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            Abstract
Tuberculosis remains second only to HIV/AIDS as the leading cause of mortality worldwide due to a single infectious agent1. Despite chemotherapy, the global tuberculosis epidemic has intensified because of HIV co-infection, the lack of an effective vaccine and the emergence of multi-drug-resistant bacteria2,3,4,5. Alternative host-directed strategies could be exploited to improve treatment efficacy and outcome, contain drug-resistant strains and reduce disease severity and mortality6. The innate inflammatory response elicited by Mycobacterium tuberculosis (Mtb) represents a logical host target7. Here we demonstrate that interleukin-1 (IL-1) confers host resistance through the induction of eicosanoids that limit excessive type I interferon (IFN) production and foster bacterial containment. We further show that, in infected mice and patients, reduced IL-1 responses and/or excessive type I IFN induction are linked to an eicosanoid imbalance associated with disease exacerbation. Host-directed immunotherapy with clinically approved drugs that augment prostaglandin E2 levels in these settings prevented acute mortality of Mtb-infected mice. Thus, IL-1 and type I IFNs represent two major counter-regulatory classes of inflammatory cytokines that control the outcome of Mtb infection and are functionally linked via eicosanoids. Our findings establish proof of concept for host-directed treatment strategies that manipulate the host eicosanoid network and represent feasible alternatives to conventional chemotherapy.
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                    Figure 1: IL-1 triggers PGE2 synthesis during Mtb infection.


Figure 2: IL-1 and PGE2 negatively regulate type I IFNs.


Figure 3: IL-1, interferon and eicosanoid pathways are engaged in active TB disease.


Figure 4: HDT targeting eicosanoids confers protection in highly susceptible mice associated with high type I IFN responses.
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Extended data figures and tables

Extended Data Figure 1 Lipid mediator production and COX2 expression in Il1r1âˆ’/âˆ’animals and mixed bone-marrow chimaeric mice after Mtb infection.
a, IL12/23 p40, TNF-Î± or NO measured in supernatants of WT and Il1r1âˆ’/âˆ’ BMDM after exposure to live Mtb (m.o.i. = 3). b, CD45.1/1 mice were lethally irradiated and reconstituted with equal ratios of WT (CD45.1/2) and Il1r1âˆ’/âˆ’(CD45.2/2) bone-marrow cells and infected with Mtb. c, Frequency of IL-12/23p40, TNF-Î± or iNOS expression in WT (white circles) or Il1r1âˆ’/âˆ’(KO, dark circles) total CD68pos mononuclear myeloid cells, gated as indicated. Each connecting line depicts an individual animal. Data in are representative of two independent experiments with 3â€“5 mice each. Paired t-tests P values are indicated (n.s., not significant). d, PGF2Î±, 15-Epi-LXA4, LXA4 or LTB4 concentrations in BALF 25Â days after Mtb infection of WT or Il1r1âˆ’/âˆ’ mice. e, Pulmonary single-cell suspensions from day 28 Mtb-infected WT mice were FACS-sorted based on indicated surface marker expression and cultured for 16Â h, with (white bars) or without addition of Mtb (grey bars), after which PGE2 was measured in culture supernatants. f, Analysis of donor bone-marrow derived CD68pos myeloid cells 4Â weeks p.i. in isolated lung cells marked by CD45.1 and CD45.2 expression for COX-2 protein expression (left, filled histogram: WT cells; thick line: Il1r1âˆ’/âˆ’ cells; dotted line: isotype control) and frequency (right) of COX-2 expression by WT (white circles) or Il1r1âˆ’/âˆ’(dark circles) total CD68pos mononuclear myeloid cells. Each connecting line depicts an individual animal. AU, arbitrary units. Data are representative of two independent experiments with 3â€“5 mice each. Paired t-tests P values are indicated (n.s., not significant).


