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            Abstract
Disease tolerance is the ability of the host to reduce the effect of infection on host fitness. Analysis of disease tolerance pathways could provide new approaches for treating infections and other inflammatory diseases. Typically, an initial exposure to bacterial lipopolysaccharide (LPS) induces a state of refractoriness to further LPS challenge (endotoxin tolerance). We found that a first exposure of mice to LPS activated the ligand-operated transcription factor aryl hydrocarbon receptor (AhR) and the hepatic enzyme tryptophan 2,3-dioxygenase, which provided an activating ligand to the former, to downregulate early inflammatory gene expression. However, on LPS rechallenge, AhR engaged in long-term regulation of systemic inflammation only in the presence of indoleamine 2,3-dioxygenase 1 (IDO1). AhR-complex-associated Src kinase activity promoted IDO1 phosphorylation and signalling ability. The resulting endotoxin-tolerant state was found to protect mice against immunopathology in Gram-negative and Gram-positive infections, pointing to a role for AhR in contributing to host fitness.
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                    Figure 1: Increased susceptibility of Tdo2â€“/â€“ and Ahrâ€“/â€“ mice to primary LPS challenge.[image: ]


Figure 2: l-kynurenine (Kyn) is an endogenous AhR ligand.[image: ]


Figure 3: Absolute requirement for AhR, functional IDO1 and TGF-Î² in LPS tolerance.[image: ]


Figure 4: LPS tolerance induces AhR- and Src-dependent IDO1 phosphorylation.[image: ]


Figure 5: LPS tolerance ameliorates S. Typhimurium infection.[image: ]


Figure 6: LPS tolerance protects against Streptococcus immunopathology.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Increased susceptibility to primary LPS challenge in mice treated with a TDO2 inhibitor.
a, Twelve hours before LPS challenge (10Â mg per kg), WT mice were treated with vehicle, the IDO1 and IDO2 inhibitor 1-MT (200Â mg per kg), or the TDO2 inhibitor 680C91 (10Â mg per kg), control groups receiving 1-MT or 680C91 but no LPS. Survival was monitored every 24Â h through day 8 of LPS challenge (n = 10 mice per group per experiment, in one out of three). **PÂ <Â 0.001 (log-rank test). b, Estimation of LD50 (mg per kg) in mice treated with 1.25, 2.5, 5, 10, 20, 40, or 80Â mg per kg LPS. n = 10 per group per dose. LD50 values were calculated by curve-fitting (r2Â â‰¥Â 0.95) in one experiment representative of two.


Extended Data Figure 2 Lack of endogenous IL-10 increases susceptibility to endotoxaemia.
a, Survival of WT mice exposed to 10Â mg per kg LPS in the presence of antiâ€“IL-10 (0.2Â mg per mouse daily, for 4 d, commencing 6Â h before challenge) or an isotype control. Data are from three independent experiments (meanÂ Â±Â s.d.). b, Survival of WT and Il10â€“/â€“ mice treated with 10Â mg per kg LPS. **PÂ <Â 0.001 (log-rank test). c, Survival curves of mice of different genotypes challenged with 10Â mg per kg LPS, with or without therapeutic subcutaneous IL-10 at 250Â ng per mouse, daily, from challenge (day 0) through day 5. *PÂ <Â 0.05 (IL-10 versus vehicle). The data show that exogenous IL-10 compensates for both the TDO2 and AhR defects at the lower LPS dosage. IL-10 is protective only in TDO2 knockouts when 20Â mg per kg LPS is used.


Extended Data Figure 3 Mutation of GlnÂ 377 to Ala in AhR PAS-B domain does not alter receptor half-life, and apparently results in increased TCDD ligand potency.
a, AhR-deficient cDCs were transfected with WT or AhR(Q377A). After 24Â h, cells were incubated with cycloheximide (CXM) (10Â ÂµgÂ mlâˆ’1) and harvested at different times, lysed, and analysed for AhR expression by immunoblotting, using a specific antibody. Î²-tubulin was used as a loading control. Data are from one experiment of three. b, Ratios (meansÂ Â±Â s.d. of three experiments) of WT or AhR(Q377A) to Î²-tubulin in transfected cDCs at different times of CHX treatment. (No differences by Studentâ€™s t-test.)


Extended Data Figure 4 LPS tolerance potentiates IDO1 expression and AhR activation in splenic cDCs.
a, b, Real-time PCR analysis of Ido1 mRNA expression and immunoblot analysis of IDO1 protein in peritoneal exudate macrophages (MÎ¦) and neutrophils (Neu) (a), as well as in splenic conventional DCs (cDCs) or plasmacytoid DCs (pDCs) (b). Cells were harvested and purified at 24Â h (a) or 72Â h (b) of LPS rechallenge. For comparison, samples were included from mice on first exposure to 40Â mg per kg LPS (unprimed), as opposed to tolerized mice (primed). Data of Ido1 mRNA fold induction are presented as meansÂ Â±Â s.d. of three experiments; *PÂ <Â 0.05 and **PÂ <Â 0.001, Shapiro test. Immunoblotting data are from one experiment of three. c, Real-time PCR analysis of Ahr and Cyp1a1 transcript expressions in cDCs from the same mice as in b. **PÂ <Â 0.001, Shapiro test.


