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The recommended treatments for Mycobacterium avium complex (MAC) infectious disease are combination
regimens of clarithromycin (CLR) or azithromycin with ethambutol and rifamycin. However, these chemo-
therapy regimens are sometimes unsuccessful. Recently developed antimicrobial agents, such as newer fluo-
roquinolones (FQs) containing C-8 methoxy quinolone (moxifloxacin [MXF] and gatifloxacin [GAT]), are
expected to be novel antimycobacterial agents. Here, we evaluated the in vitro and in vivo antimycobacterial
activities of three FQs (MXF, GAT, and levofloxacin) and CLR against clinically isolated MAC strains.
Subsequently, the in vitro and in vivo synergic activities of FQ-CLR combinations against MAC strains were
investigated. CLR and the individual FQs alone showed promising activity against MAC strains in vitro, and
the bacterial counts in organs (lungs, liver, and spleen) of MAC-infected mice treated with single agents were
significantly reduced compared to control mice. CLR showed the best anti-MAC effect in vivo. When the three
FQs were individually combined with CLR in vitro, mild antagonism was observed for 53 to 57% of the tested
isolates. Moreover, mice were infected with MAC strains showing mild antagonism for FQ-CLR combinations
in vitro, and the anti-MAC effects of the FQ-CLR combinations were evaluated by counting the viable bacteria
in their organs and by histopathological examination after 28 days of treatment. Several FQ-CLR combinations
exhibited bacterial counts in organs significantly higher than those in mice treated with CLR alone. Our results
indicate that the activity of CLR is occasionally attenuated by combination with an FQ both in vitro and in vivo
and that this effect seems to be MAC strain dependent. Careful combination chemotherapy using these agents

against MAC infectious disease may be required.

Mycobacterium avium complex (MAC) infectious disease oc-
curs on a global scale, but it is endemic to certain northern
temperate regions (9). In Japan, pulmonary MAC infectious
disease is the most common nontuberculous mycobacterial
infection, and a recent increase in the incidence of MAC dis-
ease has been observed (12, 13). In 1997, the American Tho-
racic Society guidelines for MAC infectious disease in the
absence of HIV infection recommended a regimen of a mac-
rolide (clarithromycin [CLR] or azithromycin) combined with
a rifamycin (rifampin or rifabutin) and ethambutol for 10 to 12
months after bacteria can no longer be detected in the sputum
(2). However, this treatment is sometimes unsuccessful.

Recently developed antimicrobial agents, such as fluoro-
quinolones (FQs), are expected to have antimycobacterial ef-
fects (10, 17). FQs have advanced the treatment of nontuber-
culous mycobacterial infections (17). In fact, some FQs show
activity against MAC and other mycobacteria in vitro (10, 14,
17, 19). However, their roles in the treatment of MAC infec-
tious disease remain to be determined. On the other hand,
CLR is currently known to be the most effective agent against
MAUC, both in vitro and in vivo, and is used in chemotherapy
against MAC infectious disease worldwide. Based on the anti-
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MAC activities of such agents, it is very important to clarify how
newer FQs interact with CLR against different MAC strains,
especially in vivo, in order to predict their clinical utility.

In the present study, we evaluated in vitro and in vivo anti-
MAC activities of novel FQs, such as moxifloxacin (MXF) and
gatifloxacin (GAT), relative to that of CLR and determined
the combined activities of various FQs with CLR against dif-
ferent MAC strains in vitro and in vivo in order to establish the
clinical utility of such combination therapy.

(Parts of this work were presented at the 45th Interscience
Conference on Antimicrobial Agents and Chemotherapy
[ICAAC] in Washington, DC, December 2005, and the 46th
ICAAC in San Francisco, CA, September 2006, sponsored by
the American Society for Microbiology.)

