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Significance

Tuft cells detect parasitic worms 
in the intestine and orchestrate 
type 2 immunity. The metabolite 
succinate engages the receptor 
SUCNR1 and activates tuft cells. 
However, SUCNR1 is dispensable 
for antiparasitic immunity, 
making the purpose of succinate 
sensing by tuft cells unclear. 
Here, we showed that tuft cell 
stimulation by microbial-derived 
succinate and the resulting type 
2 immune response leads to 
increased Paneth cell numbers 
and profound shifts in small 
intestinal antimicrobial peptide 
expression. These antimicrobial 
changes, in turn, alter the 
bacterial microbiota composition. 
Our findings challenge the 
conventional thinking that tuft 
cells and type 2 immunity solely 
play antiparasitic roles. Instead, 
they suggest that tuft cells may 
utilize SUCNR1 and type 2 
immunity to modulate intestinal 
bacterial homeostasis.
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Succinate produced by the commensal protist Tritrichomonas musculis (T. mu) stimulates 
chemosensory tuft cells, resulting in intestinal type 2 immunity. Tuft cells express the suc-
cinate receptor SUCNR1, yet this receptor does not mediate antihelminth immunity nor 
alter protist colonization. Here, we report that microbial-derived succinate increases Paneth 
cell numbers and profoundly alters the antimicrobial peptide (AMP) landscape in the small 
intestine. Succinate was sufficient to drive this epithelial remodeling, but not in mice lacking 
tuft cell chemosensory components required to detect this metabolite. Tuft cells respond 
to succinate by stimulating type 2 immunity, leading to interleukin-13-mediated epithelial 
and AMP expression changes. Moreover, type 2 immunity decreases the total number of 
mucosa-associated bacteria and alters the small intestinal microbiota composition. Finally, 
tuft cells can detect short-term bacterial dysbiosis that leads to a spike in luminal succinate 
levels and modulate AMP production in response. These findings demonstrate that a single 
metabolite produced by commensals can markedly shift the intestinal AMP profile and sug-
gest that tuft cells utilize SUCNR1 and succinate sensing to modulate bacterial homeostasis.

tuft cell | Paneth cell | antimicrobial peptides | succinate | type 2 immunity

The small intestine (SI) provides a massive surface area for the digestion and absorption 
of ingested nutrients. At the same time, it contends with continuous interactions with 
numerous pathogenic and commensal microbes, where indigenous bacterial densities can 
reach as high as 107 to 108 cells per gram of contents in the distal SI or ileum (1, 2). A mucus 
layer permeated with antimicrobial peptides (AMPs) forms a chemical barrier that prevents 
these microbes from overgrowing, contacting the epithelium, and/or translocating across 
mucosal tissues (3–5). Loss of this barrier results in excessive inflammatory responses to 
the microbiota and is a pathophysiological feature of many gastrointestinal diseases (6).

While mucus and AMPs influence gut microbiota composition and localization (5, 
7–9), microbes reciprocally play a critical role in forming and maintaining proper barrier 
function within the intestinal tract. Germfree (GF) animals have fewer mucus-producing 
goblet cells, a thinner mucus layer, and reduced production of specific AMPs (10, 11). 
Strikingly, colonization of GF mice with a conventional (CV) microbiome is sufficient to 
restore normal mucus properties and Paneth cell expression of specific AMPs within these 
animals (10, 12–14). This induction of specific AMP production by the microbiota occurs 
via pattern-recognition receptor signaling (15) or through sensing microbial-derived 
metabolites, such as short-chain fatty acids (16).

Much of our knowledge about how the gut microbiota modulates barrier function 
and intestinal physiology derives from studies on commensal bacteria. However, this 
microbial ecosystem also includes archaea, fungi, viruses, and protists (17, 18). Recently, 
commensal protists from the genus Tritrichomonas have emerged as important members 
of the gut microbiota of wild and laboratory rodents (19). One of these protist spe-
cies, Tritrichomonas musculis (T. mu), induces profound changes to the murine gut 
epithelium and immune system. Type 2 immunity, the hallmark immune response 
mounted against parasitic worm infections, is activated in the distal SI in response to 
T. mu, concomitant with a notable expansion of specialized epithelial cells, including 
chemosensory tuft cells and mucus-producing goblet cells (20). Succinate, a metabolic 
by-product of commensal tritrichomonads, activates tuft cell taste–chemosensory signal 
transduction by engaging the G-protein-coupled receptor SUCNR1 (21–23). In 
response to succinate, tuft cells release the cytokine interleukin-25 (IL-25), which acti-
vates group 2 innate lymphoid cells (ILC2s) in the lamina propria (LP). Subsequently, 
ILC2s produce the type 2 cytokine interleukin-13 (IL-13), which initiates type 2 
immune responses within the gut. In addition, IL-13 biases intestinal stem cells to 
differentiate into tuft and goblet cells, thereby amplifying this tuft cell–ILC2 circuit 
(20, 24, 25).
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Succinate is an intriguing tuft cell–activating ligand, as com-
mensal bacteria, tritrichomonads, parasitic worms, and mamma-
lian host cells produce this metabolite (22, 23, 26–28). Thus, 
luminal accumulation of succinate does not distinguish between 
the host or microbe, nor commensal or pathogen. In fact, intes-
tinal type 2 immunity triggered by T. mu–produced succinate 
does not reduce or enhance protist colonization, and the succinate 
receptor SUCNR1 is dispensable for antiparasitic immunity 
(20–22). These observations suggest that tuft cell detection of 
succinate did not evolve for antiparasitic responses. Interestingly, 
SI tuft cells express higher levels of Sucnr1 than colonic tuft cells 
(22, 29), and succinate induces greater tuft cell hyperplasia in the 
distal SI (ileum) compared to the proximal SI (22), suggesting 
that ileal tuft cells are particularly sensitive to this metabolite. 
However, why ileal tuft cells orchestrate type 2 immunity in 
response to succinate is still not well understood.

