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The lipid virulence factors of Mycobacterium tuberculosis exert multilayered control over autophagy-related pathways in infected human macrophages
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Autophagy is an important innate immune defense mechanism that controls Mycobacterium tuberculosis (Mtb) growth inside macrophages. Autophagy machinery targets Mtbcontaining phagosomes via xenophagy after damage to the phagosomal membrane due to the Type VII secretion system Esx-1 or via LC3-associated phagocytosis without phagosomal damage. Conversely, Mtb restricts autophagy-related pathways via the production of various bacterial protein factors. Although bacterial lipids are known to play strategic functions in Mtb pathogenesis, their role in autophagy manipulation remains largely unexplored.

Here, we report that the lipid virulence factors sulfoglycolipids (SL) and phthiocerol dimycocerosates (DIM) control autophagy-related pathways through distinct mechanisms in human macrophages. Using knock-out and knock-in mutants of Mtb and M.bovis BCG (Bacille Calmette Guerin) and purified lipids, we found that (i) Mtb mutant with DIM and SL deficiencies promotes functional autophagy via a MyD88-dependent and phagosomal damage-independent pathway in human macrophages; (ii) SL limit this pathway by acting as TLR2 antagonists; (iii) DIM prevent phagosomal damage-independent autophagy while promoting Esx-1-dependent xenophagy; (iv) and DIM, but not SL, limit the acidification of LC3-positive Mtb compartments.

In total, our study reveals an unexpected and intricate role for Mtb lipid virulence factors in controlling autophagy-related pathways in human macrophages, thus providing further insight into the autophagy manipulation tactics deployed by intracellular bacterial pathogens.

Mtb mutant deficient in DIM and SL promotes autophagy activation

Autophagy mediated by Mtb mutant deficient in DIM and SL is not associated with ubiquitin coating or galectin-3 recruitment

DIM limit phagosomal damageindependent autophagy while promoting Esx-1-dependent autophagy

DIM, but not SL, limit acidification of LC3-positive compartments containing Mtb

Schematic representation of SL and DIM action in autophagy-related pathways in Mtb-infected human macrophages

Figure 7: Mtb resides inside either a damaged or an intact phagosome 1 . The Type VII secretion system Esx-1 promotes phagosomal damage, which leads to xenophagy 2 . However, Esx-1 can also inhibit autophagic flux via an unknown mechanism [START_REF] Romagnoli | ESX-1 dependent impairment of autophagic flux by Mycobacterium tuberculosis in human dendritic cells[END_REF] .

