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ABSTRACT There is an urgent need for new and better drugs to treat tuberculosis due 
to lengthy and complex treatment regimens and a rising problem of drug resistance. Drug 
discovery efforts have increased over the past few years, with a larger focus on modern 
high-throughput screening technologies. A combination of target-based approaches, with 
the traditional empirical means of drug identification, has been complemented by the use 
of target-based phenotypic screens only recently made possibly with newer genetic tools. 
Using these approaches, a number of promising compound series have been discovered. 
However, significant problems remain in developing these into drugs. This review highlights 
recent advances in TB drug discovery, including an overview of screening campaigns, lessons 
learned and future directions.
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In the last 3 years, over 16,000 peer-reviewed scientific articles pertaining to tuberculosis (TB) 
research have been published. This number is likely to continue to increase, as the threat of tuber-
culosis and the emergence of drug resistant strains continues to pose threats to global health. 
Discovering the means to prevent and eradicate this disease will be at the forefront of many research 
agendas. There has been resurgence in interest in applied and translational research for vaccines, 
diagnostics and drugs to combat TB. However, progress has been slower than anticipated and there 
remains an urgent need for increased resources and investment into these research areas.

The basic problems
There are numerous technical challenges in identifying suitable antitubercular agents. The extremely 
slow growth rate of Mycobacterium tuberculosis (mean generation time of 24 h) poses a significant, 
yet inherent challenge, as this determines the rate of progress of discovery research. In addition, 
M. tuberculosis is a respiratory pathogen, which has to be handled under strict safety conditions 
(Biosafety Level 3 in the USA) requiring expensive specialist facilities. The cell wall of M. tuberculosis 
is waxy, making it a barrier that prevents many small molecules from penetrating into the bacteria 
and thus unable to access the intended target(s). To make matters worse, M. tuberculosis has efflux 
pumps that have been implicated in resistance to antibiotics [1]. During infection, the bacteria are 
found in diverse microenvironments, as well as in replicating and nonreplicating states, requiring 
drugs to be active under several conditions and against multiple physiologically different states. 
Given the extended therapy required to treat TB, drugs also need to be safe over long periods of 
time, without significant side effects or drug–drug interactions.

In order to overcome these issues, researchers have turned to a variety of screening methods to 
identify promising compound series for development. This review will discuss the current state 
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of TB drug discovery research with particular 
regard to screening campaigns. In addition, we 
will explore the methods by which drug targets 
are being identified and/or validated. Lastly, we 
will provide our thoughts on the future of TB 
research and drug discovery, as the improved 
treatment of tuberculosis is of upmost impor-
tance. This is not intended to be a comprehen-
sive review, but we have focused on the most 
recent work (last 5 years) and promising avenues 
for future developments.

Beyond the golden age of antibiotics
The antibiotics rifampin, isoniazid, ethambutol 
and pyrazinamide form the core treatment regi-
men for drug-sensitive M. tuberculosis. Rifampin 
works by inhibiting the beta subunit of RNA 
polymerase, blocking transcription [2]. Isoniazid 
is a pro-drug, which is activated by KatG, and 
likely has multiple mechanisms of action, includ-
ing blocking the synthesis of mycolic acids, a key 
component of the cell wall [3,4]. Ethambutol also 
targets cell wall biosynthesis by inhibiting arabi-
nogalactan and lipoarabinomannan biosynthesis 
[5]. Pyrazinamide has a complex mode of action, 
which involves conversion to pyrazinoic acid, 
and which likely has multiple effects on the cell.

With the appropriate antibiotic treatment, 
drug sensitive TB is largely curable; however, 
it still requires taking the four first line drugs 
for a minimum of 6 months. Patient compli-
ance with the regimen is an ongoing challenge, 
to such a degree that directly observed therapy 
(DOTS) is recommended. The number of peo-
ple who have multidrug-resistant TB (MDR-TB; 
resistance to isoniazid and rifampin) or exten-
sively drug-resistant TB (XDR-TB; resistance to 
isoniazid, rifampin, a fluoroquinolone and one 
injectabledrug) is increasing. Soon, MDR-TB 
and XDR-TB will render our core antibiotics 
ineffective. As such, there is a pressing need for 
new TB drugs and regimens. Despite the impe-
tus for new TB drugs, the rate of development 
and deployment in the clinic is slow.

