*2 suggested that a set of genes related to RA
pathology, including MMP-3 and MCP-1, was down-
regulated by p16™%*s In RASFs in which the p21°P!
gene had been transfected, the expression of those 2
molecules as well as MIP-3a and IL-6 was found to be
down-regulated (8). Therefore, we next tested the ex-
pression of all 4 molecules in stimulated RASFs with
and without pl6™*** gene transfer, using a specific
ELISA. When p16™%4 was introduced into RASFs, the
production of both MMP-3 and MCP-1 in culture su-
pernatants was suppressed, whereas the production of
MIP-3« and IL-6 was essentially unaffected (Figure 1B).

~ In contrast, the overexpression of p16™K** in OASFs

and in NHDF-Ad did not appreciably alter the produc-
tion of MMP-3 and MCP-1 (Figure 1C). .

Because of variations in basal and up-regulated
levels of MMP-3, MCP-1, MIP-3q, and IL-6 in culture
supernatants, their production by stimulated RASFs was
assessed relative to that of control RASFs infected with
control adenovirus. Typically, culture supernatants from
stimulated RASFs contained approximately 500, 50, 3,
and 300 ng/ml of MMP-3, MCP-1, MIP-3¢, and IL-6,
respectively. The relative production of MMP-3 and
IL-6 protein by stimulated RASFs infected with the
control Axlwl adenovirus as compared with uninfected
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Figure 1. Suppression of fibroblast expression of matrix metalloproteinase 3 (MMP-3) and monocyte chemoattractant protein 1 (MCP-1) by
p16™¥4 A, Rheumatoid arthritis synovial fibroblasts (RASFs) infected with p16™¥* or control adenovirus were stimulated for 24 hours with
interleukin-18 (IL-18) plus tumor necrosis factor & (TNFe), and *H-thymidine incorporation was assessed 3 days later (left). Mean reduction in
3H-thymidine incorporation induced by p16"™X** was 83% compared with controls. Flow cytometry showed an increase in cells at Gy/G, phase in
RASFs expressing p16™%42 (right). Results are from 1 of 3 samples. B, RASFs infected with p16"™%* or control adenovirus were stimulated for 24
hours with IL-18 plus TNFe, and MMP-3, MCP-1, macrophage inflammatory protein 3a (MIP-3a), and IL-6 in culture supernatants were measured
by enzyme-linked immunosorbent assay. Mean reduction in MMP-3 and MCP-1 induced by p16™%** was 78% and 91%, respectively, and mean
reduction in MIP-3a and TL-6 production induced by p21<"' was 69% and 67%, respectively, compared with controls. C, Adult normal human
dermal fibroblasts (NHDF-Ad) and osteoarthritis synovial fibroblasts (OASFs) infected with p16™%%2 or control adenovirus were stimulated for 24
hours with IL-18 plus TNFe, and the production of MMP-3 and MCP-1 was determined as in B. D, RNA from RASFs infected with p16™%4 or
control adenovirus was examined for IL-1 receptor type I (IL-1RI) and GAPDH mRNA expression by Northern blotting. Mean reduction in IL-1RI
mRNA expression induced by p21°®' was 71% compared with controls. E, Whole cell extracts from RASFs infected with p16™*4* or p18™N&ée
adenovirus (Ad) were immunoprecipitated (IP) with anti-JNK antibody (a-JNK) or control IgG and analyzed by Western blotting using antibodies
specific for each cyclin-dependent kinase inhibitor: anti-p16™%* (a-p16), anti-p18™"* (a-p18), and anti-p21°®! (a-p21). Results are from 1 of 2
samples. F, RASFs infected with p16™%* or control adenovirus were stimulated for 24 hours with IL-1B plus TNFe, and the DNA binding activities
of activator protein 1 (AP-1), NF-kBp50, and NF-xBp65 were determined by colorimetric assay. Values are the mean and SD of 5 wells in A, 3
samples in B and D, 3 experiments in C, and triplicate cultures in F. = = P < 0.05; +* = P < 0.01. Data frorh previous experiments (8) showing the
effects of p21<P' (AxCAp21 adenovirus) on the proliferation of MIP-3« and IL-6 (B) and on IL-IRI mRNA expression (D) are also shown.

—322—



2078

RASFs was 74 = 37% and 101 * 32%, respectively
(mean = SD). Thus, the production of these mediators

of inflammation was not significantly affected by simple

infection with control adenovirus.

Suppression of the release of mediators of in-
flammation by p21“"P! should be at least partly attribut-
able to a down-regulation of IL-1RI expression (8).
However, IL-1RI mRNA expression was not appreciably
reduced in RASFs expressing p16™%* as compared
with RASFs infected with control adenovirus (Figure
1D). In addition, we and other investigators (8-10) have
shown that p21'P! associates with JNK to reduce JNK
enzymatic activity. We further demonstrated previously
that the DNA binding activity of AP-1, which is down-
stream of the JNK pathway, was reduced in RASFs
expressing p21<"' (8). This prompted us to examine
p16™¥42 for binding with JNK. Cell lysates of RASFs
infected with AxCApl6 or AxCAp21 adenoviruses con-
taining the human p21“' gene were immunoprecipitated
with anti-p16™k*? or anti-p21<P! antibody. Subsequent
immunoblotting revealed that p21<P', but not p16™ <,
was associated with JNK (Figure 1E). Unlike p21<®',
p16™¥42 did not appreciably inhibit AP-1 or NF-xB DNA
binding activities in RASFs stimulated with inflammatory
cytokines (Figure 1F). These data show that p16™%** does
not depend upon the suppression of INK pathways or the
down-regulation of IL-1RI expression for inhibition of the
production of mediators of inflammation.

Suppression of RASF expression of MMP-3 and
MCP-1 by p18™¥4_ The molecule p18"™** is another
member of the INK4 family of CDKIs that specifically
inhibits CDK-4/6. Like p16™***, this molecule did not
bind to JNK (Figure 1D). It was not expressed by
cultured RASFs, which were subsequently infected with
Ad-RGD-pl8 adenovirus containing a human p18NK4¢
gene or with control adenovirus. RASFs that expressed
p18"™K* incorporated less *H-labeled thymidine than
did the controls (Figure 2A). Flow cytometric analyses
revealed that cell cycle progression was inhibited at the
G,/G, phase in p18™X*.expressing RASFs (Figure 2A).
ELISA of the culture supernatants showed that p18™ #¢
gene transfer down-regulated MMP-3 and MCP-1 pro-
duction by RASFs (Figure 2B). These results show that
p16™K4 and p18™K4 had the same effect and suggest
that inhibition of CDK-4/6 activity should account for
the suppression. .

Suppression of RASF production of mediators of
inflammation by a small-molecule CDK-4/6 inhibitor. A
common function of p16™&42 p18™K and p21<P! is to
interact with cyclin D-CDK-4/6 complexes to suppress
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Figure 2. Suppression of RASF production of MMP-3 and MCP-1 by
p18™K4 A RASFs infected with p18"™%* or control adenovirus were
stimulated with 1L-18 plus TNFa, and *H-thymidine incorporation was
assessed (left). Mean reduction in *H-thymidine incorporation induced
by p18™K4¢ was 43% compared with controls. Flow cytometry showed
an increase in cells at G/G, phase in RASFs expressing pl8'™K4e
(right). Results are from 1 of 3 samples. B, RASFs infected with
p18™¥4 or control adenovirus were stimulated with IL-18 plus TNFe,
and MMP-3 and MCP-1 in culture supernatants were measured by
enzyme-linked immunosorbent assay. Mean reduction in MMP-3 and
MCP-1 production induced by p18'NK* was 48% and 71%, respec-
tively, compared with controls. Values are the mean and SD of 5 wells
in A and 3 samples in B. * = P < 0.05; #» = P < 0.01. See Figure 1 for
definitions.

CDK-4/6 activity. To examine whether inhibition of
cyclin D-CDK-4/6 activity per se suppresses the produc-
tion of mediators of inflammation by RASFs, we used
CDKA4I, a synthetic compound that specifically inhibits
CDK-4/6. CDKA4I inhibited *H-thymidine incorporation
by cytokine-stimulated RASFs in a dose-dependent.
manner. Even at the highest concentration examined,
the number of cells in the Gy/G| phase of the cell cycle
was increased without losing cell viability (Figure 3A).
The amounts of MMP-3 and MCP-1 protein produced
by RASFs treated with CDK4l were significantly less
than those produced by controls (Figure 3B).
Up-regulation of cell proliferation and RASF
expression of MMP-3 by augmented CDK-4 activity. We
next augmented the activity of CDK-4/6 to study its
effects on the production of mediators of inflammation.
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Figure 3. Suppression of RASF production of MMP-3 and MCP-1 by
CDKA4I, a small-molecule cyclin-dependent kinase 4/6 inhibitor. A,
RASFs were treated for 12 hours with the indicated concentrations of
CDK4, stimulated with IL-18 plus TNFa, and *H-labeled thymidine
incorporation was assessed (left). Flow cytometry showed an increase
in cells at Gy/G, phase in RASFs treated with 1 uM CDKA4I compared
with control (DMSO) (right). Results are from | of 2 independent
experiments. B, RASFs were treated with 1 uM CDKA4I or 0.5%
DMSO (controls), stimulated with IL-18 and TNFa, and MMP-3 and
MCP-1 in culture supernatants were measured by enzyme-linked
immunosorbent assay. Mean reduction in MMP-3 and MCP-1 produc-
tion induced by CDK4I was 57% and 64%, respectively, compared
with controls. Values in A and B are the mean and SD of 3 samples.
= = P < (.05. See Figure 1 for definitions.

