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Commensal microbe-derived butyrate induces the
differentiation of colonic regulatory T cells

Yukihiro Furusawa'?*, Yuuki Obata®?*, Shinji Fukuda'**, Takaho A. Endo', Gaku Nakato', Daisuke Takahashi’,
Yumiko Nakanishi*, Chikako Uetake!, Keiko Kato>®, Tamotsu Kato!, Masumi Takahashi', Noriko N. Fukuda®,
Shinnosuke Murakami®, Eiji Miyauchi', Shingo Hino®, Koji Atarashi®’, Satoshi Onawa', Yumiko Fujimura?, Trevor Lockett®,

Julie M. Clarke®, David L. Topping®, Masaru Tomita*, Shohei Hori}, Osamu Ohara’, Tatsuya Morita®, Haruhiko Koseki

1,3,5
a2

Jun Kikuchi®>®, Kenya Honda>'°, Koji Hase">”* & Hiroshi Ohno®>*°

Gut commensal microbes shape the mucosal immune system by
regulating the differentiation and expansion of several types of T cell'.
Clostridia, a dominant class of commensal microbe, can induce colo-
nic regulatory T (T,;) cells, which have a central role in the suppres-
sion of inflammatory and allergic responses®. However, the molecular
mechanisms by which commensal microbes induce colonic T'g cells
have been unclear. Here we show that a large bowel microbial fermen-
tation product, butyrate, induces the differentiation of colonic T.g
cells in mice. A comparative NMR-based metabolome analysis sug-
gests that the luminal concentrations of short-chain fatty acids posi-
tively correlates with the number of T, cells in the colon. Among
short-chain fatty acids, butyrate induced the differentiation of T,g
cells in vitroand in vivo, and ameliorated the development of colitis
induced by adoptive transfer of CD4™* CD45RB™ T cells in Ragl ™'~
mice. Treatment of naive T cells under the T..-cell-polarizing con-
ditions with butyrate enhanced histone H3 acetylation in the promoter
and conserved non-coding sequence regions of the Foxp3 locus, sug-
gesting a possible mechanism for how microbial-derived butyrate
regulates the differentiation of T, cells. Our findings provide new
insight into the mechanisms by which host-microbe interactions
establish immunological homeostasis in the gut.

Germ-free mice have an enlarged caecum because of the accumula-
tion of hiydrated dietary fibre components. Colonization with chloroform-
resistant bacteria (CRB)® normalizes caecal size, probably through
fermentation of these components by the CRB (Fig. 1a, b). Therefore,
CRB-derived dietary fibre metabolites could be responsible for the induc-
tion of colonic T, cells. To assess this possibility, CRB-associated mice
were fed either a low-fibre diet (LFD) or a high-fibre diet (HFD). In CRB-
associated HFD-fed (CRB-HFD) mice, the expression of neuropilin-1"~
and Helios™ (also known as IKZF2™) T, cells, which represent the
peripherally generated T, cell population”™, was significantly increased
(Fig. 1c, d and Supplementary Figs 1 and 2). Consistent with previous
observations’, the effect of CRB on T cell induction was restricted to
the colon and not the mesenteric lymph nodes or spleen (Supplemen-
tary Fig. 3). In addition, the expression of CD103 " -activated T g cells
was also increased in CRB-HFD mice (Fig. 1d). Notably, a LFD com-
promised the effects of CRB colonization on T cell induction (Fig. 1c,d),
despite the comparable number and composition of gut microbes pre-
dominantly annotated as Clostridiales (Supplementary Figs 4-6). These
observations strongly suggest that metabolic differences in gut microbes
are responsible for the differential T\, cell inducibility between CRB-
HFD and CRB-LFD mice.

