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Regulation of Cytokine Expression by Ligands of Peroxisome
Proliferator Activated Receptors1

Robyn Cunard,2*‡ Mercedes Ricote,† Dennis DiCampli,*‡ D. Clay Archer,* ‡ Daniel A. Kahn,§

Christopher K. Glass,†‡ and Carolyn J. Kelly* ‡§

Peroxisome proliferator activated receptors (PPARs) are ligand-activated transcription factors with diverse actions including
adipocyte differentiation and lipid metabolism. Recent studies have revealed anti-inflammatory activities, but the majority of these
studies have been performed in monocyte/macrophages. In these studies, we investigate the effects of PPAR ligands in murine
mitogen-activated splenocytes. Ciglitazone, a PPAR� ligand, consistently decreased IFN-� and IL-2 production by mitogen-
activated splenocytes and had modest effects on splenocyte proliferation. The effects of WY14,643, a representative of the fibrate
class of PPAR� ligands, on splenocyte proliferation and IL-2 levels are less marked than those observed with the PPAR� ligand.
In addition, treatment with WY14,643 and other fibrates led to marked increases in supernatant concentrations of IL-4. However,
treatment with a potent and specific PPAR� ligand (GW7,647) did not augment IL-4. Also, WY14,643 induced IL-4 expression
in splenocytes from PPAR� knockout mice, suggesting that the fibrate effect on IL-4 was largely through a PPAR�-independent
mechanism. This increase in IL-4 was associated with and causatively related to augmented expression of CD23 by CD45R/B220�

cells. We also demonstrate that PPAR� gene expression is up-regulated in T cells by mitogen activation, that it is positively
regulated by IL-4 and WY14,643, and that it is blocked by anti-IL-4. Finally, we demonstrate that WY14,643 can modestly
augment IL-4 promoter activity in a PPAR�-independent manner. In concert, these findings support the roles of PPAR ligands
in modulating inflammatory responses involving lymphocytes but also establish potent effects of the fibrate class of PPAR� ligands
on IL-4 expression that are receptor independent. The Journal of Immunology, 2002, 168: 2795–2802.

P eroxisome proliferator activated receptors (PPARs),3

members of the nuclear receptor superfamily, are ligand-
activated transcription factors with diverse actions includ-

ing the regulation of adipocyte differentiation and lipid metabolism
(1). PPARs positively regulate gene expression by binding as het-
erodimers with retinoid X receptors to PPAR response elements
(PPREs) in the promoters of target genes (2). PPARs can also
negatively regulate gene expression in a ligand-dependent manner
(3). PPAR� regulates lipid homeostasis and is a target of fibrates,
which are used clinically for the treatment of hypertriglyceridemia
(4, 5). Fatty acids and eicosanoids are endogenous ligands for
PPAR� (6). In contrast, PPAR� is expressed in adipose tissue and
is important in adipocyte differentiation. Ligands for PPAR� in-

clude the insulin-sensitizing thiazolidinediones and 15-deoxy-
�(12,14)-prostaglandin J2 (15d-PGJ2) (7, 8).

Most recently, PPARs have been shown to mediate anti-
inflammatory activities (3, 9, 10), and the majority of these studies
have focused on effects in monocyte/macrophages and endothelial
cells. PPAR� expression is augmented in activated peritoneal mu-
rine macrophages, and PPAR� ligands inhibit the expression of
inducible nitric oxide synthase, gelatinase B, and scavenger recep-
tor A genes, in part by antagonizing activities of the transcription
factors AP-1, STAT, and NF-�B (3). Jiang et al. (10) have also
demonstrated that PGJ2 and troglitazone inhibited PMA-induced
production of IL-1�, IL-6, and TNF-� by human peripheral blood
monocytes. PPAR� and PPAR� are expressed upon differentiation
of human monocytes into macrophages, and treatment with both �
and � ligands induces apoptosis in macrophages (11). Studies per-
formed with PPAR� knockout mice have shown that they manifest
a prolonged inflammatory response (9). Moreover, administration of
thiazolidinediones, PPAR� ligands, is reported to attenuate inflam-
mation in murine models of inflammatory bowel disease (12), non-
obese diabetic mice (13), rodent models of atherosclerosis (14–16),
and experimental allergic encephalitis (17). These studies support the
concept that PPAR ligands exert anti-inflammatory actions.

More recently, several groups have demonstrated expression of
PPAR� in T lymphocytes. PPAR� was identified in murine SJL-
derived Th1 helper T cell clones specific for bovine myelin basic
protein, and PPAR� ligands inhibited Ag-APC and anti-CD3, but
not IL-2-stimulated, responses of the T cell clones. PPAR� ligands
also inhibited IL-2 production (18). In human peripheral T lym-
phocytes, PGJ2 and troglitazone, but not WY14,643, inhibited IL-2
production at 12 h, and PHA induced proliferation. The same in-
vestigators suggested that activated PPAR� physically associates
with NFAT, blocking NFAT DNA binding and transcription of the
IL-2 promoter (19).
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Recent studies have demonstrated that PPAR ligands can also
function in a receptor-independent manner. As an example, 15d-
PGJ2 has been shown to directly inhibit NF-�B gene expression by
covalent modification of critical residues in I�B kinase and by
modification of the DNA-binding domains of NF-�B (20–23).