MATERIALS AND METHODS

Microorganisms. A total of 78 MAC strains, including two reference strains
(M. avium JATAS51-01 and Mycobacterium intracellulare JATAS52-01, derived
from M. avium ATCC 25291 and M. intracellulare ATCC 13950, respectively)
purchased from the Japan Anti-Tuberculosis Association (Tokyo, Japan) were
used in this study. The remaining 76 strains were clinically isolated from patients
diagnosed as having MAC infection based on the criteria of the Mycobacteriosis
Research Group of the Japanese National Chest Hospitals (20) (similar to the
American Thoracic Society criteria). All isolates were confirmed using Amplicor
mycobacterium (Hoffmann-La Roche, Basel, Switzerland) or DDH mycobacte-
ria (Kyokuto Pharmaceutical Industrial Co., Tokyo, Japan). Bacterial colonies
were grown on Difco Middlebrook 7H10 agar plates (Becton Dickinson, Ruth-
erford, NJ) containing 10% oleic acid-albumin-dextrose complex (pH 7.4; Bec-
ton Dickinson) and 0.2% glycerol for 21 days. Subsequently, the bacteria were
suspended in Difco Middlebrook 7H9 broth medium (Becton Dickinson) sup-
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FIG. 1. Schematic representation of our study of MAC-infected mice. The mice were infected intravenously with 1.0 X 107 to 3.0 X 10’ CFU
of MAC strain N016, NO18, or N084 or one of two reference strains. After 21 days, treatment was initiated with CLR alone (200 mg/kg/day), FQ
alone (MXF, 100 mg/kg/day; GAT, 100 mg/kg/day; or LVX, 200 mg/kg/day), or FQ-CLR combinations at the same doses described above. Control
mice were treated with distilled water. All agents were administered daily by gavage for 28 days. Viable bacterial counts in organs and
histopathological examination were carried out 2 days after completion of treatment.

plemented with 10% oleic acid-albumin-dextrose complex, 0.05% Tween 80, and
0.2% glycerol, followed by subculture at 37°C for 7 days. Bacterial suspensions
were stored at —80°C until they were used.

Antimicrobial agents. MXF (Bayer Health Care, Tokyo, Japan), GAT (Kyorin
Pharmaceutical Co., Tokyo, Japan), levofloxacin (LVX) (Daiichi Pharmaceutical
Co., Tokyo, Japan), and CLR (Taisho Toyama Pharmaceutical Co., Tokyo,
Japan) were used in this study. Initially, CLR was dissolved in methanol, GAT
was dissolved in 0.05 N NaOH, and MXF and LVX were dissolved in distilled
water to create stock solutions (2.56 mg/ml). The stock solutions were stored at
—80°C until they were used. From the stock solutions, working solutions were
prepared by dilution with 7H9 broth medium.

Drug susceptibility testing. The MICs of the three FQs and CLR for the 78
MAC strains were determined by broth microdilution assays using 7H9 broth
medium. Briefly, serial twofold dilutions of each drug solution (ranging from 0.25
to 256 pg/ml) were prepared with 7H9 broth medium. Subsequently, 0.1-ml
aliquots of the diluted solutions were dispensed into the wells of a 96-well
microplate, followed by inoculation of 1.0 X 105 CFU/well of each MAC strain
suspended in 7H9 broth medium. Thus, the final drug concentrations ranged
from 0.125 to 128 pg/ml. When successful, growth in drug-free wells was ob-
served after 14 days of incubation at 37°C. The MIC was defined as the lowest
concentration of drug that completely inhibited bacterial growth. Each drug
susceptibility test was performed in triplicate.