Indeed, principal component analysis (PCA) and orthogonal partial
least squiares discriminate analysis of the NMR-based metabolome data
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Figure 1 | Gut microbial metabolism is essential for the induction of colonic
Toeg cells. a, b, The caecum size of germ-free (GF) and CRB-associated mice.
Representative caecum images are shown in a. Scale bars, 1 cm. ¢, d, The
expression of neuropilin-1 and CD103 in Foxp3™* T cells in germ-free and
CRB-associated mice fed a HFD or LFD for 4 weeks. Representative FACS plots
gated on CD3°" CD4" are shown in c. P value was determined by one-way
analysis of variance (ANOVA) followed by Tukey’s post-hoc test. e, f, Caecal
metabolomic profiling by NMR of germ-free and CRB mice fed a HFD or LFD.
The results of PCA on the 'H-NMR data (e) and loading scatter plot (f) are
shown. Proportions of the first (PC1) and second (PC2) principal components
are 85.1% and 10.3%, respectively. The ellipse denotes the 95% significance
limit of the model, as defined by Hotelling’s ¢-test. g, h, Organic acids in caecal
contents (g) and the proximal colonic tissue (h) were measured by gas
chromatography-mass spectrometry. Ace, acetate; but, butyrate; pro,
propionate. Error bars indicate s.e.m. (b, n=5) ors.d. (d, n=10; g, h,n =7).
All data are representative of two (e-h) or three (a-d) independent
experiments.
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indicated that the amount of caecal short-chain fatty acids (SCFAs),
namely acetate, propionate and butyrate, was higher in CRB-HFD than
in CRB-LFD mice (Fig. le, f, Supplementary Fig. 7 and Supplementary
Table 1). Quantitative analysis confirmed a significant increase in ace-
tate and butyrate in the caecal content and colonic tissues of CRB-HFD
mice (Fig. 1, h). Luminal GABA (y-aminobutyric acid), L-leucine and
L-isoleucine were also increased in CRB-HFD mice (Fig. 1f and Sup-
plementary Fig. 7). To test whether these metabolites can induce T
cells in vitro, splenic naive (CD44% CD621™M) CD4™ T cells were cul-
tured in the presence of T-cell antigen receptor and CD28 signalling
plus TGF-B with or without each metabolite. Butyrate significantly
increased the frequency of Foxp3 ™ cells (Fig. 2a,b). Propionate showed
a moderate effect, whereas the other metabolites, including acetate, did
not have any effect on T cell induction at physiological concentra-
tions (Fig. 2a, b and Supplementary Fig. 8).

To corroborate the role of butyrate in Tyeg cell induction in vivo, spe-
cific pathogen-free (SPF) C57BL/6 mice were fed modified diets con-
taining acetylated, propionylated or butyrylated high-amylose maize
starches’® (HAMSA, HAMSP or HAMSB, respectively) to increase the
luminal levels of the corresponding SCFA (Fig. 2¢). Consistent with the
in vitro observations, colonic Theg cells were significantly augmented
when the diet contained HAMSB, whereas HAMSP slightly and HAMSA
barely induced T cells in SPF mice (Fig. 2d, e and Supplementary Fig, 9).
The HAMSB diet also increased the number of ovalbumin (OVA)-
specific colonic OT-II Foxp3 * cells from adoptively transferred OT-II
naive CD4™" T cells (Fig. 2f, g). Because butyrate did not affect the sur-
vival or the proliferation of colonic T, cells (Supplementary Figs 10
and 11), this increase probably reflects a role for this SCFA in regula-
ting T, cell differentiation. Furthermore, the intake of HAMSB increased
colonic T\ cells in germ-free mice mono-associated with Bacteroides
thetaiotaomicron, an organism devoid of butyrate-producing and T;eg-
cell-inducing activities per se’ (Supplementary Fig. 12). Under germ-
free conditions, HAMSB did not increase T,g cells, suggesting that the
presence of commensal bacteria is a prerequisite for T, cell induction
(Supplementary Fig. 13).

Interleukin (IL)-10 production by T cells is well documented to be
required for containment of inflammatory responses in mucosal tissues
including the colon'!, and the colonization with a mixture of Clostridiales
is sufficient to induce IL-10-producing T, cells’. Likewise, the intake
of HAMSB significantly increased IL-10-producing Tieg cells in the
colon (Fig. 2h). Collectively, these observations illustrate that butyrate
has a key role in the commensal-microbe-mediated differentiation of
functional T, cells in the colon.

