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Abstract

Peroxisome proliferator-activated receptors (PPARS) belong to the nuclear steroid receptor
superfamily. Originally, the receptors were identified as critical controllers for several key enzymes
that catalyze the oxidation of fatty acids. PPARSs consist of three members: PPAR-a, PPAR-B/3, and
PPAR-y. Among them, PPAR-y is essential for controlling thermogenesis and adipocyte
differentiation. The ligands for PPAR-y include 15-deoxy-A1214-prostaglandin J, (15d-PGJy)—a
metabolite from the prostaglandin synthesis pathway, and “glitazones”—drugs utilized in the
treatment of patients with diabetes. The precursors for prostaglandins are fatty acids consumed from
diet and these precursors have long been postulated to have a regulatory role in immune functions.
Emerging evidence indicates that PPAR-y and its ligands are indeed important for the modulation
of immune and inflammatory reactions. In this review, we will spotlight the molecular mechanisms
of receptor/ligand function and how they may regulate immune and inflammatory reactions. We also
propose that PPAR-y and its endogenous ligands are participating factors for Type 1/Type 2 T and
NK cell differentiation and development. Deciphering the mechanism of action of PPAR-y and its
ligands may lead to a new therapeutic regiment for treatment of diseases involving dysfunction of
the immune system.
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1. Introduction

And take your father and your households, and come unto me: and | will give you the
good of the land of Egypt, and ye shall eat the FAT of the land. (Genesis 45:18 King
James Bibles of 1611)

A proper intake of dietary fat is very important for mammalian well-being. The consumed fat
is converted into essential fatty acids that are building blocks for a variety of cell functions.
Diseases associated with malnutrition due to deficiencies in dietary fat, such as infectious
diseases, are common in most developing countries. In industrialized countries, major causes
of mortality and morbidity are high-fat diet-related diseases such as cardiovascular diseases,
obesity, and diabetes. Hormonal systems have evolved in mammals for the regulation of
physiological responses to dietary intakes of fatty acids. The key players for such important
responses are a family of transcription factors known as peroxisome proliferator-activated
receptors (PPARS) that belong to the nuclear hormone receptor superfamily. Ligands for
PPARs include long-chain unsaturated fatty acids and their metabolites as well as lipophilic
drugs “fibrates” and antidiabetic drugs “glitazones”. They mainly control adipogenesis and
thermogenesis by regulation of the expression of a broad range of genes involved in lipid and
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glucose metabolism and adipocyte differentiation. Recent evidence indicates that PPARS,
especially PPAR-y and the corresponding ligands, play a critical role in immune and
inflammatory responses. The purpose of this review is to summarize emerging data on the
cellular and molecular mechanism of PPAR-y function and examine the role of PPAR-y in the
modulation of the immune system.

2. Peroxisome

Originally discovered in the early 1950s, peroxisome was the last “true” subcellular organelle
to be detected in eukaryotic cells. The pioneering studies by de Duve and his colleagues in the
mid-1960s defined its biochemical properties. Peroxisome can be detected in all human cells
except mature red blood cells. Its biological functions, which vary with cell types, include (1)
the catabolism and metabolism of hydrogen peroxide, as the name “peroxisome” was originally
implied, (2) the B-oxidation of very long-chain fatty acids that cannot be oxidized by
mitochondria, and oxidation of prostaglandins, purines, and polyamines, (3) initiation of the
biosynthesis of plasmalogens which are present in large amounts in myelin, (4) catabolism of
pipecolic, phythanic, and glyoxylic acids (reviewed in Ref. [1]).

Approximately 35-40 years ago, a group of structurally diverse agents was found to promote
an increase in the number of hepatic peroxisome in rodents. These agents are collectively
named “peroxisome proliferators” (reviewed in Ref. [2]). The increase in the number of
peroxisome was found to be associated with an induction of gene expression involved in fatty
acid oxidation; thereby a receptor-mediated mechanism of action was postulated. In 1990,
Issemann and Green [3] identified and cloned a transcription factor that can regulate genes
essential for fatty acid oxidation in the presence of peroxisome proliferators. Characterization
of its amino acid sequence revealed that the newly identified transcription factor was a member
of the nuclear hormone receptor superfamily. The transcription factor was designated as PPAR-
a, the first member of PPAR family. Additional PPAR subtypes, PPAR-y and PPAR-6/p, were
subsequently identified and cloned (reviewed in Ref. [4]).

3. PPAR and cofactors

PPAR-a is mainly expressed in hepatocytes, enterocytes, smooth muscle cells, endothelial and
kidney cells. Brown and white adipocyte tissues are major sites for PPAR-y expression [5].
Interestingly, the human PPAR-y gene was first cloned from a bone marrow cDNA library by
Greene et al. in 1995 [6]. These investigators identified two transcripts corresponding to a full-
length PPAR-y mRNA and a short form devoid of functional domains. Northern blot analysis
revealed that the full-length mRNA was only detected in cultured normal primary bone marrow
stromal cells, whereas normal neutrophils and peripheral blood lymphocytes express only the
short-form mRNA. Thus, the role of PPAR-y in the molecular regulation of immune system
function was not fully appreciated until recent studies demonstrated that the full-length PPAR-
v was indeed expressed in activated T, B cells and monocytes/macrophages [7-14].

