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Abstract

Nontuberculous mycobacteria can cause minimally symptomatic self-limiting infections to progressive and life-threatening
disease of multiple organs. Several factors such as increased testing and prevalence have made this an emerging infectious
disease. Multiple guidelines have been published to guide therapy, which remains difficult owing to the complexity of
therapy, the potential for acquired resistance, the toxicity of treatment, and a high treatment failure rate. Given the long
duration of therapy, complex multi-drug treatment regimens, and the risk of drug toxicity, therapeutic drug monitoring is an
excellent method to optimize treatment. However, currently, there is little available guidance on therapeutic drug monitoring
for this condition. The aim of this review is to provide information on the pharmacokinetic/pharmacodynamic targets for
individual drugs used in the treatment of nontuberculous mycobacteria disease. Lacking data from randomized controlled
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trials, in vitro, in vivo, and clinical data were aggregated to
facilitate recommendations for therapeutic drug monitoring
to improve efficacy and reduce toxicity.

Key Points

There is an urgent need to optimize non-tuberculous
mycobacterial treatment because of the potential for
acquired resistance and toxicity, resulting in a high treat-
ment failure rate.

In vitro, in vivo, and clinical data were aggregated to
draft recommendations for therapeutic drug monitoring
to improve efficacy and reduce toxicity.

A significant knowledge gap was noted, as currently used
dosages have not been established based on pharma-
cokinetic/pharmacodynamic principles. In vitro hollow
fiber infection model studies followed by clinical trials in
nontuberculous mycobacteria should be conducted and
accompanied with concurrent therapeutic drug monitor-
ing studies to optimize treatment.

1 Introduction

Nontuberculous mycobacteria (NTM) are opportunistic
pathogens that can cause a wide range of diseases from
minimally symptomatic self-limiting infections to
progressive and life-threatening disease of the respiratory
system, central nervous system, lymph nodes, joints,
skin, or the whole body (disseminated disease) [1].
The prevalence of NTM is increasing in regions where
reporting infection is required or where surveillance
studies have been performed with rates as high as 10 per
100,000 population in Australia and North America and
2 per 100,000 in Europe [2]. Patients with pre-existing
lung diseases including asthma, chronic obstructive
pulmonary disease, cystic fibrosis, and bronchiectasis
or with immunodeficiencies (inherited or acquired) are
more susceptible to NTM disease [1, 3, 4]. Disseminated
NTM disease mostly manifests in patients who are
immunocompromised. Nontuberculous mycobacteria
is more common in people aged 50 years and older [2].
Additionally, pulmonary NTM disease can occur in
people with anatomic abnormalities in the thoracic cage
[5]. Because of the combination of increased prevalence,
greater clinical awareness, more testing in resource-rich
settings, and molecular diagnostics, more patients with
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NTM infections are being recognized. To diagnose NTM
disease, clinical signs, and symptoms, positive cultures
from sputum or bronchial lavage or other sites, and
exclusion of other diseases are necessary [3, 6].

Microbiologically, NTM can be subdivided into
slow- and rapid-growing species. Mycobacterium avium
complex (MAC), M. intracellulare, M. chimaera, M.
kansasii, M. malmoense, and M. xenopi are the most
frequently observed slow-growing species while the rapid-
growing species include M. abscessus complex and M.
fortuitum complex [7]. It is important to remember that
specific cultures must be requested for the isolation of
mycobacteria.

In patients without clinical symptoms, it may be
difficult to decide whether to start treatment as the natural
history of untreated infection is not well understood. An
alternative strategy of observation may be appropriate in
certain circumstances [4]. Where treatment is required,
the American Thoracic Society (ATS), the British
Thoracic Society, and the ATS/European Respiratory
Society/European Society of Clinical Microbiology
and Infectious Diseases/Infectious Diseases Society of
America provide guidance on the treatment options [3,
4, 6]. However treatment of NTM is challenging because
drug susceptibility is highly variable, some clinical
presentations do not immediately necessitate treatment,
multiple drugs have to be combined into a regimen,
prolonged duration of therapy is recommended (12 months
post-sterilization of sputum cultures), and treatment is often
not well tolerated because of drug toxicity [6]. Based on
current poor treatment outcomes and the need for multiple
drugs for a prolonged period, there is an urgent need to
optimize treatment. In addition to the requirement for new
microbiologically active and well-tolerated drugs, TDM
has been recommended for aminoglycosides and in patients
with presumed malabsorption and/or drug—drug interactions
[3, 4, 8]. However, little information or practical guidance
is available [4]. The aim of this review is to provide
information on the pharmacokinetic/pharmacodynamic
(PK/PD) targets for individual drugs used in the treatment
of NTM disease as well as to identify knowledge gaps.
Because of a lack of data from randomized controlled trials,
in vitro, in vivo, and clinical data will be aggregated to
facilitate recommendations for TDM to improve efficacy
and reduce toxicity.

