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ABSTRACT. Objective. To determine the effect of interleukin 15 (IL-15) on cyclooxygenase-2 (COX-2) expres-
sion in rtheumatoid synoviocytes.
Methods. Fibroblast-like synoviocytes (FLS) were prepared from the synovial tissues of patients
with rheumatoid arthritis (RA) and cultured in the presence of IL-15. Levels of COX-2 mRNA and
protein expression were determined by reverse transcription-polymerase chain reaction and Western
blot, respectively. ELISA was used to measure concentrations of IL-16, tumor necrosis factor-o
(TNF-0), and prostaglandin E, (PGE,) in the culture supernatants.
Results. 1L-15 dose-dependently increased COX-2 mRNA and protein expression-in FLS, but not
the COX-1 mRNA level. Both IL-16 and TNF-a upregulated COX-2 mRNA comparably to IL-15,
but neither IL-2 nor interferon-y had any effect on the COX-2 mRNA level. Treatment with anti-IL-
1B or anti-TNF-a antibodies partially reduced the IL-15-stimulated COX-2 mRNA expression,
suggesting that these cytokines may take part in modulating COX-2 by IL-15. Dexamethasone and
pyrolidine dithiocarbamate, but not curcumin, completely blocked the IL-15-induced upregulation
of COX-2 mRNA. A gel mobility shift assay revealed that nuclear factor-kB (NF-kB) was one of the
major signal molecules to mediate IL-15-induced COX-2 upregulation. The increase of COX-2 by
IL-15 is PGE,-dependent because exogenous PGE, reversed the suppressive effect of NS-398, a
selective COX-2 inhibitor, on COX-2 mRNA and protein expression.
Conclusion. This study confirms the effect of IL-15 on upregulation of COX-2 in a PGE,-dependent
manner. The activation of NF-kB bound to the COX-2 promoter appears to be a downstream target
of IL-15 stimulation in FLS, exerted either directly or through the increase in IL-1 and TNF-a
production. (J Rheumatol 2004;31:875-83)
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Rheumatoid arthritis (RA) is a chronic systemic inflamma-
tory disease accompanying extensive destruction:of the
articular cartilage'?. A variety of proinflammatory cytokines
from macrophages or synoviocytes play crucial roles in the
disease process by stimulating the proliferation of the
synovium and the recruitment of inflammatory cells®. In
particular, interleukin 15 (IL-15), a novel 14-15 kDa
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cytokine, induces T cell proliferation and promotes the
activity of cytotoxic effector cells and natural killer (NK)
cells*. IL-15 is frequently found in RA synovium and is
produced by both the macrophage-lineage and fibroblast-
like synoviocytes (FLS)°. It has been suggested that IL-15
recruits and expands T cells in the synovial membrane,
where newly employed T cells can produce tumor necrosis
factor-a (TNF-a) directly or through cell contact with
macrophages®’. Moreover, IL-15 participates in the activa-
tion and proliferation of FLS by autocrine stimulation of
functional IL-15 receptor on FLS8.

Another key modulator of joint inflammation in RA is
cyclooxygenases-2 (COX-2), which governs the rate-
limiting steps in prostaglandin synthesis®. Enhanced COX-2
expression has been described in patients with RA and
animal arthritis models and may be involved in angiogen-
esis, inflammation of the synovial membrane, and erosion of
the cartilage and juxtaarticular bones in RA!'®-'3. While
COX-1 is constitutively expressed in various cells and
tissues, COX-2 expression is readily induced by inflamma-
tory stimuli such as lipopolysaccharide and cytokines'*'6, In
particular, the influence of multiple cytokines on COX-2
expression has been reported in many in vitro studies'’?!.
Proinflammatory cytokines including TNF-a.!7!8, TL-1a.'8,
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and interferon-y (IFN-y)!° have been reported to induce
COX-2 expression, whereas antiinflammatory cytokines
such as IL-4% and IL-10?! can inhibit COX-2 induction.
Thus it is possible that COX-2 expression may be finely
regulated by a number of cytokines within the RA joints.
Sequence analysis of the 5’-flanking region of human COX-
2 gene has revealed several potential transcription regula-
tory sequences, including a TATA box, a C/EBP motif, 2
AP-2 sites, 3 SP1 sites, 2 nuclear factor-k B (NF-kB) sites, a
cyclic-AMP response element (CRE) motif, and an Ets-1
site?>. However, the activation pathway instigated by other
proinflammatory factors on the synthesis of this enzyme in
RA synoviocytes remains to be clarified.

We observed that IL-15, a T cell growth factor, strongly
increased COX-2 expression in theumatoid synoviocytes at
the mRNA and the protein level, and this effect was in part
related to the increase in IL-16 and TNF-a production by
the FLS. The induction of COX-2 mRNA after an IL-15
treatment appeared to be mediated by NF-kB binding to its
promoter. The increase of COX-2 by IL-15 is prostaglandin
E, (PGE,)-dependent, because exogenous PGE, reversed
the suppressive effect of NS-398, a selective COX-2
inhibitor, on COX-2 mRNA and protein expression.
Collectively, our data suggest that IL-15 may play an impor-
tant role in COX-2 and PGE, production, thus participating
in the inflammatory cascades in RA. Our findings provide
additional evidence for the combined crosstalk and the
converged effect of a set of proinflammatory cytokines such
as IL-15, IL-18, and TNF-a on COX-2 expression within
RA joints.

