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Abstract:

Introduction: Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), remains a major
global health concern. It spreads through airborne droplets and has a high mortality rate,
particularly without treatment. Drug resistance is rising, with treatments against multidrug-
resistant TB (MDR-TB) showing poor treatment success rates. The thick, lipid-rich wall of Mth
and its slow growth reduce antibiotic effectiveness, requiring long treatment courses of 4-6
months. Current therapies often fail against drug-resistant strains, highlighting the urgent need for
new, short-course treatment, affordable, and combination-friendly drugs.

Areas covered: The following topics regarding Mtb resistance emergence and treatment strategies
were reviewed and addressed: i) Existing treatment ii) Resistance evolution in Mtb; iii) Key
challenges in drug discovery targeting Mtb; iv) Emerging strategies and recent advances in Mtb
drug discovery, and v) Next-generation approaches.

Expert opinion: The authors focused on advancing anti-evolution strategies and integrating Al in
drug discovery to tackle drug-resistant tuberculosis. Al accelerates the discovery of bioavailable
and safe preclinical drug candidates, though data limitations and biological complexity remain
challenging. Future progress requires multi-modal models, open-access datasets, and
interdisciplinary collaboration.

Keywords:
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Article highlights:

e Tuberculosis (TB), caused by Mycobacterium tuberculosis, remains a major global health threat,
causing 1.25 million deaths in 2023, with rising concerns about drug-resistant strains.

e The standard treatment for drug-sensitive TB involves a 4-6 month regimen of multiple
antibiotics, though long treatment durations and side effects hinder patient adherence.

e The emergence of multidrug-resistant TB (MDR-TB) and more resistant forms like XDR-TB
presents significant treatment challenges, with less effective and more toxic regimens required.

e Mtb develops resistance through genetic mutations, compensatory mutations, and metabolic
adaptations, including a thick cell wall and efflux pumps that limit drug efficacy.

e TB treatment is complicated by the bacterium's ability to reside within macrophages and
granulomas, limiting drug access, and the host's immune responses further complicate treatment.

e Developing new TB drugs is time-consuming, costly, and high-risk, with a focus on creating
combination therapies that are shorter, less toxic, and effective against drug-resistant strains.

e New strategies in TB drug discovery target the bacterium’s cell wall, genetic machinery, and
energy metabolism, with promising compounds in clinical development.

e Host-Directed Therapy (HDT) strategies aim to enhance the host’s immune response, limit
damage, and aid in Mtb clearance, providing complementary treatment alongside antibiotics.

e Future approaches focus on anti-evolution strategies, CRISPR-based target identification, and
Al-driven drug discovery to overcome resistance and accelerate treatment development.

¢ With advancements in crystallography, cryo-electron microscopy (cryo-EM), and more recently,
Al-based protein structure prediction, virtual screening has become an integral component of
modern anti-TB drug discovery.

e Artificial intelligence such as predictive modelling and molecular simulations, is revolutionizing
TB drug discovery by streamlining the identification of safe drug candidates, though challenges
remain in translating Al discoveries into approved treatments.

1. Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), remains a significant global
health issue, particularly in regions with limited healthcare resources [1]. TB is a highly contagious
bacterial infection that spreads to healthy individuals through aerosols released by an infected
person. In 2023, TB likely regained its position as the world’s leading cause of death from a single
infectious agent, surpassing coronavirus disease (COVID-19) after three years. TB caused an
estimated 1.25 million deaths in 2023, including 1.09 million among HIV-negative people and
161 000 among people with HIV [2].

Without treatment, TB has a high mortality rate, nearing 50% [3]. However, with the WHO
recommended treatment a 4-6 month course of anti-TB drugs around 85% of drug-susceptible TB
cases can be successfully cured. The global impact of this disease is intensified by the emergence
of drug resistance which contributes to long-term morbidity, with approximately 0.4 million deaths
annually linked to antimicrobial resistance (AMR) [2]. The prevalence of these resistant strains is
alarmingly high, with an estimated 410,000 MDR-TB cases worldwide. In 2023, only 63% of
MDR-TB cases were successfully treated [4]. This ongoing challenge highlights the urgent need
for the discovery of new anti-tubercular drugs to enhance and complement existing therapies [5].
Unlike most other bacteria, mycobacteria possess a uniquely thick, lipid-rich cell wall that makes
them inherently resistant to many conventional antibiotics [6]. They also exhibit a slow growth
rate, which further complicates timely treatment and drug efficacy. These distinguishing features
of mycobacteria necessitate a tailored approach in drug design. Various considerations should



direct the development of new anti-tubercular agents. These compounds ideally need to be
affordable, compatible in combination therapies, reduce the treatment duration (currently 6 months
minimum), and have a low mutation frequency of resistance [7]. This review provides an in-depth
examination of recent progress in the discovery and development of anti-TB drugs. It explores the
challenges associated with creating novel TB treatments, and highlights key advancements in drug
development. Additionally, the review proposes strategic solutions to overcome existing barriers,
ultimately aiming to facilitate the creation of more effective therapeutic options.