2 Susceptibility Testing for NTM

When making TDM-based decisions, it is important to
include the susceptibility (minimum inhibitory concentration
[MIC]) of the pathogen in addition to the drug exposure
as the MIC is included in all PK/PD parameters (area
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under the concentration—time curve over MIC [AUC/
MIC], maximum concentration over MIC [C,,,,/MIC],
and time above MIC [T> MIC]). However, accuracy and
assay variation must be accounted for when using MICs
reported by clinical laboratories [9]. In contrast with M.
tuberculosis, the correlation between culture-based drug-
susceptibility test (DST) results for NTM and treatment
outcomes is highly variable depending on the NTM species
and antimycobacterial agent. The Clinical and Laboratory
Standards Institute (CLSI) recommends clarithromycin and
amikacin susceptibility testing only for MAC, clarithromycin
and rifampicin for M. kansasii, and clarithromycin for M.
abscessus complex [10] as in vitro resistance to these agents
has been associated with poor clinical outcomes. A DST in
cases of infections caused by rapidly growing mycobacteria
(e.g., M. fortuitum complex) has also been recommended
[10]. Interpretation of M. xenopi, M. malmoense, and M.
simiae complex DST results should be made with caution
because of the lack of clinical correlations. Inferences about
potential resistance can be made from the species of NTM.
For example, imipenem and cefoxitin are usually more active
against M. abscessus complex while M. chelonae complex
organisms are more susceptible to tobramycin [11]. The M.
abscessus subspecies abscessus is often more drug resistant
than other rapidly growing mycobacteria.

Phenotypic susceptibility testing can be performed using
the broth microdilution method according to CLSI recom-
mendations or disc diffusion techniques [10]. However,
the CLSI method provides more robust breakpoints, stand-
ardization, and reproducibility. Agreement between the two
methods is less reliable for some drugs such as cefoxitin
and amikacin and some of the breakpoint concentrations for
detection of clinically relevant resistance in NTM remain
controversial [11]. The MAC breakpoints for amikacin have
been recently revised to include separate values for intrave-
nous and the newer liposomal formulation of amikacin [12].

Phenotypic testing for macrolides should include the
extension of the incubation time of the organism in a mac-
rolide-containing medium to 14 days to detect inducible
resistance. Such resistance is enabled by the expression of
an erythromycin ribosomal methyltransferase gene (or erm
gene), which has been observed in many rapidly growing
mycobacteria. Testing of slow-growing mycobacteria may
require incubation for as long as 6 weeks. However, drug sta-
bility may influence MIC measurements as, with the excep-
tion of amikacin, all antimycobacterial drugs can degrade
after 2 weeks of incubation in the media for a DST [13].
More recently, technical improvements in matrix-assisted
laser desorption ionization-time of flight mass spectrometry
has opened a possibility of a matrix-assisted laser desorp-
tion ionization-based DST using the matrix-assisted laser
desorption ionization Biotyper antibiotic susceptibility test
rapid assay [14].

Drug resistance in mycobacteria can be intrinsic and/or
acquired. Many rapidly growing mycobacteria carry genes
encoding proteins that methylate ribosomal DNA in a critical
region of the large subunit (50S) ribosome. These genes confer
in vitro resistance to macrolides. For example, M. abscessus
spp. abscessus is usually resistant to clarithromycin because
of the presence of the functional erm gene in contrast to M.
abscessus ssp. massiliense, which possesses a non-functional
erm gene and remains susceptible to clarithromycin.
Mycobacterium abscessus is naturally susceptible to amikacin,
variably susceptible to cefoxitin and imipenem, and resistant
to most other antimicrobial drugs [15]. The testing of large
numbers of NTM isolates indicated that they can acquire
resistance to macrolides, quinolones, aminoglycosides, and
other drugs [16]. Statistically significant differences were
revealed in susceptibility/resistance between M. avium and
M. intracellulare with M. avium strains at the species level
resistant to higher concentrations of amikacin, clarithromycin,
linezolid, and streptomycin. The isolates of M. avium were
also significantly more resistant than M. kansasii to amikacin,
ciprofloxacin, clarithromycin, doxycycline, ethambutol,
ethionamide, isoniazid, linezolid, moxifloxacin, rifabutin,
rifampicin, streptomycin, and trimethoprim/sulfamethoxazole
[17]. There is an apparent in vitro synergy between amikacin
and clofazimine leading to several fold decreases in MICs to
both drugs in both rapidly and slowly growing mycobacteria
[18]. Some new agents such as tedizolid and omadacycline
have demonstrated in vitro potency against NTM [19].

Molecular mechanisms of intrinsic and acquired
resistance against macrolides, aminoglycosides, linezolid,
clofazimine, and bedaquiline have recently been elucidated
[20]. These advances enabled molecular approaches to
a DST. For example, the NTM-DR kit (Hain Lifescience
GmbH, Nehren, Germany) can detect intrinsic and acquired
resistance in NTM to macrolides and aminoglycosides by
identifying resistance-conferring mutations in erm [21], rrl,
and rrs genes. Importantly, these molecular approaches can
also detect heteroresistance, i.e., the presence of a resistant
subpopulation in otherwise phenotypically drug-susceptible
mycobacteria [22]. The whole genome sequencing of
clinical isolates can assist in DST inferences and offers the
ultimate high-resolution approach for resistome (all the
present resistant genes) prediction. The use of a DST can be
justified for the detection of acquired resistance in patients
with recurrent or non-resolving NTM infection or a history
of previous treatment with macrolides or aminoglycosides.
Patients with documented low drug exposure are at risk of
acquired drug resistance. Therapeutic drug monitoring can
play an important role in the identification of patients with
low drug exposure, e.g., as a result of malabsorption or
drug—drug interactions [3, 4, 8]. The TDM-derived exposure
relative to the MIC is therefore used to prevent underdosing
and mitigate the risk of acquired drug resistance [9].
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Fig.1 In vitro infection models (created with BioRender.com). a
Time-kill kinetic models study the bactericidal effect of static drug
concentrations in time. The dashed line shows the decline in concen-
tration as a function of chemical degradation due to instability of the
compound. b The response of in vitro models is reflected by the num-
ber of colony-forming units (CFUs). An increase is observed for inac-
tive compounds and a control situation (growth in medium). ¢ Hol-

