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Editorial on the Research Topic 


Beneficial and detrimental host cellular responses against Mycobacterium tuberculosis infection


Tuberculosis (TB) is a contagious infectious disease caused by Mycobacterium tuberculosis (Mtb), an exceptionally successful pathogen. In fact, it is estimated that Mtb has killed nearly 1000 million people since the XIX century. The most updated mortality data indicate that in 2021, 1.4 million people died of TB (World Health Organization, 2022), converting this pathogenic bacteria into the second leading infectious cause of death globally after COVID-19. Mtb, a microorganism that has produced suffering and death since it was identified almost 150 years ago, urgently requires a better vaccine to prevent TB-dependent morbidity and mortality (Rahlwes et al., 2023). The immune response against Mtb is highly complex. Mtb invades humans by air and establishes infection in the lung by using a large number of different virulence factors. After infection, Mtb interacts with different cells of the innate and adaptive immune compartments. These cells play an important role in the modulation and development of the pathology. Mtb-infected alveolar macrophages and dendritic cells are both reservoirs of infection and function to activate an adaptive immune response. Mtb-infected cells migrate from the lung to draining lymph nodes to prime and activate T and B cells to limit progression of infection (Urdahl et al., 2011; Shaler et al., 2012; Carpenter and Lu, 2022). Infected macrophages, along with non-infected phagocytes, (macrophages, monocytes and neutrophils), and T cells recruited by the inflammation and tissue damage will in turn form the characteristic TB granuloma (Cohen et al., 2022; Cronan, 2022). A well-formed granuloma prevents the progression of infection, limiting tissue damage to a small region, which is beneficial for the host. Most Mtb-infected people will contain TB infection at this step and be asymptomatic (latent TB). In the case of the bacteria, the granuloma maintains the pathogen in a state of dormancy avoiding clearance by the immune system (Park et al., 2003). An efficient host protection against Mtb infection is associated with the induction, activation and proliferation of T helper 1 (Th1) cells (Cooper et al., 1993; Newport et al., 1996; Salgame, 2005). However, IFN-γ alone is not sufficient for the complete eradication of the bacteria, suggesting that other cytokines might be required for pathogen removal. Accordingly, cellular responses to Mtb induce IL-17 production, contributing to granuloma formation and control of bacterial growth (Cooper, 2010). However, excessive IL-17 levels exacerbate inflammation, increasing neutrophil recruitment and tissue damage (Lázár-Molnár et al., 2010). Despite the great steps made in the characterization of the acquired cellular response in TB patients, it remains to be elucidated what exactly constitutes a protective response or leads to disease pathology. Furthermore, how Mtb is able to evade host immune surveillance and persist is not fully clarified yet.

Our Research Topic was launched on May 18th 2022 with a planned close on November 11th 2022, but it was extended until October 25th 2023 due to the flow of submissions.

We are pleased to present a comprehensive Research Topic that delves into the intricate web of host-pathogen interactions during TB. Our Research Topic encompasses articles within a diverse range of disciplines, including cellular biology, endocrinology, host and bacterial genetics, epigenetics, immune regulation, immunometabolism, neuroimmunology, and aging. Through these multidisciplinary contributions, we aim to unravel the multifaceted dynamics underlying TB infection, shedding light on the disease’s diverse facets and offering valuable insights for researchers and healthcare professionals. We invite readers to explore the ever-evolving landscape of TB research and foster a deeper understanding of this global health challenge.




Outline of contributions

In a very complete review, Wang et al. summarized the latest research progress on related signal transduction molecules in the interaction between Mtb and the host. In particular, Wang et al. focus on the special Mtb cell structure and the research progress of the interaction between this pathogen and host cell surface pattern recognition receptors (such as CLRs, NLRs, and TLRs), as well as macrophage effector molecules and autophagy. The authors reviewed many papers about the fight of the immune system against Mtb and the bacteria immune evasion. They even introduced the structure of Mtb by describing the particular cell wall of this bacteria, which is mainly composed of peptidoglycan, arabino galactose, trehalose-6,6’-dimycolate, mycolic acid and muramyl dipeptide. In addition they also describe the interaction of Mtb effector proteins and the host, and the molecular mechanism of Mtb escape from host membrane surface pattern receptors. This study may provide research ideas to find new anti-tuberculosis drugs and the development of host-directed treatment strategies.

There is still much to know about how Mtb evades the immune system. Margenat et al., explored the interaction and activity of the Mtb virulence factor PtpA, a tyrosine phosphatase released into the macrophage during infection (Bach et al., 2008; Mascarello et al., 2010), on the alpha subunit of the human trifunctional protein enzyme (hTFP), a PtpA substrate. During Mtb infection, PtpA interacts with several eukaryotic proteins in the macrophage cytosol, modulating phagosome maturation, innate immune response, apoptosis, and potentially host-lipid metabolism. Interestingly, it has been shown that the alpha subunit of hTFP is no longer detected in mitochondria during macrophage infection with the virulent Mtb H37Rv. Therefore, here, Margenat et al. investigated if PtpA could be the bacterial factor responsible for this effect by analysing the PtpA activity and interaction with hTFPα. The authors were able to demonstrate that PtpA in fact promotes the survival of mycobacteria in infected cells, affecting not only the innate immunity response (Wang et al., 2017; Bach et al., 2008; Wang et al., 2015; Wang et al., 2020) and apoptosis (Poirier et al., 2014), but also macrophage pathways involved in lipid metabolism.

Ma et al. reported that heme oxygenase-1 (HMOX1) is an essential regulator of Mtb-induced ferroptosis. The outcome of the host-pathogen interaction between macrophages and Mtb is critical for the development of TB (Xu et al., 2014). Therefore, 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. Indeed, Mtb can induce macrophage necrosis leading to the spread of 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 lead to uncover novel targets for host-directed therapy (HDT) of TB. Interestingly, 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., 2016). This PCD is induced by massive lipid peroxidation and has been demonstrated to be one of the mechanisms used by Mtb to spread after host infection. In the present study, Ma et al. investigated the role of HMOX1 in macrophage ferroptosis in response to mycobacterial infection by using transcriptome analysis of peripheral blood from TB patients. Moreover, the authors analysed HMOX1 mechanism in ferroptosis by employing mice and RAW264.7 cells infected with Bacillus Calmette-Guérin (BCG). Their results demonstrated that HO-1 is a negative regulator of murine macrophage ferroptosis during BCG infection, in part through a mechanism by which HO-1 inhibits intracellular ROS production and iron accumulation altering the death of Mtb in infected macrophages.

Yuan et al. studied the regulation of murine miR-25-3p, a miRNA that was upregulated on exosomes of macrophages after 72-h BCG infection. Initially, they determined by bioinformatics analysis that the target gene of miR-25-3p is DUSP10 (dual-specificity protein phosphatase 10). Previously, Nomura et al. (2012) demonstrated the suppressive activity of DUSP10 on ERK (Nomura et al., 2012). Using a mimic and an inhibitor of mmu-miR-25-3p, a siRNA of DUSP10, and PD98059 (ERK Inhibitor) Yuan et al. evaluated the autophagy flux and the ability to eliminate BCG in murine macrophages. Thus, they demonstrated that mmu-miR-25-3 was able to inhibit DUSP10, promoting ERK1/2 phosphorylation and thereby increasing autophagy induced by BCG. Furthermore, they observed that upregulation of mmu-miR-25-3p also promotes autophagy and it was able to reduce BCG survival in Raw264.7 cells and facilitate the clearance of residual mycobacteria. Thus, miR-25-3p could be used for the construction of a novel anti-tuberculosis drug delivery system using exosomes as vectors loaded with antibiotics and specific miRNAs that have anti-TB and immunoregulatory functions.

Many biological and immunological aspects of TB are not completely elucidated, such as the complex process of immunoregulation mediated by regulatory T cells (Treg cells) and the enzymes indoleamine 2,3-dioxygenase (IDO) and heme oxygenase 1 (HO-1). In this study, Lozano-Ordaz et al. compared the contribution of these immunoregulatory factors in mice infected with Mtb strains with different levels of virulence: the mild virulence reference strain H37Rv or a highly virulent clinical isolate (strain 5186). The authors concluded that Treg cells, IDO and HO-1 activities are detrimental during late pulmonary TB induced by the mild virulence Mtb, probably because these factors decrease immune protection mediated by the Th1 response. In contrast, Treg cells, IDO and HO-1 are beneficial when the infection is produced by a highly virulent strain, possibly by regulation the excessive inflammation.

Osei-Wusu et al. used mycobacteria isolates including L4 (worldwide distributed) and L5 (West Africa-restricted and highly infectious) Mtb strains to study the association between bacterial and human genetics, particularly the inherent variation in the immune response of macrophages from Ghanaian Ewe and Akan self-reported ethnic groups. Data from ex vivo infections of monocytes-derived macrophages (MDMs) showed that Ewe MDMs exhibited a greater tendency to phagocyte L4 strains in comparison to Akan MDMs, while the latter displayed a higher replication rate for L4 Mtb strains. Conversely, Akan MDMs demonstrated increased uptake of L5, despite Ewe MDMs having a substantially higher replication rate for L5 strains. Moreover, the influence of self-reported ethnicity vanished when cells derived from the blood of cured TB cases were used. These observations corroborate findings from epidemiological studies where L5 infections were associated with the Ewe ethnic group (Asante-Poku et al., 2015). Thus, these findings suggest that host ethnicity (implying host genetic diversity), Mtb genetic diversity, and prior Mtb exposure collectively influence macrophage responses.

Another article in this Research Topic also explored the influence of host genetics and epigenetics on the susceptibility to Mtb infection, by affecting adaptive immune responses of TB patients. As it is well known, IFN-γ plays a key role in immune protection against Mtb. Single nucleotide polymorphisms in several candidate genes, especially polymorphisms in cytokine genes are known to modulate cytokine levels, which may influence susceptibility to tuberculosis infection and disease. Álvarez et al. propose of the +874 A/T (rs2430561) gene polymorphism, a genomic variant at a single nucleotide in the IFN-γ gene, as a possible genetic biomarker of susceptibility to TB. Specifically, demonstrated that AA genotype of the rs2430561 single nucleotide polymorphism was overrepresented in patients with active disease. They found that the A allele and AA genotype at rs2430561 are overrepresented in TB patients with active disease, and the presence of the T allele reduces IFN-γ production in Mtb-stimulated PBMCs in TB patients as compared to healthy donors. Furthermore, they observed increased DNA methylation levels in the IFN-γ promoter (in CpG island at position -53) in TB patients compared to individuals with latent TB. Therefore, methylation of this site could be used as a predictor of TB reactivation. is a genomic variant at a single base position in the DNA.

Immunometabolism has become a growing area of research with great impact on autoimmunity, cancer and infectious diseases. The metabolism of immune cells correlates with their microanatomical localization, activation, proliferation or function (O’Sullivan et al., 2019). By studying human CD1c+ myeloid dendritic cells from blood, Triglia et al. analysed glucose dependency of these cells when exposed to BCG, the only vaccine licensed to prevent TB disease. They showed that the challenge with BCG boosts the glycolytic function of CD1c+ mDCs, which has an impact in cytokine secretion and expression of CD40 and CCR7 but not in phagocytosis. Interestingly, this work showed that the maturation and migration of these cells in response to BCG are not exclusively dependent on the glycolytic pathway, and significant differences arise in this term between BCG-infected versus uninfected bystander DCs. These data highlight the complexity of the host response and provide evidence on the differences that can be found in immune responses to vaccines consisting of whole bacteria versus those composed of bacterial-derived antigens.

Exacerbation of the immune response is detrimental to host tissues and analysis of particular factors that counteract inflammation, such as corticosteroids and peroxisome proliferator-activated receptors (PPARs), is crucial. Accordingly, Diaz et al. investigated the contribution of PPAR Gamma to tuberculosis physiopathology. PPARs, which belong to the nuclear receptor superfamily, are a family of 3 ligand-activated transcription factors: PPARα (NR1C1), PPARβ/δ NR1C2), and PPARγ (NR1C3). These three subtypes of PPARs are encoded by different genes but show similar structural features. Diaz et al. showed that an increased expression of PPARsϒ in peripheral blood mononuclear cells (PBMCs) from patients was associated with TB severity. Moreover, by using THP-1 cells, the authors observed that radiation-killed Mtb modulated PPARsϒ expression and agonists decreased pro- and anti-inflammatory cytokines. As expected, cortisol treatment together with a PPARϒ agonist lowered the levels of this proinflammatory cytokine in stimulated cultures.

It has been described that people over 65 years old, face a notably elevated susceptibility and mortality to TB. This underscores that the elderly population constitutes a substantial reservoir for Mtb infection. In this Research Topic, Lafuse et al. analysed the effect of social disruption stress (SDR) on the lungs of young and old mice and their response to TB infection. This report shows that SDR induces the accumulation of CD11b+ myeloid cells in an age-independent manner but causes an immunosuppressive environment in the lung of aged mice characterized by reduced pro-inflammatory cytokine production (IL-1β, TNF and CXCL2) and augmented levels of norepinephrine. Interestingly, when challenged with Mtb, psychological stress in old mice negatively affects the control of the infection by increasing differentiation of IL-10-secreting T cells. Thus, this work demonstrates psycho-neuroimmune mechanisms that operate after psychological stress and might undermine disease susceptibility. Its relevance is manifested by considering that anxiety and depression are two common symptoms experienced by patients with TB (Wang et al., 2018; Duko et al., 2020), directly related with decreased treatment efficacy, physical skills, and reduced quality of life (Dos Santos et al., 2017; Ruiz-Grosso et al., 2020).

We acknowledge with gratitude the participation of reviewers and authors in this Research Topic, which allowed to achieve a collection of original and high impact articles that introduce new concepts in this field of research. TB remains a relentless threat, claiming the lives of thousands each year, with the most socially and economically disadvantaged populations paying the heaviest price. Continuous investment and research into pathogen interactions, host immune responses and variations in endotypes found in the population, will pave the way for better treatments, diagnostics and vaccines.
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Tuberculosis caused by Mycobacterium tuberculosis (MTB) is an ancient chronic infectious disease and is still the leading cause of death worldwide due to a single infectious disease. MTB can achieve immune escape by interacting with host cells through its special cell structure and secreting a variety of effector proteins. Innate immunity-related pattern recognition receptors (PPR receptors) play a key role in the regulation of signaling pathways.

In this review, we focus on the latest research progress on related signal transduction molecules in the interaction between MTB and the host. In addition, we provide new research ideas for the development of new anti-tuberculosis drug targets and lead compounds and provide an overview of information useful for approaching future tuberculosis host-oriented treatment research approaches and strategies, which has crucial scientific guiding significance and research value.
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Introduction

Mycobacterium tuberculosis (MTB), discovered in 1882 by the German bacteriologist Robert Koch, was proven to be the causative agent of human tuberculosis, which seriously endangers human health and public safety (Abrahams et al., 2018). After centuries of struggle, the disease has been gradually brought under control, but in recent years, it has become increasingly serious due to various factors. It is now one of the top ten causes of death worldwide and is the leading cause of death from infectious diseases. For example, according to the World Health Organization (WHO) 2020 World Tuberculosis Report, there were approximately 10 million new tuberculosis cases in 2019, of which approximately 3.3% of new tuberculosis cases and 17.7% of previously treated patients were MDR/RR-TB (multidrug-resistant tuberculosis/rifampicin-resistant tuberculosis). Three countries accounted for the largest proportion of drug-resistant tuberculosis, namely, India (27%), China (14%) and Russia (8%), with approximately 1.5 million deaths (Global tuberculosis report, 2020). Thus, the current situation of tuberculosis prevention and treatment remains very severe.

MTB is an intracellular bacterium, and the results of MTB infection largely depend on the host’s response to the invading pathogen and how the pathogen escapes from the host’s immune response. For this reason, elucidating the interaction between MTB and the host helps to explain the molecular mechanism involved in the infection of specific mycobacterium proteins (Brennan et al., 2007). The primary host cell targets of MTB are alveolar macrophages, which are the main effector cells for clearing MTB. After the MTB pattern recognition receptor expressed on the surface of macrophages binds to specific MTB surface-related molecules, macrophages can enact a variety of immune responses to eliminate MTB. Meanwhile, MTB utilizes a variety of mechanisms to escape the body’s immune killing to survive in its cells. As a typical intracellular bacterium, MTB has evolved a variety of immune escape strategies for long-term coexistence with the host (Barreteau et al., 2008). This review is followed by an introduction of the molecular mechanisms triggered by signal transmission molecules in the interaction between Mycobacterium and the host to provide new ideas for the study of tuberculosis infection and pathogenicity.



Structural features of mycobacterium tuberculosis

MTB is an obligate, aerobic, slender, slightly curved bacillus, with a size of 1-4×0.4 μm, without flagellum, with fimbriae and microcapsules but without forming spores. The structural characteristics of MTB cells are summarized in Figure 1. MTB grows slowly mainly because the lipid content accounts for approximately 60% of the dry weight of the cell wall, which affects the absorption of nutrients (Marrakchi et al., 2014).




Figure 1 | Cell structure of MTB.



The unique cell wall components of MTB play a crucial role in immune escape and are also an important target of many anti-tuberculosis drugs (Kalscheuer et al., 2019). Compared with other pathogenic bacteria, the bacterial wall of MTB has neither lipoteichoic acid, teichoic acid (major wall components of most Gram-positive bacteria) nor lipopolysaccharide (major wall components of most Gram-negative bacteria) (Figure 2) (Table 1).




Figure 2 | Specific structural components of the MTB cell wall. (A) The cell wall structure of gram-positive bacteria; (B) The cell wall structure of MTB; (C) The cell wall structure of gram-negative bacteria. (TA, teichoic acid; LTA, lipoteichoic acid; PG, peptidoglycan; PM, plasma membrane; LP, lipoprotein; MAP, membrane-associated protein; GL, glycolipid; LAM, lipoarabinomannan; MA, mycolic acid; AG, arabinogalactan; LPS, lipopolysaccharide; OM, outer membrane).




Table 1 | Some immune escape molecules of MTB interacting with host cells.



The cell wall of MTB is mainly composed of Peptidoglycan (PG), Arabino galactose (AG), Trehalose-6,6’-dimycolate (TDM), Mycolic acid (MA) and Muramyl dipeptide(MDP). The MTB cell membrane has a PG layer similar to that of gram-positive bacteria, which plays a key role in cell growth, communication, and stimulation of the host’s immune response (Kanji et al., 2019). The outer layer is the arabinan chain formed by highly branched AG, and the nonreducing end of the glycan chain is connected to the MA (Canezin et al., 2018) in the outer layer, which affects the permeability of dyes into MTB cells (Kleinnijenhuis et al., 2011). Thus, the outer layer of MTB, comprising predominantly lipids and carbohydrates, plays a crucial role in MTB survival and infection (Arcos et al., 2011).

In addition, many researchers have found that MTB can reduce the concentration of bacterial drugs through the efflux pump system, alleviate damage to itself, and induce drug resistance, which is another key mechanism of MTB immune escape (Richa et al., 2019). The efflux pump system of MTB is achieved by transporters located on the plasma membrane. There are currently five known MTB related transporter families, namely, ATP-binding cassette (ABC), Major Facilitator Superfamily (MFS), Resistance Nodulation Division (RND), Small Multidrug Resistance (SMR) and Multidrug and Toxic-Compound Extrusion (MATE) (Kallenius et al., 2016). Recent work indicated that THP-1 cells infected with MTB H37Rv and subsequently exposed to rifampicin for 72 hours expressed 10 efflux pump-related genes. Four genes in the ABC family and 1 gene in the MFS family were significantly increased at 0.0015 mg/L rifampicin (Benjawan et al., 2015). Therefore, the MTB surface proteoglycan and its unique Mycoplasma acid of its cell wall and the efflux pump on the plasma membrane are important mechanisms used to protect itself from injury and to promote immune escape.



Mechanisms of interaction between MTB effector proteins and the host

The mechanism of MTB immune escape is related to its special cell wall structure as well immune damage caused by the toxicity of metabolites produced by MTB proliferation in host cells (Ji-Hae et al., 2021). MTB is an intracellular pathogen that secretes a variety of effector proteins into host cells, which in turn interfere with cell signaling pathways and biological functions and ultimately promote the survival of pathogens in host cells and lead to host cell lesions. For example, lipopolysaccharide (LPS) and lipoarabinomannan (LAM) in the cell wall of MTB can be recognized by TLR2/TLR1 or TLR2/TLR6 heterodimers on the membrane of host immune cells, which in turn activate the expression of NF-κB and cytokines, further leading to host cell injury (Wong, 2017).

At present, recent studies have revealed the dynamic process and molecular mechanism of the interaction between MTB effector proteins, such as protein tyrosine phosphatase (PtpA), MCE family proteins (Mce2E and Mce3E) and the host cell. PtpA can be secreted into host cells to bind ubiquitin molecules and be activated by the latter, which in turn dephosphorylates host p-JNK and p-p38 and inhibits the activation of the JNK/p38 signaling pathway. For example, PtpA can antagonize the host interaction protein TRIM27 (a ubiquitin ligase) mediated JNK/p38 signal pathway by binding to the ring domain of TRIM27 protein (Jing et al., 2016). In addition, PtpA can also inhibit the activation of the NF-κB signaling pathway in a phosphatase activity-independent manner (Valérie et al., 2014; Mohd et al., 2021). Similar research results have shown that PtpA can regulate innate immune signaling pathways in the host cytoplasm as well as enter the host nucleus to regulate potential target genes, and PtpA can directly bind to the promoter region of the GADD45A gene and inhibit its transcription (Wang et al., 2017). The MTB genome contains four MCE (Mammaian cell entry) operons (Mce1-4), and the proteins encoded by them constitute a large class of MCE family. Previous studies have suggested that MCE family proteins play an important role in the entry, intracellular survival and pathogenesis of MTB, but its host regulatory function and mechanism are far from clear (Foot Perkowski et al., 2016; Singh et al., 2016). Recent studies have found that the Mce3E protein of MTB can specifically target the ERK signaling pathway of the host through its DEF motif (a MAPK binding motif), and ultimately promote the intracellular survival of mycobacteria. And MTB Mce2E operon contained a D motif (another MAPK binding motif) by further bioinformatics analysis. And the results showed that in macrophages, Mce3E specifically inhibited ERK signaling pathway through its DEF motif, while Mce2E simultaneously inhibited ERK and JNK signaling pathway through its D motif (Li et al., 2015). It is worth mentioning that Mce2E can also inhibit the K48 ubiquitination of the host cell proliferation promoting protein eEF1A1 in epithelial cells and increase its protein stability, thereby promoting the proliferation of human non-small cell lung cancer A549 cells derived from epithelial cells, while Mce3E does not have this function (Wei et al., 2019) (Figure 3). Therefore, these studies suggest that MTB can secrete a variety of effector proteins to co regulate some host signal pathways and functions, but the specificity and intensity of different effector proteins may be different. And the breakthrough of this research result will provide new ideas and specific targets for the future development of anti-MTB drugs from the perspective of the interaction between MTB effector proteins and host cells (Augenstreich and Briken, 2020).




Figure 3 | Mechanism by which MTB-PtpA enters the host cell nucleus to inhibit natural immune function. MTB PtpA is secreted into the host cell to bind ubiquitin molecules and is activated, and activated PtpA can inhibit the transcription of TNFRSF8 in the host nucleus, thus inhibiting the NF-κB signaling pathway. PtpA can also bind directly to the promoter region of the GADD45A or RNF187 gene and inhibit its transcription, dephosphorylating p-JNK and p-p38 to inhibit the activation of the JNK/p38 signaling pathway. (TNFRSF8, a member of the TNF-receptor superfamily; Trim27, belonging to E3 ubiquitin ligase family, can activate JNK/p38 signal pathway of host cells in a ubiquitin ligase activity dependent manner; GADD45A, a regulator of p38 MAPKs by inhibiting p38 phosphorylation and activity).



In addition, it has been demonstrated that, when MTB enters the host lung tissue, the hydrolytic enzymes in alveolar lining fluid (ALF) can hydrolyze mannose and glucose of the MTB cell envelope molecules, thereby disrupting the structure of the MTB cell wall (Mika et al., 2013). In recent years, many researchers have suggested that this change significantly reduces the virulence factors mannose-capped lipoarabinomannan (Man-LAM) and trehalose-6,6’-dimycolate (TDM) on the surface of MTB (Tuladhar and Kanneganti, 2020). For example, MTB-secreted ESAT-6 protein can improve the permeability of phagosomes in host phagocytes and activate NLRP3 (Jain et al., 2020). Thus, after thousands of years of development, MTB has coevolved with humans. Its unique cell structure and metabolic effector proteins, in addition to the acquired drug resistance caused by gene mutations coexisting with the host under the action of drugs, have become primary reasons for the escape mechanism of MTB. MTB has become one of the most successful pathogens by changing its morphology, colonies, virulence, immunogenicity and drug resistance.



Molecular mechanism of MTB escape from host PPR signal transduction

In recent years, the interaction between MTB and its host has become increasingly understood. However, at present, the molecular mechanism of the interaction between the secreted proteins of MTB and the proteins of the host cell is not completely clear, especially how MTB escapes from host pattern recognition receptor signaling (Allue-Guardia et al., 2021). Studies have demonstrated that MTB can change the immune function of host cells by secreting different effector proteins at different stages of infection. These results suggest that the immune escape of MTB is closely related to the host cell membrane surface pattern receptor (PPR) (Pathak and Das, 2020). For example, after entering the host, the cell wall components of MTB, such as phosphatidylinositol mannose (PIM), lipoarabinomannan (LAM), and some other outer membrane molecules, are recognized by macrophages through membrane surface pattern receptors. These receptors include Toll-like receptors (TLRs), Nod-like receptors (NLRs), C-type lectin receptors (CLRs) and complement receptors (CRs), mannose receptors (MRs), and Fc receptors of immunoglobulin (FcRs) (Cervantes et al., 2017). Most recognition and activation of the host immune system requires the above receptors to further activate downstream related signaling pathways and trigger host immune defense, including programmed cell death of different types, such as cell apoptosis and autophagy. Therefore, understanding the different innate recognition pathways of the host can help to reveal the pathogenic mechanisms of MTB and develop new control measures (Krakauer et al., 2019). Next, we will focus on the interaction between MTB effector proteins and host surface pattern receptors (PPRs), such as CLRs, NLRs, and TLRs, and the latest research on how MTB evades these receptors (Table 1).


Molecular mechanism by which MTB escapes host TLR receptor signaling

Toll-like receptors (TLRs) are intrinsic pattern recognition receptors. The acquired immune response can be induced by the recognition of pathogen-associated molecular patterns (PAMPs) on the surface of specific microorganisms to promote the synthesis and release of cytokines and the maturation of antigen-presenting cells (Kawai et al., 2011). TLRs are a family of single membrane-spanning receptors that can be divided into three parts: the extracellular domain, cytoplasmic domain and transmembrane domain (Takeuchi et al., 2010). The extracellular domain of TLRs contains three extracellular domain proteins, namely, MD-1, MD-2 and RP105, which are used to recognize receptors and form receptor complexes with other coreceptors. The cytoplasmic domain of TLRs is highly homologous to that of IL-1R family members and is called the Toll-IL-1 receptor domain (TIR domain). There are 11 members of the TLR family. According to TLR protein localization and recognition substrates, they can be divided into two categories: plasma membrane-anchored TLRs and endosomal TLRs (Kumar et al., 2018). These are distinct molecular structures on microbes, and different sets of TLRs have been associated with the recognition of pathogens, such as the recognition of viruses by TLR3, TLR7, TLR8 and TLR9 (Kay et al., 2013; Liu et al., 2013; Hossain et al., 2013). TLRs mainly function through two signal transduction pathways, the myeloid differentiation factor 88 (MyD88)-dependent signaling pathway and the MyD88-independent signaling pathway, which induce the production of both proinflammatory cytokines and type I IFNs (Nguyen et al., 2020). These two distinct responses are mediated via the selective use of adaptor molecules recruited to the Toll/IL-1 receptor (TIR) domains of TLRs after ligand binding (Kawai et al., 2006). Thus, when TLRs are activated, they activate their downstream IL-1R-associated kinase (IRAK), tumor necrosis factor receptor (TNFR), and TNFR-associated factor 6 (TRAF-6), which further activate NF-κB and lead to immune and inflammatory responses (Liu et al., 2007). Many studies have confirmed that TLRs play a crucial role in TB infection (Doyle et al., 2006). For instance, among the TLR family, TLR2 can recognize lipoprotein, LPS, and CpG DNA at the cell wall of MTB and secreted membrane vesicles (Liu et al., 2018). In addition, it can activate the downstream NF-κB signaling pathway and stimulate the secretion of TNF-α to activate macrophages (Fiske et al., 2019). Meanwhile, it can stimulate the expression of vitamin D receptor and vitamin D-1-hydroxylase gene to induce the release of cathelicidins (Liu et al., 2021). Another study found that TLR2 could recognize the MTB LPQH (19 kDa lipoprotein) and lysosomal inhibiting LPRI and activate macrophages, which initiate innate immunity and activate T lymphocytes to participate in the clearance of MTB (Picard et al., 2003). TLR2 can form heterodimers with both TLR1 and TLR6. These heterodimers have been implicated in the recognition of mycobacterial cell wall glycolipids, including LAM, lipomannan (LM), mycobacterial glycoproteins (MGs), phosphatidylinositol mannitol (PIM), triacylated (TLR2/TLR1) and diacylated (TLR2/TLR6) lipoproteins (Bulut et al., 2005; Singh et al., 2019).

To date, studies agree that LAM, as a cell wall component of nonpathogenic mycobacterium, is a TLR2 activator with strong immunogenicity. LAM from pathogenic mycobacteria lacks immunogenicity (Drage et al., 2009). TLR2 is believed to be important in the initiation of the innate host defense against MTB (Kleinnijenhuis et al., 2009). In addition, IL-1β production is dependent upon TLR2 and TLR6 stimulation but not TLR4 or TLR9 (Yang et al., 2019). TLR2 polymorphisms affect host susceptibility to MTB. TLR2 ligands of MTB can change the host cell environment, which is conducive to bacterial retention (Konowich et al., 2017). MTB can affect the fate of infected cells by regulating the TLR signaling pathway. For example, LRP of MTB can inhibit the PI3K/Akt signaling pathway activated by TLR2 and inhibit the production of anti-inflammatory factors and macrophage antigen presentation. PtpA and Mce3E of MTB regulate the MAPK and NF-κB signaling pathways. Interestingly, it has been reported that GRP160 can also regulate the entry of MTB into macrophages through the MAPK/ERK signaling pathway, indicating that the GPCR and TLR signaling pathways may play a synergistic role (Mercedes Romero et al., 2014; Mehta et al., 2021). The interaction between TLRs and MTB infection is shown in Figure 4.




Figure 4 | The interaction between TLRs and MTB infection. TLRs play a vital role in TB infection. Toll-like receptors are divided into plasma membrane-anchored TLRs and endosomal TLRs according to the localization of TLR proteins. As TLRs are activated, they activate downstream IRAK, TNFR and TRAF-6 through the MyD88-dependent signaling pathway, further activating NF-kB and AP-1 and producing a series of inflammatory reactions.



In addition, TLR4 is an important pattern recognition receptor that is expressed in mononuclear macrophages, dendritic cells and alveolar II-type epithelial cells and plays a crucial role in resistance to MTB infection. In the TLR family, TLR4 is a type I transmembrane protein. However, unlike the TLR2 signal transduction pathway, TLR4 can activate the MyD88-dependent pathway, induce the release of inflammatory cytokines and costimulators, and also activate the MyD88-independent pathway to produce type I interferon (IFN) (Niu et al., 2018). After TLR4 is stimulated by ligands, TLR4 activates transcriptional regulatory factors by connecting and transmitting TLR4 downstream signals through transduction molecules, such as NF-κB, inducing infected cells to secrete inflammatory factors and type I IFN, which ultimately initiates innate and acquired immune responses (Thada et al., 2021). TLR4 was found to be involved in LPS-induced activation of alveolar II-type epithelial cells (AEC II), leading to the large-scale release of TNF-α and IL-6, while single immunoglobin IL-1 receptor-related protein (SI-GIRR) overexpression inhibited TLR4 signal transduction in LPS-triggered AEC II, alleviating the inflammatory response (Alemnew et al., 2021). Recent studies have found that AEC II cells infected with strong MTB strains demonstrate an inhibition trend on TLR2 and TLR4 signaling pathways, and the inflammatory response of cells is significantly stronger than that of weak MTB strains, indicating that AEC II also differ in the immune regulation mechanism of MTB infection with different virulence levels (Krutzik et al., 2003). Overexpression of TLR2 and TLR4 in human cell lines is directly related to MTB infection (Kang et al., 2002). Furthermore, polymorphisms in both TLR2 and TLR4 are possibly associated with increased susceptibility to MTB infection (Lorenz et al., 2000; Rook et al., 2005).

At present, an increasing number of clinical diagnostic studies have confirmed that the gene expression levels of the TLR family are closely related to MTB patients. For example, the TLR distribution in MTB granuloma lesions indicates that TLR1, TLR2, and TLR4 are expressed in both immune cells and nonimmune cells; however, TLR9 is only detectable in immune cells (Martinez-Perez et al., 2020). Interestingly, similar results were found in which the relative mRNA expression levels of TLR2, TLR4, and TLR8 in tuberculosis patients were significantly increased (Davila et al., 2008). Furthermore, in an animal model of TB, TLR8-deficient mice succumb more rapidly to MTB infection, despite efficiently controlling the number of viable bacilli in different organs. Thus, in this model of MTB infection, TLR8 plays a key role in dampening inflammation and tissue damage (Najmi et al., 2010).

Other studies have also confirmed that the expression and activation of TLRs can be used as auxiliary indicators for the diagnosis and differential diagnosis of tuberculosis. For instance, mice lacking the TLR ligand protein MyD88 are more sensitive to MTB infection, and the same phenomenon was found following TLR2 gene deletion. However, whether the TLR signaling pathway resists MTB infection is controversial; for instance, it has been reported that MyD88 rather than TLRs plays a key role in the activation of the macrophage response, and the release of cytokines does not depend on TLRs (Kramnik and Beamer, 2016).



Molecular mechanism of MTB escaping the host NLR receptor signal

Recently, the role of the cytoplasmic receptor NLR in microbial infection has attracted much attention. The nucleotide oligomerization domain (NOD)-like receptor (NLR) is a kind of innate immune intracellular recognition receptor in the cell cytoplasm that plays a key role in the regulation of innate immunity (Nargis et al., 2016; Alvarez-Jiménez et al., 2018). The interaction between monocyte-derived dendritic cells and MTB was observed under an electron microscope. It was found that MTB could escape from the phagocyte to the cytoplasm depending on early secretory antigen target (ESXA). ESXA is also a cell wall-binding protein with periodic replication from phagocytosed lysosomes to the cytoplasm (Tan et al., 2020). Thus, cytoplasmic pattern recognition receptors are also involved in host innate and acquired immunity against MTB.

The NLR acts as a scaffold protein in the cytoplasm, assembling signaling platforms that trigger the NF-κB and mitogen-activated protein kinase (MAPK) signaling pathways and control inflammatory caspase activation. Muramyl dipeptide (MDP) of MTB recognized by NOD2 can stimulate the release of host inflammatory factors and nitrogen oxides (NO) to play a bactericidal role, and activated NOD2 induces autophagy (Cubillos-Angulo et al., 2021). The MTB MDP is unique in that it has an N-glycolyl modification rather than the N-acetylated modification found in other bacteria (Donovan et al., 2017). Studies have demonstrated that MDP in MTB can promote macrophages through the receptor-interacting protein kinase 2 (PIP2) and interferon regulatory factor 5 (IRF5) pathways, producing type I IFN signaling, such as IFN-α/β, which counteracts the role of the host protective IL-1β and IFN-γ signaling pathways (Sabir et al., 2017). Mice with type I IFN receptor deficiency did not have altered MTB burdens in the lungs, possibly even promoting the reproduction of extrapulmonary bacteria (Wan et al., 2018). Furthermore, the cytoplasmic receptor NLR plays a role in pyroptosis in host cells. Studies have demonstrated that, after MTB activates host cells, NLR is recruited to the inflammasomes of the macromolecular complex, causing host cells to secrete IL-1β, IL-18, and IL-33 and leading to pyroptosis (Qu et al., 2020). In addition, the inflammation caused by MTB infection of host cells is mainly related to NLRP3 in the NLR family (Beckwith et al., 2020). Recent studies have demonstrated that, in human macrophages, MTB relies on ESAT-6 to activate the inflammatory response and release IL-1β, leading to pyroptosis, while in mouse dendritic cells, IL-1β secretion is independent of NLRP3, and no evidence of pyroptosis has been found (Wilson et al., 2015).



Molecular mechanism of MTB evasion of host CLR receptor signaling

C-type lectin receptors (CLRs) are a superfamily of proteins containing carbon hydrate recognition domains (CRDs). According to subcellular localization, it can be divided into two categories, soluble and membrane-type C-type lectins, and it is a crucial pattern recognition receptor (PRR) in the innate immune system (Zhao et al., 2014). Mycobacterium cord factor TDM (trehalose-6,6’-dimycolate) is a glycosolipid of mycoacid and trehalose that exists in the outer layer of bacterial cells. Studies have confirmed that TDM can bind to macrophage C-type lectin receptor (CLR) to induce changes in downstream pathways (Barkan et al., 2010).

Interestingly, researchers have found that TDM-induced acellular granulomas are very similar to Mycobacterium tuberculosis-infected granulomas when TDM-emulsified oil droplets are injected into mice (Behr et al., 2015). The genes responsible for TDM synthesis in MTB include cyclopropane synthase PcaA and CmaA2. If these genes are deleted, the structure of Cladophyll acid changes, and the host’s immune response changes accordingly. Recently, it was found that mutant strains of MTB-PcaA lacking cyclopropane synthase induced a reduced ability of wild-type mouse macrophages to produce proinflammatory cytokines and to form new granulomas (Hayley et al., 2017).

Studies have confirmed that, after the binding of TDMS receptors to CLRs, macrophages are activated through the SYK/CARD9/BCL10 pathway to produce cytokines (Mohlopheni et al., 2010). Further studies have shown that CARD9-deficient mice can initiate an effective adaptive immune response, but the growth of MTB in host cells is not restricted (Matthew Wagener et al., 2018). These findings suggested that MTB can produce an inflammatory level sufficient to promote granulomatous development without stimulating host cell death by fine-tuning mycoacid synthesis, allowing MTB to slowly persist or proliferate, thereby evading the host immune response.




Molecular mechanism of MTB escaping the host macrophage effect

After being engulfed by macrophages, MTB can block the fusion of phagocytes and lysosomes, thus avoiding lysosomal attack. The phagosome of Mycobacteria cannot be incorporated into the vesicular ATP enzyme; thus, the transmembrane transport of the intimal system cannot be controlled by the energy produced by hydrolyzing ATP (Yu et al., 2018). The specific molecular mechanism by which MTB inhibits phagosome-lysosome fusion is not yet known and needs further study. At present, it is believed that the serine/threonine protein kinases (STPKs) of MTB are effective molecules for inhibiting phagosome-lysosome fusion (Shukla et al., 2014). A recent study showed that MTB containing STPKs could inhibit phagosome-lysosomal fusion, while MTB without STPKs could not locate the lysosome-like structure of host cells (Lee et al., 2018). It is suggested that the mechanism may be related to the regulation of the tricarboxylic acid cycle and the perception of amino acid content by effector molecules containing Ser/Thr kinase through the phosphorylated substrate GarA (Alber, 2009; Pahari et al., 2020).



Molecular mechanism of MTB escaping host autophagy

Autophagy is a process in which the host is responsible for cell homeostasis and can be induced, which can remove damaged organelles or unnecessary subcellular structures. Autophagy first forms autophagic vesicles with a double-membrane structure. When the inclusion bodies in the cytoplasm fuse with lysosomes, the substances swallowed by autophagy vesicles are digested.

Research has found that MTB can be located in autophagy vesicles in host cells, and lysosomes obtained from phagocytes containing MTB can cause autophagy in host cells by acidification, thus eliminating MTB. After lipopolysaccharide treatment of host cells, the number of MTB in autophagy vesicles increases sharply, which suggests that TLR4 mediates autophagy induction (Mohd et al., 2021; Romagnoli et al., 2018). A further study found that MTB activates macrophage autophagy mainly by intracellular vitamin D receptor and IL-1R (Degiacomi et al., 2017; Strong et al., 2020).

The antigenic target protein ESX-1 of MTB is a multibasement membrane complex that forms a channel on the membrane (Niu et al., 2011). Recent research found that ESX-1 can increase the permeability of phagocytes and activate NLRP3 receptors. When the ESX-1 content decreases, the virulence of MTB also decreases. In addition, MTB can use the host miRNA pathway to coordinate autophagy and reprogram host lipid metabolism to ensure its intracellular survival and retention (Martinez et al., 2016; Mirzaei et al., 2021).



Summary and prospects

In this review, we focus on the special cell structure of MTB and the research progress of the interaction between MTB and host cell surface pattern recognition receptors (such as CLRs, NLRs, and TLRs), as well as macrophage effector molecules and autophagy. At present, through the study of these signaling pathways, researchers have a certain understanding of the mechanism by which MTB resides in the host but a very limited understanding of the molecular mechanism of escape from host pattern recognition receptor signal transduction. MTB can change host cell immune function through a variety of molecular mechanisms (Bussi and Gutierrez, 2019). In this paper, we reviewed a large number of papers about how the immune system senses and fights MTB and how MTB escapes the immune system. We also introduced the structure of MTB, the interaction of MTB effector proteins and the host and the molecular mechanism of MTB escape from host membrane surface pattern receptors. This study may provide research ideas for the discovery of new anti-tuberculosis drugs and the development of host-oriented treatment strategies.

In the future, we should continue exploring the effector components of MTB interacting with host cells through various effective screening techniques, such as transposon mutation libraries (López-Agudelo et al., 2020) and Crispr-Cas9 mutation libraries (Qiyao et al., 2020). In addition, the protein–protein interactions between MTB and host cells usually involve bacterial pathogenicity and persistence, and these proteins play a potential role in the pathogenesis of tuberculosis. Therefore, further understanding of the MTB-host molecular interaction network will be helpful to understand the molecular mechanisms by which MTB escape the host’s immune response. These studies will help identify new methods and strategies for the prevention and treatment of tuberculosis and lay a foundation for the early eradication of tuberculosis.
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Psychological stress creates an immune suppressive environment in the lung that increases susceptibility of aged mice to Mycobacterium tuberculosis infection
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Age is a major risk factor for chronic infections, including tuberculosis (TB). Elderly TB patients also suffer from elevated levels of psychological stress. It is not clear how psychological stress impacts immune response to Mycobacterium tuberculosis (M.tb). In this study, we used social disruption stress (SDR) to investigate effects of psychological stress in young and old mice. Unexpectedly, we found that SDR suppresses lung inflammation in old mice as evidenced by lower pro-inflammatory cytokine levels in bronchial lavage fluid and decreased cytokine mRNA expression by alveolar macrophages. To investigate effects of stress on M.tb infection, mice were subjected to SDR and then infected with M.tb. As previously reported, old mice were better at controlling infection at 30 days than young mice. This control was transient as CFUs at 60 days were higher in old control mice compared to young mice. Consistently, SDR significantly increased M.tb growth at 60 days in old mice compared to young mice. In addition, SDR in old mice resulted in accumulation of IL-10 mRNA and decreased IFN-γ mRNA at 60 days. Also, confocal microscopy of lung sections from old SDR mice showed increased number of CD4 T cells which express LAG3 and CD49b, markers of IL-10 secreting regulatory T cells. Further, we also demonstrated that CD4 T cells from old SDR mice express IL-10. Thus, we conclude that psychological stress in old mice prior to infection, increases differentiation of IL-10 secreting T cells, which over time results in loss of control of the infection.




Keywords: social stress, aging, Mycobacterium tuberculosis, inflammaging, granuloma, IL10



Key Points

1. Social Disruption Stress suppresses lung inflammation in old mice

2. SDR prior to infection increases M.tb burden at 60 day post-infection in old mice.

3. SDR in old infected mice induces expression of LAG3, CD45b, and IL-10 in CD4 T cells.



Introduction

The global population of people over age 65 is forecast to increase 3-fold by 2050 (to 1.5 billion), a growth rate that will place extraordinary demands on our health care systems (United Nations, D. o. E. a. S. A., Population Division, 2017). Although increased life expectancy is a major achievement of modern medicine, an equally important concern is quality of life for our elderly. In this regard, aging impacts nearly all organ systems, including the immune system, which exhibits a dramatic functional decline over our life span. In turn, waning or altered immunity renders our elderly populations more susceptible to infections, such as influenza, pneumococcal pneumonia, tuberculosis (TB) and more recently COVID19 (Zevallos and Justman, 2003; Krone et al., 2014; Bahadoran et al., 2016; Mehta and Dutt, 2016; Nikolich-Zugich et al., 2020). A second compounding factor for disease susceptibility and outcomes is psychological stress, which is particularly acute in older individuals, who may suffer from chronic illnesses, and/or have limited financial means, emotional support networks, or mobility. An individual’s response to such unfortunate circumstances ranges from an acute to a sustained chronic stress response, the latter of which results in anxiety, depression, and increased susceptibility to diseases, including infections (Cohen et al., 2007). The mechanisms by which psychological stress compounds age-related pathologies in response to infections are poorly understood. Thus, this study examined the effect of stress on Mycobacterium tuberculosis (M.tb) infection the causative agent of TB, and a continuing threat to global health.

Individuals who are 50 years of age or older account for over 50% of all TB deaths (Negin et al., 2015). While many elderly TB cases occur after reactivation of a latent infection, older individuals are also more susceptible to developing active TB after a primary infection (Rajagopalan, 2001). These age-associated vulnerabilities primarily stem from senescence of the adaptive immune system, in particular T cell function (Weiskopf et al., 2009; Ferrando-Martinez et al., 2011; Larbi et al., 2011), and elevation of chronic low-grade inflammation (termed inflammaging) (Franceschi et al., 2000). A primary role for inflammaging in age-dependent decline in immune response is provided by studies with mice. Upon M.tb infection older C57BL/6 mice (18 months) are able to control the infection better than young mice (3 months), but over time gradually lose control of the infection compared to young mice (Orme, 1995; Turner et al., 2002; Vesosky and Turner, 2005), a phenomenon that has been attributed to inflammaging (Piergallini and Turner, 2018). Recently, we characterized the impact of aging on the phenotype of mouse alveolar macrophages (AMs) and their immune response to M.tb (Lafuse et al., 2019). We reported that AMs from old mice expressed higher mRNA levels of pro-inflammatory cytokines and contained higher cytokine levels in the bronchial fluid compared to young mice, which is indicative of inflammaging occurring in the lung. Also, we identified two distinct AM subpopulations, a major CD11c+ CD11b- population and a minor CD11c+ CD11b+ population that is increased 4-fold in old mice. We showed that this minor population expressed a unique inflammatory mRNA signature and enhanced M.tb phagocytosis and survival compared to the major population, which expressed a more immune regulatory mRNA signature.

To examine the effects of psychological stress on the immune system we have utilized social disruption stress (SDR), a mouse social stressor model that involves repeated defeat in subordinate mice (Allen et al., 2012a; Allen et al., 2012b; Lafuse et al., 2017). Exposure to SDR increases serum levels of pro-inflammatory cytokines IL-1β and IL-6 (Stark et al., 2002; Engler et al., 2008; Kinsey et al., 2008) and increases spleen mass due to accumulation of CD11b+ myeloid cells, which are primed for increased cytokine and microbicidal activity (Stark et al., 2002; Kinsey et al., 2007; Engler et al., 2008; Allen et al., 2012a; Allen et al., 2012b). Other studies have shown that SDR induces translocation of primed monocytes from the spleen into peripheral tissues and enhances inflammation (Curry et al., 2010; McKim et al., 2016; McKim et al., 2018). However, the impact of SDR in response to M.tb infection in the context of aging has not been not studied.

The current study examined the effect of SDR on the lungs of young and old mice and the response to infection with M.tb. In striking contrast to previous studies, we report that SDR does not enhance inflammation in the lung but induces an immune suppressive environment with decreased pro-inflammatory cytokine levels in the BAL fluid and decreased cytokine mRNA levels in AMs. The greatest effect was observed in stressed old mice. AMs from old mice were not primed and instead produced decreased pro-inflammatory cytokine mRNA when stimulated with a TLR2 ligand. SDR prior to infection in old mice substantially increased the M.tb burden at 60 days post infection, indicating that SDR exacerbates the loss of control of M.tb that occurs with aging. Analysis of lung mRNA from infected mice indicates at 60 days, SDR inhibited the expression of IFN-γ mRNA and increased expression of the immunosuppressive cytokine IL-10. mRNA levels of JAK3, which is most commonly expressed in T cells, were also increased in the lungs of old SDR mice, suggesting increased numbers of T cells. Confocal microscopic analysis of lung sections from old SDR mice showed increased numbers of CD4 T cells that express LAG3 and CD49b, markers of regulatory T cells (Gagliani et al., 2013). Further, we observed that CD4 T cells in old SDR mice express IL-10. Thus, our study suggests that stress in old mice regulate the differentiation of CD4 T cells from host protective Th1 cells to IL-10 secreting regulatory T cells, which would favor M.tb growth and loss of control of the infection at day 60. Also, this study indicates that psychological stress prior to infection can have long-term effects on the immune response to infection in the elderly. This is not only relevant to TB but is likely relevant to other lung infections including SARS-CoV2.



Materials and methods


Mice

Male C57BL/6 mice were purchased from Charles River Laboratories (Wilmington, MA) at an age of 3 months (young) or 18 months (old) obtained through a contract to Charles River Laboratories from the National Institute of Aging. Mice were housed in microisolator cages at 3 mice/cage and acclimated to the facility for 1 week prior to use. Male retired CD1 breeder mice were purchased from Charles River Laboratories and housed at 1 mouse/cage. Mice were maintained on a 12 h light/dark schedule and food and water available ad libitum. All procedures were approved by The Ohio State University Institutional Laboratory Animal Care and Use Committee.



Social disruption

The SDR stressor was performed as previously described (Lafuse et al., 2017). SDR involves repeated social defeat from interactions between an aggressive intruder male mouse and resident male mice for six consecutive nights. The C57BL/6 mice were randomly divided into SDR or home cage control mice. A retired CD1 breeder mouse was placed in a cage of three C57BL/6 mice, starting at 3 PM. If the intruder mouse did not initiate an attack within 10 min and defeat all three resident mice, the mouse was removed and replaced with a new intruder mouse. After 2 h, the intruder mouse was removed, and resident mice left undisturbed until the following day when the SDR protocol was repeated. The morning after the sixth cycle of SDR, the mice were sacrificed or transferred to the BSL3 vivarium for infection with M. tb. Mice with wounds penetrating the cutaneous layer were not used in the study. Home cage control mice were left undisturbed throughout the experiment.



