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Many respiratory viruses cause lung damage that may evolve into acute lung
injury (ALI), a cytokine storm, acute respiratory distress syndrome, and
ultimately, death. Peroxisome proliferator activated receptor gamma (PPARY),
a member of the nuclear hormone receptor (NHR) family of transcription
factors, regulates transcription by forming heterodimers with another NHR
family member, Retinoid X Receptor (RXR). Each component of the
heterodimer binds specific ligands that modify transcriptional capacity of the
entire heterodimer by recruiting different co-activators/co-repressors.
However, the role of PPARY/RXR ligands in the context of influenza infection
is not well understood. PPARY is associated with macrophage differentiation to
an anti-inflammatory M2 state. We show that mice lacking the IL-4Ra receptor,
required for M2a macrophage differentiation, are more susceptible to mouse-
adapted influenza (A/PR/8/34; "PR8")-induced lethality. Mice lacking Ptgs2, that
encodes COX-2, a key proinflammatory M1 macrophage mediator, are more
resistant. Blocking the receptor for COX-2-induced Prostaglandin E, (PGE,)
was also protective. Treatment with pioglitazone (PGZ), a PPARy ligand,
increased survival from PR8 infection, decreased M1 macrophage gene
expression, and increased PPARy mRNA in lungs. Conversely, conditional
knockout mice expressing PPARy-deficient macrophages were significantly
more sensitive to PR8-induced lethality. These findings were extended in
cotton rats: PGZ blunted lung inflammation and M1 cytokine gene
expression after challenge with non-adapted human influenza. To study
mechanisms by which PPARY/RXR transcription factors induce canonical M2a
genes, WT mouse macrophages were treated with IL-4 in the absence or
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presence of rosiglitazone (RGZ; PPARY ligand), LG100754 (LG; RXR ligand), or
both. IL-4 dose-dependently induced M2a genes Arg1, Mrcl1, Chil3, and Retnla.
Treatment of macrophages with IL-4 and RGZ and/or LG differentially affected
induction of Argl and Mrcl vs. Chil3 and Retnla gene expression. In PPARy-
deficient macrophages, IL-4 alone failed to induce Argl and Mrcl gene
expression; however, concurrent treatment with LG or RGZ + LG enhanced
IL-4-induced Argl and Mrcl expression, but to a lower level than in WT
macrophages, findings confirmed in the murine alveolar macrophage cell
line, MH-S. These findings support a model in which PPARY/RXR
heterodimers control IL-4-induced M2a differentiation, and suggest that
PPARY/RXR agonists should be considered as important tools for clinical
intervention against influenza-induced ALI.

KEYWORDS

influenza, M1 macrophage, M2 macrophage, PPARG, Acute Lung Injury

GRAPHICAL ABSTRACT

PPARy RXR

Mre1 M
00 Retnla  p~W2
Chil3

In vivo @ PPARYy ligand (PGZ) treatment

Influenza __*M1  Lung
Infection =~  Pathology Disease
i @ PPARYy ligand (RGZ)
In vitro @ RXR Ligand (LG) ‘treatment
Arg1
) Mrec1 M2
Retnla M1
) Chil3
Low IL-4
) N Arg1

°®
g M, 2 Reduced

Upper panel: In vivo model depicting regulation of lung-induced pathology by M1 and M2 macrophages. In absence or in the presence of low
levels of influenza-induced IL-4, treatment with PPARy agonist, Pioglitazone (PGZ), enhances M2 macrophage polarization and reduces
influenza-induced lung disease. Lower panel: In vitro IL-4-dependent regulation of canonical M2a macrophages genes is selectively modulated
by ligands specific for PPARY/RXR heterodimers. PPARY/RXR heterodimers gain access to a peroxisome proliferator activated receptor response
element (PPRE) in the promoter of canonical M2a macrophage genes, inducing their expression in a ligand-independent manner. However, in
the presence of ligands for both PPARy and RXR [Rosiglitazone (RGZ) and LG100764 (LG), respectivelyl], liganded heterodimers selectively
enhance the expression of some M2a genes (Argl and Mrcl) without affecting the others (Retnla and Chil3).

Introduction

Macrophage differentiation is driven by metabolic changes
that alter cellular functionality. At one extreme, LPS and IFN-y
drive glycolysis, with greatly reduced oxidative phosphorylation,
leading to “M1” macrophages that are highly microbicidal and
produce proinflammatory mediators (rev. in 1). While
facilitating pathogen clearance, an overexuberant M1
macrophage response may cause tissue damage. In contrast,
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“M2a” macrophages differentiate in response to exogenous or
endogenous IL-4 or IL-13 (via the shared IL-4Rq), are strongly
dependent on oxidative phosphorylation for energy, and
produce proteins, including anti-inflammatory cytokines, that
mediate wound healing (rev. in 1-7). However, the M1/M2
paradigm is more nuanced than originally thought (8-12):
macrophage subpopulations exhibit different thresholds for
activating these metabolic programs, i.e., lung alveolar and
interstitial macrophages acquire distinct metabolic capacities
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in response to infection (13-16), and subpopulations of M2
macrophages (e.g., M2a, M2b, M2c) have been identified based
on distinct inducers and transcriptional profiles (rev. in 12). It
has been proposed that the distinct transcriptional programs
induced during macrophage polarization to an M2 phenotype
are controlled by epigenomic modifications at specific gene
promoters that enhance transcription (17, 18)

