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            Abstract
Nucleic acid-sensing Toll-like receptors (TLRs) are subject to complex regulation to facilitate the recognition of microbial DNA and RNA while limiting the recognition of an organismâ€™s own nucleic acids1. Failure to properly regulate these TLRs can lead to autoimmune and autoinflammatory diseases2,3,4,5,6. Intracellular localization of these receptors is thought to be crucial for the discrimination between self and non-self7, but the molecular mechanisms that reinforce compartmentalized activation of intracellular TLRs remain poorly understood. Here we describe a mechanism that prevents the activation of TLR9 from locations other than endosomes. This control is achieved through the regulated release of the receptor from its trafficking chaperone UNC93B1, which occurs only within endosomes and is required for ligand binding and signal transduction. Preventing release of TLR9 from UNC93B1, either by mutations in UNC93B1 that increase affinity for TLR9 or through an artificial tether that impairs release, results in defective signalling. Whereas TLR9 and TLR3 are released from UNC93B1, TLR7 does not dissociate from UNC93B1 in endosomes and is regulated by distinct mechanisms. This work defines a checkpoint that reinforces the compartmentalized activation of TLR9, and provides a mechanism by which activation of individual endosomal TLRs may be distinctly regulated.
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                    Fig. 1: A UNC93B1 mutation results in defective TLR9 signalling despite normal trafficking.


Fig. 2: UNC93B1(S282A) attenuates ligand binding and increases association with TLR9.


Fig. 3: TLR9, but not TLR7, must release from UNC93B1 for signalling.


Fig. 4: Release from UNC93B1 is required for TLR9 function in vivo.
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              The datasets generated during and/or analysed during the current study are either included within the manuscript or are available from the corresponding author on reasonable request. Source Data for Fig. 4 and Extended Data Fig. 10 are included in the online version of the paper. Gel source data can be found in Supplementary Fig. 1.
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Extended data figures and tables

Extended Data Fig. 1 A luminal UNC93B1 mutation results in defective TLR9 signalling despite normal trafficking.
a, Colocalization of UNC93B1 (red) and LAMP1 (green) in macrophages expressing the indicated UNC93B1 alleles using super-resolution structured illumination microscopy. Representative images are shown. Boxed areas are magnified. The plot shows quantification of the percentage of total UNC93B1 within LAMP1+ endosomes. Each dot represents an individual cell. P values determined by unpaired two-tailed Studentâ€™s t-test. Data are from a single experiment. Scale bars, 10Â Âµm. b, UNC93B1(S282A) is sufficient for the TLR9 signalling defect. NF-ÎºB luciferase assay in HEK293T cells stimulated with CpG-B (1Â ÂµM) for 16Â h. Data are normalized to UNC93B1-independent human IL-1Î² responses and expressed as luciferase fold change over unstimulated controls. nÂ =Â 3 biological replicates. ***PÂ <Â 0.0001, determined by unpaired two-tailed Studentâ€™s t-test. Blot below shows UNC93B1 expression levels. c, Intracellular cytokine staining of TNF in macrophage lines expressing the indicated UNC93B1 alleles after stimulation with CpG-B (1Â ÂµM), R848 (100Â ngÂ mlâˆ’1), poly(I:C) (100Â ngÂ mlâˆ’1), Sa19 (a TLR13-specific RNA agonist; 200Â ngÂ mlâˆ’1), flagellin (100Â ngÂ mlâˆ’1) or LPS (10Â ngÂ mlâˆ’1). Grey histograms show unstimulated controls. d, e, TNF production of the indicated macrophage lines after 8Â h stimulation with increasing concentrations of CpG-A (d), or LPS (50Â ngÂ mlâˆ’1) (e). nÂ =Â 2 biological replicates. ***PÂ <Â 0.0001, two-way ANOVA followed by a Tukeyâ€™s post-test (d) or one-way ANOVA followed by a Tukeyâ€™s post-test (e). f, qRTâ€“PCR analysis of Tnfa expression in the indicated macrophage lines 8Â h after stimulation with DOTAPâ€“CpG-A (1Â ÂµM) or LPS (10Â ngÂ mlâˆ’1). nÂ =Â 3 biological replicates. ***PÂ =Â 0.0003 (S282A versus WT), ***PÂ =Â 0.0002 (HR versus WT), unpaired two-tailed Studentâ€™s t-test. Data are meanÂ Â±Â s.d. and representative of two independent repeats unless noted otherwise.