MATERIALS AND METHODS

Reagents and antibodies. Human recombinant (r) IL-15 and IFN-y were
purchased from R&D Systems (Minneapolis, MN, USA); rabbit polyclonal
antibodies against human COX-2 were from Cayman Chemicals (Ann
Arbor, MI, USA); peroxidase-conjugated anti-rabbit IgG was from Sigma
Chemical Co. (St. Louis, MO, USA). Monoclonal antibodies (mAb) to IL-
15 were obtained from R&D Systems. Dexamethasone (DEX), curcumin,
and pyrolidine dithiocarbamate (PDTC) were-purchased from Sigma. For
ELISA, recombinant human IL-18, IL-15, and TNF-a, and antibodies to
these cytokines, were from R&D Systems. The [y-*?P]ATP was purchased
from Amersham Pharmacia (Uppsala, Sweden). Reagents used for culture
were found to contain < 200 pg/ml of endotoxin as determined by the
Limulus amebocyte cell lysate assay:

Isolation of synoviocytes. FLS cell lines were prepared from the synovial
tissues of 6 RA patients undergoing total joint replacement surgery, as
described?. The mean age of patients (5 women, 1 man) was 47.9 years.
The mean disease duration'was 62.5 months. Five out of 6 patients had a
positive rheumatoid factor (RF). All had erosions on hand radiographs. The
cells between the fourth and eight passages were used, during which time
they made up a FLS homogenous population (< 3.5% CDI14, < 1% CD3,
and < 1% CD19-positive by flow cytometry analysis).

RNA isolation and reverse transcription-polymerase chain reaction (RT-
PCR) analysis. The FLS (5 x 10° cells/100 mm culture dish) were incu-
bated with various concentrations of IL-15. After 6 h culture, which was the
optimal time for COX-2 induction in the preliminary study, mRNA was
extracted using RNAzol B according to the manufacturer’s instruction
(Biotec Laboratories, Houston, TX, USA). Reverse transcription of 5 pg

total mRNA was carried out at 42°C using the Superscript™ reverse tran-
scription system (Life Technologies, Gaithersburg, MD, USA). The PCR
amplification of the cDNA aliquots was performed by adding 2.5 mM
dNTPs, 2.5 U Taq DNA polymerase (TaKaRa Shuzo Co., Shiga, Japan),
and 0.25 pM each of the sense and antisense primers. The reaction was
done in a PCR buffer (1.5 mM MgCl,, 50 mM KCI, 10 mM Tris HCI, pH
8.3) in a total volume of 25 pl. The following sense and antisense primers
for each molecule were used (all written in 5’ to 3’ direction): COX-2 sense
GCAGTTGTTCCAGACAAGCA, COX-2 anti-sense. CAGGATACAG-
CTCCACAGCA; COX-1 sense ATGAGCCGGAGTCTCTTGCTCCG,
COX-1 anti-sense CCCCACACCCATGGAACCAAA; GAPDH sense
CGATGCTGGGCGTGAGTAC, GAPDH antisense CGTTCAGTCCA-
GGGATGACC. The reactions were processed in a DNA thermal cycler
(Perkin-Elmer, Foster City, CA, USA). Cycling conditions were as follows:
45 s denaturation at 94°C for COX-2,30 s denaturation at 94°C for COX-
1 and GAPDH,; 45 s annealing at 55°C for COX-2, 30 s annealing at 56°C
for COX-1, 1 min annealing at 55°C for GAPDH; 30 s elongation at 72°C.
The PCR rounds were repeated for 27 cycles for COX-2, 30 cycles for
COX-1, and 25 cycles for GAPDH, which had been determined to fall
within the exponential phase of amplification for each molecule. PCR prod-
ucts were run on a 1.5% agarose gel and stained with ethidium bromide.
The mRNA expression level is presented as a ratio of the cytokine product
over the GAPDH product.

Western blotting for COX-2 protein. The FLS (5 x 10° cells/100 mm culture
dish) were incubated 12 h in the presence or absence of IL-15. After incu-
bation, the cells were harvested and lysed in 150 pl solubilization buffer
(1% Tween 20, 10 mM/I phenylmethylsulfony! fluoride, and 50 mM/1 Tris-
HCI, pH 8.0). Protein extracts (25 pg) were then separated on a 12% SDS-
polyacrylamide gel electrophoresis and transferred onto a polyvinylidene
difluoride membrane. The membrane was blocked with phosphate buffered
saline (PBS) containing 5% skim milk and 0.1% Tween 20, and then incu-
bated with 0.25 mg/ml rabbit anti-human COX-2 polyclonal antibody in the
blocking buffer at 25°C for 2 h. The membrane was subsequently incubated
with peroxidase-conjugated anti-rabbit IgG (1:1000 dilution) and analyzed
using an Amersham enhanced chemiluminescence system (Amersham,
Arlington Heights, IL, USA). Fuji X-omat AR film (Fuji Co., Tokyo,
Japan) with cassette closure times of 5 to 10 min was used to obtain
adequate exposure and to visualize the bands.

ELISA for IL-1/3, TNF-a, and PGE,. The FLS (5 x 10* cells) in 24-well
microtiter plates were stimulated with IL-15 and then cultured for 24 h. The
amounts of IL-18 and TNF-a released into the culture supernatants were
measured by ELISA, as described?, with the exception that 1% bovine
serum albumin (BSA) in PBS-Tween was used for blocking and 1% BSA
in PBS was used for diluting the antibodies. The standard curve was
prepared with a 2-fold dilution of either rIL-16 or rTNF-a in 1% BSA-
PBS-Tween. Measurement of PGE, produced by FLS was also performed
in the culture supernatants by ELISA kits according to the manufacturer’s
instruction (R&D Systems). Detection limit for PGE, was 36 pg/ml.

