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Abstract

Background Mycobacterium abscessus (MABS) causes difficult-to-treat pulmonary and extra-pulmonary infections.
A combination therapy comprising amikacin, cefoxitin, and a macrolide agent is recommended, but its antimicro-
bial activity and clinical efficacy is uncertain. Inducible resistance to macrolides (macrolides-iR) has been associated
with poor clinical response in pulmonary infections, whilst for extra-pulmonary infections data are scarce.

Objectives Herein, the aim was to evaluate the effect of the amikacin, cefoxitin, and clarithromycin combination
against macrolides-iR MABS in a hollow-fiber infection model.

Methods The hollow-fiber system was inoculated with M. abscessus subsp. abscessus type strain ATCC 19977
and treated during 10 days with the antibiotics combination. Two level of macrolide concentrations were evaluated
mimicking the pharmacokinetics profiles of free (i.e. unbound) drug in blood and lung.

Results Using blood concentrations, the combination failed to prevent bacterial growth. Using lung concentrations,
the combination had a limited but significant effect on bacterial growth from day 2 to day 10. Moreover, increasing
clarithromycin concentrations stabilized the amikacin-tolerance level: amikacin minimal inhibitory concentration

of amikacin-tolerant strains increased over time using blood concentrations while it remained stable using lung
concentrations.

Conclusions Our finding confirms the low activity of the amikacin, cefoxitin, and clarithromycin combination
against macrolide-iR MABS infection, and suggest the influence of clarithromycin concentrations on response. The
low concentration of clarithromycin in blood may hamper efficacy for the treatment of extra-pulmonary MABS
infection. Consequently, it should not be considered as an active molecule in the chosen antibiotic combination,
as recently recommended for pulmonary infections.
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Introduction
Mycobacterium abscessus (MABS) complex is a rapid-
growing, facultative intra-cellular, antibiotic-resistant
non-tuberculous Mycobacteria causing difficult-to-treat
pulmonary and various extra-pulmonary infections.
Among these, inoculations are responsible of skin and
soft tissue or bone and joint infections, while severe
disseminated infections are mainly observed in immu-
nocompromised patients (HIV infected or undergoing
immunosuppressive therapy) [1, 2]. A combination ther-
apy is recommended and usually comprises amikacin,
cefoxitin, and a macrolide agent [3, 4]. MABS complex
includes subspecies carrying the erm(41) gene, conferring
inducible resistance to macrolides (macrolides-iR) [5],
which has been associated with poor clinical outcomes
in pulmonary infections [6]. Recent guidelines of MABS
complex pulmonary infections treatment suggest using
different macrolide-containing combinations depending
on the presence of macrolides-iR [4], while extra-pul-
monary infection guidelines have not been updated [1,
3]. The efficacy of the amikacin, cefoxitin, and macrolide
combination has also been questioned using a hollow-
fiber infection model (HFIM) mimicking optimal pul-
monary antibiotic concentrations [7]. Nevertheless, no
in vitro model has ever mimicked extra-pulmonary anti-
biotic concentrations whereas clarithromycin is known
to concentrate in epithelial lining fluid (at least tenfold)
and in phagocytes including alveolar macrophages [8, 9].
Herein, the aim was therefore to evaluate the efficacy
of amikacin, cefoxitin, and clarithromycin combination
against Mycobacterium abscessus (MABS) in a HFIM
mimicking human blood and lung concentrations of
macrolides. Giving the low penetration of amikacin into
macrophages, the study focused on MABS extracellular
component.

Materials and methods

Minimal inhibitory concentrations (MIC) of M. abscessus
subsp. abscessus (MABS) type strain ATCC 19977 were
determined by microdilution [9, 10]. A hollow-fiber sys-
tem (HFS) [11], composed of a 20 mL polysulfone fiber
cartridge (FiberCell Systems®, New Market, MD, USA)
connected to a central reservoir and a DUET pump
(FiberCell Systems®), and containing Cation-adjusted-
Muller-Hinton (CAMH) culture medium (Merck Mil-
lipore®, Burlington, MA, USA), was inoculated with
MABS ATCC 19977 in exponential growth to achieve
a 10°-10° CFU/mL density at day (D) 0. Then, HFS was
treated during 10 days with an amikacin, cefoxitin, and
clarithromycin combination. Two level of macrolide
concentrations were evaluated, mimicking the pharma-
cokinetics profiles of free (i.e. unbound) drug in blood
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and lung. Based on previous intravenous administration
data, clarithromycin (Mylan, Canonsburg, PA, USA) was
injected twice a day to achieve a peak concentration of
1.8 mg/L for the blood regimen [12] and 18 mg/L (ten-
fold) for the lung regimen [8]. Amikacin (Viatris, Pitts-
burgh, PA, USA) was injected once a day in the HFS to
achieve a peak concentration of 60 mg/L [13] for both
regimen. Cefoxitin (PANPHARMA, Luitré-Dompierre,
France) was administered as a continuous infusion into
the CAMH culture medium to obtain a steady-state con-
centration of 25 mg/L [14] for both regimen. A growth
control without antibiotic (NT) was also evaluated. All
experiments were performed at 37 °C.

