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{0 Callaghan et al., 1999; Sieira et al., 2000). This operon
is composed of 13 open reading frames (ORFs) that
share homology with other bacterial type IV secretion
systems known to be involved in the intracellular traffick-
ing of pathogens, for example the doticm genes of
L. pneumophila. An in-frame, deletion mutation introduced
in the fourth gene of the operon, virB4, abolished the
ability of Brucella to target properly and replicate intra-
cellularly, indicating that this system is essential for the
intraceliular lifestyle of this pathogen (Walarai ef al,
2002). Mice infected with polar and non-polar mutations
in virB10 and an in-frame deletion mutation in virB4
demonstrated that the virB operon is a major determinant
of Brucella virulence (Sieira et al, 2000; Watarai ef al,
2002). Thus, the VirB proteins of Brucella abortus are
thought to be constituent elements of the secretion appa-
ratus, but the molecular basis of these mechanisms is
unknown. ‘

Among the events influencing the fate of phagosomes,
the type of infected cell and the uptake route are clearly
of importance (Sinai and Joiner, 1997). Several processes
have been described for the internalization of intraceliu-
lar pathogens. Legionella pneumophila enters cells by
coiling phagocytosis, a phenomenon characterized by the
formation of pseudopods that coil around the bacterium
(Horwitz, 1984). Recently, it has been reported that
L. pneumophilla was internalized by a macropinocytotic
uptake pathway and that the macropinosomes containing
L. pneumophita were rich in GM1 gangliosides and GPI-
anchored proieins. The uptake pathway is controlled by
the Dot/lecm system and the mouse Lgn7 locus (Watarai
etal., 2001a). Listeria or Yersinia internalization occurs by
zipper-like phagocytosis in which bacterial surface pro-
teins bind to host ceil surface receptors (isberg, 1996;
Lecuit et al,, 1999). Other bacteria, such as Salmoneila
and Shigelfa, invade by a trigger mechanism into profes-
sional and non-professional phagocytes (Bourdet-Sicard
et al., 2000). These pathogens deliver virulence factors
directly into the target host cell cytosol, triggering host
cell signalling pathways that lead to localized plasma
membrane ruffling, macropinocytosis and bacterial uptake
(Galan, 2000). On the other hand, the uptake route of
B. abortus remains unknown.

In this report, we describe a similar phagocytic pathway
to L. pneumophilla promoted by the VirB system of B.
abortus. The pathway appears similar to macropinocyto-
sis associated with recruitment of lipid rafts. By incor-
poration of the lipid raft-associated components into
macropinosomes containing B. aborius, a replicative
phagosome is established. This indicates that the inter-
nalization strategy of B. abortus into macrophage is
involved in controliing correct targeting and intraceilular
growth.

Results

Bacterial swirmming after cortact of macrophages with
B. abortus /s dependent on the virB genes

Time-lapse videomicroscopy was used to follow the inter-
nalization of GFP-expressing B. aborius strains by mouse
hone marrow-derived macrophages. After contact of
macrophages with the strain harbouring an intact VirB
system (BaB00), bacteria moving round from the site of
initial bacterial contact with the macrophage were
observed (Fig. 1A). The swimming of the bacteria on the
macrophage surface often lasted for up to 8min with
generalized plasma membrane ruffling before eventual
enclosure in large vacuoles (Fig. 1A). Contact of Ba604
{AvirB4) with the target macrophage, in contrast, resulted
in much smaller ruffling that was restricted to the area
near the bacteria. The rufiles associated with internaliza-
tion of Bab04 (AvirB4) resulted in 2 more rapid uptake
than observed for Ba6Q0 (wild type), with the bacteria
moving out of the focai plane of the site of bacterial
binding, apparently signifying internalization underneath a
phase opaque structure (Fig. 1B). '

To obtain further comparisons between wild-type and

_ mutant strains, an alternative procedure was used to

determine morphological changes induced in the
macrophage after contact with B. abortus. To this end,
bacteria were deposited onto macrophages by centrifu-
gation, and stained with phalloidin to detect actin filament
formation using fluorescence microscopy. Five minutes
after deposition on the macrophages, Ba600 (wild type)
showed generalized actin polymerization around the site
of bacterial binding, which could be observed by either
phalloidin staining or phase-contrast microscopy (Fig.
1C). Ba604 (AvirB4) showed primarily small regions of
phalloidin staining at sites of binding {Fig. 1C). Therefore,
B. abortus appears to promote events on the macrophage
cell surface that are dependent on the presence of the
VirB system.