Wealso explored the effect of butyrate on the differentiation of naive
T cells into other CD4 " T-cell subsets. Treatment with butyrate or feed-
ing of HAMSB did not affect the induction of T-bet, GATA3 and RORyt,
the master regulators of T helper 1 (Ty1), T2 and Ty17 cells, respec-
tively (Supplementary Figs 14 and 15). Notably, butyrate promoted the
induction of Foxp3™ cells even under Ty1- and Ty17-polarizing con-
ditions. These data strongly suggest that butyrate preferentially induces
Tieg cell differentiation.

The requirement for the Toll-like receptor (TLR)-MyD88 signalling
pathway'? in commensal microbe-induced Tz cell expansion seems to
be variable depending on the type of bacteria involved®~>**. We observed
that treatment of SPF Myd88 ™'~ Ticam1 ™'~ mice with HAMSB induced
colonic T, cells (Supplementary Fig. 16) to the same extent as in wild-
type mice (Fig. 2d, ). Therefore, TLR-MyD88 signalling is dispensable
for butyrate-dependent T\, cell induction in the colon.

Butyrate is well known to regulate gene expression epigenetically by
inhibiting histone deacetylases (HDACs)"*"*, specifically classes ITa and
I of the four HDAC classes identified in mammals. Because class Ila
HDAC has been reported to suppress Ty cell expansion'®", butyrate
may influence histone acetylation of gut CD4™ T cells to regulate
epigenetically the transcription of the genes responsible for T cell
induction. To verify this hypothesis, we performed chromatin immuno-
precipitation sequencing (ChIP-seq) analysis of naive CD4™ T cells
treated with or without butyrate under Tg-cell-polarizing conditions.
Butyrate slightly increased genome-wide histone H3 acetylation (Sup-
plementary Fig. 17). Consistently, the histone acetylation status of
the promoter regions of most transcription factors was unchanged
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Figure 2 | Butyrate induces the differentiation of T, cells in the colonic
lamina propria. a, b, Naive CD4™ T cells were stimulated with immobilized
anti-CD3 and soluble anti-CD28 monoclonal antibodies in the absence
(untreated; UT) or presence of acetate, propionate or butyrate. Representative
FACS plots are shown in a. ¢, Amount of caecal SCFA in the mice fed with
control HAMS diet or diets containing HAMSA, HAMSP or HAMSB (SA, SP
or SB, respectively). d, e, FACS profile of colonic lamina propria cells. The
representative FACS plots gated on CD3g* CD4 ™" cells are shown in d. e, The
frequency of neuropilin-1~ and neuropilin-1* Foxp3*cells among CD4* T
cells. f, g, The percentage and total number of OVA-induced Foxp3™ cells in
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mice fed with HAMS control (Ctrl) or HAMSB (SB). Representative FACS plots
gated on CD3e™ CD4" CD45.2%are shown in f. CD45.2F Vo2t CD4" T cells
were sorted and adoptively transferred into CD45.1" C57BL/6 recipients,
followed by administration of drinking water containing 1% ovalbumin (OVA)
for 9 days before analysis. h, Percentage of IL-10" cells among CD25" FR4™
colonic T cells in SPF C57BL/6 mice fed with HAMS or HAMSB. Error bars
indicate s.d. (b, n=3;¢c,n =4; e, n=>5; g, n= 4 for control and n = 5 for SB;
h, n=15). P values determined by non-parametrical Mann-Whitney U test
(g h) or one-way ANOVA followed by Tukey’s post-hoc test (b, e). All data are
representative of at least two independent experiments. NS, not significant.
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or moderately upregulated (Fig. 3a—c), and only 70 transcription factors
(4.73% of the genes categorized as a transcription factor), including
Foxp3, were highly acetylated after butyrate exposure (Fig. 3b, pink area).
Importantly, this increased histone acetylation was positively correlated
with gene expression (Fig. 3¢). Foxp3 expression is regulated not only
by its promoter but also by intragenic enhancer elements termed con-
served noncoding sequence (CNS) 1-3 (ref. 18). Butyrate upregulated
histone H3 acetylation at both the promoter and CNS3 of the Foxp3
genelocus 1 day before Foxp3 induction (Fig. 3a, d). Furthermore, buty-
rate exposure gradually increased the acetylated histone H3 status of
the CNSI1 region over the course of T, cell differentiation. In sharp
contrast, no such epigenetic modifications were observed in the Thx21,
Gata3 and Rorc genes after butyrate exposure (Supplementary Fig. 18).
CNS1, which contains binding motifs for Smad3, NFAT and retinoic
acid receptor, is important for the peripheral induction of Foxp3 (ref. 18).
Conversely, CNS3 contains a c-Rel binding motif, which establishes the
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Figure 3 | Chromatin modification at the Foxp3 locus by butyrate.
a, Time-course analysis on the differentiation of naive T cells into Foxp?fr Treg
cells. Naive CD4" T cells were cultured under Treg-cell-inducing condition in
the absence (—) or presence (+) of butyrate. b-d, Acetylated histone H3
(AcH3) status of transcriptional regulator genes at day 1 after butyrate exposure
was determined by ChIP-seq analysis. Distribution of acetylation changes in the
gene loci encoding transcription factors (TFs) was fitted using multiple
Gaussian distributions with the expectation-maximization algorithm (b).
Using this analysis, we identified two groups representing upper (highly
acetylated) and lower (moderately or not acetylated) transcriptional regulator
genes after butyrate treatment. The threshold was set so that the false discovery
ratio (FDR) in the upper group was 0.01, where 99% of transcriptional
regulators with a high acetylation changes belonged to the upper group
(b, pink area). Correlation of gene expression changes and the acetylated H3
status in transcriptional regulators is shown in ¢. Gene expression was analysed
by microarray at day 2. The normalized number of sequence tags of DNA at the
Foxp3 promoter and gene body is shown in d. ChrX, chromosome X.
e, ChIP quantitative PCR (qQPCR) analysis of the Foxp3 promoter and enhancer
regions was performed in CD4 ™" T cells cultured in the presence or absence of
butyrate, using anti-AcH3 antibody or rabbit IgG as a negative control.
Error bars indicate s.d (a, e, n = 3).
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Foxp3-specific enhanceosome and thus greatly enhances the probability
of Foxp3 induction'®?. We detected little, if any, increase in histone H3
acetylation at the c-Rel, NFAT, Smad3 or Stat5 promoters after buty-
rate exposure (Supplementary Fig. 19). Correspondingly, expression
levels of these genes remained unchanged (Supplementary Fig. 20). On
the basis of these observations, we propose that butyrate probably aug-
ments the accessibility of these transcriptional regulators to the enhancer
elements as well as the promoter region through acetylation of the Foxp3
gene locus.

