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Abstract
Efficient clearance of apoptotic cells (AC) by professional phagocytes is crucial for tissue
homeostasis and resolution of inflammation. Macrophages respond to AC with an increase in anti-
inflammatory cytokine production, but a diminished release of pro-inflammatory mediators.
Mechanisms to explain attenuated pro-inflammatory cytokine formation remain elusive. We provide
evidence that peroxisome proliferator-activated receptor γ (PPARγ) coordinates anti-inflammatory
responses following its activation by AC. Exposing murine RAW264.7 macrophages to AC prior to
LPS-stimulation, reduced NFκB transactivation and lowered target gene expression of e.g. TNFα
and IL-6 compared to controls. In macrophages overexpressing a dominant negative (d/n) mutant of
PPARγ, NFκB transactivation in response to LPS was restored, while macrophages from myeloid
lineage-specific conditional PPARγ knockout mice proved that PPARγ transmitted an anti-
inflammatory response, delivered by AC. Expressing a PPARγ-Δaa32-250 deletion mutant, we
observed no inhibition of NFκB. Analyzing the PPARγ domain structures within aa32-250, we
anticipated PPARγ sumoylation in mediating the anti-inflammatory effect in response to AC.
Interfering with sumoylation of PPARγ by mutating the predicted sumoylation site (K77R), or
knockdown of the SUMO E3 ligase PIAS1, eliminated the ability of AC to suppress NFκB. ChIP
analysis demonstrated that AC prevented the LPS-induced removal of nuclear receptor co-repressor
(NCoR) from the κB site within the TNFα promoter. We conclude that AC induce PPARγ
sumoylation to attenuate the removal of NCoR, thereby blocking transactivation of NFκB. This
contributes to an anti-inflammatory phenotype shift in macrophages responding to AC, by lowering
pro-inflammatory cytokine production.
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Introduction
Recognition of apoptotic cells (AC3) elicits immunological consequences that received
considerable attention over the last years. Professional phagocytes such as dendritic cells and
macrophages recognize AC via so called ‘eat me’-signals, with concomitant phagocytosis
(1). The uptake of AC avoids secondary necrosis and thus, the release of harmful cell contents.
Moreover, ingestion of apoptotic material actively provokes a macrophage phenotype shift,
which helps to terminate perpetuating inflammatory responses. The altered macrophage
phenotype is characterized by the release of anti-inflammatory mediators such as transforming
growth factor β or prostaglandin E2 (2). In addition, these polarized macrophages suppress the
production of reactive oxygen species (3), nitric oxide (4) and pro-inflammatory cytokines
such as TNFα, IL-1β and IL-6 (1). AC block NFκB activation, which contributes to the
diminished production of pro-inflammatory cytokines, although mechanisms how NFκB is
inhibited remain unclear (5). Cvetanovic et al. demonstrated that an attenuated NFκB
transactivation response and an AC-elicited reduction in target gene expression is cell-cell-
contact dependent, but phosphatidylserine-independent (6). Furthermore, it was noticed that
NFκB binding to DNA as well as IκB degradation were not affected by AC. As an alternative
explanation it was proposed that a limited amount of p300, an established co-factor of NFκB-
dependent pro-inflammatory gene expression (7), decreases its activity, although underlying
mechanisms remain obscure (5). A potential candidate known to interact with p300 and thereby
attenuating an inflammatory response is peroxisome proliferator-activated receptor γ
(PPARγ) (8).

PPARγ belongs to the nuclear hormone receptor superfamily of ligand-activated transcription
factors and originally has been characterized to be important for adipogenesis and glucose
metabolism (9). Induction of PPARγ target genes requires ligand-binding, heterodimerization
with the retinoid X receptor (RXR) and subsequent binding to specific peroxisome proliferator
response elements. Besides transcriptional activation, PPARγ also suppresses gene induction.
In macrophages active PPARγ attenuates the production of various inflammatory mediators
such as nitric oxide, TNFα, IL-1β, IL-12 and MMP-9 (10). Several mechanisms are proposed
to explain the suppressive role of PPARγ. It is assumed that PPARγ competes for limiting
amounts of pro-inflammatory transcriptional co-activators, directly binds transcription factors,
interferes with the MAPK cascade (11) and/or prevents the removal of co-repressors from
promoter regions of pro-inflammatory target genes (12). Co-activator/co-repressor exchange
is a common mechanism controlling the switch from gene repression to gene activation and
vice versa. This mechanism is regulated by the removal of co-repressors, their degradation by
the ubiquitination/19S proteasome machinery or recruitment of co-activators. Sumoylated
PPARγ was shown to prevent NCoR removal, thereby attenuating LPS-induced gene
expression. Sumoylation is mediated by the E2 ligase Ubc9 and the SUMO E3 ligase protein
inhibitor of activated STAT1 (PIAS1) (12).