Isolation of AMs and bronchial fluid

Young and old SDR and Home Cage control mice were euthanized by CO2 following a protocol approved the Ohio State University Institutional Laboratory Animal Care and Use Committee. AMs and bronchial lavage fluid (BAL fluid) were obtained by bronchoalveolar lavage of mice by washing the lungs 10 times with 0.50 ml of sterile endotoxin-free saline (0.90% NaCl). AMs were collected by centrifugation at 300 X g for 10 min. In each experiment, AMs were pooled from 3 SDR or Home Cage mice (~1 million pooled cells). Aliquots of the pooled AMs (each ~50,000 cells) were pelleted, and RNA was isolated using TRIzol reagent (Invitrogen) for basal RNA measurements by quantitative RT-PCR (qRT-PCR). The remaining AMs were used for flow cytometry and TLR2 stimulation experiments. The supernatant fraction containing BAL fluid from individual mice was quickly frozen and stored at -80°C until use.



Isolation of splenocytes

Spleens were removed and a single-cell suspension was obtained by dicing each spleen into 1-2 mm pieces and gently pressing through a 70 μm cell strainer. Erythrocytes were lysed with Gey’s lysis buffer (8 mM NH4Cl, 5KHCO3) and splenocytes suspended in PBS.



Flow cytometry

AMs (1 X 105) and splenocytes (6 X 105) were aliquoted into FACS tubes and centrifuged at 300 X g for 10 min. Cell pellets were resuspended in 100 ul of FACs buffer (PBS with 2% BSA and.10% sodium azide) and incubated with 1 ul Seroblock FcR (BioRAD) for 10 min. Cells were then stained with Abs for 30 min in the dark. Cells were washed twice FACS buffer and analyzed on a LSR II cytometer using FlowJo software (Tree Star). Abs (purchased from Biolegend) used were: BV421 anti-CD11b (clone M1/70), BV785 anti-CD11c (clone N418), BV605 anti-Ly6C (clone HK1-4), allophycocyanin anti-Ly6G (clone 1A8), Alexa 488 anti NK1.1 (clone P136), Alexa 488 anti-CD45R (B220) (clone RA3-6B2), Alexa 488 anti-CD4 (clone GK1.5), and Alexa 488 anti-CD8α (clone 53-6.7). Isotype controls were BV421 rat IgG2b, BV785 hamster IgG, BV605 rat IgG2a, and allophycocyanin hamster IgG. The numbers of each myeloid population/spleen were calculated from the percentage of the population determined by flow cytometry and total spleen counts.



ELISA

Cytokine levels of BAL fluid were determined by ELISA, according to manufacturer’s instructions. Aliquots of BAL fluid were added to individual ELISA plate wells (Nunc MaxiSorp plates; Thermal Fisher Scientific). Turbo-TMB-ELISA Substrate (Thermal Fisher Scientific was used for detection. ELISA kits were purchased from R&D Systems (CCL2 [DY439], IL-1β [DY421], TNF-α [DY410], IL-12p70 [DY419], GM-CSF [DY415], M-CSF [DY416], IFN-γ [DY485], IL-17 [DY421] or IL-10 (MABTECH 3432). ELISA kit for norepinephrine was obtained from G-Biosciences. Corticosterone ELISA kit was obtained from ENZO. Protein concentrations of BAL fluid were determined by Bradford assay (BioRAD).



TLR2 stimulation of AMs

AMs were plated in 48-well plates at 50,000 AMs per well in RPMI 1640 media containing 2mM glutamine, 1% pencillin/streptomycin, and 10% heat-inactivated FBS. After 2 h, nonadherent cells were removed by washing and the AMs incubated with 100 ng/ml Pam3 CSK4 (InVivogen). After 6 h incubation, RNA was isolated using TRIzol reagent.



M. tb infection

Young and old SDR and Home Cage mice were infected with M.tb H37Rv (100-200 CFU/mouse) using an Inhalation Exposure System (Glas-col, Terre Haute, IN). After 30 and 60 days of infection, mice were euthanized by CO2 and lung lobes removed. The M.tb burden was determined by plating serial dilutions of tissue homogenates of the left lung lobe onto OADC-supplemented 7H11 agar. M.tb CFUs were counted after 3 weeks at 37°C. Right lung lobes from each mouse were homogenized in TRIzol for RNA analysis and PBS for cytokine analysis by ELISA. Right lung lobes were also fixed in 10% formalin and embedded in paraffin. The lung lobes were sectioned and stained with hematoxylin and eosin by the OSU Comparative Pathology and Mouse Phenotyping Shared Resource for Confocal Microscopy.



RNA isolation and qRT-PCR

RNA from AM TRIzol lysates was extracted with chloroform and precipitated with isopropanol. The RNA pellet was washed once with 75% ethanol and RNA reconstituted with DNase/RNase-free water. To isolate RNA from M.tb infected lung tissues, TRIzol lysates were extracted with chloroform and purified by Qiagen RNAeasy mini columns with on-column DNA digestion. RNA was reverse transcribed using random primers by the Promega Reverse Transcription System (Thermal Fisher Scientific). Expression of mRNA was determined by qRT-PCR of duplicate samples using IQ SYBR Green Supermix (BioRad). The amplification conditions were 95°C for 2 min, followed by 45 cycles of 95° C for 15s, 60°C for 30s, and 72°C for 30s. Validated mouse primers listed on PrimerBank (Wang et al., 2012) were used and sequences listed in Supplemental Table 1. Expression of mRNA was calculated by the Δ threshold cycle method using β-actin as the normalizer (Livak and Schmittgen, 2001). Levels of mRNA in AMs and mRNA in lung tissue from M. tuberculosis infected mice were expressed relative to the level of β-actin.



Confocal microscopy of lung sections

Lung sections from M.tb infected mice were subjected to deparaffinization and antigen retrieval prior to blocking for 1 h with 10% goat serum and 1% FBS in a humidified chamber (Wu et al., 2019). The sections were incubated at 4°C with primary antibodies against CD4 (rabbit mAb D7D2Z, Cell Signaling), LAG3 (rat mAb C9BZW, BioLegend), CD49b (biotin labeled rat mAb DX5, BioLegend), and IL-10 (rat Mab MT60, MABTECH). After washing PBS were incubated for 1 h with secondary antibodies Alexa 488 labeled donkey F(ab´)2 anti-rabbit IgG and Alexa 647 labeled donkey F(ab´)2 anti-rat IgG (Abcam) and Alexa-647 labeled streptavidin (BioLegend). Nuclei were stained with DAPI. All fluorescence images were captured using an Olympus FV 1000 Spectral Confocal system. Mean fluorescence intensity of cells was determined using Image J (version 2.0.0).



Statistical analysis

All data were expressed as mean± SEM. Statistical analysis was performed using GraphPad Prism software. Comparisons were done using one-way ANOVA with Tukey multiple-comparisons post hoc test. Differences were considered statistically significant when p values were p <0.05.




Results


Effect of SDR on myeloid populations in the spleen and AM populations in the lung

Our previous studies have shown that SDR in young mice results in the accumulation of CD11b+ myeloid cells in the spleen that express higher levels of IL-1β mRNA than Home Cage control mice (Lafuse et al., 2017). SDR in old mice also induced accumulation of CD11b+ myeloid cells as evidenced by

increased spleen weight (Supplemental Figure 1A) and increased numbers of CD11b+ Ly6C+ monocytes and CD11b+ Ly6G+ neutrophils in old mice (Supplemental Figures 1B–D). This indicates that the response of old mice to SDR in the spleen is identical to the response of SDR in young mice.

Studies have shown that SDR induces migration of primed monocytes from the spleen into various organs including the lung (Curry et al., 2010; McKim et al., 2016; McKim et al., 2018). Thus, we next examined the effect of SDR on the AM populations in the lung alveolar space. We have identified two AM populations, a major CD11c+ CD11b- population with a regulatory phenotype and a minor CD11c+ CD11b+ inflammatory population that is increased 4-fold in old mice (Lafuse et al., 2019). AMs from old mice expressed CD64 (FcγR1), which is absent in dendritic cells (Immunological Genome Consortium, 2012), suggesting that these cells are not dendritic cells. Sorted CD11c+ CD11b+ AMs from old mice expressed higher mRNA levels of CCL2, IL-1β, and IL-6, whereas CD11c+ CD11b- AMs expressed higher levels of immune-regulatory IFN-β, and IL-10. The CD11c+ CD11b+ population also showed enhanced M.tb phagocytosis and survival compared to the CD11c+ CD11b- population. Thus, this study identified a major AM population with immune-regulatory function and a minor AM population with an inflammatory signature and is more permissive for M.tb. In the current study, we determined whether SDR altered these AM populations in the lung. AMs were isolated from the BAL fluid of young and old mice and the two AM populations analyzed by flow cytometry. The dot plots shown in Figures 1A, B is the gating strategy of BAL cells with different macrophage markers (CD11b and CD11c). As we previously reported there were more CD11c+ CD11b+ AMs in the old mice (Figure 1C). However, SDR did not affect the numbers of the two AM populations (Figures 1C, D). We noted the presence of cells that were CD11c- CD11b+, which are Ly6G+ neutrophils and Ly6C+ monocytes. The numbers of neutrophils and monocytes present in the BAL fluid were not significantly different in young and old mice and was not altered by SDR (Figures 1E, F). A previous study (Curry et al., 2010) reported that CD11b+ myeloid cells migrate into the lung in response to SDR. However, our studies of BAL fluid myeloid cells suggest that CD11b+ myeloid cells that migrate into the lung in response to SDR do not accumulate in the alveolar space and are likely retained in the lung interstitium.




Figure 1 | Flow cytometry analysis of myeloid cells in BAL fluid from Home Cage and SDR mice. CD11c/CD11b flow plots of BAL cells from young (A) and old (B) mice. CD11c+ CD11b- AMs are in quadrant 1. CD11c+ CD11b+ AMs are in quadrant 2. Monocytes and neutrophils present in the CD11c- CD11b+ cells (quadrant 4) were detected using antibodies to Ly6G and Ly6C. Cell numbers of each population present in BAL fluid were determined. (C) CD11c+ CD11b- AM population (D) CD11c+ CD11b+ AM population (E) Neutrophils (F) Monocytes. Each symbol represents cells present in individual mice. Statistical analysis was performed by one-way ANOVA with Tukey multiple-comparisons post hoc test. N=4-5 mice/group. Data are shown as mean ± SE. *p <0.05, ***p < 0.001. ns, non significant.





SDR induces an immune suppressive environment in the lung of aged mice

All previous studies have indicated that SDR enhances inflammation in tissues. Thus, to test whether this also holds true for the lung of aged mice, we measured cytokine levels in BAL fluid and cytokine mRNA levels in AMs. Surprisingly, SDR induced lower basal levels of pro-inflammatory cytokines IL-β and TNFα and the CXCL2 chemokine in BAL fluid of old and young mice, with the greatest effect in old mice (Figures 2A–C). Particularly noteworthy was that SDR in old mice greatly attenuated the production of IL-1β and TNFα, as well as the chemokine CXCL2. We also assayed for IL-12p40, CCL2, and IL-6. However, the levels of these cytokines were at or below the detection level. We also determined total protein levels in BAL fluid and found no significant differences in protein levels with age or SDR (Figure 2D).




Figure 2 | SDR in old mice suppresses cytokine levels in BAL fluid and basal mRNA levels in alveolar macrophages. BAL fluid and alveolar macrophages were isolated from individual young (3 months) and old (18 months) Home Cage mice and mice subjected to 6 cycles of SDR. (A–C) Cytokine levels in BAL fluid determined by ELISA. Protein levels in BAL fluid were determined by Bio-RAD protein assay (D). (E–G) Basal cytokine mRNA expression in AMs. RNA was isolated from individual mice without culture and mRNA levels determined by qRT-PCR. Expression levels were normalized to β-actin mRNA. Protein levels in BAL fluid were determined by Bio-RAD protein assay. (H, I) Corticosterone and Norepinephrine levels in BAL fluid determined by ELISA. Each symbol represents individual mice. N=9-15 mice/group. Data are shown as mean ± SE. Statistical analysis was performed by one-way ANOVA with Tukey multiple-comparisons post hoc test. ns, non significant. *p < 0.05, **p < 0.01, ****p < 0.0001.



To determine the effect of SDR on mRNA expression levels of various cytokines and chemokines in the AMs of young and old mice, we isolated RNA from AMs without culture and the mRNA levels of different cytokines and chemokines were determined by qRT-PCR. Our data indicate that cytokine and chemokine mRNA levels paralleled the cytokine levels in the BAL fluid with decreased levels of IL-1β, TNFα, and CXCL2 mRNA in old SDR mice (Figures 2E–G). SDR in young mice had no effect on cytokine mRNA levels. We have previously shown that inflammaging significantly enhances the expression of pro-inflammatory cytokines (Lafuse et al., 2019). Consistent with the previous study, mRNA levels of IL-1β, TNFα, and CXCL2 were significantly higher in old Home Cage mice compared to young Home Cage mice (Figures 2E–G). However, we report that SDR stress significantly mitigated the inflammaging mediated upregulation of cytokines and chemokines. Together, these studies indicate that SDR in aged mice alters the environment of the lung to one that is more immunosuppressive or to one that more closely resembles the environment in young mice.



SDR increases levels of norepinephrine in BAL fluid

Previous reports indicate that SDR stress increases corticosterone and norepinephrine (NE) in the blood (Avitsur et al., 2001; Hanke et al., 2012). As such, we determined if SDR also increases corticosterone and norepinephrine in the BAL fluid. As shown in Figure 2H, we found no significant differences in corticosterone levels in BAL fluid from young and old mice exposed to SDR. However, SDR increased NE levels in both and young mice with higher levels in old mice (Figure 2I). This suggests that the accumulation of locally produced NE in the alveolar space of the lung may contribute to the immune-suppressive environment induced in the lung by SDR.



AMs from old mice are not primed but immune suppressed in response to TLR2 stimulation

In our previous studies (Allen et al., 2012a; Allen et al., 2012b; Lafuse et al., 2017) we demonstrated that SDR primes monocytes to respond with increased production of pro-inflammatory cytokines when stimulated with a TLR agonist. To determine whether SDR stress alters the TLR mediated immune response of AMs from old mice, we harvested AMs from old Home Cage control mice and SDR mice and then stimulated with the TLR2 agonist Pam3 CSK4. RNA was isolated after 6 h and the mRNA expression levels of various cytokines determined by qRT-PCR. Instead of being primed, the mRNA levels of pro-inflammatory cytokines IL-1β, TNFα, IL-12p40, IL-6 were suppressed by SDR stress (Figures 3A–D). This indicates that the immune suppressive environment induced by SDR in old mice inhibits the ability of AMs to respond to TLR2 with a pro-inflammatory cytokine response.




Figure 3 | SDR suppresses TLR2 induced pro-inflammatory cytokine mRNA levels in AMs from old mice. AMs were pooled from six old Home Cage and six SDR mice were cultured at 37° for 2 hrs. Nonadherent cells were removed by washing and adherent cells stimulated with TLR2 ligand Pam3CSK4 (100 ng/ml) for 6 hrs. RNA was isolated and cytokine mRNA levels determined by qRT-PCR. (A-D) RNA levels are expressed relative to β-actin mRNA levels. Results are representative of two independent experiments with 3 wells/treatment. Data are shown as mean ± SE. Statistical analysis was performed by one-way ANOVA with Tukey multiple-comparisons post hoc test. *p < 0.05.





SDR stress exacerbates M.tb growth in the lungs of old mice and reduces the formation of pneumonia

Since we found that SDR stress inhibits the inflammatory response in AMs, we next initiated studies to investigate the effects of SDR on M.tb infection. Young and old mice were subjected to 6 cycles of SDR and infected with M.tb for 30 and 60 days (30 days is early in the adaptive immune response and 60 days is later in the response). At each time point, mice were euthanized, and lungs were harvested. The left lung lobes were used for CFU assay. Right lung lobes were used for RNA isolation and lung sections for confocal microscopy. Previous studies have shown old mice exhibit early control of M.tb that is sustained through 21 days and then gradually wanes (Cooper et al., 1995; Turner and Orme, 2004; Vesosky and Turner, 2005; Vesosky et al., 2006; Rottinghaus et al., 2009; Vesosky et al., 2009). Consistent with these studies, old Home Cage mice at 30 days post-infection controlled the infection better than young Home Cage mice (Figure 4A). SDR had no effect in old mice at 30 days post infection, but interestingly, SDR in young mice decreased M.tb burden. However, the early control in old mice is transient (Orme, 1995; Turner et al., 2002; Vesosky and Turner, 2005). Thus, at 60 days of infection, there were more M.tb growth in the lungs of old Home Cage compared to young Home Cage mice (Figure 4B). Furthermore, SDR in old mice significantly increased the M.tb burden, while not affecting the M.tb burden in young mice. In contrast, at 60 days of infection in young mice there was only a slight increase in CFUs compared to CFUs at 30 days, which suggests the infection in young mice has reached a plateau level by 60 days. In a repeat experiment (Supplemental Figure 2), M.tb infection in young mice also reached a plateau level of infection by 60 days, while the M.tb burden in old mice increased at 60 days post infection and the highest level of infection was in the old SDR mice. Together, the two experiments indicate that old mice have reduced ability to control the infection long-term and exposure to SDR prior to infection in old mice exacerbates the loss of control that occurs with aging.




Figure 4 | Old mice initially control M.tb infection better than young mice but eventually lose control of M.tb infection, which is further exacerbated by SDR. Young and old Home Cage mice subjected to six cycles of SDR were infected with low dose aerosol of M. tuberculosis. At 30 days (A) and 60 days (B), the left lung lobes were homogenized and M. tuberculosis CFUs enumerated by plating on 7H11 duplicate plates. Results are representative of two independent experiments with 3 mice/group per time point. Data are shown as mean ± SE. Statistical analysis was performed by one-way ANOVA with Tukey multiple-comparisons post hoc test. **p < 0.01, ***p < 0.001, ****p < 0.0001.



Lung sections from the infected mice were stained with hematoxylin and eosin. Representative images are shown in Supplemental Figure 3. In young and old home cage and SDR mice infected with M.tb, the images shows areas of pneumonia at day 30 and 60 post infection. However, in old SDR mice the areas of pneumonia are smaller at 30 and 60 days compared to old home cage mice. There are also more lymphocytes surrounding the blood vessels. This suggests that while lymphocytes are able to enter the infected lung of old SDR mice, but they are not able to form pneumonia.



Old SDR mice express decreased mRNA levels of IFN-γ and increased mRNA levels of IL-10

We next examined the mRNA levels of cytokines in the lungs of M.tb infected mice. At 30 days post-infection, there were no significant differences in the expression of IFN-γ mRNA (Figure 5A). However, at 60 days post infection, old mice had significantly less IFN-γ mRNA, and the lowest levels were observed in the stressed old mice. The stressed old mice also expressed significantly higher levels of IL-10 mRNA (Figure 5B). mRNA expression of TGF-β1 did not vary with age or stress (Figure 5C). mRNA expression of TGF1-β3 was comparable to the levels of TGF-β1 and also did vary with age or stress (data not shown). We also measured the levels of IL-27, a member of the IL-12 family involved in induction of IL-10-producing T cells (Tait Wojno et al., 2019). IL-27 mRNA was expressed at low levels at 30 days post-infection and at significantly higher levels at 60 days (Figure 5D). However, aging or stress had no effect on the levels of IL-27 mRNA. The increase in IL-27 mRNA at day 60 is of interest, since although IL-27 in vitro augments differentiation of naïve T cells toward a IFN-γ-producing phenotype (Takeda et al., 2003; Kamiya et al., 2004; Owaki et al., 2006), expression of IL-27 in vivo during various infections, including M.tb, has been shown to have a detrimental effect on the control of infections and reduces the amount of IFN-γ produced by CD4 T cells (Abdalla et al., 2015; Wang and Liu, 2016). There were no significant differences in the IFN-γ inducing cytokines IL-12p40 (Figure 5F) and IL-12p35 (data not shown) mRNA levels between home cage and SDR and also between 30 and 60 days. This suggests that lack of IL-12 at 60 days post infection is not a factor in the decreased IFN-γ mRNA. There were also no significant differences in the mRNA levels of T cell cytokines IL-21 (Figure 5E) and IL-17 (Figure 5G). The pro-inflammatory cytokines IL-1β (Figure 5H) and TNFα (Figure 5I) were expressed at high levels, but there was no effect of aging and stress on the mRNA levels. Interestingly, IL-1β mRNA levels were significantly lower at 60 days post infection compared to 30 days post infection. Together, these data show that SDR in old mice increased expression of IL-10 mRNA and decreased expression of IFN-γ mRNA at 60 days post infection, which is consistent with the loss of control of the M.tb infection in these mice.




Figure 5 | mRNA levels of cytokines genes in the lungs of mice infected with M.tb. Young and old Home Cage mice and mice subjected to six cycles of SDR were infected with low dose aerosol of M. tuberculosis for 30 and 60 days. RNA was isolated from a right lung lobe and mRNA levels determined by qRT-PCR (A-I). RNA levels are expressed relative to β-actin. Results are pooled from two independent experiments. Each symbol represents individual mice. Data are shown as mean ± SE. Statistical analysis was performed by one-way ANOVA with Tukey multiple-comparisons post hoc test. *p< 0.05, **p < 0.01, ***p < 0.001. ns, non significant.





Old SDR mice express higher mRNA levels of JAK3 but the mRNA levels of transcription factors that define T cell subsets are not altered by age or stress

Granuloma formation in M.tb infections involves the migration of macrophages and T cells into the infected lung. Therefore, we determined whether aging and SDR stress influenced mRNA levels of constitutively expressed macrophage and T cell markers in the lungs of M.tb infected mice at 30 and 60 days. A widely used marker of macrophages is F4/80, which is coded by the Adgre1 gene (Waddell et al., 2018). Thus, we investigated the effects of aging and SDR stress on Adgre1 mRNA expression. Analysis of Adgre1 mRNA expression showed that aging or stress did not affect expression of this gene (Figure 6A). Interestingly, expression was lower at day 60 compared to day 30. Establishment of protective immunity to M.tb infection is dependent on the presence of IFN- γ secreting CD4+ T cells (Green et al., 2013). Thus, we determined the effect of aging and SDR stress on CD4+ T cells in the lungs of M.tb infected mice, we measured the mRNA levels of genes involved in T cell differentiation in young and old mice with and without SDR stress. We first determined the expression of JAK3, which is primarily expressed by T cells and NK cells. At 30 days post- infection, old Home Cage mice expressed significantly higher levels of JAK3 mRNA compared to young Home Cage mice (Figure 6B). The expression of JAK3mRNA was not altered by SDR stress in mice at 30 days post infection. However, expression of JAK3mRNA was higher at day 60 compared to day 30 and SDR stress significantly enhanced levels in old mice at 60 days (Figure 6B.). This suggests that there are more T cells present at 60 days post infection than 30 days. However, this increase in T cells did not translate into increased IFN-γ mRNA levels at 60 days (Figure 5A). Nor was there any difference with aging or stress in the mRNA expression of the Th1 transcription factor T-bet at 60 days post infection (Figure 6C). In fact, the levels of T-bet mRNA in the lungs were very low, suggesting that T cells present at 60 days post-infection are not Th1 cells. In contrast, at 30 days post infection T-bet mRNA levels were higher, which is consistent with the role of IFN-γ producing Th1 in the early control of infection in old mice (Turner and Orme, 2004; Vesosky et al., 2006; Rottinghaus et al., 2009; Vesosky et al., 2009). Interestingly, SDR stress in young mice had somewhat higher expression than young home cage mice (p= 0.07), which is consistent with the lower M.tb infection in these mice (Figure 4A). We also measured the mRNA levels of the Th2 transcription factor GATA3 and the Th17 transcription factor RORγt. Aging and SDR had no significant effect on GATA3 mRNA expression, which was expressed at low levels at both 30 and 60 days (Figure 6D). RORγt expression was low at both 30 and 60 days, but at 60 days there was significantly higher levels in old SDR mice (Figure 6E). Expression of the mRNA levels of the Treg transcription factor FOXP3 in the lungs of infected mice was also low and not affected by age or stress (Figure 6F). While increased expression of JAK3 suggests increased T cells at day 60, the data indicates that the increased T cells were not Th Cells or Tregs.




Figure 6 | mRNA levels of macrophage and T cell genes in the lungs of mice infected with M.tb. Young and old Home Cage mice and mice subjected to six cycles of SDR were infected with low dose aerosol of M. tuberculosis for 30 and 60 days. RNA was isolated from a right lung lobe and mRNA levels (A–F) determined by qRT-PCR. RNA levels are expressed relative to β-actin. Each symbol represents individual mice. Data are shown as mean ± SE. Statistical analysis was performed by one-way ANOVA with Tukey multiple-comparisons post hoc test. Results represent 3 mice/group per time point. Data are shown as mean ± SE. *p< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, non significant.





Expression of LAG3 and CD49b in CD4+T cells is upregulated by SDR in old mice

Since our data indicates at 60 days post-infection in old SDR mice there is increased IL-10 mRNA levels in the lungs, we next examined whether CD4+ T cells in the lungs of these mice have the phenotype of IL-10 producing regulatory T cells. We examined the CD4+ T cell expression of LAG3 and CD49b by confocal microscopy of tissue sections from mice infected with M.tb for 60 days. Co-expression of LAG3 and CD49b identifies FOXP3- Type 1 regulatory T cells that produce large amounts of IL-10 (Gagliani et al., 2013). We first determined the numbers of CD4+ T cells in the regions of granulomas lung tissue. The numbers of CD4+ T cells were significantly increased in old SDR mice (Figure 7C), confirming the increased expression of JAK3 RNA in old SDR mice (Figure 6). The majority of CD4+ T cells in the lungs of old SDR mice expressed both LAG3 (Figure 7A) and CD49b (Figure 7B). The mean fluorescence intensity of LAG3 expression in CD4+ T cells was highly increased by SDR in old mice (Figure 7D). LAG3 expression was also increased by SDR in young mice, but the intensity was much less compared to the old mice. The mean fluorescence intensity of CD49b was also highly increased by SDR in old mice (Figure 7E), but SDR in young mice had no effect on the expression of CD49b. Thus, the confocal microscopy indicates that SDR prior to infection of old mice results in the presence of CD4 T cells in the lung at 60 days expressing markers of IL-10 secreting regulatory cells.




Figure 7 | SDR in old mice up-regulate expression of LAG3 and CD49b in CD4+T cells (A) Representative images of LAG3 expression in CD4+ T cells present in regions of pneumonia (B) Representative images of CD49b in CD4+ T cells. (C) Granulomatous tissue in old SDR mice contain more CD4 T cells. CD4 T cells were counted in regions of granulomatous tissue. Each symbol represents a region of granulomatous tissue. N=15 regions/group. Mean fluorescence intensity of LAG3 (D) and CD49b (E) expression in CD4 T cells was determined using Image (J) N= 90 cells/group. Statistical analysis was performed by one-way ANOVA with Tukey multiple-comparisons post hoc test. ****p < 0.0001. ns, non significant.





CD4+T cells in M.tb infected Old SDR mice are producing IL-10

To answer the question whether CD4 T cells in old SDR mice infected with M.tb for 60 days are producing IL-10, we performed confocal microscopy of the 60 day lung sections with a monoclonal antibody against mouse IL-10 (Figure 8A). Only old SDR mice had significant production of IL-10 (Figure 8B) as there was little IL-10 production in old home cage mice or in the young home cage. The mean fluorescence intensity was slightly elevated in young SDR mice, but not to the level of significance. Also, in the old SDR mice the IL-10 producing cells were almost entirely CD4+ T cells.




Figure 8 | SDR in old mice results in production of IL-10 by CD4+ T cells in the lungs of M.tb infected mice. Lung tissues sections from mice infected with M.tb for 60 days were examined by confocal immunofluorescence microscopy for expression of IL-10 (red fluorescence) in CD4+ T cells (green fluorescence) present in areas of pneumonia. (A) Representative images of IL-10 expression in CD4+ T cells. (B) Mean fluorescence of IL-10 expression in CD4 T cells was determined using Image (J) N= 90 cells/group. Statistical analysis was performed by one-way ANOVA with Tukey multiple-comparisons post hoc test. ****p < 0.0001.






Discussion

Social disruption stress is a mouse social stressor that has been widely used to study the effects of psychological stress on immune function and behavior. SDR involves both a physical and a psychological component that includes anxiety behavior. This anxiety behavior in the SDR mouse model is similar to anxiety-like behavior that occurs in humans during stressful periods, which is often associated with an enhanced immune responses (Dhabhar, 2014). SDR in mice is also associated with enhanced immune responses. For example, SDR in young adult mice increases the number of splenic CD11b+ myeloid cells including monocytes and neutrophils (Kinsey et al., 2007; Allen et al., 2012a; Allen et al., 2012b; Lafuse et al., 2017) by a sympathetic nervous system-induced β-adrenergic signaling pathway initiated by release of catecholamines (Hanke et al., 2012). We showed that the splenic CD11b+ myeloid cells are primed by SDR stress induced translocation of gut microbiota to the spleen (Allen et al., 2012a; Lafuse et al., 2017). In the current study, we subjected young and old mice to SDR stress. We first confirmed that SDR stress in old mice also induced splenomegaly and increased numbers of spleen monocytes and neutrophils. This suggests that like young mice, SDR stress in old mice activates the sympathetic nervous system (SNS), resulting in increased spleen monocytes. SDR activation of the SNS has also been shown to enhance inflammation by inducing the translocation of primed monocytes from the spleen into peripheral tissues, including the lung (Curry et al., 2010). However, our study found that SDR stress in young and old mice did not increase CD11c- CD11b+ monocytes and neutrophils in the BAL fluid. This indicates that monocytes migrating to lung in response to SDR stress have not migrated into the alveolar space and most likely localize in the lung interstitium. Since SDR stress in young mice at day 30 has lower M.tb burden, translocation of primed macrophages induced by SDR may contribute to M.tb resistance in young mice. Another possible explanation is that CD4+ T cells express the β2-adrenergic receptor and are able to response to norepinephrine (Kohm and Sanders, 2001). In vitro studies have shown that binding of norepinephrine to naïve CD4+ T cells to secrete 2-4 fold more IFN-γ (Swanson et al., 2001). Further, blocking the release of norepinephrine with the terminal adrenergic toxin 6-0H dopamine at time of M.tb infection in mice resulted in significant increase in bacterial load in the lungs, while treatment of mice with a β2-agonist decreased bacteria load (Barrios-Payan J. et al., 2016). Thus, SDR in young mice may increase protection against M.tb by two possible mechanisms, first, increasing migration of primed macrophages that resist M,tb growth and secondly increasing the production of IFN-γ by CD4+ T cells via norepinephrine. These possible explanations will be explored in future research.

In this study we show that instead of creating an inflammatory environment in the lung alveolar space, SDR stress induces an immuno-suppressive environment with markedly decreased cytokine and chemokine levels in old mice. AMs from old SDR mice also contained less cytokine and chemokine mRNA levels than old Home Cage control mice and produced less cytokine mRNA when stimulated with a TLR2 ligand. We found that SDR stress increased norepinephrine in BAL fluid in both young and old mice, but the levels were higher in old SDR mice. SDR stress in young mice has previously been shown to increase norepinephrine in the blood (Avitsur et al., 2001; Hanke et al., 2012), which represent spill-over from SNS activation in tissues. Thus, the increased levels of norepinephrine in the BAL fluid indicates that SDR stress induces SNS activation in the lung, which results in production of norepinephrine, some of which is retained in the alveolar fluid. Norepinephrine, acting through the β2-adrenergic receptor, suppresses the production of pro-inflammatory cytokines IL-1β, TNFα, IL-6, and IL-12p40 by macrophages and dendritic cells induced by LPS (Koff et al., 1986; Hu et al., 2012; Grailer et al., 2014; Agac et al., 2018). Thus, we conclude that SDR stress induced norepinephrine is contributing factor to the immune-suppressive environment in old mice.

In this study we also examined the effects of psychological stress on M.tb infection. Young and old mice were subjected to 6 cycles of SDR prior to infection with M.tb for 30 and 60 days. Prior studies have shown that early in the infection old mice control M.tb better than young mice but as the infection progresses the old mice lose control of the infection (Orme, 1995; Turner et al., 2002; Vesosky and Turner, 2005). Our studies confirm these previous studies in that we found that at 30 post infection that the lungs of old Home Cage control mice contained fewer M.tb CFUs than young Home Cage mice. By 60 days post infection the CFUs were higher in old Home Cage mice than in young Home Cage mice. SDR stress did not have an appreciable effect at 30 days, but at 60 days CFUs were significantly higher in old SDR mice compared to old Home Cage mice. Thus, psychological stress exacerbates the loss of control that occurs with aging.

We also found mRNA levels of IFN-γ were decreased in old SDR mice, while the expression of IL-10 was increased. The expression of the T cell gene Jak3 was also substantially higher at 60 days post infection in old SDR mice compared to old Home Cage mice, suggesting accumulation of T cells in the lungs of old SDR mice. This did not translate into increased IFN-γ and T-bet mRNA, suggesting that the accumulated T lymphocytes in the lungs of old SDR mice are not IFN-γ secreting Th1 cells. Our confocal microscopy confirmed increased numbers of CD4 T cells and showed that the expression of LAG3 and CD49b are upregulated in these cells. Further we found that the CD4 T cells in old SDR mice express IL-10. While IL-10 can be produced by both macrophages and T cells, IL-10 production by macrophages during M.tb infection occurs early in the infection, but later production of IL-10 by T cells predominates (Moreira-Teixeira et al., 2017). Our studies show that the predominant cells producing IL-10 in lungs of old SDR is CD4 T cells that express LAG3 and CD49b.

IL-10 suppresses both the innate and adaptive immune responses (Rutz and Ouyang, 2016). IL10 acts on macrophages to inhibit release of pro-inflammatory cytokines including TNF-α, IL-1β, and IL-6 (de Waal Malefyt et al., 1991; Fiorentino et al., 1991). IL-10 inhibits antigen presentation by down-regulating expression of MHC II and co-stimulator CD86 on antigen presenting cells and inhibits production of IL-12 required for CD4 Th1 differentiation (de Waal Malefyt et al., 1991; D’Andrea et al., 1993; Willems et al., 1994; Creery et al., 1996). IL-10 can also act on T cells to inhibit proliferation and cytokine production (de Waal Malefyt et al., 1993; Groux et al., 1996; Rojas et al., 1999). Previous reports have indicated that IL-10 plays an inhibitory role in controlling M.tb infections in mice (Turner et al., 2002; Beamer et al., 2008; Cyktor et al., 2013). Interestingly, similar to our study, transgenic C57BL/6 mice producing IL-10 under the control of the IL-2 promoter are able to control M.tb infection during the early stage, but during the chronic stage there was a significant increase in bacterial load in the lung (Turner et al., 2002). Disease progression in M.tb susceptible strain CBA/J also correlates with high levels of IL-10 in the lung (Turner et al., 2002). Blocking IL-10 in CBA/J mice during the chronic stage of infection improved control of bacterial load and improved survival (Beamer et al., 2008). Further, CBA/J mice deficient in IL-10 were able to contain the M.tb infection and formed mature, fibrotic granulomas (Cyktor et al., 2013).

IL-10 is produced by CD4+ FOXP3- T regulatory type I (Tr1) cells and CD4+ CD25+ FOXP3+ Treg cells (Roncarolo et al., 2006; Wei et al., 2017; Roncarolo et al., 2018). Co-expression of LAG3 and CD49b identifies T regulatory Tr1 cells (Gagliani et al., 2013), whereas LAG3 and CD49b are absent on Treg cells. Our confocal microscopy indicates that the IL-10 producing CD4 T cells have the phenotype of Tr1 cells. It has been shown earlier that IL-10 is also secreted by CD8+ T cells during M.tb infection (Cyktor et al., 2013; Moreira-Teixeira et al., 2017) and CD8 cells with a Tr1 have been described (Steinbrink et al., 1999; Gilliet and Liu, 2002). Thus, it is possible that there are also IL-10 producing CD8+ Tr1 cells in the lungs of old stressed mice. However, it is likely these CD8+ T cells are few in number, as we found only a few IL-10 producing cells that were not CD4+ T cells. Tr1 cells are antigen specific CD4+ T cells with regulatory activity that secrete large amounts of IL-10 and TGF-β and do not express FOXP3 (Roncarolo et al., 2006; Roncarolo et al., 2018). Differentiation of antigen-specific Tr1 cells has been shown to be dependent on antigen presentation by a subset of IL-10-producing dendritic cells (Wakkach et al., 2003; Gregori et al., 2010). In addition to IL-10, IL-27 promotes the differentiation of Tr1 cells (Pot et al., 2009; Pot et al., 2011). In our study, IL-27 mRNA levels in the lung were higher at 60 days post infection than at 30 days in both stressed and non-stressed mice. Thus, our data suggest that while IL-27 is present in the lungs at 60 days of infections, differences in IL-27 production are not responsible for differences in CD4 T cell and IL-10 expression between young and old stressed mice. While our study points to a role for IL-10 secreting T cells in the loss of control in old stressed mice, more definitive single cell RNAseq analysis of T cell populations in the lungs of old stressed mice will be needed to define the transcriptome of these IL-10 producing T cells and to confirm these T cells have the phenotype of Tr1 cells.

Another question that needs to be addressed is how SDR stress prior to infection alters T cell immunity at the later stage of infection. The effects of SDR on spleen weight, plasma IL-6, release of monocytes into the circulation, and anxiety behavior last at least 8 days after the last SDR cycle but are diminished by day 24 (Wohleb et al., 2014). This suggests effects of SDR activation of the SNS in the lung and draining lymph nodes will persist during early period in which the adaptive immune system is activated. The first 21 days after M.tb is the critical period for the differentiation of M.tb antigen specific CD4 T cells. The presence of IL-10 during the first 21 days of M.tb infection has a long-term effect on the control of the infection. This was shown by treatment of CBA/J mice during the first 21 days with anti-IL-10R antibody to block effects of IL-10 (Cyktor et al., 2013). This early treatment with anti-IL10R antibody resulted in increased numbers of CD4+ and CD8+ T cells in the draining lymph node and significantly increased IFN-γ mRNA in the lung at day 21. Thus, IL-10 has a significant impact on the differentiation of T cells during the early stage of infection. The anti-IL-10R antibody treatment was halted at day 21, and the long-term effect on M.tb infection was examined 100 day later. The early anti-IL-10R treatment significantly decreased M.tb burden in the lung and led to formation of mature granulomas with fibrotic capsule.

During the first days of an M.tb infection, IL-10 production occurs primarily in myeloid cells, including monocytes, macrophages, and dendritic cells (Moreira-Teixeira et al., 2017). We propose that SDR activation of the SNS in the draining lymph nodes of old mice triggers the production of IL-10 by antigen presenting cells, resulting in differentiation of T cells into IL-10 secreting Tr1 cells, which then migrate to the lung. In this regard, studies have shown that norepinephrine signaling through the β2-adrenergic receptor increases rapid IL-10 production by macrophages and dendritic cells (Agac et al., 2018). IL-10 secreting human Tr1 cells are also induced by a combination of glucocorticoids and β2-agonists (Peek et al., 2005). Our analysis of M.tb infection at 60 days post infection, suggests that IL-10 production by T cells and production of IL-27 by macrophages will further expand differentiation of Tr1 cells, which eventually leads to decreased ability of stressed old mice to control the infection. Exactly how aging impacts the stress response remains elusive. One possible explanation is that SDR induces greater activation of the SNS in old mice, resulting in the increased levels of norepinephrine being produced. Aging may also increase the number of APCs that induce differentiation of IL-10 secreting T cells. Our previous study (Lafuse et al., 2019) showed that old mice have higher numbers of a CD11c+ CD11b+ AM subpopulation that phagocytosed more M.tb than the major CD11c+ CD11b+ AM population. We found that CD11c+ CD11b+ AM population preferentially express CCR7, which is required for migration to lymph nodes (Forster et al., 1999). This population also expresses high levels of β2-adrenergic receptor mRNA. Thus, we posit that this AM population is involved in trafficking of M.tb to the draining lymph node and the higher numbers of this AM population in old mice will lead to increased numbers of IL-10 secreting T cells in old SDR mice compared to young SDR mice.

A limitation to this study is that it does not contain a human component examining effects of psychological stress during tuberculosis in the elderly. Social disruption stress is a chronic stressor that creates anxiety behavior similar to chronic stress in humans (Kinsey et al., 2007). Chronic psychological stress in humans contributes to chronic inflammation that occurs with aging, leading to disease susceptibility. In the elderly, age-related neuroendocrine dysregulation can exacerbate the inflammatory response to the stress (Heffner, 2011). Chronic stress in humans has been shown to be associated with altered T cell cytokine response with decreased production of IFN-γ and increased production of IL-10 (Rink et al., 1998; Glaser R. et al., 2001). Human type-1 regulatory T cells capable of producing high levels of IL-10 have been described (Levings and Roncarolo, 2005). Further, CD4+ CD25hi T regulatory cells are present in the lungs and blood of TB patients (Ribeiro-Rodrigues et al., 2006). Also, an in vitro studies demonstrated that human type-1 regulatory T cells that secrete IL-10, suppresses the T cell responses to Mycobacterium bovis BCG (Truscott et al., 2010). Although we do not have direct evidence for chronic stress induced type-1 regulatory T cells during human tuberculosis, these studies are supportive of their involvement.

In conclusion, we demonstrate that psychological stress in old mice creates an immune-suppressive environment in the lung, which has long-term effects on ability of the immune system to control an M.tb infection. Although our studies indicate that psychological stress in old mice increases the loss of control of the infection by increasing differentiation of IL-10 secreting T cells, further studies are needed to elucidate the mechanisms by which psychological stress alters T cell differentiation. Our studies are applicable to the understanding immune-based mechanisms that contribute to a broad range of lung diseases, for which aging and psychological stress commonly contribute to outcomes.
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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.
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Introduction

Tuberculosis (TB) is now the 2nd leading infectious killer after COVID-19 and the 13th leading cause of death worldwide. Moreover, TB is a lethal combination for HIV-patients. Th1 responses and particularly IFN-γ are crucial for immune protection against Mycobacterium tuberculosis infection. Many gene variants for IFNG that confer susceptibility to TB have been described in multiple ethnic populations. Likewise, some epigenetic modifications have been evaluated, being CpG methylation the major epigenetic mark that makes chromatin inaccessible to transcription factors, thus avoiding the initiation of IFNG transcription.



Methods

We evaluated both genetic and epigenetic changes involved in IFN-γ  production and TB susceptibility in Argentine population. Amplification refractory mutation system-polymerase chain reaction (ARMS-PCR) was performed for the IFN-γ +874 A/T polymorphism (rs2430561) genotyping in 199 healthy donors (HD) and 173 tuberculosis (TB) patients. IFN-γ levels from M. tuberculosis-stimulated PBMCs were measured by ELISA. The methylation status at the -53 CpG site of the IFNG promoter in individuals with latent infection (LTBI), TB and HD was determine by pyrosequencing.



Results

Using a case-control study, we found that A allele and, consequently, AA genotype were overrepresented in patients with active disease. Moreover, HD carrying T allele (AT or TT genotype) evidenced an augmented IFN-γ secretion compared to TB patients. Codominance was the genetic model that best fits our results according to the Akaike information criterion (AIC). In addition, increased methylation levels at the -53 CpG site in the IFN-γ promoter were observed in whole blood of patients with active TB compared to LTBI individuals.



Discussion

IFN-γ is regulated by genetic variants and epigenetic modifications during TB. Besides, AA genotype of the rs2430561 single nucleotide polymorphism could be considered as a potential TB susceptibility genetic biomarker in Argentina and the methylation of the -53 CpG site could result in a useful predictor of TB reactivation.
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Introduction

Tuberculosis (TB), a chronic infectious disease caused by the pathogen Mycobacterium tuberculosis, remains a major cause of morbidity and mortality worldwide. Until COVID-19 pandemic, TB was the most common cause of death from a single infectious agent, surpassing HIV/AIDS (World Health Organization (WHO), 2022). The impacts generated in 2020 by the pandemic included reduced access to diagnosis and treatment with the consequent increase in the number of deaths. The WHO estimated 1.4 million TB deaths among HIV-negative patients and an additional of 187.000 among HIV-positive people (World Health Organization (WHO), 2022). In Argentina, the last report indicated 10.896 new cases and 656 deaths in 2020 with a rate of mortality of 1.4/100.000 inhabitants (Ministerio De Salud Argentina, 2022). It is estimated that about a quarter of the world’s population has latent TB infection, and is therefore at risk of developing active disease during their lifetime (World Health Organization (WHO), 2022). However, only 5-10% of individuals infected with M. tuberculosis will progress to active TB, suggesting that both host genetic and environmental factors might influence the susceptibility to TB (Fortin et al., 2007). Moreover, it has been shown that M. tuberculosis sublineages evolved in different human populations showing significant differences in virulence and immunomodulatory functions (Saelens et al., 2019), demonstrating that the genetic variability of M. tuberculosis is also an important factor affecting the pathogenesis of the disease. Although most environmental mycobacteria are non-pathogenic species, M. tuberculosis has evolved from an opportunist to a professional pathogen capable of infecting and surviving within the host.

Cell-mediated immunity plays an essential role in eliciting a protective immune response against M. tuberculosis infection. The secretion of Th1 cytokines by antigen-specific T cells collaborates with protective granuloma formation and stimulates the antimicrobial activity of infected macrophages (Flynn and Chan, 2001). In particular, IFN-γ is a key Th1 cytokine produced primarily by natural killer cells and T cells. IFNG KO mice infected with M. tuberculosis fail to produce reactive nitrogen intermediates that restrict the growth of the bacilli (Cooper et al., 1993; Flynn et al., 1993). Genetic studies in families with Mendelian Susceptibility to Mycobacterial Disease (MSMD), a primary immune deficiency that results in partial or complete defects in IFN-γ secretion, production, binding, or signaling, highlighted the critical role of this cytokine in mycobacterial infections (Rosain et al., 2019).

Family-based genetic studies and population-based case-control association analyses have been used to identify candidate genes for susceptibility to tuberculosis. Besides, cytokine gene polymorphisms underlie the complexity of inter-individual differences in the susceptibility, severity and clinical outcomes of several infectious diseases (Cooke and Hill, 2001; Patarčić et al., 2015). In particular, the +874 A/T (rs2430561) single nucleotide polymorphism (SNP) is located at the 5’ end of the CA repeat region in the first intron of the IFN-γ gene (Pravica et al., 2000). Pravica et al. suggested that the functional role of the +874 A/T SNP is related to its location within a putative NF-κB binding site (Pravica et al., 2000). The T allele predisposes to the binding of the transcription factor NF-κB, whereas the A allele reduces the affinity and therefore the expression of the gene in response to stimulus (Pravica et al., 2000). Thus, AA genotype or A allele have been associated with low levels of IFN-γ production, otherwise TT genotype or T allele are associated with higher production of this cytokine, and AT genotype with intermediate levels (Pravica et al., 2000). A significant association between this SNP and TB has been described in several populations around the world, as in the Sicilian, Brazilian, Chinese, Egyptian children, Spanish, Warao indigenous, South Indian and Iranian population (Lio et al., 2002; Lopez-Maderuelo et al., 2003; Tso et al., 2005; Amim et al., 2008; Mosaad et al., 2010; Bhanothu et al., 2015; Beiranvand et al., 2016; Araujo et al., 2017). Moreover, +874 A/T IFNG polymorphism has been associated with TB and extrapulmonary TB susceptibility in meta-analysis studies (Pacheco et al., 2008; Wei et al., 2017; Mandal et al., 2019; Areeshi et al., 2021). However, this SNP has not been studied in TB patients from Argentina.

On the other hand, IFN-γ gene is subject to both genetic and epigenetic modifications. This could imply a critical link between epigenetics and transcription factors in the regulation of IFN-γ and, consequently, in T cells responses elicited against M. tuberculosis. Host, pathogen & environment are the triad, which influences any disease, and epigenetics can bridge the gaps between them. The association between different epigenetic modifications and disease progression in M. tuberculosis is becoming an area of growing interest (Fatima et al., 2021; Gauba et al., 2021). Epigenetic changes, for example, histone modifications, DNA methylation, and miRNA-mediated up/downregulation of immune genes, play an important role in immunomodulation of the host at the post-TB infective phase. The reversibility of these epigenetic modifications makes them ideal and innovative targets that can be exploited for drug development and control strategies.

In particular, methylation in the promoter region can lead to the failure of gene transcription initiation and gene silencing by hampering transcription factor binding to specific motifs. The proximal region of the IFNG promoter contains binding sites for several transcription factors, including NFAT, NF-κB, and CREB-ATF1. Interestingly, methylation at the -53 site of the IFNG promoter results in inhibition of CREB and ATF2/c-Jun binding to the proximal AP1 site and is sufficient to inhibit expression of this cytokine in a Th1 murine cell line (Jones and Chen, 2006). Moreover, hypermethylation in human Th2 cells results in chromatin condensation and exclusion of CREB proteins from the IFNG promoter (Yano et al., 2003). CREB upregulates IFN-γ production in human T cells that respond to M. tuberculosis (Samten et al., 2002; Samten et al., 2005). We have previously shown that costimulation through the Signal Lymphocyte Activation Molecule (SLAM) in M. tuberculosis-stimulated T cells induces CREB activation, leading to IFN-γ secretion (Pasquinelli et al., 2009). Thus, our hypothesis was that the methylation of the CpG -53 site of IFNG could lead to the negative regulation of this cytokine during the immune response against M. tuberculosis.

The aim of this study was to further characterize the genetic and epigenetic mechanisms that regulate IFN-γ responses during M. tuberculosis infection. To this end, we performed a study in patients with active TB and healthy donors (HD) to determine the influence of +874 A/T polymorphism on tuberculosis susceptibility. We additionally evaluated DNA methylation at the -53 CpG site of the promoter region of IFNG as a new mechanism of epigenetic regulation of IFN-γ in the immune response against M. tuberculosis.



Results


Demographic characteristics of the studied population

In a case-control study we genotyped the IFNG +874 A/T SNP in 199 healthy donors (HD) and 173 tuberculosis (TB) patients enrolled between 2012 and 2016. Demographic characteristics of both populations are shown in Table 1. We did not find differences regarding age distribution between HD and TB patients (P>0.05). However, we observed differences in sex distribution of recruited individuals of both populations (HD vs TB patients, P<0.0001). Nevertheless, we did not find differences in the genotype distributions and allele frequencies between females and males within each population (Supplementary Table S1).


Table 1 | Demographic Characteristics of patients with Tuberculosis (TB) and Healthy Donors (HD).





