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Abstract

Inadequate dosing and incomplete treatment regimens, coupled with the ability of the tuberculosis 

bacilli to cause latent infections that are tolerant of currently used drugs, have fueled the rise of 

multidrug-resistant tuberculosis (MDR-TB). Treatment of MDR-TB infections is a major clinical 

challenge that has few viable or effective solutions; therefore patients face a poor prognosis and 

years of treatment. This review focuses on emerging drug classes that have the potential for 

treating MDR-TB and highlights their particular strengths as leads including their mode of action, 

in vivo efficacy, and key medicinal chemistry properties. Examples include the newly approved 

drugs bedaquiline and delaminid, and other agents in clinical and late preclinical development 

pipeline for the treatment of MDR-TB. Herein, we discuss the challenges to developing drugs to 

treat tuberculosis and how the field has adapted to these difficulties, with an emphasis on drug 

discovery approaches that might produce more effective agents and treatment regimens.
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1. Introduction

Mycobacterium tuberculosis (Mtb) has been a major human pathogen since the dawn of 

modern human existence, with the evolution of modern Mtb sublineages closely correlating 

with the different waves of human migration out of Africa [1]. As the human race began to 

form denser population centers, culminating in urbanization, Mtb spread more easily, and it 

became one of the leading causes of death by the beginning of the twentieth century. The 

prognosis for patients with tuberculosis (TB) improved dramatically with the discovery and 

introduction of antitubercular drugs, starting with streptomycin in 1946 and subsequent 

research that produced today's frontline therapies for drug-sensitive Mtb. It is important to 

note that despite having an effective treatment regimen, Mtb still caused an estimated 9 

million infections and 1.5 million deaths in 2013 [2].

The current standard of care for drug-susceptible Mtb infection is very effective in bacillary 

clearance, provided full compliance by the patient. A 2-month “intensive” phase of a four-

drug cocktail containing rifampicin (RIF), isoniazid (INH), pyrazinamide (PZA) and 

ethambutol (EMB) (Fig. 1) is followed by a longer “continuation” phase of RIF and INH to 

eradicate the remaining bacilli that have entered a dormant, slowly-replicating latent phase. 

A looming global issue hidden in the midst of this epidemic was the emergence of drug-

resistant bacteria, a trend that is on the rise, as such strains are easily spread with low fitness 

costs associated with transmission [3, 4]. The World Health Organization (WHO) reported 

that globally 3.5% of naïve infections already expressed resistance to the two most 

efficacious frontline agents used to treat the disease, RIF and INH, thereby classifying the 

infection as multidrug-resistant tuberculosis (MDR-TB) [2]. Treatment of drug-susceptible 

Mtb is difficult already, requiring 6 to 9 months of combination therapy in ideal 

circumstances. Complicating the issue is that Mtb tends to be endemic to the developing 

world; thus, access to adequate healthcare facilities and drugs can be limited for those 

patients. This leads to incomplete treatments, a leading driver for conferring drug resistance; 

20.5% of patients with relapsed disease have MDR-TB [2].

Treatment for MDR-TB can extend upwards of 2 years and relies on more toxic, less 

efficacious second- or third-line agents, many of which are even more scarce than frontline 

drugs in affected areas [5]. A very common and deadly complication of Mtb infection is 

coinfection with human immunodeficiency virus (HIV) [6, 7]. This is particularly 

troublesome because RIF, a mainstay in Mtb therapy, is a potent inducer of drug-

metabolizing enzymes, including cytochrome P450 (CYP) 3A4. This induction dramatically 

reduces plasma levels of several highly active antiretroviral therapy drugs; thus, patients are 

often forced to complete their TB treatment before beginning HIV treatment [6-9]. Patients 
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who contract MDR-TB with HIV have a very poor prognosis due to the duration of 

treatment; these individuals frequently succumb within a few months.

The urgent need to develop new active agents to combat MDR-TB has been compounded by 

the emergence of extensively drug–resistant tuberculosis (XDR-TB) [10], defined as MDR-

TB with additional resistance to fluoroquinolones and one of the injectable second-line 

agents. Furthermore, cases of totally drug–resistant tuberculosis (TDR-TB) have been noted 

in China, India, Africa, and Eastern Europe. In TDR-TB, the mycobacterium are resistant to 

all available therapeutics [11]. Combining the decline in efficacy of known active agents 

with the dearth of new chemical entities being moved into the clinic setting, we have reached 

the point where a “postantibiotic” era is a very real possibility [12]. From a clinical 

perspective, the WHO's approach to reduce the number of TB deaths and infections is to 

implement directly observed treatment, short course. This regimen implements the following 

five main elements to increase survival and decrease transmittance for most developing 

countries: (1) government commitment to monitoring and treating Mtb infections; (2) 

sputum-smear microscopy for all cases to assess drug susceptibility; (3) standardized 

treatment regimens with direct observation by a trained healthcare professional; (4) 

uninterrupted drug supply; and (5) standardized reporting system to maximize data 

interpretation directly from patients' medical records. This approach has reduced the overall 

number of TB infections and deaths, but it has not affected the increasing numbers of MDR-

TB infections [13]. Therefore, more chemotherapeutic interventions are needed.

New agents would ideally have the following attributes: a novel mechanism of action to 

attenuate cross resistance; rapid bactericidal activity to reduce duration of therapy; 

optimized pharmacokinetic/pharmacodynamic (PK/PD) properties for once daily oral 

administration; low potential for drug–drug interactions to allow combination therapy, 

especially with other TB drugs and current HIV therapeutics; and excellent safety profile to 

allow for use in children and pregnant women. These ideal criteria are coupled with other 

practical goals such as inexpensive manufacturing, high compound stability, narrow 

spectrum of activity, high tolerability, and a low rate of spontaneous-resistance emergence.

In recent years, we have seen the first regulatory approvals for new Mtb drugs (i.e., 

bedaquiline and delamanid) in decades (Fig. 2) [14, 15]. Both drugs have been conditionally 

approved [delamanid in the European Union's European Medicines Agency (EMA)[16]] 

because adverse events have been noted. The U.S. Food and Drug Agency (FDA) has 

approved bedaquiline for MDR-TB and delamanid as a compassionate care option for XDR-

TB and TDR-TB infections, and the EMA approved both agents for MDR-TB. The fact that 

these drugs have pronounced issues, including hERG toxicity concerns as well as multiple 

ADME issues due to their high lipophilicity. A lack of viable alternatives in late-stage 

clinical development is indicative of the state of drug discovery in this field, and innovation 

to drive new projects is desperately needed. In this review, we discuss up-and-coming drug 

classes with demonstrated in vivo efficacy that are on the cusp of entering clinical trials. We 

focus on the novelty of their mechanisms of action, the advantages they may possess in 

targeting MDR-TB in replicating and more latent forms, and their prospects moving into the 

clinic.
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1.1 Resistance in Mtb

Drug resistance in Mtb was noted soon after the introduction of streptomycin, the first drug 

to treat tuberculosis. Exposure to a drug induces stress responses inside the infected cell that 

favors both genetic and physiological mechanisms that lead to colony survival. Current 

antitubercular drugs are commonly associated with specific resistance mutations (Table 1).

Most Mtb resistance observed in the clinic can be attributed to independent, spontaneous 

mutations that interfere with the drug binding to the target protein, reduce prodrug-activating 

enzymes, or overexpress an essential target [17]. For a more detailed analysis of the 

molecular basis of resistance to currently used agents, we refer readers to a review by 

Palomino et al. [18]. In recent years, our ability to study resistance mechanisms has been 

greatly aided by the availability of whole-genome sequencing. This cutting-edge technology 

has not only shed light on many direct and indirect routes of resistance but also added 

insight into the function of some altered genes, thereby providing crucial information about 

new drug targets and rationale for future drug-design studies. For example, extensive 

knowledge has been gained in the areas of lipid metabolism, cell wall homeostasis, purine 

metabolism, and transcriptional regulation [19]. However, many resistant strains that have 

been sequenced express additional or unique mutations that differ from commonly 

associated alterations. Resistance mutations often have an associated fitness cost [20], i.e., 

the physiological penalty for developing said drug resistance is that the Mtb's growth may be 

limited in vivo. Bacteria can overcome this fitness via compensatory mutations that allow 

the organism to act more energetically (similar to the wild-type bacteria), while maintaining 

resistance. An example from MDR-TB clinical isolates in Russia identified rpoA and rpoC 
as compensatory mutations in RIF-resistant strains [21]. These genes are mutated to alleviate 

the fitness costs associated with the drug-resistant rpoB mutation that modulates the binding 

site at the β-subunit of the RNA polymerase. Medicinal chemistry strategies to target drug-

resistant TB infections include designing agents that have novel mechanisms of action and 

are thus not prone to cross-resistance or redesign of inhibitors to target the mutant enzyme 

form, and identification and development of agents for which the fitness cost of further 

resistance development is high.

