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Brucella species are gram-negative, facultative intracellular bacteria that infect humans and animals. These
organisms can survive and replicate within a membrane-bound compartment inside professional and nonpro-
fessional phagocytic cells. Inhibition of phagosome-lysosome fusion has been proposed as a mechanism for
intracellular survival in both types of cells. We have previously shown that the maturation inhibition of the
Brucella-containing phagosome appears to be restricted at the phagosomal membrane, but the precise molec-
ular mechanisms and factors involved in this inhibition have yet to be identified. Interestingly, recent studies
have revealed that caveolae or lipid rafts are implicated in the entry of some microorganisms into host cells
and mediate an endocytic pathway avoiding fusion with lysosomes. In this study, we investigated the role of
cholesterol and the ganglioside GM,, two components of lipid rafts, in entry and short-term survival of Brucella
suis in murine macrophages, by using cholesterol-sequestering (filipin and (3-methyl cyclodextrin) and GM,-
binding (cholera toxin B) molecules. Our results suggest that lipid rafts may provide a portal for entry of
Brucella into murine macrophages under nonopsonic conditions, thus allowing phagosome-lysosome fusion
inhibition, and provide further evidence to support the idea that the phagosome maturation inhibition is

restricted at the phagosomal membrane.

Brucella species are gram-negative, facultative intracellular
bacteria that infect humans and animals. These organisms can
survive and replicate within a membrane-bound compartment
inside professional (4, 14, 16, 26) and nonprofessional (8, 23,
24) phagocytic cells. In the classic endocytic pathway, phago-
somes interact with lysosomes, allowing degradation by lyso-
somal enzymes. In the case of Brucella, inhibition of phago-
some-lysosome fusion has been proposed as a mechanism for
intracellular survival of the bacteria in both types of cells (1, 10,
14, 18, 23, 24).

The ability to inhibit phagosome maturation into a phagoly-
sosome is shared by several bacteria and parasites, but the
molecular mechanisms and the responsible microbial factors
are poorly understood. This maturation inhibition has been
associated with proteins secreted in the macrophage cytosol;
for example, Salmonella SpiC protein is exported into the host
cell cytosol and inhibits cellular trafficking (33). For Legionella
pneumophila, the dotficm gene products are required to avoid
normal trafficking of the L. pneumophila phagosome (28, 35).
For some other parasites, inhibition is associated with the
presence of particular surface molecules on the organism’s
membrane or on the phagosomal membrane. Hence, for Leish-
mania, maturation inhibition requires lipophosphoglycan ex-
pression at the parasite surface (7, 29), and in mycobacteria,
the TACO host protein present on the phagosomal membrane
in a cholesterol-dependent manner prevents lysosomal delivery
(9). It has previously been shown that the maturation inhibi-
tion of the Brucella-containing phagosome appears to be re-
stricted at the phagosomal membrane (17), but the molecular
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mechanisms and factors implicated in this phenomenon have
yet to be clearly defined.

Interestingly, recent studies have revealed that caveolae or
lipid rafts may be implicated in the entry of some microorgan-
isms into host cells (30, 31). Lipid rafts are lateral assemblies
(rafts) of cholesterol, glycolipids such as the glycosphingolipid
GM,, and glycosylphosphatidylinositol-anchored molecules
(30, 31). For example, cholesterol is essential for entry of
Mycobacterium bovis into macrophages (12). Moreover, cho-
lesterol mediates the phagosomal association of TACO, a host
protein that prevents phagosome-lysosome fusion (9, 12, 22).
Thus, by entering host cells at cholesterol-rich domains, my-
cobacteria may ensure their intracellular survival within mac-
rophages. The maturation inhibition of the Brucella-containing
phagosome, which is restricted at the phagosomal membrane
(17), may therefore be due to bacterial entry by lipid rafts. In
this study, we investigated the roles of cholesterol and the
ganglioside GM,, two components of lipid rafts, in entry and
short-term survival of Brucella suis in murine macrophages.

J774.A1 cells (from a murine macrophage-like cell line)
were grown in RPMI 1640 medium with Glutamax I (Gibco/
BRL) containing 10% heat-inactivated fetal calf serum (com-
plete medium) at 37°C and 5% CO,. Cells were resuspended at
10° cells/ml and cultured for 2 days in 24-well plates.