Extended Data Fig. 2 UNC93B1(S282A) does not affect DNA delivery to TLR9-containing endosomes.
a, Uptake of Cy3-labelled CpG-B (1Â ÂµM) of macrophage lines expressing the indicated alleles of UNC93B1â€“Flag. Data are meanÂ Â±Â s.d. relative uptake compared to wild-type at 60Â min. nÂ =Â 3 biological replicates. P values determined by two-way ANOVA followed by a Tukeyâ€™s post-test (WT versus SKN). b, Colocalization of CpG-A (red), TLR9â€“HA (green) and LAMP1 (magenta) in macrophage lines shown in a after incubation with Cy3-labelled CpG-A (1Â ÂµM) for 2Â h using super-resolution structured illumination microscopy. Representative images are shown. Boxed areas and areas containing white lines are magnified. The histograms display fluorescent intensity plots of pixels along the white lines. Shaded areas highlight regions of colocalization of CpG-B, TLR9 and LAMP1. c, Quantification of the percentage of CpG-A colocalized with TLR9. Each dot represents an individual cell, nÂ =Â 4 (WT), nÂ =Â 5 (SKN) and nÂ =Â 5 (HR). Data are meanÂ Â±Â s.d. ***PÂ <Â 0.0001, unpaired two-tailed Studentâ€™s t-test. Scale bars, 5Â Âµm. Data are from a single experiment.


Extended Data Fig. 3 UNC93B1(S282A) does not affect TLR9 dimerization or the association between N-terminal and C-terminal cleavage products of TLR9.
a, Macrophage lines co-expressing TLR9â€“HA and TLR9â€“V5 together with the indicated UNC93B1â€“Flag alleles were subjected to haemagglutinin immunoprecipitation followed by V5 immunoblot. TLR9 levels in whole-cell lysates are also shown. b, Macrophage lines expressing TLR9â€“HA and the indicated UNC93B1â€“Flag alleles were subjected to immunoprecipitation with an anti-TLR9 antibody specific to the N-terminal cleavage fragment (B33A4), followed by immunoblot of the C-terminal TLR9 fragment with an anti-HA antibody. Data are representative of at least two independent experiments.


Extended Data Fig. 4 UNC93B1(S282A) shows a stronger interaction with TLR9, but not TLR7.
a, The UNC93B1 mutants SKN and S282A display a stronger association with TLR9. Immunoprecipitation of TLR9â€“HA from macrophage lines expressing the indicated UNC93B1 alleles, followed by immunoblot of UNC93B1â€“Flag. b, The UNC93B1 mutants SKN and S282A do not affect the interaction with TLR7. Immunoprecipitation of UNC93B1â€“Flag from macrophage lines expressing TLR7â€“HA and the indicated UNC93B1 alleles, followed by immunoblot of TLR7â€“HA. c, Immunoprecipitation of UNC93B1â€“Flag from macrophage lines expressing the indicated UNC93B1 alleles, followed by immunoblot of TLR9â€“HA. All blots are representative of at least two independent experiments. KA, K283A; NA, N284A; SA, S282A.


