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Macrophages are the host cells and the frontline defense against Mycobacterium tuberculosis (Mtb) infection, and the form of death of infected macrophages plays a pivotal role in the outcome of Mtb infections. Ferroptosis, a programmed necrotic cell death induced by overwhelming lipid peroxidation, was confirmed as one of the mechanisms of Mtb spread following infection and the pathogenesis of tuberculosis (TB). However, the mechanism underlying the macrophage ferroptosis induced by Mtb infection has not yet been fully understood. In the present study, transcriptome analysis revealed the upregulation of heme oxygenase-1 (HMOX1) and pro-ferroptosis cytokines, but downregulation of glutathione peroxidase 4 (GPX4) and other key anti-lipid peroxidation factors in the peripheral blood of both patients with extra-pulmonary tuberculosis (EPTB) and pulmonary tuberculosis (PTB). This finding was further corroborated in mice and RAW264.7 murine macrophage-like cells infected with Bacillus Calmette-Guerin (BCG). A mechanistic study further demonstrated that heme oxygenase-1 protein (HO-1) regulated the production of reactive oxygen species (ROS) and iron metabolism, and ferroptosis in BCG-infected murine macrophages. The knockdown of Hmox1 by siRNA resulted in a significant increase of intracellular ROS, Fe2+, and iron autophagy-mediated factor Ncoa4, along with the reduction of antioxidant factors Gpx4 and Fsp1 in macrophages infected with BCG. The siRNA-mediated knockdown of Hmox1 also reduced cell survival rate and increased the release of intracellular bacteria in BCG-infected macrophages. By contrast, scavenging ROS by N-acetyl cysteine led to the reduction of intracellular ROS, Fe2+, and Hmox1 concentrations, and subsequently inhibited ferroptosis and the release of intracellular BCG in RAW264.7 cells infected with BCG. These findings suggest that HO-1 is an essential regulator of Mtb-induced ferroptosis, which regulates ROS production and iron accretion to alter macrophage death against Mtb infections.
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1 Introduction

Tuberculosis (TB) is a chronic disease caused by the infection of Mycobacterium tuberculosis (Mtb), which remains a major public health burden in many developing countries, with approximately 2 billion latent infections and 9.87 million new cases in 2020 (WHO). A recent study confirmed that a co-infection of COVID with Mtb could worsen the COVID-19 infection (Visca et al., 2021). Although considerable efforts have been made in combating Mtb infections and TB disease, the elusive pathogenesis in the development of TB leads to the difficulty and challenges in the prevention and treatment of this ancient disease (Sheedy and Divangahi, 2021). There is not an effective TB vaccine currently available for adults, and clinical treatments for TB are largely dependent on antibiotics such as rifampin. It is therefore a necessity to better understand the pathogenesis of TB disease.

Macrophages are the host cells and the frontline defense of Mtb infections (Korb et al., 2016). The outcome of the host–pathogen interaction between macrophages and Mtb is certainly critical for the development of TB (Xu et al., 2014). In this context, intracellular Mtb either can be eradicated through macrophage apoptosis (Lee et al., 2009) and autophagy (Alam et al., 2017), or can persistently survive and grow in macrophages, and induce macrophage necrosis and spread infection to other cells by evolving an immune escape mechanism (Liu et al., 2017; Pajuelo et al., 2018; Zhai et al., 2019). Therefore, understanding the molecular mechanism of Mtb-induced macrophage deaths, particularly macrophage necrosis, may enable us to uncover novel targets for host-directed therapy (HDT) of TB by altering macrophage death in response to Mtb infections.

In addition to necroptosis and pyroptosis, the two most studied forms of Mtb-induced macrophage necrosis, ferroptosis is another form of programmed cell death (PCD) that is a type of necrosis dependent on iron (Dixon et al., 2012; Amaral et al., 2019). Interestingly, macrophage necrosis induced by Mtb infection shared the typical characteristics of ferroptosis (Shastri et al., 2018; Amaral et al., 2021; Baatjies et al., 2021). In this regard, an external stress such as Mtb infection could elevate intracellular levels of Fe2+ and reactive oxygen species (ROS) to trigger the Fenton reaction, and result in the production of large amounts of hydroxyl radicals, sequentially impair glutathione peroxidase 4 (GPX4) activity and anti-lipid peroxidation capacity, and ultimately lead to overwhelming lipid peroxidation of intracellular membrane phospholipids and cell disintegration and death (Dixon et al., 2012; Li et al., 2020). Indeed, the ferroptosis inhibitor could effectively reduce Mtb-induced macrophage necrosis and bacterial load in a mouse infection model (Amaral et al., 2019). These findings suggest that intracellular ROS and lipid peroxidation are essential for ferroptosis in response to Mtb infections, implying that oxidation-related ferrous ion imbalance is involved in cell ferroptosis death; however, the molecular mechanism underpinning the ferrous ion production in Mtb-induced macrophage ferroptosis has not been completely elucidated.

Heme oxygenase 1 protein (HO-1) is encoded by HMOX1 gene, which is an important stress-responsive enzyme highly expressed in lungs, which catalyzes to degrade heme to Fe2+, carbon monoxide (CO), biliverdin, and bilirubin, and is essential in the balance of intracellular Fe2+ and ROS (Araujo et al., 2012). Moreover, HO-1 is also considered as one of the biomarkers for the diagnosis of TB in clinical settings (Rockwood et al., 2017; Yong et al., 2019; Uwimaana et al., 2021; Yang et al., 2022); whether it plays a role in the regulation of Mtb-induced ferroptosis in macrophages, however, has yet been investigated.

In the present study, the involvement of HMOX1 in macrophage ferroptosis in response to a mycobacterial infection was interrogated by transcriptome analysis of peripheral blood in TB patients, and its mechanism in ferroptosis was further investigated in mice and macrophage-like RAW264.7 cells by infection of Bacillus Calmette-Guerin (BCG). Our results demonstrate that HO-1 is a negative regulator of murine macrophage ferroptosis in response to BCG infections, in part through a mechanism by which HO-1 inhibits the intracellular ROS production and iron accretion, but induces Gpx4 expression in murine macrophages infected by BCG.



2 Materials and methods


2.1 Mice

C57BL/6 mice were purchased from Gempharmatech Co., Ltd (Jiang Su, China). Experiments using mice were approved by the Laboratory Animal Welfare Ethics Review Committee of Ningxia University (NXU-2018-011). Sixteen mice were randomly divided into two groups, PBS control and BCG infection. Mice were housed in specific pathogen-free conditions in a 12-h light/dark cycle with ad libitum access to food and water. All animal studies were conducted at the Laboratory Animal Center of Ningxia University (Yinchuan, China).



2.2 Bacteria and infection

Mycobacterium tuberculosis attenuated strain BCG was purchased from Chengdu Institute of Biological Products Ltd (Chengdu, China). The lyophilized bacteria preparation was dissolved and washed with PBS, and subsequently gently sonicated to disrupt bacterial clumps for single-cell suspension in DMEM or PBS. The bacterial suspension was aliquoted and stored at −20°C, and was used within 2 weeks after the preparation. For bacterial infection in mice, mouse was infected with BCG in 100 µl at a dose of 5 × 106 colony-forming units (CFU)/mouse via tail vein injection. The lung tissues were harvested for analysis at 30 days post-infection.



2.3 Chemicals and small interfering RNA

GPX4 inhibitor RAS-selective lethal 3 (RSL3) (#HY-100218A) and ROS scavenger N-acetylcysteine (NAC) (#HY-134495) were purchased from MedChemExpress (Shanghai, China), and were dissolved in DMSO. H2O2 (#7722-84-1) was from MERCK (Germany). Three small interfering RNAs (siRNAs) to murine Hmox1 mRNA sequence (Gene ID: NM_010442.2), si-Hmox1-27 5’-GTTTCCGCATACAACCAGTGA-3’, si-Hmox1-193 5’-UUGGAUGUGUACCUCCUUGTT-3’, and si-Hmox1-672 5’-GCUCUAUCGUGCUCGAAUGAA-3’, were designed using In vivoGen-siRNA Wizard Software 3.1 (https://www.invivogen.com/sirnawizard/design_advanced.php, In vivoGen, California, USA). Control siRNA 5’-UUCUCCGAACGUGUCACGUTT-3’ served as the scramble siRNA. The siRNAs were synthesized by GenePharma (Shanghai, China).



2.4 Cell culture, in vitro BCG infection, and siRNA transfection

RAW264.7 murine monocyte/macrophage-like cells were cultured in DMEM containing 10% calf serum at 37°C in 5% CO2 atmosphere. For bacterial infection, RAW264.7 cells were seeded in a six-well plate at a density of 2 × 105/well and cultured for 16 h. Cells were then pretreated with NAC for 1 h or transfected with siRNA for 12 h prior to be infected with bacteria at a multiplicity of infection (MOI) of 1, 5, or 10. The cells were harvested for analysis at 24 h post-infection. siRNA was transfected with Lipofectamine RNAiMAX per manufacturer’s instructions (ThermoFisher Scientific, Waltham, MA, USA). To test the efficiency of siRNA-mediated knockdown of protein of interest, total proteins of transfected cells were extracted at 24 h post-transfection and were analyzed by Western blotting assay.