The molecular structures of three PPARs are very similar (reviewed in Ref. [15]). The proteins
contain (1) a DNA binding domain (DBD) with high homology (about 80%) among the family
members; (2) a ligand binding domain (LBD) which is located at C-termini and shares about
65% homology between the proteins (Fig. 1). The highly conserved structure of the DBD
further supports the fact that all three subtypes of PPARs bind to the same response element
composed of two hexamer AGGTCA separated by one nucleotide (the PPAR response element
[PPRE]). The less conserved LBD permits each PPAR to have its own specific ligands. The
large pocket in the LBD revealed by crystal structure analysis explains the observation that
PPAR ligands are diverse in structure [16].
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PPARs can interact with other proteins. In an inactive state, PPARs are complexed with nuclear
co-repressors (NCo-Rs) that maintain the PPARS as inactive (reviewed in Ref. [17]). Upon
ligand binding to PPARs, conformation changes lead to the release of NCo-R from the PPARSs.
Activated PPARs interact with another member of the nuclear steroid receptor superfamily,
the retinoid X receptor (RXR), to form a heterodimer. The heterodimer will bind to PPREs
located in the promoter regions of target genes (reviewed in Ref. [15]). The activated PPARs
can also recruit other accessory proteins essential for the initiation of gene transcription
(reviewed in Ref. [18]). These accessory proteins include nuclear co-activators (N-CoAs) and
cyclic-AMP response element binding protein (CREB)-binding protein (CBP)/protein 300
(p300) (Fig. 1) and have multiple functions essential for gene transcription (reviewed in Refs.
[19,20]). For example, CBP/p300 not only possesses acetyltransferase activity for histones and
nonhistone substrates, but also functions as a molecular scaffold and signal integrator through
its association with other transcription factors (Fig. 1), signalling molecules and nuclear
hormone receptors such as PPARs [21-25]. PPAR-y can interact with p300 with or without
ligand [25]. In the absence of ligand, the interaction is through the N-terminus of p300, whereas
the C-terminus of p300 is crucial for interaction in the presence of ligand (Fig. 1). CBP and
p300 are often considered to be functional homologues, but emerging evidence has
demonstrated functional difference between the two molecules (reviewed in Ref. [26]).

Many coactivators have been identified, but only steroid receptor coactivator (SRC) family
members have been intensively studied and well characterized (reviewed in Ref. [20]). The
SRC family of coactivators contains three groups. (1) SRC-1 (N-CoALl) interacts with a wide
range of nuclear receptors including PPAR in a ligand-dependent fashion. By interaction with
general transcription factors such as TATA binding protein (TBP) and TFIIB, SRC-1 functions
as a bridging molecule. In addition, SRC-1 can enhance AP-1-, NF-kB-, and STATs-mediated
transcriptional regulation of gene expression [27-29], indicating that SRC-1 can play a role in
crosstalk between intracellular signalling pathways. (2) Transcription intermediary factor 2
(TIF2) and GR-interacting protein 1 (GRIP1) belong to the second family of SRC proteins
(SRC-2, N-CoA2). TIF2 and GRIP1 represent human and murine analogues, respectively, as
they share about 94% homology at their amino acid sequence level. Like SRC-1, TIF2 and
GRIP1 interact with GR, ER, and RAR in a ligand-dependent manner. (3) The third group of
SRC family members (SRC-3, N-CoA3) include: RAC3, AIB1, TRAM-1, and ACTR (human)
and p300/CBP interacting protein (p/CIP) (mouse). Their expression can be increased by
hormone treatment. In addition to SRC family of cofactors, another cofactor crucial for PPAR-
y-mediated transcription is PPAR-y coactivator-1 (PGC-1) [30]. PGC-1 is an essential cofactor
for PPAR-y activity in adaptive thermogenesis. The transcriptional activation of uncoupling
protein-1 (UCP-1) by PPAR-y can be enhanced by PGC-1. Overexpression of PPAR-y
increases interaction between PGC-1 and SRC-1 and CBP/p300. The current understanding of
PGC-1 is limited to its role in thermogenesis. Evidently, the interactions among cofactors are
important regulatory mechanisms in multiple intracellular signalling pathways involving
PPAR-y.

