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SUMMARY
Tuft cells are a type of intestinal epithelial cells that exist in epithelial barriers and play a critical role in immunity
against parasite infection. It remains insufficiently clear whether Tuft cells participate in bacterial eradication.
Here, we identified Sh2d6 as a signaturemarker for CD45+ Tuft-2 cells. Depletion of Tuft-2 cells resulted in sus-
ceptibility to bacterial infection. Tuft-2 cells quickly expanded in response to bacterial infection and sensed the
bacterial metabolite N-undecanoylglycine through vomeronasal receptor Vmn2r26. Mechanistically, Vmn2r26
engaged with N-undecanoylglycine activated G-protein-coupled receptor-phospholipase C gamma2 (GPCR-
PLCg2)-Ca2+ signaling axis, which initiated prostaglandin D2 (PGD2) production. PGD2 enhanced the mucus
secretion of goblet cells and induced antibacterial immunity. Moreover, Vmn2r26 signaling also promoted SpiB
transcription factor expression, which is responsible for Tuft-2 cell development and expansion in response to
bacterial challenge. Our findings reveal an additional function of Tuft-2 cells in immunity against bacterial infec-
tion through Vmn2r26-mediated recognition of bacterial metabolites.
INTRODUCTION

The mammalian gut is not only an organ of nutrient absorption

but also one of the largest peripheral immune organs. Intestinal

epithelial cells (IECs) constitute barrier surfaces that separate

mammalian hosts from the external environment. IECs sense

contents of intestinal lumen, including nutrients, microbiota,

and metabolites, crosstalking with immune cells in the lamina

propria to orchestrate intestinal homeostasis and immunity.

Tuft cells are one type of the epithelial cell and exist in epithelial

barriers throughout the body, including the gastrointestinal tract,

gall bladder, nasal cavity, trachea, and even thymus (Haber et al.,

2017; Miller et al., 2018; Montoro et al., 2018; Schneider et al.,

2019). Tuft cells are major source of interleukin-25 (IL-25) in the

intestine (Desai et al., 2021; von Moltke et al., 2016). Upon hel-

minth infection, IL-25 produced by Tuft cells further activates

group 2 innate lymphoid cells (ILC2) to secrete IL-13,

which initiates immune response against parasites. The Tuft

cell-ILC2 circuit potentiates intestinal remodeling and mediates

type 2 immunity to expulse parasites (Gerbe et al., 2016; Howitt

et al., 2016; Schneider et al., 2018). A recent report shows that
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Tuft cells can synthesize cysteinyl leukotrienes to prime immu-

nity against helminth infection (McGinty et al., 2020).

Intestinal Tuft cells express the succinate receptor

(SUCNR1) to sense succinate derived from tritrichomonad

and microbiota (Lei et al., 2018; Nadjsombati et al., 2018;

Schneider et al., 2018). Tuft cells also express some other G-

protein-coupled receptors (GPCRs) such as free fatty

acid receptor 3 (FFAR3) and bitter taste receptors (type 2 taste

receptors, T2Rs). T2Rs transduce signaling via G protein

cascade to activate Tuft cells against Trichinella spiralis infec-

tion (Luo et al., 2019). Olfactory receptors are another canon-

ical type of chemosensory GPCRs. Vomeronasal receptors

(VRs) are a unique class of olfactory receptors for phero-

mones. VRs are classified into three subfamilies, type I VRs

(V1Rs), type II VRs (V2Rs), and formyl peptide receptors

(FPRs) (Dalton and Lomvardas, 2015; Rivière et al., 2009). In

addition to vomeronasal neuroepithelium, FPRs are expressed

in neutrophils and macrophages that recognize bacterial for-

mylated peptides to initiate antimicrobial immunity (Bufe

et al., 2019; Weiß and Kretschmer, 2018). However, the func-

tion of olfactory receptors in Tuft cells remains elusive.
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Figure 1. CD45+ Tuft-2 cells exist in intestines

(A) Immunofluorescence staining of CD45+ Tuft-2 cells in duodenum, jejunum, ileum, and colon with DCLK1 (green), CD45 (red), and EpCAM (blue) antibodies.

White arrowheads denote CD45+ Tuft-2 cells. Scale bar, 30 mm. Data are representative of three independent experiments.

(B)Sh2d6EGFPmicewere generated byCRISPR-Cas9 technology. Small intestines ofSh2d6EGFPmicewere stainedwith EGFP (green), DCLK1 (red), CD45 (cyan),

and EpCAM (blue) antibodies. Representative fields are enlarged. Scale bar, 20 mm. Percentage of EGFP+ cells in total DCLK1+ cells were calculated; n = 6

biological replicates.

(C) Sh2d6+ Tuft-2 cells (EGFP+EpCAM+Siglec-F+) and non-Tuft-2 epithelial cells (EGFP�EpCAM+) were sorted from Sh2d6EGFP mice with flow cytometry. RNA

was extracted, and transcriptome was analyzed by gene expression microarray. Representative genes are shown.

(D) Flow cytometry analysis of Sh2d6+ Tuft-2 cells (EGFP+EpCAM+Siglec-F+CD45+) and Sh2d6� Tuft cells (EGFP�EpCAM+Siglec-F+CD45�) in small intestine

and colon of Sh2d6EGFP reporter mice. Data were pregated from FSC/SSC, singlet, and EpCAM positive classes; n = 6 biological replicates.

(E) Small intestine and colon of Sh2d6-HAmice were stained with HA (for Sh2d6) (green) and Tppp3 (red) antibodies. Nuclei were counterstained with DAPI (blue).

White arrowheads indicate Sh2d6�Tppp3+ Tuft-1 cells. Triangles indicate Sh2d6+Tppp3� Tuft-2 cells. Scale bar, 30 mm. Data are representative of three in-

dependent experiments.

Please also see Figures S1 and S2.

ll
Article

Immunity 55, 686–700, April 12, 2022 687



Figure 2. Tuft-2 cell depleted mice are susceptible to Shigella infection
(A) Mice were infected with Shigella by oral gavage of 53 107 CFU. Small intestine was collected in indicated days and stained with DCLK1 (green), CD45 (red),

and EpCAM (blue) antibodies (left). Scale bar, 20 mm. Percentages of Tuft-2 (CD45+DCLK1+EpCAM+) cells in total epithelial cells were calculated (right). 50 crypt-

villus units per mouse; n = 4 biological replicates. Data are representative of three independent experiments.

(B) Mice were infected with 5 3 107 CFU Shigella by oral gavage. Two days later, small intestine was stained with DCLK1 (red), CD45 (white), Ki67 (green), and

EpCAM (blue) antibodies. White arrowheads indicate Ki67+ Tuft-2 cells. Triangles denote Ki67� Tuft-2 cells. Scale bar, 20 mm. Data are representative of three

independent experiments.

(C) Schematic diagram of Sh2d6-CreERT2;Rosa26-iDTR-EGFP mouse construction.

(D) Experimental strategy for depleting Tuft-2 cells (upper). Sh2d6-CreERT2;Rosa26-iDTR-EGFPmice were pretreated with TAM (75mg/kg i.p. for 3 consecutive

days), followed by intraperitoneal injection with diphtheriatoxin (DT, 4 mg/kg) or PBS as control for 2 consecutive days. On day 3, small intestines were collected

and stained with EGFP (green), EpCAM (red) antibodies, and DAPI (blue). Scale bar, 50 mm. Data are representative of three independent experiments.

(legend continued on next page)
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As a specific type of epithelial cells, Tuft cells harbor unique

morphological and transcriptome identity. Tuft cells constitu-

tively express some key enzymes such as Alox5, COX1, COX2,

and Hpgds (Bezençon et al., 2008; Gerbe et al., 2011; O’Leary

et al., 2019). Pou2f3 is an essential transcription factor (TF) for

Tuft cell development (Gerbe et al., 2016). Transient receptor po-

tential cation channel subfamily M member 5 (Trpm5) is indis-

pensable for Tuft cell expansion (Howitt et al., 2016). Through

single-cell RNA sequencing (scRNA-seq), intestinal Tuft cells

are clustered into two separate subpopulations, Tuft-1 and

Tuft-2 subsets (Haber et al., 2017). Tuft-1 cell signature genes

are correlated with neuronal development, whereas Tuft-2 cells

are related to immune response. However, it is unknown how

these two subsets of Tuft cells function. Here, we identified

Sh2d6 as a specific marker for Tuft-2 cells. Tuft-2 cells

highly express VR Vmn2r26 that senses bacterial metabolite N-

undecanoylglycine (N-C11-G), leading to prostaglandin D2

(PGD2) production to facilitate mucus secretion of goblet cells

against bacterial infection.

RESULTS

Sh2d6 is a specific marker for Tuft-2 cells
Tuft cells are chemosensory cells of intestines and initiate type 2

immune responses against parasites (Gerbe et al., 2016; Howitt

et al., 2016; von Moltke et al., 2016). A recent report shows that

Tuft cells are classified into two subsets, Tuft-1 and Tuft-2,

through scRNA-seq (Haber et al., 2017). Tuft-1 signature genes

are related to neuronal development, whereas Tuft-2 signature

genes are enriched for immune-related genes. Intriguingly,

Ptprc, encoding an immune cell marker CD45, is specifically ex-

pressed in Tuft-2 cells. However, it is unclear how Tuft-2 cells

function in gut immunity. To characterize Tuft-2 cells, we per-

formed three-dimensional (3D) imaging in ileums and colons.

We observed that CD45 was expressed strongly and exclusively

in part of Tuft cells. We called this subpopulation Tuft-2 cells. Of

note, CD45 was expressed on apical sides of Tuft-2 cells (Fig-

ure S1A). Moreover, Tuft-2 cells distributed in different regions

of whole gut (Figure 1A).

To further explore the character of Tuft-2 cells, we conducted

transcriptome analysis from Haber’s scRNA-seq data (Haber

et al., 2017). We noticed that Sh2d6 gene was specifically ex-

pressed in Tuft-2 cells (Figures S1B–S1D). In addition, Sh2d6

was also highly expressed in Tuft-2 cells contained tissues,

including gastrointestinal tract, lung, and thymus (Figure S1C).

