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Development of Macozinone for TB treatment: An Update
Reprinted from: Appl. Sci. 2020, 10, 2269, doi:10.3390/app10072269 . . . . . . . . . . . . . . . . . 115

Caroline Shi-Yan Foo, Kevin Pethe and Andréanne Lupien
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Dedication 

“La tisi non le accorda che poche ore” From “La Traviata” by G. Verdi 

 Dear readers I spent most of my life in the battle against Mycobacterium tuberculosis. My 
retirement is approaching and this special issue will conclude perfectly my TB research.  
I would like to dedicate it to Vita Quinci, one of the most positive student I had in my Lab, 
affected from Progressive Ossifying Fibrodysplasia, who suddenly died on May 1st. Her 
last message to me was: “Life is beautiful”. 

Giovanna Riccardi 

Vita Quinci: “La vita è bella” (life is beautiful) 
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1. Introduction

Mycobacterium tuberculosis, the etiological agent of human tuberculosis (TB), represents a global
challenge to human health since it is the main cause of death by an infectious disease worldwide.
Estimations by the World Health Organization (WHO) reported that the tubercle bacillus latently
infects approximately one fourth of the world’s population, and it is responsible for more than one
million deaths every year [1]. Additional factors such as immunodeficiencies [2] and diabetes [3]
increase the risk of developing active TB.

The currently available anti-TB therapy is composed of four antibiotics (rifampicin, isoniazid,
pyrazinamide and ethambutol) that must be administered for at least 6 months to patients affected
by drug-sensitive pulmonary TB [4]. However, the increasing number of multi- and extensively
drug-resistant TB cases [5] requires the use of second- or even third-line anti-TB medications, which are
characterized by frequent severe side-effects that reduce patients’ compliance [6].

Feeding the drug discovery pipeline with the identification of novel chemical entities and
promoting the development of those candidate drugs that are presently in clinical trials are therefore of
outmost importance in order to shorten anti-TB treatment.

In this Special Issue of Applied Sciences dedicated to “Tuberculosis Drug Discovery and
Development”, we review the most recent achievements in drug and target identification and present
an update on the clinical development of two candidate compounds (macozinone and delpazolid).
An overview of technical advancements is included, together with a summary of the anti-TB vaccines
which are either in the discovery or clinical phases.

2. The Present Special Issue on “Tuberculosis Drug Discovery and Development 2019”

This Special Issue of Applied Sciences dedicated to “Tuberculosis Drug Discovery and
Development” starts with a review article by Bandodkar and colleagues [7] where several drug
discovery approaches, which led to the identification of the TB drug candidates currently in the
pipeline, are presented. In addition, the authors describe validated and promiscuous drug targets
in the context of their experience at AstraZeneca R&D, Bangalore, India. In their article, Lienhardt
and Raviglione discuss the ambitious aim of the WHO to reduce TB incidence by 90% by the year
2030 [8], whereas Iacobino and co-authors review the increasing global challenge represented by
drug-resistant TB [9]. An interesting paper by Mazzarello closes the initial section by presenting a
historical perspective focused on Carlo Forlanini, who invented pneumothorax for TB treatment in
1882, in the same year when Robert Koch identified M. tuberculosis as the causative agent of human
TB [10].

The Special Issue then features a series of articles dedicated to the most relevant and frequently
explored drug targets: the cell wall of M. tuberculosis is reviewed by Vilchèze [11], DprE1 and MmpL3

Appl. Sci. 2020, 10, 6069; doi:10.3390/app10176069 www.mdpi.com/journal/applsci1
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are described by Degiacomi and co-workers [12], and the oxidative phosphorylation pathways are
presented by Foo and colleagues [13]. In addition, Gries et al. report on the most recent advances in
host-directed therapies and anti-virulence compounds, which could represent a helpful complement
to current anti-TB approaches [14]. In the context of additional approaches to standard antibiotic
treatment, an article by Visca et al. reviews the importance of post-TB treatment with the roles of surgery
and rehabilitation [15]. Two candidate compounds which are in the advanced stages of development
complete the section dedicated to novel medications: macozinone [16] and delpazolid [17].

Three papers describe state-of-the-art approaches to TB drug discovery. The first one by van
Wijk and co-authors deals with quantitative pharmacology models including machine learning and
artificial intelligence [18]; the second one by Bruch and colleagues discusses structure- and target-based
approaches to TB drug design [19]; the last one explores the –omics technologies and how they have
been exploited so far in TB drug discovery [20].

The Special Issue closes with an Editorial by Rappuoli who highlights the need for new drugs and
vaccines to eradicate TB [21] and introduces the final article by Martin and colleagues [22] who wrote
an update on the TB vaccine pipeline.

Overall, this Special Issue has gathered together most of the globally known TB professionals,
including clinicians, academic staff as well as researchers from the private sector, and provides an
extensive overview of the currently available tools and compounds that can help in the fight against TB.

3. Conclusions

The research work described in these sixteen reviews that constitute the Applied Sciences Special
Issue provides an extremely useful example of the achieved results in the field of tuberculosis drug
development. Moreover, readers can find information regarding the new approaches that are in
progress to identify new antitubercular drugs, as well as novel drug targets.

We are extremely grateful to all of the authors for their excellent contribution to this Special Issue
dedicated to Tuberculosis. We would also like to thank the reviewers who carefully evaluated the
submitted manuscripts. Finally, special thanks to Ms. Marin Ma for her technical support.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: After several years of limited success, an effective regimen for the treatment of both
drug-sensitive and multiple-drug-resistant tuberculosis is in place. However, this success is
still incomplete, as we need several more novel combinations to treat extensively drug-resistant
tuberculosis, as well newer emerging resistance. Additionally, the goal of a shortened therapy
continues to evade us. A systematic analysis of the tuberculosis drug discovery approaches employed
over the last two decades shows that the lead identification path has been largely influenced by the
improved understanding of the biology of the pathogen Mycobacterium tuberculosis. Interestingly, the
drug discovery efforts can be grouped into a few defined approaches that predominated over a period
of time. This review delineates the key drivers during each of these periods. While doing so, the
author’s experiences at AstraZeneca R&D, Bangalore, India, on the discovery of new antimycobacterial
candidate drugs are used to exemplify the concept. Finally, the review also discusses the value of
validated targets, promiscuous targets, the current anti-TB pipeline, the gaps in it, and the possible
way forward.

Keywords: tuberculosis; Mycobacterium tuberculosis; drug discovery; drug development; target-based
screening; phenotypic screening; antituberculosis agents; antimycobacterial; anti-TB drug pipeline;
privileged targets; promiscuous targets; lead generation

Chemotherapy for the treatment of tuberculosis has evolved over a period of several decades, starting
from the 1950s. The discovery of drugs with superior effectiveness that are part of the current
regimen has been facilitated through the success of several novel approaches and technologies. While
the medical need has at times hastened newer approaches to be adopted, the main driver for the
improvement has been the increased understanding of the biology of the pathogen, as well as its
interaction with the human host. In this review, we try to discuss the discovery of new drugs in groups,
with the groups sharing a common key driver that precipitated the changes of the treatment regimen.
As ‘newer aspects of the biology’ of the pathogen became known, they provided opportunities to build
novel drug discovery approaches. The paper also uses as examples the approaches, the results, and
the learning gathered as a part of the antituberculosis (anti-TB) program at Astra Zeneca, R and D,
Bangalore, India (AZI).

Several of the drugs that have been discovered are based on the learning that followed the
introduction of each of the new compounds into the drug regimen. The data have several pointers;
while each of the successful drugs was discovered building on the then state of the knowledge, the
newer drugs themselves also helped in the further understanding of the pathogen biology. This is even
reflected in the current set of drugs that are in late-stage development or have been recently introduced
into the anti-TB regimen.

Appl. Sci. 2020, 10, 5704; doi:10.3390/app10165704 www.mdpi.com/journal/applsci5
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The anti-TB drugs currently in use, and those in the late stages of clinical development, can be
broadly pooled into the following groups:

1. Serendipitous drug discovery—early chemotherapy;
2. Modification of drug scaffolds;
3. Revisiting targets that have clinically validated drugs against them (referred to as established

targets);
4. Target-based screening;
5. Phenotypic screening.

1. Serendipitous Drug Discovery: Early Chemotherapy

The first successful chemotherapy and cure of an infectious disease is indeed the discovery and
design of the ‘first line’ therapy for the treatment of tuberculosis—the design and development of which
was completed in the 1960s. Even today, this regimen is the therapy of choice for treating drug-sensitive
tuberculosis (DSTB). The drugs in the first-line treatment for DSTB, isoniazid, rifampicin, pyrazinamide,
and ethambutol became anti-TB drugs based on their activity on Mycobacterium tuberculosis (MTB)
cells in vitro, followed by testing in animal models and their rapid introduction into humans [1].
This progression was driven by the medical need, as no chemotherapy existed before these drugs
were discovered.

It is interesting to note that two biological observations and a hypothesis on potential ‘chemical
structures’ that may interfere with the observed biological process were the first starting points of
anti-TB drug discovery. Aspirin was shown to be a potent stimulator of the TB bacilli’s ‘oxygen
consumption’; analogs of aspirin were then postulated to be inhibitors of this process. This led to the
synthesis of a number of aspirin-like structures, of which para-aminosalicylic acid (PAS) became a
successful anti-TB drug [1–3]. The second observation was that niacin helped in the recovery of guinea
pigs infected with MTB, as well as the observation that niacin helped in faster recovery of TB patients,
raising the possibility that niacin was acting as a ‘vitamin’ [4,5]. Chemical synthesis focused on making
derivatives of niacin led to the design of three anti-TB drugs, namely isoniazid (Inh), pyrazinamide
(Pza) and ethionamide (Eth) [6]. Two of these are even today the most potent drugs for the treatment
of TB. This early period of chemotherapy also included extensive search for natural products with
antibacterial activity; Rifamycin and Streptomycin were natural products that showed potent activity
against MTB cells and were also introduced into the treatment of TB.

In 1979, Mitchison observed that 10 to 12 drugs were available for the treatment of tuberculosis,
which could be classified in terms of their effectiveness [7]. The choice of combinations was dictated by
animal toxicity of the individual drugs and in human trials, which assessed time taken to the sputum
negative state, cure as reflected by relapse rates, the emergence of resistant strains, and compliance.
Once an effective combination had been proven, it became to be referred to as the ‘Short Course
Chemotherapy’ and was adopted systematically all over the world [8]. This was the first successful
conquering of an infectious disease. In about 20 years, TB patients went from complete helplessness to
an effective cure achieved with drug treatment.

The key learning from this pioneering era was as follows:

1. In vitro MIC (Minimum Inhibitory Concentration) was insufficient to predict efficacy in humans.
Requirement for a combination therapy of drugs.

2. The best regimen required six months of treatment to achieve cure.
3. Each of the drugs in the combination had a unique role to play in leading to the cure.

The cure was defined as the lack of relapse.
The last two points remain, to date, the biggest challenge in finding and developing novel

combinations. The era of 1950 to 1980 had 10 drugs, of which the most efficacious combination of four
drugs was identified through rapid testing in humans. In spite of more than two decades of sustained
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research into the biology of MTB, the traits of a new drug that could contribute to both the ‘cure’ and
the shortening of therapy are still unknown.

2. Modification of Drug Scaffolds: Analogs of Known Drugs or the Literature Compounds

The initiation points for this approach were natural product scaffolds or scaffolds known to have
activity against MTB cells in vitro but did not possess drug-like properties. Efforts to address this were
mainly medicinal-chemistry driven, focused on understanding structure–activity relationship (SAR)
on potency and animal toxicity. The advances in chemistry in terms of novel reactions and the use
of combinatorial chemistry resulted in rapid diversification of key scaffolds to yield potent analogs.
Some of the examples of scaffolds were the nitroimidazoles and several newer rifampicins, isoniazid,
and ethambutol analogs [9–12].

2.1. Nitroimidazole as a Starting Point

Among the diverse scaffolds tested in this approach, the ‘nitroimidazole’ starting point has been
the most successful. The antibiotic 5-nitroimidazole was used for treating bacterial infections of the
gut and was also shown to be active on anaerobic bacteria [13]. Metronidazole, a drug still in use for
the treatment of amoebic infections, was one of the first successful derivatives of 5-nitroimidazole.
CGI-17341, a bicyclic imidazofuran, was one of the derivatives and was found to be a potent anti-Tb
molecule [14]. Continued chemistry on this molecule led to several analogs, among which PA-824
(Pretomanid) [15], OPC-67683 (Delamanid) [16] have recently been registered as anti-TB drugs and are
constituents of the current Multi drug resistant (MDR) regimen [15,16]. This progression is shown in
Figure 1.

 
Figure 1. The progression of 5-Nitoimidazole derivatives.

2.2. Rifampicin Analogs

Rifampicin was obtained through the chemical modification of the natural product rifamycin [17].
Derivatives of rifampicin, like rifabutin, were synthesized and found to have favorable properties
in terms of compatibility with anti-HIV drugs but could not overcome the cross-resistance with
rifampicin [18].

2.3. Ethambutol Derivatives

Increased throughput in chemistry also contributed to finding new leads. A combinatorial library
created around ethambutol led to the discovery of a clinical candidate SQ-109 [19,20]. SQ-109 was
found to be active even on ethambutol-resistant strains of MTB. SQ109 has been shown to target the
Mycobacterial Membrane Protein Large 3 (Mmpl3) [21]. It is interesting to note that ethambutol does
not inhibit Mmpl3.
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2.4. Isoniazid Analogs

Among the many Inh analogs synthesized, Sudoterb (LL 3858) was successfully progressed to
Phase 1 [22,23]. Inh, because of its simplicity of structure, remains an attractive starting point for
analog-based discovery.

The approach involving modifications of existing drug scaffolds has two important aims: firstly,
to discover novel analogs that are active on MTB strains resistant to the parent drug, and secondly, to
design ‘drug-friendly’ molecules. This approach has yielded two, drugs and a third is in development:
Pretomanid (Pre), Delamanid (Del), and SQ-109, respectively.

The key learning from these examples is that sustained effort can lead to useful drugs, even
though the starting scaffolds have issues.

3. Revisiting Established Targets: Revisiting Targets Proven as Druggable by Using
Broad-Spectrum Compounds

TB was declared a global emergency by WHO in 1996 [24]. The emergence of drug-resistant TB
and the complete lack of drugs capable of treating patients with MDR TB led the drug development
community to investigate alternate approaches to rapidly induct novel drugs into the regimen. This
prompted investigations into the feasibility of introducing the existing broad-spectrum antibacterial
drugs into the TB treatment regimen. Several antibacterial classes that have been shown to be active on
MTB in vitro were investigated in clinical trials.

This approach, which is now classified as ‘repurposing’, has successfully delivered new options
for TB treatment. The key classes that have added to the anti-TB portfolio are the following:

3.1. Protein-Synthesis Inhibitors

Streptomycin, a protein-synthesis inhibitor and a well-established anti-TB drug, has been shown
to be effective in treating MTB patients, but its use is limited because of it not being an oral drug
and the toxicities associated with it for prolonged use [25]. Several novel protein-synthesis inhibitors
that have been approved as antibacterials were also tested for their antimycobacterial activity. The
oxazolidinone [26] class of compounds, despite its limitations of myelotoxicity, hold a significant
position in the treatment of MDR and Extensively drug-resistant tuberculosis (XDR)TB in the current
anti-TB treatment regimen. Linezolid [27,28] is currently a part of the drug regimen for the treatment
of MDR TB, XDR and non-responding TB (NRTB), while newer oxazolidinones like Posizolid [29–31]
and Sutezolid [32,33] have been tested in advanced clinical trials. Newer oxazolidinones like the
Delpazolid [34] and Contezolid [35] are also in clinical trials.

3.2. Beta Lactams as Antimycobacterials

Several broad-spectrum antibacterials like meropenem, a beta-lactam, have also been shown to
have activity against MTB in in vitro models, as well as in studies measuring Early Bactericidal Activity
(EBA) in humans [36].

The key ‘unknowns’ in the development of broad-spectrum antibiotics as anti-TB treatment
are twofold:

- Priming of resistance against the antibiotic among normal gut bacteria due to the long-term
treatment required for TB. This priming could lead to the selection of resistant mutants and
subsequently spread of resistance to other pathogens in the gut.

- Effect of the antibiotic on ‘latent MTB bacteria’: Latent bacteria could also be primed, leading to
probability of a drug-resistant infection on reactivation.

Despite these concerns, even after several years of the use of rifampicin for the treatment of Drug
sensitive (DS) TB and moxifloxacin for the treatment of MDR TB, the extent of ‘priming’ caused is not
clear, and some of the fears could well be unfounded. This could also be a reflection of the use of these
drugs only in combinations or our inability to monitor the impact systematically.
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The key learning from this approach of including broad-spectrum antibiotics into the combination
regimen to treat MTB patients has been as follows:

- Drugs with several new targets, like the ones discussed above, can be introduced into novel
combinations, thus enabling the treatment of drug resistant (DR) MTB patients.

- The effectiveness of drugs like moxifloxacin or linezolid establish the vulnerability of the target,
thus promoting the search for new compounds that can inhibit the same target. This approach of
revisiting ‘established/vulnerable targets’ continues to be explored by using several newer assets,
like new libraries, which are novel screening formats, including those enabled by the availability
of the molecular structures. Two novel compounds that have entered clinical development,
GSK070 shown in Figure 2a [37] and SPR20 shown in Figure 2b [38], are examples of this approach.
GSK 3036656 (GSK-070) belongs to the oxaborole class of compounds and has been shown to be a
Leucine tRNA synthase inhibitor. The compound is currently in Phase 2 clinical trials [37]. SPR
720 is a GyrB ATPase inhibitor that belongs to the benzimidazole class. The molecule is also in
Phase 2 clinical trials [38,39]. A very recent report shows that SPR 720 obtained an orphan disease
status from FDA to treat non-tuberculosis mycobacteria (NTM) [40].

  
(a) (b) 

Figure 2. Two novel compounds that have entered clinical development (a) GSK070 and (b) SPR20.

3.3. Gyrase Inhibitors

The fluoroquinolone class (Moxifloxacin, Levofloxacin, Ofloxacin, and Gatifloxacin) of compounds
are potent inhibitors of the DNA gyrase enzyme and are proven antibacterials. Several of these were
shown to be active on the MTB bacilli in vitro. Researchers at the National Tuberculosis Institute, India,
tested the usefulness of ofloxacin as a part of the anti-TB regimen and showed it to be effective in the
clinical trial [41]. Multiple members of this class of compounds have undergone clinical trials as part
of an anti-TB regimen; moxifloxacin [42] is now a part of the standard regimen to treat drug-resistant
TB infections. Section 3.4 covers the target-based TB drug discovery efforts at AstraZeneca, with major
emphasis on gyrase inhibitors.

3.4. The AstraZeneca India (AZI) Effort

Gyrase as a target: One of the favorite targets for anti-TB drug discovery is the ‘gyrase enzyme’.
This is because of the multiple steps involved in the mechanistic of the ‘negative supercoiling’ enzyme
reaction, several steps of which have been shown to be inhibitable [43]. Additionally, the availability of
the several crystal structures of the enzyme has also helped in developing diverse screening approaches,
as well as in building SAR of the identified inhibitors.

AZI employed multiple ‘hit’ generation approaches like high-throughput screening (HTS) of the
AZ library, fragment library screening, targeted library screening, and pharmacophore-based screening,
as well as virtual screening, in the quest for robust novel inhibitors. Shirude and Hameed [44] reviewed
the features of the diverse set of inhibitors identified by the different groups. Several novel chemical
entities were identified and are being investigated further (Table 1).
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Table 1. Gyrase inhibitors identified at AstraZeneca (AZ).

Approach Target Inhibitor Series Mechanism of Inhibition Reference

Following known
series GyrB Pyrrolamides ATPase inhibitor [45]

Pharmacophore
based library GyrB Thiazolopyridine

ureas ATPase inhibitor [46]

Pharmacophore
based library,

scaffold morphing
GyrB Thiazolopyridone

ureas ATPase inhibitor [47]

High throughput
screening GyrB Aminopyrazinamides ATPase, MTB gyrase specific.

Novel binding mode. [48]

Focused library
screening GyrB Aminopiperidine

Non-ATP site binders,
different from

fluoroquinolones
[49]

Scaffold hopping GyrB Benzimidazoles Non-ATP site binders,
different from FQs [50]

The key learning from these extensive efforts on ‘revisiting gyrase as an established target’ are as
follows:

- A variety of novel chemical structures could be identified as potent starting points (Table 1).
- Several of these enzyme inhibitors showed an IC50-MIC correlation.
- The inhibitors worked through different mechanisms; hence, they have a potential to avoid

cross-resistance.
- These inhibitors were shown to have a higher potency against the MTB enzyme target, as compared

to other bacterial gyrases, that translated into selectivity in their antimicrobial activity.

4. Target-Based Screening

The target-based lead identification approach was given a major impetus because of the following
developments:

• The availability of the MTB genome sequence in 1998 [51] promised a new era both for studying
the ‘biology’ of the pathogen and investigating novel pathways suitable for drug development.
Several publications appeared, proving the essentiality of biochemical targets based on gene
knockout studies in vitro, as well as investigations on the survival of the gene knockouts of MTB
in the mouse model, confirming the essentiality of a variety of metabolic targets in vivo [52].

• Chris Lipinski et al. published the ‘Lipinski rule of 5′ for oral drugs [53]. The poor physiochemical
properties of lead compounds vis a vis the ‘Lipinski rule of 5′ was shown to be the leading reason
for the failure of potent compounds in the clinical trials, which was the direct result of poor
pharmacokinetics. This led to the understanding of the concept of ‘lead-like compounds’ [54].
These rules served as guidelines for the selection/prioritization of ‘hits’ with a higher probability
of being converted to drugs with favorable pharmacokinetics.
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• This period also saw an enhanced efficiency in solving crystal structures; the macromolecular
structures of several mycobacterial enzymes were solved and became key tools for the rationale
design of novel inhibitors. A consortium of structural genomics groups was formed for facilitating
the determination and analysis of structures of proteins from MTB [55].

• In addition to these facilitators of drug development, several public–private partnership consortia
were also formed, which propelled interactions between the pharmaceutical industry and academic
laboratories to engage in the TB drug discovery process. Examples include ‘The Action TB program’
(1996); the ‘Global Alliance for TB’ (GATB), which was launched in 2000; and the EU FW6/7
program entitled ‘New Medicines for Tuberculosis’ (NM4TB), which was launched in 2005,
followed by the ‘More Medicines for Tuberculosis’ (MM4TB) program. Several pharmaceutical
companies turned to target-based screening to find novel ‘lead compounds’ with a potential to
inhibit the growth of MTB cells [56].

• Examples of efforts at AZI toward finding potent inhibitors by using target-based screening are
summarized in Table 2. Though there are several publications on these efforts, it is interesting
to view them in the context of the learning and the impact. A few of these programs were also
in collaboration between AZI and partners of the NM4TB and MM4TB, the EU FW6, and seven
programs, as well as with the Global Alliance for TB.

Table 2. Target-based efforts at AstraZeneca.

Approach Target Pathway Inhibitor Class Status Reached Remarks Reference

Known
inhibitors

Acetolactate
synthase

Branched chain
amino acid

biosynthesis
Triazolopyrimidine IC50~30 nM

MIC0.5 μg/mL
Possible

auxotrophy [57,58]

Virtual
screening MtSK Aromatic amino

acid biosynthesis Pyrazolones IC50~0. 6μM
MIC 0.5 μg/mL

Possible
promiscuity [59,60]

Targeted
Library Pkn B Cell division

Bis
anilinopyrimidines

(BAP)

IC50~40 pM
MIC 8 μg/mL

Possible
redundancy [61]

HTS PanK
Coenzyme A (CoA)

biosynthesis
pathway

Triazoles (ATP
competitive)

Nanomolar IC50, not
translating into

microbial inhibition.

Possible
Target

vulnerability
[62–64]

HTS PanK
Coenzyme A (CoA)

biosynthesis
pathway

Quinolones (ATP
competitive)

Nanomolar IC50, not
translating into

microbial inhibition.

Possible
Target

vulnerability
[62–64]

HTS PanK
Coenzyme A (CoA)

biosynthesis
pathway

Biarylacetic acids
(ATP

non-competitive)

Nanomolar IC50, not
translating into

microbial inhibition.

Possible
Target

vulnerability
[62–64]

HTS TMK DNA synthesis 3-Cyanopyridone
Nanomolar IC50, not

translating into
microbial inhibition.

Possible
redundancy [65]

Fragment
screening TMK DNA synthesis 1,6-Naphthyridinone

Nanomolar IC50, not
translating into

microbial inhibition.

Possible
redundancy [65]

HTS NdH2 Energy Metabolism Quinolyl
pyrimidines

Ndh2 IC50: 96 nM
MIC: <0.5 μg/mL In progress [66]

The key learning derived from these extensive studies are as follows:

a. The patterns obtained throw important light on both the characteristics of the target and the
characteristics of the inhibitor.

b. The question of target vulnerability: Gene knockout studies for PanK demonstrated the
essentiality of the gene product. However, elegant studies with the PanK target showed that
modulation of enzyme levels (inferred based on regulating gene expression) altered the sensitivity
of the MTB cell to inhibitors of the enzyme [62]. This change in vulnerability of the target was
the reason attributed to the failure to obtaining bactericidal effects with the potent inhibitors.
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c. Type of inhibition: Most of the inhibitors described in Table 2 were ‘competitive’ in nature,
competing with the ATP site for binding. High-throughput screening mostly identifies
‘competitive inhibitors’ because of the design of the assay. The inhibition brought about by this
type of inhibition is influenced by the ‘substrate concentration’, resulting in the modulation of
target vulnerability [65].

d. Promiscuous targets: These types of targets are discussed later, in the lead generation approaches.
e. Established target: As described under Section 3.4, several inhibitors that have progressed to

anti-TB drugs establish the ‘vulnerability’ of a target; ATP synthase (ATPS) is one such target.
Bedaquiline, a non-competitive inhibitor of ATPS, is a front-line treatment for MDR TB [67,68].

5. Phenotypic Screening

This is a biology-driven effort where compound libraries are screened for antimycobacterial activity
against mycobacterial cells in culture, and the ‘hits’ are progressed based on the potency both in vitro
and in vivo [69]. This cell-based approach has been successful from the early days of TB discovery,
and most of the frontline drugs were progressed based on the structure–activity relationship that was
evaluated directly on the whole cells. Current-day phenotypic-screening approaches include the ability
to identify inhibitors that are active against MTB cells growing in a variety of microenvironments that
represent the replicating, the non-replicating, or bacilli in different physiological states [70]. Genetic
probes have also facilitated the unravelling of the biological targets of the inhibitors.

Some of the examples of phenotypic-screening-derived compounds that have become drugs, or
those in late clinical development, are discussed here.

a. Bedaquiline: Approved in 2012 for the treatment of MDR TB, Bedaquiline (TMC-207, R207910,
shown in Figure 3) has the reputation of being the first FDA approved TB drug in more than four
decades. It was discovered by Johnson & Johnson by screening more than 70,000 compounds
against Mycobacterium. smegmatis (M.sm). The compound was first described in 2004, at the
Interscience Conference on Antimicrobial Agents and Chemotherapy (ICAAC). The target of
TMC-207 was later conclusively proven to be the MTB ATP synthase [68]. Subsequently, in
2012, Bedaquiline became an essential part of the MDR regimen [71,72]. Several combinations of
Bedaquiline are also being investigated for their potential to reduce the duration of therapy [73].
Discovery of Bedaquiline and the target link has made MTB ATP synthase an attractive
validated target.

 
Figure 3. Structure of Bedaquiline (TMC-207, R207910).

b. Benzothiazinone (BTZ) and Macozinone (PBTZ): BTZ was discovered at the Russian academy
of science and developed with NM4TB, and it is presently being clinically evaluated under
the Innovative Medicines for Tuberculosis (iM4TB). The target for BTZ has been shown as
decaprenylphosphoryl-β-d-ribose-2′-oxidase (DprE1) by genetic and biochemical studies [74,75].
Based on SAR explorations, a piperazine derivative, PBTZ-169 (Macozinone), which has superior
pharmacokinetics (PK), as compared to that of BTZ [76], was discovered and is currently in Phase
2 clinical trials, in addition to BTZ 043. Structures of BTZ and PBTZ are shown in Figure 4.
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Figure 4. Structures of BTZ and PBTZ.

c. Azaindoles: These compounds emerged from a literature search for compounds similar to
Q-203 [77,78]. The compound had an MIC but was not bactericidal. Scaffold morphing efforts
on this compound at AZ Bangalore in a collaboration with TB alliance led to the identification
of TBA 7371 [79–81], a potent DprE1 inhibitor with non-covalent binding. TBA 7371, jointly
owned by Global Alliance for TB and the Foundation for Neglected Disease Research (FNDR),
was developed by GATB through Phase 1 safety trials in humans. Recently, GATB has licensed
TBA 7371 to Gates Medical Research Institute (GMRI); the news was disclosed in Union World
conference of lung health at Hyderabad, India, in November 2019. GMRI is currently testing
TBA7371 in Phase 2A clinical trials in TB patients [82]. The progression is depicted in Figure 5.

 

Figure 5. Evolution of TBA7371 which is in Phase 2A clinical trials in TB patients.

d. Q203: Telacebec (Q203) is a compound that was discovered by the researchers at Institute Pasteur,
Korea, and is structurally very similar to the one discussed above [77,78]. This compound inhibits
the cytochrome bc1 complex of MTB that is critical for the electron transport chain. The compound
is in Phase 2 clinical trials [83]. Structure of Telacebec is shown in Figure 6.

Figure 6. Structure of Telacebec.
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e. OPC-167832: First discussed in 2016 at the 47th Union World Conference on Lung Health in
Liverpool, UK, this is a carbostyril derivative that inhibits DPRE1. The structure shown in Figure 7
represents a balance of hydrophobic and hydrophilic residues. The compound is currently in
Phase 2 clinical trials [84]. Structure of OPC-167832 is shown in Figure 7.

 
Figure 7. Structure of OPC-167832.

Phenotypic-Screening Efforts at AstraZeneca India

The continued success of phenotypic screening as a viable alternative to discover novel inhibitors
of MTB was based on its ability to circumvent the failure to convert enzyme inhibition into antibacterial
activity. The advent of ‘rapid sequencing technology’ provided an impetus to this approach because
of the ability to rapidly sequence the genome to elucidate mechanism of action. This led AZ India
to focus on phenotypic screening for lead generation. A diversity library of 100,000 compounds was
assembled and used for screening directly against both M. smegmatis or Mycobacterium bovis BCG cells
as surrogates for MTB. Several novel scaffolds and their cognate targets were identified, confirming the
validity of this approach; a short list of the results obtained is shown in Table 3. Many of the novel
scaffolds identified were found to target DprE1 or the ATP synthase in target enzyme assays.

Table 3. Phenotypic screening-based efforts at AstraZeneca India (AZI).

Screening Mode Target Compound Comments Reference

HTS DprE1 Benzothiazole Promiscuous target [85,86]

HTS DprE1 4-Aminoquinoline
piperidine amides Promiscuous target [87]

HTS DprE1 Pyrazolopryridones Promiscuous target [88]

HTS DprE1 Azaindoles Promiscuous target [79,80]

Scaffold hopping DprE1 Benzimidazole Promiscuous target [81]

HTS ATPS Squaramide Established/Validated Target [89]

HTS ATPS Imidazopyridine Established/Validated Target [89]

Scaffold morphing ATPS Diaminoquinazoline Established/Validated Target [90]

6. The Anti-TB Pipeline—The Learning and the Gaps

6.1. The ‘Evolution’ of the Anti-TB Drug Pipeline

The anti-TB drug portfolio went from a ‘no treatment’ option to a successful therapy in ~20 years.
The main properties of drugs in the regimen that was labeled ‘Short Course Chemotherapy’ were
potency against the microbe, the ability to prevent relapse, and compatibility in terms of safety. The
next phase, ~1980s, was the search for a compound that could shorten the course of the treatment. In
the absence of ‘physiologically’ relevant in vitro and in vivo models to progress compounds for this
property, it was indeed a ‘black box’ experimentation. However, with the spread of MDR TB, this focus
turned to finding compounds ‘active on MDR TB’ and compatibility with the ‘patient comorbidities’,
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like HIV infection [91]. The concept of introducing ‘broad-spectrum antibiotics’ for the treatment of TB
was a direct consequence of this shift; even the original trial that included ‘ofloxacin’ into the regimen
was for reducing the duration of therapy [25]. Studies in animal models with a combination containing
moxifloxacin showed that the combination had a potential to reduce the duration of therapy [92], and
this was one of the end points in the trials with moxifloxacin in humans. However, the final results
showed that, while the drug was effective, the combination did not reduce the duration of therapy,
although it was efficacious on MDR, as well as on DS TB patients. The drug was introduced into the
regimen to treat MDR TB [93].

The need for efficacious drugs for treating MDR TB became the ‘new end point’ for a drug. Both
Bedaquiline and Delamanid fulfilled this criterion and are now parts of the new regimen [67,94].

There has been a concerted effort to understand the ‘persister’ population that is hypothesized to be
difficult to eradicate and hence the need for prolonged duration of therapy [95,96]. The non-replicating
persister (NRP) state has been the subject of intense investigations and several models representing this
state have been developed. Both Bedaquiline and Delamanid are active against MTB bacilli growing
under such conditions [16,67]. Further trials to investigate if this property of the new drugs will
contribute to the reduction in therapy duration needs to be performed. In parallel, the portfolio is sure
to see ‘adjunct therapy’ compounds that modulate the host response [92–95]. Repurposed candidate
drugs offer faster development options and are also expected to enrich the TB portfolio [97–103]. These
could also be weapons against the ‘persister’ population.

6.2. Lead Generation Approaches

The evolution of the anti-TB drug regimen, including the current portfolio, has followed a traceable
pattern of periods. These periods are recognizable by the ‘classes’ of compounds that were introduced
into the regimen. The different lead generation approaches and their accelerators are shown in Figure 8.
Accelerators are defined as new knowledge or global exigencies. Each of these accelerators influenced
lead generation methodology, to follow a certain approach during a certain period.

Figure 8. Evolution of lead generation approaches.

What is the current trend of preclinical ‘hit’ molecules being identified by using phenotypic
screening? Mdluli et al. [104] have discussed this trend which indicates that the majority of these ‘hits’
act on the targets, namely DprE1, Mmpl3, and Cytochrome bcc complex. This has led to the coining
of the term ‘promiscuous targets’. The AstraZeneca ‘hit’ compound list also shows the same trend
(Table 3). Why are these targets prone to get hit in phenotypic screens? The ultimate consequence of
the so called ‘promiscuity’ on drug discovery will be fully answered by the clinical trial outcome of the
compounds TBA737, BTZ043, PBTZ-169, OPC 167832 (DprE1 and Mmpl3), and Q203 (bcc1 complex)
hitting such targets [105].
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Another interesting trend is the increased number of compounds in later stages of development
that are inhibitors of ‘established targets’. This again adds to the concept of ‘privileged targets’ of MTB
(privileged because the inhibition of these targets converts to an antimicrobial effect on MTB). Perhaps
the so-called ‘promiscuous targets’ can also be classified as ‘privileged targets’.

6.3. Has the Pipeline Evolved Based on the Significant Increase in the Knowledge of the ‘Biology’ of MTB?

In 1996, Mitchison in his Garrod lecture postulated the presence of different populations of MTB
in the lungs of the TB patient [106]. Mitchison postulated the presence of the rapidly multiplying
and the slow-growing populations of MTB, as well as the intracellular and extracellular niches of the
organism. The last two decades have uncovered several shifts in the physiological state of the pathogen
that are responses to both the immune mechanism of the host or the ‘niche’ in which the pathogen is
proliferating [107]. The newer drugs like Bedaquiline, Pretomanid, and Delamanid have been shown
to be active against MTB cells in the NRP state in vitro, as well as against the MTB bacilli multiplying
within the macrophage [108,109]. However, these drugs were initially identified as inhibitors of the
rapidly multiplying pathogen under in vitro culture conditions. It is generally accepted that the MTB
population in the human host is a heterogeneous collection of the multiple ‘physiological states’ [69]
that could indeed be a dynamic interchanging state. This raises two questions:

1. What is the value of having novel drugs that are active predominantly on one of the physiological
states like the hypoxic or the intracellular state? Metronidazole is a known antiparasitic drug
that is also active on MTB growing under oxygen-limiting conditions [110]. The addition
of metronidazole to a cocktail of drugs for the treatment of MDR TB did not show clinical
benefit [111]. On the other hand, several inhibitors of the intracellular survival of the pathogen
in the macrophage have been identified, have been shown to be active in animal models of
infection [34,67,77,83,112], and are undergoing clinical evaluation. These inhibitors potentially
will facilitate the ‘killing’ of the pathogen within the macrophage, which in turn may reflect in
‘faster’ cure.

2. How do we develop molecules with activity against only specific subpopulations? The accepted
path through the regulatory system is by showing superiority of the new combination over the
existing standard of care (SOC) combination—a steep bar to cross. Until the beginning of this
decade, very few efficacious drugs were available for the treatment of MDR TB patients. This
provided the opportunity for newer efficacious drugs to show non-inferiority against the poorly
active regimen, a bar, which was reasonable to go across. However, the current combination
regimen for MDR TB treatment is efficacious, and newer compounds will have to demonstrate a
clear advantage over the current regimen. Identification of novel biomarkers that can be evaluated
during Phase 2a (Early Bactericidal Activity trials) could help in positioning these compounds
that are active on specific populations to the best advantage.

Undoubtedly, there is a rapid expansion in the knowledge of the pathogen biology and its
interaction with the host. Additionally, several novel inhibitors for pathways of the host that influence
the survival of the bacilli have been identified. However, translational research must be supported to
evaluate the potential of these compounds to become anti-TB drugs.

6.4. Combination Therapy: Finding Novel Combinations

What constitutes an ‘ideal’ combination? Faster time for sputum conversion, faster cure, tolerability,
lower rates of drug resistance, lower relapse rates, combination suitable for treating pulmonary and
extrapulmonary TB, and other properties, like compatible with comorbidities, etc. The concept of
searching for novel combinations is recent; it was first advocated by the GATB [113] by studying a
variety of combinations in humans using EBA. The two recently approved drugs, Bedaquiline and
Delamanid, were progressed as add-ons to a cocktail of second-line drugs. Pretomanid, in combination

16



Appl. Sci. 2020, 10, 5704

with Bedaquiline and linezolid, has been approved for the treatment of XDR TB patients for whom
there is very limited choice [73].

Another question is, can compounds active on the same target be compatible in the same
combination? It is possible if the two inhibitors bind to different sites of the same targets, like in the
examples of BTZ, PBTZ, and TBA7371. If the resistant mutants for the individual compounds do not
confer cross-resistance, can such an approach bring additional advantage to the treatment? This can be
relevant in the context of the so-called ‘promiscuous targets’ in TB and the diverse chemical inhibitors
of these targets reported in recent years, e.g., benzothiazinones, azaindoles, and Q 203.

7. Going Forward

It is interesting to view the current anti-TB portfolio as a glass ‘half full’. Novel efficacious
compounds are in the late stages of clinical development [114–116]. This will offer the opportunity
of designing new combinations. Several novel molecules are in the late discovery phase that will
diversify the repertoire of potential anti-TB molecules. The challenge is to find simpler paths through
the regulatory system that can demonstrate advantages with the molecule, as well as ensure safety.
This will need concerted discussion with multiple stakeholders, which is already happening [117,118].

The secret to ‘shortening therapy’ needs to be unraveled, whether this will continue to be a
hit-and-miss experimentation or further knowledge of the biology of the pathogen and will allow
rational experimentation is not clear. Can adjunct therapy with immuno-modulators help, or will
compounds acting on subpopulations that represent the ‘difficult to treat’ cells facilitate faster cure?
Such questions need to be evaluated. This requires an urgent need to find novel translational approaches
compatible with the regulatory framework to achieve this shift that, in turn, can create a paradigm
shift in our modus operandi of how we treat this affliction.

8. Conclusions

Finding new drugs for the treatment of tuberculosis has been and continues to be a challenge
despite the increased efforts over the last two decades. Lead generation approaches for MTB drug
discovery have undergone several changes, mostly driven by an increased understanding of the biology
of the pathogen, as well as the rapidly expanding knowledge on the biology of the interaction of the
pathogen with the human host. This review chronicles the advances in a systematic study, starting from
‘serendipitous discovery to phenotypic screening’. The technological advance mirrors the increased
understanding of the biology of the pathogen. Interestingly, much of this increased understanding is
also a consequence of the introduction of newer drugs for the treatment of tuberculosis.
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Abstract: The World Health Organization (WHO) End Tuberculosis (TB) Strategy has set ambitious
targets to reduce 2015 TB incidence and deaths by 80% and 90%, respectively, by the year 2030. Given
the current rate of TB incidence decline (about 2% per year annually), reaching these targets will
require new transformational tools and innovative ways to deliver them. In addition to improved
tests for early and rapid detection of TB and universal drug-susceptibility testing, as well as novel
vaccines for improved prevention, better, safer, shorter and more efficacious treatments for all forms
of TB are needed. Only a handful of new drugs are currently in phase II or III clinical trials, and a few
combination regimens are being tested, mainly for drug-resistant TB. In this article, capitalising on an
increasingly rich medicine pipeline and taking advantage of new methodological designs with great
potential, the main areas where progress is needed for a transformational improvement of treatment
of all forms of TB are described.

Keywords: tuberculosis treatment; biomarkers; drug combination; clinical trial

On 14 May 2014, the 67th World Health Assembly (WHA) endorsed a resolution detailing the
global strategy to control and eliminate tuberculosis (TB) in the 2015–2030 Sustainable Development
Goal (SDG) era [1]. The 3-pillar strategy was branded as the “End TB Strategy” [2]. Additional to two
pillars devoted to patient-centred care and to health system policies, a third pillar is fully devoted to
research and the need of innovations. This pillar and its components are fundamental in reaching
ambitious international targets set as part of the new strategy to “End TB”: to reduce 2015 TB incidence
and deaths by 80% and 90%, respectively, by the year 2030. The simple projection model underpinning
such figures, presented at the 67th WHA, is based on previous empirical experiences showing the
plausibility of declining trends conducive to those targets. The large-scale interventions promoted by
the End TB Strategy would be able to reduce TB incidence at a much higher annual rate than the current
1.5–2% per year [3]. For instance, it is known that in the Netherlands, United Kingdom, Germany and
other western European countries, TB incidence was declining at 8%–10% per year during the late
1950s and 1960s thanks to wide access to diagnosis and effective chemotherapy, screening of people at
risk, affordable care and social protection mechanisms [4]. It is also known that additional intensive
interventions, including large-scale preventive therapy, were associated with even faster declines
reaching 17% per year among the small Inuit populations of Alaska and North-Western Territory of
Canada [5]. However, while these declines could in theory be achieved with optimal implementation
of existing diagnostic and treatment tools—which are better than those available 70 years ago—the
needed acceleration towards 15%–20% incidence decline per year to reach the 2030 targets will require
new transformational tools and innovative ways to deliver them. These tools need to cover all aspects
of TB care and its cascade, as well as prevention.
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1. Which New Tools Are Necessary to End the Tuberculosis (TB) Epidemic?

First of all, achieving the End TB targets will require improved tests for early and rapid detection
of TB and for universal drug-susceptibility testing (DST) to reach more patients when they first seek
care so that one can cut transmission early and accelerate the decline in TB incidence and mortality.
Diagnostics must be rapid, precise, connectable, available at the point-of-care and effective in detecting
both active disease and latent infection [6]. Molecular diagnostics and sequencing technology available
today are powerful tools, but still need relatively sophisticated laboratory capacity, and are not offering
a point of care solution thus limiting their efficacy in the field.

Second, we need better, safer, shorter and more efficacious treatment for all forms of TB. The current
research and development pipeline—although the most populated seen in the past few decades—still
shows only less than 10 new agents in phase 1 trials, a handful of new drugs in phase 2 or 3 trials, and
a few combination regimens being tested mainly for drug-resistant TB [7]. Completely new classes of
anti-TB compounds are scarce, and potential synergistic combinations still unknown. Furthermore,
targeting better treatment of active TB towards elimination goals is clearly not enough, as the reservoir
of latent TB infection needs to be tackled as well. Mathematical models show that elimination may not
be possible without targeting simultaneously latent infection and active disease [8]. Thus, addressing
the vast pool of at-risk individuals among the estimated 1.7 billion people who may be latently infected
is paramount, and solutions must be found that are simple and can be implemented safely among
those at the highest risk of disease. Currently, the pipeline for treatment of latent infection includes
a few trials using essentially known drugs such as isoniazid, rifampicin and rifapentine in different
combinations, dosage and duration.

Lastly, a vaccine would be the ultimate solution if found to be highly effective, safe, able to
prevent pre-exposure infection as well as reactivation. However, at the moment, the most advanced
and promising vaccine candidate among the 14 in the current pipeline offers at best a 50% protection
among those with latent infection, and this still needs confirmation [9]. A fully effective potent vaccine
is not envisaged for several years, and will certainly not be available on time to allow reaching the
2030 targets.

Notwithstanding the importance of new, rapid diagnostics and efficacious vaccines, efforts
to populate the pipeline and accelerate anti-TB drug research are a top priority for investors and
researchers alike. Lately, after several years of stagnation, financial investments have been growing
slowly passing 800 million US$ in 2019 [10]. However, this is far from sufficient to truly accelerate
research toward new agents and regimens. The modest target of 2 billion US$/year, promoted within
an existing international plan [11], is not at reach at the moment.

At the same time, efforts in drug research begun in the early 2000s resulted in some successes with
the discovery and development of agents such as bedaquiline and delamanid that are recommended
for the treatment of drug-resistant TB. Recently, the combination of two new drugs—pretomanid and
bedaquiline—with a re-purposed agent, linezolid, has resulted in unprecedented high rates of cure
among advanced forms of multidrug-resistant TB (MDR-TB) and of extensively drug-resistant TB
(XDR-TB) (Nix-TB trial) [12]. The demonstrated 90% cure rates observed in a single-arm, open-label
trial in South Africa has prompted approval by the US Food and Drug Administration (FDA), despite
the high frequency of adverse events, including bone marrow suppression and peripheral neuropathy,
due to linezolid. These advances show that with wise investments and a well-thought strategy that
pursues development of a full regimen composed of new and existing or re-purposed drugs rather than
of individual new drugs-as promoted by the WHO Target Regimen Profiles [13] -may be conducive
to success despite the obvious challenges that TB research poses. This now needs to be consolidated
and accelerated, so that we can hope to obtain a shorter and safer novel regimen that can treat TB
irrespective of pre-existing drug resistance (and thus with reduced need for drug-resistance testing).
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2. Which New Drugs and Regimens?

First, further progress would require improving molecules of known classes. The Nix-TB
trial has raised much hope for the development of a short fully oral regimen for the treatment
of severe drug-resistant TB. The use of the tested regimen may, however, be limited in clinical
practice due to severe side-effects caused by linezolid. While a trial is on-going to test lower dose
of linezolid, [14] new oxazolidinones are being developed to try and reduce toxic effects. Four
oxazolidinones are now in early phases of the clinical development pipeline, i.e., contezolid, delpazolid,
sutezolid and TBI-223 [7]. Similarly, the use of clofazimine, another important component of the
therapeutic armamentarium against drug-resistant TB, is hampered by potential undesirable skin
pigmentation. Novel riminophenazine derivatives are being developed with the goal of maintaining
potent anti-tuberculosis activity while lowering side effects–such as TBI-166, a compound currently in
clinical development in China [15].

The second requirement is that of developing new agents or, better classes of anti-TB drugs.
While improving existing classes has the advantage of initiating the risky discovery process

with a well-characterized, validated compound, some level fast adaptation of bacterial populations
can be expected. Ideally, therefore, research and development should produce entirely new classes,
targets and modes of action to avoid cross-resistance to existing antibiotics. Thus, in parallel with
improvements in existing drug and regimen models, innovative approaches, including discovery of
novel chemical scaffolds and identification of new targets, are urgently needed.

The discovery of bedaquiline opened the way to investigating the possibility to alter the energy
metabolism in mycobacteria, in particular the oxidative phosphorylation pathway, as a novel target
pathway in drug discovery, leading to the depletion of ATP synthesis of M. tuberculosis. New classes of
antibacterial drugs interfering with elements of this pathway have been shown to be highly active
in combating latent mycobacterial infections. The discovery of Q203, a candidate drug targeting
the cytochrome bc1 complex in the respiratory chain, has highlighted the importance of this new
target pathway. Inhibiting the bacterial energy metabolism might be a key feature of novel and
sterilizing drug combinations for the treatment of TB [16]. Furthermore, Q203 was shown to have
good synergy with bedaquiline in the murine chronic infection model, indicating promising potential
for new treatment regimens [17]. Thus, the combination of drugs targeting various elements of the
oxidative phosphorylation pathway could lead to a completely new regimen for drug-susceptible and
multi-drug resistant tuberculosis.

A series of new compounds are currently developed that focus on newly identified targets. Four
of these inhibit DprE1 (decaprenylphosphoryl-β-D-ribose 2-epimerase), a flavoenzyme that catalyses a
key step in the synthesis of the complex cell wall of M. tuberculosis: macozinone, BTZ-043, OPC-167832
and TBA-7371 [7]. Another compound targets the leucyl-tRNA synthetase (LeuRS), which is essential
for protein synthesis (GSK3036656).

The third approach is to identify efficient and seamless development processes to accelerate
testing of novel treatment regimens. The current TB treatment development pathway is complex,
lengthy and costly, partly due to the fact that some drugs are still being developed individually, and
partly due to the lack of reliable surrogate markers of treatment outcomes and the lack of predictive
quantitative relationships between Phase II and Phase III outcomes [18]. Currently, Phase II TB
drug development includes 14-day early bactericidal activity monotherapy studies to identify the
maximally efficacious dose for a new chemical entity (Phase IIA), followed by 2-month serial sputum
colony count studies (Phase IIB), in which the efficacy of treatment combinations is usually studied
with time-to-sputum-culture-conversion as the primary endpoint. In addition to long duration, this
approach suffers multiple weaknesses, including an inadequate exploration of dose-response, the lack
of means to determine early the optimal combination of drugs to be tested and the optimal duration of
therapy, as well as the inability to study multiple regimens in parallel [19].

Research is needed to identify biomarkers that could predict relapse and guide selection of suitable
drug combination(s) and treatment duration(s) so as to accelerate drug development in TB. Novel

27



Appl. Sci. 2020, 10, 2605

approaches are being explored to identify early and streamline suitable drug combinations to advance
from early to late phases of development taking into account new developments in pharmacokinetic
and pharmacodynamic methodology and modelling [20], as well as novel adaptive designs [21]. The
“multi-arm multi-stage” (MAMS) design, initially used in oncology, allows testing a broad range
of combinations and dose levels without requiring a large sample size, dropping early arms that
do not meet pre-specified efficacy threshold [22]. Recently, a newer approach has been proposed
that combines Phase II and Phase III features. In this design, named “selection trial with extended
post-treatment follow-up” (STEP), limited long-term follow-up data on relapse are collected, together
with data on culture conversion, permitting estimation of a Bayesian prediction interval for the likely
results of a future Phase III trial [23]. Such Phase IIB/C studies, with arms testing different doses and
durations, coupled with the use of novel biomarkers for sterilising cures—these being either RNA
expression, cytokine, bacterial or radiological markers—would strengthen and accelerate the process
for identifying candidate regimens likely to succeed in Phase III [24], as well as prospectively validating
novel biomarkers against the relapse endpoint.

3. Conclusions

We are now at a crossroads in new anti-tuberculosis drug and regimen development. New
initiatives, such as the the European Union (EU) Innovative Medicines Initiative IMI2 call and the
Gates Medical Research Institute alliance, have the potential to accelerate research and synergize with
existing efforts carried out by academia, public-private partnerships, such as the TB Alliance, and
industry. If researchers collaborate and join forces towards the common aim of innovative regimens,
there is a possibility of pursuing effectively a transformational improvement of treatment of all forms
of TB [25]. If, however, such initiatives compete for limited resources and resist cooperation, the targets
expressed at the time of the Moscow Conference in late 2017 and subsequently at the United Nations
General Assembly in 2018 may remain a dream.
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Featured Application: This comprehensive overview of drug-resistant tuberculosis will be

useful for researchers to expand their knowledge beyond mechanisms other than chromosomal

mutations, and for the development of novel drugs/drug combinations, hoping to shorten the

therapy of the disease.

Abstract: The control of tuberculosis (TB) is hampered by the emergence of multidrug-resistant (MDR)
Mycobacterium tuberculosis (Mtb) strains, defined as resistant to at least isoniazid and rifampin, the two
bactericidal drugs essential for the treatment of the disease. Due to the worldwide estimate of almost
half a million incident cases of MDR/rifampin-resistant TB, it is important to continuously update the
knowledge on the mechanisms involved in the development of this phenomenon. Clinical, biological
and microbiological reasons account for the generation of resistance, including: (i) nonadherence
of patients to their therapy, and/or errors of physicians in therapy management, (ii) complexity
and poor vascularization of granulomatous lesions, which obstruct drug distribution to some sites,
resulting in resistance development, (iii) intrinsic drug resistance of tubercle bacilli, (iv) formation of
non-replicating, drug-tolerant bacilli inside the granulomas, (v) development of mutations in Mtb
genes, which are the most important molecular mechanisms of resistance. This review provides
a comprehensive overview of these issues, and releases up-dated information on the therapeutic
strategies recently endorsed and recommended by the World Health Organization to facilitate the
clinical and microbiological management of drug-resistant TB at the global level, with attention also
to the most recent diagnostic methods.

Keywords: tuberculosis; Mycobacterium tuberculosis; rifampin; isoniazid; mechanisms of resistance;
mutations; granulomas; caseum; cell envelope; dormancy

1. Introduction

Mycobacterium tuberculosis (Mtb) is the etiologic agent of tuberculosis (TB), the leading cause of
death from a single infectious disease agent worldwide [1]. In 2018, the World Health Organization
(WHO) estimates of the global burden of TB were 10 million cases and 1.45 million deaths. Furthermore,
about 1.7 billion people are known to be latently infected with Mtb, with about 10% of them reactivating
to active TB in their lifetime. The current antibiotic treatment of active, drug-susceptible TB, requires
administration of a combination therapy for 6 months, including the first-line drugs rifampin (RIF),
isoniazid (INH), pyrazinamide (PZA) and ethambutol (EMB) for 2 months, followed by RIF and INH
for 4 months. To prevent reactivation of latent TB, a long treatment is also used, consisting of at least
6 months of INH, or 3 to 4 months of RIF plus INH [1,2].

Poor regimen selection, inadequate drug supply and poor adherence of patients to the 6-months
therapy may lead to development of drug-resistant Mtb strains, including multidrug-resistant (MDR:
resistant at least to INH and RIF) and extensively-drug-resistant (XDR) strains [MDR resistant to a
fluoroquinolone (FQ) and a second-line injectable drug [kanamycin (KM), amikacin (AM), capreomycin
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(CM)] [3]. Shortening the duration of therapy could increase adherence to treatment and reduce
development of MDR and XDR TB.

The goal of this Review is to give a comprehensive overview of the interplay of clinical, biological
and microbiological factors involved in the development of drug-resistant TB.

2. Epidemiology of Drug Resistant TB

WHO reported that in 2018 there were an estimated 484,000 incident cases of
MDR/rifampin-resistant (RR) TB cases, including about 378,000 MDR-TB cases and 214,000 deaths [1].
The average proportion of MDR-TB cases with XDR-TB was 6.2%. The countries accounting for 50% of
the global burden of MDR/RR-TB were India (27%), China (14%) and the Russian Federation (9%).
Among 24 countries with a high TB or MDR-TB burden and representative data to second-line drugs,
the proportion of MDR/RR TB cases with resistance to any FQ including ofloxacin (OFL), levofloxacin
(LFX) and moxifloxacin (MFX) was 20.8%. At the global level, 3.4% of new cases (patients never treated
with anti-TB medicines, or treated for < 1 month) and 18% of previously treated cases (patients treated
for ≥ 1 month in the past) had MDR/RR-TB, with the highest proportion occurring in the former Soviet
Union (FSU) countries. In the low incidence countries of the European Economic Area, the MDR-TB
was more prevalent among migrants (particularly from the FSU) than the native population [4,5].

3. Recent WHO Recommendations for the Treatment of MDR/RR TB

In the last decades, WHO made great efforts to facilitate and improve the treatment of patients with
MDR-TB in high burden countries using various actions including the Directly Observed Treatment
Strategy (DOTS)-Plus, to stress the use of second-line drugs in low- and middle-income settings, but
the cure rate was lower than the WHO 2015 target of at least 75% to 90% [6]. For instance, treatment
success for MDR/RR-TB cases started on treatment in 2016 in India, China and Russian Federation was
48%, 52% and 54%, respectively [1].

In 2018, the results from an individual patient data meta-analysis involving 12,030 patients from
25 countries showed that treatment success and death of pulmonary MDR-TB were significantly
reduced after the administration of the newer or repurposed drugs linezolid (LZD), later generation
FQs, bedaquiline (BDQ), clofazimine (CFZ) and carbapenems [7]. On the basis of this and other studies,
in March 2019, WHO released a new drug classification and new recommendations for the treatment
of MDR-TB [8–10]. The second-line drugs were reorganized into three groups, including priority
drugs [Group A: LFX or MFX, BDQ, LZD], preferentially used drugs [Group B: CFZ, cycloserine (CS)
or terizidone (TRD)], and other drugs [Group C: EMB, delamanid (DLM), PZA, imipenem-cilastatin
(IPM-CLN) or meropenem (MPM) (administered with clavulanic acid, CLV), AM or streptomycin
(SM), ethionamide (ETO) or protionamide (PTO), para-aminosalicylic acid (PAS)].

In summary, WHO recommended an injection-free therapy (groups A and B drugs) at the initiation
of MDR-TB treatment. Group C agents (oral and parenteral) should be administered when groups
A and B drugs cannot be used. The commonly used second-line injectable drugs KM and CM were
associated with worse outcomes [7], and were no longer recommended for the treatment of MDR-TB;
AK and SM may be administered only if drug susceptibility testing (DST) confirms susceptibility.

To further reduce the burden of drug-resistant TB in the near future, in December 2019, WHO
also released a Rapid Communication to inform countries and stakeholders that a regimen containing
BDQ, pretomanid (PRT, formerly PA-824) and LNZ (BPaL regimen) may be used under operational
research conditions conforming to WHO standards for the treatment of XDR-TB patients [11]. This
communication was released after a previous announcement of the Global TB Alliance in the second
half of 2019, following the decision of the United States Food and Drug Administration (FDA) to
administer BPaL (Nix-TB trial by the Global TB Alliance) to adults with pulmonary XDR-TB or
intolerant/not responsive MDR-TB [12].
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4. Drug Resistance Mechanisms in TB

If the 6-months combination therapy for the treatment of drug-susceptible TB is adequately taken,
patients achieve cure rates of > 95%, and the development of resistance by simultaneous mutations to
various drugs is very rare [13]. The resistance developed by Mtb to any antimicrobial agent is not due
to a single mechanism, but to the interplay of biological, clinical and microbiological reasons, including:

1. Nonadherence of patients to their 6-months therapy and/or errors of physicians in the therapy
management (human errors), that increases the risk of developing genetically drug resistant
bacilli [14,15];

2. Complexity and poor vascularization of granulomatous lesions, which obstruct drug distribution
to some sites, further leading to suboptimal drug concentration and the development of phenotypic
and genetic resistance [16,17];

3. Naturally occurring high levels of antibiotic resistance in tubercle bacilli (intrinsic
resistance) [18–20];

4. Formation of non-replicating (NR) drug-tolerant bacilli inside the granulomas (phenotypic
resistance) [21,22];

5. Development of genetically resistant bacilli by chromosomal mutations (acquired
resistance) [23–25].

4.1. Human Errors and Advances in MDR-TB Management

Human errors may contribute to the development of drug-resistance because of the improper use
of anti-TB drugs. Two pathways lead to the development of genetic resistance: (i) primary resistance,
when a person is infected with a drug-resistant strain, and (ii) acquired resistance, when a person
infected with a drug susceptible strain is inadequately treated with drugs, allowing the selection of
resistant mutants [13]. The first case mostly occurs in highly crowded communities (e.g., prisons), or in
countries with high MDR-TB prevalence, where it is essential to rapidly diagnose and treat patients, so
as to reduce transmission [15]. In the second case, it is essential to follow the WHO recommendations
on how to adequately treat the TB patients whose disease is caused by a drug-susceptible strain.
The clinicians need also to ensure that infection control measures are established, particularly when
MDR-patients are hospitalized [26].

To implement the Stop TB Strategy (developed from the DOTS framework), WHO identified a
number of factors contributing to poor treatment outcomes, including the acquisition of acquired
drug-resistant TB [13]. They were: (i) Inappropriate treatment by health care providers (inappropriate
or absent guidelines, poor training of physicians and nurses, sub-optimal education of patients, poor
management of adverse drug reactions, no monitoring of treatment, poorly organized or funded
TB control programs); (ii) Inadequate drug supply (poor quality medicines, stock-outs, poor storage
conditions, wrong dose or combination); (iii) Inadequate drug intake or treatment response by patients
(lack of information on treatment adherence, adverse effects, malabsorption).

Common clinical errors in MDR-TB management, particularly in developing countries, include
the addition of a single drug to a failing regimen, failure to recognize existing drug resistance, failure
to provide directly observed therapy and to manage nonadherence, suboptimal dosages of second-line
drugs to decrease side effects, drug treatment based on clinical facts while waiting for DST results [13,14].
In any case, it is important to know that only drug combinations decrease the risk of selection of
resistant strains.

Since the treatment of MDR/XDR-TB cases is difficult, WHO recommended that their management
be performed by a multidisciplinary team (TB Consilium) at local, regional and/or national levels,
including experts (e.g., clinicians, microbiologists, public health officers) with different professional
backgrounds [13,15]. In medium and high incidence countries, TB Consilia are important for accessing
second-line drugs and/or new drugs BDQ and DLM.
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A comparative analysis of the TB Consilia for management of difficult-to-treat MDR/XDR TB
cases in Europe and Latin America has been reported [27]. In October 2018, a Global TB Consilium
was launched by the Global TB Network, with the goal to provide to a clinician a response on difficult
TB cases within 48 h [15,28].

4.2. Complexity of TB Granulomas

Long lasting therapies are also attributable to the complex pathology of TB. In the lungs of patients
with active and latent TB, a spectrum of heterogeneous granulomatous lesions coexist, ranging from
well-vascularized cellular granulomas, in which a rim of lymphocytes surrounds macrophages and
neutrophils, to avascular caseous granulomas, characterized by a necrotic center with a cheese-like
aspect (caseum) formed by the lysis of host cells and bacteria [29,30]. In these lesions, tubercle
bacilli range from actively replicating (AR) stages, particularly in cellular granulomas, to dormant,
slowly-replicating or NR stages, typical of hypoxic caseous granulomas [31]. In Mtb-infected rabbits,
the fraction unbound of a drug penetrates the caseum via passive diffusion, and caseum binding of a
drug is proportional to hydrophobicity (cLogP) and aromatic ring count [32].

The current 4-drugs therapeutic regimen (RIF-INH-PZA-EMB) is effective against AR intracellular
bacilli in cellular granulomas, while NR extracellular bacilli localized in pH-neutral, caseous granulomas
are refractory to drug action [17,33–36]. The necrotic center of caseous granulomas contains NR bacilli
phenotypically resistant to several drugs (drug-tolerant persisters), with the exception of rifamycins,
which are known to sterilize caseum in ex-vivo assays [35,36]. Spatial and temporal differences in drug
distribution and the kinetics of accumulation of drugs in specific lesion compartments may create local
windows of monotherapy that increase the risk of the emergence of drug-resistance [17,37]. This is in
keeping with the knowledge that genetically resistant mutants of Mtb may emerge from the persistence
phase of some TB drugs, due to hydroxyl radical-mediated genome-wide random mutagenesis [38–40].
In this view, drug combinations should contain complementary drugs preferentially distributing in
lesions in which their most vulnerable target population resides [17].

In the event of caseous granulomas expansion, the necrotic centers fuse with the airway structures
of bronchi to form pulmonary cavities in which are found both extracellular bacilli from liquefied
caseum and intracellular bacilli derived from the lysis of infected macrophages of the cavity walls. In
contact with the atmospheric oxygen, these bacilli rapidly proliferate in the lumen of cavities, and
later appear in the sputum of TB patients [17]. Due to high bacterial load in pulmonary cavities,
genetically resistant bacilli with chromosomal mutations may be generated, playing an important
role in the development of resistance [16]. Noticeably, in comparison with paired sputum isolates,
additional resistances were found in Mtb isolates recovered from surgically resected cavities of the
same patient [41]. A single founder Mtb strain underwent genetic mutations during treatment, leading
to the acquisition of additional drug resistance in different sections of the lung of the same patient,
preferentially in the cavity wall [42]. In keeping with this observation, drug-specific gradients in the
walls of human pulmonary cavities were reported to be associated with the development of acquired
resistance in patients with MDR-TB, due to the low level of some drugs in the cavities centers, where
there is a high number of replicating bacilli [43]. In the latter study, spatial heterogeneity of drug
concentrations across the pulmonary cavity resulted in the development of mutations in the Mtb genes
gyrA (FQ resistance) and gydB (aminoglycoside resistance), consistent with evolution from MDR- to
XDR-TB after about five months of therapy [43]. Overall, these observations indicate that acquired
Mtb resistance may be related to the formation of drug-penetration gradients in TB lesions generating
suboptimal drug concentrations in non-vascularized caseous granulomas and in liquefied caseum in
the cavity centers [16,17,43].

4.3. Intrinsic Drug-Resistance of Mtb

During the evolution, Mtb developed mechanisms of intrinsic resistance to antibiotics involving
cell envelope, efflux systems and other mechanisms (drug degradation and modification, target
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modification), which allowed the organism to reach high drug resistance levels. Some examples of
these mechanisms are provided in the following sections.

4.3.1. Cell Envelope

The constituents of the mycobacterial cell envelope are: the cytoplasmic membrane, the periplasmic
space (PS), a network of peptidoglycan (PG), the arabinogalactan (AG), the long-chain mycolic acids
(MA) and the capsule, made of a loose matrix of glucans and secreted proteins [44]. As to the first-line
TB drugs, the bactericidal agent INH inhibits MA synthesis, while the bacteriostatic EMB inhibits AG
synthesis and may sensitize Mtb to other drugs [44].

It is assumed that the innermost hydrophilic layers of PG and AG hinder the penetration of
hydrophobic molecules. Instead, in the external part of the envelope, the PG and AG layers are
linked to the hydrophobic MA layer, formed by long-chain fatty acids that restrict the penetration of
hydrophilic drugs [18,20]. In principle, more lipophilic drugs, such as rifamycins, macrolides, and
some FQs, diffuse by passive transport into and through the lipid-rich cell wall [45,46]. In early studies,
mutants defective in the biosynthesis of cell wall components were very useful to demonstrate the role
of the cell wall in the intrinsic resistance to drugs. For instance, a mycolate defective Mycobacterium
smegmatis mutant showed increased susceptibility to RIF, chloramphenicol (CF), novobiocin and
erythromycin [47,48]. Also, insertions in genes involved in the mycolate biosynthesis of Mtb (mymA
operon) showed enhanced chemical penetration and sensitivity to RIF, INH, PZA and ciprofloxacin [49].

Small hydrophilic drugs traverse the cell wall of bacteria via water-filled porins, without energy
consumption. M. tuberculosis encodes at least two porin-like proteins (OmpA, encoded by Rv0899
and Rv1698), but the role of porins in Mtb drug uptake and susceptibility needs to be further
investigated [18,20,50,51]. Penetration of hydrophilic β-lactam antibiotics through the mycobacterial
cell was about 100 times lower than in the Escherichia coli cell wall [20]. The β-lactamases, probably in
conjunction with slow drug penetration, were shown to be major determinants of Mtb resistance to
β-lactams [52,53]. In Mtb, the PG is remodeled by nonclassical l,d-transpeptidases (LDT). The structural
basis and the inactivation mechanism of LDT and the active role of carbapenems were investigated,
providing a basis for their potential use in inhibiting Mtb [54]. Indeed, the carbapenems IPM-CLN and
MPM (both to be used with CLV, available only in formulations combined with amoxicillin) have been
listed as add-on drugs in the recent WHO treatment guidelines of MDR/XDR TB [8].

Overall, it is thought that anti-TB drugs have the peculiarity of being more lipophilic than many
other antimicrobial agents, likely due to improved penetration through the waxy mycobacterial cell
wall [45,46]. However, the issue is perhaps more complex, since some studies showed that lipophilicity
is an important but not exclusive factor of compound permeability [50,55].