4. Ligands for PPAR-y

One of the natural ligands for PPAR-y is 15d-PGJ, (15-deoxy-A1214-prostaglandin J,) [31,
32], the major metabolite from prostaglandin D, (PGD,) that is derived from sequential
metabolism of arachidonic acid (Fig. 2). Upon stimulation, arachidonic acid is released from
cell membrane phospholipids catalyzed by phospholipases such as phospholipase A2. After
being converted to an unstable endoperoxide intermediate by cyclooxygenases (COXs),
subsequent enzymatic reaction yields several structurally related products called eicosanoids,
including leukotrienes (LTs) and prostaglandins (PGs) (reviewed in Ref. [33]). PGD, is one
of the major metabolites among PGs in a variety of cells, including monocytes/macrophages
(reviewed in Refs. [34,35]). It has been shown that in vitro PGD, can spontaneously transform
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into prostaglandins of the J series including PGJ,, A12-PGJ, and 15d-PGJ,. PGJ, and A12-
PGJ, can also be generated in vivo (Fig. 2). However, whether 15d-PGJ, can be formed in
vivo has been debated for sometime (reviewed in Ref. [36]). The recent study by Shibata et al.
[37] may be helpful to resolve this issue. Using a murine monoclonal antibody specifically
against 15d-PGJ,, these investigators demonstrate that 15d-PGJ, exists in the cytoplasm of
most of the foamy or spindle macrophages in human atherosclerotic plaques. Furthermore,
RAW264.7 cells (a mouse macrophage cell line) stimulated with LPS (10 ug/ml) generated
intracellular 15d-PGJ,. The extracellular concentrations of 15d-PGJ, can reach 60-100 nM
within 24 h after stimulation. Roughly, about 30% of PGD,, is converted into 15d-PGJ,. The
concentrations of 15d-PGJ, used for most in vitro studies are in a range from 1 to 10 uM.
However, the physiological significance of this agent at this concentration range in vivo is
questionable (reviewed in Ref. [36]). By using normal phase high-performance liquid
chromatography (HPLC) analysis, Maxey et al. [38] found that the preparation of 15d-PGJ,
by chemical decomposition of PGD2 was a mixture of at least five isomers with the same
molecular weight. There are substantial differences in the relative potency of these isomers as
demonstrated by a PPAR-y ligand-binding assay. Surprisingly, two isomers present in minor
amounts in the preparation have relatively higher activities. Thus, this observation may account
for the need of higher concentrations of 15d-PGJ, for in vitro studies. PPAR-y needs RXR as
its heterodimer partner to fully exert transcription activation and sufficient endogenous ligand
(s) for RXR may function as “sensitizers” to reduce the concentrations of PPAR-y ligands
required for receptor activation [39]. The effectiveness of the ligand crossing cellular
membrane may also be a factor in determining receptor activation.

More recently, Davies et al. [40] discovered another natural ligand for PPAR-y, azPC
(hexadecyl azelaoyl phosphatidylcholine). This oxidized phospholipid can be liberated from
a small pool of alky phosphatidylcholines in oxidized low-density lipoprotein (oxLDL) by
phospholipase Al. The apparent affinity of azPC for PPAR-y was found to be around 40 nM
that is in the range of concentrations required for rosiglitazone binding to PPAR-y. Unlike 15d-
PGJ,, the entry of azPC into cells is relatively effective. The activation of PPAR-y by azPC
may not need secondary messengers as it may occur through the interaction of azPC with an
unknown surface receptor. The expression of the scavenger receptor CD36, encoded by a
PPRE-responsive gene, can be induced by azPC. CD36 promotes the uptake of oxLDL and
differentiation of macrophages to foam cells. Most strikingly, azPC can also induce COX2,
another PPRE-responsive gene, in intercellular adhesion molecule-3 (ICAM-3) bound human
monocytes where PPAR-y expression is strongly induced [41]. These observations put PPAR-
yand azPC in a proinflammatory and proatherosclerotic pathway. Interestingly, 15d-PGJs, like
azPC, can enhance luciferase activity of (COX-2 PPRE)3-luc reporter in the presence of PMA,
but unlike azPC, it inhibits the activity of the full-length promoter [41].

The most intensively studied synthetic PPAR-y ligands (agonist) are thiazolidinediones
(TZDs), a class of drugs termed “glitazones” (Fig. 3). TZDs were originally developed without
the knowledge of their molecular targets by screening rodent models of insulin resistance and
used as insulin sensitizers for treatment of patients with Type Il diabetes [42]. In 1995, Forman
etal. [31] and Lenhmann et al. [43] independently found that glitazones were functional ligands
for PAPR-y. Subsequent data prove that PPAR-y is one of the molecular targets for the
therapeutic effects of glitazones ([44], reviewed in Ref. [45]). TZDs approved for clinical
applications are troglitazone (Rezulin™), rosiglitazone (Avandia™), and pioglitazone
(Actos™). Commercially available TZDs for research purposes only include troglitazone and
ciglitazone. The structures of each “glitazone” are very similar, but the side effects in patients
are different. For example, short- or long-term use of troglitazone can cause idiosyncratic
hepatotoxicity that results in liver failure. Based on this toxicity, troglitazone was suspended
for clinical application and withdrawn from the market. Use of rosiglitazone plus insulin has
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been reported to be associated with some adverse cardiovascular events including cardiac
failure.