Finally, we investigated the function of the butyrate-induced T cells
in chronic intestinal inflammation by adoptively transferring CD4™
CD45RB™ naive T cells into Ragl~'~ mice®'. Over the course of the
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Figure 4 | Butyrate ameliorates T-cell-dependent experimental colitis.

a—f, Experimental colitis was induced by adoptive transfer of CD4* CD45RB™
T cellsin Ragl /™ mice fed with HAMS or HAMSB. a, Body weight change was
monitored. b-f, The number of colonic lamina propria (LP)-infiltrating
mononuclear cells (b) and histological score (c), representative colonic
specimens stained with haematoxylin and eosin (HE) and Alcian

blue (AB) (d), representative immunofluorescent staining images for CD4,
CD11b, CD11c and nuclei (blue) (e) and the frequency of Foxp3™ cells in the
colonic mucosa (f) were analzsed at 6 weeks after the cell transfer. g-k, CD4™
CD45RB™ T cells from Foxp3"“P2 reporter mice were transferred into Ragl ™/~
recipients, which were injected intravenously with anti-human CD2
monoclonal antibody twice at 4 and 5 weeks after the cell transfer. Depletion of
Foxp3™ cells in the colonic lamina propria was confirmed by FACS

analysis (g). The mice were analysed for colitis development at 6 weeks after
transfer (h-k). Turquoise blue represents goblet cells (d, h, bottom). Error bars
indicate s.d. (a, b, ¢, f, n = 5; i-k, n = 4). P values were determined by
two-way repeated measures ANOVA followed by Tukey’s test (a) and
non-parametrical Mann-Whitney U test (b, ¢, i-k). **P < 0.01 (a). Scale bars,
200 um (d, e, h). All data are representative of two independent experiments.
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experiment, the recipient mice were fed either a control HAMS- or a
HAMSB-containing diet. The HAMS-fed group developed wasting disease
in association with severe colitis. However, the intake of HAMSB, but
not HAMSA or HAMSP, ameliorated the colitis development (Fig. 4a—f
and Supplementary Fig. 21). This beneficial effect is at least partly attri-
buted to the induction of colonic T cells by butyrate. In support of this
notion, depletion of T, cells abrogated the protective effect of HAMSB
(Fig. 4g-k).