2. Existing TB drugs

The standard treatment for drug-sensitive tuberculosis (DS-TB) consists of an initial two-
month regimen of isoniazid (INH), rifampicin (RIF), ethambutol (EMB), and pyrazinamide (PZA),
followed by an additional four months of INH and RIF [4]. These antibiotics, discovered nearly
six decades ago [8] target Mtb through distinct mechanisms (Table 1). INH, a prodrug, is activated
within the bacterial cell and inhibits enoyl-acyl carrier protein reductase (InhA), a key enzyme in
mycolic acid biosynthesis [9]. RIF, a bactericidal agent, binds to the B-subunit of bacterial RNA
polymerase, disrupting early gene transcription [10-11]. Like INH, PZA is a prodrug that converts
to pyrazinoic acid (POA) via the pyrazinamidase enzyme upon diffusion into TB granulomas,
leading to bacterial death, although its exact mode of action remains unclear [12]. EMB, a
bacteriostatic drug, interferes with the synthesis of arabinogalactan and lipoarabinomannan
(essential cell wall components) by targeting the arabinosyltransferases EmbA, EmbB, and EmbC
[13]. Despite its effectiveness, the standard anti-DS-TB regimen can cause hepatotoxicity,
neuropathy, ocular toxicity, gastrointestinal disturbances, and skin reactions [14,15]. Moreover,
the lengthy treatment duration, high pill burden, and these undesirable side effects can lead to poor
patient adherence.

Table 1: Mechanisms of action and resistance of current tuberculosis drugs.

Drug Drug name Mechanism | Resistance | Molecular | LogP? Notes
Class | and discovery of action mechanism Weight
date and target (g/mol)
Isoniazid Inhibits Molecular: 137.14 -0.64 | Bactericidal,
(INH) mycolic acid | Mutations in highly soluble
1952 synthesis, katG or inhA in water
disrupting promoter
cell wall
Rifampicin Inhibits RNA | Molecular: 822.94 3.7 Bactericidal,
(RIF) synthesis by | Mutations in poorly soluble
1965 binding to rpoB gene in water
First- RNA
line polymerase
drugs Pyrazinamide Disrupts Molecular: 123.11 —0.37 | Bacteriostatic
(PZA) energy Mutations in or bactericidal,
1952 metabolism pncA gene soluble in
and water
membrane
transport




Ethambutol Inhibits Molecular: 204.31 —0.15 | Bacteriostatic,
(EMB) arabinogalact | Mutations in soluble in
1961 an synthesis | embB gene water
in cell wall | (Arabinogala
ctase)
Second- | Levofloxacin/ | Inhibits DNA | Molecular: 361.37/ | —0.41/ | Bacteriostatic
line Moxifloxacin gyrase, Mutations in 401.43 -0.43 and
drugs | (Fluoroquinolo blocking gyrA/gyrB Bactericidal,
nes) DNA genes soluble in
1982s replication (DNA water
grease)
Amikacin/ Inhibits Molecular: 585.6/ -5.8/ Bactericidal
Kanamycin protein Mutations in 484.5 —-4.3 | injectable drug,
(Aminoglycosi | synthesis by rrs gene Highly soluble
des) binding 30S | (16S rRNA) in water
1972/1957 ribosome (Ribosome)
Linezolid Inhibits Molecular: 337.35 0.55 Modest early
(Oxazolidinon protein Mutations in bactericidal
es) synthesis by 23S rRNA activity,
1996 blocking (Ribosome) moderately
ribosomal soluble
assembly
Bedaquiline Inhibits ATP | Molecular: 555.5 7.3 Bacteriostatic
2005 synthase, Mutations in during the first
(FDA disrupting atpE gene 7-14 days, and
approved energy (ATP bactericidal
2012) production synthase) activity only
New Intrinsic begins
and (efflux subsequently,
repurpo pumps): poorly soluble
sed overexpressi in water
drugs on
Delamanid/ Inhibits Molecular 534.5 5.6/
Pretomanid mycolic acid and /359.3 1.9
2007 synthesis, Intrinsic:
(Delamanid, causing cell | Mutations in Bactericidal,
FDA approved death ddn gene or poorly soluble
2014), 2000 increased in water
(Pretomanid, nitroreductas
FDA approved e activity
2019) (Deazaflavin
-dependent

nitroreductas

e)




a: LogP (partition coefficient) indicates a compound's lipophilicity. Negative values suggest
hydrophilicity, while positive values indicate lipophilicity.

The misuse and overuse of antibiotics have further driven the emergence of drug resistance,
resulting in various strains with differing levels of resistance to available anti-TB drugs [14].
Initially, TB was largely drug-susceptible and could be effectively treated with first-line anti-TB
medications. However by the 1990s, cases of multidrug-resistant TB (MDR-TB) emerged,
exhibiting resistance to the first-line drugs RIF and INH [16]. The WHO's 2024 guidelines for the
MDR-TB treatment recommend two main regimens: a 6-month BPaLM/BPaL regimen
(Bedaquiline (BDQ), Pretomanid, Linezolid, with or without Moxifloxacin) for patients aged 14
and above without extensive TB or prior exposure to these drugs, excluding pregnant women and
those with CNS/disseminated TB; and a 9-month all-oral regimen (BDQ,
Levofloxacin/Moxifloxacin, Linezolid, Clofazimine, Pyrazinamide, EMB, and INH) for cases
without fluoroquinolone resistance, suitable for all ages and pregnant women with modifications.
The cure rates for MDR-TB are typically significantly lower than DS-TB (WHO, 2024). Notably,
BDQ recently added to the second-line TB regimen, is the first anti-TB drug with a novel
mechanism of action to be approved in over 50 years [17]. It works by inhibiting mycobacterial
ATP synthase, an essential enzyme for energy production in Mtb leading to cell death, making it
effective against both replicating and dormant TB bacteria [18,19].

