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Background: Non-tuberculous mycobacteria (NTM) infections are increasing in incidence and associated mor-
tality. NTM are naturally resistant to a variety of antibiotics, complicating treatment. We conducted a literature
assessment on the efficacy of bedaquiline in treating NTM species in vitro and in vivo (animal models and hu-
mans); meta-analyses were performed where possible.

Method: Four databases were searched using specific terms. Publications were included according to predefined cri-
teria. Bedaquiline’simpact on NTMin vitro, MICs and epidemiological cut-off (ECOFF) values were evaluated. A meta-
analysis of bedaquiline efficacy against NTM infections in animal models was performed. Culture conversion, cure
and/or relapse-free cure were used to evaluate the efficacy of bedaquiline in treating NTM infection in humans.

Results: Fifty studies met the inclusion criteria: 33 assessed bedaquiline’s impact on NTM in vitro, 9 in animal
models and 8 in humans. Three studies assessed bedaquiline’s efficacy both in vitro and in vivo. Due to data pau-
city, an ECOFF value of 0.5 mg/mL was estimated for Mycobacterium abscessus only. Meta-analysis of animal
studies showed a 1.86x reduction in bacterial load in bedaquiline-treated versus no treatment within
30 days. In humans, bedaquiline-including regimens were effective in treating NTM extrapulmonary infection
but not pulmonary infection.

Conclusions: Bedaquiline demonstrated strong antibacterial activity against various NTM species and is a prom-
ising drug to treat NTM infections. However, data on the genomic mutations associated with bedaquiline resist-
ance were scarce, preventing statistical analyses for most mutations and NTM species. Further studies are
urgently needed to better inform treatment strategies.

Introduction

Non-tuberculous mycobacteria (NTM) is a heterogeneous group
of environmental microorganisms that comprise more than 193
species (https://www.bacterio.net/genus/mycobacterium). NTM
have the capacity to cause a variety of diseases in humans such
as TB-like pulmonary or extrapulmonary disease, cervical lymph-
adenitis, visceral and disseminated disease in immunocomprom-
ised individuals.»* NTM infections are a health concern worldwide
due to increasing incidence and associated mortality rates.’
Mycobacterium avium complex (MAC) and Mycobacterium ab-
scessus are the most common pathogens associated with pul-
monary NTM diseases, accounting for >90% of all reported

cases.” Diagnosis of NTM infection is complicated due to the large
number of NTM species, the overlap between the symptoms of TB
and NTM disease, and the similar microscopic morphology of NTM
to Mycobacterium tuberculosis. Treatment of NTM disease is diffi-
cult due to the limited number of therapeutic options™® as NTM
species are naturally resistant to several available antibiotics.®
Following favourable treatment outcomes in several clinical
and preclinical trials, the US FDA approved bedaquiline in 2012
for treatment of TB caused by infection with drug-resistant
M. tuberculosis.” In 2012, the WHO listed bedaquiline as one of
the three core drugs for treatment of rifampicin-resistant TB.
Alimited number of studies have investigated the susceptibil-
ity of NTM species to bedaquiline®® and have assessed the
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efficacy of bedaquiline in treating NTM diseases in animal models
and humans.®~** We aimed to systematically review the litera-
ture on the in vitro susceptibility of NTM to bedaquiline, including
the distribution of MICs, and the efficacy of bedaquiline for treat-
ment of NTM disease in animal and human studies. Moreover, we
generated a profile of bedaquiline-resistant mutations identified
in various NTM species.

Methods

This systematic review was conducted according to the PRISMA and
meta-analysis quidelines!? (PROSPERO CRD42020179792).

Search strategy and selection criteria

We searched four databases: PubMed, Web of Science, Scopus and
PubMed European using the search terms: (bedaquiline OR diaryl quino-
lines OR diarylquinolines OR BDQ OR TMC207 OR R207910 OR Sirturo)
AND (nontubercul* mycobacterium OR nontubercul* mycobacteria OR
non-tubercul* mycobacterium OR non-tubercul* mycobacteria OR NTM
OR atypical mycobacteria OR Mycobacteria other than tuberculosis OR
MOTT) AND (abscessus OR avium complex OR chelonae OR fortuitum
OR kansasii OR marinum OR scrofulaceum OR smegmatis OR ulcerans
OR xenopi OR intracellulare), without language or date restrictions. The
last search was conducted in December 2022.

After removing duplicate studies, article titles, abstracts and full texts
were independently reviewed by three authors (S.0., M.K. and M.G.W.),
using defined inclusion criteria as follows: (i) studies reporting on pheno-
typic and/or genotypic susceptibility to bedaquiline in NTM species using
in vitro or in vivo method(s); and (i) studies reporting on the efficacy of
bedaquiline for treatment of NTM disease, in animal models or human
studies. Reviews, conference articles and book chapters were excluded.
Studies with both NTM and M. tuberculosis isolates but no stratification
by mycobacterial species or microbiological results for individual isolates,
as well as articles that discussed the use of bedaquiline for NTM but did
not present any primary data, were also excluded. The reference lists of
included articles were reviewed for any further relevant publications.
When required, conflicts were settled by discussion between the three
authors.

Data extraction

Data extraction was performed by one author (S.0.) and reviewed by an-
other author (M.K.) to avoid errors. In case of disagreement between the
two authors, a third author was consulted (M.G.W.).

For in vitro studies, the data extracted from each study included year
of publication, first author, number of isolates tested (overall and by NTM
species), study design, method of drug susceptibility testing (DST) used,
bedaquiline MIC concentrations tested, bedaquiline MIC of NTM strains,
reported classification as resistant or susceptible, presence of variants
in genes that may confer resistance to bedaquiline, and sequencing
method. Given the scarcity of data from NTM species, data from both clin-
ical and non-clinical isolates were included.

For human and animal model studies, the data extracted from each
study included the year of publication, first author, study design, study lo-
cation, number of patients/animals included in the study, drug regimen,
bedaquiline doses used, bedaquiline treatment duration, route of deliv-
ery, treatment outcome, follow-up duration, and participant demograph-
ics (age, sex and type of disease). When no raw data were provided,
authors were contacted, otherwise data extraction (mean =+ standard de-
viation) from graphs was performed using WebPlotDigitizer (version
4.3).13 However, some data were difficult to extract using software, ne-
cessitating manual interpretation. Where data were provided as mean

+ standard error of the mean (SEM), standard deviation (SD) was ob-
tained by multiplying the square root of the sample size.

Quality assessment and risk of bias

Two authors (S.0. and M.G.W.) assessed the risk of bias and the quality of in-
dividual studies independently using the Quality Assessment of Diagnostic
Accuracy Studies tool** for in vitro studies, the SYstematic Review Centre
for Laboratory animal Experimentation (SYRCLE) tool for animal model stud-
ies (S.0. and M.GW.)*> and the Joanna Briggs Institute 2017 Critical
Appraisal Checklist for case series and case reports.'® Disagreement be-
tween the two authors was resolved by consulting a third author (M.K. for
in vitro and human studies, and M.B.N. for animal studies).

Data analysis

Data analysis for in vitro studies and meta-analysis was performed by S.0.
and confirmed by Dr Michael McCaul.

In vitro studies

Only isolates with clear MICyg values and one replicate per isolate were
included in the analysis and distribution of WT isolates (excluding
non-WT, reference and non-clinical strains) depicted graphically for vari-
ous NTM species with 50 WT isolates being the minimum number used for
a histogram. MIC is defined as the lowest concentration of an antimicro-
bial agent that inhibits the growth of 99% of an organism. MICqg was re-
presented as MIC. The most frequent MIC value was used to define the
mode. The epidemiological cut-off values (ECOFFs) and/or tentative
ECOFF (T-ECOFF) values were estimated visually and/or statistically by
using the ECOFFinder program!” and following EUCAST guidelines.'®
Isolates reported with MIC values of ‘lower or equal to’ (<) were consid-
ered as equal to the particular MIC reported for simplicity and for the pur-
pose of visualizing the histogram (e.g. <0.016 was reported as =0.016).

Due to the paucity of data related to the genomic mutations asso-
ciated with phenotypic bedaquiline resistance, a descriptive analysis
was performed only.

Animal model studies

To evaluate the treatment outcome ‘decrease in bacterial load’ ex-
pressed as logio cfu, meta-analysis was performed using Cochrane
Collaboration Review Manager Software version 5.4.1.° Due to the varia-
tions in mouse strains between animal model studies, the summary ef-
fect with 95% CI was calculated using the random-effects model. To
account for different treatment durations and variations between studies
in bacterial strains/subspecies, we converted the analysis to standardized
mean differences (SMDs) and 95% CI was used for meta-analysis of treat-
ment for up to 30 days.2%-%? Results were considered statistically signifi-
cant at P<0.05. Heterogeneity was measured using I? (with x> and 95%
CI) and assessed and interpreted according to the guidelines outlined in
the Cochrane Handbook for Systematic Reviews of Interventions.??
Where data were insufficient to perform meta-analysis, a descriptive
analysis was considered instead.

Human studies

The efficacy of bedaquiline for treatment of NTM diseases was measured
in terms of (time to) culture conversion, cure and/or relapse-free cure.
Cure was defined as treatment completed with three or more consecu-
tive negative cultures and symptom improvement with no relapse re-
ported within the study period. Relapse is defined as reverting to
culture positivity after initial successful treatment with culture conver-
sion. Treatment failure was defined as the lack of three consecutive nega-
tive cultures, lack of symptom improvement, evidence of additional
acquired resistance to the drugs, or adverse drug reactions (ADRs).
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Results

Search results

We identified 374 records through the preliminary search.
Following deduplication, 269 unique scientific research articles
remained for potential inclusion in the review. Screening of the ti-
tle, abstract and full text identified 50 eligible scientific articles re-
porting on the effect of bedaquiline on various NTM isolates

(Figure 1). Thirty-three studies reported on in vitro experi-
ments®®24~>* (Table 1), while only nine animal model stud-
ies*10°5°61 qnd eight human studies'™®?"*® (Table 3) were
found, with three studies assessing bedaquiline efficacy both in
vitro and in vivo. Thus, these three studies®™6%® were added to
the in vitro analysis to compile a total of 36 studies conducting
in vitro analysis. Of the 36 in vitro studies, 13 studies performed
genotypic analysis.

