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Over the last 10 years, Mycobacterium abscessus group strains have emerged as important human pathogens, which are associ-
ated with significantly higher fatality rates than any other rapidly growing mycobacteria. These opportunistic pathogens are
widespread in the environment and can cause a wide range of clinical diseases, including skin, soft tissue, central nervous sys-
tem, and disseminated infections; by far, the most difficult to treat is the pulmonary form. Infections with M. abscessus are often
multidrug-resistant (MDR) and require prolonged treatment with various regimens and, many times, result in high mortality
despite maximal therapy. We report here the evaluation of diverse mouse infection models for their ability to produce a progres-
sive high level of infection with M. abscessus. The nude (nu/nu), SCID (severe combined immunodeficiency), gamma interferon
knockout (GKO), and granulocyte-macrophage colony-stimulating factor (GMCSF) knockout mice fulfilled the criteria for an
optimal model for compound screening. Thus, we set out to assess the antimycobacterial activity of clarithromycin, clofazimine,
bedaquiline, and clofazimine-bedaquiline combinations against M. abscessus-infected GKO and SCID murine infection models.
Treatment of GKO and SCID mice with a combination of clofazimine and bedaquiline was the most effective in decreasing the
M. abscessus organ burden.

Over the last 10 years, Mycobacterium abscessus group strains
(including M. abscessus subsp. abscessus and massiliense) have

emerged as important human pathogens and are associated with
significantly higher fatality rates than any other rapidly growing
mycobacteria (RGM) (1, 2). It is becoming increasingly clear that
the incidence of RGM species may be increasing. This increase
exceeds that which can be explained due to improved recognition,
typing, and diagnosis (3). Recent reports suggest that, in many
areas of the United States, the prevalence of nontuberculosis
mycobacteria (NTM) pulmonary disease exceeds that of tuber-
culosis (4).

NTM are ubiquitous in the environment and are responsible
for colonization, infection, and pseudo-outbreaks in health care
settings throughout the world (5, 6). RGM cause serious, life-
threatening chronic lung disease and are responsible for dissemi-
nated and often fatal infections (6, 7). Infections are typically
caused by contaminated materials and invasive procedures in-
volving catheters, nonsterile surgical procedures, or injections and
implantations of foreign bodies. Exposure risks linked to shower
heads and Jacuzzi baths have also been commonly reported (8).
NTM typically cause opportunistic infections in patients with pul-
monary diseases, such as interferon-gamma (IFN-�)–interleu-
kin-12 (IL-12) axis deficits, chronic obstructive disease, and bron-
chiectasis, as well as in immunocompetent postmenopausal
Caucasian women and those with cystic fibrosis (CF) (7–9). M.
abscessus infection in CF patients is particularly problematic, as it
results in enhanced pulmonary destruction and is often impossi-
ble to treat, with failure rates as high as 60% despite maximal
therapy (9).

RGM infections provide many obstacles to establishing effec-
tive antibiotic therapy, including a hydrophobic cell wall that can
potentially protect the organism against lipophilic antibiotics.
Many are oligotrophic and require a minimal two carbon sources
and limited access to metal ions, allowing for survival and persis-

tence in the environment (10). One important issue regarding
RGM is antibiotic inactivation with multiple antibiotic resistance
mechanisms, including beta-lactamases, aminoglycoside phos-
photransferases, and aminoglycoside acetyltransferases (11, 12).
Additional impediments include erythromycin ribosomal meth-
ylase (erm) genes found in almost all M. abscessus subsp. abscessus
isolates, which result in methylation of the 23S rRNA, rendering
the bacteria resistant against macrolides—a mainstay of RGM
treatment regimens (6, 11, 12).

As an additional impediment, in vitro susceptibility testing
does not always correlate with in vivo clinical outcomes in NTM
patients (13). NTM exhibit a significant ability to form biofilms in
the environment and hypothetically in vivo (14), critically com-
plicating in vitro susceptibility testing. Testing methods may,
therefore, represent a true measure of a compound’s activity only
against planktonic bacilli and not against biofilms (13–15). As a
result of these multiple resistance mechanisms paired with incor-
rect MICs, very few antibiotics have good in vivo activity against
RGM (13–16).

It has been challenging to develop an animal model for screen-
ing compounds against RGM, such as M. abscessus, because of
their opportunistic nature and relative avirulence. Prior studies
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have revealed that most immunocompetent models, which serve
as excellent models for Mycobacterium tuberculosis, such as
C57BL/6 mice, guinea pigs, and an obese mouse model (leptin
deficient [OBOB]), when infected with M. abscessus are rapidly
cleared by host immunity (17). In spite of this, we have continued
to evaluate diverse mouse infection models to assess the progres-
sion of the infection, granuloma formation, and therapeutic ac-
tivity against M. abscessus.

