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Tuberculosis (TB) has been troubling humans for hundreds of years, is a highly infectious disease caused by Mycobacterium tuberculosis (Mtb) infection, Mtb can infect almost all organs of the body and is one of the deadly infectious diseases in the world. At present, the first-line treatment regimen has a long treatment cycle and is prone to multiple drug resistance. Anti-tuberculosis drugs and latent tuberculosis infection (LTBI) resistance are increasing year by year, and new targets and new bioactive compounds are urgently needed to treat this disease. This review focuses on the latest reported anti-TB drug targets and related compounds in recent years, reviews the current TB drug regimen and major defects, outlines the key drug targets developed to date in Mtb, and the current situation of newly discovered anti-TB resistant forms of drugs. To provide a reference for the research and development of new anti-TB drugs and bring new treatment strategies for TB patients.
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1 Introduction

Tuberculosis (TB) is caused by Mycobacterium tuberculosis (Mtb) infection and has plagued humans for centuries. Mtb is transmitted primarily through aerosols excreted by humans with active TB. Mtb can cause TB in any part of the body, especially in the lungs. After infecting the host, Mtb enters the lungs and is engulfed by macrophages. Immune cells aggregate and block infected macrophages, gradually forming granulomas that include Mtb, the hallmark of TB (1). This also leads to inapparent infection, at which stage the infection is controlled, but it is easily at risk of reactivation. A significant proportion of the population is infected with latent tuberculosis infection (LTBI) (2, 3). LTBI is asymptomatic and noncontagious and remains controlled in most individuals. 25% of the global population is infected with latent tuberculosis (LTBI) (4). However, some people develop active TB when their resistance is reduced.

In 2022, the WHO found that about 10 million new active TB patients and 1.6 million people die of TB each year worldwide (5). Tuberculosis (TB) remains one of the major global health problem (6). Since the emergence of COVID-19, the number of TB patients reported to clinics has decreased globally, with some developing countries reporting 25–30% reductions in TB cases (7). The global reduction in TB treatment by more than 1 million has reportedly set back the fight against TB by a decade and the 2035 target for a clean bill of TB will be missed. COVID-19 can occur at any time during the progression of tuberculosis, and patients affected by active tuberculosis have a worse prognosis. The pathogenesis of both infectious agents involves cell-mediated immunity (3). Because the host immune system is weakened, one infection may increase the likelihood that the other will contract. COVID-19 and treatment with corticosteroids can also lead to active tuberculosis due to reactivation or infection with Mtb (8). More evidence is needed to understand the interrelationship between COVID-19 and TB. The COVID-19 pandemic has had a devastating impact on TB diagnosis, treatment and the disease burden of TB globally. The need for new treatment strategies to reduce the impact of COVID-19 is a new challenge in the prevention and treatment of TB (9).

Early diagnosis and prompt treatment of TB are essential to prevent further spread of the bacteria and the development of resistant strains. Effective anti-TB regimens can kill Mtb, improve clinical symptoms, and prevent further progression of the disease. Although there are a number of clinical drugs available to prevent and treat TB, their major drawback is the longer duration of use (6–9 months) for drug-susceptible TB (DS-TB) compared to up to 2 years for drug-resistant TB (10, 11). Factors such as poor patient compliance, increased drug resistance and HIV-TB co-infection lead to treatment failure and disease recurrence. New anti-TB drugs that are superior to existing treatment regimens in efficacy, tolerability, and duration of treatment are urgently needed to cure and curb the spread of TB.



2 Current status of anti-TB drugs

The US Food and Drug Administration (FDA) has approved 10 drugs to treat TB (12). WHO recommended in 2020 that the first-line treatment include 2 months of Rifampin (RIF), Isoniazid (INH), pyrazinamide (PYZ), and ethambutol (EMB) and 4 months of intensive RIF and INH medication. This protocol is used to treat drug-sensitive TB and represents approximately 95% of all active TB worldwide (Table 1) (10). Second-line and third-line anti-TB drugs; such as streptomycin, kanamycin, and clofazimine, are recommended for drug-resistant TB. In recent decades, only three new anti-TB drugs have been approved by the FDA, Betaquoline (TMC207 or R207910), Delamanid (OPC67683), and Pretomanid (PA-824) (Table 2) (13). The side effects of TB drugs also lead to poor patient compliance, difficulty in tolerating, and spontaneous drug withdrawal, which further promotes the enhancement of drug resistance of Mtb. Mtb exhibits differential resistance in different individuals, so how to select drugs remains one of the challenges facing clinicians.



TABLE 1 Mechanism of action of standard first line anti-TB drugs and their aside effects.
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TABLE 2 Mechanism of action of new anti-TB drugs and their aside effects.
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However, due to its many use conditions and the limitation of easy adverse reactions, it cannot fundamentally solve the shortage of anti-TB drugs. This situation encourages researchers to have a deep understanding of the physiological properties and pathogenic mechanisms of Mtb, to discover new anti-TB targets and further develop new anti-TB drugs.



