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Rheumatoid arthritis (RA) is a chronic inflammatory disorder leading to bone and cartilage destruc-
tion. A substantial body of evidence suggests that prostaglandin E2 (PGE2) contributes to the patho-
genesis of RA, and nonsteroidal anti-inflammatory drugs, inhibitors of the synthesis of PGE2 and
other prostanoids, continue to be used in the treatment of this disease. To begin to understand the
mechanism by which prostaglandins modulate the pathophysiology of this disease, we examined
mice lacking each of the four known PGE2 (EP) receptors after generation of collagen
antibody-induced arthritis, an animal model of RA. Homozygous deletion of the EP1, EP2, or EP3
receptors did not affect the development of arthritis, whereas EP4 receptor-deficient mice showed
decreased incidence and severity of disease. These animals also showed reduced inflammation as
assessed by circulating IL-6 and serum amyloid A levels. Joint histopathology of EP4~/~ animals
revealed reduced bone destruction, proteoglycan loss, and type II collagen breakdown in cartilage
compared with EP4"/* mice. Furthermore, liver and macrophages isolated from EP4~~ animals pro-
duced significantly less IL-1B and IL-6 than control samples. Thus, PGE2 contributes to disease pro-
gression at least in part by binding to the EP4 receptor. Antagonists of this receptor might therefore
provide novel agents for the treatment of RA.

J. Clin. Invest. 110:651-658 (2002). doi:10.1172/JCI200215528.

Introduction

Rheumatoid arthritis (RA) is an inflammarory disorder
that affects 1% of the adult population worldwide. RA
is characterized by systemic and local inflammation
resulting in cartilage and bone destruction. Nons-
teroidal anti-inflammatory drugs (NSAIDs), which rep-
resent an effective therapy for treating RA, elicit their
effects by inhibiting cyclooxygenase (COX) activity and
blocking the downstream production of prostanoids,
including prostaglandin E2 (PGE2) (1-4). Analysis of
synovial fluid from patients with rheumatoid arthritis
has shown increases in virtually all the prostanoids,
and it has been very difficult to determine whether the
beneficial effects of NSAIDs stem from the inhibition
of a particular subset of these agents (5, 6). However,
several lines of evidence suggest that at least some of
the proinflammatory aspects of this disease are medi-
ated by PGE2. Specifically, PGE2 has been associated
with the edema and the erosion of cartilage and juxta-
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articular bone commonly found in RA (7-12). In an
animal model of polyarthritis, neutralizing PGE2 with
monoclonal antibodies reduced both the signs and lev-
els of inflammatory markers of the disease (13).

PGE2 can act through at least four different receptors,
and itis not clear which of these contribute to the patho-
genesis of arthritis. These EP receptors, termed EP1-4,
are G protein-coupled heptahelical proteins. Each recep-
tor subtype has a distinct pharmacological signature
based on its pharmacophore and PGE2-evoked signal
transduction (14, 15). The EP1 receptor couples to an
increase in intracellular calcium concentration. The EP2
and EP4 receptors couple to the Ggs protein and an
increase in intracellular cAMP concentration. Several
EP3 receptor variants have been identified and shown to
couple to different signaling pathways, including an
increase or decrease in intracellular cAMP and an
increase in intracellular Ca?* concentration.

The pharmacological probes available for studying the
role of EP receptors in vivo are limited by their selectiv-
ity and pharmacokinetic properties. The four EP recep-
tors are expressed in diverse tissues implicated in RA,
such as synovium, chondrocytes, liver, and monocytic
phagocytes (16-24); this makes it difficult to define the
role of a receptor based solely on expression patterns.
Although the association between EP receptor expres-
sion and RA has been established, the biological func-
tion of individual EP receptors in RA is complex and
cannot be predicted from isolated in vitro experiments.
Genetic ablation of these receptors is an alternative
approach for studying their physiological functions.
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Collagen antibody-induced arthritis (CAIA) in mice
shares many similarities with human RA. As demon-
strated in previously published reports, affected animals
develop swollen, red, and ankylosed joints (3, 25-27).
The infiltration of inflammatory cells, pannus forma-
tion, chondrocyte death, proteoglycan loss, and type II
collagen degradation observed in the synovial cavity
bears a striking resemblance to the synovial inflamma-
tion characteristic of RA (28). Acute phase response pro-
teins such as IL-6 and serum amyloid A (SAA) are sig-
nificantly upregulated in patients with RA (29, 30). As
observed in human RA, blockade of TNF-o actions in
CAIA results in significant improvement of the disease
(26, 31). Furthermore, because the disease is induced by
passive immunization, we are able to eliminate any con-
tribution of B cell-mediated response to the disease,
allowing us to focus on the effector phase of the
response. The compatibility of CAIA with diverse
murine genetic backgrounds also makes it a model of
choice for evaluating the impact of targeted mutations
on the development of experimental arthritis.

