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Tuberculosis (TB) remains a major global health challenge, affecting approximately 10 million people annually. Susceptibility to infection by Mycobacterium tuberculosis, progression to TB, response to antimycobacterial chemotherapy, and the propensity to develop post-infectious sequelae have all been linked to a complex interplay of host and pathogen factors. Studies have revealed that communities of microorganisms colonize the human respiratory and gastrointestinal tracts and regulate regional immunity, with consequent effects on TB acquisition, progression, and resolution. An in-depth understanding of the multifaceted determinants of host susceptibility to TB, including the cross-talk between the host immune system and gut and lung microbiomes, could provide new insights into TB pathogenesis, treatment response, sequelae, and recurrence dynamics. This review explores the role of the gut-lung microbiome axis across the spectrum of TB pathogenesis, including microbial changes during and beyond TB treatment, and assesses their potential effect on treatment outcomes and the risk of TB recurrence.
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Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis (MTB), remains the leading cause of death from a single pathogen worldwide despite being a curable and preventable infectious disease (World Health Organization, 2024). In 2023, the number of new TB cases increased to over 10.8 million, further eroding the steady decline of approximately 2% per year until 2020. As the global TB burden remains unacceptably high, the current epidemiological trajectory is insufficient to meet the United Nations Sustainable Development Goals and the WHO End TB Strategy milestones for TB eradication (World Health Organization, 2024). TB control efforts are limited by unsatisfactorily high rates of treatment failure, which are associated with an increased risk of acquired drug resistance and mortality (World Health Organization, 2024). Additionally, after successful treatment completion, the risk of recurrent TB persists, either from reactivation of the initial MTB strain (relapse) or infection with a new strain (reinfection) (Colangeli et al., 2018; Romanowski et al., 2019; Jiang et al., 2022). Comorbidities such as HIV, diabetes, and malnutrition, as well as smoking and excessive alcohol use, are important risk factors for progression from latent infection to active TB disease and relapse (Bates et al., 2015; Duarte et al., 2018). TB susceptibility, progression, and relapse present significant public health challenges in resource-limited settings; however, the underlying determinants of these occurrences remain poorly understood (Figure 1).
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FIGURE 1
 Dynamic spectrum of MTB infection depicting adequate containment, progression to active TB, treatment response, and TB recurrence. Upon exposure to MTB, the bacillus reaches the pulmonary alveoli, where many exposed individuals can clear the pathogen through innate immune responses, including the action of macrophages, natural killer cells, neutrophils, and cathelicidins. After the bacteria establish infection, adaptive immune mechanisms, such as cytokine production and the activation of CD4+ and CD8+ T cells, further restrict bacterial growth and help control the progression of the disease. The remaining individuals who fail to clear the infection may establish latent TB infection (~95%) or progress to active TB (~5%). Latently infected individuals may subsequently clear the infection or progress to active TB, most likely in the context of immunosuppression. Active TB can be successfully treated, but in some cases, there are therapeutic failures. Successfully treated individuals are at an increased risk of recurrent TB during their lifetime, whether through new infection (exogenous reinfection) or relapse of the initial disease episode (endogenous relapse). Generated with BioRender.com.


Growing evidence indicates that dysbiosis of the gut and lung microbiota may influence susceptibility to M. tuberculosis infection, progression from latent tuberculosis infection (LTBI) to active TB, and response to anti-tuberculosis treatment (Dumas et al., 2018; Eribo et al., 2020; Wu et al., 2013). The gut microbiota may modulate: (i) interindividual variability in immune cell subsets or their functionality within the gut-lung axis, which can influence susceptibility to initial M. tuberculosis infection and the progression from latent to active disease; (ii) the absorption and therapeutic efficacy of antibiotics used in TB treatment; and (iii) the production of antimicrobial or immunomodulatory molecules capable of directly impacting M. tuberculosis growth and survival (Namasivayam et al., 2017; Comberiati et al., 2021). While evidence indicates a complex relationship between the gut and lung microbiome, host immune responses, and TB, the precise mechanisms underlying these interactions remain elusive. Additionally, key risk factors such as HIV infection, malnutrition, smoking, alcohol use, and diabetes are associated with significant structural and functional changes in the gut microbiota; however, the effects of these comorbidities and their clinical management on the gut-lung microbiome remain poorly understood. This review examines the gut-lung microbiome axis in TB pathogenesis, with a focus on microbial changes during and after TB treatment, and assesses their potential impact on treatment outcomes and the risk of TB recurrence. By examining these interactions, this review seeks to enhance our understanding of how microbial communities influence infection dynamics, treatment responses, and the likelihood of recurrence.


Search strategy

Publications related to TB and the host microbiome were identified by searching PubMed, Google Scholar, and Web of Science using terms including but not limited to: (microbiota AND tuberculosis), (gut microbiome AND tuberculosis), (lung microbiome AND tuberculosis), (gut-lung axis AND microbiome AND tuberculosis), (tuberculosis treatment AND microbiome) and (recurrent tuberculosis AND microbiome). Further publications were identified from references cited in the relevant articles, reports, and conference proceedings. The search included all publications from inception until January 30, 2025, and was restricted to publications in or translated to English.




Microbiome and TB susceptibility and progression

The human microbiome, particularly the microbial communities in the lungs and gut, plays a pivotal role in immune regulation and host defense against infectious diseases (Ananya et al., 2021; Sencio et al., 2021; Schlechte et al., 2022; Du et al., 2023; Yang et al., 2024). In the context of TB, comprehensive studies on the microbiome composition in people with TB and MTB-infected animal models have highlighted that MTB may not solely drive TB pathogenesis. Instead, disruptions in microbial homeostasis and imbalances in the composition and abundance of microbiota in the lungs and gut can influence the host’s susceptibility to TB (Schlechte et al., 2022; Du et al., 2023; Nakhaee et al., 2018; Namasivayam et al., 2018; Naidoo et al., 2019; Zhou et al., 2021; Ma et al., 2022). Dysbiosis can impair the immune system’s ability to detect and respond effectively to MTB, thereby weakening host defense mechanisms. The lung microbiome plays a crucial role in shaping respiratory immune responses, whereas the gut microbiome has a broader impact on systemic immunity, which in turn modulates the host’s ability to resist TB infection (Ananya et al., 2021; Sencio et al., 2021; Schlechte et al., 2022; Du et al., 2023; Yang et al., 2024; Twigg 3rd et al., 2017; Balcells et al., 2019; Osei Sekyere et al., 2020). Therefore, understanding the complex interactions between these microbial communities and TB susceptibility may offer novel opportunities for targeted therapeutic interventions aimed at restoring the microbial balance and enhancing immune function to combat TB more effectively (Figure 2).
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FIGURE 2
 Crosstalk between the gut and respiratory microbiota during homeostasis and Mycobacterium tuberculosis (MTB)-induced dysbiosis. The schematic depicts the structural and immunological mechanisms underpinning the gut–lung axis. Left panels (homeostasis): In healthy conditions, epithelial integrity in both the intestine and lung is preserved by tight junctions and a protective mucus layer maintained by epithelial cell subsets, including secretory club cells (blue), goblet cells (green), ciliated cells (brown), basal cells (purple), and neuroendocrine cells (yellow). A balanced microbial community (Firmicutes, Bacteroidetes, and Proteobacteria) together with secretory IgA limits bacterial invasion. Antigen-presenting cells such as dendritic cells (DCs) and macrophages maintain immune equilibrium by stimulating naïve T cells (blue) and promoting a balance between proinflammatory effector T cells (purple/orange) and regulatory T cells (red). Cytokines released by these T cell subsets regulate Th1/Th17 activity, supporting effective lung immunity, microbial clearance, and epithelial barrier homeostasis. Right panels (MTB-induced dysbiosis): MTB infection perturbs epithelial integrity, resulting in leaky junctions and reduced mucus production. Dysbiosis is characterized by increased abundance of Proteobacteria and Bacteroidetes, reduced Firmicutes, and enhanced microbial translocation. Heightened antigen presentation amplifies proinflammatory T cell activation (purple/orange), while impaired cytokine regulation disrupts immune balance. This leads to defective lung immune responses, impaired MTB clearance, and enhanced microbial dissemination along the gut–lung axis, ultimately weakening host defense. Generated with BioRender.com.



Role of the lung microbiome in TB susceptibility and progression

Recent studies have demonstrated that the composition and diversity of lung microbial communities significantly increase an individual’s susceptibility to MTB; however, this relationship is complex and multifaceted. Advances in next-generation sequencing have revealed intricate interactions between the lung microbiome, MTB, and the alveolar immune system, highlighting the critical role these interactions play in determining the outcome of MTB infection (Adami and Cervantes, 2015). These interactions directly affect the lung immune system, which in turn can influence the development of resistance or susceptibility to MTB infection (Balcells et al., 2019; Adami and Cervantes, 2015). One key factor influencing susceptibility is dysbiosis, or a reduction in diversity within the lung microbiome, which creates a more favorable environment for MTB proliferation. This was evident in a study using a mouse model, in which disruption of the microbiota led to increased early colonization of the lungs by MTB during the first week of infection (Dumas et al., 2018). Interestingly, this disruption was also correlated with changes in the gut microbiota, suggesting a link between the gut and lung microbiomes in modulating susceptibility to MTB. Furthermore, microbiota depletion led to a reduction in mucosal-associated invariant T (MAIT) cells and CD8+ natural killer T (iNKT) cells in the lungs 1 week after infection, which are essential for immune defense and whose development is dependent on the host microbiota (Jabeen and Hinks, 2023). This reduction in MAIT cells, IL-17A production, and iNKT cells, which are crucial for immune defense against MTB, could contribute to the increased susceptibility to MTB (Im et al., 2008; Mihi and Good, 2019).

