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Experimental allergic encephalomyelitis (EAE) is a Thl cell-
mediated autoimmune disease model of multiple sclerosis (MS).
IL-12 plays a crucial role in the pathogenesis of EAE/MS and
inhibition of IL-12 production or IL-12 signaling was effective
in preventing EAE. Cyclooxygenase (COX-2) is a key enzyme
promoting inflammation in rheumatoid arthritis and tumor in-
duced angiogenesis. Recent studies have shown that COX-2 in-
hibitors prevent EAE, however, their mechanism of action is not
fully understood. In this study, we show that in vivo treatment
(i.p.) with 100 ug COX-2 selective inhibitors (LMO1, LMOS,
LM11, and NS398), on every other day from day O to 30, sig-
nificantly reduced the incidence and severity of EAE in SJL/J
and C57BL/6 mice. Further analyses showed that the COX-2
inhibitors reduced neural antigen-induced IL-12 production, T
cell proliferation and Thl differentiation ex vivo and in vitro.
The COX-2 inhibitors also decreased IL-12-induced T cell re-
sponses through blocking tyrosine phosphorylation of JAK2,
TYK2, STAT3, and STAT4 proteins in T cells. These results
demonstrate that COX-2 inhibitors ameliorate EAE in associa-
tion with the modulation of IL-12 signaling through JAK-STAT
pathway leading to Th1 differentiation and suggest their use in
the treatment of MS and other Th1 cell-mediated autoimmune
diseases.

KEY WORDS: Autoimmunity; EAE/MS; Th1 cell; cytokine signaling;
COX-2.

INTRODUCTION

Multiple sclerosis (MS) is an inflammatory demyelinating
disease of the central nervous system (CNS) that afflicts
more than one million people worldwide (1, 2). About
30% of MS patients develop clinical paralysis and be-
come wheel chair-bound for rest of their lives. Although
the etiology of MS is not known, it is generally viewed
as an autoimmune disease of the CNS (3, 4). The de-
struction of oligodendrocyte myelin sheath in the CNS is
the pathological hallmark of MS (4). There is no medical
treatment available so far that can cure MS (5, 6). Exper-
imental allergic encephalomyelitis (EAE) is a CD4*1 Thl
cell-mediated inflammatory demyelinating autoimmune
disease of the CNS. EAE can be induced in susceptible
animals by immunization with whole brain homogenate,
purified neural antigens such as myelin basic protein
(MBP), proteolipid protein (PLP) and myelin oligoden-
drocyte glycoprotein (MOG) or adoptive transfer of neural
antigen-specific T cells (7). Using a combination of se-
lected neural antigens and animal species, it is possible to
induce EAE with clinical symptoms similar to that seen in
relapsing remitting or chronic progressive MS. For exam-
ple, active immunization with MBP or adoptive transfer of
MBP-specific T cells induces a relapsing-remitting variant
of EAE in SJL/J mice. On the other hand, immunization of
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C57BL/6 mice with MOG induces a chronic progressive
EAE. The clinical and pathological features of EAE show
close similarity to human MS and therefore has been com-
monly used as a model system to study the mechanism
of MS pathogenesis and to test the efficacy of potential
therapeutic agents for the treatment of MS (7-14).

The pathogenesis of EAE/MS is a complex process
involving activation of macrophage/microglial cells, dif-
ferentiation of neural antigen-specific Thl cells and se-
cretion of inflammatory cytokines in the CNS (15, 16).
Interleukin-12 (IL-12) is a 70 kD heterodimeric cytokine
produced by macrophage, microglia and dendritic cells
in the CNS that plays a crucial role in the differentia-
tion of encephalitogenic Thl cells and pathogenesis of
EAE and MS (17, 18). Systematic studies in MS patients
revealed an increase in the levels of IL-12 in brain le-
sions, cerebrospinal fluid (CSF) and blood in association
with clinical relapses (19, 20). The expression of 1L-12
in the CNS and lymphoid organs of mice with EAE also
associates with the pathogenesis of CNS inflammation
and demyelination and in vivo treatment with neutralizing
anti-IL-12 antibodies prevents EAE (8, 10, 21, 22). LPS
and CD40L are two potent inducers of IL-12 gene expres-
sion in macrophage, microglia and dendritic cells. While
the activation of NF-xB pathway is required for IL-12
gene expression, IL-12-induced activation of JAK-STAT
pathway leads to Th1 differentiation and pathogenesis of
Th1 cell-mediated autoimmune diseases (23-26). We and
others have shown earlier that the inhibition of IL-12 sig-
naling is effective in preventing the differentiation of Thl
cells and pathogenesis of EAE (8—14). While, inflamma-
tory cytokines such as TNFq, IL-12, and IFNy, produced
by activated immune cells in the CNS, contribute to patho-
genesis of EAE and MS, anti-inflammatory cytokines
such as IL-4, IL-10, and TGFpBconfer recovery (27—
29).

