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Rationale:HelperCD41Tcellsubsets, includingIL-9–andIL-10–producing
T helper cell type 9 (Th9) cells, exist under certain inflammatory condi-
tions. Cyclooxygenase (COX)-1 and COX-2 play important roles in aller-
gic lung inflammation and asthma. It is unknownwhether COX-derived
eicosanoids regulate Th9 cells during allergic lung inflammation.
Objectives: TodeterminetheroleofCOXmetabolites inregulatingTh9
cell differentiation and function during allergic lung inflammation.
Methods: COX-12/2, COX-22/2, and wild-type (WT)mice were stud-
ied in an in vivo model of ovalbumin-induced allergic inflammation
and an in vitro model of Th9 differentiation using flow cytometry,
cytokine assays, confocal microscopy, real-time PCR, and immuno-
blotting. In addition, the role of specific eicosanoids and their recep-
tors was examined using synthetic prostaglandins (PGs), selective
inhibitors, and siRNA knockdown.
Measurements andMain Results: Experimental endpoints were not dif-
ferent between COX-12/2 andWTmice; however, the percentage of
IL-91CD41T cellswas increased in lung,bronchoalveolar lavagefluid,
lymph nodes, and blood of allergic COX-22/2 mice relative to WT.
Bronchoalveolar lavage fluid IL-9 and IL-10, serum IL-9, and lung
IL-17RB levels were significantly increased in allergic COX-22/2 mice
or in WT mice treated with COX-2 inhibitors. IL-9, IL-10, and IL-17RB
expression in vivo was inhibited by PGD2 and PGE2, which also re-
duced Th9 cell differentiation of murine and human naive CD41 T
cells in vitro. Inhibition of protein kinase A significantly increased Th9
cell differentiationofnaiveCD41Tcells isolated fromWTmice in vitro.
Conclusions: COX-2–derived PGD2 and PGE2 regulate Th9 cell differ-
entiation by suppressing IL-17RB expression via a protein kinase
A–dependent mechanism.
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Asthma is one of the most common diseases in the world, and sub-
stantially impacts public health, especially in developed nations.
Asthma is characterized by reversible airflow obstruction, bronchial
hyperresponsiveness, and airway inflammation. CD41 T helper cells
play a pivotal role in the pathogenesis of asthma (1–4). CD41 T
helper cell subsets, which include T helper cell type 1 (Th1), Th2,
and Th17 cells, are key components of the adaptive immune
response in rodents and humans (1, 5–7). Allergic responses in
the lung are traditionally thought of as being Th2 mediated; how-
ever, recent studies have shown that IL-9 contributes to allergic
responses by promoting mast cell expansion and production of
IL-13, which stimulates the release of mucus and contributes to
airway hyperresponsiveness (1, 5, 8, 9). Serum IL-9 levels, which
correlate with symptom severity in patients with allergic rhinitis,
depend on exposure to a causal allergen (10–14). Similarly, during
the effector phase of food allergy, IL-9 promotes mastocytosis,
which increases intestinal permeability (15).

Recently, a distinct CD41 T helper cell subtype that produces
IL-9 was described and termed Th9 (16–19). The most definitive
work that supports the existence and functional relevance of Th9
cells in vivo comes from a study of mice with T cell–specific
deletion of the transcription factor, PU.1 (20). These mice have
wild-type (WT) levels of Th2 cells, but do not develop IL-9–
dependent allergic lung inflammation, and have low levels of
IL-9 in bronchoalveolar lavage fluid (BALF). At least in this
model, PU.1 appears to be crucial for Th9 cell differentiation.
IFN-regulatory factor (IRF) 4 has also been shown to be im-
portant for development and function of the Th9 cell subset
(21). Generation of Th9 cells is dependent on transforming
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Cyclooxygenase (COX) enzymes are known to be regulators
of T helper cell type 1 (Th1), Th2, and Th17 cells in allergic
lung disease; however, it is not known whether COX-1– or
COX-2–derived eicosanoids regulate Th9 cell function, or
the mechanisms involved.

What This Study Adds to the Field

This study identifies COX-2 as a key negative regulator of
Th9 cell differentiation and function in allergic lung in-
flammation via an autocrine loop that involves prostaglandin
(PG) D2 and PGE2 suppression of IL-17RB through protein
kinase A signaling.
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growth factor (TGF)-b and IL-4, and the addition of IL-25
further increases the production of IL-9 (16). Mice deficient in
IL-25 or IL-17RB, the cell surface receptor for IL-25, have re-
duced airway inflammation and produce Th9 cells with decreased
IL-9 expression in a model of allergic asthma (22–26). Other
cytokines have additive effects in promoting Th9 cell generation
in the presence of TGF-b and IL-4 in vitro (22); however, many
of these reports are conflicting, and the precise molecular mech-
anisms involved in the regulation of Th9 cell development remain
enigmatic.