Bacterial strains used throughout the experiments were ei-
ther B. suis 1330 (ATCC 23444) or, in microscopy experiments,
B. suis 1330 p/sog, which constitutively expresses a green flu-
orescent protein, prepared as described elsewhere (15, 20).
Bacteria were grown in tryptic soy broth (Difco Laboratories)
at 37°C overnight to stationary phase. Bacteria were opsonized
with polyclonal murine anti-Brucella antibodies for 30 min at
37°C.

We investigated the roles of cholesterol- and glycosphingolipid-
enriched microdomains by treating cells with cholesterol-binding
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(filipin) or -depleting (B-methyl cyclodextrin) molecules or the
ganglioside GM,-binding molecule (cholera toxin B subunit). Fili-
pin, B-methyl cyclodextrin, and cholera toxin B subunit were ob-
tained from Sigma-Aldrich (St Quentin Fallavier, France). After
treatment at 37°C for 30 min in complete medium, cells were
washed once with phosphate-buffered saline (PBS) before infec-
tion. As a control, the viability of the cells following treatment was
assessed with dextran blue staining. We also ensured that the
viability of bacteria was not affected by the treatments with drugs.

Cells were then infected with B. suis at a multiplicity of
infection of 100 bacteria per cell for 45 min at 37°C. After three
washes with PBS, cells were reincubated in culture medium
containing gentamicin at 30 pg/ml for 1 h (1 h postinfection).

Phagocytosis measurement by fluorescence microscopy. En-
try of B. suis in murine macrophages was measured by using
fluorescence microscopy. Cells were grown on glass coverslips,
and following treatment with the relevant drug and infection
with B. suis, which expresses green fluorescent protein, the
cells were fixed for 20 min with 3% paraformaldehyde and
washed twice in PBS. Extracellular bacteria were distinguished
from intracellular bacteria by labeling extracellular particles
with polyclonal murine anti-Brucella antibodies (1/1,000), re-
vealed by rhodamine-conjugated second antibodies (1/100)
[goat F(ab’), fragment mouse immunoglobulin (heavy plus
light chains)-rhodamine was obtained from Immunotech (Mar-
seille, France)]. Then, coverslips were mounted in Mowiol
medium and examined by classical fluorescence microscopy with
an inverted Leica DM IRB microscope. Phagocytosis was cal-
culated by counting cells that had ingested at least one bacte-
rium.

To test the involvement of cholesterol in the phagocytosis of B.
suis, we treated cells with either cholesterol-binding (filipin) or
-depleting (B-methyl cyclodextrin) molecules, which affect the
function of lipid rafts. Following pretreatment with increasing
concentrations of filipin or B-methyl cyclodextrin, phagocytosis of
nonopsonized bacteria, as visualized by fluorescence microscopy,
was strongly inhibited (Fig. 1A and C). In comparison, phago-
cytosis of opsonized bacteria was not affected by these treat-
ments (Fig. 1B and D). Rather, we observed a slight increase,
and the number of internalized bacteria per cell was always
enhanced (data not shown). Cholesterol depletion of mem-
branes decreases their rigidity, which may explain the increase
in phagocytosis. Consistent with a role for cholesterol in pro-
viding rigidity to the cell surface, Gatfield and Pieters (12)
observed a moderate enhancement of cellular motility after
cholesterol depletion. Similar results were obtained with filipin
and B-methyl cyclodextrin, despite their different modes of
action. Thus, the entry of nonopsonized B. suis into J774 mac-
rophages required cholesterol, while internalization via opso-
nic receptors did not.

We also investigated the role of lipid rafts in bacterial entry
by treating cells with the ganglioside GM,-binding molecule
(cholera toxin B subunit) (32). After pretreatment with in-
creasing concentrations of drug, phagocytosis of nonopsonized
bacteria was strongly inhibited (Fig. 1E). In comparison,
phagocytosis of opsonized bacteria was not affected by cholera
toxin B treatment (Fig. 1F). Thus, entry of nonopsonized B.
suis into J774 macrophages required the ganglioside GM;,
while internalization via opsonic receptors did not.