In the current studies, we have examined the effects of both
PPAR� and PPAR� ligands on mitogen-activated splenocyte pro-
liferation and cytokine expression. Our results demonstrate distinct
effects of PPAR� and PPAR� ligands on lymphocyte proliferation
and cytokine secretion. We also delineate expression patterns of
the PPARs. In addition, we find a marked effect of fibrates on IL-4
production that is independent of PPAR� expression.

Materials and Methods
Experimental animals

Male and female C57BL/6 and BALB/c mice were obtained from The
Jackson Laboratory (Bar Harbor, ME). The mice were used between 6 and
8 wk of age. Mice were housed and handled in accordance with Depart-
ment of Veterans Affairs and National Institutes of Health guidelines under
Institutional Animal Care and Use Committee-approved protocols. PPAR�
wild-type and homozygous knockout mice on a 129/Sv background were
obtained from breeding pairs established by Dr. F. J. Gonzalez (Laboratory
of Metabolism, National Cancer Institute, National Institutes of Health,
Bethesda, MD).

Reagents

Reagents used were Con A (Sigma-Aldrich, St. Louis, MO), WY14,643
(Chemsyn Science Laboratories, Lenexa, KS), ciglitazone (Alexis Bio-
chemicals, San Diego, CA), ciprofibrate, gemfibrozil, PMA, and ionomy-
cin (Sigma-Aldrich). GW7,647 was a kind gift from T. Willson (Glaxo
Wellcome). Neutralizing Ab to IL-4 (anti-IL-4; 10 �g neutralizes 1,000 pg
of IL-4) was provided by the National Cancer Institute (Frederick, MD).
Mouse IL-4 and mouse IFN-� were obtained from Roche (Indianapo-
lis, IN).

Proliferation assays

After euthanasia, spleens were harvested from naive animals and prepared
into single cell suspensions with a metal screen. RBCs were lysed by a
room temperature incubation in a hypotonic solution (0.83% NH4Cl, 20
mM Tris (pH � 7.6)). Proliferation assays were set up as previously de-
scribed (24). Cells assayed for proliferation were pulsed with 1 �Ci/well
[3H]thymidine (Amersham, Arlington Heights, IL) at 48 h and harvested
24 h later.

Cytokine ELISAs

Culture supernatant concentrations of IL-4, IFN-�, and IL-2 were deter-
mined by sandwich ELISA with Abs purchased from BD PharMingen (San
Diego, CA). IL-4 and IFN-� concentrations were determined from culture
supernatants after 96 h of activation with Con A. IL-2 was determined from
culture supernatants after 24 h of activation. Ab dilutions that maximized
signal to noise were determined for each Ab pair, and ELISAs were per-
formed as previously described (24).

Flow cytometry

Spleens were harvested from naive BALB/c mice, prepared into single cell
suspensions, stimulated with Con A, and treated with either 250 �M
WY14,643 or ethanol (vehicle control) with or without anti-IL-4 (4,000
pg/ml of neutralizing activity). After 96 h, the cells were harvested and
stained with 1 �g of both anti-CD23-FITC (IgE FcR; BD PharMingen) and
anti-CD45R/B220-PE (B cell marker; BD PharMingen). Fluorescence was
measured with an Elite Flow cytometer (Becton-Coulter, Mountain View,
CA; Veterans Affairs Medical Center (VAMC) core FACS facility, San
Diego, CA). For T and B cell separations, splenocytes were prepared, stim-
ulated with Con A and isolated at 24 and 72 h, stained with anti-CD3�-
FITC (T cell marker) and anti-CD45R/B220-PE, and separated by MOFLO
(Cytomation, Fort Collins, CO; VAMC core FACS facility) for further
studies.

Northern blots

Single cell splenocyte suspensions isolated from BALB/c mice were stim-
ulated with Con A and treated with or without murine IL-4 (50 U/ml) or
WY14,643 (250 �M) or ethanol (control). The cells were then harvested at

24, 48, and 72 h, and poly(A)� RNA was isolated with the Oligotex mRNA
mini kit (Qiagen, Valencia, CA). Five micrograms of poly(A)� RNA per
lane was run on a 1% agarose/formaldehyde gel, transferred onto a nylon
filter, and UV cross-linked. The PPAR� probe was derived from pCMX-
murine PPAR� (3). Autoradiography was performed and a probe for glyc-
eraldehyde-3-phosphate dehydrogenase was used to control for differences
in loading and transfer of RNA.

