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Mycobacterium tuberculosis (Mtb), the etiological agent of tuberculosis, kills 1.5 to 1.7 million people every year. Macrophages are Mtb’s main host cells and their inflammatory response is an essential component of the host defense against Mtb. However, Mtb is able to circumvent the macrophages’ defenses by triggering an inappropriate inflammatory response. The ability of Mtb to hinder phagolysosome maturation and acidification, and to escape the phagosome into the cytosol, is closely linked to its virulence. The modulation of the host inflammatory response relies on Mtb virulence factors, but remains poorly studied. Understanding macrophage interactions with Mtb is crucial to develop strategies to control tuberculosis. The present study aims to determine the inflammatory response transcriptome and miRNome of human macrophages infected with the virulent H37Rv Mtb strain, to identify macrophage genetic networks specifically modulated by Mtb virulence. Using human macrophages infected with two different live strains of mycobacteria (live or heat-inactivated Mtb H37Rv and M. marinum), we quantified and analyzed 184 inflammatory mRNAs and 765 micro(mi)RNAs. Transcripts and miRNAs differently modulated by H37Rv in comparison with the two other conditions were analyzed using in silico approaches. We identified 30 host inflammatory response genes and 37 miRNAs specific for H37Rv virulence, and highlight evidence suggesting that Mtb intracellular-linked virulence depends on the inhibition of IL-1β-dependent pro-inflammatory response, the repression of apoptosis and the delay of the recruitment and activation of adaptive immune cells. Our findings provide new potential targets for the development of macrophage-based therapeutic strategies against TB.
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Introduction

Tuberculosis is one of the top 10 causes of death (1) and, right after COVID-19 (2), is the world’s deadliest infection caused by a single infectious agent: Mycobacterium tuberculosis (Mtb) (3). Mtb is responsible for 1.5 to 1.7 million deaths each year, but unlike COVID-19, is more prevalent in low and middle income countries (4). Active tuberculosis infection (ATBI) is characterized by replicating and metabolically active bacteria and causes severe lung lesions while latent tuberculosis infection (LTBI) remains asymptomatic. Seventy percent of newly infected individuals efficiently clear the bacteria. However, for the remaining 30%, the immune system is only able to contain, but not to eradicate the bacteria (5). These people develop LTBI that can persist for their entire lifetime (6). However, approximately 5 to 10% of LTBIs evolve into ATBIs when the immune system is no longer able to constrain Mtb (5). The ability of Mtb to persist for so long in the host is due to its ability to hijack host defense mechanisms by converting macrophages into a permissive cellular niche (7, 8).

Macrophages are first-line antimicrobial cells in our body. They play a key role during Mtb infection by triggering an arsenal of immune responses (7). Macrophages are the most abundant cell type within the site of infection and represent the primary host cells for Mtb (9). Depending on the polarization of their immune response, macrophages ability to fight Mtb differs. Classically activated (M1-like) macrophages trigger a Th1 pro-inflammatory response and help to eliminate the bacteria. Alternatively, activated (M2-like) macrophages trigger a Th2 anti-inflammatory response and become long term hosts (10–13). Many studies describe a strong pro-inflammatory response promoting M1-like polarization, immediately after Mtb infection, followed later by a shift to an anti-inflammatory response and M2-like polarization (14–17). However, pro-inflammatory mechanisms do not always kill the bacteria and anti-inflammatory mechanisms are not always protective for the host. Inability to orchestrate a protective inflammatory response leads to poor clinical outcome (9). This might be the reason why innate immunity is often related to genetic susceptibility to tuberculosis (18–20) and why cytokine signaling and inflammation pathways are found to be the most induced processes during the infection (21, 22). MicroRNAs (miRNAs) are critical regulators of the fine-tuning of cytokine signaling, macrophage polarization, and inflammation. They are small endogenous non-coding RNA molecules, acting mainly as post-transcriptional repressors by targeting mRNAs on their 3’UTR (23–27). Several studies have explored the roles of host miRNAs in tuberculosis and showed that Mtb infection modifies the miRNome of macrophages (28–31). Mtb might thus influence the macrophage inflammatory response by modulating their miRNAs expression.

Mtb encompasses a group of genetically related species (named the Mtb complex) that are highly contagious airborne mycobacterial strains and can cause tuberculosis in humans (32). Mycobacterium (M.) marinum is one of the most closely related mycobacterium species to the Mtb complex and a commonly used pertinent intracellular infection model. Indeed, both thrive in the same macrophage compartments (33) and their survival in the immature phagosome is made possible through pathogen-dependent inhibition of phagosome-lysosome fusion. Then, both Mtb and M. marinum use the ESX-1 secretion system to escape the phagosome into the cytosol and thus to circumvent macrophage defenses (34–39). Cutaneous lesions caused either by Mtb or M. marinum form similar granulomas in humans (40), suggesting that they trigger comparable immune responses. The M. marinum ESX-1 system however confers reduced virulence, compared to that of Mtb (41), and human granulomatous lesions are less severe than those caused by Mtb infection (42). This suggests that phagosome escape is not the only cause of mycobacterial virulence. After phagosomal escape, Mtb must be able to reprogram macrophages’ defenses in a way that favors its virulence in humans in a more effective way than M. marinum.

