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Abstract

The immune system responds to pathogens by a variety of pattern recognition molecules such as
the Toll-like receptors (TLRs), which promote recognition of dangerous foreign pathogens.
However, recent evidence indicates that normal intestinal microbiota might also positively
influence immune responses, and protect against the development of inflammatory diseases?2.
One of these elements may be short-chain fatty acids (SCFAs), which are produced by
fermentation of dietary fibre by intestinal microbiota. A feature of human ulcerative colitis and
other colitic diseases is a change in “healthy’ microbiota such as Bifidobacterium and
Bacteriodes?, and a concurrent reduction in SCFAs?. Moreover, increased intake of fermentable
dietary fibre, or SCFASs, seems to be clinically beneficial in the treatment of colitis®*. SCFASs bind
the G-protein-coupled receptor 43 (GPR43, also known as FFAR2)1911 and here we show that
SCFA-GPRA43 interactions profoundly affect inflammatory responses. Stimulation of GPR43 by
SCFAs was necessary for the normal resolution of certain inflammatory responses, because
GPR43-deficient (Gpr43~/~) mice showed exacerbated or unresolving inflammation in models of

©2009 Macmillan Publishers Limited. All rights reserved

Correspondence and requests for materials should be addressed to C.R.M. (charles.mackay@med.monash.edu.au).

Author Contributions C.R.M. conceived and supervised the project, and K.M.M. performed the vast majority of the in vitro and in
vivo experiments (other than those detailed below) and provided intellectual input to scientific direction and interpretations. A.T.V.,
M.M.T. and D.A. contributed to experiments with germ-free mice. F.M., M.S.R. and F.S. identified GPR43 as a receptor with an
interesting transcript expression, and A.N. and R.J.X. were responsible for all of the subsequent bioinformatic analyses. H.C.S., D.Y.
and J.K. provided general support for many of the experiments.

Supplementary Information is linked to the online version of the paper at www.nature.com/nature.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Maslowski et al. Page 2

colitis, arthritis and asthma. This seemed to relate to increased production of inflammatory
mediators by Gpr43~/~ immune cells, and increased immune cell recruitment. Germ-free mice,
which are devoid of bacteria and express little or no SCFASs, showed a similar dysregulation of
certain inflammatory responses. GPR43 binding of SCFAs potentially provides a molecular link
between diet, gastrointestinal bacterial metabolism, and immune and inflammatory responses.

Recent evidence suggests that products of intestinal microbiota might positively influence
inflammatory disease pathogenesis!-2. To identify factors produced by bacteria that might be
beneficial to host immune responses, we induced colitis chemically by adding dextran
sulphate sodium (DSS) to the drinking water of germ-free mice. The absence of bacteria
from these mice, and the consequences this had on immune responses, resulted in
significantly worse colonic inflammation, compared to conventionally raised (CNV) mice.
Germ-free mice treated with DSS had decreased weight, an increased daily activity index
(DALI; a combined measure of weight loss, rectal bleeding and stool consistency) and a
decreased haematocrit (Fig. 1a). Germ-free mice re-colonized with gut microbiota, by
gavaging with CNV faeces, showed a marked reduction in inflammation (Supplementary
Fig. 1), indicating that the exacerbated response related to lack of bacterial colonisation of
the gut. Products of bacteria that have been reported to show anti-inflammatory properties
include SCFAs, which are produced by colonic bacteria after fermentation of dietary fibre.
Bacteria of the Bacteroidetes phylum produce high levels of acetate and propionate, whereas
bacteria of the Firmicutes phylum produce high amounts of butyratel2. Germ-free mice do
not produce SCFAs owing to a lack of enteric microbes3. Treatment of germ-free mice with
150 mM acetate in the drinking water markedly improved disease indices, with an increase
in colon length, decreased DAI and levels of the inflammatory mediator myeloperoxidase
(MPQ) (Fig. 1b), and decreased levels of TNFa and inflammatory MIP1a (also known as
CCL3) (Fig. 1c). SCFAs have a well-characterized anti-inflammatory effect, on both colonic
epithelium and immune cells*-17, Recently, SCFAs, particularly acetate (C2) and
propionate (C3), have been found to bind and activate the G-protein-coupled receptor
GPR43 (refs 10, 11). Using an extensive data set of human and mouse immune cell
transcription profiles'8 we found that transcripts for human GPR43 and mouse Gpr43
exhibited enhanced expression in neutrophils and eosinophils (Fig. 2a and Supplementary
Fig. 2). Using nearest-neighbour correlation analysis we found that GPR43 gene expression
was closely regulated with receptors important for innate immunity, such as Toll-like
receptors (TLR2 and TLR4), formyl peptide receptors (FPR1 and FPR2), IL8RB (also
known as CXCR2) and C5aR (Fig. 2a). We constructed protein interaction networks for
genes co-regulated with GPR43, and, using a molecular complex detection and a graph-
theory-based clustering (MCODE)algorithm2®, we identified densely connected local sub-
network clusters, revealing modules associated with apoptosis and innate immunity-related
processes (Supplementary Fig. 3).

