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Multidrug therapy is a standard practice when treating infections by nontuberculous mycobacteria (NTM), but few treatment options
exist. We conducted this study to define the drug-drug interaction between clofazimine and both amikacin and clarithromycin and its
contribution to NTM treatment. Mycobacterium abscessus and Mycobacterium avium type strains were used. Time-kill assays for
clofazimine alone and combined with amikacin or clarithromycin were performed at concentrations of 0.25� to 2� MIC. Phar-
macodynamic interactions were assessed by response surface model of Bliss independence (RSBI) and isobolographic analysis of
Loewe additivity (ISLA), calculating the percentage of statistically significant Bliss interactions and interaction indices (I), re-
spectively. Monte Carlo simulations with predicted human lung concentrations were used to calculate target attainment rates for
combination and monotherapy regimens. Clofazimine alone was bacteriostatic for both NTM. Clofazimine-amikacin was syner-
gistic against M. abscessus (I � 0.41; 95% confidence interval [CI], 0.29 to 0.55) and M. avium (I � 0.027; 95% CI, 0.007 to 0.048).
Based on RSBI analysis, synergistic interactions of 28.4 to 29.0% and 23.2 to 56.7% were observed at 1� to 2� MIC and 0.25� to
2� MIC for M. abscessus and M. avium, respectively. Clofazimine-clarithromycin was also synergistic against M. abscessus (I �
0.53; 95% CI, 0.35 to 0.72) and M. avium (I � 0.16; 95% CI, 0.04 to 0.35), RSBI analysis showed 23.5% and 23.3 to 53.3% at 2�
MIC and 0.25� to 0.5� MIC for M. abscessus and M. avium, respectively. Clofazimine prevented the regrowth observed with
amikacin or clarithromycin alone. Target attainment rates of combination regimens were >60% higher than those of mono-
therapy regimens for M. abscessus and M. avium. The combination of clofazimine with amikacin or clarithromycin was syner-
gistic in vitro. This suggests a potential role for clofazimine in treatment regimens that warrants further evaluation.

The treatment of diseases caused by nontuberculous mycobac-
teria (NTM) is a challenge, partly due to the natural resistance

of NTM to most antibiotics. Treatment outcomes are generally
poor, and current treatment recommendations have a very lim-
ited evidence base, since very few clinical trials have been per-
formed (1, 2).

Multidrug therapy is a standard practice when treating myco-
bacterial infections. However, the pharmacodynamic (PD) inter-
actions among the combined drugs are largely unknown. Under-
standing these interactions will help to identify synergistic
combinations with increased antibacterial killing, which ulti-
mately can result in a better treatment outcome.

One of the promising combinations is amikacin and clofazimine,
given the key role of amikacin in the treatment of NTM infections (2,
3) and the unique characteristics of clofazimine, like its prolonged
half-life, its preferential accumulation inside macrophages (4), and
the recently found bactericidal activity only after 2 weeks of treatment
in the mouse model of tuberculosis (5).

Clarithromycin, on the other hand, has substantial in vitro and
clinical activity against Mycobacterium avium complex (MAC),
and it has been long considered the cornerstone for Mycobacte-
rium abscessus treatment (3).Hence, the examination of its inter-
action with clofazimine is interesting.

Previous studies showed in vitro synergy between clofazi-
mine and amikacin against both rapidly and slowly growing
NTM (1, 6). The combination clarithromycin-clofazimine also

showed synergy against MAC strains in checkerboard evalua-
tion (7). These checkerboard titrations offer no information on
the mechanism of synergistic activity, the exact killing activity
of these combinations, or its concentration dependence. We
therefore investigated the pharmacodynamic interactions be-
tween clofazimine and amikacin, and clofazimine and clari-
thromycin, against two key NTM species, using time-kill assays
analyzed with two pharmacodynamic drug interaction models:
the response surface model of Bliss independence (RSBI) and
isobolographic analysis of Loewe additivity (ISLA) (8, 9).

