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With an estimated incidence of 490 000 cases in 2016,

multidrug resistant tuberculosis (TB), against which key first-

line anti-tuberculars are less efficacious, presents major

challenges for global health. Poor treatment outcomes coupled

with a yawning treatment gap between those in need of

second-line therapy and those who receive it, underscore the

urgent need for new approaches to tackle the scourge of drug-

resistant TB. Against this background, significant progress has

been made in understanding the complex biology of TB drug

resistance and disease pathogenesis, and in establishing a

pipeline for delivering new drugs and drug combinations. In this

review, we highlight the challenges of drug-resistant TB and the

ways in which new advances could be harnessed to improve

treatment outcomes.
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Introduction
Claiming an estimated 1.7 million lives in 2016, tuber-

culosis (TB) is now the leading cause of death world-

wide from a single infectious agent [1]. Of the 10.4 mil-

lion incident cases of TB in 2016, an estimated 600

000 were rifampicin (RIF)-resistant (RR-TB), of which

490 000 were multidrug-resistant (MDR-TB), defined as

resistant to isoniazid (INH) and RIF, with or without

resistance to other first-line drugs. Extensively drug-

resistant TB (XDR-TB), defined as MDR-TB with

resistance to any fluoroquinolone and at least one of

the second-line injectables, amikacin, capreomycin or

kanamycin, accounted for 6.2% of the estimated
www.sciencedirect.com 
incidence of MDR-TB in 2016. However, the treatment

gap is vast, as evidenced by the fact that the number of

MDR/RR-TB cases started on treatment that year was

less than a quarter of the estimated incidence of

MDR/RR-TB [1]. To further aggravate the problem,

the currently recommended therapeutic regimens for

drug-resistant TB (DR-TB) have poor efficacy and

tolerability. As a result, treatment outcomes are poor,

with success rates of 54% and 30% being reported for

MDR-TB and XDR-TB treatment, respectively, based

on 2014 cohorts [1]. These grim statistics underscore the

urgent need for improved access to both diagnosis and

effective treatment for all forms of DR-TB. In this

article, we provide a brief overview of key challenges

in the diagnosis and clinical management of DR-TB,

and describe how advances in understanding the biology

of TB drug resistance and disease pathogenesis are

being brought to bear on addressing this major global

health challenge.

The complex genetics of TB drug resistance
Mycobacterium tuberculosis (Mtb), the causative agent of

TB, is an obligate pathogen that is thought to have co-

existed with its human host for millions of years [2��]. The

same features of the metabolism and physiology of Mtb

that enable it to persist quiescently for years within the

human host present formidable challenges for effective

chemotherapy [3] (Box 1). For the purposes of this review,

it is important to distinguish drug resistance — the herita-

ble ability of an organism to resist the effects of an

antibiotic to which its parent was susceptible — from

drug tolerance and persistence, which allow transient sur-

vival of an organism at concentrations of an antibiotic that

would otherwise be lethal (Box 1) [4��].

In many bacterial pathogens, horizontal gene transfer

(HGT) plays a major role in the acquisition of drug

resistance determinants. However, HGT is thought to

be negligible in Mtb [2��]; instead, drug resistance is

mediated by single nucleotide polymorphisms (SNPs),

multinucleotide polymorphisms, indels and rearrange-

ments in chromosomal genes that encode drug targets;

enzymes that metabolise prodrugs to their active forms, or

drug efflux systems [5,6,7�] (Table 1). For some TB

drugs, such as RIF [[2��],9], the genotype–phenotype

relationship with respect to resistance is well-established

whereas for others, the association is less clear. Moreover,

in the case of RIF, the range of resistance-conferring

mutations is quite restricted, whereas a much wider range
Current Opinion in Pharmacology 2018, 42:7–15
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Box 1 Drug resistance, drug tolerance and persistence.

Specific features of the tubercle bacillus present challenges for TB

drug efficacy [3,62]. The complex, lipid-rich cell wall forms a barrier

to drug penetration [63] and provides a mechanism to dysregulate

the host immune response [64]. Mtb adapts physiologically to the

various hostile environments encountered during infection [62], and

by entering into states of slow, or no growth, it becomes refractory to

antibiotics that act on cellular processes essential for growth [65].

Efflux systems are also thought to mitigate the efficacy of certain

drugs by lowering their intracellular concentrations [66]. Changes in

Mtb physiology lead to a mixed population of bacilli in a variety of

metabolic states, which complicates drug treatment [50].

Differential responses of a bacterial population to drug treatment can

arise from drug resistance, drug tolerance or persistence; all three

mechanisms are thought to apply in TB. Balaban and colleagues [4��]
have proposed framework for distinguishing these mechanisms on the

basis of MIC and ‘minimum duration of killing’ (MDK) values, where the

MIC99 represents the minimum concentration of drug required to kill

99% of the bacterial population, whereas the MDK99, represents the

minimum time required to kill 99% of a population. Drug resistance is

heritable, and usually occurs as a result of a mutation in the gene

encoding either the target of the drug or the enzyme which activates the

prodrug (Table 1). Resistance results in a net decrease in the effec-

tiveness of a drug, and an observable increase in the MIC99. Cells that

are able to transiently survive exposure to concentrations of an anti-

biotic that would otherwise be lethal display phenotypic drug toler-

ance [4��]. Drug tolerance can occur through a variety of mechanisms

such as slow growth and is a population-wide phenotype. Phenotypi-

cally drug-tolerant populations have similar MICs to those of fully

susceptible populations, but the MDK99 value is significantly higher.

Persistence is similar to phenotypic drug tolerance in that it describes

transient survival in the presence of inhibitory concentrations of anti-

biotic, but is distinct in that only a small percentage of the population

displays this phenotype. Persistence is characterised by bi- or multi-

phasic kill kinetics, where the majority of the population is killed rapidly

by the antibiotic, whereas the persisters are killed much more slowly. In

this case, the MIC99 and MDK99 values are similar to a susceptible

population, but the MDK99.99 value is much higher than for a suscep-

tible population [4��].
of mutations can confer resistance to pyrazinamide (PZA),

being scattered across the entire pncA gene [7�].

