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Abstract: Mycobacterium tuberculosis develops spontaneous resistance mutants to virtually
every drug in use. Courses of therapy select for these mutants and drug-resistant organisms
emerge. The development of drug-resistant organisms has reached the point that drug resistance
now threatens to undermine global success against tuberculosis (TB). New drugs are needed.
The last new class of drugs specifically developed for treatment of TB was the rifamycins over
40 years ago. New funding sources and the development of product development partnerships
have energized the TB drug development effort. There are now more TB drugs in development than at any time in the past. The first of these drugs to be developed and marketed was
bedaquiline. Bedaquiline has an entirely novel mechanism of action and so should be active
against otherwise highly resistant organisms. It acts on the transmembrane component of
adenosine triphosphate synthase and acts by preventing electron transport. This raises the
exciting possibility that bedaquiline may be active against less metabolically active organisms.
Drug–drug interactions between rifamycins and the cytochrome P450-3A system will limit
bedaquiline’s utility and create complexity in treatment regimens. In clinical trials, treatment
with bedaquiline added to a background multidrug-resistant TB regimen was associated with
earlier culture conversion and higher cure rates, but there were unexplained excess deaths in
the bedaquiline arms of these trials. Food and Drug Administration approved bedaquiline for
the treatment of multidrug-resistant TB when an effective treatment regimen cannot otherwise
be provided. They required a black box warning about excess deaths and require that a phase
III trial be completed. A planned Phase III trial is being reorganized. While bedaquiline is an
exciting drug and marks a dramatic moment in the history of TB treatment, its ultimate place
in the anti-TB drug armamentarium is unclear pending the Phase III trial and the development
of other new drugs that are in the pipeline.
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While currently available antituberculous medications are highly effective against
susceptible strains1 and rates of tuberculosis have been declining steadily in developed
countries,2 the majority of the global burden of tuberculosis is in resource-limited
countries where tuberculosis, human immunodeficiency virus (HIV) coinfection
and drug-resistant tuberculosis intersect.3
Rates of tuberculosis increased dramatically in the developing world in the1980s
and 1990s, fueled by the HIV epidemic and by limited public health infrastructure.2
While rates have stabilized, they remain extremely high.4 Resources are not available for
universal culture and susceptibility testing. Despite obvious dangers,5 empiric therapies
have been employed based on assumptions of low rates of drug resistance. Reports of
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high rates of multidrug-resistant tuberculosis (MDR-TB) and
extensively drug-resistant tuberculosis (XDR-TB)6,7 in recent
years have highlighted the failure of that approach, the need
for cheap and rapid diagnostic and susceptibility tests that can
be made widely available, and the need for new drugs.
MDR-TB and XDR-TB are treated with drugs that are
less effective, more expensive, more toxic, and that require
longer courses of treatment than drugs used in the treatment
of susceptible organisms.8,9 New drugs are needed.

Toward a new drug for tuberculosis
Rates of HIV infection are high across much of sub-Saharan
Africa. During coinfection with Mycobacterium tuberculosis
and HIV, each infecting organism potentiates the effects of the
other.10,11 For patients with tuberculosis who are coinfected
with HIV, early addition of antiretroviral therapy can be
lifesaving.12–14 There are important interactions between rifamycins, antiretrovirals and the cytochrome P450-3A (CYP3A)
system. Non-nucleoside reverse transcriptase inhibitors and
rifamycins induce CYP3A. Non-nucleoside reverse transcriptase inhibitors and protease inhibitors are metabolized
by CYP3A.15 These interactions add to complexity and risk
in the treatment of coinfected individuals.16,17
When growing rapidly, M. tuberculosis organisms make
cell wall lipids and synthesize protein. When subjected to
stress, the organisms react by activating a series of metabolic
changes including decrease in cell wall synthesis and shift in
protein synthesis away from replication and toward survival
functions. These changes, collectively referred to as the
dormancy regulon are well adapted to allow survival of the
organism intracellularly and under hypoxic and nutritionally
limited conditions.18
Some drugs kill by interfering with cell wall synthesis.
