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PPARY — an Important Regulator
of Monocyte/M acrophage Function
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Abstract. Regulation of monocyte/macrophage function is important in coordinating immune responses. Their
contact with invading pathogens activates signaling pathways that provoke pro-inflammatory gene expression and
thus causing alocally restricted inflammation. Recently, the peroxisome proliferator-activated receptor y (PPARY)
has been identified to antagonize pro-inflammatory responses in monocytes/macrophages, causing an anti-inflam-
matory and/or desensitized phenotype to predominate. For PPARY, the general mechanisms facilitating the tran-
sition from a pro- to an anti-inflammatory phenotype have been elucidated. PPARYy is a member of the nuclear
receptor superfamily and is activated upon endogenous as well as exogenous agonist binding. Here we focus on
its role in monocyte/macrophage biology in affecting inflammation. Summarizing current information, a model
is proposed which gives rise to potential new therapeutic possibilities for the treatment of diseases presumably

involving PPARy-dependent regulatory circuits.
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M onocytes/M acrophages — Important Mediators
of the Innate Immunity

Monocytes/macrophages play a pivotal role in the
primary phase of immune responses and predominate
in regulating innate immunity3% 4% % 74 Upon the first
contact with invading pathogens, macrophages respond
by producing several bactericidal products, such as
superoxide or nitric oxide (NO)?" %, Superoxide radi-
cals are produced upon activation of the multi-enzyme
complex NADPH oxidase, which exists preformed in
resting monocytesmacrophages linked to cellular
vesicles and/or the plasma-membrane’. Superoxide
radicals are generated either as a direct response to
achievekilling of the triggering pathogen, i.e. microor-
ganisms, or used indirectly to activate distinct signaling

pathways that provoke expression of pro-inflammatory
cytokines such as tumor necrosis factor (TNF)-o. and
interleukin (IL)-1pB. In addition, macrophage activation
is often associated with NO generation, which is ob-
served in close association with inducible nitric oxide
synthase (iNOS) expression®. Radical mediators, cyto-
kines and chemokines are rel eased from activated mac-
rophages and consequently affect neighboring cells,
triggering a local inflammatory reaction®. In parallel,
phagocytosis of pathogens is initiated in order to limit
aggravation of the inflammatory response? 3. It is well
established that monocytes/macrophages function as
antigen-presenting cells (APC), delivering small pep-
tides of the pathogen to be exposed by major histocom-
patibility complex class Il (MHC-11) molecules on their
surface. In turn, MHC-I1 molecules link the innate to
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the adaptive immune response conferred by lympho-
cytes’’. T lymphocytes sense the MHC-II-presented
antigen, followed by their own activation, which con-
comitantly accounts for the release of B lymphocyte-
-activating signals such as I1L-4% %8, Therefore, appro-
priate regulation of monocyte/macrophage activation/
factivity is of utmost importance for the immune sys-
tem. Taking the fundamental role of monocyte/macro-
phage activation into consideration, theidentification of
factors or mediators that limit monocyte/macrophage
activation has raised considerable interest*. Acknow-
ledged anti-inflammatory mediators known to be ex-
pressed in monocytes/macrophages are transforming
growth factor B (TGF-B) and IL-10. These factors have
been described to modulate the profile of activating
cytokines, to suppress NO production and to attenuate
therespiratory burst!® 2> %_Recent evidence has high-
lighted the role of peroxisome proliferator-activated re-
ceptor v (PPARY) as an important new regulator of
monocyte/macrophage activity.

