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            Abstract
Rotavirus, a leading cause of severe gastroenteritis and diarrhoea in young children, accounts for around 215,000 deaths annually worldwide1. Rotavirus specifically infects the intestinal epithelial cells in the host small intestine and has evolved strategies to antagonize interferon and NF-ÎºB signalling2,3,4,5, raising the question as to whether other host factors participate in antiviral responses in intestinal mucosa. The mechanism by which enteric viruses are sensed and restricted in vivo, especially by NOD-like receptor (NLR) inflammasomes, is largely unknown. Here we uncover and mechanistically characterize the NLR Nlrp9b that is specifically expressed in intestinal epithelial cells and restricts rotavirus infection. Our data show that, via RNA helicase Dhx9, Nlrp9b recognizes short double-stranded RNA stretches and forms inflammasome complexes with the adaptor proteins Asc and caspase-1 to promote the maturation of interleukin (Il)-18 and gasdermin D (Gsdmd)-induced pyroptosis. Conditional depletion of Nlrp9b or other inflammasome components in the intestine in vivo resulted in enhanced susceptibility of mice to rotavirus replication. Our study highlights an important innate immune signalling pathway that functions in intestinal epithelial cells and may present useful targets in the modulation of host defences against viral pathogens.
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                    Figure 1: Inflammasome signalling protects against rotavirus infection.[image: ]


Figure 2: Nlrp9b deficiency results in increased susceptibility to rotavirus infection.[image: ]


Figure 3: Gsdmd-induced pyroptosis mediates the anti-rotavirus function of Nlrp9b inflammasome.[image: ]


Figure 4: NLRP9 inflammasome recognizes rotavirus RNA pathogen-associated molecular pattern through DHX9.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Increase of rotavirus infection in Casp1-deficient but not NLR-deficient mice.
a, qPCR detection of viral loads in ileum by measuring different virus transcripts, non-structural protein 5 (NSP5), viral protein 6 (VP6) or non-structural protein 3 (NSP3) (meanâ€‰Â±â€‰s.e.m., Studentâ€™s t-test, ***Pâ€‰<â€‰0.001) from wild-type and Casp1âˆ’/âˆ’ suckling mice which were orally inoculated with rotavirus EW strain with diarrhoea dose 1 (DD)50. b, c, Viral loads in ileum (meanâ€‰Â±â€‰s.e.m., Studentâ€™s t-test, *Pâ€‰<â€‰0.05) (b) or diarrhoea duration and percentage of diarrhoea (c) from wild-type and different inflammasome-forming NLRs or other receptor-knockout mice, which were orally inoculated with rotavirus EW strain with DD50. b, c, Representative of two independent experiments.

                          Source data
                        


Extended Data Figure 2 Tissue-specific Nlrp9b expression and characterization of Nlrp9b-deficient mice.
a, Nlrp9b expression in different mouse tissues as per BioGPS. b, qPCR verification of Nlrp9. aâ€“c, Expression in different mouse tissues. c, Illustration of the CRISPRâ€“Cas9 strategy to generate Nlrp9b-deficient mice. d, qPCR validation of Nlrp9b expression in the intestine tissues from littermate wild-type and Nlrp9bâˆ’/âˆ’ mice (meanâ€‰Â±â€‰s.e.m., Studentâ€™s t-test, ***Pâ€‰<â€‰0.001). e, Haematoxylin-and-eosin staining of ileal sections from wild-type and Nlrp9b-knockout mice in steady state. f, Unweighted UniFrac PCoA analysis followed by bacterial 16S rRNA sequencing of fecal microbiota harvested from littermate wild-type mice and Nlrp9b-knockout mice separated by indicated time points. b, Representative of three independent experiments.

                          Source data
                        


Extended Data Figure 3 Specific Nlrp9b expression in IECs and generation of Nlrp9b IEC conditional knockout mice.
a, qPCR analysis of NLR inflammasome components in IEC fraction and IEL fraction isolated by EDTA. Vil1 is an IEC marker and Cd45 is a haematopoietic marker. b, Method to isolate IEC, IEL and LPL from intestine of Villin-Cre-tomato mice for experiment in Fig. 2f. c, qPCR analysis of NLR inflammasome components in intestinal epithelial cells (IECs), intraepithelial lymphocytes (IELs), lamina propria lymphocytes (LPLs), isolated according to the method showed in b. d, Workflow to generate Nlrp9b IEC conditional knockout mice. e, qPCR validation of Nlrp9b expression in IECs from Nlrp9b IEC conditional knockout and the littermate control (meanâ€‰Â±â€‰s.e.m., Studentâ€™s t-test, ***Pâ€‰<â€‰0.001). SI, small intestine; LI, large intestine. a, c, Representative of three independent experiments.

                          Source data
                        


Extended Data Figure 4 Rotavirus induction of cell death in the small intestine.
a, Representative cell death staining in IECs from wild-type mice orally inoculated with PBS or rotavirus. b, Summary of cell death and survival from the experiment in a (meanâ€‰Â±â€‰s.e.m., Studentâ€™s t-test, *Pâ€‰<â€‰0.05). c, Western blots of different cell death indicators, Casp1 p10 (pyroptosis), Casp3 p17/p19 (apoptosis), and Lc3 I/II (autophagy), in the IECs from rotavirus infected ileum. aâ€“c, Representative of two independent experiments.

                          Source data
                        


Extended Data Figure 5 Establishment of intestinal organoid culture and the role of Nlrp9b in cytokine secretion.
a, Single organoid (mini-gut) culture. Crypts are isolated from the small intestine of indicated mouse strains and cultured in Matrigel with IntestiCult growth medium from Stem Cell Technology for 3 weeks. b, ELISA measurement of cytokines and interferons (IFNs) production or c. QPCR analysis of cytokine, IFNs and anti-microbial peptides in the explants of wild-type and Nlrp9bâˆ’/âˆ’ mice treated with rotavirus. (meanâ€‰Â±â€‰s.e.m., Studentâ€™s t-test, **Pâ€‰<â€‰0.01). b, c, Representative of three independent experiments.

