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Mycobacterium abscessus causes chronic pulmonary infections that are extremely difficult to cure. The currently recommended
combination therapy is associated with high failure rates and relapse. Tigecycline has been explored in salvage regimens, with a
response rate of 43% in those who received at least a month of therapy. We performed a dose-response study in a hollow-fiber
system model of pulmonary M. abscessus infection in which we recapitulated tigecycline human pulmonary concentration-time
profiles of 8 different doses for 21 days. We identified the maximal kill or efficacy in CFU per milliliter and the ratio of the 0- to
24-h area under the concentration-time curve to MIC (AUC/MIC) associated with 80% efficacy (EC80). The tigecycline efficacy
was 5.38 � 2.35 log10 CFU/ml, and the drug achieved the unprecedented feat of a bacterial level of 1.0 log10 CFU/ml below the
pretreatment inoculum (1-log kill) of M. abscessus in the hollow-fiber system. The EC80 AUC/MIC ratio was 36.65, while that for
a 1-log kill was 44.6. Monte Carlo experiments with 10,000 patients were used to identify the clinical dose best able to achieve the
EC80 or 1-log kill. The standard dose of 100 mg/day had a cumulative fraction of response of 51% for the EC80 and 46% for 1-log
kill. For both the EC80 target and 1-log kill, the optimal tigecycline clinical dose was identified as 200 mg/day. The susceptibility
breakpoint was <0.5 mg/liter. Tigecycline is the most active single agent evaluated to date, and we propose that 200 mg/day be
examined as the backbone of new combination therapy regimens to replace current treatment.

Mycobacterium abscessus is, for all the correct reasons, consid-
ered an “antibiotic nightmare” (1). This pathogen primarily

causes chronic pulmonary infections that are extremely difficult
to cure owing to the extensive drug resistance intrinsic to this
organism (2). Personalized treatment regimens based on in vitro
drug susceptibility testing and aggressive surgical resection
yielded “cure” rates of only 57% in one case series (3). Even then,
over the years there is relapse and death among those who have
been “cured.” Thus, there has been a continued search for new
drugs, with the hope to craft a new effective regimen. Tigecycline,
the first developed glycylcycline, was designed to overcome mech-
anisms of resistance that are known for older tetracyclines, such as
the active efflux and the ribosome protection mechanisms. It is
considered a bacteriostatic antibiotic, sometimes bactericidal,
with demonstrated broad in vitro effects on several Gram-positive
and Gram-negative bacteria, including some rapidly growing my-
cobacteria (4–7). This broad antimicrobial spectrum, its large vol-
ume of distribution (�7 to 10 liters/kg), and the known intracel-
lular accumulation represent a sound rationale for the clinical use
of tigecycline (4, 5). Although tigecycline is FDA approved to be
used for the treatment of complicated skin/soft tissue infections,
complicated intra-abdominal infections, and community-ac-
quired bacterial pneumonia, in a recent case series, tigecycline
salvage regimens in 30 patients were associated with improvement
in 43% of patients who received �1 month of therapy (8). These
patients received doses of tigecycline designed for Gram-negative
and Gram-positive bacterial infections. In patients treated with
tigecycline for pneumonia caused by these other bacteria, the
main determinant of a clinical response has been identified as a
ratio of the free-drug area under the concentration-time curve

from 0 to 24 h (fAUC0 –24) to the MIC of �12.8 in plasma (9, 10).
This suggests a concentration-dependent effect of tigecycline and
that doses could be optimized based on the free-drug AUC0 –24/
MIC ratios. Here, we wanted to identify the efficacy of tigecycline
and utilize it to identify optimal doses for treatment of pulmonary
disease caused by M. abscessus.

MATERIALS AND METHODS
Materials. The test strain was M. abscessus subsp. abscessus ATCC 19977
(American Type Culture Collection, Manassas, VA). Stocks of the myco-
bacteria were kept at �80°C in Middlebrook 7H9 broth (Remel, Thermo
Fisher Scientific, Lenexa, KS) supplemented with 10% oleic acid-albu-
min-dextrose-catalase (OADC) and 15% glycerol. Twenty-four hours be-
fore each experiment, one vial was thawed and incubated at 30°C to
achieve logarithmic growth phase (log phase). Tigecycline powder was
purchased from Baylor University Medical Center pharmacy. For each
experiment, the antibiotic was reconstituted, sterile filtered, and then di-
luted in sterile water to the desired concentrations. Hollow-fiber car-
tridges were purchased from FiberCell Systems (Frederick, MD).
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Drug susceptibility testing. The MIC was determined two times by
broth macrodilution in Middlebrook 7H9 broth (here referred to as
“broth”) read at 72 h (11). In addition, CFU per ml were enumerated from
each concentration evaluated in the broth macrodilution test to deter-
mine the lowest concentration associated with �99% inhibition of
growth, corresponding to the MIC.

