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ARTICLE INFO ABSTRACT

ArﬁC{e history: The development of drug-resistant tuberculosis (TB) is a major threat worldwide. Based on World Health

Received 15 October 2020 Organization (WHO) reports, it is estimated that more than 500 000 new cases of drug-resistant TB occur

iece“’e‘(ij ‘1“7rFeV]'JS‘3d for2r322]8 January 2021 annually. In addition, there are alarming reports of increasing multidrug-resistant TB (MDR-TB) and the

ceepte rebruary emergence of extensively drug-resistant TB (XDR-TB) from different countries of the world. Therefore,
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new options for TB therapy are required. Bedaquiline (BDQ), a novel anti-TB drug, has significant

minimum inhibitory concentrations (MICs) both against drug-susceptible and drug-resistant TB.

g?(;‘;vg;?lsi;e Moreover, BDQ was recently approved for therapy of MDR-TB. The current narrative review summarises
Multidrug resistance the aval!able datg on BDQ res¥stance, dES‘CI'leS its antimicrobial properties, and provides new

Tuberculosis perspectives on clinical use of this novel anti-TB agent.
Mycobacterium tuberculosis © 2021 The Author(s). Published by Elsevier Ltd on behalf of International Society for Antimicrobial
Chemotherapy. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. Introduction

Tuberculosis (TB), an ancient infectious disease caused by
Mycobacterium tuberculosis and other closely related species, with
an incidence of approximately 500 000 TB cases and an estimated
two million to three million deaths worldwide annually, is ranked
as the second leading cause of death worldwide among infectious
diseases [1-3]. Although overall TB rates are on the decline, the
prevalence of multidrug-resistant TB (MDR-TB) and, more recently,
extensively drug-resistant TB (XDR-TB) is increasing and spreading
at an alarming rate, which should be held in consideration [2,4].

According to epidemiological results, TB is more deadly than
other infectious diseases such as acquired immune deficiency
syndrome (AIDS) and malaria. Despite a 22% global decline in TB
deaths between 2000 and 2015, it is still one of the top 10 causes of
death worldwide [5]. Also, on the eve of the first turning point in
2020, the World Health Organization (WHO) still reports TB to
have the highest mortality rate of any infectious disease
worldwide, even surpassing HIV/AIDS and causing 1-5 million
deaths in 2018 [6]. According to WHO reports, the prevalence of
MDR-TB varies from 0% to 65% in different countries [7]. In fact, the
prevalence of TB mortality varies from <5% in some countries to
>20% in the African Region [8]. Approximately two-thirds of MDR-
TB cases are currently reported in China, India and Russia. Of the
approximately half a million people who developed MDR-TB in
2018, only the equivalent of one in three cases were enrolled in
treatment [6]. In 2016, there were approximately 10.4 million new
cases of TB worldwide, of which 1.7 million died from TB, and
approximately 600 000 recent cases of MDR-TB have appeared
worldwide, leading to 240 000 deaths in 2017 [8]. According to
recent WHO reports, Europe and seven countries with heavy
burdens (Kenya, Lesotho, Myanmar, Russia, South Africa, Tanzania
and Zimbabwe) are reaching a turning point in 2020. The incidence
and mortality are also declining relatively rapidly in the WHO
African Region [6]. Therefore, efforts in the discovery of novel and
more effective anti-TB agents are urgently required. Bedaquiline
(BDQ), previously known as TMC207, R207910 or compound J, is a
new last-line anti-TB drug belonging to the diarylquinoline group.
It was first discovered by Andries et al. in 2005 [9]. They
investigated different chemical compounds in order to select
prototypes and to examine their inhibitory effect on multiple-cycle
growth of Mycobacterium smegmatis by whole-cell assay. From
these prototypes, Andries et al. indicated BDQ as the lead
compound among a series of diarylquinolines with laboratory
effects on several mycobacteria, especially M. tuberculosis [10,11].
This new anti-TB drug with a novel mechanism of action is the first
drugin a new class approved to treat MDR-TB and XDR-TB since the
approval of rifampicin in 1971 in the USA [2]. The US Food and Drug
Administration (FDA) granted BDQ accelerated approval based on
phase 2 data and a reduction in the time to sputum smear and
culture conversion among MDR-TB patients treated with BDQ,
which highlighted an advantage of this drug in addition to its key
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role in the treatment of MDR-TB. However, considering limited
data obtained from phase two trials, final approval remains
contingent on confirmatory phase three trials. Following promis-
ing findings, BDQ under the trade name Sirturo®, is now the first
new FDA-approved anti-TB drug in Europe and the USA for use in
MDR-TB therapy [12,13]. Despite the outstanding advantages of
BDQ as a very promising anti-TB drug, there is a black box warning
relating to the drug’s effectiveness and safety [1,14,15].

2. Antimicrobial properties of bedaquiline
2.1. Structure of bedaquiline (Fig. 1)

BDQ falls into the class of compounds known as diarylquino-
lines, which belongs to a novel category of anti-TB drugs. BDQ
contains a quinolinic central heterocyclic nucleus with alcohol and
amine side chains that are responsible for its anti-TB activity
[16,17]. The structural formula of BDQ shows two major
components: (i) a hydrophobic part containing —N(CHj3),, which
has a vital role in binding to the ATP synthase; and (ii) an H,-
bonding acceptor/donor that provides stability. However, the anti-
TB activity of BDQ is attributed to the diarylquinoline ring, the side
chain with the N,N-dimethyl amino terminus, the hydroxyl group
and the naphthalene moiety. According to previous reports, the
molecular weight of BDQ is approximately 555.51 Da with a
molecular formula of C3,H3;BrN;0,-C4H404 [18-20]. It is chemi-
cally compounded with fumaric acid (1:1) as BDQ fumarate. BDQ as
an enantiopure compound harbouring two adjacent chiral centres
was purified from a mixture of four isomers using high-
performance liquid chromatography (HPLC). Some inactive ingre-
dients including croscarmellose sodium, lactose monohydrate,
polysorbate 20, microcrystalline cellulose, hypromellose 2910
(15mPas), colloidal silicon dioxide, corn starch, magnesium
stearate, purified water are reported in the drug BDQ [9,21,22].
Regarding the structural complexity of BDQ, and in order to
improve the anti-TB effect of this drug as well as its pharmacoki-
netic/pharmacodynamic properties, extensive research projects
have focused on reducing the complexity of the structure while
maintaining its anti-TB activity. Although these research activities
led to the identification of new related compounds, none of these
has progressed to clinical evaluation. Therefore, there is still a need
for identification of BDQ analogues to deliver potential new leads
[23,24] .

2.2. Mechanism of action of bedaquiline

Although it is well established that BDQ is closely related to the
fluoroquinolones, unlike the fluoroquinolones it displays no
inhibitory effects on DNA gyrase and its mechanism of action
differs. BDQ is the only FDA-approved anti-TB drug that targets
adenosine triphosphate (ATP) by inhibiting the proton pumping
mechanism [25]. ATP is produced by ATP synthase and is a vital
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Fig. 1. Structure of bedaquiline as the free base form.

molecule for all eukaryotic and prokaryotic cells, including
mycobacteria in the extracellular or intracellular form, replicating
or non-replicating, and active or dormant. ATP synthase, a
ubiquitous key enzyme located in the inner membrane of
mycobacterial mitochondria, is able to generate energy to fuel
the catabolic and anabolic reactions of growing mycobacterial cells
[9,18,23,26]. This complex enzyme is composed of two sectors,
cytoplasmic sector F; (five subunits a3, b3, g, d and €) and
membrane sector Fy (three subunits a, b2 and c10-15). The c
subunits of Fy are arranged in the form of disks and function as an
ion-conducting pathway, and F; contains three catalytic sites that
combine one ADP with a phosphate (Pi) to form ATP. Evidence
showed that the proton motive force through Fy reinvigorates the
rotation of the cylindrical ring of subunits c and results in coupled
rotation of the catalytic b subunit of F1 domain resulting in ATP
synthesis [9,23,27]. It is well documented that BDQ can bind to the
oligomeric/proteolipidic subunit c¢ in the Fy domain of the ATP
synthase complex and prevent its function. BDQ has been also
shown to be able to inhibit mycobacterial F-ATP synthase via
targeting the enzyme’s € subunit in addition to binding to its c
subunit [9,23]. The inhibitory effect of BDQ on ATP synthase is
specific for mycobacteria. It should be noted that the ATP synthase
complex in humans possesses 20 000-fold lower sensitivity to BDQ
compared with M. tuberculosis, indicating unlikely target-based
toxicity and interaction with human ATP synthase [23,28].

2.3. Spectrum of activity of bedaquiline

Different studies on BDQ indicated that it has potent
antimycobacterial activity against M. tuberculosis and the majority
of nontuberculous mycobacteria (NTM), both rapidly and slowly
growing [29]. BDQ showed a selective effect against a wide variety
of dormant and actively replicating mycobacteria as well as non-
pathogenic organisms such as M. smegmatis [18,30,31]. Some
mycobacterial species such as Mycobacterium xenopi, Mycobacteri-
um shimoidei and Mycobacterium novocastrense are naturally
resistant to BDQ, with minimum inhibitory concentrations (MICs)
of >8 mg/L. However M. smegmatis mutant strains and some of TB
strains have developed resistance to BDQ. Interestingly, an
Mycobacterium flavescens strain in which alanine 63 in AtpE was
replaced by methionine that was completely resistant to BDQ was
also reported [24,32,33]. In a 2005 study by Andries et al., the
activity of BDQ against M. tuberculosis isolates compared with
rifampicin and isoniazid was assessed. The authors indicated that
BDQ had greater potency than either rifampicin or isoniazid [9,10].
In a study by Chahine et al., it was demonstrated that the average
MIC of BDQ against MDR isolates of M. tuberculosis was 0.03 mg/L.
Overall, it can be inferred that BDQ is a narrow-spectrum antibiotic
whose activity that appears to be limited to mycobacteria [18].
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3. Bedaquiline resistance

A major problem in patients with TB is the prolonged duration
of therapy and multiple anti-TB regimens that may lead to acquired
drug resistance and its dissemination among mycobacteria [12,29].
Further treatment may potentially reduce antibiotic-susceptible
isolates, allowing highly resistant isolates to become predominant.
Increasing resistance to anti-TB agents and emerging MDR and
XDR-TB strains is a major health threat in numerous regions
globally and should be considered. Since the introduction of BDQ
for the treatment of MDR-TB, resistance to this antibiotic emerged
[34,35]. At the end of 2015, 50 countries described having received
BDQ for treatment of more than 2500 patients. Based on WHO
reports, at the end of 2017, 68 countries described having
introduced or begun using BDQ for the treatment of MDR/XDR-
TB. Although BDQ is a recommended drug for increasing treatment
efficacy of MDR-TB, inadequate or improper use of BDQ may lead to
the rapid emergence of resistant strains [34]. The WHO has also
suggested that the emergence of resistance to BDQ may be caused
by improper use of this antibiotic, which should be carefully
monitored [36].

