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Abstract: Tuberculosis (TB) has been one of the deadliest infectious diseases since ancient times and remains a major threat to public
health, causing significant morbidity and mortality. The global TB outbreak in 1993 prompted the World Health Organization to
declare the disease an emergency priority. However, public neglect and the ability of M. tuberculosis to develop drug resistance have
led to the emergence of multidrug-resistant, extensively drug-resistant, and totally drug-resistant strains. These resistances are mainly
caused by genetic mutations in antibiotic target genes, which reduce the effectiveness of drugs and make it more difficult to treat
patients. In this review article, focusing on molecular and genetic mechanisms, the resistance of M. tuberculosis to injectable
agents, second-line drugs, and novel anti-TB agents is investigated. Relevant studies were identified through a comprehensive search
of major scientific databases, including PubMed, Scopus, and Web of Science. Articles were selected based on relevance to the
molecular and genetic mechanisms of drug resistance in M. tuberculosis. The evidence was synthesized narratively to highlight current
insights into resistance to anti-TB drugs.

Keywords: M. tuberculosis, drug resistance, injectable agents, second-line drugs, novel agents, genetic mechanisms

Introduction
Tuberculosis (TB) is a major infectious disease that threatens human health and kills millions of people annually.' In
1993, the World Health Organization (WHO) declared a global emergency due to the widespread occurrence of TB,
emphasizing the importance of controlling this disease. However, public neglect and the ability of M. tuberculosis to
develop drug resistance have led to the emergence of multidrug-resistant (MDR), extensively drug-resistant (XDR), and
finally, totally drug-resistant (TDR) strains; drug-resistant TB kills about 200,000 people annually. These resistances are
mainly caused by genetic mutations in antibiotic target genes, which reduce the effectiveness of drugs and make it more
difficult to treat patients.” According to the WHO 2024 report, nearly 11 million people worldwide were infected with TB
in 2023, and 1.25 million people died from the disease.’ The report shows that TB remains the deadliest infectious
disease, being the second leading cause of death from infectious diseases* and one of the top 10 causes of death
worldwide.® Along with the increasing number of deaths from TB, the emergence of drug-resistant strains has posed
a major challenge to the treatment of the disease and is a serious threat to its control. About a quarter of TB-related
deaths are attributed to antimicrobial drug resistance.® In 2021, about 450,000 cases of MDR-TB were reported, an
increase compared to previous years.’

Drug-resistant strains of M. tuberculosis pose a major challenge to global efforts to control TB. MDR strains, which
are resistant to rifampicin (RIF) and isoniazid (INH), are difficult to detect and treat, making treatment complex and
expensive. Furthermore, fewer treatment options are available for patients infected with XDR strains. XDR-TB is defined
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as a strain that, in addition to being MDR, is also resistant to a fluoroquinolone and at least one second-line parenteral
antibiotic, such as kanamycin (KAN), amikacin (AMK), or capreomycin (CAP).2

Strains of M. tuberculosis that are resistant to all first-line anti-TB drugs (INH, RIF, ethambutol (EMB), streptomycin
(STR), pyrazinamide (PZA), and second-line drugs (ofloxacin (OFX), ciprofloxacin (CIP), cycloserine (CS), prothiona-
mide (PTH), AMK, KAN, ethionamide (ETH), para-aminosalicylic acid (PAS), and CAP) are known as XDR-TB.
Finally, strains of M. tuberculosis that are resistant to all available drugs for the treatment of TB, designated XXDR-TB,
have recently received attention.”'°

Mycobacteria use several molecular mechanisms to acquire antimicrobial resistance (AMR), including: (1) use of
barrier mechanisms, such as reduction of cell wall permeability or reverse drug transport by expression of efflux
transporters (ETs); (2) use of degradation or inactivation enzymes; (3) modification of pathways involved in drug
activation or metabolism; and (4) changes in drug targets or gene amplification.'''

M. tuberculosis uses all of these mechanisms to develop drug resistance. However, in this article, only resistance
resulting from genetic changes is reviewed. Therefore, the molecular basis of this bacterium’s resistance to injectable
agents, second-line drugs, and novel agents is analyzed from a molecular genetic perspective and provides current
knowledge about the molecular mechanisms of M. tuberculosis resistance to anti-TB agents. A detailed understanding of
these mechanisms and the molecular basis of antibiotic resistance can open new horizons in the rapid and accurate
identification of resistant strains, the design of effective treatment regimens, and the overcoming of drug resistance.

The injectable agents and second-line anti-TB drugs, together with their associated resistance genes and major
resistance mechanisms, are summarized in Table 1, and the overall schematic representation of these relationships is

illustrated in Figure 1.

Search Strategy and Study Selection

In this review, the primary focus was to explore the molecular and genetic mechanisms underlying M. tuberculosis
resistance to injectable agents, second-line drugs, and emerging therapeutics. To identify relevant literature,
a comprehensive search was conducted across major scientific databases, including PubMed, Scopus, Web of Science,
Embase, and ScienceDirect.

The search strategy incorporated keywords related to M. tuberculosis, drug resistance, MDR-TB, XDR-TB, and TDR-
TB, as well as names of specific drug classes and therapeutic agents, including aminoglycosides, fluoroquinolones,
ethionamide, linezolid, clofazimine, bedaquiline, and para-aminosalicylic acid. These terms were combined using the
Boolean operators (AND) and (OR) to ensure broad and comprehensive retrieval of relevant studies.

Inclusion criteria consisted of English-language original research and review articles with full-text availability,
published in journals indexed in the Journal Citation Reports. Study screening was conducted in multiple stages based
on titles, abstracts, and full texts. Exclusion criteria included articles outside the scope of this review and lack of access to
the full text. All retrieved references were imported into EndNote™ 20 (Clarivate Analytics, Philadelphia, PA, USA)
reference management software, and duplicate records were subsequently removed.

Injectable Agents

Aminoglycosides

Since the discovery of STR’s bactericidal activity against M. tuberculosis, aminoglycosides have been used to treat TB.
Today, the aminoglycosides AMK and KAN are used to treat MDR-TB, and resistance to any of the second-line
injectable antibiotics, including KAN, AMK, or CAP, is a major feature of XDR-TB.* STR has played a historic role in
the human victory over TB and paved the way for the development of aminoglycoside antibiotics. Its efficacy for the
treatment of various types of TB was demonstrated in 1944, and it is still considered a first-line drug. It is a broad-
spectrum antibiotic. However, its use is limited today due to increasing resistance and the need for parenteral admin-
istration. STR is a rapid bactericidal agent, but its efficacy is reduced at acidic pH. AMK and KAN are other important
aminoglycosides used in the treatment of TB. These drugs are administered intravenously or intramuscularly and are used
as second-line drugs for the treatment of MDR-TB or XDR-TB. Aminoglycosides are bactericidal drugs and cause rapid
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Table | List of Injectable and Second-Line Drugs Used in the Treatment of Tuberculosis and the Most Common Mutations That
Confer Drug Resistance in M. tuberculosis