Hollow-fiber study. The hollow-fiber system (HFS) model of pulmo-
nary M. abscessus infection was previously developed and used to perform
pharmacokinetic/pharmacodynamic (PK/PD) evaluation of amikacin
and moxifloxacin (12, 13). The peripheral compartments of 8 HFSs were
each inoculated with 20 ml of 6 log10 CFU/ml M. abscessus. Treatment was
administered daily for 21 days at doses that mimicked the non-protein-
bound or free AUC0 –24, peak concentrations, and times to maximum
concentration achieved in the lungs of humans treated with tigecycline
doses of 0, 12.5, 25, 50, 100, 200, 400, and 800 mg, assuming linear in-
creases in AUC0 –24 with dose since clearance is constant over a range of
doses (14–16). The doses were administered to the central compartment
of each HFS once daily via computerized syringe pumps. Tigecycline con-
centrations achieved in all the systems were validated by repetitive sam-
pling from the central compartment of each HFS at 0, 1, 6, 9, 12, 18, 23.5,
25, 30, 33, 36, 42, and 47.5 h after the first dose. The M. abscessus burden
was quantified by taking 1-ml samples from the peripheral compartment
culture contents of each system on days 0, 1, 2, 3, 5, 7, 10, 14, and 21 of
treatment. After washing by centrifugation with saline to avoid antibiotic
carryover, samples were serially 10-fold diluted and cultured on Middle-
brook 7H10 agar. The tigecycline MIC was identified at the end of the
experiment in each HFS by broth macrodilution.

Drug assay. Tigecycline concentrations in the samples collected from
the central compartment of each HFS were analyzed by liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS). Tigecycline and tige-
cycline-D9 (internal standard) were purchased from Toronto Research
Chemicals (Toronto, Canada). A calibrator, controls, and the internal
standard were included in each analytical run for quantitation. Stock so-
lutions of tigecycline and internal standard were prepared in 80:20 meth-
anol-water at a concentration of 1 mg/ml and stored at �20°C. A seven-
point calibration curve was prepared by diluting tigecycline stock solution
in drug-free medium (0.1, 0.2, 1, 2, 5, 10, and 20 mg/liter). Quality control
samples were prepared by spiking the medium with stock standards for
two levels of controls. Samples were prepared in 96-well microtiter plates
by the addition of 10 �l of calibrator, quality controls, or sample to 190 �l
0.1% formic acid in water containing 10 mg/liter internal standard fol-
lowed by vortex mixing. Chromatographic separation was achieved on an
Acquity ultraperformance liquid chromatography (UPLC) HSS T3 ana-
lytical column (1.8 �m, 50 by 2.1 mm; Waters) maintained at 30°C at a
flow rate of 0.2 ml/min with a binary gradient and a total run time of 6
min. The observed (m/z) values of the fragment ions were 586.33 to 569.3
for tigecycline and 595.4 to 578.4 for tigecycline-13CD. Sample injection
and separation was performed with an Acquity UPLC interfaced with a
Xevo TQ mass spectrometer (Waters). All data were collected using Mass
Lynx version 4.1 SCN810. The limit of quantitation for this assay was 0.1
mg/liter. The inter- and intraday variations were 12.1% and 11.8%, re-
spectively.

Pharmacokinetic analysis and PK/PD modeling. Tigecycline con-
centrations from each of the HFS units at all time points were comodeled
using the ADAPT 5 software (Biomedical Simulations Resource, Univer-
sity of Southern California) following steps for the pharmacokinetic pa-
rameter analysis described in detail in prior studies (17–19). The observed
AUC0 –24 and AUC0 –24/MIC ratios were calculated from the pharmaco-
kinetic parameter estimates identified. The dose response was modeled
using the inhibitory sigmoid Emax model with the total bacterial burden
used as the response parameter and the steady-state AUC0 –24/MIC ratio
as drug exposure, with maximal kill (Emax) or efficacy and effect in log10

CFU/ml. This relationship was used to calculate the EC80, which is the
exposure mediating 80% of Emax, since 100% Emax lies on an asymptote of
the inhibitory sigmoid Emax model. In addition, we also calculated the

AUC0 –24/MIC ratio at which the bacterial burden is similar to that at time
zero (“stasis”), as well as that associated with a 1-log10 CFU/ml decrease
compared to time zero (“1-log kill”).

