
Personal View
Bedaquiline: what might the future hold?
Emily S Shaw, Neil G Stoker, Jessica L Potter, Helgard Claassen, Alasdair Leslie, Conor D Tweed, Chen-Yuan Chiang, Francesca Conradie, Hanif Esmail,
Christoph Lange, Lancelot Pinto, Oxana Rucsineanu, Derek J Sloan, Grant Theron, Phumeza Tisile, Teck Chuan Voo, Robin M Warren,
Limakatso Lebina*, Marc Lipman*
LancetMicrobe2024

Published Online

https://doi.org/10.1016/

S2666-5247(24)00149-6

*Joint authors

Division of Acute Medical

Services, University College

London Hospitals NHS

Foundation Trust, London, UK
Tuberculosis drug development has stagnated for decades, so the recent availability of bedaquiline is welcome.
Bedaquiline-containing regimens, now the first-line therapy recommended by WHO, have transformed the treatment
of drug-resistant tuberculosis, offering safer and more effective oral treatment options. However, key obstacles need to
be overcome to ensure global access and prevent the rapid development of resistance against this promising class of
drugs. In this Personal View, building on an international workshop held in 2023, we evaluate the current evidence
and suggest possible ways forward, recognising the tension between increasing use and slowing the rise of resistance.
We also discuss problems in accessing bedaquiline-containing regimens, the potential widening of their use beyond
drug-resistant tuberculosis, and lessons for utilising new drugs as they are developed.
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Introduction
Since the 1980s, tuberculosis treatment has relied on a core
combination of first-line antibiotics for drug-sensitive
tuberculosis, consisting of rifampicin, isoniazid, etham-
butol, and pyrazinamide. The emergence of drug-resistant
tuberculosis, specifically rifampicin-resistant, multidrug-
resistant (MDR), and extensively drug-resistant (XDR) var-
iants,1 necessitated the development and use of second-line
and third-line drugs.2 In 2022, among the estimated
10⋅6million peoplewith tuberculosis,>400 000hadMDRor
rifampicin-resistant infections.1 Drug-resistant tuberculosis
has been much more difficult to treat than drug-sensitive
tuberculosis, with longer regimens, more side-effects,
lower survival rates, and greater costs.
Mycobacterium tuberculosis drug resistance typically arises

through sequential mutations in the bacterial genome. In
biological terms, the occurrence of drug resistance is almost
inevitable, and the development and spread of drug-
resistant bacterial strains are exacerbated by numerous
logistical and social factors.3 This situation threatens the
ability to effectively treat individuals and the preservation of
tuberculosis as a curable disease, particularly considering
the paucity of new drugs.
Bedaquiline4 has been a game changer. In 2012, it became

thefirst newclass of drugs for tuberculosis tobe approvedby
the US Food and Drug Administration (FDA) in 40 years.5

This approval occurred in parallel with the development of
othernewdrugs (pretomanid anddelamanid) and theuse of
linezolid and clofazimine, which altered the tuberculosis-
treatment landscape and resulted in the first multidrug
combination that differed completely from the standard
regimen and could override pre-existing resistance to first-
line drugs.6 Programmatic and trial data prompted WHO
to revise its guidance for treating drug-resistant tuberculosis
in 2022 to include bedaquiline-containing regimens.7

However, this goodnews is temperedwithconcerns about
the development of bedaquiline resistance, poor access to
reliable testing, and limited access to bedaquiline.8 Tension
exists among these factors, in that the more a drug is used,
the greater the likelihood of resistance developing and
spreading.
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In this context, tuberculosis researchers at the Africa
Health Research Institute and University College London
jointly hosted an online workshop in June, 2023, titled
“Bedaquiline and TB: What might the future hold?”9 The
panel comprised ten clinicians, scientists, ethicists, patient
advocates, and policy makers with expertise in drug-
resistant tuberculosis from seven different countries. They
presented and discussed opportunities and concerns
regarding the roll-out of bedaquiline for treating active dis-
ease. The topics addressed included patient perspective,
bedaquiline resistance, clinical practice, clinical trials and
future directions, and policies. A video and transcript of the
workshop are available.10,11

In this Personal View, we summarise and expand upon
points raised to contribute to the broader discussion about
bedaquiline and other new anti-tuberculosis drugs among
stakeholders.