Our studies focused primarily around the evaluation of beige,
Nos2�/�, Cybb�/�, TNFR�/�, C3HeB/FeJ, GKO�/�, and
MyD88�/� mice, which have been shown to lack major innate and
acquired antimycobacterial protective immunity (18). Upon my-
cobacterial alveolar cell infection, innate immunity is induced by
an adaptor protein (MyD88), used by almost all Toll-like recep-
tors to activate NF-�B, and releases inflammatory mediators (19).
Mice with M. abscessus infection that have the MyD88 gene
knocked out and a loss of NF-�B activation were shown to be still
capable of bacterial clearance. Additionally, Cybb knockout mice,
a mouse model of chronic granulomatous disease (CGD), have a
recessive disorder characterized by a defective phagocyte respira-
tory burst oxidase required for mycobacterial intracellular killing,
but the lack of this oxidase does not allow for RGM survival (20).
Moreover, targeting more essential genes for the cytokines re-
quired for clearance of M. tuberculosis and even Mycobacterium
avium, such as the tumor necrosis factor receptor (TNFR) and
IFN-�, two cytokines essential for acquired immune removal of
more virulent pathogens when knocked out, allowed for early
RGM persistence but eventually resulted in clearance (21). The
beige model has a dominant Th2 immunity that allows for M.
avium growth (22); however, RGM are also removed by this
model. Lastly, futile attempts to infect M. abscessus in the nitric
oxide synthase 2 (NOS2) knockout required for intracellular bac-
terial killing and the C3HeB/FeJ mice (also known as the Kramnik
mouse model, which develop necrotic granulomas upon M. tuber-
culosis infection) resulted in M. abscessus elimination (23).

Thus, we set out to assess the antimycobacterial activity of cla-
rithromycin, clofazimine, bedaquiline, and a clofazimine-be-
daquiline combination against M. abscessus in mouse models that
fulfilled the criteria of developing high bacterial levels of infection
and developing necrotizing granulomas. The GKO and SCID
models proved to be an acceptable preclinical model for acute
antimycobacterial drug treatment. In the GKO and SCID mouse
models infected with M. abscessus, the clofazimine-bedaquiline
combination proved to be the best treatment regimen evaluated.

MATERIALS AND METHODS
Mice. Six- to eight-week-old, specific-pathogen-free female SCID/beige
mice (C.B-Igh-1b/GbmsTac-Prkdcscid-Lystbg N7), referred to here as
SCID, were purchased from Taconic Laboratories (Hudson, NY). Beige,
Nos2 knockout, Cybb knockout, TNFR knockout, C3HeB/FeJ, MyD88
knockout, nude, granulocyte-macrophage colony-stimulating factor
(GMCSF) knockout, and IFN-� knockout (GKO) mice were obtained
from Jackson Laboratories (Bar Harbor, ME). Mice were maintained in
the biosafety level 3 facilities at Colorado State University and were
given sterile water, chow, bedding, and enrichment for the duration of
the experiments. Sentinel animals were routinely tested to determine
the specific-pathogen-free nature of the mouse colonies. All experi-
mental protocols were approved by the Animal Care and Use Commit-
tee of Colorado State University.

Animal infection. Mice were infected with a tail vein injection of 100
�l containing 1 � 106 CFU of M. abscessus 103 with a rough colony

morphology and positive for biofilm formation (a gift from Mary Jackson,
Colorado State University). The M. abscessus 103 inoculum was prepared
by thawing the bacterial vial, sonicating for 10 to 15 s, and vortexing to
remove any clumps that formed during freezing. Thereafter, the myco-
bacterial suspension was obtained from the vial with a 1-ml tuberculin
syringe fitted with a 26.5-gauge needle and expelled back into the vial. This
procedure was repeated back and forth into the vial 20 times without
removing the needle to mix the suspension and break up any small clumps
of bacilli. The following day, three mice were euthanized and their lungs,
spleens, and livers were harvested to determine the bacterial burden base-
line. Organs were homogenized in phosphate-buffered saline (PBS), and
serial dilutions were plated on nutrient 7H11 agar and Mueller-Hinton
agar for 1 week at 30°C, when CFU were enumerated.

MICs. The MICs for the test compounds against M. abscessus 103 are
shown in Table 1. Briefly, the MIC testing was done in duplicate by broth
microdilution. M. abscessus 103 isolates were grown in a 96-well plate, and
the expected absorbance after 2 to 3 days was (optical density [OD]) 0.08
to 0.1 (0.5 McFarland standard). Compounds were stored as 1.28 mg/ml
stocks in dimethyl sulfoxide (DMSO), and a test range of 64 to 0.06 �g/ml
was utilized and assayed for ODs on day 7 using the alamarBlue method as
described and recommended by the Clinical and Laboratory Standards
Institute (24). The MIC is the lowest drug concentration that inhibits 90%
(MIC90) of the M. abscessus isolates. Minimum bactericidal concentra-
tions (MBCs) were assayed by plating the MIC well-diluted contents on
7H11 and Mueller-Hinton agar plates (0 to 7) in quadruplicate (4 plates
per well), agar plates were incubated in the incubator, and the number of
CFU was calculated. The MBC was defined as the lowest drug concentra-
tion that killed �99.99% of the initial population.

Model development for M. abscessus. Mice (beige, Nos2 knockout,
Cybb knockout, TNFR knockout, C3HeB/FeJ, GKO knockout, MyD88
knockout, SCID, nude, and GMCSF knockout [41]) were infected with a
tail vein injection of 100 �l containing 1 � 106 CFU of M. abscessus 103
from a cystic fibrosis patient (a gift from Mary Jackson, Colorado State
University). The following day, three mice were euthanized and whole
organs (lungs, spleens, and livers) were harvested to determine baseline
bacterial burden. Organs were homogenized in PBS, and serial dilutions
were plated on nutrient 7H11 agar and Mueller-Hinton agar plates for 1
week at 30°C. Then, CFU were enumerated. Each mouse model experi-
ment was completed in triplicate.