2.5 Western blotting

Total proteins of cells were lysed with RAPI buffer containing protease inhibitor (#P0033, Beyotime, Shanghai, China). The protein concentration of soluble fraction of cell lysates was determined using the Pierce™ BCA agents (#23225, ThermoFisher). The protein samples were separated by SDS-PAGE prior to being transferred to PVDF membranes. The PVDF membrane was then blocked with 5% fat-free milk for 1 h at room temperature (RT), before it was incubated with primary antibodies to protein of interest for overnight at 4°C with shaking (45 rpm). The membrane was then washed 3 × 10 min in TBST solution containing 0.2% Tween-20 prior to being incubated in appropriate horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h at RT. The specific binding of protein was developed in Western Lightning® Plus-ECL (#NEL105001EA, PerkinElmer) and visualized in Amersham Imager 600 (Cytiva, USA). The abundance of protein was semi-quantified with ImageJ 1.52a as described elsewhere (Pillai-Kastoori et al., 2020). Beta-actin or tubulin served as internal loading control; GraphPad was used to calculate “Mean ± SD” and statistical analysis. The antibodies used in this study are listed in Supplementary Table S1.



2.6 Measurement of apoptosis and necroptosis

Cells were treated with the Annexin V/PI Apoptosis Detection kit (KGA108-1, keygen Biotech, Nan Jing, China). Cells were washed with PBS, followed by being centrifuged at 2,000 rpm for 5 min, and the medium supernatant was discarded. The resulting cell pellet was washed twice with PBS by centrifugation. A total of 1–5 × 105 cells were suspended in 500 µl of binding buffer before 5 μl of Annexin V-FITC and 5 μl of propidium iodide were added consecutively. The cell suspension was incubated for 5 min at room temperature in the dark. The above samples were detected using a flow cytometer. The processed samples were detected by flow cytometry.



2.7 Measurement of cell death

Cell viability was measured by Trypan Blue staining assay. 0.4% Trypan Blue solution was added to a single-cell suspension at a ratio of 1:9 in volume. Live/dead cells were read using Invitrogen Countess 3 (ThermoFisher) and the percentage of live cells was calculated.



2.8 Bacterial colony-forming unit count

RAW264.7 macrophages were preincubated in medium containing 2.0 mM NAC for 1 h, or transfected with siRNA-Hmox1 for 24 h, followed by incubating with BCG at an MOI of 5 for 1 h. The cells were then rinsed with medium to remove unattached bacteria and cultured with fresh medium for an additional 24 h. The culture medium was then collected for accessing the release of intracellular bacteria due to cell necrotic death including ferroptosis by spreading series diluted medium in 7H10 agar plates and incubated at 37°C for 21 days. The number of colonies on the plates was counted as CFU numbers. The final bacterial CFU number was calculated by multiplying the dilution factor and the count on plates.



2.9 Intracellular iron measurement

The content of intracellular ferrous iron (Fe2+) was measured using the Iron Assay kit (#ab83366, Abcam). Only ferrous (Fe2+) can bind to the iron probe to form a stable-colored complex that can be accessed by reading an absorption peak at a wavelength of 539 nm. Solutions of standard curve and reaction were prepared in accordance with the manufacturer’s instructions.



2.10 Intracellular ROS detection

Intracellular ROS detection was measured with the CellROX™ Deep Red kit (#C10491, ThermoFisher). CellROX™ Red is a fluorescent probe for measuring ROS in living cells. CellROX™ Red emits a stable bright red fluorescence upon an oxidation by ROS. The maximum absorption/emission wavelength is approximately 485/520 nm.



2.11 Mitochondrial fluorescent staining

Live cell mitochondria were stained with CellLight™ Mitochondria-GFP BacMam 2.0 (#C10508, ThermoFisher). CellLight™ Mitochondria-GFP was added to the cell cultures, and cells were continuously incubated for an additional 16 h at 37℃. The mitochondrial fluorescence was then observed in a laser confocal microscope (SP5, Leica, Germany).



2.12 Lipid peroxidation assay

An Image-iT® Lipid Peroxidation Kit (#C10445, ThermoFisher) was used to assay cellular lipid peroxidation. The BODIPY® 581/591 C11 probe binds to polyunsaturated fatty acids in the cell membrane. Due to the oxidation of fatty acids, the absorption peak of the probe shifts from 590 nm (red) to 510 nm (green); the change in value of the absorption peaks at different wavelengths was calculated using the arithmetic mean. For immunofluorescence assays, live cells were incubated with the BODIPY® 581/591 C11 reagent for 30 min. Cell membrane lipid peroxidation was then respectively observed under excitation (581/488 nm)/emission (591/510 nm) conditions. The staining was observed and imaged under a laser scanning confocal microscope (SP5, Leica, Germany).



2.13 Immunocytofluorescence staining

RAW264.7 cells were seeded on collagen pre-coated sterile cover slides. Cells were fixed in 4% paraformaldehyde for 30 min, washed in PBS for 3× 5 min, and penetrated with 0.1% Triton X-100 (PBST) for 15 min at RT. Cells on slides were then blocked with 5% BSA for 1 h at RT, followed by incubating in primary antibody overnight at 4°C. Slides were then washed 3× 5 min in PBST before they were incubated with appropriate fluorescent secondary antibody with light proof for 1 h at RT. Cell nuclei were counterstained with DAPI. Images were acquired under a laser scanning confocal microscope (SP5, Leica, Germany).



2.14 Immunohistochemistry staining

The lung tissues were fixed in 4% paraformaldehyde and embedded in paraffin. Four-micrometer-thick sections were cut with a Leica RM2135 Microtome (Germany). After xylene deparaffination, rehydration, and antigen retrieval, the sections were blocked in 10% donkey serum blocking buffer. Slides were then incubated in primary antibodies overnight at 4°C, followed by being incubated with HRP-conjugated secondary antibody for 1 h at RT. The antigen–antibody binding was detected with DAB substrate solution. The sections were counterstained with hematoxylin for nuclei. The staining was observed and imaged under the microscope (BA400Digital, Motic, USA). Immunohistochemical (IHC) images were analyzed using ImageJ-IHC profiler for semi-quantification as described elsewhere (Crowe and Yue, 2019). GraphPad 8.0.1 was used for statistical analysis.



2.15 Transmission electron microscopy test

Cell pellets were resuspended in 0.5% glutaraldehyde fixative and incubated for 10 min at 4°C. Cells were re-pelleted and treated with 1% osmium tetroxide. The cell samples were then dehydrated with a low to high concentration of acetone prior to be embedded in epoxy resin. Fifty-nanometer-thick sections were prepared using Ultramicrotome EM UC7 (Leica, Germany). Samples were stained with uranyl acetate and lead citrate. Transmission electron microscopy was used to observe cell morphology.



2.16 GEO data analysis

The GSE83456 dataset is sourced from the Gene Expression Omnibus (GEO) database. The Ethic Committee of Human Research at General Hospital of Ningxia Medical University approved the protocol of human study. The dataset includes peripheral blood transcriptome sequencing information for three groups, namely, 30 healthy control subjects (Control), 30 individuals with extra-pulmonary tuberculosis (EPTB), and 30 patients with pulmonary tuberculosis (PTB). The demographics of TB patients whose blood samples were collected and used in this study are listed in Supplementary Table S2. The dataset was normalized by Log2 transformation in R software 3.4.1. Subsequently, the gene IDs were converted to gene names. The significance of the three groups of datasets was analyzed in GraphPad 8.0.1 using one-way ANOVA followed by Tukey’s multiple comparisons test.



2.17 ELISA testing of clinical samples

The Human Heme Oxygenase 1 (HO-1) ELISA Kit (#ab207621, Abcam) was used to detect HO-1 protein levels in the peripheral blood of clinical TB patients (n = 59) and healthy individuals (n = 26). The Hemin Assay Kit (#ab65332, Abcam) was employed for determining the concentration of H in the serum of TB patients (n = 57) and healthy individuals (n = 26). The measurement was performed per the manufacturer’s instructions. The collection and processing of human peripheral blood samples passed the approval of the Medical Research Ethics Review Committee at General Hospital of Ningxia Medical University General Hospital (NO. 2020-410).



2.18 Statistics

All graphical data are expressed as mean ± SD. Graphical data and statistical analyses were processed with GraphPad Prism 8.0.1. Comparisons between the two groups were carried out using an unpaired two-tailed t-test and triple comparisons were statistically analyzed using one-way ANOVA. Charts and legends provide the number of independent experiments and the results of a representative experiment.




