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Abstract

Granulocytes and monocytes/macrophages from patients suf-
fering from chronic granulomatous disease (CGD) are ineffec-
tive in killing specific kinds of phagocytized bacteria, e.g.,
Staphylococcus aureus, due to decreased or lacking ability to
produce reactive oxygen intermediates. Commonly used antibi-
otics like flucloxacillin are of limited therapeutic value, because
the staphylococci are protected against their action in the inte-
rior of phagocytes. However, encapsulation of flucloxacillin
into liposomes could enable its entrance into the interior of
neutrophils from two CGDpatients to kill phagocytized bacte-
ria there. The effect of rifampicin against intracellular staphylo-
cocci could be similarly enhanced by liposome encapsulation.
Dose-response relations and kinetics of killing of intracellular
bacteria by antibiotics in the free and encapsulated form were
studied under different conditions using J 774 mouse macro-
phages, because phagocytes from CGDpatients are not avail-
able in great amounts. Preincubation of phagocytes with either
antibiotic in liposomes subsequently endowed the cells with a
strongly enhanced ability to kill phagocytized bacteria. Our
data show that a drug which normally will not reach a phago-
some can be delivered to this intracellular compartment by a
liposome.

A possible clinical use is discussed. (J. Clin. Invest. 1991.
88:1224-1229.) Key words: chronic granulomatous disease .
macrophages * liposomes - Staphylococcus

Introduction
Chronic granulomatous disease (CGD)' is characterized by se-
vere infections with catalase positive bacteria (e.g., Staphylococ-
cus aureus) like pyoderma, lymphadenitis with granuloma for-
mation, abscesses in lung, liver, spleen, or bone marrow, or
severe mycotic infections, etc. The clinical features of this dis-
ease are the result of a total lack of or a decreased ability of
patients' phagocytes to produce microbicidal reactive oxygen
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1. Abbreviations used in this paper: CGD, chronic granulomatous dis-
ease; MO, macrophages.

intermediates. This inability is due to a variety of inherited
primary biochemical disorders (1-6). Most frequently the x-
linked form is associated with a deficiency of nonmitochon-
drial cytochrome b5_8 activity whereas the autosomal form is
linked to a deficiency in cytosolic factor functions (7-9).

The prognosis of CGDis very poor for untreated patients,
but it can be highly improved by the therapeutic and prophy-
lactic use of antibiotics that are able to penetrate into the inte-
rior of phagocytes to kill phagocytized bacteria there. However,
the number of antibiotics displaying this penetration of cell
membranes is limited (10).

The liposomes of the composition used here are preferen-
tially taken up by neutrophils, monocytes, and macrophages
(M+). They are able to carry enclosed agents into the interior of
these phagocytes (1 1, 12). The merits of chemotherapy of intra-
cellular infections in phagocytes by liposome enclosed agents
has been demonstrated by several investigators (13-18).

The data presented suggest that antibiotics (and perhaps
antimycotics) that cannot penetrate cell membranes could per-
haps become suitable for therapy of CGDby encapsulation
into liposomes. Furthermore, the effectiveness of rifampicin
which is already used in CGDcould be enhanced by this encap-
sulation.

Methods

RPMI 1640 medium was supplemented with 5% pooled AB serum
(both from Gibco Laboratories, Grand Island, NY, hereafter referred
to as complete medium). Percoll was purchased from Pharmacia Fine
Chemicals, Uppsala, Sweden, and diluted to appropriate concentra-
tions in NaCl (0.15 Mfinal concentration). Distilled water and 1.8%
(wt/vol) NaCl solution were used to lyse erythrocytes contaminating
the leukocyte preparation. Liposomes were kindly provided by Ciba-
Geigy, Basel, Switzerland. They were composed of 70%synthetic 1-pal-
mitoyl, 2-oleoyl-phosphatidyl-choline and 30% synthetic 1,2-dioleoyl-
phosphatidyl-serine. Flucloxacillin (Staphylext) was purchased from
Beecham-Wtilfing, Neuss, FRG, and rifampicin (Rimactant) from
Ciba-Geigy.

