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Abstract
In this chapter, we provide a comprehensive review of the recent developments
and challenges associated with tuberculosis drug discovery. The chapter begins
with an overview of the global TB burden with an emphasis on the high-burden
countries such as India and the probable reasons associated with high disease
burden. We have discussed the targets for the WHO End TB Strategy along with
the requirements to achieve them. The chapter further provides an insight into the
major obstacles of TB control, the problems associated with the current chemo-
therapy, the need for new anti-TB drugs and expectations from an ideal TB
therapy. The chapter also provides a comprehensive review of the candidate
drugs in the TB drug clinical pipeline with description of their identification,
mechanistic action and in vitro and in vivo efficacy data along with clinical trial
progress. We then provide details about the commonly employed approaches like
whole cell phenotypic approach, target-based virtual screening and repurposing
of drugs for TB drug discovery along with the advantages and major challenges
associated with these approaches. In this regard, the success of whole cell-based
phenotypic screening has been highlighted in view of discovery of the two
recently FDA-approved anti-TB drugs, namely, bedaquiline and delamanid.
The chapter also deals with another promising strategy for TB drug discovery
based on rational drug design with a focus on some of the leads identified by this
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approach. We have also emphasized the recent advancements towards newer
approaches like antisense RNA-based therapeutics, use of natural products, gene-
editing tools such as CRISPR-CAS system and immunotherapy for the develop-
ment of anti-TB molecules. Besides, the chapter also describes the development
of methods to enhance the bioavailability of drugs such as novel delivery systems
like nanoparticles/liposomes and devices for sustained release.
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Abbreviations

TB Tuberculosis
M. tuberculosis Mycobacterium tuberculosis
WHO World Health Organization
HIV Human immunodeficiency virus
AIDS Acquired immunodeficiency syndrome
RR-TB Rifampicin-resistant tuberculosis
MDR-TB Multidrug-resistant tuberculosis
XDR-TB Extremely drug-resistant tuberculosis
FDA Food and Drug Administration
BCG Bacillus Calmette-Guerin
MIC Minimum inhibitory concentration
IC Inhibitory concentration
EBA Early bactericidal activity
PK Pharmacokinetic
NTZ Nitazoxanide
LZD Linezolid
NCI National Cancer Institute
AES Allelic exchange substrate
SAR Structure activity relationship
GFP Green fluorescent protein
PS-ODN Phosphorothioate oligodeoxynucleotide
PLG Poly(lactide-co-glycolide)
CRISPR Clustered regularly interspaced short palindromic repeats
Cas CRISPR-associated system
PAM Protospacer adjacent motif
NHEJ Non-homologous end joining
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25.1 Global TB Scenario

Tuberculosis (TB) is a major global threat to public health. In spite of the presence of
various intervention strategies against TB, the disease continues to persist and leads
to loss of millions of human lives each year. TB is a complex disease due to multiple
outcomes that can be manifested upon infection with the causative agent, Mycobac-
terium tuberculosis. The disease is caused by the inhalation of aerosol droplets
containing the pathogen expelled from a diseased individual by coughing/sneezing.

TB is the ninth leading cause of human deaths worldwide and the leading cause of
deaths from a single infectious agent, ranking above HIV/AIDS (WHO 2017). The
epidemiology of the disease is indeed alarming and requires attention towards its
urgent control. According to the WHO report on tuberculosis, 10.4 million people
developed TB in 2016 worldwide, of which ~1.0 million were HIV positive (WHO
2017). 65% of these total TB incident cases were estimated to be in males and
children accounted for 6.9% TB cases in the year 2016 (WHO 2017). Globally, 1.3
million HIV-negative people died of TB (down from 1.7 million in 2000) with an
additional 0.37 million TB deaths observed in HIV-positive individuals in the year
2016 (WHO 2017). Drug-resistant TB continues to be a major threat with an
estimated 0.6 million new cases resistant to rifampicin (RR-TB) in 2016 at a global
level, of which 0.49 million had multidrug-resistant TB (MDR-TB). There were
about 0.24 million deaths globally from MDR/RR-TB in 2016 (WHO 2017).

It has been observed over the years that India has been one of the highest
TB-burden countries with high rate of incidence, mortality and resistant cases
(WHO 2017). The reason for this can be largely attributed to the nature of the
disease transmission, high population and overcrowding. Moreover, India also has
major problems of malnutrition, poor hygienic conditions, poor supply of drugs and
unregulated use of medicines, which have contributed in a big way to the high
disease burden.
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WHO End TB Strategy has proposed a target, with reference to the estimates of
2015, to achieve a 95% reduction in TB deaths and a 90% reduction in TB incidence
(new cases per year) by 2035 (Uplekar et al. 2015). However, fulfilment of this goal
demands providing TB care, preventive methods and awareness of health coverage
at global level along with a deliberate collaboration among various stakeholders to
tackle the socio-economic factors related to TB (WHO 2017). Moreover, it is of
utmost importance to develop groundbreaking technological advancements in the
next 5–7 years, whose implementation ought to result in reduction in the TB
incidence rate at a level faster than in the past (WHO 2017).

25.2 Major Obstacles to TB Control

Since the discovery of M. tuberculosis by Robert Koch in 1882, as the causative
agent of TB, the global TB epidemic till date remains persistent, highlighting the
shortcomings of the current control measures available for combating tuberculosis.
The bacteria spreads very easily through aerosols (a few droplet nuclei of 1–5
microns in diameter) which are coughed by an active TB patient and are inhaled
by an uninfected person, and this easy transmission mode poses a big challenge to
curtail the spread of this disease. BCG, the only vaccine available against TB, is
highly effective in preventing childhood tuberculosis, but it is unsatisfactory in
preventing pulmonary tuberculosis in adults showing a variable protective efficacy
ranging from 0% to 80% (Colditz et al. 1994). The current diagnostic tests such as
X-ray, Mantoux test, culture-based test and GeneXpert suffer from several
limitations of being cost ineffective and time consuming and having shortcomings
of sensitivity or specificity. Current efforts are being made towards the development
of a better TB vaccine as well as an easy, rapid and effective diagnostic test.

