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The Butyrate-Producing Bacterium Clostridium butyricum
Suppresses Clostridioides difficile Infection via Neutrophil-
and Antimicrobial Cytokine–Dependent but
GPR43/109a-Independent Mechanisms

Atsushi Hayashi,*,† Hiroko Nagao-Kitamoto,* Sho Kitamoto,* Chang H. Kim,‡,x and

Nobuhiko Kamada*

Short-chain fatty acids, such as butyrate, are major gut microbial metabolites that are beneficial for gastrointestinal health. Clostridium

butyricum MIYAIRI588 (CBM588) is a bacterium that produces a robust amount of butyrate and therefore has been used as a live

biotherapeutic probiotic in clinical settings. Clostridioides difficile causes life-threatening diarrhea and colitis. The gut resident micro-

biota plays a critical role in the prevention of C. difficile infection (CDI), as the disruption of the healthy microbiota by antibiotics greatly

increases the risk for CDI. We report that CBM588 treatment in mice significantly improved clinical symptoms associated with CDI and

increased the number of neutrophils and Th1 and Th17 cells in the colonic lamina propria in the early phase of CDI. The protective

effect of CBM588 was abolished when neutrophils, IFN-g, or IL-17Awere depleted, suggesting that induction of the immune reactants is

required to elicit the protective effect of the probiotic. The administration of tributyrin, which elevates the concentration of butyrate in

the colon, also increased the number of neutrophils in the colonic lamina propria, indicating that butyrate is a potent booster of

neutrophil activity during infection. However, GPR43 and GPR109a, two G protein–coupled receptors activated by butyrate, were

dispensable for the protective effect of CBM588. These results indicate that CBM588 and butyrate suppress CDI, in part by boosting

antimicrobial innate and cytokine-mediated immunity. The Journal of Immunology, 2021, 206: 1576–1585.

T
he gut microbiota contributes to the regulation of the host
immune system and homeostasis. Numerous studies have
demonstrated that the gut microbiota is associated with

many pathological conditions, such as inflammatory bowel disease
(1, 2), obesity (3, 4), diabetes (5, 6), rheumatoid arthritis (7),

multiple sclerosis (8), graft-versus-host disease (9, 10), and in-
fections (11, 12). Short-chain fatty acids (SCFA), especially bu-
tyrate, acetate, and propionate, are major metabolites produced by
fermentation of dietary fiber by the gut microbiota (13). Butyrate
promotes the epithelial barrier function (14) and induces antimi-
crobial peptides, such as regenerating islet-derived protein 3
(Reg3)g and b-defensins (15). Butyrate is known for its potent
epigenetic regulatory activity as a histone deacetylase inhibitor
(HDACi) (16). Also, butyrate suppresses inflammatory responses,
in part, by inhibiting NF-kB (17). G protein–coupled receptors
(GPR) 41, 43, and 109a have been identified as the SCFA-sensing
receptors (18). GPR43, which is highly expressed in epithelial
cells and certain types of immune cells, such as neutrophils, binds
to SCFA, specifically to butyrate (15, 19). GPR43 triggering by
SCFA induces neutrophil chemotaxis (19, 20). GPR43 deficiency
leads to reduced acute inflammation, as evidenced by delayed
epithelial cytokine and neutrophil responses in animal models of
colitis (20, 21). In chronic inflammatory conditions, GPR43-
deficient mice showed increased inflammatory responses, which
is consistent with defective acute responses and microbial invasion
(20, 22). Consistently, GPR43-deficient mice infected with Cit-
robacter rodentium were more susceptible to infection than wild-
type (WT) mice (22).
Clostridioides difficile is a Gram-positive, spore-forming bac-

terium that causes life-threatening diarrhea and colitis. The use of
antibiotics decreases the overall diversity of the gut microbiota
(dysbiosis), resulting in C. difficile infection (CDI) through the
aberrant proliferation of C. difficile. Fecal microbiota transplan-
tation is known to be an effective treatment for CDI (23). How-
ever, the risk of serious adverse events, likely due to transmission
of pathogenic organisms, has prompted the Food and Drug Ad-
ministration to issue a safety alert regarding the use of fecal
microbiota transplantation to treat patients with CDI. A recent
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report has demonstrated that butyrate produced by gut microbiota
mitigates the pathogenicity of colitis induced by C. difficile (24).
Although it has been proposed that butyrate-induced HIF-1a–
mediated strengthening of tight junctions is a potential mechanism
for the protective effect of butyrate, the data are not convincing
because of the dominant effect of HIF-1a deficiency over butyrate
on CDI.
Unlike the pathogenic bacterium C. difficile,Clostridium butyricum

