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Tuberculosis, a chronic infectious disease caused by Mycobacterium tuberculosis complex, has re-emerged as the leading cause of death worldwide as a single infectious agent. The increasing prevalence of multidrug-resistant tuberculosis and extensively drug-resistant tuberculosis poses a severe and growing threat to global health. Therefore, it is urgent to find new drug targets. Recently, significant advancements have been made in the research of drug targets and novel therapeutic strategies for tuberculosis. This review summarizes recent processes on anti-tuberculosis drug targets, such as cell wall synthesis, nucleic acid replication and transcription, energy metabolism, and ferroptosis. Furthermore, this review summarizes the research progress of three innovative tuberculosis treatment strategies, including antimicrobial peptides, host-directed therapies, and nanoparticle-based drug delivery systems, aiming to provide a theoretical foundation and new research perspectives for the clinical development of new drugs.
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1 Introduction

Tuberculosis (TB) is a communicable disease primarily caused by Mycobacterium tuberculosis complex (MTBC). Mtb primarily affects the lungs, which mainly spreads through droplets, particularly coughing, sneezing, or spitting (Kaufmann and Winau, 2005). According to the 2024 World Health Organization (WHO) Global Tuberculosis Report, there were approximately 10.8 million new cases of TB and 1.25 million deaths. TB has surpassed coronavirus disease 2019 (COVID-19) to re-emerge as the world’s leading cause of death as a single infectious agent (World Health Organization, 2024). In clinical treatment, different TB treatment strategies are adopted due to variations in drug sensitivity. Drug-sensitive tuberculosis (DS-TB) typically adopts a standardized 6-month short-course chemotherapy regimen, consisting of a 2-month intensive phase with a combination of isoniazid (H), rifampicin (R), pyrazinamide (Z), and ethambutol (E), followed by a 4-month continuation phase with H and R for sustained bactericidal treatment. However, drug-resistant tuberculosis (DR-TB), particularly multidrug-resistant tuberculosis (MDR-TB) and extensively drug-resistant tuberculosis (XDR-TB), requires individualized regimens with second-line drugs like bedaquiline and linezolid. Common DR-TB treatment drugs are shown in Table 1. It is worth noting that prolonged TB treatment can cause various adverse effects such as hepatotoxicity, hyperuricemia, ototoxicity, and neuropsychiatric manifestations (Alsayed and Gunosewoyo, 2023; Trajman et al., 2025). Therefore, drug resistance poses a serious challenge to TB prevention and treatment efficacy.


TABLE 1 Common drug-resistant TB treatment drugs.


	Classification of drugs
	Name of drugs

 

 	Group A (First-choice drugs) 	Moxifloxacin, Levofloxacin, Bedaquiline, Linezolid


 	Group B (Alternative drugs) 	Clofazimine, Cycloserine


 	Group C (Supplementary drugs) 	Ethambutol, Delamanid, Pyrazinamide, Imipenem/Cilastatin, Macrolide




 

The drug resistance of Mtb includes two major types: intrinsic resistance and acquired resistance. Mtb possesses an abnormally thick and lipid-rich cell wall, which restricts the entry of most hydrophilic drugs and is a key factor contributing to intrinsic drug resistance. Mtb can form biofilms which play a key role in blocking the drug penetration. This creates a protective environment that greatly increases bacterial tolerance to antibiotics. On the other hand, chromosomal gene mutations are the main mechanism of acquired drug resistance (Rabaan et al., 2022). For example, mutations in the rpoB gene prevent the effective interaction between drugs and RNA polymerase (RNAP), leading to rifampicin resistance (Jose Vadakunnel et al., 2025). The most common mutation is rpoB Ser531Leu, which is associated with high-level resistance. Other frequent mutations include Asp516Val and His526Tyr, both of which confer moderate to high levels of resistance (Sinha et al., 2020). His526Tyr, His526Asp, and His526Leu are particularly prevalent among resistant strains and are considered key hotspot mutations (Li et al., 2021). Although Val170Phe and Ile491Phe occur outside the rifampicin resistance-determining region, studies have reported that they can also confer rifampicin resistance (Ma et al., 2021). Mutations in katG and inhA cause isoniazid resistance (Nono et al., 2025). All mutations in the katG gene are associated with high-level resistance to INH, with the most common mutation being katG S315T1 (Singh et al., 2025). In contrast, mutations in the inhA gene typically confer low-level resistance, where high doses of INH may still be effective. A frequently observed mutation in this region is MUT1 (C-15 T) (World Health Organization, 2023). When both S315T1 and C-15 T mutations are present simultaneously, they can result in a significantly higher level of resistance, potentially exceeding the clinically achievable serum concentration of INH (≥19 mg/L), rendering the drug completely ineffective (Lempens et al., 2018). Mutations in gyrA reduce the binding affinity of drugs with their targets, resulting in fluoroquinolone resistance (Dixit et al., 2023). Among these, Ala90Val and Asp94 (Gly/Ala/His/Asn) are the most commonly observed mutations associated with fluoroquinolone resistance (Von Groll et al., 2009). Notably, T80A and A90G mutations have been reported to partially restore fluoroquinolone susceptibility when present alongside resistance-associated mutations such as A90E or D94N (Pantel et al., 2016). Additionally, mutations in the embB gene affect the efficacy of ethambutol (Li et al., 2025). Due to the long-term clinical use and the limitation of existing drugs, it is urgent to discover novel drug targets and develop new antimicrobials for TB therapy. The target proteins, binding sites, and critical residues of first-line anti-tuberculosis drugs are summarized in Table 2.


TABLE 2 Binding sites and critical residues of anti-TB drugs.


	Drugs
	Target protein
	Key binding sites
	Critical residues
	Reference

 

 	Isoniazid 	InhA 	NADH-binding site and INH adduct 	Ser94, Tyr158, Ile21 	Zhang et al. (2022) and Davoodi et al. (2023)


 	Rifampicin 	RpoB 	Rifampicin-binding pocket in RNA polymerase 	Ser531, His526, Asp516 	Molodtsov et al. (2017) and Petry et al. (2020)


 	Ethambutol 	EmbB 	Arabinosyl transferase active site 	Met306 	
Bwalya et al. (2022)



 	Fluoroquinolones 	GyrA 	Quinolone Resistance-Determining Region 	Ala90, Ser91, Asp94, Gly88 	Kabir et al. (2020) and Sekiguchi et al. (2011)




 

Recently, the molecular mechanisms of pathogenicity and drug resistance of Mtb have been deciphered, which further deepened the study of traditional drug targets. Meanwhile, the discovery of emerging targets, such as the phosphoribosyltransferase Rv3806c and the key lipid metabolism enzyme Pks13, has provided novel opportunities for drug design. Additionally, the exploration of novel therapeutic strategies is expanding in multiple directions. The development of antimicrobial peptides, host-directed therapies that modulate the immune response, and nanocarrier drug delivery systems that enhance drug penetration offers new opportunities for TB treatment. This review summarizes the new discoveries in classical targets and the development of core targets/inhibitors within the key Mtb pathways, including cell wall synthesis, energy metabolism, nucleic acid processes, and ferroptosis (Figure 1). This review aims to accelerate the development of safer, more efficient, and shorter-course next-generation anti-TB drugs. It also explores the potential and challenges of innovative therapeutic strategies from the perspectives of drug delivery and immune modulation, providing insights for TB prevention and treatment.
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FIGURE 1
 Key drug targets in Mycobacterium tuberculosis. This figure illustrates key molecular targets for current and investigational anti-tuberculosis drugs within Mycobacterium tuberculosis. The targets are categorized based on their roles in essential cellular processes, including cell wall synthesis, DNA replication and transcription, energy metabolism, and Ferroptosis. The figure highlights both established and emerging pathways exploited for therapeutic intervention, reflecting recent advances in drug discovery against Mycobacterium tuberculosis.




2 Anti-tuberculosis drug targets


2.1 Key enzymes in cell wall synthesis

The cell wall of Mtb with complex structure not only maintains cell integrity but also enables the bacterium to adapt to the host environment, which plays a crucial role in chronic infection and pathogenesis. The cell wall of Mtb primarily consists of three components: peptidoglycan (PG), arabinogalactan (AG), and mycolic acids (MAs) (Abdelaziz et al., 2021). Targeting key catalytic factors involved in the biosynthesis of the Mtb cell wall is a promising approach for developing new anti-TB drugs. For example, disrupting the function of core proteins encoded by Rv3806c and Rv3790 in the AG synthesis pathway, or inhibiting key proteins such as β-ketoacyl-acyl carrier protein synthase I, enoyl-ACP reductase, and the mycobacterial membrane protein Large 3 in the MAs biosynthesis pathway, has been shown to effectively inhibit Mtb growth. Additionally, targeting the essential proteins MurT and GatD in PG synthesis, along with resistance-associated β-lactamase, provides effective strategies to weaken the cell wall and enhance antibiotic efficacy. These proteins are vital for maintaining the stability of the bacterial cell wall and have emerged as promising targets for the development of novel anti-TB therapies (Diab et al., 2025).


2.1.1 Rv3806c

Rv3806c is a membrane-bound phosphoribosyltransferase (PRTase) that catalyzes the transfer of the pentose phosphate group from ribose phosphate pyrophosphate to decylisopentenyl phosphate to generate decylisopentenyl-1-phosphate-β-ribosyl-5-phosphate (DPPR). DPPR is the precursor of decylisopentenyl phosphate arabinose (DPA), the exclusive arabinosyl donor known to be involved in the synthesis of cell wall precursors. Consequently, the Rv3806c protein has emerged as a critical therapeutic target for the development of novel antitubercular agents, owing to its indispensable role in mycobacterial survival and its conserved structural features (He et al., 2015).

Ethambutol (EMB) is a widely used anti-TB drug in clinical practice. Its target is a glycosyltransferase encoded by the embCAB operon. The EmbCAB protein catalyzes the transfer of arabinose residues, facilitating the formation of arabinoglycan chains that are essential for AG synthesis in cell wall of Mtb. This process is critical for maintaining the structural integrity and growth of the cell wall, making EmbCAB proteins a key target for the development of novel anti-TB drugs (Sun et al., 2017; Xiang et al., 2021). Mutations in the embB leads to resistance to EMB, 159 MDR-TB isolates were obtained from 159 patients with pulmonary TB in China. Research has shown that 95.6% (109/114 isolates) of EMB-resistant isolates harbored at least one mutation within the regions associated with EMB resistance. Most mutations were in embB, particularly between amino acid positions 300 and 500, and in the embC–embA intergenic region. The most frequently mutated residues were Met306, Gly406, and Gln497, which were identified in 87 EMB-resistant isolates and 2 EMB-susceptible isolates (Li et al., 2025). Additionally, rv3806c mutations lead to DPA overexpressed, which competes with EMB for binding to EmbCAB proteins, thereby contributing to increased drug resistance. Tulyaprawat et al. (2019), isolated both EMB-sensitive and EMB-resistant Mtb strains in clinical settings with mutations in the ubiA gene. It was shown that there was a strong association with 100% specificity between ubiA mutations and stronger EMB resistance, which suggested it could serve as a marker for EMB resistance.

Additionally, Gao et al. (2024), reported the cryo-electron microscopy-derived three-dimensional structure of Rv3806c in both the donor- and acceptor-bound states, thereby elucidating the molecular mechanism by which this protein catalyzes ribose phosphate transfer at the bacterial plasma membrane. Rv3806c closes the active site through a conformational change and promotes the transfer of ribose phosphate from 5-Phospho-α-ribosyl-1-pyrophosphate (PRPP) to Decaprenyl phosphate (DP) to generate DPPR. The elevated rate of DPPR synthesis results in EMB resistance. This process follows an inversion mechanism whereby the C1 conformation of the ribose is changed from α to β. Lys28 is involved in the binding between DP and PRPP, which is essential for the catalytic reaction. Tyr70 and Tyr138 participate in the stabilization of the reaction transition state. Asp77 and Asn73 stabilize the pyrophosphate moiety of PRPP by coordinating with Mg2+ ions. Gln135 forms hydrogen bonds with the ribose moiety of PRPP to ensure the correct localization of the substrate. Therefore, Rv3806c is a crucial target for anti-TB therapy, offering potential strategies for novel drug discovery and addressing resistance to current treatments.



2.1.2 DprE1(Rv3790)

DprE1, as a key enzyme in the production of AG precursor, plays an important role in mycobacterial cell wall synthesis (El Haddoumi et al., 2024; Delgado et al., 2024). It is shown that drugs targeting DprE1 can disrupt cell wall integrity to make bacterial cell death without entering the cytoplasm to carry out effects (Brecik et al., 2015). As a result, DprE1 is considered a highly promising target for the development of novel anti-TB drugs. Benzothiazinones (BTZs) were the first inhibitors of DprE1, serving as the foundation for the continuous optimization and design of both covalent and non-covalent DprE1 inhibitors. However, none of these have been approved for clinical use (Makarov et al., 2009). Recently, novel DprE1 inhibitors have been identified through high-throughput screening and designed using artificial intelligence and computer-aided drug design (AI/CADD) tools. Yang F. et al. (2024) and Yang L. et al. (2024), identified a series of novel N-(1-(6-oxo-1,6-dihydropyrimidin)-pyrazole) acetamide derivatives with significant activity against Mtb via structure-based virtual screening and computational-guided design. Among these, the compounds LK-60 and LK-75 effectively inhibited the growth of Mtb and the activity is significantly superior to the phase II candidate TBA-7371. Currently, four DprE1 inhibitors are in clinical development, BTZ-043 and PBTZ-169 are suicide inhibitors that irreversibly inhibit DprE1 by forming a semimercaptal bond with the active-site cysteine (Cys387) via nitro group. TBA-7371 and OPC-167832 bind reversibly and stably to the active site of the DprE1 through multiple non-covalent interactions, such as hydrogen bonds and hydrophobic forces, effectively inhibiting the cell wall synthesis of Mtb (Alsayed and Gunosewoyo, 2023). Heinrich et al. (2025), further evaluated the safety, bactericidal activity and pharmacokinetics of BTZ-043. Bioequivalence tests showed that BTZ-043 had little effect on the metabolism of caffeine and digoxin, indicating that BTZ-043 can be used in combination with these drugs. BTZ-043 showed good safety and bactericidal activity, and the 1,000 mg dose in combination with standard breakfast may be the optimal therapeutic regimen. With its novel mechanism of DprE1 inhibition and enhanced tissue penetration, BTZ-043 holds great potential to shorten the duration of TB treatment. Subsequent studies will focus on how to optimize combination therapies and drug resistance.



2.1.3 β-Ketoacyl-ACP synthase I

MAs is a crucial component of the cell wall in Mtb, essential for stabilizing its structure and maintaining its density. MAs is synthesized through the joint catalysis of two fatty acid synthases: one resembling the multifunctional fatty acid synthase (FAS-I) found in eukaryotes or higher prokaryotes, and the other similar to the fatty acid synthase (FAS-II) found in plants or bacteria. β-ketoacyl-ACP synthase I (KasA) in the FAS-II system is considered to be a potential drug target for anti-TB therapy (Shinde and Suvarna, 2022; Rudraraju et al., 2022). Thiacetazone (TLM) and its derivatives are recognized as inhibitors of KasA enzyme activity. However, TLM analogs demonstrate limited efficacy in inhibiting the KasA protein (Kremer et al., 2000; Kapilashrami et al., 2013). It has been found that isoxazole sulfonamide derivatives have been identified as potential inhibitors of KasA enzyme activity, although the precise mechanism remains unknown (Bajad et al., 2022; Inoyama et al., 2020). Based on its structure, Adewumi et al. (2023), initially screened 817 anti-Mycobacterium compounds from the ZINCPharmer chemical database. ZINCPharmer is a virtual screening tool based on pharmacophore models and built on the ZINC database, which contains millions of commercially available small molecules. It allows researchers to quickly identify potential bioactive compounds based on 3D pharmacophore features, aiding early-stage drug discovery.1 These compounds were subjected to comprehensive computer-aided drug design screening to identify six potential KasA inhibitors. Compared to the standard inhibitor thiacetazone, these candidates exhibited a higher binding affinity for the KasA active site. These findings provide new insights into the development of TB drugs, particularly for targeted therapy against KasA.