Recent studies have indicated that genetic diversity within the Mtb complex can influence host inflammatory response to infection and during tuberculosis disease (43). Because Mtb strains that diminish protective cytokine secretion show enhanced virulence (44, 45), the present study aims at identifying how the virulent Mtb strain H37Rv specifically reprograms the inflammatory transcriptome and related miRNAs of macrophages in comparison with less virulent Mtb strains. compared with M. marinum. We thus compared macrophages’ inflammatory transcriptomes following infection with either the virulent Mtb strain H37Rv, M. marinum or the heat killed avirulent H37Ra strain (HKMT). M. marinum infection was used to filter the response specific for H37Rv with a less, yet virulent mycobacterial strain, which is also able to escape the phagosome and to trigger a cytosolic immune response. We used HKMT infection as a way to focus on both post-phagocytosic changes and to identify changes related to human-specific pathogen recognition. Indeed, in contrast to H37Rv, macrophages successfully eliminate HKMT in their phagolysosomes (46). As a macrophage model, we used PMA-differentiated THP-1 cells since they display similar properties compared to human monocyte-derived macrophages during Mtb infection (47). We identified an H37Rv-specific signature of inflammatory genes. We also identified a miRNA-based signature following H37Rv infection and provide potential mRNA/miRNA circuits related to H37Rv virulence in the context of the macrophage inflammatory response.



Materials and Methods


Mycobacterial Strains and Cultures

We used fluorescent H37Rv and M. marinum strains that were both obtained as a kind gift from IPBS, Toulouse. H37Rv and M. marinum cultures were grown at 37°C or 33°C, respectively, and 5% CO2 in Middlebrook 7H9 broth supplemented with 10% Middlebrook Oleic Albumin Dextrose Catalase (Difco, Livonia, MI). Cultures were grown to a mid-log phase (optical density 600 [OD600] of 0.6), then frozen with 10% glycerol at −80°C in 1.5 ml aliquots prior to infection. Heat inactivated H37Ra (HKMT) was purchased from Invivogen.



Cell Cultures

The human monocytic cell line THP-1 cells (TIB-202) were purchased from ATCC. Cells were cultured in 24 well plates (Corning) and differentiated into THP-1 derived macrophages 24 hours prior to infection with 40 ng/mL phorbol 12-myristate 13-acetate (PMA) in RPMI 1640 Medium GlutaMAX™ Supplement (Gibco) at 37°C and 5% CO2. Experiments were realized within 15 passages and cell viability was measured before experiments by trypan blue exclusion and was greater than 97%. CD14+ primary human monocytes were extracted from peripheral blood of 5 healthy donors anonymously provided by the French Blood Establishment (EFS, Lyon). CD14+ monocytes were purified from whole blood using an autoMACS® Pro Separator, Whole Blood Column Kit and StraightFrom® Whole Blood CD14 MicroBeads (Mitenyi) according to the manufacturer’s instructions. Cell viability was measured before proceeding to macrophage differentiation, by trypan blue exclusion and was always greater than 80%. CD14+ monocytes were then plated in 24 well plates (Corning) at a density of 400 000 cells per well and differentiated into macrophages for 5 days prior to infection with 50 µg/ml Rh-GMCSF (Miltenyi) in RPMI 1640 Medium GlutaMAX™ Supplement (Gibco) with 10% FBS (Sigma-Aldrich) at 37°C, 5% CO2.



Infections

Macrophages were infected with H37Rv or M. marinum at a multiplicity of infection (MOI) of 1:1 for 1 hour and at an MOI of 4: 1 for 3 hours, respectively, in RPMI 1640 medium GlutaMAX™ Supplement with 10% HiFBS. Macrophages stimulation with HKMT was performed with 50 µg/ml of HKMT for 3 hours in RPMI 1640 medium GlutaMAX™ Supplement with 10% HiFBS. Cells were then rinsed with phosphate buffered saline (PBS) to remove extracellular mycobacteria and further cultured in RPMI 1640 medium GlutaMAX™ Supplement with 10% HiFBS for 48 hours before RNA extraction. Uninfected cells were handled in the same conditions as infected cells and served as controls.



Gene and miRNA Profiling

Total RNA including miRNAs was extracted 2 days post-infection. Briefly, to protect RNA from degradation, macrophages were rinsed with PBS, then scraped with Maxwell® RSC miRNA Tissue Kit homogenization solution/thioglycerol (50/1) (Promega). Followed 10 min of incubation with Maxwell® RSC miRNA Tissue Kit lysis buffer (Promega), cells and bacteria were lysed by bead beating into Matrix B tubes containing silica beads (MP Biomedical) with the Super-Fast Prep-1 instrument (MP Biomedical). Finally, samples were processed into a Maxwell® RSC instrument for RNA extraction. RNA concentration was measured with QIAxpert System (Qiagen) and RNA integrity was evaluated by automated electrophoresis with TapeStation Systems (Agilent). Reverse transcription of total mRNA or miRNAs were performed with 500 ng total RNA using SuperScript™ IV VILO™ Master Mix or a Taqman™ microRNA Reverse Transcription kit (Applied Biosystems), respectively. qPCR amplifications were run with a QuantStudio™ 12K Flex system (Applied Biosystems) and using a customized TaqMan® Array (Table S1 in Supplementary Material) for mRNAs and the TaqMan® Array Human MicroRNA Card Set v3.0 dispatched in two pools: highly characterized miRNAs (pool A) and more recently discovered miRNAs (pool B) (Applied Biosystems) for miRNAs, according to the manufacturer’s instructions.



