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Brucella abortus is a facultative intracellular bacterium capable of surviving inside macrophages. Intracel-
lular replication of B. abortus requires the VirB complex, which is highly similar to conjugative DNA transfer
systems. In this study, we show that plasma membrane cholesterol of macrophages is required for the
VirB-dependent internalization of B. abortus and also contributes to the establishment of bacterial infection in
mice. The internalization of B. abortus was accelerated by treating macrophages with acetylated low-density
lipoprotein (acLDL). Treatment of acyl coenzyme A:cholesterol acyltransferase inhibitor, HL-004, to macro-
phages preloaded with acLDL accelerated the internalization of B. abortus. Ketoconazole, which inhibits
cholesterol transport from lysosomes to the cell surface, inhibited the internalization and intracellular repli-
cation of B. abortus in macrophages. The Niemann-Pick C1 gene (NPC1), the gene for Niemann-Pick type C
disease, characterized by an accumulation of cholesterol in most tissues, promoted B. abortus infection.
NPCl1-deficient mice were resistant to the bacterial infection. Molecules associated with cholesterol-rich
microdomains, “lipid rafts,” accumulate in intracellular vesicles of macrophages isolated from NPC1-deficient
mice, and the macrophages yielded no intracellular replication of B. abortus. Thus, trafficking of cholesterol-

associated microdomains controlled by NPC1 is critical for the establishment of B. abortus infection.

Brucella species are facultative intracellular pathogens that
survive in a variety of cells, including macrophages, and their
virulence and chronic infections are thought to be due to their
ability to avoid the killing mechanisms within macrophages (1).
The molecular mechanisms of their virulence and chronic in-
fections are incompletely understood. Recent studies with
HeLa cells have confirmed these observations, showing that
Brucella inhibits phagosome-lysosome fusion and transits
through an intracellular compartment that resembles autopha-
gosomes. Bacteria replicate in a different compartment, con-
taining protein markers normally associated with the endoplas-
mic reticulum, as shown by confocal microscopy and
immunogold electron microscopy (5, 24). Brucella internalizes
into macrophages by swimming on the cell surface, with gen-
eralized membrane ruffling for several minutes, after which the
bacteria are enclosed by macropinosomes (33). “Lipid raft”-
associated molecules, such as glycosylphosphatidylinositol
(GPI)-anchored proteins, GM1 gangliosides, and cholesterol,
have been selectively incorporated into macropinosomes con-
taining Brucella abortus. The disruption of lipid rafts on mac-
rophages markedly inhibits the VirB-dependent macropinocy-
tosis and intracellular replication (33). These results indicated
that replicative phagosome formation of B. abortus is modu-
lated by lipid raft microdomains.

The operon coding for export mechanisms specializing in
transferring a variety of multimolecular complexes across the
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bacterial membrane to the extracellular space or into other
cells has been described previously (27). These complexes,
named type IV secretion systems, are in B. abortus (virB genes)
(27). This operon comprises 13 open reading frames that share
a homology with other bacterial type IV secretion systems
involved in the intracellular trafficking of pathogens. Type IV
secretion systems export four types of substrates: (i) DNA
conjugation intermediates; (ii) the multisubunit pertussis tox-
in; (iii) monomeric proteins, including primase, RecA, and the
Agrobacterium tumefaciens VirE2 and VirF proteins; (iv) and
the Helicobacter pylori CagA protein (4). The RalF protein has
been identified as a substrate of the type IV secretion system of
Legionella pneumophila (20). However, substrates of the VirB
secretion system of B. abortus and the target of the secretion
system in host cells is still unclear.

In this study, we investigated the roles of plasma membrane
cholesterol in internalization by the VirB system and the es-
tablishment of B. abortus infection in mice. Plasma membrane
cholesterol associates with lipid raft microdomains. Lipid raft
microdomains were originally reported by Simons and van
Meer to explain sphingolipid-based sorting properties in cel-
lular membranes (28) and were later proposed to explain cho-
lesterol-based microheterogeneities in the membrane. Plasma
membrane cholesterol and intracellular cholesterol trafficking
was therefore expected to contribute to internalization and
intracellular replication of B. abortus in macrophages, because
recent evidence indicates that cholesterol sequestration from
macrophages inhibits the internalization and intracellular rep-
lication of B. abortus (21, 33). Our results show that the plasma
membrane cholesterol not only influences the bacterial inter-
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nalization and intracellular replication, but also contributes to
the establishment of B. abortus infection.