KasA catalyzes the elongation of acyl chains, however, the mechanism by which KasA selectively recognizes and excludes shorter acyl molecules remains unclear (Luckner et al., 2009; Lee and Engels, 2014). Studies have demonstrated that when the C18 receptor completely binds to KasA, interactions between the receptor’s terminal and its surrounding environment (including Glu120 and adjacent regions) trigger a conformational change in Phe404, causing a transition from a closed to an open state in the neighboring subunit. This change activates the catalytic residues in that subunit, suggesting the presence of positive cooperativity in KasA. The induced cooperative signal is initiated by the terminal of the C18 receptor, while shorter receptors, such as C16, fail to interact with Glu120 and Tyr126’, thereby hindering the activation of this signal. These findings elucidate the molecular mechanism by which KasA is selectively activated only by substrates of the appropriate length (Lee, 2024).



2.1.4 Enoyl-acyl carrier protein reductase

InhA, an enoyl-acyl carrier protein reductase, is a key enzyme in the FAS-II system, driving the synthesis of MAs essential for mycobacterial cell wall formation. It is also the primary target of INH which requires the activation by the enzyme KatG. However, due to mutations in KatG, mycobacteria have gradually developed increased resistance to INH recently. In eastern Uttar Pradesh, India, 6.57% of sputum-positive TB samples exhibited resistance to INH. Among these resistant cases, the majority (77.9%) exhibited high-level resistance, predominantly associated with the katG MUT1 (S315T1) mutation, while the remaining 22.1% displayed low-level resistance associated with inhA MUT1 (C-15 T) mutation. This study confirms the predominant role of katG mutation in high-level and inhA mutation in low-level INH resistance in this population (Singh et al., 2025). In a study of 500 INH-resistant Mtb isolates from Cameroon, 60.2% carried katG mutations, predominantly the S315T variant (Nono et al., 2025). These findings highlight that katG S315T acts as a primary marker for INH resistance. Therefore, in order to overcome resistance, it is essential to design InhA inhibitors that do not require prior activation, such as triclosan derivatives (Vosátka et al., 2018; Chetty et al., 2021; Shekhar et al., 2023), coumarin derivatives (Batran et al., 2024; Kassem et al., 2014), 1,8-naphthyridine-3-carbonitrile analogs (Khetmalis et al., 2024), sulfonylhydrazone derivatives (Teneva et al., 2024; Angelova et al., 2022), all of which are classified as non-prodrug-type InhA inhibitors.



2.1.5 MurT and GatD

PG undergoes two distinct modifications: N-glycosylation of wall acids and amidation of D-glutamic acid. N-glycosylation enhances the immunogenicity of the Mtb cell wall without contributing to its pathogenicity (Hansen et al., 2014). Meanwhile, amidation of D-glutamic acid facilitates the cross-linking of PG precursors. In this process, MurT and GatD catalyze the amidation reaction. The extensive depletion of MurT and GatD increases the permeability of the cell wall, leading to a reduced sensitivity to β-lactam antibiotics (Catalão et al., 2019; Shaku et al., 2023). Silveiro et al. (2023), utilized CRISPR interference (CRISPRi) technology to knockout genes encoding PG modification enzymes (namH and murT/gatD) of Mycobacterium smegmatis (Ms). The results demonstrated that PG modifications play a key role in β-lactam resistance and survival of the pathogen within the host, highlighting the potential of these enzymes as therapeutic targets for TB treatment.

The characteristic modifications of mycobacterial PG promote antibiotic resistance and survival of Mtb within host macrophages. Inhibiting the enzymes responsible for these peptidoglycan modifications may serve as a strategy against TB and play a key role in shortening the duration of TB treatment in the future.



2.1.6 MmpL3

MmpL3 is a transmembrane protein belonging to the MmpL family, responsible for transporting MAs precursors from the cytoplasm to the cell wall. Dysfunction of MmpL3 leads to cell wall synthesis disruption, thereby inhibiting bacterial growth. As a key protein in the cell wall biosynthesis of Mtb, MmpL3 is an important target in anti-TB therapy (Degiacomi et al., 2017; Williams and Abramovitch, 2023). Recently several small molecule inhibitors targeting MmpL3 have been discovered. SQ109 is one of the MmpL3 inhibitors and is currently in Phase III clinical trials. However, due to degradation by cytochrome P450 enzymes CYP3A4 and CYP2C19, the inhibitor has a short half-life and low oral bioavailability in the host (Carbone et al., 2023). AU1235 demonstrates strong bactericidal activity both in vitro and in vivo with low cytotoxicity. Currently, it remains in preclinical studies and requires further validation of its safety and efficacy (Luo et al., 2021). The unique chemical structure of BM212 with a bifunctional aryl-pyrrole framework provides potent bactericidal activity and high selectivity, making it one of the important candidates for anti-TB drug development (Supplementary Figure 1). To enhance their inhibitory potency, Vasudevan et al. (2023), designed and synthesized several bifunctional aryl-pyrrole silicon analogs related to BM212. Through Alamar Blue assays, it was found that most of silicon-containing compounds were more effective against Mtb than BM212, offering new directions for the further development of anti-TB drugs. TBI-166, derived from a clofazimine analog, exhibits more potent anti-TB activity than clofazimine. It is currently undergoing Phase IIa clinical trials in China. Furthermore, the combination of TBI-166 with bedaquiline and pyrazinamide has been recommended for further investigation in Phase IIb clinical trials (Ding et al., 2022).

Williams et al. (2024), discovered a novel MmpL3 inhibitor, MSU-43085, which inhibits Mtb, Mycobacterium abscessus (MAB), and Mycobacterium avium (MAC) both in vivo and in vitro. Pharmacokinetic studies show that MSU-43085 has high bioavailability and a short half-life. Efficacy studies in vivo found that MSU-43085 inhibited Mtb in an acute mouse TB infection model, but lacked activity in a chronic mouse TB infection model. These results indicate that MSU-43085 is a potent inhibitor of Mtb and MAB, showing strong therapeutic potential.



2.1.7 FadD32

Based on sequence analysis, FadD proteins can be classified into two categories: fatty acyl-AMP ligases (FAALs) and fatty acyl-CoA ligases (FACLs). FadD32, a member of the FAAL family, is one of the most extensively studied FadD enzymes in Mtb. In the presence of ATP, it activates long-chain fatty acids to form acyl-adenylate, which is then transferred to multifunctional polyketide synthases for further chain elongation. Therefore, it is crucial for Mtb survival and plays a key role in the biosynthesis of MAs (Alsayed et al., 2019). The crystal structure analysis provides a foundation for structure-based drug development (Chen et al., 2022). Rani et al. (2025), identified M1, a compound with an isoxazole scaffold, as a selective inhibitor of Mtb through virtual screening. When combined with rifampicin and isoniazid, M1 exhibits enhanced inhibition of Mtb, demonstrating greater efficacy than the standard TB treatment regimen. The inhibition mechanism is characterized by non-competitive inhibition of Mtb FadD32 with lauric acid and partial non-competitive inhibition with ATP. M1 is an effective chemical scaffold with the potential to inhibit multiple FadD family enzymes in Mtb, showing promise as a candidate for TB treatment.



2.1.8 Pks13

Polyketide Synthase 13 (Pks13) plays a crucial role in the biosynthesis of MAs, which are essential for maintaining the integrity of the Mtb cell wall. As a result, Pks13 is an effective target to inhibit this pathway (Khola et al., 2024). Zhang et al. (2025), employed a structure-based drug design approach to synthesize and evaluate a series of compounds with anti-Mtb Pks13 activity. Among them, compounds 31, 41, 43, and 44 showed potent inhibitory activity against Mtb H37Rv, along with improved metabolic stability. Compound 44, with favorable bioavailability, shows promising potential as an anti-TB drug. Liu et al. (2025), discovered a compound named BMVC-8C3O that effectively inhibits the activity of Pks13. This compound demonstrates activity against both MDR-Mtb and XDR-Mtb, while exhibiting low cytotoxicity. BMVC-8C3O binds to Pks13 in a distinctive manner, competitively inhibiting its enzymatic activity by forming hydrogen bond interactions with key amino acids in Pks13-TE, such as Asn1640, Ser1533, Tyr1674, and Phe1670, thereby exerting antimicrobial effects (Supplementary Figure 2). BMVC-8C3O features a novel structure, distinct from known Pks13 inhibitors such as thienyl, benzofuran, coumarin, flavonoid, and β-lactam scaffolds. This provides new insights into the design and optimization of Pks13 inhibitors.

Johnston et al. (2024), report the molecular structure of the catalytic core domains of Mtb Pks13 (Mt-Pks13) with 3.4 Å resolution through transmission cryo-electron microscopy. The assembly state of monomer and dimer for Mt-Pks13 is PH-dependent, and the comparison with the structure of Ms- Pks13 shows that Mt-P ks13 has conformational flexibility. The availability of diverse structures of this promising target for antimycobacterial therapy gives options for computer-aided drug discovery or design.



2.1.9 β-lactamase

Although β-lactam antibiotics are the first-choice for treating various bacterial infections, they have not been widely used for TB treatment over the past decades. This is mainly because Mtb produces a potent β-lactamase named BlaC that rapidly hydrolyzes most β-lactam drugs (Kumar et al., 2022). The cell wall of Mtb contains a large amount of MAs and a complex lipid layer, forming a highly hydrophobic and impermeable barrier. This barrier effect makes it difficult for many antibiotics to penetrate the cell and exert their effects. PG cross-linking in Mtb mainly depends on L, D-transpeptidases rather than D, D-transpeptidases, which are common in typical bacteria. Most conventional β-lactam antibiotics primarily target D, D-transpeptidases and exhibit very weak activity against L, D-transpeptidases. Therefore, it is difficult to inhibit the cell wall synthesis of Mtb even if some of the drugs penetrate the cell wall (Cordillot et al., 2013). Hugonnet et al. (2009), showed that combining meropenem with clavulanate effectively inhibits BlaC, thereby restoring the bactericidal activity of β-lactam antibiotics against XDR-Mtb, primarily through inhibition of L, D-transpeptidases. This signifies the renewed attention to β-lactam antibiotics, especially carbapenems, in the treatment of DR-TB. It was the first to clearly propose a novel strategy for treating TB using a combination of carbapenems and β-lactamase inhibitors (BLIs).

Recent studies have focused on specific BLIs that can restore β-lactamase activity against drug-resistant TB. Clavulanic acid, an oral β-lactamase inhibitor, is the most commonly used for TB treatment, typically in combination with imipenem and meropenem. This is due to its irreversible inhibition of BlaC, which enables the effective killing of Mtb by β-lactam drugs (Shi et al., 2025). Durlobactam is a β-lactamase inhibitor, classified as a diazabicyclooctane compound, which inhibits β-lactamase activity to protect β-lactam antibiotics from degradation. It covalently binds to the serine residue at the active site of β-lactamase, thereby inhibiting enzyme activity and preventing the degradation of β-lactam antibiotics (Nantongo et al., 2024). When combined with meropenem or imipenem, durlobactam significantly enhances their bactericidal activity. Although β-lactam antibiotics are not currently used in TB treatment, their combination with BLIs represents a promising strategy for treating MDR-TB (Shin et al., 2025; Longo et al., 2024). Besides the inhibitors discussed above, agents such as avibactam and sulbactam are also used in combination therapies to enhance the activity of β-lactam antibiotics against resistant bacterial strains (Srivastava et al., 2021; Malla et al., 2023).

Facing the challenges of strong drug resistance and difficulties in in MDR-TB and XDR-TB treatment, the combination of BLIs with β-lactam antibiotics can expand therapeutic options, shorten treatment duration, and improve efficacy. These drugs are safe and well tolerated, and their combination application can reduce the dose and toxic side effects of traditional drugs, which has important clinical application value. Future research should focus on developing broader-spectrum and more effective inhibitors, optimizing combination regimens, and systematically evaluating their clinical efficacy and safety to advance their application in TB treatment.




2.2 Drug targets related to replication and transcription of nucleic acids


2.2.1 RNA polymerase

Rifampicin is a broad-spectrum antibiotic that prevents bacterial RNA synthesis from survive by binding to the β-subunit of RNA polymerase (RNAP), preventing its interaction with DNA. As the core enzyme in the transcription process, RNAP is a crucial target for the development of anti-TB drugs (Campbell et al., 2001). The resistance to rifampicin primarily arises from mutations in the rpoB gene, which encodes the β-subunit of RNAP (Jose Vadakunnel et al., 2025). Zaw et al. (2018), found that the most common mutations occur at codon positions 516, 526, and 531, which can alter the conformation of RNAP, reduce its affinity for rifampicin, and ultimately prevent the drug from effectively inhibiting RNA synthesis. By analyzing the crystal structure of the RNA polymerase–rifampicin complex, key interactions between the drug and mutation sites can be identified, enabling the development of rifampicin analogs that overcome known resistance mutations. Rajeswaran et al. (2022), applied structure-based drug design to synthesize benzoxazinorifamycins (bxRIFs), congeners of the clinical candidate rifalazil. The structure of the bxRIF is presented in Supplementary Figure 3. Although this compound did not exhibit sufficient activity against Mtb RNAP for clinical application in the treatment of DR-TB, it demonstrated favorable pharmacological properties. These findings underscore the potential for further optimization of rifamycin derivatives to enhance their efficacy against Mtb. Additionally, the development of a scalable synthesis method for bxRIFs supports their feasibility for advancement into both preclinical and clinical research stages.

Clinical studies have shown that more than 90% of rifampicin-resistant Mtb carry mutations in the RRDR region of the rpoB gene. Research targeting RNAP not only helps to deeply understand the key binding mechanism between drugs and mutation sites, but also reveals which mutations lead to high levels of resistance, thus providing a scientific basis for designing drugs through structure optimization in order to avoid the effects of drug resistance. The new generation of RNAP inhibitors is expected to break through the limitations of traditional rifampicin-based drugs, target rpoB mutant strains, restore drug sensitivity, and provide a new solution for the treatment of multidrug-resistant and extensively DR-TB.



2.2.2 DNA gyrase

DNA gyrase in Mtb is a type II topoisomerase involved in DNA replication, transcription, and the regulation of DNA supercoiling, consisting of two GyrA and two GyrB subunits. As this enzyme is absent in humans, it represents a crucial target for the development of anti-TB drugs (Crunkhorn, 2022). Quinolone drugs can inhibit DNA gyrase and are used to treat TB. In recent years, fluoroquinolone resistance has largely resulted from mutations in the GyrA subunit, Dixit et al. (2023), examined the relationship between fluoroquinolone antibiotic resistance mutations and treatment outcome. A particular focus of this study is the effect of mutations in the gyrA gene on fluoroquinolone resistance. It was found that the most common mutation was D94G (gyrA MUT3C, 44/150, 66%) among the gyrA resistance mutations. Drug research and target screening turn to GyrB subunits (Spencer and Panda, 2023). The indole derivative G24, which inhibits the ATPase activity of GyrB, demonstrates superior activity against Mtb compared to the well-known DNA gyrase inhibitor novobiocin. For the moment, Novobiocin is the only clinically approved DNA gyrase ATPase inhibitor (Pakamwong et al., 2022; Burlison et al., 2006). Pakamwong et al. (2024), used G24 as a template and carried out virtual screening to identify and characterize several potential inhibitors from the Specs compound library. Compounds 8, 11, and 14 were found to inhibit DNA gyrase activity, exhibiting 5-fold, 2-fold, and 16-fold higher activity than novobiocin, respectively. These findings provide strong theoretical support for the development of novel ATPase inhibitors.



2.2.3 Hypoxanthine-guanine phosphoribosyltransferase

Hypoxanthine-guanine phosphoribosyltransferase (HGPRT) is a crucial enzyme in purine metabolism, responsible for converting hypoxanthine and guanine into their respective nucleotides. A deficiency in HGPRT disrupts the synthesis of purine nucleotides, impairing the production of DNA and RNA (Eng et al., 2018). Knejzlík et al. (2020), confirmed that HGPRT is the main guanine and hypoxanthine salvage enzyme in Ms but is not necessary under normal growth conditions. Research indicates that prodrugs derived from ANP-based inhibitors designed for the highly similar Mtb HGPRT do not target Ms. HGPRT but display antimicrobial activity against Ms. This finding raises the questions about the selectivity of known Mtb HGPRT-targeted compounds in bacterial cells.