Cross-resistance can occur to TB drugs within the same

class as well as between classes. For example, mutations

in gyrA and gyrB can result in cross-resistance to multiple

fluoroquinolones [10]. Likewise, mutations in rpoB that

confer resistance to RIF can result in cross-resistance to

other rifamycins. In a sobering example of cross-resis-

tance with potential implications for the management of

DR-TB, a mutation in a transcriptional regulator, Rv0678,

was shown to result in cross-resistance of Mtb to clofa-

zimine — a leprosy drug used in DR-TB treatment —

and bedaquiline, a drug recently approved for the treat-

ment of MDR-TB [11], through upregulation of a multi-

substrate efflux pump [12�]. Curiously, a markedly higher

prevalence of resistance-associated variants in Rv0678
was found in MDR-TB patients with no evidence of

prior use of clofazimine or bedaquiline than in non-

MDR-TB patients [13] suggesting an association with

prior TB drug exposure. Although the underlying driver/s
Current Opinion in Pharmacology 2018, 42:7–15 
remains unclear, these findings highlight the formidable

range of mechanisms that Mtb can engage to evade drug

pressure which complicates the design new therapeutic

regimens for DR-TB.

Diagnosis of TB drug resistance: from culture
to whole-genome sequencing
Traditionally, drug susceptibility testing (DST) for TB

has been conducted phenotypically using culture-based

methods; however, these have a number of caveats

(Box 2). More recently, molecular diagnostics that detect

mutations associated with resistance to TB drugs have

been implemented in some settings [1]. The major

advantages of these diagnostic modalities are speed of

detection of resistance and ease of use. The two most

widely used molecular tests are the Xpert MTB/RIF

cartridge-based system (Cepheid), and Hain line probe

assay (LPA) (Hain Lifescience). Currently, Xpert MTB/

RIF only detects RIF resistance caused by the most

common mutations in the Rifampicin Resistance Deter-

mining Region (RRDR) of rpoB (Table 1); while rare,

Mtb strains with RIF resistance-conferring mutations

located outside the RRDR have been observed clinically

and would be missed by this test [14]. The Hain LPAs

come in two forms: one for resistance to first-line drugs

(INH and RIF) and another for fluoroquinolones and the

second-line injectable drugs [15]. A new version of Xpert

MTB/RIF that detects common resistance-conferring

mutations to INH, fluoroquinolones and aminoglycosides

has also been developed [16]. While the LPAs can iden-

tify specific mutations, Xpert MTB/RIF infers the pres-

ence of mutations through the absence of the ‘wildtype’

and can give a resistance result in the presence of silent

mutations [17]. These inconsistencies are also evident in

genotypic tests to other first-line drugs and the major

second-line drugs [18].

Given the complex genetics of TB drug resistance, it is

unlikely that a single molecular diagnostic will be able to

cover the full spectrum of mutations associated with the

large number of drugs/drug classes that are used to treat

DR-TB [19�] (Table 1). However, the logical extension of

genotypic DST, enabled by technological advances and

plummeting costs, and informed by whole-genome

sequencing (WGS) of Mtb strain collections [20–23], is

to use WGS for routine diagnosis, drug resistance detec-

tion and strain typing, as implemented recently by Pubic

Health England [24��,25��]. However, questions on

whether and to what extent a genetic variant confers

resistance, and what the clinical relevance might be,

remain open for many new and existing TB drugs and

will need to be addressed in order to realise the potential

of this approach [19�,26]. The rapidly expanding data-

bases that link genetic polymorphisms in Mtb associated

with TB drug resistance with clinical metadata will be

instrumental in this regard (Box 3).
www.sciencedirect.com
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Table 1

Drugs used for the treatment of TB as classified by the WHO [38,51,52] and Mtb genes in which resistance-conferring mutations are commonly observed

Drug Chemical class Mechanism of action Mtb gene/s in which DR-

conferring mutations are

commonly observeda

Included in WHO-endorsed

molecular diagnostics

References

First-line oral drugsb

Isoniazidc Pyridine Inhibition of mycolic acid

synthesis

katG, inhA Yes: MTBDRplus (V1.0 and

V2.0) and Nipro NTM

+ MDRTB

[53–55]

Pyrazinamidec Pyrazine Disruption of energy

homeostasis; inhibition of trans-

translation and coenzyme A

biosynthesis

pncA, rpsA, panD No [7�,53,54]

Ethambutol Ethylenediamine Inhibition of arabinogalactan

biosynthesis

embB, ubiA Yes: embB in MTBDRsl (V1.0

only)

[53–55]

Rifampicin Rifamycin Inhibition of RNA synthesis rpoB Yes: GeneXpert Mtb/RIF,

MTBDRplus (V1.0 and V2.0)

and Nipro NTM + MDRTB

[53–55]

Group A: Fluoroquinolonesd

Levofloxacin Fluoroquinolone Inhibition of DNA synthesis gyrA, gyrB Yes: gyrA MTBDRsl (V1.

0 and V2.0) gyrB in V2.0 only

[53,54,56]

Moxifloxacin Fluoroquinolone Inhibition of DNA synthesis gyrA, gyrB Yes: gyrA MTBDRsl (V1.

0 and V2.0) gyrB in V2.0 only

[53,54,56]

Gatifloxacin Fluoroquinolone Inhibition of DNA synthesis gyrA, gyrB Yes: gyrA MTBDRsl (V1.

0 and V2.0) gyrB in V2.0 only

[53,54,56]

Group B: second-line injectable drugs

Kanamycin Aminoglycoside Inhibition of protein synthesis rrs, eis, whiB7 Yes: rrs in MTBDRsl (V1.

0 and V2.0) eis in V2.0 only.

[53,54,56]

Amikacin Aminoglycoside Inhibition of protein synthesis rrs, eis, whiB7 Yes: rrs in MTBDRsl (V1.

0 and V2.0) eis in V2.0 only.