Search Results

—
3 Records identified through database
- searching
& (n=374)
-
=
o
)
l
—
Records after duplicates removed
8o (n=269)
=
c
o
“b, Records screened for title and abstract Articles excluded. with
(n = 269) E—— reasons
(n=186)
|
l
E Full-text articles assessed for Full-text articles excluded.
= eligibility —_— with reasons
T (n=283) (n=33)
—’
P Y
o Studies included n ymo analys%s (= 332
B (0= 50) _— Animal analysis (n=9)
Té. ) Human studies (n = 8)*
| S

Figure 1. Flow diagram of studies selection. *One animal study and two human studies performed in vitro analysis and were included in our in vitro

analysis.
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Description of the included studies

In all 50 included studies, phenotypic MIC data for bedaquiline of
2777 (excluding duplicates) isolates were reported, including
2571 (92.5%) clinical isolates, 59 (2.1%) non-clinical isolates
that were generated in vitro, 124 (4.5%) reference strains and
23 (0.8%) for which data on the isolate origin were not available.
Out of these 2777 isolates, 1527 (55%) isolates were rapidly
growing NTMs (43 species), while 1250 (45%) isolates were slow-
growing NTMs (33 species).

M. abscessus species constituted most (84%) of the rapidly
growing isolates (1288/1527 isolates, 29 studies), followed by
Mycobacterium fortuitum (109 isolates, 7%, 9 studies). Among
the slow-growing species, Mycobacterium intracellulare (452/
1250 isolates, 36%, 11 studies), M. avium (336 isolates, 27%,
14 studies), Mycobacterium kansasii (246 isolates, 20%, 9 studies)
and MAC (110 isolates, 9%, 2 studies) were the most frequently
reported species. The remaining species were represented by
<50 isolates each.

In vitro studies

The characteristics of studies included in in vitro analysis are pre-
sented in Table 1. In summary, bedaquiline DST was performed
using MIC for 2763 isolates, of which 37 isolates underwent
DST using minimum bactericidal concentration (MBC) as well.
Bedaquiline MIC was assessed using several methods: CAMHB
was the most common method used (17 studies) in which a total
of 1995 (72.2%) isolates of different species were characterized,
followed by Sensititre plates (345 isolates, 13%, 3 studies), 7H9
(213 isolates, 7.7%, 5 studies), 7H10 (96 isolates, 3.5%, 4 studies)
and 7H11 (60 isolates, 2%, 2 studies). Resazurin microtitre assay
(REMA), R medium, 7H11+5% BSA and Léwenstein-Jensen me-
dium were used in various studies for the remaining isolates,
with <50 isolates tested by each method. MBC was assessed
using three methods including 7H10, Luria broth agar, and
Mueller-Hinton plates, but no method was applied to >50 iso-
lates. One study did not specify the media they used on one iso-
late (Table S1, available as Supplementary data at JAC Online).

A total of 13 (36%) studies performed genotypic analysis for
1008 isolates (951 clinical and 57 non-clinical) using different se-
quencing approaches. Sanger sequencing was the most common
approach, used for 729 isolates (five studies), followed by WGS
(237 isolates, six studies) including targeted sequencing of 25 iso-
lates (one study). In addition, two studies reported on the se-
quencing of 42 isolates without describing the sequencing
approach (Table 1).

Animal model studies

The characteristics of the nine animal studies included in the
analysis are shown in Table 2. Six (67%) studies reported on using
either bedaquiline alone, followed by combination with other
antibiotics, with substantial variation across studies.?®>6->8-61
Three studies (33%) reported on the effectiveness of bedaquiline
in combination with different antibiotics.®>>°’

Four (44%) and five (56%) studies, respectively, reported on the
effect of bedaquiline alone or in a combined regimen in treating
skin infection caused by Mycobacterium ulcerans species,®>>™>’

or disseminated infection caused by either M. abscessus spe-
cies'0°8:6061 or M. qvium species® (Table 2).

All the animal studies were performed in mice. However,
mouse models, the total number of mice, age and sex of mice,
the disease induction protocol, the route of drug administration
and the treatment duration all varied across the studies (Table 2).

Human studies

Eight descriptive studies were identified that reported on the ef-
ficacy of bedaquiline in treating NTM-infected patients. All of the
included studies used bedaquiline in combination with other anti-
biotics (different combinations of amikacin, ethambutol, rifabu-
tin, clarithromycin, streptomycin, linezolid, tigecycline,
azithromycin, moxifloxacin or omadacycline).

Of the eight human studies identified, four were case ser-
ies' 626567 and four were case reports (Table 3).536466:68 Ty
of the studies were conducted by the same group**®? and had
an overlap of four patients infected with M. intracellulare.
However, the analyses done by these studies were completely
different. Although Alexander et al.°? reported that 16 cases
were enrolled in the case series, the clinical data of only seven pa-
tients who experienced relapse were reported, while no clinical
data of the remaining nine bedaquiline-treated patients were
provided. Therefore, this review reports on results of bedaquiline
treatment available for 20 patients (Figure S1).

Of the 20 treated patients, 14 patients had pulmonary dis-
ease, and the remaining 6 patients had extrapulmonary diseases,
in which 5 had disseminated infection and 1 patient had a severe
soft-tissue infection in the lower leq.®® Studies varied in the NTM
species investigated, the type of data provided, including beda-
quiline DST data, and the measure of patient improvement.
Details of the characteristics of the human studies are provided
in Table 3.

Study quality and risk of bias
In vitro studies

Among studies included in the in vitro analysis, around 64% (23/
36) showed a high risk of bias in the index test domain and index
test applicability as these studies did not perform the index test.
All studies showed unclear risk in the reference test due to either
unclear blinding or unclear methodology (e.g. range of the MIC
dilutions) used. Most of the studies showed low risk in the refer-
ence test applicability with only three studies that showed un-
clear risk due to unclear reporting of the method used (Figure 2
and Figure S2).

Animal model studies

An assessment of selection bias showed that in all studies
(100%) it was unclear whether the animals were assigned to
groups in a blinded manner (blinding allocation). In six studies
(67%), it was unclear whether random allocation was employed.
Five (56%) of the studies reported on group similarities at base-
line. An assessment of the risk of performance bias demon-
strated in all studies (100%) that it was unclear whether the
animals were randomly housed, and whether the investigators
were blinded during experiments. When evaluated for detection
bias, all studies (100%) were unclear on random outcome
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Figure 2. Risk of bias of the in vitro studies. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.

assessment and whether the outcome assessor was blinded to
group allocation. Six studies (67%) had an unclear attrition bias
due to poor reporting of the number of experimental animals in
methods and results sections, two studies (22%) had a high
risk of attrition bias, and one study (11%) had a low risk of bias.
The majority of studies (89%; 8/9) had a low risk of selective re-
porting bias (Figure 3 and Table S2).

Human studies

None of the case series studies reported the presenting site(s)/
clinic(s) clearly. Three (75%) of the case series were unclear about
using consecutive inclusion of participants. Three case-series
studies (75%) did not define the confounding factors and strat-
egies to deal with it clearly. Two (50%) of the case-series studies
were unclear about the outcome of assessment and follow-up of
all the cases and one study was unclear about adverse events
(Figure 4 and Table S3). The two case-report studies had low
risk of bias in all domains. Both studies had clearly defined the in-
clusion criteria and identified confounding factors and treatment
strategies were discussed. Both studies clearly described pa-
tients’ history, clinical conditions, and diagnostic assessment
methods. One case report did not describe patient demographics

clearly nor provide a clear timeline, and all of the reports were un-
clear about the confounding factors (Figure 5 and Table S4).

Data analysis

We analysed data from in vitro studies to assess the effect
of bedaquiline by using MIC distribution histograms with the
aim to propose ECOFF values for various NTM species. However,
sufficient data were available for only two rapidly growing spe-
cies (M. abscessus and M. fortuitum) and three slow-growing
species (M. avium, M. intracellulare, M. kanasasii). Data from other
species were scarce and thus we were unable to analyse them.

The effect of bedaquiline in treating NTM species in in vitro studies

As MIC distribution can vary across platforms and between spe-
cies, where data were available, we evaluated bedaquiline MIC
distribution of various NTM species accordingly.

Bedagquiline MIC distributions in CAMHB CAMHB was the most
commonly employed medium (19 studies) to define the pheno-
typic behaviour of 1996 (72%) isolates in the presence of beda-
quiline (Table 1). The overall bedaquiline MIC range in CAMHB

221


http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkad372#supplementary-data
http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkad372#supplementary-data
http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkad372#supplementary-data

Omar et al.

Random allocation (selection)

Group similar at base line (selection)
Blinding allocation (selecetion)

Random housing (performance)
Blinding intervention (performance)
Random outcome assessment (detection)
Blinded outcome assessment (detection)
Incomplate outcome (attrition)

Selective outcome reporting (reporting)
Other bias

Risk of Bias

0 10

20

30 40 50 60

Percent of studies
mHigh  Unclear mLow
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Figure 4. Risk of bias of case series. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.

across NTM species was between 0.008 and >32 mg/L. However,
not all MIC histograms formed bimodal distributions, as shown
below.