Determination of combination activity in vitro. The combination activities of
each FQ with CLR against different MAC strains were studied by employing the
checkerboard titration technique with 7H9 broth medium (7). Checkerboard
titration was performed in 96-well microplates with a final volume of 200 pl. The
MIC:s of all the antibiotics were predetermined before the checkerboard titration
was performed. In the serial twofold dilution scheme used in the checkerboard
titration, the first antibiotic, in 50-pl volumes, was diluted twofold in the micro-
plates to give concentrations equal to four times that of the final drug concen-
tration for testing. The second antibiotic was diluted twofold with broth at
concentrations equal to four times those of the final drug concentrations used in
testing and was then added to the wells in 50-wl volumes. The first row of wells
contained only 50 pl of one drug, and the first column of wells contained only 50
pl of the other drug, together with 50 wl of 7H9 broth medium, and was
subsequently inoculated with 1.0 X 10° CFU/well of each MAC strain suspended
in 100 wl 7H9 broth medium. The drug concentrations of the checkerboard
ranged from 0.125 to 8 pg/ml for each of the FQs, except LVX (0.25 to 16 pwg/ml),
and from 0.125 to 128 wg/ml for CLR. The tested MAC strains were selected if
their MICs for all four drugs fell within the concentration range used for the
checkerboard titration in this study. The data were interpreted by calculating
the fractional inhibitory concentration (FIC) index as follows: FIC =
(MICdrug A combinalion/MICdrug A alone) + (MICdrug B combinalion/MICdrug B alone)'
In this study, the FIC index was basically interpreted as follows: a FIC of =<0.5,
synergism; a FIC of >0.5 but =2.0, indifference; a FIC of >2.0, antagonism (8, 11,
15). In addition, antagonism was determined to be more strict, with FICs of >2.0 and
>4.0. Each experiment evaluating combined activity was carried out three times.

Mouse model of MAC infection. Female C57BL/6] mice (8 weeks old) were
purchased from Charles River Laboratories Japan (Kanagawa, Japan). The mice

were intravenously infected with 1.0 X 107 to 3.0 X 107 CFU of M. avium
JATAS51-01 in 100 pl saline suspension (4, 18), and mortality was observed for
130 days after infection. In total, 10 mice per study were used for the determi-
nation of mortality, and each study was performed twice. Additional mice were
sacrificed on days 7, 14, 21, 28, 35, 56, 84, and 112 after infection in order to
evaluate bacterial numbers and histopathology in the lungs, liver, and spleen in
the absence of drug treatment. The target organs of the mice were aseptically
removed, and part of each organ was individually homogenized with 1 ml sterile
saline using a tissue homogenizer. The homogenized suspensions were serially
diluted in 7H9 broth medium and plated on 7H10 agar plates for quantification
of viable bacteria. In addition, tissues from the remaining part of each target
organ were fixed with formalin, sectioned, and stained with hematoxylin and
eosin. Each experiment was performed using 10 mice from the mortality exper-
iment and 5 from each sacrifice group. The study was carried out twice.

Therapeutic evaluation of MAC-infected mice. Mice were infected with MAC
strains NO16, NO18, and N084, as well as the two reference strains, by injection
of 100 wl bacterial suspension containing 1.0 X 107 to 3.0 X 107 CFU of each
MAC through the tail vein (4, 18). After 21 days, treatment with antimicrobial
agents was initiated. The mice were treated with one of the three FQs alone
(MXF, 100 mg/kg of body weight/day; GAT, 100 mg/kg/day; or LVX, 200 mg/
kg/day), CLR alone (200 mg/kg/day), or an FQ-CLR combination, with both
agents at the same doses described above. The dose of each antibiotic was based
on that in previous studies (1, 3-5). Each therapeutic study group included five
mice (Fig. 1). Agents were administered daily by gavage using a round-headed
needle and a syringe for 28 days. A control group of mice received distilled water
over the same period instead of antibiotics. The mice were sacrificed 48 h after
the completion of therapy in order to prevent any carry-over effects of the drugs
(Fig. 1). Bacterial counts in the lungs, liver, and spleen were determined using
the method described above, and histopathological examination was performed
using hematoxylin- and eosin-stained tissue sections. For histopathological ex-
amination, the numbers of granulomas were determined in 30 randomly selected
fields (X100 magnification) in the lung tissue specimens from three mice. The
category of granuloma formation was conventionally defined by the diameter as
follows: small, diameter 0 to 249 wm; medium, diameter 250 to 499 pum; and
large, diameter >500 wm. Therapeutic and histopathological examinations were
performed twice. This study was conducted in accordance with animal experi-
mentation guidelines and approved by the Institutional Animal Care and Use
Committee of Nagasaki University (approval no. 0409090382).

