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            Abstract
Activation of RIPK1 controls TNF-mediated apoptosis, necroptosis and inflammatory pathways1. Cleavage of human and mouse RIPK1 after residues D324 and D325, respectively, by caspase-8 separates the RIPK1 kinase domain from the intermediate and death domains. The D325A mutation in mouse RIPK1 leads to embryonic lethality during mouse development2,3. However, the functional importance of blocking caspase-8-mediated cleavage of RIPK1 on RIPK1 activation in humans is unknown. Here we identify two families with variants in RIPK1 (D324V and D324H) that lead to distinct symptoms of recurrent fevers and lymphadenopathy in an autosomal-dominant manner. Impaired cleavage of RIPK1 D324 variants by caspase-8 sensitized patientsâ€™ peripheral blood mononuclear cells to RIPK1 activation, apoptosis and necroptosis induced by TNF. The patients showed strong RIPK1-dependent activation of inflammatory signalling pathways and overproduction of inflammatory cytokines and chemokines compared with unaffected controls. Furthermore, we show that expression of the RIPK1 mutants D325V or D325H in mouse embryonic fibroblasts confers not only increased sensitivity to RIPK1 activation-mediated apoptosis and necroptosis, but also induction of pro-inflammatory cytokines such as IL-6 and TNF. By contrast, patient-derived fibroblasts showed reduced expression of RIPK1 and downregulated production of reactive oxygen species, resulting in resistance to necroptosis and ferroptosis. Together, these data suggest that human non-cleavable RIPK1 variants promote activation of RIPK1, and lead to an autoinflammatory disease characterized by hypersensitivity to apoptosis and necroptosis and increased inflammatory response in peripheral blood mononuclear cells, as well as a compensatory mechanism to protect against several pro-death stimuli in fibroblasts.
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                    Fig. 1: Heterozygous variants at the RIPK1 cleavage site cause autoinflammatory disease in humans.[image: ]


Fig. 2: Strong activation of inflammatory signalling in patient P1.[image: ]


Fig. 3: RIPK1 cleavage site variants promote cell death and inflammatory response induced by TNF in patient PBMCs and MEFs.[image: ]


Fig. 4: Necroptosis and ferroptosis are repressed in the patient fibroblasts.[image: ]
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              Gel source data are shown in Supplementary Fig. 1. Source Data for Figs. 2â€“4 and Extended Data Figs. 1, 2, 4â€“6 are provided with the paper. All other data that support the findings of this study are available from the corresponding authors upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Identification of RIPK1 variants and their effects.
a, Schematic of the WES data-filtering approach under the assumption of de novo inheritance in family 1, leading to the identification of a novel RIPK1 variant. INDEL, frameshift or non-frameshift insertions and deletions; SNP, single nucleotide polymorphisms including missense, splice-site and stop-codon variants. b, Exome sequencing reads covering the D324V variant in family 1, displayed by the integrative genomics viewer. c, Confirmation of RIPK1 variants at residue Asp324 for patients P1â€“P5 by Sanger sequencing. d, Evolutionary conservation of the caspase-8 cleavage site D324 in RIPK1. Amino acid sequence of RIPK1 flanking D324 was aligned by ClustalW across various species. e, Schematic domain structure of RIPK1. The position of identified variants leading to defective caspase-8 cleavage is indicated. f, In silico analysis of novel RIPK1 variants at D324. cDNA positions are determined according to the reference sequence NM_003804. Four predictions including SIFT, PolyPhen-2, LRT and Mutation Taster annotated by ANNOVAR were included in the analysis. D indicates damaging or deleterious variant. The gnomAD database includes 123,136 exomes and 15,496 genomes. The Kaviar database includes 77,238 exomes and genomes. g, RIPK1 cleavage site variants caused defective cleavage in vitro. HEK293T cells were transiently transfected with wild-type or mutant RIPK1 plasmids followed by immunoblotting of cell lysates. EV, empty vector; H1, H2, different cloning plasmids of RIPK1(D324H) variant; V1, V2, different cloning plasmids of RIPK1(D324V) variant; WT, wild-type RIPK1 plasmid. For gel source data, see Supplementary Fig. 1. Results are representative of three independent experiments. h, The degradation of wild-type and D325A mutant RIPK1 protein was analysed by CHX chase assay. Top, Ripk1D325A/D325ARipk3âˆ’/âˆ’ and Ripk1+/+Ripk3âˆ’/âˆ’ MEFs were incubated with 50 Âµg mlâˆ’1 CHX for the indicated period of time and collected for western blot. Results are representative of three independent