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Abstract

:

Tuberculosis is one of the most common infectious diseases and infectious causes of death worldwide. Over the last decades, significant research effort has been directed towards defining the understanding of the pathogenesis of tuberculosis to improve diagnosis and therapeutic options. Emerging scientific evidence indicates a possible role of the human microbiota in the pathophysiology of tuberculosis, response to therapy, clinical outcomes, and post-treatment outcomes. Although human studies on the role of the microbiota in tuberculosis are limited, published data in recent years, both from experimental and clinical studies, suggest that a better understanding of the gut–lung microbiome axis and microbiome–immune crosstalk could shed light on the specific pathogenetic mechanisms of Mycobacterium tuberculosis infection and identify new therapeutic targets. In this review, we address the current knowledge of the host immune responses against Mycobacterium tuberculosis infection, the emerging evidence on how gut and lung microbiota can modulate susceptibility to tuberculosis, the available studies on the possible use of probiotic–antibiotic combination therapy for the treatment of tuberculosis, and the knowledge gaps and future research priorities in this field.
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1. Introduction


Tuberculosis (TB) is one of the most common infectious diseases and infectious causes of death worldwide. About 10 million new cases of TB and 1.4 million deaths from TB were observed in 2019, with 250,000 deaths due to multidrug resistance [1]. Pediatric TB accounts for approximately 10–20% of all cases, with the 0–4 age group being at higher risk of disseminated disease and mortality [1,2,3]. The prevalence of TB in the pediatric age is likely underestimated due to less specific clinical manifestations and radiological findings, lower bacillary load, and greater difficulty obtaining an adequate sample for the microbiological diagnosis than in adults [4].



TB is caused by Mycobacterium (M.) tuberculosis, an intracellular pathogen that has an airborne transmission. In most cases, primary infection with M. tuberculosis is asymptomatic and commonly progresses into a latent tuberculosis infection (LTBI), in which patients undergo clinical but not biological recovery, remaining infected with quiescent mycobacteria. About 5–10% of subjects with primary M. tuberculosis infection may immediately manifest active TB (primary TB), defined as clinical symptoms of disease, microbiological confirmation of M. tuberculosis, or both, or undergo clinical reactivation of the LTBI throughout life (secondary TB), because of failure to develop or maintain an effective immune response. Age, immune deficiencies, malnutrition, and bacterial load are the most important factors for the rapid replication of M. tuberculosis and progression to active TB [2].



Accumulating evidence suggests that the human microbiota dysbiosis could modulate susceptibility to M. tuberculosis infection, progression from LTBI to active TB, and response to antituberculosis therapy [5]. In this review, we address the current understanding of the host immune response against M. tuberculosis infection, the emerging evidence on the possible role of gut and lung microbiota in TB pathogenesis, and the available data on the possible use of probiotics in combination with standard antibiotic therapy for the treatment of TB.




2. Immune Response to Mycobacterium Tuberculosis


M. tuberculosis infection is extremely peculiar due to the unique virulence factors of this intracellular bacteria and the complex immune response triggered by this infection. Both innate and adaptive immunity play a crucial role in controlling M. tuberculosis infection, and their interaction contributes to the clinical manifestations of the disease. M. tuberculosis uses multiple immune evasion mechanisms, which can prevent the formation of an immune response capable of eradicating the infection.



2.1. Innate Immunity


The immune response to M. tuberculosis is activated by the exposure of the airway epithelium to the bacillus. Recent evidence shows that immediately after exposure, M. tuberculosis can infect the cells of the respiratory mucosa, which, in response, stimulate the production of some cytokines, in particular interferon-gamma (IFN-γ), by resident populations of CD8⁺ mucosal-associated T lymphocytes (MAIT) [6]. This mechanism may contribute to the clearance of M. tuberculosis in individuals exposed before the onset of the immune response, or it may play a role in triggering the cell-mediated immune response.



At the alveolar level, M. tuberculosis is engulfed by resident macrophages which aim to inhibit bacterial replication and eradicate the infection [7,8].



In this first stage, the ability to eradicate M. tuberculosis depends on the microbicide functionality of the alveolar macrophages and the virulence factors of the mycobacteria. M. tuberculosis has developed several mechanisms mediated by glycolipids and proteins of the bacterial cell wall (e.g., inhibition of the Ca2+/calmodulin pathway), preventing the cytotoxic activity of alveolar macrophages. This allows some mycobacteria to survive and multiply within macrophages, leading to macrophage lysis and the release of cytokines and bacterial antigens into the extracellular environment. Such mediators lead to the recruitment of other inflammatory cells, lymphocytes, monocyte-macrophages, and dendritic cells to the primary infection site. The dendritic cells then migrate to the lymph nodes to present the antigens of M. tuberculosis to the T-naive lymphocytes and activate the adaptive immune response [7,8,9,10].



Therefore, alveolar macrophages have a dual immunological role in M. tuberculosis infection: on the one hand, such immune cells are potentially able to extinguish the infection or at least contain it; on the other hand, macrophages represent the preferential habitat for M. tuberculosis and can become its reservoir for a rapid and uncontrolled replication, as occurs in cases of miliary TB in those individuals with immunodeficiency or genetic susceptibility [11,12].



Natura killer (NK) cells and neutrophils can also contribute to the immune response against M. tuberculosis, but the mechanisms by which they act are not well defined [13,14,15] Although dendritic cells are essential for activating T-cells and maintaining a balance in the inflammatory state, their role as a replicative niche for M. tuberculosis has recently been demonstrated [16].




2.2. Adaptive Immunity


The adaptive response mediated by T-lymphocytes develops approximately 2–4 weeks after mucosal exposure to M. tuberculosis. The crucial role of the T-mediated response in protecting against M. tuberculosis infection is well demonstrated by the higher risk for a severe, treatment-resistant, and fatal TB in patients with CD4+ T lymphocyte deficiency, such as those with HIV infection [10].



Multiple T cell populations contribute to the adaptive immune response against M. tuberculosis, particularly CD4+ T cells, CD8+ T cells, and other “unconventional” T cell populations.



Following IL-12 stimulation, CD4+ T lymphocytes differentiate into Th1 lymphocytes, which can produce large amounts of IFN-γ [8]. Under the action of IFN-γ, macrophages are activated, acquire the M1 phenotype [17], which has a greater bactericidal capacity, and accumulate in the primary infection site [8].



CD8 + T lymphocytes are also involved in protective immunity since, in addition to producing IFN-γ and other proinflammatory cytokines, they have a direct cytotoxic activity on infected macrophages and M. tuberculosis, thus facilitating the control of infection both in the acute and chronic phase [18].



The activation of macrophages by Th1 lymphocytes appears to be crucial for containing M. tuberculosis infection in specific granulomas.



A predisposition of the immune response towards the Th2 type can alter the Th1/Th17 balance and the action of cytotoxic CD8+ T lymphocytes and has been associated with a significant risk of progression of tuberculous lung injury [19,20].



In most cases, although the adaptive immune response fails to “sterilize” the primary lesion, the immune system achieves a balance between infection and containment, whereby M. tuberculosis enters a state of quiescence controlled by the cell-mediated immunity, establishing a clinically asymptomatic LTBI [21].



Only about 5–10% of those infected with M. tuberculosis develop active TB, which can occur immediately after primary infection, usually within two years of contagion, due to the inability of the immune system to contain the infection, or throughout life concomitantly with conditions that impair immune responses [21]. The altered balance between infection and immune containment can result in the resumption of the multiplication of mycobacteria and the formation of multiple granulomas, which, following a process of colliquative necrosis, can invade the bronchi, favoring air transmission of the infection to other subjects and the bloodstream, aiding the extrapulmonary dissemination of the infection.



M. tuberculosis infection, therefore, does not lead to the development of permanent immunity, hence the marginal role of B cells in this infection [10].





3. The Gut and Lung Microbiota


The gut microbiota is a complex and dynamic ecosystem that is home to more than 100 trillion commensal microorganisms. The taxonomic composition of the human gut microbiota is dominated by Firmicutes and Bacteroidetes, with slightly lower levels of Actinobacteria and Proteobacteria, and other important phyla such as Verrucomicrobia, Fusobacteria, and Euryarchaeota [22].



Scientific evidence suggests that the gut microbiota exerts its beneficial effects through the involvement of physiological processes such as digestion and absorption of nutrients, modulation of the immune system, and protection from pathogen invasion [23,24,25].



In recent years, accumulating evidence suggests that the composition of the intestinal microbiota in the first years of life is a determining factor for the maturation of the immune system, the maintenance of immunological tolerance, and the individual’s health during life. The composition of the intestinal microbiota changes dynamically in the first 2–3 years of life and can be influenced by both genetic factors and various environmental factors, such as the mode of delivery (cesarean or natural), the type of feeding (breastfeeding or formula), the use of antibiotics, the type of diet, the living environment, and the use of disinfectant products for hygiene [26,27,28,29].



The loss in richness and biodiversity of the microbiota, a process called “dysbiosis”, causes an alteration of its metabolic activities and has been associated with a greater susceptibility to immune-mediated disorders throughout life, such as inflammatory bowel diseases and allergic diseases, which have been on the rise for several decades [27,28,29].



Over the last few years, multiple mechanisms, not necessarily pathological-specific, have been identified that allow the gut microbiota to regulate the immune response and vice versa [26]. The functional immunological role of the intestinal microbiota is well demonstrated on “germ-free” mouse models, in which the absence of the microbiota determines the reduction of the gut-associated lymphoid tissue (GALT) and critical immunological defects in both innate and adaptive immunity [30].



Recent evidence suggests that the immunomodulatory effects of the intestinal microbiota can occur both locally and in other organs, such as the lungs, creating the so-called “gut–lung axis” [8]. Alterations of the intestinal microbiota or the metabolites produced by it have been associated with deficits in the immune response to influenza and pulmonary inflammation processes in the context of various chronic respiratory diseases [28,31,32,33,34,35].



For a long time, the lungs of the healthy individual were considered a sterile environment that could only be colonized in case of lung disease. This belief originated from some erroneous assumptions due to the methodological limitations of available microbiological tests, techniques of sampling (high risk of contamination of the sample with germs from the upper airways using the study of sputum and material taken during bronchoscopy), and natural contamination of the lower airways by inhaled material [36]. This mistaken belief had initially led to the exclusion of the lung from the Human Microbiome Project [37]. Since 2010, owing to next-generation genome sequencing techniques, numerous studies have shown that the lungs of healthy subjects are not sterile but are colonized by numerous microorganisms, including bacteria, viruses, and fungi [38,39,40]. These new techniques have made it possible to identify different species of bacteria in the lungs, at the phylum level (Firmicutes, Bacteroides, and Proteobacteria) and the genus levels (Veillonella, Prevotella, Fusobacteria, and Streptococcus, with the presence of small amounts of potential pathogens such as Haemophilus) and of fungi (Aspergillus, Cladosporium, Penicillium, and Eurotium) [39].