[53,54,56]

Capreomycin Aminoglycoside Inhibition of protein synthesis rrs, tlyA Yes: rrs MTBDRsl (V1. 0 and

V2.0)

[53,54,56]

Streptomycin Aminoglycoside Inhibition of protein synthesis rpsL, rrs, gidB Yes: rrs MTBDRsl (V1. 0 and

V2.0)

[53,54,56]

Group C: other core second-line agents

Clofazimine Riminophenazine Disruption of energy metabolism Rv0678 No [12�,53,54]
Linezolid Oxazolidinone Inhibition of protein synthesis rrl, rplC No [53,54]

Cycloserine D-Alanine analogue Inhibition of peptidoglycan

biosynthesis

alr, ddl, cycA No [53,54,57]

Terizidone D-Alanine analogue Inhibition of peptidoglycan

biosynthesis

Potentially similar to cycloserine No [53,54]

Ethionamidec Pyridine (thioamide) Inhibition of mycolic acid

biosynthesis

etaA/ethA, ethR, inhA No [53,54]

Prothionamidec Pyridine (thioamide) Inhibition of mycolic acid

biosynthesis

Potentially similar to

ethionamide

No [53,54]
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Table 1 (Continued )

Drug Chemical class Mechanism of action Mtb gene/s in which DR-

conferring mutations are

commonly observeda

Included in WHO-endorsed

molecular diagnostics

References

Group D: Add-on agents (do not form part of the core regimen for MDR-TB)

Pyrazinamidec Pyrazine Disruption of energy

homeostasis; inhibition of trans-

translation and coenzyme A

biosynthesis

pncA, rpsA, panD No [7�,53,54]

Ethambutol Ethylenediamine Inhibition of arabinogalactan

biosynthesis

embB, ubiA Yes: embB in

MTBDRsl (V1.0 only)

[53,54,55]

High-dose isoniazid Pyridine Inhibition of mycolic acid

synthesis

katG, inhA No [53,54]

Bedaquiline Diarylquinoline Inhibition of ATP homeostasis atpE, Rv0678 No [12�,53,54]
Delamanidc Nitroimidazole Complex mechanism, including

inhibition of mycolic acid

biosynthesis

ddn, fdg1 No [53,54]

Amoxicillin and clavulanate Penicillin/b-lactam Inhibition of cell wall

biosynthesis

No [53,54,58]

Para-aminosalicylic acidc Salicylate Inhibition of folic acid and

thymine nucleotide metabolism

thyA, dfrA, folC, ribD No [53,54]

Thioacetazonec Thiosemicarbazone Inhibition of mycolic acid

biosynthesis

Potentially ethA No [53,54,59,60]

Imipenem and cilastatin Carbapenem Inhibition of cell wall

biosynthesis

Potentially Rv2421c-Rv2422 No [53,54,61]

Meropenem and clavulanate Inhibition of cell wall

biosynthesis

Potentially Rv2421c-Rv2422 No [53,54,61]

a See [26] for a list of specific mutations and associated levels of resistance.
b Rifabutin could be considered if the Mtb strain is resistant to RIF but susceptible to rifabutin [51].
c Prodrug.
d TB antibiotic groupings as defined by the WHO policy recommendations in 2016, which focusses on treatment of DR-TB [38,51,52].
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Box 2 Phenotypic drug susceptibility testing.

In culture-based DST, resistance is defined as the ability >5% of the

Mtb population to grow at or above a pre-defined critical concen-

tration (CC) of drug [9]. CC values for individual drugs are recom-

mended by the WHO/Clinical and Laboratory Standards Institute

(CLSI) and were originally defined by the WHO in 1969 as drug

concentrations that were higher than those in which wildtype strains

(‘strains of the human type that have never come into contact with

the drug’) could grow [8,9]. CC values are thus related to the dis-

tribution of MICs for clinical Mtb strains, and the highest MIC for

strains that have no detectable resistance (genotypic or phenotypic,

i.e., wildtype) is defined as the epidemiological cut off (ECOFF)

[9,24��,26]. The ECOFF is the lowest possible CC but, as dis-

cussed below, CCs are sometimes much higher than observed

ECOFFs, which can lead to breakpoint artefacts [9,24��,26].

This complex and outdated definition of phenotypic susceptibility/

resistance for TB is fraught with problems. For most drugs, only a

single CC value is used for DST. This results in the binary classifi-

cation of an Mtb sample as either resistant or susceptible, and

precludes determination of the level of resistance associated with a

particular sample [8]. Consequently, patients infected with Mtb

strains that have low levels of resistance who may benefit from

higher dosage of a drug would not be detected [8]. Moreover,

breakpoint artefacts occur when the CC is higher than the ECOFF

[9,24��]. This results in strains with MIC values that are higher than

the ECOFF but lower than the CC being classified as susceptible,

leading to the inclusion of a likely ineffective drug in a treatment

regimen [9,24��].

Box 3 Databases and online resources for tb drug resistance.

A number of databases that catalogue known drug resistance-con-

ferring mutations in Mtb have been developed. In addition, increased

use of WGS to analyse large panels of drug-susceptible and drug-

resistant strains has led to the development of several tools that can

identify resistance mutations in raw sequencing reads. While some

tools report sensitivity and specificity in terms of detecting drug

resistance, none has yet been endorsed by the WHO for clinical use.

Here, we briefly describe each resource and provide a URL, where

available.

Databases and tools available online

TBDreamDB [67] (https://tbdreamdb.ki.se/Info/Default.aspx) was

developed via a systematic review of literature describing drug

resistance-conferring mutations in Mtb. Information about whether a

particular mutation is observed more often in a DR rather than drug-

susceptible strain is included, along with information describing

which mutations are more commonly observed in association with

resistance to particular drugs.

The ReSeqTB platform [26] (https://platform.reseqtb.org/) was spe-

cifically established to facilitate on-going development of a WHO-

endorsed diagnostic assay for Mtb. The database sources WGS

data, collects associated clinical and phenotypic metadata, and

analyses all data according to a pre-defined pipeline. This database

is actively curated as new information on TB drug resistance muta-

tions becomes available. However, access to the database requires

permission from the developers.

PolyTB [68] (http://pathogenseq.lshtm.ac.uk/polytblive/browser.

php) was developed by Coll and colleagues, after processing raw

WGS data for 1627 Mtb strains from publicly available datasets. The

tool allows for manual searching of SNPs in any Mtb gene, as well as

searching for SNPs in genes of interest such as those associated

with drug resistance. This allows the user to gain a sense of how

many strains within the collection contain a particular resistance

mutation, and provides some information about the strain lineage

and geographical area from which the strain was isolated.

TB Profiler [69�] (http://tbdr.lshtm.ac.uk/), another separate tool

developed Coll and colleagues, allows input of any raw WGS data in

fastq format and provides information about resistance to common

TB drugs as well as the Mtb strain lineage.

The PhyResSE tool [70] (http://phyresse.org/) is another online tool

that allows input of fastq files from Illumina-generated WGS data and

provides information about drug resistance patterns and strain

lineage.

Downloadable tools

Mykrobe Predictor TB [71] supports the input of raw WGS data

generated on an Illumina platform to report mutations associated

with drug resistance in Mtb. The tool can reportedly detect low

frequency populations, which is one of the features that differentiates

it from TBProfiler.

KvarQ [72] is another user-friendly tool that can rapidly detect

mutations associated with drug resistance within raw WGS data.