Current knowledge
Introduction of bedaquiline to treat drug-resistant
tuberculosis
Just over a decade ago,WHOguidelines for individualswith
tuberculosis resistant to isoniazid and rifampicin (MDR
tuberculosis) recommended 20–24 months of treatment,
frequently requiring more than six drugs, including a
fluoroquinolone, 8 months of a daily injectable (amikacin,
capreomycin, or kanamycin), ethionamide or prothiona-
mide, cycloserine, clofazimine, para-aminosalicylic acid,
and pyrazinamide.12 Such regimens remain the standard
where bedaquiline is unavailable, although MDR
tuberculosis-treatment programmes before the introduc-
tion of bedaquiline provided only a 56% chance of cure.13

Adverse events (including sensorineural hearing loss, kid-
ney damage, vomiting, and psychosis) are common,14 and
an individual participant data (IPD) meta-analysis revealed
that 23% of patients who started treatment had adverse
events leading to cessation of a drug.15

The workshop opened with two tuberculosis survivors
sharing their experiences of being treated for drug-resistant
tuberculosis for 24 or 44 months. Both individuals devel-
oped severe side-effects from injectable drugs, highlighting
Germany (Prof C Lange);
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the life-changing potential of bedaquiline.One of the stories
is shared in panel 1 to illustrate the personal consequences
of inadequate options for treating drug-resistant
tuberculosis.
Following promising phase 2b clinical-trial results, beda-

quiline was first made available through compassionate use
or clinical access programmes.16–18 In March, 2015, the
South African National Tuberculosis Programme rolled out
a 9-month bedaquiline-containing regimen, specifically tar-
geting people with pre-XDR and XDR tuberculosis who had
limited alternative treatment options. By 2018, 20 000 people
with MDR, rifampicin-resistant, or XDR tuberculosis had
been treated, with an analysis of 1016 people showing a
marked reduction in the risk of all-cause mortality when
compared with that in individuals receiving the standard of
care (MDR or rifampicin-resistant tuberculosis: hazard ratio
0⋅35, 95% CI 0⋅28–0⋅46; XDR: 0⋅26, 0⋅18–0⋅38).19 In parallel,
an IPD meta-analysis of cohorts with MDR tuberculosis
from 25 countries showed that recipients of bedaquiline had
a 60% lower mortality rate than matched controls.20

Further breakthroughswere reported in 2022 on the basis
of the results of two trials with bedaquiline-containing
regimens. In August, 2022, data from the ZeNix trial dem-
onstrated that 6 months of oral bedaquiline, pretomanid,
and linezolid treatment produced favourable outcomes in
91% of study participants with XDR (at that time defined as
resistance to rifampicin, a fluoroquinolone, and an amino-
glycoside), pre-XDR, or rifampicin-resistant tuberculosis
who did not respond to or were unable to tolerate standard
regimens,21 confirming the results of the earlier Nix-TB
trial.22 In December, 2022, data from the TB-PRACTECAL
trial showed that 6 months of oral bedaquiline, pre-
tomanid, linezolid, and moxifloxacin (BPaLM) treatment
cured 89% of people with rifampicin-resistant tuberculosis,
irrespective of their fluoroquinolone-resistance status.23

In May, 2022, WHO issued a rapid communication to
amend its 2020 drug-resistant tuberculosis-treatment
guidelines and endorsed both 6-month and 9-month
all-oral bedaquiline-containing regimens for MDR or
rifampicin-resistant tuberculosis.7,24
Panel 1: Tuberculosis survivor story: experiencing extensively dr

Phumeza Tisile was a 19-year-old, first-year university student in Sou
pulmonary tuberculosis. Following an abnormal chest x-ray, she was
disease was eventually re-classified as multidrug-resistant tuberculosi
treatment, with an initial daily phase ofmore than 20 tablets and pare
with pre-extensively drug-resistant (XDR) and then XDR tuberculosis,
her university studies and had multiple complications from her disea
considered unsurvivable, and she was advised to see a priest.