The availability of mice deficient in each of the EP
receptors suggests a mechanism by which the roles of
PGE2 and individual PGE2 receptors in the pathogen-
esis of arthritis can be addressed. The objective of this
study was to characterize the role of EP receptors in an
experimental model of RA using distinct genetically
modified mouse lines deficient in each individual EP
receptor. Of all the EP knockout mice tested, only EP47/~
mice showed an impressive resistance to development
of experimental arthritis. Clinical, histopathological,
and cellular markers of the disease were significantly
diminished in EP4 receptor-deficient mice compared
with wild-type controls, suggesting that EP4 receptors
play a key role in the pathogenesis of this disease.

Methods

Generation of genetically modified mouse strains. EP17/-,
EP27/-, EP37/~, and EP47/~ mice were generated as previ-
ously described (32-35). EPI7/~ mice were maintained
on a DBA1/lac] genetic background (generated from
DBA/1lac] embryonic stem cells). EP2 and EP3 muta-
tions were generated in the 129/0Ola embryonic stem
cell line. To maintain the mutations on the inbred 129
genetic background, chimeras were bred with
129/SvEv mice. Although 129/Ola and 129/SvEv mice
are estimated to be greater than 98% genetically iden-
tical, heterozygous animals were crossed to 129/SvEv
stock for at least three generations to further decrease
any genetic variation between the 129Sv/Ev and the
EP-deficient mice. EP47~ mice have a high rate of peri-
natal lethality on the 129 and C57BL/6 genetic back-
grounds. However, we have generated a recombinant
inbred strain of mice from three well-characterized
mouse strains (129/0la, C57BL/6, and DBA/2) in
which the majority of EP47/~ mice survive the perinatal
period and into adulthood. All mice used were between
8 and 10 weeks of age and weighed approximately 20
g. We did not detect any significant differences in lym-

phocyte, monocyte, neutrophil, basophil, or eosinophil
counts between EP47/~ and EP4** mice or between any
other receptor-deficient mice and their controls. All
animal protocols were performed according to
approved institutional guidelines at Pfizer Global
Research and Development and USDA regulations.

CAIA. Mice were treated with collagen monoclonal
antibody cocktail (10 mg/ml, 400 ul/mouse) (Chemi-
con International Inc., Temecula, California, USA) by
intraperitoneal injection on day 0, followed 24 hours
later by an intraperitoneal injection (100 pl per
mouse) of 0.25 mg/ml LPS (E. coli 0111:B4; Chemicon
International Inc., Temecula, California, USA). Start-
ing on day 2, we recorded arthritis scores on a scale of
0-3 per paw (visual scale) and summed the four scores
for each animal (possible maximum score of 12). A
single-blinded observer assessed swelling, redness,
and ankylosis of the joints.