Information on strain spoligotype and lineage is also provided, and

modules can be modified to detect user-specified mutations.
Heteroresistance — another complicating
factor
Further complicating the diagnosis and management of

DR-TB is the phenomenon of heteroresistance, which

refers to the co-existence of susceptible and resistant

Mtb variants, or of multiple resistant strains with discrete

resistance-conferring mutations, within a single specimen.

Heteroresistance, which can arise as a result of infection

with different strains of Mtb or through mutation within a

clonal Mtb population, is found in 5.38% DR-TB cases,

depending on the setting, the specific drug/s, and the

method used to detect resistance [27�]. Next-generation

WGS has revealed significant levels of micro-heterogeneity

at drug resistance loci within an individual patient

[20,21,28]. Minority variants (<1–5% of the population)

have been shown to change in frequency throughout the

course of infection suggesting that Mtb samples mutational

space until the fixation of a particular mutation eventually

occurs [2��,20]. Further insight has come from recent

studies highlighting the within-host heterogeneity of TB

disease ata lesional level [29��] andthe implications thereof

for the evolution of heteroresistance (Figure 1). By com-

bining serial computed tomography scanning with WGS of

sputum samples, Lui et al. found that anatomically discrete

lesions in a MDR-TB patient showed heterogeneous

responses to treatment which could potentially be

explained by the presence of heterogeneous populations

of Mtb showing different patterns of mutations at drug

resistance loci [30]. Of the various factors that might affect

the dynamics of within-host microevolution of Mtb,
www.sciencedirect.com 
differential lesion penetration by drugs [31��] is likely to

be a particularly important driver of sub-population-spe-

cific drug resistance.

At a practical level, culture of Mtb isolates before DST

can mask heteroresistance within samples; this has
Current Opinion in Pharmacology 2018, 42:7–15
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Figure 1
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Heterogeneity in TB disease impacts the response to treatment. Heterogeneity is evident at multiple levels in TB disease [29��,48,49]. Differences

in host genetics, immune status, co-infections and socioeconomic factors can impact susceptibility to TB infection and progression of disease.

Once an individual becomes infected with Mtb and develops TB disease, the immune response and the response to TB chemotherapy can vary

between TB lesions leading to differences in the kinetics of resolution between lesions, depicted here by different coloured lesions in the lung, and

may result in the development of drug resistance in subpopulations of Mtb within distinct lesions [30].Within granulomas, spatial heterogeneity can

result in drug gradients and metabolic changes in Mtb populations which differentially affect drug efficacy [50] and may result in phenotypic

heterogeneity among populations of bacilli within a granuloma.
important implications for phenotypic testing for drug

resistance [32] (Box 2), and hence, adverse consequences

for patient management, particularly if underlying drug

resistance is not detected by conventional DST [27�].
Thus, the ability to detect minority variants before drug

resistance becomes detectable by conventional DST,

could avoid inappropriate first-line treatment and

improve treatment outcome for DR-TB patients [27�].

Public health consequences of simplified
diagnosis and treatment for a complex
disease
TB is a complex disease with the largest disease burden

located in low resource settings with weak health care

systems and consequently more limited diagnostic and

treatment capacity. For this reason, public health

approaches to TB have incorporated simplified and stan-

dardised diagnostic and treatment algorithms aimed at

care delivery at the non-specialist levels of health care

systems [33]. While these approaches have undoubtedly

contributed to expanded access to care and saved many

lives, resistance has emerged to all anti-TB drugs in

widespread use [34]. Given the complexity of TB disease,

standardised treatment regimens, with standardised dos-

ing, delivered regardless of disease location and severity,

lung pathology and comorbidities such as HIV infection,

have likely contributed to resistance emergence [35,36].

Treatment of DR-TB is even more complex and yet a

similar approach of using standardised regimens based

on resistance testing to a few key drugs is a key

mechanism for expanding access to diagnosis and
Current Opinion in Pharmacology 2018, 42:7–15 
treatment for DR-TB [37��,38]. Currently, the majority

of patients treated for RR-TB are given second-line

regimens based on a single genotypic RIF-resistance

result rather than a full resistance profile for all first-line

and second-line TB drugs [1]. This single genotypic

result assumes that a range of mutations in the RRDR

of rpoB all confer the same degree of resistance to RIF

(Box 2), and overlooks the complexities in interpreting

DST results described above.

These complexities in DST are not evident to most

clinicians receiving a dichotomous resistant/susceptible

result from the laboratory. Clinicians use these dichoto-

mous results (often from a single specimen) to either

prescribe a standardised second-line regimen or, less

often in high-burden settings, design regimens based

on a classification of drugs recommended by the WHO

[38]. On the basis of the complexities of resistance

testing, it may seem desirable to provide considerably

more detail in laboratory reports of resistance testing; for

example, reporting the presence of mutations that may

only have a moderate impact on the drug’s MIC. Recent

moves towards using WGS to provide full resistance

profiles to all available drugs, in high-resource, low-bur-

den settings, go some way towards this end. This notion

aligns with the individualised approach to the manage-

ment of XDR-TB advocated by van Soolingen and col-

leagues [39]. However, for high-burden settings with

limited resources, such an approach risks placing the

diagnosis and treatment of DR-TB in the realm of spe-

cialised medicine, and hindering much needed expanded

access to diagnosis and treatment [37��].
www.sciencedirect.com
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So, given the complexities, should we be aiming to

develop more sophisticated resistance testing approaches

that take into account both genotypic and phenotypic

resistance data [9], in addition to other factors such as

bacillary burden? Such an approach would include deter-

mining the true MIC for drugs tested against the Mtb

strain/s isolated from the patient, and thus guide not only

the inclusion of particular drugs in a regimen, but also

appropriate dosing. To date, available evidence suggests

that low-level drug resistance associated with particular

mutations can be overcome for drugs such as INH [40]

and emerging data suggest that RIF dosages can also be

increased [41]. Ideally, more detailed resistance testing

would also detect heterogeneity directly from biological

specimens, and therefore any underlying drug resistance

that could emerge during treatment. However, to be

feasible in many settings, new diagnostic approaches such

as this would need to be automated and able to be

conducted in, at least, decentralised laboratories.

Advances in developing cheaper and higher throughput

methods for MIC determination [42], for example, hold

promise in this regard.