Flow cytometry for TNF-a production in FLS. After stimulation of FLS
with IL-15 for 12 h, 1 M monensin (GolgiStop; PharMingen, San Diego,
CA, USA) was added to the cultures during the last 4 h. Viable cells were
harvested, incubated 20 min on ice in blocking buffer (PBS with 10%
normal rat serum and 0.02% 1 M sodium azide), and then stained for 20
min on ice with FITC-conjugated mouse anti-human CD90 (Dako,
Glostrup, Denmark). The cells were washed twice in staining buffer [PBS
containing 2% fetal calf serum (FCS) and 0.02% 1 M sodium azide] and
resuspended in 100 pl fixation buffer (Cytofix/Cytoperm; PharMingen) for
20 min on ice. The fixed cells were washed twice in permeabilization
buffer, then stained with phycoerythrin (PE)-conjugated mouse anti-human
TNF-a (PharMingen). Finally, cells were washed twice and resuspended in
staining buffer. The preincubation cells were analyzed on a FACScan
cytometer (Becton Dickinson, Mountain View, CA, USA). At least 5000
events were acquired from each sample and subsequently analyzed with
Lysis II and cellQuest software (Becton Dickinson).
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Electrophoresis mobility shift assay (EMSA). The FLS nuclear extract was
prepared as described®. For induction of NF-kB activity, cells were
pretreated with IL-15 for 1 h. A double-stranded oligonucleotide probe
containing the NF-kB recognition site (underlined) of the human COX-2
promoter (5’- GGAGAGGGGATTCCCTGCGCC -3’) was generated by 5’
end-labeling of the sense strand with [y-*>P] dATP using T4 polynucleotide
kinase (TaKaRa Shuzo), and purified through NucTrap columns
(Stratagene, La Jolla, CA, USA). NF-kB binding was performed by incu-
bating 2 pg of nuclear extract in 10 pl of binding buffer containing a
400,000 cpm-labeled oligonucleotide for 30 min at room temperature. A
100x excess of the unlabeled oligonucleotide was used for competition.
The DNA-protein complex was analyzed on a 5% polyacrylamide gel in
TBE buffer. The gels were then dried and exposed to BioMax-MR film
(Eastman Kodak Co., Rochester, NY, USA) at —70°C for 24 h.

The supershift assay was performed to verify the identity of the bound
factors using specific antibodies to p65, pS0, and c-Rel proteins. Briefly,
100x of mAb against p65, p50, and c-Rel (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) was added to the binding reaction prior to adding
the labeled probes and incubated on ice for 30 min.

Statistical analysis. Data are expressed as mean + standard deviation (SD).
Statistical analysis was performed using Student’s t test for matched pairs.
Differences with a confidence level of 95% or higher were considered to
be statistically significant (p < 0.05).

RESULTS

Induction of COX-2 by IL-15 in rheumatoid synoviocytes.
The effect of IL-15 on the synthesis of COX-2 mRNA in
RA synoviocytes was examined by semiquantitative RT-
PCR. As shown in Figure 1A, IL-18 that was used as a posi-
tive control strongly stimulated COX-2 mRNA expression
(lane 2). Within the range of the concentrations tested (0.1
to 10 ng/ml), incubation with IL-15 resulted in a dose-
dependent increase in COX-2 mRNA (lanes 3—5) compared
to the level in the unstimulated cells (lane 1). Treatment with
blocking antibodies to IL-15 canceled the effect of 10 ng/ml
of IL-15 (lane 6), whereas the same concentration of isotype
control antibodies (mouse anti-human IgG1; PharMingen)
did not affect it (data not shown). During these experiments,
COX-1 mRNA levels were unaffected by treatment with
either IL-18 or IL-15. Results from RT-PCR analysis corre-
sponded well with those from IL-15 immunoblotting data
(Figure 1B). The FLS cells treated with 1 to 10 ng/ml of IL-
15 showed a dose-dependent increase in the amount of the
COX-2 protein (lane 2 and lane 3). Cotreatment with 10
ng/ml of IL-15 and its blocking antibodies brought the
COX-2 level back to that of the unstimulated cells (lane 4).
Overall, these results indicate that IL-15 induces COX-2
expression in RA synovial fibroblasts at both mRNA and
protein level.

Time course experiments showed that IL-15-stimulated
upregulation of COX-2 mRNA expression was observed as
early as 1 h, peaked after 6 h, and remained high up to 12 h
(Figure 2A). The COX-2 protein expression was detectable
at 4 h following stimulation with IL-15, gradually increased
over time, and attained steady-state at 12 h (Figure 2B).
PGE, production by FLS was also instigated by IL-15 treat-
ment'in a time-dependent fashion (Figure 2C) that was quite
similar to the pattern of COX-2 mRNA and COX-2 protein
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Figure 1. Dose-dependent activation of the COX-2 mRNA and protein by
IL-15. A. Synovial fibroblasts (5 x 10° cells) were cultured 6 h in media
alone (lane 1), in presence of 10 ng/ml IL-16 (lane 2), 0.1 ng/ml IL-15
(lane 3), 1 ng/ml IL-15 (lane 4), 10 ng/ml IL-15 (lane 5), 10 ng/ml IL-15
plus 10 pg/ml anti-IL-15 antibodies (lane 6). Total RNA was isolated to
perform RT-PCR using primers specific to COX-2, COX-1, and GAPDH.
Histogram indicates COX-2 mRNA levels, expressed as fold-increase rela-
tive to COX-2 mRNA in unstimulated control cells, and corrected for
levels of GAPDH mRNA signal. Data are presented as mean £ SD of 6 to
10 independent experiments using cell lines from 10 RA patients. *p <
0.05; *###p < 0.001 versus medium alone; p < 0.001 versus cells treated
with 10 ng/ml IL-15. B. Whole cell lysates of synovial fibroblasts (5 x 10°
cells) that were treated without (lane 1) or with 1 ng/ml IL-15 (lane 2), 10
ng/ml IL-15 (lane 3), and 10 ng/ml IL-15 plus 10 pg/ml anti-IL-15 anti-
bodies (lane 4) were subjected to immunoblotting analysis using poly-
clonal antibodies against purified COX-2 proteins. Representative data
from 3 independent experiments are illustrated.

synthesis. The mean concentration of PGE, released by FLS
(5 x 10°) was 111 pg/ml by 24 h after treatment with IL-15.

