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The therapeutic efficacies of liposome-encapsulated ofloxacin and clarithromycin against Mycobacterium
avium-M. intracellulare (MAI) were evaluated in a model of intramacrophage infection. Liposome encapsulation
was found to markedly enhance the uptake of each of the drugs by human macrophages. The human
blood-derived macrophages were infected at day 7 of culture with MAIL Treatment was initiated 24 h after the
infection, and the number of intracellular bacteria was determined at days 2, 3, and 4. Liposome entrapment
of either ofloxacin or clarithromycin significantly (P < 0.005) enhanced the activities of the drugs when
compared with the antimycobacterial effects of equivalent concentrations of the free (unentrapped) drugs. The
drugs were used at concentrations close to their clinically achievable peak levels. The efficacy of clarithromycin,
either in the free or liposome-entrapped form, was markedly higher than that of ofloxacin. Liposome-
encapsulated ofloxacin or clarithromycin plus ethambutol was, in each case, more effective in organism
eradication (P < 0.005) than each agent used singly. These results suggest that liposome-encapsulated
clarithromycin may be more effective than the free form of the drug against MAI infections in vivo, and the use

of a combination therapy with ethambutol could further enhance the efficacy.

Mycobacterium avium-M. intracellulare (MAI), a primarily
intracellular organism that multiplies within phagocytic cells,
frequently causes opportunistic infections in patients with
AIDS (32, 33, 35). The treatment of MAI infections has been
difficult (5) because the organism has an intrinsic resistance to
most antimicrobial agents, presumably because of the lack of
permeation of these agents (26) into this bacterium. Although
clarithromycin exhibits high degrees of activity in vitro and in
vivo against MAI infections (13, 25), resistant organisms have
been observed after monotherapy with the drug in a mouse
model (3) and in humans as well (19). Ofloxacin has also been
shown to have activity against some MALI strains in vitro (12).
Generally, different combinations of commercially available
drugs have not been capable of efficiently eradicating MAI
infections (1, 18). Thus, there is a need to find new drugs for
the treatment of the infection as well as to explore ways of
enhancing the efficacies of currently available drugs.

Since liposomes are avidly taken up by phagocytic cells of
the reticuloendothelial system and can release their contents
intracellularly (2), the liposome encapsulation of an antimicro-
bial agent has the potential of resulting in enhanced efficacy of
the agent against intraphagocytic MAI. Increased therapeutic
efficacy has been demonstrated following liposome encapsula-
tion of streptomycin (31), amikacin (11), rifampin (29), and
kanamycin (30). It was therefore thought that it would be of
interest to know whether the therapeutic efficacies of clarithro-
mycin and ofloxacin could be improved by liposome encapsu-
lation. In the study described here, an in vitro cell model which
permits the evaluation of the activities of antimicrobial agents
against MAI when multiplying within human macrophages (4,
7, 25) was used.
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MATERIALS AND METHODS

Organism. M. avium ATCC 49601 was used after culturing
on Mycobacteria 7H11 agar (Difco Laboratories, Detroit,
Mich.) supplemented with Middlebrook OADC enrichment
(Difco). The transparent colony was isolated and cultivated at
37°C in Middlebrook 7H9 broth (Difco) supplemented with
ADC enrichment (Difco). After 14 days of incubation, the
bacterial suspension was adjusted to 10®° CFU/ml by using a
McFarland standard. Aliquots of the mycobacterial suspension
were frozen at —70°C.

Antimicrobial agents. Clarithromycin was supplied by Ab-
bott Laboratories (Abbott Park, Ill.), and ofloxacin was ob-
tained from R. W. Johnson Pharmaceutical Research Institute.
Ethambutol was purchased from Sigma Chemical Co. (St.
Louis, Mo.). Stock solutions of each drug were prepared by
following the manufacturers’ instructions. Ethambutol was
dissolved in distilled water. The MICs of these drugs for MAI
ATCC 49601 were determined previously (9) and were re-
ported as 4, 4, and 16 pg/ml for clarithromycin, ethambutol,
and ofloxacin, respectively. The MIC of clarithromycin was
determined with modified Mueller-Hinton broth (pH 7.4)
supplemented with 10% Middlebrook OADC enrichment. The
MICs of the other agents were determined with modified
Middlebrook 7H10 broth (pH 6.6) supplemented with 10%
OADC.