The WHO clearly emphasised the improvement of precise and
reproducible drug susceptibility testing for BDQ and proposed that
if there is no specific drug susceptibility testing, serial MIC
determinations should be applied for monitoring BDQ resistance.
Several studies around the world have shown controversies in the
definition of BDQ resistance. Unfortunately, up to now, stand-
ardised drug susceptibility testing for BDQ has not been developed
and agreed upon [13,34,36]. According to the European Committee
on Antimicrobial Susceptibility Testing (EUCAST) guidelines, MIC
breakpoints for BDQ are defined as follows: susceptible, <0.25 mg/
L; and resistant, >0.25 mg/L [29,37].

3.1. Mechanisms of resistance to bedaquiline

Published data regarding antibiotic resistance in TB have
described two main mechanisms: (i) primary or transmitted drug
resistance; and (ii) secondary or acquired drug resistance [33,38].
Several investigators strongly emphasise that resistance mecha-
nisms are mainly linked to chromosomal mutations [39,40]. To
date, known molecular mechanisms underpinning resistance to
BDQ are divided in three categories [10,37]. The first mechanism is
related to mutations in the atpE gene that encodes a transmem-
brane protein of F;/Fo-ATP synthase and was previously reported
by Andries et al. [ 10]. The likelihood of resistance mutations to BDQ
is 5x 1077 at 4-fold the MIC and 5 x 10~® at 8-fold the MIC. By
sequencing the atpE gene in in vitro-selected M. tuberculosis
isolates upon exposure to BDQ, six distinct amino acid substitu-
tions and mutations in the subunit ¢ forming the C ring in the ATP
synthase were revealed, including replacement of Asp28 — Gly,
Asp28 — Ala, Leu59-Val, Glu61 - Asp, Ala63—Pro and
Ile66 — Met, which prevent BDQ from binding to its target, the c
subunit, thus maintaining H* transfer and ATP synthesis. These
mutations are able to increase the MIC of BDQ by 10-133-fold.
Mutations causing the substitution Ala63 — Pro resulted in a 133-
fold increase in the MIC (4 mg/L) compared with wild-type M.
tuberculosis H37Rv. The mutations Glu61 — Asp, lle66 — Met and
Asp28 — Gly resulted in a 16- to 33-fold increase in MIC, from 0.5 to
1 mg/L, compared with wild-type H37Rv. In M. tuberculosis mutant
strains, mutations causing the substitution Leu59 — Val caused a
small rise in the MIC (8-fold).

The amino acid substitution Asp28 — Ala in Mycobacterium
fortuitum mutants harbouring this mutation led to a 400-fold
increase in MIC, whereas it was caused a 32-fold increase in
Mycobacterium abscessus mutants. M. abscessus with the specific
point mutation Ala63 — Pro and M. smegmatis with the specific
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point mutation Ile66 — Met showed a 64- to 133-fold increase in
the MIC. Recently, two new substitutions (D28N and A63V) were
found to be associated with increased BDQ MICs in clinical isolates
[23,38]. In a recent study by Huitric et al. to identify point
mutations in the atpE gene, 53 in vitro mutants were investigated
[41]. They discovered five single point mutations (A28V, AG3P,
166M, A28P and G61A) in the atpE gene in only 28% (15/53) of the
BDQ-resistant isolates and no mutation was detected in atpE or
even in the FO, F1 operons in the remaining 72% (38/53). This
finding strongly highlighted the possible existence of other
resistance mechanisms against BDQ that need to be explored.
Additionally, no resistant mutants were reported when exposed to
3 mg/L.

It is noteworthy that some of NTM are inherently resistant to
BDQ. This has been associated with replacement of the methio-
nine residue with an alanine amino acid in the 63rd position in
subunit c. The second mechanism is related to mutations in
Rv0678 modulating expression of the MmpS5-MmpL5 efflux
pump. These mutations are identified in isolates upon in vitro
exposure to BDQ or clofazimine (CFZ) and in some of isolates of
patients treated with the BDQ [2], which resulted in a high 2- to 8-
fold increase in the BDQ MIC and a 2- to 4-fold increase in the CFZ
MIC. Drug efflux as a significant mechanism both in intrinsic and
acquired BDQ resistance has recently attracted much interest
among microbiologists, pharmacologists and clinicians. Interest-
ingly, a study performed by Gupta et al. assessing the effect of
verapamil on efflux inhibition demonstrated an 8- to 16-fold
decrease in their BDQ and CFZ MICs in the presence of verapamil
[42].

Although efflux pumps contribute to BDQ and CFZ resistance by
reducing the transmembrane potential, it was showed that
addition of efflux pump inhibitors such as verapamil caused in a
2- to 16-fold decrease in the MIC of BDQ and CFZ [43]. However in
another study conducted in South Africa, all 12 isolates with a >4-
fold increase in BDQ MIC had mutations in Rv0678, a transcrip-
tional repressor of the MmpS5-MmpL5 efflux pump [35].
Hartkoorn et al. also showed the role of Rv0678 gene mutations
in BDQ and CFZ cross-resistance, potentially restricting therapeutic
choices [44]. Although the majority of Rv0678 mutants were
reported in patients treated with BDQ-containing regimens,
recently some of researchers also reported these mutant strains
in patients without prior exposure to BDQ or CFZ [45].

Interestingly, Villellas et al. demonstrated a high frequency of
Rv0678 resistance-associated variants (RAVs) among MDR-TB
isolates (23/347; 6.6%) [12]. Surprisingly, none of the patients
except for seven subjects had a history of exposure to either BDQ or
CFZ. The occurrence of Rv0678 RAVs in MDR-TB strains was 9-fold
higher compared with non-MDR-TB isolates (0.7%) [12]. In a study
by Andries et al., a high prevalence of mutations in Rv0678 was also
reported (6.6%), suggesting the important role of this gene in
increasing the MICs of BDQ [10]. In another report, it was noted
that mutation in Rv0678 was detected in five MDR-TB isolates and
this mutation persisted despite restriction in its use for over 1 year
[46]. In a recent study, investigation of MDR-TB patient who
received BDQ for 6 months indicated that mutation in position 2
(GTG — GCG) in Rv0678 that leads to impair function is responsible
for the high-level resistance observed [47]. Recent published
studies described mutations in the Rv0678 regulator gene (2 T> C
leading to M1A) related to BDQ and CFZ resistance in a patient with
MDR-TB [39,48].

Another mechanism contributing to the development of
resistance to CFZ and BDQ is non-target mutations in pepQ
(Rv2535¢, a putative Xaa-Pro aminopeptidase). Point mutation in
pepQ is believed to be a potential cause of BDQ or CFZ resistance in
M. tuberculosis isolates. These mutations were selected in mice by
treatment with BDQ. The pepQ mutations were associated with
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low-level resistance to BDQ and cross-resistance to CFZ. Mutation
in pepQ led to a slight increase of ~4-fold in BDQ and CFZ MICs.
These mutations act by reduction of the antibiotic effectiveness in
vivo but did not result in complete resistance. Accordingly, one
intriguing study in a murine TB model showed that a pepQ mutant
was virulent and less susceptible to BDQ and CFZ [39]. The results
obtained from this study explained that resistance mediated by
pepQ mutation may be related to higher antibiotic efflux, but this is
not linked to overexpression of mmpL5 and mmpS5. This
comprehensive report also demonstrated that pepQ dysfunction
is adequate for decreased susceptibility both in vitro and in vivo
[39,49].

3.2. Epidemiology of bedaquiline resistance

Since the recent administration of BDQ as an option for MDR-TB,
several thousands of people had received this drug around the
world [50]. Like other drugs, BDQ-resistant strains emerged pretty
quickly and increased concern about its future role in anti-TB
regimens. M. tuberculosis isolates acquire resistance to BDQ by
spontaneous chromosomal mutation in atpE (BDQ target), Rv0678
(transcriptional repressor of the MmpS5-MmpL5 efflux pump),
Rv0677c, pepQ (encoding an Xaa-Pro aminopeptidase) genes and
mutations in the intergenic region between Rv0678 (efflux pump
MmpL5) and Rv0677c (efflux pump MmpS5) that result in
suppression of ATP synthase inactivity [50,51].

Until now, a few patients with BDQ resistance have been
described. In 2014, the first case of a MDR-TB patient with a BDQ-
resistant isolate was reported. After 24 months of treatment and
relapse, isolates with cross-resistance to BDQ and CFZ (Rv0678
mutation) were observed in a Tibetan patient [52]. Therefore, it is
recommended that if a previous anti-TB regimen with CFZ was
used, susceptibility to BDQ should be ensured before starting a
BDQ-containing regimen [53].

In 2019, the emergence of low-level BDQ-resistant strain in a
50-year-old patient with XDR-TB was reported. The baseline
isolate was susceptible to BDQ by MGIT (Mycobacterium Growth
Indicator Tube), but the colorimetric resazurin microtitre assay
(REMA) showed increased MICs up to 8-fold compared with the
baseline isolate at weeks 22, 32, 42 and 64 of treatment [54]. In a
retrospective study conducted by Ghajavand et al.,, MICs and
possible mutations related to resistance were examined in 24 M.
tuberculosis strains from patients previously receiving a BDQ-
containing regimen. The BDQ MIC was >0.25 mg/L in 15 isolates.
Moreover, one pre-XDR isolate and four (one MDR, one pre-XDR
and two XDR) isolates had MICs of 4 mg/L and 8 mg/L, respectively.
Whole-genome sequencing revealed that two isolates harboured
non-synonymous mutations in mmpl5 (efflux pump) and one
isolate showed rv1979c M245L mutation [50].

In Pakistan, Ghodousi et al. evaluated 70 M. tuberculosis strains
from 30 patients previously administered BDQ-containing regi-
mens. The baseline strains were susceptible to BDQ, but five
patients acquired resistance to BDQ and an increase in MICs
(range, 0.125 to >0.5 mg/L) during treatment. In addition, they
examined specific mutations in Rv0678 contributing to elevated
BDQ MICs in cases failing therapy [55]. In 2016 in Russia, Zimenkov
et al. studied 85 isolates from 27 patients with decreased
susceptibility to BDQ (MIC > 0.06 mg/L). They documented nu-
merous cases with strains with increased MICs of BDQ before
treatment and high MICs of BDQ associated with mmpR gene
mutation [56]. Like other drugs, the occurrence of BDQ resistance
is frightening because it may prompt the fast failure of this novel
antibiotic. As a consequence, detection of BDQ resistance
mechanisms and an increase of standardised antibiotic suscepti-
bility testing will help to direct treatment and diminish the risk of
resistance.
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4. Synergy
4.1. Synergism of bedaquiline with delamanid

There are concerns about possible additive cardiac toxicity for
BDQ plus delamanid (DLM) combination therapy [57]. It has
recently been reported that these drugs have a good effect on MDR/
XDR-TB patients particularly when four active antibiotics cannot
be involved in a regimen [57-60].