Effect of other cytokines on COX-2 expression. In inflamed
joints, the resident synoviocytes are exposed to various
proinflammatory cytokines, some of which are known to
promote COX-2 synthesis. An experiment was conducted to
test the effect of Th1 and the proinflammatory cytokines on
COX-2 mRNA production in FLS. As shown in Figure 3,
both IL-168 and TNF-a strongly induced COX-2 mRNA
synthesis (lane 2 and lane 3, respectively). The amount of
COX-2 mRNA stimulated with 10 ng/ml IL-15 was as high
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Figure 2. Time course of IL-15 stimulation of COX-2 mRNA, COX-2
protein, and PGE, release. Fibroblast-like synoviocytes were stimulated
with 10 ng/ml IL-15 from 30 min to 24 h. At predetermined times (i.e., 30
min, 1, 2, 4, 6, 12, and 24 h), expression of COX-2 mRNA (panel A) and
COX-2 protein (B) in FLS was determined by RT-PCR analysis and
Western blot, respectively. PGE, levels (C) in FLS culture supernatants
were measured by ELISA. A representative band from 2 independent exper-
iments using different cell lines is shown. PGE, concentrations.on the
histogram indicate the mean * SD of 2 independent experiments in tripli-
cate.

PGE; concentration (pg/ml)

36 hours

as that treated with the same concentration of IL-16 or TNF-a
(lane 4), which indicates that the capability of IL-15 for COX-
2 induction is comparable to IL-16 and TNF-o.. In contrast, the
cells treated with IL-2 or IFN-y showed no difference from the
unstimulated cells (lane 5 and lane 6, respectively). Again, the
amount of COX-1 mRNA in the FLS was not affected by any
cytokines used in this study. This suggests that FLS may
respond differentially to COX-2 synthesis on cytokine stimu-
lation depending on the type of cytokine.

Upregulation of COX-2" by IL-15 is partially dependent on
the increase of IL-1f3, and TNF-o production. Evidence
suggests that IL-15is responsible for the accumulation of
TNF-o. and IL-18 in RA joints>”’. In this study, IL-15 was
tested to determine if it could induce TNF-a and IL-16
production in FLS. Experiments using ELISA showed that
increasing IL-15 dose-proportionally raised the levels of
TNF-ovand IL-18 in the FLS culture supernatants (Figure
4A). To confirm the TNF-a production in FLS, we
performed intracellular flow cytometry analysis for TNF-a.
As shown in Figure 4B, most (> 99%) of the resting FLS at
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Figure 3. Effect of inflammatory cytokines on COX-2 mRNA expression in
synoviocytes. Total cellular RNA was extracted from untreated cells (lane
1) and cells were cultured 6 h with 10 ng/ml each of IL-18 (lane 2), TNF-
a.(lane 3), IL-15 (lane 4), IL-2 (lane 5), and IFN-y (lane 6). COX-2 mRNA
expression in synovial fibroblasts was examined by RT-PCR. A representa-
tive band from 3 independent experiments is shown. Histogram illustrates
the quantitative COX-2 level normalized to GAPDH level, presented as
mean = SD of 3 independent experiments. ***p < 0.001 versus medium
alone.

passage 4 had the surface marker for fibroblasts, CD90, and
rarely produced TNF-o. When the cells were stimulated
with IL-15, the proportion of TNF-a-producing cells was
dose-dependently increased (1.4% for 0.1 ng/ml IL-15,
8.9% for 1 ng/ml IL-15, 24.0% for 10 ng/ml IL-15; Figure
4B). These results imply that the proinflammatory role of
IL-15 in the joints of RA patients may be propagated in part
by the accumulation of cytokines such as TNF-o and IL-18.

To determine whether IL-18 and TNF-a released by the
IL-15-stimulated FLS could exert the stimulatory effect on
COX-2 mRNA expression, FLS were cultured with IL-15 in
the presence or absence of blocking antibodies to IL-1f or
TNF-a.. As shown in Figure 5, mAb to IL-18 (lane 3) or
TNF-a (lane 4) partially inhibited the IL-15 mediated induc-
tion of COX-2 mRNA expression. On the other hand, COX-
2 mRNA expression was not inhibited after cell treatment
with anti-IL-10 mAb (lane 5). This suggests that IL-18 and
TNF-o may function, at least in part, as mediators of IL-15-
stimulated COX-2 induction in the FLS. However, since IL-
15 was still able to increase the COX-2 mRNA in spite of
the treatment with anti-IL-18 mAb or anti-TNF-o mAb,
other mechanisms such as the intrinsic regulation of tran-
scriptional factors or other mediators may also be involved
in this upregulation.
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DEX and PDTC, but not curcumin, completely blocked IL-
15 induced COX-2 upregulation. It has been documented
that IL-15 induces activation of the transcription factor NF-
kB in human neutrophils?, and the inhibitory effect of the
glucocorticoids and antioxidant PDTC on NF-kB activation
are well known in other types of cells?®?’. To examine which
effectors exist downstream of IL-15-mediated COX-2
induction in the synovial fibroblasts, we tested the effects of
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the known inhibitors of the various transcription factors
bound to the COX-2 promoter. The results showed that IL-
15-induced COX-2 mRNA expression was suppressed by
DEX and PDTC. However, curcumin, an AP-1 inhibitor,
only partially blocked the IL-15-stimulated COX-2 induc-
tion (Figure 6). The inhibitory effects of DEX or PDTC
were not due to a nonspecific toxicity, since the viability of
the FLS determined by the MTT assay was not influenced
by either DEX (0.1 nM to 2 pM) or PDTC (10 to 400 uM)
(data not shown).

