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The in vitro and in vivo activities of modithromycin, a novel bicyclolide, against Legionella pneumophila were
compared with those of telithromycin, clarithromycin, azithromycin, and levofloxacin. All the test agents
decreased the intracellular growth of viable L. pneumophila bacteria over 96 h of incubation in both types of
cells used, A/J mouse-derived macrophages and A549 human alveolar epithelial cells, at extracellular concen-
trations of 4� and 16� MIC, respectively. However, when the agents were removed from the medium after
exposure for 2 h, regrowth of intracellular bacteria occurred in both cell systems when they were exposed to
telithromycin, clarithromycin, and levofloxacin but not when they were exposed to modithromycin and azi-
thromycin. Once-daily administration of modithromycin at a dose of 10 mg/kg of body weight for 5 days led to
a significant decrease of intrapulmonary viable L. pneumophila bacteria in immunosuppressed A/J mice. The
efficacy of modithromycin was superior to the efficacies of telithromycin and clarithromycin and comparable
to the efficacies of azithromycin and levofloxacin. In addition, modithromycin and azithromycin inhibited the
intrapulmonary regrowth of bacteria even at 72 h after the last treatment, but telithromycin and levofloxacin
did not. These results suggested that modithromycin has longer-lasting cellular pharmacokinetic features like
azithromycin. In conclusion, modithromycin, as well as azithromycin, has excellent in vitro and in vivo
bactericidal activities and persistent efficacy against intracellular L. pneumophila. Modithromycin should be a
useful agent for treatment of pulmonary infections caused by this pathogen.

Legionella pneumophila is a facultative intracellular patho-
gen that causes life-threatening pneumonia, such as Legion-
naires’ disease and Pontiac fever (7). This organism multiplies
and survives in several types of host cells, such as phagocytes
and epithelial cells (13). Therefore, antimicrobial agents for
the treatment of Legionella infections should have not only in
vitro antibacterial activity but also efficient penetration into the
host cells. Recently, macrolides and fluoroquinolone agents
have been selected for treatment of L. pneumophila infections
because of their potent in vitro activity and high level of dis-
tribution into the lungs (1, 7, 18, 19, 20). In particular, in the
North American consensus guidelines, azithromycin is rec-
ommended as the most preferable macrolide agent for the
management of community-acquired pneumonia in adults
(3, 15, 16).

Modithromycin (EDP-420, EP-013420, S-013420), a bicy-
clolide agent, is a novel member of the macrolide class with a
broad spectrum of activity against Gram-positive and -negative
respiratory pathogens, including intracellular bacteria, such as
Mycoplasma pneumoniae and Chlamydia pneumoniae (12). In
recent studies, we have demonstrated that modithromycin has
potent in vitro activity against clinical isolates of Legionella
spp., with a MIC90 of 0.031 �g/ml, which is comparable to that
of levofloxacin and which makes it more active than telithro-
mycin, clarithromycin, and azithromycin (MIC90s, 0.125, 0.063,
and 1 �g/ml, respectively) (21). However, for evaluation of its

clinical efficacy against this pathogen, intracellular antibacte-
rial activity and in vivo efficacy should also be determined.
These would reflect not only in vitro antibacterial activity but
also intracellular penetration and tissue distribution.

In this study, the intracellular activity of modithromycin
against L. pneumophila was compared with the activities of
telithromycin, clarithromycin, azithromycin, and levofloxacin
using two different types of cells, A/J mouse-derived bone
marrow macrophages and human alveolar epithelial cell line
A549. We also evaluated the therapeutic efficacy of these an-
timicrobial agents against pulmonary growth of this pathogen
in immunosuppressed A/J mice.

(This work was presented in part at the 46th Interscience
Conference on Antimicrobial Agents and Chemotherapy, ab-
str. E-1856, San Francisco, CA, 2006, and the 47th Interscience
Conference on Antimicrobial Agents and Chemotherapy, ab-
str. E-1629, Chicago, IL, 2007.)