experiments. The western blot was quantified by Image J. Bottom, the relative RIPK1 protein level was normalized to CHX-untreated cells. Data are meanÂ Â±Â s.d., nÂ =Â 3. Circles correspond to each independent experiment. For gel source data, see Supplementary Fig. 1. i, Neither mutant disrupted the recruitment of RIPK1 and caspase-8 into the FADDosome. Ripk1-knockout MEFs complemented with wild-type RIPK1, or D325V or D325H mutant were treated as indicated for 1 or 3 h. T/Z, 50 ng mlâˆ’1 TNF, 50Â Î¼M Z-VAD-FMK. â€˜+â€™ denotes 20 Î¼M Nec-1s. Lysates were immunoprecipitated with anti-FADD, and analysed by immunoblotting using the indicated antibodies. For gel source data, see Supplementary Fig. 1. Results are representative of three independent experiments. j, Unlabelled in vitro transcription and translation of wild-type and mutant RIPK1 constructs (D324V, D324H and D324K) were performed in the TNT T7 Quick Coupled Transcription/Translation System followed by incubation with purified recombinant caspase-8 protein for 3Â h and then analysed by immunoblotting of RIPK1. CL, cleaved RIPK1; FL, full-length RIPK1. For gel source data, see Supplementary Fig. 1. Results are representative of three independent experiments. k, The D324V variant disrupted the RIPK1 cleavage by caspase-8. Fibroblasts from patient P1 and an unaffected control were treated with TNF and CHX for the indicated amount of time followed by immunoblotting analysis. For gel source data, see Supplementary Fig. 1. Results are representative of three independent experiments.

                          Source Data
                        


Extended Data Fig. 2 Increased pro-inflammatory signalling in patient PBMCs.
a, Intracellular cytokine staining of patient PBMCs showed expression of IL-6, TNF and IL-8 in CD14+ monocytes at baseline (unstimulated, UNS) (top) and after LPS stimulation for 6 h (bottom) compared to one representative (left) and four paediatric unaffected controls (right). Data are meanÂ Â±Â s.e.m. Circles correspond to each tested individual. b, Intracellular cytokine staining of patient PBMCs showed increased expression of IL-6 in patient CD3+CD4+ T cells after LPS stimulation (1 Î¼g mlâˆ’1) for 6Â h compared to 1 representative (left) and 4 paediatric unaffected controls (right). Data are meanÂ Â±Â s.e.m. Circles correspond to each tested individual. c, Basal phosphorylation of STAT3 (top) and phosphorylation of p38 after LPS stimulation (bottom) of patient monocytes (CD14+), B cells (CD19+), and T cells (CD3+) compared to one representative (left) and four paediatric unaffected controls (right) as determined by flow cytometry analysis. Data are meanÂ Â±Â s.e.m. Circles correspond to each tested individual. d, Single-cell RNA sequencing revealed a higher percentage of monocytes in P1 compared with an age- and sex-matched unaffected control (C1). e, f, Single-cell RNA sequencing revealed that the NF-ÎºB (e) and type I IFN (f) signalling pathways were upregulated in patient CD14+ and CD16+ monocytes compared with an age- and sex-matched unaffected control (C1) and an adult control (AC). The adult control data were downloaded from 10X Genomics. Analysis of patient sample was performed in duplicate. For gene names, see Supplementary Fig. 2. g, Violin plots showing the distribution of gene expression of selected genes in different cell clusters for P1 and an age- and sex-matched unaffected control. nÂ =Â 1,007 cells for patient and nÂ =Â 4,340 cells for control CD4 T cell cluster. nÂ =Â 1,868 cells for patient and nÂ =Â 1,427 cells for control B cell cluster. nÂ =Â 422 cells for patient and nÂ =Â 1,478 cells for control CD8 T cell cluster. nÂ =Â 302 cells for patient and nÂ =Â 1,101 cells for control NK cell cluster. nÂ =Â 1,125 cells for patient and nÂ =Â 241 cells for control CD14 monocytes cluster. nÂ =Â 1,184 cells for patient and nÂ =Â 78 cells for control CD16 monocytes cluster. nÂ =Â 371 cells for patient and nÂ =Â 563 cells for control T memory cell cluster. nÂ =Â 333 cells for patient and nÂ =Â 524 cells for control Î³Î´ T cell cluster. nÂ =Â 249 cells for patient and nÂ =Â 597 cells for control NK cell/T doublets cluster. nÂ =Â 182 cells for patient and nÂ =Â 228 cells for control B activated cell cluster. nÂ =Â 357 cells for patient and nÂ =Â 20 cells for control dendritic cell cluster. nÂ =Â 117 cells for patient and nÂ =Â 217 cells for control naive B cell cluster. nÂ =Â 279 cells for patient and nÂ =Â 35 cells for control erythrocytes cluster. nÂ =Â 29 cells for patient and nÂ =Â 86 cells for control megakaryocyte cell cluster. nÂ =Â 78 cells for patient and nÂ =Â 23 cells for control plasma cell cluster. nÂ =Â 33 cells for patient and nÂ =Â 34 cells for control plasmacytoid dendritic cell cluster. The PBMCs from P1 for in aâ€“g were obtained during a fever episode.