The present study demonstrates that butyrate produced by gut microbes
induces functional colonic Trg cells, specifically among CD4™ T-cell
subsets, via T-cell intrinsic epigenetic upregulation of the Foxp3 gene.
However, we do not formally exclude the possibility that effects of buty-
rate other than histone acetylation status, or targets of HDAC other than
histones, may also be involved in T cell differentiation. SCFAs have
also been reported to act through cell surface signalling receptors such
as G-protein-coupled receptor 43 (GPR43) to execute some of their
functions®’; however, this is unlikely to be the case for the effect of buty-
rate on T cells, because acetate, which is a potent GPR43 ligand®,
failed to ameliorate T-cell-dependent experimental colitis or induce
Tieg cell differentiation (Fig. 2a-e and Supplementary Fig. 21). In addi-
tion, the expression of GPR43 is restricted to myeloid cells among haema-
topoietic cell lineages. Nevertheless, we do not exclude the possibility
that butyrate may stimulate other GPRs on myeloid cells including
dendritic cells to facilitate T, cell differentiation.

Butyrate has been appreciated for its beneficial effects on the host,
including trophic and anti-inflammatory effects on epithelial cells*. The
butyrate transporter is downregulated in the colonic mucosa of patients
with inflammatory bowel diseases (IBD)*. In addition, butyrate-producing
bacteria are decreased in the intestinal microbiota at the gut mucosa
and in the faecal samples of patients with IBD compared to control
patients®. These facts suggest that butyrate insufficiency may be involved
in the pathogenesis of IBD. In support of this idea, butyrate enema, alone
or as a cocktail of SCFAs, has been shown to ameliorate colonic inflam-
mation in patient with IBD*”**, although the underlying mechanisms
were not fully understood. Our findings not only link butyrate to com-
mensal microbe-mediated induction of functional T,y cells in the
colonic mucosa, but also provide molecular insight into the therapeutic
application of butyrate and how a metabolite produced by colonic micro-
bial fermentation mediates host-microbial crosstalk for establishment
of gut immune homeostasis (Supplementary Fig. 22).

METHODS SUMMARY

Animals. Germ-free IQI mice were housed in germ-free isolators in the animal
facility of RIKEN. Eight-to-ten-week-old male or female germ-free mice were orally
inoculated with 3% (v/v) chloroform-treated murine faecal suspension (CRB)®.
Germ-free and CRB-associated mice, which were housed in different isolators,
were randomly grouped, and each group was fed with a y-ray-sterilized CMF chow
(Oriental Yeast) as a HFD, or AIN93G-fomula diet (Oriental Yeast) as a LFD for
4weeks. To generate B.-thetaiotaomicron-associated mice, male or female germ-free
mice of 8-16 weeks of age were colonized with a single gavage of 10® colony-forming
units of B. thetaiotaomicron, JCM 5827T (Japan Collection of Microorganisms).
Ten days after the inoculation, B.-thetaiotaomicron-associated mice were randomly
grouped and each group was fed with the diet containing 15% (w/w) HAMS and
HAMSB as a substitute for corn starch for 4 weeks. C57BL/6 mice and Myd88 ™'~
Ticam1 ™'~ mice were purchased from CLEA Japan and Oriental Bioservice, respec-
tively. Mice were fed with AIN93G as a control diet for a week, and subsequently a
diet containing 15% (w/w) HAMS, HAMSA, HAMSP or HAMSB for 4 weeks.
Foxp3-hCD2-hCD52 knock-in (Foxp3"“P2) mice were described previously®. OT-II
transgenic mice were from the Jackson Laboratory. All animal experiments were
performed using protocols approved by Animal Studies Committees of RIKEN
Yokohama Institute and Yokohama City University. Sample size was determined
based on published studies using similar assays as well as the previous experience of
the senior authors. No blinding was done for animal studies.