Although CDK-4/6 activity in normal cells is controlled
by the amount of cyclin D, gene transfer of cyclin D1
alone did not accelerate cell cycle progression (17). To
promote the function of cyclin D that binds to intranu-
clear CDK-4, products of the cyclin D1 transgene were
directed to nuclei by adding a minigene that encodes a
nuclear localization signal (16). Cotransfer of the cyclin
D1-NLS gene construct and the CDK-4 gene into
RASFs by adenoviruses resulted in phosphorylation
(i.e., inactivation) of RB. Cotransfer also up-regulated
*H-thymidine incorporation into cultured RASFs and
decreased the number of cells in the Gy/G, phase
(Figure 4A). Because of limited titers of the prepared
adenoviruses, the culture supernatants were subjected to

ELISA only for MMP-3. When RASFs overexpressing
cyclin D1-NLS and CDK-4 were stimulated, they pro-
duced more MMP-3 than did stimulated RASFs infected
with the control virus (Figure 4B). Thus, the level of
MMP-3 expression correlated directly with the activity
of CDK-4.

Regulation of MMP-3 production, but not
MCP-1 preduction, by CDK activity at the mRNA level.
Levels of mRNA for MMP-3 and MCP-1 in RASFs were
studied to discern underlying molecular events. Real-
time PCR analysis showed that the MMP-3 mRNA level
was reduced in p16™*“*.expressing RASFs, whereas no
significant. change was observed in the MCP-1 mRNA
level (Figure 4C). These results were confirmed by
Northern blot analysis, which revealed significant reduc-
tion of MMP-3 mRNA levels, but not MCP-1 mRNA
levels, in the p16™®**.expressing RASFs (Figure 4D).
Treatment of RASFs with' CDK4I also reduced the
levels of mRNA for MMP-3, but not MCP-1, in the
activated RASFs (Figure 4E). Thus, the levels of mRNA
for MCP-1 did not account for the decrease in the
amount of secreted protein.

No dependence of transcriptional control of
MMP-3 on RB. It has been reported that introduction of
active (i.e., unphosphorylated) RB suppresses the pro-
duction of MMP-1, another tissue-degrading enzyme
involved in rheumatoid inflammation, at the posttran-
scriptional level (27). Because mRNA levels of MMP-3
and MCP-1 were differentially controlled by CDK activ-
ity, we next investigated the regulation of these 2
molecules by RB. To manipulate the function of RB,
which is the major substrate of CDK-4/6, we used a
mutant RB gene that had replacement mutations at
some of the phosphorylation sites. Adenoviral introduc-
tion of this gene increased the active, unphosphorylated
form of RB, thus mimicking the suppression of the
CDK-dependent phosphorylation of RB (18). We found
that when RASFs overexpressed the active RB, they
incorporated less *H-thymidine as compared with con-
trol RASFs (Figure 5A). Flow cytometric analysis of the
cell cycle showed that the active RB stopped their cell
cycle at the Gy/G, phase (Figure 5A). .

ELISA analyses of the culture supernatants
showed that the production of both MMP-3 and MCP-1
was reduced in RASFs expressing the active RB (Figure
5B). Real-time PCR analysis revealed that MMP-3 and
MCP-1 mRNA expression in RASFs overexpressing the
active RB was preserved in comparison with the control
RASFs (Figure 5C).
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Figure 4. Effects of the combination of cyclin D1-nuclear localization signal (NLS) and cyclin-dependent kinase 4 (CDK-4) gene transfer on
RASFs. A, RASFs were infected with cyclin D1-NLS plus CDK-4 (D1+CDK-4) or control adenovirus, and *H-thymidine incorporation was assessed
60 hours later (left). Mean increase in RASFs was 240% compared with controls. Flow cytometry showed a decrease in cells at G/G, phase in
RASFs expressing cyclin D1~NLS plus CDK-4 compared with control (right). Results are from 1 of 2 independent samples. B, RASFs infected with
cyclin D1-NLS plus CDK-4 or control adenovirus and MMP-3 in culture supernatants was measured by enzyme-linked immunosorbent assay. Mean
increase in RASFs was 490% compared with controls. C-E, RASFs infected with p16™%* or control adenovirus (C and D) or treated with 1 pM
CDKA4I or DMSO (control) (E) were stimulated with IL-18 plus TNFa, and MMP-3 and MCP-1 mRNA were analyzed by real-time polymerase
chain reaction (C and E) or Northern blotting (D). Northern blotting results are from 1 of 3 samples. Levels of mRNA were standardized against
GAPDH mRNA. Mean reduction in MMP-3 production induced by p16™%** and by CDK4I was 56% (C), 70% (D), and 36% (E) compared with
controls. Values are the mean and SD of 5 wells in A and 3 samples in B-E. » = P < 0.05; #* = P < 0.01. See Figure 1 for other definitions.
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Figure 5. Suppression of RASF expression of MMP-3 and MCP-1 by
constitutively active retinoblastoma (RB). A, RASFs were infected
with nonphosphorylatable RB or control adenovirus, stimulated with
IL-18 plus TNFa, and *H-thymidine incorporation was assessed (left).
Results are from 1 of 2 samples. Flow cytometry showed an increase in
cells at G¢/G, phase in RASFs expressing the constitutively active RB
(right). Results are from 1.of 2 independent samples. B, RASFs
infected with the constitutively active RB or control adenovirus were
stimulated for 24 hours with IL-18 plus TNFa, and MMP-3 and
MCP-1 in culture supernatants were measured by enzyme-linked
[immunosorbent assay. Mean reduction in MMP-3 and MCP-1 produc-
tion induced by RB was 48% and 36%, respectively, compared with
controls. C, RASFs infected with RB or control adenovirus were
stimulated with TL-18 plus TNFea, and mRNA for MMP-3 (C) and
MCP-1 (D) was analyzed by real-time polymerase chain reaction. The
mRNA levels are standardized against those of GAPDH. Values are
the mean and SD of 5 wells in A and 3 samplesin Band C. * = P <
0.05; =+ = P < 0.01. See Figure 1 for other definitions.

DISCUSSION

The present study revealed that CDK-4/6 activity
controls the production of MMP-3 by RASFs in a
RB-independent manner. The regulation occurs at the
mRNA level. RB, which is a substrate of CDK-4/6, can
also regulate the expression of MCP-1 as well as MMP-3
at the posttranscriptional level (Figure 6). These fea-
tures were not seen in control synovial or dermal
fibroblasts that were not derived from an inflammatory
milieu. Although the RA patients had been treated with
various DMARDs, the reactivity of their fibroblasts was
similar. We thus assume that the observed regulation is
the result of an aberrant activation of the synovial
fibroblasts in the rheumatoid joint rather than an intrin-
sic character of the RASFs or modification by therapeu-
tic agents. The only functional CDK-4/6 substrate known
at present is RB, which regulates the functional avail-

ability of E2F transcription factors for cell cycle progres-
sion. Our results predict the presence of other associat-
ing molecules that modulate the production of MMP-3
mRNA.

Bradley et al (27) reported that the phosphory-
lation status of RB correlates with the production of
MMP-1 and IL-6. They showed that unphosphorylated
RB suppresses expression of MMP-1 at the posttran-
scriptional level, and they suggested that this suppres-
sion is mediated by inhibition of p38 kinase. We found
that a similar regulation is operative during the transla-
tion of MMP-3 and MCP-1. However, RB-independent
control seems to dominate the regulation of MMP-3
production because it works at the mRNA level. Also, it
was noted that CDK-inhibiting molecules suppressed
MMP-3 production no less effectively than did the active
RB (Figures 3B and 5B).

We have previously reported that p21<®! could
regulate mediators of inflammation in a CDK- indepen-
dent manner (8). In the present study, we show that both
CDK and its substrate RB can regulate them indepen-
dently. Thus, cell cycle proteins are closely associated
with the expression of inflammatory molecules through
multiple pathways. It might be interesting to speculate

small molecule- p18"‘“"‘c | pl6"’“‘4‘ ] I p21<7‘pl
CDK4 inhibitors

~ [\

[ cyclin D-CDK4/6 | IL IR1, INK

mRNA level

cell cycle

progression

post-transcriptional

[MCP-1||MMP-3

Figure 6. Multiple pathways of regulation of rheumatoid arthritis
synovial fibroblast (RASF) production of mediators of inflammation
by proteins of the cyclin-dependent kinase (CDK)-retinoblastoma
(RB) axis. Inhibition of cyclin D-CDK-4/6 activity by p16™**,
p18™¥4 or small-molecule CDK-4 inhibitors suppresses the produc-
tion of matrix metalloproteinase 3 (MMP-3) and monocyte chemoat-
tractant protein 1 (MCP-1) by RASFs. Inhibition of CDK-4/6 sup-
presses MMP-3 mRNA, but not MCP-1 mRNA. Active RB reduces
the expression of MMP-3 and MCP-1 by posttranscriptional regula-
tion. We have also previously found that p21©P' can exert antiinflam-
matory effects outside the CDK-RB axis (8). IL-IRI = type I
interleukin-1 receptor.
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that unknown evolutional selections have imposed se-
cure contro! of inflammation by cell cycle regulators.

MMP-3 degrades proteoglycans, gelatins, fi-
bronectins, and collagens. Since it also activates other
MMPs, it is the master proteinase in the cascade of
tissue-degrading enzymes in the rheumatoid joint (28—
30). Moreover, MMP-3 was found to be essential for
joint destruction in an animal model of RA (31). In
other models of RA, administration of MMP inhibitors
that suppress the proteinases that are activated by
MMP-3 prevented joint destruction (32-34). MCP-1
evokes both the migration and activation of lymphocytes
and macrophages in RA synovial tissues (35). Adminis-
tration of an MCP-1 antagonist was shown to be an
effective treatment in an animal model of RA (36).
Thus, mediators of inflammation that are down-
regulated by the inhibition of CDK-4/6 play important
roles in the inflammation that occurs in RA. Neverthe-
less, p16™¥%* did not completely abrogate the produc-
tion of MMP-3 and MCP-1. IL-1B8- and TNFa-
stimulated RASFs expressing p16™~4? produced more
mediators of inflammation than did unstimulated
RASFs. We assume that the antiinflammatory effects of
CDK-4/6 inhibition might assist the antiproliferative,
therapeutic effects of CDKI in CDKI gene therapy.