Preparation of liposomes containing ofloxacin or clarithro-
mycin. Ofloxacin or clarithromycin was encapsulated in lipo-
somes composed of egg yolk phosphatidylcholine, dicetylphos-
phate, and cholesterol (all from Sigma) in a molar ratio of 7:2:1
by following the method of Tomioka et al. (30). Multilamellar
vesicles were prepared from a mixture of the lipids in chloro-
form; the mixture was evaporated to dryness in a test tube (15
by 125 mm). The resultant dried lipid film was dispersed by
sonication into 1 ml of phosphate-buffered saline (PBS) con-
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taining 1 mg of either ofloxacin or clarithromycin per ml.
Encapsulated vesicles were separated by centrifuging three
times (6,000 X g for 20 min at 4°C) accompanied by washes
with PBS. The final pellets were resuspended in 1 ml of PBS.

The amount of encapsulated ofloxacin was determined by a
high-performance liquid chromatographic (HPLC) method
after lysis of an aliquot of the liposome suspension with 10-fold
excess methanol. The HPLC mobile phase consisted of aceto-
nitrile and 0.01 M phosphate buffer containing 0.005 M
tetrabutylammonium hydrogen sulfate (9:91 [vol/vol]; pH 2.8)
and was pumped at a rate of 1 ml/min through a 10-um C,4
column (300 by 3.9 mm). The chromatographic system com-
prised a sample processor (WISP 710A; Waters Associates,
Milford, Mass.) coupled to a pump (Waters model 6000A), a
254-nm fixed-wavelength detector (Waters model 440), and a
HP 3396 series 11 integrator (Hewlett-Packard, Avondale,
Pa.). The detection limit of the assay was 0.05 pg/ml. The intra-
and interday coefficients of variation were less than 4% at 1.0
pg/ml. The entrapment of ofloxacin into liposomes was 10 to
16%.

Intraliposomal amounts of clarithromycin were determined
following the lysis of the vesicles in a 10-fold excess of 0.05%
Triton X-100 (Sigma). A validated bioassay method was used
for the analysis, and Micrococcus luteus ATCC 9341 was the
indicator organism (14). The limit of detection of the assay was
0.05 pg/ml. The intra- and interday coefficients of variation
were less than 3 and 4%, respectively, at a concentration of 0.1
pg/ml. The entrapment of clarithromycin into liposomes was
22 to 30%.

Human monocyte-derived macrophages. Human blood was
obtained from healthy donors, heparinized, and mixed with an
equal volume of Hank’s balanced salt solution (HBSS; Sigma).
The suspension was centrifuged on Ficoll-Hypaque (Pharma-
cia, Piscataway, N.J.) and was washed as described by Crowle
et al. (8) to obtain purified monocytes and lymphocytes. This
was adjusted to yield a suspension of 107 mononuclear cells per
ml in RPMI 1640 medium (Sigma) which was supplemented
with 10% fetal bovine serum (Sigma), 2 mM L-glutamine
(GIBCO Laboratories, Grand Island, N.Y.), and 50 pg of
penicillin per ml. This was then distributed in 1-ml aliquots
into 35-by-10-mm petri dishes (Baxter, McGaw Park, Ill.), and
the mixture was incubated for 3 h at 37°C (5% CO, and
humidified air). The supernatant containing nonadherent cells
was removed, and the adherent monocyte monolayer was
washed twice with 1 ml of HBSS. This was incubated in 1.5 ml
of tissue culture medium, which was the supplemented RPMI
1640 medium. The adherent monocytes were cultured for 7
days to obtain macrophages. The macrophage viability was
ascertained by trypan blue exclusion to be >97%.

Uptake of liposome-entrapped drugs by macrophages. To
the resultant macrophage monolayer was added 1.5 ml of the
culture medium containing 200 p.g of either free or liposome-
entrapped ofloxacin or clarithromycin per ml. The preparation
was incubated at 37°C for 3 h in a CO, incubator. After rinsing
five times with HBSS, the macrophage monolayer was treated
with 0.5 ml of distilled water at 37°C for 20 min to lyse the cells.
The concentrations of ofloxacin in the resultant lysate were
determined by the HPLC method, while clarithromycin con-
centrations were evaluated by the bioassay procedure de-
scribed above.