Histological assessment of arthritis. Mice were euthanized
by CO, inhalation and caudal vena cava puncture. The
hind paws were randomly collected by two independent
experimenters, then fixed with 10% neutral buffered for-
malin, decalcified in Immunocal (Decal Chemical
Corp., Congers, New York, USA), and embedded in
paraffin. Sections (5 Lm) were stained with 9A4 mono-
clonal antibody and safranin O. A single-blinded
observer scored the sections using a modified Mankin
scale (36). The 9A4 immunohistochemistry staining
correlates with cleavage of type II collagen, which is
scored O (for normal cartilage) through 4 (for diffuse
staining reflecting severe bone and cartilage damage)
(37). The modified Mankin score is a comprehensive
histological assessment that includes evaluations of car-
tilage structure, proteoglycan, synovial inflammation,
hyperplasia, and cellularity. Each of these is scored on a
scale of 0-4. This scale was developed to quantify
changes in articular cartilage in humans with osteo-
arthritis, and was modified to reflect rodent size and to
include synovial inflammation. For purposes of our
studies, the diagnosis of CAIA was based on the pres-
ence or absence of inflammation within the synovium.
Synovial inflammation and hyperplasia were graded on
a relative severity scale developed for the spectrum of
lesions observed in these studies. Inmunostaining was
not included in the modified Mankin score but paral-
leled loss of staining for proteoglycans.

Serum collection and biomarker measurements. On day
10, mice were euthanized by CO; inhalation and cau-
dal vena cava puncture using a 1-ml syringe connect-
ed to a 25-gauge needle. Using a gentle vacuum, blood
was collected in Microtainer serum separator tubes
(Becton, Dickinson and Co., Franklin Lakes, New Jer-
sey, USA) and then spun at 1,000 g for 10 minutes at
4°C. The serum fraction was collected and stored at
-20°C until assayed. Levels of PGE2 (Cayman Chemi-
cal Co., Ann Arbor, Michigan, USA), IL-6 (R&D Sys-
tems Inc., Minneapolis, Minnesota, USA), murine SAA
(BioSource International, Camarillo, California, USA),
and type II collagen antibody (Chondrex Inc., Red-
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mond, Washington, USA) were measured by ELISA
according to the manufacturer’s protocol.

Exudate collection and biomarker measurements. Peri-
toneal macrophages were collected by removing the
skin from the abdomen and injecting 8 ml of lavage
fluid (HBSS) supplemented with 0.01% (vol/vol)
EDTA (final concentration) into the peritoneal cavity.
The solution was collected from the peritoneal cavity
using a 5-ml syringe attached to a 23-gauge needle and
placed in 50-ml conical polystyrene tubes on ice. The
samples were spun for 10 minutes at 300 g at room
temperature. Lavage fluid (containing peritoneal exu-
date) was isolated and stored at -20°C until assayed
(within 1 week). IL-6 and PGE2 levels were measured
as described above. Total protein content was deter-
mined by the bicinchoninic acid assay (Pierce Chemi-
cal Co., Rockford, Illinois, USA).

Isolation and treatment of peritoneal macrophages. Fol-
lowing peritoneal exudate collection, cells were washed
twice with HBSS containing 0.01% EDTA and twice
with DMEM (1% FBS, 1% penicillin/streptomycin). The
cells were resuspended in 10 ml DMEM and counted,
and the cell concentration was diluted to 10/ml with
DMEM. Cells were plated in a 96-well plate with 100
ul/well. The plate was incubated at 37°C in 95% O, and
5% CO; for 1-2 hours. After incubation, the super-
natant was removed from the plates by inverting the
plate in a sterile tissue-culture hood. Each well was
washed twice with PBS. Cell culture media was then
added with or without inclusion of 1 ug/ml LPS (E. coli
0111:B4). Cells were then incubated for 18 hours at
37°Cin 95% O; and 5% CO; in a humidified atmos-
phere. Supernatants from each well were then careful-
ly removed and placed at -20°C until analysis. IL-6 lev-
els were measured as described above. After collecting
the supernatants, the cells were lysed by adding 200
ul/well of lysis buffer consisting of 25 mM HEPES,
0.5% Triton X-100, 250 mM NaCl, 1 pig/ml pepstatin, 1
ng/ml leupeptin, and 0.1 mM PMSF (Sigma-Aldrich,
St. Louis, Missouri, USA). Plates were incubated on ice
for 30 minutes and supernatants were collected. Ten
microliters of sample and 50 pl of substrate (50 mM
sodium citrate at pH 4, 0.2% Triton X-100, and 2 mM
p-Nitrophenyl N-Acetyl-B-D-Glucosaminide) were
added to each well and incubated at 37°C for 60 min-
utes. Reactions were stopped with 100 pl carbonate
stop solution (0.11 M Na,CO3 and 0.09 M NaHCOs3,
final pH ~10), and absorbance of wells was read at 415
nm to determine -hexasiminadase activity (OD [-hex).
OD B-hex (indirect correlation of cell number) was
used to normalize cytokine levels. The absorbance
(indirect correlation of cell number) was used to nor-
malize cytokine levels.