MIYAIRI588 (CBM588), which is used as a live biotherapeutic
product (also referred to as a probiotic) in clinical settings,
lacks Clostridium toxin genes (25). Indeed, CBM588 adminis-
tration antagonizes enteric pathogens, including C. difficile, Candida
albicans, enterotoxigenic Escherichia coli, Salmonella spp., Vibrio
spp., Helicobacter pylori, and enterohemorrhagic E. coli (26–28).
Also, CBM588 suppresses inflammatory responses (29, 30) and
contributes to the prevention of infectious disease (31) and
antibiotic-associated diarrhea (32).
Antibiotics decrease the levels of butyrate-producing bacteria in

the colon, thereby resulting in the impairment of the epithelial
barrier and increasing susceptibility to pathogens (33). Despite
recent progress, the precise mechanisms by which butyrate and
CBM588 regulate the susceptibility and immune responses to CDI
remain unclear. In this study, we show that CBM588 ameliorates
CDI in mice through the induction of neutrophils and Th1 cells in
the intestine. Butyrate induces neutrophil recruitment during CDI.
Notably, the protective effect and neutrophil recruitment induced
by CBM588 are mediated by GPR43/109a–independent mecha-
nisms. Our data suggest that CBM588 boosts host immunity
through neutrophils and antimicrobial cytokines, thus preventing
the inflammation and mortality caused by CDI.

Materials and Methods
Animals

C57BL/6 WT mice were purchased from The Jackson Laboratory and
housed and bred in the animal facility at the University of Michigan.
GPR432 /2109a2 /2 mice were obtained from Dr. S. Offermanns
(Max Planck Institute for Heart and Lung Research, Bad Nauheim,
Germany) (34, 35). To minimize the confounders caused by micro-
bial differences, we used the mixed bedding protocol to normalize
the gut microbiota (36). In all experiments, the microbiota of mice
was normalized by mixed bedding for 2 wk prior to the experiments.
All animal studies were approved by the University of Michigan
Institutional Animal Care and Use Committee and performed in ac-
cordance with institutional guidelines.

CDI in mice

C57BL/6 WT, GPR432/2109a2/2 mice (8–13 wk of age, female and male)
were pretreated with cefoperazone (CPZ) (0.5 mg/ml) (MP Biomedicals) in
sterile drinking water for 8 d, followed by 2 d of regular drinking water. Mice
were then infected with 1 3 103 spores of C. difficile strain VPI 10463
administered by oral gavage on day 0. Body weight and clinical symptoms
were monitored for the duration of the experiment. To count C. difficile
colonization, fecal pellets were homogenized in PBS, plated on taurocholate-
cycloserine-cefoxitin-fructose agar plates, and incubated anaerobically for
24 h at 37˚C, as previously described (37). To deplete neutrophils, mice were
injected i.p. with anti–Ly-6G mAb clone 1A8 (Bio X Cell) or control rat
IgG2a (400 mg/200 ml) 1 d before CDI and then every 24 h. To neutralize
IFN-g, mice were injected i.p. with anti–IFN-g mAb clone XMG1.2 (Bio X
Cell) or control IgG1 (500 mg/200 ml) 1 d before CDI and then every 24 h.
To neutralize IL-17A, mice were injected i.p. with anti–IL-17A mAb clone
17F3 (Bio X Cell) or control IgG1 (500 mg/200 ml) 1 d before CDI and then
every 24 h. For SCFA treatment, mice were given 3 g/kg tributyrin (Sigma-
Aldrich) 2 d before CDI and then daily for 3 d.

Preparation of the CBM588 strain and oral administration to
mice with CDI

CBM588 was obtained from Miyarisan Pharmaceutical. The biochemical
characteristics of this probiotic strain have been described previously (38).
CBM588 was grown on nutrient agar (Nissui Pharmaceutical) containing

0.5% (w/v) glucose and 0.3% (w/v) CaCO3 (Kanto Chemical) for 48 h in
an anaerobic chamber. Colonies grown on the agar surface were suspended
in sterile water at 1 3 109 CFU/ml. Mice were treated with 1 3 108 CFU
of CBM588 2 d before CDI and then daily for 3 d.

C. difficile germination and growth studies in antibiotic-
treated mouse cecal content

As previously described (37), mouse cecal content (non-CPZ– and CPZ-
treated) was diluted with PBS (1:2 ratio) in an anaerobic chamber. Heat-
treated C. difficile spores (65˚C for 20 min) were added to the PBS-diluted
murine cecal content and cocultured with or without CBM588 spores. This
was followed by anaerobic incubation at 37˚C for 6 h to assess germination
and outgrowth. After incubation, bacterial enumeration was done on the
taurocholate-cycloserine-cefoxitin-fructose agar selective medium. The
remaining cecal content was heated at 65˚C for 20 min to kill any vege-
tative cells and followed by bacterial enumeration.