It has been hypothesized that lung dysbiosis depletes beneficial bacterial species that are important for immune function, thereby weakening the host’s ability to resist MTB colonization and proliferation. Studies have shown that MTB infection alters the microbial landscape of the lungs, leading to dysbiosis, disruption of oral airway boundaries, and shifts in lung microbial diversity. A meta-analysis of microbiota studies identified distinct bacterial species signatures associated with healthy controls (Tumebacillus ginsengisoli, Propionibacterium acnes, and Haemophilus parahaemolyticus) and TB patients (Caulobacter henricii, Actinomyces graevenitzii, and Rothia mucilaginosa), suggesting that lung microbiome composition may be associated with MTB infection outcomes (Hong et al., 2018). Additionally, specific oral-associated bacterial taxa, such as SR1, Aggregatibacter, Leptotrichia, Prevotella, and Campylobacter, are more abundant in MTB-infected individuals (Cadena et al., 2018). In individuals infected with MTB, the lung microbiome is dominated by MTB, whereas in MTB-negative individuals, the microbiome is more diverse and enriched with species such as Streptococcus, Prevotella, Neisseria, Selenomonas, and Bifidobacterium (Hu et al., 2020). These changes, combined with the depletion of Helicobacter hepaticus, Firmicutes, Bacteroides, and Prevotella, can impair immune regulation and reduce the ability to control MTB infection (Osei Sekyere et al., 2020; Yu et al., 2023). As a result, the host experiences a reduction in the expression of pathogen recognition receptors (e.g., macrophage-inducible C-type lectin, MINCLE) and MTB-killing cytokines (e.g., IFN-γ, TNF-α, and IL-17), leading to a weakened immune response and compromised phagocytic activity (Osei Sekyere et al., 2020). Furthermore, dysbiosis impairs autophagy, which is a crucial immune mechanism for clearing MTB and controlling inflammation. The reduction in microbiota-derived short-chain fatty acids (SCFAs), which are important for modulating immune cell function and limiting MTB proliferation, further exacerbates weakened immune defenses (Osei Sekyere et al., 2020). Similarly, another study demonstrated that TB patients exhibit a reduced diversity of alveolar microbiota compared with healthy controls, characterized by a decrease in Streptococcus and Fusobacterium species and an increase in mycobacterial abundance, which are potentially influenced by the inflammatory milieu, wherein MTB may release virulence factors such as ESAT-6 and CFP-10 to compete for nutrients, thereby suppressing the macrophage response (Mihi and Good, 2019; Vázquez-Pérez et al., 2020; Zhuo et al., 2023). Interestingly, commensal species such as Lactobacillus plantarum and microbiota metabolites, including indole propionic acid, have been shown to help control the progression of TB (Osei Sekyere et al., 2020; Negatu et al., 2018; Negatu et al., 2019). However, prior colonization by other pathogens, such as Helicobacter hepaticus, can disrupt the microbiota balance and reduce the body’s ability to resist MTB infection (Osei Sekyere et al., 2020; Majlessi et al., 2017).

Taken together, these findings suggest that a healthy and diverse lung microbiome may offer some protection against MTB, whereas dysbiosis creates an environment that is conducive to MTB colonization and proliferation. The relationship between the lung microbiome and MTB is highly complex and multifaceted, involving immune regulation, microbial interactions, and host factors. Further research is essential to fully understand these complex relationships and their potential implications for TB prevention and treatment (Twigg 3rd et al., 2017; Balcells et al., 2019; Osei Sekyere et al., 2020).



Role of gut microbiota in TB susceptibility and progression

The gut microbiome, a highly complex and diverse community of microorganisms residing within the gastrointestinal tract, has garnered significant attention as a crucial factor that influences various aspects of human health and disease. Emerging evidence from recent studies have indicated that the gut microbiome plays a pivotal role in modulating susceptibility to MTB infection, and may influence both the progression and outcome of TB (Negi et al., 2019; Khan et al., 2016). The gut microbiota affects MTB susceptibility through multiple mechanisms, including via the gut-lung axis. The gut-lung axis is a bidirectional communication pathway that enables the gut microbiota to modulate immune responses in the lungs, potentially altering the host’s ability to resist MTB infection (Namasivayam et al., 2018).

Recent research involving both animal models and human subjects has provided evidence that MTB infection is associated with changes in the composition and metabolic function of the gut microbiota. However, these changes are not universally observed across all studies and may vary depending on the host’s genetic background, environmental factors, and the specific stage of the disease (Namasivayam et al., 2018; Hu et al., 2019; Li et al., 2019). Furthermore, the temporal relationship between MTB infection and alterations of the gut microbiome in human are incompletely understood.

Yang et al. investigated the role of the gut microbiota in MTB-infected mice by administering antibiotics to deplete the intestinal microbiota and found that the gut microbiota modulates host susceptibility to TB and pulmonary inflammatory responses through commensal gut bacteria-regulated long non-coding RNA (lncRNA-CGB) (Yang et al., 2022). Using a murine MTB infection model, lncRNA-CGB was shown to be down-regulated by antibiotic-induced dysbiosis of gut microbiota during MTB infection. To confirm the functional significance of lncRNA-CGB, a lncRNA-CGB genomic knock-out mouse strain was developed, and ultimately, it was confirmed that knock-out mice had higher infection rates and more severe disease than controls. The basis for this observed protection in lncRNA-CGB-replete mice is posited to be due to reduced IFN-γ expression and impaired anti-TB immunity associated with the down-regulation or knock-out of lncRNA-CGB. The study also revealed that Bacteroides fragilis (B. fragilis) plays a crucial role in enhancing lncRNA-CGB expression, inducing IFN-γ expression, and promoting protective immunity against MTB. Mechanistically, lncRNA-CGB interacts with enhancer of zeste homolog 2 (EZH2) to negatively regulate trimethylation of histone H3 lysine 27 (H3K27Me3) epigenetic programming, ultimately enhancing IFN-γ expression. In a separate study, Yang et al. demonstrated that gut dysbiosis can remotely increase micro ribonucleic acid 21 (miRNA-21) expression in the lung, resulting in a significant decrease in IFN-γ in mice treated with exogenous miRNA-21. Furthermore, dysbiosis-mediated miRNA-21 expression was found to enhance MTB infection and progression (Yang et al., 2020). In a C3HeB/FeJ mouse model, a high-fat diet was associated with dysbiosis, a low Firmicutes/Bacteroides ratio, impaired immunological control of MTB following BCG vaccination, and enhanced MTB proliferation (Arias et al., 2019). Broad-spectrum antibiotic-treated mice were also shown to experience severe dysbiosis, enhanced MTB proliferation, and more frequent dissemination of MTB to the liver and spleen (Khan et al., 2016). Antibiotic-induced dysbiosis was associated with suppressed Th1 cell release of IFN-γ and TNF-α, and augmented regulatory T-cell frequency (Khan et al., 2016). Interestingly, fecal transplantation in the antibiotic-treated mice led to improved MTB control and restoration of Th1 cell frequency and activity (Khan et al., 2016). Helicobacter hepaticus colonization in mice has been shown to lead to shifts in the gut microbiota, characterized by a predominance of Bacteroides and a decrease in Firmicutes, resulting in impaired immune control (innate immunity and accumulation of activated T cells) of MTB and greater lung tissue damage (Majlessi et al., 2017; Arnold et al., 2015). Furthermore, research in macaques has suggested that Helicobacter pylori infection reduces the risk of progression to active TB following exposure to MTB by increasing IFN-γ and Th1-like responses, implying a potential protective immunological effect.

Several studies have reported changes in the gut microbiota composition during MTB infection in mice, macaques, and humans, noting alterations in genera such as Ruminococcaceae, Enterobacteriaceae, Erysipelotrichaceae, and Bifidobacterium (Cadena et al., 2018; Winglee et al., 2014; Khaliq et al., 2021; Valdez-Palomares et al., 2021; Ding et al., 2022; Huang et al., 2023). MTB infection in mice has also been show to result in a reduction in the relative abundance of bacterial families, including Clostridiales (specifically Lachnospiraceae and Ruminococcaceae) and the Bacteroidales order, within 6 days of infection, with this shift persisting even in the absence of antibiotic treatment or detectable MTB DNA in fecal samples (Winglee et al., 2014).

