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A Key Role for Prostaglandin I, in Limiting Lung M ucosal
Th2, But Not Thl, Responses to Inhaled Allergen*

Zeina Jaffar,? Kong-Sang Wan,? and Kevan Roberts®

Thecellular eventsthat serveto regulate lung mucosal Th2 responses and limit allergic inflammatory reactions are unclear. Using
the DO11.10 TCR transgenic mouse, we developed a model of T cell-mediated pulmonary inflammation and demonstrated that
high levels of PGI, are produced in the airways following OVA inhalation. Selective inhibition of cyclooxygenase-2 in vivo
specifically reduced PGI, synthesisand resulted in a marked increasein Th2-mediated, but not Thl-mediated, lung inflammation.
Theelevated Th2-mediated inflammatory response elicited by the cyclooxygenase-2 inhibitor was associated with enhanced airway
hyperreactivity and was coincident with a marked increase in the levels of IL-4, IL-5, and IL-13 in the airways, but a reduction
in 1L-10 production. In keeping with these observations, we found that the mRNA for the PGl , receptor was expressed by Th2,
but not Thi, cells, and transcripts for the PGI, receptor were induced by IL-4 and OVA peptide stimulation. Interestingly,
treatment with PGl , or its stable analog, carbaprostacyclin, augmented IL-10 production by Th2 cells. Collectively, our findings
reveal a key role for PGI, in differentially limiting Th2 responses, possibly by promoting production of the immunosuppressive
cytokine IL-10 at the site of allergic lung inflammation. These resultsindicate an important role for prostanoids generated during
inflammation in regulating mucosal T cell responses and highlight a potential risk in the use of cyclooxygenase-2-specific inhibitors

by allergic asthmatics. The Journal of Immunology, 2002, 169: 5997—6004.

fector phenotypes, Thl and Th2, defined by functiona

attributes that reflect their different cytokine profiles (1).
Thl cells produce IFN-y and provide protection against intracel-
lular pathogens and viruses. Th2 cells, characterized by their se-
cretion of IL-4, IL-5, and IL-13, facilitate IgE production and eo-
sinophilic inflammation, which contribute to the elimination of
extracellular parasites and the pathogenesis of alergic disease such
as asthma (2—4). Allergic asthma is a chronic inflammatory dis-
order in which atype 2 response by CD4™ T cells in the airways
takes primacy in driving the inflammation (2—4). It has been sug-
gested that such chronic inflammation arises from the dysfunction
of events that normally lead to the resolution of the underlying T
cell response. T cells at mucosal sites are subject to immune reg-
ulation, partly due to the actions of cyclooxygenase (COX)*-de-
rived prostanoids (5) and cytokines such as IL-10 and TGF-3 (6,
7). In addition, CD4" CD25* regulatory T cells that produce
IL-10 have been shown to suppress mucosal immune responses (6,
8). The events that limit allergic Th2 responses in the lung are
unclear, and conceivably there are distinct mechanisms that dif-
ferentialy regulate Thl and Th2 effector functions. To this end we

C D4* Th lymphocytes differentiate into two distinct ef-

Medica Specialities, Southampton General Hospital, Southampton, United Kingdom

Received for publication June 14, 2002. Accepted for publication September
16, 2002.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

1 This work was supported by grants from the Wellcome Trust, Roya Society, and
Wessex Medical Trust (United Kingdom).

22.J. and K.-S\W. contributed equally to this study.

3 Address correspondence and reprint requests to Dr. Kevan Roberts, Medical Spe-
ciaties (Mailpoint 810), Level D, Center Block, Southampton General Hospital,
Southampton, U.K. SO16 6YD. E-mail address: kroberts@soton.ac.uk

4 Abbreviations used in this paper: COX, cyclooxygenase; AHR, airway hyperreac-
tivity; BALF, bronchoalveolar lavage fluid; EPO, eosinophil peroxidase; INDO,
indomethacin; IP-R, PGI, receptor; Penh, enhanced pause; NSAIDS, nonsteroidal
anti-inflanmatory drugs; PGI,, prostacyclin; PLN, peripheral lymph node; Tx,
thromboxane.

Copyright © 2002 by The American Association of Immunologists, Inc.

have used a mouse model of T cell-mediated airway inflammation
(9) to assess the role of prostanoidsin influencing T cell responses
in the lung mucosa following Ag inhalation.