1.2 Mtb life cycle and microenvironments

Mtb infection begins upon pulmonary exposure, following inhalation of active bacilli from 

the surrounding environment. The risk of being infected is greatly influenced by many 

factors, most of which stem from living and working conditions. Population density, 

weather, duration and intensity of exposure to the Mtb (cramped living and work 

environments with poor ventilation), a set of virulence factors unique to the infecting 

organism, and relative immunocompetency of the would-be host are all variables associated 

with succumbing to an Mtb infection. Initial infection occurs when a carrier exposes Mtb to 

the air via coughing. Small droplets are expelled from the lungs that contain a small number 

of individual organisms (<10) that must be inhaled deep into the lungs. At this point host 

macrophages in the lung attempt to phagocytize the pathogen (Fig. 3A) and transport it 

across the alveolar epithelium and into the lung. This triggers a proinflammatory response 

that will recruit other immune cells to form an encapsulated granuloma, which is a typical 

immune response to a pathogen. At this point, most of the bacterial burden is contained 
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inside what are now considered foamy macrophages (Fig. 3B), which begin to line the 

outside of the granuloma. When the granuloma is first formed, it is well vascularized and a 

lot of immune cells are present (Fig. 3C), which bolsters the ability of drugs to reach the 

infection and the host's immune system to combat the pathogen. As the granuloma continues 

to mature against the relentless immune response, the outer wall begins to harden with a 

thick fibrous capsule, and the inner core is walled-off from the immune cells. Foamy 

macrophages line the outside of this lesion, cells die and caseum develops at the core, which 

cuts off the remaining vasculature. At this point, the granuloma is considered necrotic, and 

the bacilli exist extracellularly in this caseum and can enter their largely dormant state (Fig. 

3D). Necrotic granuloma lesions (also known as tubercles) make drug penetration difficult 

and render mouse infection models that do not recapitulate this complex pathology poor 

surrogates for the human disease. After years or in cases of immune system compromise, the 

granulomas will fuse to the airways of the lungs and burst, releasing the pathogen to spread 

to new tissue and new hosts (Fig. 3E) [22]. Each of these points in the Mtb life cycle have 

different microenvironments that can affect drug susceptibility. For example, various degrees 

of vasculature result in lower blood flow, decreased oxygen levels, and pH differences in the 

intra/extracellular fluids that can affect ionization or activation of drugs, drug targets in Mtb 

may be turned off, depending on the replication stage (latent vs. actively replicating), and the 

ability of the drug to penetrate tissues and membranes required to reach the mycobacteria.

2. Drugs under development

The past few years have seen the first approvals of new antitubercular drugs in more than 50 

years, in large part due to coordinated efforts of government programs, nongovernmental 

organizations, and support from pharmaceutical companies. In addition to these new 

chemical entities available in the clinic, there is a host of small molecules in the 

development pipeline and at the late-discovery stage. The Stop TB Partnership has been 

instrumental in organizing information, consolidating clinical and preclinical data, and 

raising awareness about MDR-TB emergence. The Partnership offers an up-to-date list of 

agents that are in the pipeline and currently undergoing clinical trials, along with links to 

relevant publications and research information (Fig. 4; www.newtbdrugs.org). However, the 

development of some drugs in this pipeline appears slow and even stalled, a phenomena 

attributed to various flaws the clinical candidates possess that have been discussed at length 

in other reviews [5]. The paucity of agents in Phase I is also a concern, which is not 

indicative of a healthy pipeline, as many compounds are needed at this stage to combat usual 

failure rates as compounds advance through clinical trials.

2.1. Diarylquinolones and respiratory chain antagonists

The diarylquinolones are the most advanced series of novel antitubercular drugs. The 

recently approved bedaquiline falls under this classification. Bedaquiline is highly selective 

and specifically inhibits essential ATP-synthase activity in replicating and dormant 

mycobacteria but not in other prokaryotic or eukaryotic cells [23, 24]. Through the growth 

of drug-resistant mutants, it was discovered that the rotor ring of the organism's F0F1 ATP 

synthase was the target, specifically binding to the c subunit [25]. Mtb survives in a 

nonreplicating state using a pool of ATP that is used to maintain an energized membrane 
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produced by the F0F1 ATP synthase [26]. This makes bedaquiline a prime weapon for killing 

the latent Mtb subpopulation. With a mechanism of action distinct from RIF and INH, 

bedaquiline is an effective addition to an MDR-TB regimen. Discovered during a phenotypic 

screen performed by Janssen, bedaquiline shows excellent activity against drug-sensitive and 

drug-resistant isolates, with a minimum inhibitory concentration (MIC) of 0.03 μg/mL for 

drug-sensitive Mtb and 0.12 μg/mL for drug-resistant strains, as well as outstanding activity 

in in vivo murine models. However, bedaquiline's efficacy in mice has not been as 

pronounced in humans, presumably due to limited distribution within human granulomas. 

Bedaquiline is a large lipophilic drug that is subject to CYP3A4 metabolism and has been 

noted to have PK drug–drug interactions with the CYP3A4 inducer RIF, which decreases its 

activity [27]. Bedaquiline has been associated with QT-prolongation and must be carefully 

combined with other drugs that share this risk, including fluoroquinolones, macrolides, 

clofazimine, or drugs that inhibit CYP3A4, which may increase its exposure [15]. Thus, 

efforts are ongoing to develop second-generation diarylquinolones that will improve the 

drug's physiochemical properties and remove its cardiac liability. This effort has been 

recently aided by the co-crystal structure of bedaquiline bound to its active site in the ATP 

synthase, which should enable structure-guided design of more potent and less toxic 

analogs[28].

At the time of this writing, Q203 (Fig. 5), an imidazopyridine antitubercular compound that 

also acts on the respiratory chain, just entered Phase I clinical trials. Q203 targets the 

cytochrome b subunit (QcrB) of the cytochrome bc1 complex. This complex is an essential 

component of the respiratory electron transport chain of ATP synthesis. Q203 causes a rapid 

depletion of intracellular ATP at an IC50 of 1.1 nM and interrupts ATP homeostasis in 

dormant Mtb at an IC50 of 10 nM. Both of these values are better than bedaquiline's 

measures, and they explain Q203's excellent killing profile in chronic Mtb-infection models. 

Sponsored by Qurient Therapeutics (Gyeonggi-do, Korea), Q203 was discovered after 

medicinal-chemistry optimization and a high-throughput screen (HTS) performed against 

infected human macrophages [29]. This screen identified 96 compounds that were able to 

perfuse and accumulate enough in the macrophage to display dose-dependent growth 

inhibition. The imidazopyridine scaffold was selected due to its activity in both macrophages 

and free media, and the initial hit was active against clinical MDR-TB isolates [29]. After 

the initial hits were evaluated, 477 analogs were synthesized, aided by structure-guided 

design, and the best was Q203, with an MIC50 of 2.7 nM in broth media and 0.28 nM inside 

the macrophage. Kim et al. reported PK and safety-profile data compatible with once daily 

oral dosing, with 90% oral bioavailability in mice, and a half-life of almost 24 hours. There 

was no detection of cytotoxicity in vitro or in vivo, no signs of hERG inhibition (indicative 

of limited cardiotoxicity), and mice tolerated 1g/kg doses for 2 weeks. Q203 did not inhibit 

any P450 isoforms and was not a substrate or inhibitor of P-gP efflux, which indicated a low 

risk of drug–drug interactions. Though it should be noted that like bedaquiline, Q203 is a 

highly lipophilic drug, with very high serum protein binding. The Phase I clinical trial 

(clinicaltrials.gov identifier: NCT02530710) enrolling healthy patients is a dose-escalation 

study starting at 100 mg dosing that will be adjusted based on PK analysis. Further 

combination trials will be needed to determine whether Q203 can function synergistically in 

combination with other second-line agents to treat MDR-TB which are no longer susceptible 
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to INH or RIF, in the hopes of shortening the duration of therapy compared to current 

treatments for MDR-TB.

