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Bedaquiline resistance emerged in >15% of Mycobacterium tuberculosis complex strains obtained
from follow-up isolates of MDR-TB patients. Insufficient backbone regimens and cavitary disease
were associated with treatment failure and death. https://bit.ly/2UHoVyG
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Abstract
Rationale Bedaquiline has been classified as a group A drug for the treatment of multidrug-resistant
tuberculosis (MDR-TB) by the World Health Organization; however, globally emerging resistance
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threatens the effectivity of novel MDR-TB treatment regimens.

Objectives We analysed pre-existing and emerging bedaquiline resistance in bedaquiline-based MDR-TB
therapies, and risk factors associated with treatment failure and death.

Methods In a cross-sectional cohort study, we employed patient data, whole-genome sequencing (WGS)
and phenotyping of Mycobacterium tuberculosis complex (MTBC) isolates. We could retrieve baseline
isolates from 30.5% (62 out of 203) of all MDR-TB patients who received bedaquiline between 2016 and
2018 in the Republic of Moldova. This includes 26 patients for whom we could also retrieve a follow-up
isolate.

Measurements and main results At baseline, all MTBC isolates were susceptible to bedaquiline. Among
26 patients with available baseline and follow-up isolates, four (15.3%) patients harboured strains which
acquired bedaquiline resistance under therapy, while one (3.8%) patient was re-infected with a second
bedaquiline-resistant strain. Treatment failure and death were associated with cavitary disease (p=0.011),
and any additional drug prescribed in the bedaquiline-containing regimen with WGS-predicted resistance at
baseline (OR 1.92 per unit increase, 95% CI 1.15-3.21; p=0.012).

Conclusions MDR-TB treatments based on bedaquiline require a functional background regimen to
achieve high cure rates and to prevent the evolution of bedaquiline resistance. Novel MDR-TB therapies
with bedaquiline require timely and comprehensive drug resistance monitoring.

Introduction

Tuberculosis (TB) is an airborne infectious disease caused by bacteria of the Mycobacterium tuberculosis
complex (MTBC). TB remains one of the most challenging health issues worldwide: an estimated
1.4 million people died from this disease in 2019 [1]. Particularly, multidrug-resistant (MDR)-TB, i.e.
resistance against at least rifampicin and isoniazid, jeopardises TB control with poor treatment outcomes
despite long therapy durations of 9-18 months or more [2, 3].

Eur Respir J 2022; 59: 2100621


https://orcid.org/0000-0001-8353-5964
https://orcid.org/0000-0002-2385-2287
https://orcid.org/0000-0003-4203-8421
mailto:mmerker@fz-borstel.de
https://crossmark.crossref.org/dialog/?doi=10.1183/13993003.00621-2021&domain=pdf&date_stamp=
https://bit.ly/2UHoVyG
https://bit.ly/2UHoVyG
https://doi.org/10.1183/13993003.00621-2021
mailto:permissions@ersnet.org
https://doi.org/10.1183/13993003.00149-2022
https://doi.org/10.1183/13993003.00149-2022

EUROPEAN RESPIRATORY JOURNAL ORIGINAL RESEARCH ARTICLE | E. CHESOV ET AL.

Based on the result of a systematic review and a meta-analysis, the World Health Organization (WHO)
revised the guidelines for the management of patients with MDR-TB by prioritising the fluoroquinolones,
bedaquiline and linezolid (all classified as group A agents) in 2019 [2, 4]. In particular, the recently
introduced novel anti-TB drug bedaquiline raised great expectations with the potential to reduce death rates
[5], shorten MDR-TB treatment durations [6] and decrease treatment failure rates [7—10], and thus has
been administered to MDR-TB patients in >50 countries to date [11, 12]. Another important aspect is that
MTBC isolates are considered naive to bedaquiline as it was never administered under programmatic
conditions, although recently a study indicated pre-existing bedaquiline resistance pre-dating the
introduction of the drug in Southern Africa [13].