How do we minimise future resistance
emergence?
While poor adherence by patients has often been cited as

the cause of TB drug resistance, evidence now suggests

that factors such as individual pharmacokinetics [43],

variable penetration of drugs into tuberculous lesions

[31��] and use of standardised regimens in the presence

of undiagnosed drug resistance may be primary drivers

[44,45]. Greater degrees of treatment individualisation

based on microbiological characteristics of the infecting

bacteria (pre-existing resistance, heterogeneity, and

strain type) and clinical characteristics of the patient

might be expected to minimise the risk of further resis-

tance emergence, particularly to new TB drugs and those

in clinical development ([46]; https://www.newtbdrugs.

org/). However, treatment individualisation requires an

understanding of synergies, antagonism and cross-resis-

tance for a wide range of possible combination regimens.

A method developed recently for measuring higher-order

drug interactions in Mtb in vitro, efficiently and at scale

[47], may go some way towards addressing how TB drugs

could be combined to produce shortened regiments that

achieve durable cure and prevent the emergence of

resistance. Ultimately, minimising further resistance

while ensuring universal access to high quality care will

require that innovative approaches that take the com-

plexity of TB disease and drug resistance into account are

developed and trialled in the settings in which they will

be implemented.

Conflict of interest statement
As member of an advisory group, V.M. has received an

honorarium from the Bill and Melinda Gates Foundation.

A.K. and H.C. have no conflicts of interest.
www.sciencedirect.com 
Acknowledgements
This work was supported by grants to V.M. from the Bill and Melinda Gates
Foundation (OPP1158806, via sub-award from the FNIH), the South
African Medical Research Council, the National Research Foundation and
the HHMI (Senior International Research Scholar’s award); to H.C. from
the Wellcome Trust (Fellowship 099818Z/12/Z) and to A.K. from the
Carnegie Corporation of New York (via sub-award from the University of
Cape Town). We apologise to the many authors whose work could not be
cited owing to space restrictions.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as

� of special interest
�� of outstanding interest

1. World Health Organization Global tuberculosis report. 2017.

2.
��

Gagneux S: Ecology and evolution of Mycobacterium
tuberculosis. Nat Rev Microbiol 2018.

This is a comprehensive and up to date review that describes advances in
understanding the molecular evolution, population genetics and drug
resistance in Mtb, and how this information could be used to develop
better tools for TB control.

3. Hartman TE, Wang Z, Jansen RS, Gardete S, Rhee KY: Metabolic
perspectives on persistence. Microbiol Spectr 2017, 5.

4.
��

Brauner A, Fridman O, Gefen O, Balaban NQ: Distinguishing
between resistance, tolerance and persistence to antibiotic
treatment. Nat Rev Microbiol 2016, 14:320-330.

In this article, the authors describe a useful experimental framework for
distinguishing between drug resistance, phenotypic tolerance and per-
sistence phenotypes in bacteria.

5. Koch A, Mizrahi V, Warner DF: The impact of drug resistance on
Mycobacterium tuberculosis physiology: what can we learn
from rifampicin? Emerg Microbes Infect 2014, 3:e17.

6. Dheda K, Gumbo T, Gandhi NR, Murray M, Theron G, Udwadia Z,
Migliori GB, Warren R: Global control of tuberculosis: from
extensively drug-resistant to untreatable tuberculosis. Lancet
Respir Med 2014, 2:321-338.

7.
�

Yadon AN, Maharaj K, Adamson JH, Lai YP, Sacchettini JC,
Ioerger TR, Rubin EJ, Pym AS: A comprehensive
characterization of PncA polymorphisms that confer
resistance to pyrazinamide. Nat Commun 2017, 8:588.

In this paper, the authors use an unbiased approach to establish a
comprehensive catalogue of PZA resistance-conferring mutations in Mtb.

8. Bottger EC: The ins and outs of Mycobacterium tuberculosis
drug susceptibility testing. Clin Microbiol Infect 2011, 17:1128-
1134.

9. Schon T, Miotto P, Koser CU, Viveiros M, Bottger E, Cambau E:
Mycobacterium tuberculosis drug-resistance testing:
challenges, recent developments and perspectives. Clin
Microbiol Infect 2017, 23:154-160.

10. Willby M, Sikes RD, Malik S, Metchock B, Posey JE: Correlation
between GyrA substitutions and ofloxacin, levofloxacin, and
moxifloxacin cross-resistance in Mycobacterium
tuberculosis. Antimicrob Agents Chemother 2015, 59:5427-5434.

11. Hoagland DT, Liu J, Lee RB, Lee RE: New agents for the
treatment of drug-resistant Mycobacterium tuberculosis. Adv
Drug Deliv Rev 2016, 102:55-72.

12.
�

Hartkoorn RC, Uplekar S, Cole ST: Cross-resistance between
clofazimine and bedaquiline through upregulation of MmpL5
in Mycobacterium tuberculosis. Antimicrob Agents Chemother
2014, 58:2979-2981.

This paper describes the identification of a novel mechanism of cross-
resistance to TB drugs of different mechanistic classes.

13. Villellas C, Coeck N, Meehan CJ, Lounis N, de Jong B, Rigouts L,
Andries K: Unexpected high prevalence of resistance-
associated Rv0678 variants in MDR-TB patients without
documented prior use of clofazimine or bedaquiline. J
Antimicrob Chemother 2017, 72:684-690.
Current Opinion in Pharmacology 2018, 42:7–15

https://www.newtbdrugs.org/
https://www.newtbdrugs.org/
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0005
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0010
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0010
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0015
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0015
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0020
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0020
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0020
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0025
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0025
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0025
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0030
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0030
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0030
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0030
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0035
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0035
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0035
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0035
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0040
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0040
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0040
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0045
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0045
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0045
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0045
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0050
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0050
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0050
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0050
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0055
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0055
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0055
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0060
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0060
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0060
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0060
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0065
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0065
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0065
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0065
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0065


14 Anti-infectives
14. Andre E, Goeminne L, Colmant A, Beckert P, Niemann S,
Delmee M: Novel rapid PCR for the detection of Ile491Phe rpoB
mutation of Mycobacterium tuberculosis, a rifampicin-
resistance-conferring mutation undetected by commercial
assays. Clin Microbiol Infect 2017, 23 267 e265–267 e267.

15. Tomasicchio M, Theron G, Pietersen E, Streicher E, Stanley-
Josephs D, van Helden P, Warren R, Dheda K: The diagnostic
accuracy of the MTBDRplus and MTBDRsl assays for drug-
resistant TB detection when performed on sputum and culture
isolates. Sci Rep 2016, 6:17850.