Infection of macrophage monolayer by MAI and drug
treatment. An aliquot of the frozen suspension of MAI was
thawed in warm water and was diluted with the tissue culture
medium to obtain a concentration of 3 X 10° CFU/ml. The
macrophage monolayer was inoculated with 2 ml of this MAI
suspension and was incubated for 24 h at 37°C in a 5% CO,
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and humidified atmosphere. Extracellular bacteria were re-
moved by three washings with HBSS, and the infected mono-
layer was treated with 1.5 ml of the culture medium containing
the following: free ofloxacin (4 pg/ml), free clarithromycin (4
ng/ml), liposome-entrapped clarithromycin (4 pg/ml), lipo-
some-entrapped ofloxacin (4 wg/ml), free ethambutol (5 pg/
ml), and different combinations of the free or liposome-
encapsulated drugs at the same concentrations as those used
for the single drugs. Enough petri dish cultures of macro-
phages were used to provide for triplicate determinations
immediately after and at 2, 3, and 4 days following treatment.

Evaluation of CFU. The numbers of CFU of MAI for each
treatment were determined after discarding the tissue culture
medium from the petri dish and washing with Middlebrook
7H9 broth. The macrophages were lysed by adding 1.5 ml of
0.25% sodium dodecyl sulfate (SDS) lysing solution, which was
prepared as described by Crowle et al. (8). The plates were
allowed to stand for 10 min at room temperature and were
then vigorously scraped. The lysates were resuspended in 0.5
ml of 20% bovine serum albumin (Sigma) in sterile water to
neutralize the SDS. The suspension was vortexed for 1 min,
and a 10-fold serial dilution was made in Middlebrook 7H9
broth and the diluted mixture was plated onto Mycobacteria
7H11 agar plates. The colonies were counted after 2 weeks of
incubation at 37°C.

The data were expressed as means * standard deviations of
log,, CFU per milliliter of lysate and were compared between
groups by using Student’s ¢ test. Analysis of variance was used
to compare the effects of the various treatments and the
combination treatments. A P value of <0.05 was regarded as
significant.

RESULTS

Uptake of ofloxacin and clarithromycin in free and lipo-
some-entrapped forms by macrophages. Entrapment of
ofloxacin and clarithromycin into liposomal vesicles consider-
ably enhanced the incorporation of the drugs by macrophages
(Fig. 1). The differences in the uptakes of free and liposome-
entrapped drugs were highly statistically significant (P < 0.005)
for both drugs.

Antimycobacterial effects of free and liposome-encapsulated
ofloxacin. The effects of liposome-entrapped ofloxacin were
compared with those of the nonencapsulated drug against
MAI inside human macrophages at a clinically achievable
concentration (Fig. 2). The results indicate that at day 2
following the treatment of the infected macrophages, the free
ofloxacin and liposome-encapsulated ofloxacin produced
about a 0.28- and 1.0-log-unit decreases in the CFU of MAI,
respectively, in comparison with that in the untreated control.
The CFU counts following treatment with liposome-encapsu-
lated ofloxacin at day 2 were 0.75 log units lower than those in
cell cultures treated with the free drug (P < 0.0005). At day 4
following treatment, liposome-encapsulated ofloxacin reduced
the CFU of MAI by more than 0.93 log units in comparison
with the effect of the free drug (P < 0.0005). The addition of
liposome-encapsulated phosphate buffer at lipid concentra-
tions corresponding to those in the ofloxacin-containing lipo-
somes had no effect on the CFU compared with that on the
CFU of the untreated control.

Antimycobacterial effects of free and liposome-encapsulated
clarithromycin. Figure 3 shows the effects of free and lipo-
some-encapsulated clarithromycin on the intracellular survival
of MAI Liposome-encapsulated clarithromycin produced a
decrease of about 0.4 log units in the CFU counts when
compared with the effect of the free drug at either day 2 or day
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FIG. 1. Uptake of free ofloxacin (OFL), liposome-encapsulated
ofloxacin (lip-OFL), free clarithromycin (CLA), and liposome-encap-
sulated clarithromycin (lip-CLA) by human blood-derived macro-
phages. The macrophage monolayer was incubated in medium for 3 h
with or without 200 pg of ofloxacin or clarithromycin per ml in free or
liposome-entrapped form. The amounts of macrophage-associated
ofloxacin and clarithromycin were determined as described in the text.
Bars represent means *+ SDs of three determinations. Nothing was
detected in the lysates from the macrophage monolayer exposed to the
medium containing no drugs.