MATERIALS AND METHODS

Bacterial strains and mice. All B. abortus derivatives were from 544 (ATCC
23448) smooth virulent B. abortus biovar 1 strains. Ba598 (544 AvirB4) has been
described previously (32). Plasmid pMAW114, which encodes green fluorescence
protein (GFP), was constructed by cloning the BamHI-BglII fragment from the
pQBI63 (GFP expression vector; TAKARA, Tokyo, Japan) into BamHI- and
Bglll-cleaved pBBRIMCS-2. pMAW114 (GFP*) was introduced into 544 (wild
type) and Ba598 (AvirB4), and the derivatives were designated Ba600 (wild-type
GFP™") and Ba604 (AvirB4 GFP™), respectively (33).

BALB/c mice carrying the genetic mutation for NPC1 were obtained from The
Jackson Laboratory (Bar Harbor, Maine) (25).

Cell culture. Bone marrow-derived macrophages from female BALB/c mice
were prepared as described previously (32). The macrophages were seeded (2 X
10° to 3 X 10° in each well) in 24-well tissue culture plates for all assays.
Macrophages were preloaded with or without acetylated low-density lipoprotein
(acLDL) (50 pg/ml) and were treated with or without ketoconazole (10 mg/ml)
or acyl coenzyme A:cholesterol acyltransferase (ACAT) inhibitor HL-004 (4
pg/ml; Taisho Pharmaceutical Co.) for 24 h (19).

Detection of intracellular bacteria by fluorescence microscopy. B. abortus
strains were grown to an Agg, of 3.2 in brucella broth and were used to infect
mouse bone marrow-derived macrophages for various periods at an indicated
multiplicity of infection (MOI). Bacteria were deposited onto the macrophages
by centrifugation at 150 X g for 5 min at room temperature. After 0-, 5-, 15-, 25-,
and 35-min incubations at 37°C, infected macrophages were washed once with
medium and were fixed in periodate-lysine-paraformaldehyde (16) containing
5% sucrose for 1 h at 37°C. The samples were washed three times in phosphate-
buffered saline (PBS) and wells were successively incubated three times for 5 min
in blocking buffer (2% goat serum in PBS) at room temperature. The samples
were stained with anti-B. abortus polyclonal rabbit serum diluted 1:1,000 in
blocking buffer to identify extracellular bacteria. After incubating for 1 h at 37°C,
the samples were washed three times for 5 min with blocking buffer, were stained
with Cascade blue-conjugated goat anti-rabbit immunoglobulin G diluted 1:500
in blocking buffer, and were incubated for 1 h at 37°C. The samples were washed
three times and were mounted in mounting medium. One hundred macrophages
were examined per coverslip to determine the total number of intracellular
bacteria.

ACAT
inhibitor

Lipid droplet

each pharmacological and genetic treatment examined in this study is

Determination of efficiency of intracellular growth of bacteria. Bacteria were
deposited onto macrophages at an MOI of 5 by centrifugation at 150 X g for 5
min at room temperature and then were incubated at 37°C in 5% CO, for 1 h.
Then the macrophages were washed once with RPMI medium and were incu-
bated with 30 pg/ml gentamicin. At different time points, the cells were washed
and lysed with distilled water, and the number of bacteria on plates of a suitable
dilution was determined.

Virulence in mice. The virulence was determined by quantitating the survival
of the strains in the spleen after 10 days. Mice were injected intraperitoneally
with approximately 10* CFU of brucellae in 0.1 ml of saline. Groups of five mice
were injected with each strain. At 10 days after infection, their spleen was
removed, weighed, and homogenized in saline. Tissue homogenates were serially
diluted with PBS and were plated on Brucella agar to count the number of CFU
in each spleen.

