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Abstract

Dietary lipids and their metabolites activate members of the peroxisome proliferative-activated
receptor (PPAR) family of transcription factors and are critical for colonic health. The PPARa
isoform plays a vital role in regulating inflammation in various disease settings, but its role in
intestinal inflammation, commensal homeostasis and mucosal immunity in the gut are unclear.
Here, we demonstrate that the PPARa pathway in innate immune cells orchestrates gut mucosal
immunity and commensal homeostasis by regulating the expression of IL-22 and the anti-
microbial peptides RegllIB, Regllly and calprotectin. In addition, the PPARa pathway is critical
for imparting regulatory phenotype in intestinal macrophages. PPARa deficiency in mice resulted
in commensal dysbiosis in the gut resulting in microbiota-dependent increase in the expression of
inflammatory cytokines and enhanced susceptibility to intestinal inflammation. Pharmacological
activation of this pathway decreased the expression of inflammatory cytokines and ameliorated
colonic inflammation. Together, these findings identify a new important innate immune function
for the PPAR« signaling pathway in regulating intestinal inflammation, mucosal immunity and
commensal homeostasis. Thus, the manipulation of the PPARa, pathway could provide novel
opportunities for enhancing mucosal immunity and treating intestinal inflammation.

Introduction

Dietary components regulate microbial composition and immunity in the intestine(1).
Accumulating evidence also suggests that intestinal inflammation is inextricably linked to
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altered microbial composition and loss of immune homeostasis (1, 2). Dietary lipids such as
saturated and unsaturated long chain fatty acids are widely present in the intestine and are
critical for colonic health and for limiting inflammation (3-5). The PPAR family of nuclear
receptors are lipid ligand-activated transcription factors that mediate the effects of dietary
lipids and their metabolites (6). The PPAR family includes three isoforms, namely PPARa,
PPARp/6 and PPARY, that are differentially expressed by various immune cells. For
example, macrophages express high levels of PPAR«, whereas activated T cells, dendritic
cells and intestinal epithelial cells express high levels of the PPARY isoform (7, 8). Upon
activation, all three isoforms bind to the peroxisome proliferator response element (PPRE) as
a heterodimer with retinoid X receptor (RXR) and regulate target gene expression (7, 8).
However, little is known about the roles of these transcription factors in regulating the
balance between immune response and tolerance to commensal microbiota in the gut. In
addition, the molecular mechanisms by which they regulate commensal homeostasis and
intestinal inflammation are still unknown.

The most widely studied functions of PPARq is its ability to regulate key genes involved in
lipid and glucose metabolism (9-11). Emerging evidence from genome-wide analysis in the
gut on the PPARa pathway has revealed that this pathway is highly active in both human and
mouse intestine (9-11). PPARq agonist treatment was shown to suppress inflammation in
different disease settings such as psoriasis (12), atherosclerosis (13), and EAE (14) and in
chemically-induced colitis (6, 11). Similarly, genetic ablation of PPARa in mice resulted in
increased susceptibility to chemically-induced intestinal inflammation (15-18). In contrast,
other studies have shown an inflammatory role for PPAR« in the intestine(19, 20). Whether
and how the PPARa pathway impacts commensal and immune homeostasis in the intestine
is unclear. Furthermore, the role of PPARa in the regulation of commensal homeostasis and
mucosal immunity has not been studied before. We hypothesized that the PPARa signaling
pathway in the intestine is critical for maintaining a delicate balance between immune
tolerance and immune response to commensal microbiota in the gut.

In the current study we show that the PPARa pathway in innate immune cells play an
important role in maintaining barrier immunity, commensal homeostasis and in suppressing
intestinal inflammation. This is mediated through the expression of IL-22 in innate immune
cells, which in turn promotes the expression of anti-microbial peptides that are critical for
limiting inflammatory responses to commensal microbiota. Furthermore, our data also show
that the PPARa pathway in intestinal macrophages is critical for suppressing the expression
of inflammatory cytokines that drive Th17/Th1 responses thereby suppressing inflammation
to gut microbiota. Taken together, these findings demonstrate an important role for the
PPARa pathway in innate immune cells in shaping the balance between immunity and
tolerance towards intestinal microbiota, which is critical for optimal host health.

C57BL/6 (B6), PPARa™~ (aKO) B6 mice and Ragl™~ B6 mice were purchased from The
Jackson Laboratory (Bar Harbor, ME), OT-II (Rag 27/~) B6 mice were purchased from
Taconic and PPRE-Luc transgenic mice (21) were originally obtained from Charles River
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Laboratories and bred on-site. PPARa*~ B6 mice were crossed to obtain littermates aKO
PPARa** (WT) and PPARa~(aKO), and were caged separately upon weaning. Likewise,
Rag1/ PPARa*/ = B6 mice were crossed to obtain littermates Ragl~'~ PPARa*/* (Rag1l) and
Ragl™~/ PPARa ™~ (Ragl/aKO), and were caged separately upon weaning. All the
experiments were carried out with age matched littermate controls unless specified
otherwise. All the mice were housed under specific pathogen-free conditions in the
Laboratory Animal Services of Georgia Regents University. Animal care protocols were
approved by the Institutional Animal Care and Use Committee of Augusta University.