MATERIALS AND METHODS
Bacterial strains, media, and antibiotics. Mycobacterium abscessus subsp.
abscessus CIP 104536 (Collection of Institute Pasteur) and Mycobacterium
avium subsp. hominissuis IWGMT49 (International Working Group on
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Mycobacterial Taxonomy) type strains were used. Stocks of each strain
were preserved at �80°C in Trypticase soy broth with 40% glycerol and
were thawed for each assay. Pure powders of amikacin, clarithromycin,
and clofazimine obtained from Sigma-Aldrich were dissolved in water,
methanol, and dimethyl sulfoxide (DMSO), respectively.

Susceptibility testing. MICs were determined at the beginning and
at the end of the experiments, following CLSI recommendations (10),
by broth microdilution in cation-adjusted Mueller-Hinton broth
(CAMHB); commercially available panels were used for amikacin and
clarithromycin (RAPMYCO Sensititre, SLOWMYCO Sensititre; Trek Di-
agnostics/Thermo Fisher), while for clofazimine, manual broth microdi-
lution was performed in Middlebrook 7H9 broth (BD Biosciences). The
unexposed M. abscessus type strain was used as a quality control during all
MIC determinations.

Mutation analysis. Mutation analysis of rrs and rrl was performed to
detect mutations associated with amikacin and clarithromycin resistance,
respectively, in mycobacteria exposed to the two antibiotics in the drug-
drug interaction experiments. Briefly, mycobacterial suspensions were
heat inactivated at 95°C for 30 min, and then DNA was extracted using
MagNAPure LC (Roche Life Science). Relevant fragments of rrs and rrl
were amplified using previously described primers and PCR conditions
(11, 12). Sequence analyses were performed to detect mutations at codon
1408 in rrs and codons 2058 and 2059 in rrl.

Time-kill assays for single drugs. The inoculum consisted of mycobac-
teria in the early logarithmic phase of growth. Individual bottles of 20 ml of
Middlebrook 7H9 with oleic acid-bovine albumin-dextrose-catalase growth
supplement (BD Biosciences) and 0.05% Tween 80, containing increasing
concentrations (from 0.062� to 8� MIC for M. abscessus and 0.062� to
32� MIC for M. avium) of clofazimine, were cultured with the inoculum
(�105 to 106 CFU/ml) at 30°C for M. abscessus and 37°C for M. avium,
under shaking conditions at 100 rpm (GFL); ventilation through a bacterial
filter (FP 30/0.2 Ca/S; Whatman GmbH) was incorporated. A drug-free and
inoculum-free bottle with medium served as the growth and sterility controls,
respectively. At defined time points (3, 6, 12, 24, 36, 48, 72, 96, and 120 h for
M. abscessus and 12, 24, 36, 48, 72, 96, 120, 144, 168, and 240 h for M. avium),
10 �l from undiluted samples and samples serially diluted 10-fold in normal
saline were plated in triplicate on Middlebrook 7H11 agar plates (BD Biosci-
ences). Plates were incubated for 3 to 5 days at 30°C for M. abscessus, or 7 to
9 days at 37°C for M. avium, and the CFU per milliliter were calculated
(lower limit of detection, 33.3 CFU/ml).

Time-kill assays for drug-drug interaction. Following the same pro-
tocol as described above, time-kill assays for M. abscessus and M. avium
were performed with four concentrations (from 0.25� to 2� MIC) of
each antibiotic alone and in paired combination with clofazimine. MICs
for amikacin, clarithromycin, and clofazimine were checked by duplicate
at the final sampling time, when colonies were present.

Pharmacodynamic drug interaction analysis. In order to assess the
nature and the magnitude of the in vitro interactions between clofazimine and
amikacin or clarithromycin against NTM, the data obtained with time-kill
assays were analyzed using the response surface analysis of Bliss independence
(RSBI) and the isobolographic analysis of Loewe additivity (ISLA) as de-
scribed previously (8, 9). The RSBI was used to describe the kinetics of phar-
macodynamic interactions at different time points, whereas the ISLA was
used to describe the full concentration-effect relationships of the drugs alone
and in combination at the end of the experiment.