3 Optimal Drug Exposures for the Treatment
of NTM as Identified in the Hollow Fiber
Infection Model

Treatment success of any combination regimen largely
depends upon the drug exposure achieved with the given
drug dose in relation to the susceptibility of the pathogen.
Suboptimal drug exposure results in the emergence of drug
resistance [23]. Therefore, it is imperative to optimize the
drug regimens using the PK/PD principles described in pre-
clinical models [24]. Time-kill kinetic in vitro experiments
are straightforward and affordable to generate basic PD data
[25] on drugs that are tested for NTM activity (Fig. 1a) [26,
27]. They can help to determine whether a drug has concen-
tration- or time-dependent bactericidal activities. However,
time-kill kinetic experiments use static drug concentrations
over time while drug concentrations in humans are dynamic.
To overcome this limitation, hollow fiber infection models
have been developed using dynamic concentrations to bet-
ter resemble human pharmacokinetics. In recent years, the
hollow fiber infection model has been used to determine the
optimal drug exposure for maximal kill and to develop com-
bination regimens for NTM, namely MAC, M. kansasii, and
M. abscessus [19, 20, 22-31] (Fig. 1b). This model offers
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low fiber infection models study the bactericidal effect of dynamic
drug concentrations (mimicking human pharmacokinetics) in time.
The hollow fiber infection model (HF) can facilitate experiments
with extracellular bacteria, intracellular bacteria, and immune cells,
thereby accounting for the different conditions of nontuberculous
mycobacteria infections

the advantage of measuring the drug concentration changes
with time (pharmacokinetics) as well as linking the shape of
the concentration—time curve achieved in the systems with
the antimicrobial effect of the drug (pharmacodynamics)
[32]. The drug concentrations measured in the central com-
partment of the hollow fiber infection model represent the
plasma concentration in patients. The subcellular compart-
ment represents intracellular concentrations (as in cases of
MAC and M. kansasii), which provide information on the
drug penetration and accumulation of drug in the compart-
ment. Finally, drug concentrations measured inside the bac-
teria are used to study the mechanism of drug action. How-
ever, a model to better mimic the complex human immune
system where different immune cells are mixed and then
exposed to bacteria followed by drug treatment could better
decipher the role of the immune system in disease contain-
ment and treatment success (Fig. 1c).

The efficacy of the treatment regimen of azithromy-
cin and ethambutol was tested in the MAC hollow fiber
infection model and demonstrated a maximal kill of 1.52
+ 0.43 log,, colony-forming units (CFU)/mL during the
first 7 days after which the regimen failed [33]. However,
the addition of rifabutin has shown to keep the bacterial
burden below stasis until the end of the study (day 28,
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unpublished data). Currently, a randomized controlled trial
evaluating rifampicin + a backbone of azithromycin/eth-
ambutol is ongoing [34]. Thus, the macrolide-containing
regimen needs the addition of rifamycin for a successful
treatment outcome. Similarly, the M. kansasii hollow fiber
infection model was used to compare the treatment regi-
mens recommended by the ATS consisting of isoniazid,
rifampicin, and ethambutol with the regimen recommended
by the British Thoracic Society consisting of a combination
of rifampicin, ethambutol, and clarithromycin [35]. The kill
below stasis with the British Thoracic Society regimen was
3.07 log;, CFU/mL compared with the 1.72 log,, CFU/mL
with the ATS regimen. Furthermore, while the British Tho-
racic Society regimen continued to kill M. kansasii during
the 28-day study period, the ATS regimen failed because
of the emergence of drug resistance [36].

Optimal PK/PD exposure targets, derived from the
hollow fiber infection model, can form a basis for TDM.
It must be emphasized that adequate follow-up is essential
after dose adjustment [21]. The PK/PD targets from the
hollow fiber infection model are summarized in Table 1.

4 Use of TDM to Assess Clinical Response

In the absence of a randomized controlled trial of TDM
for a specific drug or regimen for a NTM species, there
is an urgent need to replicate pre-clinical models of
species-specific pharmacokinetics/pharmacodynamics
and predict treatment outcomes. Pending the results of
such trials, clinicians with access to TDM may prioritize
use for specific patients at a higher risk of malabsorption,
drug—drug interactions, or altered drug clearance, such as
people living with human immunodeficiency virus, cystic
fibrosis, diabetes mellitus, and obesity [37]. For example,
concomitant use of rifampicin can lower clarithromycin
and azithromycin total serum exposure AUC by 73%
and 24%, respectively [38]. Linezolid concentrations
are also known to be decreased by rifampicin and
increased by clarithromycin [39, 40]. When measuring
drug concentrations, it is important to take into account
the anatomic locations of the infection such as bone
and joint infection and antibiotic penetration into these
regions as concentrations at the site of infection may be
lower or higher than measured in plasma. Macrolides
such as clarithromycin and azithromycin have respiratory
epithelial fluid and macrophage concentrations estimated
at 2—100 times and 400-800 times, respectively, in excess
of their plasma concentrations [41]. Moreover, TDM can
be utilized in cases where prolonged treatment durations
are planned for agents where the risk of toxicity can be
reduced with lower total exposures, such as ototoxicity and
nephrotoxicity of aminoglycosides or the neurotoxicities
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and myelosuppression of the oxazolidinones [42, 43]. Taken
together, the proportion of patients with NTM infections
that may potentially benefit from TDM represents the
majority of those commenced on therapy.