4.3.2. Drug Efflux

Efflux pumps (EPs) are transmembrane proteins that provide resistance by expelling the drugs from
the interior to the exterior of the cell. Five EP families are known, organized on the basis of energetic
and structural characteristics: the ATP-binding cassette (ABC) superfamily, the major facilitator
superfamily (MFS), the multidrug and toxic compound extrusion (MATE) family, the small multidrug
resistance (SMR) family and the resistance nodulation division (RND) superfamily [18,19,46,56,57]. The
ATP-energized ABC members are primary transporters, while the others are secondary transporters
energized by proton gradients (MFS, SMR, RND) or sodium gradients (MATE). The EP of Mtb belongs
to the ABC (representing 2.5% of the entire Mtb genome), MFS and RND superfamilies, and to the
SMR family.

Following exposure of Mtb to sub-inhibitory concentration of INH and EMB, EP genes are
overexpressed resulting in the development of low-level resistance for a prolonged period of time.
After several weeks, a high level of acquired resistance develops, caused by chromosomal mutations
in the genes encoding the target proteins [58,59]. These observations indicate that inappropriate TB
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treatment may generate pressure by sub-inhibitory drug concentrations that increase drug efflux,
allowing a subsequent selection of mutants with high-level resistance [46,57].

Several EPs are known to be associated with resistance. For instance, Mtb exposure to INH induces
the overexpression of MmpL7 and mmR EP genes [60,61]. Furthermore, several EPs are involved in
resistance to several drugs. Thus, the EP Tap mediates low-level resistance to tetracycline (TC) and
aminoglycosides, whereas EPs encoded by the Rv0194 gene is associated with resistance to β-lactams,
SM, TC, CF and vancomycin. Mutations in the Rv0678 gene caused an up-regulation of the transport
protein, MmpL5, which caused EP-mediated cross-resistance to both BDQ and CFZ [60,62,63]. This is
a potentially dangerous evolution of Mtb against antibiotics particularly in recent times, since BDQ
and CFZ have just been included in the new WHO treatment guidelines of MDR/XDR-TB [8,11].

A strategy used to inhibit efflux-mediated drug resistance is efflux inhibition by non-antibiotic
molecules that block the EP or inhibit the EP energy sources [57,64]. The most studied inhibitors are
verapamil (VP), thioridazine (TZ), reserpine, piperine, protonophores [57,64], to be used in combination
with anti-TB drugs in order to decrease or abolish the drug resistance caused by EP activity. Verapamil,
an FDA-approved calcium channel blocker, decreased the MICs of BDQ, CFZ and other drugs [57].
This synergism was confirmed in various studies, but it was found that the effect of VP was not due
to intra-mycobacterial drug accumulation, but on the disruption of membrane functions [65]. In
Mtb-infected mice, VP increased the bioavailability and efficacy of BQ but not CFZ [66]. EP inhibitors
are not presently used for the treatment of human TB, with the exception of TZ, which was administered
in compassionate therapy for some XDR-TB cases [67].

4.3.3. Other Mechanisms

The most important mechanisms of the intrinsic drug resistance of Mtb are considered to be
the lipid-rich cell wall and the EP, but other systems are known to neutralize toxic chemicals and
antibiotics, including drug inactivation or modification, and target modification.

Among drug inactivating enzymes, Mtb β-lactamases are less effective than those of other bacteria
to hydrolyse β-lactams, but their activity, together with slow penetration across the cell wall and
low affinity for penicillin-binding proteins, is good enough to render Mtb intrinsically resistant to
most β-lactams [18,20]. The most important Mtb β-lactamase (BlaC) is thought to localize in the
PS, and shows broad substrate specificity, including carbapenems, which are usually resistant to the
β-lactamases of other bacteria. BlaC is inhibited by CLV that, as mentioned above, must be added to
IPM- or MPM-containing prescriptions, as salvage WHO regimens for treatment of MDR/XDR-TB [8].

As to aminoglycosides (KM, AK) and cyclic peptides (CP), Mtb is able to inactivate them by
acetylation performed by the enhanced intracellular survival protein encoded by eis, whose expression
is upregulated by the MDR transcription regulator WhiB7 [20]. Promoter mutations lead to an
overexpression of eis, resulting in low-level resistance to KM, but not AK [68].

M. tuberculosis is naturally resistant to macrolides (e.g., clarithromycin and azithromycin) because
of the inducible erm(37), a ribosomal RNA methyltransferase which alters ribosomes by methylating the
23S rRNA [69,70]. Other erm genes conferring inducible resistance to FQs were found in non-tuberculous
mycobacteria [71]. Intrinsic resistance to FQ is also attributed to a pentapeptide repeat protein called
MfpA, which mimic the size, shape and surface charge of duplex DNA by resembling the 3D structure
of a DNA double helix [20,72].

As to resistance to the broad-spectrum agent fosfomycin, Mtb is intrinsically resistant to this agent,
which inhibits the MurA enzyme, involved in the biosynthesis of PG, because a cysteine residue in the
active site of Mtb MurA is changed into aspartic acid [73].

5. Phenotypic Drug-Resistance of Mtb

Caseous granulomas and the cavities of the lungs of TB patients harbor subpopulations of NR
bacilli which are phenotypically drug-resistant but genetically susceptible, commonly referred to
as persisters. Characterized by a transient, non-heritable drug tolerance, persisters are capable of
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withstanding bactericidal drug concentrations, and once the antibiotic is removed, to resume growth
with genetic features identical to the original strain.

The level of resistance to different antimicrobial agents varies with the in vitro stress model
used [31–34,74–77], including hypoxia (Wayne dormancy model) [78,79], nutrient starvation [80], acids
and/or nitric oxide [81,82], stationary phase [83], antibiotic-starved strains [84] and others, or their
variants. In the Wayne model, in which dormant bacilli are obtained by a gradual adaptation to
anaerobiosis through the self-generated formation of an oxygen gradient, nonreplicating persistence
(NRP) stages 1 and 2 were observed [78]. NRP-2 cells developed a thickened outer layer that helped
in restricting RIF entry [85]. Our group used the Wayne model at different pHs: pH 6.6, the pH or
culture media [86], pH 5.8, to mimic the environment of cellular granulomas [87], pH 7.3, to mimic the
environment of caseous granulomas [88]. We found that at pH 5.8, several drugs killed NR bacilli,
with the best being the rifamycins RIF and rifapentine (RFP), while at pH 7.3, only RIF and RFP killed
dormant bacilli out of 12 drugs tested [88]. Since the rifamycins were the only agents sterilizing caseum
obtained from rabbits [35,36], our model could mimic caseum to measure drug activity against NR Mtb
in this environment. In hypoxia at pH 7.3, we found that RIF plus nitazoxanide (a nitro-compound for
anaerobic infections) killed NR Mtb cells, while the combination currently used for human TB therapy
(RIF-INH-PZA-EMB) did not [89].

Two kinds of persisters are known [74]: (i) Class I, rare, generated in a replicating population,
formed continuously and in a purely stochastic manner. They are bacilli phenotypically tolerant to
different antibiotics by different mechanisms, and it is likely that the overall population can be killed by
drug combinations; (ii) Class II, abundant, involving almost all of the cells in a population, e.g., in the
stationary phase, hypoxic conditions, nutrient starvation. Growth arrest is associated with resistance
to a large number of drugs, and it is likely that new kinds of antibiotics are necessary to overcome
these cells [74].

Dormancy is not necessary or sufficient for Mtb persistence, indicating that persistence is a
phenomenon more complex than dormancy, and that additional characteristics are needed to define
the persister phenotypes, which depends on the NR model used [90]. A poor correlation was found
between the transcriptomes of class I persisters enriched by cycloserine [91] and class II persisters
obtained under hypoxia, the stationary phase or nutrient starvation [74]. On the other hand, persister
diversity is expected also from the different host environments in which these specialized cells live,
ranging from the intracellular location in the phagosomes to extracellular life in the caseum. In
BDQ-treated guinea pigs, persisting bacilli where located in the acellular rim of necrotic lesions,
morphologically similar to human TB lung lesions [92].

The state of non-replication is associated with phenotypic drug-tolerance, but different stresses
may induce phenotypically different bacilli. Few compounds were dual active molecules with
bactericidal activity against both replicating and NR Mtb. They included RIF, BDQ, PRT and MFX,
which target RNA polymerase, ATP synthase, cell wall synthesis/cell respiration, and DNA gyrase,
respectively [24,31,74]. In BALB/c mice, persisters were eradicated by regimens containing high-dose
RIF and BDQ [93,94]. In BALB/c mice, C3HeB/FeJ caseum-forming mice and athymic nude mice, PRT
contributed significantly to the efficacy of BDQ-containing regimens, with either LZN (BPaL regimen)
or MFX and PZA (BPaMZ regimen) [95].

Interestingly, RIF-resistant or MXF resistant mutants carrying mutations in rpoB or gyrA genes
emerged at high frequency from the persistent phase of Mtb cells exposed to RIF for prolonged periods.
These cells carried elevated levels of the hydroxyl radical, which inflicted genome-wide mutations
facilitating resistance to the same, or another, antibiotic [38,39]. In consideration of the long TB therapy,
these observations may have clinical significance in the emergence of drug-resistant mutants if local
monotherapy occurs in patients who do not correctly take multi-drug TB therapy.

In this view, it was postulated that persisters behave as an evolutionary reservoir from which
drug-resistant mutants can emerge [22].
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Thus, targeting NR persisters could reduce the duration of antibiotic treatment and rate of
post-treatment relapse [74,96]. Researches aimed at better understanding the relationship between
persistence and resistance, and at finding novel drug combinations for killing both AR and NR bacilli,
will provide new strategies to shorten TB therapy.

6. Acquired Drug-Resistance of Mtb

A cocktail of different drugs is used to treat TB. Each molecule binds to one or more target,
thus inhibiting their functions. The continuous drug exposure during lengthy treatments and the
noncompliance of patients to drug regimens, pushes Mtb to select for mutations in genes encoding
drug targets, responsible for development of the majority of resistances in clinical strains [20]. A list of
the major target genes that, in the case of mutation, confer resistance to the drugs of the WHO groups A,
B and C, is shown in Table 1 [97–125]. Many excellent reviews report the genetic mechanisms involved
in this resistance to RIF, INH, KM, CP and other drugs [18,23,24,98,118,126].

Table 1. Drugs of the World Health Organization (WHO) groups A, B and C, and list of the most
common drug resistance-related target genes.

Group Drug Target Gene/s Gene Product (Function Affected) References

A LFX or MFX gyrA DNA gyrase, subunit A (DNA
replication) [97,98]

gyrB DNA gyrase, subunit B (DNA
replication) [98,99]

BDQ atpE ATP synthase, subunit F0 (ATP
synthesis) [100,101]

rv0678 Transcriptional regulator (drug efflux) [100,101]

LNZ rplC 50S ribosomal protein L3 (protein
synthesis) [100,102]

rrl 23S RNA (protein synthesis) [100,102]

B CFZ rv0678 Transcriptional regulator (drug efflux) [100,103]

rv1979c (Possible permease involved in
aminoacid transport) [100,103]

rv2535c (PepQ putative aminopeptidase) [103,104]

CS or TRD alr Alanine racemase (peptidoglycan
synthesis) [105]

C EMB embCAB Arabinofuranosyltransferases
(arabinogalactan synthesis) [106,107]

ubiA Phosphoribosyltransferase (cell wall
synthesis) [108,109]

DLM ddn
Deazaflavin (F420)-dependent
nitroreductase (mycolic acid

synthesis)
[110]

fgd-1 Glucose-6-phosphate dehydrogenase
(F420 synthesis) [110]

fbiA Protein FbiA (F420 synthesis) [110]

fbiB Protein FbiB (F420 synthesis) [110]

fbiC Protein FbiC (F420 synthesis) [110]

PZA pncA
Pyrazinamidase (conversion of PZA

into pyrazinoic acid, resulting in
dysfunctions of membrane potential)

[98,111]
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Table 1. Cont.

Group Drug Target Gene/s Gene Product (Function Affected) References

rpsA 30S ribosomal protein S1 (m-RNA
trans-translation) [23,111]

panD Aspartate decarboxylate
(panthotenate synthesis) [111,112]

clpc1 ATP-dependent ATP-ase (protein
degradation) [23,113]

IPM-CLN
or MPM rv2518c LdtB, nonclassical, l,d-transpeptidase

(peptidoglycan synthesis) [19,54,114,115]

rv3682 PonA2, penicillin-binding protein
(peptidoglycan synthesis) [19,114]

Rv2068c blaC (β-lactamase) [116]

AM rrs 16S ribosomal RNA (protein
synthesis) [98,117]

SM rpsl ribosomal protein S12 (protein
synthesis) [98,118]

rrs 16S ribosomal RNA (protein
synthesis) [98,117]

gidB (putative 16S rRNA
methyltransferase) [119,120]

ETO or PTO rv0565c Monoxygenase (activation of
pro-drugs ETO and PTO) [121]

ethA Monooxygenase (activation of ETO
and PTO) [19,122]

mymA Monooxygenase (activation of ETO
and PTO) [121,123]

katG Catalase-peroxidase (activation of
ETO, PTO, INH) [122]

inhA Enoyl-ACP reductase (mycolic acid
synthesis) [98,122]

PAS thyA Thymidylate synthase [23,124]

folC Dihydropholate synthase [23,125]

dfrA Dihydropholate reductase [23,125]

Phenotypic testing is still considered a gold standard for Mtb DST, which is accurate, but takes at
least two weeks for results [98]. However, a pivotal role has been recently played by the more and
more rapid molecular methods to diagnose drug-resistant TB by the identification of chromosomal
mutations, including line probe assays, the Xpert MTB/RIF system (Cepheid, Sunnyvale, CA, USA),
target gene sequencing, whole genome sequencing (WGS), point-of-care nucleic acid amplification
devices [9,127,128].

The Treatment Action Group (TAG) recently released the pipeline report 2019 on TB
diagnostics [129]. The TAG-stratified DST tests for decentralized and centralized laboratories. Useful
information was provided on what it is currently in TB diagnostics, including tests already recommended
by the WHO, and on which tests are expected to be available soon. As to the decentralized tests,
the Xpert MTB/RIF assay (sensitivity and specificity for RIF resistance of 96% and 98%, respectively)
was recommended by the WHO in 2010, and entered in the market in the same year. The sensitivity
of this assay increased with the 2017 rollout of the Xpert MTB/RIF Ultra cartridge. In 2020, there is
expected the WHO evaluation and market entry of Xpert XDR, which will detect resistance to INH,
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MFX, OFL, AK and KM [129]. In 2013, another company (Molbio Diagnostics, Goa, India) released
its systems Truenat MTB and Truenat MTB-RIF Dx onto the Indian market [129]. In January 2020,
a rapid WHO Communication reported that the Truenat systems MTB, MTB Plus and MTB RIF Dx
assays showed comparable accuracy with Xpert MTB/RIF and Xpert Ultra for Mtb detection (Truenat
MTB and Truenat MTB Plus), and for sequential RIF resistance detection (Truenat MTB RIF Dx) [130].
Furthermore, the data for Truenat MTB RIF Dx showed similar accuracy to the WHO approved
commercial line probe assays indicated by the TAG for centralized DST [GenoType MTBDRplus Version
2.0 (Hain Lifescience, Nehren, Germany) and Nipro NTM+MDRTB detection kit2 (Nipro, Osaka,
Japan)] [129,130]. Other systems marketed in 2015–2019 and on the pathway to the WHO evaluation for
the centralized determination of molecular resistance to INH and RIF are: Cobas MTB-RIF/INH (Roche,
Basel, Switzerland), BD MAX MDR-TB (Becton Dickinson, Sparks, MA, USA), real-time MTB-RIF/INH
Resistance assay (Abbott, Abbott Park, IL, USA) and FluoroType MTBDR version 2.0 (RIF, INH) (Hain
Lifescience) [129,131–133].

Finally, the WGS technology is capable of identifying the complete drug-resistance profile of an
Mtb strain, ideally enabling clinicians to obtain the best anti-TB treatment [98,128,130,134]. However,
more data are still needed to correlate genetic mutations with phenotypic resistance, in order to
definitely guide the clinical care.

In this view, the initiative of the Comprehensive Resistance Prediction for Tuberculosis: an
International Consortium (CRyPTIC) project aims at understanding the relationship between genotypes
and resistance by sequencing 100,000 whole TB genomes from various countries, in parallel with
comprehensive DST assays. Overall, at this stage, the WGS still needs more studies, but it is commonly
believed that this technology will be the future of rapid, centralized DST [129,135].

7. Conclusions

Drug-resistant TB is a significant challenge for the successful control of the disease worldwide. A
comprehensive review of clinical, biological and microbiological issues favoring resistance development
has been provided, helping in the development of new tools for the rapid diagnosis and treatment of
drug-resistant TB. The review was based on the most recent updates on drug resistance mechanisms
reported in the literature, and on the international recommendations of WHO to facilitate the clinical
and microbiological management of MDR/XDR TB at global level.
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Abstract: Carlo Forlanini (1847–1918), a medical doctor professor at the universities of Turin and
Pavia, was the inventor of artificial pneumothorax, a method that allowed a first significant victory
in the long war of medicine against pulmonary tuberculosis. The article outlines a portrait of this
important clinician and focuses on the therapeutic innovation he introduced for the treatment of this
infectious disease.
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1. Annus Mirabilis

Sometimes it seems that, at certain moments, the lines of history converge in determining
radical changes in scientific thought and practice. The year 1882 was certainly one of these for the
history of infectious diseases. On March 24 of that year, Robert Koch announced the isolation and
identification of Mycobacterium tuberculosis as the causative agent of tuberculosis. The session of the
Berlin Physiological Society, during which the German medical doctor gave the report on the discovery
of this new microorganism, was one of the most dramatic moments in the history of medicine: finally,
the elusive nature of one of the main 19th-century scourges found a unitary etiological explanation.
Paul Ehrlich (who would be awarded the Nobel Prize for medicine in 1908), present at the time of the
conference, always remembered that evening as “the most important scientific experience of my life” [1].
Against all those who still rejected the contagious nature of tuberculosis, invoking constitutional,
degenerative, food or toxic explanations, Koch advanced his overwhelming evidence. When the work
was published a few weeks later, it quickly became a source of methodological inspiration for new
microbiological investigations.

The year 1882 was also a milestone in the history of tuberculosis for a second important
contribution, the publication of a revolutionary therapeutic proposal for the cure of pulmonary
phthisis, that would have great importance until the discovery of the treatment of the disease with
streptomycin: the “therapeutic” or “artificial pneumothorax” conceived by the Italian medical doctor
Carlo Forlanini [2–5] in Figure 1.

Formulated at first only as a theoretical hypothesis (one of the few cases in medicine in which the
public hypothetical prediction precedes the practical realization), it would go on to become, in the
hands of its proponents during the first half of the twentieth century, an invention generally applied to
treat many selected cases of phthisis, the wasting disease due to tuberculosis of the lungs. The method
was also destined to be depicted by an important literary figure. In Thomas Mann’s “Magic Mountain”,
set in the years immediately preceding the First World War, the group of patients who underwent
this treatment—which was at the time the main effective direct therapy—consider themselves as
part of a special club. In Mann’s words: “They have formed a group, for of course a thing like the
pneumothorax brings people together. They call themselves the Half-Lung Club” [6,7]. The novel by
the Scottish doctor-writer Archibald Cronin, “The Citadel”, also dedicates, from a descriptive point of
view, an important and precise space to the treatment with artificial pneumothorax.
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Figure 1. Carlo Forlanini. University Museum System, University of Pavia, Italy.

The cure continued to be the primary one until the discovery of streptomycin, the first effective
antibiotic therapy for tuberculosis infection, introduced in 1943 by the microbiologists Selman Abraham
Waksman, Albert Schatz and Elizabeth Bugie. However, pneumothorax did not immediately disappear
from the therapeutic possibilities and continued to be used until the 1970s, in those cases where the
presence of large lung cavities made patients easily susceptible to stagnation of infectious processes.

2. The Path to an Invention

Born in Milan on 11 June 1847, Carlo Forlanini, as the son of a doctor, had breathed medicine since
childhood. Tuberculosis was also present early in his life, because his mother was killed by pulmonary
phthisis. After high school studies, Forlanini enrolled in the medical faculty of the University of Pavia
in 1864 as a pupil of the prestigious Borromeo College. It was a time of great scientific and political
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enthusiasm because the University of Pavia was at the forefront in the applications of new theories on
diseases based on Rudolf Virchow’s book “Die Cellularpathologie” and, at the same time, the young
students were enthusiastic about the revolutionary movements led by Giuseppe Garibaldi, who in a
few years would have brought about the unification of Italy. In 1866 Forlanini was a voluntary fighter
in the Garibaldi ranks, in the battles of Monte Suello and Bezzecca. Back in Pavia he published his first
scientific work in 1868 and linked himself to a fraternal friendship with Camillo Golgi, who was at the
beginning of his stellar scientific career [8]. In 1870 he graduated in medicine under the guidance of
the ophthalmologist Antonio Quaglino; the following year, Forlanini was at work in the chronically
ill division of the Ospedale Maggiore in Milan. Meanwhile, he began to develop a great interest in
the study of lung diseases by starting to conceive devices that could increase lung ventilation. In
these endeavors he found help from his younger brother, Enrico, a gifted engineer who was one of the
pioneers of air flight (the Milan Linate airport of 1937 is named after him). In 1875, Carlo Forlanini
founded the Pneumotherapy Society and the Pneumatic Institute of Milan, and from 1881, he was also
chief physician for skin diseases. Meanwhile, he began a series of attempts to treat tuberculosis and
lung diseases with forced respiratory movements and with aerotherapy to increase blood flow and air
supply to the lung. With the scientific collaboration of his brother Enrico, he would also build some of
the first hyperbaric chambers in Figure 2.

 

Figure 2. Hyperbaric chamber. Museum for the History of the University of Pavia.

He observed some positive results in the treatment of pulmonary emphysema and also some
mild improvement in phthisis. Soon, however, Forlanini began to develop opposite therapeutic
considerations for pulmonary tuberculosis. It was not the respiratory act of advantage to the sick lung,
but rest. In fact, a lesion in the pulmonary tissue, as in the case of tuberculosis, could have worsened
with its movements up to the formation and the subsequent development of the cavities, which then
became continuously enlarged during each respiratory act. From this consideration, he was convinced
that the proper therapy to stop and block the progress of pulmonary disease was to put the lungs to
rest through their artificial collapse. In fact, there had already been occasional previous observations
that correlated the blockage of the movement of a lung, due to a spontaneous pneumothorax, with the
improvement of a tuberculous process there.
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In 1822, a British doctor, James Carson, after some experiments on rats, had also made attempts to
cure pulmonary tuberculosis by causing pneumothorax on humans, but the attempt had failed [9].
However, other doctors, such as the French physicians Emile Toussaint in 1880 and Hippolyte Hérard
in 1881, had reported improvement of the pulmonary tuberculosis process after lung collapse following
spontaneous pneumothorax or hydro-pneumothorax [4,10,11]. Forlanini’s studies on the mechanism
of development of the tuberculosis process in the lung and the careful reading of previous studies, in
particular Toussaint’s observations, made him think of an articulated therapeutic suggestion: to make
a gas penetrate the pleural cavity (interpleural space), causing the collapse of the lung below. In July
1882, Forlanini proposed his method [10], which he applied only in 1888 with his first intervention
of artificial pneumothorax. Two years later, in an article by two of his collaborators, we find the
first reference to four patients treated with the method [12]. Forlanini’s great merit was to propose a
technology through which to achieve the purpose of resting a collapsed lung, allowing the drainage
and obliteration of tubercular cavity and then the scarring of the underlying lesions. The improvement
of the patient became not only local, but also general, because the lung mechanical constriction of
artificial pneumothorax reduced the pulmonary inflammatory source of the disease state, and perhaps
could improve the body’s overall immune reaction to the pathological process. It was also proposed
that the method decreased the absorption of toxic factors released by the tuberculosis lesion. Forlanini
observed a reduction and disappearance of the cough; the reduction and disappearance of sputum;
the fall of fever and sweating; and the disappearance of asthenia. The patient became euphoric,
increased his state of nutrition and had the reduction or the disappearance of the toxic-infectious state.
Forlanini also noted favorable effects on the other lung, if affected by phthisis, as a consequence of
the general improvement [13]. Finally, he argued that there was also an indirect therapeutic effect on
initial laryngeal and intestinal tuberculosis.

To develop the appropriate technique for a repetitive injection of a small amount of gas into the
pleural cavity (200–250 mL) through a large hypodermic needle, he asked for help and advice from his
brother Enrico. Thus, medical expertise combined with the technological skills of the creative engineer,
and the result was the new apparatus. At first, Forlanini made several attempts with atmospheric air,
but then he realized that the oxygen component of this gas was being reabsorbed too quickly and so
he switched to nitrogen [14,15]. In this way, the lung was immobilized for longer. To carry out the
pneumothorax, Forlanini made use of two apparatuses, one for the production of nitrogen, the second
for administering under pressure (controlled by a pressure gauge) the gas in the interpleural space.
The production of nitrogen in the first apparatus took place through a chemical reaction by means of
pyrogallic-acid which avidly absorbs the oxygen of the air. The nitrogen was then transferred to the
second apparatus connected to a needle, which was introduced very slowly into the previously selected
intercostal space in Figure 3. With preliminary experiments on animals and corpses, Forlanini had come
to the conclusion that, once the parietal pleura was perforated, as soon as the tip of the needle touched
the visceral pleura, the underlying elastic tissue retracted, dragging the visceral pleura with it, while
the gas entered the interpleural space. In this way, if the introduction was slow, the visceral pleura
and the underlying lung were not pierced. Forlanini usually started the treatment by introducing
around 200 cc, and never more than 400 cc (to avoid the risk of subcutaneous emphysema, i.e., the
passage of gas into the tissues of the chest wall) or less than 100 cc. [14]. After a few days, nitrogen was
administered again to achieve a complete lung collapse. Then, pneumothorax was repeated every
15–20 days and continued for many months, usually up to two years or more.
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Figure 3. Artificial pneumothorax: Forlanini’s apparatus for the injection of nitrogen into the pleural
cavity. Museum for the History of the University of Pavia.

3. Success and Difficulty

In 1884, Forlanini began his university career at the University of Turin and obtained the position
of “extraordinarius” professor of “Clinica medica preparatoria” (preparatory medical clinic). Soon after,
he reached the peak of his university career, becoming full professor of special medical pathology.
Among Forlanini’s pupils at the University of Turin, the most important was Scipione Riva Rocci, who,
under the supervision of the master, developed the pneumatic cuff sphygmomanometer, which soon
became a worldwide symbol of practical medicine. In 1898, Forlanini returned to Pavia, first on a
provisional teaching of special medical demonstrative pathology and, from 1900, in the prestigious
position of full professor of medical clinic. Here a school of talented doctors gathered around him, like
Riva Rocci, who moved to Pavia from Turin, Umberto Carpi De Resmini and Eugenio Morelli [5].

Meanwhile, Forlanini made his operation known in Figure 4 with a report held on 2 April 1894
to the eleventh international medical congress of Rome [16] and, the following year, with a lecture
to the Italian congress of internal medicine [17]. However, the reaction by the medical community
was not very lively and artificial pneumothorax also found oppositions and objections. With the
spread of the operation and its application by physicians who did not know the method very well,
and who used inadequate criteria for the selection of candidate patients, the number of serious and
even fatal complications greatly increased [18]. This is despite the fact that the security of the method
steadily improved in the first decades of the new century. Among the complications, those reported
and also discussed by Forlanini included empyema, emphysema and cerebral embolism, especially
gaseous. A further complication was pleural eclampsia, i.e., a syncope whose symptoms Forlanini
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described in this way: “the patient falls, suddenly, in abandonment on the bed, unconscious, with his
head bent to one side, or back; the eye wide open, the bulbs fixed at the front or rotated up or to
one side; the pupil of maximum amplitude, rigid; the face of an extreme pallor, sometimes cyanotic,
cold, with bluish streaks in the neck, chest, limbs; clenched teeth; stiff trunk and limbs; breathless
and imperceptible pulse rhythm;-in short, an impressive syndrome, for the real impotence of the
symptoms, for the suddenness, for the thought that the accident follows an operational act and can
be fatal” [14]. Moreover, artificial pneumothorax was sometimes ineffective due to pleural adhesions
that prevented lung collapse. To overcome these difficulties, the Swedish physician Hans Christian
Jacobaeus introduced the section of endopleural adhesions using a thoracoscope and a cautery [19].
Some alternative methods to artificial pneumothorax for treatment of pulmonary tuberculosis were
also developed. An attempt to put the lung at rest to limit diaphragm excursions was made in 1913
by Ernst Sauerbruch, who introduced phrenicotomy [20]. In the years preceding the First World War,
the foundations of pulmonary tuberculosis surgery were also laid. Already in 1891, Theodore Tuffier
removed the pulmonary apex in a case of cavitated tuberculosis; in 1893 David Lawson introduced
pneumonectomy; and two years later, William Macewen removed a left lung for tuberculosis (the
patient was still alive in 1940). In 1908 Ludolph Brauer published the first radical thoracoplasty and in
the following twenty years, lung surgery for pulmonary tuberculosis continuously developed [21–24].
However, artificial pneumothorax remained the first choice when an intervention to treat the disease
had to be considered.

 

Figure 4. Carlo Forlanini while practicing artificial pneumothorax. Museum for the History of the
University of Pavia.

4. Disputes and Diffusion

A bad surprise caught Forlanini when, in 1906, he read an article by Ludolph Brauer of Marburg,
published in an authoritative German journal, in which the invention of the method was attributed to
the important American surgeon John Benjamin Murphy [25]. The latter had developed a version of
the operation, presumably without knowing the work of the Italian, and had described it in 1898 at the
meeting of the American Medical Association [26–28]. Murphy was the first to adopt the new x-ray
technology (Wilhelm Roentgen had discovered x-ray in 1895) to control pneumothorax therapy results.
Forlanini immediately reacted to Brauer’s article and published in another authoritative German
journal the results obtained by him in 25 cases of pulmonary tuberculosis, also to claim the priority of
the invention [29]. Moreover he criticized Murphy’s treatment modalities, as they involved an incision
of the skin and the chest muscles (and not a single puncture as he did) and again the large amount of
nitrogen introduced (1000–3000 mL) by the American surgeon, which led to excessive compression
of the lung. Forlanini’s article contributed to the diffusion of his invention in the German medical
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world and therefore in transalpine Europe. From this moment on, Forlanini promoted the method,
also with conferences for doctors. In 1906–1907, there was a technological development that made
the apparatus more applicable, when Christian Saugman, of the Vejlefjord sanatorium in Denmark,
perfected it by inserting in the pneumothorax instrument a water pressure monitor, which allowed a
precise control of the gas introduced. Moreover, in 1912, Maurizio Ascoli proposed a partial collapse
therapy that allowed a bilateral pneumothorax to treat cases of involvement of the two lungs in the
pathological process.

On April 1912, Forlanini held a memorable lecture in Rome entitled “Artificial pneumothorax
in the treatment of pulmonary phthisis”, at the seventh international congress on tuberculosis [30].
The presentation obtained a great ovation and, after thirty years of studies on pneumothorax, Forlanini
at last obtained full international recognition.

In England, the method was not used before 1911; subsequently, it achieved considerable success.
In 1917, the doctor Clive Riviere wrote in his textbook “The pneumothorax treatment of pulmonary
tuberculosis”: “No more hopeful ray of sunshine has ever come to illuminate the dark kingdoms
of disease than that introduced into the path of the consumptive through the discovery of artificial
pneumothorax” [31]. Riviere confirmed this judgment ten years later in the “British Journal of
Tuberculosis” [32]. Other British doctors expressed an overall positive opinion on the treatment [33–47],
which was also applied to children [48]. Its level of popularization is also demonstrated by the fact that
one of the important episodes in the novel “The Citadel” (1937) by the Scottish writer Archibald Joseph
Cronin concerns precisely the description of an artificial pneumothorax operation. However, the
spread of the method, after 1912, reached all European countries and, with some delay, also the United
States. In Imperial Russia, the therapeutic pneumothorax was already used in 1910 by Arkadij N.
Rubel who, two years later, published the first monograph on the topic, contributing to its knowledge
in the country [18,49]. In the 1930s, in Stalinist Russia, the application of this method took on political
connotations. The treatment was considered an “aristocratic therapy”, therefore counter-revolutionary,
and in the end the pneumothorax device was attacked by propaganda as a “killing machine”. One of
the leading Russian physicians advocating pneumothorax therapy, Volf S. Kholtsman, director of
the Moscow Oblast Tuberculosis Institute, was arrested in 1939 during the Stalinist purges and then
executed two years later.

5. The Battle and the War

In 1912, with the success at the Seventh International Congress of Rome, Forlanini became a
famous scientist worldwide. In that same year he was proposed for the first time to the Nobel Prize
for Medicine and, over the following years, Forlanini was unsuccessfully nominated for this award
at least twenty times. His friend and fellow professor at the University of Pavia, Camillo Golgi
(Nobel Prize winner for 1906), proposed him three times with the motivation that the invention of
pneumothorax was “of great benefit to humanity”, a phrase that underlined the consonance of the
candidate’s merits with the will of Alfred Nobel. However, the Nobel Prize was not awarded in the
years of the First World War between 1915 and 1918, and in this last year Forlanini died. The Italian
doctor thus had the possibility of winning the prize only in the three years between 1912 and 1914.
There were, however, some reasons analyzed in detail by Hansson and Polianski [18] that probably
prevented him from being awarded in this short period of time. In fact, all the nominations came from
Italian scientists; the method had not yet reached the safety standards that it would obtain a few years
later; and there were other alternative surgical operations, less successful, but used in the treatment of
pulmonary tuberculosis.

In 1913, Forlanini was nominated senator of the kingdom and member of the council of public
education in Figure 5. During the years of the First World War, his health gradually declined. However,
he had the satisfaction of seeing his invention widely used in clinics all over the world. Forlanini died
in Nervi, on the Ligurian Riviera, on 25 May 1918. Immediately after his death, Golgi published a very
heartfelt obituary [50].
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Figure 5. Carlo Forlanini in the last years of his life. Museum for the History of the University of Pavia.

This great physician won his battle against tuberculosis, the first of a series that will follow with
other protagonists. His invention has not completely disappeared from medical practice and is still
used in special cases, for example in pre-thoracoscopic artificial pneumothorax [51], a fact that would
have pleased Forlanini. Unfortunately, however, the war against tuberculosis is still going on and the
final victory has not yet been achieved.
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Abstract: Eighty years after the introduction of the first antituberculosis (TB) drug, the treatment of
drug-susceptible TB remains very cumbersome, requiring the use of four drugs (isoniazid, rifampicin,
ethambutol and pyrazinamide) for two months followed by four months on isoniazid and rifampicin.
Two of the drugs used in this “short”-course, six-month chemotherapy, isoniazid and ethambutol,
target the mycobacterial cell wall. Disruption of the cell wall structure can enhance the entry of
other TB drugs, resulting in a more potent chemotherapy. More importantly, inhibition of cell wall
components can lead to mycobacterial cell death. The complexity of the mycobacterial cell wall offers
numerous opportunities to develop drugs to eradicate Mycobacterium tuberculosis, the causative agent
of TB. In the past 20 years, researchers from industrial and academic laboratories have tested new
molecules to find the best candidates that will change the face of TB treatment: drugs that will shorten
TB treatment and be efficacious against active and latent, as well as drug-resistant TB. Two of these
new TB drugs block components of the mycobacterial cell wall and have reached phase 3 clinical
trial. This article reviews TB drugs targeting the mycobacterial cell wall in use clinically and those in
clinical development.

Keywords: tuberculosis; discovery; mode of action; drug resistance; toxicity; target

1. Introduction

In 1882, when Robert Koch made his ground-breaking announcement that he had discovered,
isolated and cultured the bacterium responsible for tuberculosis (TB), there were no curative options
for people infected with TB. In Roman times, the personal physician of the emperor Marcus Aurelius
(161–180) was prescribing sea trips, fresh air and milk to treat TB patients [1]. English, French
and German physicians revisited this concept 17 centuries later. In 1840, the English physician
George Bodington wrote an essay “On the treatment and cure of pulmonary consumption,” where
he recommended fresh, cold and open air, exercise, a healthy diet and wine to treat TB patients. He
opposed the treatment popular at the time: confinement of TB patients and the use of drugs such as
digitalis and antimony potassium tartrate [2]. The journal Lancet published a harsh review of this
essay, describing it as “very crude ideas and unsupported assertions” [3], but later admitted that they
had been wrong [4]. Other English physicians followed Bodington’s ideas of fresh-air treatment for TB
patients but were dismissed by the medical intelligentsia [5]. On the other side of the Channel, the
French physician Amédée Latour prescribed sunshine, fresh air, exercise and rich food containing 1/8
oz of sea salt every morning to treat TB [6]. The German physician Hermann Brehmer advocated high
altitude, fresh air, exercise and a rich diet with some alcohol for the treatment of TB patients [5]. He
opened the first sanatorium in 1854 in Görbersdorf, Prussia, to implement his concept. Sanatoria were
beneficial to TB patients with early stages of disease. Lower mortality rates were observed in sanatoria
compared to TB patients treated at home [1,7]. Sanatoria would close one hundred years later with the
introduction of the first multiantimycobacterial drug regimen to treat TB.

Appl. Sci. 2020, 10, 2278; doi:10.3390/app10072278 www.mdpi.com/journal/applsci59



Appl. Sci. 2020, 10, 2278

The first drug against the etiologic agent of TB, Mycobacterium tuberculosis, was streptomycin,
isolated from the soil bacterium Streptomyces griseus and shown to have activity against
M. tuberculosis in 1944 [8,9]. Streptomycin was tested on a 21-year-old woman with advanced
pulmonary TB and gave “impressive therapeutic effects” [10,11]. Unfortunately, resistance to
streptomycin developed quickly [12,13]. In 1946, Jorgen Lehmann published the discovery of
the antimycobacterial activity of para-aminosalicylic acid (PAS) in vitro, in guinea pigs and in TB
patients [14]. The addition of PAS to streptomycin treatment drastically reduced the emergence of
streptomycin-resistant strains in TB patients but did not abolish it [15]. It would take the introduction
of a new TB drug, isoniazid (INH), in 1952 to achieve a successful treatment for TB [16].

INH is one of the most effective drugs against M. tuberculosis, which is still used to this day to
treat active and latent M. tuberculosis infections. INH is part of a four-drug regimen (INH, rifampicin
(RIF), ethambutol (EMB) and pyrazinamide (PZA)) to treat drug-susceptible M. tuberculosis infection.
While RIF targets the RNA polymerase RpoB and PZA’s mechanism of action is still unclear, INH and
EMB target the mycobacterial cell wall.

The M. tuberculosis cell wall has an intricate and unique structure composed of a thick
peptidoglycan layer and an outer membrane made up mostly of various lipopolysaccharides and fatty
acids with imbedded glycolipids and wax esters. This lipid-rich cell wall forms a low-permeability
barrier that protects M. tuberculosis against most antibiotics. This is one of the many challenges
facing TB drug development and the main reason drug target-based screening has been rather
unsuccessful [17,18]. Bacteria require an intact cell membrane in order to survive; therefore, the
biosynthesis of cell wall components could be considered a weakness to exploit with new and more
potent drugs. The ever-expanding threat of drug resistance should motivate greater alacrity in
developing these new therapies. Global drug surveillance data from the World Health Organization
indicates that in 2018, half a million people were infected with rifampicin- or multidrug-resistant (MDR)
TB, and 6% of them had extensively drug-resistant (XDR) TB [19]. While an MDR M. tuberculosis
strain is “only” resistant to INH and RIF, an XDR strain is resistant to at least five TB drugs (INH, RIF
and three second-line TB drugs). Treatment for drug-resistant TB is very long (minimum 20 months),
requiring multiple drugs with potential severe adverse reactions. MDR TB treatment’s success rate
is approximately 55%, whereas XDR TB is barely 39%. New drugs and shorter drug regimens are
actively sought to increase these success rates. This article covers TB drugs specifically targeting the
mycobacterial cell wall currently used in clinics or in clinical development, focusing on their discovery,
activity, toxicity, mode of action and resistance.

2. The Mycobacterial Cell Wall

The biosynthesis of the mycobacterial cell wall components has been extensively described
recently [20–22], and only a summary of the most pertinent points for this article is presented here.
The proteins implicated or targeted by TB drugs discussed below are underlined.

The three main components of the cell wall are the peptidoglycan (PG), the lipopolysaccharides
(arabinogalactan, lipoarabinomannan, and lipomannan) and the outer membrane, which contains
mycolic acids, various glycolipids and phthiocerol dimycocerosates (Figure 1).

The M. tuberculosis peptidoglycan is located outside of the mycobacterial inner membrane,
conferring rigidity, integrity and shape to the cell [22]. The peptidoglycan is a polysaccharide composed
of alternating N-acetylglucosamine and muramic acid (either N-acetylated or N-glycolylated) residues
linked by β (1→4) bonds [23–26]. Strands of polysaccharides are acylated on the muramic acid residues
by the pentapeptide L-alanyl-D-isoglutaminyl-meso-diaminopimelyl-D-alanyl-D-alanine synthesized
by the Mur ligases (MurC/D/E/F). The acylation reaction is performed by the D-Ala:D-Ala ligase
DdlA. The pentapeptides are cross-linked to form the peptidoglycan. Two types of cross-linkages
are observed in M. tuberculosis: (i) the D,D-transpeptidase activity of the penicillin binding proteins
PonA1 and PonA2 cross-links meso-diaminopimelic acid and D-alanine to form a 3→4 linkage; (ii) the
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L,D-transpeptidases (LdtMt1 to 5) cross-link two meso-diaminopimelate residues to form a 3→3
linkage [22].

 
Figure 1. Illustration of the mycobacterial cell wall. The outermost layer of the cell wall, the capsule,
is omitted. The cell wall components/sites inhibited by the tuberculosis (TB) drugs discussed herein
are indicated. Abbreviations: AG, arabinogalactan; LAM, lipoarabinomannan; LM, lipomannan; MA,
mycolic acids; PG, peptidoglycan; P, phospholipid; PIMs, phosphatidyl-myo-inositol mannosides;
INH, isoniazid; ETH, ethionamide; PTH, prothionamide; TAC, thiacetazone; PMD, pretomanid;
EMB, ethambutol.

The arabinogalactan is a branched polysaccharide composed of arabinose (Araf ) and galactose (Galf )
residues in the furanose configuration [27]. The first step in the arabinogalactan biosynthesis is the formation
of the linker that anchors the arabinogalactan complex to the peptidoglycan via the N-glycolylated-muramic
acid residues [28]. This linker is a decaprenyl-diphospho-N-acetylglucosamine-rhamnosyl molecule
produced by the successive transfer of N-acetylglucosamine-1-phosphate to decaprenyl-phosphate by
WecA followed by the transfer of L-rhamnose by WbbL. On this linker, 30 linear Galfresidues are added
by the galactofuranosyl transferases GlfT1 and GlfT2. An Arafunit is then transferred to the galactan
chain using the arabinose donor decaprenylphosphoryl-D-arabinose (DPA). DPA is formed through
several steps, starting with phospho-α-D-ribosyl-1-pyrophosphate (pRpp). UbiA adds a decaprenyl
group to form decaprenol-1-monophosphate 5-phosphoribose (DPPR), which is dephosphorylated
and epimerized by DprE1 and DprE2 to form DPA. The arabinofuranosyltransferase AftA catalyzes
the transfer of the first unit of Araf to the galactan chain. The arabinosyltransferases EmbA and EmbB
catalyze the further addition of Araf to form the arabinan. The final product, the arabinogalactan, is a
linear galactan to which highly branched arabinans are attached. The arabinan anchors the mycolic
acids forming the mycolyl-arabinogalactan-peptidoglycan (mAGP) complex.

Mycolic acids are the hallmark of the M. tuberculosis cell wall, an essential component regulating
the permeability, acid-fast staining, viability and virulence of M. tuberculosis [29]. As stated above,
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mycolic acids are found attached to the arabinose part of the arabinogalactan complex but can also be
found as a free form or bound to other saccharides to form trehalose mono/dimycolates (TMM/TDM)
and glucose monomycolate. Mycolic acids are long-chain fatty acids composed of a meromycolate
chain containing up to 62 carbons with various modifications (cis/trans cyclopropane, keto, or methoxy
groups) to which a saturated C26 alkyl chain is attached at the α position (Figure 2). The biosynthesis
of mycolic acids starts with two fatty acid synthases (FAS): the eukaryotic-like type I (FAS-I) and the
prokaryotic-like type II (FAS-II) (Figure 2). FAS-I is a multidomain polypeptide [30] that synthesizes
the α-C26 alkyl chain and also provides a C14/16 fatty acyl-CoA to be elongated into the meromycolate
chain by the FAS-II system. This elongation reaction starts with the condensation of C14/16 fatty
acyl-CoA with malonyl-Acyl Carrier Protein (ACP) by the β-ketoacyl-ACP synthase III FabH. The
resulting β-ketoacyl-ACP intermediate is delivered to FAS-II, which performs cycles of elongation
using independent enzymes: the reductase MabA, the heterodimer dehydratases HadAB and HadBC,
the enoyl-reductase InhA and the condensases KasA and KasB (Figure 2). The modifications (cis/trans
cyclopropane, keto, or methoxy groups) of the meromycolate chains are introduced either during
the elongation by FAS-II or when the meromycolate chain is fully formed [31]. The meromycolate
chain is activated by the fatty acid AMP synthase FadD32 to a meromycolyl-AMP, which is coupled
to the carboxylated α-C26 fatty acyl-CoA (from FAS-I) by the polyketide synthase Pks13. Reduction
of the resulting mycolic β-ketoester by the mycolyl reductase CmrA yields a mature mycolic acid.
The biosynthesis of mycolic acids takes place in the cytoplasm. Transfer of the mycolic acids to the
cell envelope occurs via the formation of a trehalose monomycolate (TMM) which is translocated by
the efflux pump MmpL3 (Mycobacterial membrane protein Large). The mycolyltransferase Antigen
85 complex (fbpA, fbpB, fbpC) then condenses mycolic acids to the arabinogalactan releasing a molecule
of trehalose.

 
Figure 2. Schematic representation of the biosynthesis of mycolic acids. The three families of
mycolic acids in Mycobacterium tuberculosis are the α-, methoxy- and keto-mycolic acids. Only the
cis configuration of the cyclopropane group of the methoxy- and keto-mycolic acids is shown, but
M. tuberculosis also produces the trans-methoxy- and trans-keto-mycolic acids. The known targets of the
mycolic acid inhibitors in clinical use or in clinical trial are InhA for isoniazid (INH) and ethionamide
(ETH); HadAB for thiacetazone (TAC); and Mmpl3 for SQ109.
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Besides the mAGP complex, the mycobacterial cell wall also includes lipomannan (LM),
lipoarabinomannan (LAM) and phosphatidyl-myo-inositol mannosides (PIMs). These lipids are
anchored in the inner membrane and play an important role in M. tuberculosis growth, survival
and virulence [32–34]. In the outer membrane, trehalose-containing glycolipids and phthiocerol
dimycoserates are found interlaced with the mycolic acids. These lipids are crucial for their interactions
with the host and its immune system [35].

Specific components of the cell wall are essential for M. tuberculosis survival in the host. It is,
therefore, not surprising that two of the four first-line TB drugs target the cell wall. In the past 20 years,
potent new TB drugs have been discovered that target the peptidoglycan, arabinogalactan, LAM, and
mycolic acids or their transfer to the cell wall. This article focuses on the cell wall inhibitors included in
the TB pharmacopeia since the 1950s/1960s (old TB drugs) and the new ones in clinical development.

3. Old TB Drugs

3.1. Isoniazid—Target: Mycolic Acids

Discovery. In 1949, Colin Hinshaw and Walsh McDermott went to Germany to investigate reports

that TB patients were successfully treated with a new synthetic compound, Conteben [36]. Conteben,
a thiosemicarbazone also known as thiacetazone and Tibione (see thiacetazone section below), had
been discovered by Gerhard Domagk at Bayer in West Germany. Hinshaw and McDermott returned to
the USA with a supply of Conteben. After testing of Conteben in US hospitals, they concluded that
“a prompt and thorough series of experimental and clinical trials in the United States” was justified
along with experimenting with other thiosemicarbazones [37]. Two US pharmaceutical companies,
Hoffman-La Roche and E. R. Squibb & Sons, quickly developed a series of thiosemicarbazone analogs
but none showed better activity than Conteben [38–40] until the benzene ring in Conteben was replaced
with a pyridine ring leading to the simultaneous discovery of Rimifon at Hoffman-La Roche [39]
and Nydrazid at Squibb [41]. In parallel, Domagk at Bayer developed the thiosemicarbazone
analog Neoteben [42]. Rimifon, Nydrazid and Neoteben had antiTB activity that far exceeded
streptomycin, PAS and any other analog synthesized so far and share the same chemical structure:
4-pyridinecarboxylic acid hydrazide. Hoffman-La Roche, Squibb and Bayer had simultaneously and
independently discovered the most potent TB drug at the time: isoniazid (INH). Ironically, none of
the pharmaceutical companies could patent their discovery, as INH had been synthesized 40 years
earlier by two Polish graduate students Hans Meyer and Josef Mally [36]. The results with INH were
so striking that chemotherapy became the leading route for TB treatment, and soon after the sanatoria
closed. Almost 70 years later, INH remains the cornerstone of TB chemotherapy for the treatment of
drug-susceptible and latent M. tuberculosis infections.

Activity and toxicity. INH is a first-line TB drug. INH is an oral, highly soluble in water

(140 g/L), bactericidal drug with a minimum inhibitory concentration (MIC) ranging from 0.1 to 0.7 μm
against M. tuberculosis. In vitro, INH rapidly reduces the number of M. tuberculosis bacteria by 2-
to 3-log10s during the first four days of treatment [43]. This bactericidal activity is only observed
in exponentially growing M. tuberculosis cultures. INH has no activity in stationary or persistent
M. tuberculosis. In mice, a similar pattern is observed, where INH is bactericidal only on actively
dividing M. tuberculosis [44]. INH is readily absorbed and reaches concentrations in tissues and
organs above its MIC.

The main adverse effect of INH is hepatotoxicity. TB patients more likely to develop liver damage
when taking INH are slow acetylators [45,46]. INH is acetylated into the inactive molecule AcINH by
the human N-acetyltransferase-2 (NAT2), which is expressed mostly in the liver and gastrointestinal
tract. Genetic polymorphisms in NAT2 renders this acetylation reaction either slow or fast, dividing TB
patients between slow and fast acetylators. INH metabolism also involves an amidase metabolizing
INH into an hydrazine (Hz), which is then acetylated by NAT2 to form a toxic acylhydrazine (AcHz)
and a non-toxic diacylhydrazine (DiAcHz) [46]. Hz, AcHz and their metabolites generated by the
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liver microsomal cytochrome P450 enzymes have been linked to liver toxicity [47,48]. Fast acetylators
have a lower risk of liver toxicity by producing more of the DiAcHz metabolite and less of the AcHz
metabolite(s) [49].

Mode of action. INH enters M. tuberculosis cells by passive diffusion as a prodrug. A prodrug is

the ideal drug where the compound has, if possible, no effect on eukaryotic cells, yet, once activated by
a pathogen-specific enzyme, leads to the death of the pathogen [50]. Curiously, the TB pharmacopeia
is composed of an array of prodrugs approved for clinical therapy as well as in the developmental
phase [51]. INH is activated by the mycobacterial catalase peroxidase KatG (Rv1908c) [52] into what
is most likely an isonicotinoyl radical that reacts with nicotinamide adenine dinucleotide (NAD+)
to form the INH-NAD adduct [53–56]. This adduct binds to and inhibits InhA [54,57–60], the
NADH-dependent enoyl-ACP reductase [61,62] of the FAS-II system [63], leading to the inhibition of
mycolic acid biosynthesis and mycobacterial cell death [60,64–66]. Although the mechanism of INH
action seems rather straightforward, elucidation of the molecular details took almost fifty years [67].

Resistance. Shortly after the antimycobacterial activity of INH was published in 1952, the first
report of INH-resistant clinical isolates appeared less than one year later [68]. In 1954, Gardner
Middlebrook demonstrated that INH-resistant mutants isolated in vitro were catalase-negative [69]. It
will then take another 40 years to discover the genetic basis of this phenotype and decipher the main
mechanism of resistance to INH: mutation in katG, the gene encoding the INH activator. Zhang and
colleagues showed that 1) complementation of an INH-resistant Mycobacterium smegmatis mutant
with a single copy of katG restored INH susceptibility [52]; 2) two highly INH-resistant clinical isolates
had katG deletion [52]; and 3) M. tuberculosis INH-resistant mutants regained INH susceptibility
when transformed with katG [70]. Since then, more than 300 katG mutations covering 99% of the
gene’s length (katG has 2223 base pairs (bp)) have been identified in INH-resistant laboratory and
clinical strains [71]. The most frequent mutation in clinical isolates is the Ser315Thr. Actually, each
of the three bases of the serine codon (AGC) can be mutated leading to Asn, Arg, Ile, Gly or Leu
amino acid change. Mutations in KatG alter its catalase peroxidase and oxidase activities causing a
defect in KatG’s ability to activate INH [72–74]. Thus, most M. tuberculosis clinical strains carrying
katG mutations are highly resistant to INH [75]. KatG enzymatic activities can also be disrupted
by mutations in furA (Rv1909c), a gene encoding a ferric uptake regulation protein and a negative
regulator of katG transcription. Isogenic strains carrying the mutations a-10c and g-7a in the intergenic
region between katG and furA had reduced katG expression leading to a decrease in INH oxidase
activity and a modest increase in INH resistance [76].

Resistance to a drug can occur through either target mutation (preventing the binding of the
drug to its target) or target overexpression (titration of the drug). This is the case for the second
most common mutations in INH-resistant clinical isolates: mutations in inhA and its promoter region.
The c-15t mutation in the inhA promoter region increases inhA mRNA levels by 20-fold resulting
in higher InhA protein levels and an 8-fold MIC increase in M. tuberculosis [60]. This mutation is
found in about one third of the INH-resistant clinical isolates but more often in XDR TB cases than
MDR or INH-monoresistant TB cases, suggesting that the c-15t mutation could be a marker for XDR
TB [77]. In contrast to katG mutations, clinical strains with inhA mutations (either in the gene or
in the promoter region) have a low INH resistance phenotype [75]. There are another 20 different
mutations identified in the inhA promoter region [71]. Mutations in the target of INH inhA, an essential
gene, are rare, with only 17 identified so far [71]. The first inhA mutation (Ser94Ala) was isolated
in vitro in M. smegmatis during a screening for mutants co-resistant to INH and ethionamide (ETH),
a second-line TB drug [57]. This mutant led to the hypothesis that InhA was the primary target of
both INH and ETH [57]. Introduction of the Ser94Ala mutation into wild-type M. tuberculosis H37Rv
was shown to be sufficient to confer INH and ETH resistance [60] and to decrease the binding of the
INH-NAD adduct to InhA [60,78]. These observations strongly supported the conclusion that INH
and ETH target InhA. The Ser94Ala mutation has been found in INH-resistant M. tuberculosis clinical
isolates carrying no mutations in katG [75,79–81].
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Mutations in many other genes have been identified in INH-resistant laboratory and clinical
strains such as kasA, mshA, ndh, nudC, ahpC, and nat (the M. tuberculosis N-acetyltransferase) to cite
a few, but very often these mutations were present in clinical strains already carrying a katG or inhA
mutation or were also found in INH-susceptible strains questioning their roles in INH resistance [71].

Area of investigation. For the past 70 years, INH has had an essential role in TB treatment and

control. One of INH downsides is its lack of activity against dormant/persistent M. tuberculosis. The
reasons for this lack of activity in the dormant form of M. tuberculosis are still up for debate; however,
it is known that KatG has limited activity in the dormant state [44]. With KatG being a major factor
in INH resistance and a potential player in INH shortcoming in dormant M. tuberculosis, new InhA
inhibitors that would not require activation by KatG have been actively sought [82–89]. Compounds
such as GlaxoSmithKline’s thiadiazole GSK693 [90] or the diazaborine AN12855 [91,92] are promising
leads with good oral bioavailability, low toxicity, activity against katG-deficient M. tuberculosis and
in vivo efficacy similar to INH.

3.2. Ethambutol—Target: Arabinogalactan/LAM

Discovery. Ethambutol ((+)-2,2′-(ethylenediimino)di-1-butanol, EMB) was discovered at the

Lederle Laboratories division of the American Cyanamid Company in New York (USA) in 1961. During
a random screening of synthetic compounds in mice, N,N′-diisopropylethylenediamine was found to
protect mice from an M. tuberculosis infection. Following an intensive campaign of structure–activity
relationship (SAR), ethambutol, a di-hydroxylated derivative of N,N′-diisopropylethylenediamine,
was synthesized [93–95]. Its activity against M. tuberculosis in infected mice was four times more
potent than streptomycin and protected mice infected with streptomycin- or isoniazid-resistant
M. tuberculosis strains.

Activity and toxicity. EMB is water soluble (solubility 7.58 g/L) and easily taken up by

M. tuberculosis [96]. EMB is bacteriostatic, with a MIC ranging from 5 to 34 μm against M. tuberculosis.
EMB is a first-line TB drug, given for the first two months of TB treatment alongside INH, RIF and
PZA. EMB adverse effects include liver and ocular toxicity (decreased vision, color blindness) although
these effects are reversible once EMB treatment is stopped [97].

Mode of action. The target of EMB has not been definitively determined. It was initially thought

that EMB inhibited the synthesis of metabolites needed for M. tuberculosis replication [96] or hampered
RNA synthesis [98]. A set of studies in M. smegmatis determined that EMB treatment resulted in the
inhibition of mycolic acid transfer to the cell wall [99]; the cellular accumulation of TMM, TDM and
free mycolic acids [100]; the inhibition of D-arabinose incorporation into the arabinogalactan complex
and arabinomannan [101]; and the accumulation of DPA [102], the arabinose donor in the synthesis
of arabinan [103]. While the synthesis of arabinan for the arabinogalactan complex was completely
inhibited by EMB, EMB only partially inhibited the synthesis of the arabinan of LAM [104], leading to
the conclusion that EMB inhibited different arabinosyl transferases responsible for the formation of
arabinan in the cell wall [105].

Recently, EMB was postulated to target the glutamate racemase, MurI (Rv1338) [106]. MurI
racemizes L-glutamate to D-glutamate, which is required for peptidoglycan biosynthesis. In an
enzymatic assay, EMB partially inhibited the MurI racemisation reaction. Docking experiments
suggested that EMB could bind to MurI and act as a competitive inhibitor of MurI substrate. Further
experiments are required to confirm the role of MurI in M. tuberculosis inhibition by EMB.

Resistance. Characterization of EMB-resistant M. tuberculosis clinical isolates revealed a
connection between EMB resistance and a cluster of genes (embCAB, Rv3793–3795) [107,108] encoding
arabinosyltransferases involved in the biosynthesis of the mycobacterial cell wall arabinan [109].
Initially, the most common mutations found in EMB-resistant but not in EMB-susceptible clinical
isolates were at position 306 of embB (M306I, M306V and M306L) [107]. When the embB mutations
M306L, M306V and M306I were introduced into wild-type M. tuberculosis strains, the resulting strains
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were found to be EMB-resistant, suggesting that the embB mutations were a molecular marker for EMB
resistance [110,111]. However, embB mutations were found in EMB-susceptible clinical isolates, leading
to questioning the role of embB in EMB resistance [112–115]. Additionally, EMB-monoresistant clinical
isolates did not harbor mutation in embB, suggesting a different target for EMB [113]. EMB-susceptible
strains carrying embB mutations were resistant to other antituberculosis drugs pointing to the emb
locus as a marker for MDR or XDR M. tuberculosis strains [110,112,115].

Safi and colleagues have postulated that the high-level EMB resistance found in clinical isolates
was a result of an accumulation of various mutations, each individually causing a low-level resistance
to EMB but together provided a high degree of resistance [110]. The authors demonstrated that, in vitro,
a stepwise introduction of specific mutations in embB, Rv3806c (ubiA) and embC in M. tuberculosis led
to a strain 8-fold more resistant to EMB than wild-type M. tuberculosis. ubiA encodes a DPPR synthase
involved in DPA biosynthesis. Mutations in ubiA increase intracellular DPA levels, which might bind
to Emb, leading to EMB resistance [116]. However, the role of ubiA in EMB resistance is questionable
since mutations in ubiA are found in both EMB-susceptible and EMB-resistant M. tuberculosis clinical
isolates [117].

Area of investigation. SAR on ethambutol was performed to improve EMB antimycobacterial

activity while reducing its toxicity. The outcome was SQ109, a compound now in phase 2 clinical trial,
and with a very different mechanism of action than EMB (see below).

3.3. Ethionamide/Prothionamide—Target: Mycolic Acids

Discovery. In 1954, Thomas Gardner and colleagues published the synthesis of an INH analog,

where a thioamide group replaced the acyl hydrazide group in INH [118]. This thioisonicotinamide
compound was active in a mouse model of M. tuberculosis infection but was found to be less potent than
INH. This publication was noticed by a French team who found that the thioamide derivative was more
active than streptomycin and more importantly, potent against INH-, streptomycin- and PAS-resistant
M. tuberculosis strains. They synthesized a series of α-alkyl derivatives of the thioisonicotinamide and
found that adding an ethyl or propyl group at the α position generated two compounds with activity
in vitro and in mice greater than streptomycin but not as potent as INH [119]. They had synthesized
ethionamide (ETH) and prothionamide (PTH).

Activity and toxicity. ETH is a bactericidal drug, with a MIC ranging from 6 to 15 μm against

drug-susceptible M. tuberculosis. ETH and PTH are poorly soluble in water (0.84 and 0.28 g/L,
respectively). ETH and PTH are in the group C (other core second-line agents) of second-line TB drugs
used interchangeably for the treatment of MDR and XDR TB cases. ETH and PTH are oral drugs with
some severe adverse effects (hepatoxicity, gastrointestinal disorders, neurotoxicity) [120].

Mode of action. Winder and colleagues were the first to demonstrate that ETH inhibited mycolic

acid biosynthesis [121]. They noticed that ETH affected Mycobacterium bovis BCG similarly to INH
although they observed no cross resistance between INH and ETH leading to the conclusion that
the mode of action of INH and ETH were not identical [121]. Actually, cross resistance between
INH and ETH had been observed in TB patients a few years earlier. Several studies noted that TB
patients treated with INH developed resistance to both INH and ETH although the patients had
never received ETH [122–124]. This suggested that ETH and INH shared a common mechanism
of action. Winder and colleagues had postulated that INH and ETH “might differ in the means
by which they reach the sensitive site”. That was prescient since INH and ETH were eventually
revealed as prodrugs activated by different enzymes. While INH is activated by a catalase peroxidase,
ETH is activated by the NADPH-specific flavin adenine dinucleotide-containing Baeyer–Villiger
monooxygenase EthA (Rv3854c also called EtaA) [125,126]. In vitro, activation of ETH by EthA leads
first to the formation of ethionamide S-oxide, which is further metabolized by EthA to form either
2-ethyl-4-amidopyridine [126] or (2-ethyl-pyridin-4-yl) methanol [125] via radical intermediate(s).
Once activated, the mechanism of action of ETH is very similar to INH. The activated form of ETH
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reacts with NAD+ to form an ETH*-NAD adduct [127]. The structures of this adduct as well as the
PTH*-NAD adduct were determined by X-ray crystallography, revealing an ethyl-isonicotinoyl or a
propyl-isonicotinoyl covalently attached to the nicotinamide portion of reduced NAD+ and bound to
InhA. Inhibition of InhA by these adducts results in mycolic acid biosynthesis inhibition.

Wang and colleagues postulated that the activated form of ETH was an iminoyl radical but
expressed doubt that this activation reaction was caused by EthA alone and hypothesized that
additional enzymes might be involved [127]. Another study also concluded that another mechanism
of activation might exist for ETH when demonstrating that deletion of ethA and its regulator ethR
(Rv3855) in M. tuberculosis caused only a modest increase (3-fold) in ETH resistance [128]. EthA has
two close homologs: the monooxygenases Rv3083 (MymA) and Rv0565c [125]. Grant and colleagues
determined that MymA was indeed an activator of ETH by showing that loss of function of MymA or
overexpression of mymA conferred resistance or hypersusceptibility to ETH, respectively [129]. In this
study, the authors also noted that transposon mutants in Rv0565c as well as in two other genes encoding
Baeyer–Villiger monooxygenases (Rv1393c and Rv3049c) did not lead to ETH resistance. However, a
recent study determined that overexpression or deletion of Rv0565c led to ETH hypersusceptibility
or low resistance, respectively, in M. tuberculosis, leading the authors to conclude that Rv0565c was
an additional activator of ETH in M. tuberculosis [130]. In both studies on mymA and Rv0565c, no
biochemical evidence was provided to show that MymA or Rv0565c actually activates ETH and what
would be the resulting activated molecule(s).

Resistance. Mutations in ETH-resistant laboratory and clinical M. tuberculosis strains are found
in the activators of ETH (ethA, mymA, Rv0565c), the negative regulator of ethA (ethR) and ETH target
(inhA gene and promoter region) [129–131]. Mutations in the inhA promoter region are more frequent
than mutations in the activator(s) of ETH [131]. Mutations in inhA or in its promoter region are found in
up to 68% of ETH-resistant clinical isolates while mutations in ETH activator ethA are usually found in
no more than 55% of ETH-resistant clinical isolates, and some of these ethA mutations can also be found
in ETH-susceptible strains [131]. The mutations in ethA cover 91% of the gene (from 2 to 1341 bp; ethA
has 1470 bp) [71]. Mutations in ethR have been identified in ETH-resistant clinical strains carrying the
c-15t mutation in the inhA promoter region [131]. Recently, cyclic dimeric guanosine monophosphate,
a bacterial second messenger, was shown to boost the binding of EthR to ethA promoter, causing a
decrease in ethA transcription levels and ETH resistance [132].

Other genes have been implicated in ETH resistance. M. tuberculosis strains deleted for
mshA, a gene encoding the glycosyltransferase involved in the biosynthesis of mycothiol, a major
low-molecular-weight thiol, are eight times more resistant to ETH than their parental strains [133].
Mycothiol is thought to play a role in ETH resistance by increasing the rate of ETH activation by
EthA [133]. In M. smegmatis and M. bovis BCG, mutants co-resistant to INH and ETH were isolated
carrying mutations in ndh, a gene encoding an NADH dehydrogenase whose function is to oxidize
NADH into NAD+. In this case, ndh mutants were shown to accumulate NADH. Excess NADH could
act as a competitive inhibitor for the binding of the ETH-NAD to InhA, triggering ETH resistance [134].

Area of investigation. Regulation of ethR expression plays a role in ETH resistance and

susceptibility. While overexpression of ethR was shown to cause ETH resistance, inhibition of
ethR triggers higher levels of ethA expression and increases ETH susceptibility [135]. Baulard and
colleagues have taken advantage of this point and generated EthR inhibitors to boost ETH activity.
Screening of chemical libraries and SAR on potential EthR inhibitors led to a first series of EthR
inhibitors, which by themselves had no activity on M. tuberculosis, yet, when combined with ETH,
significantly “boosted” ETH activity in vitro and in M. tuberculosis-infected mice [136]. The most
active of this first generation of boosters, the oxadiazole BDM41906, decreased the MIC for ETH to the
nM range [137]; however, BDM41906 had no “boosting” activity in M. tuberculosis strains carrying
ethA mutations [138]. The second generation of ETH booster, the spiroisoxazoline SMARt (Small
Molecule Aborting Resistance)-420, does not inhibit EthR but instead triggers a different activation
mechanism for ETH. This new activation system uses the oxidoreductase Rv0077c as the activator,
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which is negatively regulated by Rv0078. SMARt-420 binds to Rv0078, releasing the activity of Rv0077c.
SMARt-420 increases the susceptibility of M. tuberculosis to ETH 40-fold. In addition, ETH-resistant M.
tuberculosis strains carrying an ethA mutation regain ETH susceptibility when SMARt-420 is present,
both in vitro and in mice [138]. SMARt-420 can, therefore, be used in the context of ETH resistance due
to ethA mutations but not due to inhA mutations.

3.4. Cycloserine—Target: Peptidoglycan

Discovery. In contrast to INH, EMB and ETH, which are synthetic compounds, cycloserine

is a natural product produced by Streptomyces with broad-spectrum activity. Cycloserine
(D-4-amino-3-isoxazolidone, also called oxamycin or seromycin) was isolated from Streptomyces
garyphalus [139], Streptomyces lavendulae [140], Streptomyces roseochromogenus [141] and
Streptomyces orchidaceus [142] in the early 1950s.

