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Mycobacterium kansasii is the second most common mycobacterial cause of lung disease. Standard treatment consists of rifam-
pin, isoniazid, and ethambutol for at least 12 months after negative sputum. Thus, shorter-duration therapies are needed. Moxi-
floxacin has good MICs for M. kansasii. However, good preclinical models to identify optimal doses currently are lacking. We
developed a novel hollow fiber system model of intracellular M. kansasii infection. We indexed the efficacy of the standard com-
bination regimen, which was a kill rate of �0.08 � 0.05 log10 CFU/ml/day (r2 � 0.99). We next performed moxifloxacin dose-
effect and dose-scheduling studies at a half-life of 11.1 � 6.47 h. Some systems also were treated with the efflux pump inhibitor
reserpine. The highest moxifloxacin exposure, as well as lower exposures plus reserpine, sterilized the cultures by day 7. This
suggests that efflux pump-mediated tolerance at low ratios of the area under the concentration-time curve from 0 to 24 h
(AUC0–24) to MICs is an early bacterial defense mechanism but is overcome by higher exposures. The highest rate of moxifloxa-
cin monotherapy sterilization was �0.82 � 0.15 log10 CFU/ml/day (r2 � 0.97). The moxifloxacin exposure associated with 80%
of maximal kill (EC80) was an AUC0 –24/MIC of 317 (the non-protein-bound moxifloxacin AUC0 –24/MIC was 158.5). We per-
formed Monte Carlo simulations of 10,000 patients in order to identify the moxifloxacin dose that would achieve or exceed the
EC80. The simulations revealed an optimal moxifloxacin dose of 800 mg a day. The MIC susceptibility breakpoint at this dose was
0.25 mg/liter. Thus, moxifloxacin, at high enough doses, is suitable to study in patients for the potential to add rapid sterilization
to the standard regimen.

Mycobacterium kansasii is the third most common mycobac-
terial cause of chronic disease in the United States but the

second most common after tuberculosis in other parts of the
world (1–5). Although it has been associated with AIDS, world-
wide there are many more cases of non-AIDS patients (1, 6). Data
on treatments tested in randomized controlled clinical trials are
scant. The recommended treatment in non-HIV-infected patients
consists of isoniazid, rifampin, and ethambutol; this regimen was
copied from that used to treat tuberculosis (4). It is recommended
that patients receive therapy for more than 12 months after negative
sputum, making the therapy duration even longer than that for tu-
berculosis (7). Therefore, it is important to identify a shorter-dura-
tion therapy. The quinolone moxifloxacin has been shown to have
very good MICs in M. kansasii clinical isolates, with 90% of isolates
having a MIC of �0.06 mg/liter (8). However, given the M. kan-
sasii disease patient population sizes and social distribution and
the lack of advocacy for this disease, it is unlikely that true ran-
domized controlled clinical trials will be performed with this drug
in the foreseeable future. One approach is to develop a good pre-
clinical disease model whose results can be used in computer-
aided clinical trial simulations (9).

The pathological lesions encountered in M. kansasii infection
include a wide variety of lesions, such as necrotic and nonnecrotic
granulomas, eosinophilic necrosis, neutrophilic abscesses, and
characteristic folded bacilli within histiocytes (10). Bacilli in these
lesions are encountered in both extracellular and intracellular lo-
cations. We were interested in designing a preclinical disease
model that would reflect the bacilli within tissue macrophages. We
created a novel hollow-fiber system model of M. kansasii that

could enable the study of both disseminated and pulmonary dis-
ease. In the case of Mycobacterium tuberculosis, the hollow-fiber
system model has been shown to have a quantitative forecasting
accuracy of �94% in long-term clinical outcomes (11–17). We
then utilized the M. kansasii hollow-fiber system in dose-effect
studies and studied the possible presence of tolerant bacteria,
based on findings with other mycobacteria, and then used the
output in Monte Carlo simulations to identify the optimal dose
(18–20).