Adoptive transfer of OT-II T cells. OT-II (Ly5.2) transgenic CD4 " T cells were
enriched from the spleen and lymph nodes using the IMag Cell Separation System.
CD3" CD4" CD25~ Va2 ™ cells were sorted using FACSAriall and intravenously
transferred into C57BL/6 (Ly5.1) mice. Recipient mice were administered 1%
ovalbumin in drinking water for 9 days.
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METHODS

Animals. Germ-free IQI mice were housed in germ-free isolators in the animal
facility of RIKEN. Eight-to-ten-week-old male or female germ-free mice were orally
inoculated with 3% (v/v) chloroform-treated murine faecal suspension (CRB)°.
Germ-free and CRB-associated mice, which were housed in different isolators,
were randomly grouped, and each group was fed with a y-ray-sterilized CMF chow
(Oriental Yeast) as a HFD, or AIN93G-fomula diet (Oriental Yeast) as a LFD for
4 weeks. To generate B.-thetaiotaomicron-associated mice, male or female germ-free
mice of 8-16 weeks of age were colonized with a single gavage of 10° colony-forming
units of B. thetaiotaomicron, JCM 5827T (Japan Collection of Microorganisms).
Ten days after the inoculation, B.-thetaiotaomicron-associated mice were randomly
grouped and each group was fed with the diet containing 15% (w/w) HAMS and
HAMSB as a substitute for corn starch for 4 weeks. C57BL/6 mice and Myd88 '~
Ticaml ™'~ mice were purchased from CLEA Japan and Oriental Bioservice,
respectively. Mice were fed with AIN93G as a control diet for a week, and subse-
quently a diet containing 15% (w/w) HAMS, HAMSA, HAMSP or HAMSB for
4 weeks. Foxp3-hCD2-hCD52 knock-in (Foxp3"“P2) mice were described previously®.
OT-1I transgenic mice were from the Jackson Laboratory. All animal experiments
were performed using protocols approved by Animal Studies Committees of RIKEN
Yokohama Institute and Yokohama City University. Sample size was determined
based on published studies using similar assays as well as the previous experience
of the senior authors. No blinding was done for animal studies.

Adoptive transfer of OT-II T cells. OT-II (Ly5.2) transgenic CD4™ T cells were
enriched from the spleen and lymph nodes using the IMag Cell Separation System.
CD3" CD4" CD25~ V2™ cells were sorted using FACSAriall and intravenously
transferred into C57BL/6 (Ly5.1) mice. Recipient mice were administered 1% oval-
bumin in drinking water for 9 days.

Flow cytometry. The following monoclonal antibodies were conjugated with biotin,
FITC, AlexaFluor 488, phycoerythrin (PE), PerCP-Cy5.5, PE-Cy7, allophycocya-
nin (APC), AlexaFluor 647, Alexa700, APC-H7, eFluor450, Brilliant Violet 421 or
V500 (from BD Bioscience, eBioscience or Biolegend): anti-human CD2 (RPA-
2.10), anti-mouse CD3¢ (145-2C11), CD4 (GK1.5), CD25 (PC61), CD44 (IM7),
CD45R/B220 (RA3-6B2), CD45RB (16A), CD62L (MEL-14), CD103 (2E7), Grl
(RB6-8C5), folate receptor 4, FR4 (eBio12A5), Foxp3 (FJK-16 s), Helios (22F6), IL-10
(JES5-16E3) and TER119 (TER-119). Biotinylated anti-mouse/rat neuropilin-1 poly-
clonal antibodies were from R&D Systems.

For intracellular staining of Foxp3 and Helios, lymphocytes were pre-incubated
with FcyR (CD16/CD32)-blocking monoclonal antibody (93; eBioscience) before
staining for surface antigens. The cells were then fixed, permeabilized and stained
with relevant monoclonal antibodies using the Foxp3 staining set (eBioscience)
according to the manufacturer’s instructions.