Activity and toxicity. Cycloserine is an oral drug, highly soluble in water (877 g/L). Cycloserine

is a bacteriostatic second-line TB drug, with a MIC ranging from 50 to 250 μm against drug-susceptible
M. tuberculosis. An analog of cycloserine, terizidone, a compound made of two molecules of
cycloserine, is also used as a second-line TB drug to treat MDR TB. Cycloserine was shown to inhibit
the growth of M. tuberculosis in vitro [143]. In vivo, cycloserine is rather inactive in a mouse or guinea
pig model of M. tuberculosis infection [143–145] but effective in M. tuberculosis-infected monkeys and
humans [146–148]. The differences in cycloserine activity in animal models were correlated with levels
of D-alanine in sera [149] and rate of cycloserine excretion [146]. In a cohort study in China, TB patients
with MDR TB had a better outcome when cycloserine was added to the treatment but that was not the
case for TB patients infected with pre-XDR or XDR M. tuberculosis strains [150]. As an inhibitor of
peptidoglycan biosynthesis, cycloserine has the distinctive feature of having a unique mechanism of
action thus preventing any cross resistance with other first-line and second-line TB drugs. Cycloserine
is, therefore, a useful addition to second-line TB drugs, although its use might be limited by its severe
toxicity. Serious adverse effects were observed during cycloserine treatment such as neuropathy and
behavioral changes [151]. Cycloserine is, therefore, contraindicated in patients suffering from severe
depression, suicidal tendencies, kidney failure, epilepsy or seizures.

Mode of action. The mechanism of action of cycloserine was primarily deciphered in

Staphylococcus aureus. Cycloserine is an analog of D-alanine and works as an antagonist of
D-alanine [152]. Cycloserine inhibits the alanine racemase Alr (Rv3423c), which converts L-alanine to
D-alanine, and the D-Ala:D-Ala ligase DdlA (Rv2981c) [153] preventing the integration of alanine into
the pentapeptide core of the peptidoglycan. In M. tuberculosis, DdlA is thought to be the primary
target of cycloserine [154–156].

Resistance. D-cycloserine-resistant M. tuberculosis mutants were isolated as early as 1957 in TB
patients treated with cycloserine [157]. Cycloserine resistance has been associated with mutations in the
genes encoding the alanine transporter CycA (Rv1704c), the L-alanine dehydrogenase Ald (Rv2780) and
the alanine racemase Alr. A Gly122Ser mutation in cycA is present in the naturally cycloserine-resistant
M. bovis BCG vaccine strain [158]. Complementation of BCG with a cosmid containing M. tuberculosis
cycA renders BCG more susceptible to cycloserine than the parental strain leading the authors to
conclude that cycA may be a factor in cycloserine resistance in BCG [158]. Desjardins and colleagues
demonstrated that deletion of ald increased the resistance to cycloserine 2-fold in M. tuberculosis,
while complementation of the ald mutant with a plasmid expressing M. tuberculosis ald only partially
restored cycloserine susceptibility. Notably, complementation of BCG with the ald plasmid did not
alter the strain resistance to cycloserine [159]. Mutations in alr (M319T, Y364D, R373L and c-8t in
the promoter region) have been identified in XDR TB strains isolated from TB patients treated with
cycloserine [160]. Further, the clinical isolate with the R373L mutation in alr also contained a deletion
in ald.

In an in vitro experiment, 18 cycloserine-resistant mutants were obtained by culturing
M. tuberculosis H37Rv on plates containing increasing concentrations of cycloserine (from 0.2 to
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3 mM) and characterized using whole-genome sequencing [161]. Mutants were only obtained on
plates containing less than 0.8 mM of cycloserine. A mutation was identified in alr (D344N), but no
mutations in ddlA, ald or cycA were found. Fifteen novel mutations were identified in genes involved
in various pathways however no complementation or allelic exchange experiments were performed to
confirm that these novel mutations were indeed involved in cycloserine resistance.

In a recent in vitro study [162], the authors showed that spontaneous cycloserine-resistant mutants
emerged at a lower frequency (10−10–10−11) than rifampicin- (10−9) or isoniazid-resistant (10−8) mutants
in M. tuberculosis. The authors characterized 11 independent cycloserine-resistant M. tuberculosis
mutants by whole-genome sequencing and found mutations in alr (gene (D322N) and promoter
region) but again not in ddlA, ald or cycA. None of these 11 cycloserine-resistant mutants showed any
cross-resistance to other first-line and second-line TB drugs. The alr promoter mutation upregulated
alr gene transcript, causing an increase in Alr protein level by up to 30-fold. The alr D322N mutation
present in 8/11 mutants reduced the binding affinity for cycloserine by 240 fold while having limited
effect on Alr enzymatic activity. Evangelopoulos and colleagues postulated that the alr mutations
protected the enzymatic function of both cycloserine targets by decreasing the affinity of cycloserine to
Alr and increasing the levels of D-alanine preventing the binding of cycloserine to DdlA. Their main
conclusion was that DdlA was the “lethal target” for cycloserine.

3.5. Thiacetazone—Target: Mycolic Acids

Discovery. Gerhard Domagk was awarded the Nobel Prize in 1939 for the discovery of prontosil,

a prodrug that releases p-aminobenzenesulfonamide, the first sulfonamide drug active against
Staphylococcus and Streptococcus infections, but not against M. tuberculosis infections [163]. While
prontosil was quickly replaced by penicillin to fight antibacterial infections, Domagk and his team
continued working on the synthesis of related compounds, the thiosemicarbazides, and discovered
that one in particular, thiacetazone (TAC, also called Tibione, Tb I, Conteben), had impressive activity
against M. tuberculosis in guinea pigs [164]. In the late 1940s, TAC was tested in Germany on patients
with various forms of TB and found to have promising activity although severe adverse effects were
recorded [37,165].

Activity and toxicity. TAC is an oral, inexpensive, effective and bacteriostatic drug, with a MIC

ranging from 0.3 to 5 μm against drug-susceptible M. tuberculosis. TAC is poorly soluble in water
(0.09 g/L). TAC is part of the group D3 (add-on agents) of second-line TB drugs. TAC has been given in
combination with INH in resource-poor countries [166,167]. Its utilization as a TB drug was mostly
discontinued because of its high toxicity (skin disorder, gastrointestinal symptoms, conjunctivitis,
vertigo, liver and kidney damage) especially in HIV-positive TB patients [168]. TAC is, therefore, not
recommended in HIV-positive TB patients.

Mode of action. TAC is a prodrug that is activated by the monooxygenase EthA [127,169]. Once

activated, TAC inhibits the dehydratase HadAB of the FAS-II system by forming a disulfide bound
with a cysteine (Cys61) residue of HadA [170,171]. During the elongation of fatty acyl-ACPs by FAS-II,
HadA binds the acyl-ACP while HadB performs the dehydratase reaction. When covalently bound
to the Cys61 residue of HadA, TAC obstructs the acyl-ACP channel preventing the binding of the
fatty acyl-ACP [172]. The covalent bond between TAC and HadA Cys61 blocks the activity of HadAB
leading to inhibition of mycolic acid biosynthesis [173].

Resistance.The mode of action of TAC was discovered through analysis of TAC resistance. Since
TAC treatment of M. tuberculosisresults in inhibition of mycolic acids, Belardinelli and Morbidoni
overexpressed every gene involved in the FAS-II system. Only overexpression of the dehydratase operon
hadABCor its dimer hadBCresulted in highly TAC-resistant M. tuberculosisstrains (MIC > 0.2 mm) [170].
Curiously, the level of TAC resistance was much lower when the dimer hadAB was overexpressed
in M. tuberculosis (MIC 10 μm). This was puzzling since HadAB is the target of TAC. Moreover,
sequencing of spontaneous M. tuberculosis TAC-resistant mutants revealed mutations in HadA
(Cys61Ser, Cys61Gly) but also in HadC (Val85Phe, Thr123Ala, Lys157Arg, Ala151Val) [170,174].
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Grzegorzewicz and colleagues set up to unmask the role of hadC in TAC resistance [175]. The authors
found that mutations in hadC protected M. tuberculosis from TAC and compensated for HadAB
inhibition by TAC. The authors proposed that hadC mutations prevented TAC from reaching the active
site of HadAB [175].

TAC resistance is also mediated by mutations in mmaA4 (Rv0642c), a gene encoding a methoxy
mycolic acid synthase required for the synthesis of keto- and methoxy-mycolic acids [170,176]. The
methyltransferases involved in the modifications of the meromycolic acids such as MmaA4 interact
with the proteins of the FAS-II system including the dehydratase heterodimers HadAB and HadBC [31].
Mutations in mmaA4 might, therefore, modify the conformation of HadAB preventing the binding of
TAC to HadA and causing TAC resistance [175].

Area of investigation.In the late 1940s, the discovery of the antiTB activity of the thiosemicarbazide

TAC propelled pharmaceutical companies into an extensive search for TAC analogs with antiTB properties.
This led to the discovery of the most important antimycobacterial drug INH (see above). This family of
compounds might still reveal interesting molecules with pharmaceutical properties. Recently, new TAC
analogs were synthesized with promising activities against M. tuberculosis [174].

4. New Generation of Cell Wall Inhibitors

4.1. Target: Mycolic Acids

4.1.1. SQ109

Discovery. A collaboration between a pharmaceutical laboratory (Sequella) and an academic

(Laboratory of Host Defenses NIAID/NIH) laboratory led to the synthesis and screening of a chemical
library composed of 63,238 molecules based on the ethylenediamine core of EMB [177]. EMB was
targeted for its good antimycobacterial activity in TB patients and lack of previous SAR studies. The
goal was to create a more potent yet less toxic EMB analog. The screening selected 170 compounds
that had an MIC of less than 6 mg/L against M. tuberculosis (discarding inactive or compounds that
could not cross the cell wall) and had an inhibitory effect on the cell wall (determined by monitoring
upregulation of the iniBAC operon promoter, a phenotype observed in cell wall inhibitors [178]).
Based on the molecular structures of these 170 compounds, a new chemical library composed of
30,000 molecules was synthesized and retested against M. tuberculosis (in vitro and in macrophages).
Eleven compounds passed those screens and were then assessed in mice [179]. The compound with
the best antimycobacterial activity, pharmacological and toxicity data was SQ109.

Activity. SQ109 is a lipophilic, oral drug with poor water solubility (1.7 mg/L). SQ109 is bactericidal

against drug-susceptible, MDR and XDR M. tuberculosis strains, with a MIC ranging from 0.4 to 3 μm.
In vitro, SQ109 synergizes with the first-line TB drugs INH and RIF as well as with second-line TB drugs
such as cycloserine, moxifloxacin, amikacin and bedaquiline (BDQ) [180]. In M. tuberculosis-infected
mice, treatment with SQ109 for 28 days resulted in a dose-dependent reduction in lung and spleen
burdens [181]. SQ109 was not as effective as INH in eliminating M. tuberculosis with organ burdens
between 1 and 2.5 log10 higher in the SQ109 treatment compared to INH treatment [181]. However,
SQ109 peak concentration in the lung and spleen was higher than SQ109 MIC and 45-fold higher than
in plasma [181].

Mode of action. Surprisingly, this double SAR based on EMB resulted in a drug, SQ109, with a

different mode of action than EMB. EMB-resistant M. tuberculosis strains were fully susceptible to
SQ109 [179]. Transcriptional response of SQ109-treated M. tuberculosis, while consistent with other cell
wall inhibitors, did not match EMB’s response [182]. Lipid analysis of SQ109-treated M. tuberculosis
revealed an inhibition of mycolic acid attachment to the arabinogalactan, a depletion of TDM and an
accumulation of TMM [183]. To decipher the mechanism behind this result, isolation of spontaneous
SQ109-resistant mutants was attempted without success (the mutation rate for SQ109 is exceptionally
low (10−11)) [183]. Instead, an analog of SQ109 was used to isolate spontaneous resistant mutants. These
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mutants were co-resistant to SQ109 and carried a mutation in the mycolic acid flippase encoded by
mmpl3 (Rv0206c), involved in the translocation of TMM across the plasma membrane [184]. Analyses
carried out in M. smegmatis revealed that SQ109 binds to Mmpl3 at the proton transportation site
inhibiting the proton motive force for substrate translocation [185].

Clinical trial. In a 14 day study where SQ109 was given alone or in combination with RIF, SQ109
was shown to be safe in TB patients, with only gastrointestinal issues being disclosed [186]. The SQ109
plasma concentration was lower than the MIC for the drug and, in contrast to the in vitro results, the
combination of SQ109 and RIF led to a decrease in SQ109 availability [186]. In mice, SQ109 had been
shown to be metabolized by the cytochrome P450 isoenzymes CYP2D6 and CYP2C19 [181]. Since RIF
induces the expression of CYP2C enzymes in humans [187], RIF might lower the effective dose of
SQ109. On the other hand, the presence of SQ109 had no effect on the plasma concentration of RIF. The
result of this 14 day trial was that SQ109 alone had no bactericidal effect, and there was no synergy or
additive effect with the combination RIF and SQ109 [186]. In a phase 2 trial (NCT01785186) performed
in newly diagnosed pulmonary TB patients, treatment with SQ109 in combination with RIF/INH/PZA
failed to improve culture conversion compared to RIF/INH/PZA [188]. A phase 2b clinical trial in
Russia on MDR TB patients revealed that SQ109, combined with standard drug therapy, was safe,
well tolerated and effective (80% of sputum negative patients after 24 weeks of treatment with SQ109
compared to 61% without SQ109) [189].

Area of investigation. With the success of SQ109 and the essentiality of mmpl3 in M. tuberculosis,
novel inhibitors of Mmpl3 have been actively sought. Inhibition of Mmpl3 is not specific to
the chemical structure of SQ109 and numerous chemical scaffolds are being identified as Mmpl3
inhibitors [185,190,191].

4.1.2. Pretomanid (PA-824)

Discovery. Another challenge in TB drug discovery is to discover new molecules that will eliminate

dormant or persistent M. tuberculosis, a subpopulation of bacteria that are genetically drug-susceptible
but ‘resistant’ (or tolerant) to drug treatment. One of the most used methods to study persistent
M. tuberculosis is the Wayne model where M. tuberculosis is subjected to gradual oxygen depletion
to allow for a slow entry into anaerobiosis. To find potential inhibitors of dormant M. tuberculosis,
nitroimidazoles were tested, as they inhibit bacterial anaerobes. Metronidazole, an antibacterial and
antiprotozoal drug with activity against Gram-positive and Gram-negative anaerobes [192] showed
little, if any, activity against M. tuberculosis in mice [193]. However, a bicyclic nitroimidazole (CGI
17341) was reported to have potent in vitro and in vivo antimycobacterial activity. CGI 17341 showed
no cross-resistance with other TB drugs but was highly mutagenic [194]. A series of more than
300 analogs was then synthesized to solve the CGI 17341 mutagenicity issue [195]. This led to the
discovery of the nitroimidazole PA-824 now called pretomanid (PMD).

Activity. PMD is an oral drug, poorly soluble in water (0.012 g/L). PMD is active against

replicating and non-replicating (anaerobic), drug-susceptible and drug-resistant (MIC ranging from
0.08 to 0.7 μm) M. tuberculosis strains. In a mouse model of M. tuberculosis infection, PMD given
orally for 10 days performed as well as INH in lowering organ bacterial burdens. Increasing the
concentration of PMD (from 25 mg/kg to 100 mg/kg) led to a significant reduction in organ burden
compared to INH [195]. Similar results were obtained in M. tuberculosis-infected guinea pigs treated
with PMD. The toxic threshold in mice was 1 g/kg for a single dose of PMD and 0.5 g/kg for a
daily dose given for 28 days [195]. In a drug combination experiment, the lung burden in mice
infected with the drug-susceptible M. tuberculosis H37Rv strain was 2.5 log10 lower in mice receiving
PMD/BDQ/PZA than in mice treated with standard regimen (INH/RIF/EMB/PZA) after one month of
treatment. None of the mice treated for 2 months with PMD/BDQ/PZA relapsed (mice were kept for an
additional three months at the end of the treatment to assess relapse). The addition of moxifloxacin
(MXF) to this combination did not improve the outcome during the first month of treatment but did
decrease the number of mice relapsing after 1.5 month treatment [196]. In a subsequent experiment,
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M. tuberculosis-infected mice were treated with BDQ/MXF/PZA +/− PMD [197]. The addition of
PMD to the BDQ/MXF/PZA treatment decreased the lung burden an extra 1 log10 after one month
of treatment compared to BDQ/MXF/PZA alone. In both groups, mice were relapse free after two
months of treatment [197]. In addition, treatment of M. tuberculosis-infected mice with BDQ/linezolid
(LZD) +/− PMD revealed that the addition of PMD had a significant impact on the lung burden. PMD
in combination with BDQ/LZD resulted in a 7.2 log10 CFU M. tuberculosis killing in the lungs and
relapse-free mice after two and three months of treatment, respectively. In contrast, the BDQ/LZD
treatment resulted in a 5.2 log reduction in CFU in the lungs, but more than 90% of the mice relapsed
even after 4 months of treatment [197].

Mode of action. Like many other TB drugs, PMD is a prodrug. PMD is activated by a deazaflavin

(F420)-dependent nitroreductase (Ddn, Rv3547) to generate a des nitro metabolite releasing nitric oxide
(NO) [198]. The presence of the des nitro metabolite and rate of NO release were linked specifically
to the anaerobic killing activity of PMD. PMD treatment of M. tuberculosis also causes a decrease
in ketomycolates production and an accumulation of hydroxymycolates leading to the hypothesis
that PMD inhibits an enzyme or affects a cofactor responsible for the oxidation of hydroxymycolic
acids to ketomycolic acids [195]. A transcriptional analysis of M. tuberculosis treated with PMD under
replicating conditions revealed that PMD action had similarity with cell wall inhibitors as well as
inhibitors of the respiratory chain [199]. This data confirmed the dual action of PMD as an inhibitor
of a subfamily of mycolic acids as well as a NO generator leading to the inhibition of the respiratory
chain under anaerobic conditions. This combination of a cell wall inhibitor and NO generator makes
PMD a unique antimycobacterial drug, effective against active and dormant TB that can shorten the
duration of chemotherapy.

Resistance. The main mechanism of resistance to PMD is through mutations in its activator
Ddn. In vitro selection of spontaneous PMD-resistant mutants in M. tuberculosis led to the isolation
of 183 mutants [200]. The mutation rate was relatively high ranging from 10−5 to 10−7. Most of
the mutations were in ddn (SNPs, base pair deletion or insertion, early stop codon). Mutations in
fbiABC (Rv3261, Rv3262, Rv1173) encoding F420 biosynthesis proteins and fgd1 (Rv0407) encoding a
F420-dependent glucose-6-phosphate dehydrogenase were also identified, but no complementation
experiments were performed to confirm the role of these mutations in PMD resistance.

Clinical trial. A phase 2a clinical trial (NCT01215851) evaluated the early bactericidal activity
(EBA), safety and tolerability of PMD combined with BDQ, PZA and/or MXF in newly diagnosed
drug-susceptible, smear-positive pulmonary TB patients [201]. These combinations were well tolerated
and seemed safe. The combination PMD/PZA/MXF was more bactericidal than PMD/BDQ or
PMD/PZA and as potent as the standard regimen (INH/RIF/EMB/PZA) [201]. In a phase 2b clinical
trial (NCT02193776), the efficacy, safety and tolerability of the combination PMD/BDQ/PZA were
assessed in newly diagnosed drug-susceptible, smear-positive pulmonary TB patients treated for
8 weeks [202]. TB patients converted more rapidly to sputum negativity with PMD/BDQ/PZA than
the standard regimen. One arm of the study also looked at the combination PMD/BDQ/PZA/MXF for
the treatment of newly diagnosed, MXF-sensitive, MDR, pulmonary TB patients. MDR TB patients
converted to sputum negativity within 8 weeks of treatment with PMD/BDQ/PZA/MXF. A phase
2c trial (NCT03338621) is currently in progress to evaluate the efficacy, safety and tolerability of a
4 month PMD/BDQ/PZA/MXF treatment given to patients infected with drug-sensitive TB or a 6 month
treatment given to drug-resistant TB patients. No results have been posted yet.

The Nix-TB trial (phase 3, NCT02333799) was set to test the efficacy, tolerability, safety and
pharmacodymanics of the combination PMD/BDQ/LZD given for six months on 50 patients infected
with XDR TB and 24 patients infected with treatment-intolerant or non-responsive MDR TB. 88% of XDR
TB cases and 92% of MDR TB cases had favorable outcomes at the end of treatment (no clinical infection,
culture negative 6 months post treatment). 23% of the patients had manageable adverse effects [203].
On August 14, 2019, the Food and Drug Administration (FDA) approved the use of PMD in combination
with BDQ and LZD for the treatment of pulmonary TB only in the case of non-responsive MDR, XDR
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and treatment-intolerant M. tuberculosis infections. This new regimen is all oral, short (6 months),
more efficacious (sputum conversion in less than 6 weeks) and uses fewer drugs (3) compared to
the treatment for highly resistant TB, which entails daily injections for 6 months followed by daily
treatment with five drugs for 12 to 18 months (https://www.fda.gov/media/128001/download).

4.1.3. Delamanid (OPC-67683)

Discovery. Upon the discovery of the activity of CGI 17341 against M. tuberculosis, researchers at

Otsuka Pharmaceutical Co., Japan, performed a SAR study on the compound to reduce its mutagenicity
and increase its potency against M. tuberculosis [204]. The result was the nitroimidazole OPC-67683,
now called delamanid.

Activity. Delamanid is an oral, non-mutagenic compound, poorly soluble in water (0.002 g/L).

Delamanid is active in vitro (MIC 8–45 nM [205]) against drug-susceptible and MDR M. tuberculosis
strains and highly efficacious in vivo [206]. Delamanid is also active against non-replicating M.
tuberculosis [207]. Delamanid is only active against members of the MTB complex as well as some
non-tuberculous mycobacteria and shows no activity against bacterial microflora [205]. In a mouse
model of acute and chronic M. tuberculosis infections, delamanid performed better than PMD. After 3
weeks of treatment, in the acute model of infection, delamanid and PMD reduced the lung bacterial
burden by 1 log10 and 0, respectively. In the chronic model of infection, delamanid and PMD reduced
the lung bacterial burden by 3 and 2 log10, respectively [207]. Delamanid is included in the Group D2
(add-on agents) of second-line TB drugs to treat RIF-resistant and MDR TB patients.

Mode of action. Similar to PMD, delamanid is a prodrug activated by the deazaflavin-dependent

nitroreductase Ddn to form a des nitro metabolite and release NO. Delamanid inhibits the biosynthesis
of methoxy- and keto-mycolic acids but not of α-mycolic acids [206]. Deciphering the mechanism of
action of delamanid by isolating spontaneous in vitro resistant mutants has led to the identification of
mutations in genes involved only in delamanid activation (ddn, fgd1, fbiABC), not in its target [208].
Frequency of mutation was relatively high (10−5 to 10−6). Complementation restored drug susceptibility
except for one fbiB mutant that required complementation with a plasmid containing both fbiB and
fbiA. Two delamanid-resistant clinical isolates were also analyzed in that study and shown to have
mutations in ddn (L107P and a 59–101 bp deletion). The target of delamanid is yet to be discovered, as
no mutant in pathways independent to delamanid’s mode of activation has been isolated. The question
remains as to whether delamanid and PMD target mycolic acid biosynthesis or whether the inhibition
of the biosynthesis of these specific mycolic acids observed during delamanid or PMD treatment of
M. tuberculosis is only a consequence of the inhibition of these compounds’ target(s).

Clinical trial. As of 2019, delamanid is one of three new TB drugs in phase 3 clinical development
along with PMD and BDQ (www.newtbdrugs.org). In a clinical trial in MDR TB patients, delamanid
was added for 2 months to an optimized background treatment regimen (OBR), resulting in 45% sputum
culture conversion compared to 30% sputum culture conversion for the patients getting OBR and
placebo [209]. In this study, the group of patients receiving higher doses of delamanid (200 mg, twice a
day) had a higher incidence of palpitation and prolonged QT intervals than the groups that received
a lower concentration (100 mg, twice a day) of delamanid or placebo. In a subsequent six-month
delamanid trial, a lower mortality rate was observed in TB patients that received delamanid for 6
months rather than the previous 2 months trial, but no significant difference in successful treatment
outcome was recorded between the 2 month and 6 month delamanid trial [210,211]. A phase 3 clinical
trial on MDR TB patients tested the addition of delamanid for the first six months of the 24 month
OBR regimen. There was no statistical difference in time to sputum culture conversion or rate of
adverse events whether the patients received delamanid or not with their OBR treatment [212]. Overall,
delamanid is a well-tolerated drug with good safety data. In 2014, delamanid was approved for the
treatment of pulmonary MDR TB in adults in Europe, Japan and Korea.

Delamanid, PMD and SQ109 are the only drugs in advanced clinical development so far targeting
mycolic acid biosynthesis or mycolic acid incorporation into the cell wall. Academic and pharmaceutical
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laboratories are developing new inhibitors of enzymes involved in mycolic acid biosynthesis. Inhibitors
of KasA [213], InhA [83,90–92], Pks13 [214–217] and Mmpl3 [185,190,191,218,219] are being tested.

4.2. Target: Arabinogalactan/LAM

4.2.1. CPZEN-45

Discovery. Caprazamycin B, a liponucleoside isolated from Streptomyces, is a non-toxic antibiotic

with good activity in vitro (MIC 3–11 μm) against drug-susceptible and MDR M. tuberculosis strains
but insoluble in water [220]. To increase its hydrophilicity, SAR was performed and led to the nucleoside
caprazene-45 (CPZEN-45) [221].

Activity. CPZEN-45 is a water-soluble drug (solubility ≈ 10 g/L) with an MIC of 2–5 μm and

10 μm against drug-susceptible and MDR M. tuberculosis, respectively. Unlike caprazamycin B,
which is active against several Gram-positive bacteria, CPZEN-45 has no activity against S. aureus,
Streptococcus pneumonia or Enterococcus faecalis [222]. CPZEN-45 is specific to slow-growing
pathogens. In mice intravenously infected with the drug-susceptible M. tuberculosis H37Rv strain, a
30-day subcutaneous treatment with CPZEN-45 was as effective in reducing lung burden as INH and
better than RIF alone [223]. Furthermore, the combination INH/RIF/CPZEN-45 resulted in at least a
1 log10 better killing of M. tuberculosis than the combination INH/RIF. In a subsequent experiment,
mice were intravenously infected with an XDR M. tuberculosis strain and treated with CPZEN-45 at
doses ranging from 6.3 to 200 mg/kg. After 30 days, the mice treated with the highest concentration of
CPZEN-45 had a 1.5 log10 better reduction in CFUs in the lungs than the mice receiving the lowest
concentration [223].

Mode of action. CPZEN-45 is an inhibitor of M. tuberculosis WecA (Rv1302) with an IC50

of 7 nM [222]. WecA is involved in the first step of the arabinogalactan biosynthesis forming
the anchor point between peptidoglycan and arabinogalactan. Transcriptionally silencing wecA is
bactericidal in M. tuberculosis in vitro and bacteriostatic ex vivo, validating WecA as candidate for
drug development [224].

Clinical trial. CPZEN-45 is in the early stage of clinical development.

4.2.2. BTZ043

Discovery. A sulfur-based chemical library was tested for antibacterial and antifungal activities. A

class of compounds, the nitrobenzothiazinones, was found to have specific activity against mycobacteria.
The most promising hit BTZ038 was a racemic molecule and synthesis of its S enantiomer gave
BTZ043 [225].

Activity. BTZ043 is lipophilic, bactericidal, and is active against drug-susceptible, MDR and

XDR M. tuberculosis strains, with an MIC ranging from 2 to 70 nM. In contrast to the novel TB drugs
targeting the mycolic acids, BTZ043 was less effective in non-replicating conditions, suggesting that
BTZ043 would have to be used in combination with other drugs to be effective against TB [225]. BTZ043
was tested with first-, second-line and in-development TB drugs and showed no antagonistic effects.
BTZ043 was additive with most of the drugs tested and synergistic with BDQ [226]. The compound is
as effective in a mouse model of M. tuberculosis infection as INH. BTZ043 was well tolerated in rats,
had low interaction with the CYP450 enzymes and showed no mutagenic or genotoxic properties [227].

Mode of action. BTZ043 is a prodrug activated by DprE1 (Rv3790). DprE1 reduces the nitro group

in BTZ043, yielding a nitroso metabolite. This metabolite reacts with the thiol group of a cysteine
(Cys387) residue in the substrate-binding site of DprE1 to form a covalent bond that irreversibly inhibits
DprE1, classifying BTZ043 as a suicide inhibitor [228]. DprE1 catalyzes the first step in the epimerisation
of decaprenylphosphoryl ribose (DPR) to decaprenylphosphoryl arabinose (DPA), the arabinose donor
for the synthesis of arabinogalactan and LAM. Treatment of M. tuberculosis with BTZ043, therefore,
results in inhibition of DPA formation and ultimately inhibition of both arabinogalactan and LAM [225].
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Resistance. Mutation at the Cys387 position of dprE1 is the main mechanism of resistance to
BTZ043. Frequency of mutation is low (<10−8); however, the resulting mutants dprE1 Cys387Ser and
Cys387Gly are highly resistant to BTZ043 (250-10,000-fold) [225].

Clinical trial. As of December 2019, BTZ043 is in Phase 1b/2a clinical trial to assess safety,
tolerability, interaction with first-line TB drugs and early bactericidal activity in newly diagnosed
patients infected with uncomplicated, smear-positive, drug-susceptible TB.

4.2.3. PBTZ169

Discovery. SAR on BTZ043 to improve its pharmacologic properties yielded PBTZ169 (now called

macozinone), a piperazine derivative. Compared to BTZ043, PBTZ169 has the advantage of having no
chiral center which facilitates its chemical synthesis.

Activity. PBTZ169 is a very potent bactericidal benzothiazinone with an MIC of 0.6 nM against

M. tuberculosis. PBTZ169 has better potency, pharmacodynamics and is 10 times less cytotoxic
than BTZ043. PBTZ169 has poor solubility in water (0.9 g/L). PBTZ169 is synergistic with BDQ
and clofazimine (CFZ) but not with other new TB drugs such as delamanid, linezolid, meropenem
or sutezolid [229]. Interestingly, this synergistic phenotype was also observed in non-replicating
conditions where PBTZ169 has no activity [230]. In a mouse model of chronic M. tuberculosis infection,
the reduction in lung and spleen burden was similar between INH and PBTZ169 after 4 weeks of
treatment [231]. Furthermore, in a mouse model of chronic M. tuberculosis infection, the lung burden
was reduced by 2, 4 and 4.6 log10 after 28 days of treatment with PBTZ169, CFZ and the combination
PBTZ169/CFZ, respectively [230]. In a similar experiment, the combination PBTZ169/BDQ/PZA was also
shown to be more efficient in reducing lung and spleen burden of chronically M. tuberculosis-infected
mice than the standard INH/RIF/PZA treatment [231].

Mode of action. PBTZ169 mode of action is similar to BTZ043. PBTZ169 is a prodrug, activated

by DprE1 to yield a nitroso metabolite that covalently binds to the Cys387 residue of DprE1.
Clinical trial. A phase I study (NCT03423030) in healthy male subjects receiving increasing doses

of PBTZ169 showed that PBTZ169 was well tolerated and safe. No result has been posted for a phase
2a EBA study (NCT03334734) where PBTZ169 was given as a single dose to TB patients.

4.2.4. OPC167832

Activity. OPC167832 was developed by Otsuka pharmaceuticals. OPC167832 is a lipophilic,

bactericidal compound, active against drug-susceptible, MDR and XDR M. tuberculosis strains,
with a MIC ranging from 0.5 to 5 nM. OPC167832 is active in macrophage and in mouse model
of M. tuberculosis infection at a dose of 1.25 mg/kg. OPC167832 is not antagonistic with other TB
drugs. The combination of OPC167832 with delamanid and other TB drugs showed better efficacy
than standard TB treatment in a mouse model of chronic drug-susceptible and MDR M. tuberculosis
infections [232].

Mode of action. OPC167832 is a DprE1 inhibitor. OPC167832 does not contain a nitro group, and

so it inhibits DprE1 via other interactions than a covalent bond with DprE1 Cys387 (see below).
Resistance. Spontaneous OPC167832-resistant mutants isolated at 16 × MIC occurred at a

frequency of 2.6 × 10−9 to 1.5 × 10−7 in M. tuberculosis H37Rv. Mutations in dprE1 and Rv0678
encoding a transcriptional regulator of the efflux pumps MmpS5 and Mmpl5 [233] drive resistance
to OPC167832.

Clinical trial. A phase 1/2 clinical trial (NCT03678688) is recruiting to test the safety, tolerability
and pharmacokinetics of OPC167832 given at increasing concentrations to patients infected with
uncomplicated, smear-positive, drug-susceptible TB (phase I). A phase II study will compare delamanid
and OPC167832 vs. delamanid only or INH/RIF/EMB/PZA to demonstrate that this new regimen,
which uses only oral drugs, is safer and can shorten TB treatment [232].
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4.2.5. TBA-7371

Discovery. TBA-7371 was developed in collaboration between Astra Zeneca and the TB Global

Alliance. TBA-7371 is a derivative of 1,4-azaindoles developed through scaffold morphing of an
imidazopyridine compound with good MIC but low minimum bactericidal activity (MBC) against
M. tuberculosis [234]. SAR on the hit azaindole compound led to TBA-7371.

Activity. TBA-7371 is bactericidal against M. tuberculosis, with a MIC ranging from 0.78 to

3.12 μm against drug-susceptible and drug-resistant clinical isolates of M. tuberculosis [235]. Solubility
of TBA-7371 is 170 μm. TBA-7371 does not exhibit toxicity in THP1 cell line up to concentration of 0.1
mM [235].

Mode of action. TBA-7371 inhibits DprE1 with an IC50 of 10–30 nm but, unlike BTZ043 and

PBTZ169, TBA-7371 is a non-covalent inhibitor of DprE1 [234].
Resistance. Resistance to TBA-7371 was observed in strains overexpressing M. tuberculosis dprE1

or carrying the mutation Y314H in dprE1, but not in strains with a mutated Cys387 in dprE1 [234].
Clinical trial. TBA-7371 is in phase I clinical trial (NCT03199339) for safety, tolerability and

pharmacokinetic studies in healthy adults. No results have been posted.
DprE1 is a successful drug target. Since the discovery of BTZ043 and its target DprE1 [225],

numerous groups have uncovered novel molecules that target DprE1. DprE1 inhibitors can be divided
into two groups depending on whether or not they bind covalently to DprE1. The presence of the
nitro group is a requirement for the covalent binding to the Cys387 amino acid of DprE1. Among the
covalent inhibitors are benzothiazinethione [236], dinitrobenzamides [237], nitroquinoxalines [238] and
nitroimidazoles [239]. Several non-covalent DprE1 inhibitors have been identified with various chemical
structures: azaindoles [234], benzothiazoles [240], pyrazolopyridones [241], aminoquinolone piperidine
amides [242], carboxyquinoxalines [243], pyrrole-benzothiazinones [244], pyridobenzimidazole [245],
sulfonylpiperazin-benzothiazinones [246] and piperidinopyrimidines [247]. These compounds inhibit
DprE1 through electrostatic or hydrophobic interactions with different sites of DprE1. Most of these
compounds have low MICs (in the nM range), are active against MDR and XDR TB as well as in a
mouse model of M. tuberculosis infection. Considering the promiscuity of the DprE1 target, better
DprE1 inhibitors might still be discovered to improve TB treatment.

4.3. Target: Peptidoglycan

4.3.1. β-Lactams and Clavulanic Acid

Discovery. The first class of synthetic drugs that successfully treated bacterial infections were the

sulfa drugs in the early 1930s [163]; however, by the early 1940s, penicillin had quickly eclipsed the
sulfa drugs. Penicillin, a β-lactam compound, was active against Gram-positive and Gram-negative,
yet penicillin, like the sulfa drugs, had no activity against M. tuberculosis. For penicillin, the lack of
activity was due to the presence in M. tuberculosis of a potent β-lactamase BlaC. The innate resistance
of M. tuberculosis to β-lactams decreased when blaC was deleted from M. tuberculosis or when the
β-lactamase irreversible inhibitor clavulanic acid [248] was used in combination with β-lactams [249].
Hugonnet and colleagues used this knowledge to validate the combination of meropenem, a carbapenem
with poor affinity for BlaC, and clavulanic acid as an efficacious M. tuberculosis inhibitor [250].

Activity. The combination meropenem plus clavulanate is part of the group D3 (add-on agents) of

second-line TB drugs. Meropenem is a potent inhibitor of drug-susceptible and XDR M. tuberculosis
strains (MIC range from 0.6 μm to 3.3 μm) when combined with clavulanate [250]. Interestingly, this
combination also inhibits non-replicating M. tuberculosis [250]. In a chronic model of M. tuberculosis
infection in mice, meropenem had a modest activity in reducing lung burdens [251]. Surprisingly, the
addition of clavulanate to the meropenem treatment did not increase meropenem activity in mice. In
mice intravenously infected with M. tuberculosis, the lung burden had increased by almost a 1 log10

after 4 weeks of treatment with meropenem and clavulanate showing no inhibitory activity of this
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combination in vivo [252]. However, studies in mice are problematic since the mice dehydropeptidase
(DHP) rapidly cleaves the β-lactam ring.

Meropenem is administered via intravenous injection and new regimens are steering away from
injectables. Therefore, Dhar and colleagues tested faropenem, an oral β-lactam, and demonstrated
activity against M. tuberculosis (MIC 4.6 μm) without clavulanate addition (meropenem MIC is 8-fold
higher without clavulanate) [253]. Faropenem is also more soluble in water than meropenem (solubility
14.7 g/L vs. 8 g/L for meropenem). Using the dehydropeptidase inhibitor, probenecid, Dhar and
colleagues demonstrated that M. tuberculosis-infected mice had a small but significant reduction in
lung burden after 9 days of treatment with a combination faropenem/clavulanate/probenecid. In a
study using DHP-I knockout mice [254], mice were infected intratracheally with M. tuberculosis H37Rv
and treated for 8 consecutive days, 10 to 12 days post infection. Meropenem was given subcutaneously
three times a day in combination with amoxicillin and clavulanate. Another group of mice received
faropenem orally with amoxicillin and clavulanate. A control group was treated with moxifloxacin.
Treatment also consisted of a dose of probenecid prior to drug administration. While the lung burden
was 7.7 log10 CFU/mouse at the beginning of the treatment, the lung burdens at the end of the treatment
were 7.8 and 7.5 log10 CFU/mouse for the meropenem and faropenem groups, respectively. Only the
mice receiving moxifloxacin had a 2-log10 reduction in lung burden [254].

Experiments performed in other animal models (rabbits and monkeys) revealed that intravenous
injections of meropenem with or without clavulanate and dehydropeptidase inhibitor led to serious
adverse effects (diarrhea, weight loss and death) [251].

Mode of action. Meropenem binds to and inhibits the L,D-transpeptidase LdtMt1 (Rv0116c),

which catalyzes the 3→3 cross-linkage in the peptidoglycan [255,256]. Faropenem is 14-fold more
potent in inactivating LdtMt1 than meropenem, but this did not correlate with increasing killing against
intracellular M. tuberculosis [253]. Dhar and colleagues demonstrated that the addition of faropenem
to M. tuberculosis quickly arrested growth, which did not translate into an immediate lysis of the
cells. This is opposite to the current understanding that β-lactams induce cell lysis by inhibiting
peptidoglycan cross-linking while cells are still actively dividing. Dhar and colleagues concluded that
the mechanism of M. tuberculosis killing by β-lactam should be revisited [253].

Clinical trial. A clinical study on MDR and XDR TB patients receiving meropenem/clavulanate
(intravenous injections three times a day for an average of 85 days) in combination with an MDR/XDR
drug regimen showed that the addition of meropenem/clavulanate did not improve: (1) sputum
smear or culture conversion; (2) treatment outcome; or (3) treatment success [257]. A phase 2 clinical
trial evaluated the early bactericidal activity, safety and tolerability of intravenously administered
meropenem with amoxicillin and clavulanate versus orally-administered faropenem with amoxicillin
and clavulanate (NCT02349841). Results have not been posted yet.

4.3.2. Sanfetrinem

Activity. Sanfetrinem is a tricyclic β-lactam developed by GlaxoSmithKline in the 1990s.
Sanfetrinem has broad-spectrum activity against Gram-negative and Gram-positive bacteria.
Sanfetrinem is also very stable to β-lactamases and to human renal dehydropeptidase (DHP) [258].
The MICs for sanfetrinem against M. tuberculosis H37Rv ranged from 1.25 to 5 μm with clavulanate
(2.5 to 7.5 μm without clavulanate). In a checkerboard assay, the combination of sanfetrinem with RIF
or amoxicillin was synergistic, but not with delamanid or ethambutol. Sanfetrinem cilexetil is an oral
prodrug ester of sanfetrinem and has an MIC ranging from 5 to 20 μm with clavulanate (7.5 to 20 μm
without clavulanate) against M. tuberculosis. The compounds performed better against intracellular M.
tuberculosis. In THP1 monocytes, the MIC for sanfetrinem and sanfetrinem cilexetil ranged from 2.1 to
7.7 μm without clavulanate (6.1 to 8.8 μm with clavulanate) and 3.4 to 7.0 μm without clavulanate (4.6
to 5.3 μm with clavulanate), respectively. In a mouse model of acute M. tuberculosis infection, DHP-1
KO mice were infected intratracheally with M. tuberculosis H37Rv. Treatment started 9 days post
infection, twice a day, for 5 days. Sanfetrinem was given subcutaneously, while sanfetrinem cilexetil
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and clavulanate were given orally. Growth arrest but not killing of M. tuberculosis was observed
during this five-day treatment [259].

Clinical trial. A phase 2a clinical study is projected to start the first quarter of 2021 [260].

5. Conclusions

In 1882, when Robert Koch discovered the causative agent of TB, there was no valid treatment for
the disease. In the past 70 years, with the introduction of multidrug chemotherapy, the cure rate for
drug-susceptible M. tuberculosis infection has reached up to 95%. The treatment is effective but very
long, with drugs that may not be well tolerated. New chemotherapy regimens are needed with drugs
that are less toxic and more efficacious, so that a shorter treatment can be achieved. The pursuit of
mycobacterial cell wall inhibitors has offered several hits with novel modes of action and remarkable
potency that have reached clinical trials. Those pioneering compounds can lead the way to more
valuable therapeutics. Numerous new compounds are being studied that either derive from the known
hits or target other biosynthetic pathways of the cell wall [261,262]. In the past 20 years, M. tuberculosis
has been unraveling many of its secrets: its niches in the host, its metabolism and its way of fighting
drugs. New tools were developed to study M. tuberculosis and to search for new TB drugs more
efficiently combining target and whole-cell screenings. We should be closer to a new TB regimen for a
shorter treatment of drug-susceptible TB and a more successful treatment of MDR and XDR TB. The
collaboration between academic and pharmaceutical laboratories and the involvement of funding
foundations have opened the doors to the clinical testing of new drugs and new regimens [263].

In Selman Waksman’s book “The Conquest of Tuberculosis” [264], a quote from Georges Canetti’s
speech at the 1961 Sixteenth International Conference on Tuberculosis, as reported by the chairman,
stated: “We are not concerned with eradication in the absolutely literal sense of the word because
this is something that many of us believe to be biologically impossible. What we are talking about,
however, is tuberculosis ‘eradication’ in the sense of reducing the problem to the point where the
disease is a scientific curiosity. This is a biologic possibility”. With better diagnostic tools, a more
efficient vaccine and sterilizing therapeutics, this might become a biologic reality.

A summary of the cell wall inhibitors discussed herein is presented in Table 1 with their chemical
structures and targets.

Table 1. TB drugs targeting the mycobacterial cell wall.

Name Structure
Cell Wall Component

Inhibited
Prodrug/Activator Target

Isoniazid

 

Mycolic acids +
KatG InhA

Ethionamide
Prothionamide Mycolic acids

+
EthA, MymA,

Rv0565c
InhA

Thiacetazone

 

Mycolic acids +
EthA HadAB

Pretonamid Keto-mycolic acids +
Ddn ?
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Table 1. Cont.

Name Structure
Cell Wall Component

Inhibited
Prodrug/Activator Target

Delamanid

 

Methoxy- and
keto-mycolic acids

+
Ddn ?

SQ109

 

Mycolic acid transport - Mmpl3

CPZEN45

 

Arabinogalactan - WecA

Ethambutol Arabinogalactan LAM - EmbCAB

BTZ043

 

Arabinogalactan LAM +
DprE1 DprE1

PBTZ169

 

Arabinogalactan LAM +
DprE1 DprE1

OPC167832 Arabinogalactan LAM - DprE1

TBA7371

 

Arabinogalactan LAM - DprE1

Cycloserine Peptidoglycan - DdlA
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Table 1. Cont.

Name Structure
Cell Wall Component

Inhibited
Prodrug/Activator Target

Meropenem/
clavulanate

 

Peptidoglycan - LdtM1

sanfetrinem Peptidoglycan -
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Abstract: The development and spread of Mycobacterium tuberculosis multi-drug resistant strains
still represent a great global health threat, leading to an urgent need for novel anti-tuberculosis
drugs. Indeed, in the last years, several efforts have been made in this direction, through a number
of high-throughput screenings campaigns, which allowed for the identification of numerous hit
compounds and novel targets. Interestingly, several independent screening assays identified the same
proteins as the target of different compounds, and for this reason, they were named “promiscuous”
targets. These proteins include DprE1, MmpL3, QcrB and Psk13, and are involved in the key
pathway for M. tuberculosis survival, thus they should represent an Achilles’ heel which could be
exploited for the development of novel effective drugs. Indeed, among the last molecules which
entered clinical trials, four inhibit a promiscuous target. Within this review, the two most promising
promiscuous targets, the oxidoreductase DprE1 involved in arabinogalactan synthesis and the mycolic
acid transporter MmpL3 are discussed, along with the latest advancements in the development of
novel inhibitors with anti-tubercular activity.

Keywords: mycobacteria; tuberculosis; multi-drug resistance; drug discovery; promiscuous targets

1. The Added Value of Promiscuous Targets for Antitubercular Drug Discovery

One of the biggest problems in fighting Mycobacterium tuberculosis (Mtb), the etiologic agent of
tuberculosis (TB), is the development and spread of multi-drug resistant strains [1]. Therefore, there
is an urgent need to identify novel druggable targets for the development of more efficient anti-TB
agents [2,3]. In this context, the medicinal chemistry efforts made in the last years led to the discovery
of new antimycobacterial compounds, and the identification of novel targets [3–5].

High-throughput screenings (HTS), based on Mtb whole cells, were developed to identify hit
compounds with potent inhibitory activity, and consequently, new targets emerged. The HTS had the
merit of fueling the scarce TB drug development pipeline, since many molecules under preclinical
and clinical development came out from this approach. Indeed, the first new TB drug, Bedaquiline,
approved by the Food and Drug Administration (FDA) since 1971, was discovered in a whole-cell HTS
campaign [6], and the same origin had both Delamanid [7] and Pretomanid [8], other two drugs recently
approved for multidrug resistant tuberculosis (MDR-TB) and extensively drug-resistant tuberculosis
(XDR-TB) treatment [9,10].

Curiously, an unforeseen outcome of many phenotypic screens against Mtb is the finding that the
same targets have been frequently found in many different screening assays, despite the use of different
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compound libraries [11]. These targets were named “promiscuous” targets, for their nonspecific
susceptibility to being inhibited by different scaffolds [2,12]. Although this term was initially given
with a negative connotation, the value of these potential pharmacological targets has been reevaluated.
Indeed, the high vulnerability of these essential targets, reflecting the biggest vulnerabilities of Mtb,
can provide new opportunities to be explored for the development of TB drugs [12]. Among them,
there are DprE1, MmpL3, QcrB and Psk13 [3,13].

DprE1 is an enzyme that works in concert with DprE2 to synthesize the unique arabinose
precursor for lipoarabinomannan and arabinogalactan, essential building blocks of the mycobacterial
cell-wall [14]. To date, more than 15 pharmacophores were found to inhibit DprE1 activity.

MmpL3 is the only Mtb transporter of trehalose monomycolate, required for the formation of
the mycolic acid layer of the cell wall [15], and has been found to be affected by several molecules.
Recently, direct inhibition of MmpL3 by BM212, the first compound found to hit MmpL3, was shown
using spheroplasts [15], while the dissipation of proton motive force is the proposed mechanism for
the other molecules [16].

QcrB encodes the b subunit of ubiquinol cytochrome C reductase, involved in the electron transport.
Among the other compounds, Q203 is a promising clinical candidate, which blocks Mtb cell growth by
targeting the respiratory cytochrome bc1 complex [17,18].

Finally, polyketide synthase Psk13, essential for the formation of the mycolic acid precursors, has
been targeted by thiophenes and benzofuran containing molecules [19,20].

It is noteworthy that several research groups independently identified these promiscuous targets.
These proteins are embedded in pathways that have key roles for Mtb growth and survival under the
screening conditions, but even more important during infection. Their essentiality represents an Mtb
Achilles’ heel that is important to exploit for the development of new effective drug regimens able
to shorten the TB treatment. Interestingly, all these promiscuous targets are localized within the cell
envelope, emphasizing that the cell wall still represents a fruitful source of drug targets.

In recent years, several innovative strategies have been implemented to avoid the rediscovery
of promiscuous targets [17,21–23]. Nevertheless, it is noteworthy that promiscuous targets proved
to be successful in medicinal chemistry: four inhibitors Q203 (QcrB), SQ-109 (MmpL3), Macozinone
(MCZ) and TBA-7371 (DprE1) entered clinical trials [24–29]. Thus, in parallel, a rational exploitation of
already available promiscuous targets could lead to optimized scaffolds that retain the ability to attack
the most vulnerable weakness of tubercle bacilli.

2. The First Discovery of DprE1 and MmpL3 as Drug Target

Dr. Vadim Makarov and collaborators, including our Laboratory, published in 2009 the first
report in which DprE1 was described as the target of 1,3-benzothiazin-4-ones (BTZ), a new class of
agents endowed with antimycobacterial activity [30]. To find the BTZ target, two genetic approaches
were performed in parallel using both a Mycobacterium smegmatis cosmid library for resistance to BTZ,
and the selection and characterization of M. smegmatis, Mycobacterium bovis BCG and M. tuberculosis
spontaneous resistant mutants. Both methods revealed that dprE1 gene was responsible for BTZ
resistance. It is noteworthy that all the mutants carried mutations in the same codon of dprE1, leading
to the replacement of Cys387 with a Ser or Gly residue [30]. DprE1 was known to be involved in the
arabinogalactan biosynthesis, a key precursor required for the synthesis of the cell-wall [14,31], and
it was demonstrated that its inhibition abolishes the formation of decaprenylphosphoryl arabinose
(DPA), thus provoking cell lysis and bacterial death [30]. Later, new antimycobacterial compounds
targeting DprE1 were identified by independent whole cell-based screens, like dinitrobenzamides
(DNB) and bromoquinoxaline (VI-9376) [32,33], and afterward, numerous DprE1 inhibitors have come
out since that groundbreaking report in 2009.

In this context, it has been demonstrated that DprE1 is essential for mycobacterial cell growth
and survival [34,35]. Moreover, using M. tuberculosis conditional knockdown mutants, it has been
shown that depletion of the DprE1 mRNA and protein level leads to a rapid cell death in vitro and ex
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vivo, suggesting that some enzymatic reactions are more sensitive to inhibition [35], providing the
proof-of-principle of why it is so successful hitting DprE1 enzyme.

MmpL3 was firstly identified in our laboratory as the cellular target of BM212, the hit compound
of a pyrrole-derivative class of antimycobacterial agents by screening the M. smegmatis cosmid library
for BM212 resistance, as well as the selection and characterization of spontaneous resistant mutants [36].
MmpL3 is a transporter belonging to the mycobacterial membrane protein large (MmpL) family, specific
for Actinobacteria. Since MmpL3 protein belongs to the resistance-nodulation-cell division (RND)
permease superfamily, involved mainly in drug efflux, there was concern that the BM212 resistance
could have been due to an enhanced efflux of the drug. Using efflux pump inhibitors, the authors
provided evidence that mutations in mmpL3 gene were instead responsible for resistance to BM212 per
se and did not mediate resistance to BM212 via drug efflux [36]. Moreover, M. smegmatis spheroplasts
assay showed that BM212 inhibits the MmpL3 transport activity, corroborating the evidence that
MmpL3 was the BM212 cellular target [15].

Immediately after this first publication, MmpL3 was demonstrated to be the target of SQ109, an
antitubercular in clinical trials, for which the mechanism of action was still unclear, and adamantyl
urea AU1235, a compound displaying potent bactericidal activity against Mtb [37,38]. Genetic and
biochemical studies indicated a clear effect of inhibiting MmpL3 on the translocation of trehalose
monomycolate (TMM) in Mtb, thus abolishing the trehalose dimycolate (TDM) formation and mycolic
acid transfer onto arabinogalactan [37,38]. Subsequently, several papers have reported the discovery of
new MmpL3 inhibitors.

MmpL3 is essential for both mycobacterial growth and intracellular survival [16,39]. Strikingly, its
broad promiscuity can be explained not only for its essentiality for tubercle bacilli, but also because the
proton motive force needed to TMM transport across the membrane is dissipated by different MmpL3
inhibitors [16], a possible indirect mechanism.

The importance of these promiscuous targets can be exemplified by the numerous papers that
report novel compound(s) able to exert antimycobacterial activity targeting these proteins, but the
presence of drug candidates in the antitubercular pipeline better highlight the relevance of promiscuous
targets. Indeed, among the new drug candidates, Macozinone (MCZ), BTZ-043 and TBA-7371 (or AZ
7371), present in Phase I or II, inhibit DprE1, while SQ109, hitting MmpL3, has completed Phase IIb
study. Moreover, the Phase IIa of telacebec (Q203) has given positive results: telacebec has a high
specificity for the cytochrome bc1 complex of Mtb, particularly for QcrB, another promiscuous target.

3. DprE1: The Hot TB Target of the Moment

3.1. Why DprE1 Is a Promiscuous Target

DprE1 (Decaprenylphosphoryl-β-d-ribofuranose 2-oxidoreductase, EC 1.1.98.3), is involved
along with DprE2 (Decaprenylphosphoryl-2-keto-β-d-erythro-pentose reductase, EC 1.1.1.333), in the
two-step epimerization of decaprenylphosphoribose (DPR) to decaprenylphosphoarabinose (DPA), a
key arabinosyl donor essential for the biosynthesis of cell-wall arabinan polymers [40].

As a flavoprotein, after the first half-reaction in which DPR is oxidized into
decaprenylphosphorylerythropentose (DPX), DprE1 needs to reoxidize the reduced flavin to begin
a new catalytic cycle, thus, to complete this half-reaction the enzyme must use an electron acceptor.
Initially, DprE1 was considered an oxidase, which uses molecular oxygen as an electron acceptor [41].
However, the enzyme was found to utilize more efficiently organic compounds, including bacterial
membrane-embedded quinones, such as menaquinone, which was postulated as a physiological electron
acceptor [41]. For this reason, the enzyme should be more precisely defined as an oxidoreductase.

In this context, DprE1 was found to have a very broad specificity for the electron acceptor, being able
to use several compounds belonging to very different chemical classes. Indeed, the enzyme can reduce
not only quinones, but also indophenols such as 2,6-dichlorophenolindophenol, or the phenoxazine
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moiety of resazurin, both compounds used in DprE1 activity assays [41,42], as well as different
nitroaromatic moieties that characterize several covalent inhibitors of this enzyme [30,32,33,43,44].

To date, more than 15 chemical classes of compounds inhibiting DprE1 have been reported. These
classes encompass both covalent and noncovalent inhibitors, and although the covalent ones are the
most successful, several noncovalent inhibitors with significant antitubercular activity have actually
been described [45,46].

The success of DprE1 covalent inhibitors in antitubercular drug discovery partly resides in this
peculiar reactivity of the enzyme with the nitroaromatic moiety. Indeed, the most potent class of these
inhibitors, the benzothiazinones, has been demonstrated to be suicide prodrugs that need activation
to covalently bind DprE1 [47]. This activation consists of the reduction of the nitro group to nitroso,
which rapidly forms a semimercaptal covalent adduct with a cysteine residue, located in a pocket just
in front of the flavin cofactor. In this way, since the electron acceptor site is occupied, the enzyme is
unable to reoxidize the flavin cofactor, resulting in being irreversibly inhibited [41,48] (Figure 1).

 
Figure 1. Mechanism of activation of the BTZ043 suicide inhibitor of DprE1.

This mechanism of action has been demonstrated for benzothiazinones and benzothiazinone
analogs [41,43,49,50]. However, other different classes of nitro-compounds have been identified
as potent DprE1 inhibitors, including dinitrobenzamides [32], nitroquinoxalines [33] and
nitroimidazoles [51], that conceivably share the same mechanism of action of benzothiazinones [52].

Currently, 33 DprE1 structures from M. tuberculosis or M. smegmatis have been deposited in
the Protein Data Bank, as apoenzyme [41,53] or in complex with both covalent [41,43,44,49,54] and
noncovalent inhibitors [43,50,55–58]. The enzyme is characterized by the two-domain topology of
the vanillyl-alcohol oxidase family of oxidoreductases, which includes a flavin adenine dinucleotide
(FAD)-binding domain and the substrate-binding domain [41]. The isoalloxazine ring of FAD is located
at the interface of the substrate-binding domain and the cofactor-binding domain, where are located in
two disordered loops, which have been supposed to be involved in interactions with the DPR substrate,
or with other proteins involved in the DPA biosynthesis [42].

In all structures of DprE1 in complex with inhibitors, all molecules showed binding sites that are
significantly overlapped (Figure 2). This binding pocket, which conceivably constitutes the binding

98



Appl. Sci. 2020, 10, 623

site of the physiological electron acceptor of DprE1, shows a very broad specificity, thus explaining the
promiscuity of DprE1 for inhibitors.

Figure 2. Crystal structure of Mycobacterium tuberculosis (Mtb) DprE1 and detail of the inhibitor binding
sites. The superimposition of the structures of DprE1, cocrystallized with both covalent and noncovalent
inhibitors (PBTZ-169, PDB: 4NCR [49] with carbon atoms in grey; Ty38c, PDB: 4P8K [58] with carbon
atoms in cyan; TCA1, PDB: 4KWS [55] with carbon atoms in magenta; CT325, PDB: 4FF6 [43] with
carbon atoms in violet), shows how the compounds have significantly overlapping binding sites,
located in front of the isoalloxazine ring of the FAD cofactor (with carbon atoms in green). The black
arrow points to the Cys387 side chain.

A broad specificity for inhibitors is a necessary but not sufficient condition for a target, to be
considered promiscuous. Indeed, as promiscuous targets usually emerge during phenotypic screening,
this implies that the inhibitors identified have antitubercular activity, so they can reach the cellular
compartment in which the target resides. It is noteworthy that among the obstacles for the antitubercular
drug discovery process, there is the difficulty of the compounds to cross the cell wall and the cellular
membranes. Moreover, the presence of efflux pumps that can extrude the compounds outside the
cells, and potential cytosolic inactivation processes of drugs lead to a lack of activity. In this context, it
is noteworthy that one of the most successful pathways for antitubercular discovery is the cell wall
compartment [59].

Recently, it was demonstrated that DPA biosynthesis partly occurs also outside the cytosolic
membrane, and in particular, DprE1 was localized into the periplasm [60]. How DprE1 can reach
the periplasmic compartment is still not clear, despite this protein, as well as its partner DprE2, do
not possess any export signal for the translocation across the cytosolic membrane [60]. Anyhow, this
localization allows drugs against DprE1 not only to easily reach the target, but also to escape several
resistance mechanisms such as efflux pump or potential cytoplasmic inactivating enzymes.

3.2. DprE1 Inhibitors, Which Are the Current Status and Future Perspectives

Currently, at least 11 different scaffolds have been reported as effective DprE1 inhibitors, either
covalent and noncovalent, showing different efficacy in vitro, ex vivo and in vivo [46]. It is noteworthy
that the majority of these compounds have been identified through phenotypic screening, then subjected
to optimization processes. The most representative compounds are reported in Table 1.
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Table 1. Main covalent and not covalent DprE1 inhibitors showing antitubercular activity.

Chemical Class Compound Structure M. tuberculosis MIC Ref.

Covalent inhibitors

Benzothiazinones

BTZ043

 

0.0023 μM [30]

PBTZ169

 

0.001 μM [49]

Dinitrobenzamides DNB1

 
0.69 μM [32]

Nitro-quinoxalines VI-9376
 

3.1 μM [33]

Triazoles 377790
 

0.48 μM [51]

Noncovalent inhibitors

Benzothiazoles

TCA1

 

0.51 μM [55]

7a

 

0.08 μM [61]

Thiadiazoles GSK-710

 

4 μM [42]

Carboxy-quinoxalines Ty38c

 

3.1 μM [58]

Aminoquinolones 3

 

0.8 μM [62]
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Table 1. Cont.

Chemical Class Compound Structure M. tuberculosis MIC Ref.

Pyrazolopyridones 19

 

0.1 μM [63]

Azaindoles TBA-7371

 

0.01 μM [64]

The first DprE1 inhibitors identified is the BTZ043, belonging to the class of the benzothiazinones [30].
Moreover, nearly in the same period other classes of compounds, such as dinitrobenzamides,
nitroquinoxaline and triazoles, have been described as covalent inhibitors [32,33,51].

As above reported, all these compounds possess a nitro group, that is converted to nitroso through
the oxidation of the FADH2 cofactor of DprE1, allowing the formation of a covalent bond with a
cysteine residue. However, an alternative and similarly probable mechanism of formation of the
nitroso group has been proposed. In this model, the thiol group of the cysteine is able to start the redox
reaction which converts the nitro group into nitroso similarly to the von Richter reaction [65].

Despite BTZ043 was extremely potent against M. tuberculosis with an MIC of 1 ng/mL (2.3 nM) [30],
its great efficacy was not translated into a mouse model, probably due to its relatively high
lipophilicity, and low pharmacokinetic properties. Several attempts were then done to improve
this class of compounds, and in particular, a structure activity relationship (SAR) study of piperazine
benzothiazinone derivatives afforded the PBTZ-169 [49]. This compound, bearing a cyclohexylmethyl
substituted piperazine showed improved in vitro and in vivo potency, and resulted in being less
susceptible to the attack of nitroreductases [66]. PBTZ-169 is currently in a clinical trial under the name
macozinone (MCZ) [29].

Although the nitro group is essential for the activity of the benzothiazinones [30,66], although
potentially mutagenic, several attempts to substitute it, for instance by a pyrrole ring, or by an
azide group were performed [67,68]. However, all these attempts led to noncovalent inhibitors, with
much-reduced efficacy.

Also, noncovalent inhibitors, although less potent in vitro, can show in-vivo efficacy. For instance,
the first discovered noncovalent inhibitor was the benzothiazole TCA1. This compound showed a
relatively high MIC against M. tuberculosis of 0.5 μM, nevertheless, it proved to be effective in mice, both
in acute and chronic infection models [55]. A series of pyrimidine conjugate of the benzothiazole give
a further improvement of this compound, with the best derivatives showing MIC of 0.08–0.09 μM [61].
More recently a new class of inhibiting DprE1 benzothiazoles, benzothiazole-N-oxides, have been
identified through a whole cells screening [44], but despite their promising bactericidal activity they
showed toxicity issues.

The high vulnerability of DprE1 as an antitubercular drug target was confirmed by the number
of screening campaigns that identified effective noncovalent inhibitors, including thiadiazoles [42],
carboxy-quinoxalines [58], aminoquinolones [62], pyrazolopyridones [63], and azaindoles [69,70].

The latter are the most promising drug candidates among the noncovalent DprE1 inhibitors, the
best inhibitor showing potent antitubercular activity in vitro and in in vivo chronic infection models,
low toxicity and no antagonistic activity with other TB drugs [64]. Currently, the azaindole TBA-7371
has started phase I clinical trials [27], further confirming the great potential of DprE1 inhibitors in
anti-tubercular drug discovery.
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3.3. DprE2: A Promising Target for Future Drug Discovery

As above reported, the conversion of DPR to DPA is a two steps reaction, in which
the product of DprE1 decaprenyl-phospho-2′-keto-d-arabinose must be reduced to finalize
the epimerization of the substrate. This second step is catalyzed by the enzyme DprE2
(decaprenylphosphoryl-2-keto-β-d-erythro-pentose reductase) [14]. As DprE1, also DprE2 is
essential for mycobacterial growth [35]. Moreover, the two enzymes have been supposed to
strongly interact, and sometimes they were considered two subunits of a single enzyme named
decaprenylphosphoryl-β-d-ribofuranose 2-epimerase. Indeed, DprE1 and DprE2 interaction in
Corynebacterium glutamicum, strongly related to mycobacteria, have been demonstrated by a bacterial
two-hybrid system [71]. An in silico study using homology modeling, protein threading and
molecular dynamics proposed a model in which DprE1 and DprE2 form a complex [72], but
currently, no structural and functional data on DprE2 have been reported yet. Anyhow, to fulfill
their reactions it is conceivable that the two enzymes must work in concert, thus, reasonably a strong
interaction occurs. In this context, the elucidation of the structural and functional behavior of the
full decaprenylphosphoryl-β-d-ribofuranose 2-epimerase complex should be a useful tool for the
development of further antitubercular inhibitors [73].

4. Mmpl3 Transporter: The Other Hot TB Target of the Moment

4.1. MmpL3: A Mycolic Acid Transporter

MmpL3 is a membrane protein, member of the resistance-nodulation-cell division (RND)
superfamily of transporters. In mycobacteria, MmpL transporters have specialized in the export of
several lipids and glycolipids across the plasma membrane to the cell surface, namely, trehalose
monomycolates (TMM), di- and poly-acyltrehaloses, sulfolipids, phthiocerol dimycocerosates,
monomycolyldiacylglycerol, glycopeptidolipids and mycobactins [38,74–78]. Genetic studies with
transposon mutant libraries and the inability to knock-out the gene using different strategies suggested
that MmpL3 was essential for the survival of M. tuberculosis [38,79]. An alternative strategy, utilizing
knock-down strains both in vitro and in vivo had confirmed that MmpL3 is indeed essential for
survival. Silencing of MmpL3 in mice, both during the acute or persistence phase of infection, led
to a complete clearance of bacteria from lungs and spleens. These studies not only reinforce the
idea of MmpL3 as an attractive drug target but also the potential of MmpL3 inhibitors to shorten TB
treatment [80].

MmpL3 contains 12 transmembrane segments with two periplasmic loops and one C-terminal
cytoplasmic domain. The periplasmic loops are essential for the MmpL3 function and are involved
in substrate binding. On the other hand, the cytoplasmic loop, which is only present in MmpL3
and MmpL11 but not in other members of the MmpL family, is not essential for MmpL3 transport
activity [81]. The exact role of the C-terminal domain is still not clear but it has been proposed to act
as a signal for polar localization of the protein, since its removal caused MmpL3 to be more diffuse
across the cells in contrast to the typical subpolar localization of the full protein [82]. In addition to
that, this domain was shown to be involved in protein–protein interactions with itself as well as with
other proteins, pointing to a role in oligomerization and/or coordination of synthesis of other cell wall
components [83]. MmpL3 transports TMM across the cell membrane to the periplasmic space where it
serves as a mycolic acid donor to another TMM molecule to form TDM, or to arabinogalactan as part
of the mAGP core. Both of these reactions are catalyzed by the Ag85 family of enzymes. Mycolic acids
are essential components of the mycobacterial cell wall and its biosynthesis has been shown as an
effective drug target in mycobacteria, with several antibiotics targeting this pathway. The best example
of this is isoniazid, which inhibits the FASII enoyl-ACP reductase InhA, and is one of the pillars in
tuberculosis treatment [84].

MmpL3 relies on the proton motive force as an energy source to drive TMM transport. Thus,
the flux of protons across the transmembrane region of MmpL3 would drive the conformational
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changes necessary for the translocation of TMM. This is evidenced by mutagenesis studies showing
that charged residues lying on the transmembrane region are essential for MmpL3 function and are
most likely involved in this proton relay pathway. The mechanism and extent of TMM transport
mediated by MmpL3 is still not fully understood. Spheroplasts assays have suggested that MmpL3 acts
as a flippase [15]. This conclusion was derived from the accumulation of TMM in the inner leaflet of the
plasma membrane after MmpL3 inhibition. Although this would point to MmpL3 acting as a flippase,
there is the possibility that MmpL3 inhibition would affect also other proteins acting upstream in the
transport pathway and/or TMM biosynthetic enzymes. This holds true for other MmpL transporters
where disruption of the transport leads to the accumulation of biosynthetic precursors and, in some
cases, the complete abolition of the synthesis of the substrate [74,78,85,86].