MATERIALS AND METHODS
Organism. M. kansasii (ATCC 12478) was purchased from the American
Type Culture Collection (Manassas, VA). This commercially available
isolate is the G133 Bostrom strain that is resistant to 100 mg/liter strepto-
mycin. Prior to each experiment, the bacterial stock was thawed and in-
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cubated in Middlebrook 7H9 broth with 10% oleic acid-albumin-dex-
trose-catalase (OADC) and 100 mg/liter streptomycin at 37°C in a shaking
incubator for 4 days to achieve exponential-phase growth.

Materials. Hollow-fiber cartridges were purchased from FiberCell
(Frederick, MD). RPMI 1640 and bovine serum albumin (BSA) were
purchased from Sigma-Aldrich (St. Louis, MO, USA), as were rifam-
pin, isoniazid, ethambutol, and resazurin (7-hydroxy-3H-phenox-
azin-3-one 10-oxide). Fetal bovine serum (FBS) was procured from
SAFC Biosciences (Sigma). FBS was heat inactivated prior to use.
Moxifloxacin hydrochloride solution of 400 mg/250 ml in 0.8% saline
was purchased from University of Texas Southwestern Medical Center
Pharmacy and serially diluted using RPMI 1640 to the drug concen-
trations required for study.

Determination of MIC by broth dilution and resazurin assays. M.
kansasii cultures on day 4 of log-phase growth were adjusted to a McFar-
land standard of 0.5 and diluted to a bacterial density of 1.5 � 105 CFU/ml
in Middlebrook 7H9 broth supplemented with 10% OADC. Nine ml of
inoculum then was pipetted into test tubes. One ml of moxifloxacin was
added to make final concentrations of 0, 0.0312, 0.0625, 0.125, 0.25, 0.5,
1.0, 2, 4, and 8 mg/liter in triplicate, after which tubes were incubated at
37°C under 5% CO2 for 7 days. On day 7, the cultures were washed to
remove drug carryover, serially diluted, and plated onto Middlebrook
7H10 agar supplemented with 10% OADC. The cultures then were incu-
bated at 37°C under 5% CO2 for 7 to 10 days, after which colonies were
counted, and the minimum concentration associated with 99% inhibition
was identified. The experiment was performed twice.

Moxifloxacin MICs also were identified using the resazurin assay
based on a modification of the method of Palomino et al. (21). M. kansasii
cultures were prepared and incubated with moxifloxacin at the same con-
centrations as those described above. On day 3, 100-�l cultures from each
tube were placed on a microtiter plate, and 50 �l resazurin solution (final
concentration of 0.001%, wt/vol) was added. Plates then were incubated
at 37°C under 5% CO2 overnight, after which color change from blue to
pink was recorded to identify the minimum concentration associated with
99% inhibition. The experiment was performed twice.

Hollow-fiber model of intracellular M. kansasii. We have used the
hollow fiber systems to develop a preclinical laboratory model that mim-
ics human pharmacokinetics and the pathophysiological properties of M.
tuberculosis and Mycobacterium avium complex (18–20, 22, 23). The phar-
macokinetic system has been described in detail in the past (24). Here, we
adapted this model for M. kansasii. Briefly, human-derived THP-1 mac-
rophages (ATCC TIB-202) growing in RPMI 1640 medium, supple-
mented with 10% heat-inactivated FBS, were grown to a cell density of
1.5 � 106 cells/ml. The THP-1 macrophages next were infected with M.
kansasii (cell density, 1.5 � 107 CFU/ml) and coincubated overnight at
37°C under 5% CO2, giving a bacillus-to-macrophage multiplicity of in-
fection of 1:10. Infected macrophages were then washed twice with warm
RPMI 1640 and 100 mg/liter streptomycin by centrifugation at 100 � g for
5 min to remove the extracellular bacteria and then examined in a hemo-
cytometer for cell counts and viability after staining with trypan blue. The
cell counts also were verified with an automated cell counter (Sceptor;
EMD Millipore). We next inoculated each of the hollow-fiber systems
with 20 ml of infected THP-1 macrophages into the peripheral compart-
ment. The peripheral compartment of the hollow-fiber system is sepa-
rated by semipermeable hollow fibers from a central compartment in
which fresh RPMI 1640 with 10% FBS circulates. Each subsequent hol-
low-fiber study was performed twice, with 3 replicate hollow-fiber sys-
tems for each drug regimen/dose.