Rapidly growing mycobacteria (RGM)

0f 1996 isolates, 911 WT M. abscessus isolates from eight studies
reporting MICqg values?®?9:30:3440:52-54 \yare included in the MIC
distribution histogram (Figure 6a). The bedaquiline MIC distribu-
tion of these isolates ranged from 0.008 to >32 mg/L, with
most of the isolates aggregated between 0.031 and 0.25 mg/L,
and the mode at 0.062 mg/L with 29% (265/911) isolates.
Around 7% (62/911) had an MIC> 16 mg/L. Visual inspection of
the M. abscessus MIC distribution suggests that the cut-off value
should be 1.0 mg/L (Figure 6q, blue arrow). Thus, 89% (812/911)
of isolates were susceptible to bedaquiline, while 11% (99/911)
were resistant.

MIC data of 56 (56/1681; 3%) M. fortuitum isolates from three
studies “%*>>2 were available and included in the MIC distribution
histogram (Figure 6b). The MIC distribution ranged between
0.016 and >16.0 mg/L, with the majority (32%) of isolates aggre-
gating at an MIC of 0.5 mg/L. Based on a visual evaluation of the
histogram of M. fortuitum isolates, a cut-off value of 2.0 mg/L
could be established, with 82% (46/56) susceptible and 18%
(10/56) resistant to bedaquiline.

Slow-growing mycobacteria (SGM)

Using CAMHB, the majority of the isolates of the most common
slow-growing NTM species aggregated between an MIC of
0.008 and 0.062 mg/L. Of the 155 isolates of M. avium from five
studies,*®>?7*%8 60% (93/155) had an aggregated MIC (mode)
of 0.016 mg/L, with the MIC of one isolate at <0.003 mg/L and
another threeisolates at >16 mg/L. Although the MICdistribution
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Figure 5. Risk of bias of case reports. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.

for M. avium was a skew to the right and did not form a clear bi-
modal distribution, a value of 0.125 mg/L can be proposed as a
cut-off point. Applying this value, 86% (134/155) isolates were
susceptible and 14% (21/155) were resistant (Figure 6¢).

Two hundred and eighty-nine isolates of WT M. intracellulare
were evaluated in six studies“®**°*>*62 ysing CAMHB. In con-
trast to M. avium, the MIC histogram of M. intracellulare showed
a bimodal distribution. However, the majority of M. intracellulare
isolates (48%; 139/289) shared the same mode as M. avium,
which was 0.016 mg/L. Visual inspection of the MIC histogram
of M. intracellulare suggests a cut-off value of 0.25 mg/L.
Applying this value, 81% (235/289) of M. intracellulare were sus-
ceptible and 19% (54/289) were resistant to bedaquiline
(Figure 6d). Due to the small number of M. intracellulare and
M. avium isolates, the MIC distribution was not compiled as one
complex.

Data for M. kanasasii revealed that 33% (73/220) of isolates
from five studies had a modal MIC of 0.016 mg/L.“%*>>27% A cut-
off value of 0.25 mg/L could also be proposed for M. kanasasii
(Figure 6e).

Bedaquiline MIC distribution in Sensititre Two recent studies
reported on the bedaquiline MIC distribution using Sensititre
plates. One study reported on bedaquiline MIC distribution of
211 M. abscessus isolates, of which 146 were respiratory iso-
lates,?’ using a Sensititre RAPMYCO plate and a customized broth
microdilution testing panel (SGPNUHS1 plate) (Sensititre, Thermo
Fisher Scientific, Waltham, MA, USA). Bedaquiline MIC ranged
from 0.008 to 0.25 mg/L. The majority (96/211; 45%) of isolates
had an MIC of 0.06 mg/L. The proposed T-ECOFF value of 99.0%
was 0.5 mg/L. Using the same method, the same author reported
that the bedaquiline MIC distribution of 32 isolates of M. fortuitum
ranged between 0.004 and 0.015 mg/L, with the MIC mode at
0.008 mg/L (Figure S3).%8

The other study reported bedaquiline MIC distribution of a to-
tal of 111 isolates of five different species of MAC using the
Sensititre Myco susceptibility plate for SGM (Thermo Fisher

Scientific). Bedaquiline MIC of M. avium and M. intracellulare
ranges were 0.03-0.12 and 0.015-0.12 mg/L, respectively. The
study showed that majority of MAC isolates were susceptible
to bedaquiline and isolates from both species (M. avium and
M. intracellulare) aggregated at an MIC of 0.06 mg/L.

Bedaquiline MIC distribution in 7H9 Two studies reported on
MIC distribution of SGM species in 7H9.2%“% In one study, the be-
daquiline MIC distributions of M. avium and M. intracellulare in
7H9 were mostly in the ranges 0.003-1.0 and 0.003-0.5 mg/L,
respectively, with the MIC modes being 0.015 and 0.007 mg/L,
respectively (Figure S3). The majority of M. avium (98/124;
79.0%) and M. intracellulare (37/42; 88.1%) isolates had a beda-
quiline MIC of <0.03 mg/L. The T-ECOFF values for M. avium and
M. intracellulare that were proposed by the authors were 0.12
and 0.06 mg/L, respectively. Using the proposed T-ECOFF value,
only two isolates of M. avium and three isolates of M. intracellulare
were found to be resistant to bedaquiline in 7H9.3¢

The other study reported on bedaquiline MIC distribution of
only 20 isolates of M. kanasasii, in which most isolates (n=20)
had bedaquiline MIC of 0.03 mg/L and only 2 isolates were resist-
ant to bedaquiline with MIC of 2 mg/L (Figure S3).%°

ECOFF value determined by fitting a log-normal distribution
(ECOFFinder)

MIC distributions from five studies only?®?3*>3>% fitted EUCAST
criteria and data of 471 isolates were included in ECOFFinder ana-
lysis. The estimated values of the ECOFF 95.0%, and 99.0% for M.
abscessus were 0.25 and 0.5 mg/L, respectively (red arrow in
Figure 6 and Figure S4). These values differ by one 2-fold dilution
from the visual estimated values that are accepted. An MIC
above the ECOFF 99.9% was categorized as resistance.®®’°
Applying an ECOFF of 0.5 mg/L showed that 2% (8/471) of iso-
lates were resistant.

None of the SGM MIC distributions met the EUCAST require-
ments for acceptable distributions since they were either trun-
cated at the lower end or had too few WT observations (<15)
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T-ECOFF value. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.

to be certain of their quality. However, when we used ECOFFinder  will remain uncertain and further studies are still required to de-
for the available data, T-ECOFF values differed by two 2-fold dilu- ~ fine the ECOFF value for SGM and to corroborate our findings for

tions from the visual estimated values. Therefore, our findings M. abscessus species.
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Association between genotype and phenotype bedaquiline
resistance in NTM species

Genetic variants were identified in seven different genes: 22 mu-
tationsinatpE, 11in MAB_4384,9in mmpT5, 6 in MAB_2299¢, 1in
MAV_2152, 1inrpoBand 1in prpE. In addition, a study identified a
new gene cluster called MAB_1135c-MAB_1134c that encodes a
new MmpS-MmpL efflux pump system involved in the intrinsic re-
sistance to bedaquiline and clofazamine in M. abscessus.
MAB 1135c-1134c expression is also dependent on the
MAB_2299c TetR repressor.®:2429:32:34,38,43,47,52.62.68 Madiq used
for antimicrobial susceptibility tests for these isolates varied
across the studies. MICvalues for the strains conferring resistance
to bedaquiline also varied between 0.004 and >16.0 mg/L, with
the highest MIC observed in isolates with mutations in the atpE
gene. Mutations in the atpE gene occurred in both clinical and
non-clinical isolates (Table 4).

The effect of bedaquiline in treating NTM species in animal models

Four studies evaluated bedaquiline only or bedaquiline-including
regimens in treating skin infection (inoculation of footpad) in
mice (44%; 4/9).%°°=>7 Five studies reported on disseminated in-
fection (56%; 5/9) in lung, liver and spleen.'®>%-61 Mortality rate
was reported in one study only.® However, none of the studies
that assessed bedaquiline-only efficacy in treating disseminated
infections reported on follow-up, relapse, cure or relapse-free
cure as treatment outcome.

Treatment outcome of bedaquiline-including regimens
Bedaquiline-including regimens decreased the footpad lesion in-
dex in mouse models of skin infection. A mean index of 3 (scale of
0-4) at Day O decreased to 1.8 and 1.42 after 4 and 8 weeks of
treatment, respectively, in the bedaquiline +rifapentine-treated
group and remained stable with no relapse reported.>
Similarly, Converse et al.” reported a decrease in lesion index to
an average of 0.56+0.25 and 0.3+0.2 in all treatment regimens
that included bedaquiline after 4 and 8 weeks of treatment, re-
spectively. Komm et al.>” also showed a decrease in the footpad
lesions from a median of 2.0 to <1.0 within 1 week of bedaquiline +
telacebec treatment for 1, 3 and 5 days in two different mouse
models (BALB/c and SCID-beige).

A 2 week regimen of rifapentine/clofazimine/bedaquiline
(RFP+CLF+BDQ), followed by 12 weeks follow-up resulted in a le-
sion index of 2.5 in 10% of treated mice. Additionally, a 4 week
regimen of RFP+CLF+BDQ plus telacebec (RFP+CLF+BDQ+
Q203) showed a lesion index of 1.4 in 10% of treated mice.’