3 Anti-tuberculosis drug targets

Whole-genome sequence sequencing of Mtb provides a platform for a wide range of novel drug targets and regimens for anti-TB therapy. Mtb comprises 4,411,529, base pairs, contains approximately 4,000 genes, and has a very high guanine + cytosine content, which is reflected in the biased amino acid content of the protein (14). Based on target and phenotype-based methods have been used to find these targets of inhibitors, combined with computer-aided drug design (CADD) support, based on quantum mechanics and molecular simulation theory, through simulation, calculation, or model learning, predict the role between drug and target molecules, screening, design and optimization of the lead compound (15, 16). Antimicrobial drugs and compounds in clinical trials are mostly synthesized for macromolecules (i.e., cell walls, proteins, and nucleic acids), providing an attractive direction for the future discovery of anti-TB drugs.


3.1 Cell wall synthesis correlation

The cell wall is a barrier to the internal and external environment of the cell and is involved in many fundamental processes of biological metabolism, including structure definition, protection, and transport (17). The cell wall of Mtb is associated with its pathogenicity and invasion, and cell wall biosynthesis is a critical antibiotic target (18). The cell wall of Mtb consists of three main structures: an outer mycolic acid (MA) layer, an arabinogalacto-polysaccharide (AGP) intermediate layer, and an inner peptidoglycan (PG) layer (Figure 1) (19). Peptidoglycan (PG) layer is highly cross-linked surrounding the plasma membrane and forms a covalent complex with Arabinogalactan (AGP) (20). PG tissue is dynamic, maintaining cell wall thickness and acting as a physical barrier to protect bacteria from potential damage in the microenvironment. The length of AGP polysaccharide affects the shape and hydrophobicity of the membrane. The superficial AG ends are esterified with abnormally long high-molecular-weight fatty acids called mycolic acids, which represent a major part of the cell wall. Mycolic acid is highly hydrophobic and forms a shell around the bacterium to resist hydrophilic antibiotics, oxidative damage, and complement deposition. All three of these molecular entities can serve as targets for inhibition (21).
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FIGURE 1
 Mtb cell wall structure and targets as well as examples of compounds that inhibit them. Front-line drugs (isoniazid, ethambutol) are shown in purple.


Targeting the mycobacterial cell wall is an effective strategy, such as two first-line antitubercular drugs, INH and ethambutol, and several second-line drugs, including ethionamide, thiolactone, cycloserine, and terizidone. Many families of new drugs have been associated with the construction of cell wall components through whole-cell screens targeting essential proteins.


3.1.1 DprE (decaprenylphosphoryl-D-ribose 2′-epimerase)

Decaprenylphosphoryl-β-D-ribose-2′-epimerase (DprE1; EC 1.1.98.3) is a widely investigated target in mycobacteria species. DprE1 is an indispensable flavoenzyme involved in forming the Mtb cell wall. It is a heterodimer composed of DprE 1 and DprE 2, the key enzyme catalyzing the conversion of decaprenyl-phospho-ribose (DPR) into D-ribose to D-arabinofuranose (decaprenyl-phosphoryl D-arabinose, DPA), and DPA is the only precursor for the synthesis of cell wall arabinoglycan (Figure 2) (22, 23). DprE 1 thus becomes a promising target for the development of novel drug candidates to treat TB. Have identified 23 new classes of DprE 1 inhibitors that demonstrated anti-mycobacterial activity and their different scaffolds. The mechanism of action is mainly divided into two categories, including covalent binders and non-covalent inhibitors (24, 25). The covalent binder produces covalent adducts that irreversibly inhibit DprE1 with C387 residues, and non-covalent inhibitors act as competitive inhibitors (26).
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FIGURE 2
 Structure of DprE1.


DprE-type 1 was first identified as a target of benzothiazone and its mechanism of action is nitro-dependent, through irreversible inhibition of DprE 1 through the generation of covalent adducts with the amino acid Cys387 (27). Makarov’s team demonstrated for the first time that benzothiazole (BTZ) strongly inhibits DprE 1 activity in vitro and in vivo (28). So far, more than 600 new nitrobenzothiazinones have been studied, and nearly 90% of these molecules are active against Mtb (MIC <10 μ M) (29). In anti-TB studies, some pyrimidine derivatives are mainly substituted pyrimidine nucleosides that inhibit thymine monophosphate kinases. Derivatives containing the pyrimidine cores in the three constructs are currently being investigated in clinical trials. Among them, the nitrogen derivative TBA-7371 is a DprE1 inhibitor in phase 2 dose-escalation trials to assess safety, early bactericidal activity (EBA), and pharmacokinetics (NCT04176250) (30). Kb et al. (31) screened azido derivatives using a structure-based pharmacophore model and further verified by induced matching docking and molecular dynamics combined with Prime MM-GBSA calculation, selected the two compounds from the ZINC database and compared the results with the inhibitors of clinical trials, yielding a compound with the greatest inhibitory potential for DprE 1.



