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The antibacterial activities of levofloxacin, erythromycin, and rifampin against intracellular Legionella
pneumophila L-1033, serogroup 1, were studied. In an in vitro system utilizing adherent human monocytes, L.
pneumophila L-1033, a phagocytosis time period of 1 h, and antibiotic (levofloxacin, erythromycin, and/or
rifampin) at 1 to 10 times the MIC, the CFU/ml values for the monocyte lysate were determined during 0- to
4-day time periods. The decrease in CFU/ml with levofloxacin at pH 7.4 was rapid, occurring within 24 h, and
was drug concentration dependent (P < 0.01). The decrease in CFU with rifampin was first observed at 48 h
(P < 0.01), while only a minimal decrease in CFU/ml was observed with erythromycin. Combination of
levofloxacin and rifampin and of levofloxacin and erythromycin at ten times their MICs significantly decreased
the CFU/ml value (P < 0.01), to the value attained by levofloxacin alone, while combination of rifampin and
erythromycin did not. Removal of levofloxacin after 24 h of incubation resulted in regrowth of L. pneumophila
L-1033, while a continued slow decrease in CFU/ml was seen following rifampin removal; CFU/ml values were
unaffected by the removal of erythromycin. At 4 days, and even in assays performed following antibiotic
removal, the CFU/ml value continued to be lower in the levofloxacin and rifampin assays than in the assays
with erythromycin. Levofloxacin had a significantly higher bactericidal activity against L. pneumophila L-1033
than erythromycin or rifampin. In these assays, the addition of erythromycin or rifampin did not affect the
antibacterial activity of levofloxacin.

Intracellular infections caused by bacterial pathogens are
common. They can cause serious disease in compromised
hosts, may relapse, and can be difficult to treat in spite of
apparent in vitro susceptibilities of the pathogen to appropri-
ate antibiotics (13, 14, 17). Legionellosis is one example of such
serious intracellular infections (11, 15, 17). Because Legionella
pneumophila causes intracellular infection, the antimicrobial
agent of choice must penetrate the target cell, reach the site of
bacterial replication, and exert its antimicrobial effect on the
intracellular organism (25, 26).

The treatment of Legionnaires’ disease to date has included
erythromycin as the first-choice antimicrobial agent, followed
by newer macrolides, doxycycline, or trimethoprim-sulfame-
thoxazole (7, 8). Fluoroquinolones have been found to be
active against L. pneumophila in vitro in more recent studies,
including studies performed with cell-associated organisms (1,
3–5, 8, 12, 19, 21). Furthermore, rifampin is commonly used as
an adjunct drug in seriously ill patients with L. pneumophila
infections (8). This is done to maximize clinical efficacy and
minimize the selection of resistant mutants, although the de-
velopment of resistance to rifampin could not be shown in a
guinea pig model of Legionnaires’ disease (6).

Levofloxacin is the more active isomer of the two optically
active isomers of ofloxacin (10). Its DNA gyrase activity is
similar to that of ciprofloxacin. Concentrations of levofloxacin
in serum and tissues exceed those of ciprofloxacin, and the
half-life of levofloxacin is longer, allowing daily single-dose
administration in many cases (24). Studies of the in vitro ac-
tivity of levofloxacin against L. pneumophila have demon-

strated that this new fluoroquinolone is more active than eryth-
romycin or ofloxacin (1). Furthermore, recent observations
have demonstrated that the intracellular concentration of levo-
floxacin is at least six times the extracellular concentration
(20).

This study was performed to define the ability of levofloxacin
to enhance the inhibitory or bactericidal activity of human
monocytes against L. pneumophila and to compare the efficacy
of levofloxacin against intracellular L. pneumophila with those
of erythromycin and rifampin, used singly or in combination.

(This work was presented in part at the 36th Interscience
Conference on Antimicrobial Agents and Chemotherapy, New
Orleans, La., 15 to 18 September 1996 [1a].)