To demonstrate that GPR43 was the relevant receptor for SCFA effects on immune cells, we
sourced Gpr43~/~ mice (Supplementary Fig. 4), and found that T- and B-cell numbers were
normal, and their blood neutrophil numbers were in the normal range (not shown). Acetate
induced a robust calcium flux in mouse neutrophils (as well as in human neutrophils and
eosinophils, not shown), but not in neutrophils from Gpr43 7~ mice (Fig. 2b), indicating that
GPRA43 is the sole functional receptor for SCFAs on neutrophils. GPR43 has previously
been reported to act as a chemoattractant receptor for acetate!, and we found that
neutrophils from wild-type, but not Gpr43~/~ mice, responded chemotactically to acetate,
but only at very high concentrations (~100-1,000 uM), and with a relatively low
chemotactic index (Fig. 2c). This may relate to the low affinity of GPR43 for SCFAsZC, the
high concentrations of SCFAs normally present in tissues (0.1-10 mM in serum, and 200
mM in the colon)11:13 and the need for chemoattractant receptors to sense a gradient.

Nature. Author manuscript; available in PMC 2012 January 12.
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However, a recently reported synthetic agonist specific for human GPR43 with > 100-fold
potency over SCFAs20 was much more robust in chemotaxis assays (Fig. 2c). In neutrophils
from wild-type mice, but not Gpr43~/~ mice, SCFAs induced release of ROS and increased
phagocytic activity (Fig. 2d, e) similar to activities reported for certain other chemoattractant
receptors.

The characteristic expression pattern of GPR43 to cell types involved in innate immunity
and inflammation, and the GPR43-dependent effects of SCFA neutrophil function suggested
that GPR43 may be the relevant receptor on immune cells for the regulation of inflammatory
responses by SCFAs. We induced colitis by adding DSS to the drinking water of Gpr43—/~
and wild-type litter-mate mice. In the acute phase (7 days), Gpr43~~ mice showed a marked
increased in their inflammatory response, compared to wild-type mice (Fig. 2f), including a
reduced colon length, and an increased DAI, more severe inflammation by histological
analysis and increased MPO activity in the colon, indicating increased neutrophil
infiltration/activation (Fig. 2f). We next determined whether acetate protected against colitis
in the acute DSS model, in a GPR43-dependent manner. Mice fed 200 mM acetate in their
drinking water showed a substantial decrease in inflammation, as judged by longer colon
length, a reduced DAI, reduced inflammatory infiltrate and less tissue damage, when
compared to wild-type mice not fed acetate (Fig. 2f). Notably, this protection occurred by
acetate binding to GPR43, because acetate had no beneficial effect in Gpr43~/~ mice (Fig.

21).