RT-PCR

Total RNA was prepared from splenocyte populations with the RNeasy
Mini kit (Qiagen) and stored at �70°C with 40 U of RNase-OUT inhibitor
(Life Technologies, Gaithersburg, MD). Two micrograms of each sample
was treated with 1 �l of DNase I, amplification grade (Life Technologies).
The DNase was inactivated and cDNA was prepared with the Superscript
II Preamplification System (Life Technologies) according to the instruc-
tions. Semiquantitative PCR was performed with Taq DNA polymerase
(Qiagen) with primers for PPAR� and PPAR�, which amplified 433 bp and
253 bp, respectively: PPAR�, 5�-GAACATCGAGTGTCGAATATGT
GG-3�, 5�-ATGTATGACAAAAGGCGGGTTG-3�; PPAR�, 5�-CCCTT
TACCACAGTTGATTTCTCCAG-3�, 5�-CTGATGCTTTATCCCCACA
GACTCGG-3�. Primers for ribosomal protein L19 (RPL-19) cDNA were
included to control for reaction efficiency and variations in mRNA con-
centration in the original reverse transcriptase reaction, RPL-19: 5�-CGCT
GTGGTAAAAAGAAGGTGTG-3�, 5�-TGCTCCATGAGAATCCGCTTG-3�.
The amplification cycle for PPAR� is 94°C for 1 min, 52°C for 1 min, and
72°C for 1 min for 34 cycles; PPAR� is 94°C, 55°C, 72°C for 30–31
cycles; and RPL-19 is 94°C, 57°C, 72°C for 32 cycles. Fifteen microliters
of the samples was analyzed on a 5% polyacrylamide gel, stained with
ethidium bromide, and read on a ChemiImager 4400 (Innotech, San
Leandro, CA).

Plasmids and transient transfections

The (acyl CoA oxidase)3-thymidine kinase-luciferase ((AOX)3-TK-Luc)
construct has been described previously (3). The pSG5-PPAR� was cloned
from the pCMX-PPAR� expression vector. The IL-4 promoter construct
(pGL3-IL-4-Luc) contains an 828-bp fragment (�767/�61) isolated from
the C57BL/6 mouse and was a kind gift from J. Trama (University of
California, San Diego, CA). The mutated pGL3-IL-4mut-Luc construct
was generated by converting cytidines, within the putative PPRE, to thy-
midines with the Quik Change Site-Directed Mutagenesis Kit (Stratagene,
La Jolla, CA). Jurkat T lymphocytes were cultured in RPMI 1640 (Life
Technologies) supplemented with 10% heat-inactivated FCS (Gemini Bio-
Products, Calabasas, CA), 130 U/ml penicillin, 130 �g/ml streptomy-
cin, and 2.5 mM L-glutamine (Omega Scientific, Tarzana, CA). Jurkat
cells were transfected by electroporation at 280 V/960 �F using a Bio-
Rad (Hercules, CA) electroporator with a capacitance extender. Three
hours after transfection, the cells were treated with PPAR ligands in the
presence or absence of PMA and ionomycin. Luc activity was assessed
as described (25).

Statistics

Differences were statistically analyzed using unpaired Student’s t test.
Analysis was accomplished with STATVIEW v4.5 (Abacus Concepts,
Berkeley, CA).

Results
PPAR� ligands and fibrates exert distinct effects on mitogen-
induced splenocyte proliferation and cytokine expression

We first examined the effects of the PPAR� ligand ciglitazone on
mitogen-induced splenocyte proliferation and cytokine expression.
Fig. 1A depicts the results of those studies when splenocytes from
C57BL/6 female mice were used. Consistent with recent reports,
we observed that the PPAR� ligand ciglitazone impairs Con A-
induced splenocyte proliferation and IL-2 production (18, 19). The
most profound effect of ciglitazone, however, was on the levels of
IFN-� in supernatants of activated splenocytes. In the presence of
50 �M ciglitazone, IFN-� concentrations were �10% of the levels
seen with vehicle alone. Ciglitazone had no effect on IL-4 expres-
sion. The same experiments were additionally conducted using
age- and gender-matched BALB/c splenocytes. These results are
depicted in Fig. 1B and demonstrate similar inhibitory effects on
lymphocyte proliferation and the elaboration of IFN-� and IL-2.

2796 PPAR LIGANDS REGULATE CYTOKINE EXPRESSION
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In a recent work examining the effects of PPAR� ligands on
IL-2 production by activated T cells, no effects of PPAR� ligands
were observed (19). To further explore potential effects of PPAR�
ligands on lymphocyte proliferation and cytokine expression, we
additionally tested a range of in vitro concentrations of WY14,643
in these assays. As shown in Fig. 2A, WY14,643 markedly in-
hibits IFN-� expression in splenocytes isolated from C57BL/6
mice, with only a modest inhibitory effect on lymphocyte pro-
liferation and IL-2 expression. In contrast to the effects of cigli-
tazone, coculture with WY14,643 additionally markedly aug-

ments IL-4 expression. Activated splenocytes from C57BL/6
mice produce relatively low concentrations of IL-4; therefore,
we tested the effects of WY14,643 on activated splenocytes
from BALB/c mice. These results are depicted in Fig. 2B and
demonstrate a profound augmentation of IL-4 levels in the su-
pernatants from splenocytes activated in the presence of
WY14,643. Further studies revealed marked up-regulation of
IL-4 mRNA in splenocytes treated with WY14,643 for 96 h
(data not shown), which correlates with these observed in-
creases in IL-4 protein.

FIGURE 1. Ciglitazone alters proliferation and cytokine elaboration in mitogen-activated splenocytes. Ciglitazone or vehicle control (ethanol) was added
to mitogen-activated splenocytes harvested from C57BL/6 mice (A) and BALB/c mice (B), and supernatant cytokines were measured by ELISA. In both
mouse strains there is a moderate reduction in proliferation and IL-2 and a profound decrement in measured IFN-� levels. Values represent the results of
two separate experiments. #, p � 0.05 vs control; ��, p � 0.01 vs control; �, p � 0.0001 vs control.