MATERIALS AND METHODS

Preparation of human monocytes. Monocytes were prepared from heparinized
blood of healthy human donors who had signed the informed-consent form
approved by the Institutional Review Board of the Albany Medical College/
Stratton VA Medical Center, Albany, N.Y. Mononuclear cells were separated
from whole blood by using Histopaque 1077 (Sigma, St. Louis, Mo.), giving a
98% pure mononuclear cell preparation. The separated cells were resuspended
in Hanks balanced salt solution with 20% fetal calf serum (FCS) to a concen-
tration of 2 3 106/ml. Cell viability before and after exposure to antibiotics in the
control and in the phagocytic system was $98% as determined by the trypan blue
exclusion test.

Bacterial strain. L. pneumophila L-1033, serogroup 1, isolated from the spu-
tum of a patient with pneumonia, was obtained from the Wadsworth Center for
Laboratories and Research, New York State Department of Health, Albany. The
isolate was kept frozen in skim milk at 270°C prior to the experiment; it was then
subcultured on buffered charcoal yeast extract (BCYE) agar supplemented with
5% a-ketoglutarate (BBL Microbiology Systems, Cockeysville, Md.) and incu-
bated at 35°C. Prior to each experiment, colonies from a 48-h culture were
subcultured from BCYE agar into BYE broth and incubated for 18 h at 35°C in
a shaking water bath. The bacteria were then diluted to 107 CFU/ml in RPMI
1640 plus 20% FCS and kept at 4°C until their addition to the adherent phago-
cytic cells. Confirmation of this final bacterial concentration (in CFU per milli-
liter) was done by duplicate counts of bacteria cultured on BCYE agar.

Antimicrobial agents. Levofloxacin was a gift from the R. W. Johnson Re-
search Institute. Erythromycin and rifampin were obtained from Sigma. All
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antibiotic solutions were made fresh for each experiment in accordance with the
suppliers’ instructions. Using the macrodilution technique, the MIC (in micro-
grams per milliliter) for each drug was determined in BYE broth (16, 18). The
MICs of levofloxacin, erythromycin, and rifampin for L. pneumophila L-1033
were 0.03, 0.5, and 0.001 mg/ml, respectively.

Opsonization. Pooled heat-inactivated normal human serum obtained from
four donors was diluted to 20% (vol/vol) in RPMI 1640 and was used to opsonize
L. pneumophila L-1033 at 35°C for 1 h.

Study design. Human mononuclear cells at a density of 2 3 106/ml were
delivered in a 1-ml volume and allowed to adhere to the wells of 24-well plates
(Corning/Costar Corp., Cambridge, Mass.) for 2.5 h. Monocytes adhered to the
wells in a contiguous layer. Medium and nonadherent cells, including lympho-
cytes, were aspirated from the wells. The adherent monocyte layer was gently
washed once. Opsonized L. pneumophila L-1033 in RPMI 1640 plus 20% FCS
(107 cells; 1-ml volume) was added to the wells. The time period allotted for
phagocytosis was 1 h. Unphagocytized bacteria were removed by aspiration, and
the cell layer was washed once with RPMI 1640. Antibiotics were added to
duplicate wells singly at their MICs and at 2, 4, and 10 times their MICs, and they
were added in combination at 10 times their MICs or attainable serum drug
concentrations. Thus, the antibiotic concentrations used in the assays were as
follows: levofloxacin at 0.03, 0.06, 0.12, 0.3, and 5.0 mg/ml; rifampin at 0.001,
0.002, 0.004, 0.01, and 8.0 mg/ml; and erythromycin at 0.5, 1.0, 2.0, 5.0, and 10.0
mg/ml. Following incubation of the plates at 35°C for 0, 24, 48, 72, or 96 h, the
supernatant was removed, monocytes were lysed with distilled H2O, and the
lysate was quantitatively plated in duplicate on BCYE agar. The plates were
incubated for 48 h at 35°C, colonies counted, and the numbers of surviving
bacteria were determined. A subset of experiments involved the removal of the
antibiotic from the wells 24 h after its addition. The wells were then sampled at
48, 72, and 96 h as described above. Another subset of experiments was per-
formed at pH 6.0. The medium (RPMI 1640 plus 20% FCS) was adjusted to pH
6.0 with 1 N HCl. This medium was used for the final suspension of monocytes
and bacteria in the experiment. All experiments at pH 7.4 and 6.0 were per-
formed three times.