Single-cell trajectories showed that Tuft-1 and Tuft-2 cells

were two terminal mature populations and displayed distinct
(E) Experimental strategy for Tuft-2 cell depletion and infection with Shigella (upp

pretreated with TAM (75 mg/kg, i.p.) and DT (4 mg/kg, i.p.) at indicated time point

administration of TAM and DT. Small intestines were collected at indicated time

(F) Small intestine and colon of treatedmice in (E) were collected on day 7. Paraffin

three independent experiments.

(G) Pathological scores of indicated mice in (F); n = 6 biological replicates.

(H) Colon of treated mice in (E) was collected on day 3, followed by homogeniza

(I) Body weight changes at indicated time points of treated mice in (E); n = 6 biol

(J) Survival rates of treated mice in (E); n = 8 biological replicates.

Results are shown asmeans ± SEM. * p < 0.05, ** p < 0.01, NS, no significant (two-

[J]). Please also see Figure S3.
developmental directions (Figure S1E). To trace Tuft-2 cells,

we inserted enhanced green fluorescent protein (EGFP) encod-

ing sequence into Sh2d6 locus to report Sh2d6 expression for

Sh2d6EGFP reporter mice (Figure S2A). We also inserted HA tag

into Sh2d6 locus (Sh2d6-HA) for probing Sh2d6 expression (Fig-

ure S2B). As expected, Sh2d6-EGFP only was expressed in

CD45+ Tuft-2 but not in CD45� Tuft-1 subset (Figure 1B), indi-

cating that Sh2d6 is an unique reporter gene for Tuft-2 cells.

We next sorted Sh2d6+ Tuft-2 cells from Sh2d6EGFP mice and

performed gene microarray analysis. Consistent with the previ-

ous report (Haber et al., 2017), Tuft-2 cells highly expressed

Ptprc, Sh2d6, as well as other pan-Tuft marker genes, but not

neuron-related genes (Figure 1C).

We also quantified frequencies of Sh2d6+ and Sh2d6� Tuft

cells of Sh2d6EGFP mice by flow cytometry. We observed that

Sh2d6+ Tuft-2 cells highly expressed DCLK1 and EpCAM (Fig-

ures S2C and S2D). Moreover, Sh2d6+ Tuft-2 cells and

Sh2d6� Tuft-1 cells were two separate subsets both in small in-

testine and colon. Sh2d6+ Tuft-2 cells highly expressed CD45,

but Sh2d6� Tuft-1 cells did not (Figures 1D and S2E). We identi-

fied that Tppp3 was a unique gene for Tuft-1 cells (Figure S2F).

We next stained intestinal tissues with antibodies against

Tppp3 and Sh2d6. We observed that Tppp3 positive Tuft-1 cells

did not express Sh2d6. By contrast, Sh2d6 positive Tuft-2 cells

did not express Tppp3 either (Figures 1E and S2G). These data

indicate that Sh2d6 is a specific marker for Tuft-2 cells, and

Tppp3 is a unique marker for Tuft-1 cells.

Tuft-2 cells exert antibacterial function
Shigella is one of the most common intestinal pathogenic bacte-

ria that causes human diarrhea. We then infected mice with

Shigella. Under Shigella infection, Tuft-2 cells rapidly expanded

at an early stage both in small intestines and colons (Figures

2A, S3A, and S3B), whereas Tuft-1 cell numbers had no apparent

change during bacterial infection. Accordingly, Ki67 was highly

expressed in some of Tuft-2 cells (Figure 2B). We next generated

Sh2d6-CreERT2 mice (Figure S3C) and established Sh2d6-

CreERT2;Rosa26-LSL-iDTR-EGFP mice (Figure 2C). With

tamoxifen (TAM) and diphtheria toxin (DT) treatment, Tuft-2 cells

were successfully depleted (Figure 2D), whereas Tuft-1 cells still

existed (Figure S3D). To guarantee complete Tuft-2 depletion

and eliminate possible newly produced Tuft-2, we performed

another round of TAM plus DT treatment post Shigella challenge

(Figure 2E). Without infection, Tuft-2 depleted mice caused little

damage of intestinal integrity. However, with Shigella infection,

Tuft-2 depleted mice showed severe damage of intestines and

colons (Figure 2F). Consistently, villus epithelium was lost, and
er). Rosa26-iDTR-EGFP and Sh2d6-CreERT2;Rosa26-iDTR-EGFP mice were

s. Mice were orally infected with Shigella (5 3 107 CFU), followed by additional

points.

section and H&Ewere performed. Scale bar, 50 mm. Data are representative of

tion and clonal examination of CFU; n = 6 biological replicates.

ogical replicates.

tailed Student’s t test was used for [G] and [H]; unpaired test was used for [I] and
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Figure 3. Vmn2r26 is highly expressed on Tuft-2 cells and recognizes Shigella metabolite N-C11-G

(A) Transcriptome of Tuft-2 and non-Tuft-2 epithelial cells were analyzed, and olfactory-related genes were selected. Top 10 of the most specifically and highly

expressed genes are shown.

(B) Mice were infected by oral gavage of Shigella (5 3 107 CFU) or PBS as control. Two days post treatment, Tuft-2 and non-Tuft-2 cells were sorted and

expression of indicated genes were analyzed by quantitative real-time PCR. Results were normalized to endogenous Actb gene; n = 3 biological replicates. Data

are representative of three independent experiments.

(C) Small intestine and colon tissues were collected from Sh2d6-HA mice. Vmn2r26 mRNA (red) was analyzed by fluorescence in situ hybridization. HA tag (for

Sh2d6) (green) and EpCAM (blue) were stained with indicated antibodies. Nuclei were counterstained with DAPI (cyan). Scale bar, 20 mm. Data are representative

of three independent experiments.

(D) Indicated genes were overexpressed in HEK293T. Two days later, calcium probe Fluo-4 AM (2.5 mM) was loaded. Cells were stimulated with Shigella culture

supernatants and fluorescent signals of Fluo-4 were detected with FLIPR real-time kinetic system. Related fluorescence intensity was calculated as F/F0; n = 6

biological replicates. Data are representative of three independent experiments.

(E) Components in Shigella culture supernatants were separated with high performance liquid chromatography (HPLC) and sampled every 3 min. Vmn2r26

overexpressed HEK293T cells were stimulated by different fractionations and fluorescent signals of Fluo-4 were detected with FLIPR system. HPLC chro-

matograms (black) showing absorbance at 254 nm and red line showing peak Ca2+ responses of each fractionation were presented together. Data are repre-

sentative of three independent experiments.

(F) Vmn2r26 and empty vector were transfected into HEK293 cells. Two days later, calcium probe Fluo-4 AM (2.5 mM) was loaded, and cells were stimulated with

different doses of N-C11-G. Fluorescent signals of Fluo-4 were detected with FLIPR system. EC50 was calculated; n = 4 biological replicates. Data are repre-

sentative of two independent experiments.

(legend continued on next page)
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inflammatory leukocytes infiltrated into submucosa in intestines

and colons of Sh2d6-CreERT2;iDTR mice (Figure 2F). In addi-

tion, Sh2d6-CreERT2;iDTR mice showed more severe colitis

(Figure 2G), more Shigella bacteria load in colons (Figure 2H),

and more serious weight loss (Figure 2I). All Tuft-2 depleted

mice died within 9 days after Shigella infection (Figure 2J).

Collectively, Tuft-2 cells play a critical role in gut immunity

against bacterial infection.

Vmn2r26 is highly expressed on Tuft-2 cells and senses
bacterial metabolite N-undecanoylglycine
Tuft cells harbor chemosensory characteristics, with their

brushes of apical microvilli morphology and chemosensory

signature genes, such as Trpm5 and Plcb2. Recent studies

show that Tuft cells share succinate receptor (SUCNR1) and

T2Rs to sense various irritants of diverse lumenal substances

(Luo et al., 2019; Nadjsombati et al., 2018). Through transcrip-

tome analysis, we noticed that several olfactory-related receptor

genes were highly expressed in Tuft-2 cells (Figure 3A). We

chose top 10 highly expressed olfactory-related receptor genes

in Tuft-2 cells and analyzed their expression under Shigella infec-

tion. We found that a VR gene Vmn2r26 was highly expressed in

Tuft-2 and increased over Shigella infection (Figure 3B). Accord-

ingly, Vmn2r26 was mostly colocalized with Sh2d6 via fluores-

cence in situ hybridization assay (Figure 3C), indicating that

Vmn2r26 is mainly expressed on Tuft-2 cells.

Since olfactory-related receptors are GPCRs, receptor acti-

vation can be assessed by a calcium indicator to detect Ca2+

flux. HEK293T cells were ectopically expressed with candidate

olfactory-related receptors, then loaded with Ca2+-sensitive

dye Fluo-4 AM (Meixiong et al., 2019), followed with Shigella

culture supernatant treatment. We found that Vmn2r26 expres-

sion caused dramatic Ca2+ flux in response to Shigella culture

supernatant stimulation (Figure 3D). This result suggested

that Vmn2r26 could recognize certain components of Shigella

culture supernatants. We next wanted to identify candidate li-

gands in Shigella culture supernatants engaged with receptor

Vmn2r26. We used high performance liquid chromatography

(HPLC) to fractionate Shigella culture supernatants and chal-

lenged Vmn2r26 expressed HEK293T cells with various

Shigella culture fractions. We observed that the fraction 10

caused remarkable Ca2+ flux (Figures 3E and S4A). Through

liquid chromatography-tandem mass spectrometry (LC-MS/

MS) assay of the fraction 10, N-C11-G was identified to be a

candidate ligand (Figures S4B and S4C). We demonstrated

that N-C11-G was a Shigella metabolite. We synthesized N-

C11-G, and the binding value of half maximal effective concen-

tration (EC50) was 0.36 mM (Figure 3F).

To determine whether Tuft-2 cells can sense intestine luminal

N-C11-G through Vmn2r26, we generated Vmn2r26 deficient

mice (Figure S4D). We treated mice with various concentrations
(G) Vmn2r26+/+ and Vmn2r26�/�mice were crossed with Sh2d6-HAmice and trea

Small intestines were stained with HA tag (for Sh2d6) (green) and EpCAM (red) a

cells were calculated (lower). Scale bar, 20 mm. 50 crypt-villus units per mouse;

(H) Vmn2r26+/+ and Vmn2r26�/�mice were infected with Shigella (53 107 CFU) by

intestine was collected and stained with p-PLCg2 (green) and EpCAM (red) antib

dependent experiments.