Preparation of liposomes containing antibiotics was performed ac-

cording to the brochure of guidelines for in situ preparation from Ciba-
Geigy. The antibiotics were dissolved in sterile isotonic Dulbecco's
buffer pH = 7.2, without Ca2' and Mg2+ salts (Ciba-Geigy) at a concen-

tration of 250 mg/ml. After sterilization by filtration, 2.5-ml amounts
of these solutions were injected through the stopper into vials contain-
ing 250 mg lipid composed as described. After allowing the vials to

stand for 15 s the lipid solution mixtures were then vortexed for 1 mi
at speed 7 (Vortex Genie, lab shaker model K-550-GE; IkA, Staufen,
FRG). After addition of 2.5 ml 0.9% (wt/vol) NaCI liposomes were

separated from the suspension by ultracentrifugation (1 h, 40C, 50,000
g, J 2-21; Rotor JA 20/; Beckman Instruments, Inc., Palo Alto, CA).

The amounts of entrapped antibiotics were then determined. Ali-
quots from gently resuspended liposomes (in 0.9% NaCG) were treated
by ultrasound (10 min) to release the enclosed antibiotic. The resulting
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suspensions and aliquots from the supernatants resulting from the ultra-
centrifugation step were tested for their minimal inhibitory concentra-
tion with respect to multiplication of staphylococci. The amount of
enclosed antibiotic could be calculated from the minimal inhibitory
concentration of the liposome fraction and from the stock solution
with known concentrations of the antibiotic under consideration. The
results could be further confirmed by a balance test (calculated
amounts in the liposome fractions plus calculated amounts in the su-
pernatant were always approximately equal to the total amounts origi-
nally used). In the case of rifampicin a further confirmation could be
achieved by optical density measurements at 475 nm. The results of
experiments obtained from rifampicin liposomes prepared in our lab
were always identical to those obtained with rifampicin liposomes that
were kindly provided by Ciba-Geigy.

Stability of the liposomes was tested according to the determination
ofthe amounts of entrapped antibiotics. Afterpreparation and centrifu-
gation aliquots of the liposomal pellet were diluted 1:100 in complete
medium and incubated for different time intervals at different tempera-
tures (Fig. 1). The samples were then spun again and the contents of the
respective antibiotics were evaluated in the pellet and the supernatant.
Both kinds of liposomes were stable at 370C over the experimental
time period (7 h) in the medium used for cell culture (Fig. 1).

Preparation of monolayers of phagocytes. PMNwere obtained by
Percoll gradient centrifugation from heparinized blood (10 IU/ml).
This gradient was layered in 15-ml plastic tubes (Falcon Labware, Bec-
ton Dickinson & Co., Oxnard, CA) in two steps of 4-ml Percoll solu-
tions: 69%(density = 1.085) and 55%(density = 1.069). The tubes were
spun at 350 g for 20 min. PMNmigrated between the two layers
whereas mononuclear cells remained on the top of the gradient. The
cell fractions were harvested. Remaining erythrocytes were removed by
hypotonic lysis using equal volumes of distilled water and 1.8% NaCl
solution.

After an additional washing step in complete medium the PMN
were counted and adjusted to appropriate final concentrations. After
washing, the mononuclear cells were layered on a second continuous
Percoll gradient according to Gmelig-Meyling (19) and centrifuged at
1,000 g for 25 min. In this way dead cells, monocytes, and lymphocytes
were separated into different layers. The monocyte-containing layer
was harvested, the cells were washed twice and adjusted to appropriate
monocyte concentrations in complete medium (the percentage of
monocytes was determined by Giemsa-stained cytocentrifuge prepara-
tions).