3 Results


3.1 Transcriptome analysis of peripheral blood revealed differential expression of ferroptosis-related genes in patients with tuberculosis

To investigate whether ferroptosis is involved in the pathogenesis of TB development in clinic, peripheral blood of healthy individuals (Control, N = 30), patients with PTB (N = 30), and patients with EPTB (N = 30) was collected for transcriptome analysis, and compared with the publicly available GEO database (GSE83456). Collated datasets were processed using log2 normalization, and the ID_REF was converted to gene symbols. The transcriptome analysis demonstrated that anti-lipid peroxidation factor GPX4, a major scavenger of phospholipid hydroperoxides, and the key regulator of ferroptosis, was significantly downregulated (Figure 1A), but anti-oxidative stress factor HMOX1 was upregulated (Figure 1B) in both PTB and EPTB patients, compared to healthy control cohorts. Moreover, the increased level of HMOX1 transcript was in line with the more abundant HO-1 protein in peripheral blood from TB patients (6.333 ng/ml, N = 57) compared to healthy individuals (2.58 ng/ml, N = 26), as determined by ELISA (Figure 1C). Heme B is a substrate for the enzymatic reaction of HO-1, and forms a chlorine-containing porphyrin, namely, Hemin in blood. Hemin is a potent inducer of HO-1 and plays a certain extent of anti-infective roles in the body (Kim et al., 2021). Hemin content in peripheral blood was significantly higher in TB patients (0.85 ± 0.44 ng/ml, N = 57) than healthy individuals (0.29 ± 0.26 ng/ml, N = 26) (Figure 1D). This result was in line with the concentration of HO-1 protein in peripheral blood TB patients.




Figure 1 | Increase of HMOX1 and decrease of GPX-4 in peripheral blood of TB patients. Peripheral blood from healthy individuals (N = 30), patients with pulmonary TB (PTB, N = 30), and patients with extra-pulmonary TB (EPTB, N = 30) was collected for transcriptome analysis using GEO database GSE83456 (a transcriptome sequencing dataset of peripheral blood from TB patients). (A, B) The differential expression of transcript of the anti-lipid peroxidation factor GPX4 and (B) the oxidative stress regulator HMOX1 in the peripheral blood of TB patients. (C) More abundant circulating HO-1 protein in blood of patients with TB in comparison with healthy subjects as determined by ELISA. (D) Hemin content in peripheral blood of patients with TB in comparison with healthy subjects as determined by the Hemin Assay Kit. (E) Plotting CorrPlot map in Hiplot (https://hiplot-academic.com/) showed the correlation of HMOX1 transcript with transcripts of ferroptosis markers in patients with PTB analyzed by Spearman. The color in the CorrPlot map represents the correlation coefficient, darker color represents stronger correlations. Red represents positive correlation while blue represents negative correlation. Cluster analysis using the ward.D2 method in Hiplot. Data were processed using GraphPad Prism 8.0.1 software and ImageJ 1.52.a. Unpaired t-test was used to analyze the differential changes of two groups. One-way ANOVA and Tukey’s multiple comparisons test was used to analyze the differential changes of multiple groups. Data represented mean ± SD; significant differences were indicated with asterisks (**p < 0.01; ***p < 0.001). ns, no statistical difference.



In order to reveal a correlation between HMOX1, an oxidative stress signature, and ferroptosis regulators, a CorrPlot map was constructed using Spearman rank correlation (Figure 1D). The CorrPlot map showed that the HMOX1 expression was negatively associated with the level of circulating GPX4, suggesting that HO-1 might play a regulatory role in the ferroptosis in TB pathogenesis. In addition, transcriptome analysis also unraveled the differential expression of other ferroptosis genes in peripheral blood of TB patients (Supplementary Figure S1). Among them, the transcripts of ACSL4, LPCAT3, ALOX5, COQ10A, VDAC2, NOX4, xCT, and FTH1 genes were increased in peripheral blood of both patients with PTB and EPTB (Supplementary Figures S1A, D, E, G, I, J, N), while LPCAT3 and COQ10B transcripts were only increased in PTB but not EPTB patients (Supplementary Figures S1B, F), as compared with the healthy individuals. There was no statistical significance in differential expression of transcripts ALOX15, VDAC3, SLC3A2, NCOA4, and LRP8 genes (Supplementary Figures S1D, K, L, M). These data clearly evidence that ferroptosis is involved in the TB pathogenesis.



3.2 BCG induced ferroptosis in macrophages

To test whether the infection of Mycobacteria could induce ferroptosis in vivo, 8-week ICR mice were infected with the Mtb-attenuated strain BCG at a dose of 5 × 106 CFU/mouse in 100 µl volume via tail vein injection, and the ferroptosis was assessed by the expression of Gpx4 and HO-1 proteins in lungs at 30 days post-infection (Figure 2A). IHC staining assay showed a reduced Gpx4 protein, the signature of cell ferroptosis, and an increased HO-1 protein abundance in lungs of BCG-infected mice compared to the control group (Figures 2B, C), which was in accordance with the transcriptomic findings in peripheral blood of TB patients (Figure 1 and Supplementary Figure S1).




Figure 2 |    BCG induces ferroptosis in macrophages. (A) Schematic diagram shows the infection of mice with BCG via tail vein injection. The infected mice are analyzed at 30 days post-infection (DPI). (B, C) C57BL/6 mice were injected with 5 × 106 CFU BCG in 100 µl via the tail vein and the lungs were harvested for evaluating the expression of Gpx4 and HO-1 proteins at 30 DPI by immunohistochemical (IHC) assay (B) and semi-quantified by ImageJ-IHC Profiler (C). Lungs of mice infected with BCG showed less and more abundant Gpx4 and HO-1 proteins compared to the uninfected controls, respectively. Bar represents 500 μm in (B) (D-F) RAW264.7 murine macrophage-like cells were infected with BCG at indicated MOI for 24 h, and the abundance of Gpx4 and HO-1 proteins was examined by Western blotting assay. The representative blots (D) and semi-quantification of Gpx4 (E) and HO-1 (F) showed a dose-dependent induction of Gpx4 and HO-1 in this type of cells, except an inhibition of Gpx4 expression in cells infected with a low dose of BCG at an MOI of 5. (G–I) The representative blots (D) and semi-quantification of Gpx4 (H) and HO-1 (I) demonstrated a time-dependent inhibition of Gpx4 and induction of HO-1 in RAW264.7 infected with BCG at an MOI of 5 for a 24-h time period. (J) Induction of cell necrosis and apoptosis in RAW264.7 cells at 24 h post-infection of BCG at the indicated MOI determined by using Annexin V/PI in flow cytometry. (K) Cell viability assay showed that the infection of BCG decreased the viability of RAW264.7 cells at an MOI of 5 for 24 has detected by Trypan Blue assay. (L) The infection of BCG induced the production of intracellular ROS in RAW264.7 cells at an MOI of 5 for 24 has detected by flow cytometry assay. (M) The infection of BCG increased the concentration of intracellular Fe2+ in RAW264.7 cells at an MOI of 5 for 24 has detected using iron ion probes. (N) The infection of BCG induced lipid peroxidation in RAW264.7 cells at an MOI of 5 for 24 h as determined by BODIPY 581/591 C11 assays. Upon oxidation, its excitation of Red/590 nm shifts to 510 nm (Green). The ratio of Green/Red cells in the BCG-infected cells was 17.22%, while the uninfected cells was 3.52%. Data obtained from three independent experiments were processed using GraphPad Prism 8.0.1 software and ImageJ 1.52.a. Unpaired t-test was used to analyze the differential changes of the two groups. One-way ANOVA and Tukey’s multiple comparisons test was used to analyze the differential changes of multiple groups. Data represented mean ± SD from three independent experiments; significant differences are indicated with asterisks (**p < 0.01; ***p < 0.001).



Given the Mtb-infected macrophage death in TB pathogenesis, we next investigated whether the BCG infection could induce ferroptosis in RAW264.7 murine macrophage-like cells. Immunoblotting assay demonstrated a dose-dependent induction of Gpx4 and HO-1 in this type of cells, except for an inhibition of Gpx4 expression in cells infected with a low dose of BCG at an MOI of 5 (Figures 2C–F). Interestingly, the inhibition of Gpx4 and induction of Hmox1 was in a time-dependent manner, when cells were infected with BCG at an MOI of 5 for the 24-h time period (Figures 2G, H, I). Annexin V/PI flow cytometry revealed a dose-dependent reduction of cell necrosis but an increase of apoptosis in RAW264.7 cells at 24 h post-infection of BCG at an MOI range of 5 to 15 (Figure 2J and Supplementary Figure S2A). As expected, the infection of BCG significantly reduced cell viability (Figure 2K) and increased the production of intracellular ROS (Figure 2L; Supplementary Figure S2B) and the intracellular level of Fe2+ (Figure 2M). Importantly, the infection of BCG increased the fraction of cells with lipid peroxidation as determined by BODIPY 581/591 C11 assays (Figures 2N and 3A; Supplementary Figure S2C). The ratio of lipid peroxidation cell (Green)/normal cell (Red) was 17.22% in the BCG-infected cells, while it was 3.52% in uninfected cells (Figure 2K). Transmission electron microscope (TEM) observation of BCG-infected RAW264.7 macrophages showed increased mitochondrial membrane ridge breaks compared to uninfected cells (Figure 3B). Mechanistic study by immunocytochemistry (ICC) (Figure 3C) and Western blotting (Figures 3D–F) demonstrated a decrease of anti-ferroptosis regulators Gpx4 and Fsp1, along with the decrease of cell mitochondria staining (Figure 3C), but an increase of pro-ferroptosis marker HO-1 in BCG-infected cells compared with uninfected cells. These observations were further corroborated by a molecular study using Western blotting assay (Figures 3D–F). In addition, the expression of anti-ferroptosis molecules Alox5 (Supplementary Figure S3B), Vdca2 (Supplementary Figure S3C), and Ncoa4 (Supplementary Figure S3D) was also inhibited, while pro-ferroptosis factor xCT (Supplementary Figure S3E) was increased in cells infected with BCG, relative to the uninfected controls. These results indicated that the infection of BCG could induce ferroptosis of RAW264.7 cells, and the increase of intracellular ROS production and the alteration of HO-1 were part of the underlying mechanism of BCG-induced ferroptosis.