Bedaquiline-including regimens also had the effect of de-
creasing bacterial burden (mean cfu) from 5.89+0.22 at Day 0
to 1.095 +1.0 after 2 weeks of treatment® and from 6.39+0.30
to 0.19+0.42 after 4 weeks of treatment> or negative (com-
plete cure).? Similarly, bacterial load declined from 6.62 +0.34
to culture negative within 5 days of initiating a bedaquiline + tel-
acebec treatment regimen.®’

There was relapse in 15% (1.5/10 mice) with cfu counts
ranging from 3.13 to approximately 5.08 logyo after 2 weeks
treatment and 12 weeks follow-up when treated with
bedaquiline-including regimens.? However, no cfu were detected
in any other bedaquiline-containing regimen after 4 weeks of
treatment and 21 weeks follow-up, suggesting a complete cure

of the treated mice using bedaquiline-including regimens.’
Only one (13%) study reported on death as a bedaquiline treat-
ment outcome in 20% (2/10) of mice.'° None of the other studies
included data on mortality.

These data suggested that the relapse rate is ~10%-15% in
mice treated with a bedaquiline-containing regimen. However,
more data are still required to have a concrete conclusion.

Treatment outcome of bedaquiline alone The efficacy of beda-
quiline alone in treating infection caused by NTM species was
evaluated only based on its ability to reduce bacterial burden.
While five studies'®#¢! evaluated the efficacy of bedaquiline
alone in treating NTM disseminated infection, only one study
(13%) looked at its efficacy in treating NTM skin infection.”® For
this major outcome, meta-analysis was performed using six
studies. To evaluate the pooled effect measure in animals
(mice), we performed subgroup meta-analysis stratified by organ
and by NTM species. The effect size was measured using SMD as
reported in the methods. However, when using mean difference
measures, the effect of bedaquiline remains significant with a
slight decrease in the effect size.

Subgroup analysis by organ

Lung Subgroup meta-analysis in lungs showed that bedaqui-
line reduces the bacterial load (logyo cfu) by 1.56 times in the
bedaquiline treatment arm compared with no treatment, with
low to moderate heterogeneity (SMD 1.56; 95% CI —-2.35 to
-0.77; P<0.0001; 1°=39%; &4 studies; 29 mice) (Figure 7,
Analysis 1.1.1). To explore heterogeneity, the Obregon-Henao
2015 study was excluded from the analysis, resulting in de-
creased heterogeneity of I=20%. However, the effect measure
remained significant (SMD —1.26; 95% CI —2.06 to —0.46; P<
0.0001; I°=20%).

Liver There was no evidence of a difference between beda-
quiline treatment and no treatment (SMD —2.51; 95% CI -5.82
to 0.80; P=0.14; 2 studies; 20 mice) (Figure 7, Analysis 1.1.2).
However, there was substantial heterogeneity among the two
studies that examined the efficacy of bedaquiline in reducing
the bacterial load in the liver (12=91%; P=0.0007).

Spleen A forest plot showed a significant difference in redu-
cing the bacterial load in the spleen between bedaquiline treat-
ment and no treatment with high heterogeneity (SMD —1.49;
95% CI —2.59 to —0.38; P=0.008; 1°=71%; 5 studies; 34 mice)
(Figure 7, Analysis 1.1.3). When the Lounis et al.>® study was ex-
cluded from the analysis, the heterogeneity decreased from high
to moderate (I°=37%; P=0.19) and the effect measure re-
mained significant (SMD —1.95; 95% CI —-2.80 to -1.10; P<
0.00001) (Figure S5). However, when the Lounis et al.>® and
Sarathy et al.°! studies were excluded from the analysis, no evi-
dence of heterogeneity was detected and the effect measure re-
mained significant (SMD —2.34; 95% CI —-3.11 to -1.58; P<
0.00001; data not shown).

Skin  One study (1/3) compared bedaquiline alone versus a
control group and provided data for up to 14, 30 and 60 days>®
was included in the meta-analysis. A forest plot showed a signifi-
cant difference in the reduction in cfu between the treatment
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BDQ treatment Control no treatment Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD  Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 Lung
Le Maigne 2020 (1) 2351 0.7604 10 338 08913 10 9.7% -1.12[-2.07,-0.16]
Lerat2014 4 687 0452 5 4995 0.16 5 B.5% -0.72[-2.03, 0.58] —
Obregon-Henao 2015 (2) 29325 0.2674 10 45435 0.8965 10  89% -2.3313.52,-1.14)]
Sarathy 2020 5549 0.24 6 6832 0.67 B 74% -2.35[397,-074)
Subtotal (95% ClI) 3 31 34.4% -1.56 [-2.35, -0.77] -l
Heterogeneity: Tau®=0.25; Chi*= 4.93, df= 3 (P=0.18); F= 39%
Testfor overall effect: Z= 3.86 (P = 0.0001)
1.1.2 Liver
Le Moigne 2020 3.244 04167 10 36 03323 10 §98% -0.90 [-1.84, 0.03] —
Obregon-Henao 2015 4073 0.0832 10 6.1625 0.6551 10  7.0% -4.28[-6.01,-2.56) +—————
Subtotal (95% CI) 20 20 16.8% -2.51[-5.82, 0.80] "_-—
Heterogeneity: Tau®=4.22; Chi*=11.46, df=1 (P = 0.0007), F= 91%
Testfor overall effect Z=1.49(P=0.14)
1.1.3 Spleen
Le Moigne 2020 2874 06077 10 4.039 0.2065 10 8.8% -2.25-3.42,-1.08]
Lerat 2014 52 0.262 5 5601 011 5 T4% -1.80 [-3.40,-0.20]
Lounis 2008 Tr 0.6 5 74 1.7 5 B7% 0.21 [-1.03, 1.46) —
Obregon-Henao 2015 3506 0.256 10 5665 1.0005 10  8.4% -2.83-415,-1.52]
Sarathy 2020 16 1 4 246 0.94 B 83% -0.81 215, 0.54] — = 1
Subtotal (95% ClI) 34 36 41.7% -1.49 [-2.59, -0.38] et
Heterogeneity: Tau®=1.13; Chi*=13.93, df= 4 (P=0.008); F=71%
Testfor overall effect: Z= 2.64 (P = 0.008)
1.1.4 Skin
Ji 2006 39 097 8 6.83 0.36 13 71% -4.30[-5.99,-261] +——
Subtotal (95% CI) 8 13 7.1% -4.30[-5.99, -2.61] -—
Heterogeneity: Not applicable
Test for overall effect: Z= 4.98 (P = 0.00001)
Total (95% CI) 93 100 100.0% -1.86 [-2.58, -1.15] o
Heterogeneity: Tau®=1.12;, Chi*= 40.26, df= 11 (P = 0.0001), F= 73% *wq *wz s 5 i
Testior overall effect: 2= 5.12 (P < 0.00001) Favours [BDQ treatment] Favours [Untreatment]

Testfor subgroup differences: Chi*=9.11, df=3 (P=0.03}, F=67.1%
Footnotes
(1) The mean of two independent experiments was used in all organs.

(2) The mean of two independent experiments using two different mice models in all organs.Mice considered to be homogenou. No correction was useds

Figure 7. Forest plot of bedaquiline (BDQ)-treated animals versus control (no treatment) animals. Outcome 1.1: BDQ effect on bacterial load for each
group up to 30 days (subgroup by organs). The effect of BDQ on bacterial load in each group was expressed as logo cfu + SD. This figure appears in
colour in the online version of JAC and in black and white in the print version of JAC.

and control arms (SMD —4.30; 95% CI -5.99 to -2.61; P<
0.00001; one study, 8 mice, heterogeneity is not applicable)
(Figure 7, Analysis 1.1.4).

Overall, the effect of bedaquiline, stratified by organ (lung, li-
ver, spleen and skin) revealed a significant reduction in bacterial
load in lung, spleen and skin but not liver within 30 days.
Bedaquiline reduced the bacterial load on average by 1.86 times
in the bedaquiline treatment arm compared with the no-
treatment arm (SMD —1.86; 95% CI —2.58 to —1.15; P<0.0001;
1°=73%) (Figure 7). The overall heterogeneity between studies
was substantial (I°=73%). Similarly, subgroup heterogeneity
tests showed a significant difference between organs (P=0.03;
1=67%). This is largely due to the heterogeneity between stud-
ies, particularly Ji's.>® However, when a susceptibility test was
performed and the study by Ji was removed, no significant differ-
ence in heterogeneity between the three organs (lung, liver and
spleen) was detected (Figure S6).

As a part of sensitivity analysis, we conducted the
meta-analysis by including data up to 60 days from two studies
(Lerat et al.'® and Lounis et al.>®). The overall pooled effect
measure remains significant with an increase in the effect of be-
daquiline, resulting in reduction of the bacterial load on average

by 2.29 (SMD -2.29; 95% (I -2.97 to -1.62; P<0.00001)
(Figure S7).

Collectively, this data indicates that bedaquiline can signifi-
cantly reduce bacterial burden, and it is more effective in the
lung and spleen thanin the liver. However, depending on the bac-
terial species and strain, a longer treatment period might be re-
quired. Due to the small sample size further studies are still
required to confirm this data.

Subgroup analysis by NTM species We then looked at the effect
of bedaquiline stratified by NTM species (M. abscessus, M. avium
and M. ulcerans). Since one study59 showed a bedaquiline effect
against M. avium species in spleen only, we were only able to per-
form meta-analysis of bedaquiline treatment efficacy in eradi-
cating bacterial burden in one organ (spleen).