Antibodies and reagents

CD45RBMigh

Antibodies against mouse CD3 (145-2C11), CD4 (GK1.5), CD8a (53-6.7), NK1.1 (PK136),
CD335 (29A1.4), CD19 (1D3), CD45 (30-F11), Foxp3 (FIK-16s), IL-10 (JES5-16E3),
CD11c (N418), CD11b (M1/70), I-AP ( 25-9-17), CD90.1 (HIS51), V alpha 2 TCR (B20.1),
V beta 5.1/5.2 TCR (MR9-4), IFN-y (XMG1.2), IL-22 (1H8PWSR) and IL17A (17B7) were
purchased from eBioscience. PPAR« antibody was obtained from Cell Signaling
Technology. PPARa antagonist GW6471 and orally active PPARa agonists GW7647 were
purchased from Tacoris. OVA3237339 (ISQVHAAHAEINEAGR) peptide was purchased
from Anaspec.

CD4* T cells transfers

CD4* T cells from WT mouse spleen and lymph nodes (inguinal and axillary) were enriched
using CD4-specific microbeads and MACS column (Miltenyi Biotech; Auburn, CA), and
then naive CD4* T cells were further purified by FACS-sorting to collect a population of
cells that were CD4* CD45RBN9" CD25~ and CD4+ CD25*. Approximately 3x105 CD4*
CD45RBNS" CD25™ cells were injected i.p. into the indicated recipient Ragl™~ or Ragl ™/~
PPARa ™~ mice. In some experiments, 3x10° CD4* CD45RB" 3" CD25~ cells were co-
transferred with 3x10° CD4* CD25" cells. Mice were then monitored for body weight twice
a week and any mice showing >15% decrease in initial weight were considered to have
reached the experimental end point and were humanely euthanized. In some experiments
two week post transfer of T cells, mice were treated orally with PPARa agonist (GW7647;
10mg/kg) twice weekly at indicated time points.

Induction of DSS-induced colonic inflammation

Ragl~/~ or Ragl™'~ PPARa ™~ mice were fed with 3% (w/v) DSS in their drinking water for
6 days and sacrificed at day 9. Mice were monitored for weight changes, diarrhea and rectal
bleeding as previously described(22, 23). Diarrhea was scored as (0) normal stool; (1) soft
but formed pellet; (2) very soft pellet; (3) diarrhea (no pellet), or; (4) dysenteric diarrhea.
Rectal bleeding was recorded as (0) no bleeding; (2) presence of occult blood in stool, or;
(4) gross macroscopic bleeding.

Lymphocyte preparation and flow cytometry

Lamina propria (LP) lymphocytes from colons were isolated as described in our previous
study (24). Isolated LP lymphocytes were collected, washed, and stained with antibodies
specific for mouse CD4 and Foxp3, and analyzed by FACS. Briefly, single-cell suspensions
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from lymph nodes, spleen and LP were resuspended in PBS containing 5% FBS. After
incubation for 15 min at 4°C with the blocking Ab 2.4G2 (anti-FcyRI1I/1), the cells were
stained with the appropriately labeled Abs. Samples were then washed twice in PBS
containing 5% FBS. In some experiments, mononuclear cells from colonic LP or spleen
were cultured with PMA plus ionomycin in the presence of GolgiStop and Golgiplug for 5
hr. The cells were then stained for CD4 followed by intracellular staining of IFN-v, IL-17A,
IL-22 and IL-10.

Antibiotic-treatment of mice

Antibiotic-treatment of mice was performed as described in our previous study (24). In brief,
WT, aKO, Ragl or Ragl/aKO mice were fed with an antibiotic cocktail (ampicilin-1g/L, 1
g/l metronidazole, neomycin sulfate-1g/L and vancomycin 0.5g/L ) in drinking water for six
weeks. All antibiotics were purchased from Sigma-Aldrich.

Ex vivo colon culture and ELISAs

Approximately, 1 cm-long sections of the ascending colon were excised, removed of feces,
washed three times with sterile HBSS, and then longitudinally opened. The colon sections
were then placed into culture in complete RPMI media (2% FBS, L-glutamine, penicillin,
streptomycin and tetracycline) and cultured at 37°C with 5% CO,. Supernatants were
collected after two days, and the cytokine concentrations determined by ELISA. IL-17, IL-6,
IL-12 (p40), IL-12 (p70), IL-10, TNF-a, IFN-y and IL-1p in culture supernatants were
quantitated using BD Biosciences ELISA kits, and IL-22 was measured using a Bio-Legend
ELISA Kit.

Cell Culture

Colonic macrophage and OT-11 CD4" T cell co-culture experiments were preformed as
described previously(24). Sorted colonic macrophages (Mos) (10°) were cultured together
with naive CD4*CD62L*OT-11 T cells (10°) and OVA (5 pg/ml) in 200 ul RPMI 1640
complete medium in 96-well round-bottom plates. Cell culture supernatants were analyzed
after 90 h for indicated cytokine production by ELISA, and cells were restimulated with
PMA/lonomycin for intracellular cytokine staining. In some experiments sorted colonic Ms
(10%) were cultured together with colonic CD3~ CD19~ NK1.1~ NKp46* ILC3 cells (10%) in
200 pl RPMI 1640 complete medium in 96-well round-bottom plates. Cell culture
supernatants were analyzed after 48 h for IL-22 production by ELISA

Luciferase Enzyme assay

Luciferase enzyme reporter assay on intestinal tissues was performed as described in
previous study(25). Luciferase enzyme activity in the tissue extract was measured by the
Luciferase system, according to the manufacturer’s instructions (Promega).