The respiratory system does not have a similar habitat in all its districts (bronchi, bronchioles, alveoli) and, therefore, the composition of the lung microbiota is influenced by a multitude of factors, including microbial immigration (microaspiration, inhalation of microorganisms, direct mucosal dispersion), microbial elimination (cough, mucociliary clearance, innate and adaptive immunity) and local growth conditions (micronutrients availability, temperature, oxygen tension, local microbial competition, concentration and activity of inflammatory cells) [41]. The balance between these factors, particularly the first two, is still considered the key driver of the composition of the lung microbiota in healthy subjects. Local factors in the healthy subject determine an unfavorable environment for the growth of bacteria and their multiplication. On the contrary, when the local environment changes, creating well-defined entities (niches), the multiplication of germs and the onset of diseases, including chronic ones, are favored [36].



Similarly to the intestinal microbiota, the composition of the lung microbiota is influenced not only by the anatomical characteristics of the lung but also by genetic and environmental factors (such as the use of medication, living on farms, number of siblings, presence of pets, cigarette smoking) [42,43,44,45,46,47,48,49,50,51]. In particular, the improper use of drugs, such as antibiotics, anti-inflammatories, and corticosteroids, can lead to significant alterations of the microbiota, which may return to the original composition, or result in a permanent alteration of either the composition or the function, or both [42,43,44,45].



The neonatal period is emerging as a crucial time window that can shape the composition and function of the lung microbiota. Recent evidence documents the presence of bacteria in the placenta, amniotic fluid, fetal membranes, and cord blood, which shows that the lung microbiota is already present at birth, thus refuting the belief that the fetal environment was sterile [46,47]. Microbial communities have been detected from the first days of life in the oral and nasopharyngeal cavities of term infants (Staphylococcus, Streptococcus, and Moraxella) and the respiratory tract of intubated preterm infants (Proteobacteria) [48]. Finally, there is also evidence that the lung microbiota changes with age and with changes in respiratory function [46,47].



3.1. Interactions between the Host Microbiome and Innate Immunity


Several mechanisms underlying the interaction between intestinal microbiota and innate immunity are still not all well-defined. At the level of the intestinal lumen, the action of the resident microbiota favors the production of numerous molecules binding TLRs and NOD-like receptors (NLRs), and metabolites with immunomodulating action, such as short-chain fatty acids (SCFAs), which contribute to homeostasis and the development of the intestinal immune response [26].



TLRs are involved in the defense of the host against pathogenic microorganisms, regulate the abundance and composition of the commensal intestinal microbiota, and maintain the integrity of tissues and mucous barriers. The mapping of the expression of TLRs receptors on epithelial cells of the intestinal mucosa revealed the presence of specific time–spatial patterns, with a greater variety in the mucosa of the colon than that of the small intestine, and the presence of site-specific receptors, such as the TLR-5 found on intestinal Paneth cells [52]. TLR-5 appears to play an important role in determining the composition of the gut microbiota during neonatal life. Recent studies show the close relationship between the neonatal TLR-5 expression profile and long-term microbiota selection [53].



NLRs also contribute to modulating the composition of the intestinal microbiota and local homeostasis. The NOD-1 receptor acts as an innate sensor for the formation of adaptive lymphoid tissue and the maintenance of intestinal immune tolerance to commensal microorganisms. The NOD-2 receptor prevents inflammation of the small intestine by limiting the growth of the commensal Bacteroides vulgatus [54]. Stimulation of the NOD-2 receptor by commensal bacteria promotes the survival of intestinal stem cells and the regeneration of epithelial cells [55]. The NLRP6 receptor shows tissue and cell-specific expression in the intestinal mucosa. Together with microbial metabolites, it regulates the secretion of IL-18 and antimicrobial peptides by epithelial cells, the mucosal secretion of goblet cells, and is crucial in response to bacteria and viruses [56].



An example of a molecule of microbial derivation with an immunomodulating action is the polysaccharide A of the commensal Bacteroides fragilis, which, following recognition by TLR-1 and TLR-2, stimulates the expression of genes with anti-inflammatory action, the differentiation of CD4+ T lymphocytes naive in regulatory T lymphocytes (T-reg) and contributes to the maintenance of the Th1/Th2 balance [57]. Another example is butyrate, an SCFA produced by anaerobic bacterial fermentation that can stimulate the differentiation of monocytes into macrophages through the inhibition of histone deacetylase-3 (HDAC3), thus amplifying the host’s innate antimicrobial defense [58].



Finally, recent studies show how the complex phenotypic diversity of innate lymphoid cells (ILCs), essential elements of immunological modulation and tissue repair, can be influenced by the intestinal microbiota [59]. Nongastric Helicobacter species can negatively regulate and limit the proliferation of RORγt+ group 3 ILCs, known to be essential elements of immunological control [60]. Group-3 ILCs interact with T-reg causing the deletion of reactive clones towards the commensal flora [61]. Furthermore, group-3 ILCs contribute to the direct maintenance of the commensal flora through the IL-22 axis, limiting the growth of specific microbiota elements [61].




3.2. Interactions between the Host Microbiome and Adaptive Immunity


Recent evidence shows that intestinal dysbiosis conditions are also associated with alterations in the mucosal adaptive immune response, both humoral and cell-mediated types [26,27].



One of the most important examples of microbiota regulation of the adaptive immune response is the modulation of secretory immunoglobulin (Ig)-A, which plays a crucial role in protecting the mucosal barriers. The relationship between microbiota and secretory IgA production is mutualistic: on the one hand, the secretory IgA pool contributes to the maintenance of a specific type of commensal microbiome, also avoiding its excessive growth; on the other hand, the presence of specific bacterial species contributes to the production of this IgA family, stimulating the expansion in Peyer’s patches of FoxP3 + T-reg and follicular T-helper (Thf) lymphocytes, which, in turn, promote the differentiation of B lymphocytes in IgA producers [28,62].



The interaction between the intestinal microbiota and CD4+ T lymphocytes is also complex [63]. Some metabolites produced by intestinal bacteria, including SCFAs, may promote the differentiation of CD4+ naïve T cells into T-reg [29]. The Th17 subgroup of CD4+ lymphocytes is known for its dual role in both protection against pathogens and inflammatory disorders. The inflammatory propensity of Th17 is largely determined by the type of intestinal microbiota that induces its differentiation. For example, segmented filamentous bacteria promote, through the ILC-3/IL-22 axis, the development of Th17 RORγt+ with protective activity, while Citrobacter-induced Th17 lymphocytes are a potent source of inflammatory cytokines [28,64].



Another example of microbiota regulation of T lymphocytes is that of CD8+ (cytotoxic) T lymphocytes, whose effector functions are fundamental in the elimination of intracellular pathogens and tumor cells. Intestinal microbial-derived SCFAs are involved in acquiring memory functions by antigen-activated CD8+ T cells [65].



Thf lymphocytes are specialized to assist B cells and are crucial for germinal center formation, affinity maturation, and the generation of high-affinity antibody responses. The relationship between Thf cells and the microbiota is reciprocal, since, if on the one hand, the differentiation of Thf lymphocytes is compromised in germ-free animals, on the other hand, it can be restored by administering TLR-2 receptor agonists to these animals [66].



Finally, a recent randomized, controlled clinical trial in adults with pre-existing impaired immune systems has shown that intestinal dysbiosis induced using broad-spectrum antibiotics is associated with a reduced antibody response to seasonal influenza vaccination [31].





4. How Gut and Lung Microbiota Can Influence the Susceptibility to Tuberculosis


Millions of people acquire LTBI each year, and 5–10% of cases develop active TB disease, in some cases without an apparent immunological deficit, suggesting the presence of additional, yet unidentified risk factors [23]. This has led to the hypothesis that an alteration of the gut–lung microbiota axis may be involved in the pathogenesis of M. tuberculosis infection and/or in the onset of clinical manifestations of TB. However, a true causal relationship has not yet been well defined (Figure 1).



It has been observed that some important risk factors for TB, such as HIV, malnutrition, diabetes, alcohol, smoking, and pollution, lead to both structural and functional changes in the human microbiota. Cigarette smoking reduces the concentration of some commensal bacteria of the oral cavity (Porphyromonas, Neisseria, and Gemella). At the same time, excessive alcohol consumption causes intestinal dysbiosis (reduction of Bacteroides and increase of Proteobacteria), which leads to an alteration of permeability intestinal lumen and translocation of metabolites that modulate inflammation [67] (Table 1).



Emerging scientific evidence demonstrates a possible role of the human microbiota in the pathogenesis of TB, response to therapy, clinical outcomes, and post-treatment outcomes. This role is supported by complex multifactorial interactions between the pathogen, the commensal flora, and the host immune response (Figure 1). The major supporting finding of a relationship between human microbiota homeostasis and susceptibility to TB include (1) reduced microbial diversity of gut and lung microbiota is shown in individuals with M. tuberculosis respiratory infection compared to healthy controls; (2) susceptibility to M. tuberculosis infection and progression to active TB is modified by intestinal coinfection with Helicobacter species; (3) the anaerobes present in the lung coming from the oral cavity by aspiration produce metabolites that can reduce lung immunity and predict the progression of infection to active disease; (4) the increased susceptibility to reinfection of patients who have been previously treated for TB is possibly related to the depletion of antigenic epitopes for T cells in the intestinal commensal microbial flora (nontuberculous mycobacteria); and (5) the prolonged antibiotic treatment used for TB has a long-lasting impact on the composition of gut microbiota [68].



4.1. Gut Microbiota and Tuberculosis


The gut microbiota might influence susceptibility to initial M. tuberculosis infection and progression from latent infection to active disease (i) by causing interindividual differences in immune cell subsets or their function, both in the gut and in the airways (gut–lung axis); (ii) by influencing the absorption and effectiveness of antibiotic drugs used for the treatment of tuberculosis; and (iii) by producing antimicrobials or immunomodulating molecules that can directly modulate the growth of M. tuberculosis [23] (Figure 1).



Despite the accumulating evidence in experimental models, there are still a limited number of human studies assessing the relationship between microbiota and TB. Recent data in animal models and humans show that M. tuberculosis infection is associated with alterations in the composition of the intestinal microbiota (decrease in microbial diversity) and metabolic functions. However, these changes are variable between studies and in many cases of minimal magnitude [23,68,69].



In mouse models, a reduction in the relative abundance of the Clostridiales (Lachnospiraceae, Ruminococcaceae families) and Bacteroidales orders is observed 6 days after infection with M. tuberculosis absence of specific therapy or the detection of mycobacterium DNA in the feces [70].



A recent human study conducted on adults with active pulmonary TB, LTBI, and healthy controls has shown that the active and latent form of TB caused a minor decrease in the alpha diversity of the intestinal microbiota compared to healthy individuals, which mainly resulted from changes in the relative abundance of the genus Bacteroides (phylum Bacteroidetes) [71].