While human data on the role of microbiota in the initial resistance to MTB infection remain limited, evidence suggests that commensal bacteria and their antimicrobial products may modulate resistance to various pathogens, including Clostridium difficile, Salmonella enterica, and vancomycin-resistant Enterococcus (Namasivayam et al., 2018). Notably, Helicobacter pylori, which infects millions of people globally, appears to have a protective effect against MTB infection. In keeping with this observation, individuals with LTBI who do not progress to active TB are more likely to be infected with H. pylori, supporting its potential role in conferring protection against TB (Perry et al., 2010). In pediatric populations, children with TB exhibit reduced gut microbiota diversity compared to healthy controls, with an upregulation of pro-inflammatory bacteria such as Prevotella and Enterococcus and downregulation of beneficial bacteria such as the Bifidobacteriaceae family (phylum Actinobacteria), Ruminococcaceae family, particularly SCFA-producing species Faecalibacterium ruminococcaceae and Faecalibacterium prausnitzii (order Clostridiales; phylum Firmicutes), and Bacteroidaceae family (phylum Bacteroidetes) (Li et al., 2019). Similarly, a study involving adult human subjects with active and latent tuberculosis infection (LTBI) revealed a slight decrease in the alpha diversity of the gut microbiota compared with healthy controls, particularly in the genus Bacteroides (phylum Bacteroidetes) (Hu et al., 2019). A clinical trial focused on gut microbiota diversity in patients with TB revealed a significantly lower diversity index in individuals with new or recurrent TB than in healthy controls. In these patients, the abundance of Bacteroides was reduced, whereas Proteobacteria, which includes many pathogenic species, was enriched. Interestingly, the genera Prevotella and Lachnospira were negatively correlated with peripheral CD4+ cell counts in the recurrent TB group, suggesting that specific gut microbes may influence the immune status and outcome of TB infection (Luo et al., 2017). These findings suggest that changes in the Bacteroides population may be a common feature of TB infection. As gut commensals, Bacteroides species contribute to host immunity by providing nutrients to other microbes and maintaining gut homeostasis through the release of outer membrane vesicles (OMVs).

Additionally, Bacteroides can modulate immune responses by secreting antimicrobial toxins and competing with pathogens (Hu et al., 2019; Zafar and Saier, 2021). Contrasting results were observed in a study conducted in Xinjiang, a multi-ethnic region, where the abundance of Bacteroides was found to be higher in people with TB than in individuals with LTBI or healthy controls (Wang et al., 2022). This discrepancy may reflect geographical differences, population genetics, or other environmental factors that influence microbial populations. Wang et al. reported alterations in fecal metabolites and microbial composition in TB patients, with genera such as Bacteroides, Parabacteroides, Fusobacterium, and Lachnoclostridium being enriched in people with TB, while Blautia, Roseburia, Bifidobacterium, and unidentified Ruminococcaceae were enriched in healthy individuals. Notably, this dysbiosis is associated with a reduction in SCFA production, particularly acetic, propionic, and butyric acids, which are known for their anti-inflammatory properties and role in regulating immune function (Qin et al., 2015; Wang et al., 2022).

In summary, these findings suggest that specific gut microbes may be closely associated with the host immune status, which in turn can influence the susceptibility, progression, and severity of TB. Shifts in the gut microbiota, such as changes in the abundance of specific microbial genera, including Bacteroides, Prevotella, and Ruminococcaceae, can modulate immune responses and potentially enhance or impair the host’s ability to control MTB infection. Futhermore, MTB infection may deleteriously alter the gut microbiome, promoting disease progression and dissemination. The influence of the gut microbiome on immune function highlights its potential role in determining whether TB remains latent or progresses to active disease, underscoring the importance of the microbiome in shaping TB outcomes.




Microbiome and TB recurrence (relapse and reinfection)

There is a paucity of studies investigating gut and lung microbiome profiles in people who have successfully completed TB treatment, limiting our ability to assess the relationship between the end-of-treatment host microbiome and the subsequent risk of TB relapse or reinfection. The few published studies suffer from significant limitations, as many factors influencing the microbiome (e.g., age, nutrition, and environment) were not considered in the study design. Wu et al. profiled the lung microbiome associated with newly developed PTB, treatment failure, and recurrent TB (Wu et al., 2013). This study demonstrated that the genus Pseudomonas, a member of the phylum Proteobacteria, was more abundant in patients with treatment failure or recurrent TB than in new or recently cured TB patients and healthy individuals. Pseudomonas was also the only genus differentially abundant between cured TB patients and those who failed treatment. Furthermore, the relative abundances of Prevotella, Bulleidia, Atopobium, and Treponema were lower in patients with recurrent TB than in those with first episodes. The irregular repartition in abundance and frequency of these genera in recurrent TB and in patients failing treatment suggests that the disruption of normal bacterial flora in the respiratory tract could be a risk factor for treatment failure and TB recurrence (Wu et al., 2013). In a similar study, Luo et al. found distinct distributions of gut microbial communities among healthy individuals, newly diagnosed TB patients, and recurrent TB patients, characterized by an enrichment of the Actinobacteria and Proteobacteria phyla. The increased abundance of Actinobacteria and Proteobacteria suppresses the population of Bacteroidetes in patients with recurrent TB (Luo et al., 2017). This may indicate that in recurrent TB, there is a high risk of proliferation of pathogenic species favored by the phyla Actinobacteria and Proteobacteria at the expense of beneficial commensal microorganisms. However, these findings are yet to be confirmed by more robust and well-designed studies. Furthermore, Luo et al. showed that the relative abundance of Prevotella was positively correlated with the level of peripheral CD4 + cell counts in people newly diagnosed with TB, which was inversely correlated with recurrent TB. A similar trend was observed for the Lachnospira (Luo et al., 2017).

Despite the high rate of TB recurrence in endemic regions, studies investigating the microbiome as a biomarker for recurrent TB are rare. Conducting in-depth longitudinal studies examining the lung and gut microbiomes of newly diagnosed TB patients, treated patients, and those with recurrent disease would be informative. Such studies would help understand the key elements (e.g., structure, function, and abundance) of the microbiome, which may lead to therapeutic failure, TB recurrence, and acquisition of resistance. An earlier study highlighted the significance of evaluating lung microbiome parameters in TB infection, demonstrating that the Pseudomonas/Mycobacterium ratio was relatively elevated in recurrent TB cases compared to new TB cases. In contrast, the Treponema/Mycobacterium ratio was lower in recurrent TB cases, indicating that disruption of the complex healthy microbiome at the site of disease may be directly linked to TB recurrence (Wu et al., 2013). Interestingly, studies have identified distinct microbiome community structures in patients with multidrug-resistant TB (MDR-TB), and found the Rothia, Delftia, Kingella, Chlamydophila, and Bordatella genera to be potential biomarkers for the disease (Wiqoyah et al., 2021).

The question remains: can the microbiome be actively managed to reduce progression to active TB, the risk of severe disease, and the risk of TB recurrence? First, profiling the gut and lung microbiome at different stages of TB will help illuminate the unique microbiota signatures of each TB state (Figure 3). Second, it will inform decisions on the reconstitution of these specific organs’ ecosystems, aiming to rectify not only the microbial structure but also the decline or overexpression of the immune cells involved in the defense against TB.
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FIGURE 3
 Illustration of the proposed applications of profiling gut and lung microbiota and metabolites, which could provide insights into microbiome biomarkers for predicting the onset of TB disease progression, treatment response, and recurrent TB (relapse or reinfection). Generated with BioRender.com.




Impact of comorbidities on the microbiome in TB

The influence of comorbidities on the TB microbiome has emerged as a significant area of research in recent years. Comorbidities, including HIV infection, diabetes, and malnutrition, are known to increase the risk of TB infection and influence disease progression. These conditions can also substantially alter the composition and function of the human microbiome, particularly in respiratory and gastrointestinal environments. The microbiome plays a critical role in modulating the immune response and overall health status of the host. Recent investigations have begun to elucidate the intricate relationships between comorbidities, microbiome, and TB pathogenesis.


HIV-induced dysbiosis in TB

People living with human immunodeficiency virus/acquired immunodeficiency syndrome (PLWHA) are 26–31 times more likely to develop active TB than HIV-negative individuals, primarily due to the immunosuppressive effects of HIV on the host immune system (World Health Organization, 2012). Co-infection with HIV and MTB exacerbates the disease burden through immunological deterioration and HIV-induced dysbiosis, which increases the susceptibility to TB infection and accelerates disease progression. HIV-induced dysbiosis predominantly affects the gut microbiome, which plays a crucial role in immune regulation, with 70–80% of the immune cells residing in the gut-associated lymphoid tissue (Wiertsema et al., 2021). HIV disrupts the intestinal immune barrier, enabling microbial translocation and chronic systemic inflammation, both of which contribute to disease progression (Vujkovic-Cvijin et al., 2013). This disruption leads to gut dysbiosis, characterized by a reduction in microbial gene counts and an overabundance of gram-negative bacteria, acetogenic bacteria, and Proteobacteria, which can metabolize reactive oxygen and nitrogen species and potentially influence immune responses (Guillén et al., 2019). Disruptions in this axis may exacerbate TB progression and impair lung immunity, further contributing to the heightened susceptibility to TB observed in HIV-infected individuals.

In HIV-positive individuals with active TB, alterations in the lung microbiome may contribute to disease pathogenesis. Ueckermann et al. (2022) demonstrated that significant dysbiosis in a cohort of patients with HIV-associated TB, characterized by an increased abundance of Burkholderia and Stenotrophomonas in the lung microbiome of HIV-positive patients with active TB (Ueckermann et al., 2022). Burkholderia and Stenotrophomonas are commonly associated with underlying damage of the distal airways, especially in individuals with severe immunosuppression (Chawla et al., 2014; Huang et al., 2011; Regan and Bhatt, 2019). Similarly, in HIV-positive patients with pneumonia, a Prevotellaceae-dominated lower airway microbiome was found to independently predict mortality, with a distinct bacterial metabolome enriched in amino acid metabolites, monoacylglycerols, and inosine, along with elevated levels of pro-inflammatory cytokines such as IL-17A (Ueckermann et al., 2022). Further research into the impact of the microbiome on lung immunity revealed that, in PLWHA receiving antiretroviral therapy in a high-TB risk environment, the increased abundance of oral anaerobes, particularly Prevotella, in the lower airways correlated with higher serum levels of SCFAs (Segal et al., 2017). These elevated SCFA levels are associated with the induction of FoxP3-expressing Tregs in bronchoalveolar lavage lymphocytes following stimulation with a purified protein derivative (Segal et al., 2017; Zevin et al., 2016). These findings underscore the dual roles of gut and lung microbiomes in modulating immune responses to TB in HIV-infected individuals. The gut microbiome influences systemic immunity and the gut-lung axis, whereas alterations in the lung microbiome directly impact pulmonary immunity and host defense against TB. Targeting microbial dysbiosis in both the gut and lungs may represent a promising therapeutic strategy to improve immune responses and mitigate TB susceptibility in HIV-infected individuals. However, further research is required to elucidate the precise mechanisms by which gut and lung microbiome alterations contribute to TB pathogenesis and to identify effective interventions to address these microbial imbalances.