Subgroup analysis by NTM species in spleen

M. abscessus Subgroup meta-analysis showed that bedaqui-
line reduces the log10 cfu of M. abscessus significantly by 1.95
times. However, there was moderate heterogeneity between
these studies (SMD —1.95; 95% CI —-2,80 to —1.10; P<0.00001;
1=37%) (Figure 8, Analysis 1.2.1). Excluding data from Sarathy
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BDQ treatment
Mean SD Total

Control no treatment

Study or Subgroup Mean SD  Total Weight

Std. Mean Difference

Std. Mean Difference

IV, Random, 95% CI IV, Random, 95% CI

1.2.1 M. abscessus species

Le Moigne 2020 (1) 2974 068077 10 4039 0.2065 10 21.4%
Lerat 2014 52 0.262 5 5601 IR R 5 17.7%
Obregon-Henao 2015(2) 3506 0.256 10 5665 1.0005 10 20.2%
Sarathy 2020 1.6 1 4 2.46 0.94 B 19.9%
Subtotal (95% CI) 29 31 79.2%
Heterogeneity: Tau*=0.28; ChifF= 479, df=3 (P=019);, F=37%

Test for averall effect Z= 4.50 (P = 0.00001)

1.2.2 M. avium species

Lounis 2009 T.F 0.6 ] 7.4 1.7 i 20.8%
Subtotal (95% CI) 5 5 20.8%
Heterogeneity: Mot applicable

Testfor overall effect Z= 033 (P=0.74)

Total (95% CI) 34 36 100.0%

Heterogeneity: Tau?=1.13; Ch*=13.93, df= 4 (P=0.008), F=71%
Testfor averall effect 2= 2.64 (P = 0.008)

Testfor subgroup differences: Chi®= 7.90, di=1 (P = 0.005), F=87.3%
Footnotes

(1) The mean of two independent experiments was used.

-2.25[-3.42,-1.08] —_—
-1.80 [-3.40,-0.20] —=y
-2.83[-4.15,-152] —_—
-0.81 [2.15, 0.54] I
-1.95 [-2.80, -1.10] e
0.21 [-1.03, 1.46] —_——
0.21 [-1.03, 1.46] *—
1.49 [-2.59, 0.38] =i
-4 2 0 2 1
Favours [BDQ treatment] Favours [no treatment]

(2) The mean of two independent experiments using two different mice models.Mice considered to be homogenous

Figure 8. Forest plot of bedaquiline (BDQ)-treated animals versus control (no treatment) animals. Outcome 1.2: BDQ effect on bacterial load up to
30 days (subgroup by NTM species). The effect of BDQ on bacterial load was expressed as logyo cfu + SD. This figure appears in colour in the online

version of JAC and in black and white in the print version of JAC.

et al.! study, decreased heterogeneity (I°=0%) within this sub-

group (SMD -2.34; 95% CI -3.11 to -1.58; P<0.00001)
(Figure S8, Analysis 1.2.1).

M. avium One study”® assessed the effect of bedaquiline
against M. avium in the spleen for up to 30 days. There was no dif-
ference between bedaquiline treated or untreated arms (SMD
—0.21,95% CI —1.03 to 1.46, P=0.74) (Figure 8, Analysis 1.2.2).

Overall, within 30 days, stratification by NTM species revealed
a significant effect of bedaquiline in reducing the bacterial load of
the two NTM species: M. abscessus and M. avium by 1.49 (SMD
—1.49; 95% CI —2.59 to —0.38; P=0.008). However, the overall
heterogeneity between studies was high (I°=71%; P=0.008)
(Figure 8, Analysis 1.2) with substantial heterogeneity between
the subgroups (I'=87.3%; P=0.005).

However, when data of 60 days from two studies (Lerat
et al.'® and Lounis et al.>°) were used in the meta-analysis, the
overall bedaquiline efficacy in reducing the bacterial load was in-
creased from 1.49 to 2.54 (SMD —2.54; 95% CI —3.23 to —1.86;
P<0.00001) (Figure S9, Analysis 1.2) with a significant change
in the effect on M. avium species treatment (SMD —4.49; 95%
CI-7.31to —1.68; P=0.002) (Figure S9, Analysis 1.2.2). The over-
all heterogeneity between subgroups, however, reduced from
high to moderate (I =48.8%).

Longer treatment duration with bedaquiline may be required
to show a significant effect on NTM species, particularly on M.
avium species. However, due to the small sample size, the evi-
dence is uncertain.

The effect of bedaquiline in treating NTM species in humans

Six (30%; 6/20) cases were successfully cured (symptom im-
provement and culture conversion) with no relapse reported
when a bedaquiline-including regimen was used.®*™*” All of these
cases had NTM extrapulmonary infection caused by either M.

abscessus, M. fortuitum, M. avium or Mycobacterium marinum
(Table 3), in which one case had cutaneous infection in the leg
and four patients had disseminated NTM infection. Three were
immunocompromised with HIV coinfection, and one was a child
with AML complicated by calcaneal osteomyelitis. Treatment
duration varied between 3.5 and 18 months. Although some ad-
verse events such as nausea®® and a mild QTc prolongation in one
case®® were reported, bedaquiline was well tolerated.

However, data from the remaining 14 patients with NTM pul-
monary diseases fluctuated between symptom improvement
and culture conversion! to a treatment failure.®® Ten of these
patients that had potentially life-threatening NTM disease and
were failing standard therapy: off-label bedaquiline was added
to their current antibiotic regimens as a salvage therapy.'!
Various outcomes were observed throughout the study.
However, none of these patients had three consecutive negative
cultures or were reported to be cured completely, despite the im-
provement in semi-quantitative sputum culture scores, symp-
toms and radiographic data, which is not included in our
review. Four of the 10 patients, along with 3 other patients who
experienced relapse, were reported to have relapsed, despite a
positive initial response to the treatment, in the Alexander
et al.%? trial. This case series was focused on the genotypic and
phenotypic characteristics of the samples from the relapse pa-
tients only and did not report on details of the clinical or microbio-
logical data during treatment. Thus, we were unable to conclude
treatment outcome from this case series.®” The relapse was as-
sociated with a 2- to 8-fold (from 0.004 to 0.03 mg/L) increase
in MICs of bedaquiline and in one case the increase in MIC
was very high (from 0.004 to 2.0 mg/L). Genetic analysis of
the relapse strains from all patients revealed that these strains
had non-synonymous mutations in the mmpT5 and atpE genes,
in which the atpE variant (Ala65Pro) was reported in only
two cases. Moreover, in one patient with MAC lung infection, cul-
ture conversion was not achieved upon treatment with a
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Table 5. Summary of findings: human studies treatment outcome

Treatment Treatment outcome
duration
(months) with Culture Symptom
Study Disease Species BDQ conversion Cure Relapse improvement
Alexander et al. (2017)° Pulmonary M. avium complex and >6 0/3 03 33 0/3
M. intracellulare
Chan et al. (2021)%3 Extrapulmonary M. abscessus 8 1/1 1/1 0/1 1/1
Erber et al. (2020)% Extrapulmonary M. fortuitum complex 35 11 mn 0/1 11
Gil et al. (2021)%° Extrapulmonary M. abscessus and M. avium 21,14 2/2 212 0/2 2/2
disease
Meybeck et al. (2021)°° A mix between M. marinum 12 1/1 11 01 1/1
extrapulmonary and
pulmonary
Pearson et al. (2020)¢” Extrapulmonary M. abscessus >35 11 mn 0/1 11
Philley et al. (2015)** Pulmonary M. avium complex and 6 0/10 0/10  4/10 4/10
M. intracellulare
Zweijpfenning et al. (2019)%®  Pulmonary M. avium complex >6 0/1 0/1 N/A 0/1

N/A, not applicable.

bedaquiline-including regimen. In fact, the patient experienced
treatment failure due to the emergence of bedaquiline resistance
caused by a mutation in MAV_2152 locus Trp173Arg. The resist-
ant isolate had an increase in bedaquiline MIC (from 0.03 to
0.06 and 0.125 mg/L), within 6 and 12 months of treatment,
respectively.®® However, despite the unfavourable treatment
outcome, bedaquiline was well tolerated and there were no ma-
jor side effects reported in all cases with NTM pulmonary dis-
eases. A summary of the treatment outcomes can be found in
Table 5.

Discussion

Managing the treatment of NTM infections is usually challenging
due to the intrinsic resistance of these bacteria to most of the
available antibiotics, including some anti-TB drugs.”* Although
bedaquiline is an effective therapy for drug-resistant TB, there
is little information on its antibacterial efficacy against NTM spe-
ciesinvitro orin vivo. Therefore, we aimed to consolidate all avail-
able evidence in the literature regarding bedaquiline activity
against various NTM species and evaluate the MIC distribution
invitro and its efficacy in vivo (in animal models and human stud-
ies) while scrutinizing the methodological approaches of different
studies.

The effect of bedaquiline in treating NTM species in in
vitro studies

For most bacterial species, the concept of using MIC distributions
among several other tools for determining clinical breakpoints
has been extensively adopted by EUCAST.”? Understanding the
distribution of MICs throughout the circulating population of
mycobacterial isolates is required for DST.”> MIC distributions
might fluctuate depending on the antimicrobial susceptibility
testing method used. Although bedaquiline MICs of >2000 NTM

isolates had been reported using eight different platforms/med-
ia, MIC distribution data were insufficient in most of these plat-
forms for most of the NTM species. However, we were able to
evaluate and compare the WT MIC distribution of RGM and SGM
in CAMHB and determine the ECOFF value for M. abscessus in
CAMHB only.

Our study revealed that bedaquiline has a potential in vitro in-
hibitory activity against the most common clinically relevant spe-
cies of RGM (M. abscessus and M. fortuitum) as well as SGM (NTM)
species (M. avium, M. intracellulare and M. kanasasii), with a high-
er potency against SGM (NTM) species than RGM. Using CAMHB,
the MIC distribution range was wide (<0.008 to >32 mg/mL) for
RGM and SGM. While the MICs for the majority of clinically rele-
vant SGM (NTM) species ranged between 0.008-0.031 mg/L, be-
daquiline MICs for the majority of RGM isolates (M. abscessus and
M. fortuitum) were higher and were in the range 0.031-0.25 mg/L
and 0.031-1.0 mg/L, respectively. However, as the number of
SGM was insufficient, the finding that SGM seem to be more sus-
ceptible to bedaquiline in vitro than RGM species requires further
investigation.