In HeLa cells, p16™%** interacts with NF-«B to
inhibit its transcriptional activity (37). Our preliminary
studies suggest that p16™*** in RASFs can regulate the
expression of other cytokines in a CDK-4/6-
independent manner. However, we found that overex-
pression of p16™** in RASFs did not suppress AP-1
and NF-«B DNA binding activities. Since the Ets family
transcription factors Ets-1 and Ets-2 up-regulate the
expression of MMP-3, their suppression might account
for the down-regulation of MMP-3 expression (38,39).

We showed that p16™K42, p18™K4c and p21©ie!
gene transfer into RASFs can suppress their production
of mediators of inflammation and proteinases via inhi-
bition of CDK-4/6 activity. A small-molecule CDKI
compound also down-regulated the expression of these
molecules. For clinical application, modulation of
cyclin—-CDK activity by small-molecule CDK inhibitors is
more feasible than CDKI gene transfer. Many small-
molecule CDK inhibitors have already been developed
and tested as oncostatics in clinical trials (40), and they
might prove useful in the treatment of RA. However,
since inhibition of the inflammatory molecules could
also be independent of RB, each inhibitor may have a
unique balance of the RB-dependent antiproliferative
and RB-independent antiinflammatory effects. Thus, in

NONOMURA ET AL

the treatment of RA patients with CDK inhibitors, the
two effects need to be balanced.
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Lipopolysaccharide-Induced Up-Regulation of Triggering
Receptor Expressed on Myeloid Cells-1 Expression on
Macrophages Is Regulated by Endogenous Prostaglandin E,"

Yousuke Murakami,”* Hitoshi Kohsaka,*' Hidero Kitasato,* and Tohru Akahoshi®

Triggering receptor expressed on myeloid cells-1 (TREM-1) is a recently identified cell surface molecule that is expressed by
neutrophils and monocytes. TREM-1 expression is modulated by various ligands for TLRs in vitro and in vivo. However, the
influence of PGE,, a potential mediator of inflammation, on TREM-1 expression has not been elucidated. In this study, we
examined the effects of PGE, on LPS-induced TREM-1 expression by resident murine peritoneal macrophages (RPM) and human
PBMC. PGE, significantly induced murine TREM-1 (nNTREM-1) expression by RPM. Up-regulation of TREM-1 expression was
specific to PGE, among arachidonic acid metabolites, while ligands for chemoattractant receptor-hemologous molecule expressed
on Th2 cells and the thomboxane-like prostanoid receptor failed to induce mTREM-1 expression. PGE, also increased expression
of the soluble form of TREM-1 by PBMC. LPS-induced TREM-1 expression was regulated by endegenous PGE, especially in late
phase (>2 h after stimulation), because cyclooxygenase-1 and -2 inhibitors abolished this effect at that points. A synthetic EP4
agonist and 8-Br-cAMP also enhanced mTREM-1 expression by RPM. Furthermore, protein kinase A, PI3K, and p38 MAPK
inhibitors prevented PGE,-induced mTREM-1 expression by RPM. Activation of TREM-1 expressed on PGE,-pretreated PBMC
by an agonistic TREM-1 mAb significantly enhanced the production of IL-8 and TNF-a. These findings indicate that LPS-induced
TREM-1 expression on macrophages is mediated, at least partly, by endogenous PGE, followed by EP4 and cAMP, protein kinase
A, p38 MAPK, and PI3K-mediated signaling. Regulation of TREM-1 and the soluble form of TREM-1 expression by PGE, may

modulate the inflammatory response to microbial pathogens. The Journal of Immunology, 2007, 178: 1144-1150.

r I \ riggering receptor expressed on myeloid cells-1

(TREM-1) is a recently discovered cell surface molecule

that has been identified on neutrophils and monocytes (1,
2). The soluble form of TREM-1 (sTREM-1) is detected in bron-
choalveolar lavage fluid from patients with microbial infection and
has been demonstrated to act as an inhibitor of TREM-1 (3-6).
TREM-1 is a 30-kDa glycoprotein belonging to the Ig superfamily
and its expression is up-regulated by various ligands for TLRs
(7-9). Activation of TREM-1 expressed on neutrophils and mono-
cytes by an agonistic mAb has been shown to stimulate the ex-
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pression of various proinflammatory cytokines, chemokines, and
cell surface molecules (1, 7-9). Furthermore, LPS causes syner-
gistic enhancement of cytokine production by monocytes in re-
sponse to the agonistic mAb, indicating that TREM-1 amplifies
inflammatory responses initiated by TLRs (1, 7-9). Although the
natural ligands for TREM-1 have not been identified, its essential
role in acute inflammatory responses has been demonstrated in
murine models of septic shock, because blocking of TREM-1 by a
sTREM-1 improves the survival of mice with bacterial sepsis (6,
9). Thus, activation of TREM-1 may play a crucial role in the
inflammatory response to microbes.

PGs are multipotent mediators that modulate a number of patho-
physiological responses. PGs are produced by metabolism of ara-
chidonic acid through activation of cyclooxygenase-(COX). COX
has two isoforms, which are COX-1 and COX-2 (10). COX-1 is
constitutively expressed, whereas COX-2 is expressed at low level
by most normal resting cells. COX-2 expression is induced by
various TLR ligands (11, 12) and release of PGs.is significantly
increased in various animal models of endotoxemia or sepsis (13,
14). In particular, PGE, has been shown to function as a mediator
of sepsis-induced immunosuppression, an inhibitor of proinflam-
matory cytokine production by macrophages, and an inducer of
IL-10 production (15). In contrast, PGE, has several detrimental
effects in sepsis, including vasodilation and increased vascular per-
meability (16). Several previous studies have shown that COX
inhibitors can improve the survival of mice after burn infection or
administration of a lethal dose of LPS (17-19). These findings
indicate that PGs play an important role in microbial inflammation,
including sepsis or endotoxemia. However, the precise mecha-
nisms by which PGs (particularly PGE,) have a regulatory effect
on microbial inflammation have not been determined.

Although TREM-! is clearly induced by LPS, little is known
regarding the biological influence of PGE, on TREM-1 during
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Table 1. Oligonucleotide primers and probes used for real-time PCR

Target Gene. Type® Primer or Probe (5'-3") Description (mer)
mTREM-1 F CCAGAAGGCTTGGCAGAGACT 22
B ACTTCCCCATGTGGACTTCACT ’ 22
mGAPDH F TGCAGTGGCAAAGTGGAGATT 21
B ATTTGCCGTGAGTGGAGTCAT 21
hTREM-1 F GCCTTGTGCCCACTCTATACCA 22
B TGGAGACATCGGCAGTTGAC 20
P (FAM)CAGAACTGTGACCCAAGCTCCACCCA(TAMRA) 26
hsTREM-1 F CCTCCCAAGGAGCCTCACA 19
B ACACCGGAACCCCTTGGT 18
P (FAM)CTGTTCGATCGCATCCGCTTGGT(TAMRA) 23

@ F, forward primer; B, backward primer; and P, TagMan Probe.

microbial inflammation. Therefore, we conducted this study to
investigate the biological effects of PGE, on the expression and
action of TREM-1.

Materials and Methods

Reagents

DI-004 (an EPI agonist), AE1-259-01 (an EP2 agonist), AE-248 (an EP3
agonist), and AE1-329 (an EP4 agonist) were provided by Ono Pharma-
ceuticals. A monoclonal rat anti-mouse TREM-1 Ab and a monoclonal
mouse anti-human TREM-1 Ab, as well as control mouse IgG1 and a
polyclonal anti-actin Ab, were obtained from R&D Systems and Santa
Cruz Biotechnology, respectively. HRP-conjugated rabbit anti-mouse IgG
and HRP-conjugated rabbit anti-rat IgG were purchased from DakoCyto-
mation. Specific ELISAs for human TNF-a and human IL-8 were obtained
from BioSource International. 8-Bromoadenosine 3’, 5" cyclic monophos-
phate (8-Br-cAMP), LPS, the MEK (MAPKK) inhibitor PD98059, the
p38 MAPK inhibitor SB203580, and the PI3K inhibitor LY294002
were purchased from Sigma-Aldrich, while the protein kinase A (PKA)
inhibitor H-89 was obtained from Seikagaku. PGD,, PGE,, 1S-{lq,
2a(Z),3B(1E,3S),4a]-7-[3-[3-hydroxy-4-(4-iodophenoxy)- 1-butenyl]-7-
oxabicyclo[2,2,11hept-2-y1]-5-heptenoic acid (I-BOP), a COX-1 inhibitor
(SC560), a COX-2 inhibitor (NS398), and a PGE, EIA kit were obtained
from Cayman Chemical,

Cell culture

Resident peritoneal macrophages (RPM) were isolated from male ICR
mice (6—8 wk old) as reported elsewhere (15). Heparinized peripheral
blood was obtained from healthy volunteers and human PBMC were iso-
lated by density-gradient centrifugation with Ficoll-Paque. After washing
with PBS, the RPM or PBMC were suspended in RPMI 1640 medium
(Sigma-Aldrich) supplemented with 5% heat-inactivated FCS (HyClone),
100 U/ml penicillin, and 100 pg/ml streptomycin (Invitrogen Life Tech-
nologies) for culture under a 5% CO, atmosphere at 37°C.