0.2-ml amounts of the cell suspensions were incubated in flat-bot-
tomed microtiter plates (Falcon Labware) at 37°C, in 5%CO2 in hu-
midified air to allow adherence to the plastic (PMN: 1 h; monocytes:

% free of total

overnight). After gentle washing to remove nonadherent cells, the
phagocytes were incubated with staphylococci or liposomes under the
same conditions, detailed in the figure legends.

CGDphagocytes were isolated from blood samples of two CGD
patients. These cells were cytochrome b5i8 negative as determined by
staining with the monoclonal antibody 7D5 (a kind gift from M. Naka-
mura, Cell Chemistry, Institute of Medical Science, Tokyo, Japan) and
subsequent flow microcytofluorometry (FACScan0, Becton Dickinson
& Co.). Consequently, no reactive oxygen intermediates at all were
produced by these cells after stimulation with phorbol myristate acetate
as determined by lucigenine-dependent chemiluminescence and cy-
tochrome c-reduction. Four blood samples were taken at different time
points from patient I and one blood sample from patient II. Cells from
both patients were used for the experiments represented by Fig. 1.

Staphylococcus aureus strain 502 A (ATCC 27217; American Type
Culture Collection, Rockville, MD[20]) was cultured by growth in
trypticase soya broth (Oxoid Ltd., Basingstoke, England). 2-ml samples
were stored at -70°C, diluted appropriately, and adapted to 37°C 30
min before use. Plate counting was performed according to standard
techniques on trypticase soya agar (Oxoid).

J 774 A. 1, a mouse monocyte-macrophage cell line, had been
adapted to culture from a tumor which arose in a female BALB/c
mouse in 1968 (ATCC TIB 67). It was maintained as a tissue culture in
RPMI 1640 medium supplemented with 10% calf serum and 0.1%
gentamicin. All components were purchased from Gibco Laboratories.
In our lab, the J 774 cells were found to display good phagocytosis of
staphylococci, but their ability to kill the bacteria spontaneously was
limited. Therefore, these cells were found to be suitable forcomplemen-
tary experiments, because CGDphagocytes were not available in suffi-
cient amounts.

Statistical analysis. Great variability of CFUnumbers hampers any
reasonable averaging of different experiments. Therefore, representa-
tive results are given in Figs. 2, 3, and 4 (of three experiments for each
condition in Figs. 3 and 4). All measurements were done in triplicate
and standard deviations are given in Fig. 2. They have been omitted in
Figs. 3 and 4 for clarity, the maximal deviation being 25%of the mean.
The range of scatter and the results of the Wilcoxon-Rank test of four
series of experiments are given in Table I to ensure the statistical signifi-
cance of the results.

Results

Encapsulation of flucloxacillin into the liposomes ranged from
50 to 90%of the total amount used as determined by a microbi-
cidal assay (see Methods).

% I ree of total

1 10 100 0.1 1 10

hours after preparation hours after preparation

Figure 1. Stability of liposomes con-
taining the antibiotics at different tem-
peratures. (A) flucloxacillin; (B) rifam-
picin. After different time intervals, the
content of the respective antibiotic in
the medium (supernatant) was calcu-
lated as percent of the total. Medians
and maximal values (top of the error
bars) are given, n = 5. Error bars for

100 4°C and 20°C were in part omitted for
clarity.
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Figure 2. Killing of staphylococci surviving intracellularly in phago-
cytes from a CGDpatient by flucloxacillin in liposomes. 5 X 101
adherent PMN(A) or 2 X l05 monocytes (B) were preincubated with
the bacteria (E:T = 1:5) for 1 h to enable phagocytosis. After removal
of extracellular bacteria by washing twice, the cells were incubated for
2 h with flucloxacillin (A: 1 ug/ml; B: 0.5 Ag/ml) or rifampicin (C:
10 ng/ml). After an additional washing step, resulting CFUwere cal-
culated after hypotonic lysis of the cells by plate counting. (D) Free
bacteria (without cells) were incubated for 2 h with free vs. encapsu-
lated flucloxacillin (1 ug/ml) simultaneously to and under the same
test conditions as in A. A representative result of five (A, D) or three
(B, C) experiments is given.