Bacteria can enter macrophages via a variety of surface
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receptors. The host cell receptor involved in the binding and
internalization of B. suis into macrophages under nonopsonic
conditions is not well characterized. Nonopsonic entry of Bru-
cella abortus into bovine macrophages is found to be inhibited
by fibronectin, mannan, and lipopolysaccharide (3), but the
receptor has not yet been identified. Under opsonic conditions,
phagocytosis is mediated by the Fc receptor. Moreover, while
nonopsonized Brucella is poorly ingested by macrophages, op-
sonization with antibodies greatly increases the uptake of bac-
teria. In this work, we have shown that the uptake of nonop-
sonized B. suis by murine macrophages is mediated by lipid
rafts and that at least two components of these membrane
microdomains, cholesterol and the glycosphingolipid GM,, are
involved. Lipid rafts could serve as “docking” sites for Brucella
to stabilize the bacterium-macrophage interaction, after which
internalization occurs. Bacterial uptake by lipid rafts is of in-
terest in that the endocytic pathway used in this case is distinct
from the classical endosome-lysosome pathway because the
compartment formed by lipid-rich microdomains does not fuse
with lysosomes (30, 31). Thus, Brucella uptake at lipid rafts
could be related to the phagosome-lysosome fusion inhibition
observed with these bacteria (1, 10, 14, 18, 23, 24). In compar-
ison, by entering host cells at cholesterol-rich domains, myco-
bacteria may ensure their intracellular survival within macro-
phages (9, 12). Recently, another bacterium, L. pneumophila,
which inhibits phagosome-lysosome fusion, was found to be
internalized via a pathway involving the ganglioside GM, (34).
Moreover, a study using a proteomic approach reported the
presence of some lipid raft proteins, flotillin-1 and stomatin, in
latex bead-containing phagosomes (11), suggesting that lipid
rafts might be present on the phagosomal membrane.

When we compared the uptakes of nonopsonized and opso-
nized B. suis into murine macrophages, phagocytosis of opsonized
bacteria was not affected by treatment of cells with cholesterol-
sequestering (filipin and B-methyl cyclodextrin) and GM,-binding
(cholera toxin B) molecules, in contrast to the results obtained
with nonopsonized bacteria. Cholesterol and GM, are not re-
quired for bacterial uptake under opsonic conditions. Brucella
entry into murine macrophages via the Fc receptor is considerably
enhanced and can mask entry by lipid rafts. If we consider that
inhibition of phagosome-lysosome fusion is reported for both
nonopsonized and opsonized bacteria (1) and that lipid rafts
might be involved in the phagosome maturation pathway, we
cannot exclude that lipid rafts and Fc receptors were used
simultaneously as a portal of entry for opsonized B. suis. Such
differences in the effects of drugs on internalization between
nonopsonized and opsonized bacteria have been reported in
the literature. Phagocytosis of Mycobacterium kansasii by hu-
man neutrophils is strongly inhibited when cells are treated
with cyclodextrin and filipin, but when M. kansasii is serum
opsonized, the inhibitory effects of the drugs are not observed
(21). Moreover, the inhibitor concentrations found to be re-
quired in our experiments were generally comparable to pre-
vious observations by others (12, 13, 21, 32).

Short-term survival of B. suis in macrophages. In the above
experiments, phagocytosis was measured by counting intracel-
lular bacteria by fluorescence microscopy. In some studies,
bacterial uptake was quantified by intracellular survival in host
cells (13). For comparison, we studied the effects of drugs on
the short-term survival of B. suis inside macrophages. Follow-
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FIG. 1. Effects of filipin, B-methyl cyclodextrin, and cholera toxin B subunit on phagocytosis of nonopsonized and opsonized B. suis by murine
macrophages. Cells were pretreated with cholesterol-binding (filipin) or -depleting (B-methyl cyclodextrin) molecules or the ganglioside GM;-
binding molecule (cholera toxin B subunit) at the indicated concentrations. (A, C, and E) Phagocytosis under nonopsonic conditions. (B, D, and
F) Phagocytosis under opsonic conditions. Phagocytosis was measured by microscopy experiments as described in the text. Values represent means
+ standard deviations, obtained by counting three series of 100 (infection with opsonized bacteria) or 300 (infection with nonopsonized bacteria)
cells. The percentages of cells having ingested nonopsonized and opsonized B. suis were 22 = 5 and 49 * 7, respectively. These values referred
to untreated phagocytes. There was generally one bacterium per cell under nonopsonic conditions. The number of bacteria per cell was 3.4 £ 0.7
under opsonic conditions. Experiments were performed in duplicate and repeated twice.

ing treatment with the relevant drug, infection with B. suis, and
postinfection cells were washed once with PBS and lysed in
0.2% Triton X-100. Bacterial counts (in CFU) were deter-
mined by plating appropriate dilutions on tryptic soy agar and
incubation at 37°C for 3 days.