Results are shown as means ± SEM. ** p < 0.01, *** p < 0.001 (two-tailed Studen
of N-C11-G via oral administration. We found that N-C11-G

caused Tuft-2 expansion in a dose-dependent manner, whereas

N-C11-G could not induce Tuft-2 cell proliferation in Vmn2r26

deficient mice (Figure 3G). Tuft-2 cell expansion reached a

peak at days 4–5 (Figure S5A). Consistently, Tuft-2 cells in

Vmn2r26�/� mice failed to expand over Shigella infection (Fig-

ure S5B), suggesting that Vmn2r26 is a critical receptor on

Tuft-2 cells to sense Shigella metabolite N-C11-G.

As a type of GPCR, Vmn2r26 recognizes exogenic stimuli and

transduces signals by activating phospholipase C (PLC), which

catalyzes hydrolysis of PIP2 to produce 2 s messengers IP3

and DAG (Wootten et al., 2018). We found that Plcg2 was most

highly expressed in Tuft-2 compared with other PLC family

members (Figure S5C). We also observed that PLCg2 existed

in CD45+ Tuft-2 cells (Figure S5D). In addition, N-C11-G treat-

ment caused much more phosphorylation of PLCg2. However,

N-C11-G could not activate PLCg2 phosphorylation in

Vmn2r26�/� Tuft-2 cells (Figure 3H). Shigella infection displayed

similar results (Figure 3H).

Since N-C11-G can initiate Tuft-2 cell expansion, we then pre-

treatedmice with N-C11-G for 3 days, followed byShigella infec-

tion. We found that N-C11-G pretreatment could protect mice

against Shigella infection, whereas Vmn2r26�/� mice had no

such protective effect (Figures S5E–S5H). Additionally,

Vmn2r26 deficiency caused more severe infection (Figures

S5E–S5H). Collectively, Vmn2r26 is highly expressed on Tuft-2

cells and senses bacterial metabolite N-C11-G to initiate Tuft-2

cell expansion.

N-C11-G-mediated Tuft-2 cell proliferation is
independent of IL-13 signaling
IL-13 promotes epithelial progenitors to give rise to Tuft and

goblet cells (Gerbe et al., 2016; von Moltke et al., 2016).

Vmn2r26-deficient intestinal cells still generated Tuft cells with

IL-4 and IL-13 treatment. In addition, we pretreated epithelial or-

ganoids with IL-13 to induce Tuft cells, and then, IL-13 was

removed from organoids culture and added N-C11-G for further

stimulation. We found that Tuft-2 cells well expanded with N-

C11-G challenge (Figure 4A), suggesting that N-C11-G induces

Tuft-2 cell proliferation in the absence of IL-13 signaling.

We next tested whether N-C11-G engagement altered

mucosal immunity. We found that gut immune cells we tested

did not display significant change under N-C11-G stimulation

(Figure 4B). Moreover, type 2 cytokine production had no

obvious change either (Figure 4C). IL-13 signaling blockade did

not disturb Tuft-2 cell expansion under N-C11-G treatment (Fig-

ure 4D). These data suggest that N-C11-G-mediated Tuft-2 cell

expansion does not rely on type 2 cytokine.

Given that Tuft cells play a critical role in intestinal regeneration

after tissue damage (Westphalen et al., 2014), we explored

whether N-C11-G was released during tissue damage and
ted with indicated concentrations of N-C11-G via oral administration for 3 days.

ntibodies and DAPI (blue) (upper). Percentages of Tuft-2 cells in total epithelial

n = 7 biological replicates.

orally gavage. Others were treated with N-C11-G (100mg/kg) for 2 days. Small

odies and DAPI (blue). Scale bar, 20 mm. Data are representative of three in-

t’s t test). Please also see Figures S4 and S5.
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Figure 4. N-C11-G promotes Tuft-2 cell proliferation independent of IL-13 signaling

(A) Organoids were formed from intestinal crypt cells of Sh2d6-HA mice. In total, 400 ng/mL IL-13 were added into medium for 1 day. Then IL-13 was removed,

and N-C11-G (25 mM) was added. Two days later, organoids were collected and stained with HA tag (for Sh2d6, green) and EpCAM (red) antibodies. Nuclei were

counterstained with DAPI (blue). Scale bar, 50 mm. Percentages of Tuft-2 cells in epithelial cells were counted; n = 5 biological replicates. Data are representative

of three independent experiments.

(B) Mice were treated with N-C11-G (100 mg/kg) for 2 days. Small intestine and colon tissues were collected and T cells (CD3+), B cells (CD19+), macrophages

(CD11b+F4/80+), neutrophils (CD11b+/Gr-1+), and ILCs (lineage�CD127+CD90+) were analyzed by flow cytometry. n = 4 biological replicates.

(C) Mice were treated with N-C11-G as in (B). Cells expressing IL-4 and IL-13 were analyzed by flow cytometry. n = 4 biological replicates.

(D) WTmice were treated with 20-mg/kg antibodies by tail vein injection to neutralize IL-4 and IL-13. Isotype IgG was used as control. Then mice were stimulated

with N-C11-G (100 mg/kg) for 3 days. Small intestines and colons were collected and stained with HA (for Sh2d6) antibody and DAPI. Percentages of Tuft-2 cells

per total epithelium were calculated; n = 4 biological replicates.

(legend continued on next page)
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participated in intestinal damage repair. We then treatedWT and

Vmn2r26�/� mice with DSS or radiation to cause intestinal dam-

age. We observed that WT and Vmn2r26�/� mice displayed

similar intestinal tissue morphology and survival rates with treat-

ment of DSS or radiation (Figures 4E and 4F), suggesting that in-

testinal tissue damage does not release N-C11-G to generate

Tuft cells for tissue damage repair.

N-undecanoylglycine engagement with Vmn2r26
initiates PGD2 production in Tuft-2 cells
We next wanted to determine the molecular mechanism by which

Tuft-2 cells participated in antibacterial immunity. We analyzed

transcriptome of Tuft-2 cells versus other epithelial cells with

gene ontology (GO) pathway enrichment analysis. Expectedly,

GPCR and Ca2+ signaling pathways enriched in Tuft-2 cells. PG

metabolic process also enriched in Tuft-2 cells (Figure 5A).

PGD2productionneedsseveral keysynthases, includingcytosolic

phospholipase A2 (cPLA2, encoded by gene Pla2g4a), PG-endo-

peroxide synthase 1 (COX1, encoded by Ptgs1), PG-endoper-

oxide synthase 2 (COX2, encoded by Ptgs2), and hematopoietic

PG D synthase (HPGDS, encoded by Hpgds) (Dennis and Norris,

2015). These key PG synthases were highly expressed in Tuft-2

cells (Figure 5B). To assess PGD2 secretion in Tuft-2 cells, we es-

tablishedmonolayerswith primary IECs (FigureS6A).WithN-C11-

G treatment, PGD2 was produced in monolayer cells in a dose-

dependent fashion (Figure 5C). As expected, Shigella culture su-

pernatant treatment showed similar results (Figure 5D). By

contrast, Vmn2r26�/� monolayers failed to produce PGD2 over

N-C11-G or Shigella culture supernatant treatment (Figures 5C

and 5D). shRNA silencing of the key synthases disrupted PGD2

production (Figures 5E and S6B). These data suggest that

Vmn2r26 is required for PGD2 production.

Given that succinate receptor SUCNR1 can sense succinate

secreted by parasites (Nadjsombati et al., 2018; Schneider

et al., 2018), we then silenced Sucnr1 in monolayer cells. We

observed that Sucnr1 shRNA silencing did not affect PGD2 pro-

duction, whereas Vmn2r26 silencing abrogated PGD2 produc-

tion (Figure 5F). Expectedly, Plcg2 silencing also abolished

PGD2 production (Figures 5F and S6B). Since cPLA2 activation

is Ca2+dependent in macrophages (von Moltke et al., 2012), we

wanted to determine whether Vmn2r26-mediated PGD2 synthe-

sis in Tuft-2 was dependent on Ca2+ signaling. Membrane

permeable Ca2+ chelator (BAPTA-AM) treatment could block

PGD2 production (Figure 5F), suggesting that Vmn2r26-medi-

ated PGD2 production depends on Ca2+ signaling. HPGDS is a

key enzyme that catalyzes the conversion of PGH2 to PGD2.

We observed that HPGDS was mainly expressed in CD45+

Tuft-2 cells in intestines and colons (Figures 5G and S6C). Under

N-C11-G challenge, phosphorylated cPLA2 (p-cPLA2) was

increased in Vmn2r26+/+ Tuft-2 cells (Figures 5H and S6D), and

HPGDS was consequently highly expressed in Vmn2r26+/+

Tuft-2 cells (Figures 5I and S6E). By contrast, Vmn2r26�/�

Tuft-2 cells failed to activate cPLA2 phosphorylation andHPGDS
(E) Vmn2r26+/+ and Vmn2r26�/� mice were treated with DSS by drinking water co

H&E staining. Survival rates are shown. Data are representative of three indepen

(F) Vmn2r26+/+ and Vmn2r26�/� mice were treated with whole-body irradiation

formed with H&E staining. Survival rates are shown. Scale bar, 100 mm; n = 6 bio

Results are shown as means ± SEM. Two-tailed Student’s t test was used for (A
expression (Figures 5H, 5I, S6D, and S6E). Taken together, N-

C11-G engagement with Vmn2r26 initiates the Ca2+ dependent

signaling pathway to produce PGD2 in Tuft-2 cells.