Depletion of species of phylum Bacteroidetes and an increase in species of the phylum Actinobacteria and Proteobacteria were observed in the gut microbiota of adults with recurrent TB compared to healthy individuals. Furthermore, a reduction of the genus Lachnospira (order Clostridiales; phylum Firmicutes) and the genus Prevotella (phylum Bacteroidetes) was found in individuals with newly diagnosed active TB and recurrent TB compared to healthy controls. Lachnospira and Prevotella directly correlated with the number of peripheral CD4+ lymphocytes in patients with newly diagnosed TB and inversely correlated with CD4+ cell counts in individuals with recurrent TB [72].



In another recent study, adults with pulmonary TB showed a distinct stool microbiome, characterized by enriched anaerobes (Anaerostipes, Blautia, Erysipelotrichaceae), before starting the antibiotic treatment. These enriched gut anaerobes correlated with proinflammatory host immune pathways known to be associated with TB disease severity, further supporting the role of gut microbiota in TB pathogenesis [73].



A case-control pediatric study showed that children with pulmonary TB had a decreased microbial diversity in the gut microbiota compared to healthy children. Children with TB had an increased abundance of proinflammatory bacteria of the genus Prevotella and the opportunistic pathogen Enterococcus, and a decreased abundance of beneficial bacteria of the Bifidobacteriaceae family (phylum Acinbacteria), Ruminococcaceae family, particularly, the SCFAs-producing species Faecalibacterium ruminococcaceae and Faecalibacterium prausnitzii (order Clostridiales; phylum Firmicutes), and Bacteroidaceae family (phylum Bacteroidetes). Of note, a significant decrease in the gut microbiota richness was observed after a month of antituberculosis therapy. These authors concluded that the homeostasis of gut microbiota may affect the pathogenesis of TB by dysregulation of the hosts’ immune responses through the gut–lung axis [69].



Although human data on the role of the microbiota in mediating initial resistance to M. tuberculosis infection are limited, recent data indicate that some commensal bacteria and their antimicrobial products can quantitatively influence initial resistance to various pathogens, such as vancomycin-resistant Enterococcus, Clostridium difficile, and Salmonella enterica [23]. A study on a mouse model has shown that intestinal colonization with the commensal Helicobacter hepaticus causes a definite change in the intestinal microbiota, with a prevalence of the Bacteroides species and a reduction of Firmicutes [74]. This dysbiosis causes an increase in IL-10 and a reduced response to vaccination against M. tuberculosis [74]. Another study on germ-free mice has shown that colonization of the digestive tract by Helicobacter hepaticus modified the gut microbiota composition and led to impairment of the immune control of the growth of subsequently administered M. tuberculosis, which resulted in more significant lung tissue injury [75]. Of note, an experimental study showed that Helicobacter pylori, infection of which affects 4.4 million people worldwide, has the opposite relationship with M. tuberculosis compared to Helicobacter hepaticus, as macaques infected with Helicobacter pylori and exposed to aerosol challenge with low-dose M. tuberculosis have a lower risk of progressing to active TB compared with uninfected controls [76]. Furthermore, adults with LTBI who do not progress to active TB within 2 years of exposure have a higher likelihood of being infected with Helicobacter pylori than those who progress to active TB, suggesting Helicobacter pylori can confer immunoprotection against TB [76].



Another plausible mechanism by which commensal metabolites may influence the progression of tuberculous infection is their role in stimulating the abundance and function of bacterial-reactive innate T cell subsets, such as invariant MAIT cells and natural killer T cells (cells iNKT). MAIT cells are indeed absent in germ-free mice, suggesting that their development and function may be influenced by the microbiota [23]. In recent work, it was observed that in adults exposed but not infected with M. tuberculosis, resistance to initial infection is accompanied by robust activation of MAIT cells. The levels and function of these cells are correlated with the abundance of specific intestinal microbes [77].



Coinfections during TB can also affect the gut microbiota balance and disease severity. Both children and adults experiencing HIV/TB co-disease tend to have more severe TB course and higher mortality than HIV-negative patients [78]. Reduced diversity and enriched pathobionts have been reported in the gut microbiomes of HIV-infected individuals [79]. HIV infection may also prompt loss of interaction with CD4+ T cells that produce regulatory responses which favor the tolerance of beneficial microbiota [80].



Diet can also affect the composition of the gut microbiota and potentially the immune control of M. tuberculosis infection. An experimental study on mouse models has shown that a high-fat diet could trigger a proinflammatory response, with a more rapid progression to active TB [81]. This may be related to intestinal dysbiosis and a reduction in the Firmicutes/Bacteroidetes ratio, associated with a decrease in the abundance of the Porfiromonadaceae family and, particularly, of the Barnesiella genus. It should be noted that a high-fat diet produces an increase in the genera Alistipes, Parasuterella, Mucispirillum, and Akkermansia, which have been related to intestinal dysbiotic processes [81].




4.2. Lung Microbiota and Tuberculosis


Assessment of the composition of lung microbiota is based on the analysis of sputum or bronchoalveolar lavage (BAL) [82]. Available information on the alteration of the lung microbiota induced by M. tuberculosis infection is limited compared to that on gut microbiota, due to the potential contamination of sputum sample with the oropharyngeal flora (e.g., Prevotella, Bulleidia, and Atopobium), the difficulty of sampling lung flora via BAL in affected and healthy individuals, because of the invasive nature of the sampling method, and the lower bacterial biomass contained in the airways [23].



Recent evidence shows that individuals with M. tuberculosis infection have reduced lung microbiome diversity compared to healthy people. Patients with current M. tuberculosis infection have reduced lung microbiome diversity compared to those with prior infection and absence of M. tuberculosis in BAL [83] (Figure 2). Although it is difficult to distinguish a common pattern between different studies, individuals with M. tuberculosis infection often show enrichment of Streptococcus and Pseudomonas in the lung microbiota [23,84].



Recent data suggest that the presence of some bacterial strains and changes in the lung microbiota may be associated with the onset of TB and its recurrence and therapeutic failure [85].



Lung microbiota of adults with TB showed a greater abundance of Streptococcus, Gramulicatella, Pseudomonas, and a lower abundance of Prevotella, Leptotrichia, Treponema, Catonella, and Coprococcus compared to healthy controls. Subjects with recurrent TB showed a reduced representation of specific genera such as Bulleidia and Atopobium compared to subjects with new-onset TB [85]. In addition, the Pseudomonas/M. ratio in subjects with recurrent TB was lower than in subjects with new M. tuberculosis infection, indicating that an imbalance between these bacteria may be a risk factor for recurrence. Pseudomonas was more abundant in the lung microbiota of patients with therapeutic failure than in newly diagnosed and treated TB patients, as was the Pseudomonas/M. ratio [85].



Recent evidence has shown a possible role of the lung microbiota in the reactivation process of an LTBI [86]. In a cohort of patients with HIV infections treated with antiretroviral therapy, higher serum concentrations of SCFAs (i.e., propionate and butyrate) were associated with an increased risk of active TB. The increase in SCFAs was associated with an increased abundance of SCFA-producing anaerobic bacteria in the airways, such as Prevotella, and with reduced lymphocyte production of IFN-γ and IL-17A in response to M. tuberculosis, possibly promoting progression from LTBI to active TB [87].



Furthermore, a pulmonary microbiota enriched with oral commensals, such as Prevotella, Veillonella, and Streptococcus, is associated with an increase in the concentrations of some metabolites (e.g., arachidonic acid) and a proinflammatory phenotype, characterized by the increase in helper T cells that produce IL-17 (Th17) [67]. The microbiota of the lower airways in HIV-positive patients with pneumonia, dominated by Prevotellaceae, is an independent predictor of mortality and is also associated with a particular metabolome (enriched with monoglycerides, inosine, and amino acid metabolites) and with a high concentration of proinflammatory cytokines (e.g., IL-17) [67].




4.3. Effects of Antituberculosis Therapy on the Human Microbiota


Numerous studies have shown that the administration of antibiotics causes changes in both the intestinal and pulmonary microbiota [88]. The probability of such changes is inversely proportional to the age of exposure and the number and type of antibiotics administered. It can lead to modifications of the host’s immune response to pathogens, favoring the progression and severity of infectious diseases [89]. The recommended first-line therapy regimen for TB involves the oral administration of four antibiotics: isoniazid (INH), rifampicin (RIF), pyrazinamide (PZA), and ethambutol (EMB). The classic therapeutic scheme includes 2 months with INH, RIF, PZA, and EMB (intensive phase), followed by 4 months of INH and RIF (continuation phase). Treatment regimens for drug-resistant TB are protracted (up to 2 years) [90].



As observed in other diseases, the administration of antituberculosis drugs induces profound changes in the human microbiome, which occur both during the therapeutic cycle (acute effects) and after discontinuation of therapy (long-term effects) [23,91]. While such changes on intestinal microbiota are increasingly documented, there are few works related to lung dysbiosis induced by antituberculosis therapy [92,93]. This lack of information is largely related to the diversity of lung conditions that can arise during lung damage (fibrosis, cavitation, bronchostenosis, bronchiectasis, parenchyma alteration) in relation to the age, spread, and severity of the disease, which make it challenging to obtain a homogeneous sample for examination [94].



It has been hypothesized that acute and chronic dysbiosis that occurs during antituberculosis therapy could modulate susceptibility to TB by affecting (i) the microbiome–immune crosstalk, which can affect the course and severity of the disease, (ii) drug metabolism and therapeutic effect, and (iii) risk of reinfection [95,96,97,98].



First-line antituberculosis therapies appear to have a minimal overall effect on intestinal microbiota diversity but modify the relative abundance of specific bacterial taxa [99,100] (Table 2). Subjects treated with antituberculosis therapies show a reduction in the gut microbiota of immunologically critical bacterial species. A common theme is a reduction in the intestinal microbiota of populations of Gram-positive bacteria assigned to the Ruminococcaceae and Lachnospiraceae family (order Clostridiales; phylum Firmicutes), which are fundamental in the regulation of homeostasis, in the barrier function of the intestine, the production of SCFAs, and they also regulate the expression of IL-1 and IFN-γ [101]. Other reported modifications in the abundance of bacterial species with immunomodulating activity following anti-TB therapy involve Bacteroides spp., which produce polysaccharides that mediate mucosal tolerance through the upregulation of T-reg [102], Lactobacillus spp., which modulate the innate and adaptive immune response by binding the PPRs involved in the recognition of bacterial and viral pathogens, Bifidobacterium spp., which induce a reduction in the activity of Th17 cells, and Prevotella, which is involved in the Th17-mediated inflammatory response [103].



Recent data indicate that, in the first two weeks of antibiotic treatment, resolution of the active inflammatory response of TB (as measured by peripheral blood transcriptomics) may be affected both by M. tuberculosis killing, as well as through microbiome-dependent modulation of inflammatory responses. These findings suggest that microbiome perturbation could modify or predict the rapidity of TB resolution [104].



Another aspect of alteration of the host microbiota induced by antituberculosis therapy is the persistence of dysbiosis up to 1–3 years after discontinuation of treatment (chronic effects) [105]. Adults with multidrug-resistant TB showed even longer-term alteration of the gut microbiota, reporting altered taxonomic composition and decrease in richness 3–8 years after recovery and discontinuing the treatment [106].