The first case of XDR-TB treated with co-administration of DLM/
BDQ with CFZ was reported in 2016 [61]. DLM, a bicyclic
nitroimidazooxazole agent, prevents the synthesis of mycolic
acids in mycobacteria [62,63]. The patient was resistant to second-
line drug treatment, so there were no resources currently available
for this patient and combination therapy was started. The
recommended regimen was interrupted after eight doses of BDQ
with DLM administration because there were ongoing concerns
regarding QTc prolongation. The patient was closely monitored and
an electrocardiogram (ECG) was repeated biweekly [61]. A QTc
interval >500 ms is considered a risk factor for severe arrhythmia,
and if this sign is seen in patients, clinicians should interrupt
treatment and consider the patients carefully [64]. Nearly 1 month
later, BDQ was restarted and revealed a negative sputum smear and
culture alongside correction in electrolytes, serum albumin and
ECG QT wave interval at 2-months follow-up [61].

Furthermore, in 2016 Lachatre et al. reported favourable
clinical, microbiological (smear and culture) and radiological
responses in a 20-year-old man with pulmonary TB who had
received BDQ plus DLM at 6-month follow-up. The combination of
two drugs had no side effects such as QT interval prolongation [65].
In another study, five patients living in Russia, India and the
Netherlands received BDQ with DLM in combination. The patients
had either drug treatment failures or relapsed during their
treatment and were resistant to at least five anti-TB drugs.
Continuation of the suggested regimen showed the sputum and
cultures of four patients converted to negative after 18-435 days
and 28-218 days, respectively, however one patient died from
respiratory failure. For three patients the QTcF intervals remained
normal and only two patients had brief abnormalities in their heart
performance that quickly normalised [64].

Although DLM and BDQ combination appears to be helpful in
severe, almost untreatable, XDR-TB cases, some concerns about
potential cardiac side effects (QT interval prolongation) remain
contested [66]. Recently, a retrospective cohort study was
performed in Armenia, India and South Africa to assess the
efficacy and safety of DLM and BDQ combination therapy for MDR-
TB. All laboratory tests related to drug safety such as haemoglobin/
electrolyte measurement and ECG monitoring were carried out
regularly and suggested that using combination therapy with BDQ
and DLM had no additive or synergistic QTcF-prolonging effect.
Moreover, efficacy assessment of the combination determined by
negative sputum culture showed that all patients in this study had
a documented negative culture at 6 months [67].

At the present time, we can consider BDQ and DLM combination
as a novel anti-TB treatment for MDR and XDR strains that needs
close monitoring and adequate management of patients during
their co-administration to consider potential cardiological side
effects [59,61,66].

4.2. Synergism of bedaquiline with pyrazinamide

Pyrazinamide (PZA) is a highly effective drug that targets vital
bacterial process such as the proton motive force and ribosomal
translation [68,69]. Due to the role of BDQ as an ATP synthase
inhibitor, it seems their combination can suppress bioenergetic
functions and both drugs potentially deplete cellular energy
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reserves [69]. More than one decade ago, the first study of BDQ
efficacy in mice showed that the combination of BDQ and PZA with
another first- or second-line anti-TB drugs diminished the bacterial
load to change the lung culture to negative after 2 months of
treatment [70]. In other parallel study undertaken in 2007, the BDQ
and PZA combination had the most effective results compared with
other combinations. Co-administration of BDQ and PZA converted
100% of mice to culture-negative after 2 months of treatment [71].
The efficacy of BDQ and PZA treatment has been determined for
BALB/c, Swiss and C3HeB/Fe] mice infected with M. tuberculosis
and decreased the bacterial load after 4 weeks of treatment [68].
Furthermore, the combination of BDQ and PZA revealed strong
synergy and increased bactericidal activity in vitro. Inhibition of
energy metabolism caused by BDQ combined with the front-line
drug PZA resulted in a synergistic effect to reduce Mycobacterium
bovis BCG used as a model [69]. In a randomised clinical trial of 105
patients, the antimycobacterial activity and pharmacokinetics of
different combinations including BDQ, PZA and other supplemen-
tary first-line agents was evaluated as 14-day early bactericidal
activity (EBA), expressed as the rate of change in log;o CFU counts
over 14 days of treatment (EBAcry0-14). The highest mean
EBAcry0-14 estimate was found with the BDQ, PZA and
pretomanid (PA-824) combination regimen, which had activity
identical to the current standard anti-TB regimen. The authors
suggested longer clinical studies determining its efficiency as a
potential new TB treatment regimen [72]. Another randomised
EBA study performed by Diacon et al. on treatment-naive, drug-
susceptible patients with uncomplicated pulmonary TB who
received BDQ, BDQ+PZA, PA-824+PZA, BDQ+PA-824, PA-
824 + moxifloxacin + PZA or standard anti-TB treatment as a
positive control. Although the mean 14-day EBA of PA-824 + moxi-
floxacin + PZA was significantly higher than the other combina-
tions, the onset of activity of BDQ was delayed with an inflection
point at 6.5 days. This result may be explained by the fact that PZA
increases the activity of BDQ resulting in greater activity of BDQ
and PZA than BDQ alone. Addition of PA-824 to BDQ seemed to
have little if any effect on the activity of BDQ, albeit without
causing clear antagonism [73].

As a conclusion, a possible explanation for this synergism might
be that PZA interferes with the proton motive force and membrane
integrity, so it indirectly inhibits ATP synthase and has a synergistic
function with BDQ [71]. Thus, addition of BDQ to PZA can
accelerate bacterial elimination and may help minimise the
treatment duration for patients [74].

4.3. Synergism of bedaquiline with cephalosporins

A novel approach in pharmaceutical development is ‘new uses
of older drugs’. Due to the high cost of developing a new drug and
the appearance of resistance mechanisms in Mycobacterium,
administration of existing drugs is arousing the interest of
pharmaceutical companies. Cephalosporins, which disrupt syn-
thesis of the peptidoglycan layer of the bacterial cell wall, have a
synergistic effect with new anti-TB drugs. So they can be
repurposed in new combination TB regimens.

An in vitro synergy assay of cefradine and faropenem with a
panel of anti-TB drugs including BDQ was performed for M.
tuberculosis H37Rv strains. The fractional inhibitory concentration
of each drug in the combination was calculated. Isobologram
curves showed a strong synergistic interaction of cephalosporins
with BDQ, DLM and PA-824 but not with isoniazid, ethionamide,
aminoglycosides or fluoroquinolones [75]. The authors did not
elucidate the precise mode of action of these synergistic
combinations, therefore further work is required to unravel the
molecular mechanisms behind them and to facilitate adding
cephalosporins in anti-TB combination therapies.
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4.4. Synergism of bedaquiline with pretomanid

Pretomanid (PA-824), a nitroimidazo-oxazine, has shown
significant bactericidal activity alone and in combination with
novel agents both against replicating and non-replicating strains of
M. tuberculosis [76,77]. Its activation pathway either diminishes
intracellular ATP or inhibits cell wall mycolic acid synthesis
(comparable with the activity of isoniazid) [78]. Several studies
have investigated the interaction of BDQ and PA-824 as an anti-TB
combination in a mouse model and also in patients with
pulmonary TB.

Evaluation of several beneficial anti-TB agents against intracel-
lular M. tuberculosis was performed on whole blood culture.
Combination of BDQ, sutezolid (an oxazolidinone) and SQ109 (an
ethambutol analogue) had a significant additive effect, whereas
adding PA-824 to those regimens containing BDQ or sutezolid
resulted in less than synergistic effect or antagonism [79]. The
antagonistic effect of PA-824 with BDQ was examined in several
studies and revealed the activity of BDQ plus PA-824 was the same
as the first-line regimen during 2-3 months, however over the first
month the combination had lower efficacy than BDQ alone
[76,80,81].

On the other hand, in phase Ila clinical trials of new anti-TB
drugs, PA-824 was combined with other agents for patients with
drug-susceptible isolates. Among the different combinations, the
PA-824, moxifloxacin and PZA group had the most favourable
results compared with BDQ alone, BDQ with PA-824, or PZA [73].

Moreover, a double-blind, randomised assessment of multiple-
agent combinations was performed on 15 patients with pulmonary
TB. The 14-day EBA was assessed as decreasing CFU of M.
tuberculosis per millilitre of sputum. The most effective combina-
tion was PA-824 +moxifloxacin + PZA, which was significantly
higher than the other groups. It is important to note that a regimen
lacking isoniazid and rifampicin would provide a beneficial step
towards novel regimens with low interaction potential. Besides the
activity of BDQ+PA-824 was identical to isoniazid + rifampi-
cin + PZA + ethambutol, which was lower than PA-824 + moxiflox-
acin + PZA [73].

4.5. Synergism of bedaquiline with pretomanid plus linezolid

Linezolid (LZD), a first-generation oxazolidinone antibiotic, is
effective for treatment of chronic pulmonary XDR-TB [82,83]. A
prospective randomised trial demonstrated bacteriological con-
version in XDR-TB patients administered a reduced LZD dosage
(300-600 mg/day) [84].

A study published in 2016 found that the contribution of LZD to
BDQ-PA-824 had sterilising activity in a mouse model of TB. In this
study, the efficacy of BDQ and PA-824 with LZD singly and as a
combination in a three-drug regimen was examined. All two-drug
combinations had lower activity compared with the activity of the
three-drug combinations of BDQ-PA-824 plus LZD at 2 months
[80].

4.6. Bedaquiline interactions with antiretroviral drugs

Drugs that inhibit cytochrome P450 3A4 (CYP3A4) could result
in increased concentrations of BDQ, which could increase risk
toxicity, whereas drugs that induce CYP3A4 could result in reduced
concentrations of BDQ. The WHO has suggested first- and second-
line antiretroviral drugs that may affect BDQ exposure by
inhibiting and/or inducing CYP3A4.

The protease inhibitor lopinavir/ritonavir and the non-nucleo-
side reverse transcriptase inhibitor (NNRTI) nevirapine are,
respectively, a potent inhibitor and moderate inducer of CYP3A4.
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Various studies have shown only modest effects of lopinavir/
ritonavir and nevirapine on BDQ exposure [4,85].

Ritonavir-boosted lopinavir (LPV/r) decreased the clearance of
BDQ and its M2 metabolite to 35% [relative standard error (RSE),
9.2%] and 58% (RSE, 8.4%), respectively. Approximately two-fold
(M2) and three-fold (BDQ) increases in exposure during chronic
treatment with LPV/r are expected and dose alterations are
recommended for evaluation. Safe, effective BDQ dosing for
patients with MDR-TB receiving antiretrovirals is essential. The
findings of this study show that BDQ can be co-administered with
nevirapine without dose adjustments [86].

