
Systemic analysis of PPARγin mouse macrophage populations
reveals marked diversity in expression with critical roles in
resolution of inflammation and airway immunity1

Emmanuel L. Gautier*,†,¶,2, Andrew Chow#,†, Rainer Spanbroek‡, Genevieve Marcelin&,
Melanie Greter#,†, Claudia Jakubzick*,†,3, Milena Bogunovic#,†, Marylene Leboeuf#,†, Nico
van Rooijen§, Andreas J. Habenicht‡, Miriam Merad#,†, and Gwendalyn J. Randolph*,†,¶,2

*Department of Developmental and Regenerative Biology, Mount Sinai School of Medicine, New
York, NY, USA #Department of Oncological Sciences, Mount Sinai School of Medicine, New York,
NY, USA †Immunology Institute, Mount Sinai School of Medicine, New York, NY USA ‡Institute
for Vascular Medicine, Friedrich Schiller University of Jena, Jena University Hospital, Jena,
Germany &Albert Einstein College of Medicine, Bronx, NY, USA §Department of Molecular Cell
Biology, Free University Medical Center, Amsterdam, The Netherlands ¶Department of Pathology
& Immunology, Washington University in St. Louis, St. Louis, MO, USA

Abstract
Although PPARγ has anti-inflammatory actions in macrophages, which macrophage populations
express PPARγ in vivo and how it regulates tissue homeostasis in the steady-state and during
inflammation remains unclear. We now show that lung and spleen macrophages selectively
expressed PPARγ among resting tissue macrophages. In addition, Ly-6Chi monocytes recruited to
an inflammatory site induced PPARγ as they differentiated to macrophages. When PPARγ was
absent in Ly-6Chi-derived inflammatory macrophages, initiation of the inflammatory response was
unaffected but full resolution of inflammation failed, leading to chronic leukocyte recruitment.
Conversely, PPARγ activation favors resolution of inflammation in a macrophage PPARγ-
dependent manner. In the steady state, PPARγ deficiency in red pulp macrophages did not induce
overt inflammation in the spleen. By contrast, PPARγ deletion in lung macrophages induced mild
pulmonary inflammation at the steady-state and surprisingly precipitated mortality upon infection
with S. pneumoniae. This accelerated mortality was associated with impaired bacterial clearance
and inability to sustain macrophages locally. Overall, we uncovered critical roles for macrophage
PPARγ in promoting resolution of inflammation and maintaining functionality in lung
macrophages where it plays a pivotal role in supporting pulmonary host defense. Additionally, this
work identifies specific macrophage populations as potential targets for the anti-inflammatory
actions of PPARγ agonists.
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Introduction
PPARγ is a ligand-controlled transcription factor of the nuclear receptor family capable of
regulating gene expression by transactivation or transrepression (1). First discovered as the
master regulator of the genetic program supporting adipocyte differentiation, PPARγ is
involved in the regulation of a number of physiological processes such as the response to
insulin, cell proliferation, cellular lipid metabolism, and inflammation (2). Thus, PPARγ
activation is an attractive therapeutic target in a variety of diseases such as type 2 diabetes,
cancer, atherosclerosis, and immune disorders. Activation of PPARγ can be achieved by
natural fatty acid derivatives as well as synthetic ligands from the thiazolidinedione family,
the latter being used clinically to improve insulin sensitivity in type 2 diabetic patients (3).

The anti-inflammatory role of PPARγ came to the forefront in the late 1990s, when 15-
deoxy-delta-12,14-prostaglandin J2 (15d-PGJ2) and thiazolidinediones were shown to
dampen macrophage activation in vitro by activating PPARγ(4, 5). Since then, the anti-
inflammatory role of PPARγ agonists has been extensively documented in vitro and in vivo
(1, 6). Indeed, PPARγ agonists suppress DSS-induced colitis (7), obesity-induced insulin
resistance (8), and the progression of atherosclerosis (9). By contrast, deletion of PPARγ in
macrophages exacerbates the development of atherosclerosis (10, 11), colitis (12) and
obesity-induced insulin resistance (13). Based on these studies, a model emerges wherein
macrophages are universally central targets of PPARγ modulation. However, it is not
known whether all monocyte/macrophage populations express PPARγ or rely on its
activation to maintain homeostasis or to carry out their functions in different organs during
inflammation. Ultimately, the design and development of therapeutic strategies based on the
use of PPARγ agonists to combat inflammatory diseases would benefit from the
identification of the specific macrophage populations potentially responsive to these
agonists.

In this context, we decided to profile the expression of PPARγ in a range of macrophage
population extracted from different organs, delineate its preferential site of expression and
examine the impact of its deficiency during the steady state and after inflammatory
challenge in relevant tissues. We show in vivo that PPARγ is induced in monocytes
recruited to sites of inflammation as they differentiate into macrophages, and its function is
required to fully turn off inflammatory cell recruitment during resolution. In resting tissue
macrophages, PPARγ expression was found to be restricted to specific populations, which
are lung and splenic red pulp macrophages. In the lung, but not the spleen, deficiency of
PPARγ in macrophages was associated with low-level, spontaneous inflammation in the
steady state and profound alterations in macrophage gene expression. Challenge with S.
pneumoniae revealed that deletion of PPARγ in lung macrophages impaired host defense,
delaying bacterial clearance and thereby accelerating infection-induced mortality. Overall,
these findings uncovered a key role of macrophage PPARγ in supporting resolution of
inflammation, while pointing specifically to the lung as a central organ where the function of
PPARγ goes beyond an anti-inflammatory role and extends critically into maintenance of
host defense.