Acute experimental antibiotic treatment. The initial trial was con-
ducted in GKO�/� mice. Mice were intravenously infected with 1 � 106

CFU of M. abscessus 103. Starting at day 2 after infection, mice were dosed
with an antibiotic for nine consecutive days via oral gavage of 200 �l. The
trials was conducted with the following experimental groups by gavage:
the control (saline), clarithromycin at 250 mg/kg of body weight diluted in
0.5% methyl cellulose, clofazimine at 20 mg/kg diluted in 0.05% agarose,
bedaquiline at 30 mg/kg diluted in 20% 2-hydroxypropyl-beta-cyclodex-
trin, bedaquiline at 30 mg/kg and clofazimine at 20 mg/kg, ciprofloxacin
at 100 mg/kg, and amikacin at 150 mg/kg daily by subcutaneous injection.
Bedaquiline was kindly provided by Johnson and Johnson, whereas the
other reagents were obtained from Sigma-Aldrich (St. Louis, MO). For
the group receiving clofazimine and bedaquiline, each antibiotic was ad-
ministered separately and interspersed by at least 6 h to avoid any inter-
ference. At day 10 after infection (including 8 days of antibiotic treat-

TABLE 1 MICs for test compounds against M. abscessus 103

Drug MIC (�g/ml)

CLR 0.75 (0.125) � 0.02
AMI 24 � 0.01
CIP 0.25 � 0.02
BDQ 1 � 0.01
CLF 1.3 � 0.3
a CLR, clarithromycin; AMI, amikacin; CIP, ciprofloxacin; CLF, clofazimine; BDQ,
bedaquiline. MICs are averages � standard errors from testing done in duplicate.
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ment), antibiotic administration was terminated. The group receiving
clarithromycin was euthanized at day 11 in order to allow antibiotic clear-
ance during a 24-h period. For the groups receiving clofazimine, bedaqui-
line or the combination of these drugs, mice were euthanized 5 days after
antibiotic cessation in order to allow sufficient time for antibiotic clear-
ance. Experimental groups of mouse lungs, spleens, and livers were har-
vested from the control (saline) or one of the antibiotic treatment groups.
To minimize antibiotic carry-over, organs were homogenized in 10% bo-
vine serum albumin (BSA; Sigma) instead of PBS. Antibiotics such as
bedaquiline and clofazimine are known to bind strongly to proteins such
as BSA; thus, its inclusion in the homogenizing buffer is a way to remove
the drugs (25). Finally, homogenates were plated on nutrient 7H11 agar
and Mueller-Hinton agar plates containing 0.4% charcoal in order to
chelate any remaining antibiotics. Plates were incubated for 14 days at
32°C, and then CFU were enumerated. Results shown in this study are
representative of two experiments using GKO�/� and SCID mice. In ad-
dition, initial studies were conducted to evaluate the potential for carry-
over in our organ homogenates as previously described (26). The results
of these initial studies using 10% BSA and 0.4% charcoal plates with
various dilutions of drug-treated tissue homogenates confirmed a lack of
carryover.

The subsequent trials were conducted in SCID mice. Mice were intra-
venously infected with 1 � 106 CFU of M. abscessus 103. Starting at day 2
after infection, mice were dosed for nine consecutive days with 200 �l of
each antibiotic via oral gavage. The trial was conducted with the following
groups by gavage: the control (saline), clarithromycin at 250 mg/kg di-
luted in 0.5% methyl cellulose, clofazimine at 20 mg/kg diluted in 0.05%
agarose, bedaquiline at 30 mg/kg diluted in 20% 2-hydroxypropyl-beta-
cyclodextrin, and bedaquiline at 30 mg/kg and clofazimine 20 mg/kg. The
experimental group outline was the same as described for the GKO�/�

study.
Histology. Organs were perfused with 4% formaldehyde. Paraffin-

embedded tissues were stained with hematoxylin and eosin and stained
for acid-fast bacilli (17).

Statistical analysis. Bacterial burdens in the untreated control and
drug-treated animal organs were analyzed with GraphPad Prism ver-
sion 4 (GraphPad Software, San Diego, CA), using analysis of variance
(ANOVA) and Dunnett and Tukey multiple comparison tests. Data
are presented using the mean values (n � 5) plus or minus the standard
error of the mean (SEM). Significance was considered below a P value
of 	0.050.

RESULTS
Course of M. abscessus infection in mouse models. We previ-
ously published our findings showing that the immune response
of C57BL/6 mice and guinea pigs infected with M. abscessus results
in eventual clearance of these organisms (17). Hence, a series of
diverse mouse infection models were evaluated for their ability to
establish a progressive high level of infection. The course of the
experimental infection is shown in Fig. 1. In each model, beige,
Nos2�/�, Cybb�/�, TNFR�/�, C3HeB/FeJ, GKO�/�, MyD88�/�,
SCID, nude, and GMCSF�/� mice were exposed to an intrave-
nous infection with approximately 1 � 106 CFU of the clinical
strain M. abscessus 103. The rationale for the use of an intravenous
infection rather than a pulmonary infection route is due to tech-
nical problems associated with aerosol exposure of RGM. At-
tempts to develop a pulmonary model exposing mice to M. absces-
sus at 1.0 � 10 11 CFU resulted in a low level of infection in SCID
and GMCSF�/� mice (our unpublished data). Moreover, further
attempts to deliver higher bacterial CFU of 1.0 � 1012 were tech-
nically impossible due to the inoculum becoming a solid paste that
cannot be aerosolized. Mice infected with M. abscessus 103 were
evaluated for bacterial loads in the lungs (Fig. 1A), spleens (Fig.
1B), and livers (Fig. 1C) after 1, 20, and 40 days of infection.