Several synthetic ligands (agonists) whose structures are not related to glitazones have also
been studied (reviewed in Ref. [4]). GW0072 functions more like a modulator than a pure
agonist or antagonist for PPAR-y. The plasticizer BADGE has been shown to function as an
antagonist with very weak affinity for PPAR-y. However, the concentrations required for the
antagonist effect of BADGE are very close to the level of its solubility, which makes BADGE
a poor antagonist. GW9662 is a potent irreversible PPAR ligand since its interaction with the
receptor results in alkylation of an amino acid residue (Cysteine 286 in PPAR-y) that is
conserved in all three receptor subtypes. In cell-based assays, GW9662 shows higher affinity
for PPAR-y than for the other two receptor subtypes with effective concentrations less than 10
uM in multiple cell types. Nonsteroidal anti-inflammatory drugs have also been found to be
low-affinity ligands for PPAR-y and PPAR-o. [46]. Intensive studies of these drugs related to
anticancer and anti-inflammatory effects have been recently reported [47]. These studies
provide a framework for developing new drugs for treatment of cancer and autoimmune
diseases.

5. Molecular mechanisms of PPAR-y and its ligands in the modulation of
immune system

15d-PGJ, appears to function as a modulator of many immune responses [48]. The mechanism
by which 15d-PGJ;, enters the cells remains elusive, but it is possible that a transporter system
used by other cyclopentanone prostaglandins plays a role [49]. While intracellular 15d-PGJs,
either exogenously transported or endogenously produced, mainly functions as an inhibitor to
repress inflammatory cytokine expression, it can also function as an inducer of certain specific
proinflammatory factors. The molecular mechanisms underlying these differential effects
involve intracellular (PPAR-y-dependent and/or PPAR-y-independent) and/or membrane —
receptor pathways (Fig. 4).

5.1. Intracellular pathways

Intracellular pathways used by 15d-PGJ, have been suggested to be both PPAR-y-independent
and PPAR-y-dependent. The effect of 15d-PGJ, and glitazones on the NF-kB pathway has
been intensively studied. First, in a PPAR-y-independent manner, 15d-PGJ, (2-5 uM) is able
to form Michael adducts with cellular nucleophilic and covalently modify IKK@ (IxB kinase
B) through its reactive cyclopentenone moiety [50,51]. Modified IKKp cannot phosphorylate
IxB (inhibitor of NF-xB) and thereby the release of NF-«B is hindered. This leads to the failure
of nuclear translocation and subsequent activation of the target genes. Glitazones have no such
effects. By the same mechanism, 15d-PGJ;, can also modify the cysteinyl residues located in
the DNA-binding domain of NF-kB subunits p65 (cysteine 38) and p50 (cysteine 62), leading
to the impairment of DNA binding capability of NF-xB [52]. Secondly, the transcription
responses mediated by AP-1, NF-xB, and STAT1 induced by LPS can also be repressed by
submicromolar concentrations (0.1-0.5 uM) of 15d-PGJ, only in the presence of PPAR-y
[7]. PPAR-y prevents NF-kB molecules from binding to the cognate cis-element in the
promoter region of cytokine genes through protein—protein interaction with NF-xB. Analogous
to the protein—protein interaction of PPAR-y with NF-kB molecules, Yang et al. [53]
demonstrated that both 15d-PGJ, and glitazones could inhibit PHA-induced human T-cell
proliferation and IL-2 gene expression. The repression results from the interaction of activated
PPAR-y with nuclear factor for activated T cells (NFAT), thereby blocking the binding of
NFAT to its cognate cis-element in the IL-2 promoter. Recently, we found that PPAR-y
activated by 15d-PGJ2 competes with a limited quantity of p300/CBP available for
transactivation of the IFN-y promoter [54]. The IFN-y promoter contains several essential
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cis-elements for transcription factors including AP-1, NF-«xB, and STATS [55]. These data are
consistent with previous studies that p300/CBP and SRC-1 are essential for full activation of
AP-1, NF-«xB, and STATSs, as well as other transcription factor-mediated gene promoter
activation [20-29] (Fig. 1). Our results suggest that the reduction of availability of these
essential factors may be responsible for the inhibition of IFN-y promoter activity by PPAR-y
activation. Thus, sharing of common coactivators such as CBP/p300 and SRC-1 by nuclear
receptors and other transcription factors (e.g., AP-1, NF-kB and STATS) may play an important
role in the multiple intracellular signalling pathways [56]. Additionally, the ligand may induce
other transcription factors to interact with cis-elements other than traditional PPRE on target
genes, as has been demonstrated for synthetic PPAR-a ligands [57,58]. Finally, suppression
of the inflammatory immune responses by PPAR-y activation may also be achieved through
induction of apoptosis of immune cells [59,60,80].