Given the interest in macrophage polarization in response to AC, we were intrigued to define
a potential link between activation of PPARγ and inhibition of NFκB transactivation. We
provide evidence that AC attenuate transactivation of NFκB and associated target gene
activation. In macrophages overexpressing a dominant/negative (d/n) mutant of PPARγ
inhibition of NFκB no longer occurred, with the further notion that sumoylation of PPARγ at
K77 prevents the LPS-induced removal of the NCoR-HDAC3 complex from the NFκB site of
pro-inflammatory target gene promoters, i.e. TNFα.

3Abbreviations used in this paper: AC: apoptotic cells, PPARγ: peroxisome proliferator-activated receptor γ, d/n: dominant negative,
NCoR: nuclear receptor co-repressor, HDAC: histone deacetylase, TBL1: transducin beta-like protein-1, PIAS1: protein inhibitor of
activated STAT1; TSA: trichostatin A, iNOS: inducible nitric oxide synthase
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Materials and Methods
Materials

Staurosporine and LPS (from Escherichia coli, serotype 0127:B8) were purchased from Sigma-
Aldrich (Deisenhofen, Germany). GW9662 and trichostatin A were bought from Alexis
Biochemicals (Lausen, Switzerland). Murine macrophage colony-stimulating factor (M-CSF)
was purchased from Peprotech EC (London, UK). Oligonucleotides were obtained from
Biomers (Ulm, Germany). Cell culture supplements, FCS and medium came from PAA (Cölbe,
Germany).

Cell culture and generation of apoptotic Jurkat cells
RAW264.7 mouse macrophages, RAW264.7 d/n PPARγ macrophages and Jurkat cells were
cultured at 37°C, 5% CO2 in RPMI 1640 supplemented with 10% FCS, 100 μg/ml streptomycin
and 100 U/ml penicillin. To generate apoptotic Jurkat cells, they were cultured in FCS free
medium and stimulated with 0.5 μg/ml staurosporine for 3 h provoking roughly 80% apoptotic
cell death as previously described (13). Afterwards cells were washed twice with medium to
remove staurosporine. For co-culture, AC were resuspended in medium containing FCS and
added to macrophages at a ratio of 5:1. Following experiments, but prior to sample preparation
non-ingested AC were removed and macrophages washed twice with PBS excluding variations
on results by AC as described earlier (3).

Conditional PPARγ knockout mice, isolation of CD11b+ splenocytes, differentiation and
culture of primary murine macrophages

C57BL/6 LysMCre mice (LysMCre+/+) were bred with C57BL/6 PPARγ floxed/floxed
(PPARγfl/fl) mice (14) as previously described (15). Genotypes were determined by PCR of
tail DNA and deletion of PPARγ was confirmed by analysis of PPARγ-exon 2 mRNA levels
in macrophages (14,16,17).

Spleens from PPARγfl/fl and LysMCre+/+/PPARγfl/fl mice were removed to prepare single cell
suspensions. CD11b positive splenocytes were isolated by MACS seperation using an
autoMACS system (Miltenyi Biotec, Bergisch-Gladbach, Germany) following the distributor's
instructions. For differentiation of CD11b positive splenocytes, cells were cultured in RPMI
supplemented with 10% FCS, 100 μg/ml streptomycin, 100 U/ml penicillin, non-essential
amino acids, sodium pyruvate and 25 ng/ml M-CSF for 5 d. Animal experiments followed the
guidelines of the Hessian animal care and use committee.

Western blot analysis
3*106 RAW264.7 macrophages were cultured in 10 cm dishes one day prior to experiments.
The following day cells were treated with AC for 90 min, followed by stimulation with 1 μg/
ml LPS for 1 h. Cell lysis and Western blot analysis was performed as described (18). An anti-
PPARγ antibody (1:2000, H100-X from Santa Cruz Biotechnology, Inc., Heidelberg,
Germany) and anti-β-tubulin (1:1000, Sigma-Aldrich, Deisenhofen, Germany) were used.
Detection and densitometric analysis were performed using the Odyssey infrared imaging
system (Li-COR biosciences GmbH, Bad Homburg, Germany).