Cyclooxygenase (COX; prostaglandin H synthase;
prostaglandin endoperoxidase) is a key family of en-
zymes in arachidonic acid metabolism that participates in
the generation of prostaglandins and thromboxane (30).
COX-1 is a constitutive isoform that performs housekeep-
ing functions in gastric mucosa, kidney and platelets.
In contrast, COX-2 is induced by pro-inflammatory cy-
tokines, implying a role in the pathogenesis of inflam-
matory diseases (31, 32). Earlier studies have shown
that the expression of COX-2 associates with the patho-
genesis of inflammatory diseases including rheumatoid
arthritis, Alzheimer’s disease and tumor-induced angio-
genesis (30-34). Moreover, treatment with non-selective
COX-2 inhibitors induces protective effects on inflam-
matory diseases including EAE with multiple side ef-
fects (35-37). While therapeutic actions of non-steroidal
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anti-inflammatory drugs (NSAIDs) depend on inhibition
of COX-2, the inhibition of COX-1 is responsible for
their gastric and renal side effects. Recent studies have
shown significant promise in developing COX-2 selective
inhibitors and successfully using them in the treatment
of inflammatory diseases such as, rtheumatoid arthritis
and tumor induced angiogenesis. These agents display
reduced gastrointestinal side effects, but they exert un-
expected cardiovascular side effects (30-38). Although
recent studies have also shown the inhibition of EAE by
COX-2 inhibitors (38), the mechanisms involved in the
amelioration of EAE by COX-2 inhibitors is not fully
understood. In this study, we demonstrate that COX-2 in-
hibitors ameliorate CNS inflammation and demyelination
in association with the blockade of IL-12 signaling and
Th1 differentiation in EAE.

MATERIALS AND METHODS

Animals and Cells

SJL/J and C57BL/6 mice were purchased from Jackson
Laboratory (Bar Harbor, Maine) and maintained in the an-
imal care facility at Vanderbilt University Medical Cen-
ter. Activated T cells were prepared by stimulation of
spleen cells from SJL/J mice (2 x 10°/mL) with 5 yg/mL
of Concanavalin A (Con A, Pharmacia Biotech, Uppsala,
Sweden) in RPMI medium supplemented with 10% FBS
(Gibco BRL, Rockville, MD) at 37°C and 5% CO,. Af-
ter 3 days of culture, cells were harvested and cultured
in medium containing 0.5% FBS for an additional 6 h to
synchronize to G1 phase of the cell cycle. The T cell blasts
were isolated by centrifugation over Histopaque (Sigma,
St Louis, MO) at 1200 rpm for 15 min and used for exper-
iments. This population of cells normally contains >98%
T cell blasts as measured by flow cytometry (11, 39, 40).

Reagents

We have synthesized three different COX-2 inhibitors
in our laboratory as described previously and used for the
in vitro and in vivo experiments. They are indomethacin-
B-hydroxyethylamide (NH(CH2)20H, compound 35,
LMO1), indomethacin-B-phenylethylamine (NH (CH2)
2C6HS5, compound 40, LMOS) and indomethacin-
p-fluorophenylamide (NHC6H4(4-F), compound 50,
LM11) (41-46). LMO1 exhibits an IC5q of 60nM and
a selectivity of >1100 against purified human COX-2.
LMO8 exhibits an ICsy of 60nM and a selectivity
>1100 for human COX-2. LMOS also inhibits COX-2 in
LPS-activated RAW264.7 macrophages with an ICsy of
40nM and exhibits anti-inflammatory activity in the rat
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carrageenan foot pad model at 1.5 mg/kg. LM11 exhibits
an ICsyp of 65nM and a selectivity >1000 for human
COX-2. LM11 also exhibits anti-inflammatory activity in
the rat carrageenan foot pad model at 0.5 mg/kg (42). The
COX-2 inhibitor, N-(2-cyclohexyloxy-4-nitrophenyl)
methanesulfonamide (NS398) was purchased from
Calbiochem (La Jolla, CA). Recombinant murine 1L-12
and IFNy were purchased from R&D Systems Inc. (Min-
neapolis, MN). The anti-IFNy mAb, R4-6A2 was purified
from ascetic fluid collected from nude mice following
transplantation of R4-6A2 hybridoma cells (American
Type Culture Collection # HB 170, Rockville, MD). The
biotin-conjugated anti-IFNy mAb, MM700 was obtained
from Endogen (Woburn, MA). Anti-IL-12 mAb C17.8
(anti-p40) was prepared from hybridoma cells kindly
provided by G. Trinchieri (Wistar Institute, Philadelphia,
PA). Mouse spinal cord homogenate (MSCH) was
prepared by homogenization in PBS and freeze-dried
under vacuum. The Guinea pig MBP and other chemicals
were purchased from Sigma (St Louis, MO). Anti-JAK2
Ab and anti-phosphotyrosine mAb 4G10 were purchased
from Upstate Biotechnology, Inc. (Lake placid, NY).
Anti-TYK2, anti-STAT3 and anti-STAT4 Abs were
from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA).

Induction and Treatment of EAE

To induce relapsing remitting EAE, 4—6-weeks old fe-
male SJL/J mice were immunized (s.c) with 800 ug of
MSCH in 150 L emulsion of incomplete Freund’s adju-
vant containing 50 pg/mL H37Ra in the lower dorsum on
days 0 and 7. To induce chronic progressive EAE, 4—6-
weeks-old female C57BL/6 mice were immunized (s.c)
with 200 g MOGp35-55 in 150 uLL emulsion of incom-
plete Freund’s adjuvant containing 50 ug/mL H37Ra in
the lower dorsum on days 0 and 7. Mice in the test groups
were treated (i.p.) with 100 ug COX-2 inhibitors in 25 uL.
DMSO on every other day from 0 to 25 days following
induction of EAE. Mice in the control group received
25 uL DMSO. The clinical paralysis in EAE was graded
on every day in a blinded manner as follows: 0, normal;
0.5, stiff tail; 1, limp tail; 1.5, limp tail with inability to
right; 2, paralysis of one limb; 2.5, paralysis of one limb
and weakness of one other limb; 3, complete paralysis
of both hind limbs; 4, moribund; 5, death. Mean clinical
score (MCS) was calculated by adding every day clinical
score for all mice in a group and then divided by total
number of mice. Mean maximum clinical score (MMCS)
was the MCS at the peak of disease. Average mean clinical
score (AMCS) was calculated by adding the MCS for all
days (from day O to 30) and then divided by 30 (8—14).
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Histological Analysis