FIGURE 2. WY14,643 profoundly increases IL-4 levels in activated splenocytes. WY14,643 or vehicle control (ethanol) was added to mitogen-activated
splenocytes harvested from C57BL/6 mice (A) and BALB/c mice (B), and supernatant cytokines were measured by ELISA. In both mouse strains there is
an increase in IL-4 levels, but this increment is �15-fold in the BALB/c splenocyte culture supernatants. Values represent the results of two separate
experiments. #, p � 0.05 vs control; ��, p � 0.01 vs control; �, p � 0.0001 vs control.

2797The Journal of Immunology
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This augmentation of IL-4 levels is similarly seen if BALB/c
splenocytes are activated by Con A in the presence of graded con-
centrations of ciprofibrate or gemfibrozil, low-affinity members of
the fibrate class of PPAR� agonists (Fig. 3). Recently, PPAR li-
gands have been shown to have both PPAR-dependent and -inde-
pendent actions (20–23, 26–28); therefore, we evaluated the effect
of a very specific and potent PPAR� ligand, GW7,647 (EC50 � 6
nM) (29), on activated BALB/c splenocytes. When GW7,647 was
added to mitogen-activated mixed splenocyte cultures, there was
no appreciable increase in IL-4, even at a concentration of 10 �M
(�1000-fold above its EC50) (Fig. 4). This suggests that the fi-
brate-induced increment in IL-4 may occur through a PPAR�-
independent mechanism. To determine whether WY14,643 exerts
its effects on IL-4 expression through a PPAR�-dependent or -in-
dependent mechanism, splenocytes from PPAR� knockout mice
were used. Fig. 5 shows that WY14,643 augmented supernatant
IL-4 levels in PPAR� knockout mice nearly to the extent observed
in the wild-type mice.

Because the increase in IL-4 was associated consistently with a
decrease in IFN-� in the C57BL/6 cultures and occasionally in the
BALB/c cultures, we next explored whether the augmentation of
IL-4 was dependent on a decrement, even a transient one, in
IFN-�. BALB/c splenocytes were stimulated with Con A and
treated with 250 �M WY14,643 with or without anti-IL-4 (10
�g/well, which neutralizes 5,000 pg/ml) or IFN-� (10,000 pg/well,
which represents 50,000 pg/ml) from the initial setup of the cul-
tures. As shown in Fig. 6, even in the presence of extraordinary
concentrations of IFN-� from the time of splenocyte activation,
WY14,643 treatment still resulted in a marked augmentation of
IL-4 levels in culture supernatants. Also, when anti-IL-4 was
added to the WY14,643-treated splenocyte cultures, there was a
modest augmentation in the supernatant concentrations of IFN-�.
These results suggest that the WY14,643 effect on IL-4 is direct
rather than dependent on a decline in IFN-�.

WY14,643 augments expression of CD23 in an IL-4-dependent
manner

The expression of CD23 on B cells is up-regulated by IL-4. To ascribe
functional significance to the augmentation of IL-4 by WY14,643, we
examined the expression of CD23 and CD45R/B220 on BALB/c
splenocytes activated with Con A in the presence or absence of
WY14,643 and/or neutralizing Abs to IL-4 (neutralizes 4000 pg/ml).
As depicted in Fig. 7, WY14,643 treatment elicits an increase in the
percentage of CD45R/B220� splenocytes in the Con A-activated cul-

tures. In addition, WY14,643 increases the percentage of CD45R/
B220� CD23� cells within these cultures. This augmentation of dou-
ble-positive cells is reversed by the presence of neutralizing Abs to
IL-4, supporting the contention that WY14,643 augments expression
of CD23 through its effects on IL-4.

PPAR� mRNA expression in activated T cells is dependent on IL-4

The mRNA encoding PPAR� is expressed at a low level in cultures
of Con A-activated splenocytes. We have been able to detect it on
Northern blots only by using poly(A)� RNA. Fig. 8A demonstrates
the up-regulation of PPAR� mRNA with activation and marked in-
duction with either rIL-4 or WY14,643. To further delineate which
cells in Con A-activated spleen were expressing PPAR�, we activated
BALB/c splenocytes and separated them by flow cytometry into
CD3�� cells and CD45R/B220� cells. As seen in Fig. 8B, the PPAR�
mRNA can be detected by semiquantitative RT-PCR at 72 h after
activation in the CD3�� cells (T cells), but not in the CD45R/B220
population (B cells). The clear up-regulation of this mRNA at 96 h
after activation is completely inhibited by neutralizing Ab to IL-4
(Fig. 8C). PPAR� mRNA is expressed early in Con A-activated
splenocytes and virtually disappears by 72 h (Fig. 8D). Thus, we have
shown that fibrates increase IL-4 levels, which secondarily up-regu-
late PPAR� expression.

FIGURE 5. WY14,643 increases supernatant IL-4 levels in mixed
splenocyte cultures from PPAR� knockout mice. Splenocytes were iso-
lated from wild-type and PPAR� knockout mice, stimulated with Con A,
and treated with increasing concentrations of WY14,643. WY14,643 treat-
ment augmented supernatant IL-4 levels in PPAR� knockout mice nearly
to the extent observed in the wild-type mice. Values represent the results
of two separate experiments.

