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ABSTRACT Repurposing drugs may be useful as an add-on in the treatment of Myco-
bacterium abscessus pulmonary infections, which are particularly difficult to cure. M. ab-
scessus naturally produces a �-lactamase, BlaMAb, which is inhibited by avibactam. The
recommended regimens include imipenem, which is hydrolyzed by BlaMAb and used
without any �-lactamase inhibitor. Here, we determine whether the addition of rifabutin
improves the activity of imipenem alone or in combination with avibactam against M.
abscessus CIP104536. Rifabutin at 16 �g/ml was only bacteriostatic (MIC of 4 �g/ml) and
was moderately synergistic in combination with imipenem (fractional inhibitory concen-
tration [FIC] index of 0.38). Addition of rifabutin (16 �g/ml) moderately increased killing
by a low (8 �g/ml) but not by a high (32 �g/ml) concentration of imipenem. Addition
of avibactam (4 �g/ml) did not further increase killing by the former combination. In in-
fected macrophages, rifabutin (16 �g/ml) increased the activity of imipenem at 8 and 32
�g/ml, achieving 3- and 100-fold reductions in the numbers of intracellular bacteria, re-
spectively. Avibactam (16 �g/ml) improved killing by imipenem at 8 �g/ml. A 5-fold kill-
ing was obtained for a triple combination comprising avibactam (16 �g/ml) and thera-
peutically achievable doses of imipenem (8 �g/ml) and rifabutin (1 �g/ml). These results
indicate that the imipenem-rifabutin combination should be further considered for the
treatment of M. abscessus pulmonary infections in cystic fibrosis patients and that
addition of a �-lactamase inhibitor might improve its efficacy. Mechanistically, the
impact of BlaMAb inhibition by avibactam on antibiotic activity was assessed by com-
paring CIP104536 and a �-lactamase-deficient derivative.

KEYWORDS avibactam, �-lactamase inhibitor, cystic fibrosis, imipenem,
Mycobacterium abscessus, rifabutin

Mycobacterium abscessus, a rapidly growing mycobacterium, has emerged as a signif-
icant pathogen responsible for chronic pulmonary infections in cystic fibrosis patients

(1–5). Among the nontuberculous mycobacteria, M. abscessus is the predominant species
isolated in these patients (40 to 50%) (6, 7). The treatment is particularly difficult since M.
abscessus is intrinsically resistant to a broad range of antibiotics, including those used for
the treatment of tuberculosis, such as rifampin (8, 9).

The recommended treatment of lung infections due to M. abscessus is not yet well
standardized. For cystic fibrosis patients, it consists of an initial phase with the com-
bination of a macrolide (azithromycin), an aminoglycoside (amikacin), a glycylcycline
(tigecycline), and a carbapenem (imipenem) for 3 months (10). The continuation phase
(at least 12 months) relies on four per os-administered drugs (azithromycin, minocy-
cline, clofazimine, and moxifloxacin) (10). Since resistance to macrolides compromises
the efficacy of this treatment schedule (11), there is an urgent need to identify
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additional therapeutic options. This could be achieved in the short term by repurposing
existing drugs and in the longer term by the discovery of new antimycobacterial
agents.

Infections due to M. abscessus are treated by �-lactams in the absence of any
�-lactamase inhibitor although all M. abscessus isolates produce the broad-spectrum
�-lactamase BlaMAb. This enzyme effectively hydrolyzes most �-lactams except cefoxitin
and imipenem, the latter being slowly inactivated (12, 13). BlaMAb is not inhibited by
classical inhibitors (clavulanate, tazobactam, and sulbactam) (14). In contrast, complete
and rapid inactivation of BlaMAb is obtained with avibactam (12), which has been
developed and approved for the treatment of infections due to multidrug-resistant
Enterobacteriaceae (15–17). Deletion of the gene encoding BlaMAb (ΔblaMAb) or chem-
ical inhibition of the �-lactamase by avibactam extends the spectrum of �-lactams
active against M. abscessus (12, 18) and improves the efficacy of imipenem in both the
macrophage and zebrafish embryo models (19).