Bedaquiline is an adenosine triphosphatase (ATP) synthase inhibitor specifically targeting the protein
AtpE, a transmembrane subunit of the ATP synthase. Consequently, mutations in the atpE gene are
biologically linked to bedaquiline resistance [14]. Furthermore, mutations in Rv0678 encoding a
transcriptional regulator of the MmpS5-MmpL5 efflux pump, and mutations in the putative proline
aminopeptidase gene pepQ (Rv3525c) have been shown as secondary resistance mechanisms and,
importantly, can lead to cross-resistance against the chemically unrelated WHO group B agent clofazimine
[6, 15-18]. In clinical isolates, mutations in Rv0678 seem to be the main resistance-conferring mechanism
associated with variable minimum inhibitory concentrations (MICs) and often detected at variable
frequencies [19-26]. Of note, Rv0678 mutations often occur in combination with isolates/clones lacking
mutations in canonical bedaquiline and clofazimine resistance-associated genes, i.e. hetero-resistance
[19-22, 24, 27]. Pre-existing and emerging resistance against bedaquiline in failing treatment regimens
have raised concerns to lose this new front-line drug against MDR-TB [4, 26, 28, 29].

We sought to investigate events of bedaquiline resistance acquisition in MDR-TB patients receiving a
bedaquiline-based combination therapy and risk factors associated with treatment failure and death. We
employed a country-wide cross-sectional cohort study and performed bacterial whole-genome sequencing
(WGS), phenotyping and epidemiological analyses to investigate MTBC isolates and MDR-TB patients
who received bedaquiline in the Republic of Moldova (a country with one of the highest MDR-TB
burdens globally [1]), between 2016 and 2018.

Material and methods

Selection of patients receiving bedaquiline between 2016 and 2018

Using the national TB electronic database (Sistemul Informational de Monitorizare si Evaluare al
Tuberculozei/Tuberculosis Monitoring and Evaluation Information System (SIMETB)) in the Republic of
Moldova, we retrospectively identified all MDR-TB patients who started a bedaquiline-containing treatment
regimen between 1 January 2016 and 31 December 2018, and who had at least one MTBC isolate (prior to
or after initiation of this treatment episode) stored in the biobank of the National Tuberculosis Reference
Laboratory in Chisinau, Republic of Moldova. Patient isolates from three other laboratories in the country
(Balti, Vorniceni and Bender) are not routinely stored, and were not available for inclusion in this study.
Routine phenotypic drug susceptibility test (DST) results for TB and MDR-TB antibiotics, demographic
and clinical data including treatment regimens and outcomes were extracted from SIMETB.

Phenotypic antimicrobial susceptibility testing

For all isolates, we determined growth at 0.5 mg-L™", 1.0 mg-L™" (corresponding to the WHO critical
concentration) and 2.0 mg-L™" of each of bedaquiline, clofazimine and linezolid using the Bactec MGIT
960 system (Becton Dickinson, USA). Routine antimicrobial susceptibility testing for other antibiotics
were performed in MGIT 960 using WHO recommended critical concentrations and according to
manufacturer’s instructions and as instructed in the WHO guidelines [30]. Handling details can be found in
the supplementary methods.

Whole-genome sequencing

Extracted DNA (see supplementary methods) of 97 M. tuberculosis isolates obtained from 71 MDR-TB
patients receiving bedaquiline-containing regimens was subjected to WGS at the Research Center Borstel,
Germany with a minimum average genome coverage of x50, using paired-end DNA libraries and Illumina
technology (Nextera-XT and NextSeq500) according to the manufacturer’s instructions (Illumina, USA).
Fastq files (raw sequencing data) were submitted to the European Nucleotide Archive (accession numbers
provided in supplementary table S1) and mapped to the M. tuberculosis H37Rv reference genome
(GenBank ID: NC_000962.3) using the MTBseq pipeline [31]. Briefly, we considered mutations (single
nucleotide polymorphisms (SNPs), insertions and deletions) in 92 genes implicated in drug resistance [32]
and covered by a minimum of one read in both forward and reverse orientation, and one read calling the
allele with a phred score of >20. Genotypic resistance prediction was performed on the basis of a curated
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mutation catalogue employed at the Supranational Reference Laboratory at the Research Center Borstel,
based on information available on 3 July 2020. Based on WGS results we classified MTBC isolates as
extremely drug resistant (XDR; i.e. MDR plus additional resistance against any fluoroquinolone and at
least one injectable drug) according to the WHO classification until December 2020, and pre-XDR (i.e.
MDR plus additional resistance against any fluoroquinolone or at least one injectable drug).