Diabetes mellitus-induced dysbiosis in TB

The co-occurrence of TB and diabetes mellitus (DM) poses a significant global health challenge owing to the high disease burden of both conditions. One potential explanation for the heightened co-prevalence of these diseases is the alteration of immune and microbial responses to MTB infection driven by hyperglycemia in diabetic individuals. Studies have shown that TB patients with DM exhibit distinct changes in their lung microbial communities compared with non-diabetic patients (Hong et al., 2018; Hong et al., 2016). The combination of TB and DM is characterized by dysbiosis of the airway microbiota, which may play a role in the pathophysiological processes associated with TB disease (Hong et al., 2016). Interestingly, poor glycemic control in patients with diabetes and TB is associated with more severe TB symptoms and higher bacterial loads. Patients with HbA1C > 9% were significantly more likely to be smear-positive than non-diabetic patients, indicating a potential link between glycemic control and TB severity (Chiang et al., 2015). Hyperglycemia can lead to changes in lung microbiota and disrupt immune function by causing fluctuations in cytokine levels. This weakens the host’s ability to control MTB infection, increases susceptibility, and worsens the disease severity. Key cytokines associated with both hyperglycemia and lung dysbiosis, such as IFN-γ, IL-17, and TNF-α, play crucial roles in inflammatory pathways that influence the progression of TB (Mori et al., 2021). Thus, hyperglycemia may contribute to TB development by altering lung microbiota and impairing immune responses through cytokine imbalances. In patients with both DM and TB, elevated IL-6 levels are commonly observed, which may result from changes in the lung microbiome. The reduced presence of Corynebacterium in the lung microbiota is associated with higher IL-6 levels, highlighting its role in modulating lung immune responses (Liu et al., 2017). As IL-6 is a pro-inflammatory cytokine central to immune regulation (Uciechowski and Dempke, 2020), fluctuations in its levels are important for understanding the link between hyperglycemia and TB pathogenesis. In newly diagnosed DM-TB patients, IFN-γ, IL-2, IL-17, and TNF-α levels are lower, but tend to increase in patients with a history of DM-TB, likely due to the control of hyperglycemia following diabetes treatment (Li et al., 2020). Chronic hyperglycemia, rather than acute spikes, has a significant influence on lung inflammation through cytokines, such as IL-2, IL-17, and TNF-α (Ngo et al., 2021). IL-17 aids immune defense against MTB by recruiting neutrophils and promoting inflammation. In contrast, TNF-α and IL-2, which are essential for macrophage activation and adaptive immunity, are dysregulated by hyperglycemia in established DM-TB cases, potentially impairing immune tolerance, enhancing inflammatory responses, and compromising immune function, thereby exacerbating TB pathogenesis.

Emerging evidence has established a link between DM-related gut microbiota dysbiosis and altered host immune responses to MTB infection. However, the precise interactions between the gut microbiota composition and immune responses in the development of TB in patients with DM remain poorly understood. The relationship between DM and gut microbiota appears to be bidirectional; while diabetes can induce changes in gut microbiota composition, shifts in the microbiota may also affect glucose metabolism and energy homeostasis, potentially contributing to the pathogenesis of diabetes (Lv et al., 2018; Craciun et al., 2022). This interplay involves multiple mechanisms, including the production of metabolites such as SCFAs, branched-chain amino acids (BCAAs), and lipopolysaccharides (LPS) (Zhang et al., 2021; Hamamah et al., 2024). Comparative studies indicate that relative to healthy individuals, patients with DM exhibit a reduced abundance of genera such as Bacteroides, Alistipes, and Blautia (Zhu et al., 2020; Que et al., 2021; Liu et al., 2022), along with an increased presence of Actinomyces and Prevotella (Leite et al., 2017). Moreover, DM patients with LTBI demonstrate elevated levels of Bacteroides, Alistipes, and Blautia in contrast to those without LTBI, suggesting that LTBI status may be associated with microbiota dysbiosis in individuals with pre-existing DM. These microbiota alterations are implicated in modifications of metabolic, inflammatory, and immune functions, all of which play critical roles in the onset and progression of diabetes (Zhang et al., 2021). Taken together, these findings highlight the critical role of hyperglycemia in modulating immune responses in TB patients with DM, emphasizing the need for further research into the mechanisms by which metabolic conditions influence immune function to inform targeted therapeutic strategies.




The gut and lung microbiome during TB treatment

The interaction between the microbiome and anti-TB drugs is complex and bidirectional, as the composition of the host microbiome can be influenced by drugs, and conversely, the microbiome can also influence an individual’s response to pharmacotherapy (Weersma et al., 2020). Thus, in addition to regulating the host immune defense against MTB, the host gut microbiome also affects the pharmacological parameters of anti-TB drugs, primarily by altering their pharmacokinetics and bioavailability through the production of enzymes that can transform the drug’s structure, thereby affecting its disposition and action (Meng et al., 2022). In addition to enzyme production, the microbiome can modify a drug’s pharmacokinetics and pharmacodynamics through changes in epithelial permeability, gut motility, intestinal drug transporters, and bile acids (Zhao et al., 2023).

Studies have shown links between microbiome alterations and the pathogenicity of pulmonary TB disease, particularly with respect to the impact of microbiome alterations on treatment response (Khan et al., 2019; Negi et al., 2020; Namasivayam et al., 2023). Using an in vivo murine model, Negi et al. demonstrated that the gut microbiome is a crucial determinant of isoniazid’s efficacy. The disparity in the gut microbial profile, characterized by an abundance of Enterococcus and a reduced population of Lactobacillus and Bifidobacterium, is associated with reduced isoniazid-mediated MTB killing, more aggressive tissue pathology, suppression of innate immunity (reduced antigen presentation and lower levels of interferon-gamma and TNF alpha), and mutation of T-cell responses against MTB (Negi et al., 2020). More recently, Namasivayam et al. demonstrated that alterations in the gut microbiome, such as those triggered by broad-spectrum antibiotic treatment, lead to significantly decreased bioavailability of rifampicin and moxifloxacin (Namasivayam et al., 2023). This implies that some anti-TB drugs will not be fully available for their intended biological targets and that the resultant low plasma concentration of these drugs could increase the risk of poor treatment outcomes (Perumal et al., 2020).

Conversely, some research findings have highlighted the disruption of gut microbiome composition, abundance, and function, partly attributable to the anti-TB drugs themselves (Namasivayam et al., 2017; Hu et al., 2019; Meng et al., 2022; Khan et al., 2019; Wipperman et al., 2017; Cao et al., 2021; Shi et al., 2021). Hu et al. found that anti-TB therapy induces rapid and significant alterations in the gut microbiota, with reduced alpha diversity and distinct community structure compositions before and after treatment (Hu et al., 2019). Members of the order Clostridiales of the phylum Firmicutes [Firmicutes Ruminococcus sp. 39BFAA, Ruminococcus gnavus, and Faecalibacterium (OTU 15)], which are vital for gut microbiome homeostasis and immune balance, mainly via the production of SCFAs, were significantly altered in individuals receiving anti-TB treatment. In contrast, many members of the phylum Bacteroidetes (e.g., Bacteroides, Parabacteroides, Prevotella), which produce polysaccharides that mediate mucosal tolerance through the upregulation of T-reg (Shen et al., 2012), were found to be over-represented during TB treatment (Hu et al., 2019; Cao et al., 2021). Ruminococcus and Coprococcus are two genera that are significantly depleted in the gut microbiota during first-line TB treatment, and these two genera participate in the modulation of peripheral cytokine production (e.g., IL-1 and IFNγ) involved in the protective immune response against mycobacterial infection (Wipperman et al., 2017; Arpaia et al., 2013). Moreover, the reduction of other organisms, such as Blautia, Lactobacillus, Bifidobacterium, Butyricicoccus, Acetivibrio, Alkaliphilus, and Peptococcus, along with a simultaneous increase in Erysipeloclostridium, Verrucomicrobiaceae, and Fusobacterium, was observed in the gut microbiota of individuals receiving first-line anti-TB drugs (Namasivayam et al., 2017; Wipperman et al., 2017). Lactobacillus spp. influence the innate and adaptive immune responses by binding to pattern recognition receptors (PRRs) that detect bacterial and viral pathogens, Bifidobacterium spp. reduce Th17 cell activity, and Prevotella contributes to the Th17-mediated inflammatory response (Wells, 2011). The depleted immunologically significant commensal bacteria generally belong to the phylum Firmicutes, and other specific microbial genera and metabolites were also enriched or altered during treatment (Namasivayam et al., 2017; Meng et al., 2022; Khan et al., 2019; Wipperman et al., 2017; Cao et al., 2021; Shi et al., 2021). The phylum Firmicutes constitutes the most abundant microbiome in the gut (64%) and plays a crucial role in nutrition and metabolism (Piccioni et al., 2022). Therefore, the reduction of Firmicutes in the gut reveals intestinal homeostasis disruption, pathogen invasion, or pathological conditions that can affect treatment outcomes. Furthermore, TB therapy-derived gut microbiome dysbiosis is long-lasting and can persist for several months or even years in patients treated for MDR-TB (Wang et al., 2020). Treatment of drug-resistant TB requires the use of a diverse range of antibiotics for a prolonged period of time (~6–24 months), and has been shown to have a major impact on the community structure and richness of gut microbiota that persists for years (Wang et al., 2020). These changes to the microbiota are associated with increased de novo fatty acid synthesis and long-term changes to the systemic lipid profile (Wang et al., 2020; Shi et al., 2022).