Statistical analysis utilized the analysis of variance methodology (23). Analysis
was done on the bacterial counts (log10 CFU per milliliter) of lysed monocytes on
days 1 to 4 (see Table 3 for days 2 to 4) minus the bacterial counts (log10 CFU
per milliliter) of lysed monocytes on day 0 (i.e., immediately following 1 h of
phagocytosis). The standard errors of the means in Tables 1 to 4 were calculated
by pooling like variances and using the expected mean squares of the analysis of
variance. The level of significance was 0.05. Null hypotheses were specified a
priori.

RESULTS

Table 1 demonstrated the effects of levofloxacin, rifampin,
and erythromycin, used singly (at their MICs and at two and
four times their MICs), in the monocyte bactericidal assay at
pH 7.4 and 35°C. Each of the three antimicrobial agents dem-
onstrated a significant decrease in CFU per milliliter compared
to that of the control (P , 0.01). While results for the study
using levofloxacin at the MIC were different from those of that
drug at two and four times the MIC (P , 0.05), there was no
statistically significant difference in the results with rifampin or
erythromycin; therefore, the data for studies at the MIC and at
two and four times the MICs for erythromycin and for rifampin
were combined. At the MIC, levofloxacin demonstrated signif-
icantly greater bactericidal activity than rifampin or erythro-
mycin (P , 0.01). There was no statistically significant differ-

ence in the results of studies with levofloxacin at two and four
times the MIC; therefore, these data were combined.

Table 2 demonstrates the effects of levofloxacin, rifampin,
and erythromycin (at 10 times their MICs), used singly and in
combination, in the monocyte bactericidal assay at pH 7.4 and
35°C. Levofloxacin demonstrated the most rapid and effective
activity in decreasing the CFU per milliliter (P , 0.01). There
was not a statistically significant difference between the results
obtained with levofloxacin alone and those obtained when
levofloxacin was used in combination with rifampin or eryth-
romycin. In contrast, the CFU-per-milliliter values obtained
with erythromycin and rifampin, alone or in combination, were
not statistically significantly different from those of the control
or from each other.

Table 3 demonstrates the effect of levofloxacin, rifampin,
and erythromycin at maximum attainable serum drug concen-
trations in the bactericidal human monocyte assay at pH 7.4
and 35°C. In the continued presence of antibiotics, on day 2 of
the assay for levofloxacin and on day 3 for rifampin, decreases
in CFU per milliliter of 3 logs or more were detected. This
effect continued through day 4. In contrast, viable CFU-per-
milliliter values for erythromycin were similar to those of con-
trols on days 2 to 4. Following the removal of levofloxacin on
day 1, the CFU-per-milliliter values increased on days 2
through 4 (P , 0.01). Following the removal of rifampin on
day 1, the CFU-per-milliliter value continued to decrease, but
this decrease was less than in assays in which rifampin was not
removed. Furthermore, in assays in which levofloxacin or ri-
fampin was removed, the CFU per milliliter on day 4 remained

TABLE 1. The effect of levofloxacin, rifampin, and erythromycin used singly at their MICs and at two and four times their MICs against
intracellular L. pneumophila L-1033 (pH 7.4)

Antibiotic Antibiotic concn(s)
(3 MIC)

Antibiotic concn
(mg/ml)

Bacterial killing (log10 CFU/ml)a on assay day:

1 2 3 4

None (control) 0.85 0.70 0.39 20.02
Levofloxacin 1 0.03 20.21 20.68 20.96 21.23

2, 4 0.06, 0.12 20.68 21.10 21.29 21.60
Rifampin 1, 2, 4 0.001, 0.002, 0.004 0.39 20.11 20.41 21.04
Erythromycin 1, 2, 4 0.5, 1.0, 2.0 0.10 0.01 0.03 20.09

a Values are bacterial counts (log10 CFU/ml) of lysed monocytes on days 1 to 4 minus bacterial counts (log10 CFU/ml) of lysed monocytes on day 0 (i.e., immediately
following the 1-h intracellular phagocytosis). A negative value indicates net killing, and a positive value indicates net growth. The SEM range for controls is 0.16 to 0.18,
and that for antibiotic-containing assays is 0.15 to 0.29.