These may be highly effective, as for example, isoniazid (INH)
is, at controlling active disease caused by rapidly dividing
organisms, a quality measured by early bactericidal activity (EBA).19 Drugs that kill organisms attacking a different
vital pathway might be better able to kill organisms whose
metabolism has shifted into dormancy. Specifically, a drug
that could target the cell’s energy metabolism could be potent
even against less metabolically active organisms. While an
organism might remain alive while not making cell walls, and
even while synthesizing very little protein, it cannot maintain
an electrified cell membrane gradient and survive.20
It is estimated that one-third of the population is latently
infected with M. tuberculosis.3 Any effective tuberculosis
control strategy will have to include an approach to managing this reservoir of potential new cases of active disease.21
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Since latent organisms are nevertheless alive, a new drug
active against dormant organisms might also be able to kill
latent organisms. This property would revolutionize tuberculosis control efforts.
Desirable characteristics of new drugs are well known.
New drugs should be safe. They should be highly effective
against both susceptible and resistant strains. Drugs with
a novel mechanism of action are more likely to meet this
requirement. New drugs should be affordable and orally
available. They should not interact with existing antituberculous drugs or antiretrovirals. Half-lives of the drugs
should permit pairing of drugs with similar half-lives so that
inadvertent selective pressures can be avoided.
The emergence and funding of not-for-profit public
partnerships for product development has revolutionized the
landscape for the development of new antituberculous drugs.
The Global Alliance for TB Drug Development has agreements with a variety of pharmaceutical companies to support
discovery and development of new drugs and regimens.
While costs remain high and the chances of any individual
candidate drug succeeding are remote,22 there are more prospective antituberculous drugs in the pipeline now than ever
before,23 representing potential breakthroughs in the treatment of both susceptible and drug-resistant tuberculosis.

Bedaquiline
Preclinical development
Bedaquiline, trade name Sirturo, was developed as R207910
and later TMC207. In publications describing combination regimens, it is often abbreviated as “J”, for Janssen
Pharmaceuticals (Titusville, NJ, USA). Bedaquiline is
a diarylquinoline. Diarylquinolines are related to, but
mechanistically different from quinolones as they do not
inhibit M. tuberculosis DNA gyrase. Bedaquiline links to
the transmembrane domain of the adenosine triphosphate
(ATP) synthase. This interferes with the mycobacterial conversion of adenosine diphosphate into ATP by interrupting
transmembrane and central stalk rotation of the proton pump.
This is a novel mode of action for antituberculous drugs.24
Bedaquiline is 2×104 more avid for mycobacterial than for
mammalian ATP synthase.25 Bedaquiline has activity against
many mycobacterial species.26
Bedaquiline is active against both susceptible and
multidrug-resistant strains of M. tuberculosis as would be
expected of a drug with a novel mechanism of action.27
Mutations in residues 63 and 66 of the transmembrane
domain of the ATP synthase complex impede bedaquiline’s access to its target at residue 61, causing resistance.28
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Spontaneous resistance mutations occur in one in 107 to one in
108 organisms, a rate comparable to rifampin. This resistance
was attributed to mutations in the atpE gene.24 Drug efflux
is another potential mechanism of resistance to bedaquiline.
Minimal inhibitory concentrations for bedaquiline for
M. tuberculosis clinical isolates fall when verapamil, a drug
efflux inhibitor, is added.29 Clofazimine-resistant mutants have
been investigated and found to also be resistant to bedaquiline.
A mutation in Rv0678, a transcriptional repressor gene and
associated upregulation of a MmpL5, multisubstrate efflux
pump, accounted for this cross-resistance.30 Acquired resistance to bedaquiline has been observed in clinical trials31 and
will certainly emerge as the drug is used in practice.