To assess the degree of CNS inflammation and de-
myelination, SJL/J mice treated with COX-2 inhibitors
following induction of chronic EAE were euthanized on
day 30 by CO, asphyxiation and perfused by intracardiac
injection of 4% paraformaldehyde and 1% glutaraldehyde
in PBS. Transverse sections (five each) taken from differ-
ent levels of cervical, upper thoracic, lower thoracic, and
lumbar regions of the spinal cord were stained with luxol
fast blue or hematoxylin and eosin. The pathology of in-
flammation and demyelination in the CNS was examined
under microscope in a blinded manner. The spinal cord
sections were viewed as anterior, posterior and two lat-
eral columns (four quadrants). Each quadrant displaying
the infiltration of mononuclear cells or loss of myelin
staining was assigned a score of one inflammation or one
demyelination, respectively. Thus, each animal had a po-
tential maximum score of 16 and this study represents the
analysis of spinal cord from 10 representative mice per
group. The pathologic scores for each group is expressed
as percent positive over the total number of quadrants
examined (8-14).

T cell Proliferation Assay

The ex vivo and in vitro effects of COX-2 inhibitors on
neural antigen-induced T cell proliferation were measured
by *H-thymidine incorporation assay. Four to six weeks-
old female SJL/J mice were immunized with 300 ug of
MBP in 150 uL emulsion of incomplete Freund’s adju-
vant containing 50 ug/mL of H37Ra on days 0 and 7 and
treated with 25 uL. DMSO or 100 ng COX-2 inhibitors
on every other day from day O to 13. On day 14, the
spleen cells were isolated from naive and MBP-immune
mice treated with DMSO or COX-2 inhibitors. To de-
termine the ex vivo response, the splenic T cells were
cultured in 96 well tissue culture plates in RPMI medium
(2 x 10°/200 uL/well) with 0, 10, 25, and 50 ug/mL
MBP in the absence of COX-2 inhibitors in culture. To de-
termine the in vitro response, the spleen cells from DMSO
treated immune mice were cultured in 96 well tissue
culture plates in RPMI medium (2 x 10°/200 uL/well)
with 25 ug/mL MBP in the absence or presence of dif-
ferent concentrations of COX-2 inhibitors in culture. *H-
thymidine (0.5 ©Ci/mL) was added at 72h and the up-
take of radiolabel counted after 96 h by Wallac beta plate
scintillation counter as a measure of proliferation (14).
To test the effect of COX-2 inhibitors on IL-12-induced
T cell proliferation, Con A-activated T cells were cul-
tured in RPMI medium in 96 well tissue culture plates
(1 x 103/200 L/well) with 2ng/mL rIL-12 in the ab-
sence or presence of different concentrations of COX-2
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inhibitors (0-10 g/mL) for 48 h. *H thymidine was added
for the last 18 h and the radiolabel measured as above
(8—14). To determine the reversible inhibition of IL-12-
induced T cell proliferation by COX-2 inhibitor, Con A
activated T cells were treated with 25 ug/mL COX-2 in-
hibitors at 37°C for 30 min. Then the cells were washed,
cultured in fresh medium with increasing dose of IL-12
in the absence of COX-2 inhibitors and the proliferative
response measured as above (8—14).

Detection of IL-12 and IFNy by ELISA

Spleen cells were isolated from SJL/J mice on day 14
following immunization with MBP and treatment with
DMSO or COX-2 inhibitors. The cells were cultured in
24 well plates in RPMI medium (5 x 10°/mL) with 0, 10,
25, and 50 pg/mL MBP antigen in the absence of COX-2
inhibitors and the culture supernatants were collected af-
ter 48 h. MBP-immune spleen cells from DMSO treated
mice were also cultured in 24 well plates in RPMI medium
(5 x 10°/mL) with 25 j1g/mL MBP in the presence of dif-
ferent concentrations of COX-2 inhibitors (010 pg/mL).
The culture supernatants were collected after 48 h and
the levels of IL-12 and IFNy measured by ELISA as de-
scribed earlier (8—14). Briefly, ELISA plates were coated
with 2 ug/mL of anti-IL-12 mAb, C17.15 or anti-IFNy
mAb, R4-6A2 captures Ab in 100 pL/well of bicarbonate
buffer, pH 9.6. After overnight incubation at 4°C, ex-
cess Ab was washed off and the residual binding sites
blocked by the addition of 3% BSA in PBS for 1h. The
test samples (culture supernatants) and standards (rIL-12
or r[FNy) were added and incubated overnight at 4°C.
Plates were washed with PBS containing 0.05% Tween-
20 and 0.2 pug/mL of biotin conjugated anti-IL-12 mAb,
C15.6 or anti-IFNy mAb, MM700 added as detection Ab.
After incubation at room temperature for 1h, the plates
were washed three times and avidin-alkaline phosphatase
added followed by 1 mg/mL of p-nitrophenyl phosphate.
After 30 min incubation at room temperature, the OD was
read at 405 nm and the concentration of IL-12 and IFNy
in the culture supernatants were calculated (8—14).

Immunoprecipitation and Western Blot Analysis

The effect of COX-2 inhibitors on IL-12 signaling
in T cells was examined by immunoprecipitation and
Western blot analysis of JAK and STAT proteins as de-
scribed earlier (11-14). Briefly, Con A activated T cells
(10 x 10%/lane) were pretreated with different concen-
trations of COX-2 inhibitors (0, 25, or 50 ug/mL) for
15 min and then stimulated with 2 ng/mL IL-12 at 37°C
for 15min. Cell lysates were prepared and the JAK2,
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TYK2, STAT3 and STAT4 proteins immunoprecipitated
using specific antibodies and protein A Sepharose. The
phosphoproteins in the immune complexes were ana-
lyzed by 7.5% SDS-PAGE and Western blot using anti-
phosphotyrosine mAb 4G10 and visualized by enhanced
chemiluminescence (ECL) detection system. The blots
were stripped and reprobed with specific Ab to ensure
equal protein loading (11-14).