The rifampin derivative rifabutin is used as a first-line treatment for infections due
to members of the Mycobacterium avium complex (8). Recently, screening of 2,700
approved drugs against M. abscessus identified rifabutin as an active drug (MIC and
minimum bactericidal concentration [MBC] of 3 and 6 �g/ml, respectively) (20). Rifabu-
tin was active in vitro against reference strains belonging to the three subspecies of M.
abscessus (M. abscessus subsp. abscessus, M. abscessus subsp. bolletii, and M. abscessus
subsp. massiliense), as well as against a collection of clinical isolates (20).

In this study, we investigated the possibility of repurposing rifabutin for M. abscessus
infections in combination with imipenem or with imipenem and avibactam. We report
the in vitro and intracellular antibacterial activities of various combinations of these
three drugs. We have also compared the activity of the drug combinations against a
smooth variant of M. abscessus CIP104536 and a derivative obtained by deletion of the
gene encoding BlaMAb in order to assess the impact of �-lactamase production.

RESULTS
Bacteriostatic activity of rifabutin alone or combined with imipenem and

synergy between these drugs. The MIC of rifabutin was 4 �g/ml against both M.
abscessus CIP104536 and its �-lactamase-deficient (ΔblaMAb) derivative (Table 1). The
MICs of imipenem were 4 �g/ml and 2 �g/ml against CIP104536 and its ΔblaMAb

derivative. The isobolograms for the interaction between rifabutin and imipenem are
presented in Fig. 1. Against CIP104536 (Fig. 1a), the combination of rifabutin with
imipenem showed a moderate synergistic effect, with a fractional inhibitory concen-
tration (FIC) index of 0.38 at 1/8� the MIC of imipenem and 1/4� the MIC of rifabutin.
Against the ΔblaMAb derivative (Fig. 1b), the FIC index was 0.37 at 1/8� the MIC of
imipenem and 1/4� the MIC of rifabutin.

In vitro killing of M. abscessus by rifabutin alone or in combination with
imipenem. Rifabutin was tested at 4-fold the MIC (16 �g/ml), and imipenem was tested
at 2- and 8-fold the MIC (8 and 32 �g/ml). Against CIP104536, rifabutin alone led to a
0.4-log10 reduction in CFU count (Fig. 2a; see Table S1 in the supplemental material for
statistical analysis). Higher reductions in the log10 CFU count were observed for
imipenem alone at 8 �g/ml (2.2-log10 reduction) and 32 �g/ml (2.0-log10 reduction).
The addition of rifabutin moderately increased bacterial killing for imipenem at 8 �g/ml
but not at 32 �g/ml. Against CIP104536, none of the tested regimens showed bacte-
ricidal activity defined by a reduction of more than 99.9% of the CFU present in the
inoculum. Similar results were obtained for the ΔblaMAb derivative of CIP104536 except

TABLE 1 MIC of antibiotics against M. abscessus

M. abscessus strain

MIC (�g/ml)

Imipenem Rifabutin

CIP104536 4 4
CIP104536 ΔblaMAb 2 4

Le Run et al. Antimicrobial Agents and Chemotherapy

August 2018 Volume 62 Issue 8 e00623-18 aac.asm.org 2

http://aac.asm.org


that rifabutin did not improve the activity of imipenem (Fig. 2a and statistical analysis
in Table S2). Thus, the production of the �-lactamase compromised the activity of
imipenem only if this antibiotic was tested at a low dose, and this effect was not
observed if the carbapenem was associated with rifabutin.

Impact of avibactam on in vitro killing of M. abscessus by rifabutin and
imipenem. Since the addition of rifabutin to imipenem led to a moderate increase in
the activity of imipenem at 8 �g/ml against M. abscessus CIP104536 (Fig. 2a), we
investigated the benefit of adding avibactam (4 �g/ml) to this combination (Fig. 2c and
statistical analysis in Table S3). The triple combination of imipenem-rifabutin-avibactam
was not more active than imipenem-rifabutin. Avibactam did not potentiate the killing
by imipenem alone.

