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Abstract

At mucosal sites such as the intestine, the immune system launches robust immunity against
invading pathogens while maintaining a state of tolerance to commensal flora and ingested food
antigens. The molecular mechanisms underlying this phenomenon remain poorly understood.
Here, we report that signaling by GPR81, a receptor for lactate, in colonic DCs and macrophages
plays an important role in suppressing colonic inflammation and restoring colonic homeostasis.
Genetic deletion of GPR81 in mice led to increased Th1/Th17 cell differentiation and reduced
regulatory T cell differentiation, resulting in enhanced susceptibility to colonic inflammation. This
was due to increased production of pro-inflammatory cytokines (IL-6, IL-1p and TNF-a) and
decreased expression of immune regulatory factors (IL-10, RA and IDO) by intestinal APCs
lacking GPR81. Consistent with these findings, pharmacological activation of GPR81 decreased
inflammatory cytokine expression and ameliorated colonic inflammation. Taken together, these
findings identify a new and important role for the GPR81 signaling pathway in regulating immune
tolerance and colonic inflammation. Thus, manipulation of the GPR81 pathway could provide
novel opportunities for enhancing regulatory responses and treating colonic inflammation.

Introduction
GPR8L is a cell-surface G-protein coupled receptor with high homology to GPR109a and

GPR109b (1, 2). GPR8L1 is expressed at a relatively high level in fat cells and at lower levels
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in brain, intestine, kidney and many other tissues (3-5). Recent studies have shown that
GPR8L is activated by lactate (3). Commensal bacteria in the gut ferment dietary fibers into
their metabolites such as lactate and other short-chain fatty acids (SCFA), mainly acetate,
propionate and butyrate (6, 7). Interestingly, the colon also contains high levels of lactate (10
mM) which serves as a substrate for butyrate-producing bacteria (8). Lactate is mostly
produced from fermented food by lactic acid-producing bacteria and from dietary fibers by
bifidobacteria (9, 10). Recent studies have highlighted the importance of GPR109a and
GPR43, receptors that recognize short-chain fatty acids, in regulating intestinal
inflammation and oral tolerance to ingested antigens (11-13). The most widely studied
function of GPR8L is its ability to protect tissues from injury as observed in mouse models
of hepatic, pancreatic and brain injury (14, 15). However, the role of GPR81 in regulating
intestinal inflammation and immune homeostasis is unknown.

In the intestine, antigen-presenting cells (APCs) such as dendritic cells (DCs) and
macrophages play a critical role in controlling the delicate balance between regulatory and
inflammatory responses (16, 17). They regulate immune tolerance through induction of
regulatory T cells while limiting the differentiation of pathological Th1/Th17 cells in the gut
(18-20). However, the receptors and signaling networks that program intestinal APCs to a
regulatory versus an inflammatory state remain poorly understood. Previous studies have
shown that lactate can suppress the activation and maturation of DCs and macrophages (15,
21-23). These APCs show markedly reduced levels of inflammatory cytokines in response
to LPS. In addition, lactate treatment protects mice against trinitrobenzenesulfonic acid-
induced colitis (24). However, the underlying molecular mechanisms remain poorly
understood. Whether GPR81 can modulate immune responses in the gut remains
unexplored. This is particularly relevant in the colon as gastrointestinal mucosa is exposed to
high concentrations of lactate in the lumen (10 mM) (9, 25). We thus investigated whether
GPR81 impacts immune-homeostasis in the intestine.

In the current study, we show that GPR81-mediated signaling in colonic DCs and
macrophages plays an important role in suppressing colonic inflammation and in restoring
gut homeostasis. Our data show that the GPR81 pathway in colonic DCs and macrophages is
critical for inducing immune regulatory factors and suppressing the expression of
inflammatory cytokines. This is critical for driving regulatory T cell differentiation while
limiting pathological Th1/Th17 cell differentiation in the colon. Furthermore, genetic
deletion of GPR81 in mice enhances susceptibility to colonic inflammation. These results
reveal a novel mechanism by which colonic APCs control colonic inflammation and
commensal homeostasis via GPR81 signaling, and that lactate, a dietary constituent and a
bacterial metabolite, serves as a signaling molecule in this phenomenon.

