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Loss of T Regulatory Cell Suppression following Signaling
through Glucocorticoid-induced Tumor Necrosis Receptor
(GITR) Is Dependent on c-Jun N-terminal Kinase Activation®
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(Bacl(ground: Ligation of the glucocorticoid-induced tumor necrosis (TNF) receptor (GITR) regulates T suppressor cell
Results: Regulation of JNK phosphorylation following GITR ligation plays a central role in the suppressive activity of T

Conclusion: Inhibition of JNK phosphorylation modulates T regulatory effector cell function in vitro and in vivo.
Significance: Identification of JNK phosphorylation as a regulator of T suppressor cell function.
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Naturally occurring Foxp3*CD4"CD25" T regulatory cell
(nTreg)-mediated suppression of lung allergic responses is
abrogated following ligation of glucocorticoid-induced tumor
necrosis receptor (GITR) family-related protein. I vitro stimu-
lation of nTregs with GITR ligand increased phosphorylation of
c-Jun N-terminal kinase (JNK) but not extracellular signal-reg-
ulated protein kinase (ERK) or p38 MAPK. SP600125, a known
JNK inhibitor, prevented GITR-mediated phosphorylation of
JNK. Activation of JNK was associated with increases in the
upstream mitogen-activated protein kinase kinase 7 (MKK7)
and the downstream transcription factor NF-kf3. Phosphory-
lated c-Jun (p-c-Jun), indicative of the activation of JNK, was
detected in the immunoprecipitates of nTregs from wild-type
but not JNK- or GITR-deficient mice. Treatment with an inhib-
itor of JNK phosphorylation resulted in complete reversal of all
GITR-induced changes in nTreg phenotype and function, with
full restoration of suppression of in vivo lung allergic responses
and in vitro proliferation of activated CD47CD25~ T cells.
Thus, regulation of JNK phosphorylation plays a central role in
T regulatory cell function with therapeutic implications for the
treatment of asthma and autoimmune diseases.

Glucocorticoid-induced tumor necrosis factor receptor
(GITR)? family-related protein, also know as TNFRSF18, was
first described in mice as a dexamethasone-inducible molecule
in T cells (1), and subsequently the human equivalent was
defined (2). GITR is a type 1 transmembrane protein with an
extracellular N terminus and cytoplasmic C terminus, and it
shares significant homology in the C-terminal domain with
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other members of the TNF receptor family, including 4-1BB,
CD27, CD40, and OX40 (1, 2). Signaling cascades triggered
through members of the TNF receptor superfamily influence
many physiologic and pathologic immune responses by differ-
entially regulating proliferation, differentiation, survival, and
functions of cells in both the innate and adaptive immune sys-
tems (3). Specifically in the lung, GITR was shown to play a role
in acute inflammation (4) and airway hyper-responsiveness
(AHR) (5). Constitutive expression and function of GITR in
CD4*CD25" T regulatory cells (Tregs) have been described (6,
7). Stimulation of GITR on T regulatory cells (nTregs) by either
GITR ligand (GITRL) or an agonistic antibody (DTA-1) abol-
ished suppression of allergen-induced lung allergic responses
(8), in contrast to rendering effector cells resistant to the sup-
pressive activities of Tregs (9—11).

In both humans and experimental animal models, allergic
asthma is an inflammatory disease of the airways characterized
by an increase in AHR, airway inflammation, Th2 cytokine
skewing, goblet cell metaplasia, excessive mucus production,
elevated antigen-specific IgE, and structural remodeling of the
airways. Increasingly, nTregs have been shown to be important
in modifying the development and outcome of lung allergic
diseases (12, 13) through both antigen-specific (14) and anti-
gen-nonspecific mechanisms (15). However, the phenotypic
and functional stability of nTregs has been shown to depend on
a number of factors, including the expression of the key tran-
scription factor, Foxp3 (16). Mutations of Foxp3 are associated
with multiorgan autoimmune disease in Scurfy mice (17) and
immune dysregulation, polyendocrinopathy, enteropathy, and
X-linked syndrome in humans (18). Cytokines such as IL-6 (19)
and the expression of CD8 have also been shown to alter nTreg
function (13, 15). Importantly, in the absence and/or interfer-
ence with MHC-1/CDS8 interactions, regulatory functions were
subverted, resulting in the loss of suppression. Indeed, under
these conditions nTregs were converted into pathogenic effec-
tor cells, enhancing lung allergic responses in sensitized and
challenged mice (8). Furthermore, the maintenance of suppres-
sive activities in peripheral tissues and the regulation of endog-
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enous IL-6 production by nTregs were shown to be dependent
on the presence of CD8™ T cells (19). Conversion of Tregs to
pathogenic effector cells has now been described in other ani-
mal models (20, 21).