The imidazopyridine QcrB inhibitors [30] were discovered around the same time by several 

groups applying phenotypic MIC screening approaches of pharmaceutical company 

screening collections. The imidazopyridine core is widely distributed in pharmaceutical 

compound screening collections as the core is found in many γ-aminobutyric acid (GABA) 

receptor agonists, including the sleep aid ambien. Miller et al. used an anagram approach to 

add structural diversity to adjust the imidazo[1,2-a]pyrimidine core to obtain enhanced Mtb 

activity and remove human GABA receptor activity. [31]. By simply rearranging functional 

groups already present on ambien, the investigators increased the mycobacterial activity 

2500 fold (ambien: 10 μM → ambien “anagram”: 4nM) and maintaining good safety. The 

best compounds were cross-resistant with Q203, thereby confirming a similar mechanism of 

action. The differential display of side groups in this series offers the advantage of providing 

compounds with alternative PK and ADME properties compared to those of Q203. This is a 

nice example of scaffold development to provide an additional pool of Mtb drug candidates, 

though at this time these molecules are best described as backup candidates.

2.2 DprE1 inhibitors

Decaprenylphosphoryl-β-D-ribose 2′-epimerase 1 (DprE1) was first identified as the target 

of 1,3-benzothiazin-4-ones (benzothiazones), which are potent antimycobacterial agents. 

DprE1, in combination with DprE2, catalyzes the epimerization of decaprenylphosphoryl-β-

D-ribose to the corresponding of decaprenylphosphoryl-β-D-arabinose [32], thereby 

providing a crucial precursor to the cell wall arabinogalactan polysaccharide via a series of 

sequential oxidation-reduction reactions [33]. This target is frequently identified as the 

mechanism of action of hits identified in whole-cell phenotypic MIC screens, most likely 

due to its key biosynthetic role, high metabolic turnover, presence of nucleophilic residues at 

its active site, and location on the extracellular face of the cytoplasmic membrane that does 

not require transport inside the mycobacterium [34]. As an essential aspect of Mtb survival 

and a novel mechanism of antitubercular activity, optimized DprE1 inhibitors are thought of 

as powerful new classes for the treatment of MDR-TB, with limited cross-resistance to 

current therapeutic options [35]. There is a host of promising hits being investigated 

currently, but in this review, we will focus on those that are furthest advanced.

The benzothiazones have displayed nanomolar Mtb activity in multiple models, including ex 
vivo and in vivo murine models [36]. PBTZ 169 (Fig. 6) is the lead molecule in this series 

and is being developed by the Innovative Medicines for Tuberculosis (Lausanne, 

Switzerland). Both PBTZ 169 and a backup benzothiazone BTZ 043 are being studied 

preclinically. PBTZ 169 has the advantage of being slightly more potent and not being 

stereoselective, meaning it is generated via an easier and cheaper synthesis process [37]. The 

benzothiazones are irreversible inhibitors that require activation of an aromatic nitro group 

for antitubercular activity. The nitro group is required, as well as a meta electron–

withdrawing group, typically either a trifluoro methyl or another nitro (dinitro benzenes). 

The nitroaromatic group is available for a specific Mtb mediated bioreduction to a 

corresponding reactive nitrosoarene. The nitroso group then reacts with an active site 
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cysteine residue in the DprE1 enzyme to form a semimercaptal adduct inactivating the 

enzyme [38]. Importantly, human reductive metabolism does not have the ability to activate 

this prodrug series providing a suitable safety window and are negative in the Ames test for 

DNA mutagenesis.

A single mutation to the Cys387 residue is the commonly associated resistance mechanism 

and results in more than a 500-fold reduction in benzothiazone activity. Delamanid is 

similarly reduced by Mtb to elicit its bactericidal properties but does not result in cross-

resistance with the benzothiazones as they are bio-reduced by a different enzyme (F420-

deazaflavin–dependent nitroreductase [39]).

An alternative class of DprE1 inhibitors, the 1,4-azaindoles (Fig. 7), were identified via a 

scaffold-morphing approach by AstraZeneca (Waltham, MA) and now are being advanced 

by the Global TB alliance (New York, NY). These compounds were derived from an 

imidazo-pyridine HTS hit that displayed a good Mtb MIC but were not bactericidal. To gain 

bactericidal activity, multiple scaffold morphs were performed. The resulting 1,4-azaindole 

scaffold underwent several structure– activity relationship (SAR) optimizations to improve 

bactericidal activity, shift selectivity away from the human phosphodiesterase 6 (PDE6) and 

increase metabolic stability [40, 41]. PDE6 is a key off target pharmacology for this class as 

it is expressed in rod and cone photoreceptor cells of the eye, and extended inhibition can be 

detrimental to visual acuity. A similar adverse event is noted with prolonged EMB exposure 

[42]. Lead molecules from these optimizations have a marked decrease in PDE6 inhibition 

(>100 μM) and a good PK profile, while maintaining or improving Mtb activity. This class 

of DprE1 inhibitors (at 100 mg/kg) had comparable efficacy to INH in a murine model of 

acute TB infection and to RIF in a chronic model in vivo [41]. An important distinction for 

this potential drug class is the lack of cross-resistance with the benzothiazones, despite 

having the same molecular target. This is due to the noncovalent nature of inhibition the 1,4-

azaindoles display. The commonly associated resistance mutation for benzothiazones is the 

single-point mutation of the nucleophilic Cys387, which does not affect the binding of the 

1,4-azaindoles, nor their antitubercular activity [40].

TCA1 (Fig. 8), a member of a third class of promising DprE1 inhibitors, was discovered 

using a clever screen aimed at finding inhibitors that prevent mycobacterial biofilm 

formation. TCA1 has bactericidal activity against wild-type TB and MDR-TB in both active 

and dormant states and is effective in both acute and chronic in vivo infection models [43]. 

TCA1 not only has activity under normal growth conditions and biofilm culture conditions 

but also has the ability to prevent biofilm formation. With a narrow spectrum of activity 

specific to mycobacterium, TCA1 displayed potent bactericidal activity against XDR-TB, 

suggesting a novel mechanism and a great potential to be optimized into a new therapeutic 

option for MDR-TB. Using purified DprE1 enzyme, it was shown that TCA1 prevents the 

formation of DPA in a dose-dependent manner. Results from a competitive binding assay 

also showed that TCA1 binds at the same site as the benzothiazone, but there does not 

appear to be cross-resistance associated with either's resistant mutants [43]. These 

competition assays were verified upon co-crystallization of TCA1 and DprE1, which 

confirmed a significant overlap in the binding domains. One key difference to be noted is 

that the benzothiazones do not display activity in latent Mtb cells, and TCA1 down regulates 
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the expression of genes associated with persistence (i.e., fdxA, a low-redox electron carrier 

[44]) and drug tolerance. This added benefit of killing latent Mtb is thought to be due to a 

second target of TCA1, a target that is not essential for growth in optimal conditions but is 

physiologically relevant when the mycobacterium is under antibiotic stress. This was shown 

in a series of growth models using DprE1 overexpression and various nutrient-rich or 

nutrient-depleted media [43]. In a competitive molecular pull-down experiment using a 

TCA1 analog, it was determined that MoeW was the secondary target. MoeW is a protein 

involved in molybdenum cofactor biosynthesis, and the gene encoding this protein is 

conserved only in Mtb and not in any other mycobacterium or bacterial species. The 

molybdenum cofactor is essential for nitroreductase activity in Mtb, which is important for 

the hypoxic and nitric oxide–induced stress response.

2.3 MmpL3 inhibitors

The Mycobacterial membrane protein Large (MmpL) family of export proteins are involved 

in transportation of metabolites from the cytosol of Mtb. The Mtb genome contains 12 genes 

that express the MmpL proteins that are considered resistance-nodulation-division proteins, 

which play an important role in Mtb survival and pathogenesis [45]. MmpL3 is required for 

the export of mycolic acids in the form of trehalose monomycolates to the periplasmic space 

or outer membrane. Established as the only protein in this family that is essential for 

mycobacterial survival, MmpL3 is an attractive drug target. It is an important membrane 

protein, and a very common target elucidated in hits from whole-cell phenotypic assays, 

similar to DprE1 and QcrB [34]. Because MmpL3 is an easily druggable target with proven 

essential roles in Mtb survival, there is immense interest in MmpL3 inhibition as a novel 

mechanism of action for a new antitubercular agent.