RPM (1 X 10° cells) or PBMC (2 X 10° cells) were incubated for the
indicated periods with or without various concentrations of PGs (PGD,,
PGE.,, I-BOP), 8-Br-cAMP, LPS, or E-series of prostaglandin (EP EP1-4)
agonists. Then the expression of murine TREM-1 (mNTREM-1), human
TREM-1 (hTREM-1), and soluble hTREM-1 (hsTREM-1) was
investigated.

RPM were incubated in the presence or absence of SC560 and/or NS398
for 1 h to inhibit endogenous COX activity, and then the cells were incu-
bated in the presence of LPS for the indicated periods. To block protein
kinase activity, RPM were incubated in the presence or absence of various
inhibitors such as SB203580, PD98059, 1.Y294002, or H89 for 30 min,
after which the cells were incubated with LPS or PGE, for the indicated
periods. -

At the termination of incubation, cells and culture supernatants were
obtained by centrifugation. Total RNA and protein were isolated by using
RLT lysis buffer (Qiagen). Samples of cell lysate and culture medium were
stored at —80°C unti] use.

Quantitative real-time PCR

Total RNA was extracted from cell lysates using an RNeasy Mini kit
(Qiagen). The RNA was treated with DNase I (Qiagen) and cDNA was
synthesized from 2 pg of random-primed total RNA in a volume of 20 ul
using Omniscript reverse transcriptase (Qiagen). mTREM-1, GAPDH, and
COX-2 were assessed by quantitative real-time PCR (SYBR) using specific

oligonucleotide primers. \TREM-1, hsTREM-1, and rRNA were assessed
by quantitative real-time PCR (TaqMan) using specific oligonucleotide
primers and probe. hsTREM-1 was identified as a splice variant of
hTREM-1 with a 193-base deletion (exon 3) from bases 471 to 663
(GenBank accession no. AF287008). To avoid amplification of hsTREM-1
mRNA, the forward primer for "TREM-1 was designed to fit exon 3 (the
deletion site). To amplify only hsTREM-1, the backward primer was de-
signed to hybridize to the 3’ end of exon 2 as well as the 5’ end of exon
4. These primers could specifically amplify hTREM-1 and hsTREM-1,
respectively. The sequences of the primers and probes are listed in Table
1. The rRNA primers and probe were purchased from Applied Biosystems.
The SYBR PCR was performed in duplicate using a 25-ul reaction mixture
containing 1 pl of cDNA, QuantiTect SYBR Green PCR (Qiagen), and 300
nM each of the sense and antisense primers. The PCR mixture was incu-
bated for 15 min at 95°C, and then amplification was performed for 45
cycles, consisting of denaturation at 94°C for 15 s, annealing at 58°C for
30 s, and extension at 72°C for 30 s. TagMan PCR was performed in
duplicate with a 25-ul reaction mixture containing I ul of cDNA, 12.5 pul
of QuantiTect Probe PCR (Qiagen), 400 nM each of the sense and anti-
sense primers, and 200 nM of the probe. The PCR mixture was incubated
for 15 min at 95°C to activate HotStarTaq DNA polymerase. Subsequently,
amplification was performed for 45 cycles, consisting of denaturation at
94°C for 15 s and combined annealing extension at 59°C for 1 min. During
the extension step, the ABI Prism 7700 Sequence Detection System mon-
itored PCR amplification in real time by quantitative analysis of the emitted
fluorescence. The amount of each sample mRNA was evaluated relative to
the control sample, which was assigned a value of 1 arbitrary unit.

Western blot analysis

Culture medium or RPM (1 X 10° cells) was dissolved in sample buffer
(350 mM Tris (pH 6.8), 10% SDS, 30% glycerol, 600 mM DTT, and
0.05% bromphenol blue), loaded onto 10% SDS-PAGE gel, and run at 20
mA for 1.5 h. Proteins in the supernatant were transferred to a polyvinyli-
dene diftuoride membrane (Roche Diagnostics) for 1.5 h at 200 mA by
semidry blotting. The membrane was then blocked with 5% skim milk in
PBS containing 0.05% Tween 20 for 1 h at 37°C, washed with PBS con-
taining 0.1% Tween 20, and incubated overnight at 4°C with a monoclonal
anti-human TREM-1 Ab (1 pg/ml). The blots were washed four times with
TBS and incubated for 30 min with HRP-conjugated rabbit anti-mouse
1gG. Immunoreactive bands were developed using a chemiluminescent
substrate (ECL plus; Amersham Biosciences).

Assay of cytokine and chemokine production

Flat-bottom plates were precoated with 5 pg/ml of a monoclonal anti-
human TREM-1 Ab or an isotype-maiched control Ab (mouse IgG1) over-
night at 4°C. After washing with PBS, PBMC (1 X 10° cells) were pre-
incubated with or without PGE, (1 uM) for 5 h. Then the PBMC were
added to the Ab-coated wells, and briefly spun in a centrifuge at 1200 rpm
to bind TREM-1. After incubation for 24 h, culture medium was obtained
by centrifugation and stored at —20°C until the levels of TNF-« and I1.-8
in the supernatant were determined by specific ELISAs.

Assay of PGE, production

Concentration of PGE, in the culture supernatant was determined by using
a PGE, EIA kit according to the manufacturer’s instructions.
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FIGURE 1. PGE, and LPS up-regulate mTREM-1 expression by RPM.
RPM were incubated with or without PGE, (1 uM) for I h, and then were
cultured in the presence or absence of LPS (100 ng/ml). The mTREM-1
mRNA level was determined by quantitative real-time PCR using murine
GAPDH as the internal control. The relative level of mMTREM-1 mRNA
was evaluated by comparison with that in vehicle (EtOH)-treated RPM,
which was defined as | arbitrary unit. Data are expressed as the mean * SD
of triplicate determinations.

Statistical analysis

Results are expressed as the mean * SD. Statistical analysis was performed
using the paired Student 7 test and p < 0.05 was considered to indicate
significance.

Results
PGE, induces TREM-1 expression by RPM

PGE, is a mediator with a wide variety of biological effects in the
process of microbial inflammation. To determine whether PGE,
could influence the expression and action of TREM-1 in macro-
phages, RPM were pretreated with PGE, at a concentration of 1
uM for 1 h and then the cells were subsequently incubated in
the presence or absence of LPS (100 ng/ml) for | h. Expression
of mTREM-1 was determined by quantitative real-time PCR.
LPS significantly increased expression of the TREM-I gene
(Fig. 1), as previously reported. PGE, also caused significant
induction of TREM-1 expression and the magnitude of gene
expression was significantly higher in PGE,-treated cells than
in LPS-treated cells. Furthermore, a combination of PGE, and
LPS caused additive enhancement of mTREM-| expression
by RPM.

To investigate the time course of PGE,-induced expression of
mTREM-1, RPM were incubated with 1 puM PGE, for the indi-
cated periods. Induction of gene expression occurred quite rapidly
and was observed as early as | h after stimulation, following de-
clined for 12 h (Fig. 24). RPM were incubated with varying con-
centrations of PGE, for | h to determine whether physiological
levels of PGE, enhanced mTREM-1 expression. It was shown that
PGE, increased mTREM-1 expression in a concentration-depen-
dent manner. PGE, at a concentration as low as 10™'% M signif-
icantly induced mTREM-1 expression and maximal expression
occurred after stimulation with 107107 M PGE, (Fig. 2B).

It has been demonstrated that monocytes and macrophages ex-
press various receptors for arachidonic acid metabolites, which are
referred to EP, thromboxane-like prostanoid (TP), and CRTH2
(20). Therefore, we investigated the effects of specific ligands for
these receptors on mTREM-1 expression by RPM. The cells were
incubated for | h with PGE, (an EP receptor ligand), I-BOP (a TP
receptor ligand), or PGD, (a CRTH2 ligand), and TREM-1 ex-
pression was evaluated by quantitative real-time PCR. PGE,
induced TREM-1 expression, while neither I-BOP nor PGD,
up-regulated mTREM-1 expression, indicating that PGE, was a
specific inducer of mTREM-1 expression among these PGs
(Fig. 2C).

_A c
$ 3
3 £z
-
2 3
% 15 %15
:Z: 10 2‘0
g ° g
® g o=
5 t0 15 20 25 vehicle PGE, PGD, -BOP
Time (hr}

B D
2 40
3 e
530 — ol mTREM-
[
E 20
. * Actin
2 10
z PGE, . +
4

() 10-9 8 -7 &
PGE, Log (M)

FIGURE 2. PGE, induces mTREM-1 expression in a time- or concen-
tration-dependent manner. A, RPM were incubated with PGE, (1 uM) for
the indicated periods and the mMTREM-1 mRNA level was determined by
quantitative real-time PCR. B, RPM were cultured with or without various
concentrations of PGE, for 1 h and the mTREM-1 mRNA level was de-
termined by quantitative real-time PCR. C, RPM were incubated with
PGE, (I uM), PGD, (1 uM), or [-BOP (0.2 uM) for 1 h and the
mTREM-1 mRNA level was determined by quantitative real-time PCR. D,
RPM were cultured with or without PGE, (1 pM) for 5 h, and expression
of mTREM-1 protein and actin was determined by Western blot analysis.
Data are expressed as the mean * SD of triplicate determinations.

Western blot analysis using a specific anti-mouse TREM-1 mAb
was performed to evaluate mTREM-1 protein expression by
RPM after incubation with or without PGE, for 5 h. mTREM-1
protein was detected faintly when RPM were incubated with the
vehicle alone, whereas increased expression of mTREM-1 was
clearly seen when RPM were incubated with PGE, (107% M) for 5 h
(Fig. 2D).