In contrast to earlier studies (6, 7), host GITRL was demon-
strated to effectively abrogate suppression in vivo, associated
with the pathogenic conversion of nTregs (8). Moreover,
enhancement of lung allergic responses was prevented by in
vivo administration of anti-GITRL antibody prior to the trans-
fer of nTregs, identifying the importance of GITRL-GITR sig-
naling in controlling the phenotype of these cells (8). Although
various signaling cascades through GITR have been described
in T cells (22—24) and macrophages (25), there are little or no
data linking GITR signal transduction pathways to the loss of
suppression and phenotypic conversion of nTregs.

In this study, we defined the signaling pathways activated
through GITR in nTregs in vitro and in vivo and determined the
impact of interfering with activation on the expression of sur-
face receptors, production of immunosuppressive cytokines,
suppression of proliferation of activated T cells, and the conse-
quences in the airways of allergen-sensitized and challenged
mice.

EXPERIMENTAL PROCEDURES

Animals—Pathogen-free, 6—8-week-old female C57BL/6
and JNK~/~ mice were obtained from The Jackson Laboratory
(Bar Harbor, ME). GITR /™ mice were kindly provided by Dr.
Carlo Riccardi (Perugia, Italy). All mice were maintained on an
OVA-free diet, and all protocols were approved by the Institu-
tional Animal Care and Use Committee of National Jewish
Health.

Sensitization and Challenge—Sensitization was carried out
by intraperitoneal injection of 20 pg of OVA (Sigma) emulsified
in 2.25 mg of alum hydroxide (AlumImject; Pierce) in a total
volume of 100 ul on days 1 and 14. Sensitized and challenged
mice, denoted OVA/OVA, and nonsensitized but challenged
littermates (PBS/OVA) received aerosol challenges for 20 min
each day on 3 consecutive days (days 26, 27, and 28) with 1%
OVA in PBS using an ultrasonic nebulizer (Omron, Vernon
Hills, IL) (10).

Measurement of Airway Responsiveness— Airway responsive-
ness was assessed 48 h following the last challenge as a change
in airway function to increasing concentrations of aerosolized
methacholine administered for 10 s (60 breaths/min, 500 ul of
tidal volume). Lung resistance was continuously computed
(Labview, National Instruments, TX) by fitting flow, volume,
and pressure to an equation of motion. Maximum values of
lung resistance were taken and expressed as the percent change
from base line following PBS aerosol.

Bronchoalveolar Lavage—Immediately following measure-
ment of AHR, lungs were lavaged. Total leukocyte numbers
were counted (Coulter Counter, Coulter Corp., Hialeah, FL),
and differential cell counts were performed in a blinded manner
under light microscopy by counting at least 200 cells on cyto-
centrifuged preparations (Cytospin 2; Cytospin, Shandon Ltd.,
Runcorn, Cheshire, UK) stained with Leukostat (Fisher Diag-
nostics, Middletown, VA) and differentiated by standard hema-
tological procedures.
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Cell Preparation and Culture—CD4"CD25% and CD4*
CD25™ T cells from naive C57BL/6, JNK™/~, and GITR '~
donors were isolated by collagenase digestion from lungs and
enriched using nylon wool columns as described previously (10).
Lymphocytes were further purified by CD4*CD25™" regulatory T
cell MACS beads (Miltenyi Biotec, Bergisch-Gladbach, Germany),
resulting in a purity of >95% CD4"CD25" cells and by sorting
on MoFlo (DakoCytomation, Fort Collins, CO) >99% of
CD4"CD25" T cells.

Cells were washed, counted, and resuspended to a final con-
centration of 4 X 10° cells per ml in RPMI 1640 (Mediatech
Celgro, Manassas, VA) tissue culture medium, containing heat-
inactivated fetal calf serum (FCS 10%; Sigma), L-glutamine (5
mwm), B-mercaptoethanol (2 mm), Hepes buffer (15 mm), peni-
cillin (100 units/ml), and streptomycin (100 pg/ml) (all from
Invitrogen).