To address this question, we profiled the global effects of 
microbial-derived succinate on ileal physiology. We used spatial 
transcriptomics (ST) as an unbiased approach to characterize the 
impact of T. mu, a major succinate producer, on distal SI gene 
expression in situ. T. mu induced substantial transcriptional 
changes in the SI epithelium and LP, including increased goblet 
and Paneth cell numbers and profound alterations to the antimi-
crobial expression profile. Furthermore, we demonstrated that 
these shifts in AMP production depend on tuft cell detection of 
T. mu–produced succinate and subsequent activation of type 2 
immunity. Induction of type 2 immunity significantly decreased 
the total number of mucosa-associated bacteria in the distal SI, 
consistent with increased microbial killing and restructuring of 
the gut community by up-regulated AMPs. Finally, we found that 
short-term bacterial dysbiosis induced by polyethylene glycol 
(PEG), which leads to a spike in luminal succinate levels in the 
gut, activates SI tuft cells and shifts AMP production in a similar 
manner to T. mu colonization or succinate feeding. Collectively, 
our work highlights the significant impact succinate exerts on the 
cellular composition of the gut epithelium and host–microbiota 
interactions through activating tuft cells and suggests that tuft 
cells utilize succinate sensing as a metric for bacterial homeostasis 
in the distal SI.

Results

The Commensal Protist T. mu Induces Significant Remodeling of 
the Intestinal Epithelium. To map the impact of microbial-derived 
succinate on the SI landscape, we conducted spatial transcriptomics 
(ST) on uncolonized and T. mu-colonized mice. T. mu colonization 
induced the most pronounced tuft cell hyperplasia in the distal 
SI (ileum) (SI Appendix, Fig. S1A); therefore, we focused on the 
ileum for our ST analysis. We harvested ileal tissue from one 
uncolonized mouse and one T. mu-colonized mouse (3 wk) and 
affixed 10-µm sections to Visium slides (10× Genomics). These 
slides have thousands of spots containing mRNA-binding probes 
that capture the gene expression profiles of ~5 to 15 cells within 
the tissue section (Fig. 1A). This approach produced complete 
transcriptomes of the cell populations within each ST spot 
and allowed us to map these gene expression signatures in situ 
(SI Appendix, Fig. S1B).

Using the ST analysis tool, STUtility (31), we manually anno-
tated the tissue-associated spots with one of three identities: 1) 
Muscularis (Muscle), 2) Peyer’s Patch (PP), or 3) Epithelium/
Lamina Propria (Epi/LP) (SI Appendix, Fig. S1C). We excluded 
the muscularis and PP compartments for downstream analysis to 
focus on epithelial and immune changes induced by T. mu. Next, 
we performed nonnegative matrix factorization to create gene and 

cell topic modules that described the two samples (SI Appendix, 
Fig. S1D). The sequencing data from the two samples were inte-
grated using Harmony (32) and partitioned into eight distinct 
clusters, as visualized by Uniform Manifold Approximation and 
Projection (UMAP); we also mapped these clusters back onto the 
tissue array to visualize their spatial location (Fig. 1B). Since each 
dot on the UMAP projection represents an ST spot comprising 
5 to 15 cells, we could not assign a specific cellular identity to each 
cluster. Therefore, we annotated the clusters based on their dom-
inant expression of genes associated with epithelial, immune, or 
muscle function (Fig. 1C). T. mu colonization highly altered the 
abundance and composition of all clusters, except for Cluster 6, 
which is enriched for muscle and stromal genes (Fig. 1 B and C 
and SI Appendix, Fig. S1E). In addition, we found an increased 
number of ST spots containing tuft cell–specific genes Trpm5 and 
Dclk1 and an increased number of DCLK1-positive cells in the 
T. mu–colonized tissue relative to the uncolonized sample 
(SI Appendix, Fig. S1 F and G), confirming that tuft cell hyper-
plasia occurred in response to the protist.

Integration of Single-Cell RNA Sequencing (scRNA-seq) with 
ST Identifies Hybrid Goblet–Paneth Cell Signatures during  
T. mu Colonization. Six of the seven clusters altered by T. mu were 
epithelial-dominant (Fig. 1C). To identify the epithelial composition 
of each ST spot within our samples, we anchored a previously 
published reference scRNA-seq dataset of the SI epithelium onto 
our spatial analysis (30). This allowed us to deconvolute the 
transcriptomes of the ST spots with the 15 annotated epithelial cell 
types present in the reference dataset (Fig. 1D). We then calculated 
the probability of a specific epithelial cell identity within each 
spot; non-epithelial cell identities were excluded from this analysis. 
The deconvoluted spots were visualized on the tissue array as pie 
charts to represent the proportion of epithelial cell types per spot 
(Fig. 1 E and F). Immature and mature distal enterocyte identities 
predominated the spots in the uncolonized sample, whereas 
goblet and Paneth cell identities were the most prevalent in the  
T. mu–colonized sample (SI Appendix, Fig. S2 A–C). The increased 
goblet cell expression signatures were expected, as tritrichomonad 
colonization induces goblet cell hyperplasia (20, 22, 23). However, 
an increase in Paneth cell expression signatures in response to  
T. mu has not been described.

Paneth cells are typically restricted to the intestinal crypts, while 
goblet cells are distributed throughout the crypt–villus axis (33, 34). 
Nonetheless, because of the highly enriched Paneth cell and goblet 
cell expression signatures in the T. mu–colonized sample (Fig. 1F 
and SI Appendix, Fig. S2 A–C), we investigated whether the two cell 
types share the same cellular neighborhoods. We plotted each ST 
spot in a two-dimensional space, where the axes represent the per-
centage of Paneth or goblet cell signature per spot. Most spots from 
the uncolonized ileum aligned along either the X  or Y axis, indicat-
ing that these spots contained either pure goblet cells or Paneth cells 
colocalizing with other epithelial cell types, but rarely with each 
other. In contrast, spots from the T. mu–colonized ileum were dis-
tributed across the spectrum of shared identities between goblet and 
Paneth cells, meaning that goblet and Paneth cell signatures were 
more frequently found together in the same ST spot (Fig. 1G). In 
addition, these hybrid goblet–Paneth cell spots localized throughout 
the crypt–villus axes (SI Appendix, Fig. S2A). This indicates that  
T. mu colonization may 1) increase the number of Paneth cells resid-
ing outside of the crypts among villus goblet cells or 2) increase the 
abundance of a cellular subtype expressing both Paneth and goblet 
cell features. While our ST data cannot distinguish between either 
possibility, we observed cells above the crypts in T. mu–colonized 
tissue that are reminiscent of “intermediate cells” (SI Appendix, 
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Fig. S3 A and B). These cells are characterized by the presence of 
granules within mucus globules, morphological features that are both 
Paneth and goblet cell–like (SI Appendix, Fig. S3 A and B) (35). 