For that purpose, the percentage of bacterial load at each drug con-
centration and combination was calculated by dividing the log10 CFU per
milliliter with the log10 CFU per milliliter of growth control at each sam-
pling time throughout the experiment. Bliss synergy and antagonism was
concluded if the observed bacterial load was statistically significantly (P �
0.05) lower or higher than the expected bacterial load derived from Bliss
independence; otherwise, Bliss independence was deemed (8, 9). In order
to assess the pharmacodynamic interactions at the entire range of drug
concentrations with the ISLA, concentration-effect curves were con-
structed using the reduction in log10 CFU per milliliter compared to

growth control at the end of each experiment and analyzed with sigmoidal
maximum-effect (Emax) model after nonlinear regression analysis with
global fitting, i.e., shared Emax and minimum effect (Emin) (Graphpad
Prism 5.03; Graphpad Inc.). The interaction index (I) was calculated for
the stasis effect, i.e., 0-log10 CFU/ml reduction compared to the initial
inoculum, as the ratio ECmix/ECadd, where ECmix is the effective concen-
tration of the mixture and ECadd is the effective concentration of a theo-
retical additive combination, as described previously (8, 9). All analyses
were made using multiples of the MIC. Synergy or antagonism was con-
cluded when the I was statistically significantly (P � 0.05) lower or higher
than 1; otherwise, additivity was claimed.

Monte Carlo analysis. In order to bridge the findings to concentrations
in humans, Monte Carlo analysis was performed to predict how many pa-
tients treated with standard dosing regimens will attain free lung concentra-
tions (Cmax) associated with stasis for strains of both mycobacterial species
with MICs usually observed for these species, i.e., 4 to 128 mg/liter for ami-
kacin, 0.125 to 4 mg/liter for clarithromycin, and 0.03 to 4 mg/liter for clo-
fazimine. The mean � SD target serum Cmax values were 55.3 � 16.88 mg/
liter for amikacin, 2.31 � 1.89 mg/liter for clarithromycin, and 0.43 � 0.19
mg/liter for clofazimine (13). In order to determine the free lung concentra-
tions, the epithelial lining fluid (ELF)/serum concentration ratios of 0.5 for
amikacin (14) and 8 for clarithromycin (15) were used, whereas for clofazi-
mine, the total lung/serum concentration ratio of 30 (found in mice) was used
after taking into account the 85% protein binding (5). Monte Carlo simula-
tion analysis was performed using the normal random number generator
function of Excel spreadsheet (MS Office 2007) for 10,000 patients.

RESULTS
Susceptibility. MICs for clofazimine, clarithromycin, and amika-
cin were 0.5, 4, and 32 mg/liter for M. abscessus CIP 104536 and
0.06, 4, and 8 mg/liter for M. avium IWGMT49.

Time-kill assays for single-drug exposure. Growth and killing
curves of M. abscessus and M. avium exposed to different concen-
trations of clofazimine are shown in Fig. 1. For M. abscessus

FIG 1 Time-kill curves of M. abscessus CIP 104536 (a) and M. avium
IWGMT49 (b) exposed to different concentrations of clofazimine. Antibiotic
concentrations are indicated by different symbols. Errors bars represent SDs
from the replicates.
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(Fig. 1a), the effect of clofazimine mainly consisted of inhibition
of growth that was concentration dependent. Regrowth appeared
after the initial inhibition. Because of solubility issues of clofazi-
mine, concentrations higher than 8� MIC could not be evaluated
for M. abscessus.

For M. avium (Fig. 1b), the clofazimine effect was in general
stronger than that observed for M. abscessus. Again, the effect was
a concentration-dependent inhibition of growth. The highest

concentration, 32� MIC, did show some killing effect, particu-
larly from 96 to 240 h.