Statistical analysis. Statistical analysis was performed using StatView
(Hulinks, Tokyo, Japan). The significance of bacterial counts in the target organs
was assessed by Fisher’s protected least significant difference test after analysis of
variance and was set at a P value of <0.05.

RESULTS

In vitro activities of FQs and CLR. The MIC,,, values for the
three FQs and CLR for the 76 clinical isolates, as well as the
two reference strains, are shown in Table 1. MXF and GAT
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TABLE 1. In vitro antimicrobial activities of FQs and CLR against
76 clinically isolated MAC strains and 2 reference MAC strains

FQ-CLR COMBINATION ACTIVITIES AGAINST MAC 4073

TABLE 2. In vitro antimicrobial activities of FQ-CLR combinations
against clinically isolated MAC strains

MIC (pg/ml)® No. (%) of isolates showing interaction®:
MAC clinical isolate (n = 76) FQ-CLR
MXF GAT LVX CLR Synergism Indifference Antagonism

M. avium JATAS1-01 2 2 4 2 MXF-CLR (n = 43) 1(2) 19 (45) 23 (53) [1 (2)]
M. intracellulare JATAS2-01 0.5 1 4 0.5 GAT-CLR (n = 42) 1(2) 17 (41) 24 (57) [1 (2)]
MAC NO16* 0.5 0.5 2 2 LVX-CLR (n = 42) 0(0) 18 (43) 24 (57) [0 (0)]
MAC NO18¢ 0.5 1 4 0.5 X . -

MAC N084¢ 05 1 I 05 “ Synergism, FIC = 0.5; indifference, 0.5 < FIC = 2.0; antagonism, FIC > 2.0

¢ Strain used in subsequent in vivo experiments.

b Ranges were =0.125 to 8, =0.125 to 8, =0.125 to 64, and =0.125 to >128,
and MICy,s were 2, 4, 16, and 64 pg/ml for MXF, GAT, LVX, and CLR,
respectively.

showed promising activity against MAC in vitro, with MIC,,,
values of 2 and 4 pg/ml, respectively, while CLR had an MIC,,
of 64 pg/ml. The MICs for the same agents against different
MAC strains used in the subsequent in vivo evaluation are also
shown in Table 1. The in vitro interactions of the individual
FQs combined with CLR are summarized in Table 2. In total,
43 of the 76 MAC strains were evaluated for the combined
effects of MXF and CLR, while 42 of the 76 MAC strains were
used to study the combined effects of GAT or LVX and CLR
(the MIC ranges of strains used in the combination study were
as follows: MXF, 0.5 to 2 wg/ml; GAT, 0.5 to 2 pg/ml; LVX, 0.5
to 8 pg/ml; and CLR, 0.5 to 4 pg/ml).

When antagonism was defined as a FIC of >4.0, 1 (N046) of
43 strains for MFX-CLR, 1 (N002) of 42 strains for GAT-CLR,
and 0 of 42 strains for LVX-CLR showed antagonism, and
most strains showed an indifferent interaction for all combina-
tions. On the other hand, when antagonism was defined as a
FIC of >2.0, antagonism was observed in 23 of 43 strains
(53%) for MXF-CLR. Similarly, when GAT was combined
with CLR, antagonism was observed in 24 of 42 strains (57%),
while the combination of LVX with CLR had reduced effects
in 24 of 42 strains (57%). In addition, a total of 19 strains
showed antagonism (FIC > 2.0) for all three FQ-CLR combi-
nations. Thus, when the FIC was greater than 2.0, antagonism
was observed in 53 to 57% of MAC clinical isolates for com-
bined treatment with an FQ and CLR. In contrast, synergism
was observed in one strain each for MXF-CLR and GAT-
CLR, and indifference was observed in ~45% of all strains
treated with FQ-CLR combinations (Table 2). To summarize,
the in vitro effects of FQ-CLR combinations against certain
MAC strains (FIC values for MXF-CLR, GAT-CLR, and
LVX-CLR, respectively) were as follows: indifference, M.
avium JATAS51-01 (1.5, 2.0, and 2.0) and NO16 (1.25, 1.5, and
1.5); antagonism (>2.0), M. intracellulare JATAS52-01 (3.0, 3.0
and 2.5), N018 (3.0, 3.0 and 3.0), and N084 (3.0, 3.0 and 4.0).
These strains were used in subsequent in vivo experiments.