The beige, Nos2�/�, Cybb�/�, and TNFR�/� mice showed an
early innate immune clearance of about 2 to 2.6 log10 in the lungs
over the first day of infection (Fig. 1A), resulting in a complete
clearance at 20 days in the beige and Nos2�/� animals. Similarly,
the Cybb�/� and TNFR�/� mice showed decreased bacterial bur-
dens resulting in clearance of bacilli in the lungs after 40 days of
infection (Fig. 1A). The C3HeB/FeJ, GKO�/�, and MyD88�/�,
mice had about 2.0 to 2.5 log10 bacilli persisting in the lungs after
40 days of infection.

Complete clearance of bacterial numbers in the spleens and
livers was evident in the case of the beige, Nos2�/�, Cybb�/�,
TNFR�/�, and C3HeB/FeJ animals after 40 days of infection (Fig.
1B and C). However, in the GKO�/� and MyD88�/� mouse mod-
els, about 3.5 log10 remained in the spleen and liver after 40 days of
infection.

Figure 2 demonstrates the experimental infection in the SCID,
nude, and GMCSF�/� mouse models. The SCID, nude, and
GMCSF�/� mice were exposed to an intravenous infection with
approximately 1 � 106 CFU of the clinical strain M. abscessus 103.
The SCID and GMCSF�/� mice showed the highest increase in
bacterial burden in the lungs, spleens, and livers over 40 days of
infection compared to those of the nude mouse model (Fig. 1A, B,
and C).

Development of pathology in SCID, nude, and GMCSF�/�

animals. An optimal model for antimycobacterial treatment must
consider the type of granulomas that are formed during infection
and not only mimic the bacterial burden. Therefore, we evaluated
the changes in lung pathology in SCID, GMCSF�/�, and nude
mice shown in Fig. 3. As early as day 20 after infection, SCID
(Fig. 3A), GMCSF�/� (Fig. 3B), and nude (Fig. 3C) mice demon-
strated the influx of monocytes and the thickening of the intersti-
tium indicative of inflammation. Large numbers of foamy cells
were present in SCID (Fig. 3A, arrows) and GMCSF�/� (Fig. 3B,
arrows) mice. The lungs of SCID, GMCSF�/�, and nude mice

FIG 1 M. abscessus infection in mouse models. Bacterial counts in the lungs
(A), spleens (B), and livers (C) of beige, Nos2�/�, Cybb�/�, TNFR�/�, C3H/
HeJ, GKO�/�, and MyD88�/� mice infected with 1 � 106 CFU of M. abscessus
103 are shown. CFU were determined at days 1, 20, and 40 after infection by
plating serial dilutions of organ homogenates on nutrient 7H11 and TSA agar
and counting CFU after 7 days incubation at 32°C. (A) The beige, Nos2�/�,
Cybb�/�, and TNFR�/� mice showed complete clearance after 40 days of
infection. After 40 days of infection, the C3H/HeJ, GKO�/�, and MyD88�/�

mice showed about 2 to 2.5 log10 CFU in the lungs. (B and C) Complete
clearance of bacterial numbers in the spleens and livers was evident in the case
of the beige, Nos2�/�, Cybb�/�, TNFR�/�, and C3H/HeJ animals after 40
days of infection. After 40 days of infection GKO�/� and MyD88�/� mice
showed 3.5 log10 CFU in the spleen and liver. Results represent the average of
three experiments (n � 5 mice per experiment) on bacterial load in each group
and are expressed as log10 CFU (� SEM).
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infected with M. abscessus 103 exhibited progressive lesion devel-
opment, and by day 40, lung tissue was composed of notable gran-
ulomas and inflammation (Fig. 3A, B, and C). The SCID, nude,
and GMCSF�/� mouse models with more than 1.0 � 106 CFU in

the lungs, spleens, and livers represent levels of bacteria present in
an NTM-infected patient with cavitary disease (27). NTM patients
generally have two types of pulmonary granulomas, nonnecrotiz-
ing and necrotizing (28, 29). The SCID model was the only model
to show nonnecrotizing and necrotizing granulomas as well as a
large numbers of foamy cells (Fig. 3A, B, and C). The nude and
GMCSF�/� mice only demonstrated nonnecrotizing granulomas
after 40 days of infection.

Antimycobacterial treatment in the acute GKO�/� mouse
infection model. The GKO�/� mouse model lacks IFN-�, which
is protective against mycobacterial infections. Humans with an
IFN-�–IL-12 axis deficit have increased susceptibility to NTM in-
fection (7). The deficit of this model is, of course, that the immune
system of these animals can slowly clear M. abscessus, but the ben-
efit is that the bacilli are capable of persisting, albeit at lower levels.
Groups of GKO�/� mice were exposed to an intravenous infec-
tion with approximately 1 � 106 CFU of the clinical strain M.
abscessus 103. The GKO�/� mice were treated starting on day 2 for
8 days with saline, clarithromycin, ciprofloxacin, amikacin, clo-
fazimine, bedaquiline, and a combination of bedaquiline and clo-
fazimine. Experimental groups of mice were evaluated for bacte-
rial burden on days 1, 5, and 15 after infection.