The most advanced MmpL3 inhibitor is SQ109 (Fig. 9), a structural derivative of EMB's 

diamine moiety [46]. The initial effort in discovering SQ109 was undertaken using a 

combinatorial chemistry approach to find an EMB analog with improved activity because 

EMB is the weakest agent of the frontline therapeutics. However, retrospective analysis 

using SQ109-resistant mutants showed that this inhibitor's mode of action differs from 

EMB, with action associated with MmpL3 inhibition (Fig. 9). It is now accepted that SQ109 

has polypharmacology properties, as it has activity on fungi and bacteria that do not possess 

mycolic acids [47, 48] and activity against latent cells that do not require active cell wall 

synthesis [49, 50]. Further investigation of SQ109's mechanism of action divulged additional 

inhibition of menaquinone synthesis, cellular respiration, and ATP synthesis in part due to 

dissipation of the proton motif force across the cytoplasmic membrane [50]. These multiple 

mechanisms of antitubercular activities suggest that SQ109 would be an effective agent to 

add to MDR-TB therapies and will cause limited instances of resistance if used in such a 

regimen, though it does have some pharmacological limitations due to its amphipathic 

structure.

More specific classes of MmpL3 inhibitors were discovered via a whole-cell phenotypic 

screen performed at the Novartis Institute for Tropical Diseases (NITD; Singapore). 

Indolcarboxamides (Fig. 9) that have excellent PD properties, including potent bactericidal 

activity, display both concentration and time-dependent killing [51]. Lead molecules are 
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orally bioavailable and display limited toxicity, including no inhibition of HepG2, hERG, 

AMES, or CYP450. They possess a narrow spectrum of activity against gram-positive and -

negative bacteria, a positive attribute for a potential antitubercular agent. Researchers 

working with indolcarboxamide-resistant Mtb discovered no cross-resistance associated with 

any commonly used drugs for Mtb treatment. Cross-resistance was noted with other MmpL3 

inhibitors, including SQ109 (16-fold shift in MIC), AU1235 (>1,024-fold), and BM212 (2-

fold) [52]. This range of MIC shifts can be explained by different binding sites of the 

inhibitors in MmpL3. One crucial advantage that the indolcarboxamides display is a 

dramatic accumulation in the lungs in vivo. Early analogs of the initial HTS hit showed a 5-

fold higher Cmax and a 10-fold increase in AUC0-24 h, in respect to lung concentrations vs. 

plasma concentrations of drug [52]. In general, MmpL3 inhibitors are quite lipophilic, which 

is not surprising, given the role of MmpL3 in exporting mycolic acids. This lipophilic 

nature, in turn, causes problems with distribution and propensity for oxidative metabolism of 

the inhibitors.

2.4 InhA inhibitors

Isoniazid is a staple of frontline tuberculosis therapy. Its molecular target is the 

mycobacterial enoyl reductase InhA, which is required for the biosynthesis of mycolic acids, 

the dominant feature of the lipophilic outer mycobacterial cell wall that is essential for 

growth and virulence. [53, 54]. There are two distinct fatty acid biosynthesis (FAS) routes; 

mammals rely on the FAS I pathway, and bacteria rely on the FAS II. Mycobacteria contain 

both pathways, with a distinct subset of enzymes included in FAS II for the biosynthesis of 

extraordinarily long mycolic acids. These FASII enzymes are where drugs can be designed 

for mycobacterium specificity, an important consideration for the development of a therapy 

for MDR-TB. INH is a prodrug that requires activation by the catalase-peroxidase KatG to 

inhibit InhA, and this bioactivation step is where Mtb primarily develops resistance by 

inactivating this nonessential enzyme (Fig. 10). Therefore, new prodrugs targeting MDR-TB 

would run the risk of encountering cross-resistance in cases of Mtb if their bioactivation 

pathway is similar to that of INH or other prodrugs that are currently used in TB therapy, 

including EMB and PZA. The resulting INH–NAD adduct inhibits the enzyme and displays 

remarkable residency time due, in part, to a conformational shift in helix 6 that occurs after 

the initial binding, a shift that does not occur with rapid reversible inhibitors of InhA 

[55-57]. Peter Tonge and others have stressed the importance of residency time in drug 

discovery and lead optimization [58-60]. Just having tight binding affinity is not enough. 

Typically, it is the dissociation rate of the inhibitor from the enzyme that is more indicative 

of the biological activity in vivo [61]. FabI, the S. aureus ortholog of InhA, has been the 

subject of much antibacterial structure–based drug design, with at least two candidates 

advancing into clinical trials (NCT02426918) [62, 63]. This information provides a useful 

knowledge base for ongoing efforts to discover direct-acting inhibitors of InhA that are not 

susceptible to KatG-associated cross-resistance.

Researchers at GSK (Middlesex, UK) and subsequently AstraZeneca have produced lead 

molecules with a methyl thiazole core (Fig. 11) that are nanomolar InhA inhibitors. Both 

have excellent MIC values against Mtb [64, 65] and display a favorable preclinical toxicity 

profile, with limited CYP450 activity and favorable preliminary PK properties. The GSK 
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lead has a whole-cell MIC of 1 μM and an intracellular MIC of 0.48 μM. However, the series 

falls short of INH in vivo potency and requires more optimization to be clinically relevant. 

The NITD recently published a thorough study of another chemical class to directly inhibit 

InhA, the 4-hydroxy-2-pyridones (Fig. 11) [66]. This class of orally active compounds, the 

lead of which is NITD-916, displays potent bactericidal activity against multiple INH-

resistant strains of Mtb and in vivo efficacy in acute- and chronic-infection models. The 

primary concerns with this class of inhibitors are similar to those associated with the 

MmpL3 series (i.e., activity against dormant bacteria and high lipophilicity) and poor 

resultant physiochemical properties of inhibitors that engage mycolic acid–binding sites.

2.5 Novel β-lactam combinations

The β-lactams are the most populous class of antibiotics and are the mainstay of most 

antibacterial drug treatment regimens; however, their efficacy against Mtb has always been 

limited. With the pressing situation of the advance of MDR-TB and a greater knowledge of 

the mechanisms that render Mtb insensitive to β-lactams, efforts have been renewed to 

determine whether β-lactam agents can be developed to treat MDR-TB [67]. Case reports of 

amoxicillin plus clavulanate have shown some limited success treating MDR-TB [68] [69]. 

However, carbapenems are the most suitable β-lactams for treating Mtb as they potently 

target the high-molecular-weight penicillin-binding proteins, and also inactivate the unusual 

ι,D-transpeptidases that form the 3→3 crosslinks found in the unique Mtb cell wall [70]. 

Additionally, Carbapenems are less favorable substrates for the Mtb β-lactamase BlaC, 

which is expressed at high levels and inactivates most other β-lactams. Meropenem and 

imipenem have been tested for MDR-TB, in combination with a β-lactamase inhibitor, such 

as clavulanate, which inactives BlaC [69, 71-73]. Clinical efficacy has been demonstrated in 

XDR-TB by using meropenem–clavulanate combinations, which requires administration 

three times daily via infusion [74, 75]. One advantage the β-lactams offer as a series over 

other second-line alternatives is that they have a well-defined safety profile [76]. However, 

complications with the use of these powerful broad-spectrum antibiotics in a long-term 

course of therapy can originate with disturbances of the patients' microbiome and could lead 

to regiment compliance issues.

Faropenem (Fig. 12) a penem, is structurally similar to the carbapenems. The penem ring 

system is slightly less strained and consequently has improved chemical stability, and has 

been modified to a prodrug ester (faropenem medoxomil) that allows for oral administration, 

both desirable advantages for treating MDR-TB [77, 78]. Already approved for treatment of 

respiratory infections in humans, faropenem has displayed promising bactericidal activity in 

both active and non-growing, metabolically active Mtb cells [79], which is comparable to 

that seen with meropenem. Such results combined with renewed efforts to design a new 

generation of Mtb-targeted β-lactams, especially in conjunction with recent advances in β-

lactamase inhibitor design, hold promise for clinical development as MDR-TB therapies. 

The primary limitations of this class of inhibitors relate to issues of obtaining sufficient drug 

exposure, for instance meropenem's dosing regimen requires 1g infusions, three times daily.
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2.6 Oxazolidinones and other protein-synthesis inhibitors

Linezolid, the first-in-class oxazolidinone antibacterial agent, has demonstrated excellent 

clinical efficacy in treating drug-resistant gram-positive pulmonary infections. 