Thus far, there is no bedaquiline MIC cut-off value for NTM spe-
cies. Due to the lack of a standardized method with a defined MIC
concentration range and cut-off value specific for bedaquiline
susceptibility testing in NTM species, the cut-off or ECOFF value
used by various studies was variable. Additionally, studies varied
in the control strains used, type of data reported, and MIC range
tested. The inconsistent data made it difficult to set proper
ECOFFs. These variations, with the rise in the incidence in NTM in-
fection, highlight the necessity for a standardized method with a
properly defined range, and quality control measures specific to
bedaquiline susceptibility testing for NTM species. Discrepancies
in MIC cut-off values for MIC determination in different platforms
were reported in M. tuberculosis complex as well.”* Considerable
effort has been made by the WHO and EUCAST to establish
a standardized method and cut-off values for MIC testing in
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M. tuberculosis for various antibiotics, including bedaquiline, but
little has been done for NTM species.

In this review, we compiled and analysed bedaquiline MIC
data from various studies based on MIC methods used, to obtain
a more accurate and useful ECOFF value. Despite the challenges
in compiling these data, we were able to propose a T-ECOFF value
of 0.5 mg/mL for M. abscessus in CAMHB from three acceptable
distributions of over 361 isolates from different laboratories
across the world. This value was concomitant with the cut-off
value proposed by Chew,”’” when 211 M. abscessus isolates
were evaluated using Sensititre plates.’” However, we should
be careful when comparing cut-off values from different meth-
ods. The MIC distribution and the visual cut-off value of
0.125 mg/L were similar between SGM species using CAMHB.
Due to the insufficient data with truncated/skewed distributions,
the ECOFF value of the SGM species could not be confirmed
statistically.

In general, the MIC distribution of NTM species was similar to
that of the bedaquiline MIC distribution of M. tuberculosis species,
especially when using the Middlebrook 7H9 broth microdilution
by Ismail et al.”® Critical concentrations of 0.25 and 1.0 mg/L
when using 7H11 and MGIT medig, respectively, for M. tuberculosis
was recommended by the WHO. However, when focusing on
M. tuberculosis and SGM MIC distributions and cut-off values, it
appears that SGM species are more susceptible to bedaquiline
than M. tuberculosis species, implying that bedaquiline is more ef-
fective against SGM than M. tuberculosis. Of course, caution must
be applied when comparing cut-off values derived using funda-
mentally different growth media and MIC methods.

Association between genotypic and phenotypic bedaquiline
resistance in NTM species

We have generated the most comprehensive dataset of the
genotypic mutations associated with bedaquiline phenotype
(susceptibility and resistance) in NTM species to date. However,
in the absence of a definite cut-off value in different MIC plat-
forms and due to inadequate data, it was difficult to statistic-
ally evaluate the association between mutations in various
genes and phenotypic resistance to bedaquiline in each NTM
species.

Only a single mutation (atpE Ala63Met) is likely to be
clinically relevant. This mutation was reported in both RGM (2
Mycobacterium flavescens and 1 Mycobacterium novocastrense)
and SGM (2 Mycobacterium xenopi and 1 Mycobacterium shimoi-
dei)®? and these isolates were found to be naturally resistant to
bedaquiline with MICs of 4-8 mg/L. Since the Ala63 residue was
conserved in many mycobacterial species, this mutation in the
atpE gene could be of clinical importance and can be used as a
marker of bedaquiline resistance.

Based on our proposed T-ECOFF value (0.5 mg/L) of M. abscessus
when utilizing CAMHB, none of the mutations described in
clinical isolates could be associated with bedaquiline resistance.
However, non-clinical isolates with mutations in the MAB 2299¢
gene had an MIC of 2.0 mg/mL, suggesting that these mutations
could be a relevant resistance marker to consider when treating
M. abscessus infections with bedaquiline and clofazimine in clin-
ical settings.*?

While the proposed eyeball cut-off value of 0.125 mg/L for
SGM (NTM) revealed no mutations associated with bedaquiline
resistance, the 0.031 mg/L cut-off value revealed that a mutation
(2544950A > G; Trp173Arg) in the MAV 2152 gene of clinical iso-
lates of M. avium could be associated with bedaquiline resistance.
This mutation was found in a patient who developed in vivo re-
sistance to bedaquiline within 6 to 12 months of commencing
a bedaquiline-containing regimen and had MICs of 0.06 and
0.125 mg/L, which were 20- to 40-fold higher than for the WT iso-
late.®® Thus, this mutation may have therapeutic significance and
could be used as a bedaquiline resistance marker. Although mu-
tations in the mmT5 gene were found in patients who relapsed
after >3 months of bedaquiline-including therapy, MICs for
most variants were within the in vitro bedaquiline susceptible
range, except for the mmpT5 T137G (Val46Gly) mutation. This
mutation conferred an MIC of 0.03 mg/mL, which was 8-fold
higher than for the WT, indicating that this mutation may have
clinical implications. However, the in vitro data do not always re-
flect the in vivo resistance, and further studies are still required to
determine the clinical critical concentration for bedaquiline in
various NTM species. Unfortunately, because all the abovemen-
tioned mutations were only reported once in clinical isolates,
this knowledge might not have a significant impact on clinical
practice. Thus, further research is still required to identify the rele-
vance of these mutations in bedaquiline resistance in NTM
species.

The effect of bedaquiline in treating NTM species in
animal models

In the animal model studies included in this review, bedaquiline
in vivo activity was evaluated against three NTM species only: M.
ulcerans, M. avium and M. abscessus in skin, lung, spleen and liver.
Bedaquiline alone showed an effect against M. ulcerans in redu-
cing the lesion index in skin infection after treatment for
8 weeks.”®

Overall, our meta-analysis revealed that bedaquiline alone
had a significant effect in reducing the log cfu outcome in major
organs, except the liver, compared with the control group. The
lack of a significant effect in the liver may be explained by the var-
iations between studies, including mouse strain characteristics,
bacterial strains with different MICs, and other methodological
variations.

Bedaquiline showed a higher effect on M. avium species than
on M. abscessus only after 60 days of treatment in the spleen.
Despite the limited data, this finding may imply that a short be-
daquiline treatment is sufficient to confer a significant effect
against M. abscessus infection, whereas a longer bedaquiline
treatment duration may be required for M. avium species. This
isin line with the difficulty of treating M. avium species in humans
but contradicts SGM species’ in vitro susceptibility to bedaquiline.
However, in humans, a longer treatment period for at least 1 year
was recommended for M. abscessus infection as well.”® Due to in-
sufficient data, we could not perform subgroup analysis on the
effect of bedaquiline on NTM species in other organs (lung and
liver).

Bedaquiline combined with various antibiotics (rifampicin or
rifapentine and/or Q203 or clofazimine) showed high activity
against M. ulcerans and significantly reduced the bacterial
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burden in skin infection®>>™’ with a complete cure without re-

lapse after 2 weeks of treatment.? The high activity of the BDQ+
Q203 +CLF regimen could be due to the fact that these drugs
are targeting and disrupting the electron transport chain (ETC)
and oxidative phosphorylation in a similar mechanism to what
was found in M. tuberculosis.””’® Similarly, bedaquiline in com-
bination with clarithromycin and/or amikacin reduced the bacter-
ial burden in the spleen against M. avium infection after 3 months
of treatment. The effect of this regimen was found to be better
than bedaquiline alone.>® Moreover, bedaquiline combined with
either imipenem or clofazimine also showed a significant effect
in reducing the bacterial burden against M. abscessus species in
the major organs.”®%° These drugs have been shown to be ex-
tremely effective against both drug-susceptible and drug-
resistant M. tuberculosis isolates in animal models and human
studies.”? 1 Despite the cross-resistance between bedaquiline
and clofazimine, and other downsides observed in M. tuberculosis,®?
this combination treatment showed a promising effect against
M. abscessus species as well.

The time required for bedaquiline to significantly reduce bac-
terial burden varied between the studies: Obregén-Henao et al.°
showed that bedaquiline reduced bacterial burden after 5 days,
Sarathy et al.®* showed a significant effect of bedaquiline within
11 days and Lerat et al.*® showed that bedaquiline had a signifi-
cant effect only after 2 months of treatment. As mentioned pre-
viously, these variations could be due to disparities in the
bacterial strain, drug dose, animal model, disease induction pro-
tocols, and the analysis approach used in these studies. Although
most of the studies evaluating bedaquiline in treating dissemi-
nated infection used M. abscessus species, the strain and its
in vitro MIC used varied across the studies. Additionally, the beda-
quiline dose varied across the studies (Table 3).

