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The intestinal lumen is rich in gut microbial metabolites that serve as signaling molecules
for gut immune cells. G-protein-coupled receptors (GPCRs) sense metabolites and can
act as key mediators that translate gut luminal signals into host immune responses.
However, the impacts of gut microbe-GPCR interactions on human physiology have
not been fully elucidated. Here, we show that GPR31, which is activated by the gut
bacterial metabolite pyruvate, is specifically expressed on type 1 conventional dendritic
cells (cDCls) in the lamina propria of the human intestine. Using human induced
pluripotent stem cell-derived cDCl1s and a monolayer human gut organoid coculture
system, we show that cDCls extend their dendrites toward pyruvate on the luminal side,
forming transepithelial dendrites (TED). Accordingly, GPR31 activation via pyruvate
enhances the fundamental function of cDCI1 by allowing efficient uptake of gut luminal
antigens, such as dietary compounds and bacterial particles through TED formation.
Our results highlight the role of GPCRs in tuning the human gut immune system
according to local metabolic cues.

G protein-coupled receptors | GPR31 | dendritic cell | transepithelial dendrite formation |
antigen recognition

The human gut microbiota is composed of ~38 trillion microbes (1), which produce
various metabolites that affect host health (2—4). G-protein-coupled receptors (GPCRs),
the largest family of human membrane proteins, play a central role in recognizing these
metabolites, which play important roles in the maintenance of gut and overall host health
by serving as signaling molecules for immune cells, epithelial cells, and neurons (5, 6).
Although many GPCRs remain uncharacterized, recent technological advances—including
functional metagenomics (7), bioinformatics in combination with synthetic biology (8),
high-throughput functional profiling approach (9), and multiplexed bioactivity screening
(10)—have led to the identification of many novel ligands and functions of GPCRs. For
example, GPR56 and GPR97 are activated by the essential amino acid L-phenylalanine,
which is produced by certain Bacteroides strains (9). Because intestinal metabolites are
complex and diverse, there is a need for further exploration of interactions between metab-
olites and GPCRs in the gut. Moreover, the expression levels of GPCRs vary among cell
types, implying that metabolites act on specific cell types and influence their functional
characteristics. Intestinal mononuclear phagocytes (MNPs), including monocytes, mac-
rophages, and dendritic cells (DCs) (11), play key roles in maintaining gut homeostasis
through antigen recognition and presentation to adaptive immune cells. Therefore, the
identification of cell type-specific GPCRs in human intestinal MNP subsets and eluci-
dation of mechanisms by which metabolic niches influence function are important areas
of research to understand the mechanisms of gut homeostasis; exploration of these areas
may provide potential therapeutic targets for gastrointestinal and immune diseases.
Although single-cell analysis of human gastrointestinal cell populations enables a com-
prehensive understanding of the gut immune system, it generally does not provide suffi-
cient resolution for MNPs, which are substantially less abundant than stromal cells,
epithelial cells, and lymphocytes (12). Publicly accessible single-cell RNA sequencing
(scRNA-seq) datasets focused on human intestinal MNDPs are limited and mainly targeted
to the human colon (13-15). Here, we utilized a single-cell approach that exclusively
targeted human small intestinal MNDPs to examine subset-specific expression of GPCRs
with unknown endogenous ligands. Among GPCR family members, GPR31 was specif-
ically expressed on human type 1 conventional dendritic cells (cDCls), with particularly
high expression in small intestinal cDCls. In mice, CX3CR1" intestinal myeloid cells
protrude dendrites across epithelial barriers for antigen uptake (16). We previously showed
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Significance

Transepithelial dendrite (TED)
formation of dendritic cells is an
important biological process
responsible for antigen sampling
and immune surveillance in the
gut, playing a crucial role in
maintaining gut homeostasis.
However, factors driving TED
formation in humans are poorly
understood due to difficulties in
human cell-based experiments.
Here, we use state-of-the-art
technology to demonstrate that
an environmental cue controls
the formation of TED in human
type 1 conventional dendritic cell
(cDC1). This process is mediated
by GPR31, which is found to be
highly expressed in intestinal
cDC1, and its activation promotes
the uptake of gut luminal
antigens. These results may
provide potential targets for
clinical applications, such as
protection from intestinal
infections and improvements in
mucosal vaccine efficacy.
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that pyruvate (PA) and lactate (LA)—metabolites of gut commen-
sal microbes—promote dendrite protrusion from CX3CR1" intes-
tinal myeloid cells via GPR31 in mice (17). It is important to
determine whether this function is preserved in humans and to
identify its effects in human physiology. In this study, we used
induced pluripotent stem cell (iPSC) technology and a human
gut organoid system to demonstrate that the PA~-GPR31-dendrite
protrusion axis, mediated by changes in cytoskeletal conformation,
is broadly conserved across species and cell types. These findings
provide insights concerning the mechanism by which gut micro-
biota regulate transepithelial dendrite (TED) formation of human
cDCls.

Results

GPR31 Is Specifically Expressed on ¢cDC1s in Human Intestinal
MNPs. To systematically evaluate human intestinal MNPs, we
performed scRNA-seq analysis (10x Chromium) on CD37°CD1
9°CD20 CD56 EpCAM CD45"HLA-DR" live cells in lamina
propria isolated from the unaffected mucosa of the human ileum
(n = 4) (SI Appendix, Fig. S1A and Table S1). CD3E" T cells
(clusters 14, 15), CD79A" B cells (clusters 16 to 18), COL3AI"
stromal cells (cluster 17), and CPA3" mast cells (cluster 19) were
excluded prior to analysis (S Appendix, Fig. S1B). The analyzed
data consisted of 10,234 MNPs across 13 clusters (Fig. 1 A-Cand
SI Appendix, Fig. S2 A and B). MNPs were mainly subdivided into
two main lineages, monocyte-macrophage lineage (clusters 1 to
5; expressing CD14) and DC lineage (clusters 6 to 12; expressing
FLT3) (Fig. 1C). By comparing the gene expression patterns of
each cluster to the previously reported transcriptional signatures
of each cell type, cells were classified into 9 cell types (Fig. 1B and
SI Appendix, Fig. S2 A and B) (14, 18-23).

GPCRs with unknown ligands are potential targets in efforts
to identify metabolites functioning as novel ligands (26). Therefore,
the expression levels of genes encoding GPCRs with unknown
ligands in human intestinal MNPs were surveyed using scRNA-seq
data. Although most GPCR-encoding genes were ubiquitously
expressed on cells in various clusters, GPR3I was specifically
expressed on cDCls (cluster 6) (Fig. 1 D and E). This result was
confirmed by targeted scRNA-seq analysis for more sensitive
detection of targeted transcripts (BD Rhapsody) and evaluation
of each MNP subset by bulk RNA-seq analysis, both of which
showed specific expression of GPR31 to ¢cDCls (SI Appendix,
Fig. S3 A-D). Analysis using a publicly accessible multitissue
scRNA-seq dataset of human immune cells (including innate and
adaptive immune cells) showed that GPR31 was specifically
expressed in cDCls in the jejunum and other organs (57 Appendix,
Fig. S4) (25); it displayed particularly high expression in the intes-
tinal lamina propria (Fig. 1F). These results led us to assume that
GPR31 specifically influences human intestinal cDC1 activity in
response to gut luminal metabolites.

Human Intestinal ¢DC1 Activation by PA Led to Dendrite
Elongation. Because GPR31 was expressed in 35% of cDCls
(Fig. 2A), we investigated whether GPR31 expression confers
specific functional characteristics to these cDCls. Pathway analysis
of scRNA-seq data showed that GPR31" ¢<DCls were enriched
in Gene Ontology (GO) terms related to antigen processing and
presentation, as well as interferon-y-mediated signaling, compared
with GPR3I" ¢DCls (Fig. 2 B and (). These results suggest
that GPR31 expression on cDCls could enhance their antigen
processing and presentation capacities.