Markers of persistent dysbiosis are the reduction of the Clostridiales of the Firmicutes phylum (clostridiales, ruminococcus, faecalibacterium), and an increase in Actinobacteria and Proteobacteria (escherichia, salmonella, yersinia, helicobacter) [67,107]. Of note, recent evidence suggests that the persistence of dysbiosis years after discontinuation of therapy could increase the risk of reinfection [108,109]. A recent study on adults and adolescents suggested that cross-reactivity between certain intestinal microbial species and M. tuberculosis epitopes is important for maintaining long-term host resistance to M. tuberculosis infection. The effect of antituberculosis therapy on these commensal species could lead to greater susceptibility to reinfection. In this study, the researchers compared the production of IFN-γ in response to different M. tuberculosis-related T-cell epitopes by using T cells from patients with or without previous TB. The authors identified a subset of antigenic epitopes (type 2) less effectively recognized by the T cells of subjects previously treated for TB than those without previous TB. These type-2 epitopes were more homologous to bacteria (including nontuberculous mycobacteria) of the gut microbiota than other epitopes. The authors concluded that anti-TB therapy could cause a depletion of the intestinal microbiota necessary to maintain the immune response and the absence of this response could increase the risk of the recurrence of TB [110].



However, to date, the real clinical repercussions of dysbiosis induced by antituberculosis antibiotic therapy are not clear. Moreover, although it is hypothesized that alterations in the intestinal mucosa and its barrier function may be responsible for reduced absorption and drug metabolism, there is limited evidence confirming the importance of dysbiosis on the efficacy of drugs for the therapy of TB [23,111].





5. Can Oral Probiotics Be Used in the Treatment of Tuberculosis?


Probiotics are defined by the World Health Organization (WHO) and the Food and Agriculture Organization of the United Nations (FAO) as “live microorganisms which when administered in adequate amounts confer a health benefit on the host” [112]. Probiotics include microorganisms that naturally colonize our mucosal surfaces, including Lactobacillus spp., Bifidobacterium spp., Streptococcus salivarius, and Escherichia coli str. Nissle 1917 [113].



The most studied and commonly commercially available probiotic species include Bifidobacterium (adolescentis, animalis, bifidum, breve, and longum) and Lactobacillus (acidophilus, casei, fermentum, gasseri, johnsonii, reuteri, paracasei, plantarum, rhamnosus, and salivarius). The Consensus of the International Scientific Association for Probiotics and Prebiotics has confirmed that these species can provide general health benefits such as normalization of the altered gut microbiota, regulation of intestinal transit, competitive exclusion of pathogens, and production by SCFA [114].



Furthermore, probiotics can modulate the host’s local and systemic mucosal immune response, interacting with mucosal epithelial cells and with resident cells of innate and adaptive immunity [115]. These complex mechanisms of action likely mimic the natural interactions of the microbiota with the host and may include the induction and/or inhibition of cytokines, chemokines, and antimicrobial peptides, the recruitment or activation of cell populations in the intestinal mucosa, stimulation of the IgA mucosal response, and improvement of barrier and epithelial repair functions [113].



Probiotics can direct the mucosal immune response towards a “tolerogenic” pattern, increasing IL-10 levels [116]. Furthermore, they induce CD4+ Foxp3+ T-reg by inhibiting the production of proinflammatory cytokines and favoring the polarization of T cells towards the Th1 phenotype [117].



The specific cytokine profile depends on the nature and potency of the stimulus, and the strain of probiotic bacteria used [118]. Lactobacilli would protect the host from airway infections through interaction with the GALT (e.g., that present in Peyer’s patches) by inducing indirect stimulation of respiratory immune cells [119].



It has also been proposed that the protective effect of probiotics is associated with the activation of NK cells and/or macrophages at the alveolar level. In support of this theory, a study conducted on mouse models has shown that the administration of Lactobacillus pentosus increases the activity of NK cells at the splenic level and the production of IFN-γ. The increase of this cytokine occurs through the production of IL-12 by CD11c+ dendritic cells following the interaction between lactobacilli and dendritic cells mediated by TLR2 and TLR4 [120].



Different strains of lactobacilli differ in their ability to induce high levels of IL-12 and consequently of IFN-γ. The effect of probiotics on other inflammatory cells involves T-reg and Th17 lymphocytes in the lung district. Th17s are involved in eliminating pathogens and T-regs at the head of the regulatory processes of immune response in humans and rodents [121].



In an in vitro study, three Lactobacillus species (i.e., casei, plantarum, and salivarius), isolated from wild boar feces, showed pH-dependent inhibitory activity against M. bovis (responsible for bovine tuberculosis and belonging to the M. tuberculosis complex) and influenced its uptake by circulating phagocytes (in which the M. survives and replicates) [122]. All lactobacilli demonstrated a significant bactericidal effect at low pH against M. bovis, but only Lactobacillus plantarum and Lactobacillus casei exhibited such antimycobacterial activity at neutral pH. The genomes of the latter revealed the presence of bacteriocins and a collagen adhesion protein with antimycobacterial and immunomodulating action. Furthermore, Lactobacillus plantarum significantly reduced macrophage uptake with an antagonistic competition mechanism. The authors concluded by hypothesizing that oral administration of lactobacilli with antimycobacterial activity could reduce the intestinal concentration of M. bovis and the risk of its transmission between domestic and wild animals [122].



Other authors have evaluated the use of probiotics for the treatment of multidrug-resistant TB [123]. Gavrilova et al. identified 30 lactobacilli strains capable of inhibiting the growth of M.b 5 (structurally very similar to M. tuberculosis but with less infectious power and therefore suitable for in vitro experiments). In addition, the researchers tested the sensitivity of the identified lactobacilli strains (i.e., brevis B-3, plantarum 22, plantarum 2b, plantarum 14d, cellobiosis 20, fermentum 127, plantarum 2b and 14d, brevis B-3, P. shermanii-15, plantarum 22, fermentum 127) to antituberculosis drugs to carry out a possible probiotic–antibiotic combination therapy. All identified probiotic species exhibited sensitivity to rifampicin and resistance to other conventional antituberculosis drugs [123].



Few probiotic strains, including Lactobacillus and Enterococcus spp., exhibit antibiotic-resistance phenomena. It is hypothesized that the acquisition of antibiotic resistance by some probiotic strains may be disadvantageous since the resistance could spread to other bacteria through the horizontal or vertical transfer of genetic material. This suggests that individual probiotics should be tested for antibiotic-resistance markers before commercialization (although there is currently no evidence of horizontal transfer of antibiotic-resistance genes between probiotics and pathogens) and should ideally be deprived of the plasmid responsible for immunity before using them, to avoid horizontal gene transfer. Another strategy to minimize the risk of inherited resistance could be supplementing antibiotic-resistant probiotics for antibiotic–probiotic combination therapy [124,125].



In a recent study, Bifidobacterium adolescentis was shown to exhibit resistance to very high concentrations of rifampicin, to a greater extent than multidrug-resistant M. tuberculosis [126]. Mutations in the rpoβ gene cause resistance. The rpoβ gene is a constitutive gene essential for protein synthesis present in almost all prokaryotes and may not be subject to horizontal resistance transfer phenomena. Furthermore, Bifidobacterium adolescentis can adapt to Rifampicin concentrations, which could help preserve the human microbiome after treatment with the drug. However, this hypothesis requires other experimental studies [126].



Research conducted on mouse models capable of developing tuberculous lesions similar to human ones has demonstrated the efficacy of a probiotic, Nyaditum resae® (NR)—containing heat-killed M. manresensis—in blocking the development of active TB, through the increase of memory Tregs (CD25+ CD39+) specific for the purified protein derivative [127].



M. manresensis belongs to the M. fortuitum complex (including nontuberculous bacilli responsible for skin, lymph nodes, and joint infections) and is commonly present in drinking water. A subsequent, double-blind placebo-controlled clinical trial evaluated the safety profile and immunogenicity of the NR probiotic, administered for 14 days to adults, with or without LTBI [128]. In subjects with LTBI, there is an inverse relationship between Th17 and Treg, and the Th17 response can be counterbalanced by the presence of Tregs. An excessive inflammatory response in individuals with LTBI determines the infiltration by Th17 cells, stimulated by the tuberculosis infection itself with intensity dependent on the reactivity of the host [128,129].



The results of this study showed that the administration of the probiotic was able to induce, in both LTBI positive and negative subjects, an increase in effector cells (CD25+ CD39−) and specific memory Tregs (CD25 + CD39+). In conclusion, the study demonstrated that the probiotic NR has a good safety profile and may constitute a new tool to reduce the risk of progression of LTBI towards active TB in humans [128].




6. Conclusions


The currently available evidence suggests that the human microbiota might have a role in the pathogenesis of M. tuberculosis and that antituberculosis therapy induces short-term and long-term dysbiosis, which can further affect the host immune control of such infection. However, whether changes in the relative abundance of bacterial taxa affect host responses to M. tuberculosis infection is currently uncertain due to limited evidence from human studies, which mainly focus on gut microbiota and variable study designs both in animal and clinical models. Further experimental and human research is needed to address the mechanistically cause-and-effect relationship between M. tuberculosis and gut and lung dysbiosis. Future research should aim to combine longitudinal analyses, characterizing microbiome changes during M. tuberculosis infection, and transcriptome and metabolome profiling, to address whether changes in the relative abundance of any bacterial species lead to biologically meaningful changes in the concentrations of immunomodulatory mediators and metabolites at local and distant tissue sites. Finally, probiotics for the treatment of TB could be a potential option to address the emerging problem of antibiotic resistance, although further studies are needed.
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	short-chain fatty acids



	T-reg
	regulatory T lymphocytes



	TB
	tuberculosis



	TLRs
	toll-like receptors



	Thf
	follicular T-helper



	TNF-α
	tumor necrosis factor-alpha



	WHO
	World Health Organization







References


	



World Health Organization. Global Tuberculosis Report 2020. Available online: https://www.who.int/publications/i/item/9789240013131 (accessed on 1 November 2021).