On the other hand, 15d-PGJ, and glitazones can also promote the induction of proinflammatory
proteins under certain conditions. The production of TNF-a and IL-6 in LPS-treated db/db
mice is enhanced by 15d-PGJ, and glitazones [61]. In human monocytes, 15d-PGJs
differentially regulates chemokine gene expression [62]. 15d-PGJ; inhibits PMA-induced
chemokine gene expression, whereas it enhances LPS-induced IL-8 gene expression. 15d-
PGJ; by itself can induce IL-8 gene expression but suppresses MCP-1 gene expression. Similar
observation has also been obtained from THP-1-derived macrophages [116]. TCR-activated
human T-cells and LPS-treated endothelial cells can also produce more IL-8 when treated with
15d-PGJ, [63,64]. Other genes, such as CD36 in macrophages [41,65,66] and cyclooxygenase
2 in colon cells [67], are also induced upon 15d-PGJ, and glitazone treatment. These up-
regulating effects of 15d-PGJ, and glitazones may be partially attributed to a PPAR-y-
dependent pathway in which ligand-bound PPAR-y interacts with the cognate cis-element
(PPRE) in the promoter region of the target genes [41,62,65-67].

Although glitazones are considered as PPAR-y ligands, they do not always exhibit same
transcriptional modification activity as 15d-PGJ,. Emerging evidence indicates that interaction
of nuclear receptors with coactivators can occur in a differential manner. For example, 15d-
PGJ,, the natural ligand for PPAR-y, can induce ligand-activated receptor interaction with
SRC-1, SRC-2 (TIF2 and AIB1) and p300, while troglitazone, the synthetic ligand for PPAR-
v, does not have these effects [68]. PPAR-y and RXR have their own preference for interaction
with cofactors as well. PPAR-y has a stronger interaction with CBP/p300, whereas RXR
preferentially interacts with TBP (TATA binding protein) [69]. The preferential interaction of
cofactors with nuclear receptors activated by specific ligands may partially explain
observations in which some genes are potently regulated by 15d-PGJ,-, but not glitazones-,
activated PPAR-y or vice versa.

Disruption of PPAR-y gene is embryonic lethal [70], which limits the availability of a PPAR-
v knockout mouse model to study the role of this transcription factor in the immune system. A
viable PPAR-y conditional knockout mouse, recently developed by Akiyama et al. [71],
appears to offer a remedy. Several findings in this mouse model provide important clues for
understanding the molecular roles of glitazones. Troglitazone repressed the expression of
ABCAL1 gene (the downstream target for PPAR-y) in both PPAR-y-deficient and wild-type
mice, whereas other glitazones such as rosiglitazone, ciglitazone, and piog litazone had no such
effect. These findings further support the previous in vitro observation in which troglitazone,
but not rosiglitazone and pioglitazone, suppressed PMA-induced TNF-a production by a
human monocyte cell line [113]. Thus, glitazones may have unique functional mechanisms
that are not solely mediated by PPREs and the PPAR-y pathway. Similar observations have
been made with fibrates (the synthetic ligands for PPAR-a), which can also function through
transcription factor(s) other than PPAR-a and elements unrelated to PPRE on some target genes
[57].
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Other signalling pathways that may be affected by 15d-PGJ, and glitazones include mitogen-
activated protein kinases (MAPKS). There are three pertinent MAPK pathways: the
extracellular signal-regulated kinase (ERK), the p38 MAPK (the 38-kDa MAPK), and the c-
Jun N-terminal kinase (JNK) (reviewed in Ref. [72]). In activated human T cells, Harris et al.
[63] observed that 15d-PGJ, can induce IL-8 production through MAPK/ERK and NF-«xB
independent of PPAR-vy, whereas glitazones have no effect at all. Inhibitors of both MAPK and
NF-«xB can block 15d-PGJ,-induced IL-8 production. However, in human macrophages, the
LPS-induced phosphorylation of ERKs and degradation of IxBa can be inhibited by 15d-
PGJ,, leading to the inhibition of LPS-induced production of NO, TNF-a, and thromboxane
B2 [73]. In human NK (natural killer) cells, we have observed that 15-PGJ, inhibits IL-2-
induced MAP/ERK kinase activities [54]. This may contribute to the inhibitory effect of 15d-
PGJ, on biological functions of NK cells, including natural killing activity and IFN-y
production [74]. The differential effects of 15d-PGJ, on the MAPK/ERK pathway are not
surprising since similar results were observed in other nonhemopoietic systems [75-78]. In
general, 15d-PGJ, can suppress mitogenic-induced MAPK/ERK, whereas the ligand by itself
can marginally induce the kinase activity. Regarding the effects on JNK, 15d-PGJ; slightly
up-regulates JNK activity in a mouse macrophage cell line [52]. In human vascular endothelial
cells, high concentrations of troglitazone (10 uM) and 15d-PGJ, (15 uM) induce c-Jun
phosphorylation through activation of JNK [79]. Activation of p38 MAPK by 15d-PGJ,
correlates with its ability to enhance macrophage apoptosis induced by LPS and IFN-y [80].
Thus, temporal and spatial factors will markedly affect the outcome of a specific signalling
pathway.