In 2006, pre-extensively drug-resistant TB (Pre-XDR-TB) was identified, referring to strains
resistant not only to first-line drugs but also to either fluoroquinolones or an injectable second line
agent [20]. By 2009, reports of extensive drug-resistant TB (XDR-TB) surfaced, describing strains
impervious to first line drugs with additional resistance to at least one fluoroquinolone (such as
moxifloxacin or levofloxacin) and any of the injectable second-line TB drugs (such as amikacin)
[21] (Figure 1). Treatment options for Pre-XDR-TB and XDR-TB are severely limited, resulting
in exceptionally high mortality rates and raising concerns about a potential return to the pre-
antibiotic era [22]. Typically, treatment lasts between 14 and 24 months and consists of both
intensive and continuation phases, utilizing a combination of second-line agents to which the Mth
strain remains susceptible [23].

Humen can develop MDR-TB or XDR-TB in two main ways: either through a primary
infection involving person-to-person transmission of drug-resistant bacteria, or through the
development of resistance caused by the improper use or mismanagement of anti-TB medications
in individuals already undergoing treatment. The treatment of these resistant strains typically
requires a significantly longer duration (up to two years) compared to the standard regimen for
drug-sensitive TB. Second-line anti-TB drugs, recommended for these resistant forms, are
generally more toxic, more expensive, and less effective than first-line therapies. These factors
contribute to poor patient adherence and increased transmission within communities, reinforcing
TB as a persistent global health challenge.
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Figure 1: Timeline of the progressive development of drug resistance in Mtb. Initially, TB was
treatable with first-line drugs, but the emergence of multidrug-resistant TB (MDR-TB) in the
1990s marked resistance to rifampicin and isoniazid. By 2006, pre-extensively drug-resistant TB
(Pre-XDR-TB) was identified, showing additional resistance to fluoroquinolones and injectable
second-line drugs. In 2009, extensively drug-resistant TB (XDR-TB) strains were reported,
exhibiting complete resistance to both first and second line treatments highlighting the escalating
challenge of TB drug resistance and the need for novel therapeutic strategies.

3. Key Challenges in Drug Discovery in Mtb

Drug discovery is a complex and systematic process aimed at identifying new therapeutic
compounds. This process involves extensive research, screening, and optimization to ensure
efficacy and safety. However, developing new drugs is highly time-consuming, often taking years
before reaching commercialization. It also demands substantial financial investment and carries a
high risk of failure, making it one of the most challenging aspects of pharmaceutical research
[24,25]. The primary objective of developing new TB therapeutics is to create a short-course
treatment, less toxic, and widely accepted treatment regimen that effectively targets drug-resistant
TB and ensures a rapid cure. The following paragraph will explore the various challenges
associated with drug discovery in Mtb.

3.1. Resistance Emergence

AMR occurs when a population of pathogens infecting a patient possesses biochemical
mechanisms that enable them to survive and multiply despite exposure to an antimicrobial agent
that would normally eliminate them [26,27]. These mechanisms usually come at the cost of fitness
in an environment deprived of antimicrobial agent [28]. Thus AMR is ultimately a biological
process subject to evolutionary forces [29,30]. Here we explain different mechanisms of resistance
in Mtb.

Molecular mechanisms

In Mtb, drug resistance primarily results from mutations in genes encoding drug targets or
drug-activating enzymes [31,32]. These mutations predominantly consist of single nucleotide
polymorphisms (SNPs), insertions, or deletions (indels), while large deletions are relatively rare
[4]. Classical in vitro studies of drug resistance in Mtb involve exposing bacterial cultures to



increasing antibiotic concentrations and selecting resistant mutants, followed by whole-genome
sequencing to identify causative mutations. These approaches have historically revealed key
resistance-conferring mutations, such as rpoB mutations responsible for rifampicin resistance [33],
katG and inhA mutations responsible for isoniazid resistance [34,35], and gyrA/gyrB mutations for
fluoroquinolone resistance [36] (Table 1).

More recently, genome-wide association studies (GWAS) have offered a high-throughput and
unbiased approach to identifying resistance mutations at the population level. For instance, a study
applied GWAS methods to a large, global dataset of Mtb isolates, successfully confirming known
resistance mutations and uncovering novel loci associated with drug resistance [37]. This study
highlighted the power of GWAS to detect genetic determinants beyond those identified by
traditional candidate gene approaches.

In addition to primary resistance mutations, compensatory mutations play a crucial role in
restoring fitness costs associated with drug resistance. These mutations frequently occur in genes
that modulate the structural or functional consequences of resistance-conferring changes. For
example, compensatory mutations in rpoC and rpoA can mitigate the fitness cost of rpoB mutations
conferring rifampicin resistance [38]. Similarly, compensatory mutations have been reported in
gidB for aminoglycoside resistance, as well as in prpR for isoniazid resistance [39]. The emergence
of compensatory mutations may facilitate the long-term persistence and transmission of drug-
resistant Mtb strains, contributing to the global challenge of tuberculosis control.

Impact of mutations regulating mutation rate on evolution

Unlike many bacteria, Mtb does not acquire resistance through horizontal gene transfer [40].
Instead, genetic diversity arises from DNA replication errors or mutagenesis induced by DNA
repair mechanisms, collectively influencing the mutation rate [41,42]. Accordingly, higher
bacterial mutation rates have been linked to increased AMR in vitro and in natural bacterial
populations [43-46].

