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ABSTRACT

Over the past 2000 years, tuberculosis (TB) has claimed more lives than any other infectious disease.
In 2020 alone, TB was responsible for 1.5 million deaths worldwide, comparable to the 1.8 million
deaths caused by COVID-19. The World Health Organization has stated that new TB drugs must be
developed to end this pandemic. After decades of neglect in this field, a renaissance era of TB drug
discovery has arrived, in which many novel candidates have entered clinical trials. However, while
hundreds of molecules are reported annually as promising anti-TB agents, very few successfully
progress to clinical development. In this perspective, we critically review those anti-TB compounds
published in the last six years that demonstrate good in vivo efficacy against Mycobacterium
tuberculosis. Additionally, we highlight the main challenges and strategies for developing new TB
drugs and the current global pipeline of drug candidates in clinical studies, to foment fresh research

perspectives.

KEYWORDS: tuberculosis; Mycobacterium tuberculosis; drug discovery; drug resistance;

preclinical development; in vivo efficacy.
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1. INTRODUCTION

Tuberculosis (TB) has killed more individuals in the past two millennia than any other infectious
illness around the globe.! Several significant pandemics that have affected humanity, such as the
Black Death, smallpox, and the Spanish flu, or even COVID-19, have had cumulative fatalities that
pale in comparison to those of TB, one of the oldest and deadliest diseases that still afflicts people
today.3# The causative agents of TB are members of the Mycobacterium tuberculosis (Mtb) complex,
primarily Mtb, but also its African variants, Mycobacterium africanum and Mycobacterium canettii,
as well as Mycobacterium bovis.> Estimates based on synonymous substitution rates point to the
likelihood of a common ancestor of these species around 15,000 years ago.® However, Hayman has
speculated of Jurassic origins more than 150 million years ago.” The earliest clear evidence of human
TB comes from skeletal remains located in a Neolithic settlement in the Eastern Mediterranean, dating
from about 9000 years ago, soon after the development of agriculture.> Over the centuries, TB has
consistently been linked to a high mortality rate.? From 2012 to 2019, Mtb was the leading infectious
Killer, responsible for more deaths annually than the Human Immunodeficiency Virus (HIV/AIDS).8°
According to the World Health Organization (WHO), in 2020, TB claimed the lives of 1.3 million
HIV-negative people (a 0.1 million increase from 2019), while there were a further 214,000 HIV-
positive individuals who died from TB.X° Moreover, there were an estimated 9.9 million new cases
of TB in the same year. In comparison, COVID-19 killed about 1.8 million people during 2020.1

Currently, the major global TB challenge for the scientific community is the fight against drug-
resistant forms of the disease ! particularly multidrug-resistant TB [MDR-TB; defined as
resistance to at least rifampicin (RIF) and isoniazid (INH)] and extensively drug-resistant TB (XDR-
TB). The latter was reclassified by the WHO in January 2021 as being either pre-XDR-TB, meaning
MDR-TB plus further resistance to any fluoroguinolone, or XDR-TB, now redefined as MDR-TB
plus further resistance to “any fluoroquinolone and at least one additional Group A drug” (see Table

1 below).!* The latest WHO data for drug-resistant TB are concerning, with an estimated 465,000
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new cases and 182,000 deaths from MDR- or RIF-resistant-TB in 2019.° Crucially, only 38% of
affected patients received proper diagnosis and treatment, and the primary global gaps (41%) were in
China and India. The arrival of COVID-19 then led to a 15% decrease in the total number of such
cases treated in 2020.1° In the past two decades, there have also been increasing occurrences of Mtb
strains with resistance to all available TB drugs, resulting in “programmatically incurable” disease.>"
18 While the WHO has not approved the term “totally drug-resistant TB” (TDR-TB) coined by some
authors,*>1® cases of clinical resistance to even the newest TB drugs are now appearing.®?

Recently, three novel agents have received marketing authorisation by regulatory agencies,
representing the first new TB drugs to be approved in more than 40 years (Figure 1). Bedaquiline (1)
(BDQ; Janssen Therapeutics)?! was approved in 2012 by the U.S. FDA for treating MDR-TB.?? This
compound Kills both replicating and nonreplicating mycobacteria by interfering with the synthesis of
ATP. Specifically, BDQ binds to subunit c of the ATP synthase enzyme (which converts ADP into
ATP), blocking its action.?® Delamanid (2) (Otsuka Pharmaceutical Co.) was approved in 2014 by
the European Medicines Agency (EMA) for use against MDR-TB,?* and has subsequently gained
regulatory approvals in several other countries. Pretomanid (3) (TB Alliance) was approved in 2019
by the FDA, although solely for use in combination with BDQ and linezolid (LZD) for the treatment
of highly drug-resistant forms of TB (XDR-TB or treatment-intolerant/non-responsive MDR-TB).%
Further approvals of 3 were granted by the EMA and the Indian regulatory authority in 2020.

Drugs 2 and 3 are representatives of the nitroimidazole class and both act by inhibiting mycolic
acid biosynthesis.?®2" As prodrugs, they first require specific activation by the mycobacterial Fazo-
deazaflavin—dependent nitroreductase. Upon activation, pretomanid (3) has been shown to generate
reactive nitrogen species, including nitric oxide, which provides an additional mode of action against
nonreplicating Mtb by blocking cellular respiration.?’ Transcriptional analysis data for Mth exposed
to delamanid (2) point to similar effects.?® However, a new study has suggested the importance of
forming adducts with NAD in the anaerobic activity of this drug.?® While some have questioned the

FDA approval of pretomanid (3) based on limited data in the pivotal Nix-TB trial,® it is noteworthy
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that in earlier phase Ila early bactericidal activity (EBA) studies, 3 outperformed 2 as a single agent.*°
Pretomanid (3) also displays superior oral pharmacokinetics (suitable for once daily dosing), has
much lower plasma protein binding than 2 (~86% vs ~99.5%),24?° and is now available at a fraction
of the price of 2. Moreover, a new phase I1/111 clinical trial that compared the oral combination of 3,
BDQ, LZD and moxifloxacin (MFX) for 6 months with standard therapy for MDR-TB (TB-
PRACTECAL, NCT02589782) found that the new regimen was both safer and more effective (89%

vs 52% of patients were cured).?!

OZNA@’E\%/O\@ \/©/OCF3

OCF O
(WO 8
ON—
0 N’J\o

| N
1: Bedaquiline (2012) © 2: Delamanid (2014) 3: Pretomanid (2019)

Figure 1. Recently approved drugs for the treatment of MDR-TB.

Each year, hundreds of new molecules are described as promising anti-TB agents, but several
questions® often remain: 1) How were they designed? 2) What phase of development have they
reached? 3) How many agents are likely to reach the clinical development stages and eventually
become drugs? This Perspective will first discuss the current challenges faced in TB drug discovery
and the strategies used to discover new small molecules as anti-TB agents. Second, it will review the
drug candidates in clinical studies in the current TB drug pipeline. Finally, it will describe the latest
discoveries of new anti-TB compounds that have reached “validated lead” or preclinical development
stages, focusing only on those compounds with significant in vivo efficacy against Mtb in relevant
animal models. Of note, throughout this review, we have converted all MIC, ICsg and CCsp values to

micromolar (uM) to facilitate better comparison between the compounds.

2. CHALLENGES AND STRATEGIES FOR TB DRUG DISCOVERY
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From a global perspective, one of the obstacles to better progress in TB drug research is funding.
According to the latest Policy Cures Research G-FINDER survey,® in 2019, worldwide funding for
TB research increased by 4.6% to US$ 670 million, compared to the 2018 data, with reduced industry
investment being offset by increased contributions from the Gates Foundation and the German
Federal Ministry of Education and Research (BMBF). Another report, provided by the activist
organization Treatment Action Group, assessed the 2019 global research funding for TB as reaching
US$ 901 million, representing the second highest total ever recorded.®* Nevertheless, even this
amount is still well short of the US$ 2 billion of funding annually that was targeted in the United
Nations (UN) Political Declaration on TB during the 2018 “UN High-Level Meeting on the Fight to
End TB”.® Likewise, the Stop TB Partnership’s Global Plan to End TB 2018-2022 calls on the world
to spend over US$ 2.5 billion per year on TB research (to support further basic science research and
the development of new tools), looking toward the goal of eliminating the disease by 2030.103¢

These data lead to some critical unanswered questions. Where will we source the remaining US$
1.1-1.6 billion per year that is needed for TB research? Furthermore, how can we be more productive
with the limited available funding?®’ It is broadly accepted that, alongside industry, public—private
consortia now play a vital role in successful TB drug development.3® Several initiatives, partnerships
and not-for-profit organizations have emerged since 2000, when few TB drug candidates were in
clinical assessment. TB Alliance, Lilly TB Drug Discovery Initiative, TB Drug Accelerator Program,
Orchid, New Medicines for Tuberculosis (which became More Medicines for Tuberculosis), the new
European Regimen Accelerator for Tuberculosis, UNITE4TB, and Project to Accelerate New
Treatments for Tuberculosis, are some examples. Despite the advances these partnerships have
achieved (or will achieve), there is still an urgent need for greater, more sustainable and more
equitable discovery research funding.*° The annual G-FINDER report shows that over the past 10
years, roughly 63% of research and development funding came from the public sector in high income
countries, 20% from philanthropic groups, and 14% from private pharmaceutical and biotechnology

companies.®® In 2019, the top five funding sources for TB research were the US National Institutes
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of Health (NIH; US$ 315 million), Gates Foundation (US$ 117 million), aggregate pharmaceutical
companies (US$ 83 million), German Federal Ministry of Education and Research (US$ 23 million),
and the UK Department for International Development (US$ 17 million).3® These data provide a final
picture of TB research funding before the emergence of COVID-19, an event whose full effect on the
research landscape will only be known in the forthcoming years.>*

Besides the finance issue, there is also the fundamental challenge of working with Mtb and our
limited grasp of its biology during infection of a human host.*%*2 For instance, Mtb is a slow growing
bacterium that must be managed under strict containment in facilities (Biosafety Level 3) with the
minimum requirements necessary to mitigate risks to laboratory staff. Furthermore, Mtb is a highly
successful intracellular pathogen that can evade the host immune system by inhibiting several
antimicrobial mechanisms of the host, enabling it to survive and replicate inside macrophages, even
after been internalized in a phagosome.*** As part of the disease process, the Mtb-infected alveolar
macrophages penetrate the lung interstitium; here, a growing population of immune cells are recruited
to the infection site, engendering a multicellular host response commonly termed a granuloma.*® As
Mtb proliferates and inflammation develops, the granuloma structure matures, leading to the
destruction of blood vessels, causing increasing necrosis and hypoxia. The ability of macrophages to
eliminate the mycobacteria then becomes limited because superoxide and nitric oxide generation is
blocked under these conditions.*® At this stage, if the infection is contained but not eradicated, the
mycobacteria can remain in a nonreplicating persistent state or latent state.*°

The wide range of microenvironments in which Mtb survives within the host represents one of
the biggest challenges when developing new drugs and should be considered in the drug discovery
process.* Ideally, a new TB drug should be effective against various physiological states of the
bacteria, as differing local conditions (e.g., acidic pH, hypoxia, higher carbon monoxide, or nutrient
scarcity) can change their metabolic profile and induce drug tolerance.*>4® Specialist assays can be
used to screen for novel agents that better address this.*® Bacteria live in diverse lesion and

compartment types, including the harder to penetrate caseum of necrotic granulomas (where many
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slowly or non-replicating bacilli reside), and can be extracellular or intracellular (in neutrophils and
macrophages).*’ Even when the bacteria are successfully reached, the low permeability of the lipid-
rich Mtb cell wall acts as a barrier, curbing many potential drug candidates from reaching their
targets.*? Besides this, numerous active efflux pumps are expressed and play a crucial role in limiting
the anti-TB activity of small molecules, and this represents one of the primary mechanisms of drug
resistance in Mtb.*84® Compounds may also be metabolised within the bacteria, as well as the host.
Hence, there are a variety of biological, physical, and pharmacokinetic (PK) factors at play in TB
drug discovery, which constrain the development of new lead molecules.

TB is frequently fatal and, in the absence of proper medical treatment, approximately 50% of
individuals who develop active TB disease will succumb to it.>® The current standard medication for
drug-susceptible TB (DS-TB) comprises a 6-month course with four first-line antimicrobial drugs:
INH, RIF, pyrazinamide (PZA) and ethambutol (EMB). This can achieve cure rates of >95% when
administered under directly observed therapy,°! although global success rates have been consistently
lower (86% in 2019).194° Treatment of MDR-TB is far more complex and comprises the use of a
cocktail of second-line drugs over 9-12 months for the shorter MDR-TB regimen and at least 18
months for the longer MDR-TB regimens.*2 In 2019, the WHO published new guidelines that brought
a major revision and reclassification to the drugs recommended for MDR-TB treatment (Table 1).%2
The latest WHO guidelines (2020) have also clarified that the new 6-9 month regimen of pretomanid,
BDQ, and LZD can now be used for MDR-TB patients with additional resistance to fluoroquinolone
antibiotics (under operational research conditions only).>® Despite these improvements, shortening
treatment times for drug-resistant TB represents one of the main challenges in TB drug discovery.
Treatment success here (59% globally in 2018)° may be limited by inadequate patient compliance
toward the prescribed therapy, due to its greater length, complexity, and adverse side effects. In

general, most second-line drugs are more toxic, costly, and less effective than the first-line drugs.>*

Table 1. Antitubercular drugs recommended by the WHO for the treatment of MDR-TB.>2
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Classification Drug Mechanism of action (in Mtb)
Group A Levofloxacin or moxifloxacin DNA gyrase A inhibitors
(Include all three Bedaquiline Inhibition of ATP synthase
medicines) Linezolid Protein synthesis inhibition
Group B Clofazimine Release of reactive oxygen species and cell

membrane destabilization
(Add one or both

medicines) Cycloserine or terizidone Peptidoglycan biosynthesis inhibition
Ethambutol Arabinogalactan biosynthesis inhibition
Delamanid Mycolic acid biosynthesis inhibition
Pyrazinamide Coenzyme A biosynthesis inhibition (via
Group C target degradation)®
(Add to complete the Imipenem—cilastatin or Peptidoglycan biosynthesis inhibition (in
regimen and when meropenem presence of B-lactamase inhibitor)
medicines from Groups  Amikacin or streptomycin Protein synthesis inhibition
A and B cannot be used) Ethionamide or Myecolic acid biosynthesis inhibition

prothionamide

para-Aminosalicylic acid Inhibition of folic acid and mycobactin
biosynthesis

TB treatment in HIV-positive patients is another problematic issue. An estimated 8% of the
incident TB cases in 2020 were HIV-positive, and countries on the African continent had the highest
proportion of TB cases co-infected with HIV.1° Furthermore, studies have indicated that HIV-positive
patients co-infected with TB face a greater risk of contracting MDR-TB than HIV-negative TB
patients.>® The treatment of these co-infected patients is also more complicated, due to drug-drug
interactions between antiretroviral agents and key anti-TB drugs. Such interactions occur between
the rifamycin derivatives (RIF, rifabutin and rifapentine) and the drugs that inhibit HIV-protease or
reverse transcriptase.®” For instance, RIF induces the expression of liver enzymes (e.g., CYP3A4)

responsible for the metabolism of HIV-protease inhibitors and thus increases the rate of metabolism
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of these drugs.®®>” More rapid metabolism can reduce the anti-HIV drug concentration below its
optimal range, affecting treatment efficacy.*®

Improving TB therapy remains an urgent research priority and can be summarized in the
following goals: i) to make the treatment of DS-TB shorter and simpler, ii) to develop more effective,
faster-acting, safe and affordable regimens to cure drug-resistant TB, iii) to discover TB drugs that
are more compatible with anti-HIV drugs for treating HIV-coinfected TB patients, and iv) to reduce
treatment times for latent Mtb infection.® These goals are considered vital to improving patient
adherence to therapy, thus decreasing the demands on national health systems and minimising the
development and spread of resistant strains. Conradie et al. recently reported the results of the Nix-
TB trial, an open-label study of 109 patients with XDR-TB or with MDR-TB that was not responsive
to treatment (or the therapy had to be discontinued due to drug intolerance).*® The regimen was daily
oral treatment for 26 weeks with BDQ, pretomanid and LZD, followed by a 6-month follow-up
period. At the end of that time, 98 of 109 patients (90%) were shown to have a favourable outcome
(a negative sputum culture test). Therefore, it is widely recognized that drug discovery has a central
role in improving TB therapy and ultimately achieving the ‘End TB Strategy’ goals.1%%’

TB drug discovery screens can be either target-based or phenotypic/cell-based.*> Phenotypic
screening represents an important strategic approach because it provides the opportunity to discover
compounds that inhibit one or more new targets or pathways, or compounds that only become active
after enzymatic transformation, such as prodrugs.*? The main advantage of this cell-based method is
that no prior knowledge of the mode of action is required. Moreover, the compounds identified by
phenotypic screening display cell permeability and possess structures that can often be modified to
improve potency, safety, and PK profile.*3%%¢! Nevertheless, this approach also has some drawbacks,
such as the difficulty of hit-to-lead and lead optimisation efforts in the absence of structural data for
the target(s) when the cell-based activity depends on multiple parameters.®® Another weakness is the
tendency to repeatedly discover inhibitors of so-called “promiscuous targets” 625 as it is now crucial

to develop compounds with new mechanisms of action that will not display cross-resistance to other
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agents. Target identification can also be problematic. Finally, a recent analysis of active leads against
Mtb points to limitations around inadequate chemical diversity in the screening libraries used, where,
given the likelihood that more than five million compounds have already been tested, there is now a
higher risk of rediscovering known inhibitor classes and only modestly improving them.®*

In contrast to cell-based screening, a target-based drug discovery strategy enables the use and
application of in silico and other structural approaches to explore a particular molecular
proposition.®®® The main drawback of this approach is that the selected target may not be essential
in vivo and vulnerable to drugs.*® Some targets also develop resistance too readily. Moreover, even
when the target is well-validated, it can be challenging to translate potency in cell-free assays into
activity in whole cells.**®% Finding promising anti-TB agents through target-directed screens alone
has been relatively unsuccessful.®® Since publication of the entire Mtb genome sequence in 1998,
several potential TB drug targets have been pinpointed and validated for use in target-based screening,
as reviewed elsewhere.®>%2 However, while this strategy has been widely employed in TB drug
discovery campaigns, it has so far not produced a single clinically effective anti-TB agent.5%:61.65.66
Truly, not only TB drugs but also most currently used antimicrobial agents had their origins in the
phenotypic/cell-based screening strategy, underlining the importance of this latter approach.®%%! But

a more recent tactic of “target-based whole-cell screening” may offer the advantages of both.*>"3

3. CURRENT STATUS OF NEW TB DRUGS IN CLINICAL DEVELOPMENT

Following the Golden Age of antibiotic discovery (1940s to 1960s), the success of first-line drug
regimens in curing TB led to a prolonged period of low activity in TB drug discovery.>* However, by
the early 1990s, a resurgence of TB due to increasing drug-resistance and HIV coinfection prompted
the WHO in 1993 to declare the disease a global emergency.’* In February 2000, public and private
sector representatives and donors assembled in Cape Town, South Africa and discussed the urgent

need to develop better treatments for TB.%*" Today, after two decades of renewed efforts in this area,
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the situation has improved (Figure 2), with seventeen drug candidates now listed as being in various
stages of clinical development.” Of these, up to ten might qualify as “radical innovation” due to their
novel mechanisms of action (although four agents have the same target, two being from the same
chemical class; Table 2). The remaining seven candidates are re-optimised versions of existing TB
drugs. This illustrates the point made by Nobel Prize winner, Sir James Black, that “the most fruitful
basis for the discovery of a new drug is to start with an old drug”.”® It is also in line with a recent
analysis of published clinical candidates from the Journal of Medicinal Chemistry, which concluded
that the most common lead generation approach in these cases was to start from a previously known

compound (43%); random screening was ranked as the second most common strategy (29%)."’