Figure 3 | HO-1 is involved in the BCG-induced macrophage ferroptosis. (A) Representative images of BODIPY 581/591 C11-labeled lipoxidation of polyunsaturated fatty acids. BCG-infected RAW264.7 cells showed a strong positive lipid peroxidation (Green/510 nm) compared to the uninfected cells. (B) Representative images of transmission electron microscopy showed mitochondrial membrane ridge breaks (arrows) in RAW264.7 macrophages infected by BCG; the right panel shows the enlarged image of the boxed area in its corresponding image in the left panel. (C) Representative immunofluorescence images of Gpx4 (top panels), Fsp1 (middle panels), and HO-1 (bottom panels) showed the decrease of anti-ferroptotic markers Gpx4 and Fsp1, but increased pro-ferroptotic marker HO-1 in BCG-infected cells. Cell mitochondria were labeled with CellLight™ Mitochondria-GFP (green), which were reduced in macrophages following the BCG infection. (D–F) Representative blots and semi-quantitative analysis of Gpx4, Fsp1, and HO-1 proteins of RAW264.7 cells. Statistical analysis of data performed using GraphPad Prism 8.0.1 software and ImageJ 1.52.a. Cell nuclei were counterstained with DAPI. Data obtained from three independent experiments were processed using GraphPad Prism 8.0.1 software and ImageJ 1.52.a. Unpaired t-test was used to analyze the differential changes of two groups. Data are presented as mean ± SD from three independent experiments (***p < 0.001; n = 3). Bars, 500 nm in the right panel and 200 nm in the left panel of A, 25 μm in B, and 10 μm in C.





3.3 Intracellular ROS contributes to BCG-induced ferroptosis in RAW264.7 macrophages

Next, we sought whether the intracellular ROS contributed to ferroptosis in RAW264.7 cells in response to BCG infections. In order to investigate the effect of ROS in ferroptosis, H2O2, a major ROS source, and RSL3, one of the most common inhibitors of GPX4 and inducer of ferroptosis, separately served as positive controls. Optimization experiments showed that the highest inhibition of the ferroptosis regulator Gpx4 was found in RAW264.7 cells exposed to H2O2 and RSL3 at concentrations of 0.2 mM and 2 mM, respectively (Supplementary Figures S4A, B). These optimized concentrations were therefore used in further experiments of this report. Indeed, similar to treatments of H2O2 and RSL3, the infection of BCG also displayed effects of inhibition of cell viability (Figure 4A), inductions of intracellular Fe2+ (Figure 4B) and ROS production (Figure 4C and Supplementary Figure S4C), and increase of lipid peroxidation (Figures 4D, E and Supplementary Figure S4D) in RAW264.7 macrophages at an MOI of 5. As a consequence, these treatments induced mitochondrial membrane ridge breaks (arrows) in RAW264.7 macrophages as determined by electron microscope observation (Figure 4F). Molecular analysis further demonstrated that the infection of BCG significantly inhibited the expression of Gpx4 and Fsp1 proteins, but increased HO-1 expression (Figure 4G). Of note, the treatments of H2O2 or RSL3 failed to increased HO-1 protein, although these treatments inhibited Gpx4 and Fsp1 in RAW264.7 cell as seen in BCG-infected cells (Figure 4G). The infection of BCG is comparable to intracellular ROS production and cell peroxidation, and to the inhibition of the expression of Gpx4 and Fsp1 with that of 0.2 mM of H2O2, although the effect was to a lesser extent compared to that of 2.0 mM RSL in RAW264.7 cells. These results suggest that HO-1-mediated ROS production may play a major role in the regulation of ferroptosis in macrophages against Mtb infections.




Figure 4 | BCG induces intracellular ROS production and ferroptosis in RAW264.7 macrophages. (A–D) The viability (A), intracellular Fe2+ (B), intracellular ROS (C), and lipid peroxidation (D) of RAW264.7 macrophages in response to BCG infection (MOI 5), ferroptosis agonist RSL3 (2.0 µM), and H2O2 (0.2 mM), major participants of the Fenton response at 24 h post-treatments, as determined by Trypan Blue assay, iron ion probes, flow cytometry, and BODIPY 581/591 C11 assays, respectively. (E) Representative fluorescence images of BODIPY 581/591 C11-labeled lipoxidation of polyunsaturated fatty acids in RAW264.7 macrophages infected with BCG (the second panel from top), treated with H2O2 (the second panel from bottom), and RSL3 (bottom panel). Cell nuclei were counterstained with DAPI. (F) Representative images of transmission electron microscopy showed mitochondrial membrane ridge breaks (arrows) in RAW264.7 macrophages infected with BCG (the second panel from top), treated with H2O2 (the second panel from bottom) and RSL3 (bottom panel). The right panel shows the enlarged image of the boxed area in its corresponding image in the left panel. (G) Representative blots and semi-quantitative analysis of Gpx4, Fsp1, and HO-1 proteins of RAW264.7 cells treated with the indicated conditions. The infection of BCG increased intracellular Fe2+ level and induced ROS (H2O2) production and lipid peroxidation and ferroptosis in macrophages, by inhibiting Gpx4 and Fsp1 but inducing HO-1 expression. Data obtained from three independent experiments were processed using GraphPad Prism 8.0.1 software and ImageJ 1.52.a. One-way ANOVA was used to analyze the differences between groups. All values are presented as mean ± SD (**p < 0.01, and ***p < 0.001; n = 3). Bars, 500 nm in the right panel and 200 nm in the left panel of E, 25 μm in F. ns, no statistical difference.





3.4 ROS scavenger NAC reduces BCG-induced macrophage ferroptosis

NAC is a potent antioxidant and ROS scavenger. It is able to reduce the excessive lipid peroxidation induced by BCG infection in macrophages through the scavenging of ROS. To test the effect of NAC on BCG-induced macrophage ferroptosis, RAW264.7 cells were preincubated in medium containing 2.0 mM of NAC for 1 h prior to being infected with BCG. As expected, the treatment of NAC significantly increased anti-lipid peroxidation factor Gpx4 in BCG-infected cells in a dose-dependent manner (Supplementary Figure S5A). The NAC treatment alone significantly increased the cell viability (Figure 5A) and reduced intracellular Fe2+ concentration (Figure 5B), intracellular ROS production (Figure 5C, Supplementary Figure S5C), and lipid peroxidation (Figures 5D, E and Supplementary Figure S5C) of RAW264.7 cells in response to the BCG infection. Molecular analysis further demonstrated that the pretreatment of NAC increased the expression of Gpx4 and Fsp1, but decreased Hmox1 proteins in BCG-infected cells (Figure 5F). These data support the notion that intracellular ROS plays a key role in ferroptosis of macrophages in response to Mtb infection (Kuang et al., 2020), and a modulation of Hmox1 gene may alter ROS production and ferroptosis.




Figure 5 | ROS scavenger NAC reduces BCG-induced macrophage ferroptosis. RAW264.7 macrophages were preincubated in medium containing 2.0 mM NAC for 1 h prior to being infected with BCG at an MOI of 5 for 24 h, before they were harvested for analysis. (A–D) The viability (A), intracellular Fe2+ (B), intracellular ROS (C), and lipid peroxidation (D) of RAW264.7 macrophages treated with the indicated conditions, as determined by Trypan Blue assay, iron ion probes, flow cytometry, and BODIPY 581/591 C11 assays, respectively. (E) Representative fluorescence images of BODIPY 581/591 C11-labeled lipoxidation of polyunsaturated fatty acids in RAW264.7 macrophages of the indicated conditions showed the reduction of BCG-induced lipoxidation in cells pretreated with NAC. Cell nuclei were counterstained with DAPI. (F) Representative blots and semi-quantitative analysis of Gpx4, Fsp1, and HO-1 proteins of RAW264.7 cells treated with the indicated conditions. The NAC pretreatment increased Gpx4 and Fsp1 expression, but decreased Hmox1 protein in BCG-infected cells. Data obtained from three independent experiments were processed using GraphPad Prism 8.0.1 software and ImageJ 1.52.a. All values are presented as mean ± SD (**p < 0.01, and ***p < 0.001; n = 3).