Materials and Methods
Animals and treatments

LysM-cre mice (C57BL/6J) and PPARγ floxed mice (C57BL/6J) were obtained from
Jackson Laboratories and crossed in house to generate mice with PPARγ deficiency in
myeloid cells (hereafter named LysM-Cre × PPARγflox/flox). LysM-cre × Rosa26-
stopfloxEGFP reporter mice were bred in house. Csf2rb−/− Csf2rb2−/− and C57Bl/6J control
mice were obtained from Jackson Laboratories.For acute inflammation and resolution
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experiments, peritonitis was induced by intraperitoneal injection of 1 ml sterile
thioglycollate (Sigma, 3% wt/vol). Induction of inflammation in the spleen was achieved by
intravenous lipopolysaccharide injection (Escherichia coli 026:B6, 20 μg/mouse). For
infection experiments, mice were inoculated intranasally with 2.106 colony-forming units
(cfu) or 5.105 cfu of Streptococcus pneumoniae serotype 3 (American Type Culture
Collection, ATCC #6303) and survival was assessed every other day over a period of 12
days. Mice were housed in a specific pathogen-free environment and used in accordance
with protocols approved by the Institutional Animal Care and Utilization Committee at
Mount Sinai School of Medicine.

Microarray analysis—Monocytes were identified as CD115+ low side-scatter cells and
sorted into two subsets based on Ly6-C expression as previously described (14, 15). All
other microarrays on mononuclear phagocytes were carried out as part of the Immunological
Genome Project (www.immgen.org) (16). The isolation procedures and corresponding flow
plots for all cells can be found on the ImmGen website. Steady state macrophages from the
peritoneum were sorted into two populations (17), including CD115+ F4/80hi MHC II− Ly6-
C− B220− and CD115+ F4/80lo MHC II+ Ly6-C− B220− populations; inflamed peritoneal
macrophages were CD115+ F4/80int Ly6-C− B220−, whereas neutrophils were sorted as
Ly6-G+Ly6-Cint CD115− B220− cells. In the lung, macrophages were sorted as CD11c+

MHC IIlo SiglecF+ CD11b− cells (18), and lung DCs as CD11c+ MHC II+ cells that were
either CD11b+ (CD11b+ DCs) or CD103+ (CD103+ DCs) (18), Jakubzick, 2008 #179}.
Brain microglia were sorted as CD45lo CD11b+ F4/80+ cells (19). Gut macrophages were
CD45+ CD11clo MHC II+ CD103− CD11b+ cells (20). In the spleen, red pulp macrophages
were F4/80hi MHCint cells and DC subsets were CD11c+ MHC II+ cells that differentially
expressed CD4 (CD11b+ CD4+ CD8−) or CD8 (CD11b− CD4− CD8+) (21). RNA was
prepared from sorted populations from C57BL/6J mice after sorting directly into TRIzol
reagent, amplified and hybridized on the Affymetrix Mouse Gene 1.0 ST. For data analysis
using ImmGen datasets, raw data for all populations were normalized using the RMA
algorithm. Extensive quality control documents are available on the Immgen website. All
datasets have been deposited at National Center for Biotechnology Information/Gene
Expression Omnibus under accession number GSE15907 (http://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE15907). Microarrays on blood monocytes treated with a PPARγ
agonist were performed as previously described (15) using Affymetrix GeneChip® 430 2.0
arrays. Corresponding datasets have been deposited at National Center for Biotechnology
Information/Gene Expression Omnibus under accession number GSE32034 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE32034).

Blood and tissue sample preparation for flow cytometry—Mouse blood was
collected by non-terminal submandibular or terminal cardiac puncture and red blood cells
were lysed in hypotonic buffer (PharmLyse, BD Bioscience). Total leukocytes were
quantitated by fresh blood dilution in Turk’s solution (Ricca Chemical Company). Lungs
were harvested, minced, incubated in Hanks’ balanced saline solution containing 3% FBS
and collagenase D for 1 h, passed through a 18-gauge needle to obtain homogeneous cell
suspensions and filtered using a 100-μm cell strainer. Bronchoalveolar lavage was obtained
by flushing the airways four times with Hanks’ balanced saline solution. Spleens were
minced, placed into the cup portion of a cell strainer and then gently mashed and pushed
through the cell strainer. Red blood cells were then lysed in hypotonic buffer. Peritoneal
exudates were collected using cold Hanks’ balanced saline solution (HBSS). Cell
suspensions were then stained with appropriate antibodies for 30 min on ice and data were
acquired on a BD FACS Canto II Flow Cytometer (BD Biosciences) and analyzed with
FlowJo software (Treestar).
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Fluorescent conjugates of anti-mouse CD115 (AFS98), F4/80 (BM8), CD45 (30-F11),
CD11c (N418), IA-IE (M5/114.15.2), CD4 (GK1.5), CD8 (53-6.7), CD45.2 (104) and
CD45.1 (A20) were purchased from eBiosciences. Anti-mouse Gr-1 (Ly-6C/G, RB6-8C5)
and CD36 (HM36) were purchased from Biolegend. Anti-mouse F4/80 (CI:A3-1) was
purchased from Serotec. Anti-mouse CD36 (CRF D-2712), Ly6G (1A8) and siglec F
(E50-2440) were purchased from BD Bioscience. Anti mouse FABP4 (BAF1443) was from
R & D Systems.

Immunoblot analysis—FACS sorted cells were homogenized in lysis buffer containing
protease inhibitors. Protein extracts were run on Criterion gels (Bio-Rad) and blotted onto
nitrocellulose membranes. After blocking, immunoblots were incubated with primary
antibodies against PPARγ and βActin (Cell signaling). Blots were then incubated with
fluorescent secondary antibodies and proteins were detected using the fluorescence-based
Odyssey Infrared Imaging System (LI-COR Biosciences).

Macrophage transfer—Peritoneal macrophages were retrieved by lavage from CD45.2
Lys-Cre × PPARγflox/flox and wild-type controls 5 days after thioglycollate instillation.
Then, 5.106 macrophages were injected into the peritoneum of naïve CD45.1 wild-type mice
and the number of recruited CD45.1+ neutrophils was assessed 24 hours later.

Monocyte labeling in vivo—Ly-6Clo monocytes were labeled in vivo by intravenous
injection of 1-μm Fluoresbrite green fluorescent (YG) plain microspheres (Polysciences
Inc.) diluted 1:4 in sterile PBS (22, 23). Ly-6Chi monocytes were labeled with beads using
the same protocol, except that beads were administered 3 days after intravenous injection of
clodronate-loaded liposomes (250 μl per mouse) (22). Labeling efficiency was verified by
flow cytometry one and/or two days after labeling by analysis of blood collected i.v. through
the submandibular vein. Clodronate was a gift from Roche and was incorporated into
liposomes as previously described (24).