Cyclooxygenase (COX)-1 and COX-2 are responsible for
conversion of arachidonic acid to bioactive eicosanoids, including
prostacyclin, thromboxane, and various prostaglandins (PGs),
which signal through specific G protein–coupled receptors
(GPCRs) (27). COX-1 is constitutively expressed in most tis-
sues, whereas COX-2 is inducible and primarily responsible for
the formation of PGs in immune cells such as macrophages. In
response to infection and injury, COX-2 plays an important role
in inflammation, tissue damage, and tumorigenesis (28–31). Im-
portantly, expression of COX-2 is up-regulated during allergic
lung inflammation in animal models and in humans with
asthma (32, 33). COX-2 is involved in the regulation of Th1
and Th2 balance, and our recent data indicates that COX-2 acts
as a key regulator of Th17 cell differentiation and function (34,
35). It is unknown whether COX-2 is also involved in Th9 dif-
ferentiation or function.

In this study, we investigated the roles of both COX isoforms in
Th9 cell differentiation and function during allergic lung inflam-
mation. Using COX-1– and COX-2–deficient mice and siRNA
knockdown strategies, we examined the signaling pathways that
control Th9 differentiation. Our results indicate that COX-2 neg-
atively regulates Th9 differentiation from naive CD41 T cells
during allergic lung inflammation via a mechanism that involves
PGD2 and PGE2 signaling through their cognate receptors and
down-regulation of IL-17RB. We further show that human Th9
cell differentiation is also regulated by COX-2–derived eicosanoids.
Defining the role of COX-2–derived PGs in Th9 cell differentiation
may lead to development of new therapeutic approaches for
asthma and other allergic diseases.

METHODS

Reagents and Animal Handling

A full listing of antibodies, eicosanoids, chemicals, and inhibitors used can
be found in the METHODS section of the online supplement. All animal
experiments were performed according to National Institutes of Health
guidelines and were approved by the National Institute of Environmen-
tal Health Sciences Animal Care and Use Committee. The 6- to 10-
week-old male COX-12/2, COX-22/2, and WT littermate control mice
on a hybrid C57BL/6J x 129P2/OlaHsd genetic background were pur-
chased from Taconic (Germantown, NY). Male EP22/2 (6–10 wk old)
mice were purchased from the Jackson Laboratory (Bar Harbor, ME).

Ovalbumin-induced Allergic Airway Inflammation Model

Mice were immunized with ovalbumin (OVA) or vehicle (adjuvant) by
intraperitoneal injection on Days 0 and 1; 14–21 days later, mice were
exposed to 1% OVA in sterile saline (or to saline vehicle only) via
inhalation for 30 minutes per day for 4 consecutive days. PGD2 and/or
PGE2 were delivered 1 week before OVA exposure via subcutaneously
implanted osmotic minipumps (model 1004; Alzet, Cupertino, CA).
Mice were killed for tissue collection 48 hours after the last OVA
exposure to collect BALF, blood, and tissues. Staining of lung tissue,
analysis of cytokines, and determination of eicosanoid levels were per-
formed.

Lung and spleen CD41 T cells were isolated with MACS CD41 T cell
isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany). Naive
CD41 T cells were isolated using the CD41 CD62L1 isolation kit (cat

no. 130-093-227; Becton Dickinson, Franklin Lakes, NJ) to obtain cells of
greater than 95% purity. Cell sorting was performed to obtain a popula-
tion of naive CD41 T cells of greater than 99% purity. Cells were cultured
in the presence of anti-CD3, anti-CD28, anti-IFNg, IL-4, and TGF-b to
induce Th9 differentiation. A description of lung staining, analysis of
cytokines, and determination of eicosanoid levels are contained in the
online supplement.

In Vitro Treatment and Analyses

After Th9 differentiation from naive CD41 T cells with TGF-b and
IL-4, cells were fixed and stained for IL-9 and IL-10 cytokines and/or
the prostanoid receptor subtypes EP1–EP4, DP1, DP2, FP, and IP. For
some experiments, CD41 T cells were transfected with siRNAs tar-
geted to the EP1, EP3, EP4, DP1, DP2, or IL-17RB receptors using
mouse T cell Nucleofector solution (Amaxa, Cologne, Germany). To-
tal RNA was isolated using the RNeasy mini kit (Qiagen, German-
town, MD) and cDNA was synthesized with the High Capacity cDNA
Archive Kit (Applied Biosystems, Carlsbad, CA). Luciferase reporter
constructs were transfected into Jurkat T cells. At 24 hours after trans-
fection, cells were treated with 1 mM PGE2 or vehicle for 4 hours.
Luciferase activity was detected using the Dual-Luciferase Reporter
Assay System (Promega, Madison, WI). Human CD41 T cells were
isolated from blood collected under a protocol that was approved by
the National Institute of Environmental Health Sciences Institutional
Review Board and stained for Th9 and Th2 markers. Additional
details, primers, and TaqMan primer/probe sets are listed in the METHODS

section of the online supplement.

Statistical Analysis

Data are presented as means (6SEM). Statistical comparisons among
treatment groups were performed by randomized-design two-way
ANOVA, followed by the Newman-Keuls post hoc test for more than
two groups, or by unpaired Student’s t test for two groups using Prism
software (GraphPad Inc., La Jolla, CA), as appropriate. Statistical sig-
nificance was defined as a P value of less than 0.05.