2.2.4 Thymidylate kinase

Thymidylate kinase (TMPK) is a pivotal enzyme in DNA biosynthesis, primarily responsible for catalyzing the phosphorylation of thymidine monophosphate (dTMP). The low sequence homology (22%) of TMPK between Mtb and human make it an attractive target for the development of novel anti-TB therapeutics (Jian et al., 2020; Sukumar et al., 2020). Venugopala et al. (2020), reported several tetrahydropyrimidinone derivatives, including pyrimidinone and pyrimidinthione. These compounds, as potential thymidylate kinase inhibitors, demonstrated antibacterial activity against Ms. and, particularly, pyrimidinone 1a and pyrimidinthione 2a effectively inhibited the growth of Mtb. Notably, compound 2a was observed to exert modest activity at 128 μg/mL against Mtb strains with cross-resistance to rifampicin and isoniazid. These findings suggest that compounds 1a and 2a could serve as potential anti-TB drugs, offering new insights for future drug design and research.




2.3 Drug targets related to energy metabolism


2.3.1 ATP synthase

ATP synthase is not only a crucial drug target in Mtb, but also the primary target of bedaquiline used in MDR-TB treatment. It has been reported that amiloride derivatives can simultaneously inhibit cytochrome bd oxidase and F₁Fo-ATP synthase, demonstrating potential for development as anti-TB drugs (Hards et al., 2022). Adolph et al. (2024), discovered a compound called BB2-50F-6-derivative, which exhibits dual targeting activity. It inhibits both F₁Fo-ATP synthase and succinate dehydrogenase, effectively suppressing the growth of Mtb. When used in combination with other TB drugs, BB2-50F demonstrates higher bactericidal activity and enhance the effectiveness of treatment. Concurrently, the inhibitor targeting the ATP synthase complex named sudapyridine is currently under investigation for its efficacy against rifampicin-resistant TB, and has already entered phase III clinical trials (Yao et al., 2022; Yu et al., 2024).



2.3.2 The cytochrome bc1: aa3

The cytochrome bc1: aa3 complex is responsible for transferring electrons from coenzyme Q to cytochrome c, and subsequently to oxygen, catalyzing the reduction of oxygen to form water. At the same time, it pumps protons to maintain the proton gradient, driving ATP synthesis. The key proteins have become the critical targets for anti-TB drug development (Sindhu and Debnath, 2022; Bajeli et al., 2020). Telacebec (Q203) is a potent drug candidate currently under clinical development for DR-TB treatment. The compound inhibits the respiratory chain of Mycobacterium by disrupting the function of the cytochrome b subunit (QcrB), thereby blocking the oxidative phosphorylation process. Currently, Q203 is in phase II clinical trials and has shown significant promise as one of the potential key drugs for future TB treatment (Pethe et al., 2013; Kang et al., 2014). Nguyen et al. (2022), investigated the interactions between Q203 and several anti-TB drugs or candidates, including bedaquiline, PBTZ169, PA-824, OPC-67683, SQ109, isoniazid, rifampicin, streptomycin, and linezolid. They found there were no antagonistic interactions between Q203 and the tested drugs, with most interactions being synergistic. Among these, the combination of Q203 and PBTZ169 was the most effective, showing stronger inhibition for Mtb compared to Q203 alone. This finding provides a new strategy for the development of anti-TB drugs.



2.3.3 Chorismate mutase

Mtb is unable to directly obtain adequate phenylalanine and tyrosine from the host and therefore depends on its endogenous shikimate pathway for biosynthesis. Chorismate mutase (CM) acts in the shikimate pathway, catalyzing the conversion of chorismate to prephenate, which then enters the phenylalanine/tyrosine biosynthetic pathway. Inhibiting CM directly disrupts the bacteria’s ability to synthesize aromatic amino acids, resulting in cell death through “nutritional starvation” due to the depletion of essential metabolites. Humans obtain aromatic amino acids through diet and do not possess enzymes related to the shikimate pathway. Drugs targeting CM selectively disrupt bacterial metabolism without affecting host cell functions, thereby minimizing toxicity and significantly reducing the risk of adverse side effects. This makes CM a highly promising target for the development of novel anti-TB therapeutics. Seo et al. (2025), developed a novel TB subunit vaccine consisting of Mycobacterium tuberculosis-secreted chorismate mutase (TBCM) and a poly peptide derived from the hepatitis B virus (Poly6). The results showed that combining TBCM with Poly6 and the alum adjuvant significantly enhanced antigen-specific immune responses, effectively protecting mice from Mtb infection and substantially reducing bacterial load and lung inflammation. This combination TBCM vaccine demonstrated strong immunogenicity and therapeutic potential in mice, offering a new direction for the development of next-generation TB vaccines. Further optimization of the formulation and advancement of clinical translation research are needed in the future. Based on the 4-amino-1-methyl-3-propyl-1H-pyrazole-5-carboxamide fragment, Shukla et al. (2023), used a sonochemical synthesis method catalyzed by Wang resin to efficiently prepare novel pyrazole-pyrimidinone compounds. Among them, compounds 3b and 3c exhibited potent inhibition of Mtb CM and anti-TB activity, while also demonstrating low toxicity. These compounds are the first candidates to affect Mtb viability by inhibiting CM, providing an important foundation for the development of novel anti-TB drugs. Future research will focus on optimizing the structure and conducting in vivo studies.




2.4 Drug targets related to ferroptosis

Ferroptosis is a form of regulated cell death dependent on iron metabolism, characterized by elevated intracellular iron levels and intensified lipid peroxidation. After Mtb infection, the regulation of virulence factors such as ESAT-6 promotes the autophagy of ferritin, releasing iron ions and leading to the accumulation of free iron within cells, thereby intensifying oxidative damage. Additionally, Mtb infection diminishes the activity of the cysteine/glutamate transporter (System Xc−), leading to reduced synthesis of glutathione (GSH). This depletion of GSH subsequently inactivates glutathione peroxidase 4 (GPX4), impairing the clearance of lipid peroxides such as malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE), thereby promoting cellular oxidative damage. Mtb enhances the expression of ACSL4, promoting the incorporation of polyunsaturated fatty acids (PUFAs) into cell membrane phospholipids. This incorporation generates substrates highly susceptible to oxidation, thereby initiating a lipid peroxidation chain reaction that exacerbates cellular damage (Jumabayi et al., 2024). The detailed mechanism of ferroptosis is shown in Figure 2.
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FIGURE 2
 Mechanism of ferroptosis induced by Mtb infection. This figure illustrates the core molecular mechanisms of ferroptosis, a form of regulated cell death driven by iron-dependent lipid peroxidation. Three major pathways are involved: (1) Iron metabolism: Fe3+ enters cells via transferrin receptor 1 (TFR1) and is reduced to Fe2+, which promotes lipid peroxidation through hydroxyl radical generation via the Fenton reaction.; (2) Lipid peroxidation: Polyunsaturated fatty acids (PUFAs) in cell membranes undergo enzymatic oxidation by lipoxygenases (LOXs) or non-enzymatic peroxidation, resulting in the accumulation of toxic lipid reactive oxygen species (ROS) that trigger cell death; (3) Glutathione–GPX4 pathway: System Xc− (SLC7A11) imports cystine, which is reduced to cysteine for glutathione (GSH) synthesis. GSH serves as a substrate for glutathione peroxidase 4 (GPX4), which reduces lipid hydroperoxides and inhibits ferroptosis.



2.4.1 BACH1

BTB Domain and CNC Homolog 1 (BACH1) is a transcription factor that binds to specific sequences in the promoter region of the ferritin heavy chain gene, inhibiting ferritin gene expression and regulating iron storage and release. By regulating the ratio of ferritin heavy and light chains, BACH1 affects the structure and function of ferritin, leading to abnormal iron storage and release (Nishizawa et al., 2023).

Amaral et al. (2024), discovered that BACH1 is closely linked to disease progression during Mtb infection, suggesting its potential role in regulating the immune response and influencing pathological processes associated with the infection. Bach1 mRNA expression of mononuclear cells in peripheral blood from TB patients was significantly higher compared to healthy controls and individuals with latent infection. In animal models, Mtb infection increases Bach1 expression in lung tissue, which is closely associated with necrotic areas. BACH1 inhibits Nrf2 activity, downregulating the expression of antioxidant genes and thereby affecting the host’s antioxidant defense system. In Bach1 knockout mice, after Mtb infection, there was elevated Gpx4 expression and decreased lipid peroxidation in lung tissue, indicating that BACH1 deficiency enhances the host’s antioxidant defense. Additionally, targeting BACH1 may represent a novel strategy to inhibit the progression of TB. Inhibiting BACH1 function has shown significant effects in reducing pathological damage and enhancing bacterial clearance, providing new targets and directions for TB treatment research.



2.4.2 Mb3523c

The Mce4 family is a critical effector protein for Mycobacterium virulence, facilitating infection through the regulation of host cell death and immune evasion mechanisms. The Mb3523c protein from Mycobacterium bovis (M. bovis) belongs to the Mce4 family and shares 100% homology with the Rv3493c protein from Mtb H37Rv strain, suggesting functional similarities of their roles during infection. Mb3523c interacts with the Y237 and G241 of host HSP90 protein, stabilizing LAMP2A on the lysosomal membrane and promoting chaperone-mediated autophagy. This process leads to the degradation of GPX4, triggering ferroptosis and facilitating the transmission of M. bovis. Blocking the Mb3523c-HSP90 interaction or inhibiting the CMA pathway may reduce ferroptosis, potentially controlling the progression of TB (Wang et al., 2025). The interaction between Mb3523c and HSP90 provide new potential targets for TB therapy. Designing the inhibitors to block this interaction may effectively suppress bacterial virulence and transmission.



2.4.3 Rv1324

The secretory protein Rv1324 has a strong homology with thioredoxins and may possess a thioredoxin function, enabling Mtb to defend against reactive oxygen species (ROS) and reactive nitrogen species (RNS) within the host (Wolfe et al., 2010). Research has shown that Rv1324 can enhance the persistence of Mtb by activating ferroptosis, which leads to pathological damage and inflammation in the lungs of mice. Rv1324, as a novel virulence factor of Mtb, promotes persistent infection and lung damage through a dual mechanism of antioxidant defense and induction of host ferroptosis. Targeting Rv1324 or the ferroptosis pathway may provide new therapeutic strategies for TB treatment (Shi et al., 2023).





3 Tuberculosis treatment strategies


3.1 Antimicrobial peptides

Antimicrobial peptides (AMPs) are small molecules with various biological activities, including antibacterial, antiviral, and antifungal properties. They can be found in microorganisms, mammals and humans, and so on. Mtb has a lipid-rich, thick cell wall that makes it difficult for traditional antibiotics to penetrate. AMPs exist in a cationic form, enabling them to interact with the anionic components of bacterial cell membranes. This interaction disrupts the membrane’s integrity, causing leakage of intracellular contents and bacterial cell death, thereby overcoming the penetration barriers that limit the efficacy of traditional antibiotics. AMPs can penetrate bacterial cells, interfering with essential biosynthetic processes like protein synthesis, DNA replication, and RNA transcription which can inhibit bacterial growth, reproduction, and metabolic activity. Additionally, certain AMPs possess immunomodulatory properties that can stimulate the immune system of host, eliciting a targeted immune response against specific pathogens. The specific antimicrobial mechanisms are summarized and shown in Figure 3A. Due to their low cytotoxicity, AMPs are considered an effective alternative therapy for treating DR-TB, with promising potential for use in the treatment of MDR-TB (Mehta et al., 2022; Jacobo-Delgado et al., 2023).
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FIGURE 3
 Novel therapeutic strategies for TB. This figure outlines emerging approaches in TB treatment beyond conventional antibiotics. (A) AMP therapy: AMPs exert direct bactericidal activity against Mtb by disrupting the bacterial membrane, modulating immune responses, and interfering with intracellular survival mechanisms. (B) Host-directed therapy (HDT): HDT aims to enhance the host’s immune defense or mitigate harmful inflammation during infection. Strategies include modulation of autophagy, inhibition of immune checkpoints, and targeting metabolic or inflammatory pathways to improve disease outcomes. (C) Nanoparticle-based delivery systems: Nanoparticles offer improved pharmacokinetics, targeted drug delivery, and enhanced bioavailability of anti-TB drugs or immunomodulators. This approach can reduce toxicity, overcome drug resistance, and improve treatment adherence.


Tenland et al. (2018), found that a novel derivative of the fungal antimicrobial peptide plectasin (Xiang et al., 2015), named NZX, exhibited bactericidal activity against Mtb. This non-toxic peptide can inhibit both clinical strains of Mtb and an MDR strain at therapeutic concentrations, with its therapeutic potential comparable to that of rifampicin. Shao et al. (2024), formulated a dry powder inhalation combination of the antimicrobial peptide D-ALK and isoniazid for the treatment of MDR-TB. The combination was also effective against Mtb resistant strains with mutations in KatG or InhA. In summary, the synergistic combination of INH and D-ALK peptide formulated as a dry powder inhaler provides a novel therapeutic approach for MDR-TB.

AMPs, with their unique bactericidal mechanisms, immunomodulatory functions, and low risk of resistance, show significant potential in the treatment of TB. Despite challenges related to stability, toxicity, and cost, AMPs are poised to become a key component of next-generation anti-TB therapies. They offer innovative solutions for global TB prevention and control through advancements in synthetic biology, nanotechnology, and immunology. Future research should focus on clinical transformation and the development of novel AMPs.



3.2 Host-directed therapy

Host-directed therapy (HDT) represents a departure from conventional antimicrobial treatments by focusing on activating and enhancing the host’s immune response. This strategy aims to improve the immune system’s ability to recognize, target, and eliminate pathogens while minimizing harm to the host’s own tissues, as shown in Figure 3B. This strategy not only addresses the limitations of traditional treatments but also offers the potential to reduce resistance development during therapy, thereby enhancing treatment efficacy and improving patient outcomes (Udinia et al., 2023; Jeong et al., 2022).

Mishra et al. (2023), investigated the anti-TB activity of soybean lectin (SBL) in differentiated THP-1 cells (dTHP-1) and elucidated its molecular mechanism, which involves cytokine-mediated autophagy. The study found that SBL treatment activated the PI3K/Akt/CREB signaling pathway, which in turn triggered the P2RX7-mediated pathway, resulting in a significant increase in IL-6 expression. The released IL-6 then interacted with IL-6Rα, activating the JAK2/STAT3/Mcl-1 pathway, which further regulated autophagy and ultimately inhibited Mtb growth. Cytokine therapy and cytokine-mediated autophagy have become crucial host-directed therapeutic strategies for inhibiting Mtb growth in the host. Cytokine therapy boosts the host’s immune response to Mtb by modulating its immune system, while cytokine-mediated autophagy facilitates the intracellular autophagic process to eliminate the bacteria. The integration of these two strategies opens new possibilities and offers hope for enhancing host-mediated suppression of Mtb.

In recent years, significant progress has been made in the research of HDT drugs, with several compounds identified as potential HDT drugs, which enhance the host’s defense against pathogens by modulating the immune system. Sulfalazine targets the amino acid transporter system xc, reducing intracellular Mtb bacterial colonization and alleviating pulmonary lesions, making it a promising HDT drug for treating TB (Fu et al., 2024). Amiodarone is an HDT drug that exerts its anti-Mtb effect by inducing autophagy, thereby enhancing the host’s ability to control Mtb infection (Kilinç et al., 2024). Ursolic acid synergistically inhibits the Akt/mTOR and TNF-α/TNFR1 signaling pathways while promoting autophagy, thereby regulating macrophage pyroptosis and necroptosis. This makes it a promising adjunctive host-targeted drug for TB therapy (Shen et al., 2023). Berberine is an FDA-approved drug that effectively clears both drug-sensitive and drug-resistant Mtb by regulating ROS/Ca2+ to activate macrophage autophagy, making it a potential candidate for HDT (Zhang S. et al., 2023).