Statistical Analysis

All experiments were repeated three or more times and
the values are expressed as mean £ SD. The clinical
and pathological scores in control and COX-2 inhibitor
treated mice were analyzed using nonparametric Mann—
Whitney testing. The immune responses in control and
COX-2 inhibitor treated mice were analyzed by ANOVA
to determine the statistical significance of the results and
the values of p < 0.05 were considered significant.

RESULTS

COX-2 Inhibitors Ameliorate Relapsing Remitting
EAE in SJL/J Mice

To study the effects of COX-2 inhibitors on autoim-
mune inflammation and demyelination, we first examined
their protective effects on the pathogenesis of relapsing
remitting EAE in SJL/J mice. SJL/J mice were treated
with COX-2 inhibitors (100 ng, i.p., every other day) fol-
lowing induction of active EAE by immunization with
MSCH. All 10 mice in the DMSO treated control group
developed clinical paralysis for amean duration of 21 days
with MMCS of 2.8 on day 16 and an AMCS of 31.33
(Fig. 1A). Conversely, treatment with COX-2 inhibitors
decreased the clinical severity and duration of relapsing
EAE. The mice treated with LMO1 showed paralysis for a
mean duration of 11 days (48% inhibition) with an MMCS
of 0.47 (83.2% reduction; p < 0.01) and an AMCS of
2.31 (92.6% inhibition). The mice treated with LMOS
showed clinical paralysis for a mean duration of 1.0 day
(95.2% inhibition) with an MMCS of 0.08 (97.5% reduc-
tion; p < 0.01) and an AMCS of 0.08 (99.7% inhibition;
p < 0.001). Treatment of mice with LM11 also decreased
the mean duration of disease to 5 days (76.2% reduction)
with an MMCS of 0.33 (88.2% inhibition; p < 0.001)
and an AMCS of 0.83 (97.4% inhibition; p < 0.001).
Similarly, treatment with NS398 also decreased the mean
duration of disease to 12 days (42.9% reduction) with
an MMCS of 0.94 (66.4% inhibition; p < 0.01) and an
AMCS of 4.32 (86.2% inhibition p < 0.01). These results
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Fig. 1. Amelioration of EAE by COX-2 inhibitors. (A) Relapsing EAE
was induced in SJL/J mice by immunization with MSCH in CFA. The
mice (10 per group) were treated (i.p.) with 100 ug LMO1, LMOS,
LMI11 or NS398 on every other day from day O to 30. (B) Chronic
EAE was induced in C57BL/6 mice by immunization with MOGp35-
55 peptide in CFA. The mice (10 per group) were treated (i.p.) with
100 ng LMO1, LMO8 or LM11 on every other day from day 0 to 30.
The clinical symptoms were scored every day in a blinded manner.
The mean clinical score of all 10 mice per group from one exper-
iment is shown. The figure is a representative of three independent
experiments. (C) The spinal cord sections from cervical, upper thoracic,
lower thoracic and lumbar regions of SJL/J mice with chronic EAE
were prepared (four sections per mouse) and scored for the presence
of inflammation or demyelination (one score per positive quadrant) in
a blinded manner. The pathological score for each treatment group was
expressed as percentage over total number of quadrants examined. The
average number of quadrants examined per mouse was 16 and there-
fore, this study included the analysis of 160 spinal cord quadrants per

group.
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suggest that COX-2 inhibitors ameliorate the severity and
duration of clinical paralysis in EAE.

COX-2 Inhibitors Ameliorate Chronic Progressive
EAE in C57BL/6 Mice

To further study the effect of COX-2 inhibitors on
autoimmune inflammation and demyelination, we then
examined their protective effects on chronic progressive
EAE in C57BL/6 mice. C57BL/6 mice were treated (i.p.)
with 100 ug COX-2 inhibitors on every other day from
day O to 30 following induction of EAE by immuniza-
tion with MOGp35-55. All 10 mice in the DMSO treated
control group developed clinical paralysis for a mean du-
ration of 23 days with an MMCS of 3.9 on day 24 and
an AMCS of 63.7 (Fig. 1B). Conversely, treatment with
COX-2 inhibitors decreased the clinical severity and du-
ration of chronic EAE. The mice treated with 100 ug
LMO1 showed paralysis for a mean duration of 21 days
(8.7% inhibition) with an MMCS of 1.6 (58.9% reduc-
tion; p < 0.05) and an AMCS of 19.43 (69.5% inhibition;
p < 0.01). Treatment with 100 ug LMO8 decreased the
mean duration of disease to 15 days (34.8% reduction)
with an MMCS of 1.1 (71.8% inhibition; p < 0.05) and
an AMCS of 11.78 (81.5% inhibition; p < 0.01). Simi-
larly, mice treated with 100 g LM11 showed paralysis
for a mean duration of 15 days (34.8% reduction) with
an MMCS of 1.5 (61.5% inhibition; p < 0.05) and an
AMCS of 15.0 (76.4% inhibition; p < 0.01). These re-
sults suggest that COX-2 inhibitors reduce the severity
and duration of clinical paralysis in chronic EAE.