MAC-infected mice. Although some mice infected with M.
avium JATAS1-01 had died by 20 days after inoculation, al-
most all the mice survived for more than 100 days postinfec-
tion. However, a number of mice died after 110 days, and all
succumbed within 130 days (data not shown). Variable bacte-
rial counts were observed in the lungs, livers, and spleens of
mice at 7, 14, 21, 28, 35, 56, 84, and 112 days after inoculation.
Just after infection, an increase in viable bacterial counts was
observed, and the number of viable bacteria in the lungs

[FIC > 4.0].

reached 4.31 * 0.07 (log,, CFU/organ; mean = standard error
of the mean) and also reached 7.35 * 0.05 in the liver and
6.41 = 0.14 in the spleen 7 days after infection. After 28 days,
the counts in the liver and spleen reached 9.81 * 0.08 and
9.19 = 0.09, respectively; however, viable bacterial counts
reached a plateau after 56 days (10.93 = 0.15 in the liver and
10.30 = 0.30 in the spleen) and continued until day 112
(11.29 = 0.03 in the liver and 10.54 = 0.07 in the spleen). On
the other hand, the bacterial counts in the lungs kept increas-
ing until the end of the observation period and were as follows:
6.77 = 0.09 at day 28, 8.78 * 0.18 at day 56, and 10.68 = 0.10
at day 112.

Histopathological examination of organs from infected mice
revealed progressive infiltration of inflammatory cells 21 days
after inoculation and the development of granulomatous le-
sions after 28 days of infection. The development of inflam-
mation and granuloma formation paralleled an increase in the
number of viable bacteria. Within the lungs, severe inflamma-
tion was observed after 56 days of infection, and it was difficult
to identify normal alveolar tissue after 84 days of infection.
Similarly, development of granulomatous lesions in the liver
and spleen was confirmed after 35 days of infection, and there
was little normal tissue at 112 days after infection (data not
shown).

Treatment of MAC-infected mice. Chemotherapy with the
three FQs and CLR was started after 21 days of infection and
administered daily for 28 days in order to evaluate the effects
of treatment on disseminated MAC infection in mice. The
MIC:s of the three FQs and CLR against various MAC strains
are shown in Table 1. All experiments were performed in
duplicate. Although there was a small difference in the num-
bers of viable bacteria, similar results were obtained from the
first and second experiments. All mice that received CLR
alone, and most of the mice that received one of the FQs,
showed significantly reduced bacterial counts in all of the or-
gans examined (P < 0.05) relative to control mice (Table 3).
However, some treatments with one of the FQs did not show
this effect. For example, similar bacterial counts were obtained
in lung tissues of mice treated with GAT or LVX alone com-
pared with control mice after infection with M. avium JATAS1-
01. Furthermore, similar bacterial counts were found in the
lung tissues and spleens of mice treated with GAT or LVX
compared with control mice after infection with M. intracellu-
lare JATAS2-01. These findings were also observed for each of
the three FQs in the lungs and for GAT in the liver following
infection with MAC NO084. Furthermore, the bacterial counts
in the organs examined were significantly lower in mice treated
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TABLE 3. In vivo activities of MXF, GAT, LVX, and CLR alone and FQ-CLR combinations against MAC-infected mice

Log,, CFU/organ®

Strain Agent
Lungs Liver Spleen

M. avium JATAS1-01 (indifferent) Control 9.16 = 0.06° 10.15 = 0.07 9.58 = 0.08
MXF 8.83 = 0.18” 9.68 = 0.05%¢ 9.18 = 0.08>¢
GAT 8.90 = 0.14° 9.91 + 0.05"¢ 9.18 = 0.08"¢
LVX 9.01 = 0.09¢ 9.92 = 0.07>¢ 9.38 = 0.13%¢