Detection of EP4 mRNA. Livers and macrophages were
harvested from normal and diseased mice on day 10
and snap frozen on dry ice. Total RNA was isolated
using Maxiprep columns (Qiagen Inc., Valencia, Cali-
fornia, USA) and stored at -80°C until assayed.
Absorbance at 260 and 280 nm was determined to esti-

mate RNA levels and purity. All samples had an
Azeo/Azgo ratio of 1.7 or higher. EP4 mRNA was detect-
ed by RT-PCR using the following oligonucleotide
sequences (38): sense, 5’-ggtcatcttactcatcgecacctcte-3’
and antisense, 5’-tcccactaacctcatccaccaacag-3’.

Reverse transcription was performed at 42°C for 60
minutes followed by 95°C for 10 minutes. PCR was
performed at 94°C for 2 minutes, followed by 30
cycles at 94°C for 30 seconds, 65°C for 30 seconds,
and 75°C for 60 seconds. Elongation was performed
at 72°C for 2 minutes.

Quantitative determination of GAPDH and IL-13 mRNA.
GAPDH and IL-1p mRNA levels in liver mRNA sam-
ples isolated as described above were determined by
ELISA using a Quantikine mRNA kit (R&D Systems
Inc.) according to the manufacturer’s protocol.

Results

To identify the role of PGE2 and its four receptors in
arthritis, we used a recently developed animal model of
disease. In this model, mice are injected with a single
dose of antibody directed against murine type II colla-
gen. The severity and histopathology of CAIA are sim-
ilar to collagen-induced arthritis (3, 25, 26). The signs
of the disease appear 3-4 days after the injection of
antibody and reach maximum severity by day 10; there-
fore assessment (based on paw swelling/redness and
ankylosis) of the disease was performed on day 10 in all
cases. Unlike other models, it has been reported that
CAIA can be used in virtually all mouse strains,
although the extent of the response can vary among
strains. To verify that this model could be used in the
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Figure 1

Development of arthritis in EP receptor-deficient animals. (a) Sever-
ity of arthritis. Mice bearing targeted mutations for each of the indi-
vidual EP receptors were tested for their ability to develop clinical
signs of arthritis. Paws from each mouse were scored on day 10 as
described in Methods. EP1*/*, n=7; EP17/~, n=10; EP2*/*, n = 10;
EP2~/=,n=10; EP3**, n=8; EP37/~, n=8; EP4*/*, n = 24; EP4~/-,
n=23.*P<0.05 by Mann-Whitney U test. (b) Incidence of arthri-

tis. ¥*P < 0.05 by y-square test.
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Figure 2

Time course of arthritis in EP4 receptor-deficient animals. (a) Dis-
ease progression. EP4 wild-type littermate controls and EP4~/~ ani-
mals were monitored for the duration of the disease and scores were
determined as previously described. An unpaired Student t test was
performed on the final day of the experiment (*P < 0.05). (b) Distri-
bution of affected joints. The total number of affected joints (0-4)
in each animal is determined in the two genotypes. Data shown is
from a representative experiment performed in triplicate.

various strains of mice in which the EP mutations were
available, we first compared the incidence and severity
of arthritis in DBA1/lacJ (EP17%), 129 (EP2*/*, EP3""),
and 129 x C57BL/6 x DBA/2 (EP4**) wild-type ani-
mals. All four wild-type genetic controls displayed com-
parable histopathological signs (data not shown) and
onset, severity (Figure 1a), and incidence of disease
(Figurelb). Despite this similarity in the response of
the various strains, we used genetically matched con-
trols for each of the receptor-deficient mice in these
studies. There was no phenotypic difference that could
be attributed to the sex of the animals.