Animal models for evaluating antibiotic activity against
NTM species infection also varied between studies and included
both immunocompetent and immunodeficient mouse strains.
Bedaquiline showed a significant effect in decreasing bacterial
load in the liver of infected C3HeB/FeJ mice within 25 days in
one experiment but not in another experiment of the same strain
when using a different infection route.”® Studies that used y-IFN
knockout (GKO) mice demonstrated a substantial effect of beda-
quiline treatment in lowering bacterial loads,®® but work in nude
mice (athymic mice with depletion of T-cells) failed to show a re-
duction in bacterial burden and mortality prevention in the first
month of treatment and required longer treatment to show an
effective reduction in the bacterial load.'® Obregon-Henao
et al.°° showed that most mouse models with significant innate
or acquired immune deficiencies are nonetheless able to remove
a high degree of M. abscessus infection.®® The susceptibility of
mouse strains to infection with virulent M. tuberculosis also var-
ied, depending on the genotype, with some strains being more
resistant than others, which could affect treatment out-
comes.8# A (3HeB/FeJ mouse model shows more necrotic
granulomas in the lungs after M. tuberculosis infection, which al-
lows bacteria to replicate, and fewer tubercular granulomas in
the spleens and livers, resulting in greater bacterial clearance in
the liver and spleen.®> These discrepancies in mouse strain sus-
ceptibilities emphasize the importance of developing a suitable
NTM infection model that provides a high, constant and reprodu-
cible bacterial load in organs for therapeutic trials. However, it is

important to keep in mind that no animal model can accurately
depict the entire clinical condition. Thus, the outcomes of in-
appropriately designed animal model research may yield indirect
results.®®

Collectively, bedaquiline alone or bedaquiline-including regi-
mens demonstrated high activity against NTM species in various
mouse models. Although the evidence is uncertain due to the
limited data, the significant in vivo activity of bedaquiline shown
in this review and other studies dictates the need for further re-
search in clinical settings with special attention to the possible
cross-resistance when using bedaquiline and clofazamine in
combination.

The effect of bedaquiline in treating NTM species in
humans

Case-series studies have many limitations, such as restricting re-
searchers from generalizing results, or proving cause-and-effect
relationships, with a risk of overinterpretation and publishing bias.
Despite these limitations, case reporting has many advantages:
the ability to identify novelties and present rare, unusual, uncon-
trollable observations about symptoms, clinical findings, disease
progression, intervention complications, drug side effects, and so
on.®” Systematic reviews of observational studies can still be ef-
fective to summarize findings and compare case series, as well as
identifying methodological concerns.®®

Most of the successfully cured cases had NTM-related extra-
pulmonary diseases with NTM disseminated infection with either
HIV coinfection or leukaemia. Despite the severity of the diseases
in these cases, bedaquiline proved to be an effective therapeutic
option in the treatment of extrapulmonary diseases caused by di-
verse NTM species. Bedaquiline was used in combination with
various antibiotics: levofloxacin, moxifloxacin or tedizolid, and
clofazimine, against M. fortuitum complex, M. marinum and M.
avium, respectively, or in combination with either omadacycline
or clofazimine, against M. abscessus species. In cases of immuno-
competent patients, bedaquiline was used in a combination of
>2 drugs.

The successful use of bedaquiline-including regimens (Table 6)
could be due to the intrinsic activity of bedaquiline. However, we
cannot exclude the efficacy of other drugs. In a combination
therapy, it is impractical to assign the positive outcomes to a sin-
gle drug. Bedaquiline in combination with a highly active fluoro-
quinolone (levofloxacin), which inhibits bacterial DNA replication,
to effectively suppress mycobacterial growth could be the essen-
tial element of the successful treatment of M. fortuitum
complex.®* Omadacycline also showed great efficacy in vitro
against M. abscessus species, as well as a wide range of
Gram-positive and Gram-negative bacteria,®® through its mech-
anism of binding to the bacterial ribosome and inhibiting protein
synthesis.”® Recently, omadacycline was approved by the FDA for
the treatment of skin and skin structure infections, as well as
community-acquired pneumonia, after Phase 3 clinical trials re-
vealed good efficacy.’* Moreover, the present cases revealed a
high in vivo efficacy of bedaquiline/clofazimine combination
against M. abscessus (RGM) and M. avium (SGM), which correlated
with the in vitro synergistic effect of these drugs against NTM
species as reported by Ruth et al.*> Bedaquiline/clofazimine
combination has also proved to be effective against both drug-
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Table 6. Summary of findings: effective bedaquiline-including regimens

In animal model studies

In human studies

Regimen Mycobacterium species Regimen Species
RIF or RFP and/or Q203 or CLF M. ulcerans BDQ+LVX M. fortuitum
CLR and/or AMK M. avium BDQ+OMC or CLF M. abscessus
BDQ combined with either IPM or CLF M. abscessus BDQ +MFX M. marinum
BDQ+TDZ and CLF M. avium

RIF, rifampicin; AMK, amikacin; BDQ, bedaquiline; CLF, clofazimine; CLR, clarithromycin; IPM, imipenem; RFP, rifapentine; Q203, telacebec; MFX, moxi-

floxacin; OMC, omadacycline; TDZ, tedizolid; LVX, levofloxacin.

susceptible and drug-resistant M. tuberculosis isolates.”?®* It has
been shown that bedaquiline reduces the time to sputum culture
negativity and enhances outcomes in MDR M. tuberculosis pa-
tients.®>°? Due to the intrinsic and acquired resistance, NTM spe-
cies are posing a significant challenge to treat and thus require a
prolonged combination therapy, especially for pulmonary dis-
eases.” The exact time for culture conversion was not reported
clearly in human studies, so we could not estimate the time for
culture conversion of cured NTM cases. However, the duration re-
quired to complete treatment in successful cases varied between
3.5 and 18 months with an average of 9.4 months. Considering
the severity of disseminated infection, the treatment regimens
with the reported durations in these cases could be a promising
therapy for NTM extrapulmonary disease and is worth further
study in a larger cohort. Nevertheless, the emergence of bedaqui-
line resistance should be evaluated carefully.

In the cured cases, bedaquiline MICs for the RGM isolates var-
ied between 0.12 and <0.0625 mg/L for M. abscessus and were
0.015 mg/L for M. fortuitum. Despite the possible variations in
MIC platforms, these values are within the susceptible range for
bedaquiline proposed in this review and other studies.®*’
Unfortunately, in vitro bedaquiline MIC data for the slow-growing
isolates of M. avium and M. marinum were not provided. In the
case of M. marinum infections, routine susceptibility testing has
not yet been recommended. M. marinum was found to be sus-
ceptible to moxifloxacin (MICgo) at 1 to 2 mg/L. Little is known
about the relationship between M. marinum in vitro susceptibil-
ities and clinical response.®* In the absence of MIC data for these
isolates (M. avium and M. marinum) from clinical cases, it was dif-
ficult to identify the correlation between in vitro susceptibilities
and clinical response.

In the cases of NTM pulmonary disease, treatment with a
bedaquiline-including regimen (Table 3) did not lead to a favour-
able clinical outcome with a complete cure, despite the initial re-
sponse in many cases.' %8 However, most of these cases had
advanced pulmonary disease and had been taking complemen-
tary medications for a long time, with little or no response.’*®
Bedaquiline was used as a salvage treatment option in many
cases.

Several factors could be contributing to the unfavourable out-
come. A major factor seems to be the emergence of resistance to
bedaquiline within 3-8 months, which resulted in a 2- to 8-fold
increase in in vitro MIC of bedaquiline. WGS showed that the re-
sistant isolates of MAC contained non-synonymous mutations
in the mmpT5 and atpE genes, with atpE variations (Ala65Pro)

occurring in just two cases,®” and a W173R mutation in the
MAV_2512 locus in one case in the study by Zweijpfenning
et al.®® These mutations were discussed elsewhere in the review.
However, both mmpT5 and MAV_ 2512 loci encode a transcrip-
tional regulator of the TetR family that regulates the
mmpS5-mmpL5 operon in MAC species, which is equivalent to
the rv0678 gene in M. tuberculosis. 1t was shown previously
that mutations in the rv0678 gene cause resistance to bedaqui-
line and cross-resistance to clofazimine in M. tuberculosis.®* A
limitation of these studies is that none of them investigated
the MIC data or the emergence of resistance in M. abscessus iso-
lates. It should be underlined that for M. tuberculosis, the WHO
advises performing phenotypic DST at the very least when treat-
ment is initiated.®”

Another possible contributing factor to unfavourable out-
comes could be drug-drug interactions and suboptimal drug re-
gimens during coadministration of bedaquiline with other drugs.
For example, a combination of rifamycins and bedaquiline, which
was used in these studies, is not recommended. Rifamycins are
known to activate the CYP450 system pathway, which is respon-
sible for bedaquiline metabolism. Considering that bedaquiline is
mostly metabolized by CYP3A, there is a risk of drug interactions
when it is combined with CYP3A inducers or inhibitors. According
to the FDA, combination of bedaquiline with any strong CYP3A4
inducers should be avoided.”®°” However, according to the
included in vitro studies, a bedaquiline and rifabutin combin-
ation showed a high bactericidal effect of bedaquiline against
M. abscessus and this was boosted when amikacin was added.”®
Similarly, bedaquiline in combination with rifampicin showed a
significant effect on decreasing bacterial burden of M. abscessus
ATCC 19977 in a mouse model.'>>°¢ Despite the importance of
in vitro and in vivo animal models, they may not always accurate-
ly reflect the human system, especially in the case of NTM pul-
monary disease.’*?? Moreover, drug-drug interaction between
bedaquiline and rifabutin in the presence of other drugs is still un-
clear and requires further investigation.

WT MAC (which include M. avium isolates) as well as M. absces-
sus are known to be susceptible to macrolide antibiotics.
However, resistance to macrolide therapy, either alone orin com-
bination, could occur within a few months.*® A regimen that in-
cludes bedaquiline may be an effective alternative against both
M. avium and M. abscessus.

However, treatment outcome of patients with macrolide-
resistant MAC pulmonary disease (MR-MAC-PD)'°* or M. abscessus
infections, with isolates having inducible resistance to
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macrolides, were found to be poor.'°#1% Eight of the 10 cases re-
ported by Philley et al.* had macrolide-resistant isolates and the
fact that bedaquiline was added to already failing regimens, with
some cases having macrolide-resistant isolates, may have
contributed to the poor outcome of the bedaquiline-including re-
gimens. Interestingly, inducible macrolide resistance after expos-
ure to clarithromycin has been described in M. abscessus subsp.
abscessus infection but not in M. abscessus subsp. massiliense in-
fection, %1% suggesting differential response at subspecies le-
vel, which highlights the importance of performing speciation
at subspecies level in clinical studies.