Target-based screening campaigns
Drug discovery in the late 20th century largely 
focused on target-centered methods and that has 
been true of TB research. The determination 
of the entire genome sequence of M. tuberculo-
sis H37Rv, played a critical role in identifying 
new drug targets [6,7], as well as broadening our 
understanding of infection biology [8]. The iden-
tification of essential proteins led drug discovery 

researchers to embrace target-based approaches 
for screening campaigns. However, there are 
major limitations of this approach, including 
the difficulty in selecting targets relevant for 
infection and the lack of translation of in vitro 
activity against individual proteins into activity 
against live bacterial cells.

A number of compound classes have been 
identified via target-based high-throughput 
screening campaigns, of which some remain 
under development at the hits-to-leads stage. 
Several groups have completed high-throughput 
screens against carefully selected targets (Table 1) 
[9]. Targets include PanC, FtsZ and FadD32. 
Furthermore, high-throughput screening cam-
paigns have been launched to identify inhibitors 
of LeuRS, InhA and isoprenoid biosynthesis [10].

PanC (pantothenate synthetase) is an enzyme 
required for the synthesis of pantothenate (vita-
min B5), which is required for the synthesis 
of coenzyme A. Several screening campaigns 
have been conducted against this target [16,18], 
including one in our own laboratory using 
90,000 compounds [12]. From the latter screen, 
the 3-biphenyl-4-cyanopyrrole-2-carboxylic 
acid series was identified to have good activity 
in vitro against PanC and also showed activity 
against live M. tuberculosis in a PanC-dependent 
fashion.

FtsZ is an essential protein involved in cell 
division. Using an assay to test for the GTPase 
activity of FtsZ, a screening campaign of 20,000 
compounds resulted in the discovery of the 
inhibitor 297F. This inhibitor also shows prom-
ise for development, since it has activity against 
live M. tuberculosis [13].

M. tuberculosis proteins are often difficult to 
express and purify. Another approach has been 
to use purified proteins from closely related 
species. For example M. smegmatis FadD32, a 
protein involved in mycolic acid synthesis, was 
used in a screen of 10,000 compounds, using 
a thermal shift assay [11]. Five chemical classes 
were identified that bound to FadD32, although 
it is not clear if these bind to the M. tuberculo-
sis FadD32 homolog, or if they have whole-cell 
activity.

Virtual screening has become more popu-
lar where structural information is available; 
3D structures of targets can be utilized to per-
form in silico screens for potential inhibitors. 
This approach offers the advantage of minimal 
bench work, and the ability to screen very large 
compound libraries. For example, 4 million 
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compounds were virtually screened against 
DprE1 and 41 compounds were identified as 
likely inhibitors [14]. Six compounds had activ-
ity against M. smegmatis suggesting the validity 
of the approach, although compounds were not 
tested against M. tuberculosis.

InhA is a target of isoniazid and is still of 
interest to many groups. A 3D pharmacophore 
model was built based on 36 crystal structures 
of InhA; these included InhA from wild type 
and drug resistant mutants, the InhA apo form, 
as well as InhA in complex with either NADH, 
substrate or ligand [15]. Four docking programs 
were used in parallel to search for ligands and 
nearly 1 million compounds screened; 19 mol-
ecules were identified as potential inhibitors that 
did not have cytotoxic effects. Six molecules 
were tested against purified InhA, and three 
were found to inhibit the enzyme, although data 
against live bacteria has not yet been reported.

Target-based whole-cell screens
One of the problems in running target-based 
screens is the lack of translation of in vitro activ-
ity to whole-cell activity, for example, growth 
inhibition, or bactericidal activity. Many of the 
biochemical screens have identified inhibitors 
which have no activity against M. tuberculosis. 
This could be due to a lack of compound pen-
etration, compound efflux, compound detoxi-
fication, or the selection of a target that is not 
essential or vulnerable to inhibition. In order to 
circumvent these problems, a number of groups 
are making use of the increasingly sophisticated 
genetic tools available to manipulate the myco-
bacterial genome to run target-based whole-cell 
screens. The basic premise of these screens is 
that under-expression of the target will increase 
the sensitivity of the strain to target-directed 
inhibitors.

For example, Abrahams et al. constructed a 
strain of M. tuberculosis that expressed PanC 
under the control of a tetracycline-inducible 

promoter and conducted high-throughput 
screening in both induced and noninduced 
conditions [16]. A flavone series with differential 
activity was identified. Interestingly, none of the 
compounds showed activity against PanC in a 
biochemical assay, suggesting that they might 
target another enzyme in the pantothenate bio-
synthetic pathway or a coenzyme A-dependent 
enzyme. This suggests that knockdown strains 
might also be useful for interrogating entire 
pathways, as well as individual genes.