LAMP-1 staining. Infected macrophages were fixed in periodate-lysine-para-
formaldehyde—sucrose for 1 h at 37°C and stained for extracellular bacteria as
described above. All antibody-probing steps were carried out for 1 h at 37°C.
Samples were washed three times in PBS for 5 min and then permeabilized at
—20°C in methanol for 10 s. After incubating three times for 5 min with blocking
buffer, samples were stained with anti-LAMP-1 rat monoclonal antibody 1D4B
diluted 1:100 in blocking buffer (30). After washing three times for 5 min in
blocking buffer, samples were stained simultaneously with Texas red-conjugated
goat anti-rat immunoglobulin G. Samples were placed in mounting medium and
visualized by fluorescence microscopy. Intracellular bacteria were detected by
GFP fluorescence and absence of staining with Cascade blue.

Fluorescence labeling of lipid raft-associated molecules. Detection of the
localization of GM1 gangliosides with cholera toxin B subunit (CTB) (10 pg/ml),
GPI-anchored protein with aerolysin (2.5 pg/ml), and cholesterol with filipin (50
mg/ml) was described previously (33).

RESULTS

Acceleration of bacterial internalization by preloading cho-
lesterol into macrophages. A prominent biological property of
acLDL is its ability to induce lipid loading of macrophages in
culture, which has been a useful model of the formation of
lipid-laden macrophages (Fig. 1) (18, 19, 25). To investigate if
intracellular cholesterol affects B. abortus internalization into



4820 WATARAI ET AL.

A H-acLDL .
[] +acLDL

8

(MOI=5)
8

Bacterial number/100 M¢
S
1

0 5 15 25 35
Incubation time (min)

INFECT. IMMUN.

80
- B H-aclDL
= [ +acLDL
8 6o
Y
-g —
Edl 40
20
—_=
g~
8 20
Q
«
o
o_

0 5 15 25 35
Incubation time (min)

FIG. 2. Internalization of B. abortus accelerated by acLDL. Ba600 (wild type) (A) or Ba604 (AvirB4) (B) was deposited onto bone marrow-
derived macrophages with (white bars) or without (black bars) acLDL treatment and incubated at 37°C for the periods of time indicated. One
hundred macrophages were examined per coverslip. Data are the average of triplicate samples from three identical experiments, and the error bars

represent the standard deviation.

macrophages, bacteria were deposited onto macrophages that
were preloaded with acLDL, and intracellular bacteria were
quantitated microscopically at various times of incubation. The
bacteria were deposited onto macrophages by centrifugation,
and then Ba604 (AvirB4) was rapidly internalized, with most of
the associated bacteria internalized before further incubation
at 37°C. In contrast, internalization of Ba600 (wild-type) was
delayed and attained the same levels of internalization as
Ba604 (AvirB4) only after 25 min of incubation (33). Internal-
ization of Ba600 (wild-type) accelerated by preloading with
acLDL into macrophages, but internalization of Ba604
(AvirB4) was not affected (Fig. 2). The percentage of bacteria
in macropinosomes did not differ between macrophages
treated with and without acLDL (data not shown).

Effects of agents that modulate cholesterol trafficking on
bacterial internalization and intracellular replication. Macro-
phages take up modified lipoproteins by receptor-mediated
endocytosis, and then the lipoproteins are delivered to lyso-
somes for degradation. This cholesterol is believed to mix with
the bulk of cholesterol in the plasma membrane. Excess plasma
membrane cholesterol then enters the cytoplasm, where the
cholesterol is reesterified by ACAT and is stored in cellular
lipid droplets (Fig. 1) (19). To investigate if intracellular cho-
lesterol trafficking affects B. abortus internalization into mac-
rophages, bacteria were deposited onto macrophages that were
pretreated with ACAT inhibitor HL-004, and intracellular bac-
teria were quantitated microscopically at various times of in-
cubation. HL-004 treatment accelerated the internalization of
Ba600 (wild-type) into macrophages preloaded with acLDL
(Fig. 3B). Under the same conditions, HL-004 did not accel-
erate the internalization of Ba604 (AvirB4) (Fig. 3C and D).
Macropinosome formation of Ba600 (wild-type) was also en-
hanced by HL-004 treatment, but the percentage of bacteria in
macropinosomes did not differ (data not shown). These results
suggest that intracellular cholesterol transport would contrib-
ute to VirB-dependent internalization and macropinocytosis of
B. abortus.

To confirm that plasma membrane cholesterol contributes
to B. abortus internalization, we tested the effect of ketocon-
azole, which inhibits cholesterol transport from lysosomes to

the cell surface (Fig. 1). Ketoconazole greatly diminished the
internalization of Ba600 (wild-type) into macrophages pre-
loaded with or without acLDL (Fig. 3A and B), but under the
same conditions, it did not block the internalization of Ba604
(AvirB4) (Fig. 3C and D).