Bedaquiline has a large volume of distribution and a
half-life of 43–64 hours in plasma and 28–92 hours in tissue
(including lung and spleen).24 Bedaquiline’s long terminal
half-life of 4–5 months31 raises concerns that even after drug
cessation, effective monotherapy may continue for months,
potentially leading to bedaquiline resistance, and any adverse
effect could be prolonged.
If half-lives are properly matched, a regimen of drugs
with long half-lives has the potential to allow highly intermittent dosing. In a murine model, bedaquiline, rifapentine
(which has a serum half-life of 14–18 hours),15 and pyrazinamide (PZA) given once weekly outperformed a regimen
of INH, rifampin, and PZA given five times per week over
a 2-month period.32,33

Clinical development
Bedaquiline has good bioavailability following oral
administration.34 Bioavailability increases by about two-fold
with food.31 There is no need to adjust dose for patients with
moderate renal or liver disease. Caution is recommended for
those with severe renal or liver disease.35
Bedaquiline is metabolized by CYP3A4 to less active
metabolites.31 CYP3A4 inducers or inhibitors may interfere
with bedaquiline concentrations.36 Combination of bedaquiline with rifampin significantly reduces bedaquiline levels.
Bedaquiline does not interact with INH, PZA, ethambutol,
kanamycin, ofloxacin, or cycloserine. Bedaquiline can be
safely administered with nevirapine without dosage adjustment, but dose adjustment may be needed for use with
lopinavir plus ritonavir, and efavirenz.31
EBA is poor during the first several days. Bactericidal
activity improves between weeks 1 and 4, suggesting a timedependent killing.35 Because bedaquiline’s mechanism of
action is interference with ATP synthesis, it is possible that
intracellular ATP stores must be depleted before bactericidal
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activity occurs. Increasing doses of bedaquiline improves
EBA. A loading dose of 400 mg daily leads to higher bedaquiline concentrations and a 2-day EBA that is similar to
the 14-day EBA.37 The recommended dose of bedaquiline is
400 mg daily for 2 weeks, then 200 mg three times per week
for the duration of treatment. Bedaquiline has excellent late
bactericidal activity, suggesting that it may kill nonreplicating
organisms. This property could potentially allow for shorter
treatment durations.27,38

Phase II trials
Efficacy of bedaquiline has been assessed in randomized
placebo-controlled trials and in an open-label single-arm
observational study. Data for all bedaquiline studies is
compiled in the publicly available US Food and Drug
A dministration (FDA) briefing. 31 C208 stage 1 was a
randomized, multicenter, double-blind, placebo-controlled
trial to assess safety and efficacy of 8 weeks of bedaquiline
in subjects with MDR-TB.35,39 Exclusion criteria included
prior treatment for MDR-TB, fluoroquinolone or injectable
resistance, significant cardiac arrhythmia, history of alcohol
abuse, and advanced HIV disease (CD4 ,300 cells/mm3).
Forty-seven participants with new onset pulmonary MDR-TB
received a five-drug second-line background regimen of
kanamycin, ofloxacin, ethionamide, PZA, and cycloserine or
terizidone and were randomized to bedaquiline versus placebo
for the first 8 weeks of therapy. The dose of bedaquiline was
400 mg daily for 2 weeks then 200 mg three times a week for
6 weeks. This dosing was chosen to maximize EBA, then to
maintain a serum concentration of 600 ng/mL.34 After 8 weeks
of treatment, participants remained on the background regimen for 24 weeks. Time to culture conversion was shorter for
subjects taking bedaquiline than for those taking placebo. At
8 weeks, the culture conversion rate in the bedaquiline group
was 48% compared with 9% in the placebo group. At 24
weeks, culture conversion was 81% in the bedaquiline group
and 65% in the control group.31,35,39
The second stage of C208 was similar in design to the first
stage, but continued bedaquiline for 24 weeks and followed
subjects for 96 weeks. Bedaquiline or placebo was added to
a standard treatment regimen for MDR-TB. Eighty subjects
received bedaquiline and 81 subjects received placebo. The
median time to sputum conversion was 83 days in the bedaquiline group and 125 days in the control group. At week 24,
the sputum conversion rate was 79% in the bedaquiline group
and 58% in the control group.31 In both stages of C208, fewer
subjects in the bedaquiline arm than in the control arm developed pre-XDR-TB (resistance to either a fluoroquinolone or
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a second-line injectable drug) or XDR-TB (one versus four
in C208 stage 1 and zero versus seven in C208 stage 2).31
Study C209 was a Phase II single-arm, open-label study
of bedaquiline in 233 subjects with MDR-TB, pre-XDR-TB,
and XDR-TB (but with an available three-drug background
regimen). People with severe extrapulmonary tuberculosis,
HIV with CD4+ counts below 250 cells/mm3, and those
receiving incompatible antiretrovirals were excluded.