MATERIALS AND METHODS

Antimicrobial agents. Modithromycin and telithromycin were kindly supplied
by Shionogi & Co., Ltd. (Osaka, Japan). Clarithromycin, azithromycin, and
ampicillin were purchased from the U.S. Pharmacopeia (Rockville, MD). Levo-
floxacin was kindly supplied by Daiichi Sankyo Co., Ltd. (Tokyo, Japan). As
solvents for the in vitro studies, 1 M acetate buffer (pH 4.5) was used for
modithromycin, telithromycin, clarithromycin, and azithromycin, 0.1 N NaOH
was used for levofloxacin, and 0.1 M phosphate buffer (pH 6.0) was used for
ampicillin. These prepared solutions were diluted to the desired concentration
with distilled water. To prepare suspensions for oral administration in the in vivo
studies, 0.5% methylcellulose (Wako Pure Chemical Industries, Ltd., Japan) was
used as the vehicle.

Bacterial strain and susceptibilities to antimicrobial agents. The L. pneumo-
phila Suzuki strain (serogroup 1), isolated from a Japanese medical facility, was
used in this study. The MICs of modithromycin, telithromycin, clarithromycin,
azithromycin, levofloxacin, and ampicillin for the Suzuki strain were 0.031, 0.125,
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0.063, 0.25, 0.031, and 0.5 �g/ml, respectively, which were determined by broth
microdilution method using BYE� broth [N-(2-acetamido)-2-aminoethanesulfo-
nic acid-buffered yeast extract broth supplemented with 0.1% �-ketoglutarate,
0.04% L-cysteine, and 0.025% iron(III) diphosphate (final pH, 6.9)] (21).

Preparation of bacterial suspension. The test strain was grown on BCYE�
agar [N-(2-acetamido)-2-aminoethanesulfonic acid-buffered charcoal yeast ex-
tract agar supplemented with 0.1% �-ketoglutarate, 0.04% L-cysteine, and
0.025% iron(III) diphosphate (final pH, 6.9)] for 3 days at 35°C, and a single
colony was transferred to BYE� broth, followed by incubation for 24 h at 35°C
with constant shaking. The bacterial suspension was again transferred to fresh
BYE� broth and incubated for 24 h under the same conditions. The suspension
including post-exponential-phase bacteria was used after dilution in the test
medium (RPMI 1640 [Invitrogen Corporation] supplemented with 10% heat-
inactivated fetal bovine serum [Invitrogen Corporation]) or saline for the in vitro
and in vivo studies, respectively (6).

Determination of in vitro intracellular activity. The primary culture of bone
marrow macrophages was prepared from bone marrow exudates of an A/J mouse
(male, 6 weeks old) as described previously (26). The human alveolar epithelial
cell line A549 (CCL-185) was purchased from the American Type Culture
Collection. These cells (macrophages, 1.3 � 105 cells/0.1 ml/well; A549 cells,
1.6 � 104 cells/0.1 ml/well) were incubated in the test medium for 24 h at 37°C
in humidified air containing 5% CO2 to make cell monolayers.

In this study, two types of experiments (retention experiment and removal
experiment) were performed, as follows. A suspension of the Suzuki strain (0.1
ml) was added to each well containing the cell monolayer (inoculum, 5.7 � 104

CFU/well). After a 1-h incubation, the medium containing extracellular nonad-
herent bacteria was removed and the infected cells were washed once with the
fresh test medium. In the case of the retention experiment, these cells were
exposed to various concentrations of antimicrobial agents for 96 h. In the re-
moval experiment, the cells were exposed to various concentrations of antimi-
crobial agents for 2 h, followed by removal of the agents and an additional 94-h
incubation in the absence of the agents. These retention and removal experi-
ments were run in parallel. The number of intracellular viable bacteria was
determined on BCYE� agar at 2, 24, 48, and 96 h after initiation of exposure to
the agent, as follows. The cells with intracellular bacteria were washed once with
the fresh test medium and lysed with 0.1 ml of distilled water, followed by the
determination of viable bacteria in the lysate.