Animals deficient in EP1, EP2, or EP3 receptor com-
pared with their genetic controls displayed no significant
changes in the course of CAIA or severity of the disease
on day 10 (Figure 1, a and b). There was a significant
reduction in both severity and incidence of the disease in
EP4 receptor-deficient animals compared with EP4
wild-type controls (Figure 1, a and b). The severity and
incidence of the clinical signs of arthritis were signifi-
cantly attenuated in EP47/~ animals compared with EPI,
EP2, EP3, and EP4 wild-type animals. These differences
in clinical scores were detected throughout the course of

a b [ To further quantify changes in disease, we examined
ol CEPA- the histopathological changes associated with experi-
° mental arthritis. Mice lacking EP4 receptors showed a
S significant reduction in Mankin (overall structure) and
% 9A4 (type II collagen breakdown) scores (Table 1). We
2 4 observed significant structural changes in arthritic
o 2 EP4** animals (Figure 3, a, ¢, and e) compared with dis-
* eased EP47/~ animals (Figure 3, b, d, and f). In wild-type
01 i} ' ‘ ’ : ‘ controls, these changes included hyperplasia, loss of pro-
0 2 4 6 8 10 12 teoglycan, pannus formation, and destruction of surface
Days cartilage, as evaluated by safranin O staining (Figure 3,
b 1007 - a, and c). The integrity of the synovial cartilage in hind
5] CEPE” paws isolated from EP4 wild-type mice was evaluated by
~ staining with the 9A4 monoclonal antibody that detects
&:/ 504 a type II collagen neoepitope (Figure 3e) (37). The
§ appearance of this neoepitope correlates with type II col-
254 lagen breakdown and suggests that EP47/~ animals were
h J—‘ protected from type II collagen degradation (Figure 3f).
o |_[ Stifle joints isolated from EP47/~ mice presented less
6\0\0\ RO \é\\% 4 \0\0\9 \06‘% structural damage and type II collagen breakdown, con-

(\ec’,\"’ @6@ qp‘@b Qp\?‘b 65@6 sistent with the reduced clinical signs.
? e q,'?'*{\ q,'i{\ WS To begin to explore the possible mechanisms under-

lying these differences, we next evaluated the local and
systemic inflammatory responses in EP4"/* and EP47/~
animals. To explain the significant decrease in signs
and symptoms of arthritis in the EP4 receptor-defi-
cient animals, clinical biomarkers of disease were meas-
ured in the serum and peritoneal exudates of nondis-
eased and diseased animals. In wild-type unlike EP47/~
mice, SAA levels were significantly elevated compared
with levels in nondiseased animals (Table 2). IL-6
serum levels were increased after induction of CAIA in
both EP47* and EP47~ mice but to a significantly less-
er extent in the EP47/~ group. IL-6 and PGE2 peritoneal
exudate levels followed the same pattern (Table 2). Col-
lagen antibody levels were similar in both groups after
CAIA induction, suggesting that any differences in dis-
ease outcome did not result from technical variability
(Table 2). In a separate set of experiments, nondiseased
EP4%* and EP47~ mice were injected with 25 pug LPS
(the same quantity used for induction of CAIA), and
serum samples were collected 90 minutes later. Under
these conditions, there was no detectable difference in
serum IL-6 levels between the two groups (15-fold
increase above baseline).

Liver and peritoneal macrophages are involved in
the synthesis and release of inflammatory mediators

Table 1

Absence of EP4 receptors reduces histopathological deterioration

associated with arthritis

EP4/+
11.1+ 0.4 (n=14)
1.8+0.5 (n=14)

EP4-/-
47+0.7% (n=15)
0.2+0.1* (n=15)

Mankin score
9A4 score

Mankin and 9A4 (type Il collagen cleavage) scores from affected joints are pre-
sented as mean + SEM and were determined as described in Methods. This
table summarizes histological findings (Mankin and 9A4 scores) from two inde-
pendent experiments using diseased mice. *P < 0.05, Mann-Whitney U test.

the disease (Figure 2a). The eight (of 24 total) EP47~ mice
that developed arthritis displayed significantly fewer
severely arthritic joints than did EP47* mice (Figure 2b).
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Figure 3

