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Tuberculosis remains a scourge of global health with shrinking treatment
options due to the spread of drug-resistant strains of Mycobacterium tuberculosis.
Intensive efforts have been made in the past 15 years to find leads for drug
development so that better, more potent drugs inhibiting new targets could
be produced and thus shorten treatment duration. Initial attempts focused
on repurposing drugs that had been developed for other therapeutic areas
but these agents did not meet their goals in clinical trials. Attempts to find
new lead compounds employing target-based screens were unsuccessful as
the leads were inactive against M. tuberculosis. Greater success was achieved
using phenotypic screening against live tubercle bacilli and this gave rise to
the drugs bedaquiline, pretomanid and delamanid, currently in phase III
trials. Subsequent phenotypic screens also uncovered new leads and targets
but several of these targets proved to be promiscuous and inhibited by a variety
of seemingly unrelated pharmacophores. This setback sparked an interest in
alternative screening approaches that mimic the disease state more accurately.
Foremost among these were cell-based screens, often involving macrophages,
as these should reflect the bacterium’s niche in the host more faithfully.
A major advantage of this approach is its ability to uncover functions that
are central to infection but not necessarily required for growth in vitro. For
instance, inhibition of virulence functions mediated by the ESX-1 secretion
system severely attenuates intracellular M. tuberculosis, preventing intercellular
spread and ultimately limiting tissue damage. Cell-based screens have high-
lighted the druggability of energy production via the electron transport chain
and cholesterol metabolism. Here, I review the scientific progress and the pipe-
line, but warn against over-optimism due to the lack of industrial commitment
for tuberculosis drug development and other socio-economic factors.
This article is part of the themed issue “The new bacteriology’.

1. Introduction

The discovery of antibacterial agents and their application in human medicine have
radically changed the course of infectious diseases, protected health and extended
life expectancy [1]. Most life-threatening diseases can still be cured by antibiotic
treatment but the range of therapeutic options offered by antibiotics is diminishing
due to the emergence and spread of drug-resistant bacteria [2]. Drug resistance has
arisen because of the overuse, misuse and abuse of antibiotics, and the transfer of
drug resistance determinants between many bacteria. Alarmingly, the number of
new antibiotics introduced into the clinic has shrunk to an all-time low as the
pharmaceutical base has severely contracted and investment eroded [3].
Tuberculosis respects no boundaries and is a major, enduring threat to global
health. The World Health Organisation reported 9.6 million incident cases in
2014, 12% of which were co-infected with HIV, and there were 1.5 million deaths
of which 0.4 million were HIV-positive [4]. The burden of latent infection is esti-
mated to be over 2 billion. Although the HIV epidemic appears to be receding
there are grounds for concern with another potential co-morbidity, type 2 diabetes.
This is predicted to affect 600 million individuals worldwide by 2050 and to be
especially prevalent in developing countries such as India where there are currently
2.5 million active tuberculosis cases and approximately 60 million diabetics.
Tuberculosis, like other bacterial diseases, is confronted by problems of drug
resistance. Treatment of drug-susceptible disease still comprises an intensive
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phase of two months with isoniazid, rifampicin, ethambutol
and pyrazinamide followed by a four-month continuation
phase of isoniazid and rifampicin alone, a regimen first devised
40 years ago. Multidrug-resistant tuberculosis (MDR-TB) arises
when strains display resistance to isoniazid and rifampicin,
whereas extensively drug-resistant tuberculosis (XDR-TB)
also involves resistance to the second-line drugs, notably a
fluoroquinolone and one of the injectables (capreomycin, kana-
mycin or streptomycin). In 2014, MDR-TB affected 3.3% of new
cases and 20% of previously treated cases, and accounted for
190000 deaths [4]. Overall, there were 480 000 cases of MDR-
TB and an estimated 48 000 cases of XDR-TB. In the light of
these staggering statistics there is clearly a need for new and
more effective drugs.

2. Discovering new drugs and regimens

Since publication of the genome sequence of the H37Rv strain
of Mycobacterium tuberculosis in 1998 [5], a variety of different
genome-enabled approaches have been implemented to find
new leads for drugs and to incorporate new drug candidates
into regimens as multidrug therapy will remain mandatory
for tuberculosis. These discovery efforts ranged from testing
existing drugs for activity against M. tuberculosis to developing
new ones ab initio. An important conceptual advance was the
understanding of the necessity to begin testing new candidates
in combinations during early stages of preclinical development
in order to accelerate the subsequent clinical trials [6,7].