Similar to its effect on the gut microbiome, TB treatment significantly affected alpha and beta diversity and disrupted the community structure of the lung microbiome. Several studies have reported distinct alterations in functional pathways after 1 month of anti-TB treatment (Kateete et al., 2021; Xiao et al., 2022; Zhang et al., 2022). For example, in a cohort study, Zhang et al. investigated the lung microbial composition and ecology, as well as the metabolic and functional pathways, to assess the impact of TB treatment (Zhang et al., 2022). Firmicutes was identified as the predominant taxa in the lungs of healthy and latently infected individuals. In contrast, a rapid and significant increase in the phylum Bacteroidetes and simultaneous depletion of the members of Firmicutes (e.g., Subdoligranulum, Lactobacillus, Bulleidia and Allobaculum) were observed in the lungs of TB patients who received a month of treatment. Compared to treatment-naïve patients, the treated group exhibited a significant reduction in functional pathways, including indole alkaloid biosynthesis, Wnt signaling pathway, endocytosis, and cytochrome P450 metabolism of antibiotics (Mori et al., 2021; Zhang et al., 2022). Kateete et al. also found that by the second month of treatment, first-line anti-TB drugs dramatically reduced the abundance of bacterial families, such as Ruminococcaceae and Peptostreptococcaceae, suggesting a discernible treatment-associated microbiota signal representing the potential for this to serve as a treatment monitoring biomarker (Kateete et al., 2021). Moreover, long-term exposure to anti-TB drugs in the lung microbiota accelerates the enrichment of antimicrobial resistance genes (ARGs) in patients with TB (Xiao et al., 2022). These changes suggest that disruption of the lung microbiome caused by anti-TB treatment may increase the likelihood of acquired drug resistance. Thus, understanding the mechanisms by which treatment-associated microbiome dysbiosis affects the predisposition to acquired drug resistance or disease recurrence is an important area for future investigation.



Conclusion

The gut and lung microbiomes undergo structural and functional changes during TB infection, and these changes evolve in response to the disease state, treatment, and the onset of recurrence. Shifts in the microbiome affect metabolic, inflammatory, and immune pathways in people infected with TB, mediating the propensity for disease progression. Other factors, such as social conditions, diet, and genetic characteristics, also influence the integrity of the microbiome. Further consideration in future studies is required to obtain insights into the unique MTB-related gut and lung microbiome profiles at TB infection, during disease progression, in response to treatment, and prior to TB recurrence (Figure 3). To date, there is limited consensus regarding the structure and function of the microbiome in these dynamic disease states, and additional research is essential to comprehensively characterize the gut and lung microbiomes as biomarkers of distinct disease states and as targets for therapeutic intervention.

All authors contributed to the conceptualization, drafting, review, and finalization of the manuscript.



Author contributions

RP: Conceptualization, Writing – review & editing, Data curation, Visualization, Writing – original draft, Supervision, Methodology. AS: Writing – original draft, Visualization, Conceptualization, Writing – review & editing. JT: Writing – original draft, Writing – review & editing. SN: Supervision, Writing – original draft, Writing – review & editing, Visualization. KN: Writing – review & editing, Writing – original draft.



Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.