3.1.2 Mycobacterial membrane protein large 3

Mycobacterial membrane protein large 3 (MmpL 3) is a transmembrane transporter protein, mainly involved in the lipid transport, polymerization, and immune regulation of Mtb, and is an important drug target for anti-TB therapy (Figure 3) (32). MmpL 3 is an inner membrane transporter necessary for constructing the mycobacterial outer membrane, and is involved in mycolic acid synthesis, the main component of the mycobacterial outer membrane. Very susceptible to chemical inhibition, and the large number of chemical scaffolds identified by whole-cell phenotyping screening can kill mycobacteria by inhibiting this transporter (33). MmpL 3 inhibition impairs the Mtb cell wall and guides cell death. Currently, there is no FDA-approved TB treatment drug for the MmpL 3 receptor. The molecules that inhibit MmpL 3 have no common pharmacophore and have different scaffolding effects (34). Various newer classes of compounds, such as in-2-carboxamide, pyrrole, pyrazole, benzimidazole, benzimidazole, spiral ring, piperidol, benzothiazolamide, and aminamide urea have been reported to act as MmpL 3 inhibitors. Of all the MmpL 3 inhibitors, SQ 109 is the most clinically advanced, and SQ 109 is an analog of EMB (Figure 4), a well-established MmpL 3 inhibitor with completed phase 2b-3 clinical trials (35). SQ 109 was well tolerated in humans, and a phase IIb study found that it was significantly with rifampicin (36). Low doses of SQ 109 showed significant synergies with first-line drugs (INH and RIF) and aquiline. These combinations also reduced the treatment time by 25 to 30% (37). The metabolism of SQ 109 occurs mainly in the oxidized form at many positions in the adamantane ring, containing a 1-adamantane group and a geranyl group attached to two nitrogen atoms, which form the core of ethylenediamine. EMB is a type of ethylenediamine and, similarly to SQ 109, EMB is a cell wall inhibitor, however, EMB inhibits the formation of the arabinogalactan layer, rather than Mmpl 3-mediated mycolic acid transfer (38). The placement of EMB with SQ 109 in TB treatment also showed higher efficacy and shorter treatment time. This feature makes SQ 109 a unique drug and an excellent component of combination therapy for TB. SQ 109 is expected to be an excellent anti-TB agent.
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FIGURE 3
 Structure of MMPL3.
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FIGURE 4
 Structure of SQ109.




3.1.3 L-rhamnose synthesis-related enzymes

L-Rhamnose is a deoxyhexose that is one of the important cell wall components of Mtb. Since there is no L-rhamnose component in humans, its synthesis-related enzymes become alternative drug targets. The structural integrity of the cell wall based on l-rhamnose ligation plays an important role in maintaining the viability of Mtb. The dTDP-L-rhamnose is synthesized from glucose-1-phosphate (G1P) and deoxythymidine triphosphate (dTTP) by four enzymes, The enzymes involved in the reaction are Rml A (glucose-L-phosphate thymidylyltransferase), Rml B (dTDP-glucose-4, 6-dehydratase), Rml C (dTDP-6-deoxy-D-xylo-4-hexulose-3, 5-epimerase) and Rml D (dTDP-6-deoxy-L-lyxo-4-hexulose C4-reductase). Rml A is the rate-limiting enzyme in this pathway. Qu et al. (39, 40) showed that Rml A knockdown can affect cell growth and morphology in Mtb.Rml A is a potential target for anti-mycobacterial drug development. Dhaked Through protein structure modeling and analysis of the four enzymes, dozens of potential functional residues including G8, Q80, and G85 were selected to explore the catalytic mechanism, to provide a reference direction for the future synthesis of related compounds (41). The l-rhamnose provides a powerful basis for developing anti-mycobacterial drugs to treat TB. All enzymes in the rhamnose biosynthetic pathway have been identified as promising drug targets.



3.1.4 Enenyl-carrier protein reductase

Enenyl carrier protein reductase (InhA) is a tetrameric structural enzyme of TB, a key enzyme involved in fatty acid synthesis, mainly involved in mycolic acid biosynthesis, and is a part of the NADH-dependent acyl carrier protein reductase family (42). InhA can be targeted as anti-TB drugs, including indirect inhibitors (Inh, ethionicotinamide, prothionamide) and direct inhibitors (triclosan/diphenyl ether, pyrrolidine formamide, pyrrole, acetamide, thiadiazole, triazole) (43). Inh belongs to a class of precursor drugs that rely on the KatG enzyme to activate it, and genetic mutations in KatG block this activation pathway and cause drug resistance. So many studies have now focused on the “direct inhibitors” of InhA. The fraction that directly suppresses InhA activity without affecting KatG activity has been reported as a prospective drug against TB (44). Many InhA preparations have entered different stages of clinical trials, showing promising therapeutic results. InhA catalyzes the specific reduction of the fatty acid adenine enyl carrier protein (NAD +) -dinucleotide (ACP) during the elongation cycle of the fatty acid synthase (FAS) -II pathway. This NAD + −specific enzyme resolves the trans-double bond connecting the fatty acid acyl chain and the ACP at sites C2 and C3. Milate is an important component of the mycobacterial cell wall, and its bioformation is stopped by inhibition of InhA activity. Therefore, the first-line drug INH and other promising therapeutic agents have identified Mtb InhA as its primary target.