Antibiotic concentrations achieved in the HFS were
measured using an automated immunoassay on the
Cobas platform (Roche, Bale, Switzerland) for amikacin,
and high-performance liquid chromatography combined
with mass-spectrometry for cefoxitin and clarithromycin.
The 3 conditions (NT, lung regimen, and blood regimen)
were performed 3 times in independent experiments.

Samples were withdrawn from the HFS cartridge from
DO, to D10 of treatment, and cultured on antibiotic-free
CAMH agar (BioRad, Hercules, CA, USA) for bacterial
count. Results were expressed in absolute values (log;,
CFU/mL) and in relative values compared to DO, i.e. CFU
count relative from baseline, (% DO log;, CFU/mL) to
account for variability in the initial DO inoculum. Antibi-
otic tolerance was quantified by culturing on CAMH agar
(Becton—Dickinson) containing 80 mg/L of cefoxitin or
32 mg/L of amikacin, and expressed in absolute values
(log;, CFU/mL growing on antibiotic-supplemented

media), and in relative values:
Count on antibiotic—supplemented media at DX(%)
% = 100 x

mL

Total count at DX (CF—U)

Cefoxitin and amikacin MIC of strains growing on antibi-
otic-supplemented media were determined by microdilu-
tion [10].

Appropriate tests were performed to compare bacterial
growth and antibiotic-resistant subpopulation between
NT and treatment conditions using the GraphPad Prism
software, version 10.2.3. A p value <0.05 was considered
statistically significant.

Results

MABS amikacin and cefoxitin MIC were 1 and 8 mg/L,
respectively. MABS presented a clarithromycin-iR with
increased MIC, from 0.12 mg/L on D3 to>16 mg/L on
D14. The antibiotic concentration profiles achieved
human concentration target values (Fig. 1). For amikacin,
average peak concentration and area under the concen-
tration—time curve over 24 h (AUC) were 62 mg/L and
329 mg.h/L, respectively, very similar to values reported
in humans for a dose of 20 mg/kg [15].). For amikacin,
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Fig. 1 Kinetics of antibiotic concentrations over time during 24 h
in the hollow-fiber system for the blood regimen. CLA clarithromycin
(red point: point extrapolated from the first peak due to evening
injection), AMK amikacin, CFX cefoxitin. Targets were peak
concentration for CLA: 1.8 mg/L, peak concentration for AMK:
60 mg/L, steady-state concentration for CFX: 25 mg/L

average peak concentration and AUC were 2.5 mg/L
and 20.4 mg.h/L, respectively, also very similar to results
observed in subjects who received 500 mg/12 h over
5 days [16]. The lung regimen was associated with a ten-
fold higher exposure in the HFS (data not shown). For
cefoxitin, average steady-state concentration was about
25 mg/L. Based on typical cefoxitin clearance reported
by Isla et al. (11.5 L/h), a 6000 mg dose administered as
a continuous infusion over 24 h would lead to a steady-
state concentration of 21.7 mg/L [17]. Thus, our results
were consistent with human exposure.

Overall, none of the antibiotic regimens enabled HFS
sterilization after D10 of treatment (Fig. 2). The blood
regimen failed to produce a bactericidal or bacteriostatic
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effect over 10 days. It only had a limited but significant
inhibitory effect on bacterial growth compared to NT
at D3 (- 1.17 log;, CFU/mL, 95% confidence inter-
val, 95%CI [- 2.26; — 0.08]) and D4 (- 1.33 log;, CFU/
mL, 95%CI [— 2.16; — 0.49]; Fig. 2a), but had no effect
on CFU count relative from baseline, compared to NT
(Fig. 2b). The lung regimen also failed to kill bacteria.
It exhibited an initial bacteriostatic effect but could not
inhibit growth beyond 3 days. It had a limited but signifi-
cant effect on growth inhibition compared to NT at D5
(- 1.36 log;, CFU/mL, 95%CI [— 0.01; — 2.72]; Fig. 2a).
This regimen significantly reduced CFU count relative
from baseline compared to NT, from D2 to D10, with a
maximum effect at D10 (— 38.0%, 95%CI [— 8.02; — 67.9];
Fig. 2b). Moreover, compared to NT, the reduction in the
area under the curve of CFU counts relative from base-
line was greater for the lung regimen (— 65%) than for
the blood regimen (— 42%; Fig. 2b). Finally, although the
CFU counts were not significantly different between both
regimens at D10 (in absolute and relative values), there
was a trend toward greater CFU counts under the blood
regimen, while they were stable under the lung regimen
(Fig. 2).

