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            Abstract
Crohn’s disease is a debilitating inflammatory bowel disease (IBD) that can involve the entire digestive tract. A single-nucleotide polymorphism (SNP) encoding a missense variant in the autophagy gene ATG16L1 (rs2241880, Thr300Ala) is strongly associated with the incidence of Crohn’s disease. Numerous studies have demonstrated the effect of ATG16L1 deletion or deficiency; however, the molecular consequences of the Thr300Ala (T300A) variant remains unknown. Here we show that amino acids 296–299 constitute a caspase cleavage motif in ATG16L1 and that the T300A variant (T316A in mice) significantly increases ATG16L1 sensitization to caspase-3-mediated processing. We observed that death-receptor activation or starvation-induced metabolic stress in human and murine macrophages increased degradation of the T300A or T316A variants of ATG16L1, respectively, resulting in diminished autophagy. Knock-in mice harbouring the T316A variant showed defective clearance of the ileal pathogen Yersinia enterocolitica and an elevated inflammatory cytokine response. In turn, deletion of the caspase-3-encoding gene, Casp3, or elimination of the caspase cleavage site by site-directed mutagenesis rescued starvation-induced autophagy and pathogen clearance, respectively. These findings demonstrate that caspase 3 activation in the presence of a common risk allele leads to accelerated degradation of ATG16L1, placing cellular stress, apoptotic stimuli and impaired autophagy in a unified pathway that predisposes to Crohn’s disease.
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                    Figure 1: T300A variant sensitizes ATG16L1 to caspase-mediated cleavage at the D299–T300 scissile site.


Figure 2: Caspase 3 activation is required for ATG16L1 processing.


Figure 3: T316A variant reduces ATG16L1 levels and decreases autophagic flux upon nutrient starvation of murine macrophages.


Figure 4: Human T300A variant reduces autophagic flux upon nutrient starvation of genetically heterogeneous B cells.


Figure 5: T300A/T316A variants of ATG16L1 confer defective clearance of Y. enterocolitica and elevated cytokine production.


Figure 6: Mechanism of T300A variant contribution to Crohn’s disease pathogenesis.
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Extended data figures and tables

Extended Data Figure 1 T300A enhances whereas D299E abolishes caspase-3-mediated ATG16L1 processing.
a, In vitro translated variants of V5-tagged ATG16L1 (wild-type, T300A, D299E) were incubated with recombinant active caspase 1, 3, 6 or 7 for 1 h followed by assessment of ATG16L1 cleavage by V5 immunoblot. b, HeLa cells were transfected with indicated C-terminal V5-tagged ATG16L1 construct, followed by treatment with 20 ng ml−1 TNF + 10 μg ml−1 cycloheximide (CHX) for indicated times. Immunoblot was performed for V5. *non-specific band. c, LysMCre+Atg16l1loxp/loxp bone marrow progenitors were immortalized with ER–HoxB8 and reconstituted with the indicated murine ATG16L1 retroviral constructs. Macrophage differentiation was induced by removal of β-oestradiol for 10 days. Immunoblotting with an ATG16L1 antibody indicates complete deletion of endogenous protein in vector-transfected cells and successful reconstitution with the listed ATG16L1 variants. Expression of the truncated splice variant ATG16L1β′ (52 kDa) is observed along with full-length ATG16L1β (68 kDa). d, ER–HoxB8 immortalized progenitors transduced with above constructs were differentiated into macrophages, and cells were treated with indicated doses of TNF + 10 μg ml−1 CHX. C-terminal fragment of cleaved ATG16L1 was detected by immunoblotting with a V5 antibody. Data in a are representative of 3 independent experiments; data in b–d are representative of 2 independent experiments.


Extended Data Figure 2 ATG16L1 cleavage is enhanced in primary human macrophages with T300A variant during TNF-α-mediated apoptosis whereas caspase 3 and PARP cleavage remain unaltered in both groups.
Representative immunoblots depicting cleavage of ATG16L1, caspase 3 and PARP in non-risk (WT) and T300A cells following TNF-α + CHX treatment. Scatter plots are gated on donor macrophages demonstrating TNF-α-mediated caspase 3 cleavage.


Extended Data Figure 3 Generation of T316A knock-in mutant mice.
a, Atg16l1 T316A knock-in construct design. b, Genomic PCR analysis of embryonic stem cell clone used for microinjection to generate colony (clone H4-1-B2-1), wild-type and knock-in mice. WT = 470bp; knock-in = 436bp. c, Atg16l1loxp/loxp construct design. d, Atg16l conditional knockout mice were generated by crossing Atg16l1loxp/loxp mice with LysMCre+ mice. Western blots demonstrate protein levels of ATG16L1β/α and α-tubulin in lysates from thioglycollate-elicited macrophages from LysMCre+Atg16l1loxp/loxp and Atg16l1wt/wt mice.