Kanamycin can have severe side-effects and, in Phumeza’s case, it resu
she became reliant on written communication. She said, “My choice
compassionate use of linezolid and achieved cure 44 months after t
subsequently received bilateral cochlear implants that partly restored
provided with a bedaquiline-containing regimen from the outset, sh
would have almost certainly been spared hearing loss, with much le
Bedaquiline resistance
Bedaquiline is a diarylquinoline that kills M tuberculosis by
inhibiting the proton pump of the mycobacterial ATP syn-
thase,mainly by binding to the subunit encoded by the atpE
gene.25 Resistance-associated genetic variants (RAVs) have
been found in the atpE gene;26 these mutations confer
medium-level to high-level resistance (eight-fold to 128-fold
increase in the minimal inhibitory concentration [MIC])27

but are rare, as the gene is essential and variants must
retain function.
Much more abundant are RAVs in the Rv0678 gene,28

which result in low-to-medium resistance (2–16× increase
in the MIC)29 to bedaquiline and another anti-tuberculosis
drug (clofazimine). Rv0678 encodes a transcriptional
repressor of theMmpS5–MmpL5 complex, an efflux pump
that can remove bedaquiline from cells. Under typical
circumstances, the repressor keeps expression of the pump
(and therefore bedaquiline efflux) low. When Rv0678 is
inactivated, production of the efflux pump and bedaquiline
efflux increase. Therefore, levels of the drug within bacteria
fall. Because many different RAVs can cause this loss of
function, the Rv0678 mutation frequency is much greater
than the atpE-mutation frequency in viable bacteria.
Loss-of-function RAVs in pepQ, which is possibly related to
drug efflux,30 are also associated with lower bedaquiline
resistance (four-fold to eight-fold increase in the MIC).
Clinicians should be mindful of two factors, namely, the

poor early bactericidal activity (EBA) of bedaquiline31 and its
extraordinarily long half-life of 164 days,32 in contrast with
first-line drugs that have a half-life of a few hours.33 Both
aspects can theoretically contribute to the development of
resistance to bedaquiline or other drugs in the regimen
(see Regimen modification below).
Regarding epidemiological factors leading to bedaqui-

line resistance, most bedaquiline RAVs described above
were generated in vitro, and resistance in natural pop-
ulations was expected to be low to this novel compound.
However, when bedaquiline drug-susceptibility testing
(DST) was used to screen clinical isolates, resistance was
soon detected.
ug-resistant tuberculosis

th Africa in 2010 when she developed symptoms consistent with
started on first-line drugs, which soon proved ineffective, and her
s. She began the standard regimen available at the time: 2 years of
nteral kanamycin (her injectable), butwas subsequently diagnosed
when she was given a 20% chance of survival. She had to abandon
se and treatment, including a period when her disease was

lted in sudden-onset, irreversible, sensorineural deafness, such that
was whether I was deaf or I was dead.” Eventually, she secured
uberculosis treatment was first initiated. Fortunately, she
her hearing, and shewas able to resume her studies. If she had been
e would have had an 80% chance of being cured in 6 months and
ss disruption to her life and career development.
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Two systematic reviews of baseline and emerging
treatment-associated bedaquiline resistance in drug-resistant
tuberculosis presumably reflect bedaquiline-naive pop-
ulations. For example, Mallick and colleagues34 found
resistance, with levels differing depending on whether
phenotypic (2⋅2% bedaquiline-resistant [IQR 1⋅1–4⋅6]) or
genotypic (4⋅4% bedaquiline-resistant [IQR 1⋅8–5⋅8]) DSTs
were used. Perumal and colleagues35 showed a pooled
prevalence of baseline phenotypic bedaquiline resistance
of 2⋅4% (95% CI 1⋅7–3⋅5), with substantial heterogeneity, a
pooled prevalence of treatment-emergent phenotypic
bedaquiline-resistant variants with sequence deviations
of 2⋅1% (95% CI 1⋅4–3⋅0), and little heterogeneity. Together,
these results represented 21 papers covering tuberculosis
from approximately 2008 to 2020 from 23 countries on five
continents, albeit not distributed equally.
Two groups studying programmatic data reported higher

levels of emerging resistance,36,37 and showed a striking
increase over time in Mozambique, where genotypic
resistance rose from 3% in 2016 to 14% in 2021.36

Taken together, these findings suggest that bedaquiline
resistance is present inmost populations, can arise de novo
during treatment, can be transmitted, and is increasing in
frequency in some settings.