Oxazolidinones are protein synthesis inhibitors that bind to the 50s ribosomal subunit of the 

23S rRNA. Linezolid possesses robust efficacy in treating MDR-TB infections, despite 

having modest activity in vitro and in mouse models of acute TB infection [80]. These 

results have encouraged further examination of the oxazolidinones class of antibiotics for the 

treatment of MDR-TB [80-84]. Only two agents are currently clinically approved, linezolid 

and tedizolid, but expansive efforts have been made to develop next-generation 

oxazolidinones that have greater antibacterial potency and less adverse effects. For other 

indications, linezolid use is generally restricted to less than 2 weeks, because the agent can 

cause myelotoxicity (as a result of mitochondrial protein synthesis inhibition), cytopenia, 

neuropathies, lactic acidosis, and rhabdomyolysis. This is particularly troublesome when 

undergoing prolonged therapy that is required for MDR-TB. Avoiding these mechanistic 

toxicities is a top priority in the design of future analogs. Over the past decade, many 

oxazolidinone analogs have been created in antibacterial-discovery programs at major 

pharmaceutical companies, some of which are pharmacologically validated leads that are 

well suited for repurposing for MDR-TB applications with larger safety indices. Sutezolid 

(Fig. 13) has emerged as a promising example and has completed a Phase II clinical trial 

(NCT01225640). In addition AstraZeneca is pursuing a second-generation oxazolidinone 

AZD5847 that also displays promising efficacy in animal models in a Phase II clinical trials 

[85] (NCT01516203).

Sanofi (Paris, France) has recently begun to reinvestigate macrolide antibiotics from their 

compound archive for MDR-TB application because of the efficacy of other protein 

synthesis inhibitors and the reported use of the macrolide clarithromycin. From the natural 

product sequanamycin A (SEQ-503), chemical optimization has obtained SEQ-9 (Fig. 14). 

SEQ-9 has better mycobacterial potency and much better PK properties, including increased 

plasma stability, a better metabolic profile (high stability and no CYP inhibition), and it is 

efficacious in acute in vivo murine models. SEQ-9 does not appear to be bactericidal yet, it 

has notable activity against replicating Mtb, latent Mtb, and intramacrophage Mtb displaying 

submicromolar MIC80 activity in all three models. An exciting aspect of SEQ-9 is that there 

is no MIC shift in multiple lines of human clinical Mtb isolates and does not appear to be 

hampered by inducible macrolide mediated resistance that restricts the use of other 

macrolides [86]. When Sanofi researchers added SEQ-9 to combination studies, they noted a 

dramatic increase in the total bactericidal activity of those combinations. The greatest 

increase was observed in combination with bedaquiline and PA-824, with nearly complete 

elimination of chronic-TB infection in mice by 8 weeks. There is still plenty of optimization 

to be performed on this macrolide, but this study adds more evidence that adding a protein-

synthesis inhibitor to an antitubercular regimen could dramatically reduce treatment 

duration. Other macrolides are being investigated and should produce additional options to 

MDR-TB treatment.

Leucyl-tRNA synthase (LeuRS) is an attractive antibiotic target that is required for protein 

synthesis. A unique class of boron-containing inhibitors has been identified that act on the 
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editing site of LeuRS and disrupt its proofreading role in leucyl-tRNA synthesis. These 

inhibitors trap tRNA of the LeuRS away from the active site to a separate editing site, 

approximately 30 Å away [87]. Locking this terminal ribonucleotide via covalent attachment 

of the ribosyl diols to the boron atom (Fig. 15) blocking the tRNA from being properly 

aminoacylated and preventing protein synthesis. Recently, this inhibitor class has produced 

an approved agent for fungal infections [87] and late stage clinical candidates for the 

treatment of gram-negative infections [88, 89]. Anacor Pharmacueticals (Palo Alto, CA) in 

collaboration with GSK recently opened new investigations to identify oxaboroles that are 

active against Mtb identifying a promising Mtb selective subclass. These low molecular 

weight and hydrophilic inhibitors have notably good oral bioavailability and PK properties. 

The LeuRS editing site is structurally unique across species, which enables scientists to 

develop species-specific inhibitors [88]. Anacor Pharmaceuticals is now optimizing this 

series of Mtb LeuRS–specific protein synthesis inhibitors. This class of agents has been 

described to the StopTB Partnership as having potent, Mtb-specific activity in both acute- 

and chronic-infection murine models in vivo at very low doses (<10 mg/kg per day).

2.7 Rekindling old antibiotics with natural product chemistry

The first effective treatment for TB followed the isolation of streptomycin in 1943 and its 

clinical introduction in 1946. Streptomycin was first isolated by Albert Schatz, a graduate 

student in Selman Waksman's laboratory at Rutgers University (New Brunswick, NJ). The 

antibiotic was isolated from the bacterial species from which its name is derived, 

Streptomyces griseus. This discovery was the genesis of studying natural products produced 

by bacteria rather than those produced by plants or fungi. This discovery method of 

screening soil-derived microbes for antibiotic production helped launch the “Golden Age” of 

antibiotic drug discovery (1943–1965), when one half of clinically relevant antibiotics were 

discovered [90]. The most important application of this approach in the area of TB therapy 

was the discovery of rifamycin antibiotics by Piero Sensi at Lepetit Pharmaceuticals 

research laboratory in Milan, Italy. Semisynthetic modification of rifamycin produced 

rifampicin, which remains one of the most effective antitubercular agents ever developed. In 

the course of soil-microbe screening efforts, many potent series were left behind due to 

chemical instability, rapid metabolism, toxicity, or an undesirable spectrum of activity. 

However, with the rise of antibiotic resistance, there has been an increased interest in 

reinvestigating some of the scaffolds that have displayed a unique mechanism of action or 

where new structural or mechanistic target information can be exploited. As the last group of 

TB drugs under development to be discussed in this review, we will focus on some synthetic 

adaptations made to underexploited natural-product entities that have the potential to be 

adapted to clinically relevant drug classes for the treatment of MDR-TB.

Spectinamides are semisynthetic derivatives of the antibiotic spectinomycin produced by 

Streptomyces spectabilis. Spectinomycin works by inhibiting ribosomal translocation and 

consequent protein synthesis by binding to a unique binding site on the 16S ribosomal 

subunit [91, 92]. A second-line agent used in the treatment of gonorrhea infections, 

spectinomycin has a documented excellent safety profile, with no associated nephrotoxicity 

or ototoxicity, which are common adverse effects of aminoglycosides, consistent with its 

distinct mechanism of action. However, spectinomycin only has modest antitubercular 
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activity. Using structure-guided design, workers in the Lee laboratory generated a novel 

series of spectinamide analogs, including lead 1599 (Fig. 16), that have greatly increased 

antitubercular activity (spectinomycin Mtb MIC = 50 μg/mL → 1599, 0.8 μg/mL). Structural 

modifications in the amide side chain enable the spectinamides to escape an intrinsic efflux 

mechanism through the Rv1258c pump that limits the activity of spectinomycin against Mtb 

[93]. Spectinamides are highly selective for Mtb, display a marked postantibiotic effect, and 

lack cross-resistance with any other protein synthesis inhibitors, and retained activity against 

MDR-TB and XDR-TB. 1599 is active in mouse models of acute and chronic TB infection 

and demonstrates synergy in vivo when combined with RIF and PZA and additivity when 

combined with secondline agents used for treating MDR-TB suggesting they are good 

potential partners agents for novel treatment regimens. The hydrophilic nature, low protein 

binding, lack of hepatic metabolism and ability to avoid efflux also makes them favorable 

combination partners, though this series is limited by their lack of oral bioavailability.

Griselmycins are Streptomyces-derived antibiotic class that have been recently re-explored 

to generate new agents to treat MDR-TB. Griselimycin (Fig. 17) was discovered in the 

1960s at which time its anti-tubercular potency was noted by Sanofi but as it possessed poor 

PK properties it was eventually dropped in favor of other programs due to their rapid 

elimination following oral administration [94, 95]. Sanofi recently reinvestigated the 

griselmycin scaffold, generating several analogs of the cyclic peptide by total synthesis, 

which appears to have improved therapeutic potential. Most interestingly, the investigators 

identified the molecular target as the DNA-polymerase sliding clamp DnaN, validating it as 

a novel target for future drug discovery [96]. In this study, analogs of griselimycin were 

synthesized by structure-guided design, with the hopes of increasing metabolic stability and 

maintaining in vitro and in vivo efficacy. A cyclohexyl analog proved to be efficacious and 

blocked the primary point of metabolism by sterically limiting access to cleavage of the 

Proline-8 amide bond. Of note, this preclinical class showed a low emergence of 

spontaneous resistance mutations, even those that arise at a drastic fitness cost to the 

mycobacteria. The primary resistance mechanism identified is the amplification of the dnaN 
gene, but any mutants with such a mutation grew markedly slower [96]. This highly 

disfavored, rarely occurring resistance risk, coupled with a novel mechanism of action and 

promising oral PK properties, have propelled this class of naturally derived antitubercular 

compounds into the upper echelon of preclinical leads for MDR-TB.