C57BL/6 (B6), CD45.1 (B6) and Rag2~/~ B6 mice were purchased from The Jackson
Laboratory (Bar Harbor, ME) and bred on-site. GPR81~/~ mice (26), kindly provided by Dr.
Stefan Offermanns (Max-Planck-Institute for Heart and Lung Research, Germany) were on a
B6 (>10 generation) background. GPR81~~ and B6 mice were crossed and the resultant
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GPR81*~ B6 mice interbred to obtain GPR81*/* (WT) and GPR81~/~ littermates, which
were then caged together upon weaning. Rag2~/~ (B6) and GPR81~/~ (B6) mice were
crossed to obtain Rag2~/~/GPR81~/~ mice. All experiments were carried out with age-
matched controls unless specified otherwise. Both male and female mice were used and
were between 8-14 weeks of age at the time of experiments. All mice were housed under
specific pathogen-free conditions in facilities of the Laboratory Animal Services of Augusta
University. Animal care protocols were approved by the Institutional Animal Care and Use
Committee of Augusta University.

Antibodies and reagents

Antibodies against mouse CD3 (145-2C11), CD4 (GK1.5), 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 (XMGL1.2), IL-22
(1H8PWSR) and IL17A (17B7) were purchased from eBioscience and Biolegend. GPR81
and actin antibodies were purchased from Sigma.

CD45RBNgh CcD4* T cell transfer

CD4* T cells from WT mouse spleen and lymph nodes (inguinal and axillary) were first
enriched using CD4-specific microbeads and MACS column (Miltenyi Biotech; Auburn,
CA). CD4* T cell subsets were then further purified by FACS-sorting to collect two different
populations of cells, CD4* CD45RBNY" CD25~ cells and CD4* CD25* cells.
Approximately 3x10° CD4* CD45RBN3N CD25™ cells were injected i.p. into the indicated
recipient Rag2~~ or Rag2~~/GPR81~/~ mice. Mice were then monitored for body weight
twice a week. In some experiments, Rag2~/~ or Rag2~"/GPR81~/~ mice were treated orally
with the GPR81 agonist 3CI-50H-BA (Calbiochem) at indicated time points.

Induction of DSS-induced colonic inflammation

WT (B6), GPR817/~ (B6), Rag2~/~ (B6) or Rag2~~/GPR81~/~ (B6) mice were fed with
2.5% (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 (11, 27).
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.

Isolation of intestinal APCs and lymphocytes

APCs and lymphocytes from colons were isolated as described in our previous study (28).
Briefly, mice were euthanized and the colon was washed, cleaned of fat tissue and
longitudinally cut and suspended in 1x HBSS with 20 mM HEPES, 1 mM DTT and 5 mM
EDTA for 30 min at 37°C with shaking (150 r.p.m) to remove epithelial cells. After that,
pieces of colon were digested with collagenase VIII (Sigma) (0.3 mg/ml in RPMI with
DNAse | (0.1mg/ml) and 2% FCS) for 30 min at 37 °C with shaking (150 r.p.m.). Tissue
was processed through a 100-um-cell strainer, and the resulting suspension was pelleted. For
lymphocyte isolation, cells derived following collagenase digestion were resuspended in 7
ml of 40% Percoll and layered on top of 2 ml of 70% Percoll (GE Amersham). After
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centrifugation for 15 min at 1,500 r.p.m without brakes, the middle layer was removed,
washed in 2% FBS in RPMI and the lymphocytes were obtained. Isolated lymphocytes were
cultured with phorbol myristate acetate (50 ng/ml) plus ionomycin (750 ng/ml) in the
presence of GolgiStop and Golgiplug for 5 h. Cells were fixed and stained for CD4, 1L-10,
IFN-y and IL-17. For LP DCs and macrophages, the collagenase-digested cells were filtered
through a 100-um strainer and pelleted and stained. For cell sorting, APCs in this
preparation were enriched with CD11c* and CD11b* magnetic beads according to the
manufacturer’s instructions (Miltenyi Biotec) and sorted on FACS Avria at the Augusta
University flow cytometer core.

In vitro lymphocyte co-culture

FACS-sorted colonic dendritic cells (CD45*1-AP*CD11c* CD64") or macrophage (CD45*1-
AP*CD11b* CD64%) cells (1x105) were cultured with naive CD4*CD25-CD62L* OT-1I
CD4* transgenic T cells (1x10°) and OVA peptide (ISQVHAAHAEINEAGR; 1 pg/ml) in a
total volume of 200 pl RPMI complete medium. The culture supernatants were analyzed
after 96 h and cells were harvested and restimulated for 6 h with plate-bound antibodies
against CD3 (5 pg/ml; 145.2C11 from Becton Dickinson) and CD28 (2 pg/ml; 37.51 from
Becton Dickinson) in the presence of GolgiStop and Golgiplug for intracellular cytokine
detection (IL-17A, IL-10 and IFN-y).

