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Research Division, Institute for Open and Transdisciplinary Research Initiative, Osaka University, Osaka, Japan

ABSTRACT
Peyer’s patches (PPs) are sites of antigen entry and immunoinduction in the small intestine. 
In PPs, pathogens are transferred through microfold (M) cells; however, the mechanisms of 
antigen capture by mononuclear phagocytes beneath M cells remain unclear. Here, we 
demonstrate that bacterial metabolite pyruvate acted on lysozyme-expressing dendritic 
cells (LysoDCs), a monocyte-derived phagocyte subset, and induced protrusion of den
drites particularly with “balloon” shapes into basolateral M-cell pockets via its receptor, 
G-protein coupled receptor 31 (GPR31). Pyruvate administration in wild-type but not 
Gpr31b-deficient mice increased LysoDC uptake of orally infected Listeria monocytogenes. 
GPR31 signaling boosted antigen processing and altered gene expression. It also increased 
LysoDC migration to the interfollicular region, thereby promoting production of pathogen- 
specific Th1 cells as well as cytotoxic T cells, and effector T cell migration to the lamina 
propria. Furthermore, oral pyruvate administration conferred high resistance to a virulent 
L. monocytogenes strain in a GPR31-dependent manner. Collectively, the pyruvate – GPR31 
axis plays critical roles in orchestrating intestinal protective immunity.
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Introduction

Peyer’s patches (PPs) are lymphoid tissues of the small intestine that serve as entry sites for intestinal 
pathogens and initiate adaptive immune responses.1 They contain several clustered B-cell follicles inter
spersed with T-cell zones, which are termed interfollicular regions (IFRs). The follicle-associated epithelium 
(FAE) is equipped with speciaportlized epithelial cells – microfold (M) cells – that efficiently transcytose 
exogenous luminal antigens and deliver them to the underlying subepithelial dome (SED), a region enriched 
in mononuclear phagocytes (MNPs).2,3

M cells mediate the uptake of a variety of pathogenic microorganisms. They express 
a glycosylphosphatidylinositol-anchored protein, glycoprotein 2 (GP2), that acts as a receptor for FimH, 
a component of type I pili-expressing bacteria such as Salmonella enterica serovar Typhimurium (hereafter 
S. Typhimurium) and Escherichia coli .4 They also serve as a portal of initial invasion for other enteropatho
genic bacteria, including Brucella abortus, Shigella flexneri, and Yersinia enterocolitica.5–8 In humans, 
Listeria monocytogenes mainly invades the lamina propria (LP) of the small intestine through interactions 
between its surface protein internalin A (InlA) and luminally accessible E-cadherin on epithelial cells 
(including goblet cells)9; however, InlA does not bind to murine E-cadherin because it differs by a single 
amino acid that is responsible for its interaction with inlA.10,11 In mice, L. monocytogenes is preferentially 
transferred through M cells8 in an InlA-independent manner.12,13 Morphologically, M cells lack the typical 
brush border found in intestinal epithelial cells and their apical surfaces have broad membrane micro
domains that are suitable for endocytosis. The M-cell basolateral membrane is deeply invaginated to form 
basolateral pockets, which provide a specialized microenvironment beneath the FAE. The M-cell pocket 
enables phagocytes to easily access transcytosed pathogens and rapidly initiate immune responses.14,15

CD11c+ myeloid cells in PPs are classified into five populations: conventional type 1 dendritic 
cells (cDC1s); conventional type 2 DCs (cDC2s), which include CD11b+ and CD11b− subpopula
tions; plasmacytoid DCs; lysozyme-expressing DCs (LysoDCs); and lysozyme-expressing macro
phages (LysoMacs), which can be further divided into Tim-4+ and Tim-4− populations.16,17 

LysoDCs and LysoMacs are derived from monocytes and phenotypically share CX3CR1 and 
MerTK expression. These cells can be distinguished by their expression levels of MHC class II, 
CD4, and CD11b (LysoDCs: MHC class IIhigh CD4− CD11bhigh; LysoMacs: MHC class IIlow CD4+ 

CD11bintermediate). cDC1s and plasmacytoid DCs are concentrated in the IFR, whereas cDC2s reside 
in both the SED and IFR. Mature LysoDCs show preferential localization in the SED and closely 
interact with M cells.18 They extend dendritic processes along M-cell pockets19 and efficiently take 
up particulate antigens20 as well as pathogenic bacteria such as S. Typhimurium.21 They also 
recognize pathogens through the expression of Toll-like receptors (TLRs) and C-type lectin 
Mincle for the production of tumor necrosis factor-α, interleukin (IL)-6, and IL-23.20,22 Although 
LysoDCs do not migrate into the IFR under steady-state conditions, they express CCR7 upon 
stimulation and migrate from the SED to the IFR periphery.18 They then prime naïve CD4+ T cells 
for interferon (IFN)-γ and IL-17 production,20,22 and the LysoDC population that expresses 
complement receptor C5aR mediates cross-presentation to induce antigen-specific CD8+ T cells.23 

Thus, a close association between LysoDCs in the SED and M cells enhances phagocytosis and 
plays an important role in both innate defense and adaptive immune induction.

The preferential distribution of DCs in the SED is regulated by chemokines and chemokine 
receptors. The FAE constitutively produces multiple chemokines including CCL20, CCL9, and 
CXCL16.14,24,25 Upon S. Typhimurium infection, DCs that express CCR6 (a CCL20 receptor) are 
rapidly recruited to the FAE and induce T cell activation in a CCR6-dependent manner.26 CCR6+ 

DCs are distinct from CX3CR1+ cells (LysoDCs and LysoMacs), which lack CCR6 expression.26 

CCL9 expression is dependent on transcription factor Spi-B, which regulates M-cell 
differentiation.27 Functional blockage of CCL9 results in reduced CD11b+ DCs (presumably includ
ing LysoDCs) in the SED under steady-state conditions, whereas CCR6 deficiency does not.28 

Although these data indicate that FAE-derived chemokines contribute to DC migration to the 
SED, the molecular mechanisms by which LysoDCs residing just beneath the FAE extend their 
dendrites to M cells, and the significance of dendrite protrusion by LysoDCs on the induction of 
adaptive immune responses, remain unclear.
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In the LP of the small intestine, CX3CR1+ MNPs extend their dendrites between adjacent 
epithelial cells and into the lumen for bacteria uptake.29 Although they originate from circulating 
monocytes, their differentiation is largely dependent on macrophage colony-stimulating factor 
receptor.30 Unlike LysoDCs, these MNPs are not very motile and transfer antigens to CD103+ 

DCs via gap junctions.31 We have previously reported that transepithelial dendrite protrusion by 
CX3CR1+ MNPs is mediated by commensal bacterial metabolites – pyruvate and L-/D-lactate – and 
their receptor, G-protein coupled receptor 31 (GPR31).32 GPR31 is preferentially expressed by 
CX3CR1+ MNPs in the small intestine.32 Although GPR31 signaling enhances oral tolerance to 
food antigens under steady-state conditions,33 oral pyruvate or lactate administration promotes 
immune responses and a high resistance to intestinal S. Typhimurium infection in a GPR31- 
dependent manner.32

In the present study, we investigated the role of the pyruvate – GPR31 axis in dendrite protrusion of 
LysoDCs and induction of adaptive immune responses in PPs using a mouse model of L. monocytogenes 
infection. The pyruvate/GPR31-dependent dendrite protrusion from LysoDCs to basolateral M-cell pockets 
provides molecular insights into protective intestinal immunity against pathogenic bacteria.