Subjects were treated with 24 weeks of bedaquiline added
to a background regimen of 18 to 24 months. Five percent of
subjects were HIV positive. Fifty-four percent had MDR-TB;
25% had pre-XDR-TB; and 21% had XDR-TB. In subjects
with MDR-TB, the median time to culture conversion was
8 weeks, and the conversion rate at week 24 was 87.1%.
In subjects with pre-XDR-TB, the median time to culture
conversion was 12 weeks, and the conversion rate at week
24 was 77.3%. In subjects with XDR-TB, the median time
to culture conversion was 24 weeks, and the conversion
rate at week 24 was 55.6%. Conversion rates were higher
in PZA-susceptible subjects and in those whose background regimen included three or more drugs active against
their organism.31,40
Treatment-emergent bedaquiline resistance was observed.
Twenty-eight subjects in C208 and C209 had pairs of isolates
from before and after bedaquiline treatment. Ten of these had
increases in bedaquiline minimal inhibitory concentration.
Development of resistance occurred more commonly in subjects with XDR-TB than MDR-TB, suggesting prevention of
selective pressure by more robust regimens.31
Bedaquiline causes corrected QT interval (QTc) prolongation with a mean increase of around 15 ms. Among
44 volunteers in C1003, 102 in C208, and 233 in C209, two
had QTc over 500 ms and 19 had increases over baseline
of 60 ms. Combination with clofazimine and ketoconazole
increases this effect.31
Nausea, arthralgia, headache, hyperuricemia, and emesis
are the most common adverse events. Drug-related hepatic
disorders were more common in subjects taking bedaquiline
(8.8%) than in those receiving placebo (1.9%). Most were
elevated transaminases.31
In C208 stage 2, ten of 79 bedaquiline-treated subjects
died compared with two of 81 placebo-treated subjects.
Five bedaquiline-treated subjects died of tuberculosis. Other
causes of death were myocardial infarction, alcohol poisoning, hepatitis with cirrhosis, peritonitis with septic shock,
cerebrovascular accident, and motor vehicle accident. There
was a wide range in time from last dose of bedaquiline to
death, 2 to 911 days. All but one of the deaths occurred after
the subject had completed the bedaquiline component of
600
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treatment. No death in the bedaquiline arm was considered
related to the study drug by the investigators. There was no
relationship between QTc prolongation and survival.31
In C209, 16 subjects had died by the July 15, 2012 cut-off
date, 12 during the study and four after discontinuation of
study drug. Nine of these deaths were related to tuberculosis.
One of these deaths, in a subject who developed renal failure
after emesis and dehydration, was considered potentially
related to bedaquiline by the investigators. Other causes
of death included lung infection, cor pulmonale, pyopneumothorax with respiratory failure, cardiac arrest, hemoptysis,
and hypertension. None of these subjects had a treatment
emergent QTc $500 ms.31

Regulatory approval
On December 28, 2012, the US FDA approved bedaquiline
for MDR-TB “when an effective treatment regimen cannot
otherwise be provided”.41 The approval was through an accelerated approval program that allows approval of a drug for a
serious disease based on surrogate endpoints.42
The FDA advisory panel vote on efficacy was 18 to zero.