TBA)-587

GSK2556286 OPC-167832
BTZ043

Pyrifazimine (TBI-166)

TBA-7371

WX-081

Figure 2. Current global pipeline of new tuberculosis drugs based on information provided by the

Working Group for New TB Drugs (WGND)® and Treatment Action Group.’

Table 2. Current global pipeline of new tuberculosis drugs in clinical development.

Name Structure Chemical class | Phase Target
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SQ109 (4) is a 1,2-ethylenediamine derivative that has produced mixed efficacy results in phase
Ila, 1lb, and I1b/I1l combination trials for DS and MDR-TB, respectively, with only the latter one
showing significant promise (more extensive phase 11l trials are planned).”®® This lead was initially
discovered by Sequella, Inc. and the Laboratory of Host Defenses, National Institute of Allergy and
Infectious Diseases (NIH) via high-throughput screening (HTS) of a large combinatorial library of
EMB analogues having 1,2-ethylenediamine as the pharmacophore.®’ Despite its broad structural
similarity to EMB, 4 retained good activity against EMB-resistant Mtb strains (MIC 2.4 uM, cf. 1.2
MM against H37Rv), implying that the two compounds must have distinct mechanisms of action.
Candidate 4 acts in part by inhibiting MmpL3, a transmembrane transporter protein involved in
exporting trehalose monomycolate from the cytoplasm to the outer membrane during Mtb cell wall
biosynthesis.*#2 Additionally, 4 is believed to affect energy production (inhibiting the menaquinone
biosynthesis enzymes, MenA and Men G, and blocking respiration and ATP synthesis). It may also
inhibit other Mtb efflux pumps (by dissipating the pH gradient and membrane potential that powers
them).82 The inhibition by 4 of multiple targets may explain why spontaneous drug-resistant mutants
could not be generated.823 In vitro studies have shown that 4 synergizes with several other TB drugs,
including INH, RIF, BDQ (1), and sutezolid (6), and has efficacy superior to EMB in vivo, both alone
and in combination therapy.’®8%84 A new investigation has also confirmed that it is the parent
molecule and not a metabolite that provides the antitubercular activity.®

Delpazolid (5) (LegoChem Biosciences, Inc.), sutezolid (6) (Sequella, Inc. and TB Alliance) and
TBI-223 (15) (TB Alliance and Institute of Materia Medica) are broad-spectrum antibiotics from the
oxazolidinone class that are currently being developed for the treatment of both drug-resistant and
DS-TB.”® The structural design of these new candidates originated from LZD, the first oxazolidinone
to be FDA-approved and now an established Group A medicine for the treatment of MDR- and XDR-
TB.%2% The mechanism of action of this class of drugs involves inhibiting protein synthesis.®
Specifically, oxazolidinone derivatives bind selectively to the A-site on the 50S subunit of the

bacterial ribosome and block the binding of incoming aminoacyl tRNA.%" In phase | clinical trials, 5
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was found to have better safety (milder side effects) than LZD due to its more rapid clearance,?®
although final results from a phase lla EBA study may suggest lower efficacy than both LZD and
sutezolid (6).8%%° A phase I1b clinical trial of 5 in combination with delamanid (2), BDQ (1) and MFX
for DS-TB commenced in October 2021 (NCT04550832). Sutezolid (6) showed good safety and
promising anti-TB activity in a phase Ila EBA study,®® but further clinical development of this drug
had stalled for reasons relating to its ownership.”® However, Sequella (with the PanACEA
consortium) has recently launched a phase Ilb trial of 6 in combination with delamanid (2), BDQ and
MFX for DS-TB (NCT03959566). Lastly, TBI-223 (15), another LZD analogue with suitable activity
against Mtb and reduced toxicity, is currently completing phase I clinical trials (NCT04865536).8%92

Telacebec (7) (Q203; Qurient, Inc.) is an optimised imidazopyridine amide derivative (MICsg 2.7
nM against Mtb H37Rv), based on a starting hit that was identified from a commercial library through
whole-cell screening in Mtb-infected macrophages.®® This compound has an innovative mechanism
of action, which involves interference with energy generation in Mtb. Specifically, 7 targets the
cytochrome bcc complex at the QcrB subunit (the menaquinol-binding Qe site, as confirmed by a
cryo-electron microscopy structure),® disrupting the electron transport chain that is essential for ATP
synthesis in both replicating and nonreplicating Mtb.%® While 7 displays valuable activity in mouse
models of TB,*® considerably improved bactericidal effects were observed in combination with BDQ
and clofazimine (CFZ)®® or with inhibitors of the alternative cytochrome bd oxidase.® A recent phase
Illa EBA clinical trial of 7 demonstrated satisfactory dose-dependent efficacy, with acceptable
safety,® and planning is underway for a phase I1b combination trial against drug-resistant TB.8° Q203
(7) has also received orphan drug designation from the FDA as a treatment for Buruli ulcer (based on
its outstanding efficacy in mice against infection by M. ulcerans)®® and is now under appraisal as a
possible therapy for COVID-19 in a phase Il study (NCT04847583).

Macozinone (8) (PBTZ169) and BTZ043 (13) are benzothiazinone derivatives that are being
developed by Nearmedic Plus, Ltd. and the PanACEA Consortium, respectively.”®® The class was

initially discovered through identifying and testing the metabolites formed after incubating an
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antimicrobial dithiocarbamate derivative with M. smegmatis.’®® Macozinone (8), which is an
optimized analogue of the earlier lead BTZ043 (13), has an MICgg value of ~0.0007 pM against Mtb
H37Rv (3-fold lower than the MICqgy of 13)% and displays synergism with several anti-TB drugs,
including BDQ, CFZ, delamanid (2), and sutezolid (6).1°* Candidate 8 also has reduced cytotoxicity
and better in vivo efficacy than 13 (~1.1 vs 0.6 logio CFU reduction in lungs at 50 mg/kg in a chronic
Mtb infection mouse model, where CFU means colony forming units),®® albeit this activity level is
still considered only moderate, given its low MIC value. The extraordinary in vitro potency of these
benzothiazinones (BTZs) is due to their covalent mode of inhibition, as well as the cellular location
of their target, decaprenylphosphoryl-B-D-ribose 2’-epimerase (DprE1l), an enzyme required for
arabinan biosynthesis during mycobacterial cell wall construction.%2 BTZs act as “suicide substrates”
for the reduced DprE1 enzyme; this occurs through partial nitro group reduction to generate nitroso
intermediates that react with an active site cysteine (Cys387 in Mtb), forming stable semimercaptal
adducts, which block the enzymatic action.® Intriguingly, reversible ring reduction to an oxygen-
sensitive Meisenheimer complex is also evident in vivo (as a common metabolite formed in whole
blood), complicating PK analyses with these drugs.’®® Macozinone (8) has shown good tolerability
and safety in phase | studies and exhibited significant efficacy in a pilot phase Ila study in Russia
(another is planned by the Innovative Medicines for Tuberculosis).8>%° Meanwhile, BTZ043 (13)
began a phase I/l1a clinical trial in South Africa in November 2020 (NCT04044001).

GSK3036656 (9) (also referred to as GSK656 and GSK070; GlaxoSmithKline)!®* is the first
boron-containing compound in the current pipeline and was developed from two screening hits
identified by testing a small library of benzoxaboroles against Mtb.1% Like the antifungal drug
tavaborole, this molecule acts by selectively targeting leucyl-tRNA synthetase (LeuRS). The boron
atom is essential for the activity because it binds covalently to the cis diol of adenosine nucleotide
Ade76 of tRNAM in Mtb, trapping one end of the enzyme in the editing site. This in turn inhibits
leucylation and thus protein synthesis.'%*1% Candidate 9 has good potency against Mtb H37Rv (MIC

0.08 uM) and displayed excellent in vivo PK (low clearance, high exposure, and 100% oral
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bioavailability), as well as impressive efficacy in a chronic Mtb infection mouse model (2.1 logio
CFU reduction in lungs at 10 mg/kg).1%* In a phase I clinical study, 9 was found to be well tolerated,%
and a phase Ila EBA assessment that started in 2019 has just been completed (NCT03557281).

TBA-7371 (10) is a 1,4-azaindole derivative that was initially discovered by AstraZeneca (India)
through a scaffold morphing strategy, followed by lead optimisation, starting from an analogue of
Q203 (7) in the imidazopyridine amide class.®” Compound 10 is a noncovalent inhibitor of the Mth
DprE1 enzyme (ICso 10 nM), not cross-resistant to the benzothiazinones,'%” having weaker potency
against cultured Mtb (MICgo 1.6 uM) but reasonable in vivo efficacy in a chronic Mtb infection rat
model (~1 logio CFU reduction in lungs at 100 mg/kg).% This candidate has a sound overall profile;
albeit moderate off-target activity against phosphodiesterase 6 (ICso 4 M) raised some concerns
regarding the possible risk of ocular side effects.1%1% Nevertheless, TB Alliance completed a phase
I clinical trial of 10 in 2018’8 and a phase Ila EBA clinical assessment (sponsored by the Bill &
Melinda Gates Medical Research Institute) began in January 2020 (NCT04176250).8°

Pyrifazimine (11) (TBI-166) is a riminophenazine derivative related to CFZ that is being
developed by the Institute of Materia Medica in China.*'® This molecule was discovered through lead
optimisation work with the TB Alliance, involving more than 500 new CFZ analogues. Compound
11 showed very high potencies against Mtb H37Rv and a panel of clinical isolates, ~4-fold superior
to CFZ, with MICgo values ranging from <0.008 uM to 0.34 uM. In an acute Mtb infection mouse
model, 11 displayed primarily bacteriostatic activity, equivalent to or better than CFZ.11%1! However,
in the chronic Mtb infection model, delayed bactericidal activity was observed for both compounds
(with minimal efficacy in the first 2 weeks of treatment), and 11 appeared to be slightly less
efficacious than CFZ (1.7 vs 2.2 logio CFU Kkill at 20 mg/kg after 4 weeks of treatment). Further in
vivo experiments revealed that the combination of 11 with BDQ and LZD was particularly
effective.'2 Importantly, it was demonstrated that 11 caused lower skin discoloration in mice than
CFZ and several other analogues,'*® this being an unwelcome effect that hinders the use of CFZ in

anti-TB therapy.''® The mode of action of CFZ (and 11) was thought to involve the production of
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reactive oxygen species (ROS), following its reduction by the respiratory enzyme type Il NADH
dehydrogenase (NDH-2) and in situ reoxidation by oxygen.'* However, more recent data on a
knockout strain of Mtb in which both NDH-2 encoding genes (ndh and ndhA) were deleted shows
that the activity of CFZ does not require NDH-2.11> TBI-166 (11) completed phase I clinical
evaluation in China and is currently in the final stage of a phase lla EBA study (NCT04670120).
OPC-167832 (12) (Otsuka Pharmaceutical Co., Ltd.) is another noncovalent DprE1 inhibitor
(ICs0 0.26 uM), resulting from the identification and optimisation of carbostyril-based screening
hits.!1® This compound exhibited outstanding MICgg values against Mtb H37Rv and a panel of mono-
resistant strains, with values ranging from 0.00053 to 0.0044 uM. Further experiments showed that
12 was bactericidal and had excellent in vivo efficacy in a chronic Mtb infection mouse model [>1
logio CFU reduction in lungs at 2.5 mg/kg; equivalent to delamanid (2) and superior to macozinone
(8)]. Moreover, the four-drug regimen of 12, 2, MFX and BDQ (1) reduced the CFU count in the
lungs of ICR mice infected with Mth Kurono to undetectable levels after 8 weeks of treatment,
without subsequent relapse. Additionally, a new in vivo study comparing 12 with macozinone (8) and
TBA-7371 (10) head-to-head in Mtb-infected C3HeB/FeJ mice (which develop caseous necrotic lung
lesions) confirmed the superior efficacy of 12, even at low doses.!*” OPC-167832 (12) has almost
completed the last stage of a phase I/lla clinical trial for uncomplicated DS-TB (NCT03678688),
which also aimed to assess two- or three-drug combinations with delamanid (2) and BDQ (1).%°
SPR720 (14) is an orally bioavailable phosphate prodrug of the active drug SPR719 (VXc-486),
which belongs to the class of benzimidazole urea DNA gyrase inhibitors and was developed by Vertex
Pharmaceuticals, then later acquired by Spero Therapeutics (2016).11811° This antibacterial class was
first discovered through HTS of a compound library in an ATPase assay to target gyrase B, then
further optimised by SAR studies using structure-based design.*?° SPR719 has decent potency levels
against Mtb (MICgos 0.07-0.58 puM), including strains resistant to fluoroguinolones (e.g., MFX),
which target DNA gyrase A. In a murine chronic Mtb infection model, the prodrug form (14)

displayed more potent bactericidal activity than the parent alcohol (SPR719), comparable to MFX
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when dosed twice daily at 100 mg/kg (2.5 logio CFU reduction),'!8 and was sterilizing in combination
with RIF and PZA.1° Candidate 14 showed good tolerability and safety during a phase I clinical trial
in 2019% and began a phase lla EBA study in November 2020 against the non-tuberculous
mycobacterium, M. avium (NCT04553406). Unfortunately, this trial was terminated in early 2021,
following FDA concerns about preclinical toxicology findings in non-human primates. Nevertheless,
the company has expressed optimism about relaunching its SPR720 clinical program. In 2019, Spero
Therapeutics assigned the Bill & Melinda Gates Medical Research Institute a sole license to develop
and eventually market 14 for use against TB in poor to middle-income countries.’®

Two novel BDQ analogues, TBAJ-876 (16) and TBAJ-587 (17),12 commenced Phase | clinical
trials in June and December 2020 (NCTO04493671 and NCT04890535). These next generation
candidates were developed by researchers at The University of Auckland, New Zealand, through an
extensive lead optimisation programme conducted in partnership with the TB Alliance, aiming to
improve activity and PK profiles, reduce lipophilicity, and decrease cardiotoxicity risk. Compounds
16 and 17 displayed excellent MICgo values against Mtb H37Rv (0.006 and 0.01 UM, respectively),
7- to 12-fold more potent than BDQ, despite having lower calculated lipophilicities (by 1.5-2.1 log
units).’?! Furthermore, these compounds retained excellent efficacies in mouse models of TB. For
example, TBAJ-587 (17) was more effective than BDQ against both wild-type Mtb H37Rv and a
resistant Rv0678 mutant strain, either alone or combined with other drugs; it also rendered the
regimens less prone to the emergence of drug resistance.!?? Importantly, both 16 and 17 showed a
lower risk of inducing QT prolongation, due to reduced inhibition of hERG (by >19-fold'* in the
former case). Recent mode of action studies demonstrated that TBAJ-876 (16) binds to the same sites
as BDQ on the mycobacterial ATP synthase, blocking its action, but has much weaker proton-
shuttling ability than BDQ, suggesting that the latter effect is not essential for bactericidal
activity.123124 Interestingly, another second generation BDQ-like candidate, WX-081, began phase 11
clinical trials in September 2020 (NCT04608955). This compound was derived from a collaboration

between Cisen Pharmaceutical Co., Ltd. and WuXi AppTec (Shanghai),'?® although the current trial
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is sponsored by a different company (Shanghai Jiatan Pharmatech Co., Ltd.). No information is
available on the structure or profile of WX-081, but a 2017 patent application by the original
collaborators claims BDQ-like molecules in which the bromoquinoline moiety has been replaced by
5-(4-chlorophenyl)-2-methoxypyridine.?

Two other drug candidates with innovative mechanisms of action that entered phase | clinical
studies at the end of 2020 are GSK2556286 (18) (NCTO04472897) and BVL-GSK098 (19)
(NCT04654143).8° GSK2556286 (18) is a pyrimidine-2,4-dione derivative discovered by
GlaxoSmithKline (GSK), in collaboration with the Bill & Melinda Gates Foundation’s TB Drug
Accelerator Program, using library HTS in Mtb-infected macrophages.'?” The mechanism of action
of 18 is related to the catabolism of host-derived cholesterol (which Mtb employs as a carbon
source).'?812% This candidate selectively kills Mtb in macrophages (MIC <0.1 pM) and has moderate
in vivo efficacy in several animal models, more significant in combination with other TB drugs.t?’
Lastly, BVL-GSK098 (19) is an amido-piperidine derivative that Bioversys AG has developed, in
collaboration with GSK, the Pasteur Institute Lille, and the University of Lille, France.” Compound
19 boosts the bactericidal activity of two important Class C prodrugs that are used for the treatment
of MDR-TB, ethionamide (ETH) and prothionamide, and restores sensitivity toward bacterial strains
that have become resistant to these drugs.'®® While full details of the mechanism have yet to be
disclosed, it appears that 19 acts on one of several transcriptional regulators in Mtb (VirS), stimulating
the expression of an additional enzyme activator for ETH (MymA).13%131 Based on the in vivo results,
a reduction in the efficacious oral dosage of ETH by at least three-fold is predicted in humans.*° A
phase Ila EBA study of 19 and ETH in comparison to INH has been planned for 2022.13! The clinical
development of 19 represents the climax of an extensive program in this area, as discussed in Section

4.1.3 below.

4. PRECLINICAL PROMISES
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Notwithstanding the recent exit of several major pharma from TB research (e.g., Pfizer,
AstraZeneca, and Novartis),*>13 in the past two decades the development of new drugs for TB has
recaptured substantial global interest, resulting in the identification of many new lead candidates.
Many reviews have been published addressing novel compounds with potent in vitro activity in the
early stages of development (discovery),’+13+140 and others have described the drug candidates in
clinical studies.®?141142 Nevertheless, there is a scarcity of reviews covering the anti-TB compounds
that have progressed to “validated lead” or preclinical development status and, to the best of our
knowledge, no article to date has specifically covered those compounds from a drug candidate
profiling perspective. This section reviews the anti-TB compounds published in the last six years that
have reached such stages (arising from hit-to-lead, lead optimisation, and other preclinical
investigations), focusing solely on those with proven efficacy against Mtb in animal models. To
simplify this task, we will restrict our attention to so-called “small molecules” obtained wholly by
chemical synthesis. The lead compounds presented herein were selected from the Stop TB
Partnership’s Discovery Pipeline (https://www.newtbdrugs.org/pipeline/discovery) and literature
reports identified manually or via scientific database searching. These molecules will be discussed in

various subsections, according to their reported mode of action.