Preventing resistance
Obtaining accurate data
Tominimise the development and spread of drug resistance,
testing is essential, both at population and individual patient
levels. Currently, bedaquiline-resistance testing relies on
phenotypicDSTor genotypicmethods (eitherwhole-genome
sequencing [WGS] or targeted amplification/sequencing
approaches; no point-of-caremethods such as theGeneXpert
test are available). Ideally, DST should be undertaken during
the drug-development process,38 but the urgent need for
better treatment options meant that DST protocols and
reagents for public use were not fully developed before the
bedaquiline roll-out.
In principle, DST approaches are straightforward for

equipped laboratories. Interim bedaquiline-resistance
breakpoints for 7H11 and mycobacterial growth indicator
tube (MGIT) methods have been reported,39 so these
approaches can be used and self-validated using either
bedaquiline fromJohnson& Johnsonor (since patent expiry)
from commercial suppliers. However, no commercial kits
(eg, MGIT drug vials or plates with pre-added drugs for the
broth microdilution method) are available. Currently, the
European Committee on Antimicrobial Susceptibility Test-
ing reference method (required for calibrating different
methods with respect to each other40) for bedaquiline is in
development, and an amended protocol is not publicly
available.
Genotypic testing for bedaquiline resistance is complex,41

considering that adapting rapid tests for loss-of-function
genes is challenging in cases when multiple RAVs might
cause resistance; such testing is complicated by the fact that
some changes in target genes do not cause resistance, and
www.thelancet.com/microbe Vol ▪ ▪ 2024
those that do could have differing MICs and consequently
different practical impacts; deep sequencing results might
also indicate heteroresistance missed by standard sequen-
cingmethods,42 the significance and interpretation ofwhich
is unclear; and access to WGS is variable. In light of these
findings, gaining insight into the effects of different RAVs
on MICs is important.
In a survey ofWHOEuropean region countries conducted

in 2023, 84% (37/44) of the respondents had systems to
detect bedaquiline resistance.43 This situation is likely to be
worse in other parts of the world where resources and
infrastructure are more constrained. In South Africa, the
biggest consumer of bedaquiline, phenotypic bedaquiline
testing was wisely introduced into the national pro-
gramme for all pre-XDR isolates. Since April, 2023, all
rifampicin-resistant tuberculosis isolates have been
tested.
Identifying resistance tofirst-linedrugs isboth simpler and

morewidespread and canbequickly adopted in placeswhere
people have access to a bedaquiline-containing regimen.
Confirming pre-existing resistance to novel drugs is more
challenging. This is a problem that is likely to become more
important, highlighting the need to develop guidelines that
support countries with different testing capabilities as they
introduce novel anti-tuberculosis regimens.
A rapidDSTwould be useful for evaluating all drugs used

to treat tuberculosis. Revisiting rapid, near-patient pheno-
typic testing similar to the microscopic-observation drug-
susceptibility assays44 might be fruitful, and actively
supporting innovation in this area should be encouraged,
albeit acknowledging that this will take time.

Regimen modification
Another approach is tomodify regimens so that they are less
likely to promote bedaquiline resistance and more likely to
increase clinician confidence that drug-resistant regimens
are sufficiently effective for the full course of therapy.
As someRv0678mutants show lowerMICs, resistance can

possibly be overcome by increasing the bedaquiline dose. In
one case study, a personalised regimen for a highly resistant
strain ofM tuberculosis with low-level bedaquiline resistance
included a 50% increased dose of bedaquiline.45 However,
the consequences of drug escalation in terms of safety and
toxicity have not been studied, so careful monitoring is
required.
A related potential strategy is to reduce the MICs of

bacteriawithRv0678RAVs byusing effluxpump inhibitors.
Verapamil and reserpine can reduce the MICs of Rv0678
mutants,46 and verapamil was included in the case study
reported by Koehler and colleagues.45 This option is also
attractive because Rv0678 mutations cause low-level resist-
ance against three new drugswith differentmodes of action
(DprE1 inhibitors TBA 3731, BTZ043, and PBTZ169) that
are in early-phase clinical trials.47,48

Bedaquiline almost did not progress through clinical
development beyond phase 2 due to its poor EBA. Initially,
no EBA was seen for bedaquiline for 7 days, although it
3
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started to increase thereafter.31 Therefore, supplementation
with additional early-acting drugs during initial treatment
would increase the number of effective drugs during this
period and thus protect all of the drugs in the regimen from
the development of resistance. The importance of protect-
ing fluoroquinolones and other drugs in this way before
bedaquiline activity increases has been stressed.49 Possible
approaches might include the use of high-dose isoniazid,
carbapenems, and second-line injectables.
Although injectable drugs are undesirable over long

periods, a short course lasting weeks rather than months
might be better tolerated and can reduce the bacillary load
sufficiently to prevent resistance.49 This possibility is sup-
ported by data from the STREAM trial (stage 2), which
achieved a 90% favourable outcome without any acquired
bedaquiline resistance using kanamycin for just the first
8 weeks, with low levels (graded 3 or 4 on the Brock scale) of
sensorineural hearing loss.50