3.1.5 D-alanine-D-alanine ligase a

D-alanine-D-alanine ligase A (D-Alanyl-D-alanine ligase A, DdlA) catalyzes the dimerization of two kinds of D-alanine and promotes the dimerization of D-alanine (Ala) molecules required for the biosynthesis of mycobacterial peptidoglycan mediated by ATP to obtain D-alanine-D-Ala, which can significantly affect the normal function of Mtb cell wall, and is a promising anti-mycobacterial drug target (45). The antibiotic D-cycloserine (DCS) targets the peptidoglycan biosynthetic enzyme D-Ala-D-Ala ligase (Ddl), and DCS suppresses Ddl by competitive and reversible binding to D-Ala binding sites. A cell model of M. smegmatis in which it is downregulated in DdlA by Sm-ddlA antisense RNA was constructed (Figure 5) by Yang et al. (46). Based on this model, DdlA deficiency was found to stimulate the increase of Z ring number and the rearrangement of cell contents with hyaline nucleoid and filamentous DNA, which further inhibited mycobacterial cell division. Proteomic analysis identified 20 differentially expressed proteins, 6 were significantly up-regulated and 14 were significantly downregulated. And proposed that DdlA deficiency results in reduced carbohydrate catabolism and inhibition of fatty acid anabolism. In the absence of DdlA, both protein degradation and synthesis remain active. Bioinformatics analysis showed that DdlA deficiency attenuated carbohydrate catabolic processes and fatty acid anabolic pathways while maintaining the degradation and synthesis of active proteins. The team showed that NDMA-dependent methanol dehydrogenase (MSMEG _ 6,242) and fumonisin (MSMEG _ 1,419) are the most differentially expressed proteins; these proteins have great potential to be developed as anti-TB drug targets (47).

[image: Figure 5]

FIGURE 5
 A series of chemical reactions catalyzed by DdlA.





3.2 DNA/RNA synthesis correlation


3.2.1 DNA gyrase

DNA gyrase, a type II topoisomerase not present in the human body and present in Mtb, is an ATP-dependent enzyme essential in DNA transcription, replication, and chromosome segregation (48). DNA gyrase is a tetrameric protein that is composed of two GyrA and two GyrB subunits. DNA gyrase introduces negative supercoils by breaking two strands of a stretch of DNA (G-DNA), leading to strand separation. Another DNA fragment (T-DNA) catalyzes the negative supercoiling of DNA in an ATP-dependent manner. DNA gyrase is highly conserved among bacterial pathogens, and inhibition of its function can affect overall bacterial gene expression and affect bacterial functional genomics (49). Genomics studies suggest that DNA gyrase is one of the top 51 potential drug targets in Mtb. Fluoroquinolones are commonly used and effective antimicrobial agents that target DNA gyrase, however, side effects and resistance due to fluoroquinolone abuse have driven intensive research in this field. Cycloloxacin resistance due to mutations in the gyrA gene. Resistance to fluoroquinolones is usually caused by substitutions of Ser 91 and Asp 94 in Mtb gyrase A, and drug studies and target screening have been directed to the GyrB subunit. Several different classes of antibiotics are known to bind at different sites of DNA gyrase to inhibit or reduce bacterial activity for the treatment of bacterial infections. Multiple novel compounds interact with different binding sites, acting as DNA gyrase inhibitors, and some are in phase II of drug development. However, only two major sites: the ATP enzyme site and the quinolone-binding site are targets for FDA-approved drugs (50). Pakamwong et al. (51) in the Specs compound library,1 30 candidate inhibitors of gyrase ATP enzyme activity of Mtb DNA were virtually selected and verified by bioassay. Two of these compounds, G24 and G26, inhibited the growth of Mtb H 37 Rv at a minimum inhibitory concentration of 12.5 μg/mL. Both compounds inhibited DNA gyrase ATP enzyme activity by IC with 50 values of 2.69 and 2.46 μ M, respectively, indicating that this is a possible basis for their anti-TB activity. The model of compounds G24 and G26 complexes generated by molecular dynamics simulations and pharmacophore map analysis binding to the Mtb DNA gyrase-ATP binding site revealed hydrophobic interactions of the inhibitor hydrophobic headgroups and electrostatic and hydrogen bonding interactions of the polar tails, which may be important for their inhibition. Reducing the compound lipophilicity by increasing the polarity of these tails thus provides a possible route for improved solubility and activity. The results show that compounds G24 and G26 target DNA gyrase, by inhibiting their catalytic cycle and thus mycobacterial growth, providing a theoretical basis for novel drug optimization that can be used in resistant strains (51).