4.1 Compounds Targeting Cell Wall Biosynthesis

An essential requirement in developing any anti-TB drug is that the compound can cross the
lipid-rich cell wall surrounding the bacterium and reach its intended target(s). The cell envelope of
mycobacteria is distinctive, incorporating the so-called “mycomembrane” or outer membrane, which
is abundant in long-chain fatty acids (mycolic acids), as well as lipoglycans, phospholipids, and
glycopeptidolipids (Figure 3).143 This outer membrane is organizationally similar to that of Gram-
negative bacteria, even though Mtb is a Gram-positive organism.** The complete cell envelope can

be broadly represented as comprising three domains: i) an exterior layer (‘“capsule”) of proteins and
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some glucan; ii) a cell wall with an outer membrane attached to an arabinogalactan-based

polysaccharide layer joined to peptidoglycan; iii) an internal plasma membrane.143-148
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Figure 3. Schematic model of the Mtb cell envelope and some approved or candidate TB drug

inhibitors, based on the information provided by several authors, 43145148

The distinctive and complex architecture of the mycobacterial cell envelope has rendered it a rich
source of novel targets for TB drug discovery.}*147 It is estimated that there are at least 60 potential
enzyme targets in the cell wall of Mtb.'*° Recent comprehensive research into the construction of this
cell wall has shed light on many important biochemical and structural features. This has spurred
renewed efforts to find new anti-TB agents that inhibit the biosynthesis of essential components of
this structure in Mtb.™ Some examples of agents known to do this include the two front line drugs,
INH and EMB, the MDR-TB drugs ETH, delamanid (2), pretomanid (3), cycloserine, imipenem, and
meropenem, as well as several drug candidates in clinical studies, such as macozinone (8), TBA-7371

(10), OPC-167832 (12), and BTZ043 (13).145:147

4.1.1 DprE1
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The flavoprotein DprE1 is an oxidising enzyme that plays a critical role in the biosynthesis of
arabinogalactan, one of the essential building blocks for the cell wall.>! A reductase, DprE2, is also
involved in this. First, DprE1 converts decaprenylphosphoryl-D-ribose into decaprenylphosphoryl-2-
ketoribose, then the latter is reduced by DprE2 to form decaprenylphosphoryl-D-arabinose (DPA).
DPA is the sole known source of D-arabinofuranosyl units, which are required to create the arabinan
chains of arabinogalactan.}*>1%! Numerous crystal structures of Mth-derived DprE1 have been
published, with most featuring the enzyme bound to an inhibitor.>2

Many promising novel compounds are known to target the DprE1 enzyme.52%2 For instance, in
2019, researchers working at AstraZeneca in India (in collaboration with the TB Alliance, before the
site closure in 2014'%2) reported benzimidazole derivative 20 (Figure 4) as a DprE1 inhibitor.*>® This
compound was discovered using the scaffold morphing strategy, by replacing the azaindole core of
their earlier lead, TBA-7371 (10),1%° with a benzimidazole moiety, and adjusting the position of the
amide side chain. Compound 20 showed an MICgg value of 1.6 UM against Mtb H37Rv (equal to that
of 10), and high potency against the enzyme itself (ICso 0.034 puM, cf. 0.010 uM for 10).1991°3 The
activity was specific for mycobacteria, as 20 was ineffective against various Gram-negative and
Gram-positive bacteria.'®® Benzimidazole 20 displayed good aqueous solubility (152 uM) and lower
human plasma protein binding than 10 (68% vs 78%); it also exhibited a sound safety profile (ICso
>33 UM against the hERG channel and 1Csp >50 UM against a panel of five CYPs). Rat PK studies
revealed excellent oral bioavailability (100%) and an acceptable clearance rate. Oral dosing of 20 at
30 mg/kg for 4 weeks in a chronic Mtb infection BALB/c mouse model reduced the lung bacterial
burden by 1.5 logio CFU, relative to untreated control levels.

Several teams have also prepared new BTZ derivatives as analogues of the covalent DprE1
inhibitors macozinone (8) and BTZ043 (13), attempting to improve key aspects such as solubility,
metabolic stability, and in vivo PK and efficacy. For example, Piton et al. devised the less lipophilic
sulfonyl-piperazine analogue 21 (Figure 4), which retained high potency, having an MICgg value of

0.0065 puM against Mtb H37Rv (15-fold decreased, relative to 8), and showed modest cytotoxicity
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against HepG2 cells (CCso 17 uM), resulting in an excellent selectivity index (SI of 2,615).1%

Notably, although its solubility was inferior (19 vs 68 uM for 8), 21 displayed much better stability

than 8 toward mouse and human liver microsomes. However, the efficacy of 21 in the chronic Mtb

infection BALB/cByJ mouse model was disappointing, with oral dosing at 50 mg/kg for 4 weeks

giving a lung bacterial load reduction of only 0.5 logio CFU (relative to the untreated control),

compared to a 1.0 logio CFU decrease for 8 (25 mg/kg).
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Figure 4. Benzimidazole 20, BTZ derivatives 21-24, benzothiazinethione 25, and

Another research team, based in China, explored BTZs with spirocyclic amine-based side chains,

benzothiopyranones 26 and 27 as DprE1 inhibitors.

e.g., IMB1603 (22) (Figure 4).15%1% | ead 22 exhibited potent activity against Mtb H37Rv (MICgo
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<0.035 uM, the same as 8 in their assay) and minimal cytotoxicity against Vero cells (CCso 811 uM).
Comparable solubility values were measured for 8 and 22 at a pH value of ~2.0 (2.0 and 2.1 mM,
respectively) and the two molecules displayed almost identical mouse PK profiles.’>> Compound 22
was subsequently assessed for efficacy in the BALB/c mouse model of acute Mtb infection. Here,
oral dosing at 25 mg/kg for 3 weeks gave a notable 3.2 logio CFU decrease in lung bacterial burden
(relative to the untreated control).’® Nevertheless, further testing revealed 22 to be a strong hERG
inhibitor (96% at 10 UM vs 42% for 8) and to cause some acute toxicity in mice at 500 mg/kg.1>1%¢

A new study by these investigators pinpointed compound 23 (Figure 4) as an improved lead.*’
This molecule provided similar MICgo potency against Mtb H37Rv (<0.028 pM), was non-cytotoxic
to Vero cells (CCso >112 pM) and was well tolerated by mice at 2 g/kg. Compared to 8, 23 also
provided a superior mouse PK profile, with a slightly longer half-life (6.7 h vs 5.1 h for 8) and much
greater oral bioavailability (42% vs 12% for 8). In the acute Mtb infection BALB/c mouse model,
treatment with 23 (25 mg/kg for 3 weeks) reduced the CFU count in lungs by >5.0 logio (relative to
the untreated control), leaving no detectable bacteria. The authors finally identified 23 as a possible
preclinical candidate, although the paper did not disclose any information about hERG inhibition.

In 2019, this team also reported the results of an alternative SAR strategy, focusing on side chains
bearing an alkoxyimino group (cf. gemifloxacin and zabofloxacin).®® The best lead, TZY-5-84 (24)
(Figure 4), showed an MICg value of 0.028 uM against Mtb H37Rv (~65-fold less potent than 8),1*°
with no cytotoxicity (CCso >128 pM on VERO cells), minimal inhibition of hERG (ICso 48 uM) or
CYPs (ICsq 7.8 UM for 2C19; others had 1Csg >10 puM), and no mutagenicity (Ames test). Similar to
23, in mouse PK studies of 24 and 8, 24 demonstrated better oral absorption (7- to 9-fold greater Crmax)
and much higher oral bioavailability (37% vs 9% for 8).1581% This translated into almost equivalent
efficacy for both compounds, following oral dosing at 25 mg/kg for 3 weeks in a BALB/c mouse
model of acute Mtb infection (lung CFU reductions of 4.0 logio for 24 and 3.8 logio for 8, compared
to the untreated control group).’®® A chronic Mtb infection experiment was then conducted in

C3HeB/FeJ mice, which develop more refractory necrotic granulomas.*®® Here, dosing of compound
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24 or 8 at 25 mg/kg for 8 weeks also yielded equivalent efficacy (a lung burden reduction of 1.8 logio
CFU, relative to the control group at the start of treatment).’>® These data reinforce the potential
benefits of improving PK profiles in this class. Lead 24 was selected for further preclinical evaluation.

Additional promising lead compounds have been generated through modifications to the BTZ
scaffold itself. Gao et al. reported SKLB-TB1001 (25) (Figure 4), which is structurally related to
BTZ043 (13) but features a thione moiety on the thiazine ring (the chiral methyl group on the side
chain is also absent).1® This new analogue was equipotent to 13 against Mtb H37Rv (an MICg of
0.046 pM in the assay used) but was at least 4-fold less cytotoxic than the latter drug toward A549
cells (CCso values >231 uM and 58 puM, respectively). Another difference was that 25 displayed in
vitro synergy with RIF, whereas 13 gave an additive effect. A rat PK investigation further revealed
that 25 had better oral bioavailability than 13 (44% vs 30%), although other parameters, such as half-
life (1.5hvs 1.2 h)and AUC (847 vs 899 ng-h/mL), were comparable. Moreover, lead 25 also showed
substantial efficacy in an acute infection (Mtb Erdman) BALB/c mouse model, with oral dosing at
150 mg/kg for 4 weeks delivering a 3.4 logio CFU reduction in lungs (relative to the vehicle control),
whereas 13 (150 mg/kg) was surprisingly ineffective. The favourable activity of 25 was confirmed in
other acute infection models.*%? However, a comprehensive in vivo metabolism study later identified
three metabolic pathways, each involving reduction of the nitro group to inactive amine derivatives,
which may have broader implications for the BTZ class.'®® High human plasma protein binding
(99.4%, similar to data for 8), poor solubility (<2.3 uM), and a low lung:plasma distribution in mice
(1:2.7) were other issues for this molecule, which was initially described as a preclinical candidate.*6*

Another excellent example of scaffold switching is compound 26 (Figure 4), in which the
thiazine ring of macozinone (8) has been replaced by a thiopyran ring. This lead was derived from a
wider medicinal chemistry study conducted by investigators at the Institute of Materia Medica, China,
who concurrently explored benzoxazinones and benzopyranones as alternative scaffolds.*%4 While
SARs varied across these classes, compound 26 was the most active of the three direct analogues of

8 (MICg <0.035 puM against Mtb H37Rv, the same as 8) and the least cytotoxic one (CCso >140 uM
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on VERO and HepG2 cells). Surprisingly, this new molecule (26) showed only modest potency
against the DprE1 enzyme (ICso 4.5 uM, cf. 0.20 uM for 8). Compound 26 exhibited good stability
toward human and mouse liver microsomes (comparable to 8); it also displayed a substantially
prolonged half-life in mice (7.3 h vs 1.9 h for 8), although, like 8, its oral bioavailability was low
(13%). Furthermore, in a BALB/c mouse model of acute Mtb infection, oral dosing of 26 at 100
mg/kg for 3 weeks provided an impressive 5.4 logio reduction in lung CFU (relative to the untreated
control). The excellent in vivo results for 26, supported by favourable safety data (hERG 1Cso >30
MM and 1Cso >50 UM against a panel of five CYPs), suggest significant potential for this novel class.

The same investigators have recently reported a new study based around one of the proposed
metabolites of 26 in hepatocytes, alcohol 27 (Figure 4).1%° This active metabolite (MICg 0.15 pM
against Mtb H37Rv) was considerably less lipophilic than 26 (ClogP was lowered by 2 log units) and
had much better solubility in water (18 uM vs <0.2 uM for 26). These results prompted an assessment
of its in vivo efficacy, using the acute Mtb infection BALB/c mouse model. However, in comparison
to 26, alcohol 27 showed only modest utility, with oral dosing at 100 mg/kg for 3 weeks giving a 0.9
logao reduction in lung CFU. New ester and amide leads based on 27 are currently being evaluated.®®

Meanwhile, Borthwick et al. (2020) disclosed novel morpholino-pyrimidine derivatives 29 and
30 (Figure 5) as potent non-covalent DprE1 inhibitors with enhanced physicochemical properties in
comparison to the original HTS hit, 28 (Figure 5).2%® Compounds 29 and 30 respectively exhibited
MICgo values of 0.6 and 1.7 uM against Mtb H37Rv and 1Csg values of 0.025 and 0.050 pM against
the DprE1 enzyme. These leads also displayed low cytotoxicity toward HepG2 cells, with CCso values
of 50 and 32 pM, respectively. Additionally, both compounds showed suitable aqueous solubility
(160 and >364 uM for 29 and 30, respectively) but there was a big difference in their stabilities toward
mouse and human liver microsomes, with 29 demonstrating moderate or high clearance, whereas 30
gave low clearance values. Mouse PK studies further revealed that both compounds had short half-
lives (0.45 and 1.0 h) but excellent oral bioavailabilities (100% and 79%). These two leads were

evaluated for efficacy in a rapid acute assay,'®’ using C57BL/6 mice infected with Mtb H37Rv. Here,
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the candidates were administered orally at multiple doses for 8 days, starting one day post-infection,
and activity was quantified by EDgg values (where EDgs is the dosage that decreases mycobacterial
load at day 9 post-infection by 99%, compared to the untreated group, a 2.0 logio CFU reduction).

Compounds 29 and 30 gave EDgg values of 30 and 29 mg/kg, implying significant promise.!°®
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Figure 5. Morpholino-pyrimidine derivatives 29 and 30, hydantoin 32, and thiophene amide

derivatives 33-35 as DprE1 inhibitors.

The hydantoin derivative 32 (Figure 5) is another noncovalent DprE1 inhibitor identified by
researchers at GSK.1%16° This compound was discovered through a target-based HTS strategy,
followed by further optimisation of the initial hit 31%%° (Figure 5). Compound 32 provided an MIC
value of 0.7 pM against Mtb H37Rv and was not cytotoxic (CCso >100 uM on HepG2 cells).1®® It
also demonstrated high potency against the DprE1 enzyme (ICso 0.063 uM) and did not interact

markedly with the hERG potassium channel (ICso >50 uM). Lead 32 was nicely water soluble (>486
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1M) and displayed moderate or low clearance upon exposure to mouse and human liver microsomes.
An in vivo assessment of 32 in the rapid acute Mtb infection assay®’ (using C57BL/6J mice), dosing
orally at 200 mg/kg for just 4 days (starting 5 days post-infection), led to a modest 0.5 logio decrease
in lung CFU (relative to the untreated control). % This outcome was despite plasma levels remaining
above the MIC for 24 h after a single dose. However, it is important to note the brevity of this
experiment and that only the R-enantiomer of compound 32 contributes to the activity.

Liu et al. (2017) reported the new thiazolo[4,5-c]pyridine amide lead TCA007 (34) (Figure 5)
as a promising DprE1 inhibitor.1”® This molecule was obtained by structure-guided optimisation of
the in vivo active screening hit TCA1 (33) (Figure 5), which the team had disclosed a few years
earlier.t™ Lead 34 gave an improved MICqy value of 0.089 uM against Mtb H37Rv (cf. 0.23 uM for
33) and was 9-fold more potent than 33 against the DprE1 enzyme derived from M. smegmatis (ICso
0.0053 uM).1"® Compound 34 also displayed no cytotoxicity toward HepG2 or Vero cells (CCso >100
M) and no hERG inhibition (ICsp >30 uM). Although explicit data were not provided, it was noted
that 34 showed enhanced PK properties, so it was tested in BALB/c mouse models of acute and
chronic infection (against Mtb Erdman). In the acute infection experiment, oral dosing of 34 at 100
mg/kg for 3 weeks resulted in a 2.3 logio CFU reduction in lung bacterial burden (relative to vehicle
control). Similarly, dosing with 34 at 200 mg/kg for 4 weeks in the chronic model led to a >1.7 logio
CFU decrease. Overall, compound 34 showed an excellent in vitro and in vivo profile but,
unfortunately, it was found to inhibit one of the major CYP enzymes, 2C9 (ICso 0.1 puM). Because
TB treatment requires the combination of multiple drugs, such an effect could produce problematic
drug-drug interactions. Hence, structure-based design is being used to find a more suitable candidate.

A different group of investigators recently developed the 4-substituted benzamide analogue 35
(Figure 5) through a systematic SAR study of the same hit (33).172 This new molecule (35) also
displayed strong cellular activity (relative to 33), with an MICgo value of 0.29 uM against Mtb H37Rv
(a 4-fold improvement). Additionally, 35 exhibited reduced cytotoxicity toward Vero cells (CCso

>154 uM vs 85 UM for 33), providing a superior Sl value (>531 vs 66 for 33); it also showed slightly
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lower hERG inhibition (ICso 23 vs 18 puM). However, 35 was 8-fold less effective than the starting
hit 33 at inhibiting DprE1 (ICsos 2.2 and 0.27 uM, respectively). The in vivo efficacy of both
compounds was evaluated using the BALB/c mouse model of acute Mtb infection. Following oral
dosing at 100 mg/kg for 3 weeks, the new lead 35 reduced the bacterial burden in the lungs by 2.0
logio CFU, compared to the untreated group (whereas identical dosing of hit 33 gave a 2.9 logio CFU
lung burden decrease in a repeat experiment). Notwithstanding this activity, 35 displayed a shorter
half-life than 33 (0.85 vs 2.2 h), inferior oral absorption (Cmax 22-fold less than data for 33), and very

poor oral bioavailability (7.9 vs 43% for 33), indicating that further improvement may be needed.

4.1.2 MmpL3

Like DprE1, the inner membrane transporter protein MmpL3 is another “promiscuous” but
important drug target in cell wall biosynthesis.%? Specifically, MmpL3 is responsible for the export
and delivery of mycolic acids (as trehalose monomycolate) to the outer membrane of the cell
envelope.®? It has been shown that MmpL3 is essential for Mth growth and survival, with its depletion
affecting surface permeability.® Several crystal structures of MmpL3 derived from M. smegmatis
have been solved, with or without small molecule inhibitors such as SQ109 (4).62 Nevertheless, the
additional effect of some reported MmpL3 inhibitors on dissipating the transmembrane charge or
proton gradients required to drive such transporters may further explain their mode of action.®?