Drug(s) Resistance Gene Function Mechanism of Drug Resistance Ref
Gene(s)
Streptomycin (STR) rpsL Encodes ribosomal protein S12 Alteration of drug binding site [13]
rrs Encodes 16S rRNA Alteration of drug binding site
gidB Encodes methyltransferase Loss of rRNA methylation (low-level
resistance)
Amikacin/Kanamycin rrs Encodes 16S rRNA Alteration of drug binding site [13]
(AMK/KAN)
eis Aminoglycoside acetyltransferase Increased drug inactivation [14]
(acetylation)
Capreomycin (CAP) rrs Encodes 16S rRNA Alteration of drug binding site [13]
tlyA rRNA methyltransferase Loss of rRNA methylation [15]
Quinolones (Qs) gyrA Encodes A subunit of DNA gyrase Alteration of drug binding site [16]
gyrB Encodes B subunit of DNA gyrase Alteration of drug binding site
Ethionamide (ETH) ethA Encodes monooxygenase enzyme Reduced drug activation [17]
ethR TetR-family transcriptional repressor protein Reduced drug activation
inhA NADH-dependent enoyl-acyl carrier protein Increased target expression or
reductase alteration
Para-aminosalicylic acid thyA Thymidylate synthase pathway Alteration of drug binding site [18]
(PAS)
folC Folate biosynthesis enzyme Reduced drug activation [18]
ribD Riboflavin synthesis enzyme Altered folate pathway (reduced [19]
activation)
D-Cycloserine (DCS) alr Encodes alanine racemase Alteration of drug binding site [20]
ddl D-alanine D-alanine ligase Alteration of drug binding site
cycA Transport protein Reduced drug uptake [21]
Bedaquiline (BDQ) atpE ATP synthase subunit ¢ Alteration of drug binding site [22]
Linezolid (LZD) rrl 23S rRNA Alteration of drug binding site [23]
rplC 50S ribosomal protein L3 Alteration of drug binding site
Delamanid (DLM) ddn Encodes F4,-dependent nitroreductase Reduced drug activation [24]
fbiA/B/CID F420 biosynthesis proteins Reduced drug activation

Abbreviations: rpsL, Ribosomal protein SI12 gene; rrs, 16S rRNA gene; gidB, Glucose-inhibited division protein B; eis, enhanced intracellular survival protein; tlyA, rRNA
methyltransferase; gyrA, DNA gyrase subunit A; gyrB, DNA gyrase subunit B; ethA, monooxygenase EthA; ethR, transcriptional regulator EthR; inhA, enoyl-ACP reductase;
thyA, thymidylate synthase A; folC, folylpolyglutamate synthetase; ribD, riboflavin biosynthesis protein RibD; alr, alanine racemase; ddl, D-alanine-D-alanine ligase; cycA,
D-serine/D-alanine/glycine transporter; atpE, ATP synthase subunit c; rrl, 23S ribosomal RNA; rpIC, 50S ribosomal protein L3; ddn, deazaflavin-dependent nitroreductase;
fbiA/BICID, F4;0 biosynthesis proteins.

reduction of bacterial populations in the initial phase of treatment. However, these drugs have poor sterilizing activity

and must be administered in combination with drugs such as rifamycins and PZA to achieve sustained and effective

therapy. 11,25,26
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Figure | Schematic overview of the major injectable and second-line anti-tuberculosis drugs, their associated resistance genes, and the corresponding molecular
mechanisms of drug resistance.

Mechanism of Action

Aminoglycosides exert their effect by attaching to the 30S subunit of the mycobacterial ribosome, leading to inhibition of
protein synthesis. Most mutations that confer resistance to these drugs directly or indirectly alter their binding sites on the
ribosome. These alterations prevent drug binding but preserve ribosome function, as seen in mutations in the rpsL, rrs,
and gidB genes. A secondary mechanism of aminoglycoside resistance is chemical modification of the drug, exemplified
by acetylation of the drug by the Eis protein. Enhanced intracellular survival proteins (Eis), a type of acetyltransferase
enzyme, enhance the intracellular survival of mycobacteria in macrophages by acetylating amines present in aminoglyco-
side antibiotics to confer resistance to these antibiotics and by acetylating Lys55 in the phosphatase DUSP16/MPK-7 to
suppress host innate immune defense.?’-**

STR is a streptidine aminoglycoside that inhibits translation initiation by binding to the 30S ribosomal subunit and
may cause errors in mRNA reading. In contrast, AMK and KAN are deoxystreptamine aminoglycosides that bind to
a different site on the 30S ribosome. Due to the difference in the ribosomal binding site between STR and AMK/KAN,
the mutations associated with drug resistance in these two drug classes are different. In contrast, due to the structural and
functional similarity between AMK and KAN, there is extensive cross-resistance between the two.'' Their precise
mechanism of action is that STR disrupts the decoding process by binding near the codon recognition site on the 30S
ribosomal subunit. This binding causes a conformational change in the 16S rRNA, specifically bases A1492 and A1493,
which are involved in codon recognition. As a result, STR makes near-cognate codon-anticodon mispairing more stable
while destabilizing cognate codon-anticodon recognition. This disruption in decoding accuracy can lead to the production

of defective and inactive proteins in the bacterial cell.?*~*°
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Mechanisms of Resistance

Mutations Associated with STR Resistance (gidB, rrs, rpsL)

High-level resistance to STR is mainly caused by mutations in the rpsL (approximately 50% of STR-resistant strains) and
rrs (approximately 15% of STR-resistant strains) genes. Important s mutations associated with STR resistance include
rrs A514C and A908C. While the rrs A514C mutation is associated with high-level resistance to STR, the most common
rrs mutation that confers resistance to AMK and KAN is the rrs A1401G mutation. However, this mutation does not
confer cross-resistance to STR. gidB mutations are less common among STR-resistant strains (approximately 20% of
strains) and are associated with low-level resistance to STR. Low-level resistance mechanisms are not well understood,

but are likely to involve efflux.®>!

gidB Gene

The gidB gene (Rv3919c; homologous to rsmG) encodes an S-adenosylmethionine-dependent methyltransferase that
catalyzes the conserved N7-methylation of G527 in the 530 stem-loop of 16S rRNA in M. tuberculosis. Although
nonessential for bacterial viability, gidB ensures accurate ribosomal decoding. Loss-of-function mutations—such as
nonsense, frameshift, or deletions—abolish m’G527 formation, producing undermethylated ribosomes with reduced STR
binding at the A-site."® Consequently, these strains display modest increases in STR minimum inhibitory concentration
(MIC) of 10-20 pg/mL, reflecting the low-level resistance observed in multiple bacterial taxa. Diverse gidB variants,
including premature terminations and missense changes, are associated with decreased susceptibility to STR and other
aminoglycosides, indicating a loss-of-function-driven resistance mechanism. Notably, similar polymorphisms occur in
drug-sensitive strains, highlighting that gidB mutations alone are insufficient to predict resistance. Moreover, gidB
inactivation synergizes with high-impact mutations in rpsL (eg, K43 substitutions) or rrs (530-loop alterations), markedly

increasing STR resistance and complicating TB treatment in polypharmacy-based regimens.'>*!

rrs Gene

The rrs gene directly codes for the 16S ribosomal RNA molecule. Within this rRNA, critical regions such as the 530
stem-loop and the 915 helix turn serve as primary binding sites for aminoglycoside antibiotics. Similar to 7psL, rrs is an
essential gene required for bacterial viability. Missense mutations in 7rs decrease the affinity of aminoglycosides for the
ribosome while maintaining near-normal ribosomal activity.''*> Because most bacterial species carry several copies of
the rrs gene, a mutation in only one copy typically produces low-level resistance. In sharp contrast, M. tuberculosis
possesses a single rrs copy; therefore, mutations in this gene almost always lead to high-level aminoglycoside
resistance.’® To date, more than 20 distinct s mutations have been linked to aminoglycoside resistance, although the
most frequently encountered are A1401G, A514C, and C517T. Several of these variants also cause cross-resistance to the
cyclic peptide CAP. A1401G is by far the most common mutation associated with resistance to second-line injectable
drugs (SLIDs). In a large systematic review, this substitution was detected in 78%, 56%, and 76% of M. tuberculosis
isolates resistant to AMK, KAN, and CAP, respectively.*”

rpsL Gene

Genetic analyses of clinical M. tuberculosis isolates show that resistance to STR often arises from mutations in the rpsL
gene, which encodes ribosomal protein S12, essential for maintaining the 30S subunit architecture. Certain amino-
acid—substituting mutations can occur without disrupting basic ribosomal function but subtly alter the drug-binding site,
reducing aminoglycoside affinity. Studies in Korea and Japan have consistently identified K43R (lysine to arginine at
codon 43) and K88R (lysine to arginine at codon 88) as the main contributors to STR resistance in circulating strains,

highlighting their central role in target-based resistance mechanisms.***

Mutations Conferring Resistance to AMK and KAN: rrs and eis

The rrs A1401G mutation (an adenine to guanine change at position 1401 of the rrs gene) is the most common mutation
conferring resistance to AMK and KAN, occurring in approximately 85% or more of strains resistant to AMK or KAN.
The presence of the A1401G mutation appears to be 100% specific for simultaneous resistance to AMK and KAN. Of the
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strains resistant to AMK and KAN, 10-15% have eis mutations, suggesting that eis is a minor factor in resistance to
AMK and KAN.'*??