The biological activity of PPAR-y can also be regulated by MAP kinases with diverse
consequences. Zhang et al. [81] reported that phosphorylation of PPAR-y by insulin-activated
MAPKSs led to activation of PPAR-y in adipocytes. However, Hu et al. [82] demonstrated an
inhibited adipogenesis in association with an MAPK-mediated phosphorylation of PPAR-y.
The site of phosphorylation in PPAR-y is located in the amino-terminal A/B domain of the
receptor, and the phosphorylation leads to the reduction of ligand-binding affinity of its
carboxyl-terminal LBD domain and subsequent activity of PPAR-y as a transcription factor
[83].

5.2. Membrane—receptor pathway

Since 15d-PGJ, shares a similar structure with its D series compounds that interact with cell
surface receptors, the search for putative surface receptor of 15d-PGJ, has been an important
area of investigation. Utilizing a human HEK 293 cell line stably transfected with human
PGD, receptor, Wright et al. [84] found that 15d-PGJ, can induce an increase in CAMP, albeit
at a 600-fold higher concentration than that was required for PGD,; thereby 15d-PGJ, has a
weak agonist activity on PGD5 receptor. In human neutrophils, Vaidya et al. [85] found that
in the presence of a phosphodiesterase inhibitor, the concentration of 15d-PGJ, required to
inhibit oxygen burst and cell adhesion dropped from 1 uM to 150 nM, although the
phosphodiesterase inhibitor alone had no effect. Thus, 15d-PGJ, may affect neutrophil function
by elevating intracellular cAMP through a membrane receptor. We have found that treatment
of NK 92 cells (a human natural killer cell line) with 15d-PGJ, can moderately induce protein
kinase A (PKA) activity [54], which may partially contribute to the suppressive effect of 15d-
PGJ, on cytokine-induced IFN-y secretion in NK cells. The concentrations of 15d-PGJ, used
in these studies were in the range that demonstrates anti-inflammatory effects. The results
suggest that 15d-PGJ, may also interact with a surface receptor on NK cells.

Chemoattractant receptor-homologous molecule expressed on Th2 cells (CRTH2) is a newly
identified, seven-transmembrane G protein-coupled PGD, receptor, structurally similar to the
members of FPR (N-formyl peptide receptor) family [86]. Recently, Monneret et al. [87]
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demonstrated that 15d-PGJ, is a potent and selective agonist for this cell surface receptor in
eosinophils. Interestingly, indomethacin, a weak agonist for PPAR-y and commonly used for
its anti-inflammatory, antipyretic, and analgesic effects, is also an agonist for CRTH2 [88].
The affinities of these two agents for CRTH2 are about two to three orders of magnitude higher
than for PPAR-y. Ligand-receptor interaction stimulates calcium mobilization, actin
polymerization, and CD11b expression in eosinophils. These effects could not be observed in
monocytes and neutrophils. This observation is the first evidence to support the model that
15d-PGJ, can function at physiological concentrations and may be more proinflammatory than
anti-inflammatory. Thus, as discussed above, the different mechanisms of action of 15d-
PGJ, may be determined by many factors, such as the type of cells, ligand concentrations
employed, and the nature of the receptor it may interact.