In Mtb, missense mutations in putative antimutator (mut) genes have been identified in the
Beijing strain family and linked to increased mutation rates [47,48]. Additionally, studies have
shown that mutations in the nucS gene, which encodes a putative endonuclease, result in a
hypermutator phenotype in Msm, a non-pathogenic model for studying MTBC [49]. Similar effects
have been observed in two other Actinobacteria: Streptomyces coelicolor [49] and the industrially
significant Corynebacterium glutamicum [50,51]. Furthermore, recent research identified 18 SNPs
associated in Mtb clinical samples with genotypic drug resistance in DNA repair genes, with
mutation frequency tests in Msm confirming the hypermutability of mutants in four genes: nucs,
mutM, xthA, and fpg2 [52]. Yet, this hypermutability seems to be tightly limited in Mtb as no strain
with a large accumulation of mutations could be identified, in contrast to findings in M. leprae
[46,52].

Another mechanism favoring mutations emergence involves the impact of suboptimal drug
concentrations on mutation rates. In the case of fluoroguinolones, low concentration can induce
transcriptional changes in DNA repair genes, activating pathways such as the SOS response [53].
This again illustrates that adaptive evolution in the organism is closely tied to DNA repair
processes [54]. Further research into these DNA repair mechanisms is essential to fully understand
their role in resistance development.

Contribution of tolerance mechanisms
In addition to molecular resistance mechanisms, tolerance mechanisms play a fundamental role
in Mtb drug resistance. The first mechanism of tolerance is intrinsic resistance which refers to



inherent bacterial traits that reduce susceptibility to antimicrobials, independent of acquired
genetic mutations. These mechanisms include limited cell wall permeability and active drug efflux,
both of which contribute to Mtb's ability to withstand antibiotic treatment.

Mtb possesses a thick, hydrophobic cell wall that provides resistance to low pH, high
temperatures, desiccation, and disinfectants, while also significantly restricting antimicrobial
uptake by limiting passage through porins [55,56]. Compared to bacteria such as Escherichia coli
and Pseudomonas aeruginosa, drug diffusion across the mycobacterial cell wall occurs at a much
slower rate, reducing antibiotic efficacy and contributing to intrinsic resistance [57,58].

Additionally, Mtb exhibits intrinsic resistance to most [3-lactam antibiotics due to the presence
of the blaC gene, which encodes an extended-spectrum p-lactamase that deactivates these drugs
(Hugonnet and Blanchard 2007; Tremblay, Fan, and Blanchard 2010). As a result, the combination
of a highly impermeable cell wall and B-lactamase activity significantly limits treatment options
and complicates drug discovery efforts [57,58].

Beyond cell wall permeability, efflux pump systems further contribute to tolerance resistance by
actively expelling antimicrobial compounds from the bacterial cell. Mtb encodes one of the largest
known sets of efflux pumps, with 148 genes dedicated to membrane transport proteins within its
4.4 Mtb genome. These efflux systems have been shown to facilitate multidrug resistance (MDR)
by reducing intracellular drug accumulation, thereby allowing bacteria to survive sublethal drug
concentrations and acquire resistance mutations more readily [58]. Overexpression of efflux
pumps is believed to promote the emergence of high-level resistance, enabling Mtb to persist even
at clinically relevant drug concentrations (Frimodt-Mgller et al., 2019). Moreover, the broad
substrate specificity of these pumps allows them to expel multiple antibiotics simultaneously,
further driving the development of the MDR phenotype [59].

Together, limited cell wall permeability and active drug efflux create a formidable intrinsic
resistance barrier in Mtb, complicating treatment strategies and highlighting the need for novel
therapeutic approaches.

| addition, Mtb exhibits metabolic adaptability under stress, enabling survival through
alternative pathways [60]. Additionally, Mtb enters a dormant state under low oxygen and nutrient
depletion, evading immune responses and reducing antibiotic efficacy [61,62]. These adaptations
create significant obstacles in drug discovery, requiring novel strategies to overcome Mtb
persistence.

3.2.  Host-related factors influencing resistance

Host factors play a crucial role in TB infection and significantly impact drug efficacy, bacterial
persistence, immune responses, and treatment outcomes. One major challenge for drug discovery
is that Mtb primarily resides within macrophages, usually gathered in granulomas i.e. in acidic or
hypoxic environments, making it difficult for many drugs to effectively penetrate intracellular
compartments. Macrophages, as key immune cells, are responsible for controlling Mtb infection
by internalizing and eliminating the bacteria. However, in patients with TB, antigen presentation
within macrophages is often impaired and bacteria escape lysozomes, reducing their ability to
eliminate Mtb. A critical process for bacterial destruction is the fusion of lysosomes with Mtb-
containing phagosomes; when this fusion is evaded, the bactericidal function of macrophages is
compromised [63]. In addition, studies document the escape of bacteria from lysosomes, allowing
them to multiply directly in the cytosol [64]. Moreover, studies suggest that granulomas act as a
protective niche for both the pathogen and the host, maintaining homeostasis through the actions



of phagocytes such as macrophages, dendritic cells, and neutrophils [65]. As a result, Mtb remains
largely confined within the host environment, limiting its accessibility to antibiotics. Beyond this
physical restriction, Mtb infection induces chronic inflammation, which can significantly impact
drug metabolism and clearance [66]. Since the effectiveness of any treatment depends on the
lifespan of the drug within the body, the host’s detoxification systems play a crucial role in
determining therapeutic success [67]. This highlights the potential need for immune-modulating
therapies alongside antibiotics to enhance treatment outcomes. Moreover, latent TB infection
presents an additional challenge, as Mtb can transition into a non-replicative, drug-tolerant state
influenced by the host environment [66]. Given that most current TB drugs target actively dividing
bacteria, eliminating persistent Mtb remains a significant hurdle in TB treatment.