	



Sharma, S.K.; Mohan, A.; Sharma, A.; Mitra, D.K. Miliary tuberculosis: New insights into an old disease. Lancet Infect. Dis. 2005, 5, 415–430. [Google Scholar] [CrossRef]

	



Thomas, T.A. Tuberculosis in Children. Pediatr. Clin. N. Am. 2017, 64, 893–909. [Google Scholar] [CrossRef] [PubMed]

	



Perez-Velez, C.M.; Marais, B.J. Tuberculosis in children. N. Engl. J. Med. 2012, 367, 348–361. [Google Scholar] [CrossRef]

	



Mori, G.; Morrison, M.; Blumenthal, A. Microbiome-immune interactions in tuberculosis. PLoS Pathog. 2021, 17, e1009377. [Google Scholar] [CrossRef]

	



Harriff, M.J.; Cansler, M.E.; Toren, K.G.; Canfield, E.T.; Kwak, S.; Gold, M.C.; Lewinsohn, D.M. Human lung epithelial cells contain Mycobacterium tuberculosis in a late endosomal vacuole and are efficiently recognized by CD8+ T Cells. PLoS ONE 2014, 9, e97515. [Google Scholar] [CrossRef] [PubMed]

	



Ottenhoff, T.H.; Verreck, F.A.; Hoeve, M.A.; van de Vosse, E. Control of human host immunity to mycobacteria. Tuberculosis 2005, 85, 53–64. [Google Scholar] [CrossRef]

	



Sekyere, J.O.; Maningi, N.; Fourie, P.B. Mycobacterium tuberculosis, antimicrobials, immunity, and lung–gut microbiota crosstalk: Current updates and emerging advances. Ann. N. Y. Acad. Sci. 2020, 1467, 21–47. [Google Scholar] [CrossRef]

	



Gröschel, M.I.; Sayes, F.; Simeone, R.; Majlessi, L.; Brosch, R. ESX secretion systems: Mycobacterial evolution to counter host immunity. Nat. Rev. Microbiol. 2016, 14, 677–691. [Google Scholar] [CrossRef]

	



De Martino, M.; Lodi, L.; Galli, L.; Chiappini, E. Immune Response to Mycobacterium tuberculosis: A Narrative Review. Front. Pediatr. 2019, 7, 1–8. [Google Scholar] [CrossRef]

	



Bellamy, R.; Ruwende, C.; Corrah, T.; McAdam, K.P.; Whittle, H.C.; Hill, A.V. Variations in the NRAMP1 gene and susceptibility to tuberculosis in West Africans. N. Engl. J. Med. 1998, 338, 640–644. [Google Scholar] [CrossRef]

	



Jabado, N.; Jankowski, A.; Dougaparsad, S.; Picard, V.; Grinstein, S.; Gros, P. Natural resistance to intracellular infections: Natural resistance-associated macrophage protein 1 (Nramp1) functions as a pH-dependent manganese transporter at the phagosomal membrane. J. Exp. Med. 2000, 192, 1237–1248. [Google Scholar] [CrossRef] [PubMed]

	



Venturini, E.; Lodi, L.; Francolino, I.; Ricci, S.; Chiappini, E.; de Martino, M.; Galli, L. CD3, CD4, CD8, CD19 and CD16/CD56 positive cells in tuberculosis infection and disease: Peculiar features in children. Int. J. Immunopathol. Pharmacol. 2019, 33, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Korbel, D.S.; Schneider, B.E.; Schaible, U.E. Innate immunity in tuberculosis: Myths and truth. Microbes Infect. 2008, 10, 995–1004. [Google Scholar] [CrossRef] [PubMed]

	



Lowe, D.M.; Demaret, J.; Bangani, N.; Nakiwala, J.K.; Goliath, R.; Wilkinson, K.A.; Wilkinson, R.J.; Martineau, A.R. Differential Effect of Viable Versus Necrotic Neutrophils on Mycobacterium tuberculosis Growth and Cytokine Induction in Whole Blood. Front. Immunol. 2018, 9, 1–11. [Google Scholar] [CrossRef]

	



Mihret, A. The role of dendritic cells in Mycobacterium tuberculosis infection. Virulence 2012, 3, 654–659. [Google Scholar] [CrossRef]

	



Martinot, A.J. Microbial Offense vs Host Defense: Who Controls the TB Granuloma? Vet. Pathol. 2018, 55, 14–26. [Google Scholar] [CrossRef]

	



Ahmad, S. Pathogenesis, immunology, and diagnosis of latent Mycobacterium tuberculosis infection. Clin. Dev. Immunol. 2011, 2011, 1–17. [Google Scholar] [CrossRef]

	



Ashenafi, S.; Aderaye, G.; Bekele, A.; Zewdie, M.; Aseffa, G.; Hoang, A.T.; Carow, B.; Habtamu, M.; Wijkander, M.; Rottenberg, M.; et al. Progression of clinical tuberculosis is associated with a Th2 immune response signature in combination with elevated levels of SOCS3. Clin. Immunol. 2014, 151, 84–99. [Google Scholar] [CrossRef]

	



Andersson, J.; Samarina, A.; Fink, J.; Rahman, S.; Grundström, S. Impaired expression of perforin and granulysin in CD8+ T cells at the site of infection in human chronic pulmonary tuberculosis. Infect. Immun. 2007, 75, 5210–5222. [Google Scholar] [CrossRef]

	



Dheda, K.; Gumbo, T.; Maartens, G.; Dooley, K.E.; Murray, M.; Furin, J.; Nardell, E.A.; Warren, R.M.; Lancet Respiratory Medicine Drug-Resistant Tuberculosis Commission Group. The Lancet Respiratory Medicine Commission: 2019 update: Epidemiology, pathogenesis, transmission, diagnosis, and management of multidrug-resistant and incurable tuberculosis. Lancet Respir. Med. 2019, 7, 820–826. [Google Scholar] [CrossRef]

	



Becattini, S.; Taur, Y.; Pamer, E.G. Antibiotic-Induced Changes in the Intestinal Microbiota and Disease. Trends Mol. Med. 2016, 22, 458–478. [Google Scholar] [CrossRef]

	



Namasivayam, S.; Sher, A.; Glickman, M.S.; Wipperman, M.F. The Microbiome and Tuberculosis: Early Evidence for Cross Talk. mBio 2018, 9, e01420-18. [Google Scholar] [CrossRef]

	



Tremaroli, V.; Bäckhed, F. Functional interactions between the gut microbiota and host metabolism. Nature 2012, 489, 242–249. [Google Scholar] [CrossRef]

	



Hooper, L.V.; Littman, D.R.; Macpherson, A.J. Interactions between the microbiota and the immune system. Science 2012, 336, 1268–1273. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, D.; Liwinski, T.; Elinav, E. Interaction between microbiota and immunity in health and disease. Cell Res. 2020, 30, 492–506. [Google Scholar] [CrossRef]

	



Cho, I.; Blaser, M.J. The human microbiome: At the interface of health and disease. Nat. Rev. Genet. 2012, 13, 260–270. [Google Scholar] [CrossRef] [PubMed]

	



Di Gangi, A.; Di Cicco, M.E.; Comberiati, P.; Peroni, D.G. Go With Your Gut: The Shaping of T-Cell Response by Gut Microbiota in Allergic Asthma. Front. Immunol. 2020, 11, 1485. [Google Scholar] [CrossRef] [PubMed]

	



Peroni, D.G.; Nuzzi, G.; Trambusti, I.; Di Cicco, M.E.; Comberiati, P. Microbiome Composition and Its Impact on the Development of Allergic Diseases. Front. Immunol. 2020, 11, 700. [Google Scholar] [CrossRef]

	



Round, J.L.; Mazmanian, S.K. The gut microbiota shapes intestinal immune responses during health and disease. Nat. Rev. Immunol. 2009, 9, 313–323. [Google Scholar] [CrossRef]

	



Hagan, T.; Cortese, M.; Rouphael, N.; Boudreau, C.; Linde, C.; Maddur, M.S.; Das, J.; Wang, H.; Guthmiller, J.; Zheng, N.Y.; et al. Antibiotics-Driven Gut Microbiome Perturbation Alters Immunity to Vaccines in Humans. Cell 2019, 178, 1313–1328.e13. [Google Scholar] [CrossRef]

	



Qin, N.; Zheng, B.; Yao, J.; Guo, L.; Zuo, J.; Wu, L.; Zhou, J.; Liu, L.; Guo, J.; Ni, S.; et al. Influence of H7N9 virus infection and associated treatment on human gut microbiota. Sci. Rep. 2015, 5, 14771. [Google Scholar] [CrossRef] [PubMed]

	



Hevia, A.; Milani, C.; López, P.; Donado, C.D.; Cuervo, A.; González, S.; Suárez, A.; Turroni, F.; Gueimonde, M.; Ventura, M.; et al. Allergic Patients with Long-Term Asthma Display Low Levels of Bifidobacterium adolescentis. PLoS ONE 2016, 11, e0147809. [Google Scholar] [CrossRef] [PubMed]

	



Schuijt, T.J.; Lankelma, J.M.; Scicluna, B.P.; de Sousa e Melo, F.; Roelofs, J.J.; de Boer, J.D.; Hoogendijk, A.J.; de Beer, R.; de Vos, A.; Belzer, C.; et al. The gut microbiota plays a protective role in the host defence against pneumococcal pneumonia. Gut 2016, 65, 575–583. [Google Scholar] [CrossRef]

	



McAleer, J.P.; Kolls, J.K. Contributions of the intestinal microbiome in lung immunity. Eur. J. Immunol. 2018, 48, 39–49. [Google Scholar] [CrossRef] [PubMed]

	



Rogers, G.B.; Shaw, D.; Marsh, R.L.; Carroll, M.P.; Serisier, D.J.; Bruce, K.D. Respiratory microbiota: Addressing clinical questions, informing clinical practice. Thorax 2015, 70, 74–81. [Google Scholar] [CrossRef]

	



Turnbaugh, P.J.; Ley, R.E.; Hamady, M.; Fraser-Liggett, C.M.; Knight, R.; Gordon, J.I. The human microbiome project. Nature 2007, 449, 804–810. [Google Scholar] [CrossRef]

	



Marsland, B.J.; Gollwitzer, E.S. Host-microorganism interactions in lung diseases. Nat. Rev. Immunol. 2014, 14, 827–835. [Google Scholar] [CrossRef]

	



Underhill, D.M.; Iliev, I.D. The mycobiota: Interactions between commensal fungi and the host immune system. Nat. Rev. Immunol. 2014, 14, 405–416. [Google Scholar] [CrossRef]

	



Mitchell, A.B.; Oliver, B.G.; Glanville, A.R. Translational Aspects of the Human Respiratory Virome. Am. J. Respir. Crit. Care Med. 2016, 194, 1458–1464. [Google Scholar] [CrossRef]

	



Dickson, R.P.; Erb-Downward, J.R.; Martinez, F.J.; Huffnagle, G.B. The Microbiome and the Respiratory Tract. Annu. Rev. Physiol. 2016, 78, 481–504. [Google Scholar] [CrossRef]

	



West, J.B. Regional differences in the lung. Chest 1978, 74, 426–437. [Google Scholar] [CrossRef]

	



Dickson, R.P.; Erb-Downward, J.R.; Freeman, C.M.; McCloskey, L.; Beck, J.M.; Huffnagle, G.B.; Curtis, J.L. Spatial Variation in the Healthy Human Lung Microbiome and the Adapted Island Model of Lung Biogeography. Ann. Am. Thorac. Soc. 2015, 12, 821–830. [Google Scholar] [CrossRef] [PubMed]

	



Dickson, R.P.; Erb-Downward, J.R.; Freeman, C.M.; McCloskey, L.; Falkowski, N.R.; Huffnagle, G.B.; Curtis, J.L. Bacterial Topography of the Healthy Human Lower Respiratory Tract. mBio 2017, 8, e02287-16. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.; Murray, S.; Lipuma, J.J. Modeling the Impact of Antibiotic Exposure on Human Microbiota. Sci. Rep. 2014, 4, 4345. [Google Scholar] [CrossRef]