The current chemotherapeutic regimen for the treatment of drug-susceptible
tuberculosis consists of four first-line drugs, namely, rifampicin, isoniazid,
pyrazinamide and ethambutol, administered for a span of 6 months (Guidelines for
treatment of drug-susceptible tuberculosis and patient care (2017 update). http://
apps.who.int/iris/bitstream/handle/10665/255052/9789241550000-eng.pdf;jsession
id¼86C860DB7117D77D4A072A39ABCD6429?sequence¼1). The standard treat-
ment regimen for drug-susceptible TB comprises of 2 months of initiation phase
consisting of all the four drugs (termed as 2HRZE), followed by a 4-month-long
continuation phase consisting of rifampicin and isoniazid (termed as 4HR) (Guidelines
for treatment of drug-susceptible tuberculosis and patient care (2017 update). http://
apps.who.int/iris/bitstream/handle/10665/255052/9789241550000-eng.pdf;jsessionid
¼86C860DB7117D77D4A072A39ABCD6429?sequence¼1). These drugs are
administered in a daily dosing frequency, and the use of fixed-drug combination
(FDC) has been recommended byWHO over separate drugs (Guidelines for treatment
of drug-susceptible tuberculosis and patient care (2017 update). http://apps.who.int/
iris/bitstream/handle/10665/255052/9789241550000-eng.pdf;jsessionid¼86C860DB
7117D77D4A072A39ABCD6429?sequence¼1). This protracted therapy is one of
the major reasons for the TB patients to default on the therapy, which leads to
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non-compliance and non-adherence. Thus, in spite of having an extremely effective
treatment for treating active TB, the non-compliance to the therapy has led to an
inexorable increase in the emergence of drug-resistant strains of the pathogen
leading to drug-resistant TB cases (WHO guidelines for the programmatic manage-
ment of drug-resistant tuberculosis. http://apps.who.int/iris/bitstream/handle/10665/
130918/9789241548809_eng.pdf;jsessionid¼BBA844744A619EF170C00783C6
55E148?sequence¼1; Chiang et al. 2010). This kind of resistance can be classified
as an acquired (secondary) drug resistance; however, primary drug resistance can
also occur by infection with a drug-resistant strain of the pathogen (WHO guidelines
for the programmatic management of drug-resistant tuberculosis. http://apps.who.
int/iris/bitstream/handle/10665/130918/9789241548809_eng.pdf;jsessionid¼BBA
844744A619EF170C00783C655E148?sequence¼1; Chiang et al. 2010). Resis-
tant cases of TB can be divided into various categories depending on the kind of
resistance to isoniazid (isoniazid-resistant TB), to rifampicin (RR-TB), to both
rifampicin and isoniazid (MDR-TB), to any fluoroquinolone and to at least one of
the injectable second-line drugs (amikacin, kanamycin, capreomycin) in addition to
both rifampicin and isoniazid (XDR-TB) (WHO guidelines for the programmatic
management of drug-resistant tuberculosis. http://apps.who.int/iris/bitstream/han
dle/10665/130918/9789241548809_eng.pdf;jsessionid¼BBA844744A619EF170
C00783C655E148?sequence¼1; Chiang et al. 2010). Treatment of the drug-
resistant strains requires the use of various combinations of the second-line drugs
such as levofloxacin, moxifloxacin, gatifloxacin, amikacin, kanamycin,
capreomycin, streptomycin, ethionamide, cycloserine, linezolid and clofazimine.
The therapy for resistant cases may last anywhere from 9 to 24 months. The
emergence of these multidrug-resistant (MDR) strains poses a serious challenge to
the world’s health and towards the global control of this disease. It has been
estimated that an active TB patient undergoing the treatment may transmit the
infection to at least ten uninfected people suggesting the requirement of stringent
control measures (www.who.int/mediacentre/factsheets/fs104/en/). Besides, the
unpleasant side effects and a high pill burden of these drugs make the treatment of
drug-resistant TB and compliance to the therapy an extremely daunting task. The
prevalence of HIV makes the situation even more precarious due to an enhanced
susceptibility of the HIV-infected immunocompromised people to TB infection.
Additionally, the situation is complicated by the difficulty faced by using these
anti-TB drugs along with antiretroviral therapy, which shows negative drug-drug
interactions and, hence, precludes the use of these anti-TB drugs in HIV-positive
patients (López-Cortés et al. 2002). Further, the key challenge is also to treat
individuals who are subclinically infected with M. tuberculosis and are at a lifetime
risk of reactivation TB due to various reasons such as HIV infection, anti-TNF
therapy, diabetes, malnutrition or lowering of immunity (Narayanan et al. 2010;
Gardam et al. 2003; Stevenson et al. 2007). The complexity also arises due to the fact
that the pathogen has the ability to modulate the immune system thereby evading the
immune surveillance. Its ability to persist in a latent and low metabolic state for years
poses significant challenge like drug tolerance. Hence, latent TB disease requires
several months of treatment for complete sterilization.

25 Challenges and Advances in TB Drug Discovery 467

http://apps.who.int/iris/bitstream/handle/10665/130918/9789241548809_eng.pdf;jsessionid=BBA844744A619EF170C00783C655E148?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/130918/9789241548809_eng.pdf;jsessionid=BBA844744A619EF170C00783C655E148?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/130918/9789241548809_eng.pdf;jsessionid=BBA844744A619EF170C00783C655E148?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/130918/9789241548809_eng.pdf;jsessionid=BBA844744A619EF170C00783C655E148?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/130918/9789241548809_eng.pdf;jsessionid=BBA844744A619EF170C00783C655E148?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/130918/9789241548809_eng.pdf;jsessionid=BBA844744A619EF170C00783C655E148?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/130918/9789241548809_eng.pdf;jsessionid=BBA844744A619EF170C00783C655E148?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/130918/9789241548809_eng.pdf;jsessionid=BBA844744A619EF170C00783C655E148?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/130918/9789241548809_eng.pdf;jsessionid=BBA844744A619EF170C00783C655E148?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/130918/9789241548809_eng.pdf;jsessionid=BBA844744A619EF170C00783C655E148?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/130918/9789241548809_eng.pdf;jsessionid=BBA844744A619EF170C00783C655E148?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/130918/9789241548809_eng.pdf;jsessionid=BBA844744A619EF170C00783C655E148?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/130918/9789241548809_eng.pdf;jsessionid=BBA844744A619EF170C00783C655E148?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/130918/9789241548809_eng.pdf;jsessionid=BBA844744A619EF170C00783C655E148?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/130918/9789241548809_eng.pdf;jsessionid=BBA844744A619EF170C00783C655E148?sequence=1
http://www.who.int/mediacentre/factsheets/fs104/en/


Thus, in view of the above challenges in the TB treatment, it is of utmost
importance to develop novel chemotherapeutic regimens that are able to (i) reduce
the duration of this long drawn therapy, (ii) reduce the pill burden, (iii) target the
latent pathogen, (iv) target drug-resistant strains of the pathogen and (v) can be easily
co-administered with HIV medication.

Although considerable efforts have been made in the field of TB drug discovery
as is evident from a relatively filled drug pipeline now as compared to a few decades
earlier, the progress of TB drug discovery program has been extremely slow with
only two new anti-TB drugs, bedaquiline (marketed as Sirturo) and delamanid,
receiving the FDA approval in the last 50 years that too with limited access and
reserved only for the treatment of MDR-TB. Hence, looking at the high attrition rate
in the TB drug discovery, it is important to develop robust approaches for identifying
better candidate drug molecules that can be channelled for clinical assessment so that
more anti-TB drugs can reach the market.

This chapter provides a comprehensive review of the recent developments in the
field of TB drug discovery and addresses the major challenges associated with the
current approaches being employed for the identification of new drugs.

25.3 TB Drug Clinical Pipeline: The Prospective Future Anti-TB
Drugs

Although the TB drug pipeline remained almost empty for a long period of time till
the 1990s, it is indeed optimistic to see that it is currently filled with more than
20 molecules, which are being assessed under different clinical phases (https://www.
newtbdrugs.org/pipeline/clinical) (Fig. 25.1). Moreover, apart from the molecules in
clinical trials, many more molecules are in the lead optimization phase or in the early
preclinical stages and have the promise of entering the clinical pipeline (Fig. 25.1)
(https://www.newtbdrugs.org/pipeline/clinical).
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The number of candidate molecules in the TB drug pipeline provides no assur-
ance that these molecules may reach the advance stages of clinical development as is
evident from the fact that only few molecules are presently being evaluated in
phase III and almost 50% are being evaluated as combination regimens of these
drugs. This highlights a high attrition rate and the necessity of more molecules to fill
the pipeline. Besides, the failure of the current candidate molecules reflects the
limitations and caveats of the existing drug discovery approaches and emphasizes
the importance of devising innovative strategies and tools to develop new molecules
or increase the efficacy of molecules that qualify for clinical trials.

The anti-TB molecules currently in the clinical pipeline belong to various classes
like fluoroquinolones, diarylquinolines, nitroimidazoles, benzothiazinones, etc.,
targeting various proteins/enzymes/pathways of M. tuberculosis including cell wall
biosynthesis enzymes, energy metabolism and protein synthesis. Most of these
molecules have been identified either through whole cell phenotypic screening or
by repurposing of the drugs already in use for other diseases. Candidate drugs in TB
pipeline are mentioned below.