Statistics

Predictors for negative treatment outcomes and odds ratios were analysed using univariate logistic
regression. Odds ratios for contingency tables with zero cell count were corrected using the Haldane—
Anscombe method adding 0.5 to each cell. Means of patient age (non-normal distribution) were compared
using Mann—-Whitney U-tests; other variables described in supplementary table S2 were compared using
Fisher’s exact test.

Ethics

No physical interventions took place with the patients and all of the information collected was anonymised
at the source. The study protocol was approved by the institutional review board of the Institute of
Phthisiopneumology “Chiril Draganiuc”, Chisinau, Republic of Moldova (#1/07.2019).

Results

Study population

Between 1 January 2016 and 31 December 2018, 2967 patients initiated MDR-TB treatment in the
Republic of Moldova (1413 new and 1554 re-treatment cases). In total, 203 (6.8%) of all MDR-TB
patients received bedaquiline as part of their anti-TB treatment regimen (figure 1). For this study, we could
retrieve MTBC cultures at the National Reference Laboratory for Mycobacteriology in Moldova from 82
(40.4%) out of 203 patients; cultures from the remaining 121 patients were not available after routine
diagnostics (figure 1; refer to Material and methods). Furthermore, MTBC cultures from 11 patients failed
to grow or were contaminated, and for nine patients we could only receive a follow-up culture, resulting
in 62 (30.5%) out of 203 patients with a baseline MTBC isolate, prior to the start of the
bedaquiline-containing MDR-TB regimen (figure 1).

This cohort comprised 18 new and 44 re-treatment cases; the median age was 39 years (interquartile range
(IQR) 34-45 years). The majority of the patients were HIV-seronegative (54 (87.1%) out of 62), diagnosed
with cavitary disease (45, 72.6%) and male (50, 80.6%).

No differences were observed for characteristics of patients not included in the subsequent analysis (due to
lack of MTBC culture, or only follow-up culture available) with regard to residence, gender, age,
microscopy result, case definition, HIV status and treatment outcome (p>0.09; supplementary table S2).

Approximately half of the patients were infected with a MTBC lineage 2 isolate (35 (56.5%) out of 62),
while the other patients were infected with a MTBC lineage 4 isolate (27, 43.5%). Isolates of other MTBC
lineages were not identified in our MDR-TB cohort (supplementary table S1).

Based on WGS results, 20 (32.3%) out of 62 patients were classified as pre-XDR (supplementary table
S1), and 31 (50.0%) were classified as XDR prior to the start of the bedaquiline-containing therapy
regimen. Resistance proportions to individual drugs, as predicted by WGS, were as follows: 62 (100%) out
of 62 streptomycin, 41 (66.1%) ethambutol, 44 (71.0%) pyrazinamide, 37 (59.7%) fluoroquinolones,
45 (72.6%) kanamycin, 15 (24.2%) amikacin, 14 (22.6%) capreomycin, 47 (75.8%) ethionamide, 16 (25.9%)
para-aminosalicylic acid and eight (12.9%) cycloserine (supplementary table S1). Within a personalised
therapy regimen of at least five antibiotics, patients received a median of one drug (IQR 0.75-2.0) with
WGS-predicted drug resistance at baseline (supplementary table S1).

At the time of analysis, 10 (16.1%) out of 62 patients were either still on treatment or lost to follow-up.
Among the remaining 52 patients, 37 (71.2%) were considered as cured (i.e. no clinical or microbiological
signs of disease relapse, up to 6 months after treatment completion), three (5.8%) died and 12 (23.1%)
patients experienced signs of treatment failure, i.e. no negative culture within 8 months of treatment
(supplementary table S1). The proportions of treatment failure (27.0%) and death (8.2%) were comparable
among the patients who were excluded from the analysis (p >0.71; supplementary table S2).