	



Aagaard, K.; Ma, J.; Antony, K.M.; Ganu, R.; Petrosino, J.; Versalovic, J. The Placenta Harbors a Unique Microbiome. Sci. Transl. Med. 2014, 6, 237ra65. [Google Scholar] [CrossRef]

	



DiGiulio, D.B. Diversity of microbes in amniotic fluid. Semin. Fetal Neonatal Med. 2012, 17, 2–11. [Google Scholar] [CrossRef] [PubMed]

	



Gallacher, D.J.; Kotecha, S. Respiratory Microbiome of New-Born Infants. Front. Pediatr. 2016, 4, 10. [Google Scholar] [CrossRef]

	



Rusconi, F.; Zugna, D.; Annesi-Maesano, I.; Baïz, N.; Barros, H.; Correia, S.; Duijts, L.; Forastiere, F.; Inskip, H.; Kelleher, C.C.; et al. Mode of Delivery and Asthma at School Age in 9 European Birth Cohorts. Am. J. Epidemiol. 2017, 185, 465–473. [Google Scholar] [CrossRef]

	



Bokulich, N.A.; Chung, J.; Battaglia, T.; Henderson, N.; Jay, M.; Li, H.; Lieber, A.D.; Wu, F.; Perez-Perez, G.I.; Chen, Y.; et al. Antibiotics, birth mode, and diet shape microbiome maturation during early life. Sci. Transl. Med. 2016, 8, 343ra82. [Google Scholar] [CrossRef]

	



Ege, M.J.; Mayer, M.; Normand, A.C.; Genuneit, J.; Cookson, W.O.; Braun-Fahrländer, C.; Heederik, D.; Piarroux, R.; von Mutius, E.; GABRIELA Transregio 22 Study Group. Exposure to environmental microorganisms and childhood asthma. N. Engl. J. Med. 2011, 364, 701–709. [Google Scholar] [CrossRef]

	



Price, A.E.; Shamardani, K.; Lugo, K.A.; Deguine, J.; Roberts, A.W.; Lee, B.L.; Barton, G.M. A Map of Toll-like Receptor Expression in the Intestinal Epithelium Reveals Distinct Spatial, Cell Type-Specific, and Temporal Patterns. Immunity 2018, 49, 560–575. [Google Scholar] [CrossRef] [PubMed]

	



Fulde, M.; Sommer, F.; Chassaing, B.; van Vorst, K.; Dupont, A.; Hensel, M.; Basic, M.; Klopfleisch, R.; Rosenstiel, P.; Bleich, A.; et al. Neonatal selection by Toll-like receptor 5 influences long-term gut microbiota composition. Nature 2018, 560, 489–493. [Google Scholar] [CrossRef]

	



Ramanan, D.; Tang, M.S.; Bowcutt, R.; Loke, P.; Cadwell, K. Bacterial sensor Nod2 prevents inflammation of the small intestine by restricting the expansion of the commensal Bacteroides vulgatus. Immunity 2014, 41, 311–324. [Google Scholar] [CrossRef]

	



Nigro, G.; Rossi, R.; Commere, P.H.; Jay, P.; Sansonetti, P.J. The cytosolic bacterial peptidoglycan sensor Nod2 affords stem cell protection and links microbes to gut epithelial regeneration. Cell Host Microbe 2014, 15, 792–798. [Google Scholar] [CrossRef]

	



Wang, P.; Zhu, S.; Yang, L.; Cui, S.; Pan, W.; Jackson, R.; Zheng, Y.; Rongvaux, A.; Sun, Q.; Yang, G.; et al. Nlrp6 regulates intestinal antiviral innate immunity. Science 2015, 350, 826–830. [Google Scholar] [CrossRef] [PubMed]

	



Erturk-Hasdemir, D.; Oh, S.F.; Okan, N.A.; Stefanetti, G.; Gazzaniga, F.S.; Seeberger, P.H.; Plevy, S.E.; Kasper, D.L. Symbionts exploit complex signaling to educate the immune system. Proc. Natl. Acad Sci. USA 2019, 116, 26157–26166. [Google Scholar] [CrossRef] [PubMed]

	



Schulthess, J.; Pandey, S.; Capitani, M.; Rue-Albrecht, K.C.; Arnold, I.; Franchini, F.; Chomka, A.; Ilott, N.E.; Johnston, D.; Pires, E.; et al. The Short Chain Fatty Acid Butyrate Imprints an Antimicrobial Program in Macrophages. Immunity 2019, 50, 432–445. [Google Scholar] [CrossRef]

	



Gury-BenAri, M.; Thaiss, C.A.; Serafini, N.; Winter, D.R.; Giladi, A.; Lara-Astiaso, D.; Levy, M.; Salame, T.M.; Weiner, A.; David, E.; et al. The Spectrum and Regulatory Landscape of Intestinal Innate Lymphoid Cells Are Shaped by the Microbiome. Cell 2016, 166, 1231–1246. [Google Scholar] [CrossRef]

	



Bostick, J.W.; Wang, Y.; Shen, Z.; Ge, Y.; Brown, J.; Chen, Z.E.; Mohamadzadeh, M.; Fox, J.G.; Zhou, L. Dichotomous regulation of group 3 innate lymphoid cells by nongastric Helicobacter species. Proc. Natl. Acad Sci. USA 2019, 116, 24760–24769. [Google Scholar] [CrossRef]

	



Castleman, M.J.; Dillon, S.M.; Purba, C.M.; Cogswell, A.C.; Kibbie, J.J.; McCarter, M.D.; Santiago, M.L.; Barker, E.; Wilson, C.C. Commensal and Pathogenic Bacteria Indirectly Induce IL-22 but Not IFNγ Production From Human Colonic ILC3s via Multiple Mechanisms. Front. Immunol. 2019, 10, 649. [Google Scholar] [CrossRef]

	



Palm, N.W.; de Zoete, M.R.; Cullen, T.W.; Barry, N.A.; Stefanowski, J.; Hao, L.; Degnan, P.H.; Hu, J.; Peter, I.; Zhang, W.; et al. Immunoglobulin A coating identifies colitogenic bacteria in inflammatory bowel disease. Cell 2014, 158, 1000–1010. [Google Scholar] [CrossRef]

	



Trompette, A.; Gollwitzer, E.S.; Yadava, K.; Sichelstiel, A.K.; Sprenger, N.; Ngom-Bru, C.; Blanchard, C.; Junt, T.; Nicod, L.P.; Harris, N.L.; et al. Gut microbiota metabolism of dietary fiber influences allergic airway disease and hematopoiesis. Nat. Med. 2014, 20, 159–166. [Google Scholar] [CrossRef] [PubMed]

	



Omenetti, S.; Bussi, C.; Metidji, A.; Iseppon, A.; Lee, S.; Tolaini, M.; Li, Y.; Kelly, G.; Chakravarty, P.; Shoaie, S.; et al. The Intestine Harbors Functionally Distinct Homeostatic Tissue-Resident and Inflammatory Th17 Cells. Immunity 2019, 51, 77–89. [Google Scholar] [CrossRef]

	



Bachem, A.; Makhlouf, C.; Binger, K.J.; de Souza, D.P.; Tull, D.; Hochheiser, K.; Whitney, P.G.; Fernandez-Ruiz, D.; Dähling, S.; Kastenmüller, W.; et al. Microbiota-Derived Short-Chain Fatty Acids Promote the Memory Potential of Antigen-Activated CD8+ T Cells. Immunity 2019, 51, 285–297. [Google Scholar] [CrossRef]

	



Kubinak, J.L.; Petersen, C.; Stephens, W.Z.; Soto, R.; Bake, E.; O’Connell, R.M.; Round, J.L. MyD88 signaling in T cells directs IgA-mediated control of the microbiota to promote health. Cell Host Microbe. 2015, 17, 153–163. [Google Scholar] [CrossRef] [PubMed]

	



Naidoo, C.C.; Nyawo, G.R.; Wu, B.G.; Walzl, G.; Warren, R.M.; Segal, L.N.; Theron, G. The microbiome and tuberculosis: State of the art, potential applications, and defining the clinical research agenda. Lancet Respir. Med. 2019, 7, 892–906. [Google Scholar] [CrossRef]

	



Hu, Y.; Feng, Y.; Wu, J.; Liu, F.; Zhang, Z.; Hao, Y.; Liang, S.; Li, B.; Li, J.; Lv, N.; et al. The Gut Microbiome Signatures Discriminate Healthy From Pulmonary Tuberculosis Patients. Front. Cell Infect. Microbiol. 2019, 9, 90. [Google Scholar] [CrossRef]

	



Li, W.; Zhu, Y.; Liao, Q.; Wang, Z.; Wan, C. Characterization of gut microbiota in children with pulmonary tuberculosis. BMC Pediatr. 2019, 19, 445. [Google Scholar] [CrossRef]

	



Winglee, K.; Eloe-Fadrosh, E.; Gupta, S.; Guo, H.; Fraser, C.; Bishai, W. Aerosol Mycobacterium tuberculosis infection causes rapid loss of diversity in gut microbiota. PLoS ONE 2014, 9, e97048. [Google Scholar] [CrossRef]

	



Hu, Y.; Yang, Q.; Liu, B.; Dong, J.; Sun, L.; Zhu, Y.; Su, H.; Yang, J.; Yang, F.; Chen, X.; et al. Gut microbiota associated with pulmonary tuberculosis and dysbiosis caused by anti-tuberculosis drugs. J. Infect. 2019, 78, 317–322. [Google Scholar] [CrossRef]

	



Luo, M.; Liu, Y.; Wu, P.; Luo, D.X.; Sun, Q.; Zheng, H.; Hu, R.; Pandol, S.J.; Li, Q.F.; Han, Y.P.; et al. Alternation of Gut Microbiota in Patients with Pulmonary Tuberculosis. Front. Physiol. 2017, 8, 822. [Google Scholar] [CrossRef]

	



Naidoo, C.C.; Nyawo, G.R.; Sulaiman, I.; Wu, B.G.; Turner, C.T.; Bu, K.; Palmer, Z.; Li, Y.; Reeve, B.W.; Moodley, S.; et al. Anaerobe-enriched gut microbiota predicts pro-inflammatory responses in pulmonary tuberculosis. EBioMedicine 2021, 67, 103374. [Google Scholar] [CrossRef] [PubMed]

	



Arnold, I.C.; Hutchings, C.; Kondova, I.; Hey, A.; Powrie, F.; Beverley, P.; Tchilian, E. Helicobacter hepaticus infection in BALB/c mice abolishes subunit-vaccine-induced protection against M. tuberculosis. Vaccine 2015, 33, 1808–1814. [Google Scholar] [CrossRef]

	