Endogenous PGE, induces TREM-1 expression by RPM

It has been demonstrated that LPS induces TREM-1 expression as
well as the release of PGE, by macrophages (7-9, 21). To evaluate
the possible influence of endogenous PGE, on LPS-induced
mTREM-1 expression, RPM were stimulated with LPS (100 ng/
ml) for the indicated periods, after which PGE, production and
mTREM-] gene expression were determined by EIA and quanti-
tative real-time PCR, respectively. PGE, synthesis gradually in-
creased up to 4 h, and then the maximum level was maintained
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FIGURE 3. LPS-induced PGE, production up-regulates mMTREM-1 ex-
pression by RPM. RPM were stimulated with LPS (100 ng/ml) for the
indicated periods. Then the mTREM-1 mRNA level was determined by
quantitative real-time PCR, and PGE, synthesis was determined by using
a PGE, EIA kit. Data are expressed as the mean * SD of triplicate
determinations.
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- FIGURE 4. Effect of COX inhibitors on LPS-induced mTREM-1 ex-

pression by RPM. RPM were pretreated with or without SC560 and/or
NS398 for 1 h, and were subsequently incubated in the presence or absence
of LPS (100 ng/ml) for the indicated periods. A, The mMTREM-1 mRNA
level at 2 h after LPS stimulation was determined by quantitative real-time
PCR. B, PGE, synthesis at 2 h after LPS stimulation was determined by a
PGE, EIA kit. C, Time course of mMTREM-1 mRNA expression was de-
termined by quantitative real-time PCR. D, mTREM-1 protein and actin
was determined by Western blot analysis. Data are expressed as the
mean * SD of triplicate determinations. =, p < 0.01, vs LPS-stimulated
RPM by Student’s unpaired r test.

until 11 h after stimulation (Fig. 3). In contrast, gene expression of
mTREM-1 occurred quite rapidly and was seen as early as 0.5 h
after stimulation when PGE, production was not detected. Maxi-
mum induction of mMTREM-1 was observed at 2-4 h after stimu-
lation and gene expression returned to the basal level by 8 h. These
findings indicated that PGE, synthesis did not precede. the induc-
tion of mTREM-1 gene expression.

mTREM-1 expression was significantly induced by a physio-
logical concentration of PGE,. Therefore, the regulatory roles of
PGE, on TREM-I expression was investigated. Because PGE,
synthesis is regulated by COX-1 and COX-2, RPM were incubated
for 1 h in the presence or absence of SC560 (a selective COX-1
inhibitor) or NS398 (a selective COX-2 inhibitor), and then the
cells were stimulated with LPS for 2 h. nTREM-1 expression and
PGE, synthesis was determined by quantitative real-time PCR and
EIA, respectively. Both inhibitors for COX-1 and COX-2 partially,
but significantly, inhibited LPS-induced expression of mTREM-1
(Fig. 4A). When the effects of COX inhibitors on PGE, synthesis
by LPS-stimulated RPM were investigated, these inhibitors also
suppressed PGE, synthesis (Fig. 4B). Vehicle (DMSO) did not
affect on LPS-induced PGE, synthesis and mTREM-1 expression
(data not shown).

To investigate the effect of PGE, on LPS-induced mTREM-1
mRNA expression at early time points, RPM were stimulated with
LPS in the presence or absence of COX inhibitors for the indicated
periods. Both COX-1 and COX-2 inhibitors failed to inhibit
mTREM-1 expression at 0.5 h after LPS stimulation, whereas
mTREM-1I expression at 1 h was partially inhibited, and that at 2
and 4 h was significantly abolished by COX inhibitors (Fig. 4C).
These findings indicated that the effect of PGE, on LPS-induced
mTREM-1 expression was predominant at late time points (>2 h
after stimulation) but not at early time points (0.5 and 1 h after
stimulation).
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FIGURE 5. Enhancement of mTREM-1 expression by an EP4 agonist
and cAMP analog. A, RPM were incubated with or without agonists for
EP! to EP4 agonists (I uM) for | h and the mTREM-1 mRNA level was
determined by quantitative real-time PCR. B, RPM were incubated with or
without 8-Br-cAMP (0.5 mM) for | h. Data are expressed as the mean *
SD of triplicate determinations.

After RPM were incubated with LPS in the presence or absence
of COX inhibitors for various times, the expression of mMTREM-1
protein was determined by Western blot analysis. Both inhibitors
reduced LPS-induced TREM-1 expression at 4 and 8 h but not at
2 h after stimulation (Fig. 4D). Actin as the internal control was
similarly detected in all samples. These findings indicated that
LPS-induced expression of mMTREM-1 on RPM was at least partly
promoted by endogenous PGE,.

PGE,-induced TREM-1 expression is mediated by the
EP4 receptor and cAMP

It has been shown that the biological functions of PGE, are me-
diated by four specific receptors, which are coupled to G-protein
and are referred to as EP! to EP4 (20). To determine which EP
receptors mediated PGE,-induced mTREM-1 expression, RPM
were incubated with four synthetic agonists specific for each
of the EP receptors (each at a concentration of | uM), and then
mTREM-1 expression was evaluated by quantitative real-time
PCR. The EP4 agonist significantly up-regulated TREM-I expres-
sion in RPM, whereas the EP1, EP2, and EP3 agonists failed to
enhance TREM-1 expression (Fig. 5A). v

Activation of the EP4 receptor enhances intracellular accumu-
lation of cAMP via adenylate cyclase. Therefore, we examined the
influence of §-Br-cAMP (a stable cAMP analog) on mTREM-!| .
expression by RPM. Treatment of RPM with 8-Br-cAMP at a con-
centration of 5 X 10™* M for | h significantly enhanced expression
of the mTREM-1 gene by RPM (Fig. 5B). EP4 agonist and 8-Br- -
cAMP also induced TREM-I mRNA expression in J774.1 and
PBMC (data not shown). These finding clearly suggested that
PGE,-induced TREM-1 expression on RPM was related to EP4
receptor- and cAMP-mediated signaling.

Blocking of PKA, p38 MAPK, and PI3K inhibits PGE ,-induced
mTREM-1 expression

Intracellular cAMP is a major regulator of PKA (22) and cAMP also
activates the PI3K-, p38 MAPK-, and ERK-signaling pathways (23—
25). Therefore, we investigated the signaling pathways involved in
PGE,-induced expression of TREM-1 by using synthetic inhibitors
of these kinases. A PKA inhibitor (H89), a p38 MAPK inhibitor
(SB203580), and a PI3K inhibitor (1.Y294002) significantly sup-
pressed PGE,-induced TREM-1 expression, whereas a MAPKK in-
hibitor (PD98059) failed to influence TREM-1 expression (Fig. 6).
Inhibitory effects of these inhibitors were observed in a dose- or time-
dependent manner (data not shown). These results suggested that
PGE,-induced TREM-1 expression was mediated via the PKA, PI3K,
and p38 MAPK pathways.
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FIGURE 6. Inhibition of PKA, p38 MAPK, or PI3K suppresses PGE,-
induced mTREM-1 expression by RPM. RPM were pretreated with or
without LY294002 (20 pM), PD98059 (30 uM), SB203580 (20 uM) H-89
(20 uM) for 30 min, and then were incubated with PGE, (1 pM) for | h.
The mTREM-1 mRNA level was determined by quantitative real-time
PCR. Data are expressed as the mean * SD of triplicate determinations. *,
p < 0.01 vs PGE,-stimulated RPM by Student’s unpaired ¢ test.

Activation of TREM-1 significantly enhances cytokine production
by PGE,-treated PBMC

An agonistic anti-TREM-1 mAb has been shown to stimulate the
production of proinflammatory cytokines by monocytes (1,7, 9). It
was difficult to transfer PGE,-treated RPM to Ab-coated wells,
because the cells tightly adhere to the culture dishes. Therefore,
PBMC were used to determine whether TREM-1 could enhance
cytokine production by PGE,-treated monocytes. Cells were incu-
bated in the presence or absence of PGE, (107 M) for 5 h, and
then harvested for incubation in agonistic anti-TREM-1 mAb-
coated wells for 24 h. Then the levels of TNF-« and IL-8 in the
culture supernatant were determined by specific ELISAs. The ag-
onistic anti-TREM-1 mAb caused a significant increase of TNF-a
production by PGE,-pretreated PBMC (Fig. 7A). Production of
TNF-a by PGE,-treated cells was 6-fold higher than that by un-
treated cells. The agonistic anti-TREM-1 mAb also increased IL-8
production by PGE,-pretreated PBMC and the magnitude of this
enhancement was 4.6-fold (Fig. 7B). These results indicated that
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FIGURE 7. An agonistic anti-TREM-1 mAb enhances the production
of proinflammatory cytokines by PGE,-pretreated PBMC. PBMC were in-
cubated with or without PGE, for 5 h, and then the cells were incubated in
the presence or absence of the agonistic anti-TREM-1 mAb (5 pg/ml) or an
isotype control Ab (5 pg/ml) for 24 h. Production of TNF-«a (A) and IL-8
(B) was determined by specific ELISAs. Data are expressed as the mean *
SD of triplicate determinations. #, p < 0.0l vs vehicle-stimulated PBMC
by Student’s unpaired f test.
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FIGURE 8. PGE, induces hTREM-I and hsTREM-1 expression by
PBMC in a time- and concentration-dependent manner. A, PBMC were
incubated with PGE, (I uM) for the indicated periods. Expression of the
hTREM-1 gene (O) and the hsTREM-1 gene (@) was determined by real-
time quantitative PCR. B, PBMC were cultured with or without various
concentrations of PGE, for 1 h. Then the hTREM-1 ((J) and hsTREM-1
(l) mRNA levels were determined by real-time quantitative PCR. C,
PBMC were incubated with or without PGE, (I uM) for 5 h and
hsTREM-1 protein in the same volume of the supernatant (20ul) was de-
termined by Western blot analysis. Data are expressed as the mean = SD
of triplicate determinations.

TREM-1 induced by PGE, was functional and enhanced the pro-
duction of proinflammatory cytokines by PBMC.