While rare at homeostasis, intermediate cells expand in the SI during 
helminth infections (36, 37). Whether these intermediate cells rep-
resent a transitionary state between Paneth and goblet cells or 
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Fig. 1. ST analysis of the T. mu–colonized SI reveals goblet and Paneth cell expansion. (A) Schematic of the ST pipeline. (B) Harmonized UMAP plots of ST spots 
organized by cluster identity (Left); corresponding hematoxylin and eosin (H&E)-stained tissue scans with overlaid Seurat clustering (Right). (C) Top 5 highly 
expressed genes for each cluster shown by log 2-fold change compared to other clusters. Clusters annotated based on dominance of gene expression associated 
with epithelial, immune, or muscle cells. (D) Schematic of the Seurat anchoring method to integrate a single-cell RNA sequencing (scRNA-seq) small intestinal 
epithelial dataset (30) with the ST dataset. (E and F) Scatter pie plots of the ileum depicting predicted epithelial cellular identities (E), with the corresponding 
zoomed regions of interest (F). Ent, enterocyte; TA, transit-amplifying; G1, G1/S cell-cycle phase; G2, G2/M cell-cycle phase; Prox, proximal. (G) Visualization of 
goblet (red) and Paneth cell (blue) signature scores of ST spots colored by identity. Gray histograms on top and right show the distribution of spots along each axis.
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whether they form a stable epithelial subset with specialized functions 
during type 2 immunity remains unclear. Altogether, these results 
demonstrate that T. mu colonization favors a secretory epithelial cell 
program, including a significant increase in goblet and Paneth cell 
gene expression signatures.

T. mu Colonization Broadly Alters the Antimicrobial Landscape in 
the SI. Comparing gene expression between the Epi/LP-associated 
clusters revealed that AMPs are some of the most differentially 
regulated genes between the uncolonized and T. mu–colonized 
ilea. Despite increased goblet and Paneth cell signatures, not all 
AMPs were globally up-regulated in the T. mu–colonized sample. 
A select group of AMP-encoding genes was down-regulated by  
T. mu colonization (Fig. 2 A–C), with the most dramatic effects 
on Reg3b and Reg3g. These two AMPs belong to the Regenerating 
islet-derived (Reg) family of proteins (38) and play important roles 
in host–microbe interactions (5, 39–41).

Numerous AMP-encoding genes were also highly up-regulated in 
response to T. mu colonization, including various α-defensin-encoding 
genes, Ang4, Sprr2a3, and Retnlb (Fig. 2 A–C). The α-defensin family 
of AMPs and ANG4 are specifically produced by Paneth cells in the 
SI epithelium and have broad-spectrum antimicrobial activity  
(14, 42). Sprr2a3 is produced by both Paneth and goblet cells, kills 
gram-positive bacteria, and is deployed during helminth infection 
(43). Alternatively, Retnlb is expressed only by goblet cells (44, 45) 
and encodes the protein Resistin-like molecule β (RELMβ), which 
has both antibacterial and antihelminthic properties (8, 44, 46). 
Taken together, these data illustrate that T. mu profoundly alters the 
epithelial and immune compartments of the distal SI, with broad 
shifts in transcriptional AMP programs.

T. mu Alters Antimicrobial Production in the SI by Activating 
Tuft Cell Taste–Chemosensory Pathways. To investigate whether  
T. mu alters the abundance and morphology of secretory epithelial 
cells, we colonized wild-type (WT) mice with the protist for 3 wk 
(SI Appendix, Fig. S4A) and examined the ileum by microscopy. In 
line with previous observations (20, 22, 23), T. mu colonization 
resulted in tuft and goblet cell hyperplasia (SI Appendix, Fig. S4 
B and C), but we also observed a significant increase in Paneth cell 
numbers in protist-colonized samples (Fig. 3 A and B). Furthermore, 
Paneth cells in T. mu–colonized mice were on average much larger 
(Fig.  3C) and possessed ultrastructural changes. Normal Paneth 
cells, as seen in mice lacking T. mu, contained large, electron-dense 
secretory granules concentrated at the apical end of the cell, with 
each granule surrounded by a thin, electron-lucent halo (Fig. 3D 
and SI Appendix, Fig. S4D). These halos were previously shown to 
contain MUC2 mucins (47). Paneth cells in T. mu–colonized mice, 
however, possessed features that are intermediate between Paneth and 
goblet cells—smaller, electron-dense granules surrounded by larger, 
electron-lucent mucin globules (Fig. 3D and SI Appendix, Fig. S4D). 
We also visualized lysozyme (LYZ), an AMP specifically produced 
by Paneth cells, in the ilea by microscopy (33). In uncolonized mice, 
LYZ localized within distinct secretory granules at the apical ends 
of Paneth cells. However, the LYZ signal within the Paneth cells of 
T. mu–colonized mice was dimmer and dispersed throughout the 
entirety of the cell (Fig. 3E and SI Appendix, Fig. S4E). Collectively, 
these results show that T. mu induces Paneth cell hyperplasia, 
morphological changes to Paneth cell granules, and abnormal AMP 
localization.

To determine whether tuft cell sensing of the protist metabolite 
succinate was required to alter AMPs in Paneth and goblet cells, 
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we colonized WT mice and mice either lacking TRPM5, a 
calcium-gated ion channel that is critical for the taste pathway, or 
SUCNR1, a G-protein-coupled receptor that detects succinate 
(22, 23, 48, 49)(SI Appendix, Fig. S4 A and B). We measured the 
relative expression of a panel of representative AMP genes produced 
by Paneth and/or goblet cells via qRT-PCR of the ileal epithelium. 
T. mu colonization altered AMP gene expression in the ileal epithe-
lium, with decreased expression of Lyz1 and Defa21/22 and increased 
expression of Ang4, Sprr2a, and Retnlb (Fig. 3G). These transcrip-
tional changes are consistent with ileal LYZ and RELMβ protein 
levels (encoded by Retnlb) in T. mu–colonized mice (Fig. 3F and 
SI Appendix, Fig. S4 F and G). In contrast to WT mice, these AMP 
gene expression changes were abrogated in T. mu–colonized 
Trpm5−/− and Sucnr1−/− mice compared to uncolonized controls 
(Fig. 3G and SI Appendix, Fig. S4F). Altogether, these results suggest 
that T. mu alters AMP production in the distal SI by stimulating 
tuft cell taste–chemosensory pathways via the metabolite succinate. 
These Paneth cell ultrastructural and AMP expression changes were 
still present in WT mice after 8 wk of T. mu colonization 
(SI Appendix, Fig. S4 H and I), demonstrating that these Paneth cell 
phenotypes are maintained with long-term tuft cell activation. Given 
that Paneth cells turn over approximately every 57 d (50), this also 
suggests that newly differentiated Paneth cells may adopt this altered 
phenotype as long as the tuft cell stimulus remains present.