CLR 7.10 = 0.08” 8.12 = 0.11° 7.10 = 0.09°

MXF + CLR 7.48 + 0.107 8.13 = 0.09” 7.41 = 0.04°

GAT + CLR 7.10 = 0.18” 8.08 = 0.07 727 = 0.12°

LVX + CLR 7.10 = 0.19 8.12 = 0.06 6.97 = 0.09”

M. intracellulare JATAS2-01 Control 551 =012 5.51 = 0.06 4.60 = 0.16
(antagonistic) MXF 4.83 = 0.17"¢ 4.76 = 0.125¢ 4.15 = 0.10>¢

GAT 5.32 = 0.16° 5.15 = 0.06>¢ 441 £ 0.11°

LVX 5.47 = 0.08° 5.16 = 0.11%¢ 448 £ 0.12¢

CLR 3.17 £ 0.07 3.20 = 0.04° 3.16 = 0.12°

MXF + CLR 3.23 = 0.08” 3.59 = 0.05"¢ 3.42 = 0.08”
GAT + CLR 3.43 +0.02° 3.65 = 0.067¢ 3.46 = 0.06°¢

LVX + CLR 3.36 = 0.07” 3.39 = 0.05° 3.32 = 0.05°

MAC NO16 (indifferent) Control 6.61 = 0.15 7.64 = 0.07 7.61 = 0.10
MXF 5.35 = 0.10>¢ 6.53 = 0.08>¢ 6.60 = 0.14%¢
GAT 5.48 = 0.115¢ 6.60 = 0.11%¢ 6.81 = 0.09"¢
LVX 5.48 = 0.09"¢ 6.52 = 0.10°¢ 6.72 = 0.16>¢

CLR 3.94 = 0.21° 5.91 = 0.02° 5.36 = 0.11°

MXF + CLR 4.17 = 0.11° 5.78 = 0.03" 5.57 = 0.06°

GAT + CLR 3.96 = 0.06” 5.72 = 0.06" 5.35=0.11°

LVX + CLR 425 +0.21° 5.86 = 0.21° 5.57 = 0.06°

MAC NO18 (antagonistic) Control 6.40 = 0.05 7.63 = 0.06 7.40 = 0.04
MXF 5.79 = 0.06"< 7.09 = 0.05%¢ 6.60 = 0.08"¢
GAT 5.96 = 0.08"¢ 7.21 = 0.06°¢ 6.75 = 0.10°¢
LVX 6.01 = 0.04>< 7.40 = 0.05%¢ 6.82 = 0.04>¢

CLR 2.18 = 0.09” 5.03 = 0.08° 4.06 = 0.10°

MXF + CLR 3.05 = 0.18"¢ 5.37 £ 0.07"¢ 4.26 = 0.14°

GAT + CLR 3.11 = 0.125¢ 5.25 = 0.09> 434 +0.13%
LVX + CLR 237 =0.13" 5.39 = 0.055¢ 4.32 * 0.09"¢

MAC NO084 (antagonistic) Control 8.13 = 0.16 8.17 = 0.07 8.04 = 0.11
MXF 7.90 = 0.06° 7.78 = 0.07°¢ 7.39 = 0.10°¢
GAT 8.14 = 0.07° 8.00 = 0.08° 7.60 = 0.08"¢
LVX 7.82 = 0.07° 7.77 = 0.09%¢ 7.58 = 0.13%¢

CLR 528 = 0.117 4.58 = 0.06" 430 = 0.11°
MXF + CLR 5.68 = 0.08"¢ 5.47 = 0.155¢ 4.90 + 0.09>¢
GAT + CLR 5.54 = 0.08"< 529 = 0.11° 4.72 * 0.125¢
LVX + CLR 5.24 + 0.08” 5.08 = 0.155¢ 4.60 = 0.125¢