(a) Repurposing old drugs

In the 2000s, one means of accelerating the development of
new treatment-shortening regimens was repurposing drugs
that had proved successful in curing other infections. Particu-
lar interest was devoted to the newer fluoroquinolones as one
of these, moxifloxacin, had proved highly effective in rapidly
reducing the bacterial load in murine models of tuberculo-
sis [8]. This, and observations from phase II trails [9], led to
phase III clinical trials of moxifloxacin against pulmonary
tuberculosis where the fluoroquinolone replaced one or
other of the standard drugs in the frontline regimen with
the expectation of faster cure. Disappointingly, in three inde-
pendent phase III trials—REMoxTB [10], OFLOTUB [11],
RIFAQUIN [12])—the trial goals were not attained and no
improvement over the standard of care was observed [13].

(b) Target-based screens

The combination of genomics and bioinformatics had led to
new hope for discovering antibacterials in a rational manner
and target-based screening was widely embraced by pharma-
ceutical companies and academia [14]. Having validated that
the gene for the chosen target was essential for growth of
the bacteria by gene replacement or saturation transposon
mutagenesis, high-throughput screens of huge libraries of
compounds were implemented against the purified target,
usually an enzyme. The inhibitors or ‘hits’ that arose could
then be converted into leads by harnessing medicinal chem-
istry, structural biology and rational drug design. The first
steps were generally successful but the process invariably
failed when the compounds were tested for antibacterial
activity in broth or in infection models. To illustrate this we
can cite the example of the essential serine/threonine kinase

PknB of M. tuberculosis [15] for which inhibitors with pico- n

molar ICs, values were produced, but none of these showed a
minimal inhibitory concentration (MIC) against the pathogen
below 100 pgml™' (MMA4TB unpublished; http://www.
mmdétb.org/). There are many reasons to explain this discrep-
ancy and in the case cited it was the inability of the inhibitor
to penetrate the cell. Indeed, the thick, complex and hydro-
phobic cell wall of tubercle bacilli represents a formidable
permeability barrier. Other explanations for the disconnect
between ICsy and MIC include the target not being required
during infection, functional redundancy and the ability of the
pathogen to scavenge metabolites from the host cell. Reassur-
ingly, attempts at developing leads for other pathogenic
bacteria by this approach were equally disappointing, and
most experts regard this era in drug discovery as a marked
failure that has directly contributed to the disengagement of
pharmaceutical companies from the antibacterial sector
[14,16]. In the field of tuberculosis, these disappointments and
setbacks triggered the return to a tried and trusted method, phe-
notypic screening, the very approach that was used to discover
the first anti-tubercular agents in the 1950s and 1960s.

(c) Phenotypic or whole-cell screens

The disappointments of target-based screening led to the
realization that pharmacological validation of targets was a
more reliable route to lead finding and a better predictor of
success against the pathogen (figure 1). Three of the drugs
now in phase III clinical trials were found by means of
their whole-cell activity and, in chronological order, these
were pretomanid [17], bedaquilin [18] and delamanid [19].
Bedaquilin, a diarylquinoline, is particularly interesting as it
inhibits the ¢ subunit of ATP-synthase of M. tuberculosis
with great specificity, an enzyme that would not have been
chosen for target-based screening due to its ubiquity.
Pretomanid and delamanid are both nitro-imidazole pro-
drugs that require activation by an F420-dependent nitrore-
ductase, Ddn. Their cidal activity likely stems from the
pleiotropic action of the nitric oxide thereby released [7].
TBA354, a pretomanid back-up with several advantages, is
currently in phase I trials (figure 1).

Other drug candidates that are in earlier stages of
clinical testing and were also found by phenotypic screens
include the ethylene diamine, SQ109 [20], the imidazo-
pyridine, Q203 [21] and the benzothiazinone, PBTZ169 [22]
(figure 1). All three of these candidates inhibit novel
protein targets (MmpL3, QcrB, DprEl) in M. tuberculosis that
later transpired to be ‘promiscuous’ [23]. Many other hits were
uncovered by phenotypic screening but as they have been less
intensively investigated I will not discuss them here [24-26].