With the continuous development of HDT drug research, many drugs that have been approved for other diseases are being reused for TB HDT research. For example, imatinib promotes phagosome maturation, while vitamin D3 and sodium butyrate induce autophagy. Metformin and N-acetylcysteine regulate immune responses, and aspirin and statins modulate inflammation. These drugs have shown varying efficacy and mechanisms of action in clinical trials, the specific drugs are listed in Table 3.


TABLE 3 Repurposed drugs for the treatment of tuberculosis with host directed therapy.


	FDA approved drugs
	Clinical indications
	Mechanism
	Reference

 

 	Imatinib 	Treatment of diverse hematologic malignancies and solid tumors 	Accelerate and modulate immune responses, induce granulomatous lesions 	
Cleverley et al. (2023)



 	Metformin 	Treatment of type 2 diabetes and cardiovascular protection 	Enhance dehydroepiandrosterone synthesis while maintaining cortisol homeostasis; reduce the secretion of chemokines. 	Gonzalez-Muñiz et al. (2024) and Pavan Kumar et al. (2024)


 	Vitamin D3 	Promote calcium and phosphorus absorption to support bone health. Regulates the immune system 	It promotes macrophage activation, enhancing their ability to phagocytose and kill Mtb; anti-inflammatory; induces autophagy 	
Reddy et al. (2024)



 	Phenylbutyrate and Vitamin D3 	Regulates intestinal flora; enhanced immunomodulation; improvement of metabolic function 	Accelerates clinical recovery, sputum culture conversion, induces macrophages to produce antimicrobial peptide LL-37 	
Rekha et al. (2018)



 	Aspirin 	Antipyretic and analgesic, anti-inflammatory, anti-rheumatic, anti-platelet aggregation 	All-cause death between inclusion and week 40; inhibition of platelet aggregation; modulate the inflammatory response 	
Maitre et al. (2022)



 	Aspirin and Ibuprofen 	Antipyretic and analgesic, anti-inflammatory and anti-rheumatic 	Inhibition of cyclooxygenase-1 and cyclooxygenase-2 	
Arias et al. (2023)



 	Ibuprofen 	Antipyretic and analgesic, anti-inflammatory 	Regulates macrophage polarization 	
Wang et al. (2024)



 	Dexamethasone 	Anti-inflammatory, anti-shock, anti-tumor, anti-allergic and immunosuppressive effects 	Immunomodulation, induce cell apoptosis 	
Lara-Espinosa et al. (2023)



 	Dexamethasone and ketoprofen 	Anti-inflammatory, analgesic and antipyretic 	Significantly reduced the increase in SFT and thus the number of positive responses in the SIT test 	
Ortega et al. (2022)



 	N-acetylcysteine 	Anti-inflammatory, antioxidant, mucolytic, detoxification 	Promoted glutathione synthesis and attenuated oxidative stress damage 	
Charalambous et al. (2024)



 	Doxycycline 	Antibacterial and anti-inflammatory, malaria prevention 	Bactericidal activity against MDR and XDR strains. As an MMP-1 inhibitor in the treatment of spondylitis TB 	Zhang C. et al. (2023) and Siregar et al. (2023)


 	Fluvastatin 	Lowering blood lipids and preventing cardiovascular diseases 	Prompting monocytes/macrophages to become foamy cells and enhancing macrophage killing of Mtb 	
Montero-Vega et al. (2024)



 	Atorvastatin 	Lowering blood lipids, treatment of coronary heart disease, anti-inflammatory and improve vascular endothelial function. 	LAM activity against Mtb and improvement of drug permeability in granulomas 	
Davuluri et al. (2023)





 



3.3 Nanoparticles

Traditional treatments for TB face challenges such as low drug delivery efficiency, long treatment durations, significant side effects, and drug resistance. Nanoparticles (NPs) have the potential to address these issues by improving drug delivery, reducing side effects, and overcoming resistance. NPs can actively target infection sites, such as alveolar macrophages, to enhance drug concentration at the infection site. Additionally, they can encapsulate multiple drugs, providing a synergistic effect that helps inhibit drug-resistant mutations. Due to the biofilm formed by Mtb hindering drug penetration, the small size and surface charge modulation of NPs can enhance their ability to penetrate the biofilm barrier (Hetta et al., 2023). Nanoparticles can be classified into four types based on their material composition (as shown in Table 4), with the core therapeutic strategies focusing on targeted drug delivery systems and overcoming drug resistance, the specific mechanism is shown in Figure 3C.


TABLE 4 Classification and key characteristics of various nanoparticles.


	Types
	Characteristics

 

 	Metal nanoparticles 	Photothermal/photodynamic effects, magnetic targeting


 	Polymeric nanoparticles 	Controlled degradation, pH/enzyme responsive release


 	Liposome 	Highly biocompatible, modifiable targeting ligands


 	Dendritic macromolecular nanoparticles 	High drug loading capacity, surface functionalization




 


3.3.1 Targeted delivery systems

Rifampicin is a core drug for the treatment of TB, but oral or injectable administration faces challenges such as low bioavailability, high systemic toxicity, and insufficient pulmonary targeting. NPs offer a potential solution, significantly enhancing the therapeutic efficacy of anti-TB drugs. Leite et al. (2025), developed a pulmonary inhalation delivery system, PN-PCG-RIF, designed to improve the administration of rifampicin directly to the lungs. The NPs loaded with rifampicin, using phthalated cashew gum (PCG) as the matrix, are embedded in micron-sized particles. This dual-scale nanoparticle-microparticle composite design enhances pulmonary deposition, reduces premature drug clearance, improves macrophage targeting and promotes efficient intracellular drug release. It enables targeted delivery through microparticle disintegration and nanoparticle acid-responsive drug release, facilitating efficient macrophage uptake within 6 h. The particles show good biocompatibility, with cell viability greater than 90% for both alveolar epithelial cells and macrophages. The particles, significantly enhanced the pulmonary delivery efficiency and antimicrobial activity of rifampicin through the innovative design of a nanoparticle-microparticle composite structure combined with natural polymer modification and pulmonary targeting strategies, offering vital experimental support for the development of inhalation therapies for TB. Gong et al. (2024), developed Polylactic-co-glycolic acid-polyethylene glycol (PLGA-PEG) NPs which was modified by Triantennary N-Acetylgalactosamine (Tri-GalNAc) loaded with the STING agonist SR717 and Mtb fusion protein TP, resulting in the TP/Tri-GalNAc-PLGA-PEG-SR717 (TP/GPS) formulation. This system effectively activates dendritic cells (DCs) and stimulates cellular immune responses, providing a novel approach for the development of subunit vaccines. In vitro and in vivo experiments demonstrated that Tri-GalNAc modification enhanced the targeting of NPs to DCs, while SR717 promoted DCs maturation and activation. TP/GPS can induce antigen-specific T cell immune responses and reduce pulmonary bacterial load. This study provides an innovative and effective adjuvant strategy for developing subunit vaccines targeting intracellular pathogens, with potential applications in vaccines and drug delivery for other diseases.

Nanoparticle-based targeted drug delivery systems can enhance drug efficacy, reduce side effects, and improve patient adherence. These systems have significant research potential and application prospects in TB treatment, enabling more efficient and precise drug delivery to target sites while minimizing systemic toxicity.



3.3.2 Nanoparticles with anti-biofilm activity

The complex structure of the biofilm enhances bacterial tolerance to adverse environmental conditions, such as desiccation, extreme temperatures, or antibiotics, significantly improving bacterial survival. The formation of biofilms by Mtb is a key factor in its evasion of host immune responses and the development of antibiotic resistance (Muñoz-Egea et al., 2023). Traditional anti-TB drugs have low efficacy in eliminating bacteria within biofilms. With the increasing cases of multidrug-resistant bacteria, it is urgent need to develop effective treatments targeting biofilm-associated infections. Functionalized NPs offer a novel strategy to address this challenge by enhancing drug penetration, disrupting the extracellular matrix, and providing synergistic antibacterial effects.

Currently, the treatment of biofilm infections mainly relies on antibiotics. However, the antibiotic resistance of biofilms urgently calls for more efficient and innovative antimicrobial agents and biofilm-targeting strategies, such as the combination of antibiotics with biofilm-disrupting agents. Zhang Z. et al. (2023), developed a composite nanoparticle (CL@LEV-NPs) with PLGA as the shell, while cellulase (CL) and levofloxacin (LEV) acted as the core. After ultrasonic irradiation, the nanoparticles generate a significant amount of reactive oxygen species, facilitating their penetration to the biofilm. This enhances the effective drug concentration within the biofilm and significantly reduces drug resistance. CL@LEV-NPs exhibit a low hemolysis rate in vitro and do not cause liver or kidney dysfunction in vivo. These findings indicate that the combination of ultrasound and composite nanoparticles is a non-invasive, safe, and highly effective novel strategy for combating biofilm infections caused by Mtb.

2G0 is a novel polycationic dendrimer nanoparticle with excellent oral bioavailability and low toxicity, positioning it as a promising candidate for the treatment of Mtb infections (Mignani et al., 2021). It is found that 2G0 exhibits strong activity against Mtb, Nontuberculous Mycobacteria (NTM), and drug-resistant MAB, with efficacy comparable to meropenem. It can synergize with various antibiotics, including rifampin, bedaquiline, clofazimine, and linezolid, significantly reducing bacterial load, preventing the formation of drug-resistant mutants, and ensuring no bacterial relapse after combination therapy. By disrupting membrane structures and inhibiting resistant mutations, 2G0 offers a new strategy for treating MDR/XDR-TB and acts as a novel anti-mycobacterial drug or antibiotic delivery agent (Imran et al., 2024).

Nanoparticles enhance drug permeability and antimicrobial activity, effectively overcoming the resistance of Mtb biofilms and improving therapeutic outcomes. Future research should further explore the application of nanoparticles in biofilms and develop novel nanoparticle-based drug delivery systems to provide the new strategies and approaches for TB treatment.





4 Discussion

The widespread use and misuse of anti-TB drugs, along with the high transmissibility and latency of TB, it remains one of the most serious global threats to human health. In light of the growing prevalence and spread of drug-resistant strains, it is urgent to develop safer and more effective anti-TB therapies. In recent years, significant advancements have been made in the development of anti-TB drugs, particularly in identifying new drug targets and designing innovative therapies. The development of anti-TB drugs involves a wide range of targets, encompassing key steps in the growth and metabolism of Mtb. In addition to the targets discussed in this review, many new potential targets remain to be explored. For example, pathways involved in lipid synthesis, gene regulation, material transport, protein secretion, and host interactions with Mtb could serve as the important targets for the next generation of anti-TB drugs.

In light of the current challenges, future research on anti-TB drugs should focus on the several key directions: First, it is essential to strengthen the discovery and validation of new drug targets, particularly those involving unique metabolic pathways in Mtb. Second, the more selective and effective drug compounds should be developed. The explored strategies such as chemical synthesis, natural product screening, and drug structure optimization to enhance bioactivity, improve pharmacokinetics, and minimize side effects. Finally, optimizing drug design through computational models and systems biology is an efficient strategy. Computational simulations of drug-target binding interactions can predict drug resistance and tolerance, helping to mitigate the risk of failure early in drug design.

In recent years, novel anti-TB treatment strategies have emerged, overcoming the limitations of traditional therapies through the synergistic action of multiple mechanisms. AMPs target and disrupt the integrity of the mycobacterial cell membrane through their amphipathic structure, while also interfering with PG synthesis, inhibiting ribosomal function, and inducing DNA damage. Their multitarget mechanism significantly reduces the risk of resistance, although issues related to stability and in vivo degradation still need to be addressed. Host-directed therapies exert antimicrobial effects by modulating the host cell’s immune response and metabolic pathways, enhancing macrophage autophagy, and inhibiting signaling pathways that promote bacterial survival. While this approach offers the advantage of reduced resistance development, its clinical application still faces critical challenges, including the precision of target selection and the evaluation of potential side effects. Regulating ferroptosis-related pathways can enhance the host’s immune response to Mtb, but its safety and efficacy in vivo still require further investigation. NPs have become a key direction for anti-TB drug research, with their main advantages being improved drug targeting, reduced side effects, enhanced efficacy, and overcoming drug resistance. However, the in vivo metabolism and safety of NPs still require further optimization. While new anti-TB treatment strategies show promise, significant obstacles remain before they can be widely applied in clinical practice. Future research should focus on elucidating the molecular mechanisms of new strategies, optimizing treatment regimens to enhance efficacy and reduce side effects, and validating their effectiveness and safety through clinical trials.

Except the therapeutic targets and strategies mentioned above, vaccination either serve as an alternative intervention. Up to now, vaccination remains one of the most effective strategies for the long-term control of infectious diseases. BCG, a live attenuated vaccine derived from M. bovis, is currently the only approved vaccine for TB prevention. It provides substantial protection against severe forms of TB in children, such as miliary and meningeal TB, but offers limited efficacy in adults. Moreover, as a live vaccine, BCG may cause localized or disseminated infections in immunocompromised individuals (Lange et al., 2022). Consequently, the development of safer and more effective next-generation TB vaccines is a key priority in global TB control efforts.

TB vaccine candidates in development and clinical trials are broadly categorized according to their immunization strategy into three types: preventive replacement vaccines, booster preventive vaccines, and therapeutic vaccines. VPM1002 is a recombinant BCG strain in which the ureC gene has been replaced with the Listeriolysin O gene, leading to enhanced antigen presentation and improved immunogenicity. Preclinical studies in goat models have demonstrated that VPM1002 has a safety profile comparable to BCG (Figl et al., 2023). It is currently undergoing Phase III clinical trials (Singh et al., 2024). MTBVAC is an attenuated live strain of Mtb engineered through the deletion of two key virulence genes, phoP and fadD26. MTBVAC preserves the complete antigenic repertoire of Mtb, including RD1-encoded immunodominant antigens such as ESAT-6 and CFP-10, which are absent in BCG (Martín et al., 2021). Phase Ib–IIa clinical trials in adults demonstrated that MTBVAC exhibits a safety and reactogenicity profile comparable to BCG, while eliciting superior immunogenicity (Luabeya et al., 2025). Moreover, a neonatal trial conducted in South Africa showed that MTBVAC, at equivalent dosing, induced stronger immune responses with reduced reactogenicity compared to BCG. The vaccine is currently undergoing Phase III clinical evaluation in South Africa (Tameris et al., 2025).

M72/AS01E is a subunit vaccine composed of a recombinant fusion protein derived from two Mtb antigens, Mtb32A and Mtb39A, and formulated with the AS01 adjuvant. It is designed to boost immune responses following BCG vaccination and is primarily targeted at adolescents and adults (Wang et al., 2023). Studies have shown that M72/AS01E provides 54.0% protection against the progression of latent Mtb infection to pulmonary TB, with efficacy sustained for at least 3 years (Van Der Meeren et al., 2018; Tait et al., 2019). In 2025, people living with HIV were included in the ongoing global registration Phase III trial (Dagnew et al., 2025). H56: IC31 is a recombinant subunit vaccine composed of three Mtb antigens: Ag85B (Rv1886c), ESAT-6 (Rv3875), and Rv2660c. Similar in design to M72/AS01E, it is intended as a booster to BCG to enhance protective immunity against pulmonary TB (Tait et al., 2024). However, administration of H56: IC31 at the completion of TB treatment did not reduce the risk of disease relapse. While the vaccine is well tolerated and immunogenic, it may potentially increase the risk of relapse due to endogenous reactivation of latent Mtb strains (Borges et al., 2025).