The recently solved crystal structure of MmpL3 has shed some light as to the possible mechanism of
TMM translocation [25,87]. Crystals of MmpL3 from M. smegmatis were diffracted to a 2.59 Å resolution.
Surprisingly, the 3D structure of this transporter is different from other RND transporters like AcrB,
MexB, CusA, MtrD, CmeB and HpnN. The structure shows that the N-terminal and C-terminal halves
are assembled in a twofold pseudo symmetrical fashion and the two periplasmic domains (PD1 and
PD2) interact with each other and are also flexible. MmpL3 possesses a cavity that extends from the
outer leaflet of the inner membrane up to the periplasmic domain. This cavity is large enough to
fit a TMM molecule. Fortuitously, MmpL3 co-purified with n-dodecyl-β-d-maltoside (the detergent
used for solubilization) and phosphatidylethanolamine (PE) bound to it. The former was found in
the hydrophobic pocket created by TMs 7–10 while the latter was bound to the periplasmic domain
within the large space between PD1 and PD2. These results reinforce the idea of MmpL3 channeling
its substrate from the outer leaflet of the inner membrane up to the periplasmic space. The authors
further demonstrated that TMM binds to purified MmpL3 with a Kd of 3.7 ± 1.3 μM while there was
no binding when TDM was assayed. In addition to PE and TMM, both phosphatidylglycerol and
cardiolipin interacted with MmpL3. Whether these phospholipids act as substrates for MmpL3 in
whole cells remains to be determined.

Native mass spectra, Small-angle X-ray scattering (SAXS) data and Blue-Native PAGE of the
purified MmpL3 transporter indicate that it is a monomer in detergent solution [25,87]. It has to be
noted that in both cases MmpL3 was purified devoid of the C-terminal domain due to its instability
in solution and this domain was shown to be important for MmpL3 oligomerization [83]. This is in
contrast to the quaternary structure of CmpL1, a Corynebacterium glutamicum ortholog, which has been
shown to possess a trimeric quaternary structure [81]. There is a great variety of quaternary structures
among the RND superfamily of transporters, while the efflux subfamily of RND transporters, namely,
AcrB [88], MexB [89] and MtrD [90] exist as trimers, the hopanoid biosynthesis-associated transporter
(HpnN) from Burkholderia multivorans is a dimer [91] and human NPC1 is a monomer [92]. Due to this
high variability, we cannot rule out that MmpL3 has a higher oligomerization state in native conditions
found in the mycobacterial cell membrane.

4.2. MmpL3: The Achilles Heel of Mycobacterium Tuberculosis

In recent years, a diversity of scaffolds have been reported to inhibit MmpL3 (Table 2): SQ109
(diamine), DA5 (SQ109 related compound), BM212 (diarylpyrrole), Au1235 (adamantyl urea),
C215 (benzimidazole), NITD-349 (indolecarboxamides), THP P (tetrathydropyrazolo pyrimidine),
Spiro (N-benzyl-6′,7′-dihydrospiro[piperidine-4,4′-thieno[3,2-c]pyrans]), PIPD1 (piperidinol), E11
(acetamide) and HC2091 (carboxamide) [36–38,51,93–97].
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Table 2. Main MmpL3 inhibitors showing antitubercular activity.

Chemical Class Compound Structure M. tuberculosis MIC Ref.

Diarylpyrroles BM212

 

3.6 μM [36]

1,2-diamine
derivatives

DA5
 

9.97 μM [37]

SQ109

 
0.78 μM [37]

Adamantyl urea AU1235

 
0.3 μM [38]

Benzimidazoles C215

 

16.0 μM [51]

Indolcarboxamides NIDT349

 
0.023 μM [93]

Tetrahydropyrazolo
pyrimidine THP P

 

0.3 μM [94]

Dihydrospiro[piperidine-
4,4′-thieno[3,2-c]pyrans] Spiro

 

0.3 μM [94]

Piperidinols PIPD1

 

1.28 μM [95]

Acetamides E11

 

8.0 μM [96]

Carboxamides HC2091

 

19.3 μM [97]

Among these compounds, SQ109 is the most advanced in the TB drug pipeline and has completed
Phase I clinical trials in the US and Phase II clinical trials in Africa. SQ109 was identified originally from
a combinatorial library screening based on the 1,2-ethylenediamine structure of ethambutol. However,
other structural dissimilarities between SQ109 and ethambutol, the significant activity of SQ109 against
drug-resistant strains of M. tuberculosis, including those that were ethambutol-resistant, suggested that
SQ109 had a different target than its parent molecule [98]. SQ109 showed bactericidal activity against
M. tuberculosis in vitro, including MDR and XDR-TB. Furthermore, it had activity against intracellular
bacilli as well as an extremely low spontaneous resistance rate [37]. In addition to that, it showed
synergistic activity with isoniazid and rifampicin and additive effects with streptomycin in vitro [99].
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SQ109 also increases the activity of the new TB drug bedaquiline in vitro [100]. Replacement of
ethambutol by SQ109 in the standard regimen in mice led to a 1.5 n log decrease in colony-forming
units (CFUs) [101]. Furthermore, SQ109 was safe and well-tolerated in Phase I and Phase IIa clinical
trials [102].

MmpL3 seems to be a promiscuous target since a plethora of compounds with dissimilar scaffolds
have been shown to affect its activity and every new library screening seems to lead to novel scaffolds
targeting the same enzyme. However, the reason for this extreme susceptibility is not clear. One
possibility is that the compounds, due to their high hydrophobicity, get vastly enriched in the membrane
where they can bind readily to MmpL3. This, in addition to the extreme vulnerability of MmpL3,
would explain the variety of compounds targeting MmpL3.

There has been some controversy as to the direct or indirect inhibition of these compounds against
MmpL3, it has been suggested that some compounds may act indirectly on MmpL3 by disrupting
the pH gradient and/or membrane potential which will disrupt the proton relay needed by MmpL3
to pump out TMM. Indeed, while SQ109 and BM212 display a broad spectrum of activity and are
active against non-replicating Mtb bacilli, some others specifically target mycobacteria and do not kill
nonreplicating bacilli [16,103,104]. In order to solve this controversy and to shed more light on the
mechanism of action of these inhibitors, Li et al. have recently developed assays both in vitro and in
whole cells to identify direct inhibitors of MmpL3. Their use of fluorescent competition assays and
surface plasmon resonance experiments with MmpL3 purified protein has shown that SQ109, BM212,
Au1235, NITD304, NITD349 and THPP1 all bind to MmpL3. The authors also showed that only SQ109
and BM212 dissipated both ΔpH and ΔΨ (although the latter only at high concentrations). These
assays could be a great tool for assessing the specificity of new and previously identified drugs that are
believed to act against MmpL3 [105].

Recently, the crystal structure of M. smegmatis MmpL3 alone and in complex with four TB drug
candidates has been solved [25]. Analysis of the transmembrane region has shown the existence of
two pairs of hydrophilic residues (D256-Y646 and Y257-D645) on TM4 and TM 10 which links these
two helices by forming hydrogen bonds. These residues are similar to the Asp-Asp-Lys triad found
in AcrB and the Asp-Asp-Thr triad in SecDF, which are known to be involved in the proton relay
pathway [106,107]. Consistently with this, three out of four of these residues have been shown to
be essential for MmpL3 activity [81]. Furthermore, this catalytic tetrad is conserved in most MmpL
transporters, with the exception of MmpL7, so it is likely that all MmpL transporters use the same
mechanism to drive its substrate translocation [81].

The crystal structure of MmpL3 bound to SQ109, Au1235 and ICA38 has shown that these MmpL3
inhibitors bind to the same pocket in the center of the transmembrane region of the protein (Figure 3A),
inducing conformational changes which in turn disrupt the interaction of the two Asp-Tyr pairs
involved in proton translocation (Figure 3B,C). Furthermore, molecular docking assays with six other
compounds (BM212, NITD-349, GSK2200150A, C215, PIPD1 and HC2091) showed that they can fit the
same binding pocket within MmpL3. Thus, MmpL3 inhibitors seem to have an identical mechanism
of action, binding to the same pocket and blocking the proton translocation relay pathway that is
essential for substrate transport. This is also supported by the fact that the majority of resistance
mutations found in MmpL3 lie in the TM region, close to the binding pocket. Zhang et al. purified 12
different mutant versions of MmpL3 and showed that most of the mutations affected the binding of the
inhibitors to the pocket by disrupting hydrophobic/electrostatic interactions, inducing conformational
changes or causing steric hindrance which leads to a decrease or abolition of the binding. On the
other hand, there is still no clear evidence as to how mutations located further for the binding pocket
induce resistance. Although MmpL3 is the only essential MmpL protein in M. tuberculosis, several
other MmpL proteins have been shown to be required for virulence and/or drug efflux [108,109]. The
fact that all inhibitors act by disrupting the proton relay pathway, a conserved feature of all MmpL
transporters, opens the avenue for the development of molecules that target not only MmpL3 but all
the MmpL family of transporters and thus affect virulence and resistance to other drugs.
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Figure 3. (A) Crystal structure of Mtb MmpL3 and detail of the inhibitors binding site (SQ109, PDB:
6AJG with carbon atoms in green; AU1235, PDB: 6AJH with carbon atoms in magenta; ICA38 PDB:
6AJJ with carbon atoms in cyan [25]). (B) Mechanism of transport of MmpL3: The flow of protons
through charged residues in the transmembrane region of MmpL3 drives conformational changes that
lead to the transport of TMM from the membrane to the periplasmic space. (C) MmpL3 inhibitors bind
to a pocket in the transmembrane region of MmpL3, disrupting the electrostatic interactions between
D256 and Y257 with Y646 and D645, respectively. This blocks the proton relay pathway and ultimately
TMM translocation.

In summary, these findings will lead to a new era in MmpL3 inhibitor drug discovery
since structure-guided molecules can now be designed with better anti-tubercular efficacy and
pharmacokinetic/pharmacodynamic (PK/PD) properties.

5. Future Perspectives for DprE1 and MmpL3 Inhibitors in Clinical Therapy

Promiscuous targets could be an obstacle in the discovery of novel antitubercular drug targets,
being recurrently found in HTS [110], nevertheless, they have been proven really useful for the
development of novel drug candidates. This is well demonstrated by the fact that five compounds
currently in clinical trials inhibit these targets, with DprE1 inhibitors TBA-7379, BTZ043 and Macozinone
in Phase I, while the QcrB inhibitor Telacebec, the MmpL3 inhibitor SQ109 and again the Macozinone
are in Phase II [26–29].

In particular, Macozinone has completed a dose-escalation phase I study in healthy male volunteers
and a multiple ascending dose study in Russia, which demonstrated the good safety profile of the
compound. Moreover, in 2018 it completed a Phase IIa Early Bactericidal Activity (EBA) study in

106



Appl. Sci. 2020, 10, 623

Russia and Belarus in drug sensitive-TB (DS-TB) patients, confirming the safety and efficacy of the
drug. In parallel, a Phase I clinical study has been initiated in Switzerland, by the nonprofit Innovative
Medicines for Tuberculosis (iM4TB) foundation [24].

The MmpL3 inhibitor SQ109 has completed a Phase 2b study in Russia which demonstrated
its efficacy in MDR-TB patients, with a good tolerability profile [111]. Furthermore, SQ109 was
demonstrated to enhance the activity of isoniazid, rifampicin and bedaquiline and shortened clearance
of TB in a mice model. The drug now has also completed three Phase I studies in the USA and two
Phase II studies in Africa in DS-TB patients.

These studies thus demonstrate the great potential of these targets for the development of a new
drug to reach the objective to eradicate TB.
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Mlynská dolina, Ilkovičova 6, 84215 Bratislava, Slovakia; katarina.mikusova@uniba.sk

* Correspondence: makarov@inbi.ras.ru

Received: 5 March 2020; Accepted: 25 March 2020; Published: 26 March 2020

Abstract: Macozinone, a piperazine-benzothiazinone PBTZ169, is currently undergoing Phase 1/2
clinical studies for the treatment of tuberculosis (TB). In this review we summarize the key findings that
led to the development of this compound and to identification of its target, decaprenylphospohoryl
ribose oxidase DprE1, which is involved in the synthesis of the essential arabinan polymers of the cell
wall in a TB pathogen, Mycobacterium tuberculosis. We present the results of the pilot clinical studies,
which raise optimism regarding its further development towards more efficient TB drug regimens.

Keywords: macozinone; DprE1 inhibitor; clinical studies

1. Introduction

Tuberculosis (TB) as both an acute and chronic infectious disease is still unbeaten and represents
an important social, medical, and biological challenge for the healthcare worldwide [1]. The infection
caused by Mycobacterium tuberculosis strains is most often located in the respiratory tract from which
it is transmitted in the population by aerosols. At the same time, mycobacteria can be disseminated
also to other organs. However, it is now well acknowledged that even in its primary location, the
TB pathogen is present in different microenvironments and thus in various metabolic states, which
substantially complicates the treatment [2]. According to the last Global Tuberculosis Report issued
by the World Health Organization (WHO) [3], in 2018 the death rate was estimated to be about 1.45
million people. Among the estimated 10 million new cases of TB, 3.4% had multidrug-resistant TB or
rifampicin-resistant TB (MDR/RR-TB). This number increased to 18% in previously treated cases, with
the highest proportions (>50% in previously treated cases) in countries of the former Soviet Union.
Although efficient TB treatment is available, only 7 million new cases were treated for the disease in
2018, while an estimated 3 million patients did not have access to quality care or were not reported,
and only one in three people with drug-resistant TB accessed care [3].

In addition to interventions in the social area and point-of-care management of TB, one of the key
challenges in making the fight against TB more effective is to improve treatment options. The current
chemotherapy for the drug-sensitive TB takes about six months and requires administration of four
different medicines (isoniazid, rifampicin, ethambutol, pyrazinamide) to avoid development of drug
resistance. The length of the treatment and its adverse effects result in bad compliance and thus it is
imperative to find novel drugs and regimens that would be less demanding on patients [4].

During recent years, three novel drugs against TB were approved. These are bedaquiline [5],
delamanid [6] and pretomanid [7], which are currently undergoing several clinical trials aimed at
treatment of the drug-resistant TB, as well as at shortening standard TB treatment [8]. The efforts
and hope for better TB drugs are exemplified also by the pipeline of several new molecules, that
are currently at different stages of clinical development. Among them there are inhibitors of protein
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synthesis from the oxazolidinone family (delpazolid, sutezolid, contezolid, TBI-223), inhibitor of
leucyl-tRNA synthetase (GSK3036656), inhibitor of DNA gyrase B (SPR720), compounds interfering
with the respiratory chain of a TB pathogen (telacebec, TBI-166), a cell wall inhibitor targeting MmpL3
transporter (SQ109) and four compounds targeting another cell wall target, DprE1. These are BTZ043,
TBA-7371, OPC-167832, and macozinone (Figure 1) [4,8]. In this review we will present the key
findings towards the discovery and development of macozinone, an optimized benzothiazinone, which
currently appears to be the most advanced DprE1 inhibitor.

 
Figure 1. DprE1 inhibitors in clinical development.

2. Discovery of Benzothiazinones as Highly Potent Killers of Mycobacterium Tuberculosis

The very first scientific report on benzothiazinones (BTZs) with extremely high antimycobacterial
activity was published in 2009 [9]. These compounds emerged as a result of several years of efforts
focused on investigation of a family of ditiocarbamate (DTC) derivatives with antimicrobial properties,
which was carried out at the Research Center for Antibiotics in Moscow and the Hans Knöll Institute
in Jena [10]. DTCs gained their fame primarily as additives in industry and pesticides, which have
been in use since 1930. However, some of them were tested as pharmacological agents for treatment
of alcoholism, human immunodeficiency virus (HIV) or cancer [11]. It occurred that selected DTC
derivatives had minimal inhibitory concentrations (MICs) between 3–30 μg/ml for M. tuberculosis, but
were active also on several species of fast-growing mycobacteria and multiresistant staphylococci [10].
Thorough structure-activity studies focused on improvement of the activity and selectivity of these
compounds for mycobacteria was performed. Selected compounds derived from the basic active ortho
nitro-dialkyldithiocarbamate structure showed enhanced activity towards fast growing mycobacteria,
with M. vaccae being the most sensitive reaching MICs 0.4–1.56 μg/ml [12]. In addition, 3 out of 7
tested molecules were efficient and well tolerated also in the mouse foot pad model of leprosy [12].
Nevertheless, it was clear that reactivity of DTCs poses a significant problem in further development
of these compounds despite their activity and rather unexpected low level of toxicity as exemplified
by studies in mice [12]. Consequently, a thorough investigation of the metabolic conversion of the
most active DTCs containing spiroamine moiety, was undertaken. The drug was incubated with the
non-pathogenic strain M. smegmatis and all isolated metabolites were tested for antimycobacterial
activity. One of these metabolites was particularly active and its structure established by nuclear
magnetic resonance (NMR) revealed the principal BTZ scaffold. A set of novel BTZ derivatives was
synthesized and tested against both fast-growing and pathogenic mycobacteria in collaboration with
Prof. Stewart Cole at Pasteur Institute in Paris [13]. Surprisingly, these compounds were highly active
and selective against mycobacteria in vitro, with MIC values 0.195–1.56 μg/ml for M. tuberculosis,
including the resistant strains. The lowest MIC value, 0.023 pg/ml, was obtained for M. fortuitum and
2,2-[2-methyl-1,4-dioxa-8-azaspiro[4.5]dec-8-yl]-8-nitro- 6-(trifluoromethyl)-4H-1,3-benzothiazin-4-one,
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later named BTZ038 [9]. The pilot in vivo studies with this compound revealed its potency in the
murine model of TB, which was comparable to isoniazid used in the same dose of 25 mg/kg [13]. These
encouraging results warranted further exploration of BTZs as perspective compounds for development
of a new TB drug.

3. Mechanism of Action of Benzothiazinones

An investigation of mechanism of action of BTZ was carried out within the European Union
(EU)-funded consortium New Medicines for Tuberculosis (NM4TB), which was formed in 2006 under
the leadership of Prof. Stewart Cole. The compound BTZ038 was initially chosen as a lead molecule.
Since it contains a chiral center, pure enantiomers BTZ043 (S) and BTZ044 (R) were prepared and
subjected to MIC determination. Both forms showed comparable activities in vitro in M. tuberculosis.
Accordingly, only one of them, BTZ043, was subjected to mechanistic studies [9].

Genetic experiments aimed at identification of the BTZ target were carried out by Prof. Giovanna
Riccardi and her team at University of Pavia. The two approaches which were chosen for this purpose
pointed out to the role of the gene rv3790 in conferring resistance against the drug. In the first approach,
M. smegmatis was transformed with a cosmid library containing DNA fragments from the same
organism. An ortholog of the rv3790 gene from M. smegmatis mc2155, MSMEG_6382, was identified on
a cosmid, which resulted in an increase in MICs towards BTZ043. In the second approach, BTZ-resistant
strains of M. smegmatis, M. bovis BCG and M. tuberculosis were isolated and their resistance was traced
to mutations in the same codon in rv3790 and its orthologs. In all mutant strains codons corresponding
to Cys387 in rv3790 gene product were replaced by Ser or Gly, which increased the MICs of the resistant
strains up to 10,000 times. Accordingly, the mycobacterial species M. avium and M. aurum, in which
this position was occupied by Ala or Ser, respectively, were naturally resistant against BTZ, which
supported identification of rv3790 as a target [9]. Coincidentally, the function of the protein encoded by
this gene was described only a short while before the data on the BTZ target became available. In the
course of studies focused on the metabolism of arabinose in mycobacteria carried out by Prof. Michael
McNeil with collaborators at Colorado State University in Fort Collins, the rv3790 and rv3791 gene
products were proposed to be involved in a unique epimerisation of decaprenylphosphoryl ribose
(DPR) to decaprenylphosphoryl arabinose (DPA) [14]. The latter molecule serves as a sole donor of
arabinose residues for synthesis of the essential arabinan polymers of the mycobacterial cell wall [15].
It was shown that the conversion takes place via oxidation of the DPR substrate, followed by reduction
of the resulting keto-intermediate and thus the two oxidoreductases, rv3790 and rv3791, from the
so-called arabinogalactan biosynthesis cluster [16] were ideal candidates to catalyse these reactions.
However, at the time it was not possible to conclude which of the two is responsible for oxidation and
which for the reduction step. Examination of the effects of BTZ043 on enzymatic conversion of DPR to
DPA proved that the compound inhibited the oxidation step. Given the confirmed roles of Rv3790 and
Rv3791 in epimerization of DPR, we named them DprE1 and DprE2, respectively (Figure 2) [9].

An important step towards understanding the mechanism of action of BTZs was isolation of
a covalent adduct of BTZ043 and DprE1 by Trefzer et al. in 2010 [17]. The authors concluded that
reduction of the nitro-group to nitroso derivative is critical for formation of the semimercaptal adduct
of BTZ043 and DprE1 through the Cys387, which was verified by mass spectrometry. The following
study proved that DprE1 itself is responsible for the reductive activation of DprE1. The electrons
needed for the reaction are provided by the enzyme’s prosthetic group, FAD, which gets reduced
during the catalysis of DPR oxidation (Figure 2) [18]. Accordingly, BTZ represents a typical example
of a suicide inhibitor. The proposed mechanism of action was confirmed by crystallographic studies
in which structures of DprE1 from M. smegmatis were obtained in native and BTZ043-bound forms.
As expected, the semimercaptal adduct was formed only in the presence of the substrate analog,
farnesylphosphoryl ribose, which provided electrons for reduction of the FAD cofactor necessary for
BTZ activation [19].
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Figure 2. Mechanism of action of macozinone. Upper line: Reactions catalyzed by DprE1 and DprE2.
Bottom line: Activation of macozinone and its covalent attachment to DprE1 from M. tuberculosis through
Cys387 of the enzyme’s active site. The scheme is based on mechanistic studies performed initially
with benzothiazinone BTZ043 [17–19] and subsequently confirmed for piperazine-benzothiazinone
PBTZ169 (macozinone) [20].

4. From BTZ043 to PBTZ169

At the time of its discovery, BTZ043 was the most efficient inhibitor of in vitro mycobacterial
growth ever described. While MICs for first line drugs isoniazid or ethambutol for M. tuberculosis
were 0.02–0.2 μg/ml or 1–5 μg/ml, respectively, the value for BTZ043 was just 1 ng/ml. The compound
proved to be active also in intracellular M. tuberculosis infection in Raw 264.7 macrophages and in
a mouse model of chronic tuberculosis and it did not show any signs of toxicity or mutagenicity in
concentrations well above the amounts used for the experiments. Nevertheless, the extremely low
MIC did not translate to comparably high efficiencies in animal studies [9].

In the effort to improve pharmacological properties of benzothiazinone series, structure-activity
relationship (SAR) analysis was performed, with main focus on position 2 of BTZ scaffold [20]. It was
previously shown that the rest of the positions harbor substituents critical for the antimycobacterial
activity, e.g., replacement of 8-nitro-group with any other group, including hydroxylamino-, amino-
and nitryl-, led to at least a 500-fold increase in the MIC against M. tuberculosis [9]. The new series
contained a piperazine at the position 2 of the BTZ structure, which allowed extensive modifications of
the N-4 position of this substituent. Evaluation of the 60 prepared piperazine-benzothiazinones (PBTZ)
for in vitro activity on M. tuberculosis pointed to a strong correlation between the MICs and lipophilicity.
The alkyl-PBTZ derivatives were most active and some of them reached the MICs between 0.19–0.75
ng/ml for M. tuberculosis. Five of these derivatives were tested in the chronic TB mouse model, which
allowed for selection of PBTZ169 as the most promising candidate [20].

Comparison of BTZ043 with PBTZ169 confirmed superior properties of the latter in all tested
parameters. It was three to seven times more active in vitro against M. tuberculosis, M. bovis BCG,
M. marinum, M. smegmatis, Corynebacterium diphtheriae and C. glutamicum as established by resazurin
microtiter assay (REMA). The molecule was also highly active against a panel of 9 MDR- and
XDR-clinical isolates of M. tuberculosis [20]. Cross-resistance between BTZ043 and PBTZ169 was
confirmed for BTZ-resistant strains of M. tuberculosis, M. bovis BCG and M. smegmatis, indicating
the common mechanism of action. Interestingly, PBTZ169 was less susceptible to inactivation by
nitro-reduction by the nitroreductase NfnB from M. smegmatis compared to BTZ043, as confirmed by the
liquid chromatography-mass spectrometry analyses. This property could be critical for in vivo activity,
due to inevitable actions of host nitroreductases or microbial nitroreductases in the digestive tract of
the patients, which would potentially reduce the amount of the available active drug. Enzymologic
studies confirmed that PBTZ169 is more efficient inhibitor of its DprE1 target than BTZ043; the
enzyme was completely inactivated after 5 min of incubation with 5 μM PBTZ169, while four times
higher concentration was needed to achieve the same result with BTZ043. The crystal structure of
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M. tuberculosis DprE1 with covalently bound PBTZ169 showed similarities with the BTZ043-bound
structure of the M. smegmatis enzyme. However, higher flexibility of the methyl-cyclohexyl group on
piperazine, could account for better affinity of this drug for its target and explain its higher capacity to
inactivate the enzyme [20].

Efficacies of PBTZ169 and BTZ043 were also evaluated against M. marinum in a zebrafish embryo
model. Although after 5 days of treatment both drugs efficiently decreased the bacterial burden at
concentrations of 25 nM and 50 nM, examination of BTZ043-treated embryos pointed to developmental
defects. By contrast, application of PBTZ169 up to 10 μM did not cause any pathological changes.
In vivo studies in the mouse chronic model of TB proved the superiority of PBTZ169 over BTZ043 in
lowering colony forming unit counts in the spleen and lungs, which, however, could not be attributed
to better pharmacokinetics, since the two compounds had similar properties except for faster uptake
of PBTZ169 [20]. Aiming at the use of the novel PBTZ derivative in designing a new regimen for
TB, combination studies with selection of approved and experimental drugs were performed. The
combination of PBTZ169 and bedaquiline, which proved to be synergistic in the in vitro REMA assay,
was tested in the mouse chronic model of TB. Simultaneous administration of PBTZ, bedaquiline and
pyrazinamide was more efficient in reducing the mycobacterial counts both in the lungs and spleen
compared to the standard mixture of isoniazid, rifampicin and pyrazinamide [20].

Among favorable properties of PBTZ169 over BTZ043 is the lack of the chiral center, which
simplified the production of the drug and significantly decreased its price. This is critical for
developing treatment for a disease greatly affecting low-income and middle-income countries in
particular. Taken together, PBTZ169 was identified as a promising candidate for development as a
novel TB medicine [20].

5. From PBTZ169 to Macozinone: First Results of the Clinical Studies

Establishment of a non-profit Innovative Medicines for Tuberculosis Foundation (iM4TB
Foundation) at Ecole Polytechnique Fédérale de Lausanne (EPFL) in March 2014 was a principal
milestone for the further development of PBTZ169 and its transformation from a valuable TB drug
candidate to the compound reaching promising results in the pilot clinical studies (Figure 3) [21]. This
approach was necessary to overcome the lack of interest from pharmaceutical companies to address
the disease primarily affecting low-income countries. The mission of the foundation is “to develop
better and faster-acting medicines to fight tuberculosis and bridge the gap between scientific discovery
and the market in order to provide affordable TB treatment to anyone in the world”. In July 2014
the foundation joined in this effort with the Russian pharmaceutical company Nearmedic Plus LLC,
which bought a license covering the use of PBTZ169 in most countries of the former Soviet Union,
while iM4TB retained the rights for the rest of the world. Investments of Nearmedic, along with funds
raised by iM4TB, including the generous support of the Bill and Melinda Gates foundation, enabled
performing all necessary pre-clinical trials with PBTZ169, such as ADME (absorption, distribution,
metabolism, excretion) profiling, toxicology studies, as well as production of clinical supplies of the
drug, and preparation of regulatory documents necessary for entering the first clinical trials [21,22].

Clinical studies were initiated by both iM4TB and Nearmedic. In the randomized, double-blind,
placebo-controlled Phase 1a study performed in Switzerland (NCT03423030) [23] the aim was to assess
safety, tolerability and pharmacokinetic profile of PBTZ169 formulated as a spray-dried dispersion
versus a native crystal powder. In addition, antitubercular activity of single escalating doses of PBTZ169
ex vivo was evaluated. The study included 32 healthy male volunteers, grouped to 4 panels of 8
subjects, each undergoing 2 investigation periods, during which they received either single doses of
PBTZ169 at increasing dose levels up to 320 mg or a matching placebo. Promising results of this study
encouraged the iM4TB team to design of the Phase 1b trial (NCT03776500) [24] aimed at evaluation
of the safety, tolerability and pharmacokinetics of PBTZ169 in multiple dosing up to 1200 mg/day in
healthy volunteers (32 subjects grouped in 4 consecutive panels) receiving PBTZ169 for 14 consecutive
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days. An additional goal is to evaluate interactions of PBTZ16 with the human cytochrome P-450
enzyme family [24].

Figure 3. Pre-clinical and clinical development of macozinone.

The first Phase 1 clinical trial in Russia (Nearmedic Plus LLC) (NCT03036163,
PBTZ169-Z00-C01-1) [25] with an official title “Open-label Prospective Non-comparative Study of Safety,
Tolerability and Pharmacokinetics of PBTZ169 after Single and Multiple Fasting Oral Administration
in Increasing Doses in Healthy Volunteers” was carried out between January and November 2016. The
drug was administered in the form of capsules containing 40 mg of the drug. The study included
single escalating doses (40, 80, 160, 320, and 640 mg) in fasting conditions, as well as multiple fasting
doses (320 and 640 mg) for 14 days. Overall the study included 40 participants [22].

A completed open-label prospective Phase 1b study initiated by Nearmedic Plus LLC
(NCT04150224, PBTZ169-Z00-C01-3) [26] was designed to assess the safety, tolerability,
pharmacokinetics, and food effects on single, double, and multiple escalating doses in healthy
volunteers. During the first part of the study, safety, tolerability, and pharmacokinetics of PBTZ169 in
80 mg capsules were studied in healthy volunteers who received single or double (twice daily) fasting
doses, which increased sequentially (640, 960, and 1280 mg once a day and 640 mg twice a day). The
food effects were studied for a single 640 mg dose. The second part of the study involved the safety,
tolerability, and pharmacokinetics of PBTZ169 in 80 mg capsules in healthy volunteers who received
1280 mg daily in fed conditions, for 14 days. In total, 60 healthy volunteers (10 in each cohort) received
the investigational drug and completed the study according to the protocol [22].

During these clinical trials, safety and tolerability of PBTZ169 in capsules were studied, including
assessment of adverse effects, vital signs (blood pressure, heart rate, body temperature, respiratory
rate), laboratory and instrumental parameters (hematology, blood chemistry, coagulation parameters,
urinalysis, electrocardiography) and physical examination. In these studies (NCT03036163 and
NCT04150224), good tolerability and favorable safety profile were demonstrated for PBTZ169 in the
studied dose range. One event of dose-limiting toxicity (increase in the glucose level 2 hours after
the drug administration) was documented after a single 80 mg dose of PBTZ169 in 40 mg capsules
(NCT03036163). There were no other cases of dose-limiting toxicity in healthy volunteers in these
studies. There were no serious adverse effects. There was no increase in the frequency of adverse
effects associated with increased dose or with the administration regimen (fasting or in fed conditions),
for single or multiple doses. Changes in some mean vital signs, laboratory, instrumental parameters,
or physical examination data were not associated with a trend to increase with a growing dose [22].

Efficacy of PBTZ169 based on the early bactericidal activity (EBA), was studied in a Phase
2a clinical trial (PBTZ169-A15-C2A-1, NCT03334734) [27] by Nearmedic Plus LLC in patients with
newly diagnosed smear-positive tuberculosis of the respiratory tract, with preserved sensitivity to
isoniazid and rifampicin. Although the trial was terminated early because of slow enrollment, relevant
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information was obtained from 16 patients who participated in the study. The drug was administered
in 80 mg capsules, orally as a monotherapy for 14 days, as follows: 160 mg/day dose—4 patients;
320 mg/day dose—4 patients; 640 mg/day dose—7 patients. Isoniazid tablets were used as a control
treatment at 600 mg/day dose in one patient.

The primary efficacy of the treatment was evaluated by two methods:
(i) According to quantification of colony forming units in sputum by its inoculation on agar

plates, in the group of patients receiving PBTZ169 in the 640 mg dose, EBA 0–14 (mean of the two
measurements) and EBA 0–14 (the higher of the two measurements) were 0.071 log10 cells/ml/day
[95% confidence interval (CI) 0; 0.143] and 0.080 log10 cells/ml/day [95% CI 0.002; 0.158], respectively.

(ii) According to quantitative polymerase chain reaction, in the same group of patients, EBA 0–14
(mean of the two measurements) and EBA 0–14 (the higher of the two measurements) were 0.098 log10
cells/ml/day [95% CI 0.021; 0.175] and 0.100 log10 cells/ml/day[95% CI 0.021; 0.180], respectively.

Thus, the analysis of efficacy based on the data obtained in a pilot Phase 2a clinical study revealed
statistically significant early bactericidal activity of PBTZ169 14 days after the start of monotherapy
(EBA0-14) in the group of PBTZ169 with the 640 mg dose. During this clinical study, there were no
cases of death or severe adverse effects related to the PBTZ169. No adverse effects were considered as
definitely related to the drug and, at the study completion, all adverse effects were resolved. There
was no increase in adverse effects frequency with growing dose [22].

During the clinical studies it was confirmed that PBTZ169 after single, double, or multiple doses
was detectable in the blood plasma of all volunteers and patients who had received the drug. However,
it should be noted that pharmacokinetic studies in animals and in healthy volunteers (in Phase 1
clinical studies) demonstrated that PBTZ169, being more soluble in an acidic environment, is absorbed
primarily in the stomach. These data agree with the results of in vitro studies, which were conducted
by Nearmedic Plus LLC, assessing cellular permeability and solubility in biorelevant media, which
mimicked native gastric and intestinal juices. They confirmed that the highest solubility of PBTZ169 is
observed at the pH range of 1 to 2, which coincides with the pH in the lower part of the stomach, and
its solubility gradually decreases with the growing pH. In the media with pH higher than 5, PBTZ169
was virtually insoluble. According to the test of solubility in biorelevant media, the drug level in the
gastric juice was much higher than in the intestinal juice. So, one of the possible methods to increase
bioavailability and exposure of PBTZ169 is to prolong its presence in the stomach.

After a single fasting dose, PBTZ169 absorbed rapidly, and the speed of absorption was independent
of the administered dose (median Tmax was 1.5–2.5 hours for the dose range 40–640 mg (NCT03036163),
and 1.5–1.75 hours for the dose range 640–1280 mg (NCT04150224). Meantime of retention of the drug
in the body was 13.02–19.30 hours and was independent of the administered dose (NCT03036163) [22].

According to the obtained pharmacokinetic data, dose proportionality of Cmax and AUC0-t was
demonstrated for single, as well as for multiple administrations of the investigational drug in the dose
range 40–640 mg (NCT03036163, NCT03334734). After single fasting escalating doses (640, 960, and
1280 mg), Cmax, AUC0-24, AUC0-∞ were less than dose proportional. Thus, it can be concluded that
there is a trend for linear pharmacokinetics for single and multiple doses up to 640 mg.

When pharmacokinetics of different administration regimens for 1280 mg daily dose was studied
(640 mg twice daily or 1280 mg once in fasting conditions), the pharmacokinetic parameters AUC0-∞
and AUC0-t increased 1.5–1.6-fold (NCT04150224). The relation of mean AUC0-∞ and AUC0-t in cohorts
receiving the investigational drug as 640 mg twice a day and 1280 mg once a day, was 153.68% and
160.32%. For Cmax, a slight decrease (1.1-fold) was observed for the 640 mg twice a day (the relation of
means was 90.84%). All observed differences were statistically significant.

According to the results of analysis of relative bioavailability and relative degree of absorption,
the main pharmacokinetic parameters of PBTZ169 substantially and statistically significantly increased
when 640 mg dose was administered in fed conditions: AUC0-∞increased 3.45-fold, AUC0-t (f’) increased
3.50-fold, Cmax increased 2.29-fold. The drug absorbed and cleared from the body significantly more
slowly, when it was administered in fed conditions compared to the fasting conditions (median Tmax
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increased 2-fold, mean T1/2 increased 1.44-fold). These data allow to conclude that it is preferable to
administer PBTZ169 in fed conditions [22].

In October 2018, the international non-proprietary name “macozinone” was given to PBTZ169 by
WHO [28]. In addition to the clinical studies, macozinone is undergoing further in vitro and in vivo
testing focused on improvement of its pharmacological properties by structure-based design [29], or on
the interactions with anti-TB drugs [30]. Importantly, an efficient method for monitoring metabolism
of macozinone in human plasma was recently developed. It enables simultaneous measurement of
concentrations of macozinone and its five active metabolites in the clinical samples, which is important
for comprehensive pharmacokinetic/pharmacodynamic analyses [31].

6. Other DprE1 Inhibitors under Active Clinical Development

Following the discovery of DprE1 as a target of BTZ043, numerous molecules acting on this
enzyme emerged, particularly from the whole-cell based phenotypic screening campaigns (for a recent
review see [32]). As a result, DprE1 was given an unflattering attribute—a promiscuous target [33].
Nevertheless, DprE1 remains to be one of the best understood and the most vulnerable novel targets.
One of the reasons for its high sensitivity against a number of different pharmacophores could be its
periplasmic localization, which makes it easily accessible for the drugs [34]. Consequently, in addition
to macozinone, there are currently three other DprE1 inhibitors progressing down the clinical studies
pipeline. BTZ043, sponsored by the University of Munich; the Hans Knöll Institute, Jena; and the
German Center for Infection Research, successfully completed a single dose escalation Phase 1 study
(NCT03590600) [35] and is currently recruiting for a combined Phase 1 and 2 study, which will evaluate
safety, tolerability, pharmacokinetics and early bactericidal activity of the multiple ascending doses
(NCT04044001) [36]. A non-covalent DprE1 inhibitor, TBA-7371 [37] developed by TB Alliance, Bill and
Melinda Gates Medical Research Institute and Foundation for Neglected Disease Research, completed
a Phase 1 study (NCT03199339) [38]—a partially blind, placebo-controlled study of (i) a combined
single ascending dose with a food effect cohort, (ii) multiple ascending dose group, and (iii) a cohort to
investigate interactions between TBA-7371 with midazolam and bupropion. Currently, recruitment of
adult patients with rifampicin-sensitive pulmonary tuberculosis is taking place for the participation in
a Phase 2 study (NCT04176250) [39] to assess safety, early bactericidal activity, and pharmacokinetics
of escalating doses of TBA-7371. A combined Phase 1 and 2 study of OPC-167832 by Otsuka is in
progress (NCT03678688) [40], aimed at evaluation of the safety, tolerability, pharmacokinetics, and
efficacy of multiple oral doses of the drug in patients with uncomplicated drug-sensitive pulmonary
tuberculosis with a positive smear. In a parallel group, low dose or high dose OPC-167832 will be
combined with delamanid and compared to delamanid only, or standard treatment with isoniazid,
rifampin, pyrazinamide, and ethambutol.

7. Conclusions

The ultimate goal of the TB drug-development efforts is a design of new, more effective regimen,
which could replace the current combination therapy. One of the most promising DprE1 inhibitors
is macozinone. Its safety and tolerability profiles, pharmacokinetics, and efficacy in terms of early
bactericidal activity were evaluated in the course of three clinical trials conducted by Nearmedic Plus
LLC in the Russian Federation, two clinical trials by iM4TB foundation are in progress. High tolerability
and a favorable safety profile of the drug in the studied dose range were demonstrated both in healthy
volunteers and in patients with newly diagnosed pulmonary tuberculosis with bacterial excretion
and preserved sensitivity to isoniazid and rifampicin. The main pharmacokinetics parameters of
macozinone after single and multiple administration in the dosage range up to 1280 mg were studied,
and a statistically significant efficacy of the drug after monotherapy at a dose of 640 mg a day was
established, which allowed the preferred regimen of its intake to be determined.

A thorough study aimed at interactions of macozinone with a spectrum of clinically used and
experimental TB drugs was recently performed [30]. It revealed that macozinone does not have
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synergistic or antagonistic interactions with the tested first-line (rifampin, isoniazid, ethambutol) or
second-line (amikacin, levofloxacin, moxifloxacin, D-cycloserin, ethionamide, para-aminosalicyc acid)
drugs. Among the tested re-purposed or new drugs, clarithromycin, delamanid, lansoprazole sulfide,
linezolid, meropenem or sutezolid did not show synergistic effects, when tested individually with
macozinone by the checkerboard assay. Synergism was observed for macozinone and clofazimine
or bedaquiline, confirming previous findings [20,41]. At the same time, enumeration of colony
forming units after drug exposure revealed the next two potentially synergistic candidates—delamanid
and sutezolid. In the mouse model of TB, the combination of macozinone-delamanid-sutezolid
was more active in the lungs of M. tuberculosis-infected animals compared to the regimen of
rifampin-isoniazid-pyrazinamide, while the bacterial burden in spleen remained comparable. However,
increased toxicity of the combination for HepG2 cells was observed, so further studies are needed
to evaluate the potential of this drug combination [30]. Nevertheless, neither antagonism nor
increased toxicity was found for most combinations, which paves the way for using macozinone in the
development of more efficient TB regimens [30].
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Abstract: New drugs with new mechanisms of action are urgently required to tackle the global
tuberculosis epidemic. Following the FDA-approval of the ATP synthase inhibitor bedaquiline
(Sirturo®), energy metabolism has become the subject of intense focus as a novel pathway to
exploit for tuberculosis drug development. This enthusiasm stems from the fact that oxidative
phosphorylation (OxPhos) and the maintenance of the transmembrane electrochemical gradient are
essential for the viability of replicating and non-replicating Mycobacterium tuberculosis (M. tb), the
etiological agent of human tuberculosis (TB). Therefore, new drugs targeting this pathway have the
potential to shorten TB treatment, which is one of the major goals of TB drug discovery. This review
summarises the latest and key findings regarding the OxPhos pathway in M. tb and provides an
overview of the inhibitors targeting various components. We also discuss the potential of new
regimens containing these inhibitors, the flexibility of this pathway and, consequently, the complexity
in targeting it. Lastly, we discuss opportunities and future directions of this drug target space.

Keywords: Mycobacterium tuberculosis; energy metabolism; electron transport chain; oxidative
phosphorylation; tuberculosis; drug discovery; bedaquiline; Q203

1. Introduction

Tuberculosis (TB) continues to have a significant global burden by remaining one of the top ten
killers worldwide and the leading cause of death due to a single infectious agent [1]. The causative agent,
Mycobacterium tuberculosis (M. tb), has evolved to adapt to a range of environmental stresses encountered
during infection, giving rise to sub-populations of bacteria in heterogenous metabolic states, from
actively replicating, to slow-growing, and dormant, non-replicating bacteria [2]. Conventional anti-TB
drugs primarily target processes required for cell growth and replication, and are less efficacious
against non-replicating bacteria, resulting in lengthy treatments in both drug-susceptible (DS-TB) and
drug-resistant TB (DR-TB) cases [1,3]. In addition, current treatments for DR-TB are associated with
low cure rates and toxicity [4–6]. Therefore, the successful elimination of the disease requires the
development of new anti-TB drugs ideally active against non-replicating bacterial subpopulations and
drug-resistant strains.

A new target space that has garnered increasing interest is energy metabolism, and in particular,
the oxidative phosphorylation (OxPhos) pathway. The first clinical validation of this pathway as a
mycobacterial drug target occurred in 2012, with the FDA approval of bedaquiline (BDQ) for treating
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DR-TB by targeting the mycobacterial F1F0 ATP synthase [7]. This has been followed by the regulatory
approvals of nitroimidazoles delamanid (Deltyba; DEL) and pretomanid (PA-824) [8,9], with the
demonstration of PA-824 killing non-replicating M. tb by inhibition of the respiratory cytochromes
through the release of nitric oxide (NO) [10]. Additionally, Telacebec (Q203), which is currently in
Phase 2 clinical trials, targets the primary terminal oxidase cytochrome bcc-aa3 complex (Cyt-bcc-aa3)
of M. tb [11,12]. Altogether, this highlights the vulnerability of energy metabolism in this pathogen
and the sensitivity of components of the OxPhos pathway to specific chemical inhibition. Despite
the high degree of conservation of this pathway between prokaryotes and eukaryotes, the ability to
specifically target mycobacterial components without affecting the human mitochondrial counterparts
has alleviated safety concerns, opening up a new and attractive target space for drug discovery.

From a biological viewpoint, this pathway is promising as a drug target space for several reasons.
Whereas substrate-level phosphorylation can provide a sufficient amount of energy for replication in
many bacteria, M. tb is dependent on the more energetically-efficient OxPhos to sustain growth [13–15].
This is probably linked to the absence of a NADH-dependent lactate dehydrogenase in mycobacteria,
which would limit efficient fermentation [16,17]. During the OxPhos process, electrons are transferred
from electron donors of central metabolism to oxygen through the electron transport chain (ETC). The
energy released in this transfer is conserved by the proton-pumping components of the ETC, generating
an electrochemical gradient in the form of a proton motive force (PMF). This stored energy is then
mined through the ATP synthase as protons flow back down the gradient to yield ATP. Since a sustained
PMF and ATP replenishment are essential even for the viability of non-replicating M. tb [18–21], it is
believed that inhibition of the OxPhos pathway is an effective strategy to eradicate non-replicating
subpopulations, thereby shortening future treatment durations. Moreover, since drug efflux pumps are
energy-dependent in actively transporting drugs out of the bacterial cell, perturbation of the PMF and
ATP levels may interfere with their function as well [13]. It has been demonstrated that efflux pump
activities play a significant role in drug susceptibility of M. tb [22–27] and, therefore, perturbation of the
OxPhos pathway may indirectly aid in overcoming issues of efflux-pump mediated drug resistance.

In light of these significant interests in targeting energy metabolism in mycobacteria, this review
aims to (1) summarise key findings of the main components comprising the OxPhos pathway of M.
tb, (2) provide an overview of validated inhibitors of this pathway which are either in the discovery
stage, in clinical development, or have been approved, (3) discuss the potential of new regimens
containing these inhibitors, (4) highlight possible concerns in targeting this pathway, and (5) discuss
future opportunities and directions for drug development in this space.

2. Main Components of the OxPhos Pathway in M. tb

The ETC of M. tb comprises nine primary dehydrogenases, which fuel the respiratory chain
as electron donors, and four-terminal oxidoreductases, which catalyse the transfer of electrons to
terminal electron acceptors such as oxygen [14]. The lipoquinone, menaquinone (MK), serves as the
intermediary electron carrier between the primary dehydrogenases and terminal oxidoreductases.
In the following section, we summarise the main components of the pathway against which inhibitors
have been discovered and those which are potentially suitable drug targets. In particular, this includes
the NADH dehydrogenases, succinate dehydrogenase, the MK biosynthesis pathway, the two terminal
oxidases, ATP synthase and the PMF (Figure 1).
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Figure 1. Schematic representation of the Mycobacterium tuberculosis (M. tb) electron transport chain
(ETC) and menaquinone (MK) biosynthesis pathway. Electrons provided by NADH are fuelled to the
ETC by the NADH dehydrogenases (mainly NDH-2 in M. tb), leading to the reduction of menaquinone
(MKH2). MK is the sole carrier of electrons across the ETC and eight main enzymes are involved in its
biosynthesis. The succinate dehydrogenases Sdh1 and Sdh2 also contribute to the reduction of the
menaquinone pool. Electrons from the menaquinone pool are then transferred to one of the terminal
oxidases, the proton-pumping Cyt-bcc-aa3 or the Cyt-bd oxidase, both of which catalyse the reduction
of oxygen to water. Along the respiratory chain, protons are pumped across the membrane, which
generate the proton motive force (PMF) that is then used by the F1F0 ATP synthase to produce ATP.

2.1. NADH Dehydrogenases

M. tb possesses three membrane-bound NADH dehydrogenases that are capable of transferring
electrons to MK with the oxidation of NADH to NAD+. There is a proton-translocating type I
NADH dehydrogenase (NDH-1) and two non-proton-translocating type II NADH dehydrogenases
(NDH-2) [28]. NDH-2 has been chemically validated as a drug target in M. tb [28–30]. Unlike NDH-1,
it is absent in the mammalian genome, which is an advantage to develop specific inhibitors. NDH-1
is encoded by the nuo operon, NuoA-NuoN, (rv3145-rv3158) and the two NDH-2 are identified as
Ndh (encoded by ndh = rv1854c) and NdhA (encoded by ndhA = rv0392c) [17,28]. High-throughput
transposon mutagenesis studies suggested that NDH-1 and NdhA are dispensable for growth, whereas
Ndh is essential in vitro and in vivo [31–33]. However, recent studies have clarified the redundancy
and essentiality of the NADH dehydrogenases. Detailed gene-deletion and gene-silencing studies of
nuo, ndh, and ndhA performed by Vilcheze et al., established that individually, none of the NADH
dehydrogenases are essential in vitro or in vivo [34]. Beites et al. further demonstrated that NDH-2
enzymes are jointly essential for growth in the presence of long-chain fatty acids, but are dispensable
for growth on some carbon sources such as glycerol [35]. Moreover, a strain deficient for NDH-2
activity is only mildly attenuated in mice [35]. Both studies agree that while M. tb requires at least one
non-proton-pumping NDH-2 enzyme for growth, chemically targeting NDH-2 alone will likely be
inefficacious, but is conceivable as part of a rational drug combination.
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2.2. Succinate Dehydrogenase

Succinate dehydrogenase (SDH), also known as complex II of the ETC, couples the oxidation of
succinate to fumarate with the reduction of MK to menaquinol (MKH2) in M. tb [36]. This complex
directly connects the tricarboxylic acid cycle and the OxPhos pathway, thereby playing a critical
role in bacterial carbon metabolism and respiration [37]. Despite its significance, there has been a
general reluctance to develop inhibitors against this complex due to the presence of a mammalian
counterpart and the presence of two isotypes [38]. M. tb possesses two canonical SDH enzymes,
Sdh1 and Sdh2, and an additional reversible fumarate reductase that can catalyse the reaction in
both directions [39]. Independent transposon-site hybridization screens in M. tb suggest that Sdh1
is essential for optimal growth under aerobic conditions [32], whereas Sdh2 seems to play a more
significant role in the growth arrest and dormancy of M. tb during its transition from aerobic to hypoxic
conditions [40]. SDH enzymes also appear to function as an important regulator of respiration in
M. tb. The deletion of sdh1 results in perturbation of respiration, leading to an increased rate of
oxygen consumption which prevented recovery of M. tb from the stationary phase [41]. While the
functional redundancy of these enzymes remains to be fully clarified, it is established that the SDH
enzymes in M. tb are phylogenetically and biochemically distinct from each other, as well as from the
mammalian complex [14,42,43]. On this basis, it would be theoretically possible to selectively inhibit
the mycobacterial SDHs without off-target effects, although functional redundancy and structural
differences between the mycobacterial SDHs would pose a challenge.

2.3. Menaquinone (MK) Biosynthesis

As the sole lipoquinone in mycobacteria, MK has a central and essential role in OxPhos [44,45].
Its biosynthetic pathway is a highly attractive drug target space as it is absent in humans, and has
been demonstrated to be critical for maintaining mycobacterial survival under aerobic and anaerobic
conditions [46]. In M. tb, the biosynthesis of MK mirrors that of Escherichia coli, in which the pathway has
been better characterised [45]. Eight enzymes (MenF, MenD, MenH, MenC, MenE, MenB, MenA and
MenG) are involved in the pathway, with MenF catalysing the first committed step of the conversion
of chorismate [14]. Not all of the genes encoding for the MK synthesis pathway seem to be essential.
Through initial transposon studies and confirmation by high-resolution phenotypic profiling experiments,
most MK biosynthesis enzymes have been reported to be essential via transposon mutagenesis in H37Rv
for M. tb growth, except for MenF, whose deletion resulted in a growth defect in M. tb [31–33].

Small molecules inhibiting MenD, MenE, MenB, MenA and MenG, and have been reported [47–51].
MenD is a thiamine diphosphate-dependent enzyme which catalyses the second step of MK
biosynthesis. It uses 2-oxoglutarate and isochorismate for the synthesis of 2-Succinyl-5-enolpyruvyl-6-
hydroxy-3-cyclohexene-1-carboxylate (SEPHCHC). MenE encodes for an o-succinylbenzoate-CoA
ligase that converts o-succinylbenzoate (OSB) to OSB-CoA, and is the fifth step of MK biosynthesis
in M. tb. It is responsible for the addition of a CoA group via an OSB-AMP intermediate [50]. MenB
encodes for a 1,4-dihydroxy-2-naphthoyl-CoA (DHNA-CoA) synthase that catalyses the formation of
DHNA-CoA from o-succinylbenzoate-CoA and is the sixth step of the MK biosynthesis [52]. MenA
encodes for a DHNA-octaprenyltransferase, which is involved in the seventh step of the MK biosynthesis.
It catalyses the conversion of 1,4-dihydroxy-2-naphthoate (DHNA) to demethylmenaquinone (DMK),
and uses a variety of allylic isoprenyl diphosphates as substrates, requiring at least three isoprene
units [46,49]. Bacterial MenA was reported to be homologous to the eukaryotic UbiA [53]. Additionally
known as UbiE, MenG (rv0558) catalyses the methylation of DMK-9 using S-adenosylmethionine to
form MK [54]. This reaction is the last step of MK biosynthesis in M. tb. That these enzymes of the MK
biosynthesis pathway can be pharmacologically inhibited demonstrate their essentiality and highlight
their potential as drug targets.
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2.4. Terminal Oxidases

MKH2 is reoxidised with the transfer of electrons to branched routes of terminal respiratory
oxidases or reductases. In M. tb, there are two terminal oxidases present which catalyse the four-electron
reduction of oxygen to water, namely the proton-pumping Cyt-bcc-aa3 supercomplex and an alternative
cytochrome bd oxidase (Cyt-bd) [39].

Cytochromes bcc and aa3 (also known as complexes III and IV) are encoded by qcrCAB and ctaB,
ctaC, ctaD, ctaE, respectively, and form a supercomplex of Cyt-bcc-aa3 in mycobacteria [55–57]. As this
complex is proton-pumping, it is energetically more favourable for optimum growth and seems to act
as the primary respiratory route in M. tb under aerobic conditions [15]. Through inducible repression
and genetic deletion, elegant studies revealed that, while the Cyt-bcc-aa3 complex is required for
optimal M. tb growth rates in vitro and in mice, it is not strictly essential for growth nor persistence as
long as the alternate Cyt-bd oxidase is expressed [35].

Following the first purification and initial characterisation of a hybrid respiratory complex
consisting of M. tb cytochrome bcc and Mycobacterium smegmatis (M. smeg) cytochrome aa3 [56], the
crystal structure of the Cyt-bcc-aa3 supercomplex of M. smeg has been recently solved by cryo-EM by
two independent groups to a resolution of 3.3–3.5 Å [57,58]. This has enabled the full visualization of
the supercomplex with its associated subunits, including cytochrome bcc subunits QcrC, QcrA (the
Rieske iron-sulphur protein) and QcrB in a dimeric form with their respective prosthetic groups [57,58].
These studies shed light on the direct internal transfer of electrons from MKH2 to oxygen without
the need for a separate cytochrome c electron shuttle as in other respiratory systems, and identifies
novel subunits that contribute to the stability of the supercomplex, including an enzymatically active
superoxide dismutase (SOD1). The presence of SOD1 in the bcc-aa3 supercomplex suggests the need for
efficient ROS detoxification at a site dealing with a high amount of oxygen. Altogether, the structural
information obtained from these studies is possibly relevant for further rationale-based TB drug
discovery studies for inhibitors of this complex due to the high degree of sequence similarity of the
quinol oxidation (Qp) site between M. tb and M. smeg, the site of inhibition of the TB drug candidate
Q203 and other known QcrB inhibitors discovered thus far.

The bacterial-specific Cyt-bd is less characterised in M. tb [59]. The pathogen harbours genes
encoding the two main subunits, CydA and CydB, and a putative ABC transporter CydDC, which has
been proposed to be important for the assembly of the cytochrome in E. coli [60–63]. Genetic inactivation
of the Cyt-bd-encoding genes in M. tb presented no loss of bacterial fitness and did not significantly
impact ATP homeostasis under standard aerobic growth conditions, nor did it affect growth and
persistence of M. tb in mice [35,64,65]. To date, two structures of the Cyt-bd have been reported in
Geobacillus thermodenitrificans and E. coli [66,67], and these studies have highlighted the structural
diversity within this family of enzymes. Given the low sequence homology of mycobacterial Cyt-bd to
that of G. thermodenitrificans and E. coli [68], further structural studies of these enzymes in mycobacteria
would be necessary to aid in drug development against the M. tb Cyt-bd oxidase. While structural and
biochemical information are currently lacking for the M. tb Cyt-bd, similarities can be drawn with the
E. coli homologue, which exhibits a very high affinity to oxygen and is non-proton-pumping, making it
less efficient energetically compared to proton-pumping oxidases [69–71]. These characteristics would
indicate a role of this terminal oxidase in bacterial survival in environments of low oxygen tension
and protection against oxidative stress, even though it appears to function efficiently under normoxic
conditions as well [65]. The upregulation of the cydAB operon has been reported for M. tb under
hypoxia and in the presence of NO, as well as during the chronic phase of infection in mice [72–74],
and when the function of the Cyt-bcc-aa3 is compromised [32,59–61,75–77].

2.5. ATP Synthase

M. tb possesses a F1F0 ATP synthase consisting of two functional domains, a membrane-embedded
F0 unit and an external F1 domain, which is linked by central and periphery stalks on which F0
rotates [78]. This rotation is powered by a flow of protons down the electrochemical gradient of the PMF,
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and drives a cycle of conformational changes in the catalytic F1 domain, resulting in successive ADP
binding and entrapment, ADP phosphorylation to form ATP and ATP release [79]. Conventionally,
the ATP synthase is also capable of ATPase activity when intracellular ATP levels are high and the
PMF is low, hydrolysing ATP while pumping protons across the cytoplasm to re-energise the PMF [80].
In mycobacteria however, the ATP synthase has been characteristically observed to have suppressed
ATP hydrolysis activity, which has been postulated to be an adaptation to conserving ATP under low
oxygen tensions [39,78,81,82].

In M. tb, the F1F0 ATP synthase is encoded by the atpBEFHAGDC operon and is essential for the
viability of replicating and non-growing M. tb [31–33,83], highlighting its critical role in ATP production
and in maintaining a respiratory electron flow in all metabolic states [84]. Even though intracellular
ATP levels in non-replicating M. tb are significantly reduced compared to replicating bacilli, basal
levels of ATP are still maintained in non-replicating states [19,21]. The essentiality of the ATP synthase
in these conditions is underlined by the fact that its pharmacological inhibition by BDQ, a specific ATP
synthase inhibitor, kills hypoxic, non-replicating M. tb [83].

Interestingly, the mycobacterial ATP synthase is deprived of efficient ATP hydrolysis activity [82].
As a step towards uncovering the molecular basis of the extreme latency of ATP hydrolysis, a crystal
structure of the M. smeg catalytic F1 domain revealed similarities with the Caldalkalibacillus thermarum
F1-ATPase, which also hydrolyses ATP poorly [85]. This is likely due to an arrest in the catalytic rotary
cycle of the F1 component, resulting in the inability to release products of ATP hydrolysis. The ε-subunit
of the F1 module of M. tb, whose structure has been recently solved by nuclear magnetic resonance (NMR),
has been implicated in the regulation of ATP hydrolysis. The removal of its C-terminal resulted in an
increased ATP hydrolysis rate and decreased ATP synthesis [86]. Furthermore, Saw et al., demonstrated
that this site is amenable to chemical inhibition in M. smeg by epigallocatechin gallate, the most abundant
catechin in green tea [87]. Other subunits involved in the regulation of ATP hydrolysis include the γ-
and α- subunits of the F1 module [88,89]. Altogether, these advances in the understanding of the F1F0

ATP synthase aid in identifying new, specific inhibitors that either block de novo ATP synthesis and/or
activate ATP hydrolysis, with the aim of depleting the residual pool of ATP in M. tb.

2.6. Proton Motive Force (PMF)

As in all other bacteria, an energised cell membrane is essential for the viability and growth
of M. tb in all metabolic states [19]. The generation and maintenance of a PMF, consisting of an
electrical potential due to charge separation across the membrane and a chemical potential of protons,
is, therefore, vital and occurs mainly through the proton-pumping components of the ETC [14]. A PMF
of about - 110 mV has been measured both in aerobic, replicating and in hypoxic, non-growing M. tb,
indicating that even in a non-growing state, the bacteria maintain a similarly energized membrane [19].
This PMF is less than the typical PMF range of −180 to −200 mV observed in other bacteria, a difference
which has been postulated to be an adaptation to host physiological environments of low nutrient
levels and/or terminal electron acceptors [39,78,90].

3. Overview of the Inhibitors Targeting the OxPhos Pathway

3.1. NADH Dehydrogenases

NADH dehydrogenases play a major role in maintaining mycobacterial respiratory chain
energization by using MK as an electron carrier. NDH-1 is non-essential for mycobacterial growth
and for persistence [19,34]. Therefore, no drug development is currently in progress for inhibitors of
mycobacterial NDH-1 [39]. NDH-2 is widespread in bacteria and the mitochondria of fungi, plants
and some protists. In some organisms, more than one copy is present [91]. Notably, NDH-2 (Ndh and
NdhA) are absent in mammalian genomes, suggesting a potential leading target for anti-mycobacterial
drug development.
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Several inhibitors have been found to target NDH-2 in mycobacteria, including the phenothiazines,
quinolinyl pyrimidines and 2-mercapto-quinazolinones (Table 1). It is also thought that NDH-2 plays a
role in the reduction of the anti-leprosy drug clofazimine (CFZ), leading to the production of reactive
oxygen species (ROS) and, consequently, its bactericidal activity against M. tb [92]. However, CFZ is
still potent against a M. tb Δndh-2 mutant strain, indicating that CFZ does not require activation by
NDH-2 to exert its anti-mycobacterial potency [35]. Further studies will be needed to understand the
mechanism of action of CFZ against mycobacteria. The CFZ analogue TBI-166 is more potent than CFZ
against M. tb in vitro, and it is at least as potent as CFZ in acute and chronic murine models of TB while
being potentially associated with less skin discoloration [93]. A study by Beites et al. demonstrated
that the inactivation of both NDH-2 (Δndh-2) can be achieved in the absence of fatty acids in the
growth media. Interestingly, rotenone, an inhibitor of NDH-1, has bactericidal activity against Δndh-2,
which suggests that NDH-1 and NDH-2 have a redundant role in M. tb [35].

The phenothiazines, a class of antipsychotic drugs, including thioridazine, chlorpromazine and
trifluoperazine, have been widely studied against M. tb. They have activity in vitro against M. tb
with minimum inhibitory concentration (MIC) of thioridazine, chlorpromazine and trifluoperazine
ranging between 5 to 32 μg/mL [94–98]. However, their limited potency coupled with an unfavourable
toxicological profile preclude clinical use for TB treatment [99]. However, phenothiazines accumulate
in macrophages and are particularly potent against intracellular M. tb [100,101]. Current efforts
aim at developing new phenothiazine derivatives with improved activity against M. tb and reduced
toxicity [102–105].

Another class of NDH-2 inhibitors is the quinolinyl pyrimidines [106]. This class of compounds
was identified during an NDH-2 target-based high-throughput screening of more than 100 000
compounds. The series showed a good inhibitory range against M. tb in vitro, with MIC50 below
1 μg/mL [106]. In contrast to the phenothiazines, the quinolinyl pyrimidines series is not hemolytic.

CBR-1825 and CBR-4032 are two representatives compounds of the thioquinazoline (TQZ) and
tetrahydroindazole scaffolds, respectively, that were identified in a high-throughput screen of over
800 000 compounds in mycobacterial inverted membrane vesicles (IMVs) [29]. The assay was designed
to identify small-molecules interfering with ATP production. CBR-1825 and CBR-4032 had an MIC50

of 0.43 μM and 6.6 μM, respectively, when tested, and no apparent cytotoxicity [29]. Both compounds
are bactericidal against M. tb in vitro and seem to perturb NADH turnover. Sequencing of three
escape mutants resistant to TQZ revealed a non-synonymous mutation in the promoter region of ndhA
(rv0392c), suggesting that these compounds target NDH-2.

A 2-mercapto-quinazolinones cluster of hits (1, 2, and 3) was identified in a screening of a
commercial diversity library [30]. Compound 1 potently inhibiting M. tb growth in vitro in the low
micromolar range without cytotoxicity against HepG2 cells [30]. Bioenergetic analyses conducted in cells
in which the membrane potential was uncoupled from ATP production revealed a decrease in oxygen
consumption rates (OCR) in response to the inhibitor, while IMVs showed mercapto-quinazolinone-
dependent inhibition of ATP production when NADH was the primary electron donor of the respiratory
chain. Enzyme kinetic studies further demonstrated non-competitive inhibition of recombinant M. tb
Ndh protein [30]. Resistance to the compounds in M. tb was conferred by promoter mutations in ndhA.
Interestingly, hypersusceptibility to this class of compounds was observed when ndhA was deleted,
suggesting that NDH-1 and other electron donors cannot compensate for the inhibition of NDH-2 by
2-mercapto-quinazolinones [30]. Chemical optimisation is required to improve the pharmacokinetics
(PK) properties of this interesting series [30].

Quinolinequinones (QQ) exert mycobactericidal activity through NDH-2 inhibition. Interestingly,
QQ prevent the emergence of persistent cells in a time- and dose-dependant manner in Mycobacterium
bovis BCG in vitro [107]. This scaffold is known for its anti-cancer and anti-inflammatory properties,
and can be modified to give rise to derivatives with anti-mycobacterial activity [108–110]. Mulchin
BJ et al. synthesised a range of 6,7-substituted-5,8-quinolinequinones, and their anti-mycobacterial
activities were assessed against M. bovis BCG, in addition to their anti-tumour and anti-inflammatory
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properties [111]. Several compounds containing amine and halogen functionality exhibited
tuberculostatic activity in the range 3–12.5 μg/mL [111]. The derivative QQ8c stimulated NADH
oxidation in M. tb and M. smeg IMVs. Ndh overexpression enhanced the stimulation of NADH
oxidation [107]. This increase in NDH-2 catalytic activity has been associated with the production of
lethal concentrations of ROS. Recently, Santoso et al. synthesised a library of 32 new QQ derivatives,
with one derivative (16b) showing enhanced in vitro activity against M. tb [112]. Activation of
NADH-dependent oxygen consumption in M. smeg IMVs in the presence of 16b suggests that this new
inhibitor has the same anti-mycobacterial mechanism of action than QQ8c [112].

Table 1. Structures of the NADH dehydrogenase inhibitors discussed in this review.

Chemical Class Represented by Structure References

Riminophenazines

Clofazimine [113]

TBI-166 [114]

Phenothiazines

Chlorpromazine
[99]

Thioridazine

Trifluoperazine
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Table 1. Cont.

Chemical Class Represented by Structure References

Quinolinyl
pyrimidines 13a [106]

Thioquinazoline CBR-1825 [29]

Tetrahydroindazole CBR-4032 [29]

2-mercapto-
quinazolinone 1 [30]

Quinolinequinones

QQ8c [107,111]

16b [112]

3.2. Menaquinone (MK) Biosynthesis

The essentiality of this pathway makes it an attractive target for anti-TB drug development.
To date, chemical inhibitors of MenA, MenB, MenG, MenD and MenE have proven efficacious in
inhibiting M. tb growth. Inhibitors of the MK biosynthesis discussed in this review are listed in Table 2.
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Table 2. Menaquinone (MK) biosynthesis inhibitors discussed in this review.

Chemical Class Represented by Structure Ref

MenD inhibitors

methyl succinylphosphonate 2 [115]

succinylphosphonate 1 [115]

MenE inhibitors

vinyl sulphonamide
MeOSB-AVSN 3 [50]

MenA inhibitors

benzophenone O-methyl oxime
derivatives (R)-13 [49]

4-bromophenyl)[2-fluoro-4-
[[6-(methyl-2-propenylamino)
hexyl]oxy]phenyl]-methanone

Ro-48-8071 [46]

aminoalkoxydiphenylmethane CSU-20 [46,116]

bicyclic inhibitors NM-4 [117]

MenG inhibitors

diphenylborinic acid quinoline
esters 4b [118]

biphenyl amide DG70 [51]

3.2.1. MenD

Studies by Fang et al. identified two compounds, methyl succinylphosphonate (2) and
succinylphosphonate (1), that inhibit M. tb MenD at a Ki of 0.7 and 16 μM, respectively [115].
These inhibitors are structural analogues of the substrate 2-oxoglutarate and bind covalently to MenD.
The resolution of the three-dimensional structure of M. tb MenD by NMR will support target-based
drug design [119].
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3.2.2. MenE

Due to the instability of OSB, efforts to create MenE inhibitors were mainly focused on the
inhibition of the assembly of the OSB-AMP intermediate. Lu et al. identified three potential MenE
inhibitors using the OSB as a scaffold [50,120]. In these inhibitors, the AMP moiety was replaced
with a bioisosteres sulphamate, a sulphamide, and a vinyl sulphonamide group [120]. The vinyl
sulphonamide compound was the most potent with IC50 of 5.7 μM against the purified M. tb MenE
enzyme [50].