Genomic Organization
and Protein Structure of PPARYy

PPARYy is a ligand-activated transcription factor and
belongs to the nuclear hormone receptor superfamily.
Its original identification as a crucia factor in adi-
pogenesis and glucose metabolism™ 8 explains its
prominent expression in adipose tissue*?. Employing
different promoters and alternative splicing, four splice
variants have been acknowledged in humans? 2 6. 78
giving rise to two different proteins®’. The promoter
structure of the human PPARYy gene is shown in Fig.
1. The gene is located on chromosome 3p25%, span-
ning approximately 100 kb and consisting of 9 exons
(A1, A2, B as well as exons 1-6)%. In the human sys-
tem, PPARY1, 3 and 4 encode the same protein, where-
as PPARY2 is trandlated into a protein which contains
28 additional amino acids at its N-terminus’. Exons
1 to 6 are expressed in all four isoforms. PPARY1 con-
tains the non-translated exons A1l and A2. PPARYy2
contains exon B?, which in part is translated from an
internal start codon, orientated in frame, thus coding for
the 28 extra amino acids. PPARY3 embeds the untrans-
lated exon A2%, and PPARYy4 contains exons 1 to
6 only’™. The existence of four possible isoforms im-
plies a highly controlled tissue-specific expression pat-
tern. Along that line, PPARYy1 is ubiquitously ex-
pressed®’, PPARY2 is confined to adipose tissue®” 7,
PPARY3 seems to be restricted to macrophages, T lym-
phocytes, adipose tissue and colon® 7°, whereas no data
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Fig. 1. Organization of the human PPARy gene. For details see text

on the tissue distribution of PPARY4 are available yet®.
One has to keep in mind that PPARYy expression in
monocytes/macrophages is predominantly initiated
from the PPARYy1 and 3 promoter®, while the protein
is PPARY1, which comprises 477 amino acids®.
Functionally, the protein can be divided into four
domains, which are schematically represented in Fig. 2.
Human PPARY1 exhibits a domain structure known for
other members of the nuclear hormone receptor super-
family®. Its structure includes an N-terminal ligand-in-
dependent activation domain (A/B), termed activation
function 1 (AF1)®. AF1 contains a serine residue in
position 84 (S84) which has been identified as a poten-
tial phosphorylation site, leading to inhibition of PPARYy
transactivation™ 8 34 3° and in part negatively affecting
ligand binding”™. Following AF1, a DNA-binding do-
main (C) is recognized which consists of two zinc
finger motifs responsible for interacting with the pro-
moter region of responsive target genes™. Next, there
is a hinge domain (D), which ensures flexibility of the
protein with respect to the position of DNA- and li-
gand-binding domains. At the C-terminus there is an
E/F region, which includes the ligand-binding as well
as the heterodimerization domain. The carboxy termin-
us is also designated activation function 2 (AF2) and
comprisesthe ligand-dependent transactivation domain.
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Fig. 2. Four-domain structure of human PPARyL. AF1 — ligand-in-
dependent activation function 1, DBD — DNA-binding domain,
LBD - ligand-binding domain, AF2 — ligand-dependent activation
function 2, S84 — serine in position 84. For details see text
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The overall PPARY! structure has been determined by
X-ray crystallography®:.

M echanisms of PPARY Action

During activation, PPARy binds an agonist and sub-
sequently forms a heterodimer with the retinoic X re-
ceptor (RXR)®. Thereafter, binding to its recognition
site, known as the peroxisome proliferator response ele-
ment (PPRE), in the promoter region of responsive
genes such as CD36 follows, which in turn initiates
transcription®. Macrophages derived from mice with
a conditiona disrupted PPARy gene as well as célls
obtained by differentiation of PPARy double-negative
embryonic stem cells (PPARy™) confirmed the import-
ance of PPARYy in CD36 expression* 1°. Apart from its
impact during transcriptional regulation, which requires
DNA-binding, PPARYy can aso function in a DNA-bind-
ing-independent manner to trans-repress different target
genes. Thus, besides gene activation PPARYy can atte-
nuate gene expression, an activity of major importance
for blocking pro-inflammatory cytokine gene express-
ion. To date three potential mechanisms for PPARY in
attenuating gene expression and thus blocking a pro-in-
flammatory macrophage response have been predicted
and in part experimentally proven.