RUTI is a therapeutic vaccine composed of inactivated Mtb cell wall nanofragments encapsulated in liposomes. It is designed as an adjunctive treatment for TB, primarily targeting latent TB infection (LTBI). By stimulating a robust Th1-type immune response, RUTI enhances the host’s ability to control Mtb (Cardona and Amat, 2006). It holds promise for both the prevention and immunotherapeutic management of TB (Vilaplana et al., 2011). Phase IIb clinical trials have demonstrated its potential to improve treatment outcomes and shorten the duration of therapy without inducing drug resistance (NCT05455112). However, definitive evidence from Phase III trials is still required to confirm its clinical utility. ID93 + GLA-SE is a recombinant subunit TB vaccine composed of a fusion protein (ID93) consisting of four Mtb antigens (Rv2608, Rv3619, Rv3620, and Rv1813), combined with the TLR-4 agonist adjuvant GLA-SE. Designed to enhance Th1-type immune responses against Mtb, it serves as a potential BCG booster with both preventive and therapeutic applications (Siddiqui et al., 2025). The vaccine has demonstrated a favorable safety profile in BCG-vaccinated healthy individuals (Choi et al., 2023). Phase IIa trial data also indicate that ID93 + GLA-SE is safe and immunogenic in patients with drug-sensitive pulmonary TB (Day et al., 2021). The recent results show that the thermostable single-vial formulation of ID93 + GLA-SE exhibits comparable safety and immunogenicity to the non-thermostable two-vial formulation, without negatively impacting clinical use. This simplifies distribution and reduces overall costs (Sagawa et al., 2023). However, the effectiveness of this vaccine in preventing TB relapse following chemotherapy remains to be fully validated in future studies.

Although the BCG vaccine offers some protection against severe TB in children, its effectiveness in adults is limited and it poses risks for immunocompromised individuals. New-generation TB vaccines are being developed with a focus on greater safety and efficacy. Several candidate vaccines have demonstrated favorable safety profiles and immunogenicity, but their protective efficacy still needs to be confirmed through phase III clinical trials. Looking ahead, advancing vaccine development and promoting global implementation will be crucial for controlling and ultimately eliminating TB.

In addition, except the traditional antibiotics, phages exhibit high specificity and can target drug-resistant strains without harming the host’s beneficial microbiota. As a potential alternative or adjunctive strategy for TB treatment, phage therapy is gaining increasing attention (Ouyang et al., 2023).

Several specific bacteriophages, including D29, TM4, and DS6A, have been shown to effectively lyse Mtb. These phages are capable of infecting and lysing Mtb even under simulated TB pathological conditions, including low pH, hypoxia, and intracellular environments (Jeyasankar et al., 2024). In a humanized mouse model infected with Mtb H37Rv, intravenous administration of phage DS6A significantly reduced bacterial loads in the lungs and spleen, improved body weight, and enhanced lung function, demonstrating therapeutic potential within a human-like immune context (Yang F. et al., 2024; Yang L. et al., 2024). In 2019, a British patient with a NTM infection following lung transplantation showed significant improvement after personalized phage therapy, following failure of standard antibiotics (Dedrick et al., 2019). In 2022, a 26-year-old with advanced cystic fibrosis and chronic Mycobacterium abscessus infection was similarly cured using phage treatment (Nick et al., 2022). Despite these encouraging cases, no clinical trials have been conducted for Mtb, and current evidence remains limited to individual NTM infections. These findings highlight the need to advance phage therapy toward clinical application in TB.

Phage therapy holds promising potential in overcoming drug resistance in TB treatment; however, its clinical application faces significant challenges. Firstly, due to the high host specificity of phages, personalized selection is required for different Mtb strains, emphasizing the urgent need to establish comprehensive phage libraries covering diverse clinical isolates, or to develop broad-host-range and genetically engineered phages. Secondly, limited delivery efficiency restricts therapeutic efficacy, as phages face challenges penetrating barriers like macrophages and granulomas. Thus, targeted pulmonary delivery approaches, including aerosol inhalation and liposomal encapsulation, are essential to enhance phage bioavailability and treatment outcomes. Thirdly, phages are rapidly cleared by the host immune system in vivo and exhibit limited stability; prolonged use may also drive the emergence of phage-resistant bacterial mutants. Phage cocktails or combination of phage therapy with anti-TB drugs may mitigate resistance development and enhance therapeutic efficacy. Moreover, systematic clinical trial data and safety evaluations remain lacking. Future research should focus on engineering optimized phages, improving delivery systems, developing combination therapies, and establishing clear translational pathways to ensure the safe and effective application of phage therapy in TB treatment.

Although considerable efforts have been made, TB remains a serious global health threat, particularly with the rise of multidrug-resistant and extensively drug-resistant strains. To address these challenges, future anti-TB drug research must be driven by multidisciplinary innovation and collaborative strategies. Continued exploration of novel targets, optimization of drug structures, and application of advanced technologies will be essential for the development of more effective and durable therapies. Our work will provide an important theoretical basis and methodological support for the innovative development of anti-TB drugs, which will be benefit for prevention and effective treatment of TB in the future.



Author contributions

YZ: Writing – review & editing, Writing – original draft. RW: Writing – review & editing. MS: Writing – review & editing. XL: Writing – review & editing. RF: Writing – review & editing. JX: Writing – review & editing. ZL: Writing – review & editing. YW: Writing – review & editing. NS: Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by Shandong Provincial Natural Science Foundation (Grant Number ZR2024MC10), Weifang Special expert talent program (Grant Number 00000710), Weifang science and technology development program (Grant Number 2024JZ0014), Youth Innovation Team Project for Talent Introduction and Cultivation in Universities of Shandong Province, China (Grant Number 05430201), and by the National Natural Science Foundation of China (Grant Number 31873014).



Conflict of interest

ZL was employed by the SAFE Pharmaceutical Technology Co., Ltd.

The remaining 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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1637254/full#supplementary-material