Targeted genetic deletion of the EP4 receptor gene protects
the animals from arthritis-induced histological damage. Rep-
resentative histological sections (a-d) from diseased EP4"/*
and EP4~/~ mice demonstrate the significant reduction in
damage as shown by safranin O staining (red color signifies
proteoglycan presence). Wild-type mice developed severe
arthritis with the formation of multiple erosions on the car-
tilage surface, cellular hyperplasia, and pannus formation.
The articular cartilage of EP4~~ mice was significantly pro-
tected from disease. (a) EP4"/" stifle joint (2X magnifica-
tion). (b) EP4~/~ stifle joint (2x magnification). (c) Stifle
joint synovial space in an EP4*/* animal (10x magnification).
(d) Stifle joint synovial space in an EP4~/~ animal (10x mag-
nification). (e and f) Type Il collagen neoepitope staining in
the stifle synovial joint of EP4*/* and EP4~/~ animals, respec-
tively (20x magnification). An increase in staining (EP47* >>
EP4~/~) correlates with an increase in type Il collagen break-
down (EP4*/* >> EP4~/~), a hallmark of arthritis.

importance of the EP4 receptor in the sys-
temic and local inflammatory responses asso-
ciated with archritis.

Discussion

Pharmacological evidence from RA trials and
preclinical models of arthritis points to the
importance of COX metabolites in the patho-
genesis of this disease (1-3). Modulation of

such as SAA, IL-6, and PGE2. We investigated
whether EP4 receptor mRNA was present in wild-type
liver (Figure 4a). Our positive results suggested a role
for the receptor in regulating the hepatic inflamma-
tory response during the course of CAIA. IL-1B
mRNA levels (normalized to GAPDH mRNA) were
determined from diseased and normal EP4*/* and
EP47/~ mice (Figure 4b). There was no detectable base-
line difference in IL-13 mRNA levels between the two
groups. In contrast, levels were significantly different
in diseased liver samples. These differences in inflam-
matory cytokine mediators were not limited to the
liver. Macrophages from diseased animals were also
purified and cultured overnight, and the super-
natants were isolated. Wild-type
macrophages expressed EP4 receptor

mRNA (Figure 4c). EP47/- macrophages Table 2

PGE2 levels in animal models of arthritis has demon-
strated the importance of this prostanoid in arthritis
progression (13, 39, 40). In this study, we evaluated the
role of individual prostaglandin EP receptors in an ani-
mal model of RA. The exact contribution of individual
EP receptors is not evident from the literature. To
address this question, four individual EP receptor-defi-
cient mouse lines were generated by homologous
recombination. Incidence and severity of arthritis were
not significantly different between EPI7/~, EP27/-, or
EP3~/~ mice and their respective genetic wild-type con-
trols. However, the EP4 receptor-deficient mice dis-
played reduced severity and incidence of arthritis than
did their wild-type controls.

Mitigation of inflammatory biomarkers in EP4 receptor-deficient animals

released significantly less IL-6 than did
EP4*/* mice under baseline conditions

Nondiseased Diseased

(Figure 4d). No difference in IL-6 levels EP4/+ EP4—/- EP4+ EP4—/-
was detected between EPI7, EPZ7, o1 5pp 5§52+138  209+72 3,952+ 1,555% 293+ 57
EP37/~ mice and their respective con- (ug/ml) (n=6) (n=6) (n=8) (n=8)
trols (data not shown). To determine  IL-6 (serum) 8+5 8+5 159+ 69*  61+25%
the integrity of the intracellular signal- (pg/ml) (n=6) (n=6) (n=8) (n=38)

: h h fi h IL-6 (peritoneal exudate) 1x1 11 19 £ 6% 6+3
ing pathways, macrophages from each o Ly (n=6) (n=6) (n=6) (n=-6)
genotype were stimulated with 1 ug/ml  pGea (peritoneal exudate) 803+ 608 182 48 3,346 £ 561% 1,541 £ 415
LPS. No significant difference in IL-6  (pg/ml) (n=6) (n=6) (n=38) (n=28)

secretion was detected, demonstrating
the absence of overt signaling defects
(Figure 4d). These results suggest the
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Serum and peritoneal exudates were collected from EP4*/* and EP4~/~ animals following CAIA.
These results were obtained from randomly selected animals. *P < 0.05 by two-way ANOVA and
Bonferroni post test.
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Figure 4