Capuramycin is naturally occurring antibiotic secreted by S. griseus around which much 

antibiotic chemistry has been performed. Capuramycin inhibits peptidoglycan biosynthesis 

by targeting translocase I, an essential enzyme in this pathway and a distinct target from 

others discussed in this review [97]. Many capuramycin derivatives have been synthetically 

generated and subclasses identified that show impressive anti-mycobacterial potency and 

selectivity, but also commonly suffer from poor aqueous solubility. However, they exhibit 

rapid bactericidal activity and a lengthy post-antibiotic effect, making promising potential 

additions to Mtb therapy. Daiichi-Sankyo (Parsippany, NJ) created a library of more than 

7,000 capuramycin analogs, including many that have potent antimycobacterial activity; the 

lead from this series is SQ641 (Fig. 18) [98, 99]. Sequella (Rockville, MD) has licensed the 

right to develop this compound though little progress has recently been reported. As 

nucleoside-peptide antibiotics, capuramycins have limited oral bioavailability and 

Hoagland et al. Page 14

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pharmaceutical properties, which limit their development. To get around these limitations 

Lilly (Indianapolis, IN) has explored aerosol delivery of their capuramycin lead (CPZEN-45; 

Fig. 18) with positive results [100]. This study shows that CPZEN-45 is efficiently absorbed 

by lung tissue through inhalation, and can reach therapeutically relevant concentrations at 

the primary site of Mtb infection opening the door to clinical trials.

Pyridomycin was first isolated in 1953 from Streptomyces pyridomyceticus (Fig 19). Recent 

studies by the Cole group demonstrated that Pyridomycin is a direct inhibitor of InhA [101]. 

However, in contrast to INH and ETH that also target InhA, pyridomycins do not require 

bioactivation by KatG or EthA mitigating the primary potential source of cross-resistance to 

these existing drugs. Structural studies demonstrated that pyridomycin spans the active site 

of InhA, making key hydrogen bonds at both the substrate and NADH binding sites [102]. 

Another interesting aspect of pyridomycin is its ability for its aromatic rings to 

intramolecularly π-stack, a feature that might aid in cellular entry across the Mtb cell 

envelope. The drug is able to penetrate host macrophages, displaying bacteriocidal activity at 

10 μg/mL but is inactive against slowly-replicating bacteria consistent with its mode of 

action against cell wall biosynthesis. The structural and the SAR knowledge from other 

inhibitor programs available on InhA combined with pyridomycins chemically tractable 

scaffold leave this natural product ripe for synthetic derivatization. However, much work 

remains to advance this molecule class into preclinical development.

3. Notable recent advances in drug discovery technologies for Mtb

As discovery and development of novel chemical entities to treat Mtb has increased 

significantly in recent years [50, 103-105] so have the technologies used to discover new 

agents. New technologies have been developed to complement our increased understanding 

in the biology of the Mtb life cycle and the success and failures of prior drug development 

strategies. While there is not space to adequately discuss all these advances in this review we 

do briefly want to discuss the impact of three key technologies – genomics, screening under 

defined growth conditions that recapitulate various microenviroments of the Mtb life cycle, 

and MALDI-MS imaging of drug distribution within the infected lung.

As discussed previously, the accessibility of whole genome sequencing and genetic 

technologies that can be used to modulate gene expression levels has revolutionized our 

understanding of Mtb. The ability to search the genome for suitable therapeutic targets, to 

look for target conservation across multiple strains and lineages of Mtb and the ability to 

compare tractability with similar targets in other bacteria now provides a rich pool of 

information at the start of any discovery program [21, 106-109]. It is now typically required 

that any new target based drug discovery programs are first validated by gene knockout 

and/or gene knockdown experiments [110, 111] to help ensure the druggability of the target. 

These experiments give key insight into the sensitivity of the Mtb cell to inhibition of a 

biochemical target, as it is clear that not all therapeutic targets are created equal and 

inhibition of some are more lethal than others.

The ability to screen Mtb under defined growth conditions that better represent the 

microenviroments of the Mtb life cycle is also an advancing technology in this field 
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displaying great promise [112]. A good example is the high throughput screening of 

macrophage-resident Mtb that identified inhibitors active against cholesterol catabolism in 

Mtb [113]. Mtb is an intracellular pathogen that infects and multiplies in host macrophages, 

which is typically a very resource-deprived environment. In this case, the pathogen must 

scavenge carbon sources from the host, so Mtb has evolved specific catabolic enzymes to 

break down substrates like cholesterol and particle remnants of low-density lipids that are 

also scavenged by macrophages. Once inhibitors were identified in the macrophage based 

screen, the researchers tested for inhibition of cholesterol catabolic pathway (or methyl 

citrate cycle) inhibition by limiting the carbon source of in vitro grown cells in the presence 

of the inhibitor. These studies led to novel inhibitors of HsaAB, a two-component, flavin-

dependent hydroxylase that is crucial to the degradation of the “A” ring of cholesterol [113]. 

While these inhibitors are still under development, they are best considered as chemical 

probes with which to study the role of cholesterol catabolism in Mtb infection. The Russell 

group's work is a landmark study because it has identified and validated a new area of Mtb 

metabolism for chemotherapeutic intervention and drug design.

Technology that enables us to detect and image drug distribution allows researchers to gain a 

better understanding of how TB drugs distribute within the lungs of patients, and how this 

exposure compares to rodent models of Mtb infection, is another significant recent advance. 

It is quite easy to look at a single parameter (e.g., plasma concentration) and be deceived 

about how a drug will act in a patient. However, plasma concentration may be a poor 

indicator of tissue and granuloma perfusion, especially perfusion into necrotic granulomas' 

caseum-filled cores [114]. This phenomenon could help explain the failure of the Rapid 

Evaluation of Moxifloxacin in Tuberculosis (REMoxTB) clinical trial, one of the largest 

Phase III TB trials ever conducted. The trial, which included more than 1,900 patients, was 

proposed to shorten the duration of Mtb therapy from 6 to 4 months by substituting 

moxifloxacin for either INH or EMB. The trial was supported by results from extensive 

combination testing in mice [115], however it was unable to confirm the treatment 

shortening potential of moxifloxacin seen in mice. Subsequent data has shown that 

moxifloxacin is not able to fully penetrate human caseous lesions that have a low degree of 

celluarity [114], despite showing high concentrations inside activated macrophages [116, 

117].

These results have further spurred on efforts to study location-dependent drug concentrations 

in the Mtb infected lung, taking advantage of new MALDI-MS imaging technologies [116, 

118-121]. In a small study of drug distribution in granulomas taken directly from the lungs 

of MDR-TB patients who were treated with drug combinations at varying time points prior 

to lung resection, moxifloxacin exhibited several-fold lower concentrations in caseous 

regions of pulmonary lesions compared to RIF, concentrating around the periphery of the 

lesion. RIF exhibited a slow accumulation until high steady-state concentrations were 

achieved deep within lesions, and PZA was seen to rapidly perfuse throughout the lesion. 

This inability to efficiently drug the entire lesion probably explains why shortening the 

course of REMoxTB trail was not successful. These findings support a previous in vivo 
study in rabbits that used similar matrix-assisted laser-desorption/ionization mass 

spectroscopy imaging [122, 123], effect. These results suggest that penetration into caseous 

lesions is critical for future efforts towards treatment shortening regimens (Fig. 20).
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4. Discussion

There is an obvious need to continue the push to discover novel chemotherapeutic options to 

treat MDR-TB infections. Resistance continues to spread across the world, and an ever-

expanding global population and global strife will only serve to aid in this expansion. This 

review has highlighted some of the more promising classes of agents developed by various 

research groups, but this global effort must be maintained to ensure adequate weapons are 

available in this ever-evolving fight. Advances in drug discovery approaches, technological 

tools, a better understanding of the mycobacterium biology and disease states, and some 

hard learned lessons from failures in clinical trials have made this paradigm appear more 

promising as of late. Thus, there is reason to hope for improved outcomes for this serious 

disease are in the pipeline. In the past decade four primary strategies have been applied to 

discover the new agents discussed previously in this review: target based screening; 

phenotypic based screening; semisynthetic natural product chemistry driven approach; and 

repurposing of antibacterial agents. Each of these approaches has its own advantages and 

disadvantages.