Effects on staphylococci in CGDneutrophils
The ability of this liposome-encapsulated flucloacillin to kill
intracellular bacteria was tested as follows: PMNlacking any
ability to produce reactive oxygen intermediates from CGD
patients were incubated with staphylococci to enable phagocy-
tosis of these bacteria. After removal of most remaining extra-
cellular bacteria by washing, the PMNwere incubated with
flucloxacillin either enclosed in liposomes or in the free form.
Plate counting revealed that a significant reduction of viable
bacteria was achieved by liposome-encapsulated flucloxacillin
only (Fig. 2 A): the number of bacteria surviving intracellularly
was - 20%of the respective number resulting from incubation
with free flucloxacillin or with medium only. Similar results
were obtained using monocytes instead of PMN(Fig. 2 B).

Similar experiments were performed using 10 mg/ml ri-
fampicin instead of flucloxacillin. The killing of intracellular
staphylococci in CGDPMNwas enhanced significantly by en-
capsulation of rifampicin into liposomes, but the amount of
improvement over the free form was less than that of flucloxa-
cillin (it was - 40%, Fig. 2 C, vs. 80%, Fig. 2 A). This smaller
encapsulation effect is probably due to the fact that free rifam-
picin can penetrate membranes of cells while flucloxacillin
can not.

As a control, free staphylococci were incubated with free vs.
enclosed antibiotics (Fig. 1 D). As expected, free antibiotics
were always significantly more effective in reducing the num-
ber of extracellular bacteria. In addition, empty liposomes in
concentrations used here had no effect on survival or on multi-
plication of free orphagocytized staphylococci (Fig. 5). Further-
more, the presence of empty liposomes neither decreased the
number of phagocytized bacteria nor enhanced the weak spon-
taneous killing in J 774 mouse macrophages by activation.

Dose response relations and kinetics of killing
of staphylococci in J 774 phagocytes
These cells were used for more detailed studies of dose response
relations and kinetics of bacterial killing because cells from
CGDpatients are not available in great amounts. The better
effect of antibiotics in liposomes on the killing of phagocytized
bacteria over a wide range of concentrations is demonstrated in
Fig. 3, A and C. Especially, the minimal inhibitory concentra-
tions were decreased and low concentrations became more ef-
fective by encapsulation. This could be confirmed by the ki-

2 20 200 2000 0.1 1 10 100

Figure 3. Dose response relations of growth inhibition and killing of
intracellular staphylococci by free and encapsulated (lipo) antibiotics.
2 x 10 adherent J 774 MOwere preincubated with 2 x 106 staphy-
lococci for 1 h to enable phagocytosis, washed twice, and incubated
with the respective antibiotic for 5 h. A, C, or the J 774 MOwere
preincubated with the respective antibiotic B, D for 1 h, washed twice,
further incubated with the bacteria for 1 h, washed twice again, and
then incubated in medium for 5 h. After another washing step, re-
sulting CFUwere calculated after hypotonic lysis of the cells by plate
counting. These CFUnumbers were compared to those resulting
from incubation without antibiotic and the percentages of inhibition
were calculated.
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Figure 4. Kinetics of growth inhibition and killing of intracellular
staphylococci by free and encapsulated (lipo) antibiotics. A, C: prein-
cubation of J 774 M4 with bacteria and addition of the antibiotics
afterwards. B, D: preincubation of J 774 MOwith the antibiotics,
phagocytosis of bacteria afterwards, and following incubation in me-
dium. Some test conditions including washing stages as in Fig. 2.

netics of killing of intracellular bacteria (Fig. 4, A and C). Ri-
fampicin (A) and flucloxacillin (C) in concentrations which in
the free form still allow multiplication of the staphylococci be-
came more bactenostatic or even bactericidal by encapsula-
tion. The J 774 macrophages could be endowed with strongly
enhanced abilities to kill staphylococci by preincubation with
relatively low concentrations of encapsulated antibiotics (Fig.