In terms of resistance, the long half-life of bedaquiline
shouldnot bean issue if people are cured.Peoplewhodonot
complete treatment, however, will effectively be on beda-
quiline monotherapy for a long period as the drug clears,
which could lead to further resistance. The long half-life can
also be used to rationalise ceasing or reducing the dose in
later stages of treatment.
The increasing number of people on bedaquiline regi-

mens who are not getting better necessitates the develop-
ment of guidance regarding bedaquiline testing and backup
regimens. Such guidance might come from WHO with
input from national programmes, and future treatment
could involve new therapeutics.51

Other socioeconomic factors leading to bedaquiline-
resistance development
Regardingprivate health care, the public andprivatemix for
health care, as well as the culture and practice of antibiotic
prescriptions, differ substantially between countries. Both
factors can influencedrug resistance.For example, in India,
60–80% of doctors and patients are in the private sector,52

and almost half of all people with tuberculosis access care
in the private sector.53 This environment introduces chal-
lenges in terms of standardising and ensuring the rational
use of anti-tuberculosis medicines.54,55 Detailed analyses of
local situations and solutions53 are valuable for addressing
this issue. Classifying tuberculosis as a notifiable disease, as
India did in 2012, is likely to help56 in settings where this is
not current practice. Currently in India, traditional anti-
tuberculosis drugs can be purchased over the counter; how-
ever, bedaquiline is only available through the government in
an effort to protect against its indiscriminate use.
In all countries with a substantial private health-care

component, negotiating partnerships between public and
private health-care providers will be important for improv-
ing stewardship. Importantly, universal DST or genotypic
testing should be available in all endemic areas, including
those that rely on private health care, so that bedaquiline can
be used in a judicious and responsible manner.
Improving adherence and supporting patients during
treatment are crucial for successful outcomes. One of the
great advantages of bedaquiline regimens over traditional
regimens for drug-resistant tuberculosis is that they favour
completiondue to reduced toxicity and shorter durations and
increased cure rates. This is not to diminish the issues
associated with treatment in people who often have other
health and social complications.
Adopting a patient-centred continuum of care approach57

in this context means that treatment should be accessible,
acceptable, affordable, and appropriate (with a balance of
responsibility between patient and health-care services) and
as supportive of patient autonomy as possible. Delivering
this within high-quality tuberculosis care is resource-heavy
and, thus, problematic to implement in areas with the
highest needs. Therefore, multi-agency, international
strengthening of national tuberculosis programmes might
be required.
A simple step for improving adherence might be chan-

ging bedaquiline from thrice-weekly to daily dosing, as done
in the ZeNix trial.21

Bedaquiline accessibility
If bedaquiline-containing regimens are generally better for
treating rifampicin-resistant or MDR tuberculosis, then
they should normally be the choice for government-
provided “free and universal tuberculosis services of high
quality”.58 However, bedaquiline access is low due to both
limited availability and the cost to national health-care
providers.
Access varies widely between nations. One report showed

that among 36 countries surveyed, <20% of people likely to
have benefited from bedaquiline received it between
2015 and 2017.59 More recently, in a survey covering
44 WHO European region countries, 42 countries (96%)
had access to bedaquiline, but only 24 countries (55%) had
access to pretomanid.43 Hopefully, this issue will be tem-
porary, but it requires attention. These findings also raise
the ethical question of how drug suppliers and health-care
providers should prioritise drug distribution when avail-
ability is limited.60 In contrast, in South Africa, bedaquiline-
containing regimens are the standard of care for treating
drug-resistant tuberculosis.24 These drugs are only withheld
when bedaquiline drug resistance has been detected or a
clinical contraindication against its use has been identified.
Drug costs remain high, although the cost of bedaquiline

has recently decreased due to the agreement between
Johnson & Johnson and the Stop TB Global Drug Facility
(GDF; Stop TB 2023). Therefore, current costs for treating
drug-resistant tuberculosis (which are high in all countries)
should be evaluated.43

