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            Abstract
Epithelial surfaces form critical barriers to the outside world and are continuously renewed by adult stem cells1. Whereas dynamics of epithelial stem cells during homeostasis are increasingly well understood, how stem cells are redirected from a tissue-maintenance program to initiate repair after injury remains unclear. Here we examined infection by Heligmosomoides polygyrus, a co-evolved pathosymbiont of mice, to assess the epithelial response to disruption of the mucosal barrier. H. polygyrus disrupts tissue integrity by penetrating the duodenal mucosa, where it develops while surrounded by a multicellular granulomatous infiltrate2. Crypts overlying larvae-associated granulomas did not express intestinal stem cell markers, including Lgr53, in spite of continued epithelial proliferation. Granuloma-associated Lgr5âˆ’ crypt epithelium activated an interferon-gamma (IFN-Î³)-dependent transcriptional program, highlighted by Sca-1 expression, and IFN-Î³-producing immune cells were found in granulomas. A similar epithelial response accompanied systemic activation of immune cells, intestinal irradiation, or ablation of Lgr5+ intestinal stem cells. When cultured in vitro, granuloma-associated crypt cells formed spheroids similar to those formed by fetal epithelium, and a sub-population of H. polygyrus-induced cells activated a fetal-like transcriptional program, demonstrating that adult intestinal tissues can repurpose aspects of fetal development. Therefore, re-initiation of the developmental program represents a fundamental mechanism by which the intestinal crypt can remodel itself to sustain function after injury.
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                    Fig. 1: Helminth infection induces an Lgr5âˆ’ program in affected crypt epithelium.[image: ]


Fig. 2: IFN-Î³ mediates the helminth-induced crypt phenotype.[image: ]


Fig. 3: The crypt response to H. polygyrus is a generalized response to tissue injury.[image: ]


Fig. 4: Helminth-associated crypts acquire a fetal-like program.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Helminth infection alters the crypt and intestinal stem cell niche.
Day 6 of H. polygyrus infection. a, Flow cytometry of CD44+ epithelium from non-granuloma or granuloma biopsies. b, Representative image of Lgr5â€“GFP staining in the duodenum. Granulomas are indicated by the dashed brackets. In some granulomas, the helminth larva is recognizable by autofluorescence. The presence of rare Lgr5â€“GFP negative crypts is likely to be a sectioning artefact. c, d, MMP7 and MUC2 staining in normal duodenum or duodenum from mice infected with H. polygyrus. Gr, granuloma. nâ€‰=â€‰3 (b), or 5 mice (a, c, d). Statistics represent all biological replicates, and all experiments were replicated at least twice. Graphs show meanâ€‰Â±â€‰s.d. (a). **Pâ€‰<â€‰0.01 by unpaired, two-tailed Mannâ€“Whitney test. Scale bars: 1â€‰mm (b), 200â€‰Âµm (c, d).

                          Source Data
                        


Extended Data Fig. 2 RNA-seq analysis of granuloma-associated crypt epithelium.
a, Representative gating example of epithelia, crypt cells, Lgr5â€“GFP and Sca-1 in biopsied tissue six days after H. polygyrus infection. Unfractionated tissue preps (as in Extended Data Fig.Â 3a) were gated similarly. bâ€“e, Crypt epithelium was sorted from granuloma and non-granuloma biopsies and subjected to RNA-seq analysis as indicated in the Methods. b, The data were filtered forÂ â‰¥100 reads average in either group, FDRâ€‰â‰¤â€‰0.05, and fold-change comparison ofÂ â‰¥Â 2. The 277 genes that passed were compiled into a heat map demonstrating high (red) and low (blue) relative expression. c, GSEA for Lgr5+ signature genes9. FDR <0.01. ES, enrichment score. d, Lgr5+ intestinal stem cell signature genes9 were cross-referenced to the RNA-seq dataset. Data were filtered as in (b) except no fold-change requirement was applied. Clca4 is also known as Clca3b e, The unfiltered RNA-seq dataset was analysed for upstream regulators using Ingenuity Pathways Analysis. The activation Z score indicates the extent of enrichment of targets within the RNA-seq dataset downstream of the indicated regulator, with a positive score indicating enrichment. IFN-related pathways are highlighted in orange. nâ€‰=â€‰4 independently sorted samples (bâ€“e, granuloma, 20 mice total), or 5 independently sorted samples (bâ€“e, non-granuloma, 25 mice total).