                          Source data
                        


Extended Data Figure 6 Gsdmd expression in different tissues and generation of Gsdmd deficient mice.
a, Illustration of the CRISPRâ€“Cas9 strategy to generate Nlrp9b-deficient mice and primer design used in b. b, Genotyping of the Gsdmd mutant pups. The mice chosen for experiments shown in Fig. 3c, d are shown in red, with a deletion in one allele sequenced by primer 2, as well as mutations that result in frame shift in another allele sequenced by primer 1. c, Sequencing of red-labelled mice with primer 1. d, qPCR validation of Gsdmd expression in the intestine tissues from these five red-labelled Gsdmd mutant mice, comparing with wild-type mice and Il18âˆ’/âˆ’ mice (meanâ€‰Â±â€‰s.e.m., Studentâ€™s t-test, ***Pâ€‰<â€‰0.001). e, Gsdmd expression in different mouse tissues as per BioGPS. f, RNA sequencing data reveals the expression of gasdermin family members and housekeeping gene Hprt in the ileal epithelial cells of wild-type mice. bâ€“d, Representative of two experiments and the data was combined in Fig. 3c and d.

                          Source data
                        


Extended Data Figure 7 Rotavirus RNA distribution in the cytoplasm, and role of Nlrp9b in anti-EMCV response in the intestine.
a, Human intestinal epithelial cell line HT-29 cells were seeded into chamber slides and infected with RRV at MOIâ€‰=â€‰1 for 24â€‰h. Infected HT-29 cells were stained sequentially with anti-dsRNA (J2 mouse monoclonal Ab, 1:60), anti-mouse Alexa-594 secondary antibody (1:200) and Alexa-488-conjugated anti-NSP2 (clone 191, mouse monoclonal Ab, 1:250). Cells were mounted with anti-fade DAPI and processed for confocal microscopy (LSM710). b, Survival curve (Log-rank (Mantelâ€“Cox) test, **Pâ€‰<â€‰0.01) of different mouse strains challenged by EMCV (105 pfu) orally. b, Representative of two independent experiments.

                          Source data
                        


Extended Data Figure 8 Role of Dhx9 in Nlrp9b-mediated anti-rotavirus response.
a, Biotin-labelled low molecular weight poly(I:C) were incubated with whole-cell lysates from HEK293T cells transfected with Flagâ€“NLRP9 and indicated siRNA. b, HEK293T cells were transfected with DHX9-targeting siRNA or control siRNA for 24â€‰h, co-transfected with Flagâ€“NLRP9 and HAâ€“ASC for another 24h, and infected with rotavirus human rotavirus WA strain (estimated MOIâ€‰=â€‰2) for 6â€‰h. Cell lysates were co-immunoprecipitated with anti-Flag antibody and analysed by western blot with the indicated antibodies. c, Validation of Dhx9 conditional knockout mice. Dhx9 mRNA expression in intestinal epithelial cells from indicated mouse strains (meanâ€‰Â±â€‰s.e.m., Studentâ€™s t-test, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001). d, Cytotoxicity measured by lactate dehydrogenase (LDH) release in organoid cells from the indicated mouse strains infected with rotavirus EW strain (5â€‰Ã—â€‰105 DD50, estimated MOIâ€‰=â€‰5) for 3â€‰h (meanâ€‰Â±â€‰s.e.m., Studentâ€™s t-test, *Pâ€‰<â€‰0.05). e, ELISA measurement of Il-18 secretion upon treating intestinal organoid cells from the indicated mouse strains with rotavirus for 3â€‰h (meanâ€‰Â±â€‰s.e.m., Studentâ€™s t-test, **Pâ€‰<â€‰0.01). f, qPCR detection of viral loads by measuring virus transcript VP6 in organoid cells from the indicated mouse strains infected with rotavirus for 6â€‰h (meanâ€‰Â±â€‰s.e.m., Studentâ€™s t-test, *Pâ€‰<â€‰0.05).

                          Source data
                        


Extended Data Figure 9 Nlrp9b regulation during rotavirus infection and murine intestine.
a, Workflow to generate Flagâ€“Nlrp9 -knock-in mice. b, Immunoprecipitation and western blots detection of Flagâ€“Nlrp9b protein, c, qPCR analysis of Nlrp9b, Asc and rotavirus transcripts, in IECs samples from Flagâ€“Nlrp9b-knock-in mice that were infected with 100 DD50 of rotavirus by the indicated time points. d, Expression of select innate immune receptors or adaptors were measured by qPCR in different intestine sections isolated from mice with different ages as indicated in the figure. (meanâ€‰Â±â€‰s.e.m., Studentâ€™s t-test compare to expression levels in day 0, *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01.) Experiments in b and c were replicated twice.

                          Source data
                        


Extended Data Figure 10 Human NLRP9 expression in intestinal epithelial cells.
a, Clinical information of patients from whom the gut biopsies were collected. b, Method to isolate IEC fraction, lamina propria fraction and LPL from human gut biopsies. c, qPCR analysis of human NLRP9 inflammasome components in IEC fraction, lamina propria fraction, LPL and PBMC, which are isolated according to b. VILLIN1 is an IEC marker, and CD45 is a haematopoietic marker. d, Expression of indicated genes were measured by qPCR in human IEC organoids and select cell lines (meanâ€‰Â±â€‰s.e.m., Studentâ€™s t-test, ***Pâ€‰<â€‰0.001).

                          Source data
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