NF-kB was one of the major pathways to mediate COX-2
induction by IL-15. 1t is reported that signaling via NF-kB is
involved in regulating the COX-2 expression induced by IL-
1B in RA synoviocytes?. Knowing that a NF-kB inhibitor,
PDTC, but not an AP-1inhibitor, completely repressed
COX-2 induction by IL-15, we examined the level of NF-
kB activity for COX-2 transcription within the FLS using a
gel mobility shift assay of the NF-kB recognition sequence
in the COX-2 promoter. The result showed that the quantity
of DNA-protein complex was clearly increased in cells
treated with IL-16 and IL-15 (Figure 7A), indicating that
induction of COX-2 transcription by these cytokines was
interceded by NF-kB binding to the promoter. To examine
the NF-kB subtypes that bind to the COX-2 promoter, we
performed a supershift analysis using specific antibodies to
po5, p59, and c-Rel. As shown in Figure 7B, the proteins
associated with the NF-kB site were recognized by mAb to

IL-15 (0.1 ng/ml)

-
21
o ] 1.4%
21
T
oy
[T 3
=E 5
i .- “
OD 2% ]
T et 102 10 10t
FLi-H
- IL-15 (10 ng/ml)
=
©
=
Feu

CD90

Figure 4. Production of IL-16 and TNF-a by FLS stimulated with IL-15. A. Kinetics of IL-16 and TNF-a protein were determined by ELISA in supernatants
of FLS.(5 x 10* cells) stimulated with different doses (0.1 to 50 ng/ml) of IL-15 for 24 h. Data are expressed as mean £ SD of 5 independent experiments. *p
< 0.05; *¥p < 0.01; ***p < 0.001 versus medium alone. B. Flow cytometry analysis for TNF-a production in FLS. At passage 4, FLS were stained with FITC-
conjugated anti-CD90 and PE-conjugated anti-TNF-a antibodies. Representative result from 2 independent experiments using different cell lines is shown.
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Figure 5. Antibodies to IL-16 or TNF-a partially inhibited COX-2 induc-
tion by IL-15. RA synovial fibroblasts were treated with 10 ng/ml IL-15 for
6 h without (lane 2) or with neutralizing antibodies against 10 pg/ml IL-18
(lane 3), TNF-a (lane 4), and IL-10 (lane 5). RNA extracts were prepared
as described and analyzed by RT-PCR with primers specific to COX-2 and
GAPDH. A representative band from 3 independent experiments is shown.
Histogram represents the relative amount of COX-2 transcripts normalized
to GAPDH level. Data are presented as mean = SD of 3 independent exper-
iments. **p < 0.01, ***p < 0.001 versus medium alone; p < 0.05 versus
cells treated with 10 ng/ml IL-15 + anti-IL-18 or anti-TNF-a neutralizing
antibodies.

p65 and p50, but not by anti-c-Rel. Together, these data
clearly show that NF-kB is one of the major pathways medi-
ating IL-15-induced COX-2 upregulation:

Suppression of IL-15-induced COX-2 upregulation by NS-
398 — role of PGE,. COX-2 is the rate-limiting enzyme of
PGE, synthesis. As shown in Figure 2C, IL-15 time-depen-
dently increased PGE, production from FLS. Thus, it was of
great interest to investigate the role of PGE, in COX-2
production by FLS stimulated with IL-15. Assays performed
in the presence of the COX-2 selective inhibitor NS-398 (10
to 1000 nM) showed that this agent dose-dependently
decreased COX-2 mRNA and protein expression (Figure 8).
Moreover, when PGE, was added to the medium in
increasing concentrations along with NS-398 and 10 ng/ml
IL-15, the inhibitory effect of NS-398 on COX-2 mRNA
and protein . production was dose-dependently reversed.
These results suggest that IL-15-induced COX-2 upregula-
tion is PGE,-dependent.

DISCUSSION
The inducible COX-2 isozyme is responsible for the prompt

COX-2

GPADH

Relative level of COX-2 mRNA
S = Ny W & U O ®

Nonme  L-15

Curcumin DEXA PDTC

(10 uM) (1 pM) (300 uM)
Figure 6.-PDTC and DEX, but not curcumin, abolished the increase of
COX-2 mRNA induced by IL-15. COX-2 mRNA expression after treat-
ment without (lane 1) or with 10 ng/ml IL-15 (lane 2), IL-15 10 ng/ml plus
curcumin 10 uM (lane 3), IL-15 plus DEX 1 uM (lane 4), IL-15 plus PDTC
300 uM (lane 5). The mRNA levels are expressed as the fold-increase rela-
tive to mRNA level in unstimulated control cells, and corrected for
GAPDH mRNA levels. A representative band from 3 independent experi-
ments is shown. Data on the histogram indicate the mean + SD of 3 inde-
pendent experiments. **#p < 0.001 versus medium alone; p < 0.001 versus
cells cultured with 10 ng/ml IL-15.

upregulation of prostaglandins during the inflammatory
response, which has made it the target enzyme of nons-
teroidal antiinflammatory drugs (NSAID)?. In the RA
synovium, COX-2 expression appears to be induced by a
variety of stimuli including cytokines, immune complexes,
and hypoxic stress®®. However, it is not known if IL-15
accumulation in the patient’s joints also affects COX-2
production. The general belief has been that IL-15 primarily
activates the infiltrated T lymphocytes, but also stimulates
the synovial fibroblasts by binding to functional IL-15
receptor® or through the induction of IL-17 production?'.
Our study demonstrates that IL-15 strongly activates COX-
2 synthesis in the FLS, providing additional information on
the inflammatory network of T cells, macrophages, and
synovial fibroblasts in the RA synovium.