TABLE 2. The effect of levofloxacin, rifampin, and erythromycin, at
ten times their MICs, used singly and in combination against

intracellular L. pneumophila L-1033 (pH 7.4)

Antibiotic (concn, mg/ml)

Bacterial killing (log10 CFU/ml)a

on assay day:

1 2 3 4

None (control) 0.78 0.25 0.35 0.12
Levofloxacin (0.3) 21.14 21.57 22.04 22.42
Rifampin (0.01) 0.48 0.20 20.44 20.73
Erythromycin (5.0) 0.35 0.34 20.02 0.16
Levofloxacin (0.3) plus

rifampin (0.01) 21.47 21.73 22.21 22.47
Levofloxacin (0.3) plus

erythromycin (5.0) 21.17 21.27 21.72 21.61
Rifampin (0.01) plus

erythromycin (5.0) 0.39 0.14 20.26 20.16

a See Table 1, footnote a. SEM range for controls and for antibiotic-containing
assays is 0.20 to 0.22.
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lower than that for erythromycin. For erythromycin, the CFU-
per-milliliter value remained the same regardless of whether
the antibiotic was removed.

Table 4 depicts the effects of levofloxacin, rifampin, and
erythromycin, alone or in combination, at ten times their MICs
when determined at 35°C and pH 6.0 in the bactericidal human
monocyte assay. Although the corrected log10 CFU-per-milli-
liter values were lower than those of the control (days 1
through 4; P , 0.01), there were no statistically significant
differences in the antibacterial activities of the three antibiot-
ics, or combinations thereof, at pH 6.0. Changing the pH value
from 7.4 to 6.0 decreased the effectiveness of levofloxacin but
did not alter the activity of rifampin or erythromycin (Tables 2
and 4). As demonstrated in Tables 1 to 4, the corrected log10
CFU-per-milliliter values for the controls were higher (P ,
0.05) on days 2 to 4 when the pH was 6.0 (Table 4) than they
were at pH 7.4 (Tables 1 to 3).

DISCUSSION

Entry of L. pneumophila into phagocytic cells is accom-
plished by coiling phagocytosis. L. pneumophila inhibits the
capacity of the phagocytic cells to form a ribosome-lined rep-
licative phagosome, to acidify the phagosome, and to allow
phagosome-lysosome fusion (14). L. pneumophila is known to
be resistant to the bactericidal effects of serum and to the
killing effect of monocytes, polymorphonuclear leukocytes, and
alveolar macrophages (13, 14). Even L. pneumophila that has
been pretreated with antibiotics is capable of multiplication
within human monocytes (21).

Treatment of infections caused by L. pneumophila is effec-
tive only when antimicrobial agents capable of intracellular
activity are used (8, 9, 11, 14, 17). Therapeutic failure is not
related to the development of resistance but rather is due to
the inability of the phagocytic cell to eliminate the organism
from its intracellular environment or to a decreased cell-me-
diated immune response caused by the organism (2, 6, 13, 14,
26).

A good correlation between the intracellular penetration of
specific antibiotics and the survival of patients with Legion-
naires’ disease has been found (8, 11, 15, 17). For many years,
erythromycin has been the antimicrobial agent of choice for
the treatment of Legionnaires’ disease (8). More recently, the
activities of fluoroquinolones and newer macrolides against L.
pneumophila have been studied in vitro and in systems includ-
ing macrophages (1, 3–5, 8, 9, 12, 19–22, 25). Our previously