Extended Data Fig. 5 Identification of residues within loop 5 of UNC93B1 that mediate interaction with TLR9.
a, Schematic of the tested loop 5 mutants of UNC93B1 and the relative TLR9 responses indicated in shades of grey; white indicates a response equivalent to wild type, and black indicates no response. Asterisks show human UNC93B1 SNPs that have been tested in f. b, A larger region in loop 5 of UNC93B1 mediates binding to TLR9. Immunoprecipitation of UNC93B1â€“Flag from macrophage lines expressing the indicated UNC93B1 mutants (spanning amino acids 267â€“284, and non-functional HR) followed by immunoblot of TLR9â€“HA. Data are representative of two independent experiments. c, Intracellular cytokine staining of TNF in macrophage lines shown in b after stimulation with CpG-B (25Â nM), R848 (100Â ngÂ mlâˆ’1) or LPS (10Â ngÂ mlâˆ’1). Shaded histograms show unstimulated controls. Data are representative of three independent experiments. d, Schematics showing relative positions and sequence alignment (bottom) of swapped regions within the TLR9/3 chimaeras. Coloured regions indicate TLR3 sequences. NF-ÎºB luciferase assay in HEK293T cells transiently transfected with the indicated TLR9 and UNC93B1 mutants and stimulated with CpG-B (200Â nM) for 16Â h. Data are normalized to UNC93B1-independent human IL-1Î² responses and expressed as luciferase fold change over unstimulated controls. Data are meanÂ Â±Â s.d., nÂ =Â 3 biological replicates. PÂ values determined by two-way ANOVA followed by a Sidakâ€™s post-test comparing each TLR9 allele co-expressed with UNC93B1 WT versus S282A (TLR9WT: PÂ <Â 0.0001, TLR9Mut1: PÂ >Â 0.9999, TLR9Mut2: PÂ <Â 0.0001, TLR9Mut3: PÂ <Â 0.0001, TLR9Mut4: PÂ =Â 0.0020, TLR9Mut5: PÂ =Â 0.0171). Data are representative experiment of two independent repeats. e, TLR9 mutants that rescue signalling in the presence of UNC93B1(S282A) also show normal binding to UNC93B1(S282A). Haemagglutinin immunoprecipitation of the indicated TLR9 mutants transiently expressed in HEK293T cells stably expressing the indicated UNC93B1â€“Flag alleles, followed by immunoblot of UNC93B1â€“Flag. Data are representative of three independent experiments. f, Human UNC93B1 variants with SNPs in loop 5 show decreased TLR9 signalling. NF-ÎºB luciferase assay in HEK293T cells expressing TLR9 or TLR7 and the indicated human UNC93B1â€“Flag variants and stimulated with CpG-B (250Â nM) or R848 (250Â ngÂ mlâˆ’1) for 16Â h, respectively. Data are normalized to Renilla expression and expressed as RLUs. Data are meanÂ Â±Â s.d., nÂ =Â 3 biological replicates. P values are determined by one-way ANOVA followed by a Tukeyâ€™s post-test. For CpG-B stimulations: PÂ =Â 0.0048 (WT versus G270S), PÂ =Â 0.0113 (WT versus R277Q), PÂ =Â 0.9994 (WT versus G283R). Data are representative of four independent experiments. For R848 stimulations: PÂ =Â 0.2001 (WT versus G270S), PÂ =Â 0.0002 (WT versus R277Q), PÂ =Â 0.9933 (WT versus G283R). Data are representative of three independent repeats experiment. g, Expression levels of the UNC93B1 mutants used in f. *PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001.


Extended Data Fig. 6 Cellular fractionation showing the distribution profiles for CpG-Bâ€“biotin ligand and Î²-hexosaminidase.
Macrophages were stimulated for 4Â h with biotinylated CpG-B (1Â ÂµM) and subjected to subcellular fractionation by density-gradient centrifugation. The distributions of TLR9â€“HA, CpG-B, LAMP1 and Î²-hexosaminidase activity are shown. Data are representative of two independent experiments.


Extended Data Fig. 7 The TLR9â€“UNC93B1 association is reduced in endosomes compared to the ER.
a, Input controls of TLR9 and UNC93B1 (relates to Fig. 3b). TLR9 and UNC93B1 levels in pooled ER or endosome fractions from macrophage lines expressing TLR9â€“HA and the indicated UNC93B1 alleles. Data are representative of three independent experiments. b, Increased interaction between TLR9 and UNC93B1(S282A) in endosomes. Immunoprecipitation of UNC93B1â€“Flag from pooled endosome fractions followed by immunoblot for TLR9â€“HA. Input controls are also shown. Data are representative of three independent experiments. Bar graph shows the quantification of TLR9 bound to UNC93B1 in pooled endosome fractions, normalized by UNC93B1â€“Flag levels in endosome fractions. Data are meanÂ Â±Â s.d., each dot represents data from an independent experiment (nÂ =Â 3). *PÂ =Â 0.0413, unpaired two-tailed Studentâ€™s t-test. c, Release model of TLR9.