6. Implications of PPARYy in the development of Type 1/Type 2 immune cells

Given the fact that functional human PPAR-y was originally cloned from a human bone marrow
cDNA library, PPAR-y and its ligands may also be important in the regulation of differentiation
and development of immune cells such as monocytes/macrophages, T cells and NK cells. Based
on the profiles of cytokine production, immune cells such as T and NK cells could be classified
into two major subsets, i.e., Type 1 and Type 2 (reviewed in Refs. [89-92]). Type 1 T cells
produce IFN-y, and are mainly involved in cell-mediated immune responses, whereas Type 2
T cells produce IL-4, IL-5, and IL-13, and participate in humoral responses. Type 2 cytokines
also promote growth and differentiation of mast cells and eosinophils. Regulation of cytokine
genes by transcription factors has been proposed as one of the molecular mechanisms for cell
polarization (reviewed in Refs. [89-91]), although the expression of these genes such as IFN-
vy can also be regulated at the posttranscriptional levels [93]. Identification of a novel
transcription factor T-bet (T-box expressed in T cells) has enabled us to further understand
IFN-y expression and Type 1 T-cell lineage differentiation [94]. T-bet belongs to the T-box
family of transcription factors that play important roles in developmental regulation processes.
Induction of T-bet expression in primary T cells is strongly correlated with Thl lineage
differentiation and IFN-y expression, although T-bet expression seems to be independent of
STAT4-mediated signalling pathway [95]. Expression of IFN-y in Th1 and NK cells from T-
bet knockout mice was dramatically reduced, and these cells produced more Th2 type cytokines
such as IL-4 and IL-5 [96]. Analogous to the role of T-bet in Type 1 lineage differentiation
and IFN-y expression, GATAS3 (a zinc finger motif transcription factor with WGATAR as its
cognate DNA binding sequence) is a key player for Type 2 lineage differentiation and
expression of Type 2 cytokines (IL-4, IL-5, and I1L-13) [97,98]. GATAS3 expression polarizes
T cell towards Type 2 lineage and represses IFN-y expression [99]. The balance between T-
bet and GATAS expression has been proposed to be crucial for Type 1/Type 2 T-cell
differentiation [89,100]. IFN-y production from T and NK cells can be inhibited by both
endogenous and synthetic PPAR-y ligands through either PPAR-y-dependent or/and -
independent pathways [54,101], suggesting that the receptor itself and its ligands, including
polyunsaturated fatty acids and eicosanoids, may have a significant impact on balancing
immune responses. Furthermore, results from DNA microarray analysis of gene expression
show that the expression of PPAR-y is much higher (about 5- to 8-fold) in Type 2 T (helper or
cytotoxic) cells, compared with Type 1 T (helper or cytotoxic) cells [102]. We also observed
that PPAR-y expression is induced in human NK cells under Type 2 culture conditions (IL-4
and anti-IFN-y antibodies) [54]. Additionally, IL-4 has been shown to be able to inhibit T-bet
expression. Whether the inhibitory effect of IL-4 on T-bet expression is related to its induction
of PPAR-y remains to be determined. Noticeably, Jones and Daynes [103] showed in a recent
report that PPAR-a suppresses the transcription of T-bet in T cells through its ability to
influence redox state within the cells. The suppression of T-bet expression can be reversed in
PPAR-a knockout mice, which have a higher level of IFN-y production than the control
littermates. Since PPAR-a is structurally similar to PPAR-y, it is possible that PPAR-y may
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similarly suppress T-bet expression. PPAR-y can also be regulated by IFN-y. In adipocytes,
IFN-y mediates the degradation of PPAR-y through the ubiquitin—proteasome pathway [104].
Such a mechanism may also be applicable to immune cells.

Interestingly, PGD», the precursor of 15d-PGJ,, is preferentially produced by antigen-
stimulated human CD4+ Th2 cells, but not CD4+ Th1, cells [105]. In addition, CRTH2, a cell
surface receptor for 15d-PGJ,, is preferentially expressed in Th2 cells [86,106,107]. It is also
noteworthy that Glimcher’s laboratory recently identified a set of phospholipase A2 (group V
and GXII-2) genes that are preferentially expressed in mouse Th2 cells [108]. It has long been
known that free arachidonic acid can be released from cell membrane by phospholipase A2.
The free lipids can be further converted into PGD5 and J series of PG through a sequential
reaction catalyzed by cyclooxygenases and PGD synthases [109]. PGD synthases are also
preferentially expressed in type 2 CD4+ T cells. Contribution of eicosanoid to Type 2
differentiation can be further supported by the findings that bone marrow-derived dendritic
cells can produce PGEy, which, during the antigen priming stage, promotes dendritic cells to
produce the Type 2 cytokine IL-10 but not the Type 1 cytokine IL-12 [110]. Likewise,
activation of PPAR-y by its ligands dramatically reduces the production of IL-12 in immature
human monocyte-derived dendritic cells [111]. A recent study of EAE (experimental allergic
encephalomyelitis) mouse model demonstrates that PPAR-y agonists can reduce production
of IL-12 and differentiation of neural antigen-specific Th1 cells, which leads to the repression
of EAE pathogenesis [117]. In light of the observations discussed above, we propose that
PPAR-y may be an additional transcription factor required for Type 2 T-cell differentiation
(Fig. 5). The endogenous PPAR-y ligands, 15d-PGJ, as a metabolite from the arachidonic acid
pathway, and azPC derived from phospholipids may also be critical factors for Type 1 and
Type 2 T cells (and possibly NK cells) differentiation in vivo. The availability of newly
established PPAR-y conditional knockout mice and T-bet knockout mice will be useful in
further clarifying the issue.