16. Xie YL, Chakravorty S, Armstrong DT, Hall SL, Via LE, Song T,
Yuan X, Mo X, Zhu H, Xu P et al.: Evaluation of a rapid molecular
drug-susceptibility test for tuberculosis. N Engl J Med 2017,
377:1043-1054.

17. Alonso M, Palacios JJ, Herranz M, Penedo A, Menendez A,
Bouza E, Garcia de Viedma D: Isolation of Mycobacterium
tuberculosis strains with a silent mutation in rpoB leading to
potential misassignment of resistance category. J Clin
Microbiol 2011, 49:2688-2690.

18. Brossier F, Pham A, Bernard C, Aubry A, Jarlier V, Veziris N,
Sougakoff W, MyRMA CNR: Molecular investigation of
resistance to second-line injectable drugs in multidrug-
resistant clinical isolates of Mycobacterium tuberculosis in
France. Antimicrob Agents Chemother 2017, 61.

19.
�

Rubin EJ: TB diagnosis from the dark ages to fluorescence. Nat
Microbiol 2018, 3:268-269.

In this short commentary, the progress and challenges in developing
comprehensive point-of-care diagnostics for TB are described.

20. Trauner A, Liu Q, Via LE, Liu X, Ruan X, Liang L, Shi H, Chen Y,
Wang Z, Liang R et al.: The within-host population dynamics of
Mycobacterium tuberculosis vary with treatment efficacy.
Genome Biol 2017, 18:71.

21. Eldholm V, Norheim G, von der Lippe B, Kinander W, Dahle UR,
Caugant DA, Mannsaker T, Mengshoel AT, Dyrhol-Riise AM,
Balloux F: Evolution of extensively drug-resistant
Mycobacterium tuberculosis from a susceptible ancestor in a
single patient. Genome Biol 2014, 15:490.

22. Coll F, Phelan J, Hill-Cawthorne GA, Nair MB, Mallard K, Ali S,
Abdallah AM, Alghamdi S, Alsomali M, Ahmed AO et al.: Genome-
wide analysis of multi- and extensively drug-resistant
Mycobacterium tuberculosis. Nat Genet 2018.

23. Desjardins CA, Cohen KA, Munsamy V, Abeel T, Maharaj K,
Walker BJ, Shea TP, Almeida DV, Manson AL, Salazar A et al.:
Genomic and functional analyses of Mycobacterium
tuberculosis strains implicate ald in D-cycloserine resistance.
Nat Genet 2016, 48:544-551.

24.
��

Heyckendorf J, Andres S, Koser CU, Olaru ID, Schon T,
Sturegard E, Beckert P, Schleusener V, Kohl TA, Hillemann D et al.:
What is resistance? Impact of phenotypic versus molecular
drug resistance testing on therapy for multi- and extensively
drug-resistant tuberculosis. Antimicrob Agents Chemother
2018, 62.

This study highlights the complexities of DST for TB, and provides
potential explanations for the observations of discordance between
genotypic and phenotypic DST results.

25.
��

Walker TM, Kohl TA, Omar SV, Hedge J, Del Ojo Elias C, Bradley P,
Iqbal Z, Feuerriegel S, Niehaus KE, Wilson DJ et al.: Whole-
genome sequencing for prediction of Mycobacterium
tuberculosis drug susceptibility and resistance: a
retrospective cohort study. Lancet Infect Dis 2015, 15:1193-
1202.

This work demonstrates the utility and feasibility of WGS for detecting
drug resistance in Mtb and raises important questions about what is
required before this approach can implemented within a routine diag-
nostic setting.

26. Miotto P, Tessema B, Tagliani E, Chindelevitch L, Starks AM,
Emerson C, Hanna D, Kim PS, Liwski R, Zignol M et al.: A
standardised method for interpreting the association between
mutations and phenotypic drug resistance in Mycobacterium
tuberculosis. Eur Respir J 2017, 50.

27.
�

Metcalfe JZ, Streicher E, Theron G, Colman RE, Allender C,
Lemmer D, Warren R, Engelthaler DM: Cryptic
Current Opinion in Pharmacology 2018, 42:7–15 
microheteroresistance explains Mycobacterium tuberculosis
phenotypic resistance. Am J Respir Crit Care Med 2017,
196:1191-1201.

This study demonstrates the utility of a high-resolution genotyping tech-
nique to detect heteroresistance in clinical isolates of Mtb.

28. Didelot X, Walker AS, Peto TE, Crook DW, Wilson DJ: Within-host
evolution of bacterial pathogens. Nat Rev Microbiol 2016,
14:150-162.

29.
��

Cadena AM, Fortune SM, Flynn JL: Heterogeneity in
tuberculosis. Nat Rev Immunol 2017, 17:691-702.

In this article, the authors provide a comprehensive and authoritative
overview of heterogeneity in TB at the level of both host and pathogen.

30. Liu Q, Via LE, Luo T, Liang L, Liu X, Wu S, Shen Q, Wei W, Ruan X,
Yuan X et al.: Within patient microevolution of Mycobacterium
tuberculosis correlates with heterogeneous responses to
treatment. Sci Rep 2015, 5:17507.

31.
��

Dartois V: The path of anti-tuberculosis drugs: from blood to
lesions to mycobacterial cells. Nat Rev Microbiol 2014, 12:159-
167.

This article provides a comprehensive overview of the methods used to
quantify and image the distribution of TB drugs in infected tissue as well
as Mtb cells, and describes the application of this technology in the
design of multidrug regimens.

32. Metcalfe JZ, Streicher E, Theron G, Colman RE, Penaloza R,
Allender C, Lemmer D, Warren RM, Engelthaler DM:
Mycobacterium tuberculosis subculture results in loss of
potentially clinically relevant heteroresistance. Antimicrob
Agents Chemother 2017, 61.

33. WHO: Guidelines for treatment of drug-susceptible tuberculosis
and patient care, 2017 update. 2017.

34. Keshavjee S, Farmer PE: Tuberculosis, drug resistance, and the
history of modern medicine. N Engl J Med 2012, 367:931-936.

35. March F, Garriga X, Rodriguez P, Moreno C, Garrigo M, Coll P,
Prats G: Acquired drug resistance in Mycobacterium
tuberculosis isolates recovered from compliant patients with
human immunodeficiency virus-associated tuberculosis. Clin
Infect Dis 1997, 25:1044-1047.