25.3.1 BTZ043

The antitubercular agent BTZ043 (belonging to the nitrobenzothiazinone (BTZ)
class) specifically blocks the mycobacterial enzyme decaprenyl-phosphoribose-2-
0-epimerase (DprE1), responsible for the synthesis of a cell wall component
D-arabinofuranose, and shows MIC in nanomolar range against the members of
the M. tuberculosis complex (Makarov et al. 2009). BTZ043 showed superior
antitubercular activity in comparison to isoniazid in vivo in mouse model with a

Fig. 25.1 Candidate anti-TB drugs in various stages of clinical trials
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low toxicological potential and was also well tolerated in rats and mini pigs
(Kloss et al. 2017). The molecule is currently being evaluated in phase I trial
(https://www.newtbdrugs.org/pipeline/clinical).

25.3.2 Contezolid (MRX-4/MRX-1)

Linezolid (LZD) belongs to oxazolidinone class of antibiotics that showed potent
in vitro and in vivo activities against M. tuberculosis and was subsequently used in
humans to treat drug-resistant TB; however, its use was restricted due to toxicity
issues, including myelosuppression and peripheral and optic neuropathy (Mehta
et al. 2016; Lee et al. 2012). Contezolid (MRX-1), a new oxazolidinone, was
developed to treat gram-positive infections, such as methicillin-resistant Staphylo-
coccus aureus and vancomycin-resistant enterococci, and showed decreased toxicity
as compared to LZD (Gordeev and Yuan 2014; Shoen et al. 2018). MRX-1 showed
promising in vitro as well as in vivo activity against both drug-susceptible and drug-
resistant M. tuberculosis in mice model and is currently being evaluated in phase III
trials (https://www.newtbdrugs.org/pipeline/clinical, Gordeev and Yuan 2014).

25.3.3 OPC-167832

OPC-167832, a newly synthesized carbostyril derivative discovered by Otsuka
healthcare, inhibits decaprenylphosphoryl-β-D-ribose 20-oxidase (DprE1), essentially
involved in cell wall biosynthesis of M. tuberculosis (http://www.cptrinitiative.org/
wp-content/uploads/2017/05/Jeffrey_Hafkin_CPTR2017_JH.pdf). This anti-TB com-
pound shows in vitro as well as in vivo efficacy against both laboratory and clinically
isolated strains including multidrug-resistant and extensively drug-resistant
M. tuberculosis (http://www.cptrinitiative.org/wp-content/uploads/2017/05/Jeffrey_
Hafkin_CPTR2017_JH.pdf). Furthermore, OPC-167832, when administered along
with delamanid, showed superior efficacy to the standard regimen RHZE (rifampicin
+ isoniazid + pyrazinamide + ethambutol) in mice (http://www.cptrinitiative.org/wp-
content/uploads/2017/05/Jeffrey_Hafkin_CPTR2017_JH.pdf). OPC-167832 is pres-
ently being evaluated in phase I trial (https://www.newtbdrugs.org/pipeline/clinical).

25.3.4 GSK070

GSK070 is an oxaborole derivative that targets the leucyl-tRNA synthetase
(LeuRS) required for charging the tRNALue with leucine, thereby inhibiting
protein synthesis (Palencia et al. 2016; Rock et al. 2007). GSK70 was observed to
demonstrate in vitro and in vivo efficacy against M. tuberculosis with potent
enzyme inhibition of M. tuberculosis LeuRS (IC50 ¼ 0.216 μM) (Palencia et al.
2016). GSK70 recently qualified for phase I clinical assessment (https://www.
newtbdrugs.org/pipeline/clinical).
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25.3.5 Macozinone (PBTZ169)

Lead optimization studies of the compound BTZ043 by using medicinal chemistry
resulted in PBTZ169, which is a piperazinobenzothiazinone derivative. PBTZ169
covalently binds to DprE1, thereby inhibiting cell wall biosynthesis (Trefzer et al.
2010; Makarov et al. 2014). PBTZ169 has an MIC99 against M. tuberculosis in
nanomolar range (0.3 ng/ml) and has shown additive effects with many TB thera-
peutic agents and has also demonstrated synergistic effects with bedaquiline and
clofazimine in preclinical models (Makarov et al. 2014). Innovative Medicines for
Tuberculosis (iM4TB) foundation (Lausanne, Switzerland) has initiated the phase I
clinical study of PBTZ169 to investigate dose-related safety (https://www.
newtbdrugs.org/pipeline/compound/macozinone-mcz-pbtz-169).

25.3.6 TBI-166

Clofazimine, which is a very potent anti-TB compound belonging to
riminophenazine class of drugs, has shown extremely impressive bactericidal and
sterilizing efficacy against TB both in vitro and in mouse models of the disease
(Reddy et al. 1996). However, it has poor solubility and a long half-life which results
in side effects including pronounced skin discoloration (Job et al. 1990; Levy and
Randall 1970). Lead optimization of clofazimine led to the identification of TBI-166,
which has shown improved physicochemical and pharmacokinetic properties with
similar efficacy as the parent compound (Lu et al. 2011). Based on these preliminary,
preclinical and toxicological studies, TBI-166 was approved for phase I clinical trials
(https://www.newtbdrugs.org/pipeline/clinical).

25.3.7 TBA-7371

TBA-7371 is a novel molecule belonging to pyrazolopyridone class of inhibitors
(1,4-azaindole series) identified by performing lead optimization studies of an
imidazopyridine compound. This molecule inhibits DprE1
(decaprenylphosphoryl-β-D-ribose 20-epimerase) by binding to it non-covalently and
shows an IC50 value of 10 nM with an MIC range of 0.78–3.12 μM and demonstrates
efficacy in a rodent model of tuberculosis (Shirude et al. 2013, 2014; Yuan and
Sampson 2018). The TB Alliance has initiated its phase I trial to evaluate its safety,
tolerability, pharmacokinetics and the pharmacokinetic interactions (https://www.
newtbdrugs.org/pipeline/clinical).

25.3.8 Telacebec (Q203)

Q203 resulted from the lead optimization of imidazo[1,2-a]pyridine amides that
target the respiratory cytochrome bc complex, which in turn disturbs the electron
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motive force (Pethe et al. 2013; Lu et al. 2018; Kang et al. 2014). The small molecule
Q203 inhibits the growth of MDR and XDR M. tuberculosis clinical isolates in
culture broth medium with MIC in the low nanomolar range as well as shows
therapeutic efficacy in mice (Pethe et al. 2013; Lu et al. 2018; Kang et al. 2014).
In addition, Q203 displayed good pharmacokinetic and safety profiles; hence, it was
qualified for the phase I trial for a dose escalation study which revealed encouraging
results. Phase II trial for early bactericidal activity (EBA) evaluation of Q203 will be
soon initiated in South Africa (https://www.newtbdrugs.org/pipeline/compound/
telacebec-q203).

25.3.9 Sutezolid (Previously Known as PNU-100480)

Sutezolid exhibited increased in vitro as well as in vivo antimycobacterial activity,
when compared with linezolid against both drug-susceptible and drug-resistant TB
and showed improved safety profile highlighting its potential as an anti-TB agent
(Barbachyn et al. 1996; Cynamon et al. 1999; Shaw and Barbachyn 2011; Wallis
et al. 2010, 2011; Alffenaar et al. 2011). In fact, recent studies also showed that the
use of sutezolid along with standard therapy was able to shorten the treatment
duration by preventing relapse, thus, suggesting that sutezolid may have sterilizing
activity against drug-susceptible TB and MDR-TB (Barbachyn et al. 1996; Shaw
and Barbachyn 2011). Sutezolid was well tolerated and safe up to a daily dose of
1200 mg up to 14 days and phase II trials showed early bactericidal activity. Hence,
it is considered that sutezolid may show clinical efficacy in a larger phase II trial
(https://www.newtbdrugs.org/pipeline/clinical, Wallis et al. 2010).