Conflict of interest

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



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher’s note

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



References
	 Adami, A. J., and Cervantes, J. L. (2015). The microbiome at the pulmonary alveolar niche and its role in Mycobacterium tuberculosis infection. Tuberculosis 95, 651–658. doi: 10.1016/j.tube.2015.07.004 
	 Ananya, F. N., Ahammed, M. R., Fahem, M. M., Kafle, S., Viswanathan, M., Desai, D., et al. (2021). Association of intestinal microbial dysbiosis with chronic obstructive pulmonary disease. Cureus 13:e19343. doi: 10.7759/cureus.19343 
	 Arias, L., Goig, G. A., Cardona, P., Torres-Puente, M., Díaz, J., Rosales, Y., et al. (2019). Influence of gut microbiota on progression to tuberculosis generated by high fat diet-induced obesity in C3HeB/FeJ mice. Front. Immunol. 10:2464. doi: 10.3389/fimmu.2019.02464 
	 Arnold, I. C., Hutchings, C., Kondova, I., Hey, A., Powrie, F., Beverley, P., et al. (2015). Helicobacter hepaticus infection in BALB/c mice abolishes subunit-vaccine-induced protection against M. tuberculosis. Vaccine 33, 1808–1814. doi: 10.1016/j.vaccine.2015.02.041 
	 Arpaia, N., Campbell, C., Fan, X., Dikiy, S., van der Veeken, J., deRoos, P., et al. (2013). Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation. Nature 504, 451–455. doi: 10.1038/nature12726 
	 Balcells, M. E., Yokobori, N., Hong, B. Y., Corbett, J., and Cervantes, J. (2019). The lung microbiome, vitamin D, and the tuberculous granuloma: a balance triangle. Microb. Pathog. 131, 158–163. doi: 10.1016/j.micpath.2019.03.041 
	 Bates, M., Marais, B. J., and Zumla, A. (2015). Tuberculosis comorbidity with communicable and noncommunicable diseases. Cold Spring Harb. Perspect. Med. 5:a017889. doi: 10.1101/cshperspect.a017889 
	 Cadena, A. M., Ma, Y., Ding, T., Bryant, M., Maiello, P., Geber, A., et al. (2018). Profiling the airway in the macaque model of tuberculosis reveals variable microbial dysbiosis and alteration of community structure. Microbiome 6:180. doi: 10.1186/s40168-018-0560-y 
	 Cao, D., Liu, W., Lyu, N., Li, B., Song, W., Yang, Y., et al. (2021). Gut Mycobiota Dysbiosis in pulmonary tuberculosis patients undergoing anti-tuberculosis treatment. Microbiol. Spectr. 9:e0061521. doi: 10.1128/spectrum.00615-21 
	 Chawla, K., Vishwanath, S., and Gupta, A. (2014). Stenotrophomonas maltophilia in lower respiratory tract infections. J. Clin. Diagn. Res. 8, Dc20–Dc22. doi: 10.7860/JCDR/2014/10780.5320
	 Chiang, C. Y., Bai, K. J., Lin, H. H., Chien, S. T., Lee, J. J., Enarson, D. A., et al. (2015). The influence of diabetes, glycemic control, and diabetes-related comorbidities on pulmonary tuberculosis. PLoS One 10:e0121698. doi: 10.1371/journal.pone.0121698 
	 Colangeli, R., Jedrey, H., Kim, S., Connell, R., Ma, S., Chippada Venkata, U. D., et al. (2018). Bacterial factors that predict relapse after tuberculosis therapy. N. Engl. J. Med. 379, 823–833. doi: 10.1056/NEJMoa1715849 
	 Comberiati, P., Di Cicco, M., Paravati, F., Pelosi, U., Di Gangi, A., Arasi, S., et al. (2021). The role of gut and lung microbiota in susceptibility to tuberculosis. Int. J. Environ. Res. Public Health 18:12220. doi: 10.3390/ijerph182212220 
	 Craciun, C. I., Neag, M. A., Catinean, A., Mitre, A. O., Rusu, A., Bala, C., et al. (2022). The relationships between gut microbiota and diabetes mellitus, and treatments for diabetes mellitus. Biomedicine 10:308. doi: 10.3390/biomedicines10020308 
	 Ding, X., Zhou, J., Chai, Y., Yan, Z., Liu, X., Dong, Y., et al. (2022). A metagenomic study of the gut microbiome in PTB’S disease. Microbes Infect. 24:104893. doi: 10.1016/j.micinf.2021.104893 
	 Du, B., Fu, Y., Han, Y., Sun, Q., Xu, J., Yang, Y., et al. (2023). The lung-gut crosstalk in respiratory and inflammatory bowel disease. Front. Cell. Infect. Microbiol. 13:1218565. doi: 10.3389/fcimb.2023.1218565
	 Duarte, R., Lönnroth, K., Carvalho, C., Lima, F., Carvalho, A. C. C., Muñoz-Torrico, M., et al. (2018). Tuberculosis, social determinants and co-morbidities (including HIV). Pulmonology 24, 115–119. doi: 10.1016/j.rppnen.2017.11.003 
	 Dumas, A., Bernard, L., Poquet, Y., Lugo-Villarino, G., and Neyrolles, O. (2018). The role of the lung microbiota and the gut-lung axis in respiratory infectious diseases. Cell. Microbiol. 20:e12966. doi: 10.1111/cmi.12966 
	 Dumas, A., Corral, D., Colom, A., Levillain, F., Peixoto, A., Hudrisier, D., et al. (2018). The host microbiota contributes to early protection against lung colonization by Mycobacterium tuberculosis. Front. Immunol. 9:2656. doi: 10.3389/fimmu.2018.02656 
	 Eribo, O. A., du Plessis, N., Ozturk, M., Guler, R., Walzl, G., and Chegou, N. N. (2020). The gut microbiome in tuberculosis susceptibility and treatment response: guilty or not guilty? Cell. Mol. Life Sci. 77, 1497–1509. doi: 10.1007/s00018-019-03370-4 
	 Guillén, Y., Noguera-Julian, M., Rivera, J., Casadellà, M., Zevin, A. S., Rocafort, M., et al. (2019). Low nadir CD4+ T-cell counts predict gut dysbiosis in HIV-1 infection. Mucosal Immunol. 12, 232–246. doi: 10.1038/s41385-018-0083-7 
	 Hamamah, S., Iatcu, O. C., and Covasa, M. (2024). Nutrition at the intersection between gut microbiota Eubiosis and effective Management of Type 2 diabetes. Nutrients 16:269. doi: 10.3390/nu16020269 
	 Hong, B. Y., Maulén, N. P., Adami, A. J., Granados, H., Balcells, M. E., and Cervantes, J. (2016). Microbiome changes during tuberculosis and Antituberculous therapy. Clin. Microbiol. Rev. 29, 915–926. doi: 10.1128/CMR.00096-15 
	 Hong, B.-y., Paulson, J. N., Stine, O. C., Weinstock, G. M., and Cervantes, J. L. (2018). Meta-analysis of the lung microbiota in pulmonary tuberculosis. Tuberculosis 109, 102–108. doi: 10.1016/j.tube.2018.02.006 
	 Hu, Y., Feng, Y., Wu, J., Liu, F., Zhang, Z., Hao, Y., et al. (2019). The gut microbiome signatures discriminate healthy from pulmonary tuberculosis patients. Front. Cell. Infect. Microbiol. 9:90. doi: 10.3389/fcimb.2019.00090 
	 Hu, Y., Kang, Y., Liu, X., Cheng, M., Dong, J., Sun, L., et al. (2020). Distinct lung microbial community states in patients with pulmonary tuberculosis. Sci. China Life Sci. 63, 1522–1533. doi: 10.1007/s11427-019-1614-0 
	 Hu, Y., Yang, Q., Liu, B., Dong, J., Sun, L., Zhu, Y., et al. (2019). Gut microbiota associated with pulmonary tuberculosis and dysbiosis caused by anti-tuberculosis drugs. J. Infect. 78, 317–322. doi: 10.1016/j.jinf.2018.08.006 
	 Huang, H. L., Luo, Y. C., Lu, P. L., Huang, C. H., Lin, K. D., Lee, M. R., et al. (2023). Gut microbiota composition can reflect immune responses of latent tuberculosis infection in patients with poorly controlled diabetes. Respir. Res. 24:11. doi: 10.1186/s12931-023-02312-w 
	 Huang, Y. J., Nelson, C. E., Brodie, E. L., Desantis, T. Z., Baek, M. S., Liu, J., et al. (2011). Airway microbiota and bronchial hyperresponsiveness in patients with suboptimally controlled asthma. J. Allergy Clin. Immunol. 127, 372–381.e1-3. doi: 10.1016/j.jaci.2010.10.048
	 Im, J. S., Kang, T.-J., Lee, S.-B., Kim, C.-H., Lee, S.-H., Venkataswamy, M. M., et al. (2008). Alteration of the relative levels of iNKT cell subsets is associated with chronic mycobacterial infections. Clin. Immunol. 127, 214–224. doi: 10.1016/j.clim.2007.12.005 
	 Jabeen, M. F., and Hinks, T. S. C. (2023). MAIT cells and the microbiome. Front. Immunol. 14:1127588. doi: 10.3389/fimmu.2023.1127588 
	 Jiang, H., Yin, J., Liu, F., Yao, Y., Cai, C., Xu, J., et al. (2022). Epidemiology of recurrent pulmonary tuberculosis by bacteriological features of 100 million residents in China. BMC Infect. Dis. 22:638. doi: 10.1186/s12879-022-07622-w 
	 Kateete, D. P., Mbabazi, M. M., Nakazzi, F., Katabazi, F. A., Kigozi, E., Ssengooba, W., et al. (2021). Sputum microbiota profiles of treatment-naïve TB patients in Uganda before and during first-line therapy. Sci. Rep. 11:24486. doi: 10.1038/s41598-021-04271-y 
	 Khaliq, A., Ravindran, R., Afzal, S., Jena, P. K., Akhtar, M. W., Ambreen, A., et al. (2021). Gut microbiome dysbiosis and correlation with blood biomarkers in active-tuberculosis in endemic setting. PLoS One 16:e0245534. doi: 10.1371/journal.pone.0245534 
	 Khan, N., Mendonca, L., Dhariwal, A., Fontes, G., Menzies, D., Xia, J., et al. (2019). Intestinal dysbiosis compromises alveolar macrophage immunity to Mycobacterium tuberculosis. Mucosal Immunol. 12, 772–783. doi: 10.1038/s41385-019-0147-3 
	 Khan, N., Vidyarthi, A., Nadeem, S., Negi, S., Nair, G., and Agrewala, J. N. (2016). Alteration in the gut microbiota provokes susceptibility to tuberculosis. Front. Immunol. 7:529. doi: 10.3389/fimmu.2016.00529 
	 Leite, A. Z., Rodrigues, N. C., Gonzaga, M. I., Paiolo, J. C. C., de Souza, C. A., Stefanutto, N. A. V., et al. (2017). Detection of increased plasma Interleukin-6 levels and prevalence of Prevotella copri and Bacteroides vulgatus in the feces of type 2 diabetes patients. Front. Immunol. 8:1107. doi: 10.3389/fimmu.2017.01107 
	 Li, H., Tian, S., Chen, T., Cui, Z., Shi, N., Zhong, X., et al. (2020). Newly diagnosed diabetes is associated with a higher risk of mortality than known diabetes in hospitalized patients with COVID-19. Diabetes Obes. Metab. 22, 1897–1906. doi: 10.1111/dom.14099 
	 Li, W., Zhu, Y., Liao, Q., Wang, Z., and Wan, C. (2019). Characterization of gut microbiota in children with pulmonary tuberculosis. BMC Pediatr. 19:445. doi: 10.1186/s12887-019-1782-2 
	 Liu, J., Williams, B., Frank, D., Dillon, S. M., Wilson, C. C., and Landay, A. L. (2017). Inside out: HIV, the gut microbiome, and the mucosal immune system. J. Immunol. 198, 605–614. doi: 10.4049/jimmunol.1601355
	 Liu, B., Yu, Y., Zhao, M., Xiao, K., Yan, P., Duan, Z., et al. (2022). Correlation analysis of the microbiome and immune function in the lung-gut Axis of critically ill patients in the ICU. Front. Med. (Lausanne) 9:808302. doi: 10.3389/fmed.2022.808302 
	 Luo, M., Liu, Y., Wu, P., Luo, D. X., Sun, Q., Zheng, H., et al. (2017). Alternation of gut microbiota in patients with pulmonary tuberculosis. Front. Physiol. 8:822. doi: 10.3389/fphys.2017.00822 
	 Lv, Y., Zhao, X., Guo, W., Gao, Y., Yang, S., Li, Z., et al. (2018). The relationship between frequently used glucose-lowering agents and gut microbiota in type 2 diabetes mellitus. J. Diabetes Res. 2018, 1–7. doi: 10.1155/2018/1890978 
	 Ma, P.-J., Wang, M.-M., and Wang, Y. (2022). Gut microbiota: a new insight into lung diseases. Biomed. Pharmacother. 155:113810. doi: 10.1016/j.biopha.2022.113810 
	 Majlessi, L., Sayes, F., Bureau, J. F., Pawlik, A., Michel, V., Jouvion, G., et al. (2017). Colonization with Helicobacter is concomitant with modified gut microbiota and drastic failure of the immune control of Mycobacterium tuberculosis. Mucosal Immunol. 10, 1178–1189. doi: 10.1038/mi.2016.140 
	 Meng, R., Dong, W., Gao, J., Lu, C., Zhang, C., Liao, Q., et al. (2022). Clostridium, Bacteroides and Prevotella associates with increased fecal metabolites Trans-4-Hydroxy-L-proline and Genistein in active pulmonary tuberculosis patients during anti-tuberculosis chemotherapy with isoniazid-rifampin-pyrazinamide-ethambutol (HRZE). Indian J. Microbiol. 62, 374–383. doi: 10.1007/s12088-022-01003-2 
	 Mihi, B., and Good, M. (2019). Impact of toll-like receptor 4 signaling in necrotizing Enterocolitis: the state of the science. Clin. Perinatol. 46, 145–157. doi: 10.1016/j.clp.2018.09.007 
	 Mori, G., Morrison, M., and Blumenthal, A. (2021). Microbiome-immune interactions in tuberculosis. PLoS Pathog. 17:e1009377. doi: 10.1371/journal.ppat.1009377 
	 Naidoo, C. C., Nyawo, G. R., Wu, B. G., Walzl, G., Warren, R. M., Segal, L. N., et al. (2019). The microbiome and tuberculosis: state of the art, potential applications, and defining the clinical research agenda. Lancet Respir. Med. 7, 892–906. doi: 10.1016/S2213-2600(18)30501-0 
	 Nakhaee, M., Rezaee, A., Basiri, R., Soleimanpour, S., and Ghazvini, K. (2018). Relation between lower respiratory tract microbiota and type of immune response against tuberculosis. Microb. Pathog. 120, 161–165. doi: 10.1016/j.micpath.2018.04.054 
	 Namasivayam, S., Maiga, M., Yuan, W., Thovarai, V., Costa, D. L., Mittereder, L. R., et al. (2017). Longitudinal profiling reveals a persistent intestinal dysbiosis triggered by conventional anti-tuberculosis therapy. Microbiome 5:71. doi: 10.1186/s40168-017-0286-2 