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Extended Data Fig. 3 Increased expression of genes in NF-ÎºB and type-I IFN pathways in patient PBMCs.
a, Visualization of expression of genes involved in NF-ÎºB pathway (SOCS3, CD40, TLR2, IL1RN, IL6, CD38, TAP1, IL15, ICOS, CD83, TNF, IFNG, CXCL2, FCGRT, TNFSF10, ICAM1, IGHG1, TNFRSF1B, CCL3, IGHG4 and TREM1) (coloured single cells) on UMAP plot projecting PBMCs from patient P1 (nÂ =Â 7,936 cells) and an age- and sex-matched unaffected control (nÂ =Â 10,992 cells). b, Visualization of expression of genes involved in type-I IFN signalling pathway (IFI6, IFI30, OAS1, GBP1, IFI27, ISG15, OAS2, SOCS1, IFI44, IRF7, OAS3, LY6E, IFI44L, MX1, OASL, RSAD2, IFIT3, HERC5, USP18, IFIT2, HERC6 and EPSTI1) (coloured single cells) on UMAP plot projecting PBMCs from patient P1 (nÂ =Â 7,936 cells) and an age- and sex-matched unaffected control (nÂ =Â 10,992 cells). The PBMCs from P1 in a and b were obtained during a fever episode.


Extended Data Fig. 4 Patient PBMCs are sensitive to TNF-induced cell death but not to ferroptosis.
a, qPCR of PBMCs confirmed comparative expression levels of cytokine and chemokine-related genes in P1, after 4Â months of tocilizumab treatment, compared to 8 paediatric unaffected controls. Data are meanÂ Â±Â s.e.m. Circles correspond to each tested individual. Analysis of each sample was performed in triplicate. b, Patient PBMCs were hypersensitive to TNF-induced cell death. PBMCs from 8 age-matched unaffected controls and patients P1 and P3 were treated as indicated for 24Â h. N, 20 Î¼M Nec-1s; S, 100Â nM SM-164; T, 100 ng mlâˆ’1 TNF; Z, 100Â Î¼M Z-VAD-FMK. Cell death was measured by ToxiLight assay. Data are meanÂ Â±Â s.e.m. Circles correspond to each tested individual. Analysis of each sample was performed in triplicate. c, Induction of necroptosis and apoptosis by TNF in the patient PBMCs. PBMCs from patient P5 and a paediatric unaffected control were treated with indicated stimulation for 24 h before cell lysates were analysed by immunoblotting. For gel source data, see Supplementary Fig. 1. Results are representative of two independent experiments. d, Patient PBMCs stimulated with TNF alone exhibited upregulated gene expression of inflammatory signals, which was reduced by Nec-1s. PBMCs of patient and 2 unaffected controls were treated with 100 ng mlâˆ’1 TNF or TNF plus 20Â Î¼M Nec-1s for 24Â h before beingÂ analysed by NanoString. e, The transcription levels of RIPK1 in PBMCs from patient and unaffected controls measured by qPCR. Data are meanÂ Â±Â s.e.m. Circles correspond to each tested individual. Analysis of each sample was performed in triplicate. f, PBMCs of patient and two paediatric unaffected controls showed similar responses to RSL3-induced ferroptosis. Circles correspond to each tested individual. Analysis of each sample was performed in triplicate. g, RNA sequencing of patient PBMCs indicated no difference in expression patterns of genes involved in ferroptosis and antioxidant when compared to three paediatric unaffected controls. Analysis of each sample was performed in duplicate. h, Single-cell RNA sequencing did not reveal distinct expression patterns of genes involved in ferroptosis and antioxidant in patient CD14+ and CD16+ monocytes compared with an age- and sex-matched unaffected control (C1) and an adult control (AC). The adult control data were downloaded from 10X Genomics. i, GSH concentration in PBMCs from P1 was similar to three paediatric unaffected controls. Data are meanÂ Â±Â s.e.m. Circles correspond to each tested individual. Analysis of each sample was performed in triplicate. The PBMCs for a, b, d, f and i were obtained during remission. The PBMCs for c, e, g and h were obtained during a fever episode.