Materials and methods

Mice

Six- to twenty-week-old C57BL6/J mice (male or female) were purchased from Japan SLC. Three to five 
mice were housed per cage with free access to food and water under a strict 12-h light cycle. The Gpr31b-/- 

mice, Cx3cr1gfp/gfp mice, and KikGR knock-in mice were described previously.32,34,35 The mice were 
maintained under specific pathogen-free conditions. All animal experiments were conducted following 
the guidelines of University of Shizuoka, using procedures approved by the Animal Care and Use 
Committee of the University of Shizuoka.

L. monocytogenes

The L. monocytogenes strain EGDe was purchased from American Type Culture Collection (BAA-679). The 
L. monocytogenes strain 10403S was kindly provided by Dr. Hitomi Mimuro (Oita University). Bacteria 
were cultured in brain heart infusion medium (BD Biosciences). For oral administration, L. monocytogenes 
was suspended in 5% sodium bicarbonate.

Cell preparation

For the preparation of PP cells, PP tissue was cut into small pieces and digested in digestion solution (RPMI 
1640 containing 5% fetal calf serum, 400 Mandl U/mL of collagenase D [Roche], and 100 µg/mL of DNase 
I [Sigma-Aldrich]) with continuous stirring at 37°C for 40 min. Cells in the small intestine were prepared as 
described previously.36 Briefly, small intestinal tissue was opened longitudinally and washed extensively 
with PBS after PPs were removed. Small intestinal segments were incubated at 37°C for 30 min in PBS 
containing 10 mM ethylenediaminetetraacetic acid and 2% fetal calf serum before being washed several 
times with PBS. The small intestinal segments were then digested in digestion solution with continuous 
stirring at 37°C for 50 min. Lymphocytes in the small intestine were enriched by density gradient centri
fugation using 40% and 80% Percoll (GE Healthcare).

Flow cytometry

The prepared cells were pretreated with anti-CD16/32 monoclonal antibody (mAb) to block nonspecific 
binding before being incubated with anti-cell-surface marker mAbs. For cytokine staining, cells were fixed 
and permeabilized with BD Fixation/Permeabilization solution (BD Biosciences) and intracellularly stained 
with anti-cytokine mAbs. To detect chemokine binding, PPs were collected 2 days after infection. Cells were 
incubated with soluble chemokine chimeras containing the human IgG1 constant region (CCL19-Fc, 
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CXCL12-Fc, and Human IgG-Fc; gifts from Dr. Hieshima, Kindai University),37 followed by anti-human 
IgG (H+L) F(ab’)2 fragment. Cells from L. monocytogenes-infected mice were fixed in phosphate buffer 
containing 4% paraformaldehyde to inactivate L. monocytogenes. Flow cytometric analysis was then 
performed using CytoFLEX (Beckman Coulter) with FlowJo software (version 10; BD Biosciences). 
Antibodies are listed in Table S1. Cell populations were gated as follows: LysoDCs (CX3CR1high 

CD11chigh CD4− MHC class IIhigh or MerTK+ CD11chigh CD4− MHC class IIhigh), Tim-4− LysoMacs 
(CX3CR1high CD11chigh CD4+ MHC class IIlow Tim-4−), and Tim-4+ LysoMacs (CX3CR1high CD11chigh 

CD4+ MHC class IIlow Tim-4+), cDCs (MerTK− CD11chigh MHC class IIhigh), Th1 cells (T cell receptor beta 
[TCRβ+ CD4+ IFN-γ+ IL-17−), Th17 cells (TCRβ+ CD4+ IFN-γ− IL-17+), effector CD4+ T cells (TCRβ+ 

CD4+ CD62L− CD44+), and effector CD8+ T cells (TCRβ+ CD8+ CD62L− CD44+).

RNA extraction and quantitative PCR

PP cells were prepared from Gpr31b+/+ Cx3cr1gfp/+ mice as described in the Cell preparation section. The 
cells were pretreated with anti-CD16/32 mAb to block nonspecific binding before being incubated with PE- 
anti-mouse CD11c mAb. CD11c-positive cells were isolated using an EasySep PE Positive Selection Kit 
(STEMCELL Technologies) following the manufacturer’s instructions. Enriched CD11c-positive cells were 
gated as LysoDC, Tim-4− LysoMac, and Tim-4+ LysoMac and sorted using the BD FACSAria™ II Cell Sorter 
(BD Biosciences). Total RNA was isolated from the sorted cells using an RNeasy Mini Kit (QIAGEN) 
following the manufacturer’s instructions. Next, cDNA was prepared using a ReverTra Ace® qPCR RT Kit 
(TOYOBO). Quantitative PCR was performed using PowerTrack SYBR Green Master Mix (Applied 
Biosystems) at 95°C for 10 min followed by 50 cycles at 95°C for 15 s, and at 68°C for 60 s. The PCR 
primer sets were as follows: Gpr31b, 5′-CTCATCTCCTTCTGCAACAGTTGC-3′ and 5′- 
GTGAGGCTGCCAGCGATGTC-3′; Gapdh, 5′-TGGCAAAGTGGAGATTGTTGCC-3′ and 5′- 
AAGATGGTGATGGGCTTCCCG-3′.

Reanalysis of single-cell RNA sequencing (RNA-seq) data

Single-cell RNA-seq data of PP CD11c+ MHC class II+ cell populations (GSE165040)23 were 
downloaded and analyzed using Seurat (version 5.1.0) in R-studio. The filtering criteria were set 
to include cells with > 200 and < 5,000 genes as well as < 5% mitochondrial reads. The data were 
normalized and scaled using Seurat functions (NormalizeData and ScaleData). Variable features 
were identified using the vst method in the FindVariableFeatures function with nfeatures set to 
2,000, and were used to compute the principal component analyses using RunPCA. K-nearest and 
shared nearest-neighbor analyses were computed using FindNeighbors with 10 dimensions. Graph- 
based clustering was conducted using the Louvain algorithm in the FindClusters function with the 
resolution set at 0.5 (informed by clustertree, produced by Clustree). RunUMAP was used to 
visualize the clusters. FeaturePlot was used to visualize the Gpr31b or PP phagocyte marker- 
expressing cells in the clusters.