Another antiviral drug, efavirenz (EFV), induces CYP3A4, the
metabolic enzyme responsible for BDQ biotransformation. Due to
the induction of CYP3A4 by EFV, the drugs are predicted to interact.
A study by Svensson et al. showed that during EFV co-
administration, simple adjustments of the standard regimen can
preclude reduced exposure to BDQ without increasing exposure to
M2. Assessment of adjusted regimens is important to ensure
proper dosing for HIV-infected TB patients receiving an EFV-based
regimen [87]. Also, in a phase I study, 600 mg EFV once daily
reduced exposures of single-dose BDQ by 18% and increased the
maximum concentration (Cmax) of M2 by 89% [88].

5. Pharmacokinetics and pharmacodynamics

The time to peak concentration and plasma half-life of BDQ are
4-6h and 24-30 h, respectively. However, the terminal elimina-
tion half-life is much longer. This antibiotic can conjugate with
blood transport proteins, is metabolised by the liver enzyme
CYP3A4 to its main metabolite M2 and is eliminated in the faeces
[89,90]. In a study by Dhillon et al., intracellular activity in a J774
macrophage-like cell line and in primary mouse peritoneal
macrophages had little or no static phase, so that the bactericidal
kill was apparent by 5-7 days probably due to decreased bacterial
ATP levels. Overall, the intracellular activity of TMC207 was
obviously greater than its extracellular mainly because the primary
static phase was shorter [91].

Mild-to-moderate renal disorders have no influence on the
pharmacokinetics of BDQ. It is unnecessary to adjust medication
regimens for people with moderate hepatic or renal impairment,
but we recommend caution for patients with severe renal or
hepatic impairment. Several factors such as age, sex, body weight
and concomitant HIV infection have not been reported to affect the
pharmacokinetics of BDQ. Experiments showed that among
different ethnicities, subjects of Black ethnicity had lower
concentrations of BDQ than other races [2].

The sterilising activity of BDQ has been studied in guinea pigs
and mouse models of TB infection and the results showed that the
sterilising activity BDQ alone and in combination against drug-
susceptible and several MDR-TB. It was also observed that BDQ
interacts with histamine type 2 receptors (87%), sodium channels
(71%) and dopamine transporters (54%), while there is low
potential for interaction with either transport binding sites or
other receptors (including, but not limited to, cholecystokinin,
angiotensin, opioid, norepinephrine transporters or chloride
channels) [92,93].

6. Adverse events

Antibiotics used for the treatment of drug-resistant TB are
associated with high rates of side effects and are often poorly
tolerated. Today with regard to the shortcomings and limitations
that exist in the treatment, it is important to note that BDQ has an
elimination half-life of 5.5 months owing to a combination of a
high tissue distribution and long plasma half-life [3].
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The most commonly reported side effects of BDQ include
headache, dizziness, vomiting and arthralgia. In one study, 47
MDR-TB cases received either placebo (24 cases) or TMC207 (23
cases) in combination with a standard five-drug, second-line anti-
TB regiment. In this study, nausea occurred significantly more
frequently in the TMC207 group compared with the placebo group
(26% vs. 4%; P=0.04). But overall side effects were similar in the
two study groups. The most common side effects observed
included unilateral hypouricemic deafness, haemoptysis, limb
pain, rash, arthralgia, nausea and chest pain [94].

One of the major concerns of the FDA Committee on BDQ
safety is the unexplained increase in BDQ mortality in a
randomised controlled trial [95]. Adverse reactions of BDQ in
a study by Guglielmetti et al. were mostly mild [96]. The
percentage of subjects who experienced a >60 ms increase in
QTcg during therapy (20%) was higher than in previous studies
and, as found in the C209 Trial, was more marked in subjects
receiving BDQ in association with CFZ. Although short-term
safety results appear promising, careful and regular follow-up of
patients for severe side effects is important even after
discontinuation of the drug. This is of much significance for
the combination of BDQ with other anti-TB drugs [96,97]. One of
the most common side effects of BDQ observed in patients is
increased QTc interval on the ECG [98]. Approximately 11.4% of
cases taking BDQ died during clinical trials compared with 2.5%
of those taking placebo. Because this drug carried significant
risks, it is necessary to use it only in patients who have no other
treatment options [99]. According to other results, among 45
MDR-TB patients, severe and serious adverse events were
recorded in 27 (60.0%) and 7 (17.8%) of cases, respectively.
Among 44 patients, the most frequent adverse effects were
gastrointestinal side effects (32; 71.1%), otovestibular im-
pairment (25; 55.6%) and peripheral neuropathy (18; 40.9%).
A measured Fridericia-corrected QT interval (QTcF) >500 ms was
recorded 11% of individuals, but neither arrhythmias nor
symptomatic cardiac side effects were observed. BDQ was
discontinued in 3 patients (6.7%) following QTcF prolongation.
The study also found no significant differences in outcomes or
side effects between patients treated with standard long-term
BDQ. Regimens containing BDQ achieved excellent results in a
large proportion of patients. Long-term treatment with BDQ was
generally well tolerated in this group [100].

Furthermore, BDQ has a black box warning that it can affect the
sudden electrical activity of the heart and also prolong the QT
interval, which can lead to an abnormal and possibly lethal heart
rhythm [99].

7. Clinical treatment
7.1. Use in multidrug-resistant tuberculosis (MDR-TB) cases

Conventional regimens for treating MDR TB are not the answer
today, as studies have shown at least 20 months of treatment with
a combination of second-line drugs is harmful, expensive and also
little more efficacious than drugs applied to treat drug-susceptible
TB. In a cohort study, just 50% of the group of patients observed
responded well to treatment owing to the high frequency of death
(16%), treatment failure (10%) and a lack of follow-up (16%) usually
related to adverse drug reactions, among others [92].

Belarus in Eastern Europe was one country with concerning
statistics regarding MDR-TB. The results of a previous study
showed that MDR-TB was found in ~35% of new cases and ~75% of
previously treated cases. Regarding the few patients with TB who
undertake drug susceptibility testing in most high-outbreak
countries, it is probable that the frequency of MDR-TB is higher
than reported [29].
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In June 2013, the WHO issued a temporary policy manifesto to
provide instruction on the availability of BDQ in qualified patient
groups [3]. The temporary policy is based on a document
evaluation and advice by a specialist group convened with the
WHO/Stop TB Department in Geneva, Switzerland, and resulted in
the commendation that BDQ may be added to regimens in the
adult group with pulmonary MDR-TB (conditional commendation,
very low assurance in the assessment of effects).

Because of concerns about the prevalence of drug resistance in
this group of patients, especially resistance to fluoroquinolones or
second-line injectable drugs (kanamycin, amikacin, capreomycin),
BDQ may have a major function in strengthening the regimen,
increasing the number of drugs that may be effective to at least
four, and preventing the development of additional resistance and
progression to XDR-TB [36].

In a study conducted in 15 countries among people in aged 18-
65 years who have recently been diagnosed with pulmonary MDR-
TB, 160 persons were a randomised in a clinical trial to receive BDQ
or placebo with a five-drug MDR-TB background regimen. The
average period to culture conversion was for 83 days [95%
confidence interval (CI) 56-97 days] in the BDQ group vs. 125
days (95% CI 98-168 days) in the placebo group.

Applying Cox symmetrical risk pattern (equal to lung cavitation
and pooled centre) there was higher chance of rapid culture
conversion in the BDQ arm compared with the placebo arm
(hazard ratio = 2.44, 95% CI 1.57-3.80; P < 0.0001). The proportion
of subjects with culture conversion at Week 24 (secondary efficacy
endpoint) was 78.8% in the BDQ arm versus 57.6% in the placebo
arm (P=0.008) [13].

The drug has been approved relying on the results of a phase Il
trial. The study was in the form of a randomised clinical trial to test
the protection and effect of BDQ when added to background
regimen in recently recognised cases with pulmonary MDR-TB
administrated. The results of the first experiment showed [98] the
superiority of TMC207 (48%) to the standard drug regimen for this
disease resulting in rapid conversion to a negative sputum culture
compared with the placebo group (9%). The mean percentage of
negative smear for fast acid bacilli the for TMC207 and placebo
groups was 77% and 57% at Week 4 and 84% and 68% at Week 8,
respectively.

In the second trial [101], the average time for sputum culture
conversion for TMC207 was about 78 days compared with 129 days
for placebo. Those receiving TMC207 were at a lower risk of
acquisition of additional drug resistance during the entire follow-
up period. The results showed that the percentage of side effects in
cases who received BDQ was 82.6%, similar to those who received
placebo (79.2%).

The results of a study showed that BDQ and DLM were safe and
useful for remedying MDR-TB, with an early clue of consecutive
administration of these two medicines as a viable therapeutic
strategy for patients when enough therapeutic regimen cannot be
manufactured. Among 55 participants who showed positive
sputum cultures at the onset of BDQ and/or DLM treatment, 39
(70.9%) achieved sputum culture conversion within a median of
119 days. Treatment was halted in four cases (6.6%) because of
prolonged QTcF [102].

Also, another study in 2017 by Achar ] et al. described 27
children and adolescents aged <18 years who were taking BDQ for
the treatment of MDR-TB. The results of their study showed a good
therapeutic response and no termination because of adverse
effects [103].

7.2. Use in drug susceptible tuberculosis cases

After the first therapeutic trials aimed at assessing single drugs
that could increase cure rates and reduce mortality, it was clear
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that a single drug was not enough to prevent the development of
drug-resistant TB. The next therapeutic challenge was to combine
this goal with a reduction in the long treatment duration [104].
Available anti-TB regimens are expensive and long-term, require
high adherence, and are undermined by a high frequency of
adverse effects, thus leading to low rates of treatment success. To
improve adherence to treatment, in 2016 a shorter TB regimen was
suggested by the WHO under specific microbiological and clinical
conditions. Although new anti-TB drugs that may permit
shortening of the duration of TB treatment and improve its
outcome are favourable, in the last 50 years only BDG and DLM
have been confirmed for MDR-TB treatment. Research should look
for easily available, well tolerated and short regimens to get closer
to the WHO aim. BDQ is an important drug to shorten the MDR-TB
and XDR-TB regimen; in fact, a phase 3 study aimed at evaluating
the efficacy and safety of a BDQ regimen associated with linezolid
and pretomanid in adult individuals with pulmonary XDR-TB
intolerant to conventional treatment or non-responsive MDR-TB is
currently recruiting participants [105].

7.3. Use in latent tuberculosis infection (LTBI)

LTBI is defined as the situation of continuing immune response
to stimulation by M. tuberculosis antigens with no record of
clinically active TB. In many high-income and developed countries,
LTBI has been a crucial part of TB control programmes for decades
because it was first identified that progression of the disease could
be prevented in guinea pigs and humans [106].

The bactericidal activity of BDQ in liquid culture medium begins
with a bacteriostatic phase lasting 7 days, and afterwards a
continued dose-related bactericidal phase. However, studies have
shown that the intracellular activity of BDQ is greater than its
extracellular activity because the preliminary static phase was
shorter or absent.