One of the many interesting MmpL3 inhibitor classes published in the past decade®? is N-benzyl
spirocyclic compounds, or “spiros”. These stemmed from a HTS hit, 36 (Figure 6), which was further
elaborated into the preferred lead 37 (Figure 6) by investigators from GSK.141" This molecule
exhibited high potency against Mtb H37Rv (MICgo 0.06 uM), modest cytotoxicity (CCso 36 UM on
HepG2 cells), and a favourable PK profile (good oral exposure, with an oral bioavailability of
55%).17# Further assessment of 37 in the rapid acute Mtb infection assay*®’ (using C57BL/6 mice and
dosing orally at up to 50 mg/kg for 8 days, starting 1 day post-infection) revealed impressive efficacy

(a maximal 4.2 logio CFU decrease in lung bacterial burden, relative to the untreated control, and an
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EDgo value of 12 mg/kg).1”® However, the authors cited various concerns about hERG inhibition (ICso
1.5 or 10 uM), hepatotoxicity risk, and limited in vivo tolerability, together with low solubility (6
M) and high lipophilicity (ClogP 6.2), such that their work on this class was terminated. Recently,
Ray et al. described their optimisation of a similar pyrazole based spirocyclic HTS hit from the Lilly
collection, but although lipophilicity, HepG2 cytotoxicity, and hERG inhibition were nicely reduced

for a zwitterionic lead, it showed no efficacy in the acute infection BALB/c mouse model.1"
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x Hit-to-lead = MICg, Mtb H37Rv = 0.06 uM o
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Figure 6. Aryl azaspirocyclic derivatives 37 and 39, indole-2-carboxamides 40 and 42, and 1,5-

disubstituted-(pyrrole or pyrazole) derivatives 43-45 as MmpL3 inhibitors

In 2018, a team based at the National University of Singapore reported a study about structurally
related indole derivatives containing a spiroketal moiety as potent anti-TB agents.!’” Out of 98 newly
synthesized analogues derived from their previous lead 38, compound 39 (Figure 6) was the most
promising. It displayed an MICgo of 0.76 UM against Mtb H37Rv and low cytotoxicity toward Vero

cells (CCso 29 uM; an Sl of 38). Further studies of 39 revealed adequate solubility (28 pM),
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acceptable rat microsomal stability (a half-life of 28 min), and strong partitioning into lung tissue in
CD1 mice (due to its high lipophilicity: ClogP 5.7). A 'H NMR study of 39 treated with the thiol
cysteamine (run in deuterated DMSO containing 1% acetic acid) also indicated good stability over
24 h, suggesting that loss of the Mannich base side chain would not be problematic. In the acute Mtb
infection BALB/c mouse model, oral dosing of 39 at 100 mg/kg for 4 weeks reduced the bacterial
load in lungs by 0.8 logio CFU, relative to the untreated control. Recent mode of action studies
demonstrated that in addition to the various membrane disruptive effects found with non-spirocyclic
indolyl Mannich bases (e.g., inducing permeabilization and upregulating a stress reporter promoter),
compound 39 directly inhibits MmpL3, without affecting the membrane charge or proton gradients.!’®

Another well-known class of MmpL3 inhibitors is indole-carboxamides, including NITD-304
(40) and NITD-349 (41) (Figure 6), which were disclosed by Novartis as preclinical candidates in
2013 and provided to the TB Alliance in the following year.%>13 Stec et al. (2016) reported the new
analogue 42 (Figure 6), following optimisation of their earlier cyclooctylamide lead.'”® This
compound (42) showed impressive potency against Mtb H37Rv (MICgo of 0.012 M) and negligible
cytotoxicity toward Vero cells (CCso >192 uM). It also did not significantly inhibit major CYPs or
hERG (ICso >30 uM). Mouse PK studies of 42 and 40 suggested greater oral exposure for 42 (with
preferential accumulation in lungs over plasma), so both leads were advanced into in vivo efficacy
testing. In this acute Mtb infection experiment, BALB/c mice were orally dosed with 42 or 40 at 100
mg/kg for 4 weeks, starting one day post-infection, leading to reductions in lung bacterial load of 2.1
and 1.1 logio CFU (relative to untreated control), respectively. Additionally, a combination of RIF
and 42 displayed synergy in the same model. Nevertheless, use of a suboptimal oral formulation
(0.5% carboxymethylcellulose in water) cast some doubt on the efficacy differences observed.

To resolve this uncertainty regarding the best indole-carboxamide candidate, new in vivo studies
were conducted, in collaboration with the TB Alliance.*®® The use of an optimized formulation for 42
(4:1 propylene glycol: Tween 80) dramatically improved both its oral bioavailability (from 22% to

96%) and efficacy in the acute Mtb infection BALB/c mouse model (a 4.7 log:o lung CFU reduction,
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relative to untreated control, was observed after dosing with 42 at 50 mg/kg for 4 weeks). Finally, a
head-to-head efficacy comparison of 42 and 40 was made in BALB/c mice infected with Mtb via a
high-dose aerosol (acute model). After 4 weeks of oral dosing with 42 or 40 at 100 mg/kg (using a
lipid-based formulation developed by Novartis in each case), the lung bacterial load decreased by 3.6
and 3.1 logio CFU, respectively, relative to untreated control, confirming the slight superiority of 42.

The known class of 1,5-diarylpyrroles, exemplified by the first reported MmpL3 inhibitor
BM212,%382 has also been explored recently. Starting with the in vivo active compound BM635 (43)
(Figure 6),%8 Poce et al. developed N-isopropyl analogue 44 (Figure 6) as a new lead.'® While the
in vitro activity and toxicity profiles of 43 and 44 were comparable (Mtb MIC values of 0.12 and 0.15
MM, CCso values of 40 and 20 pM vs HepG2 cells, and hERG ICso values of 10 and 16 puM,
respectively), the kinetic aqueous solubility of 44 was greatly improved (199 pM, cf. <1 uM for 43).
Additionally, membrane permeability was increased 3-fold for 44 and human serum albumin binding
was reduced (to 94.1% from 98.4% for 43). Compound 44 was tested for efficacy in the 9-day rapid
acute assay,®’ using C57BL/6 mice infected with Mtb H37Rv. Compared to the untreated control,
oral dosing with 44 at 50 mg/kg for 8 days lowered the lung CFU count by 1.5 log0.182 However,
poor oral bioavailability (1% in C57BL/6 mice) was an unresolved issue for this molecule.

In a subsequent attempt to improve this class, the above investigators turned to scaffold hopping.
They discovered that the central pyrrole ring could be replaced by pyrazole and identified 45 (Figure
6) as the best lead.'® Compound 45 was only 2-fold less potent than 44 (MIC of 0.30 uM vs Mtb
H37Rv) and displayed low cytotoxicity (CCso 32 UM vs HepG2 cells), although it proved to be a
moderate inhibitor of hERG (ICsg 6.3 uM). This compound also showed good aqueous solubility (152
MM) but slightly greater binding to human serum albumin (96.4%). Further assessment of 45 in the
same 9-day rapid acute Mtb infection assay (but dosing orally at 200 mg/kg for 4 days, starting 5 days
post-infection) again resulted in a 1.5 logio CFU reduction in bacterial load (relative to untreated
control). With SARs varying between pyrroles and pyrazoles, the mode of action of 45 was studied

by whole genome sequencing of resistant Mtb mutants, and MmpL3 was confirmed as the target.
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4.1.3 InhA

Enoyl-ACP reductase (InhA) is an enzyme involved in the elongation of long chain fatty acids.8*
Specifically, it catalyses the double bond reduction of 2-trans-enoyl substrates of at least 16 carbons
in length, the last step in the type Il fatty acid synthase (FAS-11) pathway. Inhibition of InhA, such as
with the first-line TB drug INH, blocks mycolic acid biosynthesis.'® Because most clinical resistance
to INH can be traced to mutations in KatG, the enzyme that activates this prodrug, direct inhibitors
of InhA have recently been sought as potential alternative drug candidates for TB.

Screening of the GSK compound collection against InhA had initially identified the thiadiazole
hit GSK625 (46) (Figure 7) and further optimisation produced the lead compound GSK693 (47)
(Figure 7).1% This molecule was a low nanomolar inhibitor of InhA (ICso 0.007 pM) and showed
good activity against Mtb H37Rv both within and outside of macrophages (MIC 0.2 uM). Compound
47 was not cytotoxic to HepG2 cells (CCso >50 uM) and displayed no inhibition of hERG (ICso >50
HMM). Pleasingly, aqueous solubility was markedly improved (413 pM for 47 vs 9 uM for 46) and
metabolic liabilities observed in hit 46 were reduced, leading to a better mouse PK profile (a half-life
of 56 min and an oral bioavailability of 92%). This new lead (47) was tested in the 9-day rapid acute
Mtb infection assay,*®” where oral dosing at 100 mg/kg for 8 days gave a large decrease in lung
bacterial load (~3.0 logio CFU vs untreated control).8 Dosing of 47 at 300 mg/kg for 8 weeks in a
chronic Mtb infection model also led to excellent efficacy (3.0 logio CFU reduction in lungs, relative
to the untreated control), comparable to that of INH (25 mg/kg). Finally, a much lower frequency of
generating resistance to 46 (4 x 10" mutants/CFU vs ~107 for INH) further validated this approach.

Xia et al. (2018) reported the discovery of optimised diazaborine AN12855 (49) (Figure 7) as a
potent InhA inhibitor, after screening against purified Mtb InhA had identified the weak hit 48
(Figure 7).1% Compound 49 exhibited an ICso value of 0.03 uM against InhA (a 2633-fold
improvement over 48), an MICg value of 0.09 uM against Mtb H37Rv, and very low cytotoxicity

against HepG2 cells (CCso >100 uM). It also retained high potencies against MDR clinical isolates
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resistant to INH. A cocrystal structure with InhA revealed that 49 occupied both substrate- and
cofactor-binding sites of the enzyme (in contrast to earlier inhibitors like 46, which occupied only the
former location). Diazaborine 49 displayed a satisfactory mouse PK profile (a half-life of 3.5 h and
an oral bioavailability of 53%) and was progressed into in vivo efficacy assessments. In the acute Mth
infection model (C57BL/6 mice), oral dosing of 49 at 50 mg/kg for 9 days led to a decreased lung
burden of 3.7 logio CFU, relative to the untreated control. Moreover, in the chronic Mtb infection
model (BALB/c mice), prolonged dosing of 49 at 100 mg/kg for 8 weeks reduced the lung bacterial
load by 1.7 logio CFU, relative to the untreated control. An additional experiment using the more
stringent C3HeB/FeJ mouse model confirmed this efficacy; dosing of 49 at 100 mg/kg for 4 weeks
provided a 1.5 logio CFU reduction in lung burden, relative to the control at the start of treatment.®’
Importantly, it was shown that 49 was taken up early and retained well in caseum and necrotic lung
lesions, where most extracellular bacteria are located. Lead 49 also had a much lower tendency to
generate resistance than INH, both in vitro (4 x 107) and in vivo (0.04% resistance to 49 and 29%
resistance to INH was seen at the end of the last efficacy experiment). Taken together, these data
indicate that 49 has promising attributes as a possible alternative to INH in TB therapy.

Aside from direct inhibitors of InhA, there are also compounds that have an indirect but similar
overall effect. Like INH, the Group C MDR-TB drug ETH is a prodrug that when activated by the
enzyme EthA forms a covalent adduct with NAD, which binds to InhA and inhibits its activity.!® As
noted in Section 3, phase I candidate BVL-GSK098 (19) boosts the activity of ETH and overcomes
acquired ETH resistance by interacting with a specific transcriptional regulator in Mtb, triggering the
expression of a second enzyme activator for ETH (MymA).13! Boosting ETH activity would enable
the use of lower drug doses that minimize side effects, increasing patient compliance to therapy. This

novel approach is being led by researchers at the Pasteur Institute Lille and the University of Lille.
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Figure 7. Pyrazolylamino-thiadiazole 47 and diazaborine derivative 49 as direct InhA inhibitors,

and spiroisoxazoline analogue 50 and oxadiazole derivative 52 as ETH boosters.

In 2017, these investigators had reported the discovery of another spiroisoxazoline analogue
named SMARt-420 (50) (Figure 7) that also boosted the activity of ETH.® In this case, the molecule
50 promoted the expression of a new enzyme activator for ETH (EthA2) through binding to its
transcriptional repressor, EthR2. A cocrystal structure of 50 in EthR2 revealed changes to the
conformation of EthR2 such that it could no longer bind to its DNA target and prevent elevated
expression levels of EthA2. This had the effect of providing more efficient ETH activation, meaning
more potent inhibition of InhA. Thus, the MIC of ETH alone against Mtb H37Rv was 12 uM, whereas
the combination of ETH and 50 (at 10 uM) gave an MIC of 0.30 uM. Similarly, ETH resistant
MDR/XDR clinical strains yielded MICs for ETH alone of 48-1540 uM, whereas in the presence of
50 (at 10 puM), these MIC values were 0.15-3 uM. In an Mtb-infected macrophage assay, 50 displayed
an ECso of ~0.020 uM (where ECso was defined as the concentration of inhibitor that allowed ETH
at 0.6 uM to inhibit 50% of Mtb growth). The activity-boosting effect of 50 was not observed for
non-thioamide TB drugs and was further validated in an acute infection BALB/c mouse model using

an ETH-resistant Beijing strain of Mtb. Here, 3 weeks of oral dosing with ETH alone (at 50 mg/kg)
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reduced lung bacterial load by 1.0 logio CFU, whereas the combination of ETH and 50 (both at 50
mg/kg) produced a 4.0 logio CFU decrease, relative to the untreated control. Compound 50 alone (50
ma/kg) had negligible efficacy in this experiment. These results provided excellent proof of principle,
especially given that the mouse PK data for 50 were not ideal (e.g., a half-life of only 19 min).

The University of Lille team recently reported a further example of this strategy,'®® with the
oxadiazole derivative BDM71339 (52) (Figure 7) being identified as a potent EthR inhibitor and
ETH booster. This compound was discovered through a combination of fragment-based drug design,
in silico docking, and further optimisation,'® starting from a cocrystal structure of fragment 511
(Figure 7) and EthR, the transcriptional repressor of EthA. The EthR inhibitor 52 displayed an ECso
of 0.072 uM and possessed sufficient solubility (30 pM) and mouse microsomal stability (ty2 19 min)
to evaluate its in vivo boosting capability in the acute Mtb infection BALB/c mouse model. In this
experiment, 52 and ETH were coencapsulated in poly(5-cyclodextrin) nanoparticles and administered
6 times over 2 weeks via the endotracheal route, using a microsprayer. The effectiveness of this
method had already been proven for an earlier ETH booster, BDM41906.%° Dosing at 10 mg/kg for
both 52 and ETH reduced the mycobacterial burden in lung by more than 2.0 logio CFU, compared
to the untreated control group, about 1 log unit more than for ETH alone.®® Collectively, these studies
revealed the considerable potential of transcriptional repressor inhibitors to boost ETH activity, which

will now be tested in clinical trials of BVL-GSK098 (19).

4.1.4 KasA

Like InhA, B-ketoacyl-ACP synthase | (KasA) is an enzyme that plays an important role in the
elongation of long chain fatty acids, which is essential for mycolic acid biosynthesis.’®* KasA
catalyses the first step in the FAS-II pathway in which the growing acyl chain undergoes a
condensation reaction with malonyl-ACP. Published natural product inhibitors were not sufficiently

selective for KasA and were poorly active against Mtb or displayed unfavourable toxicities.**®
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Abrahams et al. (2016) reported that one of the open-source screening hits'®! derived from the
GSK library, GSK3011724A (53) (Figure 8) was a selective KasA inhibitor.1% Compound 53 had
acceptable MIC potency against Mtb H37Rv (0.8 uM; cf. MIC >479 uM for other bacteria), was non-
cytotoxic to HepG2 cells (CCso >100 uM) and displayed no hERG liability (1Cso >50 pM). It also
showed excellent solubility (>550 uM) and sufficiently suitable mouse PK properties to evaluate in
vivo efficacy. In the 9-day rapid acute assay,'®” using C57BL/6 mice infected with Mth H37Rv, oral
dosing of 53 at 200 mg/kg for 8 days lowered the bacterial load in lungs by 3.5 logio CFU, compared
to untreated controls.?®2 Furthermore, a 2.4 logio CFU bacterial burden reduction in lungs was

recorded in the chronic Mtb infection model, after dosing with 53 at 100 mg/kg for 8 weeks.
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Figure 8. Indazole sulfonamides 53-55 as KasA inhibitors, and benzofuran, coumestan and

chromen-4-one derivatives 56-60 as Pks13 inhibitors.

An independent study on 53 (DG167), published in 2018, delivered several new findings.'*3 First,
analysis of a cocrystal structure with its target found that 53 had a unique dual binding mode to KasA,

occupying two different sites in the substrate-binding channel. Second, hit 53 displayed synergistic
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activity in combination with INH, both in vitro and in vivo. Third, it was shown that the predominant
metabolite of 53 (upon exposure to mouse liver microsomes) was its N-demethylated derivative,
which was completely inactive. These investigators subsequently identified the transposed indazole
JSF-3285 (54) (Figure 8) as an optimised preclinical candidate.'®* This new lead (54) displayed an
MIC value of 0.20 puM against Mtb H37Rv (a 2-fold improvement over 53 in their assay) and a CCso
of 170 uM against Vero cells. Notably, 54 demonstrated good solubility (175 uM) and significantly
better mouse microsomal stability than 53 (t2 28 vs 10 min), leading to much greater oral exposure
in mice. Additionally, 54 exhibited only moderate binding to human plasma proteins (77%) and did
not inhibit hERG or a panel of 5 CYPs (ICsos >50 uM). When this new lead was tested in the acute
Mtb infection BALB/c mouse model, dosing orally at 100 mg/kg for 4 weeks, the lung bacterial load
was lowered by ~2 logio CFU, relative to the level at the start of treatment (a benchmark for cidality).
In the chronic Mtb infection BALB/c mouse model, administration of 54 at doses ranging from 20-
200 mg/kg for 4 weeks led to >2 logio CFU reductions in lung burden, relative to the level when
dosing began. Compound 54 also had a low tendency to generate resistance (6 x 10®). Overall, these
data nicely supported KasA as a drug target in Mtb and the advancement of 54 as a TB drug candidate.

Nevertheless, in one final twist to the story, the original researchers from GSK recently reported
their own optimisation studies on 53.1% Coincidentally, they also identified a transposed indazole
derivative, (55) (Figure 8), as a new lead (MIC 1.2 uM vs Mth H37Rv). This molecule displayed
improved microsomal stability and 2-fold superior dose potency in their rapid acute mouse model*®’
(EDg9 18 mg/kg vs 38 mg/kg for 53). However, further profiling revealed a key liability with this
inhibitor class, due to the mutagenicity of the parent indazole amines in the Ames assay. These amines
were detected as metabolites in the urine of rats treated with 53 or 55. Unfortunately, all attempts to

remove this liability failed, due to the very narrow SAR, and GSK eventually abandoned this series.

4.1.5 Pksl13
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Another essential enzyme of the more than 20 involved in Mtb mycolic acid biosynthesis is
polyketide synthase 13 (Pks13), which catalyses a final step Claisen-type condensation to give the
required 2-alkyl-3-hydroxy fatty acids.!8*1% In 2017, the benzofuran derivative TAM16 (57) (Figure
8) was disclosed as a novel Pks13 inhibitor.!®" This molecule was developed from screening hit
TAM1 (56) (Figure 8), which was readily susceptible to hydroxylation of the phenyl ring and ester
hydrolysis. A cocrystal structure of 56 bound to the thioesterase domain of Pks13 assisted the initial
optimisation work. The new lead (57) showed improved potency (an MICgo value of 0.13 pM against
Mtb H37Rv and an 1Csg value of 0.19 pM against Pks13), with no cytotoxicity toward human dermal
fibroblasts (CCso >100 uM). It also displayed acceptable solubility (74 uM), safety (hERG ICso 21
M), and mouse PK properties (t2 of 1 h, oral bioavailability of 28%), and the Mannich substructure
was not reactive toward glutathione. Daily oral administration of 57 (200 mg/kg) to BALB/c mice
having a high dose acute Mtb infection reduced the lung mycobacterial burden by 0.9 logio CFU after
2 weeks, compared to the level at the start of treatment (untreated control mice had to be euthanized
after 1 week due to their poor condition). Moreover, in the chronic Mtb infection model, BALB/c
mice treated with 57 at 200 mg/kg for 8 weeks had a 1.9 logio CFU lower lung bacterial load than the
vehicle control group. Finally, 57 exhibited a ~100-fold lower frequency of generating resistance than
INH. These data gave valuable proof of principle for inhibiting this new target.