Here, we found that (i) SL limit TLR/MyD88-dependent and phagosomal damage-independent autophagy by acting as a TLR2 antagonist (1). (ii) DIM prevent, to some extent, phagosomal damage-independent autophagy (dotted line) (1) while triggering xenophagy by favoring Esx-1-dependent phagosomal damage (2). (iii) Finally, DIM, but not SL, limit the acidification of LC3positive compartments containing Mtb (3). Ubi: ubiquitin; Gal3: galectin-3. In terms of colors, autophagy modulation by SL and DIM is shown in red (inhibition) and green (activation).
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 1 Figure 1: Macrophages were infected for 1 h with the indicated GFP (green fluorescent protein)-expressing Mtb strains; fixed at 2 h, 48 h, 72 h, or 96 h postinfection (p.i.); permeabilized; incubated with antibody against endogenous LC3; and then stained with Alexa-568-labeled secondary antibody. Specimens were analyzed using confocal fluorescence microscopy. (A) Representative confocal images of hMDMs (human monocyte derived macrophages) infected with GFP-expressing Mtb (green channel) at 72 h postinfection, stained for endogenous LC3 (red channel). Scale bar, 5 µm. (B) A quantification of the percentage of Mtb compartments colocalized with LC3 at 2 h and 72 h postinfection in hMDMs. Data are the mean ± s.e.m (standard error of mean); 160-200 fields from four independent experiments; ** p < 0.01; *** p < 0.001 (unpaired t-test). (C) A quantification of the percentage of Mtb compartments colocalized with LC3 at 48 h, 72 h, and 96 h postinfection in THP-1 macrophages. Data are the mean ± s.e.m; 90 fields from three independent experiments; *** p < 0.001 (unpaired t-test). WT: Mtb wild-type; PMM127: Mtb mutant lacking DIM and SL; PMM127/DIM: Mtb mutant lacking SL ; PMM127/SL: Mtb mutant lacking DIM.
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 23 Figure 2: (A-D) THP-1 macrophages were infected for 1 h with the indicated GFP-expressing Mtb strains; fixed at 48 h, 72 h, or 96 h postinfection; permeabilized; incubated with antibodies against endogenous Beclin-1 (A,C) or Atg16L1 (B,D); and then stained with Alexa-568-labeled secondary antibody. Specimens were analyzed using confocal fluorescence microscopy. (A,B) Representative confocal images of macrophages infected with GFP-expressing Mtb (green channel) at 48 h postinfection, stained for Beclin-1 (A) or Atg16L1 (B) (red channel). The boxed areas in the left-hand panels are magnifications of the right-hand panels. Scale bars are 10 μm (left panels) or 2 μm (right panels). (C,D) A quantification of the percentage of Mtb compartments colocalized with Beclin-1 (C) or Atg16L1 (D) at 48 h, 72 h, and 96 h postinfection. Data are the mean ± s.e.m; 90 fields from three independent experiments; *** p < 0.0001 (unpaired t-test). (E) THP-1 macrophages were infected for 1 h with the indicated Mtb strains and lysed 48 h postinfection. Cells were treated with or without 100 nM Bafilomycin A1 (BafA1) during the last 2 h postinfection. Lysates were analyzed using immunoblotting with anti-LC3 or anti-actin antibodies. The densitometric LC3-II/actin ratios are shown underneath the blot. The ratios were normalized to the ratio of noninfected (NI) cells in the absence of BafA1. Data are representative of two independent experiments. WT: Mtb wild-type; PMM127: Mtb mutant lacking DIM and SL
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 3 Figure3: (B) THP-1 macrophages were treated with different concentrations (μg/mL) of Pam3CSK4 (PAM) for 2 h, and then 100 nM bafilomycin A1 (BafA1) or a DMSO control was added for 2 h more. Lysates were analyzed using immunoblotting with anti-LC3 or anti-Actin antibodies. LC3-II/actin ratios were normalized to the ratio of cells without Pam3CSK4 and BafA1. (C) THP-1 macrophages were pretreated for 30 min with 10 μg/mL of SL synthetic analog and then incubated with 2.5 μg/mL Pam3CSK4 for 2 h. Then, 100 nM bafilomycin A1 (BafA1) was added for 2 h more. LC3-II/actin ratios were normalized to the ratio of cells without Pam3CSK4. Data are representative of two independent experiments. (D) THP-1 macrophages were pretreated for 60 min with 70 μM (100 μg/mL) of purified DIM and then incubated with 2.5 μg/mL Pam3CSK4 for 2 h. Then, 100 nM bafilomycin A1 (BafA1) was added for 2 h more. LC3-II/actin ratios were normalized to the ratio of cells without Pam3CSK4. Data are representative of two independent experiments.
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 4 Figure 4: THP-1 macrophages were infected for 1 h with the indicated GFP-expressing Mtb strains, fixed 72 h postinfection, permeabilized, incubated with antibodies against endogenous LC3 and ubiquitin (Ubi) or galectin-3 (Gal3), and then stained with Alexa-568-and Alexa-647labeled secondary antibodies. Specimens were analyzed using confocal fluorescence microscopy. (A,C) Representative confocal images of macrophages infected with GFP-expressing Mtb (green channel) and stained for LC3 (red channel) and ubiquitin or galectin-3 (cyan channel). White arrows indicate Mtb compartments positive for LC3 and ubiquitin (A) or galectin-3 (C). Scale bar, 5 μm. (B,D) Quantification of the percentage of Mtb compartments colocalized with LC3 that were positive for ubiquitin (B) or galectin-3 (D). Data are the mean ± s.e.m; 45-55 fields from three independent experiments; * p < 0.05; ** p < 0.01 (unpaired t-test). WT: Mtb wild-type; PMM127: Mtb mutant lacking DIM and SL.
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 5 Figure 5: (A) Quantification of the percentage of Mtb compartments colocalized with LC3 that were positive for ubiquitin or galectin-3. THP-1 macrophages were infected for 1 h with the indicated GFP-expressing Mtb strains, fixed 72 h postinfection, permeabilized, incubated with antibodies against endogenous LC3 and ubiquitin (Ubi) or galectin-3 (Gal3), and then stained with Alexa-568-and Alexa-647-labeled secondary antibodies. Specimens were analyzed using confocal fluorescence microscopy. Data are the mean ± s.e.m; 45-55 fields from three independent experiments; * p < 0.05; ** p < 0.01 (unpaired t-test). (B,C) Here, hMDMs were infected for 1 h with the indicated GFP-expressing BCG (Bacille Calmette Guerin) strains, fixed 72 h postinfection, permeabilized, incubated with antibodies against endogenous LC3 and ubiquitin (Ubi), and then stained with Alexa-568-and Alexa-647-labeled secondary antibodies. Specimens were analyzed using confocal fluorescence microscopy. (B) Quantification of the percentage of BCG compartments colocalized with LC3 that were positive for ubiquitin. Data are the mean ± s.e.m; 45 fields from three independent experiments. (C) Quantification of the percentage of BCG compartments colocalized with LC3. Data are the mean ± s.e.m; 90 fields from three independent experiments. The inset is a repartition of LC3-positive/ubiquitin-positive and LC3-positive/ubiquitinnegative for BCG::Esx-1 wild-type (WT) or a Δmas mutant (DIM-deficient). * p < 0.05; ** p < 0.01; *** p < 0.001; ns: not significant (unpaired t-test). WT M. bovis BCG Pasteur 1173P2 (DIM positive, Esx-1 negative), M. bovis BCG::ESX-1 (DIM positive, Esx-1 positive), BCGΔmas (DIM negative, Esx-1 negative), and BCGΔmas::ESX-1 (DIM negative, Esx-1 positive). PMM127: Mtb mutant lacking DIM and SL; PMM127/DIM: Mtb mutant lacking SL ; PMM127/SL: Mtb mutant lacking DIM.
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 6 Figure 6: THP-1 macrophages were infected for 1 h with the indicated GFP-expressing Mtb strains (MOI = 5) and fixed 72 h postinfection. Cells were incubated with LysoTracker Red (LTR) during the last 2 h postinfection. Fixed cells were then permeabilized, incubated with antibodies against endogenous LC3, and stained with Alexa-647-labeled secondary antibody. Specimens were analyzed using confocal fluorescence microscopy. (A) Representative confocal images of macrophages infected with GFP-expressing Mtb (green channel), labeled with LysoTracker Red (LTR, red channel) and stained with LC3 (cyan channel). White arrows indicate acidified LC3-positive Mtb compartments. Scale bar, 5 μm. (B) Quantification of the percentage of Mtb compartments colocalized with LC3 that were positive for LTR. Data are the mean ± s.e.m; 60 fields from three independent experiments; *** p < 0.001; ns: not significant (unpaired t-test). WT: Mtb wild-type; PMM127: Mtb mutant lacking DIM and SL; PMM127/DIM: Mtb mutant lacking SL; PMM127/SL: Mtb mutant lacking DIM.
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