To summarize the in vitro activity of the drugs, rifabutin alone was bacteriostatic
against M. abscessus. Against M. abscessus CIP104536, rifabutin moderately increased
the activity of imipenem at 8 �g/ml but not at 32 �g/ml. Avibactam did not improve
the activity of imipenem or imipenem-rifabutin. None of the combinations was bacte-
ricidal.

Intramacrophage activity of rifabutin alone or in combination with imipenem.
THP-1-derived macrophages were infected with M. abscessus CIP104536 and its
ΔblaMAb derivative and exposed to various drugs for 48 h, and surviving bacteria were
enumerated by plating serial dilutions of macrophage lysates (Fig. 3 and statistical
analysis in Table S4). In the absence of antibiotic, M. abscessus CIP104536 grew in the
macrophages, leading to a 130-fold increase in the number of CFU in 48 h (Fig. 3a).
Rifabutin at 16 �g/ml partially prevented intramacrophage growth (6.1- versus 134-fold
increase in absence of antibiotic in the number of CFU; P � 0.05). Imipenem at 8 �g/ml
was more active than rifabutin (1.7- versus 6.1-fold increase in CFU count, respectively;
P � 0.05). Increasing the concentration of imipenem from 8 �g/ml to 32 �g/ml
improved the activity of this drug, leading to a minor decrease in the intracellular
number of bacteria (1.7- versus 0.44-fold change in CFU count, respectively; P � 0.05).
The combination of rifabutin and imipenem (8 �g/ml) was more active than that
imipenem alone (0.22- versus 1.7-fold change in CFU count, respectively; P � 0.05).
Increasing the concentration of imipenem from 8 �g/ml to 32 �g/ml improved the
activity of the combination (0.01- versus 0.22-fold increase in CFU count, respectively;
P � 0.05). Of note, the combination of imipenem (32 �g/ml) and rifabutin (16 �g/ml)
achieved 99% killing of M. abscessus in macrophages.

Rifabutin (16 �g/ml) and imipenem (8 and 32 �g/ml) were also tested against the
isogenic strain M. abscessus CIP104536 ΔblaMAb to evaluate the impact of the produc-
tion of the �-lactamase BlaMAb on the intracellular activity of the combination (Fig. 3a
and statistical analysis in Table S5). As expected, rifabutin alone was similarly active
against CIP104536 and its ΔblaMAb derivative (6.1- versus 3.7-fold change, respectively,
P � 0.27). Deletion of blaMAb significantly improved the activity of imipenem alone at

FIG 1 Isobolograms showing the interaction between rifabutin (RFB) and imipenem (IPM) against M.
abscessus CIP104536 (a) and its ΔblaMAb derivative (b). The fractional inhibitory concentration (FIC) index
was determined by the checkerboard method.
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the two concentrations tested (1.7- versus 0.39-fold change at 8 �g/ml and 0.44- versus
0.17-fold change at 32 �g/ml for CIP104536 and the ΔblaMAb strain, respectively; P � 0.05
for both comparisons). As observed for the parental strain, the addition of rifabutin
improved the activity of imipenem against the ΔblaMAb derivative, leading to 93% and 98%
killing at 8 and 32 �g/ml, respectively (P � 0.05 for both comparisons). At a low dose of
imipenem, production of BlaMAb reduced the activity of imipenem-rifabutin since the fold
reduction was higher for the ΔblaMAb derivative than for the parental strain (93% versus
78% killing, respectively; P � 0.05). However, this difference was not observed for the
combination involving a high dose of imipenem (98% and 99% killing for the ΔblaMAb

derivative and the parental strain, respectively; P � 0.27).
Impact of avibactam on intramacrophage killing of M. abscessus by rifabutin

and imipenem. Since production of BlaMAb reduced the efficacy of the imipenem-rifabutin
combination using a low dose of imipenem (above), we tested whether inhibition of the
�-lactamase by avibactam at 16 �g/ml could improve the intramacrophage activity of the
combination (Fig. 3b and statistical analysis in Table S6). For these experiments, we used
low doses of rifabutin (1 and 8 �g/ml) since these concentrations are achievable in the
plasma (21) and in lung tissue (22), respectively. For the lowest concentration of rifabutin