In a chronic model of DSS-induced colitis, Gpr43~/~ mice showed greater morbidity (at day
8, Fig. 2g, inset), and a marked reduction in the ability to regain weight compared to wild-
type littermates (Fig. 2g). By day 42, Gpr43~/~ mice showed reduced colon length,
increased colon histology score, as well as increased MPO levels in the colon. In a T-cell-
dependent model of colitis, the TNBS (trinitrobenzoic sulphonic acid)-induced model,
Gpr43~'~ mice also had more severe disease with decreased colon length and increased
colon histological scores (Supplementary Fig. 5). CD44*1L17* T cells in the mesenteric
lymph nodes in this model were increased in Gpr43~/~ mice, as were transcripts for IL17A,
IL6, IL1pB, IFNy and CCL2 in colon tissue (Supplementary Fig. 5).

GPR43 is also expressed on colonic epithelium, and SCFAs affect several functions of these
cells including proliferation, and epithelial barrier function?! and butyrate is a major source
of energy for colonocytes. We determined the contribution of immune and non-immune
cells to the colitis phenotype we observed in Gpr43~/~ mice by using bone marrow
chimaeras (Supplementary Fig. 6). After 7 weeks of bone marrow reconstitution, colitis was
induced by DSS in the drinking water. Wild-type mice reconstituted with Gpr43~'~ bone
marrow showed a similar exacerbated inflammatory response in the colon, compared to
Gpr43~/~ mice receiving Gpr43~/~ bone marrow, demonstrating that immune cells were
largely responsible for the phenotype observed in Gpr43~/~ mice.

SCFA levels in the colon can be high, particularly after ingestion of large amounts of fibre,
and SCFAs are rapidly absorbed and distribute systemically through the blood?2. We
therefore assessed peripheral inflammatory responses in Gpr43~/~ mice using the K/BxN
serum-induced model of inflammatory arthritis and an ovalbumin (OVA)-induced model of
allergic airway inflammation. In the inflammatory arthritis model Gpr43~/~ mice showed a
slight delay in the onset of symptoms, but by day 11 inflammation in Gpr43~/~ mice was
markedly more severe than in wild-type littermates, clinically and histologically, and did not
resolve over the 28 days of study (Fig. 3a). Gpr43~/~ mice showed increased levels of MPO
production by peripheral blood cells (Fig. 3a). Acetate in the drinking water 1 week before,
and during, the induction of inflammatory arthritis reduced inflammation (Supplementary
Fig. 7a). Germ-free mice given K/BxN serum also showed increased inflammation and a
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much slower resolution of inflammation when compared to CNV housed mice
(Supplementary Fig. 7b). Gpr43~'~ mice also showed more severe inflammation compared
with wild-type littermates in an acute allergic airway inflammation model, with increased
numbers of cells in the broncho-alveolar lavage (BAL) fluid, as well as greater levels of
eosinophil peroxide and inflammatory cells in the lung tissue (Fig. 3b).

The cellular and molecular basis for GPR43-SCFA effects on inflammatory responses was
studied using Kinexus protein microarrays that interrogate more than 600 proteins and
phosphoproteins. Because SCFAs also inhibit histone deacetylases and thereby affect cell
transcription and functions23, we made direct comparisons between wild-type and Gpr43~/~
neutrophils, to identify GPR43-related signalling pathways affected by SCFAs. Protein—
protein interaction networks were constructed from the set of top-ranked proteins exhibiting
greatest positive or negative differential shifts (Z-scores>1.5 and<1.5; Fig. 4a). We applied
the MCODE clustering algorithm to identify highly connected local sub-networks, which
revealed interesting modules such as the apoptosis-associated BAX-BAK1-BCL2L1 cluster
and the PRKCA-PTPN6-LCK cluster (Supplementary Fig. 8a). Consistent with the changes
in apoptosis-related signalling molecules, acetate induced apoptosis in neutrophils in a dose-
dependent and a GPR43-dependent manner (Fig. 4b), except at very high concentrations (30
mM). There were also differences between wild-type and Gpr43~'~ neutrophils with respect
to several other signalling pathways associated with inflammation, cell migration or
apoptosis in mouse, and in human (Supplementary Figs 9 and 10). Granulocytes from
Gpra3~/~ mouse blood showed an increase in levels of ROS (Fig. 4c) and MPO (Fig. 3a).
Interestingly, macrophages from germ-free mice also show increased production of ROS?4.
Gpr43~/~ neutrophils also showed increased chemotaxis to the N-formyl peptide f-Met-Leu-
Phe (fMLP) and to the complement fragment C5a (Fig. 4d), compared to wild-type cells.
Furthermore, heat-inactivated Staphylococcus aureus injected into the peritoneum of
Gpr43~/~ mice yielded a greater recruitment of neutrophils after 1 h, compared to wild-type
mice (Fig. 4e). Acetate stimulation of human neutrophils markedly reduced surface
expression of pro-inflammatory receptors such as C5aR and CXCR2 (Supplementary Fig.
11), presumably through agonist-mediated receptor heterodimerization and internalisation.