RESULTS

COX-22/2 Mice Have Enhanced Lung Th9 Cell Responses

to Allergen Exposure

To investigate the role of COX isoforms in regulating Th9 cell dif-
ferentiation during allergic lung inflammation, we exposed COX-
12/2, COX-22/2, and WT control mice to the allergen OVA.
After OVA sensitization/exposure, the percentage of Th9 cells
(IL-91 CD41) was significantly increased in lung (7.7 6 0.8 ver-
sus 4.0 6 0.5%), BALF (5.4 6 0.5 versus 3.9 6 0.4%), lymph
nodes (21.1 6 5.8 versus 12.4 6 3.9%), and blood (16.7 6 1.0
versus 12.16 0.6%) of COX-22/2 mice compared with WT mice
(P , 0.05 for all). The total number of Th9 cells in lung, BALF,
lymph nodes, and blood was also dramatically increased in COX-
22/2 mice (see Figure E1B in the online supplement; P, 0.05 for
all), but not COX-12/2 mice (Figure E1C), relative to WT con-
trols. Consistent with these findings, BALF IL-9 (84.1 6 11.4
versus 53.5 6 4.0 pg/ml), IL-10 (4.8 6 0.6 versus 3.5 6
0.3 pg/ml), and serum IL-9 (787 6 144 versus 295 6 49 pg/ml)
levels were increased in COX-22/2 mice relative to WT control
animals (Figure 1B, P, 0.05 for all). Interestingly, levels of IL-10
were not significantly increased in the serum of COX-22/2 mice.
A similar increase in Th9 differentiation was observed after treat-
ment with selective COX-2 inhibitors in vivo (Figures 1C and
1D), which further confirms that COX-2 plays an essential role
in regulating Th9 cells during allergic lung inflammation.

To determine the localization of Th9 cells during allergic lung
inflammation, adjacent lung tissue sections were stained with anti-
bodies against CD4, IL-9, and IL-10. Th9 cells (IL-91 IL-101

CD41) were more abundant in arterioles, alveoli, venules, lymph
nodes, interstitium, and bronchi of allergic COX-22/2 mice
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Figure 1. Increased T helper cell type 9

(Th9) cells in lung, bronchoalveolar la-

vage fluid (BALF), lymph nodes, and
blood of cyclooxygenase (COX)-22/2

mice after ovalbumin (OVA) sensitization/

exposure in vivo. (A) COX-21/1 and
COX-22/2 mice (n ¼ 14 each) were sensi-

tized with OVA in adjuvant. At 15–18 days

later, mice were exposed to inhaled OVA

for 4 consecutive days. The percentages of
IL-91 CD41 T cells in lung, BALF, lymph

nodes, and blood from COX-21/1 and

COX-22/2 mice were analyzed by flow

cytometry 48 hours after the last OVA ex-
posure. (B) IL-9 and IL-10 concentrations

in BALF and blood were measured a Bio-

Plex assay 48 hours after the last OVA ex-
posure. (C) Schematic of COX-2 inhibitor

experiment. Wild-type (WT) mice were

treated with the selective COX-2 inhibi-

tors, NS-398, CAY10404, and SC-58125,
from Day 13 to Day 19 after OVA sensiti-

zation. (D) The percentages of IL-91 CD41

cells were dramatically increased in the

lungs and BALF of COX-2 inhibitor–treated
mice (n¼ 5–6). (A, B, and D) Lines indicate

the mean, and each symbol (COX-21/1,

filled squares; COX-22/2, open squares)

represents an individual mouse. (E and F)
Th9 cells in mouse lung tissue sections

were visualized by immunofluorescent

staining using anti–IL-9, anti–IL-10 (labeled
with Alexa Fluor 376), and anti-CD4 anti-

bodies (labeled with Alexa Fluor 488). The

control image is from a mouse that did not

receive OVA. All images are shown at orig-
inal magnification ¼ 360; numerical aper-

ture ¼ 1.4; scale bars¼ 25 mm. Results are

representative of at least five independent

experiments. (G) Quantitation of the num-
ber of IL-91 IL-101 CD41 T cells in various

lung compartments (n ¼ 5–10). *P, 0.05

versus COX-21/1.
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compared with allergic WT mice (Figures 1E–1G). Th9 cells were
not observed in the lungs of mice that were not sensitized/exposed
to OVA (Figure 1F). Together, these data indicate that Th9 cell
numbers are significantly increased in the inflammatory loci of
allergic COX-22/2 mice relative to WT mice, and that Th9 cells
localize to sites of allergic lung inflammation.

COX-2 Expression Is Regulated by IL-4 and TGF-b In Vitro

To examine COX expression during conditions that support Th9
cell differentiation in vitro, CD41 CD62L1 naive T cells were
isolated from WT mice and incubated with 3 mg/ml anti-CD3,
1 mg/ml anti-CD28, and various amounts of TGF-b and/or IL-4.
IL-4 treatment inhibited COX-2 expression (Figures 2A and 2C),
whereas TGF-b treatment increased COX-2 expression in a con-
centration-dependent manner (Figures 2B and 2D). These results
are consistent with previous studies in dendritic cells (36). The
combination of IL-4 (10 ng/ml) and TGF-b (10 ng/ml), which
induced Th9 cell differentiation of naive T cells in vitro, did
not significantly alter expression of COX-1, and had variable
effects on COX-2 expression (Figures 2E–2H). These data sug-
gest that the coordinate regulation of COX-2 by TGF-b and IL-4
might play an important role in Th9 cell differentiation.