Data and Statistical Analysis

The data was analyzed using the ThermoFisher Connect™ online application (ThermoFisher). The mRNA content relative to the secreted proteins was normalized to GAPDH and GUSB expression, that of the receptors was normalized to GAPDH and TBP expressions and miRNA content was normalized using the global normalization method. Then, relative expression and expression fold changes were calculated following the ΔCt and 2ΔΔCt methods, respectively. Briefly: ΔCt = Ctgene – Ctendogenous control and ΔΔCt = ΔCt treated sample – ΔCt untreated control. Heatmaps and principal components analysis (PCA) were generated with Clustvis online software (48). All miRNA and gene Taqman Low Density Array data are available from the ncbi database: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE165327. Genes and miRNAs interactions were further explored with the Ingenuity Systems™ Pathways Analysis (IPA) tool (http://www.ingenuity.com). We used GraphPad Prism 8 for statistical analysis. Student’s t-test was used on ΔCt to compare treated samples to their controls and on ΔΔCt to compare H37Rv-infected PMA differentiated THP-1 to H37Rv-infected CD14+ (monocyte-derived macrophages) MDM responses. ANOVA with multiple comparisons were used on ΔΔCt to compare H37Rv-infected macrophages to M. marinum-infected macrophages and to HKMT-stimulated macrophages. PCA and hierarchical or unsupervised clustering were performed using Clustvis online software with the correlation distance method and average linkage. Relative gene expression or gene expression fold changes as indicated were centered and unit variance scaled. Imputation was used for missing value estimation.




Results


Infection With Virulent Mycobacterium tuberculosis Leads to a Specific Deregulation of Macrophage Host Response-Related Genes

To compare the host inflammatory response induced by macrophages upon infection with a virulent or non-virulent mycobacterial strain, we used PMA-differentiated THP-1 cells as a human macrophage model and infected them with either the virulent H37Rv strain, or the occasional human pathogen M. marinum and the avirulent heat killed Mtb (HKMT). In this first attempt to dissect the host response associated with specific Mtb virulence, we decided to use the classical laboratory strain H37Rv as a surrogate for Mtb strains. Using RT-qPCR arrays, the host inflammatory response was evaluated by quantifying the expression level of 184 genes designed to encompass the full landscape of host immune responses (Table S1 in Supplementary Material). Among the 184 mRNAs tested, 98 genes were detectable (Ct values < 32) in THP-1, including 14 interleukins, 11 interleukin receptors, 23 chemokines, 12 chemokine receptors, 6 interferons, 2 interferon receptors, 11 tumor necrosis factor (TNF) superfamily members, 12 TNF receptors and 7 toll-like receptors (Table S2 in Supplementary Material). We used principal component analysis (PCA) and unsupervised hierarchical clustering to visualize the relationships between the three sample groups, based on the expression of these genes. PCA analysis displayed 60.5% of the dataset on the two principal components (Figure 1A), which was representative of the sample distribution. Interestingly, PCA showed that expression profiles obtained with M. marinum infection and HKMT stimulation were similar, as their distribution overlapped, and that both were very different from H37Rv infection. This was confirmed by the unsupervised hierarchical clustering analysis (Figure 1B). H37Rv-infected samples were found further from controls compared to the other two conditions on the PCA and heatmap (Figures 1A, B), showing that infection with H37Rv induced more drastic changes than the other two experimental conditions.




Figure 1 | Infection with H37Rv led to a specific deregulation of macrophage inflammatory response-related genes. Macrophages were infected with H37Rv, M. Marinum or stimulated with HKMT for 48 hours, then total RNA was extracted and the expression levels of 184 host immune response-related genes were quantified using RT-PCR (n = 11 control, n = 3 M. Marinum, n=4 HKMT and H37Rv). For each experiment with the different mycobacterial strains, uninfected macrophages were used as control. Using Clustvis software, hierarchical clustering and principal component analysis were generated for genes, which after PCR had a CT value below 32 (98 genes). (A) Unsupervised PCA representation of the samples distribution depending on their overall relative gene expression following infection with H37Rv, M. marinum and stimulation with HKMT. Imputation was used for missing value estimation. (B) UpSet diagram representing the intersection of the DEGs relative to H37Rv or M. marinum infections or HKMT as compared with uninfected controls. In green: downregulated genes count, in red: upregulated genes count. (C) Unsupervised hierarchical clustering of the samples distribution depending on the overall relative expression of 93 genes following infection with H37Rv, M. marinum or stimulation with HKMT. Imputation was used for missing value estimation and samples were clustered using the correlation distance method and average linkage.



First, we assessed which genes are differentially expressed between uninfected and infected conditions. The UpSet diagram (49) represents the intersection between the three sets of differentially expressed genes (DEGs) from the three infections (Figure 1C). The data indicate that H37Rv infection significantly deregulated 71 DEGs, whereas both other conditions only modulated 48 DEGs. While 36 DEGs were shared between the three conditions, 25 DEGs were specific for H37Rv infection and only 5 and 6 DEGs for M. marinum and HKMT, respectively. Overall, our data showed that H37Rv infection induced greater changes to the host response, with more DEGs and higher fold changes.