Extended Data Fig. 3 Sca-1 is expressed in granuloma crypt epithelium and IFN-Î³ is present in granulomas.
a, Representative flow cytometry of Lgr5â€“GFP and Sca-1 in crypt cells from unfractionated duodenum preps of Lgr5â€“GFP mice after H. polygyrus infection. b, Flow cytometry of Sca-1 in crypt cells from biopsies from mice 6 or 10 days after infection with H. polygyrus. c, Flow cytometry of Sca-1 in crypt cells from unfractionated duodenum preps of mice 4 days after infection with N. brasiliensis (Nippo). d, Non-granuloma or granuloma biopsies from wild-type mice were analysed by qPCR for Ifng transcript. e, Fold change and read counts of IFN and IFN receptor genes from RNA-seq performed as in Extended Data Fig.Â 2b with no filter applied. â€˜NAâ€™ results from division by zero. nâ€‰=â€‰4 (a, days 2, 4, 6, b, day 6), 5 (a, day 0, b, day 10), 7 (c, controls), or 8 mice (c, Nippo, d). Statistics represent all biological replicates, and all experiments were replicated at least twice. Graphs show meanâ€‰Â±â€‰s.d. (bâ€“d). *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01 by unpaired, two-tailed Mannâ€“Whitney test.

                          Source Data
                        


Extended Data Fig. 4 IFN-Î³ produced by H. polygyrus-responsive immune cells drives the granuloma gene signature.
aâ€“g, Mice were infected with H. polygyrus and analysed at day 6, unless otherwise indicated. a, b, Representative gating example of neutrophils (a) and natural killer (NK) cells, ILC1, ILC2/3, Î±Î² T cells, and Î³Î´ T cells (b). c, Neutrophils were enumerated by flow cytometry from non-granuloma (non-gran) or granuloma (gran) biopsies. d, Ifng reporter mice were untreated (uninfected) or infected (gran or non-gran) with H. polygyrus and analysed by flow cytometry 5â€“6 days later for haematopoietic (CD45+) populations: NK cells, ILC1, ILC2/3, Î±Î² T cells and Î³Î´ T cells. No reporter signal was seen in non-lymphoid populations. e, Crypt cells were sorted from granuloma biopsies of IFN-Î³-knockout (KO) mice and analysed by qPCR for the indicated transcripts. f, Lgr5â€“GFP mice were bred with IFN-Î³-knockout (KO) mice and offspring were analysed by flow cytometry for Lgr5â€“GFP expression in crypt epithelia from granuloma biopsies. g, Ifngr1loxp/loxp mice were bred with Vil1-Cre mice and analysed by flow cytometry for Sca-1 expression in crypt epithelia from granuloma biopsies. h, Wild type organoids were treated with 5Â ngÂ mlâˆ’1 IFN-Î³ for 24â€‰h and analysed by qPCR for the indicated transcripts. nâ€‰=â€‰5 mice (d, uninfected, f, KO, g, Ifngr1loxp/loxp), 6 mice (c, d, infected, e, f, heterozygous), 7 mice (g, Ifngr1loxp/loxp;Vil1-Cre), or 7 cultures (h). Statistics represent all biological replicates, and all experiments were replicated at least twice. Graphs show meanâ€‰Â±â€‰s.d. (câ€“h). *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001 by unpaired, two-tailed Mannâ€“Whitney test.