NTM-related diseases are known to be difficult to treat, with
various therapeutic options available with poor treatment out-
come. Due to the small sample size of the included studies, the
question of the review regarding the efficacy of bedaquiline-
including regimens in the treatment of NTM pulmonary disease
could not be answered precisely. However, due to bedaquiline’s
bactericidal activity shown in in vitro studies, as well as animal
model studies, against various mycobacterial species and its
high efficacy in NTM extrapulmonary diseases, bedaquiline may
still be a potential treatment option for NTM pulmonary disease.
Thus, further studies are still required to evaluate the efficacy of
bedaquiline alone or in combination with other drugs in treating
NTM pulmonary disease in a randomized clinical setting with a
well-optimized regimen and different stages of the disease.

Limitations and strengths

A comprehensive assessment of bedaquiline efficacy from 43 stud-
ies in vitro and in vivo (animal models and human) from across the
world was performed. We proposed the bedaquiline cut-off value
for five of the clinically most important NTM species: two RGM
(M. abscessus and M. fortuitum) and three SGM (NTM) species
(M. avium, M. intracellulare and M. kanasasii) in CAMHB. We gener-
ated a profile of mutations that could be associated with bedaqui-
line resistance. Furthermore, we performed meta-analysis for the
bedaquiline effect on animal models and evaluated the treatment
outcome in humans. However, and despite the strengths of our
study, several limitations were encountered.

In vitro studies

Firstly, we intended to evaluate bedaquiline efficacy in various
clinical NTM species across various MIC methods and identify be-
daquiline MIC cut-off values for at least 10 clinically relevant spe-
cies. However, the high heterogeneity between studies, the lack
of a standardized platform for bedaquiline MIC assays in NTM
species, the limited MICqg value data for individual isolates, and
insufficient MIC data from various NTM species across various
MIC platforms prevented us from achieving our goal.

Secondly, despite the availability of bedaquiline MIC data of over
1600 isolates using CAMHB, a true assessment could only be ob-
tained from a few studies. Moreover, due to data being either
skewed or truncated, it was difficult to determine the ECOFF value
statistically using the ECOFFinder program used by EUCAST for SGM.

Thirdly, according to the ISO standard, MIC dilutions should be
based on 2-fold dilution steps from 1 mg/L, i.e. 1,0.5,0.25 and so
on and should be reported in two digits.*® Although most of the
studies used a 2-fold broth microdilution method as recom-
mended, studies were inconsistent in the MIC concentration

range tested, with some using a non-standardized (3-fold) dilu-
tion.3” From the data collected, more than 100 isolates had
MICs either lower than 0.008 or higher than 16 mg/L, suggesting
that the range for bedaquiline MIC tests for NTM species requires
further optimization. In addition, there were discrepancies in re-
porting certain dilutions, such as 0.12 or 0.13 for the concentra-
tion 0.125, or 0.0156 rather than 0.016.

Fourthly, most of the in vitro studies’ methodology was not ex-
plicitly stated, and some did not report the range of MIC utilized
during DST, resulting in an unclear risk of bias in the reference test
in the QUADAS tool. This bias affected the review certainty and
grading.

Finally, we did not assess the pharmacokinetic/pharmacody-
namic (PK/PD) data in relation to bedaquiline. In fact, in absence
of a uniform and standardized method for MIC determination
that should be used for PK/PD, it would be difficult to obtain suf-
ficient and reliable data for the analysis.

Therefore, we highly recommend that studies should adhere
to EUCAST and CLSI guidelines when performing MIC susceptibil-
ity testing for NTM species with regard to various methodological
aspects, including quality assurance measures, MIC range and di-
lutions reported. Additionally, studies should report the method-
ology section clearly to enable establishment of a standardized
method specific for bedaquiline MIC with a defined MIC range
and QC measures for NTM species, which are still required.

Association between genotypic and phenotypic bedaquiline
resistance in NTM species In all studies, the phenotypic assess-
ment was applied consistently. However, around 54% (13/24) of
the studies had a high risk of bias in the index domain and its ap-
plicability, due to the lack of conducting the index test (genotypic
assessment). Studies that performed phenotypic and genotypic
assays had unclear blinding in the genotype assessment, which
could affect transparency of the data. Furthermore, not all stud-
ies investigated all genes involved in bedaquiline resistance.
Variations in MIC platforms and mediq, the lack of a cut-off value
in each MIC platform/media and the small number of isolates
being sequenced are all limitations that made it difficult to deter-
mine the association between the genotypic variants and beda-
quiline phenotypic resistance in various NTM species, as well as
their impact on clinical outcome.

Animal model studies

The risk of bias analysis conducted as part of this systematic re-
view indicated that many of the essential methodological details
of animal model studies included in our analysis were poorly de-
scribed. This resulted in an ‘unclear’ risk of bias for most (if not all)
studies and ‘high risk’ of incomplete outcomes for some studies.
Areas of concern noted in this review include the conflation of ob-
servation and experimental units, the representation of single
datasets for repeated experiments, and the treatment of non-
independent samples as independent. It is critical to highlight
the importance of consistent reporting of all details of the experi-
mental design in addition to all treatment outcomes for future
animal model studies, as recommended previously in the
ARRIVE guidelines.’® Additionally, animal model researchers
should strive for standardized preclinical models to permit com-
parisons. However, considering that studies that do not describe
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all details may not always be methodologically faulty,®® and be-
cause we wanted to provide a comprehensive view of the inter-
vention effect in animal models, we still included the poorly
described studies in our meta-analysis.

Due to high costs, preclinical animal model studies are often
underpowered, resulting in compromised internal validity and
translational value.*® The limited number of the included studies
and the high variations between them did not allow us to per-
form meta-analysis of the overall impact of the intervention.
Furthermore, the lack of reporting on treatment follow-ups in
most of the studies influenced the strength of this review. All
the abovementioned drawbacks impact the validity of the con-
clusions reached.

The strength of this part of the review arises from being the
first exhaustive systematic review, with a meta-analysis, on the
effect of bedaquiline on decreasing bacterial burden in animal
models. The extensive search and acquisition/extraction of
data, the use of animal model data, highlighting the methodo-
logical limitations of the animal model studies, the use of
random-effects models to account for study heterogeneity and
the use of the SMD analysis to account for the variation in bacter-
ial species and duration of treatment in meta-analysis provides
context for the interpretation of outcomes of this review.

Human studies

The main limitation of the human studies included in this review
is the lack of randomized clinical trials (RCTs) and controlled clin-
ical trials (CCTs), which did not allow us to perform meta-analysis.
Thus, the findings of this review cannot be regarded as conclusive
evidence regarding the efficacy of bedaquiline treatments and
should be interpreted with caution.

Secondly, as the included studies were case series and case
reports, the variabilities between studies were very large and
there was no uniformity in the methodology, duration of trial,
time to culture conversion, duration of follow-up or even the
therapeutic regimens used. Thus, because of various variables
and discrepancies, comparing the outcomes of the studies was
challenging.

Thirdly, due to the incomplete clinical data,® overlapping data
between studies, and lack of microbiological and in vitro suscep-
tibility data in most of the studies, we could not evaluate the exact
time to culture conversion or identify the correlation between the
in vitro and the in vivo treatment outcome in human studies. MIC
values for the isolates provide an initial assessment of antibiotic
efficacy; however, in the absence of the in vitro assessment, trans-
lation of the MIC to in vivo efficacy remains unclear.

Finally, our review focused on the treatment efficacy only
and we did not evaluate the safety of using bedaquiline.
Nevertheless, in order to assess the drug safety, we recommend
that drug safety and QTc prolongation should be evaluated and
reported in more detail, even in case series and case reports.

However, despite the abovementioned limitations, this review
is the first study summarizing the evidence of the efficacy of be-
daquiline regimens in treating NTM-related diseases caused by
the various NTM species in humans. The strengths of this part
of the review lie in the extensive search and acquisition of data,
and the use of individual patient data stratified by the type of

disease and NTM species. The variation among studies may indi-
cate that the conclusions in this review are more broadly
applicable.

Conclusions

In this review we compile the available data from more than 40
studies on the effect of bedaquiline on various NTM species
in vitro and in vivo (animal models and human studies). We present
comprehensive collective data on the MIC distribution and pro-
pose the cut-off/ECOFF value of the most clinically relevant
NTM species using the CAMHB platform. Overall, bedaquiline de-
monstrated high antibacterial activity against almost all of the
tested clinical isolates of NTM species (RGM and SGM) and was
shown to have strong action against NTM species in vitro as
well as in vivo. However, bedaquiline’s effectiveness may vary de-
pending on the NTM species, patient disease severity, patient im-
munity, drug regimen and duration of treatment.

Future research

With the increasing incidence of NTM infection and the emer-
gence of MDR, bedaquiline could be a promising therapeutic
drug alone or as part of combination regimens to treat NTM infec-
tions, particularly in NTM-related extrapulmonary infection.
However, the paucity of data prevented strong conclusions re-
garding the ECOFF for many NTM species. This highlights the
need for future studies to be standardized in terms of various fac-
tors including, but not limited to, culturing media and reporting of
outcomes, to allow for meta-analysis of data. Furthermore, add-
itional studies are critically needed to evaluate bedaquiline
in vitro susceptibility as well as resistance in human studies, to as-
sist in establishing the critical concentration for bedaquiline use
against diverse NTM species. WHO guidelines for M. tuberculosis
should be strictly followed in NTM infection to prevent bedaqui-
line-resistant strains from emerging and spreading.
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