Interestingly, the findings of a new lead optimisation study of 57 have just been released, where
the researchers were seeking to identify a suitable preclinical candidate with a reduced hERG
liability.!®® This work was motivated by revised hERG data for 57 (ICso 6.9 uM) and gave rise to
several in vivo active analogues; of these, 58 (Figure 8) was considered to have the best overall
profile. Compared to 57, new lead 58 was similarly active against Pks13 (ICso 0.27 uM) but was 8-
fold less potent against Mtb H37Rv (MIC 0.65 vs 0.08 uM for 57) and exhibited minimal hERG
inhibition (only 25% at 30 uM). Both 57 and 58 displayed equivalent (moderate) stability toward
mouse liver microsomes, therefore, these compounds were further assessed in the 9-day rapid acute

assay’®’ (using C57BL/6 mice infected with Mtb H37Rv). Here, oral dosing of 57 at 58 mg/kg for 8
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days provided a 3.9 logio CFU decrease in lung bacterial burden, relative to the untreated control,
whereas similar dosing of 58 at 75 mg/kg gave a 3.1 logio CFU reduction. During this efficacy
experiment, the 24 h exposures of both molecules were monitored and found to be essentially the
same. Subsequent testing demonstrated that 57 was ~3.5-fold more dose-potent than 58 in this acute
infection model (EDgo 13 mg/kg vs 46 mg/kg for 58). Lead 58 was also evaluated in the BALB/c
mouse model of chronic Mtb infection, where dosing at 500 mg/kg for 4 weeks gave a lung burden
reduction of 1.1 logio CFU, relative to the untreated control. Nevertheless, following an additional
assessment of 58 in an ex vivo cardiotoxicity study, the investigation team concluded that the safety
window for this lead was still too small and have therefore terminated development of this series.

Meanwhile, Zhang et al. described their own SAR studies to optimise hit 56, resulting in a set of
innovative coumestan derivatives as Pks13 inhibitors.®® Lead compound 59 (Figure 8) displayed a
very potent MICg value of 0.011 uM against Mtb H37Rv (cf. 56: MICgg 2.5 UM in the same assay)
and a CCso of 11 uM against Vero cells, giving an Sl value of 10° (less cytotoxicity was recorded for
cell lines of human origin). Strong bactericidal activity was also demonstrated in vitro.2®® However,
a mouse PK assessment of 59 revealed lower than expected oral bioavailability (19%) and only
modest oral absorption and exposure, although the half-life was fine (4.5 h). In the acute Mtb infection
model (BALB/c mice), oral dosing of 59 at 50 mg/kg for 4 weeks (starting only 1 day after infection)
reduced the lung mycobacterial load by 2.2 logio CFU (relative to untreated control). Conversely, in
the chronic Mtb infection model, 59 alone (25 mg/kg) was ineffective (a 0.3 logio CFU decrease in
lungs after 8 weeks) but when combined with RIF (10 mg/kg) it achieved an additional 0.6 logio CFU
reduction in bacterial burden (compared to RIF alone), suggesting a synergistic effect.

The chromen-4-one derivative 60 (Figure 8) was also recently confirmed as a Pks13 inhibitor,
having been designed by structure-guided scaffold morphing of benzofuran 57.2042%2 |n vitro studies
on 60 revealed an MICgo value of 1.4 uM against Mtb H37Rv, low cytotoxicity against Vero cells
(CCso 164 pM), and superb stability toward mouse liver microsomes (96% parent after 30 min).2%

The PK profile of 60 in BALB/c mice was also considered acceptable (a half-life of 1.4 h and an oral
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bioavailability of 21% at 100 mg/kg). Nevertheless, in the BALB/c mouse model of acute Mtb
infection, oral dosing of 60 at 100 mg/kg for 3 weeks reduced the lung bacterial load by only 0.6 logio

CFU (compared to the untreated group), suggesting that further optimisation would be needed.

4.1.6 FadD32

The enzyme FadD32 has an important dual role immediately before Pks13 in mycolic acid
synthesis. As an acyl-AMP ligase it first converts fatty acid substrates into reactive adenylate
intermediates,'8 then (as an acyl-ACP synthetase) it relocates these intermediates to Pks13 for the
final step condensation.?®® In 2018, Fang et al. described the discovery of quinoline derivative 62
(Figure 9) as a FadD32 inhibitor.2%* The group had earlier reported the identification of a 4,6-diaryl
coumarin lead (61) (Figure 9) as an in vivo active anti-TB agent and found that it inhibited the
synthetase activity of FadD32.2% However, 61 showed chemical reactivity due to the presence of the
lactone ring (a potential toxicity risk) so the coumarin scaffold was finally replaced with a quinoline
moiety.?%* New lead 62 displayed an MICqgo value of 0.8 uM against Mtb H37Rv and a CCso value of
60 uM against HepG2 cells. On-target FadD32 inhibition was confirmed by its 8-fold lower activity
against a mutant Mtb strain with resistance to hit 61. Quinoline 62 further demonstrated adequate
microsomal stability, modest solubility (15 puM), and excellent dose-dependent efficacy in the rapid
acute assay,'®” using C57BL/6J mice infected with Mtb H37Rv. After 8 days of oral dosing (starting
one day post-infection), compound 62 (50 mg/kg) reduced the mycobacterial burden in the lungs by

~4.0 logio CFU, compared to the untreated control.?%* The EDgg value for this lead was 7.8 mg/kg.

4.1.7 PptT

Phosphopantetheinyl transferase (PptT) is an essential enzyme involved in the activation of acyl
carrier proteins (ACPs) for the biosynthesis of virulence factors and cell wall lipids (including
mycolic acids).?®® The role of PptT is to relocate 4’-phosphopantetheine (Ppt) from coenzyme A

(CoA) onto these ACPs, providing a thiol attachment point for various acid substrates (as thioesters).
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957 The amidino-urea derivative AU 8918 (63) (Figure 9) was identified through HTS of a >90,000-

958  member Sanofi library.?%® It exhibited an MICgo value of 3.1 uM against Mtb H37Rv but was inactive
959  against other Gram-negative and Gram-positive bacteria (MICg >100 uM) and noncytotoxic to
960 HepG2 cells (CCso >30 uM). A mouse PK experiment determined that 63 was orally bioavailable,
961  with a fine half-life (6.7 h) and extensive accumulation in lung tissue (42:1 over plasma). Moreover,
962 inan acute Mtb infection BALB/c mouse model, oral dosing of 63 at 100 mg/kg (8 times in 10 days,
963  starting 1-day post-infection) led to a bacterial burden decrease in lungs of >1.5 logio CFU (relative
964  to the vehicle-only control), equivalent to the efficacy of RIF (10 mg/kg). Resistance to compound

965 63 was infrequent (3 x 10”) but pointed to PptT as the target, although subsequent studies with the
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purified enzyme indicated non-competitive and partial inhibition (ICso 2.5 pM). A cocrystal structure
found that 63 occupied a deep lipophilic pocket in the active site of PptT where the Ppt portion of
CoA was normally located, explaining the weaker enzymatic activity. Additional resistance to 63
from mutations in an adjacent gene finally led to the discovery of a Ppt hydrolase, whose function
was to remove Ppt from ACPs. Synergistic activity between 63 and Ppt hydrolase was postulated as
the reason that partial inhibition of PptT was sufficient to terminate lipid synthesis and kill Mtb.
Further results on 63 have just been released, including that while this compound does not inhibit
CYP3A4 or hERG (ICsos >30 uM), it does cause cardiotoxicity through inhibition of two other ion
channels (Ca?* and Na®).2%" However, initial SAR studies revealed that appropriate para-substitution
of the phenyl ring can substantially diminish these interactions without reducing in vitro potency.

These findings provide optimism for the future development of PptT inhibitors as anti-TB agents.

4.1.8 Transpeptidases

Transpeptidases are enzymes that carry out the final step cross-linking in the synthesis of
peptidoglycan, another key constituent of the cell wall.?® In Mtb, most of these cross-linkages are
formed by a family of five L,D-transpeptidases, although D,D-transpeptidases are also employed.
Both types are uniquely and covalently inhibited by carbapenems, broad-spectrum antibacterial
agents from the B-lactam class; two such drugs, meropenem and imipenem, are listed in Table 1 as
Group C medicines for the treatment of MDR-TB. However, the need to give those drugs every 8 or
12 h by slow infusion (optimally with a B-lactamase inhibitor, to minimise metabolism by the Mtb -
lactamase BlaC) has limited their clinical use, stimulating further research to find more suitable
analogues.?®® Several co-crystal structures of carbapenem L,D-transpeptidases with inhibitors have
afforded a better understanding of mechanistic and physical details relevant to this task.21%-21!

Biapenem (64) (Figure 9) is a newer, more stable carbapenem (approved in Japan, China and
India) that has recently been evaluated for use against DS and RIF-resistant Mtb.?!1213 Biapenem

alone displayed an MICgy value of 7.1 uM against Mtb H37Rv, and this was lowered to 1.7 uM in
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the presence of clavulanic acid (a p-lactamase inhibitor).?'? In the BALB/c mouse model of acute Mtb
infection, treatment with 64 at 200 mg/kg (given twice daily for 3 weeks by subcutaneous injection,
starting 2 days after infection) notably reduced the lung bacterial load by 5.3 logio CFU, relative to
the untreated control group. Identical dosing with a related antibiotic, faropenem (65) (Figure 9), led
to a more modest 2.4 logio CFU decrease.?!* Moreover, combining 64 with RIF produced much
greater bactericidal activity in the same mouse experiment (a lung bacterial load reduction of 8.6 log1o
CFU, relative to the untreated control). In further experiments using BALB/c mice acutely infected
with either Mtb H37Rv or one of two RIF-resistant strains, dosing with 64 at 300 mg/kg (twice daily
for 8 weeks) led to equivalent efficacy in all three cases.?'® Curiously, a co-crystal structure of 64
complexed with L,D-transpeptidase-2 revealed that the final covalent adduct formed after opening
the B-lactam ring by the catalytic cysteine was a considerably degraded 8-carbon fragment in which
the bicyclotriazoliumthio group had been eliminated.?! It was suggested that this mechanism could
be capitalised upon by S-linking a synergistic antibacterial agent to the carbapenem core.

Mouse efficacy studies of known carbapenems have often been limited by PK issues, particularly
short half-lives (~0.3 h for 64, ~0.5 h for meropenem).2%°211.213 Ag part of the above investigations, a
small set of additional analogues was prepared and JSF-2204 (66) (Figure 9) was identified as the
best lead. This molecule showed improved potency against Mtb H37Rv (MICg 0.90 uM vs 10 uM
for meropenem) and, unlike 64, gave a stable adduct with L,D-transpeptidase-2 based on the entire
molecule (confirmed by a co-crystal structure).?!! Although the half-life of 66 in mice (0.24 h)
remained an issue, this compound was further tested alongside meropenem in the acute Mtb infection
BALB/c mouse model.?® Both drugs were administered subcutaneously at 400 mg/kg (twice daily
for 3 weeks, together with the B-lactamase inhibitor sodium clavulanate at 75 mg/kg), resulting in
equivalent but moderate efficacy (<2.0 logio CFU reduction in lung bacterial burden, compared to the
untreated control). Therefore, 64 seems to be the better carbapenem for treating TB.

Interestingly, a related tricyclic B-lactam antibiotic named sanfetrinem (67) (Figure 9) has been

advanced to preclinical studies for TB. This compound was first developed by GSK more than 27
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years ago (as GV 104326), but the original clinical investigations for respiratory infections ceased in
2009 after phase Il trials.?!4?1> This antibiotic has several advantages, particularly its oral ester
prodrug formulation (68), as well as its resistance toward B-lactamases and improved stability (a half-
life of 2.0 h in humans following a 500 mg oral dose).?® However, one significant drawback for
repurposing as a potential TB drug might be its higher distribution into plasma over lung tissue (4:1
in mice).?!® Compound 67 was rediscovered for TB via HTS of ~2000 B-lactams, where it was the
most potent hit at killing Mtb H37Rv in THP-1 cells (MICgo 5.6 pM); it also displayed equivalent
activity in the standard broth assay (MIC 5.0 uM).2**27 A comparative assessment of meropenem
plus clavulanate and 67 (given subcutaneously) with 68 (given orally) in an acute Mtb infection model
(using 129sv dehydropeptidase-1 knockout mice and dosing twice daily for 6 days) found similar
efficacy, with the lung bacterial burden being lowered by 1.7, 1.7, and 1.4 logio CFU, respectively,

compared to the untreated control group. A phase Ila EBA clinical study for TB is now planned.?*

4.1.9 DdIA

D-Alanine-D-alanine ligase A (DdIA) is an essential enzyme in Mtb, required for peptidoglycan
biosynthesis.?!8 It couples together two molecules of D-alanine to form a dipeptide, which is then
attached to a tripeptide portion of the peptidoglycan.®™ The Group B MDR-TB drug D-cycloserine
has DdIA as its primary target, although it also inhibits alanine racemase, the previous enzyme in the
pathway.?!® Nevertheless, D-cycloserine can cause severe side effects (e.g., peripheral neuropathy,
seizures) that result from NMDA receptor binding in the brain, implying the need for safer inhibitors.

Meng et al. recently published the results of their HTS against DdIA that identified IMB-0283
(69) (Figure 9) as a new competitive inhibitor (ICso 6.2 pM).2t° This hit compound displayed good
activity against Mtb H37Rv (MIC 1.1 uM vs 157 uM for D-cycloserine) and low cellular toxicity
(CCso 263 uM for HepG2 cells). Oral dosing of 69 (25 mg/kg for 3 weeks) to BALB/c mice with an
acute Mtb infection led to an encouraging 1.2 logio CFU reduction in lung bacterial load (relative to

the vehicle control), whereas D-cycloserine (25 mg/kg) exhibited no efficacy in the same experiment.
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4.2 Compounds Targeting Amino Acid Biosynthesis and Metabolism

While a major focus for TB drug discovery has been cell wall biosynthesis, another promising
and novel area is amino acid biosynthesis and metabolism. Mtb possesses the toolset required to
prepare all 20 standard acids.??° Moreover, the ability of Mtb to survive and induce disease is often
reliant upon the integrity of these pathways. The frequent absence of human equivalent targets is also

attractive as it implies a lower toxicity risk for inhibitors (from mechanism-based side effects).??:

4.2.1 Tryptophan Synthase

In Mtb, L-tryptophan is formed through a six-step biosynthetic pathway in which the enzyme
tryptophan synthase (TrpAB) performs the last two catalytic steps.??* First, TrpA severs indole from
a 3-glycerol side chain, then TrpB condenses indole with L-serine to make L-tryptophan. Current
evidence suggests that TrpAB may be vital for Mtb survival in vivo.??2222 Sylfolane 71 (Figure 10)
was reported in 2017 as a TrpAB inhibitor, following optimisation of HTS hit 70 (Figure 10).2% Lead
71 exhibited an MIC value of 2.3 uM against Mtb H37Rv and was not cytotoxic to HepG2 cells (CCso
>100 pM). It also displayed high solubility (434 uM) and excellent microsomal stability; hence, it
was further assessed in the 9-day rapid acute assay'®’ (using Mtb-infected C57BL/6J mice). Oral
dosing of 71 (350 mg/kg) for 8 days, starting one day post-infection, decreased the lung bacterial
burden by 1.4 logio CFU, relative to the untreated control.? These data verify the importance of this
pathway in vivo. A recent cocrystal structure of hit 70 with TrpAB has confirmed that 70 binds to an

allosteric site between the two subunits, likely blocking indole transfer to the TrpB catalytic site.?%*

4.2.2 ArgJ
Ornithine acetyltransferase (ArgJ) is one of eight essential enzymes within the L-arginine

biosynthesis pathway, which is critical for Mtb survival.?® The role of ArgJ is to recycle an acetyl
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moiety by catalytically transferring this group from N-acetyl ornithine to the L-glutamate starting
material.22>%2 In 2019, Mishra and co-workers reported the first inhibitors of Mtb ArgJ.?% Pranlukast
(72) (Figure 10), an asthma medication having widespread use in Japan, was identified as the best
hit from a library of approved drugs, following in silico screening and assessment in enzyme assays.
This drug was shown to be a non-competitive ArgJ inhibitor (Ki 139 uM), binding to an allosteric
pocket on the enzyme surface. It displayed a modest MICgo value of 10 uM against Mtb H37Rv but
was highly effective in combination with RIF and INH (particularly in infected macrophages, where
the bactericidal effects of 72 through ArgJ inhibition may be boosted by its downregulation of Mtb
pro-survival pathways in the host cells, e.g., 5-lipoxygenase signalling). Pranlukast (72) was also
tested in the chronic Mtb infection BALB/c mouse model, with intraperitoneal dosing at 40 mg/kg
for 24 days reducing the lung mycobacterial load by 0.5 logi1o CFU, compared to the untreated control
group. Furthermore, an additional ~1 logio CFU load reduction was found in combination with RIF

(10 mg/kg), compared to treatment with RIF alone, suggesting some drug repurposing potential.

4.2.3 Aspartate Semialdehyde Dehydrogenase

The aspartate pathway in Mtb converts L-aspartate into several other essential amino acids (L-
isoleucine, L-lysine, L-methionine, and L-threonine) and meso-diaminopimelic acid, a central
component in peptidoglycan cross-links.??” The second step is catalysed by aspartate semialdehyde
dehydrogenase (ASADH), an enzyme shown to be crucial for Mtb growth and pathogenicity. Very
recently, the nitrofuran derivative IMB-XMAQ038 (73) (Figure 10) was identified as a new inhibitor
of Mtb ASADH (ICso 2.0 pM), following target-based HTS.??’ This compound demonstrated good
anti-TB potency (MIC 1.7 uM vs Mtb H37Rv) that modulated in response to ASADH expression
levels. It also failed to show any cytotoxicity to HepG2 or Vero cells (CCso >218 uM) and did not
cause acute toxicity in mice when dosed orally at 500 mg/kg. Moreover, hit 73 was also efficacious
in a BALB/c mouse model of acute Mtb infection, with oral dosing at 25 mg/kg for 3 weeks

decreasing the lung bacterial burden by 1.7 logio CFU, compared to the vehicle control group.
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However, because nitrofuranylamides are a known class of anti-TB agents'**228 that are reductively

activated, it seems unlikely that inhibition of Mtb ASADH is the only mechanism of action of 73.

0 cl 71 o) 72
0-5 N MIC Mtb H37Rv = 2.3 uM MICg Mth H37Rv = 10 uM
N N R Lung CFU reduction = 1.4 log4, | Lung CFU reduction = 0.5 log4o
Treatment dose = 350 mg/kg N 0 o] Treatment dose = 40 mg/kg
CH 70.r=H Treatment time = 8 days N Treatment time = 24 days
71'R=F Acute Infection Mouse Model HN'N 72 HN Chrenic Infection Mouse Model
(70: MIC Mth H37Rv = 0.76 pM) (@)
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o) MIC Mth H37Rv = 1.7 uM
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7 o Treatment time = 3 weeks

Acute Infection Mouse Model
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Figure 10. Sulfolane 71, pranlukast (72), nitrofuran 73, ceritinib analogue 75, triazolothiadiazole

77, and diaminopyrimidine 78 as inhibitors of amino acid biosynthesis and metabolism.