Validation of pharmacodynamics of the intracellular M. kansasii
hollow-fiber model. THP-1 macrophage were infected with M. kansasii,
as described above, after which 20 ml of the infected cells was inoculated
into the peripheral compartment of two hollow-fiber systems. Systems
then were treated with the standard three-drug regimen, consisting of a
human equivalent dose of rifampin at 600 mg a day, isoniazid at 300 mg a
day, and ethambutol at 15 mg/kg/for 14 days, with pharmacokinetics as

described before (12–14, 22). On days 3, 7, 10, and 14, the peripheral
compartment of each system was sampled and washed twice to remove
extracellular bacteria and drug carryover as described above, after which
macrophages were ruptured and bacteria cultured on Middlebrook 7H10
agar supplemented with 10% OADC (23).

Dose-ranging studies. The peripheral compartment of each hol-
low-fiber system was inoculated with 20 ml of M. kansasii-infected
THP-1 macrophages prepared as described above. The central compart-
ment was treated once daily with 1 of 8 human equivalent moxifloxacin
doses, corresponding to 0 to 800 mg/day, administered daily to the central
compartment of the hollow-fiber system under the control of a comput-
erized syringe pump. The rates of dilution of the drug were set to achieve
concentration-time profiles of the drug similar to those achieved in pa-
tients treated with the same doses, in this case a moxifloxacin half-life (�
standard deviations) of 12 � 1.3 h, which is encountered in patients based
on moxifloxacin FDA licensing studies, was targeted. In addition, two
hollow-fiber systems also were treated with reserpine (10 mg/liter) daily in
addition to a moxifloxacin exposure of areas under the concentration-
time curve from 0 to 24 h (AUC0 –24) of 12.5 and 25 mg · h/liter daily. This
concentration of reserpine did not kill M. kansasii in preliminary studies
and was used as a broad-spectrum efflux pump inhibitor (i.e., it works
against many families of drug efflux pumps). We sampled the central
compartment of each hollow-fiber system at 1, 3, 5, 9, 12, 18, and 23 h after
the first drug infusion to validate the drug concentrations achieved in each
system. On days 3, 7, 10, and 14, the peripheral compartment of each
system was sampled for macrophage count and M. kansasii quantitative
culture. Macrophages were separated from media by centrifugation and
washing in streptomycin-containing media followed by non-drug-con-
taining media to remove extracellular bacteria and drug carryover. They
then were ruptured using phosphate-buffered saline-Tween 20 (PBS-T;
0.05%, vol/vol) to release intracellular bacteria for culture on Middle-
brook 7H10 agar supplemented with 10% OADC, as described previously
(23). In addition, to enumerate the low-level and high-level moxifloxacin-
resistant subpopulation, the Middlebrook 7H10 agar was supplemented
with either 1.5� or 3� MIC of moxifloxacin.

Drug assay. Central compartment samples were analyzed for moxi-
floxacin concentration using a liquid chromatographic technique with
UV detection (292 nm) as described before (23). Levofloxacin was used as
the internal standard. The assay was linear between 0.2 and 100 mg/liter
(r2 � 0.999), and the relative standard deviations were within 5% (23).
Assays for measuring rifampin, isoniazid, and ethambutol concentrations
were as described before (12–14, 22).