Prostanoids are products of arachidonic acid metabolism syn-
thesized via the cyclooxygenase (COX?) pathway. The two iso-
forms of this enzyme, COX-1 and COX-2, metabolize arachidonic
acid to PGH,, which is subsequently processed by specific en-
zymes to generate a series of products, most notably PGD,, PGE,,
PGF,,, prostacyclin (PGl,), and thromboxanes (Tx). COX-1 is
constitutively expressed in most cell types, and is the predominant
form present in the gastrointestinal tract, kidney, and platelets (10—
12). COX-2 is an enzyme expressed at inflammatory sites by mac-
rophages, neutrophils, and activated mesenchymal cells and is be-
lieved to produce prostanoids that contribute to inflammatory
swelling, pain, and fever (10—12). Nonsteroidal anti-inflammatory
drugs (NSAIDs), such as aspirin and indomethacin, are nonselec-
tive COX inhibitors and suppress these inflammatory processes.
The inhibition of COX-1, however, underlies the gastrointestinal
toxicity of NSAIDs in humans, and this has prompted the devel-
opment of COX-2-selective inhibitors such as NS-398 and cele-
coxib, which circumvent such damaging effects (13). The spectrum
of prostanoids elicited by COX-2 differs from that synthesized by
COX-1. Specificaly, COX-2 is thought to be important for the
production of PGE, and PGl (14). PGI, has anti-thrombotic ef-
fectsin vivo and plays an important role in inflammation and pain
perception (15). Despite these potent actions, the effects of PGI,
appear to be very localized, since the prostanoid is highly unstable,
with t,,, of ~30 s under physiological conditions (10).

Using DO11.10 mice, we have developed a model of T cell-
mediated pulmonary inflammation to examine the role of PGsin
influencing alergic airway responses. Our results show that selec-
tive inhibition of COX-2 in vivo specifically reduced PGI, levels
in the lung and led to a significant elevation in local Th2 inflam-
matory responses to inhaled OVA. Consistent with this observa-
tion, we found that the mRNA for the PGI, receptor IP-R was
expressed by Th2, but not Thi, cells, and transcripts for the IP-R
were induced by IL-4 and OV A peptide stimulation. PGI, acted on
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Th2 cells to elevate production of the anti-inflammatory cytokine,
IL-10. Collectively, our findings demonstrate that PGI, plays an
important role in preferentially limiting lung mucosal Th2 re-
sponses by promoting IL-10 production at the site of allergic
inflammation.

Materials and M ethods
Animals

DO11.10 mice (originally developed by Dr. D. Y. Loh, Howard Hughes
Medical Institute, St. Louis, MO) were bred under aseptic conditionsin a
barrier facility at Southampton University. These animals were provided by
Dr. E. Shevach (National Institutes of Health, Bethesda, MD). BALB/c
mice were obtained from Harlan (Loughborough, U.K.).

Adoptive transfer of DO11.10 T cells and OVA challenge of
recipient animals

DO11.10 Thl or Th2 cells were adoptively transferred into BALB/c mice
before exposure to OVA aerosols. Todrive T cell differentiation into aThl
or Th2 effector phenotype, peripheral lymph node (PLN) cells were incu-
bated (5 X 10°ml) in the presence of OV A 5,5 549 peptide (1 wg/ml), and
either mouse IL-12 (1 ng/ml; R&D Systems, Abingdon, U.K.) and anti-
IL-4 Ab (5 ng/ml 11B11; American Type Culture Collection, Manassas,
VA), or murineIL-4 (2 ng/ml; R&D Systems) and anti-IFN-y Ab (5 ng/ml;
R4-6A2; American Type Culture Collection), respectively. After 4 days of
culture, cells were restimulated as previously, but in the presence of I1L-2
(200 U/ml; Cetus, Emeryville, CA). Cells were routinely depleted of both
CD8* T cells (using YTS169.4; Serotec, Oxford, U.K.) and APC (using
anti-class |1 Ab M5/114; American Type Culture Collection) by panning
before injection. On day 8, polarized effector CD4* cellswere injected i.v.
into BALB/c mice (10”/mouse). Mice were intranasally challenged by ex-
posure to aerosolized solutions of either PBS or OVA (grade V; Sigma,
Poole, U.K.) for 20 min/day over 6 consecutive days using a Wright's
nebulizer. Mice were killed on day 7, and bronchoalveolar lavage (BAL)
fluid (BALF) was collected for analysis. Experimental groups comprised
animals (four per group) treated daily (over the duration of aerosol chal-
lenge) with the COX-2-specific inhibitor NS-398 (10 mg/kg daily, i.p. in-
jection every 8 h; Cabiochem, Nottingham, U.K.), the nonselective COX
inhibitor indomethacin (INDO; a daily i.p. injection of 5 mg/kg; Sigma),
and a control group not treated with NSAIDS (vehicle-treated only). Iden-
tical data were produced from control mice regardless of whether these
animals were exposed to aerosolized PBS, not exposed to any aerosol, or
treated with NSAIDS alone. Airway hyperreactivity (AHR) was measured
in response to methacholine inhalation by whole-body plethysmography
(Buxco Europe, Petersfield, U.K.). Animals were placed in chambers and
exposed to aerosols of PBS (baseline), followed by increasing concentra-
tions of methacholine. The enhanced pause (Penh) was measured after each
3-min exposure. Values were taken from the highest average over a 1-min
period. For preparation of tissue for histopathologic analysis, lung tissue
was fixed in formalin and embedded in paraffin. Tissue sections were pre-
pared and stained with H&E.