4.2.4 Dihydrofolate Reductase

The enzyme dihydrofolate reductase (DHFR) has a crucial role in the folate biosynthesis
pathway, as it catalyses the final step production of tetrahydrofolate from dihydrofolate.?%°
Tetrahydrofolate derivatives carrying one extra carbon are cofactors in many cellular processes, such
as the manufacture L-methionine and purines.?®® The Group C MDR-TB drug para-aminosalicylic
acid acts as both a substrate and prodrug in the folate pathway, with DHFR being one of its targets.??°

Ceritinib analogue 75 (Figure 10) was reported by Liu et al. (2019) as a putative DHFR inhibitor

with moderate anti-TB activity.?®! The original HTS hit, ceritinib (74) (Figure 10), an anaplastic
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lymphoma kinase inhibitor approved for use against lung cancer (NSCLC), was modestly active
against autoluminescent Mtbh H37Ra (MICg 9.0 uM). However, 74 was ineffective in an acute
infection (Mtb H37Ra) BALB/c mouse model when dosed orally at 100 mg/kg for 6 days and was
too toxic at 300 mg/kg; therefore, an SAR study was conducted. The best analogue (75), having a
ClogP value of 8.3, showed higher potency against Mtb H37Ra (MICgo 5.0 M) and was non-toxic
to mice at 300 mg/kg daily for 6 days. In the same acute infection model, oral administration of 75 at
100 mg/kg for 6 days reduced the lung mycobacterial burden by at least 1.5 logio relative light units
(RLU), compared to the untreated control group. The possible inhibition of DHFR by 75 was inferred
from molecular docking studies and a demonstration of partial synergism with sulfamethoxazole, a

known inhibitor of another enzyme in the folate biosynthesis pathway, dihydropteroate synthase.?®

4.2.5 Shikimate Dehydrogenase

Shikimate dehydrogenase (SD) is the middle enzyme in the seven-step shikimate pathway
leading to chorismic acid, an essential biochemical intermediate used to produce many key aromatic
molecules in Mtb (e.g., tyrosine, tryptophan, and phenylalanine).?*? This enzyme converts 3-
dehydroshikimate into shikimate by transferring a hydride ion from NADPH. All enzymes in the
shikimate pathway are vital to Mtb survival, making them appealing targets for TB drug discovery.

In 2018, Deng et al. reported additional assessments of IMB-SD62 (77) (Figure 10),2%2 a novel
Mtb SD inhibitor, selected from a set of triazolothiadiazoles that the team had prepared earlier (based
on the target-based HTS hit 76; Figure 10).2* Compound 77 exhibited an MIC value of 4.8 pM
against Mtb H37Rv and an 1Cso value of 29 uM against Mtbh SD; it also showed low cytotoxicity
toward HepG2 cells (CCso 50 uM). Moreover, in a BALB/c mouse model of acute Mtb infection, oral
dosing of 77 at 50 mg/kg for 15 days reduced the lung bacterial load by 1.7 logio CFU, relative to the
untreated control group.?®® Nevertheless, further lead profiling studies exposed several deficiencies
in 77. The compound inhibited CYPs 1A2, 2C9 and 2C19 (ICsos 0.56-5.9 uM) and was rapidly

metabolised by liver microsomes (t12 1.1, 12 and 17 min in human, mouse, and rat), where the major
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metabolites were identified as products from oxidation and dealkylation reactions. A rat PK study
also revealed a short half-life (1.1 h) and low oral bioavailability (14%), while the solubility of 77

was described as “limited”. Hence, this molecule may need additional refinement as a drug candidate.

4.2.6 PknD and PknG

Another promising approach in this area is the inhibition of Ser/Thr protein kinases (STPKS),
phosphorylating enzymes involved in regulating numerous cellular functions.?® There are 11 SPTKSs
in Mtb, of which three (protein kinases A, B and G) are necessary for survival. Protein kinase D
(PknD) has been shown to mediate signalling in response to osmotic stress, leading to adaptive
modifications in cell wall structure and virulence factor synthesis.?*® In contrast, protein kinase G
(PknG) regulates glutamate metabolism in response to signals for amino acid availability.?’

The diaminopyrimidine derivative NU-6027 (78) (Figure 10) was reported by Kidwai et al.
(2019) as a dual inhibitor of Mtb PknD and PknG.?*® This molecule (78), a known CDK1/2, DNA-
PK and ATR kinase inhibitor, was the most useful new hit obtained from screening a set of 1,280
pharmacologically active compounds against M. bovis. It showed an MICgg value of 1.6 UM against
M. bovis BCG and was not cytotoxic toward THP-1 macrophages at 25 pM. A brief SAR assessment
confirmed that the nitroso group was essential for the antibacterial activity. In autophosphorylation
assays against all but one of the Mtb SPTKSs, 78 inhibited the activities of PknD and PknG only, and
this was rationalised using docking studies. Furthermore, treatment of M. bovis-infected macrophages
with 78 not only inhibited bacterial growth, but it also increased apoptosis levels in the host cells,
reducing bacterial survival. An in vivo PK assessment in BALB/c mice determined that 78 had a short
half-life (~1 h) and provided modest oral exposure. Nevertheless, in a chronic infection model using
BALB/c mice infected with Mtb H37Rv, oral dosing of 78 at 100 mg/kg for 4 weeks decreased the
lung bacterial burden by 0.9 logio CFU, relative to the control group. These data affirm that targeting

Mtb STPKSs and enhancing host cell apoptosis can be valuable approaches for anti-TB drug discovery.
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4.3 Compounds Targeting Energy Generation and ATP Synthesis

Unquestionably, the FDA approval of ATP synthase inhibitor BDQ (2012) has stimulated more
intense interest in energy generation and ATP synthesis as a fruitful target area for anti-TB drug
discovery.?®-242 Oxidative phosphorylation is at the heart of this and is essential for Mtb survival and
growth.?* In the “OxPhos” pathway, electrons are typically transferred from the oxidation of organic
substrates, through a series of protein complexes, to oxygen (the “electron transport chain”), and
protons are transported across the inner membrane. This creates a “proton motive force” (PMF) or
transmembrane electrochemical potential (comprising an electrical potential gradient and a proton
gradient). The PMF provides the proton flow that drives ATP synthase to phosphorylate ADP,
producing ATP.2424 In Mtb, the protein complexes include complex | (NADH dehydrogenase),
complex Il (succinate dehydrogenase) and supercomplex Il121V2 (complex I, cytochrome bcc;
complex 1V, aas-type cytochrome ¢ oxidase) (Figure 11).2** A cryo-electron microscopy structure of
the supercomplex I1121V2 from M. smegmatis has furnished new insight into its dimeric architecture
and the design of its 20 subunits.?*® Here, cytochrome bcc (complex 111) transfers electrons derived
from menaquinol oxidation to the aas-type cytochrome c oxidase (complex IV) for reduction of
oxygen.241245 A |ess efficient enzyme, cytochrome bd oxidase, can perform the same role and a long-

awaited cryo-electron microscopy structure of the Mth enzyme has just been published.246:247

Complex| Complex 11 Supercomplex|l1,1V, Cytochrome bd ATP synthase

3 Periplasm
g ro0 o
3 Inner
g membrane
2 oo (——
8

_|_ _|_ _|_ Cytoplasm

Q203 Pyrazinamide BDQ

$Q109



1181

1182

1183

1184

1185

1186

1187

1188

1189

1190

1191

1192

1193

1194

1195

1196

1197

1198

1199

1200

1201

1202

1203

1204

1205

1206

54 of 135

Figure 11. Schematic representation of the oxidative phosphorylation pathway of Mtb, based on
the description given by several authors?*:2*® and modified from Bahuguna et al.?*® (reproduced with

permission. Copyright © 2021, John Wiley and Sons).

4.3.1 QcrB
The QcrB subunit of cytochrome bcc (complex 111) has been reported as the target of several small
molecules with favourable anti-TB activity, including the drug candidate Q203 (7) in phase I clinical
trials.%2:94:241.242.248 The morpholino-thiophene amide 80 (Figure 12), derived from an Eli Lilly HTS
hit (79) (Figure 12), was revealed by Cleghorn et al. (2018) to be a potent cytochrome bcc inhibitor
at QcrB.?*° Compound 80 displayed an MICgo value of 0.24 pM against Mtb H37Rv and modest
cytotoxicity toward VERO cells (CCso 39 uM). While this molecule had minimal aqueous solubility
(2.4 uM), it demonstrated high permeability and acceptable oral exposure in mice, with an oral
bioavailability of 18%. Metabolism studies found that oxidation of the morpholine ring was the main
issue contributing to a short half-life in rats (0.5 h). In a 9-day rapid acute Mtb infection assay®’
(using C57BL/6 mice), oral dosing of 80 at 100 mg/kg for 4 days (starting 5 days post-infection)
reduced the lung bacterial load by 0.8 logio CFU, relative to the untreated control group.?*

The unsaturated piperazine amide derivative AX-35 (81) (Figure 12), one of the open-source
screening hits'® obtained from the GSK library, was also found to inhibit QcrB, but with a distinct
binding mode.?° This compound exhibited an MICq value of 0.14 pM against Mtb H37Rv, with low
cytotoxicity toward HepG2 cells (CCso 140 uM), although it was rapidly metabolised by mouse liver
microsomes. That led to weak efficacy in an acute Mtb infection BALB/c mouse model, where oral
dosing of 81 at 200 mg/kg for 10 days decreased lung bacterial load by only 0.4 logio CFU, compared
to the untreated control group. Replacement of the thiophene ring in 81 by thiazole (82) (Figure 12)
was acceptable in vitro (MICg 0.84 UM against Mtb H37Rv; HepG2 CCso 210 uM) and resulted in
better in vivo activity in the acute model, with oral dosing of 82 at 100 mg/kg for 10 days reducing

the lung bacterial burden by 0.9 logio CFU, relative to the control group. However, 82 was inactive
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in the chronic TB infection model, possibly due to reduced target expression. The lack of bactericidal
activity for these and other QcrB inhibitors is attributed to the presence of cytochrome bd oxidase,

which is upregulated when cytochrome bcc is inactivated and during low oxygen conditions.1>247
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Figure 12. Morpholino-thiophene 80, piperazine amides 81 and 82, pyrazolo[1,5-a]pyridines 83

and 84, and imidazo[2,1-b]thiazole 85 as QcrB inhibitors.

In 2019, Lu et al. published additional assessments of the QcrB inhibitor TB47 (83) (Figure 12),
a Q203 mimic designed by scaffold hopping that was disclosed by these investigators in 2015.2%1:252
Pyrazolo[1,5-a]pyridine 83 was non-cytotoxic (CCso >100 UM on Vero and HepG2 cells) and
displayed high potency, equal to that of Q203 (7), against Mtb H37Rv (MICg 0.011 uM).??
Remarkably, the Caco-2 permeability of 83 was negligible and it was 100% bound to human plasma
proteins, yet it still demonstrated an excellent rat PK profile, with a half-life of 19 h and an oral

bioavailability of 94%. This lead showed no early toxicity liabilities (hnERG ICso >30 uM and 1Csgs
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>20 UM for a panel of 7 CYPs) and provided an MTD of >2 g/kg in rats. Furthermore, 83 was
efficacious in a BALB/c mouse model of acute Mtb infection; oral administration for 4 weeks (starting
one day after infection) gave lung bacterial burden reductions ranging from 2.2 logio CFU at 3.1
mg/kg up to 3.9 logio CFU at 200 mg/kg (relative to the vehicle control group). Synergistic effects
were also seen in the same model when 83 (25 mg/kg) was combined with RIF (10 mg/kg) or PZA
(150 mg/kg). However, 83 appeared to be somewhat less active than 7 in the chronic Mtb infection
BALB/c mouse model after dosing at 50 mg/kg for 8 weeks (0.3 and 0.6 logio CFU reductions in lung
bacterial load, respectively, relative to the vehicle control). More recent acute infection mouse studies
have focused on the benefits of combining 83 with CFZ in various treatment regimen for MDR-
TB.232% |jke 7, 83 also exhibited outstanding in vivo efficacy against M. ulcerans (the causative
agent for Buruli ulcer).?> A cryo-electron microscopy structure of Mtb cytochrome bec bound to 83
confirmed that the inhibitor occupies the same menaquinol-binding Qe site pocket in QcrB as 7.2%°
This promising lead candidate is currently completing preclinical safety studies.?®

During their search for a backup candidate to 83,2 the same investigators developed the
heterobiaryl side chain analogue 84 (Figure 12).2" Compound 84 demonstrated improved potency
(an MICy value of <0.0044 uM against Mtb H37Rv) and was not cytotoxic to Vero cells (CCso >110
HM). It also displayed a suitable half-life (5.1 h) and respectable oral bioavailability (41%) in rats;
hence, it was further evaluated against autoluminescent Mtb H37Ra in an acute infection BALB/c
mouse model. Oral dosing of 84 at 50 mg/kg for 5 days (starting one day post-infection) led to a 1.0
logio RLU decrease in the lungs (relative to solvent control), suggesting some potential as a new lead.

Recently, Moraski et al. reported further profiling of the imidazo[2,1-b]thiazole derivative ND-
11543 (85) (Figure 12), a QcrB inhibitor that the team had unveiled in 2016 as part of a scaffold
hopping SAR study.?#2% |_ead 85 exhibited MIC values of 0.008 pM and 1.1 uM against replicating
Mtb (strain H37Rv) and non-replicating Mtb (LORA assay), respectively. It was also non-cytotoxic
toward Vero cells (CCsp >100 uM) and did not inhibit the major CYPs (ICso >10 uM). Being less

lipophilic than Q203 (7) (ClogP values 5.4 vs 7.6), it was interesting to note that 85 had reasonable
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solubility (50 uM) and moderate stability toward human liver microsomes (ti2 28 min), but low Caco-
2 permeability (<1 x 10® cm/s) and 100% binding to human plasma proteins. In BALB/c mice, oral
dosing of 85 at 200 mg/kg led to slow absorption and a long half-life (tz> >24 h); moreover, drug
exposure was more than 3-fold higher in the presence of the pan CYP inhibitor 1-aminobenzotriazole
(ABT), suggesting a metabolism issue. Unfortunately, poor efficacy was seen for 85 in the chronic
Mtb infection BALB/c mouse model after 30 days of oral dosing at 200 mg/kg (an insignificant 0.3
logio CFU reduction in lung bacterial burden, relative to the untreated control). When ABT (100
mg/kg) was added, some efficacy was seen for 85 at 200 mg/kg (0.6 logio CFU reduction) but little
at 100 mg/kg (0.3 logio CFU reduction). However, given the modest efficacies of Q203 (7) and 83 in
this model and the use of an appreciably different side chain (potentially less effective in vivo), the
future utility of this new scaffold remains unclear. Ideally, the optimised Q203 side chain would be
employed for a head-to-head assessment of all three scaffolds in the acute infection model.

From 76 analogues of the GSK HTS hit 86! (Figure 13), Lupien et al. found lead quinazoline
87 (Figure 13). This class targets both QcrB and QcrA, based on the sequencing of resistant Mtb
mutants (albeit the menaquinol-binding Qe site was implicated in all cases).?®® Compound 87 showed
an MICgg value of 0.20 uM against Mtb H37Rv and negligible cytotoxicity toward HepG2 cells (CCso
153 uM) but its human microsomal stability was only moderate. When 87 was tested in an acute Mth
infection BALB/cByJ mouse model, dosing orally at 150 mg/kg for 10 days (starting one day post-
infection), it gave a 0.5 logio CFU reduction in lung bacterial load, compared to the solvent control.

Further optimisation may be needed to improve metabolic stability and better contact both target sites.

4.3.2 ATP Synthase

Following on from the clinical success of BDQ, the commencement of phase I clinical trials for
two analogues [TBAJ-876 (16) and TBAJ-587 (17)] having higher potencies, reduced lipophilicities,
and lower cardiotoxicity risk (Section 3) represents a notable advance.®>*? Furthermore, in 2017, a

team from AstraZeneca (in collaboration with the TB Alliance) disclosed squaramide 89 (Figure 13)
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as a novel ATP synthase inhibitor.?6! This lead was developed from the hit 88 (Figure 13), which
was identified through HTS of AstraZeneca’s 900K compound library for inhibition of mycobacterial
ATP synthesis. Compound 89 was highly potent at inhibiting ATP synthesis in membrane vesicles
from M. smegmatis (ICso 0.03 uM) and had an Sl value of 782 over ATP synthesis inhibition in
bovine mitochondria. It was not cytotoxic toward A549 cells (CCsp >100 uM) and did not cause
membrane damage in M. bovis BCG cells (ICso >100 uM). Lead 89 also exhibited an MICgo value of
0.5 UM against Mtb H37Rv and retained sensitivity toward two BDQ-resistant strains, suggesting
differences in its binding mode compared to that of BDQ. Sequencing of Mtb mutants resistant to 89
indicated that sites on two subunits (a and c) of ATP synthase were involved in inhibitor binding.
Mouse PK studies of 89 in the presence of pan CYP inhibitor ABT (both at 100 mg/kg) demonstrated
oral exposure above the MIC for more than 15 h; therefore, this lead was assessed in an acute Mtb
infection BALB/c mouse model. Here, oral dosing of 89 (200 mg/kg, with ABT at 100 mg/kg) for 2
weeks provided a >2.0 logio CFU reduction in lung bacterial burden, compared to the untreated
control group. These findings suggest some potential for this class if the PK issues can be overcome.

These AstraZeneca researchers had earlier discovered pyrazolopyrimidine 91 (Figure 13) by
scaffold morphing and optimisation of a non-selective hit from the same HTS, 90 (Figure 13).%%
Compound 91 selectively inhibited ATP synthesis in M. smegmatis-derived membrane vesicles (ICso
0.5 uM; 20-fold better than the value for inhibiting ATP synthesis in bovine mitochondria), reduced
ATP levels, and did not induce membrane damage in M. bovis BCG cells (ICso >100 puM). It also
displayed moderate potencies against Mtb H37Rv and two BDQ-resistant strains (MICgo 6.2 and 6.3-
12.5 pM, respectively) and was bactericidal under both standard and low oxygen conditions. In the
BALB/c mouse model of acute Mtb infection, 91 showed good oral exposure, and 2 weeks of oral
dosing at 100 mg/kg gave a~1.5 logio CFU smaller lung bacterial load than the vehicle control group.

But while docking results supported ATP synthase as the target of 91, this still requires further study.
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Figure 13. Quinazoline 87 as a QcrA/B inhibitor, squaramide 89 and pyrazolopyrimidine 91 as

ATP synthase inhibitors, and oxazolidinone derivatives 92 and 93 as protein synthesis inhibitors.

