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Abstract

The respiratory tract maintains immune homeostasis despite constant provocation by
environmental antigens. Failure to induce tolerogenic responses to allergens incites allergic
inflammation. Despite the understanding that antigen-presenting cells (APCs) have a crucial role
in maintaining immune tolerance, the underlying mechanisms are poorly understood. Using mice
with a conditional deletion of PPARy in CD11c* cells, we show that PPARy performs two critical
functions in CD11c" cells to induce tolerance thereby preserving immune homeostasis. First,
PPARy was crucial for induction of retinaldehyde dehydrogenase (aldhla2) selectively in CD103*
DCs, which we recently showed promotes Foxp3 expression in naive CD4* T cells. Second, in all
CD11c* cells, PPARy was required to suppress expression of the Th17-skewing cytokines I1L-6
and 1L-23p19. Also, lack of PPARy in CD11c™ cells induced p38 MAP kinase activity, which was
recently linked to Th17 development. Thus, PPARYy favors immune tolerance by promoting Treg
generation and blocking Th17 differentiation.

Introduction

Immune tolerance prevents unwarranted inflammatory immune responses to antigens that in
susceptible individuals can lead to allergic diseases such as asthma (1). Antigen presenting
cells (APCs) play a central role in the decision-making process between immune activation
and tolerance (2). It is, therefore, important to understand the molecular mechanisms by
which APCs mediate immune tolerance to be able to use the full potential of these cells for
suppression of undesirable immune activation.

The molecule peroxisome proliferator-activated receptor gamma PPARYy is a member of the
nuclear receptor superfamily. In addition to promoting adipocyte differentiation and glucose
homeostasis, PPARYy also exerts anti-inflammatory effects (3). In the lung, PPARY is
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expressed by multiple cell types including CD11c* APCs (4), which have the unique dual
ability to present antigens as well as express specific cytokines and co-stimulatory
molecules that influence T cell differentiation. Using CD11c-Cre-PPARY!/fl mice with
conditional deletion of PPARy in CD11c* cells, we demonstrate a critical role for PPARY in
the maintenance of immune homeostasis in the airways.

Materials and Methods

Mice
PPARyfl and CD11c-Cre mice (The Jackson Laboratory) were housed and bred under
pathogen-free conditions in the Department of Laboratory Animal Resources (DLAR) at the
University of Pittsburgh, to generate mice with cell-specific deletion of PPARYy in CD11c*
cells (CD11c-Cre-PPARy!/f) and littermate controls (PPARy/f). OT-11xThy1.1 transgenic
mice, a gift from Dr. Lauren Cohn at Yale University (New Haven), were bred in the DLAR
facility. All protocols involving animal experiments were approved by the Institutional
Animal Care and Use Committee (IACUC) at the University of Pittsburgh.

Induction of tolerance or inflammation in mice

Immunological tolerance in mice was established using a model of daily exposure to
aerosolized ovalbumin (OVA,; in PBS) (Sigma) as described previously (5). Airway
inflammation was induced using a model previously described (6, 7). Briefly, mice were
immunized with 100 pg OVA in the presence of the adjuvant cholera toxin (1 pug CT; List
Biochemicals) for 3 consecutive days and subsequently challenged by OVA after a 5 d rest
period.

Antibodies and flow cytometry

Cells were surface stained using FITC-, PE-, PE-Cy7-, APC-, PE-Texas Red- and PercP-
Cy5.5-conjugated Abs to CD4, CD8a, B220, CD25, CD11b, CD11c, CD103, CD90.1,
Ly6C, CD64 (BD Biosciences), CD45, CD80, CD86 (Biolegend), and MHCII (Southern
Biotech). Intracellular staining for transcription factors (Foxp3, RORyt, GATA-3 and T-bet)
and cytokines (IL-17A, IFN-y, IL-5, IL-13, IL-6 and IL-23p19) was performed according to
the manufacturer's instructions. Stained cells were examined on a FACSCalibur and
FACSAria flow cytometers (BD Immunocytometry Systems) and the data were analyzed
using FlowJo software (Tree Star).

Induction of Foxp3* CD4* T cells in vivo

Treg-depleted OT-11xThy1.1 splenic CD4* T cells were adoptively transferred i.v. (10°
cells/recipient) into CD11c-Cre-PPARy/fl and PPARY/f mice. 24 h following adoptive
transfer, recipient mice were subjected to the tolerance model. Subsequently Foxp3
expression in CD4+CD90.1+ donor cells was assessed.