The course of the experimental infection is shown in Fig. 4. The
numbers of bacteria in the untreated mice decreased over time due

FIG 2 Progressive M. abscessus infection in mouse models. Bacterial counts in
the lungs (A), spleens (B), and livers (C) of SCID, nude, and GMCSF�/� mice
infected with 1 � 106 CFU of M. abscessus 103. CFU were determined at day 1,
20, and 40 after infection by plating serial dilutions of organ homogenates on
nutrient 7H11 and TSA agar and counting CFU after 7 days incubation at 32°C. (A,
B, C) The SCID, nude, and GMCSF�/� mice showed a high level of progressive
infection after 40 days of infection. Results represent the average of three experi-
ments (n � 5 mice per experiment) on bacterial load in each group and are ex-
pressed as log10 CFU (� SEM).

FIG 3 Pulmonary pathology in SCID, nude, and GMCSF�/� mice. Representative photomicrographs of hematoxylin- and eosin-stained slides from the lungs of control
or vaccinated mice. Changes in lung pathology in SCID, GMCSF�/�, and nude mice are shown in Fig. 3. As early as day 20 after infection, SCID (A), GMCSF�/� (B),
and nude (C) mice demonstrated an influx of monocytes and thickening of the interstitium indicative of inflammation. Large numbers of foamy cells were present in
SCID (A, arrow) and GMCSF�/� (B, arrow). (A, B, C) The lungs of SCID, GMCSF�/�, and nude mice infected with M. abscessus 103 exhibited progressive lesion
development, and by day 40, lung tissue was composed of notable granulomas and inflammation. The SCID mouse model was the only model that demonstrate
both non-necrotizing and necrotizing granulomas and large numbers of foamy cells. Magnifications: -, 1�, –, 5�, and —, 10�.
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to immune clearance. Clarithromycin treatment for 5 days re-
sulted in significantly reduced bacterial burdens in the lungs (P 	
0.05). However, treatment with clarithromycin for 8 days did not
show any significant differences in any of the organs assayed com-
pared to those of the the M. abscessus-infected control. This may
have occurred due to the reduced bacterial burden of the control
animals over time due to immune clearance. The clofazimine-
treated group compared to the untreated control group demon-
strated statistically significant reductions in the bacterial burdens
in the lung (P 	 0.050) (Fig. 4A), spleen (P 	 0.050) (Fig. 4B), and
liver (P 	 0.050) (Fig. 4C) after 8 days of treatment.

The bedaquiline group, after 4 days of treatment (day 5 bacte-
rial CFU), compared to the untreated control group yielded sig-
nificantly reduced bacterial burdens in the spleen (P 	 0.001) and
liver (P 	 0.001). After 8 days of treatment, the bedaquiline group
compared to the control group achieved significant reductions in
all three organs—lung (P 	 0.01), spleen (P 	 0.001), and liver
(P 	 0.001). Bedaquiline (8 days treatment) significantly reduced
the bacterial burden in the lung (P 	 0.050), spleen (P 	 0.001),
and liver (P 	 0.001) compared to clarithromycin according to
the results obtained after treatment. In addition, bedaquiline was
more effective in reducing the bacterial numbers in the lung (P 	
0.050), spleen (P 	 0.001), and liver (P 	 0.001) than the cipro-
floxacin and amikacin treatments.

More importantly, combination treatment with clofazimine
and bedaquiline (treatment for 4 days) compared to the untreated

control yielded reduced bacterial burdens in not only the spleen
(P 	 0.001) and liver (P 	 0.001) but also the lung (P 	 0.050).
After 8 days, treatment with a combination of clofazimine and
bedaquiline resulted in the most significant reductions in bacterial
numbers in the lung (P 	 0.001), spleen (P 	 0.001), and liver
(P 	 0.001) compared to the untreated control group. In addition,
the combination was also significantly better than all of the other
treatments evaluated (P 	 0.050).

Eight days of ciprofloxacin treatment compared to treat-
ment with the saline control did not result in a significant re-
duction in bacterial burden in any of the organs assayed. How-
ever, eight days of amikacin treatment resulted in significant
reductions in bacterial burdens in the spleen (P 	 0.010) and
liver (P 	 0.001) but not in the lungs. Treatment with amikacin
(15 days) reduced the bacterial burden in the spleen (P 	
0.010) and liver (P 	 0.001) compared to treatment with cip-
rofloxacin.