Increased whiB7 Gene Expression

Recently, mutations in the promoter region of the whiB7 gene, a transcriptional activator, have been identified in clinical
isolates. These mutations, which increase whiB7 expression, in turn lead to increased eis expression and thus resistance to
KAN. In addition to eis, the whiB7 regulon also includes Rv1258c, which encodes the Tap efflux pump. This pump is
activated in conjunction with eis and confers resistance to STR. Therefore, promoter mutations in whiB7 can lead to
changes in drug targeting as well as increased efflux from the cell, ultimately leading to cross-resistance to 2 groups of

aminoglycoside antibiotics.®’

Inactivating Mutations of eis

The eis gene (Rv2416c/MT2489) encodes an aminoglycoside acetyltransferase enzyme that has a high affinity for KAN.
Acetylation of KAN by this enzyme inactivates it by preventing KAN from binding to the 30S ribosomal subunit.
Regulatory enhancer mutations in the 5’ untranslated region (5'UTR) of the eis gene are associated with clinical
resistance of M. tuberculosis to KAN. While the Eis protein is also capable of acetylating AMK, its affinity for AMK
is low. Studies of clinical isolates harboring mutations in the eis promoter region have shown that these mutations confer
selective resistance to KAN, while maintaining sensitivity to AMK to a large extent. However, clinical isolates with eis
mutations that are resistant to KAN and AMK have also been reported, so the specificity of eis mutations for KAN

resistance remains unclear.>>->

Cyclic Peptide Antibiotics: Capreomycin and Viomycin
Capreomycin and viomycin (VIO) are drugs used in combination with AMK and KAN for the treatment of MDR-TB. All
of these drugs inhibit translation, and cross-resistance to them during treatment is a major concern.>’ CAP and VIO are
structurally similar cyclic peptide antibiotics that are active primarily against mycobacteria. Both drugs show significant
activity against M. tuberculosis and act by inhibiting bacterial growth by blocking protein synthesis at the ribosome.
These drugs have similar cross-resistance in M. tuberculosis and appear to have a similar mechanism of action. CAP and
VIO bind to the B2a intersubunit bridge in the bacterial ribosome, which is formed by the interaction of helix 69 of the
23S rRNA (large subunit) and helix 44 of the 16S rRNA (small subunit), preventing the ribosome from functioning
properly in the translation process.*®

While VIO is rarely used due to its high toxicity, CAP is an injectable drug that is commonly used as a second-line
drug in the treatment of MDR-TB and XDR-TB that are resistant to aminoglycosides. Like structurally unrelated
aminoglycosides, CAP and VIO are bactericidal drugs that inhibit protein synthesis. VIO has been shown to bind to
the 30S and 50S subunits of the ribosome and inhibit ribosomal transport by disrupting the peptidyl-tRNA acceptor site.
Due to the overlap in the binding region between CAP and aminoglycosides, some mutations confer cross-resistance to
CAP and AMK/KAN. In contrast, cross-resistance between CAP and STR is rare. The main mechanisms of CAP
resistance involve mutations that lead to changes in the ribosome, particularly in the 7rs and #/y4 genes. Interestingly, t/yA4
mutations uniquely affect CAP resistance and do not appear to play a role in aminoglycoside resistance.***°

The ribosomal proteins L12 and L10 in M. tuberculosis interact with each other and form the backbone of the 50S
ribosomal subunit. These proteins play a critical role in the recruitment of initiation and elongation factors during
translation. Therefore, the interaction between L12 and L10 is considered essential for ribosome function and protein
synthesis. Studies have shown that CAP inhibits the interaction between these proteins, thereby disrupting translation and
protein synthesis in bacteria. Resistance to CAP in M. tuberculosis usually occurs through increased expression of L12 or
L10 proteins, which increases the MIC of the drug. It also inhibits the activity of the G-dependent GTPase and ribosomal
protein synthesis. Finally, resistance to CAP may occur by preventing the disruption of the L12-L10 interaction and

inhibiting protein synthesis in bacterial cells.*’
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Genetic Basis of CAP Resistance

Mutations Affecting Drug Binding and rRNA Methylation

rrs Gene

Point mutations in the rrs gene, which encodes the 16S rRNA subunit, are strongly associated with resistance to
injectable drugs such as CAP, AMK, and KAN, and are predominantly located in the region between nucleotides
1400 and 1500.*> Among these, the A1401G substitution plays a pivotal role in the development of CAP resistance.*?
The rrs A1401G mutation is detected in approximately 85% of CAP-resistant XDR-TB strains. Other 7#s mutations, such
as C1402T, occur less frequently, contributing to <3% of cases.>> Collectively, 7rs mutations account for ~88% of CAP
resistance in this XDR-TB cohort, consistent with global reviews reporting 76—77% prevalence of rrs mutations among
broader CAP-resistant populations.'**? Rare variants, including C1402T and G1484T, have also been implicated in CAP

resistance.’>>?

tlyA Gene

Mutations in the t/lyA gene are another mechanism by which M. tuberculosis develops resistance to CAP. The tly4 gene
(Rv1694/MT1733) is a non-essential locus and is also present in several other bacterial species.!' It encodes an rRNA
methyltransferase enzyme, mutations in which reduce ribosomal methylation and thus reduce sensitivity to CAP. This
mechanism is similar to that of the eis gene, which confers resistance to KAN. Several mutations in t/y4 have been
reported, including L180R, S265T, S64W, frameshift mutations at 218L, N236K, and L150P."> Some CAP-resistant
mutants have transposon insertions or point mutations in t/y4, which result in the lack of inhibition of transcription-
translation by CAP. Also, overexpression of the efflux transporter Tap (Rv1258c) has been reported in some resistant
isolates, which increases drug efflux from the bacterial cell and reduces its efficacy. These mechanisms, independently or
in combination, contribute to resistance to CAP and may contribute to cross-resistance with other aminoglycoside
antibiotics such as VIO.*” **

Second-Line Drugs

Quinolones and Fluoroquinolones

Quinolones (Qs) are one of the most important classes of antibiotics, having been identified for more than 60 years. This
group of antibiotics was first introduced with the discovery of nalidixic acid in 1962s, which was used to treat Gram-
negative bacterial infections. However, nalidixic acid had limited activity and was not effective in treating tissue
infections or more serious infections.***> Gradually, fluoroquinolones (FQs) were developed, in which a fluoro group
was added to the quinolone chemical structure, increasing their efficacy. The discovery of FQs in the 1980s was a major
breakthrough. Fluoroquinolones are broad-spectrum antibiotics that are effective against a wide range of bacteria,
including Mycoplasma, Chlamydia, Chlamydophila species, and Mycobacterium, and play an important role in the
treatment of serious bacterial infections, especially nosocomial infections and other infections where resistance to older
classes of antibiotics is likely.*® Fluoroquinolones readily enter cells through purines and, therefore, are often used to
treat intracellular pathogens. Quinolone antimicrobial agents exert their antibacterial effects by inhibiting type II
topoisomerase enzymes, including DNA gyrase and DNA topoisomerase IV.*?