Vector construction, transient transfection and reporter assay
To restore PPARγ signaling, a PPARγ1 overexpression vector (pcDNA3-PPARγ1 wild-type
kindly provided by V.K.K. Chatterjee, University of Cambridge, Cambridge, UK) was used.
Overexpression vector pDsRed-Monomer-C1-PPARγ1 wild-type and deletion constructs of
DsRed-Monomer-C1-PPARγ1 were previously generated in our lab (13). pDsRed-Monomer-
C1-PPARγ1 wild-type was also used for mutation of the sumoylation site (K77R). Mutation
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was performed with the QuikChange XLII site directed mutagenesis kit (Stratagene,
Amsterdam, Netherlands) using the following primer (changed nucleotides are underlined):
5′-GAGTACCAAA GTGCAATCAGAGTGGAGCCTGC-3′.

For reporter analysis 5*104/well RAW264.7 and RAW264.7 d/n PPARγ macrophages were
seeded in 24-well plates. The next day, cells were transfected with 1 μg/well pNFκB-Luc or
co-transfected with 0.5 μg pNFκB-Luc and 0.5 μg of one of the overexpressing vectors/well
respectively, using JetPEI™ transfection reagent (Polyplus transfection, Illkirch, France) as
described by the manufacturer. The reporter plasmid contains three κB-sites and was described
earlier (19). After transfection, cells were cultured in fresh medium for another 24 h before
treatments. All reporter assays were performed in duplicate. Cell extracts were prepared after
co-incubation with AC for 90 min and following LPS (1 μg/ml) stimulation for 5 h. Luciferase
activity was normalized to protein concentration of each sample. To control transfection
efficiency concerning overexpression of the different pDsRed-PPARγ1 constructs, mRNA
levels of DsRed were determined by quantitative PCR.

For siRNA experiments, 2*106 RAW264.7 macrophages were transfected with 3 μg siRNA
(ON-TARGETplus SMARTpool siRNA against NCoR or PIAS1 from ThermoScientific,
Lafayette, CO, USA) using the Nucleofector technology from Amaxa biosystems (Cologne,
Germany) according to the manufacturer's protocol. For controls, cells were transfected with
Allstars negative control siRNA (Qiagen GmbH, Hilden, Germany). Knockdown was analyzed
on mRNA level by quantitative PCR.

Quantitative PCR
Cells were pre-treated with AC for 90 min, followed by stimulation with 1 μg/ml LPS for 3 h.
Total RNA was isolated using PeqGold RNAPure Kit (PeqLab Biotechnologie GmbH,
Erlangen, Germany) as described by the manufacturer. Reverse Transcription was done with
1 μg of RNA using iScript™ cDNA Synthesis Kit (Bio-Rad GmbH, Munich, Germany).
Quantitative PCR was performed with Absolute QPCR SYBRGreen Fluorescein Mix (Abgene,
Hamburg, Germany) according to the manufacturer's protocol. Amplification and data analysis
were performed using MyiQ iCylcer system from Bio-Rad. The following primer pairs were
selected for quantitative PCR: TNFα forward: 5′-CCATTCCTGAGTTCT GCAAAGG-3′,
TNFα reverse: 5′-AAGTAGGAAGGCCTGAGATCTTATC-3′; IL-6 forward: 5′-
GAACAACGATGATGCACTTGC-3′, IL-6 reverse: 5′-TCTCTGAAGGACTCT
GGCTTTG-3′, PPARγ-exon 2 forward: 5′-CACAGAGATGCCATTCTGGC-3′, PPARγ-exon
2 reverse: 5′-GGCCTGTTGTAGAGCTGGGT-3′, DsRed forward: 5′-GAGGTGCAGCAG
GACTCCTC-3′, DsRed reverse: 5′-TGGCCTTGTACACGTCTTG-3′, GAPDH forward: 5′-
CTCATGACCA CAGTCCATGC-3′, GAPDH reverse: 5′-
TTCAGCTCTGGGATGACCTT-3′. For determination of actin, NCoR1 and PIAS1 mRNA
levels we used QuantiTect® Primer Assays (Qiagen GmbH, Hilden, Germany). Values were
normalized to GAPDH or actin expression.