(d) Promiscuous targets

A puzzling outcome of many phenotypic screens against
M. tuberculosis was the finding that the same targets were
repeatedly found in many different laboratories despite the
use of different compound libraries and assays. Such targets
were termed ‘promiscuous’ [23] as they seemed to be affected
by a broad range of unrelated pharmacophores (table 1).

(i) DprE1
The sole arabinose precursor for synthesis of the critical cell
wall components arabinogalactan and lipoarabinomannan is
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Figure 1. Structures of drug candidates in clinical trials.
Table 1. Inhibitors of promiscuous targets.
target compound class references
DprE1 1,3-benzothiazin-4-ones (BTZs) (covalent) [22,27]
DbrE1 - » benzoquihokaline (‘co‘valent) ‘ - ‘ - o [28]‘ o
DprE1 dinitrobenzamides (covalent) [29]
DprE1 » B o nitro-subs‘tit‘uted triaiolé (covélént) lllllll >[25]‘ B
DprE1 benzothiazoles (covalent) [30]
DprE] » o - benzothiazole—t»hibophené (non-covalent) B B - B » >[31]
DprE1 2-carboxyquinoxalines (non-covalent) [32]
DprE1 » - 1,4—azaindo|le ‘(hdn;covaieht) » [33]
DprE1 pyrazolopyridone (non-covalent) [34]
‘MmpL3 o o ethylene diamines )
MmpL3 1,5-diarylpyrrole BM212 135]
Mmpl3 benzimidazole (215 s
MmpL3 tetrahydropyrazolo[1,5-a]pyrimidine-3-carboxamides [26,36]
anpL3 - » N-benzyI-S’ ,‘7’-dihy‘dr‘ospiro[piperidine-4,4’-thiehoB,Z-c]pyrans ‘ o o [36] o
MmpL3 indolecarboxamides [37,38]
anpL3 . o B adamantyi e .[39]. L
MmpL3 spiropiperidines [40]
Pks13 » o - thiophenes B >[41—43]
Pks13 benzofurans [26]
QﬁrB L B bimidazob[1;2;ajpybridin‘e o (IPAF)F ....................... [.21.14,4._.47.] .
QcrB imidazo[4,5-c]pyridines [47]
IQc‘rB‘ o o piperaziné—pyfaidlé o >[47]‘ o
QarB triazolo[3,4-b][1,3,4]thiadiazole [47]
QuB ‘ ‘ » oxoquinolin‘es‘ - (471
QcrB lansoprazole sulphide [48]

produced by decaprenyl-phosphoryl-B-p-ribose epimerization
resulting from two enzymes acting concertedly. First, the
flavoprotein DprE1 oxidizes decaprenyl-phosphoryl-B-b-ribose
to decaprenyl-phosphoryl-B-p-keto-pento-furanose that is
subsequently reduced by the NADH-containing DprE2 to
decaprenyl-phosphoryl-B-p-arabinose [49]. Both DprE enzy-
mes are essential [49,50] and, in 2009, DprE1 was discovered

to be the target of the 1,3-benzothiazin-4-ones (BTZs), excep-
tionally potent nitroaromatic inhibitors [27]. The BTZs are
suicide inhibitors that undergo nitroreduction by the FADH,-
containing form of DprEl resulting in a nitroso species that
covalently binds to a cysteine residue in the active site, thereby
irreversibly inactivating the flavoenzyme and thus blocking
arabinose production.
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Later, several other series of nitroaromatic DprE1 inhibitors
were found and, like BTZ, these all form covalent adducts with
the active site cysteine [7,49]. These compounds include the
dinitrobenzamides, benzoxyquinoxalines, benzothiazoles and
nitro-substituted triazoles (table 1). Subsequently, as DprEl is
a highly vulnerable target of M. tuberculosis, several series of
non-covalent inhibitors were also developed. Details of the
covalent and non-covalent inhibitors may be found in table 1.

(i) MmpL3

The broadest of the promiscuous targets is the MmpL3 trans-
porter, a member of the resistance-nodulation-division
(RND) superfamily (table 1). As MmpL3 belongs to the RND
family, there was concern that it might be responsible for
efflux-mediated resistance rather than represent a target
per se. This concern was largely dispelled when it was demon-
strated that treatment with certain compounds, such as SQ109
or the adamantyl urea AU1235, abolishes the ability of MmpL3
to translocate trehalose monomycolate to the periplasm as part
of mycolic acid biogenesis. However, as the transmembrane
electrochemical proton gradient that energizes this transloca-
tion process is dissipated by many of the MmpL3 inhibitors
tested, the ability of these compounds to accept protons may
explain the ‘promiscuity’ [51]. Furthermore, it is also conceiva-
ble that such inhibitors may act pleiotropically and inhibit
other enzymes that harness the proton gradient.