3.2.2 RNA polymerase

RNA polymerase (RNAP) plays an important role in transcription regulation. Its subunit sequence is highly conserved and is different from the structure in eukaryotes. The mycobacterial RNAP core enzyme, like other bacterial RNAP, has five subunits: the enzyme nucleus is mainly composed of α I and α II homodimeric β, β ′, and ω, encoded by rpoA, rpoB, rpoC, and rpoZ genes, respectively. RIF is a circular semi-synthetic antimicrobial agent derived from rifamycin. RIF targets the RpoB protein of Mtb-RNAP (the β-subunit of RNA polymerase), thus preventing the elongation of 2–3 nucleotide-long RNA transcripts by spatial blocking, and inhibiting RNA transcription and synthesis, thus effectively capturing the abortive transcriptional state and achieving bactericidal effect. Mtb strains have missense mutations in the RIF binding region [commonly called the RIF resistance determining zone (RRDR)] that affect inhibitor specificity and affinity, leading to drug resistance (52). RIF drug resistance is mainly (> 95%) and mutations in the 81 bp RIF drug resistance determining region (RRDR) of the rpoB protein gene, so the study on RRDR has become a hot topic in recent years (53). At the same time, it can identify the molecular detection methods associated with drug resistance mutations, which can further carry out the study of drug resistance mutations and guide the clinical medication. Persing et al. (85) developed the Xpert Mtb / RIF Ultra test (Ultra) to improve the performance of the bedside test for TB (TB) and rifampicin resistance (RIF-R) rapid test, and all the tested RIF-R-associated Mtb rpoB mutations were identified by Ultra. Testing the clinical sputum samples, the overall sensitivity of Ultra and Xpert was 87.5%, respectively (54). Lokuil et al. (55) developed a novel fluorescent oligonucleotide rpoBMTC probe (5 ′ -Alexa-555-AGCGGGGTGATGTCAACCCAG-3 ′) for the rpoB gene of the Mtb complex. In the computer alignment, 100% matched, and 66.6 to 47.6% for other bacteria (55). The rpoB subunits have also become a research focus for targeted therapy. Mann et al. (56) demonstrated that phenylalanine amide MMV688845 can target the rpoB subunit of RNA polymerase in Mtb, has extensive activity against M. abscessus complex, be bactericidal against M. abscessus in vitro, and shows additivity with commonly used M. abscessus antibiotics in the macrophage infection model, and synergistic effect with macrolide drugs (56).



3.2.3 Thymidylate kinase

Mtb thymidylate kinase (TMK) is a nucleoside monophosphate kinase, the last specific enzyme in the biosynthesis of thymidine triphosphate biosynthesis. It plays a bond role in pyrimidine synthesis, is essential for the DNA synthesis of bacteria, and is essential for the growth and survival of mycobacteria (57). TMK catalyzes the reversible phosphorylation between ATP and deoxythymidine-5 ′ -monophosphate (dTMP) to produce ADP and deoxythymidine-5 ′ -diphosphate (dTDP), and again by phosphorylation to obtain thymidine 5 ′ -triphosphate (dTTP). The low homology of Mtb-TMK in the human body and its critical role in DNA replication make MtbTMPK a promising target for novel bioactive molecules for the treatment of TB. El-Shoukrofy et al. (86) designed and synthesized two series of new tetrahydropyrimidine (THPM) -1,2,3-triazole clubbed compounds, showing an inhibitory activity comparable to the natural substrate deoxythymidine monophosphate (dTMP) (58). Using computer technology, Venugopala et al. (58) identified 3-cyanopyridones and 1.6-naphthyridin-2-ones as an Mtb-TMK inhibitor and showed whole-cell antiTB activity against H 37 Rv and MDR strains of Mtb. The success of these studies will provide a better understanding of the pharmacability of thymidylate kinase and help to refine future drug design studies on this attractive drug target of Mtb.




3.3 Energy metabolism

All living organisms require energy to maintain their viability. In the process of finding new TB, the researchers have deeply studied the energy metabolism of mycobacteria as a novel drug target. Mtb Oxidative phosphorylation (OxPhos) and transmembrane electrochemical gradients are promising areas of research for future anti-TB drugs. Mtb as an obligate aerobic bacterium adopts an electron transport chain that includes two terminal oxidases reducing oxygen to form water, namely the cytochrome bcc/aa 3 supercomplex and cytochrome bd. During OxPhos, electrons transfer from electron donors generated in the central metabolic pathway to molecular oxygen via the ETC. The energy released during this process is conserved by proton-pumped transmembrane proteins that establish a proton gradient to create an electrochemical gradient known as the proton motive force (PMF). This bioenergetic pathway generates ATP through the phosphorylation of ADP.