Ethical considerations of bedaquiline use
The ethical principles that pertain to anti-tuberculosis
treatment are complicated.60–62 In line with the steward-
ship model of decision making in public health, states
should balance a duty of care for individuals and their rights
www.thelancet.com/microbe Vol ▪ ▪ 2024
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to autonomy to prevent harm to the population. Tubercu-
losis care and prevention are also guided by principles of
social justice and equity.62 Equity is especially challenging to
ascertain on a global scale where resources between coun-
tries are unequally distributed. For example, considerable
variability has been noted in terms of the access to medi-
cines such as bedaquiline and pretomanid (key elements of
the BPaLM regimen for MDR tuberculosis).43 Access is not
necessarily easier in richer countries as the supply of med-
icines is susceptible to market forces with a lower profit
incentive in richer countries where the demand for
tuberculosis medicines is often lower.
The availability of tools for detecting resistance is similarly

heterogeneous, which raises an important question as to
whether such tools should be mandated for drug develop-
ment. The increasing prevalence of bedaquiline resistance
brings into focus the balance between restricting its use
(to reduce the prevalence of new resistance, thus protecting
its use into the future) and enabling its use in reducing
tuberculosis-associated morbidity and mortality.63,64

Currently, <5% of people affected by tuberculosis use
bedaquiline, but the potential exists for this to be consider-
ably increased. The TRUNCATE-TB trial showed that
2 months of treatment with bedaquiline, linezolid, etham-
butol, and pyrazinamide (with follow-up and treatment of
persistent clinical disease and relapse) was not inferior to
6-month therapy for people with drug-sensitive tubercu-
losis.65 Bedaquiline may also be an effective treatment for
Panel 2: Main conclusions

• The ability to detect bedaquiline resistance, both phenotypically
• Bedaquiline resistance is present at low levels where it has bee

bedaquiline is being used.
• Most resistance is attributable to loss-of-functionmutations that

conferring highMICs due to alterations in the drug target, ATP sy
and MICs needs to be better documented.

• The emergence of resistance might be mitigated through adjustm
effective, and to overcome low-level bedaquiline resistance.

• Health systems should mitigate the risk of non-standard treatme
• Supporting people with tuberculosis through their treatment wit

by improving adherence amongpeoplewhodonot adhere to thei
half-life).

• Drug-resistant tuberculosis constitutes only 5% of new tuberculos
contacts of people with drug-resistant tuberculosis, drug-sensitiv
openly discussed and evaluated.

• Access is currently limited by both availability and cost.
• New drugs will not emerge without their development by th

bedaquiline took too long. The lengthy approval process needs t
endpoint for treating tuberculosis would be a major advanceme

• Current diagnostic and therapeutic tools against tuberculosis are in
increase in overall global investments to US$35 billion annually
elimination of tuberculosis and should be effectively implemente

• The bedaquiline workshop showed the value of dialogue betwee
improved cooperation between all stakeholders will facilitate the
tuberculosis.

www.thelancet.com/microbe Vol ▪ ▪ 2024
tuberculosis contacts, and there is a call to use it for non-
tuberculous mycobacteria (NTM) disease, which is often
more difficult to treat than drug-resistant tuberculosis.66

Alongside the cost and risk of resistance associated with
greater drug use, themain objections to extending the use of
bedaquiline to NTM are its low evidence of activity and the
negative health consequences in a population of individuals
generally older than those with tuberculosis and with
comorbidities that predispose them to developing NTM
disease. These considerations should bebalanced against the
risk of hearing loss associated with the protracted use of
aminoglycosides. Importantly, concomitant use of bedaqui-
line and rifamycins is not recommended owing to their
interactions.67

These specific issues reveal a broader need to ensure that
governments and the private sector (including pharma-
ceutical companies) contribute to equity in tuberculosis care
and prevention through their own policies and practices.
A socially just response to tuberculosis in general (specifi-
cally the use of bedaquiline) requires multilateral, global
cooperation and the balancing of many, often competing,
interests.

Beyond bedaquiline: the roles of the
pharmaceutical industry and drug-approval
processes
Constant tension exists between incentivising drug devel-
opment with intellectual property rights and ensuring
and genotypically, wherever bedaquiline is used, is a priority.
n tested, but evidence indicates that resistance is rising sharply in some populations where

increase bacterial drug efflux and have lowminimal inhibitory concentrations (MICs). Resistance
nthase, is less frequent. The association between different resistance-associated genetic variants

ents to the regimens to protect other drugs during the early phases, when bedaquiline is not

nts, especially in settings where people with tuberculosis are managed by private practitioners.
h a patient-centred continuum of care is likely to help tomitigate the development of resistance
r prescribed treatments (whichmight effectively becomemonotherapy due tobedaquiline’s long