When the whole Mtb genome sequence became available in 1998 [124], it greatly aided the 

identification of essential genes and facilitated the recognition of many novel Mtb drug 

targets. This increased target knowledge was thought to hold great potential and ushered in 

an era of target-based drug discovery primarily through the use of high throughput screening 

(HTS). However, the HTS target-based approach has to date only produced a few advanced 

leads with the current most advanced compounds being the InhA inhibitor class discussed 

earlier [125]. This mirrors the experience of the broader antibacterial drug discovery 

community, though lessons in this regard were slower to be accepted in the Mtb field. The 

primary limitations of this approach relate to target selection, screening library composition, 

and the concomitant hurdle of generating compounds that can penetrate and accumulate in 

the Mtb bacilli and remain stable to human metabolism. To address these limitations there 

needs to be a better understanding of which targets are suitable for this approach, chemical 

libraries need to be improved upon and new approaches like fragment based drug design 

should be implemented, enabling the building out of high affinity inhibitors with 

concomitant drug like and Mtb penetrant properties [126, 127].

Once the difficulties of target based approaches to TB drug discovery became apparent, 

whole-cell MIC driven HTS approaches dominated this discovery space, efforts that were 

fueled by the discovery of bedaquiline. This is in essence a reversion to an old approach that 

identified INH and EMB, but on a much larger screening scale, taking advantage of vast 

pharmaceutical screening libraries that have been put together in the intervening decades. 

The primary advantages of this approach are: is not limited to inherent target bias, thus 

allowing all potential chemically tractable targets to be explored simultaneously; common 

efflux and penetration issues are also addressed along with target-sensitivity validation. 

After an active compound is identified, resistant mutants can be generated and sequenced to 

identify genetic variations and thus assist in defining the mechanism of action. The most 

common targets identified in Mtb via typical phenotypic whole-cell screening were MmpL3, 

DprE1, and QcrB [30, 105, 128] all of which have produced preclinical leads discussed 

earlier. Another advantage of this method includes the relatively low costs associated with 
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this approach. Many companies have legacy compound libraries can be quickly repurposed 

for TB drug discovery, which can be compared to published hit data sets for comparative 

purposes to identify novel leads. Disadvantages include: an often difficult in vitro to in vivo 
active transition; mitigating off target pharmacology as the hits are often derived from 

compound classes generated for other human disease indications; repeated discovery of 

compounds targeting the same enzymes (MmpL3, DprE1, and QcrB); frequent discovery of 

prodrug activated electrophiles, for which care must be taken to ensure these agents are not 

activated by central human metabolism, though it must be noted as evidenced by the 

nitroimidazoles, delaminid and pretomanid this is achievable. Finally, despite genomic 

evaluation of resistant mutants, elucidating the molecular targets of drugs identified 

phenotypically can be more complex, time consuming, expensive, and is generally 

considered a bottleneck in this process.

These challenges are often compounded in lead optimization process, as it is common to 

increase lipophilicity from the initial HTS hit [129], and drug discovery in TB is no 

different. The NITD recommends monitoring lipophilic efficiency to guide phenotypic-hit 

selection and development, an opinion we share. Development of such compounds will be a 

delicate balance of maintaining potency and optimizing exposure via ADME (absorption, 

distribution, metabolism, and excretion) properties. As shown in Fig. 21, there has been a 

trend in developing new oral agents from phenotypic screening to better adhere to Lipinski's 

rule of five, such as BTZ043, Azaindoles and TCA1 [130, 131]. However it should be noted 

that most of the newer agents are still on the high end of lipophilicity range (cLogP > 3). 

This not only makes formulation difficult and increases the risk of drug-drug interactions, 

but may also play a role in limiting drug distribution into the caesum microenviornment. The 

success of bedaquiline and delaminid are examples that high lipophillicity (cLogP values of 

7.3 and 5.6, respectively) can be overcome with advances in formulation to achieve proper 

oral-exposure levels and advanced medicinal chemistry to block sites of oxidative 

metabolism. However, they have had limited success in reducing treatment duration, as in 

vitro and in vivo mouse efficacy testing may have suggested. The results of Q203 in clinical 

trials could add more evidence to the theory that these large lipophillic molecules have 

trouble clearing mycobacterium from necrotic granulomas. The feasibility of combining 

multiple high-liphophilic drugs in MDR-TB combination therapy will likely need to be 

addressed. This is due to additive liabilities and consequent drug-drug interactions causing 

decreased bioavailability and additive toxicities. These complications, combined with the 

more favorable distribution across multiple microenviornments, favors the identification and 

prioritization of phenotypic MIC screening hits with more hydrophilic properties.

During the golden age of antibiotic discovery, many unique natural product scaffolds were 

discarded in favor of compounds with more favorable characteristics, such as ease of 

production or lack of antibacterial spectrum of activity. Recent efforts to optimize some of 

these previously identified natural products for MDR-TB therapy, using a semisynthetic 

chemical modification approach has also proven highly productive, yielding the Macrolide 

SEQ-9, Spectinamides, Griselimycins, and Capuramycins, all of which are suitable to treat 

MDR-TB. The advantages of these molecules include: in vitro to in vivo efficacy conversion 

is higher than with purely synthetic compounds; they hit targets complementary to those 

identified in phenotypic screens; they represent novel chemical classes with different 
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physicochemical properties from those found in synthetic screening libraries. The primary 

disadvantages include: these are often resource intensive and difficult programs to initiate; 

the natural product scaffolds are often of high molecular weight, contain metabolic hotspots 

and have poor consequent oral bioavailability requiring parenteral administration; this 

approach often employs difficult and sometimes costly chemistry to generate these analogs.

Repurposing existing antibiotics such as β-lactams (faropenem, meropenem), oxazolidiones 

(linezolid), and fluoroquinolones (moxifloxacin) is another productive strategy to identify 

new MDR-TB treatment options [5, 132]. Linezolid is the prototypical example in terms of 

MDR-TB treatment [80]. Its proven efficacy in the treatment of MDR-TB has generated 

further studies on sutezolid and AZD5847, second generation oxazolidiones with greater 

mycobacterium selectivity and lower side effect potential. This strategy has the advantage of 

very rapid advancement into clinical trials, as ample human safety and PK data often exists. 

One factor that limits this approach is the number of new antibacterial agents that are 

available for repurposing, as the number of new antibacterial agents approved has dropped 

significantly in recent years. Currently the best untapped opportunity for this approach 

probably lies in the new wave of β-lactamase inhibitors being developed to tackle multidrug 

resistant Gram-negative bacterial infections. It remains to be seen if they have sufficient in 

vivo potency against Mtb BlaC enzyme [133,134] to enable future β-lactam β-lactamase 

inhibitor combinations to move forward for MDR-TB. However, the failure of the recent 

REMoxTB Phase III clinical trial designed to reduce treatment time is a cautionary note for 

this approach [115].

At the time of this writing, 10 Mtb drug clinical trials are registered in the United States 

(Table 2), including six compounds classified as “novel chemical entities” by the Stop TB 

Partnership. There are also 3 Phase III trials for optimized combination studies ongoing with 

bedaquiline and delamindib and pretomanid (formerly PA-824, another nitroimidazole) 

being added to optimized background regimens for patients with MDR-TB infections. These 

studies are seeking to enroll more than 1,000 patients suffering from MDR-TB, including 

some who are co-infected with HIV (NCT00910871, NCT01600963, and NCT01424670). 

This progress is much improved over past decades, but the need for new drugs that are safer 

and more efficacious with the ability for treatment shortening is still apparent. A strong 

discovery pipeline requires many more agents in early stage trials, as attrition rates increase 

the further drugs progress down the pipeline. Thus we believe more new entities are urgently 

required, as some of these agents will inevitably fail. It is our opinion that agents that have 

good pharmacokinetic properties including caseum penetration and anti-tubercular activity 

in this environment are most needed.