                          Source Data
                        


Extended Data Fig. 5 RIPK1 cleavage site variants in MEFs promote cell death and inflammatory response but have no protective effect against ferroptosis.
a, b, RIPK1 cleavage site variants in MEFs promote cell death induced by TNF. Ripk1âˆ’/âˆ’ MEFs were complemented with: GFP; wild-type RIPK1; or D325V or D325H mutant, and treated for 12Â h (a) or as indicated (b). N, 20 Î¼M Nec-1s; S, 20 nM SM-164; T, 50 ng mlâˆ’1 TNF; Z, 50 Î¼M Z-VAD-FMK. Cell viability and cell death were measured by CellTiter-Glo assay (a) and ToxiLight assay (b), respectively. Data are meanÂ Â±Â s.e.m, nÂ =Â 3. Circles correspond to each independent experiment. P values were determined by unpaired, two-tailed t-test (shown if PÂ <Â 0.05). c, Western blots illustrating increased levels of p-S166-RIPK1, p-S345-MLKL and cleaved caspase-3 after stimulation with TNF and SM-164, which were inhibited by Nec-1s. Ripk1âˆ’/âˆ’ MEFs complemented with: GFP; wild-type RIPK1; or D325V or D325H mutant, were treated as indicated. Cell lysates were analysed by immunoblotting using indicated antibodies. For gel source data, see Supplementary Fig. 1. Results are representative of three independent experiments. d, e, D325A knock-in Ripk1 mutation sensitizes Ripk3âˆ’/âˆ’ MEFs to TNF-induced RIPK1-dependent apoptosis. Ripk1D325A/D325ARipk3âˆ’/âˆ’ and Ripk1+/+Ripk3âˆ’/âˆ’ MEFs were simulated with TNF only, TNF plus Nec-1s (d) or a combination of TNF, SM-164 and Nec-1s (e) as indicated (concentrations as in a). Cell death was measured by the SYTOX Green Nucleic Acid Stain assay. Data are meanÂ Â±Â s.e.m., nÂ =Â 4. Circles correspond to each independent experiment. P values determined by unpaired two-tailed t-test, and indicate the comparison between Ripk1D325A/D325ARipk3âˆ’/âˆ’ and Ripk1+/+Ripk3âˆ’/âˆ’ MEFs after TNF or TNF plus SM-164 stimulation for indicated amount of time. f, RIPK1 cleavage site variants in MEFs sensitize TRAIL-induced cell death. Ripk1âˆ’/âˆ’ MEFs complemented with: GFP, wild-type RIPK1, or D325V or D325H mutant were treated with TRAIL (100 ng mlâˆ’1) or TRAIL plusÂ Nec-1s (20 Î¼M) for 36 h. Data are meanÂ Â±Â s.e.m., nÂ =Â 3. Circles correspond to each independent experiment. P values determined by unpaired two-tailed t-test. g, TRAIL stimulation of Ripk1âˆ’/âˆ’ MEFs complemented with D325V or D325H mutant promotes RIPK1 activation, which was inhibited by Nec-1s (20 Î¼M). TRAIL (100 ng mlâˆ’1); TNF (50 ng mlâˆ’1) for 12Â h. For gel source data, see Supplementary Fig. 1. Results are representative of three independent experiments. h, Ripk1-knockout MEFs complemented with wild-type RIPK1, or D325V or D325H mutant plasmid showed similar responses to erastin- or RSL3-induced ferroptosis. Data are meanÂ Â±Â s.e.m., nÂ =Â 3. Circles correspond to each independent experiment. i, Western blots of proteins involved in ferroptosis in Ripk1âˆ’/âˆ’ MEFs complemented with wild-type RIPK1, or D325V or D325H mutant. Cells were treated with erastin for 5 or 10Â h, followed by immunoblotting of cell lysates. For gel source data, see Supplementary Fig. 1. Results are representative of three independent experiments. j, RNA sequencing of Ripk1âˆ’/âˆ’ MEFs complemented with wild-type RIPK1, D325V or D325H mutant indicated no difference in expression patterns of genes involved in ferroptosis and antioxidant. Analysis of each sample was performed in duplicate. k, GSH concentration of Ripk1âˆ’/âˆ’ MEFs complemented