(iii) QcrB

Several research groups identified this target independently
and most of the inhibitors were based on the imidazopyridine
amide scaffold [21,44-46] (table 1). QcrB is the b subunit of
cytochrome bcl oxidase and, consistent with its function in
electron transport, inhibition of QcrB leads to ATP depletion.
The most advanced candidate, termed 203, is currently in
phase I trials (figure 1) and the initial lead compound was
found by high content screening [52]. Laboratory mutants
resistant to Q203 all harbour the missense mutation T313A
and, based on structural models, this appears to map to the
menaquinol binding site of QcrB near to the site of interaction
with the Rieske protein (QcrA). More recently, a further four
non-imidazopyridine amide scaffolds (table 1) were shown to
act as QcrB inhibitors by Arora et al. [47] and a variety of
new resistance-conferring mutations were mapped to QcrB,
in the vicinity of T313. This may explain why all five scaffolds
show extensive cross-resistance in studies with mutants. These
investigators caution that M. tuberculosis may be able to over-
come QcrB inhibition by using cytochrome bd oxidase as an
alternative electron acceptor when oxygen tension changes.

(iv) Pks13

This multi-domain, multifunction polyketide synthase is
essential for mycolic acid production. Among the many
enzymatic steps catalysed by Pksl3 are formation of the
a-alkyl-B-ketoester branched-chain precursors by conden-
sation of a C24—-C26 long-chain fatty acid with a C40-C60
meromycolate chain. Pks13 then uses its thioesterase activity
to release these nascent mycolates and transfers them to treha-
lose thereby forming the trehalose monomycolate precursor
[53]. Several groups have independently found thiophene and
benzofuran compounds [26,41,42] that target Pks13, thus ablat-
ing mycolic acid synthesis [43]. Ioerger et al. discovered a
benzofuran that seemingly inhibits the thioesterase activity

(residues 1400-1700) as resistance mutations (D1644G and n

D1607N) mapped there [26]. By contrast, the site of thiophene
inhibition is distinct, as a resistant mutant harbours a F79S sub-
stitution that is predicted to be close to the phospho-pantetheine
attachment site [43].

(e) Accounting for promiscuity

Goldman noted that membrane protein targets were over-
represented in the hits from phenotypic screens and suggested
that this might be explained by the relative hydrophobicity
of the compounds concerned as their logP-values often
exceeded 4 [54]. Another possible explanation may be due
to such compounds acting as uncoupling agents that can dissi-
pate the proton motive force required for ATP synthesis [55].
As described in §2d(ii), several MmpL3 inhibitors have this
ability. Some of these inhibitors also have a second activity
and are able to block the activity of certain key enzymes as
exemplified by SQ109 that impacts the 1,4-dihydroxy-2-
naphthoate octaprenyltransferase, MenA, required for
menaquinone biosynthesis [56].

Another explanation may be provided by the location of the
targets themselves. For instance, it has recently been shown
that DprEl is located on the periplasmic side of the plasma
membrane, predominantly at the old cell pole [57]. Cell wall
biosynthesis is spatially and temporally coordinated, occurring
primarily at the poles. The proteins MurG and DivIVA (Wag31)
involved in peptidoglycan synthesis; the enzyme GIfT2, that
acts downstream of DprE1 and is required for arabinogalactan
production; MmpL3, Pksl3 and several FAS-I enzymes
involved in mycolic acid synthesis and translocation, have all
been localized at the cell pole [58,59]. Furthermore, the active
site of QcrB is also periplasmic although the precise localiz-
ation of the enzyme in the plasma membrane has not been
defined. Thus, drugs inhibiting these functions do not have
to cross the plasma membrane to reach their targets and the
corresponding enzymes may be more vulnerable for topologi-
cal reasons. Indeed, this has led Carel ef al. [59] to propose that,
during growth, the cell pole may be the Achilles’ heel of the
tubercle bacillus.