Tissue preparation and flow cytometry

Single-cell suspensions of intestinal lamina propria (LP) mononuclear cells
(LPMC) were prepared as previously described (29). Briefly, the colon and
cecum were removed and cut into small pieces. The dissected mucosa was
incubated with HBSS containing 1 mM DTT (Sigma-Aldrich) and 5 mM
EDTA (Quality Biological) for 30 min at 37˚C to remove the epithelial
layer. The pieces of intestine were washed and placed in a digestion so-
lution containing 1.5% FBS, 1.0 mg/ml collagenase type 3 (Worthington
Biochemical), and 0.1 mg/ml DNase (Worthington Biochemical) for 1 h at
37˚C. Intestinal supernatants were washed, resuspended in 40% Percoll,
and overlaid on a 75% Percoll fraction. Percoll gradient separation was
performed by centrifugation at 700 3 g for 20 min at room temperature.
LPMC were collected at the interphase, washed, and resuspended in FACS
buffer or RPMI 1640 medium (Life Technologies, Thermo Fisher Scien-
tific) containing 10% FBS (Life Technologies, Thermo Fisher Scientific)
and 1% penicillin/streptomycin (Life Technologies, Thermo Fisher
Scientific).

For intracellular cytokine staining, cells were stimulated for 4 h with
50 ng/ml PMA (Sigma-Aldrich) and 1 mg/ml ionomycin (Sigma-Aldrich)
in the presence of 1 mg/ml BD GolgiStop (BD Biosciences) in an incubator
at 37˚C. For cell surface staining of various molecules, cells were pre-
incubated with an FcgR-blocking mAb (CD16/32; 2.4G2; BD Biosci-
ences) for 20 min, followed by incubation with specific mAb for 20 min on
ice. After staining surface molecules, the cells were resuspended in a
fixation/permeabilization solution (BD Biosciences), and intracellular
staining was performed. Standard six-color flow cytometric analyses were
performed on the BD FACSCelesta (BD Biosciences), and data were an-
alyzed using FlowJo software (BD Biosciences). Background fluorescence
was assessed by staining with isotype-matched control mAb. FITC-,
PE-, PerCP-Cy5.5–, allophycocyanin-, PE-Cy7–, allophycocyanin-Cy7– or
Alexa Fluor 647–conjugated mAb against CD4 (GK1.5), CD3 (145-2C11),
CD11b (M1/70), CD11c (N418), CD45 (30-F11), Ly-6G (1A8–Ly-6G),
Ly-6C (HK1.4), Foxp3 (FJK-16S), Tbet (eBio4B10), IFN-g (XMG1.2),
and IL-17A (eBio17B7) were from eBioscience (Thermo Fisher Scien-
tific), and RORgt (Q31-378) was from BD Biosciences. For the immune
cell analysis, we first removed dead cells and debris and gated
on lymphocytes using forward scatter/side scatter. Live leukocytes were
then gated as CD45-positive and 7-aminoactionomycin D–negative cells.
For the neutrophil and monocyte analysis, we pregated on CD11b+ cells
and then gated on Ly-6G and Ly-6C. For the T cell analysis, we gated on
CD3+ CD4+ T cells. For non–T cells, we gated on CD32 CD42 cells. For
intracellular transcriptional factor and cytokine analysis, we did not use
7-aminoactinomycin D staining.

Meta 16S rRNA gene sequencing

Genomic DNAwas extracted using a modified QIAGENDNeasy Blood and
Tissue Kit protocol (QIAGEN). The 16S rRNA gene sequencing was
performed as previously described (39). PCR was performed using
MightyAmp DNA Polymerase Ver.3 (Takara Bio) and the Illumina forward
primer 59-AATGATACGGCGACCACCGAGATCTACAC (adaptor se-
quence) plus barcode (eight bases) plus ACACTCTTTCCCTACACGACG-
CTCTTCCGATCT (sequence primer) plus CCTACGGGNGGCWGCAG-39
(341F) and the Illumina reverse primer 59-CAAGCAGAAGACGGCA-
TACGAGAT (adaptor sequence) plus barcode (eight bases) plus GTGAC-
TGGAGTTCAGACGTGTGCTCTTCCGATCT (sequence primer) plus
GACTACHVGGGTATCTAATCC-39 (805R) to the hypervariable V3–V4
region of the 16S rRNA gene. Amplicons generated from each sample were
subsequently purified using SPRIselect (Beckman Coulter). The amount of
DNAwas quantified using a Quantus Fluorometer and the QuantiFluor ONE
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dsDNA System (Promega). Mixed samples were prepared by pooling ap-
proximately equal amounts of each amplified DNA and sequenced using the
MiSeq Reagent Kit v3 (600 cycle) and the MiSeq sequencer (Illumina),
according to the manufacturer’s instructions.