Analysis of gene expression by quantitative real time PCR (qPCR)—RNA
samples were prepared using TRIzol reagent (Invitrogen) from thioglycollate-elicited
macrophages isolated from mice at sacrifice. Each RNA preparation was hybridized with
oligo dT (Invitrogen) and reverse-transcribed using Superscript III reverse transcriptase
(Invitrogen). Quantitative real time PCR was performed using a LightCycler PCR System
(Roche) as previously described (25). Expression data was analysed by crossing points
calculated from the LightCycler data analysis software and corrected for PCR efficiencies of
both the target and the reference gene.

Analysis of bacterial burden—Bacterial burden was quantified by plating 10-μl of lung
homogenates serially diluted in trypticase soy broth (BD) on blood agar plates (Trypticase
Soy Broth + 1.875% agar + 5% sheep blood). After incubating plates at 37°C for 18-24 hrs,
colonies were counted.

Statistical analysis—Data are expressed as mean ± SEM. Statistical differences were
assessed using a 2-tailed t test or ANOVA (with Tukey’s post-test analysis) with GraphPad
Prism software. A P value of less than 0.05 was considered statistically significant.
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Results
Differential expression of PPARγ and regulation of canonical PPARγ target genes among
different tissue macrophage populations

To better understand the role of PPARγ in mononuclear phagocytes, we first assessed
PPARγ mRNA expression in blood monocytes, resident macrophages from different tissues
including the lung, splenic red pulp, brain (microglia), gut and peritoneum, as well as in
inflammatory peritoneal macrophages. For monocytes, we independently assessed the two
major circulating subsets that in mice differentially express Ly6-C and which have
counterparts in other species, including humans (14, 26). We compared these populations to
spleen and lung conventional dendritic cell subsets as well as neutrophils. The populations
were sorted (see http://www.immgen.org for detailed sorting strategies) and further analyzed
by gene array. PPARγ mRNA was differentially expressed over several orders of magnitude
in different mononuclear phagocytes (Fig. 1A). Macrophages from the steady-state
peritoneum, brain, and gut expressed only low levels of PPARγ, equivalent to the signal
intensity in Ly-6Chi blood monocytes and neutrophils. By contrast, high levels of PPARγ
mRNA were observed in Ly-6Clo monocytes, splenic red pulp macrophages and pulmonary
macrophages (Fig. 1A). Consistent with this, treatment of wild-type mice with the PPARγ
agonist rosiglitazone induced further expression of the PPARγ-inducible CD36 protein at
the cell surface of Ly-6Clo but not Ly-6Chi monocytes in wild-type animals, suggesting that
only the Ly-6Clo but not Ly6-Chi monocytes were responsive to PPARγ activation (Fig.
1B). Indeed, PPARγ activation profoundly impacted the transcriptome of Ly-6Clo

monocytes (602 genes down-regulated and 1222 genes up-regulated, 2-fold cut off) (Fig.1C,
supplemental Table 1), and especially affected gene signatures such as “dendritic cell
maturation”, “p53 signaling”, “NFAT and immune response” (unpublished data). By
contrast, Ly-6Chi monocytes were largely unresponsive to the agonist (66 genes down-
regulated and 77 genes up-regulated) (Fig. 1C, supplemental Table 2), suggesting that the
levels of PPARγ in Ly-6Chi monocytes, and by extension in neutrophils, dendritic cells,
steady-state peritoneum, brain, and gut macrophages are too low to confer significant
responsiveness to PPARγ ligands under homeostatic conditions. This was further confirmed
as neutrophils, dendritic cells, and peritoneal macrophage did not upregulate the expression
of the two prototypic PPARγ target genes CD36 and FABP4 following PPARγ agonist
treatment (pioglitazone), whereas other populations that express PPARγ upregulated CD36
and/or FAPB4 (Fig. 1D). Populations that upregulated CD36 and FABP4 in response to
PPARγ agonists typically did so in a PPARγ-dependent manner (Fig. 1E), but diversity in
expression of these canonical PPARγ targets was substantial. Lung macrophages did not
express surface levels of CD36, even after PPARγ agonist treatment (Fig. 1E), but blood
Ly6-Clo monocytes increased CD36 expression in response to pioglitazone in a PPARγ-
dependent manner (Fig. 1E). FABP4 was differentially expressed among lung macrophages,
raising the possibility of heterogeneity in this population, and its expression was completely
dependent upon PPARγ, whether at baseline or after pioglitazone treatment. By contrast,
basal FABP4 was not dependent upon PPARγ in spleen macrophages, though it was
responsive to induction by pioglitazone in a PPARγ-dependent manner (Fig. 1E). Overall,
these data point to a great diversity in PPARγ expression among resting differentiated
macrophages, indicating that PPARγ upregulation is not necessarily an inevitable
consequence of macrophage development (27), and reveal that the expression of putative
PPARγ target genes are regulated somewhat differently in different tissue macrophage
populations.
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Acquisition of PPARγ expression by Ly-6Chi monocyte-derived inflammatory
macrophages is necessary for full resolution of acute inflammation

PPARγ activity has been associated with anti-inflammatory responses. In the inflammatory
milieu of the thioglycollate-treated peritoneum, elicited macrophages from the peritoneal
cavity expressed 3-fold higher PPARγ mRNA than blood Ly-6Chi monocytes (Fig. 2A)
from which they derive (14, 28). PPARγ was functional in these cells as PPARγactivation
using a synthetic ligand increased cell surface expression of the PPARγ-inducible protein
CD36 (data not shown) and PPARγ was efficiently deleted in these cells in LysM-Cre ×
PPARγflox/flox mice (Fig. 2B). In wild-type mice, leukocytes accumulate for several days
after thioglycollate injection, with a marked resolution phase between days 5 and 8 when
inflammatory macrophage numbers decline to baseline levels (29). To examine whether
PPARγ deficiency in Ly-6Chi monocyte-derived inflammatory peritoneal macrophages
would alter the initiation and/or the resolution of thioglycollate-induced inflammation, we
used LysM-Cre × PPARγflox/flox mice that here lack PPARγ expression specifically in
macrophages, as neutrophils do not express PPARγ. Firstly, using LysM-Cre × Rosa26-
stopfloxEGFP reporter mice to identify cells with use of the LysM promoter using GFP
expression, we confirmed that more than 90% of inflammatory macrophages in the inflamed
peritoneum would be targeted in LysM-Cre × PPARγflox/flox mice, in addition to
macrophages in resting peritoneum and neutrophils (data not shown). In the steady state, the
total numbers of the two peritoneal resident macrophage populations (17) (CD115+ F480hi