In response to Respiratory Syncytial Virus (RSV) infection,
both alveolar macrophages and thioglycollate-elicited
macrophages elicit an early (by ~8 h) proinflammatory M1
response, followed by production of endogenous IL-4 and IL-
13 that, in turn, drive a strong M2a response (~48 h peak) that
counters RSV-induced M1 macrophages and ALI (6). Induction
of M2 macrophages by IL-4 or RSV coincided with upregulation
of Peroxisome Proliferating Activated Receptor gamma (PPARY)
(6), a transcription factor that heterodimerizes with Retinoid X
Receptor (RXR) and is required for differentiation of
macrophages towards an M2 polarization phenotype (18-22).
Pparg mRNA was not induced in RSV-infected TLR4”" mice and
macrophages, and RSV-infected TLR4”" mice exhibited
increased peribronchiolar and perivascular inflammation
compared to WT mice (6). This suggests that M2 macrophage
polarization is the host’s response to the damaging effects of
RSV-induced M1 macrophages. This is supported by our
findings that therapeutic administration of agents that induce
M2 macrophages (e.g., rosiglitazone (RGZ), a PPARY agonist, IL-
4/anti-IL-4 complexes, and azithromycin) enhanced resolution
of RSV-induced ALI in mice (23). Mice lacking alveolar
macrophages (24) or PPARY in myeloid cells (25) exhibited
decreased survival in response to influenza infection, suggesting
that PPARy
influenza-induced disease. The studies presented herein

in alveolar macrophages may protect against

provide clear evidence for a role for M2 macrophages in the
resolution of influenza-induced disease and provide new insights
into the regulation of M2 macrophage gene expression by
engaging PPARY and RXR receptor heterodimers with the
ligands for one, the other or both concurrently as a
therapeutic strategy.

Materials and methods
Reagents

A stock solution of pioglitazone hydrochloride (PGZ Actos,
Takeda Pharmaceutical of America) was prepared in pyrogen-
free saine (for mouse studies) or in DMSO (cotton rat studies).
The EP4 (prostaglandin E, (PGE,) receptor) antagonist,
AP1531, was kindly provided by Dr. Steven Orndorff (Ariel
Pharmaceuticals, Broomfield, CO) and was made up in pyrogen-
free saline. Rosiglitazone (RGZ) purchased from Cayman
Chemical Company (Ann Arbor, MI) and LG100754 (LG)
from Sigma Aldrich (St. Louis, MO) were reconstituted to 100
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UM in DMSO (final concentration of 0.001% DMSO). TSPO
agonist, FGIN-1-27 was purchased from Tocris Bioscience
(Minneapolis, MN) and reconstituted to 50 mM in DMSO
(final concentration of 0.02%). Recombinant mouse IL-4 (E.
coli-derived) was purchased from R&D Systems (Minneapolis,
MN) and reconstituted to a stock solution of 50 pig/ml in PBS.
All reagents used for in vitro experiments were stored at -20° C.

Animals

Six to 8 week old, male and female WT C57BL/6] and BALB/
cByJ mice, and COX2”" mice were purchased from the Jackson
Laboratory (Bar Harbor, ME). IL-4Ro”’" mice (BALB/c
background; originally provided to Dr. Achsah Keegan by
Nancy Noben-Trauth) (Rockville, MD) and William Paul
(Bethesda, MD) were bred homozygously at the University of
Maryland, Baltimore (UMB). Homozygous floxed PPARY mice
crossed into a transgenic mouse containing the Cre gene under
control of the M lysozyme promoter (PPARY flox"*/Cre*'*) to
delete the Pparg gene in lysozyme-producing cells (e.g.,
macrophages, neutrophils) (20) (referred to as “PPARYCKO
mice;” C57BL/6 background) were kindly provided to Dr.
Stefanie Vogel by Dr. Mary Jane Thomassen (East Carolina
University) and were bred homozygously at the University of
Maryland, Baltimore. Four-six week old, male and female inbred
cotton rats (Sigmodon hispidus) were bred at Sigmovir
Biosystems, Inc. All animal experiments were conducted with
institutional IACUC approvals.

Viruses

Mouse-adapted HIN1 influenza A/PR/8/34 virus (“PR8”)
(ATCC, Manassas, VA) was grown in the allantoic fluid of 10-
day old embryonated chicken eggs as described (26) and was
kindly provided by Dr. Donna Farber (Columbia University).
The seed of the non-adapted influenza A/California/07/2009
(HIN1) (A/California) was obtained from the CDC and grown
in eggs in house. The stocks of virus contained 2 X 10°
TCIDso/ml.

In vivo experiments in mice and
cotton rats

For survival experiments, some mice (WT C57BL/6] and
COX27") mice were infected with an LDg, of mouse-adapted
influenza virus PR8 (~7500 TCIDs i.n., 25 pl/nare) (27, 28). In
other experiments where we anticipated increased sensitivity to
infection, WT C57BL/6] and PPARY™® mice were infected with
an LDy, (~3000 TCIDsq in., 25 pl/nare) of PR8, while WT
BALB/cBy] and IL-4Ro”" were infected with an LDy, (~1500
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TCIDsg). All infected mice were monitored for survival for 14
days post-infection. For in vivo treatments, mice were infected
with the indicated PR8 dose on day 0 and treated with vehicle
(saline), AP1531 (180 ug/mouse intravenously (i.v.), or PGZ (6.3
mg/kg/mouse intraperitoneally (i.p.) daily from days 2-6 p.i. and
survival was followed for 14 days. Survival data were analyzed
using a Mantel-Cox log-rank test. For harvest assays, mice were
infected with PR8 on day 0 and treated with vehicle (saline) or
PGZ daily from days 2-6 p.i. Three hours after the last treatment,
mice were euthanized and their lungs extracted for mRNA gene
expression by qRT-PCR (see below). No difference in sensitivity
to PR8 was observed between C57BL/6 and BALB/cBy] mice.