PGE, induces hTREM-1 and hsTREM-1 expréssion by PBMC

It has been demonstrated that human monocytes are capable of
expressing STREM-1 as well as the cell surface form (3-5). Al-
though sTREM-1 has also been identified in mice, the precise
structure and function of soluble mMTREM-1 are not yet known.
Therefore, we investigated the expression of hTREM-1 and
hsTREM-1 by PGE,-treated PBMC to evaluate which type was
predominantly expressed. After PBMC were incubated with PGE,,
hTREM-1 and hsTREM-1 gene expression were separately deter-
mined by quantitative real-time PCR.

Induction of both hTREM-1 and hsTRM-1 gene expression oc-
curred quite rapidly and was seen as early as 1 h after stimulation,
a subsequent declined until 9 h (Fig. 84). To determine whether
physiological concentrations of PGE, could induce the expression
of hTREM-1 and hsTREM-1, PBMC were incubated with various
concentrations of PGE, for 1 h and gene expression was deter-
mined. It was found that PGE, promoted both hTREM-1 and
hsTREM-1 expression in a concentration-dependent manner, with
maximal expression occurring at 107° or 107 M (Fig. 8B).

Western blot analysis using a specific anti-human TREM-1 mAb
was performed to detect STREM-! protein. PBMC were incubated
with or without PGE, for 5 h, and then the sSTREM-1 protein level in
the culture supernatant was determined by Western blotting.
STREM-| was detected at very low levels when PBMC were incu-
bated with the vehicle alone, whereas STREM-1 expression was in-
creased when PBMC were incubated with PGE, for 5 h (Fig. 8C).
Taken together, these findings showed that PGE, up-regulated the
expression of hTREM-1 as well as hsTREM-1 by monocytes.

Discussion

The present study provided evidence that PGE, up-regulates
mTREM-1 expression by RPM, as well as hTREM-1 arid hsTREM- |
expression by human PBMC. LPS-induced TREM-1 expression is at
least partly regulated by endogenous PGE,, because COX inhibitors
significantly reduced TREM-1 expression. PGE,-induced TREM-1
expression was mediated by EP-4, cAMP, and various kinases such as
PKA, PI3K, and p38 MAPK. PGE,-induced TREM-1 was functional,
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because agonistic anti-TREM-1 mAb promoted a significant increase
in the production of TNF-a and IL-8.

It is known that TREM-1 is specifically up-regulated by microbial
products such as LPS, lipoteichoic acid (LTA), or zymosan (1, 7, 9,
26). However, the present study provided the first demonstration that
PGE, could induce TREM-1 expression by both RPM and PBMC.
Induction of TREM-I expression by PGE, was also observed in a
human monocyte cell line (U937) and a murine macrophage cell line
(J774.1) (data not shown), indicating that PGE, is an inducer of
TREM-1 expression by both monocytes and macrophages. PGE, was
a specific regulator of MTREM-1 expression, because specific ligands
for the CRTH2 and TP receptors (which are expressed on macro-
phages) failed to induce mTREM-1 expression. Biological effect of
endogenous PGE, on TREM-1 expression was predominant in the
late phase of LPS-induced TREM-1 expression. This is based on the
findings that COX inhibitors abrogated mTREM-1 expression after
2 h and also reduced mTREM-1 protein expression after 4—8 h
following LPS stimulation.

In the present study, both COX-1 and COX-2 inhibitors sup-
pressed PGE, synthesis and TREM-1I induction. It has been doc-
umented that LPS promoted PGE, production through the induc-
tion and activation of the COX-2, but not COX-1 (21, 27).
However, Rouzer et al. (21) also reported that SC560 (COX-1
inhibitor) inhibits PG synthesis through inhibition of COX-2 as
well as COX-1 in LPS-stimulated RPM. Because this cross-inhi-
bition was not observed in other cells, it appeared to be specific in
RPM. TNF-a is also an inducer of PGE, synthesis, but a previous
study demonstrated that TNF-o had a limited effect on TREM-1
expression (7, 28). The reasons for this difference are not known,
but it might be related to different mechanisms of action on mono-
cytes and macrophages.

EP4, one of the receptors for PGE,, increases intracellular
cAMP levels via activation of adenylate cyclase and promotes ac-
tivation of the PKA, PI3K, p38 MAPK, and MAPKK pathways
(22-25). The present study demonstrated that a specific EP4 agonist
and 8-Br-cAMP both enhanced mTREM-1 gene expression, while
inhibitors of PKA, p38 MAPK, and PI3K blocked the PGE,-induced
increase of mTREM-| expression. These findings suggested that
PGE,-induced up-regulation of mTREM-1 expression was mediated
by the binding of PGE, to EP4, which was followed by accumulation
of cAMP and activation of various kinases, including PKA, p38
MAPK, and PI3K. This is consistent with the findings of previous
studies demonstrating that PGE, potentially activate various kinases
such as PKA, PI3K, and p38 MAPK independently (29, 30). COX
inhibitors failed to completely suppress LPS-induced up-regulation of
mTREM-1 expression by RPM, and these inhibitors abolished
TREM- | expression only in the late phase, but not early phase of LPS
stimulation. These indicate that other pathways might also be in-
volved in the induction of TREM-1 expression by LPS. Knapp et al.
(28) recently demonstrated that a PI3K-dependent pathway played a
central role, while MAPK also played a limited role, in LPS-induced
up-regulation of TREM-1 expression by monocytes. Several signaling
pathways might be involved in LPS-induced TREM-1 expression,

and the endogenous PGE,-mediated pathway seems to be one of the

mechanisms of LPS-induced TREM-1 expression on monocytes and
macrophages.

TLR and TREM-1 cooperate to induce an inflammatory re-
sponse, because activation of TREM-1 causes a marked increment
in the production of proinflammatory cytokines by macrophages
when LPS is used as the costimulus (1, 8, 9). TREM-1 activates a
downstream signaling pathway through DAPI2, which involves
tyrosine phosphorylation, activation of mitogen-activated protein
kinases, and mobilization of Ca®". In contrast, TLRs, directly rec-
ognize certain microbial products and components, such as LPS,
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LTA, and bacterial DNA. MyD88, IRAK, TRAF6, and IKK are
essentially involved in the TLR-signaling pathway. These kinases
can potentially induce the production of proinflammatory cyto-
kines via the activation of NF-«B (31). Natural ligands for
TREM-1 remain to be identified. If specific ligands for TREM-1
are located at the foci of microbe-induced inflammation, interac-
tions between TREM-1 and TLRs can synergistically induce in-
flammatory responses. In this case, cooperation between TLRs and
TREM-1 could occur at several levels during the process of LPS-
induced inflammation. The present study showed that an LPS-in-
duced increase in the production of PGE, promoted TREM-1 ex-
pression, and activation of TREM-1 on PGE,-treated PBMC
enhanced the production of proinflammatory cytokines. Based on
these findings, we hypothesized that PGE,-induced up-regulation
of TREM-1 expression may play an important role in enhancing
the TLR-mediated response of macrophages to LPS stimulation.
Several line of evidence indicated that decoy receptors can modu-
late inflammatory responses by blocking the action by agonists (32,
33). sTREM-1 is a natural decoy receptor that could potentially inhibit
TREM-1-mediated activation of cells through competition with nat-
ural ligand(s) for receptor binding. Synthetic STREM-1 has been
shown to inhibit LPS-induced cytokine production by monocytes in
vitro (6). Furthermore, a recombinant sSTREM-1 fusion protein and

- synthetic soluble TREM-1 have been shown to protect mice against

lethal LPS challenge or bacterial sepsis by suppressing inflammatory
cytokine production (6, 9). In contrast, it has been demonstrated that
PGE, can suppress the production of various cytokines (such as:
TNF-q, IL-8, MCP-1, IFN-y-inducible protein-10, and MIP-18) by
LPS-stimulated macrophages through EP2- and/or EP4-mediated
pathways (34, 35). PGE, also induces the production of IL-10, which
can have an anti-inflammatory effect (36). Present study demonstrated
that PGE, induced the release of STREM-1 by PBMC. Therefore,
PGE, might suppress inflammation not only by inhibiting the
production of proinflammatory cytokines, but also by inducing ex-
pression of the decoy receptor sSTREM-1 and increasing the produc-
tion of IL-10. However, activation of TREM-1 on PGE,-treated
PBMC enhanced the production of proinflammatory cytokines, indi-
cating that PGE, may exert bidirectional effects on monocytes and
macrophages to modulate inflammation through altering. the expres-
sion of TREM-1 and sSTREM-I.

Blocking of PGs has been shown to increase LPS-induced cy-
tokine production both in vitro and in vivo (36-39). This is con-
sistent with the previous finding that PGE, and EP4 agonists at-
tenuated LPS-induced cytokine production in mice (40). However,
a number of studies have provided evidence that COX inhibitors
can improve survival after the onset of endotoxic shock and COX-
deficient mice are resistant to endotoxin-induced inflammation and
death (17, 19, 41). Thus, the precise pathophysiological role of
PGE, in microbe infection still remains undefined. Further inves-
tigations should be directed toward the in vivo effects of PGE,-
induced TREM-1 and sTREM-1 in sepsis models.

Increased expression of TREM-1 has been observed at sites of
inflammation caused by microbial pathogens (9). However, we
recently demonstrated that monosodium urate monohydrate
(MSU) erystals induced mTREM-1 expression in monocytes and
macrophages in vitro and in vivo (42), indicating that TREM-1
might be involved in the development of acute gouty arthritis. We
also observed that MSU crystal-induced mTREM-1 expression is
regulated, at least in part, by endogenous produced PGE, (our
unpublished data). These findings suggest the possibility that PGE,
might enhance TREM-1 expression in nonmicrobial inflammatory
diseases including acute gouty arthritis. If a natural TREM-1 li-
gand is also induced in nonmicrobial inflammation, it could en-
hance inflammatory responses by activating PGE,-induced
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TREM-1. Furthermore, nonmicrobial products such as heat shock
protein 60, which are induced in various inflammatory diseases,
have been shown to stimulate TLRs (43). Thus, it is presumed that
activation of PGE,-induced TREM-1 and TLRs by specific ligands
might cooperatively increase the inflammatory responses in pa-
tients with nonmicrobial inflammatory diseases.