4.4 Compounds Targeting Protein Synthesis

Protein synthesis is essential for survival and replication of biological life and is responsible for
approximately 50% of the total energy used in growing bacteria.?®® The final stage in protein
synthesis, RNA translation, occurs on the bacterial 70S ribosome. The latter is comprised of two
subunits (30S and 50S) and a bridging interface area that hosts a trio of binding sites for tRNA (A, P
and E).%?> Organism-specific differences within the translational machinery can enable the
development of new drugs with high selectivity for the Mtb target, e.g., the LeuRS inhibitor GSK656

(9), in phase 11 clinical trials.%223
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Several structural studies have identified that oxazolidinone derivatives bind to the A-site of the
bacterial ribosome.8” Nevertheless, LZD concomitantly inhibits mitochondrial protein synthesis,
leading to toxic side effects; these are exacerbated by longer treatment times (>1-2 months) and
contribute to its more restricted clinical application against severe (MDR) infections only 879264 For
example, in the recent Nix-TB trial against MDR/XDR-TB [combining LZD with BDQ (1) and
pretomanid (3)], 81% of patients experienced LZD-related myelosuppression (e.g., anaemia and
thrombocytopenia) and 48% had LZD-related peripheral neuropathy (2% with optic neuritis).
Therefore, most Nix-TB study participants had to switch to a lower dose of LZD or temporarily cease
taking it.>® However, the new ZeNix trial (evaluating lower dosages or shorter treatment duration
with LZD) has shown that such toxicities can be reduced without compromising the superb efficacy
of this regimen against MDR/XDR-TB.? In the past two decades, numerous oxazolidinone
derivatives have been studied, and three candidates with better safety are now in clinical trials for TB
[delpazolid (5), sutezolid (6), and TBI-223 (15); see Section 3].87:88:266

In 2020, Zhao et al. reported the development of a conformationally restricted derivative of
sutezolid (6) that had been advanced to preclinical testing.?®” This new drug candidate, named OTB-
658 (92) (Figure 13), was inspired by some reported antibacterial agents that possessed the same
fused tricyclic scaffold and had favourable activity and PK profiles. Compound 92 showed improved
potency against Mtb H37Rv (an MICg of 0.08 uM cf. 0.28 uM for 6 and 1.3 uM for LZD) and was
non-cytotoxic (CCso >168 uM for Vero and HepG2 cells). A trans configuration (3S,3aS) in the
benzoxazinyl-oxazolidinone core (confirmed by an X-ray structure) was crucial for its activity.
Crucially, 92 demonstrated much weaker inhibition of mitochondrial protein synthesis than sutezolid
(6) and LZD (ICsop >100 uM cf. 8.2 and 8.0 uM, respectively) and a decreased inhibition of
monoamine oxidases A and B (ICsos >45 and 3.2 puM, respectively, cf. 13 and 0.7 uM for 6).
Furthermore, this lead exhibited high membrane permeability, suitable microsomal stability, low
hERG risk (ICso >30 uM) and minimal CYP inhibition (ICsos >45 uM for a panel of five isoforms).

Additionally, 92 displayed a favourable mouse PK profile (a prolonged oral half-life of 15 h and 56%
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oral bioavailability), although significant oxidation to the less active sulfoxide derivative was
apparent. In the acute Mtb infection BALB/c mouse model, oral dosing of 92 at 100 mg/kg for 3
weeks remarkably reduced the lung bacterial burden by 5.1 logio CFU, in comparison to the untreated
group, whereas LZD (100 mg/kg) achieved a lesser reduction of 3.0 logio CFU. Moreover, the in vivo
efficacy of 92 also surpassed that of sutezolid (6) in this model. These findings prompted further
assessment of 92 and LZD in a chronic Mth infection experiment using BALB/c mice.?®® After 8
weeks of treatment, 92 (at 25 mg/kg) was superior to LZD (50 mg/kg), while dosing of 92 at 50 mg/kg
led to a lung bacterial burden reduction of >3.0 logio CFU, relative to the solvent control. Finally, 92
exhibited a low frequency of generating resistant mutants (9 x 10 to 3 x 10®)2%8 and in a four-week
rat toxicity study showed a decreased risk of myelosuppression, compared to LZD.?%’ This impressive
candidate currently appears poised to commence phase I clinical trials for MDR-TB in China.?®
Another antibacterial oxazolidinone-based clinical candidate, contezolid (MRX-I, 93) (Figure
13), was evaluated by Shoen et al. for utility against Mth.?%® This drug has recently been approved in
China to treat problematic soft tissue and skin infections.?’ It has better safety than LZD, due to its
weaker tendency to induce myelosuppression or inhibit monoamine oxidases A and B.2"%2"1 In this
current study, 93 and LZD were found to be similarly active against Mtb H37Rv (MICs 1.2 and 1.5
UM, respectively) and a panel of clinical isolates.?®® An earlier report had also revealed that 93
exhibited an acceptable mouse PK profile, with a half-life of 1 h and an oral bioavailability of 69%.%"
Therefore, this molecule was further assessed, alongside LZD, in a BALB/c mouse model of acute
Mtb (Erdman) infection.?® In this experiment, head-to-head oral dosing of 93 and LZD at 100 mg/kg
for 4 weeks achieved statistically equivalent lung bacterial load reductions of 2.3 and 2.4 logio CFU,
respectively, relative to the untreated group. Furthermore, once-daily dosing of 93 at 100 mg/kg was
much more effective than twice-daily dosing at 50 mg/kg. Collectively, the outcomes shown by
compounds 92 and 93 are very encouraging, given the importance of developing a safer

oxazolidinone-based drug as an alternative to LZD for the treatment of MDR- and XDR-TB.
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Fernandes et al. (2017) reported a new generation of heterocyclic N-oxide derivatives, including
benzofuroxans, furoxans, and quinoxaline 1,4-di-N-oxides, as potent anti-TB agents.?’? The lead
compound, benzofuroxan BZ8 (94) (Figure 14) provided MICgyo values of 1.1 uM and 6.6 1M against
replicating and nonreplicating Mtb H37Rv, respectively. It was also active against a panel of
monoresistant strains of Mtb and did not show cytotoxicity toward MRC-5 cells (CCso 519 pM).
Time-kill kinetic experiments further revealed that 94 was bactericidal, sterilizing Mtb cultures after
treatment for 48 h. This molecule exhibited moderate human plasma protein binding (54%), adequate
permeability, and minimal CYP inhibition (ICses >15 pM against four isoforms). Notably, in the
acute infection BALB/c mouse model (against Mtb Erdman), oral dosing of 94 at 200 mg/kg for 3
weeks reduced the lung bacterial burden to undetectable levels, a >6.0 logio CFU decrease, compared
to the solvent control. Transcriptional profiling studies pinpointed an upregulation in most ribosomal
genes (and all ATP synthase-coding genes), leading the authors to suggest that 94 blocks the initiation

step of protein synthesis. However, the exact target and mode of action have yet to be determined.
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Figure 14. Benzofuroxan 94, furoxans 97 and 98, carbamate 99, nitrofuran 100, and

nitrophenanthroline 102 with in vivo anti-TB activity.

Despite the impressive sterilizing activity of 94, some concerns remained about its cytotoxicity
to Hep G2 cells (CCso 16 uM) and its chemical stability, due to the N-acylhydrazone moiety. Hence,
these authors have recently developed novel analogues, e.g., 95 and 96 (Figure 14) with amide-linked
aminoaryl side chains, which are more effective than 94 against MDR strains of Mtb (MICgos <0.27-

2.2 uM).2” In vivo efficacy studies are underway and the results will be published in due course.

4.5 Compounds with Miscellaneous or Unknown Targets

While phenotypic drug discovery approaches have successfully delivered many novel agents to
treat TB and other infectious diseases, elucidating the molecular targets and mechanisms of action of
these compounds can often be labour-intensive and challenging.?’*2"™ For example, the generation of
spontaneous drug-resistant mutants may be difficult or even impossible.®®2"> However, knowing the
targets of promising screening hits can also assist with prioritization decisions, accelerate the lead
optimisation process, and help to establish whether leads possess appropriate selectivity and safety.

Prior to their work on 94 (described above), Fernandes et al. designed and evaluated a new class
of hybrid furoxan analogues as nitric oxide donors.2’® Compounds 97 and 98 (Figure 14) displayed
MICgo values of 1.6 and 1.0 uM against Mtb H37Rv and modest cytotoxicity toward MRC-5 cells
(CCso values of 30 and 43 uM). Nitric oxide release was confirmed through the detection of nitrite in
the MIC assay medium and was evidently critical for the anti-TB activity, as the latter could be
abolished by adding a nitric oxide scavenger (giving MICgos >62 UM). Subsequent studies reported
in 2020 found that 97 and 98 were also active against nonreplicating Mth (MICgos 6.7 and 9.8 uM,
respectively) and various monoresistant and MDR strains.?’” Both compounds were not mutagenic

(Ames test) and did not induce toxicity in mice. When BALB/c mice infected with Mtb Erdman (acute
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model) were orally dosed with either compound at 200 mg/kg for 3 weeks, no bacteria could be
detected in the lungs (as seen for 94, a >6.0 logio CFU decrease, compared to the solvent control).
Nevertheless, chemical stability might be a concern for these compounds because they also possess
the N-acylhydrazone moiety. In fact, all three compounds (94, 97 and 98) were orally administered
to mice using a nanostructured lipid-based formulation that afforded better solubility and stability.

Carbamate 99 (Figure 14) was published in 2019 as part of an SAR study.?”® This molecule
showed an MICgo value of 1.8 uM against autoluminescent Mtb H37Ra but had weaker activity
against Mtb H37Rv and MDR strains (MICs 11-23 uM) and low cytotoxicity against A549 cells (CCso
64 uM). Unfortunately, 99 was rapidly metabolised in mouse liver microsomes, with a 1.8 min half-
life indicating faster clearance than their original amide congeners, which had shown no in vivo
activity. Nevertheless, the authors elected to perform a brief efficacy study in the acute infection
model, using BALB/c mice infected with autoluminescent Mtb H37Ra. Surprisingly, dosing 99 orally
at 100 mg/kg for 6 days (starting one day post-infection) achieved a respectable reduction of the
bacterial burden in mouse lungs of 1.3 logio RLU, relative to the untreated control group.

From a newly synthesized series of reductively activated??® nitrofuranylamides conjugated to
alkylimidazoles, Krasavin et al. reported the novel anti-TB lead 100 (Figure 14).2”° Compound 100
exhibited MIC values of 5.0 uM and 2.5-9.7 uM against Mtb H37Rv and three MDR-TB isolates,
respectively. It also displayed low toxicity following 14 days of oral dosing in C57BL6 mice (MTD
700 mg/kg). Comparative assessment of 100 and EMB in an acute Mtb infection C57BL6 mouse
model found that oral dosing of both compounds at 20 mg/kg for 42 days gave equivalent, albeit
modest efficacy (a ~0.5 logio CFU decrease in lung bacterial burden, relative to the untreated control).

Phenotypic screening against M. bovis BCG rediscovered nitrophenanthroline 101 (Figure 14)
as a useful hit (M1Cog 0.78 UM vs Mtb H37Rv; CCs >25 uM vs THP-1 macrophages).?®® Mechanistic
studies suggested that it may be activated by an Faxo-dependent nitroreductase different to the one
employed by drugs 2 and 3 to release nitrous acid. Mycolic acid biosynthesis was also inhibited, and

there was an induction of autophagy in host macrophages that augmented Mtb killing. Interestingly,
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metal chelation was not involved in the activity. An SAR study identified methyl derivative 102
(Figure 14) as the best lead, having an MICgg value of 0.20 uM against Mtb H37Rv. This lead was
further tested in a BALB/c mouse model of chronic Mtb infection, where oral dosing at 100 mg/kg
for 4 weeks reduced the bacterial load in lungs by ~1.0 logio CFU, compared to the untreated control.

Jin et al. (2020) reported thienothiazole amide derivative 104 (Figure 15) as an exciting new
anti-TB lead, which they obtained by optimising the HTS hit 103 (Figure 15).281 Compound 104
displayed good activity against Mtb H37Rv expressing green fluorescent protein (GFP), both in broth
and in macrophages (MICso values 0.76 and 0.19 uM, respectively), and against a panel of MDR
clinical isolates (MICs 2-4 uM). It also showed no cytotoxicity toward HepG2 cells (CCsp >50 uM)
and modest inhibition of hERG (ICsp 28 uM) and CYPs 3A4, 2D6 and 2C9 (ICses ~7 uM). Lead 104
further exhibited high binding to human plasma proteins (99.8%) and better solubility at pH 2.1 than
at pH 7.4 (90 vs 1.6 uM). Importantly, this molecule demonstrated an excellent mouse PK profile,
with an oral half-life of 2.3 h, an oral bioavailability of 100%, and substantial accumulation in lung
tissue over plasma (4.8:1). An in vivo efficacy study was conducted using the chronic Mtb infection
model in BALB/c mice. Remarkably, oral dosing of 104 at 50 and 100 mg/kg for 4 weeks led to
reductions in lung mycobacterial load of >2.0 and >4.5 logio CFU, respectively, relative to the vehicle

control. Based on these findings, 104 is now being evaluated as a possible future clinical candidate.
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Figure 15. Thienothiazole 104, quinoline 105, benzoxazole 106, and isoxazole 108 with in vivo

anti-TB activity.

More recently, Kaur et al. disclosed further assessments of the preclinical lead FNDR-20081
(105) (Figure 15), a quinoline derivative selected from their combinatorial synthesis-based SAR
study.?82283 This lead exhibited an MIC value of 1.0 uM against Mth H37Rv but was not active against
a panel of Gram-positive and Gram-negative bacteria (MICs >65 uM). Compound 105 had no toxic
effects on HepG2 cells (CCso >130 uM), did not inhibit CYP3A4 (ICso >25 uM), and was moderately
stable toward human but not mouse liver microsomes (40% and 1.2% parent remained after 1 h).
However, a mouse PK study of 105 demonstrated adequate oral absorption and a half-life of 63
min, 3 justifying further in vivo assessment in a chronic Mth infection BALB/c mouse experiment.
Here, oral dosing of 105 at 100 mg/kg for 4 weeks led to a modest 0.6 logio CFU decrease in lung
bacterial burden, compared to the vehicle control.?82 Mode of action studies revealed that 105 did not
target DprE1 and was unlikely to inhibit cell wall biosynthesis; resistant Mtb mutants instead mapped
to a regulator of the efflux transporter MmpL5 (Rv0678) and a metallophosphoesterase (Rv3683).

Using a new strategy aimed at disrupting Mtb response to high chloride concentration (low pH),
Lavin et al. identified the piperazinyl-benzoxazole 106 (Figure 15) as an in vivo active hit from a
reporter-based library screen.?* Compound 106 prevented Mtb growth in mouse macrophages (54%
at 20 uM) and cholesterol media but not in standard media. It displayed no cytotoxicity to Vero cells
(CCso >141 pM) and minimal CYP inhibition (ICsos >10 uM against five isoforms) but it did block
hERG (ICso 1.2 uM). This molecule also showed good aqueous solubility (76 uM), reasonable
stability toward mouse liver microsomes (ti2 49 min), and acceptable mouse plasma protein binding
(97%). Furthermore, after oral administration to CD-1 mice, 106 exhibited high plasma exposure and
an almost equivalent distribution into lung tissue, motivating an assessment of its in vivo efficacy.
Two weeks of oral dosing with 106 at 250 mg/kg in an acute Mtb infection C3HeB/FeJ mouse model

reduced the lung bacterial load by 0.9 logio CFU, relative to the vehicle control. The compound was
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slightly less effective in a chronic Mtb infection C3HeB/FeJ mouse experiment (using the same dose
and schedule), giving a 0.7 logio CFU decrease in lung burden, compared to the untreated control.
Nevertheless, these data still provide an encouraging proof of concept for this drug discovery ploy.
Finally, another novel approach to tackle TB is to target secreted virulence factors that promote
Mtb survival by undermining the host immune response in macrophages. In 2018, Vickers et al.
reported isoxazole 108 (Figure 15) as an inhibitor of one such factor, Mth protein tyrosine
phosphatase B (MptpB), which dephosphorylates several critical host signalling molecules.?®® This
lead resulted from structure-guided optimisation of a human phosphatase inhibitor hit, 107 (Figure
15). Isoxazole 108 displayed an ICso of 3.0 uM against MptpB and did not inhibit two human
counterparts, hPTP1B and hVHR (ICsos >100 uM). This compound was non-cytotoxic to J774 cells
(CCs0>500 uM) and selectively decreased Mtb survival inside human THP1 macrophages (dosing at
20 or 100 uM). Furthermore, lead 108 had suitable solubility (200 uM), high permeability, and a first-
rate PK profile in guinea pigs (e.g., a half-life of 5.1 h and an oral bioavailability of 100%). In an
acute Mtb infection guinea pig model, oral dosing of 108 at 100 mg/kg for 4 weeks (starting one day
after infection) provided a bacterial burden reduction in the lungs of 0.9 logio CFU, relative to the
vehicle control. Similar dosing of 108 at 100 mg/kg for 4 weeks in a chronic Mtb infection guinea pig
model also produced a lower lung bacterial load (by 1.0 logio CFU, relative to the vehicle control).

These results show that inhibition of MptpB can be a fruitful new strategy for TB therapy.

5. DISCUSSION AND PERSPECTIVE

The spread of COVID-19 has heavily impacted the diagnosis, reporting and treatment of TB in
many high burden countries, and this is predicted to lead to a surge in DS-TB and MDR-TB
cases.’%%¢ To end the TB pandemic, the WHO has highlighted an urgent need to intensify research
to identify and develop new drugs and drug regimens that can lead to treatment shortening.”

However, based on recent clinical success rates for anti-infectives, less than one in six new chemical
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entities will make it through from phase I trials to final marketing approval (although this increases
to about one in four entities from phase 11).28” Given some redundancies in Mtb targets amongst new
agents in the current global pipeline and the approved TB drugs, this suggests the requirement to
bring at least 20 novel candidates to clinical assessment as soon as possible. These new candidates
would ideally be bactericidal against both replicating and nonreplicating Mtb, potent against MDR-
and XDR-TB, display sterilizing effects, have novel targets or mechanisms, be orally active with a
suitable PK profile, able to be co-dosed with other TB or anti-HIV drugs, and show good safety.*>28
Low cost and specificity for Mtb (to avoid microbiome imbalances) are also desirable attributes.
During the past six years, at least 62 new lead compounds have been reported that demonstrate
significant in vivo efficacy (at least a 0.5 logio CFU reduction in lung mycobacterial burden, relative
to the untreated control) in an animal model of TB, mostly following oral administration. This testing
mainly employed the Mtb H37Rv strain; rarely were compounds evaluated against drug-resistant
strains. In more than 70% of examples, BALB/c mice were utilized (C57BL/6 mice were the primary
alternative), typically for an acute infection model in which Mtb are rapidly multiplying. Exact
protocols varied considerably, for example, between the 9-day rapid acute assay®’ (where mice were
Mtb-infected by intratracheal delivery and dosing began one day post-infection), low dose aerosol
models (commencing within a few days or up to 10 days post-infection), and high dose aerosol models
(beginning after two weeks of infection).?8° Efficacy rankings for compounds in the rapid acute assay
were reportedly consistent with the results from other early-phase in vivo experiments.’®” However,
a histopathological analysis of the BALB/c mouse high dose aerosol method showed the presence of
small inflammatory foci at the start of treatment, suggesting the prospect of more efficacy differences
in this assay.'®° Varied PK and efficacy outcomes also resulted from changes to the oral formulation.
The acute model is viewed as an excellent initial screen to test for bactericidal activity in vivo
but it does not predict effectiveness against the slowly growing or nonreplicating Mtb that are
characteristic of established disease (chronic infection model).?% However, only 22 compounds were

assessed in the latter model, which is better at distinguishing sterilizing efficacy. Also, there were just
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four instances of lead assessment in Mtb-infected C3HeB/FeJ mice or guinea pigs, in which the lung
pathology features necrotic granulomas, a hallmark of TB in humans (together with cavitary lesions
and fibrosis).1%%28 This is crucial because highly protein-bound lipophilic molecules, especially those
with low solubility and more aromatic rings, typically bind strongly and do not diffuse well through
caseum (the core necrotic material) to reach numerous persistent drug-tolerant mycobacteria.?%%2%
Therefore, the efficacy of such compounds may be overestimated in models like BALB/c that fail to
develop necrotic lesions.?® Killing these caseum-resident persistent bacteria is also thought to be the
key to achieving more rapid cures.?* Nevertheless, the C3HeB/FeJ mouse model is more challenging
to work with because three different categories of lesion develop, including the cellular, inflammatory
kind seen in BALB/c mice and the caseous necrotic type.2%? Efficacy studies of TB drugs in this model
often result in dichotomous CFU data that link to the presence (or not) of large necrotic granulomas
in individual mice, and this high variability reduces the statistical power to distinguish between
groups.?® In the past decade, the lesion-specific distribution of several TB drugs (including RIF, INH,
PZA, MOX, BDQ, and CFZ) has been quantified through MALDI-MS imaging.*"?%%2% To achieve
better drug diffusion, a new design metric was introduced (“calculated intrinsic property forecast
index”), in which caseum binding is proportional to ClogP plus the aromatic ring count.?%°

One question presented at the start of this review related to the number of new agents that were
likely to reach clinical trials. To address this, we have summarised the major physicochemical, PK,
and biological characteristics of the 39 most active lead candidates described in Section 4 (with logzo

CFU counts of >1.5 in the acute model or >1.0 in the chronic model) in Table 3.