Second, to identify how macrophages specifically respond to H37Rv, we compared the expression levels of all DEGs from the three infections (Table 1 and Figure 2A). For each DEG, we considered that the expression was specific for H37Rv infection if the fold change versus M. marinum or HKMT was greater than or equal to 2 and p-value < 0.05. Among the 25 DEGs specific for H37Rv, six genes [CCL17, CCL24, PPBP (CXCL7), CXCR5, CCR9 and TLR7] were significantly deregulated following H37Rv infection only and not in the other two conditions. On the other hand, IL24, IL31RA and TNFSF14 were not significantly deregulated by H37Rv, whereas they were deregulated by HKMT, M. marinum, and both, respectively (Table S2 in Supplementary Material).


Table 1 | H37Rv specific host response gene set.






Figure 2 | Infection with H37Rv led to a specific and significantly different host inflammatory response. (A) THP-1 differentiated into macrophages were infected with H37Rv, M. Marinum or stimulated with HKMT for 48 hours, then total RNA was extracted and the expression level of the 184 host immune response-related genes were quantified using RT-PCR (n = 11 control, n = 3 M.marinum, n=4 HKMT and H37Rv). For each experiment with the different mycobacterial strains, uninfected macrophages were used as control, independently. Using Clustvis software, a supervised hierarchical clustering was generated for the 98 genes with CT value below 32. Supervised hierarchical clustering of macrophage samples distribution depending on the relative expression of genes that were significantly deregulated by H37Rv infection as compared with both M. marinum infection and HKMT stimulation. Statistical analysis was performed on ΔΔCt using ANOVA and multiple comparisons. Imputation was used for missing value estimation. Samples were clustered using the correlation distance method and average linkage. (B, C) THP-1 and CD14+ MDM were infected with H37Rv for 48 hours, then total RNA was extracted and the expression level of the 30 H37Rv-specific host inflammatory response was quantified using RT-PCR (n = 4). Graphs represent gene expression fold change compared to uninfected cells. Statistical analysis was performed on ΔΔCt using Student’s t-test.  *p value < 0.05, **p value < 0.01, ***p value < 0.001.



The majority of the genes that had an expression level specific for H37Rv infection belonged to the common DEGs induced by the three pathogens. Indeed, the H37Rv-specific host response led to a more drastic deregulation of 12 genes by either inducing upregulation of CCR7, IL1R1, TNFRSF9, TNFRSF18, IL1R2, CCL7, IL10, TNFRSF14, CXCL2, CXCL3, CCL2 and IL15RA or inducing downregulation of CCL21. CCR7 and IL23R both ranked as the first and second most upregulated genes, with fold changes equal to 19 and 115 for CCR7, and 50 and 123 for IL23R, respectively. TLR7 and CCL21 were the only two downregulated genes following H37Rv infection with respect to the uninfected controls. In addition, both genes were even more downregulated when comparing infection with H37Rv and with M. marinum or HKMT. CCL21 ranked as the most downregulated gene with a 16-fold downregulation in H37Rv infection as compared with the other two conditions. H37Rv-infection of macrophages did not always lead to extreme expression profiles. Indeed, CXCL11, TNFSF13B, TNFSF10, IL31RA, CXCL9, CXCL10, CCL8 expressions were intermediate, all downregulated as compared with M. marinum infection and upregulated as compared with HKMT stimulation. Overall, the H37Rv-specific host inflammatory response included 30 genes (Figure 2A and Table 1). Finally, we validated this finding in primary human macrophages. Using RT-qPCR, we quantified the expression level of the 30 H37Rv-specific genes in Mtb-infected macrophages differentiated from blood CD14+ monocytes of healthy donors. Results showed that expression levels were comparable between the human THP-1 macrophage cell line and primary macrophages for more than 80% of the genes (Figure 2B). Only 5 out of 30 genes did not show the same variation (Figure 2C). While IL1R2, IL23R, IL1R1, IL-10, and CCL24 were highly upregulated upon infection of THP-1 macrophages, their expression was barely affected upon infection of primary macrophages.



H37Rv Infection Leads to the Modulation of 37 miRNAs

To further decipher virulence-mediated changes in the host response, we performed a global miRNA profiling of H37Rv-infected macrophages (Figure 3, Table 2). Of the 765 human miRNAs analyzed, up to 54.8% were detectable with a CT value < 32. When considering a fold change > 2 and a p-value < 0.05, 37 miRNAs were significantly deregulated following H37Rv infection as compared to the uninfected controls. Quantification of human miRNA expression levels showed that 17 miRNAs were upregulated and 20 were downregulated. As miRNAs belonging to the same family or cluster suggests that they co-regulate the same biological pathway, it seems relevant to highlight that, among the 37 differentially expressed miRNAs, there were two miRNA families: miR-30 family (miR-30a and miR-30b) and miR-181 family (miR-181a-1-3p and miR-181a-2-3p). We also observed that the miR-132/212 cluster was significantly increased. Using a miRNome published dataset of CD14+ isolated from the blood of TB patients (GSE70425), we compared the expression levels of the 37 H37Rv-related miRNAs between Mtb-infected THP-1 and primary CD14+. Results showed that 80% of miRNAs displayed comparable expression levels between both conditions (Figure S1 in Supplementary Material).