MHC-II− or CD115+ F480lo MHC-II+) were unchanged in LysM-Cre × PPARγflox/flox mice
as compared with controls, and the numbers of infiltrated neutrophils and Ly-6Chi

monocytes were similarly very low in the presence or absence of PPARγ (data not shown).

During the course of peritonitis, early accumulation of CD115hi inflammatory macrophages
(Fig 2C) in the peritoneum was unaltered by PPARγ deficiency 1 day after instillation of
thioglycollate, but was slightly decreased after 5 and 8 days in LysM-Cre × PPARγflox/flox

mice (Fig. 2D). However, we noted a 3-5-fold increase in the number of infiltrated Ly-6Chi

monocytes at both day 5 and 8 compared to control mice (Fig. 2C and 2E), while circulating
monocyte subset numbers remained similar over time in both LysM-Cre × PPARγflox/flox

mice and controls (data not shown). As Ly-6C is retained only transiently after monocyte
recruitment into tissues (26, 30, 31), these data revealed that monocyte recruitment to the
peritoneal cavity did not fully shut down in LysM-Cre × PPARγflox/flox mice. Furthermore,
while early accumulation of neutrophils (6 hours and 24 hours) was comparable between
LysM-Cre × PPARγflox/flox mice and control animals, peritoneal neutrophil numbers were
likewise elevated 3-4-fold in LysM-Cre × PPARγflox/flox mice during the usual resolution
phase occurring between days 5 and 8 (Fig. 2F). Concomitantly, blood neutrophil counts
were elevated at these later time points in LysM-Cre × PPARγflox/flox mice compared to
controls (data not shown), marking systemic inflammation. Interestingly, the increase in
peritoneal neutrophils and Ly-6Chi monocytes, as well as the decrease in inflammatory
macrophages, were still evident at day 14 post-thioglycollate treatment, the latest time point
examined (data not shown). Transfer of 5 × 106 thioglycollate-elicited macrophages,
retrieved from donors during the early resolution period at day 5, to the peritoneum of
resting mice led to recruitment of neutrophils (Fig. 2G) and monocytes (Fig. 2H), and these
numbers were doubled when transferred macrophages lacked PPARγ. PPARγ-deficient
thioglycollate-elicited macrophages, retrieved at day 5, had increased mRNA expression of
Il1b, Il6 and Ccr2, and decreased levels of Cd36, Cd51 and Tgfb1 compared to controls
(Fig. 2I). Collectively, these data show that PPARγ deficiency in myeloid cells has little
impact on the early phases of an inflammatory response. However, macrophage PPARγ
expression in thioglycollate-elicited inflammatory macrophages is necessary to bring about
resolution. Indeed, its deficiency leads to a state of chronic low-grade inflammation, at least
in part because macrophages retain a more pro-inflammatory phenotype.
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PPARγ activation promotes macrophage-dependent cessation of neutrophil recruitment
and favors resolution of acute inflammation

Given the data above indicating that the cessation of leukocyte recruitment that characterizes
resolution of inflammation is impaired in LysM-Cre × PPARγflox/flox mice, we sought to
determine whether treatment with PPARγ agonists would conversely favor the shut down of
leukocyte recruitment in wild-type animals. Indeed, PPARγ agonist treatment reduced
neutrophil counts in the peritoneum following thioglycollate administration at each time
point studied, especially in the later phases of inflammation (Fig. 3A). This effect required
PPARγ expression in macrophages because treatment with the PPARγ agonist failed to
reduce neutrophil counts in the cavity of LysM-Cre × PPARγflox/flox mice (Fig. 3B). These
data support the concept that PPARγ activation suppresses the recruitment of leukocytes in
later phases of tissue injury in a macrophage PPARγ-dependent manner, promoting
resolution of inflammation.

PPARγ deletion in macrophages leads to low-grade constitutive inflammation in the lung
but not in the spleen

Considering our findings that PPARγ expression in inflammatory macrophages as well as
its activation by pharmacological agonists favors resolution of both acute and chronic
inflammation, we wondered whether deletion of PPARγ in resting macrophage populations
that normally express high levels of PPARγ (lung and splenic red pulp macrophages) would
promote inflammation. LysM-Cre × Rosa26-stopfloxEGFP reporter mice confirmed that
resident lung and splenic red pulp macrophages would be targeted in LysM-Cre ×
PPARγflox/flox mice (data not shown). Total splenocyte numbers were similar in LysM-Cre
× PPARγflox/flox mice and controls (data not shown), but red pulp macrophages (F4/80hi

CD11blo) were approximately 1/3 less numerous in LysM-Cre × PPARγflox/flox spleens
(Fig. 4A), possibly arguing for a role of PPARγ in the maintenance of this population. There
were no signs of inflammation in the resting spleen of LysM-Cre × PPARγflox/flox mice as
splenic Ly-6Chi monocyte and neutrophil numbers were comparable to controls (Fig. 4B).
Consistent with peritoneal inflammation, macrophage PPARγ deficiency did not have an
impact on the induction of inflammation in the spleen at an early time point after i.v.
administration of LPS (day 1, Fig. 4C), while it led to increased neutrophils and Ly-6Chi

monocytes recruitment to the spleen at a later time point (day 5, Fig. 4D), again arguing for
a key role of PPARγ in resolution of inflammation.