Sequence analysis pipeline

The 16S rRNA sequence data generated by the MiSeq sequencer
(Illumina) were processed by the Quantitative Insights into Microbial
Ecology open-source bioinformatics pipeline (QIIME 1.9.1) (40, 41) at
Miyarisan Pharmaceutical. Sequences with an average quality value
,20 were filtered out. Chimeric sequences were removed using
USEARCH (42). Sequences were clustered into operational taxonomic
units (OTU) based on 97% sequence similarity at the species level
using UCLUST (42) against the Greengenes Database gg 13_8 (43). A
representative sequence for each OTU was aligned with PyNAST (40).
Bacterial taxonomy was assigned using UCLUST (42). Genomic DNA
from 20 strain even mix genomic material (American Type Culture
Collection) was used to evaluate the data analysis procedures. Diver-
sity analyses were run using the QIIME core_diversity_analyses.py
script. Microbiota diversity was measured by the Shannon index.

Quantitative real-time PCR

Quantitative real-time PCR analysis was performed using Radiant
SYBR Green Lo-ROX qPCR kit (Alkali Scientific). The primer sets
used in this study were as follows: Reg3b forward, 59-CTCTCCTGC-
CTGATGCTCTT-39 and reverse, 59-GTAGGAGCCATAAGCCTGGG-
39; Reg3g forward, 59-TCAGGTGCAAGGTGAAGTTG-39 and reverse,
59-GGCCACTGTTACCACTGCTTTAGGATTGTCAAAAGATGTC-39; and
MUC2 forward, 59-GCCAAGGAAGGTGTCTGCA-39 and reverse, 59-CC-
TTGCAGTCAAACTCAAAGTGCT-39.

Statistical analysis

The results were expressed as the mean 6 SEM. Statistical analyses
were performed using GraphPad Prism version 7.0 (GraphPad Soft-
ware). Groups of data were compared using one-way ANOVA followed
by the Bonferroni post hoc test or the Mann–Whitney U test. Differ-
ences at p , 0.05 were considered to be statistically significant.

Results
Oral administration of CBM588 protects mice against CDI

Mice were pretreated with CPZ to disrupt the healthy microbiota
and then infected with C. difficile strain VPI 10463 to induce
CDI. CBM588 was administered on day 2 and day 1 prior to CDI
and on days 0, 1, 2 after CDI (Fig. 1A). The CBM588 treatment
significantly reduced body weight loss and animal mortality
caused by CDI, compared with the untreated control group
(Fig. 1B, 1C). The decrease in the number of C. difficile coloni-
zation in the feces was slight but significant in the CBM588-treated
group on day 1 postinfection (Fig. 1D). CBM588 administration
significantly increased the expression of antimicrobial peptides,
such as Reg3b and -g gene expression in the cecum, whereas
Muc2 expression did not change (Fig. 1E). Next, to characterize
the effect of gut microbiota composition on the CBM588 pro-
tective effect, fecal samples were collected and analyzed by
sequencing the 16S rRNA. Bacterial richness (the number of
observed OTU) and a diversity (Shannon index) were reduced
after CPZ treatment in both groups (Fig. 1F). CBM588 treatment
restored neither the diversity nor the richness of the gut micro-
biota (Fig. 1F). Principal coordinates analysis plots of weighted
UniFrac distances revealed that the microbiota profile in CBM588-
treated mice was distinct from control mice before the C. difficile
challenge (Fig. 1G). However, the structure of the microbiota in
CBM588-treated mice remained different from the healthy
protective microbiota (i.e., before CPZ treatment), suggesting
that the gut microbiota may not be associated with the preven-
tive effect of CBM588 against CDI (Fig. 1F, 1H). Next, we
examined whether CBM588 directly suppresses the proliferation
of C. difficile in the gut. To this end, cecal contents were col-
lected from mice with and without CPZ treatment. C. difficile

spores were inoculated into the cecal contents and cultured ex
vivo. As previously reported (37), C. difficile growth was ob-
served in the cecal contents isolated from CPZ-treated mice but
not in the cecal contents isolated from mice with intact gut
microbiota (Fig. 1J). CBM588 did not suppress the vegetative
C. difficile growth ex vivo (Fig. 1J). These results demonstrate
that CBM588 does not directly inhibit the germination or growth
of C. difficile, nor does it alter the gut microbial structure.
Rather, CBM588 may affect host immunity, which in turn sup-
presses the growth of C. difficile and attenuates C. difficile–
induced damage in the intestine.