4. Emerging strategies and recent advances in targeting Mtb drug discovery

The discovery of new anti-tubercular treatment strategies requires collaboration across
multiple scientific disciplines, such as biochemistry, microbiology, structural biology, chemistry,
computational biology, and informatics. Within this multidisciplinary approach, drug discovery
must continuously advance by incorporating cutting-edge technologies while building upon
established methodologies to develop more effective therapies.

Target identification, though not always feasible, plays a crucial role in determining a
compound’s potential as a preclinical candidate [30]. Drug discovery mainly follows two
approaches: target-to-drug, where compounds are designed for known targets [68], and drug-to-
target, where active compounds are identified before their targets [69]. While target-based methods
offer specificity, they often suffer from high attrition. Drug-to-target strategies confirm cellular
activity early but require later target identification.

4.1. Promising new molecules targeting Mtb Mechanisms

In recent years, the two approaches have yielded approximately a dozen candidate molecules
with novel mechanisms of action and demonstrated proof-of-concept efficacy against Mtb, many
of which are now in advanced preclinical or clinical development [70,71]. Briefly these candidates
act through three primary pathways: inhibition of cell wall synthesis, interference with genetic
information processing, and disruption of energy metabolism.

The structurally unique and lipid-rich Mtb cell wall is essential for bacterial survival and
immune evasion, making it an attractive drug target (Figure 2a). Inhibitors such as GSK693,
which blocks InhA (encoding enoyl-ACP reductase), and DG167, targeting kasA (B-ketoacyl-ACP
synthase), interfere with mycolic acid biosynthesis (Ghollet et al., 2018; Kumar et al., 2018). Other
compounds target arabinogalactan assembly by inhibiting dprE1 (decaprenylphosphoryl-p-D-
ribose 2'-oxidase), as seen with BTZ043, PBT169, and OPC-167831 [72], or lipid transport via
mmpL3 inhibition, using agents like SQ109, AU1235, and BM212 [73,74].

In parallel, disrupting Mtb’s central genetic processes including DNA replication,
transcription, and translation has provided effective strategies, especially for drug-resistant strains
(Figure 2b). Novel DNA gyrase inhibitors such as SPR719/720 act on the gyrB subunit and show
activity against both tuberculous and non-tuberculous mycobacteria [75]. Transcription is targeted
through inhibition of RNA polymerase, encoded by rpoB, using drugs such as rifampicin and
rifapentine, while novel modulators like piperine are being explored for their synergistic effects
[76,77]. Protein synthesis inhibitors target several pathways: aminoglycosides bind to the 30S
ribosomal subunit, oxazolidinones interfere with the 50S subunit, and leucyl-tRNA synthetase is
blocked by specialized inhibitors—altogether disrupting genes such as rrs, rplC, and leuS [74,78].



Energy metabolism and bioenergetics present another promising frontier, particularly for
targeting persistent or non-replicating Mth (Figure 2c). NDH-2 (menaquinone oxidoreductase
type 1) is essential for ATP generation and redox balance and is inhibited by phenothiazines and
modified derivatives like polyhalogenated PTZs and phenoselenazines [79,80]. Inhibitors of
MenA (menaguinone biosynthesis) exhibit bactericidal activity under both replicating and dormant
states [81,82]. The cytochrome bcl:aa3 complex, with QcRg as a key component, is blocked by
Q203 and thienopyrimidines, leading to ATP depletion [83,84]. FiFo ATP synthase remains a
cornerstone target, inhibited by bedaquiline and next-generation compounds such as GaMF1 and
TBAJ-series agents [85,86]. Additionally, isocitrate lyase (icll/icl2), vital for Mtb persistence in
latent states, is targeted by salicylanilide, fluoroguinolone derivatives, and 3-nitropropionate, all
of which bind to the ICL active site [87,88].
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Figure 2. Schematic representation of three major pathways targeted by recently identified anti-
tubercular compounds. a. Inhibition of cell wall synthesis, including disruption of mycolic acid
biosynthesis, arabinogalactan assembly, and lipid transport. b. Interference with genetic
information processing, involving inhibition of DNA replication, RNA transcription, and protein
synthesis. c. Disruption of energy metabolism, targeting pathways such as ATP production,
cytochrome bcl:aa3 complex, F1FO ATP synthase, and isocitrate lyase (ICL).

These advances are reflected in the expanding global drug development pipeline for
tuberculosis, which is comprehensively detailed in the latest WHO report [2]. Several candidates
are currently progressing through clinical trials at various stages. Phase | trials include six
compounds focused on early safety and pharmacokinetic profiling. Phase Il trials encompass
twelve drugs, including Delpazolid (an oxazolidinone with improved pharmacokinetics) and TBA-
7371, a dprE1 inhibitor with no cross-resistance to existing therapies. Phase 11 trials feature one



candidate, Sudapyridine, a derivative of bedaquiline that targets atpE and offers an improved safety
profile [70]. Collectively, these efforts underscore the growing momentum toward developing
more effective, selective, and safer treatment options for tuberculosis, particularly in addressing
drug-resistant and persistent infections.