Majlessi, L.; Sayes, F.; Bureau, J.F.; Pawlik, A.; Michel, V.; Jouvion, G.; Huerre, M.; Severgnini, M.; Consolandi, C.; Peano, C.; et al. Colonization with Helicobacter is concomitant with modified gut microbiota and drastic failure of the immune control of Mycobacterium tuberculosis. Mucosal Immunol. 2017, 10, 1178–1189. [Google Scholar] [CrossRef] [PubMed]

	



Perry, S.; de Jong, B.C.; Solnick, J.V.; de la Luz Sanchez, M.; Yang, S.; Lin, P.L.; Hansen, L.M.; Talat, N.; Hill, P.C.; Hussain, R.; et al. Infection with Helicobacter pylori is associated with protection against tuberculosis. PLoS ONE 2010, 5, e8804. [Google Scholar] [CrossRef] [PubMed]

	



Vorkas, C.K.; Wipperman, M.F.; Li, K.; Bean, J.; Bhattarai, S.K.; Adamow, M.; Wong, P.; Aubé, J.; Juste, M.; Bucci, V.; et al. Mucosal-associated invariant and γδ T cell subsets respond to initial Mycobacterium tuberculosis infection. JCI Insight 2018, 3, e121899. [Google Scholar] [CrossRef]

	



Venturini, E.; Turkova, A.; Chiappini, E.; Galli, L.; de Martino, M.; Thorne, T. Tuberculosis and HIV co-infection in children. BMC Infect. Dis. 2014, 14, S5. [Google Scholar] [CrossRef]

	



Dinh, D.M.; Volpe, G.E.; Duffalo, C.; Bhalchandra, S.; Tai, A.K.; Kane, A.V.; Wanke, C.A.; Ward, H.D. Intestinal microbiota, microbial translocation, and systemic inflammation in chronic HIV infection. J. Infect. Dis. 2015, 211, 19–27. [Google Scholar] [CrossRef]

	



Lozupone, C.A.; Li, M.; Campbell, T.B.; Flores, S.C.; Linderman, D.; Gebert, M.J.; Knight, R.; Fontenot, A.P.; Palmer, B.E. Alterations in the Gut Microbiota Associated with HIV-1 Infection. Cell Host Microbe 2013, 14, 329–339. [Google Scholar] [CrossRef]

	



Arias, L.; Goig, G.A.; Cardona, P.; Torres-Puente, M.; Díaz, J.; Rosales, Y.; Garcia, E.; Tapia, G.; Comas, I.; Vilaplana, C.; et al. Influence of Gut Microbiota on Progression to Tuberculosis Generated by High Fat Diet-Induced Obesity in C3HeB/FeJ Mice. Front. Immunol. 2019, 10, 2464. [Google Scholar] [CrossRef]

	



Zhou, Y.; Lin, F.; Cui, Z.; Zhang, X.; Hu, C.; Shen, T.; Chen, C.; Zhang, X.; Guo, X. Correlation between Either Cupriavidus or Porphyromonas and Primary Pulmonary Tuberculosis Found by Analysing the Microbiota in Patients’ Bronchoalveolar Lavage Fluid. PLoS ONE 2015, 10, e0124194. [Google Scholar] [CrossRef] [PubMed]

	



Hu, Y.; Kang, Y.; Liu, X.; Cheng, M.; Dong, J.; Sun, L.; Zhu, Y.; Ren, X.; Yang, Q.; Chen, X.; et al. Distinct lung microbial community states in patients with pulmonary tuberculosis. Sci. China Life Sci. 2020, 63, 1522–1533. [Google Scholar] [CrossRef] [PubMed]

	



Dickson, R.P.; Erb-Downward, J.R.; Huffnagle, G.B. The role of the bacterial microbiome in lung disease. Expert Rev. Respir. Med. 2013, 7, 245–257. [Google Scholar] [CrossRef]

	



Wu, J.; Liu, W.; He, L.; Huang, F.; Chen, J.; Cui, P.; Shen, Y.; Zhao, J.; Wang, W.; Zhang, Y.; et al. Sputum Microbiota Associated with New, Recurrent and Treatment Failure Tuberculosis. PLoS ONE 2013, 8, e83445. [Google Scholar] [CrossRef] [PubMed]

	



Krishna, P.; Jain, A.; Bisen, P.S. Microbiome diversity in the sputum of patients with pulmonary tuberculosis. Eur. J. Clin. Microbiol. Infect. Dis. 2016, 35, 1205–1210. [Google Scholar] [CrossRef] [PubMed]

	



Segal, L.N.; Clemente, J.C.; Li, Y.; Ruan, C.; Cao, J.; Danckers, M.; Morris, A.; Tapyrik, S.; Wu, B.G.; Diaz, P.; et al. Anaerobic Bacterial Fermentation Products Increase Tuberculosis Risk in Antiretroviral-Drug-Treated HIV Patients. Cell Host Microbe 2017, 21, 530–537. [Google Scholar] [CrossRef]

	



Langdon, A.; Crook, N.; Dantas, G. The effects of antibiotics on the microbiome throughout development and alternative approaches for therapeutic modulation. Genome Med. 2016, 8, 39. [Google Scholar] [CrossRef]

	



Jernberg, C.; Lofmark, S.; Edlund, C.; Jansson, J.K. Long-term impacts of antibiotic exposure on the human intestinal microbiota. Microbiology 2010, 156, 3216–3223. [Google Scholar] [CrossRef]

	



Dheda, K.; Barry, C.E., 3rd; Maartens, G. Tuberculosis. Lancet 2016, 387, 1211–1226. [Google Scholar] [CrossRef]

	



O’Toole, R.F.; Gautam, S.S. The host microbiome and impact of tuberculosis chemotherapy. Tuberculosis 2018, 113, 26–29. [Google Scholar] [CrossRef]

	



Dumas, A.; Corral, D.; Colom, A.; Levillain, F.; Peixoto, A.; Hudrisier, D.; Poquet, Y.; Neyrolles, O. The host microbiota contributes to early protection against lung colonization by Mycobacterium tuberculosis. Front. Immunol. 2018, 9, 2656. [Google Scholar] [CrossRef] [PubMed]

	



Hong, B.Y.; Paulson, J.N.; Stine, O.C.; Weinstock, G.M.; Cervantes, J.L. Meta-analysis of the lung microbiota in pulmonary tuberculosis. Tuberculosis 2018, 109, 102–108. [Google Scholar] [CrossRef]

	



Adami, A.J.; Cervantes, J.L. The microbiome at the pulmonary alveolar niche and its role in Mycobacterium tuberculosis infection. Tuberculosis 2015, 95, 651–658. [Google Scholar] [CrossRef]

	



Khan, N.; Vidyarthi, A.; Nadeem, S.; Negi, S.; Nair, G.; Agrewala, J.N. Alteration in the gut microbiota provokes susceptibility to tuberculosis. Front. Immunol. 2016, 7, 529. [Google Scholar] [CrossRef] [PubMed]

	



Yang, L.; Liu, C.; Zhao, W.; He, C.; Ding, J.; Dai, R.; Xu, K.; Xiao, L.; Luo, L.; Liu, S.; et al. Impaired autophagy in intestinal epithelial cells alters gut microbiota and host immune responses. Appl. Environ. Microbiol. 2018, 84, e00880-18. [Google Scholar] [CrossRef]

	



Genestet, C.; Bernard-Barret, F.; Hodille, E.; Ginevra, C.; Ader, F.; Goutelle, S.; Lina, G.; Dumitrescu, O.; Lyon TB Study Group. Antituberculous drugs modulate bacterial phagolysosome avoidance and autophagy in Mycobacterium tuberculosis-infected macrophages. Tuberculosis 2018, 111, 67–70. [Google Scholar] [CrossRef] [PubMed]

	



Khan, N.; Mendonca, L.; Dhariwal, A.; Fontes, G.; Menzies, D.; Xia, J.; Divangahi, M.; King, I.L. Intestinal dysbiosis compromises alveolar macrophage immunity to Mycobacterium tuberculosis. Mucosal Immunol. 2019, 12, 772–783. [Google Scholar] [CrossRef]

	



Wipperman, M.F.; Fitzgerald, D.W.; Juste, M.A.J.; Taur, Y.; Namasivayam, S.; Sher, A.; Bean, J.M.; Bucci, V.; Glickman, M.S. Antibiotic treatment for Tuberculosis induces a profound dysbiosis of the microbiome that persists long after therapy is completed. Sci. Rep. 2017, 7, 10767. [Google Scholar] [CrossRef]

	



Namasivayam, S.; Maiga, M.; Yuan, W.; Thovarai, V.; Costa, D.L.; Mittereder, L.R.; Wipperman, M.F.; Glickman, M.S.; Dzutsev, A.; Trinchieri, G.; et al. Longitudinal profiling reveals a persistent intestinal dysbiosis triggered by conventional anti-tuberculosis therapy. Microbiome 2017, 5, 71. [Google Scholar] [CrossRef]

	



Arpaia, N.; Campbell, C.; Fan, X.; Dikiy, S.; van der Veeken, J.; deRoos, P.; Liu, H.; Cross, J.R.; Pfeffer, K.; Coffer, P.J.; et al. Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation. Nature 2013, 504, 451–455. [Google Scholar] [CrossRef]

	



Shen, Y.; Giardino Torchia, M.L.; Lawson, G.W.; Karp, C.L.; Ashwell, J.D.; Mazmanian, S.K. Outer membrane vesicles of a human commensal mediate immune regulation and disease protection. Cell Host Microbe 2012, 12, 509–520. [Google Scholar] [CrossRef] [PubMed]

	



Wells, J.M. Immunomodulatory mechanisms of lactobacilli. Microb. Cell Fact. 2011, 10, S17. [Google Scholar] [CrossRef] [PubMed]

	



Wipperman, M.F.; Bhattarai, S.K.; Vorkas, C.K.; Maringati, V.S.; Taur, Y.; Mathurin, L.; McAulay, K.; Vilbrun, S.C.; Francois, D.; Bean, J.; et al. Gastrointestinal microbiota composition predicts peripheral inflammatory state during treatment of human tuberculosis. Nat. Commun. 2021, 12, 1141. [Google Scholar] [CrossRef]

	



Drain, P.K.; Bajema, K.L.; Dowdy, D.; Dheda, K.; Naidoo, K.; Schumacher, S.G.; Ma, S.; Meermeier, E.; Lewinsohn, D.M.; Sherman, D.R. Incipient and subclinical tuberculosis: A clinical review of early stages and progression of infection. Clin. Microbiol. Rev. 2018, 31, e00021-18. [Google Scholar] [CrossRef]

	



Wang, J.; Xiong, K.; Zhao, S.; Zhang, C.; Zhang, J.-; Xu, L.; Ma, A. Long-Term Effects of Multi-Drug-Resistant Tuberculosis Treatment on Gut Microbiota and Its Health Consequences. Front. Microbiol. 2020, 11, 53. [Google Scholar] [CrossRef] [PubMed]

	



Barry, C.E., 3rd; Boshoff, H.I.; Dartois, V.; Dick, T.; Ehrt, S.; Flynn, J.; Schnappinger, D.; Wilkinson, R.J.; Young, D. The spectrum of latent tuberculosis: Rethinking the biology and intervention strategies. Nat. Rev. Microbiol. 2009, 7, 845–855. [Google Scholar] [CrossRef]