FIGURE 3. Other fibrates increase IL-4 levels. BALB/c splenocyte cul-
tures were activated with Con A and treated with gemfibrozil, ciprofibrate,
and vehicle control (ethanol). IL-4 levels in supernatants were measured by
ELISA after 96 h of culture. Both gemfibrozil and ciprofibrate cause in-
creases in measured IL-4 levels. �, p � 0.0001 vs control; ��, p � 0.01 vs
control.

FIGURE 4. GW7647, a highly specific PPAR� ligand, does not in-
crease IL-4 levels. Splenocytes from BALB/c mice were activated with
Con A and treated with GW7647. IL-4 in culture supernatants was mea-
sured by ELISA. Despite levels �1000-fold above its EC50 for activation
of PPAR�, there was no appreciable increase in IL-4.

2798 PPAR LIGANDS REGULATE CYTOKINE EXPRESSION
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WY14,643 modestly up-regulates the IL-4 promoter and this
effect appears to be PPAR� independent

Intriguingly, the murine (and human) IL-4 promoter contains a
nearly perfect PPRE located 317 bp from the transcription start
site. This raised the possibility that regulation of IL-4 expression
by fibrates may be through both PPAR�-dependent and PPAR�-
independent mechanisms. To establish a positive control for
PPAR-dependent transactivation, Jurkat cells were transfected
with a PPRE-driven Luc reporter ((AOX)3-TK-Luc). Fig. 9A
shows that in the absence of both PPAR� and stimulation,
WY14,643 cannot activate the PPRE reporter. The Jurkat cells
express low levels of PPAR� (data not shown). However, if the
cells are activated with PMA and ionomycin or are cotransfected
with the PPAR� expression vector (pSG5-murine PPAR�
(mPPAR�)), there is a 2-fold increase in promoter activity
stimulated by 5 �M WY14,643. A total of 50 �M WY14,643
could stimulate the (AOX)3-TK-Luc construct to nearly the same
extent in the presence or absence of PPAR�. Jurkat cells were
transfected with the IL-4 promoter construct (pGL3-IL-4Luc) with or

without pSG5-mPPAR� (Fig. 9B). WY14,643 was able to activate
transcription of the IL-4 promoter when the cells were stimulated,
regardless of whether pSG5-PPAR� was cotransfected. Higher con-
centrations of WY14,643 that exerted stronger effects on IL-4 expres-
sion in cultured primary splenocytes could not be evaluated in Jurkat
cells due to toxicity (data not shown). To assess whether WY14,643
activated gene transcription through the putative PPRE (at �317 bp
relative to the start site), we mutated this site. As predicted, mutation
of the PPRE within the IL-4 promoter did not alter the ability
WY14,643 to activate transcription in activated Jurkat cells (Fig. 9C).
We also used GW7,647 in the IL-4 promoter studies and there was no
appreciable effect of this potent PPAR� ligand on the IL-4 promoter
(data not shown). These studies further confirm that WY14,643 acts
in a PPAR�-independent manner. Furthermore, the ability of
WY14,643 to activate IL-4 promoter transcription is weak, suggesting
that additional mechanisms may prove important in mediating the
WY14,643-induced increase in IL-4. Alternatively, higher concentra-
tions of WY14,643 could have exerted stronger effects on the IL-4
promoter construct; however, doses of WY14,643 greater than 50 �M
greatly decreased cell viability in the Jurkat cell cultures.

FIGURE 6. The WY14,643-induced increment in IL-4 is independent
of IFN-�. Splenocytes activated with Con A were treated with 250 �M
WY14,643 or vehicle and anti-IL-4 (10 �g/well) or murine IFN-� (10,000
pg/well) when the splenocyte cultures were set up. Cytokines were mea-
sured by ELISA. Despite the high levels of IFN-� achieved in the super-
natants (�10,000 pg/ml), there was no significant decrement in IL-4 pro-
duction in WY14,643-treated splenocytes. ##, p � 0.0001 vs 250 �M
WY14,643 treatment.

FIGURE 7. WY14,643 augments expression of CD23 in an IL-4-de-
pendent manner. BALB/c splenocytes were activated with Con A and
stained after 96 h with CD45R/B220-PE and CD23-FITC. WY14,643
treatment augments the number of double-positive cells, an effect that is
negated with concomitant treatment with neutralizing Ab to IL-4. Percent-
ages of positive cells in each gate are represented. �IL-4, Anti-IL-4.