Level of airway inflammation

BAL was performed by cannulating the trachea of each animal and wash-
ing the airways with 0.5 ml PBSto collect BALF. BALF from three or four
animals were pooled, and eosinophil peroxide (EPO) levels present in BAL
cells or BALF (soluble EPO) were determined by colorimetric analysis as
previously described (9). Cell differential percentages were determined by
light microscopic evauation of cytospin preparations and expressed as ab-
solute cell numbers. Levels of IL-4, IL-5, IL-10, IL-13, and IFN-vy in the
BALF were measured using sensitive commercially available ELISA kits
(al from BioSource, Camarillo, CA; except IL-4 from R&D Systems),
according to the manufacturer’s instructions. To measure mucus produc-
tion in the airways, the amount of mucin in the BAL fluid (from Th2
recipients exposed to OVA aerosols that were treated with NS-398 or from
untreated controls) was determined by ELISA using the mucin-binding
lectin jacalin (Cabiochem, Nottingham, U.K.) as described previously
(16). Values were expressed as the percent increase in measurements ob-
tained from untreated control groups.

Level of prostanoid synthesis in the BALF

Levels of PGE,, PGD,, TxA,, and PGF,, in the BALF were measured by
sensitive commercial enzyme immunoassay kits (all from Cayman Chem-
ical, Ann Arbor, MI; except PGE, kits supplied by R&D Systems) accord-
ing to the manufacturer’ sinstructions. For determination of PGI, synthesis,
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the concentration of the stable metabolite of prostacyclin, 6-keto-PGF,,,
was measured using an immunoassay kit (R&D Systems).

In vitro effect of prostanoids on cytokine production by Thl and
Th2 cells

PLN cells were stimulated with OVA peptide (1 wg/ml) and either IL-4 (2
ng/ml) or IL-12 (1 ng/ml) to polarize Th2 or Thl cells, as described above.
Either PGI, (5 uM/ml daily; Cayman) or its stable analog carbaprostacy-
clin (0.5 uM/ml; Cayman) was added to the cultures together with indo-
methacin (2 wg/ml), which was used to inhibit al endogenous prostanoid
biosynthesis. After 8 days cells were harvested and restimulated with anti-
CD3 (2 ng/ml) for 48 h, and the supernatant was analyzed for IL-4, IL-5,
IL-10, and IFN-y production by ELISA, as described previously (9). For
I1L-10 measurement JES5-2A5 (BD PharMingen, San Diego, CA) was used
as capture Ab, and biotinylated polyclonal anti-IL-10 Ab was used for
detection (PeproTech, Rockyhill, NJ). Cells were routinely depleted of
CD8* (using YTS169.4) and class 11" cells (using M5/114) by panning
before in vitro analysis. Flow cytometry was used to determine the purity
of CD4™ T cells, which was >95%.

Real-time RT-PCR

Using the TRIzol technique (9), RNA was extracted from purified CD4" T
cells obtained from 8-day polarized Thl and Th2 cells or from PLN cells
before (naive) and after culture for 3 days with type 2 cytokines (2 ng/ml;
except I1L-10, 10 ng/ml) or specific Abs (5 pg/ml 11B11 (anti-IL-4) or 5
ng/ml anti-1L-13). Total RNA (2 wg) was then reverse transcribed using
Omniscript 11 (Qiagen, Crawley, U.K.) at 37°C for 1 h using oligo(dT),5 as
a primer, and the cDNA was PCR amplified and quantified using the
TagMan technique. Real-time detection of PCR was performed using the
Perkin-Elmer AB1 PRISM 7700 Sequence Detection System (PE Applied
Biosystems, Warrington, U.K.). The expressions of IP-R (using forward
primer, 5'-TTTTCCGAAAGGCTGTCTTCC-3'; reverse primer, 5'-ATC
CCCATGGACAGAACGG-3'; and FAM-TAMRA probe, 5'-ACGCCT
CAAGTTCTGG TTGTGTTGCC-3"), GAPDH (housekeeping gene), IL-4,
IL-5, and IFN-y were determined in this way (for sequences, see Ref. 17).
Equal amounts of cDNA were used in triplicate and amplified with the
TagMan master mix according to the manufacturer’s instructions (PE Ap-
plied Biosystems). Thermal cycling conditions were 2 min at 50°C and 10
min at 95°C, followed by 40 cycles of two-step PCR consisting of 15 s at
95°C and 1 min at 60°C. The threshold cycle was measured as the cycle
number at which the reporter fluorescent emission increased above the
threshold level. The amount of mMRNA was expressed as the fold difference
relative to the amount obtained from unstimulated control cells. Amplifi-
cation efficiencies were validated and normalized against GAPDH. For al
samples, total RNA that was not reverse transcribed was also analyzed to
determine genomic DNA contamination, which was negligible.