Commensal bacteria and vertebrate immune systems form a symbiotic relationship and have
co-evolved?® such that proper immune development and function relies on colonisation of
the gastrointestinal tract by commensal bacteria2-26. SCFA-GPR43 signalling is one of the
molecular pathways whereby commensal bacteria regulate immune and inflammatory
responses. GPR43 resembles another anti-inflammatory chemoattractant receptor, ChemR23
(ref. 27), although this receptor binds endogenous rather than bacterially produced ligands.
Any agents that affect gastrointestinal microbiota, and the production of SCFAs, might be
expected to influence immune and inflammatory responses. It is possible that high levels of
SCFAs such as acetate may, in addition to its direct effects on the GPR43 response, affect
the biosynthesis of endogenous fatty acids, such as resolvins, that modulate leukocyte
functions. Levels of SCFASs in the gastrointestinal tract vary significantly depending on the
amount of non-digestible fibre in the diet, and also relate to the composition of the gut
microbiotal2. For instance, the relative proportion of Bacteroidetes is decreased in obese
people compared to lean people?8. Indeed an altered composition of the gut microbiota,
brought on by western diet, or by use of antibiotics, has been suggested as a reason for the
increased incidence of allergies and asthma in humans2®. SCFA-GPR43 interactions could
represent a central mechanism to account for affects of diet, prebiotics and probiotics on
immune responses, and may represent new avenues for understanding and potentially
manipulating immune responses.

Nature. Author manuscript; available in PMC 2012 January 12.
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METHODS SUMMARY

RNA extraction, preparation, hybridization and expression analysis using U133A and B
Affymetrix GeneChips (Gene Expression Omnibus (GEO) accession GSE3982) were
performed as previously described, using an extensive collection of immune cell data sets!8.
Protein expression and phosphorylation were assessed using Kinex antibody microarrays
(Kinexus Bioinformatics) (http://www.kinexus.ca/services). Gpr43~/~ mice on a C57BI/6
background were obtained from Deltagen (http://wwww.deltagen.com). The K/BxN
inflammatory arthritis model, the DSS and TNBS models of colitis, and the OVA allergic
airway inflammation followed standard published procedures. Statistical analyses were
conducted using a Student’s two-way t-test, or two-way analysis of variance (ANOVA)
using Graphpad Prism software.

Full Methods and any associated references are available in the online version of the paper
at www.nature.com/nature.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Exacerbated colitis in germ-free mice is ameliorated by acetate

a, Germ-free (open squares) and CNV (closed triangles) mice were given DSS colitis (4%),
n =7 (experimental groups). Dashed lines, control mice; solid lines, DSS-treated mice. The
percentage weight change (left), DAI (middle) and haematocrit (right) were measured. b,
Germ-free mice were fed acetate (grey squares; 150 mM; n = 3) in the drinking water or
water only (black squares; n =5), 5 days before and during DSS administration. Control fed
denotes no DSS (open squares). Daily activity score (left), colon length (middle) and colonic
MPO (right) were determined. ¢, MIP1a and TNFa levels in acetate-fed mice. Data are
median + s.e.m., representative of two independent experiments.
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Figure 2. GPRA43 expression and role in inflammatory responses