GPR31 is reportedly activated by the gut bacterial metabolites
PA and LA (17), as well as 12(S)-hydroxyeicosatetraenoic acid

https://doi.org/10.1073/pnas.2318767121

[12(S)-HETE], a 12-lipoxygenase metabolite of arachidonic acid
(27). Therefore, we investigated whether cDCls could be activated
by these metabolites. Because commercially available antibodies
we tested failed to specifically detect human GPR31, cDCls iso-
lated from resected human gut samples using an antibody to
XCRI, a representative marker of cDCls, were used for subsequent
analyses (Fig. 1C and ST Appendix, Fig. S5A); the isolated ¢cDCls
were stimulated with PA, LA, and 12(S)-HETE. Consistent with
the results of scRNA-seq analysis, XCR1" conventional dendritic
cells (cDCs) in human intestinal lamina propria showed signifi-
cantly higher GPR31 expression, compared with XCR1™ ¢cDCs
(SI Appendix, Fig. S5B). To investigate stimulation-induced tran-
scriptional changes in human intestinal cDCls, bulk RNA-seq of
isolated human intestinal cDCls was performed after stimulation
with PA, LA, or 12(S)-HETE. Differentially expressed genes that
were up-regulated upon stimulation included genes associated with
dendritic membranes and filopodia, such as KITLG, MPP2,
ERMN, KCNBI, and TTC8 (Fig. 2D and SI Appendix, Fig. S5C).
Filopodia reportedly function as phagocytic tentacles, pulling cap-
tured antigens toward the cell for phagocytosis; this could be a
mechanism to enhance phagocytic uptake (28). The results con-
cerning differentially expressed genes suggest that human intestinal
cDCls are activated by the bacterial metabolites, which can lead
to morphological changes in ¢DCls. Indeed, the percentage of
dendrite-elongating cDCls was significantly increased after PA
stimulation in vitro (Fig. 2E). This result was further confirmed
in cDCls isolated from gut-associated lymphoid tissue (GALT)-free
lamina propria (S Appendix, Fig. S5D). In contrast, PA stimula-
tion had no significant impact on general activation markers of
DCs (CD40, CD80, CD83, and CD86) (29-31), implicating
that PA induces morphological changes in ¢<DCls without trig-
gering their general activation (S Appendix, Fig. S5E). To inves-
tigate the involvement of GPR31, GPR31 expression in human
intestinal cDCls was knocked down by small interfering RNA
(siRNA). PA-induced dendritic elongation was canceled by GPR31
knockdown (S7 Appendix, Fig. S5F). These results indicated that
PA promotes dendrite extension of human intestinal cDCls in a
manner that is mediated by GPR31.

PA Stimulation Caused GPR31-Dependent Dendrite Protrusion
in Human cDC1s. To investigate whether the PA-GPR31 axis
mediates dendrite protrusion of cDCls, ¢DCls with drug-
inducible GPR31 were generated using human iPSCs. First, a
vector (PB-TAG-ERN) containing the human GPR3! sequence
was constructed using the piggyBac transposon vector system
(32). This vector was designed to express GPR31 in a doxycycline
(DOX)-dependent manner and simultaneously express green
fluorescent protein (GFP). PB-TAG-ERN containing the human
GPR31 sequence was cotransfected into human iPSCs along with
piggyBac transposase (PBase) (Fig. 34). DOX-stimulated iPSCs
displayed efficient (~95%) induction of GFP and high expression
of GPR31 (SI Appendix, Fig. S6 A and B). Subsequently, cDC1
differentiation was induced in GPR3I-transduced iPSCs by cytokine
cocktail stimulation, as previously reported (Fig. 3B) (33, 34).
To purify iPSC-derived ¢cDCls, CD11c¢"XCR1" live cells were
isolated by a flow cytometer and subsequently used for the study
(81 Appendix, Fig. S6C). iPSC-derived cDCls exhibited DC-like
cellular morphology with dendrites (Fig. 3C and SI Appendix,
Fig. S6D) and expressed XCRI and GPR31 (SI Appendix, Fig. S6 E
and F). Furthermore, the pattern of cell surface marker expression
on iPSC-derived ¢DCls was consistent with a previously
reported cDC1 pattern; XCR1", CD11c", CD141", CDlc, and
CD123" (SI Appendix, Fig. S6 G and H) (35). Stimulation with

lipopolysaccharide (LPS) increased surface expression of activation

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2318767121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318767121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318767121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318767121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318767121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318767121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318767121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318767121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318767121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318767121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318767121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318767121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318767121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318767121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318767121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318767121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318767121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318767121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318767121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318767121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318767121#supplementary-materials

Downloaded from https://www.pnas.org by "OSAKA UNIV, LIFE SCI BRANCH LIBRARY" on November 13, 2024 from |P address 133.1.91.151.

A Leiden clustering B

Cell type

12 )
e 1 monocyte-like M$ e monocyte-like M¢
o 2 _ o TRM
e 3 TRM_2 o inflammatory M¢
e 4 TRM_3 e cDCA1
e 5 inflammatory M¢ e cDC2
e 6 cDC1 ¢ DC3
e 7 cDC2_1 » activated DC
» 8 cDC2_2 «pDC
* 9 cDC2_3 « unclassified
10 DC3 N
11 activated DC &
12 pDC =
» 13 unclassified )
UMAP1
monocyte-like M 11000 - 0®00c0c - - > @ © c Fraction of cells
i L LR o T
_ TRM| 21ge e 0000 o ®o : 10000
. inflammatory M¢| 51@® o eo0eoo - > X S 20 40 60 80100
G 7 : \(J‘\ R : co e Mean expression
5 cDC2 g H o : DR in group
. DCg 1010 00 - o ® ® I —
activated DC| 111 @ . @ o o 00e ° 0 5
pDC| 121 ® °® ' ® o @
unclassified| 131 @ ® °c®-00 o
3IrPRR308000LAId T aSERSETISS3SIASERIES
FOQFSSe e rsUWAOINQOII00QAR TSI~ SILSTFANSOadnN
SQOLSSCO0HAQIETOo0f WIxkoP=a X STRI0OR=0
L g 50 OSZnt 43 =S S "03°0
<< (23] M d s 2= O i <
| n < o w
IXI “w g . :
< Fraction of cells Mean expression
in group (%) in group
c0000
D 20 40 60 80100 O 2
1 ° °® . [ ]
2 o0 ° o ®
3 B . . °
g ° ° ®
< : i i b4
9 6 . e ® ° o e
g 7 ° ® ® ™Y
T) 8 [ ] e e [ ]
9 ® [ ® ° ) 0
10 ° ° ® . ®
11 ° [ ] [ ] e e
12 ° ° °
13 . o
T T T e T N T L R N NS N P N N T T
N T ™= ™= T T T T T T e T T T T T Y Y Y (%) x > —
© °g pcltotofotelotelololototetotelotels) LIREE o OEESSG
SSS
E GPR31 1 F GPR31
10 °2 200
— °3 3
[} 0175 ® BMA
o8 *4 345
ko) o5 I ® JEJLP
56 o6 o125 o LIV
5 @ 1.00
34 A Py ®LLN
N [0] 8 o U
P = g £050 ®LNG
< X 2 < ® MLN
= : i 10 Wo.2s
-] g W 0] _“ 11 0 ® SPL
UMAP1
. 12 3 4 5 6 7 8 910 11 12 13 : ]g Q)@v Q}»Q S V@ &0 § o
Low e High cluster S

organ

Fig. 1. scRNA-seq analysis profiles of cell type-specific GPCRs in human intestinal MNPs. (A-E) scRNA-seq analysis of 10,234 MNPs from human ileal lamina
propria (n = 4). (A) UMAP plot of Leiden clustering. TRM, tissue-resident macrophage; cDC2, type 2 conventional dendritic cell; pDC, plasmacytoid dendritic cell.
(B) UMAP plot of cell type. (C) Dot plot heatmap showing expression of representative marker genes. (D) Dot plot of gene expression for orphan GPCRs (24).
(E) Left: GPR31 expression on the UMAP plot, represented as a heatmap. Right: Violin plot of GPR31 expression in each cluster. (F) Reanalysis of publicly accessible
multitissue scRNA-seq dataset of human myeloid cells (25). Violin plot of GPR37 expression in cDC1 subsets of each organ. BMA, bone marrow; JEJLP, jejunal
lamina propria; LIV, liver; LLN, lung-draining lymph nodes; LNG, lung; MLN, mesenteric lymph nodes; SPL, spleen.

markers, such as CD80, CD86, and HLA-DR, on iPSC-derived
cDCls (8] Appendix, Fig. S6I). These results demonstrate that
¢DCI differentiation was successfully induced by this method.
Upon DOX stimulation, iPSC-derived cDCls showed significantly
higher GPR31 expression (Fig. 3D).