3.2.3. MenA

Several inhibitors have been identified to target MenA. Aurachin RE is a natural product from
Rhodococcus erythropolis JCM6824, and harbours potent activity against a wide range of Gram-positive
and Gram-negative bacteria, including Corynebacterium glutamicum [121]. Using the aurachin RE
scaffold, Debnath et al. synthesised a series of more than 400 derivatives that were assessed for
their ability to specifically inhibit the M. tb MenA enzyme [49]. Compounds with IC50 lower than
20 μM against M. tb and M. smeg, and without activity against Staphylococcus aureus MenA enzyme,
were identified [49]. The lead compound of this series, (R)-13, had a MIC of 2.3 μg/mL against M. tb.
The compound is also bactericidal against hypoxic, non-replicating mycobacteria, suggesting a high
MK turnover rate during persistence.

Ro 48-8071, a (4-bromophenyl)[2-fluoro-4-[[6-(methyl-2-propenylamino)hexyl]oxy] phenyl]-
methanone developed by Hoffman La Roche Inc is a known inhibitor of oxidosqualene cyclase, which
is involved in cholesterol biosynthesis in mammalians. It is effective against M. tb, M. bovis BCG and
M. smeg [46,53]. The target of Ro 48-8071 was inferred from metabolic labelling experiment in M. bovis
BCG [46]. The synthesis of a neutral, apolar liquid, which was biochemically identified as MK through
the incorporation of radiolabelled isoprenoid precursors and methionine, was inhibited in the presence
of Ro 48-8071 [46]. Moreover, when M. smeg was treated with Ro 48-8071, a reduction of 2.5–3.3-fold
in the concentrations of DMK-9 and MK-9 was observed, suggesting that the compound inhibits the
late steps of MK biosynthesis in mycobacteria. Ro 48-8071 decreased the oxygen consumption in
M. smeg and M. tb, a phenotype that was rescued by MK supplementation. To validate MenA as the
direct target of Ro 48-8071, MenA activity was assessed in membranes prepared from a recombinant
E.coli strain expressing the M. tb MenA [46]. An eight-fold decrease in MenA activity was observed
upon treatment with Ro 48-8071, indicating that MenA is the target of this inhibitor. Structure-activity
relationship (SAR) studies led to the derivative CSU-20 which has improved MIC against M. tb and
was bactericidal against hypoxic, non-replicating mycobacteria [46]. Dhiman et al. showed that Ro
48-8071 has dual activity against MenA by behaving as a non-competitive inhibitor of the substrate
DHNA, but also as a competitive inhibitor of isoprenyl diphosphate [122].

The bicyclic long-chain fatty acids 7-methoxy-2-naphthol-based inhibitors also target
MenA [117,123,124]. Berube et al. tested four compounds of this series (NM-1 to NM-4) for their ability
to inhibit MenA and M. tb growth. The most active compound, NM-4, had an MIC90 of 4.5 μM and was
bactericidal against replicating and non-replicating M. tb [117]. NM-4 was synergistic with BDQ, CFZ
and imidazopyridine ND-10885 in vitro against M. tb, with culture sterilisation observed after 21 days
of incubation. This new lead is non-cytotoxic, specific for Gram-positive bacteria, and amenable to
chemical optimisation, properties that could be exploited to optimise the chemical series [124]. Further
characterisation work on the PK/PD properties and in vivo activity remains to be undertaken.

3.2.4. MenG

Benkovic et al. identified inhibitors of CcrM, an essential DNA methyltransferase in the
α-proteobacteria Caulobacter crescentus, which were later demonstrated to inhibit MenH in B. subtilis-
an orthologue of M. tb MenG [118]. The derivative compound 12a, a diphenylborinic acid quinoline
ester, was the most active MenH inhibitor in Bacillus subtillis. In M. tb, the MICs of the derivatives
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range from 0.31 to 0.64 μg/mL, and to our knowledge, no further SAR and target validation studies
have been performed.

Another chemical class of MenG inhibitors, the biphenyl amides, were also identified in a
whole-cell screen targeting the mycobacterial respiratory pathway. 168 small molecules with anti-TB
activity from GlaxoSmithKline were screened against a M. bovis BCG strain containing a mWasabi
reporter fused to the putative promoter of cydAB, a reporter system used to identify drugs targeting
respiration [51,125]. The compound GSK1733953A, also known as DG70, induced the expression of the
reporter strain compared to untreated control. This bactericidal compound showed specific activity
against drug-susceptible and drug-resistant M. tb. DG70 was bactericidal against nutrient-starved
M. tb, which mimics a sub-population that is particularly difficult to kill [51]. MK-4 supplementation
rescued the bactericidal potency of DG70, implying that the MK biosynthesis pathway is involved in
the mechanism of action of this compound. Resistant mutants selected in M. tb H37Rv with DG70
harboured mutations V20A, F118L, W75A, and S188A in MenG, leading to high-level resistance to
DG70. DG70 was also shown to block de novo biosynthesis of MK, highlighting its role as an inhibitor of
MenG. Interestingly, this compound showed synergism with BDQ, isoniazid (INH) and rifampicin (RIF)
in time-kill assays, suggesting that MenG inhibitors could be part of a potent drug combination [51].

3.3. Inhibitors of the Cyt-bcc-aa3 Complex

A number of chemically-diverse and distinct scaffolds target the M. tb cytochrome bcc oxidase by
binding at the Qp site of the QcrB subunit, otherwise known as the stigmatellin pocket. The Qp site is
one of two quinol catalytic sites on QcrB. The promiscuous nature of this target has been attributed to
its localization in the bacterial membrane, as with other membrane-associated targets [54,68]. In this
section, we provide an overview of chemical classes reported to inhibit the Cyt-bcc-aa3 terminal
oxidase (Table 3).

Table 3. Inhibitors of the Cyt-bcc-aa3 complex and the bd oxidase discussed in this review.

Chemical Class Represented by Structure Ref

Cytochrome bcc inhibitors

Imidazopyridines Q203 (Telacebec) [12]

Imidazo[2,1-b]thiazole-5
-carboxamide ND-11543 [126]

Imidazopyridine ethers 19e [127]

Pyrazolo[1,5-a]pyridine-3-
carboxamide TB47 [128]
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Table 3. Cont.

Chemical Class Represented by Structure Ref

Lansoprazole sulphide (LPZS) [129]

Phenoxyalkylbenzimidazole 54 [130]

Pyrrolo[3,4-c]pyridine(2H)-
dione 5h [131]

2-(quinolin-4-
yloxy)acetamides

5s [132]

12 n [133]

Arylvinylpiperazine amides AX-35 [76]

Morpholino thiophenes 37 [134]

4-Amino-thieno[2,3-
d]pyrimidines CWHM-1023 [135]
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Table 3. Cont.

Chemical Class Represented by Structure Ref

2-Ethylthio-4-
methylaminoquinazolines 11726148 [77]

Cyt-bd inhibitor

Aurachin D [136]

Several promising hits belonging to the chemical class of imidazopyridines (IPs) have been
identified in independent screening programs [12,75,137–139]. Extensive efforts have been undertaken
to optimise and to explore the SAR of this scaffold [126,140–143]. To date, the most advanced QcrB
inhibitor is Q203, an IP derivative in Phase 2 clinical trials. The drug candidate was initially discovered
in a phenotypic high-content screen in M. tb-infected macrophages and further optimised to achieve an
MIC50 of 2.7 nM against M. tb H37Rv in vitro. Its activity is comparable to that of BDQ and INH in a
mouse model of chronic TB infection [12]. In addition to its potency, the positive results from the Phase
1 and Phase 2a early bactericidal activity clinical trial indicate its safety and tolerability in TB patients,
emphasizing the specificity of bacterial inhibition without affecting the human counterpart [144].
Resistant mutants generated to Q203 revealed amino acid mutations T313A or T313I in QcrB [12]. This
interaction between Q203 and QcrB has recently been biochemically demonstrated by in-cell NMR
using whole M. smeg cells expressing the M. tb QcrCAB complex and a Q203 derivative, indicating
target engagement at the Qp site of QcrB [145]. While bacteriostatic on its own in M. tb, Q203 becomes
highly bactericidal when the alternate Cyt-bd oxidase is absent, as demonstrated in M. tb-infected
macrophages and in a mouse model of acute TB infection [65,146]. Q203 is also highly bactericidal and
potent against Mycobacterium ulcerans, reducing bacterial load in a mouse footpad infection model of
Buruli ulcer by 99.99% at a dose of 0.5 mg/kg administered three times per week for four weeks [147].
This highlights additional opportunities for repurposing QcrB inhibitors against other organisms that
do not harbour functional alternative terminal oxidases, such as M. ulcerans and Mycobacterium leprae.

Extended SAR studies of IPs imidazopyridine carboxamides led to the novel scaffold
imidazothiazole carboxamides (ITA), of which analogues have nanomolar potency (MIC < 10 nM)
against replicating and drug-resistant M. tb [143]. Derivatives of this class also demonstrate intracellular
activity in macrophages and in vivo [143]. Additionally, cross-resistance studies with strains harbouring
QcrB mutations and dose-response studies in a M. tb strain without Cyt-bd oxidase indicate that these
compounds target QcrB [143]. This series is promising for its tolerability and good oral bioavailability
in mice [126].

Imidazopyridine ethers (IPEs) were identified from a biochemical screen of AstraZeneca’s corporate
compound collection aimed at identifying inhibitors of ATP homeostasis [127]. The extent of ATP
synthesis inhibition, as measured in IMV of M. smeg, correlated well with anti-tubercular potency in
M. tb, with a MIC of 0.03 μM for some optimised derivatives [127]. While generating resistant mutants
to the series was unsuccessful, target site deconvolution through a series of biochemical tests and
cell-based assays indicated that these chemical entities target the Cyt-bcc-aa3 complex. These series
have been deprioritised by the group due to their poor solubility and poor PK profile [127].

Structurally similar to the IPs, the pyrazolopyridine carboxamide series were designed as novel
anti-tubercular agents through a scaffold hopping strategy [148,149]. The lead compound, TB-47,
is currently in early-stage development. It has activity against replicating M. tb in vitro with MICs
of 0.016 to 0.5 μg/mL when tested against a panel of M. tb drug-susceptible and drug-resistant
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clinical isolates, and a high-selective index. Furthermore, TB-47 is well-tolerated and has good oral
bioavailability in rats. While it did not display bactericidal activity alone in mouse models of acute and
chronic TB infection, TB-47 potentiated the activity of pyrazinamide (PZA) and RIF during an acute TB
infection in mice [128]. The authors speculated that alteration of the NADH/NAD+ ratio triggered
by QcrB inhibition sensitized the bacteria to the front-line drugs. While this hypothesis is interesting,
it remains to be further explored since no positive interactions between RIF and the QcrB inhibitor
Q203 in vitro have been observed [150]. Resistant mutants to TB-47 were generated in a M. smeg strain
with a deletion of Cyt-bd oxidase, and whole-genome sequencing of the isolates revealed mutation
H190Y in QcrB of M. smeg [128]. This residue, equivalent to H195 in M. tb, is located in the cd2 loop of
QcrB, which is thought to interact with the Qp site [128].

A host cell-based screen of FDA-approved drugs of the Prestwick chemical library for compounds
that protect lung fibroblasts from M. tb-induced cytotoxicity identified the gastric proton-pump
inhibitor, lansoprazole (LPZ, Prevacid), as a potent hit compound [129]. LPZ is a prodrug that requires
the host cell environment for conversion into lansoprazole sulphide (LPZS). Oral administration of
LPZS significantly reduced bacterial burden during an acute TB infection in mice, and the compound
lacks cytotoxicity, being well-tolerated in mice at a dose of 300 mg/kg. Whole-genome sequencing of
resistant mutants generated to LPZS revealed mutation L176P in QcrB, and cross-resistance studies
with imidazopyridine amide compounds and the T313A mutant strain indicated a distinct binding
mode [129]. A follow-up study demonstrated that when LPZ is administered orally or intraperitoneally
(i.p.) to rats, conversion to the active metabolite LPZS is undetectable in plasma and lung tissue,
whereas LPZS was highly stable after i.p. administration [151]. In spite of this, LPZ intake has been
found to significantly protect against TB incidence in individuals based on a cohort study conducted
using the United Kingdom Clinical Practice Research Datalink [152].

The phenoxyalkylbenzimidazole (PAB) series, with an excellent growth-inhibitory potency and
low cytotoxicity, is another promising QcrB inhibitor [130,153]. The lead compound, 54, demonstrated
good efficacy against intracellular M. tb. Resistant mutants to PAB isolated in M. tb revealed mutations
in qcrB and rv1339, a gene of unknown function. Through additional cross-resistance studies, QcrB was
implicated as the main target [130]. The mutations identified in QcrB were A179P, M342T, W312C, and
W312G, residues of the Qp binding site. Interestingly, while PAB compounds are bacteriostatic against
actively growing M. tb, as with other QcrB inhibitors such as Q203 and LPZS, they are bactericidal
against M. tb grown under conditions of nutrient starvation, in contrast to the lack of activity of
other QcrB inhibitors in non-replicating models [129]. This discrepancy may be due to a potential
involvement of a secondary target of PAB, for instance, rv1339, the second gene in which mutations
were identified from resistant mutants.

The screening of a library of small polar molecules in a distinctive chemical space conducted
at the Novartis Institute for Tropical Diseases led to the identification of hit compound
pyrrolo[3,4-c]pyridine-1,3(2H)-dione, which was further optimised to increase its stability by replacing
the ester moiety with a methyl oxadiazole bioisostere [131]. Lead compound 5h has an MIC90 below
0.156 μM in replicating M. tb, and is non-cytotoxic. The high clearance and poor plasma exposure of 5h
in mouse PK studies could be improved by co-dosing with a pan-CYP inhibitor, such that a compound
concentration above that of the MIC could be achieved in the blood for 6 h at a dose of 20 mg/kg. While
attempts at isolating resistant mutants to this novel chemical class were unsuccessful, M. tb with a
Cyt-bd oxidase deletion was hypersusceptible to the analogues. Moreover, the presence of mutation
A317T in QcrB in this strain rendered M. tb resistant to the compounds, thus implicating QcrB in the
mechanism of action of this class. Further studies on the pyrrolo[3,4-c]pyridine-1,3(2H)-diones will be
aimed at improving their plasma concentration in vivo.

In 2013, GlaxoSmithKline published the results of a large phenotypic screening campaign against
M. bovis BCG and M. tb, in which 177 hits belonging to several structurally distinct groups were
identified [125]. To date, these chemical starting points have led to the discovery of two new classes of
QcrB inhibitors, the 2-quinolin-4-yloxyacetamides (QOA) and the arylvinylpiperazine amides. Several
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SAR studies of the QOAs have been reported and are in agreement regarding the potency of this
chemical entity against M. tb, the lack of toxicity in a zebrafish model and the narrow-spectrum activity
specific for M. tb [132,154,155]. Independent work through cross-resistance studies and isolation of
resistance mutants harbouring the mutation T313A in QcrB confirmed cytochrome bcc as the target of
QOAs [155,156]. The solubility and stability of this series, as well as their in vivo potency, remain to
be addressed [133,154]. The arylvinylpiperazine amides were generated through lead optimisation
and SAR studies conducted with GW861072X from the GSK screen, which was an attractive starting
point for its structural simplicity and potent activity against M. bovis and M. tb [76]. The most potent
analogues have improved MICs compared to the parent scaffold, displaying low cytotoxicity and
activity against intracellular M. tb. The lead compound, AX-35 and two other analogues, AX-37 and
AX-39, were also active in an acute TB infection model in mice. While isolation of M. tb-resistant
mutants on agar proved unsuccessful, continual and increasing exposure of M. tb to AX-35 over
several passages in liquid culture resulted in the selection of resistant clones harbouring the mutations
S182P, M342V and M342I in QcrB. Cross-resistance studies provided insight on residues which were
important for the binding of the compound to QcrB, indicating a slightly different interaction with the
quinol binding pocket than Q203 and LPZS. Improving the metabolic stability of this series would
likely improve the in vivo activity in mice, although these compounds appear to be more stable in
human microsomes.

The morpholino-thiophenes were identified from the Lilly corporate library that was screened
in an aerobic whole-cell phenotypic setting against M. tb. The series was extensively profiled and
optimised, with the lead of this series having an MIC90 of 0.24 μM against M. tb, a high-selective index
and improved microsomal stability [134]. In an acute model of TB infection, the lead compound reduced
the bacterial burden by 0.8 log CFUs in mouse lungs. Cross-resistance studies of the compounds to
M. tb strains harbouring QcrB T313I and M342T mutations indicated that the compounds interact with
the quinol binding site of QcrB.

4-amino-thieno[2,3-d] pyrimidines were found to inhibit the growth of M. smeg in a screen of
small-molecule nucleotide mimetics from ChemBridge Corporation. The most potent compound
of the series, CWHM-1023, had an IC50 of 0.083 μM against M. tb [135]. Resistant mutants raised
to CWHM-1023 in M. tb had mutations A178T, A178V, V338G, G175S or G315S in QcrB, and this
target was further confirmed by the increased susceptibility of a M. tb strain lacking Cyt-bd oxidase to
the compounds.

The most recent class of Cyt-bcc-aa3 inhibitors identified are the quinazoline derivatives,
2-ethylthio-4-methylaminoquinazolines [77]. The most potent derivatives have activity against in vitro
and intracellular M. tb in the micromolar range, and have low cytotoxicity in human hepatocytes.
The lead compound 11726148 has a low clearance in human microsomes and was active in an acute TB
infection model. Whole-genome sequencing of M. tb resistant mutants to the quinazoline derivatives
revealed mutations Trp312Gly and Gly175Ser in QcrB. Interestingly, one escape mutant has a SNP
in qcrA leading to the substitution of Leu356Val in QcrA, the Rieske iron-sulphur protein of the
Cyt-bcc-aa3. Mapping of the mutated residues on a model of the M. smeg Cyt-bcc-aa3 complex [58]
indicated that all of the mutated residues, including Leu356Val in QcrA, map to the Qp site of QcrB.
This is in line with the Q-cycle model, in which quinol oxidation occurs at the interface of cytochrome
b and the 2Fe-2S cluster domain of the Rieske protein, which make up the catalytic Qp site [57,157].
Cross-resistance studies confirmed the target of QcrB, and also reveal the role of Leu356Val in QcrA
in its interaction with other QcrB inhibitors, namely Q203, AX-35, and LPZS. With the implication
of QcrA in the pharmacological inhibition of Cyt-bcc-aa3, novel inhibitors can be generated which
target both QcrB and QcrA subunits using structure-assisted drug-design to decrease the likelihood
of resistance to QcrB inhibitors. Within this novel class, lead compound 11726148 appears the most
amenable for further optimisation, as its phenyl moiety can be changed on different heterocycles to
improve pharmacological properties.
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The Qp site of the Cyt-bcc-aa3 complex is particularly susceptible to chemical inhibition, as evident
from the multitude of structurally diverse and distinct compounds detailed above. It has been
consistently observed across several of the studies that characteristic consequences of cytochrome bcc
inhibition include a general depletion of intracellular bacterial ATP levels, an upregulation of Cyt-bd
oxidase, and an increase in OCR and bacterial respiration due to Cyt-bd [12,76,77,128–130,134,135,155,
158]. This compensation by the alternate terminal oxidase leads to an incomplete respiratory shutdown
in M. tb, resulting in the bacteriostatic nature of cytochrome bcc inhibitors alone. However, with the
deletion of Cyt-bd, mycobacterial respiration is effectively blocked, and cytochrome bcc inhibitors
become bactericidal [65,76,77]. Taken altogether, these concerted efforts have generated a potential
pool of backup cytochrome bcc inhibitors as Q203 continues in clinical trials. Additionally, these
findings have highlighted the extreme vulnerability of M. tb without both of its terminal oxidases, and
the immense potential of both respiratory branches as drug targets.

3.4. Inhibitors of Cyt-bd Oxidase

Aurachin D is a quinone analogue of the aurachin class that inhibits Cyt-bd oxidase of E. coli [136]
(Table 3). When tested against membrane vesicles of M. smeg, aurachin D demonstrated dose-dependent
inhibition of oxygen consumption of up to 50% [159]. Oxygen consumption was further inhibited by
90% in membrane vesicles without QcrCAB, indicating the likelihood of aurachin D targeting Cyt-bd
in mycobacteria as well. On its own, aurachin D did not display activity against replicating M. smeg
nor M. tb [159,160]. In spite of the lack of observable activity alone, aurachin D in combination with
Q203 resulted in a ~10-fold decrease of the MIC of Q203 against M. tb, as well as enhanced bactericidal
killing of M. tb by >2 log10 CFUs, demonstrating that aurachin D does indeed potentiate the activity of
Q203 [160]. However, it remains to be demonstrated that aurachin D is a specific Cyt-bd inhibitor in
mycobacteria as given its structural relation with MK, it may interfere with other respiratory complexes.
This is particularly important since it was recently demonstrated that small-molecules are able to
enhance the bactericidal potency of QcrB inhibitors without targeting the Cyt-bd [161].

It was shown that genetically inactivating both terminal oxidases completely abolished the in vitro
growth of M. tb [35]. This also dramatically impacted bacterial fitness in vivo in mice, with a strain
having a knockdown of Cyt-bcc-aa3 and a knockout of Cyt-bd being unable to establish an initial
infection [35]. Even if an initial infection could be first achieved by regulating the expression of one of the
terminal oxidases, the absence of both terminal oxidases led to severe persistence defects, with a decrease
of five orders of magnitude in bacterial load in 35 days [35]. These findings are consistent with previous
reports, whereby the joint inactivation, either pharmacologically or genetically, of both cytochrome bcc
and bd oxidases resulted in bactericidal effects on M. tb in vitro and in vivo [65,76,77,160]. Exploiting
the synthetic lethal interaction between these two terminal oxidases is an extremely attractive approach
to eradicate M. tb. Inhibitors of this alternate terminal oxidase may have been missed in previous
screens, which may be due to the fact that many screens have been performed under conditions in
which the Cyt-bd is non-essential. In light of this, screening under stressed conditions may lead to the
identification of Cyt-bd inhibitors amenable to chemical optimisation.

3.5. Inhibitors of the F1F0 ATP Synthase

The F1F0 ATP synthase is a clinically-validated drug target in M. tb, since the approval of BDQ
by the US FDA for the treatment of multi-drug resistant TB. The mechanism of action of BDQ has
been extensively studied in mycobacteria [20,83,162–164]. Briefly, BDQ binds to the c-subunit and
the ε-subunit of the ATP synthase by mimicking key residues in the proton transfer chain and
blocking the rotary movement of the c-subunit during the catalysis of ATP [165,166], disrupting a
fundamental process for bacterial survival in both actively growing and non-growing states [20,162].
The inhibition of the ATP synthase leads to ATP depletion and also dissipation of the membrane
potential, as BDQ was shown to have uncoupling properties mediated by the H+/K+ antiporter [167].
Unfortunately, drug resistance to BDQ has already emerged in MDR-TB patients, with several
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mechanisms of resistance having been reported [27,168–170]. Predominantly, mutations in atpE, the
transcriptional repressor of the MmpL5-MmpS5, and the coding region of this efflux pump have been
identified in humans [170–173]. In light of the emergence of resistance and the cardiotoxicity (QT
prolongation) associated with BDQ treatment [174], efforts are currently ongoing to develop optimised
diarylquinoline analogues (Table 4). The development of BDQ analogues 3,5-dialkoxypyridines is
particularly interesting [175–180]. The preclinical candidate of this series, TBAJ-876, is less cardiotoxic
than BDQ and 10 times more potent [180]. Through the isolation of resistant mutants and NMR studies,
TBAJ-876 was shown to target the c- and ε-subunits of the ATP synthase at the same binding site as BDQ,
indicating that this new analogue retains the mechanism of action of BDQ [180]. Kumar et al. screened
a set of 700 compounds from the CSIR-IIIM repository for inhibition of mycobacterial ATP synthase
activity using IMVs of M. smeg, leading to the identification of two compounds, the thiazolidine 5228485
and the cyclohexanediones 5220632. Both compounds inhibited ATP synthesis in IMVs and had MICs
in the low micromolar range [181]. These bactericidal compounds were active against drug-resistant
M. tb strains and non-replicating M. tb without apparent cytotoxicity [181]. Mutants selected against
each compound were cross-resistant to BDQ, although resistance studies additionally suggest that
these compounds may inhibit a secondary target besides the ATP synthase [181]. Further SAR and
mechanistic studies are needed to fully understand the mechanism of action and for the development
of these two new classes of ATP synthase inhibitors.

Table 4. Inhibitors of the ATP synthase discussed in this review.

Chemical Class Represented by Structure Ref

Diarylquinoline
BDQ [83]

TBAJ-587 [175–177]

TBAJ-876 [175–177]

Thiazolidines 5228485 [181]
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Table 4. Cont.

Chemical Class Represented by Structure Ref

Cyclohexanediones 5220632 [181]

Squaramides 31f [127]

Squaramides were identified in the same screen as imidazo[1,2-a]pyridine ethers (IPE) (see
section inhibitors of the Cyt-bcc-aa3) [127], with both compounds identified as inhibitors of ATP
synthesis. Isolation of mutants resistant to squaramides revealed the presence of mutations in the α-
and c- subunits of the ATP synthase. Interestingly, these mutants showed no cross-resistance to BDQ,
suggesting a different mode of interaction with the ATP synthase than BDQ. Docking analysis of the
most potent squaramide derivative, 31f (MIC M. tb 0.8 μM), showed that squaramides bind at the
interface of the α and c -subunits of the ATP synthase. Compound 31f shows good accumulation in the
serum in mice at a concentration above the MIC for over 15 h when administered with 100 mg/kg ABT,
and was bacteriostatic in an acute model of TB. Further optimisation of the PK properties and in vivo
safety is needed to advance this compound as a potential pre-clinical candidate for TB.

3.6. PMF

A wide range of compounds currently exists that target the PMF in bacteria, including rotenone
which inhibits major proton pumps and protonophores (e.g., carbonyl cyanide m-chlorophenyl
hydrazone, also known as CCCP), which translocate protons across the cell membranes [14] (Table 5).
More specifically to mycobacteria, pyrazinoic acid, the active form of the first-line TB drug PZA, was
demonstrated to decrease PMF and ATP levels in M. bovis BCG [182]. Several other compounds active
against M. tb including SQ109, BDQ and CFZ were also found to be multi-targeting by behaving as
uncouplers in addition to targeting enzymes [183]. While such an intrinsic and critical characteristic of
the ETC is highly attractive therapeutically, such an approach would necessitate identifying compounds
that are specific to the perturbation of mycobacterial PMF.

Recently, 2-aminoimidazoles (2-AI), a class of molecules with anti-biofilm activity, was shown to
revert drug tolerance in an in vitro M. tb biofilm model [184]. This class of compounds potentiate the
activity of β-lactams by altering protein secretion and lipid export, suggesting that 2-AI may perturb
membrane energization [185]. Derivative 2B8 rapidly depolarized the membrane potential of live
M. smeg, and collapsed the ΔpH generated by M. smeg IMVs energized with NADH, similar to CCCP
and other mycobacterial uncouplers. In addition, a decrease in the OCR and intracellular ATP levels
were observed in M. tb upon exposure to 2B8. Taken together, the perturbations of 2B8 on the PMF,
OCR and ATP synthesis validates its uncoupling activity in mycobacteria [184].
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Table 5. Inhibitors of the mycobacterial proton motive force (PMF) discuss in this review.

Chemical Class Represented by Structure Ref

Ethylenediamine SQ109 [186,187]

Pyrazinamide [188]

2-Aminoimidazoles 2B8 [184]

3.7. Respiratory Poisoning

NO is a key component of the innate immune response against intracellular pathogens like
M. tb [189]. Two drugs, PA-824 and DEL (OPC-67683), were shown to release NO when activated
by the deazaflavin-dependant nitroreductase Ddn (rv3547) of M. tb [10,190]. PA-824 and DEL are
bicyclic nitroimidazoles that are approved for the treatment of DR-TB as part of a drug combination.
Both drugs kill replicating and non-replicating M. tb. Under aerobic conditions, PA-824 and DEL
inhibit mycolic acid synthesis [191,192], whereas, under anaerobic conditions, Singh et al. identified
that the release of NO correlated with the formation of des-nitroimidazole metabolites, leading to
the antimicrobial activity of PA-824 [10]. Transcriptomic analysis of M. tb treated with DEL and
PA-824 revealed that respiratory poisoning by NO is fundamental for the activity of the drug in
mycobacteria [193]. The transcriptomic profile of bacteria exposed to DEL and PA-824 is similar to
potassium cyanide, a cytochrome c oxidase-specific inhibitor, which suggests that NO poisoning in M.
tb may lead to the inhibition of the terminal oxidases [190].

4. Combinations Including ETC Inhibitors

TB treatment relies on the combination of several antibacterial agents. New regimens for TB
need to be (1) effective against DS- and DR-TB, (2) contain drugs with new mechanisms of action,
(3) are suitable for oral administration, and (4) do not interfere with drugs used to treat chronic
conditions or chronic infections [194]. An effective regimen should combine drugs that preserve or
even potentiate their activity (additivity or synergism) when given as a regimen. Due to their ability to
perturb the energy metabolism of replicating and non-replicating M. tb, including drugs that target
the ETC may shorten treatments against DS- and DR-TB. The recent approval of the BPaL regimen
(BDQ-PA824-Linezolid; Nix-TB trial) for DR-TB highlights that inhibiting components of the ETC is
key in developing new regimens against M. tb, even though the relative contribution of each drug to
the sterilizing potency of the BPaL regimen remains to be further investigated in humans.

Several inhibitors in lead optimisation were tested in combination with other anti-TB drugs.
PAB, a Cyt-bcc oxidase inhibitor, resulted in the synergistic killing of M. tb under both replicating
and non-replicating conditions when combined with CFZ [195]. PABs in combination with BDQ
demonstrated antagonism at early time points, particularly under non-replicating conditions. However,
this antagonistic effect disappeared within three weeks, with PAB-BDQ combinations becoming
highly bactericidal [195]. The specificity of the PAB series needs to be further studied since it kills
nutrient-starved M. tb while remaining bacteriostatic against replicating mycobacteria, a property
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not shared with other specific Cyt-bcc inhibitors [130,153]. A MenA inhibitor, NM-4, was synergistic
even at low doses together with sub-bactericidal concentrations of BDQ, CFZ, and the QcrB inhibitor
ND-10885 [196], causing enhanced and efficient killing of M. tb in a time-kill curve assay [117]. These
preliminary results underline the need to assess the efficacy of candidates in combination for TB
therapy in an early stage of development.

Several ETC inhibitors are currently in ongoing pre-clinical and clinical trials to assess their efficacy
against TB as part of new regimens [11]. These include BDQ, TBAJ-587 and TBAJ-876 (ATP synthase
inhibitors), the first-line anti-TB drug PZA and SQ109 (inhibitors of the PMF), CFZ and its analogue
TBI-166, and Q203 (inhibitor of Cyt-bcc-aa3 oxidase) [11]. SQ109 was reported to enhance the activity
of anti-tuberculosis drugs INH, RIF and BDQ, and to shorten the time required to cure M. tb-infected
mice [197]. Additionally, several inhibitors of the ETC compounds have a multi-target activity against
the bacilli. The uncoupling effects of SQ109, PZA, BDQ, and CFZ suggest that these inhibitors may
have a critical role due to their multi-targeting activity and should be taken into consideration for the
further development of regimens against M. tb, particularly against DR-TB [183]. Assessing the in vitro
or in vivo combinatory effects with repurposed or approved drugs for the treatment of TB has been
another fruitful avenue to find new potential regimens comprising drug candidates that target the ETC.
An example is TBI-166, an analogue of clofazimine with excellent potency alone or in combination
with BDQ, PZA and linezolid in vitro and in vivo [198].

Q203 and BDQ were the first-in-class, orally-available representatives of the Cyt-bcc-aa3 and ATP
synthase inhibitors, respectively. Q203 is currently in Phase 2b clinical trials and demonstrated potency
in a 14-day, proof-of-concept design study of early bactericidal activity. It was safe and well-tolerated
throughout the different dose strengths (100, 200 and 300 mg). Preliminary studies in vivo using a
mouse footpad infection model of Buruli ulcer (M. ulcerans) showed that the addition of Q203 to the
two-drug regimen of RIF and CFZ, or the three-drug regimen rifamycin, CFZ, and BDQ can decrease
the treatment duration from four to two weeks, without any relapse after 12 weeks from the completion
of treatment [199]. A similar approach could be developed to find an effective Q203-based regimen
against M. tb with the addition of a chemical inhibitor of the Cyt-bd. Nonetheless, the plasticity and
the possible re-routing of the mycobacterial ETC through chemical inhibition can be used against
mycobacteria to conceive an effective regimen. Bioenergetics and ex vivo efficacy studies revealed that
a combination of BDQ, CFZ and Q203 killed M. tb synergistically, with BDQ and Q203 potentiating
CFZ’s ROS production [158]. These results suggest that the potentiation of Q203 can be achieved
without a Cyt-bd oxidase inhibitor as well.

With the number of BDQ-containing regimens undergoing clinical trials, BDQ seems a drug of
choice for further development of TB therapy. Several Phase 1 and 2 clinical trials which include BDQ
are currently in progress [194]. However, the emergence of resistance and its high cardiotoxicity may
jeopardize the potency of this antitubercular drug. The development of new ATP synthase inhibitors
that harbour less cardiotoxicity and are potentially less prone to the development of resistance, such as
TBAJ-876 and TBAJ-587, will most likely lead to the development of new regimens including these
second generation of diaryquinolines [179,180].

5. Conclusions and Perspectives

This review has highlighted the current efforts made to find new inhibitors against components of
the ETC. To date, tackling the mycobacterial OxPhos pathway has been a prolific avenue in finding new
inhibitors against M. tb, as well as other mycobacteria such as M. ulcerans. Deciphering the role of each
new scaffold targeting ETC components will enable a further understanding of this pivotal pathway in
M. tb survival and metabolism. Several components are still poorly exploited as potential targets for
chemical inhibition, either due to their homology to eukaryotic components or their regulation as a
specific bacterial response to the environment/stress (e.g., Cyt-bd). Redundancy of several components
of the ETC further complicates the establishment of a background regimen comprising of ETC inhibitors.
A deeper understanding of the intricately-linked energy metabolism processes would be required to
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target the various metabolic pathways which M. tb can reroute to, such that a successful regimen can
be developed. Most screens to identify inhibitors of the OxPhos have been conducted using whole-cell
assays, target-based assays or phenotypic screening using ATP as a readout. However, these screening
methods may not be suitable for the identification of inhibitors of some components such as the Cyt-bd,
which are conditionally essential under specific conditions. Therefore, a better understanding of the
modulation of the ETC under the host physiological conditions encountered by M. tb would be of
great interest for further development of energy metabolism inhibitors. Lastly, ETC inhibitors have
the potential to revolutionise future TB treatments by contributing to efficacious regimens which are
simpler and shorter, as evident from BDQ’s role in the novel, three-drug, all-oral BPaL regimen.
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Dick, T.; Grüber, G. The NMR solution structure of Mycobacterium tuberculosis F- ATP synthase subunit ε
provides new insight into energy coupling inside the rotary engine. FEBS J. 2018, 285, 1111–1128. [CrossRef]

152



Appl. Sci. 2020, 10, 2339
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Abstract: A novel oxazolidinone with cyclic amidrazone, delpazolid (LCB01-0371), was synthesized
by LegoChem BioSciences, Inc. (Daejeon, Korea). Delpazolid can improve the minimum bactericidal
concentration of Mycobacterium tuberculosis H37Rv and significantly reduce resistance rates, especially
of multi-drug-resistant tuberculosis (MDR-TB) isolates, compared with linezolid. Therefore,
delpazolid can be used to treat MDR-TB. The safety, tolerability, and pharmacokinetics of delpazolid
have been evaluated in a phase 1 clinical trial, which revealed that it does not cause adverse events
such as myelosuppression even after three weeks of repeated dosing. Interim efficacy and safety
results, particularly those from a clinical phase 2a early bactericidal activity trial including patients
with drug-susceptible tuberculosis, were reported and the findings will be further analyzed to guide
phase 2a studies.

Keywords: Mycobacterium tuberculosis; delpazolid; drug discovery; multi-drug resistance

1. Linezolid, the First Oxazolidinone Antibacterial Agent

Oxazolidinone is a heterocyclic organic compound containing both nitrogen and oxygen in
a 5-membered ring and is mainly used as an antimicrobial agent. This class of antimicrobials
is active against a large spectrum of Gram-positive bacteria, including methicillin-resistant
Staphylococcus aureus (MRSA), vancomycin-resistant enterococci (VRE), vancomycin-intermediate
strains, and penicillin-resistant pneumococci, and acts via inhibiting protein synthesis [1,2].

Linezolid is the first oxazolidinone antimicrobial to be developed; it exhibits a high degree of
in vitro activity against various Gram-positive pathogens [3]. Linezolid exhibits bactericidal activity
against Mycobacterium tuberculosis and has been used to treat rifampicin-resistant tuberculosis (RR-TB)
or multi-drug-resistant tuberculosis (MDR-TB) [4]. Although the integration of linezolid into RR-TB or
MDR-TB treatment can improve outcomes, prolonged administration is often limited by long-term side
effects, including reversible myelosuppression, potentially irreversible optic neuropathy, and peripheral
neuropathy [5]. Therefore, safety and tolerability are critical issues to consider when prescribing
these antibiotics [6]. Less toxic alternatives are under development for diseases that require long-term
therapy such as tuberculosis.

2. Development of Delpazolid (LCB01-0371)

LegoChem Biosciences (Daejeon, Korea) is a company that develops effective and safe drugs using
legochemistry technology, which enables the manipulation of substances by attaching and detaching
compounds around scaffold-like Lego blocks. LegoChem Biosciences searches for novel candidate
substances based on the concept that a good scaffold with novel blocks, based on medicinal chemistry,
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can accelerate the process of improving previous scaffolds with weak activity or have side effects.
Delpazolid (code No: LCB01-0371), a derivative of oxazolidinone, is the first candidate antibiotic
substance identified by LegoChem Biosciences.

Delpazolid is an antibiotic that targets Gram-positive bacteria (MRSA, VRE) including
M. tuberculosis. It is currently undergoing a phase 2 clinical trial for oral (PO) administration and a
phase 1 trial for intravenous (IV) administration to treat Gram-positive (MRSA, VRE) bacteraemia.
Cyclic amidrazone blocks were applied to the key scaffold of delpazolid (Figure 1). In general, after a
drug is absorbed, it must be dissolved well to ensure proper secretion. Most small molecules with
suboptimal pharmacokinetic (PK) profiles tend to have low solubility. In general, small-molecule
ligands that bind their targets with high efficiency are more hydrophobic, and hydrophobic interactions
are essential for increased ligand efficiency [7]. Hydrophobicity not only increases target binding
efficacy, but also decreases the solubility of a small molecule. The cyclic amidrazone (Figure 1) on the
side chain of delpazolid maintains its hydrophobicity to some extent and has a slightly basic pH similar
to that of carboxylate. Therefore, it can be charged by obtaining a proton from carboxylic acid under
human physiological conditions, which enhances the solubility and PK profile. Therefore, the drug
is accumulated slowly and excreted well, and can be administered over the long-term with minimal
side effects.

Figure 1. (A). Synthetic scheme showing that delpazolid can be synthesised in only seven steps with
difluoro-nitrobenzene as the starting material. Each step shows a high yield and the products are easily
purified without chromatography. The red color indicates cyclic amidrazone. (B). Chemical structure
of linezolid.

3. Safety Evaluation in the Phase 1 Clinical Trial as PO

The greatest advantage associated with delpazolid is its safety. In phase 1a of a phase 1 clinical
trial to evaluate its safety, as illustrated in Table 1, 64 subjects were divided into eight groups, six
of whom were administered delpazolid and two who were administered the placebo. The study
was the first double-blind, randomized human trial of delpazolid. To deliver single-ascending-doses
(SADs), delpazolid was administered in a step-wise manner from 50 mg up to 3200 mg. Only mild
adverse events were observed up to 2400 mg. At a delpazolid dose of 3200 mg, gastrointestinal (GI)
tract-related adverse events were noted. In the 3200 mg dose group, volunteers had to ingest 16
tablets of 200 mg delpazolid tablets at once, resulting in GI tract-related adverse events. Therefore, the
maximum tolerated dose of delpazolid was determined to be 2400 mg per day.
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Table 1. Summary of phase 1a/b and 2a dose-escalation study to assess the safety, tolerability, and
pharmacokinetics of delpazolid as a single agent.

Clinical Trial Phase Experimental Design and Adverse Effects Reported

Phase 1a [9]
(SAD)

Study design: Double blind, randomized, placebo control, first-in-human design

N=64, 8 subject per group (6 active + 2 placebo)

Doses: 50, 100, 200, 400, 800, 1,600, 2,400, and 3,200 mg

MTD: 2,400 mg (Up to 2,400 mg, only mild adverse events were reported)

Phase 1b [8]
(MAD-7 days)

Study design: Double blind, randomized, placebo control

N=32, 8 subject per group (6 active + 2 placebo)

Doses: 400, 800, 1,200, 1,600 mg BID for 7 days

MTD: 1,200 mg BID (Up to 2,400 mg/day, only mild adverse events were
reported)

Phase 1b [6]
(MAD-21 days)

Study design: Double blind, randomized, placebo control

N=36, 12 subject per group (10 active + 2 placebo)

Doses: 800 mg QD and BID, 1,200 mg BID for 21 days

MTD: 1,200 mg BID (Up to 2,400mg/day, No SAE reported)

Phase 2a a

(EBA Trial)

Study design: Open label, randomized

N=80, 16 subject per delpazolid group; 8 patients in active control groups,
HRZE and linezolid

Doses: Delpazolid 400 mg BID, 800 mg QD, 800 mg BID, 1,200 mg QD,
HRZE and linezolid 600 mg BID for 14 days

Dose-escalation process consisted of a single-ascending-dose phase (SAD) and multiple-ascending-dose phase
(MAD). MTD, maximum tolerated dose; QD, quaque die (daily); BID, bis in die (twice per day); SAE, serious adverse
event; EBA, early bactericidal activity; HRZE, isoniazid (H), rifampin (R), pyrazinamide (Z), and ethambutol (E). a

Results were not yet published.

A phase 1b study was conducted based on multiple-ascending-doses (MADs) over seven days.
Thirty-two subjects were divided into eight groups, six of whom were administered delpazolid and two
of whom were administered the placebo. Subjects were given delpazolid in MADs from 400 mg BID
(bis in die, twice a day) up to 1600 mg BID over seven days. Doses up to 1200 mg BID for seven days
were well-tolerated with no specific adverse events observed. After the 7-day MAD study, a 21-day
MAD study was conducted to evaluate bone marrow toxicity, which is one of the most critical side
effects of linezolid [8]. Subjects administered 800 mg once a day (QD) to 1200 mg BID delpazolid were
monitored for up to three weeks to more accurately assess adverse events such as myelosuppression,
as signs such as decreased platelet count may be observed even after two weeks. As illustrated in
Table 1, serious adverse events were not observed under the MAD-21-day condition. In summary,
no myelosuppression-related adverse events or serious adverse events were observed in phase 1a
with SADs up to 2400 mg and in phase 1b with MAD up to 1200 mg BID (2400 mg per day) for
21 days. Therefore, delpazolid does not appear to exhibit adverse events associated with repeated
dosing. In addition, delpazolid did not cause CYP-mediated metabolism and cardiac repolarisation
issues [6,9–11].

4. Poor PK Profiles but Safe for Humans

The underlying antibacterial mechanism of delpazolid is similar to that of oxazolidinone
in that it inhibits bacterial protein synthesis, which kills or inhibits the growth of bacteria [12].
However, protein synthesis also occurs in the mitochondria of eukaryotes, although mitochondria
use independent protein-synthesis machinery that differs from nuclear-encoded protein synthesis
in the cytoplasm. In humans, 13 genes are translated into proteins through this process, all of
which participate in synthesizing membrane proteins associated with oxidative phosphorylation [13].
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However, oxazolidinones uniformly inhibit human mitochondrial protein synthesis [14].
Similarly, linezolid, an oxazolidinone analogue used to treat TB, inhibits mitochondrial protein synthesis
with potentially severe clinical consequences [15]. Therefore, the inhibition of protein synthesis by
oxazolidinone intended to kill bacteria can impair mitochondria inside eukaryotic cells. Furthermore,
myelosuppression may be a product of linezolid inhibition of mitochondrial protein synthesis [16].

As shown in Table 2, delpazolid showed a greater inhibitory effect than linezolid towards
Escherichia coli at a 5-fold lower concentration (0.8 μg/mL).

Table 2. Antibiotic properties of oxazolidinones on bacterial and mitochondrial protein synthesis.

Compound Bacteria Human Mitochondria (IC50) Animal Mitochondria [14]

Escherichia coli K562 cell AC16 cell Rat, Rabbit
(liver & heart)

Delpazolid 2.6 μM
(0.8 μg/mL)

4.8 μM
(1.5 μg/mL)

10.9 μM
(3.4 μg/mL) NA

Linezolid 11.6 μM
(3.9 μg/mL)

3.1 μM
(1.0 μg/mL)

10.0 μM
(3.4 μg/mL) 12.8 μM

In addition, in a study of human cells (immortalised myelogenous leukaemia cell line K562 and
human cardiomyocyte cell line AC16), delpazolid showed inhibitory effects on mitochondrial protein
synthesis similar to those of linezolid. Although delpazolid exhibited activity superior to that of
linezolid in prokaryotic protein synthesis inhibition, it had similar negative effects on mitochondrial
protein synthesis. Therefore, delpazolid doses lower than linezolid doses would be adequate for the
treatment of Gram-positive bacteria, including TB. A lower dose would effectively inhibit bacterial
protein synthesis, with relatively fewer adverse effects on human mitochondrial protein synthesis.

The association between delpazolid and myelosuppression, one of the most serious side effects of
linezolid, was also tested. Healthy subjects were administered delpazolid and linezolid, and the plasma
area under the concentration–time curve (AUC) was determined. As shown in Figure 2, subjects were
administered delpazolid at doses ranging from 400 to 1200 mg, and 600 mg linezolid as the comparator.

Figure 2. Mean plasma concentrations of linezolid and delpazolid in adults following oral dosing
(mean ± standard deviation, n = 6).

As shown in Table 2, the IC50 values of delpazolid and linezolid at which mitochondrial protein
synthesis in the two human cell-lines (K562 and AC16) were similar at 3.4 μg/mL indicated that these
agents killed approximately 50% of human cells at 3.4 μg/mL. Thus, 3.4 μg/mL of delpazolid and
linezolid is the mitochondrial damage limit. At higher concentrations, mitochondrial protein synthesis is
affected severely, leading to cell death. Therefore, considering 3.4 μg/mL as the reference value at which
toxicity of the two drugs occurs, a phase 1 trial based on linezolid 600 mg BID revealed that the linezolid
plasma concentration was maintained at above the IC50 (3.4 μg/mL) for 12 h. However, delpazolid
800 mg maintained the IC50 above the mitochondrial damage limit for only 3 h, after which it was
cleared rapidly from the blood. Therefore, delpazolid provides ample time for mitochondria to recover
its protein synthesis function. In addition, increasing the delpazolid dose to 1200 mg raises the IC50
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to above 3.4 μg/mL for only 5 h, after which it also clears from the blood. Therefore, the low AUC
with rapid clearance in delpazolid ironically minimizes cellular toxicity. Consequently, repeated
BID dosing of delpazolid results in much lower levels of myelosuppression because of the lower
mitochondrial protein synthesis inhibition compared to linezolid [9,10]. Therefore, the side effects
of delpazolid were much milder than those of linezolid. The difference in side effects despite the
similar structure of the two drugs may be due to differences in their chemical structures. The cyclic
amidrazone side chain of delpazolid facilitates more rapid clearance and prevents accumulation in
the plasma compared to linezolid. Thus, rapid clearance has been demonstrated as a key advantage
that reduces myelosuppression compared to linezolid. Therefore, delpazolid may replace linezolid for
MDR-TB for long-term treatment [11].

5. Toxicology

In vivo animal toxicity tests on delpazolid did not reveal specific toxicity profiles for six months
in rats and for nine months in dogs. Furthermore, genetic toxicity tests, including the Ames test,
in vitro chromosomal aberration test, and rat micronucleus test, as well as pharmacological safety tests
including the hERG safety test, cardiovascular, respiratory and neurobehavioral tests, and reproductive
toxicity tests were conducted, none of which revealed a specific toxicity profile (Table 3).

Table 3. Toxicology summary (PO: per oral /IV: intravenous). The general toxicity of delpazolid
in animals lasted up to six months in rats and nine months in dogs, and no unusual findings after
long-term treatment a.

General Toxicity Status PO IV

Single dose acute toxicity study in rats Completed MTD = 2000 mpk MTD = 1000 mpk
Single dose acute toxicity study in dogs Completed MTD = 1000 mpk MTD = 500 mpk
4- week toxicity study in rats with 4 -week
recovery Completed NOAEL = 60 mpk NOAEL = 120 mpk

4- week toxicity study in dogs with 4 -week
recovery Completed NOAEL (male = 20 mpk,

female=10 mpk) NOAEL = 15 mpk

26- week(6 months) toxicity study
in rats with 4 -week recovery Completed

NOAEL
(male = 10 mpk,
female=100→75 mpk)

-

39- week (9 months) toxicity study
in dogs with 4 -week recovery Completed NOAEL = 10 mpk -

Genetic Toxicity

Ames test Completed Negative
In vitro chromosomal aberration test Completed Negative
Rat micronucleus test Completed Negative

Safety Pharmacology

Assessment of blockage of hERG potassium
channels Completed Negative(IC50> 100μM)

Cardiovascular telemetry study in beagle
dogs Completed Negative

Respiratory (Pulmonary) study in rats Completed Negative
Neurobehavioral safety evaluation in rats Completed Negative

Reproductive Toxicity PO

Fertility and Embryonic Development to
Implantation toxicity in rat Completed NOAEL (male = 15 mpk,

female=60 mpk)
Embryo-Fetal Development toxicity in rat Completed NOAEL = 15 mpk

MTD; maximum tolerated dose, NOAEL; no-observed-adverse-effect level. a Results were not yet published.
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In a human bioavailability study, the bioavailability of the PO form was 99–100% (800 mg) of that
of the IV form. Considering that the PK profiles between the IV and PO forms are similar, conversion
would be relatively easy in the future. Because delpazolid is slightly polar, it exhibits low protein
binding (37% in human), rapid clearance with no accumulation, and no food-related effects (Table 4).

Table 4. Phase 1 study: summary of delpazolid pharmacokinetic parameters. IV infusion 400 mg and
PO 800 mg, cross-over study IV administration of delpazolid was generally safe and well-tolerated
800 mg (PO): Bioavailability was approximately 99% switchable between the PO and IV, with no
dose adjustment.

Pharmacokinetic
Parameter a

IV Infusion;
200 mg (n=6)

IV Infusion;
400 mg (n=8)

PO;
800 mg (n=8)

Cmax (μg/mL) 2.92 ± 0.46 5.25 ± 0.96 8.20 ± 3.47
Tmax (hr) 0.83 ± 0.13 0.84 ± 0.13 1.22 ± 0.98
T1/2 (hr) 1.70 ± 0.26 1.48 ± 0.16 1.64 ± 0.48
AUC0-24h (μg·hr/mL) 5.59 ± 0.98 9.39 ± 1.46 18.65 ± 4.88
AUCinf (μg·hr/mL) 5.63 ± 1.00 9.42 ± 1.47 18.86 ± 4.99
Vss, Vz/F (L/kg) 0.90 ± 0.06 1.05 ± 0.20 1.67 ± 0.79
CL, Cl/F (L/hr/kg) 0.56 ± 0.10 0.67 ± 0.10 0.69 ± 0.18
MRTlast (hr) 1.55 ± 0.21 1.53 ± 0.14 2.87 ± 0.92
Cmax, norm (μg/mL) 0.95 ± 0.15 0.85 ± 0.16 0.67 ± 0.28
AUCinf, norm (μg·hr/mL) 1.83 ± 0.33 1.53 ± 0.24 1.53 ± 0.40
F (%) - - 99.8 ± 20.6

a Values are the means ± standard deviation (range). Cmax, maximal drug concentration; Tmax, time to reach Cmax;
T 1

2
, half-life; AUC0-24, area under the concentration-24-h curve; AUCinf, AUC from time zero extrapolated to infinity;

Vss, steady-state volume of distribution; Vz/F, apparent volume of distribution; CL, clearance; Cl/F, apparent oral
clearance; MRTlast, mean residence time when the drug concentration is based on values up to and including the
last measured concentration; Cmax, norm, Cmax divided by dose per body weight; AUCinf, norm, weight-normalised
AUCinf; F, bioavailability.

6. Activity Against TB and Combination Study of Delpazolid with Other Anti-TB Agents

Studies of the early development of delpazolid focused on Gram-positive bacteria. The efficacy of
delpazolid on Gram-positive bacteria was similar or slightly better than that of linezolid. For example,
in animal studies of systemic infection [17], soft tissue infection, lung infection, and thigh infection
models in mice, delpazolid showed greater efficacy than linezolid (data not shown).

To evaluate the efficacy of delpazolid in TB, an in vitro susceptibility test was conducted for
M. tuberculosis H37Rv. Compared to linezolid, the minimum inhibitory concentration (MIC) for
M. tuberculosis H37Rv was similar to that under delpazolid; however, the minimum bactericidal
concentration was more than 4-fold lower under delpazolid (Table 5).

Table 5. Drug activities and resistance rates of linezolid and delpazolid.

Drug Activities / Resistant Rate a Linezolid Delpazolid

MIC value for M. tuberculosis H37Rv (μg/mL) 0.5 0.5
MBC99 value for M. tuberculosis H37Rv (μg/mL) >16 4
MDR-TB MIC90 (μg/mL) 1 0.5
XDR-TB MIC90 (μg/mL) 0.25 1
ECOFFs (epidemiological cutoff values) (μg/mL) 1.0 2.0
Resistant rate of MDR-TB (%) 6. 7 0.8
Resistant rate of XDR-TB (%) 4.2 4.2

a A total of 240 M. tuberculosis isolates were tested for ECOFFS and resistant rates, including 120 MDR-TB isolates
and 120 XDR-TB samples in China.

The MIC90 values of delpazolid for MDR/extensively drug resistant (XDR) TB isolates were 0.25
and 1 μg/mL, respectively. However, an in vitro study of MDR/XDR TB isolates from China showed that
the resistance rate varied considerably. The resistance of MDR-TB to linezolid was 6.7%, whereas that
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to delpazolid was 0.8%, suggesting higher potential efficacy of delpazolid in the treatment of MDR-TB,
although no significant difference in resistance rates was observed between linezolid and delpazolid
among XDR-TB isolates [18]. Therefore, delpazolid has been considered as a targeted application for
MDR-TB treatment. Considering the significantly lower resistance rate of MDR-TB against delpazolid
despite its similar structure to linezolid, further studies are needed to investigate structural variations
in delpazolid to evaluate the correlations between the structures of various delpazolid derivatives
and their resistance rates. In addition, intracellular MICs of delpazolid that can inhibit the growth
of intracellular M. tuberculosis H37Rv revealed efficacy levels similar to those of linezolid under low
concentrations, whereas delpazolid had greater efficacy at higher concentrations (Figure 3).

Figure 3. Intracellular activity of delpazolid. The activity of delpazolid on intracellular M. tuberculosis
was compared to linezolid in bone marrow-derived macrophages (BMDMs) at three days after infection.
The experiment was performed in triplicate, and the results are shown as the mean ± standard error of
the mean (SEM). SC, solvent control.

The treatment of tuberculosis requires a combination of several antimicrobial agents and long-term
therapy [19]. Therefore, evaluating synergy with other anti-TB agents is a crucial step in finding
drugs that can be co-administered with delpazolid. As indicated in Table 6, a checkerboard assay was
performed to identify pre-existing anti-TB medications with potential synergistic effects with delpazolid.

Table 6. MICs of selected anti-tuberculosis compounds against M. tuberculosis H37Rv and corresponding
interaction profiles with delpazolid assessed by checkerboard.

Ref. Drug MIC (μg/mL) Tested TB Drugs MIC (μg/mL) FIC index Activity a

Delpazolid 1

Isoniazid 0.13 1.13 I
Rifampicin 0.06 0.75 Ad
Rifapentine 0.01 0.75 Ad
Ethambutol 0.50 1.02 I
Cycloserine 4.0 1.02 I
Amikacin 0.04 1.02 I
Streptomycin 0.25 1.02 I
Capreomycin 0.31 1.02 I
Moxifloxacin 0.06 0.75 Ad
Levofloxacin 0.25 0.75 Ad
Clofazimine 0.25 0.52 pS
Bedaquiline 0.25 0.53 pS
Delamanid 0.02 0.75 Ad
Ethionamide 0.5 1.03 I
p-aminosalicylic acid 0.02 1 I
Pyrazinamide b 200 0.63 pS

a S: synergy, pS: partial synergy, Ad: additive, I: indifference. b Tested in acidic condition (pH 5.2)

167



Appl. Sci. 2020, 10, 2211

The assay revealed that delpazolid has partial synergism with clofazimine, bedaquiline,
and pyrazinamide. Based on the results, in vitro time-kill kinetics tests were conducted by combining
delpazolid with clofazimine and bedaquiline (Figure 4).

Figure 4. In vitro combination time-kill assay with anti-TB drugs. Viability of M. tuberculosis H37Rv was
evaluated using combinations of various concentrations of delpazolid and bedaquiline or clofazimine
(μg/mL).

Using the MIC against M. tuberculosis H37Rv for each drug, changes in colony-forming units (CFU)
with monotherapy or combination therapy were evaluated. In addition, based on the MICs, synergistic
effects between delpazolid plus bedaquiline and delpazolid plus clofazimine were evaluated at varying
doses. Although the CFUs decreased at the MIC of a single drug, regrowth was observed over time.
However, when delpazolid was combined with bedaquiline or clofazimine, using the 0.5×MIC of
each drug, no regrowth was observed (Figure 4). In addition, the combination of bedaquiline and
clofazimine with delpazolid consistently suppressed the growth of M. tuberculosis H37Rv, exhibiting
high synergistic effects with 1×MIC delpazolid (1 μg/mL) and 0.5 ×MIC clofazimine (0.25 μg/mL),
resulting in a 2 log CFU reduction in M. tuberculosis H37Rv. Synergy between two new antimycobacterial
compounds, such as delpazolid and bedaquiline or clofazimine, offers an attractive foundation for a
new tuberculosis regimen.

7. Activity of Delpazolid on Nontuberculous Mycobacteria

Nontuberculous mycobacteria (NTM) are naturally occurring organisms found in water and soil.
They are associated with biofilm formation, which enhances their disinfectant and antibiotic resistance.
Particularly, Mycobacterium avium complex and Mycobacterium abscessus are the most common causes
of pulmonary NTM and deadly pathogens, with high failure rates and relapse rates that may exceed
40% [20]. Although most people are not affected by such pathogens, in some individuals susceptible to
conditions such as cystic fibrosis, chronic obstructive lung disease, bronchiectasis, and thoracic skeletal
abnormalities, progressive and debilitating disease can occur [21].
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A key concern in NTM treatment is the lack of antibiotics appropriate for long-term treatment for
diverse NTM pathogens. Here, we evaluated the activity of delpazolid via in vitro susceptibility tests,
as shown in the table below (Table 7) [22].

Table 7. MICs of antibiotics against clinical isolates of NTMs.

NTM Species
(no. of strain tested)

Antibiotics
Range

(μg/mL)
MIC50

(μg/mL)
MIC90

(μg/mL)

Mycobacterium avium (22)
Delpazolid 8-0.125 2 8
Linezolid 8-0.125 2 8
Clarithromycin >128-≤0.125 >128 >128

Mycobacterium abscessus
(20)

Delpazolid 8-0.25 2 8
Linezolid 16-0.5 4 8
Clarithromycin 128- ≤0.125 ≤0.125 1

Mycobacterium fortuitum
(21)

Delpazolid 2-0.25 1 2
Linezolid 8-0.5 2 8
Clarithromycin 8-≤0.125 0.25 4

Mycobacterium kansasii
(22)

Delpazolid 2-0.25 1 2
Linezolid 2-0.25 0.5 2
Clarithromycin 0.125- ≤0.125 ≤0.125 ≤0.125

Mycobacterium chelonae
(20)

Delpazolid 4-0.25 1 2
Linezolid 8-0.5 2 4
Clarithromycin 0.2- ≤0.025 0.1 0.2

Delpazolid had MICs similar to those of linezolid against M. avium, M. abscessus, M. fortuitum,
M. kansasii, and M. chelonae, and inhibited NTM proliferation. In particular, delpazolid was effective
against several M. abscessus strains in vitro and in a macrophage infection model. Acute infections in
C57BL/6 mice, delpazolid 100 mg/kg exhibited greater in vivo efficacy than clarithromycin 200 mg/kg,
a macrolide that is the main drug currently for M. abscessus treatment [12]. Therefore, delpazolid
represents a promising novel class of oxazolidinones with improved safety for the treatment of M.
abscessus.

8. Conclusions

As observed in clinical studies, the greatest advantage of delpazolid over linezolid is the
potential for delpazolid to be used in long-term therapies. The development of delpazolid has
focused on TB treatment, as this disease requires long-term treatment. In December 2016, LegoChem
Biosciences entered into a license agreement with RMX Biopharma for the development, manufacture,
and commercialization of delpazolid in China. In addition, delpazolid received an FDA orphan drug
designation, a Qualified Infectious Disease Product Designation, and was selected as a Fast Track
target drug.

On October 30, 2019, at ’The 50th Union World Conference on Lung Health,’ held in Hyderabad,
India, LegoChem Biosciences released the interim efficacy and safety results of a phase 2a study on
delpazolid. Particularly, the results of a clinical phase 2a early bactericidal activity trial involving
79 Korean patients with drug-susceptible tuberculosis were reported. The findings will be further
analyzed to determine the doses appropriate for different patient populations to guide further phase
2a studies. The phase 1 trial revealed that myelosuppression can be reduced, and phase 2a results
suggested that delpazolid can replace linezolid as a therapy for TB and reduce the treatment period.

Author Contributions: Conceptualization, Y.L.C. and J.J.; writing, J.J.; review and editing, Y.L.C. and J.J.;
visualization, Y.L.C. and J.J.; project administration, Y.L.C. and J.J. All authors have read and agreed to the
published version of the manuscript.

Acknowledgments: We thank all those who provided important information that was part of this work. We also
thank Tae ho Kim for his assistance in figure preparation.

169



Appl. Sci. 2020, 10, 2211

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bozdogan, B.; Appelbaum, P.C. Oxazolidinones: Activity, mode of action, and mechanism of resistance. Int J
Antimicrob Agents. 2004, 23, 113–119. [CrossRef] [PubMed]

2. Marchese, A.; Schito, G.C. The oxazolidinones as a new family of antimicrobial agent. Clin Microbiol Infect.
2001, 4, 66–74. [CrossRef] [PubMed]

3. Moellering, R.C. Linezolid: The first oxazolidinone antimicrobial. Ann Intern Med. 2003, 138, 135–142.
[CrossRef] [PubMed]

4. Millard, J.; Pertinez, H.; Bonnett, L.; Hodel, E.M.; Dartois, V.; Johnson, J.L.; Caws, M.; Tiberi, S.; Bolhuis, M.;
Alffenaar, J.C.; et al. Linezolid pharmacokinetics in MDR-TB: A systematic review, meta-analysis and Monte
Carlo simulation. J Antimicrob Chemother. 2018, 73, 1755–1762. [CrossRef]

5. Gerson, S.L.; Kaplan, S.L.; Bruss, J.B.; Le, V.; Arellano, F.M.; Hafkin, B.; Kuter, D.J. Hematologic effects of
linezolid: Summary of clinical experience. Antimicrob Agents Chemother. 2002, 46, 2723–2726. [CrossRef]

6. Choi, Y.; Lee, S.W.; Kim, A.; Jang, K.; Nam, H.; Cho, Y.L.; Yu, K.S.; Jang, I.J. Chung, J.Y. Safety, tolerability and
pharmacokinetics of 21 day multiple oral administration of a new oxazolidinone antibiotic, LCB01-0371, in
healthy male subjects. J Antimicrob Chemother. 2018, 73, 183–190. [CrossRef]

7. De Freitas Ferreira, R.; Schapira, M. A systematic analysis of atomic protein-ligand interactions in the PDB.
Medchemcomm. 2017, 8, 1970–1981. [CrossRef]

8. Singh, B.; Cocker, D.; Ryan, H.; Sloan, D.J. Linezolid for drug-resistant pulmonary tuberculosis. Cochrane
Database Syst Rev. 2019, 3, CD012836. [CrossRef]

9. Cho, Y.S.; Lim, H.S.; Cho, Y.L.; Nam, H.S.; Bae, K.S. Multiple-dose Safety, Tolerability, Pharmacokinetics,
and Pharmacodynamics of Oral LCB01-0371 in Healthy Male Volunteers. Clin Ther. 2018, 40, 2050–2064.
[CrossRef]

10. Cho, Y.S.; Lim, H.S.; Lee, S.H.; Cho, Y.L.; Nam, H.S.; Bae, K.S. Pharmacokinetics, Pharmacodynamics, and
Tolerability of Single-Dose Oral LCB01-0371, a Novel Oxazolidinone with Broad-Spectrum Activity, in
Healthy Volunteers. Antimicrob Agents Chemother. 2018, 62, e00451-18. [CrossRef]

11. Sunwoo, J.; Kim, Y.K.; Choi, Y.; Yu, K.S.; Nam, H.; Cho, Y.L.; Yoon, S.; Chung, J.Y. Effect of food on the
pharmacokinetic characteristics of a single oral dose of LCB01-0371, a novel oxazolidinone antibiotic. Drug
Des Devel Ther. 2018, 12, 1707–1714. [CrossRef] [PubMed]

12. Kim, T.S.; Choe, J.H.; Kim, Y.J.; Yang, C.S.; Kwon, H.J.; Jeong, J.; Kim, G.; Park, D.E.; Jo, E.K.; Cho, Y.L.;
et al. Activity of LCB01-0371, a Novel Oxazolidinone, against Mycobacterium abscessus. Antimicrob Agents
Chemother. 2017, 61, e02752-16. [CrossRef] [PubMed]

13. Hällberg, B.M.; Larsson, N.G. Making proteins in the powerhouse. Cell Metab. 2014, 20, 226–240. [CrossRef]
[PubMed]

14. McKee, E.E.; Ferguson, M.; Bentley, A.T.; Marks, T.A. Inhibition of mammalian mitochondrial protein
synthesis by oxazolidinones. Antimicrob Agents Chemother. 2006, 50, 2042–2049. [CrossRef] [PubMed]

15. De Vriese, A.S.; Coster, R.V.; Smet, J.; Seneca, S.; Lovering, A.; Van Haute, L.L.; Vanopdenbosch, L.J.;
Martin, J.J.; Groote, C.C.; Vandecasteele, S.; et al. Linezolid-induced inhibition of mitochondrial protein
synthesis. Clin Infect Dis. 2006, 42, 1111–1117. [CrossRef]

16. Nagiec, E.E.; Wu, L.; Swaney, S.M.; Chosay, J.G.; Ross, D.E.; Brieland, J.K.; Leach, K.L. Oxazolidinones
inhibit cellular proliferation via inhibition of mitochondrial protein synthesis. Antimicrob Agents Chemother.
2005, 49, 3896–3902. [CrossRef]

17. Jeong, J.W.; Jung, S.J.; Lee, H.H.; Kim, Y.Z.; Park, T.K.; Cho, Y.L.; Chae, S.E.; Baek, S.Y.; Woo, S.H.; Lee, H.S.;
et al. In vitro and in vivo activities of LCB01-0371, a new oxazolidinone. Antimicrob Agents Chemother.
2010, 54, 5359–5362. [CrossRef]

18. Zong, Z.; Jing, W.; Shi, J.; Wen, S.; Zhang, T.; Huo, F.; Shang, Y.; Liang, Q.; Huang, H.; Pang, Y. Comparison of
In Vitro Activity and MIC Distributions between the Novel Oxazolidinone Delpazolid and Linezolid against
Multidrug-Resistant and Extensively Drug-Resistant Mycobacterium tuberculosis in China. Antimicrob
Agents Chemother. 2018, 62, e00165-18. [CrossRef]

19. Kerantzas, C.A.; Jacobs, W.R., Jr. Origins of Combination Therapy for Tuberculosis: Lessons for Future
Antimicrobial Development and Application. mBio. 2017, 8, e01586-16. [CrossRef]

170



Appl. Sci. 2020, 10, 2211

20. Abate, G.; Hamzabegovic, F.; Eickhoff, C.S.; Hoft, D.F. BCG Vaccination Induces M. avium and M. abscessus
Cross-Protective Immunity. Front Immunol. 2019, 10, 234. [CrossRef]

21. Johnson, M.M.; Odell, J.A. Nontuberculous mycobacterial pulmonary infections. J Thorac Dis. 2014, 6, 210–220.
[PubMed]

22. DeStefano, M.S.; Shoen, C.M.; Sklaney, M.R.; Cynamon, M.H. The In Vitro Activity of Delpazolid (LCB01-0371)
against Several Non-Tuberculous Mycobacteria (NTM); (Poster Number AAR-731, Friday, June 21, 2019); ASM
Microbe: San Francisco, CA, USA, 2019.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

171





applied  
sciences

Review

Host-Directed Therapies and Anti-Virulence
Compounds to Address Anti-Microbial Resistant
Tuberculosis Infection

Raphael Gries 1,2, Claudia Sala 3 and Jan Rybniker 1,2,4,*
1 Department I of Internal Medicine, Division of Infectious Diseases, University of Cologne,

50931 Cologne, Germany; raphael.gries@uk-koeln.de
2 Center for Molecular Medicine Cologne, University of Cologne, 50931 Cologne, Germany
3 Fondazione Toscana Life Sciences, 53100 Siena, Italy; c.sala@toscanalifesciences.org
4 German Center for Infection Research (DZIF), Partner Site Bonn-Cologne, 50931 Cologne, Germany
* Correspondence: jan.rybniker@uk-koeln.de; Tel.: +49-221-478-89611; Fax: +49-221-478-5915

Received: 9 March 2020; Accepted: 9 April 2020; Published: 13 April 2020

Abstract: Despite global efforts to contain tuberculosis (TB), the disease remains a leading cause of
morbidity and mortality worldwide, further exacerbated by the increased resistance to antibiotics
displayed by the tubercle bacillus Mycobacterium tuberculosis. In order to treat drug-resistant TB,
alternative or complementary approaches to standard anti-TB regimens are being explored. An area
of active research is represented by host-directed therapies which aim to modulate the host immune
response by mitigating inflammation and by promoting the antimicrobial activity of immune cells.
Additionally, compounds that reduce the virulence of M. tuberculosis, for instance by targeting the
major virulence factor ESX-1, are being given increased attention by the TB research community.
This review article summarizes the current state of the art in the development of these emerging
therapies against TB.