The emergence of MABS strains growing on antibi-
otic-supplemented media (Fig. 3a—c) was observed in all
conditions and could be defined as either tolerant or per-
sistent, but not resistant, since no strain reached the MIC
defining the resistance clinical category [18] (Table 1).

In NT, the proportion of antibiotic-tolerant or -persis-
tent strains remained relatively stable over time; 0.01% of
the inoculum growing on cefoxitin-supplemented media
(Fig. 3d), and between 0.0001-0.001% of the inoculum
growing on amikacin-supplemented media (Fig. 3e).

Both regimens led to an early emergence of cefox-
itin-tolerant or -persistent strains (Fig. 3b, c), which
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Fig. 2 MABS growth kinetics in the hollow-fiber system for 10 days. In not treated condition (black), under the blood antibiotic regimen (red)
and under the lung antibiotic regimen (blue). a Absolut count, log,, CFU/mL. b in relative values compared to DO, % DO log,, CFU/mL. %, p <0.05;
s, P <0.01 (comparison between blood regimen and not treated condition). sx, p <0.05; 55, p < 0.01 (comparison between lung regimen

and not treated condition). Mean + SD of 3 independent experiments for each condition
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Fig. 3 Antibiotic-tolerant or -persistent MABS growth kinetics in the hollow-fiber system for 10 days. a—c Growth kinetics in absolute count

(log,o CFU/mL) of MABS total count (black), amikacin-tolerant or -persistent MABS (orange), cefoxitin-tolerant or -persistent MABS (blue)

in the hollow-fiber system for 10 days, for the not treated condition (a), blood regimen (b) and the lung regimen (c), (d), (e): Growth kinetics

of cefoxitin-tolerant or -persistent MABS (d) and amikacin-tolerant or -persistent MABS (e) expressed in proportion (%), in the hollow-fiber system
for 10 days, for the not treated condition (black), blood regimen (red) and lung regimen (blue). s, p <0.05, 55, p < 0.01; (comparison between blood
regimen and not treated condition). s, p < 0.05; (comparison between lung regimen and not treated conditions). Mean +SD of 3 independent
experiments for each condition
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Table 1 MIC (mg/L) of amikacin and cefoxitin for MABS growing on antibiotic-supplemented medium

Time (Days) MIC (mg/L) for MABS growing on amikacin-supplemented MIC (mg/L) for MABS growing of cefoxitin-

media supplemented media

Not treated Blood Lung Not treated Blood Lung
2 1 1 1 8 8 8
3 2 1 1 8 8 8
4 1 1 1 8 8 8
5 2 2 1 8 8 8
7 2 2 1 8 8 8
8 4 4 1 8 8 8
9 4 4 1 8 8 8
10 4 4 1 8 8 8

MIC for MABS growing on antibiotic-supplemented medium according to time and treatment (not treated, under the blood regimen, or under the lung regimen)

MIC minimal inhibitory concentration

reached >0.1% of the inoculum at D1, a proportion sig-
nificantly greater than in NT (Fig. 3d). The proportion
gradually decreased over time; at D10, there was no dif-
ference between NT and both regimens (Fig. 3d). In all
conditions, cefoxitin MIC of the bacteria growing on
the cefoxitin-supplemented media were stable (8 mg/L,
Table 1).

Both regimens resulted in a progressive emergence
of amikacin-tolerant or -persistent strains over time.
Nevertheless, the proportion of bacteria growing on
amikacin-supplemented media was greater under the
blood regimen, reaching>0.01% of the inoculum, which
was significantly different from NT (at D4, D5, and D8).
Under the lung regimen, the emergence of amikacin-
tolerant or -persistent strains was delayed (Fig. 3e).
Moreover, amikacin MICs of MABS growing on the ami-
kacin-supplemented media were different between the
two regimens: MICs increased over time for the blood
regimen (2 and 4 mg/L at D5 and D8, respectively) while
it remained stable under the lung regimen until D10
(1 mg/L; Table 1). For MABS with two-fold increase of
amikacin MIC, DNA was extracted and rrs locus was
amplified and sequenced as previously described [19] but
no mutations were detected.