BDQ may affect ongoing treatment for LTBI. This is especially
true for LTBI therapy for close contacts of patients with drug-
resistant TB. Unfortunately, there is no practical and standard
approach to treating LTBI among patients with MDR/XDR-TB (DR-
LTBI). In a study in a mouse model, BDQ displayed bactericidal
activity against dormant (non-replicating) tubercle bacilli with
substantial sterilising activity and may enable treatment of DR-
LTBI in 3-4 months [107,108].

Another study by Lanoix et al. used three drugs alone and in
combination in an experimental paucibacillary LTBI chemotherapy
model using BALB/c and C3HeB/Fe] mice immunised with a
recombinant strain of M. bovis BCG (rBCG30) and then challenged
with a low-dose aerosol of M. tuberculosis H37Rv. The regimens
tested included BDQ, PA-824 (Pa), sutezolid (PNU), and/or one of
two fluoroquinolones. Control mice received rifampicin or isonia-
zid. The results showed that in BALB/c mice BDQ-containing
regimens and the Pa-PNU combination were the most active tested
regimens and were at a minimum as impressive as rifampicin. The
results confirmed the potent activity of BDQ previously observed in
BALB/c mice and highlight Pa alone or in combination with either
PNU or a fluoroquinolone as worthy of assessment in clinical trials
of MDR-LTBI [109)].

7.4. Use in difficult-to-treat nontuberculous mycobacteria (NTM)
infections

The prevalence of NTM pulmonary disease is increasing
globally. Mycobacterium kansasii, M. abscessus and Mycobacterium
avium complex (MAC) are the most common NTM. Azithromycin
and clarithromycin are key antibiotics for treating NTM pulmonary
disease. Previous studies have suggested that the MICs of BDQ for
M. tuberculosis were very low. In a study conducted by Kim et al.,
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DLM showed high MICs for all NTM except M. kansasii. BDQ had
low MICs for MAC, M. kansasii, M. abscessus and Mycobacterium
massiliense. This antibiotic also had low MICs against macrolide-
resistant NTM. The results of their study showed that BDQ had a
good in vitro effect against pathogenic NTM, but DLM did not. BDQ
has the potential to be an effective antibiotic for treatment
macrolide-resistant NTM pulmonary disease [110]. In 2020, Erber
et al. reported the first reported case of successful in vivo use of
BDQ for infection caused by M. fortuitum [111].

7.5. Use for immunodeficient patients

TB treatment has been completely clinical for a long time, and
after 2008, based on phase 2 clinical trials, three new anti-TB drugs,
namely BDQ, DLM and PA-824, were introduced [112]. At birth,
human serum albumin (HSA) concentrations are approximately
the same as in adults (75-80%), while alpha-1-acid glycoprotein
(AAG) is initially half the concentration in adults. As a result, the
rate of drug binding to HSA is closer to that of adults than for other
drugs that bind more to AAG. A model that incorporates the
fraction unbound in adults and the ratio of binding protein
concentration between infants and adults has successfully
predicted the unbound fraction in infants and children [113].

Svensson et al. reported a study on the pharmacokinetics of
BDQ and its metabolite M2 in 335 patients with MDR-TB receiving
24 weeks of BDQ in addition to a longer individualised history
regimen. Semi-physiological models described changes in weight
and albumin over time. It correlated weight and albumin,
increasing since the beginning of remedy, and affecting BDQ and
M2 plasma disposition [114].

Applying a population pharmacokinetic model, the results of
long-term co-administration of BDQ and efavirenz, a CYP3A
inducer, was assessed. Among healthy adult volunteers, it was
observed that a single dose of efavirenz alone minimally affected
BDQ pharmacokinetics. Nevertheless, efavirenz could decrease
concentrations of BDQ and its main metabolite by up to 52%
following long-term co-administration [2].

Among HIV-positive patients with MDR TB, higher mortality
rates are often observed. Efavirenz and nevirapine also induce
CYP3A4. Ritonavir, a further promoter of protease suppressants, is
a CYP3A4 inhibitor. When efavirenz is given with a single dose of
BDQ, the concentration of BDQ is reduced by about 20%. About 50%
reduction is predicted when mathematical modelling is evaluated
to assess BDQ concentrations [88].

Concomitant use of ritonavir-boosted lopinavir (LPV/r) with
BDQ may be troublesome. Albeit a single-dose drug-drug
interplay study showed just a light rise in concentrations of
BDQ and its basic metabolite, it is probably that remarkable
reposition of BDQ and its metabolite will arise with extended
usage of BDQ and LPV/r. As the clinical effects are not clear when
using LPV/r and BDQ, one should use this combination with
extreme caution and only in closely monitored conditions if no
other options are available [115].

In a study of 91 drug-resistant TB patients followed-up until
August 2014, 54 (59%) were infected with HIV. The average CD4
count was 239 cells/pL and all cases were receiving antiretroviral
therapy at the beginning of BDQ treatment; 33 patients had XDR-
TB, 41 were pre-XDR-TB with resistance to a fluoroquinolone and
17 were pre-XDR-TB with resistance to an injectable. Of the 91
cases in the study, 58 (64%) completed 24 weeks of BDQ, 28 (31%)
were still on BDQ, 3 (3.2%) were lost to follow-up, 1 patient died
and 1 patient was withdrawn following atrial fibrillation. Among
63 cases in the follow-up study for 6 months, 48 (76%) had either
culture-converted or remained culture-negative after starting of
BDQ. QTcF was monitored every month and exceeded 500 ms in
three participants, which resolved in all three [116].
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Diabetes and hypoglycaemic agents may affect anti-TB treat-
ment. Information supporting this outcome are reported just for
standard anti-TB therapies. For diabetics, the new MDR-TB drugs
Sirturo® (BDQ) and Deltyba® (DLM) are recommended when
another effective treatment regimen cannot be provided. There is
particular concern about the consumption of BDQ and DLM in
diabetic cases up the age of 65 years as well as in patients with
severe renal or hepatic impairment or electrolyte imbalance.
Simultaneous consumption of BDQ and DLM with insulin
analogues as well as other hypoglycaemic factors that prolong
the heart rate-corrected QT interval, such as sulfonylureas and
glinides, may boost this adverse response. Hepatic-related side
effects may be more likely to occur when these drugs are combined
with thiazolidinediones and acarbose [117].

The WHO recommends BDQ in pregnant women and children
below 18 years of age, but the US Centers for Disease Control and
Prevention (CDC) said it could consider them it in these
populations and in cases with extrapulmonary disease. This drug
is considered in the FDA class B pregnancy category. It is not yet
known whether BDG and its metabolites are excreted in human
breast milk, although results show that milk is concentrated in rats.
Both the CDC and the FDA raised concerns and stressed the need
for critical oversight of several specific diseases, including liver
disease, heart disease, and alcohol and drug abuse [118].

8. Other considerations for bedaquiline therapy

Based on the FDA strategies, BDQ was prioritised to patients and
rapid determination and orphan-product designation of this drug
was granted. This drug was approved a part of combination therapy
to treat adults with pulmonary MDR-TB where other suitable
options are not available [99]. In 2013, the WHO and CDC issued
interim recommendations for the use of this drug for the treatment
of MDR-TB patients [119]. BDQ should be prescribed for the
treatment of patients with MDR-TB, if an effective strategy with
PZA and four second-line medicines, as suggested by the WHO
protocol, otherwise cannot be designed. It is also suitable to treat
MDR-TB with referenced resistance to any fluoroquinolone. The
suggested dose is 400 mg daily for 2 weeks, followed by 200 mg
three times a week for 22 weeks. To maximise efficiency and
absorption, the WHO recommended intake with food. It should
also not be prescribed for over 6 months, while the CDC
recommended that treatment be considered on a case-by-case
basis for over 24 weeks unless an efficient regimen is otherwise
prescribed [120].

The introduction of BDQ to patients at country level neces-
sitates the consideration of several of concerns of public-health
significance, including: wide availability; the recognition of fixed-
dose or optimal combinations to be used according to the type of
TB; and the expected effects and adverse events of the drug on
patients’ eligibility criteria. Additionally, it is necessary to certify
programmatic practicability and cost-effectiveness of BDQ. India’s
success rate for MDR-TB was lower than 50%, so it accounts for one-
quarter of the world’s MDR-TB. Since 2015, BDQ was approved in
India for use under a conditional access programme. A BDQ
compassionate programme suggested that use of BDQ with
additional monitoring may be safe and effective even in the field
setting because of higher and faster culture conversion rates
among MDR/XDR-TB patients and a lower toxicity profile when
BDQ was used with a background regimen [121].

Five cohorts were conducted in the USA (n=205), France
(n=45), South Africa (n=195), Georgia (n=30) and Armenia
(n=62) to evaluate treatment outcomes, safety and survival of
BDQ. Data from the five cohorts reported that BDQ was successful
in the treatment of MDR-TB, calculated as patients having 6-month
sputum culture conversion (79.7%, 95% CI 75.2-83.5; 317/391). In
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addition, the cure rate, treatment success rate and the death rate
(excluding Georgia and Armenia, n=351) at the end of follow-up
(18-24 months) were 63.8% (95% CI 57.8-69.4; 223/351), 69.1%
(95% CI 59.1-77.6; 234/351) and 10.6% (95% CI 3.80-20.0; 37/351),
respectively [122].

Suitable financial funds should be allocated to warrant
successful and justifiable implementation of BDQ introduction
at country level. The WHO planning and budgeting tool for TB
control activities is a helpful resource to estimate the necessitated
budget at country level [123].

A budget impact analysis conducted on managing MDR-TB in
South Africa reported that despite the high cost of BDQ, a BDQ-
based shortened regimen for the treatment of MDR-TB will result
in improved treatment outcomes and cost savings for South Africa.
Also, introducing BDQ to long-course treatment will result in a 5%
increase in the cost per successful outcome (expected to be US
$7739) in 2023 [124].

In a cost-effectiveness analysis, lonescu et al. [125] compared
the cost effectiveness of BDQ versus injectable-containing drug-
resistant tuberculosis regimens (short-course regimen and long-
course regimen) in India, Russia and South Africa. Across all
countries, BDQ-containing regimens were most cost effective
based on cost per treatment success compared with injectable-
containing regimens, decreasing these in short-course regimen by
18-20% and in long-course regimen by 49-54%. Average cost
effectiveness ratios of BDQ containing regimens are lower.

9. Conclusion

Many articles have been published on the promising results of
BDQ in MDR-TB until now. However, it seems that more studies are
still needed to draw conclusions. The most important issue about
BDQ-containing regimens is precise consideration of resistant
strains by specific drug susceptibility testing. Moreover, a
comprehensive surveillance system is required for the evaluation
of adverse effects and mechanisms of resistance and co-resistance
with other anti-TB drugs. Therefore, efforts to appropriate BDQ
prescribing and increasing its effectiveness should be considered.

Funding
None.