PGD2 facilitatesmucus secretion of goblet cells to flush
bacteria away from intestinal epithelia
PG is considered to play critical roles in goblet cell hyperplasia

and mucus production in airway during allergy (Brightling and

Brusselle, 2020). We then wanted to explore how PGD2 secreted

by Tuft-2 exerts antibacterial function. We generated Hpgdsfl/fl

mice via CRISPR-Cas9 technology and established Sh2d6-

CreERT2;Hpgdsfl/fl mice by crossing Sh2d6-CreERT2 and

Hpgdsfl/fl mice (Figures S6F and S6G). We observed that HPGDS

deletion in Tuft-2 cells dramatically diminished mucus layer thick-

ness (Figure 6A). Colons have two mucus layers—the inner layer

adheres to epithelial cells that is devoid of bacteria, whereas bac-

teria are present in the outer layer (Bergstromet al., 2020; Nyström

et al., 2021). We used FITC-conjugated wheat germ agglutinin

(WGA), which binds to sialic acid residues known to be abundant

in colonic mucin to probe mucus (Hasegawa et al., 2017), and

bacteria were stained by FISH with general bacterial 16S rRNA

probe EUB338 (Okumura et al., 2016).We found thatHPGDSdefi-

cient mice displayed much thinner inner layer mucus and much

less mucus amount (Figure 6B). These data suggest that PGD2

produced by Tuft-2 cells regulates mucus secretion. Conse-

quently, large amounts of bacteria were distributed in

close proximity in epithelial cells of Sh2d6-CreERT2;Hpgdsfl/fl

mice (Figures 6B and 6C). To further test whether PGD2 regulated

mucus secretion of goblet cells, we treated colons with PGD2 or

N-C11-G, followed by mucus secretion assay. We noticed that

PGD2-treated goblet cells almost lacked mucus (Figures 6D and

S6H), suggesting PGD2 promotes mucus secretion of goblet

cells. Of note, N-C11-G stimulation also facilitated mucus release

from goblet cells (Figures 6D and S6H). Expectedly, PGD2 syn-

thase inhibitor HQL-79 treatment abrogated N-C11-G-induced

mucus release from goblet cells (Figures 6D and S6H). These

data suggest that PGD2 produced by Tuft-2 potentiates goblet

cells to secrete mucus.

Leukotrienes are other eicosanoid lipidmediators and usually

accompaniedby production of PGs (Wei andGronert, 2019).We

next detected colonic mucus thickness with stimulation of

PGD2 or cysteinyl leukotrienes LTC4, LTD4, and LTE4. We

found that three kinds of cysteinyl leukotrienes only induced

very weak mucus thickness growth compared with that of

PGD2challenge (Figure 6E).Mucus secretion helps to flushbac-

teria away from intestinal epithelium, which reduces bacterial

load in colonic lumen and impedes pathogen invasion (Birche-

nough et al., 2016). We used fluorescent protein mCherry to la-

bel Shigella (ShigellamCherry), followed by transanal injection into

mice. We noticed that luminal ShigellamCherry in WT mice was

separated from the epithelial cell layer and quickly flashed out

within 6 h (Figure 6F). By contrast, HPGDS deficiency caused

ShigellamCherry adhesion to colonic epithelia and successfully
ntaining 3% DSS. Seven days later, colons were collected and performed with

dent experiments.

(12 Gy). At the indicated time points, small intestines were collected and per-

logical replicates. Data are representative of three independent experiments.

–D); unpaired test was used for (E and F). NS, not significant, *** p < 0.001.
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Figure 5. Engagement of Vmn2r26 with N-C11-G induces Tuft-2 cells to produce PGD2

(A) Transcriptome of Tuft-2 and non-Tuft-2 epithelial cells were analyzed. Highly expressed genes (>2-fold change) in Tuft-2 cells were selected and performed

GO enrichment. GO pathways related to immune response are shown.

(B) Expressions of indicated genes in Tuft-2 cells and non-Tuft-2 epithelial cells were analyzed with qPCR. Results were normalized to the expression of

endogenous Actb gene; n = 4 biological replicates.

(C and D) Intestinal monolayers of Vmn2r26+/+ and Vmn2r26�/� mice were stimulated with indicated concentrations of N-C11-G (C) or Shigella culture super-

natants (D) for 30 min. Culture supernatants were collected for PGD2 analysis by ELISA; n = 6 biological replicates.

(E) Intestinal organoids were infected with pLVshRNA-Puro lentivirus to silence indicated genes, followed by monolayer culture. Monolayers were treated with

25 mM N-C11-G for 30 min. Culture supernatants were collected for PGD2 analysis by ELISA; n = 6 biological replicates.

(F) Intestinal monolayers were treated with 25 mM N-C11-G with indicated conditions, and PGD2 production was detected by ELISA 30 min post treatment.

Sucnr1, Vmn2r26, or Plcg2 were silenced with pLVshRNA-Puro lentivirus. Ca2+ signaling was blocked with a cell-permeable Ca2+ chelator BAPTA-AM (10 mM);

n = 6 biological replicates.

(G) Small intestines were stained with HPGDS (green) and CD45 (red) antibodies and DAPI (blue). Data are representative of three independent experiments.

(H and I) Vmn2r26+/+ and Vmn2r26�/� mice were treated with N-C11-G (100 mg/kg) for 2 days. Small intestine was collected and stained with p-cPLA2 (H) or

HPGDS (I) (green) and EpCAM (red) antibodies. Nuclei were counterstained with DAPI (blue). Data are representative of three independent experiments.

Results are shown as means ± SEM. * p < 0.05 and ** p < 0.01, *** p < 0.001; NS, no significant (two-tailed Student’s t test). Please also see Figure S6.
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Figure 6. PGD2 produced by Tuft-2 cells facilitates mucus secretion to flush Shigella away from epithelial cells
(A)Sh2d6-CreERT2;Hpgds+/+ andSh2d6-CreERT2;Hpgdsfl/fl micewere treated with TAM (75mg/kg, i.p.) for 7 days, and colon was collected. Paraffin sections of

colon were stained with AB/PAS (periodic acid-Schiff and Alcian blue) (upper). Mucus thickness was measured (lower). Data are representative of three inde-

pendent experiments.

(B) Mice were treated as in (A). Colons were fixed with Carnoy’s solution. Bacteria were stained by FISH using EUB338 probe (red). Mucus was stained with FITC-

conjugated WGA (green). Nuclei were counterstained with DAPI (blue). Data are representative of three independent experiments.

(C) Extent of bacterial exclusion of colon tissues from mice in (B); n = 8 biological replicates.

(D)Micewere stimulated with PGD2 (100 nM), N-C11-G (25 mM), or N-C11-G (25 mM) plus HPGDS inhibitor HQL-79 (10 mM), respectively, by rectal injection. Thirty

min later, colons were collected and stained with FITC-conjugated WGA (green), EpCAM (red) antibody, and DAPI (blue). Data are representative of three in-

dependent experiments.

(E)Mice were stimulated with PGD2 (100 nM), LTC4 (100 nM), LTD4 (100 nM), LTE4 (100 nM), or N-C11-G (25 mM), respectively, by rectal injection. Thirty min later,

colons were collected and sliced directly without washing. Mucous thickness was measured; n = 6 biological replicates.

(legend continued on next page)
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colonized in colonic tissues (Figure 6F). Consequently, bacteria

load in colonic tissues of Sh2d6-CreERT2;Hpgdsfl/fl mice was

much higher than that of Sh2d6-CreERT2;Hpgds+/+ mice (Fig-

ure 6G). These data indicate that PGD2 produced by Tuft-2 cells

is necessary to prevent Shigella infection. Finally, N-C11-G pre-

treatment was able to impede ShigellamCherry colonization in

colonic tissues of WT mice. However, PGD2 synthase inhibitor

HQL-79 abolished N-C11-G-mediated ShigellamCherry clear-

ance (Figures 6H and 6I). Collectively, PGD2 produced by

Tuft-2 cells facilitates mucus secretion of goblet cells to flush

bacteria away from intestinal epithelia, leading to bacterial

clearance.
Vmn2r26 signaling promotes expansion of Tuft-2 cells
via SpiB expression
Through transcriptome analysis of Sh2d6+ Tuft-2 cells and other

epithelium, we picked the top 10 TFs highly expressed in Tuft-2

cells (Figure 7A). We silenced each of these 10 TFs and per-

formed organoids-based Tuft-2 development assay. We found

that shRNA silencing of Pou2f3, Gfi1b, and Spib significantly

suppressed Tuft-2 development (Figures 7B and S7A). Pou2f3

and Gfi1b were reported to be expressed in Tuft cells and regu-

late Tuft cell development (Schneider et al., 2019). Ets TF SpiB

(encoded by Spib) plays an important role in the development

of B cells, plasmacytoid dendritic cells (pDCs), and intestinal M

cells (Kishikawa et al., 2017; Macal et al., 2018; Willis et al.,

2017). However, it is unclear how SpiB regulates Tuft-2 cell

development and function. We noticed that Spib expression

was remarkably increased over N-C11-G challenge (Figures 7C

and S7B). However, Vmn2r26�/� Tuft-2 cells failed to augment

Spib expression with N-C11-G stimulation (Figure 7C). In addi-

tion, Plcg2 inhibitor 3-nitrocoumarin blocked Spib expression

(Figure 7C). These data indicate that Vmn2r26-Plcg2 signaling

axis enhances Spib expression and promotes Tuft-2 cell

proliferation.

We next generated Spibfl/fl mice via CRISPR-Cas9 technology

and established Lgr5-CreERT2-EGFP;Spibfl/fl mice (Figures S7C

and S7D). We found that SpiB deletion in Lgr5+ intestinal stem

cells (ISCs) reduced Tuft-2 cell numbers compared with those

of WT mice (Figure 7D). We also established Sh2d6-CreERT2;-

Spibfl/fl mice to delete Spib in Tuft-2 cells (Figure S7E). We

observed that SpiB deletion in Tuft-2 cells also reduced Tuft-2

cell numbers (Figure 7E). By contrast, CD45� Tuft-1 cells still ex-

isted (Figure S7F). In addition, SpiB deletion failed to promote

Tuft-2 cell expansion under N-C11-G stimulation (Figure 7F).

These data indicate that SpiB is required for the proliferation of

Tuft-2 cells over bacterial infection.

We next measured mucus thickness in Sh2d6-CreERT2;-

Spibfl/fl mice. As expected, SpiB deficiency in Tuft-2 cells

caused mucus layer thinning (Figure S7G). Tuft-2 cell depletion
(F) Sh2d6-CreERT2;Hpgds+/+ andSh2d6-CreERT2;Hpgdsfl/fl mice were treated w

mice by rectal injection. Colons were collected at indicated time points and fi

representative of three independent experiments.