To determine whether intracellular cholesterol trafficking
has a role in bacterial replication in macrophages, macro-
phages were treated with acLDL, ketoconazole, or HL-004 and
then were infected with Ba600 (wild type). As reported previ-
ously (32, 33), Ba600 (wild-type) replicated in macrophages
without ketoconazole treatment, but Ba600 (wild-type) failed
to replicate in macrophages treated with ketoconazole (Fig.
3E). Although 12% = 2.0% of internalized Ba600 (wild type)
was observed under ketoconazole treatment (mean =+ standard
deviation) (Fig. 3A and B), the internalized bacteria did not
replicate in the macrophages. Intracellular replication was not
affected by acLDL and HL-004 (Fig. 3E). We consistently
found that approximately 15% of internalized Ba600 (wild-
type) into untreated macrophages target improperly into a
LAMP-1 positive compartment (32, 33). These results suggest
that other uptake pathways of B. abortus by macrophages exist,
but replicative phagosome formation requires the uptake path-
way associated with plasma membrane cholesterol.

Role of cholesterol trafficking in establishment of B. abortus
infection. The most prominent cellular feature of Niemann-
Pick type C (NPC) disease is lysosomal accumulation of free
cholesterol, caused by impaired relocation of cholesterol de-
rived from LDL from the lysosome to other cellular sites, such
as the plasma membrane and endoplasmic reticulum (Fig. 1)
(23). To investigate if NPC1 contributes to the recruitment of
lipid raft-associated molecules, fluorescence-labeled lipid raft-
associated molecules, such as cholesterol, GM1 gangliosides,
and GPI-anchored proteins, were observed by microscopy.
These molecules were in the plasma membrane and intracel-
lular vesicles of macrophages from wild-type mice (Fig. 4). In
contrast, these molecules accumulated only in intracellular ves-
icles in macrophages from NPCl-deficient mice (Fig. 4). Lo-
calization of the transmembrane protein CD44, which is not
associated with lipid rafts, was not affected by NPC1 (Fig. 4).
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FIG. 3. Internalization of B. abortus into macrophages was influenced by plasma membrane cholesterol. Ba600 (wild-type) (A and B) or Ba604
(AvirB4) (C and D) was deposited onto bone marrow-derived macrophages with ketoconazole (white bars) or with ACAT inhibitor HL-004 (gray
bars), or without drug treatment (black bars) in the presence (B and D) or absence (A and C) of acLDL and incubated at 37°C for the periods
of time indicated. One hundred macrophages were examined per coverslip. Data are the average of triplicate samples from three identical
experiments, and the error bars represent the standard deviation. (E) Ketoconazole inhibited intracellular replication of B. abortus in macrophages.
Macrophages in the presence or absence of ketoconazole, ACAT inhibitor HL-004, or acLDL were infected with Ba600 (wild type) as described
in Materials and Methods. Data points and error bars represent the mean CFU of triplicate samples from a typical experiment (performed at least

four times) and their standard deviation, respectively.
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FIG. 4. Intracellular distribution of lipid raft-associated molecules in NPC1-deficient macrophages. Macrophages of wild-type (upper panels)
or NPCl-deficient (lower panels) mice were labeled with indicated molecules.

These results suggest that NPC1 influences lipid raft formation
on the macrophage surface.

We next investigated if NPC1 contributes to the internaliza-
tion and intracellular replication of B. abortus. B. abortus was
infected to bone marrow derived-macrophages from wild-type
or NPCl1-deficient BALB/c mice, and the intracellular bacteria
were quantitated microscopically at various periods of incuba-
tion. Macrophages from wild-type mice supported internaliza-
tion and intracellular replication of Ba600 (wild-type), but not
macrophages from NPC1-deficient mice (Fig. 5A). Fewer bac-
teria were internalized in macrophages from NPC1-deficient
mice, but they did not replicate in the macrophages (Fig. 5C).
Macrophages from wild-type and NPCl1-deficient mice showed
no significant difference in the internalization of Ba604
(AvirB4) (Fig. 5B). In NPCl1-deficient mice, Ba600 (wild-type)
failed to block phagosome maturation, as shown by colocaliza-
tion of phagosomes containing the bacteria and the late endo-
cytic marker, LAMP-1, at 1 h after infection (82.8% = 3.4%
positive) (Fig. 6B and D). In contrast, Ba600 (wild-type) pre-
vented phagosome-lysosome fusion, and therefore phago-
somes containing Ba600 (wild-type) do not have endocytic and
lysosomal marker proteins in macrophages from wild-type
mice (Fig. 6A and C). These results suggest that replicative
phagosome formation required uptake pathway associated
with NPC1.