25.3.10 Delpazolid (LCB01-0371)

LCB01-0371 is also a new oxazolidinone compound similar to linezolid with cyclic
amidrazone. In vitro activity of LCB01-0371 was found to be similar to linezolid with
an improved safety profile (Zong et al. 2018; Kim et al. 2017; Jeong et al. 2010).
In vivo activity of LCB01-0371 against systemic infections in mice was also
evaluated, and it was found to be more active than linezolid against these systemic
infections (Zong et al. 2018; Kim et al. 2017; Jeong et al. 2010). It is now in phase II
trial for the evaluation of EBA studies (https://www.newtbdrugs.org/pipeline/clinical).

25.3.11 SQ109

SQ109 is a novel 1,2-ethylenediamine molecule having a novel mechanism of action
targeting MmpL3, which is a mycolic acid transporter required for mycolic acid
incorporation into the M. tuberculosis cell wall (Tahlan et al. 2012; Grzegorzewicz
et al. 2012). SQ109 inhibited the growth of both drug-susceptible and multidrug-
resistant M. tuberculosis strains, including extensively drug-resistant M. tuberculosis
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strains (Sacksteder et al. 2012; Protopopova et al. 2005). It also exhibited synergistic
effect with no adverse pharmacokinetic (PK) parameters and also improved the overall
efficacy of the regimen when given along with standard treatment in mice (Sacksteder
et al. 2012; Chen et al. 2006; Nikonenko et al. 2007). Three phase I studies are
completed for SQ109 in the USA along with two phase II studies in Africa in drug-
sensitive TB patients (https://www.newtbdrugs.org/pipeline/compound/sq109).

25.3.12 Auranofin (Brand Name: Ridaura)

Auranofin is a gold complex FDA-approved drug to treat rheumatoid arthritis
(Suarez-Almazor et al. 2000). The drug is able to reduce and improve arthritis-
related symptoms like pain, tender and swollen joints and morning stiffness.
Auranofin was identified by employing a cell-based screen under nutrient-
deprivation conditions againstM. tuberculosis (Harbut et al. 2015). It exhibits potent
inhibition of the growth of both replicating and nonreplicating M. tuberculosis,
which was found to be bactericidal in nature (Harbut et al. 2015). Phase II trial is
initiated to study the efficacy of the auranofin against M. tuberculosis (https://www.
newtbdrugs.org/pipeline/clinical).

25.3.13 Levofloxacin

Levofloxacin is a second-generation fluoroquinolone, which shows enhanced activ-
ity against gram-positive pathogens, including S. pneumoniae and S. aureus, and
was shown to be effective in the treatment of upper and lower respiratory tract
infections in adults (Peterson et al. 2009; Alsultan et al. 2015). Levofloxacin is one
of the essential medicines listed by World Health Organization and may be used for
the treatment of tuberculosis (https://www.newtbdrugs.org/pipeline/compound/
levofloxacin). TBTC 32/NIAID OPTI-Q phase II studies will determine the
levofloxacin dose and exposure required to achieve the maximal reduction in
M. tuberculosis burden in Peru and South Africa (https://www.newtbdrugs.org/
pipeline/compound/levofloxacin).

25.3.14 Nitazoxanide (NTZ)

NTZ is a synthetic nitrothiazolyl salicylamide prodrug that is deacetylated in the
gastrointestinal tract to the active metabolite tizoxanide and is approved for the
treatment of giardiasis and cryptosporidiosis (Aslam and Musher 2007). NTZ showed
activity against other protozoa, helminths, rotavirus and hepatitis C (Aslam and
Musher 2007; Stachulski et al. 2011; Adagu et al. 2002; Theodos et al. 1998; Darling
and Fried 2009; Korba et al. 2008; Rossignol et al. 2008, 2010). It was also shown to
kill both replicating and nonreplicating M. tuberculosis with a MIC of 16 μg/ml
(de Carvalho et al. 2009). No resistant mutants were found on treatment of
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M. tuberculosis with various concentrations of NTZ suggesting that NTZ may have
multiple targets (de Carvalho et al. 2009). It is currently undergoing phase II efficacy
trial (https://www.newtbdrugs.org/pipeline/clinical).

25.3.15 Combination Regimens

The drugs that have successfully completed the phase II efficacy trials are now being
evaluated in combination regimens in phase III trials to evaluate their therapeutic
efficacy in shortening the treatment regimen.

25.3.16 Bedaquiline

Bedaquiline belongs to the class of diarylquinolines with a novel mechanism of
action targeting the mycobacterial ATP synthase (Andries et al. 2005; Koul et al.
2007). It was found to exhibit activity against both drug-susceptible and drug-
resistant strains of the pathogen having a strong bactericidal and sterilizing
properties (Andries et al. 2005; Diacon et al. 2009). Bedaquiline got US FDA
approval in 2012 as an anti-TB drug; however, its usage is reserved for the treatment
of MDR-TB cases only (https://www.newtbdrugs.org/pipeline/compound/
bedaquiline-0). It is now being evaluated in various combination regimens in
which bedaquiline and pretomanid will be administered along with existing and
repurposed anti-TB drugs for the treatment of biologically confirmed pulmonary
multidrug-resistant TB (MDR-TB) (https://www.newtbdrugs.org/pipeline/com
pound/bedaquiline-0). Besides, another trial is scheduled to be carried out to assess
its efficacy, when administered with delamanid (https://www.newtbdrugs.org/pipe
line/compound/bedaquiline-0).

25.3.17 Rifapentine

Rifapentine is a semisynthetic derivative of rifamycin family with MIC99 value of
0.25 μg/ml in liquid medium (Sensi et al. 1959; Bemer-Melchior et al. 2000). It is
currently approved for intermittent dosing in the treatment of TB. Also, it is currently
included in combination regimen for phase III trials to test whether these regimens
can shorten the treatment duration (https://www.newtbdrugs.org/pipeline/com
pound/rifapentine). The regimens being evaluated are (i) a single replacement of
rifampin with rifapentine, initial 2 months of isoniazid, rifapentine, ethambutol and
pyrazinamide, followed by another 2 months of isoniazid and rifapentine, and (ii) a
double replacement of rifampin with rifapentine and ethambutol with moxifloxacin –
initial 2 months of isoniazid, rifapentine, moxifloxacin and pyrazinamide, followed
by another 2 months of isoniazid, rifapentine and moxifloxacin (https://www.
newtbdrugs.org/pipeline/compound/rifapentine).
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25.3.18 Delamanid

Delamanid (OPC-67683, Deltyba®) belongs to bicyclic nitroimidazole class of
compounds, which showed a marked antituberculosis activity in vitro and a superior
therapeutic efficacy in the chronic mouse model (Matsumoto et al. 2006; Tsubouchi
et al. 2016). In 2014, European Medicines Agency (EMA) approved delamanid for
the treatment of adult pulmonary MDR-TB (Yuan and Sampson 2018). Delamanid-
resistant mutants revealed that it inhibits genes involved in F420-dependent
deazaflavin nitroreductase bioactivation pathway (Fujiwara et al. 2018). In addition,
in a phase IIb global trial, delamanid was found to increase the rate of 2-month
sputum culture conversion, when it was added to an already optimized background
regimen for the treatment of MDR-TB patients (Diacon et al. 2011; Gler et al. 2012).
Clinical studies also revealed the efficacy of delamanid containing regimens in
highly resistant TB patients that included cases with extensively drug-resistant TB
(Skripconoka et al. 2013). Currently, for the evaluation of safety and efficacy of
delamanid at a 200 mg oral daily dose, a phase III trial is being conducted (https://
www.newtbdrugs.org/pipeline/compound/delamanid-0). Moreover, combined
usage of delamanid and bedaquiline is also in progress to evaluate whether their
combination can enhance the efficacy against MDR-TB (https://www.newtbdrugs.
org/pipeline/compound/delamanid-0).