Genetically modified M. smegmatis has also 
been used for a target-based whole-cell approach; 
in this case by looking for induction of a reporter 
gene in response to compound exposure. A screen 
for inhibitors of EthR was carried out using a 
reporter gene. EthR regulates the expression of 
EthA, a monooxygenase that activates ethiona-
mide. By placing the EthA promoter/operator 
upstream of a reporter gene, induction of the 
reporter could be monitored in M. smegmatis [17]. 
Using this approach phenylphenoxyacetamide 
derivatives were identified which interacted with 
EthR and were able to enhance the activity of 
ethionamide against M. tuberculosis cultured in 
macrophages.

Target selection
One major limitation to target-based approaches 
is that there are very few truly validated targets, 
and even the definition of target validation is 
debated in the field. A huge amount of work is 
required to develop the assays, meaning a reluc-
tance on the part of investigators to take risks. 
This has led to a limited number of targeted 
screens and thus limited diversity of chemical 
inhibitors arising from screening. A number of 
factors play into target selection, in particular, 
the ‘druggability’ of the target. The ability to 
determine where a protein is druggable prior to 
launching a target-based screening campaign 
is highly desirable. For example, a target-based 
campaign launched to identify inhibitors of 

Table 1. Target-based screens for Mycobacterium tuberculosis.

Study (year)  Target Screen Activity against M. tuberculosis  Ref.

Galandrin et al. (2013) FadD32 Biochemical Not tested [11]

Kumar et al. (2013) PanC Biochemical Active [12]

Lin et al. (2014) FtsZ Biochemical Active [13]

Wilsey et al. (2013) DprE1 In silico Not tested [14]

Pauli et al. (2013) InhA In silico Not tested [15]

Abrahams et al. (2012) PanC Target-based whole cell Active [16]

Flipo et al. (2012) EthR Target-based whole cell Active [17]
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isocitrate lyase and malate synthase was dis-
continued as it was determined that isocitrate 
lyase lacks druggability [9]. New databases may 
be of assistance in this area. The TuberQ data-
base provides a comprehensive druggability 
analysis of M. tuberculosis genes [19]. Users can 
immediately determine whether to pursue their 
target by first determining if it has a druggable 
pocket. Similarly, Target Explorer compiles data 
on essentiality, enzyme function, and druggabil-
ity, and can aid researchers in prioritizing gene 
targets [20]. Researchers can also use the recently 
reannotated M. tuberculosis genome combined 
with the genomes of clinical strains to identify 
targets that are conserved across relevant strains 
[21]. Similarly, the increasing number of solved 
crystal structures and co-crystal structures better 
inform in silico screens.

Another problem is that many targets were 
identified as essential under laboratory condi-
tions but are not required during infection (due 
to alternate pathways, bacterial scavenging or 
redundancy) [22]. This requires that researchers 
test targets individually for essential function in 
vivo prior to starting target-based screens, which 
is a labor-intensive and costly process, requiring 
generation of conditionally expressing strains 
and animal infection models. Target vulnerabil-
ity also plays a role, such that those proteins that 
do not require a significant amount of inhibition 
in order to block cell growth or cause cell death, 
such as InhA and RpoB, are better suited for 
drug discovery efforts than targets that require 
complete inhibition [23].

Phenotypic (whole-cell) screening
In recent years, there has been a rejuvenation 
of whole-cell-based phenotypic screening strate-
gies to identify antitubercular agents. The focus 
of this strategy is to assess specific compound 
classes for their ability to inhibit growth or 
kill live mycobacteria directly. The implemen-
tation of this strategy has led to the discovery 
of a number or promising new hit/lead series 
(Table 2). The advantage of this approach is that 
molecules exhibit the activity required, in other 
words, growth inhibition and issues such as com-
pound penetration and target vulnerability are 
directly addressed. The disadvantage is that the 
target is not known and substantial work may be 
required to decipher mode of action.

A number of technical issues have been solved 
in order to allow high-throughput screening 
against live, virulent M. tuberculosis (Table 3). 