FIG 2 Time-kill curves. Rifabutin (RFB) was tested alone or in combination with imipenem (IPM) and the �-lactamase inhibitor
avibactam (AVI) against M. abscessus CIP104536 and its derivative ΔblaMAb. (a) Time-kill curves of rifabutin at 16 �g/ml alone or
in combination with imipenem (8 and 32 �g/ml) against M. abscessus CIP104536. (b) Time-kill curves of rifabutin at 16 �g/ml
alone or in combination with imipenem (8 and 32 �g/ml) against the ΔblaMAb derivative. (c) Time-kill curves of rifabutin at 1 and
8 �g/ml alone or in combination with imipenem (8 �g/ml) with or without avibactam (4 �g/ml) against M. abscessus CIP104536.
The number of CFU was determined after 0, 48, and 72 h of exposure to antibiotics. Values are means of three independent
experiments. Bars represent the standard deviations.

Le Run et al. Antimicrobial Agents and Chemotherapy

August 2018 Volume 62 Issue 8 e00623-18 aac.asm.org 4

http://aac.asm.org


(1 �g/ml), the combination with imipenem (8 �g/ml) led to 0.5-fold change in the number
of CFU. This fold change is similar to that observed for imipenem (8 �g/ml) combined with
avibactam (16 �g/ml). Increasing the concentration of rifabutin from 1 �g/ml to 8 �g/ml
did not improve the activity of the imipenem-rifabutin combination (1.5- versus 0.6-fold
change in CFU, respectively; P � 0.65). The triple combinations comprising rifabutin (1 or
8 �g/ml), imipenem (8 �g/ml), and avibactam (16 �g/ml) were the more active regimens,
leading to a 0.22- or 0.33-fold change in the number of CFU, respectively. However, the
addition of avibactam did not significantly increase the activity of the imipenem-rifabutin
combinations.

DISCUSSION

Since rifabutin has recently been reported to display promising in vitro activity
against M. abscessus (20), we investigated the in vitro and intramacrophage activity of
a combination comprising this drug and imipenem, which is the recommended
�-lactam for the treatment of pulmonary infections in cystic fibrosis patients (10). Drugs
were tested at 4-fold the MIC and at therapeutically achievable concentrations. The

FIG 3 Intracellular activity of rifabutin (RFB) alone, in combination with imipenem (IPM), or in combi-
nation with imipenem (IPM) and avibactam (AVI). (a) Rifabutin (16 �g/ml) alone or in combination with
imipenem (8 �g/ml and 32 �g/ml) against M. abscessus CIP104536 and its ΔblaMAb derivative. (b)
Rifabutin (1 and 8 �g/ml) alone, in combination with imipenem (8 �g/ml), or in combination with
imipenem (8 �g/ml) and avibactam (16 �g/ml) against M. abscessus CIP104536. Intracellular bacteria
were enumerated, and the fold change in CFU counts was determined between days 0 and 2 postin-
fection. Values are means of three independent experiments. Bars represent standard deviations. A
Mann-Whitney U test was used to compare M. abscessus CIP104536 and its ΔblaMAb derivative.
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impact of imipenem hydrolysis by the �-lactamase BlaMAb on the activity of the
combinations was evaluated based on the use of the �-lactamase inhibitor avibactam
and a mutant lacking BlaMAb.