4.2. Promising targets for host-directed therapy (HDT)

Host-Directed Therapy (HDT) is an emerging approach that enhances host immune functions
or mitigates tissue damage by targeting the host’s biological pathways rather than directly acting
on Mtb [89]. HDT strategies modulate immune signaling, metabolism, and cellular responses to
improve infection control. In this section, we briefly introduce several promising host-targeted
pathways currently under investigation. Receptor Tyrosine Kinases (RTKSs), such as EGFR, are
hijacked by Mtb to support survival; their inhibition by repurposed drugs like gefitinib, AT9283,
and dovitinib suppresses Mtb replication and modulates cytokine responses [89,90]. Purinergic
receptors, particularly P2X7, mediate immune activation through ATP signaling; their modulation
enhances macrophage apoptosis and host defense [91,92]. Tumor Necrosis Factor-o (TNF-a) is
essential for infection control but can also trigger macrophage necrosis and bacterial dissemination
via ROS-driven pathways; this can be counteracted by metabolic modulators like metformin,
which inhibit reverse electron transport (RET) and reduce inflammation [93,94]. The
Glucocorticoid Receptor (GCR) axis is disrupted in TB, with altered GRa/GRp expression linked
to severe disease; GCR targeting may help rebalance immune responses [95]. The mTOR signaling
pathway, which regulates autophagy, is subverted by Mtb to avoid immune clearance; inhibition
by agents like CC214-2 promotes bacterial elimination and enhances the efficacy of standard
regimens [96]. Lastly, CD8+ T cells are critical for immune-mediated control of Mtb, and their
activation through IL-15 signaling offers another promising HDT strategy [97]. Collectively, these
host-directed pathways provide novel therapeutic avenues to complement antimicrobial treatment
and combat persistent or drug-resistant TB.

5. Next-Generation Approaches: what does the future hold?

Current TB treatments, despite their high efficacy in clinical trials, face significant challenges
in real-world applications. Long treatment durations, severe side effects, and high patient dropout
rates undermine their effectiveness. Many TB patients struggle with physical and mental
endurance due to drug toxicity, leading to incomplete treatments, bacterial resistance, and relapse.
Additionally, Mtb exists in multiple physiological states within the host, including dormant forms
within granulomas that are difficult to eliminate with existing drugs. These factors contribute to
treatment failure and the persistent global TB burden [98,99].

To overcome these limitations, future TB drug discovery must focus on developing more
effective and patient-friendly therapies. One approach is modifying existing drugs or designing
novel compounds with improved efficacy and reduced toxicity. Natural products, such as plant-
derived compounds with antimicrobial and immune-boosting properties, offer promising
alternatives with fewer side effects [100]. Adjunctive therapies, including hepatoprotective agents
and antioxidants, can help mitigate drug-induced toxicities, while pharmacogenomic profiling
could enable personalized treatment plans based on genetic factors [100]. Host-directed therapies
that enhance immune responses may also improve TB outcomes when combined with traditional
antibiotics.

The future of TB drug discovery relies on a multidisciplinary strategy integrating novel
pharmacological interventions, immune-based therapies, and precision medicine to develop safer,
more effective, and shorter treatments. Building on the pathways discussed earlier, the following



sections explore emerging approaches that will

(Figure 3).
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Figure 3. Emerging interdisciplinary strategies for tuberculosis drug discovery and resistance
management. The diagram highlights four key domains: computational biology, Al-driven
methods, synthetic biology and nanotechnology, and approaches aimed at limiting antimicrobial
resistance. Each domain encompasses specific tools and techniques contributing to the
development of effective and targeted TB therapies.

5.1. Breaking the cycle: Anti-evolution strategies to overcome drug resistance

A promising way to fight antibiotic resistance is through anti-evolution drugs, compounds that
slow or block the development of resistance [101,102]. These drugs act by targeting stress
responses, DNA repair systems, or enzymes that drive mutations. When used with antibiotics, they
may extend drug lifespan and reduce treatment failure. One approach is to target nonessential
pathways that do not affect bacterial fitness, lowering resistance pressure. For example, error-
prone DNA polymerases like DnaE2, which promote mutations under stress, can be targeted to cut
resistance to drugs like rifampicin in TB [103,104]. Another target is the SOS response, regulated
by LexA and RecA, which drives mutagenesis and biofilm formation under stress [105,106].
Inhibiting LexA or RecA reduces mutation rates and boosts antibiotic sensitivity, with LexA being
especially attractive due to its lack of human equivalents [107,108]. A third key target is Mfd, a



DNA translocase that increases mutation rates without harming fitness [109,110]. Mfd promotes
mutagenesis across species and has multiple druggable domains [111,112]. Although more
research is needed, anti-evolution strategies could be a game-changer in TB therapy and beyond.
5.2. CRISPR-Based Genetic Screens for Novel Targets

CRISPR-based genetic screens have transformed the search for novel drug targets in Mtb by
enabling precise, high-throughput functional genomics. These approaches use CRISPR
interference (CRISPRIi) and CRISPR knockout (CRISPR-KO) to systematically analyze gene
function, revealing vulnerabilities that can be exploited for new treatments. A genome-wide
CRISPRI screen combined with transcriptional and metabolomic analysis has mapped druggable
weaknesses in an isoniazid-resistant katG mutant of Mtb, providing crucial insights into drug-
resistant strains [113]. A genome-scale functional genomic platform using Streptococcus
thermophilus Cas9 (Cas9Sthl) has been developed to investigate genetic pathways affecting
bedaquiline efficacy and identify chemical-genetic interactions that could optimize TB treatment
(Yan et al., 2020). The endogenous CRISPR/Cas10 system in Mtb has been utilized for gene
editing and RNA interference (RNAI), allowing genome-wide functional screening to uncover
genes regulating intracellular bacterial growth, facilitating the discovery of new drugs and vaccines
[114]. Additionally, a codon-optimized dCas9 in mycobacteria has been shown to enable stable
and non-toxic CRISPRi applications, expanding the potential for antibiotic target discovery
[115,116]. These advancements highlight the power of CRISPR-based genetic screens in
accelerating TB drug discovery.
5.3. Al-driven strategies: from diagnostic to active compound prediction