In the following section, we first describe bedaquiline resistance-associated mutations and their resulting

phenotype. We then investigate in detail events of emerging bedaquiline resistance among 26 patients with
baseline and follow-up isolates, and then analyse factors associated with negative treatment outcomes.
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2967 patients started on MDR-TB treatment
2016-2018

A A

203/2967 (6.8%) patients received bedaquiline
as part of their regimen

v
82/203 (40.4%) patients with available MTBC
isolates prior to and/or after bedaquiline
treatment

No growth or contamination of MTBC
cultures from 11 patients

A A

71/203 (35.0%) patients, who received
bedaquiline in the study period included

9 patients with only follow-up MTBC isolates;
of which 4 resistant against bedaquiline

v
62 patients with MTBC isolates sampled prior to
bedaquiline treatment (baseline)

0/62 (0%) resistant against bedaquiline 36 patients lacking a follow-up culture

For 7 culture-positive patients no specimen
available after routine diagnostics

A A

26 patients with baseline and follow-up
MTBC isolates

29 patients were culture-negative after starting a
bedaquiline-containing regimen

4/26 (15.4%) patients with acquired
bedaquiline resistance

1/26 (3.8%) patient with a re-infection of a
bedaquiline-resistant strain

FIGURE 1 Study flow chart. MDR-TB: multidrug-resistant tuberculosis; MTBC: Mycobacterium tuberculosis
complex.

Phenotypic and genotypic resistance against bedaquiline

We identified nine MTBC isolates with mutations in the genes atpE and/or Rv0678, out of which one
isolate had mutations in atpE only, six isolates had mutations in Rv0678 only and two isolates had
mutations in both genes (table 1). Eight MTBC isolates had a bedaquiline MIC of >2.0 mg-L™" and thus
tested resistant in MGIT 960; one isolate (CAR-84) with two mutations in Rv0678 tested susceptible to
bedaquiline (MIC 1.0 mg-L™!) (table 1, supplementary figure S1). Notably, we found in seven isolates
more than one mutation in atpE and/or Rv0678 at different frequencies, indicating the existence of different
subpopulations in these patients. All bedaquiline-resistant isolates were follow-up isolates from patients
who were exposed to bedaquiline containing MDR-TB regimens for 77-451 days (table 1).

Emerging bedaquiline resistance

Among 26 patients with available MTBC isolates prior and after administration of bedaquiline, baseline
and follow-up isolate differed by a maximum of four SNPs, while four (15.4%) patients were probably
re-infected with a second isolate with 26-1126 SNPs difference compared to the respective baseline isolate
(supplementary table S1).

In total, four (15.4%) out of 26 patient isolates acquired bedaquiline resistance following 90, 159, 348 and
451 days of bedaquiline administration (table 1). One follow-up isolate (patient 29) with the mutation atpE
p.I66M (97% frequency) was phenotypically bedaquiline-resistant, but clofazimine-susceptible (table 1). A
second follow-up isolate (patient 12) carried three mutations in the gene Rv0678 with variable frequencies
(p.D5fs (57%), p.G24D (19.8%) and p.S64fs (13%)). Another two follow-up isolates acquired the
mutations atpE p.A63P (25%) in combination with Rv0678 p.S64fs (2%) (patient 2), and the combination
atpE p.E61D (28%), atpE p.I66M (3%), Rv0678 p.S63fs (5%) and p.S64fs (44%) (patient 57; table 1).
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TABLE 1 Patients with whole-genome sequencing predicted bedaquiline (BDQ)-resistant Mycobacterium tuberculosis complex isolates in the