Single exposures of amikacin and clarithromycin were previ-
ously described for both M. abscessus (16) and M. avium (17).

Time-kill assays for combinations. (i) M. abscessus. The
time-kill curves of the drug combinations clofazimine-amikacin
and clofazimine-clarithromycin at the different concentrations
are shown in Fig. 2 and 3. The effect of clofazimine was consistent

FIG 2 Time-kill curves of M. abscessus CIP 104536 exposed to clofazimine and amikacin (a to d) and clofazimine and clarithromycin (e to h), alone and
combined at 2� MIC, 1� MIC, 0.5� MIC, and 0.25� MIC of each drug. No killing was observed in most combinations, except in the paired combination
consisting of 2� MIC amikacin and clofazimine. Errors bars represent SDs from the replicates.
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with that in the single-drug assay at all concentrations (Fig. 1).
Amikacin inhibited growth at concentrations 0.25� and 0.5�
MIC and showed discrete killing at 1� and 2� MIC, although
regrowth appeared after 96 h at both concentrations. The combi-
nation of clofazimine-amikacin showed an inhibitory effect at
0.25� and 0.5� MIC and discrete killing at 1� and 2� MIC but
did not reveal the regrowth observed with amikacin alone (Fig. 2a
to d). The MICs of the two antibiotics for the colonies exposed to

clofazimine, amikacin, and the combination, for 120 h, were iden-
tical to those measured prior to the experiment. No mutations in
rrs were detected in M. abscessus colonies exposed to amikacin
alone or clofazimine-amikacin at the end of the experiment.

Clarithromycin inhibited growth, particularly at 2� MIC (Fig.
2e), but regrowth readily appeared after 48 h. For the combination
of clofazimine-clarithromycin, the greatest effect was observed at
the paired concentrations of 2� MIC, which prevented the re-

FIG 3 Time-kill curves of M. avium IWGMT49 exposed to clofazimine and amikacin (a to d) and clofazimine and clarithromycin (e to h), alone and combined
at 2� MIC, 1� MIC, 0.5� MIC, and 0.25� MIC of each drug. Modest killing was observed with most combinations, except with the paired combination
consisting of 2� MIC of amikacin and clofazimine. Errors bars represent SDs from the replicates.
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growth observed with clarithromycin alone. Again, the MICs of
both antibiotics for the colonies exposed to clofazimine-clarithro-
mycin and the combination, for 120 h, were identical to those
measured prior to the experiment; no mutations in rrl were de-
tected in M. abscessus exposed to clarithromycin or the clofazi-
mine-clarithromycin combination.

(ii) M. avium. When M. avium IWGMT49 was exposed to
clofazimine and amikacin, alone and in combination, in the same
experiment (Fig. 3a to d) the killing effect was greater than that
observed for M. abscessus. Clofazimine only inhibited the growth;
amikacin effect was stronger and faster, especially at 0.5�, 1�,
and 2�MIC, but regrowth appeared after 96 to 120 h. The com-
bination of clofazimine-amikacin, at all concentrations, pre-
vented regrowth, and its effect was maximal at the end of the
experiment. The MIC for the mycobacteria exposed to clofazi-
mine after 240 h remained the same, whereas amikacin-exposed
bacteria showed MICs higher than the initial MICs (�64 mg/liter,
versus 8 mg/liter). This increase in MIC was not observed for
bacteria exposed to the combination clofazimine-amikacin, in
which the amikacin MIC did not change. Colonies exposed to
amikacin alone, at any concentration, showed the A1408G muta-
tion in the rrs product, but this mutation was not found in colo-
nies exposed to any of the clofazimine-amikacin combinations.

For the set of experiments with the combination of clofazi-
mine-clarithromycin (Fig. 3e to h), clarithromycin killing effect
was observed for all concentrations; however, after 144 h, re-
growth was observed, especially at 0.25� and 0.5� MIC. The
combination of clofazimine-clarithromycin showed sustained
killing at all concentrations, and no regrowth was observed until
240 h.