36. Kempker RR, Rabin AS, Nikolaishvili K, Kalandadze I, Gogishvili S,
Blumberg HM, Vashakidze S: Additional drug resistance in
Mycobacterium tuberculosis isolates from resected cavities
among patients with multidrug-resistant or extensively drug-
resistant pulmonary tuberculosis. Clin Infect Dis 2012, 54:e51-
e54.

37.
��

Cox H, Hughes J, Black J, Nicol MP: Precision medicine for
drug-resistant tuberculosis in high-burden countries: is
individualised treatment desirable and feasible? Lancet Infect
Dis 2018.

This article provides a critical perspective on whether and how a precision
medicine approach to the treatment of DR-TB could be implemented in
high-burden countries.

38. WHO: WHO treatment guidelines for drug-resistant tuberculosis:
2016 update. 2016.

39. Alffenaar JC, Akkerman OW, Anthony RM, Tiberi S, Heysell S,
Grobusch MP, Cobelens FG, Van Soolingen D: Individualizing
management of extensively drug-resistant tuberculosis:
diagnostics, treatment, and biomarkers. Expert Rev Anti Infect
Ther 2017, 15:11-21.

40. Van Deun A, Maug AK, Salim MA, Das PK, Sarker MR, Daru P,
Rieder HL: Short, highly effective, and inexpensive
standardized treatment of multidrug-resistant tuberculosis.
Am J Respir Crit Care Med 2010, 182:684-692.

41. Peloquin CA, Velasquez GE, Lecca L, Calderon RI, Coit J,
Milstein M, Osso E, Jimenez J, Tintaya K, Sanchez Garavito E
et al.: Pharmacokinetic evidence from the HIRIF trial to support
increased doses of rifampin for tuberculosis. Antimicrob
Agents Chemother 2017, 61.

42. Lee J, Armstrong DT, Ssengooba W, Park JA, Yu Y, Mumbowa F,
Namaganda C, Mboowa G, Nakayita G, Armakovitch S et al.:
Sensititre MYCOTB MIC plate for testing Mycobacterium
tuberculosis susceptibility to first- and second-line drugs.
Antimicrob Agents Chemother 2014, 58:11-18.
www.sciencedirect.com

http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0070
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0070
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0070
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0070
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0070
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0075
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0075
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0075
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0075
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0075
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0080
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0080
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0080
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0080
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0085
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0085
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0085
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0085
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0085
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0090
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0090
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0090
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0090
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0090
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0095
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0095
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0100
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0100
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0100
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0100
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0105
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0105
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0105
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0105
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0105
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0110
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0110
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0110
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0110
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0115
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0115
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0115
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0115
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0115
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0120
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0120
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0120
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0120
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0120
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0120
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0125
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0125
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0125
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0125
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0125
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0125
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0130
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0130
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0130
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0130
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0130
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0135
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0135
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0135
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0135
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0135
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0140
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0140
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0140
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0145
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0145
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0150
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0150
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0150
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0150
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0155
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0155
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0155
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0160
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0160
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0160
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0160
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0160
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0165
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0165
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0170
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0170
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0175
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0175
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0175
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0175
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0175
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0180
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0180
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0180
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0180
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0180
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0180
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0185
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0185
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0185
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0185
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0190
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0190
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0195
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0195
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0195
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0195
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0195
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0200
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0200
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0200
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0200
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0205
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0205
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0205
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0205
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0205
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0210
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0210
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0210
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0210
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0210


Diagnosis and treatment of drug-resistant TB Koch, Cox and Mizrahi 15
43. Srivastava S, Pasipanodya JG, Meek C, Leff R, Gumbo T:
Multidrug-resistant tuberculosis not due to noncompliance
but to between-patient pharmacokinetic variability. J Infect Dis
2011, 204:1951-1959.

44. Cox HS, Niemann S, Ismailov G, Doshetov D, Orozco JD, Blok L,
Rusch-Gerdes S, Kebede Y: Risk of acquired drug resistance
during short-course directly observed treatment of
tuberculosis in an area with high levels of drug resistance. Clin
Infect Dis 2007, 44:1421-1427.

45. Cegielski JP, Dalton T, Yagui M, Wattanaamornkiet W,
Volchenkov GV, Via LE, Van Der Walt M, Tupasi T, Smith SE,
Odendaal R et al.: Extensive drug resistance acquired during
treatment of multidrug-resistant tuberculosis. Clin Infect Dis
2014, 59:1049-1063.

46. Evans JC, Mizrahi V: Priming the tuberculosis drug pipeline:
new antimycobacterial targets and agents. Curr Opin Microbiol
2018, 45:39-46.

47. Cokol M, Kuru N, Bicak E, Larkins-Ford J, Aldridge BB: Efficient
measurement and factorization of high-order drug
interactions in Mycobacterium tuberculosis. Sci Adv 2017, 3:
e1701881.

48. Martin CJ, Cadena AM, Leung VW, Lin PL, Maiello P, Hicks N,
Chase MR, Flynn JL, Fortune SM: Digitally barcoding
Mycobacterium tuberculosis reveals in vivo infection
dynamics in the macaque model of tuberculosis. MBio 2017, 8.

49. Lin PL, Ford CB, Coleman MT, Myers AJ, Gawande R, Ioerger T,
Sacchettini J, Fortune SM, Flynn JL: Sterilization of granulomas
is common in active and latent tuberculosis despite within-
host variability in bacterial killing. Nat Med 2014, 20:75-79.

50. Baer CE, Rubin EJ, Sassetti CM: New insights into TB
physiology suggest untapped therapeutic opportunities.
Immunol Rev 2015, 264:327-343.

51. Tiberi S, Scardigli A, Centis R, D’Ambrosio L, Munoz-Torrico M,
Salazar-Lezama MA, Spanevello A, Visca D, Zumla A, Migliori GB
et al.: Classifying new anti-tuberculosis drugs: rationale and
future perspectives. Int J Infect Dis 2017, 56:181-184.

52. Falzon D, Schunemann HJ, Harausz E, Gonzalez-Angulo L,
Lienhardt C, Jaramillo E, Weyer K: World Health Organization
treatment guidelines for drug-resistant tuberculosis,
2016 update. Eur Respir J 2017, 49.

53. Zhang Y, Yew WW: Mechanisms of drug resistance in
Mycobacterium tuberculosis: update 2015. Int J Tuberc Lung
Dis 2015, 19:1276-1289.