Immunomodulatory role of CBM588 in CDI

CBM588 has been shown to possess immunoregulatory and anti-
inflammatory properties (29, 30). To determine whether CBM588
modulates host immunity to combat C. difficile, we analyzed
immune cell profiles in the colonic LP of mice with or without
CBM588 treatment. In the early phase of CDI, the administration
of CBM588 significantly increased the number of Ly-6G+ Ly-6C+

neutrophils and Ly-6G2 Ly-6C+ monocytes in the colonic LP
(Fig. 2A, 2B). To further examine the involvement of observed
immunological changes in CBM588-mediated protection against
CDI, we blocked neutrophil recruitment. As expected, the deple-
tion of neutrophils by an anti–Ly-6G mAb canceled the protective
effect of CBM588 on CDI (Fig. 2C–E). The number of C. difficile
in the feces was not affected by neutralization (Fig. 2F). Consis-
tent with our previous report (30), CBM588 treatment signifi-
cantly increased Foxp3+ regulatory T (Treg) cells in mice before
the C. difficile challenge (Fig. 3A, 3B). In contrast, CBM588
treatment did not alter the frequency of Foxp3+ Treg cells in the
colon during CDI (Fig. 3A, 3B). In contrast, CBM588 treatment
significantly increased the frequency of Tbet+ Th1 cells and in-
duced a higher production of IFN-g and IL-17A by CD4+ T cells
(Fig. 3A, 3B). Of note, neither IFN-g nor IL-17A production by
non–T cells, such as innate lymphoid cells (ILC), was promoted
by CBM588 treatment (Fig. 3C, 3D). Similar to neutrophil de-
pletion, the administration of an IFN-g or IL-17A neutralizing
mAb attenuated the protective effect of CBM588 without affecting
C. difficile colonization (Fig. 3E–L). These results indicate that
CBM588 suppresses CDI through the induction of neutrophils and
Th1 and Th17 cells in the colonic LP.

Tributyrin treatment promotes recruitment of neutrophils in the
colonic LP after CDI

The beneficial effects of the SCFA, especially butyrate, produced
by the gut microbiome, are well documented. In this context, it has
been reported that disruption of the gut microbiota by CPZ
treatment results in the reduction of SCFA, including acetate,
propionate, and butyrate, in the cecum (33). Given that CBM588
can produce a robust amount of butyrate, we speculated that bu-
tyrate produced by CBM588 may regulate host immune defense,
thereby rendering the host protected against CDI. Hence, we next
examined the effect of butyrate on immune modulation during
CDI. To this end, mice were given tributyrin, which elevates the
concentration of butyrate in the colon, and then challenged with
C. difficile. As tributyrin has been shown to protect mice from CDI
(24), we examined its effect on the immune cells that were reg-
ulated by CBM588 treatment. Similar to CBM588, tributyrin
significantly promoted the recruitment of neutrophils in the co-
lonic LP during CDI (Fig. 4A, 4B). Unlike CBM588, tributyrin
did not alter the production of IFN-g and IL-17A by T cells
(Fig. 4C, 4D). These results suggest that, in addition to promot-
ing neutrophil recruitment in a butyrate-dependent manner,
CBM588 promotes the differentiation of Th1 and Th17 cells and
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their production of IFN-g and IL-17A through a mechanism in-
dependent of butyrate production. Tributyrin administration
caused a significant increase the expression of Reg3b and -g genes
in the colon (Fig. 4E), suggesting that butyrate induced the anti-
microbial peptides. GPR43 is a known SCFA receptor, with an
especially high affinity to butyrate (44). It has been reported that
butyrate–GPR43 signaling is crucial for the recruitment of neu-
trophils (20). To this end, we used mice deficient in GPR43 and
another receptor, GPR109a. Tributyrin treatment did not induce
neutrophil recruitment by LPMC in GPR43/109a double knockout

(dKO) mice with CDI (Fig. 4F, 4G), suggesting that tributyrin
mediates GPR activation.

Protective effects of CBM588 in CDI are independent of
GPR43/109a signaling

Hence, we next examined the importance of GPR43 in the pro-
tective effect of CBM588. GPR43/109a dKO mice were pre-
treated with CPZ and then challenged with C. difficile (Fig. 5A).
CBM588 was administered before and after CDI, and the animal
mortality and body weight were monitored. Contrary to our

FIGURE 1. Oral administration of CBM588 protects the mice against CDI. (A) Experimental design included C57BL/6 WT mice that were pretreated

with CPZ (0.5 g/l) in sterile drinking water for 8 d, followed by 2 d of regular drinking water. Mice were then infected with 1 3 103 spores of C. difficile

VPI 10463. The mice were either untreated or orally inoculated with 1 3 108 spores of CBM588 after CPZ treatment. (B) Mice were assessed for survival

after CDI. Survival curve is a combination of five independent experiments. (C) Change in body weight. (D) The number of C. difficile spores in feces on

day 1 after CDI. (E) Expression of Reg3b and -g and Muc2 mRNAs in the cecum, normalized to Actb expression. (F) Microbiota composition in feces was

determined by 16S rRNA analysis. Differences in OTU and Shannon diversity indices at day 0 (pre-CPZ), day 8 (post-CPZ), and day 10 (before infection)

between two groups. (G) The principal coordinates analysis plots show two groups of subjects defined by weighted UniFrac microbiota analysis on days 0,