Cotton rats were challenged at the initiation of the
experiment (day 0) with 1 x 10° TCIDs, of A/California
pHINI virus, intranasally. On day 1 post-infection, animals
were treated with 3 mg/kg of PGZ (1:10 DMSO in PBS) or
vehicle control (1:10 DMSO:PBS) i.p., with treatments continued
daily until day 5, when the animals were sacrificed. Lungs were
dissected en bloc, with the left lobes used for RNA extraction and
qRT-PCR gene expression analysis, and the right lobes inflated
and fixed with 10% formalin, paraffin-embedded and 4 pm
sections stained with Hematoxylin and Eosin for
histopathology analysis. Slides were scored blindly for 4
different lung pathology parameters: peribronchiolitis
(inflammatory cells surrounding a bronchiole), perivasculitis
(inflammatory cells surrounding a small blood vessel),
alveolitis (inflammatory cells within alveolar spaces), and
interstitial pneumonia (increased thickness of alveolar walls
associated with inflammatory cells).

Macrophage cell culture

Thioglycolate-elicited peritoneal macrophages were
obtained and cultured as previously described (29-31). The
murine alveolar macrophage cell line (MH-S) was purchased
from ATCC (Manassas, VA) and cultured in RPMI 1640 media
supplemented with 10% Fetal Bovine Serum, 2 mM L-glutamine,
1% Penicillin-Streptomycin, and 0.05 mM 2-mercaptoethanol.

Quantitative real-time PCR

Total RNA isolation from lungs or macrophage cell culture
and qRT-PCR were performed as previously described (6, 11, 27,
31, 32). Levels of mRNA for specific genes were first normalized
to the level of the housekeeping gene encoding hypoxanthine
phosphoribosyltransferase, Hprt (for mice), or B-actin, Actb (for
cotton rats), in the same samples. Lung mRNA data is
graphically presented as “fold-increase” over the relative gene
expression measured in mock-infected lungs in vivo (278A€T)
(33). Murine gene expression was analyzed using Prism
GraphPad Software by a one- or two-way ANOVA, as
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indicated, with Sidak’s multiple comparison post-hoc test, as
indicated in the figure legends. Statistical analysis of data with
only 2 treatment groups was performed by unpaired Student’s
I-test.

In vitro, qRT-PCR was performed on total RNA from
peritoneal macrophages and MH-S cells using transcript-
specific primers as previously described (6). Data were
analyzed using the non-transformed —ACT values after
normalization to the housekeeping gene Hprt, and are
graphically presented both as —ACT (left y-axis) and as “fold
increase” (right y-axis) relative to the response of untreated RNA
preparations from WT macrophages (2724CTY (33). Statistical
significance between treatment groups was determined using
one- or two-way ANOVA, with differences between treatment
groups evaluated by post-hoc comparisons (e.g., Tukey or Sidak
post-hoc tests) using Prism GraphPad Software. A p value <0.05
was considered statistically significant.

Results

IL-4Ro”’~ mice are more susceptible than
WT mice to influenza infection

Influenza elicits a much more robust and prolonged M1
macrophage response in vivo than RSV, resulting in more severe
ALI (27). In fact, it is very hard to measure M2 macrophage gene
expression in lungs of influenza-infected mice unless they are
sublethally-infected (34). Figure 1A shows that IL-4Ror’" mice
(on a BALB/c background) that lack the IL-4Ro chain that is
required for M2a macrophage differentiation induced by either
IL-4 or IL-13 (35-37) are significantly more susceptible to an
infectious dose of PR8 that is sublethal in wild-type (WT) mice.

COX2, an M1 macrophage gene product,
contributes to influenza-induced lethality

Cyclooxygenase-2 (COX2) is a key M1 macrophage
proinflammatory mediator and administration of COX2-
specific inhibitors mitigate ALI induced by RSV in mice and
cotton rats (6, 38). Previous studies have shown that cox2™”"
mice are more resistant to influenza infection than WT mice or
COX17" mice (39); although, celecoxib, a COX2-specific
inhibitor, failed to protect influenza-infected mice (40).