Histopathology and Immunohistochemistry

Sections (5 um) from formalin-fixed and paraffin-embedded colons were placed onto glass
slides. H&E-stained sections were blindly scored for severity of colonic inflammation as
described previously(26). The parameter used were (a) LP inflammation (0-3); (b) goblet
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cell loss (0-2); (c) abnormal crypts (0-3); (d) crypt abscesses (0-1); (e) mucosal erosion or
ulceration (0-1) and (f) submucosal spread to transmural inflammation (0—4). The individual
scores from each parameter were summed to derive histological score for colonic
inflammation (maximum score 14).

Bacterial DNA Extraction

Quantification of indicated bacterial groups in feces of WT, Ragl, aKO and Ragl/aKO
mice by gPCR were performed as described previously (23, 27). Fecal pellets were collected
from mice and bacterial DNA was extracted with the QlAamp DNA Stool Kit (QIAGEN).
Quantitative PCR for the 16S rRNA gene was performed with SYBR Green (Bio-Rad).
Amounts of indicated bacteria groups were first normalized to that of total bacterial DNA.
Abundance of each bacterial group in the feces from WT or Ragl mice was taken as 1 to
calculate the relative abundances of corresponding bacterial group in feces from aKO or
Rag1/aKO mice. Reactions were run with the MyiQ5 ICycler Real-Time PCR Detection
System (Bio-Rad). Primers used in this study have been described previously(23, 27).

Real-time PCR

Total mMRNA was isolated from colon or indicated cell type using the Omega Total RNA Kit
according to the manufacturer’s protocol. cDNA was generated using the RNA to cDNA
Ecodry Premix Kit (Clontech) according to the manufacturer’s protocol. cDNA was used as
a template for quantitative real-time PCR using SYBR Green Master Mix (Roche), and
gene-specific primers(27, 28). PCR analysis was performed using a MyiQ5 ICycler
(BioRad). Gene expression was calculated relative to Gapah.

Statistical analyses

Results

Statistical analyses were performed using GraphPad Prism software. An unpaired one -tailed
Student’s ftest was used to determine statistical significance for mMRNA expression levels,
Treg percentages and cytokines released by various cell types between different groups. A P
value less than 0.05 (*) was considered to be significant, a £value less than 0.01 (**) was
considered to be very significant, and a P value less than 0.001 (***) was considered to be
extremely significant.

PPARa deficiency enhances susceptibility to colonic inflammation

Since ligands that activate the PPARa pathway are widely present in the gut, we sought to
determine whether the PPARa pathway is active in the intestine using PPRE-luciferase
(PPRE-Luc) reporter mice (21). We observed much higher levels of reporter gene expression
in the small intestine and colon compared to the spleen (Fig 1A). Interestingly, the colon
showed significantly higher reporter activity compared to the small intestine (Fig 1A). Also,
PPARa inhibitor (GW 6471) treatment markedly reduced the reporter gene activity both in
the small intestine and colon. Thus, suggesting that the PPARa signaling pathway is highly
active in the intestine under homeostatitc conditions (Fig 1A).
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Next, we tested whether PPARa regulates intestinal inflammation using a well-characterized
CD45RBNCD4* T-cell-transfer colitis model in which the colitis is caused by disruption of
T cell homeostasis with uncontrolled Th1 and Th17 responses to commensal microbiota (29,
30). Thus, we adoptively transferred wild-type CD45RBNCD4* T-cells into Rag1KO
(Rag1™") and Rag1/aKO (Ragl™~ X PPARa ") mice, and monitored for clinical signs of
colitis. When compared to Ragl mice, Rag1l/aKO mice displayed early onset of wasting
disease starting by 2 weeks post-T cell transfer (Fig 1B). In addition, Rag1/aKO mice
showed increased colitis severity, as revealed by diarrhea, anal inflammation, and severe
destruction of colonic tissues (Fig 1C, D). Consistent with these observations, the
percentages of IFNy* and IL-17A* CD4* T cells were markedly increased in the colon of
Rag1/aKO mice compared to those of control mice (Fig 1E, F). Further examination of
effector CD4* T cells revealed that the percentage of IFNy*-co- expressing IL-17A" cells
was substantially higher in Rag1l/aKO mice than in Rag1KO mice (Fig 1E, F). In contrast,
the percentage of IL-17A* CD4* T cells co-expressing I1L-22 was not significantly different
between the two groups (Fig 1F). Consistent with these results, colons of Rag1/aKO colitic
mice produced higher levels of IL-17A and IFN-y ex vivo but also produced much lower
levels of 1L-22 compared to control colons (Fig 1G). In contrast, transfer of CD4" CD25* T
cells with CD45RBMCDA4* T cells from WT mice into Rag1KO and Rag1/aKO mice
suppressed the colitis development (Supplemental Fig. 1A). In addition, adoptive transfer of
WT or aKO CD45RBNCD4* T-cells into Rag1KO mice resulted in similar levels of disease
severity suggesting that PPARa expression in T cells is dispensable in this model of
intestinal inflammation (data not shown).

PPARa signaling promotes IL-10 expression and suppresses proinflammatory cytokine
expression in the colon

We next used chemical-(DSS) induced colitis model to determine whether or not the PPARa
pathway in innate immune cells regulates intestinal inflammation, as inflammatory
cytokines produced by innate immune cells present in the gut microenvironment drives
colitis in this model of intestinal inflammation (31). As shown in Fig 2A-C, Rag1l/aKO
deficient mice were more susceptible to DSS-induced colitis compared to Rag1KO mice.
Accordingly, Ragl/aKO showed more severe weight loss, diarrhea and rectal bleeding
compared to the Ragl mice (Fig. 2A-C). Moreover, DSS treatment of Rag1/aKO resulted in
significant reduction in colon length compared to colons of the Rag1KO mice (Fig. 2D).
Likewise, histopathological analysis of colons of DSS-treated Rag1/aKO mice showed
extensive damage to mucosa with epithelial erosion, loss of crypts and infiltration of
immune cells compared to colons of DSS-treated Ragl mice (Fig. 2E).