Figure 3 | Expression levels of miRNAs significantly deregulated after H37Rv infection. THP-1 differentiated into macrophages were infected with H37Rv for 48 hours (n = 4). After total RNA including small RNA extraction, the expression level quantification of 762 human miRNAs was performed using TaqMan® Array Human MicroRNA Card. Using Clustvis software, a supervised hierarchical analysis of the distribution of macrophage samples based on relative log2 expression of 37 miRNAs significantly modified by H37Rv infection compared to uninfected controls. Statistical analysis was performed on ΔCt using Student’s t test to identify the differently expressed miRNAs compared with uninfected controls. Imputation was used for missing value estimation. Samples were clustered using the correlation distance method and average linkage.




Table 2 | H37Rv mediated miRNA deregulation.





mRNA/miRNA Inflammatory Pathways Specific for H37Rv

To identify predicted target genes and related pathways and to provide experimentally verified information on miRNA-target interactions, we performed an automated text-mining search analysis. The thirty seven miRNAs identified as dysregulated in H37Rv-infected macrophages were examined using miRWalk database (50). We found between 11 and 699 putative target genes for each of the 37 miRNAs. We applied a filter consisting in identifying genes targeted by at least 3 miRNAs and found 320 genes (Table S3 in Supplementary Material). Using the Enrich database (51), gene ontology analysis revealed significant pathways with high Enrich combined score level such as cell cycle, FoxO signaling and P53 pathway with adjusted p-values 3.710-7, 1.110-5 and 6.210-5, respectively (Table S4 in Supplementary Material). Interestingly, we found that 28 genes were targeted by at least five miRNAs (Table S3 in grey color) and almost 70% of them have already been described as involved in Mtb infection (Table S3 in Supplementary Material). The HSPA1B gene, also called HSP72, is targeted by 9 miRNAs, and the two genes LDLR and NUFIP2 are targeted by 7 miRNAs. The integrative analysis of the 30 and 37 H37Rv-specific host inflammatory response genes and miRNAs, respectively, has been carried out to find possible relationships. In this attempt, we used the Ingenuity Pathway Analysis software program, associated with a miRNA target filter analysis, to identify miRNA-target genes and mRNA-mRNA interactions (Figure 4). miR-939-5p, miR-1184, miR-20a-3p, miR-193a-3p, miR-345-p, miR-26b-3p, miR146a-5p, miR-941, miR589-5p, miR-130b-5p, miR-27b-3p, miR-221-3p, miR-744-3p, miR-425-3p, miR-132-3p, miR-181a-1-3p, miR-181a-2-3p, miR-19b-1-5p, miR-30a-5p, miR-1179, miR-455-3p, miR-199b-5p and miR-21-3p, all targeted at least one inflammatory response genes related to Mtb virulence. Together, these 23 miRNAs might regulate 21 of the 34 H37Rv-specific genes: CCL21, CXCL2, CXCL3, CCL8, IL10, PPBP, TNFSF10, CXCL11, TNFSF13B, CXCL9, IL24, CCL17, CXCL10, TNFRSF18, TNFRSF14, TNFRSF9, IL15RA, IL1R1, CCR9, CXCR5 and IL23R. Some miRNAs targeted more than 3 genes and thus might be more involved in the H37Rv-specific host inflammatory response than others. MiR-939-5p, miR-345-5p, miR-130b-5p, miR-425-5p, miR-26b-3p targeted 3 to 4 H37Rv-specific host inflammatory response genes and miR-146a targeted 6 genes. The most targeted H37Rv-specific host inflammatory response genes were CXCL2, CXCL11, CCR9, TNFSF13B, CXCL9 and IL23R. miR-939-5p, miR-1184, miR-345-5p, miR-26b-3p, miR-941, miR-589-5p, miR-130-5p, miR-27b-3p, miR-221-3p, miR-425-3p, miR-181a-1-3p, miR-19b-1-5p, miR-1179, miR-455-3p, miR-119b-5p and miR-181a-2-3p targeted TNFRSF18/TNFRSF14, CXCL2, CCL8/TNFSF13B/CXCR5, CXCL2/CXCL3/TNFRSF9, IL15RA, PPBP, CXCL2/TNFSF10/CCR9, CXCL11/CCR9, CXCL11, CXCL9/CXCR5/IL23R, CXCR5, IL23R, TNFSF13B/CXCL10, CXCL9, IL23R/IL24 and CXCL10 with negative correlations (i.e. downregulated miRNAs correlated to upregulated genes), respectively. Altogether, 61% of the H37Rv-specific host inflammatory response gene set was targeted by 62% of the H37Rv deregulated miRNAs.