Monte Carlo simulations. Monte Carlo simulations were performed
in order to translate the HFS-derived AUC/MIC exposures to an optimal
clinical dose. Steps for the Monte Carlo experiments are detailed in rec-
ommendations and in our prior work (19, 20) and were followed to iden-
tify the clinical dose best able to achieve or exceed specific target exposures
in lungs of 10,000 patients with pulmonary M. abscessus. Three target
exposures were examined: (i) EC80, (ii) AUC0 –24/MIC ratio associated
with stasis, and (iii) AUC0 –24/MIC ratio associated with 1-log kill. The
same exercise was also used to identify the PK/PD-derived susceptibility
breakpoint, which we consider to be the MIC below which �10% of
patients achieve the EC80 with standard dosing or, alternatively, with the
optimal dose that can be tolerated by patients, based on prior work (19–
23). We examined doses of 50 mg, 100 mg, 150 mg, and 200 mg per day.
The population pharmacokinetic parameters and covariance used as prior
data were those from Rubino et al. (14). In addition, we took into account
the fact that the tigecycline AUC in epithelial lining fluid (ELF) in 1.32-
fold higher than that in plasma (15). Drug concentrations in ELF are
considered concentration surrogates at the site of effect for pneumonias,
including those caused by mycobacteria (14, 15, 17–26). Since the con-
centration of proteins in ELF in patients is low (25–27), we considered
ELF protein binding negligible. An alternate view could be that a large
portion of M. abscessus in lungs is intracellular (this is by no means re-
solved), in which case it would be the intracellular tigecycline concentra-
tion that should be simulated. Since tigecycline’s concentration in alveolar
macrophages is �58-fold than that in ELF, our use of ELF exposures
would constitute a worst-case scenario (15). We also examined the prob-
ability that these doses would be likely to achieve a plasma AUC of �6.87
mg · h/liter, which was identified by Rubino et al. as being associated with
greater incidence of nausea and vomiting (10). The tigecycline MIC dis-
tribution was from isolates of patients treated in northern Texas, as re-
ported by Wallace and colleagues (7). The cumulative fraction of response

(CFR) is a summation calculated as CFR � �
i�1

n

PTAi�Fi, where PTA is the

probability of target attainment at each MIC and F is the proportion of
isolates at each MIC (19, 28).

RESULTS
MIC and pharmacokinetic analysis. The tigecycline MIC for the
M. abscessus strain was 3.12 mg/liter. Tigecycline pharmacokinet-
ics in the HFS model of pulmonary M. abscessus infection were
best described by a two-compartment model, based on Akaike
information criterion and Bayesian information criterion scores,
as intended in the study design. The pharmacokinetic parameters
achieved in the HFS model were a total clearance of 20.6 � 29.6
liters/h, a volume of the central compartment of 459 � 13.1 liters,
an intercompartmental clearance of 3.41 liters/h, and a peripheral
volume of 0.80 � 0.45 liters.

Time-kill curve in the HFS model. Figure 1 shows time-kill
curves for the HFS model of pulmonary M. abscessus infection,
which show the bacterial burden over time for each tigecycline
AUC0 –24/MIC exposure. The AUC0 –24/MIC ratios of 44.60 and
79.85 achieved considerable killing of the M. abscessus population.
Figure 1 also shows that the maximum microbial kill was on day 7,
when tigecycline achieved a microbial kill of 1.37 log10 CFU/ml
below the pretreatment bacterial burden (stasis). Regrowth was
observed after 14 days and occurred with all doses. However, there
was no change in the tigecycline MIC in any of the HFSs treated
with tigecycline or in the nontreated control systems at the end of
therapy.

PK/PD modeling. The inhibitory sigmoid Emax model curves

Ferro et al.

2896 aac.asm.org May 2016 Volume 60 Number 5Antimicrobial Agents and Chemotherapy

http://aac.asm.org


for each sampling day before regrowth are shown in Fig. 2. The day
7 parameters were an Emax of 5.38 � 2.35 log10 CFU/ml, a Hill
slope of 0.96 � 0.52, and an EC50 that was an AUC0 –24/MIC ratio
of 20.42 � 19.75 (r2 � 0.96). On day 10, which we took as the end of
the bactericidal effect since all treated systems started regrowth, the
Hill slope was 1.12 � 0.64, the EC50 was an AUC0–24/MIC ratio of
10.63 � 6.68 (r2 � 0.95), and the EC80 was 36.65. The AUC0–24/MIC
ratio associated with stasis (i.e., no growth in bacterial burden com-
pared to day 0) was 21.3, while that associated with a 1-log kill was
44.60.