4 following treatment. This decrease was statistically significant
(P < 0.0005).

Effect of ethambutol in combination with free and liposome-
encapsulated ofloxacin or clarithromycin. Figure 4 shows the
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FIG. 2. Effects of free ofloxacin and liposome-encapsulated ofloxa-
cin on the survival of MAI ATCC 49601 in human macrophages. The
CFU of the lysate was determined as described in the text. The data
are presented as the mean = SD CFU obtained from triplicate
determinations by using macrophages derived from a single donor. O,
untreated control; A, buffer-loaded liposomes; A, free ofloxacin (4
ng/ml); <, liposome-encapsulated ofloxacin (4 pg/ml).
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FIG. 3. Effects of free and liposome-encapsulated clarithromycin
against MAI ATCC 49601 growth inside human macrophages. The
macrophages were lysed to determine the CFU of MALI following the
procedure described in the text. The bars represent means + SDs of
triplicate determinations. O, untreated control; A, free clarithromycin
(4 ng/ml); A, liposome-encapsulated clarithromycin (4 pg/ml).

antimycobacterial effects of various treatments and combina-
tion treatments on the intracellular growth of MAI. Free
ethambutol and ofloxacin, acting singly, significantly (P < 0.05)
reduced the CFU of MAI in comparison with that in the
untreated control. Free ethambutol was slightly more effective,
but there was no significant difference between the effects of
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FIG. 4. Effects of various treatments on the survival of MAI ATCC
49601 inside human macrophages. In the drug combinations, the
concentration of each drug was the same as that in the treatment with
the single drug. The lysate was obtained as described in the text
following exposure of the infected macrophages to drugs for 6 days.
The bars represent means = SDs of triplicate determinations. OFL,
ofloxacin (4 pg/ml); CLA, clarithromycin (4 pg/ml); ETH, ethambutol
(5 ng/ml); Lip, liposome-encapsulated form.
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both drugs (P > 0.05). However, a combination of both drugs
produced a significant (P < 0.05) reduction in the CFU in
comparison with that from either drug acting singly. Liposome-
encapsulated ofloxacin caused a 35% decrease in the CFU of
MAI when compared with that from the combination treat-
ment of ofloxacin plus ethambutol (P > 0.05). The addition of
ethambutol to liposome-encapsulated ofloxacin significantly
increased the efficacy of the liposome-encapsulated ofloxacin
preparation (P < 0.05).

Free clarithromycin significantly reduced the CFU more
than the treatment regimen of combination of liposome-
encapsulated ofloxacin plus ethambutol did (P < 0.05). The
addition of ethambutol to free clarithromycin further en-
hanced the efficacy (P < 0.05). Liposome-encapsulated clar-
ithromycin significantly decreased the CFU (P < 0.05) in
comparison with the treatment with the combination of free
clarithromycin plus ethambutol. The addition of ethambutol to
liposome-encapsulated clarithromycin further enhanced the
efficacy of the liposomal preparation (P < 0.05). The triple
combination of liposome-encapsulated ofloxacin, free etham-
butol, and free clarithromycin produced an effect comparable
(P > 0.05) to that of liposome-encapsulated clarithromycin
acting alone. On the other hand, the combination of liposome-
encapsulated clarithromycin plus ethambutol and ofloxacin
was the most effective of the various treatments tested.

DISCUSSION

Liposome encapsulation of ofloxacin and clarithromycin was
shown to significantly (P < 0.005) enhance the delivery of
drugs into macrophages when compared with the uptake of the
free forms of the drugs by macrophages. This is not surprising
since liposomes are known to be endocytosed by phagocytic
cells, leading to the intracellular delivery of the encapsulated
agent (28). It has been reported that the macrolide antibiotic
clarithromycin is markedly transported into human polymor-
phonuclear leukocytes, in which it is concentrated 16-fold (21).
The present study demonstrates that liposome encapsulation
of the drug further enhances intracellular drug incorporation.
Similar increases in drug uptake by macrophages after liposo-
mal drug encapsulation have been reported for kanamycin (30)
and rifampin (29).