To revisit these conflicting findings, WT (C57BL/6]) or
COX2"" mice were infected with PR8 (Figure 1B) or PR8-
infected WT mice were treated therapeutically with saline or
AP1531 (Figure 1C), an inhibitor of EP4, the receptor for COX2-
derived prostaglandin E, (PGE,). Both COX2"" mice and WT
mice treated with AP1531 were significantly protected from
PR8-induced lethality. Thus, this data strongly suggest that
induction of M2 macrophages by IL-4/13 and/or blockade of
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Time (d) Post-Infection
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Opposing action of M2 vs. M1 macrophage activation on influenza (PR8)-induced lethality. (A) WT BALB/cByJ and IL-4Ro”" mice were infected
i.n. on day 0 with ~1500 TCIDsq A/PR/8/34 (PR8) (LD;0) and survival was followed for 14 days. N = 10 mice/strain from 2 experiments. (B) WT
C57BL/6J and COX2™/" mice were infected i.n. on day 0 with ~7500 TCIDsg PR8 (LDgg) and survival was followed for 14 days. N = 15 mice/strain
from 3 experiments. (C) WT C57BL/6J mice were infected with ~7500 TCIDsq PR8 (LDgp) on day O and then treated i.v. with vehicle or AP1531
(180 mg/mouse) daily from days 2-6 p.i. and survival was followed for 14 days. N = 10 mice/treatment from 2 separate experiments. Survival

data was analyzed by the Mantel-Cox log rank test.

the M1-associated gene, Ptgs2 (or its downstream mediators),
also dampens influenza-induced lung pathology and its
associated lethality.

Therapeutic administration of the PPARy
agonist, pioglitazone, protects mice from
lethal influenza infection and decreases
M1 and PPARY gene expression

Therapeutic treatment of RSV-infected mice with
rosiglitazone (RGZ), a PPARY agonist, mitigated RSV-induced
lung pathology (23). Pioglitazone (PGZ), another PPARY agonist
that is structurally related to RGZ (41), was administered to mice
challenged with PR8 and to cotton rats challenged with a non-
adapted human strain of influenza to determine if providing the
ligand for PPARY could be protective against the strong
inflammatory response elicited by influenza infection.

WT C57BL/6] mice were infected with an LDy, of PR8, and
then inoculated with PGZ (6.3 mg/kg) therapeutically, once daily
for 5 consecutive days (e.g., days 2 through 6 post-infection).
PGZ-treated mice were significantly protected from lethality
(Figure 2A; p < 0.0001).

To confirm these findings, homozygous floxed PPARY mice
were crossed into a transgenic mouse containing the Cre gene
under control of the M lysozyme promoter (PPARY flox**/Cre*’/
) to delete the Pparg gene in lysozyme-producing cells (e.g.,
macrophages, neutrophils) (20). WT C57BL/6] and the myeloid
PPARY-deficient conditional knockout mice (“PPAR’YCKO”) were
compared for sensitivity to PR8 infection. Figure 2B illustrates
that a dose of PR8 that killed 40% of WT mice resulted in
lethality in 100% of myeloid-deficient PPARY mice. Thus,
myeloid cell PPARY contributes to resistance against
PR8 infection.

Therapeutic administration of PGZ to mice also resulted in
the down-regulation of M1 macrophage gene expression
(Figure 2C) and increased M2a macrophage gene expression
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of Mrcl in the lungs of mice (Figure 2D) on Day 6 post-
infection, although the increased trend in the level of Argl
mRNA did not achieve statistical significance. Consistent with
previous findings (25, 42), PR8 infection resulted in a decrease in
Pparg mRNA expression in WT mice, while we further observed
that treatment of PR8-infected mice with PGZ returned the level
of Pparg mRNA to that of uninfected mice (Figure 2E).

Therapeutic administration of the
PPARY agonist, pioglitazone, blunts
proinflammatory gene expression,
restores Pparg mRNA, and protects
cotton rats from ALl in response to
infection with non-adapted

human influenza

Cotton rats (Sigmodon hispidus) represent a unique rodent
species that is susceptible to many human viral respiratory
pathogens, without the need for adaptation (43), including
human strains of influenza (44). Young S. hispidus cotton rats
(~6 wk) were infected with human influenza (1 x 10° TCIDs, A/
California/04/2009, pH1IN1) intranasally. In agreement with the
results observed in PR8-infected mice (Figure 2E) and those
previously reported (25, 42), influenza infection transiently
inhibited expression of Pparg mRNA (Figure 3A) in the
pHINI1-infected cotton rats. On day one post-infection, cotton
rats were treated once daily with PGZ (3 mg/kg) for 5 days. PGZ
treatment did not alter the kinetics of pHINI replication
(Figure 3B). However, infected and PGZ-treated animals
euthanized on day 5 post-infection, the peak of virus-induced
pathology, showed greatly reduced lung inflammation
(Figure 3C). Cotton rats infected with influenza and treated
with PGZ also showed a significant reduction in the expression
of proinflammatory M1 genes including IL-13, RANTES, and
Gro/IL-8 mRNA (Figure 3D), which was accompanied by a
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FIGURE 2

Protective role of PPARg in PR8-induced lethality. (A) WT C57BL/6J mice were infected with PR8 on Day 0 and treated on days 2-6 with vehicle
or pioglitazone i.p. (6.3 mg/kg). Survival was monitored for 14 days. N = 7-8 mice per treatment group/experiment and 2 separate experiments
(B) WT C57BL/6J and PPARY™® mice were infected with an LD 4o of PR8 (~3000 TCIDso; i.n.). Mice were monitored daily for survival for 14 days
post-infection. N = 5-6 mice per strain/experiment and 2 separate experiments. Survival data was analyzed by the Mantel-Cox log rank test. (C)
M1 and (D) M2 gene expression in lungs of mice infected with PR8 and mock-treated or treated with pioglitazone as in (A). Lungs were
harvested at day 6 post-infection. (E) PPARy mRNA was decreased in response to PR8 infection, but treatment with pioglitazone resulted in
normal PPARY mRNA levels. Gene expression data was analyzed by a 2-way ANOVA with Sidak’'s multiple comparison post-test
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FIGURE 3