When we examined the lung, we observed that PPARγ deletion in macrophages led to a
low-grade inflammatory response without supplying an overt exogenous stimulus. Indeed,
we observed increased leukocyte infiltration with elevated numbers of neutrophils (Fig. 4E),
CD4+ and CD8+ T lymphocytes (Fig. 4F), while macrophage numbers were comparable to
controls (Fig. 4E).

Overall, whereas PPARγ is expressed by both splenic red pulp and pulmonary
macrophages, its deficiency only obviously had an impact on lung tissue homeostasis in the
steady state, arguing for an interaction between tissue environment and the outcome of
altered macrophage PPARγ signaling.

Altered gene expression and lipid homeostasis in lung macrophages deficient in PPARγ
The low-grade inflammation observed only in the lung but not in the spleen suggested that
the impact of PPARγ might be environment-dependent. The alveolar space is permanently
filled with a surfactant made of lipids (90%) and proteins (10%) (32) and we noted increased
cellular lipid content in lung macrophages lacking PPARγ as indicated by increased sterol
staining using Bodipy FL (Fig. 5A), in line with previous work reporting the development of
pulmonary alveolar proteinosis in these mice (33, 34). Then, in order to better understand

Gautier et al. Page 7

J Immunol. Author manuscript; available in PMC 2013 September 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



the role of PPARγ in lung macrophages, micro-array analysis was performed on sorted lung
macrophages from LysM-Cre × PPARγflox/flox mice and controls. This whole genome array
analysis uncovered 721 genes that were down-regulated and 2088 genes whose expression
was increased in lung macrophages lacking PPARγ, highlighting a profound alteration of
their transcriptome (supplemental Table 3 and 4). In line with their increased intracellular
sterol content, we found that PPARγ-deficient lung macrophages induced a number of
mRNA transcripts associated with cellular lipid metabolism and in particular those
associated with an increase in activity of the LXR transcription factor. Expression levels of
Nr1h2 (also known as LXRβ), a sensor of intracellular sterol levels, and its partner Rxra
were increased in lung macrophages obtained from LysM-Cre × PPARγflox/flox mice as
compared to controls (Fig. 5B). Consequently, the expression levels of several target genes
of the LXR/RXR heterodimer (Abca1, Srebf1, Apoe, Mylip, Abcg1, Scd2 and Scd1) were
equally increased (Fig. 5B). Finally, the mRNA level of the scavenger receptor Msr1 and of
the triacylglycerol synthesis enzyme Dgat1 were also enhanced (Fig. 5B). This expression
profile was mirrored by decreased expression of genes involved in the cholesterol
biosynthetic pathway (Hmgcs1, Srebf2, Hmgcr, Fdft1, Dhcr24, Sqle and Idi1) and in the
uptake of extracellular cholesterol (Ldlr) (Fig. 5B). As the vast majority of these genes are
not known to be under the direct control of PPARγ, it suggests that many of the genes
regulated here are regulated indirectly. Since we observed an increase in the percentage of
MHC-II+ lung macrophages in LysM-Cre × PPARγflox/flox mice (Fig. 5C), we sought to
determine whether this was correlated with an increased expression of genes associated with
macrophage activation. We found increased mRNA levels of genes encoding costimulatory
molecules (Cd86, H2-DMb2, H2-Ab1 and H2-Aa), members of the IRF family of
transcription factors (Irf3, Irf5 and Irf8), innate immune receptors (Tlr7, Tlr8 and Trem2)
and the pro-inflammatory mediator Mif (Fig. 5D). Moreover, mRNA expression levels of
members of the S100 protein family (S100a13, S100a4 and S100a6), known to mediate
inflammatory signals, were up-regulated in lung macrophages from LysM-Cre ×
PPARγflox/flox mice (Fig. 5D). However, other genes involved in inflammation such as
transcription factors (Fos, Nr4a1, Jun, Jund, Junb), the TLR receptor Tlr2, the scavenger
receptor Marco and the surfactant opsonin Sftpc were down-regulated (Fig. 5D). Consistent
with the increased intracellular lipid content observed in lung macrophages from LysM-Cre
× PPARγflox/flox mice, we noted that the mRNA expression of several phospholipases
(Pla2g6, Plcb1, Pnpla6, Pld3, Pld4) was increased in these cells as well as the expression of
genes involved in prostanglandin and thromboxane synthesis (Pgs1, Ptgr2, Ptgs1 and
Tbxas1) (Fig. 5E). We also noted that numerous genes regulated by the transcription factor
Nrf2, a master regulator of the antioxidant response, were up-regulated in PPARγ-deficient
pulmonary macrophages compared to controls, indicating increased oxidative stress in
LysM-Cre × PPARγflox/flox mice (Fig. 5F). Finally, mRNA levels of mediators of
autophagy (Atg5, Dram1, Becn1, Atg7) and apoptosis (Casp2, Casp9, Bax, Aifm2) were
increased in lung macrophages lacking PPARγ compared to controls (Fig. 5G). Taken
together, these findings reveal that PPARγ-deficient pulmonary macrophages present a
markedly altered transcriptome, most likely secondary to the lipid loading, affecting several
key pathways related to classical macrophage functions.

Impaired bacterial clearance in the lungs and accelerated mortality in mice lacking PPARγ
in macrophages following S. pneumoniae infection

Given that the gene expression profile of lung macrophages deficient in PPARγ is
profoundly altered, we next investigated whether infectious challenge of LysM-Cre ×
PPARγflox/flox mice would lead to a perturbed innate immune response to pathogens. Here,
we found that LysM-Cre × PPARγflox/flox mice were more susceptible to infection with
Streptococcus pneumoniae. Weight loss associated with infection was more pronounced in
LysM-Cre × PPARγflox/flox compared to controls over a period of 4 days before death
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occurred (Fig. 6A). This increased susceptibility to S. pneumoniae infection was due to
impaired bacterial clearance as bacterial burden was increased by approximately one log in
the lung of LysM-Cre × PPARγflox/flox mice compared to controls 48 hours after infection
(Fig. 6B). This correlated with faster dissemination of the bacteria into the bloodstream (data
not shown) as well as accelerated death in these mice (Fig. 6C). LysM-Cre × PPARγflox/flox

