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            Abstract
Upon detection of pathogen-associated molecular patterns, innate immune receptors initiate inflammatory responses. These receptors include cytoplasmic NOD-like receptors (NLRs) whose stimulation recruits and proteolytically activates caspase-1 within the inflammasome, a multiprotein complex. Caspase-1 mediates the production of interleukin-1 family cytokines (IL1FCs), leading to fever and inflammatory cell death (pyroptosis)1,2. Mutations that constitutively activate these pathways underlie several autoinflammatory diseases with diverse clinical features3. We describe a family with a previously unreported syndrome featuring neonatal-onset enterocolitis, periodic fever, and fatal or near-fatal episodes of autoinflammation. We show that the disease is caused by a de novo gain-of-function mutation in NLRC4 encoding a p.Val341Ala substitution in the HD1 domain of the protein that cosegregates with disease. Mutant NLRC4 causes constitutive IL1FC production and macrophage cell death. Infected macrophages from affected individuals are polarized toward pyroptosis and exhibit abnormal staining for inflammasome components. These findings identify and describe the cause of a life-threatening but treatable autoinflammatory disease that underscores the divergent roles of the NLRC4 inflammasome.
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                    Figure 1: Kindred with a syndrome of infantile enterocolitis and autoinflammation caused by mutation of NLRC4.[image: ]


Figure 2: The p.Val341Ala amino acid substitution is positioned within the HD1 domain of NLRC4.[image: ]


Figure 3: Val341Ala NLRC4 promotes the spontaneous cleavage of procaspase-1 and ASC multimerization in HEK293 cells.[image: ]


Figure 4: Increased production of IL-1Î² and IL-18, and increased cell death in macrophages harboring NLRC4 p.Val341Ala.[image: ]


Figure 5: Macrophages from SCAN4 cases infected with S. typhimurium strain SL1344 show abnormal ASC staining and limited activation of caspase-1.[image: ]
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Integrated supplementary information

Supplementary Figure 1 The inflammatory cells infiltrating the central nervous system of deceased patient III.3 are mostly activated (CD163+) macrophages.
(a) Immunohistochemical staining of the patientâ€™s choroid plexus shows the presence of numerous CD163+ macrophages. A vessel cut in cross-section reveals perivascular infiltration with CD163+ macrophages (inset). CD163+ macrophages also diffusely infiltrate the (b) leptomeninges and the (c) cortical perivascular space. Original magnification: 200Ã— (for a and b), 100Ã— (for c) and 400Ã— (for the inset). Scale bars, 200 Î¼m.


Supplementary Figure 2 SCAN4 macrophages show constitutive activation.
(a, right) A fraction of uninfected macrophages from SCAN4 patients II.3 and III.2 but not from a representative healthy donor (left) spontaneously formed ASC foci (red puncta; inlay) and stained positive for biotin-YVAD-CMK (green cytoplasmic staining). (b) Frequencies of macrophages positive for biotin-YVAD-CMK and ASC foci from SCAN4 patients (n = 2) and healthy controls (n = 2) visualized across multiple microscopic fields. Scale bars, 20 Î¼m. Bar graphs show mean Â± s.e.m. Significance by unpaired Studentâ€™s t test is indicated.

                          Source data
                        


Supplementary Figure 3 In SCAN4 macrophages, constitutive IL-1 family cytokine secretion but not spontaneous cell death is dependent upon the caspase-1 catalytic site that processes cytokines.
(a) IL-1Î² and IL-18 secretion from monocyte-derived macrophages from SCAN4 patients (II.3 and III.2) cultured for 18 h in medium containing low-dose LPS (1 ng/ml) was attenuated by the caspase-1 inhibitor Z-YVAD-FMK (0.1 or 0.5 Î¼M) relative to vehicle control (DMSO). (b) Cell deathâ€“associated LDH release by SCAN4 macrophages over the same 18-h period is not affected by Z-YVAD-FMK. LDH release is reported relative to cells lysed with Triton X-100 (0.1%). Bar graphs show mean supernatant values from experiments performed in duplicate or triplicate, and error bars represent Â± s.e.m. Significance by paired Studentâ€™s t test is indicated.

                          Source data
                        


Supplementary Figure 4 SCAN4 macrophages infected with pathogenic strains result in increased cell death yet blunted IL-1Î² and IL-18 production
(a) Monocytes were treated with LPS and infected with pathogenic strains PAKÎ”STY and SL1344 or non-pathogenic strain PAKÎ”popD as described in the Online Methods. (a) Secretion of IL-1Î² and IL-18 and (b) LDH release were measured in three independent experiments. Significant differences between subject groups assessed by unpaired Studentâ€™s t test have P values noted. Significant differences between wild-type cells infected with PAKÎ”STY or SL1344 versus wild-type cells infected with PAKÎ”popD assessed by paired Studentâ€™s t tests are noted by an asterisk when P < 0.05.

                          Source data
                        


Supplementary Figure 5 SCAN4 macrophages infected with P. aeruginosa strain PAKÎ”STY form increased numbers of ASC foci but show limited activation of caspase-1.
(a) The majority of PAKÎ”STY-infected monocyte-derived macrophages from a representative healthy control (HD II.2; the mother of SCAN4 patient III.2) display features of conventional macrophage activation, including biotin-YVAD-CMK staining (green cytoplasmic staining) and a limited number (1â€“3) of ASC foci (red puncta) per cell (left). Many PAKÎ”STY-infected macrophages (white arrows) from SCAN4 patients II.3 and III.2 but not from healthy controls display numerous (>6) ASC foci but show limited staining for biotin-YVAD-CMK (right). (b) Quantification of ASC foci in 472 PAKÎ”STY-infected healthy control macrophages and 510 PAKÎ”STY-infected patient macrophages. The patient-derived cell distribution was significantly different (P < 0.0001) from the healthy control distribution by Ï‡2 testing. (c) Representative biotin-YVAD-CMK staining in PAKÎ”STY-infected healthy control or SCAN4 macrophages from groups with either 1â€“3, 4â€“6 or >6 ASC foci/cell. Pie charts display the frequency of cells positive for biotin-YVAD-CMK staining per group. (d) Diameter of ASC foci in macrophages positive (filled green circles) and negative (unfilled circles) for biotin-YVAD-CMK staining from healthy control and SCAN4 patients II.3 and III.2. Mean foci diameter is displayed as white bars. Scale bars, 20 Î¼m. An asterisk indicates that the patient cell distribution is significantly different (P = 0.0012) from the healthy control cell distribution by Ï‡2 testing. Significance by unpaired Studentâ€™s t test is indicated (for d).

                          Source data
                        


Supplementary Figure 6 ASC foci in S. typhimurium strain SL1344â€“infected SCAN4 macrophages do not colocalize with aggregates of caspase-1.
Uninfected macrophages from healthy controls (top row) do not form ASC foci (arrows), whereas S. typhimurium strain SL1344â€“infected healthy control macrophages (second row) stain diffusely with biotin-YVAD-CMK and form aggregates of caspase-1 (arrows) and ASC foci (arrows) that colocalize in merged images (arrows). SCAN4 macrophages diffusely staining negative (third row) or positive (fourth row) for biotin-YVAD-CMK form multiple ASC foci that do not colocalize with aggregates of caspase-1. DAPI staining is shown where labeled and also in the merged images. All images were taken at 60Ã— magnification, except those for uninfected cells (top row), which were taken at 100Ã— magnification. Scale bars are sized as indicated.
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