In vitro, the combination of imipenem and rifabutin was moderately synergistic (Fig.
1) and moderately active in the time-kill curve assay (Fig. 2). Comparison of M. abscessus
CIP104536 and its BlaMAb-deficient derivative revealed that production of BlaMAb had a
minor impact on the activity of imipenem only when the drug was tested alone. In
agreement with this finding, avibactam increased the activity of imipenem alone but
not that of the rifabutin combination.

In macrophages, the rifabutin-imipenem combination was significantly more active
than either drug tested alone (Fig. 3). This was observed for rifabutin used at 4-fold the
MIC (16 �g/ml) (Fig. 3a) as well as at concentrations achievable in the lung (8 �g/ml)
and in serum (1 �g/ml) (Fig. 3b) (21, 22). A 9-fold intracellular accumulation of rifabutin
has been reported in human polymorphonuclear leukocytes (23). Thus, intramac-
rophage accumulation may account for the observed activity of rifabutin in our study
at doses similar to or lower than the MIC (4 �g/ml).

Comparisons of M. abscessus CIP104536 and its ΔblaMAb derivative in the macro-
phage model indicated that production of the �-lactamase impaired the activity of
imipenem at 8 �g/ml and 32 �g/ml as well as the combination of rifabutin at 16 �g/ml
and a low dose of imipenem (8 �g/ml). The impact of production of the �-lactamase,
therefore, appears to be more important in macrophages than in vitro. This may be
accounted for by a difference in the levels of production of the �-lactamase since we
have recently reported that the blaMAb transcript was 20-fold less abundant in M.
abscessus proliferating in planktonic cultures than in infected macrophages (19). This
prompted us to determine whether inhibition of BlaMAb by avibactam could improve
the intracellular killing activity of imipenem. This was the case for imipenem alone
tested at 8 �g/ml. Although the triple combinations of avibactam (16 �g/ml), imi-
penem (8 �g/ml), and rifabutin (1 and 8 �g/ml) were the most active, the extents of
killing were not statistically improved by the addition of avibactam.

Our results raise the possibility of replacing amikacin by rifabutin in the recom-
mended treatment of lung infections due to M. abscessus. The gains from this replace-
ment include the low toxicity and oral administration of rifabutin. In addition, imi-
penem combined with amikacin, as evaluated in a previous study in the same
macrophage model (18, 19), was less active than the imipenem-rifabutin combination.
For example, amikacin at 8 �g/ml combined with imipenem at 8 �g/ml led to a 5.0-fold
change (19), in contrast to the 0.6-fold change for rifabutin (8 �g/ml) combined with
imipenem (8 �g/ml) (this study).

In conclusion, the assessment of the efficacy of drug combinations in macrophages
indicates that the combination of imipenem and rifabutin should be clinically evalu-
ated, particularly in infections due to macrolide-resistant M. abscessus, which are often
not cured by the recommended treatments (9, 24–26).

MATERIALS AND METHODS
Bacterial strains and growth conditions. M. abscessus CIP104536 (ATCC 19977) with a smooth (S)

phenotype and its �-lactamase-deficient derivative (ΔblaMAb strain) (12) were grown in Middlebrook 7H9
broth (BD-Difco, Le Pont de Claix, France) supplemented with 10% (vol/vol) oleic acid, albumin, dextrose,
and catalase (OADC; BD-Difco) and 0.05% (vol/vol) Tween 80 (Sigma-Aldrich) (7H9sB) at 30°C with
shaking (150 rpm) (19).

Antibiotics. Imipenem, rifabutin, and avibactam were purchased from Mylan (Saint-Priest, France),
Serb Laboratories (Paris, France), and Advanced ChemBlocks, Inc. (Burlingame, CA). Water was the solvent
for preparing stock solutions for imipenem and avibactam. Rifabutin was solubilized in 96% ethanol. The
stock solutions were freshly prepared for each experiment and filtered using a sterilized 0.22-�m-pore-
size polycarbonate syringe filter (Millipore, Saint-Quentin-en-Yvelines, France).