OT-1l CD4* T cell adoptive transfer

Naive CD4*CD25™ T cells were isolated from the spleen and lymph nodes of Ragl™~ OT-II
Thy1.1 transgenic mice and 5x106 cells were intravenously transferred into WT and
GPR81~/~ mice. Mice received 1 mg of OVA (Sigma) dissolved in 0.2 ml of PBS by gavage
on 5 consecutive days after transfer.

Bone marrow chimeras

WT (CD45.1) or GPR81~/~ (CD45.2) mice were irradiated (900 rads) and injected
intravenously with donor bone marrow cells (2 x 106 cells/mouse). Reconstitution was
confirmed by staining for the donor-specific CD45 allele (CD45.1 versus CD45.2) in blood.
Two months after reconstitution, mice were used for DSS-induced inflammation
experiments.

Ex vivo colon culture and ELISAs

Colons were isolated from mice, opened longitudinally and washed three times with sterile
HBSS with 100U/ml penicillin G and 100 pg/ml streptomycin (Gibco, Carlsbad, CA), and
~1cm sections were cultured in 500 ul RPMI supplemented with 2% FBS, L-glutamine,
penicillin/streptomycin and 100 pug/ml gentamicin (Sigma-Aldrich) for 24 hours at 37°C, 5%
CO,. After 48 hours, supernatants were removed and cleared of debris by centrifugation 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-1 in culture supernatants were quantitated using ELISA Kits
purchased from eBioscience and Bio-Legend.
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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 (29). The parameters used were (2) lamina propria (LP) inflammation
(0-3); (b) goblet cell loss (0-2); (c) abnormal crypts (0-3); (d) crypt abscesses (0-1); ()
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).

Measurement of intestinal permeability

Mice were given fluorescein isothiocyanate (FITC)-dextran by oral gavage at a dose of 0.5
mg/g of body weight (MW 4000; FD4, Sigma-Aldrich). Serum was collected four hours
later and fluorescence intensity was determined (excitation, 492 nm; emission, 525 nm;
BioTek). FITC-dextran concentrations were determined using a standard curve generated by
serial dilutions of FITC-dextran.

Myeloperoxidase activity

Pieces of colon (100 mg weight) were homogenized in phosphate buffer (20 mM; pH 7.4)
and centrifuged. The pellet was re-suspended in phosphate buffer (50 mM; pH 6.0)
containing 0.5% hexadecyltrimethylammonium bromide (Sigma). The sample was freeze-
thawed and sonicated, followed by warming to 60°C for 2 hr. and subsequent centrifugation.
Redox reactions of 3,3,5,5’-tetramethylbenzidine (Sigma) with the supernatant was used to
determine myeloperoxidase (MPO) activity. The reaction was terminated with 2N HCI and
absorbance was read at 450 nm.

Real-time PCR

Total mMRNA was isolated from the colon or an 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 (30, 31). PCR analysis was performed using a MyiQ5 ICycler
(BioRad). Gene expression was normalized relative to Gapah.

Statistical analyses

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.
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GPR81 deficiency enhances susceptibility to DSS-induced colonic inflammation

We hypothesized that GPR81 has a regulatory role in the colon. In order to examine the role
of GPRS8L1 in colitis, we challenged GPR81~/~ and littermate control (WT) mice with 2.5%
dextran sulfate sodium (DSS), an experimental model of tissue injury and intestinal
inflammation. GPR81~/~ mice were more susceptible to DSS-induced inflammation and
showed more severe weight loss and a significant reduction in colon length compared to
DSS-treated WT mice (Fig. 1A, B). Myeloperoxidase activity, a hallmark of colonic
inflammation, was markedly increased in colons of GPR81~/~ mice after DSS treatment
(Fig. 1C). Loss of intestinal permeability is an important feature during the course of DSS-
induced colitis, so we tested the gut epithelial barrier integrity by orally feeding the DSS-
treated GPR81 ™~ and WT mice with FITC-dextran. We observed an increase in FITC-
dextran in the serum of DSS-treated GPR81~~ mice, indicating severely impaired epithelial
barrier integrity (Fig. 1D). Consistent with enhanced gut inflammation, histopathological
analysis of colons of DSS-treated GPR81~/~ mice showed extensive damage to the mucosa
with epithelial erosion, loss of crypts and infiltration of immune cells compared to the
colons of DSS-treated WT mice (Fig. 1E, F). Colons from untreated WT and GPR81~/~
mice showed no morphological signs of damage or inflammation (data not shown).