FIGURE 8. PPAR� mRNA expression in activated T cells is dependent
on IL-4. A, Northern blot of PPAR� expression. BALB/c splenocytes were
stimulated with Con A, and 5 �g of poly(A)� RNA was isolated at dif-
ferent time points: 24, 48, 72, 72 h � IL-4 (50 U/ml), and 72 h �
WY14,643 (250 �M). B, PPAR� is expressed in T cells at 72 h. RT-PCR
was performed in the linear phase of amplification (31 cycles). BALB/c
splenocytes were stimulated with Con A and harvested at 24 h and 72 h.
Cells were separated by MOFLO into T cells (FITC-CD3�) and B cells
(PE-CD45RB220); the control represents a PPAR� plasmid control. C,
RT-PCR of PPAR� in the linear phase of amplification (30 cycles). Mixed
splenocyte cultures from BALB/c mice stimulated with Con A were har-
vested at the indicated time points: 24, 48, 72, and 96 h. �IL-4 corresponds
to 96-h cultures treated with anti-IL-4 (4,000 pg/ml of neutralizing activ-
ity); the control is a PPAR� plasmid. D, RT-PCR for PPAR� in the linear
phase of amplification (34 cycles). Stimulated splenocyte cultures from
BALB/c mice were harvested at 24, 48, and 72 h. Expression of PPAR� is
most robust at 24 h, with virtually no evident expression by 72 h. The
control represents a PPAR� plasmid. Another reaction was performed to
detect expression of RPL-19, a rRNA, to control for equivalent PCR effi-
ciency and variations in mRNA concentrations.
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Discussion
In these studies, we have demonstrated that both synthetic PPAR�
and PPAR� ligands exert significant yet distinct effects on mito-
gen-activated lymphocyte proliferation and cytokine expression.
Ciglitazone, the PPAR� ligand, consistently decreases IFN-� and
IL-2 production by mitogen-activated splenocytes and has modest
effects on splenocyte proliferation. The effects of WY14,643 on
lymphocyte proliferation and IL-2 levels are less pronounced than
those observed with the PPAR� ligand; however, treatment with
three different low-affinity fibrates led to marked increases in su-
pernatant concentrations of IL-4. In contrast, a highly specific and
potent PPAR� ligand did not significantly augment IL-4 levels,
suggesting that fibrates increase IL-4 through a PPAR�-indepen-
dent mechanism. This was confirmed in PPAR� knockout mice.
We have also shown that the increase in IL-4 was associated with
and causatively related to augmented expression of CD23 by
CD45R/B220� cells. In addition, the temporal expression of the
PPAR� and PPAR� nuclear receptors in resting and activated
splenocytes differs, and treatment of splenocytes with WY14,643
or rIL-4 results in augmented PPAR� gene expression. In contrast,
neutralizing Abs to IL-4 block up-regulation of PPAR� in acti-
vated T cells.

Several recent studies have documented an effect of PPAR�
ligands on T cell proliferation and IL-2 production (18, 19). Yang
et al. (19) found that PPAR� ligands, but not WY14,643, inhibited
IL-2 production and mitogen-induced proliferation in human pe-
ripheral blood T cells. They proposed that PPAR� ligands exert
this effect by regulating the IL-2 promoter, blocking NFAT DNA
binding and transcriptional activity. Clark et al. (18) described
PPAR�1 expression in murine helper T cell clones and freshly
isolated splenocytes and documented inhibition of proliferative re-
sponses and of IL-2 secretion by PPAR� ligands. This inhibition of
proliferative responses may be attributable in part to apoptosis of
activated T cells in the presence of PPAR� ligands (30). Our find-
ings confirm these earlier results and additionally demonstrate in-
hibition of IFN-� secretion by the PPAR� ligand ciglitazone. Our
preliminary studies suggest that this effect on IFN-� occurs
through a PPAR�-dependent mechanism (data not shown). Re-
cently, Chtanova and Mackay (31) have shown with microarray
techniques that polarized Th2 cells express greater levels of
PPAR�2 mRNA than Th1 cells. The higher levels of PPAR� ex-
pression in the setting of endogenous ligands could result in lower
IFN-� expression observed in the Th2 population. Furthermore,

the IL-4 produced by the Th2 cells could be responsible for up-
regulating PPAR� expression in these cells.

PPAR� ligands have been previously implicated in the control
of inflammatory responses. PPAR�-deficient mice have a pro-
longed response to inflammatory stimuli, such as arachidonic acid
and leukotriene B4 (9). PPAR� ligands inhibit the cytokine-acti-
vated expression of IL-6, VCAM, and cyclooxygenase-2 (32–34).
In vivo administration of PPAR� ligands to aged mice diminishes
the augmented NF-�B expression typically seen in such animals,
as well as the elevated splenocyte levels of IL-6 and IL-12 (35).
PPAR� ligands may inhibit NF-�B functional expression and
DNA binding activity in part by augmenting the expression of
I�B� (36). In a similar manner, in vivo administration of
WY14,643 to aged mice corrects the dysregulation of IFN-� and
splenic inducible NO synthase seen in aged mice (37).

A smaller literature exists regarding the augmentation of cyto-
kine production or immune responses by PPAR� activators.
WY14,643 stimulates the synthesis of IL-8 and monocyte chemo-
tactic protein-1 by human aortic endothelial cells (38). Enioutina et
al. (39) have demonstrated that the blunted mucosal and systemic
humoral immune responses seen in aged mice can be restored with
dietary supplementation of PPAR� activators, such as WY14,643.
Our own findings of augmented IL-4 expression in the presence of
WY14,643 may provide a partial explanation as to why humoral
immune responses are augmented in the aged mice fed WY14,643.