COX-22/2 Naive CD41 T Cells Exhibit Increased

Th9 Differentiation In Vitro

To examine the role of COX-2 in Th9 cell differentiation in vitro,
we treated WT and COX-22/2 naive CD41 T cells isolated from
mouse spleens with anti-CD3, anti-CD28, and the Th9-inducing
cytokines, TGF-b and IL-4, and quantified the number of IL-91

CD41 T cells by flow cytometry (Figure 2I). Interestingly, we
observed that 15.2 (61.7)% of COX-22/2 naive CD41 T cells
differentiated into Th9 cells, compared with only 10.2 (61.9)%
of WT naive CD41 T cells (Figure 2J). Consistently, the selec-
tive COX-2 inhibitor, NS-398, also enhanced Th9 cell differen-
tiation of WT naive CD41 T cells in vitro (Figure 2K).

Th9 cell lineage markers (IL-9, IL-10, PU.1, and IRF4) were
significantly increased after treatment of COX-22/2 naive CD41

T cells with TGF-b and IL-4 relative to WT cells (Figure 2L). In
contrast, Th2 lineage markers (IL-4 and GATA3) were similar in
WT and COX-22/2 naive CD41 T cells after treatment with TGF-b
and IL-4 (Figure E2). Together, these results indicate that COX-2
is a negative regulator of Th9 cell differentiation, and confirm
that the increased IL-9 production after treatment with TGF-b
and IL-4 was mainly from Th9 cells, rather than Th2 cells.

COX-2 Inhibits Th9 Cell Differentiation through PGD2

and PGE2 Signaling

To explore themolecularmechanisms by which COX-2 regulates
Th9 cell differentiation, eicosanoid levels in supernatants of na-
ive CD41 T cells and in vitro–differentiated Th9 cells from WT
and COX-22/2 mice were measured by liquid chromatography/
tandem mass spectrometry. As we have previously published
(34), PG levels were low in naive CD41 T cells and not signif-
icantly different between the two genotypes (Figure 3A). Levels
of PGE2 and PGD2 increased significantly with Th9 cell differ-
entiation in cells from WT mice. Importantly, levels of PGE2

were reduced in Th9 cells differentiated from CD41 T cells
isolated from COX-22/2 mice relative to WT mice (Figure
3A). These data suggest that PG production is increased during
Th9 differentiation, and that COX-2 is critical for optimal PGE2

production in Th9 cells.
We then incubated naive CD41/CD62L1 T cells from WT

mice with PGD2, PGE2, PGF2a, or PGI2 during Th9 differentia-
tion. PGD2 and PGE2, but not PGF2a or PGI2, inhibited Th9 cell

differentiation in vitro in a concentration-dependent manner (Fig-
ures 3B and 3C and Figure E3). A role for PGD2 and PGE2 in the
regulation of Th9 cell numbers in vivo was further confirmed in
allergic COX-22/2 mice treated with synthetic PGD2, PGE2, or
a combination of the two prostanoids via osmotic minipumps. Th9
cell numbers were significantly reduced in lungs, BALF, lymph
nodes, and blood of these mice compared with those treated with
vehicle (Figures 3D and 3E). Taken together, these data suggest
that COX-2–derived PGD2 and PGE2 inhibit Th9 cell differenti-
ation in vitro and in the allergic lung in vivo.

PGD2 and PGE2 Regulate Th9 Cell Differentiation through

Down-regulation of IL-17RB

Recent studies have identified a role for IL-25 in the regulation of
Th9 cells (22). IL-25/IL-17RB signaling promotes IL-9 expression
through a mechanism that is independent of endogenous IL-4
production from differentiating T cells, but dependent upon
endogenous TGF-b (22). To identify the signaling mechanisms
involved in the regulation of Th9 cell differentiation by COX-2–
derived PGs, we examined expression of IL-17RB and IL-25 dur-
ing Th9 cell differentiation from WT and COX-22/2 naive CD41

T cells, and also studied the effects of PGs on these endpoints.
IL-17RB expression was significantly increased in Th9 cells differ-
entiated from COX-22/2 naive CD41 T cells compared with WT
cells (Figure 4A). Treatment of naive CD41 T cells from COX-
22/2 mice with either PGD2 or PGE2, but not PGF2a or PGI2,
markedly inhibited IL-17RB expression, but had no significant
effect on IL-25 levels (Figures 4B and 4C). siRNA knockdown
of IL-17RB during Th9 cell differentiation prevented the increase
in IL-9 in COX-22/2 naive CD41 T cells (Figure 4D). In addition,
CD41 T cells isolated from WT mice exhibited increased expres-
sion of IL-17RB, IL-9, and IL-10 after OVA exposure (Figure
4E). In CD41 T cells isolated from lungs of allergic COX-22/2

mice, IL-17RB expression was significantly increased compared
with WT mice (Figure 4F). IL-17RB1 IL-91 CD41 T cells were
also increased at inflammatory loci in COX-22/2 lungs relative to
WT lungs after OVA exposure (Figure 4G).