COX-2 Inhibitors Reduce CNS Inflammation
and Demyelination in EAE

We have further examined the effect of COX-2 in-
hibitors on inflammation and demyelination in the CNS
of mice with EAE. Spinal cord sections from C57BL/6
mice treated with COX-2 inhibitors following induction
of EAE were analyzed for the infiltration of mononuclear
cells (inflammation) and myelin loss (demyelination). As
shown in Fig. 1C, the DMSO treated control EAE mice
showed profound inflammation and demyelination in the
CNS that decreased following treatment with COX-2 in-
hibitors. The DMSO treated control mice showed 77.5%
of spinal cord quadrants positive for demyelination and
72.6% of spinal cord quadrants positive for inflamma-
tion. Conversely, treatment with 100 g of LMO1, LMOS,
LM11, or NS398 resulted in 73.85, 66.67, 53.41, and
60.99% (p < 0.01) decrease in CNS demyelination, re-
spectively. Similarly, treatments with 100 ug of LMO1,
LMO08, LM11, and NS398 also resulted in 84.61, 84.21,
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Fig. 2. Neural antigen-induced T cell proliferation in mice treated
with COX-2 inhibitors ex vivo. Spleen cells were isolated from SJL/J
mice on day 14 following immunization with MBP and treatment with
100 g COX-2 inhibitors or DMSO vehicle alone. The cells were stim-
ulated in vitro with 0, 10, 25, or 50 ug/mL MBP antigen and the
ex vivo proliferative response measured by >H thymidine uptake as-
say. The values are mean of triplicates at each point and the error
bars represent SD. The figures are representatives of three independent
experiments.

77.73, and 81.38% (p < 0.01) decrease in CNS inflam-
mation, respectively. These results suggest that COX-2
inhibitors reduce CNS inflammation and demyelination
in EAE.

COX-2 Inhibitors Modulate Neural Antigen-Induced
T Cell Proliferation Ex Vivo

To define the mechanisms in the amelioration of EAE
by COX-2 inhibitors, we examined their effects on neural
antigen-induced T cell proliferation ex vivo. As shown in
Fig. 2, while the naive spleen cells showed no increase
in proliferation in response to antigen, the MBP-immune
splenic T cells from DMSO treated mice displayed a dose-
dependent proliferative response to the antigen. While the
immune cells cultured in the absence of MBP showed
a background count of 8668 & 734 cpm, addition of 10,
25, and 50 ng/mL of MBP antigen resulted in a 1.2-, 1.6-,
and 1.8-fold increase in proliferation, respectively. In vivo
treatment with COX-2 inhibitors decreased the antigen-
induced proliferation of immune spleen cells ex vivo.
The T cell proliferative response at 50 g/mL antigen de-
creased from 15312 £ 1062 cpm in DMSO control treated
immune cells to 3347 £ 313cpm (78.2% inhibition),
6825 £ 214 cpm (55.4% inhibition), 6483.3 £ 482 cpm
(57.7% inhibition) and 5866.2 £ 398 cpm (61.7% inhi-
bition) following treatment with LMO1, LMO0S, LM11,
and NS398, respectively. This decrease in ex vivo T cell
proliferative response to antigen by COX-2 inhibitors
is statistically significant (p < 0.01) at every concen-
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Fig. 3. Neural antigen-induced IFNy production in mice treated with
COX-2 inhibitors ex vivo. Spleen cells were isolated from SJL/J mice
treated with COX-2 inhibitors on day 14 following immunization with
MBP. The cells were stimulated in vitro with 0, 10, 25, or 50 ug/mL MBP
antigen, the culture supernatants were collected after 48 h and the levels
of IFNy measured by ELISA. The values are mean of triplicates at each
point and the error bars represent SD. The figures are representatives of
three independent experiments.

tration tested, suggesting that a decreased T cell expan-
sion contributes to amelioration of EAE by these COX-2
inhibitors.

COX-2 Inhibitors Modulate Neural Antigen-Induced
IFNy Production in EAE Ex Vivo

We then examined the secretion of IFNy in spleen
cells from MBP-immune mice following treatment with
DMSO or COX-2 inhibitors. As shown in Fig. 3, stimu-
lation of MBP-immune spleen cells with the antigen in-
duced a dose-dependent increase in the secretion of IFNy
in culture. Naive spleen cells produced 1.46 £ 0.19 ng/mL
IFNy at 50 pg/ml antigen that increased to 2.99 &£ 0.31,
3.12 +£0.09,4.87 £ 0.50, and 5.21 £ 0.24 ng/mL follow-
ing stimulation of MBP-immune spleen cells with 10,
25, and 50 ug/mL antigen, respectively. Treatment with
COX-2 inhibitors reduced the antigen-induced IFNy se-
cretion in immune spleen cells ex vivo. While the im-
mune spleen cells from DMSO-treated mice stimulated
with 50 ug/mL MBP antigen showed 5.21 &+ 0.24 ng/mL
IFNy, that decreased to 1.05 + 0.02ng/mL (79.85%
inhibition), 1.97£0.08 (62.19% inhibition), 0.80£0.17
(84.65% inhibition), and 2.79 £ 0.14 (46.45% inhibi-
tion), in spleen cells from mice treated with LMOI,
LMO08, LM11, and NS398, respectively. These results
suggest that in vivo treatment with COX-2 inhibitors
decreased the ex vivo secretion of IFNy in response
to neural antigens that contributes to amelioration of
EAE.
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Fig. 4. Neural antigen-induced IL-12 production in mice treated with
COX-2 inhibitors ex vivo. Spleen cells were isolated from SJL/J mice
treated with COX-2 inhibitors on day 14 following immunization with
MBP. The cells were stimulated in vitro with 0, 10, 25, or 50 ug/mL MBP
antigen, the culture supernatants were collected after 48 h and the levels
of IL-12 measured by ELISA. The values are mean of triplicates at each
point and the error bars represent SD. The figures are representatives of
three independent experiments.