	 Namasivayam, S., Sher, A., Glickman, M. S., and Wipperman, M. F. (2018). The microbiome and tuberculosis: early evidence for cross talk. MBio 9:e01420-18. doi: 10.1128/mBio.01420-18 
	 Namasivayam, S., Zimmerman, M., Oland, S., Wang, H., Mittereder Lara, R., Dartois, V., et al. (2023). The dysbiosis triggered by first-line tuberculosis antibiotics fails to reduce their bioavailability. MBio 14, –e00323. doi: 10.1128/mbio.00353-23
	 Negatu, D. A., Liu, J. J. J., Zimmerman, M., Kaya, F., Dartois, V., Aldrich, C. C., et al. (2018). Whole-cell screen of fragment library identifies gut microbiota metabolite indole propionic acid as Antitubercular. Antimicrob. Agents Chemother. 62:e01571-17. doi: 10.1128/AAC.01571-17 
	 Negatu, D. A., Yamada, Y., Xi, Y., Go, M. L., Zimmerman, M., Ganapathy, U., et al. (2019). Gut microbiota metabolite indole propionic acid targets tryptophan biosynthesis in Mycobacterium tuberculosis. MBio 10:e02781-18. doi: 10.1128/mBio.02781-18 
	 Negi, S., Pahari, S., Bashir, H., and Agrewala, J. N. (2019). Gut microbiota regulates mincle mediated activation of lung dendritic cells to protect against Mycobacterium tuberculosis. Front. Immunol. 10:1142. doi: 10.3389/fimmu.2019.01142 
	 Negi, S., Pahari, S., Bashir, H., and Agrewala, J. N. (2020). Intestinal microbiota disruption limits the isoniazid mediated clearance of Mycobacterium tuberculosis in mice. Eur. J. Immunol. 50, 1976–1987. doi: 10.1002/eji.202048556 
	 Ngo, M. D., Bartlett, S., and Ronacher, K. (2021). Diabetes-associated susceptibility to tuberculosis: contribution of hyperglycemia vs. dyslipidemia. Microorganisms 9:2282. doi: 10.3390/microorganisms9112282 
	 Osei Sekyere, J., Maningi, N. E., and Fourie, P. B. (2020). Mycobacterium tuberculosis, antimicrobials, immunity, and lung-gut microbiota crosstalk: current updates and emerging advances. Ann. N. Y. Acad. Sci. 1467, 21–47. doi: 10.1111/nyas.14300 
	 Perry, S., de Jong, B. C., Solnick, J. V., de la Luz Sanchez, M., Yang, S., Lin, P. L., et al. (2010). Infection with Helicobacter pylori is associated with protection against tuberculosis. PLoS One 5:e8804. doi: 10.1371/journal.pone.0008804
	 Perumal, R., Naidoo, K., Naidoo, A., Ramachandran, G., Requena-Mendez, A., Sekaggya-Wiltshire, C., et al. (2020). A systematic review and meta-analysis of first-line tuberculosis drug concentrations and treatment outcomes. Int. J. Tuberc. Lung Dis. 24, 48–64. doi: 10.5588/ijtld.19.0025 
	 Piccioni, A., Rosa, F., Manca, F., Pignataro, G., Zanza, C., Savioli, G., et al. (2022). Gut microbiota and Clostridium difficile: what we know and the new frontiers. Int. J. Mol. Sci. 23:13323. doi: 10.3390/ijms232113323 
	 Qin, N., Zheng, B., Yao, J., Guo, L., Zuo, J., Wu, L., et al. (2015). Influence of H7N9 virus infection and associated treatment on human gut microbiota. Sci. Rep. 5:14771. doi: 10.1038/srep14771 
	 Que, Y., Cao, M., He, J., Zhang, Q., Chen, Q., Yan, C., et al. (2021). Gut bacterial characteristics of patients with type 2 diabetes mellitus and the application potential. Front. Immunol. 12:722206. doi: 10.3389/fimmu.2021.722206 
	 Regan, K. H., and Bhatt, J. (2019). Eradication therapy for Burkholderia cepacia complex in people with cystic fibrosis. Cochrane Database Syst. Rev. 4:Cd009876. doi: 10.1002/14651858.CD009876.pub4 
	 Romanowski, K., Balshaw, R. F., Benedetti, A., Campbell, J. R., Menzies, D., Ahmad Khan, F., et al. (2019). Predicting tuberculosis relapse in patients treated with the standard 6-month regimen: an individual patient data meta-analysis. Thorax 74, 291–297. doi: 10.1136/thoraxjnl-2017-211120 
	 Schlechte, J., Skalosky, I., Geuking, M. B., and McDonald, B. (2022). Long-distance relationships - regulation of systemic host defense against infections by the gut microbiota. Mucosal Immunol. 15, 809–818. doi: 10.1038/s41385-022-00539-2 
	 Segal, L. N., Clemente, J. C., Li, Y., Ruan, C., Cao, J., Danckers, M., et al. (2017). Anaerobic bacterial fermentation products increase tuberculosis risk in antiretroviral-drug-treated HIV patients. Cell Host Microbe 21, 530–537.e4. doi: 10.1016/j.chom.2017.03.003 
	 Sencio, V., Machado, M. G., and Trottein, F. (2021). The lung-gut axis during viral respiratory infections: the impact of gut dysbiosis on secondary disease outcomes. Mucosal Immunol. 14, 296–304. doi: 10.1038/s41385-020-00361-8 
	 Shen, Y., Giardino Torchia, M. L., Lawson, G. W., Karp, C. L., Ashwell, J. D., and Mazmanian, S. K. (2012). Outer membrane vesicles of a human commensal mediate immune regulation and disease protection. Cell Host Microbe 12, 509–520. doi: 10.1016/j.chom.2012.08.004 
	 Shi, J., Gao, G., Yu, Z., Wu, K., Huang, Y., Wu, L. P., et al. (2022). The relevance of host gut microbiome signature alterations on de novo fatty acids synthesis in patients with multi-drug resistant tuberculosis. Infect. Drug Resist. 15, 5589–5600. doi: 10.2147/IDR.S372122 
	 Shi, W., Hu, Y., Ning, Z., Xia, F., Wu, M., Hu, Y. O. O., et al. (2021). Alterations of gut microbiota in patients with active pulmonary tuberculosis in China: a pilot study. Int. J. Infect. Dis. 111, 313–321. doi: 10.1016/j.ijid.2021.08.064 
	 Twigg, H. L. 3rd, Weinstock, G. M., and Knox, K. S. (2017). Lung microbiome in human immunodeficiency virus infection. Transl. Res. 179, 97–107. doi: 10.1016/j.trsl.2016.07.008 
	 Uciechowski, P., and Dempke, W. C. M. (2020). Interleukin-6: a Masterplayer in the cytokine network. Oncology 98, 131–137. doi: 10.1159/000505099 
	 Ueckermann, V., Lebre, P., Geldenhuys, J., Hoosien, E., Cowan, D., van Rensburg, L. J., et al. (2022). The lung microbiome in HIV-positive patients with active pulmonary tuberculosis. Sci. Rep. 12:8975. doi: 10.1038/s41598-022-12970-3 
	 Valdez-Palomares, F., Muñoz Torrico, M., Palacios-González, B., Soberón, X., and Silva-Herzog, E. (2021). Altered microbial composition of drug-sensitive and drug-resistant TB patients compared with healthy volunteers. Microorganisms 9:1762. doi: 10.3390/microorganisms9081762 
	 Vázquez-Pérez, J. A., Carrillo, C. O., Iñiguez-García, M. A., Romero-Espinoza, I., Márquez-García, J. E., Falcón, L. I., et al. (2020). Alveolar microbiota profile in patients with human pulmonary tuberculosis and interstitial pneumonia. Microb. Pathog. 139:103851. doi: 10.1016/j.micpath.2019.103851 
	 Vujkovic-Cvijin, I., Dunham, R. M., Iwai, S., Maher, M. C., Albright, R. G., Broadhurst, M. J., et al. (2013). Dysbiosis of the gut microbiota is associated with HIV disease progression and tryptophan catabolism. Sci. Transl. Med. 5:193ra91. doi: 10.1126/scitranslmed.3006438 
	 Wang, Y., Deng, Y., Liu, N., Chen, Y., Jiang, Y., Teng, Z., et al. (2022). Alterations in the gut microbiome of individuals with tuberculosis of different disease states. Front. Cell. Infect. Microbiol. 12:836987. doi: 10.3389/fcimb.2022.836987 
	 Wang, J., Xiong, K., Zhao, S., Zhang, C., Zhang, J., Xu, L., et al. (2020). Long-term effects of multi-drug-resistant tuberculosis treatment on gut microbiota and its health consequences. Front. Microbiol. 11:53. doi: 10.3389/fmicb.2020.00053 
	 Wang, S., Yang, L., Hu, H., Lv, L., Ji, Z., Zhao, Y., et al. (2022). Characteristic gut microbiota and metabolic changes in patients with pulmonary tuberculosis. Microb. Biotechnol. 15, 262–275. doi: 10.1111/1751-7915.13761 
	 Weersma, R. K., Zhernakova, A., and Fu, J. (2020). Interaction between drugs and the gut microbiome. Gut 69, 1510–1519. doi: 10.1136/gutjnl-2019-320204 
	 Wells, J. M. (2011). Immunomodulatory mechanisms of lactobacilli. Microb. Cell Factories 10:S17. doi: 10.1186/1475-2859-10-S1-S17 
	 Wiertsema, S. P., van Bergenhenegouwen, J., Garssen, J., and Knippels, L. M. J. (2021). The interplay between the gut microbiome and the immune system in the context of infectious diseases throughout life and the role of nutrition in optimizing treatment strategies. Nutrients 13:886. doi: 10.3390/nu13030886 
	 Winglee, K., Eloe-Fadrosh, E., Gupta, S., Guo, H., Fraser, C., and Bishai, W. (2014). Aerosol Mycobacterium tuberculosis infection causes rapid loss of diversity in gut microbiota. PLoS One 9:e97048. doi: 10.1371/journal.pone.0097048 
	 Wipperman, M. F., Fitzgerald, D. W., Juste, M. A. J., Taur, Y., Namasivayam, S., Sher, A., et al. (2017). Antibiotic treatment for tuberculosis induces a profound dysbiosis of the microbiome that persists long after therapy is completed. Sci. Rep. 7:10767. doi: 10.1038/s41598-017-10346-6 
	 Wiqoyah, N., Mertaniasih, N. M., Artama, W. T., and Matsumoto, S. (2021). Microbiome in sputum as a potential biomarker of chronicity in pulmonary resistant to rifampicin-tuberculosis and multidrug-resistant-tuberculosis patients. Int. J. Mycobacteriol. 10, 260–267. doi: 10.4103/ijmy.ijmy_132_21 
	 World Health Organization (2012). WHO policy on collaborative TB/HIV activities: Guidelines for national programmes and other stakeholders. Geneva: World Health Organization.
	 World Health Organization (2024). Global Tuberculosis Report 2024. Geneva: World Health Organization.
	 Wu, J., Liu, W., He, L., Huang, F., Chen, J., Cui, P., et al. (2013). Sputum microbiota associated with new, recurrent and treatment failure tuberculosis. PLoS One 8:e83445. doi: 10.1371/journal.pone.0083445 
	 Xiao, G., Cai, Z., Guo, Q., Ye, T., Tang, Y., Guan, P., et al. (2022). Insights into the unique lung microbiota profile of pulmonary tuberculosis patients using metagenomic next-generation sequencing. Microbiol. Spectr. 10:e0190121. doi: 10.1128/spectrum.01901-21 
	 Yang, F., Yang, Y., Chen, Y., Li, G., Zhang, G., Chen, L., et al. (2020). MiR-21 is remotely governed by the commensal bacteria and impairs anti-TB immunity by down-regulating IFN-γ. Front. Microbiol. 11:512581. doi: 10.3389/fmicb.2020.512581 
	 Yang, F., Yang, Y., Chen, L., Zhang, Z., Liu, L., Zhang, C., et al. (2022). The gut microbiota mediates protective immunity against tuberculosis via modulation of lncRNA. Gut Microbes 14:2029997. doi: 10.1080/19490976.2022.2029997 
	 Yang, Y., Zhang, H., Wang, Y., Xu, J., Shu, S., Wang, P., et al. (2024). Promising dawn in the management of pulmonary hypertension: the mystery veil of gut microbiota. iMeta 3:e159. doi: 10.1002/imt2.159 
	 Yu, Z., Shen, X., Wang, A., Hu, C., and Chen, J. (2023). The gut microbiome: a line of defense against tuberculosis development. Front. Cell. Infect. Microbiol. 13:1149679. doi: 10.3389/fcimb.2023.1149679 
	 Zafar, H., and Saier, M. H. Jr. (2021). Gut Bacteroides species in health and disease. Gut Microbes 13, 1–20. doi: 10.1080/19490976.2020.1848158
	 Zevin, A. S., McKinnon, L., Burgener, A., and Klatt, N. R. (2016). Microbial translocation and microbiome dysbiosis in HIV-associated immune activation. Curr. Opin. HIV AIDS 11, 182–190. doi: 10.1097/COH.0000000000000234 
	 Zhang, L., Chu, J., Hao, W., Zhang, J., Li, H., Yang, C., et al. (2021). Gut microbiota and type 2 diabetes mellitus: association, mechanism, and translational applications. Mediat. Inflamm. 2021:5110276. doi: 10.1155/2021/5110276 
	 Zhang, M., Shen, L., Zhou, X., and Chen, H. (2022). The microbiota of human lung of pulmonary tuberculosis and the alteration caused by anti-tuberculosis drugs. Curr. Microbiol. 79:321. doi: 10.1007/s00284-022-03019-9 
	 Zhao, Q., Chen, Y., Huang, W., Zhou, H., and Zhang, W. (2023). Drug-microbiota interactions: an emerging priority for precision medicine. Signal Transduct. Target. Ther. 8:386. doi: 10.1038/s41392-023-01619-w 
	 Zhou, A., Lei, Y., Tang, L., Hu, S., Yang, M., Wu, L., et al. (2021). Gut microbiota: the emerging link to lung homeostasis and disease. J. Bacteriol. 203:e00454-20. doi: 10.1128/JB.00454-20 
	 Zhu, L., Sha, L., Li, K., Wang, Z., Wang, T., Li, Y., et al. (2020). Dietary flaxseed oil rich in omega-3 suppresses severity of type 2 diabetes mellitus via anti-inflammation and modulating gut microbiota in rats. Lipids Health Dis. 19:20. doi: 10.1186/s12944-019-1167-4 
	 Zhuo, Q., Zhang, X., Zhang, K., Chen, C., Huang, Z., and Xu, Y. (2023). The gut and lung microbiota in pulmonary tuberculosis: susceptibility, function, and new insights into treatment. Expert Rev. Anti-Infect. Ther. 21, 1355–1364. doi: 10.1080/14787210.2023.2283036 