Satistical analysis

Cell number and cytokine and prostanoid levels in the BALF of Thl and
Th2 recipient mice before and after Ag inhalation or treatment with COX
inhibitors were compared using the Wilcoxon test for paired data or the
Mann-Whitney test. Vaues of p < 0.05 were accepted as statistically
significant.

Results
Inhibition of COX-2 reduces PGI, synthesis and augments lung
Th2 inflammation

We have used a murine model of pulmonary inflammation to in-
vestigate whether prostanoids influence lung mucosal Th2 re-
sponses. DO11.10 CD4™" Thil or Th2 effector cells, which consti-
tutively express a TCR specific for an OVA 5,5 559 peptide, were
adoptively transferred (107 cells'mouse) into BALB/c mice, which
were then exposed to aerosolized OVA for 6 consecutive days.
Histological examination of lungs from Th2 recipient mice ex-
posed to OVA aerosols displayed marked peribronchiolar and
perivascular eosinophilic inflammation (Fig. 1A). Treatment of
mice with the COX-2-selective inhibitor, NS-398, resulted in a
dramatic increase in pulmonary eosinophilic inflammation. Anal-
ysisof BALF aso revealed that following Ag inhalation, recipients
of Th2 cells developed pronounced inflammation in the airways,
with a marked infiltration by eosinophils and lymphocytes (Fig.
1B). However, no infiltration was observed in control mice not



The Journal of Immunology

5999

B Th2 recipients D 6 ¥
I 4
1250000 - * 1/ Fans M cell-associated
I Il Eos s] [lsoluble *
1000000 - * [] Neu ]
- .I- =44
-S 750000 - # 'E,
£ £ 3
: o
E 500000 4 -I- &, )
250000 4 - ) ]
T -
ople= 0
OVA aerosol - + + + OVA aerosol - + + o+ = + o+
Treatment - - NS398  INDO Treatment -+ NS398 INDO + NS398 INDO
Th1 recipients Th2 recipients
¢ Th1 recipients E
800000 - L —@-No OVA
) Eos —-0VA
_ —¥—0VA + N5-398
E 600000 T @A Neu 600
E —
: : ] 3
F 400000 - TV B
o I T 1 Vi g
7 g
200000 ;ﬁ £ 200
)
0 3 0 T T T T
OVA aerosol - + + + 0 10 21 a0 40 20
Methacholine (mg/ml)
Treatment - - NS398  INDO

FIGURE 1. Airway inflammation following OV A inhalation and treatment with NS-398. DO11.10 Th2 or Thl cellswere injected into BALB/c recipient
mice, which were then exposed to OVA aerosols for 6 consecutive days. Control mice were not exposed to aerosolized OVA and were not treated with
NS-398 or indomethacin (INDO). A, Lungs were prepared for histology and were stained with H& E (X 25 magnification). Th2 recipient mice displayed
peribronchiolar and perivascular eosinophilic inflammation following challenge with OVA, which was markedly increased after treatment with NS-398.
BALF cell differential countsin Th2 (B) or Thl (C) recipients were determined by light microscopic evaluation of cytospin preparations, and the results
are expressed as absolute number of lymphocytes (Lym), eosinophils (Eos), and neutrophils (Neu). D, The level of cell-associated and soluble EPO activity
in the BALF of Th2 recipients was determined by colorimetric analysis. E, Measurement of changes in Penh in response to inhaled methacholine in Th2
recipient mice. Exaggerated increases in Penh following exposure to OV A aerosols indicate AHR. The data shown are the mean = SEM from six separate
experiments. *, p < 0.05 compared with OV A-challenged groups not treated with NSAIDs.

exposed to OVA aerosols. Treatment of recipient mice with NS-
398 or indomethacin (the latter of which blocks both COX-1 and
COX-2) markedly augmented the intensity of the eosinophilia
(Fig. 1B). In contrast, Th1 recipients developed an airway neutro-
philiathat was not significantly affected by treatment with NS-398
or indomethacin (Fig. 1C). A striking increase in the total number

of eosinophils was reflected by elevated levels of cell-associated
EPO activity in the BALF of NS-398- and indomethacin-treated
animals (Fig. 1D). Soluble EPO activity was also increased in the
BALF from treated mice, suggesting that not only does COX in-
hibition augment eosinophil numbers in the airways, but it may
also facilitate their activation and subsequent release of mediators.
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FIGURE 2. Treatment of Th2 recipient mice with NS-398 augments type 2 cytokine production in the airways following OVA inhalation. BALF levels
of IL-4, IL-5, and IL-13 from DO11.10 Thl or Th2 recipient mice were determined by ELISA. Control mice were not exposed to aerosolized OVA and
were not treated with NS-398. The data shown are the mean = SEM from five separate experiments. *, p < 0.05 compared with OV A-challenged groups

not treated with NS-398.