GPRS8L1 is expressed by both non-hematopoietic cells as well as immune cells such as
macrophages and neutrophils (3-5, 15, 23). Next, we sought to address the role of GPR81 in
hematopoietic versus non-hematopoietic cells in the settings of DSS-induced colitis. We
generated bone marrow (BM) chimeric mice in which donors and/or recipients were either
WT (CD45.1) or GPR81~/~ (CD45.2). We assessed such chimeric mice 8 weeks after
transplantation by surface staining of peripheral blood and bone marrow (BM)-derived cells
with CD45.1- and CD45.2-specific antibodies, and the mice were found to be fully
chimerized (data not shown). WT hosts that received GPR81~~ BM exhibited significantly
greater DSS-induced weight loss than corresponding recipients of WT-BM cells
(Supplementary Fig. 1A). In contrast, GPR81~/~ hosts that received WT-BM showed weight
loss comparable to WT hosts that received WT-BM (Supplementary Fig. 1A). These results
suggest that Gpr81 expression in hematopoietic cells is critical for limiting colonic
inflammation, whereas GPR81 expression in non-hematopoietic cells is dispensable in this
model of intestinal inflammation.

To assess the relative contribution of GPR81 in adaptive immune cells versus innate immune
cells in limiting intestinal inflammation, we generated Rag2~/~/GPR81~/~ mice by crossing
GPR81~/~ mice to Rag2™/~ mice. We then conducted DSS challenges in Rag2~/~/GPR817/~
and Rag2~/~ mice. Rag2~/~/GPR81~/~ mice were more susceptible to DSS and showed more
severe weight loss with significant reduction in colon length compared to DSS-treated
littermate controls (Supplementary Fig 1B, C). These results suggest that GPR81 expression
in innate immune cells is critical for protecting mice from DSS-induced intestinal
inflammation.

In DSS-induced intestinal inflammation, inflammatory cytokines produced by innate
immune cells present in the gut microenvironment promote colitis (32). Thus, we analyzed
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the expression levels of various inflammatory and anti-inflammatory cytokines in the colons
of WT and GPR81~/~ mice treated with or without DSS. Colon explant culture showed that
explants from GPR81-deficient mice released lower levels of immune regulatory cytokine
IL-10 and higher levels of inflammatory cytokines, such as IL-6, IL-12p40, IL-1p and TNF-
a, compared to explants from WT mice both under homeostatic conditions and upon DSS
treatment (Fig 1G). Collectively, these results indicate that the absence of GPR81 leads to an
imbalance in the expression of pro-inflammatory versus immune regulatory cytokines in the
intestine.

GPR81 deficiency enhances susceptibility in the T-cell transfer model of colitis

Since DSS-induced colitis appears to be independent of T and B cell responses (32), it is not
yet clear if and how GPR81 signaling shapes T cell responses or limits T cell-dependent
colitis. Thus, we next tested whether GPR81 regulates intestinal inflammation using a well-
characterized CD45RBNCDA4* T cell-transfer colitis model in which colitis is caused by
disruption of T cell homeostasis with uncontrolled Thl and Th17 responses to the
commensal microbiota (33, 34). Wild-type CD45RBNCD4* T-cells were adoptively
transferred into Rag2~/~ and Rag2~/~/GPR81~/~ mice, and mice were then monitored for
clinical signs of colitis. When compared to Rag2~~ mice, Rag2~/~/GPR81~~ mice showed
increased colitis severity as revealed by weight loss, severe destruction of colonic tissues and
histology score (Fig 2 A, B, C). Consistent with these observations, the percentages of IFNy
*and IL-17A* CD4* T cells were markedly increased in the colon of Rag2™~/GPR81~/~
mice compared to those of control mice (Fig 2 D, E). In agreement with these results, colons
of Rag2~/~/GPR81~/~ colitic mice produced higher levels of IL-17A and IFN-y ex vivo
compared to control colons (Fig 2F). In contrast, adoptive transfer of CD45RBNCD4* T
cells isolated from WT or GPR81~~ mice into Rag2~/~ mice resulted in similar levels of
disease severity, suggesting that GPR81 expression in T cells is dispensable in this model of
intestinal inflammation (Supplementary Figure 1D). Collectively, these results suggest that
GPR81-signaling in innate immune cells, but not in T cells, plays a key role in regulating
intestinal inflammation.