Succinate Alters Intestinal AMP Production by Stimulating Tuft 
Cells and Activating Type 2 Immunity. Succinate is sufficient to 
induce tuft and goblet cell hyperplasia in the distal SI (22, 23);  

however, little is known about its effect on Paneth cells. To 
determine whether succinate is sufficient to drive changes in 
Paneth cell numbers, morphology, and AMP production in the 
ileum, we treated GF mice and CV mice with 100 mM succinate 
in their drinking water for 1 wk, after which tissues were collected 
for microscopy, qRT-PCR, and western blot analysis. Succinate 
increased both tuft and goblet cell numbers and led to a striking 
increase in MUC2 throughout the crypt–villus axes of GF and 
CV mice (SI Appendix, Fig. S5 A–D). In addition, Paneth cell 
numbers were significantly increased in both GF and CV mice 
fed succinate compared to respective controls (Fig. 4 A and B), 
indicating that this metabolite is sufficient to drive Paneth cell 
hyperplasia in the distal SI.

Succinate treatment also altered expression of representative 
Paneth and goblet cell AMP genes in both GF and CV mice in a 
manner similar to T. mu colonization, increasing Ang4, Sprr2a, 
and Retnlb expression while decreasing Lyz1 expression (Fig. 4C 
and SI Appendix, Fig. S5E). These transcriptional changes are con-
sistent with decreased LYZ protein levels (Fig. 4D and SI Appendix, 
Fig. S5 F and G) and increased RELMβ protein levels in response 
to succinate (SI Appendix, Fig. S5G). While Defa21/22 expression 
was decreased in succinate-treated CV mice, it was not signifi-
cantly altered in succinate-treated GF mice in comparison to GF 
controls (Fig. 4C). However, Defa21/22 baseline expression in GF 
mice is much lower than in CV mice (Fig. 4C), likely due to a 
lack of induction by the microbiota, which could explain why 
Defa21/22 expression is not decreased further in succinate-treated 
GF mice. Overall, these results show that succinate is sufficient to 
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Fig. 3. T. mu induces goblet and Paneth cell hyperplasia and alters AMP production in the distal SI via tuft cell stimulation. (A) Representative images of H&E-
stained sections of the ileal crypts from uncolonized or T. mu–colonized WT mice. White arrows indicate representative Paneth cells. (Scale bar: 25 µm.) (B) Average 
number of Paneth cells per crypt in the ilea of uncolonized and T. mu–colonized WT mice (n = 10 to 17 mice per group). (C) Average size of individual Paneth 
cells (µm2) in the ilea of uncolonized and T. mu–colonized WT mice (n = 10 to 17 mice per group). (D) Representative transmission electron microscopy images of 
the ileal crypts from uncolonized or T. mu–colonized WT mice. Black arrows indicate representative Paneth cell secretory granules. (Scale bar: 10 µm.) (E and F)  
Representative fluorescence microscopy images of the ilea from uncolonized or T. mu–colonized WT mice. Nuclei (blue), E-cadherin (white), LYZ (Paneth cell 
AMP) (green), RELMβ (goblet cell AMP) (red). (E) Scale bar: 20 µm. (F) Scale bar: 100 µm. (G) Expression of representative AMP genes determined by qRT-PCR in 
the ileal epithelial fraction from uncolonized or T. mu–colonized WT, Trpm5−/−, and Sucnr1−/− mice (n = 7 to 12 mice per group). Relative expression normalized 
to Gapdh. In panels B, C, and G, center values = median; error bars = interquartile range (IQR). Significance was determined using the Mann–Whitney U test.  
ns = no significance, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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drive the same changes to AMP production observed in T. mu–col-
onized mice, independent of the resident microbiota.

To confirm that succinate sensing through the taste–chem-
osensory signal transduction pathway in tuft cells is critical for 
changes in AMP production, we treated Trpm5−/− and Sucnr1−/− 
mice with 100 mM succinate for 1 wk in their drinking water. 
We found that LYZ protein levels decreased in succinate-treated 
WT mice, but not in succinate-treated Trpm5−/− and Sucnr1−/− 
mice compared to their respective controls (SI Appendix, 
Fig. S5H). This suggests that succinate is sufficient to remodel 
ileal AMP production by stimulating tuft cell taste–chemosensory 
pathways.

Upon activation of taste–chemosensory signal transduction, SI 
tuft cells release IL-25, which induces ILC2s to produce type 2 
cytokines such as IL-13 (20, 22–25). This cytokine biases the 
differentiation of SI stem cells toward tuft and goblet cells. 
Additionally, helminth-induced type 2 immunity has been shown 
to alter expression of AMP-encoding genes in an IL-13-dependent 
manner (43, 44, 51). To determine whether succinate-induced 
type 2 immunity and IL-13 are responsible for modulating ileal 
AMP production, we treated WT mice or mice lacking Il13 
(Il13−/−) with succinate for 1 wk. Succinate induced tuft cell hyper-
plasia in WT mice but not in Il13−/− mice (SI Appendix, Fig. S6 
A and B). Moreover, decreased Lyz1 and Defa21/22 expression 
and increased Ang4, Sprr2a, and Retnlb expression found in 
succinate-treated WT mice were abrogated in succinate-treated 
Il13−/− mice (Fig. 5A). Consistent with these results, we found no 

difference in intracellular LYZ protein levels between control and 
succinate-treated Il13−/− mice (SI Appendix, Fig. S6C), indicating 
that changes to AMP production in response to succinate are 
dependent on the cytokine IL-13.

To determine whether type 2 immune induction in the ileum 
is sufficient to alter host AMP production, we bypassed tuft cell 
stimulation and injected recombinant IL-25 intraperitoneally (IP) 
into WT mice (SI Appendix, Fig. S6D). IL-25 injections induced 
tuft cell hyperplasia (SI Appendix, Fig. S6 E and F) and altered the 
expression of our representative panel of AMP genes similarly to 
T. mu colonization or succinate administration (Fig. 5B). These 
AMP expression changes correlate with alterations in LYZ organ-
ization within Paneth cells and increased RELMβ protein levels 
in IL-25-injected mice (SI Appendix, Fig. S6 G and H). This 
demonstrates that type 2 immune induction without initial tuft 
cell stimulation by succinate is sufficient to drive these changes to 
the SI epithelium.