Extended Data Figure 2 Characterization of extracellular bacilli in WT or IL-1-deficient macrophage cultures.
a, PGE2 measured in supernatants of WT and Il1r1âˆ’/âˆ’ or Il1Î±,Il1Î²âˆ’/âˆ’ BMDM after exposure to live Mtb (m.o.i. = 3). b, Ratio of PGE2 to LXA4 in WT or Il1r1âˆ’/âˆ’ BMDC 40Â h after live Mtb (m.o.i. = 10) infection. WT, Il1r1âˆ’/âˆ’ or Il1Î±,Il1Î²âˆ’/âˆ’ BMDM were infected with H37Rv Mtb (m.o.i. = 3) in vitro. c, d, 5Â days later free extracellular bacilli in each culture was assessed through microscopy on cytospin slides (c) as well as the frequency of infected macrophages (d). 4â€“5 view fields, a total of 454 macrophages, per experimental group, were blindly scored. Data shown are the meansÂ Â±Â s.d. and are representative of 2 independent experiments. ***PÂ â‰¤Â 0.0005 significant differences compared to WT cells. e, H37Rv-RFP (left panel) alone, BMDM alone (middle panel) or H37Rv-RFP mixed briefly with BMDM (right panel) to quantify free extracellular bacteria by flow cytometry. f, WT or Il1r1âˆ’/âˆ’ BMDM were infected with H37Rv-RFP (m.o.i. = 3) in vitro. Free bacteria in cultures were analysed by FACS at indicated time points. g, WT, Il1r1âˆ’/âˆ’ or Il1Î±,Il1Î²âˆ’/âˆ’ BMDM were infected with H37Rv-RFP (m.o.i. = 3) in vitro and in the presence or absence of recombinant murine IL-1Î±, IL-1Î² or both. 5Â days later cell-free bacteria were measured by FACS. ***PÂ â‰¤Â 0.0005 significant differences in indicated comparisons. Data shown are the meansÂ Â±Â s.d. and are representative of 2 independent experiments.


Extended Data Figure 3 Role of COX-2 in IL-1-dependent PGE2 synthesis and bacterial control.
a, c.f.u. at 5Â days after in vitro infection (m.o.i. = 3) of WT or Il1r1âˆ’/âˆ’ BMDM in the presence or absence of PGE2. b, c.f.u. at 5Â days after in vitro infection (m.o.i. = 3) of WT or Il1Î±,Il1Î²âˆ’/âˆ’ BMDM in the presence or absence of IL1, PGE2 or the COX-2 inhibitor valdecoxib (left) and PGE2 concentrations after 48Â h (right). c, c.f.u. at 5Â days after in vitro infection (m.o.i. = 3) of WT or Ptgs2(Y385F) enzymatic activity-deficient BMDM in the presence or absence of the COX-2 inhibitor valdecoxib (left) and PGE2 concentrations after 48Â h (right). d, PGE2 concentration in lungs (left) and serum (right) of 4-week Mtb-infected WT, Il1r1âˆ’/âˆ’ or ptgs2(Y385F) enzymatic activity-deficient animals. e, LXA4 and 15-Epi-LXA4 concentrations or in serum of 4Â weeks. Infected WT, Il1r1âˆ’/âˆ’ or ptgs2(Y385F) enzymatic activity-deficient animals after aerosol challenge with 100â€“150 c.f.u. H37Rv. *PÂ â‰¤Â 0.05 and **PÂ â‰¤Â 0.005, significant differences compared to WT. Data shown are the meansÂ Â±Â s.d. and are representative of 2 independent experiments. e, IL-1Î² concentration in supernatant of primary human monocyte derived macrophages from 35 healthy donors, 24Â h after Mtb infection (m.o.i. = 5) in relation to LDH levels in same cultures.


Extended Data Figure 4 IL-1 type I IFN crosstalk.
a, IL-1Î² and IL1Ra concentrations measured in BALF of WT or Ifnar1âˆ’/âˆ’ mice 4Â weeks p.i. b, PGE2/15-Epi-LXA4 and PGE2/LXA4 ratios, LXA4, and 15-Epi-LXA4 concentrations in supernatants of primary human MDM from 22 healthy donors, 24Â h after Mtb infection (m.o.i. = 5) in the presence or absence of rhIFN-Î². Differences were compared as indicated by lines. c, PGE2 concentrations in culture supernatants of primary human MDM from 7 healthy donors, 24Â h after Mtb infection (m.o.i. = 5) in the presence or absence of rhIFN-Î², rhIL-1Î± and Il-1Î² or PGE2. Differences were compared as indicated by lines. d, WT (white) or Il1Î±,Il1Î²âˆ’/âˆ’ (light grey) BMDM were infected with increasing m.o.i. of Mtb in vitro. mRNA expression of indicated genes was determined at 40Â h. e, WT (white) or Il1Î±,Il1Î²âˆ’/âˆ’ (light grey) BMDM were infected with m.o.i. = 3 of Mtb in vitro in the presence or absence of recombinant murine IL-1Î±, IL-1Î² or both. mRNA expression of indicated genes was determined at 40Â h. Data shown are the meansÂ Â±Â s.d. and are representative of 2 independent experiments.


Extended Data Figure 5 Cytokine expression in Mtb-infected pICLC-treated WT mice.
WT mice were treated with pICLC (+) or without (âˆ’, PBS) intranasally twice a week, starting day 1 after aerosol challenge with Mtb. aâ€“c, c.f.u. (a), FACS analysis of dead cells (b) and indicated cytokines measured in BALF at 4Â weeks post infection (c). d, Indicated cytokines and eicosanoids were measured by ELISA in lung homogenates, BALF and serum 4Â weeks p.i. Data are representative of a minimum of 3 independent experiments with a minimum of 4 mice per group.