3. Intracellular screens

Given the limitations of both target-based and in vitro pheno-
typic screens, some investigators proposed that ex vivo
screens, employing macrophages infected with M. tuberculosis,
would provide a new means of detecting novel inhibitors and
discovering targets that might be more relevant during infec-
tion. Such cell-based screens offer several major advantages:
they provide information about the uptake and intracellular
activity of compounds and also enable cytotoxic compounds
to be identified early in the screening cascade. Cell-based
screens also have the potential to identify host functions that
influence intracellular survival of tubercle bacilli and could
thus serve as targets for host-directed therapy, although this
will not be discussed further here [60]. A particularly elegant
implementation of this strategy was provided by high content
screening [61], an approach that uses automated confocal
fluorescence microscopy to identify compounds that interfere
with the replication of tubercle bacilli within macrophages.
Such a screen uncovered 135 active compounds with potent
intracellular anti-mycobacterial efficacy and no host cell tox-
icity among a 57 000-strong library of small molecules [29].
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These included the dinitrobenzamide derivatives that were
shown to be DprEl inhibitors (table 1) and the hit [21] that
later became Q203 (table 1 and figure 1).

In a variation of this screen, an M. tuberculosis strain
that constitutively expressed the fluorescent protein mCherry
was used to find hits in a collection of approximately 340 000
synthetic compounds [62]. This uncovered two distinct
subsets of compounds: those that were universally active,
inhibiting mycobacterial growth in vitro and inside macro-
phages, and those that were conditionally active, inhibiting
intracellular but not in vitro growth of M. tuberculosis. Further
investigation revealed that some of the latter inhibitors
blocked cholesterol catabolism in both settings, thereby
limiting growth. Other hit compounds targeted PrpC, the
2-methylcitrate synthase, required for assimilation of pro-
pionyl-CoA derived from cholesterol into the TCA cycle,
while a further group of hits modulated the adenylate cyclase
Rv1625/Cya. The latter finding indicates that cyclic-AMP
regulates cholesterol utilization and propionate metabolism
in M. tuberculosis [62].

Rybniker ef al. [48] devised an innovative intracellular
screen to find hits that protected lung fibroblasts from the
cytotoxicity associated with M. tuberculosis. A counter-screen
against in vitro grown M. tuberculosis enabled known anti-
biotics to be identified in a collection of US Federal Drug
Administration-approved drugs and eliminated from further
studies. The proton pump inhibitor lansoprazole (LPZ), an
over-the-counter drug used to remedy heartburn and other
acid-mediated disorders, was found to be highly active in
this screen but only after its intracellular reduction to lansopra-
zole sulphide (LPZS). Unlike LPZ, LPZS was also active in
broth, displaying an MIC of approximately 1 uM, and this
enabled the target to be identified after genome sequencing
of LPZS-resistant mutants. The same missense mutation
(L176P) was found in the gcrB gene of three independent
mutants, thus validating cytochrome bcl oxidase as a bona
fide drug target in an infection model. Although the L176P
mutation maps to the active site, no significant cross-resistance
was observed between LPZS and imidazopyridine amides
such as Q203 [48]. LPZS showed modest activity in the acute
model of murine tuberculosis and this investigation demon-
strates that repurposing drugs developed for other
therapeutic areas can be a viable strategy for tuberculosis.

4. Towards anti-virulence drugs

An alternative approach to antibacterial drug discovery that is
gaining credence is to identify compounds targeting functions
required for pathogenesis or disease. These lead compounds
could be developed as anti-virulence drugs for use in conjunc-
tion with conventional anti-tubercular agents. Such functions
are not required for growth in synthetic media so can only
be accessed using ex vivo or in vivo models. Anti-virulence
drugs have a number of potential advantages as they should
be less prone to resistance than bactericidal drugs, especially
to transferable resistance mechanisms. They will also be
pathogen-specific, therefore sparing the host’s microbiota,
and should reduce tissue damage and the resultant pathology
[63]. Anti-virulence drugs could then be used in conjunction
with conventional anti-tubercular agents.

The ESX-1 type VII protein secretion system is the major
virulence determinant of M. tuberculosis and is required for

host cell entry, phagosome escape and intercellular spread
[64-69]. The best-characterized virulence protein secreted
by ESX-1 is EsxA; this helical hairpin protein is endowed
with membranolytic and cytolytic activities, and triggers
early mechanisms of innate immunity such as the production
of type I interferons [70]. It is also a major T-cell antigen and
contributes to adaptive immune responses [64,69].