To investigate whether dendrite protrusion of PA-stimulated
human intestinal cDC1s was induced by GPR31 activation, changes

PNAS 2024 Vol.121 No.44 2318767121

in cell morphology under the PA stimulation were evaluated using
GPR31-expressing iPSC-derived ¢<DCls. Morphological changes
in GPR31-expressing iPSC-derived cDCls were observed, includ-
ing a significant increase in the percentage of cells with dendrite
extension, during PA stimulation (Fig. 3E). Dendrite extension in
iPSC-derived ¢DCls without DOX stimulation also tended to
increase during PA stimulation, possibly in relation to endogenous
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Fig. 2. GPR31 activation upon stimulation with the bacterial metabolite pyruvate. (A) Percentages of GPR31" cells among cDC1s and other MNP subsets, determined
via scRNA-seq analysis of MNPs from human ileal lamina propria (mean + SD of four independent experiments). ****pP < 0.0001. Statistical analysis via one-way
ANOVA followed by Tukey's multiple comparison test. (B) Bar graph of the top 10 enriched GO Biological Process 2021 terms that were significantly up-regulated
in GPR31" ¢cDC1s compared with GPR31™ cDC1s or GPR31~ ¢cDC1s compared with GPR31* ¢cDC1s, determined via scRNA-seq analysis of MNPs from human ileal
lamina propria. (C) GSEA of gene sets enriched in GPR37" cDC1s compared with GPR31~ cDC1s. NES, normalized enrichment score; FDR, false discovery rate.
(D) Left: Heatmap of differentially expressed genes in human intestinal cDC1s upon stimulation with 100 uM PA (n = 4 in each group), determined via bulk RNA-
seq analysis. Right: Enriched GO Cellular Component terms that were significantly up-regulated in the PA stimulation group. (E) Left: Representative morphology
of human ileal cDC1s upon stimulation with 100 pM PA for 4 h. Arrowheads indicate extended dendrites. Red, phalloidin; blue, DAPI. (Scale bar, 10 pm.) Right:
Percentage of cDC1s with extended dendrites (mean + SD of six independent experiments). Percentages of cells with dendrite length > 5 um were quantified.

*P < 0.05. Statistical analysis by two-tailed unpaired Student's ¢ test.

GPR31 expression in iPSC-derived cDCls (S Appendix, Fig. S6F).
On the other hand, general activation of DCs by LPS stimulation
did not affect dendrite extension (S Appendix, Fig. S7TA) (36).
Furthermore, PA-induced dendrite protrusion was canceled under
treatment with NF449, a Gsa-subunit-selective G-protein antago-
nist (SI Appendix, Fig. S7B) (37). These results indicate that PA
stimulation promotes GPR31-dependent dendrite protrusion of
human intestinal cDCls.

40f12 https://doi.org/10.1073/pnas.2318767121

cDC1s Extended Dendrites into Interepithelial Space via the PA-
GPR31 Axis. Next, to explore the physiological significance of cDC1
dendrite extension, we examined the localization of cDCls in the
human small intestine. Immunohistochemical analysis showed that
some XCR1" cDCls were localized immediately under intestinal
epithelia (Fig. 44) and extended dendrites between epithelial
layers (Fig. 4B). These data indicate that cDCls may recognize
some gut luminal substances through epithelial gaps. Based on the
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Fig. 3. Generation of human iPSC-derived cDC1s with drug-inducible GPR31. (A) Schematic representation of the construction of a drug-inducible GPR37 expression
vector based on the piggyBac transposon (PB-TAG-ERN) used in this study. The tetracycline resistance operon (tetO), GPR37 gene, internal ribosomal entry
site (IRES), enhanced green fluorescence protein (EGFP), polyadenylation signal (pA), rat elongation factor 1a promoter sequences (rEf1a), reverse tetracycline
transactivator gene (rtTA), and neomycin resistance gene (neo) are shown. (B) Schematic representation of the protocol for iPSC differentiation into cDC1s.
(C) Morphology of iPSC-derived cDC1s observed via bright-field microscopy. (Scale bar, 10 pm.) (D) Relative expression of GPR37 in GPR31-expressing iPSC-derived
cDC1s (DOX") and control cDC1s (DOX") (mean + SD of six independent experiments). ***P < 0.001. Statistical analysis by two-tailed unpaired Student's ¢ test.
(E) Left: Percentage of cDC1s with extended dendrites (mean + SD of six independent experiments). Percentages of cells with dendrite length >5 pm were quantified.
****p < 0.0001. Statistical analysis via two-way ANOVA followed by Sidak’s multiple comparison test. Right: Representative morphology of iPSC-derived cDC1s
upon stimulation with 100 uM PA for 4 h. Arrowheads indicate extended dendrites. Red, phalloidin; green, GFP; blue, DAPI. (Scale bar, 10 pm.)

immunohistochemical results, we established a three-dimensional
(3D) culture model using cell culture inserts to determine whether
cDCls extend dendrites toward higher concentrations of PA. When
PA was added to the chamber opposite from human ileal primary
cDCl1s, we found that cDCls extended their dendrites toward PA
(Fig. 4C). To evaluate whether GPR31 is involved in this process,
we utilized a similar model involving GPR31-expressing iPSC-
derived ¢DCls. The percentage of cells with dendrite protrusion
toward PA was significantly increased after PA stimulation in
GPR31-expressing iPSC-derived ¢cDCls, suggesting that cDCls
extend dendrites toward PA via GPR31 (Fig. 4D).

To reproduce physical and functional barriers between the gut
lumen and cDCls, we established a coculture model of cDC1s and
intestinal epithelium (38). Intestinal organoids derived from the
human small intestine were cultured as monolayers on cell culture
inserts opposite from primary ¢DCls until they reached full

PNAS 2024 Vol.121 No.44 2318767121

confluence (87 Appendix, Fig. S8). PA stimulation of the epithelial
chamber led to TED formation of intestinal cDCls (Fig. 4F).
Additionally, when a similar model was established using iPSC-
derived cDCls, GPR31-expressing iPSC-derived cDCls showed den-
drite protrusion into the interepithelial space during PA stimulation
(Fig. 4F). In contrast, iPSC-derived cDCls without GPR31 induction
demonstrated minimal TED formation regardless of PA stimulation.
These results suggest that intestinal cDCls extend dendrites through
interepithelial gaps via PA-mediated GPR31 activation.

cDC1s Internalized Antigens via the PA-GPR31 Axis. In the next
experiment, we investigated whether antigen recognition and uptake
by GPR31" cDCls were efficiently achieved via the PA-GPR31
axis. GPR31-expressing iPSC-derived cDCl1s were cultured on the
membranes of cell culture inserts; medium with ovalbumin (OVA)
was placed in the chamber opposite from ¢DCls. Antigen uptake