Discussion

As previously found in a HFIM mimicking lung expo-
sure [7], the present study confirmed that the amikacin,
cefoxitin, and clarithromycin combination fails to pro-
duce a relevant antibacterial effect (bactericidal or bac-
teriostatic) against MABS using both blood and lung
concentrations of clarithromycin. However, the lung
regimen better inhibited MABS growth compared to the
blood regimen. Moreover, increased clarithromycin con-
centrations achieved in lungs [8] appeared to prevent the
development of amikacin-tolerance or -persistence. This

activity of high-concentration clarithromycin, in addition
to its immunomodulatory effect previously described
[4], may support the relevance of its use in the antibiotic
combination against MABS pulmonary infections, even
with clarithromycin-iR. However, new macrolide-con-
taining drug combinations should be evaluated consider-
ing the poor efficacy of the present one.

Ferro et al. reported the emergence of antibiotic-resist-
ant mutants in HFIM over time, notably an increase in
cefoxitin-resistant mutants from D14 (although no MIC
value was mentioned) [7]; we did not observe true antibi-
otic-resistance emergence but rather antibiotic-tolerance
or -persistence, defined as the ability of a subpopula-
tion to survive exposure to a bactericidal drug concen-
tration without an increase in the MIC [20]. However,
as minimum duration killing (MDK) experiments were
not performed, we could not differentiate between tol-
erance and persistence mechanisms [21]. It has been
shown that tolerance and persistence often promote the
development of resistance [22]; it is thus possible that
the development of the cefoxitin-tolerant or -persistent
subpopulations may subsequently enable the emergence
of the cefoxitin-resistant mutants. Moreover, it could be
interesting to further explore the underlying mechanisms
of either antibiotic tolerance or persistence by perform-
ing MDK experiments and whole genome sequencing of
bacteria growing on antibiotic-supplemented media. A
recently published study found that a mutation in serB2,
a gene involved in L-serine biosynthesis, resulted in the
increased emergence of MABS cross-tolerance to cefoxi-
tin and moxifloxacin, through activation of a WhiB7-
dependant adaptive stress response [23].

Our study has several limitations. First, the HFS model
we used only explored extracellular compartment,
although MABS may also be responsible of intracellu-
lar infections. Second, though relevant in the context
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of chronic lung infections, biofilms were not modelled
in our system. Third, while clarithromycin is known to
have an active metabolite (14-OH clarithromycin), this
metabolite was not available as a reagent and so could
not be added to clarithromycin in the HFS. The addi-
tion of the metabolite could increase the activity of the
drug. Further research is necessary to examine this ques-
tion. Fourth, the duration of HFIM (10 days), may not be
sufficient to accurately consider the effects of antibiotic
treatment on chronic lung infection. However, this dura-
tion may be relevant to study the efficacy of antibiotic
treatment in more acute infections such as bacteremia,
where the bactericidal effect must be rapid. In this case,
we showed herein a very weak antibacterial effect of the
amikacin, cefoxitin, and clarithromycin combination,
insufficient to inhibit bacterial growth. In addition, there
was no benefit in preventing antibiotic-tolerance or per-
sistence, suggesting that these effects directly depend on
the efficacy of the antibacterial effect of clarithromycin as
previously showed for other bacterial pathogens treated
with protein synthesis inhibitory agents [24]. Thus, the
value of using clarithromycin in the antibiotic regimen
against MABS with macrolides-iR should be critically
reappraised in the absence of increased clarithromycin
concentration at the site of infection. We think that the
low concentration of clarithromycin in blood may ham-
per efficacy for the treatment of extra-pulmonary (espe-
cially disseminated) MABS infections and should not be
considered as an active molecule in the chosen antibiotic
combination, as recently recommended for lung infec-
tions [4]. Further investigations are urgently needed to
find the best combination of antibiotics, which is rapidly
and effectively bactericidal against MABS in dissemi-
nated extra-pulmonary infections.

Abbreviations

CAMH Cation-adjusted-Muller-Hinton
CFU Colony-forming unit

D Day

HFIM Hollow-fiber infection model

HFS Hollow-fiber system

MABS Mycobacterium abscessus
Macrolides-iR  Inducible resistance to macrolides
MIC Minimal-inhibitory concentration
NT Growth control without antibiotic
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