Two-photon microscopy

The Gpr31b+/+ Cx3cr1gfp/+ and Gpr31b-/- Cx3cr1gfp/+ mice were orally administered 50 mM sodium 
pyruvate via drinking water for 2 weeks. PPs were then collected from the mice and washed with PBS. 
PPs were fixed with 4% paraformaldehyde for 2 h on ice before being incubated with anti-mouse GP2 
mAb. PPs were then incubated in a ScaleS4D25 solution overnight at room temperature to clear the 
tissue.38 Images were acquired using an inverted two-photon microscope (A1R-MP; Nikon) equipped 
with a 20× water immersion lens (Plan Fluor, numerical aperture 0.75; Nikon) and Chameleon 
Vision II Ti: sapphire laser (Coherent) set at 880 nm for two-photon excitation. The typical optimal 
z-step size was 0.50–1 μm. Serial 50–100 μm z-scan images were collected and reconstructed using 
arivis Vision4D software (version 3.4; ZEISS). The number of dendrites that entered more than one- 
third of the M cell was then quantified. Additionally, the FAE area was quantified using ImageJ 
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software (https://imagej.nih.gov/ij/) and the number of dendrite protrusions per FAE area was 
calculated.

Bacterial titers in PPs and the ileum

Mice were orally administered 5 × 109 colony-forming units (CFU) of L. monocytogenes EGDe strain. 
Four days after infection, PPs and the ileum were collected and washed with PBS. To remove 
L. monocytogenes in the luminal surface, tissue was treated in Dulbecco’s Modified Eagle Medium 
supplemented with 100 μg/mL gentamicin at room temperature for 1 h. After being washed with PBS, 
the tissue was homogenized and plated on brain heart infusion agar. Colonies were counted 1 day after 
incubation at 37°C. To compare EGDe and 10403S, mice were administered antibiotics (oral adminis
tration of streptomycin, 20 mg/mouse, and intraperitoneal injection of clindamycin, 200 μg/mouse) for 
2 consecutive days before L. monocytogenes infection.39 Antibiotic-treated mice were orally infected with 
1 × 1011 CFU of L. monocytogenes EGDe and 10403S strains. Four days after infection, PPs and the 
ileum were collected and CFU was evaluated.

Bacteria uptake by phagocytes in PPs

Mice were orally administered 50 mM sodium pyruvate via drinking water for 2 weeks. Mice were then 
orally administered 1 × 109 CFU of L. monocytogenes EGDe strain. PPs were collected 24 h after infection, 
and PP cells were prepared and incubated with cell-surface marker mAbs as described in the Cell prepara
tion and Flow cytometry section. The cells were fixed in phosphate buffer containing 4% paraformaldehyde 
and permeabilized with PBS containing 0.1% TritonX-100, followed by incubation with anti- 
L. monocytogenes antibody. Flow cytometric analysis was performed using a CytoFLEX.

Lactate and pyruvate measurements

Mice were orally administered 1 × 109 CFU of L. monocytogenes EGDe strain. One day after infection, the 
luminal contents of the LP were homogenized in water and centrifuged at 10,000 × g for 10 min at 4°C. The 
concentrations of D-lactate, L-lactate, and pyruvate in the supernatants were then measured using 
a D-lactate colorimetric assay kit, lactate colorimetric assay kit II, and pyruvate assay kit (BioVision), 
respectively, according to the manufacturer’s protocols.

RNA-seq

Mice were orally administered 1 × 109 CFU of L. monocytogenes EGDe strain. Two days after 
infection, LysoDCs (6 × 102 to 1.5 × 103 cells) were sorted using the BD FACSAria II cell sorter and 
total RNA was isolated using an RNeasy Mini Kit (QIAGEN) following the manufacturer’s instruc
tions. RNA quality control was performed using an RNA6000 Pico kit for 2100 Bioanalyzer systems 
(Agilent). The cDNA library was constructed using a SMART-Seq HT PLUS Kit (TaKaRa Bio) 
following the manufacturer’s protocol. Briefly, RNA was extracted and reverse-transcribed into 
cDNA using oligo(dT) priming and SMART technology to ensure full-length cDNA synthesis. The 
cDNA was amplified via PCR and converted into Illumina-compatible sequencing libraries using the 
integrated library preparation components of the kit. Library quality and concentration were eval
uated using the High Sensitivity D1000 ScreenTape System (Agilent) and the Qubit dsDNA HS Assay 
Kit (Invitrogen), respectively. The libraries were pooled and sequenced using a DNBSEQ-T7 (MGI 
Tech) system.

Bulk RNA-seq data processing and analysis

Raw RNA-seq reads were trimmed and filtered for quality control using fastp. The clean reads were then 
mapped to the GRCm39 reference genome using HISAT2, and read counts for each sample were obtained 
using featureCounts. For the principal component analysis (PCA) and the enrichment analysis for 
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differentially expressed genes, normalized RNA-seq z-score-transformed data were plotted using ggplot2 
and DEseq2 R packages. Data were analyzed using iDEP 0.96 (http://bioinformatics.sdstate.edu/idep96/).

Detection of phagosome acidification and cross-presentation

To fluorescently label the bacteria, 2 × 109 CFU of L. monocytogenes EGDe strain was incubated in 100 mM 
sodium bicarbonate containing 0.5 mM pHrodo Red succinimidyl ester (Invitrogen) or PBS containing 
saturated FITC for 1 h at room temperature. Mice were then orally administered 1 × 109 CFU of unlabeled 
L. monocytogenes EGDe strain. Two days after infection, PP cells (2 × 106 cells) were prepared. For detection 
of phagosome acidification, PP cells were incubated with pHrodo Red-conjugated or FITC-conjugated 
L. monocytogenes (2 × 108 CFU) at 37°C with 5% CO2 for 1 h. For detection of cross-presentation, PP cells 
were incubated with 5 mg/mL of ovalbumin (OVA), 5 mg/mL of bovine serum albumin (BSA), or 10 μg/mL 
Alexa Fluor 647-conjugated OVA at 37°C with 5% CO2 for 6 h. The cells were analyzed by flow cytometry as 
described in the Flow cytometry section.

Migration assay

Gpr31b+/+ Cx3cr1gfp/+ and Gpr31b-/- Cx3cr1gfp/+ mice were orally administered 1 × 109 CFU of 
L. monocytogenes EGDe strain. Two days after infection, PP cells (2 × 106 cells) and CCL19 (50 ng/mL) 
were placed in the upper and lower chambers of a Transwell (5.0-μm pore size; Corning), respectively. After 
being incubated for 2.5 h at 37°C with 5% CO2, the cells in the lower chamber were harvested and incubated 
with cell-surface marker mAbs. Migrated cells were counted using a CytoFLEX flow cytometer with 6.0-µm 
Fluoresbrite microspheres (Polysciences, Inc).

Quantification of CX3CR1+ cells in the IFR

Gpr31b+/+ Cx3cr1gfp/+ and Gpr31b-/- Cx3cr1gfp/+ mice were orally administered 1 × 109 CFU of 
L. monocytogenes EGDe strain. Two days after infection, PPs were collected and fixed in phosphate buffer 
containing 4% paraformaldehyde. Fixed PPs were embedded in O. C. T. compound (Sakura Finetek) and 
30-µm frozen sections were cut with a Leica CM1950 cryostat (Leica Biosystems). The sections were then 
incubated with anti-mouse CD4 mAbs. Immunostaining images were obtained using an inverted confocal 
microscope (A1R; Nikon). The percentage of CX3CR1+ CD4− area per IFR unit area was quantified using 
ImageJ software.