In Vitro Treatment and Adoptive Transfer—Isolated CD4™
CD257 T cells were pretreated with JNKi (SP600125) or inac-
tive JNKi alone (50 uMm, all from Calbiochem) and prior to stim-
ulation with GITRL (1 ug/ml, R&D Systems, Minneapolis, MN)
in complete medium for assessing the in vitro production of
cytokines in the supernatants, protein extraction for quantify-
ing kinase phosphorylation by Western blotting, and intratra-
cheal adoptive transfer of 5 X 10° nTregs in 50 ul of PBS into
sensitized recipients prior to allergen challenge.

Measurement of Cytokine Levels—Cytokine levels in the BAL
fluid and supernatants of in vitro cultured lung cells were meas-
ured by ELISA (IL-4, IL-5,IL-10,IL-13, and IFN-+y (eBioscience,
San Diego)), and TGF-B (Pharmingen). ELISAs were per-
formed according to the manufacturers’ directions. The limits
of detection were 4 pg/ml for IL-4 and IL-5, 10 pg/ml for IL-10
and IFN-v, 8 pg/ml for IL-13, and 6 pg/ml for TGF-f.

FACS Analysis—Isolated cells, following preincubation with
naive mouse serum in staining buffer (PBS, 2% FCS, 0.2%
sodium azide), were labeled with the following conjugated anti-
bodies purchased from Pharmingen: anti-CD3 FITC, PE,
PerCP, and allophycocyanin (17A2); anti-CD4 FITC, PE,
PerCP, and APC (L3T4); anti-CD25 FITC (7D4) and PE (PC61);
anti-GITR FITC, PE, and APC (DTA-1); CD152 FITC and PE
APC (9H10). For intracellular staining, cells were stimulated
with phorbol 12-myristate 13-acetate (100 ng/ml) and ionomy-
cin (2 pug/ml, Sigma) in complete medium overnight and for 6 h
in the presence of brefeldin A (10 pg/ml, Sigma). Cells were
fixed with 4% formaldehyde in PBS, permeabilized in 0.5% sap-
onin, and stained with anti-IL-10 PE and APC (JES5-16E3);
IFN-vy PE and APC (XMG1.2); and Foxp3 PE and TGF-3 (A75-
3.1) (eBioscience). Fluorochrome (FITC, PE, PerCPAPC)-la-
beled isotype-matched control antibodies were used for back-
ground fluorescence staining. Staining was analyzed on a
FACSCalibur flow cytometer (Pharmingen) using CellQuest
Pro software. Fluorescence intensity was compared with cells
stained with the corresponding labeled isotype-matched
controls.

Real Time PCR—Total RNA was isolated using the Qiagen
RNeasy mini kit (Valencia, CA) according to the manufactur-
er’s instructions. Total RNA was reverse-transcribed using Bio-
Rad iScript cDNA synthesis kit. TagMan primers and probes
for mouse Foxp3 and GAPDH were obtained from Applied Bio-
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systems (Carlsbad, CA). Real time PCR was performed using
ABI Prism 7000 sequence detection system. Relative amounts
of cDNA were normalized by subtracting the threshold cycle
(Ct) of internal GAPDH reference gene to target gene generat-
ing a ACt value. Relative mRNA expression of specific gene was
obtained by using the formula 2" (—ACt).

Western Blotting—Cells (5 X 10°) were lysed with RIPA
buffer containing protease inhibitors and phosphatase inhibi-
tors (Sigma) on ice. Lysates were resolved by SDS-PAGE and
transferred to nitrocellulose membranes. Blotted membranes
were blocked in TBST buffer (25 mm Tris, pH 8.0, 125 mm
NacCl, 0.025% Tween 20) containing 2% BSA (Promega, Madi-
son, WI) and then incubated overnight at 4 °C with TBST buffer
containing 2% BSA with anti-phospho-ERK1/2, anti-phospho-
p38 MAPK, anti-phospho-JNK (Cell Signaling), anti-ERK, anti-
p38 MAPK, anti-JNK, anti-MAPK kinases 4 and 7, anti-c-Jun,
anti-p-c-Jun, anti-p50, anti-p65, anti-c-Rel mAbs, or anti-
IkB-a (Santa Cruz Biotechnology, Santa Cruz, CA or Cell Sig-
naling). Specific proteins were detected by a chemilumines-
cence method using a horseradish peroxidase-conjugated
anti-rabbit, anti-goat, or anti mouse IgG Ab (Amersham Bio-
sciences). Immunoreactive bands were quantified by densito-
metric quantification of autoradiographs using Image]J
(National Institutes of Health, Bethesda) and expressed as rel-
ative phosphorylated kinase to total kinase or 3-actin normal-
ized to the unstimulated, untreated cells.