Figure 4 | miRNA-mRNA networks generated with Ingenuity Pathway Analysis (IPA) for H37Rv-infected human macrophages. IPA analysis was performed to investigate the connection between the 30 and 37 H37Rv-specific host inflammatory response gene set and miRNAs, respectively. Filters were set to only include experimentally observed or high-confidence-predicted miRNA-mRNA interaction partners. Genes and miRNAs were colored in red or green depending on whether they were upregulated or downregulated (respectively) with respect to their uninfected controls and the shading intensity shows to what degree each miRNA or gene was deregulated. Direct and indirect miRNA-gene interactions are represented with a solid and dotted lines, respectively.






Discussion

Macrophages are the primary host for Mtb and their inflammatory response is critical for the infection outcome (9). Although Mtb and M. marinum can both circumvent the phagolysosome fusion and escape to the cytosol, Mtb remains more virulent than M. marinum in humans. We hypothesized that Mtb virulence is enhanced by its capacity to alter the host inflammatory response. We sought to identify H37Rv-specific mRNA and miRNA genes, to identify pathways of the macrophage inflammatory response that might be related to Mtb virulence. As a model for human macrophages, we used the PMA-differentiated THP-1 cell line (47) to compare the transcriptomic changes induced in the inflammatory response by either H37Rv, M. marinum or HKMT. We identified 30 genes and 37 miRNAs that were differently expressed upon H37Rv infection and studied their relationships and associated cellular signaling pathways. Importantly, at least 80% of the H37Rv-specific genes and miRNAs identified with the THP1 model are confirmed in primary macrophage cells, validating our experimental approach.

Our unbiased analysis of the H37Rv–related miRNAs with their target genes experimentally validated, revealed their involvement in Mtb infection. HSP72 and LDLR were the most targeted genes by the H37Rv-specific miRNAs. These genes are involved in the interaction between neutrophils and macrophages during the early phase of the innate immune response to Mtb infection (52) as well as in the control of infectious load and infection-induced changes in lipid metabolism (53), respectively.

Most of the 30 H37Rv-specific host inflammatory response genes identified in the present study are upregulated to affect positively the host-response. These genes lie into the categories of receptors and molecules involved in pro-inflammatory macrophage differentiation (54), recruitment and activation of innate and adaptive immune cells (54–68), type 1 interferon and IFN-γ response (69, 70, 71), and apoptosis (72). Almost 30% of those genes are found deregulated in the blood of TB patients and have already been reported to be upregulated during Mtb infection, entailing positive effects on macrophage defense (58, 61, 66, 68, 70, 71, 73–81). Interestingly, miR-132-3p, miR-146a-5p, miR-345-5p and miR-939, which each target as many as 3 or 4 of the H37Rv-specific host inflammatory response genes, have been reported to be implicated in TB or other cellular processes that are or might be relevant to TB. Our IPA analysis of the H37Rv-specific host inflammatory response genes and miRNAs allowed us to identify strong links between Mtb virulence and these genes, as well as their associated pathways.

Focusing on genes that might benefit or alter macrophages defenses, and pathways in which genes are most targeted by identified miRNAs, we then tried to understand how H37Rv circumvents the macrophage inflammatory response (Figure 5). Among the strongest H37Rv-specific host genes/miRNAs displaying inverse expression levels, CXCL2 is over-expressed following H37Rv infection, and targeted by 3 miRNAs (miR-1184, miR-26b-3p and miR-130b-5p). It has been shown that blocking CXCL2 expression significantly reduces Mtb-induced, but not M. bovis BCG-induced, IL-1β secretion through the NLRP3-dependent inflammasome (76, 82), implying that its regulation is related to Mtb virulence. The pro-inflammatory cytokine IL-1β is essential for Mtb control, responsible for activation, for classical inflammatory polarization of macrophages, and takes part in many defense mechanisms against Mtb including ROS production (83, 84). Sustained upregulation of IL-1β leads to detrimental effects of exacerbated inflammation and is associated with TB severity and immunopathology (85–87). The downregulation of miR-1184, miR-26b-3p and miR-130b-5p expressions by H37Rv, might favor CXCL2 upregulation and the subsequent IL-1β production. In addition, the expression level of TNFRS18, which is expressed on macrophages, and functions as an inflammatory enhancer by promoting the activation of the NLRP3 inflammasome (88), is inversely correlated with that of miR-939-3p. Interestingly, miR-939-3p directly inhibits iNOS in mouse macrophages (89). iNOS exerts a strong bactericidal activity against Mtb, while preventing an excess of inflammation by inhibiting NLRP3-dependent IL-1β production and the NF-κB pathway (90–92). Moreover, miR-26b-3p, which is thought to participate in NLRP3-dependent IL-1β production through regulation of CXCL2, has been shown to participate in the inflammatory response of LPS-stimulated alveolar macrophages by modulating the NF-κB pathway by regulating PTEN (83). Finally, miR-939-3p and miR-26b-3p, found downregulated in H37Rv-infected macrophages, suggests that NF-κB plays an important role in H37Rv virulence probably through a dialog involving the NLRP3 inflammasome (84, 85). As for many regulatory mechanisms involved in inflammation, these H37Rv-specific gene/miRNA interactions controlling IL-1β might benefit both the macrophage and H37Rv, and highlight the crucial implication of IL-1β-related pathways and the control of pro-inflammatory activation in the virulence of Mtb.