¢ Activities of CLR (200 mg/kg/day), MXF (100 mg/kg/day), GAT (100 mg/kg/day), LVX (200 mg/kg/day), and FQ-CLR combinations against MAC-infected mice.
Viable bacterial counts were determined in the lungs, liver, and spleen 48 h after completion of therapy. A total of five mice were examined per group, and each value
represents the mean * standard error of the mean. Significant differences (P < 0.05) in viable bacterial numbers between treatments with each FQ alone and with
FQ-CLR combinations (e.g., MXF versus MXF-CLR) were obtained for all target organs. The experiment was performed twice, and the data shown are from the

second experiment. Similar results and statistical tendencies were obtained from the first experiment.
b P < 0.05 versus control mice as evaluated by Fisher’s protected least significant difference test after analysis of variance.
¢ P < 0.05 versus CLR alone as evaluated by Fisher’s protected least significant difference test after analysis of variance.

with CLR alone than in those treated with one of the FQs
(Table 3).

The therapeutic effects of CLR alone and each of the FQ-CLR
combination treatments against MAC-infected mice are also
shown in Table 3. Mice infected with M. avium JATAS1-01 and
MAC NO016, which showed indifferent effects for each FQ-CLR
combination in vitro, did not exhibit significant differences in
the bacterial counts in the organs examined compared to those
treated with CLR alone or a FQ-CLR combination. On the
other hand, in mice infected with MAC strains that showed
antagonistic effects (FIC > 2.0) with FQ-CLR combinations in
vitro (M. intracellulare JATAS52-01 and MAC NO18 and N084

strains), significant differences in the bacterial counts in organs
were confirmed between treatment with CLR alone and some
FQ-CLR combinations (e.g., CLR versus MXF-CLR or GAT-
CLR in the livers and CLR versus GAT-CLR in the spleens of
M. intracellulare JATAS2-01-infected mice and CLR versus
MXF-CLR or GAT-CLR in the lungs and CLR versus each of
the three FQ-CLR combinations in the livers of MAC N018-
infected mice; P < 0.05). Regarding histopathological exami-
nation, MAC NO84-infected mice exhibited small but signifi-
cantly different bacterial counts in their lung tissues after
treatment with CLR alone, MXF-CLR, and GAT-CLR (Table
3), while lung histopathology revealed more severe inflamma-
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tion and a larger number of granulomas (average numbers:
small granulomas, 30 and 39; medium, 18 and 19; and large, 1
and 2) after treatment with MXF-CLR and GAT-CLR than
after treatment with CLR alone (average numbers: small gran-
ulomas, 36; medium, 4; and large, 0). On the other hand, no
clear pathological differences were observed between mice
treated with CLR alone and with FQ-CLR combinations fol-
lowing infection with M. avium JATAS51-01 and MAC NO16
(data not shown).

Finally, no mice in any of the treatment or control groups
died during the whole period of chemotherapy.

DISCUSSION

FQs, especially those containing the C-8 methoxy group,
such as MXF and GAT, are expected to show activity against
MAC infectious disease, since a number of reports have indi-
cated that they are active against Mycobacterium tuberculosis
(1, 16). However, there is only limited evidence regarding the
clinical efficacy of FQs against MAC infectious disease. Nev-
ertheless, FQs are sometimes used as second-line agents
against MAC infectious disease because no alternative antimy-
cobacterial agents are currently available.

In the present study, FQs demonstrated activities equivalent
to that of CLR against various MAC strains in vitro. Indeed,
other researchers have reported that MXF and GAT are active
against MAC in vitro (17), as well as in cultured macrophages
(19) and mice (3). In general, in vitro MICs do not reflect the
therapeutic efficacy against MAC infections (2, 6). However,
the therapeutic effect of CLR can be predicted by its in vitro
MIC (2, 6). Regarding this issue, although the FQs used in the
present study showed promising in vitro activities against
MAUC, the individual FQs alone exhibited lower efficacy than
CLR alone for the treatment of MAC infectious disease in
mice. Our results indicate that it may be difficult to predict the
in vivo therapeutic effects of FQs based on their in vitro MICs.
However, a number of other factors may also be important.
For example, differences in the pharmacokinetic and pharma-
codynamic properties of FQs and macrolide antibiotics in
mice, as well as differences in their daily doses and therapeutic
durations, may influence the results. Further research is re-
quired to identify these factors.