Important FQs include CIP, Gatifloxacin (GAT), Moxifloxacin (MOX), and Levofloxacin (LFX), which are widely
used to treat various infections. Fluoroquinolones are currently second-line anti-TB drugs and form the mainstay of
MDR-TB therapy. In addition to their use in the treatment of drug-resistant TB, they are also prescribed for the treatment
of drug-susceptible TB in patients who are intolerant to components of first-line therapies.*®

Mechanism of Action

Quinolones exert their antibacterial effect by inhibiting bacterial topoisomerase enzymes, which regulate DNA super-
coiling and are essential for the processes of DNA replication, transcription, and recombination. While many bacterial
species possess both type II topoisomerase enzymes (DNA gyrase and topoisomerase IV), sequencing of the
M. tuberculosis genome has shown that this bacterium possesses a type I topoisomerase, TopA, and only a type II
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topoisomerase, DNA gyrase, and lacks a topoisomerase IV analogue.*’ Although bacterial type I topoisomerase has not
yet been used as a target for clinical antibiotics, DNA gyrase has been widely targeted. Thus, in M. tuberculosis, the only
target of quinolone activity is DNA gyrase.*® The observed differences in clinical efficacy of quinolones may be due to
their specificity for different topoisomerases. Ciprofloxacin, which is less effective against M. tuberculosis, primarily
targets topoisomerase IV, which is absent in this bacterium. In contrast, newer generation FQs such as MOX and LFX,
which have also shown better efficacy, preferentially target DNA gyrase.'®

DNA gyrase is an ATP-dependent enzyme that cuts and joins double-stranded DNA, allowing the insertion of
negative supercoils into the DNA. DNA gyrase is a 4-subunit protein (tetramer) composed of 2 a-subunits and 2 B-
subunits, encoded by the gyrd (Rv0006/MT0006) and gyrB (Rv0005/MT0005) genes, respectively.''

Resistance to FQs

Although FQs are currently used to treat TB mainly in cases where first-line anti-TB drugs are resistant or difficult to
tolerate, these drugs have the potential to become first-line drugs and are being studied for this use. However, there are
concerns about the development of resistance to FQs in M. tuberculosis, especially when administered as monotherapy or
as the only active agent in a failed multidrug anti-TB regimen. In these circumstances, treatment failures and relapses
have been documented.'® With the increasing number of FQs prescribed and the widespread use of these broad-spectrum
drugs for the treatment of many infections, the selective pressure resulting from the use of FQs has led to the rapid
emergence of resistance to these drugs in various species of organisms, including M. tuberculosis. Resistance is
increasing among M. tuberculosis and may pose a serious threat to the long-term clinical use of FQs in the future.
Discussion and education on the appropriate use of these drugs are essential to maintain the effectiveness of this class of

antibiotics in the face of the growing risk of resistance.'®

Mutations Altering DNA Gyrase Drug Binding

Within the gyrA4 and gyrB genes is a region called the quinolone-resistance-determining region (QRDR), which is highly
conserved, and mutations in these regions are known to be the main cause of resistance to FQs in many bacterial species,
including M. tuberculosis. However, some resistant isolates have been found without these mutations, suggesting the
existence of other resistance mechanisms such as efflux pumps. For example, the efflux pump Rv1258c in
M. tuberculosis, which is homologous to the Tap efflux pump in M. fortuitum, is involved in M. tuberculosis resistance
to aminoglycosides. However, there is no evidence that this pump is involved in resistance to FQs.*

In many studies, more than 90% of quinolone-resistant M. tuberculosis strains have mutations in the gyr4 or gyrB
genes.”® Classically, mutations in codons 90, 91, and 94 of the gyr4 gene are most associated with drug resistance, and
the A90V, D94G, and D94H mutations have been frequently observed in clinical isolates.’’ The most common and major
cause of resistance to FQs in M. tuberculosis is mutation in the gyr4 gene. Mutations in the gyrB gene are less common,
but can confer resistance alone or in combination with mutations in gyr4. Among quinolone-resistant isolates, double
mutations in gyr4 or in addition to gyrB have been observed, leading to increased MICs.>%!

Another possible mechanism of quinolone resistance is DNA mimicry. In the DNA mimicry mechanism, the MfpA
protein directly binds to DNA gyrase and inhibits its activity. MfpA is one of the important proteins in M. tuberculosis,
whose 3D structure is a right-handed quadrilateral B-helix, which has similar size, shape, and electrical charge
characteristics to form B-DNA, and plays a key role in conferring resistance to FQs.>>* This protein belongs to the
pentapeptide repeat family of proteins. MfpA inhibits the activity of DNA gyrase, an important enzyme in various
processes such as DNA replication and repair. Here, resistance to FQs is achieved through a direct inhibition of the
enzyme, rather than through changes in gene structure. Therefore, this protein is still considered a defense mechanism for

M. tuberculosis against FQs.>*>

Ethionamide and Prothionamide

Ethionamide (ETH) and its propyl analogue PTH are both thionamide drugs that are structurally similar to INH.>* These
drugs are highly effective in treating M. tuberculosis, M. leprae, and M. avium infections and are used in the treatment of
MDR-TB and XDR-TB. ETH and PTH are considered second-line drugs, and their use is rapidly increasing with the
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increasing incidence of drug resistance.”> Due to cross-resistance between ETH and PTH, these drugs are used
interchangeably and can be considered functionally equivalent.'' ETH and PTH are prodrugs that exert their effects
after enzymatic activation in mycobacteria. They are commonly prescribed as adjunctive or alternative therapy in patients
who cannot tolerate mainstream drugs such as INH.”® These drugs inhibit the enzyme [enoyl-acyl carrier protein (ACP)
reductase], which is responsible for mycolic acid synthesis in mycobacteria, through a specific effect on the inhA4 product;
therefore, they can be classified as bactericidal drugs.>*

Activation and Mechanism of Action of ETH

ETH and INH have the same mechanism of action. Both are prodrugs that inactivate mycolic acid synthesis in
mycobacteria (see Figure 2), but their activating enzymes are different. Unlike INH, which is activated by the enzyme
KatG (catalase-peroxidase), ETH is activated by the monooxygenase enzyme encoded by the ethA gene. Mutations in the
katG gene confer only high-level specific resistance to INH, whereas mutations in the common target of ETH and INH,
inhA, confer low-level cross-resistance to both drugs.'’

The enzyme EthA is a flavin-dependent monooxygenase (FAD-dependent monooxygenase) in M. tuberculosis. This
enzyme is specific for the activation of ETH and does not play a role in the activation of INH. After activation by EthA,
ETH combines with NAD" to form an adduct, which then inhibits the NADH-dependent enoyl-ACP reductase, InhA, as
does the INH-NAD complex. This enzyme catalyzes one of the steps of the FAS-II cycle (fatty acid synthesis cycle type
11), which is involved in the synthesis of mycolic acids in the cell wall of M. tuberculosis. Inhibition of this enzyme
disrupts the production of mycolic acids and prevents bacterial growth.“’5 7

It has long been known that strains with low-level resistance to INH are also resistant to ETH, but strains with high-
level resistance to INH may still remain susceptible to ETH.'" Rueda et al have shown that among INH-resistant isolates,
ETH resistance can be both independent and cross-resistant. Therefore, it has been emphasized that ETH susceptibility
should be independently tested before this drug is used in the treatment of patients with MDR-TB.® In addition to EthA,
five other Baeyer-Villiger monooxygenases (BVMOs) are predicted to be present in the M. tuberculosis genome:
Rv0892, Rv0565c, Rv1393c, Rv3049c, and MymA (Rv3083). Ethionamide activation has also been demonstrated for
MymA and Rv0565c. Mutations in these regions have been observed in clinical isolates, but their clinical significance
and their co-occurrence with eth4 mutations are still unclear.’’ In another report, deletion of the mymA gene in clinical
isolates only resulted in a slight increase in MIC, which is still below the clinical threshold.®?
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Figure 2 Model of ethionamide action in M. tuberculosis: ETH is activated in a multistep process that is largely dependent on the activity of the monooxygenase enzyme
EthA. The final product of this activation, the ETH-NADH adduct, inhibits the enzyme InhA. InhA is an acyl-protein-carrying anvil reductase that catalyzes one of the steps
of the FAS-Il cycle (related to the synthesis of mycolic acid in the cell wall). Transcription of the ethA gene is under the control of an inhibitor called EthR. In addition, genes
involved in mycothiol biosynthesis, including mshA, mshB, and mshC, or mycothiol itself, are also involved in ETH activation, although their precise role is not yet fully
understood.”’~?
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Figure 3 In M. tuberculosis, the inhA and fabG| genes are located in close proximity to each other. Promoter mutations in the inhA gene, which is located upstream of the
fabG | gene, especially the C-I5T mutation, can lead to increased expression of the inhA gene and thus resistance to drugs such as INH and ETH.