These include the slow growth rate, biosafety 
containment requirements and notorious poten-
tial for clumping in culture [24]. A key parameter 
is the precise growth medium used, as changes in 
carbon source and detergent can play major roles 
in susceptibility to compounds [25]. For example, 
avoiding glycerol as the primary carbon source 
is now recommended, as some compounds are 
only active in environments containing glycerol 
[26,27]. Similarly, while TMC-207 came from a 
screen against M. smegmatis, studies suggest that 
compounds active against M. tuberculosis are best 
identified by screening against M. tuberculosis, 
not a model organism [28]. A number of readouts 
have been used including intracellular ATP or 
redox-based assays, fluorescent or luminescent 
strains and multiple detection methods [25].

Several whole-cell screens that test compound 
libraries against replicating M. tuberculosis under 
typical laboratory conditions have been reported 
(Table 3). For example, a screen of 100,000 com-
pounds against the well-defined laboratory strain 
H37Rv used Alamar blue, as a measurement 
of aerobic respiration, to identify several com-
pound classes with activity [35,36]. Other screens 
have been conducted using fluorescent strains 
of H37Rv, for example, 20,000 compounds 
were screened in medium containing glucose 
and glycerol and novel inhibitors of DprE1, a 
cell wall metabolism enzyme, and MmpL3, a 
protein involved in mycolic acid transport, were 
found [26].

Since M. tuberculosis likely exists in multiple 
physiological states during infection, including 
replicating and nonreplicating, there is increased 
interest in modifying screening conditions to 
mimic host-relevant conditions. Mimicking 
the environment of the host is likely to reveal 
infection-relevant targets. Thus efforts toward 
screening compounds under nonreplicating 
conditions or conditions similar to the host have 
commenced. For example, the formation of bio-
films has been suggested as an antibiotic tolerance 
or resistance mechanism for M. tuberculosis [37]; 
a screen against biofilm production identified 
TCA1 as an inhibitor. Interestingly, this com-
pound appears also to target DprE1, as well as 
MoeW, an enzyme involved in the synthesis of the 
enzyme cofactor molybdopterin [29]. A number 
of models can be used to generate nonreplicating 
bacteria (low oxygen, persistence, streptomycin 
dependence and carbon starvation), although 
there appears to be limited overlap of compound 
activity between them, suggesting there is not 
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a single nonreplicating model that should be 
used exclusively [38]. To address this, a screen for 
compounds active against nonreplicating bacteria 
has been developed which uses a combination of 
four conditions: low pH, low oxygen, butyrate 
as the primary carbon source and nitrate. From 
a screen of 3600 compounds, oxyphenbutazone, 
which likely has multiple targets that result in the 
depletion of thiols and flavins, was identified [30].

To mimic further the host environment, 
high content screening to identify compounds 
active against intracellular M. tuberculosis in the 
macrophage model has been used. By screening 
57,000 molecules, the dinitrobenzamides were 
found, which target DprE1, and Q203 which 
targets QcrB, a protein involved in electron 
transport [31].

Since tuberculosis therapy requires multiple 
drugs and it is highly likely that new drugs will 
be part of a regimen, rather than a single agent, 
there has been interest in looking directly for 
synergistic combinations during screening. In a 

synergy screen that tested 4900 clinically avail-
able drugs that have little or no activity against 
M. tuberculosis, macrolides, azoles and butyro-
phenones were identified to enhance the activity 
of spectinomycin against M. tuberculosis [32].

Another approach to treatment is to iden-
tify host-targeted compounds which might act 
alongside drugs targeting the bacteria. High 
content screening was used to find bioactive 
compounds that enhance macrophage-killing 
properties. Active molecules, such as fluox-
etine, were found to enhance autophagy in the 
infected macrophages or to expedite endosome 
maturation [33,34].

Other approaches have used surrogate models, 
such as M. smegmatis. For example, TMC-207 
(Sirturo™, Janssen Pharmaceutica), a potent 
diarylquinoline active against drug-susceptible 
and drug resistant strains of M. tuberculosis, 
was identified from a compound library active 
against M. smegmatis [39]. TMC-207 kills 
M. tuberculosis via inhibition of ATP synthase.

Table 2. Compounds series identified by phenotypic screens (whole-cell assays).