To test whether IL-13 directly remodels epithelial AMP expres-
sion, we used an in vitro primary intestinal organoid system  
(52, 53). We confirmed that IL-13 treatment of ileal organoids 
promoted tuft and goblet cell differentiation (20, 54) by measur-
ing the expression of tuft and goblet cell markers (Fig. 5C). We 
also found that IL-13 treatment alone decreased epithelial expres-
sion of Lyz1 and Defa21/22, while increasing expression of Ang4, 
Sprr2a, and Retnlb (Fig. 5 C and D). These effects are specific to 
IL-13 as IL-5 and IL-9, two other cytokines produced by ILC2s 
(55), do not alter AMP expression in ileal organoids (SI Appendix, 
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Fig. 4. Oral administration of succinate results in similar changes to small intestinal AMP production as T. mu colonization. (A) Representative images of H&E-
stained sections of the ileal crypts from control or succinate-treated GF (top row) or CV mice (bottom row). (Scale bar: 25 µm.) (B) Average number of Paneth cells 
per crypt in the ilea of control or succinate-treated GF or CV WT mice (n = 15 mice per group). Center values = arithmetic mean; error bars = SEM. Significance 
was determined using Student’s t test. (C) Expression of representative AMP genes determined by qRT-PCR in the ilea of control or succinate-treated GF and 
CV mice (n = 5 to 15 mice per group). Relative expression normalized to Gapdh. Center values = median; error bars = IQR. Significance was determined using 
the Mann–Whitney U test. (D) Representative western blot images and quantitative analysis of intracellular LYZ levels in the ilea of control or succinate-treated 
GF and CV mice. Each band or symbol represents an individual mouse. LYZ levels normalized to REVERT total protein stain (SI Appendix, Fig. S5F) (n = 10 to 15 
mice per group). Center values = arithmetic mean; error bars = SEM. A linear mixed model was used to determine significance. ns = no significance, *P < 0.05, 
**P < 0.01, ****P < 0.0001.
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Fig. S6I). Altogether, these results suggest that IL-13 signals 
directly to the epithelium to alter host AMP production.

Because IL-13 directly influences Paneth cell AMP expression, 
we reasoned that IL-13 may also induce Paneth cell hyperplasia 
downstream of tuft cell stimulation. To test this hypothesis, we 
IP-injected recombinant IL-25 into WT or Il13−/− mice and quan-
tified the number of Paneth cells per crypt. While IL-25 injections 
resulted in Paneth cell hyperplasia in WT mice, there were no 
significant differences in Paneth cell numbers between IL-25 and 
mock-injected Il13−/− mice (Fig. 5E ). These results demonstrate 
that IL-13 is crucial in inducing Paneth cell hyperplasia down-
stream of tuft cell activation and suggest that this cytokine may 
also bias SI stem cells to differentiate into Paneth cells.

Type 2 Immune Induction Alters the Microbiome Composition 
and Depletes Mucosa-Associated Microbes in the Ileum. AMPs 
play crucial roles in regulating the composition of the intestinal 
microbiota, controlling the extent of contact between microbes 
and the epithelium, and protecting the host from pathogen 
colonization (7, 33). Because succinate alters the expression 
of a wide range of AMP-encoding genes by stimulating type 2 
immunity, we hypothesized that activation of type 2 immune 
responses would alter the composition of the ileal microbiota.

To induce type 2 immunity without confounding variables such 
as succinate feeding or T. mu colonization, which could inde-
pendently alter the microbiota, we IP-injected IL-25 into mice 
every other day for 1 wk (SI Appendix, Figs. S6D and S7A), 

harvested the ileal luminal and mucosal microbial populations, 
and quantified the total number of bacterial 16S rRNA gene cop-
ies as a proxy for abundance. We saw no differences in 16S rRNA 
gene copy number between the luminal populations of 
IL-25-injected mice and mock-injected controls, indicating that 
luminal bacterial numbers were not altered by type 2 immunity 
(Fig. 6A). However, we observed significantly fewer 16S rRNA 
gene copies in the mucosal populations from IL-25-injected mice 
compared to controls (Fig. 6A), indicating that type 2 immune 
induction reduces the load of mucosa-associated bacteria.

To obtain a broader view of the changes in the ileal microbiota 
composition in the face of these AMP alterations, we conducted 
16S rRNA gene sequencing analysis on these mucosal and luminal 
population samples. We performed β-diversity analysis to assess 
whether treatment conditions were associated with distinct com-
munities. Weighted UniFrac analysis, which accounts for both 
feature abundance and phylogenetic relatedness, showed that the 
mucosal populations of IL-25-injected mice are distinct from 
those of mock-injected mice (SI Appendix, Fig. S7B). Next, we 
used LDA effect size (LEfSe) analysis to determine which bacterial 
taxa are most likely to explain differences between the mock- and 
IL-25-injected mucosal populations. Candidatus arthromitus, 
commonly referred to as segmented filamentous bacteria (SFB), 
were enriched in the mucosa of control mice relative to those 
injected with IL-25 (Fig. 6B). SFB adhere to the ileal epithelium 
(56, 57) and are the dominant members of mucosal communities 
in mice that harbor them (43). Conversely, taxa that were enriched 
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Fig. 5. The type 2 cytokine IL-13 is critical for small intestinal Paneth cell hyperplasia and changes to AMP expression downstream of tuft cell stimulation. 
(A) Expression of representative AMP genes determined by qRT-PCR in the ileal epithelial fraction of control or succinate-treated WT and Il13−/− mice (n = 7 to 
13 mice per group). (B) Expression of representative AMP genes determined by qRT-PCR in the ileal epithelial fraction of WT mice IP-injected with phosphate-
buffered saline (PBS) or IL-25 (n = 6 mice per group). (C) Expression of Dclk1 (tuft cell marker), Klf4 and Muc2 (goblet cell markers), and representative AMP genes 
determined by qRT-PCR in untreated or IL-13-treated ileal organoids (n = 8 samples per group). (D) Representative fluorescence microscopy images of untreated 
or IL-13-treated ileal organoids. Nuclei (blue), F-actin (white), LYZ (green), RELMβ (red). (Scale bar: 30 µm.) (E) Left: Representative images of H&E-stained sections 
of the ileal crypts from PBS- or IL-25-injected WT or Il13−/− mice. (Scale bar: 50 µm.) Right: Average number of Paneth cells per crypt in the ilea of PBS- or IL-25-
injected WT or Il13−/− mice (n = 6 to 9 mice per group). For qRT-PCR data, relative expression normalized to Gapdh. For all panels, center values = median; error 
bars = IQR. Significance was determined using the Mann–Whitney U test. ns = no significance, *P < 0.05, **P < 0.01, ***P < 0.001.
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in the IL-25-injected mucosal populations include Lachnospiraceae 
and Proteobacteria (Fig. 6B). However, upon further examination, 
these Proteobacteria (i.e., Bradyrhizobium, Escherichia) are often 
found as contaminants in low biomass microbiota samples (58). 
Given that the total bacterial 16S rRNA gene copy number was 
reduced about 10-fold with IL-25 injections (Fig. 6A), these 
mucosal samples may have been susceptible to detecting these con-
taminants. LEfSe analysis of the luminal populations revealed many 
unique taxa enriched in the mock-injected group. Intriguingly, all 
these enriched taxa are gram-positive bacteria, including SFB 
(SI Appendix, Fig. S7 C and D). This suggests that despite no dif-
ference in the overall luminal bacterial numbers between both 
experimental groups (Fig. 6A), type 2 immunity can alter the lumi-
nal microbiota composition. Altogether, these data show that SFB 
are differentially abundant between mock- and IL-25-injected mice 
and that type 2 immune induction may disproportionally impact 
the abundance of specific gram-positive commensals in the ileal 
lumen.