COX-2 Inhibitors Modulate Neural Antigen-Induced
IL-12 Production Ex Vivo

We then examined the secretion of IL-12 in spleen
cells from MBP-immune mice following treatment
with DMSO or COX-2 inhibitors. While, naive spleen
cells produced 1.52 £0.17ng/mL IL-12 in response
to 50 ug/mL antigen in culture, MBP-immune spleen
cells produced 2.46 £ 0.15, 3.02£0.17, 3.71 £0.16,
and 4.78 £ 0.11ng/mL IL-12 in response to 0, 10,
25, and 50 pug/ml antigen, respectively. In vivo treat-
ment with COX-2 inhibitors decreased the secretion
of IL-12 in response to antigen ex vivo. As shown
in the Fig. 4, the immune spleen cells from mice
treated with LMO1, LMO08, LM11, and NS398, re-
spectively showed 2.38 & 0.12ng/mL (49.79% inhibi-
tion), 3.35 £0.19ng/mL (29.33% inhibition), 4.70 £
0.23ng/mL (0.85% inhibition), and 5.13 £ 0.18 ng/mL
(8.2% increase) following stimulation with 50 pug/mL
MBP antigen. These results suggest that in vivo treat-
ment with the LM series of COX-2 inhibitors, but not
NS398, decrease the ex vivo secretion of IL-12 in re-
sponse to neural antigen that contributes to amelioration of
EAE.

COX-2 Inhibitors Reduce Neural Antigen-Induced
T Cell Responses In Vitro

To further define the mechanisms in the regulation of
CNS demyelination by COX-2 inhibitors, we examined its
effect on neural antigen-induced T cell responses in vitro.
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Fig. 5. Inhibition of neural antigen induced T cell responses by COX-
2 inhibitors in vitro. (A) MBP-immune spleen cells from SJL/J mice
were stimulated in vitro with 25 pg/mL MBP in the presence of 0, 1,
2.5, and 5 pg/mL LMO1, LMO8 and LM11. 3H—thymidine was added
at 72 h and the uptake of radioactivity measured after 96 h as an index
of proliferation. (B) MOG-p35-55-immune spleen cells from C57BL/6
mice were stimulated with antigen in the presence of 0, 1, 2.5, and
5 ug/mL LMO1, LMO08 and LM11. The *H-thymidine was added at 72h
and the uptake of radioactivity measured after 96 h as an index of pro-
liferation. The values are mean of triplicates at each point and the error
bars represent SD. The figures are representatives of four independent
experiments.

As shown in Fig. 5, spleen cells from mice immunized
with MBP or MOGp35-55 antigen displayed a strong
proliferative response to the respective antigens and in
vitro treatment with COX-2 inhibitors resulted in a dose-
dependent decrease in proliferation. Stimulation of MBP-
immune spleen cells with 25 pg/mL MBP increased the
*H thymidine uptake from 201 = 45 in the control back-
ground to 6914 4+ 679 cpm, whereas, treatment with 1,
2.5, and 5 pg/mL LMO1 respectively resulted 26.6, 85.6,
and 97.2% decrease in MBP-induced proliferation in vitro.
Similar treatment with 1, 2.5, and 5 ug/mL LMOS resulted
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in45.13,70.7, and 79.4% decrease in proliferation. Treat-
ment with LM11 also resulted in 20.7, 65.7, and 95.5%
inhibition at 1, 2.5, and 5 pug/mL, respectively (Fig. 5A).
Further analyses showed that COX-2 inhibitors also de-
creased the MOGp35-induced proliferation in immune
spleen cells from C57BL/6 mice. Stimulation of T cells
with 25 j1g/mL MOGp35-55 increased the *H thymidine
uptake from 502 =+ 40 in the control background to 8881
+ 782 following stimulation with 25 pg/mL MOGp35-
55 antigen, whereas, treatment with 1, 2.5, and 5 pug/mL
LMO1, respectively resulted 37.9, 71.0, and 96.9% de-
crease in antigen-induced proliferation in vitro. Similar
treatment with 1,2.5, and 5 ug/mL LMO8 resulted in 24.2,
68.9, and 94.3% decrease in proliferation. Furthermore,
treatment with LM11, resulted in 60.4, 91.2, and 96.8%
inhibition at 1, 2.5, and 5 ug/mL, respectively (Fig. 5B).
These results suggest that COX-2 inhibitors decrease neu-
ral antigen-induced T cell proliferation in culture.

COX-2 Inhibitors Decrease IL-12-Induced T Cell
Responses In Vitro

To determine the effect of COX-2 inhibitors on IL-12-
induced responses in T cells, we examined the effect of
COX-2 inhibitors on IL-12-induced proliferation of acti-
vated T cells in culture. Stimulation of Con A activated T
cells with IL-12 resulted in a dose-dependent increase in
proliferation as measured by *H thymidine uptake assay,
whereas, treatment with COX-2 inhibitors resulted in a
dose-dependent decrease in IL-12-induced proliferation
(Fig. 6A, B). Cells cultured in medium alone showed a
background count of 9162 + 887 cpm and that increased
to 58854 + 3990 (6.4-fold increase) with the addition of
2ng/mL rIL-12 (Fig. 6B). The cells treated with 1, 2.5, 5,
and 10 ug/mL LMO1 showed 20.6, 39.7, 71.6, and 100%
inhibition, similar treatment with LMOS8 resulted in 4.1,
41.5, 55.7, and 83.3% inhibition and LM11 showed 2.9,
7.3, 59.5, and 79.8% inhibition of proliferation, respec-
tively. A similar treatment with 1, 2.5, 5, and 10 ug/mL
NS398 also resulted in 27.1, 53.7, 60.4, and 79.2% inhi-
bition of IL-12-induced T cell proliferation in vitro. We
have further examined the reversibility of IL-12-induced
proliferation inhibited by COX-2 inhibitors in T cells. As
shown in Fig. 6B, Con A activated T cells treated with
25 pug/mL COX-2 inhibitors for 30 min displayed a dose-
dependent proliferative response to IL-12 as measured
by 3H thymidine uptake assay comparable to that seen
in DMSO treated control cells in culture. These results
suggest that COX-2 inhibitors induce a reversible inhi-
bition of IL-12-induced proliferation in activated T cells
in vitro.
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Fig. 6. Inhibition of IL-12-induced T cell proliferation by COX-2 in-
hibitors. (A) Con A-activated spleen T cells from SJL/J mice were
stimulated with 2 ng/mL IL-12 in the presence of different concentra-
tions of COX-2 inhibitors, LMO1, LM08, LM11, and NS398. (B) Con
A activated T cells were cultured with 25 ug/mL of COX-2 inhibitors,
LMO1, LMO08, LM11 and NS398 for 30 min. The cells were washed and
cultured in fresh medium with increasing dose of IL-12 in the absence of
COX-2 inhibitors. 3H-thymidine was added at 36 h and the radioactivity
measured after 48 h. The values are mean of triplicates at each point
and the error bars represent SD. The figures are representatives of five
independent experiments.