Pioglitazone treatment reduces pH1N1-induced lung pathology and inflammation without altering viral replication in cotton rats. (A) Expression
of PPARY mRNA in cotton rat lungs after pHIN1 (A/California/04/2009) influenza infection. *, p<0.05 by ANOVA (n = 4-10 cotton rats/time
point). ns, not significant. (B—E). Cotton rats infected with pHIN1 were treated daily starting 24 h after challenge with vehicle (Placebo) or 3 mg/
kg of pioglitazone, i.p. until the day prior to sacrifice (day 4 or day 6 p.i). (B) Treatment with pioglitazone does not affect the kinetics of viral
replication as measured by influenza M gene expression. ns, not significant. (C—E). Cotton rats were euthanized on day 5 to determine lung
pathology and expression of mMRNA encoding inflammatory cytokines. (C) Pathology scores for the indicated features. **, p<0.01 by ANOVA
followed by Sidak’'s multiple comparisons test (n = 10 cotton rats/treatment group). ns, not significant. (D) gRT-PCR measurements for
expression of IL-1B, RANTES, and Gro/IL-8 mRNA in lungs of infected and treated animals, as indicated. * and **, p<0.05 and p<0.01,
respectively (unpaired t-test). (E) H&E-stained slides of cotton rat lungs showing representative features of pathology scored in C, i.e.,
pioglitazone treatment induced a significant reduction in perivasculitis, interstitial pneumonia, and alveolitis, whereas no significant reduction in
peribronchiolitis was observed.
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dramatic reduction of perivasculitis, interstitial pneumonia, and
alveolitis (Figures 3C, E), and overall amelioration of the
consolidated influenza-induced pneumonia.

PPAR ligand and RXR ligand enhance a
subset of IL-4-induced M2a genes
in vitro

PPARy is a transcription factor required for induction of the
M2a macrophage phenotype by IL-4 or IL-13 (20, 22), (rev. in 45).
PPARy forms heterodimers with Retinoid X Receptor (RXR), and
their ligands are involved in the regulation of PPARY/RXR
heterodimer transcriptional function in the M2 gene expression
program (46). We examined the effect of a PPARy ligand and/or a
RXR ligand on IL-4-mediated M2a macrophage polarization.
Stimulation of thioglycollate-elicited murine peritoneal
macrophages with recombinant murine IL-4 (ranging from 1 ng/
ml to 20 ng/ml) upregulated canonical M2a gene expression, ie.,
Argl, Mrcl, Chil3, and Retnla mRNA, as measured by qRT-PCR
(Figures 4A-H, Supplementary Figure 1). At 1 ng/ml and 5 ng/ml
IL-4, the presence of the PPARY ligand, rosiglitazone (RGZ) and/or
the RXR ligand, LG100754 (LG), enhanced expression of Argl and
Mrcl genes, although the levels of gene expression in the presence of
RGZ were consistently less than when cells were stimulated with IL-
4 in the presence of LG (e.g., IL-4/LG or IL-4/RGZ/LG)
(Figures 4A-D). When 20 ng/ml IL-4 was used to stimulate the
macrophages, RGZ + LG failed to enhance Argl and Mrcl gene
expression (Supplementary Figure 1). In the absence of IL-4, only
the combined treatment with RGZ and LG increased Argl and
Mrcl gene expression significantly above levels induced by medium
only (p<0.001), yet were significantly less than observed in the
presence of IL-4.

In contrast to Argl and Mrcl, neither IL-4-induced Chil3
nor Retnla gene expression was further enhanced by RGZ and/or
LG (Figures 4E-H). Similar results were found when
macrophages were pretreated with IL-4 for 24 h, followed by
treatment with the PPARY/RXR agonists for an additional 24 or
48 hr (data not shown).

The ability of RGZ and LG to modulate IL-4-induced Argl
and Mrcl mRNA was confirmed using a murine alveolar
macrophage cell line, MH-S (Figures 5A-D), while IL-4 poorly
induced Chil 3 and Retnla mRNA in the MH-S cells and neither
RG and/or LG increased their mRNA expression
(Figures 5E-H).

RXR ligand enhances IL-4-induced M2a
gene expression in PPARy-deficient
macrophages

PPARY flox™*/Cre** (“PPARY™°”) mice do not express the
Pparg gene in lysozyme-producing cells (20). We next compared
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expression of the M2a genes in WT vs. PPARY" Ko macrophages.
Peritoneal macrophages from age-matched WT and PPARy™©
mice were treated with IL-4 (1 ng/ml) in the absence or presence
of RGZ and/or LG for 48 hr. As observed in Figures 4, 5, and
Figures 6A, B shows that IL-4 induced expression of Argl and
Mrcl in WT macrophages and this was enhanced by the
presence of RGZ and/or LG. PPARY™® macrophages exhibit a
level of induction of Argl and Mrcl gene expression in response
to IL-4 that was not statistically significant. However,
stimulation of PPARY™® macrophages with LG significantly
elevated IL-4-induced Argl and Mrcl gene expression, but to a
much lower extent than in the WT macrophages. This data
indicates that even in the absence of PPARY in macrophages, the
RXR ligand, LG, can enhance IL-4-induced transcription of
M2a genes.