3, Band D). Much higher concentrations of the free forms were
needed for similar effects. Again, this result could be confirmed
by kinetic studies (Fig. 4, B and D).

In contrast to free rifampicin, preincubation of J 774 cells
with 100 ng/ml of the encapsulated form had a bacteriostatic
effect (Fig. 4 B). However, preincubation with 1 gg/ml fluclox-
acillin in liposomes could only decrease but could not stop
bacterial multiplication (D).

Two similar experiments preincubating phagocytes with an-
tibiotics could be carried out with neutrophils from a CGD
patient. CFUnumbers resulting from 2-h preincubation with
0.1 mg/ml rifampicin or 1 mg/ml flucloxacillin in liposomes
were - 50% or 40%, respectively, as compared to preincuba-
tion with the free form. Thus, the results using J 774 macro-
phages are transferable in principle to CGDphagocytes.

To further exclude the possibility that these results were due
to disturbance of phagocytosis caused by liposomes or antibi-
otics, we incubated pretreated J 774 cells with yeast cells of the
species Candida albicans. Phagocytosis of this yeast was not
altered by any of the pretreatments used as determined by cell
staining according to Pappenheim and microscopical counting
of 200 cells for each condition.

To test whether liposomes suppress intracellular bacterial
growth by delivery of antibiotics or by providing an adjuvant
effect, we incubated cells containing bacteria with free antibi-
otics and empty liposomes (Fig. 5). Since only encapsulation of
antibiotics, but not addition of empty liposomes, increased kill-
ing of intracellular bacteria, we conclude that liposomes do not
provide an adjuvant effect. The statistical significance and the
range of scatter of the results for all test conditions are given in
Table I.

Discussion

PMNfrom CGDpatients show normal phagocytosis of staphy-
lococci, but are ineffective in killing them. Flucloxacillin is not
able to penetrate cell membranes of PMNor monocytes. There-
fore, its therapeutic effect in CGDis very limited because com-
mon pathogenic bacteria like Staphylococcus aureus are pro-
tected intracellularly against its action. Liposomes could en-
able entrance of the antibiotic into the interior of phagocytes
from two CGDpatients to kill phagocytized staphylococci

Table L Intracellular Killing by Liposomal Encapsulated Antibiotics

Incubation periods of 2 x 105 adherent J 774 cells per well Ratio (CFU fiee AB) vs. (CFU Lipo-AB)

1 h I h 5 h Minimum Maximum Median n P<

Flucloxacillin Staphylococcus aureus Medium 1.6 4.2 2.4 6 0.02
1.5 Ag/ml 2 x 106

S. aureus Flucloxacillin 1.5 3.8 2.2 7 0.008
2 X 106 1.5 Ag/ml

Rifampicin S. aureus Medium 3.1 14 5.3 6 0.02
1 Ag/ml 2 X 106

S. aureus Rifampicin 1.8 3.9 2.6 5 0.035
2 X 106 1 g/ml

Statistical significance of the enhancement of intracellular killing by liposome encapsulation of antibiotics for the different test conditions. Two
washing stages were included between all incubation periods. (CFU free AB), (CFU Lipo AR): CFUnumbers resulting from incubation with
the free or the liposome-encapsulated antibiotic, respectively.
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there (Fig. 2). Furthermore, encapsulation of rifampicin (which identical lipi
can penetrate cell membranes) into liposomes could signifi- tively charge
cantly enhance its effect against intracellular bacteria (Fig. 3 A; tized by mac
4 A). This could be the result of enrichment of this antibiotic In additi
intracellularly. liposomes b)