Extended Data Figure 6 PGE2 administration and 5â€“LO inhibition in IL-1-deficient animals reduces necrotic pathology and increases bacterial control.
a, Experimental design for host-directed therapy with PGE2 and zileuton in Mtb-infected mice. b, Weight loss (travelling error bars indicate s.d., n = 6) during Mtb infection of WT (left) or Il1Î±,Il1Î²âˆ’/âˆ’ (right) mice treated with or without i.n. PGE2 and zileuton. c, d, Bacterial loads in BALF (c) or FACS analysis (d) of dead cells 21Â days after aerosol exposure to Mtb (H37Rv) in lungs of WT or Il1Î±,Il1Î²âˆ’/âˆ’ treated with or without i.n. PGE2 and zileuton. e, Representative haematoxylin-and-eosin-staining of lung lobes of untreated Il1r1âˆ’/âˆ’ or treated Il1r1âˆ’/âˆ’ with i.n. PGE2 and zileuton in drinking water (top panels). Bottom panels show the relative number of acid fast bacilli, lung inflammation (% lung affected, mean granuloma sizes) and degree of necrosis scored blindly by a trained pathologist. Differences were compared as indicated by lines. Data shown are representative of two independent experiments with a minimum of 6 mice per group. f, Survival after aerosol exposure to Mtb (H37Rv) of Ifngâˆ’/âˆ’ (top panel) or Tnfaâˆ’/âˆ’ (bottom panel) untreated (PBS) or treated i.n. PGE2 (twice a week) and zileuton (in drinking water) starting at day 1 p.i. Data shown are representative of three independent experiments with a minimum of 4 mice per group. g, Survival after aerosol exposure to Mtb (H37Rv) of Il1r1âˆ’/âˆ’ (top panel) treated with either PGE2 or zileuton. Data shown are representative of two independent experiments with a minimum of 4 mice per group. Bottom panel shows survival of Il1r1âˆ’/âˆ’, Alox5âˆ’/âˆ’ or Il1r1,Alox5âˆ’/âˆ’ mice. Data shown are representative of three independent experiments with a minimum of 4 mice per group.


Extended Data Figure 7 PGE2 and/or 5â€“LO inhibition in pICLC-treated WT mice reduces necrotic pathology and increases bacterial control.
a, WT mice were treated with pICLC or without (PBS) intranasal twice a week, starting day 1 after aerosol challenge with Mtb. Representative haematoxylin-and-eosin-staining of lung lobes of untreated WT (PBS), pICLC-treated or pICLC-treated with i.n. PGE2 and zileuton in drinking water (left panels) threeÂ weeks after Mtb infection. Right panels show the relative number of acid fast bacilli, lung inflammation (% lung affected, mean granuloma sizes) and degree of necrosis scored blindly by a trained pathologist. Differences were compared as indicated by lines. Data shown are representative of two independent experiments with a minimum of 4 mice per group. b, WT mice were treated as indicated in figure. Weight loss in experimental groups was normalized to time of moribundity of last remaining mouse in pICLC group (between day 40 and day 100, depending on experiment). For pICLC group (black), weight loss is shown for each animal at time of moribundity. Data shown are combined from three individual experiments with 3â€“7 mice per group. Differences were compared to pICLC (black) group. c, WT mice were untreated (PBS) treated with pICLC or pICLC, PGE2 and zileuton intranasally starting day 1 after aerosol challenge with Mtb. 3Â weeks post infection IL1Ra was measured by ELISA in BALF and serum. Data shown are representative of two independent experiments with a minimum of 4 mice per group. d, Bacterial loads 28Â days after aerosol exposure to Mtb (H37Rv) in BALF of pICLC-treated WT (black) mice with or without i.n. PGE2 (yellow) or zileuton (orange) or a combination of both (red) as indicated in figure. e, PGE2 and IFN-Î² concentrations in BALF of indicated mice 4Â weeks p.i. ***PÂ â‰¤Â 0.0005, significant differences compared to pICLC (black)-treated group. Data shown are representative of three independent experiments with a minimum of 4 mice per group.


Extended Data Figure 8 Host-directed therapy with PGE2 and zileuton does not interfere with antibiotic treatment.
Bacterial loads in C3HeB/FeJ mice 43Â days p.i. with 100â€“150 c.f.u. H37Rv, treated or untreated with PGE2 intranasally and zileuton in drinking water. Starting day 24 p.i. antibiotic treatment with rifampicin, pyrazinamide and isoniazid was given 5Ã— a week until oneÂ day before collection. a, b, Bacterial loads in BALF (a) and lungs (b). Differences were compared as indicated by lines. Data shown are from one experiment with 5â€“7 mice per group.