Induction of Chil3 and Retnla gene expression in
macrophages by IL-4 was PPARy-independent, as evidenced
by WT levels of mRNA induced in PPARY™® macrophages
(Figures 6C, D) and the levels of Chil3 and Retnla mRNA were
not further augmented by the concurrent presence of RGZ and/
or LG.

The Translocator Protein agonist, FGIN-
1-27, dampens IL-4-induced M2a
polarization in peritoneal macrophages
and in the MH-S alveolar macrophage
cell line

TSPO is an 18-kDa mitochondrial outer membrane protein
of microglia, the resident macrophages of the brain. In response
to brain injury, microglia, like macrophages, first differentiate to
a proinflammatory M1 phenotype, followed by differentiation to
the anti-inflammatory M2 phenotype (rev. in 47, 48). During M2
polarization of primary microglial cell cultures by IL-4
treatment, expression of TSPO decreased, while the level of
PPARY was enhanced at the levels of both mRNA and protein
(48). This study also showed that IL-4-induced expression of
PPARY, as well as the M2a markers encoded by Argl, Mrcl,
Chil3, and Retnla, were attenuated in microglial cells treated with
the TSPO agonist, FGIN-1-27 (48). We sought to determine if
the effects observed on M2 gene expression in microglial cells
were also seen in macrophages. Peritoneal macrophages from
WT mice were stimulated with IL-4 (5 ng/ml) in the absence or
presence of TSPO agonist, FGIN-1-27 (10 uM), for 48 hr
(Figures 7A-D). IL-4-induced upregulation of Argl, Mrcl, and
Retnla mRNA in peritoneal macrophages were significantly
decreased in the presence of FGIN-1-27 (Figures 7A, B, D);
however, FGIN-1-27 failed to down-regulate expression of IL-4-
induced Chil3 mRNA (Figure 7C). In the absence of IL-4, FGIN-
1-27 alone did not modulate M2a gene expression. FGIN-1-27
also inhibited IL-4-induced Argl and Mrcl in the MH-S cell line
(Supplemental Figures 2A, B). Consistent with published
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peritoneal macrophages were harvested from 6-8 week old WT C57BL/6J mice and stimulated with IL-4 at different concentrations (A, C, E, G)
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performed on the -AC+ values. ****p <0.0001, ***p<0.001, **p<0.01, and *p<0.05

findings on microglia, this data shows that TSPO agonist
regulates a subset of IL-4-induced M2a gene expression in
peritoneal macrophages.

Discussion

Macrophages respond to environmental cues to exhibit a
spectrum of responses tailored to the inciting stimulus (rev. in 3-
7). On one extreme, LPS and IFN-y elicit a shift of macrophage
metabolism toward the glycolytic pathway, with oxidative
phosphorylation being essentially shut off entirely (the
“Warburg” effect), resulting in M1 macrophages that are
highly microbicidal and produce proinflammatory mediators,
e.g., nitric oxide (NO), ROS, and proinflammatory cytokines
(rev. in 1). However, an overexuberant M1 response can also
result in significant tissue damage. In contrast to M1
macrophage differentiation, M2a macrophages develop in
response to exogenous or endogenous IL-4 or IL-13, that share
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a common receptor chain, IL-4Ra (35), and mediate tissue
repair and responses to helminths. In contrast to M1
macrophages, M2 macrophages depend on oxidative
phosphorylation for energy with minimal changes to glycolysis
over unstimulated macrophages, and produce high amounts of
anti-inflammatory cytokines, but few proinflammatory
mediators (rev. in 1-7). Recent studies have shown that
distinct macrophage subpopulations exhibit different
thresholds for activating these metabolic programs, i.e., lung
alveolar and interstitial macrophages acquire distinct metabolic
capacities in response to infection (13-16). In fact, macrophage
polarization has been proposed to take place in stages and is
controlled by distinct transcriptional programs involving
chromatin opening at specific M2 promoters, followed by
signals that result in enhanced transcription (17, 18)

Our earlier studies focused on the roles of M1/M2
macrophages in RSV infection. Briefly, in response to RSV
infection, lung macrophages, peritoneal macrophages, and
macrophage cell lines all initiate an early and robust M1
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with Sidak’s multiple comparison post-hoc test) was performed on the -AC+ values. ****p <0.0001 and **p<0.01 ns, not significant

experiments is presented as -ACr (left y-axis) and fold induction (2744¢T

proinflammatory response that peaks at ~8 h, followed by
production of endogenous IL-4 and IL-13 that, in turn, drives
a strong M2 response peaking at ~48 h post-infection and
coincides with expression of PPARY, a transcription factor that
heterodimerizes with RXR and is required for induction of M2
macrophages (19-22). In vivo, we showed that development of
the M2 response was IL-4Rai-, IFN-f-, and TLR4-dependent (6),
and concluded that the transition from M1 to M2 macrophages
during RSV infection reflects the host’s natural response that is
intended to repair or counter the damage to the inflamed lung.
Treatment of mice with three different agents reported
previously to induce M2 differentiation mitigated RSV-induced
lung pathology, showing that interventions that facilitate
skewing of the host response to an M2 macrophage phenotype
may be an effective strategy to counter M1 macrophage-induced
inflammation and tissue damage (23).