Figure 5 | H37R-specific macrophage inflammatory response genes and associated miRNAs. Upon H37Rv infection, macrophages upregulated CXCL2, CXCL3, IL24, PPBP, TNFRSF18 and TNSF9, which have a beneficial effect on macrophages defense against Mtb. Downregulation of miR-19b-1-5p, miR-26b-3p, miR-130b-5p, miR-939-5p, miR-589-5p and miR-1184 might however limit the expression of these genes. Although H37Rv led to upregulation of CCL8, CCL17, CXCL9, CXCL10, CXCL11, TNFSF10 and TNFSF13B, their expression levels were significantly lower than that induced by Mm-infection. Hence, H37Rv mediated lower expression of these genes might rather be detrimental for macrophage defense. Their expression might be limited by miR-27b-3p, miR-130b-5p, miR-181a-2-3p, miR-425p, miR-455 and miR-1179.



Durable Mtb survival is only possible if their host-cells do not trigger cell death. In the early infection, apoptosis has been shown to be detrimental for Mtb to establish a long-term infection (86). TNFSF10, previously reported to be strongly induced by Mtb infection (87), prevents alveolar epithelial cell-mediated wound repair by inducing their apoptosis (93). These data suggest that TNFSF10 could promote fibrosis of the external layers of the granuloma and favor both the containment and the protection of the bacteria. TNFSF10 is putatively targeted by miR-130b-5p, which is downregulated in H37Rv-infected macrophages in the present study. In addition to the fact that this miRNA has already been shown to be downregulated in Mtb–infected primary human macrophages (94), P Ahluwalia et al. propose that miR-130b is involved in M1/M2 macrophages plasticity and Mtb survival (95). The expression of TLR7, an endosomal receptor expressed by macrophages to detect microbes single stranded RNA (96) and trigger apoptosis (97), is not modulated by M. marinum but significantly downregulated by H37Rv, which could also be beneficial for Mtb adaptation to the intracellular life survival process. Moreover, predicted miRNAs associated to the regulation of H37Rv-specific host inflammatory response genes were also involved in the regulation of apoptosis. miR-27b-3p, which expression is decreased upon H37Rv infection, favors apoptosis and decreases bacterial burden in Mtb-infected mouse macrophages (98). MiR-193a-3p and miR-1184, which expressions are decreased upon H37Rv infection, and both putatively target CXCL2, are also involved in apoptosis. miR-193a-3p upregulation triggers apoptosis through the direct repression of Mcl-1 expression (99), while miR-1184 promotes apoptosis via downregulation of its target CSNK2A1 (100). Reduced expression levels of TNFSF10, TLR7, miR-27b-3p, and miR-1184, in H37Rv-infected macrophages as compared with M. marinum -infected cells are concordant with apoptosis being reduced in alveolar macrophages infected with the virulent H37Rv strain as compared with attenuated strains such as M. bovis BCG and M. kansasii (101). The specific inverse regulation of these genes and miRNAs induced by H37Rv might inhibit apoptosis and enhance Mtb virulence.

Another factor that promotes Mtb long-term infection as compared to other pathogens, is the delay between the activation of innate immunity and the recruitment and activation of adaptive immunity (102). The CXCL9, CXCL10, CXCL11/CXCR3 axis and TNFSF13B play a role in both these recruitment and activation processes, responsible for attracting Th1 cells, cytotoxic lymphocytes and natural killer cells to the site of the infection, and related to B-cell activation, respectively (65). Although they were upregulated in H37Rv-infected macrophages, this upregulation was lower than that induced by M. marinum, suggesting that they are related to Mtb virulence. The fact that three of these genes are among the 6 most miRNA-targeted genes (i.e. CXCL9, CXCL11 and TNFRSF13B) emphasizes the importance of their role and might explain their lowered expression levels. Upregulation of miR-30a-5p and miR-30d-5p might lower the expression of CXCL11 and TNFSF13B, and upregulation of miR-132-3p that of CXCL9. Hence, modulating the expression of those genes and miRNAs might delay the adaptive immunity response and generate permissive conditions for Mtb survival (102). Additionally, miR-30a-5p upregulation is deleterious for Mtb-infected THP-1 cells, as it directly targets MyD88 (103), which is necessary for the establishment of a proper adaptive immune response in many pathologies (104–106). Furthermore, H37Rv-specific modulation of CCL8, CCL21 and CXCL2 might also contribute to impairing adaptive immunity. CCL8 is involved in T-cell activation (107–109) and CCL21 is a pro-inflammatory cytokine responsible for T-cells attraction to the lungs (110). Hence, as compared with M. marinum infection, lowered expression levels of CXCL9, CXCL11, TNFSF13B and CCL8 and CCL21, as well as upregulation of CXCL2 and miR-30a-5p, might enable H37Rv to expand its population before the burst of adaptive immunity. Consistently with our findings, Goenka et al. (111) also observed lower expression of CXCL9, CXCL10, CXCL11 and higher expression of CXCL2 in infant alveolar macrophage than in adult counterparts. With infant alveolar macrophages being more permissive to Mtb infection than adult macrophages (111), this is further evidence that CXCL2, CXCL9, CXCL10 and CXCL11 are likely involved in Mtb virulence.