The MIC of clofazimine for the mycobacteria exposed to this

antibiotic for 240 h remain identical to those measured prior to
the experiment, but the clarithromycin MIC was higher (�64 mg/
liter, versus 4 mg/liter) in bacteria exposed to clarithromycin
alone. Again, this increase was not observed in colonies exposed to
the combination of clofazimine-clarithromycin. The A2058G
mutation in the rrl product was found only in colonies exposed to
0.25� and 0.5� MIC clarithromycin alone, not in colonies ex-
posed to any of the clofazimine-clarithromycin combinations.

Interaction analysis. The RSBI analysis of the combination of
clofazimine-amikacin against M. abscessus showed independent
interactions within the first 12 h which converted to antagonistic
interactions at 24 to 48 h and ultimately to synergistic interaction
of 29.0% and 28.4% at the end of the experiment for 2� and 1�
MIC, respectively (Fig. 4a). Isobolographic analysis of the full con-
centration-effect relationship of the same combination showed
synergy at the end of the experiment at concentrations of �1�
MIC with an I of 0.41 and a 95% CI of 0.29 to 0.55 (Fig. 5a); stasis
was achieved at 4� and 8� MIC of amikacin and clofazimine
alone; for the combination, stasis was found at 1� MIC of both
drugs.

The RSBI analysis of the combination clofazimine-clarithro-
mycin against M. abscessus also showed independence in the first
12 h which converted to antagonistic interactions at high concen-
trations, but ultimately synergistic interactions of 23.5% were ob-
served only at 2� MIC (Fig. 4b). Similarly, ISLA of the same
combination showed synergistic interaction reaching stasis at 2�
MIC when the drugs were combined. For each drug alone, the
endpoint was reached at 8� MIC (I 	 0.53; 95% CI, 0.35 to 0.72
(Fig. 5b).

For the combination clofazimine-amikacin against M. avium,
the RSBI analysis showed independence up to 48 h, then antago-

FIG 4 Time course of Bliss interactions of clofazimine and amikacin (CLO
AMK) and clofazimine and clarithromycin (CLO
CLA) combinations at 2�, 1�,
0.5�, and 0.25� the respective MICs against M. abscessus (a and b) and M. avium (c and d). Dotted lines represent the significance level for synergistic (
10%)
and antagonistic (�10%) interactions. Note the antagonistic interaction at earlier time points followed by the synergistic interaction at later time points.
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nism up to 120 h, and synergy at the end of the experiment, of 23.2
to 56.7% at all concentrations (Fig. 4c). Strong synergy was found
with the ISLA (I 	 0.027; 95% CI, 0.007 to 0.048) since stasis was
found at 0.5� MIC of the drugs in combination; the same end-
point was reached at 8� MIC and �32� MIC for clofazimine and
amikacin alone (Fig. 5c). The same profile of interactions was
found for the combination clofazimine-clarithromycin; with
RSBI analysis, independence was observed up to 48 h, then antag-
onism up to 120 h, and ultimately synergy. However, the syner-
gistic interactions were found at concentrations of 0.25� and
0.5� MIC (53.3% and 23.3%, respectively) (Fig. 4d). This was also
confirmed with the ISLA (I 	 0.16; 95% CI, 0.04 to 0.35), with
stasis observed at combinations with �0.25� MIC of each drug,
whereas the same endpoint was reached at 0.5� MIC of clarithro-
mycin and 8� MIC of clofazimine alone (Fig. 5d). Interestingly, at
combinations with �1� MIC of each drug, the effect was similar
to the effect of clarithromycin alone, indicating no interaction as
the RSBI analysis showed at the end of the experiment.