Al is revolutionizing TB diagnosis, treatment, and research by addressing critical gaps in
disease control and drug discovery. In diagnostics, Al-powered tools, such as computer-aided
detection (CAD) algorithms, have significantly improved TB detection by achieving expert-level
sensitivity (95.5%) [117], and enabling cost-effective screening, particularly in resource-limited
setting[118]s where human experts are scarce. These advancements leverage large-scale
radiographic imaging datasets, though challenges remain in the need for expert-labeled training
data [118]. Al is also enhancing treatment strategies by predicting patient outcomes, identifying
those at risk of relapse or adverse effects, and enabling personalized treatment plans. While
promising machine learning (ML) models incorporating clinical and genomic data exist to predict
treatment failure [119,120] their integration into clinical practice is hindered by validation
challenges and dataset heterogeneity [121]. On the other hand, AI’s role in TB drug discovery is
equally transformative, with ML accelerating compound screening [122], prioritization, and the
identification of novel drug targets, addressing the complexity of Mtb and the growing issue of
drug resistance. Furthermore, Al-driven analysis of high-dimensional molecular datasets, such as
single-cell multi-omics, is uncovering new insights into host-pathogen interactions, immune
responses, and potential therapeutic targets [123]. Despite these advances, concerns over Al’s
interpretability, potential biases, and healthcare professionals' trust in Al-driven decision-making
must be addressed to ensure effective implementation. Collaborative efforts in data sharing, model
validation, and explainable Al are essential for bridging the gap between Al innovations and
clinical application, ultimately improving TB control and drug discovery.
5.4. Monoclonal Antibodies: A Novel Approach for Infection Therapies

Monoclonal antibody (mADb) therapy is emerging as a promising strategy for infectious disease
treatment, offering targeted approaches beyond traditional antibiotics [124]. While bacterial
exotoxins have been a primary focus, the discovery of bacterial surface proteins has revealed new



antibody-mediated mechanisms [125]. Additionally, studies on polysaccharide serotype
prevalence in antibiotic-resistant populations highlight opportunities to exploit human selective
pressures for therapeutic gain [126]. Several mAb candidates are progressing through clinical
trials, with structural modifications enhancing their efficacy. Although some trials have faced
setbacks, these challenges provide valuable insights into target vulnerabilities, guiding future
development. However, bridging the gap between laboratory findings and clinical success requires
establishing relevant in vitro correlates and improving preclinical models. Antigen heterogeneity
and the emergence of new bacterial clones further complicate pharmaceutical investment. Despite
these obstacles, recent advancements suggest that mAbs could become primary treatments against
multidrug-resistant (MDR) pathogens, with antibiotics serving as complementary agents in
combination therapies [127]. With continued innovation and investment, mAb-based treatments
have the potential to revolutionize infectious disease management and overcome the limitations of
conventional antibiotics.

5.5. Anti-TB drug development using in silico approaches

The application of in silico screening has become an integral component of modern anti-Mtb
drug discovery, enabling the rapid identification and optimization of novel inhibitors targeting Mtb
[128,129]. Many of the examples highlighted above were either discovered through virtual
screening or employed computational modeling as a basis for further rationalization and
optimization. For instance, several recent studies have successfully employed structure-based
virtual screening to identify novel inhibitors of DprE1, a key enzyme in cell wall biosynthesis
[130,131]. A particularly notable study by Hu et al. (2022) reported the discovery of a compound
with a minimum inhibitory concentration (MIC) of 1.25 uM against Mth [131]. Another example
involves the identification of small molecules and fragment-like inhibitors targeting ThyX
[132,133], an essential flavin-dependent thymidylate synthase, using a combination of
experimental screening [134,135] and structure-based modeling approaches [136,137].

6. Expert Opinion

Future strategies to combat resistance demand greater societal investment in research,
innovation, and policy. Efforts should focus on slowing resistance spread, preserving antibiotic
efficacy, developing novel antimicrobial approaches that minimize resistance, and modifying host-
microbe interactions to manage disease without directly targeting pathogens.

A particularly underexplored but promising approach is the anti-evolution strategy. Mutation
plays a key role in the evolution of drug resistance. Unlike many other bacteria, Mtb relies almost
entirely on spontaneous mutations rather than gene transfer [31,138]. For a drug-sensitive strain
of Mtb to survive standard treatment, it typically needs to acquire at least four precise mutations.
Moreover, resistant strains often become more robust by accumulating additional, compensatory
mutations. Accordingly, several hypermutator strains due to altered 3R genes were found to be
associated with extreme drug resistance [52,138], highlighting the central role of mutation rate
regulation in resistance evolution. Therefore, blocking the ability to mutate not only prevents
appearance of resistance but also avoids the emergence of highly fit, multi-resistant strains. One
avenue involves targeting the key 3R system proteins involved in DNA replication and repair, such
as NucS, DnaEl, and DnaE2. Although enhancing these proteins’ efficiency is difficult, it may be
more feasible to reduce their activity by blocking their active sites. The consequence would be the
accumulation of mutations, which in turn would facilitate the emergence of resistance, in seeming
contradiction with our goal. Yet, an excessive mutation rate generates deleterious mutations and



an instability of the phenotype, preventing the bacteria from adapting and thus thriving in its
environment [139]. Exploring molecules that interact with the 3R system’s key components could
thus be of interest, either because they may be compatible with the anti-evolution strategy, or
because they would induce uncontrolled, deleterious evolution that is harmful for the bacterium.
Targets with no homolog in the host (including mitochondria), such as NucS, and/or with
controlled delivery should be favored to avoid interaction with host cell metabolism.