Distribution of genotype and allele frequencies of IFN-γ gene (+874 A/T)

In order to investigate the association between +874 A/T SNP of IFNG and tuberculosis population in Argentina, genomic DNA extracted from whole blood and oral swabs in nucleic acid paper was genotyped by ARMS-PCR as described in Material and Methods. All populations were in Hardy-Weinberg (HW) equilibrium, with no significant Chi-square values for observed and expected genotype frequencies for this SNP.

The allelic distribution and the genotype of +874 A/T polymorphism differed significantly between TB patients and HD (Table 2 and Figure 1). In fact, the A allele was overrepresented in TB patients (TB= 78.61% and HD= 57.79%; ×2 = 36.57 p<0.0001) (Figure 1 and Table 2). Accordingly, the distribution of genotype frequencies between groups was widely significant (TB vs HD ×2 = 35.18; p<0.0001). The AA genotype, associated with susceptibility in other populations (Lopez-Maderuelo et al., 2003; Amim et al., 2008; Pacheco et al., 2008; Mosaad et al., 2010; Hashemi et al., 2011), was the most frequent in TB patients (TB= 63.58% and HD= 33.67%), while heterozygous AT genotype was the most frequent in HD (HD= 48.24% and TB= 30.06%) (Figure 1 and Table 2).


Table 2 | Distribution of genotype and allele frequencies of IFN-γ gene (+874 A/T) among patients with tuberculosis (TB) and Healthy Donors (HD). Categorical variables are expressed in percentages.






Figure 1 | Distribution of genotype and allele frequencies of IFN-γ gene (+874 A/T) among patients with tuberculosis (TB) and Healthy Donors (HD).



Odds ratios were calculated to estimate the level of association between the +874 A/T SNP and TB disease. The odds ratio (OR) AA vs AT was 3.031 (95% CI 1.925 - 4.773) and AA vs TT was 5.373 (95% CI 2.563 - 11.27) (Table 2). Taken together, these results demonstrate that individuals carrying the AA genotype are more susceptible to develop TB.

An analysis of the codominant, dominant, recessive and over dominant genetic models of inheritance was performed. We found significant differences between healthy controls and patients for the four models studied (Table 3). According to the Akaike information criterion (AIC), the codominant model (AA vs AT&TT) was the genetic model that best-fit to our data, since it showed the minimum AIC value (483.9).


Table 3 | Association studies of IFN-γ gene (+874 A/T) with the development of active tuberculosis.





Association of +874 A/T SNP with IFN-γ production and clinical parameters

The A allele and the AA genotype had been associated with low IFN-γ expression and susceptibility to TB in several populations around the world (Lio et al., 2002; Lopez-Maderuelo et al., 2003; Amim et al., 2008; Pacheco and Moraes, 2009; Mosaad et al., 2010; Prabhu Anand et al., 2010; Hashemi et al., 2011). Therefore, we evaluated the association between the IFNG +874 A/T genotypes and the levels of this cytokine produced by M. tuberculosis-stimulated PBMCs from HD and TB patients.

We found that the presence of the T allele was associated with higher IFN-γ production (Figure 2), with significant differences only in HD. We also observed that HD with the AT and TT genotypes produced higher levels of IFN-γ than TB patients with the same genotypes (Figure 2). Finally, we did not find any association between the genotypes and the clinical data, which indicates that the +874 A/T IFNG SNP is not associated with TB severity in our study population (Table 4). The increased production of IFN-γ observed in HD suggests that other genetic and epigenetic factors could be involved in the regulation of IFN-γ against M. tuberculosis.




Figure 2 | Production of IFN-γ by PBMCs from HD and TB patients carrying the genotypic variants of the IFN-γ gene (+874 A/T). PBMCs from healthy donors (HD, n = 63) and TB patients (TB, n = 102) carrying the different genotypes of the IFN-γ gene (+874 A/T) SNP were stimulated for five days with M. tuberculosis-Ag, and IFN-γ production was determined by ELISA. P values were calculated by one way ANOVA and Tukey’s multiple comparison test. ** p < 0.01 between HD genotypes. # p < 0.05 between HD and TB patients AT/TT genotypes. ns, not signficant.




Table 4 | Association between clinical parameters and the rs2430561 SNP genotypic variants during active tuberculosis.





Methylation status at the -53 CpG site of the promoter region of the IFN-γ gene

Methylation of the IFNG promoter could be a negative regulation mechanism during the immune response against M. tuberculosis. Therefore, methylation at the -53 CpG site of IFNG was evaluated by pyrosequencing of bisulfite-treated DNA from patients with active TB and HD. Individuals with latent tuberculosis (LTBI) were also included in this analysis. Although there is growing evidence of epigenetic modifications in TB (Kathirvel and Mahadevan, 2016), it is not yet fully understood how epigenetic alterations might trigger the activation from LTBI into active TB.

Interestingly, we observed a higher percentage of methylation of the CpG -53 site of the IFN-γ gene promoter region in TB patients compared to LTBI (TB = 69.30% vs. LTBI = 64.55%) (Figures 3A, B).




Figure 3 | Methylation status of the -53 CpG of IFNG promoter in whole blood. Genomic DNA was obtained from whole blood from HD, TB patients and LTBI. Bisulfite converted-DNA was amplified by PCR and pyrosequencing was performed to determine the degree of methylation at the -53 CpG site of the IFNG promoter. (A) P values were calculated by one way ANOVA for non-parametric data and Dunn’s multiple comparison test. (B) A representative pyrogram is shown.



Moreover, we performed a ROC analysis for the methylation of IFNG, obtaining significant results for AUC analysis among TB vs LTBI individuals (Figure 4). Given that this kind of analysis plays a central role in evaluating diagnostic ability of tests to discriminate the true state of subjects (Hajian-Tilaki, 2013), our results could indicate a role for methylation at the -53 CpG site in disease reactivation.




Figure 4 | ROC curve analyses for evaluation of the predictive value of -53 CpG methylation on disease status. ROC curve analyses for evaluation of the predictive value of whole blood methylation levels at IFNG -53 CpG for differentiating HD individuals from TB, HD individual from LTBI and TB from LTBI. ROC, receiver operating characteristic; AUC, area under the ROC curve.






Discussion

Tuberculosis, an ancient disease, is still one of the biggest killers worldwide, with a high morbidity rate. It is known that only about 10% of the M. tuberculosis-infected population progresses to active tuberculosis which leads to the following question: Do patients with active TB have a genetic predisposition that makes them more susceptible to disease progression? Single nucleotide polymorphisms in several candidate genes, especially polymorphisms in cytokine genes are known to modulate cytokine levels, which may influence susceptibility to tuberculosis infection and disease. Given the essential role of IFN-γ to control mycobacterial replication and development of cellular immune response (Flesch and Kaufmann, 1987; Serbina et al., 2001; Salgame, 2005), our case-control study focused on determining whether rs2430561 SNP (+874 A/T) is associated with susceptibility to tuberculosis in Argentinean population.

In this study, we found a significant increase in the frequency of A allele (79%) and AA genotype (64%) in TB patients as compared with HD suggesting an association of the rs2430561 SNP A variant with susceptibility to tuberculosis disease in Argentina. Remarkably, more than 45% of individuals from the HD population (91 out of 199, QFT-GIT negative) were subjects exposed to M. tuberculosis (TB contacts or healthcare staff). Among them, 60.44% has a T allele, reinforcing that the presence of the T allele is indeed associated with resistance to M. tuberculosis infection. Despite Etokebe et al. did not find correlation between the +874 A/T polymorphism and tuberculosis disease in a Croatian population (Etokebe et al., 2006), our results are consistent with previous studies that have demonstrated an association of A allele and AA genotype with susceptibility to tuberculosis in Sicilian, Spanish, Hong Kong, Brazilians, South African and Egyptian populations (Lio et al., 2002; Lopez-Maderuelo et al., 2003; Rossouw et al., 2003; Tso et al., 2005; Amim et al., 2008; Mosaad et al., 2010).

A few reports have analyzed the association of rs2430561 SNP with the clinical manifestations of the disease (Lopez-Maderuelo et al., 2003; Etokebe et al., 2006; Ansari et al., 2011). Lopez-Maderuelo et al. showed an association of AA genotype with a far advanced form of radiographic extent of disease (Lopez-Maderuelo et al., 2003). Likewise, a study in a Pakistan population reported an overrepresentation of the T allele in less severe forms of pulmonary TB (Ansari et al., 2011). However, our results showed no association with clinical parameters demonstrating that IFN-γ +874 A/T polymorphism is associated with TB susceptibility but not with disease severity in our population of study.

We have previously demonstrated that low levels of IFN-γ are associated with disease severity (Pasquinelli et al., 2004; Jurado et al., 2012). Since it has been reported that +874 T to A polymorphism overlaps with a putative NF-κ B binding site which might have functional consequences for the transcription of the human IFN-γ gene (Pravica et al., 2000); we investigated the functional association of the different +874 genotypes with IFN-γ production. Our study demonstrates that M. tuberculosis-stimulated PBMCs from HD carrying the AA genotype produced strikingly significantly lower levels of IFN-γ than those carrying the AT and TT genotype. However, while a tendency was observed in TB patients, we did not find significant differences on the production of IFN-γ. On the other side, we did observe a significant difference in the production of IFN-γ between HD and TB patients carrying a T allele, which suggests that besides the presence of the T allele other mechanisms are regulating IFN-γ during active disease.

Indeed, genetic polymorphisms are not the only inheritable character of DNA that could influence susceptibility to disease. Epigenetic mechanisms such as DNA methylation and histone acetylation regulate the rate of transcription and/or specific tissue expression of certain genes without altering the DNA sequence.

Recent studies suggest that M. tuberculosis can alter the host epigenome to modulate the transcriptional machinery and plays a major role in modulating the immune response of the host (Kathirvel and Mahadevan, 2016). However, the mechanisms involved in epigenetic alterations during M. tuberculosis infection have not been fully understood yet. In addition to a potential causal role in pathogenic processes, epigenetic alterations – such as de novo methylation of DNA – can also occur as a direct or indirect consequence of disease and might serve as biomarkers of disease activity (Esterhuyse et al., 2012).

Owing to the major role of the epigenome in the phenotypic plasticity of the immune system and its ability to link environment and cellular phenotypes, host susceptibility to TB is expected to have an epigenetic predisposition component. In addition, epigenetic analyses will probably reveal changes at the epigenome resulting either directly or indirectly from infection. Growing evidence highlights the impact of pathogens genetic variation on susceptibility and severity of infections.

In Argentina, Monteserin et al. studied the genetic diversity of M. tuberculosis strains circulating in the Metropolitan Area of Buenos Aires (Monteserin et al., 2018). They showed that as in the rest of South America, genotypes of the Lineage 4 Euro-American (one of the seven globally described M. tuberculosis strains) predominate in our country and in contrast with the neighboring country Brazil, the RDrio type (associated with high rate of transmission and drug resistance) does not play a major role in the TB epidemic (Monteserin et al., 2018). Moreover, the multidrug resistant M strain which belongs to the Lineage 4 Euro-American is highly prevalent in Argentina and has been shown to induce poor immune responses (Yokobori et al., 2022). However, the M. tuberculosis population structure in Argentina is still not fully comprehend.

It has been demonstrated that the IFNG promoter undergoes differential methylation during in vitro polarization of human peripheral blood T cells (Yano et al., 2003). This promoter is hypermethylated at the -53 CpG site during Th2 differentiation whereas it becomes hypomethylated in Th1 differentiated cells, existing a correlation between the degree of promoter methylation and the production of IFN-γ (Yano et al., 2003). Janson et al. also described different methylation levels at the -53 CpG site between human naive CD4 lymphocytes which were hypermethylated and Th1 lymphocytes which showed demethylation during differentiation (Janson et al., 2008). In other work, Dong et al. demonstrated that in human T cells early Th1-cell differentiation is accompanied by dynamic demethylation of CpGs at both the promoter and the CNS-1 regions of the IFNG locus (Dong et al., 2013). Moreover, epigenetic modifications in this locus were indispensable for the establishment of stable functional Th1 cytokine memory. The authors showed considerable levels of demethylation among different CpG of the promoter and the CNS1 region, including the -53 CpG site studied in our work (Dong et al., 2013).

In mice, naive T cells show a hypomethylated state of the IFNG promoter, which is maintained as they differentiate into Th1 cells (Winders et al., 2004). On the contrary, under Th2-polarizing conditions, CD4 cells display higher levels of methylation in the IFNG promoter, including the -53 CpG site (Winders et al., 2004). Besides, it has been shown that the methylation of the -53 CpG site impairs IFNG promoter activity and ATF2/c-Jun and CREB binding in vitro (Jones and Chen, 2006).

Despite the presence of some differences in the regulation of IFNG transcription between mice and human T lymphocytes, these data demonstrate the epigenetic involvement in immune regulation and evidence the -53 CpG site as an evolutionarily conserved position essential for IFN-γ production. When we evaluated the methylation status of the IFNG CpG -53 site in whole blood, our results showed increased methylation levels in patients with active TB compared to LTBI people. Surprisingly, we did not find differences in the methylation status between HD and TB patients, which could be attributed to a reactive epigenome. The lowest levels of methylation were observed for LTBI, who has the ability to control the infection. Considering that patients with active TB are not able to contain the infection at the time they were studied, a hypermethylation status could be expected.

Moreover, ROC and AUC analysis demonstrated that hypermethylation of this site could be a good biomarker of disease status; which reinforce the importance of this epigenetic modification as a key mechanism during active disease.

In accordance, some reports have shown changes in human methylome during TB or in response to BCG. Lyu et al. conclude that DNA methylation might be a promising TB diagnostic biomarker, as they identified TB-related targets differentially methylated by logistic regression and elastic net regression that were validated by bisulfite conversion and PCR (Lyu et al., 2022). DNA methylation has been also associated to anti-mycobacterial activity in PBMCs from BCG-vaccinated individuals (Verma et al., 2017). Recently, DiNardo et al. characterized DNA methylation of different genes that are critical to anti-mycobacterial immunity (DiNardo et al., 2020). They showed that immune cells from patients with active TB present a hypermethylated state, leading to nonspecific immune responsiveness (DiNardo et al., 2020).

These studies demonstrate the importance of evaluating the epigenome in the context of TB, however, none of them have evaluated the relevance of the -53 site in particular. Although the number of samples evaluated in the present study limits the extrapolation of our findings, since DNA methylome patterns are sensitive to environmental and seasonal factors, age, and ethnicity, it is attractive to focus on a well-defined study group as we did in our work. Another issue to highlight from our study is that we analyzed changes in the methylation of the -53 site in peripheral blood. Peripheral blood biomarkers, whether at the genomic, transcriptomic, epigenetic, or proteomic level, have received special attention in recent years. It is noteworthy that epigenetics can establish bridges between the host, M. tuberculosis and the environment. Therefore, epigenetic biomarkers in peripheral blood have great potential in the diagnosis and monitoring of progression to active TB. Epigenetic markers may provide a novel biosignature for discrimination between LTBI and active TB disease, for monitoring drug treatment outcome, and, in the long run, for predicting the risk of progression of LTBI to active TB disease (Esterhuyse et al., 2012).

To our knowledge, there are only three reports in South America population that study the association of the +874 A/T SNP with resistance/susceptibility to TB (Henao et al., 2006; Amim et al., 2008; Araujo et al., 2017). Recently, another IFN-γ SNP, the IFNG rs1861494, was associated with TB susceptibility in Argentinean population (Rolandelli et al., 2018). Our work, is the first to study association and functional relevance of rs1861494 SNP in Argentina. Even though we did not find correlation with the severity of the disease, we demonstrated that AA genotype and A allele are correlated with low IFN-γ production and increased susceptibility to develop active TB. Moreover, we also confirmed the methylation of -53 CpG of IFNG in TB patients. Many other polymorphic genes should be investigated in active and latent TB, but our results indicate that the AA genotype of the rs2430561 SNP could be a potential genetic biomarker for tuberculosis susceptibility in Argentina.



Methods


Healthy donors and patients

HIV-seronegative patients with active tuberculosis (TB) were evaluated at Dr. F. J. Muñiz Hospital (Buenos Aires, Argentina). Diagnosis of disease was established based on clinical and radiological data, identification of acid-fast bacilli in sputum, and isolation of M. tuberculosis in culture. Patients included in this study had received less than one week of anti-tuberculosis therapy. BCG-vaccinated healthy adults lacking a history of TB (household contacts and healthcare workers) were recruited at Argentinean Referral Hospitals. Among this group of individuals, diagnosis of LTBI was established using QuantiFERON-TB Gold In-Tube (QFT-GIT; Qiagen, USA; according to the manufacturer’s directions). LTBI diagnosis was assigned to any subject with a positive QFT-GIT and no clinical or radiological evidence of active TB. The group of healthy donors (HD) was comprised by adult individuals who had received BCG vaccination at birth and lacked a history of TB (tested by chest X-rays and analysis of acid-fast bacilli in sputum) and with negative QFT-GIT. Peripheral blood was collected in heparinized tubes from all individuals participating in the study after receiving informed consent. All methods were carried out in accordance with relevant guidelines and regulations. All experimental protocols were approved by a licensing committee from Hospital Dr. F. J. Muñiz (Buenos Aires, Argentina).



Mycobacterium tuberculosis antigen

In vitro stimulation of cells throughout the study was performed with a cell lysate from the virulent M. tuberculosis H37Rv strain prepared by probe sonication (Mtb-Ag). The strain was obtained through BEI Resources, NIAID, NIH: Mycobacterium tuberculosis, Strain H37Rv, Whole cell lysate, NR-14822 (Bethesda, MD, USA).



Cell preparation and reagents

Peripheral blood mononuclear cells (PBMCs) were isolated by centrifugation over Ficoll-Hypaque (GE Healthcare) and cultured (1 X 106 cells/mL), with or without Mtb-Ag (10 µg/mL) with RPMI 1640 medium (Gibco) supplemented with L-glutamine (Sigma Aldrich), 10% Fetal Bovine Serum (Gibco), 100 U/mL of Penicillin and 100 µg/mL of Streptomycin (Gibco). After 5d, IFN-γ production was determined by ELISA (BioLegend).



DNA extraction and genotyping

Genomic DNA was extracted from whole blood samples using the Quick-gDNA™ Blood MiniPrep (Zymo Reasearch) and buccal swabs (Biodynamics) of TB patients, and HD individuals according to the manufacturer’s instructions. Amplification refractory mutation system-polymerase chain reaction (ARMS-PCR) was performed for the rs2430561 SNP genotyping, as previously described (Pravica et al., 2000). The conditions included initial denaturation (95°C for 5min), 10 rounds for internal control amplification of 95°C for 30s, 62°C for 50s and 72°C for 60s; then 20 rounds of denaturation at 95°C for 20s, 56°C for 50s and 72°C for 50s with a final extension of 5min at 72°C. The amplified products were monitored by electrophoresis on a 2% agarose gel containing Syber Safe (Thermo).



Methylation analysis of -53 CpG site in the IFNG promoter

Methylation analysis was carried out by bisulfite conversion of genomic DNA from whole blood samples of TB patients, HD and LTBI individuals. After extraction of genomic DNA from whole blood, bisulfite conversion was performed using the EZ DNA Methylation-Lightning™ Kit (Zymo Research) according to the manufacturer’s instructions. The IFNG promoter region was amplified by Bisulfite PCR using Go Taq Hot Start Polymerase (Promega) and the following primers designed with Methyl Primer Express: Fw 5´-TAAGGAGTTTAA AGGAAATTTTAATTATA-3´, Rv (biotinylated) 5´-ATCTTTCTCTTCTAATAACTAATCTTCAA- 3´). Following an initial denaturation of 94°C for 3min samples were subjected to 40 rounds of PCR consisting of 94°C for 30s, 48°C for 30s and 72°C for 60s with a final extension time of 10 min at 72°C. Methylation levels were determined by pyrosequencing (Service from Instituto de Genética Veterinaria (IGEVET) “Ing. Fernando Noel Dulout”, UNLP-CONICET) using an internal primer Fw: 5´-TTAAAAAATTTGTGA-3´. Pyrosequencing assays were performed according to the manufacturer’s instructions using the PSQ 96MA (Qiagen). The methylation levels were determined using the software PYROMARK Q96MA (Qiagen).



Statistical analysis

The genotype and allele frequencies were obtained by direct counting. Hardy–Weinberg equilibrium was tested between cases/controls separately (χ2 goodness-of-fit test). Comparisons of the distributions of the allele and genotype frequencies between cases/controls were performed using the χ2 test for homogeneity. The association between the rs2430561 genotypes and the case/control condition was estimated as an odds ratio (OR). The quantitative data were expressed as mean ± standard error of the mean (SEM), and the Mann–Whitney U test or the Kruskal-Whallis (ANOVA) test for unpaired and non-parametric samples was used to analyze differences between groups. For categorical variables, the χ2 test was performed to compare proportions of subjects between groups. All statistical analysis were performed using GraphPad Prism v8.0 (GraphPad Software). p < 0.05 was considered statistically significant.
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Introduction

Tuberculosis (TB) is a major health problem characterized by an immuno-endocrine imbalance: elevated plasma levels of cortisol and pro- and anti-inflammatory mediators, as well as reduced levels of dehydroepiandrosterone. The etiological agent, Mycobacterium tuberculosis (Mtb), is captured by pulmonary macrophages (Mf), whose activation is necessary to cope with the control of Mtb, however, excessive activation of the inflammatory response also leads to tissue damage. Glucocorticoids (GC) are critical elements to counteract the immunoinflammatory reaction, and peroxisome proliferator-activated receptors (PPARs) are also involved in this regard. The primary forms of these receptors are PPARϒ, PPARα, and PPARβ/δ, the former being the most involved in anti-inflammatory responses. In this work, we seek to gain some insight into the contribution of PPARϒ in immuno-endocrine-metabolic interactions by focusing on clinical studies in pulmonary TB patients and in vitro experiments on a Mf cell line.





Methods and results

We found that TB patients, at the time of diagnosis, showed increased expression of the PPARϒ transcript in their peripheral blood mononuclear cells, positively associated with circulating cortisol and related to disease severity. Given this background, we investigated the expression of PPARϒ (RT-qPCR) in radiation-killed Mtb-stimulated human Mf. The Mtb stimulation of Mf derived from the human line THP1 significantly increased the expression of PPARϒ, while the activation of this receptor by a specific agonist decreased the expression of pro- and anti-inflammatory cytokines (IL-1β and IL-10). As expected, the addition of GC to stimulated cultures reduced IL-1β production, while cortisol treatment together with the PPARϒ agonist lowered the levels of this proinflammatory cytokine in stimulated cultures. The addition of RU486, a glucocorticoid receptor antagonist, only reversed the inhibition produced by the addition of GC.





Conclusion

The current results provide a stimulating background for further analysis of the interconnection between PPARs and steroid hormones in the context of Mtb infection.
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1 Introduction

Tuberculosis (TB) is one of the top ten causes of death worldwide. Until the coronavirus (COVID-19) pandemic, TB was the leading cause of death attributed to a single infectious agent, ranking above HIV/AIDS (Global Tuberculosis Report, 2022). According to WHO estimates, there were 10.6 million TB cases in 2021, reaching 1.4 million deaths, although these numbers are considered underestimates as the COVID-19 pandemic delayed global TB control services, reversing years of progress made in the fight against this disease (No Author, 2019).

TB is an ancient chronic infectious disease caused by the bacillus Mycobacterium tuberculosis (Mtb), which is spread when sick people expel bacteria into the air, for example, by coughing. The disease usually affects the lungs (pulmonary TB) but can also affect other body sites (extrapulmonary TB). Commonly, the host immune response (IR) controls Mtb replication, by promoting mycobacterial clearance or leading to the establishment of a latent infection, which ultimately depends on a fine balance between the pathogen and the specific IR (Ernst, 2012).

Mtb mainly infects macrophages (Mf) which need to be activated by the cellular IR for containing mycobacteria (Th1 pattern activation) (Russell, 2001; Hestvik et al., 2005; Jordao et al., 2008). Cytokines such as IFN-γ, secreted by T lymphocytes, and TNF-α are essential to achieve classical macrophage activation (M1) and intracellular pathogen elimination (Kaufmann, 2001; O’Garra et al., 2013). At the same time, an exacerbated IR and the ensuing excessive secretion of inflammatory mediators turn out to be detrimental to host tissues through immunopathological processes, which is quite pathognomonic of diseases of chronic nature like TB. In line with this, newly diagnosed TB patients (T0) show a marked consumption state together with a lower body mass index (BMI), in addition to an immune-endocrine-metabolic (IEM) imbalance (Santucci et al., 2011; Bottasso et al., 2013; Díaz et al., 2017). This mainly consists of increased circulating amounts of pro- and anti-inflammatory cytokines together with increased cortisol and lowered dehydroepiandrosterone (DHEA) values, partly associated with the degree of pulmonary involvement (Bottasso et al., 2013; Díaz et al., 2017; D’Attilio et al., 2018).

Within the broad array of regulatory processes which are likely to take place during Mtb infection, the contribution of the peroxisome proliferator-activated receptors (PPARs), which belong to the nuclear receptor superfamily, is worth exploring. PPARs are a family of 3 ligand-activated transcription factors: PPARα (NR1C1), PPARβ/δ NR1C2), and PPARγ (NR1C3). These PPARs are encoded by different genes but show similar structural features, which include an amino-terminal modulatory domain, a DNA binding domain, and a carboxyl-terminal ligand binding domain. All PPARs act as heterodimers with the retinoid X receptor (RXRs) and play important roles in the regulation of metabolic pathways, including those of lipid biosynthesis and glucose metabolism, as well as in a variety of cell functions: differentiation, proliferation, apoptosis pathways and inflammation (Blitek and Szymanska, 2017; Portius et al., 2017; Christofides et al., 2021).

PPAR ligands, in particular those of PPARα and PPARγ, inhibit the activation of inflammatory gene expression and can negatively interfere with proinflammatory transcription factor signaling pathways in vascular and inflammatory cells. Furthermore, PPAR levels are differentially regulated in a variety of inflammatory disorders in men, for which PPAR ligands may constitute promising therapies (Moraes et al., 2006). Evidence indicates that chronic metabolic diseases accompanied by immunological-endocrine disturbances, i.e., diabetes and metabolic syndrome, present a higher risk of infections together with a lower bactericidal capacity from the innate immune cells. In this regard, treatment with thiazolidinedione drugs like pioglitazone (synthetic PPARγ ligand), not only diminished the inflammation but also increased the capability of host cells to cope with pathogens, in addition to modulating hormone production and glucolipid homeostasis (Sharma et al., 2017). A study in a murine model of sepsis showed that treatment with the agonist pioglitazone improved mouse survival by enhancing the neutrophil bacterial clearance and promotion of an anti-inflammatory milieu at the site of infection (Ferreira et al., 2014). In the case of TB, some studies showed that mycobacterial infections coexist with an increased expression and activation of PPARγ at the Mf level which leads to changes in intracellular lipid homeostasis (foamy Mf) and its activation profile, promoting an M2 pattern more favorable to Mtb survival (Almeida et al., 2012).

Given this background and considering the substantial role of IEM disturbances in TB pathophysiology, we sought to investigate the relationship of PPARγ with some IEM components in the setting of clinical pulmonary TB, at the time of diagnosis and throughout the course of specific treatment to get a better understanding on their implication in the processes dealing with disease development and resolution. We also carried out in vitro experiments in a macrophage cell line for a more in deep analysis of the reciprocal influences between PPARγ and glucocorticoids.




2 Materials and methods



2.1 Subjects

Thirty-nine adults who were diagnosed with lung TB based on clinical and radiological findings and identification of TB bacilli in sputum were enrolled and followed for up to nine months in a prospective cohort study of TB treatment. This observational cohort included patients with neither HIV coinfection nor multidrug-resistant TB. Patients had mild (n = 9), moderate (n = 15), or advanced (n = 15) disease according to the radiological findings, corresponding to previously described criteria (Mahuad et al., 2004).

Antituberculosis therapy consisted of six months of rifampicin and isoniazid, initially supplemented by two months of pyrazinamide and ethambutol. Among the 39 recruited patients, blood samples at all time points (see 3.1.1.1 Sample Collection) were available in 24 of them (mild = 2, moderate = 13, and severe = 9). Age-matched healthy controls (HCo, n = 24) living in the same area and without known contact with TB patients, were incorporated as controls. Exclusion criteria for all participants included pathologies affecting the hypothalamus-pituitary-thyroid or gonadal-axis, or direct compromise of the adrenal gland, pregnancy, contraceptive drugs, age under 18, or systemic or localized pathologies requiring treatment with corticosteroids or immunosuppressants. The study protocol was approved by the Ethical Committee of the Faculty of Medical Sciences, National University of Rosario (Resolution n° 6625/2018), and the Centenario Hospital of Rosario (Resolution n° 528). The study was conducted following the 1964 Helsinki declaration and its later amendments. All volunteers gave their written consent before participating in the study.



2.1.1 Sample collection

Blood samples were obtained from TB patients at the time of diagnosis (before initiation of the treatment, T0) and 2, 4, and 6 months (T2, T4, and T6) after starting the specific antituberculosis treatment (Global tuberculosis report, 2021). Also, an additional sample was obtained three months after the end of treatment completion (T9). All samples were taken between 8:00 and 9:00 a.m. with and without EDTA and then centrifuged. Aprotinin (100U/mL; Aprotinin from bovine lung, Sigma) was added to the plasma shortly after collection and the samples were preserved at −80°C. One blood sample was obtained from age- and sex-matched HCo and processed in the same way (Mahuad et al., 2004; Díaz et al., 2017).




2.1.2 Mononuclear cell isolation

After blood centrifugation, the buffy coat was separated and diluted 1:1 in RPMI 1640 (Invitrogen) containing standard concentrations of L-glutamine, penicillin, and streptomycin (culture medium). The cell suspension was layered over a Ficoll-Paque (density 1.077, Amersham Biosciences) and centrifuged at 400 g for 30 min. From this column, PBMCs were obtained.




2.1.3 Flow cytometry

A sample of EDTA anticoagulated whole blood was incubated with BD Tritest CD4FITC/CD8PE/CD3PerCP reagent, another with CD3FITC/CD19PE, and the third one with CD45FITC/CD14PE (all reagents of BD Biosciences) and isotype controls, according to the manufacturer’s instructions (Díaz et al., 2015). Stained cells were analyzed with a FACSAria II flow cytometer (BD Biosciences). The percentage of positive cells and the mean fluorescence intensity (arbitrary units) for a specific marker were calculated using FACSDiva software (BD Biosciences). For each sample, 30.000 events were recorded.




2.1.4 Evaluation of immunological mediators and hormones

Cytokine and hormone levels in plasma were measured by using commercial ELISA kits (BD Biosciences, IFN-γ, IL-6, detection limit -DL-: 4.7 and 2 pg/ml, respectively), or EIA assays (DRG Systems, DL: 2.5 and 0.108 ng/ml, for cortisol and DHEA, respectively).




2.1.5 RNA isolation, cDNA synthesis, and RT-qPCR

Total RNA was isolated from PBMCs using TRIzol (Invitrogen). RNA pellets were dissolved in Diethyl pyrocarbonate (DEPC) sterile water and stored at –80°C. RNA quantity and integrity were assessed as performed earlier (D’Attlio et al., 2011). cDNA was synthesized from 2 μg of total RNA by extension of oligo dT primers (Invitrogen) with M-MuLV reverse transcriptase (Thermo Fisher Scientific) in a final volume of 40 μl DEPC sterile water. cDNA was stored at –80°C until use. RT-qPCR was performed with the StepOnePlus (96-well) Real-Time PCR Systems (Applied Biosystems) using 3 μl of cDNA dilution, 0.4 μM of each primer, and 3 μl of 5x HOT FIREPol EvaGreen qPCR Mix Plus (Rox) (Solis BioDyne), the final volume of 15 μl. Thermal cycling conditions were as follows: 10 min at 95°C followed by 45 PCR cycles of denaturing at 95°C for 20 s, 30 s for annealing at 60°C, and 20 s for elongation at 72°C. Fluorescence readings were performed for 10 s at 80°C before each elongation step. To normalize the expression of every gene, the transcript of PPIA [peptidylprolyl isomerase A (Cyclophilin A)] was used as an endogenous control in each mononuclear cell sample (He et al., 2008). Serially diluted cDNA samples were used as relative external standards in each run, to make “The Relative Standard Curve Method” for the relative quantification of gene expression, as performed formerly (D’Attlio et al., 2011). Similarity and homogeneity of PCR products from samples were confirmed by automated melting curve analysis (StepOne Software, Applied Biosystems), which revealed the melting temperature values of the PCR products. Selected primers are detailed in Table 1. Data were expressed as fold change of the relative expression levels of the gene of interest normalized by the relative expression levels of PPIA.


Table 1 | RT-qPCR nucleotide primer sequence.







2.2 Cell preparations

The characteristics of THP-1, a human monocytic leukemia cell line, have been described previously in detail (Tsuchiya et al., 1980). This cell line was grown in suspension cultures in Tissue Culture Medium RPMI-1640 supplemented with 10% of heat-inactivated fetal bovine serum and antibiotic (Penicillin-Streptomycin, Gibco, Invitrogen) at 37°C in 5% CO2. THP-1 cells were cultured in complete RPMI-1640 containing 30 ng/ml phorbol-12-myristate-13-acetate (PMA, Sigma) and plated for differentiation to macrophages. Twenty-four hours later supernatants were removed and complete RPMI-1640 was added for 48 h before the stimulation.



2.2.1 Stimulation of macrophages with M. tuberculosis and treatment with cortisol and/or PPARγ agonist

Macrophages were cultured in quadruplicate in flat-bottomed 24-well dishes (4 × 105 cells/well in 0.6 mL) in RPMI 1640 (Gibco, Invitrogen) with 10% of heat-inactivated fetal bovine serum (Gibco, Invitrogen) and antibiotic (Penicillin-Streptomycin, Gibco, Invitrogen) and cultured for 24 h at 37°C in 5% CO2, with or without the addition of M. tuberculosis strain H37Rv gamma irradiated (Mtbi; 8 µg/mL, Colorado University, USA), 15-Deoxy-Δ12,14-prostaglandin J2 -15dPGJ2- a PPARγ natural ligand (2 μM, Sigma) and/or physiological concentrations of cortisol (10-6 M, Sigma) (Mahuad et al., 2004). Stock 15dPGJ2 and cortisol solutions were prepared in ethanol. Thereafter, stock solutions were diluted in a culture medium to final concentrations. Treatment with 15dPGJ2 was performed 30 min before the addition of Mtbi and/or cortisol. In some cultures, RU486 (RU486 or Mifepristone 1 μM, Sigma-Aldrich), a cortisol receptor antagonist, was used 5 min before the addition of the hormone. Supernatants were collected to assess cytokine production and cells were preserved in TRIzol (Invitrogen) for mRNA extraction.





2.3 Statistical analysis

Statistical comparisons were performed by the Mann-Whitney U and Kruskal-Wallis followed by post hoc comparisons when applicable since some variables under analysis deviated from a normal distribution. Paired comparisons during treatment were done by the Friedman analysis of variance. Associations between variables were analyzed using the Spearman correlation test. A value of p< 0.05 was regarded as statistically significant.





3 Results



3.1 Features of study groups

There was no sex- or age-related differences and the frequency of Bacillus Calmette–Guerin vaccination between study groups, although the body mass index (BMI, weight/height2) was significantly decreased in TB patients (Table 2). Newly diagnosed patients did not differ from controls in terms of erythrocyte counts (Table 3) but showed an increase in the leukocyte numbers (p<0.05) with a high percentage of neutrophils and low values of lymphocytes (p<0.05). Consequently, the ratio between the percentage of neutrophils and lymphocytes (NLR) was increased (Table 3), compatible with systemic inflammation (Song et al., 2021; Buonacera et al., 2022). From the second month of anti-TB treatment, these hematological variables reached values similar to those of the HCo. Eosinophils were found to increase during the specific treatment and remained high even after its termination (Table 3). With regards to erythrocyte sedimentation rate (ESR), TB cases displayed a significant increase at T0 and T2, further decreasing to values seen in HCo (Table 3). Levels of liver enzymes among treated patients remained within normal values (data not shown).


Table 2 | Main features of study groups.




Table 3 | Quantification of erythrocytes, hemoglobin, percentage of hematocrit, leukocytes, leukocyte formula, platelets, erythrocyte sedimentation rate (ESR), and the ratio between the percentage of neutrophils and lymphocytes (NLR) in patients with TB and healthy controls.



In line with the decreased lymphocyte percentages, flow cytometry studies showed a decline in the percentages of CD4+ and CD8+ T lymphocytes at time 0 (Figures 1A, B, respectively), with their values starting to increase following the initiation of anti-TB treatment to the levels recorded in HCo. There were no between-group differences in B-lymphocyte numbers (Figure 1C), but the monocyte numbers did increase in TB patients either at diagnosis or during the T6 and T9 time point evaluations (Figure 1D, p < 0.05 vs. HCo in all cases).




Figure 1 | CD4+ (A), CD8+ (B), B (C) lymphocytes, and monocytes (D) populations in TB patients during specific treatment. Boxes represent the median (line) and interquartile range, with minimal and maximum values. HCo (n = 24): healthy controls; T0: time at diagnosis; T2, T4, and T6: 2, 4, and 6 months following the initiation of anti-bacillary treatment; T9: 3 months following treatment completion. Twenty-four TB patients were studied at all time points. Multiple comparisons were assessed through Kruskal–Wallis test with Dunn’s multiple comparison testing and paired comparisons throughout treatment was done by the Friedman analysis of variance.





3.1.1 PPARγ and PPARα expression in PBMC of TB patients

Regarding the expression levels of mRNA-PPARγ in PBMC from patients with TB, values were higher at T0 compared to those recorded in HCo (Figure 2A), in turn, these increases were found related to the degree of lung involvement (Figure 2B). After two months of specific treatment, PPARγ transcripts levels, decreased to the values found in HCo (p < 0.05 vs. T0, Figure 3). On the other hand, mRNA-PPARα levels did not differ between TB patients and HCo (Figure 2C).




Figure 2 | Expression levels of mRNA for PPARγ (A) and PPARα (C) in PBMC from HCo and TB patients. PPARγ mRNA expression in TB patients with different degrees of pulmonary involvement (B). Boxes represent the median (line) and interquartile range, with minimal and maximum values. HCo (n = 24): healthy controls; TB (n = 39): patients with tuberculosis at the time of diagnosis. Comparisons between the two groups were made by the Mann-Whitney U test, **p<0.01. Multiple comparisons were assessed through Kruskal–Wallis test with Dunn’s multiple comparison testing (B).






Figure 3 | Expression levels of mRNA for PPARγ in patients with TB undergoing specific treatment. Boxes represent the median (line) and interquartile range, with minimal and maximum values. HCo (n = 24): healthy controls; T0: time at diagnosis; T2, T4, and T6: 2, 4, and 6 months following the initiation of anti-bacillary treatment; T9: 3 months following treatment completion. A total of 24 TB patients were studied at all time points. Multiple comparisons were assessed through Kruskal–Wallis test with Dunn’s multiple comparison testing, and paired comparisons during treatment were done by the Friedman analysis of variance.



Concerning the immune-endocrine profile, newly diagnosed TB patients had increased plasma levels of IFN-γ, IL-6, and cortisol (Figures 4A–C respectively). The latter was positively correlated with PPARγ mRNA levels (Figure 5A, r = 0.767, p < 0.01). At the same time, we also found a negative correlation between PPARγ mRNA levels and LTCD4+ (Figure 5B, r = -0.571, p < 0.05). We have formerly demonstrated that inflammatory mediators during specific anti-TB treatment reach values similar to those of HCo, while Cortisol remains elevated throughout treatment (Díaz et al., 2017).




Figure 4 | Plasma levels of IFN-γ, IL-6, and Cortisol in HCo and TB patients at the time of diagnosis. Boxes represent the median (line) and interquartile range, with minimal and maximum values. HCo (n = 24): healthy controls; TB (24): patients with tuberculosis. Comparisons between groups were made by the Mann-Whitney U test. *p<0.05; **p<0.01.






Figure 5 | Correlation between PPARγ and Cortisol (A) and LTCD4+ (B) in TB patients at the time of diagnosis. Associations between variables were analyzed using the Spearman correlation test.






3.1.2 PPARγ transcript expression of THP1-Mf cells stimulated with Mtbi and treated with cortisol and agonist of PPARγ

Following the search for the presence of PPARγ during active TB and its relationship with compounds from the immune-endocrine response we next wished to explore the potential contribution of PPARγ to the macrophage function, in terms of cytokine production, which constitutes a relevant issue during Mtb infection. As depicted in Figure 6, stimulation of THP1-Mf cells with Mtbi increased the expression of PPARγ (panel A) as well as the production of IL-1β and IL-10 (panels B and C, respectively). Further experiments by exposing cells to a PPARγ agonist resulted in decreased levels of both cytokines (panels B and C) together with increased amounts of PPARγ transcripts (Figure 6A).




Figure 6 | PPARγ transcript expression (A), and IL-1β (B) and IL-10 (C) levels in supernatants of THP1-Mf cells stimulated with Mtbi and treated with cortisol and/or agonist of PPARγ. Boxes represent the median (line) and interquartile range, with minimal and maximum values (n=4). Mtbi: Mycobacterium tuberculosis strain H37Rv killed by γ radiation; Ago: PPARγ agonist, 15-Deoxi-Δ12,14 Prostaglandin J2 (15dPGJ2) 2μM; GC: cortisol 10-6M. Multiple comparisons were assessed through Kruskal–Wallis test with Dunn’s multiple comparison testing. *p<0.05; **p<0.01.



The Mtbi-driven increased synthesis of IL-1β and IL-10 was no longer seen when adding cortisol to stimulated cultures (Figures 6B, C), without significant changes in the expression levels of mRNA-PPARγ (Figure 6A). In cultures undergoing Mtbi stimulation plus cortisol treatment, the addition of PPARγ agonist increased the receptor transcript expression (Figure 6A), whereas IL-1β and IL-10 levels appeared respectively decreased and increased (Figures 6B, C). There were no differences in mRNA-PPARγ levels when comparing cultures treated with agonists alone or left untreated (data not shown).

An additional experiment by treating cells with the cortisol receptor antagonist, RU486, showed that such treatment reversed the cortisol-reduced production of IL-1β from Mtbi-stimulated cultures (Figure 7). Likewise, there were no differences in the expression of PPARγ transcripts in culture counterparts exposed to the cortisol antagonist (data not shown).




Figure 7 | IL-1β levels in supernatants of THP1-Mf cells stimulated with Mtbi and treated with cortisol and/or agonist of PPARγ and antagonist of cortisol. Boxes represent the median (line) and interquartile range, with minimal and maximum values (n=4). Mtbi: Mycobacterium tuberculosis strain H37Rv killed by γ radiation; Ago: PPARγ agonist, 15-Deoxi-Δ12,14 Prostaglandin J2 (15dPGJ2) 2μM; RU486: glucocorticoid receptor antagonist, Mifepristone 1μM; GC: cortisol 10-6M. Multiple comparisons were assessed through Kruskal–Wallis test with Dunn’s multiple comparison testing. **p<0.01.








4 Discussion

The control of an infectious process depends on the type and magnitude of the defensive response that appears beneficial during the initial phase but may become harmful if prolonged due to pathogen persistence, as is the case of TB. Because of its chronic nature, TB coexists with an immuno-endocrine-metabolic imbalance and excessive inflammatory reactions accounting for the host impairment seen during the progressive disease (Bottasso et al., 2013). In fact, at the time of diagnosis, TB patients showed a decrease in their BMI, an excessive pro-inflammatory response (Díaz et al., 2017), together with an increased NLR. The latter may be a surrogate reflecting the balance between two facets of the defensive reaction: acute and chronic inflammation (Song et al., 2021) coexisting at the same time. Another feature of the inflammatory response during TB was the increased percentage of eosinophils, at T0 and during the specific treatment, which may be related to the recruitment of these cells to exert a protective role against infection (Prakash Babu et al., 2019; Bohrer et al., 2021).

The control of the proinflammatory response requires not only intrinsic regulatory mechanisms from both innate and adaptive immune systems but also the ones extrinsic to the immune system, for instance, the activation of the hypothalamic-pituitary-adrenal axis leading to cortisol production (Kaufmann, 2001) as well as other regulators of inflammatory or immune responses like PPARs.

Within this setting, we here provide novel evidence that PBMC from newly diagnosed patients with pulmonary TB has an increased expression of PPARγ transcript, related to the degree of lung involvement, proinflammatory plasma mediators, and cortisol levels. The increased PPARγ expression coupled with elevated plasma cortisol concentrations may mirror a regulatory attempt for the substantial inflammatory response that patients show at the time of diagnosis, aimed to ameliorate the tissue damage and return to homeostasis. Without being mutually exclusive, the concomitant rise of plasma cortisol levels and PPARγ transcripts in relation to disease severity may also reflect the degree of immuno-endocrine-metabolic imbalance. Extending our former results that plasma levels of proinflammatory mediators started to decrease by the second month of specific treatment (Díaz et al., 2017), we now show that PPARγ transcripts also decay by the same time point. Cortisol levels remained elevated throughout treatment (Díaz et al., 2017), suggesting a higher role of cortisol immunomodulation during disease recovery (Díaz et al., 2017).

While the changes in the peripheral compartment may not be an accurate reflection of the response that takes place at the injury site (D’Attilio et al., 2013), they bear some relationship with the extent of lung compromise, as specific anti-TB treatment induced a significant drop of PPARγ transcript expression and in proinflammatory mediators, possibly related to the lower bacterial burden (Sabiiti et al., 2020; Osei-Wusu et al., 2021).

There is evidence that PPARγ expression following TCR stimulation of T cells negatively regulates their activation by inhibiting the nuclear factor of activated T-cells (NFAT) and subsequent IL-2 production (Clark et al., 2000; Choi and Bothwell, 2012). Yang and col. also showed that the activation of this receptor in human T cells reduced IL-2 production and proliferation (Yang et al., 2000). This may help to explain our findings about the negative correlation between PPARγ and LTCD4+ cells seen in TB patients at the time of diagnosis, wherein the former was found to be significantly increased and the latter decreased. Further studies are needed to elucidate the appropriate meaning of this association. Whether PPARγ activation is also likely to promote the biased Th2 response seen in progressive TB (Stark et al., 2021) also remains to be established.

PPARs can be expressed in a variety of tissues and cell types including Mf (Chinetti et al., 1998; Rigamonti et al., 2008). These cells are among the first ones to encounter Mtb and play an important role in regulating the immune response against this pathogen. In Mf, PPARγ would act by modifying the expression of different inflammatory genes, modulating cell differentiation and activation through the trans-repression of different transcription factors such as NF-κB, AP-1, and STATs (Ricote et al., 1999), as well as diminishing the respiratory burst (von Knethen and Brune, 2002).

The expression of PPARs can also be increased upon pathogen exposures (Penas et al., 2013). In this regard, up-regulation of PPARγ expression on Mf after infection by Mycobacterium bovis (BCG), Mtb, Listeria monocytogenes, and Mycobacterium leprae has been reported (Straub et al., 2002; Chan et al., 2010; Rajaram and Brooks, 2010; Mahajan et al., 2012). Almeida et al. demonstrated that infection with Mtb increases the expression and activation of PPARγ leading to an enhanced formation of lipid droplets (foamy Mf), in addition to modifying the activation profile of Mf (inhibition of proinflammatory cytokines) inducing an M2 profile (Almeida et al., 2012). Furthermore, Guerrini et al. showed that during Mtb infection, the development of Mf into foam cells involves the activation of signaling pathways leading to intracellular triglycerides accumulation, driven by TNF receptor signaling and the downstream activation of the caspase cascade and the mammalian target of rapamycin complex 1 (mTORC1) (Guerrini et al., 2018). Both mechanisms favor mycobacterial survival.

Regarding PPARγ, recognition of Mtb by Mf mannose receptor activates mitogen-activated protein kinase (MAPK)-p38-cytosolic phospholipase A2 (cPLA2), resulting in hydrolysis and release of arachidonic acid from the plasma membrane to generate prostaglandin E2 (PGE2) and cyclopentenone prostaglandins (15-d-PGJ2) (Rajaram and Brooks, 2010). These two compounds are natural ligands of PPARγ, for which they are likely to activate the receptor pathways in these cells. In line with this, present results showed that Mtb stimulation of THP1-Mf significantly increased pro and anti-inflammatory cytokines (IL-1β and IL-10) as well as PPARγ expression, whereas the activation of this receptor by a specific natural agonist diminished the expression of these cytokines in stimulated Mf at the early step of immune response (Ricote et al., 1999). Stimulated cultures treated with cortisol together with the PPARγ agonist showed the lowest levels of the proinflammatory cytokine IL-1β, suggestive of intercommunication between both immunomodulatory mechanisms. However, treatment with RU486 only reversed the inhibitory effect of GC without modifying the one exerted by PPARγ activation. This suggests that both effects may be mediated through different intracellular pathways, as reported by Yamamoto et al. in a mouse model of acute inflammation (Yamamoto et al., 2014). Although in studies employing colonic epithelial cells, cortisol was likely to control the expression of PPARγ (Bouguen et al., 2014).

In non-infectious chronic diseases, i.e., metabolic syndrome or diabetes, the use of PPARγ agonists, like TZDs (including rosiglitazone and pioglitazone), showed some effectiveness in parallel to side effects such as increased weight gain, fluid retention, bone loss, congestive heart failure, etc. (50), which led to its discontinuation as was the case of rosiglitazone (51). This stimulated the search for new antagonists exempted from such adverse effects. Our results along with the relevance of lipid metabolism in the pathogenesis of TB and Mtb survival, as well as the fact that PPARγ deletion in pulmonary Mfs improved the course of murine tuberculosis (52), provide no evidence to think about the potential use of a PPARγ agonist in TB.

In getting a better understanding of the role of PPARγ in the host-mycobacteria relationship, our study provides the first evaluation of the expression of PPARγ in PBMC from TB patients according to the extent of lung damage and specific treatment. Results provide a stimulating background for further analysis of the interrelation between PPARs and the immune-endocrine framework of this particular disease.
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Background

The present study aimed to investigate the regulation of miR-25-3p on macrophage autophagy and its effect on macrophage clearance of intracellular Mycobacterium bovis Bacillus Calmette-Guerin (BCG) retention based on the previous findings on the differential expression of exosomal miRNA in macrophages infected with BCG.





Methods

Through enrichment analysis and Hub gene analysis, key differentially expressed miRNA and its target genes were selected. The targeted binding ability of the screened mmu-miR-25-3p and its predicted target gene DUSP10 was determined through the TargetScan database, and this was further verified by dual luciferase reporter gene assay. mmu-miR-25-3p mimics, mmu-miR-25-3p inhibitor, si-DUSP10, miR-NC,si-NC and PD98059 (ERK Inhibitor) were used to intervene macrophages Raw264.7. Rt-qPCR was used to detect the expression levels of mmu-miR-25-3p and DUSP10 mRNA. Western blot was used to detect the expression levels of DUSP10, LC3-II, p-ERK1/2, beclin1, Atg5 and Atg7. The autophagy flux of macrophage Raw264.7 in each group was observed by confocal laser microscopy, and the expression distribution of DUSP10 and the structure of autophagosomes were observed by transmission electron microscopy. Finally, the intracellular BCG load of macrophage Raw264.7 was evaluated by colony-forming unit (CFU) assay.