https://doi.org/10.1073/pnas.2318767121
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analysis revealed that the percentage of OVA™ cells displaying antigen
uptake was significantly increased among GPR31-expressing iPSC-
derived cDCls during PA stimulation (Fig. 54). Increased antigen
uptake was not observed by LPS stimulation and was canceled
by the Gsa antagonist NF449, suggesting that antigen uptake in
cDCls was promoted in a GPR31-dependent manner, but not
by general activation of DC (8] Appendix, Fig. S7C). Despite the
presence of an epithelial barrier, antigen uptake on the opposite side
was observed in GPR31-expressing iPSC-derived cDCls during PA
stimulation (Fig. 5B). In contrast, antigen uptake was not observed
in iPSC-derived ¢cDCls without GPR31 induction, regardless of
PA stimulation. Furthermore, GPR31-expressing iPSC-derived
cDCls demonstrated uptake of killed Escherichia coli (E. coli)
on the epithelial side (Fig. 5C). These results indicated that the
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Fig. 4. Humanintestinal cDC1s extend-
ed dendrites into interepithelial space
via the pyruvate-GPR31 axis. (A and
B) Immunohistochemical staining of
XCR1 expression in the human ileum.
(A) Left: Scale bar, 50 pm. Right: Scale
bar, 20 pm. (B) cDC1s extended den-
drites into interepithelial space (arrow-
heads). (Scale bar, 20 um.) (C and D) 3D
culture model. cDC1s were seeded onto
1.0-um pore insert filters; 1 mM PA was
added to the lower chamber and cells
were cultured for 1 h. cDC1s extended
dendrites across the 1.0-pm pore insert
filter to reach the lower chamber during
PA stimulation (arrowheads). Dashed
lines indicate the position of 1.0-pm
pore insert filter. (Scale bar, 10 um.)
(C) 3D culture model using human ileal
cDC1s. Green, phalloidin; blue, DAPI.
(D) Top: 3D culture model using iPSC-
derived cDC1s. Red, phalloidin; blue,
DAPI. Bottom: Percentage of cells with
extended dendrites in 3D culture model
using iPSC-derived cDC1s (mean + SD of
six independent experiments). Percent-
ages of cells with dendrites extending
through the membrane to the lower
chamber were quantified. **P < 0.01;
*#*¥%P <0.001. Statistical analysis via two-
way ANOVA followed by Tukey’s multi-
ple comparison test. (E and F) Coculture
model of cDC1s (upper chamber) and
enteroid monolayer (lower chamber).
After 1 mM PA was added to the lower
chamber, cells were cultured for 1 h.
cDC1s extended dendrites across the
1.0-um pore insert filter to reach the
enteroid monolayer during PA stimu-
lation (arrowheads). Red, CD11c; blue,
DAPI. (Scale bar, 10 pm.) (E) Coculture
model using human ileal cDC1s. (F) Top:
Coculture model using iPSC-derived
cDC1s. Bottom: Percentage of cells with
extended dendrites in 3D culture model
using iPSC-derived cDC1s (mean + SD of
six independent experiments). Percent-
ages of cells with dendrites extending
into the epithelial layer were quantified.
****P < 0.0001. Statistical analysis via
two-way ANOVA followed by Tukey’s
multiple comparison test.
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recognition and uptake of intraluminal antigens (e.g., bacteria or
dietary components) by human intestinal cDC1s were enhanced by
increased TED protrusion into the lumen via the PA-GPR31 axis.

cDCls are known to cross-prime CD8" T cells (39), and coim-
munostaining of XCR1" ¢DCls and CD8" T cells in healthy
mucosa of the human small intestine revealed that some cDCls
in close proximity to epithelial cells were in contact with CD8"
T cells, suggesting that cDCI1 recognition of intraluminal antigens
promotes activation to CD8" T cells (S Appendix, Fig. S9). Thus,
whether ¢DCls enhances the activation of gut-derived CD8"
T cells via the PA-GPR31 axis was investigated. cDCls were pre-
cultured with killed E. coli in the presence or absence of PA using
a 3D culture model to enable ¢cDCls to take up the antigen.
Subsequently, these ¢cDCls were washed and cocultured with
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human intestinal CD8" T cells isolated from the same individuals.
cDCls precultured with killed £. co/i in the presence of PA acti-
vated CD8" T cells more strongly than ¢cDCls precultured in the
absence of PA (Fig. 5D). Taken together, these findings indicate
that human cDCls present immediately under intestinal epithelia
extend dendrites into the lumen and uptake luminal antigens,
thereby modulating the activation of CD8" T cells.

Discussion

GPR31, identified in 1997 (40), was initially classified as a class
A orphan GPCR (24). Then, 12(S)-HETE was identified as a
ligand for GPR31 (27). Subsequently, the 12(S)-HETE-GPR31
axis demonstrated roles in inflammation (41), tumor progression
(42, 43), pancreatic organogenesis (44), platelet activation (45),
and fibrosis (46). Recent studies have indicated that GPR31 can

also detect protons (47); GPR31 expression in mouse intestinal
epithelium enables recognition of intestinal acidosis, a process
involved in the onset of inflammation (48). We previously showed
that oral administration of PA or LA (both gut bacterial metabo-
lites) induces dendrite protrusion via GPR31 expressed on
CX3CR1" myeloid cells in mouse small intestine, thereby enhanc-
ing resistance to Salmonella infection (17). Furthermore, oral
administration of PA can induce oral tolerance via GPR31
expressed on CX3CR1" myeloid cells in mouse small intestine
(49). All of these findings support functional regulation of murine
CX3CRI1" myeloid cells by the LA/PA-GPR31 axis; however,
GPR31-expressing cells have not been identified in human intes-
tinal immune cells, hindering application of these findings in
clinical practice. Our analysis of human MNPs revealed that PA
stimulates GPR31 expressed on human ¢DCls, as well dendrite
protrusion of cDCls into the intestinal lumen.
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Fig. 5. Human intestinal cDC1s internalized antigens via the pyruvate-GPR31 axis. (A) Percentage of OVA" iPSC-derived cDC1s (mean + SD of six independent
experiments). OVA (10 pg/mL) was added to the chamber opposite from induced cDC1s and cells were cultured for 1 h. ***P < 0.001. Statistical analysis via two-
way ANOVA followed by Sidak's multiple comparison test. (B) Coculture model of iPSC-derived cDC1s (upper chamber) and enteroid monolayer (lower chamber).
PA (1 mM) and OVA (10 pg/mL) were added to the lower chamber and cells were cultured for 1 h. Arrowheads indicate OVA uptaken by GPR31-expressing iPSC-
derived cDC1s. Red, OVA; green, phalloidin; blue, DAPI. (Scale bar, 10 pm.) (C) Coculture model of iPSC-derived cDC1s (upper chamber) and enteroid monolayer
(lower chamber). PA (1 mM) and Alexa Fluor 594-conjugated E. coli (K-12 strain) BioParticles (20 pg/mL) were added to the lower chamber and cells were cultured
for 1 h. Arrowheads indicate E. coli phagocytosed by GPR31-expressing induced cDC1s. Red, E. coli BioParticles; green, phalloidin; blue, DAPI. (Scale bar, 10 pm.)
(D) Coculture model of human intestinal cDC1s and human intestinal CD8" T cells. PA (1 mM) and E. coli (K-12 strain) BioParticles (20 pg/mL) were added to the
lower chamber and cells were precultured for 1 h. cDC1s were washed and cocultured with human intestinal CD8" T cells for 48 h. Percentages of IFN-y" cells in
CD8"E" T cells were obtained by FACS analysis (mean + SD of four independent experiments). **P < 0.01. Statistical analysis by two-tailed unpaired Student’s t test.
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DC dendrite formation requires conformational changes in the
actin cytoskeleton (50). Coverslip experiments involving monocyte-
derived human DCs showed that dendrite formation requires the
interaction of P1-integrin (CD29) on the DC surface with fibronectin
in the extracellular matrix, combined with the cooperative activities
of Rho GTPases (RhoA, Racl, and Cdc42) (51, 52). Additionally,
particularly in the gut, a barrier of epithelial cells (closely bound via
tight junctions) on the luminal surface restricts mucosal entry of
luminal contents. Intriguingly, tissue-specific factors (i.c., metabolites
from gut commensal microbes) promote dendrite protrusion within
the specialized intestinal tract environment.

Antigen-presenting cell (APC)-mediated rapid sensing of luminal
antigens is necessary for protection against pathogens and mainte-
nance of intestinal homeostasis; representative mechanisms include
TED formation by APC:s (53), goblet cell-associated antigen passage
(54), and transcytosis by microfold cells (M cells) (55, 56). TED
formation allows APCs to directly access intraluminal antigens;
for example, DCs in mouse small intestinal lamina propria express
tight junction proteins that allow dendrite protrusion into the
intestinal lumen for bacterial monitoring purposes without dis-
ruption of the epithelial barrier (53). Other studies have shown
that CD11¢" DCs and CD103" DCs in mouse small intestine
form TEDs via MyD88-dependent Toll-like receptor signaling
(57, 58). Furthermore, CX3CR1" DCs in mouse intestine exhibit
CX3CR1-dependent dendrite protrusion into the intestinal lumen
and sampling of luminal antigens; this phenomenon is diminished
by depletion of the intestinal microbiota (16, 59). Thus far, most
analyses of TED formation have been conducted in mice. Conside-
ring that the characteristics of immune cells in the gut are not
necessarily conserved between humans and mice (60, 61), studies
involving human immune cells are needed for clinical application
of these experimental findings.