To determine the molecular mechanisms through which PGE2

and PGD2 signaling inhibit IL-17RB expression, we interrogated
the mouse IL-17RB promoter using a series of luciferase re-
porter constructs (Figure E4). cAMP response element (CRE)
binding protein (CREB) is a transcription factor that binds to
CREs and regulates transcription of a number of downstream
genes. Two consensus CRE sites were identified in the IL-17RB
promoter at positions 21.771 kb and 23.894 kb relative to the
transcription start site. In T cells transfected with luciferase
constructs containing the proximal CRE element, PGE2 de-
creased luciferase activity compared with vehicle-treated cells.
In contrast, the response to PGE2 was attenuated in a truncation
mutant that lacked the proximal CRE element (plasmid
IL17RB.1.1kb). Importantly, when the proximal CRE element
was specifically mutated (plasmid IL17RB-CREB-3.3kb), PGE2

treatment resulted in increased luciferase activity. Based on
these data, we conclude that PGE2 negatively regulates the
IL-17RB promoter through the proximal CRE site. Consistent
with its suppression of endogenous IL-17RB expression (Figure
4B), PGD2 treatment resulted in suppression of IL-17RB promoter
activity (Figure E4). Importantly, deletion of the proximal CRE
site of IL-17RB promoter significantly increased luciferase
activity, suggesting that PGD2 may act through a CREB-dependent
pathway. PGD2–DP2 signaling can activate phosphoinositide-
3-kinase signaling, may activate CREB in a protein kinase
(PK) A–independent manner, or may act on critical pathway
components in addition to IL-17RB. Our data suggest that PGD2

suppression of Th9 differentiation is PKA independent.
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Figure 2. Increased T helper cell type 9

(Th9) differentiation in cyclooxygenase

(COX)-22/2 naive T cells in vitro. (A, B,

E, and F) Naive CD41 T cells were isolated
from wild-type (WT) mice and differenti-

ated in vitro with anti-CD3, anti-CD28,

IL-4 (10–30 ng/ml), and transforming
growth factor (TGF)-b1 (10–30 ng/ml)

for 3–5 days. CD41 COX-11 and CD41

COX-21 T cells were analyzed by flow

cytometry. (C, D, G, and H) COX-1 and
COX-2 mRNA levels were detected by RT-

PCR in the experiments in (C and D) and

(G and H). Results are representative of

three independent experiments. (I and J)
Naive CD41 T cells were sorted from WT

and COX-22/2 mice, differentiated in the

presence of anti-CD3, CD28, TGF-b, and

IL-4 for 3–5 days in vitro, and the percen-
tages of IL-91/CD41 T cells were analyzed

by flow cytometry. Th9 cell differentiation

was significantly increased in COX-22/2

cells relative to WT (n ¼ 6 each). (K) Incu-

bation of WT naive CD41 T cells with

NS-398 also increased Th9 cell differentia-

tion in vitro. (L) mRNA levels of IL-9, IL-10,
PU.1, and IFN-regulatory factor (IRF) 4

were detected by real-time RT-PCR in na-

ive CD41 T cells and in vitro–differentiated

Th9 cells (n ¼ 6). *P , 0.05 versus WT.
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Figure 3. Cyclooxygenase (COX)-2–derived pros-

taglandins (PGs) regulate T helper cell type 9

(Th9) differentiation in vitro. (A) Eicosanoid levels

in supernatants of naive CD41 T cells and differentiated
Th9 cells from COX-21/1 and COX-22/2 mice were

measured by liquid chromatography–tandem mass

spectrometry (n ¼ 5 per group; *P , 0.05). (B)
Naive CD41 T cells were cultured with anti-CD3,

anti-CD28, anti–INF-g, IL-4, and transforming

growth factor (TGF)-b in the presence or absence

of PGD2, PGE2, PGF2a, or PGI2 (1 mM each). Th9
differentiation from naive CD41 T cells was exam-

ined by RT-PCR. Results are representative of at

least three independent experiments. *P , 0.05

versus vehicle. (C) Th9 differentiation, as above,
was measured in the presence of increasing con-

centrations of PGD2 and PGE2, *P , 0.05 versus

vehicle. (D) Schematic of in vivo minipump exper-

iment. Alzet minipumps filled with either PGD2,
PGE2, or the combination of PGD2 and PGE2 were

implanted into sensitized COX-22/2 mice from Day

13 to Day 20. (E) Sensitized mice were exposed to
ovalbumin (OVA) daily for 4 days. At 48 hours after

the last OVA exposure, mice were killed and the

percentages of IL-91 CD41 T cells in lung, bron-

choalveolar lavage fluid (BALF), lymph nodes, and
blood were determined by flow cytometry (n ¼
4–5; *P, 0.05 versus saline containing minipump).

Lines indicate the mean, and each symbol repre-

sents an individual mouse.
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Thus, whereas the PKA inhibitor, H89, promoted Th9 cell
differentiation in vitro, PGD2 strongly inhibited Th9 differ-
entiation, even in the presence of H89 (Figure E4). To-
gether, these findings indicate that PGD2 inhibits Th9
differentiation through a CREB-dependent, PKA-independent
mechanism.