54. Lakshminarayana SB, Huat TB, Ho PC, Manjunatha UH, Dartois V,
Dick T, Rao SP: Comprehensive physicochemical,
pharmacokinetic and activity profiling of anti-TB agents. J
Antimicrob Chemother 2015, 70:857-867.

55. WHO: Policy update: The use of molecular line probe assays for the
detection of resistance to isoniazid and rifampicin. 2016.

56. WHO: The use of molecular line probe assays for the detection of
resistance to second-line anti-tuberculosis drugs. 2017.

57. Prosser GA, de Carvalho LP: Reinterpreting the mechanism of
inhibition of Mycobacterium tuberculosis D-alanine: D-alanine
ligase by D-cycloserine. Biochemistry 2013, 52:7145-7149.

58. Smith T, Wolff KA, Nguyen L: Molecular biology of drug
resistance in Mycobacterium tuberculosis. Curr Top Microbiol
Immunol 2013, 374:53-80.
www.sciencedirect.com 
59. Coxon GD, Craig D, Corrales RM, Vialla E, Gannoun-Zaki L,
Kremer L: Synthesis, antitubercular activity and mechanism of
resistance of highly effective thiacetazone analogues. PLOS
ONE 2013, 8:e53162.

60. Alahari A, Trivelli X, Guerardel Y, Dover LG, Besra GS,
Sacchettini JC, Reynolds RC, Coxon GD, Kremer L:
Thiacetazone, an antitubercular drug that inhibits
cyclopropanation of cell wall mycolic acids in mycobacteria.
PLoS ONE 2007, 2:e1343.

61. Kumar P, Kaushik A, Bell DT, Chauhan V, Xia F, Stevens RL,
Lamichhane G: mutation in an unannotated protein confers
carbapenem resistance in Mycobacterium tuberculosis.
Antimicrob Agents Chemother 2017, 61.

62. Warner DF: Mycobacterium tuberculosis metabolism. Cold
Spring Harb Perspect Med 2014.

63. Chiaradia L, Lefebvre C, Parra J, Marcoux J, Burlet-Schiltz O,
Etienne G, Tropis M, Daffe M: Dissecting the mycobacterial cell
envelope and defining the composition of the native
mycomembrane. Sci Rep 2017, 7:12807.

64. Jackson M: The mycobacterial cell envelope-lipids. Cold Spring
Harb Perspect Med 2014, 4.

65. Gold B, Nathan C: Targeting phenotypically tolerant
Mycobacterium tuberculosis. In Tuberculosis and the Tubercle
Bacillus, edn 2. Edited by Jacobs J, William R, McShane H, Mizrahi
V, Orme IM.American Society of Microbiology; 2017:317-360.

66. Te Brake LHM, de Knegt GJ, de Steenwinkel JE, van Dam TJP,
Burger DM, Russel FGM, van Crevel R, Koenderink JB,
Aarnoutse RE: The role of efflux pumps in tuberculosis
treatment and their promise as a target in drug development:
unraveling the black box. Annu Rev Pharmacol Toxicol 2018,
58:271-291.

67. Sandgren A, Strong M, Muthukrishnan P, Weiner BK, Church GM,
Murray MB: Tuberculosis drug resistance mutation database.
PLoS Med 2009, 6:e2.

68. Coll F, Preston M, Guerra-Assuncao JA, Hill-Cawthorn G, Harris D,
Perdigao J, Viveiros M, Portugal I, Drobniewski F, Gagneux S et al.:
PolyTB: a genomic variation map for Mycobacterium
tuberculosis. Tuberculosis (Edinb) 2014, 94:346-354.

69.
�

Coll F, McNerney R, Preston MD, Guerra-Assuncao JA, Warry A,
Hill-Cawthorne G, Mallard K, Nair M, Miranda A, Alves A et al.:
Rapid determination of anti-tuberculosis drug resistance from
whole-genome sequences. Genome Med 2015, 7:51.

This paper describes a user-friendly, web-based tool for identifying drug
resistance and lineage information from WGS data.

70. Feuerriegel S, Schleusener V, Beckert P, Kohl TA, Miotto P,
Cirillo DM, Cabibbe AM, Niemann S, Fellenberg K: PhyResSE: a
Web tool delineating Mycobacterium tuberculosis antibiotic
resistance and lineage from whole-genome sequencing data.
J Clin Microbiol 2015, 53:1908-1914.

71. Bradley P, Gordon NC, Walker TM, Dunn L, Heys S, Huang B,
Earle S, Pankhurst LJ, Anson L, de Cesare M et al.: Rapid
antibiotic-resistance predictions from genome sequence data
for Staphylococcus aureus and Mycobacterium tuberculosis.
Nat Commun 2015, 6:10063.

72. Steiner A, Stucki D, Coscolla M, Borrell S, Gagneux S: KvarQ:
targeted and direct variant calling from fastq reads of bacterial
genomes. BMC Genomics 2014, 15:881.
Current Opinion in Pharmacology 2018, 42:7–15

http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0215
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0215
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0215
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0215
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0220
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0220
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0220
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0220
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0220
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0225
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0225
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0225
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0225
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0225
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0230
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0230
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0230
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0235
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0235
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0235
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0235
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0240
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0240
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0240
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0240
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0245
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0245
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0245
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0245
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0250
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0250
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0250
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0255
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0255
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0255
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0255
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0260
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0260
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0260
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0260
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0265
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0265
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0265
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0270
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0270
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0270
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0270
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0275
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0275
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0280
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0280
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0285
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0285
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0285
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0290
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0290
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0290
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0295
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0295
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0295
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0295
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0300
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0300
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0300
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0300
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0300
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0305
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0305
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0305
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0305
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0310
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0310
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0315
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0315
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0315
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0315
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0320
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0320
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0325
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0325
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0325
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0325
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0330
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0330
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0330
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0330
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0330
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0330
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0335
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0335
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0335
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0340
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0340
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0340
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0340
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0345
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0345
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0345
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0345
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0350
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0350
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0350
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0350
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0350
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0355
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0355
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0355
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0355
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0355
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0360
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0360
http://refhub.elsevier.com/S1471-4892(17)30157-1/sbref0360

	Drug-resistant tuberculosis: challenges and opportunities for diagnosis and treatment
	Introduction
	The complex genetics of TB drug resistance
	Diagnosis of TB drug resistance: from culture to whole-genome sequencing
	Heteroresistance—another complicating factor
	Public health consequences of simplified diagnosis and treatment for a complex disease
	How do we minimise future resistance emergence?
	Conflict of interest statement
	References and recommended reading
	Acknowledgements