mice challenged with a lower dose of the pathogen similarly succumbed faster than controls.
Indeed, while 100% of control mice were still alive 6 days after infection, only 40% of
LysM-Cre × PPARγflox/flox mice survived to this time point (Fig. 6D). Surprisingly, we
observed similar neutrophils and Ly-6Chi monocytes recruitment to the bronchoalveolar
space and the lung 24 hours after infection in LysM-Cre × PPARγflox/flox mice and controls
(Fig. 6E). Increased bacterial burden in LysM-Cre × PPARγflox/flox mice was not due to
impaired phagocytosis as labeled-S. pneumoniae were taken up by PPARγ-deficient
alveolar macrophages as efficiently as controls in vivo (Fig. 6F). However, resident alveolar
and interstitial pulmonary macrophage counts were significantly decreased by
approximately 50% and 35% respectively 24 hours after instillation of Streptococcus
pneumoniae (Fig. 6G). Finally, the disease pulmonary alveolar proteinosis (PAP) is due to
alterations in GM-CSF signaling, and it was recently shown that PPARγ expression in GM-
CSF-deficient lung macrophages was low (35). Furthermore, viral vectors to restore PPARγ
in GM-CSF KO mice led to reduced lipid accumulation and increased cholesterol efflux in
lung macrophages (36). Since PAP is associated with increased susceptibility to infection,
we sought to determine if PPARγactivation could improve bacterial clearance in Csf2rb−/−

Csf2rb2−/− mice (37). Indeed, Csf2rb−/− Csf2rb2−/− mice, which also display alveolar
proteinosis, have significantly higher bacterial burden (approximately 2 logs) than WT
control mice and PPARγ activation by pioglitazone partially decreased this enhanced
burden (Fig 6H). Therefore, these data now connect PPARγ to host defense and control of
bacterial burden in the lung through maintenance of local macrophage functions.

Discussion
The anti-inflammatory role of PPARγ in macrophages is well established. However, little is
known regarding its impact on specific resting macrophage populations as well as on the
dynamic of inflammation in vivo. It was recently recognized that establishing the expression
profile of PPARγ in tissue macrophages in vivo would be helpful in clarifying its role in the
regulation of inflammatory processes (38). Here, we unexpectedly revealed that many
resident macrophages do not express substantial levels of PPARγ, including those in the
brain, peritoneum and gut. The level of PPARγ in these cells was as low as in Ly-6Chi

monocytes, which show no PPARγ activity after synthetic PPARγagonist administration in
vivo. By contrast to these tissues and cells, Ly-6Clo blood monocytes, resting red pulp
splenic and pulmonary macrophages expressed high levels of mRNA for PPARγ. In
addition, PPARγ was induced in inflammatory macrophages differentiating from circulating
Ly-6Chi monocytes entering an inflammatory site, albeit to a lower level than observed in
the resting macrophages that were positive. In different tissues, the expression of canonical
PPARγ target genes like CD36 and FABP4 was distinct even among those macrophages
that were PPARγ+, highlighting the importance of context in regulation of PPARγ-related
pathways and underscoring the diversity observed among macrophages from different
organs.

As the ability of PPARγ to transrepress inflammatory genes has been thoroughly
documented (1), we expected that macrophage loss of PPARγ during thioglycollate-
mediated peritonitis would lead to a more proinflammatory phenotype. However, the
absence of PPARγ in LysM-Cre × PPARγflox/flox mice did not impact the accumulation of
leukocytes during the initial phase of the inflammatory response. This could be explained by
the fact that immature and differentiating Ly-6Chi monocytes, which express negligible or
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low levels of PPARγ, were dominant at this time point. By contrast, persistent neutrophil
and Ly-6Chi monocyte influx occurs in LysM-Cre × PPARγflox/flox mice during the later
period when more differentiated inflammatory macrophages, that now express PPARγ,
begin to dominate and when resolution is observed in control mice. These data suggest,
therefore, that PPARγ plays especially important roles in the late stages and resolution of
inflammation. These roles very likely include repression of proinflammatory genes, and
indeed we observed that proinflammatory genes were elevated in PPARγ-deficient
thioglycollate-elicited macrophages, but may also include impaired induction of genes
associated with repair and healing. Previous studies have linked PPARγ with the
development of alternatively activated macrophages (39) and with tissue repair in injured
muscle (30), and IL-4 is known to promote the production of PPARγ ligands (40). An
elegant in-depth study recently revealed that while PPARγ is not required for development
of alternatively activated macrophages in C57BL/6J mice, there is synergy with IL-4 such
that the transcription factor Stat6 that is critical for IL-4 signaling binds to the enhancer
elements in PPARγ target genes and markedly augments the PPARγresponse (41). Our
findings that PPARγ appears to play a bigger role in determining the rate/magnitude of
contraction of the inflammatory response rather than the magnitude of earlier phases fits
well with concepts of PPARγ playing a key role in tissue repair, healing, and overall
resolution.

Future studies on the possible interface between PPARγ and lipids previously associated
with resolution (42) seem in order. At present, resolvins are known not to serve as PPARγ
ligands (42), but an intersection between PPARγ and the pathways that regulate such pro-
resolution mediators may exist. Ligands for PPARγ during resolution may be limiting,
because we observed that provision of synthetic ligands to mice hastened the shut down of
neutrophil recruitment in a macrophage PPARγ-dependent manner during the terminal
phases of thioglycollate-induced inflammation. This finding is in line with recent published
data in a model of granulomatous disease (43) and supports the logic of therapeutically
enhancing PPARγ activity to promote resolution of ongoing inflammation.