To confirm SFB depletion in the ileal mucosa, we used qPCR 
to measure the number of SFB 16S rRNA gene copies in the 
mucosal samples as a proxy for SFB abundance. There were sig-
nificantly fewer SFB 16S rRNA gene copies in IL-25-injected 
samples in comparison to their respective controls (Fig. 6C); we 
further confirmed this by microscopy (Fig. 6D). Given the impor-
tance of IL-13 in altering AMP expression during type 2 immu-
nity, we also wanted to determine whether this cytokine is required 
to decrease SFB abundance with IL-25 stimulation. We IP-injected 
IL-25 into Il13−/− mice (SI Appendix, Fig. S7E) and quantified 

SFB 16S rRNA gene copy number in the mucosal fraction. Unlike 
in WT mice, SFB 16S rRNA gene copies did not decrease in 
Il13−/− mice with IL-25 injections (Fig. 6E), suggesting that IL-13 
is important for altering SFB abundance downstream of tuft cell 
stimulation. We further showed that a tuft cell stimulus such as 
succinate also decreases SFB numbers (SI Appendix, Fig. S7F). 
Finally, we investigated whether type 2 immune-induced AMP 
alterations would decrease the abundance of other sensitive 
microbes, such as the gram-positive human gut commensal 
Enterococcus faecalis (Ef). Ef is killed in vitro by recombinant 
ANG4 or SPRR2A (14, 43), AMPs that are up-regulated with 
type 2 immunity. We found that IL-25 injections reduced Ef abun-
dance specifically in the SI (where Paneth cells are found) but not 
other gastrointestinal sites (SI Appendix, Fig. S8), which could 
reflect an inhospitable AMP environment for this bacterium. 
Altogether, these results indicate that tuft cell activation by sensing 
microbial metabolites has the capacity to alter intestinal immunity 
and the composition of the bacterial microbiota.

Tuft Cells Sense Bacterial Dysbiosis in the Ileum and Alter 
AMP Production in Response. Given that type 2 immune 
induction alters AMP production and the composition of the 
ileal bacterial microbiota, we wondered whether tuft cells use 
succinate levels to monitor bacterial homeostasis in the distal 
SI. Succinate is a common metabolic by-product produced by 
commensal bacteria during carbohydrate fermentation. However, 
it is present at relatively low concentrations in the gut lumen due 
to rapid consumption by other microbes (26, 27). Thus, succinate 

A B
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Fig. 6. Type 2 immune induction depletes mucosa-associated bacteria in the SI. (A) Absolute quantification of total bacterial 16S rRNA gene copies in the 
ileal mucosal and luminal fractions of PBS- or IL-25-injected mice (n = 9 to 10 mice per group). (B) Linear discriminant analysis (LDA) Effect Size (LEfSe) analysis 
using a LDA threshold score of 2 to identify ileal mucosa-associated bacterial taxa in PBS- or IL-25-injected mice. The cladogram (Left) highlights taxonomic 
relatedness of bacteria, while the LDA plot (Right) is an ordered list of enriched bacteria. (C) Absolute quantification of SFB 16S rRNA gene copies in the ileal 
mucosal fractions of PBS- or IL-25-injected mice (n = 9 to 10 mice per group). (D) Representative images of Carnoy’s-fixed, H&E-stained sections of ileal villi from 
PBS- or IL-25-injected mice showing SFB (black arrows). (Scale bar: 25 µm.) (E) Absolute quantification of SFB 16S rRNA gene copies in the ileal mucosal fractions 
of PBS- or IL-25-injected WT and Il13−/− mice (n = 6 to 9 mice per group). In Panels A, C, and E, center values = geometric mean; error bars = 95% CI. Significance 
was determined using a generalized linear model. ns = no significance, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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accumulation in the gut lumen is generally considered abnormal 
and is associated with dysbiotic events such as antibiotic treatment 
and gut motility disturbances (21, 59).

To test whether bacterial dysbiosis alters AMP production 
through stimulating tuft cells, we treated mice with PEG, which 
has previously been shown to cause mild watery diarrhea, increase 
luminal succinate levels due to disturbance of the bacterial micro-
biota, and induce tuft cell hyperplasia in a SUCNR1-dependent 
manner (21, 59). Indeed, we confirmed previous observations that 
PEG treatment does increase tuft cell numbers (Fig. 7A and 
SI Appendix, Fig. S9). Intriguingly, we found that PEG treatment 
also alters AMP expression in the same pattern as T. mu coloniza-
tion or succinate, with the exception of Retnlb (Fig. 7B). Although 
Retnlb expression is increased with PEG treatment relative to 
untreated controls, this difference was not statistically significant, 
although it trended toward significance (P = 0.095). Furthermore, 
we show that these AMP changes are dependent on tuft cells, as 
mutant mice that completely lack tuft cells (Pou2f3−/−) do not show 
the same AMP production changes with PEG treatment (Fig. 7B). 
These results suggest that tuft cells can sense a succinate spike in 
the gut lumen during bacterial dysbiosis and alter the AMP reper-
toire in response, perhaps in an effort to restore bacterial 
homeostasis.