Competing interests
None declared.

Ethical approval
Not required.

References

[1] Chan B, Khadem TM, Brown J. A review of tuberculosis: focus on bedaquiline.
Am ] Health Syst Pharm 2013;70:1984-94.

[2] NguyenT, CaoT, Akkerman O, Tiberi S, Vu D, Alffenaar JW. Bedaquiline as part
of combination therapy in adults with pulmonary multi-drug resistant
tuberculosis. Expert Rev Clin Pharmacol 2016;9:1025-37.

[3] Fox GJ, Menzies D. A review of the evidence for using bedaquiline (TMC207)
to treat multi-drug resistant tuberculosis. ] Infect Dis 2013;2:123-44.

[4] Van Heeswijk R, Dannemann B, Hoetelmans RM. Bedaquiline: a review of
human pharmacokinetics and drug-drug interactions. ] Antimicrob Chemo-
ther 2014;69:2310-8.

[5] World Health Organization (WHO). World malaria report 2015. Geneva,
Switzerland: WHO; 2016.

[6] Harding E. WHO global progress report on tuberculosis elimination. Lancet
Respir Med 2020;8:19.

[7] Caminero ]. Is the DOTS strategy sufficient to achieve tuberculosis control in
low-and middle-income countries? 1. Need for interventions in universities
and medical schools. Int ] Tuberc Lung Dis 2003;7:509-15.



S. Khoshnood, M. Goudarzi, E. Taki et al.

[8] World Health Organization (WHO). Global tuberculosis report 2017. Geneva,
Switzerland: WHO; 2017.

[9] Lohrasbi V, Talebi M, Bialvaei AZ, Fattorini L, Drancourt M, Heidary M,
Darban-Sarokhalil D. Trends in the discovery of new drugs for Mycobacteri-
um tuberculosis therapy with a glance at resistance. Tuberculosis
2018;109:17-27.

[10] Andries K, Villellas C, Coeck N, Thys K, Gevers T, Vranckx L, et al. Acquired
resistance of Mycobacterium tuberculosis to bedaquiline. PLoS One 2014;9:
e102135.

[11] Diacon AH, Pym A, Grobusch MP, de Los Rios JM, Gotuzzo E, Vasilyeva |, et al.
Multidrug-resistant tuberculosis and culture conversion with bedaquiline. N
Engl ] Med 2014;371:723-32.

[12] Villellas C, Coeck N, Meehan C], Lounis N, de Jong B, Rigouts L, et al.
Unexpected high prevalence of resistance-associated Rv0678 variants in
MDR-TB patients without documented prior use of clofazimine or bedaqui-
line. ] Antimicrob Chemother 2016;72:684-90.

[13] World Health Organization (WHO). The use of bedaquiline in the treatment
of multidrug-resistant tuberculosis. Interim policy guidance. Geneva,
Switzerland: WHO; 2013.

[14] Quan D, Nagalingam G, Payne R, Triccas JA. New tuberculosis drug leads from
naturally occurring compounds. Int ] Infect Dis 2017;56:212-20.

[15] Pontali E, Sotgiu G, D’Ambrosio L, Centis R, Migliori GB. Bedaquiline and
multidrug-resistant tuberculosis: a systematic and critical analysis of the
evidence. Eur Respir ] 2016;47:394-402.

[16] Goulooze SC, Cohen AF, Rissmann R. Bedaquiline. Br ] Clin Pharmacol
2015;80:182-4.

[17] Matteelli A, Carvalho AC, Dooley KE, Kritski A. TMC207: the first compound of a
new class of potent anti-tuberculosis drugs. Future Microbiol 2010;5:849-58.

[18] Chahine EB, Karaoui LR, Mansour H. Bedaquiline: a novel diarylquinoline for
multidrug-resistant tuberculosis. Ann Pharmacother 2014;48:107-15.

[19] Palomino JC, Martin A. TMC207 becomes bedaquiline, a new anti-TB drug.
Future Microbiol 2013;8:1071-80.

[20] He C, Preiss L, Wang B, Fu L, Wen H, Zhang X, et al. Structural simplification of
bedaquiline: the discovery of 3-(4-(N,N-dimethylaminomethyl) phenyl)
quinoline-derived antitubercular lead compounds. ChemMedChem
2017;12:106-19.

[21] Savini L, Chiasserini L, Gaeta A, Pellerano C. Synthesis and anti-tubercular
evaluation of 4-quinolylhydrazones. Bioorg Med Chem 2002;10:2193-8.

[22] Kunin C, Ellis WY. Antimicrobial activities of mefloquine and a series of
related compounds. Antimicrob Agents Chemother 2000;44:848-52.

[23] Kundu S, Biukovic G, Griiber G, Dick T. Bedaquiline targets the € subunit of
mycobacterial F-ATP  synthase. Antimicrob Agents Chemother
2016;60:6977-9.

[24] Aguilar-Ayala DA, Cnockaert M, André E, Andries K, Gonzalez-Y-Merchand JA,
Vandamme P, et al. In vitro activity of bedaquiline against rapidly growing
nontuberculous mycobacteria. ] Med Microbiol 2017;66:1140-3.

[25] Hards K, Robson JR, Berney M, Shaw L, Bald D, Koul A, et al. Bactericidal mode
of action of bedaquiline. ] Antimicrob Chemother 2015;70:2028-37.

[26] de Jonge MR, Koymans LH, Guillemont JE, Koul A, Andries K. A computational
model of the inhibition of Mycobacterium tuberculosis ATPase by a new drug
candidate R207910. Proteins 2007;67:971-80.

[27] Lakshmanan M, Xavier AS. Bedaquiline-the first ATP synthase inhibitor
against multi drug resistant tuberculosis. ] Young Pharm 2013;5:112-5.

[28] Meier T, Polzer P, Diederichs K, Welte W, Dimroth P. Structure of the rotor ring
of F-type Na*-ATPase from Ilyobacter tartaricus. Science 2005;308:659-62.

[29] Cholo MC, Mothiba MT, Fourie B, Anderson R. Mechanisms of action and
therapeutic efficacies of the lipophilic antimycobacterial agents clofazimine
and bedaquiline. Antimicrob Chemother 2017;72:338-53.

[30] Philley]JV, Wallace Jr R], Benwill JL, Taskar V, Brown-Elliott BA, Thakkar F, et al.
Preliminary results of bedaquiline as salvage therapy for patients with
nontuberculous mycobacterial lung disease. Chest 2015;148:499-506.

[31] Gold B, Roberts ], Ling Y, Quezada LL, Glasheen ], Ballinger E, et al. Rapid,
semiquantitative assay to discriminate among compounds with activity
against replicating or nonreplicating Mycobacterium tuberculosis. Antimicrob
Agents Chemother 2015;59:6521-38.

[32] Worley MV, Estrada SJ. Bedaquiline: a novel antitubercular agent for the
treatment of multidrug-resistant  tuberculosis. ~ Pharmacotherapy
2014;34:1187-97.

[33] Field SK. Bedaquiline for the treatment of multidrug-resistant tuberculosis:
great promise or disappointment? Ther Adv Chronic Dis 2015;6:170-84.

[34] World Health Organization (WHO). Global tuberculosis report 2018. Geneva,
Switzerland: WHO; 2018.

[35] Pym AS, Diacon AH, Tang S-J, Conradie F, Danilovits M, Chuchottaworn C,
et al. Bedaquiline in the treatment of multidrug-and extensively drug-
resistant tuberculosis. Eur Respir ] 2016;47:564-74.

[36] World Health Organization (WHO). Companion handbook to the WHO
guidelines for the programmatic management of drug-resistant tuberculosis.
Geneva, Switzerland: WHO; 2014.

[37] Dookie N, Rambaran S, Padayatchi N, Mahomed S, Naidoo K. Evolution of drug
resistance in Mpycobacterium tuberculosis: a review on the molecular
determinants of resistance and implications for personalized care. ]
Antimicrob Chemother 2018;73:1138-51.

[38] Hameed H, Islam MM, Chhotaray C, Wang C, Liu Y, Tan Y, et al. Molecular
targets related drug resistance mechanisms in MDR-, XDR-, and TDR-
Mycobacterium tuberculosis strains. Front Cell Infect Microbiol 2018;8:114.

57

Journal of Global Antimicrobial Resistance 25 (2021) 48-59

[39] Almeida D, loerger T, Tyagi S, Li S-Y, Mdluli K, Andries K, et al. Mutations in
pepQ confer low-level resistance to bedaquiline and clofazimine in
Mycobacterium tuberculosis. Antimicrob Agents Chemother 2016;60:4590-9.

[40] Alexander DC, Vasireddy R, Vasireddy S, Philley JV, Brown-Elliott BA, Perry BJ,
et al. Emergence of mmpT5 variants during bedaquiline treatment of
Mycobacterium intracellulare lung disease. J Clin Microbiol 2017;55:574-84.

[41] Huitric E, Verhasselt P, Andries K, Hoffner SE. In vitro antimycobacterial
spectrum of a diarylquinoline ATP synthase inhibitor. Antimicrob Agents
Chemother 2007;51:4202-4.

[42] Guptas, Cohen KA, Winglee K, Maiga M, Diarra B, Bishai WR. Efflux inhibition
with verapamil potentiates bedaquiline in Mycobacterium tuberculosis.
Antimicrob Agents Chemother 2014;58:574-6.

[43] Pule CM, Sampson SL, Warren RM, Black PA, van Helden PD, Victor TC, et al.
Efflux pump inhibitors: targeting mycobacterial efflux systems to enhance TB
therapy. Antimicrob Agents Chemother 2015;71:17-26.

[44] Hartkoorn RC, Uplekar S, Cole ST. Cross-resistance between clofazimine and
bedaquiline through upregulation of MmpL5 in Mycobacterium tuberculosis.
Antimicrob Agents Chemother 2014;58:2979-81.

[45] Coeck N, Villelas C, Meehan C, Lounis N, Niemann S, Rigouts L, et al.
Unexpected high frequency of Rv0678 mutations in MDR-TB patients without
documented prior use of clofazimine or bedaquiline. Int J Tuberc Lung Dis
2015;19:545.

[46] Bloemberg GV, Keller PM, Stucki D, Trauner A, Borrell S, Latshang T, et al.
Acquired resistance to bedaquiline and delamanid in therapy for tuberculo-
sis. N Engl ] Med 2015;373:1986-8.

[47] Somoskovi A, Bruderer V, Homke R, Bloemberg GV, Bottger EC. A mutation
associated with clofazimine and bedaquiline cross-resistance in MDR-TB
following bedaquiline treatment. Eur Respir J 2015;45:554-7.

[48] Hoffmann H, Kohl TA, Hofmann-Thiel S, Merker M, Beckert P, Jaton K, et al.
Delamanid and bedaquiline resistance in Mycobacterium tuberculosis
ancestral Beijing genotype causing extensively drug-resistant tuberculosis
in a Tibetan refugee. Am ] Respir Crit Care Med 2016;193:337-40.