Pulmonary infection model. Specific-pathogen-free A/J mice (male, 6 weeks
old) were obtained from Sankyo Labo Service Corporation (Tokyo, Japan). Mice
were immunosuppressed by subcutaneous administration of a cortisone acetate
(Sigma-Aldrich) suspension at 100 mg/kg of body weight for 3 consecutive days
from 1 day before infection (5). The immunosuppressed mice were infected by
intratracheal inoculation of a bacterial suspension (1.4 � 105 to 1.8 � 105

CFU/30 �l/mouse) while the mice were under anesthesia with a ketamine (San-
kyo Yell Yakuhin Co., Ltd., Japan) and xylazine (Bayer Medical Ltd., Japan)
mixture. Two experiments with different therapeutic schedules were performed.
(i) The antimicrobial agents were orally administered 24, 48, 72, 96, and 120 h
after infection. At 24 h after the last administration of the agent, the mice were
killed and the numbers of viable bacteria in the lungs were determined by culture
of tissue on BCYE� agar. (ii) The antimicrobial agents were orally administered
24 and 48 h after infection. At 24 and 72 h after the last administration of the
agent, the mice were killed and the numbers of viable bacteria in the lungs were
determined by culture of tissue on BCYE� agar. These BCYE� agars contained
vancomycin (Sigma-Aldrich) at 5 �g/ml and polymyxin B (Sigma-Aldrich) at 100
units/ml to prevent the growth of other bacterial cells. The experimental proto-
cols were approved by the Institutional Animal Care and Use Committee at
Toho University School of Medicine.

Statistical analysis for efficacy in pulmonary infection model. The differences
in the number of viable bacteria between study groups were analyzed by Dun-
nett’s multiple-comparison test or Welch’s t test. Statistical significance was
defined by a P value of �0.05.

RESULTS

Intracellular activities of antimicrobial agents. The intra-
cellular antibacterial activities of modithromycin and the other
antimicrobial agents against L. pneumophila were assessed by
using two kinds of cells, bone marrow macrophages derived
from an A/J mouse and A549 human alveolar epithelial cells,
as the host cells to mimic actual sites of infection (Fig. 1). In
the presence of these two kinds of cells, ampicillin did not

decrease the number of intracellular bacteria. Almost all the
�-lactam agents, including ampicillin, are ineffective against
intracellular bacteria because of poor cellular penetration (9).
These findings ascertained that the viable bacteria proliferate
inside the cells and the intracellular activity of the agents could
be determined.

We performed two types of experiments, retention and re-
moval experiments, as described in Materials and Methods. In
the retention experiment, all test agents decreased the num-
bers of intracellular viable bacteria in both macrophages and
epithelial cells when they were exposed at extracellular con-
centrations of 4� and 16� MIC, respectively, over 96 h of
incubation. Levofloxacin showed rapid and the most bacteri-
cidal activity among the agents tested in both cell systems. On
the other hand, in the removal experiment using the macro-
phages, rapid regrowth of intracellular bacteria was observed
for up to 96 h when cells were exposed to telithromycin, cla-
rithromycin, or levofloxacin at 4� MIC for 2 h. The regrowth
of intracellular bacteria did not occur when cells were exposed
to modithromycin and azithromycin at 4� MIC for 2 h. A
similar result was observed when these antimicrobial agents
were tested using the epithelial cell line A549, except that the
test concentration was 16� MIC instead of 4� MIC.