Nevertheless, logistical and perceived barriers to
TDM implementation exist. Where TDM has been
more routinely implemented, for instance, in intensive
care medicine [44], educating medical professionals
about the rationale and potential benefits, creating a
standardized protocol and set of recommendations for
sample collection, and dose adjustment and utilization of
the same experienced referral laboratory have facilitated
uptake [45, 46]. Given the inter-individual PK variability,
repetition of TDM following dose adjustment or a change
in interacting drugs is recommended. Additionally, while
the most important PK/PD parameter for many anti-
mycobacterial drugs is the AUC relative to the MIC,
there can be some difficulties implementing these tests.
For example, MIC testing of the infecting mycobacterial
isolate may not be performed by some clinical laboratories
and the interpretation of MIC results is not standardized
for most drugs and NTM species, as well as certain
genetic mutations (as discussed previously) may be a more
important determinant than phenotypic susceptibility.
Furthermore, because of the practical constraints of
phlebotomy, few samples in the dosing interval are used
(limited sampling strategies) [47, 48], as an approximation
of AUC. Importantly, patient-centered expectations of
treatment response, such as microbiological cure vs
toxicity-free symptom improvement must be agreed upon,
ideally prior to treatment initiation, and then re-assessed
at an appropriate interval following TDM. A typical case
of MAC is described in Text box 1 and the application of
TDM is presented in Text box 2.

Textbox 1 Case report

The first case is a 15-year-old man with cystic fibrosis who weighed
66 kg (body mass index of 20.8 kg/m?), had persistently positive
sputum cultures for Mycobacterium avium complex (MAC) [not
further speciated] with retained macrolide susceptibility, nodular
bronchiectatic lung disease, and worsening lung function. Treat-
ment for MAC was initiated with the goal of symptom and lung
function improvement and a decrease in MAC burden. Initially, he
was placed on azithromycin at 500 mg daily, rifampicin 600 mg
daily, and ethambutol 800 mg daily. Therapeutic drug monitoring
was performed with a limited sampling strategy and estimated
maximum concentration of azithromycin was 0.16 mg/L (expected
range 0.20-0.70 mg/L) and rifampicin was 3.02 mg/L (expected
range 8-24 mg/L). Azithromycin was increased to 750 mg daily
and rifampicin to 900 mg daily with subsequent tolerance and
decrease of sputum mycobacterial burden. Following addition of
clofazimine and inhaled amikacin, 1 year of sustained MAC clear-
ance was achieved.
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Textbox 2 Recommendations for TDM in NTM disease

Efficacy

Information on PK/PD targets on drugs used for NTM is scarce. TDM for efficacy is preferably guided by

PK/PD targets but if these are lacking it would help to target normal exposure in patients with low expo-

sure not responding to therapy
Toxicity
are observed at a standard dose
Drug—drug interactions

In the case of presumed drug-related toxicity, dose adjustment is suggested when high drug concentrations

Drug—drug interactions can be managed as usual and TDM can be used to verify if exposure is within the

normal range for that particular drug

Renal or hepatic function problems For renally excreted or hepatically metabolized drugs, dosages can be adjusted as recommended by guide-
lines and TDM can be used to verify if exposure is within the normal range for that particular drug

Comorbidities (e.g., diabetes mel-
litus, HIV, CF)

Sampling

As treatment in patients with comorbidities is often accompanied with complications, it is recommended to
evaluate drug exposure in situations where these may arise

At least 2 samples should be collected during the dose interval to assess drug exposure. A single sample

often does not provide sufficient information as delayed absorption on reduced clearance is imperceptible

CF cystic fibrosis, HIV human immunodeficiency virus, NTM nontuberculous mycobacteria, PD pharmacodynamic, PK pharmacokinetic, TDM

therapeutic drug monitoring

5 Drugs

A non-systematic literature search was performed in Pub-
Med using the keywords pharmacokinetics, pharmaco-
dynamics, NTM, nontuberculous mycobacteria, and the
various drugs as included in the treatment guidelines [4,
6]. Table 1 summarizes the optimal PK/PD exposure tar-
gets for drugs, as monotherapy. In the hollow fiber infection
model, the optimal exposure is defined as the drug concen-
tration required to achieve 80% of the maximal kill, it can be
expressed as the PK/PD target for that particular drug, e.g.,
as an AUC/MIC ratio. Based on the AUC/MIC target ratio,
drug exposure at difference dosages and the susceptibility
breakpoint, it can be estimated which percentage of patients
can be successfully treated with that drug. This strategy has
been used earlier to translate in vitro PK/PD results to clini-
cal practice [49]. The next section includes an overview of
in vitro and in vivo studies that have shown efficacy or inef-
ficacy when used for NTM. In addition, potential PK/PD
indices and targets are discussed to guide therapy. In cases
where no or limited data are available, we identified this as
a knowledge gap.