(G) Colons were collected from mice as in (F) 12 h after inoculation. CFU of Shig

(H and I) Mice were treated with N-C11-G (25 mM) or N-C11-G (25 mM) plus HPGD

and stained with DAPI (H). Colons were collected 12 h after inoculation of Shigel

Results are shown asmeans ± SEM. * p < 0.05 and ** p < 0.01, *** p < 0.001 (two-ta

different sites of each sample was measured, and averaged thickness was calcu
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in Sh2d6-CreERT2;iDTR mice obtained similar observations

(Figure S7H). We infected Sh2d6-CreERT2;Spibfl/fl mice with

Shigella and noticed that SpiB deletion in Tuft-2 cells caused

much more severe inflammation and intestinal damage (Fig-

ure 7G). Consistently, bacteria load was much higher in colonic

tissues of Sh2d6-CreERT2;Spibfl/fl mice (Figure 7H). In addition,

Sh2d6-CreERT2;Spibfl/fl mice showed more body weight loss

and higher death rates after Shigella infection (Figures 7I and

7J). Altogether, Vmn2r26 signaling promotes development

and expansion of Tuft-2 cells via SpiB expression, which is

required for bacterial clearance.
DISCUSSION

Succinate receptor SUCNR1 is highly expressed in intestinal Tuft

cells, which binds to succinate to initiate type 2 response for pro-

tists colonization and alterations in microbiota (Lei et al., 2018;

Nadjsombati et al., 2018; Schneider et al., 2018). The down-

stream cation channel Trpm5 is required for the hyperplasia

and activation of Tuft cells. Unlike Trpm5�/� mice, Sucnr1�/�

mice have no remarkable defect in Tuft cell hyperplasia and

worm clearance (Nadjsombati et al., 2018). These data suggest

that the intestine may contain other sensing pathways to induce

protective responses against helminths (Nadjsombati et al.,

2018). The vomeronasal organ detects pheromones and other

semiochemicals via VRs, which are a special class of olfactory

receptors (Isogai et al., 2011). In addition, peptide ligands of ma-

jor histocompatibility complex (MHC) molecules also engage

VRs, which can influence social behavior (Leinders-Zufall et al.,

2004). Besides nose, olfactory receptors are expressed on other

tissues. For example, olfactory receptor Olfr558 is expressed on

enterochromaffin cells, acting as a metabolite sensor to trigger

Ca2+ signaling (Bellono et al., 2017). Herein, we show that Tuft-

2 cells also express some olfactory receptors, especially highly

expressing Vmn2r26. Under bacterial infection, Vmn2r26 senses

bacterial metabolite N-C11-G to activate PLCg2 and Ca2+

signaling in Tuft-2 cells, facilitating cell expansion and PGD2

production.

PGs, containing PGD2, PGE2, PGI2, and PGF2amainly gener-

ated in vivo, play critical roles in the induction of inflammatory

response and tumorigenesis (Roulis et al., 2020). PG generation

is very low in normal tissues but increases immediately in acute

inflammation, prior to the recruitment of immune cells. The cy-

clooxygenases (COX1 and COX2) convert arachidonic acid first

into PGG2 and then to PGH2. Unstable endoperoxide PGH2 can

be further catalyzed to thromboxane A2 (TXA2), PGI2, PGE2,

PGF2, and PGD2 (Dennis and Norris, 2015). PG D synthases

(PGDS), such as lipocalin PG D synthase (LPGDS) and HPGDS,

convert PGH2 to PGD2 (Dennis and Norris, 2015). We show that

Tuft cells highly express cPLA2 and HPGDS under N-C11-G
ith TAM (75mg/kg, i.p.) for 7 days. ShigellamCherry (109 CFU) was inoculated into

xed with 4% PFA. Colon sections were counterstained with DAPI. Data are

ella in colon was analyzed; n = 6 biological replicates.

S inhibitor HQL-79 (10 mM) by rectal injection. Six h later, colons were collected

la. CFU of Shigella were analyzed (I); n = 6 biological replicates.

iled Student’s t test). For data in (A), (C), and (E), thickness of mucus layer at 30

lated. Please also see Figure S6.



Figure 7. SpiB is required for Vmn2r26-mediated Tuft-2 cell expansion

(A) Transcriptomes of Tuft-2 cells and non-Tuft-2 epithelial cells were analyzed. Expression of transcription factors are shown, and top 10 of most specifically and

highly expressed TFs in Tuft-2 cells are marked.

(B) Intestinal organoids derived from Sh2d6EGFP mice were cultured, and top 10 selected TFs were respectively silenced with pLVshRNA-Puro lentivirus. In total,

1 mg/mL puromycin, IL-4 (400 ng/mL), and IL-13 (400 ng/mL) were added into culture media. Percentages of Tuft-2 cells per total epithelium were calculated; n =

10 biological replicates.

(legend continued on next page)
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stimulation. Moreover, engagement of Vmn2r26 with N-C11-G

initiates large amounts of PGD2 production. Goblet cells as a

type of IECs are specialized for the synthesis and secretion of

mucus, flashing bacteria away upon infection. PGE2 induces

mucus secretion in mouse small intestine and colon (Ermund

et al., 2013). Deletion of HPGDS in Tuft-2 cells results in insuffi-

cient mucus secretion, leading to severe infection. It still needs

further investigation about how PGD2 induces mucus secretion

by goblet cells.

Like other epithelial lineages, Tuft cells derive from ISCs, both

under steady conditions as well as in response to injury (Beumer

andClevers, 2021; vonMoltke et al., 2016). However, it is unclear

how Tuft cells develop and expand upon bacterial infection.

Among Ets family members, SpiB, SpiC, and PU.1 show closely

related overall structures and Ets domains, forming a Spi-B

related subfamily. These SpiB subfamily members activate the

promoters of downstream target genes in cooperation with inter-

feron regulatory factor (IRF) family members to mediate immune

responses (Care et al., 2014). SpiB is exclusively expressed in

mature B cells, T-cell progenitors, and pDCs (Willis et al.,

2017). SpiB is also involved in M cell differentiation in the gut

(Kishikawa et al., 2017). In this study, we conclude that SpiB is

required for the development and expansion of Tuft-2 cells

upon bacterial infection. In summary, we define Tuft-2 cells as

an innate immune cell in the gut that sense bacterial metabolite

N-C11-G via VR Vmn2r26, whose engagement initiates PGD2

production and SpiB expression. PGD2 then facilitates mucus

secretion of goblet cells to promote antimicrobial immunity,

and SpiB induces the development and expansion of Tuft-2 cells

under bacterial challenge.

Limitations of the study
The intestinal epithelium is a highly structured tissue. Resent

studies showed that the most common cell type enterocytes

and the rare cell types, such as goblet and Tuft cells, exhibit zo-

nated expression programs along the crypt-villus axis (Manco

et al., 2021; Moor et al., 2018). Manco et al showed that Tuft-1

specific genes preferably express toward the bottom of the vil-

lus, whereas Tuft-2 specific transcripts are zonated toward the

villus tip (Manco et al., 2021). We have not identified specific
(C) Vmn2r26+/+;Sh2d6EGFP and Vmn2r26�/�;Sh2d6EGFP mice were stimulated w

nitrocoumarin (3-NC, 30 mM, i.p.). Two days later, Tuft-2 cells were sorted, and S

(D) Lgr5-CreERT2-EGFP;Spib+/+;Sh2d6-HA and Lgr5-CreERT2-EGFP;Spibfl/fl;Sh

were collected at day 7 and stained with HA (for Sh2d6) (red) and EpCAM (blue). IS

three independent experiments.

(E) Sh2d6-CreERT2;Spib+/+;Sh2d6-HA and Sh2d6-CreERT2;Spibfl/fl;Sh2d6-HA m

collected at day 7 and stained with HA tag (for Sh2d6) (red) and EpCAM (blue)

experiments.

(F) Sh2d6-CreERT2;Spib+/+;Sh2d6-HA and Sh2d6-CreERT2;Spibfl/fl;Sh2d6-HA m

were treated with 100mg/kg N-C11-G for 2 days. Small intestines were collected

were stained with DAPI (blue).

(G) Sh2d6-CreERT2;Spib+/+ and Sh2d6-CreERT2;Spibfl/fl mice were treated with

with Shigella (5 3 107 CFU). Small intestines and colons were collected 7 days af

were calculated (right); n = 6 biological replicates.

(H) Colon of treated mice as in (G) was collected 3 days after infection, followed

(I) Body weight changes of mice in (G) at indicated time points; n = 7 biological r

(J) Survival rates of mice in (G) at the indicated time points; n = 8 biological repli

Results are shown asmeans ± SEM. * p < 0.05 and ** p < 0.01, *** p < 0.001 (two-ta

[I] and [J]).

Please also see Figure S7.
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marker genes for Tuft-1 subset to generate Tuft-1 marker

gene-driven creERT2 mice. Due to this limitation, we could not

define Tuft-1 function but only speculate based on their tran-

scriptional characteristics. Given that Tuft-1 cells express a

neuronal development gene signature, Tuft-1 cells appear to

be more poised for neuromodulation. Tuft-1 cells also express

taste transduction-related genes, such as Plcb and Gnat3, as

well as choline acetyltransferase (ChAT), which suggest that

Tuft-1 subset might be involved in the input signal transduction

from gut environment to neurons. Of note, Vmn2r26 may

enhance maturation of Tuft cells by increasing SpiB expression,

which contributes to the phenotype of Tuft cell expansion during

an early phase of bacteria infection. It still needs to further inves-

tigate how Tuft cells undergo differentiation and maturation dur-

ing the process of bacteria infection.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

DCLK1 (IF, 1: 500; FC, 1:200) Proteintech Cat#21699-1-AP; RRID:AB_10859251

HA Tag (IF, 1:200) Proteintech Cat#51064-2-AP; RRID:AB_11042321

HPGDS (IF, 1:200) Proteintech Cat#22522-1-AP; RRID:AB_2879115

Tppp3 (IF, 1:100) Proteintech Cat#15057-1-AP; RRID:AB_2878105

CD45 (30-F11) (IF, 1:500) eBioscience Cat#14-0451-82; RRID:AB_467251

CD45, APC conjugated (HI30) (FC, 1:100) eBioscience Cat#17-0459-42; RRID:AB_10667894

Ki67, FITC conjugated (SolA15) (IF, 1:300) eBioscience Cat#11-5698-80; RRID:AB_11151689

EpCAM, PE conjugated (1B7) (IF, 1:300;

FC, 1:100)

eBioscience Cat#12-9326-41; RRID:AB_11039407

EpCAM, Alexa Fluor 647 conjugated (G8.8)

(IF, 1:300; FC, 1:100)

BioLegend Cat#118212; RRID:AB_1134101

CD170 (Siglec-F), PE conjugated

(QA20A11) (FC, 1:100)