8, and 10. (H and I) Taxon-based analysis at the phylum and family levels among the groups. Data are expressed as the percentage relative abundance. (J)

Ex vivo growth of C. difficile in mouse cecal content with or without CPZ treatment. C. difficile and CBM588 spores in the cecal contents were cultured for

6 h to confirm the germination and outgrowth of C. difficile. Data are representative of two independent experiments, and statistical data are expressed as the

mean6 SEM [(B–D) n = 10 per group, (C) n = 4 per group, (E–H) n = 4 per group, and (J) n = 5 per group]. *p, 0.05. Mb, microbiota; n.s., not significant.
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expectation, the protective effect of CBM588 against CDI remained
obvious in GPR43/109a dKO mice (Fig. 5B, 5C). Administration of
CBM588 significantly reduced the number of C. difficile in these
mice (Fig. 5D). As observed in WT mice, CBM588 treatment
significantly increased recruitment of neutrophils during CDI
(Fig. 5E, 5F). In contrast, unlike WT mice, CBM588 did not
increase the number of Tbet+ Th1 cells nor their production of
INF-g in GPR43/109a dKO mice (Fig. 5G, 5H). It has been reported
that SCFA induce Reg3b and -g in intestinal epithelial cells in WT
but not GPR432/2 mice (15). Consistent with these observations, the
administration of CBM588 did not increase Reg3b and -g gene ex-
pression in GPR43/109a dKO mice (Fig. 5I).

Discussion
In the current study, we demonstrate that the butyrate-producing
probiotic bacterium CBM588 prevents CDI through the recruitment

of neutrophils and the activation of protective T cell immunity. The
recruitment of neutrophils is likely elicited by butyrate produced by
CBM588. Unexpectedly, the major butyrate receptors GPR43 and
GPR109a were not required for the neutrophil recruitment induced by
CBM588.
Neutrophils, also known as polymorphonuclear leukocytes, play

various roles in the gastrointestinal tract, both beneficial and
harmful (45). Neutrophils engulf and kill invading infectious
agents and therefore mediate acute immune responses to clear
pathogens, particularly bacterial and fungal pathogens (46). In
contrast, excessive or sustained recruitment of neutrophils in the
intestine can mediate chronic inflammatory responses such as
occur in inflammatory bowel disease. Neutrophils not only elicit
inflammation through the secretion of several inflammatory me-
diators (47), but they also promote the repair of damaged epi-
thelial cell barriers (47). Consistent with this notion, the depletion

FIGURE 2. Protective effects of neutrophils induced by CBM588 treatment in the intestine after CDI. LPMC were isolated from WT mice before CDI

and day 1 and day 2 after CDI. The mice were either untreated or orally inoculated with CBM588 after CPZ treatment. (A) Expression of Ly-6G+ CD11b+

neutrophils and Ly-6G2 Ly-6C2 CD11b+ monocytes. (B) Statistical analysis of the percentages of neutrophils and monocytes. (C) C57BL/6 WT mice were

pretreated with CPZ (0.5 g/l) in sterile drinking water for 8 d, followed by 2 d of regular drinking water. Mice were then infected with 1 3 103 spores of

C. difficile VPI 10463. The mice were orally inoculated with 1 3 108 spores of CBM588 after CPZ treatment and then every 24 h. Neutralizing anti–Ly-6G

mAb or control IgG (400 mg/200 ml) was administered 1 d before CDI and then every 24 h. (D) Mice were assessed for survival after CDI. (E) Change in

body weight. (F) The number of C. difficile spores in feces on day 1 after CDI. Data are representative of two independent experiments, and statistical data

are expressed as the mean 6 SEM (n = 5–7 per group). *p , 0.05. Mono, monocyte; Neut, neutrophil; n.s., not significant.
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FIGURE 3. Protective effects of CBM588 in mice with CDI are IFN-g and IL-17A dependent. LPMC were isolated from WT mice before CDI and day 1

after CDI. The mice were either untreated or orally inoculated with CBM588 after CPZ treatment. (A) Expression of CD3+ CD4+ T cells and Foxp3, Tbet,

and RORgt within the CD4+ cell populations. Frequency of IFN-g+ and IL-17A+ CD4 T cells. (B) Statistical analyses of Foxp3+, Tbet+, RORgt+, IFN-g+,

and IL-17A+ cells within the CD4+ cell populations. (C) Expression of CD32 CD42 non–T cells and frequency of IFN-g+ and IL-17A+ CD32 CD42 non–