Monte Carlo simulations. The percentages of patients that will
attain lung concentrations associated with stasis of both M. absces-
sus and M. avium are shown in Fig. 6. For M. abscessus, target
attainment rates with clofazimine-amikacin and clofazimine-cla-
rithromycin combinations were higher than with monotherapy
regimens, particularly for isolates with amikacin/clofazimine
MICs of 16/0.25 mg/liter and clarithromycin/clofazimine MICs of
2/0.25 mg/liter, respectively (�60% difference between combina-
tion and monotherapy regimens). For M. avium, a �60% differ-

ence was found for the clofazimine-amikacin combination for
isolates with amikacin/clofazimine MICs 32 to 128/0.25 to 1 mg/
liter and for the clofazimine-clarithromycin combination for iso-
lates with clarithromycin/clofazimine MICs of 32 to 124/0.5 to 2
mg/liter. High (�95%) and low (�5%) target attainment rates
were found for all monotherapy and combination regimens for M.
abscessus isolates with amikacin/clofazimine/clarithromycin
MICs of �4/0.06/0.5 mg/liter and �64/1/8 mg/liter and for M.
avium isolates with amikacin/clofazimine/clarithromycin MICs
of �8/0.06/8 mg/liter and �128/1/256 mg/liter, respectively (ex-
cept amikacin monotherapy against M. avium, for which target
was not attained even for isolates with very low MICs).

DISCUSSION

This study evaluated the activity of clofazimine and the drug-drug
interaction in the combinations clofazimine-amikacin and clo-
fazimine-clarithromycin against M. abscessus and M. avium. Al-
though the effect of clofazimine alone was poor, we found synergy,
at specific concentrations, for both combinations against both
species. The combined therapy prevented the regrowth observed
when amikacin or clarithromycin was used alone.

Clofazimine is the prototype riminophenazine antibiotic with
in vitro activity against most mycobacteria (1, 4). Its main clinical
use so far is in the multidrug treatment of leprosy and multidrug-
resistant tuberculosis (18). For the treatment of MAC pulmonary
disease, a clofazimine-ethambutol-macrolide regimen was sug-
gested to be as effective as a rifampin-ethambutol-macrolide reg-

FIG 5 Concentration-effect curves of clofazimine and amikacin (left graphs) and clofazimine and clarithromycin (right graphs) combinations against M.
abscessus CIP 104536 after 120 h (a and b) and M. avium IWGMT49 after 240 h (c and d). I, interaction index.
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imen (2, 19). Our in vitro results support the role of clofazimine
for the treatment of M. avium disease, as we found synergistic
effects between clofazimine and amikacin or clarithromycin. Its
role still needs to be determined but may be to replace rifamycins
in patients who do not tolerate those drugs, or as an add-on in the
early phase of treatment of severe fibro-cavitary MAC pulmonary
disease, when amikacin is also added to the rifampin-ethambutol-
macrolide regimen (2, 3). The regrowth observed in experiments
with M. avium exposed to amikacin and clarithromycin was asso-
ciated with an increase in MIC and the appearance of mutations in
rrs (A1408G) and rrl (A2058G) (11, 12). Clofazimine prevented
this mutational resistance from emerging.

For the treatment of M. abscessus, clofazimine is used, but there
is less supportive clinical evidence of its efficacy (20). Amikacin
and clarithromycin are cornerstones of treatment, but outcomes
remain poor (2, 3). The evaluation of new multidrug regimens is
urgently needed, and the inclusion of clofazimine should be con-
sidered.

In contrast to M. avium, M. abscessus showed regrowth when
exposed to amikacin and clarithromycin alone, but without in-
creases in MICs for these compounds; no mutation was found in
the target genes and codons evaluated. This suggests the presence
of other mechanisms to decrease susceptibility; adaptive resis-
tance through the expression of efflux pumps has been hypothe-
sized to be linked to reversible low levels of resistance in other
mycobacteria (21, 22). Clofazimine may prevent the activation of
these mechanisms.