For intracellular IL-10 staining, lamina propria lymphocytes were cultured for
6h in complete medium (RPMI1640 containing 10% FCS, 100 Uml ™! penicillin,
100 pgml ™" streptomycin, 55 tM mercaptoethanol and 20 mM HEPES, pH7.2)
supplemented with 50 ngml ™" phorbol myristate acetate, 500 ng ml~ ! ionomycin,
and Golgi Plug (BD Bioscience) in 12-well plates. The lymphocytes were then stained
with monoclonal antibodies against CD3¢, CD4, CD25 and FR4, followed by intra-
cellular staining for IL-10 using a Cytofix/Cytoperm kit (BD Bioscience). Our
preliminary experiments demonstrated that the colonic CD3¢™ CD4" CD25™
FR4™ population exclusively consists of Foxp3™ cells, consistent with a previous
report™. The stained samples were analysed using FACSCanto ITand FACSAria II
flow cytometers with DIV A software (BD Biosciences) and FlowJo software ver-
sion 9.3.2 (Tomy Digital Biology).

Preparation of lymphocytes. Colonic lamina propria lymphocytes were prepared
as described previously®.. In brief, colonic tissues were treated with HBSS (Wako
Pure Chemical industries) containing 1 mM dithiothreitol and 20 mM EDTA at
37°C for 20 min to remove epithelial cells. The tissues were then minced and dis-
sociated with collagenase solution containing 0.5 mgml ™" collagenase (Wako Pure
Chemical Industries), 0.5mgml ™~ ! DNase I (Roche Diagnostics), 2% FCS, 100 Uml ™~ !
penicillin, 100 pgml ™" streptomycin and 12.5 mM HEPES, pH 7.2, in RPMI 1640
medium (Sigma-Aldrich) at 37 °C for 30 min to obtain single-cell suspensions.
After filtering, the single-cell suspensions were washed with 2% FCS in RPMI1 1640,
and subjected to Percoll gradient separation. The spleen and mesenteric lymph
nodes were mechanically disrupted into single-cell suspensions.

In vivo EdU-incorporation assay. To detect proliferating cells in vivo, HAMS- or
HAMSB-fed mice received intraperitoneal injection of 3 mg EdU in 200 pl PBS,
followed by administration of drinking water containing 0.8 mg ml ™' EdU for 2 days
before the analysis. EdU-incorporated cells in cLP were visualized using Click-it
EdU Flow cytometry kit (Invitrogen), following the manufacturer’s instructions.

Microbiological analysis. Bacterial genomic DNA was isolated as described previ-
ously with some modifications®. In brief, faecal samples were lyophilized by using
VD-800R lyophilizer (TAITEC) for 24 h. Freeze-dried faeces were disrupted with
3.0 mm Zirconia Beads (Biomedical Science) by vigorous shaking (1,500 r.p.m. for

10 min) using Shake Master (Biomedical Science). Faecal samples (10 mg) were
suspended with DNA extraction buffer containing 400 pl 10% (w/v) SDS/TE
(10mM Tris-HCl, 1mM EDTA, pH8.0) solution, 400 ul phenol/chloroform/
isoamyl alcohol (25:24:1), and 200 ul 3 M sodium acetate. Faeces in mixture buffer
were further disrupted with 0.1 mm zirconia/silica beads (BioSpec Products) by
vigorous shaking (1,500 r.p.m. for 10 min) using Shake Master (Biomedical Science).
After centrifugation at 15,000 for 30 min at room temperature, bacterial genomic
DNA was purified from the faecal extracts by a phenol/chloroform/isoamyl alcohol
method. Adequate amounts of bacterial genomic DNA samples were amplified by
the SYBR premix Ex Taq (TAKARA BIO) with the universal primers or Clostridiales-
specific primers for the genes encoding the bacterial 16S rRNA sequence™. The
results were calculated as the quantity relative to the copy number detected in the
faeces of conventional mice.

454-barcoded pyrosequencing of 16S rRNA genes. The V1-V2 region of the 16S
rRNA gene was amplified as described elsewhere®. Mixed samples were prepared
by pooling approximately equal amounts of PCR amplicons from each sample and
subjected to 454 GS JUNIOR (Roche Applied Science) sequencing according to the
manufacturer’s instructions. 16S rRNA reads were analysed using QIIME(v1.6):
fasta, quality files and a mapping file indicating the bar-code sequence correspon-
ding to each sample were used as input. The QIIME pipeline takes this input infor-
mation and split reads by samples according to the bar code, and classifies all 3,000
filter-passed reads of the 16S V1-V2 sequences obtained from each sample into
operational taxonomic units on the basis of sequence similarity. It also performs
taxonomical classification using the RDP-classifier (v2.5)**. The phylogenetic tree
was constructed using ClustalW 2.0 (ref. 36) with 100 bootstrap iterations. The
tree was visualized with iTOL”.