In addition, NS-398 treatment of Th2 recipients resulted in an in-
crease in the amount of mucus present in the BALF (41% rise
compared with mucus production by untreated mice). The number
of macrophages in the BALF of Th1l and Th2 recipients was un-
changed following OV A inhalation or treatment with the inhibitors
(data not shown). Exposure of Th2 recipients to OVA aerosols
resulted in AHR, as measured by exaggerated increases in Penh in
response to inhaled methacholine. Coincident with the increase in
inflammation, NS-398 treatment of Th2 recipients resulted in en-
hanced AHR (Fig. 1E).

Measurements of IL-4, IL-5, and IL-13 in the BALF revealed
that the levels of cytokines were markedly augmented in Th2 re-
cipients, but not Thl recipients, following OVA inhalation. Fur-
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thermore, consistent with the increase in eosinophilic inflamma-
tion, NS-398 treatment significantly elevated the production of
these cytokines in the airways of Th2 recipients (Fig. 2).

We subsequently assessed the effects of NS-398 and indometh-
acin on prostanoid biosynthesis in the airways. BALF from Thl
and Th2 recipients, before Ag inhalation, contained significant
baseline levels of PGE,, PGF,,, PGD, (Fig. 3), and TxB,, but
negligible amounts of the stable metabolite of PGI,, 6-keto-PGF, ,
(Fig. 3). The levels of these prostanoids, particularly the PGI, me-
tabolite, were markedly increased following OVA inhalation.
Treatment of Thl and Th2 recipient mice with NS-398 inhibited
production of the metabolite of PGI, (54.2 and 52.9% inhibition,
respectively), but did not affect the levels of other prostanoids (Fig.

50000 . Thi Th2
=
= 40000
™
2
5 30000
L
[L]
o 20000 |
Q
2
k4
& 10000 |

0.
- + o+ o+ - + o+ +
- - NS3%8 INDO - - NS398 INDO

12000 Thi Th2
__ 9000 -
%
= 6000
)
G
o

3000 |

04

- + + + - + + +

- - NS398 INDO - - NS398 INDO

FIGURE 3. Prostanoid synthesisin the airways following OVA inhalation and treatment with NS-398 or indomethacin. DO11.10 Th1 or Th2 recipient
mice were exposed to OVA aerosols for 6 consecutive days and were either untreated or injected daily with NS-398 or indomethacin (INDO). Control mice
were not exposed to aerosolized OVA and were not treated with NSAIDs. BALF prostanoid levels were determined by EIA. NS-398 treatment specifically
resulted in 52.9% inhibition of levels of the stable PGI, metabolite, 6-keto-PGF,,, in the BALF of Th2 recipient mice. The data shown are the mean =
SEM from six separate experiments. #, p < 0.05 compared with OV A-challenged groups not treated with NSAIDs.
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3). However, indomethacin (which irreversibly inactivates both
COX-1 and COX-2) bhlocked the biosynthesis of al prostanoids
examined. These results demonstrate that in the lung, NS-398
treatment selectively inhibits PGI, synthesis, in contrast to indo-
methacin, which blocked all prostanoid production. Consequently,
the increase in airway eosinophilia and Th2 cytokines induced by
NS-398 treatment was associated with a reduction in PGI,
synthesis.