T cells. (D) Statistical analyses of IFN-g+ and IL-17A+ cells within the CD32 CD42 non–T cell populations. (E and I) C57BL/6 WT mice were pretreated

with CPZ (0.5 g/l) in sterile drinking water for 8 d, followed by 2 d of regular drinking water. Mice were then infected with (Figure legend continues)
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of neutrophils impairs the regeneration of intestinal epithelial
cells, thereby exacerbating mouse models of colitis (48). In this
study, we observed that neutrophils seem to directly suppress the
pathogen burden, as the colonization of C. difficile was signifi-
cantly decreased in mice treated with CBM588. However, the
depletion of neutrophils did not change the number of C. difficile
in feces. In this regard, it is possible that neutrophils eradicate
C. difficile that are associated with or that invade the mucosal
tissue. In addition to a phagocytic role, neutrophils may contribute
to the restoration of the epithelial barrier that is damaged by toxins

produced by C. difficile. In all of these scenarios, neutrophil re-
cruitment is likely a major host defense mechanism elicited by
CBM588 against CDI. To our surprise, GPR43, which can func-
tion as a chemoattractant receptor triggered by SCFA gradients
(49), is not required for CBM588-mediated neutrophil recruit-
ment. In addition to the direct signaling effect through GPR43,
SCFA may indirectly regulate neutrophils through the activation
of other cell types, such as immune cells. In this regard, IL-17A
promotes neutrophil recruitment and survival. The enhanced
IL-17A production elicited by CBM588 may in part explain how

1 3 103 spores of C. difficile VPI 10463. The mice were orally inoculated with 1 3 108 spores of CBM588 after CPZ treatment and then every 24 h.

Neutralizing anti–IFN-g mAb, anti–IL-17A mAb, or control IgG (500 mg/200 ml) was administered 1 d before CDI and then every 24 h. (F and J) Mice

were assessed for survival after CDI. (G and K) Change in body weight. (H and L) The number of C. difficile spores in feces on day 1 after CDI. Statistical

data are expressed as the mean 6 SEM (n = 4–9 per group). *p , 0.05. n.s., not significant.

FIGURE 4. Butyrate treatment increases neutrophil recruitment in LPMC during CDI. Experimental design included C57BL/6 WT (A–E) or GPR43/

109a dKO mice (F and G) that were pretreated with CPZ (0.5 g/l) in sterile drinking water for 8 d, followed by 2 d of regular drinking water. Mice were then

infected with 1 3 103 spores of C. difficile VPI 10463. The mice were either untreated or orally administered 3 g/kg tributyrin twice per day after the CPZ

treatment and then every 24 h. LPMC were isolated on day 1 postinfection, and the immune cell profile was analyzed. (A) Expression of Ly-6G+ Ly-6C+

CD11b+ neutrophils and Ly-6G2 Ly-6C+ CD11b+ monocytes in WT mice. (B) Statistical analysis of the percentages of neutrophils and monocytes. (C)

Frequency of IFN-g+ and IL-17A+ CD4 T cells. (D) Statistical analysis of the IFN-g+ and IL-17A+cells within the CD4+ cell populations. (E) Expression of

Reg3b and -g mRNAs in the cecum, normalized to Actb expression. (F) Abundance of Ly-6G+ Ly-6C+ CD11b+ neutrophils (Neu) and Ly-6G2 Ly-6C+

CD11b+ monocytes (Mono) in GPR43/109a dKO mice. (G) Statistical analysis of the percentages of neutrophils and monocytes. Data are representative

of two independent experiments, and statistical data are expressed as the mean 6 SEM [(A–D), (F), and (G) n = 6–8 per group and (E) n = 3–4 per

group]. *p , 0.05. n.s., not significant.
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CBM588 potentiates the Th17 response independently of the bu-
tyrate–GPR43 pathway.
Another potential mechanism for the protective effect of

CBM588 is the strengthening of barrier immunity by SCFA, as

reported previously (50). Reg3b and -g are antimicrobial peptides
that protect the gut epithelial barrier from pathogenic bacteria
(51). The CBM588 treatment significantly increased both
Reg3b and -g gene expression in the cecum of WT mice but not

FIGURE 5. Protective effect of CBM588 in CDI is independent of butyrate–GPR43/109a pathways. (A) Experimental design included GPR43/109a dKO mice

that were pretreated with CPZ (0.5 g/l) in sterile drinking water for 8 d, followed by 2 d of regular drinking water. Mice were then infected with 13 103 spores of

C. difficile VPI 10463. The mice were either untreated or orally inoculated with 13 108 spores of CBM588 after CPZ treatment and then every 24 h. (B) Survival

curve after CDI. (C) Change in body weight. (D) The number of C. difficile spores in feces at day 1 after CDI. (E) LPMC were isolated from GPR43/109a dKOmice

after CDI. Abundance of Ly-6G+ Ly-6C+ CD11b+ neutrophils (Neu) and Ly-6G2 Ly-6C+ CD11b+ monocytes (Mono). (F) Statistical analysis of the percentages of

neutrophils and monocytes. (G) Frequency of CD3+ CD4+ T cells, and Foxp3, Tbet, and RORgt within the CD4+ cell populations. Frequency of IFN-g+ and IL-