3.3.1 ATP-synthesizing enzyme

In Mtb, energy production occurs in two ways, OxPhos and phosphorylation at the substrate level. Mtb is an obligate aerobic bacterium that makes it dependent on OxPhos for ATP synthesis and growth. ATP is produced by ATP synthase, leading to the growth and proliferation of mycobacteria. ATP synthase in Mtb is a transmembrane protein complex with multiple subunits, consisting mainly of transmembrane parts (F0 and subunits A, b, and c) in which subunit c forms a circular structure and a cytoplasmic part (F1 with subunits α, β, γ, δ and ε) (59). ATP synthesis is due to the passage of the proton through f0, triggering the rotation of the oligomeric subunit c, which is coupled to the rotation of the (α β) 3 hexamer of F1. Betaquinoline (BDQ) inhibits mycobacterial ATP synthase, a heteropolymeric complex of two subunits, but it does not interfere with mammalian ATP synthase. Bettaquilin has become the drug of choice for MDR-TB and contributes to shortening treatment time. The main target of beta quinoline is the C subunit of ATP synthase encoded by the atpE gene. However, bedaquinoline causes a series of adverse reactions in patients, including arrhythmia, hepatotoxicity, nausea and vomiting, and headache, limiting its clinical application. New therapeutic alternatives are urgently needed. By developing analogs of BDQ, Dhulap et al. (59) found that diarylquinoline, TBAJ-587, and TBAJ-876 compounds showed potential efficacy against TB with high clearance, reduced lipophilicity, and reduced threat of QT extension, and both classes of compounds are in the first stage of clinical studies. The biological activity of imidazolopyridine ether derivatives was studied. The results indicate that a benzene ring of [1,2-A] structures attached to imidazole and nitrogen is an essential pharmacophore. The compound inhibited ATP synthase by 8-fold. Shahul Hameed P Two different lead series of imidazopropyridine ether (IPE) and tetonamide (SQA) are reported as inhibitors of mycobacterial ATP synthesis. SQAs were found to be noncytotoxic and showed efficacy in a mouse model of TB infection (60). There are many other types of ATP synthase inhibitors, such as a non-diarylquinoline scaffold 6,7-dihydropyrazolo [1,5-A] pyrazin-4-one28587823, sulphonamide derivatives (61, 62). ATP synthase inhibitors may be an alternative to TB.



3.3.2 Cytochrome bc 1: aa 3

Mtb has two terminal oxidases in its respiratory chain: cytochrome bcc 1/aa 3 (cyt-bcc 1/aa 3) supercomplex and cytochrome bd oxidase (cytbd) (63). Cytochrome bc 1: aa 3 of Mtb is a complex composed of menadione, cytochrome c reductase (bc 1), and cytochrome aa 3-type oxidase, which mainly exerts electron transport efficacy in the respiratory chain. In the absence of stress, cyt-bcc 1/aa 3, as the main terminal oxidase of Mtb, produces a large amount of ATP (64). Under stress conditions such as the hypoxic state, nutrient deficiency, and unfavorable environmental states, cyt-bcc 1 / aa 3 is normally inhibited and Mtb enters a non-replicative dormant state. Imidazolopyridine amine telacebec (Q203), a pyridine derivative that blocks the cytochrome b subunit (the cytochrome b subunit, QcrB) in the cytochrome bc 1: aa 3 complex, and effectively inhibits the growth of TB bacilli (65). However, the cytochrome bd oxidase in the respiratory chain can compensate for ATP synthesis and thus guarantee the survival of bacteria. Thus although Q203 showed a good response before phase II of the clinical trial, it only produced a bacteriostatic response without not sterilization. The introduction of cyt-bd inhibitors into the drug cluster should be a sensible approach to ensure an inhibitory response to drug-resistant TB strains. To effectively close mycobacterial energy conversion and to kill Mtb, targeting both branches of the respiratory chain may be required. Lu et al. (66) found that inactivation of cytochrome bd by small molecule inhibitors or gene modification could convert the bacteriostatic activity of Q203 into bactericidal activity (66).

Kalia et al. (67) used genetic and chemical biology methods to knock down the gene encoding cytochrome bd oxidase cydAB, Q203 completely inhibits mycobacterial respiration, has a bactericidal effect, kills drug-resistant mycobacteria persistence, and rapidly eliminates Mtb infection in the body (Figure 6) (67). The results show that two terminal respiratory oxidases complement each other, and simultaneous inhibition of both terminal oxidases can stop respiration, kill non-replication-resistant Mtb, and eradicate in vivo infection at an extremely rapid rate, which can be used for anti-TB drug development. Chilamakuru et al. (68) through comprehensive molecular docking study obtained a series of unique mycobacterial cytochrome bc 1 complex inhibitors: naphthoquinone pestle butanone scaffold, series-2,2a, 2c, 2 g, 2 h, and 2j of five compounds showed significant in vitro anti-TB activity against MtbH, these synergistic studies with INH and RIF showed that compound 2a at a concentration of 0.39 μg/mL (68). The combination of bacteriostatic agents and fungicides can effectively kill Mtb, laying a foundation for the research of combination therapy.