Influenza infection results in a much stronger inflammatory
lung response than RSV infection, and in fact, it is very difficult
to detect M2 markers in mice unless they are infected with a
sublethal dose of influenza (34). Gopal et al. (42) initially
reported that infection of mice with a sublethal dose of
influenza and concurrent treatment of mice with the PPARy
agonist, RGZ, from days 0-6 post-infection, decreased viral
titers, neutrophil and monocyte infiltration into the
bronchoalveolar lavage fluid, and proinflammatory cytokine
production. Huang et al. (25) reported that in mice that lack
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PPARY in lysozyme-expressing neutrophils and monocytes, a
dose of PR8 that permitted 100% survival in WT control mice
enhanced proinflammatory cytokine production and resulted in
only ~60% survival in the PPARy-deficient mice. However, they
failed to observe an effect of myeloid PPARYy deficiency on
induction of M2 genes including Argl and Retnla. Our in vivo
data extend these findings considerably: (1) the fact that IL-
4Rot”” mice are more susceptible than WT mice to PR8 infection
indicates that IL-4- and/or IL-13-induced signaling through
their shared receptor to initiate M2a macrophage
differentiation (rev. in 35) is required for relative resistance of
WT mice, and (2) conversely, that COX2"" mice or mice treated
therapeutically with a PGE, receptor antagonist, are more
resistant, indicates that this potent proinflammatory M1 gene
contributes to influenza-induced disease. (3) That mice treated
therapeutically with the PPARY agonist, PGZ, are protected from
lethal PR8 infection, and conversely, that the PPARyCKO mice are
more susceptible, indicates that PPARY activation is critical for
M2 macrophage-mediated resistance to PR8 infection. (4) Our
finding that PR8 infection resulted in inhibition of Pparg mRNA
in mice, is consistent with those of Gopal et al. (42) and Huang
et al. (25); however, we further observed that therapeutic PGZ
administration to PR8-infected mice prevented the observed
decrease in Pparg mRNA and paralleled the decrease in
proinflammatory gene expression. In contrast to the findings
of Huang et al. (25), however, we observed a significant increase

frontiersin.org


https://doi.org/10.3389/fimmu.2022.968336
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Gopalakrishnan et al.

in expression of the M2 gene, Mrcl, with a trend toward
increased expression of Argl mRNA, suggesting that activation
of PPARY by PGZ facilitates M2 gene expression with a
concomitant inhibition of proinflammatory M1 gene
expression. Finally, (5) our data in cotton rats infected with
human pHINI shows that our observations are not restricted to
murine models of influenza infection, and confirms that human
influenza infection reduced Pparg mRNA expression, while PGZ
treatment decreased proinflammatory mediators, resulting in
greatly mitigated lung histopathology.

PPARY/RXR heterodimers are required for the occupancy of
canonical M2 promoters for polarization and regulation of the
transcription of these genes (rev. in 45). However, the relative
contribution of each ligand for the heterodimer in their
transcriptional regulation has been studied and some results
conflict with ours. Our data using peritoneal macrophages and
the MH-S human alveolar macrophage cell line are in partial
agreement to those of Daniel et al. (17), since activation of Argl
and Mrcl were PPARY ligand-independent when a high dose of
IL-4 was used for treatment of the cells (>5 ng/ml). However, at
lower concentrations of IL-4 (1 and 5 ng/ml), RGZ and/or
LG100754 enhanced Argl and Mrcl gene expression,
suggesting that differentiation into M2a macrophages could
benefit from liganded PPARY/RXR heterodimers (i.e., they are
not completely PPARY/RXR ligand-independent genes).
Furthermore, in our experiments using low IL-4
concentrations, the RXR ligand, LG100754 (in the absence or
presence of RGZ), allowed the highest activation of Argl and
Mrcl. For our work, we utilized LG100754 as the ligand for RXR
since it functions as an agonist for PPAR:RXR heterodimer-
activated genes, but as an antagonist for RXR:RXR homodimer-
activated genes (49). Using another RXR agonist (LG100268),
Daniel et al. (17) did not confirm this ligand-dependent property
of RXR in the heterodimer in M2 canonical genes. We cannot
rule out the possibility that LG100754 liganded another receptor
that heterodimerizes with RXR (e.g., RAR/RXR (50)) and/or that
LG100754 and LG100268 have different agonist activity on the
PPARYy contributing to the differing observations (e.g., these two
ligands may prompt PPARY/RXR heterodimers to bind to
different consensus sequences in the promoter regions of Argl
and Mrcl, and/or recruit different co-activators/co-repressors
with different affinities for their activation domains). LG100754
was chosen because it is an RXR homodimer antagonist (50),
does not activate key farnesoid X receptor and liver X receptor
target genes (49), and it enhances the potency PPAR ligands (51,
52). It shows high affinity for RXRs (<15 nM) and binds RARs
(retinoic acid receptors) with low affinity (>1,000 nM) (52). Still,
some agonist activity of LG100754 was described for the RAR/
RXR heterodimer and was explained by its binding to RXR to
allosterically activate the heterodimer (53) or by a mild binding
to RAR in ligand-dependent trypsin sensitivity assays and Gal-
RAR chimeric reporter assays (50). Despite this potential overlap
in specificities, no role of the RAR-RXR heterodimer was
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described for M2 polarization process. Pretreatment with low
concentration of IL-4 for 24 hr, followed by incubation with
RGZ and/or LG for additional 24 or 48 hr, resulted in ligand-
and time-dependent increase in activation, suggesting that
ligands were acting on heterodimers already positioned on the
promoters of these genes (17). Since the study by Daniel et al.
was carried out at 20 ng/ml IL-4, it is also possible that this high
concentration of IL-4 (>5 ng/ml) elicits production of natural
ligands for the heterodimer, skewing the effect of exogenous
ligands. This observation is consistent with a reduced effect of
the PPARY and RXR ligands at higher concentrations of IL-4 as
seen in our study (Supplemental Figure 1). Forman (51) studied
the effects of LG100754 in vitro and reported that binding of this
ligand to RXR increased the binding of RGZ and the natural
ligand, 15-deoxy-D (12, 14)-prostaglandin J2 (54), suggesting
that binding of this RXR ligand enhances the affinity of PPARy
for its ligands. It remains to be determined if this potential
mechanism plays a role in our findings.