Copyright
 © 2025 Perumal, Somboro, Tulsi, Ngcapu and Naidoo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-16-1643900-g003.jpg
Healthy Respiratory and Gut Microbiota Homeostasis MTB-induced Respiratory and Gut Microbiota Dysbiosis

A — N S - —nmm 3 e l.p..mm.,... * sggeroidetes
=

IMucus

Fa teiatin el DA a A @
Msulmtnyupnpolmmnlgnz/mDns }!ﬁ n,mm,y‘..-'m»tmm i Iuky[mclrons \O@ .

Respiratory tract

Finmicut imicutes
& Hen/mi'nnz::::;sc :::; S [Firmicutes | Bacteroidetes o
] W outer musus e s Jiga=, - S o

ourmesirr foem spemrp = ity V0T 7, =
g o A g WMW
° B 4 @

— ==
Too. < proinflammatory

Reguiar eleaseof cyokines

Aetcivescimionat iy
8 | oviece ot iecin
ipgatoms i

Gut-Lung axis e i e eota






OPS/xhtml/Nav.xhtml




Contents





		Cover



		The gut and lung microbiome across the TB disease spectrum



		Introduction



		Search strategy









		Microbiome and TB susceptibility and progression



		Role of the lung microbiome in TB susceptibility and progression



		Role of gut microbiota in TB susceptibility and progression









		Microbiome and TB recurrence (relapse and reinfection)



		Impact of comorbidities on the microbiome in TB



		HIV-induced dysbiosis in TB



		Diabetes mellitus-induced dysbiosis in TB









		The gut and lung microbiome during TB treatment



		Conclusion



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		References



















OPS/images/fmicb-16-1643900-g001.jpg
TB Exposure Clearance of infection through  Successful Treatment Completion
innate immunity and bacterial =,
-} growth restricted by adaptive

ﬁ immunity
- o \d

~ (Remaining ~50%

Reinfection

TB Treatment

Treatment Failure

1 Potential TB Drug Resistance
Latent TB Active TB





OPS/images/fmicb-16-1643900-g002.jpg
Gut and Lung Microbiome Profiling from Healthy case to Recurrent TB

N

P
Y o
E /@
3 (B
3 s
5 @ |/
£ |---- & :{ TBTreatment
-E- 8
= 2 e
3
=y
-
A Profound
Microbiota | | Altered l
Equilibrium| | Microbiota "3'}?5’;}’0';‘:

Successful treatment

Profiling of Specific
Microbiota and

Metabolites Associated
with Treatment Failure

Relevant Microbiota
and Metabolites

profiling to predict
Relapse or Reinfection

No Recurrent

#

Reinfection

I
Relapse

Gradual recovery of
Gut and/or Lung
microbiota

Profiling of Specific
Microbiota and
Metabolites
Associated with
Relapse TB

Profiling of Specific
Microbiota and
Metabolites
Associated with
Reinfection TB





OPS/images/cover.jpg
, frontiers  Frontiersin Microbiology

The gut and lung microbiome
across the TB disease spectrum












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