To find if this defect in internalization and intracellular
replication of B. abortus correlates with an inability to establish
infection in the host, we experimentally infected wild-type or
NPCl1-deficient mice with B. abortus. Many bacteria were re-
covered from the spleen of wild-type mice infected with Ba600
(wild type) at 10 days after infection, but fewer bacteria were
recovered from NPC1-deficient mice, based on the number of
CFU in each spleen (Fig. 5D). These results indicated that B.
abortus proliferation was promoted by NPC1.

DISCUSSION

In this study we showed that internalization and intracellular
replication of B. abortus in mouse macrophages are influenced
by plasma membrane cholesterol and that intracellular choles-
terol trafficking is essential to establish B. abortus infection in
the mouse model. These events were dependent on the pres-
ence of the VirB system. Studies of the cellular trafficking of
cholesterol derived from the metabolism of LDL showed that
after hydrolysis of LDL cholesteryl ester in lysosomes, most
LDL-derived cholesterol traffics to the plasma membrane (14).
The internalization of B. abortus into macrophages was accel-
erated by preloading with acLDL, indicating that the choles-
terol on the plasma membrane of macrophages contributes to
the internalization of B. abortus. To confirm this possibility, we
used two inhibitors of intracellular cholesterol trafficking, HL-
004 and ketoconazole. As HL-004 is a specific ACAT inhibitor
(18), alterations in cholesterol metabolism by HL-004 can be
attributed to the intracellular ACAT inhibition in macro-
phages (19). Macrophages incorporate modified LDL via scav-
enger receptors, which is not down-regulated by cellular sterol
levels (8). The incorporated cholesteryl ester is delivered to
lysosomes, and is hydrolyzed to free cholesterol, which forms
the intracellular free cholesterol pool. Excess free cholesterol
is esterified by ACAT and the cholesteryl ester is stored in
cytoplasmic inclusions. This cholesteryl ester is the substrate
for neutral cholesteryl ester hydrolase. Thus, a cholesteryl ester
cycle of de-esterification exists because of the hydrolase and
reesterification by ACAT. Free cholesterol can move between
intracellular pools and the plasma membrane (3). Internaliza-
tion and intracellular replication of B. abortus in macrophages
were modulated by cholesterol-rich microdomains, so-called
lipid rafts, on plasma membrane surfaces (33). As the choles-
terol microdomains are induced in macrophages when esteri-
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FIG. 5. NPCl-influenced B. abortus infection. (A and B) Internalization of B. abortus. Macrophages from wild-type (black bars) or NPC1-
deficient (white bars) mice were infected with virulent Ba600 (wild type) (A) or Ba604 (AvirB4) (B) for the periods of time indicated. Data are
the average of triplicate samples from three identical experiments, and the error bars represent the standard deviation. (C) Intracellular replication
of B. abortus. Macrophages from wild-type or NPC1-deficient mice were infected with Ba600 (wild type). Data points and error bars represent the
mean CFU of triplicate samples from a typical experiment (performed at least four times) and their standard deviation, respectively. (D) Pro-
liferation in mice. Wild-type (black bar) or NPCl-deficient (white bars) mice were infected with virulent B. abortus. Recovery of viable bacteria
from the spleen and the weights of spleens of infected mice at 10 days postinfection are shown. Error bars indicate standard deviations.

fication of excess LDL-derived cholesterol is blocked with
ACAT inhibitor (10), the internalization of B. abortus by up-
take pathway associated with lipid rafts into macrophages in-
creased by ACAT inhibitor treatment. In contrast, ketocon-
azole treatment greatly diminished the internalization of B.
abortus into macrophages. Ketoconazole interferes with traf-
ficking of cholesterol from lysosomes to the plasma membrane
(12). As the appearance of cholesterol microdomains can be
inhibited by ketoconazole (10), the internalization of B. abortus
by uptake pathway associated with lipid rafts into macrophages
decreases upon ketoconazole treatment. These results suggest
that the plasma membrane cholesterol should influence the
internalization of B. abortus. Fewer B. abortus cells were inter-
nalized into macrophages treated with ketoconazole, but the

internalized bacteria did not replicate, suggesting that replica-
tive phagosome formation would require correct intracellular
cholesterol trafficking and plasma membrane cholesterol.