When J 774 MOwere preincubated with antibiotics (flu- ovani have ii
cloxacillin or rifampicin) encapsulated into liposomes, the cells with the pha
were endowed with enhanced ability to kill staphylococci (Fig. ferring their
3, B and D; 4, B and D). Obviously, after preincubation effec- fectious orga
tive bactericidal concentrations were still present in the interior which liposo
of the cells, although the antibiotics had been removed from tic effect ove
the extracellular medium. However

Our data show that a drug which normally will not (or will issues should
only in a low concentration) reach a phagosome can be deliv- detail: (a) sta
ered to this intracellular compartment by a liposome. There- tion of the px
fore, in CGDthe effectiveness of antibiotics like flucloxacillin, altered phar
previously of limited therapeutic value, could perhaps be en- closed agent
hanced by encapsulation into liposomes. that enhance

This view is further supported by results obtained from ani- is unlikely (
mal models. Bacteria surviving intracellularly in phagocytes of
mice in vivo could be eliminated much more efficiently by Reference
treatment of the animals with liposome-enclosed antibiotics
than by treatment with free antibiotics (e.g., 21; see also Intro- 1. Cooper, h
duction). ~~~~~~~~~~~~~~~~~andR. L. Baehiduction). dehydrogenase

Liposomes of the composition used here are preferentially 2. Giblett, E
taken up by MOin liver and spleen (and to some extent by McCullough. 1'
those in bone marrow) after i.v. application (22). The same MO t transfusion

3. Harvath,phagocytize bacteria which were delivered into the blood metabolism inI
stream. Therefore, MOof CGDpatients could eventually be 4. Segal, A. I

endowed with the ability to kill bacteria by liposome-encapsu- of a newly des(
lated antibiotics (flucloxacillin, rifampicin, or others) avoiding granulomatouslatedantibiotics(flucloxacillin, ~~~~5.Weening,
the most commonabscesses in the liver. M. L. J. van 54

Studies on liposome-macrophage interactions have shown phagocytizing 8
that the majority of liposomes that became cell associated are 6. Whn,
rapidly internalized by the cells (23-25). However, the extent Cohen. 1980. C
of liposome binding and subsequent ingestion by macro- production inh
phages' phagosomes is greatly influenced by the type of lipo- dence for defec
somes employed. Especially, multilamellar vesicles as used 2.C5l874187
here are better internalized than small unilamellar vesicles of L. C. McPhail.

Figure 5. Growth inhibition and killing of intra-
cellular staphylococci is not influenced by empty
liposomes. Sametest conditions as in Fig. 3 C.
Lipo: empty liposomes; Flu.: flucloxacillin; ab-
scissa: concentration of flucloxaciduin. Left
hatched bar (O ng/ml): intracellular number of
CFUafter incubation in medium only; left black
bar (0 ng/ml): intracellular number of CFUafter
incubation with empty liposomes in the same
concentration as used for enclosure of 500 jtg/ml
flucloxacillin in Fig. 3, C and D. Empty lipo-
somes (dotted bars) were used in the same con-
centrations as the respective liposomes contain-
ing flucloxacillin for all concentrations of this
antibiotic. Five measurements for each condition.

id composition (26). Liposomes containing nega-
-d phospholipids are better bound to and phagocy-
crophages.
ion, ultrastructural studies (27) on the uptake of
y liver macrophages infected with Leishmania don-
.ndicated that internalized liposomes probably fuse
tgosome (here the parasitophorous vacuole), trans-
contents into the immediate locality of the in-

anisms. This study suggests that this is the way in
)me-entrapped agents have an enhanced therapeu-
rr free drug therapy.
r, before a clinical protocol can be scheduled, some

Id be clarified which cannot be discussed here in
ability of the liposomes in vivo; (b) risk of sensitiza-
atient against substances enclosed in liposomes; (c)
rmacokinetics; and (d) altered toxicity of the en-

.t. Experience with amphotericin B demonstrates
ement of toxicity by encapsulation into liposomes
13, 18).
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