The present study provided a first evidence that PGE, induces
the expression of both TREM-1 and sTREM-{ by macrophages.
This finding sheds new light on the role of PGE, as a regulator of
the inflammatory response to microbial infection. Further investi-
gations should be directed toward the assessment of pathophysio-
logical roles of TREM-1 and sSTREM-I in various inflammatory
diseases. Such studies may help to elucidate the precise role of
PGE,-induced TREM-1 expression in inflammation and could
possibly provide evidence leading to new strategies for the treat-
ment of inflammatory diseases. ’
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A New Murme Model to Define the Critical Pathologic and
Therapeutic Mediators of Polymyosms
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Objective. To establish a new murine model of
polymyositis (PM) for the understanding of its patho-
logic mechanisms and the development of new treat-
ment strategies.

Methods. C protein-induced myositis (CIM) was
induced by a single immunization of recombinant hu-
man skeletal C protein in C57BL/6 mice, as well as in
CD4-depleted, CD8-depleted, and mutant mice as con-
trols. Some mice were treated with high-dose intra-
venous immunoglobulin (IVIG) after disease induction.
Muscle tissues were examined histologically.

Results. In mice with CIM, inflammation was
confined to the skeletal muscles. Histologic examination
revealed a common pathologic feature of CIM and PM,
involving abundant infiltration of CD8 and perforin-
expressing cells in the endomysial site of the injured
muscle. Suppression of myositis was achieved by deple-
tion of both CD4 and CD8 T cells. Despite the develop-
ment of serum anti-C protein antibodies in wild-type
mice, severe myositis was induced in mice deficient in B
cells. Induction of myositis was suppressed in
interleukin-1a/f (IL-1a/B)~-null mutant mice, but not
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in tumor necrosis factor & (TNFa)-null mutant mice.
Use of IVIG, a treatment with proven efficacy in PM,
suppressed CIM in the subgroup of treated mice.

Conclusion. CIM mimics PM pathologically and
clinically. Infiltration of CD8 T cells is the most likely
mechanism of muscle injury, and IL-1, but not B cells or
TNFa, is crucial in the development of CIM. IVIG has
therapeutic effects in CIM, suggesting that the effects of
IVIG are not mediated by suppression of antibody-
mediated tissue injury. This murine model provides a
useful tool for understanding the pathologic mecha-
nisms of PM and for developing new treatment strate-
gies.

Polymyositis (PM) is a chronic autoimmune in-
flammatory myopathy affecting striated muscles (1).
Damage of muscles results in varying degrees of muscle
weakness. Dysphagia with choking episodes and respira-
tory muscle weakness can occur in acute cases of PM.
Currently, the pathogenesis of PM is unknown, and
patients are therefore treated with nonspecific immuno-
suppressants. High-dose corticosteroids are the first-line
treatment but are not effective in all patients. Improve-
ment of disease often depends on the dosage of cortico-
steroids, making a dosage reduction difficult and thus, in
many cases, necessitating administration of methotrex-
ate or other immunosuppressants as adjunctive treat-
ment. Because these medications can elicit a wide
variety of adverse drug reactions, new therapies to -
address the specific pathologic features of PM are
needed.

In affected muscles of patients with PM, infiltra-
tion of mononuclear cells leads to muscle fiber necrosis.
These cells are found in the endomysial site, where
non-necrotic muscle fibers are damaged, and also in the
perimysial and perivascular sites of the muscles. Immu-
nohistochemical studies have disclosed that CD8 T cells
are most abundant in the endomysial site and invade
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non-necrotic muscle fibers (2,3). These CD8 T cells
express cytotoxic effector molecules, known as perforins,
that are oriented toward target muscle fibers (4). Sur-
face expression of class I major histocompatibility com-
plex (MHC) molecules on muscle fibers is up-regulated
(5). In a study of T cells from patients with PM
compared with normal donors, CD8 T cell clones ex-
panded more frequently in the peripheral blood of
patients with PM (6,7). Moreover, some of these clones
could be found in muscle biopsy samples from the same
patients (6,7). All of these observations support the view
that PM is driven by cytotoxic CD8 T cells.

In rheumatoid arthritis (RA), another auto-
immune disease, biologic agents that block tumor necro-
sis factor & (TNFa) have been introduced into clinical
use. TNFa blockade has an enormous effect in modu-
lating the clinical course of RA (8). Animal models of
arthritis serve to help identify therapeutic targets and to
test the effect of these therapeutic reagents (9-11). In
contrast, in PM, the lack of appropriate animal models
has hampered basic research studies and delayed the
development of new treatments.

"Experimental autoimmune myositis (EAM), es-
tablished previously as an animal model of PM, is
inducible specifically in SJL/J mice by repeated admin-
istration of muscle homogenate or partially purified
myosin (12,13). This model is a complex representation
of disease, because SJL/J mice have a dysferlin gene
mutation that causes spontaneous muscle necrosis and
secondary muscle inflammation (14). Immunohisto-
chemical studies have shown that infiltrating T cells in
the muscle are dominated by CD4 T cells, suggesting
that the EAM disease model is mediated by CD4 T cells

(15). .

We established a new murine model that can be
induced with a single injection of a recombinant skeletal
muscle fast-type C protein. This myosin-binding protein
is in the cross-bridge-bearing zone of A bands of
myofibrils (16,17). Biochemical purification studies
showed that C protein appears to be the main immuno-
pathogenic component of the crude skeletal-muscle my-
osin preparation used for the induction of experimental
myositis in Lewis rats (18,19). In this study, we used
recombinant protein fragments to confirm the immuno-
genicity of the C protein. This myositis, designated as C
protein-induced myositis (CIM), can be induced in
C57BL/6 (B6) mice and in other strains of mice. Its
histologic and immunohistochemical features mimic
those of PM. Functional studies have indicated that
cytotoxic CD8 T cells are primarily responsible for the
pathologic mechanisms of this disease.
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Susceptibility to CIM in B6 mice has facilitated
studies of the immunologic components required to
induce myositis. In the present study, we were able to
show that the effects of immunoglobulins are not neces-
sary for the development of CIM, despite the presence
of B cells in the affected muscles and anti-C protein
antibodies in the sera. Although both interleukin-1
(IL-1)-positive and TNFa-positive cells infiltrated the
muscles of affected mice, only IL-1, not TNFa, was
crucial in the development of CIM. Interestingly, CIM
was suppressed by infusion of intravenous immuno-
globulins (IVIGs), which has been used as a last resort
for treatment of patients with PM who do not respond to
or tolerate immunosuppressive reagents. Thus, we show
that our new model is useful in investigating the patho-
logic mechanisms of autoimmune myositis and in devel-
oping new treatment strategies for this disease.

MATERIALS AND METHODS

Mice. B6, SJL/J, BALB/c, DBA/1, and C3H/He mice
were purchased from Charles River (Yokohama, Japan). NZB
and MRL/Mp+/+ mice were purchased from SLC (Shizuoka,
Japan). Mutant B6 mice rendered double-null for IL-1a/8
were established previously (20), while Igu-null mutant B6
mice (21) and TNFea-null mutant mice (22) were kindly
provided by Drs. Karasuyama (Tokyo Medical and Dental
University) and Sekikawa (formerly at the National Institute of
Agrobiological Science), respectively. All experiments were
done under specific pathogen—free conditions in accordance
with the ethics and safety guidelines for animal experiments of
Tokyo Medical and Dental University and RIKEN.

Recombinant human skeletal C protein. Four comple-
mentary DNA (cDNA) fragments encoding overlapping
cDNA fragments 1, 2, 3, and 4 of human fast-type skeletal
muscle C protein were amplified from human skeletal muscle
¢DNA using polymerase chain reaction. Primers used were
5'-GAGAGGTACCATGCCTGAGGCAAAACCAGCG-3'

- and 5'-GAGAGTCGACTCAGAACCACTTGAGGGTCAG-

GTC-3' for fragment 1, 5'-GAGAGGATCCGACCTGACC-
CTCAAGTGGTTC-3' and 5'-GAGAAAGCTTTCACAGC-
CAGGTAGCGACGGGAGG-3' for fragment 2, 5-AGA-
GGATCCCCTCCCGTCGCTACCTGGCTG-3' and 5'-GA-
GAAAGCTTTCACCGGGGCTTTCCCTGGAAGGG-3' for
fragment 3, and 5'-AGAGGATCCCCCTTCAGGGAAAGC-
CCCGG-3' and 5'-GAGAAAGCTTTCACTGCGGCACTC-
GGACCTC-3 for fragment 4 (Qiagen, Hilden, Germany)
(underlining indicates the restriction enzyme recognition sites
for subcloning into the pQE30 expression vector). These
primers were introduced into the TOP10F' bacterial host
(Invitrogen, Carlsbad, CA) and were used to prepare recom-
binant C protein fragments according to the manufacturer’s
protocol. Soluble recombinant C proteins were dialyzed
against 0.5M arginine, 2 mM reduced glutathione, 0.2 mM
oxydized glutathione in phosphate buffered saline (PBS), pH
74 (fragments 1 and 2) or 25 mM glycine HCl, pH 3.0
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(fragments 3 and 4). Endotoxin was removed using Detoxi- Gcl
Endotoxin Removal Gel (Pierce, Rockford, IL).