Two lines of evidence, dose response and genetic, have consis-
tently shown that the fibrate-induced augmentation of IL-4 in
mixed splenocyte cultures may be mediated in a PPAR�-indepen-
dent manner. High doses of WY14,643 (100–250 �M; EC50 � 5
�M), ciprofibrate (100–400 �M), and gemfibrozil (200–400 �M)
are required to increase IL-4 levels. At high concentrations, PPAR
ligands are known to exert PPAR-independent effects. It is for this
reason that we used a highly specific PPAR� ligand, GW7,647. At
concentrations greater than 1000-fold above its EC50, there was no
appreciable increase in IL-4. This agent is related to the fibrate
class of ligands, and it is possible that at much higher concentra-
tions it could increase IL-4 levels; however, the lack of effect at
concentrations far above its EC50 suggests that the fibrates are not
functioning in a PPAR�-dependent manner. Furthermore, treat-
ment of splenocytes isolated from PPAR� knockout mice with
WY14,643 resulted in a similar augmentation of supernatant IL-4
levels in both wild-type and knockout animals.

FIGURE 9. WY14,643 modestly induces IL-4 promoter activity in activated Jurkat T lymphocytes. A, Jurkat cells were transfected with a PPRE-driven
Luc reporter, (AOX)3-TK-Luc, and a PPAR� expression vector, pSG5-mPPAR�. B, Jurkat cells were transfected with a luciferase reporter gene under
transcriptional control of the IL-4 promoter (�767/�61, pGL3-IL-4-Luc). C, Jurkat cells were transfected with a Luc reporter gene under transcriptional
control of the IL-4 promoter that had been mutated in the putative PPRE (pGL3-IL-4mut-Luc). Cells were cotransfected with 5 �g of reporter plasmid and
750 ng of the mPPAR� expression vector (pSG5-mPPAR�) as indicated. Cells were also treated with combinations of WY14,643, (PMA, 3 ng/ml), and
ionomycin (3 �g/ml). Bars represent SD; values are representative of experiments performed at least three times.
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Increasingly, PPAR-independent effects of PPAR ligands are
being discovered (20, 21, 23, 26–28, 40). 15d-PGJ2 has been
shown to covalently modify critical residues in I�B kinase and the
DNA-binding domains of NF-�B. Thiazolidinediones have also
been demonstrated to inhibit translation initiation by depleting in-
tracellular calcium stores in a PPAR�-independent manner (26).
Many of the previous studies using PPAR ligands may need to be
reevaluated to confirm whether the reported effects occur though
PPAR receptors.

Paradoxically, the IL-4 promoter contains a highly conserved
PPRE �317 bp upstream of the transcription initiation site. Pre-
liminary studies with WY14,643 have shown modest induction of
the promoter, though we could never use the same concentrations
of WY14,643 that were used in the splenocyte cultures, due to
toxicity in the Jurkat cells. However, as predicted by our earlier
studies, mutation of the PPRE did not alter promoter activity. Also,
treatment with GW7,647 in PPAR�-activating concentrations in-
duced transcription of the PPRE-driven reporter, but did not acti-
vate the IL-4 promoter construct (data not shown). Further studies
will need to be performed to assess whether WY14,643 has a direct
effect on the promoter or whether it modifies other coactivators or
repressors.

PPAR� expression is induced in macrophages (41) and micro-
glial cells (42) by IL-4. Our current studies extend this paradigm
to activated T cells. Although we do not see expression of PPAR�
in resting T cells exposed to IL-4 (R. Cunard and C. J. Kelly,
unpublished observations), we clearly demonstrate that PPAR�
mRNA is up-regulated in activated T cells and superinduced by
WY14,643 and that up-regulation of PPAR� is inhibited in the
presence of blocking Abs to IL-4.

Our studies use high concentrations of PPAR ligands, which
raises the concern of the physiologic relevance of these findings.
Fibrates have a high degree of plasma protein binding (95–99%)
(43), and we use 10% FCS for splenocyte cultures. Our review of
the literature confirms that high doses of fibrates are required, and
peak levels of the therapeutic agent gemfibrozil are in the 100 �M
range (33, 44). Furthermore, endogenous PPAR ligands, including
prostaglandins, are found in high concentrations in splenocytes
(45), and the metabolism of arachidonic acid is greatly increased in
inflammatory states (20).

Fibrates are currently in clinical use as hypolipidemic agents. In
a similar manner, PPAR� ligands of the thiazolidinedione family
are in broad use in patients with type 2 diabetes mellitus. Recent
studies have demonstrated that PPAR� ligands may well have ben-
eficial effects in rodent models of atherosclerosis (14–16), colitis
(12), arthritis (46), and experimental allergic encephalitis (17). The
full extent of immunomodulatory effects of these compounds in
humans has not yet been delineated and remains an important fo-
cus for continued investigation.
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Fürnsinn. 2001. Direct thiazolidinedione action on isolated rat skeletal muscle
fuel handling is independent of peroxisome proliferator-activated receptor-�-me-
diated changes in gene expression. Diabetes 50:2309.

2801The Journal of Immunology

 by guest on A
ugust 9, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


28. Davies, G. F., R. L. Khandelwal, L. Wu, B. H. Juurlink, and W. J. Roesler. 2001.
Inhibition of phosphoenolpyruvate carboxykinase (PEPCK) gene expression by
troglitazone: a peroxisome proliferator-activated receptor-� (PPAR�)-indepen-
dent, antioxidant-related mechanism. Biochem. Pharmacol. 62:1071.

29. Brown, P. J., L. W. Stuart, K. P. Hurley, M. C. Lewis, D. A. Winegar,
J. G. Wilson, W. O. Wilkison, O. R. Ittoop, and T. M. Willson. 2001. Identifi-
cation of a subtype selective human PPAR� agonist through parallel-array syn-
thesis. Bioorg. Med. Chem. Lett. 11:1225.