We analyzed the expression levels of various inflammatory and anti-inflammatory cytokines
in the colon of Rag1/aKO and Ragl mice treated with or without DSS. Colon explant
culture showed that aKO mouse colons released lower levels of IL-10 and 1L-22, and higher
levels of inflammatory cytokines, such as IL-1p, IL-6 and TNF-a compared to Rag1KO
mouse colons under homeostatic condition as well as upon DSS treatment (Fig 2F).
Collectively, these results suggest that the absence of PPARa leads to an imbalance in the
expression of pro-inflammatory versus immune regulatory cytokines in the intestine.
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PPARa limits Th1l and Th17 effector responses against gut microflora

The type of cytokine milieu present in the gut microenvironment drives the differentiation
and expansion of effector T cells and regulatory T cells(1, 32). Therefore based on the above
results, we sought to determine whether PPARa signaling is critical for intestinal
homeostasis. Because Th1/Th17 cells in the colon promote inflammation(32), we quantified
the frequency of Th1/Th17 cells in the intestine of aKO and WT mice under steady state
conditions. Remarkably, aKO mice displayed higher frequencies of CD4* cells producing
IFNy or IL-17A in the colonic LP compared to WT mice (Fig. 3A, B). Further analysis of T
cells reveled that the frequency of IL-17-expressing cells co-expressing IFN-y among CD4*
cells was substantially higher in aKO mice than in WT mice (Fig. 3A). Consistent with
these results, we also observed significantly higher levels of IFN-y and IL-17A cytokines,
and lower levels of 1L-10 and IL-22 in the aKO mouse colon compared to the WT mouse
colon (Fig. 3C). Interestingly, there was no significant difference in the frequencies of Thl
and Th17 cells in the spleens of aKO versus WT mice (data not shown). These observations
suggest that an increase in Thl and Th17 cells in aKO mice is specific to the intestine.

Microflora in the gut play a critical role in the induction of CD4* effector T cells and
regulatory T cells (1, 2). Also, loss of immune tolerance to intestinal microflora or
commensal dysbiosis results in increased levels of Th17 and Th1l cells in the intestine (2,
32). Therefore, we next assessed whether increased Th17 /Th1l cell frequencies and
inflammatory cytokine expression in the colon of aKO mice is due to gut microflora by
performing microbiota depletion studies using antibiotics (24). Antibiotic treatment resulted
in marked reduction in the frequencies of Th17 and Th1 cells in the colon of aKO mice as
compared to untreated control mice (Fig 3A, B). Consistent with this observation, colons of
antibiotic-treated a KO mice produced significantly less IL-17A and IFN-y compared to
control colons (Fig 3C). Likewise, the depletion of intestinal microflora resulted in a
significant decrease in the inflammatory cytokines IL-18, IL-6 and TNF-a in the aKO
colons compared to control colons (Fig 3D). Interestingly, antibiotic treatment in WT mice
resulted in marked reduction in IL-22 and IL-10 cytokine levels compared to untreated
controls (Fig 3D). These observations suggest that under steady state, commensal
microfloral induces I1L-22 and IL-10 production in the gut. In addition, these observations
provide evidence that the PPARa pathway is critical for limiting the expression of
inflammatory factors in response to commensal microbiota.

Since the absence of PPARa caused differences in gut Th17/Th1 levels in an antibiotic (i.e.
microflora)-dependent manner, we reasoned that the more severe colitis of Ragl/aKO mice
in the Rag1KO mouse model was due to differences in gut microflora. To test this, we
treated Ragl/aKO mice with or without antibiotic cocktail and then induced colitis as above.
Antibiotic treatment significantly delayed the onset of colitis, with reduced weight loss and
disease severity in Ragl/aKO mice compared to the untreated mice (Fig 3E). Consistent
with this observation, the percentages of IFNy* and IL-17A* CD4" T cells were markedly
reduced in antibiotic-treated mice compared to those of control mice (Fig 3F, G).
Furthermore, colons of antibiotic-treated Rag1/aKO mice produced lower levels of IL-17A
and IFN-y compared to control colons (Fig 3H). These observations suggests that increased
inflammatory response to the commensals in Rag1/aKO mice leads to more severe intestinal

J Immunol. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Manoharan et al.

Page 8

inflammation and explains the reduction in intestinal inflammation upon antibiotic treatment
in Rag1/aKO mice. Taken together our data suggest that lack of PPARa results in increased
production of inflammatory cytokines that induce effector Th17/Th1 cell responses in
against gut microflora.