3.5 Knockdown Hmox1 increases macrophage ferroptosis in response to BCG infections

HO-1 is a key enzyme against oxidative stress by inhibiting ROS production and reducing ROS cytotoxicity (Seiwert et al., 2020); therefore, an inhibition of Hmox1 may impact the ROS production and ferroptosis in macrophages in response to Mtb infections. To test this hypothesis, the expression of Hmox1 gene in RAW264.7 cells was knockdown by transfection of siRNA to Hmox1 (Figure 6A). The three siRNA candidates to Hmxo1 exhibited an ability to knock down the gene expression at the protein level. siHmxo1-193 and siHmxo1-172 showed more efficiency in the inhibition of HO-1 expression compared to siHmxo1-27, but the inhibition mediated by siHmxo1-193 and siHmxo1-172 showed no difference (Figure 6A). The mixture (siHmxo1) of equal molar ratio of siHmxo1-193 and siHmxo1-172 was therefore employed for further experiments in this report. In addition to the reduced expression of HO-1 protein, the siRNA-mediated knockdown of Hmox1 amplified the inhibition of the expression of Gpx4 and Fsp1, and the induction of Ncoa4 expression in cells infected with BCG (Figures 6B–F). Functionally, the siRNA-mediated reduction of Hmox1 significantly amplified the BCG-inhibited cell viability (Figure 6G), and BCG-induced intracellular Fe2+concentration (Figure 6H), intracellular ROS production (Figure 6I, Supplementary Figure S6A), and lipid peroxidation (Figures 6J, K and Supplementary Figure S6B) in RAW264.7 cells. The knockdown of Hmox1 alone also exhibited the ability to inhibit cell viability (Figure 6G), and increase intracellular Fe2+ concentration (Figure 6H) and ROS production (Figure 6I and Supplementary Figure S6A) and lipid peroxidation (Figures 6J, K and Supplementary Figure S6B) to some extent in cells uninfected with BCG. In addition, morphological observation revealed worsening mitochondrial membrane ridge breaks in siRNA-transfected RAW264.7, compared to untransfected macrophages infected with BCG (Figure 6L). More importantly, the pretreatment of NAC significantly inhibited the release of BCG into the culture medium from lytic death of cells caused by necroptosis/ferroptosis during the infection (Figure 7A), while Hmox1 knockdown induced the BCG release (Figure 7B), compared to BCG-infected untreated cells as determined by the CFU assay (Figures 7A, B). These results clearly suggest the importance of HO-1-modulated ROS in ferroptosis of macrophages against Mtb infections.




Figure 6 |    Knockdown of Hmox1 increases BCG-induced macrophage ferroptosis. (A) Representative blots of Hmox1 protein in RAW264.7 cells transfected with siRNA to murine Hmox1 gene. siRNA was transfected by Lipofectamine™ RNAiMAX, and the protein was analyzed at 24 h post-transfection. The si-Hmox1 showed the most efficient knockdown of Hmox1 and was used in subsequent experiments. (B–E) Representative blots (B) and semi-quantitative analysis of Gpx4 (C), Fsp1 (D), Ncoa4 (E), and HO-1 (F) proteins of RAW264.7 cells treated with indicated conditions. The siRNA-mediated knockdown of Hmox1 amplified the inhibition of Gpx4 and Fsp1 expression in cells infected with BCG. (G–J) The viability (B), intracellular Fe2+ (C), intracellular ROS (D), and lipid peroxidation (E) of RAW264.7 macrophages treated with indicated conditions, as determined by Trypan Blue assay, iron ion probes, flow cytometry, and BODIPY 581/591 C11 assays, respectively. (K) Representative fluorescence images of BODIPY 581/591 C11-labeled lipoxidation of polyunsaturated fatty acids in RAW264.7 macrophages of the indicated conditions showed the increase of BCG-induced lipoxidation in cells transfected with siRNA to Hmox1. Cell nuclei were counterstained with DAPI. (L) Representative images of transmission electron microscopy showed mitochondrial membrane ridge breaks (arrows) in siRNA-transfected RAW264.7 and/or BCG-infected macrophages; the right panel shows the enlarged image of the boxed area in its corresponding image in the left panel. Data obtained from three independent experiments were processed using GraphPad Prism 8.0.1 software and ImageJ 1.52.a. One-way ANOVA was used to analyze the differences between groups. All values are presented as mean ± SD (**p < 0.01; ***p < 0.001; n = 3). Bars, 500 nm in the right panel and 200 nm in the left panel of K, and 25 μm in L. ns, no statistical difference.






Figure 7 | Effect of ROS and Hmox1 on intracellular bacterial loads in RAW264.7 macrophages. Intracellular ROS was scavenged by NAC treatment, and the expression of Hmox1 was inhibited by the transfection of siRNA to Hmox1. NAC-pretreated or si-Hmox1-transfected RAW264.7 macrophages were incubated with BCG at an MOI of 5 for 1 h, and cells were rinsed to remove uninfected bacteria prior to being cultured with fresh medium for an additional 24 h. The bacteria released in the culture medium was counted by CFU assay. (A) The count of colonies in medium of cells pretreated with NAC. (B) The count of colonies in medium of cells transfected with si-Hmox1. The NAC pretreatment significantly reduced bacteria released from cell necrosis/ferroptosis death, while si-Hmox1-mediated knockdown of Hmox1 gene strikingly increased CFU count in RAW264.7 cells infected with BCG. Data obtained from three independent experiments were processed using GraphPad Prism 8.0.1 software. Unpaired t-test was used to analyze the differential changes of the two groups. ***p < 0.001; n = 3.






4 Discussion

Macrophages are the host cells and the frontline defense against Mtb infection, and the form of death of infected macrophages plays a pivotal role in the outcome of Mtb infections. Therefore, a better understanding of the mechanisms of macrophage death induced by Mtb infection will allow us to identify novel targets for HDT in TB treatments. Ferroptosis is a PCD induced by overwhelming lipid peroxidation reactions, and one of mechanisms of Mtb spread following the infection. In the present study, we found that heme oxygenase-1 (HMOX1) and pro-ferroptosis cytokines were upregulated, but glutathione peroxidase 4 (GPX4) and other key anti-lipid peroxidation factors were downregulated in TB patients and lungs of mice infected with BCG. A mechanistic study further demonstrated that HO-1 regulated the lipid peroxidation-mediated production of ROS and ferroptosis in macrophages in response to BCG infection. These findings suggest that HO-1 is an essential regulator of Mtb-induced ferroptosis, which regulates ROS production and alters macrophage death in response to Mtb infections, suggesting that HO-1 is a potential target for developing HDT in TB treatments.

Metabolic interactions between host cells (macrophages) and pathogen (Mtb) significantly affect the host immune responses and the proliferation of pathogen, and the outcome of Mtb infection (Cambier et al., 2014; Olive and Sassetti, 2016). Iron is one of the most important substances essential to the growth of both pathogen and host cells, which is required for the maintenance of macrophage functions, and the survival of intracellular Mtb (Baatjies et al., 2021). Therefore, the competition in the use of iron (Fe2+) source between the macrophages and Mtb may affect the intracellular level of Fe2+, and may be critical for the determination of the form of host cell death (necroptosis or apoptosis) and the fate of intracellular pathogens (eliminated or escaped) (Jones and Niederweis, 2011; Mitra et al., 2019; Zhang et al., 2020; Rodriguez et al., 2022).

Ferroptosis is mainly triggered by extra-mitochondrial lipid peroxidation (Dixon et al., 2012), which is characterized by lipid peroxidation as a consequence of iron-dependent accretion of ROS (Dixon and Stockwell, 2014; Amaral et al., 2019). This new form of cell death was also corroborated in macrophages in response to Mtb infection, and it was the main cause of lung tissue necrosis caused by Mtb (Amaral et al., 2019). This finding has gained a great interest in the field of TB research. In the present study, differential expression of genes related to ferroptosis was identified in peripheral blood of TB patients by transcriptome analysis. In particular, the ferroptosis signature gene GPX4 was downregulated, accompanied by the upregulation of HMOX1 gene, HO-1, and Hemin content in TB. These observations were further confirmed in RAW264.7 cells infected with BCG. The in vitro study demonstrated that HO-1-regulated ROS played a key role in macrophage ferroptosis induced by BCG infection. Mechanistically, scavenging ROS with NAC inhibited BCG-induced macrophage ferroptosis and the release of BCG into the culture medium caused by necroptosis/ferroptosis during the infection, while siRNA-mediated knockdown of Hmox1 gene expression resulted in opposite effects to NAC treatments. Our results suggest that HO-1 plays a key role in Mtb-induced ferroptosis, through a mechanism by which it regulates ROS production and alters macrophage death in response to Mtb infections.

Heme is a major source of iron for Mtb growth and survival, implying that Mtb has evolved a complex heme enzymatic mechanism (Jones and Niederweis, 2011; McLean and Munro, 2017; Mitra et al., 2019; Zhang et al., 2020). During the Mtb infection, increased ROS production, oxidative mitochondrial damage, and the inducible isoform of HO-1 were observed in macrophages (Amaral et al., 2016; Amaral et al., 2019). All these lines of evidence suggest that ferroptosis may be a primary form of Mtb-induced macrophage death (Amaral et al., 2016; Amaral et al., 2019). Functionally, HO-1 catalyzes the degradation of oxidant heme into biliverdin, iron, and carbon monoxide (CO) (Szade et al., 2021). HO-1 was significantly upregulated in TB patients and in experimental animals infected with Mtb, and was a potential target for HDT for TB (Chinta et al., 2021; Uwimaana et al., 2021). In the present report, the increase of both HO-1 protein and Hemin content, a main source of iron for Mtb and host cells, was also observed in peripheral blood of TB patients, at both transcriptional and/or translational levels, which was strongly correlated with several cytokines. In particular, it was negatively associated with the level of ferroptosis inhibitors (regulators) GPX4 and FSP1 in peripheral blood of TB patients and RAW264.7 cells infected with BCG.