Conclusion

The fragile balance between beneficial and harmful induction of inflammation might confer to genes and miRNAs paradoxical effects in macrophage defense and Mtb virulence. CXCL2 induction might both favor IL-1β-mediated protective immunity and impair the recruitment of adaptive immunity. In the broad spectrum of macrophage polarization and corresponding inflammatory responses, Mtb intracellular-linked virulence might depend mostly on: i) the inhibition of IL-1β-dependent pro-inflammatory polarization, ii) the repression of apoptosis, as well as iii) the delay of the adaptive immunity recruitment and activation (Figure 5). In this context, macrophage antimicrobial defenses remain low and, once activated, the adaptive immunity maintains this permissive environment.

These miRNA and gene signatures could be the hallmark of the host inflammatory response contribution to Mtb virulence and associated pathways could lead to new host directed therapies.
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H37Rv/Ctrl
Fold Change P-value

6.69 0.012
4.51 0.001
3.37 0.004
3.34 0.045
3.26 0.032

2.9 0.002
2.86 0.018
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2.66 0.026
2.44 0,010
2.2 0.024
215 0.015
2.14 0.001
213 0.014
240 0,010
207 0.003
2.01 0,020
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0.35 0.013
0.35 0.004
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0.31 0.007
0.29 0.001
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0.24 0.011
0.23 0.001
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THP-1 derived macrophages were infected with H37Rv strain (n=4). Two days post-
infection, total RNA including small RNA was extracted. Using TagMan® Array Human
MicroRNA Cards, the quantification of 765 human miRNAs was performed simultaneously
by RT-gPCR method. Statistical analysis was performed on ACt using Student’s t-test to
identified DEGs as compared to the uninfected controls.
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Fold change P-value Fold change P-value
Genes upregulated by H37Rv as compared with M. marinum and HKMT
IL23R interleukin 23 receptor 49.44 <0.001 128.00 <0.001
CCR7 chemokine (C-C motif) receptor 7 48.62 0.001 115.06 <0.001
IL1R1 interleukin 1 receptor, type | BT <0.001 8.51 <0.001
TNFSF14€© tumor necrosis factor superfamily member 14 8.21 0.001 5.11 0.002
TNFRSF9 tumor necrosis factor receptor superfamily, member 9 8.19 0.001 3.32 <0.001
TNFRSF18 tumor necrosis factor receptor superfamily, member 18 7.22 0.001 6.81 0.001
coL17® C-C mottif chemokine ligand 17 6.79 0.027 7.52 0016
PPBP® pro-platelet basic protein 5.19 0.013 6.11 0.005
IL1R2 interleukin 1 receptor, type Il 4.87 0.017 6.87 0.004
CCR9®@ chemokine (C-C motif) receptor 9 4.69 0.047 6.52 0.014
CCL7 C-C motif chemokine ligand 7 4.63 0.013 45.49 <0.001
IL24© interleukin 24 4.4 0.005 4.77 0.002
TNFSFO® tumor necrosis factor superfamily member 9 3.99 0.001 3.40 0.002
IL10 interleukin 10 3.94 <0.001 2.65 0.000
TNFRSF14 tumor necrosis factor receptor superfamily, member 14 3.75 0.001 4.69 <0.001
CXCL2 C-X-C motif chemokine ligand 2 3.51 0.005 3.42 0.004
CXCL3 C-X-C motif chemokine ligand 3 3.51 0.004 3.43 0.002
ccL24@ C-C motif chemokine ligand 24 2.96 0.012 4.50 0.001
ccL2 C-C motif chemokine ligand 2 2.79 0.024 5.92 0.001
IL15RA interleukin 15 receptor, alpha 2.34 0.032 7.33 <0.001
CXCR5® chemokine (C-X-C motif) receptor 5 2.04 0.021 2.06 0017
Genes with intermediate expression: M. marinum H37Rv HKMT
CXCL11 C-X-C motif chemokine ligand 11 0.42 0.036 26.83 <0.001
CCL8 C-C motif chemokine ligand 8 0.09 0.002 13.57 0.001
CXCL9 C-X-C motif chemokine ligand 9 0.18 0.003 12.39 <0.001
TNFSF10 tumor necrosis factor superfamily member 10 0.36 0.050 12.33 <0.001
CXCL10 C-X-C motif chemokine ligand 10 0.15 0.001 10.11 <0.001
TNFSF13B tumor necrosis factor superfamily member 13b 0.37 0.001 4.85 0.001
IL31RA interleukin 31 receptor, alpha 0.27 0.004 3.88 0.003
Genes downregulated by H37Rv as compared with M. marinum and HKMT
TLR7@ toll-like receptor 7 0.26 0.004 0.31 0.009
CCL21 C-C motif chemokine ligand 21 0.06 0.001 0.06 0.001

@ Deregulated by H37Rv only; ® deregulated by H37Rv and HKMT; © deregulated by HKMT only; © deregulated by M. marinum only; © deregulated by HKMT and M. marinum.
One hundired and eighty-four host immune response-related genes were quantified in RT-qPCR in THP-1 derived macrophages following two days infection with H37Rv (n=4), M. marinum
(n=3), or two days stimulation with HKMT (n=4). Genes showing significantly different expression levels following H37Rv infection as compared with M. marinum infection and HKMT
stimulation were identified using one-way ANOVA and multiple comparisons on AACt.
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