Acute antimycobacterial treatment in SCID mice. The SCID
mouse model lacks functional lymphocytes and NK cells. How-
ever, studies in these animals have shown the response of normal
pulmonary macrophages to IFN-� and IL-12 but not to tumor
necrosis factor alpha (TNF-
) during Mycobacterium bovis bacil-
lus Calmette-Guérin infection (30). Humans with such immuno-
compromised conditions as SCID, AIDS, and genetic deficiencies
in type 1 cytokines IFN- � and IL-12 or their receptors are espe-
cially susceptible to intracellular infection by NTM (7). Optimi-

FIG 4 Acute GKO�/� mouse treatment model. Bacterial counts in the lungs (A), spleens (B), and livers (C) of GKO�/� mice infected with 1 � 106 CFU of M.
abscessus 103. The GKO�/� mice were treated starting on day 2 for 9 days with saline, 250 mg/kg clarithromycin, 100 mg/kg ciprofloxacin, and 150 mg/kg
amikacin subcutaneous injection, 20 mg/kg clofazimine, 30 mg/kg bedaquiline, or a combination of 30 mg/kg bedaquiline and 20 mg/kg clofazimine. Experi-
mental groups of mice were evaluated for bacterial burden on days 1, 5, and 15 after infection by plating serial dilutions of organ homogenates on nutrient 7H11
and TSA agar and counting CFU after 14 days incubation at 32°C. The log10 CFU reduction after 8 days of treatment with bedaquiline compared to that of no
treatment was 1.03 in the lung, 1.09 in the spleen, and 1.06 in the liver. After 8 days of treatment with the clofazimine and bedaquiline combination, the most
significant reductions in bacterial numbers were observed in the lung (P 	 0.001), spleen (P 	 0.001), and liver (P 	 0.001) compared to all the other compounds
assayed. Log10 CFU reduction was afforded by clofazimine and bedaquiline combination treatment—1.17 in the lung, 1.52 in the spleen, and 1.60 in the liver.
Results represent the average of two experiments (n � 5 mice per experiment) on bacterial load in each group and are expressed as log10 CFU (� SEM) cells. *,
P 	 0.050 by ANOVA and the Dunnett and Tukey multiple comparison tests.
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zation of the SCID model showed strong reproducibility and ro-
bust treatment data over more than 20 intravenous infections
using clarithromycin treatment.

To confirm the results obtained from M. abscessus-infected
GKO�/� mice treated with clofazimine and bedaquiline, we re-
peated the experiment in SCID mice, which develop a high level of
bacterial burden. Groups of SCID mice were exposed to an intra-
venous infection with approximately 1 � 106 CFU of the clinical
strain M. abscessus 103. Starting on day 2, the SCID mice were
treated for 8 days with saline, clarithromycin, clofazimine, be-
daquiline, and a combination of bedaquiline and clofazimine. Ex-
perimental groups of mice were evaluated for bacterial burden on
day 1 and 15 after infection. Eight days of clarithromycin treat-
ment caused significant reductions in bacterial burdens in the
lung (P 	 0.010), spleen (P 	 0.050), and liver (P 	 0.010) com-
pared to that of the untreated controls. Treatment with the single

drug clofazimine or bedaquiline for 8 days resulted in reduced
bacterial burdens in the lung (P 	 0.050), spleen (P 	 0.050), and
liver (P 	 0.010) compared to those of the untreated controls. The
combination treatment of clofazimine and bedaquiline for 8 days
yielded significant reductions in the bacterial burdens in the lung
(P 	 0.050) (Fig. 5A), spleen (P 	 0.050) (Fig. 5B), and liver (P 	
0.050) (Fig. 5C) compared to those of the the saline group and all
of the other compounds assayed. Figure 5D demonstrates the lung
pathology after infections with M. abscessus 103 and treatment
with saline, clarithromycin, clofazimine, bedaquiline, and a com-
bination of bedaquiline and clofazimine. The saline control dem-
onstrated the influx of mononuclear cells and inflammation. It
was evident that some foci of cellular aggregates remained in the
clofazimine-treated and bedaquiline-treated mice, while the com-
bination of bedaquiline and clofazimine resulted in less inflam-
mation and nominal cellular masses.

FIG 5 Acute SCID treatment mouse model. Bacterial counts in the lungs (A), spleens (B), and livers (C) of SCID mice infected with 1 � 106 CFU of M. abscessus
103. The GKO�/� mice were treated starting on day 2 for 9 days with saline, 250 mg/kg clarithromycin, 20 mg/kg clofazimine, 30 mg/kg bedaquiline, or a
combination of 30 mg/kg bedaquiline and 20 mg/kg clofazimine. Experimental groups of mice were evaluated for bacterial burden on days 1 and 15 after infection
by plating serial dilutions of organ homogenates on nutrient 7H11 and TSA agar and counting CFU after 14 days incubation at 32°C. The combination treatment
of clofazimine and bedaquiline for 8 days yielded significant reductions in the bacterial burden in the lung (P 	 0.050), spleen (P 	 0.001), and liver (P 	 0.001)
compared to those of the saline and clarithromycin control. Results represent the average of two experiments (n � 5 mice per experiment) on bacterial load in
each group and is expressed as Log10 CFU (� SEM) cells. *, P 	 0.050, by ANOVA and the Dunnett and Tukey multiple comparison tests. (D) Representative
photomicrographs of hematoxylin and eosin stained slides from the lungs of control or treated mice. As early as 15 days after infection and treatment with
bedaquiline and clofazimine, reduced granulomatous lesions and reduced thinking of the interstitium indicative of reduced inflammation were observed in these
mice. (D) Lung pathology after infection with M. abscessus 103 and treatment with saline, clarithromycin, clofazimine, bedaquiline, or a combination of
bedaquiline and clofazimine. The saline demonstrated the influx of mononuclear cells and inflammation. It was evident that some foci of cellular aggregates (D,
arrows) remained in the clofazimine- and bedaquiline-treated mice while the combination of bedaquiline and clofazimine resulted in less inflammation and
nominal cellular masses. Magnification, 1�.
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DISCUSSION