JNK Activation—The assay for JNK activity was performed
according to the manufacturer’s directions (SAPK/JNK kinase
assay, Cell Signaling, Danvers, MA). Briefly, similar amounts of
cell lysate from the different cell groups were incubated with
the recommended amount of immobilized c-Jun fusion protein
overnight. Mixtures were washed extensively with 1X cell lysis
buffer and the kinase buffer. SAPK phosphorylation of c-Jun
substrate was carried out for 30 min at 30 °C by adding the same
volume of 1X kinase buffer supplemented with 200 um ATP.
The reaction was terminated with 25 ul of 3X SDS. The super-
natants were then prepared for standard Western immunoblot-
ting probing for p-c-Jun.

Proliferation Assays—Isolated WT CD4"CD25~ (2.5 X 10%)
cells were first activated with bound anti-CD3 (2 pug/ml, 17A2)
and soluble anti-CD28 (1 ug/ml, 37.51; both from eBioscience)
cultured with or without CD4*CD25" T cells treated with
active (SP600125) or inactive JNKi (25 um, both from Calbi-
ochem) and then stimulated with GITRL (1 pug/ml, R&D Sys-
tems) at a 1:1 ratio in complete medium. GITR-stimulated
CD4"CD25™ T cells were carboxyfluorescein diacetate succin-
imidyl ester-labeled for dilution assay according to the manu-
facturer’s instructions (eBioscience). Cultures were pulsed
during the final 6 h with 1 wCi/well thymidine, and cell prolif-
eration was determined as counts/min.

Histochemistry—Lungs were fixed by inflation (1 ml) and
immersion in 10% formalin. Cells containing eosinophilic
major basic protein were identified by immunohistochemical
staining as described previously using rabbit anti-mouse major
basic protein (kindly provided by Dr. J. J. Lee, Mayo Clinic,
Scottsdale, AZ). The slides were examined in a blinded fashion
with a Nikon light microscope. Numbers of eosinophils in the
tissues were evaluated with Image] counting 6—8 different
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fields per animal. For detection of mucus-containing cells in
formalin-fixed airway tissue, sections were stained with peri-
odic acid-Schiff.

Statistical Analysis— Analysis of variance was used to deter-
mine statistical significance. Comparisons for all pairs were
performed by the Tukey-Kramer highest significant difference
test. The p values for significance were set to 0.05. Values for all
measurements were expressed as the means * S.E.

RESULTS

GITR Stimulation Activates c-Jun N-terminal Kinase—In
mammalian cells, three main families of the MAPKSs, including
extracellular signal-regulated kinase (ERK), c-Jun N-terminal
kinase (JNK), and p38, have been implicated in developing
immune responses, and individual MAPKSs are activated by dif-
ferent stimuli (26). Although p38 (27), ERK (28), and TAK1 (29)
have been implicated in the development and function of Tregs,
the involvement of MAPK in GITR-mediated loss of suppres-
sion and phenotypic conversion has not been described. We
investigated the activation of the MAPK pathways in nTregs
following GITR stimulation with different concentrations of
GITRL (Fig. 1, A—C). Compared with nonstimulated cells,
GITRL significantly increased the phosphorylation of JNK
without evidence for activation of ERK or p38, as determined by
densitometric quantification of immunoreactive bands on
autoradiographs. Total JNK, ERK, and p38 were unchanged
under all conditions. In contrast to CD4"CD25" T cells,
CD47CD25~ T cells, which express lower levels of GITR (8),
demonstrated no increases in GITRL-stimulated increases in
p-JNK (Fig. 1D).

Similar to other MAPKSs, full activation of JNK requires dual
phosphorylation on Thr-183 and Tyr-184 of the tripeptide
motif (Thr-Xaa-Tyr) (30), and specific activity of JNK can be
blocked by SP600125, an anthrapyrazolone inhibitor (31). In an
animal model, treatment with SP600125 was shown to reduce
airway inflammation and levels of OVA-IgE in the serum of
sensitized and challenged mice (32). The effect of treatment
with SP600125 on the phosphorylation of JNK following GITR
stimulation was investigated. Pretreatment of nTregs with the
active but not inactive JNK inhibitor (JNKi) decreased GITRL-
induced phosphorylation of JNK (Fig. 24).