L. monocytogenes-specific T cells in PPs and the LP

To increase the susceptibility of mice to L. monocytogenes, we treated them with streptomycin, which 
predisposes hosts to L. monocytogenes infection,39 before orally inoculating them with the bacteria. Mice 
were orally administered 20 mg/mouse streptomycin for two days, followed by oral infection with 1 × 1010 

CFU of L. monocytogenes EGDe strain. Seven days after infection, PPs and the small intestines were 
collected. Prepared cells were cultured with the MHC class II-restricted Listeria peptide listeriolysin 
O190–201 (10 μg/mL)44 or MHC class I-restricted Listeria cell wall surface peptide LMON_0576 (10 μg/ 
mL),45 and GolgiStop at 37°C with 5% CO2 for 4 h. Collected cells were then analyzed using flow cytometry.

Photoconversion

Gpr31b+/+ KikGR mice and Gpr31b-/- KikGR mice were orally administered 20 mg/mouse streptomycin, 
followed by oral infection with 1 × 1010 CFU of L. monocytogenes EGDe strain. Five days after infection, 
mice were anesthetized and three ileal PPs were exposed and irradiated with violet light (110 mW/cm2) for 
3 min. Immediately after the surgery, the mouse abdomen was closed with wound clips. Twenty-four hours 
later, PPs and the small intestine were collected. The cells were prepared and analyzed using flow cytometry 
as described in the Cell preparation and Flow cytometry sections.
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Resistance to L. monocytogenes

Mice were orally administered 50 mM sodium pyruvate via drinking water for 2 weeks. For immunization, 
mice were orally administered 1 × 109 CFU of L. monocytogenes strain EGDe, which selectively invade PPs 
(Supplementary Figure S2(a)). The oral administration of EGDe did not compromise survival rate. On 
12–13 days after immunization, mice were administered antibiotics (oral administration of streptomycin, 
20 mg/mouse, and intraperitoneal injection of clindamycin, 200 μg/mouse)39. On day 14 after immuniza
tion, mice were orally challenged with 1 × 1011 CFU of L. monocytogenes strain 10403S, which shows 
relatively high virulence.40 Body weight and survival rate were evaluated daily.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 7 (GraphPad Software). Significance was deter
mined using Student’s t-test or one-way ANOVA followed by the Tukey – Kramer test unless otherwise 
described. Data are shown as the mean ± standard deviation.

Results

GPR31 is selectively expressed in LysoDCs in PPs

GPR31 is expressed in CX3CR1high cells in the small intesitne.32 Given that PPs are main inductive sites for 
intestinal immunity, we speculate that GPR31 is expressed on myeloid cell subset(s) unique to PPs and 
regulates intestinal immune responses. To identify the population expressing GPR31 in detail, we sorted 
LysoDCs (CX3CR1high MHC class IIhigh CD4−), Tim-4+ LysoMacs (Tim-4+ CX3CR1high MHC class IIlow 

CD4+), and Tim-4− LysoMacs (Tim-4− CX3CR1high MHC class IIlow CD4+)20 from Cx3cr1gfp/+ mice 
(Figure 1(a)). The expression of Gpr31b was readily detected in LysoDCs (Figure 1(b)). To further 
characterize the GPR31-expressing cell population, we reanalyzed a single-cell RNA-seq dataset from 
a study that reported CD11c+ MHC class II+ cell populations in PPs.23 In the uniform manifold approx
imation and projection (UMAP) analysis, Gpr31b was mainly detected in cluster 2, which expressed Cx3cr1 
and represented LysoDCs and LysoMacs. In cluster 2, the expression pattern of Gpr31b was similar to that of 
Emb (encoding embigin) and F11r (JAM-A), which are reportedly expressed in a mature LysoDC subset,18 

whereas it was not associated with that of Cd4 (Figure 1(c)). We next examined Gpr31b expression in 
LysoDCs of Gpr31b+/+ Cx3cr1gfp/gfp mice because Gpr31b expression in CX3CR1+ MNPs in the LP is 
regulated at the mRNA level by CX3CR1 and its ligand CX3CL1/fractalkine.32 In PP LysoDCs, Gpr31b 
expression was significantly decreased in Cx3cr1gfp/gfp mice (in which Cx3cr1 locus is replaced by the cDNA 
encoding EGFP) than in Cx3cr1+/+ mice (Figure 1(d)). These findings indicate that Gpr31b is preferentially 
expressed in LysoDCs under the control of CX3CR1 signaling in PPs.

Pyruvate and GPR31 promote LysoDC dendrite protrusion into M-cell pockets

LysoDCs reside beneath the FAE and extend their dendrites into basolateral M-cell pockets. To explore 
whether GPR31 signaling participates in this process, we visualized the interactions between CX3CR1+ cells 
and M cells in whole PP tissues. We treated PPs with ScaleS, a sorbitol-based optical tissue clearing method 
that preserves tissue microarchitecture and minimally quenches fluorescent signals,38 and used two-photon 
microscopy to achieve optimal spatial resolution. The localization of LysoDCs beneath the FAE was 
uncompromised by Gpr31b deficiency. Dendrite extension by LysoDCs into M-cell pockets was detected 
in Gpr31b+/+ Cx3cr1gfp/+ mice and was significantly decreased in Gpr31b-/- Cx3cr1gfp/+ mice (Figure 2(a,b); 
Supplementary Video 1, 2). Decreased LysoDC dendrite extension was also observed in Gpr31b+/+ 

Cx3xr1gfp/gfp mice (Figure 2(a, b); Supplementary Video 3), supporting our observation that CX3CR1 
signaling regulated Gpr31b transcript expression in LysoDCs (Figure 1(d)). We next orally administered 
pyruvate to Gpr31b+/+ Cx3cr1gfp/+ or Gpr31b-/- Cx3cr1gfp/+ mice for 2 consecutive weeks. Pyruvate admin
istration enhanced the numbers of LysoDCs extending their dendrites into M cells in Gpr31b+/+ Cx3cr1gfp/+ 

but not Gpr31b-/- Cx3cr1gfp/+ mice (Figure 2(a,b); Supplementary Video 4, 5). Gpr31b deficiency did not 
affect the number of M cells per unit area of FAE (Supplementary Figure 1(a)). Notably, the transepithelial 
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dendrite protrusion that was observed in LP CX3CR1+ MNPs was rarely observed in PPs of Gpr31b+/+ 

Cx3cr1gfp/+ and Gpr31b-/- Cx3cr1gfp/+ mice irrespective of pyruvate administration (Supplementary 
Figure 1(b)). Although it has been reported that LysoDCs extend trans-M-cell dendrites to the lumen,43 

we only occasionally detected dendrites penetrating the apical surface of M cells irrespective of Gpr31b 
expression. In Gpr31b+/+ Cx3cr1gfp/+ mice, LysoDCs normally had elongated finger-like dendrites (Figure 2 
(c,d); Supplementary Video 6); however, oral pyruvate administration enhanced the number of LysoDCs 
forming dendritic processes with spherical (“balloon”) shapes (Figure 2(e,f); Supplementary Video 7). These 
spherical dendrites often occupied M-cell pockets occasionally with leukocytes (Figure 2(e)), which may 
help to expand the surface area of LysoDCs, thereby allowing them to easily access the antigens delivered by 
M cells and interact with other leukocytes. Collectively, these observations suggest that pyruvate – GPR31 
signaling plays a critical role in LysoDC dendrite protrusion into basolateral M-cell pockets.