5.1 Rifamycins

Rifampicin, rifabutin, and rifapentine are bactericidal drugs
that inhibit bacterial DNA-dependent RNA-polymerase to
inhibit RNA synthesis [50]. Rifampicin and rifabutin have
a wide range of activity against NTM including MAC, M.
malmoense, M. xenopi, and rifamycin-sensitive M. kansasii
[51]. Although M. abscessus has been known to be resistant
to rifamycins, rifabutin has recently shown activity against
M. abscessus [52], demonstrating the future potential of rifa-
mycins as repurposed drugs [53].

Because of a poor correlation between in vitro MIC
data for rifampicin and rifabutin and MAC, a DST is not
performed for rifamycins, except for M. kansasii in which
resistance data may help determine the choice of antibiotic
regimen [54]. Rifamycins alter the concentration of mac-
rolide antibiotics [38, 55, 56] but are themselves not sig-
nificantly affected by concurrent treatment with macrolides
[38]. Although there are no data on PK/PD targets specifi-
cally for nontuberculous mycobacteria, at current recom-
mended doses only 18% of patients taking rifampicin (n =
299) for pulmonary MAC infection met the PK/PD target
associated with a bactericidal effect against M. tuberculo-
sis in the hollow fiber model, and only 6% had total AUC
0-¢/MIC bactericidal ratios against M. tuberculosis in the
mouse model; however, the AUC,,_, were compared to AUC
o024 Index values from the published literature [38]. There-
fore, much higher doses of rifampicin may be required to
achieve PK/PD targets [57]. If higher doses are considered,
TDM may be beneficial in minimizing the risk of rifampicin-
induced toxicity [58].

5.2 Macrolides

The macrolide antibiotics indicated for NTM include
azithromycin and clarithromycin. These antibiotics have an
effect through inhibiting protein synthesis with binding to
the bacterial 50S ribosomal subunit [59]. Both have a similar
spectrum of activity that includes MAC, M. kansasii, M.
malmoense, and M. abscessus [38, 60-62].

Regarding M. abscessus complex, the kill below stasis
with the combination regimen of amikacin, cefoxitin, and
clarithromycin was 1.22 log;, CFU/mL and in the hollow
fiber infection model the therapy failed after 14 days of
the treatment [36]. Azithromycin and clarithromycin are
extensively distributed into tissues and macrophages. Tis-
sue concentrations may be up to 30- and 100-fold higher
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than serum concentrations for clarithromycin and azithro-
mycin, respectively [63, 64]. In patients with MAC, the peak
serum concentrations of clarithromycin have been shown
to be lower than the MIC required for susceptibility [38,
56]. Moreover, a study reported low C,,,, values in patients
who had a 74% favorable microbiological response [56].
However, C,,,, might not be the best PK/PD target for mac-
rolides, as AUC/MIC has been used previously in tubercu-
losis (TB) [65, 66]. Furthermore, in the described study, the
patients were receiving intermittent and daily therapies and
sub-target concentrations were found in the majority of the
patients, which makes it difficult to discuss differences [56].
Currently, there is also no cut-off serum concentration value
to assess toxicity. Thus, current evidence does not support
the use of TDM for macrolide therapy, except to rule out
malabsorption.

5.3 Fluoroquinolones

Fluoroquinolones occasionally play a role in NTM regimens,
but their role has not been well defined. They exert their anti-
bacterial effect by inhibiting DNA gyrase, which disrupts
DNA synthesis. Fluoroquinolones exhibit concentration-
dependent activity.

Ciprofloxacin and moxifloxacin have activity against M.
avium complex and M. intracelluare, but MICs tend to be
higher in M. intracellulare [67]. Fluoroquinolones also have
some activity against other slow-growing mycobacterial spe-
cies (M. xenopi, M. kansasii, M. szulgai). Ciprofloxacin may
be synergistic with ethambutol against M. malmoense [68].
Data describing susceptibility for M. abscessus are conflict-
ing with regard to fluoroquinolone activity [69, 70].

Hollow fiber infection model studies suggest standard
moxifloxacin doses (400 mg daily) are inadequate for treat-
ing disseminated MAC [49, 71]. Moxifloxacin has been
tested against M. abscessus strains, where regrowth was
observed beyond 3 days and subsequent Monte Carlo simu-
lations suggested that 400—800 mg/day doses would achieve
80% of the maximal kill in <12.5% of simulated patients
[49]. Moreover, in another hollow-fiber infection model
of M. kansasii, it has been shown that moxifloxacin has a
higher kill rate than the isoniazid, rifampicin, and ethambu-
tol regimen [72]. Clinical PK studies on fluoroquinolones
are lacking in NTM.