Extended Data Figure 4 Relative abundance of myeloid and lymphoid cell subsets in ATG16L1 T316A knock-in mice and WT controls under basal conditions.
a, Flow cytometry analysis of indicated myeloid cell populations in bone marrow, spleen, mesenteric and peripheral (inguinal and brachial) lymph nodes. n = 5 female mice aged 6–10 weeks per genotype were analysed. Scatterplot bars represent mean. b, Flow cytometry analysis of indicated lymphoid cell populations in spleen, mesenteric and peripheral lymph nodes. T-cell activation was measured by CD69 staining. Five female mice aged 6–10 weeks per genotype were analysed. Scatterplot bars represent mean.


Extended Data Figure 5 Histological analysis and quantification of small intestine Paneth cell granules in ATG16L1 T316A knock-in and WT control mice under basal conditions.
a, Haematoxylin and eosin staining depicting normal villus and crypt architecture, with comparable Paneth cell abundance in WT and T316A female mice aged 6–10 weeks. b–d, Similar size and morphology of Paneth cell granules identified by lysozyme staining in WT and T316A mice. Graph in c represents quantification of lysozyme-positive granule allocation patterns as described10. Data are mean ± S.D., n = 5 female mice per genotype, aged 6–10 weeks. A total of 701 (WT) and 891 (T316A) Paneth cells were quantified. Arrows indicate specific Paneth cell morphologies as described in reference 10. Error bars depict standard deviation from mean.


Extended Data Figure 6 Enhanced cleavage of murine ATG16L1 α and β isoforms in macrophages harbouring the T316A genotype; comparable ATG16L1 stability under baseline conditions.
a, Multiple exposures of ATG16L1 immunoblots reveal increased processing of ATG16L1β/α harbouring Τ316Α variant. Graphs quantify cleavage of ATG16L1α and β isoforms. Data are pooled from 5 independent experiments. b, 35S pulse-chase illustrating comparable turnover of wild-type and T316A variants of ATG16L1. Densitometry analysis of ATG16L1 levels is depicted in the graph using data from 3 independent experiments.


Extended Data Figure 7 ATG16L1 processing requires caspase 3.
a, HeLa cells were pre-treated with vehicle (DMSO) or pan-caspase inhibitor (zVAD-fmk), followed by stimulation with 20 ng ml−1 TNF + 10 μg ml−1 CHX, 0.5 μg ml−1 Fas-agonist antibody + 10 μg ml−1 CHX or 2.0 μM staurosporine for indicated times. b, RAW 264.7 cells were pre-treated with DMSO or zVAD-fmk followed by treatment with 20 ng ml−1 TNF-α + 10 μg ml−1 CHX for indicated times. c, Bax+/+ or Bax−/− colon carcinoma epithelial cells (HCT116) were pre-treated with DMSO or 20 μM zVAD-fmk for 3 h, followed by treatment with 20 ng ml−1 TNF + 10 μg ml−1 CHX for indicated times. d, HeLa cells transfected with control, caspase-3- or caspase 7-specific siRNAs were stimulated with 2.0 μM staurosporine for indicated times. e, MCF-7 cells were pre-treated with DMSO or zVAD-fmk followed by stimulation with 20 ng ml−1 TNF + 10 μg ml−1 CHX, 0.5 μg ml−1 Fas-agonist antibody + 10 μg ml−1 CHX or 2.0 μM staurosporine for indicated times. Data in a–e are representative of 2 independent experiments. Atg16l1 genotypes of cell lines used are listed in Supplementary Table 4. f, Bone-marrow-derived macrophages from WT mice were treated as indicated to induce canonical NLRP3 inflammasome activation. ATG16L1, caspase 1 and IL-1β processing were assessed by immunoblotting. upLPS = ultrapure LPS. Data are representative of 2 independent experiments.