with wild-type RIPK1, D325V or D325H mutant was similar both at baseline and after erastin or glutamate stimulation for 8Â h. Data are meanÂ Â±Â s.e.m., nÂ =Â 3. Circles correspond to each independent experiment. l, Immunofluorescence showed similar levels of cytosolic ROS after erastin stimulation in Ripk1âˆ’/âˆ’ MEFs complemented with wild-type RIPK1, D325V or D325H mutant. Cells were treated by erastin for 8 h before incubation with the cytosolic ROS sensor carboxy-H2DCFDA. Green foci indicate cytosolic ROS. Scale bar, 150Â Î¼m. Results are representative of two independent experiments.
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Extended Data Fig. 6 Patient fibroblasts were resistant to both necroptosis and ferroptosis.
a, Patient fibroblasts were resistant to necroptosis induced by SM-164, Z-VAD-FMK and TNF or LPS. Fibroblasts from P1 and seven paediatric unaffected controls were treated as indicated for 24Â h. LPS, 1Â Î¼gÂ mlâˆ’1; N, 10Â Î¼M Nec-1s; S, 50Â nM SM-164; T, 50Â ngÂ mlâˆ’1 TNF; Z, 50Â Î¼M Z-VAD-FMK. Cell death was measured by ToxiLight assay. Data are meanÂ Â±Â s.e.m. Circles correspond to each tested individual. Analysis of each sample was performed in triplicate. b, Patient fibroblasts showed reduced necroptosis signals after SM-164, Z-VAD-FMK and LPS stimulation compared to six paediatric unaffected controls. Patient and control fibroblasts were treated with indicated stimulation for 6 h (concentrations as in a). Cells were lysed and analysed by immunoblotting with indicated antibodies. For gel source data, see Supplementary Fig. 1. Results are representative of three independent experiments. c, Patient fibroblasts showed reduced necroptosis signals after SM-164, Z-VAD-FMK and TNF stimulation compared with a paediatric unaffected control. Patient and control fibroblasts were treated as indicated for 6Â h (concentrations as in a). Cells were lysed and analysed by immunoblotting with indicated antibodies. For gel source data, see Supplementary Fig. 1. Results are representative of three independent experiments. d, The reduction of RIPK1 was rescued by Nec-1s in patient fibroblasts. Fibroblasts were treated as indicated for 24Â h (concentrations as in a). NSA, 0.5 Î¼M necrosulfonamide. Cell lysates were analysed by immunoblotting using indicated antibodies. For gel source data, see Supplementary Fig. 1. Results are representative of three independent experiments. e, Patient fibroblast showed reduced transcription levels of RIPK1 compared to five paediatric unaffected controls. The mRNA levels of RIPK1 were measured by qPCR. Data are meanÂ Â±Â s.e.m. Circles correspond to each tested individual. Analysis of each sample was performed in triplicate. f, Patient fibroblasts exhibited reduced TNFR1 expression at baseline compared to five paediatric unaffected controls. For gel source data, see Supplementary Fig. 1. Results are representative of three independent experiments. g, Patient fibroblasts displayed downregulation of genes involved in cell death compared with three paediatric unaffected controls. Analysis of each sample was performed in duplicate. h, Patient fibroblasts were resistant to erastin- or RSL3-induced ferroptosis compared with three paediatric unaffected controls. Cell death was measured by ToxiLight assay. Data are meanÂ Â±Â s.e.m. Circles correspond to each tested individual. Analysis of each sample was performed in triplicate.
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