Colonic macrophages from aKO mice are potent inducers of Thl and Th17 differentiation

Intestinal DCs and macrophages play a critical role in maintaining balance a between
regulatory and effector T cells (32—34). To gain insights into the mechanisms of increased
Thl and Th17 cells, and enhanced expression of pro-inflammatory cytokines in the intestine
of aKO mice, we evaluated the expression of PPARa by intestinal antigen presenting cells
such as DCs (CD45" I-AP* CD11c* F4/80~ CD64") and macrophages (CD45* I-AP*
CD11b* F4/80* CD64*) (35). We observed that WT colonic macrophages express high
levels of PPARa compared to aKO colonic macrophages (Fig 4A). In contrast, colonic DCs
did not show any detectable amounts of PPARa (Fig 4A). Intestinal macrophages express
immune regulatory factors such as IL-10 and retinoic acid that preferentially drive T
regulatory responses while suppressing Th1/Th17 responses (36). Since intestinal
macrophages express high levels of PPARa, we reasoned that increased colonic Thl and
Th17 cells in aKO mice are due to the loss of anti-inflammatory phenotype of colonic
macrophages. Therefore, we tested the ability of colonic macrophages isolated from aKO
and WT mice to promote the differentiation of naive OT-11 CD4 cells into Th1/Th17 cells.
Colonic macrophages isolated from aKO mice were more potent in inducing inflammatory
IFNy and IL-17A producing T cells as compared to control macrophages from WT mice
(Fig. 4B, C). Consistent with this observation, colonic macrophages from aKO mice
produced higher levels of inflammatory cytokines such as IL-6, IL-1f and IL-12 that drive
differentiation of Th1 and Th17 cells (Fig 4D). In contrast, PPARa-deficient colonic
macrophages produced low levels of 1L-10, which suppresses the differentiation of Th1/
Th17 cells. Taken together, these results suggest that PPARa-signaling in intestinal
macrophages imparts an immune regulatory phenotype and limits the expression of
inflammatory cytokines.

PPARa regulates IL-22 expression and anti-microbial peptide expression in the gut

Since depleting microbiota reduced both Th17/Th1 cells and inflammatory cytokine levels in
the colon of aKO mice, we investigated whether an increase in CD4* inflammatory T cells
in the colon of aKO mice is due to commensal dysbiosis. To study this, we quantified the
relative levels of different bacterial species in the feces of aKO and WT mice. Strikingly, we
observed an increased presence of SFB, Prevotellaceae and TM7 groups of commensal
bacteria in KO as mice compared to the WT mice (Fig 5A). Bacteroides and Clostridiales
groups of bacteria were present in comparable numbers in feces of both WT and aKO mice.
We also observed an increase in the presence of SFB, Prevotellaceac and TM7 groups of
commensal bacteria in the feces of Rag1/aKO mice (Supplementary Fig. 1B). This result
provides evidence for microbial dyshiosis in aKO mice and explains enhanced susceptibility
of aKO mice to colonic inflammation.

The expression of anti-microbial proteins, such as RegllIp, Regllly and calprotecin
(S100A8/S100A9), by intestinal epithelial cells is critical for barrier immunity and
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commensal homeostasis. Thus, we next investigated whether commensal dysbiosis in aKO
mice is due to changes in the expression levels of these antimicrobial peptides. Accordingly,
colon of aKO mouse expressed significantly lower levels of RegllIf, Regllly, SI00A8 and
S100A9 compared to the colon of WT mouse (Fig 5B).

IL-22 is a key cytokine that regulates the expression of RegllIp, Regllly, S100A8 and
S100A9 (37-39). Since aKO mice expressed low levels of these antimicrobial proteins, we
reasoned that PPARa signaling might regulate I1L-22 expression in the colon. Therefore, we
examined colonic IL-22 expression levels in aKO and WT mice. Accordingly, there were
lower levels of IL-22 expression in aKO mouse colon compared to control mouse colon (Fig
5C). Past studies have shown that both innate and adaptive immune cells express 1L-22 (39—
42). Innate immune cells (CD45" CD3~ CD19™ ) isolated from the colon of aKO mice
produced lower levels of IL-22 compared to those from WT mice (Fig 5D, E), indicating a
critical role for PPARa in 1L-22 expression by innate immune cells. In line with these
observations, innate immune cells (CD45* CD3~ CD19™) isolated from the colon of
Ragl™~aKO mice expressed low levels of IL-22 compared to those of controls (Fig. 5F—H).
Collectively, these results demonstrate that the PPARa signaling pathway is critical for
IL-22 expression by innate immune cells in the gut.

ates IL-22 produced by NKp46* innate lymphoid cells

NKp46* ILC3 cells are the major producers of 1L-22 under homeostatic conditions in the
gut(43). So, we determined whether PPARa regulates I1L-22 expression in these innate cells.
Colonic NKp46* ILC3 (CD45* CD3~ CD19™ NK1.17) cells isolated from aKO mice
expressed markedly lower levels of IL-22 mRNA compared to WT NKp46* ILC3 cells (Fig
6A). Consistent with this observation, the percentages of colonic IL-22* NKp46* ILC3 cells
were markedly reduced in aKO mice compared to those of control mice (Fig 6B).

Recent studies have highlighted a critical role for intestinal macrophages in supporting 1L-22
expression by innate lymphoid cells(44-46). Thus, we next tested whether PPARa regulates
IL-22 produced by NKp46* ILC3 cells directly or indirectly via macrophages. WT NKp46*
ILC3 cells co-cultured with WT or aKO colonic macrophages produced similar levels of
IL-22 (Fig 6C). In contrast, aKO NKp46* ILC3 cells co-cultured with WT colonic
macrophages produced significantly lower levels of IL-22 compared to WT NKp46* ILC3
cells (Fig 6D). Next, we evaluated whether colonic NKp46* ILC3 cells express of PPARa.
NKp46* ILC3 cells isolated from the colon of WT mouse express markedly high levels of
PPARa (Fig 6E). These results demonstrate that the PPARa signaling pathway is critical for
IL-22 expression by NKp46* ILC3 cells in the gut.