In mice, Gpr31 expression is regulated by the CX3CL1-CX3CR1
axis (17) and Gpr31 is expressed in CX3CR1" myeloid cells.
However, according to our MNP dataset and previous reports in
humans, CX3CRI expression levels do not align with that of
GPR31 and not highly expressed on cDCls (62, 63). To date, the
regulatory factors of GPR31 expression in humans have not yet
been elucidated, and it is likely that different mechanisms other
than the CX3CL1-CX3CRI axis underlie the transcriptional reg-
ulation of GPR31 in the human intestine. While CX3CR1" mye-
loid cells are developmentally, transcriptionally and phenotypically
distinct from the cDC1, both are involved in immune surveillance
and antigen presentation; CX3CR1" macrophages are involved in
the transfer of antigens to migratory DCs for presentation to T
cells (64), while cDCls are specialized in cross-presentation of
antigens to CD8" T cells and activation of Th1 cells (39, 65). It
is not clear why this apparently distinct cell type in mice and
humans promotes dendrite protrusion through the same mecha-
nism, but there may be an advantage in favoring the PA-GPR31
axis over others in certain cellular functions. One hypothesis is
that GPR31 is associated with cellular localization, such as adja-
cency to the intestinal epithelium, and hence GPR31 signaling is
favored for TED formation promoted by gut luminal cues in
various cell types. The fact that the effect of the PA-GPR31 axis
on TED formation was conserved across species regardless of mye-
loid cell types suggests that GPR31 may play a role in bridging
the gap between species in essential biological processes established
in previous studies. Additionally, our present study implies that
GPR31-expressing cDCls sample intraluminal antigens and acti-
vate CD8" T cells. Given that antigen processing by CX3CR1"
myeloid cells in the lamina propria in mice has been shown to
activate CD8" T cells and vice versa (66, 67), it is thus interesting
to speculate that GPR31 is involved in these processes. A previous
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report has shown that mouse immune cell classification does not
always align with that of humans, but some transcriptional bases
are conserved (63). Correspondence of immune cell subsets across
species based on these transcriptional footprints will pave the way
for translating animal studies into the human immune cell anal-
yses. Overall, activation of GPR31 in human intestinal cDCls
enables active recognition of intestinal bacteria and antigens to
enhance intestinal barrier function, suggesting that the PA—
GPR31 axis has value as a drug discovery target. Further studies
are needed to determine whether the PA~GPR31 axis in humans
is also involved in the induction of oral tolerance, as previously
reported in mice (49).

Probiotics, such as Lactobacillus, and symbiotics such as
Bifidobacterium lactis and fructooligosaccharides are widely used
for host health benefits; these agents have been reported to produce
(or facilitate the production of) PA or LA (68, 69). Furthermore,
engineered probiotics, which efficiently produce metabolites such
as LA, have recently been developed and are expected to have ther-
apeutic applications (70). Since human GPR31 was shown to
respond to LA as well as PA (17), our results suggest that the admin-
istration of PA- and LA-producing probiotics can promote
GPR31-mediated antigen recognition by cDCls, thereby increas-
ing protection against infection. Mucosal vaccines are useful for-
mulations because, in addition to the systemic response, they
provide an enhanced response at the mucosal surface by inducing
antigen-specific secretory IgA antibody production. Furthermore,
they do not require an invasive administration method, and they
are currently licensed for protection from several pathogens, includ-
ing Vibrio cholerae, Salmonella Typhimurium, poliovirus, and rota-
virus (71, 72). Considering that efficient antigen recognition by
APCs is important for mucosal vaccine effectiveness (72), the PA—
GPR31 axis is expected to be a useful target.

In summary, this study revealed that the PA~GPR31 axis plays
an important role in luminal antigen recognition by human small
intestinal cDCls. The enhancement of luminal antigen recogni-
tion via the PA-GPR31 axis is expected to have clinical applica-
tions, such as protection from infection and improvements in
mucosal vaccine efficacy.

Materials and Methods

Isolation of Intestinal Lamina Propria Cells. lleal intestinal mucosa was
surgically obtained from patients with colorectal cancer or Crohn's disease (CD).
Unaffected ileal mucosa from colorectal cancer patients were used for analyses
unless otherwise noted. For bulk RNA-seq analyses and PA stimulation experi-
ments involving isolated human cDC1s, ileal mucosa from CD patients were used
to obtain a sufficient number of cells for analysis. Briefly, intestinal epithelial cells
were dissociated by shaking in 5 mM ethylenediaminetetraacetic acid (EDTA) in
Hanks' Balanced Salt Solution (HBSS), followed by removal of the muscle layer.
The mucosal layer was cutinto pieces and digested in RPMI 1640 containing 4%
fetal bovine serum, 0.8 mg/mL collagenase D (Roche, Basel, Switzerland), 0.8
mg/mL dispase (Thermo Fisher Scientific, Waltham, MA), and 70 U/mL DNase |
(Sigma-Aldrich, St. Louis, MO) for 60 min at 37 °C in a shaking water bath. The
digested tissues were resuspended in 7 mL of 20% Percoll and overlaid on 2 mL
of 40% Percoll in a 15-mL tube. Percoll gradient separation was performed via
centrifugation at 500 g for 30 min at 4 °C. Lamina propria cells at the interface of
the Percoll gradient were collected and washed with phosphate-buffered saline
(PBS) containing 2% fetal bovine serum.

Isolation of GALT-Free Lamina Propria Cells. GALT-free lamina propria cells
were isolated by a previously described method (73). Briefly, mesenteric fat,
serosal layer, and external muscles were trimmed off from surgically obtained
human ileum samples. Samples were shaken in 5 mM EDTA in HBSS. Isolated
lymphoid follicles were identified under the transilluminated microscope as
round follicular structures obscuring the intestinal crypts and were excised using
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ascalpel. Subsequent methods were the same as those described in the “Isolation
of intestinal lamina propria cells” section.

Flow Cytometry. The following antibodies were purchased from BioLegend
(San Diego, CA): fluorescein isothiocyanate (FITC)-conjugated anti-human
CD3 (HIT3a), FITC-conjugated anti-human CD14 (M5E2), FITC-conjugated
anti-human CD19 (HIB19), FITC-conjugated anti-human CD20 (2H7), FITC-
conjugated anti-human CD56 (HCD56), FITC-conjugated anti-human CD123
(6Hé), FITC-conjugated anti-human CD326 (EpCAM) (9C4), PE-conjugated
anti-human XCR1 (S15046E), PE-conjugated anti-human CD14 (HCD14),
PE-conjugated anti-human CD86 (10.1), PE-conjugated anti-human
(D141 (M80), PE-conjugated anti-human CD172a (SIRPa) (15-414), PE-
conjugated anti-human TCRy/8 (B1), PE-conjugated Mouse 1gG1, x Isotype
Ctrl (MOPC-21), PE-conjugated Mouse 1gG2a, x Isotype Ctrl (MOPC-173), PE/
cyanine7-conjugated anti-human HLA-DR (L243), PE/cyanine7-conjugated
anti-human CD8 (SK1), APC-conjugated anti-human CD8b (S21011A),
APC/Fire 750-conjugated anti-human CD11c (S-HCL-3), APClcyanine7-
conjugated anti-human CD3 (UCHT1), Pacific Blue-conjugated anti-human
CD45(2D1), Pacific Blue-conjugated anti-human CD123 (6Hé), and BV421-
conjugated anti-human XCR1 (S15046E). PE-conjugated anti-human CD80
(L307.4), PE-conjugated anti-human HLA-DR (L243), PE-conjugated Mouse
IgG2b « Isotype Control (27-35), APC-conjugated anti-human CD11c (B-
ly6), and APC-conjugated anti-human CD45 (HI30) were purchased from
BD Biosciences (Franklin Lakes, NJ). Dead cells were stained with 7-AAD
Viability Staining Solution (BioLegend). Flow cytometry analysis was per-
formed with a FACSCanto Il flow cytometer (BD Biosciences) using FlowJo
software (Tree Star, Ashland, OR). 7AAD"CD37CD19~CD207CD56 EpCAM™
CD45"HLA-DR™ human intestinal MNPs, 7AAD~CD3°CD14°CD197CD20~
CD56°CD123 EpCAM™CD45 HLA-DR*CD11c*™XCR1"  human intestinal
¢DC1s, 7AAD"CD37CD147CD197CD20°CD56 CD123 EpCAM ™~ CD45 HLA-
DR*CD11¢*SIRPa*™ human intestinal cDC2s, 7AAD"CD37CD197CD207CD5
6" EpCAM™CD45"HLA-DR*CD 14" human intestinal M¢s, 7AAD~CD3~ CD11¢
CD147CD197CD20°CD56 EpCAM™CD45 " HLA-DR*CD123™ human intestinal
pDCs, 7AAD"CD3*CD8*CD8b TCRy/8™ human intestinal CD8™ T cells and
7AAD™CD11¢*XCR1"iPSC-derived cDC1s were isolated using a FACSAria flow
cytometer (BD Biosciences).