Extended Data Figure 8 Reduced autophagic flux induced by nutrient starvation of bone-marrow-derived macrophages from T316A mice or mice with a macrophage-specific deletion of Atg16l1 (LysMCre+Atg16l1loxp/loxp).
a, Immunoblot analysis of LC3-lipidation following amino acid and serum starvation for 4 h. 400 nM bafilomycin A1 was added where indicated to promote accumulation of lipidated LC3 (LC3-II). b, Cells were nutrient starved by culture in glucose-free medium without serum for indicated time points. 400 nM bafilomycin A1 was added where indicated to promote accumulation of lipidated LC3 (LC3-II). LC3-II spots enumerated by counting the number of punctae identified by LC3 bright detail intensity analysis in Fig. 3. 10,000 cells per sample were analysed, n = 4 mice. Scatterplot bars represent mean. c, Cells were nutrient starved by culture in amino-acid depleted medium without serum for indicated time points. 400 nM bafilomycin A1 was added where indicated to promote accumulation of lipidated LC3 (LC3-II). LC3-II area was quantified using image-based flow cytometry. d, Cells were cultured as in c (2 × 104 cells per well), followed by caspase 3 activity analysis using a luciferase-based caspase 3 substrate cleavage assay. e, Cells were treated with 2.5 μg ml−1 rapamycin for 4 h. 400 nM bafilomycin A1 was added where indicated. LC3-II area was quantified as in c. f, Cells were cultured as in e (2 × 104 cells per well), followed by caspase 3 activity analysis as in d. g, h, Bone-marrow-derived macrophages from control (LysMCre+Atg16l1wt/wt) or LysMCre+Atg16l1loxp/loxp mice were starved of glucose in the presence or absence of bafilomycin A1 for 4 h, and image-based flow cytometry used to measure the area occupied by punctate LC3 (LC3-II area, g) and LC3-II spots (h) for 10,000 cells per sample, n = 3 mice. Scatter plot bars represent mean. Data in a–h are representative of 2 independent experiments.


Extended Data Figure 9 Defective Y. enterocolitica clearance in T316A mutant or ATG16L1 deficient macrophages; comparable Y. enterocolitica invasion and caspase 3/7 activation in wild type and T316A macrophages.
a, Thioglycollate-elicited peritoneal macrophages (2 × 104 cells per well) were infected with 20 m.o.i. Y. enterocolitica for 30 min followed by 6 h of culture in gentamycin sulphate. Cells were lysed and caspase 3 activity measured using a luciferase-based caspase 3 activity assay. 2.0 μM staurosporine treatment for 3 h was used as a positive control for caspase 3 activation. zVAD-fmk was added where indicated to abolish caspase 3 activity. b, Thioglycollate-elicited peritoneal macrophages from LysMCre+Atg16l1+/+ or Atg16l1loxp/loxp mice (1.25 × 105 cells per well) were infected with Y. enterocolitica for 30 min followed by 6 h of culture in gentamycin sulphate. Bacterial c.f.u. were calculated following cell lysis. c, Thioglycollate-elicited peritoneal macrophages from WT and T316A mutant mice (1.25 × 105 cells per well) were infected with indicated m.o.i. of Y. enterocolitica for 30 min followed by 6 h of culture in gentamycin sulphate to measure pathogen clearance. n = 4 mice, scatterplot bars represent mean. d, Macrophages were infected as in c and immediately washed with gentamycin sulphate followed by cell lysis and plating to measure bacterial invasion. n = 4 mice, scatterplot bars represent mean. Data in a–d are representative of 2 independent experiments.


Extended Data Figure 10 Tnfa, Il1b and Il6 transcription and secretion by murine macrophages following stimulation with heat-killed Y. enterocolitica, TLR ligands and muramyl dipeptide (MDP, NOD2 ligand); ileal inflammation and systemic IL-1β release induced by oral gavage of Y. enterocolitica.
a–c, Thioglycollate-elicited peritoneal macrophages from WT or T316A mice were stimulated with heat-killed Y. enterocolitica (bacteria heated to 90 °C for 30 min) for indicated time points. a, Tnfa transcript levels were analysed by quantitative PCR, and TNF-α protein release was measured by ELISA. Cytokine transcript levels are normalized to Gapdh (2−ΔCt). b, Il1b transcript levels and IL-1β protein release measured as in a. c, Il6 transcript levels and IL-6 protein release measured as in a. d, e, TNF-α (d) and IL-6 (e) release from thioglycollate-elicited macrophages measured by ELISA following stimulation with indicated ligands for 24 h. f. IL-1β release from thioglycollate-elicited macrophages measured by ELISA following stimulation with LPS, MDP or both for 24 h. Data in a–f are representative of 2 independent experiments. g, Histological analysis (haematoxylin and eosin) depicting ileal but not colonic inflammation in WT and T316A mice 48 h following oral gavage of Y. enterocolitica. Images are representative of 3 PBS-treated and 7–8 Y. enterocolitica-infected mice. All mice were males aged 7–10 weeks. h, Serum ELISA of murine IL-1β 48 h following oral gavage of Y. enterocolitica. Data are pooled from 2 independent experiments of 3 PBS-treated and 7–8 Y. enterocolitica infected mice, all aged 7–10 weeks. Male mice were used in the first experiment; female mice were used in the second experiment. Dotted line depicts lower detection limit of the ELISA. Scatterplot bars depict means.
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