COX-2 Inhibitors Decrease IL-12-Induced Tyrosine
Phosphorylation of STAT 3 and STAT 4 in T Cells

To define the mechanisms involved in the regulation of
IL-12-induced T cell responses by COX-2 inhibitors, we
examined the effect of COX-2 inhibitors on IL-12 signal-
ing in T cells. Con A activated T cells (10 x 10°) were
stimulated with 2ng/mL rIL-12 in the absence or pres-
ence of 25 and 50 pg/mL COX-2 inhibitors for 15 min.
As shown in Fig. 7, immunoprecipitation and Western
blot analyses showed that IL-12 induced the tyrosine
phosphorylation of STAT3 and STAT4 in 15 min in ac-
tivated T cells. Pretreatment of T cells with COX-2 in-
hibitors for 15 min resulted in a dose-dependent decrease
in IL-12-induced tyrosine phosphorylation of STAT3

Journal of Clinical Immunology, Vol. 26, No. 1, 2006
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Fig. 7. Inhibition of IL-12-induced tyrosine phosphorylation of STAT proteins by COX-2 inhibitors in T cells. Western blot analysis of
STAT3 (A, B) and STAT4 (C, D) proteins immunoprecipitated from Con A-activated splenic T cells from SJIL/J mice after incubation
in medium alone and with 2 ng/mL IL-12 in the presence of 0, 25, and 50 ;g/mL COX-2 inhibitors at 37°C for 15 min. The cells were
pretreated with COX-2 inhibitors for 15 min prior to addition of IL-12. The STAT3 and STAT4 immune complexes were resolved on
7.5% SDS-PAGE, transferred onto nylon membrane and probed with anti-phosphotyrosine mAb, 4G10. The blots were striped and
reprobed with anti-STAT3 (A, B) or STAT4 (C, D) antibody. Arrows point to the 92kDa STAT3 (A) and 89 kDa STAT4 (B) protein
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bands. The figures are representatives of six experiments.

(Fig. 7A, B) and STAT4 (Fig. 7C, D) proteins. While
25 pg/mL COX-2 inhibitors induced a partial inhibition,
addition of 50 pg/mL COX-2 inhibitors resulted in almost
complete inhibition of IL-12-induced tyrosine phosphory-
lation of STAT3 and STAT4 in T cells. Reprobing the blots
with STAT3 or STAT4 antibody showed that this decrease
was not due to changes in total protein. These results sug-
gest that COX-2 inhibitors modulate Th1 differentiation
by blocking IL-12-induced tyrosine phosphorylation of
STAT3 and STAT4 in T cells.

COX-2 Inhibitors Decrease IL-12-Induced Tyrosine
Phosphorylation of JAK2 and TYK2 in T Cells

To determine whether the inhibition of STAT3 and
STAT4 phosphorylation by COX-2 inhibitors was a di-
rect effect or consequent to inhibition of the upstream
kinases, we examined the effect of COX-2 inhibitors on
IL-12-induced tyrosine phosphorylation of JAK kinases
in T cells. As shown in Fig. 8, immunoprecipitation and
Western blot analyses showed that the stimulation of Con
A-activated T cells with 2ng/mL IL-12 induced the ty-

Journal of Clinical Immunology, Vol. 26, No. 1, 2006

rosine phosphorylation of JAK2 and TYK2 kinases in
15 min. Pretreatment of T cells with COX-2 inhibitors for
15 min resulted in the inhibition of IL-12-induced tyro-
sine phosphorylation of JAK2 (Fig. 8A, B) and TYK2
(Fig. 8C, D) kinases in a dose-dependent manner. While
25 pg/mL COX-2 inhibitors induced a partial inhibition,
treatment with 50 ug/mL COX-2 inhibitors resulted in
an almost complete inhibition of JAK2 and TYK2 phos-
phorylation. Reprobing the blots with JAK2 or TYK2
antibody showed no change in total protein. These results
suggest that COX-2 inhibitors block tyrosine phosphory-
lation of the upstream JAK2 and TYK2 kinases, there by
blocking IL-12-induced phosphorylation of STAT3 and
STAT4 in T cells.