Induction of CIM. Female mice, ages 8—10 weeks, were
immunized intradermally with 200 pg of the C protein frag-
ments emulsified in Freund’s complete adjuvant (CFA) con-
taining 100 pg of heat-killed Mycobacterium butyricum (Difco,
Detroit, MI). The immunogens were injected at multiple sites
of the back and foot pads, and 2 pg of pertussis toxin (PT)
(Seikagaku Kogyo, Tokyo, Japan) in PBS was injected intra-
peritoneally at the same time. Hematoxylin and eosin-stained
10-pm sections of the proximal muscles (hamstrings and
quadriceps) were examined histologically for the presence of
mononuclear cell infiltration and necrosis of muscle fibers. The
histologic severity of inflammation in each muscle block was
graded as follows (18,19): grade 1 = involvement of a single
muscle fiber or <5 muscle fibers; grade 2 = a lesion involving
5-30 muscle fibers; grade 3 = a lesion involving a muscle
fasciculus; and grade 4 = diffuse, extensive lesions. When
multiple lesions with the same grade were found in a single
muscle block, 0.5 point was added to the grade.

Immunohistochemical analysis. Cryostat-frozen sec-

tions (6 pm) fixed in cold acetone were stained with anti-CD8a
(53-6.7; BD Biosciences PharMingen, San Diego, CA), anti-
CD4 (H129.19; BD Biosciences PharMingen), anti-B220
(RA3-6B2; BD Biosciences PharMingen), anti-CD11b (M1/70;
BD Biosciences PharMingen), anti-CD68 (FA-11; Serotec,
Oxford, UK), anti-IL-1« (40508; Genzyme/Techne, Minneap-
olis, MN), or anti-TNFa (MP6-XT22; BioLegend, San Diego,
CA) monoclonal antibodies (mAb). To stain perforin mole-
cules, air-dried sections were treated with 0.5% periodic acid
solution and then stained with antiperforin mAb (CB5.4;
Alexis Biochemicals, San Diego, CA). Nonspecific staining was
blocked with 4% Blockace (Dainippon, Osaka, Japan).
: Bound antibodies were visualized with peroxidase-
labeled anti-rat IgG antibodies and associated substrates (Hist-
ofine Simple Stain Max PO; Nichirei, Tokyo, Japan). The
sections were also stained with biotinylated mouse anti-mouse
. H-2K® mAb (AF6-88.5; BD Biosciences PharMingen) and with
biotinylated mouse anti-mouse I-A® mAb (AF6-120.1; BD
Biosciences PharMingen). They were then incubated with
peroxidase-conjugated streptavidin and its substrates (Chemi-
con, Temecula, CA). For double immunofluorescence staining,
the sections were preincubated with 5% heat-inactivated rat
serum and 1% bovine serum albumin, and were stained with
Alexa Fluor 647-conjugated anti-CD8a mAb (53-6.7, BD
Biosciences PharMingen) and fluorescein isothiocyanate
(FITC)—conjugated anti-CD4 mAb (RM4-5; BD Biosciences
PharMingen).

The bound antibodies were visualized using SP2ZAOBS
confocal laser microscopy (Leica, Heidelberg, Germany).
Spleens or popliteal lymph nodes were stained as positive
controls. Isotype controls were used as negative control. The
stained sections were evaluated by 2 independent observers,
who reported results that were comparable.

Quantification of mononuclear cell subsets. The
method used to quantify stained cells in the immunohisto-
chemical analysis was based on a previously published method
(2). Briefly, 5 inflammatory mononuclear cell foci in the serial
sections from 4 mice with CIM were studied. At least 1 focus
from each mouse was evaluated. Stained mononuclear cells
infiltrating into the endomysial, perimysial, and perivascular
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sites of the foci were enumerated separately. The frequency of
each subset was calculated in relation to the sum of all subsets.
The CD4:CD8 ratios were calculated on the basis of these
calculations. The CD4:CD8 ratios in double immunofluores-
cence staining were calculated in the same manner as in the
immunohistochemical analyses. CD68-positive and CD11b-
positive cells in the serial sections were also enumerated in the
same manner, and the frequencies of CD68-positive cells were
calculated in relation to the number of CD11b-positive cells.

Rotarod test. Muscle function was evaluated with a
MK-630 rotarod device (Muromachi Kikai, Tokyo, Japan) as
described previously (23). The rotarod test was performed on
each mouse by measuring the running time until the mouse fell
off the rod while the rod was turning at 20 revolutions per
minute for 200 seconds. The running ability of each mouse was
scored in 5 categories of running time: score 1 = 0-49 seconds,
score 2 = 50-99 seconds, score 3 = 100-149 seconds, score 4 =
150-200 seconds, score 5 = >200 seconds. Mice were initially
trained to accommodate them to the task, and then tested 2
days thereafter.

In vivo depletion of CD8 or CD4 T cells. For the
depletion of CD8 or CD4 T cells in B6 mice; the mice were
injected intraperitoneally with 1 mg of purified anti-CD8
(53.67.2) mAb (24), anti-CD4 (GK1.5) mAb (24), or purified
rat IgG (Sigma-Aldrich, St. Louis, MO) as a control, for 3
consecutive days. This treatment started 10 days before the
immunization. Injection of 500 ug of the same mAb was
repeated every other day for 14 days. Splenocytes and lymph
node cells from the treated mice were stained with phyco-
erythrin (PE)-conjugated anti-CD8 mAb (53.67; BD Bio-
sciences PharMingen) or PE-conjugated anti-CD4 mAb
(H129.19; BD Biosciences PharMingen), together with FITC-
conjugated anti-CD3 mAb (145-2C11; BD Biosciences Phar-
Mingen). The cells were then analyzed with FACSCalibur
(Becton Dickinson, San Jose, CA).

IVIG treatment. A subgroup of the mice were treated
with IVIG. Human gamma immunoglobulins (Venoglobulin-
IH; Benesis, Osaka, Japan) (400 mg/kg/day) were injected
intravenously into the tail vein for 5 consecutive days, begin-
ping 3 days after immunization.

Statistical analysis. Histologic scores were compared
with the Mann-Whitney U test. P values less than or equal to
0.05 were considered significant.

RESULTS

Histologic features of CIM in immunized mice.
Recombinant human fast-type skeletal C protein frag-
ments were prepared using a prokaryotic expression
system. Because of the size of the C protein, 4 overlap-
ping protein fragments were generated: fragment 1
(amino acids 1-290), fragment 2 (amino acids 284-580),
fragment 3 (amino acids 567-877), and fragment 4
(amino acids 864-1142). B6 mice were immunized at
multiple sites of the back and foot pads with each
fragment emulsified in CFA. PT was also injected intra-
peritoneally. To compare the immunogenicity of the 4
fragments, 5 mice per group were immunized with each
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Figure 1. Muscle inflammation in C protein-induced myositis (CIM). C57BL/6 mice were immunized once with
recombinant human skeletal C protein fragment 2 to induce CIM. A and B, Mononuclear cell infiltration was
found predominantly in the endomysial site (boxed area) but also in the perimysial site (solid arrows) and
perivascular site (open arrows) (A). Many cells invaded non-necrotic muscle fibers (arrows), while necrotic fibers
were also present (B). Bar in A = 100 um; bar in B = 25 um. C, Muscle function was evaluated with a rotarod
test 21 days after immunization. Six mice with CIM and 5 control mice treated with adjuvant alone were
examined. Running ability was scored as described in Materials and Methods. Values are the mean and SD score.

¥ =P <001

fragment, and myositis was studied histologically 21 days
after the immunizaton.

None of the mice treated with adjuvant alone or
immunized without PT developed myositis. We found
that a single immunization of fragments 2 or 4 induced
myositis consistently, and the mean = SD histologic
scores were 28 * 0.2 and 1.0 = 0.3, respectively.
Fragments 1 and 3 induced milder myositis at a lower
incidence, and the mean * SD histologic scores were
0.2 = 0.3 and 0.1 * 0.2, respectively. Because fragment
2 induced the most severe myositis, it was used as an
immunogen in subsequent experiments. :

Histologic analysis of the muscles affected by
CIM showed that mononuclear cells infiltrated predom-
inantly the endomysial site, but also the perimysial and

perivascular sites of the muscle tissue (Figure 1A). Many
mononuclear cells invaded non-necrotic muscle fibers
(Figure 1B). No abnormality in cardiac muscle and other
tissues, including lung and joint tissues, was observed.
Muscle function was assessed clinically with a rotarod
device on day 21. Consistent with the histologic findings
in the muscle tissue, mice with CIM ran for a shorter

time than did control mice, indicating a reduction in

motor function (Figure 1C).

Inflammation is acute and regresses spontane-
ously in most animal models of autoimmune diseases. To
study the course of CIM in mice, muscle sections from 4
or 5 mice were examined at various time points after the
immunization. A small number of mononuclear cells
appeared in 50% of the muscle samples on day 7
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Expression of CD4 (green, fluorescein
isothiocyanate) and CD8 (red, Alexa Fluor 647) was examined. Infiltrating cells in the endomysial site (arrews) (A) and in the perimysial site

(arrows) and perivascular site (arrowheads) (B) were individually enumerated for calculating CD4:CD8 ratios. C-H, Expression of CD11b (C and
D), perforin (E), class I major histocompatibility complex (F), interleukin-1a (IL-1a) (G), and tumor necrosis factor & (TNFe) (H) was examined with
immunoperoxidase staining. CD11b-positive cells diffusely infiltrated the endomysial site (arrows) (C) and both the perimysial (arrows) and perivascular
sites (arrowheads) (D). Perforin-positive cells infiltrated around non-necrotic muscle fibers at the endomysial sites (arrows) (E). Muscle fibers reacted to
anti-HZK® monoclgnal antibodies (arrows) (F). IL-1a and TNFa were expressed on infiltrating mononuclear cells in muscles (G and H). Bars = 50 pm.
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