Of great interest, the BCG-inhibited Gpx4 was only observed in RAW264.7 cells infected with BCG at a low dose (MOI = 5). A high dose of BCG infection (MOI of 10 and 15) induced Gpx4 expression in this type of cells (Figures 2D, E). Flow cytometry assay further revealed that the low dose (MOI = 5) of BCG infection induced necrotic cell death, while the high doses (MOI = 10 and 15) of BCG promoted apoptotic cell death in RAW264.7 cells (Figure 2J). These data suggest that a low dose of Mtb infection favors macrophage ferroptosis, but an increased load of bacteria in a certain range may induce cell apoptosis. We currently do not fully understand the underlying mechanism why the dynamic changes of Gpx4 in RAW264.7 cells infected with different doses of BCG, i.e. an inhibition of Gpx4 expression at an MOI of 5, while an induction at an MOI of 10 and 15.

Biochemistry studies demonstrate that ferroptosis is mainly induced through lipid ROS generated by the iron-catalyzed Fenton reaction. Fenton reaction requires ROS and ferrous iron for initiation and space of the integrity of cells (Tang et al., 2021) (Stockwell, 2022). Indeed, scavenging ROS with NAC significantly increased Gpx4, and reduced ferroptosis and intracellular bacteria release in RAW264.7 cells in response to BCG infection. In addition, cell ferroptosis does not produce apoptotic vesicles as cell apoptosis does, and does not cause severe cell morphological changes as necrosis either; therefore, it maintains the cell integrity and favors Fenton reaction and leads the infected RAW264.7 cells to undergo ferroptosis at an MOI of 5 in this study. In contrast, the increase of bacteria load with an MOI of 10 or 15 in RAW264.7 cells induced cell apoptosis to remove the number of intracellular bacteria (Figure 2J), which might in turn inhibit cell ferroptosis by two possible mechanisms. First, the process of formation of apoptotic vesicle has the potential to reduce intracellular ROS and block Fenton reaction. Second, divalent iron is highly oxidizing and easily converted into trivalent iron due to loss of electrons (Sukhbaatar and Weichhart, 2018; Nairz and Weiss, 2020). Trivalent iron is stored in ferritin of cells, while only cells in a viable state have an intact iron metabolism able to degrade ferritin, subsequentially release trivalent iron from ferritin, and ultimately reduce the trivalent iron to divalent iron (Li et al., 2020; Mesquita et al., 2020). However, whether the increase of apoptosis is correlated with a reduced ferroptosis needs further study.

ROS generated from lipid peroxidation is crucial in cell ferroptosis (Conrad et al., 2018), and HO-1 is an essential cytoprotective enzyme that inhibits inflammation and oxidative stress (Araujo et al., 2012; Rockwood et al., 2017; Seiwert et al., 2020; Chinta et al., 2021; de Oliveira et al., 2022), and a target for HDT of TB (McLean and Munro, 2017; Chinta et al., 2021). The expression of HO-1 is largely dependent on oxidative stress in Mtb-infected cells, where an elevated expression of HO-1 is a strategy of host cells in response to oxidative stress triggered by intracellular bacteria (Rockwood et al., 2017). HO-1 exhibits an ability to inhibit ROS formation, DNA damage, and cytotoxicity induced by heme iron in human colonocytes (Seiwert et al., 2020). Importantly, the interplay between HO-1 and iron metabolism has been demonstrated to play a critical role in modulating immune responses of macrophages, as iron is a key product of HO-1 activity for cellular biological processes in both eukaryotic cells and bacteria (Li and Stocker, 2009). Therefore, HO-1 regulates intracellular iron levels to modulate the cellular oxidation and immune responses of macrophages (de Oliveira et al., 2022). Despite the fact that HO-1 is known to play a protective role in host cells during an infectious process, the upregulated HO-1 in Mtb-infected cells increases intracellular iron level and ROS production, and subsequentially leads to lipid peroxidation and ferroptosis (Yang et al., 2022). In this report, the siRNA-mediated reduction of Hmox1 expression increased ROS production, lipid peroxidation, and intracellular iron, and further induced ferroptosis in RAW264.7 cells infected with BCG at an MOI of 5. In addition, the siRNA silence of Hmox1 gene also increased expression of iron autophagy protein Ncoa4, a critical cytokine in the maintenance of iron homeostasis (Bellelli et al., 2016). Together, the findings of others and this study, and the discrepancy of results from different studies imply the complicated and dynamic biological process of ferroptosis in cells in response to Mtb infections. The process of ferroptosis is tightly regulated, and may depend on the species, dose and virulence of pathogen, and host cell-type context, which requires further investigation.

Collectively, in the present report, we revealed the upregulation of HMOX1 but a downregulation of GPX4 in TB patients, and lungs of mice infected with BCG. An in vitro mechanistic study using murine macrophage-like RAW264.7 cells further demonstrated that Hmox1 regulated intracellular levels of ROS and Fe2+, and subsequentially modulated cell ferroptosis induced by BCG infection. The siRNA-mediated knockdown of Hmox1 gene increased intracellular ROS, Fe2+, and Ncoa4, and promoted cell ferroptosis and the release of intracellular BCG, while scavenging ROS demonstrated opposite effects to that of siRNA-mediated knockdown of Hmox1 gene. Our results suggest that HO-1 is an essential regulator of Mtb-induced ferroptosis, which regulates ferroptosis by modulating intracellular ROS production and Fe2+ to alter macrophage death against Mtb infections.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/supplementary material.



Ethics statement

This study was reviewed and approved by The Ethic Committee of Human Research at General Hospital of Ningxia Medical University. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by The Laboratory Animal Welfare Ethics Review Committee of Ningxia University.



Author contributions

CM: conception, acquisition, analysis, interpretation, writing, revision, and editing. XW: acquisition and analysis. XZ: acquisition and analysis. XL: conception, acquisition, analysis, interpretation, writing, revision, editing, and overall supervision. GD: conception, analysis, interpretation, writing, revision, editing, and overall supervision. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by a grant from the National Natural Science Foundation of China (No. 32160162).



Acknowledgments

The authors thank Mr. Fuyang Song, Dr. Jing Zeng, Dr. Zhanbing Ma, and Dr. Xue Lin for their technical and bioinformatic assistances. We also thank Miss Jia Ma, Mr. Jialin Yu, and Miss Zhaoqian Gong for valuable discussions.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2022.1004148/full#supplementary-material



References

 Alam, M. Z., Devalaraja, S., and Haldar, M. (2017). The heme connection: Linking erythrocytes and macrophage biology. Front. Immunol. 8, 33. doi: 10.3389/fimmu.2017.00033

 Amaral, E. P., Conceição, E. L., Costa, D. L., Rocha, M. S., Marinho, J. M., Cordeiro-Santos, M., et al. (2016). N-acetyl-cysteine exhibits potent anti-mycobacterial activity in addition to its known anti-oxidative functions. BMC Microbiol. 16, 251. doi: 10.1186/s12866-016-0872-7

 Amaral, E. P., Costa, D. L., Namasivayam, S., Riteau, N., Kamenyeva, O., Mittereder, L., et al. (2019). A major role for ferroptosis in mycobacterium tuberculosis-induced cell death and tissue necrosis. J. Exp. Med. 216, 556–570. doi: 10.1084/jem.20181776

 Amaral, E. P., Vinhaes, C. L., Oliveira-De-Souza, D., Nogueira, B., Akrami, K. M., and Andrade, B. B. (2021). The interplay between systemic inflammation, oxidative stress, and tissue remodeling in tuberculosis. Antioxid Redox Signal 34, 471–485. doi: 10.1089/ars.2020.8124

 Araujo, J. A., Zhang, M., and Yin, F. (2012). Heme oxygenase-1, oxidation, inflammation, and atherosclerosis. Front. Pharmacol. 3, 119. doi: 10.3389/fphar.2012.00119

 Baatjies, L., Loxton, A. G., and Williams, M. J. (2021). Host and bacterial iron homeostasis, an underexplored area in tuberculosis biomarker research. Front. Immunol. 12, 742059. doi: 10.3389/fimmu.2021.742059

 Bellelli, R., Federico, G., Matte, A., Colecchia, D., Iolascon, A., Chiariello, M., et al. (2016). NCOA4 deficiency impairs systemic iron homeostasis. Cell Rep. 14, 411–421. doi: 10.1016/j.celrep.2015.12.065

 Cambier, C. J., Falkow, S., and Ramakrishnan, L. (2014). Host evasion and exploitation schemes of mycobacterium tuberculosis. Cell 159, 1497–1509. doi: 10.1016/j.cell.2014.11.024

 Chinta, K. C., Pacl, H. T., Agarwal, A., and Steyn, A. J. C. (2021). Heme oxygenase-1 as a pharmacological target for host-directed therapy to limit tuberculosis associated immunopathology. Antioxidants (Basel) 10, 1–17. doi: 10.3390/antiox10020177

 Conrad, M., Kagan, V. E., Bayir, H., Pagnussat, G. C., Head, B., Traber, M. G., et al. (2018). Regulation of lipid peroxidation and ferroptosis in diverse species. Genes Dev. 32, 602–619. doi: 10.1101/gad.314674.118

 Crowe, A. R., and Yue, W. (2019). Semi-quantitative determination of protein expression using immunohistochemistry staining and analysis: An integrated protocol. Bio Protoc. 9 (24), e3465–e3465. doi: 10.21769/BioProtoc.3465