The vote on safety was eleven to seven. Because of QTc prolongation and significant excess mortality, the US FDA required
a boxed warning on the bedaquiline package insert:43
An increased risk for death was observed in the Sirturo
treatment group (9/79; 11.4%) compared with the placebo
treatment group (2/81; 2.5%) in one placebo-controlled trial.
Only use Sirturo when an effective treatment regimen cannot
otherwise be provided;
QTcF prolongation can occur with Sirturo. Use with drugs
that prolong the QT interval might cause additive QTcF
prolongation.

As a condition of the accelerated approval program,
Janssen Therapeutics is required to enroll everyone started
on bedaquiline in a patient registry to track adverse events
and outcomes.
Janssen is also required to conduct a Phase III multicenter randomized double-blind placebo-controlled trial
of bedaquiline in subjects with sputum-smear-positive
pulmonary MDR-TB. C210 was to be that study and was
initially scheduled to begin accruing subjects in 2013.
C210 was to include 600 adults with smear-positive MDR
or pre-XDR-TB. Bedaquiline or placebo was to be given
with a background MDR-TB regimen for 36 weeks. Levofloxacin was to be the fluoroquinolone used in order to
minimize QTc interactions.31 Subjects were to be followed
for 132 weeks. The primary endpoint was to be favorable
outcome at week 60. As of February 2014, C210 had been
Therapeutics and Clinical Risk Management 2014:10
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withdrawn prior to enrollment.44 Because a Phase III trial
was a condition of approval, it is anticipated that such a trial
will eventually be completed, though likely by different
investigators and possibly by incorporating a bedaquiline
arm into a larger project.
The Centers for Disease Control and Prevention (CDC)
guidelines on use of bedaquiline were published in October
2013. Aspects of these guidelines go beyond current FDAapproved labeling for bedaquiline. CDC guidelines state that:
Bedaquiline may be used on a case-by-case basis in
children, HIV-infected persons, pregnant women, persons
with extrapulmonary MDR-TB, and patients with comorbid
conditions on concomitant medications when an effective
treatment regimen cannot otherwise be provided [and that]
bedaquiline may be used on a case-by-case basis for durations longer than 24 weeks when an effective treatment
regimen cannot be provided otherwise.45

Discussion
Bedaquiline’s novel mechanism of action suggests that it
should have activity against resistant organisms. Late bacterial activity and animal data suggest activity against dormant
or nonreplicating bacilli that could allow shorter treatment
courses.39
An important step will be to determine the compatibility
of bedaquiline with the other candidate antituberculous drugs
that are moving through the clinical development pipeline,
particularly the nitroimidazoles delamanid (OPC-67683)
and PA-824. These drugs, potentially in combination with
PZA and moxifloxacin, could be important elements of new
short-course regimens for susceptible and drug-resistant
tuberculosis.46
Bedaquiline was approved based on trials that evaluated
the surrogate marker of culture conversion rather than the
gold standard of durable cure after completion of therapy.47
QTc prolongation and excess deaths in the bedaquiline groups
of C208 small trials raise concerns about the safety of the
drug. Drug interactions will limit utility of bedaquiline in
patients receiving antiretroviral therapy. Excessive half-life
will increase the risks to the patient when bedaquiline does
cause toxicity and will increase the risks of the emergence
of bedaquiline resistance if drugs are discontinued or have
mismatched half-lives and long dosing intervals.
Particularly where MDR-TB and XDR-TB are highly
prevalent, any new drug may be subjected to imperfect regimens
and selective pressure. Until more novel drugs and regimens are
developed, the use of bedaquiline must be carefully controlled
so that drug resistance does not become widespread.
Therapeutics and Clinical Risk Management 2014:10
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The development and marketing of bedaquiline,
a member of a novel class of antituberculous drugs, is a
landmark accomplishment for the tuberculosis community.
Later generations of diarylquinolines may be more potent
and less toxic and may be combined with other novel
drugs that are in development to treat susceptible and
drug-resistant tuberculosis with safe, effective, short-course
regimens.
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