reported and present data support the effectiveness of levo-
floxacin against L. pneumophila (1, 21). In our present com-
parative study with erythromycin and rifampin, we found levo-
floxacin to be the most effective drug against intracellular L.
pneumophila. A statistically significant decrease in CFU per
milliliter could be demonstrated with increasing concentra-
tions of levofloxacin (at the MIC versus two and four times the
MIC), but not with rifampin or erythromycin (P , 0.05). Sim-
ilarly, at 10 times the MIC, levofloxacin was most active singly
or in combination with rifampin or erythromycin compared
with erythromycin or rifampin alone or in combination (P ,
0.01). Furthermore, when the maximum drug concentrations
attainable in serum were compared, levofloxacin continued to
be the most active drug (P , 0.01) for the entire assay time (4
days). Removal of levofloxacin or rifampin from the human
monocyte system on day 1 was associated with regrowth of the
organism on days 2 through 4, but the CFU-per-milliliter val-
ues continued to remain lower than those for erythromycin.
This observation suggests that even with a falling intracellular
levofloxacin concentration after removal of the drug from the
surroundings, the continued suppression of L. pneumophila
L-1033 growth was greater than that observed with erythromy-
cin. For erythromycin, the percent viable count remained the
same regardless of whether the antibiotic was removed. These
observations were best demonstrated at pH 7.4. By the trypan
blue exclusion test, it was determined that .90% of the ad-
herent monocytes survived at pH 6 during the 4 days of the
assay. Recently, we have demonstrated that levofloxacin is
concentrated in adherent monocytes and that its concentra-
tions at pH 7.4 and 6 are similar (20). The reason why the
activities of all three antibiotics studied were similar at pH 6
requires further study.

As noted in a recent review of antimicrobial therapy for
Legionnaires’ disease, small numbers of patients have been
successfully treated with fluoroquinolones, including ofloxacin,
pefloxacin, and ciprofloxacin (8). Although rifampin is fre-
quently used concomitantly with erythromycin or fluoroquino-
lones, to date there is no published clinical evidence that such
combinations are more effective than single-drug therapy. Our
study failed to demonstrate better intracellular killing when
rifampin was used in combination with either levofloxacin or
erythromycin. Furthermore, combinations of levofloxacin and
either erythromycin or rifampin were no better than levofloxa-
cin alone in our intracellular human monocyte system.

In conclusion, our previous in vitro studies and the present

TABLE 3. The effect of levofloxacin, rifampin, and erythromycin at
maximum attainable serum drug concentrations against intracellular

L. pneumophila L-1033 (pH 7.4)

Antibiotic
Antibiotic

concn
(mg/ml)

Antibiotic
removeda

Bacterial killing (log10 CFU/ml)b

on assay day:

1 2 3 4

Control 0.64 0.39 0.12 20.32
Levofloxacin 5 No 22.48 22.96 23.49 24.22

5 Yes 21.44 21.55 21.35
Rifampin 8 No 20.10 21.45 23.67 24.43

8 Yes 20.32 20.91 21.15
Erythromycin 10 No 20.04 0.07 0.02 20.02

10 Yes 0.12 20.02 20.33

a Antibiotics were removed from the assay on day 1, and the results were
compared with controls (antibiotic not removed).

b See Table 1, footnote a. SEM range for controls is 0.16 to 0.18, and that for
antibiotic-containing assays is 0.46 to 0.65.

TABLE 4. The effect of levofloxacin, rifampin, and erythromycin, at
10 times their MICs, used singly and in combination against

Legionella pneumophila L-1033 (pH 6.0)

Antibiotic (concn, mg/ml)

Bacterial killing (log10 CFU/ml)a

on assay day:

1 2 3 4

Control 1.13 1.23 1.41 1.07
Levofloxacin (0.3) 0.47 0.53 0.18 0.12
Rifampin (0.01) 0.40 0.35 0.36 20.12
Erythromycin (5.0) 0.60 0.36 0.48 0.64
Levofloxacin (0.3) plus

rifampin (0.01) 0.40 0.08 0.27 20.26
Levofloxacin (0.3) plus

erythromycin (5.0) 0.45 0.22 0.30 20.06
Rifampin (0.01) plus

erythromycin (5.0) 0.58 0.52 0.84 0.07

a See Table 1, footnote a. SEM range for controls and for antibiotic-containing
assays is 0.22 to 0.40.
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intracellular bactericidal data obtained in studies utilizing the
human monocyte system demonstrate that levofloxacin is a
considerably more active antimicrobial agent than erythromy-
cin or rifampin against L. pneumophila. Its use for treatment of
patients with Legionnaires’ disease should be considered.
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