GPR81-mediated sighals impart a regulatory phenotype on colonic antigen presenting

cells

A recent study showed that GPR81 is highly expressed by antigen presenting cells in the
liver and is critical for limiting inflammation in the liver (15). So, we investigated GPR81
expression in DCs and macrophages isolated from the spleen, lung, small intestine lamina
propria (SI-LP) and colon. We isolated intestinal DCs and macrophages based on surface
expression of CD45, MHCII, CD11c, CD11b, CD64 and F4/80(35-37). DCs (CD45* |-Ab*
CD11c* CD64~ F4/807) and macrophages (CD45" I-AP* CD11b* CD64* F4/80") isolated
from SI-LP and colon expressed markedly higher levels of GPR81 compared to splenic DCs
and macrophages (Supplementary Figure 2A, B). Like intestinal APCs, GPR81 was also
highly expressed in DCs and macrophages isolated from lung (Supplementary Figure 2A).
However, GPR81 is expressed at relatively lower levels in other immune cells such as CD4*
T cells, CD8* T cells and B cells (Supplementary Figure 2A). These results suggest GPR81
is highly expressed in mucosal APCs compared to other immune cell types.
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Intestinal DCs and macrophages play a critical role in maintaining balance between
regulatory and effector T cells in the intestine (17, 20, 38—40). The above results prompted
us to assess whether GPR81-mediated signals regulate APC function through the expression
of inflammatory and anti-inflammatory cytokine factors. Thus, we quantified the expression
levels of immune regulatory factors and inflammatory cytokines in FACS-sorted colonic
DCs and macrophages FACS-sorted from GPR81~/~ and WT mice. Colonic DCs and
macrophages isolated from GPR81~~ mice expressed markedly higher levels of
inflammatory factors such as IL-6, IL-1pB, TNF-a and IL-12p40 compared to WT colonic
DCs and macrophages (Fig. 3A). In contrast, GPR81~/~ colonic DCs and macrophages
expressed markedly lower mRNA levels of immune regulatory factors such as Aldhl, IDO1
and IL-10 compared to WT DCs and macrophages (Fig. 3B). Consistent with these results,
colonic DCs and macrophages from GPR81~/~ mice produced markedly lower levels of
IL-10 and higher levels of cytokines such as IL-6, IL-1p and IL-12 (Fig. 3C). Collectively,
these results suggest that GPR81-signaling in intestinal APCs imparts an immune regulatory
phenotype and limits the expression of inflammatory cytokines.

GPR81-signaling regulates the balance between regulatory T cell and Th1/Th17 cell
frequency in the colon

The balance between regulatory and effector T cells is critical for gut homeostasis(41-43). T
cell priming and differentiation happens in the draining lymph nodes, whereas the activation
and expansion of effector T cells happens in the gut lamina propria (44-46). Intestinal APCs
control both T cell differentiation and expansion through the secretion of various
inflammatory and anti-inflammatory cytokines (17, 18, 40, 43). The results presented above
show an imbalance in production of anti-inflammatory molecules versus inflammatory
molecules by GPR81-deficient colonic APCs. Thus, we tested the ability of colonic DCs and
macrophages isolated from GPR81~/~ mice and WT mice to promote the differentiation of
naive OT-11 CD4 cells into Treg/Th1/Th17 cells. Colonic DCs and macrophages deficient in
GPR81 are more potent in inducing IFN+y- and IL-17-producing T cells compared to those
of WT colonic DCs and macrophages (Fig. 4 A, B). In contrast, GPR81-deficient colonic
DCs and macrophages were less potent in inducing Foxp3* Tregs and I1L-10" regulatory T
(Tr1) cells compared to that of WT colonic DCs and macrophages (Fig. 4 A, Supplementary
Fig. 3A).

Oral administration of a nominal protein antigen results in conversion and expansion of
antigen-specific Tregs in the small and large intestine(46-48). So, we asked whether
deficiency in GPR81 affects the generation of Treg/Th1/Th17 cells in the gut in response to
oral administration of ovalbumin (OVA). We adoptively transferred naive OT-1l Thy1.1*
cells into GPR817~ and WT mice and fed them with OVA, the cognate Ag for OT-11 cells,
for 5 days. Intracellular cytokine analysis on day 6 post-transfer showed a significant
increase in naive OT-11 Thy1.1 CD4" T cell differentiation towards Th1 and Th17 cells in
the colon of GPR81~/~ mice compared to the colon of WT mice (Fig. 4B, Supplementary
Fig. 3B). Further characterization of transferred OT-11 T cells showed a marked decrease in
the differentiation of Foxp3* Tregs and IL-10-producing Tr1 cells in the colon of GPR81~/~
mice compared to that seen in the colon of WT mice (Fig. 4B, Supplementary Fig. 3B).
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Next, we determined the frequencies of endogenous CD4* T cells that are positive for IL-17,
IFN-y and IL-10 in the colon of GPR81~/~ and WT mice. GPR81~/~ mice harbored higher
frequencies of colonic CD4* T cells producing the inflammatory cytokines IL-17 and IFN-y
compared to WT mice (Supplementary Fig. 4A, B). In contrast, the frequency of CD4* T
cells expressing 1L-10 were markedly reduced in the colon of GPR81~/~ mice compared to
WT mice (Supplementary Fig. 4A, B). Interestingly, there were no significant differences in
the frequencies of Th1 and Th17 cells in the spleens of GPR817~ and WT mice (data not
shown), suggesting that the increase in the numbers of Th1 and Th17 cells in GPR81~/~
mice is specific to colonic LP. Thus, GPR81 in the colon is critical for maintaining the
balance between regulatory T cells and CD4* T effector populations.