Keywords: tuberculosis; Mycobacterium tuberculosis; host-directed therapy; anti-virulence compounds

1. Introduction

Mycobacterium tuberculosis, the etiological agent of human tuberculosis (TB), is thought to latently
infect approximately one fourth of the world’s population and is responsible for over one million deaths
every year [1], thus representing the leading cause of mortality by an infectious disease worldwide.
Immunodeficiency caused by HIV [2] and co-morbidities like diabetes [3] constitute additional risk
factors for the development of active TB disease.

The current anti-TB therapy consists of a combination of four antibiotics (rifampicin, isoniazid,
pyrazinamide and ethambutol) that must be administered for at least 6 months in case of drug-sensitive
pulmonary TB infection [4]. However, M. tuberculosis displays increased resistance to first-line drugs,
which has resulted in multidrug-resistant (MDR) and extensively drug-resistant (XDR) TB cases [5].
Second-line treatment regimens are therefore employed but require longer duration to be effective and
are associated with severe side effects that frequently decrease patient compliance [6].

To address the increasing need for new and potent therapeutic options against TB, alternative
approaches are being explored. These include host-directed therapy (HDT) and anti-virulence
compounds. Within the first choice, a number of molecules that reduce inflammation, modulate
autophagy and potentiate the immune response are currently in preclinical and in clinical trials. On the
other hand, drugs that affect M. tuberculosis ability to infect and kill host cells represent a promising
complement to standard antibiotic treatment.

Here we review the current state of research in the areas of HDT and anti-virulence drugs as
complementary approaches to TB therapy.
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2. Host Directed Therapy

2.1. Promoting Phagosome Maturation and Enhancing Autophagy

Autophagy is a natural process which protects cells against unfolded proteins and potentially
dangerous aggregates, viral and bacterial infections. By means of autophagy, macrophages deliver
toxic macromolecules, organelles and phagocytosed pathogens to lysosomes for degradation [7].
Modulating autophagy in order to promote bacterial killing represents one example of HDT against
TB infection. This statement is supported by studies conducted by Gutierrez and co-workers who
reported that stimulation of autophagy in macrophages promotes phago-lysosome maturation and
impacts mycobacterial survival [8]. More recent investigations revealed increased susceptibility to
TB in mice defective in autophagy pathways [9] and a positive interplay between autophagy and
interferon-gamma (IFN-γ) in TB patients [10].

2.1.1. mTOR Inhibition

The best described autophagy inducer is rapamycin (sirolimus), used in patients who underwent
organ transplantation [11]. Rapamycin, a macrolide produced by Streptomyces hygroscopicus and
originally discovered on Easter Island (Rapa Nui for the inhabitants, hence the name given to the
compound), inhibits TOR, the Target Of Rapamycin [12]. The mammalian Target of Rapamycin mTOR
is a negative regulator of autophagy [13]. Its clinical use in infectious diseases is restricted due to
its broadly immunosuppressive effects. In addition, rapamycin is metabolized by CYP3A4 [14], a
hepatic enzyme induced by the first-line TB drug rifampicin, thus hampering its exploitation as HDT
in TB patients. However, other molecules capable of inducing autophagy have been discovered and
are now under development. Among these, vadimezan [15], Tat-beclin 1 fusion peptide [16], the
calcium-channel blocker verapamil [17] and the rapamycin analogue everolimus [18]. In particular,
verapamil was shown to be efficacious when combined with rifampicin and with the recently approved
medication bedaquiline in mouse models of infection, where it increased the bioavailability of the
antibiotic [19–21]. On the other hand, everolimus, an anti-cancer agent, may be repurposed as an anti-TB
HDT therapeutic capable of inhibiting mTOR although, as with rapamycin, immunosuppression [22]
and toxicity [23] may represent issues in the clinical development as an anti-TB drug.

2.1.2. Metformin

One of the most promising drugs that promotes autophagy is currently used for treatment of
type 2 diabetes: metformin [24]. This compound is characterized by a good safety profile, activates
5′-adenosine monophosphate-activated protein kinase (AMPK), induces production of mitochondrial
reactive oxygen species (mROS), which are deleterious to M. tuberculosis and was found to reduce
the severity of TB disease in humans [25]. Despite these promising data, combination therapies
which involved metformin in mice had contradictory results. While in one case metformin enhanced
the activity of isoniazid and ethionamide [25], in another one it did not improve the efficacy of the
combined first-line drugs [26]. Recent retrospective studies reported a protective effect for metformin
against reactivation of latent TB in diabetic patients [27–29]. Phase II clinical trials have been initiated
(Table 1).

Activity of the major virulence factor ESX-1 can be blocked by compounds BBH7 and BTP15.
While BBH7 hinders the secretion mechanism by inducing zinc stress, BTP15 was shown to act by
downregulating expression of the espA-espC-espD operon upon interaction with MprB. The secreted
proteins MptpB, SapM and Zmp1, which prevent phagosomal maturation, can be directly targeted
extracellularly by their respective inhibitors. The dedicated secretion systems for these three proteins
are not described yet. Gene expression of PhoP-dependent virulence genes can be controlled by PhoP
inhibitors which prevent binding of PhoP to specific promoter regions, thus affecting transcription.
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2.1.3. Imatinib and Other Tyrosine Kinase Inhibitors

A key feature of M. tuberculosis is represented by its ability to inhibit phago-lysosome fusion,
and thus potentially limit the efficacy of the autophagy process, thanks to the presence of specific
virulence factors like lipoarabinomannan in the cell wall [30], the ESX-1 secretion system [31,32] and
other key components such as the Eis protein which modulates autophagy and inflammation and
suppresses host innate immune responses [33]. This inhibitory effect can be overcome by tyrosine
kinase inhibitors, such as imatinib and the second-generation inhibitors nilotinib and dasatinib, which
target the BCR-ABL fusion protein and are used for treating chronic myeloid leukemia [34]. Different
studies explored the effect of imatinib on M. tuberculosis-infected macrophages and revealed that it
increases acidification of lysosomes thereby halting bacterial multiplication [35]. Moreover, imatinib
was shown to reduce the number of granulomatous lesions in mice and to act synergistically with
first-line anti-TB drug rifampicin [36].

2.1.4. Statins

Statins, i.e., agents that lower cholesterol through inhibition of the biosynthetic pathway, also
impact autophagy [37]. Given the relevance of cholesterol in M. tuberculosis persistence [38], statins
have received considerable attention. Indeed, in addition to their cholesterol-lowering effect, statins
decrease lipid body biogenesis and limit M. tuberculosis survival [39]. Additionally, it was discovered
that atorvarstatin potentiates the effect of rifampin in M. leprae infection of the mouse footpad [40].
These substances are currently investigated in clinical trials (Table 1).

2.2. Vitamin D and the Induction of Anti-Microbial Peptides

Anti-microbial peptides like cathelicidins are components of the innate immune system whose
synthesis is induced by mycobacterial ligands through binding to Toll-like receptors (TLRs), especially
TLR2 and TLR9 [41]. Cathelicidin LL37 represents a major example of this class of molecules, is
expressed by neutrophils and macrophages and participates in anti-TB defense through pore-forming
capability in the bacterial membranes [42,43].

It has been shown that vitamin D promotes synthesis and release of LL37 [44], which in turn
helps in autophagy [45,46]. Moreover, vitamin D enhances the ability of monocytes to respond to
interferon gamma (IFN-γ) [47]. Various clinical trials which included vitamin D in addition to the
standard regimen have been performed, sometimes with variable results [48–50]. It seems evident
that key issues for successful use of vitamin D in TB therapy are proper dosing and possibly also
genetic background and comorbidities of the patient. A recently published study by Aibana and
co-workers suggested that vitamin D deficiency is associated with increased probability of developing
TB in HIV-positive people [51]. However, further investigations are needed to clarify whether vitamin
D supplementation might play a significant role in reducing the risk of TB.

Another vitamin whose antitubercular effects have been evaluated is vitamin A, which limits M.
tuberculosis replication in macrophages by promoting acidification [52,53]. However, while studies
in rats showed a beneficial impact of vitamin A supplementation [54], the same was not observed in
humans [55,56].

Regulation of anti-microbial peptide expression is also controlled by histone deacetylase inhibitors
(for instance 4-phenylbutyrate) through epigenetic mechanisms [57,58]. In the context of M. tuberculosis
infection of human macrophages, it was demonstrated that phenylbutyrate, alone or in combination
with vitamin D3, was able to counteract the suppressive effect of the bacilli on LL-37 expression, thus
promoting autophagy [59].

In addition to cathelicidins, another group of anti-microbial peptides plays an important role in
anti-TB mechanisms. These are defensins. Defensins are arginine-rich, cationic peptides resistant to
proteolysis. They are usually stored in the granules and in the lysosomes of innate immune cells, such
as neutrophils, and are released upon pathogen invasion [60]. M. tuberculosis stimulates production
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of beta defensin-2 (HBD-2), which reduces bacterial multiplication and has a chemotactic effect [61].
Despite these features, exploitation of HBD-2 in HDT against TB is far from clinical use, due to high
costs and poor stability in vivo [62]. Clinical trials where these compounds are being investigated are
listed in Table 1.

2.3. IFN-γ and IL-2 as Adjunct Therapy

Production of anti-microbial peptides and other antimicrobial activities exerted by macrophages
are stimulated by a panel of cytokines that include TNF (Tumor Necrosis Factor), IFN-γ and interleukin
1 (IL-1). While IFN-γ plays its major role in promoting autophagy and phagosome maturation, TNF
increases IFN-γ responsiveness and IL-1 counteracts the detrimental effects of Type I IFN in TB [63].
HDT against TB infection includes IFN-γ and modulators of TNF, which will be discussed later in this
review. Concerning IFN-γ, it was demonstrated that its administration to TB patients via the aerosol
route is well-tolerated and reduces time to sputum conversion while improving lung repair after the
disease [64–66]. However, the role of IFN-γ in controlling TB is still under debate, as reported in a
study by Sakai and co-workers, who showed that contribution of CD4-T cell derived IFN-γ is limited
and, even worse, sometimes detrimental [67]. Another clinical study, where IL-2 was added during the
first month of anti-TB treatment resulted in no benefit [68], thus questioning the relevance of adding
cytokines to the existing therapy. Possible side effects and treatment costs should also be considered
when exploring the administration of cytokines to TB patients.

2.4. Inhibition of M. tuberculosis Induced Inflammation and Host Cell Death

2.4.1. The Role of Corticosteroids in TB Treatment

It sounds counterintuitive to address the problem of active TB with anti-inflammatory drugs.
However, for some clinical manifestations of the diseases, reduction of inflammation by using adjunctive
corticosteroids has already become a well-established and lifesaving treatment approach. Addition of
dexamethasone or prednisolone, two potent corticosteroids, to the antibiotic regimen for treatment of
TB meningitis improves survival and is considered as a valid therapeutic approach for TB affecting
the central nervous system (CNS) [69], although care should be taken since individual responses to
steroid treatment might differ. Several studies have tried to improve the outcome of pulmonary TB by
lowering the inflammatory response using high doses of corticosteroids in combination with antibiotics.
While it was found that this therapy leads to faster resolution of symptoms and lesions in radiographic
examinations and a more rapid discharge from hospitals, a statistically significant survival benefit
could not be shown (Table 1) [70–72]. In addition, high dose corticosteroids may result in serious side
effects such as diabetes and psychiatric symptoms. Today, corticosteroids remain the treatment of
choice in specific clinical situations such as CNS TB or hyperinflammatory syndromes e.g., the immune
reconstitution inflammatory syndrome (IRIS) in HIV/TB co-infected patients. Investigations at the
molecular level proved that dysregulation of inflammasome signaling and of secretion of various
cytokines, including IL-1γ, was associated with TB-IRIS in patients infected by HIV [73,74], thus
supporting the inclusion of corticosteroids in the treatment of TB patients at risk of developing IRIS [75].
Despite these evidences, a broader application of the drugs in TB treatment is currently not justified.
However, clinical studies as well as ex vivo and in vivo experiments performed with these substances
indicate that a more specific or tailored modification of the TB inflammatory response may provide
a suitable approach to improve patient outcomes. Understanding the exact mechanism of action of
corticosteroids in TB may help overcome this hurdle. Corticosteroids are broadly immunosuppressive
drugs with multiple modulatory effects on leukocytes once bound to the main target, the corticosteroid
receptor. Downstream effects include repression of pro-inflammatory transcriptional regulators like
NF-κB as well as impaired release of cytokines such as TNFα and IL-1 [76]. In addition, corticosteroids
such as dexamethasone seem to have an M. tuberculosis specific inhibitory effect on necrotic host
cell death in vitro [77]. This effect seems to depend on inhibition of p38 MAP kinase which impairs
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mitochondrial membrane stability upon infection with M. tuberculosis. p38 MAP kinase is activated
during M. tuberculosis infection in vitro and in vivo and represents a possible host directed target with
several clinically tested small molecule inhibitors available for repurposing.

2.4.2. Non-Steroidal Anti-Inflammatory Drugs (NSAID) and Leukotriene Inhibitors

A series of mouse studies have shown beneficial effects of non-steroidal anti-inflammatory drugs
(NSAIDS) such as aspirin, diclofenac and ibuprofen when used alone or in combination with common
antibiotics in M. tuberculosis-infected mice. The main mechanism of action seems to be inhibition of
prostaglandin synthesis via inhibition of cyclooxygenase 1 and 2. Prostaglandins are known drivers of
tissue damaging inflammation. It is important to note that diclofenac was shown to possess growth
inhibitory effects on the bacterium itself in addition to its anti-inflammatory properties. The substances
have been extensively discussed elsewhere [78]. NSAID Clinical trials initiated recently are listed
in Table 1. Another category of anti-inflammatory drugs is represented by leukotriene receptor
antagonists, such as zafirlukast, which was reported to have anti-mycobacterial activity in vitro and
cause alterations in the transcription profile in M. tuberculosis [79]. The potential of these drugs in
HDT against TB deserves deeper investigation given the role for leukotriene A(4) hydrolase (LTA4H)
demonstrated by Tobin and colleagues in animal models of infection [80,81].

2.4.3. Necrosis

Necrotic host cell death is a highly dynamic research field increasingly linked to the release of
pro-inflammatory cytokines. A better understanding of the mechanisms of M. tuberculosis induced
cell death may provide additional starting points for HDTs. Most studies have been focusing on
cell death in macrophages, however, necrosis of other cell types such as neutrophils seems to play
a pivotal and additive role in M. tuberculosis pathogenicity. M. tuberculosis released by necrotic
neutrophils displays improved survival and growth once phagocytosed by adjacent macrophages [82].
Neutrophil necrotic cell death is driven by reactive oxygen species (ROS) which can be abrogated by
ROS inhibitors. In addition, ROS and nitric oxide (NO) have been found to show antimicrobial activity
and to modulate neutrophil recruitment to the granuloma [83]. While ROS seems to increase cytokine
production and to inhibit inflammasome activation, NO shows a regulatory effect on macrophages
with increased expression of hypoxia-inducible factor 1 alpha (HIF-1α) and repression of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB) [84,85]. A recent study highlights a role for
ferroptotic cell death in TB. Ferroptosis is a type of regulated necrosis induced by accumulation of
free iron and toxic lipid peroxides which seems to be mediated by decreased levels of glutathione
peroxidase-4 (Gpx4) upon M. tuberculosis infection in vitro. Intraperitoneal treatment of M. tuberculosis
infected mice with ferrostatin, a ferroptosis inhibitor resulted in reduced lung pathology and decreased
bacterial load [86]. In addition to ferroptosis, efferocytosis (the physiological process of removing
apoptotic cells by macrophages) is an anti-bacterial mechanism that seems to play a relevant role
in TB as well [87]. Indeed, efferocytosis of apoptotic neutrophils was shown to improve control of
M. tuberculosis in an in vitro model of HIV-M. tuberculosis macrophage co-infection [88,89].

2.4.4. TNF and TNF-Mediated Signaling

Further downstream of intracellular mediators or regulators of cell death, inflammation and
cytokine release, there are more direct targets amenable to therapeutic interventions. These include the
cytokines themselves. Biologicals targeting TNFα such as infliximab and adalimumab (monoclonal
antibodies) or etanercept (TNF receptor fusion protein) may be used to limit exacerbated pathology
and improve antibiotic activity. These substances are restricted for use in combination with antibiotics
(adjuvant treatment) since TNFα is essential for protective immunity and granuloma integrity.
Monotherapy with infliximab and other anti-TNF antibodies led to reactivation of latent TB [90].
However, when combined with anti-TB drugs, TNF neutralization enhanced M. tuberculosis clearance
and reduced lung pathology [91]. A clinical study performed with adjuvant etanercept in patients
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with pulmonary TB and HIV showed a trend towards improved outcome when the TNF blocker was
added to the antibiotic regimen [92].

TNF signaling is also the main target of other HDT candidates such as thalidomide, phosphodiesterase
inhibitors or Janus kinase (JAK) inhibitors. Thalidomide has potent anti-inflammatory properties which led
to successful application of the drug in cases where anti-TB or HIV treatment triggered hyperinflammatory
syndromes such as paradoxical reactions or immune reconstitution syndrome (IRIS). A general application
for adjuvant treatment approaches may be hampered due to side effects as seen in a study performed
with children suffering from TB meningitis [93]. Phosphodiesterase (PDE) inhibitors seem to be more
promising for broad application in TB patients. PDEs degrade cyclic AMP (cAMP), a second messenger
negatively regulating TNF levels. Decreased levels of cAMP stimulate TNFα secretion, thus making PDE
inhibitors interesting HDT targets. Among the five PDE subtypes, targeting PDE4 seems to be the most
promising option in TB with adjuvant use of inhibitors leading to improved outcome in several animal
models [94,95]. A phase II clinical trial with the PDE4 inhibitor CC-11050 is ongoing (Table 1).

2.4.5. Targeting Matrix Metalloproteinases for Improved Tissue Repair

Imbalanced inflammation eventually results in host tissue destruction, cavitation and dissemination
of bacteria. A main driver of these end-stage events are matrix metalloproteinases (MMP) [96]. Once
released from activated or necrotic cells, these zinc dependent proteases cleave the extracellular matrix,
mostly collagen, and inhibition with small molecules should restrict tissue damage and exacerbation of
the disease. Several in vitro and ex vivo studies identified elevated MMP levels in M. tuberculosis infected
cells or tissue indicating that these enzymes are engaged [96]. In particular, Andrade and colleagues [97]
evaluated the interplay between the levels of MMP and heme oxygenase-1 (HO) and discovered that the
abundance of these two markers in plasma correlates with different inflammatory profiles and clinical
presentations of TB. To date, the only FDA approved MMP inhibitor is doxycycline, an antibiotic with a
dual mechanism of action targeting primarily MMP1 and MMP9. The drug suppressed MMP1 and 9
activities in M. tuberculosis infected primary human macrophages [98]. In the same study, doxycycline
treatment of M. tuberculosis-infected guinea pigs led to reduction of the lung bacterial load compared
to untreated animals. However, it is important to note that the substance shows a significant growth
inhibitory effect on M. tuberculosis in broth (MIC 2.5 μg/mL) making it difficult to differentiate between
selective host directed and antibacterial effects in these experiments. Experiments with more selective
MMP inhibitors such as marimastat (BB-2516), a collagen peptidomimetic broad spectrum MMP inhibitor,
showed adjuvant activity in M. tuberculosis-infected mice when combined with isoniazid or rifampicin [99].
In contrast to doxycycline, monotherapy with marimastat had no effect on lung bacterial burden [99].
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3. Targeting Bacterial Virulence

3.1. The ESX-1 Secretion System

Lately, the interest in finding novel lead compounds, which prevent infection and dissemination
by inhibiting bacterial virulence factors, has increased. These anti-virulence molecules target one or
more proteins in the virulence machinery with one prominent example being the ESX-1 secretion
system as ESX-1 deletion mutants show strongly attenuated phenotypes in vitro and in vivo [100].
ESX-1 is a type VII secretion system essential for host cell infection, bacterial spread and macrophage
escape but not for bacterial growth in axenic cultures [101]. In a whole-cell-based phenotypic screening
assay selecting for compounds that abrogate ESX-1 dependent host cell death, the two ESX-1 inhibitors
BTP15 and BBH7 have been found and characterized [102]. BTP15 inhibits the histidine kinase MprB
that regulates ESX-1 via the espA-espC-espD operon. BBH7 on the other hand disturbs metal-ion
homeostasis leading to zinc stress and thus hindering secretion of ESX-1 substrates such as EsxA
and EsxB (Figure 1). These inhibitors can also be used to abrogate ESX-1 dependent activation of
the cytosolic DNA sensor cyclic GMP-AMP synthase (cGAS), a main driver of type I interferon (IFN)
secretion, thus nicely linking anti-virulence drugs to modulation of the inflammatory response [103].

 
Figure 1. Schematic overview of antivirulence targets in M. tuberculosis.

3.2. PhoPR Inhibitors

The PhoPR two-component system plays a central role in regulating the expression of several
proteins relevant for virulence of M. tuberculosis as mutants deficient in the effector response regulator
PhoP show attenuated growth in infected THP-1 cells and in mice [104]. A microarray-based
transcriptional profiling study of M. tuberculosis strain H37Rv revealed 110 genes that have been
differently expressed in PhoP-deficient mutants [105]. This attenuated strain harbors a single nucleotide
polymorphism (S219L) in the DNA-binding domain of PhoP resulting in a reduced DNA-binding
capacity [105]. Further studies revealed that PhoP is involved in regulating ESX-1 and in biosynthesis
of cell wall components such as sulfolipids, polyacyltrehaloses and diacyltrehaloses [106–108]. Two
different approaches identified inhibitors of the PhoPR regulon.
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3.2.1. Ethoxzolamide

Using a pH-inducible fluorescence reporter system Johnson et al. phenotypically screened for
inhibitors of the PhoPR regulon (Figure 1). This screening discovered the carbonic anhydrase inhibitor
ethoxzolamide, which inhibits PhoPR while not reducing mycobacterial growth in vitro. Chromatin
immunoprecipitation followed by deep sequencing (ChIP-seq) of compound-exposed M. tuberculosis
cultivated in medium at pH 5.7 showed downregulation of several PhoPR regulated genes involved in
lipid synthesis, carbon metabolism and virulence. In addition, the presence of ethoxzolamide did not
modulate the expression levels of PhoP itself indicating that the substance acts as a direct inhibitor of
the core PhoPR regulon [109].

3.2.2. Inhibitors of the PhoP-DNA Complex

Three active compounds (NCGC00093547, NCGC00244580 and NCGC00161636) that directly bind
to PhoP and therefore inhibit PhoP-DNA interactions were found in a screening assay based on Foster
resonance energy transfer (FRET). For this screening a DNA-Protein complex of Cy3-labeled DNA
and Cy5-labeled PhoP protein was exposed to compounds of interest. Inhibitors of this DNA-Protein
complex led to dissociation and consequently to a reduced FRET signal [110]. Direct binding of
inhibitors to PhoP was confirmed by thermal shift assays in which target-bound inhibitors stabilize the
protein and increase the melting temperature, which can be quantified using the fluorescence signal of
fluorophore-protein complexes. Compounds NCGC00093547 and NCGC00161636 increased PhoP
melting temperature by 14 ◦C and 18 ◦C with an IC50 of 15.6 and 15.5 μM, respectively. Data on in vivo
or ex vivo activity of these compounds is not available yet.

3.3. Phagosomal Regulation/Hindering Intracellular Survival

3.3.1. MptpB Inhibitors

The M. tuberculosis protein-tyrosine-phosphatase B (MptpB) is another putative target for
anti-virulence compounds (Figure 1). This kinase is secreted into the cytoplasm of host macrophages
allowing for inhibition outside the thick and difficult to overcome mycobacterial cell wall [111].
The function of MptpB is not fully described yet, but the protein has been reported to be necessary
for bacterial survival in guinea pigs [112]. So far, it was shown that MptpB dephosphorylates host
phosphotyrosine substrates, phosphoserine/threonine substrates and phosphoinositides, with the latter
being essential for host macrophage maturation [113].

Several isoxazole-based molecules were created to block the primary and secondary
phosphate-binding pockets of MptpB followed by phenotypic testing for activity. In these ex vivo
assays, the compounds led to a reduction of mycobacterial burden in macrophages (J774 and THP-1)
and in a guinea pig model, without affecting extracellular growth in broth. Additionally, attenuated
growth of MDR strains of M. tuberculosis in the presence of compound 13 was shown in macrophages.
In addition, this inhibitor caused increased sensitivity of a BCG strain to rifampicin and isoniazid
in an ex vivo macrophage infection experiment [114]. A similar effect has not been published for
M. tuberculosis yet.

3.3.2. SapM Inhibitors

Another virulence factor that affects phagocytosis and phagosome formation is the secreted
acid phosphatase M (SapM) (Figure 1). SapM shows activity as a monoester alkaline phosphatase
and targets two phosphoinositides (PI(4,5)P2 and PI3P) important for phagosome maturation [115].
In inhibition studies, it was shown that 2-phospho-L-ascorbic acid interferes with SapM activity
without attenuating extracellular bacterial growth. At 4 mM, this drug could reduce intracellular
growth of M. tuberculosis by 39% [116].
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3.3.3. Zmp1 Inhibitors

Although its role is not fully understood yet, Zmp1 is involved in mycobacterial pathogenicity
as it inhibits the inflammasome and therefore prevents phagosome maturation (Figure 1) [117]. Zinc
peptidases like Zmp1 are often inhibited by molecules with specific zinc binding groups (ZBG)
like 8-hydroxyquinolines. 8-hydroxyquinolines are already in use as metal-interacting structures in
pharmacological applications [118]. Based on this, Vickers et al. synthesized compounds consisting
of an 8-hydroxyquinoline ring and a hydroxamate moiety and isosteric analogues of these. One
8-hydroxyquinoline-2-hydroxamate derivative showed a reduction in colony forming units (CFU) in
infected J774 mouse macrophages while no extracellular, anti-mycobacterial activity was observed.
Treatment of infected human monocyte-derived macrophages with this substance led to a decrease in
bacterial burden in a dose-dependent matter. In in-vitro inhibition assays the compound inhibited
Zmp1 with an IC50 of 0.011 μM [119].

3.4. Stress Associated Approaches

DosRST Signaling

M. tuberculosis exploits its two-component system DosRST to establish a dormant state of
nonreplicating persistence (NRP) [120]. As dosRST mutants show attenuated growth in animal
models, including nonhuman primates and guinea pigs, DosRST might be a potential target to reduce
mycobacterial virulence [121]. When investigating compounds for their effect on the DosRST system,
Zheng et al. identified two candidates (HC104A and HC106A) which interact with distinct members of
the two-component system and decrease production of hypoxia-induced triacylglycerol by around
50% during NRP [122]. In a hypoxic shift-down model using a DosR-dependent fluorescent strain
CDC1551(hspX’::GFP) HC106A was found to affect M. tuberculosis survival during NRP. HC104A on
the other hand did not attenuate growth in this setting. The in vivo relevance for these interesting
findings still needs to be established in a suitable animal model.

4. Conclusions

Several HDT approaches are currently being tested in a number of preclinical and clinical trials
as adjuvants complementing conventional anti-TB treatment. Clinical trial results provided in the
near future will present an important milestone for the implementation of HDT in routine clinical
use. While representing a promising therapeutic approach in theory, most compounds targeting
mycobacterial virulence factors lack in vivo proof of principle data.
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Featured Application: Model-informed drug discovery and development (MID3) is proposed to

be applied throughout the preclinical to clinical phases to provide an informative prediction of

drug exposure and efficacy in humans in order to select novel anti-tuberculosis drug combinations

for the treatment of tuberculosis.

Abstract: The increasing emergence of drug-resistant tuberculosis requires new effective and safe
drug regimens. However, drug discovery and development are challenging, lengthy and costly.
The framework of model-informed drug discovery and development (MID3) is proposed to be applied
throughout the preclinical to clinical phases to provide an informative prediction of drug exposure and
efficacy in humans in order to select novel anti-tuberculosis drug combinations. The MID3 includes
pharmacokinetic-pharmacodynamic and quantitative systems pharmacology models, machine
learning and artificial intelligence, which integrates all the available knowledge related to disease and
the compounds. A translational in vitro-in vivo link throughout modeling and simulation is crucial to
optimize the selection of regimens with the highest probability of receiving approval from regulatory
authorities. In vitro-in vivo correlation (IVIVC) and physiologically-based pharmacokinetic modeling
provide powerful tools to predict pharmacokinetic drug-drug interactions based on preclinical
information. Mechanistic or semi-mechanistic pharmacokinetic-pharmacodynamic models have been
successfully applied to predict the clinical exposure-response profile for anti-tuberculosis drugs using
preclinical data. Potential pharmacodynamic drug-drug interactions can be predicted from in vitro
data through IVIVC and pharmacokinetic-pharmacodynamic modeling accounting for translational
factors. It is essential for academic and industrial drug developers to collaborate across disciplines to
realize the huge potential of MID3.

Keywords: tuberculosis; MID3; pharmacokinetics; pharmacodynamics; drug-drug interactions;
in vitro; in vivo; drug development

1. Introduction

Drug discovery and development is a challenging, lengthy, and costly process. The costs of a
novel drug reaching the market can be as much as 2–3 billion dollars [1]. In the early discovery phase,
libraries consisting of thousands of compounds can be synthesized chemically and tested for efficacy
in vitro at a relatively low cost. The largest expenditures are in the late preclinical and clinical phases of
drug development, where the efficacy and safety of treatment are assessed. Smart decisions need to
be made regarding which compounds and regimens should progress through the preclinical phase
and subsequently into clinical trials. Early characterization of each compound’s exposure-response
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relationship, i.e., pharmacokinetic (PK)-pharmacodynamic (PD) relationship and potential interactions
within regimens and with commonly co-administered drugs, can allow for informative decision making
throughout preclinical development and into clinical development [2].

Tuberculosis (TB) is the leading cause of adult mortality through infectious diseases and 10 million
new cases are reported globally every year [3]. Sensitive TB is currently treated with a six-month
regimen of antibiotics, consisting of isoniazid, pyrazinamide, rifampicin and ethambutol, which was
developed in the mid-twentieth century. This therapy is believed to be suboptimal and was not
developed using modern approaches for drug development, thereby lacking important information
on the PK-PD relationship. Therefore, clinical trials have recently been conducted in order to define
the relationship between exposure and efficacy, as well as safety, where statistically significant
exposure-response relationships for rifampicin have been identified, in order to support a higher dose
of rifampicin [4–7]. Almost one in five patients will acquire multidrug-resistant tuberculosis (MDR-TB)
or rifampicin-resistant tuberculosis (RR-TB) [3]. Recently, the new anti-TB drugs bedaquiline, delamanid
and pretomanid were conditionally approved against MDR-TB, which led to updates to the World Health
Organization (WHO) treatment guideline for MDR-TB [8]. Bedaquiline is a diarylquinoline, a new class
of antibiotics. It is an inhibitor of the membrane-bound adenosine triphosphate (ATP)-synthase enzyme,
therefore blocking mycobacterial ATP formation and energy metabolism. Bedaquiline is therefore
bactericidal for dormant mycobacteria as well, a preferable feature for the shortening of treatment
duration and prevention of relapse [9]. Delamanid is a nitroimidazole and affects the mycobacterial cell
wall, thereby also improving drug penetration into the mycobacterium. It is the most potent TB drug
and is active against replicating and dormant mycobacteria as well [9]. The combination of delamanid
with bedaquiline is, however, not recommended, due to QT-prolongation-related cardiotoxicity [10].
Pretomanid belongs to the same class of antibiotics as delamanid [9]. Pretomanid was developed as part
of a drug combination together with bedaquiline and linezolid, an oxazolidinone-class otherwise used
for the treatment of pneumonia and skin infection. There is a clear need for the additional development
of new effective drug combinations. The European Medical Agency (EMA) drug development guideline
for TB specifies that efforts should be made to develop entirely new regimens to treat TB, rather than
focusing on single drugs [11]. Due to the burden of polypharmacy for the patients and the increased
risk of side effects, the focus should be on developing new regimens instead of the development of
single agents as an add-on to a current regimen which was recommended in the earlier EMA TB drug
development guideline [12]. Of the three new drugs against TB, only pretomanid is approved as a
new combination regimen, while bedaquiline and delamanid were developed as add-ons to existing
therapy [13]. The development of new combination regimens is the way forward, the acceleration of
which is the objective of the new Innovative Medicines Initiative (IMI)-funded consortium European
Regimen Accelerator for Tuberculosis (ERA4TB). It is important to assess drug-drug interactions (DDI),
with respect to both PK and PD, to understand how the different drugs behave in certain combinations
and doses in order to maximize the efficacy and potentially learn how the efficacy of the combination
varies with time and concentration. The development of drug combinations is, however, challenging.
It is difficult to demonstrate the contribution of an individual drug to a regimen regarding efficacy or
safety [14]. The duration of treatment is lengthy, especially when considering follow-up to ensure no
relapse. Moreover, the design and execution of preclinical experiments and clinical trials are complex,
as the number of treatments to test grows exponentially with every added drug or dose, leading
to longer development times and higher costs. Tuberculosis drug development, which focuses on
regimens rather than unique drugs as an add-on treatment, thus challenges our methods to assess
and identify optimal regimens. Therefore, smart experimental designs and optimized data analysis
are essential. Data from larger scale in vitro preclinical experiments, with different drug regimens
that explore the PD interaction space in order to investigate the synergism and/or antagonism of the
interacting drugs, should be used to select the best regimens to determine the exposure range in vivo.
Based on the exposure-response relationship in animals, and/or pure in vitro predictions, the first
in-human (FIH) and early bactericidal activity (EBA) trials can be designed. These steps all require
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a mathematical translational approach, taking into account the PK-PD and translational factors to
account for differences between preclinical species and patients [15,16].

The European Medicines Agency/European Federation of Pharmaceutical Industries and
Associations (EFPIA) Modeling and Simulation joint workshop held in 2011 assembled scientists from
the pharmaceutical industry, academia and regulatory authorities from across Europe, the USA and
Japan to consider the future role of modeling and simulation in drug development and regulatory
assessment. As a follow up to the workshop, one of the EFPIA groups’ commitment to EMA was
to generate a “good practice” manuscript covering aspects of planning, conduct and documentation
of a variety of quantitative approaches for modeling and simulation methods where the concept of
Model-Informed Drug Discovery and Development (MID3) was defined [17]. The aim of MID3 is
to enable more efficient and robust research and development and regulatory decisions using an
integrated model-based drug development approach [17,18]. The MID3 strategy for the development
of drugs in any therapeutic area is supported by the EMA [19]. The MID3 framework has been defined
as a “quantitative framework for prediction and extrapolation, centered on knowledge and inference
generated from integrated models of compound, mechanism and disease level data and aimed at
improving the quality, efficiency and cost effectiveness of decision making” [17]. The MID3 framework
should be applied in the development of new TB drug regimens and is necessary for the reliable
prediction of the optimal selection of novel TB drug combination therapies based on pre-clinical
information, and subsequent decisions on which combinations to evaluate in clinical trials in order
to confirm their efficacy and safety. The framework integrates all available data and information
on the disease and the compounds. In addition to PK and PD models, systems biology or systems
pharmacology models [18] and machine learning based on, for example, imaging data [20] or even
artificial intelligence (AI) [21,22] are important tools. Figure 1 shows the proposed MID3 strategy
for the rapid development of anti-TB regimens through the prediction of human-concentration-time
relationships (PK), exposure-response relationships (PK-PD) and DDIs to select FIH doses, as well
as the prediction of Phase II and Phase III drug regimens. Initially in a drug development program,
preclinical data is mostly available. The impact of modeling and simulation increases towards the
prediction of human exposure-response. With this input efficient decision can be made about the
optimal combination of different drugs, and the right dose for each drug in the combination. Currently,
limited modeling and simulation are required for market approval, which relies more on statistical
comparison between treatment groups after phase III [23]. However, modeling and simulation can
have a role in the analysis of Phase III data in order to define the relationship between exposure and
clinical endpoint, evaluate PK DDI and simulate alternative potential regimens in certain subgroups,
for example, patients with renal impairment [24]. A key step for successful TB drug development is to
use modeling and simulation to predict the efficacy of combinations, including DDIs, for, for example,
synergy. We will review the necessary steps from this perspective for the successful MID3 application
to the preclinical to clinical translation of efficacious TB drug combinations, regarding the optimal
doses of drugs in complex regimens.
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Figure 1. Illustration of the role of Model-Informed Drug Discovery and Development (MID3) and the
application across preclinical to clinical drug development.

MID3, with modeling and simulation as key tools, is suggested to be applied throughout the
pre-clinical to clinical drug development phases in order to optimize and inform decision making
with respect to clinical trial design and the selection of drugs and doses to be carried forward from
the preclinical phase and into clinical trial programs. The prediction of human-concentration-time
relationships (PK), exposure-response relationships (PK-PD) in monotherapy and combination therapy,
as well as drug-drug interactions, (DDI), requires the application of MID3 techniques and integration of
all available data. In early preclinical drug development, preclinical data is used for predictions using,
for example, in vitro-in vivo correlation (IVIVC), physiology-based pharmacokinetics (PBPK) and a
biopharmaceutics drug disposition classification system (BDDCS) in order to define absorption,
distribution, metabolism, and excretion (ADME) properties. Further down the developmental
process, MID3 becomes more important in order to define exposure-response relationships and
pharmacodynamic (PD) interactions using preclinical data for optimal design of first-in-human (FIH)
and early bactericidal activity (EBA) trials. The need to define the optimal combination regimen using
preclinical information data is evident, as the necessary number of clinical trial arms/experimental
groups grow exponentially with the number of drugs within a regimen. Techniques using optimal
design and simulation studies are essential and part of the MID3 framework. Throughout the process,
the precision of human predictions increases. Different important drug development decision steps
(circles) are subject to learn-and-confirm cycles, for example, early EBA clinical studies where the
earlier defined exposure-response relationship using pre-clinical data (learning phase) is confirmed
(confirming phase).

2. Model-Informed Drug Discovery and Development

Model-informed drug discovery and development is given by a quantitative framework for
prediction and extrapolation, aimed at improving the quality, efficiency and cost-effectiveness of
decision making in drug development [17]. It can also be utilized in early drug discovery through
target identification and validation, and in describing the PK-PD and toxicological properties of the
candidate drug. In addition, it increases the efficiency of trials and reduces the cost through facilitating
dose and sample size selection [17]. Because of the great potential of MID3, it has been received well
and implemented by drug developers [18,25]. The EMA supports MID3 and has built competence
to meet the increasing modeling and simulation work in the dossiers submitted to EMA through the
implementation of the modeling and Simulation Working Group (MSWG). Further, the EMA stresses
that, in order to benefit from the full potential of MID3, stand-alone applications of modeling and
simulation, dissociated from clinical decisions with respect to the design and objectives of clinical
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trials, should be avoided [19]. This is also pointed out in the MID3 white paper [17], where the
implementation process is described as very important, and where the modeling and simulation work
should be clearly motivated in the analysis, with clear objectives that are relevant and understandable
for the entire development team. To realize the full potential of MID3, it needs to be integrated into the
development plan rather than being seen as an ad-hoc activity [23]. The FDA has implemented a new
Model-Informed Drug Development Paired Meeting Pilot Program which refers to the application
of a wide range of quantitative approaches in drug development to facilitate the decision-making
process, such as dose optimization, supportive evidence for efficacy, clinical trial design, and informing
policy [26]. Despite the recent efforts within academia, EFPIA and regulatory agencies, MID3 has not
been utilized to its full potential within TB drug development, where the need is great due to the
complex development of new drug regimens consisting of at least three drugs.

Model-informed drug discovery and development builds upon pharmacometrics, the discipline
that applies mathematical and statistical methods to understand, quantify, translate, and predict PK and
PD behavior, including uncertainty in that behavior [27,28]. Pharmacometric population PK and PK-PD
modeling can quantify these processes to better predict the concentration-time and exposure-response
relationships of anti-TB drugs as compared to non-modeling techniques, such as non-compartmental
analyses (NCA) for PK or traditional statistical analysis of, for example, the relationship between
dose and baseline-reduced response at the end of treatment [29] The advantage of pharmacometric
modeling is that it takes the inter-individual and inter-occasion variabilities into account. Once a
population model has been developed and evaluated, various simulation techniques can be used,
e.g., Monte Carlo simulations where virtual patients are drawn from the earlier quantified variance of
variability in the population. Pharmacokinetic models are usually nonlinear mixed-effects models
with unique parameters for fixed effects and random effects. Pharmacodynamic models can consist of
a statistical method suitable for the biomarker or endpoint where time-to-positivity and relapse would
be described with a time-to-event model, while colony forming unit (CFU) is a continuous variable
and, as such, can be described with similar nonlinear mixed effects modeling.

Model-informed drug discovery and development is likely most impactful in the translation
from preclinical to clinical, where the understanding and extrapolation of the exposure-response
from preclinical to clinical is crucial. Model-informed drug discovery and development is also very
important in the early clinical phases of anti-TB drug development, specifically phase II EBA trials,
as it is difficult to investigate all drug combinations and associated PD interactions in clinical trials.
The majority of the knowledge about the potential PD interaction space needs to come from preclinical
information. Additionally, MID3 can be used to design the next preclinical or clinical study in order
to optimize the likelihood of collecting informative data. A crucial step in drug development is the
prediction of FIH design and associated doses. Model-informed drug discovery and development
strategies and methods can be used to scale preclinical information to humans to design the FIH
trial. Pharmacometric techniques have been shown to reduce the sample size needed in comparison
to traditional statistical methods [29–31], while MID3 has been reported to save significant costs
through its impact on decision making [17]. Preclinical experiments should be designed to be able
to quantify the exposure-response relationship, including quantitative biomarkers relative to the
interspecies’ translation thereof [32]. An MID3 framework integrates all relevant preclinical and clinical
information, and can therefore be used to back-translate results from the clinic to improve the preclinical
understanding of the pathophysiology and pharmacology [33]. Even failed translations to humans are
valuable in correcting the preclinical methods used. An iterative forward- and reverse-translational
cycle has the potential to continuously enhance confidence in preclinical models [34]. The availability of
large clinical datasets from, for example, electronic medical records accelerates reverse translation and
improves the preclinical modeling of clinical manifestations [35]. Additionally, data from veterinary
medicine can be utilized to guide human medicine development [36]. For this framework to really
have an impact, data repositories and common languages are essential for application across different
disciplines, disease areas, or stages of development [23,37]. In addition, to ensure that modeling and
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simulation adds value through an MID3 approach, pharmacometricians must communicate with their
project teams before any data analysis starts to understand the key strategic development questions,
clinical context, available data, assumptions, and decision criteria [23].

The prediction of efficacy and safety in new drug combinations with new or unknown mechanisms
of action will benefit from the next paradigm in drug development and MID3, namely quantitative
systems pharmacology (QSP). This is the pharmacological perspective on a systems’ modeling,
a body-system-wide characterization of the health and disease of an organism based on a mechanistic
and molecular understanding of the individual components in the context of the holistic network [38].
QSP is the middle-out interface between systems biology and pharmacometrics, describing the
pharmacological perturbation within the studied context [39]. It accounts for differences in (molecular)
mechanisms of a disease [40], which is very relative for TB with its heterogeneous pathophysiology
of acute, chronic, and latent infections. Because of its mathematical description of all the relevant
elements of the pharmacological and pathophysiological pathways, and their differences between
species, it becomes key to translational medicine [41]. Because of this quantitative understanding
of the network, the prediction of the effects of drugs with new mechanisms of action improves
significantly [42]. The development of QSP models in the preclinical phase is, however, uncommon,
and the dedicated acquisition of experimental data like transcriptomics or metabolomics for the
development of QSP models is rare [43,44]. Quantitative systems pharmacology models are intended
to be applied to a wider scale than the individual questions or problems they were originally developed
for [45]. For TB specifically, this could mean a systems model of the M. tuberculosis infection in the
human context of macrophage infiltration, granuloma formation and pulmonary lesion development,
with all relevant pathways and drug targets quantitatively described. The effect of new combinations,
including drugs with novel mechanism of actions, can be predicted.

3. Prediction of Human Pharmacokinetics

In silico ADME-PK (absorption, distribution, metabolism, excretion, and pharmacokinetics) is
the use of computer modeling to understand structure−property relationships and to predict DMPK
(drug metabolism and pharmacokinetics) properties from compound structure. This is related to
but distinct from physiologically based pharmacokinetic (PBPK) modeling, which strives to provide
accurate predictions of the PK profile of drug candidates [46]. The focus of in silico ADME-PK is to
guide the design of novel compounds with superior ADME properties. Most often a quantitative
structure−property relationship (QSPR) approach is used to relate a compound’s structure to the
chemical property in question (e.g., cell permeability or metabolic clearance) measured in an in vitro
assay. Related terms are also quantitative-structure-activity relationships (QSAR), when a set of
predictor variables is related to the potency of the drug.

Orally administered products are subject to a sequence of transport and enzymatic barriers in
enterohepatic systems affecting bioavailability, including extraction in the intestinal and liver tissues,
which could impact the fraction of the orally administered dose that reaches the systemic circulation and
thereby the site of action. Bioavailability is mainly dependent on three general and rather complex serial
processes: the fraction of the oral dose that is absorbed (Fabs), the first-pass extraction of the drug in the
gut wall (EG), and the first-pass extraction of the drug in the liver (EH) [47]. In general, oral products with
a low F (<25%–35%) have a higher inter- and intra-individual variability in plasma exposure (coefficient
of variation >60%–120%) [48]. Drugs with high degree of Fabs show sufficiently high solubility of the
active pharmaceutical ingredient (API), no luminal degradation, and absorption along the small and/or
large intestine [49,50]. The regulatory framework Biopharmaceutics Classification System (BCS) of drugs
provides information relevant to understanding and predicting GI drug absorption and bioavailability
in general, which is relevant to the absorption potential in the small and large intestine [51]. After the
drug is absorbed, it passes to the liver, which expresses a broader range of different enzymes compared
to the intestine [52], such as the family of CYP enzymes [53]. Other enzymes such as microsomal uridine
5’-diphospho-glucuronosyltransferases (UGTs), sulfotransferases, and glutathione S-transferases are
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found in great amounts in the human liver [54]. Humans show large inter-individual variation in the
amount of different enzymes, which accounts, in part, for the large inter-individual variation reported
for EH and CL. A considerable large inter-individual variation in the expression of the different CYP
isoforms has also been observed, ranging from 20-(CYP2E1 and CYP3A4) to >1000-fold (CYP2D6).
The liver is also the major organ for glucuronidation in the body. Glucuronide conjugates have
molecular characteristics that are associated with biliary excretion of a compound, i.e., a high molecular
weight, ionized and the presence of polar groups [55].

The identification and quantification of the important PK processes described above can be
investigated in relevant in vitro models, and predictions of PK properties like regional intestinal
permeability can be made early [56]. Most importantly, an estimate of human drug clearance
will determine how fast a drug is eliminated, and conversely define the dose range to study
in FIH [57]. Several different models have been suggested for the prediction of oral absorption
for the biopharmaceutical design of oral drug delivery systems [58,59]. The proposed BDDCS
has been shown to be useful in predicting some crucial ADME parameters and especially the
transport/absorption/elimination interplay [60]. Preclinical data can then be translated through
in vitro-in vivo extrapolation, or even through PBPK modeling to generate basic PK parameters such
as fraction of dose absorbed, bioavailability, clearance (CL), volume of distribution, and terminal
half-life. Furthermore, the accuracy of the QSAR predictions of effective intestinal permeability (Peff),
is significantly improved when based on a combination of molecular physicochemical descriptors and
molecular dynamics simulations from in vitro data [61]. Molecular simulations have been successfully
used to predict the effects of cholesterol in the lipid membrane fluidity [62]. Additionally, molecular
simulations have been reported to be useful as they are comparable to experimental data [63].
Among the molecular descriptors evaluated by Lipinski (e.g., polar surface area, hydrogen bond
donors (HBDs)/acceptors, Log D), the number of HBDs is the most restrictive when it comes to
intestinal membrane transport/absorption [64,65]. Two drugs violating this rule (i.e., >5 HBDs and low
intestinal Peff and Fabs), one of which is rifampicin, have been investigated thoroughly and offered a
potential explanation for drug absorption beyond the Lipinski Rule-of-five [66]. Based on a liposomal
permeation assay, it has been proposed that drug molecules with more than five HBD can be sufficiently
absorbed in the intestine by passive lipoidal diffusion [66]. Some drugs are absorbed by passive lipoidal
diffusion despite their unfavorable physicochemical properties. It is therefore necessary to find more
complex descriptions of the molecular interaction by applying a combination of experimental data and
molecular dynamic modeling and simulation to further improve the accuracy in predicting general
membrane transport across the cellular membrane barrier and not only in the GI-tract [66–69].

Physiologically based pharmacokinetic modeling is considered to assist drug product development
by providing quantitative predictions through a systems approach [70]. A mechanism-based model,
like that of the PBPK approach, separates drug-specific from system-specific elements, which allows for
the interspecies translation of the time course of the drug [41]. Physiologically based pharmacokinetic
models divide the body into anatomically and physiologically meaningful compartments, including
the gastrointestinal tract for absorption, the eliminating organs, and non-eliminating tissue
compartments [71]. In addition, compound-specific parameters such as physicochemical and
biochemical parameters (e.g., tissue/blood partitioning and metabolic CL) are incorporated into
the model to predict the plasma and tissue concentration versus the time profiles of a compound
in an in vivo system following intravenous or oral administration. Translation between species,
special populations, or disease states, are the result of changing these physiological parameters
accordingly. Several variations are in use, including a whole-body PBPK model describing the complete
organism, and hybrid PBPK models, combining PBPK elements with empirical compartmental PK to
simplify the model [72]. An important element in the physiologically based translation of PK is binding
of the drug of interest to proteins in the plasma, mainly albumin, lipo- or glycoproteins, or globulins.
Protein binding differs between experimental settings (in vitro) and species (in vivo) and should be
taken into account because it influences tissue penetration and the free drug that can interact with its
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target [73]. Physiologically based pharmacokinetic modeling predictions are a valuable tool in the
pharmaceutical industry due to the possibility of combining all the available and relevant information
that is generated during the preclinical stage, which helps improve decision making during the selection
process [74]. For instance, biorelevant dissolution-absorption PBPK modeling and simulation has been
reported as applied in 88% of early drug development processes [75]. Moreover, PBPK modeling
provides a powerful tool to study potential PK DDIs through incorporating the drug’s physicochemical
properties, PK properties, human physiological variables, and inter-individual variability estimates.

Predictions of PK parameters use information from preclinical studies in animals to transition
to clinical trials, i.e., FIH studies, when no clinical information is available to guide the decision
of the starting dose. Thus, the estimation of the starting dose in human subjects relies on the PK
knowledge of the drug from different species. It is essential to have preclinical PK data based on
blood, plasma, and/or tissue sampled longitudinally to optimally capture the complete drug profile
during a dosing interval. A model-based approach to the starting dose often uses allometric scaling to
predict human drug clearance and distribution volumes. Allometric scaling is based on the assumption
that physiological similarities exist between different species arising from anatomical similarities,
specifically similarities in body weights and body surface areas [76]. Historically, a maximum dose for
FIH studies was based on the no observed adverse effect level (NOAEL) in preclinical experiments,
an arbitrary safety factor, and allometric scaling. This approach is empirical by nature and therefore
limited. When more mechanistic data and models are available, a minimal anticipated biological effect
level (MABEL) can be estimated [42]. For example, preclinical PK-PD and interspecies differences in
the target can be utilized to estimate the MABEL for a FIH trial [77]. This has the benefit of being
driven by pharmacology, where FIH trials will answer pharmacological questions on PK and PD,
rather than being driven by toxicology or tolerability. Taking into account MABEL and safety factors,
a first study with single ascending doses (SAD study) will quantify the PK and ensure safety and
tolerability. A second study with multiple administered doses (MAD) can subsequently be designed
accordingly [78].

In addition to allometric scaling, the use of IVIVC has markedly increased [79–82]. It is
suggested that animal PBPK models should be used as part of a stepwise approach, in which
the first step uses animal data to understand the processes and verify the predictive power of in vitro
systems, and the second step is about forecasting human PK from in vitro data and in silico methods
(learn-and-confirm) [82]. The first step in predicting drug CL using IVIVC is to obtain intrinsic CL
(CLint) from in vitro data [83,84]. In vitro CLint values determined from various systems including
hepatocytes, cell transport models, liver or intestinal microsomes, or recombinant CYPs, either by
substrate depletion or metabolite formation, are normalized for cell, microsomal protein or enzyme
concentration. The next step consists of scaling the activity determined in vitro to the whole liver by
the use of a scaling factor, to account for incomplete microsomal recovery from the tissue to obtain
in vivo CLint. Finally, the third step involves the use of a liver model which incorporates the effects of
hepatic blood flow, plasma protein-binding and blood cell partitioning to convert the estimated in vivo
CLint into a hepatic CL (CLH). The well-stirred liver model is most commonly used, but the dispersion
model or the parallel tube model is also available [84].

Using high doses of oral anti-TB drugs may result in high plasma concentrations, leading to
an increased risk of adverse effects [85] while not ensuring adequate concentrations at the site of
action [85,86]. This has prompted investigation into the use of the pulmonary route to deliver anti-TB
drugs directly to the site of action in the lungs. Administering anti-TB drugs as inhaled formulations
ensures the delivery of the drug directly to the target organ, avoiding any unwanted systemic side
effects, thereby improving patient compliance [87]. Optimal pulmonary drug delivery for locally
acting drugs includes a high local lung concentration, extended lung residence time and low systemic
concentration [88]. A fundamental understanding of pulmonary dissolution, residence time, and lung
absorption processes is key for the successful development of inhaled products [89,90]. However,
inhaled formulations have many challenges, including formulation stability, pulmonary distribution,
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lung toxicity, and additives safety [91]. Furthermore, dosing of inhaled drugs is more complicated than
other routes of administration as their absorption in the lung is highly variable [91]. Thus, many in vitro
and in vivo models have been developed to study the PK of inhaled anti-TB drugs, specifically their
absorption and distribution, in order to evaluate the efficacy and safety of anti-TB drugs in the lungs.
These models, while allowing a reduction in biological complexity, still face many challenges, and can be
demanding to build [92]. In vivo animal models are the gold standard regarding the assessment of drug
clearance, systemic side effects and PK after pulmonary administration [92]. However, animal models
are not always able to mimic human pulmonary anatomy and physiology, or TB disease progression in
humans, and they do not exhibit extrapulmonary dissemination similar to humans [86]. Translation
from animal data to the clinic has been recognized as challenging [93]. Understanding the pulmonary
exposure is important, and animal data can contribute specific information about the lesion to plasma
ratio [94], as similar lung distribution ratios can be obtained in human. However, little is known
about the factors that influence drug distribution from plasma into the range of tissues, nodules and
cavities that are inhabited by the TB pathogen. Pulmonary TB lesions consist of a diversity of cell types,
tissue structures and vascular architectures which suggests that the distribution of the drug is not only
governed by passive equilibration between unbound drug concentration in plasma and tissue [95].
MALDI mass spectrometry imaging (MALD-MSI) is a new technique to study the distribution of small
molecules in the various compartments of pulmonary lesions [96]. Information from such studies not
only provides knowledge of regional differences in drug exposure, but also confirms a high exposure
in regions where a high density of persistent TB bacteria is found.

4. Prediction of Human Pharmacokinetic-Pharmacodynamic Relationship

In order to translate drug effects from preclinical information to the clinical phase of drug
development, defining a drug exposure-response relationship using preclinical information is of
importance. The PK-PD relationship is quantitative, predictive, and reproducible and is valid in
all disease models [57,58]. Thus, characterizing this relationship is of great benefit in preclinical
PK-PD studies to help guide dose selection and study design in humans. Exhaustive reviews of
preclinical experimental methods that quantify exposure-response relationships have previously
been performed [97,98]. These methods, such as classical time-kill experiments, hollow-fiber system
(HF), different murine models, rabbits and guinea pig, all mimic elements of the human pathology
to a certain extent, but all have their limitations. Here, the focus is on their informativeness of the
exposure-response relationship for translation to human prediction.

In vitro determination of the minimum inhibitory concentration (MIC) is informative about the
sensitivity of the bacterial strain to the compound. This is especially the case when the target sizes
of the M. tuberculosis infection, macrophages, are utilized as environmental context [97]. The MIC is
a measure of the net effect of the drug on bacterial growth and survival. However, it is very crude
and undynamic as it is measured at a specific concentration and after a fixed time, which might cause
it to deviate from the true MIC [99]. The MIC is also limited because the resolution is determined
by the chosen dilution steps, and bigger dilution steps increase the risk of under- or overestimating
the MIC. In addition, the determination of MIC is based on visual inspection which makes it prone
to subjective error [99]. Mouton et al. have studied the variability between MIC measurements in
Staphylococcus aureus treated with linezolid and have concluded that over half of the variability in the
MIC measurements is either due to systemic and significant inter-laboratory differences or differences
between strains [100]. The other half can be explained by assay variation and different environmental
conditions, such as the media used and incubation temperature [100].

Several preclinical animal models for TB are in use. The advantage of an animal model over
in vitro systems is the holistic environment of a whole organism, including a functioning immune
system, physiological feedback systems and (drug) disposition. This results in more variability in
the determination of the exposure-response relationship and requires more effort to elucidate drug
effect from, for example, the immune system. The most emphasis is placed on murine models of
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TB [101], although there are arguments that the mouse is not a good model for TB in humans [102].
Mice can be housed in the required biosafety laboratories with ease, blood and tissue sampling is
well established, and both chronic and latent infections have been successfully used [103]. However,
the mice have a low susceptibility to M. tuberculosis and show only loosely organized granulomas,
and are therefore limited when considering lesion-specific treatment. Granuloma formation in guinea
pigs and rabbits is more representative of human granulomas, including caseous necrosis [102].
Guinea pigs are highly susceptible to M. tuberculosis which makes infection as straightforward as
exposure to exhaustion from TB patients [103]. Rabbits are also utilized to study a slower response
to treatment, disease relapse, and resistance development due to lung cavities, and their size makes
studying drug distribution to TB lesions more feasible [98]. The experimental toolbox regarding
immunologic reagents and genetic techniques is, however, more restricted in these animals, and both
need more difficult and expensive husbandry. Granuloma formation can also be studied non-invasively
in the zebrafish, a relatively new disease model organism in drug discovery and development [103].
Because of their transparency and easy genetic modification, fluorescence microscopy of pathogen
and immune cells can be leveraged to follow infection and treatment [104]. With the small size
and high fecundity of the zebrafish, high-throughput assays are available to test large numbers of
compounds in short amounts of time with enough statistical power [105]. Methods to quantify internal
drug exposure have also been established [106–108]. Recently, an exposure-response relationship has
been developed for isoniazid in the zebrafish, which translated well to humans [109]. In general,
non-invasive imaging of lesion pathology by computed tomography (CT) and positron emission
tomography (PET) has the potential to improve the comparison between preclinical and clinical
measurements of disease progression and treatment [102]. Ordonez et al have demonstrated this by
using dynamic [11C]rifampicin PET-CT imaging in patients newly diagnosed with pulmonary TB
and rabbits infected with cavitary TB to noninvasively measure intralesional drug concentration-time
profiles and, consequently, time to bacterial extinction [110]. They also employed integrated modeling
of the PET-captured concentration-time profiles in hollow-fiber bacterial kill curve experiments to
predict the rifampicin dose required to achieve a cure in 4 months, which has a huge potential in
antimicrobial drug development to shorten TB treatments [110]. It is clear that no single animal
model represents a heterogeneous disease such as TB. A mechanistic understanding of TB in humans
will identify which elements are characterized best by which animal model [103]. Independently
of which preclinical experimental method is utilized, the sampling design of both PK (e.g., drug
and/or metabolite concentration) and PD (e.g., infection, bacterial burden) biomarkers is of the utmost
importance. The careful selection of datapoints over the duration of the experiment and at different
drug concentrations is essential for a reliable quantification of the exposure-response relationship.

Regulatory agencies suggest determining PK/PD indices based on preclinical data for antibiotics,
e.g., the area under the concentration curve over MIC (AUC/MIC), the maximum concentration (Cmax)
over MIC (Cmax/MIC), and the percent of a 24-hour time period that the drug concentration is above MIC
(T>MIC), for the establishment of the PK-PD profile of antimicrobials and for deciding the most optimal
dosing regimens. PK/PD indices are based on preclinical studies that describe the PK-PD relationships
of antimicrobials [111]. However, PK/PD indices suffer from several clear limitations, some of which
are inherent to their use of MIC, the limitations of which are discussed above. Using PK/PD indices
ignores information about the time-course of individual PK and PD processes [112]. As summary
endpoints, they lack the ability to track the changes in the bacterial load over time [113]. Furthermore,
when using AUC/MIC as a PK/PD index, the rate of drug administration is ignored, while, when using
Cmax/MIC, bacterial killing is assumed to depend solely on the maximum drug concentration, ignoring
drug half-life and infusion duration [99]. Using T >MIC assumes that the maximal drug effect has
been reached when MIC is reached, regardless of whether higher concentrations were given [99].
Additionally, the colony-forming units (CFU) versus PK/PD indices profile shows great variability
in the CFU observations for the same PK/PD indices value [99]. These PK/PD indices are selected
and predicted as PD targets using HFS-TB to quantify a more realistic in vitro exposure-response
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relationship that is translatable to in vivo [98,99,114]. However, despite EMA’s qualification of the
preclinical HFS-TB to be used to complement existing methodologies, it still suffers from a number of
limitations. The EMA advises caution when interpreting HFS-TB results, as many instances of over-
and under-estimates of the drug’s anti-TB activity have been reported [115]. In addition, HFS-TB
cannot replace animal models or clinical studies [116], while the reproducibility of the method by other
laboratories has not yet been assessed [115].

Mechanistic, or semi-mechanistic, PK-PD models in TB based on preclinical data allow for the
description of the multiple mycobacterial populations present. A mechanism-based PK-PD model by
Hollow-fiber systems for TB has the advantage of being able to mimic dynamic PK in comparison
to more traditional static time-kill experiments. A semi-mechanistic PK-PD model can be derived
using HTS data [117–119]. Khan et al. describes susceptible, resting, and non-colony-forming bacterial
populations [120]. The multistate tuberculosis pharmacometric (MTP) model is a semi-mechanistic
mathematical model that can describe and identify the exposure-response profile of a drug towards
three bacterial subpopulations: fast-, slow-, and non-multiplying bacteria. It has been successfully
applied to describe in vitro [121], mouse [122], and clinical data [123]. In addition, the MTP model has
been successfully used in an MID3 approach, to predict observations from early clinical studies using
clinical dose-response forecasting from preclinical in vitro studies of rifampicin and in combination
with isoniazid [15,16]. This model has been selected by The Impact and Influence Initiative of the
Quantitative Pharmacology (QP) Network of the American society of Clinical Pharmacology and
Therapeutics (ASCPT) to highlight the most impactful examples of QP applications where the role
of quantitative translational pharmacology has bridged science and practice to make better, faster,
and more efficient decisions in drug discovery and development [25]. Another mechanism-based
model is the Magombedze et al. model that mimics the disease state in TB patients by describing
the mycobacterial population as logarithmic growth-phase, semi-dormant, and persister bacilli [117].
In addition, a pulmonary PK-PD model of isoniazid has been developed to better characterize the
relationship between its PK and its anti-TB effects in the lungs [124].

5. Prediction of Human Drug-Drug Interactions

Tuberculosis requires a combination therapy of three different antibiotics or more, which increases
the risk of DDIs. Drug-drug interactions between drugs that are intended to be used in combination
should be considered as early as possible. The prediction of DDIs from preclinical data will improve
the ability to predict the total efficacy of the combination in relation to the drugs in monotherapy,
as well as compared to expected additivity, i.e., the sum of all effects from the drugs when given alone.
DDIs that result in less efficacy in the combination than in a combination with one less drug should be
avoided. However, combinations that result in an efficacy less than the expected additivity, but still
result in more efficacy than when one drug is omitted, can be considered. Drug-drug interactions can
relate to both PK interactions, i.e., one drug (the perpetrator) impacting the absorption, distribution,
metabolism, or excretion of another drug (the victim), or PD interactions, i.e., the perpetrator impacting
the potency or efficacy of the victim drug.

Regulatory guidelines on the investigation of DDIs are brief about the use of in vitro data, while in an
MID3 context, knowledge on the relevant mechanisms of, e.g., metabolism combined with in vitro data
can be leveraged to decide on suitable combinations of drugs without extensive experimentation [125].
Both in vitro studies as well as animal experiments can be utilized to assess the potential for PK
DDIs [126]. In vitro studies make use of metabolically active hepatocytes or cells overexpressing
drug transporters to determine the PK interaction potential of a new drug [127]. When studying
DDIs in preclinical species, the between-species differences in transporters or enzymes should be
taken into account [128]. Pharmacokinetic DDIs mostly impact drug clearance by the induction or
inhibition of metabolic enzymes like those from the CYP family and, to some extent, ABC and transport
proteins. Such an interaction by the perpetrator drug will greatly enhance or reduce the exposure of
the victim drug. For example, rifampicin induces bedaquiline clearance 5-fold, and should therefore
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not be combined for therapy [129]. Because bedaquiline has a very long terminal half-life, potential
DDIs are difficult to identify using traditional methods, whereas properly designed experiments
and quantitative modeling are necessary to elucidate such interactions [130]. Drug distribution can
also be impacted because of the induction or inhibition of drug transporters like the permeability
glycoprotein (P-gp), which is present on the canalicular membrane and blood-brain barrier, among
others. Physiology based pharmacokinetic modeling can be very successful to predict metabolic DDIs,
and specific DDI studies can be assisted by modeling and simulations [131]. Some anti-TB drugs
are reported to be substrates for different hepatic enzymes or known to be inducers or inhibitors of
metabolic enzymes. Rifampicin is well known as a CYP3A4 modulator [132,133], as well as an inducer
of P-gp [134]. Additionally, even though the effect of clofazimine on CYP3A4 and P-gp is still unclear,
clofazimine has been shown to delay the time taken to reach Cmax of rifampicin [135]. Horita et al.
studied the effects of anti-TB and antiretroviral drugs on CYP3A4 and P-gp, and they found that
clofazimine exhibits weak inductive effects on CYP3A4 [136]. Furthermore, the co-administration
of bedaquiline and clofazimine has been reported to increase the risk of QT prolongation [137,138].
As described above, these potential DDIs can be predicted from in vitro data through, for example,
in vitro-in vivo scaling [139] or PBPK [140]. A transcription/translation model and a PBPK model have
been developed to predict rifampicin-induced DDIs with reasonable accuracy [141].