Pyruvate – GPR31 signaling promotes pathogenic bacteria uptake by LysoDCs

To investigate whether GPR31 signaling affects pathogen uptake in PPs, we orally inoculated mice with 
L. monocytogenes. In mice, these bacteria are transferred through M cells at PPs but not through the 
epithelial layer of the small intestine.8,11–13 In Gpr31b+/+ mice 4 days after infection, L. monocytogenes strain 
EGDe invaded PPs but not the LP (Supplementary Figure 2(a)). Compared with Gpr31b+/+ mice, Gpr31b-/- 

mice exhibited a lower burden of L. monocytogenes in PPs (Supplementary Figure 2(a)). We next analyzed 

Figure 1. Gpr31b is highly expressed in LysoDCs. (a) Gating strategies of MNPs in PPs for cell sorting. Leukocytes were 
collected from PPs of Gpr31b+/+ Cx3cr1gfp/+ mice, and CD11c+ cells were magnetically enriched. The LysoDC and LysoMac 
subsets were separated by the expression of MHC class II, CD4, and Tim-4. (b) Quantitative PCR analysis of Gpr31b in PP 
phagocytes. Expression levels were normalized to gapdh (n = 3). (c) UMAP analysis for the expression of Gpr31b and PP 
phagocyte markers in PP CD11c+ MHC class II+ cell populations from a publicly available dataset.23 (d) Gpr31b expression in 
LysoDCs of Gpr31b+/+ Cx3cr1gfp/gfp mice. (b,d) Data represent the mean ± standard deviation from three mice.
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the phagocyte populations actively involved in bacteria uptake. In Gpr31b+/+ mice, LysoDCs took up the 
pathogen more efficiently than LysoMacs or conventional DCs (cDCs) (Figure 3(a,b)). Notably, bacteria 
uptake by LysoDCs was significantly decreased in Gpr31b-/- mice than in Gpr31b+/+ mice (Figure 3(a,b)). 
Furthermore, oral pyruvate administration significantly enhanced bacteria uptake by LysoDCs in Gpr31b+/+ 

but not Gpr31b-/- mice (Figure 3(a,b)). The luminal production levels of pyruvate, D-lactate, and L-lactate 
were similar between uninfected and infected mice, indicating that L. monocytogenes-derived GPR31- 
reactive metabolites have minimal effects on GPR31-dependent bacteria uptake (Supplementary Figure 

Figure 2. Pyruvate – GPR31 axis enhances dendrite protrusion of LysoDCs into M-cell pockets. (a–f) Gpr31b+/+ Cx3cr1gfp/+, 
Gpr31b-/- Cx3cr1gfp/+, and Gpr31b+/+ Cx3cr1gfp/gfp mice were treated with oral pyruvate administration. PP tissue from each 
mouse was stained with anti-GP2 mAb (red) and treated with the optical tissue clearing solvent ScaleS4D25. The 
morphology of CX3CR1+ cell dendrites (green) in PPs were observed using two-photon microscopy. Arrowheads indicate 
CX3CR1+ cell dendrites protruding into M-cell pockets (a). Total dendrites in M-cell pockets (b), finger-like dendrites in 
M-cell pockets (d), and spherical dendrites in M-cell pockets (f) per FAE area. (c,e) volume rendering-based 3D reconstruc
tion of LysoDCs with a finger-like dendrite (c) or a spherical dendrite (e). The white line delineates a single CX3CR1+ cell or 
M cell. The yellow line indicates a leukocyte in a M-cell pocket as judged by the autofluorescence. Bars in (a, c, and e) 
represent 20 µm. Each symbol represents an individual PP (n = 4–7 tissues from three mice). Data represent the mean ±  
standard deviation. *p < 0.05, ns: not significant.
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S2(b)). Collectively, these findings suggest that the pyruvate – GPR31 axis positively regulates pathogenic 
bacteria uptake by LysoDCs.

GPR31 signaling enhances antigen processing in LysoDCs

We next assessed whether GPR31 signaling alters global transcriptional changes in LysoDCs upon infection. 
We isolated LysoDCs from Gpr31b+/+ mice and Gpr31b-/- mice with or without L. monocytogenes infection 
and performed RNA-seq on these cells. Principal component analysis (PCA) revealed a distinct separation 
between Gpr31+/+ LysoDCs and Gpr31b-/- LysoDCs with or without infection (Figure 4(a)). Under infection 
conditions, differentially expressed genes in Gpr31b-/- mice were associated with cell activation, leukocyte 
activation, and lymphocyte activation (Figure 4(b), Table S1). Mapping of the differentially expressed genes 
to the Kyoto Encyclopedia of Genes and Genomes database returned several genes associated with antigen 
processing and presentation. These genes have been ascribed to proton pumps for acidification of the 
phagosome – such as Atp6v0c and Atp6v0a1, which encode subunits of vacuolar ATPase – and proteases 
that are necessary for the processing of antigens and invariant chains, such as Lgmn (legumain/asparaginyl 
endopeptidase), Ctsb (cathepsin B), and Ctsd (cathepsin D) (Figure 4(c)).

We next tested whether GPR31 signaling indeed regulates antigen processing. Given that the difference 
of gene expression associated with antigen processing was more distinguished under infected conditions, we 

Figure 3. Pyruvate–GPR31 signaling enhances L. monocytogenes uptake by LysoDCs. (a and b) L. monocytogenes uptake by 
PP phagocytes. Gpr31b+/+ or Gpr31b−/−mice were orally infected with 1 × 109 CFU of L. monocytogenes EGDe strain. 
Representative dot plot (a) and the percentage (b) of L. monocytogenes+ LysoDCs (left), LysoMacs (middle), and cDCs (right) 
at 1 dpi (water, n = 9 mice; pyruvate,n = 6 mice). *P < 0.05. ns: not significant.
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Figure 4. GPR31 signaling enhances bacterial antigen processing with altered gene expression profiles. (a–c) RNA-seq 
analysis of LysoDCs, sorted from Gpr31b+/+ and Gpr31b-/- mice with or without L. monocytogenes infection at 2 dpi (1 × 109 

CFU/mice; n = 3 mice). (a) Principal component (PC) analysis. (b) Enriched gene ontology (GO) biological process terms 
between Gpr31b+/+ and Gpr31b-/- mice upon infection. (c) Differentially expressed genes mapped to antigen processing and 
presentation in Kyoto encyclopedia of genes and genomes (KEGG) pathways (left) and their expression in Gpr31b-/- LysoDCs 
is shown (right). Log2 Fold changes with p-adjusted value (Padj) < 0.1 were considered significant. (d) Phagosome 
acidification activity of LysoDCs. PP cells from L. monocytogenes-infected Gpr31b+/+ or Gpr31b-/- mice at 2 dpi (1 × 109 