Role of EP4 receptors in local and systemic inflammatory responses. (a) Detection of EP4 receptor mRNA by RT-PCR in diseased EP4*/* liver.
(b) Total RNA was extracted from EP4*/* and EP4~/~ normal and diseased livers, followed by IL-13/GAPDH determinations as described in
Methods. EP4%+%,36.4 + 6.7 (n = 4); and EP47/~, 34.9 + 8.2 (n = 4), in arbitrary units (IL.-18 pg RNA/GAPDH pg RNA). In contrast, levels
were significantly different in diseased liver samples: EP4*/*, 57.4 + 4.4 (n=4) and EP47/~,20.6 + 2.7 (n = 4). *P < 0.05 by two-way ANOVA.
(c) Detection of EP4 receptor mRNA by RT-PCR from diseased wild-type peritoneal macrophages. (d) Determination of IL-6 (ng/ml) secret-
ed from peritoneal macrophages isolated from diseased EP4"/* and EP4~/~ mice. Media only: EP4"/*,8.6 £ 0.1 (n=3); EP47/~,5.4 £ 0.1
(n=3).LPS (1 ug/ml): EP4/+,12.9 + 0.5 (n=3); EP47/-,13.5+ 0.7 (n=3). *P < 0.05, by two-way ANOVA. In b and d, black bars are results

C Macrophage d 15+

L8

IL-6 (ng/ml)/OD f hex

Media LPS

<535 bp

from EP4*/* animals and white bars are results from EP4~/~ animals. OD P hex, B-hexasiminadase activity.
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We considered several mechanisms to explain the
resistance of EP4 receptor-deficient mice to developing
CAIA. We examined the systemic and hepatic inflam-
matory responses in EP47* and EP47/~ animals. In
CAIA, SAA levels in EP47/*, unlike EP47/~ animals, were
eightfold higher than the levels in their respective
nondiseased counterparts. Both PGE2 exudate and
IL-6 serum/exudate levels were significantly reduced in
the diseased EP4 receptor-deficient animals compared
with wild-type controls, suggesting a reduction in both
local and systemic inflammation. Portanova and col-
leagues studied the role of PGE2 in rat antigen-induced
arthritis using a PGE2-neutralizing monoclonal anti-
body. Animals receiving this antibody had decreased
arthritis and serum IL-6 levels (13). Interestingly, sev-
eral investigators have shown that IL-6-deficient mice
develop significantly less arthritis than do wild-type
controls (41-43). These experiments, in combination
with our results, reveal an association between EP4
receptors, IL-6, and arthritis.

As described earlier, both EP2 and EP4 are coupled to
Gos, stimulation of adenylyl cyclase, and increased con-
centration of intracellular ;AAMP. However, only EP47/~
mice displayed reduced CAIA, suggesting that certain
properties beyond proximal signal transduction are
responsible for the phenotypic difference between EP2
receptor-deficient and EP4 receptor-deficient mice.
These include differences in both the pattern and level
of expression of these two receptors. In general, in wild-

type mice, EP4 is expressed at higher levels than is EP2
in most tissues and cells examined in our studies. While
both receptors can be detected on most cell types, the
relative expression of the two receptors can vary dra-
matically. In addition, differences have been noted in
PGE2-mediated receptor desensitization and internal-
ization between EP2 and EP4 receptors expressed in
mammalian cells. EP4 receptors underwent rapid ago-
nist-induced desensitization and internalization with-
in 10 minutes, whereas EP2 receptors displayed no
such response, even after treatment with an agonist for
30 minutes (44, 45). Recent studies have also high-
lighted the divergence of EP2 and EP4 receptors in sig-
naling pathways located downstream of adenylyl
cyclase stimulation (46). Furthermore, EP2 and EP4
receptors display different affinities for PGE2, PGE2
metabolites (e.g., 15-keto-PGE2), and synthetic ana-
logues (e.g., butaprost free acid, 11-deoxy-PGE1), rang-
ing from sixfold (PGE2) to greater than 200-fold
(butaprost free acid) (14, 44). It is not surprising that
EP2 receptor-deficient and EP4 receptor-deficient
mice display distinct phenotypes based on the signifi-
cant differences in biochemical properties and ligand
binding profiles of the EP2 and EP4 receptors.