Pharmacological activation of PPARa ameliorates intestinal inflammation and enhances
mucosal immunity

Next, we examined the effects of pharmacological activation of PPARa in the Rag-deficient
T-cell-transfer model of colitis by treating mice with PPARa agonist with treatments starting
2 weeks post T cell transfer. As expected, control Ragl mice adoptively transferred with
naive T cells showed rapid body weight loss around 4 weeks post-T cell transfer (Fig 7A). In
contrast, PPARa agonist treatment significantly delayed disease onset and reduced disease
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severity (Fig 7B, C). In line with these observations, the percentages of IFNy* and IL-17A*
CD4* T cells, as well as IL-17A and IFN-y cytokine levels were markedly reduced in
PPARa-agonist treated mice as compared to control mice (Fig 7D, E, F). In contrast, we
observed a significant increase in IL-10* CD4* Tr1 cells , as well as colonic 1L-10 and IL-22
cytokine levels upon PPARa-agonist treatment (Fig 6D, E, F). Consistent with this
observation, PPARa agonist treatment resulted in increased expression of 1L-22 responsive
genes RegllIp, Regllly, SI00A8 and S100A9 in the colon (data not shown). Furthermore,
innate cells isolated from PPAR« agonist-treated mice had higher expression of IL-22 as
compared to WT mice (data not shown). However, agonist treatment had no effect on
diseases severity in Ragl/aKO (Supplemental Fig. 1C). Collectively, these results suggest
that activation of the PPARa pathway promotes mucosal immunity and suppresses intestinal
inflammation by regulating innate immune cell functions.

Discussion

The current study defines an essential role for PPARaq in the innate immune cell
compartment, in regulating commensal homeostasis and suppressing colonic inflammation.
In aKO mice, we observed substantial upregulation of Th17 and Th1 cells in the intestine
and this is due to commensal dysbiosis. Accordingly, antibiotic treatment in aKO mice
markedly decreased Th17 and Th1 cells in the intestine. The present study also implicates
PPARa as a critical regulator of IL-22 production in NKp46™ ILC3 innate cells, which in
turn influences the expression of anti-microbial peptides by epithelial cells and restores
commensal homeostasis. In addition, PPARa signaling imparts regulatory phenotype in
intestinal macrophages and limits the expression of inflammatory cytokines under
homeostatic conditions.

Recent studies in mice have shown that loss of immune homeostasis or genetic modification
of the host leads to microbial dysbiosis resulting in host susceptibility to colonic
inflammation (23, 27, 47, 48). In addition, it is well documented that commensal
microbiota-induced cytokine production by innate immune cells drives Th1/Th17/T
regulatory responses in the gut (49-52). Our study demonstrates that genetic deletion of
PPARa resulted in enhanced Th17/Th1 response in the intestine under steady-state
conditions. In addition, PPARa-deficiency resulted in increased expression of pro-
inflammatory cytokines such as IL-6, IL-1, TNF-a and IL-12 that drive Th1/Th17 cell
differentiation. This is dependent on commensal microbiota, as antibiotics treatment
markedly reduced the expression of inflammatory cytokines and Th1/Th17 cells in the
intestine of aKO mice. Further analysis of microbial species in the stool revealed increased
representation of SFB, Prevotellaceae and TM7 groups of commensal bacteria in aKO and
Rag1/aKO mice compared to WT littermate controls. Just as in aKO mice here, past studies
have shown that increased representation of SFB, Prevotellaceae and TM7 groups of
commensal bacteria is associated with enhanced risk of colitis in mice(23, 27, 47). These
observations provide evidence that increased inflammatory responses observed in PPARa-
deficient mice is due to commensal dysbiosis.

IL-22 is also critical for maintaining epithelial cell barrier integrity, mucous production, and
epithelial cell regeneration and repair (53). In mice, IL-22-deficiency is associated with
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commensal dysbiosis and aberrant expansion of SFB, Prevotellaceae and TM7 groups of
commensal bacteria(27, 54). Under homeostatic conditions, NKp46™ ILC3 cells are the
major producers of IL-22 in the gut and IL-22 deficiency alters colonic microbiota (54).
NKp46* ILC3 cells isolated from the intestine of aKO mice produced low levels of 1L-22
compared to littermate controls. In addition, aKO mice expressed low levels of anti-
microbial peptides RegllIp and Regllly. IL-22 is a bifunctional cytokine with both pro-
inflammatory and protective functions (53). IL-22 was shown to protect mice from DSS-
induced colitis (55), CD45RBM3N T cell driven colitis (55, 56) and Th2 driven ulcerative
colitis (57). Prior studies using DSS-induced colitis models have shown that «KO mice are
more susceptible to intestinal inflammation whereas PPARa agonist treatment protected
mice from colitis. However, the role of PPARa in regulating 1L-22 was not studied in this
system as well as in CD45RBM9" T cell driven colitis. In the current study we observed that
PPARa-deficiency results in increased susceptibility to both DSS-induced colitis, whether
on a Rag1KO background (Fig. 2) or not (data not shown), and CD45RBM9" T cell-driven
colitis. PPARa agonist treatment of mice conferred protection against intestinal
inflammation in both models. Consistent with these observations, deletion of PPARa
resulted in significantly lower levels of IL-22 during inflammation whereas PPAR« agonist
treatment resulted in a significant increase in 1L-22 during inflammation in both the disease
settings.