25.3.19 Clofazimine

Clofazimine, as described above, shows potent antitubercular activity (Reddy et al.
1996; Xu et al. 2012) and is now being evaluated in phase III trials for its efficacy,
safety and tolerability, when it is administered in various regimens such as (i) TMC207
plus PA-824 plus pyrazinamide plus clofazimine, (ii) TMC207 plus PA-824 plus
clofazimine, (iii) TMC207 plus pyrazinamide plus clofazimine and (iv) clofazimine
alone, in adult patients with newly diagnosed, smear-positive pulmonary tuberculosis
(https://www.newtbdrugs.org/pipeline/compound/clofazimine).

25.3.20 Pretomanid-Moxifloxacin-Pyrazinamide Regimen

Pretomanid (PA-824, Pa) belongs to nitroimidazo-oxazine class of compounds,
which shows a very potent MIC of 0.125 μg/ml against M. tuberculosis and shows
bactericidal activity during the initial and continuation phases of treatment in murine
model with no issues of cross-resistance with other existing TB drugs (Stover et al.
2000; Tyagi et al. 2005). In addition, combination of PA-824, moxifloxacin and
pyrazinamide (PaMZ) cured mice more rapidly than the first-line regimen of rifam-
pin, isoniazid and pyrazinamide (Nuermberger et al. 2008; Tasneen et al. 2011).

PaMZ represents the first regimen to undergo clinical evaluation for multidrug TB
treatment and has shown very positive results in phase II trial to conclude that it has
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potential of curing both the susceptible and resistant TB (https://www.newtbdrugs.org/
pipeline/regimen/pretomanid-moxifloxacin-pyrazinamide-regimen). Besides, PaMZ
also had better co-administration ability with the antiretrovirals, which is useful as an
improved treatment option for HIV-TB co-infected patients (https://www.newtbdrugs.
org/pipeline/regimen/pretomanid-moxifloxacin-pyrazinamide-regimen). TB Alliance is
now focusing on advancing the BPaMZ regimen consisting of bedaquiline, PA-824,
moxifloxacin and pyrazinamide (https://www.newtbdrugs.org/pipeline/regimen/
pretomanid-moxifloxacin-pyrazinamide-regimen).

25.4 Advantages and Pitfalls of Various TB Drug Discovery
Approaches

25.4.1 Target-Based Virtual Screening

The growing burden of antibiotic resistance propelled research towards the develop-
ment of new antibiotics resulting in various drug discovery approaches. The genome
sequence of M. tuberculosis was elucidated in the year 1998 (Cole et al. 1998),
which gave a tremendous boost to the approaches such as target-based virtual
screening, generation of gene knockout strains for the identification and validation
of drug targets and system biology, etc. Target-/structure-based virtual screening
relies on the use of computer-based software to identify potential inhibitors against
the target structure by docking a library of small molecules into the active site and
shortlisting the best binding molecules. An important prerequisite for this approach
is the availability of a three-dimensional structure of the target protein, which gained
its pace after the determination of genome sequence of M. tuberculosis. Another
crucial step involved in virtual screening is the identification of an important drug
target, which plays a key role in the pathogenesis of M. tuberculosis. This became
possible as the knowledge about M. tuberculosis genes increased with the availabil-
ity of its genome sequence, which also aided in developing gene deletion mutants.
These knockout strains are then evaluated for their ability to grow in vitro, inside
macrophages and subsequently in animal models for final validation; however, the
major limitation of this technique, for a long time, has been a low frequency of site-
specific recombination making it difficult to obtain the mutants and the inherent
challenge of slow growth rate of M. tuberculosis. With newer methods of
recombineering that were subsequently developed based on linear allelic exchange
substrate, transposon mutagenesis and mycobacteriophage systems, generating
knockout strains in M. tuberculosis became easier and the validation of essential
and important drug targets gained a much faster pace (Van Kessel and Hatfull 2007;
Sassetti et al. 2001). A study by Sassetti et al. revolutionized the drug discovery
efforts by identifying several M. tuberculosis genes required for the in vitro and
in vivo growth of the pathogen by using transposon mutagenesis, which led to a huge
list of important drug targets along with the information on their essentiality for the
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growth of the pathogen (Sassetti et al. 2001; Sassetti and Rubin 2003). For instance,
enzymes belonging to energy metabolism were shown to be essential for the growth
of M. tuberculosis by Sassetti et al., and this information led to the identification of
Q203 as an important small molecule inhibiting the cytochrome bc1 complex, which
is currently being evaluated in clinical trials (https://www.newtbdrugs.org/pipeline/
clinical, Kang et al. 2014). Additionally, many drug targets including
UDP-galactopyranose mutase, 2C-methyl-D-erythritol 4-phosphate pathway and
enzymes belonging to purine nucleotide biosynthetic pathway (GuaB2) were also
shown to be essential by transposon mutagenesis by Sassetti et al. and have been
employed as drug targets (Kincaid et al. 2015; Eoh et al. 2009; Singh et al. 2017). In
addition, many other deletion mutants have been developed by using the above-
mentioned methods, which have helped in the identification of several drug targets
including MbtE, SapM, BioA, PptT, DrpE1, Rv3484, etc. (Reddy et al. 2013; Puri
et al. 2013; Kar et al. 2017; Leblanc et al. 2012; Crellin et al. 2011; Malm et al.
2018). For instance, the mbtE mutant was developed by using linear AES method of
homologous recombination, and MbtE was shown to be essential for the virulence
and survival of the pathogen in broth culture and in macrophages. Besides, the
mutant was also shown to be attenuated for its growth in guinea pigs as infection
with it exhibited significantly reduced bacillary load and histopathological damage
in the organs, in comparison toM. tuberculosis-infected animals (Reddy et al. 2013).

Target-based virtual screening has been employed extensively since the last
decade, and till date many compounds have been screened against many important
drug targets. A screening effort that evaluated 20,000 compounds against FtsZ,
which plays an essential role in cell division, led to the identification of the inhibitor
297F, which showed inhibitory activity against M. tuberculosis in vitro growth (Lin
et al. 2014). In another study, inhibitors were identified against M. tuberculosis
thiamine phosphate synthase, an enzyme involved in the biosynthesis of thiamine by
employing virtual screening resulting in promising inhibitors with IC50 of 34 μg/ml
and MIC99-6 μg/ml (Khare et al. 2011). In a recent study by Singh et al., structure-
based virtual screening was employed against the active site of BioA, an enzyme
involved in biotin biosynthetic pathway, which is essential for M. tuberculosis
in vivo survival. It resulted in a few hits with the most potent hit displaying
an MIC90 of 20 μg/ml (Singh et al. 2018). In another study, virtual screening
was carried out by employing NCI library at the active site of M. tuberculosis
40-phosphopantetheinyl transferase (PptT), which is involved in
phosphopantetheinylation of several important proteins in a post-translational man-
ner (Rohilla et al. 2018). This study led to the identification of a number of molecules
with potent inhibition of the PptT enzymatic activity (IC50 � 10 μg/ml). Further, by
employing a structure similarity approach based on chemoinformatics, a potent
analogous molecule was identified with IC50 of 0.25 μg/ml, MIC90 of 10 μg/ml
and negligible cytotoxicity (Rohilla et al. 2018). Recently, a study by Rohilla et al.
showed that virtual screening of NCI library against IdeR, an essential iron
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regulatory transcriptional factor of M. tuberculosis, identified potent hits exhibiting
IC50 values of 1–2 μg/ml (Rohilla et al. 2017). Major advantage of target-based
screening is that there is a prior knowledge about the structure of the compound in
question and the drug target, which makes it easier to elucidate the mechanism of
action of the inhibition observed. Besides, the structural as well as the chemical
knowledge about the compound helps in performing better lead optimization studies
to obtain an improved antitubercular compound.