Regulation of Th9 Cell Differentiation by PGD2 and PGE2
Is Mediated through Prostanoid Receptors

To determine whether PGs regulate Th9 cell differentiation
through their cognate receptors, we first identified the receptors that
were expressed in naive CD41 T cells and in vitro–differentiated
Th9 cells from WT and COX-22/2 mice. Each of the prostanoid
receptors were expressed at similar levels in naive CD41 T cells
from WT and COX-22/2 mice, as assessed by flow cytometry.
Interestingly, the expression of EP2, EP3, and EP4 receptors was
increased in Th9 cells differentiated from both WT and COX-22/2

naive CD41 T cells, but, again, there were no differences be-
tween the two genotypes (Figure 5A). EP2 and EP4 receptor
transcripts were up-regulated in differentiated Th9 cells from both

WT and COX-22/2 mice (Figure E5). DP1 receptors were detected
on less than 1% of naive CD41 T cells and Th9 cells, whereas DP2
receptors were more widely expressed (Figure 5A). DP1 receptor
transcripts were down-regulated, whereas DP2 receptor transcripts
were up-regulated, during Th9 differentiation in vitro (Figure E5B).

To elucidate further the role of specific prostanoid receptors
in Th9 cell differentiation, we examined the effects of DP and EP
receptor agonists/antagonists and siRNA knockdown in vitro.
Th9 cell differentiation from naive CD41 T cells was signifi-
cantly increased in the presence of the TP/DP2 receptor antag-
onist, BAY-u3405, or the EP1–3/DP1 receptor antagonist,
AH6809 (Figure 5B). The DP2-selective agonist, 15(R)-PGD2,
strongly suppressed Th9 differentiation, whereas the DP1-
selective agonist, BW246C, had no significant effect (Figure
E5C). Likewise, DP1 receptor siRNA treatment did not alter
Th9 cell differentiation, whereas knockdown of the DP2, EP2,
or EP4 receptors significantly increased Th9 cell differentiation
in vitro (Figure 5C and Figure E6). Consistent with these data,
we observed an increase in Th9 cell differentiation from naive
CD41 T cells isolated from EP22/2 mice compared with cells
isolated from WT mice (Figure 5D).

Figure 4. Cyclooxygenase (COX)-2–derived prosta-
glandins (PGs) inhibit T helper cell type 9 (Th9) differ-

entiation through down-regulation of IL-17RB. (A)

Naive CD41 T cells from COX-21/1 and COX-22/2

mice were differentiated into Th9 cells and IL-17RB
mRNA levels were assayed by real-time RT-PCR. (B

and C) The effects of PGD2, PGE2, PGF2a, and PGI2
(1 mM each) on IL-25 and IL-17RB levels was examined
by RT-PCR and real-time RT-PCR (n ¼ 5; *P , 0.05

versus vehicle). (D) Naive CD41 T cells from wild-type

(WT) mice were transfected with IL-17RB receptor siR-

NAs or control siRNA. Transfected cells were then dif-
ferentiated in the presence of anti-CD3, anti-CD28,

anti–INF-g, IL-4, and transforming growth factor

(TGF)-b for 5 days. Levels of IL-9 and IL-17RB relative

to GAPDH were determined by real-time RT-PCR (n ¼
3; *P , 0.05 versus control siRNA). (E) WT mice were

sensitized and exposed to ovalbumin (OVA), after

which lung CD41 T cells were isolated and levels of
IL-9, IL-10, and IL-17RB mRNAs were determined by

real-time RT-PCR. (F) Levels of IL-17RB in allergic

COX-22/2 and WT mice by real-time RT-PCR. (G)

Immunofluorence staining of lungs from COX-21/1

and COX-22/2 mice with anti–CD41-phycoerythrin,

anti–IL-17RB–fluorescein isothiocyanate and anti–IL-9–

antigen-presenting cells after OVA exposure. IL-17RB-

positive Th9 cells are increased in inflammatory loci
of COX-22/2 lungs. Scale bars ¼ 50 mm. GAPDH ¼
glyceraldehyde-3-phosphate dehydrogenase.
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Figure 5. Regulation of T helper cell type
9 (Th9) cell differentiation is mediated

through prostanoid receptors. (A) The per-

centage of prostanoid receptor (EP1, EP2,

EP3, EP4, DP1, DP2, FP, and IP)–positive
naive CD41 T cells and in vitro differenti-

ated Th9 cells from cyclooxygenase

(COX)-21/1 and COX-22/2 mice was de-

termined by flow cytometry. Lines indicate
the mean, and each symbol (COX-21/1,

filled squares; COX-22/2, open squares)

represents an individual mouse. (B) The
effects of the TP/DP2 receptor antagonist,

BAY-u3405, or the EP1–3/DP1 receptor

antagonist, AH6809, on Th9 differentia-

tion of naive CD41 T cells were investi-
gated by real-time RT-PCR (n ¼ 3; *P ,
0.05 versus vehicle). (C) Naive CD41

T cells from wild-type (WT) mice were

transfected with DP1, DP2, EP2, or EP4
receptor siRNAs, or control siRNA. Trans-

fected cells were then differentiated in the

presence of anti-CD3, anti-CD28, anti–

INF-g, transforming growth factor (TGF)-
b, and IL-4 for 5 days and the percentage

of Th9 cells was analyzed by flow cytom-

etry (n ¼ 3; *P , 0.05 versus control
siRNA). (D) Th9 cell differentiation of naive