Real-time or semi-quantitative RT-PCR

Real-time PCR was performed for Ifng, 115, 1113, 1117a, IL17f, 116, 11234, 1125, aldhl1a2,
pparg and hprtl (Tagman Gene Expression Assays; Life Technologies). Expression for
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aldhla2, pparg, 1123a and 116 was calculated using the 272Ct method (normalized to hprt1)
and Ifng, 115, 1113, 1117a, 1117f and 1125 were analyzed using the 272ACt method (relative to
expression in control; normalized to hprtl). Cre-mediated deletion of PPARYy was assessed
using a semi-quantitative RT-PCR (Supplemental Fig. 1A).

ELISA for assaying OVA-specific serum IgE

ELISA to detect OVA-specific IgE in the serum was performed as previously described (6,
7).

p38 MAP kinase assay

p38 MAP kinase activity in cell extracts was performed using a non-radioactive p38 MAP
kinase assay kit (Cell Signaling) following manufacturer’s instructions.

Statistical analyses

Student’s unpaired two-tailed t-test and one-way ANOVA with Tukey’s post hoc test was
performed wherever applicable, using GraphPad Prism 5. Differences between groups were
considered significant when p<0.05. *p< 0.05, **p<0.01, ***p< 0.001.

Results and Discussion

CD11c-specific PPARy deficiency impairs induction of airway tolerance

We recently showed an essential role of CD103* dendritic cells (DCs) in induction of
immune tolerance in the airways in response to a low dose of inhaled antigen (7). Compared
to cells from naive mice, CD103* DCs from mice induced for tolerance upregulated
expression of retinaldehyde dehydrogenase (aldhla2), a key enzyme that catalyzes the
generation of retinoic acid and together with TGF-3 promotes de novo Foxp3 expression in
naive CD4* T cells (7). The expression of this enzyme was however, downregulated when
mice were immunized for inflammation (7). Since PPARYy has anti-inflammatory functions
(3, 8)and previous in vitro studies showed increased aldhla2 expression with PPARy
agonists (9, 10), we examined PPARy expression in CD103* DCs from naive mice and mice
immunized for tolerance or inflammation. As shown in Fig. 1A, the expression profile of
PPARy mirrored that of aldhla2 (7). Given these results, we asked whether mice devoid of
PPARYy expression selectively in APCs would be impaired in immune suppression/tolerance.
We generated mice selectively deficient in PPARy in CD11c* APCs comprising both lung
DCs and macrophages by breeding PPARYf/fl mice (11) with transgenic mice expressing
Cre recombinase driven by the CD11c promoter (CD11c-Cre mice). Efficient CD11c-
specific Cre-mediated deletion of exons 1 and 2 of PPARy was observed in the resulting
CD11c-Cre-PPARY mice (Supplemental Fig. 1A). Selective absence of PPARYy protein in
CD11c* cells was further confirmed (Supplemental Fig. 1B). No difference between total
cell yields and numbers of various immune cells present in the spleens (Supplemental Fig.
1C and D) and lungs (Supplemental Fig. 1C and E) of naive CD11c-Cre-PPARy// versus
littermate controls (PPARY/™) mice was noted except for an increase in CD103* DC
numbers. Given that our overall question was the role of PPARy in pulmonary immune
suppression, it was important to have PPARy deleted in both DCs and macrophages since
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both of these cell types can process antigen and express pro-inflammatory cytokines that can
influence T cell responses.

To examine the role of PPARY in induction of tolerance, CD11c-Cre-PPARy// and
PPARyf mice were first tolerized using a low dose of inhaled antigen (Ovalbumin-OVA)
mimicking ambient exposure to environmental antigens (5, 12). To test for tolerance
establishment, the mice were then challenged using a model of lung inflammation involving
sensitization with OVA and the mucosal adjuvant cholera toxin (CT) followed by repeated
exposure to aerosolized OVA(6, 13). 24 hours after the last OVA challenge, histological
examination of lung sections revealed increased cellular infiltration around bronchovascular
bundles in CD11c-Cre-PPARy/f mice as compared to that in the controls (Fig. 1B and
Supplemental Fig. 2A). Assessment of total cell counts in the BAL fluid also yielded similar
results (Fig. 1C). Differential cell count analysis of the BAL fluid samples revealed a more
significant increase in the number of neutrophils and eosinophils, but not macrophages, in
CD11c-Cre-PPARY!fl mice as compared to that in PPARY/f! mice (Fig. 1D and
Supplemental Fig. 2B). Similar data were obtained for OV A-specific serum IgE levels (Fig.
1E). When analyzed for expression of cytokines expressed by T cells, the expression of
multiple 1L-17 family genes was higher in the lungs of CD11c-Cre-PPARYf mice. A less
pronounced increase in IFN-y levels was also observed (Fig. 1F). However, the levels of the
type 2 cytokines, IL-5 and IL-13, were not enhanced in the lungs of the CD11c-Cre-
PPARY mice (Fig. 1F).