Chromatin immunoprecipitation (ChIP) assay
3*106 RAW264.7 cells were seeded in 10 cm plates and cultured over night. Before
crosslinking, cells were pretreated with AC (90 min) followed by 1 μg/ml LPS (1 h) afterwards.
ChIP assays were performed as described by Nelson et al. (20). For each sample we crosslinked
cells combined from three 10 cm plates. NCoR was precipitated using 1 μg of anti-NCoR from
Affinity Bioreagents (Golden, CO, USA), an established ChIP assay antibody (12). A 211 bp
fragment of the TNFα promoter spanning an established κB response element (21), was
amplified. For Mock-IP we used 1 μg of normal rabbit IgG from Millipore/Upstate (Billerica,
MA, USA). 15% DNA of each probe was used for input controls. The following primers were
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used: ChIP-TNFα forward: 5′-GGCTTGTGAGGTCCGTGAAT-3′, ChIP-TNFα reverse: 5′-
GAAAGCTGGGTGCATAAGGG-3′.

Statistical analysis
Each experiment was performed at least three times and statistical analysis was done with One-
or Two-way-ANOVA modified with Bonferroni's multiple comparison test, respectively. In
the case of ChIP assay and Western blot analysis representative data of at least three
independently performed experiments are shown. *p < 0.05, **p < 0.01, ***p < 0.001

Results
PPARγ attenuates NFκB transactivation and target gene expression in response to AC

To investigate whether AC activate PPARγ thereby blocking NFκB transactivation, we
performed NFκB reporter assays in RAW264.7, compared to RAW264.7 macrophages
expressing a d/n PPARγ mutant (3). The mutant is characterized by two amino acid
substitutions (L468A/E471A), which impair ligand-dependent PPARγ transactivation and the
interaction with co-activators such as p300 (22). Macrophages were co-incubated with AC at
a ratio of 1:5 for 90 min and then stimulated with 1 μg/ml LPS for 5 h. LPS stimulation caused
an approximately 3-fold induction of reporter activity compared to controls, i.e. resting cells
(data not shown). Following the interaction with AC, NFκB-dependent transactivation in
RAW264.7 macrophages was reduced by roughly 50% compared to LPS stimulation (Fig. 1A).
Inhibition was completely reversed in RAW264.7 d/n PPARγ expressing cells, suggesting a
causative role of PPARγ in reducing NFκB activation. To prove the importance of PPARγ, we
overexpressed PPARγ1 wild-type in RAW264.7 d/n PPARγ macrophages to restore its
functionality. This was achieved by transfecting RAW264.7 d/n PPARγ macrophages with the
NFκB reporter plasmid in combination with a PPARγ1 wild-type encoding vector. As expected,
overexpression of PPARγ1 wild-type in d/n PPARγ macrophages restored the inhibitory
potency of AC on NFκB transactivation, with the notion that inhibition was comparable to
control cells (Fig. 1A). To further strengthen the role of PPARγ, RAW264.7 cells were
prestimulated for 3 h with 1 μM GW9662, a specific PPARγ antagonist (23). Thereafter,
macrophages were exposed to AC followed by LPS stimulation as described above. GW9662
completely abrogated the ability of AC to block NFκB reporter activity (Fig. 1B), but did not
alter the LPS response (data not shown). These data suggest a role of PPARγ in blocking
NFκB transactivation in response to AC. To exclude variations in PPARγ expression
accounting for alterations seen under our conditions, we checked PPARγ expression by
Western blot analysis. Neither LPS nor AC changed the expression of PPARγ in RAW264.7
macrophages (Fig. 1C).

To elucidate a functional consequence of NFκB inhibition, we analyzed the expression of
proinflammatory, established NFκB target genes such as TNFα (21) and IL-6 (24) in
macrophages treated with AC and LPS. To this end we determined IL-6 and TNFα mRNA
amount by quantitative PCR in RAW264.7 and RAW264.7 d/n PPARγ macrophages. Cells
were co-incubated with AC for 90 min and treated with 1 μg/ml LPS for 3 h afterwards. In
response to LPS, mRNA expression of TNFα and IL-6 was at least 50-fold increased compared
to unstimulated cells and this response was set to a relative mRNA increase of 1 (Fig. 2A and
2B). Recognition of AC by RAW264.7 macrophages prior to stimulation with LPS reduced
TNFα expression by roughly 60% (Fig. 2A), while IL-6 mRNA expression was diminished by
90% (Fig. 2B). To substantiate a role of PPARγ, experiments were also performed in
RAW264.7 d/n PPARγ macrophages. Pretreating cells with AC, followed by LPS stimulation
restored TNFα expression (Fig. 2A) and largely reversed suppressed formation of IL-6 (Fig.
2B) thus, underscoring the impact of PPARγ on NFκB target gene expression. To verify the
physiological significance of PPARγ for the anti-inflammatory response, we analyzed TNFα
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mRNA levels in primary murine macrophages from PPARγfl/fl (Control) and myeloid lineage-
specific conditional PPARγ knockout mice (Mac-PPARγ KO). CD11b positive splenocytes
were differentiated with 25 ng M-CSF for 5 d. Knockout of PPARγ was proven by quantifiying
PPARγ-exon 2 mRNA amount, which was reduced in PPARγ deficient macrophages by 90%
(Fig. 2C). Following their differentiation, macrophages were treated with AC and LPS as
described. Recognition of AC diminished LPS-induced TNFα expression by roughly 80%.
This reduction was significantly mitigated in PPARγ knockout macrophages (Fig. 2D),
supporting the notion of a PPARγ-dependent anti-inflammatory phenotype switch in response
to AC.