First, ligand activated PPARy-RXR heterodimers
may bind coactivators which are required for gene in-
duction by other transcription factors responsible for
expressing a set of pro-inflammatory genes®. Without
distinct cofactors, transcription factors, such as AP-1,
nuclear factor kB (NF-xB), nuclear factor of activated
T cells (NF-AT) or signal transducer and activator of
transcription (STAT), cannot cause gene expression
which, however, is characteristic for an inflammatory
process. In vitro studies, using a mammalian two-hy-
brid system as well as GST pull-down assays, revealed
aligand type-specific direct interaction of PPARYy with
several transcriptional coactivators, such as SRC-1, TIF2,
AIB-1, CBP, p300, TRAP220, or DRIP205%. In lipo-
polysaccharide/interferon v (LPS/IFN-Yy)-treated mac-
rophages, iINOS expression is attenuated in response to
PPARYy activation. Thisis explained by targeting the two
general co-activators CREB-binding protein (CBP) and
p300 by PPARYy™. Binding of CBP and p300 to PPARY
has been locdlized to the D/E/F region, but adso in a li-
gand-independent manner to its A/B domain structure™®.

Second, PPARYy-RXR complexes may directly bind
to transcription factors to cause a functional inhibition.
This type of physical interaction has been noticed for
in vitro translated proteins of the NF-xB family, such
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as p50 and p65™. Moreover, NF-AT precipitation ex-
periments revealed a direct contact with PPARYy in
T cdlls, which accounts for suppression of T cell pro-
liferation and activation by NF-AT sequestration®’.

The third mechanism which resultsin trans-repress-
ion may involve regulation of the mitogen-activated
protein kinase (MAPK) cascade. PPARYy-RXR hete-
rodimers may inhibit phosphorylation and activation of
several MAPK family members. In PPARY"-heterozy-
gote mice, activation of both c-Jun-N-termina kinase
(INK) and p38 in response to 2,4,6-trinitrobenzene sul-
fonic acid (TNBS)-induced colitis was significantly re-
duced compared with wild-type littermates'®,

PPARY Modulation of Monocyte/M acrophage
Activity during Inflammation

PPARYy shows low expression in monocytes, but is
strongly induced during their differentiation to mature
macrophages'* &. Induction of PPARy in monocytic
THPL cells as well as primary macrophages was estab-
lished under various experimenta conditions by 9-cis-
-retinoic acid-, phorbolester-, oxidized low-density li-
poprotein (oxLDL)-, or macrophage colony-stimulating
factor-(M CSF)-treatment® & 8, The role of PPARYy in
controlling monocyte/macrophage activation was first
described in 1998 by two independent groups™ 7. In-
itialy, it was shown that activation of PPARYy in re-
sponse to synthetic oral antidiabetic agonists, known as
thiazolidinediones®, as well as several naturally occur-
ring agents, such as fatty acids or the prostaglandin
D, metabolite 15deoxy-A*" ** prostaglandin J, (15d-
-PGJ,)™ 2, attenuated expression of pro-inflammatory
cytokines. This concept has more recently been chall-
enged by using macrophages differentiated from
PPARY™ to show that PPARYy agonists attenuated pro-
-inflammatory cytokine production in these cells as
well*®, However, selected agonist concentrations have
been very high, which may offer an explaination of
these contradictory results by specific versus non-spe-
cific drug effects.