5.4 Clofazimine

The activity of clofazimine has been well established for M.
leprae (leprosy) since the 1950s. A PK analysis of clofazi-
mine in healthy subjects reported a delayed absorption (0—4
h), and up to a 2.5-fold increase in exposure when given
with a high-fat meal [73]. Minimum inhibitory concentra-
tions of clofazimine against NTM species are variable. A
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recent study reported clofazimine MICs for clinical isolates
of MAC from 0.031 to 8 mg/L, while for M. abscessus,
MICs had a range of 0.031-16 mg/L. All patients with MIC
<0.25 mg/L achieved culture conversion, with this cut-off
being associated with a significant likelihood for culture
conversion compared to MIC > 0.5 mg/L (odds ratio 39.3,
p = 0.021) [74]. Clofazimine has shown synergy with ami-
kacin against M. abscessus, M. chelonae, M. fortuitum, and
MAC [18, 75] and clinical guidelines support the use in
M. abscessus [51]. A recent in vitro synergy study demon-
strated that clofazimine extended the bacteriostatic activity
of bedaquiline against M. abscessus although with increased
bedaquiline resistance. Clofazimine showed a slight bacte-
ricidal activity against M. avium and slowed bedaquiline
resistance for M. avium [76]. In a hollow fiber infection
model, clofazimine has shown modest effect against M.
kansasii [77]. Moreover, in an in vivo mice model, it was
shown that inhaled clofazimine reaches four times higher
concentrations in lung tissue compared with oral clofazimine
[78]. Retrospective studies have suggested that clofazimine
can effectively replace rifampicin in the MAC regimen con-
taining ethambutol and a macrolide [79, 80] and has been
suggested to be potentially an effective drug in combina-
tion with other antimicrobials against NTM [81]. In vitro
synergy by the addition of clofazimine to other drugs would
need to be evaluated in pre-clinical models such as a hol-
low fiber system to optimize regimens based on mimicked
human kinetics and drug exposure. The role of TDM for
clofazimine is unclear, it might be useful in instances with
extremes of body fat deposition [82]. Future studies to estab-
lish dosing regimens for NTM could provide evidence for a
dose-exposure-response relationship, target PK/PD markers,
and thresholds required for TDM.

5.5 Isoniazid

Isoniazid has been used for MAC, M. kansasii, and M.
xenopi [51]. Factors of PK variability include a high-fat
meal (12% decrease in AUC with a high-fat meal) and
polymorphisms in N-acetyltransferase 2, with the latter
contributing to hepatotoxicity [8, 83]. Isoniazid MICs for
wild strains of M. kansasii range from 0.5 to 5.0 mg/L using
agar or broth methods; however, breakpoints against NTM
have not been established [54].

A prospective PK study in patients with NTM reported
isoniazid C,,, of 5.0 and 4.9 mg/L in two patients, in line
with the normal observed range (3—6 mg/L) [51, 55]. In a
hollow-fiber infection model, a standard regimen consisting
of isoniazid, rifampicin, and ethambutol showed efficacy
against M. kansasii with a low kill rate of —0.08 + 0.05
log,, CFU/mL/day, in contrast to moxifloxacin monotherapy
demonstrating the highest kill rate of —0.82 + 0.15 log,
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CFU/mL/day [72]. A target C,,,, of 3-5 mg/L has been sug-
gested in patients with NTM with malabsorption or poor
response [51]. The AUC/MIC may provide a more robust
TDM approach, but further PK/PD studies are required
in patients with NTM to establish and validate the target
ranges.

5.6 Ethambutol

Ethambutol, which inhibits the synthesis of the cell wall, is
used for MAC, M. kansasii, M. malmoense, M. xenopi [51],
and M. marinum. The CLSI-defined MIC resistance break-
point (>4 mg/L) is limited to M. kansasii and M. marinum
[54], and in vitro susceptibility does not well predict clinical
outcome, especially for MAC [75].

In a hollow-fiber model of intracellular M. avium, the
microbial kill rate was associated with C,,, /MIC, with a
value of 1.23 in serum to achieve 90% of the maximal kill
[29]. Monte Carlo simulations of 10,000 patients also sug-
gested the higher ethambutol dose of >50 mg/kg twice a
week rather than current doses of 15 mg/kg/day to achieve a
target attainment probability of above 80% for disseminated
M. avium disease [29].

A prospective PK study in patients with NTM showed
a C,,,, of ethambutol in NTM to be comparable to patients
with TB (2-6 mg/L) (Table 1) [55]. Optic neuritis is believed
to be a concentration-dependent toxicity [8]. Current recom-
mendations include a target C,,, of 2-6 mg/L [51] and a
case-by-case C,,,,/MIC in patients with altered pharmacoki-
netics (e.g., cystic fibrosis, renal impairment), malabsorp-
tion, and poor response [84].

5.7 Aminoglycosides

Aminoglycosides act primarily via binding to the 30S ribo-
somal subunit, leading to inhibition of the bacterial protein
synthesis. They have a concentration-dependent effect, and
toxicity is associated with cumulative drug exposure [85,
86]. Pharmacokinetic/pharmacodynamic data of aminogly-
cosides have largely been derived from other infections with
Gram-negative bacteria [86]. Amikacin can be utilized for
MAC and M. abscessus complex infections, while tobramy-
cin is more active in vitro than amikacin for M. chelonae
[85].

A hollow fiber infection model for M. abscessus was
developed to mimic the pulmonary pharmacokinetics of
amikacin [30]. Both efficacy and acquired drug resistance
were related to C,,,/MIC ratios [30]. However, Monte Carlo
simulations of 10,000 patients showed that a standard dose
of 1500 mg of amikacin will only achieve a C,, /MIC ratio

of 3.2 in 21% of patients. Doses of 4000 mg of amikacin per
day were needed to attain this ratio in 70% of the patients,

but these doses carry unacceptably high risks of ototoxicity
and nephrotoxicity.

Concerning safety, 25 mg/kg of aminoglycoside three
times a week was compared with 15 mg/kg five times a
week in both TB- and NTM-infected patients [87]. The size
of the dosage and the frequency of administration were not
associated with the incidences of ototoxicity, vestibular tox-
icity, or nephrotoxicity. Risk of ototoxicity was associated
with increased age, longer duration of treatment, and larger
cumulative dose received [87]. Therapeutic drug monitor-
ing of aminoglycosides is primarily focused on prevention
of toxicity.