Identification of PPARγ domains required for NFκB inhibition
With the following experiments we explored mechanisms of PPARγ-mediated transrepression
of NFκB activity. This was accomplished by NFκB reporter assays in RAW264.7 d/n
PPARγ macrophages overexpressing various deletion constructs of DsRed-tagged PPARγ1,
that were previously verified for their expression by Western blot analysis (18). The DsRed-
PPARγ1 wild-type encoding vector was included as a control. As expected, overexpression of
DsRed-PPARγ1 wild-type restored NFκB inhibition in response to AC in comparison to
RAW264.7 d/n PPARγ macrophages (Fig. 3A). Overexpression of DsRed-PPARγ1-
Δaa32-250 failed to restore the ability of AC to inhibit NFκB transactivation, comparable to
the situation seen in RAW264.7 d/n PPARγ cells (Fig. 3A). Amino acids 32-250 of PPARγ
span a region of the ligand-independent activation domain AF1, the DNA binding domain and
a part of the hinge domain. From the results we concluded that besides the AF2 domain,
responsible for ligand-binding, amino acids within the region 32-250 are needed to inhibit
NFκB. Next we showed that overexpression of DsRed-PPARγ1-Δaa309-319, a PPARγ
deletion construct lacking a region that appears important for co-factor binding (25,26),
restored NFκB inhibition (Fig. 3A). These data suggest that amino acids 309-319, within the
ligand-binding domain, are dispensable for blocking NFκB transactivation in response to AC,
whereas amino acids 32-250 seem to play a role. Considering that sumoylation of PPARγ and
concomitant prevention of NCoR removal is a postulated mechanism for transrepression, we
analyzed protein motives and noticed a possible sumoylation site at K77 within the AF1
domain. Therefore, we reasoned that sumoylation of PPARγ may contribute to block NFκB
transactivation.

Sumoylation of PPARγ prevents the removal of NCoR from NFκB binding sites
Interfering with the removal of NCoR from promoter regions of different pro-inflammatory
genes such as inducible NO synthase (iNOS) has been described as a mechanism for PPARγ-
mediated transrepression that occurs after sumoylation of PPARγ (12). Among other proteins,
HDAC3 is associated to the co-repressor complex mediating transcriptional repression (27).
In a first approach we inhibited HDAC3 to see whether the NCoR/HDAC3 complex might be
involved in blocking NFκB activity. RAW264.7 macrophages were pretreated with 10 nM of
the histone deacetylase inhibitor trichostatin A (TSA) 1 h prior to AC addition, followed by
LPS stimulation and subsequent determination of NFκB reporter activity. In the presence of
TSA, NFκB was not any longer inhibited by AC, whereas TSA alone did not alter the LPS
response (Supplemental Fig. S1). Although this experiment may suggest HDAC-mediated
NFκB inhibition, it remains unclear whether PPARγ is sumoylated and concomitantly retains
NCoR bound at the promoter. Taking into consideration that amino acids 32-250 are involved
(Fig. 3A), we reasoned K77 to be sumoylated. To approach this possibility, we mutated the
sumoylation site (K77R) in the pDsRed-PPARγ1 wild-type encoding vector. Experimentally,
we performed NFκB reporter assays in the RAW264.7 d/n PPARγ macrophages and
overexpressed DsRed-PPARγ1-K77R and DsRed-PPARγ1 wild-type. Along with our
expectations, the K77R-mutated protein was unable to restore NFκB inhibition compared to
the DsRed-PPARγ1 wild-type protein (Fig. 3A). As PIAS1 mediates PPARγ sumoylation
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(12), we knocked down PIAS1 by siRNA to abrogate PPARγ sumoylation and analyzed its
relevance in attenuating TNFα expression in response to AC. Two days after transfection of
siRNA, RAW264.7 cells were exposed to AC and LPS as described above and TNFα as well
as PIAS1 mRNA levels were determined by quantitative PCR. AC reduced LPS-induced
TNFα formation in RAW264.7 macrophages transfected with control siRNA. In comparison
PIAS1 knockdown by approximately 50% at the mRNA level did not affect LPS-induced
TNFα expression, but significantly reduced the ability of AC to attenuate TNFα mRNA
expression (Fig. 3B). Therefore, lowering PPARγ sumoylation attenuates an AC-provoked
anti-inflammatory phenotype shift. To verify that sumoylated PPARγ prevents NCoR removal
to inhibit NFκB, we analyzed the relevance of NCoR for AC to block NFκB by siRNA
knockdown of NCoR. As a result of transfection the extent of TNFα induction by LPS was
reduced, while NCoR expression remained unchanged by transfection with control siRNA
compared to non-transfected cells. In control siRNA transfected cells recognition of AC
reduced LPS-induced TNFα expression by approximately 50%, whereas knockdown of NCoR
by roughly 50%, as determined by quantitative PCR (data not shown), significantly reverted
TNFα expression (Fig. 4A). To verify that sumoylated PPARγ affects the occupancy of
NFκB sites by NCoR, we examined the association of NCoR within the TNFα promoter by
ChIP analysis. RAW264.7 and RAW264.7 d/n PPARγ macrophages were pretreated with AC
for 90 min and stimulated with 1 μg/ml LPS for 1 h afterwards or remained as controls. Under
control conditions NCoR associated with the NFκB site of the TNFα promoter and it was
cleared from that promoter region in response to LPS in the wild-type as well as d/n PPARγ
overexpressing macrophages (Fig. 4B and C). In RAW264.7 macrophages, NCoR remained
bound to the promoter after recognition of AC despite LPS-stimulation, whereas in RAW264.7
d/n PPARγ macrophages NCoR was cleared from the promoter in response to AC, followed
by LPS stimulation. These effects were statistically significant (Fig. 4D).