17A+ CD4 T cells. (H) Statistical analyses of Foxp3+, Tbet+, RORgt+, IFN-g+, and IL-17A+ cells within the CD4+ cell populations. (I) Expression of Reg3b and -g

mRNAs in the cecum, normalized to Actb expression. Data are representative of two independent experiments, and statistical data are expressed as the mean 6
SEM [(B–D) n = 5 per group, (E–H) n = 8 per group, and (I) n = 3–4 per group]. *p , 0.05. n.s., not significant.
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GPR43/109a dKO mice. Thus, the induction of antimicrobial
peptides by CBM588 is mediated by GPR43/109a. As the
protective effect of CBM588 remained intact in GPR43/109a
dKO mice, the induction of Reg3b and -g by CBM588 may not
have a major impact in the combat against C. difficile.
Although CBM588 has the potential to protect the host from CDI

through the production of butyrate, CBM588 also harbors butyrate-
independent anti–C. difficile mechanisms. We demonstrated that
CBM588 administration significantly promotes the differentiation
of IFN-g–producing Th1 cells during CDI. Notably, this immune
modulation was not elicited by tributyrin treatment, implying that
it occurs independently of butyrate production. IFN-g is known to
have a protective function against C. difficile. Investigators have
shown that IFN-g, secreted by ILC1, can effectively control CDI
(52). Consistently, we found that neutralization of IFN-g secretion
significantly attenuated the protective effect of CBM588. In the
current study, most IFN-g was produced by CD4+ T cells (Th1
cells), not by ILC1. However, the induction of IFN-g production
was observed in the very early phase of infection (day 1 after
CDI). This time frame may not allow the development of a
C. difficile–specific Th1 response. Rather, IFN-g production is
likely an innate T cell response. Further studies are required to
identify the detailed characteristics of IFN-g–producing T cells in
this model. Interestingly, CBM588 treatment failed to induce Th1
cells in GPR43/109a dKO mice. This is puzzling, as Th1 induction
by CBM588 appeared to be butyrate independent. In this regard, it
is reported that CBM588 produces not only butyrate but also other
SCFA such as acetate and propionate (53). Hence, it is possible
that propionate promotes Th1 differentiation through GPR43 ac-
tivation. Moreover, it is also possible that non-SCFA products of
CBM588 may increase the induction of Th1 cells.
Although CBM588 treatment resulted in the accumulation of

neutrophils and Th1 cells during CDI, these changes were not
observed in uninfected mice. Rather, CBM588 treatment induced
anti-inflammatory–type immune responses, such as the generation
of Foxp3+ Treg cells. Thus, CBM588 can elicit both proin-
flammatory responses to fight pathogens and anti-inflammatory
responses to maintain immune tolerance and homeostasis in the
intestine. Although it remains unclear how CBM588 uses these
opposing functions, it appears that they are regulated by host
conditions. In this regard, it has been reported that SCFA promote
a tolerogenic IL-10 response in the steady state but increase ef-
fector or inflammatory cytokine responses during C. rodentium
infection (20, 54). Moreover, it has been also reported that bacteria
can change their metabolic profiles, depending on their sur-
rounding environment (e.g., inflammation) (55). Hence, it is
possible that the production of metabolites, including but not
limited to butyrate, by CBM588 is regulated by the host inflam-
matory environment and/or the interaction with other bacteria,
such as C. difficile.
In this study, the broad composition of the gut microbiota seemed

unaffected by CBM588. However, it is possible that CBM588
influences other commensal microbes that in turn suppress the
colonization of C. difficile. In this context, it has been reported
that the endogenous C. difficile strain LEM1 outcompetes highly
pathogenic strains, such as the C. difficile strain VPI 10463 that
was used in this study (56). Consequently, colonization by LEM1
attenuates disease caused by VPI 10463. Thus, it is possible that
CBM588 influences the expansion of endogenous protective mi-
crobes in the gut in addition to eliciting protective host immunity,
or perhaps, the expanded population of endogenous bacteria may
elicit the host protective immunity. Further study would unravel
the indirect protective effects that CBM588 achieves by modifying
endogenous bacteria.

Collectively, these findings identify the role of the butyrate-
producing bacterium CBM588 in boosting the activities of neu-
trophils and T cell immunity in the intestine to protect the host
against CDI. It is noteworthy that significantly lower doses of
CBM588 are used for human clinical trials as compared with
animal models. Thus, in the clinical setting, treatment with
CBM588 may fail to elicit host protective immunity. Nevertheless,
this study elucidates the complexity of the host immune and mi-
crobial regulatory circuits and provides insight into the patho-
genesis of acute CDI.
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