Translation of laboratory findings to the clinical world. Next
we performed Monte Carlo simulations to identify the probability
of doses of tigecycline between 50 mg and 200 mg per day achiev-
ing or exceeding either the AUC0 –24/MIC ratio associated with
stasis, the EC80, or the AUC0 –24/MIC ratio associated with a 1-log
kill, in 10,000 patients. The 50-mg/day dose had CFRs of 48.41%
of the 10,000 patients for stasis, 1.40% for the EC80, and �1% for
a 1-log kill. Therefore, that dose would be considered unsatisfac-
tory. Figure 3 shows the performance of the standard 100-mg/day
dose for each of the three target exposures. Notably, the EC80

target shows that the 100 mg was associated with �90% target

attainment up to an MIC of 0.125 mg/liter, after which it plum-
meted (Fig. 3B). The dose achieved a CFR of 46.7% for the 1-log
kill target.

The performance of the 150-mg/day dose is shown in Fig. 4.
More than 90% of patients would achieve stasis at this dose (Fig.
4A). In regard to the EC80, the MIC above which �10% would fail
to achieve that exposure was 0.25 mg/liter; at 0.5 mg/liter, the
proportion fell to 0%. Figure 4C shows that the proportion that
achieved an AUC0 –24/MIC ratio associated with a 1-log kill at 150
mg/day was approximately 63%.

The 200-mg/day dose achieved target exposures as shown in
Fig. 5. Both stasis (Fig. 5A) and EC80 exposures (Fig. 5B) were

FIG 1 Tigecycline time-kill curves in the hollow-fiber system model of M.
abscessus infection. The two higher exposures lead to considerable killing,
which was maximum at 7 days. Regrowth started at day 10 and after day 14 was
observed in all systems.

FIG 2 Inhibitory sigmoid Emax relationships between tigecycline AUC0 –24/
MIC ratios and Mycobacterium abscessus burden. From day 2 on, the kill went
below the stasis level, but the highest efficacy was at day 7.

FIG 3 Probability of target attainment in patients treated with 100 mg/day.
Proportions of 10,000 patients achieving the AUC/MIC ratio associated with
stasis (A) EC80 target (B), and the target AUC/MIC ratio associated with a
1-log kill (C) are shown. The cumulative fraction of response (CFR) is low for
the EC80 and 1-log kill targets. Moreover, in panel A, the standard dose will not
achieve even stasis if the MIC is 0.5 mg/liter.

Tigecycline Efficacy against M. abscessus
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achieved in �90% of patients. Figure 5B shows target attainment
of �98% at an MIC of 0.25 mg/liter, which then fell to 2.80% at an
MIC of 0.5 mg/liter. If this dose was adopted for pulmonary M.
abscessus infection, the pharmacokinetic/pharmacodynamic-
based susceptibility breakpoint would be 0.5 mg/liter, as shown in
Fig. 5B. The AUC0 –24/MIC ratio associated with a 1-log kill was
achieved or exceeded in 87.34% of patients, which though short of
90% is close, suggesting that this is the optimal dose for rapid
microbial kill in pulmonary M. abscessus disease.

Since the tigecycline AUC0 –24 threshold that predicts nausea
and vomiting is a plasma AUC of �6.87 mg · h/liter, we also
examined the probability of achieving that plasma concentration
(as opposed to lung concentrations as described above) at the
different doses. Figure 6 shows a steep increase in the proportion
of the patients achieving this at above 150 mg/day, achieving a
probability of close to 1 at 200 mg/day.

DISCUSSION

Tigecycline is efficacious against the notoriously resistant M. ab-
scessus in the hollow-fiber model system for pulmonary disease.
For the first time in the HFS model of pulmonary M. abscessus
infection, a drug exhibited a considerable microbial kill below the
stasis line, exceeding what has been previously observed for ami-
kacin or moxifloxacin (12, 13). This magnitude of the efficacy
means that tigecycline could enter a regimen as the first truly bac-
tericidal drug for M. abscessus. This alone should qualify this drug
to be considered as a first-line agent early during therapy and the
backbone for new combination regimens. Perhaps aggressive reg-
imens, including combination of tigecycline with an extended

FIG 4 Probability of target attainment in patients treated with 150 mg/day for
the targets AUC/MIC ratio associated with stasis (A), EC80(B), and AUC/MIC
ratio associated with a 1-log kill (C). The CFRs for the EC80 and 1-log kill
targets are below 90%, and thus the dose should be considered suboptimal.