Our data support the assumption that PPARγ sumoylation in response to AC regulates the
activity of NFκB via NCoR, which contributes to immune modulation of macrophages.

Discussion
PPARγ was recently implicated in macrophage polarization provoked by IL-4. The reduced
production of pro-inflammatory cytokines such as IL-6 and the enhanced expression of the
mannose receptor as a differentiation marker was attributed to PPARγ-mediated suppression
or gene induction (28). Besides IL-4, AC also induce a switch of macrophages towards an
alternatively activated phenotype, although underlying mechanisms are insufficiently clear.
We provide evidence that PPARγ gets activated, most likely sumoylated in response to AC,
which is essential for blocking NFκB transactivation. Our basic observation that AC attenuate
LPS-induced NFκB transactivation is in line with the work of Cvetanovic et al., demonstrating
a diminished NFκB activity in response to AC (5). The notion that PPARγ not only inhibits
NFκB (29-31) but also is activated by AC (3), stimulated our interest in identifying underlying
molecular mechanisms. We followed a molecular and pharmacological approach to establish
the contributing role of PPARγ by using cells that express a dominant negative (d/n) mutant
of PPARγ. This mutant carries two amino acid substitutions in the AF2 domain (L468A/
E471A) of the protein, which impair ligand-dependent PPARγ transactivation and the
interaction with co-activators, e.g. p300 (22). In RAW264.7 d/n PPARγ macrophages
inhibition of NFκB in response to AC was completely relieved. As a prove of concept,
functionality in RAW264.7 d/n PPARγ macrophages was restored by overexpressing
PPARγ1 wild-type, which again suppressed NFκB reporter activity in response to AC.
Pharmacologically, the impact of PPARγ was further corroborated by using GW9662 to
antagonize PPARγ, which restored NFκB reporter activity after adding AC to macrophages.
During these studies AC were co-cultured with macrophages for 6.5 h, which comprises a 90
min lasting preincubation period with AC, followed by LPS stimulation for 5 h. During the
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entire incubation period AC remained in the medium, without removing non-ingested cells.
However, removing non-phagocytosed cells after 30 min followed by LPS stimulation failed
to block NFκB activity (data not shown). Variations in the stimulation regimes of macrophages
with AC may affect macrophage plasticity. Majai et al. observed that a treatment of cells with
LPS for 30 min, incubations with AC for 25 min, followed by removing non-ingested cells,
lowered the amount of TNFα when measured 18-24 h later (32). This response was not
antagonized by GW9662. Likely, pro-inflammatory stimuli given to macrophages prior to
confronting them with AC might activate distinct pathways, e.g. receptor desensitization, that
contribute to the diversity of anti-inflammatory responses, with the further possibility that short
vs. long incubation periods differ towards the involvement of PPARγ.