A possible role for an oxidoreductase called Rv0077¢ in ETH activation has also been discovered. In this pathway,
a compound called SMARt-420 binds to the inhibitor Rv0078, leading to expression of the Rv0077c gene and restoring
susceptibility to ETH.

In a study, researchers showed that SMARt-420, when bound to the inhibitor Rv0078, increased expression of the
Rv0077c gene and restored susceptibility to ETH in resistant strains. These findings indicate that SMARt-420 can be
considered as a novel strategy to combat drug resistance in TB.®

At least two other metabolic pathways are involved in ETH activation. First, the ratio of NAD" to NADH influences
the conversion step of ETH-derived radicals to the ETH-NADH adduct.®* However, in a recent report, ndh mutations
were found only in combination with ethd and inhA promoter mutations.®> The second pathway is the mycothiol
biosynthesis pathway: while the exact mechanism of action has not yet been reported, mash- strains have an EthR
phenotype.®® Similar to ndh, mshA mutations were detected in only a small percentage of clinical strains, in combination
with ethA or inhA promoter mutations.®®

In M. tuberculosis, the inhA and fabG1 genes are located adjacent to each other and have a partial overlap of 16
nucleotides. Both genes probably function as a polycistronic mRNA in an operon. As shown in Figure 3, the inh4 gene
promoter is located upstream of the fabG1 gene. Therefore, mutations in the inh4 gene promoter, especially the PfabG1 ¢
(—15)t mutation, often increase inhA4 gene expression and subsequently increase the number of InhA proteins in the cell,
thereby reducing the toxic effect of INH and ETH drugs that target InhA.>"¢’

Previous studies have shown that mutations in the katG, inhA, fabGl, and the oxyR'-ahpC intergenic region confer
resistance to INH.®*® Therefore, molecular mutations in the ethA, inhA, and fabG1I promoters are important tools for
predicting ETH resistance. Promoter mutations in the inkA4 gene, which is located near the fabG/ gene, have previously

been proposed as markers of ETH resistance.””’%"!

Resistance to ETH Arises Mainly in Two Ways
1. Loss of activity of the activating enzyme (EthA)

2. Increased expression of the drug target through mutations in the promoter region of the inh4 gene

In most cases, simultaneous resistance to INH and ETH is explained by mutations in the promoter region of inhA as
well as in the katG, ethA, ethR, mshA, ndh, and inhA genes.60

Genetic and Molecular Basis of ETH Resistance

Reduced Activation of ETH by ethA

The ethA gene (Rv3854c/MT3969) is a non-essential monooxygenase that activates ETH. Its expression is controlled by
a TetR-like inhibitor called ethR (Rv3855/MT3970). Overexpression of ethR or loss of ethA function confers resistance to
ETH. To date, more than 25 mutations in eth4 have been identified that are associated with ETH resistance, scattered
throughout the gene.'' The distribution of these mutations throughout the gene suggests that loss of EthA monoox-
ygenase activity does not have a significant biological cost to the bacteria, possibly because there are more than 30 other
monooxygenases in the M. tuberculosis genome that may play a compensatory role. In contrast to ethA, the highly
common and resistant S315T mutation in the katG gene, although it does not inactivate the M. tuberculosis catalase-
peroxidase enzyme, loses the enzyme’s ability to activate INH.'"'” In some studies of clinical isolates, mutations in ethA4
have been observed in about 50% of resistant isolates, while the remaining 50% are caused by inhd mutations.'’
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However, in other studies, up to 50% of ETH resistance cannot be explained by ethA or inhA mutations. That is, the cause
of resistance in these cases remains unknown.””

Also, other mutations in the ethA-ethR intergenic region that affect transcription have been associated with a slight
increase in MIC, and in one of them, a decrease in ethA expression has been experimentally demonstrated. Importantly,
this mutation is independently selected by different subclades and synergistically contributes to resistance to ETH with
mutations in other regions.>”’>""*

Genetic and Regulatory Changes in ETH Resistance: inhA and mshA

According to available studies, the inhA4 gene, which encodes the NADH-dependent enoyl-ACP reductase enzyme and is
essential for mycolic acid biosynthesis, is the target of both ETH-NAD and INH-NAD combinations. Among ETH-
resistant strains lacking mutations in ethA, mutations in the inh4 promoter account for about two-thirds of the resistance,
while promoter combinations with ORF mutations account for about one-third of the resistance. A small number of ETH-
resistant strains have only mutations in the inh4 ORF, usually associated with S94A, S94W, or L11V changes.'"!"""
Additionally, alterations in the msh4 gene (Rv0486), which encodes a glycosyltransferase involved in mycothiol
biosynthesis, have been identified in ETH-resistant clinical isolates of M. tuberculosis and may contribute to reduced

drug susceptibility, especially in strains harboring concomitant eth4 or inhA mutations.’”*®

D-Cycloserine
D-cycloserine (DCS), chemically known as D-4-amino-3-isoxazolidine, is an analog of the amino acid D-Ala and is an
oral second-line bacteriostatic anti-TB drug. This broad-spectrum antibiotic is used for MDR-TB because it does not
show cross-resistance with other anti-TB drugs.”

Studies have shown that DCS is more effective than other anti-TB drugs, including ETH and KAN. However, dose-
dependent side effects such as psychosis, depression, and neuropathy have limited its use. The structural analog of CS,

Terizidone, also has similar neuropsychiatric toxicities.”®’’

Mechanism of Action

CS primarily exerts its effect by targeting enzymes critical for peptidoglycan synthesis. Traditionally, it has been
regarded as a D-alanine analogue that inhibits alanine racemase (alr, Rv3423¢/MT3532) and D-alanine-D-alanine ligase
(ddiA, Rv2981¢/MT3059).77¢ Recent structural and biochemical studies by Batson et al have revealed a more complex
mechanism: inside mycobacterial cells, DCS is phosphorylated by cellular kinases to form 3-phosphorylated
D-cycloserine.”® This phosphorylated derivative binds much more tightly to the active site of DdIA, forming a stable
phosphonate adduct that irreversibly inactivates the enzyme. This explains the slow, time-dependent inhibition observed
with CS and highlights why it can be more potent against DdIA than Alr under certain conditions. Moreover, the
necessity of intracellular phosphorylation implies that changes in kinase activity or phosphate metabolism may influence
susceptibility in resistant strains.”® In addition, CS can still inhibit Alr and affect PLP-dependent enzymes, including

branched-chain aminotransferases (BCATs), which participate in branched-chain amino acid biosynthesis.?*”’

Mechanisms of Resistance

Mechanisms of resistance to CS are mainly caused by mutations in genes related to target enzymes or transport and
metabolic pathways. Mutations in the alr gene, which encodes the enzyme alanine racemase (Alr), can lead to structural
changes in this enzyme and reduce the binding of CS, thereby causing resistance. Changes in the ddl/ gene, which
produces the enzyme D-alanine-D-alanine ligase (DdIA), may also reduce the sensitivity of the enzyme to CS, resulting
in drug resistance. The cycA gene, which is responsible for the production of the carrier protein D-alanine, D-serine and
glycine, plays a role in the transport of these compounds into the cell. Mutations in cyc4 may reduce the entry of CS into
the cell, thus causing resistance.”’ Mutations in the ald gene, which encodes the enzyme alanine dehydrogenase, have
also been reported as one of the mechanisms of resistance. These mutations can alter the metabolic pathways of the cell
and reduce the effectiveness of the drug. In addition, recent studies have shown that mutations in other genes may also be
associated with resistance to CS. These genes include those involved in lipid metabolism, stress response, and transport
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systems.”' In general, resistance to CS can arise from mutations in genes encoding target enzymes or other critical
pathways in M. tuberculosis, reducing the effectiveness of the drug.