Footnotes

1   http://zincpharmer.csb.pitt.edu/pharmer.html


References
	 Abdelaziz,R., Dube,M., Mann,L., Richter,A., Robaa,D., Reiling,N., et al. (2021). Synthesis of cell wall constituents of Mycobacterium tuberculosis. Chem. Rev. 121, 9554–9643. doi: 10.1021/acs.chemrev.1c00043
	 Adewumi,A. T., Oluyemi,W. M., Adekunle,Y. A., Adewumi,N. I., Alahmdi,M., Soliman,M. E. S., et al. (2023). Propitious indazole compounds as β-ketoacyl-ACP synthase inhibitors and mechanisms unfolded for TB cure: integrated rational design and MD simulations. Chem. Select 8:e202203877. doi: 10.1002/slct.202203877 
	 Adolph,C., Cheung,C. Y., McNeil,M. B., Jowsey,W. J., Williams,Z. C., Hards,K., et al. (2024). A dual-targeting succinate dehydrogenase and F1Fo ATP synthase inhibitor rapidly sterilizes replicating and non-replicating Mycobacterium tuberculosis. Cell Chem. Biol. 31, 683–698.e7. doi: 10.1016/j.chembiol.2023.12.002 
	 Alsayed,S. S. R., Beh,C. C., Foster,N. R., Payne,A. D., Yu,Y., and Gunosewoyo,H. (2019). Kinase targets for mycolic acid biosynthesis in Mycobacterium tuberculosis. Curr. Mol. Pharmacol. 12, 27–49. doi: 10.2174/1874467211666181025141114 
	 Alsayed,S. S. R., and Gunosewoyo,H. (2023). Tuberculosis: pathogenesis, current treatment regimens and new drug targets. Int. J. Mol. Sci. 24:5202. doi: 10.3390/ijms24065202 
	 Amaral,E. P., Namasivayam,S., Queiroz,A. T. L., Fukutani,E., Hilligan,K. L., Aberman,K., et al. (2024). BACH1 promotes tissue necrosis and Mycobacterium tuberculosis susceptibility. Nat. Microbiol. 9, 120–135. doi: 10.1038/s41564-023-01523-7 
	 Angelova,V. T., Pencheva,T., Vassilev,N., K-Yovkova,E., Mihaylova,R., Petrov,B., et al. (2022). Development of new antimycobacterial sulfonyl hydrazones and 4-methyl-1,2,3-thiadiazole-based hydrazone derivatives. Antibiotics 11:562. doi: 10.3390/antibiotics11050562 
	 Arias,L., Otwombe,K., Waja,Z., Tukvadze,N., Korinteli,T., Moloantoa,T., et al. (2023). SMA-TB: study protocol for the phase 2b randomized double-blind, placebo-controlled trial to estimate the potential efficacy and safety of two repurposed drugs, acetylsalicylic acid and ibuprofen, for use as adjunct therapy added to, and compared with, the standard WHO recommended TB regimen. Trials 24:435. doi: 10.1186/s13063-023-07448-0 
	 Bajad,N. G., Singh,S. K., Singh,S. K., Singh,T. D., and Singh,M. (2022). Indole: a promising scaffold for the discovery and development of potential anti-tubercular agents. Curr. Res. Pharmacol. Drug. Discov. 3:100119. doi: 10.1016/j.crphar.2022.100119 
	 Bajeli,S., Baid,N., Kaur,M., Pawar,G. P., Chaudhari,V. D., and Kumar,A. (2020). Terminal respiratory oxidases: a targetables vulnerability of mycobacterial bioenergetics? Front. Cell. Infect. Microbiol. 10:589318. doi: 10.3389/fcimb.2020.589318 
	 Batran,R. Z., Sabt,A., Dziadek,J., and Kassem,A. F. (2024). Design, synthesis and computational studies of new azaheterocyclic coumarin derivatives as anti-Mycobacterium tuberculosis agents targeting enoyl acyl carrier protein reductase (InhA). RSC Adv. 14, 21763–21777. doi: 10.1039/d4ra02746a 
	 Borges,Á. H., Russell,M., Tait,D., Scriba,T. J., Nemes,E., Skallerup,P., et al. (2025). Immunogenicity, safety, and efficacy of the vaccine H56:IC31 in reducing the rate of tuberculosis disease recurrence in HIV-negative adults successfully treated for drug-susceptible pulmonary tuberculosis: a double-blind, randomised, placebo-controlled, phase 2b trial. Lancet Infect. Dis. 25, 751–763. doi: 10.1016/S1473-3099(24)00814-4 
	 Brecik,M., Centárová,I., Mukherjee,R., Kolly,G. S., Huszár,S., Bobovská,A., et al. (2015). DprE1 is a vulnerable tuberculosis drug target due to its cell wall localization. ACS Chem. Biol. 10, 1631–1636. doi: 10.1021/acschembio.5b00237 
	 Burlison,J. A., Neckers,L., Smith,A. B., Maxwell,A., and Blagg,B. S. (2006). Novobiocin: redesigning a DNA gyrase inhibitor for selective inhibition of hsp90. J. Am. Chem. Soc. 128, 15529–15536. doi: 10.1021/ja065793p 
	 Bwalya,P., Solo,E. S., Chizimu,J. Y., Shrestha,D., Mbulo,G., Thapa,J., et al. (2022). Characterization of embB mutations involved in ethambutol resistance in multi-drug resistant Mycobacterium tuberculosis isolates in Zambia. Tuberculosis 133:102184. doi: 10.1016/j.tube.2022.102184 
	 Campbell,E. A., Korzheva,N., Mustaev,A., Murakami,K., Nair,S., Goldfarb,A., et al. (2001). Structural mechanism for rifampicin inhibition of bacterial rna polymerase. Cell 104, 901–912. doi: 10.1016/s0092-8674(01)00286-0 
	 Carbone,J., Paradis,N. J., Bennet,L., Alesiani,M. C., Hausman,K. R., and Wu,C. (2023). Inhibition mechanism of anti-TB drug SQ109: allosteric inhibition of TMM translocation of Mycobacterium Tuberculosis MmpL3 transporter. J. Chem. Inf. Model. 63, 5356–5374. doi: 10.1021/acs.jcim.3c00616 
	 Cardona,P. J., and Amat,I. (2006). Origen y desarrollo de RUTI, una nueva vacuna terapéutica contra la infección por Mycobacterium tuberculosis [Origin and development of RUTI, a new therapeutic vaccine against Mycobacterium tuberculosis infection]. Arch. Bronconeumol. 42, 25–32. doi: 10.1016/s1579-2129(06)60110-9
	 Catalão,M. J., Filipe,S. R., and Pimentel,M. (2019). Revisiting anti-tuberculosis therapeutic strategies that target the peptidoglycan structure and synthesis. Front. Microbiol. 10:190. doi: 10.3389/fmicb.2019.00190 
	 Charalambous,S., Rachow,A., Ivanova,O., Zurba,L., Myombe,B., Kunambi,R., et al. (2024). Adjunctive N-acetylcysteine and lung function in pulmonary tuberculosis. N. Engl. J. Med. Evid. 3:EVIDoa2300332. doi: 10.1056/EVIDoa2300332 
	 Chen,R., Yuan,J., Shi,X., Tang,W., and Liu,X. (2022). Crystal structures of FadD32 and pks13-ACP domain from corynebacterium diphtheriae. Biochem. Biophys. Res. Commun. 590, 152–157. doi: 10.1016/j.bbrc.2021.12.083 
	 Chetty,S., Armstrong,T., Sharma,K. S., Drewe,W. C., de,C., Evangelopoulos,D., et al. (2021). New InhA inhibitors based on expanded triclosan and Di-triclosan analogues to develop a new treatment for tuberculosis. Pharmaceuticals 14:361. doi: 10.3390/ph14040361
	 Choi,Y. H., Kang,Y. A., Park,K. J., Choi,J. C., Cho,K. G., Ko,D. Y., et al. (2023). Safety and immunogenicity of the ID93 + GLA-SE tuberculosis vaccine in BCG-vaccinated healthy adults: a randomized, double-blind, placebo-controlled phase 2 trial. Infect. Dis. Ther. 12, 1605–1624. doi: 10.1007/s40121-023-00806-0 
	 Cleverley,T. L., Peddineni,S., Guarner,J., Cingolani,F., Garcia,P. K., Koehler,H., et al. (2023). The host-directed therapeutic imatinib mesylate accelerates immune responses to Mycobacterium marinum infection and limits pathology associated with granulomas. PLoS Pathog. 19:e1011387. doi: 10.1371/journal.ppat.1011387 
	 Cordillot,M., Dubée,V., Triboulet,S., Dubost,L., Marie,A., Hugonnet,J. E., et al. (2013). In vitro cross-linking of Mycobacterium tuberculosis peptidoglycan by L,D-transpeptidases and inactivation of these enzymes by carbapenems. Antimicrob. Agents Chemother. 57, 5940–5945. doi: 10.1128/AAC.01663-13 
	 Crunkhorn,S. (2022). DNA gyrase inhibitor targets M. tuberculosis. Nat. Rev. Drug Discov. 21:714. doi: 10.1038/d41573-022-00149-4 
	 Dagnew,A. F., Han,L. L., Naidoo,K., Fairlie,L., Innes,J. C., Middelkoop,K., et al. (2025). Safety and immunogenicity of investigational tuberculosis vaccine M72/AS01 in people living with HIV in South Africa: an observer-blinded, randomised, controlled, phase 2 trial. Lancet HIV 12, e546–e555. doi: 10.1016/S2352-3018(25)00124-9 
	 Davoodi,S., Daryaee,F., Iuliano,J. N., Tolentino Collado,J., He,Y., Pollard,A. C., et al. (2023). Evaluating the impact of the Tyr158 pKa on the mechanism and inhibition of InhA, the enoyl-ACP reductase from Mycobacterium tuberculosis. Biochemistry 62, 1943–1952. doi: 10.1021/acs.biochem.2c00606 
	 Davuluri,K. S., Singh,A. K., Singh,A. V., Chaudhary,P., Raman,S. K., Kushwaha,S., et al. (2023). Atorvastatin potentially reduces mycobacterial severity through its action on lipoarabinomannan and drug permeability in granulomas. Microbiol. Spectr. 11:e0319722. doi: 10.1128/spectrum.03197-22 
	 Day,T. A., Penn-Nicholson,A., Luabeya,A. K. K., Fiore-Gartland,A., Du Plessis,N., Loxton,A. G., et al. (2021). Safety and immunogenicity of the adjunct therapeutic vaccine ID93 + GLA-SE in adults who have completed treatment for tuberculosis: a randomised, double-blind, placebo-controlled, phase 2a trial. Lancet Respir. Med. 9, 373–386. doi: 10.1016/S2213-2600(20)30319-2 
	 Dedrick,R. M., Guerrero-Bustamante,C. A., Garlena,R. A., Russell,D. A., Ford,K., Harris,K., et al. (2019). Engineered bacteriophages for treatment of a patient with a disseminated drug-resistant Mycobacterium abscessus. Nat. Med. 25, 730–733. doi: 10.1038/s41591-019-0437-z 
	 Degiacomi,G., Benjak,A., Madacki,J., Boldrin,F., Provvedi,R., Palù,G., et al. (2017). Essentiality of MmpL3 and impact of its silencing on Mycobacterium tuberculosis gene expression. Sci. Rep. 7:43495. doi: 10.1038/srep43495 
	 Delgado,T., Pais,J. P., Pires,D., Estrada,F. G. A., Guedes,R. C., Anes,E., et al. (2024). Development of new drugs to treat tuberculosis based on the dinitrobenzamide scaffold. Pharmaceuticals (Basel) 17:559. doi: 10.3390/ph17050559 
	 Diab,A., Dickerson,H., and Al Musaimi,O. (2025). Targeting the heart of Mycobacterium: advances in anti-tubercular agents disrupting cell wall biosynthesis. Pharmaceuticals (Basel) 18:70. doi: 10.3390/ph18010070 
	 Ding,Y., Zhu,H., Fu,L., Zhang,W., Wang,B., Guo,S., et al. (2022). Superior efficacy of a TBI-166, Bedaquiline, and pyrazinamide combination regimen in a murine model of tuberculosis. Antimicrob. Agents Chemother. 66:e0065822. doi: 10.1128/aac.00658-22 
	 Dixit,R., Mohan,E., Gupta,A., Gupta,P. S., Patni,T., Goyal,M., et al. (2023). Fluoroquinolone resistance mutations among Mycobacterium tuberculosis and their interconnection with treatment outcome. Int. J. Mycobacteriol. 12, 294–298. doi: 10.4103/ijmy.ijmy_116_23 
	 El Haddoumi,G., Mansouri,M., Kourou,J., Belyamani,L., Ibrahimi,A., and Kandoussi,I. (2024). Targeting decaprenylphosphoryl-β-D-ribose 2′-epimerase for innovative drug development against Mycobacterium tuberculosis drug-resistant strains. Bioinform. Biol. Insights 18:11779322241257039. doi: 10.1177/11779322241257039 
	 Eng,W. S., Rejman,D., Pohl,R., West,N. P., Woods,K., Naesens,L. M. J., et al. (2018). Pyrrolidine nucleoside bisphosphonates as antituberculosis agents targeting hypoxanthine-guanine phosphoribosyltransferase. Eur. J. Med. Chem. 159, 10–22. doi: 10.1016/j.ejmech.2018.09.039 
	 Figl,J., Köhler,H., Wedlich,N., Liebler-Tenorio,E. M., Grode,L., Parzmair,G., et al. (2023). Safety and immunogenicity of recombinant bacille Calmette-Guérin strain VPM1002 and its derivatives in a goat model. Int. J. Mol. Sci. 24:5509. doi: 10.3390/ijms24065509 
	 Fu,L., Wang,W., Xiong,J., Zhang,P., Li,H., Zhang,X., et al. (2024). Evaluation of sulfasalazine as an adjunctive therapy in treating pulmonary pre-XDR-TB: efficacy, safety, and treatment implication. Infect. Drug Resist. 17, 595–604. doi: 10.2147/IDR.S443897 
	 Gao,S., Wu,F., Gurcha,S. S., Batt,S. M., Besra,G. S., Rao,Z., et al. (2024). Structural analysis of phosphoribosyltransferase-mediated cell wall precursor synthesis in Mycobacterium tuberculosis. Nat. Microbiol. 9, 976–987. doi: 10.1038/s41564-024-01643-8 
	 Gong,Y., Jia,H., Dang,W., Zhou,T., He,P., Wang,X., et al. (2024). Enhancing cell-mediated immunity through dendritic cell activation: the role of tri-GalNAc-modified PLGA-PEG nanoparticles encapsulating SR717. Front. Immunol. 15:1490003. doi: 10.3389/fimmu.2024.1490003 
	 Gonzalez-Muñiz,O. E., Rodriguez-Carlos,A., Santos-Mena,A., Jacobo-Delgado,Y. M., Gonzalez-Curiel,I., Rivas-Santiago,C., et al. (2024). Metformin modulates corticosteroids hormones in adrenals cells promoting Mycobacterium tuberculosis elimination in human macrophages. Tuberculosis 148:102548. doi: 10.1016/j.tube.2024.102548 
	 Hansen,J. M., Golchin,S. A., Veyrier,F. J., Domenech,P., Boneca,I. G., Azad,A. K., et al. (2014). N-Glycolylated peptidoglycan contributes to the immunogenicity but not pathogenicity of Mycobacterium tuberculosis. J. Infect. Dis. 209, 1045–1054. doi: 10.1093/infdis/jit622 
	 Hards,K., Cheung,C. Y., Waller,N., Adolph,C., Keighley,L., Tee,Z. S., et al. (2022). An amiloride derivative is active against the F1Fo ATP synthase and cytochrome bd oxidase of Mycobacterium tuberculosis. Commun. Biol. 5:166. doi: 10.1038/s42003-022-03110-8 
	 He,L., Wang,X., Cui,P., Jin,J., Chen,J., Zhang,W., et al. (2015). ubiA (Rv3806c) encoding DPPR synthase involved in cell wall synthesis is associated with ethambutol resistance in Mycobacterium tuberculosis. Tuberculosis 95, 149–154. doi: 10.1016/j.tube.2014.12.002 
	 Heinrich,N., de Jager,V., Dreisbach,J., Gross-Demel,P., Schultz,S., Gerbach,S., et al. (2025). Safety, bactericidal activity, and pharmacokinetics of the antituberculosis drug candidate BTZ-043 in South Africa (PanACEA-BTZ-043-02): an open-label, dose-expansion, randomised, controlled, phase 1b/2a trial. Lancet Microb. 6:100952. doi: 10.1016/j.lanmic.
	 Hetta,H. F., Ramadan,Y. N., Al-Harbi,A. I., Ahmed,A., Battah,B., Abd Ellah,N. H., et al. (2023). Nanotechnology as a promising approach to combat multidrug resistant Bacteria: a comprehensive review and future perspectives. Biomedicine 11:413. doi: 10.3390/biomedicines11020413 
	 Hugonnet,J. E., Tremblay,L. W., Boshoff,H. I., Barry,C. E. 3rd, and Blanchard,J. S. (2009). Meropenem-clavulanate is effective against extensively drug-resistant Mycobacterium tuberculosis. Science 323, 1215–1218. doi: 10.1126/science.1167498 
	 Imran,M., Singh,S., Ahmad,M. N., Malik,P., Mukhopadhyay,A., Yadav,K. S., et al. (2024). Polycationic phosphorous dendrimer potentiates multiple antibiotics against drug-resistant mycobacterial pathogens. Biomed. Pharmacother. 173:116289. doi: 10.1016/j.biopha.2024.116289 
	 Inoyama,D., Awasthi,D., Capodagli,G. C., Tsotetsi,K., Sukheja,P., Zimmerman,M., et al. (2020). A preclinical candidate targeting Mycobacterium tuberculosis KasA. Cell Chem. Biol. 27, 560–570.e10. doi: 10.1016/j.chembiol.2020.02.007 
	 Jacobo-Delgado,Y. M., Rodríguez-Carlos,A., Serrano,C. J., and Rivas-Santiago,B. (2023). Mycobacterium tuberculosis cell-wall and antimicrobial peptides: a mission impossible? Front. Immunol. 14:1194923. doi: 10.3389/fimmu.2023.1194923 
	 Jeong,E. K., Lee,H. J., and Jung,Y. J. (2022). Host-directed therapies for tuberculosis. Pathogens 11:1291. doi: 10.3390/pathogens11111291 
	 Jeyasankar,S., Kalapala,Y. C., Sharma,P. R., and Agarwal,R. (2024). Antibacterial efficacy of mycobacteriophages against virulent Mycobacterium tuberculosis. BMC Microbiol. 24:320. doi: 10.1186/s12866-024-03474-3 
	 Jian,Y., Merceron,R., De Munck,S., Forbes,H. E., Hulpia,F., Risseeuw,M. D. P., et al. (2020). Endeavors towards transformation of M. tuberculosis thymidylate kinase (Mtb TMPK) inhibitors into potential antimycobacterial agents. Eur. J. Med. Chem. 206:112659. doi: 10.1016/j.ejmech.2020.112659 
	 Johnston,H. E., Batt,S. M., Brown,A. K., Savva,C. G., Besra,G. S., and Fütterer,K. (2024). Cryo-electron microscopy structure of the di-domain core of Mycobacterium tuberculosis polyketide synthase 13, essential for mycobacterial mycolic acid synthesis. Microbiology 170:001505. doi: 10.1099/mic.0.001505 
	 Jose Vadakunnel,M., Nehru,V. J., Brammacharry,U., Ramachandra,V., Palavesam,S., Muthukumar,A., et al. (2025). Impact of rpoB gene mutations and rifampicin-resistance levels on treatment outcomes in rifampicin-resistant tuberculosis. BMC Infect. Dis. 25:284. doi: 10.1186/s12879-025-10655-6 
	 Jumabayi,W., Reyimu,A., Zheng,R., Paerhati,P., Rahman,M., Zou,X., et al. (2024). Ferroptosis: a new way to intervene in the game between Mycobacterium tuberculosis and macrophages. Microb. Pathog. 197:107014. doi: 10.1016/j.micpath.2024.107014 
	 Kabir,S., Tahir,Z., Mukhtar,N., Sohail,M., Saqalein,M., and Rehman,A. (2020). Fluoroquinolone resistance and mutational profile of gyrA in pulmonary MDR tuberculosis patients. BMC Pulm. Med. 20:138. doi: 10.1186/s12890-020-1172-4 
	 Kang,S., Kim,R. Y., Seo,M. J., Lee,S., Kim,Y. M., Seo,M., et al. (2014). Lead optimization of a novel series of imidazo [1,2-a] pyridine amides leading to a clinical candidate (Q203) as a multi- and extensively-drug-resistant anti-tuberculosis agent. J. Med. Chem. 57, 5293–5305. doi: 10.1021/jm5003606 
	 Kapilashrami,K., Bommineni,G. R., Machutta,C. A., Kim,P., Lai,C. T., Simmerling,C., et al. (2013). Thiolactomycin-based β-ketoacyl-AcpM synthase a (KasA) inhibitors: fragment-based inhibitor discovery using transient one-dimensional nuclear overhauser effect NMR spectroscopy. J. Biol. Chem. 288, 6045–6052. doi: 10.1074/jbc.M112.414516 
	 Kassem,A. F., Sabt,A., Korycka-Machala,M., Shaldam,M. A., Kawka,M., Dziadek,B., et al. (2014). New coumarin linked thiazole derivatives as antimycobacterial agents: design, synthesis, enoyl acyl carrier protein reductase (InhA) inhibition and molecular modeling. Bioorg. Chem. 150:107511. doi: 10.1016/j.bioorg.2024.107511
	 Kaufmann,S. H., and Winau,F. (2005). From bacteriology to immunology: the dualism of specificity. Nat. Immunol. 6, 1063–1066. doi: 10.1038/ni1105-1063 
	 Khetmalis,Y. M., Shobha,S., Nandikolla,A., Chandu,A., Murugesan,S., Kumar,M. M. K., et al. (2024). Design, synthesis, and anti-mycobacterial evaluation of 1,8-naphthyridine-3-carbonitrile analogues. RSC Adv. 14, 22676–22689. doi: 10.1039/d4ra04262j 
	 Khola,S., Kumar,S., Bhanwala,N., and Khatik,G. L. (2024). Polyketide synthase 13 (Pks13) inhibition: a potential target for new class of anti-tubercular agents. Curr. Top. Med. Chem. 24, 2362–2376. doi: 10.2174/0115680266322983240906055750 
	 Kilinç,G., Boland,R., Heemskerk,M. T., Spaink,H. P., Haks,M. C., van der Vaart,M., et al. (2024). Host-directed therapy with amiodarone in preclinical models restricts mycobacterial infection and enhances autophagy. Microbiol. Spectr. 12:e0016724. doi: 10.1128/spectrum.00167-24 
	 Knejzlík,Z., Herkommerová,K., Hocková,D., and Pichová,I. (2020). Hypoxanthine-guanine phosphoribosyltransferase is dispensable for Mycobacterium smegmatis viability. J. Bacteriol. 202:e00710-19. doi: 10.1128/JB.00710-19 
	 Kremer,L., Douglas,J. D., Baulard,A. R., Morehouse,C., Guy,M. R., Alland,D., et al. (2000). Thiolactomycin and related analogues as novel anti-mycobacterial agents targeting KasA and KasB condensing enzymes in Mycobacterium tuberculosis. J. Biol. Chem. 275, 16857–16864. doi: 10.1074/jbc.M000569200 
	 Kumar,G., Galanis,C., Batchelder,H. R., Townsend,C. A., and Lamichhane,G. (2022). Penicillin binding proteins and β-lactamases of Mycobacterium tuberculosis: reexamination of the historical paradigm. mSphere 7:e0003922. doi: 10.1128/msphere.00039-22 
	 Lange,C., Aaby,P., Behr,M. A., Donald,P. R., Kaufmann,S. H. E., Netea,M. G., et al. (2022). 100 years of Mycobacterium bovis bacille Calmette-Guérin. Lancet Infect. Dis. 22, e2–e12. doi: 10.1016/S1473-3099(21)00403-5 
	 Lara-Espinosa,J. V., Arce-Aceves,M. F., Barrios-Payán,J., Mata-Espinosa,D., Lozano-Ordaz,V., Becerril-Villanueva,E., et al. (2023). Effect of low doses of dexamethasone on experimental pulmonary tuberculosis. Microorganisms 11:1554. doi: 10.3390/microorganisms11061554 
	 Lee,W. (2024). Mechanistic insight into how β-ketoacyl ACP synthase I (KasA) recognizes the fatty acid chain length of its substrate. ChemPlusChem 89:e202300568. doi: 10.1002/cplu.202300568 
	 Lee,W., and Engels,B. (2014). The protonation state of catalytic residues in the resting state of KasA revisited: detailed mechanism for the activation of KasA by its own substrate. Biochemistry 53, 919–931. doi: 10.1021/bi401308j 
	 Leite,J. M. D. S., Oliveira,A. C. J., Dourado,D., Santana,L. M., Medeiros,T. S., Nadvorny,D., et al. (2025). Rifampicin-loaded phthalated cashew gum nano-embedded microparticles intended for pulmonary administration. Int. J. Biol. Macromol. 303:140693. doi: 10.1016/j.ijbiomac.2025.140693
	 Lempens,P., Meehan,C. J., Vandelannoote,K., Fissette,K., de Rijk,P., Van Deun,A., et al. (2018). Isoniazid resistance levels of Mycobacterium tuberculosis can largely be predicted by high-confidence resistance-conferring mutations. Sci. Rep. 8:3246. doi: 10.1038/s41598-018-21378-x 
	 Li,M. C., Lu,J., Lu,Y., Xiao,T. Y., Liu,H. C., Lin,S. Q., et al. (2021). rpoB mutations and effects on Rifampin resistance in Mycobacterium tuberculosis. Infect. Drug Resist. 14, 4119–4128. doi: 10.2147/IDR.S333433 
	 Li,M. C., Wang,W., Xiao,T. Y., Liu,H. C., Lin,S. Q., Hang,H., et al. (2025). The implications of mutations in multiple genes associated with ethambutol resistance among multidrug-resistant tuberculosis isolates from China. BMC Microbiol. 25:107. doi: 10.1186/s12866-025-03821-y 
	 Liu,T., Meng,J., Wang,B., Li,X., Wang,Q., Liu,S., et al. (2025). Identification of BMVC-8C3O as a novel Pks13 inhibitor with anti-tuberculosis activity. Tuberculosis 150:102579. doi: 10.1016/j.tube.2024.102579 
	 Longo,B. M., Trunfio,M., and Calcagno,A. (2024). Dual β-lactams for the treatment of Mycobacterium abscessus: a review of the evidence and a call to act against an antibiotic nightmare. J. Antimicrob. Chemother. 79, 2731–2741. doi: 10.1093/jac/dkae288 
	 Luabeya,A. K. K., Rozot,V., Imbratta,C., Ratangee,F., Shenje,J., Tameris,M., et al. (2025). Live-attenuated Mycobacterium tuberculosis vaccine, MTBVAC, in adults with or without M tuberculosis sensitisation: a single-Centre, phase 1b-2a, double-blind, dose-escalation, randomised controlled trial. Lancet Glob. Health 13, e1030–e1042. doi: 10.1016/S2214-109X(25)00046-4 
	 Luckner,S. R., Machutta,C. A., Tonge,P. J., and Kisker,C. (2009). Crystal structures of Mycobacterium tuberculosis KasA show mode of action within cell wall biosynthesis and its inhibition by thiolactomycin. Structure 17, 1004–1013. doi: 10.1016/j.str.2009.04.012 
	 Luo,Q., Duan,H., Yan,H., Liu,X., Peng,L., Hu,Y., et al. (2021). Specifically targeting Mtb cell-wall and TMM transporter: the development of MmpL3 inhibitors. Curr. Protein Pept. Sci. 22, 290–303. doi: 10.2174/1389203722666210421105733 
	 Ma,P., Luo,T., Ge,L., Chen,Z., Wang,X., Zhao,R., et al. (2021). Compensatory effects of M. tuberculosis rpoB mutations outside the rifampicin resistance-determining region. Emerg. Microb. Infect. 10, 743–752. doi: 10.1080/22221751.2021.1908096 