To confirm this hypothesis, macrophages from NPCI1-defi-
cient mice were infected with B. abortus. The gene that causes
NPC disease, referred to as NPCI, has been mapped to a
region of chromosome 18 in both humans and mice and has
been cloned (15). Although the function of NPCI remains
undefined, studies have shown a crucial role for this protein in
cholesterol metabolism (13). NPC1-deficient mice share many
of the pathophysiological abnormalities observed in patients
with NPC, including accumulation of cholesterol in tissues
(15). Our results showed that lipid raft-associated molecules
accumulate in intracellular vesicles in macrophages from
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FIG. 6. Colocalization of B. abortus with late endosomal and lyso-
somal marker LAMP-1 in macrophages from NPC1-deficient mice by
immunofluorescence microscopy. Macrophages from wild-type mice
(A and C) or NPCl1-deficient mice (B and D) were infected with Ba600
(wild type) for 1 h, fixed, and stained for LAMP-1 colocalization (A
and B) and intracellular bacteria (C and D). Arrows point to bacteria.

NPCl-deficient mice. NPC1 is recruited to the site of free
cholesterol accumulation by enrichment of cellular cholesterol
or by pharmacological intervention of cholesterol egress from
the lysosomes (34). Intracellular trafficking of GM1 ganglio-
side in NPCl1-deficient Chinese hamster ovary cells has been
shown by using CTB as a probe (29). CTB-labeled vesicles
contain the early endosome marker Rab5 but not LAMP-2,
indicating that they represent early endosomes. Similarly, CTB
accumulate in intracellular vesicles of human NPC fibroblasts
that contain both Rab5 and early endosomal antigen 1 (29).
Presumably, these results, together with our results, indicate
that cholesterol or GM1 ganglioside accumulate in lysosomes
or early endosomes in macrophages from NPCl-deficient
mice. Therefore, the internalization of B. abortus by uptake
pathway associated with lipid rafts was inhibited in macro-
phages from NPCl-deficient mice.

The role of mouse macrophages in mediating resistance or
susceptibility among mouse strains to some intracellular patho-
gens has been shown by studies of the [ty/Lsh/Bcg resistance
model; resistance to Salmonella enterica serovar Typhimurium,
Leishmania donovani, and mycobacterial species is regulated
by the polymorphism of the Nrampl gene that controls mac-
rophage function (6). Bovine Nrampl is a major candidate for
controlling the in vivo resistant phenotype against B. abortus
infection (2). Our results indicate that NPC1 promotes the
internalization and intracellular replication of B. abortus and
also contributes to bacterial proliferation in mice. However,
control of B. abortus infections is a multigenic trait (9), and
further investigation is needed to clarify the genetic control of
B. abortus infection.

Cholesterol or GPI-anchored proteins is included in apicom-
plexan Toxoplasma gondii and Plasmodium falciparum vacuoles
(11, 17). Cholesterol is essential for the uptake of Mycobacte-

INFECT. IMMUN.

rium bovis by macrophages (7). Cholesterol accumulates at the
site of M. bovis entry, depleting plasma membrane cholesterol
specifically inhibits M. bovis uptake, and M. bovis has a high
binding capacity for cholesterol (7). Macropinosomes harbor-
ing L. pneumophila also include lipid raft-associated macro-
molecules (31). A similar process of selective lipid recruitment
has been described during human immunodeficiency virus or
influenza virus budding from mammalian cells (22, 26). Since
lipid rafts are thought to be involved in signaling pathways in
immune cells, uptake processes associated with lipid rafts
might lead microorganisms into compartments that avoid fu-
sion with the lysosomal network, and that is essential for the
establishment of infection. The results of this study will provide
a new target of prevention against infection by intracellular
pathogens.
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