 De Oliveira, J., Denadai, M. B., and Costa, D. L. (2022). Crosstalk between heme oxygenase-1 and iron metabolism in macrophages: Implications for the modulation of inflammation and immunity. Antioxidants (Basel) 11 (5), 1–19. doi: 10.3390/antiox11050861

 Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev, E. M., Gleason, C. E., et al. (2012). Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell 149, 1060–1072. doi: 10.1016/j.cell.2012.03.042

 Dixon, S. J., and Stockwell, B. R. (2014). The role of iron and reactive oxygen species in cell death. Nat. Chem. Biol. 10, 9–17. doi: 10.1038/nchembio.1416

 Jones, C. M., and Niederweis, M. (2011). Mycobacterium tuberculosis can utilize heme as an iron source. J. Bacteriol 193, 1767–1770. doi: 10.1128/JB.01312-10

 Kim, D. H., Ahn, H. S., Go, H. J., Kim, D. Y., Kim, J. H., Lee, J. B., et al. (2021). Hemin as a novel candidate for treating COVID-19 via heme oxygenase-1 induction. Sci. Rep. 11, 21462. doi: 10.1038/s41598-021-01054-3

 Korb, V. C., Chuturgoon, A. A., and Moodley, D. (2016). Mycobacterium tuberculosis: Manipulator of protective immunity. Int. J. Mol. Sci. 17, 131. doi: 10.3390/ijms17030131

 Kuang, F., Liu, J., Tang, D., and Kang, R. (2020). Oxidative damage and antioxidant defense in ferroptosis. Front. Cell Dev. Biol. 8, 586578. doi: 10.3389/fcell.2020.586578

 Lee, J., Hartman, M., and Kornfeld, H. (2009). Macrophage apoptosis in tuberculosis. Yonsei Med. J. 50, 1–11. doi: 10.3349/ymj.2009.50.1.1

 Li, J., Cao, F., Yin, H. L., Huang, Z. J., Lin, Z. T., Mao, N., et al. (2020). Ferroptosis: Past, present and future. Cell Death Dis. 11, 88. doi: 10.1038/s41419-020-2298-2

 Li, C., and Stocker, R. (2009). Heme oxygenase and iron: From bacteria to humans. Redox Rep. 14, 95–101. doi: 10.1179/135100009X392584

 Liu, C. H., Liu, H., and Ge, B. (2017). Innate immunity in tuberculosis: Host defense vs pathogen evasion. Cell Mol. Immunol. 14, 963–975. doi: 10.1038/cmi.2017.88

 Mclean, K. J., and Munro, A. W. (2017). Drug targeting of heme proteins in mycobacterium tuberculosis. Drug Discovery Today 22, 566–575. doi: 10.1016/j.drudis.2016.11.004

 Mesquita, G., Silva, T., Gomes, A. C., Oliveira, P. F., Alves, M. G., Fernandes, R., et al. (20203061). H-ferritin is essential for macrophages' capacity to store or detoxify exogenously added iron. Sci. Rep. 10 (1), 1–15. doi: 10.1038/s41598-020-59898-0

 Mitra, A., Ko, Y. H., Cingolani, G., and Niederweis, M. (20194260). Heme and hemoglobin utilization by mycobacterium tuberculosis. Nat. Commun. 10. doi: 10.1038/s41467-019-12109-5

 Nairz, M., and Weiss, G. (2020). Iron in infection and immunity. Mol. Aspects Med. 75, 100864. doi: 10.1016/j.mam.2020.100864

 Olive, A. J., and Sassetti, C. M. (2016). Metabolic crosstalk between host and pathogen: Sensing, adapting and competing. Nat. Rev. Microbiol. 14, 221–234. doi: 10.1038/nrmicro.2016.12

 Pajuelo, D., Gonzalez-Juarbe, N., Tak, U., Sun, J., Orihuela, C. J., and Niederweis, M. (2018). NAD(+) depletion triggers macrophage necroptosis, a cell death pathway exploited by mycobacterium tuberculosis. Cell Rep. 24, 429–440. doi: 10.1016/j.celrep.2018.06.042

 Pillai-Kastoori, L., Schutz-Geschwender, A. R., and Harford, J. A. (2020). A systematic approach to quantitative Western blot analysis. Anal. Biochem. 593, 113608. doi: 10.1016/j.ab.2020.113608

 Rockwood, N., Costa, D. L., Amaral, E. P., Du Bruyn, E., Kubler, A., Gil-Santana, L., et al. (2017). Mycobacterium tuberculosis induction of heme oxygenase-1 expression is dependent on oxidative stress and reflects treatment outcomes. Front. Immunol. 8, 542. doi: 10.3389/fimmu.2017.00542

 Rodriguez, G. M., Sharma, N., Biswas, A., and Sharma, N. (2022). The iron response of mycobacterium tuberculosis and its implications for tuberculosis pathogenesis and novel therapeutics. Front. Cell Infect. Microbiol. 12, 876667. doi: 10.3389/fcimb.2022.876667

 Seiwert, N., Wecklein, S., Demuth, P., Hasselwander, S., Kemper, T. A., Schwerdtle, T., et al. (2020). Heme oxygenase 1 protects human colonocytes against ROS formation, oxidative DNA damage and cytotoxicity induced by heme iron, but not inorganic iron. Cell Death Dis. 11, 787. doi: 10.1038/s41419-020-02950-8

 Shastri, M. D., Shukla, S. D., Chong, W. C., Dua, K., Peterson, G. M., Patel, R. P., et al. (2018). Role of oxidative stress in the pathology and management of human tuberculosis. Oxid. Med. Cell Longev 2018, 7695364. doi: 10.1155/2018/7695364

 Sheedy, F. J., and Divangahi, M. (2021). Targeting immunometabolism in host defence against mycobacterium tuberculosis. Immunology 162, 145–159. doi: 10.1111/imm.13276

 Stockwell, B. R. (2022). Ferroptosis turns 10: Emerging mechanisms, physiological functions, and therapeutic applications. Cell 185, 2401–2421. doi: 10.1016/j.cell.2022.06.003

 Sukhbaatar, N., and Weichhart, T. (2018). Iron regulation: Macrophages in control. Pharm. (Basel) 11 (4), 137, 1-20. doi: 10.3390/ph11040137

 Szade, A., Szade, K., Mahdi, M., and Jozkowicz, A. (2021). The role of heme oxygenase-1 in hematopoietic system and its microenvironment. Cell Mol. Life Sci. 78, 4639–4651. doi: 10.1007/s00018-021-03803-z

 Tang, D., Chen, X., Kang, R., and Kroemer, G. (2021). Ferroptosis: Molecular mechanisms and health implications. Cell Res. 31, 107–125. doi: 10.1038/s41422-020-00441-1

 Uwimaana, E., Bagaya, B. S., Castelnuovo, B., Kateete, D. P., Godwin, A., Kiwanuka, N., et al. (2021). Heme oxygenase-1 and neopterin plasma/serum levels and their role in diagnosing active and latent TB among HIV/TB co-infected patients: A cross sectional study. BMC Infect. Dis. 21, 711. doi: 10.1186/s12879-021-06370-7

 Visca, D., Ong, C. W. M., Tiberi, S., Centis, R., D'ambrosio, L., Chen, B., et al. (2021). Tuberculosis and COVID-19 interaction: A review of biological, clinical and public health effects. Pulmonology 27, 151–165. doi: 10.1016/j.pulmoe.2020.12.012

 Who (2022). Global tuberculosis report 2021 (Geneva: World Health Organization).

 Xu, G., Wang, J., Gao, G. F., and Liu, C. H. (2014). Insights into battles between mycobacterium tuberculosis and macrophages. Protein Cell 5, 728–736. doi: 10.1007/s13238-014-0077-5

 Yang, S., Ouyang, J., Lu, Y., Harypursat, V., and Chen, Y. (2022). A dual role of heme oxygenase-1 in tuberculosis. Front. Immunol. 13, 842858. doi: 10.3389/fimmu.2022.842858

 Yong, Y. K., Tan, H. Y., Saeidi, A., Wong, W. F., Vignesh, R., Velu, V., et al. (20192789). Immune biomarkers for diagnosis and treatment monitoring of tuberculosis: Current developments and future prospects. Front. Microbiol. 10. doi: 10.3389/fmicb.2019.02789

 Zhai, W., Wu, F., Zhang, Y., Fu, Y., and Liu, Z. (2019). The immune escape mechanisms of mycobacterium tuberculosis. Int. J. Mol. Sci. 20 (2), 340, 1-18. doi: 10.3390/ijms20020340

 Zhang, L., Hendrickson, R. C., Meikle, V., Lefkowitz, E. J., Ioerger, T. R., and Niederweis, M. (2020). Comprehensive analysis of iron utilization by mycobacterium tuberculosis. PloS Pathog. 16, e1008337. doi: 10.1371/journal.ppat.1008337



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Ma, Wu, Zhang, Liu and Deng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-12-1004148-g003.jpg
BODIPY/590