	 Maitre,T., Bonnet,M., Calmy,A., Raberahona,M., Rakotoarivelo,R. A., Rakotosamimanana,N., et al. (2022). Intensified tuberculosis treatment to reduce the mortality of HIV-infected and uninfected patients with tuberculosis meningitis (INTENSE-TBM): study protocol for a phase III randomized controlled trial. Trials 23:928. doi: 10.1186/s13063-022-06772-1 
	 Makarov,V., Manina,G., Mikusova,K., Möllmann,U., Ryabova,O., Saint-Joanis,B., et al. (2009). Benzothiazinones kill Mycobacterium tuberculosis by blocking arabinan synthesis. Science 324, 801–804. doi: 10.1126/science.1171583 
	 Malla,T. N., Zielinski,K., Aldama,L., Bajt,S., Feliz,D., Hayes,B., et al. (2023). Heterogeneity in M. tuberculosis β-lactamase inhibition by sulbactam. Nat. Commun. 14:5507. doi: 10.1038/s41467-023-41246-1 
	 Martín,C., Marinova,D., Aguiló,N., and Gonzalo-Asensio,J. (2021). MTBVAC, a live TB vaccine poised to initiate efficacy trials 100 years after BCG. Vaccine 39, 7277–7285. doi: 10.1016/j.vaccine.2021.06.049 
	 Mehta,K., Sharma,P., Mujawar,S., and Vyas,A. (2022). Role of antimicrobial peptides in treatment and prevention of Mycobacterium Tuberculosis: a review. Int. J. Pept. Res. Ther. 28:132. doi: 10.1007/s10989-022-10435-9 
	 Mignani,S., Tripathi,V. D., Soam,D., Tripathi,R. P., Das,S., Singh,S., et al. (2021). Safe polycationic dendrimers as potent oral in vivo inhibitors of Mycobacterium tuberculosis: a new therapy to take down tuberculosis. Biomacromolecules 22, 2659–2675. doi: 10.1021/acs.biomac.1c00355
	 Mishra,A., Kumar,A., Naik,L., Patel,S., Das,M., Behura,A., et al. (2023). Soybean lectin-triggered IL-6 secretion induces autophagy to kill intracellular mycobacteria through P2RX7 dependent activation of the JAK2/STAT3/Mcl-1 pathway. Cytokine 171:156366. doi: 10.1016/j.cyto.2023.156366 
	 Molodtsov,V., Scharf,N. T., Stefan,M. A., Garcia,G. A., and Murakami,K. S. (2017). Structural basis for rifamycin resistance of bacterial RNA polymerase by the three most clinically important RpoB mutations found in Mycobacterium tuberculosis. Mol. Microbiol. 103, 1034–1045. doi: 10.1111/mmi.13606 
	 Montero-Vega,M. T., Matilla,J., Bazán,E., Reimers,D., De Andrés-Martín,A., Gonzalo-Gobernado,R., et al. (2024). Fluvastatin converts human macrophages into foam cells with increased inflammatory response to inactivated Mycobacterium tuberculosis H37Ra. Cells 13:536. doi: 10.3390/cells13060536 
	 Muñoz-Egea,M. C., Akir,A., and Esteban,J. (2023). Mycobacterium biofilms. Biofilm 5:100107. doi: 10.1016/j.bioflm.2023.100107 
	 Nantongo,M., Nguyen,D. C., Bethel,C. R., Taracila,M. A., Li,Q., Dousa,K. M., et al. (2024). Durlobactam, a diazabicyclooctane β-lactamase inhibitor, inhibits BlaC and peptpidoglycan transpeptidases of Mycobacterium tuberculosis. ACS Infect. Dis. 10, 1767–1779. doi: 10.1021/acsinfecdis.4c00119 
	 Nguyen,T. Q., Hanh,B. T. B., Jeon,S., Heo,B. E., Park,Y., Choudhary,A., et al. (2022). Synergistic effect of Q203 combined with PBTZ169 against Mycobacterium tuberculosis. Antimicrob. Agents Chemother. 66:e0044822. doi: 10.1128/aac.00448-22 
	 Nick,J. A., Dedrick,R. M., Gray,A. L., Vladar,E. K., Smith,B. E., Freeman,K. G., et al. (2022). Host and pathogen response to bacteriophage engineered against Mycobacterium abscessus lung infection. Cell 185, 1860–1874.e12. doi: 10.1016/j.cell.2022.04.024 
	 Nishizawa,H., Yamanaka,M., and Igarashi,K. (2023). Ferroptosis: regulation by competition between NRF2 and BACH1 and propagation of the death signal. FEBS J. 290, 1688–1704. doi: 10.1111/febs.16382 
	 Nono,V. N., Nantia,E. A., Mutshembele,A., Teagho,S. N., Simo,Y. W. K., Takong,B. S., et al. (2025). Prevalence of katG and inhA mutations associated with isoniazid resistance in Mycobacterium tuberculosis clinical isolates in Cameroon. BMC Microbiol. 25:127. doi: 10.1186/s12866-025-03816-9 
	 Ortega,J., de Juan,L., Sevilla,I. A., Garrido,J. M., Roy,Á., Velasco,C., et al. (2022). Effect of a recent parenteral dexamethasone and ketoprofen administration on the immunological diagnosis of tuberculosis in goats. Front. Vet. Sci. 9:1042428. doi: 10.3389/fvets.2022.1042428 
	 Ouyang,X., Li,X., Song,J., Wang,H., Wang,S., Fang,R., et al. (2023). Mycobacteriophages in diagnosis and alternative treatment of mycobacterial infections. Front. Microbiol. 14:1277178. doi: 10.3389/fmicb.2023.1277178 
	 Pakamwong,B., Thongdee,P., Kamsri,B., Phusi,N., Kamsri,P., Punkvang,A., et al. (2022). Identification of potent DNA gyrase inhibitors active against Mycobacterium tuberculosis. J. Chem. Inf. Model. 62, 1680–1690. doi: 10.1021/acs.jcim.1c01390 
	 Pakamwong,B., Thongdee,P., Kamsri,B., Phusi,N., Taveepanich,S., Chayajarus,K., et al. (2024). Ligand-based virtual screening for discovery of indole derivatives as potent DNA gyrase ATPase inhibitors active against Mycobacterium tuberculosis and hit validation by biological assays. J. Chem. Inf. Model. 64, 5991–6002. doi: 10.1021/acs.jcim.4c00511 
	 Pantel,A., Petrella,S., Veziris,N., Matrat,S., Bouige,A., Ferrand,H., et al. (2016). Description of compensatory gyrA mutations restoring fluoroquinolone susceptibility in Mycobacterium tuberculosis. J. Antimicrob. Chemother. 71, 2428–2431. doi: 10.1093/jac/dkw169 
	 Pavan Kumar,N., Padmapriyadarsini,C., Nancy,A., Tamizhselvan,M., Mohan,A., Reddy,D., et al. (2024). Effect of metformin on systemic chemokine responses during anti-tuberculosis chemotherapy. Tuberculosis 148:102523. doi: 10.1016/j.tube.2024.102523 
	 Pethe,K., Bifani,P., Jang,J., Kang,S., Park,S., Ahn,S., et al. (2013). Discovery of Q203, a potent clinical candidate for the treatment of tuberculosis. Nat. Med. 19, 1157–1160. doi: 10.1038/nm.3262 
	 Petry,S., Sévin,C., Kozak,S., Foucher,N., Laugier,C., Linster,M., et al. (2020). Relationship between rifampicin resistance and RpoB substitutions of Rhodococcus equi strains isolated in France. J. Global Antimicrob. Resist. 23, 137–144. doi: 10.1016/j.jgar.2020.08.006 
	 Rabaan,A. A., Mutair,A. A., Albayat,H., Alotaibi,J., Sulaiman,T., Aljeldah,M., et al. (2022). Tools to alleviate the drug resistance in Mycobacterium tuberculosis. Molecules 27:6985. doi: 10.3390/molecules27206985 
	 Rajeswaran,W., Ashkar,S. R., Lee,P. H., Yeomans,L., Shin,Y., Franzblau,S. G., et al. (2022). Optimization of benzoxazinorifamycins to improve Mycobacterium tuberculosis RNA polymerase inhibition and treatment of tuberculosis. ACS Infect. Dis. 8, 1422–1438. doi: 10.1021/acsinfecdis.1c00636 
	 Rani,N., Rajmani,R. S., and Surolia,A. (2025). Identification of an isoxazole derivative as an antitubercular compound for targeting the FadD enzymes of Mycobacterium tuberculosis. J. Med. Chem. 68, 270–286. doi: 10.1021/acs.jmedchem.4c01844 
	 Reddy,D. V. S., Sofi,H. S., Roy,T., Verma,S., Washimkar,K. R., Raman,S. K., et al. (2024). Macrophage-targeted versus free calcitriol as host-directed adjunct therapy against Mycobacterium tuberculosis infection in mice is bacteriostatic and mitigates tissue pathology. Tuberculosis (Edinb.) 148:102536. doi: 10.1016/j.tube.2024.102536 
	 Rekha,R. S., Mily,A., Sultana,T., Haq,A., Ahmed,S., Mostafa Kamal,S. M., et al. (2018). Immune responses in the treatment of drug-sensitive pulmonary tuberculosis with phenylbutyrate and vitamin D3 as host directed therapy. BMC Infect. Dis. 18:303. doi: 10.1186/s12879-018-3203-9 
	 Rudraraju,R. S., Daher,S. S., Gallardo-Macias,R., Wang,X., Neiditch,M. B., and Freundlich,J. S. (2022). Mycobacterium tuberculosis KasA as a drug target: structure-based inhibitor design. Front. Cell. Infect. Microbiol. 12:1008213. doi: 10.3389/fcimb.2022.1008213 
	 Sagawa,Z. K., Goman,C., Frevol,A., Blazevic,A., Tennant,J., Fisher,B., et al. (2023). Safety and immunogenicity of a thermostable ID93 + GLA-SE tuberculosis vaccine candidate in healthy adults. Nat. Commun. 14:1138. doi: 10.1038/s41467-023-36789-2 
	 Sekiguchi,J., Disratthakit,A., Maeda,S., and Doi,N. (2011). Characteristic resistance mechanism of Mycobacterium tuberculosis to DC-159a, a new respiratory quinolone. Antimicrob. Agents Chemother. 55, 3958–3960. doi: 10.1128/AAC.00417-10 
	 Seo,H., Kim,B. J., Oh,J., Jung,S., Lee,J. Y., and Kim,B. J. (2025). Protection against tuberculosis by vaccination of secreted chorismate mutase (Rv1885c) combined with a hepatitis B virus (HBV)-derived peptide, Poly6, and alum adjuvants. Vaccine 47:126710. doi: 10.1016/j.vaccine.2025.126710 
	 Shaku,M. T., Ocius,K. L., Apostolos,A. J., Pires,M. M., VanNieuwenhze,M. S., Dhar,N., et al. (2023). Amidation of glutamate residues in mycobacterial peptidoglycan is essential for cell wall cross-linking. Front. Cell. Infect. Microbiol. 13:1205829. doi: 10.3389/fcimb.2023.1205829 
	 Shao,Z., Tam,K. K., Achalla,V. P. K., Woon,E. C. Y., Mason,A. J., Chow,S. F., et al. (2024). Synergistic combination of antimicrobial peptide and isoniazid as inhalable dry powder formulation against multi-drug resistant tuberculosis. Int. J. Pharm. 654:123960. doi: 10.1016/j.ijpharm.2024.123960 
	 Shekhar, Alcaraz,M., Seboletswe,P., Manhas,N., Kremer,L., Singh,P., et al. (2023). Tailoring selective triclosan azo-adducts: design, synthesis, and anti-mycobacterial evaluation. Heliyon 9:e22182. doi: 10.1016/j.heliyon.2023.e22182
	 Shen,J., Fu,Y., Liu,F., Ning,B., and Jiang,X. (2023). Ursolic acid promotes autophagy by inhibiting Akt/mTOR and TNF-α/TNFR1 Signaling pathways to alleviate Pyroptosis and necroptosis in Mycobacterium tuberculosis-infected macrophages. Inflammation 46, 1749–1763. doi: 10.1007/s10753-023-01839-w 
	 Shi,X., Li,C., Cheng,L., Ullah,H., Sha,S., Kang,J., et al. (2023). Mycobacterium tuberculosis Rv1324 protein contributes to mycobacterial persistence and causes pathological lung injury in mice by inducing ferroptosis. Microbiol. Spectr. 11:e0252622. doi: 10.1128/spectrum.02526-22 
	 Shi,J., Zheng,D., Su,R., Ma,X., Zhu,Y., Wang,S., et al. (2025). Comparative evaluation of five β-lactamase inhibitors in combination with β-lactams against multidrug-resistant Mycobacterium tuberculosis in vitro. BMC Infect. Dis. 25:619. doi: 10.1186/s12879-025-10730-y 
	 Shin,E., Dousa,K. M., Taracila,M. A., Bethel,C. R., Nantongo,M., Nguyen,D. C., et al. (2025). Durlobactam in combination with β-lactams to combat Mycobacterium abscessus. Antimicrob. Agents Chemother. 69:e0117424. doi: 10.1128/aac.01174-24 
	 Shinde,R., and Suvarna,V. (2022). Fatty acid biosynthesis: an updated review on KAS inhibitors. Curr. Drug Discov. Technol. 19:e110122200137. doi: 10.2174/1570163819666220111113032 
	 Shukla,S., Nishanth Rao,R., Bhuktar,H., Edwin,R. K., Jamma,T., Medishetti,R., et al. (2023). Wang resin catalysed sonochemical synthesis of pyrazolo[4,3-d] pyrimidinones and 2,3-dihydroquinazolin-4(1H)-ones: identification of chorismate mutase inhibitors having effects on Mycobacterium tuberculosis cell viability. Bioorg. Chem. 134:106452. doi: 10.1016/j.bioorg.2023.106452 
	 Siddiqui,E., Khan,M. S., Khalid,M., Chandani,H. K., Naeem,U., Khan,M. M., et al. (2025). Evaluating the immunogenicity and safety of ID93 + GLA-SE in BCG-vaccinated healthy adults: a systematic review and meta-analysis of randomized controlled trials. Therap. Adv. Vac. Immunother. 13:25151355251344473. doi: 10.1177/25151355251344473 
	 Silveiro,C., Marques,M., Olivença,F., Pires,D., Mortinho,D., Nunes,A., et al. (2023). CRISPRi-mediated characterization of novel anti-tuberculosis targets: mycobacterial peptidoglycan modifications promote beta-lactam resistance and intracellular survival. Front. Cell. Infect. Microbiol. 13:1089911. doi: 10.3389/fcimb.2023.1089911 
	 Sindhu,T., and Debnath,P. (2022). Cytochrome bc1-aa3 oxidase supercomplex as emerging and potential drug target against tuberculosis. Curr. Mol. Pharmacol. 15, 380–392. doi: 10.2174/1874467214666210928152512 
	 Singh,M., Mehendale,S., Guleria,R., Sarin,R., Tripathy,S., Gangakhedkar,R. R., et al. (2024). PreVenTB trial: protocol for evaluation of efficacy and safety of two vaccines VPM1002 and Immuvac (mw) in preventing tuberculosis (TB) in healthy household contacts of newly diagnosed sputum smear-positive pulmonary TB patients: phase III, randomised, double-blind, three-arm placebo-controlled trial. BMJ Open 14:e082916. doi: 10.1136/bmjopen-2023-082916 
	 Singh,N., Singh,A. K., Sarita,S., Kumar,S., Mishra,A. K., and Singh,N. P. (2025). Prevalence and genetic analysis of isoniazid-resistant tuberculosis in eastern Uttar Pradesh, India. Cureus. 17:e80243. doi: 10.7759/cureus.80243
	 Sinha,P., Srivastava,G. N., Tripathi,R., Mishra,M. N., and Anupurba,S. (2020). Detection of mutations in the rpoB gene of rifampicin-resistant Mycobacterium tuberculosis strains inhibiting wild type probe hybridization in the MTBDR plus assay by DNA sequencing directly from clinical specimens. BMC Microbiol. 20:284. doi: 10.1186/s12866-020-01967-5 
	 Siregar,O., Lelo,A., Rahyussalim,A. J., Ilyas,S., Benny,K., Kurniawati,T., et al. (2023). Doxycycline as a potential MMP-1 inhibitor for the treatment of spondylitis tuberculosis: a study in rabbit model. Biomed. Res. Int. 2023:7421325. doi: 10.1155/2023/7421325 
	 Spencer,A. C., and Panda,S. S. (2023). DNA gyrase as a target for quinolones. Biomedicine 11:371. doi: 10.3390/biomedicines11020371 
	 Srivastava,S., Gumbo,T., and Thomas,T. (2021). Repurposing cefazolin-avibactam for the treatment of drug resistant Mycobacterium tuberculosis. Front. Pharmacol. 12:776969. doi: 10.3389/fphar.2021.776969 
	 Sukumar,S., Krishman,A., and Khan,M. K. A. (2020). Protein kinases as antituberculosis targets: the case of thymidylate kinases. Front. Biosci. 25, 1636–1654. doi: 10.2741/4871 
	 Sun,Q., Xiao,T. Y., Liu,H. C., Zhao,X. Q., Liu,Z. G., Li,Y. N., et al. (2017). Mutations within embCAB are associated with variable level of ethambutol resistance in Mycobacterium tuberculosis isolates from China. Antimicrob. Agents Chemother. 62, e01279–e01217. doi: 10.1128/AAC.01279-17
	 Tait,D., Diacon,A., Borges,Á. H., van Brakel,E., Hokey,D., Rutkowski,K. T., et al. (2024). Safety and immunogenicity of the H56:IC31 tuberculosis vaccine candidate in adults successfully treated for drug-susceptible pulmonary tuberculosis: a phase 1 randomized trial. J. Infect. Dis. 230, 1262–1270. doi: 10.1093/infdis/jiae170 
	 Tait,D. R., Hatherill,M., Van Der Meeren,O., Ginsberg,A. M., Van Brakel,E., Salaun,B., et al. (2019). Final analysis of a trial of M72/AS01E vaccine to prevent tuberculosis. N. Engl. J. Med. 381, 2429–2439. doi: 10.1056/NEJMoa1909953 
	 Tameris,M., Rozot,V., Imbratta,C., Geldenhuys,H., Mendelsohn,S. C., Kany Luabeya,A. K., et al. (2025). Safety, reactogenicity, and immunogenicity of MTBVAC in infants: a phase 2a randomised, double-blind, dose-defining trial in a TB endemic setting. EBioMedicine 114:105628. doi: 10.1016/j.ebiom.2025.105628 
	 Teneva,Y., Simeonova,R., Besarboliev,O., Sbirkova-Dimitrova,H., and Angelova,V. T. (2024). X-ray single-crystal analysis, pharmaco-toxicological profile and enoyl-ACP reductase-inhibiting activity of leading sulfonyl hydrazone derivatives. Crystals 14:560. doi: 10.3390/cryst14060560
	 Tenland,E., Krishnan,N., Rönnholm,A., Kalsum,S., Puthia,M., Mörgelin,M., et al. (2018). A novel derivative of the fungal antimicrobial peptide plectasin is active against Mycobacterium tuberculosis. Tuberculosis (Edinb.) 113, 231–238. doi: 10.1016/j.tube.2018.10.008 
	 Trajman,J., Campbell,J. R., Kunor,T., Ruslami,R., Amanullah,F., Behr,M. A., et al. (2025). Tuberculosis. Lancet 405, 850–866. doi: 10.1016/S0140-6736(24)02479-6
	 Tulyaprawat,O., Chaiprasert,A., Chongtrakool,P., Suwannakarn,K., and Ngamskulrungroj,P. (2019). Association of ubiA mutations and high-level of ethambutol resistance among Mycobacterium tuberculosis Thai clinical isolates. Tuberculosis (Edinb.) 114, 42–46. doi: 10.1016/j.tube.2018.11.006 
	 Udinia,S., Suar,M., and Kumar,D. (2023). Host-directed therapy against tuberculosis: concept and recent developments. J. Biosci. 48:54. doi: 10.1007/s12038-023-00374-y 
	 Van Der Meeren,O., Hatherill,M., Nduba,V., Wilkinson,R. J., Muyoyeta,M., Van Brakel,E., et al. (2018). Phase 2b controlled trial of M72/AS01E vaccine to prevent tuberculosis. N. Engl. J. Med. 379, 1621–1634. doi: 10.1056/NEJMoa1803484 
	 Vasudevan,N., Motiwala,Z., Ramesh,R., Wagh,S. B., Shingare,R. D., Katte,R., et al. (2023). Synthesis, biological evaluation and docking studies of silicon incorporated diarylpyrroles as MmpL3 inhibitors: an effective strategy towards development of potent anti-tubercular agents. Eur. J. Med. Chem. 259:115633. doi: 10.1016/j.ejmech.2023.115633 
	 Venugopala,K. N., Tratrat,C., Pillay,M., Chandrashekharappa,S., Al-Attraqchi,O. H. A., Aldhubiab,B. E., et al. (2020). In silico design and synthesis of Tetrahydropyrimidinones and Tetrahydropyrimidinethiones as potential thymidylate kinase inhibitors exerting anti-TB activity against Mycobacterium tuberculosis. Drug Des. Devel. Ther. 14, 1027–1039. doi: 10.2147/DDDT.S228381 
	 Vilaplana,C., Gil,O., Cáceres,N., Pinto,S., Díaz,J., and Cardona,P. J. (2011). Prophylactic effect of a therapeutic vaccine against TB based on fragments of Mycobacterium tuberculosis. PLoS One 6:e20404. doi: 10.1371/journal.pone.0020404 
	 Von Groll,A., Martin,A., Jureen,P., Hoffner,S., Vandamme,P., Portaels,F., et al. (2009). Fluoroquinolone resistance in Mycobacterium tuberculosis and mutations in gyrA and gyrB. Antimicrob. Agents Chemother. 53, 4498–4500. doi: 10.1128/AAC.00287-09 
	 Vosátka,R., Krátký,M., and Vinšová,J. (2018). Triclosan and its derivatives as antimycobacterial active agents. Eur. J. Pharm. Sci. 114, 318–331. doi: 10.1016/j.ejps.2017.12.013 
	 Wang,H., Liu,D., Ge,X., Wang,Y., and Zhou,X. (2025). Mycobacterium bovis Mb3523c protein regulates host ferroptosis via chaperone-mediated autophagy. Autophagy 21, 1335–1352. doi: 10.1080/15548627.2025.2468139 
	 Wang,H., Wang,S., Fang,R., Li,X., Xing,J., Li,Z., et al. (2023). Enhancing TB vaccine efficacy: current progress on vaccines, adjuvants and immunization strategies. Vaccine 12:38. doi: 10.3390/vaccines12010038 
	 Wang,P. H., Wang,Y., Guo,Y. Y., Ma,Z. H., Wu,C., and Xing,L. (2024). Ibuprofen modulates macrophage polarization by downregulating poly (ADP-ribose) polymerase 1. Int. Immunopharmacol. 143:113502. doi: 10.1016/j.intimp.2024.113502 
	 Williams,J. T., and Abramovitch,R. B. (2023). Molecular mechanisms of MmpL3 function and inhibition. Microb. Drug Resist. 29, 190–212. doi: 10.1089/mdr.2021.0424 
	 Williams,J. T., Giletto,M., Haiderer,E. R., Aleiwi,B., Krieger-Burke,T., Ellsworth,E., et al. (2024). The Mycobacterium tuberculosis MmpL3 inhibitor MSU-43085 is active in a mouse model of infection. Microbiol. Spectr. 12:e0367723. doi: 10.1128/spectrum.03677-23 
	 Wolfe,L. M., Mahaffey,S. B., Kruh,N. A., and Dobos,K. M. (2010). Proteomic definition of the cell wall of Mycobacterium tuberculosis. J. Proteome Res. 9, 5816–5826. doi: 10.1021/pr1005873 
	 World Health Organization (2023). Catalogue of mutations in Mycobacterium tuberculosis complex and their association with drug resistance, second edition. Geneva: World Health Organization.
	 World Health Organization (2024). Global Tuberculosis Report 2024. Geneva: WHO.
	 Xiang,X., Gong,Z., Deng,W., Sun,Q., and Xie,J. (2021). Mycobacterial ethambutol responsive genes and implications in antibiotics resistance. J. Drug Target. 29, 284–293. doi: 10.1080/1061186X.2020.1853733 
	 Xiang,F., Xie,Z., Feng,J., Yang,W., Cao,Z., Li,W., et al. (2015). Plectasin, first animal toxin-like fungal defensin blocking potassium channels through recognizing channel pore region. Toxins 7, 34–42. doi: 10.3390/toxins7010034 
	 Yang,L., Hu,X., Lu,Y., Xu,R., Xu,Y., Ma,W., et al. (2024). Discovery of N-(1-(6-Oxo-1,6-dihydropyrimidine)-pyrazole) acetamide derivatives as novel noncovalent DprE1 inhibitors against Mycobacterium tuberculosis. J. Med. Chem. 67, 1914–1931. doi: 10.1021/acs.jmedchem.3c01703 
	 Yang,F., Labani-Motlagh,A., Bohorquez,J. A., Moreira,J. D., Ansari,D., Patel,S., et al. (2024). Bacteriophage therapy for the treatment of Mycobacterium tuberculosis infections in humanized mice. Communic. Biol. 7:294. doi: 10.1038/s42003-024-06006-x 
	 Yao,R., Wang,B., Fu,L., Li,L., You,K., Li,Y. G., et al. (2022). Sudapyridine (WX-081), a novel compound against Mycobacterium tuberculosis. Microbiol. Spectr. 10:e0247721. doi: 10.1128/spectrum.02477-21 
	 Yu,C., Qian,H., Wu,Q., Zou,Y., Ding,Q., Cai,Y., et al. (2024). Safety, pharmacokinetics, and food effect of sudapyridine (WX-081), a novel anti-tuberculosis candidate in healthy Chinese subjects. Clin. Transl. Sci. 17:e13718. doi: 10.1111/cts.13718 
	 Zaw,M. T., Emran,N. A., and Lin,Z. (2018). Mutations inside rifampicin-resistance determining region of rpoB gene associated with rifampicin-resistance in Mycobacterium tuberculosis. J. Infect. Public Health 11, 605–610. doi: 10.1016/j.jiph.2018.04.005 
	 Zhang,X., Lun,S., Li,Y. X., Zhang,W., Zhou,R. Y., Liu,T., et al. (2025). Corrigendum to "structure-based development of N-Arylindole derivatives as Pks13 inhibitors against Mycobacterium tuberculosis" [Europ. J. Med. Chem. 283 (2025) 117148]. Eur. J. Med. Chem. 285:117239. doi: 10.1016/j.ejmech.2025.117239 
	 Zhang,C., Ouyang,Q., Zhou,X., Huang,Y., Zeng,Y., Deng,L., et al. (2023). In vitro activity of tetracycline analogs against multidrug-resistant and extensive drug resistance clinical isolates of Mycobacterium tuberculosis. Tuberculosis (Edinb.) 140:102336. doi: 10.1016/j.tube.2023.102336 
	 Zhang,Q., Yang,Y., Gong,X., Zhao,N., Zhang,Y., and Liu,H. (2022). Thermodynamic integration combined with molecular dynamic simulations to explore the cross-resistance mechanism of isoniazid and ethionamide. Proteins 90, 1142–1151. doi: 10.1002/prot.26295 
	 Zhang,Z., Zhang,Y., Yang,M., Hu,C., Liao,H., Li,D., et al. (2023). Synergistic antibacterial effects of ultrasound combined nanoparticles encapsulated with cellulase and levofloxacin on Bacillus Calmette-Guérin biofilms. Front. Microbiol. 14:1108064. doi: 10.3389/fmicb.2023.1108064 
	 Zhang,S., Zhou,X., Ou,M., Fu,X., Lin,Q., Tao,X., et al. (2023). Berbamine promotes macrophage autophagy to clear Mycobacterium tuberculosis by regulating the ROS/ca axis. MBio 14:e0027223. doi: 10.1128/mbio.00272-23 