                          Source Data
                        


Extended Data Fig. 5 Inflammation via immune cell activation and irradiation induces granuloma-like epithelial responses.
aâ€“d, Mice were treated with 20Â Âµg isotype antibody or anti-TCRÎ² antibody (clone H57) and analysed 24Â h later. a, Unfractionated tissue analysed by qPCR for Ifng transcript. b, Representative flow cytometry of CD44 and Sca-1 in total epithelium. c, Epithelium was assessed for crypt size by flow cytometry using frequency of CD44. d, Crypt cells were sorted and analysed by qPCR for the indicated transcripts. eâ€“g, Mice were untreated or subjected to 10Â Gy irradiation and analysed three days later. e, Representative flow cytometry of CD44 and Sca-1 expression on total epithelium. f, Crypt cells were sorted and analysed by qPCR for the indicated transcripts. g, Flow cytometry of the frequency of CD44+ crypt cells among total epithelium. nâ€‰=â€‰3 (a, isotype), 6 (a, anti-TCRÎ², b, c, eâ€“g), or 7 mice (d). Statistics represent all biological replicates, and all experiments were replicated at least twice. Graphs show meanÂ Â±s.d. (a, c, d, f, g). *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001 by unpaired, two-tailed Mannâ€“Whitney test.

                          Source Data
                        


Extended Data Fig. 6 Granuloma crypt epithelium arises from pre-existing Lgr5+ cells but does not require Lgr5+ cells.
aâ€“c, Lgr5DTRGFP/+ (Lgr5) or wild-type (B6) mice were treated with diphtheria toxin (DT) and analysed a day later by flow cytometry for Lgr5â€“GFP (a), Sca-1 (b), or frequency of crypt cells among total epithelium (c). d, e, Representative images of lineage tracing of Lgr5+ precursors and Sca-1 staining in crypts overlying (gran) and adjacent to (non-gran) H. polygyrus (Hp) granulomas. Lgr5GFP-creERT2/+ Rosa26RFP/+ mice were administered 2.5 mg tamoxifen (Tmx) either immediately before (d) or three days after (e) infection with H. polygyrus. Mice were analysed at day 6. fâ€“k, Lgr5DTRGFP/+ mice were treated with diphtheria toxin immediately before infection with H. polygyrus and analysed by flow cytometry at day 1 for Lgr5â€“GFP (f), or at day 6 for CD44 (g), Sca-1 (h) and EdU (i) in epithelial cells from granuloma biopsies. j, k, Representative images of Sca-1 and EdU detection at day 6. nâ€‰=â€‰2 (a, b, e), 3 (d, f, j, k), or 4 mice (c, gâ€“i). Experiments were replicated at least twice, except the experiment in a and b, which was performed once. Graphs show meanâ€‰Â±â€‰s.d. (c, fâ€“i). Scale bars: main, 200Â Âµm; insets 50 Âµm (d, e), 100Â Âµm. (j, k).

                          Source Data
                        


Extended Data Fig. 7 Granuloma crypt epithelium contributes to epithelial turnover.
a, b, Representative images of Sca-1 and EdU staining. Wild-type mice were injected with EdU at day 5 of infection and analysed after 1Â h (a) or 24Â h (b) to localize labelled cells within villi, and within crypts overlying (gran) or adjacent to (non-gran) H. polygyrus granulomas. nâ€‰=â€‰4 (a) or 6 mice (b). Experiments were replicated at least twice. Scale bars: left, 200Â Âµm; insets, 50Â Âµm.