An important unresolved question is how the PPARa pathway regulates IL-22 expression in
innate immune cells. Recent studies have highlighted a critical role for intestinal
macrophages in regulating IL-22 expression by ILC3 cells (44-46). WT NKp46™ ILC3 cells
cultured with aKO macrophages produced IL-22 similar to the levels cultured with WT
macrophages. However, culture of aKO NKp46* ILC3 cells with WT macrophages resulted
in reduced IL-22 expression compared to the WT NKp46* ILC3 cells. These observations
provide evidence that PPARa might directly regulate the transcription of IL-22 in NKp46*
ILC3 cells in the colon under steady- state conditions. Recent studies have shown that in
ILC3 cells, Ahr regulates IL-22 expression and promotes mucosal immunity against SFB
and C. rodentium (27, 58). Mice deficient in Ahr contain high levels of SFB in the intestine
and are susceptible to C. rodentium infection (27). In addition, prior studies have shown that
PPARa transcriptionally regulates Ahr expression(59, 60). So, it possible that PPARa might
indirectly regulate IL-22 expression in ILC3 cells by regulating aryl hydrocarbon receptor
(Ahr) expression. However, further studies are warranted to confirm a direct link between
PPARa and Ahr in the regulation of IL-22 production.

Microbiota-induced IL-1p and IL-6 are critical for the development of intestinal Th-17 cells,
and the gut-resident macrophage population is the main source of IL-1p (61). Since colonic
macrophages express PPARq, it is possible that PPARa might play a critical role in
regulating IL-1f and other inflammatory cytokines in macrophages in response to microbes
under steady-state conditions. Accordingly, we observed that the absence of PPARa resulted
in increased expression of IL-1B and other inflammatory cytokines. Consistent with this
observation, depletion of microbiota in aKO mice markedly lowered inflammatory
cytokines levels in the colon. Our study demonstrates that PPARa suppresses the expression
of inflammatory cytokines in macrophages and promotes IL-22 expression in innate cells.
This observation is consistent with a study that showed PPARa agonist treatment protects
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mice from DSS-induced colitis by suppressing the expression of inflammatory cytokines
such as IL-1p, IL-6 and IFNy (18). In addition, PPARa agonists are shown to inhibit NF-Kj
and AP-1 transcription factors critical for the induction of inflammatory cytokines that drive
Th1/Th17 cell differentiation (62). However, other studies have shown an inflammatory role
for PPARa in the intestine (19, 20). These differences might due to differences in the
microbiota, housing conditions and the genetic background of the mice.

In summary, the current study indicates that the PPARa pathway plays a pivotal role in
regulating commensal homeostasis by regulating the expression of IL-22 and anti-microbial
peptides in the gut. In addition, deletion or disruption of the PPARa pathway altered colonic
macrophage function, resulting in increased expression of inflammatory cytokines that drive
Th1/Th17 responses and intestinal inflammation. Taken together, targeting the PPARa
pathway may represent a promising strategy for the treatment of colitis and for enhancing
mucosal immunity.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The absence of PPARa signaling exacerbates susceptibility to T cell-mediated colitis
(A) Relative fold induction of luciferase reporter gene activity (representing PPAR activity)

in the Sl and colon as compared to spleen of PPRE-luciferase reporter mice treated with or
without PPARq inhibitor (GW6471) (n= 3). (B) Percent weight change compared to initial
weight for Rag1KO and Rag1/aKO mice at indicated time points post
CD4*CD25-CD45RBM T cell adoptive transfer (n=8). (C) Representative colon histology of
Rag1KO and Rag1/aKO mice on 6 weeks post naive CD4* T cell transfer (H&E staining
with original magnification, 100X). Histology scores are shown in (D) and data are
representative of two independent experiments. (E, F) Representative FACS plots or
frequencies of colonic IL-17A*, IFN-y*, IL-17A*IFN-y* and IL-22* IL-17A* CD4" T cells
from Rag1KO and Ragl/aKO mice on 6 weeks post-transfer of naive CD4" T cell (n=8).
(G) Excised colon samples in panel D were cultured for 2 days ex vivo, and the secreted
IL-17A, IFN-y and IL-22 cytokine levels in the culture supernatants were quantified by
ELISA. The error bars indicate mean + SEM of 8 mice/group. *p<0.05; **p<0.01;
**%n<0.001.
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Figure 2. Increased susceptibility of Ragl/aKO mice to DSS-induced colonic inflammation
Rag1KO and Rag1/aKO mice were treated with 3% DSS in drinking water for 6 days and at

day 9 colons of mice were analyzed for inflammation. (A—D) Change in body weight,
diarrhea, rectal bleeding and colon length (day 9) of Rag1KO and Rag1l/aKO mice (n=6).
(E) Representative images of H&E-stained colonic sections from DSS treated Rag1KO and
Rag1/aKO mice (day 9, original magnification, 100X). (F) Excised colon samples in panel
D were cultured for 2 days ex vivo, and the secreted IL-6, TNF-a, IL-1, IL-12p70, IL-10
and IL-22 cytokine levels in the culture supernatants were quantified by ELISA. The error
bars indicate mean +SEM of 5-6 mice/group. *p<0.05; **p<0.01; ***p<0.001.
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Figure 3. PPARa signaling limits inflammatory responses to commensal microbiota
(A, B) FACS plot representing percentages or cumulative frequencies of CD4* T cells