Republic of Moldova between 2016 and 2018

Patient (isolate ID), sampling time

Rv0678 (mutation atpE (mutation BDQ MIC MGIT 960 CFZ MIC MGIT 960

frequency %) frequency %) (mg-mL™?) (mg-mL™Y)
Patient 29 (CAR-13), prior to BDQ Wild-type Wild-type <0.5(S) <0.5(S)
Patient 29 (CAR-38), after BDQ, Wild-type 166M* (97%) >2.0 <0.5 (S)
acquired resistance
Patient 12 (CAR-52), prior to BDQ Wild-type Wild-type <0.5(S) <0.5(S)
Patient 12 (CAR-61) after BDQ, 16_del_g (57.4%) Wild-type 2.0 1.0 (S)
acquired resistance 193_del_g“ (12.7%)
G24D (19.8%)
Patient 2 (CAR-78), prior to BDQ Wild-type Wild-type <0.5(S) <0.5 (S)
Patient 2 (CAR-87), after BDQ, 192insG* (2%) A63P* (25%) >2.0 (R) 2.0 (R)
acquired resistance
Patient 37 (CAR-10), prior to BDQ Wild-type Wild-type <0.5(S) <0.5 (S)
Patient 37 (CAR-18), after BDQ, T58P (100%) Wild-type 2.0 (R) 1.0 (S)
re-infection
Patient 57 (CAR-45), prior to BDQ Wild-type Wild-type <0.5(S) <0.5 (S)
Patient 57 (CAR-55), after BDQ, 193_del_g" (44.4%) E61D* (27.5) >2.0 (R) 1.0 (S)
acquired resistance S63G* (5.5%) 166M* (2.6%)
Patient 32 (CAR-84), after BDQ 192_ins_g" (74.2%) Wild-type 1.0 (S) 1.0 (S)
193_del_g" (5.7%)
Patient 71 (CAR-40), after BDQ 192ins_g" (23.8%) Wild-type >2.0 (R) 2.0 (R)
L142P (64%)
Patient 61 (CAR-1), after BDQ 136_ins_g (7.1%) Wild-type >2.0 (R) 2.0 (R)
141_ins_c* (69.0%)
195_ins_t" (5.8%)
G66W (6.0%)
Patient 33 (CAR-43), after BDQ 436_ins_t (90.2%) Wild-type >2.0 (R) >2.0 (R)

R72W (28.5%)

MIC: minimum inhibitory concentration; CFZ: clofazimine; S: susceptible; R: resistant. *: mutation reviewed in [33].
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No additional drug resistances emerged under bedaquiline-containing treatment regimens, except patient
56, who had a follow-up isolate which acquired the mutation rrs g.1484 g/t in the 16S rRNA gene
mediating cross-resistance against the second-line injectable drugs kanamycin, capreomycin and amikacin
(supplementary table S1). However, we found one isolate that virtually lost phenotypic resistance against
all second-line injectable drugs as well as one fluoroquinolone resistance mediating mutation (patient 2;
supplementary table S1). The baseline isolate from patient 2 harboured the mutations rrs 1401 a/g (63%)
and gyrA p.D94G (61%) in combination with gyrA p.S91P (44%). In the follow-up isolate that tested
susceptible to all second-line injectable drugs, the mutations rrs g.1401 a/g and gyrA p.D94G were
reduced to a frequency of 4% and 0.5%, respectively. In contrast, the mutation gyrA p.S91P increased to a
frequency of 96% (supplementary table S1).

Among the four patients re-infected with a different MTBC strain, patient 37 was re-infected with a
bedaquiline-resistant strain carrying the mutation Rv0678 p.T58P at a frequency of 100%. Although the
second isolate had the same genotype (lineage 2.2.1/Europe/Russian W148 outbreak), a genetic distance of
26 SNPs compared to the baseline isolate clearly pointed towards a re-infection (table 1, supplementary
table S1).

Risk factors for failure of bedaquiline-based MDR-TB therapies

To determine risk factors of bedaquiline-based therapies, we analysed predictors for a negative outcome, i.e.
death or treatment failure, for 52 (83.9%) out of 62 patients with available treatment outcome data. In a
univariate logistic regression analysis, we included the following factors: MTBC lineage, gender, case
definition, XDR, presence of cavities in chest radiographs, HIV status, age and number of drugs with
predicted resistance (in the following also referred to as “inactive drugs”) as part of the bedaquiline containing
MDR-TB therapy regimen (table 2). We found cavitary disease (p=0.011) associated with a negative treatment
outcome. Furthermore, an increasing number of inactive drugs increased the odds of treatment failure (OR
1.92 per unit increase, 95% CI 1.15-3.21; p=0.012) (table 2, figure 2). Likewise, most regimens included
antibiotics with WGS-predicted resistance at baseline and patients with a negative outcome had more inactive
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TABLE 2 Univariate analysis of factors associated with negative treatment outcomes of bedaquiline-based

multidrug-resistant tuberculosis therapies

Negative outcome Positive outcome OR (95% ClI) p-value

Patients 15 37
Lineage

L2 8 (53.3) 20 (48.6) Reference

L4 7 (46.7) 17 (51.4) 1.03 (0.31-3.43) 1.0
Gender

Female 4 (26.7) 6 (19.4) Reference

Male 11 (73.3) 31 (83.8) 0.53 (0.13-2.25) 0.448
Case

New case 4 (26.7) 13 (32.4) Reference

Previously treated 11 (73.3) 24 (67.6) 1.49 (0.39-5.63) 0.747
Resistance category