BODIPY/510

Merge

B

o
N
a

14
=}

Control BCG

BCG - +
FSp1[Smne—
B-Tublin ===

1.00 ooy

FSP1/Bactin
e e e
o> 8 J

1od
o

Control BCG

BCG - +
Hmox1 [ |
B-actin [« e—

Fekk
1.00

Hmox1/Bactin
o o
o N
o o

hed
N
o

o
o

0
Control BCG





OEBPS/Images/fcimb-12-1004148-g001.jpg
A B C
*** (N=30) ** (N=30) »
109 T —— 1.5 __ 20 20 _
N=30) S 30) ns (N=30) TE'
c = 1.0 —_—
2 05 ns (N=30) @ X J1s
@ 5 05 . = £
e & = ey >
a ¥ 3 £ c
X 0.0 =f:-=BE--- Iy .~ 0.0: ‘91 ~10
< x o c
NA o = =
X s 05 iy 5
G -05 T g T 5 !
1.0
=
P A < 0
Healthy PTB EPTB Healthy PTB EPTB Healthy TB Healthy TB
N=26 N=57 N=26 N=57
E
-
< ) Q
N I v+ W S - S ™
O x X 3 = N = < Q
s3533E388838F58¢8¢s
5 2 3 « T 4 o 9 I (G} o = K S
FSP1 ob @ (D ng A 5 1 Q: &n 6117 @12 Gz: 2 st

3

P20 D
®

VDAC2 3 3 3-1“
NOX4 . D

SLC7A11 B> b

ACSL4 °'Q °Qa’

4
e
=

%
PP DD Hmox-1
@@ o
PR P P rrcars

6a
5@“@
&6
& ¢
<9

@@@sa

PG

H

®
L PP p

»
=
= D

=

-

aoxs D & GG b & T DL G
s | ) B 2 65| B B &
sucsaz | PP [P #| P Ry T2

coaroa @) Sk of) R R bR S
rrs] & |y B % [ B
R B 2| | o [ S | (o

ALOX15 *

&

&

@
%

HMOX1 @ : v
GPX4 @ R k) oF
LPCAT3 D &) k)

coQ108 B @

NCOA4 "'Q

°

°

°

O PP HH Y Y Y FIY

o

TFRC





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Heme oxygenase-1 modulates ferroptosis by fine-tuning levels of intracellular iron and reactive oxygen species of macrophages in response to Bacillus Calmette-Guerin infection

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Mice

          



          		

            2.2 Bacteria and infection

          



          		

            2.3 Chemicals and small interfering RNA

          



          		

            2.4 Cell culture, in vitro BCG infection, and siRNA transfection

          



          		

            2.5 Western blotting

          



          		

            2.6 Measurement of apoptosis and necroptosis

          



          		

            2.7 Measurement of cell death

          



          		

            2.8 Bacterial colony-forming unit count

          



          		

            2.9 Intracellular iron measurement

          



          		

            2.10 Intracellular ROS detection

          



          		

            2.11 Mitochondrial fluorescent staining

          



          		

            2.12 Lipid peroxidation assay

          



          		

            2.13 Immunocytofluorescence staining

          



          		

            2.14 Immunohistochemistry staining

          



          		

            2.15 Transmission electron microscopy test

          



          		

            2.16 GEO data analysis

          



          		

            2.17 ELISA testing of clinical samples

          



          		

            2.18 Statistics

          



        



        



        		

          3 Results

        

          		

            3.1 Transcriptome analysis of peripheral blood revealed differential expression of ferroptosis-related genes in patients with tuberculosis

          



          		

            3.2 BCG induced ferroptosis in macrophages

          



          		

            3.3 Intracellular ROS contributes to BCG-induced ferroptosis in RAW264.7 macrophages

          



          		

            3.4 ROS scavenger NAC reduces BCG-induced macrophage ferroptosis

          



          		

            3.5 Knockdown Hmox1 increases macrophage ferroptosis in response to BCG infections

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fcimb-12-1004148-g005.jpg
dededke B C D
"k §3 100 20 -
. —
= 2 S =
x g 78 S 510
© 2 80 nm
w £ 3
= £ 50 = =
5 )
3, 8 g 590 nm
3 ® 25 o
g 2
0 0 )
) = - > O O O
O' O'
&¥F & ¥ & T
& < &
L2 L2
E DAPI BODIPY/590 BODIPY/510 Merge F Kk
BCG - - + + 1.5 Fekek
NAC(mM) . + . +
Fsp1 RS ¢
GPX4 [mmam | 5 10
Hmox1 - - ©
B-actin [ e . - %
X 05
o
0.0
> L O O
PR R
(<) o
L2
Kk
1.6 1.5 e
[=
£12 B
g @ 1.0
a (=
Sos =
& 3
Q & g %5
< L 0.4 £
4
+
8 0.0 0.0
> O O L
@ S¥ & X
¢ ©






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-12-1004148-g007.jpg
Fekek

o o~

qw/nNdd {c0Lx)

<





OEBPS/Images/fcimb-12-1004148-g004.jpg
*kk

*kk
*kk

*kk

*kk

=)
-
b

o
S
-

€
<
)
=
iz

p

[=3
©

*kk

0
]

(%) Ayt

o =]
0 <
9uonepixosad

=
590 nm

1di

o n
] ~
o o

qelA (12D

Fkk
[
Q%

0 o 0

- - =)
unoeg/L-OH

2.0

louo) 904 ‘0°H €718y

*
*
*
*
*
| £
" * ®
.
&
)
0 &
* < [
x ¥ %
*
)
m G4
_
0,
]
& » e L] < 0 S
. “ ~N . ] o o o
unoegd/yxdo
v+

!

Merge
- v

2.0

] e 0

&

BODIPY/510

*kk

BODIPY/590

DAPI

BCG
0.2 mM H,0,
Gpx4
Fsp1
HO-1

@ o 8
- - +
- ;
B-actin [== == == =

lonuo) 904 ‘0°H €ISy

2 uM RSL3





OEBPS/Images/fcimb-12-1004148-g002.jpg
A
Control: : 100ul PBS

BCG: 100ul5x10° CFU/mice o _  30@®ay
Veln “
CS7BLIS mice
B GPX4 Hmox1 c
§ 1.5 -§ 1.5 dedeke
E €
g e 3
5 1.0 i 1.0
22 % 2
ae S o
o2 £2
8 05 S 05
) ]
2 3
o [
el X} % 00
Control BCG Control BCG
D
BCG(MOl) 0 5 10 15 E s F s il
GPX4 [== =
Hmox1 [ s & £
B-actin [ e —— g 10 S
© «Q
a =
BCG(Hou) 0 3 6 12 18 24 % o E
[ e —— o I
Hmox1 ——— — —
actin e e - - - -
0 5 10 15(MO) 15 (MOJI)
H I J
1.00 P 1.00 - _—
- Fedkedk
] 0 —_—
c 075 £ 075 ES -
® © £ O 40 .
M g- o 'g Fededk
$ 050 < 050 3 i — ok
& 2 2e20d —_
[0 £ s
0.25 T 025 [
z
0.00 0.00 MOIO 5 1015 0 5 10 15
0 3 6 12 18 24(Hour) 0 3 6 12 18 24 (Hour) Necrosis Apoptosis
K Hokek L M N
1.00 100 3
dededke
- g Fokk °\°
g o5 275 £ §
2 [] ) k]
= @ w -]
S 050 £ 50 5 5
> » = @
3 g 25 3 =
O 025 s a
£ a

Control BCG Control BCG Control BCG

Control BCG





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb.2022.1004148_cover.jpg
, frontiers ‘ Frontiers in Cellular and Infection Microbiology

Heme oxygenase-1 modulates
ferroptosis by fine-tuning levels
of intracellular iron and reactive
oxygen species of macrophages
in response to Bacillus
Calmette-Guerin infection





OEBPS/Images/fcimb-12-1004148-g006.jpg
Fekk

*kk

*kk

.00

1

O,
0
c «\w\\
9 S
® %0
b 3
* <
* 0&
04\
Y
N\O
v}
o~ o © - &
4 2 2 2 g
unoeg) dsy
<,
b4 o,
* %,
8
9 S
i LN
* \Lmv
%,
o X
%
«\0
v}
0 ) 0 S
< 2 b4 g
unoegdjyxdo
+ + 4 . _ _
+ __ — _ -
e |
(ORI R
8358593
I Z a
7]
Y -
2
p— -
0 _-
2 0 w0 L o8O %E
N B N SgEeN? 2%
S eison © S8k £
unoeg/L-OH ST
wn

*kk

kK

ek

Qo N1 no ©
< 8 e o
o

(%) Aunqern 129

ek

*kk

n =]
~ e}
S
ul

1.00
0.25

=
1oeg/L-OH

ok

.5

s »
il o

unjoeg/peooN

1

I 510 nm
I 590 nm

*
*
*
*
*
*
o (=3 =]
42I © <
%uonepixosad pidr]
=
<,
%
H %
%%,
. S
s »\0 o@
X .70@
%
by <
%
\00
v}
(=3 L (=] wn o
o ~ wn ~N
T Aysusui Oy
"
% A
*
* @\w\\
LN axo
; o X
* +o@
%
o
B,
.\«\O
]
A < o~ - o
(Wu),z24 senjj@denU]
T

Merge

BODIPY/510

o
o
0
>
o
[=]
[*]
1]

losuod

LXOWHS

LXOWHIS+DD

LXOWHIS+909