Discussion

Our results demonstrate that succinate produced by the commensal 
protist T. mu biases epithelial differentiation toward the secretory 
lineage and alters AMP expression in the distal SI. Succinate drives 
these changes by activating tuft cells, resulting in a type 2 immune 
response in the distal SI. Changes in AMP production in response 
to type 2 immunity alter the SI microbiota composition, with a 
specific reduction in the abundance of mucosa-associated bacteria 
such as SFB (SI Appendix, Fig. S10) but not the abundance of protists 
(SI Appendix, Fig. S4A). Finally, we found that oral treatment with 
PEG, which can increase luminal succinate levels in the gut due to 
the resulting bacterial dysbiosis (21, 59), leads to the same AMP 
expression changes that we observed with T. mu colonization or suc-
cinate. Moreover, tuft cells are required to initiate these shifts in AMP 
production in response to PEG. Altogether, our study suggests that 
tuft cell SUCNR1 may be attuned to sense bacterial-derived succi-
nate rather than having evolved to detect protists in the distal SI.

Previous studies have shown that commensal tritrichomonad 
colonization leads to tuft and goblet cell hyperplasia (20, 22, 23). 
However, through ST, we also identified an increase in Paneth cell 
gene expression signatures in the T. mu–colonized ileum, which 

reflects a previously unknown response of this epithelial cell to  
T. mu. We confirmed that Paneth cell hyperplasia in the distal SI 
was induced by T. mu colonization and, specifically, by its metabolic 
by-product succinate. In addition, T. mu colonization also altered 
Paneth cell secretory granule morphology and AMP localization. In 
comparison to Paneth cells in uncolonized mice, Paneth cells in  
T. mu–colonized mice contain smaller, electron-dense granules sur-
rounded by larger, electron-lucent mucin globules. Furthermore, 
LYZ is dispersed throughout the Paneth cell in T. mu–colonized 
mice as opposed to being concentrated within secretory granules. 
This altered granule morphology and LYZ distribution is reminiscent 
of Paneth cells observed in mice with mutations in susceptibility 
genes linked to Crohn’s disease in humans—in particular, Atg16L1, 
which encodes an autophagy protein (60–62). Loss of Atg16L1 in 
mice led to abnormal LYZ distribution, indicating defects in pack-
aging AMPs into secretory granules (60). Furthermore, mutations 
in Atg16L1 disrupt the release of AMPs through the secretory auto-
phagy pathway during bacterial infection (63). The morphological 
similarities between Paneth cells in Atg16L1 mutant mice and  
T. mu–colonized mice raised the possibility that this protist alters 
Paneth cell autophagy and can potentially affect their secretory func-
tion. However, type 2 immune induction significantly reduced 
mucosa-associated bacteria, suggesting that these changes to Paneth 
cell granule morphology and AMP localization do not interfere with 
overall AMP secretion or microbial killing. Determining how suc-
cinate and type 2 immunity may impact Paneth cell functions and 
AMP secretion will be important for future investigation.

We also observed that T. mu profoundly shifted ileal AMP 
expression and production in the distal SI. Intriguingly, these 
transcriptional changes did not solely upregulate all AMP-encoding 
genes, as one might expect with Paneth cell hyperplasia. AMPs 
such as Reg3b, Reg3g, Lyz1, and Defa21/22 dramatically decreased, 
indicating that the host selectively remodeled the antimicrobial 
landscape rather than uniformly increasing AMP production. 
Succinate and the type 2 cytokine IL-13 were sufficient to elicit 
these same changes in AMP expression.

Given that AMPs are critical mediators of host–bacterial interac-
tions, we investigated how type 2 immunity impacted the overall 
numbers and composition of the luminal and mucosal microbiota 
in the ileum. Type 2 immune induction significantly decreased the 
total number of mucosa-associated bacteria, while luminal bacterial 
numbers largely remained unaffected. This was surprising because 
T. mu colonization down-regulates Reg3g, an AMP that is known to 
be important for segregating commensals from the gut epithelium 
(5). Therefore, other AMPs up-regulated by type 2 immunity likely 
compensate for reduced Reg3g and enhance the killing of mucosal 

A B

Fig. 7. Tuft cells are required to induce AMP expression changes in response to bacterial dysbiosis in the distal SI. (A) Ileal tuft cell frequency in control or 
PEG-treated (12 d) Pou2f3+/− mice as determined by flow cytometry (n = 9 to 17 mice per group). (B) Expression of representative AMP genes determined by qRT-
PCR in the ileal epithelial fraction of control or PEG-treated Pou2f3+/− and Pou2f3−/− mice (n = 5 to 17 mice per group). Relative expression normalized to Gapdh. 
Center values = median; error bars = IQR. Significance was determined using the Mann–Whitney U test. ns = no significance, *P < 0.05, **P < 0.01, ***P < 0.001.
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microbes. Indeed, compared to controls, the absolute abundance 
of SFB is reduced in the mucosal populations of IL-25-injected 
mice, and this requires IL-13. SFB are often the dominant taxa at 
the ileal mucosa (43), but previous studies showed that SFB abun-
dance can be reduced by mucosal immunity and AMPs. For 
instance, SFB numbers decrease during helminth infection (51) or 
in transgenic mice expressing a human Paneth cell defensin (9), 
while SFB numbers increase in Sprr2a-deficient mice (43). These 
observations are consistent with our results, as IL-25 injections 
up-regulate the AMP Sprr2a and reduce SFB abundance concur-
rently. In addition, type 2 immune induction appeared to dispro-
portionately impact the abundance of specific gram-positive 
bacteria in the luminal microbiota. This is intriguing given that 
the global AMP expression changes with T. mu colonization did 
not follow a specific pattern of bacterial susceptibility. While 
decreases in Lyz1 and Reg3g expression may suggest less killing of 
gram-positive bacteria (7), we also saw increases in Sprr2a expres-
sion, which kills gram-positive bacteria (43), and Retnlb expression, 
which preferentially targets gram-negative bacteria (8). Collectively, 
these data suggest that type 2 immunity can restructure the bacte-
rial microbiota composition. AMPs are likely involved in these 
population changes, as these peptides are embedded within the 
mucus layer close to the mucosal surface (4). The AMP repertoire 
resulting from type 2 immune induction may also selectively target 
specific gram-positive bacteria in the lumen, which warrants future 
investigation.