7. Conclusions

It is clear that fatty acids consumed from diet have a fundamental role in regulating immune
and inflammatory responses mediated by pathways linked to prostaglandin synthesis,
phospholipid metabolism, and PPARs. The importance of PPARs in the immune system can
further be highlighted by the recent observation that IFN-y expression in PPAR-a knockout
mice is much higher than the control littermates [112]. Thus, further understanding of the
molecular mechanisms involved in the regulation of these pathways will facilitate the
development of new therapeutic approaches to the treatment and prevention of diseases with
underlying immune dysfunction. For example, the development and the activation of allergen-
specific Type 2 CD4+ T cells are associated with allergic reaction involving activation of mast
cells and release of IgE that results in pathological conditions such as asthma. Additionally,
overexpansion of Type 1 CD4+ T cells is frequently found in inflammatory autoimmune
diseases such as rheumatoid arthritis, Crohn’s disease, and multiple sclerosis. Indeed, the
therapeutic efficacy of PPAR-y agonists has been tested on the animal models [114,117]. The
results show that the compound can attenuate acute and chronic inflammation. However,
cautions have been raised for the potential application of 15d-PGJ, on human subjects due to
some of its proinflammatory effects observed from the studies of human cells [62,115].
Nevertheless, given the recent progress in our understanding of PPAR-y signalling pathway,
we expect that the importance of PPAR-y and its endogenous ligands in the development,
maturation, and function of the immune system will be further appreciated through rigorous
research.
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Fig. 1.

PPAR-y and CBP/p300. Human PPAR-y is shown as a linear structure to display both DNA
and ligand binding domains. The regions involved in the interaction with CBP/p300, either in
a ligand-dependent or a ligand-independent manner, are indicated (A). Comparison of the
structures of CBP and p300 is shown (B). Homology of amino acid sequence of each interaction
domain for both proteins is indicated. Association of CBP/p300 with several transcription
factors and cofactors is illustrated at the bottom.
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Synthesis of 15d-PGJ,. The structure of each prostaglandin is shown (A). The pathway for
15d-PGJ, synthesis is depicted as a schematic representation (B). Question mark indicates that
there may be a possible transporter for 15d-PGJy. COXs: cyclooxygenases.
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Fig. 3.

Structures of “glitazones”. The structures of synthetic ligands for PPAR-y such as troglitazone,
ciglitazone, rosiglitazone, and pioglitazone are shown. Corresponding commercial brand
names are also indicated.
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Fig. 4.

Mechanisms of 15d-PGJ, actions. 15d-PGJ, may interact with a surface receptor(s) to initiate
activation of signalling pathways (A). CRTH2 (chemokine receptor in T helper 2 cell) is
expressed in Th2 cells and eosinophils. 15d-PGJ; can interact with CRTH2 on eosinophils to
trigger an increase in intracellular calcium resulting in activation of a signalling cascade. 15d-
PGJ, may additionally bind to a yet undefined PGD2-like receptor on the surface of neutrophils
and Type 1 T (or NK) cells to increase CAMP and PKA activity. 15d-PGJ, can also directly
affect intracellular pathways (B) in a PPAR-y-dependent and/or -independent manner.
Intracellular 15d-PGJ, can be generated either from the endogenous synthesis pathway (Fig.
3) or by entry through an unknown transporter or passive diffusion. 15d-PGJ, may react with
cysteinyl residues in IKKp and p65 as well as p50 to repress NK-kB-mediated transactivation
activity. 15d-PGJ, can also bind PPAR-y, and the ligand/receptor complex interacts with RXR
to form a heterodimer that recognizes PPRE in the promoter region of target genes leading to
active transcription. In addition, PPAR-y can compete with other transcription factors such as
AP-1 and NF-«xB for sequestering essential cofactors such as p300/CBP through protein—
protein interactions. Furthermore, 15d-PGJ, affects other signalling pathways, including the
MAPK/ERK pathway through undefined mechanisms.
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PPAR-y in Type 1/Type 2 T (NK) cell differentiation. Major molecular components involved
in Type 1/Type 2 T (NK) cell differentiation are presented. The schematic diagram suggests
several possible mechanisms by which PPAR-y and its endogenous ligands favour Type 2
differentiation. Briefly, interaction of IL-4 with its cognate receptor will induce, either directly
or indirectly through STATS, the expression of genes such as GATA3 and PPAR-y to increase
the production of several cytokines including IL-4 itself, IL-5, and IL-13. These cytokines
drive cell differentiation to Type 2 phenotype. Meanwhile, GATA3 and PPAR-y may also
negatively regulate the expression of genes critical for Type 1 differentiation such as T-bet.
Binding of IL-12 with its surface receptor triggers activation of a JAK2/STAT4 cascade leading
to IFN-y gene expression. T-bet is the transcription factor whose expression is essential for
IFN-y gene expression in CD4+ T cells and NK cells. Whether T-bet is the downstream target
for JAK2/STAT4 pathway remains to be determined. Expression of IFN-y gene is a hallmark
of Type 1 differentiation. Secreted IFN-y binds to its surface receptor to initiate a JAKS/STAT1
signalling cascade, which promotes ubiquitin—proteasome-mediated PPAR-y degradation.
Thus, reduction of IFN-y will help maintain the level of PPAR-y. Meanwhile, PPAR-y ligands
can also block the production of I1L-12. Together, the outcomes will favour Type 2 T and/or
NK cell differentiation.
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