CD41 T cells isolated from EP2 receptor

knockout mice and WT controls were in-

vestigated by flow cytometry and RT-PCR
(n ¼ 5; *P , 0.05 versus WT). (E) Two

different protein kinase A (PKA) inhibitors

(H89 and Rp-cAMPs) significantly increase

Th9 cell differentiation, as measured by
IL-9 and IL-10 expression in vitro (n ¼ 3;

*P , 0.05 versus vehicle).
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Activation of EP2 andEP4 receptors increases cAMP (Figure
E7) leading to activation of cAMP-dependent PKA which acti-
vates CREB. We found that inhibition of PKA by H89 or
Rp-cAMPs significantly increased Th9 cell differentiation of
naive CD41 T cells isolated fromWT mice in vitro, as measured
by IL-9 and IL-10 mRNA levels (Figure 5E). Taken together,
these results indicate that COX-2–derived PGE2 activates EP2
and/or EP4 receptors to regulate Th9 cell differentiation via
a mechanism that involves activation of PKA.

Human Th9 Cell Differentiation Is Also Regulated

by COX-2–derived Prostanoids

Studies have shown that IL-9 is involved in the pathogenesis of
human asthma (8, 10, 22, 37–40). Indeed, monoclonal antibodies
to IL-9 are currently being evaluated in asthma clinical tri-
als (41). To test whether COX-2–derived PGs could regulate
human Th9 cell differentiation, we isolated naive CD41 T cells
from peripheral blood of healthy volunteers and differentiated
them to Th9 cells ex vivo with anti-CD3, anti-CD28, IL-4, and
TGF-b in the presence or absence of PGs. PGD2 and PGE2, but
not PGF2a or PGI2, significantly reduced the percentage of Th9
cells and decreased levels of IL-9 and IL-10 mRNAs (Figures
6A and 6B). Interestingly, subjects with mild to moderate
asthma had significantly more circulating Th9 cells compared
with age- and sex-matched control subjects without asthma
(Figure 6C and Table E1). Thus, human Th9 cell differentiation
is also regulated by COX-2–derived eicosanoids.

DISCUSSION

Th9 cells are a unique subset of effector T cells distinct from Th1,
Th2, and Th17 cell subsets (1). Th9 cells secrete IL-9 and IL-
10, which have been reported to play important roles in the
pathogenesis of asthma in humans (39, 40). COX-derived eico-
sanoids are known to regulate inflammatory responses, and we
recently reported that COX-2 regulates Th17 cell differentiation

and function (34, 42). In the current study, we investigated the
roles of COX-1 and COX-2 in regulating Th9 cell differentiation
and function in allergic lung inflammation. Our main finding is
that COX-2, but not COX-1, is a critical negative regulator of
Th9 cell differentiation and IL-9 production during allergic lung
inflammation. COX-2–derived PGD2 and PGE2 act through DP2
and EP2/4 receptors to down-regulate IL-17RB expression
in CD41 T cells and suppress Th9 cell differentiation. Our stud-
ies reveal key mechanistic pathways involved in regulation of
COX-2, activation of PG signaling, and modulation of transcrip-
tion factors that coordinate Th9 cell differentiation of naive
CD41 T cells.

Th9-inducing cytokines, TGF-b and IL-4, had opposing
effects on COX-2 expression in CD41 T cells. COX-2 expres-
sion was promoted by TGF-b and inhibited by IL-4 during Th9
differentiation. This is consistent with published data that IL-4
suppressed COX-2 expression in dendritic cells (36). IL-4 addi-
tion enhanced Th9 cell differentiation and IL-9 production,
which may be due, at least in part, to suppression of COX-2–
derived PGs and downstream signaling. Thus, an important
function of IL-4 may be to attenuate COX-2 expression to allow
for efficient Th9 differentiation.

The role of COX-2–derived PGs in lung immunity and asthma
is complex. PGD2 production is induced by allergens and is re-
leased by mast cells during asthma attacks (43). PGD2 causes
several proinflammatory effects in the lung, including broncho-
constriction and eosinophilia (44). In contrast, PGE2 has protec-
tive effects in models of allergic inflammation by suppressing
bronchoconstriction, eosinophilia, and T cell proliferation (45).
PGE2 may also act through down-regulation of PGD2 synthesis
to achieve these effects (45). We previously showed that COX-
22/2 mice have increased antigen-induced lung inflammation,
which suggested a loss of PGs that have a protective role in the
lung (35). Consistent with those findings, we found that levels of
PGE2 were significantly reduced in differentiating T cells from
COX-22/2 mice. Loss of COX-2–derived PGs led to increased
Th9 cell differentiation and IL-9 secretion, which may then

Figure 6. Human T helper cell type 9 (Th9) cell differ-

entiation is regulated by cyclooxygenase (COX)-2–

derived prostanoids. (A) Naive CD41 T cells were

isolated from peripheral blood of normal human vol-
unteers and differentiated in vitro in the presence of

anti-CD3, anti-CD28, anti–INF-g, IL-4, and transform-

ing growth factor (TGF)-b, in the presence or absence

of prostaglandin (PG) E2, PGD2, PGF2a, and PGI2 (1
mM each). The percentage of Th9 cells was measured

by flow cytometry (n ¼ 5; *P , 0.05). (B) IL-9 and IL-

10 mRNA levels in Th9 cells differentiated from human

naive CD41 T cells were measured by real-time RT-PCR
(n ¼ 5; *P , 0.05 versus vehicle). (C) Percentage of