Highest expression of PPARγ mRNA among macrophages in the mouse, resting or
inflamed, was observed in the lung. Analysis of FABP4 expression in lung macrophages
suggests that there may be heterogeneity among lung macrophages with regard to expression
or activity of PPARγ. We show that the absence of PPARγ in LysM-Cre × PPARγflox/flox

mice induced mild lung inflammation in the absence of experimental challenge. This
underlying inflammation may stem from a key role for PPARγ expression by macrophages
to maintain cellular as well as tissue lipid homeostasis in the presence of pulmonary
surfactant lipids. Indeed, previous work indicates that lipid surfactant accumulates in the
alveoli of LysM-Cre × PPARγflox/flox mice (33, 34). Consistent with this observation, we
found that expression of genes that regulate intracellular lipid homeostasis are markedly
altered in pulmonary macrophages lacking PPARγ. Genes involved in sterol uptake and
synthesis were downregulated while genes linked to cholesterol sensing and efflux were up-
regulated, and in particular, mRNA transcripts controlled by LXR were induced. Likely, the
enhanced sterol loading drives induction of the LXR pathway as a mechanism to deal with
the high lipid loading. Additionally, we found that numerous pathways associated with a
range of macrophage functions were altered in the absence of PPARγ in lung macrophages,
and genes associated with cell death were upregulated, leading to the conclusion that
disruption of PPARγ signaling profoundly altered their transcriptome. However, the
changes in gene expression are complex and likely do not reflect changes only associated
with direct PPARγ targets, as many of the effects observed as likely indirect changes that
reflect a sequence of changes that occur in response to the loss of PPARγ in macrophages
that usually express it in the lung.
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With the expectation that the absence of PPARγ in lung macrophages would exacerbate
inflammation in the context of infection and subsequently favor bacterial clearance, we
infected control and LysM-Cre × PPARγflox/flox mice with S. pneumoniae. Bolstering our
expectations that the inflammatory infiltrate may be increased in response to this infection
were data in the literature indicating that mice lacking the cholesterol efflux gene Abcg1,
and thus a gene expected to intersect functionally with PPARγ, manifest enhanced
inflammation and increased bacterial clearance in response to infection in the lung (44).
Following infection, weight loss and mortality were surprisingly accelerated in LysM-Cre ×
PPARγflox/flox mice. As in the acute model of sterile inflammation induced by
thioglycollate, the number of infiltrating neutrophils and monocytes was not changed in the
first days following infection. Further similar to the thioglycollate model, but far more
pronounced, the number of mature macrophages was significantly reduced in LysM-Cre ×
PPARγflox/flox mice following infection with S. pneumoniae, although macrophage counts
were similar to control mice in the steady state. These reduced macrophage numbers may
account for the associated observation that clearance of S. pneumoniae was impaired under
these conditions. Although we were unable to find an increased number of non-viable
macrophages (using annexin V as a readout), the upregulation of cell death genes even in the
steady state is consistent with this idea, and other explanations such as impaired
phagocytosis of bacteria were eliminated. While future work will be required to be sure that
macrophage death accounts for why LysM-Cre × PPARγflox/flox mice succumb to S.
pneumoniae infection more than control mice, we believe that the observation that
macrophage PPARγ deficiency impacts the outcome of infection is quite significant on its
own. Patients with pulmonary alveolar proteinosis (PAP), a disease linked to impaired GM-
CSF signaling, have an increased risk of super infection (32) and it is known that suppressed
GM-CSF signaling leads to lower PPARγ levels in the lung (35). Moreover, Csf2rb−/−

Csf2rb2−/− mice, a mouse model of PAP, are more susceptible to S. pneumoniae infection
(37). While it was already recognized that increasing PPARγ in models of PAP might
reverse aspects of the disease such as lipid accumulation in macrophages, we now linked the
loss of PPARγ per se and increased susceptibility to infection in PAP. Importantly, down-
regulation of PPARγ and/or impairment in PPARγ signaling is also observed in cystic
fibrosis (45-47), and PPARγ agonist treatment has been recently shown to ameliorate the
severity of the cystic fibrosis phenotype in mice (47). Since cystic fibrosis is also tightly
associated with an increased susceptibility to lung infection (48), PPARγ may participate
centrally in impacting susceptibility to infection there as well. Future studies to investigate
this possibility will be very important.

In summary, through taking the approach that started with characterization of the diversity
of macrophages with respect to expression of PPARγ, the present work illustrates that
PPARγ acts at the cellular level to favor contraction of inflammation and in the steady state
is expressed in specific macrophage populations, especially in lung macrophages where it is
critically involved in the maintenance of host defense.
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Figure 1. PPARγgene expression profiling and regulation of canonical PPARγtarget genes in
mononuclear phagocytes
(A) PPARγ mRNA expression was analyzed by gene array and depicted to show signal
intensity in sorted myeloid cell populations. Data are derived from 3 separate analyses that
are each derived from n=5 mice. (B) Cell surface expression of CD36 analyzed by flow
cytometry on monocyte subsets from mice fed a regular chow diet (−) or a diet
supplemented with the PPARγ agonist rosiglitazone (agonist) for a week (n=5 mice per
group). (C) The number of genes regulated in monocyte subsets following PPARγ
activation by rosiglitazone assessed through whole-genome array analysis. (D) Protein levels
of CD36 and FABP4 in myeloid populations at the steady state and following PPARγ
agonist treatment (agonist, pioglitazone) were monitored by flow cytometry. (E) Expression
of CD36 and FABP4 in myeloid populations of LysM-Cre × PPARγflox/flox mice
(PPARγΔMac/PMN) and controls (CTRL) at the steady state and following PPARγ agonist
treatment (agonist, pioglitazone). Mean fluorescence intensity (MFI) is plotted (n=3-4 mice
per group).
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Figure 2. PPARγ expression in peritoneal inflammatory macrophages favors the resolution of
acute inflammation
(A) Relative PPARγ mRNA expression in inflammatory macrophages from the peritoneum
and their peripheral blood Ly-6Chi monocyte precursors. (B) Western blot analysis of
PPARγ protein in cell-sorted thioglycollate-elicited peritoneal macrophages (C) FACS plot
illustrating the gating strategy used for inflammatory peritoneal macrophages (Mφ; CD115+