DISCUSSION

EAE is an important animal model system to study
the mechanism of MS pathogenesis and to test the use
of therapeutic agents for the treatment of MS. Using the
EAE model of MS, we have shown earlier that in vivo
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treatment with lisofylline, tyrphostin AG490, PPARy ag-
onists, curcumin or quercetin inhibits the pathogenesis
of CNS inflammation and demyelination in SJL/J mice
(8-14). In this study, we found that in vivo treatment
with COX-2 selective inhibitors reduce the clinical sever-
ity and duration of EAE in SJL/J and C57BL/6 mice.
The inhibition of clinical paralysis by COX-2 inhibitors
was associated with a decrease in the pathology of in-
flammation and demyelination in the CNS. Thus, con-
sistent with recent reports (37, 38), we have also found
that 100 ug dose (5 mg/kg body weight) of COX-2 se-
lective inhibitors ameliorate the clinical and pathological
symptoms of EAE, suggesting their use in the treatment
of MS. Although the expression of COX-2 associates
with the pathogenesis of EAE and treatment with COX-
2 inhibitors ameliorate the disease, exact mechanisms
in the regulation of EAE by COX-2 inhibitors was not
known.

The pathogenesis of EAE/MS is a complex process
involving activation of macrophage/microglial cells and

differentiation of neural antigen-specific Thl cells in
which the proinflammatory cytokines influence the out-
come of the disease (15). Among the many proinflamma-
tory cytokines, IL-12 plays a crucial role in the pathogen-
esis of CNS demyelination in EAE and MS (18). We and
others have shown earlier that the inhibition of IL-12 pro-
duction or IL-12 signaling was effective in preventing the
clinical and pathological symptoms of EAE (8-14, 22).
In this study, we found that in vivo treatment with COX-2
inhibitors reduced the neural antigen-induced prolifera-
tion and secretion of IL-12 and IFNy ex vivo. In view
of the pivotal role played by IL-12 in the differentiation
of Thl cells (17), it is likely that the inhibition of IL-12
production is a mechanism by which the COX-2 inhibitors
regulate Th1 differentiation, T cell proliferation and IFNy
production in EAE. Although the exact mechanisms in the
regulation of IL-12 gene expression by COX-2 inhibitors
in EAE are not known, the inhibition of NF-« B by COX-2
inhibitors may be sufficient to block IL-12 production in
EAE (23).
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To further understand the mechanisms in the regula-
tion of CNS inflammation and demyelination by COX-
2 inhibitors, we examined their direct effects on neural
antigen-induced T cell responses. Consistent with earlier
reports (35), we found that in vitro treatment of MBP-
immune spleen cells with COX-2 inhibitors resulted in
a significant decrease in neural antigen-induced T cell
proliferation in culture. While, the activation of T cell
receptor (TCR) drives resting naive T cells from GO to
G1 phase of the cell cycle (47), signaling through IL-2 or
IL-12 receptor is required for the transition from G1 to
S/G2/M phase of the cell cycle (47-51). IL-12 also plays
a crucial role in the induction of cell cycle progression
in activated T cells and in particular Thl cells (48-51).
However, the inhibition of IL-12-induced T cell prolifera-
tion by COX-2 inhibitors in vitro suggests their inhibitory
effects on IL-12-induced responses in T cells.

To determine the molecular mechanisms on the inhi-
bition of IL-12-induced T cell responses, we examined
the effect of COX-2 inhibitors on IL-12 signaling and its
consequence to T cell proliferation and Th1 differentiation
in vitro. Signaling through its receptor, IL-12 induces ty-
rosine phosphorylation and activation of JAK2 and TYK?2
kinases leading to the activation of STAT3 and STAT4
transcription factors (25, 26). Interestingly, in this study,
we report for the first time that treatment of activated T
cells with COX-2 inhibitors blocked IL-12-induced ty-
rosine phosphorylation of STAT3 and STAT4 proteins in
culture. The COX-2 inhibitors also inhibit IL-12-induced
activation of JAK2 and TYK?2 kinases in T cells, sug-
gesting that the inhibition of STAT3 and STAT4 proteins
was consequent to the blockade of upstream JAK kinases
in IL-12 signaling pathway. This is consistent with our
earlier reports showing inhibition of STAT3 and STAT4
phosphorylation following the blockade of IL-12-induced
tyrosine phosphorylation of JAK2 and TYK2 kinases by
AG490, TGFB, PPARy, Curcumin and Quercetin (11-14,
39, 40). The blockade of JAK-STAT pathway by COX-2
inhibitors results in a decrease in IL-12-induced prolif-
eration and Th1 differentiation in T cells. Earlier studies
have shown that the targeted disruption or pharmacologi-
cal inhibition of STAT4 activity was sufficient to block the
IL-12-induced differentiation of Th1 cells in vitro and in
vivo (11-14, 52). The inhibition of JAK kinase and STAT
proteins by COX-2 inhibitors observed in this study sug-
gests that JAK-STAT pathway be the molecular target for
COX-2 inhibitors to regulate neural antigen-induced Th1
cell responses and pathogenesis of CNS inflammation and
demyelination in EAE and perhaps MS.

The inhibition of IL-12 signaling and Thl differen-
tiation by COX-2 inhibitors observed in this study im-
plies that the blockade of JAK-STAT pathway be an
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important mechanism by which COX-2 inhibitors reg-
ulate immune and inflammatory responses. Although
the exact mechanisms by which COX-2 inhibitors mod-
ulate IL-12 signaling is not known, it is likely that
COX-2 inhibitors may directly interact with and block
the tyrosine phosphorylation of JAK and STAT signal-
ing proteins, thereby impairing neural antigen-specific
Thl differentiation in EAE. Alternatively, COX-2 in-
hibitors may block COX-2 and other associated pro-
teins that in turn modulate IL-12 signaling through the
JAK-STAT pathway and Thl differentiation in EAE. In
conclusion, this study highlights the fact that COX-2
inhibitors ameliorate EAE by blocking IL-12 signaling
leading to the differentiation of neural antigen-specific
Thl cells and suggests its use in the treatment of MS
and other Thl cell-mediated inflammatory autoimmune
disease.
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