Extended Data Figure 9 IL-10, but not LTB4 or 12/15-LO, is required for type I IFN-driven disease exacerbation of pICLC-treated WT animals infected with Mtb.
a, WT or Ifnar1âˆ’/âˆ’ mice were treated with pICLC or without (PBS) intranasal twice a week, starting day 1 after aerosol challenge with Mtb. Weight loss in experimental groups was normalized to time of moribundity of last remaining mouse in pICLC group (black) for each independent experiment. For pICLC group (black), weight loss is shown for each animal at time of moribundity. Data shown are combined from two individual experiments with 3â€“7 mice per group. Differences were compared as indicated by lines. b, WT or Alox5âˆ’/âˆ’ mice were treated with pICLC or without (PBS) intranasally twice a week or administered zileuton in the drinking water. Data shown are representative of two individual experiments with 4â€“8 mice per group. Differences were compared as indicated by lines. c, WT or Il10âˆ’/âˆ’ mice were treated with pICLC or without (PBS) intranasally twice a week. For pICLC group (black), weight loss is shown for each animal at time of moribundity. Data shown are representative of two individual experiments with 3â€“8 mice per group. Differences were compared as indicated by lines. Survival (right panel) of WT or Il10âˆ’/âˆ’ mice treated with (dark grey lines) or without (light grey lines). Data shown are representative of two individual experiments with 4â€“6 mice per group. d, WT, 12/15-LOâˆ’/âˆ’, Ltb4r1âˆ’/âˆ’ mice were treated with pICLC or without (PBS) intranasally twice a week. For pICLC groups, weight loss is shown for each animal at time of moribundity. Data shown are representative of two individual experiments with 5â€“7 mice per group. Differences were compared to PBS controls in each mouse strain. Survival of WT or 12/15-LOâˆ’/âˆ’ mice (middle panel) treated with pICLC (dark blue lines) or without (light blue lines). Data shown are representative of two individual experiments with 4â€“6 mice per group. Survival of WT or Ltb4r1âˆ’/âˆ’ mice (right panel) treated with pICLC (burgundy lines) or without (brown lines). Data shown are representative of two individual experiments with 4â€“6 mice per group.


Extended Data Figure 10 Schematic summary of IL-1â€“type I IFN counter-regulation during Mtb infection.
a, Virulent Mtb directly induces IL-1Î± and IL-1Î² as well as type I IFNs in myelophagocytic cells. Whereas IL-1 is required for bacterial control, type I IFNs are considered detrimental because they can exert pro-bacterial effects. During low-dose aerosol infection in WT B6 mice the balance of these two pathways establishes an inflammatory equilibrium that allows for containment of bacilli and chronic infection and thus models certain aspects associated with latency in TB patients. This is achieved by an antagonist relationship whereby type I IFNs inhibit IL-1Î±/Î² directly as well as through induction of IL-10 and IL1Ra, while in the opposing direction IL-1Î±/Î² limit type I IFNs through COX-2-mediated PGE2 induction. b, In the absence of IL-1, PGE2 fails to inhibit type I IFNs and the equilibrium is disturbed. This leads to excessive type I IFN expression that in turn causes increased bacterial replication and pathology, thus modelling the type I IFN-associated uncontrolled active disease that occurs in a subset of TB patients20,21,22. c, Likewise, experimental induction of type I IFNs by pICLC or viral co-infections33 creates a detrimental environment with uncontrolled bacterial growth and extracellular bacteria, ultimately resulting in loss of host resistance and increased mortality. d, HDT targeting PGE2, either directly or indirectly by enhancing PGE2 levels via 5-LO inhibition with zileuton, returns the system to a non-pathological steady state by limiting type I IFN-driven disease exacerbation, bacterial replication and pulmonary necrosis. Green arrows indicate inductive and red lines inhibitory pathways.
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        Editorial Summary
TB treatment targets innate immunity
Tuberculosis is re-emerging as a major threat to public health following the spread of multi-drug-resistant Mycobacterium tuberculosis and complications caused by the HIV epidemic. And there is still no globally effective vaccine. Now a collaboration between laboratories across the United States and in Brazil, China and India has developed an immunotherapeutic approach that targets innate immunity in a mouse tuberculosis model through the manipulation of the cytokines interferon (present in excess in active tuberculosis) and interleukin-1 (thought to have protective effects). Katrin Mayer-Barber and colleagues show that these cytokines are functionally linked through the eicosanoids. This work serves as a proof of concept for treatments directed at the host eicosanoid network, and suggests feasible alternatives to conventional chemotherapy.
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