is cases, and arguments will bemade for using bedaquiline to treat other groups, including close
e tuberculosis, and non-tuberculous mycobacteria infections. Treating such groups should be

e pharmaceutical industry. Despite accelerated processes, the development and approval of
o be addressed, in part by encouraging innovation. In particular, a validated surrogate
nt.
adequate for eradicating tuberculosis during the timescale of currentWHO targets. The five-fold
by 2030, as promised by the 2023 UN High-Level Meeting,76 could substantially accelerate the
d.
n diverse partners who all have the common goal of eliminating tuberculosis. Continued and
achievement of shared objectives and will ultimately improve the lives of those affected by
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Search strategy and selection criteria

We searched PubMed for articles published in English that
contained both “tuberculosis” and “bedaquiline” in the title or
abstract. When evaluating studies reporting bedaquiline
resistance in humans, we included both available systematic
reviews and relevant studies published thereafter. The final
references were selected on the basis of relevance to the scope
of this review.
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access to those drugs. No advances in novel drug develop-
ment could happen without pharmaceutical companies, so
incentivising them is essential. Bedaquiline took 20 years to
move from being a molecule of interest to part of a
WHO-recommended regimen,68 and the 20-year primary
patent expired in July, 2023. A combination of factors,
including activist pressure, patent court rejection, and nego-
tiations with Stop TB’s GDF for a licence to supply quality-
assured generic bedaquiline to most low-income and
middle-income countries, has led Johnson & Johnson to not
seek a secondary patent.69

The 20-year development process for bedaquiline
included an 8-year approval process, and pretomanid
approval took 19 years. In contrast, four new HIV and
hepatitis C virus (HCV) medications were approved in
1⋅6–4⋅7 years.70 The drug-approval process for tuberculosis
took longer despite accelerated processes used by the FDA
and European Medicines Agency, using drug-resistant
tuberculosis as a target population (which required
smaller trials) and involving fewer phase 2 and phase 3 trials
than those used to evaluate the HIV andHCV drugs. One
of the major reasons for the long development times was
the absence of a validated surrogate endpoint for tuber-
culosis. One step towards such an endpoint is repre-
sented by the recent publication of target-product profiles
for such tests.71

Inadequate investment in tuberculosis research and
development was also identified as being important.
Positive steps towards investment include the estab-
lishment of large, well-funded trial platforms and the
recent (non-binding) UNHigh-LevelMeeting (UNHLM)
political declaration to “commit to mobilise adequate,
predictable and sustainable financing for tuberculosis
research and innovation especially to high-burden
countries towards reaching US$5 billion a year by 2027”
(paragraph 68).72

One way that the pharmaceutical industry could sub-
stantially help to protect against drug resistance would be to
produce the formulations, protocols, and resources needed
for phenotypic testing (as mentioned in Obtaining accurate
data)muchearlier in the drugdevelopmentprocess.73 Could
such an approach potentially become a regulatory require-
ment before a drug is approved? A more feasible strategy
would be to establish at least a mechanism for population-
level or epidemiological surveillance of resistance and the
provision of a roadmap for increasing the availability ofDST
methods. Having the conversation, publicly identifying
points of difficulty, and establishinga timelinewouldhelp to
combat drug resistance.
Although we focused on bedaquiline in this Personal

View, tuberculosis treatment should always be considered
in terms of regimens rather than drugs. Developing drug
combinations that protect the more efficacious drugs, have
multiple mechanisms of action, and matched pharmacoki-
netics is also important. Such advances will become
increasingly important as the regimens become less
effective.
Conclusions
The introduction of bedaquiline-containing regimens is
genuinely good news that has already saved many thou-
sands of lives, and our discussion recognises that fact.
Bedaquiline-containing regimens are likely to become first-
choice treatments for bedaquiline-sensitive drug-resistant
tuberculosis, with improved activity and fewer side-effects
than other options.
We have briefly summarised and expanded upon issues

raised within the workshop and other sources.73–75 The
timing of this article is also important, with the recent
UNHLM expressing strong but non-binding political sup-
port, including greatly increased funding. We have
summarised our main conclusions in panel 2.
This Personal View represents expert opinion, further

informed by a literature review. It might not include per-
tinent but currently unpublished data unknown to the
authors. Some sections are limited to overviews rather than
in-depth analyses, given the extensive scope of the article.
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