In contrast to PK interactions, due to clearly defined processes of absorption, distribution,
metabolism, and excretion, PD interactions are harder to investigate and quantify. This is because,
since a clinical DDI study has to study the drugs both alone and in combination, the number of arms
in the study will substantially increase when studying three or more interacting drugs. The Greco
model [142], which is derived from Loewe additivity, was developed to assess PD interactions.
However, such a model suffers from being limited to interactions between only two drugs. On the other
hand, the general pharmacodynamic interaction (GPDI) model overcomes this limitation, in addition
to being flexible to different drug interaction data without requiring knowledge on the modes of
action of the studied drugs [143]. The GPDI model-based approach proposes a PD interaction to be
quantifiable, as multidirectional shifts in drug efficacy (Emax) or potency (EC50) and explicates the
drugs’ role as victim, perpetrator or even both at the same time. The GPDI model has been utilized
along with the MTP model [121] to develop a model-informed preclinical approach for the prediction
of PD interactions [144]. The MTP-GPDI model has been further employed to successfully evaluate
and quantify the PD interactions of anti-TB drug combinations in mice [145]. Furthermore, it has
been demonstrated that the GPDI model outperforms conventional methods in the evaluation of PD
interactions for TB drugs [146].

It is clear that the need for a combination therapy of TB could potentially result in DDIs in the clinic.
It is therefore essential to quantitatively understand the DDIs, both PK- and PD-interactions, as early
as possible in drug development. Utilizing data from in vitro combination experiments combined with
preclinical in vivo data on the exposure-response relationships of the drugs in combination and early
clinical data, will inform on which combinations of drugs at which doses are efficacious and safe for
patients. This quantitative integration of data and translation to the clinic is possible through the MID3
model-informed framework.

6. Conclusions

The development of new combinations of anti-TB drugs is both promising and challenging.
Novel drug combinations and drug delivery routes require novel and innovative techniques.
Model-informed drug discovery and development is an integrated framework of preclinical and
clinical data through translational models that show great promise in selecting and predicting which
drug regimens to carry forward to be evaluated in clinical trials. The MID3 framework supports
decision making in drug development in relation to the prediction of efficacious and safe combinations
of new drugs and translates this to the clinic. It is essential for drug developers to collaborate across
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disciplines, and academic and industry borders and train a new type of scientist in experimental and
computational innovation.
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Abstract: Structure-based and computer-aided drug design approaches are commonly considered to
have been successful in the fields of cancer and antiviral drug discovery but not as much for antibacterial
drug development. The search for novel anti-tuberculosis agents is indeed an emblematic example of
this trend. Although huge efforts, by consortiums and groups worldwide, dramatically increased
the structural coverage of the Mycobacterium tuberculosis proteome, the vast majority of candidate
drugs included in clinical trials during the last decade were issued from phenotypic screenings on
whole mycobacterial cells. We developed here three selected case studies, i.e., the serine/threonine
(Ser/Thr) kinases—protein kinase (Pkn) B and PknG, considered as very promising targets for a
long time, and the DNA gyrase of M. tuberculosis, a well-known, pharmacologically validated
target. We illustrated some of the challenges that rational, target-based drug discovery programs
in tuberculosis (TB) still have to face, and, finally, discussed the perspectives opened by the recent,
methodological developments in structural biology and integrative techniques.

Keywords: tuberculosis; structure-based drug design; target-based drug design; PknB; PknG; DNA
gyrase; antibiotic

1. Introduction

Although the drug discovery process has historically relied on high-throughput screening (HTS)
to identify hits to be developed into drug candidates, either on a given target (in most cases, an essential
enzyme) or through whole-cell screenings, it still remains an experimentally laborious, expensive,
and time-consuming process. Unlike traditional drug discovery, however, drug design is not necessarily
based on the screening of large libraries, which is intrinsically a trial and error process, but builds on
the available knowledge for a given biological target. A particular, well-known case of drug design is
called structure-based drug design (SBDD), which uses the three-dimensional structural knowledge of
the target to find or optimize molecules that can bind to the target with high affinity and selectivity.
The potential of using structural information for discovering candidate drugs was apparent from the
early days of structural biology [1], but it took several years to achieve the first successful examples,
i.e., human immunodeficiency virus (HIV) protease inhibitors [2] and carbonic anhydrase inhibitors
for the treatment of glaucoma [3].

A three-dimensional model of the target is, therefore, a prerequisite for SBDD. The structure
can be obtained experimentally in different ways, in most cases by X-ray crystallography, although
nuclear magnetic resonance (NMR) and, more recently, cryo-electron microscopy (cryo-EM) have also
attracted attention [4], especially following the spectacular increase in the resolution capabilities of
single-particle cryo-EM, which is commonly referred to as the resolution revolution [5,6]. For targets
whose experimental structure is elusive, in silico structure prediction is also routinely performed and
can be achieved, whenever suitable models are available, through homology modeling from a closely
related homologous protein [7].
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The identification of potential drug binding sites can be obvious when ligand-bound target
structures are available. However, the capability to detect binding sites for substrates or modulators
becomes highly relevant not only for targets for which no ligand-bound three-dimensional structure
is available, but also to detect allosteric sites or protein–protein interaction surfaces that might be
specifically targeted [8], and for these, dedicated libraries are now available [9]. Considering that
binding site identification is not always straightforward, tools have been developed to infer “druggable”
pockets from the identification of concave regions—that could accommodate drug-size molecules—by
screening for appropriate binding properties, such as volume, hydrophobicity, hydrogen bonding,
energy potential, solvent accessibility, and desolvation energy [10].

The search for potential ligands on a given target can then follow two different approaches,
commonly referred to as ligand-based drug design (LBDD) or target-based drug design (TBDD). LBDD
does not require, a priori, direct structural knowledge of the target, but relies on the identification of
hits, usually congeneric compounds, with an established biological effect; hit-to-lead optimization
can then proceed through the definition of appropriate chemical descriptors of the series, quantitative
structure-activity relationship analysis (QSAR), and pharmacophore modeling [11], all followed by
experimental validation. QSAR-based virtual screening approaches, alone or in combination with
HTS screenings, can also be used to enlarge the panel of bioactive compounds against the target or
pathway of interest, increasing the overall hit rate [12]. TBDD, in contrast, uses the physical-chemical
constrains from the target three-dimensional structure, and possibly a well-defined binding pocket,
to perform virtual screening of libraries, either of natural or synthetic compounds, usually applying
appropriate filters like compliance to Lipinski’s rules or QSAR models, or to design molecules de
novo in a step-wise manner. A particular case of de novo molecule design is fragment-based drug
design (FBDD), in which low-affinity target binding molecules are identified from appropriate libraries,
using a variety of biophysical approaches, and then merged or linked together using the available
three-dimensional information to achieve larger binders with improved properties [13,14].

It is common knowledge in the field that although SBDD approaches have proven to be successful
for non-transmissible diseases and viral diseases, they have proven to be much less effective in the
antibiotic discovery field [15,16]. Unfortunately, tuberculosis represents no exception to this trend [17],
despite the considerable progress achieved during the last twenty years in the understanding of the
pathogen molecular physiology, starting from the seminal publication of the M. tuberculosis genome
sequence in 1998 [18], the extensive structural genomics campaigns during the following years [19–21],
the advances in understanding host-pathogen interactions and the development of the disease [22,23],
and notwithstanding the development of genetic and biochemical tools to allow the in vivo and in vitro
validation of targets [24,25].

The purpose of this review was not to provide an exhaustive overview of the capabilities now
offered by in silico approaches for antibiotic development against M. tuberculosis, already reviewed
elsewhere [26,27], nor to make a survey of the current state of structural knowledge of the pathogen
proteome and the experimental structures relevant for drug discovery, for which we point the reader
to very recent, extensive work [28]. Rather, we focused here on three emblematic case studies of
M. tuberculosis targets that attracted most efforts for anti-tuberculosis compound development by
HTS campaigns, computer-aided, and structure-driven compound identification: the serine/threonine
(Ser/Thr) kinases—protein kinase (Pkn)B and PknG—two amongst the most known, supposedly
promising new targets offered by the post-genomic era, and the DNA gyrase, the ‘old’ but the
well-proven target of fluoroquinolones.

2. Protein Ser/Thr Kinases as Drug Targets

Protein phosphorylation is a well-known, widespread mechanism for signal transduction and
regulation of several biological functions. Protein kinases have long been known as major drug
targets [29], especially for the treatment of cancer, where the deregulation of signaling mechanisms
is a hallmark of the disease [30]. Protein kinases are not only pharmaceutical targets in cancer
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chemotherapy but also for the treatment of parasitic infections, ranging from the ones caused by
Trypanosomatids or Leishmania [31] to malaria [32]. Since the sequence of M. tuberculosis H37Rv
genome was first reported in 1998 [18], the pathogen has been known to possess eleven genes coding
for Hanks-type Ser/Thr kinases [33], named from pknA to pknL (but no pknC), providing one of the first
challenges to the paradigm of prokaryotic cell signaling as being entirely driven by two-component
systems. One gene coding for a transmembrane Ser/Thr phosphatase, pstP, was also identified as
lying on the same cluster as pknA and pknB, forming a putative operon [34], in addition to two
genes (ptpA and ptpB) coding for Tyr phosphatases [35]. Nine out of eleven Ser/Thr kinases (all but
PknG and PknK) were predicted to be integral membrane proteins, all sharing the same topology
with an N-terminal catalytic domain in which the archetypal Hanks motifs could be identified [33],
a single transmembrane segment and a very variable extracellular, C-terminal domain, hypothesized
to be acting as a signal sensing domain. The role of such C-terminal domains is, in most cases,
still puzzling, although, in some kinases like PknB, it has been suggested to be involved in the
kinase activation process, possibly by controlling the kinase oligomerization state as a function of the
external signal [36]. Work from Tom Alber’s group in Berkeley indeed demonstrated the role of the
‘back-to-back’ dimerization to promote an active kinase conformation, not only for PknB [37,38] but
also for PknD [39], notwithstanding the observation that mutations in the dimerization interface do not
abolish kinase activity, as reported by separate groups [37,40]. PknB was also the first M. tuberculosis
kinase for which the crystal structure of the catalytic domain was described in 2003 [41,42]. Indeed,
this first crystal structure confirmed the overall conservation of the bi-lobed protein kinase fold and
the initial assumptions about the presence of the known structural features of eukaryotic protein
kinases, as predicted by the detection of the Hanks motifs [42], thus underlining the common origin
of eukaryotic and prokaryotic kinases. Following these first milestones and the genetic proof of the
in vitro essentiality of pknB coming both from transposon mutagenesis [43] and targeted studies [44,45],
PknB then attracted the attention of tuberculosis (TB) research community as an ideal target for
structure-based drug design. The community’s interest rise when considering the increasing evidence,
over the years, of its role in the control of peptidoglycan synthesis and cell division (recently reviewed
in [46]). The first description of the potential use of PknB inhibitors as anti-mycobacterial agents
reported the compound H-7 (1-(5-isoquinolinesulfonyl)-2-methylpiperazine; Table 1), well before
any bacterial protein kinase structure was available [47]. Once the PknB catalytic domain structure
was solved, virtual screening carried out on a library of about 40,000 compounds for hits into the
PknB adenosine triphosphate-binding (ATP-binding) pocket was performed. The screening led to
identifying mitoxantrone, a chemotherapeutic agent known for its DNA intercalating properties, as a
sub-micromolar PknB inhibitor [48], similar to staurosporine, K-252-a, and K-252-b (Table 1), who were
identified as hits after testing a few commercially available eukaryotic kinase inhibitors [44]. The crystal
structure of the PknB-mitoxantrone complex was the first showing the kinase catalytic domain in
complex with a non-ATP analog, kinase inhibitor. Two crucial, hydrogen bonding interactions
were evidenced between the mitoxantrone hydroxyl groups and main chain atoms from the PknB
hinge region that connects the two kinase lobes, i.e., the carbonyl oxygen of Glu93 and the amino
group of Val95 [48], opening the way to compound optimization (Figure 1A,B). Several other PknB
inhibitors were proposed in the course of the following years, starting from hits developed either
from known kinase inhibitors like staurosporine analogs [37], 2-aminopurine and its derivatives,
including organometallic compounds [49]), or from hits obtained from HTS on public or proprietary
libraries using GarA as the substrate [50–53], or phytocompounds [54] (Table 1). Most of the published
work deals with compounds inhibiting the kinase in the micro and sub-micromolar range but with
limited activity on mycobacteria. The exception to this trend is IMB-YH-8 (Table 1), a compound that,
despite showing an IC50 (half maximal inhibitory concentration) on PknB in the 20 μM range, shows
good selectivity for mycobacterial PknB and PknA and a MIC (minimal inhibitory concentration) in
the sub-micromolar range [53]. Compounds highly active on both PknB and PknA have also been
reported recently by others in the form of substituted quinazolines, and, for a compound derived
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from this series (a pyrimidine analog), the crystal structures of the respective complexes with both
kinases have been described [55] (Figure 1, Table 1). Both structures underline the common binding
mode in the ATP pocket and the crucial interaction with the hinge region (Figure 1B). Despite the
inhibition constant for both kinases falls in the nanomolar range, these dual-targeting inhibitors display
promising but yet limited antibacterial effect with MIC on M. tuberculosis in the lower micromolar
range [55]. A different PknB inhibitor for which a crystal structure in complex with the target is
available is GSK690693 (Figure 1C, Table 1), also identified through a virtual screening approach
on known kinase inhibitors [56]. This compound, member of the imidazopyridine aminofurazans
class, also displays conserved features in its binding mode to the PknB hinge region (Figure 1B), and
sub-micromolar affinity to the kinase, but no significant antimycobacterial activity on Mycobacterium
smegmatis or Mycobacterium bovis BCG (bacillus Calmette-Guerin). However, the MIC is significantly
lowered if the compound is associated with a sub-MIC50 concentration of meropenem, suggesting a
synergistic action between PknB inhibitors and β-lactams [56].

μ

Figure 1. Experimental structures of protein kinase B (PknB)-inhibitor complexes. (A) Electrostatic
surface from the X-ray structure of PknB in complex with AMP-PCP (β,γ-methyleneadenosine
5′-triphosphate) in red (pdb: 1O6Y), superimposed with the coordinates of four other PknB complexes
with, respectively, mitoxantrone in green (pdb: 2FUM), KT5720 in orange (pdb: 3F69), GSK690693 in
cyan (pdb: 5U94), and ‘compound 38’ in pink (pdb: 6B2P). This compound has been reported as active
on both PknA and PknB [55]. (B) Side and top view of the superimposed ligands with the hinge region
from the pdb entry 6B2P. Kinase residues are indicated. (C) Ball-and-stick representation of the ligands
kept in the same relative binding orientation as in (B) and colored by element.

Table 1. M. tuberculosis PknB inhibitors.

Family Name Structure IC50 (μM) Reference

Isoquinolines H-7

μ

ND [47]
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Table 1. Cont.

Family Name Structure IC50 (μM) Reference

Staurosporine
analogues

Staurosporine 0.6 [44]

K-252-a 0.096

K-252-b 0.106

KT5720 ~1 a [37]

Anthracenediones Mitoxantrone 0.8 [48]

Aminopurines 2-A9P 1300 [49]
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Table 1. Cont.

Family Name Structure IC50 (μM) Reference

Quinazolines Disubstituted series ≤ 1.1 [51]

Pyrimidines Disubstituted (-R1 also

as -NHR1)

≤ 0.4 [51]

‘Compound 38’ Ki ~ 1 nM [55]

Phytocompounds Demethylcalabaxanthone ND [54]

4-oxo-crotonic acid
derivatives

IMB-YH-8 20.2 [53]

Imidazopyridine

aminofurazans

GSK690693 0.34 [56]

ND: not determined. a measured on a PknB mutant (M145L, M155V) [37].
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On the other hand, another M. tuberculosis kinase that attracted as much attention for its potential
druggability is PknG, a soluble Ser/Thr kinase that was described, by Jean Pieters and coworkers, as a
virulence factor secreted into the human macrophage, where it would inhibit the phagosome-lysosome
fusion [57]. Most notably, in the same work, the authors showed that chemical inhibition of PknG by
the compound AX20017 (a tetrahydrobenzothiophene identified by HTS and found to inhibit PknG
with IC50 in the sub-micromolar range; Table 2) led to the accumulation of M. tuberculosis inside
lysosomes [57]. Noteworthy, the 2.4 Å resolution crystal structure of an N-terminal truncated form of
PknG in complex with AX20017, published later [58], shows a great similarity between the AX20017
binding to PknG and the binding of ATP and mitoxantrone to PknB. Not only the compound occupies
the adenine binding pocket but also makes similar interactions with the main chain atoms of residues
Glu233 and Val235 (Figure 1). It was only a few years later that further structural work allowed to
elucidate the binding mode of ATP to PknG and suggested a regulatory role of the rubredoxin-like
domain by a reversible occlusion of the active site entrance [59]. These initial findings paved the way
to further structure-based lead optimization and undoubtedly generated excitement for the potential
chemical targeting of this kinase, which would allow preventing the arrest of phagosome maturation,
directing M. tuberculosis to lysosomes. Attempts to develop more potent compounds starting from
AX20017 yielded sub-micromolar inhibitors, some of which had no activity in macrophage assays [50],
and no other structure of a PknG-inhibitor complex has so far been reported. It is, however, worth
noting that, more than ten years later, the role of PknG in arresting the phagosome maturation is still
elusive. Although progress has been made in identifying the SecA2 system as responsible for the
export of PknG outside M. tuberculosis [60,61], and interference by PknG on the host Rab7l1 signaling
pathway has been reported [62], it is largely accepted that several mechanisms, and not a single
virulence factor, contribute to the M. tuberculosis capability to escape the phagocytic route and survive
into macrophages [22,63]. Moreover, an increasing amount of evidence has since validated PknG
as a key signaling element in the control of central metabolism, as first shown in Corynebacterium
glutamicum [64,65], then in mycobacteria [66,67], where genetic and metabolomic evidence point to a
role of PknG in regulating the 2-oxoglutarate node according to nutrient availability [68]. Alternative
roles of PknG in biofilm formation, adaptation to oxidative stress [69], and hypoxia [70] have also
been proposed. Therefore, the observed effects of the lack of PknG on the phagosome-lysosome
fusion, and the decreased viability of a pknG-deprived M. tuberculosis mutant, both in vitro and in the
mouse model [71], may not necessarily indicate a direct interference of the kinase on the host signaling
pathways but could be ascribed to metabolic alterations caused by the depletion of PknG [68,72].
During the last years, further search for PknG inhibitors has allowed identifying sclerotiorin, an
azaphilone derivative isolated from Penicillium sp. ZJ27 (Table 2), a known inhibitor of other unrelated
enzymes like lipoxygenase, that, despite showing an IC50 on PknG around 76 μM and no inhibition on
M. tuberculosis growth in vitro, displays capability to partially reduce the growth of Mycobacterium bovis
BCG inside macrophages, and to enhance the effect of rifampicin [73]. On the other hand, the recently
described PknG inhibitor NU-6027 (2,6-diamino-4-cyclohexylmethoxy-5-nitrosopyrimidine; Table 2)
was identified from phenotypic screening as having an MIC99 value of 1.56 μM on M. bovis BCG
and shown to partially inhibit PknG and PknD autophosphorylation in vitro [74]. Another series of
four compounds, all inhibiting PknG in the micromolar range, was also recently reported after the
screening of an 80-compound, commercially available kinase inhibitor library (Table 2); three of them
were found to promote the transfer of mycobacteria to lysosomes, and two to inhibit M. bovis BCG
growth in macrophages [75]. None of the reported compounds, however, issued from a structure-based
screening approach.
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Table 2. M. tuberculosis PknG inhibitors.

Family Name Structure IC50 (μM) Reference

Tetrahydrobenzothiophenes AX20017

μ

0.39

5.5

[57]

[75]

Azaphilones Sclerotiorin

μ

76 [73]

Pyrimidines NU-6027

μ

ND [74]

CYC116

μ

35.1 [75]

Thiophenes AZD7762

μ

30.3 [75]

Methoxybenzenes R406 (benzenesulfonate)
and its free base R406f

(also known as
Tamatinib)

μ

8.0 (R406)
16.1 (R406f)

[75]

ND: not determined.

3. DNA Gyrase: A Validated Drug Target

Topoisomerases are enzymes that participate in the overwinding or underwinding of DNA.
They are commonly split into two classes, depending on the number of DNA strands cut during a
single catalysis cycle: class I topoisomerases, which include eukaryotic topoisomerase I, prokaryotic
topoisomerase IIIa, or reverse gyrase among others, and class II topoisomerases, whose members
include (but are not restricted to) topoisomerase IV and DNA gyrase [76]. In M. tuberculosis, DNA
gyrase is a heterotetrameric nanomachine, consisting of two GyrB and two GyrA subunits, and is
essential for DNA replication, transcription, and repair in living cells [77].

M. tuberculosis is an exception in the prokaryotic world because of the presence of only one
type I and one type II topoisomerase, whereas most other eubacteria have two enzymes of each
type. In the canonical situation, DNA gyrase and topoisomerase IV, both type IIA topoisomerases,
have distinct specific activities: DNA gyrase removes positive supercoils that accumulate ahead of
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replication forks [78], whereas topoisomerase IV decatenates replication intermediates [79]. Thus,
in M. tuberculosis, DNA gyrase being the unique topoisomerase IIA, it must be able to carry out both
activities in vivo [80]. Furthermore, with no other topoisomerase IIA in M. tuberculosis, the DNA
gyrase is the unique target of antibiotics from the fluoroquinolones (FQ) family (quinolones with higher
cellular penetration efficiency), which bind and stabilize the DNA–DNA gyrase complex. Stabilization
of this ternary complex leads to the cytotoxic accumulation of double-strand cleaved DNA fragments
within the cell, inducing bacterial death [81]. Crystallographic structures of the isolated domain and
the cleavage core, either in its apo form or co-crystallized with several FQ, brought crucial information
to elucidate the mode of binding of these drugs [82–87]. The ratio FQ/DNA–DNA gyrase in the ternary
complex is two FQ molecules per complex, with one molecule binding in each cleavage site, wedging
between the two ends of the cleaved DNA strands on both halves of the complex, in a drug-binding
pocket whose walls are formed by DNA base stacking (Figure 2A) [82]. The emergence of strains with
multidrug resistance (MDR) phenotype, or extensively-drug resistance (XDR) phenotype in which
drug resistance includes this family of antibiotics, has made improving the activity of this family of
drugs by using structural data to be of utmost importance. The main goals of these studies are to
increase specific drug/enzyme interactions, but also to find new molecules that inhibit this validated
target without cross-resistance with FQ [88].

Figure 2. Inhibitors of DNA gyrase. (A) Top view of the X-ray structure of M. tuberculosis gyrase
cleavage core in complex with DNA and moxifloxacin. Protein is shown in cartoon representation
with transparent surfaces, with GyrB in blue and GyrA in pink. DNA is shown in orange, with
moxifloxacin as red spheres (pdb: 5BS8). (B) Top view of the model of a complex of GSK000 (green
spheres) with M. tuberculosis gyrase cleavage core and uncleaved DNA (in orange), based on the
crystal structure of GSK299423 with Staphylococcus aureus gyrase (pdb: 2XCR). The same representation,
as in panel A, was used for the protein. (C) Ball-and-stick representation of the ligands colored by
element. (D) Generic chemical structure of the novel bacterial topoisomerase inhibitor (NBTI) series of
compounds. Analog 1 is a classical NBTI, whereas analogs 2 and 3 combine the three favorable features
for M. tuberculosis DNA gyrase inhibitor (MGI).

A significant amount of effort has thus been invested in discovering new M. tuberculosis gyrase
inhibitors, mostly centered on the ATP- and DNA-binding sites, and particularly using in silico
methods based on the emerging gyrase structural information, as extensively reviewed by Nagaraja

219



Appl. Sci. 2020, 10, 4248

and coworkers [89]. Although the ATP binding sites have been less successfully exploited as antibacterial
targets, with the exception of the natural products, such as coumarins [90,91], it is worth noting that
a candidate drug emerged from these studies. SPR720 (Table 3) is an orally bioavailable prodrug of
SPR719, an aminobenzimidazole inhibitor of both gyrase and topoisomerase IV. Indeed, this novel class
of antimicrobials targets the ATPase subunits of gyrase and topoisomerase IV, and it was optimized
using SSBD and structure-activity relationship (SAR) studies of potency against both Gram-positive
and some Gram-negative bacterial species [92,93]. Crystal structures of novobiocin (Table 3) bound
to Escherichia coli GyrB subunit served as a starting point for ligand optimization [94], while further
optimization of the metabolic profile led to the identification of SPR720 (formerly VXc-486) [95],
whose suitability to be a drug candidate for the treatment of tuberculosis and non-tuberculosis
mycobacterial infections was thoroughly evaluated [96,97]. The compound completed Phase I clinical
trials in 2019 (study ID NCT03796910, sponsored by Spero Therapeutics, LLC), aimed at evaluating
the safety, tolerability, and pharmacokinetics (PK) profile in healthy volunteers. Moreover, an in vivo
combination of SPR720 with rifampicin and pyrazinamide (two first-line drugs used in TB treatment)
showed comparable efficacy to the combination of three drugs, including moxifloxacin, rifampicin,
and pyrazinamide [98].

Work on the DNA-binding site has also been productive, as GlaxoSmithKline (GSK) created a
new class of type IIA topoisomerase inhibitors, called novel bacterial topoisomerase inhibitors (NBTIs)
(Table 3) [99]. The crystallographic structures of the DNA-bound Staphylococcus aureus DNA gyrase
with either NBTI or FQ, all obtained at high resolution, revealed that the binding sites for each drug are
different [100]. Indeed, the NBTI ‘bridges’ the DNA and a transient non-catalytic pocket on the two-fold
axis at the GyrA dimer interface, remaining close to the active sites and FQs binding sites (Figure 2B).
As NBTIs display relatively poor activity against the M. tuberculosis DNA gyrase, the antitubercular
profiles of 3000 compounds, representative of the chemical diversity of this family, were evaluated by
high-throughput phenotypic screenings in vitro and in vivo [101]. MIC determination on M. tuberculosis
H37Rv showed a high hit rate (68% of compounds with MIC values lower than 10 μM), with the
most potent derivatives matching or even improving the MIC values for currently used TB drugs,
including last-generation FQs. Overall, 29% of the compounds had MICs of < 1 μM, and 18% had
MICs of < 0.1 μM. By using structural data provided by the work of Bax et al., the general structures of
these TB-active compounds were divided into three different regions, each of them interacting with
one of the three topologically important target-gyrase interacting regions [100]. While a left-hand
side (LHS) is responsible for key contacts with the gyrase DNA substrate, a right-hand side (RHS) is
embedded into the enzyme, potentially contributing to the protein target selectivity (Figure 2D). Last,
a central linker unit (CU) establishes key interactions with the gyrase and offers the opportunity to
modulate key physicochemical properties (Figure 2D). These SAR observations helped to schematize
synthesis and to rationalize how to balance antimycobacterial potency with oral exposure, safety,
and synthetic complexity, leading to the identification of the 7-substituted-1,5-naphthyridin-2-one core
as a privileged LHS binder, the N-ethyl-4-aminopiperidines as a linker, and monocyclic aromatic rings
with different substitution patterns as the best RHS binding option, in contrast to NBTIs bearing bicyclic
rings as the RHS (Figure 2D, analogs 2 and 3) [101]. This work led to the identification of a subclass of
naphthytidone/aminopiperidine-containing compounds that displayed activity against M. tuberculosis,
both in vitro and in the mouse model, known as ‘M. tuberculosis DNA gyrase inhibitors’ (MGIs) due
to structural and activity differences with respect to NBTIs [101]. More recently, the mechanism
of action of two such compounds, i.e., GSK000 and GSK325 (Figure 2C; Table 3), was assessed on
the M. tuberculosis gyrase, showing that MGIs greatly enhanced DNA cleavage mediated by the
bacterial enzyme, but they induced only single-stranded DNA breaks [102]. Their mechanism of action
involves stabilizing covalent gyrase-cleaved DNA complexes and appears to suppress the ability of
the enzyme to induce double-stranded breaks. Furthermore, these compounds maintained activity
against mutant versions of DNA gyrase, bearing the three most commonly observed FQs resistance
mutations, but displayed no activity against human topoisomerase IIα [102], suggesting good potential
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as candidate drugs, especially in the presence of FQ resistance. Modeling studies were carried out
by the authors using the crystal structure of the M. tuberculosis gyrase cleavage core and the NBTI
crystal structure complex of S. aureus gyrase [100] (Figure 2B). Most importantly, these studies allowed
to confirm that FQs and MGIs do not share the same binding site and bind in a mutually exclusive
manner (Figure 2), considerably reducing the risk of developing cross-resistance phenotypes.

Table 3. M. tuberculosis DNA gyrase inhibitors.

Family Name Structure IC50 (μM) Reference

Fluoroquinolones Moxifloxacin

μ

1
2.5

[102]
[101]

SPR SPR720 (VXc-100,
VXc-486)

μ

ND [92,93]

Coumarins Novobiocin

μ

0.5 [80]

NBTI GSK000

μ

0.5
5.4

[102]
[101]

GSK325 10.98 [101]

ND: not determined.
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4. General Remarks

Several challenges need to be overcome for therapeutic molecules to be active against M. tuberculosis.
Due to its metabolic adaptability and its known capabilities to occupy different niches inside the
human host, from free aerobic bacteria to granulomas, an ideal molecule should be able to act against
bacteria in very different, environmentally adapted states. The unique structure and composition of
the M. tuberculosis cell wall are also well known to act as a barrier for potentially active compounds.
To be active against latent and active infections, an ideal drug candidate should thus be able to reach
bacteria in all the tubercular lesions and niches inside the human host [103], permeate the mycobacterial
cell wall or be actively internalized, and deliver the desired bioactivity in bacteria under different
metabolic states. To overcome these limitations and reduce the risk of further resistance development,
TB drugs are delivered in combinations, starting from the standard DOTS (directly observed therapy
short-course). Drug combinations, however, have to take in due account the bioavailability and
pharmacokinetic properties of the single components and their associations, as extensively treated in
this same journal issue [104].

In the course of the last ten years, it has become increasingly clear that some of the criteria
commonly used to classify a given M. tuberculosis biological process, in many cases, an enzymatic step
in a pathway, as a ‘good’ target for drug development, needed to be revised. This is particularly true
for in vitro genetic essentiality. Even targets confirmed to be essential by the construction of specific
conditional mutants do not necessarily show a good ‘druggability’, even when highly potent hits
become available. The case of PknB is an emblematic example: despite the gene was early shown to be
essential for M. tuberculosis growth, first by transposon mutagenesis [43], then through attempts to
generate a knock-out mutant [44], yet several research groups, including ours, had to face the problem
of the lack of correlation between hit potency in vitro and efficacy in vivo [50–52]. Similar issues were
also reported for other M. tuberculosis kinase inhibitors, in addition to the cross-reactivity sometimes
reported towards eukaryotic kinases, and the cytotoxicity shown by some compounds on human
cell lines [105]. In addition, although the availability of crystal structures of both PknB and PknG in
complex with hits issued from medium-throughput screens (mitoxantrone and AX20017, respectively)
has looked as a promising ‘proof-of-concept’ [48,58], further structure-based work on these kinases
has, so far, failed to produce suitable drug candidates. Many reasons might be evoked to explain the
lack of M. tuberculosis kinase inhibitors that display significant antibacterial activity, ranging from the
poor capacity to penetrate the mycobacterial cell and reach their target to the kinase redundancy in
M. tuberculosis and their, relatively poor, substrate specificity [46], which prompted groups to seek for
multiple kinase inhibition [105]. Yet, the main causes should perhaps be looked for in our, still limited,
knowledge of mycobacterial molecular physiology and the regulatory networks in M. tuberculosis,
in which Ser/Thr kinases are actors of a complex interplay [46,106]. Indeed, the activation mechanisms
of both PknB and PknG are still a matter of speculation, and changes to pknB expression, either
as depletion or overexpression, have been reported to alter the bacterial growth significantly [34].
Given the known M. tuberculosis metabolic plasticity, whose complexity has only recently started to be
elucidated, thanks to the development of genetic and ‘omics’ tools [107], and the adaptability of the
pathogen in the course of infection, it is now largely accepted that genetic essentiality of a putative
target in laboratory conditions is not necessarily an indication of chemical vulnerability [15], and even
more in clinical conditions. For these reasons, phenotypic screens have increasingly been employed
in TB drug development to the detriment of target and structure-based methods, including for lead
optimization [15], and the vast majority of candidate TB drugs that have been able to enter clinical
trials in the last years were issued from this kind of screens [17,108].

Nevertheless, structure-based and computer-aided drug design maintain a clear potential for the
future development of new anti-tubercular drug candidates. For instance, a recent, very promising
success of structure-based and fragment-based approaches in TB drug discovery is the development
of the so-called ethionamide boosters directed against the EthR repressor, one of which has been
shown to be active both in vitro and in vivo [109]. In addition, the recent developments in X-ray
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crystallography [110], cryo-EM [4], and integrative structural biology methods [111] will all contribute
to increasing the number of tools available to tackle the challenges that lay ahead. These opportunities
are well exemplified by the case of mycobacterial DNA gyrase that, considering our capacity to obtain
high-resolution structures of an almost full-length form of the M. tuberculosis enzyme [112], and the
recent, high-resolution cryo-EM structure of E. coli gyrase in complex with NBTI [113], let us believe
that SBDD will deliver a key contribution to developing new compounds against this ‘old’ but validated
target. High-resolution snapshots of the complete mycobacterial gyrase machinery, especially if in
complex with representative members of each known family of inhibitors, might revolutionize our
knowledge of this key target and substantially increase chances of improving our therapeutic bullets.
For instance, combining crystallographic and cryo-EM data could allow to perform structure-guided
drug design to target these flexible complexes and identify new conformations of mycobacterial
gyrase that could not, otherwise, be obtained by conventional structural methods. More generally, the
integration of biophysical and structural biology data, with the notable contribution of high-resolution
EM, will allow the drug discovery pipelines to work on a higher complexity level that was previously
not achievable, now looking at targets in their larger biological context (e.g., complexes or cellular
compartments). It is, therefore, foreseeable that, despite the technical challenges, target-based and
structure-based approaches will have increasing relevance in future drug discovery and will give
significant contributions in the search for new tuberculosis drugs.
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Abstract: Multi-omics strategies are indispensable tools in the search for new anti-tuberculosis
drugs. Omics methodologies, where the ensemble of a class of biological molecules are measured
and evaluated together, enable drug discovery programs to answer two fundamental questions.
Firstly, in a discovery biology approach, to find new targets in druggable pathways for target-based
investigation, advancing from target to lead compound. Secondly, in a discovery chemistry approach,
to identify the mode of action of lead compounds derived from high-throughput screens, progressing
from compound to target. The advantage of multi-omics methodologies in both of these settings is
that omics approaches are unsupervised and unbiased to a priori hypotheses, making omics useful
tools to confirm drug action, reveal new insights into compound activity, and discover new avenues
for inquiry. This review summarizes the application of Mycobacterium tuberculosis omics technologies
to the early stages of tuberculosis antimicrobial drug discovery.

Keywords: mycobacterium; tuberculosis; drug discovery; genomics; transcriptomics; proteomics;
metabolomics; lipidomics; target identification; mechanism of action; antimicrobial drug resistance
(AMR)

1. Introduction

Tuberculosis (TB) remains one of the top 10 causes of death worldwide, with 10 million new cases
and 1.4 million deaths in 2018. The problem of antimicrobial drug resistance (AMR) is rising, with drug
resistance associated with 3.4% of new TB cases globally and up to 50% of previously treated cases in
some areas of the world [1]. The discovery of new drugs to treat Mycobacterium tuberculosis (M.tb) is
challenging, with only pretomanid, delamanid and bedaquiline marketed for use in the last 40 years
despite sustained international efforts [2]. Multiple logistical and physiological factors contribute to
the difficulty of this task (reviewed eloquently elsewhere [3–5]). They include biosafety constraints of
working with a slow-growing pathogenic bacterium, heterogeneity of clinical disease and bacterial
phenotypes in vivo, intracellular and extracellular M.tb sites, drug penetration into lung pathology, the
lipid-rich M.tb cell wall as a barrier to drug uptake and intrinsic drug resistance, limited number of
validated drug targets, the requirement for combination drug therapy, and the length and cost of clinical
trials. Omics technologies aim to measure and evaluate together the ensemble of molecular entities by
biological class to understand the contribution of each component. Whatever the category of molecule
under investigation, the key advantage of omics approaches is that they are unsupervised, and thus
less biased by dogma, which is valuable for overcoming drug development bottlenecks [6,7]. Omics in
a hypothesis-generating discovery biology setting, is an excellent means of identifying new targets for
drug discovery. In a compound-first (discovery chemistry) approach, liberated from reductionist assays,
omics technologies are useful tools to reveal or confirm drug mode of action. Mycobacterial omics are
applicable throughout the drug development process from initial drug discovery to preclinical and
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clinical stages, at each step describing the action of compounds, derivatives, and formulations on M.tb.
For example, identifying target drift or off-target effects during lead optimization, or characterizing
drug resistance conferring mutations in clinical trials.

This review summarizes the application of M.tb omics strategies in the early stages of the
discovery of new drugs for TB, incorporating genomics (DNA), transcriptomics (mRNA), proteomics
(proteins), metabolomics (metabolites) and lipidomics (lipids). The review is not intended to be
comprehensive—omics are now fully established in most drug discovery settings—but aims to
highlight landmark and interesting approaches to the TB drug development problem. The review
centers on omics applied directly to M.tb, using examples from other mycobacterial models only to
illustrate groundbreaking discovery tools. We focus on (a) target identification, in this context the
recognition of potentially druggable pathways worthy of drug discovery efforts in a target-based
approach; (b) mode of action studies, often aimed at progressing hits from whole cell compound
screening strategies on the long road to the TB clinic (Figure 1).

Figure 1. The application of omics tools to antimicrobial drug discovery pathways. In a discovery
biology approach, omics methodologies are used early in the process to identify new targets for
investigation. In a discovery chemistry setting, omics techniques are useful further down the road to
identify mechanism of action of lead compounds.

2. Genomics

2.1. Target Identification

The M.tb H37Rv genome was sequenced in 1998, revealing ~4000 potential drug targets, of which
~50% were assigned a tentative function [8,9]. M.tb H37Rv was selected for sequencing as the type
strain for M.tb. M.tb H37 was isolated from a patient in 1905 and serially passaged in the laboratory,
a resulting strain was named H37Rv, with “R” standing for rough morphology and “v” for virulent [8].
It has become a commonly used laboratory strain of pathogenic M.tb, a genomic reference for clinical
isolates, and a starting point for drug discovery. Since then, comprehensive whole genome sequencing
of M.tb clinical isolates recovered from patients with TB has uncovered a core genome and mapped the
accumulation of single nucleotide polymorphisms (SNPs) in protein coding genes [10]. Comparative
genomics has also enabled drug specificity (across microbial species) and toxicity (to mammals) to be
anticipated, based on the presence or absence of target protein coding sequences. The application of
genomics to M.tb has therefore provided a framework of potential drug targets. Manipulation of gene
function, through gene inactivation strategies, has aided recognition of pathways that are essential to
M.tb in different microenvironments, thus highlighting targets for drug discovery programs [6].

Gene deletion methods designed to generate unmarked single gene knockout mutants have
been employed alongside global approaches using transposons (Tn) to inactivate gene function [11].
Tn libraries are generated by disrupting genes through random insertion of a transposon throughout the
genome, then applying a selective pressure to measure gene essentiality. DNA microarrays were initially
used to map the changing abundance of thousands of Tn mutants, transposon site hybridization
(TraSH) [12]; more recently coupled to whole genome sequencing (Tn-seq) for greater genomic
resolution [13]. Tn mutant screening has been used to map the genetic pathways required for growth
of M.tb and Mycobacterium bovis Bacillus Calmette-Guérin (BCG) in vitro [14]. Here, a Himar1 based Tn
delivery method using a transducing bacteriophage generated a library of ~100,000 independent clones.
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A total of 614 genes essential for in vitro growth were found to be evenly distributed throughout the
mycobacterial chromosome. In addition, many genes that were shown to be essential for growth
appeared to be co-transcribed in operons. Essential genes were identified in amino acid, co-factor and
nucleic acid biosynthesis pathways; genes of unknown function were also classified as essential.
Many genes assumed to be essential that were predicted to be involved in cell wall and protein
metabolism were shown to be dispensable. This is likely due to functional redundancy; for example,
purT and purN both offer alternative pathways for purine de novo biosynthesis and so neither gene
was essential [15], providing valuable information that allows non-essential targets to be dropped from
drug discovery portfolios. A fundamental pathogenic trait of M.tb is the ability to survive and replicate
in phagocytes, avoiding phagosome-lysosome fusion and adapting to an intracellular lifestyle [16].
Therefore, to define pathways that are essential for intra-macrophage survival, Barczak et al. mapped
genes required for intracellular growth using high content imaging alongside multiplexed cytokine
analysis of macrophages infected with M.tb Tn mutant libraries [17]. Systematic, multiparametric
analysis of M.tb Tn mutants impaired for intracellular growth identified functional relationships
between M.tb Tn mutants and macrophage cytokine profiles. The authors showed that production
and export of the complex lipid, phthiocerol dimycocerosate (PDIM), was required for the secretion
of ESX-1 substrates and permeabilization of the phagosome, revealing key virulence determinants,
alongside defining pathways that are essential to the metabolism of intracellular bacilli, identifying
potential targets for drug discovery. Plainly, Tn mutant libraries will only identify genes that are
essential in the model under investigation, successful drug targets are likely required to be essential
across several different conditions to mimic the variety of microenvironments encountered by M.tb
during natural infection.

Gene deletion or inactivation results in the absence of gene product, this may not be reflective of
drug action, where complete inhibition of protein function may not occur [18]. Conditional expression
strategies that reduce rather than abrogate protein function may better represent drug action,
and crucially allows essential gene targets to be investigated in the laboratory. Conditional expression
using inducible promoter systems (for example, Tet ON/OFF or Pip ON/OFF) allow the expression of
essential genes to be increased or reduced to understand gene function, model drug target inhibition
and genetically-validate drug targets. The utility of such an inducible gene expression system was
highlighted by Johnson et al. where M.tb mutants depleted for 474 essential genes (termed hypomorphs)
were screened against a large pool of potential inhibitors, allowing for >8.5 million chemical-genetic
interactions to take place [19]. An episomally-encoded sspB gene was introduced to control protein
degradation via a carboxyl-terminal fused DAS-tag. In addition, a 20 nucleotide “barcode” was
introduced to facilitate enumeration by sequencing the barcoded PCR products derived from the
mutants when pooled. The expression of SspB was controlled by a TetON promoter that was induced
in response to anhydrotetracycline; by using TetON promoters with varying strengths, the level
of gene product targeted for degradation by the SspB gene could be titrated. Primary screening
using this hypomorph methodology identified over 10-fold more hits than whole cell screening wild
type M.tb. As expected, well known antimicrobial drug classes showed interactions with specific
hypomorphs, such as fluoroquinolones with their target GyrA, as well as rifampicin with the β subunit
of RNA polymerase. This screening approach identified 39 inhibitors that targeted cellular components
that are already clinically-validated antimicrobial drug targets; DNA gyrase, mycolic acid synthesis,
and folate biosynthesis, targeted by the fluoroquinolones, isoniazid, and para-amino-salicylic acid,
respectively [20]. The 39 compounds were either novel chemical entities or known compounds with
re-purposed activity, such as the plant alkaloid tryptanthrin. In addition to finding novel inhibitors for
well-validated targets, hypomorph screening also identified inhibitors against novel cellular targets.
Johnson et al. demonstrated that strains hypomorphic for the putative efflux pump EfpA were inhibited
by the compound BRD-8000 (MIC 6 μM) but this compound showed no activity against wild type M.tb
(MIC ≥ 50 μM). Subsequent chemical optimization improved activity of BRD-8000 against wild type
M.tb to an MIC of 800 nM, an increase of ≥63-fold activity. M.tb spontaneous mutants resistant to this
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modified BRD-8000 compound showed a single point mutation in efpA, demonstrating that chemical
modification of BRD-8000 had not altered target specificity.

Clustered Regularly Interspaced Short Palindromic Repeats interference (CRISPRi) has the
potential to revolutionize the field, enabling precise gene silencing to identify and validate drug
targets. A nuclease, dCas9 containing two mutations that eradicate its nuclease activity, is targeted to a
mycobacterial gene of interest by a single guide RNA (sgRNA). Upon binding of the dCas9-sgRNA
complex to the target site, the DNA duplex destabilizes and prevents gene transcription by blocking
RNA polymerase promoter access [21]. Notably, the level of gene silencing can be controlled by varying
the sgRNA length and sequence, this allows fine control of the expression of essential genes where
traditional gene knockout approaches would be lethal. This system has been further optimized to be
induced by doxycycline. This is a lipophilic drug with excellent tissue penetration properties, so that
CRISPRi can be employed across a range of drug screening models including in vitro, intracellular
and animal studies [22,23]. This approach was used to create libraries containing over 90,000 sgRNAs,
generating pools of M.tb strains where the majority of genes have been targeted by CRISPRi, enabling
high throughput screening approaches to be applied. The utility of CRISPRi in target-based drug
discovery was demonstrated through gene silencing of folate metabolism [24]. M.tb and mammals
require folate; however, M.tb must synthesize folate de novo while mammals obtain it through their diet.
The variation in folate metabolism makes this biosynthetic pathway an attractive target for antimicrobial
drug discovery [25]. While this pathway has been targeted in other bacteria with the antimicrobial
drugs trimethoprim, inhibiting dihydrofolate reductase (FolA), and sulfamethoxazole, inhibiting
dihydropteroate synthase (FolP1); the action of these drugs in mycobacteria is less clear. Generation of
folate biosynthesis knockout mutants in mycobacteria has proved challenging, making target validation
difficult for this pathway. Mycobacterium smegmatis is a non-pathogenic mycobacterium frequently
used as a model organism for M.tb due to its low biohazard risk and tractable genomics [26]. Rock et al.
utilized a panel of sgRNAs to generate hypomorphs of folP1, folA and folC (dihydrofolate synthase) in
this model organism to show that these genes were individually essential. If weaker sgRNAs were used
to decrease growth rate rather than inhibit growth completely, there was synergistic growth inhibition,
demonstrating the utility of exploiting multiple targets in this pathway to maximize antimicrobial
drug activity. Translation of the technology to M.tb will yield useful insights into target and pathway
essentiality. One caveat to CRISPRi is the potential for off target effects, where dCas9 binds and silences
genes that were not intended to be targeted. Bioinformatics packages exist that effectively predict this
binding; however, these algorithms may not capture every off-target event [27,28].

2.2. Mode of Action

Advances in next generation sequencing technologies and the continued reduction in cost has
placed whole genome sequencing (WGS) firmly into the drug discovery pipeline from mechanism of
action identification through to monitoring drug resistance post approval [29]. Illumina sequencing
(Illumina Inc., San Diego, CA, USA) generates short sequence reads (typically 150 bp long), and while
the majority of sequencing data generated today is from Illumina platforms, alternative methodologies
are also useful to antimicrobial drug discovery. Long read sequencing (~kilobases), available through
platforms such as PacBio (Pacific Biosciences, Menlo Park, CA, USA) and Oxford Nanopore
(Oxford Nanopore Technologies Ltd, Oxford, UK), are especially suited for sequencing repetitive regions
and structural variations. WGS has been exploited to identify mutations that occur in spontaneous
drug resistant colonies growing on solid agar containing a novel antimicrobial compound of interest,
typically between 5-fold and 10-fold the minimum inhibitory concentration. Using drug exposure as
the selective pressure, this methodology may reveal mutations that affect drug action, in the drug target
itself or in gene functions that influence drug activation or efflux. Andries et al. in the discovery of
bedaquiline, employed WGS of M. smegmatis and M.tb bedaquiline-resistant mutants cultured in vitro
to demonstrate that this diarylquinoline targets the product of atpE; a subunit of the mycobacterial
ATP synthase anchored in the mycobacterial membrane [30]. Kundu et al. further characterized
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this mode of action, showing that bedaquiline binds to the epsilon subunit [31]. Mutations can,
however, be identified in other non-target genes that confer resistance, expanding understanding
of drug action but complicating the interpretation of results. For example, in a murine model of
TB infection, mutations in the putative Xaa-Pro aminopeptidase pepQ were identified that conferred
low level resistance to both bedaquiline and clofazimine, neither of which target PepQ directly [32].
While the function of PepQ remains to be determined in M.tb, Almeida et al. postulated that this
mutation prevented protein degradation of the efflux pump MmpL5, enhancing drug efflux and
inducing resistance to bedaquiline and clofazimine [32].

WGS has also been used to reveal the mechanism of action of repurposed licensed pharmaceuticals
in M.tb. Rybniker et al. identified lansoprazole from the Prestwick library of 1280 FDA approved drugs
as protective to lung fibroblasts in an M.tb intracellular model of infection [33]. Three lansoprazole
resistant mutants were sequenced; each mutant showed the same SNP, a substitution of leucine for
proline, in the β-subunit of the cytochrome bc1 complex gene qcrB, a key element of the mycobacterial
respiratory chain. To demonstrate that exposure to this commonly prescribed proton pump inhibitor
did not select for lansoprazole-resistant M.tb, Rybniker et al. sequenced 13,559 M.tb Complex clinical
isolates revealing only one M. bovis isolate with a mutation in qcrB [34]. Of course, this methodology
to define the target of drugs with unknown mechanisms of action is only fruitful if drug-resistant
colonies can be raised, which is not always the case. This was highlighted in the discovery of the novel
antimicrobial drug, teixobactin from the bacterium Eleftheria terrae. Here, a novel iChip culture method
was used to capture previously unculturable bacteria in their natural soil environment, which led to
the identification of the cell wall-targeting agent teixobactin [35]. Neither Staphylococcus aureus nor
M.tb drug resistant colonies could be generated even at sub-inhibitory concentrations. The authors
hypothesized that this indicated general cell toxicity of the compound; however, no mammalian
cell toxicity was observed. Subsequent biochemical approaches indicated that this compound
exerted its antimicrobial effects through interactions with peptidoglycan pre-cursors—mostly lipid II.
Therefore, the inability to generate spontaneous resistance in vitro is likely due to teixobactin inhibiting
multiple non-protein targets. Like many other antimicrobial drugs, teixobactin was isolated from an
environmental microorganism. It is therefore possible that bacteria in close proximity to E. terrae in
the soil may be resistant to teixobactin, offering a scenario where teixobactin resistance mechanisms
could be discovered [36]. While the inability to detect drug resistance in the laboratory does not
mirror the complexity of TB clinical disease alongside host pharmacokinetic and pharmacodynamic
factors, the concept of resistance-proof antimicrobial drugs is very attractive and could transform the
destructive antimicrobial drug to evolution of drug resistance cycle.

WGS is also shaping our understanding of drug action and drug resistance through the large-scale
sequencing of clinical isolates. Consortia mapping drug-resistance conferring mutations have revealed
novel mechanisms of resistance and potential novel modes of action of existing anti-M.tb drugs in
patients [37]. The CRyPTIC Consortium and the 100,000 Genomes Project obtained over 10,000 M.tb
clinical isolate genomes and associated phenotypes to predict phenotypic drug susceptibility to front
line agents from genome sequence. The authors successfully demonstrated that susceptibility could
be correlated to the presence or absence of specific antimicrobial drug resistance mutations [37].
This approach also exposed mutations with as yet unexplained roles in drug action. For example,
M.tb isolates have been identified with mutations in the mycothiol biosynthetic genes mshA and mshC
that confer high-level resistance to ethionamide and low-level resistance to isoniazid [38]. Mycothiol
is a key detoxifying and reducing molecule with similar functions to glutathione, which is absent in
mycobacteria [39]. Knockout mutants of mshA grew normally in vitro and in immunodeficient mice
but were growth defective in immunocompetent mice [40], and mycothiol-deficient mutants were
less susceptible to ethionamide and isoniazid [41]. Ethionamide and isoniazid are both prodrugs that
target the NADH-dependent enoyl-ACP reductase InhA; however, isoniazid is activated by KatG
and ethionamide by EthA [42,43]. In order to delineate the roles mycothiol biosynthetic genes play
in isoniazid and ethionamide susceptibility, Xu et al. generated null mutants of each mycothiol
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biosynthetic gene in M. smegmatis [44]. M. smegmatis is useful for studying the action of these
two drugs, with their target InhA characterized in this bacterium to have >95% sequence identity
to the M.tb InhA [45]. While the exact role of mycothiol in isoniazid and ethionamide resistance
remains to be determined, the authors hypothesized that mycothiol is involved in the activation of
isoniazid and ethionamide. M.tb KatG, required for isoniazid activation, likely compensates for loss of
mycothiol in some settings, resulting in isoniazid susceptibility and ethionamide drug resistance in
mycothiol-deficient isolates [40]. Understanding the action of current M.tb drugs has direct implications
for the development of new inhibitors. For example, bedaquiline and clofazimine resistance can be
mediated through SNPs in Rv0678, a transcriptional repressor of mmpL5 and mmpS5, which encode an
efflux pump of the resistance-nodulation-division (RND) family [46,47]. SNPs in Rv0678 were detected
in clinical isolates of M.tb with no prior exposure to bedaquiline or clofazimine [48]; meaning that
resistance to bedaquiline was already circulating in M.tb isolates before the new drug was introduced
to the TB clinic. While the authors could not determine the driver of these mutations, they ruled out
rifampicin as a selective pressure. Studies such as these are revealing drug detoxification and efflux
pathways that operate across drug class to reduce efficacy of both existing and new antimicrobial drugs.

To expand the methods available for understanding drug mechanism of action, Melief et al.
constructed a library of M.tb strains overexpressing single genes that could be screened in a
high-throughput format [49]. It was hypothesized that library mutants overexpressing the target of an
antimicrobial drug should be more resistant than wild type M.tb to that particular drug. The library was
constructed cloning each gene downstream of a tetracycline-inducible promoter. The 1733 constructs
covered 40% of protein coding genes in the M.tb genome and contained the majority of annotated
essential genes, as well as genes involved in cell wall and fatty acid biosynthesis, virulence factors,
regulatory proteins and efflux. The functionality of the system was confirmed by screening the
library for resistance to D-cycloserine, which identified the Alr-over-expressing mutant as the only
recombinant strain that grew in the presence of the drug. Over-expression of Alr, a target of the drug,
resulted in a 7-fold increase in the minimum inhibitory concentration of D-cycloserine. This library
represents a new tool to discern targets and pathways that influence drug efficacy of lead compounds
with unknown mechanisms of action.

3. Transcriptomics

3.1. Target Identification

Understanding the mycobacterial transcriptome is key to connecting genome information to
protein target expression, highlighting potentially druggable pathways and bacterial responses to
drug exposure. With the development of whole-genome technologies, such as microarrays and more
recently RNAseq, gene expression studies have been able to capture a snapshot of the total abundance
and differential expression of transcripts present in an organism in various conditions. Transcriptomics
has become an important tool for exploring the biology of M.tb, providing information about adaptive
responses to understand mechanisms of pathogenicity, assign gene function, discover new drug targets
and explore drug action. Transcriptomics in a discovery biology setting has uncovered induction
of potentially druggable pathways involved in β-oxidation of fatty acids, the glyoxylate shunt and
cholesterol metabolism in M.tb replicating intracellularly in macrophages [50,51] and in expectorated
M.tb in patient sputa [52], alongside expression of metal detoxification systems [53,54] amongst
others. Profiling in vitro models of persistence has revealed adaptations to respiratory and metabolic
networks involved in the transition of M.tb between different growth states [55,56] highlighting target
pathways for investigation. RNA signatures from animal models of TB infection [57,58] and human
tissue [59] provide important information on the expression of targets in human disease, enhancing
the prospect of cidal drug action by targeting pathways active in vivo. This is valuable evidence for
drug discovery decision making, since the bactericidal or bacteriostatic inhibition of an essential target
in vitro does not necessarily predict in vivo drug efficacy. This was demonstrated by Pethe et al. who
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identified pyrimidine-imidazoles as potent antimycobacterial agents in a whole cell screen against
M.tb; lead compounds showed activity in vitro but failed to show any inhibition in a murine model
of infection [60]. Compound efficacy was linked to the accumulation of glycerol phosphate and a
reduction in ATP synthesis in the presence of glycerol. Glycerol metabolism is dispensable in vivo and
thus inhibition of this pathway was not cidal in animal models of TB disease. Approaches combining
transcriptomic and gene essentiality datasets offer a multi-omics solution to prioritizing pathways for
further investigation.

3.2. Mode of Action

The transcriptional response of M.tb to antimicrobial drug exposure has improved the
understanding of many drugs, providing new insights for antibiotics currently in use for TB treatment
with known cidal mechanisms, as well as predicting mode of action and the targets of novel compounds.
This unsupervised approach is especially useful for understanding the actions of lead compounds from
high-throughput screens where the mechanism of M.tb killing is entirely mysterious. Comparison of
the M.tb transcriptional response to a novel compound with mRNA signatures derived from drugs
of known function allows broad mode of action to be revealed (Figure 2). In the first study of M.tb
transcriptional adaptations to drug treatment, Wilson et al. used DNA microarrays to explore changes
in gene expression in response to isoniazid [61]. The authors showed that drug exposure induced
several genes relevant to isoniazid’s known mode of action; drug treatment caused the cluster of five
genes encoding type II fatty acid synthase enzymes (fabD-acpM-kasA-kasB-accD6) to be upregulated.
Other induced genes, such as efpA and ahpC not in the biosynthetic pathway targeted by isoniazid,
were linked to the toxic effects of the drug. In subsequent years, several studies have used DNA
microarrays to correlate the mRNA signatures of M.tb exposed to antimicrobial drugs with predicted
mode of action [62–64]. Boshoff et al. generated a dataset of 430 M.tb gene expression profiles to
measure the effect of 75 different drugs, drug combinations and growth conditions [64]. The individual
RNA drug signatures were classified into groups of agents with similar modes of action (protein
synthesis inhibitors, transcriptional inhibitors, cell wall synthesis inhibitors and DNA damaging
agents), which have been used to predict the mechanism of action of antimycobacterial compounds of
unknown function derived from whole cell screening approaches [65–68].

Figure 2. The application of transcriptomics to define drug mode of action. Principle Component
Analysis (PCA) of M.tb responses to seven different drugs (represented by shapes) derived from
RNAseq of 2–3 biological replicates per drug. M.tb mRNA signatures from antimicrobial drugs with
similar mechanisms of action will cluster together.
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Transcriptomics has been applied to investigate the mode of action of drugs now in phase I/II
studies or in the clinic [2]. The M.tb transcriptional signature to benzothiazinone exposure most
resembled that of cell wall inhibitors and ethambutol in particular, providing an early indication that
the compound was targeting cell wall biosynthesis and arabinogalactan synthesis. This was confirmed
to be the case with benzothiazinones inhibiting decaprenyl-phosphoribose-2′-epimerase (DprE1) in
the metabolism of D-arabinose, two steps upstream of the action of ethambutol [7]. RNA profiling
provided fundamental insights to elucidate the molecular mechanism of mycobacterial killing by
pretomanid (formerly PA-824), a nitroimidazole active against both replicating and non-replicating
M.tb, by inhibiting cell wall synthesis and releasing nitric oxide [69,70]. Pretomanid exposure resulted
in a dual signature indicating cell wall inhibition (similar to isoniazid) and respiratory chain disruption
(similar to respiratory inhibitors such as cyanide). While the upregulation of genes such as fasI, the fasII
operon, efpA and iniBAC signposted the aerobic killing mechanism targeting cell wall biosynthesis,
drug efficacy in anaerobic conditions was marked by the induction of the cyd operon encoding the
non-proton-pumping cytochrome bd oxidase, the nitrate reductase narGHIJ and other genes involved
in respiration [71]. RNAseq analysis of the M.tb response to the recently approved nitroimidazole
delamanid (formerly OPC-67683) showed many similarities to the pretomanid signature, highlighting
that respiratory poisoning plays an important role in the bactericidal effect of these compounds in
anaerobic conditions [72].

Boot et al. used RNAseq responses of M.tb and Mycobacterium marinum to subinhibitory
concentrations of ciprofloxacin, ethambutol, isoniazid, streptomycin and rifampicin to select genes
to act as drug mode of action-specific reporters [73]. Concordance between the expression levels of
M.tb and M. marinum upon drug exposure were high for the orthologous genes; however, M. marinum
showed a more distinct stress fingerprint that facilitated simple assays for quick mode of action
determination. Ten drug-specific M. marinum genes were selected and their promoter regions were
cloned into green fluorescent protein (GFP) reporter constructs. As proof of concept that these drug
reporters could accelerate TB drug discovery by identifying the mode of action of hit compounds,
the MMAR_4645-ciprofloxacin reporter and iniBAC-isoniazid reporter were used to screen a library
of 196 antimycobacterial compounds. The screening revealed two compounds to have a mode of
action similar to isoniazid, likely targeting the mycobacterial cell wall, and one compound, similar to
ciprofloxacin, that potentially inhibited DNA replication. Understanding mycobacterial responses
to antimicrobial drugs may also offer new targets to enhance combination therapy. Peterson et al.
used the Environment and Gene Regulatory Influence Network (EGRIN) model and Probabilistic
Regulation of Metabolism (PROM) model of M.tb regulatory systems to demonstrate that bedaquiline
pushed bacilli into a tolerant state that reduced bedaquiline killing [74]. Disruption of this network,
by knocking out key transcription factors (Rv0324 and Rv0880) predicted to mediate this response,
significantly increased bedaquiline killing. Analysis of transcriptome data from M.tb exposed to
antitubercular drugs identified molecules that significantly downregulated the expression of Rv0324
or Rv0880, predicting synergism between bedaquiline and pretomanid through the inhibition of the
Rv0880 regulon by pretomanid. The in vitro combination of sub-inhibitory concentrations of both
drugs showed an additive to mildly synergistic effect, while the effect was eliminated and a strong
antagonism observed when the combinations were tested using a strain over-expressing Rv0880.
Given the vast number of possible drug combinations, this strategy could complement other preclinical
methods and accelerate the discovery of new drug regimens for TB by avoiding combinations with
antagonistic interactions and prioritizing those with synergistic effects.

The interaction between drugs in combination were also explored in the computational model
INDIGO-MTB, with the premise that drug synergy and antagonism occur due to coordinated,
system-level molecular changes involving multiple cellular processes [75]. Using a compendium of
publicly-available and in-house M.tb transcriptional responses to drug exposure in vitro as input,
the model screened in silico more than 1 million potential combinations of 164 drugs, predicting
synergistic and antagonistic regimens featuring 35 existing and potential anti-TB drugs. Combinations
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containing chlorpromazine, a drug used to treat psychiatric disorders, and verapamil, used to
treat hypertension, were highly enriched for synergistic interactions. In contrast, combinations
featuring sutezolid, an oxazolidinone anti-TB drug in phase II trials, were observed to be antagonistic.
Regimens featuring combinations of bacteriostatic and bactericidal drugs, and combinations of
only bactericidal drugs, had significantly more antagonistic interactions than combinations of only
bacteriostatic drugs. The predictions of INDIGO-MTB were validated experimentally in vitro using
checkerboard assays and the high-throughput DiaMOND method and compared to a meta-analysis of
data assembled from 57 phase II clinical trials. The authors found a significant correlation between
INDIGO-MTB interaction scores for drug regimen synergy and sputum culture conversion rates after
8 weeks of treatment. The model also identified Rv1353c as a key transcriptional regulator mediating
multiple drug interactions. The upregulation of Rv1353c in vitro reduced drug antagonism of the
bedaquiline-streptomycin combination, suggesting this transcriptional factor might be targeted to
enhance drug synergies.

Most transcriptional profiling studies map the response of log phase aerobically-respiring bacilli
to drug exposure in vitro, this enables direct comparison between drug signatures from axenic culture,
but misses the complexity of M.tb in vivo phenotypes. Studies by Walter et al. and Honeyborne et al.
have characterized drug responses in patient sputa during standard therapy as a measure of in-patient
drug efficacy, identifying, for example, an isoniazid signature in expectorated bacilli that disappears
after only 3-4 days of the start of drug therapy [76,77].

4. Proteomics

4.1. Target Identification

Due to limitations in the sensitivity of methods and in the complexity of analysis, proteomics is yet
to reach the multifaceted scope of genomics and transcriptomics approaches [78]. However, the variation
between protein abundance and corresponding mRNA abundance, suggests that proteomics provides
a distinct and useful understanding of M.tb physiological responses and target expression [79].
A number of studies have revealed insights into the expression of M.tb proteins intracellularly and
in vivo, confirming the expression of potentially druggable targets. There are broadly two proteomics
strategies, firstly, a top-down approach whereby intact proteins are isolated from a biological sample
and sorted by gel electrophoresis, based on their physical and chemical properties, before identification
by mass spectrometry (MS) [78]. Popular in early proteomic research, this technique typically found
~100 mycobacterial proteins, accounting for approximately 3% of the total M.tb proteome. The second
approach is the bottom-up method, where a total set of proteins are proteolytically cleaved into peptides,
followed by high-performance liquid chromatography and tandem mass spectrometry (LC-MS/MS).
This strategy may quantify many more proteins and track a predefined subset of proteins to greater
sensitivity, however computational resolution of profiles and insufficient sensitivity currently limits
proteomics discoveries [78]. Despite the lag in proteomics compared to other omics, several studies
have revealed new insights into mycobacterial protein expression. Målen et al. compared expression
of M.tb H37Rv and M.tb H37Ra membrane proteins using gel electrophoresis and in-gel digestion of
proteins followed by MS [80]. The authors identified over 1700 proteins expressed in both strains,
29 of which were membrane-associated proteins with >5-fold difference in abundance between
strains. This highlighted expression of potentially druggable proteins associated with transmembrane
transport, complementing genomics and transcriptomics approaches to confirm presence of target
protein, and mapped the expression of efflux systems that might impact drug efficacy. Isobaric tagging
and stable isotope labelling have enhanced the identification and quantification of proteins by mass
spectrometry, enabling more efficient mapping of peptides to protein and allowing comparative
samples to be analyzed simultaneously [81]. Thompson et al. quantified N-terminal acetylation of
cytosolic and secreted proteins in M.tb and M. marinum using an N-terminal enrichment approach
coupled with stable isotope ratio mass spectrometry [82]. The authors identified 211 endogenously
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N-terminally acetylated proteins in M.tb (11% of the total observed proteome); 31.8% of these proteins
were involved in intermediary metabolism and respiration, indicating the importance and abundance
of protein acetylation in mycobacteria. A difference in acylation level was detected in cytoplasmic
and secreted forms of 16 mycobacterial proteins, suggesting that N-terminal acetylation might affect
protein localization. Acetylation was linked to the secretion of virulence factors (ESX substrates)
and antimicrobial drug detoxification systems, signifying N-terminal acetylation as a potentially
druggable pathway in M.tb. Whilst this approach is clearly beneficial for the detection of acetylation in
mycobacteria, consideration should be taken when selecting strains and growth conditions, since these
factors will impact protein enrichment resulting in variation between studies, as demonstrated by the
authors when comparing the proteome of H37Rv with the published literature.

Proteomics has been applied to in vitro models of infection to find new targets for drug discovery.
Albrethsen et al. combined label-free LC-MS/MS and 2D difference gel electrophoresis to reveal
extracellular proteins produced by M.tb under nutrient starvation [83]. The authors identified
proteins involved in toxin-antitoxin (TA) systems, suggesting a role for these systems in the
switch from active to non-replicating metabolic states and proposing that TA systems should be
explored as potential therapeutic targets. Despite RNAseq often being the preferred approach
for such investigations, applying proteomics revealed information regarding protein localization,
binding preferences and post-transcriptional modifications that would not be generated from an
mRNA analysis. M.tb protein expression has been mapped during intracellular infection of alveolar
epithelioid cells and macrophages [84]; comparison of the M.tb protein expression profiles in these
two cell types identified 6 mycobacterial proteins that were differentially expressed in epithelioid cells.
Kruh et al. investigated M.tb protein expression in vivo, identifying 500 unique M.tb proteins that were
expressed in the lungs of guinea pigs [85]. Most abundant were M.tb proteins implicated in cell wall
function and respiration, providing a rational basis for targeted drug discovery against these pathways
active during infection.