CFU/mice; n = 4 mice) were incubated with FITC or pHrodo Red -conjugated L. monocytogenes for 1 h. The mean 
fluorescence intensities (MFI) of FITC and pHrodo Red were measured using flow cytometry. (e) PP cells from 
L. monocytogenes-infected Gpr31b+/+ or Gpr31b-/- mice at 2 dpi (1 × 109 CFU/mice; n = 4 mice) were incubated with 
Alexa Fluor 647-conjugated OVA, unlabeled-OVA, or BSA for 6 h. Frequencies of LysoDCs positive for Alexa Fluor 647 or 
MHC-I SIINFEKL peptide-loading complex were measured using flow cytometry. *p < 0.05, ns: not significant.
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first prepared LysoDCs from Listeria-infected Gpr31b+/+ and Gpr31b-/- mice. The cells were then cultured 
in vitro with L. monocytogenes labeled with FITC or the pH-sensitive dye pHrodoTM Red, which has low 
fluorescence at neutral pH and bright fluorescence at acidic pH, to monitor the acidification of bacteria- 
containing phagolysosomes. The Gpr31b+/+ and Gpr31b-/- LysoDCs had similar capacities for bacterial 
engulfment as assessed by the uptake of FITC-labeled bacteria (Figure 4(d)). However, Gpr31b-/- LysoDCs 
had weaker fluorescence than Gpr31b+/+ LysoDCs in pHrodo-labeled bacteria (Figure 4(d)), indicating that 
the phagolysosomes of Gpr31b-/- LysoDCs are not fully acidified. It has been reported that LysoDCs elicit 
cross-presentation to prime antigen-specific CD8+ T cells.23 To examine whether GPR31 signaling pro
motes MHC class I-loaded antigen peptide formation, we treated LysoDCs with soluble OVA protein and 
evaluated SIINFEKL peptide bound to H-2Kb of MHC class I on the cell surface. Whereas Gpr31b-/- 

LysoDCs underwent phagocytosis of OVA to a comparable level to their Gpr31b+/+counterparts in vitro, 
they showed the significantly decreased formation of MHC class I-loaded SIINFEKL peptide (Figure 4(e)). 
Together, our findings suggest that GPR31 signaling directly enhances bacterial antigen processing by 
LysoDCs, in addition to inducing dendrite formation.

GPR31-dependent antigen sampling promotes LysoDC migration to the IFR

CD11b+ DCs or LysoDCs localized in the SED migrate to the T cell-enriched IFR upon stimulation with 
Toxoplasma gondii tachyzoite antigen and the TLR7/8 agonist R848,18,25 with the upregulation of CCR7 
expression at the cell surface.18 CCL19, a functional ligand of CCR7, is predominantly expressed in 
fibroblastic reticular cells in the IFR in secondary lymphoid organs.42 A CXCR4 ligand, CXCL12, is also 
abundant in the IFR as well as in the subserosal region of PPs.43 We next evaluated whether GPR31 
signaling is involved in LysoDC migration in PPs. In Gpr31b+/+ mice, L. monocytogenes infection increased 
the proportion of LysoDCs bound to CCL19 or CXCL12, and this binding was significantly suppressed by 
Gpr31b deficiency (Figure 5(a)). Functionally, Gpr31b-/- LysoDCs exhibited poorer migration toward 
CCL19 than their Gpr31b+/+ counterparts (Figure 5(b)). Additionally, Gpr31b-/- Cx3cr1gfp/+ mice showed 
fewer LysoDCs in the IFR than Gpr31+/+ Cx3cr1gfp/+ mice 2 days after infection (Figure 5(c)). These findings 
suggest that the GPR31 signaling-dependent sampling of pathogenic bacteria facilitates LysoDC migration 
from the SED to the IFR.

GPR31-dependent antigen sampling enhances Th1 and cytotoxic T cell responses to 
L. monocytogenes

LysoDCs have been reported to prime naïve T cells toward Th1 as well as cytotoxic T cells.20,23 We next 
interrogated whether GPR31-dependent antigen capture by LysoDCs promotes effector T cell responses. 
Upon L. monocytogenes infection, Gpr31b-/- mice exhibited a decreased proportion of LysoDCs expressing 
the costimulatory molecule CD86 but not CD40 or CD80 (Supplementary Figure S3). Seven days after 
inoculation, we secondarily stimulated PP or LP cells with H-2b-restricted listeriolysin O peptide40 to 
evaluate antigen-specific Th responses. The proportion of L. monocytogenes-specific T cells producing IFN- 
γ was significantly lower in Gpr31b-/- mice than Gpr31b+/+ mice in both PPs and the LP (Figure 6(a)). By 
contrast, the proportion of those producing IL-17 was similar between Gpr31b+/+ mice and Gpr31b-/- mice. 
We also examined the involvement of GPR31 signaling in antigen-specific cytotoxic T cell responses by 
stimulating PP or LP cells with H-2b-restricted Listeria cell wall surface peptide, which activates CD8+ 

T cells.41 As depicted in Figure 6(b), Gpr31b-/- mice showed the reduced proportion of pathogen-specific 
cytotoxic T cells producing IFN-γ in these tissues. These findings indicate that GPR31 signaling enhances 
T cell priming toward Th1 cells and cytotoxic T cells during L. monocytogenes infection.

Effector T cells generated in PPs (inductive sites) enter circulation through the efferent lymphatics and 
blood vessels before migrating to the LP (effector sites). To examine whether GPR31 signaling is responsible 
for effector T cell migration from PPs to the LP, we used KikGR mice. These mice express the photo
convertible protein KikGR, which irreversibly changes from green to red upon exposure to violet light, 
thereby allowing the tracking of cells in the original site.34 The PPs of Gpr31b+/+ KikGR mice and Gpr31b-/- 

KikGR mice were exposed to violet light 5 days after the oral inoculation of L. monocytogenes, and KikGR- 
Red+ (photoconverted) T cells in the LP were monitored the following day. KikGR-Red+ effector CD4+ and 
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CD8+ T cells were augmented in PPs by Gpr31b deficiency, suggesting that they are retained within PPs. By 
contrast, significantly fewer photoconverted T cells were observed in the LP of Gpr31b-/- mice (Figure 6(c)). 
Collectively, our findings indicate that GPR31-dependent signaling in LysoDCs enhances antigen-specific 
Th1 cell responses to L. monocytogenes in PPs and the migration of effector T cells to the LP.

GPR31 signaling enhances resistance to L. monocytogenes infection

We investigated the physiological effects of the pyruvate – GPR31 axis on the resistance of mice to oral 
L. monocytogenes infection. The Gpr31b-/- mice were generated on a C57BL/6 background. Although this 
mouse strain is highly resistant to orally administered L. monocytogenes,46 the susceptibility depends on the 
bacteria strain. Among the commonly used strains in laboratories, 10403S reportedly shows relatively high 
virulence.40 We therefore compared the bacterial burden between the 10403S and EGDe strains. EGDe 
exclusively invaded the small intestine via PPs, whereas 10403S was detected in the LP 4 days after oral 
inoculation (Figure 7(a)). Gpr31b+/+ mice inoculated with 10403S consistently showed a marked loss of 
body weight compared with those received EGDe (Figure 7(b)), indicating that the 10403S strain is highly 
invasive into the LP, thereby increasing susceptibility.