Multidrug combination chemotherapy is usually used for the
treatment of mycobacterial diseases, and CLR is a key agent
against MAC infectious disease. Thus, we also determined the
in vitro and in vivo activities of each of the FQs in combination
with CLR against various MAC strains in order to explore the
clinical utility of these combination regimens against MAC
infectious disease. In our study of the combined effects of FQs
and CLR in vitro, a few strains showed antagonism, with FICs
of >4.0, while mild antagonism, with FICs of =4.0 and >2.0
was seen for more than half the MAC clinical isolates exam-
ined (conventionally, we used “mild antagonism” as the term
for FICs of =4.0 and >2.0). All the MAC strains used in this
study were isolated in Japan, and the frequencies of such
strains in other countries are of great interest, since they may
show geographical differences. Regarding the antagonistic ef-
fects between FQs and CLR, this phenomenon has previously
been reported by Tomioka et al., who showed that CLR de-
creases the activities of GAT and LVX against MAC strains in
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vitro (19). In addition, protein synthesis inhibitors, such as
CLR, interfere with the lethal antibacterial activities of FQs
(19). Moreover, we had concerns about whether such mild
antagonistic effects of FQ-CLR combinations in vitro could be
confirmed by in vivo experiments. With this background, we
carried out therapeutic experiments using MAC strains that
showed mild antagonism against all FQ-CLR combinations.
Although most of the FQ-CLR combinations did not show
significantly altered antibacterial effects in organs compared to
treatment with CLR alone, several combinations (e.g., MXF-
CLR and GAT-CLR against MAC N084) showed significantly
greater numbers of viable bacteria in organs than treatment
with CLR alone. In addition, comparison of the effects of
individual FQs alone and FQ-CLR combination regimens re-
vealed increased bacterial counts in mice treated with individ-
ual FQs. These results suggest that FQs containing the C-8
methoxy group can attenuate the anti-MAC activity of CLR.
However, the anti-MAC activity of FQ-CLR combination
treatments remains superior to that of FQs alone in vivo.
Furthermore, the attenuation of CLR activity by combined
therapy with an FQ was found to depend on the MAC strain
under examination. Accordingly, the mild antagonistic effect of
FQ-CLR combination therapy in vitro could also be confirmed
in vivo.

In the present study, an intravenously infected mouse model
was used in order to ensure that the bacteria were present in
the target organs and to stabilize the bacterial counts in each
organ. In this regard, our mouse model can be considered to be
similar to disseminated MAC infection. However, our results
are not directly applicable to human disseminated or lung
MAC infections. In this regard, our data are limited, and fur-
ther studies are required (e.g., using other infection route
models, longer treatment durations, or different treatment
start points). Additionally, we did not evaluate the in vivo
efficacy of FQ-CLR treatment against MAC strains for which
the FQ-CLR combinations showed synergistic effects in vitro,
and such experiments should be carried out in the near future.
However, we consider that our results concerning the mild
antagonistic effects of FQ-CLR combinations in vivo provide
important information for the treatment of refractory MAC
infectious disease, such as in failure of first-line chemotherapy
or disseminated MAC infectious disease, and therefore report
these data as an initial study.

Finally, current chemotherapy regimens against mycobacte-
rial infectious disease, including those caused by MAC, usually
involve combinations of three or four agents. Thus, further
studies are also required to evaluate how the use of three or
four agents may influence the anti-MAC activities of combined
FQ-CLR regimens in vivo. However, given the importance of
our finding that >50% of the clinical MAC isolates in the
present study were less responsive to combined FQ-CLR reg-
imens than to CLR alone, such combination therapy against
MAC infections should be performed very carefully in clinical
situations. In addition, the strain-dependent antagonism of
FQ-CLR combinations should also be considered, if treatment
with a particular combination fails against MAC infections.
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