Therapeutic efficacies of antimicrobial agents in pulmonary
infections. The in vivo efficacies of modithromycin and the
other antimicrobial agents against L. pneumophila were as-

FIG. 1. Intracellular antibacterial activities of modithromycin and
other antimicrobial agents against the L. pneumophila Suzuki strain in
A/J mouse-derived bone marrow macrophages (A and B) and A549
human alveolar epithelial cells (C and D). These monolayer cells were
infected with a 1-h incubation. After removal of the nonadherent
bacteria, the infected cell layers were exposed to the antimicrobial
agents for 96 h (retention experiment; A and C) or were exposed for
2 h, followed by removal of the agents and an additional 94 h of
incubation in the absence of the agents (removal experiment; B and
D). The macrophage and epithelial cell systems were exposed to ex-
tracellular concentrations of 4� and 16� MICs of all test agents
except ampicillin, respectively. The exposure to ampicillin was at 16�
MIC in both cell systems. The numbers of viable bacteria in the cells
were determined at 2, 24, 48, and 96 h after infection.
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sessed by using 5-day treatments and a pulmonary infection
model in immunosuppressed A/J mice (Fig. 2). Once-daily
administration of modithromycin at the two doses of 10 and 30
mg/kg led to significant decreases in the number of intrapul-
monary viable bacteria to approximately 1 � 104 CFU/lung,
whereas the number in nontreated mice reached 1.5 � 108

CFU/lung. At both doses, the therapeutic efficacy of modithro-
mycin was significantly superior to the efficacies of telithromy-
cin and clarithromycin (P � 0.05) and was comparable to the
efficacies of azithromycin and levofloxacin.

The efficacies of modithromycin and the other antimicrobial
agents were also assessed with different treatment periods. The
antimicrobial agents were administered at a dose of 30 mg/kg
once daily for 2 days, and then the intrapulmonary growth of
viable bacteria was observed (Fig. 3). At 24 h after the last
administration of modithromycin, the number of viable bacte-
ria reached approximately 1 � 105 CFU/lung. After that, the
increase in the number of viable bacteria in the modithromy-
cin-treated group was suppressed for the next 48 h. These
bactericidal and persistent efficacies were also observed in the
azithromycin-treated group. On the other hand, the numbers
of viable bacteria in the telithromycin- and levofloxacin-treated
groups were significantly increased from 24 h to 72 h after the
last treatment. Although levofloxacin was observed to have
stronger bactericidal efficacy than modithromycin and azithro-
mycin 24 h after the last treatment, an approximately 25-fold
increase in the number of viable bacteria occurred during the
next 48 h.

DISCUSSION

Recently, to assess the intracellular anti-Legionella activity
of antimicrobial agents, infection models using various kinds of
cells derived from humans, mice, and guinea pigs have been
developed (2, 10, 11, 14, 22). In this study, we used the A/J
mouse strain for determination of both in vitro intracellular

antibacterial activity and in vivo efficacy in pulmonary infection
models, because it has been reported that this strain permits
growth of Legionella as a feature of its genetic background
(8, 27).

The present study has demonstrated that modithromycin
had excellent intracellular bactericidal activities against L.
pneumophila in murine macrophages and human alveolar ep-
ithelial cells. In particular, the removal experiments have
shown that modithromycin as well as azithromycin inhibited
the intracellular growth of bacteria for 94 h after only a 2-h
exposure, while telithromycin, clarithromycin, and levofloxacin
did not. The favorable intracellular activity of azithromycin was
considered to be caused by its long-lasting cellular pharmaco-
kinetic features. It is well-known that macrolide agents gener-
ally possess the ability to be highly concentrated in cells. Bos-
nar et al. have reported on the characterization of these classes
of macrolide agents, including azalide and ketolide agents,
with respect to cellular uptake and efflux using several types of
cells (4). Azithromycin showed rapid and nonsaturable uptake
into the cells and was slowly released from the preloaded cells.
On the other hand, clarithromycin and telithromycin displayed
rapid and saturable uptake into the cells and were rapidly
released from the preloaded cells. In addition, both influx of
levofloxacin into cells and its efflux from cells are rapid (9).
These findings showed that azithromycin might accumulate in
cells at high concentrations for longer periods, which pre-
vented the growth of intracellular bacteria for longer periods
with a short exposure to azithromycin than the time of growth
inhibition achieved with telithromycin, clarithromycin, and
levofloxacin. The results of the removal experiment suggested
that modithromycin might also have cellular pharmacokinetics
like those of azithromycin, although the possibility that modi-
thromycin has a good postantibiotic effect against Legionella
spp. was not excluded. The differences in the efficacious con-
centrations of antimicrobials between these cell systems were
unclear. However, several factors can be considered, such as
the growth rate of intracellular bacteria and differences in the
penetration rates of antimicrobial agents into the cells.