We next treated mice with or without pyruvate for 2 weeks and immunized them with the EGDe strain to 
induce immune responses in PPs. Two weeks after the immunization, the mice were orally infected with the 

Figure 5. GPR31 signaling enhances LysoDC migration to the IFR in PPs. (a) Chemokine binding of LysoDCs. Mice were orally 
infected with 1 × 109 CFU of L. monocytogenes EGDe strain (n = 3 mice). PP LysoDCs were analyzed for CCL19 and CXCL12 
binding at 2 dpi. (b) Chemotactic responses of LysoDCs to CCL19. PP cells prepared from Gpr31b+/+ Cx3cr1gfp/+ or 
Gpr31b-/-Cx3cr1gfp/+ mice were applied to the upper wells of Transwells, and LysoDC migration toward CCL19 was evaluated 
using flow cytometry (n = 3 wells). (c) Quantification of CX3CR1+ cells in the IFR of PPs collected from Gpr31b+/+ Cx3cr1gfp/+ 

or Gpr31b-/- Cx3cr1gfp/+ mice. The percentage of CX3CR1+ area (green) per IFR area (dashed line) was quantified using image 
processing software. The IFR area was defined as the CD4+ area (red). Higher magnification views within the square of the 
left panels are shown in the right panels. Each symbol represents an individual section (n = 6 sections from three mice). Bars 
represent 100 µm. *p < 0.05, ns: not significant.
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Figure 6. GPR31 signaling enhances T cell responses to L. monocytogenes in PPs and the LP. (a and b) frequency of 
L. monocytogenes-specific T cell populations in PPs and the LP from Gpr31b+/+ or Gpr31-/- mice at 7 dpi. PP and LP cells were 
secondarily stimulated with L. monocytogenes listeriolysin O190–201 peptide (a) or cell wall surface peptide LMON_0576 (b) 
in vitro. CD4+ cells producing IFN-γ or IL-17 ((a); PP, n = 11 mice; LP, n = 7 mice) and CD8+ cells producing IFN-γ ((b); PP, n =  
3–4 mice; LP, n = 4 mice) were analyzed. (c) T cell migration from PPs to the LP after L. monocytogenes infection. PPs of 
Gpr31b+/+ KikGR mice (n = 9) and Gpr31b-/- KikGR mice (n = 6) were labeled using violet light irradiation at 5 dpi. One day 
after photoconversion, KikGR-Red+ T cells in PPs and the LP were analyzed using flow cytometry. Effector CD4/CD8+ T cell 
populations were gated as TCRβ+ CD62L− CD44+ cells. *p < 0.05, ns: not significant.
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invasive 10403S strain. Without pyruvate treatment, Gpr31b-/- mice exhibited a severe loss of body weight 
compared with Gpr31b+/+ mice. Oral pyruvate administration alleviated the body weight loss in Gpr31b+/+ 

but not Gpr31b-/- mice (Figure 7(c)). Consistent with this finding, Gpr31b-/- mice were highly susceptible to 
10403S and succumbed to the infection shortly after inoculation. Although pyruvate treatment improved 

Figure 7. GPR31 signaling enhances resistance to L. monocytogenes infection. (a and b) titers of EGDe and 10403S strains in 
PPs and the LP (a) and body weight loss of Gpr31b+/+ mice infected with each strain (b) at 4 dpi (1 × 1011 CFU/mice; EGDe, n  
= 3 mice; 10403S, n = 4 mice). The dashed line in (a) indicates the detection limit. Mann–Whitney U-test (a) was performed 
for the statistical analysis. (c and d) effects of immunization with the EGDe strain on infection with the invasive 10403S 
strain. Mice were orally administered pyruvate for 2 weeks before being infected with the EGDe strain (1 × 109 CFU/mice). 
Two weeks later, mice were further treated with the 10403S strain (1 × 1011 CFU/mice). Body weight loss (c) and survival 
rate (d) after 10403S infection were monitored (n = 13–15 mice). Abx; streptomycin and clindamycin. Log-rank test (d) was 
performed for statistical analysis. *p < 0.05, ns: not significant.
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the survival rate in Gpr31b+/+ mice, this effect was abolished by Gpr31b deficiency (Figure 7(d)). These data 
strongly suggest that the pyruvate – GPR31 axis enhances immune responses in PPs and potentiates the 
resistance to invasive pathogens in the intestine.

Discussion

LysoDCs reside under the FAE and are closely associated with M cells in PPs. They effectively capture 
pathogenic bacteria and induce antigen-specific immune responses. In the present study, the bacterial 
metabolite pyruvate enhanced LysoDC dendrite protrusion to basolateral M-cell pockets via GPR31. 
Moreover, GPR31 signaling promoted the LysoDC uptake and antigen processing of orally infected 
L. monocytogenes. Upon infection, GPR31 signaling increased both LysoDC migration to the IFR and the 
generation of antigen-specific Th1 and cytotoxic T cells in PPs, leading to efficient effector T cell migration 
from PPs to the LP. Furthermore, oral pyruvate administration in mice improved their resistance to 
infection with a virulent strain of L. monocytogenes in a GPR31-dependent manner.

In the current study, we observed that LysoDCs extended dendrites into M-cell pockets but only 
marginally extended them between adjacent epithelial cells of the FAE. By contrast, CX3CR1+ MNPs in 
the LP reportedly protrude transepithelial dendrites in a GPR31-dependent manner.32 One possible reason 
for this discrepancy involves the different intrinsic properties of these two cell populations. In the intestinal 
villi, adjacent epithelial cells form a junctional complex including tight junctions, adherens junctions, and 
desmosomes, which restrict CX3CR1+ MNPs from protruding dendrites to the luminal surface. In vitro data 
indicates that DCs open the tight junctions between epithelial cells and extend dendrites outside the 
epithelial layer without disrupting the tight junctions.47,48 LP CX3CR1+ MNPs may have molecular devices 
that modulate adhesive interactions with epithelial cells for their dendrite protrusion, unlike LysoDCs. 
Another possibility is that the microenvironment may influence dendrite formation. With maturation, 
M cells structurally develop basolateral pockets,2 which generate enough space for LysoDCs to easily 
elongate dendrites. In addition, the epithelial cells of the FAE covering PPs show specialized characteristics 
that are distinct from those of intestinal epithelial cells.49 Although IL-22 regulates the barrier function of 
intestinal epithelial cells, IL-22 signaling in the FAE is ameliorated by the action of IL-22-binding protein 
(IL-22BP/IL-22Ra2), which is a secreted decoy receptor for IL-22.50 IL-22BP alters the transcriptional 
program of the FAE and promotes bacteria uptake into PPs.50 Notably, IL22BP is highly expressed by 
LysoDCs16,23 under the control of transcription factor RelB and C/EBPα,51 indicating that LysoDCs may 
modulate epithelial functions that are important for antigen transport into PPs. Likewise, TLR2 activation 
induces receptor redistribution in the FAE but not in villus epithelium, and enhances the transepithelial 
transport of microparticles by M cells.52 Thus, the FAE might support M cell-mediated antigen transport 
instead of restricting transepithelial dendrites by LysoDCs. In the intestinal villi, TLR ligands including 
peptidoglycan, lipopolysaccharide, and CpGs (activating TLR2, TLR4, and TLR9, respectively) enhance 
CX3CR1+ MNP dendrite extension into the lumen; however, these ligands fail to induce dendrite formation 
in bone marrow chimeric mice in which Myd88-deficinet recipients received WT hematopoietic cells, 
indicating the importance of MyD88-dependent TLR signaling in epithelial cells for transepithelial dendrite 
extension.53 Further investigations are needed to reveal the mechanisms by which epithelial cells regulate 
CX3CR1+ cell dendrite protrusion.