Copyright
 © 2025 Zhang, Wu, Sun, Li, Fang, Xing, Li, Wen and Song. 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-16-1637254-g003.jpg
A B C

Antimicrobial peptides Host-directed therapy Nanoparticles

acrophay ga: . 1 Dendritic cell
' H
' .Dmg '
il ,,/{. Mb~§~ c |
'
AM! g 3

2 ’s> mmm mmw TIMMI

§mmm ot
LR P L

ssssss

____________________________

_______________________________





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Progress of anti-tuberculosis drug targets and novel therapeutic strategies



		1 Introduction



		2 Anti-tuberculosis drug targets



		2.1 Key enzymes in cell wall synthesis



		2.1.1 Rv3806c



		2.1.2 DprE1(Rv3790)



		2.1.3 β-Ketoacyl-ACP synthase I



		2.1.4 Enoyl-acyl carrier protein reductase



		2.1.5 MurT and GatD



		2.1.6 MmpL3



		2.1.7 FadD32



		2.1.8 Pks13



		2.1.9 β-lactamase









		2.2 Drug targets related to replication and transcription of nucleic acids



		2.2.1 RNA polymerase



		2.2.2 DNA gyrase



		2.2.3 Hypoxanthine-guanine phosphoribosyltransferase



		2.2.4 Thymidylate kinase









		2.3 Drug targets related to energy metabolism



		2.3.1 ATP synthase



		2.3.2 The cytochrome bc1: aa3



		2.3.3 Chorismate mutase









		2.4 Drug targets related to ferroptosis



		2.4.1 BACH1



		2.4.2 Mb3523c



		2.4.3 Rv1324















		3 Tuberculosis treatment strategies



		3.1 Antimicrobial peptides



		3.2 Host-directed therapy



		3.3 Nanoparticles



		3.3.1 Targeted delivery systems



		3.3.2 Nanoparticles with anti-biofilm activity















		4 Discussion



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/fmicb-16-1637254-g001.jpg
Cytochrome bcl/aa3

ATP synthase

¢ BACHI
* Mb3523c
e Rvi324

A Cell wall
¢ InhA E i {—f
e MmpL3 xtracellular { =~
< Radbs [ e O
o Pksl3 Mycolic acid {l‘. -3 -3 ~adin
Arabinan {
* Rv3806¢c 4’<—'[ Galactan {
* Rv3790 ’
Peptidoglycan {
MurT oeessesvessessersosossescosceserssssenses
. Gz:lt‘i) Cell membrane{






OPS/images/fmicb-16-1637254-g002.jpg
PUF(»COA

PUFA-PC/PE

)
o @ //

\

pUEAPL





OPS/images/cover.jpg
, frontiers = Frontiers in Microbiology

Progress of anti-tuberculosis
drug targets and novel
therapeutic strategies












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