Pharmacokinetic-pharmacodynamic (PK/PD) modeling. Compart-
mental pharmacokinetic analysis of moxifloxacin drug concentrations
from each hollow-fiber system was performed using a one-compartment
model with first-order input and elimination in ADAPT II software (25).
The output was utilized to calculate AUC0 –24/MIC ratios. The inhibitory
sigmoid maximum-effect (Emax) model was used to identify the relation-
ship between the bacterial burden and moxifloxacin exposure.

Monte Carlo simulations to identify optimal dose and resistance
breakpoints. We utilized the population pharmacokinetic parameter es-
timates from 241 patients in South Africa, a country where M. kansasii
infection is a problem (1, 26, 27). These parameters, including between-
subject variability as a percentage of coefficient of variation, are clearance
of 10.6 liters/h (18.7%), ka (absorption rate constant) of 1.59 h�1(69.9%),
and volume of 114 liters. The volume has little between-subject variability
in this study but has been shown to be up to 32% in other studies; the latter
value was used (28). The penetration of moxifloxacin into lung epithe-
lium lining fluid (ELF), bronchial secretions, and alveolar macrophages
has been studied, generally with an AUC0 –24 equivalent between serum
and either ELF or bronchial secretions in pneumonia (28–30). The ratios
of penetration in patients of these bronchial secretions and ELF bath-
infected macrophages are similar to those of infected macrophages in the
hollow-fiber system (23). These population pharmacokinetic parameter
estimates and variances were utilized as the domain of input in subroutine
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PRIOR of ADAPT. A total of 10,000 patients, treated with doses of either
200 mg, 400 mg, 600 mg, or 800 mg of moxifloxacin, were examined for
AUCs achieved with each dose. The moxifloxacin MIC distribution pub-
lished by Guna et al. was used to calculate the AUC0 –24/MIC ratios in
order to identify the probability of attaining the AUC0 –24/MIC associated
with 80% of maximal effect (EC80), which was considered optimal (8, 14).
In addition, the MIC above which �10% of patients failed to achieve the
EC80 for the standard 400-mg dose and the optimal dose were identified as
proposed susceptibility breakpoints (31).

RESULTS

The moxifloxacin MIC, based on broth dilution test as recom-
mended by the CLSI, was 0.06 mg/liter on two occasions. This
assay took 4 weeks from set up to reading the results. This MIC was
similar to the MIC obtained by the modified resazurin colorimet-
ric assay on two different occasions, as shown in Fig. 1. The total
time from setting up the resazurin test to reading the MIC was 4
days.

The kill-slope of the standard regimen combination therapy of
isoniazid, rifampin, and ethambutol in the hollow-fiber system,
based on serum pharmacokinetics of these drugs at standard
doses, is shown in Fig. 2. The untreated controls grew at an overall
rate of 0.0.2551 � 0.0553 log10 CFU/ml/day. The standard therapy
killed at a low rate of �0.080 � 0.0514 log10 CFU/ml/day. The
concentration-time profiles based on measurements of drug con-
centration in the hollow-fiber system were as described before
(12–14, 22).

The concentration-time profiles of moxifloxacin achieved in
dose-effect studies in the hollow fiber systems were as shown in
Fig. 3A. Modeling using a one-compartment model revealed the
pharmacokinetic model predicted versus observed concentrations
shown in Fig. 3B (r2 � 0.991). The systemic clearance was 15.4 �
7.80 liters/h, a volume of 247.0 � 70.2 liters, and an absorption
constant of 4.15 � 1.66 h�1, which translates to a half-life of
11.1 � 6.47 h. The pharmacokinetic parameters achieved in each
hollow-fiber system were utilized to calculate the AUC0 –24 and
AUC0 –24/MIC ratios for PK/PD analysis.