To verify the inhibitory role of PPARγ in our system, we not only followed NFκB reporter
activity, but also searched for the expression of NFκB downstream target genes i.e. TNFα and
IL-6. Their expression was reduced in response to AC in RAW264.7 and primary murine
macrophages, but cytokine formation was partially in the case of IL-6 and fully reversed in the
case of TNFα, when exposing d/n PPARγ cells to AC. Supporting evidence came from
experiments in PPARγ knockout macrophages, where the inhibitory effect of AC on NFκB
activity was restored. These data support conclusions by Odegaard et al. using macrophages
from PPARγ knockout mice, showing that activation of PPARγ by IL-4 attenuated IL-6
expression (28). In addition, the role of PPARγ for macrophage polarization is further
corroborated by Bouhlel et al., showing that IL-4 switches the macrophage phenotype towards
an anti-inflammatory one by activating PPARγ (33). Moreover, IL-13 activates PPARγ to
generate an anti-inflammatory macrophage phenotype (28,34).

Despite mounting evidence for a role of PPARγ in macrophage polarization, molecular
mechanisms explaining repression of NFκB, one crucial transcription factor regulating the
inflammatory repertoire of macrophages, by AC are ill defined. Proposed strategies how
PPARγ represses NFκB, comprises competition with co-activators or inhibition of co-repressor
clearance (10). To approach mechanisms, we analyzed domains of PPARγ being involved.
DsRed-PPARγ1 wild-type as well as DsRed-PPARγ1-Δaa309-319 attenuated NFκB activity
in response to AC. Considering that amino acids 309-319 are required for binding
transcriptional co-activators (25,26) ruled a simple co-activator scavenging of e.g. p300, to
explain inhibition of NFκB, out. Interestingly, overexpression of DsRed-PPARγ1-Δaa32-250
restored NFκB transactivation, compared to the action of DsRed-PPARγ1 wild-type. Deleted
amino acids in PPARγ1-Δaa32-250 span a part of the AF1 domain, the DNA binding domain,
a part of the hinge domain and thus, contain a predicted sumoylation site at K77. Sumoylation
of PPARγ attenuates NFκB target gene expression by preventing NCoR removal from NFκB
binding sites in various promoter regions of target genes such as iNOS (12). NCoR is a
component of a co-repressor complex, containing transducin beta-like protein-1 (TBL1),
TBLR1 and HDAC3, the latter one mediating transcriptional repression (27). A potential role
for the NCoR-associated HDAC3 was supposed when the HDAC inhibitor TSA reversed
PPARγ-dependent repression of iNOS (12). In analogy, TSA reversed inhibition of NFκB by
AC, suggesting that a similar mechanism might operate in response to AC. ChIP analysis
confirmed that NCoR is cleared from the NFκB site within the TNFα promoter after LPS
stimulation, but remained bound when macrophages were prestimulated with AC. Pascual et
al. noticed that sumoylated PPARγ suppressed the NFκB target gene iNOS (12). The model
predicts that NCoR/HDAC3 associates with κB binding sites along with TBL1 and TBLR1,
which are required for ubiquitination of NCoR in response to pro-inflammatory stimuli (35).
Following sumoylation, PPARγ binds to NCoR/HDAC3 and prevents the recruitment of the
ubiquitination/19S proteasome machinery that normally degrades the co-repressor complex.
This scenario requires ligand-dependent PPARγ activation and K365 sumoylation (12).
PPARγ contains two possible sumoylation sites at K77 and K365 and our experiments with
the PPARγ aa32-250 deletion fragment pointed to the involvement of K77 rather than K365.
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Indeed, overexpression of DsRed-PPARγ1-K77R in RAW264.7 d/n PPARγ cells failed to
restore NFκB respression, indicating that sumoylation of PPARγ at K77 represses NFκB
transactivation. Our studies do not rule out the possibility that PPARγ is also sumoylated at
K365, but at least this would not to be sufficient for NFκB inhibition under our experimental
conditions. Furthermore, knockdown of the SUMO E3 ligase PIAS1, which mediates
PPARγ sumoylation (12), reversed the inhibitory ability of AC. In the future, it will require
new imaginative experiments to understand how AC sumoylate PPARγ.