In this study, IL-15 was found to dose-dependently
increase IL-18 and TNF-a production from the FLS. A
similar observation was reported from a T cell study, where
it was observed that IL-15 stimulation directly upregulated
TNF-a synthesis and amplified the inflammatory
responses®’. Moreover, this study found that the IL-15-
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Figure 7. Gel mobility shift assay of NF-kB binding activity to COX-2
promoter. A. 3?P-labeled oligonucleotide representing the NF-kB recogni-
tion site was incubated with nuclear extract of untreated FLS (lane 1), and
extracts prepared from cells treated with 10 ng/ml IL-16 (lane 2), 1 ng/ml
IL-15 (lane 3), and 10 ng/ml IL-15 (lane 4). In lane 5, binding.of nuclear
extract was chased with 100-fold excess of unlabeled oligonucleotide
probe. B. Supershift assay of the NF-kB site using antibodies against p65
(lane 2), p50 (lane 3), and c-Rel (lane 4). In lane 5, binding of nuclear
extract was chased with 100-fold excess of unlabeled oligonucleotide
probe. Cells in all lanes were prestimulated with IL-15. Arrows denote
labeled oligonucleotide band shifted upon NF-kB binding. Representative
results from 3 independent experiments using cell lines from 3 RA patients
are shown.

induced activation of COX-2 expression appears to be medi-
ated by the increase in IL-16-and TNF-a levels, at least in
part. Overall, these findings suggest interdependent associa-
tions among TNF-a, IL-18, and IL-15 that promote and
maintain the proinflammatory environments in RA joints. In
this respect, it is hypothesized that IL-15 could act upstream
of TNF-a and IL-18 and trigger the production of inflam-
matory mediators including prostaglandins in chronically
inflamed RA ‘synovium, either directly or through the
increase in IL-18 and TNF-a production.

It is well established that macrophage-like synoviocytes
are the main cell type to produce IL-18 and TNF-a*2. We
found that IL-15 had a similar effect on the production of
COX-2 by cultured macrophages of healthy controls or

‘ IL-15 (10 ng/ml)
5l :

*xk
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Figure 8. Role of PGE, on IL-15-induced COX-2 upregulation. FLS were
stimulated with 10 ng/ml IL-15, and then analyzed for COX-2 mRNA and
protein expression by RT-PCR and Western blot, respectively. A. COX-2
mRNA expression after treatment without (lane 1) or with IL-15 (lane 2),
IL-15 + NS-398 1000 nM/I (lane 3), IL-15 + NS-398 100 nM/I (lane 4), IL-
15 + NS-398 10 nM/I (lane 5), IL-15 + NS-398 (100 nM/I) + PGE, (10°
M) (lane 6), IL-15 + NS-398 (100 nM/1) + PGE, (10”7 M) (lane 7), and IL-
15 + NS-398 (100 nM/l) + PGE, (10 M) (lane 8). The mRNA levels are
expressed as fold-increase relative to mRNA level in unstimulated control
cells, and corrected for GAPDH mRNA levels. B. COX-2 protein expres-
sion after treatment without (lane 1) or with IL-15 (lane 2), IL-15 + NS-
398 100 nM/I (lane 3), IL-15 + NS-398 (100 nM/l) + PGE, (10 M) (lane
4), and IL-15 + NS-398 (100 nM/l) + PGE, (107 M) (lane 5).
Representative band from 3 independent experiments is shown. Data on the
histogram indicate mean + SD of 3 independent experiments. *p < 0.05,
##p < 0.01, ***p <0.001 versus medium alone; 'p < 0.001 versus cells
stimulated with 10 ng/ml IL-15; *p < 0.01 versus cells treated with 10
ng/ml IL-15 + NS-398 100 nM/1.

patients with RA (data not shown). Thus, it is possible that
the increased number of contaminating CDI14(+)
macrophage-like synoviocytes stimulated by IL-15 may
relate directly to cytokine induction, particularly TNF-o.
However, there is also ample evidence of an important role
of FLS in the production of TNF-02*334 We clearly
showed that synviocytes expressing the surface marker for
fibroblasts, CD90, produced large amount of TNF-o when
they were stimulated by IL-15. Our data support the notion
that, similarly to macrophage-like synoviocytes, FLS may
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be actively involved in the amplification of inflammatory
cascades in RA joints by secreting proinflammatory
cytokines such as IL-16 and TNF-a.

That IL-15 exerts biological properties similar to IL-2 is
not surprising, considering that these cytokines share 2 out
of 3 subunits of their cognate receptors®. Interestingly, this
study showed that IL-2 did not affect the synthesis of COX-
2 mRNA in the FLS, in contrast to the strong induction upon
IL-15 treatment. Such difference may be due to exclusive
signaling through the o-subunit of the IL-15 receptor
complex that is unique from its counterpart in the IL-2
receptor. In this regard, the IL-15-mediated induction of
COX-2 expression is most likely to be propagated through
a-chain-associated signaling factors such as Syk?, rather
than via the Jak/Stat pathway, which is shared by IL-2 and
IL-15 receptors.

A promoter of the COX-2 gene contains binding sites for
NF-kB and AP-1222837  which are universal downstream
effectors of the various inflammatory signals. Since IL-15
has been shown to induce both NF-kB and AP-1 activation
in human neutrophils?®, we tested whether chemical
inhibitors of these transcription factors influence IL-15-
mediated COX-2 induction in FLS. The results showed that
curcumin, an AP-1 blocker, did not greatly if at all affect the
IL-15-induced increase in COX-2 transcription. In contrast,
treating the FLS with PDTC reduced the quantity of COX-2
mRNA, indicating that the signal from IL-15 is mainly
transferred to the COX-2 promoter via NF-kB, which was
confirmed by EMSA for NF-xB activity. However, other
factors in the supernatant such as IL-1 and TNF-a might be
implicated, because they could be instigated by IL-15 stim-
ulation. As well, the stimulatory effect of IL-15 on COX-2
expression involves additional mediators that remain to be
identified. Further experiments including a promoter study
with an appropriate mutant are required to dissect the
signaling pathway implicated solely in IL-15 induction of
COX-2 mRNA.