Succinate is produced as a metabolic by-product of redox home-
ostasis in protists belonging to the class Tritrichomonadea (64), but 
colonization abundance by tritrichomonads like T. mu is not affected 
by succinate-driven type 2 immunity (20, 22). Furthermore, T. mu 
does not damage tissue during chronic colonization like parasitic 
helminths, implying that fortification of the intestinal barrier by 
increasing mucus production and altering AMP expression is for a 
different purpose. Instead, our findings with PEG-induced dysbiosis 
suggest that tuft cell sensing of succinate and the subsequent AMP 
expression changes may have evolved to respond to bacterial distur-
bances. Succinate is produced by numerous commensal bacteria 
during carbohydrate fermentation as a metabolic by-product. 
However, succinate is not found at high concentrations in the gut 
lumen because it is rapidly consumed by other microbes (26, 27). 
Thus, succinate accumulation in the intestinal lumen is generally 
associated with gut microbiota disturbances (i.e., antibiotic treat-
ment, watery diarrhea, or inflammatory bowel disease) (21, 26, 59). 
In addition, the loss of goblet and Paneth cells leads to a bloom in 
succinate-producing bacteria, further reinforcing the connection 
between secretory epithelial cells and this metabolite (29). Thus, it 
is possible that distal SI tuft cells have evolved to respond to increased 
luminal succinate secondary to bacterial dysbiosis, triggering type 2 
immunity and altering AMP production to restructure the micro-
biota and restore homeostasis.

Materials and Methods

Mouse Strains. All mouse experiments were performed with a mixture of male 
and female mice (5 to 8 wk old) on the C57BL/6 background. Detailed informa-
tion on mouse strains used is provided in SI Appendix, Materials and Methods.

Isolation of T. mu  for Mouse Colonization. A colony of WT C57BL/6J mice 
colonized with T. mu is maintained at Stanford University as a protist source. To 
obtain protists for colonization experiments, T. mu was isolated from source ani-
mals and cultured overnight at 37 °C in an anaerobic cabinet (Coy Lab Products), 
as previously described (20, 65). The following day, 1 × 105 T. mu were orally 
administered to each mouse. T. mu–colonized mice were killed at specified time 
points post-colonization.

10× Visium ST. The distal 5 cm of the SI from uncolonized and T. mu–colonized 
mice were harvested. The luminal contents were flushed out with ice-cold sterile 
PBS using a 19-gauge feeding needle, and the tissue was opened longitudinally 
and swiss-rolled. The tissue was then covered in optimal cutting temperature 
(OCT) compound (VWR) and immediately frozen in an isopentane and liquid 
nitrogen bath. The frozen tissues were stored at −80 °C until further processing.

To perform gene expression analysis, 10-µm-thick sections were cut and placed 
onto the Visium Gateway slide (10× Genomics, Pleasanton, CA). The manufactur-
er’s protocol was followed without any significant alterations. Briefly, sections were 
fixed with methanol for 30 min at −20 °C, followed by hematoxylin and eosin 
(H&E) staining and imaging using a BZ X-800 microscope (Keyence). Sections were 
subjected to tissue permeabilization for 10 min—permeabilization time was estab-
lished using a Tissue Optimization slide (10× Genomics) and the manufacturer’s 
protocol. This was followed by reverse transcription for cDNA synthesis, second 
strand synthesis, cDNA amplification (18 cycles), and next-generation sequencing 
library preparation. Libraries were quantified using Bioanalyzer (Agilent) and qPCR 
analysis (Bio-Rad). Libraries were pooled and sequenced on the NovaSeq 6000 
instrument (Illumina Inc.), and data were processed through the Space Ranger 
pipeline (10× Genomics). Detailed information on ST data analysis is provided in 
SI Appendix, Materials and Methods.

Succinate Treatment. Mice were provided with 100 mM succinic acid disodium 
salt (Sigma-Aldrich; Cat# 224731-500G) in their drinking water for 1 wk. To match 
sodium molarity, 200 mM sodium chloride (Sigma-Aldrich; Cat# S9888-500G) 
was used as a control, except for experiments with GF and CV mice in Fig. 4 and 
SI Appendix, Fig. S5 A–E, where water was used as a control.

PEG Treatment. PEG 3350 (Miralax) was administered to mice at a 10% concen-
tration in the drinking water for 12 d. The distal 3 cm of the SI was removed and 
processed for flow cytometry and qRT-PCR as described in SI Appendix, Materials 
and Methods.

Other Procedures. Details about ST data analysis, transmission electron micros-
copy, T. mu enumeration via qPCR, epithelial cell isolation and flow cytometry, 
histology and fluorescence microscopy, Paneth and tuft cell enumeration in 
intestinal tissues, RNA extractions and qRT-PCR, immunoblotting, small intestinal 
organoid culture and imaging, in vivo IL-25 injections, 16S rRNA gene sequenc-
ing sample collection and data analysis, total bacterial or SFB 16S rRNA gene 
copy enumeration, E. faecalis culture, and in vivo bacterial abundance assays are 
provided in SI Appendix, Materials and Methods. All primer sequences are listed 
in SI Appendix, Table S1. All antibodies used are listed in SI Appendix, Table S2.

Statistical Analysis. Details about statistical analyses on experimental data are 
provided in SI Appendix, Materials and Methods.

Data, Materials, and Software Availability. The following data and code are 
publicly available as of the date of publication. ST data are deposited at Stanford 
Digital Repository (https://purl.stanford.edu/pr220nz2789)  (66). Original code for 
ST analysis is deposited at https://github.com/Howittlab/tmu-smallintestine-visium   
(67). The 16S rRNA gene sequencing data are deposited at the National Center 
for Biotechnology Information (NCBI) Sequence Read Archive (BioProject ID 
PRJNA873680)  (68). Original code for 16S rRNA gene sequencing analysis  
is deposited at https://github.com/MCW-CMR/Salzman-Howitt_collaboration   
(69). All other data are included in the manuscript and/or SI Appendix.
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