PGl receptor is expressed on Th2 cells and serves to promote
IL-10 production

Since areduction of PGI, production is associated with an increase
in lung Th2 inflammation, but does not influence Th1l responses,
we next determined whether there was differential expression of
IP-R on Thlvs Th2 cells. Using real-time RT-PCR, the expression
of IP-R mRNA was found to be restricted to CD4* Th2, but not
Thi, cells (Fig. 4A). IP-R mRNA was not expressed by naive
(unstimulated) CD4™ T cells purified from PLN cells or by whole
PLN cells that had not been polarized. In contrast, the P815 (mas-
tocytoma) cell line, which was analyzed for comparison, constitu-
tively expressed this receptor (Fig. 4A). Both polarized Thl and
Th2 cells expressed mRNA for the appropriate cytokines (Thl
cells expressed |FN-vy, whereas Th2 cells expressed IL-4 and IL-5
mMRNA), confirming their effector phenotype (Fig. 4B). To identify
whether the expression of the receptor was regulated by cytokines,
PLN cells from DO11.10 mice were stimulated for 3 days with
OVA peptide in the presence of Th2 cytokines IL-4, IL-5, IL-6,
IL-9, IL-10, and IL-13. IP-R mRNA expression by CD4™ T cells
was evoked in the presence of IL-4 only (Fig. 4C). IL-4 was
unique in this respect, as although 1L-13 marginally increased this
expression, the effect was lost on the inclusion of aneutralizing Ab
to IL-4. Moreover, basal expression of the IP-R mRNA was lost
when anti-IL-4 (Fig. 4C), but not anti-IL-13, Ab was added to the
cultures.
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To examine the function of the IP-R on Th2 cells, PLN from
DO11.10 mice were differentiated into Thl or Th2 effector cellsby
stimulation with OVA peptide and the appropriate cytokinesin the
presence of PGI,, or its stable analog, carbaprostacyclin. Cells were
harvested on day 8 and restimulated with anti-CD3 for 48 h, and
the supernatants were analyzed for the production of cytokines.
Both PGI, and its stable analog promoted production of the anti-
inflammatory cytokine IL-10 by Th2 cells, but not by Thl cells
(Fig. 5). In contrast, the prostanoid and its analog did not affect the
levels of IL-4 and IL-5 produced by Th2 cells or of IFN-y by Thl
cells (Fig. 5). Indeed, in the absence of indomethacin in the cul-
ture, Th2 cells produced high levels of IL-10 compared with cells
cultured in the presence of indomethacin, which inhibits PGI, pro-
duction (data not shown). This implies that endogenous PGI, syn-
thesis plays an important rolein elevating IL-10 production by Th2
cells.

To address whether the inhibition of COX-2 in vivo influenced
IL-10 production at the site of Th2-mediated inflammation, we
examined BALF IL-10 levels in Th2 recipient mice that been
treated with NS-398. Treatment with the COX-2 inhibitor in-
creased the levels of IL-4, IL-5, and IL-13 in the airways (see Fig.
2), which is consistent with the elevated inflammatory response. In
marked contrast, the amount of IL-10 present in the BALF was
markedly reduced following treatment with NS-398 (Fig. 6). The
reciprocal relationship between IL-10 levels and the Th2 cytokines
in the airways is consistent with the possibility that the actions of
the COX-2-specific inhibitor are mediated at least in part by mod-
ulating 1L-10 production. Only negligible amounts of IL-10 were
present in the BALF from mice that received Thl cells.

Collectively, these results suggest that the expression of the
IP-R by Th2 cells and the ability of PGI, to augment IL-10 pro-
duction provide a mechanism by which this prostanoid may exert
an immunomodulatory function.

olL-4 IL-4 -5 L6 L9

IL-10  1L-13  IL-13
+
alL-4
Cytokine culture

FIGURE 4. Expressionof IP-RmRNA in CD4" Th2, but not Th, cells: induction by IL-4. A, Expression of IP-R mRNA by naive T cells (unpolarized)
and fully polarized Thl or Th2 cells. P815 cells, which constitutively express IP-R, were analyzed for comparison. B, Expression of cytokine mRNA by
Th1 or Th2 cells. RNA was extracted from CD4™ T cells or P815 cells and subjected to real-time quantitative RT-PCR (TagMan). Amplification efficiencies
were validated and normalized against GAPDH (housekeeping gene) values. Results are expressed as the fold difference relative to values obtained from
control (nonstimulated) cells. C, Effect of type 2 cytokines on the expression of the IP-R mRNA. Lymph node cells were cultured for 3 days with OVA
peptide and Th2 cytokine (IL-4, IL-5, IL-6, IL-9, IL-10, or IL-13) or anti-IL-4 Ab. RNA was extracted from purified CD4™ T cells and subjected to real-time
RT-PCR analysis. The results are expressed as the fold difference relative to values from cells unstimulated with cytokines (but cultured with anti-1L-4).
The data shown are the mean = SEM (n = 3) and are representative of three separate experiments. AU, arbitrary units.
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FIGURE 5. PGI, promotes IL-10 production by
Th2, but not Thl, cells. Thl or Th2 cells were polar-
ized for 8 days in the presence of OVA peptide and
either IL-12 or IL-4, respectively. PG, (5 uM/ml) or
its stable analog carbaprostacyclin (carba-PGl,; 0.5
uM/ml) was added to the cultures. After 8 days cells
were harvested and restimulated with anti-CD3 for
48 h. Supernatants from Thl and Th2 cells were an-
ayzed for the production of IL-10, IL-4, IL-5, and
IFN-y by ELISA. The data shown are the mean =
SEM (n = 3) and are representative of three separate
experiments.
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Discussion