Extended Data Figure 5 Absolute requirement for functional AhR, but not TDO2, in LPS tolerance manifestations.
a, Survival curves of WT and LPS-primed (0.5Â mg per kg, day 0) WT (prWT) and AhR-deficient (prAhrâ€“/â€“) mice after a second challenge (on day +7) with 40Â mg per kg LPS. Survival was monitored every 24Â h through day 8 of LPS challenge. n = 8â€“10 mice per group per experiment. One experiment of three. *PÂ <Â 0.05, log-rank test. b, Survival curves of WT and LPS-primed (10Â mg per kg, day 0) WT (prWT) and TDO2-deficient (prTdo2â€“/â€“) mice after a second challenge (on day +7) with 40Â mg per kg LPS. Survival was monitored every 24Â h through day 8 of LPS challenge. n = 8â€“10 mice per group per experiment. One experiment of three. **PÂ <Â 0.001, log-rank test.


Extended Data Figure 6 Bioinformatic data from myeloid cDCs data sets.
a, Expression changes of tyrosine kinases in LPS-primed myeloid DCs compared to untreated counterparts. b, Log2 fold changes, depicted as mean values and standard errors.


Extended Data Figure 7 LPS tolerance modulates cytokine production and Foxp3 and Rorc transcription in S. Typhimurium infection.
a, IL-6, IL-1Î², TNF-Î±, IL-10, and TGF-Î² were measured in caecum cell supernatants from LPS-tolerant mice infected with S. enterica Typhimurium. Data are from three independent experiments (meansÂ Â±Â s.d.). *PÂ <Â 0.05 and **PÂ <Â 0.001 (Studentâ€™s t-test). b, RTâ€“PCR expression of Foxp3 and Rorc transcripts in mesenteric lymph node cells from LPS-tolerant, Salmonella-infected mice. Data (meanÂ Â±Â s.d. of three experiments) are presented as normalized transcript expression in the samples relative to normalized transcript expression in control cultures (that is, cells from vehicle-treated mice, in which fold change = 1; dotted line). *PÂ <Â 0.05; **PÂ <Â 0.001 (Shapiro test).


Extended Data Figure 8 Ahrâ€“/â€“ and Idoâ€“/â€“ mice are more susceptible than WT mice to S. Typhimurium infection.
a, Naive mice of different genotypes were challenged intragastrically with S. Typhimurium. Mortality data were recorded (**PÂ <Â 0.001, WT versus all other genotypes; log-rank test). b, Haematoxylin and eosin staining of mouse caeca was performed at 7Â days of infection. Scale bars, 50Â Î¼m. One of three experiments. c, Transcript expressions of Il17a, Rorc, Il10, and Foxp3 were quantified in mesenteric lymph node cells. Data (meanÂ Â±Â s.d. of three experiments) are presented as normalized transcript expression in the samples relative to normalized transcript expression in cells from uninfected donors, in which fold change = 1. **PÂ <Â 0.001 (Shapiro test).


Extended Data Figure 9 LPS tolerance modulates Foxp3 and Rorc transcription in GBS infection.
RTâ€“PCR expression of Foxp3 and Rorc transcripts in joint-draining lymph node cells from LPS-tolerant, GBS-infected mice. Data (meanÂ Â±Â s.d. of three experiments) are presented as normalized transcript expression in the samples relative to normalized transcript expression in control cells (that is, cells from vehicle-treated mice, in which fold change = 1; dotted line). **PÂ <Â 0.001 (Shapiro test).


Extended Data Figure 10 Ahrâ€“/â€“ and Idoâ€“/â€“ mice are more susceptible than WT mice to GBS immunopathology.
a, Naive mice of different genotypes were infected with GBS (107 c.f.u.). Mortality data were recorded (*PÂ <Â 0.05 and **PÂ <Â 0.001, WT versus all other genotypes; log-rank test). b, Haematoxylin and eosin staining of joints was performed at 10Â days of infection. Scale bars, 100Â Î¼m. One of three experiments. c, Transcript expressions of Il17a, Rorc, Il10, and Foxp3 were quantified in joint-draining lymph nodes. Data (meanÂ Â±Â s.d. of three experiments) are presented as normalized transcript expression in the samples relative to normalized transcript expression in cells from uninfected donors, in which fold change = 1. **PÂ <Â 0.001 (Shapiro test).
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        Editorial Summary
Endotoxin tolerance link to tryptophan catabolism
Endotoxin tolerance is an aspect of innate immunity in which prior exposure to a bacterial endotoxin (or lipopolysaccharide) reduces the host's response to subsequent exposure. Despite a recent resurgence of interest in this effect, the underlying mechanisms are poorly understood. This paper shows that the development of endotoxin tolerance is dependent on tryptophan catabolism through the sequential involvement of the metabolic enzymes indoleamine 2,3-dioxygenase 1 (IDO1) and tryptophan 2,3-dioxygenase (TDO2). This leads to kynurenine production which activates the aryl hydrocarbon receptor AhR. Primary endotoxin challenge is controlled by AhR, TDO2 and interleukin, whereas sustained tolerance requires AhR, IDO1 and the cytokine TGF-Î², allowing for pathogen clearance with little immunopathology.
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