Increased influenza-induced lung pathogenesis is associated
with sustained inflammatory and interferon responses, early
influx of inflammatory cells including inflammatory
macrophages, and an absence of induction of lipid metabolism
(55). PPARY, as well as other transcription factors involved in
lipid metabolism (e.g., hepatocyte nuclear factors), are reduced
after influenza infection in mice (56) and correlate with the early
production of type I IFN (25, 42). This is also in agreement with
the low production of IL-4 during early influenza infection, and
thus, a lack of STAT6-dependent induction of Pparg gene. Our
data extend these results to influenza infection in other
susceptible species (cotton rats) and show that treatment with
the PPARY agonist PGZ, reverses influenza-dependent
inhibition of PPARY expression (Figures 2C, E). Recently, in a
model of cigarette smoke exposure in rats in which the M1
response is also exacerbated, both PPARy and RXR expression
were reduced in lung macrophages (56). Importantly, treatment
with RGZ decreased the M1/M2 ratio of macrophages in the
lung, reversing the repression of PPARY/RXRa. expression.
Furthermore, the anti-inflammatory effect of RGZ was
enhanced by the presence of the ligand for RXR (56).
Although the mechanism by which RGZ or PGZ de-repress
influenza-induced Pparg mRNA expression is not understood,
previous studies have suggested that PPAR agonists also repress
the activation of Type I (Ifnb) (57, 58) and Type II (Ifng)
interferon genes (57). However, in our models of infection, we
were unable to detect changes in the expression of interferon
genes or early interferon-stimulated genes such as Mx2 after
PGZ treatment of influenza-infected animals (data not shown).
In fact, contrary to other reports, influenza viral load was not
affected as indicated by the expression of influenza M gene in
control and PGZ-treated cotton rats (Figure 3B).

Among the unexpected findings in our report was the
observation that neither Chil3 nor Retnla were responsive to
PPARY or RXR ligands in IL-4-treated macrophages
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(Figures 4E-H and 5E-H). However, Roulliard et al. (59)
published a 755 gene data set entitled “CHEA Transcription
Factor Binding Site Profiles” for PPARY transcription factor
binding evidence in thioglycollate-elicited macrophages. Both
Argl and Mrcl, but neither Chil3 nor Retnla, were identified in
this in silico search. Daniel et al. (18) reported that IL-4-induced,
STAT6-dependent induction of Argl, Mrcl, Chil3, and Retnla;
however, Chil3 and Retnla induction was regulated by Early
Growth Response Gene 2 (EGR2), while Argl and Mrcl gene
expression were EGR2-independent. In studies carried out by
Polumuri et al. (60), IL-4-induced Argl and Mrcl gene
expression were augmented by cAMP agonists, yet Chil3 and
Retnla were not (unpublished observation). Thus, while certain
IL-4-inducible M2a genes are PPARy-dependent, these findings
suggest that others are not. The importance of this differential
dependence on PPARY for IL-4-inducible gene expression in the
final phenotype of M2a macrophages will be a matter for
future study.

TSPO has been shown to be strongly upregulated by M1
stimuli and down-regulated by M2 stimuli. Zhou et al. (48)
further showed that M2 polarization of microglia by IL-4
resulted in decreased TSPO, while PPARg mRNA and PPARy
protein levels were increased. Agonist-induced activation of
TSPO or TSPO overexpression was sufficient to repress the IL-
4-induced expression of PPARY (48). Thus, the observation that
IL-4-induced Argl and MrcI mRNA were down-regulated in the
presence of a TSPO agonist (Figure 7) further supports the
notion that PPARY regulates expression of these two genes;
however, the unexpected finding that Retnla mRNA was also
down-regulated suggests that TSPO may regulate other signaling
pathways that are independent of PPARY. In this regard, early
work by Odegard et al. (22) provided evidence that in addition to
PPARY, the PPARS isoform is also required for induction of M2
macrophage markers, although this may be dependent, in part,
on the specific macrophage population being studied.
Nonetheless, it is tempting to speculate that TSPO activation
modulates M2 gene expression by altering the relative expression
of PPARY vs. PPARS.

An early study using RGZ and PGZ prophylactically showed
that treatment with both compounds protected mice from lethal
PR3 challenge (61). In another study, treatment of mice lethally
challenged with influenza with the prostanoid 15-deoxy-D (12,
14)-prostaglandin-J2, an endogenous PPARY agonist (54),
starting one day after infection was protective, but was not
efficacious when treatment was initiated the same day of
infection (62). Although these results are in agreement with
the protective role of PPARY against influenza, they also suggest
variability in the different PPARY ligands in their efficacy and
suggest that the kinetics of activation of the IL-4/STAT-6
signaling pathway by influenza infection could be a
critical factor.
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