Secretion of EsxA and other ESX-1 substrates requires the
activity of at least three different ATPases, EccAl, EccCal and
EccCbl1 [65]. Rybniker et al. [71] therefore exploited a fibro-
blast survival assay to screen a kinase inhibitor library for
compounds that protect against M. fuberculosis-mediated
cytotoxicity and reasoned that the nucleoside analogues
present therein might inhibit these ATPase activities. The
approach was successful, disclosing two series of compounds
that prevented secretion of EsxA.

The first series comprised benzothiophene (BTP) deriva-
tives that probably act by inhibiting MprB, the histidine
kinase of the MprAB two-component signal transduction
system because the lead compound BTP15 was shown to act
as a kinase inhibitor in an in vitro MprB autophosphorylation
assay. Perturbing the regulatory loop mediated by this signal
transduction system leads to downregulation of an operon,
espACD, required to produce a critical part of the secretion
apparatus [72]. The mechanism of action of the second series,
the benzyloxybenzylidine hydrazine (BBH) compounds, was
less clear. Exposure of M. tuberculosis to the lead compound,
BBH?7, disrupted metal ion homeostasis and increased outer
membrane permeability. The tubercle bacillus responded by
upregulating the ESX-1 ATPases, EccCal and EccCbl, but
EsxA secretion was blocked by BBH7 by an unknown mechan-
ism. After exposing infected macrophages to BTP15 or BBH?,
phagosomes containing mycobacteria fuse with lysosomes,
thereby severely inhibiting intracellular growth.

As ESX-1 is a key player in both the innate and adaptive
immune responses its inhibition by pharmacological means
should open avenues for immunomodulation. Ablasser and
her colleagues tested the effect of BTP15 and BBH7 on innate
immune responses and found, as predicted from earlier inves-
tigations, that downregulation of ESX-1 greatly diminished the
production of type I interferons but did not impact the levels of
the cytokine IL-1B [73]. Thus, pharmacologically manipulating
the ESX-1 secretion system can sway the M. tuberculosis-
triggered immune cytokine pattern towards host-protective
IL-1B production, by accentuating intracellular sensing of
mycobacterial ligands via the inflammasome complex, and
also alleviating the type I interferon response that is believed
to favour the pathogen.

Ethoxzolamide, a sulphonamide drug used as an anti-
diuretic and in glaucoma treatment, is another interesting
example of a potential anti-virulence inhibitor. Johnson et al.
[74] used an acidic pH-inducible fluorescent reporter strain of
M. tuberculosis that is fully dependent on PhoPR regulation to
identify compounds that might inhibit this two-component
system. PhoPR acts pleiotropically in response to acid stress,
and among the genes it regulates are several encoding com-
ponents of the ESX-1 system [75,76]. Ethoxzolamide inhibits
human carbonic anhydrase and displays the same activity
against M. tuberculosis, which has three such enzymes,
as well as downregulating ESX-1 secretion. Exposure to
ethoxzolamide protects both macrophages and mice against
M. tuberculosis, probably by indirectly downregulating
expression of the ESX-1 system, although another important
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virulence factor, the lipid phthiocerol dimycocerosate, is also
regulated by PhoPR. This discovery was interesting for two
reasons: firstly, it identifies carbonic anhydrase activity as a
likely cue for PhoPR; secondly, it provides an opportunity to
repurpose ethoxzolamide, or a related molecule, for tuberculo-
sis therapy.

5. Conclusion and perspectives

Significant strides have been made in reducing the mortality
resulting from tuberculosis as the death rate has declined by
over 40% since 2000 to around 1.5 million/year today. This
reduction was owing largely to improved operational pro-
cedures and better access to treatment resulting from
increased funding contributed by the Global Fund to fight
AIDS, Tuberculosis and Malaria, the President’s Emergency
Plan for AIDS Relief (PEPFAR) and other such bodies. How-
ever, during the same period the number of new cases of
tuberculosis has remained relatively constant and shows few
signs of receding, with drug resistance continuing to climb. It
is frequently proposed that vaccination is the only intervention
likely to make an impact on the incidence of the disease, but
numerous attempts to develop vaccines that are more effica-
cious in humans than the BCG (Bacille de Calmette et
Guérin) vaccine have failed despite the repeated efforts of
many talented scientists [77].

In this article, I have discussed the obstacles in finding lead
compounds and summarized some of the scientific achieve-
ments that have undoubtedly been made in the field of
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