scRNA-seq Library Preparation (10x Chromium). Normal ileal intestinal
mucosa was obtained from macroscopically intact areas in patients with colorec-
tal cancer. Lamina propria cells were freshly prepared from surgically resected
samples and incubated with Human TruStain FcX (Biolegend) for 10 min at
4 °C. Subsequently, cells were stained with cell surface markers for 30 min
at 4 °C and then subjected to dead cell staining. Cells from SI3 samples were
labeled with TotalSeq-C0257 anti-human Hashtag 1 antibody (BioLegend) for
ileal cells and TotalSeq-C0252 anti-human Hashtag 2 antibody (BioLegend) for
colon cells; these labels were applied simultaneously during surface marker
staining. Cells from S14 samples were labeled with TotalSeq-C0253 anti-human
Hashtag 3 antibody (BioLegend) for ileal cells and TotalSeq-C0252 anti-human
Hashtag 2 antibody (BioLegend) for colon cells; these labels were applied simul-
taneously during surface marker staining. 7AAD”CD3°CD197CD207CD56 Ep
CAM™CD45"HLA-DR™ human intestinal MNPs were sorted on a BD FACSAria.
Cells were resuspended in PBS with 1% bovine serum albumin at a density of
1,000 cells/pL. Single-cell droplets were generated by 10x Genomics Chromium
Controller (10x Genomics, Pleasanton, CA), and complementary DNAs (cDNAs)
with unique molecularidentifiers (UMIs) were generated at the single-cell level.
Single-cell libraries were prepared in accordance with the protocol described in
the Chromium Single Cell 5" Reagent Kits v2 User Guide (10x Genomics). The
libraries were sequenced on a NovaSeq 6000 (lllumina, San Diego, CA).

scRNA-seq Analysis (10x Chromium). Sequencing data were preprocessed and
aligned with Cell Rangerv.6.0.0 (10x Genomics). For SI3 and SI4 data, cells labe-
led with hashtags for ileal cells were extracted using R 4.1.2, Seurat 4.1.0, Scanpy
1.9.1,and python 3.9.12 and then used for analysis. Quantified expression data
were preprocessed and visualized using Scanpy 1.9.1 and python 3.9.12. Cells
were filtered out if they had mitochondrial genes >20%, total counts > 40,000,
or detected genes > 6,000. After data normalization and the detection of highly
variable genes, dimensionality reduction was performed via principal component
analysis. Sample batch effects were removed by the Scanorama algorithm. Cells
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were clustered using the Leiden algorithm and cell clusters were visualized with
the UMAP algorithm. These Leiden-based cell clusters were manually annotated
using well-known cell type-specific genes. Gene set enrichment analysis (GSEA)
was performed using the prerank tool in GSEApy.

Targeted scRNA-seq Library Preparation (BD Rhapsody). Normal ileal
intestinal mucosa was obtained from macroscopically intact areas in the patient
with colorectal cancer. Lamina propria cells were freshly prepared from surgically
resected samples and incubated with Human TruStain FcX (BioLegend) for 5 min
at4 °C. Subsequently, cells were stained with cell surface markers for 20 min at
4 °Cand then subjected to dead cell staining. 7AAD”CD3~CD19~CD20-CD56~
EpCAM™CD45"HLA-DR™ human intestinal MNPs were sorted on a BD FACSATia.
Single-cell suspensions were loaded onto BD Rhapsody (BD Biosciences) and
bead libraries were loaded onto corresponding cartridges. Cells were lysed to
hybridize mRNAs onto barcoded capture oligos on the beads. The beads were
collected in a single tube for the subsequent steps of cDNA synthesis, exonucle-
ase | digestion, and multiplex PCR-based library construction. The BD Rhapsody
Human Immune Response Panel and a custom primer set (S/ Appendix, Table S2)
were used for library generation. Libraries were sequenced on the NovaSeq 6000
platform.

scRNA-seq Analysis (BD Rhapsody). The BD Rhapsody Analysis Pipeline was
used to process sequencing data (fastq files). Data were converted to h5ad files
using R4.1.2 and Seurat 4.1.0. Quantified expression data were preprocessed and
visualized using Scanpy 1.9.1 and python 3.9.12. Cells with <3 detected genes
were filtered out. After data normalization and the detection of highly variable
genes, dimensionality reduction was performed via principal componentanalysis.
Cells were clustered using the Leiden algorithm and cell clusters were visualized
with the UMAP algorithm. These Leiden-based cell clusters were manually anno-
tated using well-known cell type-specific genes. Clusters consisting mainly of
CD3E" Tcells, CD79A" B cells, or CPA3" mast cells were excluded prior to analysis.

scRNA-seq (Public Data). The scRNA-seq dataset of human immune cells in
systemic organs was collected from the Cross-tissue Immune Cell Atlas (https:/
www.tissueimmunecellatlas.org) (25). Cells were annotated according to dataset
designation. During analysis of GPR37 expression in organ-specific cDC1 subsets,
organs with <20 ¢cDC1s were excluded. During analysis of GPR37 expression in
organ-specificimmune cell populations, organs without GPR37-expressing cells
were excluded. Quantified expression data were preprocessed and visualized
using Scanpy 1.9.1 and python 3.9.12.

Bulk RNA-seq. Human intestinal ¢DC1s isolated from the ileum of CD patients
were sorted on a BD FACSAria and then stimulated with the indicated reagents at
37°Cfor 1h.500t0 1,000 cells for human intestinal cDC1 were used for analysis
in each stimulation group. In the analysis of RNA-seq-based gene expression
values for GPR31 in each MNP subset of the human ileum, macrophages, cDCT1s,
¢DC2s,and pDCs were isolated from unaffected ileal intestinal mucosa of colorec-
tal cancer patients. Cells were lysed with TRIzol Reagent (Thermo Fisher Scientific).
Full-length cDNA was generated using a SMART-Seq HT Kit (Takara Bio, Kusatsu,
Japan). In accordance with the SMARTer kit instructions, Illumina libraries were
prepared using a NexteraXT DNA Library Preparation Kit (Illumina). Sequencing
was performed on a NovaSeq 6000 platform (lllumina) in 101-base single-end
mode. Generated reads were mapped to the human (hg19) reference genome
using TopHat v2.1.1 in combination with Bowtie2 v2.2.8 and SAMtools v0.1.18.
Read count data were analyzed using iDEP.96 (http://bioinformatics.sdstate.edu/
idep96/)(74,75); hierarchical clustering and principal component analysis were
performed, followed by selection of differentially expressed genes (false discovery
rate < 0.1) by DESeq2 (76). GO Cellular Component terms enriched for these
differentially expressed genes were identified using Metascape v3.5.20230501
(https://metascape.org/) (77).

Real-Time Reverse Transcription (RT)-PCR. Total RNA was isolated using
the GenElute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich); the RNA
was reverse transcribed with ReverTra Ace qPCR RT Master Mix with gDNA
Remover (Toyobo, Osaka, Japan). Real-time RT-PCR was performed on a Step
One Plus™ Real-Time PCR System (Applied Biosystems, Waltham, MA) using
GoTaq qPCR Master Mix (Promega, Madison, WI). All values were normalized
to the expression of the GAPDH gene (encoding glyceraldehyde-3-phosphate
dehydrogenase), and fold differences relative to GAPDH expression were
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recorded. The amplification conditions were 50 °C (2 min), 95 °C(10 min), and
40 cycles of 95 °C (15 s) and 64 °C (60 s). The following primer sets were used:
GAPDH, 5'-gtctcctctgacttcaacageg-3’ and 5’-accaccctgttgctgtagecaa-3'; GPR31,
5'-cgtacgcetgtctacctgete-3’ and 5'-ttgaccttaagcecgagggtg-3’, XCR1, 5'- gctgtgat-
tattccgaact-3” and 5’- catagagcaccgggtta-3'.