BioLegend Cat#164103; RRID:AB_2894437

SpiB (IF, 1:500; WB, 1:1000) R&D Systerms Cat#AF7204; RRID:AB_10995033

GFP Tag (IF, 1:200) Proteintech Cat#50430-2-AP; RRID:AB_11042881

b-actin (2D4H5) (WB, 1:2000) Proteintech Cat#66009-1-Ig; RRID:AB_2687938

Phospho-PLCg2 (Tyr1217) (IF, 1:200) Cell Signaling Technology Cat#3871; RRID:AB_2299548

Trpm5 (WB, 1:1000) Proteintech Cat#18027-1-AP; RRID:AB_2287825

Phosphor-cPLA2 (Ser505) (IF, 1:200) Immunoway Cat#YP0868; RRID:AB_2895531

Pou2f3 (WB, 1:1000) Bioss Cat#bs-21046R; RRID:AB_2895533

IL-4 (30340) R&D Systerms Cat#MAB404; RRID:AB_2128960

IL-13 (38213) R&D Systerms Cat# MAB413; RRID:AB_2124171

Goat anti-Rabbit IgG (H+L), Alexa Fluor 488

conjugated (IF, 1:800)

eBioscience Cat#A-11034; RRID:AB_2576217

Goat anti-Rabbit IgG (H+L), Alexa Fluor 594

conjugated (IF, 1:800)

eBioscience Cat#A-11037; RRID:AB_2534095

Goat anti-Rat IgG (H+L), Alexa Fluor 594

conjugated (IF, 1:800)

eBioscience Cat#A-21209; RRID:AB_2535795

Donkey anti-Sheep IgG (H+L), Alexa Fluor

594 conjugated (IF, 1:800)

eBioscience Cat#A-11016; RRID:AB_2534083

Bacterial and virus strains

Shigella flexneri BeNa Culture Collection, China Cat#BNCC173289

Salmonella (S.) Typhimurium Institute of Microbiology,

Chinese Academy of Sciences, China

Cat#1.1194

Chemicals, peptides, and recombinant proteins

Recombinant Murine IL-13 PeproTech Cat#210-13

Recombinant Murine IL-4 PeproTech Cat#214-14

Recombinant Murine R-Spondin-1 PeproTech Cat#315-32

Recombinant Murine EGF PeproTech Cat#315-09

Recombinant Murine Noggin PeproTech Cat#250-38

Recombinant Murine Wnt-3a PeproTech Cat#315-20

N-acetylcysteine Sigma Aldrich Cat#1009005

Matrigel matrix Corning Cat#356234

Type I collagenase ThermoFisher Cat#17018029

Y-27632 MedChemExpress Cat#HY-10071

SB431542 MedChemExpress Cat#HY-10431

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

DAPI Sigma Aldrich Cat#D8417

Prostaglandin D2 Cayman Chemical Cat#12010

DNase I Sigma Aldrich Cat#D4513

Succinic acid Sigma Aldrich Cat#S9512

FITC conjugated WGA lectin GeneTex Cat#GTX01502

D(�)-fructose Sigma Aldrich Cat#F3510

a-thioglycerol Sigma Aldrich Cat#M6145

Paraformaldehyde Sigma Aldrich Cat#P6148

TRIzol ThermoFisher Cat#15596026

Lipofectamine 3000 Transfection Reagent ThermoFisher Cat#L3000015

N-undecanoylglycine This paper N/A

Critical commercial assays

FoxP3 Transcription Factor Staining Kit ThermoFisher Cat#00-5523-00

Prostaglandin D2 ELISA Kit Cayman Chemical Cat# 512031

IntestiCult Organoid Growth

Medium (Mouse)

STEMCELL Technologies Cat#06005

Alexa Fluor 488 Conjugation Kit Abcam Cat#ab236553

Alexa Fluor 594 Conjugation Kit Abcam Cat#ab269822

RNAprep Pure Micro Kit TIANGEN Cat#DP420

Deposited data

Expression profiling of Tuft and Tuft-2 cells This paper GEO: GSE184675

Experimental models: Organisms/strains

Mouse: C57BL/6J Jackson Laboratory Cat#000664

Mouse: Lgr5-EGFP-CreERT2 Nanjing University, China N/A

Mouse: Rosa26-iDTR-EGFP Biocytogen Pharmaceuticals, China N/A

Mouse: Rosa26-EYFP Shanghai Research Center For Model

Organisms, China

Cat#SJ-006148

Mouse: B6.Sh2d6-CreERT2 This paper N/A

Mouse: B6.Sh2d6-EGFP This paper N/A

Mouse: B6.Sh2d6-HA This paper N/A

Mouse: B6.Hpgdsflox/flox This paper N/A

Mouse: B6.Spibflox/flox This paper N/A

Mouse: B6.Vmn2r26�/� This paper N/A

Mouse: B6.Pou2f3�/� This paper N/A

Mouse: B6.Trpm5�/� This paper N/A

Oligonucleotides

sgRNA sequences for mouse strain building Table S1 N/A

Sequences of primers used for genotyping Table S2 N/A

Sequences of primers used in real-time

PCR and genotyping

Table S3 N/A

Sequences for shRNAs Table S4 N/A

Recombinant DNA

pLVshRNA-Puro This paper N/A

pLVshRNA-EGFP(2A)Puro This paper N/A

pLVX-IRES-Puro This paper N/A

psPAX2 Addgene Cat#12260

pMD2.G Addgene Cat#12259

pBBR1MCS-2 Addgene Cat#85168

pcDNA4/myc-His B Mammalian

Expression Vectors

ThermoFisher Cat#V86320

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

GraphPad Prism 8 GraphPad Software https://www.graphpad.com/scientific-

software/prism/

FlowJo 10.5.4 Tree Star https://www.flowjo.com/

Imaris 9.0 Bitplane Imaris https://imaris.oxinst.com/

NIS-Elements Imaging Software Nikon https://www.microscope.healthcare.nikon.

com/products/software/nis-elements/

Other

BD FACS Aria III BD Biosciences N/A

Nikon Confocal A1R+ Nikon N/A

Opera Phenix high content screening

system

PerkinElmer N/A

FLIPR Penta High-Throughput Cellular

Screening System

Molecular Devices N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Zusen Fan

(fanz@moon.ibp.ac.cn).

Materials availability
The materials in this study are available from the lead contact upon reasonable request.

Data and code availability
d Gene expression microarray data have been deposited at GEO and are publicly available as of the date of publication. Acces-

sion numbers are listed in the key resources table. Original western blot images have been deposited at Mendeley and are pub-

licly available as of the date of publication. Microscopy data reported in this paper will be shared by the lead contact upon

request.

d This paper does not report original codes.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

Microarray data have been deposited in the Gene Expression Omnibus (GEO) under accession number GSE184675.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Generation of Sh2d6-P2A-CreERT2, Sh2d6-P2A-EGFP, Sh2d6-HA, Hpgdsfl/fl, Spibfl/fl genetically targeted mice and Vmn2r26�/�,
Pou2f3�/�, Trpm5�/� mice were based on the methods described before (Xiong et al., 2020). In brief, vector pST1374-NLS-flag-

linker-Cas9 (Addgene plasmid #44758) expressing Cas9 and pUC57-sgRNA (Addgene plasmid #51132) expressing sgRNAs (Table

S1) for target geneswere constructed. Donor templates of P2A-CreERT2, P2A-EGFP, HA, LoxP sequences combinedwith homology

arms were cloned into pLSODN-1. LsODNs were prepared using an LsODN Preparation Kit (Biodynamics Laboratory, Tokyo, Japan)

according to the manufacturer’s protocol. Mixtures of Cas9 mRNA (100 ng/ml), sgRNA (50 ng/ml) and donor templates (20 ng/ml) were

microinjected into the cytoplasm of C57BL/6 fertilized eggs, followed by transferring to the uterus of pseudo-pregnant ICR females,

from which viable founder mice were obtained. Genotyping of mouse tools were performed by indicated primers (Table S2) and veri-

fied by DNA sequencing. 6 to 12-wk-old mice were used for mouse experiments. All the mice are C57BL/6 background and main-

tained under specific pathogen-free conditions. Animal use and protocols were approved by the Institutional Animal Care and Use

Committees of Institute of Biophysics, Chinese Academy of Sciences.

METHOD DETAILS

Immunofluorescence imaging
Mouse intestine and colon were excised and rinsed in pre-cold 1 x PBS. Then samples were coiled into a ‘Swiss roll’ and fixed with

4% paraformaldehyde (PFA) (Sigma) at room temperature (RT) for 2 hours, followed with dehydration in 30% sucrose at 4�C over-

night. Then samples were embedded in OCT compound (Tissue-Tek) and stored at �80�C before sectioning (10 mm) on a Cryostat
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(Leica). For immunofluorescence staining, sections were permeabilized in PBS containing 1% Triton X-100 for 30min at RT, followed

with blocking in 10% BSA for 30 min at 37�C. Primary antibodies were diluted with PBS containing 1% BSA and sections were incu-

bated with primary antibodies on a shaker at 4�C overnight. Then sections were washed for 3 times with PBST (0.05% Tween-20 in

PBS), 5 min each time, and then were incubated with secondary antibodies and DAPI for 1 h at RT. Sections were washed for 3 times

with PBST. All of imaging for Sh2d6 in this work was accomplished by staining HA tag antibody, using Sh2d6-HAmice. After staining,

sections weremountedwith Fluormount G (Southern Biotech) and examined on aNikon laser scanning confocal microscope. Images

were analysed with Imaris 9 software.