In the murine pulmonary infection model, a severe infection

FIG. 3. In vivo efficacies of modithromycin and other antimicrobial
agents with 2-day treatments against pulmonary infection with the L.
pneumophila Suzuki strain in immunosuppressed A/J mice. The anti-
microbial agents were orally administered at a dose of 30 mg/kg/day 24
and 48 h after infection (n � 5). *, the differences between the num-
bers of viable bacteria 72 and 120 h after infection in each antimicro-
bial agent were analyzed by Welch’s t tests (P � 0.05).

FIG. 2. In vivo efficacies of modithromycin and other antimicrobial
agents against pulmonary infection with the L. pneumophila Suzuki
strain in immunosuppressed A/J mice with 5-day treatments. The an-
timicrobial agents were orally administered at a dose of 10 or 30
mg/kg/day at 24, 48, 72, 96, and 120 h after infection. The numbers of
viable bacteria in the lungs were determined 144 h after infection (n �
4 or 5). The differences in the numbers of viable bacteria between the
groups treated with modithromycin and other antimicrobial agents at
the same dose were analyzed by Dunnett’s multiple-comparison tests.
MOD, modithromycin; TEL, telithromycin; CLR, clarithromycin;
AZM, azithromycin; LVX, levofloxacin.
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in an immunosuppressed host was used to easily evaluate the
efficacies of modithromycin and the other antimicrobial agents
tested (5, 17). The results of 5-day treatments demonstrated
that telithromycin and clarithromycin have weak activity
against the pulmonary growth of L. pneumophila in the immu-
nosuppressed mice. However, modithromycin caused a signif-
icant decrease in the numbers of viable bacteria in the lungs, as
did azithromycin and levofloxacin. In addition, modithromycin
and azithromycin showed persistent efficacy that prevented the
intrapulmonary regrowth of bacteria even after the last treat-
ment, while levofloxacin did not. These results seem to agree
well with the excellent intracellular activity of modithromycin
and azithromycin in the removal experiments. It should be
noted that the in vitro intracellular activity and in vivo efficacy
of modithromycin against L. pneumophila were as potent as
those of azithromycin, which is recommended for use for the
treatment of L. pneumophila pneumonia because of its fea-
tures of a half-life longer than that of other agents, good lung
distribution, and nonsaturable uptake into phagocytes and ep-
ithelial cells (4, 24, 25, 28). Modithromycin appears to have an
excellent intracellular pharmacodynamic profile, as described
above, and has also been reported to have a larger lung-to-
plasma ratio of distribution in rat (23). These features would
lead to the excellent therapeutic efficacy of modithromycin
against L. pneumophila infections, comparable to that of azi-
thromycin.

In summary, modithromycin has not only excellent intracel-
lular bactericidal activity but also persistent effects against in-
tracellular and intrapulmonary growth of L. pneumophila in
experimental infections in vitro and in vivo. This persistent
efficacy of modithromycin against the intrapulmonary growth
of bacteria is an excellent advantage for the treatment of pul-
monary infections. Therefore, modithromycin should be a
promising antimicrobial agent for the treatment of respiratory
infections caused by intracellular pathogens.
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