Para-Aminosalicylic Acid
Para-aminosalicylic acid, introduced in 1946—1948 shortly after STR, is currently classified by the WHO as a second-line
oral agent for drug-resistant TB.'®

Mechanism of Action of Para-Aminosalicylic Acid

Para-aminosalicylic acid is a structural analogue of para-aminobenzoic acid (PABA) that interferes with the folic acid
synthesis pathway in M. tuberculosis. Contrary to the initial idea that PAS is similar to sulfonamides and a direct inhibitor
of the enzyme dihydroproteoate synthase (DHPS), recent studies have shown that PAS acts as a prodrug. After PAS
enters the bacterial cell, DHPS replaces PABA in the folic acid biosynthesis pathway, resulting in the production of
abnormal metabolites. These metabolites penetrate downstream steps of the pathway and inhibit critical enzymes such as
dihydrofolate reductase (DHFR). This inhibition blocks the synthesis of thymidine, purines, glycine, and methionine,

ultimately preventing the synthesis of DNA, RNA, and protein.*-"'

Mechanisms of Para-Aminosalicylic Acid Resistance
Clinical and genetic studies have shown that several mechanisms are involved in the development of PAS resistance in
M. tuberculosis, including:

Mutations in the thyA Gene

The thyA gene (Rv2764c/MT2834), which encodes the enzyme thymidylate synthase, was once considered a PAS
resistance gene. However, more extensive studies have shown that the association between mutations in this gene and
PAS resistance is weak and inconclusive.®’

Overexpression of RibD Enzyme

The RibD enzyme (Rv2671/MT2745), which is involved in the riboflavin synthesis pathway, also has dihydrofolate
reductase activity. In PAS-resistant clinical isolates, mutations have been shown to increase ribD expression, which
counteracts the inhibitory effect of PAS.*?

Reduced Drug Activation and Increased Drug Efflux

PAS must be actively metabolized by enzymes such as FolC to be effective. Mutations in these enzymes can lead to
reduced drug activation and thus resistance. Mycobacteria can also reduce intracellular PAS concentrations and become
resistant to it by increasing the expression of efflux pumps such as Tap.'”

In a study, six genes involved in the folate metabolism and thymine nucleotide synthesis pathway, including thyA,
dfrA, folC, folPl, folP2, and thyX, along with three N-acetyltransferase genes [nhoA, aac(1), aac(2)], were analyzed to
investigate their association with PAS resistance. The results showed that among these genes, mutations in thy4 and dfrA
were identified that could result in the production of defective or abnormally functional proteins and thus contribute to
drug resistance. In contrast, no specific genetic changes were observed in the other genes examined. These findings
suggest that only a portion of PAS resistance can be attributed to changes in these genes and that there may be alternative
resistance mechanisms or pathways that have not yet been fully identified.®'

Clofazimine
Clofazimine (CFZ) is a riminophenazine antibiotic initially developed for leprosy, and is now a key drug for the
treatment of MDR-TB and XDR-TB.***

It is recommended by the WHO in longer MDR-TB regimens and as a substitute in the 6-month BPaLM (bedaquiline
(BDQ), pretomanid (Pa), linezolid (LZD), and MOX) / BPaL regimen when BDQ or LZD cannot be used.® In recent
years, adding CFZ and BDQ to regimens for MDR-TB has significantly improved treatment outcomes and attracted
considerable clinical attention due to their strong efficacy.®*® The primary bactericidal mechanism of CFZ involves
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targeting mycobacterial type-2 NADH dehydrogenase (NDH-2), causing redox cycling and generation of reactive oxygen
species (ROS) that damage bacterial macromolecules. Additional effects may include membrane disruption and inhibi-
tion of potassium uptake.®’

Genetic resistance to CFZ is mainly mediated by mutations in Rv0678, which upregulate the MmpS5/MmpL5 efflux
pump, reducing intracellular drug levels.®® Other resistance-associated mutations occur in afpE, pepQ, and Rv1979c,
contributing to cross-resistance with BDQ.*** Phenotypic resistance to CFZ remains low globally (2-7% in MDR/
XDR-TB isolates), but the prevalence of pre-existing resistance mutations (especially in Rv0678) is increasing.””

TBI-166, a novel and optimized analogue of CFZ from the riminophenazine family, has been developed with the aim
of increasing efficacy and reducing side effects.”’ In addition to maintaining a similar mechanism of action, this drug also
has the ability to inhibit the CYP3A4 enzyme, which may help reduce the toxicity of concomitant drugs such as BDQ.
Preclinical results indicate significant efficacy of TBI-166, especially in combination with other drugs, in the treatment of

drug-resistant TB.***

Oxazolidinones

Oxazolidinones are a group of synthetic antibiotics that inhibit protein synthesis by binding to the 50S subunit of the
ribosome, and have been used in the treatment of infections caused by Gram-positive bacteria, including resistant
M. tuberculosis. Linezolid is the first member of this family. Originally developed to combat Gram-positive bacterial
infections, LZD has been repurposed for the treatment of TB and has shown promising results in the treatment of MDR-
TB. It inhibits the formation of the protein synthesis initiation complex by binding to the 23S rRNA of the large subunit
of the bacterial ribosome. LZD is effective due to its good penetration into various tissues, including the lung and
cerebrospinal fluid; however, side effects such as bone marrow suppression and mitochondrial toxicity have limited its
long-term use. In response to this challenge, extensive research has been conducted to identify novel oxazolidinones with
equal or greater efficacy and improved safety in the treatment of TB. These compounds include sutezolid, tedizolid,
delpazolid, and TBI-223, which have shown promising preclinical and clinical results.’?

Mechanisms of LZD Resistance
Mechanisms of LZD resistance are divided into two categories: ribosomal and non-ribosomal mechanisms:

Ribosomal Mechanisms
e Mutations in the 77/ gene (23S rRNA): Mutations such as G2814T and G2270T in domain V of 23S rRNA alter the
structure of the peptidyl transferase center (PTC), which is the binding site of LZD. These changes result in reduced
drug efficacy.”*?>
e Mutations in the 7p/C gene (ribosomal protein L3): The T460C mutation, which results in a change of the amino acid
Cys to Arg at position 154, alters the structure of the PTC and increases resistance to LZD. This mutation has been
identified in both in vitro-selected LZD-resistant isolates and in a number of clinical isolates resistant to this drug.”®
e Loss of function of the #snR gene: The tsnR gene, which probably encodes a 23S rRNA methylase, increases

resistance to LZD when lost in function. The exact mechanism of this phenomenon is not yet fully understood.”

Non-Ribosomal Mechanisms
¢ Increased activity of efflux pumps: Mutations in genes such as Rv0545¢, Rv0930, Rv2477, Rv3331, and Rv0890c lead to
increased expression of efflux pumps that remove LZD from the cell and reduce its intracellular concentration.”®
e Mutations in the fadD32 gene: The C880T (His294Tyr) mutation in the fadD32 gene, which is involved in mycolic
acid synthesis, increases the hydrophobicity of the cell wall. This change prevents the entry of hydrophilic drugs
such as LZD into the cell.”’