The current 100-mg-once-daily dose of clofazimine (19, 20)
has a very limited evidence base. In MAC-infected patients, it

yields a peak plasma drug concentration of 0.43 mg/liter (13),
close to the MIC we found in this study for M. abscessus CIP
104536 and 8� MIC of M. avium IWGMT49. Clofazimine levels
are much higher in tissues than in blood, and the drug accumu-
lates particularly in macrophages, similar to the macrolides (18).
Whether the current 100-mg-once-daily dose leads to active con-
centrations at the site of infection in patients with M. abscessus or
M. avium pulmonary disease is not known. A pharmacokinetic-
pharmacodynamic (PK-PD) study of clofazimine in the mouse
model suggested that lower doses could be effectively used for
treatment of tuberculosis (5), but this should be investigated
for NTM.

Monte Carlo analysis showed that the number of patients at-
taining concentrations associated with stasis in vitro was higher in
combination than in monotherapy regimens for a wide range of
MICs for both mycobacterial species, particularly for M. avium
because of the stronger synergy found for this species. The lowest
target attainment rates were found for amikacin, which may be
explained by the lower amikacin concentrations in tissue than in
serum. The currently evaluated inhaled liposomal amikacin could
overcome this by delivering larger amounts of the antibiotic di-
rectly to the lung (23).

The use of Bliss independence and Loewe additivity analyses
(8, 9) allowed us to describe the kinetics of pharmacodynamic
interactions and the full concentration-effect relationship. The
use of a global response surface model to describe the entire time-
concentration-response surface is challenging (24), because of the
complexity of pharmacodynamic interactions ranging from an-
tagonistic to synergistic interactions at different time points. We

FIG 6 Percentages of patients achieving serum concentrations associated with stasis for M. abscessus and M. avium isolates with increasing MICs for mean daily
doses of 15.05 � 3.62 mg/kg of amikacin (AMK), 14.33 � 5.09 mg/kg of clarithromycin (CLA), and 1.62 � 0.28 mg of clofazimine (CLO) alone and in
combination corresponding to Cmaxvalues of 55.30 � 16.88 mg/liter, 2.31 � 1.89 mg/liter, and 0.43 � 0.19 mg/liter, respectively (13).
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found that after a short period of independent interactions, first
antagonism was observed and later synergy. The initial antagonis-
tic interaction, where the effect of combination is similar to the
effect of the most active drug without the effect of the least active
drug, might be explained by slow intracellular accumulation of the
least active drug or a differential effect on mycobacterial subpopu-
lations. Antagonism has been found previously for amikacin com-
binations against mycobacterial species as well as other antimyco-
bacterial drugs targeting both RNA and DNA synthesis against M.
avium (25, 26). The exact mechanisms of these interactions need
further investigation.

Our study had some limitations. First, only combinations at
fixed-ratio concentrations of 1�:1� MIC were analyzed, prohib-
iting the investigation of complex concentration-dependent phar-
macodynamic interactions. Second, for comparative purposes, all
analyses were intentionally performed using multiples of the
MICs determined with broth microdilution formats that most
labs are using as reference standards. Because MICs may be differ-
ent in different test systems and media, extrapolation of the pres-
ent findings should be done using MICs determined as in the
present study, i.e., RAPMYCO Sensititre panels in CAMHB for
amikacin and clarithromycin and broth microdilution method in
Middlebrook 7H9 broth for clofazimine. Third, although time-
kill assays allow a more dynamic evaluation than MIC, they do not
provide actual dynamic concentrations of the antibiotics, as it
occurs during the course of therapy in humans. Nevertheless, we
found synergistic combinations that can be further tested in dy-
namic PK-PD models. Fourth, the emergence of resistance was
investigated partially by detecting MIC increases after exposure
and resistance-associated mutations in selected colonies. An alter-
native approach could have been plating of samples on plates con-
taining several magnitudes of the MIC of the drugs under study.

In conclusion, clofazimine is not very active itself but prevents
regrowth of M. avium and M. abscessus exposed to amikacin and
clarithromycin. This synergistic activity supports a role for clo-
fazimine as part of a combined therapy with amikacin or clari-
thromycin for M. avium and, to some extent, for M. abscessus. Its
role should be further evaluated with dynamic PK-PD models and
hopefully later in clinical trials.
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