The results of this study show that most of the mouse models with
major deficits in innate or acquired immunity can still clear a high
level of M. abscessus infection. The immune systems of the follow-
ing mice were capable of clearing M. abscessus: the beige mice with
a dominant Th2 immunity; the Nos2�/� mice lacking NO2;
Cybb�/� mice, which are devoid of the superoxide-generating
enzyme that forms the reactive oxygen species (ROS) associated
with chronic granulomatous disease; TNFR�/� mice, which lack
the tumor necrosis factor receptor; C3HeB/FeJ mice capable of
forming tubercular granulomas and GKO�/� deficient in IFN-�;
and the MyD88 knockout mice, with an allele that encodes a de-
letion of exon 3 of the myeloid differentiation primary response
deleteriously impacting innate and acquired immunity causing
increased susceptibility to bacterial pathogens (19–23). After 40
days of infection, the C3HeB/FeJ, GKO�/�, and MyD88�/� mice
had bacterial loads of about 2.0 to 2.5 log10 persisting in the lungs.
After 40 days of infection in the GKO�/� and MyD88�/� animal
models, about 3.5 log10 bacilli remained in the spleen and liver.
With regard to M. tuberculosis infection, C3HeB/FeJ mice domi-
nantly expressed necrotic granulomas in the lungs allowing for
bacterial replication, while fewer tubercular granulomas were
present in the spleens and livers, leading to better bacterial clear-
ance (23).

Our prior studies (17) demonstrated that immunocompetent
C57/BL6 mice and guinea pigs are also capable of rapid removal of
M. abscessus infection. In addition, a leptin deficient OBOB
knockout obese mouse model that lacks leptin—a satiety hor-
mone whose absence causes insatiable hunger in these ani-
mals—is capable of M. abscessus clearance (17). One major but
poorly understood NTM patient cohort is a group of white Cau-
casian postmenopausal women who are thin; thus, low leptin lev-
els have been proposed as a factor for increased susceptibility to
NTM simply due to the fact that leptin has a positive feedback
regulation on production of IFN-� (3).

The cure rate for chronic lung and disseminated infections due
to NTM is dismal despite prolonged treatment with various mul-
tidrug regimens (6, 7). Treatment of M. abscessus consists of mac-
rolides, quinolones, amikacin, and other antibiotics. Except for
modest susceptibility to ethambutol and rifampin, M. abscessus
group strains are not susceptible to the typical antituberculosis
drugs and are in fact considered the NTM with the greatest anti-
biotic resistance (11, 12). Pulmonary disease caused by M. absces-
sus is treated based on routine susceptibility testing. In general,
multidrug regimens for M. abscessus include clarithromycin,
1,000 mg/day, with 1 or more of the parenteral medications (ami-
kacin, cefoxitin, or imipenem) and may cause symptomatic im-
provement and disease regression (11).

Studies using an intravenous infection of M. abscessus in nude
mice have been reported, which detail a static high level of bacte-
rial burden (31). In the latter study, nude mice infected with 106 to
108 CFU of M. abscessus ATCC 19977 reference strain were treated
for 2 months with bedaquiline, and this did not result in signifi-
cantly reduced bacterial burdens in lungs and spleens (31). The M.
abscessus ATCC 19977 MICs showed clarithromycin inducible re-
sistance and 0.5 �g/ml bedaquiline in agar and 0.06 �g/ml in brain
heart infusion (BHI) broth (31). Our study differed in many ways
from the latter study, as we infected GKO�/� and SCID mice with
a clinical M. abscessus 103 strain (derived from a cystic fibrosis

patient) at a consistent 1.0 � 106 CFU/mouse dose (32). More-
over, our M. abscessus 103 strain MICs were 0.75 �g/ml for clari-
thromycin and 1.0 �g/ml for bedaquiline. Thus, these combined
studies add insight into the importance of strain MIC differences
and treatment outcomes in anti-nontuberculosis mouse models.

An intratracheal infection in GMCSF�/� mice (33) meets
the requirements for a preclinical antimycobacterial M. absces-
sus model. In our hands, the nude model produced lower levels
of bacterial burden, which remained static compared to the pro-
gressive growth present in the SCID and GMCSF�/� mice. Addi-
tional models, such as the embryonic zebrafish test system, have
been developed to assay M. abscessus (34) for rapid compound
screening.

The advantage of mouse models with severe immunodeficien-
cies is that after M. abscessus infection, a progressively high level of
infection results, allowing for detection of significant differences
between the M. abscessus control and the drug treated groups. This
is not surprising, since NTM thrive in humans as an opportunistic
infection. Our studies demonstrate that M. abscessus infection of
SCID, nude, and GMCSF�/� mice results in a sustained high level
of infection, exponentially dividing bacteria, reproducible bacte-
rial loads, and organ histopathology, which are suitable for anti-
mycobacterial studies. Another benefit of the three preclinical
models after 40 days of M. abscessus infection was the influx of
foamy cells to the lungs, typical in human NTM disease (28, 29).
Another characteristic of pulmonary NTM infection in humans is
the development of non-necrotic and necrotizing granulomas
(28, 29), both of which could only be reproduced in the SCID mice
model. It is very likely, though, that by changing parameters, such
as the virulence of the M. abscessus strain, bacterial burden, and
duration of disease, the GMCSF�/� and nude models could po-
tentially produce necrotizing granulomas as well. SCID mice lack
mature T and B lymphocytes, nude mice have an absent thymus,
resulting in reduced numbers of T cells, and GMCSF�/� mice
have a deficit of this growth factor for monocytes and leukocytes.
The ability of SCID, GMCSF�/�, and nude mice to support sus-
tained NTM growth points to the strong role of T cells and
GMCSF-dependent cell phenotypes being required for protective
immunity against NTM.