One of the major limitations of this strategy is the determination of the crystal
structure of many M. tuberculosis proteins as they usually do not express well in
E. coli and remain insoluble when expressed. Methods such as comparative homol-
ogy modelling provide an alternative for the absence of crystal structures; however,
they may not always result in potent inhibitors. Additionally, although this strategy
holds promise in identifying a potent inhibitor against the target, many resulting
enzyme inhibitors are unable to show a good MIC value in vitro (Singh et al. 2018;
Rohilla et al. 2017, 2018; Kumar et al. 2017).M. tuberculosis is a complex pathogen
comprising of a very strong cell wall which hampers the entry of most of the small
inhibitor molecules, which are screened and shortlisted by employing target-based
virtual screening. Even though the shortlisted molecules that are identified by
screening chemical libraries against a validated target show high binding affinity
for the target, their inability to enter the cell due to highly impermeable and
hydrophobic cell wall of the pathogen might prevent them from arresting the cell
growth. Besides, efflux of the compounds by the mycobacterial cells may also
contribute to their poor MIC values (Kumar et al. 2017; Rodrigues et al. 2012;
Zuniga et al. 2015; Kanji et al. 2016; Zhang et al. 2017; Parthasarathy et al. 2016).
For instance, target-based virtual screening against many targets including PimA and
PanC, both shown to be essential drug targets, resulted in the identification of several
hits by screening many chemical libraries; however, none of the shortlisted
molecules showed cellular activity emphasizing the possibility of their lack of
entry into the cell (Kumar et al. 2017). Moreover, since M. tuberculosis is highly
lipid rich, it is expected that a more lipophilic molecule will have a better permeabil-
ity inside the mycobacterial cells and thus may be more potent as it has also been
seen in the case of current anti-TB drugs, which are peculiarly more lipophilic than
inhibitors against other bacteria (Kumar et al. 2017; Piccaro et al. 2015; Machado
et al. 2018). However, in medicinal chemistry, the physicochemical characteristics
such as high lipophilicity are not considered favourable for the development of a
molecule into drug. This may explain the high attrition rate in the virtual screening
approach with no identified compound reaching the TB drug pipeline, since most of
the libraries selected for the screening are chosen as per the existing drug-likeness
rules and exclude the lipophilic molecules. Hence, it seems more logical to recon-
sider the drug-likeness rules in the case of TB drug discovery, and new thinking
beyond the existing dogma of Lipinski’s rule of five is needed to succeed (Piccaro
et al. 2015; Machado et al. 2018).
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25.4.2 Whole Cell Phenotype Screening

The fact that none of the molecules that are being evaluated in clinical pipeline are
derived from structure-based screening, there was a paradigm shift from computa-
tional methods to whole cell phenotypic screening approach for the identification of
new anti-TB agents having novel mechanism of action. The method involves direct
screening of small molecule libraries against the growth of M. tuberculosis in broth
culture. The use of this approach gained pace after the discovery of bedaquiline
(TMC207) and the successful identification of its target ATP synthase through
isolation of resistant colonies and whole genome sequencing (Andries et al. 2005).
Moreover, the success of this strategy is evident from the number of drugs in the
clinical pipeline, which have been identified by whole cell phenotypic screening.
Apart from bedaquiline (TMC207), various molecules such as SQ109, OPC-67683,
PBTZ-169 and Q203 have been identified by employing this approach exhibiting
potent inhibition ofM. tuberculosis growth and are in various clinical, preclinical or
early drug discovery stages (Makarov et al. 2014; Pethe et al. 2013; Lu et al. 2018;
Sacksteder et al. 2012; Protopopova et al. 2005; Matsumoto et al. 2006; Tsubouchi
et al. 2016). The power of this approach is that it circumvents the problems
associated with target-based screens like compound penetration, target redundancy,
etc.; however, a major drawback of this approach is the lack of knowledge about the
mode of action of the drug, and hence, no inputs can be obtained via structure
activity relationship studies and medicinal chemistry for better and improved drug
designing (Zuniga et al. 2015). In fact, many times, for example, in the case of
multiple targets, it is not possible to isolate resistant colonies which makes target
identification a hard task. However, genomic tools for the identification of mutations
in resistant colonies and transcriptional profiling studies in the presence and absence
of drug along with the advent of proteomics and metabolomics have been shown to
be promising and valuable tools for finding the drug targets. In addition, if one is able
to identify a potent inhibitor by using whole cell approach, it is sometimes difficult to
understand its inhibitory activity in vivo due to a number of microenvironments the
bacteria faces including hypoxic conditions, oxidative stress, acidic stress as well as
the various metabolic states that the pathogen can acquire (Kumar et al. 2017; Koul
et al. 2011). Hence, the development of better screening methods like carbon
starvation model, hypoxic model and replicating and nonreplicating
M. tuberculosis model systems that can mimic and represent the in vivo situation
that M. tuberculosis encounters in human host will provide hope for improved drug
designing (Kumar et al. 2017; Sala et al. 2010; Koul et al. 2008). More recently, TB
investigators are focusing towards developing rapid and faster methods for screening
inhibitors directly against the intraphagosomal growth of M. tuberculosis inside
macrophages, the host niche where the bacteria resides, by employing GFP
expressing strains of M. tuberculosis (Khare et al. 2013).
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25.4.3 Screening of Natural Products

The limited chemical space and diversity provided by screening libraries of small
molecules result in the identification of hits with limited target diversity, which also
highlights why certain pathways are always the frequent hits (Kumar et al. 2017).
Hence, considerable attention has been drawn towards the use of natural products as
starting point for TB drug discovery that can provide diverse chemical space with
novel scaffolds, which are not present in the pharmaceutical libraries used for target-
based as well as whole cell screening methods (Kumar et al. 2017; Cragg and
Newman 2013). Natural products from medicinal plants or antibacterial bioactive
compounds have shown promising results in terms of growth inhibitory potential
against M. tuberculosis (Rodrigues Felix et al. 2017; Hartkoorn et al. 2012;
Pruksakorn et al. 2010; Steinmetz et al. 2007). These include secondary metabolites
isolated from plants and other microbial sources such as bacteria, fungi, marine
organisms and algae, belonging to various chemical types such as terpenes
(sesquiterpenes, diterpenes, sesterterpenes, triterpenes), steroids (sterols), alkaloids
(indole, quinoline, pyridoacridone, manzamine alkaloids, etc.) and aromatics
(flavonoids, chalcones, coumarins, lignans, xanthones, anthracenes, anthraquinones,
naphthalenes, chromones, etc.). Apart from the secondary metabolites, polyketides
(acetylenic fatty acids, polycyclic esters, quinones, etc.) and peptides have also
shown growth inhibitory potential. Moreover, these metabolites are bioactive in
nature; their relative bioavailability is quite high which thereby increases their access
to the site of action (Quan et al. 2017). One of the naturally occurring classes of
compounds is phenazines that are biosynthetically produced by Actinobacteria
phylum, which are used against bacteria and fungi as broad-spectrum antibiotics
(Quan et al. 2017; Laursen and Nielsen 2004). There is a renewed interest in
considering riminophenazines as lead compounds for TB drug discovery, especially
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after clofazimine belonging to the same class was shown to work very effectively
against MDR-TB, when administered in combination with gatifloxacin, ethambutol,
pyrazinamide, prothionamide, kanamycin and high-dose isoniazid for 9 months
(Reddy et al. 1999; Van Deun et al. 2010). However, because of the toxicity
observed with the use of clofazimine, analogues of this natural product were
developed, and as mentioned above, TBI-166 has been identified as a promising
compound (https://www.newtbdrugs.org/pipeline/clinical, Reddy et al. 1996; Job
et al. 1990; Levy and Randall 1970; Lu et al. 2011). Likewise, piperidines is another
class of naturally available molecules isolated from black pepper, which have been
used as wide range of drugs such as neuroleptics, vasodilators, antipsychotics and
opioids (Quan et al. 2017). SQ109, the drug that is currently in the clinical pipeline,
is an adamantine-containing hydroxydipiperidine that exhibits potent growth inhibi-
tory property against M. tuberculosis in vitro and in vivo (Sacksteder et al. 2012;
Protopopova et al. 2005). Similarly, BTZ043 also belongs to piperidine-containing
benzothiazinone displaying inhibitory activity against the clinical isolates of
M. tuberculosis and drug-resistant strains (Makarov et al. 2009; Kloss et al. 2017;
Quan et al. 2017). Notably, both SQ109 and BTZ043 were identified through
screening of dipiperidines and sulphur containing heterocycle libraries, respectively,
emphasizing the strength of using natural products for the identification of
antitubercular compounds given that these metabolites/peptides comprise of broad
plethora of diverse scaffolds and pharmacophores. Moreover, other molecules in the
clinical pipeline also belong to various classes of secondary metabolites like mycins
and quinolones. However, the reasons for apprehension in employing this approach
and a lag observed in the success of using these natural products are (i) difficulties in
extraction of high yields of purified compounds, (ii) complexity in determining the
structure of the compound, (iii) accessibility of the source material reproducibly,
(iv) lack of safety studies and (v) lack of information about mechanism of action.
Hence, innovative research is required to overcome these shortcomings.