It is becoming more and more evident that PPARγ essentially contributes to a macrophage
phenotype shift. Our data suggest that this signaling circuit operates under conditions when
AC re-program immune functions of macrophages, exemplified by an altered NFκB-mediated
target gene expression profile. We propose that sumoylated PPARγ attenuates NFκB
transactivation in response to AC by preventing NCoR co-repressor displacement. This helps
to understand how AC affect the remarkable plasticity of macrophages associated with
decreased pro-inflammatory cytokine production.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Attenuated NFκB reporter activity is restored in RAW264.7 d/n PPARγ macrophages
Cells were incubated for 90 min with AC (ratio 1:5), followed by the treatment with LPS (1
μg/ml, 5 h) in (A) RAW264.7, RAW264.7 d/n PPARγ macrophages and RAW264.7 d/n
PPARγ cells overexpressing PPARγ1 wild-type and in (B) RAW264.7 macrophages pretreated
with 1 μM GW9662 for 3 h. NFκB reporter activity in control macrophages, stimulated with
LPS alone was set to 1. Statistics in (A) were analyzed with two-way-ANOVA modified with
Bonferroni's multiple comparison test. In (B) statistical analysis was done with one-way-
ANOVA modified with Bonferroni's multiple comparison test. Each column represents the
mean value of duplicate determinations of a minimum of four independent experiments. *p <
0.05, **p < 0.01, ***p < 0.001. (C) PPARγ expression in RAW264.7 was determined by
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Western analysis. Macrophages were co-incubated with AC for 90 min and treated with 1 μg/
ml LPS for 1 h afterwards. Data are representative of three independent experiments. Statistics
were analyzed with one-way-ANOVA modified with Bonferroni's multiple comparison test.

Jennewein et al. Page 13

J Immunol. Author manuscript; available in PMC 2009 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. PPARγ accounts for attenuated TNFα mRNA expression in response to AC
(A) TNFα and (B) IL-6 mRNA expression were measured by quantitative PCR in RAW264.7
and RAW264.7 d/n PPARγ cells. Macrophages were co-incubated with AC for 90 min (ratio
1:5) and afterwards treated with 1 μg/ml LPS for 3 h. As a control, macrophages were
stimulated with LPS alone and relative mRNA expression was set to 1. Data were normalized
to GAPDH mRNA levels. (C) PPARγ-exon 2 mRNA expression and (D) TNFα mRNA
expression in primary murine macrophages from PPARγfl/fl (Control) and conditional
PPARγ knockout mice (Mac-PPARγ KO) were measured by quantitative PCR. Cells were
stimulated as described in (A) and (B). Statistics were analyzed with two-way-ANOVA
modified with Bonferroni's multiple comparison test. n ≥ 5, ***p < 0.001
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Figure 3. Domain analysis and sumoylation of PPARγ
(A) NFκB reporter activity was measured in RAW264.7 d/n PPARγ cells overexpressing
deletion constructs of pDsRed-PPARγ1 or pDsRed-PPARγ1-K77R as indicated. Cells were
co-transfected with pNFκB-Luc. Reporter activity was measured after co-incubation with AC
for 90 min followed by stimulation with 1 μg/ml LPS for 5 h. As a control, cells were stimulated
with LPS alone and values set to 1 (data not shown). (B) The impact of PIAS1 on TNFα
expression was analyzed by siRNA knockdown of PIAS1. Two days after transfection of RAW
macrophages with PIAS1 siRNA or siControl, cells were co-incubated with AC for 90 min,
followed by LPS stimulation (1 μg/ml LPS, 3 h). TNFα mRNA levels were measured by
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quantitative PCR, the LPS response was set to one. Statstics were analyzed with two-way-
ANOVA modified with Bonferroni's multiple comparison test. *p < 0.05, ***p < 0.001
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Figure 4. PPARγ antagonizes the removal of NCoR
(A) The role of NCoR for TNFα expression was analyzed by siRNA knockdown of NCoR1.
Two days after transfection of RAW264.7 macrophages with NCoR siRNA or siControl, cells
were co-incubated with AC for 90 min, followed by stimulation with 1 μg/ml LPS for 3 h.
TNFα mRNA levels were measured by quantitative PCR, the LPS response was set to one. (B.
C) Association of NCoR with the κB response element within the TNFα promoter was analyzed
by ChIP analysis. (B) RAW264.7 macrophages and (C) RAW264.7 d/n PPARγ macrophages
were incubated with AC for 90 min and 1 μg/ml LPS for 1 h afterwards. Data are representative
for three independent experiments. (D) Statistical evaluation of ChIP assays showing the
relative amount of NCoR vs. input controls. Statistics were analyzed with two-way-ANOVA
modified with Bonferroni's multiple comparison test. *p > 0.05, **p < 0.01, ***p < 0.001
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