30. Harris, S. G., and R. P. Phipps. 2001. The nuclear receptor PPAR� is expressed
by mouse T lymphocytes and PPAR� agonists induce apoptosis. Eur. J. Immunol.
31:1098.

31. Chtanova, T., R. A. Kemp, A. P. Sutherland, F. Ronchese, and C. R. MacKay.
2001. Gene microarrays reveal extensive differential gene expression in both
CD4� and CD8� type 1 and type 2 T cells. J. Immunol. 167:3057.

32. Delerive, P., K. De Bosscher, S. Besnard, W. Vanden Berghe, J. M. Peters,
F. J. Gonzalez, J. C. Fruchart, A. Tedgui, G. Haegeman, and B. Staels. 1999.
Peroxisome proliferator-activated receptor � negatively regulates the vascular
inflammatory gene response by negative cross-talk with transcription factors
NF-�B and AP-1. J. Biol. Chem. 274:32048.

33. Staels, B., W. Koenig, A. Habib, R. Merval, M. Lebret, I. P. Torra, P. Delerive,
A. Fadel, G. Chinetti, J. C. Fruchart, et al. 1998. Activation of human aortic
smooth-muscle cells is inhibited by PPAR� but not by PPAR� activators. Nature
393:790.

34. Marx, N., G. K. Sukhova, T. Collins, P. Libby, and J. Plutzky. 1999. PPAR�
activators inhibit cytokine-induced vascular cell adhesion molecule-1 expression
in human endothelial cells. Circulation 99:3125.

35. Spencer, N. F., M. E. Poynter, S. Y. Im, and R. A. Daynes. 1997. Constitutive
activation of NF-�B in an animal model of aging. Int. Immunol. 9:1581.

36. Delerive, P., P. Gervois, J. C. Fruchart, and B. Staels. 2000. Induction of I�B�
expression as a mechanism contributing to the anti-inflammatory activities of
peroxisome proliferator-activated receptor-� activators. J. Biol. Chem.
275:36703.

37. Poynter, M. E., and R. A. Daynes. 1999. Age-associated alterations in splenic
iNOS regulation: influence of constitutively expressed IFN-� and correction fol-

lowing supplementation with PPAR� activators or vitamin E. Cell. Immunol.
195:127.

38. Lee, H., W. Shi, P. Tontonoz, S. Wang, G. Subbanagounder, C. C. Hedrick,
S. Hama, C. Borromeo, R. M. Evans, J. A. Berliner, and L. Nagy. 2000. Role for
peroxisome proliferator-activated receptor � in oxidized phospholipid-induced
synthesis of monocyte chemotactic protein-1 and interleukin-8 by endothelial
cells. Circ. Res. 87:516.

39. Enioutina, E. Y., V. D. Visic, and R. A. Daynes. 2000. Enhancement of common
mucosal immunity in aged mice following their supplementation with various
antioxidants. Vaccine 18:2381.

40. Crabb, D. W., J. Pinaire, W. Y. Chou, S. Sissom, J. M. Peters, R. A. Harris, and
M. Stewart. 2001. Peroxisome proliferator-activated receptors (PPAR) and the
mitochondrial aldehyde dehydrogenase (ALDH2) promoter in vitro and in vivo.
Alcohol. Clin. Exp. Res. 25:945.

41. Huang, J. T., J. S. Welch, M. Ricote, C. J. Binder, T. M. Willson, C. Kelly,
J. L. Witztum, C. D. Funk, D. Conrad, and C. K. Glass. 1999. Interleukin-4-
dependent production of PPAR-� ligands in macrophages by 12/15-lipoxygenase.
Nature 400:378.

42. Kitamura, Y., T. Taniguchi, H. Kimura, Y. Nomura, and P. J. Gebicke-Haerter.
2000. Interleukin-4-inhibited mRNA expression in mixed rat glial and in isolated
microglial cultures. J. Neuroimmunol. 106:95.

43. Miller, D. B., and J. D. Spence. 1998. Clinical pharmacokinetics of fibric acid
derivatives (fibrates). Clin. Pharmacokinet. 34:155.

44. Hashimoto, F., S. Taira, and H. Hayashi. 1998. Comparison of the effects of
gemfibrozil and clofibric acid on peroxisomal enzymes and cholesterol synthesis
of rat hepatocytes. Biol. Pharm. Bull. 21:1142.

45. Ujihara, M., Y. Urade, N. Eguchi, H. Hayashi, K. Ikai, and O. Hayaishi. 1988.
Prostaglandin D2 formation and characterization of its synthetases in various
tissues of adult rats. Arch. Biochem. Biophys. 260:521.

46. Kawahito, Y., M. Kondo, Y. Tsubouchi, A. Hashiramoto, D. Bishop-Bailey,
K. Inoue, M. Kohno, R. Yamada, T. Hla, and H. Sano. 2000. 15-Deoxy-�(12,14)-
PGJ2 induces synoviocyte apoptosis and suppresses adjuvant-induced arthritis in
rats. J. Clin. Invest. 106:189.

2802 PPAR LIGANDS REGULATE CYTOKINE EXPRESSION

 by guest on A
ugust 9, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/