Compound Target Mode of action Clinical development

N

TMC-207

O

Br
PhH

HO

N

ATP synthase Energy production inhibition Phase II: MDR-TB FDA approval for 
pulmonary MDR-TB

NH

SQ109

HN
MmpL3 Cell wall inhibition Phase II

OCF3

O

PA-824

ON

N
O2N

Unknown Cell wall inhibition and 
respiratory poisoning

Phase II

N
O2N N

O
O

OPC-67683

N

O Unknown Cell wall inhibition Phase III

N

S N

N

F3C

NO2

O PBTZ169

DprE1 Cell wall inhibition Preclinical
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Targets of phenotypic (whole-cell) 
screening
Several compound series have been developed 
based on initial phenotypic activity, including 
series that contain SQ109, PA824, OPC-67683 
and BTZ-043. SQ-109 is a new drug candidate 
currently in Phase II clinical trials. SQ-109 
was identified from a combinatorial library of 
small-molecules containing a 1,2-ethylenedi-
amine core. It demonstrates potent activity in 
all TB strains including MDR-T and XDR-TB, 
as well as other mycobacteria. One of its targets 
is the mycolic acid transporter, MmpL3, which 
is required for the incorporation of mycolic acids 
into the M. tuberculosis cell wall [40]. PA-824 
(Phase II clinical) is a nitroimidazole pro-drug 
that requires intracellular activation, in other 
words, nitro-reduction by the F

420-
deazaflavin-

dependent nitro-reductase (Ddn). PA-824 has 
in vitro and in vivo activity and is active against 
replicating and nonreplicating bacteria through 
a mode of action involving inhibition of cell 
wall synthesis and respiratory poisoning [41]. 
Benzothiazinones (BTZ) are active against M. 
tuberculosis in vitro and in mouse models of 
infections [42]. BTZ-043 inhibits DprE1 thus 
preventing the synthesis of cell-wall arabinans. 
The piperazinobenzothiazinones (PBTZ) deriv-
atives are under development, since they have 
improved solubility, potency, safety and efficacy 
in zebrafish and mouse models of TB [43].

One of the drawbacks of the whole-cell screen 
approach is that identified inhibitors target the 
same proteins, which are often found in the cell 
wall. For example, BM212, AU1235, C215, 
THPP, Spiro, SQ109 and NITD-304 target 
mmpL3 despite having no structural similarity 
[33,44–48]. DprE1 is targeted by several compound 
classes including TCA1 [29], 1,4-azaindoles [49], 
4-aminoquinoine piperidine amides and pyra-
zolopyridones [50,51], as well as novel BTZ ana-
logs consisting of a sulfonamide, reverse-amide 

or ester [52]. Similarly, Q203 was identified in 
a screen of infected macrophages while imi-
dazopyridines were found in a screen of ATP 
inhibitors under low oxygen conditions, and 
both compounds target QcrB, an important 
component of the electron transport chain 
[27,53]. Similarly, diarylcoumarin was identified 
to inhibit FadD32, which is involved in mycolic 
acid biosynthesis [54] and WecA, an enzyme 
involved in synthesis of the cell wall, is inhib-
ited by CPZEN-45 [55]. All of the mentioned 
targets are cell wall-associated. Why cell wall 
targets are repeatedly discovered, even by screens 
of disparate conditions, is unclear. One reason 
may be that as a whole, we are screening the 
same compound libraries or the targets may be 
highly susceptible [56]. Alternatively, screening 
is designed for automation, which may result 
in missing compounds that act through novel 
targets and/or the coupling of whole-cell screen-
ing with whole genome sequencing of resistant 
mutants may create a propensity to identify these 
targets [9,33].

Repurposing: a shortcut to success?
Synthetic chemical libraries are often composed 
of similar scaffolds and moieties, thus screening 
these libraries in either target-based or whole-
cell-based drug screens tend to identify the same 
lead compounds repeatedly. The development of 
new chemical entities has become a laborious, 
expensive and scientifically difficult endeavor. 
This has led many pharmaceutical companies 
to abandon antibiotic development [57]. Along 
these lines, there has been an increased inter-
est in repurposing known drugs. From a safety 
and regulatory standpoint, repurposed drugs 
already have pharmacokinetic and safety data, 
which are beneficial during the approval pro-
cess. Furthermore, the semisynthesis of aban-
doned natural product derivatives introduces a 
complex, and often stereochemically defined, 

Table 3. whole-cell phenotypic screens for Mycobacterium tuberculosis.

Study (year) Screening condition Targets Ref.