[49] Sassetti CM, Boyd DH, Rubin EJ. Genes required for mycobacterial growth
defined by high density mutagenesis. Mol Microbiol 2003;48:77-84.

[50] Ghajavand H, Kamakoli MK, Khanipour S, Dizaji SP, Masoumi M, Jamnani FR,

et al. High prevalence of bedaquiline resistance in treatment-naive

tuberculosis patients and verapamil effectiveness. Antimicrob Agents

Chemother 2019;63:e02530-18.

Nguyen TVA, Anthony RM, Bafiuls A-L, Nguyen TVA, Vu DH, Alffenaar J-WC.

Bedaquiline resistance: its emergence, mechanism, and prevention. Clin

Infect Dis 2017;66:1625-30.

Hoffmann H, Nedialkova L, Hofmann-Thiel S, Kohl T, Merker M, Keller P, et al.

Delamanid and bedaquiline resistance in Mycobacterium tuberculosis

ancestral Beijing genotype causing XDR-TB in a Tibetian refugee. Pneumo-

logie 2017;71(Suppl. 1):S1-125.

Riccardi N, Giacomelli A, Canetti D, Comelli A, Intini E, Gaiera G, et al.

Clofazimine: an old drug for never-ending diseases. Future Microbiol

2020;15:557-66.

Polsfuss S, Hofmann-Thiel S, Merker M, Krieger D, Niemann S, Riissmann H,

et al. Emergence of low-level delamanid and bedaquiline resistance during

extremely drug-resistant tuberculosis treatment. Clin Infect Dis
2019;69:1229-31.

Ghodousi A, Rizvi AH, Baloch AQ, Ghafoor A, Khanzada FM, Qadir M, et al.

Acquisition of cross-resistance to bedaquiline and clofazimine following

treatment for tuberculosis in Pakistan. Antimicrob Agents Chemother

2019;63:e00915-19.

Zimenkov DV, Nosova EY, Kulagina EV, Antonova OV, Arslanbaeva LR, Isakova

Al et al. Examination of bedaquiline- and linezolid-resistant Mycobacterium

tuberculosis isolates from the Moscow region. ] Antimicrob Chemother

2017;72:1901-6.

Pontali E, Sotgiu G, Tiberi S, Tadolini M, Visca D, D’Ambrosio L, et al.

Combined treatment of drug-resistant tuberculosis with bedaquiline and

delamanid: a systematic review. Eur Respir ] 2018;52:1800934.

[58] Tadolini M, Tiberi S, Migliori GB. Combining bedaquiline and delamanid to
treat multidrug-resistant tuberculosis. Lancet Infect Dis 2018;18:480-1.

[59] Tiberi S, du Plessis N, Walzl G, Vjecha M], Rao M, Ntoumi F, et al. Tuberculosis:
progress and advances in development of new drugs, treatment regimens,
and host-directed therapies. Lancet Infect Dis 2018;18:e183-98.

[60] Migliori G, Pontali E, Sotgiu G, Centis R, D’Ambrosio L, Tiberi S, et al.
Combined use of delamanid and bedaquiline to treat multidrug-resistant and
extensively drug-resistant tuberculosis: a systematic review. Int ] Mol Sci
2017;18:341.

[61] Tadolini M, Lingtsang RD, Tiberi S, Enwerem M, D’Ambrosio L, Sadutshang TD,
et al. First case of extensively drug-resistant tuberculosis treated with both
delamanid and bedaquiline. Eur Respir ] 2016;48:935-8.

[62] Fujiwara M, Kawasaki M, Hariguchi N, Liu Y, Matsumoto M. Mechanisms of
resistance to delamanid, a drug for Mycobacterium tuberculosis. Tuberculosis
2018;108:186-94.

[63] Liu Y, Matsumoto M, Ishida H, Ohguro K, Yoshitake M, Gupta R, et al.
Delamanid: from discovery to its use for pulmonary multidrug-resistant
tuberculosis (MDR-TB). Tuberculosis (Edinb) 2018;111:20-30.

[64] Maryandyshev A, Pontali E, Tiberi S, Akkerman O, Ganatra S, Sadutshang TD,
et al. Bedaquiline and delamanid combination treatment of 5 patients with
pulmonary extensively drug-resistant tuberculosis. Emerg Infect Dis
2017;23: 1718-12.

[51]

(52]

(53]

(54]

(55]

(56]

[57]



S. Khoshnood, M. Goudarzi, E. Taki et al.

[65] Lachatre M, Rioux C, Le D D, Fréchet-Jachym M, Veziris N, Bouvet E, et al.
Bedaquiline plus delamanid for XDR tuberculosis. Lancet Infect Dis 2016;16:
00047-5.

[66] Esposito S, Bianchini S, Blasi F. Bedaquiline and delamanid in tuberculosis.
Expert Opin Pharmacother 2015;16:2319-30.

[67] Ferlazzo G, Mohr E, Laxmeshwar C, Hewison C, Hughes |, Jonckheere S, et al.

Early safety and efficacy of the combination of bedaquiline and delamanid for

the treatment of patients with drug-resistant tuberculosis in Armenia, India,

and South Africa: a retrospective cohort study. Lancet Infect Dis
2018;18:536-44.

Irwin SM, Prideaux B, Lyon ER, Zimmerman MD, Brooks EJ, Schrupp CA, et al.

Bedaquiline and pyrazinamide treatment responses are affected by pulmo-

nary lesion heterogeneity in Mycobacterium tuberculosis infected C3HeB/Fe]

mice. ACS Infect Dis 2016;2:251-67.

[69] Lu P, Lill H, Koul A, Andries K, Bald D. In vitro synergy of bedaquiline and
pyrazinoic acid. Semantic Scholar 2015.

[70] Andries K, Verhasselt P, Guillemont ], Gohlmann HW, Neefs J-M, Winkler H,
et al. A diarylquinoline drug active on the ATP synthase of Mycobacterium
tuberculosis. Science 2005;307:223-7.

[71] Ibrahim M, Andries K, Lounis N, Chauffour A, Truffot-Pernot C, Jarlier V, et al.

Synergistic activity of R207910 combined with pyrazinamide against murine

tuberculosis. Antimicrob Agents Chemother 2007;51:1011-5.

Diacon AH, Dawson R, von Groote-Bidlingmaier F, Symons G, Venter A,

Donald PR, et al. Bactericidal activity of pyrazinamide and clofazimine alone

and in combinations with pretomanid and bedaquiline. Am ] Respir Crit Care

Med 2015;191:943-53.

Diacon AH, Dawson R, von Groote-Bidlingmaier F, Symons G, Venter A,

Donald PR, et al. 14-day bactericidal activity of PA-824, bedaquiline,

pyrazinamide, and moxifloxacin combinations: a randomised trial. Lancet

2012;380:986-93.

NguyenT, Cao T, Akkerman O, Tiberi S, Vu D, Alffenaar J. Bedaquiline as part of

combination therapy in adults with pulmonary multi-drug resistant

tuberculosis. Expert Rev Clin Pharmacol 2016;9:1025-37.

[75] Ramédn-Garcia S, Del Rio RG, Villarejo AS, Sweet GD, Cunningham F, Barros D,
et al. Repurposing clinically approved cephalosporins for tuberculosis
therapy. Sci Rep 2016;6:34293.

[76] Tasneen R, Williams K, Amoabeng O, Minkowski A, Mdluli KE, Upton AM,
et al. Contribution of the nitroimidazoles PA-824 and TBA-354 to the activity
of novel regimens in murine models of tuberculosis. Antimicrob Agents
Chemother 2015;59:129-35.

[77] Pstragowski M, Zbrzezna M, Bujalska-Zadrozny M. Advances in pharmaco-
therapy of tuberculosis. Acta Pol Pharm 2017;74:3-11.

[78] Olaru ID, von Groote-Bidlingmaier F, Heyckendorf ], Yew WW, Lange C, Chang

KC. Novel drugs against tuberculosis: a clinician’s perspective. Eur Respir ]

2015;45:1119-31.

Wallis RS, Jakubiec W, Mitton-Fry M, Ladutko L, Campbell S, Paige D, et al.

Rapid evaluation in whole blood culture of regimens for XDR-TB containing

PNU-100480 (sutezolid), TMC207, PA-824, SQ109, and pyrazinamide. PLoS

One 2012;7:e30479.

Tasneen R, Betoudji F, Tyagi S, Li S-Y, Williams K, Converse PJ, et al.

Contribution of oxazolidinones to the efficacy of novel regimens containing

bedaquiline and pretomanid in a mouse model of tuberculosis. Antimicrob

Agents Chemother 2016;60:270-7.

Tasneen R, Li S-Y, Peloquin CA, Taylor D, Williams KN, Andries K, et al.

Sterilizing activity of novel TMC207-and PA-824-containing regimens in a

murine model of tuberculosis. Antimicrob Agents Chemother 2011;55:5485-

92.

Lee M, Lee ], Carroll MW, Choi H, Min S, Song T, et al. Linezolid for treatment of

chronic extensively drug-resistant tuberculosis. N Engl ] Med

2012;367:1508-18.

[83] D’Ambrosio L, Centis R, Sotgiu G, Pontali E, Spanevello A, Migliori GB. New
anti-tuberculosis drugs and regimens: 2015 update. ER] Open Res 2015;1:
00010-2015.

[84] Migliori GB, Eker B, Richardson M, Sotgiu G, Zellweger J-P, Skrahina A, et al. A

retrospective TBNET assessment of linezolid safety, tolerability and efficacy

in multidrug-resistant tuberculosis. Eur Respir ] 2009;34:387-93.

Pandie M, Wiesner L, Mcllleron H, Hughes ], Siwendu S, Conradie F, et al.

Drug-drug interactions between bedaquiline and the antiretrovirals

lopinavir/ritonavir and nevirapine in HIV-infected patients with drug-

resistant TB. ] Antimicrob Chemother 2016;71:1037-40.

Svensson EM, Dooley KE, Karlsson MO. Impact of lopinavir-ritonavir or

nevirapine on bedaquiline exposures and potential implications for patients

with tuberculosis-HIV coinfection. Antimicrob Agents Chemother
2014;58:6406-12.

Svensson EM, Aweeka F, Park J-G, Marzan F, Dooley KE, Karlsson MO. Model-

based estimates of the effects of efavirenz on bedaquiline pharmacokinetics

and suggested dose adjustments for patients coinfected with HIV and
tuberculosis. Antimicrob Agents Chemother 2013;57:2780-7.

Dooley KE, Park J-G, Swindells S, Allen R, Haas DW, Cramer Y, et al. Safety,

tolerability, and pharmacokinetic interactions of the antituberculous agent

TMC207 (bedaquiline) with efavirenz in healthy volunteers: AIDS Clinical

Trials Group Study A5267. ] Acquir Immune Defic Syndr 2012;59:455-62.