B-Lactams
B-Lactam antibiotics inhibit M. tuberculosis cell wall synthesis by covalently acylating penicillin-binding proteins (PBPs)
and L,D-transpeptidases (LDTs), the enzymes responsible for 4—3 and 3—3 peptidoglycan cross-links, respectively.”®
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The primary mechanism of intrinsic B-lactam resistance in M. tuberculosis is the chromosomally encoded extended-
spectrum class A B-lactamase BlaC, which rapidly hydrolyzes most penicillins, cephalosporins, and carbapenems.”®"’

M. tuberculosis peptidoglycan is characterized by a high proportion (up to 80%) of unusual 3—3 cross-links formed
predominantly by the L,D-transpeptidases LdtMt1 and LdtMt2, making these enzymes particularly attractive therapeutic
targets. Carbapenems, in particular, display high affinity for LdtMt2, and their antimycobacterial activity is dramatically
potentiated when BlaC is inhibited.”

B-Lactamase inhibitors such as clavulanate, avibactam, relebactam, and vaborbactam irreversibly acylate the active-
site serine of BlaC, restoring the activity of partner B-lactams and enabling effective inhibition of both PBPs and
LDTs.”%'% This combination strategy has renewed clinical interest in p-lactams for drug-resistant TB.

Large-scale screening of more than 8,900 B-lactam compounds by an industry—academic consortium identified
numerous carbapenems and cephalosporins with intrinsic or inhibitor-potentiated activity against M. tuberculosis (MIC
< 20 umol/L), including against non-replicating persisters.'’’ Several dual B-lactam combinations (eg, meropenem—
faropenem, biapenem—tebipenem) have also shown strong in vitro synergy.'®%'*!

Clinically, the combination of meropenem with clavulanate has demonstrated encouraging results when added to
background regimens for XDR and pre-XDR-TB, with multiple observational studies and case series reporting high rates
of culture conversion and favourable outcomes.' %> These findings, supported by recent mechanistic and screening studies,
have repositioned B-lactams—particularly carbapenems combined with potent BlaC inhibitors—as valuable components

of salvage and shortened regimens for drug-resistant TB.'*?

Bedaquiline

Bedaquiline (BDQ/TMC207) is a diarylquinoline drug approved in 2012 for the treatment of MDR-TB. BDQ binds
to and inhibits the ATP synthase enzyme in M. tuberculosis. This enzyme is encoded by the essential atpE gene
(Rv1305/MT1345).'% AtpE is part of the membrane complex FOF1 ATP synthase, which provides the energy for
ATP production by transporting protons across the membrane. Inhibition of ATP biosynthesis leads to bacterial
death in both active and inactive states.'®> Resistance to BDQ has usually been observed through mutations in the
atpE gene, however, some resistant mutants have been found without any mutations in atpE or other ATP synthase-
related genes, suggesting the possibility of alternative resistance mechanisms or even other drug targets for
BDQ.?>'% It has recently been shown that verapamil, by inhibiting efflux pumps, can significantly increase
bacterial susceptibility to BDQ and CFZ, which emphasizes the possible role of efflux as a resistance

mechanism.'®’

Delamanid

Delamanid (DLM), an oral nitro-dihydro-imidazooxazole derivative, represents one of the first new chemical entities
approved in over 40 years for the treatment of MDR-TB.'%® Randomized controlled trials and real-world evidence have
consistently demonstrated its potent bactericidal and sterilizing activity against M. tuberculosis, along with a favorable
safety profile characterized primarily by manageable QT-interval prolongation without significant cardiac events.'*%"!'?
Consequently, DLM has been incorporated into WHO-recommended shorter and longer all-oral regimens for rifampicin-
resistant and multidrug-resistant TB (RR/MDR-TB) and pre-XDR-TB, including the 6-month BPal./M-based and BDL

(BDQ, DLM, and LZD) regimens.®

Mechanism of Action

Delamanid is a prodrug requiring bioactivation by the mycobacterial F4,-dependent nitroreductase encoded by the ddn
(Rv3547) gene.** Following activation, it releases reactive nitrogen species, particularly nitric oxide and other inter-
mediates, that irreversibly inhibit methoxy-mycolic and keto-mycolic acid synthesis—essential components of the
mycobacterial cell wall—leading to impaired cell-envelope integrity and bacterial death.**''" Recent structural and
biochemical studies have further identified decaprenylphosphoryl-B-D-ribose 2'-epimerase subunit 2 (DprE2) as an
additional target under aerobic conditions, whereby activated DLM competitively antagonizes NADPH binding to
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DprE2, thereby blocking the formation of decaprenylphosphoryl-D-arabinose, a critical precursor for arabinogalactan and

. . . s 111112
lipoarabinomannan biosynthesis.”

Mechanism of Resistance

Resistance to DLM predominantly emerges through loss-of-function mutations in the F4,o-dependent activation pathway.
Non-synonymous mutations in ddn are the most frequent mechanism, directly abolishing nitroreductase activity and
preventing prodrug activation. Mutations in genes involved in F4,o coenzyme biosynthesis and recycling—namely fgd 1,
fbid, fbiB, fbiC, and fhiD—reduce intracellular F40H, levels and similarly impair bioactivation.”*''* Although rare,
alterations affecting redox homeostasis or central carbon metabolism can contribute to low-level, non-specific resistance
by modulating cofactor availability."'? Global surveillance data indicate persistently low prevalence of DLM resistance
(<5% in most settings); however, emerging reports from high-burden countries underscore the importance of routine
phenotypic and genotypic susceptibility testing to preserve efficacy and limit cross-resistance with the structurally related
nitroimidazole pretomanid.''*'">

Diagnostic Methods for Drug-Resistant M. tuberculosis

Rapid and precise detection of resistance to second-line drugs, injectable aminoglycosides, and novel anti-TB therapeu-
tics (eg, BDQ, DLM, LZD) is critically important for managing MDR and XDR M. tuberculosis infections. Traditional
culture-based drug susceptibility testing (DST) remains the gold standard, but the long turnaround time, biosafety
requirements, and limited scalability hinder prompt treatment initiation. Molecular and sequencing-based diagnostic
approaches that identify resistance-conferring gene mutations offer a paradigm shift toward rapid, genotypic detection of
drug resistance.''®!”

Reverse hybridization Line Probe Assays (LPAs), such as the GenoType MTBDRsl v2.0 assay enable the detection of
key mutations associated with resistance to fluoroquinolones (FQs: gyrd, gyrB) and injectable second-line agents
(aminoglycosides — AMK, KAN, CAP via rrs and eis promoter regions).''® For example, a South African cohort by
Gardee et al reported a sensitivity of 100% (95% CI: 95.8-100%) and specificity of 98.9% (95% CI: 96.1-99.9%) for
FQs, and a sensitivity of 89.2% (95% CI: 79.1-95.6%) with specificity 98.5% (95% CI: 95.7-99.7%) for SLIDs.''® LPAs
thus provide a rapid alternative to phenotypic DST, although their utility may be limited in samples with low bacillary
burden and may not capture rare or novel mutations outside the targeted gene regions.

The Xpert MTB/XDR assay represents a significant advance in nucleic acid amplification tests (NAATSs), enabling
simultaneous detection of M. tuberculosis and resistance to INH, FQs, ETH, and AMK within approximately two
hours."'”"'"® As highlighted by Maya et al, Xpert MTB/XDR achieved high diagnostic accuracy in a Tanzanian TB
reference laboratory. These assays address the limitations of earlier cartridges (eg, Xpert MTB/RIF and Ultra) by
expanding beyond RIF resistance alone and aligning with the World Health Organization’s “End TB” strategy.!'”"!'®
However, they remain restricted to predefined gene targets and may not detect resistance to novel therapeutics unless
explicitly designed to do so.