FIG 5 Probability of target attainment in patients treated with 200 mg/day.
The dose of 200 mg/day achieved CFRs of �90% for stasis (A) and EC80 (B)
and �87% for a 1-log kill (C). Panel A also shows that even at this dose, if the
MIC is �0.5 mg/liter, 0% of patients would achieve the concentration associ-
ated with stasis. Thus, susceptibility breakpoints should be below an MIC of 1
mg/liter.
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group of drugs, should be evaluated in order to overcome the
limited efficacy of the current regimens used to treat M. abscessus
pulmonary disease.

The tigecycline EC80 exposure for M. abscessus microbial kill
was calculated as an AUC0 –24/MIC ratio of 36.65. In patients with
community-acquired pneumonia due to a variety of Gram-posi-
tive and Gram-negative pathogens, the ratio associated with faster
time to fever resolution for tigecycline was an fAUC0 –24/MIC ratio
of �12.8 (10). Thus, the exposure associated with optimal efficacy
that we identified is much higher than that for other pathogens.
Nevertheless, the microbial kill indices (either EC80, stasis, or
1-log kill) that translate from the HFS model of pulmonary M.
abscessus infection to patients are still unclear. However, in our
simulations, it is interesting that the CFR of 46.70% based on the
1-log kill target was the one closet to clinical response rates of 43%
in tigecycline-containing regimens in pulmonary M. abscessus dis-
ease studies by Wallace et al. (8). This is consistent with the notion
that other antibiotics currently used exert very limited antimicro-
bial effects, as seen in our HFS model and with clinical experience
(1–3, 8, 12, 13). The 200-mg/day dose achieved this 1-log kill
target exposure in close to 90% of patients, suggesting that it is the
optimal dose for a bactericidal effect in these patients. Indeed, this
dose has been shown to be more efficacious in studies with treat-
ment of other bacterial infections (29, 30). Administering 200
mg/day will unfortunately also mean that virtually all patients will
achieve AUCs of �6.87 mg · h/liter, predictive of development of
adverse events. It may be that this large dose will be administered
together with an antiemetic agent, which is in fact common prac-
tice already, during the first few months of therapy in a multidrug
regimen to rapidly drive down bacterial the burden and then will
be dropped from the regimen (8). This strategy, however, sacri-
fices tolerability of the treatment for efficacy, a difficult trade-off.
It could be that in combination therapy, lower tigecycline expo-
sures, and hence doses, are needed for optimal microbial kill. The
lessons from tuberculosis, however, have been that most of the
time, the optimal exposures identified in monotherapy tend to be
the same in combination therapy, likely because most combina-
tions exhibit additivity as opposed to synergy (19, 20, 31).

Finally, no susceptibility breakpoint has been established yet
for tigecycline against rapidly growing mycobacteria, including
M. abscessus. Based on our findings here, the PK/PD-derived sus-
ceptibility breakpoint is �0.5 mg/liter with the proposed dose, as

well as with the current standard dose. Indeed, at MICs higher
than this, even the dose of 200 mg/day achieves stasis in �0% of
patients. These breakpoints that we propose differ from the epi-
demiologic cutoff values used by EUCAST. The proposed break-
points are, rather, designed to identify which patients would fail
therapy even at the 200-mg dose and are therefore designed for
clinical decision-making. This gives clinicians a tool to decide
whether to use tigecycline, given higher probabilities of failure
even to achieve stasis, with an agent that would be associated with
high rates of adverse events.

This study has some limitations. First, the assay to monitor and
detect the size of the resistant subpopulation was not optimized.
Thus, we could determine neither the mutation frequency nor the
proportion of the resistant subpopulation throughout the study.
Second, only the M. abscessus type strain was examined. Ideally
several clinical isolates should be evaluated. Nevertheless, taking
into account a wider MIC distribution in our simulations should
in part compensate for that. Third, these are results from an HFS
model for extracellular pulmonary M. abscessus infection. It is
unknown what proportion of the pathogen is extracellular or in-
tracellular in lungs of patients. However, given tigecycline’s high
ratios of penetration into alveolar macrophages, reflected by an
alveolar cell-to-serum AUC ratio of 77.5 times (15), even the stan-
dard dose would achieve either the EC80 or 1-log kill in patients.
Thus, our dose recommendations may be too conservative. Nev-
ertheless, in other mycobacterial pneumonias, the ELF has been
accurate as a surrogate of target site concentrations in pneumonia
patients (31–33).

In summary, tigecycline has the potential to improve treat-
ment outcomes in M. abscessus disease. To date, it is one of the
most active drugs evaluated in the HFS model of pulmonary M.
abscessus infection. We recommend 200 mg; however, the caveat is
that this is based on the assumption of a predominantly extracel-
lular bacterial location. The role of tigecycline in regimens to treat
pulmonary M. abscessus infection deserves further exploration,
including development of combination therapy regimens.
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