It has been reported that COX-2 is mostly regulated at the
posttranscriptional level, and this-regulation is p38 and
PGE,-dependent®®-. Again, posttranscriptional mRNA
destabilization may be an important mechanism in the
downregulation of COX-2 mRNA by DEX*. In our study,
IL-15 time-dependently increased PGE, production by FLS
(Figure 2C). Moreover, NS-398, which is known to selec-
tively inhibit endogenous PGE, production, mitigated the
IL-15-induced COX-2 upregulation, and the inhibitory
effect of NS-398 'on COX-2 expression was reversed by the
addition of PGE, (Figure 8). These results, together with
previous findings®*’, suggest that IL-15-stimulated PGE,
may augment COX-2 expression in FLS by the modification
of COX-2 mRNA stability at the posttranscriptional level.
The data are also consistent with reports describing the posi-
tive feedback role of PGE, in COX-2 regulation®#42 In
this case, the cycle of RA inflammation could be broken by

treatment with NSAID or DEX through the downregulatory
effect of these drugs on COX-2 expression (Figure 8‘and
Figure 6, respectively).

Our study describes for the first time the effectof IL-15
on the upregulation of COX-2 in a PGE,-dependent manner.
The activation of NF-xB bound to the COX-2 promoter
appears to be a downstream target of IL-15 stimulation in
fibroblast-like synoviocytes, exerted either directly or
through the increase in IL-18 and TNF-o production. These
results may provide an additional clue to the processes of
the inflammatory network of T cells and synoviocytes in
rheumatoid synovium.

REFERENCES

1. Gay S, Gay RE, Koopman WJ. Molecular and cellular
mechanisms of joint destruction in rheumatoid arthritis: two
cellular mechanisms explain joint destruction? Ann Rheum
Dis 1993;52:39-47.

2. Hamilton JA: Hypothesis: in vitro evidence for the invasive
and tumor-like properties of the rheumatoid pannus.

J Rheumatol 1983;10:845-51.

3. Firestein GS. Invasive fibroblast-like synoviocytes in
rheumatoid arthritis. Passive responders or transformed
aggressors? Arthritis Rheum 1996;39:1781-90.

4. Fehniger TA, Caligiuri MA. Interleukin 15: biology and
relevance to human disease. Blood 2001;97:14-32.

5. Harada S, Yamamura M, Okamoto H, et al. Production of
interleukin-7 and interleukin-15 by fibroblast-like
synoviocytes from patients with rheumatoid arthritis.
Arthritis Rheum 1999;42:1508-16.

6. Mclnnes IB, Leung BP, Sturrock RD, Field M, Liew FY.
Interleukin-15 mediates T cell-dependent regulation of tumor
necrosis factor-o. production in rheumatoid arthritis. Nature
Med 1997;3:189-95.

7. Mclnnes IB, al-Mughales J, Field M, et al. The role of
interleukin-15 in T-cell migration and activation in
rheumatoid arthritis. Nature Med 1996;2:175-82.

8. Kurowska M, Rudnicka W, Kontny E, et al. Fibroblast-like
synoviocytes from rheumatoid arthritis patients express
functional IL-15 receptor complex: endogenous IL-15 in
autocrine fashion enhances cell proliferation and expression
of Bcl-x(L) and Bcl-2. J Immunol 2002;169:1760-7.

9. Cao C, Matsumura K, Yamagata K, Watanabe Y.
Involvement of cyclooxygenase-2 in LPS-induced fever and
regulation of its mRNA by LPS in the rat brain. Am
J Physiol 1997;272:R1712-25.

10. Crofford LJ, Wilder RL, Ristimaki AP, et al.
Cyclooxygenase-1 and -2 expression in rheumatoid synovial
tissues. Effects of interleukin-18, phorbol ester, and
corticosteroids. J Clin Invest 1994;93:1095-101.

11. Siegle I, Klein T, Backman JT, Saal JG, Nusing RM, Fritz P.
Expression of cyclooxygenase 1 and cyclooxygenase 2 in
human synovial tissue: differential elevation of
cyclooxygenase 2 in inflammatory joint diseases. Arthritis
Rheum 1998;41:122-9.

12. Anderson GD, Hauser SD, McGarity KL, Bremer ME,
Isakson PC, Gregory SA. Selective inhibition of
cyclooxygenase (COX)-2 reverses inflammation and

—| Personal, non-commercial use only. The Journal of Rheumatology Copyright © 2004. All rights reserved.

l—

882

The Journal of Rheumatology 2004, 31:5

Downloaded on April 8, 2024 from www.jrheum.org


http://www.jrheum.org/

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

—| Personal, non-commercial use only. The Journal of Rheumatology Copyright © 2004. All rights reserved.

expression of COX-2 and interleukin 6 in rat adjuvant
arthritis. J Clin Invest 1996;97:2672-9.

Myers LK, Kang AH, Postlethwaite AE, et al. The genetic
ablation of cyclooxygenase 2 prevents the development of
autoimmune arthritis. Arthritis Rheum 2000;43:2687-93.
Smith WL, Garavito RM, DeWitt DL. Prostaglandin
endoperoxide H synthase (cyclooxygenases)-1 and —2. J Biol
Chem 1996;271:33157-60.

Endo T, Ogushi F, Sone S. LPS-dependent cyclooxygenase-2
induction in human monocytes is down-regulated by IL-13,
but not by IFN-y. J Immunol 1996;156:2240-6.

DuBois RN, Tsujii M, Bishop P, Awad JA, Makita K,
Lanahan A. Cloning and characterization of a growth
factor-inducible cyclooxygenase gene from rat intestinal
epithelial cells. Am J Physiol 1994;266:G822-7.

Minghetti L, Walsh DT, Levi G, Perry VH. In vivo
expression of cyclooxygenase-2 in rat brain following
intraparenchymal injection of bacterial endotoxin and
inflammatory cytokines. J Neuropathol Exp Neurol
1999;58:1184-91.