Ananthan et al. (2009) 7H12 medium (palmitate) Unknown  
Stanley et al. (2012) 7H9 medium (glucose and glycerol) DprE1, MmpL3 [26]

Wang et al. (2013) Biofilm formation DprE1, MoeW [29]

Gold et al. (2012) Low pH, low oxygen, butyrate, nitrate Multifactorial [30]

Christophe et al. (2009) Inside macrophages DprE1, QcrB [31]

Ramon-Garcia et al. (2011) With spectinomycin Unknown [32]

Stanley et al. (2014) Inside macrophages Macrophage targets [33]

Sundaramurthy et al. (2013) Inside macrophages Macrophage targets [34]
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structural diversity that is frequently missing in 
synthetic libraries. Oxazolidinones, riminophen-
azines, rifamycins and fluoroquinolones are all 
examples of repurposed drugs that were designed 
to treat other diseases, but are currently being 
evaluated to treat TB. Examples of repurposed 
compounds are depicted in Figure 1.

The fluoroquinolones are frequently used as 
second-line antibiotics for treatment of MDR-TB. 
A regimen containing gatifloxacin was evaluated 
in Phase III clinical trials (OFLOTUB trial). 
Results from this study were presented at the 
44th Union World Conference on Lung Health 
(Paris, France) [58]. Unfortunately, the gatiflox-
acin-containing regimen failed to shorten treat-
ment time. Both gatifloxacin and moxifloxacin 

are is currently in Phase III clinical trials for 
the treatment of drug sensitive TB for shortened 
treatment duration. However, due to their global 
usage and availability, there is concern that fluo-
roquinolone resistant strains of M. tuberculosis 
will arise.

The clinical success and effectiveness of the 
1st generation oxazolidinone, linezolid, has 
driven the discovery of new generation oxazoli-
dinones. Two analogs, sutezolid and AZD5847, 
possess improved safety profiles and are cur-
rently in Phase II clinical trials [59–61]. Linezolid 
(as a single agent) and sutezolid (in combina-
tion with other antibiotics) are currently being 
evaluated for efficacy to treat MDR-TB and 
XDR-TB [60,62–63].
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Clofazimine (CFZ), a riminophenazine 
derivative that was originally used to treat lep-
rosy, demonstrated potent activity against drug-
resistant strains. However, clofazimine has poor 
solubility, is highly lipophilic, has a long termi-
nal half-life and causes skin discoloration. SAR 
studies of riminophenazine derivatives by Zhang 
et al. have led to the discovery of C-2 pyridyl 
bearing derivatives that possess excellent in vitro 
activity against M. tuberculosis, low acute toxic-
ity in mice, reduced lipophilicity and demon-
strates reduced skin discoloration in mice [64]. 
Two of these derivatives showed equal or better 
in vivo efficacy against MDR-TB compared with 
CFZ, and are currently in later stages of preclini-
cal development.

Semisynthetic rifamycins have been the cor-
nerstone of TB treatment. Rifampicin (RMP) 
is a first-line TB drug. Rifabutin is used as an 
(expensive) replacement. Rifapentine, which is 
in Phase II clinical trials for drug-sensitive TB 
and Phase III clinical trials for latent TB infec-
tion, has a longer half-life than RMP and has 
the potential to shorten treatment length [65]. 
Rifalazil (RZL) demonstrated good activity in 
RMP-resistant TB strains, in addition to potent 
in vivo efficacy and promising pharmacokinetic 
properties [66,67]. However, the development of 
RZL was suspended as it proved to be toxic in 
clinical trials [68]. To this end, Showalter et al. 
are conducting an extensive SAR study of benzo-
xazinorifamycins, RZL derivatives, to identify a 
compound for further preclinical evaluation [69].

Drug-like properties
The search for new antitubercular agents has led 
to the discovery of a large number of promis-
ing chemical series and entities with biological 
potency. The challenge remains to develop these 
into drugs, since many of the starting points 
have poor drug-like properties, in other words, 
solubility, permeability and bioavailability.

Drug discovery for TB has the same ele-
ments as other programs, and the final molecu-
lar properties have similar requirements for 
safety and efficacy. Certain chemical moieties 
can be incorporated into a chemical scaffold to 
improve drug-like properties. Thus the incorpo-
ration of N-substituted piperazine improves the 
solubility of PBTZ169 under acidic conditions 
[43] and riminophenazine bearing a 2-methoxy 
substituent attached to the C-2 pyridyl moi-
ety has a reduced potential for side effects [64]. 
However, the normal rules for development 

may not apply, or may need to be slightly bent. 
For example, Lipinski’s and Veder’s ‘rules’ are 
normally employed to improve drug-like prop-
erties, but many antibiotics simply break these 
rules. Discussion of drug development in detail 
is outside the scope of this review, but it is worth 
bearing in mind that alternative approaches may 
be needed.