Figure 4A shows the time-kill curves for each of the moxifloxa-
cin monotherapy regimens. The steepest slope for moxifloxacin
monotherapy shown in Fig. 4A was �0.82 � 0.15 log10 CFU/ml/
day at an AUC0 –24 of 64.64 mg · h/liter (r2 � 0.97). Interestingly,
the AUC0 –24 for moxifloxacin plus reserpine of 12.90 mg · h/liter
had the second steepest slope, �0.61 � 0.19 log10 CFU/ml/day
(r2 � 0.92) versus �0.19 � 0.02 log10 CFU/ml/day (r2 � 0.98), for
the higher AUC0 –24 for moxifloxacin without reserpine of 16.05
mg · h/liter. This suggests that despite moxifloxacin’s excellent
efficacy, there is some efflux pump-induced tolerance, consistent
with observations in other pathogenic mycobacteria and different
pharmacophores (20, 32). The hollow-fiber system with higher
AUC0 –24 plus reserpine did worse in Fig. 4A, consistent with the
level of efflux pump induction being inversely proportional to the
concentration of the antibiotic inducing it, as noted with etham-
butol and M. tuberculosis (19). The relationship between the

FIG 1 Resazurin assay for identification of Mycobacterium kansasii MIC. Resazurin is blue and nonfluorescent and is reduced to resorufin, which is pink and
highly fluorescent when mycobacteria grow. Coincubation of M. kansasii with various concentrations of moxifloxacin in the assay revealed that the lowest
(minimum) moxifloxacin concentration that inhibits growth (keeping resazurin blue) was 0.0625 mg/liter.

FIG 2 Efficacy of standard combination treatment against intracellular M.
kansasii. A standard three-drug regimen showed good kill rates compared to
those of the untreated controls in the hollow-fiber model system.
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AUC0 –24/MIC ratio and M. kansasii burden is shown in Fig. 4B. At
the end of the experiment, the inhibitory sigmoid Emax relation-
ship was described using parameters shown in Table 1. Based on
this relationship, the EC80 was calculated as an AUC0 –24/MIC ra-
tio of 317 and a nonprotein-bound ratio of 158.5, assuming 50%
protein binding (29). There was no emergence of resistance dur-
ing the 14 days of study.

To put this into dosing context, Monte Carlo simulations
revealed the results shown in Fig. 5. The cumulative fraction of
response for 200 mg/day achieving or exceeding the EC80 was
13.81% (Fig. 5A), that of the standard dose of 400 mg was
67.33% (Fig. 5B), that of 600 mg was 88.27% (Fig. 5C), and that
of 800 mg was 91.03% (Fig. 5D). Figure 5D also shows that the
lowest MIC at which the target attainment falls below 90%,
indicating that at least 10% of patients will not attain the EC80

(which defines the susceptibility breakpoint), was 0.125 mg/
liter. This means that for resistance assays, the moxifloxacin
critical concentration in Middlebrook media would be 0.25
mg/liter.

DISCUSSION

First, we report a novel preclinical model of M. kansasii that can be
used to develop new treatment regimens. Given that it is unlikely
that there will be clinical trials to test the efficacy of new drugs for
the treatment of M. kansasii disease in the near future, the model
offers a platform to examine drug efficacy. The model can be used
for dose selection, to examine for resistance emergence, and to
rank the kill rates of new regimens versus standard therapy.

Second, we demonstrate the emergence of antibiotic tolerance
in replicating M. kansasii. This tolerance likely is induced by mul-
tiple different efflux pumps, similar to findings in M. avium and
M. tuberculosis with several different pharmacophores (18–20).
These efflux pumps can be overcome either with higher drug dose
or the employment of efflux pump inhibitors. Early efflux pump
induction also may be important in enabling the development of
gene mutations associated with high-level drug resistance in the
“antibiotic resistance arrow of time” (20, 32).

Third, we demonstrate that the efficacy of moxifloxacin against

FIG 3 Pharmacokinetics of moxifloxacin in the hollow-fiber systems. (A) Concentration-time profiles of moxifloxacin achieved in the hollow-fiber system are
shown for each system. (B) A one-compartment model with first-order input and elimination best described the model. Shown are the model predicted versus
observed concentrations (r2 � 0.99), demonstrating that the model explained the data well.