PPARYy is not only involved in down-regulation of
pro-inflammatory cytokine expression, but also confers
monocyte/macrophage desensitization. We have shown
that stimulation of monocytes'/macrophages with
a combination of LPS, a component of the cell wall of
Gram-negative bacteria, and IFN-y, a cytokine released
e.g. by T cells™, dicits desensitization. Macrophage in-
activation is characterized by an attenuated oxidative
burst in response to the phorbolester, a known NADPH
oxidase activator®. The role of PPARYy in causing
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LPS/IFN-y-evoked macrophage desensitization has
been demonstrated by using specific PPARy agonists
such as ciglitazone. To definitely exclude a PPARy-in-
dependent effect, we performed a PPRE-decoy ap-
proach to verify the impact of PPARy in mediating
macrophage desensitization. In order to link reduced
superoxide formation with possible genes mediating
this effect, p47°", a component of the NADPH oxi-
dase system was analyzed®. We hypothesized that any
inference with the expression of NADPH oxidase com-
ponents such as p47°"™ may eradicate superoxide for-
mation’. Experiments have shown that mRNA of
p47°"* decreased under the impact of PPARY agonists.
Therefore, a mechanism of transcriptional regulation of
p47°"°* may account for PPARy-dependent macrophage
deactivation. Interestingly, in this study NO, endogen-
ously generated by iNOS or exogenously delivered by
NO-donors, was able to activate PPARy and to desen-
sitize macrophages as described®.

The expression of PPARYy in mature macrophages
and the formation of endogenous PPARY ligands such
as lipid mediators or NO in pro-inflammatory activated
cells implies a regulatory role of PPARY during a late
stage of inflammation. The formation of physiological
PPARYy agonists, such as 15d-PGJ, and 9- or 13-hy-
droxyoctadienoic acid as well asNO, may initiate a ne-
gative autocrine or paracrine feedback-loop via PPARY
activation followed by macrophage desensitization® %,
It can be proposed that an anti-inflammatory cellular
phenotype is initiated by attenuating pro-inflammatory
gene expression and/or provoking expression of anti-in-
flammatory cytokines, exemplified by TGF-B. This cy-
tokine is expressed at a low level in unstimulated
monocytes/macrophages, but is strongly upregulated in
activated, i.e. LPS-treated cells and known to inhibit
monocyte/macrophage activation. Interestingly, recent
studies have provided evidence for TGF-B-induced
PPARy expression which gives rise to an autocrine
feedback loop promoting anti-inflammatory properties
of TGF-B via PPARy'" % % The interplay of these
signaling cascades may boost an autocrine feedback
loop to limit activation of macrophages.

Mechanisms of macrophage desensitization coin-
cide with some pathophysiological aspects associated
with sepsis. Although monocyte/macrophage express-
ion of pro-inflammatory cytokinesin response to invad-
ing pathogens is important for the efficient control of
their dissemination, overproduction of pro-inflamma-
tory cytokines is harmful for the host, causing the seri-
ous disease pattern of septic shock, accompanied by
multi-organ dysfunction syndrome, frequently with le-
thal outcome®. It has been shown that in a significant
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subgroup of septic shock survivors, monocytes/macro-
phages show a deactivated phenotype, provoking an in-
adequate answer to secondary infections concomitantly
elevating the risk of delayed mortality® 2 44, Of note,
IFN-y can at least in part antagonize this state of mac-
rophage un-responsiveness®. Mechanistically, IFN-y
may target PPARYy for ubiquitin-proteasome degrada-
tion by increasing extracellular signal-regulates kinase-
-mediated serine phosphorylation of PPARy, which
limitsits synthesis and/or increases its degradation® % %,

PPARY and Transplantation

It iswell known that monocytes/macrophages func-
tion as APCs, thus connecting the innate with the adap-
tive immune system. Foreign antigens are presented by
MHC-II molecules on the cell surface, causing CD4*
T cel activation and concomitantly initiating the ac-
quired immune response®’. Therefore, tightly regulated
MHC-11 molecule expression is very important to guar-
antee an appropriate immune reaction®. In macro-
phages, MHC-I1 expression isincreased in the presence
of pro-inflammatory cytokines such as IFN-y by the
induction of the class || transcriptiona activator’’. Re-
cently, it has been shown that ligands for PPARYy atte-
nuate induction of MHC-11 molecule expression in re-
sponse to IFN-y treatment as well as their constitutive
expression in monocytic THP1 cells and primary mac-
rophages™®. These data indicate a possible mechanism
of PPARYy in negatively affecting antigen presentation
of monocytes/macrophages and, thereby, attenuating
associated T cell activation. Therefore, the knowledge
of molecular mechanisms regulating MHC-11 express-
ion in monocytes/macrophages will open new possi-
bilities to prevent rejection after organ transplantation
by interfering with the onset of adaptive immunity.