3D fluorescence imaging
Imunofluorescence and three-dimensional fluorescence imaging method was derived from SeeDB (Ke et al., 2013). Mouse intestine

and colon were collected and rinsed in pre-cold PBS and fixed with 4% PFA at RT for 2 h. Then intestine and colon were cut as ring

shape and were washed with 1% Triton X-100 in PBS for three times (30 min each). Samples were permeabilized and blocked in

permeabilizing solution (0.1% Tween-20, 0.5% TritonX-100, 0.1% Deoxycholate, 0.1% NP40, 10% BSA in PBS) at 4�C for 1 day

with gentle shaking. Primary antibodies were diluted with blocking buffer (0.5 TritonX-100, 3% BSA in PBS) and samples were incu-

bated for 2 days on a shaker at 4�C, followed with washing in washing buffer (1% TritonX-100 in PBS) for 4 times (30 min, 1 hour, 6

hours and overnight) on a shaker at 4�C. Secondary antibodies were diluted with blocking buffer and incubated samples for 1 day on

a shaker at 4�C, and then samples were washed in washing buffer for 4 times (30 min, 1 h, 6 h and overnight) on a shaker at 4�C.
Samples were post-fixed in 4% PFA at 4�C for 30 min. Then immunofluorescence stained samples were incubated successively

in 20%, 40%, 60%, 80%, 100% (w/v) fructose solution respectively for 12 h and then incubated in SeeDB buffer, 80.2% (w/w) fruc-

tosewith 0.5% (v/v) a-thioglycerol for 24 h at RT. Cleared sampleswere imaged using confocal scanning (Nikon) or Opera Phenix high

content screening system (PerkinElmer). Z-stacks projections were compiled using Imaris 9 software.

Single-cell tissue preparation and cell sorting
Small intestines and colons were collected and tissues were opened and rinsed with pre-cold PBS to remove intestinal contents.

Tissues were further rinsed and vigorously vortexed to remove mucous layer for 3 times. Then tissues were cut into 2 cm sections

and incubated at 37�C with gently shaking (100 r/m) in 15ml HBSS (Ca2+/Mg2+-free) supplemented with 10mM HEPES (VWR Life

Science), 5mM EDTA (VWR), 5mM dithiothreitol (DTT, Sigma-Aldrich) and 5% fetal calf serum (Biological Industries), followed

with vortex thoroughly to release epithelial cells. This process was repeated for 3-4 times until supernatant was clean. Supernatants

were pooled and passed through a 70 mmfilter. Cells were washedwith PBS and incubated with diluted indicated antibodies in PBS +

3% FBS on ice for 30 min. DAPI was stained for 10 min on ice. Then cells were washed twice and analyzed and sorted with BD Aria III

flow cytometer. Samples were FSC-A/SSC-A gated to exclude debris, and FSC-W/FSC-A and SSC-W/SSC-A gated to select single

cells. DAPI� were gated to exclude died cells. For Sh2d6EGFP mice, EGFP+EpCAM+Siglec-F+ cells were sorted as Sh2d6+ Tuft-2

cells, EGFP�EpCAM+Siglec-F+ cells were sorted as Sh2d6� Tuft cells and EGFP�EpCAM+ cells were sorted as non-Tuft-2 epithelial

cells. For wild type mice, Siglec-F+EpCAM+CD45+ cells were sorted as Tuft-2 cells. Results were analyzed with FlowJo 10.

Bacterial strain
Shigella flexneri (BNCC173289) was purchased from BNBio company (Beijing, China). Shigella strain was cultured aerobically on a

shaker (200 r/m) at 37�C in Tryptic Soy (TS) broth (Aoboxing, Beijing, China) or incubated on TS agar plates with 0.1% Congo Red

(Sigma-Aldrich). Salmonella (S.) Typhimurium was from Institute of Microbiology, Chinese Academy of Sciences. For ShigellamCherry

construction, mCherry was cloned into pBBR1MCS-2 vector and vector was then transfected into Shigella via electransfection.

Briefly, Shigella was aerobically cultured at 37 �C temperature on shaker (220 r/m) overnight and 3ml bacteria solution was centri-

fuged at 4 �C for 10 min at 3,000 g. Discard the supernatant, and bacterial pellet was resuspended with 5ml ice-cold sterile

ddH2O and centrifuged. Repeat wash with 5 ml ice-cold sterile H2O containing 10% glycerin for three times and finally resuspended

the bacterial pellet thoroughly in 40 ml ice-cold sterile H2O containing 10% glycerin. 1mg of plasmid DNA was added in to 40 ml bac-

terial suspension and mixture was transfered into a pre-cold, sterile 0.2 cm gap cuvette. Insert the cuvette into MicroPulser electro-

porator (BIO-RAD) and electroporated at 1.8 kV, 25 mF for 5ms. The cell suspension was quickly recovered by resuspending into 1ml

TS broth and incubated at 37�C for 30 min. Then bacteria were plated onto TS agar plates with kanamycin. Plates were incubated at

37�C for 12 h and mCherry fluorescence of Shigella clones were checked with fluorescence microscope (Nikon).

Mouse treatment and infection
We established the bacterial infection models with the standard procedure. In detail, 8�12 week-old mice were deprived of food and

water for 4 hours and thenwere gavagedwith 20mgstreptomycin sulfate in 200 ml PBS. 24hours later,micewere again deprivedof food

and water for 4 hours, and then were gavaged with 53107 CFUs of Shigella or 23107 CFUs of Salmonella. For oral gavage, 200 ml re-

agents were given through oral gavage with lavage needle (size #9, bend). For rectal administration, mice were anesthetized with 1.8%

isoflurane, followed by rectal injection of 200 ml reagents through a flexible catheter. Catheter was inserted into anus with 4.5 cm depth,

and reagentswere injected slowly to avoid overflow. Thenmicewere kept upsidedown for 3min. ForN-C11-G treatment, N-C11-Gwas

dissolved in sterile water. 20% DMSO was added and samples were incubated at 60 �C water bath for dissolution. 20% DMSO was

used as control. Mice were deprived of food and water for 4 hours and then were gavaged with N-C11-G. Mice were with indicated

concentration of N-C11-G once a day.
e4 Immunity 55, 686–700.e1–e7, April 12, 2022
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Pathological score and histologic analysis
Mouse colons were cut open longitudinally andwashedwith pre-cold PBS, and thenwere fixed in 4%PFA fixative for 8 h at RT. Fixed

tissues were washed for twice and moved to 70% ethanol for storage. Tissues were transferred sequentially to various concentra-

tions of alcohols for dehydration and then embedded in paraffin, followed by sectioning and staining with hematoxylin and eosin

(H&E) according to standard laboratory procedures. The following histological parameters were evaluated (Erben et al., 2014): leuko-

cyte infiltration, epithelial injury, submucosal oedema and the numbers of goblet cells were themain index that measured. Leukocyte

infiltration was analyzed as follows: 0, absent leukocyte infiltration; 1, mild infiltration; 2, moderate infiltration; 3, severe infiltration.

Epithelial injury was scored as follows: 0, normal villus structure; 1, mild epithelium loss; 2, moderate epithelium loss; 3, severe epithe-

lium loss; Submucosal oedemawas scored as follows: 0, no oedema; 1, <50%of the submucosal area andwas <100 mmwide; 2, 50–

80% of the submucosal area and was <200 mmwide; 3, >80% of the submucosal area and was >200 mmwide. The average number

of goblet cells was counted and scored as follows: 0, >40 goblet cells per visual field; 1, 26–40 goblet cells per visual field; 2, 16–

25 goblet cells per visual field; 3, 0–15 goblet cells per visual field.

Quantitative real-time PCR
Cell populations were isolated by flow cytometry. Total RNAs were extracted with RNAprep PureMicro Kit or TRIzol according to the

manufacturer’s protocol. Then cDNA was synthesized with the M-MLV reverse transcriptase (Promega, Madison, USA). mRNA tran-

scripts were analyzed with ABI 7300 qPCR system using indicated primer pairs (Table S3). Relative expressions were calculated and

normalized to endogenous Actb expression.

Crypt isolation and organoid culture
Small intestinal crypt isolation and organoid culture were described with modifications described below (Zhu et al., 2019). Briefly, small

intestines were washed with ice-cold PBS through a 20 ml syringe, then were opened longitudinally and washed with ice-cold PBS by

vigorous shaking. Villi were removed by carefully scraping with a sterile glass slides. Tissue was cut as 5 mm fragments, followed with

incubation in collagenase solution (DMEM/F12 medium, containing 0.1% type I collagenase, 100 units/ml penicillin, 0.1 mg/ml strep-

tomycin and 10 mMHEPES). Every 5 min, the samples were pipetted vigorously by a 1 ml pipette and the separation of the crypts was

checkedwith amicroscope, until more than50%of cryptswere separated from tissue fragments (about 25 min). Then the sampleswere

filtered through a 70 mm cell strainer and centrifugated with 60g for 5 min. Discard the supernatant and the precipitant was resuspend

with 200 ml pre-warmed complete organoidmedia. Crypts weremixed withMatrigel (Corning) and plated at 400-500 crypts per well in a

prewarmed 24-well plate. After incubation at 37�C for 5 minutes for matrigel solidification, 500 ml complete organoidmediumwas care-

fully added into eachwell. Complete organoidmediumwas purchased fromSTEMCELL Technologies (IntestiCult organoid growthme-

dium) or composed of Dulbecco’s modified Eagle’s medium/F12 medium (Invitrogen) supplemented with 2 mM L-Glutamine, 10mM

HEPES, 100 units/ml Penicillin, 1,000 mg/ml Streptomycin, 1 3 N2 (Invitrogen), 1 3 B27 (Invitrogen), 1 mM N-acetylcysteine (NAC,

Sigma-Aldrich), 500 ng/ml R-Spondin-1 (PeproTech), 50 ng/ml EGF (PeproTech), and 50 ng/ml Noggin. Medium was replaced every

2 days and organoids were analyzed 1 week later. To get enough Tuft-2 cells, 400 ng/ml IL-4 and 400 ng/ml IL-13 (PeproTech) were

added into complete organoid medium. Tuft-2 cells were identified as EGFP+ (organoids from Sh2d6EGFP mice) or CD45+. For

passaging andmaintenance of organoids, the basementmatrix domewithmediumwas broken using 1ml pipetman tip and transferred

to 1.5ml tubes.Organoidsweremechanically disrupted throughpipetting (3-53) with 1ml syringe needle, until nowhole organoidswere

visible. Cells were centrifuged 900 g for 5min and pellets were resuspendedwithMatrigel for following culture. Cultureswere split in 1:2

to 1:6 ratios depending on the number of organoids per dome.

shRNA gene silencing
Silencing of indicated genes was performed by short hairpin RNA as before. shRNAs of indicated genes were designed on online RNAi

designer (Merck or Thermo Fisher Scientific). 3-4 shRNAs of each target genewere selected and cloned into pLVshRNA-EGFP(2A)Puro

or pLVshRNA-Puro lentivirus vector (Table S4). For lentivirus packaging and concentration, 293T HEK cells were cultured in DMEM +

10% FBS on 10 cm dishes. When cells were 80–90% confluent, 6 mg pLVshRNA-EGFP(2A)Puro plasmid, 4.5 mg packaging plasmid

psPAX2 and 1.5 mg envelope plasmid pMD2.Gweremixed and transfected into 293T cells by using Lipofectamine 3000 reagent.Media

was changed 6 h after transfection andCellswere cultured at 37�C for 2 days. Supernatants fromdisheswere collected andpooled, and

then filtered through a 0.45mmfilter. Supernatants containing virus particleswere ultracentrifuged at 25,000 rpm (82,700 g) for 2 h at 4�C
for viral concentration. Then pellets were resuspended with complete organoid media at 4�C overnight. Virus were made as 20-ml al-

iquots and stored at –80�C. For gene silencing in organoid cells, organoids were cultured for 7 days. Organoids were broken as

described in organoid passaging step. Then cells were resuspended with 500 ml complete organoid media and mixed with lentivirus

solution adding 6 mg/ml polybrene (Sigma-Aldrich) and transferred into 24-well plates for centrifugation at 32�C, 600 x g, for 1 h. Cells

were cultured at 37�C for 6 h. Then cells were centrifuged to remove virus and resuspended with Matrigel for organoid culture. 3 days

later, EGFP of organoids was detected with fluorescence microscope and 1 mg/ml puromycin was added into the media for selection.