Results

Bioinformatics analysis filtered and identified the differentially expressed exosomal miRNAs. As a result, mmu-miR-25-3p expression was significantly increased, and dual specificity phosphatase 10 (DUSP10) was predicted as its target gene that was predominantly involved in autophagy regulation. The dual luciferase reporter gene activity assay showed that mmu-miR-25-3p was targeted to the 3’-untranslated region (UTR) of DUSP10. The infection of BCG induced the upregulation of mmu-miR-25-3p and downregulation of DUSP10 in RAW264.7 cells, which further increased the expression of LC3-II and promoted autophagy. Upregulated mmu-miR-25-3p expression decreased the level of DUSP10 and enhanced the phosphorylation of ERK1/2, which in turn upregulated the expression of LC3-II, Atg5, Atg7, and Beclin1. Immuno-electron microscopy, transmission electron microscopy, and autophagic flux analysis further confirmed that the upregulation of mmu-miR-25-3p promotes the autophagy of macrophages after BCG infection. The CFU number indicated that upregulated mmu-miR-25-3p expression decreased the mycobacterial load and accelerated residual mycobacteria clearance.





Conclusion

mmu-miR-25-3p promotes the phosphorylation of ERK1/2 by inhibiting the expression of DUSP10, thus enhancing the BCG-induced autophagy of macrophages. These phenomena reduce the bacterial load of intracellular Mycobacterium and facilitate the clearance of residual mycobacteria. mmu-miR-25-3p has great potential as a target for anti-tuberculosis immunotherapy and can be the optimal miRNA loaded into exosomal drug delivery system in future studies.
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1 Introduction

Spinal tuberculosis is one of the major infectious diseases that seriously endanger human health. Hitherto, there has been no satisfactory treatment method. The bone marrow-blood barrier is altered in the sclerotic region surrounding tuberculous granulomas of spinal tuberculosis, characterized by structural and quantitative changes, trabecular dysplasia, partial closure of the medullary cavity, and the inclusion of the microscopic satellite tuberculosis lesions. Conventional formulations of first-line anti-tuberculosis drugs, such as isoniazid (INH), rifampicin (RFP), and pyrazinamide (PZA) cannot effectively penetrate the above tissue barrier and maintain effective bactericidal or bacteriostatic concentration in the lesion area due to their structural and pharmacokinetic characteristics. This in turn leads to residual chronic bacteria in tuberculosis granuloma in the diseased area and the drug resistance of tuberculosis bacteria, which is the primary reason for the ineffectiveness of conventional chemotherapy for spinal tuberculosis and the persistence and recurrence of the disease (Wang et al., 2007).

Exosomes consist of a class of nanovesicles that contain various substances derived from parental cells and transport them to recipient cells (Kalluri and LeBleu, 2020). Currently, exosomes are receiving increasing attention from various fields because they can be used as efficient shuttle vehicles to transport traditional medicines and also as genetic medicines (such as miRNA and proteins) with immunomodulatory functions (Salvi et al., 2018; Wu and Liu, 2018; Peng et al., 2020; Sharma and Johnson, 2020; Tang et al., 2020). Some studies on exosomes have focused on tissue repair and regenerative medicine, immune regulation, and nervous system diseases (Haney et al., 2015; Kalani et al., 2016; Lee et al., 2017; Izco et al., 2019). Nonetheless, the treatment of spinal tuberculosis with exosome-loaded anti-tuberculosis drugs and microRNAs (miRNAs) has not yet been studied. Therefore, we proposed to construct a novel anti-tuberculosis drug delivery system using exosomes as vectors loaded with RFP and specific miRNAs that have anti-tuberculosis and immunoregulatory functions. Based on the nanosized and low immunogenicity of exosomes, we suggested that conventional anti-tuberculosis drugs can cross multiple biological barriers via exosomes to effectively increase the effective drug concentration of spinal tuberculosis lesions. miRNA loaded with exosomes can exert an anti-tuberculosis immunomodulatory role and accelerate the clearance of macrophages to Mycobacterium. Therefore, identifying functional miRNAs is crucial for subsequent studies.

When Mycobacterium tuberculosis (MTB) infects the body, macrophages play a role in the first line of defense against infection (Cohen et al., 2018) and initiate multiple mechanisms, such as intracellular autophagy, to inhibit or eliminate MTB. Several studies have shown that miRNAs are involved in the regulation of autophagy and induce autophagy in macrophages to clear the intracellular MTB by regulating autophagy-related genes, the formation of autophagosomes in macrophages, and the maturation of autophagosomes (Deretic et al., 2006; Wang et al., 2013; Kim et al., 2015; Guo et al., 2017). In previous studies, we completed the extraction and identification of exosomes of the macrophages infected by Mycobacterium bovis Bacillus Calmette-Guerin (BCG). The miRNA was analyzed by high-throughput sequencing analysis of the differences in the exosomes of the macrophages after a 72-h BCG infection (Zhan et al., 2022). A total of 1853 miRNAs were detected, of which 506 overlapped between the BCG-infected and uninfected groups. The data showed that compared to the uninfected group, the expression of 20 miRNAs was upregulated, and that of 7 miRNAs was downregulated in the infected group (Table 1).


Table 1 | Differentially expressed miRNAs and their expression levels (Zhan et al., 2022).



The mitogen-activated protein kinase (MAPK) signal transduction pathway is one of the major regulatory mechanisms in eukaryotic cells. Its signal transduction occurs through sequential phosphorylation of MAPKKK (mitogen-activated protein 3 kinase), MAPKK (mitogen-activated protein 2 kinase), and MAPK. MAPK is a highly conserved serine/threonine protein kinase that is part of a key signaling transduction system (Krishna and Narang, 2008). After activation by upstream kinases, different subfamilies regulate various physiological processes in cells, including autophagy, inflammation, stress, and cell growth, development, differentiation, and death (Bogoyevitch and Kobe, 2006; Park et al., 2014; Zhou et al., 2015). Since phosphorylation is required to activate the MAPK signaling pathway, dephosphorylation of the members of the DUSP (dual-specificity protein phosphatase) family plays a key role in controlling MAPK signaling. However, the function of DUSPs in autophagy is yet to be explored. Nomura et al. (Nomura et al., 2012) observed that DUSP10 suppresses the activation of ERK. Lu et al. (Lu et al., 2020) used Raw264.7 cells and confirmed that DUSP10 (namely MKP-5) promotes the transformation of macrophages from M1 phenotype to M2 phenotype, and as an inflammatory inhibitor, it participates in obesity-induced adipose tissue inflammation and PA-induced macrophage inflammation through ERK, P38, and JNK.

In the present study, we conducted a bioinformatics analysis and screened out mmu-miR-25-3p and its target gene DUSP10; these participated in the autophagy of macrophages. Therefore, we hypothesized that miR-25-3p regulates autophagy of macrophages after BCG infection through DUSP10/ERK pathway and further affects their ability to clear BCG retention in the cells.




2 Materials and methods



2.1 Tissue culture medium and reagents

Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were produced by Gibco and purchased from Thermo Fisher Scientific (Waltham, MA, USA). Complete Mycobacterium medium was purchased from Shanghai Gene-Optimal Science & Technology Co., Ltd (Shanghai, China).

Opti-MEM I reduced serum medium was produced by Gibco and purchased from Thermo Fisher Scientific. FuGENE® HD Transfection Reagent was obtained from Promega (Beijing) Biotech Co., Ltd (Beijing, China). Antibodies against DUSP10 (# ab228987) and LC3-I/II (# ab128025) were purchased from Abcam (Cambridge, UK). Antibodies against Beclin1 (# D160120) and Atg5 (# D121650) were procured from Sangon Biotech (Shanghai) Co., Ltd (Shanghai, China). Antibodies against Atg7 (# AA820) and p-Erk1/2 (# AF5818) were purchased from Beyotime Biotech Inc. (Shanghai, China). Antibody against β-actin (# P60710) was purchased from Servicebio (Wuhan, China). Horseradish peroxidase (HRP)-labeled goat anti-rabbit IgG (# SSA004) was purchased from SinoBiological (Beijing, China). Anti-Rabbit IgG (whole molecule)-Gold (# G7402) was purchased from Sigma–Aldrich (Shanghai) Trading Co. Ltd (Shanghai, China). ERK1/2 signaling inhibitor PD98059 (# HY-12028) was procured from MCE (MedChem Express, Monmouth Junction, NJ, USA).




2.2 Cell and BCG cultures

ATCC® SC6003™ standard was strictly observed. Raw264.7 cells (Gene-Optimal, Shanghai, China) were cultured with DMEM containing 10% FBS and 1% penicillin-streptomycin (Solarbio, China) at a low passage number at 37°C in a 5% CO2 atmosphere. The Mycobacterium bovis strain Bacillus Calmette-Guérin (BCG, St. Pasteur 1173P2 strain) was purchased from Shanghai Gene-Optimal Science & Technology Co., Ltd. Complete mycobacterium medium (Gene-Optimal) was used to culture the BCG bacilli at 37°C. A turbidimetric assay was used to detect the optical density (OD) of the bacteria in the logarithmic phase of growth on a microplate reader (Multiskan FC, Thermoe) at a wavelength of 600 nm. BCG bacilli were harvested at OD600 = 0.6–0.8 by centrifugation for 10 min at 4500 rpm; the cell pellets were resuspended in DMEM without antibiotics for subsequent use.




2.3 Infection assay

Mycobacteria in suspension and the logarithmic growth phase were counted with an electronic McFarland turbidity meter, and the number of mycobacteria was estimated by measuring the McFarland (McF). The mycobacteria count corresponding to 1 MCF was approximately 3 × 108 colony-forming units (CFU)/mL. According to the standards set for infection steps (Singh et al., 2015; Bettencourt et al., 2017), RAW264.7 cells were seeded into the plates overnight 1 day prior to infection. On the day of infection, the cells were rinsed with (BI, Israel) three times at room temperature. DMEM supplemented with 10% FBS but without antibiotics replaced the original culture medium, following which the cells were infected with BCG at a multiplicity of 10 (MOI = 10) and incubated at 37°C under a 5% CO2 atmosphere for 4 h. Subsequently, the medium was discarded, and phosphate-buffered saline (PBS) (37°C) was selected to gently wash the cells three times to the remove extracellular mycobacteria. DMEM supplemented with 10% FBS containing antibiotics was used for the culture. All the BCG culture and infection experiments were accomplished at Ningxia Key Laboratory of Pathogenic Microorganisms (biosafety level-3) in the General Hospital of Ningxia Medical University, China.




2.4 Bioinformatics analysis

In previous studies, we extracted and identified the exosomes of the macrophages infected by BCG. The miRNAs were analyzed by high-throughput sequencing analysis of the differences expressed in the exosomes of the macrophages after 72-h BCG infection (Zhan et al., 2022). The high-throughput sequencing data were deposited in the Genome Sequence Archive at the National Genomics Data Center, China National Center for Bioinformation/Beijing Institute of Genomics, Chinese Academy of Sciences (GSA: CRA006010). In present study, based on the differentially expressed miRNAs of the sequencing, enrichment analyses of their targeted genes were subsequently performed using GO and KEGG. Further visual analysis of the target genes related to cell growth and death was carried out using the Metascape database and the CytoHubba plug-in available in Cytoscape (v3.9.1).




2.5 Cell transfection

miR-25-3p mimics, miR-25-3p inhibitor, miR-NC (nontarget control oligonucleotide chain), three small interfering RNAs sequences against DUSP10 (Table 2), and their corresponding nontarget control siRNA (si-NC) were designed and generated by Shanghai Gene-Optimal Science & Technology Co., Ltd (Table 2). The confluency of RAW264.7 cells was 80% at the time of transfection. After cell digestion, the plates were prepared based on group classification. miR-25-3p mimics, miR-25-3p inhibitor, miR-NC, and all siRNAs were transfected into the cells using FuGENE® HD transfection reagent as per the manufacturer’s instructions. 24 h after transfection, q-PCR was performed.


Table 2 | Sequences of mimics and inhibitor of mmu-miR-25-3p and small interfering RNAs to DUSP10 genes.






2.6 Dual luciferase reporter gene assay

The wild-type (WT) 3’ UTR and a mutant type (MUT) sequence of DUSP10 were synthesized and cloned into a pmirGLO reporter vector. 293T cells were grown to 80% confluence, and the mixture containing the reporter vector and mmu-miR-25-3p mimics or inhibitors was cotransfected into different groups. A dual luciferase reporter gene assay kit (Beyotime, China, # RG089S) was selected to detect the relative luciferase activity.




2.7 Quantitative real-time PCR

RNA was extracted using an RNAeasy™ Animal RNA isolation kit with a spin column (Beyotime, #R0026), and miRNA was extracted using a SanPrep column miRNA extraction kit (Sangon Biotech, #B518811), according to the manufacturer’s instructions. RNA reverse transcription, cDNA verification, preparation of a real-time PCR system, and determination of the reaction conditions were carried out as described previously. β-actin and U6 were the reference genes. The primers are listed in Table 3.


Table 3 | Primer information.






2.8 Western blotting assay

A membrane and Cytosol Protein Extraction Kit (Beyotime, #P0033) and Enhanced BCA Protein Assay Kit (Beyotime, # P0010S) were used for the extraction and concentration determination of total protein. Subsequently, the proteins were separated by SDS-PAGE and transferred to PVDF membrane (Aspen, China, #AS1021). Subsequently, the membranes were probed overnight at 4°C with primary antibodies to β-actin (1:1000), DUSP10 (1:1000), LC3-I/II (1:500), Atg5 (1:2000), Atg7 (1:1000), Beclin1 (1:2000), and p-Erk1/2 (1:1000). Then, the membranes were incubated with secondary antibody (HRP-labeled goat anti-rabbit IgG, 1:2000) for 30 min after washing with 1X TBST. Finally, the immunoreactive bands were visualized by chemiluminescence detection.




2.9 Immunoelectron microscopy

1×107 Raw264.7 cells fixed with 2.5% glutaraldehyde at room temperature in the dark for 30 min, followed by three centrifugation washes at 3000 rpm, 4 °C for 10 min. The supernatant was discarded, and the pellet was resuspended in 0.1 M PBS (pH 7.4) and mixed with 2% molten agarose in the EP tube. Dehydration was performed with gradient ethanol at −20°C prior to embedding in LR white resin. Ultrathin sections (70–80 nm) were sliced, followed by immunolabeling. Then, the sections were blocked with 1% BSA/TBS blocking solution at room temperature for 30 min and incubated with the primary antibody (DUSP10, 1:1000) overnight at 4°C and secondary antibody (anti-Rabbit IgG (whole molecule)-Gold, 1:50) at room temperature for 20 min and then at 37°C for 1 h. Finally, the sections were stained with 2% uranyl acetate-saturated alcohol in the dark for 8 min and washed three times with 70% alcohol and ultrapure water. The images were captured using a Hitachi HT7800/HT7700 transmission electron microscope (Tokyo, Japan). Gold particles with a size of 10 nm in black indicate positive expression.




2.10 Autophagy flux analysis

RAW264.7 cells were seeded on 12-well plates and cultured overnight. The pAAV-mCherry-GFP-LC3B (Gene-Optimal, China) adenovirus was used to infect Raw 264.7 cells at an MOI of 100 for 24 h. Autophagic flux was determined by assessing the number of mCherry and GFP puncta under a NIKON Eclipse Ti confocal microscope.




2.11 Transmission electron microscopy

The cells were fixed, and sections were prepared, stained with uranyl acetate, and examined as described in 5.8 above, except that they were not stained with any antibodies. The autophagosomes were identified based on the morphological criteria described previously (Mizushima et al., 2010).




2.12 Colony-forming unit determination

Macrophages infected with BCG were used as controls. The other cells were transfected with mmu-miR-25-3p mimics, mmu-miR-25-3p inhibitor, and si-DUSP10 before BCG stimulation. The infection process was as described previously. DMEM-containing antibiotics were used to replace the medium, and the cells were cultured for 8 h. Subsequently, the lysed cells were serially diluted, coated with Mycobacterium solid culture medium (Gene-Optimal, China, #GOMY0020), and cultured at 37°C for 2-3 weeks; then, the number of colonies in each culture dish was counted.




2.13 Statistical analysis

SPSS Statistics 26 software (IBM Corporation, NY, USA) was utilized for data analysis. The measurement data were presented as mean ± standard error of the mean (SEM). Group comparison was tested using one-way analysis of variance (ANOVA). Significant results of ANOVA were further analyzed using the LSD (Least Significant Difference) test and Dunnett T3 test. Statistical comparison between the two groups was tested using Student’s t-test. p < 0.05 indicated a statistically significant difference.





3 Results



3.1 Enrichment analysis and hub genes

In a previous study, we extracted and identified the exosomes of the macrophages after BCG infection and analyzed the differentially expressed miRNAs in macrophage exosomes after 72-h infection by high-throughput sequencing (Zhan et al., 2022). The data showed that compared to the uninfected group, the expression of 20 miRNAs was upregulated and that of 7 miRNAs was downregulated in the infected group (Table 1). Next, we performed bioinformatics analysis on these 27 miRNAs.

TargetScan (v5.0) and miRanda (v3.3a) were used to complete the Gene Ontology (GO) and genome pathway annotation. A total of 10667 target genes underwent enrichment analyses with OmicStudio, which is an online tool for bioinformatics. GO analysis indicated that these genes participated in multiple biological processes (Figures 1A, B). The bar chart analysis results of Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis show that according to the number of enriched target genes, the top ten items are signal transduction, infectious disease: viral, cancer: overview, endocrine system, immune system, cell growth and death, cancer: specific types, cellular community – eukaryotes, endocrine and metabolic disease, and transport and catabolism (Figure 2A). It shows that these target genes play an important role in the regulation of cell growth, death, signal transduction, infection and immunity. The scatter plot analysis results of KEGG enrichment analysis show that according to the number of enriched target genes with significant differences, the top ten are pathways in cancer, MAPK signaling pathway, Ras signaling pathway, PI3K-Akt signaling pathway, Rap1 signaling pathway, mTOR signaling pathway, human cytomegalovirus infection, autophagy – animal, human T-cell leukemia virus 1 infection and AMPK signaling pathway (Figure 2B). Among them, Pathways in cancer has the largest number of target genes, but its rich factor is low, so it is not considered. The number of target genes enriched by MAPK signaling pathway ranks second, and its rich factor is greater than 0.8, while the rich factors of “autophagy-animal” and “mTOR signaling pathway” were the highest among the above 10 items (Figure 2B). Therefore, our subsequent analysis will focus on these three items. Next, we used Metascape to conduct in-depth data mining and online analysis of the functional visualization of these target genes. The results showed that autophagy, PI3K-Akt, mTOR, Ras, MAPK, and JAK-STAT were the top-ranked related signaling pathways (Figure 3A). Although the ranking of autophagy is not the top (Figure 3A), but some studies have proved that autophagy is closely related to the survival of MTB retained in macrophages (Gutierrez et al., 2004; Amano et al., 2006). Considering the above results comprehensively, we finally chose MAPK signaling pathway and autophagy as the direction of further analysis. Among these 27 miRNAs, 6 were highly expressed. Of these, mmu-miR-25-3p showed the highest fold-change (1.33) (Table 1), and hence was selected for further analysis of the Hubs gene of mmu-miR-25-3p. Current studies have confirmed that MAPK signaling pathway is closely related to autophagy regulation (Zhou et al., 2015; Wang et al., 2016). Therefore, we analyzed the target genes of mmu-miR-25-3p related to MAPK signaling pathway and autophagy through CytoHubba. Finally, Dusp10, Akt1, Mapk8, Rps6ka4, Elk4, Map2k4, Tsc1, Pik3ca, Prkaa2, Pik3r3, and Pik3cb were identified as Hub genes (Figure 3B). Since the function of DUSPs in autophagy has not been explored extensively, we chose to study the role of mmu-miR-25-3p and its target gene DUSP10 in autophagy.




Figure 1 | The results of GO enrichment analysis. (A) Bar plot shows GO terms of the biological process (BP), cellular component (CC), and molecular function (MF) categories. (B) Scatterplot shows the enrichment factors, indicates the ratio of the number of differentially expressed genes divided by the total number of genes annotated with a specific term. The smaller the value of p, the higher the degree of enrichment. The larger the diameter of a point, the greater the number of enriched genes.






Figure 2 | Results of the KEGG enrichment analysis. (A) Bar plot shows the KEGG subclasses of the target genes enriched in the six main KEGG classes. (B) Scatterplot shows the enrichment factors. The smaller the value of p, the higher the degree of enrichment. The larger the diameter of a point, the greater the number of enriched genes.






Figure 3 | Visual analysis and hub genes. (A) Visualization of the 20 terms enriched with target genes related to cell growth and death as determined by Metascape. (B) Hub genes participating in apoptosis were identified by CytoHubba in Cytoscape (v3.9.1).






3.2 mmu-miR-25-3p targets the 3’-UTR of DUSP10

Bioinformatics analysis results predicted that DUSP10 might be the target gene of mmu-miR-25-3p and that the seed sequence in mmu-miR-25-3p is complementary to the 754–761 oligomer in the 3’-UTR of DUSP10, as determined with TargetScan (v8.0) (Figure 4A). The base pairing type was an 8-mer, the Context++ score was -0.23, the Context++ score percentage was 92%, and the PCT value was 0.95. The fluorescence intensity of the miR-25-3p mimics + DUSP10 wild type (WT) 3’-UTR was obviously weakened compared to that of the NC mimics + DUSP10 WT 3’-UTR, and the difference between the groups was statistically significant (p < 0.05) (Figure 4B). The dual luciferase reporter gene activity assay confirmed that mmu-miR-25-3p targeted the 3’-UTR of DUSP10 and that DUSP10 was one of the target genes of mmu-miR-25-3p.




Figure 4 | mmu-miR-25-3p targets the 3’-UTR of DUSP10. (A) Predicted sequential pairing of DUSP10 seed and mmu-miR-25-3p 3’-UTR as determined by TargetScan (v8.0). (B) The dual luciferase gene reporter assay test results (This part of the experiment was repeated 5 times independently). *p < 0.05.






3.3 BCG infection induces alters mmu-miR-25-3p and DUSP10 expression in RAW264.7 cells

In innate immune cells, protein phosphorylation cascades regulate the activation of signaling pathways that are crucial for defense against bacterial infection (Zhang and Dong, 2005). Herein, we infected Raw264.7 macrophages with BCG at MOI 10 and detected the expression levels of mmu-miR-25-3p, DUSP10 mRNA, and DUSP10 protein by qRT-PCR and Western blotting at 0, 1, 4, 8, 12, 24, 48, and 72 h post-infection. Compared to the blank group, the expression trend of mmu-miR-25-3p showed a peak expression at 4 h after BCG infection (p < 0.05), while the expression trend of DUSP10 mRNA was significantly downregulated between 1 and 12 h post-infection (p < 0.05) (Figure 5A). Compared to the blank group, the expression level of DUSP10 protein was continuously downregulated after infection (p < 0.05) (Figure 5B). Immunoelectron microscopy detected a decreased abundance of DUSP10 in cells infected with BCG and DUSP10 proteins that were mainly localized in cell nucleus (Figure 5C). These results indicated an increased expression of mmu-miR-25-3p and a decreased expression of DUSP10 in RAW264.7 cells in response to BCG infection.




Figure 5 | Infection of BCG alters the mmu-miR-25-3p and DUSP10 expression in RAW264.7 cells. (A) Expression trends of mmu-miR-25-3p and DUSP10 mRNA in RAW264.7 cells. (B) Expression trends of DUSP10 in RAW264.7 cells. (C) After 8 h post-BCG infection at MOI 10, the localization of DUSP10 was observed by immunoelectron microscopy. All the experiments were repeated 3 times independently. Gold particles with a size of 10 nm in black indicate DUSP10 expression. Bars in D: 5 μm. *p < 0.05.






3.4 BCG infection alters the autophagy in RAW264.7 cells

Autophagy plays a critical role in the process of macrophage resistance against tuberculosis (Gutierrez et al., 2004; Amano et al., 2006). In the current study, Raw264.7 macrophages were infected with BCG at MOI 10, and the expression levels of LC3-II were detected at 0, 1, 4, 8, 12, 24, 48, and 72 h after infection. Compared to the blank group, the expression level of LC3-II increased after infection and peaked at 8 h post-infection (p < 0.05) (Figure 6A). Therefore, we further detected the expression levels of Beclin1, Atg5, and Atg7 at 8 h after infection, and found that the levels of these three autophagy-related proteins in BCG-infected macrophages were higher than those in the blank group (p < 0.05) (Figure 6B). The BCG-induced autophagy was further corroborated by ascertaining autophagy flux in cells expressing pAAV-mCherry-GFP-LC3B transduced by adenovirus. Indeed, accumulated autophagosomes (yellow puncta in Merge) and autolysosomes (mCherry-LC3B puncta), indicatives of the occurrence of autophagy were observed in the cytoplasm of BCG-infected Raw264.7 macrophages relative to the uninfected Raw264.7 macrophages (p < 0.05) (Figure 6C). Transmission electron microscopy (TEM) further confirmed that the number of autophagosomes in Raw264.7 cells at 8 h after BCG infection was significantly higher than that in the blank group (Figure 6D).




Figure 6 | BCG infection alters autophagy in RAW264.7 cells. (A) Expression trends of LC-3I/II in RAW264.7 cells, *p < 0.05. (B) Levels of Atg5, Atg7, and Beclin1 at 8 h post-BCG infection, *p < 0.05. (C) RAW264.7 cells were infected with pAAV-mCherry-GFP-LC3B adenovirus (MOI = 100) for 24 h prior to 8 h of BCG infection (MOI = 10); mCherry-LC3B and GFP-LC3B puncta were observed by confocal microscopy, #p < 0.05 (compared with autophagosomes of Blank), *p < 0.05 (compared with autolysosomes of Blank). (D) After 8 h of infection at MOI 10, autophagic vesicles (marked with red *) were observed by transmission electron microscopy. All the experiments were repeated 3 times independently. Bars in C: 10 μm. Bars in D: 5 μm (×3.0k), 1μm (×8.0k).






3.5 mmu-miR-25-3p/DUSP10 mediates autophagy upon BCG infection by regulating ERK1/2 phosphorylation

Since phosphorylation activates the MAPK signaling pathway, dephosphorylation of the members of the DUSP family plays a key role in controlling MAPK signaling (Huang et al., 2019; Ye et al., 2019). Also, DUSP10 suppresses the activation of ERK (Nomura et al., 2012). Next, we investigated whether the ERK1/2 signaling was regulated by mmu-miR-25-3p/DUSP10 in BCG-infected RAW264.7 macrophages. qRT-PCR showed that the overexpression of mmu-miR-25-3p and knockout of DUSP10 by siRNA significantly downregulated the expression level of DUSP10 mRNA (p < 0.05) (Figure 7A). Western blotting assay confirmed that both the overexpression of miR-25-3p and knockdown of DUSP10 downregulate the level of DUSP10 (p < 0.05) and upregulate the level of p-ERK1/2 (p < 0.05); this trend was reversed by inhibiting the expression of miR-25-3p, the expression trend was reversed, that is, the expression level of DUSP10 was upregulated (p < 0.05) and the expression level of p-ERK1/2 was down-regulated (p < 0.05) (Figure 7B). Immunoelectron microscopy assay further demonstrated a decreased abundance of DUSP10 in BCG-infected cells with overexpression of miR-25-3p and knockdown of DUSP10 and an increased abundance of DUSP10 in BCG-infected cells by inhibiting miR-25-3p (Figure 7C). Next, we further the expression levels of LC3-II, beclin1, Atg5, and Atg7, and found that overexpressing mmu-miR-25-3p and knocking down the expression of DUSP10 significantly upregulates the levels of the above four autophagy-related proteins (p < 0.05) (Figure 7D). After inhibiting mmu-miR-25-3p and using ERK1/2 inhibitor PD98059, the expression levels of the above four proteins were significantly downregulated (p < 0.05) (Figure 7D). The mmu-miR-25-3p/DUSP10-mediated autophagy was further corroborated by ascertaining autophagy flux in cells expressing pAAV-mCherry-GFP-LC3B transduced by adenovirus. The autophagosome-lysosome fusion, as determined by quantity of red puncta in BCG-infected cells. Obviously, the autophagy activities were enhanced significantly (more quantity of yellow and red puncta) in BCG-infected cells with overexpressing mmu-miR-25-3p or knocked down the level of DUSP10 (p < 0.05), while the autophagy activities were significantly reduced (less quantity of red puncta) in BCG-infected cells by inhibiting mmu-miR-25-3p or using ERK1/2 inhibitor PD98059 (p < 0.05) (Figure 8). TEM further confirmed that the number of autophagosomes in BCG-infected cells with overexpressing mmu-miR-25-3p or knocked down DUSP10 was significantly higher than that in BCG-infected cells via miR-NC and si-NC (Figure 9).




Figure 7 | mmu-miR-25-3p/DUSP10 mediates autophagy upon BCG infection by regulating ERK1/2 phosphorylation. (A) 8 h post-BCG infection, the expression of DUSP10 mRNA in the control group (only infected with BCG, no other interventions) and each intervention group (miR-NC, mmu-miR-25-3p mimics, mmu-miR-25-3p inhibitor, si-DUSP10, si-NC, and PD98059). (B) 8 h post-BCG infection, DUSP10 and p-ERK1/2 levels in the control group and each intervention group (miR-NC, mmu-miR-25-3p mimics, mmu-miR-25-3p inhibitor, si-DUSP10, si-NC, and PD98059) were analyzed by Western blotting. (C) After 8 h post-BCG infection at MOI 10, the localization of DUSP10 was observed using immunoelectron microscopy in the control group and each intervention group (miR-NC, mmu-miR-25-3p mimics, mmu-miR-25-3p inhibitor, si-DUSP10, and si-NC). 10-nm gold particles in black indicate DUSP10 expression. (D) 8-h post-BCG infection, levels of Atg5, Atg7, Beclin1, and LC3-I/II proteins were analyzed by Western blot in the control group and each intervention group (miR-NC, mmu-miR-25-3p mimics, mmu-miR-25-3p inhibitor, si-DUSP10, si-NC, and PD98059). All the experiments were repeated 3 times independently. Bars in C: 5 μm. *p < 0.05.






Figure 8 | Autophagy flux analysis in each group. RAW264.7 cells were infected with pAAV-mCherry-GFP-LC3B adenovirus (MOI = 100) for 24 h prior to 8 h of BCG infection (MOI = 10). mCherry-LC3B and GFP-LC3B puncta were observed by confocal microscopy in the control group (only infected with BCG, no other interventions) and each intervention group (miR-NC, mmu-miR-25-3p mimics, mmu-miR-25-3p inhibitor, si-DUSP10, si-NC, and PD98059). All the experiments were repeated 3 times independently. Scale bars: 10 μm. #p < 0.05 (compared with autophagosomes of control), *p < 0.05 (compared with autolysosomes of control).






Figure 9 | Observation of autophagic vesicles. After 8 h of BCG infection at MOI 10, autophagic vesicles (marked with red *) were observed by TEM in miR-NC, mmu-miR-25-3p mimics, si-NC, and si-DUSP10 groups. All the experiments were repeated 3 times independently. Scale bars: 5 μm (×3.0k), 1μm (×8.0k).






3.6 mmu-miR-25-3p/DUSP10/ERK1/2 regulates BCG survival in Raw264.7 macrophages

The CFU assay results showed that compared to the control group (BCG-infected cells alone) the number of CFUs decreased significantly in the mmu- miR-25-3p mimics and si-DUSP10 groups (p < 0.05) and increased markedly in the mmu-miR-25-3p inhibitor group (p < 0.05) (Figures 10A, B).




Figure 10 | Results of mycobacteria CFU determination. (A) Number of mycobacteria CFUs in different groups after ×106 dilution. (B) CFU comparison in control, mmu-miR-25-3p mimics group, mmu-miR-25-3p inhibitor, and si-DUSP10 groups. All the experiments were repeated 3 times independently. *p < 0.05.







4 Discussion

In the present study, enrichment analysis of 27 differentially expressed miRNAs (Table 1) screened from exosomes of Raw264.7 macrophages infected with BCG in our previous study (Zhan et al., 2022) revealed that their target genes were closely related to autophagy regulation. The results of GO enrichment analysis showed that most of the target gene products were located in the cell membrane, cytoplasm, plasma membrane, nucleus, and mitochondria. Their molecular functions are mainly concentrated in protein binding with metal ions, G protein-coupled receptor activity, and transferase activity. KEGG enrichment analysis showed that these target genes were widely involved in autophagy and PI3K-Akt, mTOR, Rap1, Ras, and MAPK signaling pathways. Similar findings were previously reported by Aplipoor et al. (Alipoor et al., 2017), who identified a panel of exosomal miRNAs after stimulation of human monocyte-derived macrophages, which are involved in host metabolic processes and cell signal transduction, using BCG. As mentioned in the results section, considering the number of target genes enriched by each item and their rich factors, we selected MAPK signaling pathway, autophagy-animal, and mTOR signaling pathway as the focus of further analysis. Herein, we used Metascape to conduct an in-depth data mining and online analysis of functional visualization of these target genes, and the results showed that autophagy and PI3K-Akt, mTOR, Ras, MAPK, and JAK-STAT signaling pathways are top-ranked related signaling pathways. Although the ranking of autophagy is not the top, but it has been proved that autophagy is closely related to the survival of MTB retained in macrophages (Gutierrez et al., 2004; Amano et al., 2006). Considering the above results comprehensively, we finally chose MAPK signaling pathway and autophagy as the direction of further analysis. 6/27 miRNAs are highly expressed, and among them, mmu-miR-25-3p has the highest fold change (1.33) (Table 1); hence, it was selected to further analyze the Hub genes of mmu-miR-25-3p.

Autophagy is a cellular “self-feeding” process that is the innate and adaptive immune defense of host cells against intracellular pathogens (Bah and Vergne, 2017). Based on the concept of autophagy-mediated bacterial clearance, signal transduction pathways involved in the autophagy process may be potential new targets for anti-tuberculosis therapy (Dara et al., 2019). It has also been confirmed that MAPK signaling pathway is involved in the regulation of autophagy (Moruno-Manchon et al., 2013; Zhou et al., 2015). Therefore, we analyzed target genes of mmu-miR-25-3p related to MAPK signaling pathway and autophagy through CytoHubba. Finally, Dusp10, Akt1, Mapk8, Rps6ka4, Elk4, Map2k4, Tsc1, Pik3ca, Prkaa2, Pik3r3, and Pik3cb were identified as hub genes. Since phosphorylation is required to activate MAPK signal transduction pathways, dephosphorylation of DUSP (bispecial protein phosphatase) family members plays a key role in controlling MAPK signaling. Wang et al. (Wang et al., 2016) found that DUSP1 inhibited autophagy of ovarian cancer cells by negatively regulating MAPK/ERK pathway, and inhibition of DUSP1 could enhance rapamycin-induced autophagy. Zhou et al. (Zhao et al., 2020) confirmed that DUSP10 (also known as MKP-5) alleviates lipid toxin-induced islet cell dysfunction and apoptosis by inhibiting autophagy. Nomura et al. (Nomura et al., 2012) observed that DUSP10 suppresses the activation of ERK.

Therefore, we hypothesized that mmu-miR-25-3p regulates macrophage autophagy by targeting DUSP10, and that this regulation affects the outcome of MTB infection. Mmu-miR-25-3p is seems to be a novel immunoregulatory target for effective control of Mycobacterium infection, and may be crucial in guiding the development of exosome drug delivery systems loaded with specific regulators simultaneously. The prediction of TargetScan (Mouse v8.0) and the validation of the dual luciferase reporter gene assay results demonstrated that the seed sequence of mmu-miR-25-3p targeted binds with the 3’-UTR of DUSP10, and that DUSP10 is a target gene of mmu-miR-25-3p. Finally, the regulatory mechanism of mmu-miR-25-3p in BCG-induced macrophage autophagy via DUSP10 expression and its effect on the survival of intracellular BCG was verified in vitro.

Another study confirmed that DUSP10 promotes the transformation of macrophages from M1 to M2 (Lu et al., 2020). The M1-type macrophages participate in the positive immune response and carry out immune surveillance by secreting pro-inflammatory cytokines and chemokines and presenting antigens exclusively. Using murine RAW264.7 macrophage cells in vitro, the current results demonstrated that the expression of DUSP10 mRNA was dynamically decreased within 0–12 h after BCG infection, while the protein level was continuously and dynamically decreased after BCG infection. Contrary to the expression trend of DUSP10 mRNA, the expression level of mmu-miR-25-3p increased dynamically within 0–8 h after BCG infection, i.e., reached a peak at 4 h and returned to the baseline level at 8 h post-BCG infection. miRNAs downregulate the expression of their target genes through two post-transcriptional mechanisms: mRNA cleavage or translation inhibition (Bartel, 2004). Therefore, the downregulated expression of DUSP10 mRNA in this study may be related to the regulatory effect of mmu-miR-25-3p through mRNA cleavage. In addition, we found that the expression level of LC3-II in macrophages increased dynamically after BCG infection and reached a peak at 8 h after infection. Considering that after BCG infection, cell viability decreases significantly with the passage of culture time, we considered that 8 h after BCG infection is the best time point to observe autophagy and conduct a further experimental intervention. To better understand the effect of mmu-miR-25-3p/DUSP10 on autophagy of macrophages after BCG infection, autophagic markers, Beclin1 (Liang et al., 1999), Atg5, and Atg7(Romanov et al., 2012) were further examined for autophagosome membrane formation and extension, respectively. At 8 h after BCG infection, the levels of Beclin-1, Atg7, and Atg5 were significantly higher than those of uninfected macrophages, indicating that BCG induces autophagy in macrophages. Both autophagy flux (pAAV-mCherry-GFP-LC3B adenovirus) and transmission electron microscopy assays further confirmed that BCG infection induces autophagy in macrophages. This finding is consistent with the study of Luo et al. (Luo et al., 2020), which demonstrated that the autophagy of macrophages was enhanced after BCG infection.

Since phosphorylation is required to activate the MAPK signaling pathway, dephosphorylation of the members of the DUSP family plays a key role in controlling MAPK signaling(Huang et al., 2019; Ye et al., 2019). DUSP10 is shown to suppress the activation of ERK (Nomura et al., 2012; Ng et al., 2017). Next, we investigated whether ERK1/2 signaling was regulated by mmu-miR-25-3p/DUSP10 in BCG-infected RAW264.7 macrophages. Interestingly, a decreased expression of DUSP10 was detected in BCG-infected RAW264.7 cells with mmu-miR-25-3p mimics and DUSP10 knockdown (si-DUSP10). However, using mmu-miR-25-3p inhibitor exhibited the opposite effect in BCG-infected RAW264.7 cells. Conversely, an enhanced expression of p-ERK1/2, Beclin1, Atg5, and Atg7 was detected in BCG-infected RAW264.7 cells with mmu-miR-25-3p mimics and DUSP10 knockdown (si-DUSP10) and a decreased expression of p-ERK1/2, Beclin1, Atg5, and Atg7 was detected in BCG-infected RAW264.7 cells with mmu-miR-25-3p inhibitor. Park et al. (Park et al., 2014) confirmed the activation of ERK pathway in bare−FeNPs−induced autophagy in RAW264.7 and observed upregulated levels of Beclin1, Atg5 and LC3B. This finding is consistent with that of our study. Therefore, we concluded that mmu-miR-25-3p promotes the phosphorylation of ERK1/2 by inhibiting DUSP10, thus promoting the initiation of autophagy to enhance BCG-induced autophagy in RAW264.7 cells. Further autophagy flux assay confirmed that overexpression of mmu-miR-25-3p and downregulation of DUSP10 expression by si-DUSP10 can increase the number of autophagosome and autolysosomes in macrophages, which indicated that overexpression of mmu-miR-25-3p or DUSP10 knockdown can enhance the autophagy activity of macrophages. And TEM confirmed that overexpression of mmu-miR-25-3p or DUSP10 knockdown promotes the formation of autophagosomes in Raw264.7 cells infected with BCG.

Current studies have demonstrated that autophagy is closely related to the survival of mycobacteria in macrophages, and induction of autophagy can effectively eliminate the intracellular residual mycobacteria (Gutierrez et al., 2004; Amano et al., 2006; Singh et al., 2006; Biswas et al., 2008). Finally, the CFU was determined to estimate the intracellular bacterial load and mycobacteria clearance rate. The results showed that mmu-miR-25-3p and DUSP10 are closely related to the bacterial load in Raw264.7 cells. By inhibiting the expression of DUSP10, mmu-miR-25-3p reduces the bacterial load and survival rate of Raw264.7 cells.

In conclusion, mmu-miR-25-3p promotes the phosphorylation of ERK1/2 by inhibiting the expression of DUSP10. This enhances the BCG-induced autophagy of macrophages, which in turn reduces the bacterial load of intracellular Mycobacterium and facilitates the clearance of residual mycobacteria. mmu-miR-25-3p has significant potential as a target for anti-tuberculosis immunotherapy and can be the optimal miRNA loaded into exosomal drug delivery system in our future studies.
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Tuberculosis (TB) caused by the complex Mycobacterium tuberculosis (Mtb) is the main cause of death by a single bacterial agent. Last year, TB was the second leading infectious killer after SARS-CoV-2. Nevertheless, many biological and immunological aspects of TB are not completely elucidated, such as the complex process of immunoregulation mediated by regulatory T cells (Treg cells) and the enzymes indoleamine 2,3-dioxygenase (IDO) and heme oxygenase 1 (HO-1). In this study, the contribution of these immunoregulatory factors was compared in mice infected with Mtb strains with different levels of virulence. First Balb/c mice were infected by intratracheal route, with a high dose of mild virulence reference strain H37Rv or with a highly virulent clinical isolate (strain 5186). In the lungs of infected mice, the kinetics of Treg cells during the infection were determined by cytofluorometry and the expression of IDO and HO-1 by RT-PCR and immunohistochemistry. Then, the contribution of immune-regulation mediated by Treg cells, IDO and HO-1, was evaluated by treating infected animals with specific cytotoxic monoclonal antibodies for Treg cells depletion anti-CD25 (PC61 clone) or by blocking IDO and HO-1 activity using specific inhibitors (1-methyl-D,L-tryptophan or zinc protoporphyrin-IX, respectively). Mice infected with the mild virulent strain showed a progressive increment of Treg cells, showing this highest number at the beginning of the late phase of the infection (28 days), the same trend was observed in the expression of both enzymes being macrophages the cells that showed the highest immunostaining. Animals infected with the highly virulent strain showed lower survival (34 days) and higher amounts of Treg cells, as well as higher expression of IDO and HO-1 one week before. In comparison with non-treated animals, mice infected with strain H37Rv with depletion of Treg cells or treated with the enzymes blockers during late infection showed a significant decrease of bacilli loads, higher expression of IFN-g and lower IL-4 but with a similar extension of inflammatory lung consolidation determined by automated morphometry. In contrast, the depletion of Treg cells in infected mice with the highly virulent strain 5186 produced diffuse alveolar damage that was similar to severe acute viral pneumonia, lesser survival and increase of bacillary loads, while blocking of both IDO and HO-1 produced high bacillary loads and extensive pneumonia with necrosis. Thus, it seems that Treg cells, IDO and HO-1 activities are detrimental during late pulmonary TB induced by mild virulence Mtb, probably because these factors decrease immune protection mediated by the Th1 response. In contrast, Treg cells, IDO and HO-1 are beneficial when the infection is produced by a highly virulent strain, by regulation of excessive inflammation that produced alveolar damage, pulmonary necrosis, acute respiratory insufficiency, and rapid death.
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1 Introduction

Mycobacterium tuberculosis (MTB), the etiological agent of human tuberculosis (TB) has latently infected one-fourth of the world’s population; however, only 10% of this population will develop the active disease at some point in their lives. In 2021, there were 10.6 million new cases and 1.6 million deaths due to TB; it is the 13th leading cause of death and the second leading infectious killer after COVID-19 (above HIV/AIDS) (Global Tuberculosis reporT 2022, 2022). In an efficient encounter, macrophages engulf MTB in a phagosome and later destroy them by enzymatic lysis (Collins and Kaufmann, 2001). MTB antigens are processed and presented to CD4+ and CD8+ T cells, triggering a protective Th1 response with the production of pro-inflammatory cytokines, such as IL-2, IFN-γ, IL-12, IL-8, and TNF-α (Ladel et al., 1995). Several mechanisms of immune evasion by mycobacteria can impair this Th1 response and cytokines such as IL-4, IL-5, IL-6, IL-10, IL-13, and TGF-β increase their production during progressive disease with a detriment to the protective response (Ladel et al., 1995; Behar et al., 2010). Virulent strains of MTB evade apoptosis and cause necrosis of infected alveolar macrophages (AM), favoring bacilli survival and dissemination to other macrophages (Meena and Rajni, 2010). MTB can also induce immune regulatory responses by activating Treg cells (CD4+CD25+FoxP3+) and their functions (Scott-Browne et al., 2007).

Treg cells are CD4+ lymphocytes that constitutively express the CD25 marker (α-chain of the IL-2 receptor) and FoxP3 transcription factor (Hori and Sakaguchi, 2004). These cells suppress effector immune cells by decreasing their proliferative capacity, antibody production, and cytokine secretion, for instance, FoxP3 downregulates IFN-γ, IL-4, and IL-2 (Hori and Sakaguchi, 2004; Bettelli et al., 2005). Studies in humans with active and latent TB infection show a higher number of Treg cells than non-infected controls, and patients infected with drug-resistant MTB strains show an increase of Treg cells in peripheral blood, compared with healthy subjects (Scott-Browne et al., 2007; Wergeland et al., 2011; Arram et al., 2014). After treatment of patients with TB, the Treg cell number fall, but naïve Treg cell recovery was similar to healthy controls (Zewdie et al., 2016). The number of Treg cells is increased in the infection sites and local lymph node and spleen; during active TB, this increase is more pronounced in mice infected with H37Rv MTB for prolonged periods of infection (Churina et al., 2012). Treg cells can delay the priming of effector CD4+ cells and their recruitment at the lung, prolonging the initial phase of bacterial expansion (Shafiani et al., 2010).

Another system for the immune response regulation is mediated by the enzymes indoleamine 2,3-dioxygenase (IDO) and heme oxygenase 1 (HO-1). IDO catalyzes the degradation of the essential amino acid tryptophan to N-formylkynerunine produced by dendritic cells (DCs) and macrophages, mainly induced by IFN-γ, TGF-α and β, CTLA4, and lipopolysaccharide (Divanovic et al., 2012). IDO activity decreases the production of IL-2 and therefore diminishes the proliferation of T lymphocytes; also, its metabolites can lead effector cells to apoptosis and polarize naïve cells to Treg cells (Filippini et al., 2012). In addition, TB patients with a higher amount of IDO had a worse prognosis and lower survival (Suzuki et al., 2012). Regarding HO, three isoforms of this enzyme, HO-1, HO-2, and HO-3 catalyze the degradation of heme, and their expression varies in different cell types and tissues (Wagener et al., 2003). HO-1 is the most relevant isoform for immune-regulation due to its high anti-inflammatory action that is mediated through the degradation products, such as carbon monoxide (CO), biliverdin/bilirubin, and ferritin induced by iron. CO promotes vasodilation, inhibits platelet aggregation, and suppresses cytokine production, while the other two by-products have also potent immunological properties (Fei et al., 2012). HO-1 is a determining factor in the maturation of DC; its presence promotes the production of anti-inflammatory cytokines such as IL-10 and TGF-β while decreasing the production of IL-2 (Schumacher et al., 2012). People with latent MTB infection have an increased expression of HO-1 compared with uninfected subjects, although not much is known about its role in TB (Andrade et al., 2014).

When BALB/c mice are infected with the reference mild virulence strain H37Rv, there is an initial cell-mediated immune response with a high number of activated macrophages and expression of Th1 cytokines such as IFN-γ and IL-12, which peak at 21-day post-infection that efficiently control bacterial growth (Hernandez-Pando et al., 1996). Then, 1 month after infection, there is a progressive immune-regulation mediated by Th-2 cells and high production of anti-inflammatory cytokines, such as IL-10 and TGF-β, that in coexistence with a decrease in the production of Th1 cytokines, progressive pneumonia, and high bacillary load, produce animal’s death (Hernández-Pando et al., 2008). In this model, there is also a biphasic increase in the expression of HO-1 and FoxP3 the distinctive transcription factor of Treg cells (Hernández-Pando et al., 2008). In contrast, strain 9005186, which was isolated from an epidemic burst in the South of Mexico, induced in BALB/c mice rapid death (Hernández-Pando et al., 2012). Infected animals with this strain started to die after 3 weeks and by the 5th week, all the animals died, in coexistence with high bacterial growth that peak at day 21 and significantly more pneumonia than H37Rv infection. Mice infected with a high dose of strain 9005186-showed IFNγ delayed expression and high but transient TNFα expression (Marquina-Castillo et al., 2009). Thus, this strain is more virulent than H37Rv and does not induce a protective immune response in this animal model. With the aim to study immune regulation during the infection with mild and highly virulent MTB, we compared the kinetics of Treg cells, IDO, and HO-1 during the infection in BALB/c mice with H37Rv or 5186 strain. Then, we studied the evolution of the disease after Treg cell elimination by the administration of cytolytic monoclonal antibodies and blocking IDO or HO-1 activity with the administration of specific antagonist drugs.




2 Materials and methods



2.1 Mycobacterium tuberculosis growth

All procedures were performed in a laminar flow cabinet in a biosafety level III laboratory. Mild virulent strains H37Rv and highly virulent clinical isolate 9005186 (5186) were grown in Middlebrook 7H9 broth (Difco, Detroit, MI, USA) supplemented with 10% ADC (albumin/dextrose/catalase) (Difco, Detroit, MI, USA), 0.05% Tween 80 and 0.5% glycerol to mid-exponential phase before freezing at −70°C. Frozen stocks were freshly thawed and reconstituted at room temperature at the time of infection. A vial of stock bacilli was diluted in PBS to a final concentration of 2.5 × 105 colony-forming units (CFUs) in 100 μl of PBS. Before infection, each stock vial was plated for CFU enumeration to reconfirm the standard concentration of the inoculum. The CFU concentration of stock vials was calculated by serial dilution and plating in multiple replicates on Middlebrook 7H11 agar (Difco, Detroit, MI, USA) containing 0.5% glycerol and 10% OADC (Oleic albumin/dextrose/catalase) growth enrichment. Plates were incubated for 21 days at 37°C before the determination of CFU.