The specificity of activation of JNK following GITR ligation
was confirmed by comparing nTregs from wild-type (WT) with
nTregs from JNK™/~ or GITR ™/~ mice. JNK activity detected
as phosphorylation of c-Jun (p-c-Jun) was only detected in the
immunoprecipitates from WT but not the deficient JNK ™/~ or
GITR™'7) or INKi-treated nTregs (Fig. 2B).

We next investigated which of the upstream MAPK kinases
(MKK) were involved in GITR-mediated activation of JNK at
the time point associated with changes in levels of cytokines in
the supernatants of in vitro cultured cells. To date, only MKK4
(SEK1) and MKK?7 have been implicated in the activation of
JNK (26, 33, 34). Following the in vitro addition of GITRL,
increases in protein levels of MKK7 but not MKK4 were
detected (Fig. 3).

Upon activation, JNK phosphorylates a number of down-
stream targets, including c-Jun, which heterodimerizes with
Fos to form the transcription factor activator protein 1 (35). To
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FIGURE 1. Effect of GITR ligation by GITRL on MAPK phosphorylation in nTregs. nTregs were isolated from the lungs of C57BL/6 mice and incubated with
different concentrations of GITRL for varying lengths of time. Data illustrated are derived from densitometric quantification of autoradiographs using ImageJ.
Levels of relative phosphorylation are derived from base-line values (nonstimulated, time 0) of the ratio of p-ERK to total ERK. A-C, dose and time course of
GITR-mediated phosphorylation of JNK but not ERK or p38. D, GITR-mediated phosphorylation of JNK in CD4"CD25™ T cells. PI, phorbol/ionomycin. Med,
medium. Results are from three independent experiments carried out in duplicate. **, p < 0.01; *, p < 0.05.
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FIGURE 2. Effect of JNKi (SP600125) on phosphorylation of JNK and JNK activity in immunoprecipitates. JNKi was added 1-2 h prior to GITRL. A, dose
effect of JNKi on GITR-induced phosphorylation of JNK. B, JNK activity is detected in immunoprecipitates of GITR-stimulated, untreated but not JNKi-treated,
nTregs from WT, and GITR™/~, or JNK™/~ mice. Results are from three independent experiments carried out in duplicate. **, p < 0.01; *, p < 0.05. P,

phorbol/ionomycin.

further define the role of JNK in the signaling cascade through
GITR, total protein and phosphorylation of c-Jun were deter-
mined. Both total protein and phosphorylation of c-Jun
increased following GITR stimulation, consistent with the
results detected in immunoprecipitates. Correspondingly,
increased c-Jun was detected in the nuclear extracts of stimu-
lated compared with nonstimulated nTregs.

Consistent with a previous report (9), increases in activation
of subunits of NF-«kB, including c-Rel, p65, and to a lesser
degree p50, were detected following GITR stimulation, indi-
cated by the increases in nuclear translocation of these subunit
proteins (Fig. 3). Activation of NF-«B can also be determined by
assessing the levels of the protein inhibitor of NF-«B (Ikf3) (22).
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In contrast to nonstimulated cells, GITR-stimulated cells had
less Ik protein in the cytoplasm.

GITRL Stimulation Induces Changes in the Phenotype, Func-
tion, and Cytokine Production of nTregs and Are Prevented by
Inhibition of JNK Activation—Naturally occurring CD4*
CD25" nTregs have been characterized by the expression of
CD25, CTLA-4, and GITR (6, 7, 12, 36), and under certain
experimental conditions, decreased expression of these recep-
tors was shown to associate with loss or attenuation of suppres-
sive activity (19-21, 36). The effects of GITR ligation on the
expression of surface markers were assessed by flow cytometry
in the presence or absence of the JNKi. Compared with non-
stimulated cells, nTregs treated with GITRL expressed lower
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FIGURE 3. MAPK cascade in JNK activation. GITR ligation (1 wg) for 72 h
increases levels of MKK7, c-Jun, p-c-Jun, and subunits of NF-kB in cytoplasmic
and nuclear cell extracts, and decreases levels of NF-«B inhibitor (IxB) in cyto-
plasmic extracts. Data are representative of three independent and similar
experiments. Pl, phorbol/ionomycin; Med, medium.

mean fluorescence intensities of CD25, GITR, and CTLA-4
(Fig. 4A). In contrast, treatment of nTregs with the active JNKi
prevented the down-regulation of expression of these recep-
tors, retaining the regulatory phenotype.