MIC determination. MICs were determined in 96-well round-bottom microplates using the microdi-
lution method, except that resazurin (Sigma-Aldrich, Saint-Quentin Fallavier, France) was used to
facilitate reading. Briefly, approximately 5 � 105 CFU/ml was inoculated into 7H9sB containing 2-fold
dilutions of antibiotics (concentration range, 0.12 to 64 �g/ml). After 2 days of incubation at 30°C, 10 �l
of a 0.05% (wt/vol) resazurin solution was added to each well (200 �l), and incubation was continued for
24 h at 30°C. The MIC was defined as the lowest drug concentration preventing the resazurin color

Le Run et al. Antimicrobial Agents and Chemotherapy

August 2018 Volume 62 Issue 8 e00623-18 aac.asm.org 6

http://aac.asm.org


change from blue to pink or violet. The experiments were performed in quintuplet. Data are the medians
from five experiments.

Synergy testing. Synergic activities were tested by the two-dimensional dilution checkerboard
method. Briefly a total of 80 �l of 7H9sB was distributed into each well of the microdilution plates. Ten
microliters of imipenem was serially diluted along the abscissa, while 10 �l of rifabutin was serially
diluted along the ordinate. Each well was inoculated with 100 �l of a bacterial inoculum containing 5 �
105 CFU/ml. The plates were incubated at 30°C for 3 days. All experiments were performed in quintuplet.
For all of the wells that corresponded to a MIC, �FIC was calculated with the equation �FIC � FICA �
FICB � (CA/MICA) � (CB/MICB), where MICA and MICB are the MICs of drugs A and B alone, and CA and CB

are the concentrations of the drugs in combination. The smallest �FIC determined for the association is
considered the FIC index of the combination. A combination with an FIC index of �0.5 is considered
synergistic, an FIC index between 0.5 and 4 is considered indifferent, and an FIC index of �4 indicated
an antagonist association, according to the American Society for Microbiology.

Time-kill assays. Bottles of 20 ml of 7H9sB containing imipenem (8 or 32 �g/ml), rifabutin (16 �g/ml),
and avibactam (4 �g/ml) alone or in combination were inoculated with exponentially growing bacteria of M.
abscessus CIP104536 S or its ΔblaMAb derivative strain (5 � 106 CFU/ml) and incubated with shaking (150 rpm)
at 30°C for 72 h. Imipenem (8 or 32 �g/ml) was added every 24 h due to its instability. Bacteria were
enumerated at 0, 48, and 72 h by plating serial dilutions prepared in sterile water on lysogeny broth (LB)
plates. Plates were incubated for 4 days at 30°C. The detection limit was 2 log10 CFU/ml. The experiments were
performed in triplicate.

Activity of rifabutin alone or in combination with imipenem and avibactam in THP-1 macro-
phages. The activity of antibiotics was studied on a THP-1 macrophage infection model as previously
described (19). Briefly, THP-1 cells were seeded into 24-well plates (5 � 105 cells per 1-ml well),
differentiated for 24 h, and infected with M. abscessus CIP104536 S or its ΔblaMAb derivative at a
multiplicity of infection of 10 for 3 h. After three washes in phosphate-buffered saline (PBS), imipenem
(8 and 32 �g/ml), rifabutin (1, 8, and 16 �g/ml), and avibactam (16 �g/ml), alone or in combination, were
added to each well. Plates were incubated with 5% CO2 at 37°C for 2 days. For imipenem, drug was added
every 24 h due to its instability. After three washes in PBS, macrophages were lysed with deionized water.
Dilutions were plated onto LB agar plates, and CFU were enumerated after 4 days of incubation at 30°C.
The experiments were performed in triplicate.

Statistical analysis. A Mann-Whitney U test was used to compare the intracellular activity of
antibiotics. All statistical analyses were performed with EPI Info software, version 7.1.3 (Centers for
Disease Control and Prevention, Atlanta, GA).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.00623-18.

SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
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