With increased uptake of liposome-encapsulated ofloxacin
and clarithromycin by macrophages, it was expected that this
might translate into higher treatment efficacies compared with
those of the treatments with the free drugs. The concentration
of each drug was chosen to be close to the peak levels obtained
in the sera of humans given the drug orally (6, 16). Although
the MIC of ofloxacin for the strain of MAI used in the study
was 16 pg/ml, the free drug was found to reduce significantly
the CFU counts at a concentration of 4 pg/ml (one-fourth the
MIC). This is probably because of the intracellular concentra-
tion of the drug, which is reported to concentrate 8.2-fold
within human polymorphonuclear leukocytes (24). As pre-
dicted from the results showing increased macrophage uptake
of the liposome-entrapped ofloxacin, liposome encapsulation
markedly enhanced the efficacy of the drug against MAI
Similarly, liposome-encapsulated clarithromycin was signifi-
cantly (P < 0.005) more effective in the intramacrophage
killing of MAI than the same concentration of the free drug
was. Delivery of drugs to phagocytic cells by liposomes resulted
in greater efficacy against a number of intracellular pathogens
including Listeria monocytogenes (2). Also, several laboratories
have reported increased efficacies of liposome-entrapped an-
timycobacterial agents against MAI infections (11, 29, 30, 31).
Free clarithromycin demonstrated activity much greater than
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that of free ofloxacin, and this is in agreement with results of
previous studies that used an in vitro cell model similar to the
one used in the present study (7, 25, 27). This also appears to
be consistent with the susceptibilities of MAI to the drugs in
vitro and the capabilities of the drugs to concentrate within
blood cells.

The presence of ethambutol significantly (P < 0.05) de-
creased the intracellular survival of MAI exposed to ofloxacin
or clarithromycin, either in the free or liposomal form. The in
vitro extracellular bactericidal activities of combinations of
antimicrobial agents reveal that ethambutol is frequently syn-
ergistic against strains of MAI (20, 23, 34). Also, the intra-
macrophage killing by free clarithromycin has previously been
shown to be enhanced by the addition of ethambutol (27). In
fact, it has been proposed that ethambutol has a key role in the
treatment of MAI infections because of its interaction with
other drugs (22).

Phosphate buffer-loaded liposomes at lipid concentrations
corresponding to those in the clarithromycin- or ofloxacin-
containing liposomes had no effect on the CFU of MAL It was
necessary to evaluate the effect of the buffer-loaded liposomes
since some lipids have been shown to have a potent macro-
phage-activating function (10), and thus, it is not impossible
that some of the lipids used to make the liposomes could
enhance bactericidal activity through an immunomodulatory
effect.

The results of the present study indicate that liposome
encapsulation of ofloxacin and clarithromycin significantly
increases the efficacies of the drugs against MAI. The study
also suggested that the addition of ethambutol to the liposomal
drug preparation leads to a further marked enhancement of
the activities of the antimicrobial agents. Selection of resistant
mutants of M. avium by clarithromycin monotherapy has been
observed previously (3, 19), and it is envisaged that increased
intracellular concentration of the drug by entrapment in
liposomes has the potential of mitigating such a development.
A major drawback in the practical applications of liposomal
formulations was the concern over its rather short shelf-life.
However, progress toward clinical uses of liposomal products
has gained tremendous momentum, and new developments
such as concentrating aqueous liposome dispersions or freeze-
drying of the dispersions have been shown to yield liposomes
with pharmaceutically acceptable shelf-lives (17). Liposome-
encapsulated gentamicin is already in a stage of clinical trials
for the treatment of MAI infections in patients with AIDS
(15), and this underscores the potential clinical utility of the
liposome-encapsulated drugs described here. Since, in clinical
trials for the treatment of MAI infections in patients with
AIDS, the results obtained with combinations of antimicrobial
agents were often found to be disappointing (1, 18), the use or
inclusion of liposome-encapsulated clarithromycin and ofloxa-
cin might improve the clinical response. Thus, further studies
are necessary to evaluate the in vivo efficacies of liposome-
entrapped clarithromycin and ofloxacin.
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