	



Van Rie, A.; Warren, R.; Richardson, M.; Victor, T.C.; Gie, R.P.; Enarson, D.A.; Beyers, N.; van Helden, P.D. Exogenous reinfection as a cause of recurrent tuberculosis after curative treatment. N. Engl. J. Med. 1999, 341, 1174–1179. [Google Scholar] [CrossRef]

	



Verver, S.; Warren, R.M.; Beyers, N.; Richardson, M.; van der Spuy, G.D.; Borgdorff, M.W.; Enarson, D.A.; Behr, M.A.; van Helden, P.D. Rate of reinfection tuberculosis after successful treatment is higher than rate of new tuberculosis. Am. J. Respir. Crit. Care Med. 2005, 171, 1430–1435. [Google Scholar] [CrossRef]

	



Scriba, T.J.; Carpenter, C.; Pro, S.C.; Sidney, J.; Musvosvi, M.; Rozot, V.; Seumois, G.; Rosales, S.L.; Vijayanand, P.; Goletti, D.; et al. Differential Recognition of Mycobacterium tuberculosis-Specific Epitopes as a Function of Tuberculosis Disease History. Am. J. Respir. Crit. Care Med. 2017, 15, 772–781. [Google Scholar] [CrossRef]

	



Yang, J.H.; Bhargava, P.; McCloskey, D.; Mao, N.; Palsson, B.O.; Collins, J.J. Antibiotic-induced changes to the host metabolic environment inhibit drug efficacy and alter immune function. Cell Host Microbe 2017, 22, 757–765. [Google Scholar] [CrossRef]

	



Food and Agricultural Organization of the United Nations; World Health Organization. Health and Nutritional Properties of Probiotics in Food Including Powder Milk with Live Lactic Acid Bacteria; World Health Organization: Cordoba, Argentina, 2001; pp. 1–7. [Google Scholar]

	



Hancock, R.E.; Nijnik, A.; Philpott, D.J. Modulating immunity as a therapy for bacterial infections. Nat. Rev. Microbiol. 2012, 10, 243–254. [Google Scholar] [CrossRef]

	



Hill, C.; Guarner, F.; Reid, G.; Gibson, G.R.; Merenstein, D.J.; Pot, B.; Morelli, L.; Canani, R.B.; Flint, H.J.; Salminen, S.; et al. Expert consensus document. The International Scientific Association for Probiotics and Prebiotics consensus statement on the scope and appropriate use of the term probiotic. Nat. Rev. Gastroenterol. Hepatol. 2014, 11, 506–514. [Google Scholar] [CrossRef] [PubMed]

	



Hörmannsperger, G.; Haller, D. Molecular crosstalk of probiotic bacteria with the intestinal immune system: Clinical relevance in the context of inflammatory bowel disease. Int. J. Med. Microbiol. 2010, 300, 63–73. [Google Scholar] [CrossRef] [PubMed]

	



So, J.S.; Lee, C.G.; Kwon, H.K.; Yi, H.J.; Chae, C.S.; Park, J.A.; Hwang, K.C.; Im, S.H. Lactobacillus casei potentiates induction of oral tolerance in experimental arthritis. Mol. Immunol. 2008, 46, 172–180. [Google Scholar] [CrossRef]

	



Ghadimi, D.; Fölster-Holst, R.; de Vrese, M.; Winkler, P.; Heller, K.J.; Schrezenmeir, J. Effects of probiotic bacteria and their genomic DNA on TH1/TH2-cytokine production by peripheral blood mononuclear cells (PBMCs) of healthy and allergic subjects. Immunobiology 2008, 213, 677–692. [Google Scholar] [CrossRef]

	



Takeda, K.; Suzuki, T.; Shimada, S.I.; Shida, K.; Nanno, M.; Okumura, K. Interleukin-12 is involved in the enhancement of human natural killer cell activity by Lactobacillus casei Shirota. Clin. Exp. Immunol. 2006, 146, 109–115. [Google Scholar] [CrossRef] [PubMed]

	



Harata, G.; He, F.; Kawase, M.; Hosono, A.; Takahashi, K.; Kaminogawa, S. Differentiated implication of Lactobacillus GG and L. gasseri TMC0356 to immune responses of murine Peyer’s patch. Microbiol. Immunol. 2009, 53, 475–480. [Google Scholar] [CrossRef]

	



Koizumi, S.; Wakita, D.; Sato, T.; Mitamura, R.; Izumo, T.; Shibata, H.; Kiso, Y.; Chamoto, K.; Togashi, Y.; Kitamura, H.; et al. Essential role of Toll-like receptors for dendritic cell and NK1.1(+) cell-dependent activation of type 1 immunity by Lactobacillus pentosus strain S-PT84. Immunol. Lett. 2008, 120, 14–19. [Google Scholar] [CrossRef]

	



Korn, T.; Bettelli, E.; Oukka, M.; Kuchroo, V.K. IL-17 and Th17 Cells. Annu. Rev. Immunol. 2009, 27, 485–517. [Google Scholar] [CrossRef]

	



Bravo, M.; Combes, T.; Martinez, F.O.; Cerrato, R.; Rey, J.; Garcia-Jimenez, W.; Fernandez-Llario, P.; Risco, D.; Gutierrez-Merino, J. Lactobacilli Isolated From Wild Boar (Sus scrofa) Antagonize Mycobacterium bovis Bacille Calmette-Guerin (BCG) in a Species-Dependent Manner. Front. Microbiol. 2019, 10, 1663. [Google Scholar] [CrossRef]

	



Gavrilova, N.N.; Ratnikova, I.A.; Sadnov, A.K.; Bayakisheva, K.; Tourlibaeva, Z.J.; Belikova, O.A. Application of probiotics in complex treatment of tuberculosis. Int. J. Eng. Res. Appl. 2014, 4, 13–18. [Google Scholar]

	



Lokesh, D.; Rajagopal, K.; Shin, J.H. Multidrug Resistant Probiotics as an Alternative to Antibiotic Probiotic therapy. J. Infect. 2019, 2, 46–49. [Google Scholar] [CrossRef]

	



Varankovich, N.V.; Nickerson, M.T.; Korber, D.R. Probiotic-based strategies for therapeutic and prophylactic use against multiple gastrointestinal diseases. Front. Microbiol. 2015, 14, 685. [Google Scholar] [CrossRef] [PubMed]

	



Lokesh, D.; Parkesh, R.; Kammara, R. Bifidobacterium adolescentis is intrinsically resistant to antituberculosis drugs. Sci. Rep. 2018, 8, 11897. [Google Scholar] [CrossRef] [PubMed]

	



Cardona, P.; Marzo-Escartín, E.; Tapia, G.; Díaz, J.; García, V.; Varela, I.; Vilaplana, C.; Cardona, P.J. Oral administration of heat-killed mycobacterium manresensis delays progression toward active tuberculosis in C3HeB/FeJ mice. Front. Microbiol. 2016, 6, 4–7. [Google Scholar] [CrossRef]

	



Montané, E.; Barriocanal, A.M.; Arellano, A.L.; Valderrama, A.; Sanz, Y.; Perez-Alvarez, N.; Cardona, P.; Vilaplana, C.; Cardona, P.J. Pilot, double-blind, randomized, placebo-controlled clinical trial of the supplement food Nyaditum resae® in adults with or without latent TB infection: Safety and immunogenicity. PLoS ONE 2017, 12, e0171294. [Google Scholar] [CrossRef]

	



Ocejo-Vinyals, J.G.; de Mateo, E.P.; Hoz, M.Á.; Arroyo, J.L.; Agüero, R.; Ausín, F.; Fariñas, M.C. The IL-17 G-152A single nucleotide polymorphism is associated with pulmonary tuberculosis in northern Spain. Cytokine 2013, 64, 58–61. [Google Scholar] [CrossRef]








[image: Ijerph 18 12220 g001 550] 





Figure 1. Environmental alterations such as diet, the use of broad-spectrum antibiotics, and colonization by pathogenic bacteria can alter the normal composition of the intestinal microbiota. M. tuberculosis, through mostly unknown mechanisms, is also able to modulate the diversity of the intestinal flora. The response of upper pathway epithelial cells and resident invariant T lymphocytes (MAITs) is modulated by the gut microbiota. These can assist the macrophage response to infection. The intestinal microbiota is a strong modulator of the T helper response in the lung and, as such, could affect the ability of macrophages to eliminate M. tuberculosis through the increase in the production of IFN-γ, IL-12, and reactive oxygen species. Bacterial-derived metabolites and other mediators are among those responsible for maintaining the dynamic balance between the intestinal and lung microbiota. 
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Figure 2. Hypothesized role of the lung microbiota in the pathogenesis of tuberculosis. 






Figure 2. Hypothesized role of the lung microbiota in the pathogenesis of tuberculosis.



[image: Ijerph 18 12220 g002]







[image: Table] 





Table 1. Risk factors for tuberculosis known to modulate gut or lung microbiota and hepatic antituberculosis drug metabolism (modified from reference [67]).
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	Intestinal Microbiota
	Lung Microbiota
	Antituberculosis Drug-Induced Hepatotoxicity





	HIV
	↓Rikenellaceae

↓Bacteroidaceae

↓Lachnospiraceae
	↑Prevotell,

↑Veillonella

↑Streptococcus
	Increases risk



	Alcohol
	↑Proteobacteria

↓Bacteroidetes
	Unknown
	Increases risk



	Malnutrition
	↑Entreococcus faecalis

↑Streptococcus gallolyticus

↓Faecalibacterium prauznitzii

↓Bacteroides spp.

↓Bifidobacterium spp.
	Unknown
	Increases risk



	Smoking
	↑Proteobacteria

↑Bacteroidetes

↓Actinobacteria

↓Firmicutes
	Minimal effect on

microbiota
	No data



	Air pollution
	↑Firmicutes,

↓Bacteroidetes
	↑Neisseria,

↑Streptococcus

↓Tropheryma
	Unknown







↑ and ↓ indicate increase and decrease in abundance, respecively.
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Table 2. Reported modification of the gut microbiota after first-line antibiotic therapy for tuberculosis.
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	Source
	Changes in Microbiota Composition
	Reference





	Animal (mice)
	↑ Bacteroidetes

↑ Clostridiaceae

↓ Lachnospiraceae
	[96]



	Animal (mice)
	↑ Proteobacteria

↑ Bacteroidetes

↓ Firmicutes
	[98]



	Human
	↑ Bacteroidetes

↓ Ruminococcus

↓ Faecalibacterium
	[71]



	Human
	↑ Fusobacterium

↑ Prevotella

↓ Blautia

↓ Bifidobacterium

↓ Firmicutes
	[97]



	Animal (mice)
	↑ Bacteroidetes

↑ Clostridiaceae

↓ Lachnospiraceae
	[96]







↑ and ↓ indicate increase and decrease in abundance, respecively.
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