Vlahos R, Stewart AG. Interleukin-1o and tumour necrosis
factor-o. modulate airway smooth muscle DNA synthesis by
induction of cyclo-oxygenase-2: inhibition by
dexamethasone and fluticasone propionate. Br J Pharmacol
1999;126:1315-24.

Barrios-Rodiles M, Chadee K. Novel regulation of
cyclooxygenase-2 expression and prostaglandin E2
production by IFN-y in human macrophages. J Immunol
1998;161:2441-8.

Niiro H, Otsuka T, Izuhara K, et al. Regulation by
interleukin-10 and interleukin-4 of cyclooxygenase-2
expression in human neutrophils. Blood 1997;89:1621-8.
Niiro H, Otsuka T, Tanabe T, et al. Inhibition by
interleukin-10 of inducible cyclooxygenase expression in
lipopolysaccharide-stimulated monocytes: its underlying
mechanism in comparison with interleukin-4. Blood
1995;85:3736-45.

Appleby SB, Ristimaki A, Neilson K, Narko K, Hla T.
Structure of the human cyclo-oxygenase-2 gene. Biochem
J1994;302:723-7.

Cho ML, Kim WU, Min SY, et al. Cyclosporine
differentially regulates interleukin- 10, interleukin-15, and
tumor necrosis factor-a production by rheumatoid
synoviocytes. Arthritis Rheum 2002;46:42-51.

Jeong JY, Jue DM. Chloroquine inhibits processing of tumor
necrosis factor in lipopolysaccharide-stimulated RAW 264.7
macrophages. J Immunol 1997;158:4901-7.

McDonald PP, Russo MP, Ferrini S, Cassatella MA.
Interleukin-15 (IL-15) induces NF-xB activation and IL-8
production in human neutrophils. Blood 1998;92:4828-35.
Brostjan C, Anrather J, Csizmadia V, Natarajan G, Winkler
H. Glucocorticoids inhibit E-selectin expression by targeting
NF-kxB and not ATF/c-Jun. J Immunol 1997;158:3836-44.
Ziegler-Heitbrock HW, Sternsdorf T, Liese J, et al.
Pyrrolidine dithiocarbamate inhibits NF-kB mobilization and
TNF production in human monocytes. J Immunol
1993;151:6986-93.

Crofford LJ, Tan B, McCarthy CJ, Hla T. Involvement of
nuclear factor kB in the regulation of cyclooxygenase-2

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

expression by interleukin-1 in rheumatoid synoviocytes.
Arthritis Rheum 1997;40:226-36.

Baird NR, Morrison AR. Amplification of the arachidonic
acid cascade: implications for pharmacologic intervention.
Am J Kidney Dis 1993;1:557-64.

Bidgood MJ, Jamal OS, Cunningham AM, Brooks PM, Scott
KF. Type II A secretory phospholipase A2 upregulates
cyclooxygenase-2 and amplifies cytokine-mediated
prostaglandin production in human rheumatoid
synoviocytes. J Immunol 2000;165:2790-7.

Ziolkowska M, Koc A, Luszczykiewicz G, et al. High levels
of IL-17 in rheumatoid arthritis patients: IL-15 triggers in
vitro IL-17 production via cyclosporin A-sensitive
mechanism. J Immunol 2000;164:2832-8.

Miossec P, van den Berg W. Th1/Th2 cytokine balance in
arthritis. Arthritis Rheum 1997;40:2105-15.

Fujisawa K, Aono H, Hasunuma T, Yamamoto K, Mita S,
Nishioka K. Activation of transcription factor NF-kB in
human synovial cells'in response to tumor necrosis factor o.
Arthritis Rheum 1996;39:197-203.

Rodel J, Straube E, Lungershausen W, Hartmann M, Groh A.
Secretion of cytokines by human synoviocytes during in
vitro infection with Chlamydia trachomatis. J Rheumatol
1998;25:2161-8.

Giri JG, Kumaki S, Ahdieh M, et al. Identification and
cloning of a novel IL-15 binding protein that is structurally
related to the a-chain of the IL-2 receptor. EMBO

J 1995;14:3654-63.

Bulanova E, Budagian V, Pohl T, et al. The IL-15Ra. chain
signals through association with Syk in human B cells.

J Immunol 2001;167:6292-302.

Glinghammar B, Inoue H, Rafter JJ. Deoxycholic acid
causes DNA damage in colonic cells with subsequent
induction of caspases, COX-2 promoter activity and the
transcription factors NF-kB and AP-1. Carcinogenesis
2002;23:839-45.

Ristimaki A, Garfinkel S, Wessendorf J, Maciag T, Hla T.
Induction of cyclooxygenase-2 by interleukin-1o. Evidence
for post-transcriptional regulation. J Biol Chem
1994;269:11769-75.

Faour WH, He Y, He QW, et al. Prostaglandin E, regulates
the level and stability of cyclooxygenase-2 mRNA through
activation of p38 mitogen-activated protein kinase in
interleukin-1B-treated human synovial fibroblasts. J Biol
Chem 2001;276:31720-31.

Ristimaki A, Narko K, Hla T. Down-regulation of
cytokine-induced cyclo-oxygenase-2 transcript isoforms by
dexamethasone: evidence for post-transcriptional regulation.
Biochem J 1996;318:325-31.

Bonazzi A, Bolla M, Buccellati C, et al. Effect of
endogenous and exogenous prostaglandin E, on
interleukin-18-induced cyclooxygenase-2 expression in
human airway smooth-muscle cells. Am J Respir Crit Care
Med 2000;162:2272-7.

Minghetti L, Polazzi E, Nicolini A, Creminon C, Levi G.
Up-regulation of cyclooxygenase-2 expression in cultured
microglia by prostaglandin E,, cyclic AMP and non-steroidal
anti-inflammatory drugs. Eur J Neurosci 1997;9:934-40.

l—

Min, et al: IL-15 and COX-2

883

Downloaded on April 8, 2024 from www.jrheum.org


http://www.jrheum.org/