2.2 Experimental model of progressive pulmonary tuberculosis

Pathogen-free male BALB/c mice, 6–8 weeks of age, were anesthetized (Sevoflurane; Abbott Laboratories, IL, USA) and infected by intratracheal (i.t.) cannulation, administering 2.5 × 105 viable bacteria suspended in 100 μl of PBS. Infected mice were maintained in groups of five in cages fitted with microisolators connected to negative pressure. Animals were randomly selected in groups of five and euthanized by exsanguination on days 7, 14, 21, 28, 60, or 90 post-infection with the H37Rv strain. Mice infected with 5186 were euthanized at days 1, 3, 7, 14, 21 and 28 post-infection, there were no survivor animals after 37 days of infection. Lungs were either immediately frozen in liquid nitrogen, fixed by perfusion with absolute ethanol for histological studies or collected in RPMI to be processed immediately for flow cytometry. Two independent experiments were performed. All procedures were done in a biological security cabinet at a Biosafety level III facility. All the animal work was carried out according to the guidelines and approval of the Ethical Committee for Experimentation on Animals of the National Institute of Medical Sciences and Nutrition (INCMNSZ) in Mexico City, permit number CINVA 224.




2.3 Assessment of colony-forming units

Lungs were frozen for at least 24h at −70°C. Frozen lungs were disrupted in a Polytron homogenizer (Kinematica; Lucerne, Switzerland) in sterile tubes containing 1 ml of PBS-Tween 80 0.05%. Four dilutions of each homogenate were spread onto duplicate plates containing Bacto Middlebrook 7H10 agar (Difco BD, Sparks, MD, USA) enriched with OADC (Oleic albumin/dextrose/catalase. Difco). The incubation time of the plates was 21 days, and data points are the means of four animals.




2.4 Flow cytometry

The right lungs from three mice were processed immediately after euthanizing. Lungs were immersed in 2 ml of RPMI (Gibco Life Technologies, Grand Island, NY, USA) with 1 mg/ml of collagenase II (Gibco Life Technologies, Grand Island, NY, USA) and incubated for 1h at 37°C. After that, lungs were disaggregated by passing through needles of different caliber (18G and 21G), and the obtained cells were washed with PBS/albumin 2% and filtered in a 70-μm strainer (Beckton Dikinson, USA). 5 × 106 cells from each mouse were stimulated for 6h with Cell Stimulation Cocktail (Tonbo Bioscience, San Diego, CA, USA). Later 1 × 106 cells were harvested and washed with PBS and blocked with 1 μl of purified anti-mouse CD16/CD32 (Fc Shield) (Tonbo Bioscience, San Diego, CA, USA). After that, cells were stained with Ghost Dye 450 (Tonbo) to separate dead/living cells and then were stained with anti-CD3 AF, anti-CD4/BV450 and anti-CD25/BB515, all diluted 1:100 in PBS. Finally, intracellular labeling to detect FoxP3/PE was performed with specific antibodies and diluted 1:100 in FixPerm (eBioscience, USA). Samples were analyzed in BD LSRFortessa™ (BD LSRTFortessa, USA). Data were analyzed by FlowJo™ v.10 (FlowJo v.10, USA). First, the lymphocytes zone was selected from FSC vs. SSC gate, and then alive cells were selected for gated CD3 vs. CD4. Finally, the percentage of CD25+FoxP3+ cells was obtained from CD3+CD4+ lymphocytes (Supplementary Figure S1).




2.5 Immunohistochemistry and morphometry

The left lungs from four mice in two independent experiments were immersed in absolute ethanol for 2 days, and parasagittal sections were taken through the hilum. Tissue samples were dehydrated, cleared, and embedded in paraffin. Lung paraffin blocks were sectioned at 4 μm and stained with hematoxylin and eosin (H&E) or phosphotungstic acid/hematoxylin stain for histological analysis. The percentage of lung area affected by pneumonia was measured using a Leica Q500/W Image Analysis System (Milton Keynes, UK).

The same paraffin blocks were used for immunohistochemistry. Lung sections 5 µm were mounted on silane-covered slides. After deparaffination and rehydration, peroxidase activity was blocked by incubation with 0.3% H2O2 in absolute methanol. Lung sections were incubated overnight at room temperature with polyclonal rabbit antibody against HO-1 (Aviva System Biology, USA) or polyclonal goat antibody against IDO-1 (LS Bio, USA) both diluted 1:200, monoclonal rabbit anti FoxP3 (R&D System, USA) diluted 1:20 in PBS, monoclonal rat anti–IL-17 (Santa Cruz, CA, USA) diluted 1:100, polyclonal mouse anti–PECAM-1(CD31), polyclonal mouse anti-GPIV (CD36), polyclonal mouse anti–P-selectin (CD62P), polyclonal anti–VCAM-1 (CD106) all diluted 1:200, polyclonal mouse anti–IL-1 (Santa Cruz, CA, USA) 1:100, polyclonal anti–TGF-β (Santa Cruz, CA, USA) diluted 1:100, polyclonal anti–IL-4 (Santa Cruz, CA, USA), polyclonal anti–TNF-α (Santa Cruz, CA, USA), and polyclonal Ly6G (Santa Cruz, CA, USA) diluted 1:250. Followed by incubation with Goat-on-Rodent HRP-polymer (BioCare, USA), anti-rabbit IgG (Vectastain, Vector Laboratories, USA) or biotinylated antimouse IgG. Bound antibodies were detected with diamino-bencidin (ImmPACT DAB, Vector Laboratories). For semi-quantification, five random fields of each sample were analysed, and the total number of cells and percentage of immunostained cells were determined using an automated image analyzer (QWin Leica, Milton Keynes, UK) to acquire images and ImageJ 1.52a software (National Institute of Health) for positive cell counting.




2.6 Real-time polymerase chain reaction analysis of enzymes and cytokines expression

Three lungs from each of the groups were used to isolate mRNA using the RNAeasy minikit (Qiagen, Valencia, CA, USA). The quality and quantity of RNA were evaluated through spectrophotometry (260/280) and on agarose gels. Reverse transcription of the mRNA was performed using 100 ng RNA, oligo (dT), and the Omniscript kit (Qiagen, Valencia, CA, USA). Real-time polymerase chain reaction (PCR) was carried out using the 7500 real-time PCR system (Applied Biosystems) and Quantitect SYBR green Mastermix kit (Qiagen, Valencia, CA, USA). Standard curves of quantified and diluted PCR products, as well as negative controls, were included in each PCR run. Specific primers for genes encoding the ribosomal protein, large P0 (RPLP0) as house-keeping gene, IL-4, IFN-ϒ, TGF-β, TNF-α, IDO, HO-1, IL-22, or IL-17 were designed using the program Primer Express (Applied Biosystem, San Francisco, CA, USA) (Table 1). Data are shown as copies of cytokine-specific mRNA/106 copies of RLP0 mRNA.


Table 1 | Primers sequences.






2.7 Inhibition of immunoregulation

In order to evaluate the contribution of immune regulatory response, Treg cells were deleted using 200 μg of anti-CD25 mAb (PC61 clone), and as a negative control, isotype IgG antibody was administrated by intraperitoneal (i.p.) route, 1 day before infection in H37Rv or 5186 infected mice or on day 17 after infection with strain 5186 (Supplementary Figure S2), as previously described (Tenorio et al., 2010).

The activity of the regulatory enzymes was inhibited using specific blocker drugs. 1-methyl-D, L-tryptophan (1-MT) 8 mg/kg was administrated by oral route, dissolved in 100 μl of 0.5% Tween 80/0.5% Methylcellulose, v/v in distilled water was administrated to block IDO, and 50 μmol/kg of zinc protoporphyrin-IX(ZnPp) administered by intraperitoneal route, diluted in 0.05% DMSO v/v in PBS, to suppress HO-1. Control groups received the respective vehicle. Inhibitors were administrated daily in separate groups of H37Rv-infected mice to evaluate during the acute or progressive phase. In 5186-infected mice, both inhibitors were administered daily for 1 week, starting 17 days after infection. (Supplementary Figure S2).




2.8 Statistical analysis

All data were analyzed with GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA). Statistical significance was defined using two-way analysis of variance (ANOVA) or one-way ANOVA test according to data characteristics, for comparing experimental groups at a 95% confidence interval (p < 0.05).





3 Results



3.1 Kinetics of Treg cells, indoleamine 2,3-dioxygenase, and heme oxygenase 1 during pulmonary tuberculosis produced by mild and highly virulent strains

Mice infected with mild virulent H37Rv strain showed a progressive increase of bacillary loads from day 14 post-infection, raising its peak at day 60, which correlated with progressive and extensive pneumonia that affects more than 50% of lung surface area at this time of infection (Figure 1). Mice infected with strain 5186 showed similar bacillary loads than infected mice with strain H37Rv until day 21, and then a striking sudden increase of bacillary burdens and pneumonia was seen in mice infected with the highly virulent strain at day 28 after infection (Figure 1).




Figure 1 | Comparison of pulmonary bacillary loads and tissue damage in BALB/c mice infected with mild or hypervirulent M. tuberculosis strains. (A) Male mice infected by intratracheal route with high dose of mild virulent H37Rv strain or highly virulent 5186 strain were euthanized in the indicated days, and the right lungs of three mice were used to determine bacillary loads by colony forming units count. (B) Left lungs were perfused with absolute ethylic alcohol and used to get tissue sections to determine the percentage of area affected by pneumonia with automated morphometry. Asterisks represent statistical significance (p < 0.5). (C) Representative micrographs of the lungs after the indicated days of infection, similar inflammatory infiltrate around blood vessels and airways was produced by either mycobacterial strains after 1 and 3 weeks of infection, small and focal areas of pneumonia were observed after 1 month of infection with mild virulent H37Rv strain (arrows), while extensive pneumonia at the same time point was seen in animals infected with highly virulent 5186 strain that was similar after two months of infection with strain H37Rv (all micrographs 200× magnification, stain with haematoxylin/eosin).



The immune regulatory response was evaluated by the percentage of Treg cells (CD3+CD4+CD25+FoxP3+) from a total of CD3+CD4+ live cells (Supplementary Figure S1). Animals infected with strain H37Rv showed a stable low percentage of regulatory T cells, except at day 28 when a non-significant increase was seen (Figure 2A). Similar kinetics was observed in mice infected with the highly virulent strain 5186, but at day 28 of infection was also the peak of the percentage of Treg cells being twofold higher compared with the previous days and the same day of infection with H37Rv (Figure 2A). By immunohistochemistry in lung sections of 28 days of infection, Treg cells were found in the inflammatory infiltrate around blood vessels and airways, as well as in granulomas and pneumonic areas, being more abundant in mice infected with the highly virulent strain (Figure 2B).




Figure 2 | Comparative kinetics of Treg cells during pulmonary infection with mild or highly virulent M. tuberculosis strains. (A) Left panel shows the cytofluorometry dot distribution for the selection of CD-4/CD-25/FoxP3 cells. Right panel shows the comparative percentage of Treg cells determined by cytofluorometry in lung homogenates after the infection with mild virulent strain H37Rv (black bars) and hyper-virulent strain 5186 (gray bars). (B) Representative micrographs of perivascular inflammation after 28 of infection with the indicated strain, positive immunostaining of FoxP3 is observed in some lymphocytes, being more numerous in the mouse infected with the 5186 highly virulent strain. (C) Groups of three mice infected with mild virulent strain H37Rv (black bars) or highly virulent strain 5186 (gray bars) were euthanized at the indicated days of infection, their lungs were homogenized and the gene expression of IDO and HO-1 was determined by RT-PCR. Asterisks represent statistical significance (p < 0.5). (D) Representative micrographs of IDO and HO-1 detection by immunohistochemistry after 28 days of infection with the indicated strain, immunostained cells are macrophages located in pneumonia areas, being more numerous in the infection with 5186 strain (40× magnification).



IDO and HO-1 exhibited similar gene expression kinetics, showing an increase since day 1 post-infection and raising its peak at day 28 post-infection in mice infected with the H37Rv strain. Animals infected with hypervirulent strain 5186 showed maximal expression on days 14 and 21 for IDO and on day 21 for HO-1 (Figure 2C). According to these results, IDO and HO-1 expression in the lungs were studied by immunohistochemistry at 28 days post-infection with either strain. Both IDO and HO-1 were essentially detected in pneumonic areas, particularly strong staining was detected in macrophages (Figure 2D).




3.2 The effect of depletion of regulatory T cells during H37Rv and 5186 Mycobacterium tuberculosis strains infection

To study the participation of Treg cells during the course of the disease, these cells were depleted by the administration of monoclonal antibody anti-CD25 (PC61 clone). To confirm the antibody effect, percentages of T cells were determined at days 7 and 21 after antibody administration in mice infected with H37Rv. Treated mice showed a significant fivefold lesser Treg cells percentage compared with controls on day 7, while on day 21, similar percentages between control and treated mice were observed. No significant differences in the percentages of Th1/Th2 cells were found in treated mice (Supplementary Figure S3).

Considering that Treg cells are constantly present during the course of H37Rv strain infection with minimal fluctuations, anti-CD25 antibodies were administrated 1 day before infection; the control group received an irrelevant isotype IgG antibody. In comparison with control mice, a significant decrease in bacillary load was seen in animals treated with the antibodies at day 60 post-infection (Figure 3A). The expression of significant cytokines in the immune response during pulmonary TB (IFN-γ, IL-4, TNF- α, and TGF-β) was determined. Treated animals showed an increase of IFN-γ that was significant on days 21 and 28, while IL-4 shows a significant decrease on day 28 post-infection. Due to the large SD, treated mice showed a non-significant increase in TNF-α at days 21 and 28. No differences were observed in TGF-β expression, while the extension of pneumonic areas was similar between treated and control animals (Figures 3B, C).




Figure 3 | The effect of Treg cells depletion in BALB/c mice infected with mild virulent M. tuberculosis strain H37Rv. (A) Treg cells were depleted by the intraperitoneal administration of 200 μg of monoclonal antibodies anti-CD25 mAb (PC61 clone), 1 day before infection with mild virulent strain H37Rv in BALB/c mice, while control infected mice received the same amount of irrelevant isotype antibodies by the same route, groups of three mice were euthanized at the indicated days and their right lungs were used to determine bacillary loads by colony forming units quantification. (B) Left lungs were perfused with ethylic alcohol to obtain histological sections that were used to determine the percentage area affected by pneumonia by automated morphometry. (C) Frozen lungs from three mice per group in the indicated days of infection were used to isolate total RNA, which was used to determine the expression of pro-inflammatory (IFN-γ and TNF-α) and anti-inflammatory (IL-4 and TGF-β) cytokines by RT-PCR. Asterisks represent statistical significance (p < 0.5).



Mice infected with the highly virulent strain 5186 also showed a constant percentage of pulmonary Treg cells during the course of the infection, except at day 28 when the significantly higher increase was determined in coexistence with extensive pneumonia and high bacillary loads. Thus, mice infected with this highly virulent strain received the anti-CD25 1 day before infection or at day 17 post-infection in order to get efficient Treg depletion at day 28 of infection. When Treg cells were depleted since day 1 of infection, a decrease in bacilli load was seen at day 21 postinfection when compared with control mice (Figure 4A). In comparison with control mice, histopathology analysis showed in treated mice more inflammatory infiltrate constituted by macrophages, lymphocytes, and numerous neutrophils around blood vessels and airways, as well as more well-formed granulomas after 2 weeks of infection. At day 21 of infection, treated mice showed groups of macrophages with lymphocytes congregated in the center of some alveoli that correspond to areas of alveolitis, while control mice showed extensive pneumonia (Figure 4B). Neutrophil recruitment was confirmed by immunohistochemistry, showing a higher number of Ly6G positive cells in treated mice compared with control (Figure 4C). Because the inflammatory response in treated mice was different than in control animals, the production of cytokines was evaluated by immunohistochemistry and automated morphometry, which showed more immune stained cells to IFN-γ, TNF-α, and IL-17 in the perivascular inflammatory infiltrate and granulomas of treated mice than in control animals (Figure 4C).




Figure 4 | The effect of Treg cells depletion during early phase, in BALB/c mice infected with highly virulent M. tuberculosis strain. (A) Treg cells were depleted by the intraperitoneal administration of 200 μg of monoclonal antibodies anti-CD25 mAb (PC61 clone) 1 day before infection with highly virulent strain 5186 in BALB/c mice, while control infected mice received the same amount of irrelevant isotype antibodies by the same route, groups of three mice were euthanized at 7, 14, and 21 days of infection and their right lungs were used to determine bacillary loads by colony forming units quantification. (B) Representative comparative micrographs of the lungs from anti CD-25 mAb-treated and control-infected mice; at day 7 of infection, there is slight higher perivascular inflammation in mouse treated with the CD-25 antibodies. After 2 weeks of infection, treated mouse show more well-formed granulomas (arrows). After 3 weeks of infection, treated animal show in the center of many alveoli conglomerates of inflammatory cells (arrows) that correspond to alveolitis, while control mouse shows extensive pneumonia. (C) Representative comparative immunohistochemistry micrographs of the lungs from anti CD-25 mAb treated and control; after 21 days of infection, there are more immunostained cells of the indicated cytokine in granulomas from treated than control animals, perivascular inflammation also shows more neutrophils positive to the marker Ly6G in treated mice. This was confirmed by semi-quantitative automated morphometry (right panel). Asterisks represent statistical significance (p < 0.5).



Infected mice with highly virulent TB strain and treated with anti-CD25 antibodies at day 17 of infection showed similar bacillary loads and pneumonia to the control group after 1 week of Treg cell depletion (24 days postinfection) (Figure 5A). However, survival decreased considerably in anti-CD25–treated mice before day 28 post-infection and survivor animals were very sick; so, for humane reasons, all the animals were euthanized on day 28 after infection. At this time point, animals with Treg cell depletion showed fivefold more CFU than control mice (Figure 5A). The lungs of control mice showed extensive pneumonia, while animals treated with monoclonal antibodies against CD-25 exhibited diffuse alveolar damage that affect 46 ± 8% of the lung surface. Diffuse alveolar damage was characterized by the deposition of thick eosinophilic hyaline membranes on the surface of alveolar walls, in coexistence with mononuclear inflammatory cells infiltrate in the alveolar-capillary interstitium (Figure 5B). These histological abnormalities are quite similar to the common tissue damage induced by severe acute viral infection. Diffuse alveolar damage was confirmed by the presence of fibrin in these hyaline membranes demonstrated by histochemistry (phosphotungstic acid/hematoxylin staining) (Figure 5C). An imbalance of Th17/Treg cells can induce acute lung injury with elevated expression of IL-17 and IL-22, as well as pro-inflammatory cytokines such as TNF-α and IL-1-β (Zhang et al., 2016; Stephen et al., 2018; Wang et al., 2019). In agreement with this, areas with hyaline membranes exhibited numerous lymphocytes with intense IL-17 immunostaining and macrophages showing strong reactivity to TNF-α and IL-1-β, while in non-treated mice, these cytokines were expressed in pneumonic areas. Automated morphometry confirmed the higher percentage of positive cells to IL-17 and TNF-α in treated mice compared with the control group (Figure 5D), but no differences were observed in the expression of IL-17 and TNF-α determined by RT-PCR in whole lungs homogenates; only IL-22 showed higher but no significant expression in treated mice compared with controls (Figure 6A). To evaluate changes in endothelium in areas of diffuse alveolar damage, PECAM-1, GPIV, P selectin, and VCAM-1 showed strong immunostaining in endothelial cells, alveolar epithelium and leukocytes that was confirmed by automated morphometry, which showed higher percentages of positive cells for these adherence molecules in anti-CD25–treated mice than in control animals (Figure 6B).




Figure 5 | The effect of Treg cells depletion in BALB/c mice infected with highly virulent M. tuberculosis strain. (A) Treg cells were depleted by the intraperitoneal administration of 200 μg of monoclonal antibodies anti-CD25 mAb (PC61 clone) at day 17 of infection with highly virulent strain 5186 in BALB/c mice, while control-infected mice received the same amount of irrelevant isotype antibodies by the same route, groups of three mice were euthanized at 24 and 28 days of infection and their right lungs were used to determine bacillary loads by colony forming units quantification. There is a significant increase of bacillary burdens at 28 days of infection in treated animals. (B) Representative comparative micrographs of treated and control animals after 28 days of infection, left figure correspond to treated mouse that shows eosinophilic hyaline membranes on the surface of alveolar walls (asterisk) and chronic inflammatory infiltrate in the alveolar capillary interstitium (arrows), which characterize diffuse alveolar damage. Centre figure show a section from the same treated mouse stained with Phosphotungstic acid haematoxylin that show positivity, red staining (arrows) of the hyaline membranes confirming that they are constituted by fibrin, while control non-treated infected mice show extensive pneumonia (right figure). (C) Representative micrographs of cytokines detection by immunohistochemistry in the lungs of mice after 28 days of infection with highly virulent M. tuberculosis strain and treated or not with anti-CD25 monoclonal antibodies, treated mouse shows more immunostained cells of the indicated cytokines in areas of alveolar damage than in pneumonic areas of control animal, which is confirmed by automated semiquantitative morphometry (right panel). Asterisks represent statistical significance (p < 0.5).






Figure 6 | Detection of adherence molecules by immunohistochemistry and expression of cytokines in mice infected with hyper virulent M. tuberculosis strain. (A) Groups of mice infected with highly virulent strain 5186 and treated or not with monoclonal antibodies anti-CD25 mAb (PC61 clone) were euthanized after 28 days of infection, and their right lungs were used to determine the expression of IL-22, IL-17, and TNF-α by RT-PCR. (B) Representative immunohistochemistry micrographs of the indicated molecules detected after 28 days of infection, in areas of diffuse alveolar damage from treated animals with anti-CD25 monoclonal antibodies and pneumonic areas from control non-treated animals. All the determined adhesion molecules are more expressed in treated mice than in control animals, which is confirmed by automated semiquantitative morphometry (right panel) determining in five fields for each sample the number and percentage of positive cells. Asterisks represent statistical significance (p < 0.5).






3.3 The effect of blocking indoleamine 2,3-dioxygenase, and heme oxygenase 1 during infection with mild virulent H37Rv or highly virulent 5186 strain

Considering that gene expression of IDO and HO-1 was detected since the beginning of the H37Rv strain infection and showed their peak at 28 days of infection, the inhibitor 1MT of IDO activity and ZnPp that block HO-1 was administrated during the second and third week of infection, and mice were euthanized at 2 months of infection. In comparison with non-treated control mice, treated animals with IDO blocker showed a non-significant decrease of pulmonary bacillary counts and lesser expression of IFN-γ, IL-4, TNF-α, and TGF-β, as well as lesser pneumonia, but these were non-significant (Supplementary Figure S4A). Infected animals with the H37Rv strain and treated with the HO-1 inhibitor ZnPp administered during the second and third week of the infection, and euthanizing mice after 60 days of infection showed lower bacillary loads and pneumonia, as well as higher expression of IFN-γ and lower transcription of IL-4 and TGF-β, but only the transcription of TGF-β was significant (Supplementary Figure S5A).

Because macrophages from pneumonic areas in late disease were the principal IDO and HO-1 immunostained cells, another experiment was performed administrating the inhibitors of these enzymes from the first month after infection and for 2 months, euthanizing mice at 60 and 90 days after infection. In comparison with control, non-treated mice, blocking IDO produced a decrease of bacilli burdens at day 60 post-infection, without significant difference in IFN-γ, TNF-α, and IL-4 expression. No changes in the pneumonic area were observed either (Supplementary Figure S4B). Blocking HO-1 administrating ZnPp during late TB induced non-significant lesser bacterial loads, while cytokines expression and pneumonic area were similar in both groups (Supplementary Figure S5B).

To evaluate the role of regulatory response mediated by IDO and HO-1 during hypervirulent strain infection and due to the low number of survivor mice, animals infected with strain 5186 were treated with both 1MT and ZnPp to block IDO and HO-1 since day 17 post-infection, and control non-treated and treated mice were euthanized at day 28 post-infection. In comparison with control animals, mice treated with both 1MT and ZnPp showed higher bacillary loads at day 28 of infection (Figure 7A). There was a lower percentage of lung surface area affected by pneumonia in treated animals, and some of these pneumonic areas show extensive necrosis manifested by numerous cells with a condensed or fragmented nucleus and cytoplasmic disruption (Figure 7B). To study the inflammatory response related to necrosis in TB infection, the expression of IL-4, IL-17, TGF-β, and TNF-α was evaluated. The expression of cytokines determined at day 28 of infection showed similar expression between control and treated groups; only significantly lower gene expression of TGF-β in treated animals than control mice was observed, and these treated mice showed lesser but no significative percentage of TGF-β–stained cells in the pneumonic areas than control mice (Figures 7C, D).




Figure 7 | The effect of suppress IDO and HO-1 during pulmonary infection with hyper virulent mycobacteria. (A) Mice infected with highly virulent strain 5186 were treated or not with 1MT and ZnPp to block both IDO and HO-1 since day 17 post-infection, and groups of mice were euthanized at days 24 and 28 post-infection, right lungs were used to determine bacillary burdens. Treated mice showed significant higher bacillary loads. (B) Representative micrographs of control non-treated mice after 28 days of infection showed extensive pneumonia, treated mice showed also extensive pneumonia but with focal areas of necrosis manifested by cells with condensed (picnotic) or fragmented (cariorrexis) nucleus (white asterisks). In the same section was determined the percentage of pneumonic areas by automated morphometry. (C) The lungs of other group of mice after 28 days of infection from treated and control groups were used to isolate total RNA, and the expression of the indicated cytokines was determined by RT-PCR. Treated mice only showed significant lower expression of TGF-β. (D) Representative micrographs of the immunohistochemistry detection of TGF-β. Semi-quantitative analysis was performed to identified percentage of positive cells, from five fields random chosen. Asterisks represent statistical significance (p < 0.5).







4 Discussion

A successful host immune response is generally the result of pro- and anti-inflammatory factors that are carefully tuned with the aim to eliminate the pathogen and limiting tissue damage. The tune and balance of pro and anti-inflammatory factors is a dynamic process that requires a constant relation between the pathogen and the immune cells and their cytokines production. This interaction is not always quantitative, with equal concentrations of pro- and anti-inflammatory cytokines and a similar number of immune cells, but it is more a qualitative harmonization in downstream activation and inhibition in which the pathogen is also a significant participant (Cicchese et al., 2018). Regarding TB, the participation of Treg cells in this regulatory activity and whether they are beneficial or detrimental is a recurring debate (Cardona and Cardona, 2019).

Many reports revealed that there is an increase in Treg cells, IDO, and HO-1 in patients with active or latent TB (Churina et al., 2012; Suzuki et al., 2012; Andrade et al., 2015). These high levels of immune-regulatory factors should be a consequence of intense inflammation, but it is not completely clear if these immune-regulatory factors are beneficial or deleterious for the development or severity of TB. Previously in our murine TB model using the H37Rv strain was observed a biphasic increase in the gene expression of Fox-p3, IDO, and HO-1 (Hernández-Pando et al., 2008), with high expression of these molecules after one week, followed by a decrease and an increase again after one month of infection (Hernández-Pando et al., 2008), which is the time point when in our model start pneumonia formation and there is high production of IFN-γ (Hernandez-Pando et al., 1996). It is known that Treg cells, IDO, and HO-1 increase in stress conditions and pro-inflammatory environments, mainly with high IFN-γ levels (Quinn et al., 2006; Sun et al., 2011; Schumacher et al., 2012). Treg cells, IDO, and HO-1 enzymes lead to a decrease of effector cell proliferation and induce apoptosis by diverse mechanisms, resulting in a decrease in pro-inflammatory cytokines production (Hori and Sakaguchi, 2004; Bettelli et al., 2005; Fontenot and Rudensky, 2005), which is the type of immune response produced during late infection in our murine model (Hernandez-Pando et al., 1996). Treg cells were depleted or the activity of IDO and HO-1 was inhibited since the beginning of infection with mild virulence strain H37Rv, the administration of anti-CD25 antibodies or enzyme blockers was initiated at this time because these regulatory factors started their increase since day 1 and it was relatively stable during the infection, an increase of IFN-γ expression was observed, but this was only significant with Treg cell depletion. This result is in concordance with the results of other groups that also observed an increment in pro-inflammatory cytokines and a decrease in anti-inflammatory activity when they used inhibitors of these immune regulator factors (Belkaid et al., 2002; Kohm et al., 2006; Jaron et al., 2008). Our determination of pulmonary bacilli burdens showed a significant decrease in mice infected with mild virulence H37Rv strain and depletion of Treg cells or late inhibition of IDO activity, which correlated with an increase of IFN-γ and a decrease of IL-4 that favored the protective Th1 response. Thus, the experimental decrease of Treg cells and IDO in BALB/c mice infected with mild virulence reference strain H37Rv is beneficial, which is in agreement with the previous observations that show delayed recruitment of effector cells by Treg cells in the lung during early TB (Shafiani et al., 2010), when Tregs were depleted in the early phase of infection, effector T cells migrated correctly and limit the expansion of bacilli load in progressive phase but is not enough to change the course of infection. One limitation of our work was the missed experiment of Treg cells depletion since day 28 of infection with strain H37Rv, when the peak of these cells was seen and pneumonia started its formation, we suppose that the beneficial effect of Treg cells deletion should be more evident starting at this time, because there is in the pneumonic areas Treg cells in co-existence with macrophages that exhibited IDO and HO-1 strong immunostaining. Other groups reported previously that when they depleted Treg or inhibited IDO enzyme, bacilli loads were not affected, although there was an increase in pro-inflammatory cytokines (Quinn et al., 2006; Mulley and Nikolic-Paterson, 2008; Divanovic et al., 2012), and a similar response was observed in mice that received ZnPP to inhibit HO-1 (Hou et al., 2007). In this regard, it is important to consider the complexity of these immune regulatory mechanisms; actually, they mutually modulate directly or indirectly. This is the case of nitric oxide (NO), which is produced by the enzyme inducible nitric oxidase synthase (iNOS) and is a significant mycobactericidal agent, particularly in mice (Hernández-Pando et al., ). HO-1 expression reduced iNOS activity and therefore NO production, while NO diminished IDO activity. Hence, a decrease in NO production by HO-1 activity indirectly increased IDO activity (Srisook and Cha, 2005). Another example is the close relationship between IDO expression and Treg polarization from Th0 cells and their maintenance (Sun et al., 2011); also, Treg cells induce IDO expression through CTLA-4 in DCs and macrophages (Sun et al., 2011; Efimov et al., 2012). Nevertheless, the pro-inflammatory environment is the principal inductor of the regulatory response, so that the experimental depletion of Treg or the specific inhibition of IDO or HO-1 can induce diverse mechanisms that compensate for the intervened regulatory response.

When Treg cells were depleted 1 day before infection with highly virulent strain 5186, recruitment of leukocyte cells was higher than in control mice after 1 week of infection, which correlated with a previous report that observed Treg cells delay migrations cells to the lung (Shafiani et al., 2010). Also, a higher IFN-γ production was observed at all analyzed days postinfection, as was previously described (Quinn et al., 2006; Singh et al., 2012). This was manifested in the more organized and effective inflammatory response, with well-organized granulomas and lower bacilli load, with alveolitis instead of pneumonia at day 21 postinfection in treated mice, that contrasted with control animals, that showed extensive pneumonia. A previous report has characterized the TB granuloma microenvironment and observed an important regulatory activity that includes Treg cells and IDO expression, which can decrease the efficiency of granuloma to contain mycobacteria growth (McCaffrey et al., 2022). Mice that received anti-CD25 at the beginning of infection to deplete Treg cells showed well-formed granulomas than in control mice at day 21 post-infection. Moreover, there was higher neutrophil recruitment in treated mice compared with control, associated with higher production of IL-17 that correlated with the well-known imbalance of Th17/Treg (Fletcher et al., 2009; Da Silva et al., 2015; Agrawal et al., 2018; Safar et al., 2020). All these observations may influence the decrease of lung bacilli load and inflammation in our treated mice.

Interestingly, when Treg cells were depleted after 2 weeks of infection in mice infected with a highly virulent strain 5186, extensive diffuse alveolar damage was observed, which was quite similar to sepsis or severe acute viral pneumonia, such as the fatal cases of COVID-19 (Sadegh Beigee et al., 2020) or in HIV/AIDS immune deficient patients with bacterial infections (de Matos Soeiro et al., 2008). Alveolar diffuse damage is occasionally reported in miliary TB, which is a condition similar to sepsis (Kim et al., 2003).

It is known that an imbalance of Th17/Tregs is associated with poor prognosis in acute pulmonary inflammation (Cheung et al., 2011), and it has been demonstrated that Treg cells constrain pathogenic Th17 cells (Fletcher et al., 2009). We observed numerous IL-17 cells, particularly in the inflammatory infiltrate associated with areas of alveolar diffuse damage, which suggest an imbalance of Th17/Treg cells in these areas. This focal circumscribed location of a high number of IL-17 cells could explain the similar expression of IL-17 between Treg cells depleted and control animals that showed extensive pneumonia with numerous Treg cells, determined by RT-PCR in whole lung homogenates. A similar pattern was seen in the expression of the pro-inflammatory cytokine TNF-α and IL-22 which are significant participants in this kind of pulmonary lesion (Eyerich et al., 2017). Diffuse alveolar damage is characterized by hyaline eosinophilic membranes deposited on the surface of the alveolar epithelium. These membranes are essentially constituted by fibrin, which was clearly evidenced by its positive staining with the phosphotungstic acid hematoxylin technique. Capillary endothelium in areas of diffuse alveolar damage suffers changes that permit leukocyte recruitment and activation, as well as plasma proteins exudation. Among the most important changes is the overexpression of adhesion molecules, such as PECAM-1, GPIV, P-selectin, and VCAM-1. In areas of diffuse alveolar damage, all these molecules were demonstrated by strong immunohistochemistry positivity in capillary endothelium and some inflammatory cells. PECAM-1 is highly expressed in activated endothelial cells and in platelets, monocytes, neutrophils, T cells, and B cells; it has a crucial role in capillary morphogenesis, migration, and junctional development (Privratsky and Newman, 2014). PECAM-1 has anti-inflammatory and pro-inflammatory functions (Carrithers et al., 2005; Sugimoto et al., 2008; Privratsky and Newman, 2014). Here, we observed more expression of PECAM-1, particularly in endothelial cells and recruited leucocytes in the areas of alveolar damage, so this molecule may contribute to this type of lesion through cell recruitment and fluid exudate production. Major glycoprotein of platelets (CD36) is a scavenger receptor expressed by platelets, macrophages, endothelial cells, and smooth muscle cells. CD36 participates in tumor maintenance through its expression in intratumoral Treg cells by CD36-dependent metabolic adaptation (Wang et al., 2020) and also participates in inflammation and sterile inflammation via TLR 4 and 6 activations (Stewart et al., 2010; Xu et al., 2018). We observed an increase of CD36 positive cells in mice with 5186 strain infection treated with anti-CD25; the high expression of CD-36 can enhance a pro-inflammatory environment favoring alveolar acute damage. Another adhesion molecule that we observed increased in mice infected with hypervirulent strain and treated with anti-CD25, was P-selectin. This molecule is expressed on activated endothelium and platelets, and its ligands PSGL1 and PSL2 are expressed in leucocytes, participating in T-cell recruitment during antigen stimulation (Carlow et al., 2018). We observed P-selectin expression in endothelial cells and interestingly in macrophages, which indicates endothelium activation that enhances inflammatory cells recruitment. Recently there was reported the importance of homeostasis of Treg cells and platelets via CD40L-CD40 and PSGL1-P-Sel interaction, the interruption of these pathways leads to hyperinflammation (Rupp et al., 2021), which partially can explain the excessive inflammatory response when Tregs cells were depleted during infection with hypervirulent MTB strain. Finally, we evaluated VCAM-1, which is an Ig-like adhesion molecule expressed on endothelial cells induced by inflammatory cytokines that play a critical role in leucocyte recruitment during acute or chronic inflammation (Chen and Massagué, 2012). VCAM-1 overexpression was associated with lung inflammation (Park et al., 2021), and it is highly expressed on endothelial cells located in the areas of alveolar damage developed in mice treated with anti-CD25. Thus, the high expression of all these adhesion molecules in lungs from mice infected with strain 5186 and treated with anti-CD25 should contribute to the observed diffuse alveolar damage; however, more studies are necessary to elucidate their real contribution in this type of tissue damage, which should also be related with devitalization of the lung tissue and the immune response considering the very high bacillary loads that were found in these mice.

Small and occasional areas of alveolar damage were seen in mice infected with highly virulent strain 5186 treated with both drugs to block the activity of IDO and HO-1; the percentage of pneumonic areas was lesser in treated mice than in control animals, but in contrast with control animals, treated mice showed in the pneumonic areas extensive areas of necrosis. On the other hand, HO-1 metabolites also have cytoprotective proprieties, for example, which protect against free radical-mediated immunopathology, limiting the damage during TB infection (Chinta et al., 2018), there is evidence of the importance of HO-1 to protect from necrosis during TB infection that was observed in mice infected with hypervirulent strain and blocking HO-1 and IDO activity. The lungs of these treated animals showed significantly lower expression of TGF-β than control mice, suggesting that one of the factors related to necrosis was the suppression of TGF-β, which is a significant anti-inflammatory factor that participates in the control of excessive inflammation during late infection in this experimental model (Hernández-Pando et al., 2006) and human TB (Toossi and Ellner, 1998).

In conclusion, our results suggest that Treg cells delay the recruitment of effector cells and balance the inflammatory response during early infection with mild virulence or hypervirulent MTB strain, their depletion increases some proinflammatory cytokines and neutrophil recruitment that reduce the bacillary load but is not enough to change the final course of the disease. IDO and HO-1 activities facilitate bacterial growth during late pulmonary TB when the infection is produced by mild virulence MTB. It seems that Treg cells and the enzymes IDO and HO-1 are crucial to suppress excessive inflammation, preventing diffuse alveolar damage or necrosis when the infection is produced by a highly virulent strain. Thus, one important factor that contributes to the protective or detrimental immune regulation activity is the infection phase and mycobacterial level of virulence.
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During Mycobacterium tuberculosis (Mtb) infection, the virulence factor PtpA belonging to the protein tyrosine phosphatase family is delivered into the cytosol of the macrophage. PtpA interacts with numerous eukaryotic proteins modulating phagosome maturation, innate immune response, apoptosis, and potentially host-lipid metabolism, as previously reported by our group. In vitro, the human trifunctional protein enzyme (hTFP) is a bona fide PtpA substrate, a key enzyme of mitochondrial β-oxidation of long-chain fatty acids, containing two alpha and two beta subunits arranged in a tetramer structure. Interestingly, it has been described that the alpha subunit of hTFP (ECHA, hTFPα) is no longer detected in mitochondria during macrophage infection with the virulent Mtb H37Rv. To better understand if PtpA could be the bacterial factor responsible for this effect, in the present work, we studied in-depth the PtpA activity and interaction with hTFPα. With this aim, we performed docking and in vitro dephosphorylation assays defining the P-Tyr-271 as the potential target of mycobacterial PtpA, a residue located in the helix-10 of hTFPα, previously described as relevant for its mitochondrial membrane localization and activity. Phylogenetic analysis showed that Tyr-271 is absent in TFPα of bacteria and is present in more complex eukaryotic organisms. These results suggest that this residue is a specific PtpA target, and its phosphorylation state is a way of regulating its subcellular localization. We also showed that phosphorylation of Tyr-271 can be catalyzed by Jak kinase. In addition, we found by molecular dynamics that PtpA and hTFPα form a stable protein complex through the PtpA active site, and we determined the dissociation equilibrium constant. Finally, a detailed study of PtpA interaction with ubiquitin, a reported PtpA activator, showed that additional factors are required to explain a ubiquitin-mediated activation of PtpA. Altogether, our results provide further evidence supporting that PtpA could be the bacterial factor that dephosphorylates hTFPα during infection, potentially affecting its mitochondrial localization or β-oxidation activity.
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Introduction

Phosphatases and kinases are essential players in signal transduction, modulating enzyme activities, protein-protein interactions, and subcellular localization, among other processes. Our group is interested in contributing to a deeper understanding of the eukaryotic pathways modulated by the Mycobacterium tuberculosis (Mtb) phosphatase PtpA (Chiaradia et al., 2008; Mascarello et al., 2010; Margenat et al., 2015). This enzyme, which belongs to the Protein Tyrosine Phosphatase (PTP) family, is delivered into the macrophage during infection, acting as a critical virulence factor (Bach et al., 2008; Mascarello et al., 2010). PtpA was detected in the cytoplasm and the nucleus of mycobacteria-infected macrophages, despite lacking an export signal sequence. It has been suggested that the bacterial SecA2 and ESX/type VII export systems are the candidates responsible for PtpA export (Sullivan et al., 2012; Wong et al., 2013; Wang et al., 2016; Wang et al., 2017). The Mtb PtpA-deletion mutant strain showed reduced survival in infected human THP-1 derived macrophages and in mouse SPF C57BL/6, and expression of PtpA neutralizing antibodies and inhibitors simulated this effect (Bach et al., 2008; Mascarello et al., 2010; Wang et al., 2015). In addition, a Mtb mutant (MtbDmms) lacking the genes encoding PtpA, PtpB, and the acid phosphatase, SapM12, displayed a significantly reduced ability to infect and grow inside human THP-1 macrophages. Moreover, no bacilli were recovered in the spleens and lungs of guinea pigs ten weeks following infection with this mutant, suggesting an important role of these phosphatases in the colonization of these organs (Chauhan et al., 2013).

PtpA is a member of the Low-Molecular-Weight PTP (LMW-PTP) family (Denu et al., 1996) and shows 37% of sequence identity and high structural similarity with the hACP1 (UniProt code P24666 isoforms 1 and 2) (Alonso et al., 2004; Madhurantakam et al., 2005). PtpA is a secreted protein during infection; thus, it constitutes an ideal target for drug design (Bach et al., 2008; Sullivan et al., 2012; Wong et al., 2013; Wang et al., 2017) as the drugs would not need to cross the mycobacterial envelope, a barrier that explains much of the resistance of Mtb to antibiotics (Chiaradia et al., 2017; Abrahams and Besra, 2020). Numerous groups, including ours, have identified PtpA inhibitors (Mascarello et al., 2010; Silva and Tabernero, 2010; Wong et al., 2013; Mascarello et al., 2016). However, the candidates targeted the PtpA active site, which is highly conserved within PTPs including human ones (Denu et al., 1996; Madhurantakam et al., 2005). Thus, identifying less conserved secondary sites continues to be a challenge. During infection, the action of PtpA seems to depend in part of its phosphatase activity (Wang et al., 2017, 2016; 2020). PtpA interacts with numerous eukaryotic proteins modulating several cell signaling pathways such as phagosome maturation, innate immune response, apoptosis, and host lipid metabolism. Dephosphorylation of VPS33B (Vacuolar Protein Sorting 33B) by PtpA seems to exclude host vacuolar-H1-ATPase from phagosomes, leading to inhibition of phagosome acidification and maturation (Bach et al., 2008; Wong et al., 2011). Also, the presence of PtpA correlates with a decrease in the production of pro-inflammatory cytokines (TNFα, IL-1β, and IL-12) during macrophage infection (Wang et al., 2015). In addition, GSK3α (Glycogen Synthase Kinase 3, alpha subunit) dephosphorylation by PtpA avoids kinase activation promoting an anti-apoptotic pathway, supporting pathogen survival within host macrophage (Poirier et al., 2014). On the other hand, some reports connect PtpA with the degradation pathways induced by ubiquitin (Wang et al., 2017, 2015; 2016; 2020) showing that it acts as an activator of PtpA (using the artificial substrate pNPP or other reported substrates as VPS33B, Jnk and p38) (Wang et al., 2015). Finally, our group identified the human trifunctional enzyme hTFP, a key enzyme in the β-oxidation of long-chain fatty acids, as a bona fide PtpA substrate (Eaton et al., 2000; Margenat et al., 2015). Like most proteins with a role in the mitochondria, TFP is synthesized in the cytosol and then translocated to this organelle (Bykov et al., 2020). In the mitochondria, TFP plays a central role in the β-oxidation of long-chain fatty acids, catalyzing three of the four stages of this pathway (Eaton et al., 2000). Recently, the crystallographic structure of hTFP has been resolved, showing that it is a α2β2-heterotetramer in which helix-10 of the alpha subunit (hTFPα) appears to be important for anchoring to the inner mitochondrial membrane and for its activity (Xia et al., 2019). Our group has a particular interest in the alpha subunit hTFPα because during five independent assays of substrate trapping it was the only PtpA-substrate candidate isolated in the five replicates and identified with the best Mascot score (Margenat et al., 2015). In addition, hTFPα was no longer detected in the mitochondria of macrophages infected with the virulent Mtb H37Rv, where its expression was strongly modulated (more than a 10-fold mRNA decrease) (Jamwal et al., 2013). To better understand if PtpA could be the bacterial factor responsible for this effect, in the present work, we identified by in vitro and in silico approaches the characteristics of the PtpA-hTFPα interaction, the hTFPα Tyr phosphorylation/dephosphorylation and evaluated the potential regulation of PtpA phosphatase activity by ubiquitin.





Results and discussion




The p-Tyr271 of hTFPα is the potential target of mycobacterial PtpA

We have previously reported that recombinant PtpA (rPtpA) interacts and dephosphorylates hTFPα immunopurified from macrophages and that its dephosphorylation is dependent on the PtpA dose (Margenat et al., 2015). To identify the phosphotyrosine potentially dephosphorylated by PtpA, we performed in silico docking studies, using the crystal structure of hTFPα (extracted from PDB 6DV2) and of Mtb PtpA (PDB 1U2P) (Madhurantakam et al., 2005; Xia et al., 2019). The reported structure of the hTFP (Xia et al., 2019) showed that, as its bacterial homolog (P. fragi, PDB 1WDK) (Ishikawa et al., 2004), the biological unit was a α2β2-heterotetramer. Nevertheless, hTFP presents significant primary and secondary structure differences compared to its bacterial counterparts, some of them in the α subunit, described as relevant for its association with the inner mitochondrial membrane (Fould et al., 2010; Xia et al., 2019). To drive the docking process, we selected the PtpA active site as we previously showed by SPR assays that the PtpA-hTFP interaction involves the active site of PtpA (Margenat et al., 2015). For hTFPα, we selected all tyrosine residues located at the surface (Tyr43, Tyr239, Tyr271, Tyr435, Tyr637, Tyr639, Tyr724, and Tyr762), and we phosphorylated them in silico. The inset table (Figure 1A) shows the different numbers of complexes (PtpA/hTFPα) and clusters obtained for each p-Tyr evaluated in the docking assays. The first four best representative complexes from each cluster were selected, counting 256 possible solutions. It is worth observing that a p-Tyr, with a lower number of clusters, indicates that the binding mode is well-defined and better than another with a greater number of clusters. Additionally, the clusters with lower electrostatic interaction energies (represented by HADDOCK scores) or with a higher number of members are preferable. Considering this, the interaction through the p-Tyr271 or p-Tyr639 of hTFPα and the active site of PtpA results in at least one complex with negative electrostatic interaction energy. However, only the cluster of hTFPα phosphorylated at the Tyr271 residue has a negative average electrostatic interaction energy. In this case, all complexes within this cluster have negative electrostatic interaction energy, and this cluster represents the one with the least energy and the most populated. The situation is different for the results of hTFPα interaction through p-Tyr639. In this case, we found that the cluster with a higher number of members differs from the one with lower energy. Only one complex in the last has negative electrostatic interaction energy. The best PtpA-hTFPα complex, involving Tyr271, is shown in Figure 1B. In this protein complex, it is possible to observe that the p-Tyr-271 fits in the PtpA active site, and there are no steric clashes between both proteins. The p-Tyr271 of hTFPα is directly interacting with the catalytic Asp126 and the Cys11 and Cys16 of PtpA, as it should be for the enzymatic reaction to occur (Madhurantakam et al., 2008).




Figure 1 | The P-Tyr271 of hTFPα is the potential target of mycobacterial PtpA. (A) Table showing the results of the docking assays between mycobacterial PtpA and hTFPα. The total number of clusters obtained for each p-Tyr evaluated, the number of members, and the electrostatic binding energy are indicated. MPC: Most Populated Cluster; CLHS: Cluster with the Lowest Haddock Score, CLEBE: Complex with the Lowest Electrostatic Binding Energy. In the case where the MPC is the same as the CLHS, both columns are merged into one. (B) Molecular structure of the best model of the PtpA/hTFPα complex obtained after docking assays. In the enlarged inset, the most critical residues of the PtpA (orange) binding region and hTFPα (blue) are represented as sticks. These include the catalytic residues of PtpA (Cys11, Thr12, Cys16, Arg17, Asp126) and the p-Tyr 271 of hTFPα.



In addition, we evaluated if there exists a common sequence or structure pattern among the reported PtpA targets. For the mycobacterial substrate of PtpA, the ATP synthase subunit alpha (ATPA), the p-Tyr targeted by PtpA still needs to be elucidated (Chatterjee et al., 2019). For the eukaryotic substrates, GSK3α and VPS33B, only indirect evidence of which Tyr could be dephosphorylated by PtpA has been reported (Bach et al., 2008; Poirier et al., 2014). When considering these residues (Tyr279 of GSK3α, Tyr133 or Tyr382 of VPS33B) and the available alphafold structures models of these substrates, we did not find any sequence pattern around those residues (Figure S1A) or a conserved structural motif of interaction between PtpA and the reported substrates. One reason that could explain this result is that the p-Tyr of GSK3α and VPS33B were not identified using the same approach as our study, where an unbiased in silico analysis was applied to determine the p-Tyr candidates dephosphorylated by PtpA. Therefore, we cannot rule out that other Tyr of GSK3α and VPS33B could be the target of PtpA. Another reason is that alphafold models of GSK3α, VPS33B, and ATPA did not consider the phosphorylated state of the residues. Therefore, the orientation of the side chain of these residues might not be the correct one in the alphafold-modeled structure. Overall, we think that an unbiased in silico study, as carried out for PtpA with the hTFPα as substrate, is needed for the other reported substrates to be sure of which Tyr is potentially dephosphorylated by PtpA and to evaluate correctly if a conserved recognition motif exists.