PPARY and Arteriosclerosis

PPARy-dependent desensitization of macrophages
may additionally account for problems associated with
morbidity as a result of oxLDL exposition. Macro-
phages not only account for innate immune responses,
but also scavenge oxLDL, thereby transforming into
foam cells, an ongoing process during development of
arteriosclerosis’? % %, |n the body, oxLDL is generated
as aresult of cell-mediated LDL oxidation®. Oxidized
LDL is a well-established regulator of celular signal-
ing pathways, inducing among others the expression of
adhesion molecules in endothelia cells or pro-inflam-
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matory cytokines and growth factors in vessels®®. Cir-
culating monocytes are chemotactically attracted by
oxLDL. This results in accumulation of monocytes in
the vessel wall followed by monocyte differentiation
into lipid-laden foam cells. Foam cells exhibit an anti-
-inflammatory phenotype, thus resembling a desen-
sitized cell. Therefore, foam cells are amajor determi-
nant of arteriosclerosis™. In cell culture, a short-time
exposure of monocytes/macrophages to oxLDL pro-
duces superoxide radicals, whereas a long-lasting sup-
plementation with non-toxic doses of oxLDL attenuates
the oxidative burst in macrophages. Considering the
ability of oxLDL to attenuate the oxidative burst in
macrophages and taking into account that oxLDL is
apathophysiological but natural PPARY agonist®® % 580,
one may conclude that the nuclear hormone receptor
directly participates in desensitizing macrophages upon
long-lasting oxL DL exposure®.

Per spectives

The fundamental role of PPARY in regul ating mono-
cyte/macrophage activity is complex. A proposed
scheme of action is givenin Fig. 3, summarizing essen-
tial considerations of how PPARy affects mono-
cyte/macrophage biology. Understanding PPARy-de-
pendent signalling mechanisms, i.e. inhibition of

TNF-o,IL-1B,
IL-6, INOS,
ROS

oxLDL

COX-2
T / iINOS
/ PPARy-
ligands

Bacteria,
oxLDL,
Yeast,

@&

Resting Activated
monocyte/ monocyte/
macrophage macrophage

T

Fig. 3. Anti-inflammatory and/or desensitizing effect of PPARYy in
monocytes/macrophages. Resting monocytes/macrophages are acti-
vated in response to invading pathogens, natural ligands such as
oxLDL, or synthetic agonists (TPA). This initiates the expression
of pro-inflanmatory genes (TNF-q, IL-1, IL-6, INOS, ROS, COX-2),
leading to pro-inflammatory cytokine synthesis, superoxide and NO
generation as well as prostaglandin production. These mediators act
in an autocrine and/or paracrine fashion provoking a local inflam-
matory situation. In turn, factors such as PPARy and TGF-8 known
to attenuate inflammation are produced/activated, thus allowing an
anti-inflammatory response to predominate. This reaction might be
enhanced by TGF-f in a negative feedback loop, possibly involving
a PPARy-dependent mechanism, causing an anti-inflammatory,
desensitized monocyte/macrophage phenotype. For details see text

— @

Desensitized
monocyte/
macrophage
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pro-inflammatory cytokine production and desensitiza-
tion of macrophages, will hopefully open new avenues
for therapeutical approaches to using PPARY agonists
instead of glucocorticoids for treatment of chronic in-
flammatory diseases®. Moreover, repression of MHC-|
gene expression might attenuate antigen presentation of
monoctyes/macrophages and concomitantly interfere
with initiation of adaptiveimmunity. Therefore, PPARYy
may serve as an aternative to well-established immu-
nosuppressive drugs such as cyclosporin A and tacroli-
mus, known to cause severe side effects™.
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