NMR-based metabolomics. Faecal and caecal metabolites were extracted by gentle
shaking with 100 mM potassium phosphate buffer containing 90% deuterium
oxideand 1 mM sodium 2,2-dimethyl-2- silapentane-5-sulphonate as the chemical
shift reference (8 = 0.0 p.p.m.), and then analysed by "H-NMR and 'H, *C-NMR
(refs 38, 39). PCA and orthogonal partial least squares discriminate analysis on
the caecal metabolome data were run with the SIMCA-P+ software (ver 12.0,
Umetrics)***!. AILNMR experiments were conducted using Bruker DRX-700 spec-
trometer equipped with a cryogenically cooled probe. The NMR spectra were
processed essentially as described>*. In brief, "H-NMR data were reduced by
subdividing the spectra into sequential 0.04 p.p.m. designated regions between 'H
chemical shifts of 0.0 to 9.5 p.p.m. After exclusion of water resonance, each region
was integrated and normalized to the total of all resonance integral regions. Meta-
bolite annotations were performed using our standard database*>*.

Mass spectrometry. Organic acid concentrations of caecal contents and colonic
tissues were determined by gas chromatography-mass spectrometer (GC-MS)*".
Inbrief, 10 mg caecal contents or colonic tissues were disrupted using 3 mm zirconia/
silica beads (BioSpec Products) and homogenized with extraction solution con-
taining 100 pl of internal standard (100 uM crotonic acid), 50 pl HCl and 200 pl
ether. After vigorous shaking using Shakemaster neo (Bio Medical Science) at
1,500 r.p.m. for 10 min, homogenates were centrifuged at 1,000g for 10 min and
then the top ether layer was collected and transferred into new glass vials. Aliquots
(80 pl) of the ether extracts were mixed with 16 pl N-tert-butyldimethylsilyl-N-
methyltrifluoroacetamide (MTBSTFA). The vials were sealed tightly, heated at
80 °C for 20 min in a water bath, and then left at room temperature for 48 h for
derivatization. The derivatized samples were run through a 6890N Network GC
System (Agilent Technologies) equipped with HP-5MS column (0.25 mm X 30 m
X 0.25 um) and 5973 Network Mass Selective Detector (Agilent Technologies).
Pure helium (99.9999%) was used a carrier gas and delivered at a flow rate of
1.2mlmin~"%. The head pressure was set at 97 kPa with split 20:1. The inlet and
transfer line temperatures were 250 and 260 °C, respectively. The following tem-
perature program was used: 60 °C (3 min), 60-120 °C (5 °C per min), 120-300 °C
(20 °C per min). One microlitre of each sample was injected with a run time of
30 min. Organic acid concentrations were quantified by comparing their peak
areas with the standards.

HPLC analysis of faecal organic acids. Faecal and caecal organic acids were mea-
sured by the internal standard method using an HPLC equipped with Shim-pack
SCR-102H column (Shimadzu) and an electroconductivity detector (CDD-6A,
Shimadzu)*,

In vitro cultures. CD4™ cells were enriched from the spleen and lymph nodes of
C57BL/6 mice by a negative selection method with the IMag Cell Separation System
(BD Bioscience) using a mixture of biotinylated monoclonal antibodies against
B220, CD8a, CD11c, Gr-1 and Ter-119 and Streptavidin Particle Plus-DM (all
from BD Bioscience). The enriched CD4™ fraction was subjected to cell sorting
with FACSAiall to isolate CD3* CD4"CD25~ CD44'° CD62L" naive T cells.
For Teg cell polarization, naive CD4™ T cells (5 X 10° cells ml ™) were stimulated
with immobilized anti-CD3 monoclonal antibody (10 pig m1 ") and soluble anti-
CD28 monoclonal antibody (1 pg ml™") supplemented with 0.2 ngml ™" TGE-p1
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