Organoids were passaged and maintained and gene silencing efficiency was analyzed by real-time qPCR (Table S3).

ELISA assay
Intestinal monolayer cultures were generated for enzyme linked immunosorbent assay (ELISA) experiments. Organoids were derived

from WT or Vmn2r26�/� mice. 12-well transwell inserts were coated by adding 250 ml of a 1:30 Matrigel at 37�C for 2 h and then the
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excess Matrigel solution was removed. Organoids were collected and broken by pipetting with 1ml syringe needle and centrifuged

900 g for 5 min. Pellets were resuspended with monolayer culture medium (complete organoid media without NAC supplemented

with 10 mM Y-27632 and 10 mM SB431542 and then were added to the precoated wells (100 ml/well). 400 ml monolayer culture me-

diumwas added in the well. Every 2 days, mediumwas changed using complete organoid mediumwithout NAC and Y-27632. To get

enough Tuft-2 cells, 400 ng/ml IL-4 and 400 ng/ml IL-13 were added into the medium. Monolayers should be ready for experimental

use 10 days later. Since Tuft cells were initially very few in primary monolayers, we added IL-13 and IL-4 to induce Tuft cell prolifer-

ation. To exclude the effect of IL-13 and IL-4 on PGD2 production, we changed fresh culture medium without IL13 and IL-4 for 12

hours before N-C11-G treatment. For ELISA analysis of PGD2, stimulations were added into themonolayers and incubated for 30mi-

nutes at 37�C. Supernatants were collected and used to perform ELISA using the prostaglandin D2 ELISA kit (Cayman Chemical) or

acetylcholine ELISA kits (Novus Biologicals) following manufacturer’s instructions.

Calcium imaging
GPCR activation was measured by a fluorescence-based calcium mobilization assay. Indicated murine receptors and other genes

were cloned into pCDNA4 plasmid for overexpression. A shorter form of receptor-transporting protein 1 (RTP1S) was co-transfected

to support the robust cell-surface and functional of receptors (Zhuang andMatsunami, 2008). Promiscuousmurine Ga15 and human

Ga16 were co-transfected to transduce the signaling and induce calcium release (Caers et al., 2014). When 293T HEK cells were 80–

90% confluent, culture medium was changed with fresh DMEM + 10% FBSmedium and cells were transfected indicated aforemen-

tioned plasmid with Lipofectamine 3000. 6 h later, medium was changed and cells were cultured for 24 h at 37�C. The transfected

cells were collected and seeded in fibronectin (Sigma-Aldrich) coated 96-well plates, and then cells were incubated for 16 h. Cells

were washed with wash buffer (13 HBSS with Ca2+/Mg2+, 10 mM HEPES, 0.1% BSA, pH 7.4). To load calcium probe, cells were

incubated with wash buffer supplemented with 2.5 mM Fluo-4 AM (Invitrogen), 0.05% pluronic-F127 (Sigma-Aldrich), 1 mM proben-

ecid (MedChemExpress) at 37�C for 30 min, followed with washing and then incubated for a further 30 minutes. Cells were washed

again and ready for test. Calciummobilization was analyzedwith high throughput cellular screening system (FLIPR Tetra) or confocal.

For FLIPR assay, cell plates and ligand plates were transferred to the FLIPR instrument and calcium signals were analyzed according

to the instrument manual. Parameters were as follows: read time interval, 1 s; number of reads before dispense, 10; total number of

reads, 190. For calcium imaging with confocal, fluorescence images were collected at 1 frames per second with on Nikon confocal

and analyzed with NIS Elements AR software. Fluorescence/background (R/R0) was quantified over time.

Fluorescence in situ hybridization (FISH)
FISH staining of all bacteria in colon was performed as described before (Okumura et al., 2016). Colon tissues from indicated mice

were collected without washing and fixed in methanol–Carnoy’s fixative (60%methanol, 30% chloroform and 10% acetic acid). Tis-

sues were embedded in paraffin and sectioned into 4 mm slices. Then sections were dewaxed, hydrated and incubated in hybridi-

zation buffer (750mM NaCl, 100mM Tris-HCl (pH 7.4), 5 mM EDTA, 0.01% BSA, 10% dextran sulfate) added with pan-bacterial

Cy3 conjugated FISH probe EUB338 (5’-GCTGCCTCCCGTAGGAGT-3’) at 40�C for 16 h. Sections were washed in wash buffer

(50mM NaCl, 4mM Tris-HCl (pH 7.4), 0.02mM EDTA) at 45�C for 10 min for 3 times, followed with counterstained with DAPI and

FITC conjugated WGA.

Liquid chromatography–mass spectrometry
Metabolites were analyzed by LC-MS/MS using a system consisting of ACQUITY UPLC BEH C18 column (100 mm*2.1 mm, 1.7mm,

Waters, USA) and QExactive HF mass spectrometer (Thermo Fisher Scientific). The analysis was operated in positive and negative

electrospray ionization (ESI) mode. ESI settings were as follows: Ion Source Gas1: 60, Ion Source Gas2: 60, Curtain gas: 30, source

temperature: 320�C, IonSapary Voltage Floating (ISVF) ± 3500 V. The mass spectrometry settings were as follows: MS scan m/z

range: 80-1200 Da, production scan resolution: 17500, MS scan accumulation time 0.20 s/spectra, product ion scan accumulation

time 0.05 s/spectra. Data from LC-MS/MS was analyzed with Compound Discoverer 3.0 (Thermo Fisher Scientific) and searched in

Bio cyc, HMDB, metlin, HFMDB, Lipidmaps databases.

Mucus thickness measurement
8�12 week-old mice were sacrificed and distal colons were collected without washing. Tissues were immediately fixed in methacarn

solution (60% methanol, 30% chloroform and 10% acetic acid) at room temperature for 24-48 hours. Tissues were twice washed

continuously with methanol, ethanol and xylene for 30 min each. Then tissues were paraffin embedded and cut into 4 mm sections.

To measure the mucus thickness, sections were dewaxed and hydrated, and then were stained using a combination of Alcian Blue

and Periodic acid-Schiff (AB/PAS) stains or stained with FITC conjugatedWGA and DAPI. Bright field or fluorescence imaging of sec-

tions were collected with Nikon A1R+ confocal microscope. For AB/PAS staining, mucus was stained as blue color. For fluorescence

imaging, mucus was detected by FITC conjugated WGA, and epithelial boundary was identified by DAPI signal. Thickness of mucus

layer at 30 different sites of each sample was measured and average thickness was calculated.

Microarray assay and bioinformatic analysis
33105 Sh2d6+ Tuft-2 cells (EGFP+EpCAM+Siglec-F+), Sh2d6� Tuft cells (EGFP�EpCAM+Siglec-F+) and non-Tuft-2 epithelial cells

(EGFP�EpCAM+) from Sh2d6EGFP mice were sorted using flow cytometer and cells were digested with TRIzol reagent. RNA quality
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wasmonitored usingNanoDropND-1000. RNA integrity was tested by agarose gel electrophoresis. RNA samples were then assayed

with Affymetrix Mouse Transcriptome Array 1.0 (Beijing Cnkingbio Biotechnology). R packages of ‘ggplot2’, ‘clusterProfiler’ in Bio-

conductor were used for generating GO analysis.

For bioinformatic analysis of single cell RNA sequencing of Tuft cells, scRNA-seq data was from GSE92332 (Haber et al., 2017).

‘Seurat’ was used for clustering and finding out signature genes of each cluster. Highly variable genes were identified by using the

‘FindVariableFeatures’ function. Dimensionality reduction was performed by principal-component analysis using the ‘RunPCA’ func-

tion and principal components (PCs) 1–8 were chosen for further analysis based on the ‘JackStrawPlot’ and ‘ElbowPlot’ functions.

Cells were clustered using the ‘FindNeighbors’ function with a k.param of 30 and the ‘FindClusters’ function with a resolution of 1.2.

Cells were then plotted using the t-SNEmethod. Differently expressed geneswere calculated through the ‘FindMarkers’ functionwith

parameters min.pct = 0.1 and logfc.threshold = 0.25.

‘Monocle3’ was used for single-cell trajectory analysis. The data was performed using the ‘preprocess_cds’ function with default

parameters. Dimensionality reduction was performed with the ‘reduce_dimension’ function using UMAP. Finally, trajectory was con-

structed using the ‘cluster_cells’ function (parameters: reduction_method = "UMAP", resolution = 0.3, k = 30) and the ‘learn_graph’

function with use_partition parameter set to FALSE.

QUANTIFICATION AND STATISTICAL ANALYSIS

Number of mice and experiments, and statistical tests are reported in each figure legend. For statistical analysis, data were analyzed

by GraphPad Prism 8. Results are shown as means ±SEM. Two-tailed unpaired Student’s t-test was used in this study. For survival

and time course data, unpaired test was used. P-values < 0.05 were considered significant (*, P < 0.05; **,P < 0.01; ***, P < 0.001); P >

0.05, non-significant (NS).
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