Pharmacological activation of GPR81 suppresses colonic inflammation

Next, we examined the effects of pharmacological activation of GPR81 in the Rag-deficient
T-cell-transfer model of colitis by treating mice with GPR81-specific agonist (3-chloro-5-
hydroxybenzoic acid) (49), with treatments starting post-T cell transfer. As expected, control
Rag2~/~ mice adoptively transferred with naive T cells showed rapid body weight loss
around 4 weeks post-T cell transfer (Fig. 5A). In contrast, GPR81 agonist treatment
significantly delayed disease onset and reduced disease severity (Fig. 5B, 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 GPR81-agonist treated mice as
compared to control mice (Fig. 5D, E, F). In contrast, we observed a significant increase in
IL-10* CD4* Tr1 cells, as well as colonic IL-10 cytokine levels, in response to GPR81-
agonist treatment (Fig. 5D, E, F). On the contrary, adoptive transfer of CD45RBNCD4* T
cells isolated from WT mice into Rag2~/~/GPR81~~ mice resulted in similar levels of
disease severity with or without GPR81-agonist treatment (Supplementary Fig. 4C).
Collectively, these results suggest that activation of the GPR81 pathway suppresses intestinal
inflammation by promoting various innate immune regulatory functions of APCs and
supporting the induction of IL-10-producing Trl vs. Th1/Th17 cell differentiation.

Discussion

The immune system in the intestine maintains a state of tolerance to commensal flora and
ingested food antigens while mounting robust responses against pathogens (17, 39).
Intestinal DCs and macrophages are important in this process but the mechanisms
underlying this phenomenon remain poorly understood. The current study demonstrates for
the first time an essential role for GPR81 in intestinal APCs in the suppression of
inflammation and restoration of homeostasis in the gut. A key mechanism contributing to
this role of GPR81 involves the induction of immune regulatory genes (IL-10, RA and IDO)
with suppression of the expression of inflammatory cytokines in DCs and macrophages,
resulting in the maintenance of the balance between the regulatory T cell and Th1/Th17 cell
frequencies in the colon. Accordingly, GPR81~/~ mice were highly susceptible to intestinal
inflammation. Conversely, 3-chloro-5-hydroxybenzoic acid, a pharmacological GPR81
agonist, suppressed colitis by limiting Th1/Th17 cell differentiation and enhancing
regulatory T cell differentiation. Collectively, these findings support the hypothesis that
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GPRS81 has an immune regulatory role in the colon. Hence, this pathway could be a new
target for colitis therapy.

GPR8L1 is expressed at higher levels in fat cells but at lower levels in secondary lymphoid
tissues, gut, brain, kidney and many other tissues (3, 4, 23). Recent studies have shown that
GPR8L is highly expressed in peritoneal macrophages(15, 23). Our study shows that
intestinal DCs and macrophages express higher levels of GPR81 compared to splenic DCs
and macrophages. Like gut DCs, DCs isolated from the mesenteric lymph node (MLN) and
lung express relatively higher levels of GPR81 compared to T and B cells. These results
suggest that GPR81 expression in mucosal DCs and macrophages may be regulated by the
tissue microenvironment. An important unresolved question is how GPR81 expression is
regulated in the gut microenvironment. A previous study has shown that PPAR~y
transcriptionally regulates GPR81 expression in adipocytes(50). Dietary lipids and their
metabolites are widely present in the intestine and are known to activate members of the
peroxisome proliferative-activated receptor (PPAR) family of transcription factors(51-53).
Intestinal APCs express high levels of PPAR isoforms and the PPAR pathway is highly
active in intestinal DCs and macrophages (54-56). It is possible that PPARy-mediated
signaling might regulate GPR81 expression in gut APCs. However, further studies are
warranted to confirm a direct link between PPARy and GPR81-expression in the gut.