Assessment of Dendrite Protrusion. (DC1s were incubated in a fibronectin
(Corning, Corning, NY)-coated 96-well glass-bottom plate (AGC Techno Glass,
Shizuoka, Japan) at 37 °C overnight and then stimulated with the indicated
reagents for 4 h. Next, the cells were fixed with 4% paraformaldehyde (PFA) for
20 minat 37 °C.They were washed three times in PBS and permeabilized with 0.1%
Triton-X/PBS. After one wash with PBS, cells were stained with 1 uM tetramethyl-
rhodamine (TRITC)-phalloidin (Sigma-Aldrich) in PBS at room temperature for
45 minin the dark. Nuclei were counterstained with DAPI (Fluoro-KEEPER Antifade
Reagent, Nacalai Tesque, Kyoto, Japan). Cell images were automatically acquired
(300 pictures per well at 40x magpnification) using an IN Cell analyzer 6000
(GE Healthcare, Chicago, IL). Percentages of TRITC and DAPI double-positive cells
with dendrite length >5 pm were quantified using IN Cell Investigator Developer
Toolbox 1.10.0(GE Healthcare)and IN Carta image analysis software (GE Healthcare).
In experiments with LPS stimulation, cells were stimulated by 10 ng/mL LPS from
E. coli 055:B5 (Sigma-Aldrich) for 24 h. In experiments with Gsoc subunit-selective
G protein antagonists, 10 uM NF449 (MedChemExpress, Monmouth Junction, NJ,
USA) was preadministered 30 min prior to PA stimulation.

siRNA. Human intestinal cDC1s in the ileum of colorectal cancer patients or CD
patients were sorted on a BD FACSAria and then cultured with 1 pM of smart
pool Accell siRNAtargeting human GPR31 [Accell Human GPR31(2853) siRNA;
E-005564-00-0005; Dharmacon, Lafayette, CO] or 1 uM of Accell nontargeting
control (Accell Non-targeting Pool; D-001910-10-05, Dharmacon) at 37 °C with
5% CO2 for 72 h.

Human iPS Cell Line and Cell Culture. The human iPS cell line (1231A3) used
in this study was provided by the RIKEN Bioresource Research Center (Tsukuba,
Japan).The original material, established by Kyoto University, was derived from
ePBMCs that had been purchased from Cellular Technology Limited (https:/
immunospot com/). Six-well plates were coated with laminin-511 E8 fragment
Ppl Tokyo, Japan). iPSCs were seeded in the plates at a density of 1.2 x
0" cells/well and then maintained in StemFit AKO2N medium (ReproCELL,
Yokohama Japan) containing 10 uMY-27632 (Nacalai Tesque) for 1d.Y-27632-
free culture medium was used beginning on day 2. The 1231A3 line was passaged
weekly using TrypLE Express (Thermo Fisher Scientific) for dissociation and 10 pM
Y-27632 to facilitate adhesion after passage. Routine cell line testing was per-
formed to ensure cells remained Mycoplasma-free.

Preparation of a piggyBac Vector for GPR31 Expression and Introduction
into iPSCs. GPR37-iPSCs were generated using a previously described method
(78). Briefly, human GPR37 cDNA was cloned and inserted into the pENTR vector
(Thermo Fisher Scientific). GPR37 cDNAwas transferred into PB-TAG-ERN (plasmid
#80474; Addgene, Watertown, MA) with Gateway cloning technology to generate
piggyBacvectors. Semiconfluent iPSCs maintained under feeder-free conditions
were dissociated into single cells by TrypLE Express (Thermo Fisher Scientific).
Next, 1.0 x 10° cells were electroporated with 1 pg of PB-TAG-ERN plus 1 pg
of transposase expression vector (pCMV-hyPBase) using the following poring
pulse settings: 125 v, 5 ms pulse, 50 ms gap, 2 pulse, and 10% decay (+ pulse
orientation); and the following transfer pulse settings: 20 v, 50 ms pulse, 50 ms
gap, 5 pulse, and 40% decay (= pulse orientation). Electroporated cells were
plated in six-well plates in StemFit AKO2N medium (ReproCELL) containing
10 uM Y-27632 (Nacalai Tesque). Two days after transfection, the medium was
replaced with fresh medium containing 100 ug/mL G418 (Nacalai Tesque) and
cultured for 8 to 10 d until iPSC colonies appeared. iPSC colonies were picked
from plates and expanded in the presence of G418. After clone selection, iPSCs
carrying the DOX-inducible GPR31 construct (GPR37-iPSCs) were established.

Differentiation into cDC1s. iPSC-derived cDC1s were differentiated from
GPR31-iPSCs using a previously described method (33, 34). Briefly, the differ-
entiation medium consisted of XVIVO-15(Lonza, Slough, UK) supplemented with
nonessential amino acids (FUJIFILM Wako, Osaka, Japan), 2 mM L-glutamine
(Thermo Fisher Scientific), 1 mM sodium pyruvate (Nacalai Tesque), 50 uM
2-mercaptoethanol (Thermo Fisher Scientific), 50 ng/mLgranulocyte-macrophage
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colony-stimulating factor (GM-CSF) (PeproTech, London, UK), 20 ng/mLstem cell
factor (R&D Systems, Abingdon, UK), 50 ng/mLvascular endothelial growth factor
(VEGF)(PeproTech), and 50 ng/mLbone morphogenetic protein-4 (R&D Systems).
Bone morphogenetic protein-4 was removed from day 5 onward, followed by
VEGF (day 14) and stem cell factor (day 19). On days 13 to 17 of culture, the
medium was supplemented with 25 ng/mL interleukin (IL)-4 (PeproTech). The
concentration of IL-4 in the medium was increased to 100 ng/mL(days 20 to 24).
cDC1s were harvested on day 26 and then plated in six-well plates (MS-80060;
Sumitomo Bakelite, Tokyo, Japan) containing complete XVIVO-15 medium with
50 ng/mLGM-CSF and 100 ng/mL IL-4. After 4 d, DCs were matured for the final
48 h of culture using a cytokine cocktail comprising 50 ng/mL tumor necrosis
factor-ot (R&D Systems), 1 pg/mL prostaglandin E2 (Sigma-Aldrich), 10 ng/mL
IL-1p (R&D Systems), and 20 ng/mL interferon-y (R&D Systems). iPSC-derived
¢DC1s was cultured in the presence of 1 pL/mL DOX for at least 24 h to express
GPR31. Images of iPSC-derived cDC1 morphology were acquired using an All-
in-One Fluorescence Microscope (BZ-X810; Keyence) and processed using a
BZ-X800 Analyzer (Keyence).

Immunohistochemistry. Normal ileal intestinal mucosa was obtained from
macroscopically intact areas in patients with colorectal cancer. The tissue was
fixed with 4% PFA and then embedded in paraffin. lleal samples were sectioned
ata thickness of 4 pm. For 3,3-diaminobenzidine (DAB) staining, immunohisto-
chemistry was performed with an anti-human XCR1 antibody (Clone D2F8T; Cell
Signaling Technology, Danvers, MA) (1:800 dilution), using a DAKO EnVision™
FLEX Mini Kit, High pH (Agilent Technologies, Santa Clara, CA), in accordance
with the manufacturer’s instructions. In double staining analysis, slides were
stained with PermaRed/AP-AutoPlus (Diagnostic BioSystems, Pleasanton, CA)
using the ImmPRESS®-AP Horse Anti-Mouse IgG Polymer Detection Kit (Vector
Laboratories, Newark, CA), along with an anti-human CD8 antibody (Clone
(8/144B; Agilent Technologies) (1:100 dilution). Images were acquired using
an All-in-One Fluorescence Microscope (BZ-X810; Keyence) and processed using
a BZ-X800 Analyzer (Keyence).

3D Culture Model. cDC1s were cultured in fibronectin (Coring)-coated cell cul-
ture insert filters (Corning; 24-well inserts, 1.0-um pore polyethylene terephthalate
membrane) at 37 °C overnight. Medium containing the indicated reagents was
added to the chamber opposite from cells, and the cells were incubated for 1 h.
Cells were subsequently fixed with 4% PFA for 30 min at 37 °C. Cells were washed
three times in PBS and permeabilized with 0.1%Triton-X/PBS. After one wash with
PBS, cells were stained with 1 uM FITC-phalloidin (Sigma-Aldrich) or T uMTRITC-
phalloidin (Sigma-Aldrich) in PBS at room temperature for 45 min in the dark.
Nuclei were counterstained with DAPI (Nacalai Tesque). Images were acquired using
a confocal laser scanning microscope (LSM710, Zeiss, Oberkochen, Germany) under
a 63x oil objective. To quantify cells with extended dendrites, the percentages of
TRITCand DAPI double-positive cells with dendrites extending into the lower cham-
ber were quantified by collecting z-stack images of all cells on the filter. Images
were processed using ZEN 2011 SP7 FP3 (Black Edition) imaging software (Zeiss).