The Tyr271 of hTFPα is absent in bacteria and is conserved in mammals and located in a helix described as relevant to its localization and activity

As it has been proved that mycobacterial PtpA introduced into the cytosol of the infected cells acts principally on eukaryotic proteins, this enzyme is expected to dephosphorylate a specific tyrosine residue of hTFPα, absent or not phosphorylated in the bacterial homologs. Thus, we evaluate the conservation of the Tyr271 and Tyr639 in bacterial TFPα and eukaryotic homologs (Figure 2A, see Figures S1–S3 for the complete alignments). While Tyr639 is in the HACD catalytic domain and is conserved in mammals and bacteria, Tyr271 seems specific to the mammal’s group, and it is part of the helix-10 of hTFPα which is absent in bacterial TFP homologs (Figures 2A, B). Interestingly, this helix-10 was described as one of the helices relevant for the activity and mitochondrial localization of the hTFP (Xia et al., 2019). Then, we analyzed in detail the conservation of Tyr271 in eukaryotes employing blastp searches of the hTFP against the NCBI RefSeq protein database and a maximum likelihood phylogenetic analysis (Figure 2B). In chordates, Tyr271 is mainly conserved in mammals, birds, reptiles, and amphibians (Figures 2B, S3). In fish, there are two major clades; one contains 146 genes with a high degree of Tyr271 conservation, and the other with 57 genes without conservation of Tyr271. A closer look at this non-conserved clade indicates that these genes are, in most cases (53/57), different isoforms of a gene containing a conserved Tyr271. Fishes are generally polyploid (Rajkov et al., 2014), and additional copies of duplicated genes are free to change regarding one of the copies remaining functional. On the contrary, there is no conservation of Tyr271 in non-chordates (like arthropods, mollusks, or cnidaria), suggesting that the preservation of the Tyr271 is a characteristic of more complex organisms. These results allowed us to hypothesize a potential role of the Tyr271 residue in the regulation of hTFPα subcellular localization/activity, supported by the fact that the subcellular localization of hTFPα was modulated during TB infection, where this subunit was no longer detected in the mitochondria of macrophages infected with the virulent Mtb H37Rv (Jamwal et al., 2013).




Figure 2 | The Tyr271 of hTFPα is conserved in several eukaryotic protein homologs and part of the helix-10, absent in bacterial homologs. (A) Multiple sequence alignment of hTFPα homologous, representative of mammals and bacterial TB complex. The Tyr271 (left alignment) and Tyr639 (right alignment) conservation are shown. The complete alignments are shown in Figures S1–S3. The tyrosines of hTFPα are in red and highlighted in yellow. The box indicates the Y271 residue placed in the helix-10 of the hTFPα. The alignment was obtained using the MUSCLE server (Edgar, 2004), and the figure was done using the ESPrit 3.0 server (Robert and Gouet, 2014). The secondary protein structure of hTFPα and the Mtb FOM are also shown, based on the pdb structures 6DV2 (Xia et al., 2019) and 4B3H (Venkatesan and Wierenga, 2013), respectively. (B) Eukaryotic TFPα phylogenetic analysis. Circular representation of a maximum likelihood tree of TFPα of eukaryotes ranging from euglenozoos to vertebrates. The tree is midpoint rooted. Inner circle: phylum colored according to the legend. Middle circle: Chordata class colored according to the legend. Outer circle: amino acid present in each gene at the position aligned to human Tyr-271, colored according to the legend. For details, see Figure S3.







p-Tyr271 of hTFPα is detected after phosphorylation by Jak kinase

The next step was to show if Tyr271 of hTFPα could exist in its phosphorylated state. The hTFPα contains several post-translational modifications (PTMs) identified after large-scale MS studies and noted in the PhosphoSitePlus (Hornbeck et al., 2012). Among them, nine Tyr residues of hTFPα were reported as phosphorylated, but the Tyr271 is not included (Figure S7). The functional significance of p-Tyr and the kinase involved has not been elucidated yet. In this context, to improve the identification of the p-residues of hTFPα, we prepared a batch of immunopurified hTFP from a macrophage phosphoprotein-enriched extract, as previously described (Margenat et al., 2015). We verified in this sample the presence of hTFPα by MS (Figure S4A). However, the amounts of immunopurified hTFP were insufficient to detect the p-Tyr by MS and evaluate PtpA-mediated p-Tyr271 dephosphorylation. Phosphorylation generally represents a lower percentage of the total protein and could be lost during MS fragmentation (Mann et al., 2002; Dephoure et al., 2013) or by the action of endogenous phosphatases during the protein extract preparation, despite the precautions taken to inhibit them. This explanation is supported by the fact that Tyr271 is exposed to the solvent, as seen in its crystallographic structure (Figure 1B). Thus, to obtain enough material, we decided to produce and purify the recombinant hTFPα based on previous evidence of its successful production in a soluble form in E. coli (Fould et al., 2010). After IMAC, SEC, and removal of the His-tag, 2.5 mg of soluble hTFPα/gr of E. coli pellet was obtained. As illustrated on the SEC chromatogram, we observed the main peak with a shoulder aspect (Figure 3A). A pool of the eluting fractions corresponding to this peak was analyzed by SDS-PAGE and MS, showing that the principal band is the hTFPα, and the less intense band corresponds to an E. coli chaperone contaminant (Figure S4B). Then, taking into account that it is not known which eukaryotic kinase is involved in its phosphorylation, we decided to evaluate the Tyr phosphorylation by Janus kinase (Jak). This enzyme is an intracellular kinase involved in cytokine-mediated signaling, for which inhibitors of its activity were proposed for host-directed therapy of TB as an adjunct to standard TB chemotherapy (Dorhoi, 2015; Schwartz et al., 2017). Thus, we incubated the recombinant hTFPα with catalytic amounts of the Jak kinase domain, using an E:S molar ratio of 1:3000 to avoid non-specific phosphorylation. For the recombinant hTFPα non-treated with Jak, after SDS-PAGE and WB using an anti-p-Tyr antibody, we detected a signal of Tyr phosphorylation of hTFPα, and by MS, we identified Tyr499 as phosphorylated (Figure S6, already reported in PhosphoSitePlus). This result is explained because the recombinant hTFPα was expressed in an E. coli strain with a tyrosine kinase/phosphatase system (Vincent et al., 1999). Then, for the recombinant hTFPα pre-treated with Jak and ATP, we observed additional phosphorylation, detected by the electrophoretic shift of the protein in the SDS-PAGE (Villarino et al., 2005) as well as by WB and MS analysis (Figures S5, S6). Using this strategy, we identified two new sites of phosphorylation of hTFPα, the p-Tyr271 of helix-10 (Figure 3B) and the p-Tyr43 of the predicted signal peptide; and the p-Tyr435 of HACD already reported in the PhosphoSitePlus. This result is relevant because until now, the phosphorylation sites Tyr43 and Tyr271 and the potential kinase involved in hTFPα phosphorylation were not described. Figure S7 summarizes all the PTMs of hTFPα reported up to now.




Figure 3 | Mycobacterial PtpA activity and interaction with recombinant hTFPα. (A) SEC profiles of recombinant hTFPα purification on Superdex 200 column. SEC was performed in an AKTA Basic system (GE Healthcare), injecting a sample volume of 5 mL in a Superdex 200 16/60 preparative grade column (GE Healthcare). Elution was carried out with two-bed column volumes of the equilibration buffer, and fractions containing the recombinant protein were pooled (fractions indicated in peak 1, elution volume 72 mL). The apparent molecular weight was calculated using the following equation Kav= −0.3872 (logMw) + 2.2662 corresponding to the previous calibration curve of the column using SEC molecular weight (SIGMA). (B) Cartoon representation of the helix-10 of the hTFPα containing the p-Tyr 271 phosphorylated by Jak. The residues of the helix are represented as sticks. The figure was generated with UCSF Chimera [Pettersen EF, 2004 et al.]. (C) Evaluation of dephosphorylation of hTFPα-wt and hTFPα-Y271F by PtpA. The graph shows the mean of p-Tyr/hTFPα ratios ± SD of three independent experiments including three technical replicates. The asterisks indicate the p-value obtained after an unpaired t-test. Equal amounts of the recombinant hTFPα and hTFPα -Y271F previously phosphorylated by Jak were incubated with 1.2 nM of PtpA for 30 min at 37°C in solution. After this time, spots of 5 μL of the reaction were applied in a nitrocellulose membrane by triplicates. Dephosphorylation was evaluated by a Dot Blot assay with an anti-p-Tyr antibody and anti hTFPα antibody to determine the ratio between p-Tyr and hTFPα chemiluminescent signals, quantified using ImageJ (Schneider et al., 2012). Figure S11 shows a representative dot blot used in the analysis. (D) Evaluation of PtpA specificity using hTFPα-wt and rOH1-C112S as substrates. The graph shows the obtained p-Tyr signal (expressed as %) after incubation with PtpA. Equal amounts of hTFPα or rOH1-C112S previously phosphorylated by Jak were incubated with 120 nM of PtpA (corresponding to a E:S molar ratio of 1:50) for 30 min at 37°C. Then, spots of 5 μL of the reaction were applied in a nitrocellulose membrane by triplicates to perform a Dot Blot assay using an anti-p-Tyr antibody. Chemiluminescent signals were quantified using ImageJ (Schneider et al., 2012). The average p-Tyr signal at t=0 was considered as 100%. After a two-way ANOVA a significant difference (***) was detected between both groups (hTFPα or rOH1-C112S). The asterisks represent the p-value obtained after an unpaired t-test between t=0 and t=30 minutes, and ns: not statistically significant. Figure S12 shows a representative dot blot used in the analysis.







PtpA specifically dephosphorylates the recombinant hTFPα

First, we characterized the recombinant protein hTFPα by SEC. We determined its apparent protein molecular weight noting that hTFPα eluted as a protein dimer (179 kDa) of two alpha subunits (Figure 3A). We suggest that this dimer is stabilized by hydrophobic regions of the alpha subunits, which in the biological unit of hTFP (α2β2-heterotetramer) interact with the beta subunits (Xia et al., 2019). We also produced with a high degree of purity and yield, the recombinant hTFPα-Y271F mutant, which, as the hTFPα-wt protein, is a dimer in solution (Figure S8). For the PtpA activity assay both hTFPα and hTFPα-Y271F were previously phosphorylated by Jak. The recombinant PtpA-wt and the inactive mutant PtpA-C11S were also produced as described previously (Margenat et al., 2015), and characterized by SEC as monomeric proteins (Figure S9). Then, we evaluated PtpA activity using a method previously reported (Najarro et al., 2001), based on the incubation of the phosphatase with the protein substrate previously separated by SDS-PAGE, transferred and immobilized to a membrane in a non-covalent way. After immobilization, the hTFPα substrate was expected to recover part of its secondary structure, because the denaturing agent was removed. Using this method we verified the p-Tyr phosphatase activity of PtpA (Figure S10A-D). However, this strategy was not appropriate to evaluate the substrate specificity of PtpA, because the substrate did not preserve its global structure needed to a correct enzyme-substrate recognition. In this context, we observed that PtpA dephosphorylated p-Tyr residues no matter which immobilized protein was used (TFP or the viral protein OH1-C112S) (Figure S10E). On the other hand, carrying out the activity assay in solution presents difficulties, as a detergent is needed to maintain the recombinant hTFPα protein in solution, since this protein is described as associated to the mitochondrial membrane (Fould et al., 2010; Liang et al., 2018; Xia et al., 2019). High concentrations of detergent inhibit PtpA and interfere with the commonly used Malachite Green reagent in the Pi detection. Thus, it was necessary to define the optimal conditions of the reaction to preserve the hTFP and PtpA stability during the incubation at 37°C (see methodology). In this assay we used catalytic amounts of PtpA (1.2 nM) corresponding to an E:S molar ratio of 1:5000, and observed a significant PtpA dephosphorylation of hTFPα-wt but not of hTFPα-Y271F (Figure 3C). This result can be explained by the absence of p-Y271 in the mutant, suggesting that this residue is the preferred target of PtpA in vitro. When the assay was performed with a higher concentration of PtpA (12 nM, E:S molar ratio of 1:500) the dephosphorylation of hTFPα-Y271F started to be detected (Figure S11). In this condition, it is not possible to avoid dephosphorylation of other p-Tyr residues that probably do not represent specific targets of PtpA. Then, to confirm the dephosphorylation site/s of the recombinant hTFPα we performed nanoLC-MS/MS analyses. Nevertheless, despite the addition of phosphopeptide enrichment steps, we could not confidently detect phosphorylation sites in hTFPα to perform a quantitative analysis of dephosphorylation by PtpA. More long-term research efforts to improve and optimize the detection of phosphosites in this protein are needed. Finally, to evaluate PtpA specificity, we used the recombinant hTFPα and the inactive mutant of the viral protein OH1 (OH1-C112S) as a substrate (Segovia et al., 2017), previously phosphorylated by Jak kinase. As shown in Figure 3D we observed a significant decrease of the p-Tyr signal when hTFPα was used as a substrate but not using OH1-C112S (120 nM of PtpA, E:S molar ratio of 1:50), demonstrating the specificity of PtpA for hTFPα.





In silico mycobacterial PtpA and hTFPα form a stable complex that involves PtpA active site

We have already observed by SPR studies that PtpA interacts through the active site with hTFP immunopurified from macrophage (Margenat et al., 2015). In the present study, we performed additional SPR studies to determine the affinity constant of the interaction of the complex, whose value was 0.31 μM (Figure S13), a value similar to that reported for other phosphatases and their substrates (Czikora et al., 2011). Previously to this assay, we verified that 21% of the immunopurified hTFP is phosphorylated on Tyr, using an anti-p-Tyr-Ab (Figure S10A). In addition, we performed molecular dynamics simulations (MD) to determine features of the interaction between PtpA and hTFPα, using the best complex obtained by docking described above. Three systems were considered for MD simulations in solution: PtpA, hTFPα, and the PtpA-hTFPα complex. For the last, three sets of independent simulations (with different initial random Maxwell-Boltzmann velocities) were performed. According to the Root Mean Square Distance (RMSD) of the backbone atoms along the nanoseconds of simulation, both proteins in the complex maintained their structure stable, as they are alone in solution (Figure 4A). This result suggests that the complex is stable and remains formed over the time analyzed. Concerning the Root Mean Square Fluctuation (RMSF) values, we observed that hTFPα fluctuation in the complex is similar (on average) to the protein alone. In contrast, PtpA fluctuations in the complex are reduced compared to when the protein alone is evaluated (Figure 4B). The last suggests a change in PtpA behavior when the complex is formed. Interestingly, the regions corresponding to the active site of PtpA have a more considerable relative decrease in their fluctuation when the complex is formed. For instance, the region that corresponds to the D-loop (Asp126) of PtpA is stabilized upon the PtpA-hTFPα complex formation, probably reflecting the conformational change that allows the catalytic Asp to adopt the correct position during catalysis (Madhurantakam et al., 2008; Hobiger and Friedrich, 2015).




Figure 4 | Mycobacterial PtpA and hTFPα form a stable complex that involves PtpA active site. (A) Graphical representation of the Root Mean Square Deviation (RMSD) along time (nanoseconds) for three parallel molecular dynamics simulations of hTFPα (up) and PtpA (down) proteins alone in solution, and forming part of the interacting complex (run1, run 2 and 3). (B) Graphical representation of the Root Mean Square Fluctuation (RMSF) of the backbone atoms along the trajectory (average over each residue) for hTFPα (up) and PtpA (down) proteins alone in solution (blue curve) and the three simulations together (red curve). The RMSF values were calculated over a moving window of 10 ns with a step of 2 ns during the last 200 ns of simulation. Each curve is plotted from the percentile 25 to the percentile 75 of the obtained values, with the median at the center. For the calculation of the statistical values, only one trajectory was taken into account for the proteins alone, while for the complex, three trajectories were taken into account.







Additional factors are required to explain an ubiquitin-mediated activation of PtpA

As described in the introduction, some reports connect PtpA with the degradation pathways induced by ubiquitin. It has been reported that PtpA binds non-covalently host ubiquitin via a previously unknown ubiquitin-interacting motif-like (UIML) and that this interaction activates PtpA to dephosphorylate the kinase Jnk and the p38 MAPK, which leads to the suppression of innate immunity (Wang et al., 2015). In this context, we decided to characterize the ubiquitin:PtpA interaction by molecular docking and MD and perform kinetic studies to evaluate the proposed modulation of PtpA activity. The interacting configuration between ubiquitin and PtpA was determined using the HADDOCK web server (Van Zundert et al., 2016). For that, the residues from the UIML region of PtpA and the residues of ubiquitin proposed as relevant for the interaction (His 68, Ile 44, and Leu 8) were selected (Wang et al., 2015). The best result was obtained from the cluster with the lowest HADDOCK score and also the most populated one. The interacting region has a hydrophobic core (HC) composed of residues from the UIML region of PtpA (Ala 140 and Val 141) and ubiquitin residues (Leu 8 and Val 70) (indicated in Figure 5A), flanked by hydrogen bond interacting residues, Glu 143 (PtpA) with Arg 42 (ubiquitin), Glu 137 (PtpA) with His 68 (ubiquitin), and Arg 111 (PtpA) interacting with the backbone oxygen of Leu 8 (ubiquitin). To test the stability of the complex, we performed three parallel MD simulations using as a starting point the interacting complex described above. The MD results show that the HC is stable and remains conserved in all three simulations while the surrounding hydrogen bonds form, break down, and change over time. In particular, the final configuration of the complex is different in the simulations, as shown in Figure 5B. In the first MD, the ubiquitin rotates around the HC and forms different H-bonds in comparison with the starting point during the MD simulation. In the second case, the interactions between both proteins are stable and the same as at the beginning of the MD. Finally, in the third MD the ubiquitin moves and rotates over the HC, changing all H-bonds interaction in comparison with the initial configuration and the relative position of the Val 70 residue; nevertheless, the HC is still formed. This result suggests that ubiquitin can interact with PtpA during the simulation, albeit with nonspecific interactions and with the HC anchoring the interaction. Furthermore, the RMSD along the trajectory for both proteins of the complex shows values of less than 3 Å (Figure S14A), similar to the values for the proteins alone in solution, implying that both keep their respective internal conformation along the trajectory, without additional stabilization.




Figure 5 | PtpA-ubiquitin interaction assays and evaluation of the ubiquitin effect on phosphatase activity. (A) Best PtpA/Ub complex structure obtained after the protein/protein docking protocol. The residues involved in the hydrophobic core are labeled and plotted with thicker bonds, while the residues involved in the h-bonds interactions are plotted with thinner bonds. (B) The upper structure represents the final configuration of the three MD runs for ubiquitin molecules (1-pink, 2- brown, and 3-light blue) with respect to PtpA (green). For the PtpA MD, only one conformation is shown since the changes in its conformation were negligible between the three runs. The graphical inset represents the triangular area of the PtpA binding site (defined in the text) along the trajectory of the simulation of PtpA in solution (black curve) and in the three simulations of the complex PtpA/Ub (1-red, 2-green, and 3-blue). (C) Hypothetical complex of the hTFPα/PtpA/Ub. The image shows that there are no steric interferences between proteins suggesting that the complex could form. (D) Dephosphorylation of recombinant hTFPα in the presence or absence of ubiquitin. Equal amounts of the recombinant hTFPα were resolved by SDS-PAGE, transferred to PVDF membrane and blocked, and treated at 37°C for 30 min with a buffer containing 0 μM PtpA-wt (-PtpA), 1.5 μM PtpA (+PtpA), and 1.5 μM PtpA preincubated with ubiquitin for 15 min (+PtpA and Ub). Dephosphorylation was evaluated with the anti-p-Tyr antibody. The same membranes were re-probed with anti hTFPα antibody to determine the ratio between p-Tyr and hTFPα chemiluminescent signals (expressed as %). Error bars represent experimental variability detected between three independent experiments, and the asterisks are the p-value obtained after an unpaired t-test.



To check whether ubiquitin could affect PtpA activity, we evaluated putative changes in the PtpA active site during the interaction. To this end, we performed a simple geometric approach, in which the surface of the triangle formed by three relevant heavy atoms of the PtpA active site was followed along the trajectory (S atom of Cys 11 and Cys 16 together with a C atom of the Asp 126 lateral chain) when PtpA is alone or interacting with ubiquitin (Figure 5B). This figure shows two possible and stable values for the calculated triangular surface, meaning two possible conformations of the PtpA active site: one with a higher area reflecting an open conformation and the other with a lower area indicating a closed conformation. In the case of the MD simulation of PtpA alone, and only one trajectory of the complex, we found an open conformation, while in two other MDs of the complex, a close conformation was found (Figure S14B). However, no correlation between the final position of ubiquitin in the complex and the conformation of the PtpA active site was found, explaining the reported PtpA activating effect of the ubiquitin. In addition, we experimentally tested the impact of ubiquitin on PtpA activity using good-quality recombinant ubiquitin and active PtpA proteins (Figure S15A). Contrary to what was previously reported (Wang et al., 2015), we did not detect activation of PtpA acting on the artificial substrate pNPP. We observed the same result, even varying the PtpA:ubiquitin molar ratio from 1:0 to 1:10 (Figure S15B). Considering that the authors used the PtpA linked to the GST-tag and we used PtpA linked to a His-tag, we evaluated whether the discrepancy could be due to the His-tag used. Even after removing the tag, no activating effect of ubiquitin on PtpA phosphatase activity was observed (Figure S15C). Thus, our discrepancy with the data reported by Wang et al., 2015 could be due to the distinct fusion protein used. Overall, our in silico and experimental results suggest that the interaction of ubiquitin with PtpA cannot explain the reported PtpA activation. However, we cannot discard that additional factors may be required to achieve this effect. In parallel, we also analyzed whether the interaction of PtpA with ubiquitin can occur in the context of the PtpA-hTFPα complex. This analysis could be interesting because hTFPα has several ubiquitylation sites noted in the database Phosphosite (Hornbeck et al., 2015), and we demonstrated that it co-purifies with the E3 ubiquitin ligase (TRIM21, Figure S4A), which could connect hTFPα with the Ub-mediated proteasomal degradation. Figure 5C shows that PtpA could form the protein complex with ubiquitin without steric clashes. However, our study did not detect activation of PtpA by ubiquitin acting on hTFPα, after three independent assays (Figure 5D). As shown in the graph, we observed a significant decrease in P-Tyr/hTFPα signal level after incubation with PtpA in the absence or presence of Ub. However, in the case of the assay with PtpA+Ub, this decrease was lower than without Ub. This suggests an inhibitory effect of ubiquitin on the phosphatase activity of PtpA acting on hTFPα as a substrate, consistently with the detection of an alternation of the active site between an open (active) and closed (inactive) conformation during PtpA/ubiquitin MD simulation (Figure S14B). Further studies using the recombinant TFPα/β heterotetramer as a substrate will be interesting to determine if the inhibitory effect of the ubiquitin is maintained.






Conclusion

Our results allow advancement in the characterization of Mtb PtpA interaction and activity on the alpha subunit of hTFP, a key enzyme of lipid metabolism. These lead us to suggest that the p-Tyr271 of hTFPα is the potential target of mycobacterial PtpA, located in a conserved helix relevant to its localization and activity. Our working hypothesis, integrating our results with those already published, was included in Figure 6.




Figure 6 | Scheme showing our working hypothesis. (A) A hypothetical scenario in the cells without Mtb infection. Step-a corresponds to the phosphorylation of hTFPα by a cellular kinase (maybe Jak). Step-b corresponds to the correct localization of hTFPα, in the mitochondrial inner membrane. Step-c represents the activity of hTFPα, in the β-oxidation of the long-chain fatty acids transported to the mitochondria. (B) A hypothetical scenario in the cells infected with Mtb. Step-a corresponds to the dephosphorylation of TFP by mycobacterial PtpA. Step-b corresponds to the Ub-mediated proteasomal degradation stimulated by hTFP-TRIM21 interaction. Step-c represents hTFPα decrease in mitochondria, with a concomitant accumulation of long-chain fatty acids into LD in the cytosol of the cells.



In cells, hTFPα is synthesized by cytosolic ribosomes, like most mitochondrial proteins, and then it is translocated to the inner mitochondrial membrane (Bykov et al., 2020). Despite hTFPα being a central protein of the metabolism and having several PTMs, including phosphorylation (Figure S7), its role is unknown. Considering that PTMs have an important role in regulating cell functions (Ribet and Cossart, 2010), it is appropriate to think that specific phosphorylation of hTFP can modulate its cellular localization. In the present work, we demonstrated in vitro that hTFPα could be phosphorylated by Jak in three residues, two of them (p-Tyr271 of helix-10 and p-Tyr43 of the predicted signal peptide) located in important sites of the protein that could define its cellular localization. The p-Tyr271 of helix-10 from the alpha subunit was described as relevant for hTFPα, anchor to the mitochondrial membrane, and for its activity since it contributes to the formation of the channels that connect the different active sites of the enzyme (Xia et al., 2019). In this context, we suggest that the tyrosine phosphorylation of hTFPα by a cellular kinase (possibly Jak) defines its correct localization in the mitochondrial membrane (Figure 6A, steps a and b). Once located in the mitochondria hTFPα/β plays a central role in the β-oxidation of long-chain fatty acids, catalyzing three of the four stages of this pathway (Eaton et al., 2000). Indeed, oxidation of the long-chain fatty acids, transported from the cytosol to the mitochondria, contributes directly (by the generated NADH and FADH2) and indirectly (by the acetyl-CoA) to the mitochondrial ATP synthesis (Figure 6A, step c).

On the other hand, during Mtb infection, the phosphatase PtpA is introduced to the cytosol of the macrophages, as previously demonstrated (Bach et al., 2008). In this location, PtpA could dephosphorylate hTFPα, as demonstrated in vitro by our group. As a consequence, we suggest that the dephosphorylated hTFPα will not be able to reach the mitochondria (Figure 6B, step a). This would explain why hTFPα is no longer detected in the mitochondria of macrophages infected specifically with the virulent Mtb H37Rv (Jamwal et al., 2013). In this experiment the authors did not describe changes in the mitochondria levels of hTFPβ after infection with the virulent Mtb H37Rv, and in the levels of both hTFP subunits after infection with the avirulent Mtb strain. Despite these observations, in an in vitro PtpA activity assay, using immunoprecipitated TFP from macrophages, we observed a reduction in the phosphorylation levels of both subunits (Margenat et al., 2015). In addition, there is evidence that during Mtb infection PtpA also reaches the nucleus of host cells and regulates the expression of genes involved in host innate immunity or in cell proliferation and migration (Wang et al., 2017). The PtpA nuclear localization, could contribute to explain the observed 10-fold decrease in the hTFPα mRNA observed during the infection with the virulent Mtb H37Rv (Jamwal et al., 2013). The relevance of this result needs to be evaluated in future studies of infected macrophages with Mtb.

Furthermore, hTFPα has several ubiquitylation sites noted in the database Phosphosite (Hornbeck et al., 2015), and we demonstrated by MS that hTFPα from macrophages co-purify with the E3 ubiquitin ligase TRIM21 (Figure S4). This enzyme could be responsible for hTFPα ubiquitylation, connecting TFP with the Ub-mediated proteasomal degradation (Figure 6B, step b) and the metabolic modulation. Similarly, it has been observed that TRIM21 is involved in the downregulation of glycolysis, via proteasomal degradation of the rate-limiting metabolic enzyme phosphofructokinase (PFK) (Chen et al., 2021). This is an enzyme that catalyzes a key regulatory step of glycolytic metabolism, which was also identified by our group as another of the potential substrates of PtpA (Margenat et al., 2015). A drop in mitochondrial hTFPα level (Figure 6B, step c) could contribute to explaining some of the metabolic changes described during mycobacterial infection (Cumming et al., 2018; Genoula et al., 2018) such as decreased mitochondrial activity and changes in lipid metabolism as a cytoplasmic accumulation of lipid droplets (Figure 6B, step d). The storage of lipids during infection can act as a mechanism that allows reestablishing a cellular balance, avoiding the death of the macrophage, and in turn, favoring the persistence of the pathogen (Laval et al., 2021). With respect to how PtpA activity is regulated during infection, we think that in view of our results and our hypothesis, more studies must be carried out to understand the potential regulatory role of ubiquitin and other relevant molecules as fatty acids.

Altogether, we suggest that the role of this virulence factor is to promote the survival of mycobacteria in infected cells, affecting not only the innate immunity (Bach et al., 2008; Wang et al., 2017, 2015; 2020) and apoptosis (Poirier et al., 2014), but also macrophage pathways involved in lipid metabolism. Future studies will be performed using cellular models to evaluate whether potential changes in macrophage metabolism can be correlated with PtpA activity on TFP.





Materials and methods




Molecular docking: PtpA/hTFPα

The following protocol was used to select which tyrosine may be phosphorylated in the hTFPα protein, in addition to those reported in the PhosphoSitePlus® (Hornbeck et al., 2015), and acts as putative interacting residue with mPtpA when hTFPα is its substrate. The protocol was performed for each tyrosine in hTFPα located at the surface of the protein, and it consists of three steps involving (i) Selection of the putative phosphotyrosine on the hTFPα, (ii) docking simulations, and (iii) electrostatics calculations. (i) Selection of putative phosphotyrosine on hTFPα. The selected pdb structure for hTFPα was the only X-ray structure available in the PDB databank (Berman et al., 2000), pdb code 6DV2, with a resolution of 3.6 Å (Xia et al., 2019). The putative tyrosines from this structure that could be phosphorylated were selected based on their exposure to the protein’s surface. The selected tyrosines, with at least 40% of their surface exposed to solvent in the pdb structure, were Y43, Y239, Y271, Y435, Y637, Y639, Y724, and Y762. Each of these residues was phosphorylated in silico by hand one by one, adding the necessary atoms to the tyrosine residue. Energy minimization of the complete protein structure was then performed in implicit solvent using the Amber package of programs (Pearlman et al., 1995) with the amber ff14sb force field (Maier et al., 2015). The force field parameters for the phosphotyrosine were taken from the publication by Homeyer (Homeyer et al., 2006). The implicit solvent was taken into account using the modified Generalized Born model developed by A. Onufriev et al. (Onufriev et al., 2004, 2000) as implemented in the amber program (Case et al., 2005). Finally, 8 different hTFPα structures were obtained, each with one phosphotyrosine. (ii) Docking simulations: The HADDOCK program (Dominguez et al., 2003; Van Zundert et al., 2016) was used for the molecular docking simulations between PtpA and hTFPα with one phosphotyrosine. The conformation of the PtpA protein was taken from the X-ray structure with a resolution of 1.9 Å with the pdb code 1U2P (Madhurantakam et al., 2005). The active residues at the protein interface for docking simulation were defined as the catalytic residues Cys 11, Cys 16, and Asp 126. For hTFPα, each phosphorylated tyrosine was treated as an active residue. The passive residues for both proteins were defined as all surface residues within 6.5 Å from the active residues on each protein. Different numbers of clusters were obtained for each docking simulation. Results, around 200 different complexes for each docking simulation were clustered according to the HADDOCK protocol (Dominguez et al., 2003; Van Zundert et al., 2016). (iii) Electrostatic calculations: Since the HADDOCK score cannot be used to compare the results of the hTFPα protein with different phosphorylated tyrosines, but only to compare different solutions with the same phosphorylated tyrosines for a given complex (Kastritis and Bonvin, 2010), the electrostatic contribution to the free energy of binding of the interaction between PtpA and hTFPα was used as a criterion for selecting the best representative complex. Therefore, the complex with the lowest electrostatic energy of binding was selected as the best representative. The electrostatic energy was calculated by solving the nonlinear Poisson-Boltzmann equation for the complex and each protein using APBS 3.2.0 software (Jurrus et al., 2018), using a dielectric constant for points within and outside the protein of 2.0 and 78.5 D respectively. The electrostatic energy of binding (E) was then calculated as the difference between the electrostatic energy of the complex, composed of the hTFPα and PtpA proteins, and the electrostatic energy calculated for both hTFPα and PtpA proteins individually, E=EhTFPα+PtpA-(EPtpA+EhTFPα). We consider a negative value of E as an indicator that the complex is formed and may be stable.





Molecular dynamics simulations

All MD simulations were performed using the Amber package version 2018 (Case et al., 2005). Parameters from the Amber ff14SB force field were used for all protein residues (Maier et al., 2015); while the parameters for the phosphotyrosine were taken from the literature (Homeyer et al., 2006). Periodic boundary conditions were taken into account in all simulations. A weak-coupling algorithm (Berendsen et al., 1984) was used to couple the simulation boxes with an isotropic pressure of 1 atm and a reference temperature of 300 K. Relaxation times were chosen to be 5 ps and 2 ps for pressure and temperature coupling, respectively. All bonds involving hydrogen were constrained using the SHAKE algorithm (Hess et al., 1997). The time step for all simulations was set to 2 fs. All systems were immersed into a truncated octahedron of TIP3P water molecules (Price and Brooks, 2004) with a minimum distance between the edges of the simulation box and the protein surface atom of 11 Å. The bonds of the water molecules were constrained using the SETTLE algorithm (Miyamoto and Kollman, 1992). The complete systems were neutralized with counter-ions. A direct cutoff for nonbonded interactions of 10 Å and the particle mesh Ewald for long-range electrostatics were applied (Essmann et al., 1995). A standard protocol was used for all MD simulations, and it begins with two initial energy minimizations: the first one only for the solvent molecules, constraining the position of all non-solvent atoms, and a second minimization for the entire system. In order to equilibrate the systems at 300 K, each of them was slowly heated from 100 K to 300 K over a period of 1 ns under NVT conditions, followed by MD simulations at 300 K up to 100 ns. Subsequently, a production run of 400 ns or 500 ns was performed for each complex under NPT conditions. For each simulated system, different numbers of parallel runs were performed with different random initial velocities in order to have more statistics.





Phylogenetic analyses

The human trifunctional enzyme (NCBI accession: NP_000173.2) was used as a query for a blastp search against the NCBI RefSeq database (e-value: 1e-5, number of hits: 5000). Hits were manually filtered to those containing “trifunctional” in their descriptions. When more than one isoform was available, the longest one was maintained. Hits were further filtered to those with a query coverage greater than 50%. Sequences were submitted to NGPhylogeny.fr (Lemoine et al., 2019) for alignment with MAFFT (Katoh and Standley, 2013), alignment curation with BMGE (Criscuolo and Gribaldo, 2010), evolutionary model selection, and phylogenetic analysis with SMS (Lefort et al., 2017) and PhyML (Guindon et al., 2010), respectively. Trees were visualized and annotated using ITOL (Letunic and Bork, 2021).





Production of recombinant PtpA-wt and PtpA-C11S

The plasmid pET28 containing the sequence of PtpA was obtained as described previously (Margenat et al., 2015). The construct expressing the single PtpA mutant C11S was obtained by site-directed mutagenesis (Quikchange Site-Directed Mutagenesis kit, Stratagene) using the following primers forward and reverse, respectively: 5´ -TTC GTT TCT ACG GGC AAC ATC TG-3, -5´- CA GAT GTT GCC CGT AGA AAC GAA - 3´. The sequence was verified by DNA sequencing (Macrogen). Expression was done as described previously (Margenat et al., 2015). Briefly, Transformed E. coli BL21 (DE3) cells were grown at 15°C in LB medium with 50 μg ml-1 kanamycin, and protein synthesis induced with 0.5 mM isopropyl β-D-thiogalactoside (IPTG). The recombinant proteins were purified to homogeneity by metal-affinity (Cu-column) and size exclusion chromatography (SEC).





Immunoprecipitation of hTFP from macrophages

The hTFPα/β was obtained from macrophage extracts by immunoprecipitation with an anti-TFP monoclonal antibody. Briefly, the anti-TFP MAb (8μg, ab110302, MitoSciences) was first covalently cross-linked to anti-mouse IgG Ab on the beads (100 μl, 11201D, Life technologies) using BS3 (Sigma). Then, beads were washed and incubated with 500 μg of macrophage extract, prepared as previously described (Margenat et al., 2015). Beads were washed, and bound proteins were eluted with 50 mM citrate pH 2.6 (2x100 μl), and neutralized immediately. Samples were resolved by SDS-PAGE, stained with colloidal Coomassie, or transferred to PVDF membranes for 1 h at 100 V. Membranes were blocked for 16 hs at 4°C, washed twice with TBS-T, and subsequently incubated with anti-hTFPα MAb (ab200652) at 1/1000 dilution in TBS-T, 1.5h at RT. After washing, membranes were incubated (1 h at RT) with an anti-rabbit antibody conjugated with horseradish peroxidase (HRP) (1/50000, Sigma-Aldrich 0545). After four washes with TBS-T and one wash with TBS, the reaction was developed with Pierce ECL western blotting substrate (Thermo Scientific). Immunoreactive bands were visualized using the GBOX ChemiSystem tool (SynGene). The presence of the TFP was confirmed by mass spectrometry (MS).





Production of recombinant hTFPα and the mutant hTFPα -Y271F

The hTFPα-wt (ECHA sequence) was sub-cloned by RF-cloning (Unger et al., 2010), in a modified pET32a vector (named pT7), carrying an ampicillin-resistance cassette, an N-terminus His-tag sequence, and the tobacco etch virus (TEV) protease recognition site between this tag and the target gene insertion site (Correa et al., 2014). As a template the ECHA sequence already cloned in the pMyr-plasmid was used. The following forward and reverse primers were used, respectively: 5’-GGATCGGAAAAC CTGTATTTTCAGGGATCCACCAGAACCCATATTAACTATGGAG-3’ and 5’-GAACTGCGGGTGGCTCCAGCTGCCGGATCCTCACTGGTAGAACTTCTTGTTAGG-3’. PCR were done using Phusion Polymerase (Thermo), and the PCR conditions were: a denaturing step at 98°C for 30 s and 35 amplification cycles of 98°C for 10 s, 65°C for 30 sec and 72°C for 1 min 20 sec, with a final extension step at 72°C for 10 min. The obtained products (megaprimer) were analyzed by agarose gel electrophoresis, purified with GeneJET Extraction Kit (Thermo) and quantified in a nanodrop spectrophotometer. The generated megaprimers contained 30 bp in both ends that overlaps with the insertion site in the destination vector T7. The integration into the vector was done by performing a second PCR reaction using 200 ng megaprimer, 30 ng pT7 vector, and the PCR conditions as follows: a denaturing step at 98°C for 30 s, 30 amplification cycles of 98°C for 10 s, 60°C for 1 min and 72°C for 5 min, with a final extension step at 72°C for 7 min. 20 μl of the PCR product was the treated with 20 U of DpnI (Thermo) for 2 hours at 37°C to selectively degrade the methylated parental vector, and 20 min at 80°C to inactivate the enzyme. Then, 1μl was used to transform 50 μl of electrocompetent XL-1 E. coli cells or E. coli BL21 (DE3). Plasmids were purified using the GeneJET Plasmid Miniprep (Thermo) and the sequence verified by DNA sequencing (Macrogen).

Transformed E. coli BL21 (DE3) were grown overnight in 10 ml of Lysogeny broth (LB) containing 100 μg ml-1 ampicillin at 37°C. For protein expression, 4 ml of overnight culture was transferred into 800 ml of LB with ampicillin and grown at 37°C to an OD600 of 0.6-0.7. Protein synthesis was induced by adding 0.5 mM IPTG at 19°C for 24 h. Cells were then harvested by centrifugation and lysed by sonication on ice in the lysis buffer (100 mM Tris, pH 8.0, 200 mM NaCl, 10% glycerol, containing EDTA-free protease inhibitor cocktail (Amersham Biosciences). The suspension was supplemented with 1.5% Tween 20 and incubated for 90 min at 4°C with gentle agitation. Cell debris was removed by centrifugation at 15000 xg for 40 min, and the supernatant was diluted with 100 mM Tris, pH 8.0, 200 mM NaCl, and 10% glycerol to obtain a final concentration of 0.5% Tween 20. Then, imidazole was added to the supernatant to a final concentration of 10 mM and incubated with the Ni-NTA resin (GE Healthcare) equilibrated in binding buffer (100 mM Tris pH 8, 200 mM NaCl, 10% glycerol, 10 mM imidazole, and 0,5% Tween 20), for 1 hour with gentle shaking. The mixture was then packed into a column, washed with binding buffer, and the recombinant protein was eluted with elution buffer (100 mM Tris pH 8, 200 mM NaCl, 10% glycerol, 300 mM imidazole, and 0.5% Tween 20). Imidazole was rapidly extracted by using a PD-10 column equilibrated in 50 mM Tris pH 8, 100 mM NaCl, 5% glycerol, and 0.5% Tween 20. The protein was further purified by SEC using a Superdex 200 16/60 preparative grade column (GE Healthcare) previously equilibrated in SEC-buffer (50 mM Tris-HCl pH 8.0, 100 mM NaCl, 5% glycerol, 0.1% Tween 20). Fractions containing purified hTFPα were pooled and concentrated using an Amicon Ultra-15 Millipore concentrator to 1 mg/mL. The 6xHis-tag was removed with TEV protease in a 1:20 ratio overnight at 18°C, and then the TEV was removed using a Ni-NTA resin. The identity of the recombinant hTFPα was confirmed by MS. Two batches of recombinant protein were produced and used in the present study.

For the production of the hTFPα-Y271F mutant, we used as a template the plasmid containing the sequence of the hTFPα-wt, and the mutation introduced by PCR site-directed mutagenesis using the following forward and reverse primers, respectively: 5’ - GAA AAA TTG ACA GCG TTT GCC ATG ACT ATT C -3’, and 5’ - G AAT AGT CAT GGC AAA CGC TGT CAA TTT TTC -3’. The presence of the mutation was verified by DNA sequencing (Macrogen). Recombinant hTFPα-Y271F was expressed in E. coli BL21 (DE3), following the same procedure described for the wt protein. The only difference was that the 6xHis-tag was removed with TEV protease before SEC purification, and not after this chromatography as described for the WT.





Phosphorylation of hTFPα and OH1-C112S by Jak

The recombinant hTFPα-wt, hTFPα-Y271F, and OH1-C112S produced as reported previously (Segovia et al., 2017), were phosphorylated with commercial Jak-1 kinase (Thermo Fisher Scientific) in the SEC-buffer supplemented with 2.5 mM MnCl2, 7.5 mM MgCl2, 1 mM DTT, and 1 mM ATP as substrate for 2 hours at 30°C. An enzyme:substrate (E:S) molar ratio of 1:3000 was used. Then, Jak-1 was removed by purification with glutathione agarose (LifeTech) and ATP was removed by SEC (PD-10, GE). The phosphorylated proteins were then used in PtpA activity and MS assays.





PtpA activity assays on the recombinant hTFPα

To evaluate PtpA activity in solution using the recombinant proteins (hTFPα-wt or hTFPα-Y271F, OH1-C112S) we first phosphorylated them with Jak-1 as described above. The buffer of the proteins was changed by SEC to the activity buffer (50 mM Tris-HCl pH 8.0, 50 mM NaCl, 5% glycerol, 3 mM EDTA, 1 mM DTT and 0.1% Tween 20). To avoid PtpA inactivation and interference of the detergent during MS identification of the phospho-peptides (Feist & Hummon, 2015) it was not possible to increase the concentration of detergent more than 0.1% Tween 20. To preserve both proteins in solution the maximal incubation time at 37°C was 30 min. The E:S molar ratios used were 1:5000, 1:500 and 1:50. After 30 min, spots of 5 μL of the reaction were applied in a nitrocellulose membrane by triplicates and then the membrane was dried and blocked with membrane blocking solution (Invitrogen #00-0105). Afterward, membranes were washed in TBS-T and probed for p-Tyr levels with anti-p-Tyr antibody (Cell Signalling #9411) at 1/2000 dilution in TBS-T, ON at 4°C. Blots were then incubated with horseradish peroxidase (HRP)-linked anti-mouse (Sigma-Aldrich A4416, 1/10000) secondary antibody for 1 h at RT. After four washes with TBS-T, and one wash with TBS, the reaction was developed with Pierce ECL western blotting substrate (Thermo Scientific). The chemiluminescent signals of the bands were visualized using the GBOX ChemiSystem tool (SynGene). For the assays using hTFPα-wt or hTFPα-Y271F as substrate, the membrane was reprobed with anti hTFPα antibody (Abcam ab200652) to determine the ratio between p-Tyr and hTFPα chemiluminescent signals, quantified using ImageJ (Schneider et al., 2012).





Mass spectrometry identification

The samples were separated 1.5 cm by SDS-PAGE and stained with colloidal Coomassie Brilliant Blue G-250. Each lane was excised into 4 slices that were destained by incubation with 0.2 M ammonium bicarbonate/ACN (1:1) for 1 h at room temperature with agitation. After this, proteins were reduced with 10 mM DTT at 56°C for 60 min and then alkylated with 55 mM iodoacetamide at room temperature for 45 min and in darkness. Then, in-gel proteolytic digestion and peptide extraction were performed as described earlier (Gil et al., 2019). To verify the identity of the hTFPα immunopurified or produced as recombinant protein and for p-Tyr identification, online MS detection/analysis was carried out in a nano-HPLC (UltiMate 3000, Thermo) coupled to a hybrid quadrupole-orbitrap mass spectrometer (QExactive Plus, Thermo). Peptide mixtures were loaded on C18 columns and separated using a two-solvent system (solvent A: 0.1% formic acid in water and solvent B: 0.1% formic acid in acetonitrile) with a gradient from 0% to 90% of B) and a flow rate of 0.2 mL/min over 100 min. Peptide analysis was performed in a Q-exactive Plus (Q-Orbitrap, Thermo) associated with a Nano HPLC. Xcalibur 2.1 was used for data acquisition of a full MS scan in the positive ion mode with m/z between 200 and 2000 m/z. Sequential fragmentation of the ten most intense ions with a normalized collision energy of 35, an isolation width of 2 m/z. The activation Q was set at 0.25, the activation time at 15 ms, and a dynamic exclusion time of 30 s. MS source parameters were set as follows: 2.3 kV electrospray voltage and 260°C capillary temperature. PatternLab V (Version 5.0.0.109) (Santos et al., 2022) was employed to generate a target-decoy database using sequences from E. coli and hTFPα, PtpA, Jak, downloaded from the UniProt. In addition, 127 common mass spectrometry contaminants were included (Carvalho et al., 2016). The Comet search engine was operated using the following parameters: trypsin as a proteolytic enzyme with full specificity; oxidation of Met and phosphorylation on Tyr as variable modifications, carbamidomethylation of Cys as fixed modification; and 35 ppm of tolerance from the measured precursor m/z. XCorr and Z-Score were used as the primary and secondary search engine scores, respectively. Peptide spectrum matches were filtered using the Search Engine Processor (SEPro), and acceptable false discovery rate (FDR) criteria were set at ≤1% at the protein level and ≤2% at the peptide level.

To improve the identification of the phospho-peptides by MS, the phosphoproteins contained in one mg of recombinant hTFPα were purified using the Pierce Phosphoprotein Enrichment kit (Thermo). This sample was used in the phosphatase assay (1 h at 37°C) without or with PtpA. Then the proteins were treated with sequencing-grade trypsin (0.25 μg, 3h or ON at 25°C), and the detergent was removed using a specific resin (Pirce#87780). Prior to MS analysis samples were desalted using C18 reverse phase micro-columns (Omix®Tips, Varian), dried by vacuum, and resuspended at 1 µg/ul in 0.1% formic acid (v/v) in water. Samples were injected into a nano-HPLC (UltiMate 3000, Thermo) coupled to a hybrid quadrupole-orbitrap mass spectrometer (QExactive Plus, Thermo), and separated and analyzed as described above.
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Introduction

Tuberculosis (TB) still kills over 1 million people annually. The only approved vaccine, BCG, prevents disseminated disease in children but shows low efficacy at preventing pulmonary TB. Myeloid dendritic cells (mDCs) are promising targets for vaccines and immunotherapies to combat infectious diseases due to their essential role in linking innate and adaptive immune responses. DCs undergo metabolic reprogramming following exposure to TLR agonists, which is thought to be a prerequisite for a successful host response to infection.  We hypothesized that metabolic rewiring also plays a vital role in the maturation and migration of DCs stimulated with BCG. Consequently, we investigated the role of glycolysis in the activation of primary human myeloid CD1c+ DCs in response to BCG. 





Methods/results

We show that CD1c+ mDC mature and acquire a more energetic phenotype upon challenge with BCG. Pharmacological inhibition of glycolysis with 2-deoxy-D-glucose (2-DG) decreased cytokine secretion and altered cell surface expression of both CD40 and CCR7 on BCG-challenged, compared to untreated, mDCs. Furthermore, inhibition of glycolysis had differential effects on infected and uninfected bystander mDCs in BCG-challenged cultures. For example, CCR7 expression was increased by 2-DG treatment following challenge with BCG and this increase in expression was seen only in BCG-infected mDCs. Moreover, although 2-DG treatment inhibited CCR7-mediated migration of bystander CD1C+ DCs in a transwell assay, migration of BCG-infected cells proceeded independently of glycolysis. 





Discussion

Our results provide the first evidence that glycolysis plays divergent roles in the maturation and migration of human CD1c+ mDC exposed to BCG, segregating with infection status. Further investigation of cellular metabolism in DC subsets will be required to determine whether glycolysis can be targeted to elicit better protective immunity against Mtb.
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1 Introduction

Infection with Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis (TB), was the second leading cause of death by a single infectious agent in 2021 - killing 1.6 million people (WHO, 2021). New cases of multi-drug resistant and extensively-drug resistant TB are emerging every year. Consequently, the need for an effective vaccine is clear. Bacille Calmette-Guérin (BCG), a live attenuated strain of M. bovis, is the only vaccine licensed to prevent TB disease. Although BCG vaccination does not prevent primary infection with Mtb (Moliva et al., 2017), it is effective at preventing TB meningitis and extra pulmonary disseminated TB in children (Rodrigues et al., 1993; Trunz et al., 2006). BCG also affords limited protection against non-tuberculous mycobacterial infections such as Buruli ulcer and leprosy (Setia et al., 2006; Zimmermann et al., 2018). However, its efficacy at protecting against adult pulmonary TB varies from zero to 80% in different populations (Rodrigues et al., 1993).

Despite its shortcomings, BCG vaccination of high-risk individuals is still a key component of the WHO’s End TB Strategy (WHO, 2021) and BCG remains the benchmark against which candidate vaccines are measured. BCG is one of the most widely used vaccines globally and is administered via the intradermal route to neonates in countries with a high burden of TB – with approximately 100 million babies vaccinated each year (WHO, 2008). BCG is also an integral part of several new vaccination strategies tested in clinical trials, including recombinant strains with improved immunogenicity (Loxton et al., 2017; Nieuwenhuizen and Kaufmann, 2018), subunit vaccines designed to boost the immune response elicited by BCG (Nemes et al., 2018; Van Der Meeren et al., 2018) and revaccination of adolescents (Nemes et al., 2018). BCG is also used as a first line immunotherapy for early stage bladder cancer (Lamm, 1985). Vaccination with BCG also confers heterologous protection against a variety of infectious diseases unrelated to TB (Kleinnijenhuis et al., 2014; Higgins et al., 2016) (Giamarellos-Bourboulis et al., 2020) as well as showing therapeutic potential in protection against certain autoimmune diseases (Ristori et al., 2014; Kuhtreiber et al., 2018).