Not XDR* 6 (40.0) 18 (35.1) Reference

XDR* 9 (53.3) 19 (45.9) 1.42 (0.42-4.80) 0.760
Cavitary

No 0" (0.0) 13" (32.4) Reference

Yes 15" (100.0) 24" (67.6) 17.08 (0.95-308.6) 0.011
HIV status

Negative 11 (73.3) 34 (91.9) Reference

Positive 4 (26.7) 3(8.1) 4.12 (0.80-21.34) 0.173
Inactive drugs” 2 1 1.92 (1.15-3.21) 0.012
Age" years 35 41 0.97 (0.90-1.04) 0.427

Data are presented as n or n (%), unless otherwise stated. Bold type represents statistical significance (p<0.05).
XDR: extensively drug resistant. *: World Health Organization classification until 2020, i.e. resistance against one
fluoroquinolone and one second-line injectable drug; ¥: median; *: Haldane-Anscombe correction adding 0.5 to
each cell to allow calculation of odds ratio.

drugs (on average 2.33) included in their bedaquiline-containing regimen compared to patients with positive
treatment outcomes (on average 1.27 inactive drugs; p=0.018, Mann—Whitney U-test).

Discussion

In this cross-sectional cohort study, we report bedaquiline resistance acquisition in >15% of all MDR-TB
patients who received bedaquiline as part of their treatment regimen, and with available follow-up cultures.
The odds for negative treatment outcomes increased with the presence of cavities and the number of
ineffective drugs included in a regimen. Nevertheless, despite high numbers of re-treatment cases and
extended drug resistance profiles, bedaquiline-based regimens achieved high cure rates (71%) among our
patient cohort, which is also reflected by the overall low number of positive follow-up cultures.

Emerging resistance against bedaquiline has been described in patients previously [19-25, 28, 29]. In
addition, high MICs among patient isolates who were never exposed to bedaquiline (and/or clofazimine)
may potentially jeopardise the effectiveness of currently endorsed MDR-TB treatment regimens [13, 19—
25, 28, 29]. New information from this study, in which all available baseline isolates were
bedaquiline-susceptible, indicates that the success of bedaquiline-containing therapies relies on a functional
background regimen excluding underling resistances to the administered antibiotics [4]. Another important
factor associated with treatment outcomes is the presence of pulmonary cavities, which further promote the
emergence of drug resistance most likely due to higher bacterial loads [34-37]. Larger cavities may hinder
drugs in reaching the central lesion that contain the highest bacterial load [37]. For example, clofazimine is
unable to reach the necrotic centre of caseous lesions, and bedaquiline accumulates rather in cellular
regions of a granuloma, while linezolid and moxifloxacin effectively penetrate all lesion types [36, 38, 39].
Thus, cavities provide a micro-environment for the infecting MTBC strain with variable drug
concentrations, and especially bedaquiline levels might temporarily fall below effective concentrations.
This changing micro-environment may select different subpopulations of bedaquiline-resistant clones, but
susceptible bacteria remain which lack any mutations in the canonical resistance genes (Rv0678, atpE,
pepQ), as seen in our study and observed previously [19-22, 24, 27].

The complex pathology of granulomas, pharmacokinetics and pharmacodynamics can usually not be
considered in routine clinical practice. However, rapid and comprehensive DST is key for personalised

https://doi.org/10.1183/13993003.00621-2021 6



EUROPEAN RESPIRATORY JOURNAL

ORIGINAL RESEARCH ARTICLE | E. CHESOV ET AL.

n=1
1.00 bt
0.75+ :
i
4] B
£ ]
£ ;
g ]
3 n=5 :-"
g @ ®
g n=5
©
o
@ 0.50-
2
®
Y]
()
o
<
5
S
5 ® n=12
g n=11
o ([ ]
0254 -
. n=18
0.00-
T T T T J :
0 1 2 3 4 5

Number of inactive drugs

FIGURE 2 Proportions of negative treatment outcomes, relative to
the number of drugs used despite predicted resistance at baseline,
for patients in the Republic of Moldova who received bedaquiline
and at least four additional drugs as part of their
multidrug-resistant tuberculosis regimen (2016-2018). Numbers
indicate patients per category.