positive for IL-17A and IFN-v cells isolated from colon of WT (littermate control) and aKO
mice treated with (Abx, bottom panels) or without (None, top panels) antibiotics treatment
(n=8). (C, D) Excised colon samples in panel A were cultured for 2 days ex vivo, and then
the secreted IL-17A, IFN-y, IL-18, TNF-q, IL-6, IL-10 and IL-22 amounts in the culture
supernatants were quantified by ELISA (n=5). (E-H) Rag1/aKO mice adoptively
transferred with FACS sorted CD4* CD25-CD45RBM T cells from WT mice and were left
untreated or treated with antibiotics for 6 weeks. (E) Percent weight change as compared to
initial weight for antibiotic treated and untreated Rag1/aKO mice at various weeks post
naive CD4" T cell adoptive transfer (n=8). (F,G) Representative FACS plots or frequencies
of colonic IL-17A™, IFN-y* and IL-17A*IFN-y* CD4* T cells from Rag1/aKO mice on 6
weeks post-transfer of naive CD4+ T cell from panel | (n=8). (H) Excised colon samples in
panel F were cultured for 2 days ex vivo, and the secreted IL-17A and IFN-y cytokine levels
in the culture supernatants were quantified by ELISA. The bar indicates mean £SEM of 8
mice/group *p<0.05; **p<0.01; ***p<0.001.
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Figure 4. PPARa signaling in colonic macrophages limits the expression of inflammatory
cytokines and suppresses Th1/Th17 cells differentiation

(A) FACS plot showing intracellular expression levels of PPARa protein in DCs and
macrophages isolated from the colon of the WT and aKO mice. Data are from one
experiment representative of three. (B) Intracellular expression of 1L-17 and IFN-y in naive
CD4*OT-1I T cells stimulated to differentiate in vitro by colonic macrophages isolated from
WT and aKO mice, in the presence of TGF-B (1 ng/ml). Numbers in FACS plots represent
percentage of cells positive for the indicated protein. Data are from one experiment
representative of three (C) Cumulative frequencies of CD4*OT-11 T cells positive for IL-17,
and IFN-vy as described in panel B (n=3). (D) Sorted colonic macrophages from WT and
aKO mice were cultured for 2 days ex vivo, and IL-1p, IL-12p40, IL-6 and IL-10 cytokine
amounts in the culture supernatants were quantified by ELISA (n=4). The bar indicates
mean £SEM. *p<0.05; **p<0.01; ***p<0.001.
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Figure 5. PPARa regulates the expression of 1L-22 and anti-microbial peptides in the intestine

(A) Relative quantification of different bacterial species in the fecal material from aKO mice

compared with WT mice as analyzed by quantitative RT-PCR analysis (n=5). (B, C)
Quantitative real-time PCR analysis of reg/llb, reglllg, S100A8, S100A9and //2Z2 mRNA
expression relative to GAPDH in colon of aKO mice and WT. (D, E) FACS plot
representing percentages or cumulative frequencies of IL-22 producing cells gated on
CD45* CD3~ CD19™ cells isolated from colons of WT (littermate control) and aKO mice.
(F) Quantitative real-time PCR analysis of /22 mRNA expression relative to GAPDH in
colon of Ragl (littermate control) and Ragl/ aKO mice. (G) Representative FACS plot and
(H) frequencies for I1L-22 producing cells gated on CD45* CD3~ CD19™ cells isolated from
colons of Ragl and Rag1/aKO mice. Error bars show mean values = SEM. *p<0.05;
**p<0.01; ***p<0.001.
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Figure 6. PPARGa regulates 1L-22 produced by NKp46* innate lymphoid cells
(A) Quantitative real-time PCR analysis of /22 mRNA expression relative to GAPDH in

NKp46* cells (CD3~ CD19~ NK1.1~ NKp46™¥) isolated from colon of aKO and WT mice.
(B) Frequencies for IL-22 producing cells gated on CD45* CD3~ CD19~ NK1.1~
NKp46*cells isolated from colons of aKO and WT mice (n=5). (C, D) Sorted colonic
NKp46* innate lymphoid cells and macrophages from WT and aKO mice were co-cultured
for 2 days ex vivo, and IL-22 cytokine amounts in the culture supernatants were quantified
by ELISA (n=4). (E) FACS plot showing intracellular expression levels of PPARq protein in
NKp46* innate cells isolated from the colon of WT (solid) and aKO (dashed) mice. Error
bars show mean values £ SEM. *p<0.05; **p<0.01.
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Figure 7. Pharmacological activation of PPARa ameliorates mucosal inflammation
(A-F) CD45RBNCDA4* T cells from WT mice were adoptively transferred into Ragl mice.

Animals were treated with PPARa agonist orally (GW7647; 10mg/kg; on Weeks 2,3,4) and
monitored over a period of time for percent weight loss compared to initial weight. (A)
Percent weight change for Rag1 mice treated with PPARa agonist compared with untreated
mice at various weeks post naive CD4* T cell adoptive transfer (n=6). (B, C) Representative
colon histology (H&E staining with original 10X magnification) and histology scores of
Ragl mice on 6 weeks post naive CD4" T cell transfer treated with or without PPARa
agonist. (D, E) Representative FACS plots and frequencies of colonic IL-17A*, IFN-y* and
IL-10% cells from Ragl treated with PPARa agonist compared with untreated mice on week
6 post naive CD4* T cell adoptive transfer (n=6). (G) Excised colon samples in panel C
were cultured for 2 days ex vivo, and then the secreted IL-17A, IFN-y, IL-10 and IL-22
cytokine amounts in the culture supernatants were quantified by ELISA. The bar indicates
mean +SEM of 6 mice/group. *p<0.05; **p<0.01; ***p<0.001.
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