Previously, nTregs isolated from naive BALB/c and C57BL/6
mice were shown to produce the immunosuppressive cytokines
IL-10 and TGF-B (12, 13, 15). We determined the conse-
quences of sustained GITR ligation over 72 h on cytokine pro-
duction and the impact of adding the JNKi. Despite the pheno-
typic changes induced following the shorter incubation,
intracellular staining of Foxp3 and immunocytokines (Fig. 4A4),
similar to levels detected in the supernatants of in vitro cultures
(Fig. 4B), did not change to any appreciable degree. In contrast,
significant changes in cytokine profile were detected following
the longer stimulation. Compared with nonstimulated nTregs,
GITRL-stimulated nTregs released lower amounts of IL-10 and
TGF-B in the culture supernatants (Fig. 4C), similar to GITRL-
treated cells in the presence of the inactive inhibitor (data not
shown). In contrast, treatment with the active JNKi prevented
these decreases, maintaining the levels seen in untreated cells.
In parallel, similar to previous results showing increased IL-13
production when nTregs were shown to have reduced IL-10
and TGF-fB production (8), levels of IL-13 were increased in
cultures of GITRL-treated nTregs but not those that included
the active JNKi. Furthermore, decreases in Foxp3 protein (Fig.
4D) and mRNA (Fig. 4E) expression were associated with the
changes in cytokine production (Fig. 4C).

Consistent with others (6, 7), we reported that the prolifera-
tion of CD4"CD25™ T cells activated with anti-CD3 and anti-
CD28 was inhibited by nTregs (19) and that treatment of
nTregs with either the GITRL or agonistic anti-GITR antibody
(DTA-1) abolished their suppressive activity. Here, we con-
firmed that in vitro stimulation of nTregs with GITRL abol-
ished the suppression of CD4"CD25~ T cell proliferation
triggered by anti-CD3/anti-CD28 (Fig. 54). The loss of sup-
pression, in contrast to a previous report (40), was not associ-
ated with GITR-induced proliferation of nTregs (Fig. 5B8). How-
ever, suppression was maintained in the presence of the active,
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but not inactive, JNKi. This was not due to any toxic effects of
the inhibitor, as washing out of the inhibitor after a similar
incubation period was associated with full proliferative activity
of the cells (data not shown).

Taken together, these in vitro studies demonstrated that liga-
tion of GITR had profound effects on kinase phosphorylation,
surface receptor expression, suppressive activity, and cytokine
production, and all of these effects were reversed in the pres-
ence of the active JNKi.

Prevention of INK Activation in Vivo Is Associated with Mainte-
nance of Suppression in an Experimental Model of Asthma—
Following adoptive transfer, nTregs suppressed the develop-
ment of allergen-induced lung allergic responses in sensitized
and challenged mice (8, 12, 13, 15, 19). This suppression medi-
ated by nTregs was abolished by the in vitro treatment of
nTregs with GITRL or agonistic antibody when transferred
after sensitization but prior to challenge (8). We determined
whether prevention of JNK activation affected the activity of
nTregs in sensitized and challenged mice. Prior to transfer, cell
viability of GITRL- and JNK-treated cells exceeded 85-90%.
Transfer of nTregs treated with GITRL, as compared with non-
treated cells, failed to suppress AHR (Fig. 6A). In contrast, treat-
ment of nTregs with the active but not inactive JNKi restored
the suppression of AHR. Associated with the increases in AHR,
the numbers of airway eosinophils were significantly increased
in sensitized and challenged mice as shown in Fig. 6B. Airway
eosinophilia was significantly reduced in recipients of non-
stimulated nTregs and GITRL-stimulated nTregs treated with
the active inhibitor but was maintained in the GITRL-stimu-
lated nTregs treated with the inactive inhibitor. Similar effects
of treatment with the JNKi were also observed in BALB/c mice
(data not shown).