Gr-1/Ly-6C−), Ly-6Chi monocytes (CD115+ Gr-1/Ly-6C+) and neutrophils (PMN; Gr-1/
Ly-6G+ CD115lo/−) in the peritoneal cavity 5 days after initiation of peritonitis. (D)
Inflammatory peritoneal macrophage number in LysM-C r e × P P A Rγflox/flox mice
(PPARγΔMac/PMN) and controls (CTRL) during the course of thioglycollate-induced
peritonitis (n=5-9 mice per group). (E) Ly-6Chi monocyte numbers in the peritoneal cavity
at 5 and 8 days post induction of peritonitis (n=8-14 per group). (F) Neutrophil counts in the
peritoneum at 0.25, 1, 5 and 8 days after peritonitis induction (n=4-12 mice per group). (G)
Inflammatory peritoneal macrophages from LysM-Cre × PPARγflox/flox mice
(PPARγΔMac/PMN) and controls (CTRL) (both CD45.2) were transferred into naïve CD45.1
recipients and recipient neutrophils recruitment was evaluated 24 hours later (n=6-8 mice
per group). (H) Circulating Ly-6Chi monocytes were labeled i.v with latex fluorescent beads
3 days after induction of inflammation and the number of recruited beads-positive Ly-6Chi

monocyte in the peritoneal was assessed 48 hours later in LysM-Cre × PPARγflox/flox mice
(PPARγΔMac/PMN) and controls (CTRL) (n=6-7 mice per group). (I) Quantification of
mRNA expression by peritoneal inflammatory macrophages recovered 5 days after
induction of inflammation assessed by quantitative real-time PCR for select genes (n=5 mice
per group).
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Figure 3. PPARγ activation favors the resolution of acute inflammation
(A) Neutrophil counts in the peritoneum at 1, 5 and 8 days after peritonitis induction in wild-
type mice fed a regular diet (−) or a diet containing the PPARγ agonist pioglitazone
(agonist) (n=8-10 mice per group). (B) Peritoneal neutrophil counts 5 days after peritonitis
induction in LysM-Cre × PPARγflox/flox mice (PPARγΔMac/PMN) fed a regular diet (−) or a
diet containing the PPARγ agonist pioglitazone (agonist) (n=4-5 mice per group).
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Figure 4. Impact of PPARγ deletion in splenic red pulp and lung macrophage
(A) Red pulp macrophage percentages and counts in the spleen of LysM-Cre ×
PPARγflox/flox mice (PPARγΔMac/PMN) and controls (CTRL) in the steady state (n=4 mice
per group). (B) Neutrophil and Ly-6Chi monocyte counts in the spleen of LysM-Cre ×
PPARγflox/flox mice (PPARγΔMac/PMN) and controls (CTRL) in the steady state (n=4 mice
per group). (C) Neutrophil and Ly-6Chi monocyte counts in the spleen of LysM-Cre ×
PPARγflox/flox mice (PPARγΔMac/PMN) and controls (CTRL) 24 hours after LPS was
injected i.v. (n=3 mice per group) (D) FACS plot illustrating the gating strategy used for
Ly-6Chi monocytes (CD115hi Gr-1/Ly-6C+) and neutrophils (Gr-1/Ly-6G+ CD115lo), and
neutrophil and Ly-6Chi monocyte counts in the spleen of LysM-Cre × PPARγflox/flox mice
(PPARγΔMac/PMN) and controls (CTRL) 5 days after i.v. administration of LPS (n=3 mice
per group). (E) FACS plot illustrating the gating strategy used for lung macrophages
(CD11c+ Siglec-F+) and neutrophils (CD11b+ Ly-6G+), and respective cell counts in the
lung of LysM-Cre × PPARγflox/flox mice (PPARγΔMac/PMN) and controls (CTRL) in the
steady state (n=6-8 mice per group). (F) CD4+ and CD8+ T lymphocyte counts in the lung
LysM-Cre × PPARγflox/flox mice (PPARγΔMac/PMN) and controls (CTRL) in the steady
state (n=6-8 mice per group).
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Figure 5. PPARγ is critical to preserve lung macrophage cellular homeostasis
(A) Cellular lipid levels were assessed in resting lung macrophages from LysM-Cre ×
PPARγflox/flox mice (PPARγΔMac/PMN) and controls (CTRL) using Bofipy-FL staining
(n=3 mice per group). (B) mRNA expression of genes modulated by intracellular lipid levels
was determined by microarray. (C) Flow cytometry plot and quantification of cell surface
MHC-II protein levels in lung macrophages from LysM-Cre × PPARγflox/flox mice
(PPARγΔMac/PMN) and controls (CTRL) (n=3-4 mice per group). Heat maps representing
mRNA levels of genes involved in macrophage activation (D), lipid signaling (E), oxidative
stress signaling (F) and cell death/autophagy (G).
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Figure 6. PPARγ expression in lung macrophage is necessary to combat infection
(A) Body weight loss was determined following infection in LysM-C r e × P P A Rγflox/flox

mice (PPARγΔMac/PMN) and controls (CTRL) (n=9 mice per group). (B) Lung bacterial
load was measured 48 hours after infection in LysM-Cre × PPARγflox/flox mice
(PPARγΔMac/PMN) and controls (CTRL) (n=9 mice per group). Survival to infection was
assessed over a period of 12 days following high dose (2.106 CFU) (C) and low dose (5.105

CFU) (D) S. pneumoniae inoculation in the lung of LysM-Cre × PPARγflox/flox mice
(PPARγΔMac/PMN) and controls (CTRL) (n=5-8 mice per group). (E) Neutrophil and
Ly-6Chi monocyte counts in the BAL and the lung of LysM-Cre × PPARγflox/flox mice
(PPARγΔMac/PMN) and controls (CTRL) were determined 24 hours after infection (n=7-8
mice per group). (F) PKH26-labeled S. pneumoniae phagocytosis by resident alveolar
macrophages was assessed by flow cytometry 30 minutes after inoculation (n=6 mice per
group). (G) Alveolar and pulmonary resident macrophages counts in LysM-Cre ×
PPARγflox/flox mice (PPARγΔMac/PMN) and controls (CTRL) 24 hours after infection
(n=7-8 mice per group). (H) Lung bacterial burden was determined 48 hours after S.
pneumoniae inoculation in the lungs of wild-type mice, Csf2rb−/− Csf2rb2−/− mice and
Csf2rb−/− Csf2rb2−/− mice with prior treatment with the PPARγagonist pioglitazone for 2
weeks (n=3-4 mice per group).
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