Extended Data Fig. 8 Tethering of TLR9 and UNC93B1.
a, Cysteine mutants of TLR9 and UNC93B1 do not affect trafficking of TLR9 to endosomes. Immunoblot of TLR9â€“HA from macrophage lines expressing the indicated TLR9â€“HA and UNC93B1â€“Flag cysteine mutants. Data are representative of two independent experiments. b, TLR9â€“HA immunoblot under non-reducing conditions after immunoprecipitation of TLR9â€“HA from macrophage lines shown in a. The high molecular mass band indicates disulfide bond formation between UNC93B1 and TLR9. Data are representative of two independent experiments. c, UNC93B1-tethered TLR9 is unable to signal. NF-ÎºB luciferase assay in HEK293T cells expressing the indicated cysteine mutant combinations and stimulated with CpG-B (1Â ÂµM) for 16Â h. Data are normalized to Renilla expression and expressed as luciferase fold change over unstimulated controls. Data are meanÂ Â±Â s.d., nÂ =Â 3 biological replicates. P values determined by unpaired two-tailed Studentâ€™s t-test. Data are representative of three independent experiments.


Extended Data Fig. 9 TLR3 but not TLR7 releases from UNC93B1 in endosomes.
a, Subcellular fractionation of macrophages lines showing the distributions of TLR3, TLR7 and TLR9 across fractions. The pooled endosome and ER fractions for subsequent co-immunoprecipitations are highlighted. b, Immunoprecipitation of TLR9â€“HA and TLR3â€“HA from pooled ER or endosome fractions of macrophage lines expressing wild-type UNC93B1. Immunoprecipitated TLRâ€“HA levels were normalized across fractions and probed for levels of UNC93B1â€“Flag. Bar graph shows the quantification of UNC93B1 bound to TLR3 between ER and endosome fractions. Data are meanÂ Â±Â s.d., each dot represents data from an independent experiment (nÂ =Â 3). **PÂ =Â 0.0039, paired two-tailed Studentâ€™s t-test. c, Input controls of TLR9, TLR7 and UNC93B1 in pooled ER and endosome fractions (relates to Fig. 3d). d, Less TLR3 or TLR9 is associated with wild-type UNC93B1 in pooled endosome fractions compared to TLR7. Immunoprecipitation of UNC93B1â€“Flag from pooled endosome fractions (as shown in a) followed by immunoblot for TLR3â€“HA, TLR7â€“HA or TLR9â€“HA. Bar graph shows the calculated relative proportion of UNC93B1-bound TLR compared to total amount of the same TLR in the pooled endosome fractions. Data are meanÂ Â±Â s.d., each dot represents data from an independent experiment (nÂ =Â 3). **PÂ =Â 0.0032 (TLR3 versus TLR7) and PÂ =Â 0.0036 (TLR7 versus TLR9), determined by unpaired two-tailed Studentâ€™s t-test. All immunoblots are representative of three independent experiments.


Extended Data Fig. 10 Generation of UNC93B1(S282A) knock-in mice and B-cell stimulation with LPS.
a, CRISPRâ€“Cas-9 strategy to generate UNC93B1(S282A) knock-in mice. Blue line indicates the guide sequence. Red bases indicated the edited codon. A representative sequencing trace of genomic DNA from an edited founder mouse is shown. b, B cell proliferation in CSFE-labelled splenocyte cultures of the indicated mouse genotypes after stimulation for 3Â days with increasing doses of LPS. The proliferation index is defined as the gMFI of CSFEunstim/CFSEsample, as in Fig. 4c. Each curve shows the dose response of cells from three mice. Data are meanÂ Â±Â s.d. P values determined by two-way ANOVA followed by a Sidakâ€™s post-test. c, Gating strategy for B cell stimulation assay.
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