Trafficking of DCs infected with live bacilli to the draining lymph node (LN) is essential for the generation of an antigen-specific immune response following infection with mycobacteria (Marino et al., 2004; Reiley et al., 2008; Wolf et al., 2008; Samstein et al., 2013; Bollampalli et al., 2015) although virulent strains of mycobacteria can also impair the ability of infected DCs to migrate (Rajashree et al., 2008; Roberts and Robinson, 2014; Lai et al., 2018). Pulmonary delivery of Mtb antigen-primed DCs into naïve (Gonzalez-Juarrero et al., 2002; McShane et al., 2002) and vaccinated mice (Griffiths et al., 2016) has been shown to accelerate T-cell responses to Mtb infection. In addition, CD11c+ DCs have been successfully targeted with mycobacterial antigens conjugated to a DC-Sign antibody to produce protective T cell responses (Velasquez et al., 2018). Myeloid or conventional (m/cDCs) are one of the major cell populations infected with Mtb in the lung and draining lymph nodes (LN) in mouse models of TB (Wolf et al., 2007) and in humans comprise of three subsets: cDC1, CD1c+ cDC2 and the recently identified inflammatory cDC3 which also express CD1c in addition to CD163 and CD14 (Segura, 2022). The murine counterpart of human CD1c+ mDCs - CD11b+ cDCs - initiate Th1 T cell immunity during pulmonary Mtb infection (Lai et al., 2018). Moreover, migratory epidermal CD11bhi cDCs transport BCG from the skin to draining LN to prime CD4+ T cells following BCG inoculation (Bollampalli et al., 2015; Krmeska et al., 2022). Human blood-derived CD1c+ mDCs are susceptible to infection with BCG, up-regulating CD40, CCR7, HLA-DR, CD86 and other maturation markers, as well as producing TNF-α and IL-6 (Lozza et al., 2014). However, the intracellular processes that enable primary human CD1c+ mDCs to perform these immune functions in response to bacterial infection are unknown.

Interactions between innate immune cells and microorganisms can result in changes in host cell metabolism that shape the subsequent immune response. A shift from oxidative phosphorylation (OXPHOS) to aerobic glycolysis is required for maturation of murine bone marrow derived DCs (BMDCs) stimulated with LPS and eventually results in an almost complete abrogation of mitochondrial metabolism (Krawczyk et al., 2010; Everts et al., 2014). Human CD1c+ mDCs stimulated with single-stranded RNA, a TLR7/8 agonist, also undergo similar metabolic reprogramming to support their maturation (Basit et al., 2018). Our group previously showed that a metabolic switch to aerobic glycolysis plays an important role in the control of Mtb infection by macrophages (Gleeson et al., 2016). Here, we investigated the metabolic requirements of human CD1c+ mDCs in response to the BCG vaccine. Upon challenge with BCG, CD1c+ mDCs exhibited increased rates of OXPHOS and glycolysis. Inhibition of glycolysis with 2-Deoxy-D-Glucose (2-DG) decreased cytokine secretion and decreased the cell surface expression of CD40 in BCG-challenged cells. Unexpectedly, we found that inhibition of glycolysis had distinct effects on bystander and directly infected DCs, being required for optimal cell surface expression of CD40 and for CCR7-mediated migration of bystander cells, while both these functions were independent of glycolysis in BCG-infected cells. Our results suggest that the glycolytic pathway plays an important but nuanced role in the function of CD1c+ mDCs in the response to mycobacterial infection. A better understanding of the metabolic response of DCs to BCG vaccination may aid the development of a vaccine that stimulates more effective protection against Mtb.




2 Materials and methods



2.1 Mycobacteria

Bacillus Calmette-Guerin (BCG) expressing GFP (green fluorescent protein) was a gift from V. Deretic (University of New Mexico, Albuquerque, NM). Stocks were propagated in Middlebrook 7H9 (Difco; Becton Dickinson) containing 10μg/ml Kanamycin (Sigma-Aldrich). Aliquots were stored at -80°C, thawed and grown to log phase in Middlebrook 7H9 medium before use.




2.2 CD1c+ mDC isolation

Human CD1c+ myeloid DCs (mDCs) were isolated from blood samples obtained from patients with no known infections attending the Haemochromatosis Clinic in St. James’s Hospital after informed consent, as approved by the St. James’s Hospital and Tallaght University Hospital Joint Research Ethics Committee. First, PBMCs were separated by density gradient centrifugation on Lymphoprep™ (Axis-Shield). Cells were re-suspended in DC isolation buffer (2mM EDTA, 0.05% BSA in PBS) and DCs were enriched from PBMCs by negative magnetic separation using the EasySep™ Human Pan-DC Pre-Enrichment Kit following the manufacturer’s instructions (STEMCELL Technologies). The negative fraction containing DCs was then stained in DC isolation buffer with antibodies against lineage markers (Lin) (CD3, CD14, CD16, CD19, CD20, CD56), HLA-DR, CD1c and CD304 for 20min on ice in the dark. CD1c+ mDCs were further purified by cell sorting according to the following staining: Lin-HLA-DR+CD304-CD1c+.




2.3 CD1c+ mDC culture and infection

CD1c+ mDCs were cultured in RPMI 1640 Medium (Lonza) containing 5% Human Serum (Sigma-Aldrich) without antibiotics and challenged with BCG on the same day of isolation. Unless otherwise stated, cells were seeded at a density of 7.5 x 105 cells/well in 200μl and infected for 20h with BCG at a ratio of 10 bacilli:cell. Alternatively, mDCs were stimulated with a combination of the TLR ligands Resiquimod (R-848, 5μg/ml, Enzo Life Sciences) and Polyinosinic-Polycytidylic acid (poly(I:C), 20μg/ml, Sigma-Aldrich) for the same period. Where indicated CD1c+ mDCs were treated for 1h prior to, and for the duration of infection with 1mM 2-Deoxyglucose (2-DG, Sigma-Aldrich).

For analysis by confocal microscopy CD1c+ mDCs were challenged with GFP-BCG as outlined above, washed and fixed with 2% paraformaldehyde and then mounted onto Polysine slides (ThermoFisher Scientific). Cells were imaged with a 63X magnification oil immersion objective on a Leica SP8 confocal microscope using LAS X software (Leica).




2.4 Flow cytometry

Flow cytometry analysis (CyAn ADP, Beckman Coulter) and cell sorting (MoFlo XDP, Beckman Coulter) were performed with the following antibodies (anti-human): Lineage Cocktail-FITC (CD3, CD14, CD16, CD19, CD20, CD56), HLA-DR-BrilliantViolet 421 (L243), CD304-PE (12C2), CD1c-APC (V T-CD01.18), CD40-APC/Cy7 (5C3), CCR7- PerCP/Cy5.5 (G043H7), Zombie Red (or Zombie Aqua) Fixable Viability Dye and anti-mouse IgG1-PE (RMG1-1) (all from Biolegend); CD83-APC and CD86-PE (BD Pharmingen). CD1c+ mDCs were harvested following BCG infection or TLR stimulation and stained for 20 minutes on ice in the dark in DC isolation buffer. Cells were then washed and fixed in 2% paraformaldehyde when necessary. CD1c+ mDCs were gated on forward scatter and side scatter to exclude cell clumps and debris. Dead cells were excluded from analysis according to Zombie Red staining (or with Zombie Aqua when cells were stained with Texas red conjugated to Dextran). Unstained CD1c+ mDCs, BCG-GFP and FMO controls were used to determine negative populations and to adjust gates appropriately. GLUT1 (Metafora Biosystems) staining was performed according to the manufacturer’s instructions. Mean fluorescence intensity (MFI) and the percentage of positive cells was determined for CD83, CD86, CD40 and CCR7. Analysis was performed using FlowJo® (Tree Star, Inc).




2.5 Dextran uptake assay

Peripheral venous blood samples were obtained from healthy adult donors following informed consent. PBMCs were separated by density gradient centrifugation on Lymphoprep™ and cells were washed twice with Ca/Mg-free PBS. PBMCs were resuspended in RPMI supplemented with 2% human serum and 1mg/ml dextran conjugated to Texas red (ThermoFisher) (Wang et al., 2009). Cells were incubated for 24 h at 4°C (as a negative control) or 37°C, washed, stained with cell surface markers, and analysed by flow cytometry. Dextran uptake was measured in live CDC1+ mDCs which were defined as Zombie Aqua- Lin- HLA-DR+ CD11c+CD1c+ and CD304- cells.




2.6 Cytokine measurements

Cytokine concentration was assessed in cell-free supernatants at 20h post-infection using Meso Scale Discovery Proinflammatory Panel 1 (human) (MSD, Gaithersburg, MD) for the detection of IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-8, IL-10, IL-12p70, IL-13, and tumor necrosis factor (TNF)-α. Assay was performed according to the manufacturer’s instructions and data analyzed using Discovery Workbench 3.0 software (MSD).




2.7 Migration assay

CD1c+ mDCs migration assay towards CCL19 was performed using 24-well Transwell plates containing 5μm pore polycarbonate membrane inserts (Corning Life Sciences). A total of 1x105 CD1c+ mDCs were challenged with BCG, with or without 2-DG (1mM), for 20h. Following infection, the cells were harvested, counted and suspended in 200µl of culture medium and placed on the upper side of the membrane. A portion of the cells (“input”) was kept aside for analysis as detailed below. The remaining mDCs were allowed to migrate to the lower chamber containing 750µl of complete RMPI medium containing CCL19 (50ng/ml, Bio-Techne) for 3h at 37°C. Input and transmigrated cells were stained with 10μg/ml cell-permeable Hoechst 33342 (Thermo Scientific) and counted using the Cytell Cell Imaging System (GE Life Sciences). Results were expressed as the percentage of cells migrating to the lower chamber in relation to the initial cell number added to the upper chamber (input). Input and migrating cells, challenged with BCG with or without 2-DG treatment, were recovered, fixed with 2% paraformaldehyde and then mounted onto Polysine slides (ThermoFisher Scientific). 200 cells in each sample were counted using an Olympus IX51 fluorescent microscope with a 100X oil objective. Infected cells were detected using the FITC filter to visualize GFP and nuclei were visualized using the DAPI filter to count all of the cells. Changes in migration of bystander (GFP-) and directly infected (GFP+) cells were calculated as the ratio of the number of migrated cells (GFP- or GFP+) to the original numbers of GFP- or GFP+ cells added to the top of the transwell.




2.8 Metabolic assays

Real-time analysis of extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) was determined in mDCs using an XFe24 Extracellular Flux Analyzer (Seahorse Biosciences). Briefly, 2x105 CD1c+ mDCs were seeded onto Seahorse XF24 Cell Culture Microplates pre-coated with CellTak™ (1µg/well, Corning) and challenged with rifampacin-killed BCG-GFP at a ratio of 50 bacilli:cell for 20h in complete RPMI. CD1c+ mDCs were then carefully washed with Seahorse Media supplemented with 2mM L-glutamine and 10mM glucose. The Agilent Seahorse XF Cell Mito Stress Test Kit was used to assess mitochondrial function. The optimal concentrations of oligomycin and FCCP were determined in an initial pilot study. Measurement of baseline ECAR and OCR was carried out followed by successive injections of the following reagents to obtain the indicated concentrations: oligomycin (1 μM), FCCP (2 μM) and finally rotenone (0.5 μM) + antimycin A (0.5 μM). Glycolytic function was assessed in the cells using the Seahorse XF Glycolysis Stress Test Kit according to the manufacturer’s instructions. Cells were challenged with BCG-GFP as above and CD1c+ mDCs were then carefully washed with Seahorse Media supplemented with 2mM L-glutamine and incubated in a non-CO2 incubator for 1 hour prior to the run. Baseline ECAR and OCR were measured before and after injection of glucose (10mM) to determine basal rates of ECAR and OCR followed by injections of oligomycin (1 μM) and finally 2-DG (50mM). Results were normalized by cell number in each well which was determined by staining the cells with 10μg/ml Hoechst 33342 followed by analysis using the Cytell Cell Imager as described above.

L-Lactate concentration was measured in the cell supernatants at 20h p.i. with BCG by colorimetric assay in 96-well plates according to the manufacturer’s instructions (Sigma-Aldrich). The absorbance of samples and standards was read at 570 nm using an Epoch Microplate Spectrophotometer with Gen5 Data Analysis software (BioTek Instruments).




2.9 Statistical analysis

Statistical analysis was performed using Graph Pad Prism 9 Software (San Diego, CA, USA). Results are expressed as mean ± SEM. Data was considered non-parametric as per normality test performed on the data sets. Tests used were unpaired/paired two-tailed t test or Wilcoxon-ranked sum test as appropriate to compare two groups and Repeated Measures One-Way Analysis of Variance (ANOVA) to compare more than two sets of data followed by the recommended post tests. Repeated Measures or mixed model Two-Way ANOVA was used to compare more than two sets of paired grouped data followed by the recommended post tests. A p value < 0.05 was considered statistically significant.





3 Results



3.1 Challenge of CD1c+ mDCs with BCG results in up-regulation of surface markers and cytokine secretion

Myeloid dendritic cells are very scarce, comprising of between 0.3% - 0.9% of all peripheral blood mononuclear cells. These cells have a short lifespan in vitro (Nopora and Brocker, 2002; Hou and Van Parijs, 2004) and can become activated upon culturing (Dzionek et al., 2000), facts that restrict the use of these cells in vitro. We first attempted to isolate CD1c+ mDCs from the buffy coats provided by the Irish Blood Transfusion Service facility in St James Hospital Dublin, Ireland. Following isolation of PBMCs from blood and enrichment of the DC population by magnetic beads, CD1c+ mDCs were sorted according to expression of the surface markers Lineage-, HLA-DR+, CD1c+ and CD304- (Figure 1A). However, buffy coats are available for processing only 48 hours after they are drawn, which could explain the low yield of DCs isolated from these buffy coats: the number of CD1c+ mDCs obtained by this methodology ranged from 4.2x103 to 0.7x106 cells (mean = 0.30x106, SD ± 0.28x106) per buffy coat. For this reason, we isolated CD1c+ mDCs from fresh blood collected from patients with Hereditary Hemochromatosis (HH). The number of CD1c+ mDCs obtained from one unit (approximately 500ml) of freshly drawn blood was significantly higher and ranged from 4x105 to 1x106 cells with purity of 94.03% (SD ± 4.15%, n= 62). Our preliminary analysis showed no significant differences regarding expression of surface markers and endocytic capacity (assessed by Dextran-internalization assay) between mDCs from HH patients and healthy controls (Supplementary Figure 1).




Figure 1 | CD1c+ myeloid DCs respond to challenge with BCG through phagocytosis and up-regulation of maturation markers. (A) Gating strategy used for sorting CD1c+ mDCs. Dendritic cells were enriched from PBMCs by application of Pan-DC Pre-Enrichment Kit and purified by cell sorting. Lineage marker consisted of a cocktail of antibodies against CD3, CD14, CD16, CD19, CD20 and CD56 surface markers. Dot plots show one representative donor. (B) Percentage of infected (BCG-GFP+) CD1c+ mDCs at 20h post infection with MOI 10. Dot plots show one representative donor and graph shows individual and mean value ( ± SEM) from 19 different donors. (C) Surface marker levels for CD40 (n=8), CD83 (n=4-5) CD86 (n=4-5), CCR7 (n=7) shown as mean fluorescence intensity (MFI) in CD1c+ mDCs challenged with BCG (MOI 10) or combination of the TLR ligands poly(I:C) (20μg/ml) + R-848 (5μg/ml) compared to control (media). Box plots extend from the 25-75% interquartile range, the horizontal bar depicts the median and whiskers indicate the minimum to maximum values. Each dot represents the result from an individual donor. (D) Surface marker levels shown as percentage of positive cells. Each dot represents the result from an individual donor, bars show mean and SEM. Statistical significance was determined using a repeated measures one way analysis of variance (or mixed effects model where appropriate) with Dunnett’s multiple comparisons test comparing BCG and poly(I:C)+R-848 to the media control. * p< 0.05, **p<0.01 and ***p<0.001, ns, not significant.



In keeping with a previously published report (Dzionek et al., 2000) confocal microscopy of the sorted CD1c+ mDCs revealed that they were medium-sized cells with hyperlobulated nuclei (Supplementary Figure 2A). Purified CD1c+ mDCs were challenged with a GFP-tagged strain of BCG, at a ratio of 10:1 mycobacteria:cell or stimulated with a mixture of the TLR ligands poly(I:C) and R-848 for 20h. Analysis by flow cytometry showed that an average of 22.7% (SD ± 7.8) of the mDCs had successfully phagocytosed bacilli (Figure 1B). Z-stack imaging of BCG-challenged mDCs (n=5 individual donors) indicated that the bacteria were located within the infected cells rather than adhering to the surface (Supplementary Figure 2B).

The maturation status of the CD1c+ mDCs following infection was performed by assessing expression of maturation markers on the cell surface and cytokine secretion on the cell supernatants. Challenge with BCG or stimulation with poly(I:C)/R-848 resulted in up-regulation of the surface markers CD83, CD40 and CCR7. Expression of CD86 trended towards an increase but did not reach statistical significance with either stimulus (Figure 1C, D).




3.2 Challenge with BCG induces changes in the cell metabolism of humans CD1c+ mDCs

Increasing evidence has reinforced the importance of metabolic reprogramming in licensing immune cells to perform their effector functions. TLR stimulation of murine DCs boosts their rate of aerobic glycolysis, which is necessary to meet increased biosynthetic demand during maturation (Krawczyk et al., 2010; Everts et al., 2014; Thwe and Amiel, 2018). A shift towards glycolysis is also necessary for human macrophages to control infection with Mtb (Gleeson et al., 2016). Therefore, we hypothesized that human CD1c+ mDCs would also undergo metabolic reprogramming upon challenge with BCG and decided to characterize the energetic profile of these cells. We first analyzed the baseline extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) of immature and BCG-challenged CD1c+ mDCs at 20h p.i using a Seahorse metabolic analyzer in the presence of glucose (Figure 2A). We observed that BCG and poly(I:C)/R848 modestly increased the rates of glycolysis (ECAR measurement) and mitochondrial respiration (OCR measurement) in CD1c+ mDCs, resulting in a more energetic phenotype (Figure 2B). An examination of mitochondrial function using the Mito Stress Test (Supplementary Figure 3) revealed a trend towards increased basal OCR in BCG-challenged cells and maximal respiration was significantly higher with BCG challenge compared to the control, indicating that they have an increased capacity to oxidise mitochondrial fuels when stressed. In addition, non-mitochondrial OCR was significantly decreased in BCG-challenged mDCs compared to control cells. The increase in baseline OCR observed in poly(I:C)/R848-treated cells was primarily due to an increase in non-mitochondrial OCR, possibly due to increased cytosolic ROS production.




Figure 2 | Metabolic profile of CD1c+ mDCs in response to BCG. (A) XF Cell Energy Phenotype of uninfected and BCG-challenged CD1c+ mDCs at 20h p.i. Plot shows average of baseline readings ( ± SEM) for 5 donors of oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) obtained with the Seahorse Extracellular Flux Analyzer. Box plots extend from the 25-75% interquartile range, the horizontal bar depicts the median and whiskers indicate the minimum to maximum values. Superimposed dots represent the results from five individual donors. (B) Lactate secreted in the cell supernatants measured at 20h p.i with BCG challenge or stimulation with TLR ligands. Box plots extend from the 25-75% interquartile range, the horizontal bar depicts the median and whiskers indicate the minimum to maximum values. Superimposed dots represent the results from seven different donors. Statistical significance was determined using a repeated measures one way analysis of variance with Dunnet’s multiple comparisons test. * p< 0.05, ***p<0.001.



Lactate is an end product of glycolysis, and its production is increased as a result of LPS-mediated enhancement of glycolytic flux in dendritic cells (Jantsch et al., 2008; Everts et al., 2012). To confirm an increase in glycolysis in our model, in parallel we measured the levels of lactate secreted in the cell supernatants. Lactate production was significantly increased in BCG-challenged CD1c+ mDCs in comparison to uninfected control cells in response to both BCG and the TLR ligands poly(I:C)/R-848 (Figure 2C). Increased glycolytic flux can also be accompanied by increases in the expression of glucose transporters on the cell surface. We measured the expression of Glucose Transporter 1 (GLUT1) on CD1c+ mDCs by flow cytometry but no significant differences were observed between the different groups (Supplementary Figure 4). Taken together, these results suggest that challenge with BCG results in changes in cell metabolism of CD1c+ mDCs, inducing a more energetic phenotype and increased lactate production but without a concomitant increase in GLUT1 cell surface expression.




3.3 Challenge with BCG boosts the glycolytic function of CD1c+ mDCs

As the glycolytic pathway has been shown to have an important role in survival and function of DCs and basal rates of glycolysis were significantly increased following exposure to BCG, we examined glycolytic function of CD1c+ mDCs in response to BCG infection in more detail. To specifically interrogate extracellular glucose-driven metabolism we performed a glycolysis stress test of BCG-challenged CD1c+ mDCs in comparison to naive cells. Cells were exposed to BCG as described before and the culture medium was replaced with glucose-free medium for 1 hour prior to the assay. Then, ECAR was measured at baseline levels and again after re-introduction of glucose to determine the basal glycolytic rate. Next, oligomycin was added to the cells to block mitochondrial respiration and promote maximal levels of glycolysis and, finally, glycolysis was blocked by addition of 2-DG to the cells (Figure 3A). With this methodology it was possible to determine the basal glycolytic rate (difference between ECAR before and after glucose addition), glycolytic capacity (difference between ECAR following injection with oligomycin and basal readings) and glycolytic reserve (difference in ECAR between addition of glucose and oligomycin) of the cells. Both uninfected and BCG-infected CD1c+ mDCs increased ECAR following addition of glucose to the cells (Figure 3A) but the basal glycolytic rate was significantly higher for BCG-infected cells (Figure 3B). In addition, OCR was increased in BCG-challenged cultures following the addition of glucose. (Figures 3B, C). BCG-infected cells also showed enhanced glycolytic capacity when compared to uninfected cells. However, we observed that infection with BCG did not alter the glycolytic reserve of the CD1c+ mDCs. These data indicate that BCG challenge increases the glycolytic rate and boosts the capacity of CD1c+ mDCs to use glucose to produce ATP via glycolysis when stressed. Non-glycolytic acidification was also significantly increased in BCG-challenged cultures compared to control (Figure 3C).




Figure 3 | Analysis of glycolytic function in CD1c+ mDCs following challenge with BCG. (A) ECAR readings (mean ± SEM) for six independent donors) of CD1c+ mDCs subjected to the Glycolysis Stress test which were initially cultured in glucose-free medium and ECAR was measured following glucose (Glu), oligomycin (Oligo), and 2-Deoxy-D-glucose (2-DG) injections in control and BCG-challenged CD1c+ mDCs at 20h p.i. (B) XF Cell Energy Phenotype of uninfected and BCG-challenged CD1c+ mDCs (n=6) at 20h p.i. ECAR changes as determined by Seahorse metabolic profiling. Plot shows average of basal readings (± SEM) for oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) after the addition of 10mM glucose obtained with the Seahorse Extracellular Flux Analyzer. (C) Box plots depict Glycolysis rates (ECAR after glucose addition subtracted from baseline ECAR before the first injection), Glycolytic Capacity (ECAR after oligomycin infection subtracted from basal ECAR) and Glycolytic Reserve (glycolytic capacity minus basal glycolysis) calculated from the ECAR curve. Box plots extend from the 25-75% interquartile range, the horizontal bar depicts the median and whiskers indicate the minimum to maximum values. Superimposed dots represent the results from six independent donors. Statistical significance was determined using paired t-tests. * p< 0.05, ns, not significant.






3.4 Inhibition of glycolysis decreases cytokine secretion of BCG-challenged CD1c+ mDCs

To understand the role of the glycolytic pathway in CD1c+ mDC function in response to BCG, we pretreated the cells with the glycolysis inhibitor 2-DG prior to infection. We first investigated if inhibition of glycolysis affected the phagocytic capacity of the CD1c+ mDCs. However, pre-treatment with 2-DG had no impact on the level of BCG infection when compared to untreated control cells (Figures 4A, B) although it had a small but significant effect on viability of BCG challenged DCs (Figure 4C). We then assessed the effect of 2-DG on cytokine production by the CD1c+ mDCs following challenge with mycobacteria. Exposure to BCG induced secretion of the cytokines IL-1β, IL-6, TNF-α and IL-10 (Figure 4D). Production of IL-12p70, IFN-γ and low levels of IL-4 was only detected after TLR stimulation but not in BCG-challenged cells (data not shown). These results are consistent with previous findings (Lozza et al., 2014) and suggest no functional abnormalities in response to infection with BCG in the CD1c+ mDCs used in this study.




Figure 4 | Inhibition of glycolysis decreases secretion of cytokines but does not affect phagocytosis of BCG by CD1c+ mDCs. (A) Representative dot plots from one donor showing percentage of GFP+ untreated or 2-DG treated CD1c+ mDCs and graph (B) showing percentage of BCG+ cells (mean value ± SEM) of six independent donors at 20h upon infection with BCG in cells pre-treated or not with 2-DG (1mM). (C) CD1c+ mDCs were treated or not with 1mM 2-DG and then challenged with BCG for 20h. Viability (% live cells) was then determined by staining the cells with Zombie red dye followed by analysis by flow cytometry. Cells that were negative for Zombie red were considered viable. Bar charts show mean (± SEM) and superimposed dots represent the results from six independent donors. Statistical significance was determined by two-way repeated measures analysis of variance followed by Šídák’s multiple comparison test. (D) Cytokine production was measured in the cell supernatants at 20h p.i. Graphs show values (± SEM) from six independent donors. Statistical significance was determined using a Wilcoxon signed-rank test, * p< 0.05, ns, not significant.



Inhibition of glycolysis significantly decreased the secretion of IL-1β, TNF-α and IL-10 by BCG-infected cells (Figure 5). Production of IL-6 was not altered by 2-DG. These results suggest that the glycolytic pathway is involved not only in the secretion of pro-inflammatory cytokines but also is necessary for optimal IL-10 production by CD1c+ mDCs.




Figure 5 | Inhibition of glycolysis has differential effects on cell surface expression of CD40 and CCR7 of bystander and BCG-infected CD1c+ mDCs. Surface levels of CD40 and CCR7 were analyzed by flow cytometry at 20h p.i. with BCG in CD1c+ mDCs pre-treated or not with 2-DG (1mM). (A) Percentage of CD40 positive and (E) CCR7 positive and (B) MFI of CD40 and (F) CCR7 positive live CD1c+ mDCs with and without preincubation with 2DG when gating strategy comprised all live cells. Graphs show mean fluorescence intensity (MFI). (D) CD40 and (H) CCR7 levels resulting from analysis in which the BCG-challenged CD1c+ mDCs that had phagocytosed BCG (BCG-GFP+) were gated and analyzed separately from cells that had not taken up mycobacteria (BCG-GFP-). Bar charts show mean and SEM and superimposed dots represent the results from three - six individual donors. Box graphs show mean - whiskers min to max values, and superimposed dots represent the results from three - six individual donors. Histogram overlays plots (C, G) are representative. Statistical significance was determined by two-way mixed model analysis of variance with Šídák’s multiple comparison tests. *p<0.05 and ***p<0.001, ns, not significant.






3.5 Expression of the maturation markers CD40 and CCR7 in BCG-challenged CD1c+ mDCs is altered by inhibition of the glycolytic pathway

To further investigate the role of glycolysis in the effector function of CD1c+ mDCs in response to infection with BCG, we analyzed the cell surface expression levels of the costimulatory molecule CD40 and the chemokine receptor CCR7. The cells were once more pre-treated or not with 2-DG and challenged with BCG. Cell surface staining of the markers CD40 and CCR7 was analyzed by flow cytometry at 20h p.i. First, the analysis was performed considering all live cells in the cell population. As before, the percentage of CD40 positive cells and CD40 expression levels (measured as mean fluorescence intensity) were significantly increased in response to challenge with BCG. Inhibition of glycolysis with 2-DG significantly decreased the expression of CD40 (both percent positive cells and MFI) on BCG-challenged CD1c+ mDCs. Increased expression of CD40 was also observed with poly(I:C)/R848 stimulation compared to unstimulated cells and there was a trend towards decreased CD40 expression with 2-DG treatment, but this was not statistically significant (Figures 5A, B).

Most cells expressed CCR7 at baseline and the percentage of cells positive for CCR7 did not change significantly following challenge with BCG or treatment with 2-DG (Figure 5E). Surprisingly, surface expression of CCR7 was significantly increased after blocking glycolysis with 2-DG in infected cells. Expression levels of CCR7 were also significantly increased in poly(I:C)/R848 treated CD1c+ DCs with inhibition of glycolysis (Figure 5F).

As we used GFP-tagged BCG in our assays, we analyzed the surface levels of both CD40 and CCR7 maturation markers separately in the population of cells that successfully phagocytosed the mycobacteria, named here BCG-GFP+ cells, and those bystander cells which had been exposed to but had not engulfed any bacilli (BCG-GFP- cells). The results for CD40 showed that for the bystander BCG-GFP- CD1c+ mDCs, the surface levels of this marker were increased following challenge with BCG whereas inhibition of glycolysis for this cell population resulted in failure to up-regulate CD40. In contrast, in BCG-GFP+ CD1c+ mDCs, the expression levels of CD40 were up-regulated in response to challenge with BCG in both untreated and 2-DG treated cells indicative of differential effects of glycolysis on CD40 expression depending on whether or not the cells had phagocytosed the bacteria (Figures 5C, D).

Regarding the expression of CCR7 on the cell surface of CD1c+ mDCs following challenge with BCG, we observed that for the BCG-GFP- cells, the levels of CCR7 were similar for both untreated and 2-DG-treated cells. However, for the BCG-GFP+ population, inhibition of glycolysis significantly increased CCR7 expression levels compared to untreated BCG-GFP+ CD1c+ mDCs (Figures 5G, H).




3.6 The migratory capacity of CD1c+ mDCs infected with BCG is not dependent on glycolysis

Migration of infected mDCs to draining LNs is required to initiate an adaptive immune response to BCG (Bollampalli et al., 2015). Following our observation that treatment with 2-DG increased levels of CCR7 on the cell surface of BCG-infected CD1c+ mDCs, we set up a transwell migration assay to determine if inhibition of glycolysis influenced CCR7-dependent cell migration. CD1c+ mDCs, either unchallenged or challenged with BCG in the presence or not of 2-DG for 20h, were allowed to migrate for 3 hours through a membrane towards a gradient of CCL19, a ligand for CCR7 (Figure 6A). The numbers of transmigrated cells were counted by automated microscopy and then further analyzed by fluorescence microscopy to determine the proportion of GFP- and GFP+ cells. Few DCs migrated through the membrane in both uninfected and BCG-challenged control samples where culture medium alone was added to the lower chamber of the transwell plate. The number of migrated cells was significantly higher when medium containing CCL19 was present in the lower chamber (Supplementary Figure 5A). Analysis of the total CD1c+ mDCs that migrated through the membrane showed that treatment with 2-DG significantly decreased the overall migration of immature CD1c+ mDCs towards CCR7 from 57.50% (+/-13.60%) to 28.45% (+/- 8.52%) of the original number of DCs added to the upper chamber (input), in line with previously published results obtained with murine BMDC migrating to a CCR7 ligand (CCL21) (Guak et al., 2018). Blocking glycolysis with 2-DG decreased the overall migration of BCG-challenged CD1c DCs from 68.09% (+/-16.34%) to 48.78% (+/-6.82%) of the input (Figure 6B).




Figure 6 | Inhibition of glycolysis has differential effects on CCR7-mediated migration of bystander and BCG-infected CD1c+ mDCs. (A) In vitro cell migration assay outline: CD1c+ mDCs were pre-treated or not with 1mM of 2-DG and challenged with BCG-GFP for 20h. They were then resuspended in fresh medium and allowed to migrate for 3h in a transwell system through a 5μm pore membrane toward a gradient of CCL19 chemokine (50ng/ml). The total number of cells migrating into the lower chamber after 3h was enumerated using a Cytell Imager. Results were calculated as the percentage of cells migrating to CCL19. (B) Graph shows data from five different donors as a percentage of initial number of cells added to the chamber (input). Box plots extend from the 25-75% interquartile range, the horizontal bar depicts the median and whiskers indicate the minimum to maximum values. Each dot represents the result from an individual donor. Data were analyzed using Two-Way mixed model ANOVA with Šídák’s multiple comparisons test. (C) Representative image of transmigrated CD1c+ mDCs obtained using an epifluorescent microscope, showing intracellular GFP+ bacilli. Cell nuclei were counterstained with Hoechst 33342. (D) Aliquots of the cells added to the top chamber, and transmigrating cells collected from the lower chamber after 3 hours, were placed on slides and fixed. For each condition 200 cells were counted using the 100X objective of an epifluorescent microscope and the numbers of BCG-infected (GFP +) and uninfected cells (GFP -) was calculated. Results are plotted as a ratio of the number of infected or uninfected cells added to the top chamber (input) divided by the number of infected or uninfected transmigrated cells with and without 2DG treatment. Graph shows data from six different donors. Statistical significance was determined using paired t-tests. *p<0.05 and **p<0.01.



As before, based on the presence of GFP-expressing BCG, it was possible to differentiate between uninfected bystander (GFP-) and BCG-infected (GFP+) CD1c+ mDCs in the BCG-challenged cultures. Aliquots of the input and the transmigrated BCG-challenged cells from each donor - untreated (media) or treated with 2-DG - were mounted on slides and 200 mDCs per sample were visualised at 1000X magnification by fluorescent microscopy. We counted the numbers of input and migrated cells that were infected with BCG-GFP versus those bystander cells that were uninfected. The numbers of migrated BCG-infected and uninfected mDCs were normalised to the numbers of BCG-infected and uninfected mDCs respectively in the input. A significantly higher proportion of 2-DG-treated BCG-GFP+ mDCs migrated towards the chemokine stimulus relative to untreated BCG-GFP+ mDCs. Conversely, the proportion of BCG-GFP- bystander cells in the same samples was significantly reduced in the presence of 2-DG (Figure 6D). The percentages of transmigrated GFP+ and GFP- mDCs without normalisation are shown in Supplementary Figure 5B. Taken together, these data suggest that, although glycolysis potentiates the migration of immature and of mature bystander BCG-challenged CD1c DCs, glycolytic flux is not required for CCR7-mediated trafficking of BCG-infected CD1c+ mDCs.





4 Discussion

In this study, we characterized the metabolic profile and investigated the role of the glycolytic pathway in the response of CD1c+ mDCs the BCG vaccine. We found that CD1c+ mDC mature and acquire a more energetic phenotype upon challenge with BCG. Pharmacological inhibition of glycolysis with 2-DG decreased cytokine secretion and regulated the expression of both CD40 and CCR7 on BCG-challenged, compared to untreated, mDCs. In addition, inhibition of glycolysis had differential effects on infected and uninfected bystander mDCs in BCG-challenged cultures. To our knowledge, this is the first study investigating immunometabolism in human CD1c+ mDCs infected with mycobacteria.

A significant barrier to studying natural human DCs is their low frequency in blood and tissues which severely limits the number of assays that can be carried out on cells from any one donor. To optimize the purification procedure and assays and carry out the experiments presented here we processed blood from over 60 donors. Due to the low yield of viable DCs from buffy coats we isolated CD1c+ mDCs from freshly drawn blood collected from patients with Hereditary Hemochromatosis (HH). Our preliminary analysis showed no differences regarding expression of surface markers and endocytic capacity (assessed by Dextran-internalization assay) between mDCs from HH patients and healthy controls. We cannot rule out the possibility that there are differences between the response of HH and healthy control mDCs to BCG. However, a report investigating the characteristics of monocyte-derived DCs from HH patients showed no phenotype and functional differences at both the immature and mature stages in these cells (Phothirath et al., 2002). Despite the considerable challenges of working with these cells we believe it is important to carry out these studies using natural human DCs given that most of our knowledge of DC metabolism to date is based on in vitro studies of murine BMDCs or human monocyte-derived DCs which are ontologically and phenotypically distinct (Collin and Bigley, 2018) (Minarrieta et al., 2021).

Enhanced glycolysis is considered essential for the effector function and survival of activated immune cells, including DCs (Krawczyk et al., 2010; Everts et al., 2012). This increase in flux through glycolysis is associated with the high levels of protein and lipid synthesis that are necessary for DC functions such as cytokine secretion and increased cell surface expression of co-stimulatory molecules (Amiel et al., 2014). In line, we found that exposure of CD1c+ mDCs to BCG stimulated increased production of lactate and increased both the basal rate of glycolysis and the glycolytic capacity of human CD1c+ mDCs compared to immature mDCs. In contrast, the glycolytic reserve of BCG-challenged CD1c+ mDCs was similar to that of immature mDCs, suggesting that the highly glycolytic state induced in CD1c+ mDCs by BCG infection may exhaust their ability to further boost their rate of glycolysis. Although generally considered to play a pro-inflammatory role in DCs, a high glycolytic rate is also observed in tolerogenic mo-DCs, which are resistant to maturation and can inhibit T cell proliferation and cytokine production (Ferreira et al., 2015; Malinarich et al., 2015). BCG vaccination has been shown to induce both protective Th1/Th17 (Boer et al., 2015) and Treg responses in humans (Boer et al., 2015; Keefe et al., 2021). In agreement with a pro-inflammatory role for glycolysis in BCG-challenged DCs, we observed that treatment with 2-DG significantly decreased secretion of IL-1β and TNF-α by CD1c+ mDCs in response to BCG infection. Nonetheless, secretion of the anti-inflammatory cytokine IL-10 was also reduced after inhibition of glycolysis in human CD1c+ mDCs upon infection with BCG, like murine BMDCs stimulated with LPS (Krawczyk et al., 2010). Trafficking of BCG-infected CD11c+ DCs to draining LN is partially dependent on IL-1R signaling (Bollampalli et al., 2015) and both TNFα and IL-1β are crucial to host defence against Mtb infection (Mayer-Barber et al., 2010). IL-10 production, on the other hand, impairs the development of protective Th1/Th17 immune responses following BCG vaccination (Pitt et al., 2012).

Aerobic glycolysis is required to maintain the viability of iNOS-expressing murine DC subsets stimulated with LPS by providing ATP and metabolic intermediates in the face of sustained inhibition of mitochondrial respiration (Krawczyk et al., 2010; Everts et al., 2012; Everts et al., 2014; Thwe and Amiel, 2018). Our data, in contrast, show that the human CD1c+ mDCs population utilizes both pathways 20 hours after stimulation with BCG. This may reflect differences in the response to the stimulus used (LPS versus BCG), analogous to murine BMDCs stimulated with “weak” stimuli e.g. house dust mite - where an early increase in the rate of glycolysis is not sustained and does not lead to a concomitant decrease in OXPHOS - compared to “strong” stimuli (LPS, zymosan) which skew metabolism almost exclusively towards aerobic glycolysis (Guak et al., 2018). Basit and colleagues observed that TLR7/8 stimulation of human CD1c+ DCs with single-stranded RNA induces metabolic reprogramming by down-regulating OXPHOS via BNIP3-mediated mitophagy and inducing glycolysis to support maturation (Basit et al., 2018), indicating that this DC subset is capable of undergoing a Warburg-like switch to aerobic glycolysis under certain circumstances. Therefore, the more balanced response to BCG may be stimulus-dependent rather than a DC subset-specific response. Interestingly, TLR stimulation with poly(I:C)/R848 did not seem to inhibit OXPHOS either. Maintaining metabolic flexibility in vivo where maturing mDCs are competing with other immune cells for finite levels of nutrients could be an advantage (Amiel et al., 2012; Lawless et al., 2017). The bioenergetic requirements of mDCs responding to bacteria may also vary at different stages of maturation, in which case maintaining mitochondrial function could also be necessary to mount an effective immune response. Whether the changes we observed in ECAR and oxygen consumption are a true reflection of metabolic flexibility - whereby individual BCG-challenged cells increase their use of both pathways - or are the net result of heterogeneous metabolic responses of different mDCs is unclear and requires further investigation (discussed below).

BCG-challenged CD1c+ mDCs had increased expression of CD40 compared to unchallenged cells, which was significantly reduced by treatment with 2-DG. CD40 on antigen-presenting cells interacts with CD40L on CD4+ T cells to enhance IL-12 and IFN-γ production (Stuber et al., 1996), although Mtb impairs CD40-mediated induction of protective Th17 responses by DCs both in vitro and in vitro in mice (Sia et al., 2017). CD40 stimulation of BCG-infected murine BMDCs enhanced their capacity to produce IL-12 and activate a Th1 response (Demangel et al., 2001). In addition, treatment of antigen loaded murine BMDCs with a CD40 agonist before tracheal instillation increased protection against subsequent aerosol challenge with Mtb (Sia et al., 2017), highlighting the important protective role of this co-stimulatory molecule in immunity to Mtb.

Our data also indicated that CD40 expression is regulated differently in CD1c+ mDCs that successfully phagocytosed BCG-GFP (directly infected cells) compared to bystander cells which had been exposed to but had not taken up any bacilli. Both populations of cells upregulated CD40 levels on their cell surface after exposure to BCG but, whereas inhibition of glycolytic flux in the CD1c+ mDCs that had phagocytosed BCG resulted in sustained up-regulation of CD40, it was significantly decreased in GFP- DCs treated with 2-DG. Bystander cells may have received signals from mycobacterial components released by infected cells (Beatty et al., 2000), through cell surface interaction with extracellular mycobacteria that were not subsequently phagocytosed and/or via cytokines or other inflammatory mediators released by infected cells. This may enable bystander cells to bypass pathogen-mediated inhibition of innate immune signaling in the directly infected cell (Holmgren et al., 2017). Indeed, BCG retains immunomodulatory factors like Hip1 that negatively impact DC responses, including CD40 expression, leading to impaired control of Mtb after challenge (Bizzell et al., 2018). Bystander effects have been observed previously in murine DCs infected with BCG: secretion of IL-12p40 was impaired in directly infected splenic CD11c+ DCs from mice expressing a YFP-tagged IL-12p40 gene and bystander DCs were responsible for IL-12p40 secretion (Rothfuchs et al., 2009). Moreover, migratory lung DCs infected with Mtb transfer antigen to bystander DCs in the mediastinal LN to stimulate CD4+ T cell proliferation (Samstein et al., 2013; Srivastava and Ernst, 2014) (Srivastava et al., 2016).

Migration of CD11b+ cDCs from the skin to draining LN is required for induction of adaptive immunity after intradermal injection of BCG in the mouse footpad model (Bollampalli et al., 2015). DC migration from sites of Mtb infection in the lung to the mediastinal LN is also required to initiate an adaptive immune response in murine models of TB (Khader et al., 2006; Wolf et al., 2007; Wolf et al., 2008) and is highly dependent on CCR7 signaling (Olmos et al., 2010). Inhibition of glycolysis by glucose starvation or treatment with 2-DG has previously been shown to constrain the migration of murine BM and splenic DCs in vitro to the CCR7 ligand CCL21 by inhibiting oligomerization of CCR7 without altering expression levels of CCR7 (Guak et al., 2018). Guak and colleagues also found that inhibition of glycolysis impaired LPS- or house dust mite-stimulated DCs migrating to draining LN in vivo in sensitized mice (Guak et al., 2018). CCR7 signaling alone can also trigger metabolic reprogramming by increasing HIF1-α-mediated expression of glycolytic genes in murine BMDCs (Liu et al., 2019). In line, we found that expression of CCR7 on immature human CD1c+ mDCs was unchanged by treatment with 2-DG although their migration towards CCL19 was inhibited. Consequently, it was surprising that glycolysis blockade significantly increased cell surface expression of CCR7 on BCG-challenged and poly(I:C)/R848-treated CD1c+ mDCs although it did significantly inhibit migration of BCG-challenged CD1c+ mDCs.

Analogous to CD40 expression, we observed divergent effects of glycolysis inhibition on CCR7-mediated migration of bystander and BCG-infected cells. While CCR7-mediated migration of bystander cells was reduced by 2-DG treatment, BCG-infected cells in the same population displayed higher migratory capacity toward the chemokine stimulus. Since a fixed number of cells were counted and the data was proportional, an increase in infected cells was inevitably accompanied by a decrease in uninfected cells. Therefore 2-DG may have inhibited the migration of bystander cells and/or enhanced the migration of infected cells. Nevertheless, our data clearly show that migration of BCG-infected DCs does not depend on glycolysis - in contrast to that of bystander DCs - and that CCR7 levels are increased on infected cells when glycolytic flux is inhibited. Although immune cell migration is generally thought to be dependent on aerobic glycolysis, there are several reports showing that cell motility can be inhibited by glycolysis or improved by inhibition of glycolytic flux. For example, reduced cell migration has been observed in migratory DCs from UV-irradiated mice, despite higher lactate production and increased glycolytic rates compared to DCs from non-irradiated mice (McGonigle et al., 2017). In addition, murine CD8+ T cells treated with 2-DG in vitro also upregulate CCR7 mRNA. Adoptive transfer of these 2-DG-treated CD8+ T cells resulted in their preferential migration to the LN where they adopted a memory phenotype (Sukumar et al., 2013). Treatment with 2-DG is likely to have skewed mDC metabolism towards OXPHOS therefore it is tempting to speculate that BCG-infected DCs require OXPHOS for efficient migration, in contrast to bystander DCs and, at the very least, can migrate when glycolysis is inhibited. In fact, BMDCs infected with influenza virus require mitochondrial respiration for optimal motility despite being predominantly dependent on glycolysis for ATP production (Rezinciuc et al., 2020). Changes in mitochondrial dynamics have also been observed to influence CCR7 expression and migration of immature murine BMDCs (Ryu et al., 2015). Since delayed migration of Mtb-infected migratory DCs impairs the development of adaptive immunity (Wolf et al., 2007; Lai et al., 2018), identifying the mechanisms that regulate CCR7-dependent migration in infectious disease may help to inform the design of new therapeutics and improved vaccines and requires further investigation.

The increase in basal OCR we observed following the addition of glucose to BCG-infected mDCs suggests an increased ability of BCG-challenged cultures to utilize glucose for mitochondrial respiration compared to control mDCs (Pike Winer and Wu, 2014). Conversely, it should also be acknowledged that 2-DG treatment may have inhibited glucose-dependent OXPHOS by reducing pyruvate availability for the TCA cycle. In addition to generating lactate as an end product, engagement of the glycolytic pathway by activated DCs can also channel glucose through both the TCA cycle and the ETC (Pike Winer and Wu, 2014) or via a truncated TCA cycle to generate citrate for fatty acid synthesis (FAS) (Moller et al., 2022) enabling expansion of the Golgi and ER membranes required for cytokine secretion and the formation of lipid mediators (Everts et al., 2014) as well as fueling fatty acid oxidation. Increased FAS has been observed in murine DCs infected with BCG and, while not required to control the growth of mycobacteria in vitro (Stuve et al., 2018), it may impact other aspects of DC function important for protective immunity. The observed increase in non-glycolytic ECAR in BCG-challenged cultures might also reflect increased oxygen consumption, as CO2 produced by the TCA cycle can be a source of extracellular acidification via the formation of carbonic acid (Mookerjee et al., 2015). However, glycogenolysis can also contribute to ECAR and DCs are known to have intracellular stores of glycogen which can be utilized to fuel glycolysis (Thwe et al., 2017) and which could have contributed to ECAR in the absence of glucose in the medium. In the present study we focused primarily on the role of glycolysis in mDC maturation, but it will be important in the future to assess the contribution of OXPHOS to the ability of these cells to stimulate an effective immune response to mycobacteria.

Taken together, our data indicate that maturation and migration of CD1c+ mDCs in response to BCG does not rely solely on the glycolytic pathway once the cells have phagocytosed the mycobacteria. Importantly, our data indicate that significant differences can occur between BCG-infected versus uninfected bystander DCs in terms of activation marker expression and cell migration, as well as in the regulation of these processes by glycolysis. Most of the limitations of this study arise from the logistical difficulties of performing functional assays with a rare population of primary cells. The Seahorse metabolic flux assays carried out to measure the bioenergetic profile of the DCs were performed, by necessity, on the entire BCG-challenged population of DCs. Therefore, it is possible that the differences we observed in expression of maturation markers and migratory capacity could also reflect metabolic heterogeneity of infected and uninfected populations of DCs, as alluded to above. Due to restricted cell numbers, it was not possible to sort sufficient BCG+ and BCG- cells to perform separate metabolic flux measurements in our study. Additionally, it has recently become clear that CD1c + mDC comprise a rather heterogeneous population of cells and that the recently characterized cDC3 subset also expresses CD1c. Based on our sorting strategy which excludes Lin+ cells, and therefore CD14+ DCs, it is likely that our population of CD1c+ mDCs are representative of cDC2 (Segura, 2022) but this will require additional investigation. Further analysis - perhaps using flow cytometry based single cell methods such as SCENITH (Arguello et al., 2020) and/or ssRNAseq to compare metabolism/metabolic gene expression and cell surface markers in the uninfected and infected cell populations - will be required to determine if CD1c+ mDCs metabolism differs between bystander and BCG-infected cells. Such methods might also allow for comparison of the metabolism of healthy control and HH mDCs in PBMCs, thus avoiding the necessity to isolate pure subset populations from large volumes of blood using stringent sorting protocols. This is important given the association of iron with cellular metabolism (Zhang et al., 2022). Another limitation is that we were unable to carry out extracellular flux analysis of DCs infected with live BCG due to biosafety restrictions in our institution. However, the observed increased in lactate secretion by CD1c+ mDCs infected with live BCG indicate that glycolysis is indeed increased by live as well as killed BCG infection. Similar to our results in DCs with killed BCG, live BCG was shown to increase both OCR and ECAR of human monocytes (Arts et al., 2016) and monocyte-derived macrophages (Cumming et al., 2018). However, it will be important going forward to determine whether there are differences between the effects of live and killed BCG on DC metabolism.

In conclusion, our results identify metabolic pathways in CD1c+ mDCs as potential targets to promote the protective immunity given by the BCG vaccine in tuberculosis infection. However, the disparate effects of glycolysis on bystander and infected CD1c+ mDCs function following exposure to mycobacteria highlight the complexity of this host response. Our data also suggest that there may be differences in the immunometabolic response of host cells to vaccines consisting of whole bacteria versus those composed of bacterial-derived antigens. In addition, this work raises several important questions outside the scope of the current study: i) what is the role of mitochondrial metabolism in DC maturation and migration? ii) what is the basis of the differences in metabolic requirements between bystander and BCG-infected DCs? iii) Is DC glycolysis required to stimulate optimal T cell responses to BCG and thus adaptive immunity against Mtb? Further investigation, including testing of these pathways in animal models of infection, will be needed to evaluate the feasibility of manipulating mDC metabolism to aid rational vaccine design.
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Background

The epidemiology of Mycobacterium tuberculosis complex (MTBC) lineage 5 (L5) infections in Ghana revealed a significantly increased prevalence in Ewes compared to other self-reported ethnic groups. In that context, we sought to investigate the early phase of tuberculosis (TB) infection using ex vivo infection of macrophages derived from the blood of Ewe and Akan ethnic group volunteers with MTBC L4 and L5 strains.