In the present study, oral pyruvate administration particularly enhanced LysoDC dendrites with sphe
rical (“balloon”) shapes in a GPR31-dependent manner. This dendrite structure may help to expand the 
surface area of LysoDCs to promote the efficient uptake of antigens delivered by M cells. This observation is 
similar to a previous finding that CX3CR1+ MNPs in the LP display transepithelial dendrites with balloon 
shapes, especially in the proximal jejunum.53 Unlike LP CX3CR1+ MNPs, LysoDCs need to adjust their 
dendrites to the space of M-cell pockets. It remains unclear whether GPR31 signaling intrinsically induces 
a spherical dendritic shape, or whether it induces the elongation of finger-like dendrites that subsequently 
change their shapes to fill the limited space of M-cell pockets. LysoDCs also reportedly extend dendrites 
through M-cell-specific transcellular pores to the lumen in a CX3CR1-independent manner;20,41 however, 
this type of dendrite formation was only occasionally observed in our analysis. Although the reason for this 
inconsistency is unclear, one possibility is that trans-M cell dendrite formation is dependent on the 
intestinal environment, including food and intestinal bacteria. It has recently been reported that short- 
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chain fatty acids induce dendrite elongation in DCs in vitro by inhibiting histone deacetylase.54 It may 
therefore be that multiple mechanisms regulating dendrite protrusion in DCs are used depending on the 
biological context.

Although both LysoDCs and cDC2s reside in the SED,16 LysoDCs play a pivotal role in the uptake of 
pathogenic bacteria, including S. Typhimurium.21 In the current study, we demonstrated that LysoDCs 
efficiently took up L. monocytogenes in a GPR31-dependent manner using an L. monocytogenes strain that 
preferentially invades PPs. GPR31 signaling promoted L. monocytogenes uptake in LysoDCs in vivo, 
whereas in vitro experiments revealed that Gpr31b-/- LysoDCs have a similar capacity for bacteria engulf
ment as their Gpr31b+/+ counterparts, indicating that the relatively low LysoDC bacteria uptake in Gpr31b-/- 

mice may be caused by limited dendrite formation. Moreover, cultured Gpr31b-/- LysoDCs exhibited low 
acidification in bacteria-containing phagosomes, indicating that GPR31 signaling directly regulates LysoDC 
bacteria processing as well as the induction of dendrite protrusion in these cells. cDCs expressing Zbtb46 
enter M-cell pockets and cDC1s mainly participate in the uptake of CpG-carrying nanoparticles,55 whereas 
CX3CR1+ cells in the SED efficiently take up microspheres, IgA-coated antigens, M cell-derived vesicles, 
and dead M cells.20,21,56,57 The involvement of GPR31 signaling in the uptake and processing of these 
antigens requires further investigation.

LysoDCs strongly express MHC class II and have functional plasticity for the differentiation of naïve 
helper T cells producing IFN-γ and IL-17.20,22 In our data, GPR31 signaling promoted L. monocytogenes- 
specific Th1 but not Th17 cell responses, probably because L. monocytogenes favors the differentiation and 
growth of Th1 cells.58 Upon L. monocytogenes infection, PP-resident CX3CR1intermediate cells but not 
CX3CR1high cells (including LysoDCs) are increased in number and serve as main producers of IL-23, 
which regulates epithelial proliferation.59 These CX3CR1-expressing myeloid cells may cooperate in the 
host defense against L. monocytogenes infection. The absence of M cells due to the defect of spib or 
diminished transportation of FimH+ bacteria in M cells by the deficiency of GP2 leads to the impairment 
of antigen-specific CD4+ T cell responses to S. Typhimurium.4,27 In addition, dysfunction of transcytosis in 
M cells by the deficiency of allograft inflammatory factor 1 reduces antigen-specific secretory IgA to 
Y. enterocolitica.60 Therefore, it is tempting to speculate that GPR31 signaling in LysoDCs contributes to 
immune induction against various pathogens that utilize M cells for entry.

In this present study, we demonstrated the physiological importance of PP LysoDCs for Th1 and 
cytotoxic T cell induction in not only PPs but also the LP using the L. monocytogenes strain EGDe, which 
preferentially invades PPs but not the LP. Upon infection, GPR31 signaling promoted the migration of 
effector T cells from PPs to the LP. Furthermore, immunization with the EGDe strain enhanced resistance 
to the LP-invasive strain 10403S in a GPR31-dependent manner. Together, these findings indicate that 
immune induction via GPR31 in PPs (the inductive site) plays a fundamental role in the host defense against 
pathogenic bacteria in the effector site. It has also been reported that M cell-null Spib-deficient mice show 
high susceptibility to Citrobacter rodentium-induced infectious colitis.61 Moreover, mice lacking PPs show 
no gastritis with Helicobacter pylori infection. The coccoid but not helical form of H. pylori is captured by 
DCs residing in the SED, and CD4+ T cells are likely primed with antigens in PPs.62 Collectively, these data 
indicate the importance of PPs for inducing immune responses against gastric and colonic infections. 
Furthermore, the deficiency of GP2 leads to reduced systemic antigen-specific IgG responses.4 In mice 
devoid of M cells caused by an epithelium-specific deficiency of NIK, serum IgA and IL-17A are poorly 
produced in dextran sulfate sodium-induced colitis and polymicrobial sepsis,63 suggesting that PPs are also 
important for systemic immune responses. Future studies are needed to determine how GPR31-mediated 
LysoDC immune responses might contribute to intestinal and systemic immunity.

Lactic and pyruvic acids provide various health benefits to the host.64,65 Lactic acid is produced by 
a number of commensals including Lactobacillus, whereas pyruvic acid is directly or indirectly generated by 
limited species, including Lactobacillus, Lachnospiraceae bacterium, and Bifidobacterium .32,64,66 In human, 
symbiotics containing Bifidobacterium lactis and fructooligosaccharides lead to increased pyruvate in stool 
samples.67 Given that GPR31 responds to pyruvic acid with a higher affinity than to lactic acid (half 
maximal effective concentration of mouse GPR31 for pyruvic and lactic acids: 110 nM and 400 µM, 
respectively),32 the identification of commensal species that produce pyruvate in the small intestine is 
potentially important. Furthermore, the pyruvate and lactate – GPR31 axis may serve as a beneficial target 
for enhancing mucosal immunity by oral vaccination. In the human small intestine, GPR31 is selectively 
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expressed in cDC1s, and the stimulation of human cDC1s with GPR31 ligands induces dendrite 
elongation.68 GPR31-expressing cells in human PPs should therefore be identified in the future for potential 
clinical applications.
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