Lactate activates GPR8L in its physiological concentration range of 1-20 mM (3). The
gastrointestinal mucosa is exposed to high levels of lactate (~10 mM) from diet and bacterial
fermentation (8). So, it is conceivable that lactate concentrations in the colon are sufficient to
activate GPR8L1. Past studies have shown that lactate can modulate the innate immune
functions of DCs and macrophages (15, 21-23). Lactate was also shown to suppress LPS-
induced inflammatory cytokines in both a GPR81-dependent and -independent manner (15,
23, 57). Our study shows that treatment with 3-chloro-5-hydroxybenzoic acid can protect
mice from intestinal inflammation by inducing regulatory responses and suppressing
inflammatory responses. Interestingly, GPR81, together with another receptor such as
GPR109a and GPR43, appears to play a similar but non-redundant role by regulating innate
immune functions of intestinal APCs and the differentiation of Treg/Th1/Th17 cells,
resulting in suppression of intestinal inflammation.

In the intestine, T cell priming and differentiation happens in the draining lymph nodes,
whereas the activation and expansion of effector T cells occurs in the lamina propria (44—
46). A delicate balance between regulatory T cells versus pathological effector T cells
underlies disease progression in many inflammatory diseases, including IBD (17, 20, 38,
39). Intestinal DCs and macrophages play a critical role in controlling this balance between
tolerance and inflammation (17, 20, 38, 39). These cells suppress inflammation by
expressing immune regulatory factors such as retinoic acid (RA), IL-10 and IDO that are
critical for driving regulatory T cell differentiation while limiting the differentiation and
expansion of pathological Th1/Th17 cells in the gut. Our study shows that GPR81-signaling
in intestinal APCs is critical for the induction of immune regulatory factors and suppression
of inflammatory cytokines. Genetic deletion of GPR81 in mice resulted in reduced numbers
of Trl cells and Foxp3* Tregs with a concomitant increase in the frequencies of Th1/Th17
cells in the colon. This imbalance in T cell subsets was due to increased expression of
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inflammatory cytokines by colonic APCs that drive Th1/Th17 cell differentiation. Though
not analyzed in the present study, GPR81-mediated signals in intestinal APCs might
modulate inflammatory responses in the intestine by regulating the suppressive function of
Tregs.

Microflora in the gut play a critical role in the induction of CD4* effector T cells and
regulatory T cells (42, 58). Loss of immune tolerance to commensal microflora or
commensal dysbiosis results in host susceptibility to colonic inflammation. So, the observed
increase in inflammatory cytokine levels and Th1/Th17 cells in the colon of GPR81~~ mice
might be due to the loss of immune tolerance to commensal flora or alterations in the
composition of gut flora. In line with this observation, recent studies have shown that
GPR81-mediated signals can suppress the expression of inflammatory cytokines produced in
response to TLR-stimulation (15). Our study also shows that GPR81~/~ mice is susceptible
to both DSS-induced colitis as well as T cell-transfer colitis, demonstrating an important
role for this receptor in suppressing intestinal inflammation. A similar protective role for
GPR81 was observed in hepatic, pancreatic and ischemic brain injury (14, 15). Likewise, a
recent study has shown that GPR81-mediated signaling suppresses uterine inflammation
during labor(57). However, it remains to be determined how GPR81-mediated signaling in
intestinal APCs regulates the expression of immune regulatory versus pro-inflammatory
factors.

In summary, our study reveals a novel role for GPR81 in DCs and macrophages in regulating
immune homeostasis and inflammation in the intestine. Additionally, pharmacological
activation of GPR81 suppressed intestinal inflammation by inducing regulatory T cell
responses and limiting pathological Th1/Th17 responses. Furthermore, deletion of GPR81
resulted in increased expression of inflammatory cytokines that drive Th1/Th17 responses
and intestinal inflammation. These findings have important implications for prevention as
well as treatment of inflammatory bowel disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GPR817/~ mice exhibit increased susceptibility to DSS-induced colonic inflammation
(A-G) GPR817/~ and GPR81** littermate control (WT) mice were treated with 2.5% DSS

in drinking water for 6 days and at day 9 the colons of mice were analyzed for inflammation.
(A, B) Changes in body weight and colon length (day 9) of WT and GPR81~/~ mice. (C)
Myeloperoxidase activity in colon. (D) Mice were fed with FITC-dextran on day 9, and 4 h
later FITC-dextran was quantified in serum (n=5). (E) Representative colonic tissue sections
of DSS-treated WT and GPR81~/~ mice (Hematoxylin and eosin staining with original
magnification, 100X). (F) Histopathological score (inflammation + epithelial damage) of
colons was graded following analysis of H&E-stained cross sections of colons of DSS-
treated WT and GPR81~~ mice. (G) Excised colon samples were cultured for 2 days ex
vivo, and the secreted IL-6, TNF-a, IL-1pB, IL-12p40 and IL-10 cytokine levels in the culture
supernatants were quantified by ELISA. Data are representative of three separate
experiments (n>5). **p<0.01; ***p<0.001. Error bars indicate mean £SEM.
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Figure 2. The absence of GPR81 signaling exacerbates susceptibility to T cell-mediated colitis
(A) Percent weight change compared to initial weight for Rag2~/~ and Rag2~/~/GPR81~/~