4.2. Mode of Action

Proteomics has helped to deconvolute M.tb responses to drug exposure providing insight into
mechanisms of drug action and resistance [86]. Recently, Meneguello et al. used proteomics to
explore the metabolic pathways that contribute to the activity of rifampicin [87]. A small percentage of
rifampicin resistance occurs through mechanisms other than the well-characterized target, β subunit
of RNA polymerase. Proteomic profiling of rifampicin-treated M.tb resulted in the under-expression
of four proteins implicated in cell wall biosynthesis (Ino1, FabD, EsxK and PPE60), suggesting
that rifampicin also affects cell wall synthesis contributing to bacterial death. The authors used
a liquid chromatography-mass spectrometry (LC-MS) approach, assessing small changes to the
M.tb proteome temporally. Consideration should be taken when conducting such experiments
to minimize the introduction of false-positives as a result of weak signals from an analytical
column coupled with a highly sensitive detection platform. Despite these limitations, the authors
reported a protein coverage comparable to other studies that applied nano-liquid chromatography.
Nano-liquid chromatography is becoming an established tool for advanced peptide separation that uses
very narrow columns that are more effective for detecting low abundance compounds [88]. Similarly,
proteomics has been utilized to discern the mode of action of repurposed drugs that inhibit M.tb in vitro.
Sulfamethoxazole, a broad-spectrum antibiotic that primarily targets the folate biosynthesis pathway,
exhibits a synergistic effect when combined with other anti-TB drugs. Sarkar et al. mapped the M.tb
response to sulfamethoxazole exposure using proteomics, identifying induction of oxidative stress
and electron transport chain pathways that suggested an additional mode of action for this drug [89].
Proteomics may also be exploited to determine mechanisms of drug resistance. Putim et al. employed
a shotgun proteomics system to identify proteins secreted in isoniazid- and rifampicin-resistant M.tb
compared to drug-sensitive M.tb. Bacterial cultures were filtered through low binding protein-cellulose
acetate membranes to collect culture filtrate proteins, before sodium dodecyl sulphate-polyacrylamide
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gel electrophoresis (SDS-PAGE), in-gel digestion and LC-MS. Depending on the aim of the study,
consideration in the liquid chromatography (LC) approach should be taken. For example, for high
proteome coverage, or for detecting proteins in low abundance, a 1D gradient for 8 h or a 2D LC
should be used. However, for analysis of a limited sample volume, or where characterization of
low-abundance proteins is not needed, a 1D gradient for 4 h may suffice. In addition, reproducibility
and sample requirements will vary greatly depending on the method used [90]. Differential abundance
of proteins involved in lipid metabolism, proteasome function and ATP-binding cassette transporters
(ABC transporters) between drug-resistant and drug-sensitive strains may reveal novel systems that
influence drug efficacy [91].

5. Metabolomics

5.1. Target Identification

Metabolomics, the analysis of the metabolite network within a biological system, is an indispensable
omics approach for drug discovery, providing information on the potentially druggable processes
occurring in a cell. Metabolomics in a discovery biology setting has elucidated M.tb metabolic pathways
in use in different microenvironments. Carvalho et al. supplemented cultures grown aerobically at 37 ◦C
with different 13C-labelled carbon substrates followed by LC-MS to separate and identify metabolites,
demonstrating that M.tb co-catabolizes multiple carbon sources simultaneously, through glycolytic,
pentose phosphate and tricarboxylic acid pathways [92]. For example, during co-catabolism of dextrose
and acetate, dextrose was preferentially metabolized into intermediates of glycolysis and the pentose
phosphate pathway, whereas acetate was preferentially used for tricarboxylic acid cycle (TCA cycle)
intermediates. This understanding of the M.tb metabolic network will help to delineate key pathways
and essential metabolites that could be exploited as therapeutic targets. More recently, Serafini et
al. used a similar approach to elucidate the metabolic pathways involved in the assimilation of
pyruvate and lactate in M.tb. Although it is well-established that lipids are important carbon sources
for M.tb during infection, the authors demonstrated a novel function for the methylcitrate cycle,
highlighting that it could be reversed for the biosynthesis of propionyl-CoA and the metabolism
of pyruvate and lactate, identifying new targets for drug discovery efforts [93]. This study is an
excellent example of a multi-omics approach, combining transposon-directed insertion site sequencing,
RNAseq transcriptomics, proteomics and metabolomics, enabling an multi-analyte functional overview
of the carbon metabolism network in M.tb.

Agapova et al. coupled stable isotope tracing of labelled amino acids with mass spectrometry
to elucidate the use of amino acids as a nitrogen source in M.tb [94]. The authors showed that the
co-metabolism of multiple amino acids as nitrogen sources did not improve growth compared to
metabolism of a single source. In addition, several amino acids were utilized as sole nitrogen sources
much faster than ammonium, suggesting that M.tb preferentially metabolizes specific host amino acids
as sources of nitrogen. As such, metabolomics provided insight into the potential for targeting specific
pathways in the M.tb nitrogen metabolic network. The authors also suggested that greater emphasis
should be placed on amino acids as sole carbon sources to better mimic physiologically relevant
conditions found in the host. Borah et al. used 15N-flux spectral ratio analysis to demonstrate that M.tb
in macrophages has access to multiple amino acids for nitrogen metabolism and identified serine as an
amino acid not available to intracellular bacilli [95]. The proteinogenic amino acid serine that provides
the nitrogen backbone for glycine and cysteine synthesis must be synthesized by intracellular M.tb,
highlighting this pathway, and phosphoserine transaminase in particular, as a novel target for drug
discovery. In a similar target identification application, Dutta et al. used metabolomics to confirm
the role of the stringent response regulator Rel in controlling transition to non-replicating states by
comparing wild type M.tb with an M.tb knockout strain lacking RelMtb, verifying Rel as a potential
anti-TB drug target. The authors then screened a library of compounds against this target, identifying
lead compounds that killed nutrient-starved M.tb [96].
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5.2. Mode of Action

The utility of metabolomics is demonstrated in studies to elucidate the mode of action of novel
compounds. In a high-throughput metabolomics approach, Zampieri et al. evaluated mass spectra
of supernatants from drug-treated M. smegmatis cultures to profile a library of 212 antimycobacterial
compounds with unknown modes of action [97]. The metabolomic signatures were first established
for 62 reference compounds with 17 known targets, before assessing similarity to the test compound
profiles. Over 70% of the 212 compounds could be classified with a known mechanism of action,
whilst 16 compounds resulted in metabolomic profiles dissimilar to the reference compounds. Of these
16 compounds, 6 exhibited a similar metabolomic response suggestive of the inhibition of lipid and
trehalose metabolism. This approach revealed new druggable pathways in M.tb, and importantly
enables drug discovery programs to diversify target pathways, discarding molecules that likely inhibit
targets of existing drugs. In this study, the compounds with unknown mechanisms of action exhibited
modest inhibitory activity against M. smegmatis with unique metabolic patterns that likely reflect
specificity in their underlying modes of action. Whilst further studies should be directed at assessing
the activity and mechanism of action of these compounds in M.tb, this study clearly demonstrates the
utility of this approach to recognize compounds that target novel pathways. In a similar approach,
untargeted metabolite profiling using flow infusion electrospray ion high resolution mass spectrometry
was used to explore the mode of action of pretomanid [98]. The M. smegmatis metabolite profile
after exposure to pretomanid was distinct when compared to ampicillin, ethambutol, ethionamide,
isoniazid, kanamycin, linezolid, rifampicin and streptomycin-treated cultures. Mapping of differentially
abundant metabolites onto pathways highlighted the pentose phosphate pathway, suggesting that
accumulation of the toxic metabolite methylglyoxal may contribute to the antibacterial activity of
pretomanid. A recent LC-MS-based metabolic linkage analysis of bedaquiline-treated M.tb revealed
that, alongside inhibition of ATP synthase, glutamine metabolism was also impacted. Since glutamine
synthesis inhibitors were synergistic in combination with bedaquiline, an indirect secondary effect of
bedaquiline on glutamine biosynthesis was distinguished that could be targeted therapeutically [99].
These approaches demonstrate how metabolomics may be used to elucidate the action of unknown
drugs, and reveal fundamental information about the physiology of M.tb.

6. Lipidomics

6.1. Target Identification

Mycobacteria have unique cell envelopes, high in lipid diversity and abundance, comprising up
to 40% of the bacillus dry weight [100]. Cell wall biosynthetic pathways are the target of many existing
anti-TB drugs; in addition, the sequencing of the M.tb genome revealed many lipid biosynthesis and
polyketide synthase genes that might be exploited as potential therapeutic targets. The study of this
network of cellular lipids within a biological system is broadly categorized in a branch of metabolomics,
known as lipidomics, which examines lipid species that are present and how they interact with other
lipids, metabolites and proteins in a cell [101]. Lipidomics relies on mass spectroscopy, measuring the
mass-to-charge ratio and abundance of gas-phase ions, further characterized into gas chromatography
(GC)-MS, liquid chromatography (LC)-MS and direct infusion-MS [102]. The large diversity of lipids
and the lack of spatial information about the distribution of these moieties within a cell complicates the
inferences from lipidomic experiments [103]. Lipidomics has been employed to discover potentially
druggable lipid biosynthesis pathways based on the M.tb response to the changing environment.
Raghunandanan et al. determined the pattern of M.tb lipid changes in hypoxia-induced dormancy and
resuscitation, showing that lipid concentration drastically decreased during dormancy and gradually
increased again during re-aeration [104]. Several lipids were more abundant in non-replicating
bacteria, revealing potentially targetable pathways [104]. This study demonstrates the potential
of lipidomics to evaluate M.tb in vitro in conditions predicted to mimic in vivo microenvironments.
Compared to conventional high performance-LC, the ultra-performance LC technique provided a much
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greater chromatographic resolution and subsequently faster analysis time [105]. Lipidomics is also
a valuable tool to characterize lipid biosynthetic pathway targets. The fatty acid synthase FAS-II
multi-enzyme system is essential for the biosynthesis of mycolic acids and normal cell wall function in
mycobacteria. It is the target of several antimycobacterial drugs, such as isoniazid, and therefore offers
additional therapeutic potential. To understand the role of HadD, a novel FAS-II enzyme, Lefebvre et
al. analyzed total extractable lipids from M. smegmatis hadD knockout mutants by high-performance
thin-layer chromatography to demonstrate that hadD deletion resulted in the absence of α- and
epoxy-mycolic acids that disrupted the cell envelope and reduced bacterial fitness [106]. Subsequently,
the authors showed that hadD deletion in M.tb resulted in a 63% reduction in keto-mycolic acids,
while overexpression of hadD induced an 87% increase in keto-mycolic acids compared to wild type.
Knockout mutants of hadD were attenuated in a murine model of infection, confirming hadD as a new
target for drug discovery [107].

6.2. Mode of Action

Sharma et al. demonstrated the role for lipidomics in mechanism of action studies by mapping the
impact of the natural antimycobacterial compound vanillin in M. smegmatis. The authors observed that
vanillin changes the composition of fatty acids, glycolipids, glycerophospholipids and saccharolipids
causing disruption of cell membrane homeostasis [108]. Similarly, lipidomic analysis has been
instrumental in investigating the consequences of M.tb drug-resistance conferring mutations to
well-characterized anti-TB drugs [109]. Howard et al. demonstrated that rifampicin-resistant M.tb
isolates with mutations in rpoB exhibited altered lipid profiles dependent on the specific location of the
SNPs [109]. Lipidomic analysis showed that different rpoB SNPs resulted in distinct relative abundances
of short-chain and long-chain fatty acid phthiocerol dimycocerosates (PDIM), which induced alternative
macrophage activation pathways and altered macrophage metabolism. Such analyses are useful not
only to understand the mode of action of a compound, but to deconvolute the consequences of drug
resistance-conferring mutations. Lipidomics is often used as an unbiased approach to complement
findings from other methodologies. An example is the evaluation of the mycolic acid transporter,
MmpL3, as a druggable target [110]. MmpL3 is an integral inner membrane transporter, with a role in
the export of mycolic acids to the periplasmic space in the biosynthesis of the mycobacterial cell wall.
Lipidomic analysis of mmpL3 M.tb knockdown mutants using thin layer chromatography of total lipids
revealed a fast decline in cell wall-bound mycolic acids and trehalose dimycolates. Combined with
confirmation of in vitro and in vivo essentiality, this study confirmed the mycolic acid transporter
MmpL3, as a validated druggable target for M.tb drug discovery. Similarly, lipidomics, alongside
genomics and transcriptomics, characterized the mode of action of HC2091, a novel compound that
likely targets MmpL3. M.tb HC2091-resistant mutants were shown to have SNPs in the mmpL3
gene, likely conferring drug resistance. Thin layer chromatography of the total extractable lipids
from HC2091-treated M.tb cultures supplemented with radiolabelled-sodium acetate demonstrated
a dose-dependent reduction in trehalose dimycolate accumulation with increasing concentration of
HC2091. In combination with transcriptional profiling of HC2091-treated bacilli, the authors confirmed
that HC2091 targets MmpL3 through a mechanism distinct from other MmpL3 inhibitors [66].
Lipidomics, therefore, often in combination with other omics approaches, is an effective tool, especially
in the interrogation of cell wall biosynthetic pathways, a rich source of druggable M.tb targets.

7. Future Outlook and Conclusions

This review has focused on established mycobacterial omics technologies and their application to
the early stages of M.tb drug discovery. New omics are emerging that will contribute to future drug
development; for example, glycomics, the study of all glycans in a biological system. Glycans are vital
in a broad range of processes, their direct recognition by glycan-binding proteins is important for many
processes that may be essential and druggable. Recently, Kavunja et al. used a glycomics approach
to identify mycolate-interacting proteins associated with synthesis and remodeling of the membrane
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in M. smegmatis that could lead to the validation of novel therapeutic targets [111]. Such techniques
offer unique opportunities for biological discovery and new target identification that will expand as
methodologies develop to increase sensitivity and reduce complexity.

The strength of omics technologies is multiplied when used in combination to understand bacterial
metabolism and pathogenicity, leading to a true systems approach to antimicrobial drug discovery.
This requires the development and maintenance of bioinformatics tools, data repositories, integration
and visualization platforms. Recent initiatives in data-sharing not only showcase multi-omics
studies but also aim to make omics datasets more readily accessible to the research community [112].
Increased accessibility alongside significant reductions in the cost of omics technologies and advances
in data analysis platforms [113], both for data management and for improving ease-of-use, ensure
that omics are ubiquitous in drug discovery, preclinical and clinical development programs across
academia and pharma [114]. Where M.tb-focused omics technologies are combined with human omics
systems in a quantitative pharmacology approach to finding and delivering new therapeutics.

The unsupervised nature of omics approaches and the separation from a priori hypotheses places
omics technologies in unique and vital roles in the drug development process. For multi-omics to become
fully incorporated into the drug development pipeline the challenge remains to move more quickly
from initial target identification to target validation in target-based discovery, and in compound-first
approaches to scale up mode of action studies to integrate with medium/high-throughput screening.
Omics platforms have contributed significantly to the development of the most recent M.tb drugs
brought to market and to multiple drug candidates now in clinical trials, alongside providing insights
into M.tb physiology, drug action and drug resistance. Omics methodologies have become valuable
tools in the search for new antimicrobial drugs that are becoming increasingly important to find.
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Abstract: Even though the majority of tuberculosis (TB) programmes consider their work completed
when a patient is ‘successfully’ cured, patients often continue to suffer with post-treatment or
surgical sequelae. This review focuses on describing the available evidence with regard to the
diagnosis and management of post-treatment and surgical sequelae (pulmonary rehabilitation).
We carried out a non-systematic literature review based on a PubMed search using specific key-words,
including various combinations of ‘TB’, ‘MDR-TB’, ‘XDR-TB’, ‘surgery’, ‘functional evaluation’,
‘sequelae’ and ‘pulmonary rehabilitation’. References of the most important papers were retrieved
to improve the search accuracy. We identified the main areas of interest to describe the topic as
follows: 1) ‘Surgery’, described through observational studies and reviews, systematic reviews and
meta-analyses, IPD (individual data meta-analyses), and official guidelines (GRADE (Grading of
Recommendations Assessment, Development and Evaluation) or not GRADE-based); 2) Post-TB
treatment functional evaluation; and 3) Pulmonary rehabilitation interventions. We also highlighted
the priority areas for research for the three main areas of interest. The collection of high-quality
standardized variables would allow advances in the understanding of the need for, and effectiveness
of, pulmonary rehabilitation at both the individual and the programmatic level. The initial evidence
supports the importance of the adequate functional evaluation of these patients, which is necessary
to identify those who will benefit from pulmonary rehabilitation.

Keywords: TB; post-treatment sequelae; surgery; pulmonary rehabilitation
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1. Introduction

Pulmonary and pleural tuberculosis (TB) may be severe and challenging even with drug susceptible
strains of Mycobacterium tuberculosis and may require a multidisciplinary approach for best management.
Moreover, drug-resistant tuberculosis (TB) and, in particular, multidrug-resistant (MDR) and extensively
drug-resistant (XDR) TB frequently occur in patients who have had prior TB episodes and may worsen
previously damaged lungs [1–3]. Managing these cases is difficult, requiring a multidisciplinary
team approach [4] and expensive treatment (which is toxic and with treatment success still below
expectations) [2,5].

The availability of new drugs (bedaquiline, delamanid, and pretomanid) after many years of
neglect provides new perspectives, improved success rates and a reduced prevalence of adverse
events [6–8]. The rapid detection of TB is also key in order to catch the disease process early and
preserve lung function.

As new evidence is made available and more is known about drugs and regimens, more patients are
surviving [9–12], and it is emerging that other aspects require attention: the importance of preventing
transmission [13], ensuring adequate nutrition, considering adjuvant surgery, and post-treatment
sequelae [2,3,14]. These were emphasised in a comprehensive review of the Global Tuberculosis
Network (GTN) based on the consensus of about 100 global experts [2]. This review is focused on
describing the available evidence on adjuvant surgery and diagnosis and management of post-treatment
sequelae (pulmonary rehabilitation).

2. Materials and Methods

We carried out a non-systematic literature review based on a PubMed search using specific
key-words, including various combinations of ‘TB’, ‘MDR-TB’, ‘XDR-TB’, ‘surgery’, ‘functional
evaluation’, ‘sequelae’, and ‘pulmonary rehabilitation’. References of the existing reviews were
retrieved to improve accuracy.

Manuscripts written in English, Spanish, and Russian were selected, including full articles and
relevant abstracts.

The main areas of interest we identified to describe the topic are as follows:

1) ‘Surgery’, described through observational studies and reviews, systematic reviews, and
meta-analyses, IPD (individual data meta-analyses) and official guidelines (GRADE or not
GRADE-based). Due to the scant evidence on thoracoplasty and other less frequent surgical
procedures, we concentrated on lung resection.

2) Post-TB treatment lung functional evaluations.
3) Pulmonary rehabilitation interventions.

The priorities for research have been identified for each main area of interest.

3. Surgery and TB

3.1. Observational Studies and Reviews

A limited number of observational studies and reviews are available on the topic; the majority
suggests that adjuvant surgery in selected patients may be useful to improve treatment
outcomes [2,15–27]. However, the strength of the conclusions from these studies is somewhat
limited by the risk of bias related to the variability of the centres’ procedures, patients’ profiles,
treatment regimens, timing and types of surgical procedures, and it is difficult, if not impossible,
to identify homogenous patients to compare among studies.
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3.2. Traditional Meta-analyses

A few meta-analyses are available on the topic [28–32]. A traditional meta-analysis of 15 reports
of surgical resection found that treatment success was achieved in 84% (95% confidence interval (CI),
78%–89%) of patients, noting substantial heterogeneity among the studies [29].

Two other meta-analyses of MDR-TB patients who had either resection or non-resection surgery
found that surgical patients had better outcomes than those who did not [28,30]; however, there was
no distinction between the different forms of resection surgery.

In the Marrone’s meta-analysis [28], 24 studies identified a significant association between
surgery and successful treatment compared to non-surgical interventions (OR 2.24, 95%CI 1.68–2.97).
The meta-analysis from 23 single-arm studies demonstrated that, respectively, 92% (95%CI 88.1–95)
and 87% (95% CI 83–91) of surgical patients achieved successful short and long-term outcomes. In the
sub-group analysis (studies reporting both surgical and non-surgical treatment outcomes) favourable
surgical outcomes (treatment success) were associated with increased drug-resistance, i.e., better results
for XDR-TB patients than for MDR-TB ones.

Confounding by indication (a form of bias that occurs when the patients most likely to benefit are
selected for therapy) was a major limitation in each meta-analysis.

Furthermore, antibiotic regimens were not standardized across studies, meaning that the studies
could not account for factors such as the individual drug regimens or the timing of surgery in relation
to culture conversion.

3.3. Evaluating the Role of Surgery Through IPD

A recent IPD based on the large MDR-TB cohort coordinated by McGill University [33–35]
utilized a sophisticated analysis (propensity score matching) to evaluate the benefits offered by
surgery. Individual patient data from 26 cohort studies were analysed, including clinical features and
information on both medical and surgical therapy. Primary analyses compared treatment success
(cure and completion) to a combined outcome of failure, relapse, or death. The effects of all forms of
resection surgery, pneumonectomy, and partial lung resection were evaluated [35].

The final analysis was conducted on 4,238 patients from 18 surgical studies and 2,193 from 8
non-surgical ones. Pulmonary resection surgery (478 patients) was associated with improved treatment
success (adjusted odds ratio (aOR), 3.0; 95% confidence interval (CI), 1.5–5.9), but pneumonectomy
was not (aOR, 1.1; 95% CI, 0.6–2.3). Treatment success was achieved in 95.2% of patients undergoing
surgery after culture conversion compared with 91.2% of those who had surgery before it (aOR, 2.6;
95% CI, 0.9–7.1).

Patients undergoing partial lung resection achieved better treatment success and lower
failure/death rates than patients who had either pneumonectomy or no surgery. The median duration
of medical therapy was 20 months (interquartile range [IQR], 13.7–24.0 months) for those who had
surgery after culture conversion versus 29 months (IQR, 22–45 months) for those undergoing surgery
before conversion. The loss to follow-up was lower among patients who had surgery (11%; 95% CI,
4–17%) than among those who had not (22%; 95% CI, 14–31%).

The authors concluded that, among MDR-TB patients, partial lung resection (but not
pneumonectomy) was associated with improved treatment success, although selection bias cannot
be excluded [35]. This finding can be explained with the lower rate of mortality among surgical
versus non-surgical TB patients. Furthermore, patients undergoing surgery had, overall, more severe
drug-resistance profiles and more extensive diseases [35]. Importantly, both surgical and non-surgical
patients were rather young with a low probability of confounding co-morbidities [35].

A summary of the available evidence is reported in Table 1
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3.4. World Health Organization (WHO), International Union Against Tuberculosis and Lung Disease
(The UNION), and ATS/CDC/ERS/IDSA (American Thoracic Society/Centers for Disease Control and
prevention/European Respiratory Society/Infectious Diseases Society of America) guidelines

In the consolidated WHO 2019 MDR-TB guidelines (and in the preceding 2016 and 2011 ones)
the following recommendation were given (based on GRADE): in patients with rifampicin-resistant
(RR)-TB or MDR-TB, elective partial lung resection (lobectomy or wedge resection) may be used
alongside a recommended MDR-TB regimen [36].

In a regional WHO European guidance the indications and contra-indications for surgery were
clearly defined [19,37]. Surgical interventions may have emergency (life threatening conditions),
urgent (irreversible TB and haemoptysis), and elective natures.

Elective surgery indications include localised unilateral forms of bacteriologically-confirmed
cavitary disease, MDR-/XDR-TB failing medical treatment, and complications/sequelae (spontaneous
pneumothorax /pyopneumothorax; pleural empyema with or without bronchopleural fistula;
aspergilloma; nodular-bronchial fistula; broncholith; and pachypleuritis/pericarditis with respiratory
and blood circulation insufficiency; trachea/large bronchi stenosis; and post-TB bronchiectasis).

The following contra-indications have been identified [19,37]:

• Bilateral, extensive cavities;
• Impaired pulmonary function (forced expiratory volume in one second FEV1 (forced expiratory

volume in 1 s) <1.5 L for lobectomy and < 2.0 L for pneumonectomy);
• Pulmonary-heart failure III–IV (New York Hart Association functional classification);
• Body mass index (BMI) up to 40%–50% of normality;
• Severe co-morbid conditions (uncontrolled diabetes, ulcer exacerbation, and liver/renal

insufficiency);
• Active bronchial TB.

The UNION guidelines (which are not designed with the GRADE approach) suggest that ‘surgery
should be considered for treating drug-resistant (DR)-TB only in patients meeting the three following
conditions: 1) a fairly localised lesion, 2) an adequate respiratory reserve, and 3) a lack of sufficient
available drugs to design a regimen potent enough to ensure a cure. Ideally, surgery needs to be
performed at the moment chemotherapy has achieved the lowest possible bacillary load (sputum smear
and culture converted to negative) within a complete cycle of chemotherapy [38].

In the recently published ATS/CDC/ERS/IDSA guidelines [39] the PICO (population, intervention,
comparator, outcomes) question 19 was on ‘Surgery for MDR-TB’ as follows: ‘Should elective lung
resection surgery (i.e., a lobectomy or pneumonectomy) be used as an adjunctive therapeutic option in
combination with antimicrobial therapy, versus medical therapy alone for adults with MDR-TB?’

The following recommendations were issued:
‘Recommendation 19A: We suggest elective partial lung resection (e.g., a lobectomy or wedge

resection), rather than medical therapy alone, for adults with MDR-TB receiving antimicrobial-based
therapy (conditional recommendation, very low certainty in the evidence). The writing committee
believes this option would be beneficial for patients for whom clinical judgement, supported by
bacteriological and radiographic data, suggest a strong risk of treatment failure or relapse with medical
therapy alone.

Recommendation 19B: We suggest medical therapy alone, rather than including elective
total lung resection (pneumonectomy), for adults with MDR-TB receiving antimicrobial therapy
(conditional recommendation, very low certainty of evidence)’ [39].

In summary, all major guidelines are consistent in recommending surgery in selected cases,
following chemotherapy and favouring elective partial lung resection when possible, based on specific
indications: failure of drug therapy, relapse, localized (e.g., cavity) or extensive pulmonary TB, clinical
complications (e.g., haemoptysis or empyema) [39]. However, recent evidence suggests that bilateral
surgery can also be safe and effective [40].
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The patients undergoing surgery are candidates for pulmonary rehabilitation [20,39].

3.5. Priorities for Research

The ATS/CDC/ERS/IDSA guidelines proposed the following priorities for TB research on TB and
surgery [39]: ideal timing for surgery; optimal drug regimens and duration before and after surgery;
the role of surgery in special populations and patients with co-morbidities (e.g., HIV co-infection),
optimal surgical approaches, optimal infection control measures to be implemented peri-operatively,
and the role of pulmonary rehabilitation.

4. Post-TB Treatment Sequelae and Rehabilitation

There is evidence that patients with pulmonary TB have up to a five to six times higher probability
of abnormal pulmonary function when compared with LTBI (latent TB infection) individuals [41].
TB sequelae are likely to follow delayed diagnosis, extensive disease, and long and/or repeated
treatments [42]. TB sequelae are risk factors for bronchiectasis and COPD (chronic obstructive
pulmonary disease), both conditions are more common in smokers and in the presence of in-door or
out-door drug pollution [43]. The most common alterations are represented by obstructions with or
without restriction. Airflow obstruction is usually without response to the bronchodilator, and often
coupled with bronchiectasis and/or tracheobronchial stenosis, alterations of the lung parenchyma
(cavities and pulmonary fibrosis) or of the pleura (empyema, fibrothorax, bronchopleural fistula,
and pneumothorax). Restriction can affect gas exchange, as well as other vascular complications
including pulmonary or bronchial arteritis, thrombosis, artery dilatation, Rasmussen aneurysm, or
‘cor pulmonale’ [43]. Both mechanical and gas exchange alterations can limit daily activities, exercise
capacity, and impair quality of life (QoL) [43].

4.1. Post-TB Treatment Functional Evaluation

A baseline examination with functional evaluation can be performed safely when the patient is
smear and culture negative (on at least two samples two weeks apart) and is undergoing effective
treatment; otherwise, infection control measures are necessary [13]. As the patient might need a
different approach when resting and when making exercise (e.g., walking), a careful evaluation should
be ideally performed both at rest and under exercise conditions [43,44].

At rest, spirometry with response to the bronchodilator, diffusing capacity of the lung for
carbon monoxide (DLCO), arterial blood gases analysis are recommended to study lung mechanics,
complemented by plethysmography at the initial evaluation (if feasible) (Figure 1) [43].

Spirometry is the most widely accepted test to assess lung function impairment. It can be
conducted with a simple spirometer, which costs a minimum of 150$ and can be used at point-of-care
or with a sophisticated apparatus which includes plethysmography (which is able to diagnose
lung restriction and ‘air trapping’ by measuring the Residual Volume (RV)). The core parameters
evaluated by spirometry are forced expiratory volume (FEV)1 (low FEV1 indicates airflow obstruction),
FVC (Forced Vital Capacity) and their ratio (FEV1/FVC) [43]. DLCO describes the status of gas
exchanges at the pulmonary level, which can be hampered even in the presence of normal spirometry
and plethysmography.

Under exercise conditions it is useful to have the patient undergo the 6-min walking test (6MWT) or
the cardiopulmonary exercise test (CPET) which provides additional information on the physiological
reserve (and, indirectly on QoL) [43,44]. The 6MWT measures the distance covered (in metres) in 6 min.
It can be done in any setting, is cheap and easy to interpret: it correlates with QoL and improves
after rehabilitation [43–45]. CPET is a more sophisticated, expensive, and technology-dependent tool
which cannot be performed in all centres. It provides information on the exercise capacity-limiting
determinants (respiratory: mechanical or as exchange-related; muscular; and cardio-vascular).
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Figure 1. Interpreting spirometry. Legend: FEV1: forced expiratory volume in 1 s; FVC: forced vital
capacity; FEV1/FVC ratio: the percentage of the FVC expired in one second; DLCO: diffusing capacity
of the lung for carbon monoxide; TLC: total lung capacity.

Different tools exist to evaluate QoL, including generic questionnaires (e.g., 36-item Short Form
(SF) health survey or SF-36 and its shortened version with 12 questions, the SF-12) or specific tools as the
SGRQ (St. Georges’s Respiratory Questionnaire) specifically investigating QoL in chronic respiratory
diseases (Table 2).
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4.2. Pulmonary Rehabilitation

Pulmonary rehabilitation is a non-pharmacological intervention aimed at improving the physical
and psychological conditions of individuals affected by chronic lung diseases [46]. It includes
different interventions including, among others, the integration of an optimised medical treatment
(drugs, Long-Term Oxygen Therapy-LTOT, ventilation) with physiotherapy, exercise training, education,
and behavioural changes [39,43,44].

4.2.1. LTOT and Ventilation

The importance of LTOT and mechanical ventilation in supporting the management of post-TB
treatment sequelae is well known [44]. Intermittent positive pressure ventilation through a nasal mask
(NIPPV) applied during exercise in patients with pulmonary TB sequelae improved arterial blood gas
measurements, reduced breathlessness, and increased exercise tolerance [47]. The use of a poncho
(wraparound) ventilator and mouth intermittent positive pressure ventilation (MIPPV) was studied,
showing beneficial results [48].

4.2.2. Physiotherapy

The role of physiotherapy in expectorating secretions is well known and largely utilised [44].
Mechanical methods of vibration massage have been proposed to prevent early post-resectional
complications (atelectasis, non-specific pneumonia, residual post-resection pleural cavity, and bronchial
fistulas) after surgical interventions for TB and to improve the functional status [49].

4.2.3. Exercise Training

Post TB sequelae may cause obstructive or restrictive damage and decrease the effort tolerance [50].
Patients undergoing long and/or multiple rounds of treatment may suffer from cachexia, asthenia, and
muscle fatigue [44]. Before initiating a specific rehabilitation programme, patients should undergo a
complete lung functional assessment, including spirometry and exercise capacity testing to enable
an appropriate exercise training regime. Exercise capacity is usually based on cardiopulmonary
exercise testing or walking tests (6MWT, incremental shuttle walking test (ISWT)) in order to set
physical training sessions that exceed the physical loads of daily life activities [45,51–58]. Some studies
documented the positive role of aerobic training on symptoms, anxiety, depression, and QoL [45,51–58].

4.2.4. Education and Psychological Counselling

Education about lung disease and its management is an important aspect of pulmonary
rehabilitation [43–45]. It implies that specialists teach patients about respiratory diseases and support
them through self-management training. Knowledge about the disease helps patients to understand,
recognize, and treat their symptoms in order to achieve a better control of the disease in daily life.
It may consist of one or more interventions, including smoking cessation, oxygen therapy, nutrition,
physical activity, and the proper use of medications [43–45].

Psychological support is extremely important because depression and anxiety are often associated
with TB and may contribute to fatigue and reduce physical activity. Psychological counselling should be
offered either individually or in small groups as discussion will enable patients to feel more comfortable
with their disease and favour their participation in social activities [43–45]

4.3. Effectiveness of Pulmonary Rehabilitation in TB

The available information on the effectiveness of rehabilitation is summarised in Table 3.
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In the vast majority of the studies, the spirometry parameters, oxygen saturation, and exercise
capacity tests (6MWT or ISWT, range 35–110 m) improved significantly. When QoL tests were
performed, they also improved significantly [45,51–58]. Unfortunately the different studies reported
different parameters, making a meta-analytic evaluation difficult.

4.4. Priorities for Research

A comprehensive review on TB and rehabilitation [44] recommended that future studies
investigating pulmonary rehabilitation include the following information to ensure comparative
analyses:

a) Patients’ characteristics (age, sex, ethnicity, etc);
b) A description of the TB disease, (history of previous treatment, bacteriological status,

drug-resistance profile, treatment history -drugs and regimens; and adverse events observed) [7,8];
c) The physiopathological status, spirometry with response to bronchodilator, assessment of lung

volumes through plethysmography, DLCO, arterial blood gas analysis, 6MWT, radiological
evaluation—ideally a computerized tomography (CT) scan, a QoL evaluation with both general
and a specific tools (St. George’s questionnaire);

d) Rationale and design of the pulmonary rehabilitation plan, with a pre-/post-test comparison;
e) Cost-assessment and evaluation of programmatic feasibility [59].

5. Conclusions

This review describes the evidence available on adjuvant surgery (as described in the most
important recent guidelines), as well as on the diagnosis and management of patients with
post-treatment sequelae. The initial evidence supports the importance of adequate functional
evaluations of these patients, which is necessary to identify those who will benefit from
pulmonary rehabilitation.

A collection of high-quality standardised variables would allow the research to advance in the
understanding of the need for, and the effectiveness of, pulmonary rehabilitation both at the individual
and at the programmatic level.
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For most infectious diseases, vaccines are used to prevent infection and drugs are used for acute
therapy and eradication of established infections. This is not the case for tuberculosis, where BCG,
the vaccine against tuberculosis, which is given to most children in low- and middle-income countries,
does not prevent infection, but it is only effective in decreasing infant mortality. The consequence is that
infection occurs in one third of the global population and, following infection, the bacterium establishes
a lifelong chronic presence. More than 2 billion people today are chronically infected. The immune
system of the chronically infected individuals is effective to keep the bacterium at bay for most of the
time, however there are circumstances where the immune system becomes temporarily or permanently
weaker and the bacterium escapes the immunity and causes severe disease. The consequence are
1.5 million deaths every year. In addition to the only partially effective BCG vaccine against tuberculosis,
also the available therapies for tuberculosis are suboptimal. They require months to eradicate the
infection and they are largely ineffective due to the increasing rate of bacteria resistant to antibiotics.
The question we have is why in 2020 we still rely on a vaccine developed a century ago (in 1922) and
why we do not have better drugs. There are two main reasons for this unsatisfactory situation. The first
one is the very low investment in TB research. The second one is the science gap. Indeed, over the
last few decades we have been trying to use the emerging modern vaccine technologies to get better
vaccines than BCG. The efforts to make better TB vaccines are summarized in the chapter by Carlos
Martin in this book [1]. Remarkably, most of the new vaccines failed in animal models and the few
promising ones failed in clinical trials, showing that the improvements in science were not able to
deliver vaccines better than BCG and that the science gap in understanding the mechanism of immune
protection remains. Very recently, however, some encouraging results have suggested that we may be at
the breaking point and make significant progress after a century of stagnation. The three encouraging
features are a new, molecularly designed live attenuated Mycobacterium tuberculosis entering Phase III
clinical trials ([2,3] and VPM1002 in Carlos Martin’s chapter), new data showing that a BCG boost
can reduce new infections in adolescents ([4] and BCG revaccination in Carlos Martin’s chapter),
and finally, the remarkable observation that a protein-based adjuvanted vaccine given to chronically
infected young people is able to reduce significantly severe disease ([5,6] and M72/AS01E in Carlos
Martin’s chapter). I find this latter study not only interesting for tuberculosis but also for the entire
vaccinology because it is the first time that a vaccine is able to control a chronic infection that has been
already established. In the case of viruses, the protein based, adjuvanted vaccine against Herpes Zoster
has also shown to be able to control an already established chronic infection. We need to capture the
breakthrough innovation of these trials to quickly develop vaccines to prevent infection in the naïve
population and to prevent recurrences in chronically infected people. Combination of vaccines and
drugs to improve the efficacy and reduce the time required for therapy should also be encouraged.
At the same time, we need to boost basic science to understand the molecular mechanisms behind
pathogenesis, protection and immunity. The only way to control and possibly eliminate tuberculosis
from our planet is to develop effective vaccines and drugs.
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Abstract: In addition to antibiotics, vaccination is considered among the most efficacious methods
in the control and the potential eradication of infectious diseases. New safe and effective vaccines
against tuberculosis (TB) could be a very important tool and are called to play a significant role in
the fight against TB resistant to antimicrobials. Despite the extended use of the current TB vaccine
Bacillus Calmette-Guérin (BCG), TB continues to be transmitted actively and continues to be one
of the 10 most important causes of death in the world. In the last 20 years, different TB vaccines
have entered clinical trials. In this paper, we review the current use of BCG and the diversity of
vaccines in clinical trials and their possible indications. New TB vaccines capable of protecting against
respiratory forms of the disease caused by sensitive or resistant Mycobacterium tuberculosis strains
would be extremely useful tools helping to prevent the emergence of multi-drug resistance.

Keywords: BCG; tuberculosis vaccines; TBVI; EDCTP; IAVI; CTVD

1. Introduction

To date, vaccines have been able to overcome the evolution of antibiotic-resistant strains,
which makes vaccination one of the most cost-effective measures for fighting infectious diseases [1].
Mycobacterium tuberculosis (Mtb) is included as ‘critical’ in the WHO priority list of research and
development for new antibiotics effective against current resistant strains of tuberculosis (TB) [2].
Concurrently, new efficacious vaccines will be a very important tool to fight antimicrobial resistant TB
(AMR TB) and are called to play an important role against this serious health issue [1].

The potential of using TB vaccines to combat AMR TB has generally been undervalued. This could
be partly due to the lack of integral efficacy of the present vaccine Bacillus Calmette-Guérin (BCG)
failing to reduce the numbers of TB cases, which makes new efficacious vaccines against respiratory
forms of TB a critical necessity to help combat AMR TB. Currently, one of the biggest threats in TB
is the emergence of multidrug-resistant (MDR) Mtb strains, resistant to isoniazide and rifampicin,
and extensively drug-resistant (XDR) strains, resistant to at least four of the core anti-TB drugs. In 2018,
half a million people were diagnosed with MDR-TB and is estimated that fifty million people were
infected with MDR Mtb strains, creating a reservoir for future cases of active TB making treatment
extremely difficult [2]. AMR poses a threat in TB; both the World Health Organization (WHO) and
International Centres for Disease Control and Prevention (CDC) have expressed concern about antibiotic
treatments for TB. New TB vaccines are necessary to complement existing and in-development pipeline
TB treatment and diagnostic strategies. Considering there has been no evidence to suggest that
molecular mechanisms of drug resistance in Mtb could affect immune control susceptibility, it is likely
that vaccine efficacy against MDR-TB and drug-sensitive TB will be equivalent [3].

In the present work we review the current use of BCG and the non-specific effect against other
pathogens and we summarized the diversity of new TB vaccine candidates in clinical trials and
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their indications. We discuss the need to keep the pipeline of new TB vaccine candidates and the
current clinical trial designs employed in the field for efficacy determination of new TB vaccines which
include designs for prevention of infection (POI), prevention of disease (POD), and prevention of
recurrence of TB (POR), or trials for evaluating the therapeutic effect of TB vaccine candidates when
applied in combination with current TB drug regimens with the aim to shorten duration of treatment.
The pipeline includes new prime TB vaccines for administration at birth, which are expected to protect
better than BCG, and for use in adolescents and adults, as revaccination strategies in individuals
previously vaccinated with BCG at birth, as per WHO Preferred Product Characteristics (PPC) for new
TB vaccines [3,4]. Novel TB vaccine strategies, which are safe and effective, are imperative in the global
efforts to halt dissemination of drug-sensitive and AMR TB [3].

2. BCG the Current TB Vaccine in Use

Despite its variable efficacy against respiratory forms of TB, BCG remains the only marketed
vaccine in use against TB, with more than 90% coverage in countries with high TB incidence [5–7]
(Figure 1). BCG is an attenuated vaccine derived from Mycobacterium bovis, the etiologic agent of
TB in cattle [8]. BCG was first introduced in clinic almost a hundred years ago, when in 1921 it was
administered orally to a baby whose mother had died of TB the day after her birth. The baby showed no
adverse effects to BCG vaccination and, more importantly, did not develop TB. Between 1921 and 1926
more than 50,000 children were vaccinated. Mortality among vaccinated children was 1.8%, compared
to a mortality greater than 25% in unvaccinated children, showing its effectiveness in reducing infant
mortality, not only due to TB if not due to other respiratory diseases [9]. Today we know that the main
cause of attenuation of BCG is due to the loss of Region of Difference 1 (RD1) associated with the loss
of the virulence factor of the secreted immunodominant antigen of 6 kDa (ESAT-6) [8].

 
Figure 1. Bacillus Calmette-Guérin (BCG) vaccination coverage by country. Data from the World
Health Organization about the BCG coverage in each country [10,11]. A total of 113 countries reported
coverage of at least 90% [2].

In 1976, WHO established the Expanded Program on Immunization (EPI) to ensure universal
access of mothers and infants/children to routinely recommended infant/childhood vaccines. Initially,
there were six vaccine-preventable diseases included in the EPI: TB, poliomyelitis, diphtheria, tetanus,
pertussis and measles. Intradermal vaccination with BCG at birth has been included in the WHO
EPI, resulting in more than four billion vaccines administered worldwide to date and approximately
200 million doses given each year. Depending on strain and manufacturer of BCG, concentration of live
bacteria in vaccine vials can range between 50,000 to three million per dose [12,13]. BCG vaccination is
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recommended as part of national childhood immunization programmes according to a country’s TB
epidemiology. In 2018, BCG vaccination was reported for 153 countries and 113 of these countries
reported at least 90% BCG coverage [2,10,11] (Figure 1).

Today, BCG vaccination is recommended by the WHO in all newborn infants in countries where TB
incidence is high. In countries where the incidence of TB is not high, BCG is recommended if the child
is continually exposed to TB patient who does not respond to treatment and patient’s separation is not
possible, or when the child is continually exposed to a patient who has infectious pulmonary TB caused
by MDR or XDR strains [14]. The recommendation of BCG vaccination for adults in endemic areas
with high exposure to resistant TB remains controversial. Considering the potential risks of anti-TB
treatment failure and complications related to BCG vaccination of immunocompromised individuals,
administration of BCG could be recommended in unvaccinated individuals, tuberculin-negative
or interferon gamma release assays (IGRA)-negative individuals exposed to MDR TB. Thus, trials
evaluating protective efficacy of BCG in the context of exposure to MDR TB in adults are needed [14].

Commercial BCG is not a unique product as different formulations exist in terms of BCG
strain, composition and/or dosage. Currently, six BCG strains are used worldwide in international
immunization programs: BCG Pasteur 1173 P2, BCG Danish1331, BCG Glaxo 107, BCG Tokyo
172-1, BCG Russia-I and BCG Brazil [15]. These different BCG strains in use [16] exhibit different
characteristics of attenuation and protection in animal models [17]. The genomic analysis of BCG
sub-strains shows multiple differences, including other deletions other than RD1 that contribute to
phenotypic variations between them [17], with clear attenuation differences but without being shown
to contribute to differences in their efficacy [5]. A recent systematic head-to-head comparison study of
BCG vaccine formulations demonstrated marked variations in content of viable mycobacteria which
correlated with age-specific induction of cytokines in vitro [13]. According to the same study, these
differences in viability possibly contribute to an observed formulation-dependent activation of innate
and adaptive immune responses that could account for the variable protection observed in clinic [13].

3. Nonspecific Effects of BCG

One of the reasons why BCG is still used universally in middle and low income countries is
because numerous studies indicate that similar to other live attenuated vaccines in use today, BCG
have additional beneficial effects on the initially intended protection against TB [18–20]. Neonatal BCG
is able to induce a strong Th1 cytokine response shown to enhance immune responses to other infant
vaccines of the EPI [21]. In countries of low TB endemicity, BCG administration at birth has been related
to reduction of childhood hospitalizations due to unrelated respiratory infections and sepsis [22,23].
In addition, there is emerging evidence that BCG may induce nonspecific resistance (T- and B-cell
dependent) to other pathogens [20], which should be taken into consideration for AMR TB.

The non-specific beneficial effects ascribed to BCG have been attributed to the vaccine’s ability to
functionally and epigenetically reprogram innate immune cells, such as monocytes, macrophages, and
NK (natural killer) cells, a process termed ‘trained immunity’ [24]. In human monocytes, BCG induced
trained immunity has been attributed to the induction of metabolic pathways, which are regulated
by epigenetic mechanisms at the level of chromatin organization [25]. In this context, future clinical
trials could provide insight on the potential therapeutic role that modulation of these pathways may
have during vaccination [26]. A recent large, multinational study conducted in sub-Saharan Africa
suggests association of BCG vaccination with a reduced risk of malaria in children under the age of
5 years [27,28]. If these results are corroborated, they would denote that timely BCG vaccination could
aid the global efforts to decrease malaria burden, including resistant forms of the disease.

To date, the preclinical and clinical down-selection process of new TB vaccine candidates has
employed BCG as the reference gold standard comparator, because of its well-established safety
profile [29,30]. Today, WHO also encourages incorporation of the nonspecific beneficial effects ascribed
to BCG’s ability to induce trained immunity in the design and development of novel TB vaccine
candidates, especially those intended for BCG-replacement.
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4. New TB Vaccine Candidates from Discovery to Clinical Trials

The most effective licensed vaccines against different infectious diseases confer protective immunity
by /inducing neutralizing antibodies. Whereas, while for other diseases, such as HIV, malaria or TB,
a strong response of cellular immunity is necessary, and we don’t have correlated protection that
could anticipate the efficacy of a new vaccine candidate [31]. The last 20 years have seen important
breakthroughs in TB vaccinology, ranging from novel adjuvant systems or viral vectors for intracellular
antigen presentation to advanced genetic engineering techniques for rational attenuation of Mtb.
All these advances in vaccinology have led to the development of new TB vaccine candidates including
novel prime and prime–boost regimes that could reach all age groups and TB population spectrums.
The biology behind the host immune responses to Mtb are not yet understood [32,33]. Developing
a protective vaccine requires not only finding the right antigens, but also activating the right ratio
of protective and suppressive immune cells against these pathogens. In Douglas Young’s words,
“we need efficacious vaccines to understand immunology of TB” and we need “immunology studies to
design a good TB vaccine”.

Given the lack of BCG protection against respiratory forms of TB, in the last 20 years an enormous
effort has been made in the research and development of new vaccines against TB. In the discovery
phase, thousands of potential candidates were identified, of which hundreds have passed to preclinical
evaluation in animal models and only a little more than a dozen have happened to be tested in early
clinical studies in humans to date. There are different stages that each vaccine candidate needs to
perform, including early first-in-human Phase I, then Phase II, and finally Phase III clinical trials,
to reach marketing authorization. In the United States, for nearly two decades former Aeras (now
International AIDS Vaccine Initiative, IAVI) [34], supported by the Bill and Melinda Gates Foundation,
were dedicated to the discovery of new TB vaccine candidates. At the end of 2018, Aeras transferred
its preclinical assets and clinical programs, biorepository, clinical staff, funding and other assets to
International AIDS Vaccine Initiative (IAVI) [34]. In Europe, the research promoted by the different
European Commission (EC) Framework Programs has made possible for hundreds of candidates to
pass to preclinical evaluation of which several are currently in clinical trials [35]. In 2008, thanks to the
EC funding programmes, the European TB Vaccine Initiative (TBVI) [36] was founded integrating at
least 50 R&D consortium partners from the public (academia) and private (industry) sectors. TBVI is a
non-profit product development partnership that facilitates the discovery and development of new,
safe and effective TB vaccines and biomarkers that are accessible and affordable for global use. Clinical
trials of a small number of selected TB vaccine candidates are supported by IAVI with funding sources
from US NIH funding programmes and by the European and Developing Countries Clinical Trials
Partnership (EDCTP) [37].

Given that the protection of BCG administered intradermally shows such limited results of
efficacy, new studies changing the routes of administration of BCG have demonstrated encouraging
results in non-human primates (NHP) applying BCG by the intravenous (IV) route against virulent
M. tuberculosis challenge [38]. Although the difficulties of using the IV route for mass vaccination
campaigns, the efficacy results demonstrating ability of IV BCG to substantially limit Mtb infection in
highly susceptible rhesus macaques could have important implications in the preclinical evaluation of
new candidates, as it could provide a prototype for identifying immune biomarkers and mechanisms
of vaccine-induced protection against TB. The respiratory administration of BCG has demonstrate to
be very promising by conferring very good immunity and protection in NHP [39]. If these results are
confirmed in clinical studies, the aerosol route could be considered a possible universal vaccination
route for BCG and new TB vaccine strategies.

Other live attenuated vaccines in preclinical testing fuelling the TB pipeline include the search for
new candidates based on recombinant BCG has shown very promising results in preclinical animal
models. On one hand, deletion of zmp1 gene improves BCG-mediated protection in guinea pigs against
TB [40] and on the other, inclusion of virulence genes, such as the RD1 region, genetically modified so
as to not increase the virulence of BCG [41,42].
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5. TB Vaccine Candidates in Clinical Trials

As we previously mentioned, the lack of immune marker(s) for prediction of vaccine-elicited
protection makes finding effective vaccines against TB extremely challenging, as it requires long and
expensive efficacy trials with thousands of volunteers (Phase IIb proof-of-concept trials and Phase
III efficacy trials) in endemic countries with a high incidence of TB after obtaining robust safety and
immunogenicity data in previous trials with tens (Phase I) and then with hundreds (Phase II) of
volunteers [32] (Figure 2).
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Figure 2. Tuberculosis (TB) vaccine candidates in the pipeline of clinical trials. The diagram shows the
advance in clinical trials of the 14 vaccine candidates coloured according to each vaccine strategy.

Unlike HIV and malaria, twenty years ago there was no new candidate for a vaccine against TB
in clinical trials. After more than 10 years of previous clinical trials, in 2012 MVA85A was the first
candidate since BCG in 1921 to enter efficacy evaluation as preventive TB vaccine in infants [43,44].
MVA85A vaccine was tested in a double-blind, placebo-control Phase IIb efficacy study for its ability to
increase (or boost) the immunity in healthy infants HIV-uninfected (aged four to six months) recently
vaccinated with BCG at birth, living in a highly endemic region for TB (Worcester, South Africa).
A total of 2797 children were vaccinated (1399 with MVA85A and 1398 with a placebo) and followed
up every three months for more than three years. Results showed that 32 children (2%) of the 1399
in the MVA85A arm, were diagnosed with TB and 39 children (3%) of the 1398 vaccinated with
BCG + placebo. The difference between the two groups was not significant and the interpretation was
absence of efficacy of MVA85A. For the TB vaccine scientific community, this study resulted highly
informative, and it was a great step forward in the research of new vaccines paving the way for new
TB vaccine efficacy studies. The Worcester study was coordinated by the South African TB Vaccine
Initiative (SATVI) and the site is highly prepared for testing new promising TB vaccines. Years after this
study, the scientific community continues learning and drawing conclusions about the immunology
of the disease. After three years of follow-up of the children in the study, the QuantiFERON (QFT)
and the risk of disease were studied by SATVI and Oxford University teams [45]. The extended
immunogenicity analysis of the trial data showed that both children that remained QFT- (less than
0.35 IU/mL) or those who became QFT + (with less than 4 UI/mL) had a lower risk of developing TB as
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compared to QFT + children with more than 4 IU/mL, whose risk of TB disease is high. This result
may accelerate studies with other vaccines [45].

Current efficacy trials of new prophylactic TB vaccines attempt to measure either the prevention
of infection against Mtb (POI), or the prevention of acquiring TB disease (POD) and the prevention of
recurrent TB disease (POR) [46]. POR trials evaluate therapeutic vaccines administered as an adjunct
to drug treatment to increase the effectiveness and shorten the duration of TB treatment in patients
undergoing or completing TB treatment for active disease. The efficacy endpoints of POR trials are
prevention of reactivation of existing infections and/or prevention of disease due to new infections.
Considering lack of correlates of protection, POD trials provide the most reliable endpoint of vaccine
efficacy and acceptance for Regulatory authorities.

In newborns, new TB vaccines should provide evidence of significant superiority over BCG.
Global vaccination strategies targeting adolescents and adults would preferably include individuals
with and without pre-existing Mtb infection, thus avoiding use of IGRAs which are expensive and can
interfere with vaccine-induced immune results. In addition, testing candidates in both uninfected and
infected individuals in future trials could avoid risks of excluding potentially efficacious candidates in
the pipeline against infection but which lack efficacy in IGRA-positive individuals [47].

New TB vaccine candidates today in clinical trials could be divided into whole cell vaccines
and subunit vaccines. Whole cell vaccines include live mycobacterial vaccines derived from live
attenuated Mtb strains, M. bovis BCG or recombinant BCG and killed mycobacterial vaccines that could
be formulated from other saprophytic mycobacterial species or Mtb [48] (Figure 3). Subunit vaccines
contain Mtb antigens expressed as recombinant proteins that are formulated with different adjuvants or
expressed by recombinant viral vectors that are used as vehicles for the administration of antigens [47].
Most of the current subunit vaccine candidates are vaccines with limited antigen diversity which are
designed to enhance prior immunity mediated by T cells [49] (Figure 3).

There is a total of 14 TB vaccine candidates in clinical trials today, seven are based on subunits
and seven consist on whole-cell mycobacteria [47,50] (Figure 3). Of the subunit candidates, four are
mycobacterial fusion protein(s) in new adjuvant formulations (ID93: GLA-SE, H56.IC31, M72:ASO1E,
GamTBVac) and three are based on recombinant live-attenuated or replication-deficient virus-vectored
expressing one or more Mtb proteins (Ad5Ag85, ChadOx1.85/MVA85A, TB/FLU-04L). Of the whole-cell
mycobacterial candidates, there are four candidates based on inactivated/extracts of mycobacteria
(M. vaccae, MIP, DAR-901, RUTI) and three vaccine candidates are based on live attenuated mycobacteria,
one is BCG revaccination, since a positive signal has been seen in prevention studies of Mtb infection [51],
other is based on the use of recombinant BCG (VPM1002) and the third is derived from rationally
attenuated Mtb (MTBVAC).

5.1. Whole-Cell Vaccine Candidates

5.1.1. Live Attenuated Vaccines

Attenuated live vaccines based in Mtb in humans is expected to stimulate specific host-immune
responses mimicking natural TB infection without causing disease (similar to with latent TB infection
(LTBI)). In support of this rationale, prospective cohort studies with individuals exposed to patients with
active TB indicate that those persons LTBI could be close to 80% more protected against secondary Mtb
infection than individuals naïve to Mtb infection [52]. MTBVAC is based on the Pasteurian approach
of vaccinology, to attenuate the pathogen from a human clinical isolate. The rational attenuation of
MTBVAC is due to deletions in the major virulence genes phoP and fadD26. Following the Geneva
consensus for attenuated TB vaccines [30], antibiotic markers were eliminated in MTBVAC [53]. As an
attenuated derivative from the human pathogen, MTBVAC contains all antigens present in Mtb [54],
including those contained in the RD1 region, which is deleted in BCG and responsible for increasing the
protection in animal models [55] (Figure 3). The primary target population of MTBVAC are neonates;
the secondary target population includes adolescents and adults (as a booster vaccine). A Phase Ia trial
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in adults showed that MTBVAC is safe and immunogenic [56] and a second Phase Ib in neonates in an
endemic country showed that MTBVAC is as safe as BCG and more immunogenic [57]. Dose-defining
Phase IIa trials in both target populations started in 2019 with funding support from US NIH in
collaboration with IAVI in adults (ClinicalTrials.gov NCT02933281) and the EDCTP in collaboration
with TBVI in neonates (ClinicalTrials.gov NCT03536117) (Figure 2). MTBVAC development is included
in TBVI pipeline. MTBVAC was discovered and constructed at the University of Zaragoza (Spain)
in collaboration with Pasteur Institute (France). Recently it was demonstrated that similarly to BCG,
MTBVAC is able to induce trained immunity through the induction of glycolysis and glutaminolysis,
accumulation of histone methylation marks at the promoters of pro-inflammatory genes, facilitating
an enhanced response after secondary challenge. Importantly, these findings in human primary
myeloid cells are complemented by a strong MTBVAC induced heterologous protection against a lethal
challenge with Streptococcus pneumoniae in an experimental murine model of pneumonia (Tarancon
et al. in press PLOS Pathogens 2020). The Spanish Biopharmaceutical company Biofabri is vaccine
manufacturer of MTBVAC responsible for industrial and clinical development of the vaccine under the
umbrella of TBVI.

BCG/BCG revaccination strategy showed a positive signal in prevention studies of Mtb infection [51]
and has been included for application in adolescents and adults vaccinated with BCG at birth (Figure 2).
BCG revaccination in adults reduced the rate of upper respiratory tract infections as compared to a
subunit vaccine or placebo groups (2.1%, 9.4% and 7.9%, respectively; P<0.001 for both comparisons) [51]
suggesting that BCG revaccination could prevent respiratory diseases including AMR forms of these
diseases. The POI trial tested the ability of BCG revaccination to prevent Mtb infection using IGRA
conversion QuantiFERON test in healthy South African adolescents [51]. However, considering the
difficulty of understanding what IGRA conversion and reversion means in terms of developing TB
disease, POD trials should be performed in order to obtain the authorization by the regulatory agencies
for licensure of new TB vaccines. BCG/BCG revaccination strategy is included in the pipe line of the
Bill and Melinda Gates Foundation.

VPM1002 is a recombinant M. bovis BCG, which is developed by the Max Planck Institute in
Berlin to express listeriolysin from Listeria monocytogenes and with a deletion of the gene coding for
urease C [58] (Figure 3). VPM1002 is in clinical development led by Vakzine Projekt Management
and in collaboration with Serum Institute of India and is included in TBVI pipeline. The rationale is
to improve the effectiveness of BCG by inserting additional genes. Two Phase I trials for safety and
immunogenicity in adults and newborns have been published [59,60] and a Phase IIb efficacy trial is
currently being carried out in South Africa to assess the safety and immunogenicity and protective
efficacy of the vaccine including uninfected HIV-exposed newborns, with support by EDCTP. Other
clinical trials undergoing with VPM1002 include a phase II/III POR and a Phase III POD trial in
India [61] (Figure 2).

5.1.2. Inactivated Whole-Cell Mycobacteria

Most of inactivated whole cell mycobacterial TB vaccine candidates have been designed as
“therapeutic vaccines” seeking to reduce treatment length in people infected with latent TB, or reduce
the likelihood of recurrence after the end of a treatment [48].

M. vaccae™ vaccine is a lysate comprised of inactivated Mycobacterium vaccae (non-tuberculous
mycobacteria) developed as an immunotherapeutic agent to help shorten TB treatment for patients
with drug-susceptible TB and licensed by the China Food and Drug Administration (FDA). A Phase III
study of efficacy has been recently published [2,62] (Figures 2 and 3).

MIP Immuvac is a heat-killed Mycobacterium indicus pranii vaccine, approved by the drug controller
general of India and FDA as an immune-therapeutic and immunoprophylactic strategy for use in
multibacillary leprosy patients (as an adjunct to standard multidrug therapy), and for preventing
the development of leprosy among close contacts of leprosy patients. A Phase III efficacy and safety
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trial for preventing pulmonary TB among healthy house-hold contacts of sputum smear-positive TB
patients is underway in India [2] (Figure 2).

DAR-901 is based on a heat-inactivated non-tuberculous bacterium M. vaccae renamed as
Mycobacterium obuense which was produced by former Aeras (Rockville, MD, USA) [63] for use
as booster vaccine in BCG vaccines (Figure 3). It is the scalable manufacturing version of candidate
vaccine SRL172, which showed efficacy in a Phase III trial among HIV-infected adults in Tanzania.
DAR-901 is in a Phase IIb prevention of infection trial among BCG-primed adolescents, also in the
United Republic of Tanzania. The trial is scheduled for completion in 2020 [2] (Figure 2).

RUTI®is a liposomal formulation containing fragmented, detoxified Mtb grown under stress
conceived conditions, as a potential therapeutic vaccine (Figure 3). RUTI is sponsored by the Archivel
Farma (Spain), and is currently in a Phase IIa of clinical trials [64,65] (Figure 2). When administered
one month after isoniazid treatment, RUTI showed safety and immunogenicity in individuals with
latent TB infection (LTBI). Plans for evaluation in a POD trial among HIV-infected and uninfected
patients with LTBI are underway [47].

5.2. Subunit Vaccines

5.2.1. Subunit Viral Vectored Vaccines

There are three subunit vaccines that use attenuated viral vectors by different routes
of administration.

Ad5HuAg85A vaccine, developed by the University of McMaster in Canada, consists of a
human adenovirus serotype 5 vector that expresses Ag85A and is administered intramuscularly
(Figure 3). AdHu5Ag85A has been evaluated in a Phase 1 safety and immunogenicity study in
BCG-naїve and BCG-immunized healthy adults by the intramuscular route showing adequate safety
and tolerability [47,66] (Figure 2).

ChAdOx85A/MVA85A vaccine strategy, developed by the University of Oxford, like the
recombinant pox vaccine MVA85A (mentioned above), ChAdOx85A is a simian adenovirus which also
expresses Ag85A (Figure 3). Both vaccine candidates are tested together in a joint heterologous
prime-boost regimen delivered through both systemic and mucosal routes in BCG-vaccinated
individuals. A Phase I trial of intramuscular administration of ChAdOx85A in BCG vaccinated
adults in the United Kingdom, tested alone and as part of a prime-boost strategy with MVA85A,
has been completed. Aerosol administration of ChAdOx185A is currently evaluated in a Phase I
trial among BCG-vaccinated adults in Switzerland (Figure 2). Safety and immunogenicity of aerosol
administration of MVA85A in BCG-vaccinated individuals and in people with a latent TB infection
have been evaluated. In 2019, plans for a Phase IIa safety and immunogenicity trial among adults and
adolescents in Uganda were underway with the aim of evaluating intramuscular administration of
ChAdOx185A and MVA85A [2].

TB/FLU-04L is based on an attenuated replication-deficient influenza virus vector expressing
antigens Ag85A and ESAT-6 (Figure 3). It was designed as a preventive booster vaccine in
BCG-vaccinated infants, adolescents and adults. It is about to start a Phase IIa study in individuals
with latent TB [2] (Figure 2).

5.2.2. Adjuvanted Subunit Vaccines

D93 + GLA-SE vaccine was developed by the Infectious Disease Research Institute (IDRI) in the
United States. ID93+GLA-SE comprises four Mtb antigens, of which three are associated with virulence
(Rv2608, Rv3619 and Rv3620) and one (Rv1813), with latency) formulated with the adjuvant GLA-SE
for delivery [67] (Figure 3). It has been evaluated Phase IIa trial in South Africa among HIV-negative
TB patients who have recently completed TB treatment for active pulmonary disease [68] (Figure 2).
This is in preparation for Phase II safety and immunogenicity trials among adults undergoing active
TB therapy. A POI Phase IIa trial in BCG-vaccinated healthy health care workers is also underway [2].
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H56:IC31 is a fusion protein of three Mtb antigens (Ag85B, ESAT-6 and Rv2660c) and delivered in
the adjuvant IC31© (Valneva Austria GmBH, Vienna, Austria) (Figure 3). H56:IC31 was discovered
and developed by the Statem Serum Institut (SSI) of Copenhagen. It has been tested in three Phase I
or I/IIa trials for safety and immunogenicity in BCG-vaccinated adults (Figure 2) showing acceptable
safety and immunogenicity. It has completed a Phase Ib safety and immunogenicity trial in adolescents.
A POR Phase IIb trial funded by EDCTP and coordinated by IAVI is underway in South Africa and the
United Republic of Tanzania [2].

M72/AS01E is also a subunit candidate vaccine comprising two Mtb antigens (32A and 39A)
formulated in the AS01 adjuvant for delivery (Figure 3), also used in the formulation of the
malaria vaccine (RTS, S/AS01, GlaxoSmithKline) and the recombinant zoster vaccine Shingrix,
GlaxoSmithKline [69]. It was evaluated in a IIb efficacy trial in in Kenya, South Africa and Zambia
among Mtb-infected HIV-negative adults whose data showed 54.0% protective efficacy in Mtb–infected
young adult women [69] (Figure 2). The immunogenicity analysis after end of the three-year follow-up
showed that M72/AS01 elicited an immune response and provided protection against progression
to pulmonary TB disease for at least three years [70]. This is the first time a proof-of-principle trial
demonstrates vaccine-induced protection against clinical TB disease. However, whether M72/AS01
could provide protection against TB among Mtb-uninfected and HIV-negative individuals and in
people from other geographical areas remain key questions to be answered. M72/AS01E has been
exclusively licensed to the Medical Research Institute of Bill and Melinda Gates Foundation for
further development.

GamTBvac is a fusion protein comprising Mtb antigens Ag85A and ESAT6–CFP-10 with the
dextran-binding domain immobilized on dextran. It is formulated with an adjuvant consisting
of a DEAE-dextran core and CpG oligodeoxynucleotides (TLR9 agonist) (Figure 3). GamTBvac is
undergoing a Phase IIa safety and immunogenicity evaluation in healthy BCG-vaccinated adults,
following a successful Phase 1 safety and immunogenicity trial in Russia [47] (Figure 2).
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6. Target Population for a New TB Vaccine

In its Preferred Product Characteristics (PPC) document for TB vaccines, WHO defines two target
populations for which a new TB vaccine could play a very important role in the fight against TB
including resistant forms of the disease [3,4]. The WHO prioritizes two types of strategies one, safe,
effective and affordable TB vaccines for adolescents and adults and the other, a TB vaccine for neonates
and infants with improved safety and efficacy as compared to BCG.

Following the negative results of the first efficacy study which was conducted with MVA5A in
infants, the priority population was changed to mainly adults. Modelling studies suggest that new
effective vaccines for adolescents and adults, who are responsible for disease transmission, would
have the greatest impact in halting TB incidence [71,72]. These studies suggest that although disease
incidence in children under five years of age is considerable, TB transmission among this age-group is
not common [73].

Prophylactic prime vaccines should be compared to BCG, since whole-cell vaccines seek
to protect better than BCG. The immune responses elicited by live mycobacterial vaccines are
considered to be specific and long-lasting, and these responses are not obtained with subunit vaccines.
Vaccine persistence or restricted replication in vivo could account for the differences of immune
responses, as observed for other live human vaccines, such as polio, measles, and yellow fever [48].
Considering the variability in BCG formulations, new TB vaccine trials which use BCG as reference
comparator, should be interpreted cautiously with reference to a specific BCG formulation avoiding
generalization of data to all BCGs [13].

Since the majority of the adolescent and adult population in countries endemic of TB has been
previously vaccinated with BCG at birth, what is sought with subunit candidates comprising specific
Mtb antigens is to potentiate the pre-existing immunity induced by BCG [2,46,62]. Recent studies
indicate that new TB vaccines that are compared to BCG should be interpreted cautiously with reference
to a specific BCG formulation and not presumed to generalize to all BCGs [13]. In addition, testing the
new concepts of vaccines in relevant animal models such as NHP, should be key before advancing into
expensive clinical trials of efficacy [74,75]. Something that has been questioned in the MVA85A efficacy
study [38] was that the efficacy experiments in NHP, which showed lack of efficacy by the tested clinical
route and dose of administration [76,77]. We should be very careful not to repeat mistakes with new
candidates. Recently, it was published in NHP, that boosting BCG with M72/ASO1E or H56/CAF01or
rAd5 failed to enhance BCG-induced protection against TB [78]. Thus, care should be taken with the
advanced clinical development of such candidates.

Healthy newborns represent the most sensitive population without pre-existing immunity to
BCG or environmental mycobacteria, which in older groups can lead to possible effects of masking
and blocking vaccination [79,80]. We, therefore, think that the efficacy should be studied in newborns
as first step, and once the efficacy of a new vaccine has been established, then such new candidates
should be tested for efficacy in adolescents and adults where the impact on TB will be greater given
that the pulmonary forms are responsible for this transmission [80].
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