[image: Figure 6]

FIGURE 6
 Structure of Q203.




3.3.3 Cytochrome P450 enzyme line

Cytochrome P450 (CYPs) is CYP and heme-containing monooxygenase, a class of redoreductase with mixed functions. It plays a key role in detoxification, cell metabolism, and homeostasis, and is an essential key enzyme for cell synthesis and catabolic activities (69). The 4.4 Mb genome of Mtb H37Rv contains 20 CYP genes as found by Cole et al. (14). The high abundance of the CYP gene is a general feature of mycobacteria, making it a potential target for anti-TB therapy. Bukhdruker et al. (87) determined that Mtb CYP was able to biotransform the antitubercular drug SQ 109, demonstrating that the Mtb CYP enzyme is most likely involved in the hydroxylation of the anti-tubercular drug SQ 109 (70). In a previous introduction, we mentioned that SQ 109 is a 1,2-ethylenediamine that targets MmpL 3 in Mtb (71). MmpL3 Is a mycolic acid transporter required for the incorporation of myacid into the Mtb cell wall. SQ 109 is in a phase II clinical trial for DS-TB, and SQ 109 has the best antimicrobial activity and the most promising toxicity (71). Bukhdruker et al. found that CYP124 will form a stable structure after binding to SQ 109 in vitro and hydroxylation. Therefore, they made the hypothesis that SQ109 is only a precursor and requires CYPs to participate in metabolism to produce anti-TB effects. This is the first time that CYPs in Mtb can biotransform anti-TB drugs. Assessment of the metabolism of anti-TB drug candidates using whole-cell-based systems or isolated Mtb enzymes may be a useful tool for anti-TB drug discovery.




3.4 Other anti-TB targets


3.4.1 Iron metabolism

Iron is an essential element in life and a rare element in the human body. It is necessary for DNA replication, oxygen transport, energy generation, enzymatic redox reactions, and oxidative stress protection. Iron is also essential for the pathogenicity and virulence of Mtb. Siderophores play a very important role when Mtb uptakes iron from within host proteins. Mtb produces two aryl-cap siderophores, namely mystic (MBT) and carboxylic (cMBT), to chelate intracellular iron. Mycobacterium-expressed salicylic-AMP ligase (MbtA, encoded by the gene Rv2384) is an adenylylated enzyme that catalyzes the initial reaction of mycolin biosynthesis.MBTA has no human homolog and is required for the biosynthesis of salicylate-derived mystic (MBT) siderophore, a high-affinity Fe3 + chelator involved in iron (Fe) clearance and absorption, and a micronutrient critical for the growth and pathogenesis of Mtb. Are promising targets for the development of novel TB drugs that block siderophore biosynthesis. The 5 ′ -O- [N- (salicyl) amino-sulfonyl] adenosine (Sal-AMS) is specifically designed to inhibit the enzyme activity of MbtA and effectively block the growth and virulence of Mtb (72). Bythrow et al. (73) developed a salicylate adenylase inhibitor, salicyl-AMS and its derivatives, which can target MbtA, inhibit the biosynthesis of MBTs in Mtb, and more effectively limit Mtb growth under iron-limiting conditions. This study provides proof of principle for the druggability of salicylate adenylase, validates pharmacological inhibition of siderophore biosynthesis as a novel mechanism of antibiotic action, and establishes Sal-AMS as the first antimicrobial lead compound for the development of TB drugs targeting siderophore biosynthesis (73).

Iron-dependent repressor (IdeR) is a metal-sensing transcription factor that plays an important role in Mtb iron metabolism. It can regulate the free iron concentration in Mtb and is a central transcriptional regulator of the Mtb gene involved in Fe metabolism (74). IdeR can promote bacterial virulence, making it an important target in the therapeutic field (75). Crystallographic studies of IdeR revealed that only its dimeric structure has full functional activity to interact with conserved regions on DNA (76). Therefore, the development of its inhibitors is mainly by preventing the formation of dimers or blocking the interaction of IdeR and DNA-related sequences. Salimizand et al. (88) simulated the DBD of IdeR and DNA in the form of short peptides to target the binding site of whole protein and DNA operator and verified its potency through in vitro antibacterial experiments. The results showed the research value of the IdeR target and the potential of this protein as a drug target in the development of anti-TB drugs. However, there are no IdeR class inhibitors in preclinical studies.