We further investigated the effect of CD11c-specific PPARy loss on CD4* T cells frequency
and function. An increase in the numbers of both total cells as well as CD4* T cells was
observed in the lungs of CD11c-Cre-PPARYf mice (Fig. 1G). As CD4 is expressed by T
cells as well as by other cell types such as DCs, a gating strategy was employed to
distinguish between CD4* T cells and CD4* DCs. It was observed that CD4*SSC!° gated
cells were essentially CD4* T cells with no contaminating CD4* CD11c* DCs
(Supplemental Fig. 2C). Consistent with the gene expression data, loss of PPARYy expression
in CD11c* cells caused a significant increase in the frequency of IL-17A* CD4* and IFN-y*
CD4* T cells (Fig. 1H). No significant change was noted in 1L-13 or IL-5 expression by the
CDA T cells in the two groups (Supplemental Fig. 2D). When analyzed for the expression of
key transcription factors associated with T helper lineages, while no significant difference
was noted in the expression of T-bet and GATA-3 in CD4* T cells between the two groups
of mice, the expression of RORyt was higher in CD4* T cells from CD11c-Cre-PPARy/fl/fl
mice (Fig. 11 & Supplemental Fig. 2E), an observation that was in line with increased
expression of IL-17A in the CD4™ T cells (Fig. 1H).

CD11c-specific PPARy deficiency impairs de novo Foxp3 expression in CD4* T cells and
specific loss of aldh1a2 expression in CD103" DCs

With the inability of the CD11c-Cre-PPARY! mice to mount airway tolerance, we next
asked whether PPARYy deficiency in the APCs prevented de novo Foxp3 induction in naive T
cells required to generate iTregs whose involvement in establishment of airway tolerance
has been established by us and others (5, 7, 14). CD4*CD25" splenic T cells from donor
OT-11 mice bred with Thy1.1 mice were adoptively transferred into CD11c-Cre-PPARy!/
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and PPARYf/f! mice. The recipient mice were subjected to the tolerance-inducing regimen
using inhaled OVA at the end of which the lungs were harvested and Foxp3 expression in
the donor cells (CD4" Thy1.1%) was analyzed. Absence of PPARY expression in CD11c*
cells prevented Foxp3 induction in the transferred cells, which was however, readily
apparent in cells transferred into PPARY//f mice (Fig. 2A). We observed that the expression
of aldhla2, the key enzyme responsible for retinoic acid (RA) production and induction of
airway tolerance (7) was restricted to CD103* DCs isolated from control tolerized mice but
the expression was significantly reduced in PPARy-deficient CD103* DCs (Fig. 2B).

CD11c-specific PPARYy deficiency augments expression of pro-inflammatory cytokines in
CD11c* cells

Given the increase in expression of Th17 family cytokines in the lungs of CD11c-Cre-
PPARy /T mice after antigen exposure, we next examined the expression of the Th17-
skewing cytokines IL-6 and 1L-23 in the various CD11c* subsets. All PPARy-deficient
CD11c* subsets examined were found to express significantly higher levels of 116 and 1123a
(IL-23p19) mRNA as compared to CD11c* cells from control mice (Fig. 2B). We also
examined intracellular expression of I1L-6 and 1L-23p19 in various CD11c" subsets from
both naive and tolerized CD11c-Cre-PPARy/fl and PPARY mice. In line with the T cell
cytokine data, there was a significant increase in the number of IL-6- and I1L-23p19-
expressing cells among all the subsets examined in the tolerized CD11c-Cre-PPARy!/fl mice
as compared to that in PPARy™/f mice (Fig. 2C).

Increased p38 MAP kinase activity and expression of CD86 in PPARy-deficient DCs

Recently, deletion of p38 MAP kinase (MAPK) in CD11c* cells was shown to cause
reduced IL-6 production and CD86 expression with impairment of Th17 differentiation (15).
We wondered whether absence of PPARy in CD11c* cells converted the DCs to a Th17-
promoting phenotype with increased p38 MAPK activity (as measured by immune complex
kinase assay) and CD86 expression, which was found to be the case (Figs. 3A, 3B and
Supplemental Fig. 2F).

While previous studies have associated PPARy function in T cells with Treg promotion (16)
and Th17 suppression (17) in the context of synthetic PPARYy agonists, our study has
identified an important role of CD11c* cell-specific PPARY in response to low dose inhaled
antigen only, which mimics natural exposure to environmental antigens. Since no synthetic
agonist of PPARy was used and yet PPARy function was required for immune suppression
in our study, it is likely that antigen inhalation causes PPARY activation by endogenous
ligands, many of which have been previously described (3). Pollen-associated lipid
mediators such as E1-phytoprostanes (PPE1) were previously shown to activate PPARy and
inhibit LPS-induced IL-12 production in human DCs by transrepression of NF-xB (18).