Drug solubility, stability and delivery can 
be improved through nanoparticle formula-
tion [70–72], as demonstrated with rifampicin, 
isoniazid and pyrazinamide encapsulated in a 
poly(dl-lactide-co-glycolide) (PLG) nanoparti-
cle, which had both improved pharmacokinetics 
and pharmacodynamics in mice [73]. In addition, 
nanoparticles could be delivered as nebulized 
solid lipid particles (SLPs) via the respiratory 
route in guinea pigs [74] and sustained drug 
release was maintained for 5 days in plasma and 
7 days in organs resulting in complete clearance 
of infection. Given the risks accompanying TB 
drug development, further incorporation of 
 nanotechnology may prove beneficial.

One of the leading causes for drugs to be with-
drawn from the market are cardiac side effects, 
normally caused by inhibition of the hERG 
(human Ether-a-go-go Related Gene) potassium 
ion channel. Disruption of this channel leads 
to an increased QT interval which can trigger 
Torsades de pointes (TdP) arrhythmia and sud-
den death [75,76]. Current drugs under develop-
ment, as well as new agents for TB seem to be 
particularly prone to this potential side effect. 
For example, clinical doses of fluoroquinolones, 
such as moxifloxacin and levofloxacin, have been 
associated with prolonged QT via hERG block-
age [75–78]. This blockage has been attributed to 
the protonated carboxylic acid moiety present on 
all fluoroquinolones [79,80].

There are a number of structural modifica-
tions that can be incorporated to lower hERG 
blocking without sacrificing potency, such as 
reducing amine pK

a
 and incorporating oxygen 

H-bond acceptors and rigidity [81]. These modi-
fications were highlighted in the SAR studies 
of dofetilide derivatives, where incorporation of 
permanently positively charged pyridines sub-
stantially lowered hERG affinity, and neutral 
pyridine moieties with rigid (short aliphatic side 
chains, alkynes) and oxygen-bearing side chains 
also had reduced hERG affinities [82]. Reducing 
lipophilicity reduces hERG inhibition, as evi-
denced by novel N-linked aminopiperidines 
(inhibitors of bacterial topoisomerase type II) 
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with improved hERG profiles [83]. Optimization 
of the aminopiperidine core via pK

a
 reduction 

resulted in the development of a new cis-fluoro 
aminopiperidine analog with an improved safety 
profile, which has been advanced into Phase I 
clinical trials [84]. DNA gyrase inhibitors of 
the N-linked aminopiperidine class have also 
been improved with favorable pharmacokinetic 
properties and significantly reduced hERG 
liability [85].

Chemical genetics in tuberculosis research
The increase in phenotypic screening means that 
a large number of chemical entities with activ-
ity against M. tuberculosis have been identified 
within the past 5 years for which there is no 
known target or mode of action (MOA). The 
identification of cellular targets and MOA are 
paramount. As such, recent advances in chemi-
cal genetics accompanied by advances in in silico 
bioinformatics are timely.

The use of whole genome sequencing has 
been of benefit to target identification [86]. 
This approach is based on the easy availability 
of whole genome sequencing, which is used to 
identify single nucleotide polymorphisms in 
compound-resistant isolates. Employing this 
method, we were able to identify resistance-
linked genes for eight different compounds with 
antitubercular activity. Of these genes, four are 
essential for growth, and three not targeted by 
existing TB drugs (Pks13, AspS and EccB3).

Garvish et al. used a chemical biology 
approach to determine the target and MOA 
of a novel synthetic cyclic peptide, lassomycin 
[87]. From this study, it was concluded that las-
somycin specifically targets ClpC1 ATPase. The 
Clp complex is essential for in vitro viability of 
M. tuberculosis. When lassomycin binds ClpC1, 
ATPase activity is stimulated while simultane-
ously a loss of proteolytic activity within the Clp 
complex is observed.

Transcriptome-wide gene expression tran-
scriptional profiling has proven to be a useful 
chemical genetics method to identify mode of 
action and affected pathways [88]. Transcriptional 
profiling of 75 different drugs examined the 
physiological response in M. tuberculosis [89]. 
Amides, such as pyrazinamide, nicotinamide 
and benzamide, induced transcriptional pro-
files consistent with their effects on intracellular 
pH homeostasis. Similarly, transcriptional pro-
files of cell wall synthesis inhibitors gave rise to 
upregulation of common cell wall gene clusters. 

The MOA of PA-824 was also illuminated by 
 transcriptomics [41].