CD4™" T cells producing the type 2 cytokines IL-4, IL-5, and IL-13
are thought to play a mgjor role in driving mucosal inflammation
in asthma. Conceivably, such chronic inflammation arises from the
dysfunction of events that normally lead to resolution of the un-
derlying T cell responses. Typically, T cells at mucosal sites are
subject to severe immune regulation, in part due to the actions of
TGF-B, IL-10, and prostanoids produced localy (5-7). Whether
the nature of such regulatory mechanisms changes following the
onset of an inflammatory response remains unclear. It is possible
that distinct mechanisms may serve to differentially regulate Thl
and Th2 effector function. In addition, arole for IL-12 and IFN-y
has been proposed in limiting pulmonary Th2 responses (18).
However, 1L-12 is most effective during the early stages of T cell
polarization, since polarized Th2 effector cells do not express the
B,-chain of the IL-12R. We propose that specific mechanisms exist
by which COX-2-derived mediators, generated during allergic in-
flammation, inhibit the responses of CD4" Th2 cells.

During an inflammatory response multiple prostanoids are gen-
erated from the oxidative metabolism of arachidonic acid by
COX-1 and COX-2 that act on arange of cell types (11, 12). It has
been previously proposed that COX-2 plays an important role in
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FIGURE 6. Effect of NS-398 treatment on IL-10 production in the air-
ways. I1L-10 levels in the BALF of Thl or Th2 recipient mice were deter-
mined by ELISA. Control mice were not exposed to aerosolized OVA and
were not treated with NS-398. The data shown are the mean = SEM from
five separate experiments. #, p < 0.05 compared with OV A-challenged
groups not treated with NS-398.
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limiting inflammatory processes (5, 19). The inhibition of COX-2
is known to augment proliferative responses in the intestine to
dietary Ag (5). This may result from COX-2 facilitating the syn-
thesis of anti-inflammatory cyclopentenone PGs, which are
thought to play arole in the resolution of inflammation (19).

Using a mouse model of pulmonary inflammation, we have
shown that following OVA inhalation, animals that received Th2
DO011.10 cells developed pronounced airway inflammation with
infiltration of eosinophils and lymphocytes, whereas recipients of
Thl cells developed pulmonary neutrophilia. Treatment with NS-
398, a COX-2-selective inhibitor, markedly augmented the inten-
sity of the eosinophiliaand AHR in the Th2 recipient mice, but did
not affect theleve of inflammation in the Thl recipients. Consistently,
IL-4, IL-5, and IL-13 production was elevated in the airways of Th2
recipients following treatment with a COX-2 inhibitor. We found
that the BALF of resting animals contained significant amounts of
prostanoids, including PGF,,, PGE,, PGD,, and TxB,, which are
thought to play an important role in maintaining homeostasis. Before
OVA inhalation the BALF contained negligible levels of the stable
metabolite of PGI,. However, the concentration of this prostanoid
was markedly elevated in Thl and Th2 recipient mice following
Ag inhalation. The inhibition of COX-2 by NS-398 treatment re-
sulted in a selective reduction in PG, synthesis in the airways.
Although the levels of other prostanoids were also increased fol-
lowing challenge, their synthesis was not affected by the COX-2
inhibitor. This implies that COX-1 is responsible for the majority
of PGs present in the BALF, which is in agreement with previous
observations using COX-1- and COX-2-deficient mice (20). More-
over, the selective inhibition of PGI, synthesis by NS-398 in the
lung is in accordance with recent reports that treatment of healthy
individuals with a COX-2-specific inhibitor resulted in marked reduc-
tion of systemic prostacyclin biosynthesis (21) and that the production
of PGI, by activated macrophages is COX-2 dependent (14).

In the present study the increase in airway Th2, but not Thi,
inflammation following treatment with the COX-2 inhibitor was
invariably associated with areduction in PGl synthesis. This sug-
gests that COX-2-specific generation of PGl, may form a mech-
anism by which inflammatory processes in the lung limit the un-
derlying Th2, but not Thl, responses. Consistent with this
observation, the PGI,, receptor mRNA was found to be expressed
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by CD4" Th2, but not by Th1 cells or unstimulated T cells. More-
over, IP-R mRNA was induced in these T cells by IL-4 following
OVA stimulation. No other Th2 cytokine was effective at inducing
IP-R mRNA transcripts. The rapid induction of the IP-R mRNA by
IL-4 suggests that thisis a direct effect of the cytokine, rather than
a consequence of the Th2 polarization process. These observations
extend the functional attributes of 1L-4 and highlight this cytokine
not only as essential for the differentiation of CD4™ Th2 cells, but
also in promoting a mechanism that limits the progression of al-
lergic inflammation. Although it is well documented that the IP-R
is abundantly expressed on platelets and medullary thymocytes
(22, 23), this is the first demonstration that activated T cells ex-
press this receptor. Collectively these findings suggest that PGI,
plays an important immunoregulatory function by limiting lung
mucosal Th2, but not Thl, responses.