Methods

The study participants consisted of 16 controls, among which self-reported Akan and Ewe ethnicity was equally represented, as well as 20 cured TB cases consisting of 11 Akans and 9 Ewes. Peripheral blood mononuclear cells were isolated from both healthy controls and cured TB cases. CD14+ monocytes were isolated and differentiated into monocyte-derived macrophages (MDMs) before infection with L4 or L5 endemic strains. The bacterial load was assessed after 2 hours (uptake) as well as 3 and 7 days post-infection.





Results

We observed a higher capacity of MDMs from Ewes to phagocytose L4 strains (p < 0.001), translating into a higher bacillary load on day 7 (p < 0.001) compared to L5, despite the higher replication rate of L5 in Ewe MDMs (fold change: 1.4 vs. 1.2, p = 0.03) among the controls. On the contrary, within macrophages from Akans, we observed a significantly higher phagocytic uptake of L5 (p < 0.001) compared to L4, also translating into a higher load on day 7 (p = 0.04). However, the replication rate of L4 in Akan MDMs was higher than that of L5 (fold change: L4 = 1.2, L4 = 1.1, p = 0.04). Although there was no significant difference in the uptake of L4 and L5 among cured TB cases, there was a higher bacterial load of both L4 (p = 0.02) and L5 (p = 0.02) on day 7 in Ewe MDMs.





Conclusion

Our results suggest that host ethnicity (driven by host genetic diversity), MTBC genetic diversity, and individual TB infection history are all acting together to modulate the outcome of macrophage infections by MTBC.





Keywords: macrophage infection, Ghana, West Africa, tuberculosis, Ewe, Akan, ethnicity, Mycobacterium tuberculosis complex




1 Introduction

Tuberculosis (TB) remains a global health challenge irrespective of the control measures and the advances made since the World Health Organization (WHO) declared TB a global health emergency in 1993 (WHO, 2021). TB has been the leading cause of death from a single infectious agent worldwide until the recent mortality associated with the SARS-CoV-2 pandemic in 2019 (WHO, 1994; WHO, 2021). It is estimated that approximately 10.6 million people fell ill with TB and 1.6 million died from the disease in 2021. The TB epidemic in Ghana reported an incidence of 136 per 100,000 in 2021 (WHO, 2022).

TB is caused by Mycobacterium tuberculosis complex (MTBC), which comprises 11 closely related species, some of which transmit preferentially within specific host genetic groups, while others have spread globally (Gagneux and Small, 2007; Stucki et al., 2016). Phylogenetic analysis of the major human-adapted MTBC (hMTBC) species classifies them into seven lineages (L1–7). Nonetheless, two additional lineages, L8 and L9, were recently discovered and mostly sporadically isolated in East Africa (NGabonziza et al., 2020; Coscolla et al., 2021). Phylogeographic distribution analysis revealed that lineage 4 in particular is globally distributed whereas other hMTBC lineages are mostly restricted to specific geographic areas (Comas et al., 2013; Stucki et al., 2016). TB epidemiology in Ghana is relatively unique for hosting six out of the nine known hMTBC lineages (de Jong et al., 2010b; Asante-Poku et al., 2016; Yeboah-Manu et al., 2016). Nevertheless, hMTBC lineages 5 and 6 remained restricted to West Africa for reasons not well understood. L5 and L6 MTBC strains constitute important human pathogens in West Africa, causing approximately 40% of TB cases in the region and approximately 20% of all TB cases in Ghana (de Jong et al., 2010b; Yeboah-Manu et al., 2016). Studies have reported a specific association of L5 infections with the Ewe ethnic group and L6 with HIV patients (de Jong et al., 2005; Asante-Poku et al., 2015; Asante-Poku et al., 2016). While a lower virulence of L6 isolates could support the reported association with HIV infection, the underlying reasons behind the association of L5 infection with specific ethnic groups remain puzzling and unresolved (de Jong et al., 2010a; Brites and Gagneux, 2015). A better understanding of this phenomenon would enlighten us on the underlying reasons driving the specific phylogeographic distribution of MTBC lineages in West Africa and may also support improved control strategies of L5 infections in particular.

MTBC is a successful pathogen due to its ability to invade and replicate within host cells in the lungs. It is transmitted following inhalation of infectious droplets from an infected person by an uninfected person (Sia and Rengarajan, 2019). Transmission may therefore occur through coughing, sneezing, or even talking and singing (Sia and Rengarajan, 2019). Upon inhalation, MTBC bacilli might interact with throat epithelial cells that aid their migration through the trachea to the alveoli (Fernández Tena and Casan Clarà, 2012; Torrelles and Schlesinger, 2017). Within the lung alveoli, bacilli are phagocytosed by alveolar macrophages that migrate to the parenchyma and generate an inflammatory response, leading to the chemotactic attraction of other immune cells and the generation of granulomas, multicellular structures encapsulating the infectious bacilli (Scriba et al., 2017).

The presence of MTBC in the alveoli leads to different outcomes: 1) bacilli may be directly eliminated by innate immune responses before the onset of adaptive immunity and memory of exposure, 2) MTBC infections are controlled and walled off within granulomatous responses potentially leading to latent infections, or 3) immunity is unable to control MTBC replication, and active TB disease ensues (Scriba et al., 2017; Sia and Rengarajan, 2019). These different outcomes depend on intricate host–pathogen interactions. While MTBC’s genetic background may influence its pathogenicity, the host-specific immune response also plays an important role in the outcome of the disease (Gagneux et al., 2006; Coscolla and Gagneux, 2010; Gagneux, 2012). Macrophages are at the forefront of the battle against MTBC bacilli invading the lung (Scriba et al., 2017). Macrophages are not only phagocytic cells, but they can also regulate important cellular processes such as tissue homeostasis, repair, and wound healing (Wynn and Vannella, 2016; Sreejit et al., 2020). Hence, the role of macrophages is central to the pathogenesis of a variety of infectious and non-infectious inflammatory diseases.

Previous research has shown the impact of ethnicity, gender, and nutrition on innate immune cell function including macrophages (Nahid et al., 2018). In conjunction with MTBC genetic factors associated with inflammatory responses of macrophages (Portevin et al., 2011), heterogeneity in macrophage functions that are genetically encoded may have been evolutionarily selected to influence TB disease outcome (Fan et al., 2023). We hypothesized that the association of L5 infections with the Ewe ethnic group and L4 with the Akan ethnic group may be supported by inherent variation in macrophage responses to different MTBC lineages. Therefore, the study was designed to characterize the early phase of L4 and L5 infections of macrophages derived from the blood of volunteers belonging to the self-reported Ewe or Akan ethnic group.




2 Materials and methods



2.1 Ethical consideration

Ethical clearance was obtained from the Institutional Review Boards (IRB) of Korle-Bu Teaching Hospital (KBTH) and Noguchi Memorial Institute for Medical Research (NMIMR), University of Ghana (Federal wide assurance number: FWA00001824). The study protocol was explained to all participants, and written informed consent was obtained from participants voluntarily. A questionnaire was then administered to the participants to obtain their demographic data.




2.2 Study design

This case–control study resulted from the prospective collection of blood samples between January 2020 and September 2020 and a retrospective inclusion of MTBC isolates characterized previously (Yeboah-Manu et al., 2016; Asare et al., 2018). The study was conducted at the Department of Chest Diseases of the Korle-Bu Teaching Hospital, and the Departments of Bacteriology and Immunology of NMIMR, University of Ghana.




2.3 Inclusion and exclusion criteria

Participants belonging to either the Akan or Ewe ethnic group who had successfully completed treatment of TB caused by MTBC L4 or L5 and confirmed to be without an active TB infection were recruited as cured TB case participants. The control group was composed of healthy individuals without a history of TB and above the age of 15 years. Since host genetic analysis was not carried out to confirm the ethnicity of the participants, only individuals with both parents belonging to a specific ethnic group were included in the study. Only individuals with hemoglobin levels above 10 g/dL, systolic blood pressure between 100 and 130 mm Hg, and diastolic pressure between 70 and 90 mm Hg were recruited. Individuals with TB co-morbidities (such as HIV, diabetes, and cancer), pregnant women, and persons on anti-depressant drugs were excluded from the study.




2.4 Blood sample collection

Before phlebotomy, blood pressure was monitored using an OMRON monitor (OMRON Healthcare Co., Ltd., Kyoto, Japan), hemoglobin levels were assessed using HemoCue Hb 201+ (HEMOCUE AB, Ängelholm, Sweden), and random blood sugar levels were measured using OneTouch Select Plus Simple glucometer (LifeScan, Malvern, PA, USA). For women, a pregnancy test was carried out using the One-Step Pregnancy Test (Hubei Meibao Biotechnology Co., Ltd., Hubei, China). Venous blood samples ranging between 30 and 50 mL were collected with 10-mL Vacutainer blood collection tubes containing sodium heparin (BD Biosciences, San Jose, CA, USA) and inverted multiple times to prevent blood clotting. The tubes were transported at room temperature within 4 hours of blood sample collection to the laboratory for peripheral blood mononuclear cell (PBMC) isolation.




2.5 Isolation of peripheral blood mononuclear cells

Blood diluted twofold in Roswell Park Memorial Institute (RPMI) 1640 (with l-glutamine and penicillin–streptomycin) was gently overlayed on Ficoll-Paque™ under sterile conditions and centrifuged at room temperature for 10 minutes at 400×g without breaks. The top plasma layer was carefully pipetted away, and mononuclear cells were collected and washed twice with RPMI–5% fetal bovine serum (FBS). PBMCs were counted using the Countess II automated cell counter and cryopreserved in liquid nitrogen at 20 million cells per mL in a cryo-vial until further analyses.




2.6 CD14 monocyte isolation, macrophage differentiation, and harvest

Cryopreserved PBMCs were briefly thawed in a 37°C water bath and washed twice with 10 mL of pre-warmed RPMI–10% FBS and benzonase at 0.0125 U/µL final. PBMCs were rested for 2 hours at 37°C/5% CO2. Monocyte isolation was performed using CD14 magnetic beads following the manufacturer’s recommendations (Miltenyi Biotec Swiss AG, Solothurn, Switzerland). CD14 monocytes were counted and differentiated into macrophages for 6 days at 37°C and 5% CO2 into tissue culture-treated dishes (Verreck et al., 2004) in the presence of human granulocyte–macrophage colony-stimulating factor (Thermo Fisher Scientific Inc., Waltham, MA, USA) at a final concentration of 10 ng/mL and a cell density of 8 × 105 monocytes/cm2. The monocyte-derived macrophage (MDM) monolayer was treated with 9 volumes of a trypsin solution at 37°C for 20 minutes before neutralization with one volume of undiluted FBS and MDMs scraped off the dish. MDMs were seeded in 200 µL of RPMI–10% FBS at 1 × 105 cells per well in 96-well tissue culture plates and incubated for 2 hours for attachment before infection.




2.7 MTBC single-cell suspension

Previously described drug-susceptible hMTBC isolates (Otchere et al., 2018) including three independent L4 and three independent L5 strains selected from the hMTBC maximum likelihood phylogeny below (Figure 1) generated with RAxML as previously described (Otchere et al., 2018) were cultivated in 10% albumin dextrose catalase (ADC)-supplemented 7H9 Middlebrook media containing 0.5% sodium pyruvate (Table S1). Single-cell suspensions were prepared using sonication and differential centrifugation as previously reported (Arbués et al., 2020) and stored at −80°C. The colony-forming unit (CFU) content of each mycobacterial isolate preparation was determined following serial dilution and plating on an oleic acid albumin dextrose catalase (OADC)-supplemented 7H11 solid medium.




Figure 1 | Phylogenetic analysis of mycobacterial isolates used for the study. Phylogenetic tree based on whole-genome sequencing data from L4 (red) and L5 (brown) mycobacterial isolates (TBNM) used for the infection assays as well as other West African sequence data (Genome IDs) and all four other major MTBC lineages (L6 in green, L1 in pink, L2 in blue, and L3 in purple). MTBC, Mycobacterium tuberculosis complex.






2.8 Macrophage infections and bacterial load assessment

The volume of cryopreserved single-cell suspension required to reach a multiplicity of infection (MOI) of 2 was added onto MDMs (MTBCs L4 and L5 against MDMs from the Akan and Ewe ethnic groups: Table S2) and incubated at 37°C in 5% CO2 for 2 hours. MDMs from the cured TB cases were infected with MTBC lineages they were previously diagnosed with to establish a sympatric infection assay. MDMs were washed twice with pre-warmed RPMI 1640 to remove non-phagocytosed bacteria. A complete medium was then added for later time points. To assess intracellular bacterial load at indicated time points, MDMs were lysed with 100 µL of 0.1% Triton X-100 in water for 20 minutes, and lysates were serially diluted before plating onto 7H11 agar plates supplemented with 10% OADC and 0.2% glycerol. CFU was assessed after 3–4 weeks of incubation at 37°C.




2.9 Fluorescence staining and flow cytometric analyses

Cell surface staining was performed by incubating the investigated cellular fractions with fluorochrome-conjugated antibodies in the dark on ice for 30 minutes before washing with cold phosphate-buffered saline (PBS) and fixing with 10% Cell Fix (250 µL) (BD Biosciences, USA). A cocktail of fluorescently labeled antibodies (BioLegend, San Diego, CA, USA) containing anti-human CD3-FITC (clone HIT3a) and CD4-PE (clone RPA-T4); CD14-FITC (clone: 63D3), CD16-PE (clone: B73.1), and HLA-DR-APC (clone L243); or CD40-FITC (clone 5C3), CD206-PE (clone 15-2) and CD14-APC (clone M5E2) was used for staining. A minimum of 10,000 events were acquired on gated lymphocytes and monocytes on a BD FACSCalibur flow cytometer (BD Biosciences, USA), and data were analyzed using FlowJo software following the gating strategy presented in Figure 2.




Figure 2 | Flow cytometry gating strategy. (A) (i) Morphological cell gating on lymphocyte and monocyte based on forward versus side scatter signals was used to determine the representation of (ii) CD3+CD4+ T cells or (iii) CD14+CD16+ monocytic cells and (iv) CD14+HLA-DR+ monocytes within PBMCs. (B) Isolated monocytes were analyzed first following morphological gating (i) and then based on their propensity to express (ii) CD14 and/or CD16 and (iii) CD16 and/or HLA-DR. (C) Monocyte-derived macrophages were also first analyzed based on their morphology (i) and subsequent fluorescence propensity to express (ii) CD206 and CD40 or (iii) CD14 and CD206. MTBC, Mycobacterium tuberculosis complex; PBMCs, peripheral blood mononuclear cells.






2.10 Data analysis

Figures were constructed and statistical tests including the Mann–Whitney test and two-way analysis of variance (ANOVA) were computed using GraphPad Prism Software, Inc.





3 Results



3.1 Study participants

A total of 53 participants comprising 20 healthy controls and 33 cured TB patients consented to be enrolled in the study and provided blood for PBMC isolation and phenotyping by flow cytometry (Table S2). Out of the total recruited participants, PBMCs from 16 controls and 20 cured TB patients were used for the macrophage infection assay. The median age for the controls was 24.5 years (95% confidence interval: 23–30), and that of the cured TB cases was 32 years (95% confidence interval: 30–43). The controls consisted of eight Akans (female = 4, male = 4) and eight Ewes (female = 3, male = 5), whereas the cured TB cases comprised 11 Akans (female = 1, male = 10) and nine Ewes (female = 4, male = 5) (Table S3).




3.2 Phenotypic profiling of T cells and isolated PBMCs from controls or cured cases across Ewe and Akan ethnic groups

Median CD4 T-cell frequencies for the two self-reported ethnic groups fell within normal physiological values of 30%–60% for PBMCs (Kleiveland, 2015). However, PBMCs from Akan participants showed significantly higher frequencies and absolute counts of CD4 T cells when compared to Ewe participants with a median frequency of 41.75 and 34.42, respectively (Figure 3A.i, p = 0.02). Moreover, the Akan participants showed higher median absolute counts of 3.17 × 107 cells/mL when compared to Ewes with 2.25 × 107 cells/mL (Figure 3A.ii, p = 0.02). We observed no significant difference in the proportion of CD3+/CD4− T-cell compartment (median: Akan = 20.35, Ewe = 23.33) (Figure 3A.iii, p = 0.51). In contrast, the median CD4 T-cell frequencies and absolute counts for the cured TB cases did not differ statistically between self-reported Akan and Ewe ethnic groups (Figure 3B.i, p = 0.76; Figure 3B,ii, p = 0.23). Also, the CD3+/CD4− cell compartment did not show any significant difference between the two ethnic groups (median: Akan = 22.63, Ewe = 22.88) (Figure 3B.iii, p = 0.90).




Figure 3 | Comparison of the cellular composition of PBMCs from participants. Phenotypic and quantitative characterization of cells in PBMCs of (A) healthy controls [Akan, n = 10; Ewe, n = 10] and (B) cured TB cases [Akan, n = 18; Ewe, n = 15] of the two ethnic groups. Significant difference was observed only in the proportions (p = 0.02) and counts of CD3+CD4+ cells (p = 0.02) among the two ethnic groups using Mann–Whitney test. PBMCs, peripheral blood mononuclear cells; TB, tuberculosis. *p-value ≤ 0.05; ns, not significant (statistically), that is, p-value > 0.05.



The representation of inflammatory monocytes, CD14+/CD16+ (Figures 3A.iv, B.iv), within the isolated PBMC fractions, showed no significant difference between the ethnic groups for both controls (median: Akan = 5.09, Ewe = 6.23, p = 0.39) and cured TB cases (median: Akan = 5.38, Ewe = 6.22, p = 0.32), nor did the classical monocyte compartment, CD14+/CD16− (Figures 3A.v, B.v), for both controls (median: Akan = 6.63, Ewe = 7.96, p = 0.53) and cured TB cases (median: Akan = 6.54, Ewe = 7.58, p = 0.47). Since increasing proportions of CD14+/HLA-DR+ cells have been associated with increased disease severity (McGill et al., 2022), we sought to also compare their proportions in PBMCs from both controls and cured TB cases for the ethnic groups to eliminate the possible effect of any underlining disease on the study participants (Figures 3A.vi, B.vi). We observed no statistically significant difference in their frequency for both cohorts, controls (median: Akan = 10.32, Ewe = 12.93, p = 0.11) and cases (median: Akan = 10.66, Ewe = 12.71, p = 0.34).




3.3 Phenotypic profiling of sorted monocytes and derived macrophages

Sorted monocytes were analyzed by flow cytometry to assess their purity and composition before differentiation into macrophages (Figures 4A.i, B.i). CD14+ fractions’ purity was systematically above 90% and composed of equal representation across study groups by classical CD14+/CD16− (controls: Akan = 65.02%, Ewe = 65.96%, p = 0.91; cases: Akan = 76.05%, Ewe = 73.77%, p = 0.85) and CD14+/CD16+ inflammatory monocytes (controls: Akan = 30.28, Ewe = 28.46, p = 0.85; cases: Akan = 20.92, Ewe = 23.27, p = 0.42). The proportion of HLA-DR-expressing monocytes was also found constant (controls: Akan = 92.69, Ewe = 90.68, p = 0.45; cases: Akan = 91.64, Ewe = 92.67, p = 0.53) across the ethnic groups for both controls and cured TB cases.




Figure 4 | Phenotypic profiling of sorted monocytes and derived macrophages. (A.i) Comparison of the proportions of sorted monocytes (CD14+CD16+, CD14+CD16−, CD14+HLA-DR+, and median fluorescent intensity (MFI) of HLA-DR) for controls [Akan, n = 8; Ewe, n = 8]. (A.ii) Comparison of derived macrophages (CD206+CD40+ and MFI of CD40 and CD206) for controls. (B.i) Comparison of the proportions of sorted monocytes (CD14+CD16+, CD14+CD16−, CD14+HLA-DR+, and MFI of HLA-DR) for cured TB cases [Akan, n = 11; Ewe, n = 9] across ethnicity. (B.ii) Comparison of the proportions of macrophages (CD206+CD40+ and MFI of CD40 and CD206) among the ethnic groups for cured TB cases. A significant difference was seen for MFI of HLA-DR of the controls (p = 0.03) using Mann–Whitney test. TB, tuberculosis. *p-value ≤ 0.05; ns, not significant (statistically), that is, p-value > 0.05.



Consequently, the phenotype of MDMs expressing CD40, which are responsible for the production of pro-inflammatory cytokines and nitric oxide upon stimulation (Danese et al., 2004), and CD206, which function in phagocytosis and immune homeostasis (Azad et al., 2014), were also found homogenous across ethnic groups for controls (median: Akan = 97.58; Ewe = 97.30, p = 0.66) (Figure 4A.ii) and cases (median: Akan 96.88; Ewe = 97.18, p = 0.32) (Figure 4B.ii).

As reflected by an increased mean fluorescence intensity (MFI) of the HLA-DR staining, the expression of MHC-II molecules by monocytes from Akan control blood donors (median = 288.3) was significantly higher than that of Ewes (median = 195.9) (p = 0.03) (Figure 4A.i). However, this observation was no longer found among cured TB cases (median: Akan = 318.5, Ewe = 304.9, p = 0.76) (Figure 4B.i). Analysis of CD40 and CD206 MFI revealed no significant difference across ethnicity for both controls (CD40: Akan = 243.6, Ewe = 287.8, p = 0.18; CD206: Akan = 429.4, Ewe = 523.3, p = 0.73) and cases (CD40: Akan = 276.3, Ewe = 287.7, p = 0.91; CD206: Akan = 552.3, Ewe = 450.0, p = 0.43).




3.4 Growth assessment of L4 and L5 in macrophages of the same ethnic group

The first analysis was carried out to assess the growth of either L4 or L5 MTBC strains in macrophages derived from monocytes from the same ethnic group. Compared to L4 strains, L5 strains resulted in higher bacillary loads 7 days post-infection in Akan macrophages of control participants (p < 0.0001, Figure 5A.i). This difference seems to reflect an increased capacity of Akan macrophages to phagocytose L5 strains, as the intracellular bacterial load was already statistically superior at uptake (p < 0.001) and was still higher at D7 (p = 0.04) (Figure 5A.ii). However, the replication of L4 strains compared to L5 in Akan macrophages was 1.2 versus 1.1, respectively (p = 0.04).




Figure 5 | Growth assessment of L4 and L5 in control macrophages (A) [Akan, n = 8; Ewe, n = 8] and cured TB cases (B) [Akan, n = 11; Ewe, n = 9]. (i) Comparison of growth of L4 and L5 at uptake, day 3 (D3), and day 7 (D7) in Akan macrophages. (ii) Comparison of the growth rate of L4 and L5 in Akan macrophages between uptake and D7. (iii) Comparison of the growth of L4 and L5 in Ewe macrophages (iv) using multiple Mann–Whitney test. TB, tuberculosis. *p-value ≤ 0.05; ***p-value ≤ 0.001; ns, not significant (statistically), that is, p-value > 0.05.



In contrast, Ewe macrophages from healthy controls (Figure 3A.iii) showed a higher growth for L4 (p < 0.0001) linked to a statistically significant difference at uptake (p < 0.001) (Figure 5A.iv). Nevertheless, the replication of L5 strains in Ewe macrophages was higher than that of L4 strains (fold change: L5 = 1.4, L4 = 1.2, p = 0.03).

Further analysis of the growth of L4 and L5 in Akan macrophages of the cured TB cases showed no significant difference (p = 0.49) (Figure 5B.i). Moreover, there was no difference in the log10CFU/mL at uptake (p = 0.71) and D7 (p = 0.27) (Figure 5B.ii), and the replication of L4 and L5 strains was 1.3 and 1.2, respectively (p = 0.50). We observed similar patterns with the growth comparison of the two lineages in Ewe macrophages of the cured TB cases where there was no significant difference in bacillary load (Figure 5B.iii) (p = 0.99). There was no difference in the uptake of L4 and L5 (p = 0.48), but there was a significant difference in the growth of L4 at D7 (p = 0.02) (Figure 5B.iv) with a fold change of 1.4 for L4 and 1.3 for L5 (p = 0.08).




3.5 Growth assessment in macrophages from Akans and Ewes

We then sought to stratify our analysis by comparing the influence of macrophage donors’ ethnicity on the uptake and subsequent growth of L4 and L5 strains. This analysis revealed that L4 strains achieved higher bacterial load in macrophages derived from Ewe control donors in comparison to Akans (p < 0.0001, Figure 6A.i), reflecting a significantly higher bacterial uptake 2 hours post-infection (p < 0.0001) and higher bacterial growth 7 days (p < 0.001) post-infection (Figure 6A.ii). However, the replication of L4 in Akan versus Ewe macrophages was comparable (fold change: 1.2, p = 0.85). In contrast, L5 strains in macrophages derived from Ewes displayed significantly lower uptake (p < 0.001, Figure 6A.iv) that also translated into reduced intracellular bacterial load 7 days post-infection (p < 0.0001). Hence, Akan macrophages obtained from healthy controls supported the uptake of L5 and consequently higher bacterial load at day 7 than Ewe macrophages. On the contrary, the bacterial replication of L5 in Ewe macrophages was higher than that of Akans (fold change: L5 in Ewe MDMs = 1.4, L5 in Akan MDMs = 1.1, p = 0.004).




Figure 6 | Comparison of Akan and Ewe macrophages from control (A) [Akan, n = 8; Ewe, n = 8] and cured TB cases (B) [Akan, n = 11; Ewe, n = 9] in support of MTBC growth. (i) Comparison of the growth of L4 at uptake, D3, and D7 in Akan and Ewe macrophages. (ii) Comparison of the growth rate of L4 in Akan and Ewe macrophages between uptake and D7. (iii) Comparison of the growth of L5 in Akan and Ewe macrophages. (iv) Growth rate comparison of L5 in Akan and Ewe macrophage between uptake and D7 using multiple Mann–Whitney test. TB, tuberculosis; MTBC, Mycobacterium tuberculosis complex. *p-value ≤ 0.05; **p-value ≤ 0.01; ***p-value ≤ 0.001; ns, not significant (statistically), that is, p-value > 0.05.



Further analysis among the cured TB cases showed that L4 strains displayed similar uptake in both macrophages after 2 hours of infection (p = 0.48); however, there was a higher bacterial load in Ewe macrophages compared to that of the Akans at day 7 (p = 0.02) (Figure 6B.ii) with a fold change of 1.3 in Akan macrophages and 1.4 in Ewe macrophages (p = 0.03). Similarly, we observed a significantly higher bacterial load of L5 strains in Ewes macrophages at day 7 post-infection (p = 0.02) and no significant difference at uptake (p = 0.67) (Figure 6B.iv). The fold change of L5 in Ewe macrophages was 1.3, whereas that of Akans’ was 1.2 (p = 0.55). Ewe macrophages from the cured TB cases supported the replication of L4 strains better than Akan macrophages.





4 Discussion

We aimed to investigate the early phase of the pathogenesis of representative MTBC strains endemic in Ghana that could sustain our previously observed epidemiological findings. Akans, the largest ethnic group in Ghana, are mostly affected by MTBC-L4 infections and to a lesser extent by L5 and L6 MTBC strains. In return, individuals that self-reported to belong to the Ewe ethnic group were described to be ~3 times more likely to be affected by MTBC-L5 infections (Asante-Poku et al., 2015; Asante-Poku et al., 2016). We hypothesized that such epidemiological linkage may translate into the differential capacity of macrophages from these two ethnic groups to endure intracellular infections in vitro. To test our hypothesis, we performed ex vivo infections of monocyte-derived macrophages from the blood of donors belonging to the above-mentioned ethnic groups that were found to be epidemiologically linked with specific MTBC lineages isolated in Ghana.

Considering data obtained from the blood of healthy controls, Ewe macrophages displayed a superior propensity to phagocytose L4 bacilli when compared to Akan MDMs. However, the replication of L4 was higher in Akan MDMs, which is consistent with the previous epidemiological observation that L4 is associated with the Akan ethnic group. In contrast, we observed increased uptake of L5 by Akan MDMs. Despite the lower uptake of L5 by Ewe MDMs, the bacterial load measured 1 week post-infection resulted in a substantially higher replication rate of L5 in macrophages derived from Ewe compared to Akan blood donors. This observation also corroborates findings from epidemiological studies where L5 infections were associated with the Ewe ethnic group. However, the uptake observed was the reverse of the mycobacterial growth in the macrophages. This shows a possible co-evolution of phagocytosis of MTBC by macrophages of different ethnicity. Several pathogens have evolved subtle strategies to evade phagocytosis or induce reduced phagocytosis as a virulence mechanism (Uribe-Querol and Rosales, 2017). MTBC L4 might have co-evolved with Akan macrophages where they have both mechanisms to reduce phagocytosis and increase intracellular growth, whereas L5 has also developed mechanisms to reduce phagocytosis and increase its growth within Ewe macrophages.

The analysis of data generated with blood from cured TB patients did not reveal the same differential uptake between the two ethnic groups. However, MDMs from Ewes displayed a mild but significant tendency to allow higher multiplication rates for both L4 and L5 strains. These results suggest that host ethnicity, MTBC genetic diversity, and trained innate immunity mediated by recent infection would all be acting in concert to modulate the outcome of macrophage infections.

Indeed, recent studies have reported the ability of trained innate immunity to impact MTBC infection outcomes (Zhou et al., 2021). Some individuals who are highly exposed to TB do not develop the disease nor latent infection due to early clearance attributed to Mycobacterium bovis BCG exposure. BCG vaccination boosts innate immune responses through epigenetic remodeling. Similarly, previous TB infections also promote innate immunity training (Koeken et al., 2019; Ferluga et al., 2020). Taken together, we propose that trained innate immunity due to recent TB eliminates the effect of self-reported ethnicity observed in healthy controls and induces similar outcomes in the phagocytosis capacity of MDMs independently of self-reported ethnicity. As a limitation of this study, information on the BCG vaccination of the participants was not obtained for further analysis of its impact on trained immunity. However, the role of pathogen virulence and possibly host genetic background could reduce the effect of trained immunity. This was observed in the higher growth of L4 even among the cured TB cases and the general higher growth of MTBC in Ewe macrophages. Thus, diversity in macrophage infection with MTBC could be multifactorial.

The higher replication rate of L5 in Ewe macrophages but lower phagocytosis of L5 in Ewe macrophages supports our hypothesis of a possible host–pathogen co-evolution. We propose that L5 strains have co-evolved with the Ewe ethnic group, resulting in the sympatric association observed nowadays, which translates experimentally into an increased intracellular replication propensity. Nonetheless, a lower bacillary load can be associated with the fact that recovery may be suboptimal due to differentially cultivable mycobacteria associated with non-replicative dormant states. MTBC is able to adapt to environmental conditions such as hypoxia and reduced nutrients presented in macrophages and progress to a non-replicative dormant state (Gengenbacher and Kaufmann, 2012). L5 and L6 strains have been associated with a higher tendency to progress into a dormant state when compared to L4 (Ofori-Anyinam et al., 2017).

Macrophages have been reported to respond to hypoxia and other environmental conditions differentially, which is very relevant to the understanding of disease mechanisms. Low oxygen tension has been associated with changes in macrophage morphology, phagocytosis, release of cytokines, and metabolic activities (Lewis et al., 1999). Macrophages from the different ethnic groups might be responding differently to comparable environmental conditions, hence resulting in the diversity in phagocytic abilities of the macrophages obtained from donors of the two ethnic groups.

Phenotypic studies on in vitro growth assessment revealed slower growth of L5 strains compared to L4 isolates (Gehre et al., 2013; Ates et al., 2018; Osei-Wusu et al., 2021). The slow growth of L5 has been attributed to its attenuated virulence. Due to the unique phenotypic characteristics of L5, it was expected to be outcompeted by more virulent lineages such as L4. However, it has remained a relevant causative agent for TB in West Africa over the years (Yeboah-Manu et al., 2016). The ex vivo infection data presented here suggest that L5 strains may replicate as well as L4 isolates once inside their natural host cell and so particularly when cells originated from the self-reported Ewe ethnic group. This observation could explain the unexplained prevalence of L5 infections in West Africa over the years. Host genetics is beginning to provide answers in TB host–pathogen interplays. For instance, it was reported that 5-lipoxygenase (ALOX5) variants are associated with ethnicity and susceptibility to TB in Ghana (Herb et al., 2008). Another recent study in Ghana on host susceptibility to TB has suggested two potentially protective genes, SLC11A1 and SORBS2 (Asante-Poku et al., 2022). Further investigations looking into the distribution of genetic variants in Ewes compared to other Ghanaian ethnic groups are needed to further our mechanistic understanding of the macrophage phenotypes presented in this study.




5 Limitation

The MTBC lineage diversity observed could have been a result of the individual strain effect, which is very prominent among MTBC. Different strains of MTBC may differ in virulence and immunogenicity. However, we have carefully selected strains representative of the two most prevalent L4 sub-lineages (Cameroon and Ghana sub-lineages) and the most prevalent L5 sub-lineages to attempt to circumvent this limitation. However, gender distribution was a challenge since we could recruit equal numbers for the cured TB cases.

Although our study may not provide a very conclusive explanation of the epidemiological association of specific MTBC lineages with ethnicity in Ghana, it provides insight into this relationship and serves as the platform for future studies.




6 Conclusion

We observed that Ewe MDMs demonstrated a higher propensity to phagocytose L4 strains compared to Akan MDMs; nevertheless, the replication rate of L4 was higher in Akan MDMs. In contrast, we observed an increased uptake of L5 by Akan MDMs, despite the substantially higher replication rate of L5 in Ewe MDMs compared to that of Akans. Interestingly, the impact of self-reported ethnicity disappeared when using cells derived from the blood of cured TB cases. In return, Ewe MDMs appeared more susceptible to both L4 and L5 strains. These results suggest that host ethnicity and, by extension, host genetic diversity together with MTBC genetic diversity and previous exposure to MTBC are all acting together to modulate macrophage invasion and intracellular replication. Further studies are required to explain the mechanism underlying the observation while considering host genetic, social, and nutritional factors. Also, with the observed diversity in CD4 T cells of the controls, we would like to study their activation, maturation, and exhaustion in a detailed study in the future. Moreover, it is important to study the interaction of surface markers of the macrophages with the different lineages of MTBC to further understand the mechanism of the higher phagocytic properties of the Akan macrophages for L5 and Ewe macrophages for L4. Studies on the cytokine profiles of the infection assay are recommended.
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domain associated protein 3.
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Transcript Forward primer Reverse primer Size
101

CycA CycA-F CycA-R bp

PPIA GenelD: 5’-ggt cct gge atc ttg tcc | 5’-ttg ctg gte ttg cca ttc

5478 at-3 ct-3

PPARy PPARY-F PPARY-R

NRIC3, 5-ttt cag aaa tgc ctt gca | 5'-ctt tec tgt caa gat cge | 222

GenelD: 5468 gtg g-3 cctc-3 bp

PPARa PPAR0-F PPAR0-R

NRICI, 5%-cct ttt tgt ggc tge tat 5'-gtg gag tct gag CAC 106

GenelD: 5465 c-3 at t-3’ bp
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Study

Parameters HCo (n=26)

Age ‘ 50.5 (258 - 57.3) 45.0 (215 - 54.8) ‘ ns

Sex (M/F) ‘ 2402 212 ‘ ns
BMI ‘ 274 (25.1 - 30.8) 19.9 (18.3 - 23.8) ‘ p<0.001
BCG (%) ‘ 95% 80% ‘ ns

Data are represented as median and interquartile ranges. BMI, body mass index (weight/
height®); BCG, Bacillus Calmette-Guerin vaccination; HCo, healthy controls; TB, patients
with pulmonary tuberculosis; ns, not significant.
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Study groups

Parameters TB (n=24)

T4
Red blood cells 5.1 49 5.1 5,0 50 5.1
(106/p) [rv: 3.5-5.5] (4.9-5.2) (4.5-5.6) (4.9-5.6) (4.7-5.3) (4.6-5.3) (4.7-5.5)
HGB (g/dl) 14.8 137 14.6 # 145 # 14.7 15.1 #
[rv: 11-16] (143-15.5) (11.9-14.5) (13.8-15.3) (12.9-15.1) (13.5-15.3) (14.1-15.5)
Hematocrit (%) 44.1 417* 44.0 # 43.1 43.5 445 #
[rv: 35-50] (42.3-44.9) (37.5-44.8) (41.8-45.8) (39.7-44.9) (40.5-45.9) (41.6-47.1)
‘White blood cells 72 79% 57# 5.6# 74# 72#
(103/l) [rv: 4-9] (5.4-8.1) (6.8-10.6) (4.8-7.2) (4.8-8.9) (5.2-8.0) (5.6-8.9)
Neutrophils (%) 57.8 1% 575 # 53.0 # 58.6 # 58.7 #
rv: 45-65] ‘ (52.0-63.3) (56.0-73.9) (51.5-62.7) (44.9-61.2) (46.3-60.6) (47.1-62.9)
Eosinophils (%) 26 2,0 324 4.0 *# 4.0 *# 4.0 *#
rv: 0-4] (2.0-3.5) (0.7-3.5) (2.3-6.5) (2.4-5.7) (22-5.4) (2.7-6.3)
Basophils (%) 0.8 0.5 0.8 0.9 0.9 1,0
rv: 0-1] (0.4-1.0) (0.0-1.0) (0.6-1.4) (0.4-1.3) (0.5-1.4) (0.7-1.3)
Lymphocytes (%) 28.1 165 * 256 # 30.1 # 274 # 256 #
rv: 25-35] (25.0-35.2) (13.7-25.3) (19.2-33.0) (24.7-37.4) (23.3-34.8) (22.6-34.8)
Monocytes (%) | 8.1 9.8 9.5 ' 9.1 9.4 9.5
rv: 0-12] (6.8-10.0) (7.2-13.0) (7.4-11.6) (8.1-12.6) (6.9-11.2) (8.2-10.5)
Platelets (103/pl) | 2365 3230 253.0 # 2205 # 2150 # 2480 #
rv: 150-400] ; (207.8-289.5) (259.0-417.0) (224.0-352.0) ‘ (202.5-307.5) (190.5-277.0) (199.0-275.0)
ERS (mm/1°h) ‘ 50 44.0* 11.0 *# 5.0# 6.0 # 6.0 #
rv: 1-15] ‘ (2.0-11.0) (17.3-75.8) (4.5-21.5) (4.0-18.0) (3.0-13.0) (2.8-10.5)
Neutrophils/lymphocytes ‘ 21 4.5 224# 1.6 # 21# 244#
ratio (NLR) (14 - 2.6) (2.1-52) (1.5-32) (12-25) (12-26) (1.3-27)

Data are represented as median and interquartile ranges. HCo, healthy controls; TB, patients with pulmonary tuberculosis; T0, time at diagnosis; T2, T4, and T6, 2, 4, and 6 months following the
initiation of anti-bacillary treatment; T9, 3 months following treatment completion. HGB, hemoglobin; ESR, erythrocyte sedimentation rate; NLR, the ratio between the percentage of
neutrophils and lymphocytes; rv, reference values. *p<0.05 vs. HCo; #p<0.05 vs. T0.
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Gene e Sequences (5

miRNA nontarget control (miR-NC) UUCUCCGAACGUGUCACGUTT

CAUUGCACUUGUCUCGGUCUGA

miR-25-3p-mimics AGACCGAGACAAGUGCAAUGUU

miR-25-3p-inhibitor UCAGACCGAGACAAGUGCAAUG
siRNA nontarget control (si-NC) Eggggig:éggggggﬁgiﬁii
ovsnon DAUACGUCAGAUUGGCAGE
oo UUGUACUGCAUGARAGGCC
si-DUSP10#3 CUAACCAGAUGGUCAACAA

UUGUUGACCAUCUGGUUAG
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Gene Primer Sequences (5'—3’)

Forward primer: CTCGCTTCGGCAGCACA

U6
Reverse primer: AACGCTTCACGAATTTGCGT
mu-miR-25-3 Forward primer: GCGCATTGCACTTGTCTCG
d Reverse primer: AGTGCAGGGTCCGAGGTATT
Beactin Forward primer: GCTTCTTTGCAGCTCCTTCG
Reverse primer: GGCCTCGTCACCCACATAG
DUSPIO Forward primer: AGTAAATAGTCTGTGCGGGCT

Reverse primer: GTTGTGCAGTCAGTTCCAGG
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miRNAs Fold log2 FC p-value Exp level
mmu-miR-27b-3p 117 0.22 2.22E-02 high up
mmu-miR-93-5p 119 0.26 2.84E-02 high up
mmu-miR-25-3p 1.33 0.41 3.98E-02 high up
mmu-miR-1198-5p 1.16 021 4.19E-02 high up
mmu-let-7¢c-5p 1.28 036 4.36E-02 high up
mmu-let-7a-5p 128 0.36 4.36E-02 high up
mmu-miR-7658-5p inf inf 1.44E-02 low up
mmu-miR-7069-5p inf inf 2.85E-02 low up
mmu-miR-8092 inf inf 3.35E-02 low up
mmu-miR-98-5p 1.18 0.24 1.10E-02 middle up
mmu-miR-212-3p 1.38 0.47 1.36E-02 middle up
mmu-miR-181b-5p 125 | 0.32 1.78E-02 middle up
mmu-miR-3057-5p 1.40 049 2.00E-02 middle up
mmu-miR-203-3p 2.55 135 223E-02 middle up
| mmu-miR-6516-5p V 3.40 | 177 2.62E-02 middle up
mmu-miR-181d-5p 197 ‘ 0.97 3.38E-02 middle up
‘mmu-miR-30a-3p 1.30 | 0.37 3.56E-02 middle up
mmu-miR-1933-3p 2.03 1.02 3.77E-02 middle up
mmu-miR-148b-5p 1.70 076 3.80E-02 middle up
mmu-miR-99b-3p 134 0.42 4.88E-02 middle up
mmu-mir-7018-p5 0.28 -1.85 2.38E-02 middle down
mmu-miR-194-5p 0.69 -0.54 2.67E-02 middle down
mmu-miR-301b-3p 0.82 -0.28 3.30E-02 middle down
mmu-miR-5110 025 -2.02 3.61E-02 middle down
mmu-miR-144-3p 0.28 -1.83 3.74E-02 middle down
mmu-miR-874-3p 0.66 -0.59 4.05E-02 middle down

mmu-miR-363-3p 0.34 -1.54 4.92E-02 middle down





OPS/images/fcimb.2023.1120570/fcimb-13-1120570-g005.jpg
Relative Expression

BCG

o -~ BCG/mmu-miR-25-3p — .
-= BCG/DUSP10 Blank 0h 1h 4h 8h 12h  24h 48h 72h

~+ Blank/DUSP10

1.5

-
=3

Time(h)

Relative Expression
(DUSP10)
o
o

0.0

Blank Oh 1h 4h 8h 12h 24h 48h 72h






OPS/images/fcimb.2023.1120570/fcimb-13-1120570-g006.jpg
Blank

BCG

Blank 0h Ih 4h 8h 12h  24h 48h T72h

Relative Expression

Blank 0 1h 4h 8h 12h 24h 48h 72h

GFP mCherry Merge

20

I autophagosomes
B autolysosomes

autophagosomes & autolysosomes/cell

Blank BCG

Blank BCG

Beclinl

==
==

B-actin

2.0

15

1.0

Relative Expression
(Atg5)

Relative Expression
(Atg7)

Relative Expression
(beclin-1)

Blank

BCG






OPS/images/fcimb.2023.1120570/fcimb-13-1120570-g007.jpg
. p-ERK1/2
== DUSP10

%
R
%
o, Cl
%,
o
%
%, "%,
\&Q @ﬂ
Wy W, %,
% \« &&,o
e %
s & 5 o 5
& < £ 8 3
uoissaidxg annejey
FEnw
cgge ¥
(T T T
” a
o
2 w e =
S < 2 8
6 uoissaidx3 aAneRy
«v&v .
>
_ue,\a
- <
Qﬁyp
o, A
.Vv\vo
«t & %
“4, s«v@
9, %, X
%, e&@f@«
£ %
4, So&
%, %
° 2 ° 2 E z 39 £
- - S S Z m < < 3
(VNYW 0LdSNA) 3 =

uojssaidx3 aAnejey

< o a





OPS/images/fcimb.2023.1080100/fcimb-13-1080100-g003.jpg
90

% METHYLATION
3 8

3
o

50

p=0.1109

p=0.0338

B






OPS/images/fcimb.2023.1080100/fcimb-13-1080100-g004.jpg
Sensitivity %

100

80

60

40

20

HD vs TB: ROC curve

AUC:0.68

p=0.1083

20 40 60 80 100
100% - Specificity%

Sensitivity %

100

80

60

40

20

HD vs LTBI: ROC curve

AUC:0.63

p=0.3258

20 40 60 80 100
100% - Specificity%

Sensitivity %

100

80

60

40

20

TB vs LTBI: ROC curve

20 40 60
100% - Specificity%

AUC:0.74
p=0.0347

80 100





OPS/images/fcimb.2022.1004148/fcimb-12-1004148-g007.jpg
Fekek

o o~

qw/nNdd {c0Lx)

<





OPS/images/fcimb.2023.1080100/crossmark.jpg
©

2

i

|





OPS/images/fcimb.2023.1080100/fcimb-13-1080100-g001.jpg
HD 1B

mEm AA (110)
mm AT (52)
B TT (1)

B AA (67)
B AT (96)
B TT (36)

(272)
(74)

Total=398 Total=346






OPS/images/fcimb.2023.1080100/fcimb-13-1080100-g002.jpg
IFN-y (pg/ml)

150000

125000

100000

75000

50000

25000

B @ O O

HD AA
HD AT/TT
TB AA
TB AT/TT





OPS/images/fcimb.2022.1004148/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





OPS/images/fcimb.2022.1004148/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





OPS/images/fcimb.2022.1004148/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
¢ ©






OPS/images/fcimb.2022.1004148/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





OPS/images/cover.jpg
& frontiers | Research Topics

Beneficial and detrimental
host cellular responses
against Mycobacterium
tuberculosis infection






OPS/images/fcimb.2023.1067464/fcimb-13-1067464-g005.jpg
>

Cortisol [ng/ml]

400+

3004

200+

r=0.767
p<0.01

5 10 16 20 25

=]

10 15
PPARY






OPS/images/fcimb.2023.1067464/fcimb-13-1067464-g001.jpg
>

LTCD 4+ [%]

N
o

CD 19 [%]

=]
o

[<2]
o
*

H
o

o

0 T T T T T

HCo TO T2 T4 T6 T9
*vs. TO and T9 p<0.05
# vs. all the times under study p<0.05
20
15
10
5 E é
0 T T T T T T
HCo TO T2 T4 T6 T9

B
80
— 60
=
&
40 *
o
2 coam
20
0 T T T T T T
HCo TO T2 T4 T6 T9
*vs. TO p<0.05
D
20

-
[3,]

Monocytes [%]
=

[3,]

HCo TO T2 T4 T6 T9

*vs. TO, T6 and T9 p<0.05






OPS/images/fcimb.2023.1067464/fcimb-13-1067464-g002.jpg
#
# %
T T T
Mild Moderate  Severe
**vs. Moderate and Severe p<0.01

HCo
# vs. Severe p<0.05

sl
[ |
! T T
['e] (=] wn o n
N

N - - r

0
TB

[WNQ@D Vidd 10edsas sbueyo pjoy]
*dvdd

& & & o
3 g &

[WN@o Vidd 10adsai abueyo pjoy]
o 0YVdd

_ 1
T
HCo

n o 0 =) 0 o
N N - -

[¥NQ® Vidd 1oedsai abueyo pjoj]
A9vdd






OPS/images/fcimb.2023.1067464/fcimb-13-1067464-g003.jpg
PPARYy

[fold change respect PPIA cDNA]

125

100

75

($)
o

N
(&)

o

*%
HCo TO T2 T4 T6

**vs. TO p<0.01
# vs. all the times under study p<0.05

T9





OPS/images/fcimb.2023.1067464/fcimb-13-1067464-g004.jpg
B

*%
HCo

0

100+

T T T T
[=] o o o
© © < N

[lw/6d] 971

B

T@ |

|

*
HCo

100+

s o o s o
© © o~ o o
(2] N

[lw/6d] A-N4| o [jw/Bu] oS0

0
400+

<

TB

HCo
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Chi-squ Test P Value HD vs TB OR (95% IC)/P Value

HD vs TB

AA 33.67% (67/199) \ 63.58% (110/173)

Genotypes AT 48.24% (96/199) ‘ 30.06% (52/173) < 0.0001° 3.031 (1.925 to 4.773)/< 0,0001°
TT 18.09% (36/199) ‘ 6.36% (11/173) 5373 (2.563 to 11.27)/< 0.0001°
A 57.79% (230/398) ‘ 78.61% (272/346)

Alleles < 0.0001
T 4221% (168/398) ‘ 21.39% (74/346)

* P values were calculated by the Chi-Square (x2) test of homogeneity. ® P values were calculated by the Fisher’s exact test for categorical variables.
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Model Genotype HD OR (95% Cl) P value (@
A/A 67 (33.7%) 110 (63.6%) 1.00
Codominant A/T 96 (48.2%) 52 (30.1%) 3.03 (1.92 - 4.77) < 0.0001 4839 195.6
/T 36 (18.1%) 11 (6.4%) 5.37 (2.56 - 11.27)
A/A 67 (33.7%) 110 (63.6%) 1.00
Dominant - <0.0001 4842 492
AIT - TIT 132 (66.3%) 63 (36.4%) 3.44 (2.24 - 527)
AJA - AT 163 (81.9%) 162 (93.6%) 1.00
Recessive 0.0005 505.7 513.5
T 36 (18.1%) 11 (6.4%) 3.25 (160 - 6.61)
A/A - TIT 103 (51.8%) 121 (69.9%) 1.00
Overdominant 0.0003 505 512.8
AIT 96 (48.2%) 52 (30.1%) 217 (141 - 3.33)
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Mild or Moderate
Severe

Days of disease evolution (n=75)

® P values were calculated by the Tukey’s multiple comparisons test.

10090 ( + 491) 10436 ( + 582)
1525 ( + 89) 1528 ( + 102)
914 ( + 48) 857 (£ 53)
62 (84%) 28 (76%)

12 (16%) 9 (24%)

26 (41%) 12 (41%)

37 (59%) 17 (59%)
106,43 ( £ 13.22) 84,13 ( £ 10,62)

® P values were calculated by the Chi-Square (y2) test for categorical variables.
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P Value

Characteristic

HD vs TB
Age (Mean; + SEM) 33.62 £ 1.08 3270 £ 1.18 0.5682"
Sex (N; %) Total 199 Total 173
Male 68 (34.17) 133 (76.88)
Female 126 (63.32) 26 (15.03) < 0.0001°
No data 5(2.51) 14 (8.09)
Ethnicity (N; %) Total 199 Total 173 ‘
Caucasian 160 (80.40) 79 (45.66)
American Indian 18 (9.05) 61 (35.26) < 0.0001°
No data 21 (10.55) 33 (19.08)

Categorical variables are expressed in percentages. Age value is expressed as mean + standard error of the mean (SEM). * P values were calculated by Unpaired t test for unpaired samples, ® P values

were calculated by the Fisher’s exact test for categorical variables.