25.4.4 Repurposing of Drugs

Another important strategy that has a lot of translational scope, which has gained
focus and has resulted in promising molecules currently in the clinical pipeline, is the
repurposing of the existing drugs also known as therapeutic switching or
repositioning approach (Fig. 25.1) (Maitra et al. 2015). Repurposing drug approach
employs the use of already existing drugs against various other diseases. Some of the
drugs that are used to treat a particular condition can also interact with some other
important target(s) and show its effect, which provides a window to analyse its
therapeutic efficacy. Repurposing of the known drugs is promising as it is less time
consuming in terms of the translation from preclinical work to the market, is less
risky and is also less costly (Fig. 25.2).

This approach benefits from the fact that these molecules are already well
characterized in the context of its target validation, hit-to-lead optimization, in vivo
metabolic studies and their safety and toxicity profiling (Maitra et al. 2015). Only 1 in
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10,000 new chemical entities entering into pharmaceutical research actually makes it
to the market; hence, the compounds already found to be safe in early-stage trials are
less risky to begin with. It takes minimum a decade for a non-repurposed drug to reach
the market as compared to only ~4 years for a repurposed drug. The most significant
example of this approach is the use of sildenafil, which was used as an antihyperten-
sive drug, also been shown to shorten the TB treatment in mouse model studies, when
used along with standard drug regimen (Maiga et al. 2012). Moreover, three drugs,
namely, clofazimine, linezolid and moxifloxacin, currently present in the TB drug
clinical pipeline have resulted from repurposing approach (Van Deun et al. 2010; Till
et al. 2002; Yanagihara et al. 2002; Alvirez-Freites et al. 2002). Clofazimine was
initially used to treat leprosy and was shown to be successful in treating MDR- and
XDR-TB; however, due to its side effects, it is being evaluated in combination with
other TB drugs and further analogues are being prepared and tested such as TBI-166
(https://www.newtbdrugs.org/pipeline/clinical, Reddy et al. 1996; Job et al. 1990;
Levy and Randall 1970; Lu et al. 2011; Xu et al. 2012; Van Deun et al. 2010; Garrelts
1991). Fluoroquinolones are potent broad-spectrum antibiotics that inhibit
topoisomerases II and IV, in turn inhibiting DNA replication (Drlica and Zhao
1997). Moxifloxacin and gatifloxacin, which are the new generation fluoroquinolones,
have shown sterilizing properties against M. tuberculosis in both in vitro and in vivo
studies and are currently being used as second-line treatment for TB (Alvirez-Freites
et al. 2002). Moxifloxacin is now being tested in phase III trials in combination with
other drugs to evaluate its efficacy in shortening the treatment regimen (https://www.
newtbdrugs.org/pipeline/clinical). Other classes of drugs such as members of the
avermectin family, which are used for treating helminthic infections, are being tested
for their activity against M. tuberculosis (Lim et al. 2013).

Efforts have also been made by the Indian scientists towards development of new
drugs by using the repurposing approach. For example, Singhal et al. showed that the
FDA-approved drug metformin used for treating diabetes was able to inhibit the
intracellular growth ofM. tuberculosis and enhance efficacy of the existing first-line
TB drugs, thereby suggesting its use as part of adjunctive TB therapy (Singhal et al.
2014). Brindha et al. carried out virtual screening of FDA-approved drugs against
the potential targets of M. tuberculosis, namely, TrpD and CoaA, and further
screened the top ranking molecules for their ability to inhibit the in vitro growth of

Fig. 25.2 The figure depicts various steps involved in the most commonly used drug discovery
approaches for the identification of new anti-TB drugs
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M. tuberculosis resulting into the identification of two potential inhibitors of suscep-
tible as well as resistant strains of M. tuberculosis, namely, lymecycline and
cefpodoxime (Brindha et al. 2017). Moreover, lymecycline and cefpodoxime
exhibited synergistic activity with rifampin and isoniazid against M. tuberculosis,
which suggests the potential of these drugs for the treatment of tuberculosis (Brindha
et al. 2017). In another study, it was shown that administration of verapamil, an
efflux pump inhibitor, as part of adjunctive therapy to infected mice was able to
shorten the duration of standard TB regimen by accelerating the bacterial clearance
and lowering down the relapse rates in comparison to mice that received only
standard chemotherapy (Gupta et al. 2013). In addition, when verapamil was
administered along with bedaquiline and clofazimine, it was able to sharply decrease
the MIC of these drugs by 8- to 16-fold (Gupta et al. 2014). Another drug, namely,
statin, which is used for lowering down of blood cholesterol, when given along with
the first-line antitubercular drugs reduces the lung bacillary load in chronically
infected mice (Dutta et al. 2016). Thus, drug repurposing approach is a very
attractive strategy and provides alternatives for the treatment of drug-resistant cases.

25.4.5 New Approaches

a. RNA-Based Therapeutics

Apart from the major challenges associated with the TB chemotherapy, the biggest
concern that arises in developing new anti-TB agent is the emergence of drug
resistance. Even if a new molecule is identified as a potent anti-TB agent targeting
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a novel protein or metabolic pathway, the problem of developing drug resistance
against the newly identified drug still prevails, and thus, cutting-edge research and
innovative technologies are required, which can circumvent the problem of emer-
gence of resistant strains. One such strategy is the use of RNA-based therapeutics
such as antisense oligonucleotides, which may represent antitubercular compounds
of the future. Antisense oligonucleotides complementary to the target mRNA
sequence are designed which lead to the formation of target mRNA/antisense
oligo duplex (Bai and Luo 2012). This duplex recruits RNaseH and cleaves the
target mRNA molecule resulting in silencing of the target gene (Bai and Luo 2012).
One of the limitations, however, associated with the use of oligonucleotides can
be their unstable nature and inefficient delivery. Recent studies have shown
that modified oligonucleotides such as phosphorothioate oligodeoxynucleotide
(PS-ODNs) have enhanced cellular stability, and the use of nanoparticles or
liposomes results in better delivery, stability and increased bioavailability. In a
study by Meng et al., a new formulation, which involved the use of anionic liposome
for encapsulation and delivery of mecA-specific PS-ODNs to target methicillin-
resistant Staphylococcus aureus, was employed (Meng et al. 2009). Infected mice
when treated with the encapsulated PS-ODN833 downregulated mecA and rescued
the animals from MRSA-caused septic death (Meng et al. 2009). Harth et al.
investigated the effect of hairpin loop extensions by using a sequence-specific
PS-ODNs having 30 and 50 hairpin loop extensions targeting the 30–32 kDa protein
complex (antigen 85 complex) that is involved in the mycolic acid synthesis of
M. tuberculosis (Harth et al. 2007). These PS-ODNs with hairpin loop extensions
inhibited bacterial growth in broth culture, inside human macrophages, and also
reduced target gene transcription by >90% and showed increased bacterial sensitiv-
ity to isoniazid (Harth et al. 2007). Although very preliminary studies have been
conducted by employing antisense RNA as a therapeutic tool against
M. tuberculosis, due to promising results witnessed in these studies, further research
is needed to take this approach forward.