Th9 cells isolated from peripheral blood of individuals

with and without asthma was analyzed by flow cytom-
etry (n ¼ 5; *P , 0.05). (D) Proposed mechanisms

for regulation of Th9 cell differentiation by COX-2–

derived PGs. Binding of PGD2 and PGE2 to DP2, EP2,

and EP4 prostanoid receptor subtypes on CD41 T
cells leads to decreased IL-17RB expression. This

results in less up-regulation of PU.1 and IFN-regula-

tory factor (IRF) 4 transcription factors, which leads to

less induction of IL-9 expression and reduced Th9 cell
differentiation. Act1 ¼ NF-kB activator 1; CREB ¼ cAMP

response element binding protein; IP3 ¼ inositol tri-

phosphate; TAK1 ¼ transforming growth factor-
b–activated kinase 1; TRAF6 ¼ TNF receptor–associated

factor 6; TXA2 = thromboxane A2.
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contribute to the lung inflammation and eosinophilia observed
in COX-22/2 mice (35, 40).

We identified the specific DP and EP receptors and signaling
pathways involved in inhibition of Th9 cell differentiation by
COX-2–derived eicosanoids. PGD2 is known to signal through
two GPCRs, DP1 and DP2 (also known as CRTH2 or GPR44)
(43, 46, 47). The DP1 receptor is coupled to a Gs protein and
mediates the activity of mast cell–derived PGD2 in asthma and
other allergic diseases (48). The DP2 receptor couples to Gi

protein and mediates chemotaxis of Th2 lymphocytes and eosi-
nophils (43). PGE2 signals through four GPCRs, EP1–EP4. Ac-
tivation of EP2 and EP4 receptors is linked to Gs proteins,
which stimulate cAMP production (45). PGD2 and PGE2 recep-
tors are either constitutively expressed in CD41 T cells or are
induced by TGF-b and IL-4 (34). Knockdown of DP2, EP2, and
EP4 receptor expression in naive CD41 T cells by siRNA sig-
nificantly increased Th9 cell differentiation. The role of EP2
was further confirmed using EP2-deficient mice. Although pre-
vious studies with knockout mice or receptor antagonists revealed
that these receptors can influence asthma and allergy phenotypes
(43, 49), our data provide additional mechanistic insights into how
these receptors influence the immune response to allergens. PGE2

receptor activation suppressed Th9 cell differentiation through
activation of cAMP/PKA–dependent signaling, as both Rp-cAMPs
and H-89 significantly increased IL-9 and IL-10 production.
Taken together, our results show that the increased Th9 cell dif-
ferentiation observed in COX-22/2 CD41 T cells is due to de-
creased PGE2 and/or PGD2 signaling through their respective
cognate receptors.

Our results define the precise molecular mechanisms underlying
the regulation of Th9 cell differentiation by COX-2–derived PGs.
During Th9-inducing conditions, IL-25 activates IL-17RA/IL-
17RB receptors on naive CD41 T cells (22). IL-25 signaling then
up-regulates PU.1 and IRF4 to induce production of IL-9 and IL-
10, which are the hallmarks of Th9 cell differentiation (20, 25).
Treatment with OVA allergen in vivo or TGF-b/IL-4 in vitro
significantly induced IL-17RB expression to facilitate Th9 cell
differentiation. COX-2–derived PGs blocked this signaling at the
level of IL-17RB transcription. Indeed, PGD2 or PGE2 treatment
abolished IL-17RB induction, diminished PU.1 and IRF4 expres-
sion, and attenuated Th9 cell differentiation. Furthermore, PGE2

negatively regulated IL-17RB transcription via a proximal CRE
site in the IL-17RB promoter. In contrast, PGD2 inhibited IL-17RB
transcription and Th9 cell differentiation through a separate CREB-
dependent, PKA-independent pathway.

We confirmed that COX-2–derived PGs also regulate Th9 cell
differentiation of human T cells. Similar to observations in mice,
both PGD2 and PGE2 diminished Th9 cell differentiation of human
peripheral blood naive CD41 T cells. In addition, subjects with
asthma were found to have increased numbers of circulating Th9
cells. These results suggest the possibility that differential COX-2
activity, either through genetic variation or the use of COX-2 inhib-
itors, may be involved in the progression of allergy and asthma in
humans through aberrant regulation of Th9 cell differentiation.

In conclusion, we have provided in vitro and in vivo evidence
that COX-2–derived PGs act as critical regulators of Th9 cell
differentiation and function (Figure 6D). COX-2 is up-regulated
by TGF-b, which, together with IL-4, induces Th9 differentia-
tion. PGD2 and PGE2 act through their cognate receptors to
down-regulate IL-17RB expression and IL-9/IL-10 induction.
Our results demonstrate an important role of PGs in coordinat-
ing both IL-17RB and IL-9 expression in CD41 T cells. Further
research on the role of COX-2–derived PGs in the regulation of
Th9 cell subsets and their function in immune-mediated dis-
eases will be required to better understand the complex effector
mechanisms involved.

Author disclosures are available with the text of this article at www.atsjournals.org.
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