After pretreatment with increasing concentrations of filipin
(Fig. 2A), B-methyl cyclodextrin (Fig. 2C), and cholera toxin B
subunit (Fig. 2E), intracellular survival of nonopsonized bac-
teria was strongly inhibited. These results directly correlated to
the decreased phagocytosis observed in the microscopy exper-

iments (Fig. 1A, C, and E). When bacteria were internalized
via opsonic receptors, we also observed a strong inhibition of
bacterial survival with increasing concentrations of filipin (Fig.
2B), B-methyl cyclodextrin (Fig. 2D), and cholera toxin B sub-
unit (Fig. 2F), in contrast to the phagocytosis results observed
in the microscopy experiments (Fig. 1B, D, and F).

In these experiments, we investigated the role of lipid rafts in
short-term survival of nonopsonized and opsonized B. suis inside
macrophages. A strong inhibition of bacterial survival was always
observed with increasing concentrations of cholesterol-sequester-
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FIG. 2. Effects of filipin, B-methyl cyclodextrin, and cholera toxin B subunit on short-term survival of nonopsonized and opsonized B. suis inside
murine macrophages. Cells were pretreated with cholesterol-binding (filipin) or -depleting (B-methyl cyclodextrin) molecules, or the ganglioside
GM,-binding molecule (cholera toxin B subunit) at the indicated concentrations. (A, C, and E) Survival of nonopsonized bacteria. (B, D, and F)
Survival of opsonized bacteria. The number of surviving bacteria was determined 3 h postinfection (A and B) and 1 h postinfection (C, D, E, and
F). Experiments were performed in triplicate, and the values represent means = standard deviations. The experiments were repeated at least twice.

ing (filipin and B-methyl cyclodextrin) and GM;-binding (cholera
toxin B) molecules. In the case of nonopsonized bacteria, the
decreased survival might be directly related to uptake inhibition
observed in microscopy experiments, but we cannot exclude any
adverse effect of these drugs on short-term survival. Opsonized
bacteria could enter into the cells via the Fc receptors despite the
presence of blocking molecules. However, in the presence of
these molecules, we observed a strong inhibition of bacterial sur-
vival. We could therefore speculate that the brucellae must asso-
ciate with cholesterol and GM, directly to escape phagosome-
lysosome fusion and survive inside the cell. These results provide
support for the hypothesis that lipid rafts may be implicated in the

first steps of Brucella-containing phagosome maturation. More-
over, it should be noted that bacterial uptake measured by mi-
croscopy experiments and short-term intracellular survival are
two distinct phenomena and that our assay of short-term survival
did not allow us to measure bacterial internalization, as proposed
in some studies (13).

The ability to inhibit the maturation of a phagosome into a
phagolysosome is a feature shared by several bacteria and para-
sites, but the molecular mechanisms and the factors involved have
been identified in only a few cases (7, 9, 28, 29, 33, 35). We have
shown that the maturation inhibition of Brucella-containing
phagosomes appears to be restricted at the phagosomal mem-



1644 NOTES

brane (17), but the mechanisms involved in this phenomenon
have yet to be elucidated. Our results have suggested that lipid
rafts may act as a portal for Brucella entry into macrophages,
thus allowing phagosome-lysosome fusion inhibition and pro-
viding support for the idea that this inhibition is restricted at
the phagosomal membrane (17).

Bacterial entry is probably essential in the maturation of the
nascent vacuole. Entry of Brucella into tight compartments (1,
27) may reduce fusogenicity of phagosomes and delay their
maturation, as observed for mycobacteria (5). Following up-
take, Brucella-containing phagosomes rapidly acidify, and this
early acidification is essential for survival and replication of the
bacteria within the macrophage (25) and particularly for the
induction of virB (2). Other results indicate that the first events
in the biogenesis of Brucella-containing vacuoles, penetration
and inhibition of phagolysosomal fusion, are not affected by
mutations in three virB genes (6). Thus, the type IV secretion
system, identified as occurring in Brucella suis (19), might be
implicated in later steps of maturation.

In this study, we clearly show that two components of lipid
rafts, cholesterol and the ganglioside GM,, are involved in the
entry of B. suis into murine macrophages under nonopsonic
conditions. As the endocytic pathway mediated by lipid rafts
appears to avoid fusion with lysosomes, this portal of entry
used by Brucella may explain the observed phagosome-lyso-
some fusion inhibition.
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