We demonstrate that genetic ablation of EP4 recep-
tors normalizes SAA levels back to baseline, consistent
with a complete reversal of the systemic and possibly
hepatic inflammatory processes. The liver contributes
to the inflammatory process by expressing and secret-
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ing acute-phase proteins such as SAA (47). Livers iso-
lated from diseased animals express EP4 receptor
mRNA, consistent with previously published reports.
In these in vitro studies, hepatocytes, following a peri-
od of incubation with IL-6, expressed EP4 mRNA (48,
49). In vivo, IL-1B and IL-6 administration induce
acute-phase proteins (50, 51). Our data show that IL-1[3
mRNA levels were significantly reduced in diseased
EP47/- livers compared with diseased wild-type con-
trols. Collectively, our data is consistent with the par-
ticipation of hepatic EP4 receptors in the acute phase
response of our experimental model. However, we can-
not rule out the possibility that SAA levels are indirect-
ly related to the decrease in arthritis.

To further investigate the role of cytokines, we next
examined the role of EP4 receptors on cytokine release
from macrophages isolated from arthritic mice.
Cytokines secreted by monocytic phagocytes are an
important component of the inflammatory response
in RA (52). Peritoneal macrophages freshly isolated
from diseased wild-type animals express EP4 mRNA
and generate significantly more IL-6 than do EP47/~
peritoneal macrophages also isolated from diseased
animals. This was not due to a generalized signal trans-
duction abnormality, as demonstrated by the similar
responsiveness of EP47/~ and EP4** macrophages fol-
lowing treatment with LPS. Our observations are con-
sistent with published reports describing a role for EP4
receptors in cytokine release and inflammation (21, 53,
54). Furthermore, these studies suggest that while EP4
receptor stimulation may be important in dampening
extracellular TNF-a release, within the context of our
experimental model, the reduction in IL-6 is associat-
ed with a curtailment in inflammation.

EP2, EP3, and EP4 receptors are expressed in arthritic
synovial cells (16, 19). EP4 receptor mRNA is increased
during the course of synovitis in the joints of arthritic
rats (16) and in synovial fibroblasts isolated from
patients with RA (19). Matrix metalloproteases (MMPs)
located in the synovial space (synovium and cartilage)
likely contribute to cartilage degradation. Bone samples
isolated from EP47/~ mice express significantly less
MMP2 and MMP13 than do EP47* cells following PGE2
treatment (55). Recent data (56, 57) suggest that MMP13
degrades type II collagen, resulting in the formation of a
neoepitope detectable by the 9A4 monoclonal antibody
described in our histopathological analyses. We demon-
strate that type II collagen breakdown is significantly
reduced in our histopathological analyses consistent
with the proposed role of MMP activity.

In CAIA, genetic deletion of COX2 results in a phe-
notype similar to that of the EP47/~ mice (3). The
majority of COX27/~ mice showed no clinical or histo-
logical signs of arthritis. COX2 is a key enzyme
involved in the metabolism of arachidonic acid to
prostaglandin H2, which is converted to biologically
active prostaglandins such as PGE2. Pharmacological
inhibition of COX2 enzymatic activity in animal mod-
els of arthritis (58) and RA clinical trials leads to

improved signs and symptoms of disease (1, 2). Our
results suggest that the COX2-dependent PGE2
response in CAIA is mediated by EP4 receptors. We
propose a model whereby EP4 receptors participate in
both local and systemic inflammatory responses lead-
ing to the development of polyarthritis.

In summary, we characterized the role of EP receptors
in an experimental model of arthritis. Targeted genet-
ic disruption of EP1, EP2, or EP3 receptors had no
impact on the development of arthritis. In contrast,
EP4 receptor-deficient mice displayed little or no clin-
ical sign of arthritis and deterioration of juxta-articu-
lar structures and bone. Inflammation biomarkers
were also significantly diminished compared with
EP4** animals. Our results support the importance of
both PGE2 and EP4 receptors in inflammation and
suggest a novel point of pharmacological intervention
in the treatment of RA.
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