MDR-TB treatment [40]. Resistance to pyrazinamide, for instance, is not routinely performed in many
high-burden MDR-TB countries, and fluoroquinolones may be still given to patients despite proven
resistance when no other antibiotics are available (personal communication; Aliona David, Chiril
Draganiuc Phthisiopneumology Institute, Chisinau, Republic of Moldova). Nevertheless, we show the
immediate risk of resistance development when bedaquiline is administered in partially ineffective
background regimens. This is aggravated by the fact that the diagnostic work-up of rifampicin-resistant TB
and MDR-TB is currently hampered by a lack of rapid (i.e. sputum-based) genotypic tests to rule out
resistance to the WHO group A medicines bedaquiline and linezolid [18]. New approaches such as early
targeted next-generation sequencing, e.g. using the Deeplex assay [41], or even WGS of the MTBC
genome directly from patient specimens [42] may complement confirmatory phenotypic DST to further
improve management of MDR-TB patients in high-burden countries such as the Republic of Moldova.

Universal DST is an important measure, but not the only way to reduce the risk of drug resistance
development under therapy. The current WHO recommendations for the management of MDR-TB give
advice for situations with underlying drug resistances or intolerance against certain anti-TB drugs, and
provide recommendations for surgery as adjunctive therapy option [43]. Unfortunately, in the Moldovian
setting, the design of second-line treatment regimens is driven by the availability of drugs. Surgery is
performed in accordance with WHO recommendations and mostly on the basis of individual decisions,
especially in patients with cavitary diseases. Furthermore, poor treatment adherence and treatment
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interruption as well as patients refusing medication probably contribute to the selection of
bedaquiline-resistant strains. Thus, increasing patient awareness about the importance of medication
adherence and regular drug supply is crucial to design effective MDR-TB therapies and reduce the risk of
resistance evolution.

However, high costs of bedaquiline, lack of evidence on drug safety, limited experience with regard to
side-effects, and sometimes bureaucratic barriers further complicate the programmatic implementation of
bedaquiline in many high-burden MDR-TB settings [44]. These factors were the reasons only 203 patients
were actually treated with bedaquiline in the Republic of Moldova during the study period 2016-2018, as
compared to all eligible MDR-TB patients in that timeframe. Following the WHO endorsement of
bedaquiline as a group A MDR-TB drug in August 2018 [45], bedaquiline became available for the
majority of all MDR-TB patients.

This cross-sectional cohort study has some limitations. We could only retrieve MTBC isolates from 35%
of all patients who received bedaquiline between 2016 and 2018 in the Republic of Moldova. This
emphasises the immediate benefit of universal culture and DST for future studies; in particular, systematic
biobanking of MDR MTBC strains will provide crucial information for drug resistance surveys. However,
sampling of MTBC isolates in this study occurred prior to phenotypic and genotypic investigations and
was not biased towards bedaquiline resistance. Due to overall rapid culture conversion times under
bedaquiline treatment, and thus a lack of follow-up cultures for many patients, acquired bedaquiline
resistance is mainly observed among patients with longer culture conversion times. Furthermore, cavitary
disease is associated with negative treatment outcomes, but is probably also contributing to the emergence
of antibiotic resistance during therapy, and needs to be considered as confounding factor for any
association between resistance and treatment outcome.

In conclusion, we show that bedaquiline resistance emerged among >15% of MTBC strains from MDR-TB
patients with available bacterial isolates prior and during bedaquiline therapy. MDR-TB therapy with an
insufficient number of active drugs and cavitary disease were considered risk factors for treatment failure
and death in this cohort. Availability of adequate treatment regimens based on information provided by
comprehensive and timely genotypic and phenotypic DSTs will be key to improve treatment outcomes for
patients with MDR-TB and to avoid the evolution of drug resistance in circulating MDR-MTBC strains.
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