Targeted Next-Generation Sequencing (tNGS) panels such as the Deeplex Myc-TB assay enable simultaneous deep
sequencing of multiple loci implicated in resistance to second-line drugs, injectable agents, and novel therapies (eg, atpE
for BDQ); ddn/fbi genes for DLM; rri/rplC for LZD).""?" 12! A recent Lancet Infectious Diseases article demonstrated that
tNGS performed directly on sputum had high sensitivity and specificity for a broad panel of anti-TB drugs, including
newer agents.''’ Because tNGS can detect heteroresistance (minor variant populations) and novel mutations, it offers
higher resolution than conventional LPAs while retaining faster turnaround than whole-genome sequencing (WGS).
Despite this, its implementation still requires optimized workflows and validated interpretation frameworks.'#*'%*

WGS offers the most comprehensive genotypic approach, enabling identification of known and novel mutations
across the entire M. tuberculosis genome, including those linked to injectable second-line agents and novel
therapeutics.'>*'?® For instance, Walker et al demonstrated that WGS could predict drug susceptibility in
M. tuberculosis isolates with high concordance to phenotypic DST.'** Similarly, Gygli et al reported overall sensitivity

of 86.8% and specificity of 94.5% for WGS in identifying both first- and second-line drug resistance.'*® Nevertheless,
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WGS remains constrained by cost, infrastructure demands, bioinformatics expertise, and the need for curated mutation-to
-phenotype databases.

Beyond sequencing, emerging modalities such as Raman spectroscopy combined with machine learning,'?’-'*®
CRISPR-based diagnostics, and nanopore-based targeted sequencing (NTS) are under investigation for rapid, culture-
independent detection of drug resistance—including second-line and novel therapy resistance.'?*"'** While still in early

clinical stages, these technologies may offer low-cost, high-throughput screening suitable for resource-limited settings.

Advantages, Limitations and Implementation Considerations

Molecular diagnostics focused on injectable agents, second-line drugs, and novel therapeutics offer rapid turnaround,
high specificity and the ability to detect mixed populations and uncommon mutations."'”''” LPAs and NAATs are
presently suited for decentralized laboratories; tNGS and WGS enable deeper, personalized resistance profiling.
Nonetheless, implementation challenges remain: infrastructure cost, need for trained personnel, standardization of
mutation interpretation, and accessibility in high-burden, low-resource regions. In addition, panels must be updated
continuously as new resistance mechanisms are identified, particularly for novel therapeutics such as BDQ and DLM.

Machine Learning Reveals Polygenic Architecture of Drug Resistance in

M. tuberculosis

Despite substantial progress in identifying gene mutations that confer drug resistance in M. tuberculosis, many resistant
isolates remain unexplained by classical models. One reason is that resistance often arises from combinatorial effects,
including compensatory mutations and low-frequency variants that do not reside exclusively in canonical resistance
genes. Machine-learning analyses of WGS data now reveal dozens to hundreds of potentially novel resistance-associated
loci outside the well-known genes. For example, an Al model trained on WGS data recently identified over 100 candidate
mutations across 13 anti-TB drugs, including mutations in genes not previously linked to resistance, using a decision
tree-based XGBoost classifier to highlight the most influential genomic positions.'*’

Deep learning models like TB-DROP (TuBerculosis Drug Resistance Optimal Prediction), which take genome-wide
mutation profiles as input, have further demonstrated high accuracy (mean sensitivity ~ 90% and specificity ~ 87%) for
first-line drug resistance without relying solely on prior knowledge of resistance loci.'** Computational approaches are
also being validated on clinical data: for instance, a study on 182 M. tuberculosis isolates from Uganda combined SNP
profiles and patient metadata to predict resistance to INH, RIF, STR, and EMB with high fidelity."**

In addition, refined machine-learning pipelines have begun uncovering cryptic resistance signals in isolates that are
phenotypically susceptible: using WGS, researchers found M. tuberculosis strains that tested sensitive by culture-based
assays but harbored resistance-conferring single nucleotide polymorphisms (SNPs) in genes such as katG, inhA, rpoB,
and intergenic regions.'**

These insights mark a shift in our conceptual model of drug resistance: from a narrow view based on a handful of
“resistance genes” toward a polygenic, context-dependent architecture, shaped by regulatory variation, compensatory
mutations, and evolutionary forces.'*>'*® As WGS becomes more routine and machine-learning approaches become
increasingly transparent and clinically usable, these “resistance signatures” can be more precisely defined, enabling
improved mechanistic understanding and the development of robust algorithm-driven diagnostic tools for drug-resistant
TR, 132133

Critical Discussion

The present review highlights the expanding complexity of genetic resistance in M. tuberculosis. Although classical
resistance models emphasize canonical drug-target mutations in genes such as rrs, rpsL, gyr4, and gyrB, accumulating
evidence shows that these mutations explain only a portion of phenotypic drug resistance observed in clinical isolates.
This mismatch between genotype and phenotype is well documented in recent molecular studies of aminoglycosides
and second-line agents.*> One of the most significant therapeutic challenges is cross-resistance among aminoglycosides.
A single mutation—rrs A1401G—can simultaneously cause resistance to AMK, KAN, and CAP.® Although eis promoter
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mutations have been proposed to cause selective KAN resistance, studies show inconsistent predictability in clinical
settings, questioning the reliability of single-gene diagnostics.

Furthermore, many resistant isolates lack known mutations, suggesting polygenic mechanisms involving efflux
pumps (eg, Rv1258c, MmpL5/MmpS5), transcriptional regulators (whiB7, ethR), and metabolic pathways (eg, NADH/
NAD" shifts during ETH activation). Such noncanonical mechanisms are particularly relevant to resistance against
thioamides, LZD, clofazimine, and BDQ.*>”:'37 For FQs, although mutations in gyr4 codons 90 and 94 remain the
primary markers,”® complementary mechanisms such as mfp4 DNA mimicry also contribute to drug tolerance.’* These
findings emphasize that resistance is not driven solely by target modifications but often emerges through compensatory
pathways and regulatory networks. Modern molecular diagnostic tests, including LPAs, Xpert MTB/XDR, and tNGS
panels, significantly improved detection speed; however, they rely on predefined mutation panels and therefore miss rare
or novel variants. Whole-genome sequencing has demonstrated superior predictive accuracy,'*®'*” but its use is limited
by cost, infrastructure, and lack of standardized global mutation databases. A key limitation in resistance research is the
insufficient functional validation of newly reported mutations. Many SNPs listed in databases such as ReSeqTB or
TBDreamDB lack experimental confirmation, risking overinterpretation and misclassification. Integrating WGS with
biochemical assays remains essential to distinguish causal mutations from benign polymorphisms.'#%'4!

Finally, the increasing use of novel anti-TB drugs—including BDQ, DLM, pretomanid, and next-generation oxazo-
lidinones—has been accompanied by emerging resistance, primarily driven by mutations in Rv0678, atpE, ddn, and fbi
pathway genes.'?""'** This highlights the urgent need for real-time genomic surveillance and rational drug-combination
strategies. Overall, controlling drug-resistant TB requires a shift from single-gene interpretations toward a systems-level
understanding of bacterial evolution, metabolic plasticity, and combinatorial resistance networks.

Conclusion

Drug-resistant TB represents a multifactorial challenge shaped by genetic, regulatory, and metabolic mechanisms that
enable M. tuberculosis to escape both classical and novel therapeutic agents. While mutations in well-known genes
remain essential markers, noncanonical and polygenic resistance mechanisms contribute substantially to the complexity
observed in clinical isolates.

Advances in molecular diagnostics—especially WGS and machine-learning—based prediction models—are transform-
ing our ability to detect cryptic resistance and design personalized treatment regimens. However, challenges such as
limited global access, insufficient functional validation of new variants, and geographic variability in mutation patterns
continue to hinder effective TB control.

A comprehensive strategy encompassing rapid genotypic testing, region-specific diagnostic algorithms, rational drug
design, and global genomic surveillance will be essential for improving treatment outcomes and achieving WHO End-TB
goals. Continued integration of clinical microbiology, structural biology, computational genomics, and population-level
data will accelerate progress toward shorter, safer, and more effective therapies for MDR/XDR-TB.
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