In 2018, the US Food and Drug Administration approved
amikacin lipid inhalation suspension (Arikayce®) as part
of a combination drug regimen in adult patients with com-
plicated MAC lung disease. The recommended dose is 590
mg/8.4 mL as a once-daily inhalation. Mean systemic expo-
sure of amikacin after inhalation is low (C,,,, 25-fold and
AUC 6-fold lower compared with 15 mg/kg/day of intra-
venous amikacin). Little to no accumulation occurred fol-
lowing multiple once-daily doses for 3 months. Ototoxicity
was observed more frequently in the guideline-based therapy
with inhaled amikacin (17.0%) compared with the guideline-
based therapy (9.8%). The difference was primarily driven
by the occurrence of tinnitus and dizziness. Nephrotoxic-
ity was observed infrequently in clinical trials investigat-
ing inhaled amikacin, occurring in a similar proportion as
control groups [88].

5.8 Tetracyclines

For rapidly growing NTM such as M. fortuitum, M. abcessus,
M. chelonae, and M. smegmatis, in vitro studies demonstrate
tigecycline exhibits excellent antimicrobial activity [89].
The MIC for tigecycline to each of these isolates was very
low (< 1 mg/L) with 100% susceptibility as compared with
minocycline and doxycycline that showed high MICs (> 16
mg/L) and resistance to > 60% of M. abscessus and M.
chelonae isolates [89]. The situation was somewhat reversed
for the slow-growing NTM including M. kansasii and M.
marinum where tigecycline performed poorly but 100% of
isolates were susceptible to minocycline. Unfortunately, all
tetracyclines exhibited poor antimicrobial activity against
MAC [89]. Two specific ribosomal resistance protein genes,
otr(A) and tet(M), have been identified among tetracycline-
resistant mycobacteria [62]. Moreover, to achieve adequate
concentrations in the lungs, tigecycline requires twice-daily
dosing [90].

The AUC/MIC is likely to be the most useful PK/PD
measure for tetracyclines that correlates with efficacy [91].
Therapeutic drug monitoring may be useful for the efficacy
of doxycycline and minocycline when treating the slow-
growing NTM such as M. kansasii and may be useful for
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reducing tigecycline toxicity. The efficacy of a novel oral
tetracycline in NTM disease, omadacycline, is currently
unknown; however, it has shown a relatively good safety
profile [92] and it has been used in NTM disease. In addi-
tion, it has shown to have efficacy against M. abscessus
subspecies abscessus in an in vitro study [93]. However,
recently, the marketing authorization approval was removed
from the European Medicines Agency by the company for
business reasons [94].

5.9 Oxazolidinones

There are limited data concerning linezolid and NTM but
several studies highlight the importance of species identifi-
cation as a guide to susceptibility. In vitro studies performed
on isolates of the most common clinically significant NTM,
isolates of the MAC, demonstrated that linezolid was highly
bactericidal. Because of the MIC distribution, doses up to
1800 mg/day were required to optimize the bactericidal
effect, resulting in a high adverse event rate [95]. A recent
publication testing antimicrobial susceptibilities of the newly
recognized pathogen M. chimaera [96] demonstrated 39%
of isolates (34/87 isolates) had intermediate susceptibility
and 39% (34/87 isolates) were resistant to linezolid. Of 37
M. abscessus and M. fortuitum isolates tested by Zhang et al.
[69], 15% and 18%, respectively, were resistant to linezolid.

Tedizolid may have significant advantages over linezolid
although clinical data remain limited. The high oral bio-
availability and a longer half-life of tedizolid (11.0 h vs 5.0
h) enable once-daily dosing. However, the protein binding
of 70-90% for tedizolid vs 30% for linezolid suggests that
hypoalbuminemia in chronic disease may have an impact on
drug concentrations. Most phase II-III trials studies have
been performed over 6 days and long-term usage has not
been well described. For treatment courses up to 7 days,
tedizolid appears to be better tolerated than linezolid, espe-
cially in regard to hematological adverse events such as
anemia and thrombocytopenia [97]. Hollow fiber infection
models have shown the effect of tedizolid in NTM (Table 1)
[35, 98]. Although there are limited data suggesting in vitro
activity against MTB and NTM and it is being used in clini-
cal practice, there is only a single case report of tedizolid
use in M. avium infection following linezolid toxicity [95].

5.10 Beta-Lactams

Cefoxitin and imipenem are currently used for the treatment
of rapidly growing NTM infections with organisms such as
M. abscessus complex and M. chelonae [6, 51]. These beta-
lactams are more resistant to hydrolysis by mycobacterial
beta-lactamases, which may explain their observed clinical
efficacy. The recent discovery of the potent inhibitory effect
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by avibactam against beta-lactamases in M. abscessus and
M. avium has re-focused attention on beta-lactams for the
treatment of NTM. Treatment with avibactam lowered MICs
of M. abscessus and M. avium 4- to 32-fold for several beta-
lactams [99-101].

The instability of beta-lactam compounds and the longer
generation times of mycobacteria complicates drug suscepti-
bility testing and the performance of PD experiments inves-
tigating beta-lactam/beta-lactamase combinations, which
has resulted in a paucity of PK/PD data [102]. Ceftazidime/
avibactam has been shown to have an effect against MAC
(Table 1) [101]. Mycobacterium avium complex eradication
with ceftazidime/avibactam was achieved at 0.61-2.4 log,
CFU/mL below stasis [101]. Because of a lack of clinical
studies, the optimal dosing regimen for the treatment of
NTM infections is yet to be defined.