Yadav S, Rawal G, Baxi M. Bedaquiline: a novel antitubercular agent for the

treatment of multidrug-resistant tuberculosis. ] Clin Diagn Res 2016;10:

FMO01-2.

[68]

[72]

[73]

[74]

[79]

[80]

[81]

[82]

(85]

[86]

[87]

[88]

[89]

58

Journal of Global Antimicrobial Resistance 25 (2021) 48-59

[90] Dheda K, Esmail A, Limberis J, Maartens G. Selected questions and
controversies about bedaquiline: a view from the field. Int J Tuberc Lung
Dis 2016;20:24-32.

[91] Dhillon ], Andries K, Phillips PP, Mitchison DA. Bactericidal activity of the
diarylquinoline TMC207 against Mycobacterium tuberculosis outside and
within cells. Tuberculosis (Edinb) 2010;90:301-5.

[92] Codecasa LR, Toumi M, D’Ausilio A, Aiello A, Damele F, Termini R, et al. Cost-
effectiveness of bedaquiline in MDR and XDR tuberculosis in Italy. ] Mark
Access Health Policy 2017;5:1283105.

[93] Ahuja SD, Ashkin D, Avendano M, Banerjee R, Bauer M, Bayona ]N, et al.
Multidrug resistant pulmonary tuberculosis treatment regimens and patient
outcomes: an individual patient data meta-analysis of 9,153 patients. PLoS
Med 2012;9:e1001300.

[94] Brigden G, Hewison C, Varaine F. New developments in the treatment of
drug-resistant tuberculosis: clinical utility of bedaquiline and delamanid.
Infect Drug Resist 2015;8:367-78.

[95] Diacon AH, Pym A, Grobusch M, Patientia R, Rustomjee R, Page-Shipp L, et al.
The diarylquinoline TMC207 for multidrug-resistant tuberculosis. N Engl ]
Med 2009;360:2397-405.

[96] Guglielmetti L, Le DG D, Jachym M, Henry B, Martin D, Caumes E, et al.
Compassionate use of bedaquiline for the treatment of multidrug-resistant
and extensively drug-resistant tuberculosis: interim analysis of a French
cohort. Clin Infect Dis 2014;60:188-94.

[97] Williams K, Minkowski A, Amoabeng O, Peloquin CA, Taylor D, Andries K,
et al. Sterilizing activities of novel combinations lacking first- and second-
line drugs in a murine model of tuberculosis. Antimicrob Agents Chemother
2012;56:3114-20.

[98] Cohen K, Maartens G. A safety evaluation of bedaquiline for the treatment of
multi-drug resistant tuberculosis. Expert Opin Drug Saf 2019;18:875-82.

[99] Mahajan R. Bedaquiline: first FDA-approved tuberculosis drug in 40 years. Int
J Appl Basic Med Res 2013;3:1-2.

[100] Guglielmetti L, Jaspard M, Le Dii D, Lachatre M, Marigot-Outtandy D, Bernard

C, et al. Long-term outcome and safety of prolonged bedaquiline treatment

for multidrug-resistant tuberculosis. Eur Respir J 2017;49:1601799.

Diacon A, Donald P, Pym A, Grobusch M, Patientia R, Mahanyele R, et al.

Randomized pilot trial of eight weeks of bedaquiline (TMC207) treatment for

multidrug-resistant tuberculosis: long-term outcome, tolerability, and effect

on emergence of drug resistance. Antimicrob Agents Chemother
2012;56:3271-6.

Kim CT, Kim T-0O, Shin H-J, Ko YC, Choe YH, Kim H-R, et al. Bedaquiline and

delamanid for the treatment of multidrug-resistant tuberculosis: a multi-

centre cohort study in Korea. Eur Respir ] 2018;51:1702467.

[103] Achar ], Hewison C, Cavalheiro AP, Skrahina A, Cajazeiro J, Nargiza P, et al. Off-
label use of bedaquiline in children and adolescents with multidrug-resistant
tuberculosis. Emerg Infect Dis 2017;23:1711-3.

[104] Riccardi N, Villa S, Alagna R, Giacomelli A, Saderi L, Cirillo DM, et al.
Advantages and challenges of tailored regimens for drug-resistant tubercu-
losis: a StopTB Italia look into the future. Infect Drug Resist 2020;13:2795-
800.

[105] Riccardi N, Del Puente F, Magné F, Taramasso L, Di Biagio A. Bedaquiline: a
new hope for shorter and better anti-tuberculosis regimens. Recent Pat
Antiinfect Drug Discov 2018;13:3-11.

[106] Lobue P, Menzies D. Treatment of latent tuberculosis infection: an update.
Respirology 2010;15:603-22.

[107] Zhang T, Li S-Y, Williams KN, Andries K, Nuermberger EL. Short-course
chemotherapy with TMC207 and rifapentine in a murine model of latent
tuberculosis infection. Am ] Respir Crit Care Med 2011;184:732-7.

[108] Mirsaeidi M. After 40 years, new medicine for combating TB. Int ]
Mycobacteriol 2013;2:1-2.

[109] Lanoix J-P, Betoudji F, Nuermberger E. Novel regimens identified in mice for

treatment of latent tuberculosis infection in contacts of patients with

multidrug-resistant  tuberculosis. ~ Antimicrob  Agents  Chemother

2014;58:2316-21 Erratum in: Antimicrob Agents Chemother 2015;59:1826.

Kim DH, Jhun BW, Moon SM, Kim S-Y, Jeon K, Kwon O], et al. In vitro activity of

bedaquiline and delamanid against nontuberculous mycobacteria, including

macrolide-resistant clinical isolates. Antimicrob Agents Chemother

2019;63:.

Erber ], Weidlich S, Tschaikowsky T, Rothe K, Schmid RM, Schneider J, et al.

Successful bedaquiline-containing antimycobacterial treatment in post-

traumatic skin and soft-tissue infection by Mycobacterium fortuitum

complex: a case report. BMC Infect Dis 2020;20:365.

McAnaw S, Hesseling A, Seddon ], Dooley KE, Garcia-Prats A, Kim S, et al.

Pediatric multidrug-resistant tuberculosis clinical trials: challenges and

opportunities. Int ] Infect Dis 2017;56:194-9.

[113] McNamara PJ, Alcorn J. Protein binding predictions in infants. AAPS PharmSci
2002;4:E426.

[114] Svensson EM, Dosne AG, Karlsson MO. Population pharmacokinetics of
bedaquiline and metabolite M2 in patients with drug-resistant tuberculosis:
the effect of time-varying weight and albumin. CPT Pharmacometrics Syst
Pharmacol 2016;5:682-91.

[115] US Food and Drug Administration (FDA). Anti-Infective Drugs Advisory
Committee meeting. Briefing document. TMC207 (bedaquiline). Treatment of
patients with MDR-TB. NDA 204-384. FDA; 28 November 2012.

[116] Ndjeka N, Conradie F, Schnippel K, Hughes ], Bantubani N, Ferreira H, et al.
Treatment of drug-resistant tuberculosis with bedaquiline in a high HIV

[101]

[102]

[110]

[111]

[112]



S. Khoshnood, M. Goudarzi, E. Taki et al.

prevalence setting: an interim cohort analysis. Int J Tuberc Lung Dis
2015;19:979-85.

[117] Hu M, Zheng C, Gao F. Use of bedaquiline and delamanid in diabetes patients:
clinical and pharmacological considerations. Drug Des Dev Ther
2016;10:3983-94.

[118] Mase S, Chorba T, Lobue P, Castro K. Provisional CDC guidelines for the use
and safety monitoring of bedaquiline fumarate (Sirturo) for the treatment of
multidrug-resistant tuberculosis. MMWR Recomm Rep 2013;62:1-12.

[119] Conradie F, Meintjes G, Hughes ], Maartens G, Ferreira H, Siwendu S, et al.
Clinical Access to Bedaquiline Programme for the treatment of drug-resistant
tuberculosis. S Afr Med ] 2014;104:164-5.

[120] CDC. Reported tuberculosis in the United States, 2016. Atlanta, GA: US
Department of Health and Human Services, CDC; 2017.

[121] Salhotra V, Sachdeva K, Kshirsagar N, Parmar M, Ramachandran R,
Padmapriyadarsini C, et al. Effectiveness and safety of bedaquiline under

59

Journal of Global Antimicrobial Resistance 25 (2021) 48-59

conditional access program for treatment of drug-resistant tuberculosis in
India: an interim analysis. Indian J Tuberc 2020;67:29-37.

[122] Mbuagbaw L. Review of available evidence on the use of bedaquiline for the
treatment of multidrug-resistant tuberculosis: data analysis report March 8,
Version 2017, version 6. WHO; 2017.

[123] World Health Organization (WHO). Budgeting for TB control activities.
Geneva, Switzerland: WHO. http://www.who.int/tb/dots/planning_budge-
ting_tool/en/index.html.

[124] Masuku S, Berhanu R, Van Rensburg C, Ndjeka N, Rosen S, Long L, et al.
Managing multidrug-resistant tuberculosis in South Africa: a budget impact
analysis. Int ] Tuberc Lung Dis 2020;24:376-82.

[125] Ionescu A-M, Mpobela Agnarson A, Kambili C, Metz L, Kfoury ], Wang S, et al.
Bedaquiline-versus injectable-containing drug-resistant tuberculosis regi-
mens: a cost-effectiveness analysis. Expert Rev Pharmacoecon Outcomes Res
2018;18:677-89.


http://www.who.int/tb/dots/planning_budgeting_tool/en/index.html
http://www.who.int/tb/dots/planning_budgeting_tool/en/index.html

	Bedaquiline: Current status and future perspectives
	1 Introduction
	2 Antimicrobial properties of bedaquiline
	2.1 Structure of bedaquiline (Fig. 1)
	2.2 Mechanism of action of bedaquiline
	2.3 Spectrum of activity of bedaquiline

	3 Bedaquiline resistance
	3.1 Mechanisms of resistance to bedaquiline
	3.2 Epidemiology of bedaquiline resistance

	4 Synergy
	4.1 Synergism of bedaquiline with delamanid
	4.2 Synergism of bedaquiline with pyrazinamide
	4.3 Synergism of bedaquiline with cephalosporins
	4.4 Synergism of bedaquiline with pretomanid
	4.5 Synergism of bedaquiline with pretomanid plus linezolid
	4.6 Bedaquiline interactions with antiretroviral drugs

	5 Pharmacokinetics and pharmacodynamics
	6 Adverse events
	7 Clinical treatment
	7.1 Use in multidrug-resistant tuberculosis (MDR-TB) cases
	7.2 Use in drug susceptible tuberculosis cases
	7.3 Use in latent tuberculosis infection (LTBI)
	7.4 Use in difficult-to-treat nontuberculous mycobacteria (NTM) infections
	7.5 Use for immunodeficient patients

	8 Other considerations for bedaquiline therapy
	9 Conclusion
	Funding
	Competing interests
	Ethical approval
	References