We show that PPARY is critical for the expression of the enzyme aldhla2 in lung DCs,
which catalyzes retinoic acid production and together with TGF-§ promotes Foxp3
expression in naive CD4™ T cells (7, 19-24). Among the 3 broad CD11c* cell subsets,
CD103*, CD103" and alveolar macrophages, it is the CD103* subset that was found to
possess the selective ability to express aldhla2 in a PPARy-dependent fashion during
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tolerance However, just the generation of induced/peripheral Tregs does not always
guarantee establishment of antigen-induced tolerance. As our study (13) and those of others
(25-27) have shown, Tregs are phenotypically unstable and dysfunctional under
inflammatory conditions and thus for the stabilization of newly minted Tregs (28), induction
of pro-inflammatory cytokines in all other CD11c* cells that can process antigens needs to
be suppressed, which we show is also ensured by PPARY. We also detected increased p38
MAPK activity in PPARy deficient CD11c* cells, concomitant with the development of a
Th17 immune response in the CD11c-Cre-PPARY//fl mice. This was consistent with the
dependence of Th17 immune response on p38 MAPK activity in DCs, as recently reported
(15). Thus, we demonstrate a CD11c* cell-intrinsic function of PPARy whose collective
goal in response to inhaled antigen is to not only promote de novo Foxp3 expression in T
cells via aldhla2 expression in CD103* DCs but to also actively dampen expression of pro-
inflammatory cytokines in all CD11c* cells to preserve Treg function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

CD11c-specific PPARy deficiency impairs airway tolerance induction. (A) Expression of
pparg mMRNA in CD103* lung DCs from naive, tolerized and OVA/CT mice, relative to
hprt1. (B-1) PPAR vy I/l and from CD11c-Cre-PPAR vy f/fl mice were tested for induction of
tolerance as described. 24 hours after the last challenge, various parameters of inflammation
were analyzed. (B) Histological assessment of lung sections after PAS staining. Scale bar,
100 pm and magnification 20X. (C) Total cells, (D) eosinophil (Eos) and neutrophil (Neu)
numbers in the BALF (n=6). (E) OVA-specific serum IgE levels. (F) gqRT-PCR analysis of
gene expression in the lungs of mice subjected to the sequential tolerance and inflammation
model, relative to expression in naive mice. (G) Total and CD4* T cell numbers (n=4) and
(H) frequency of IL-17A- and IFN-y-expressing lung CD4* T cells in mice (n=6) subjected
to indicated conditions. (1) Expression of transcription factors RORyt, GATA-3 and T-bet in
lung CD4* T cells from PPARYf/f and CD11c-Cre-PPARy!fl mice (n=6) subjected
sequentially to tolerance and inflammation models. Numbers shown represent mean + SEM
mean fluorescence intensities (MFIs). Data in (A-B) and (E-F) are representative of two
independent experiments and data in (C) and (G-1) are representative of three independent
experiments; symbols in the graphs represent data from individual mice, horizontal lines
show the mean and error bars denote SEM.

J Immunol. Author manuscript; available in PMC 2016 July 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Khare et al.

FIGURE 2.
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PPARYy deficiency in CD11c* cells impairs de novo Foxp3 induction in CD4* T cells and
promotes expression of pro-inflammatory cytokines. (A) Representative flow cytometry data
and number of de novo induced CD4* Thy1.1* Foxp3* T cells in PPARy/fl and CD11c-
Cre-PPARY mice are shown. Symbols in the graphs represent data from individual mice;
horizontal lines show the mean and error bars denote SEM (n=6 mice). (B) Expression of
aldhla2, 116 and 1123a (p19) relative to that of hprtl. (C) Various CD11c* cells subsets
expressing IL-6 and 1L-23p19 from naive and tolerized CD11c-Cre-PPARy//fl and
PPARy/f mice (n=6 mice). Data shown are mean + SEM of two independent experiments.
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FIGURE 3.
PPARYy deficiency in CD11c* cells promotes p38 MAPK activity and CD86 expression. (A)

Immunoprecipitated phospho-p38 from lung CD11c* cells incubated with the substrate
ATF-2 and phospho-ATF-2 was detected by immunoblotting as a measure of p38 MAPK
activity. Total p38 MAP kinase was assessed to ensure equivalent protein loading. Bar graph
represents densitometric quantification. (B) MHC Il, CD80 and CD86 expression on various
CD11c* cell subsets. Numbers shown represent MFIs. Data shown are representative of two
independent experiments.
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