Establishment of Human Enteroids. Human enteroids were established from
asurgically resected sample of normal human ileum. After removal of the muscle
layer, the intestinal layers were washed in PBS and minced into small pieces,
washed again in PBS, and incubated at room temperature until the minced
tissues precipitated. Gentle Cell Dissociation Reagent (STEMCELL Technologies,
Vancouver, Canada) was added to the precipitates; the mixtures were shaken at
40 rpm on ice for 30 min and then centrifuged at 290 g for 5 min. Dulbecco's
modified Eagle medium (DMEM)/Ham's F12 (Nacalai Tesque) supplemented with
1% fetal bovine serum was added to the precipitates and mixed by thorough
pipetting; the mixtures were filtered with a 100-pm cell strainer and centrifuged
at200 g for 5 min. Cells were dissolved in DMEM/Ham's F12 mixed with Matrigel
(Corning) at a ratio of 1:1 and seeded in 24-well plates. After the Matrigel had
solidified, IntestiCult Organoid Growth Medium (STEMCELLTechnologies) supple-
mented with 100 U/mL penicillin, 100 pg/mLstreptomycin, and 10 uMY-27632
(Nacalai Tesque) was added; cultures were incubated at 37 °C. The medium was
changed every 2 to 3 d, and enteroids were passaged every 7 d.

Establishment of Human Enteroid Monolayers. Human enteroid monolayers
were established using a previously described method with slight modification
(79). Briefly, the bottom surfaces of cell culture insert filters (Corning; 24-well
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inserts, 1.0-um pore polyethylene terephthalate membrane) were coated with 2%
Matrigel (Corning) solution and incubated at 37 °Cfor 1 h. Seven-day-old enteroid
cultures were harvested from Matrigel domes using Gentle Cell Dissociation Reagent
(STEMCELL Technologies) and incubated at 37 °C for 5 min in 0.05% trypsin-EDTA
to dissociate organoids into single cells. The cells were resuspended in IntestiCult
Organoid Growth Medium supplemented with 100 U/mL penicillin, 100 pg/mLstrep-
tomycin,and 10 pMY-27632 (Nacalai Tesque). The cell suspension was then seeded
onto the bottom surface of precoated cell culture insert filters and incubated at 37 °C
for 1 h. After this incubation, the inserts were returned to their original position in a
24-well receiver plate; medium was added to the insert and the well. The medium
was changed every 2 to 3 d, and enteroid cultures reached confluency in 5to 7 d.

cDC1-Enteroid Coculture. (DC1s were seeded in laminin-511 E8 fragment
(Nippi)-coated cell culture insert filters containing an enteroid monolayer. Medium
containing the indicated reagents was added to the monolayer side of the cham-
ber and cells were incubated for 1 h. Next, the cells were fixed with 4% PFA for
30 min at 37 °C. Cells were washed three times in PBS and permeabilized with
0.1%Triton-X/PBS and then subjected to blocking with 1% bovine serum albumin
in PBS for 30 min at room temperature and staining with anti-CD11c antibody
(Abcam, Cambridge, UK) for 18 h at4 °C. Cells were then washed three times in PBS
and incubated with Alexa 647-conjugated anti-mouse IgG antibody (Invitrogen,
Carlsbad, CA) for 1 h at room temperature. After one wash with PBS, nuclei were
counterstained with DAPI (Nacalai Tesque). Images were acquired using a confocal
laser scanning microscope (LSM710, Zeiss) under a 63x oil objective and pro-
cessed using ZEN 2011 SP7 FP3 (Black Edition) imaging software (Zeiss).

Antigen Uptake Analysis. (DC1s were seeded in laminin-511 E8 frag-
ment (Nippi)-coated cell culture insert filters containing an enteroid mon-
olayer. Medium containing the indicated reagents and 10 pg/mL Alexa Fluor
647-conjugated ovalbumin (Thermo Fisher Scientific) or 20 pg/mL Alexa Fluor
594-conjugated E. coli (K-12 strain) BioParticles (Thermo Fisher Scientific) was
added to the monolayer side of the chamber and cells were incubated for 1 h.
Next, the cells were fixed with 4% PFA for 30 min at 37 °C. Cells were washed
three times in PBS and permeabilized with 0.1% Triton-X/PBS. After one wash
with PBS, cells were stained with 1 pM FITC-phalloidin (Sigma-Aldrich) in PBS
at room temperature for 45 min in the dark. Nuclei were counterstained with
DAPI (Nacalai Tesque). Images were acquired using a confocal laser scanning
microscope (LSM710, Zeiss) under a 63 x oil objective. To quantify cells taken up
antigens, the percentages of Alexa Fluor 647 or Alexa Fluor 594 and DAPI double-
positive cells were measured by collecting images of all cells on the filter. Images
were processed using ZEN 2011 SP7 FP3 (Black Edition) imaging software (Zeiss).

¢DC1-CD8” T Cell Coculture. Human intestinal cDC1s from the ileum of colorec-
tal cancer patients or CD patients were sorted on a BD FACSAria and then seeded
in laminin-511 E8 fragment (Nippi)-coated cell culture insert filters. Medium
containing the indicated reagents and 20 pg/mL killed E. coli was added to the
opposite side of cells. Alexa Fluor 594-conjugated E. coli (K-12 strain) BioParticles
(Thermo Fisher Scientific) was used as killed E. coli. Cells were precultured for
4h.Next, cDC1s were washed and cocultured with human intestinal CD8" T cells
isolated from the same individuals for 48 h. The ratios of CD8" T cells to cDC1s
were 2:1. Intracellular expression of IFN-y in intestinal CD8" T cells was ana-
lyzed by using a Cytofix/Cytoperm Plus Kit with GolgiStop (BD Biosciences), in
accordance with the manufacturer's instructions. In brief, the cells were incubated
in the presence of GolgiStop at 37 °C for 4 h. After surface staining, cells were
permeabilized with Cytofix/Cytoperm solution (BD Biosciences) and stained with
anti-IFN-y antibodies (B27; BioLegend). Data acquisition was performed on a BD
FACSCanto Il flow cytometer (BD Biosciences). The percentage of IFN-y™ cells in
CD8MINT cells was analyzed with FlowJo software (Tree Star).

Ethical Approval and Informed Consent. All human gut samples used in
this study were collected from patients who underwent surgery for colon cancer
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or Crohn's disease at the Department of Gastroenterological Surgery, Graduate
School of Medicine, Osaka University, and the Department of Gastroenterological
Surgery, Division of Inflammatory Bowel Disease Surgery, Hyogo Medical
University. This study was approved by the Ethical Committees of Osaka University
School of Medicine (549) and Hyogo Medical University (0407); written informed
consent for sample use was obtained from all participants.

Statistical Analysis. Statistical analyses were performed with GraphPad Prism
9.4.0 (GraphPad Software) unless otherwise stated. Statistical parameters (includ-
ing the value of n with a description of what it represents, along with the mean
and SD) are reported in the figures and figure legends. Unless otherwise stated,
statistical significance was determined by two-tailed unpaired Student's t test or
two-tailed paired Student's t test for two groups or by one-way ANOVA followed by
Sidak’s or Tukey's multiple comparison test for multiple groups. P-values < 0.05
were considered statistically significant.

Data, Materials, and Software Availability. The data underlying Figs. 1 and
2 and S Appendix, Figs. 51,52, and S5 (scRNA-seq[10x Chromium]) are openly
available in at the NCBI's Gene Expression Omnibus under the accession num-
ber GSE240900 (80). The data underlying S/ Appendix, Fig. S3 (scRNA-seq [BD
Rhapsody]) are openly available in at the NCBI's Gene Expression Omnibus under
the accession number GSE242091(81).The data underlying S/ Appendix, Fig. S3
(bulk RNA-seq of each MNP subset) are openly available in at the NCBI's Gene
Expression Omnibus under the accession number GSE272657 (82). The data
underlying Fig. 2 and SI Appendix, Fig. S5 (bulk RNA-seq of intestinal ¢DC1) are
openly available in at the NCBI's Gene Expression Omnibus under the accession
number GSE240895 (83). Previously published data were used for this work (25).
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