Table 3. Summary of physicochemical, PK, and biological data for the 39 most efficacious new leads
(colour coding: green, compound identified as being in preclinical development; pale orange, data

outside the recommended lead criteria; darker orange, data of potential concern for a lead candidate).
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Cpd | MW |ClogP?| Ag. | MIC |CCsP| hERG | CYP® | PPBY |invivo|invivo| Logi CFU
Sol. | Mth | (UM)| ICs | ICso | (%) |twz(h)|F (%)f| Reduction
(HM) | (UM) M) | (M) | MH M (R)IM(R)|  (model)s
20 | 3434 | 152 | 152 | 16 | ND | >33 | >50 | ND/68 | 5.9 |(100) | 1.5 (Blc, Chr)
22 522.5 4.78 ND | <0.035 | 811" <10 ND ND 3.1 ND 3.2 (Blc, Ac)
23 572.5 5.27 ND | <0.028 | >112"| ND ND ND 6.7 42 >5.0 (B/c, Ac)
24 499.5 3.70 ND 0.028 | >128" 48 7.8 ND 4.9 |37 (46)| 1.8 (C3H, Chr)
25 433.4 1.74 <2.3 | 0.046 |>231"| ND >10 | 96/>99 | 25 (44) 3.4 (Blc, Ac)
26 455.5 5.49 <0.2 | <0.035 | >140 >30 >50 ND 7.3 13 5.4 (Blc, Ac)
29 467.6 2.20 160 0.6 50 ND ND ND 0.45 | 100 | 2.0(C57, Ac)
30 469.6 1.14 | >364 1.7 32 ND ND ND 1.0 79 2.0 (C57, Ac)
34 376.4 2.55 ND 0.089 | >100 >30 0.1 ND ND ND | >1.7 (B/c, Chr)
35 4155 2.17 ND 0.29 >154 23 ND ND 0.85 7.9 2.0 (Blc, Ac)
37 475.5 6.19 6.0 0.06 36 15,10 ND ND 3.2 |55,43| 4.2 (C57, Ac)
42 332.4 574 ND 0.012 | >192"| >30 ND 97/ND | ND |22,96| 3.6 (B/c, Ac)
44 340.5 577 199 0.15 20 16 ND ND/94 | 1.7 1.2 1.5 (C57, Ac)
45 407.5 5.61 152 0.3 32 6.3 ND ND/96 | ND ND 1.5 (C57, Ac)
47 419.5 0.71 413 0.2 >50 >50 25 ND 0.94 92 3.0 (C57, Chr)
49 441.2 3.46 ND 0.09 | >100 ND ND 99/88 3.5 53 | 1.5(C3H, Chr)
53 267.3 2.27 | >550 0.8 >100 >50 13 77/92 | 0.33 92 2.4 (C57, Chr)
54 285.3 2.01 175 0.2 170" >50 >50 63/77 ND ND | >2.0 (B/c, Chr)
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55 | 2533 | 247 | 396 | 1.2 |>100| >50 | >20 | ND | ND | ND | 2.0(B6, Ac)
57 | 3804 | 298 | 74 | 013 |>100|6.9,21| 42 | 73/72 | 1.0 | 28 | 1.9 (Blc, Chr)
58 | 4085 | 154 | ND | 0.65 | ND | >30 | ND | ND | ND | ND | 3.1(C57, Ac)
59 | 3654 | 411 | ND | 0011 | 11" | ND | ND | ND | 45 | 19 | 2.2 (Bl Ac)
62 | 4019 | 500 | 15 | 08 | 60 | ND | ND | ND | ND | ND | 4.0(C57, Ac)
63 | 2624 | 372 |>3812| 31 | >30 | >30 | >30 | ND | 67 | ND | >15(Blc, Ac)
64 | 3504 | -8.73 [>140000 7.1 | ND | ND | ND | ND [ 029 | ND | 5.3 (Bl Ac)
67 |3033| -295 | ND | 50 | ND | ND | ND | ND | 037 | ND | 1.7 (129, Ac)
73 | 2942 | -074 | ND | 1.7 |>218| ND | ND | ND | ND | ND | 1.7 (Blc, Ac)
75 |5021| 832 | ND| 50 | ND | ND | ND | ND | ND | ND | >15 (B/c, Ac)
77 | 4173 | 395 | ND | 48 | 50 | ND 0.6 ND | (1.1) | (14) | 1.7 (Blc, Ac)
83 | 5386 | 567 | ND | 0011 | >100 | >30 | >20 |ND/100| (19) | (94) | 3.9 (Blc, Ac)
91 | 4865| 674 | ND | 62 | ND| ND | ND | ND | ND | ND | ~15(Blc, Ac)
92 | 3814 | 075 | ND | 008 | >168| >30 48 ND | 15 | 56 |=>3.0(B/c, Chr)
93 | 4083 | 226 | ND | 1.2 | ND | ND | ND |ND/9 | 1.0 | 69 | 2.3 (Blc, Ac)
94 | 2832 | 068 | ND | 1.1 | 16 | ND 15 | ND/54 | ND | ND | >6.0 (Blc, Ac)
97 | 4654 | 105 | ND | 1.6 | 300 | ND | ND | ND | ND | ND | >6.0 (Blc, Ac)
98 | 4654 | 1.05 | ND | 1.0 | 43 | ND | ND | ND | ND | ND | >6.0 (Blc, Ac)
102 | 239.2 | 238 | ND | 020 | ND | ND | ND | ND | ND | ND |~1.0(B/c, Chr)
104 | 4836 | 454 | 1.6 | 076 | >50 | 28 6.9 [>99/>09| 2.3 | 100 |>4.5 (B/c, Chr)
108 | 3642 | 379 | 200 | ND |>5000| ND | ND | ND |[5.1]%|[100]%| 1.0 (G.P., Chr)¥
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2Calculated logP values from ChemDraw v19.1. "Cytotoxicity against HepG2 cells unless noted (ND
means not disclosed). “Most potent activity amongst the CYP450 isozymes tested. 9Percentage
binding to mouse (M) or human (H) plasma proteins. ®Half-life in mice (M) or rats (R). ‘Oral
bioavailability in mice (M) or rats (R). “Mouse strain employed (B/c: BALB/c; C3H: C3HeB/FeJ;
C57: C57BL/6; 129: 129sv) and whether acute or chronic Mtb infection. "Cytotoxicity against Vero

cells. 'Cytotoxicity against MRC-5 cells. JCytotoxicity against J774A.1 cells. “Data for guinea pigs.

According to the latest WGND pipeline update,” three highlighted compounds in Table 3, -
lactam antibiotic sanfetrinem (67), QcrB inhibitor TB47 (83), and sutezolid derivative OTB-658 (92),
as well as the quinoline FNDR-20081 (105), are in late-stage preclinical development and appear
likely to commence clinical studies soon. A fifth compound, new TrpAB inhibitor GSK839 (109)
(Figure 16) that exhibits an MIC value of 0.07 uM against Mtb H37Rv,?* has also been in GLP
toxicology studies during 2021, but no additional information is available on this molecule. A further
two highlighted compounds in Table 3, covalent DprE1 inhibitor TZY-5-84 (24) and KasA inhibitor
JSF-3285 (54), are listed in this pipeline update as being in early-stage preclinical development,
together with benzothiopyranone NTB-3119 (probably 26, which had initially been selected as a
potential clinical candidate by the Institute of Materia Medica in China'®42%%), As well as this, two
other preclinical leads, MmpL3 inhibitors MPL-446 and MPL-447 (TB Alliance and Innovative
Medicines Initiative), have reportedly commenced safety studies.’®” The TB Alliance discovery
pipeline?®® indicates that two MmpL3 inhibitors from the indole-carboxamide class are under safety

evaluation (possibly 40 and 42, although this has yet to be confirmed).
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Figure 16. TrpAB inhibitor 109 and cytochrome bd inhibitor 110.

Conversely, the development prospects of a few compounds in Table 3 (e.g., 22, 29, 34, 35, 37,
44,45, 53, 57, 75, 77, 94, 97, and 98) appear to have been diminished by the identification of certain
liabilities, e.g., high lipophilicity, cytotoxicity, unfavourable CYP450 or hERG inhibition, suboptimal
PK, or chemical stability issues. Various selection criteria have been proposed for TB leads, starting
with an MIC value of <1 uM against Mtb H37Rv,?® a CCsy value of >20 pM (or Sl >20) for
cytotoxicity, a hERG ICso value of >30 uM (or SI >100), CYP ICso values >20 uM, and a >1.0 logio
CFU reduction in lung mycobacterial burden (relative to the untreated control).%3% Other
recommendations for infectious disease leads include a logP <5 (preferably <3), solubility at pH 7.4
of >10 pM (or >25 pM3), an oral half-life of >2 h, and an oral bioavailability of >25% in mice.?*° It
is also worth noting that high PPB and low distribution into lung tissue may limit in vivo efficacy.
Overall, while strong in vitro potency is important, drug experts have argued that this should not be
“at the expense of poor physicochemical properties or drug metabolism and PK characteristics”.2%
Lipinski’s rule of five and Veber’s rule around restricting the number of rotatable bonds (<10) and
polar surface area (<140 A?) to achieve good oral bioavailability are often cited in this context.5%%*

However, one of the peculiarities experienced with lead optimisation of compounds against Mtb
is that there is generally no correlation between in vivo PK and efficacy.®%3%* Candidates with superior

in vivo efficacy tend to be the exceptions amongst a much larger set of potent analogues, constrained
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by only modest PK boundaries, and specific substituents (e.g., 4-OCF3Ph) may have an extraordinary
influence.3%? Furthermore, better in vitro potency and in vivo efficacy often correlate with higher logP,
but excessive lipophilicity negatively impacts solubility and PK and leads to increased toxicity risks;
it also results in challenging formulation and drug development hurdles.%’ Metrics like lipophilic
efficiency®®® can be helpful as monitoring tools, while in vitro microsomal stability testing is
frequently employed as an initial screen for metabolism liabilities.®**% Nevertheless, agents like
BDQ (1), delamanid (2), SQ109 (4), Q203 (7), macozinone (8), CFZ, TBI-166 (11), TBAJ-876 (16)
and TBAJ-587 (17) all have ClogP values in the range of 5 to 8.5 No drug is perfect and, for
transformational agents like BDQ (ClogP 7.25, with a hERG ICso of 1.6 uM'?%), some specific
liabilities have been successfully managed at a clinical level. Unfortunately, profiling data on many
leads in Table 3 are incomplete (particularly for solubility, hERG and CYP inhibition, and plasma
protein binding). However, pending acceptable results, six or seven compounds not already listed in
the WGND pipeline update may be worth considering for preclinical development.®%*

Aside from physicochemical, PK and biological properties, commercial factors such as financial
resource, timing, and clinical opportunity (versus risk) may also play a major role in deciding which
compounds are advanced. For example, MicuRx Pharmaceutical Co. is reportedly focussed solely on
the global development of safer LZD analogue contezolid (MRX-1, 93) against MDR Gram-positive
bacterial infections, and has no plans to extend this to TB.”®2’° The current clinical pipeline for TB
already includes three oxazolidinones; likewise, there are four DprE1 inhibitors in clinical studies at
present, including OPC-167832 (12), which was a standout performer in vivo. This scenario raises
the bar for the advancement of any more DprE1 inhibitors (e.g., 24 or 26), due to the enormous costs

of clinical trials. While an element of competition with “me-too” molecules seems inevitable, ideally,
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the focus should be on advancing efficacious leads from novel chemical classes with new mechanisms
of action that could contribute greater diversity to future drug regimens against MDR-TB.5472

The success of discovering new agents to tackle TB depends on the generation and selection of
high-quality starting hits, ideally acting against novel but essential Mtb targets.*® In this context,
acknowledgment should first be made of GSK’s efforts to stimulate open-source lead development
by publicly disclosing two large sets of small molecule HTS hits with unknown targets (these all had
Mtb MICs <10 uM and low cytotoxicities against HepG2 cells, giving SI >50 for the main set),1913%
One of the new hit generation strategies to circumvent the weaknesses of target-based and phenotypic
screening methods is target-based whole-cell screening.*>? This typically involves phenotypic HTS
of compound libraries against Mtb strains that have been genetically altered to either overexpress or
deplete the target, thus desensitizing or sensitizing them to an inhibitor of that target (causing an MIC
shift, relative to wild-type Mtb). Other options include developing cellular assays for a target-specific
enzyme activity. An innovative large-scale strategy named PROSPECT” involves screening
chemical libraries against pools of 100-150 barcoded mutant strains, each with a critical target
depleted, and deconvoluting the resulting complex “chemical-genetic interaction profiles”. This
method gave tenfold more hits than using wild-type Mtb.

In regard to identifying the best new targets for these novel screening approaches to TB drug
discovery, two recent studies using CRISPR interference methods to tune individual gene expression
have provided unique insights into the relative vulnerabilities of the essential genes in Mth.3063%7
Within the cell wall biosynthesis class, those genes associated with mycolic acid synthesis were the
most vulnerable, with inhibition being strongly bactericidal; dprE1 was also very susceptible but its

inhibition was less bactericidal. Similarly, central process genes for transcription, protein translation
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(including tRNA synthetases), DNA gyrase, protein folding, metabolism, and cell division enzymes
were highly vulnerable, and their inhibition was strongly bactericidal. Conversely, amino acid
biosynthesis and metabolism and oxidative phosphorylation genes were less vulnerable, with
inhibition being mainly bacteriostatic, except for glcB (malate synthase), ndh (NDH-2) and atpE
(ATP synthase). Intriguingly, a similar analysis®® using the extremely virulent Mtb clinical strain
HN878 was generally very consistent with the above trends in H37Rv, but oxidative phosphorylation
genes, including gcrB, were much more vulnerable and DNA replication (gyrAB) was less vulnerable,
suggesting the importance of studying additional clinical strains and alternative growth conditions.
Therefore, a key priority might be the development of a suitable cytochrome bd oxidase inhibitor, as
the combination with cytochrome bcc inhibitors like Q203 (7) should be particularly potent.®® This
has already been shown in vivo with a hit compound, ND-011992 (110) (Figure 16), and Q203.%
Overall, many still unexploited highly vulnerable targets have now been identified, whose inhibition

may induce lower rates of Mtb resistance, providing renewed impetus for TB drug discovery.3%

6. FINAL REMARKS

At the start of this review, we observed that despite increased global efforts in which hundreds
of potent and selective small molecules are reported annually as promising agents against TB, few of
those compounds ever reach clinical studies. Also, in the last 50 years, only three new TB drugs have
been approved. This scenario may be explained by the many challenges encountered in developing a
sufficiently efficacious and non-toxic drug candidate with a suitable PK profile and, ideally, a novel
mechanism that can be used to treat DS-, MDR- and XDR-TB.*? The difficulties involving the

translational science of converting basic scientific research into clinical research to create new drugs



1657

1658

1659

1660

1661

1662

1663

1664

1665

1666

1667

1668

1669

1670

1671

1672

1673

1674

1675

1676

1677

1678

1679

1680

1681

1682

77 of 135

are acknowledged both in academia and the pharmaceutical industry.3% Issues can also arise during
the late-stage clinical development of a new TB drug, such as how to demonstrate both safety and
superior efficacy for a single drug within the context of a novel combination regimen, especially
given the better results seen for standard treatment of MDR-TB within the latest WHO guidelines.>*
This may lead to a greater clinical focus on proving “noninferiority” but with treatment shortening.
This review highlights the state-of-the-art regarding small molecules reported in the last six years
as potent anti-TB agents that achieved either preclinical development status or could be termed
“validated leads” with significant in vivo efficacy. For added interest, we included a few in vivo active
hits; some other compounds are still in the hit-to-lead stage or require further lead optimisation.
Encouragingly, several molecules have shown remarkable outcomes and may be suitable for
preclinical testing if there are no serious liabilities. Inadequate PK and toxicological profiles can be
a bottleneck in preclinical development, and it is not uncommon for in vivo active candidates to be
abandoned due to PK or toxicity concerns, given the requirement for lengthy treatment times in multi-
drug regimens to achieve complete cures. Hence, it is crucial to address such issues and to identify
and reduce the likelihood of drug-drug interactions as much as possible during lead optimisation.
However, despite considerable challenges, there have been many recent advancements in the past
few years that afford a positive outlook for the future of TB drug discovery. New international
consortia are emerging to accelerate the clinical evaluation of new TB drug candidates and drug
combinations. There are now 17 compounds in clinical trials for TB, including 10 in phase 11, several
of which feature new scaffolds and novel targets or mechanisms of action. The number of potential
new entrants to the pipeline is building in preclinical development and the identification of a larger
pool of novel molecules with good in vivo efficacy should ensure that this continues to grow at a
faster rate. Investigations into the possibility of repurposing other drugs or drug candidates for TB
have unearthed some promising options, e.g., biapenem (64), sanfetrinem (67), and contezolid (93).
Innovations in screening, including within infected macrophages or under various stress conditions,

are driving the discovery of novel inhibitors for both new and old targets, while efforts are increasing
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to verify better which of the latter are both essential and highly vulnerable. Innovative strategies, such
as disrupting Mtb response to environmental changes or targeting virulence factors, are showing
significant promise. Additional advances, such as a better understanding of the complex biology and
the development of better mouse models and imaging technologies, are assisting discovery efforts.
Finally, it is worth acknowledging the efforts that partnerships between academia and
pharmaceutical companies have achieved in the last few years in TB drug discovery, notably GSK’s
“Tres Cantos Open Lab for R&D for Diseases of the Developing World”, which contributed to the
development of some compounds presented here. Likewise, the TB Alliance (and partners) have
especially made a massive contribution over two decades to all sections of the TB drug pipeline and
spearheaded a recent paradigm shift by focusing late-stage clinical development on new drug
combinations (identified in vivo), seeking to fast-track the introduction of novel curative treatments.
We believe that this review will also bring a fresh perspective into the TB drug discovery landscape

and be a ray of hope for those developing better therapeutic alternatives for the treatment of TB.
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