Following sensitization and challenge with allergen, Th2
cytokine levels were increased in BAL fluid. Significant
increases in levels of IL-4, IL-5, and IL-13 were detected, and
levels of IL-10 and IFN-vy were decreased; levels of TGF-3 were
modestly increased (Fig. 6C). Intratracheal transfer of nonli-
gated nTregs decreased the levels of IL-5 and IL-13, whereas
IL-10 and TGEF-f3 levels were increased. Little change was seen
in levels of IL-4 and IFN-v. Transfer of GITRL-stimulated
nTregs, untreated or treated with the inactive JNKi, failed to
significantly reduce the levels of IL-5 and IL-13, and the levels of
IL-4, IL-10, TGF-B, and IFN-vy were similar to the levels in
sensitized and challenged mice that did not receive transferred
cells (Fig. 6C). In contrast, treatment of GITRL-stimulated
nTregs with the active JNKi reversed the effects of GITR stim-
ulation, with restoration of levels of IL-10 and TGF-B and
decreased levels of IL-5 and IL-13.

Lung histopathology paralleled the changes in inflammatory
cell composition and numbers and levels of cytokines in BAL
fluid. The lung tissue from sensitized and challenged mice that
received GITRL-stimulated nTregs, untreated or treated with
inactive JNKi, similar to mice given PBS, showed a significant
accumulation of eosinophils, mucus hyperproduction, and
goblet cell metaplasia (Fig. 6D). In contrast, mice that received
non-GITRL-stimulated or nTregs that were GITRL-stimulated
but treated with active JNKi exhibited significantly less lung
histopathology.
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FIGURE 5. Effect of GITR ligation on suppression of in vitro proliferation of
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tion, and treatment of nTregs with JNKi restores suppression. B, absence of
carboxyfluorescein diacetate succinimidyl ester dilution in GITR-stimulated
CD4"CD25" T cells. The means =+ S.E. from three independent experiments
were carried out in triplicate. *, p < 0.05.

DISCUSSION

Naturally occurring CD4"CD25*Foxp3™ T cells (nTregs),
although comprising only a small subset of T cells derived in the
thymus (37), appear essential to the maintenance of immuno-
logical tolerance. In the absence of functional Foxp3, the key
transcription regulator for Treg development and function
(38), severe and life-threatening autoimmune and allergic dis-
eases develop (17, 18). These regulatory T cells have also been
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implicated in the maintenance of immune homeostasis in the
airways as they have been shown to regulate allergen-induced
AHR and inflammation, at least in part, through the actions of
IL-10 and TGF-B (12), and in an antigen-nonspecific manner
(15). In the lungs of both BALB/c and C57BL/6 mice, the acti-
vation and expression of this suppressive phenotype appeared
dependent on the interaction of MHC class I on nTregs with
CDS8; inhibition or interference with this interaction led to the
loss of nTreg suppressive activity (13, 15). A role for CD8 in
maintaining suppressive activity in the periphery and regulat-
ing the production of endogenous IL-6 in Tregs was recently
demonstrated (19). Similar to other reports (6, 7), in the
absence of CD8-expressing cells, activation of nTregs through
GITR in the lungs of recipient mice was shown to be sufficient
to abrogate suppression and convert these cells to pathogenic
effector cells resulting in the enhancement of lung allergic
responses (8). Significantly, GITRL expression in recipients
appeared to provide the necessary signals to attenuate suppres-
sion, as administration of anti-GITRL antibody prevented
rather than enhanced lung allergic responses in association
with little increase in levels of IL-13 and maintenance of basal
levels of IL-10 and TGF-B known to be essential for suppressive
activity (12, 39).