mice at indicated time points post-CD4*CD25-CD45RBMi T cell adoptive transfer. (B)
Representative colonic tissue sections of Rag2~/~ and Rag2~/~/GPR81~/~ mice 6 weeks post-
naive CD4™ T cell transfer (Hematoxylin and eosin staining with original magnification,
100X). (C) Colonic histopathology scores of Rag2~/~ and Rag2~-/GPR81~/~ mice 6 weeks
post-naive CD4" T cell transfer. (D, E) Representative FACS plots and frequencies of
IL-17A* and IFN-y* CD4* T cells in the colons of Rag2~/~ and Rag2~~/GPR81~/~ mice 6
weeks post-transfer of naive CD4" T cells. (F) Excised colon samples were cultured for 48
hrs ex vivo, and the secreted IL-17A and IFN-y cytokine levels in the culture supernatants
were quantified by ELISA. Data are representative of two independent experiments. The
error bars indicate mean + SEM of 6-8 mice/group. *p<0.05; **p<0.01; ***p<0.001.
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Figure 3. GPR8L1 signaling imparts an anti-inflammatory phenotype on colonic DCs and

macrophages

(A, B) Quantitative real-time PCR analysis of //6, Tnfa, 1116, 1/12p40, 1/10, Aldhlal,
Aldhla2, Idol and TgfbImRNA expression in colonic DCs and macrophages sorted from
WT and GPR81~/~ mice. Data are presented as fold change relative to WT. (C) ELISA of
IL-6, IL-1pB, IL-12p40 and IL-10 in the culture supernatants of colonic DCs and
macrophages isolated from WT and GPR81~/~ mice and cultured for 24 h. Data are from of
two separate experiments that were then pooled. The error bars indicate mean + SEM.
*p<0.05; **p<0.01; ***p<0.001.
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Figure 4. GPR8L1 signaling in intestinal APCs suppresses Th1/Th17 cell differentiation and
induces regulatory T cell differentiation

(A) Cumulative frequencies of IL-17A*, IFN-y™, IL-10* and Foxp3* OT-11 CD4* T cells
after culturing with colonic DCs and macrophages isolated from GPR81~/~ and WT mice.
(B) Cumulative frequencies of adoptively transferred naive OT-11 CD4* T cells positive for
IFN-y, IL-17A, 1L-10 and Foxp3 isolated from colons of WT and GPR81~/~ mice treated
orally with OVA protein. Data are representative of two independent experiments (n>5). The
error bars indicate mean £ SEM. *p<0.05; **p<0.01; ***p<0.001.
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Figure 5. Pharmacological activation of GPR81 ameliorates mucosal inflammation
(A-E) CD45RBNCDA4* T cells isolated from WT mice were adoptively transferred into

Rag2~~ mice. Animals were treated with GPR81 agonist orally (3-chloro-5-hydroxybenzoic
acid (3CI-50H-BA); 10 mg/kg; on Weeks 1, 2, 3 and 4) and monitored over a period of time
for percent weight loss compared to initial weight. (A) Percent weight change for Rag2~/~
mice treated with 3CI-50H-BA compared with untreated mice at various weeks post-naive
CD4* T cell adoptive transfer. (B, C) Representative colon histology (H&E staining with
original 10X magnification) and histology scores of Rag2~~ mice 6 weeks post-naive CD4*
T cell transfer treated with or without 3CI-50H-BA treatment. (D, E) Representative FACS
plots and cumulative frequencies of colonic IL-17A™, IFN-y* and IL-10* CD4* T cells from
Rag2~/~ mice treated with 3CI-50H-BA treatment compared with untreated mice on week 6
post-naive CD4" T cell adoptive transfer. (F) Excised colon samples in panel C were
cultured for 2 days ex vivo, and then the secreted IL-17A, IFN-y and IL-10 cytokine
amounts in the culture supernatants were quantified by ELISA. Data are representative of
three independent experiments (n>6). The error bars indicate mean + SEM. **p<0.01;
***<0.001.
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