5.11 Bedaquiline/Delamanid/Pretonamid

Bedaquiline, delamanid, and pretonamid have been devel-
oped specifically for TB. However, only bedaquiline has
been demonstrated to have some activity against NTM,
while delamanid has very limited activity [103]. Notwith-
standing the inhibition, bedaquiline appears to lack in vitro
bactericidal activity against NTM species, showing only
modest bacteriostatic activity [104]. Bedaquiline inhibits
ATP-synthase and is bacteriostatic against M. avium, M.
ulcerans, and M. abscessus [104—106]. It is bacteriostatic
with the following rapid growers: M. abscessus and M. che-
lonae, and bactericidal for M. fortuitum. Rapid-growing M.
Xenopi is resistant to bedaquiline [107].

This seems to be the case in vivo as well with the efficacy
of bedaquiline appearing to be limited. In mouse models,
bedaquiline demonstrated bacteriostatic activity and reduced
M. abscessus CFU by 1 log [108], but no survival bene-
fit was appreciated. A small case series of patients given
bedaquiline with drug-resistant MAC or M. abscessus as
a compassionate use treatment reported a microbiological
response in six of ten patients, but only a few patients’ spu-
tum culture converted at 6 months [106], and relapse with
bedaquiline-resistant strains has been reported [109].

Delamanid inhibits mycolic acid synthesis and pos-
sesses in vitro activity against M. kansasii and M. bovis, it
is not active against M. avium, M. chelonae, M. abscessus,
or M. fortuitum [110], though more studies are needed to
understand activity against other NTM. Pretonamid, a novel
nitrimidazole licensed to treat drug-resistant TB, has so far
been shown to have little or no activity against NTM.
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6 Discussion and Conclusions

In theory, TDM for NTM makes perfectly good sense [4].
The NTM species are at least as resistant, if not more resist-
ant, to available drugs when compared with M. tuberculosis.
Pharmacokinetics/pharmacodynamics have progressed con-
siderably for TB, and many experts routinely use TDM to
manage TB, multi-drug resistant TB, and extensively drug-
resistant TB. By comparison, the treatment for NTM has not
evolved to incorporate TDM.

Nevertheless, data are lacking for drug treatment choices,
drug doses, and desirable concentrations for NTM infec-
tions. None of the currently used drugs was specifically
developed for NTM, and the ‘normal ranges’ have been bor-
rowed from other disease states such as TB as a placeholder
for future developments. In some cases, the ranges have been
holding their place since the 1990s, with no reprieve in sight.

The treatment of NTM largely has developed based on
expert opinion and extrapolation, using available drugs at the
‘usual’ doses because of limited data. Further clinical trials
including PK/PD analyses are urgently needed with a focus
on shorter, better, and more tolerable treatment. Because
many patients with pulmonary MAC and other NTM are
older and more frail, drug intolerance is common. Even
when faced with measured low plasma drug concentrations,
physicians often are reluctant to increase the doses because
of concerns of adverse effects.

What truly is needed are drugs designed for specific
NTM. Actual pharmacokinetics/pharmacodynamics for
each organism, beginning in vitro with a hollow fiber infec-
tion model, would allow for smarter drug therapy in patients
with NTM. Moreover, clinical trials looking into specific
knowledge gaps in NTM should be conducted and accom-
panied with concurrent TDM studies, where specific PK/PD
targets and other necessary endpoints should be considered
[111]. Drugs need to be substantially more tolerable than,
for instance, tigecycline and clarithromycin. They need to be
more potent for the varying metabolic states of NTM and the
microenvironments such as biofilms where they often reside,
as well as having a better balance between efficacy and toxic-
ity. There are still many problems in developing new drugs
for NTM as the disease itself, as mentioned before, may vary
in clinical severity from few or no complaints to life-threat-
ening disease. In addition, it has been recently discussed
in a review that consideration should be given to whether
the aim is to develop curative or maintenance treatment, in
the context of the heterogeneous nature of NTM microbes
and multiple other factors [112]. The observed increasing
prevalence of NTM lung disease [113, 114] and the frequent
life-long burden of disease amongst infected patients should
make NTM disease and its treatment a research priority as
clearly no effective and tolerable short-course treatment is

available. The success of recent public private partnerships
to catalyze drug development for TB may serve as a model
for the NTM research community [115].

In summary, the application of TDM to optimize NTM
treatment could be useful, maximizing efficacy while mini-
mizing toxicity. As we have shown, data supporting PK/PD
targeted dosing are scarce. In the absence of such data, we
advocate for targeting expected drug exposures in patients
with documented low exposure who are not responding to
therapy. The same applies for toxicity, as it is advisable to
reduce the dose in a patient with drug concentration-asso-
ciated toxicity. Therapeutic drug monitoring can be of fur-
ther help in the management of drug—drug interactions, and
reduced drug clearance in the case of renal function loss.
Therapeutic drug monitoring may serve as a critical bridge
to new drugs and drug regimens that are critically needed for
durable NTM cure without treatment-related morbidity. As
mentioned, more research is needed to optimize treatment
and for TDM to support such treatment, but currently we are
a long way from reaching it.
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