a, Immune expression signature of genes encoding cellular receptors across a large panel of
leukocyte subsets. Clustering of receptor genes exhibiting enriched expression in neutrophils
and eosinophils reveals GPR43, along with other receptors important for innate immunity
and chemoattractant-induced responses. Correlation analysis across a wider set of genes in
this immune panel identified a rank-ordered list of the top 150 genes (N15g) in the co-
expression neighbourhood of GPR43. b—e, Comparison of wild-type (WT) and Gpr43~/~
bone marrow neutrophils with respect to acetate-induced Ca?* flux (b; MFI, mean
fluorescence intensity), chemotaxis (c, left panel), ROS production (d), and phagocytosis of
fluorescently labelled S. aureus (e). The right panel of ¢ shows the GPR43 synthetic agonist
phenylacetamide 1 in human neutrophil chemotaxis. f, DSS colitis (2.5% (w/v)) in wild-type
and Gpr43~'~ mice, fed with acetate or control water (Ctrl). Shown are colon length, the
DAL, histology score and colon MPO levels. NS, not significant. The far right panels show
representative histological sections from wild-type or Gpr43~/~ mice as indicated (scale bar,
50 um). g, Chronic DSS-induced colitis (n = 7 per group, median *+ s.e.m.). The inset shows
the percentage morbidity. Shown are the percentage change in weight, colon weight per cm
of colon, colonic MPO, and histological score, for wild-type and Gpr43—'~ mice.
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Figure 3. Inflammatory arthritis and allergic airway disease and GPR43 deficiency

a, Inflammatory arthritis (K/BxN serum injection on day 0 and 2) in Gpr43~/~ mice (n = 5)
versus wild-type littermates (n > 3). Scores shown are mean + s.e.m. for each time point,
representative of three independent experiments. Wild-type mice are represented with closed
squares, Gpr43~/~ mice with open squares, controls with dashed lines, and arthritic mice
with solid lines. Change in ankle thickness (top) and measurement of MPO in the peripheral
blood (bottom) showed that both naive and arthritic Gpr43~/~ mice had higher MPO
production when stimulated with phorbol 12-myristate 13-acetate (PMA,; bottom), indicating
greater neutrophil activation (P < 0.001 Gpr43~'~ control compared to wild-type control, P
=0.0019 Gpr43~/~ compared to wild-type arthritic). Histological assessment at day 18
(right) (scale bars, 50 um). b, OVA-induced allergic airway inflammation. BAL fluid cell
counts (left), eosinophil peroxidase (EPO) activity in lung tissue (middle), and inflammation
as scored by histology (right). The bottom panel shows representative haematoxylin-and-
eosin-stained lung sections from wild-type and Gpr43~/~ mice, and control (no OVA) mice.
Scale bar, 50 pum.
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Figure 4. GPRA43 signalling and immune cell functions

a, Protein expression analysis using Kinex antibody microarrays. Z-score-transformed
values reflecting positive or negative shifts in differential protein expression fold-changes
after acetate treatment of neutrophils from wild-type mice compared to that from Gpr43~/~
mice. Proteins highlighted in red or green indicate those with Z-scores above +1.5 or below
—1.5, respectively. b, Apoptosis in wild-type and Gpr43~/~ bone marrow cells, with or
without acetate stimulation (apoptotic cells are annexin V and propidium iodide (PI) double
positive). ¢, Chemotactic response to fMLP and C5a by wild-type and Gpr43~/~ bone
marrow granulocytes. d, Recruitment of neutrophils and macrophages to the peritoneum in
wild-type and Gpr43~/~ mice, injected with 1 x 106 heat-inactivated S. aureus particles. e,
Reactive oxygen species production by peripheral blood granulocytes.
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