We found that in vitro PGI, evoked a marked increase in the
production of IL-10 by Th2 cells, but did not affect IL-4 and IL-5
levels or the production of IFN-y by Thl cells. Conversely, treat-
ment of mice with the COX-2-specific inhibitor reduced IL-10
production in the airways of Th2 recipients. It islikely that the Th2
cells were the source of IL-10, as this cytokine was not detected in
the BALF of Thl recipients. Since the expression of IL-10 isin-
creased by agents that raise CAMP levels (24), it is possible that
thisis the mode by which the IP-R mediates its anti-inflammatory
effects. In this context both PGI, and PGE, have been shown to
elevate IL-10 production by murine peritoneal macrophages (25).
IL-10 is known to exert multiple immunosuppressive effects, in-
cluding inhibition of eosinophil migration, decreased CD80
expression and IL-5 production, and the consequent reduction in
pulmonary eosinophilic inflammation (26, 27). As such, PGI,, pro-
vides a negative feedback mechanism that limits the severity of the
Th2-mediated inflammatory response. This form of immune reg-
ulation may act solely via IL-10 or in combination with a direct
effect of PGI, on Th2 function in vivo, for example, by inhibiting
T cell chemotaxis. Certainly, other prostanoids, such as PGE,,
have been shown to exert multiple immunomodulatory effects on
T cells, including inhibition of T cell proliferation, chemotaxis,
and Fas-mediated apoptosis (28—-30). The source of PGI, in the
lungs of OV A-challenged animals is unclear; however, endothelial
cells and macrophages are known to produce large amounts of the
prostanoid (31, 32). Since PGl is highly labile, itsimmunomodu-
latory action is likely to be restricted to the site of inflammation.

PGE, synthesis at tissue sites is thought to favor the develop-
ment of Th2 responses by inhibiting IL-12 production by dendritic
cells (33). Our data extend this observation, and we propose that
local prostanoid production strongly influences the subsequent
progression of the T cell response (i.e., whether a Thl or Th2
response is favored). Although we found that PGI, is produced
during both Thl- and Th2-mediated lung inflammation, the IL-4-
dependent nature of the IP-R expression on T cellsimplies that the
immunomodulatory action of this prostanoid is limited to a Th2
inflammatory response. PGI,, by acting on Th2 cells activated in
the presence of 1L-4, would serve to limit the Th2 response. It is
possible that such regulatory mechanisms are not restricted to al-
lergic inflammation. For example, infection with the filarial hel-
minth Brugia malayi typically elicits a potent Th2-type host im-
mune response. This response is followed by the development of
aprofound T cell hyporesponsiveness whose onset is dependent on
IL-4 generated by the host (34). Interestingly, the filarial parasite
isalso capable of using arachidonic acid to generate both PGI, and
PGE, (35). Conceivably, the immune evasion displayed by this
parasite may involve the cooperation of IL-4 and COX-derived
prostanoids to elicit immune regulation.
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COX-2-specific inhibitors are a new class of drugs that have the
same anti-inflammatory and analgesic properties as aspirin and
reduce inflammation without affecting the housekeeping function
of the COX-1 products (11). In 10-15% of patients with asthma
the ingestion of aspirin precipitates a life-threatening exacerbation
of the disease. Such aspirin intolerance is associated with the re-
lease of cysteinyl leukotrienes that mediate the bronchial obstruc-
tion (36). It has been proposed that drugs that selectively inhibit
COX-2, such as celexocib and rofexocib, may be used safely by
aspirin-intolerant asthmatics (37); however, the effect of adminis-
tering these drugs to other cohorts of asthmatics has not been ex-
amined. Moreover, it has recently been reported that treatment
with celecoxib has been associated with the onset of fatal alergic
vasculitis (38). Our dataimply that during chronic alergic inflam-
mation in the lung, inhibition of COX-2 increases the inflamma-
tory reaction by ablating the immunoregulatory effects of PGI.,.
These findings thus highlight a potentia risk in the use of COX-
specific inhibitors by allergic asthmatics. Alternatively, adefect in
this novel form of immune regulation may contribute to the
chronic inflammation evident in this disease.

In summary, our observations reveal a key role for PGI, in
regulating allergic responses in the lung mucosa, possibly by act-
ing on Th2 cellsto promote IL-10 production. This study provides
important insight into the regulatory processes that limit the se-
verity of Th2-mediated inflammatory reactions. Thereisincreasing
evidence that PGs are important modulators of immunity (30), and
thus a better understanding of the multifarious activities of these
mediators is crucia for the design of novel approaches aimed at
immune intervention/modul ation.
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