With advances in mass spectroscopy and 
NMR, metabolomics has become an emerging 
field for MOA studies [90]. Employing an ex vivo 
stable-isotope metabolomics approach, the 
molecular target of d-cycloserine was revealed 
to be d-alanine:d-alanine ligase [91].

Chemical genetics methods employing physi-
cal interactions have not been widely applied to 
M. tuberculosis. For example, affinity chroma-
tography and photoaffinity labeling have been 
applied to elucidate drug targets elsewhere, but 
for TB. Newer approaches such as drug affinity 
responsive target stability (DARTS), as used to 
identify targets for rapamycin and FK506 may 
be relevant [92]. However, each of these methods 
poses challenges, including the amount of labor 
and need to work with a pathogenic organism.

In silico methods provide a promising com-
plementary approach to in vitro methods. For 
example, a multicategory naive Bayesian classi-
fier (MCNBC) was built and trained using infor-
mation from the ChEMBL database, and used 
to explore the chemogenomic space of 776 com-
pounds which resulted in 1401 compound-target 
relationships with 84 M. tuberculosis proteins 
[93]. An in silico domain fishing model for drug 
target deconvolution which has good predic-
tion accuracy [94] and the TB-drugome, which 
characterizes all drug-target interactions of the 
M. tuberculosis proteome [95], are also available.

Conclusion & future perspective
Considerable progress has been made in TB 
research and drug discovery. Although target-
based approaches, both in vitro and in whole 
cells, have led to the identification of very prom-
ising compounds, no drug candidates have yet 
been advanced to preclinical development. This 
may, in part, reflect the slow nature and inher-
ent difficulty of working with M. tuberculosis. In 
contrast, the success from whole-cell screens has 
led to the identification of several new chemical 
entities, including the first FDA-approved drug 
in over 40 years.

Identifying key cellular pathways and proteins 
is a challenge that must be met. Though nascent 
in its development, in vitro and in silico chemical 
genetics look promising in regard to target iden-
tification. As our knowledge of the cellular tar-
gets of novel compounds and their mechanisms 
of action increases, it is likely we will find more 
series which target the same proteins, for example, 
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DprE1, MmpL3, and the ATP synthase. It is not 
clear why these targets are promiscuous, although 
it may have something to do with their location in 
the membrane and the limited  chemical  diversity 
of libraries being screened.

We anticipate that a great deal of information 
from current phenotypic screening campaigns 
being conducted against multiple compound 
libraries, under multiple experimental condi-
tions, will become available in the next few 
years. This will provide a wealth of starting 
material on which to base medicinal chemis-
try programs. However, the success of screen-
ing campaigns is dependent on the quality and 
diversity of the chemical libraries available. A 
deal of effort in sourcing new chemical diversity 
may be required, as well as continued effort in 
developing novel screening methods reflective of 
the infection setting.

The difficulty of working with M. tuberculosis, 
and the need to develop multiple screens, has led 
to a more collaborative way of working. Several 

large consortia have been assembled to focus on 
drugs; these include the TB Drug Accelerator 
[96], the Lilly TB Drug Discovery Initiative [97], 
the EU-funded MM4TB (More Medicines for 
Tuberculosis) [98], as well as those focused on 
more basic complementary areas, such as the TB 
Structural Genomics Consortium [99] or the TB 
Clinical trials Consortium [100]. We predict that 
such large consortia will provide the best way 
forward, as we pool resources and expertise in 
a common goal, that of effective TB treatment.
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EXECUTivE SUMMARY
 ●  Work with Mycobacterium tuberculosis has inherent difficulties, including its pathogenic nature and slow growth rate.

 ●  Many compounds show limited efficacy against M. tuberculosis, due to its thick, waxy cell wall and its efflux systems.

 ●  Biochemical screens have been conducted against a small number of targets, with limited success in identifying novel 
compound hit series with whole-cell activity.

 ●  A large increase in phenotypic screening has resulted in multiple new series being identified, but (so far) many series 
appear to act via a limited number of cell wall-associated targets.

 ●  Increased efforts and diversification of methods will be required to identify the targets of phenotypic hits.

 ●  Target-based whole-cell screens using genetically modified knockdown expression or reporter strains have great 
potential to identify new antitubercular agents with different modes of action.

 ●  Novel screens to explore nonreplicating, antibiotic tolerant or intracellular bacteria are beginning to generate 
promising results.

 ●  An increasing diversity of screens, as well as chemical matter, will be required to feed the drug pipeline.

 ●  Collaboration and cooperation will be key in getting compounds from screens to the clinic.
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