3.4.2 Immunotherapy of tuberculosis

Immune recognition, immune response, and immune regulation to Mtb determine the occurrence and development of TB (77). Since the body’s response to TB is based on innate immune cells and interactions between activated macrophages and specific T cells (78). Therefore, it is very feasible to enhance the protective immunity or regulate the adaptive immune response to promote the fight against tuberculosis bacilli. Anti-tuberculosis immunotherapy mainly includes activation of immune activity, enhancement of protective immunity, and suppression of adverse immune responses and inflammatory damage (79). TB immunotherapy drugs can effectively modulate the anti-TB immune response, provide new ways for the combined treatment of TB, and prevent and intervene in people at high risk of TB infection (80). This will enable TB treatment to achieve significant results and achieve the goal of “ultra-short-range chemotherapy.”

The clinical treatment difficulty of TB is not only the emergence of drug-resistant bacteria but also the immune evasion mechanism unique to Mtb. Resuscitation-promoting factor interacting protein (RipA) is a class of peptidoglycan hydrolyses, RipA is a key enzyme in TB cell division. Its absence leads to phenotypic abnormal growth defects, promoting the generation of IL-6, TNF- α, proinflammatory cytokines, rapid stimulation of MAPK and NF- κ B signaling to trigger the activation of dendritic cells (DC). Then induced the expression of the macrophage activation markers MHC-II, CD80, and CD86, promoted the Th 1 polarized immune response in naive CD4 T cells, increased proliferation, and activated T cells in Mtb-infected mice (81). Sung Jae Shin et al. (89) found that IFN- γ was secreted by RipA restimulation in vitro and RipA was fully recognized in the lungs and spleen of Mtb-infected mice. Furthermore, RipA induction induces initial CD4 + T cell proliferation, increased secretion of Th 1 cytokines, activation of splenic CD4 + T cells isolated from Mtb-infected mice, and subsequent inhibition of intracellular Mtb growth. And further validated the immunogenic function of RipA in vivo. With the help of the RipA-stimulated dendritic cells, the optimal T-cell activation was achieved to enhance the body’s anti-TB immune response. RipA has shown its research prospects as a subunit vaccine candidate for multiantigen TB.

The researchers found that peptidoglycan (PG) remodels through the action of several remodeling enzymes, such as transpeptidase, endopeptidase, carboxypeptidase, amidase, and transglycosylase. These enzymes have important roles in the hydrolysis, synthesis, crosslinking, and remodeling of PG and also mediate the repair of damaged cell wall material. Rv3717 (Ami 1) is a known mycobacterial amidase with the ability to cleave PG. Ami 1 synergistically with RipA, and Ami 1-deficient mutants are defective in survival in chronic infection in mice (82). Ami 1 and Ami 4 are involved in peptidoglycan degradation, recycling, and other processes during cell division, in which Ami 1 is thought to cooperate with RipA to safeguard Mtb division within host cells. It has been suggested that Ami 1 may promote the bacterial survival of mycobacteria within macrophages through the Ami 1-mediated reduction in host inflammation. These differences may be attributed to the induction of differential host immune responses within infected macrophages between nonpathogenic mycobacteria and pathogenic Mtb (82, 83). Reto Gulera Found that Ami 1 and Ami 4 depletion mediated the increased IFN γ independence of cytokines, which altered cell recruitment and activation during infection. Loss of Ami 1 is more immunoregulatory than Ami 4, with an increased pro-inflammatory immune response (84). Defective mutants can affect macrophages and host immune response in vivo, and Mtb Ami1 is an attractive target.





4 Summary

Although TB can be cured, the continuously increasing drug resistance of Mtb brings great pressure and challenges to the treatment of TB. To address the increasing burden of TB, there is an urgent need to improve treatment strategies, shorten treatment time, prevent the development of resistant strains, and study targeted agents for entirely new therapeutic mechanisms. With the completion of various whole genome sequencing of Mtb, the cracking of metabolic-related genes, the progress of biotechnology, and the progress of CADD, the research of anti-TB targets has developed rapidly, and many potential targets have been discovered. Through the deep exploration of the target genomics and drug resistance mechanisms, many novel compounds with potential anti-TB capabilities were selected. However, the screening, synthesis, and test of compounds are long and the cost is high, coupled with the different in vitro and in vivo experimental results. Therefore, there are not many compounds in the clinical trial stage. For the new compounds on the market in recent decades, only betaquoline is still the preferred drug. Here, we review the various kinds of targets that researchers have tried in recent years and summarize their inhibitors and inhibitory mechanisms. For drug-resistant TB, the switch to innovative targets and the development of novel scaffold compounds are thought to overcome drug-resistance problems. The application of CADD has greatly improved the discovery efficiency of novel anti-TB compounds, understood the mechanism of action, guided the structural optimization of lead compounds, and expected that better results can be obtained with the help of CADD. Complete integration of classical phenotypic screening and genomics approaches with proteomics-based protein analysis will help identify effective targets to develop safer and more effective drug candidates that can address the current therapeutic challenges of TB disease. The future belongs to those simple, short-range, highly specific, more sensitive, and effective solutions.
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