In conclusion, as outlined in this review, it is evident that the discovery and development of 

new agents to treat Mtb is a very active drug discovery field with many agents in preclinical 

development. This area is however not without major challenges. Today we are nowhere 

close to achieving the often-stated primary goal of developing a shorter, more effective 

therapeutic regimen for drug susceptible TB. There are worryingly few drugs currently in 

early stage clinical trials with only 2 compounds in phase I. There are also major 

pharmacological redundancies with many of the new agents in the pipeline that share a 

similar mechanism of action, cross-resistance and / or side effect profiles and thus cannot be 
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used in combination together. The discovery and development of new antibiotics in general 

is difficult due to inherent safety concerns relating to high and frequent compound dosing of 

agents required in comparison to other classes of human medicines. These problems are 

further compounded in the therapy of tuberculosis by the long treatment times and 

mandatory combination therapy such that toxicities may not become apparent until late stage 

clinical trials with large patient enrollments. The field also faces financial and logistical 

challenges compounded by the long development times for compounds and slow rate of 

discovery requiring a very long term commitment, which many sponsoring agencies and 

pharmaceutical companies struggle to maintain, as these timelines are much slower than 

their usual business cycles. Examples of this problem include the entrance and exit of 

pharmaceutical companies such as Novartis, Vertex and AstraZeneca, and the recent 

reduction in support for TB drug discovery efforts in the European Union. Fortunately some 

agencies such as the NIAID, WHO and Bill and Melinda Gates Foundation are committed to 

the long term, playing critical roles in both raising awareness and securing desperately 

needed funding to continue fueling growth and development in this field. To tackle some of 

the drug discovery issues large consortia of investigators comprising of academics and 

industrial members have been formed, such as the TB drug accelerator, New Medicines for 

Tuberculosis (NM4TB) in addition to the work of the TB alliance and the Critical Path 

Institute. These consortia offer venues to share complementary expertise and tackle complex 

problems. These units have made notable progress as evidenced by discovery and 

development of the benzothiazone class developed by NM4TB. However there is a 

propensity for large conglomerate organizations to become slowed by the competing 

priorities within the groupings, such that the overall return on the sum of investment in terms 

of delivery of new preclinical and clinical candidates has been less than had been hoped for 

at the time of their formation.

In conclusion, despite the challenges outlined we firmly believe the field of tuberculosis 

drug discovery is much better placed to achieve significant therapeutic advances in the 

coming decade. This results from a much-improved understanding of Mtb lifecycle, the 

pharmacological requirements for successful Mtb drugs, and the new anti-tubercular 

chemical matter derived in recent years. The importance of recent improvements in animal 

infection models that better mimic the pathology of the human tuberculosis lung, coupled 

with new imaging technologies provide us with much better predictive preclinical models to 

produce drug combinations efficacious against hard to treat slow growing sub-populations, 

should not be understated. Finally, we believe there is much strength in the expertise, 

experience and diversity of investigators currently working in this area, which needs to be 

nurtured to continue the important fight against MDR-TB.
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Fig. 1. 
Current frontline agents used to treat drug-susceptible Mtb.
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Fig. 2. 
Two recently approved antitubercular agents developed specifically for MDR-TB infections.
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Fig. 3. Simplified depiction of the Mtb lifecylce
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Fig. 4. Drugs that hold clinical promise that are in development and testing. Pipeline info from 
www.newtbdrugs.org *conditionally approved agents
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Fig. 5. 
Q203, which is currently in phase I clinical trials, has robust activity against latent Mtb and 

is a promising option for addition to MDR-TB treatment regimens.
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Fig. 6. 
PBTZ 169 and BTZ 043 with the covalent inhibition mechanism of DprE1.
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Fig. 7. 
The 1,4 azaindoles are a promising class of novel DprE1 inhibitors that are reversible and 

orally bioavailable.

Hoagland et al. Page 37

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. 
TCA1 is a recently identified DprE1 inhibitor with activity against latent MDR-TB infection 

in vivo.
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Fig. 9. 
MmpL3 inhibitors exhibit structural diversity.
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Fig. 10. 
INH bioactivation of the NAD adduct that is responsible for InhA inhibition.
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Fig. 11. 
Direct InhA inhibitors that are under development by GSK and the NITD.
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Fig. 12. 
Faropenem, a β-lactam antibiotic used in pulmonary infections that may soon be used in 

MDR-TB regimen.
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Fig. 13. 
Second-generation oxalidinones designed to combat MDR-TB pulmonary infections with 

fewer adverse events than their parent compound linezolid.
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Fig. 14. 
SEQ-9, a macrolide antitubercular agent derived from a natural extract from Allokutzaneria 
albata.
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Fig. 15. 
Mechanism of action for a representative oxaborole LueRS inhibitor.
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Fig. 16. 
Lee 1599, an optimized spectinomycin analog that possesses high selectivity for bacterial 

RNA and escapes efflux pump Rv1258c.
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Fig. 17. 
Griselimycin scaffold. R position is hydrogen on the natural product and cyclohexyl on the 

orally available analog.
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Fig. 18. 
Two lead capuramycin analogs, SQ641 and CPZEN-45, that are currently undergoing 

preclinical testing and optimizations.
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Fig. 19. Pyridomycin is a naturally occurring InhA inhibitor. Possessing the same mechanism as 
known drugs lends credence to the importance of InhA as a drug target
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Fig. 20. 
The various environments a drug must thrive in to be an effective antitubercular agent.
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Fig. 21. 
Physical chemical properties of currently used therapeutics vs newer agents in the discovery 

pipeline with their route of administration. The blue-shaded areas indicate the stereotypical 

Lipinski's rules for oral bioavailability. cLogP values taken from PubChem database.
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Table 1
Clinically relevant antitubercular drugs and their commonly associated resistance 
mechanisms

Drug Name Mechanism of Action Common Mechanism of Resistance

Rifampicin RNA synthesis inhibition
Mutation of rpoB induces a conformational change at β-
subunit of RNA polymerase causing a decrease in 
binding affinity

Isoniazid Mycolic acid biosynthesis inhibitor and effects on 
DNA, lipid, carbohydrate, and NAD metabolism

KatG suppression causing decreased pro-drug 
activation, and a mutation in the promoter region of 
InhA causing an overexpression of InhA

Pyrazinamide Not fully resolved, may include membrane 
potential disruption

Mutations in pncA reducing conversion to active acid 
form

Ethambutol Arabinogalactan biosynthesis inhibition Mutations in embB at codon embB306

Amikacin/Kanamycin Protein synthesis inhibition

16S rRNA target site modulation (1400 and 1401 rrs 
gene)
Increased drug inactivation via overexpression of eis 
aminoglycoside acetyltransferase

Capreomycin Protein synthesis inhibition Cross resistance with aminoglycosides plus mutation of 
tlyA which decreases rRNA methyltransferase activity

Streptomycin Protein synthesis inhibition Mutations in rpsL and rrs confer binding site 
modulation

Fluoroquinolones DNA gyrase and Topoisomerase IV inhibitor

Mutations in gyrA and gyrB causing an alteration to 
DNA Gyrase A/B binding site (later generations not 
always cross resistant with first generation) and 
increased ABC-type efflux pump expression

Ethionamide Mycolic acid biosynthesis inhibition
Mutations in ethA and inhA causing decreased pro-drug 
activation and InhA overexpression (cross resistance 
with Isoniazid)

Cycloserine Peptidoglycan biosynthesis inhibition Overexpression of alrA decreasing drug efficiency

Para-aminosalicyclic acid Folic acid and iron metabolism inhibition
Mutations in the thyA causing a decrease in activiated 
drug concentrations and folC mutations which cause 
binding site mutations

Clofazimine Release of Reactive Oxygen Species (ROS) and 
cell membrane disruption

Mutation to Rv0678 causes upregulation of MmpL5, a 
multisubstrate efflux pump (cross resistance with 
Bedaquiline)

Linezolid Protein synthesis inhibitor (50S subunit) T460C mutation in rplC, encoding the 50S ribosomal 
L3 protein and possible efflux mechanisms

ß-lactam/ ß-lactamase 
inhibitor: Amoxicillin 
Meropenem Imipenem

Cell wall disruption via peptidoglycan modulation

Overexpression of β-lactamases, (BlaC), point 
mutations at target site altering deacylation rate and 
binding affinity, cell permeability (alteration in porins 
and outer membrane composition) and increased efflux 
(Rv0194)

Thiacetazone Inhibits methyltransferases in mycolic acid 
biosynthesis

ethA mutation minimizes pro-drug activation and 
mutations to hadABC operon affecting dehydratase 
activity

Clarithromycin Protein synthesis inhibition (50S subunit) Low cell wall permeability and the expression of emr37, 
confers 23S rRNA site modulation

Bedaquiline Inhibition of mitochondrial ATP synthase
atpE mutations introduces binding site modulation. 
Noted efflux via mmpL5 (cross resistance with 
Clofazimine)

Delamanid Mycolic acid biosynthesis inhibition Mutation of reductive activating Rv3547 gene
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