b. Delivery Systems

b1. Nanoparticles/Liposomes

Recent studies are also being focused on developing better delivery strategies to
increase the bioavailability of the anti-TB agents. A drug either administered via
intravenous route or given orally gets distributed throughout the body, and hence,
there are a limited number of molecules that reach the target site (Nasiruddin et al.
2017). Moreover, there can be non-specific or adverse side effects as well. In the case
of mycobacterial infection, the drugs need to further reach the bacteria residing in
macrophages and inside granulomas. Besides, the short half-life and rapid clearance
of the drug also limit its effectiveness (Greenblatt 1985). Hence, to overcome this
challenge, either we need very effective drugs or better delivery methods that can
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enhance the effectiveness of the drug. To this end, nanoparticles or liposomal
preparations encapsulating the TB drugs are being developed. Nanoparticles are
taken up very efficiently by cells and have the property of controlled, slow and
persistent drug release making them an attractive and promising tool for drug
delivery. Many modified nanoparticles have been prepared, for example, PEGylated
nanoparticles to increase the bioavailability of drugs (Pandey et al. 2003; Sharma
et al. 2004). In a study, a single subcutaneous injection of PLG nanoparticles
encapsulated with the first-line TB drugs, rifampicin, isoniazid and pyrazinamide
resulted in sustained plasma drug levels for 32 days and in lungs and spleen for
36 days (Pandey and Khuller 2004). This led to complete sterilization of the organs
of M. tuberculosis-infected mice and demonstrated better therapeutic efficacy as
compared with daily oral intake of free drugs (Pandey and Khuller 2004). Liposomes
offer an inherent advantage that they have fusogenic abilities to fuse with the
macrophages and can efficiently release the drugs into the macrophage cells,
which is the primary niche of mycobacteria. In fact, target-based delivery systems
are also being developed to avoid non-specific interactions of the drug-encapsulated
nanoparticles or liposomes by decorating them with molecules such as mannose
residues or O-SAP (O-stearyl amylopectin), which can specifically target the
macrophages (Mahajan et al. 2010; Vyas et al. 2004). Thus, the superior drug
bioavailability can help enhance its therapeutic usefulness even at low doses of the
formulation, which may further help in reducing the period of chemotherapy and
patient’s compliance. In a study by Deol et al., it was demonstrated that liposome-
encapsulated anti-TB drugs, isoniazid and rifampicin, showed better efficacy than
free drugs against tuberculosis in mice model (Deol et al. 1997). Thus, advances
should also be made towards improving various delivery systems, which can help in
slow and sustained release of the drugs to finally increase the effectiveness and the
associated therapeutic efficacy.

b2. Devices for Sustained Release

One of the problems associated with the control of TB relates to poor adherence
of the patients to the lengthy chemotherapy, which requires daily administration,
high pill burden and frequent dosing. Hence, current research is also being focused
on the development of orally administered devices, which can help in increasing the
bioavailability of the drug along with sustained release, with holding capacities for
close to a month’s pill dosage (Caffarel-Salvador et al. 2017). Such devices would
make it feasible to provide the patient with the one time-large dose along with
controlled release systems, which would help in getting rid of the needle injections
and its associated complications. A similar device having these properties and ability
to go and reside inside the GI tract is currently under preclinical evaluation. Such
devices are advantageous over the existing injectable or oral drugs because of the
ease of administration, a low immunological response and a greater accommodation
of the drug inside the GI tract (Caffarel-Salvador et al. 2017). These devices would
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lead to drastic increase in the patient’s adherence to the therapy, which would prove
a boon for the prevention of drug-resistant TB cases.

c. Gene-Editing Tools

Recombineering techniques based on homologous recombination for the generation
of deletion mutants are not a very efficient way to validate important drug targets due to
high frequency of illegitimate recombinations and time-consuming procedure. Besides,
multiple steps and specialized reagents are required, which make the procedure cost
ineffective. As identification and validation of essential genes is a crucial requirement for
the discovery of novel molecules, newer tools are needed that can speed up this process.
CRISPR/CAS technology provides an alternative to the conventional method of gene
silencing and has proven to be very useful in M. tuberculosis (Choudhary et al. 2015;
Singh et al. 2016). The clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated (Cas) system is a novel genome-editing tool found in
bacteria and archaea responsible for the adaptive immune system of prokaryotes
providing them with resistance to invading foreign viruses or plasmids (Makarova
et al. 2011). The type II CRISPR/Cas system comprises of two short RNA and the
DNA endonuclease Cas9. The short RNAs direct Cas9 DNA endonuclease to the target
DNA sequence called the protospacer on the target DNA next to the protospacer
adjacent motif (PAM) for site-specific cleavage resulting in double-stranded breaks,
which can be repaired either by (i) the efficient, however, error-prone non-homologous
end joining (NHEJ) pathway or (ii) the high-fidelity but less efficient homology-directed
repair (HDR) pathway (Jiang and Doudna 2017). The double-stranded DNA breaks that
are repaired by NHEJ pathway result in premature stop codon within the ORF of the
target gene by creating either deletions or insertions or frameshift mutations (Jiang and
Doudna 2017). The desired result is a loss-of-function mutation within the target gene
(Jiang and Doudna 2017). More recently, CRISPR/CAS interference method is devel-
oped, which utilizes a small guide RNA that directs the enzymatically inactive CAS
endonuclease to specific gene target resulting in interference in the transcription
(Marraffini and Sontheimer 2010). Recently, Choudhary et al. showed that by
employing an optimized CRISPR/CAS interference system, complete repression of
individual or multiple target genes in mycobacteria could be achieved, thus providing
a simple, rapid and cost-effective tool for the selective loss of gene expression in
mycobacteria (Choudhary et al. 2015). In another such study, prevention of expression
of several essentialM. tuberculosis genes including pknB was reported emphasizing the
ability of the system tomodulate the extent of transcription inhibition (Singh et al. 2016).

d. Immunotherapeutic Approach

With an aim to shorten the treatment duration, newer strategies are being
employed like the use of vaccines as an adjunct to standard chemotherapy.
The basic rationale behind this approach is that vaccines may have the ability to
alter the immune responses from unprotective Th2 type to protective Th1 type,
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which are typically needed for M. tuberculosis control. Hence, by administering the
vaccine along with chemotherapy, it is believed that the combined effect exerted by
both together might help in faster clearance of the bacteria from the host, which can
have implications in reducing the duration of standard chemotherapy. For instance,
immunotherapy with DNA expressing α-crystallin, an antigen associated with
latency, was able to significantly reduce the chemotherapy period when compared
with the chemotherapy alone (Chauhan et al. 2013). In another study, therapeutic
vaccination of ID93/GLA-SE as an adjunct to chemotherapy decreased the bacillary
load as well as improved the survival time of mice, when compared with mice that
were given chemotherapy alone suggesting the possible benefits of adjunctive
immunotherapy in shortening the treatment time (Coler et al. 2013). Vaccination
with multivalent DNA vaccine encoding Ag85B, MPT-64 and MPT-83 in combina-
tion with isoniazid and pyrazinamide was effective in prevention of TB reactivation
(Yu et al. 2008). Silva et al. demonstrated that immunotherapy with plasmid DNA
encoding Mycobacterium leprae 65 kDa heat-shock protein (hsp65) in association
with chemotherapy shortens the duration of treatment, improves the treatment of
latent TB infection and is also effective against MDR-TB (Silva et al. 2005).

Figure 25.3 shows the problems and possible solutions involved in the TB drug
discovery program.
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