Another promising avenue for future progress is the extended use of Artificial intelligence (Al)
methodology which provide powerful tools to accelerate the discovery process. Al can predict
which molecules are likely to be effective before they are synthesized, streamlining the
traditionally slow and expensive drug development pipeline. Classical physics-based approaches
such as molecular docking and molecular dynamics simulations remain vital for understanding
molecular interactions, particularly with the support of enhanced force fields like OpenFF and
CGenFF that improve accuracy in modeling small-molecule behaviour [140,141]. These methods
have been significantly accelerated through high-performance computing platforms like OpenMM
[142]. The integration of Al has taken this further by enabling predictive modeling even without
knowing the 3D structure of target. Crucially, AlphaFold2 and AlphaFold3 have revolutionized
structural biology by predicting protein structures with high confidence, including those of
previously undruggable or uncharacterized targets [143,144]. In tuberculosis research, this has
been instrumental in identifying potential inhibitors for challenging Mtb targets [145].

Also, Al models like Chemprop and SyntheMol exemplify the predictive power of Al in
antibiotic discovery [146]. Chemprop, a graph neural network, predicts antimicrobial activity
based on molecular structure [147], while SyntheMol generates chemically valid and synthesizable
molecules using a Monte Carlo tree search approach guided by desired traits like potency or
synthesis feasibility [148]. Advances in Al, including these two models, have led to the discovery
of novel antibiotics such as halicin and abaucin [146]. More recently, graph-based models have
emerged as a next-generation approach. These models simulate a reverse-noising process to
generate realistic 3D molecular structures, enabling structure-based drug design without relying
on crystallography [149]. They can predict not only drug-like properties such as synthesisability,
toxicity, and Lipinski compliance but also protein-ligand docking poses and folding behavior.
While these models are more complex and less interpretable, their performance often outweighs
the need for transparency in high-throughput settings.

In parallel, normalizing flow models have emerged as highly promising architectures for the
generation of molecules with therapeutic potential. Recent work, such as DrugFlow [150],
demonstrates the power of continuous flow matching combined with discrete Markov bridges to
capture complex chemical, geometric, and physical features of protein-ligand interactions, while
also offering uncertainty estimates to guide sampling. At the same time, addressing the critical
challenge of synthetic accessibility, SynFlowNet [151] introduces a GFlowNet-based approach
that sequentially constructs molecules using chemically validated reactions, ensuring that the
generated candidates are not only diverse and high-utility but also synthetically feasible. Together,
these developments represent two of the most promising current directions in deep learning-based
drug discovery, tackling both the quality and practicality of computationally designed molecules.

Despite notable progress, significant challenges remain in therapeutic innovation. While Al-
driven drug discovery shows 80-90% success range in Phase | clinical trials compared to historical
averages around 40-65%, this data predominantly pertains to therapeutic drugs for example in the
fields of oncology and immunology [152]. Success in antibiotic discovery is yet limited, as most



candidates are still in the preclinical evaluation. Although Al-driven efforts have identified
promising antibiotic candidates, none have yet been approved for clinical use, with most remaining
in preclinical stages. This slow progress is partly due to the substantial human effort still required
for validation, synthesis, and navigating regulatory pathways. Furthermore, TB-specific
pharmacological and resistance data is relatively scarce since Al models require large and diverse
datasets in order to generalise to unseen data. Datasets are often also biased towards high-income
regions of the world, despite TB being most prevalent in low- and middle-income countries [153].
Lack of open-access data on TB biology (genomes and resistance phenotypes) constrains model
generalisation and performance. Additionally, the unique physiology of TB makes it ineffectual to
use models trained on other microbes such as E. Coli [154]. Furthermore, the same general drug
discovery limitations mentioned before still apply, such as validation and synthesisability.

To address these gaps, future work should prioritize multidisciplinary pipelines and the
creation of standardized, open-access datasets [152]. Multi-modal Al models that combine diverse
data types graphs, sequences, and images can support human-in-the-loop systems that guide model
output more reliably. One promising direction includes models that pair structural information
from AlphaFold with sequence-based predictions of AMR genes [155]. By combining models that
predict antibiotic function (e.g., MycoBCP), resistance likelihood, and candidate generation in a
unified workflow, it becomes possible to design antibiotics that are not only effective but also
robust against the evolution of resistance (Figure 4).
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Figure 4. Integrated Al-driven drug discovery pipeline combining structural data, sequence analysis, and
predictive models. This multi-modal, in-the-loop framework enables the design of effective antibiotics with
reduced resistance potential.

By combining anti-evolution strategies and Al-assisted drug discovery, we can build a more
effective and sustainable approaches to tackling drug-resistant tuberculosis.



7. Conclusion

Tuberculosis remains one of the most pressing infectious disease challenges globally,
particularly with the rise of drug-resistant strains. Despite the success of standard regimens for
drug-susceptible TB, treatment for MDR and XDR-TB remains prolonged, toxic, and less
effective. Drug discovery in Mtb is hindered by the pathogen’s unique biology, resistance
mechanisms, and host-related factors. Recent innovations in both pathogen-targeted and host-
directed therapies show promise in addressing these challenges. Anti-evolution strategies offer a
novel route to limit resistance development. Al and structure prediction tools are accelerating the
discovery of new therapeutic candidates. However, clinical translation remains slow, and very few
Al-predicted drugs have reached regulatory approval. Building standardized, TB-specific datasets
and interdisciplinary collaboration are essential to future success. Emphasis must be placed on
equitable access and context-specific research, particularly for low-resource settings. A concerted
global effort is needed to overcome the multifaceted challenge of TB and antimicrobial resistance.
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