FIG 4 Moxifloxacin monotherapy dose-effect against intracellular M. kansasii. (A) Kill slopes of different moxifloxacin AUC0 –24 exposures. An AUC of 8.98
(AUC0 –24/MIC, �150; AUC0 –24/MIC of free drug, 75), shown by the triangles, was associated with stasis effect or just holding the bacterial burden constant. (B)
Inhibitory sigmoid Emax relationships between the AUC0 –24/MIC ratio and M. kansasii burden for different days of sampling.
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M. kansasii is high. Thus, moxifloxacin could be an important
addition to the treatment regimen that could shorten therapy.
Based on Monte Carlo simulations, we propose that this is best
achieved by a clinical dose of 800 mg a day. Such doses have been
administered in the clinic for tuberculosis with no increased tox-
icity compared to that of the standard dose (33–35). This higher
dose would simultaneously achieve higher efficacy and overcome

drug tolerance. Nevertheless, more safety studies will need to be
performed for these nonapproved doses.

Fourth, we propose a new susceptibility breakpoint for moxi-
floxacin for M. kansasii. We propose a susceptibility breakpoint of
0.25 mg/liter to classify isolates from patients with a greater or
lesser chance to respond to moxifloxacin therapy. In the case of M.
tuberculosis, such susceptibility breakpoints derived from hollow-
fiber studies and Monte Carlo simulations have redefined multi-
drug resistance and have been found to be accurate based on ac-
tual clinical studies that examined patient response (36–42). Thus,
our proposed breakpoint likely will turn out to be accurate. The
use of the resazurin assay would identify this much more rapidly
than conventional methods. This relatively cost-effective assay
does not need specialized equipment or highly skilled personnel to
detect drug resistance.

There are some limitations to our study. We examined only
one standard laboratory strain of M. kansasii in our experiments,
whereas the AUC0 –24/MIC ratios associated with optimal effect
could be a distribution. Thus, it might change if a large number of

TABLE 1 Day 14 inhibitory sigmoid Emax model parameters for
moxifloxacin

Parameter Estimate 95% CIa

Burden in non-treated control
(log10 CFU/ml)

9.39 7.91–10.87

Emax (log10 CFU/ml) 9.60 7.23–11.96
Hill slope 2.65 0.69–4.62
AUC/MIC associated with

50% of Emax in mg · h/liter
188.2 130.3–246.1

a CI, confidence interval.

FIG 5 Target attainment probability of different moxifloxacin doses. (A) Target attainment probability with 200 mg/day (lowest dose tested) at each MIC. The
cumulative fraction of response is very low. (B) The standard dose of 400 mg/day failed to achieve a cumulative fraction of response of �30%. The susceptibility
breakpoint, i.e., the MIC at which �90% achieve EC80, for the standard dose is 0.0625 mg/liter, which means the critical concentration would be 0.125 mg/liter
at this dose. (C) A higher cumulative fraction of response was achieved with a dose of 600 mg/day but still was less than 90%. (D) Cumulative fraction of response
with 800 mg/day moxifloxacin was �90%. The susceptibility breakpoint at this dose is a MIC of 0.125 mg/liter, which means the critical concentration for use
in susceptibility assays at this dose is 0.25 mg/liter.

M. kansasii Hollow Fiber Model

April 2015 Volume 59 Number 4 aac.asm.org 2277Antimicrobial Agents and Chemotherapy

http://aac.asm.org


clinical isolates with a range of MICs was tested. Second, there was
no emergence of resistance to monotherapy. This is likely because
our studies were for only 14 days, and longer-term therapy could
lead to the emergence of resistance.

In summary, we present a new hollow-fiber model of intracel-
lular M. kansasii for use to study potentially shorter therapy du-
rations. We used it to identify moxifloxacin exposures associated
with an optimal kill of intracellular M. kansasii.
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