Additional studies were completed in GKO�/� and SCID mice
to evaluate the antimycobacterial activity of clarithromycin, cip-
rofloxacin, amikacin, clofazimine, bedaquiline, and a combina-
tion of bedaquiline and clofazimine against M. abscessus. The first
trial in GKO�/� mice consisted of an 8-day treatment with these
aforementioned drugs. The reduction in the bacterial load of the
clarithromycin-treated GKO mice was limited in all of the organs
assayed compared to the M. abscessus-infected control. The lack of
reduction in bacterial burden after clarithromycin treatment of
GKO�/� mice infected with M. abscessus support earlier reports
using nude mice (31) as well as a retrospective clinical analysis
(28). Amikacin treatment for 8 days resulted in significantly re-
duced bacterial burdens in the spleen and liver but not in lungs,
supporting the findings of reports on a chronic GMSCF�/� model
(33) and contradicting the findings of other reports on a chronic
nude model (31). Ciprofloxacin treatment for 5 and 8 days did not
result in a significant reduction in bacterial burden in any of the
organs assayed. However, clofazimine treatment demonstrated
statistically significant reductions in the bacterial burdens in lung,
spleen, and liver after 8 days of treatment. Five days of bedaquiline
treatment yielded significantly reduced bacterial burdens in

Obregón-Henao et al.

6910 aac.asm.org November 2015 Volume 59 Number 11Antimicrobial Agents and Chemotherapy

http://aac.asm.org


spleen and liver. Furthermore, eight days of bedaquiline treatment
achieved significant reductions in all three organs. More impor-
tantly, the addition of clofazimine to bedaquiline led to reduced
bacterial burdens in not only the spleen and liver but also the lung
after 5 days of treatment. After 8 days of treatment with the clo-
fazimine and bedaquiline combination, the most significant re-
ductions in bacterial numbers were observed in the lung, spleen,
and liver, which were superior to all of the other compounds as-
sayed.

To confirm our results in the GKO�/� models, we used SCID
mice exposed to an intravenous infection with approximately 1 �
106 CFU of the clinical strain M. abscessus 103. The SCID mice
showed consistent bacterial burden and granuloma development
(necrotizing and non-necrotizing) and lacked clinical signs of
compound toxicity. SCID mice were treated starting on day 2 for
8 days with the same drug panel as described above (saline, clari-
thromycin, clofazimine, bedaquiline, or a combination of be-
daquiline and clofazimine). Experimental groups of mice were
evaluated for bacterial burden on day 1 and day 15 after infection.
The combination treatment of clofazimine and bedaquiline for 8
days yielded significant reductions in the bacterial burdens in the
lung, spleen, and liver compared to those of either the saline con-
trol or the clarithromycin-positive control.

The lung pathology after infections with M. abscessus 103 and
drug treatments was also evaluated. The saline control demon-
strated an influx of mononuclear cells and signs of inflammation.
It was evident that some foci of cellular aggregates remained in the
clofazimine- and bedaquiline-treated mice, while the combina-
tion of bedaquiline and clofazimine resulted in less inflammation
and nominal cellular aggregates. These results support the re-
duced bacterial burden present in bedaquiline- and clofazimine-
treated animals.

Studies using multiple animal models have shown that be-
daquiline is efficacious against M. tuberculosis, Mycobacterium lep-
rae, and to some extent M. avium (25, 35–37). Bedaquiline po-
tently inhibits the mycobacterial enzyme complex ATP synthase,
thus interfering with energy production and homeostasis. As a
consequence, it is highly active against drug-sensitive and drug-
resistant isolates of M. tuberculosis (25). The mechanism of clo-
fazimine is not entirely known but has been shown to affect the
electron transport of M. tuberculosis (38). It is impressively active
in vitro against multidrug-resistant strains of M. tuberculosis and is
currently extensively evaluated clinically against MDR-tuberculo-
sis patients (38). Although the efficacy of bedaquiline and clofazi-
mine showed some promise against M. abscessus in a mouse
model, the combination treatment has some complications, such
as cardiovascular safety and dual cross-resistance, that require
more study (39, 40).

In conclusion, NTM infections are becoming an emerging
problem worldwide. To deal with the increasing morbidity and
mortality of these pathogens, multiple laboratories are focused on
developing new preclinical models to screen new or repurposed
compounds to combat the emergence of these pathogens. Our
studies support the use of the SCID, GMCSF�/�, and nude pre-
clinical mouse models for antibacterial treatment against Myco-
bacterium abscessus. Moreover, by using the GKO�/� and SCID
acute infection models, the combination of clofazimine and be-
daquiline was found to significantly reduce the bacterial loads in
major organs compared to the saline control. The in vivo activity

of the combination of clofazimine and bedaquiline against M.
abscessus merits further study.
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