In this study, we investigated the molecular events following
stimulation of nTregs through GITR. Although the roles of p38
(27), ERK (28), and TAK1 (29) have been implicated in the
development and function of Tregs, their involvement in the
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stimulatory activity of GITR in Tregs has not been defined. In
this study, we defined a signaling pathway following ligation of
GITR, a cascade that was associated with the loss of suppressive
activity and phenotypic conversion. In vitro stimulation of
nTregs with GITRL increased phosphorylation of JNK but not
ERK or p38. The activation of JNK was linked to changes in the
phenotype, capacity to produce immunosuppressive cytokines,
and in vitro and in vivo suppressive activities. The expression
levels of the surface receptors CD25, CD152 (CTLA-4), and
GITR were decreased following GITR stimulation, rendering
nTregs with an effector phenotype. Loss of suppression was
associated with a decrease in expression of these surface mole-
cules and levels of Foxp3 mRNA and protein. Corresponding
with the effector phenotype, lower levels of IL-10 and TGE-$
and higher levels of IL-13 were detected in the supernatants of
in vitro cultures. Similar to previous studies (6, 7, 38), following
GITR ligation nTregs failed to suppress the in vitro prolifera-
tion of CD4"CD25~ T cells activated with anti-CD3 and anti-
CD28. In the absence of additional stimulation and unlike a
previous study (40), the loss of suppression was not associated
with GITR-induced proliferation of nTregs.
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The importance of JNK activation in the spectrum of GITR-
mediated effects on nTregs was confirmed using SP600125, a
known inhibitor of JNK (31), and genetically deficient mice.
Phosphorylation of JNK in GITRL-treated nTregs was pre-
vented by the inhibitor. The link between JNK activation and
GITR stimulation was also demonstrated by increases in the
phosphorylation of JNK and corresponding activity, as indi-
cated by levels of p-c-Jun, detected only in the immunoprecipi-
tates from ligated nTregs from WT but not JNK '~ or
GITR™'~ mice. Furthermore, treatment with the inhibitor
abolished GITRL-mediated phosphorylation and activity of
JNK in the immunoprecipitates of nTregs from WT mice. The
GITR signaling cascade was further defined both upstream and
downstream of JNK phosphorylation. Upstream, activation of
MKK?7 but not MKK4 was demonstrated. Both MKK7 and
MKK4 have been reported to activate JNK (26, 33, 34), but only
MKK4 has additional activity phosphorylating p38 MAPK in
vitro (9, 26). Our data are consistent with this notion because
little or no increase in the activation of p38 following GITR
stimulation was detected and only MKK7 was identified in the
activation of nTregs through GITR. Downstream, phosphory-
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lation of JNK was associated with increases in total c-Jun and
p-c-Jun, a known downstream substrate of JNK (30, 31). Cor-
responding with the increase in p-c-Jun, greater amounts of
c-Jun were also detected in the nucleus.

The loss of nTreg-mediated suppression following GITR
ligation has been shown to be dependent on the activation of
NE-kB (9). We confirmed that GITR ligation increased the acti-
vation of subunits of NF-«B, including c-rel, p65, and to a lesser
extent p50 in cytoplasmic and nuclear cell extracts. Interest-
ingly, the activation of NF-«B coincided with divergent effects
on the levels of proinflammatory and immunosuppressive cyto-
kines. Multiple factors may be involved in these transcriptional
responses, including selective phosphorylation and subsequent
degradation of NF-«kB inhibitors or the result of differential
subunit distribution, affinity, or number of binding sites en-
gaged in these reactions.

The importance of JNK activation in mediating the abroga-
tion of nTreg suppressive activity through GITR was also dem-
onstrated in vivo in sensitized and challenged mice. As in pre-
vious studies (12, 13, 15, 19), following sensitization and
allergen challenge, mice developed a significant increase in air-
way responsiveness to inhaled methacholine, eosinophilic
inflammation, and Th2 skewing in cytokine production. These
findings were accompanied by changes in lung pathology, espe-
cially eosinophil accumulation in the lung parenchyma and
goblet cell metaplasia and mucus hyperproduction. Consistent
with our previous report (8), GITR ligation of nTregs prior to
transfer into sensitized and challenged mice eliminated the
suppression of lung allergic responses. However, the full sup-
pression of all lung allergic responses and lung pathology could
be restored when the GITR-ligated nTregs were treated with
the JNKi prior to transfer into sensitized recipients prior to
airway allergen challenge.

Taken together, the results demonstrate that stimulation of
nTregs through GITR initiates a signaling cascade that involves
MKKT?7, JNK phosphorylation, c-Jun activation, and the activa-
tion of NF-kB. Associated with the phosphorylation of JNK
were changes in nTreg surface marker expression, conversion
of the cytokine profile from IL-10/TGEF-p to IL-13 production,
attenuation of in vitro suppressive activities, and in an experi-
mental model of allergic asthma, elimination of the nTreg reg-
ulatory activities on development of altered airway responsive-
ness, eosinophilic airway inflammation, and Th2 cytokine
production. Incubation of the GITRL-stimulated nTregs with
an inhibitor of JNK activation resulted in the restoration of
nTreg activities and phenotype in vitro and in vivo. These find-
ings demonstrate that targeting JNK phosphorylation can have
a major influence on nTreg suppressive function.
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