Extended Data Fig. 8 Granuloma crypt epithelium activates a fetal-like program and exhibits altered differentiation.
a, Material from the cultures described in Fig.Â 4a, b was analysed by qPCR for Axin2 transcript. b, Sca-1+ or Sca-1âˆ’ crypt cells were sorted from mice infected with H. polygyrus for the indicated times and analysed by qPCR for fetal transcripts. c, Representative image of whole-mount e15.5 fetal intestine stained for Sca-1 and E-cadherin. d, Bulk RNA-seq data (as in Fig. 1e) were analysed by GSEA for intestinal epithelial signature genes21. Enrichment score (ES) is indicated and all analyses have FDR <10âˆ’3. nâ€‰=â€‰3 mice (a), 3 fetuses (c), 4 mice (b, day 2, 4, 6), 4 independently sorted samples (d, granuloma, 20 mice total), 5 mice (b, day 0), or 5 independently sorted samples (d, non-granuloma, 25 mice total). Statistics represent all biological replicates, and all experiments were replicated at least twice. Graphs show meanâ€‰Â±â€‰s.d. (a, b). *Pâ€‰<â€‰0.05 by unpaired, two-tailed Mannâ€“Whitney test. Scale bar: 1Â mm (c).
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Extended Data Fig. 9 Markers of adult intestinal cell types in single-cell RNA-seq of Sca-1+ and Sca-1âˆ’ crypt epithelium.
Clusters identified by unsupervised hierarchical clustering were arranged per the unsupervised dendrogram of cluster relatedness (top) and normalized expression values for intestinal cell type gene signatures21 were displayed as a heat map in each cluster (middle). The total number of cells in each cluster is shown (bottom).

                          Source Data
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Reporting Summary

Supplementary Table 1
Granuloma vs. Non-granuloma Bulk RNAseq. This table shows RNAseq data comparing Granuloma (Gr) to Non-Granuloma (NonGr) crypt epithelium from mice infected with H. polygyrus for six days, filtered for expression greater than 100 reads, False Discovery Rate (FDR) < 0.05, Fold Change (FC) > 2, ranked by fold change. FC is unlogged fold change, raw p is adjusted p-value calculated by Holmâ€“Bonferroni method, and FDR is the multiple comparisons adjusted p-value. n=4 (granuloma), and 5 (non-granuloma) samples, from 20 and 25 mice, respectively


Supplementary Table 2
Gene Set Enrichment Analysis. This table shows Gene Set Enrichment Analysis (GSEA) of bulk Granuloma vs Non-granuloma RNAseq from mice infected with H. polygyrus for six days. GSEA reports an enrichment score (ES), a weighted Kolmogorov-Smirnov statistic, and false discovery rate (FDR), an estimated probability of a false positive finding adjusted for multiple comparisons. n=4 (granuloma), and 5 (non-granuloma) samples, from 20 and 25 mice, respectively


Supplementary Table 3
Single Cell RNAseq Cluster Mean Gene Expression. This table shows the mean gene expression values for each cluster identified by single cell RNAseq analysis of n=19,754 Sca-1â€“ and n=6,669 Sca-1+ individually sorted crypt cells from one mouse infected with H. polygyrus for six days


Supplementary Table 4
Single Cell RNAseq Cell Type Signatures. This table shows the mean expression values of intestinal cell type signature genes for each cluster identified by single cell RNAseq analysis of n=19,754 Sca-1â€“ and n=6,669 Sca-1+ individually sorted crypt cells from one mouse infected with H. polygyrus for six days. Genes are ranked by mean expression across all clusters


Supplementary Table 5
Fetal Signature Single Cell Hypergeometric Distribution Test. This table shows the hypergeometric distribution test of enrichment for fetal signature genes within each cluster identified by single cell RNAseq analysis of n=19,754 Sca-1â€“ and n=6,669 Sca-1+ individually sorted crypt cells from one mouse infected with H. polygyrus for six daysFetal Signature Single Cell Hypergeometric Distribution Test. This table shows the hypergeometric distribution test of enrichment for fetal signature genes within each cluster identified by single cell RNAseq analysis of n=19,754 Sca-1â€“ and n=6,669 Sca-1+ individually sorted crypt cells from one mouse infected with H. polygyrus for six days


Supplementary Table 6
qPCR Primers. This table lists the sequences of primers used for qPCR analysis throughout the study
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