Macropinocytosis induced by B. abortus is dependent
on the virB genes

Based on analysis of time-lapse videomicroscopy, it also
appeared that after induction of generalized membrane
ruffling, the bacteria were internalized into large vacuoles.
To analyse this further, samples wete fixed after brief incu-
bation of mouse bone marrow-derived macrophages with
B. aborlus. For Bag00 (wild type), the bacteria were found
in large concentric vacuoles that were similar in mor-
phology to fluid-filled macropinosomes (Swanson, 1988).
Macrophages incubated simultaneously with B, aborius
and the fiuid phase marker (tetramethyl rhodamine isoth-
ioccyanate) TRITC-Dextran (TRDx) accumulated the marker

© 2002 Blackwell Sclence Lid, Cellular Micrabiology, 4, 341-355
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vir8¥Actin Ph . virB4/TRDx

Fig. 1. Uptake process of B. abortus by mouse bone marrow-derived macrophages. Selected time-lapse videomicroscopic images of

B. abortus entry into the macrophage. Elapsed time in minutes is indicated at the bottom of each frame. Arrows point to bacteria.

A. BaB0oD {wild type) observed after contact with macrophage. Note bacterial swimming with generalized membrane ruffling from 0 1o 8 min,
and the bacterium inside macropinosme at 10—11 min.

B. Ba604 (AvirB4) observed after contact with macrophage. Note phase opaque rufile associated with bacterial contact.

C. Generalized actin polymerization after contact of macrophages with B. aborfus. Bacteria were deposited onto macrophages and then
incubated for 5min, fixed and stained for actin filaments with Alexa Fluer 594-phalloidin, Incubations with Bag00 {wild type) (upper panels) and
Ba604 {AvirB4) (lower panels) stained by phalloidin are displayed. Shown are GFF and Alexa Flour 594 channels merged or phase-contrast
images.

D. Macropinosome formation by B. aborlus. Magrophages were incubated for 15 min at 37°C in the presence of Bag00 {wild type} (upper
panels) or Bag04 (AvirB4) (lower panels) and TRDx, fixed and processed for phase and immunoflucrescence microscopy. Shown are GFP
and rhodamine channels merged or phase images.

in large vacuoles containing Ba600 (wild type) whereas transparent compartments, whereas Ba604 (AvirB4) was
little or no marker accumulated in phagosomes harbouring found in considerably smaller compartments (Fig. 1D).

Bag04 (AvirB4) (Fig. 1D). Similarly, phase-contrast The differences in rate of phagocytosis and the forma-
micrographs showed BaG00 (wild type) in large phase- tion of macropinosomes for wild-type and mutant strain

© 2002 Blackwell Science Ltd, Celluiar Microbiology, 4, 341-355
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Fig. 2. Delayed phagocytosis and macropinosome formation promoted by the B. ‘aborius VirB system. Bacteria were deposiled onto bone
marrow-derived macrophages and incubated at 37°C for the periods of time indicated. Uptake (A, C, D and F) or macropinosome formation
{B and E) were quantitated as described (see Experimental procedures). A-C, no opsonization; D-F, opsonization with anti-8. aborius serum
{see Experimental procedures); A, B, D and E, 100 macrophages were examined per coverslip; C and F, uptake efficiency by macrophages
was determined by protection of internalized bactetia from gentamicin killing. Black bars, Bag00 (wild type); open bars, Ba604 {4virB4). Data
are the average of triplicate samples from three identical experiments, and the error bars represent the standard deviation.

were quantitated microscopically at various times of incu- -

bation, using strategies that allowed as synchronous
an infection as possible {see Experimental procedures).
if the bacteria were deposited onto macrophages by
centrifugation, Bag04 (AvirB4) was rapidly internalized,
with most of the associated bacteria internalized
before further incubation at 37°C. In contrast, internaliza-
tion of BaB00 (wild type) was delayed and attained
the same levels of internalization as Ba604 (AvirB4)
only after 25min incubation (Fig. 2A). In regards to
macropinosome formation, by 15min after deposition of
BaB00 (wild type), 56% of the bacteria were found in large
compartments containing TRDx that could be detected by
phase-conirast microscopy. The ability to observe
macropinosomes decayed after this time point, with few
bacteria costaining with TRDx at 35min post infection.
Phagosomes harbouring Ba604 (AvirB4), on the other
hand, were relatively deveid of the fiuid phase marker
(Fig. 2B).

Delayed phagocytosis rate and transient macro-
pinosome formation did not require a particular strategy
of bacterial contact with the macrophage. Opsonization
increased both the rate and total amount of uptake
for each strain, but the total amount of internalized

BaB00 (wild type) was still less than that observed
for BaB04 (AvirB4) until 15min incubation (Fig. 2D).
in ‘addition, the rate of appearance of VirB-dependent

macropinosomes was enhanced by opsonization, with

macropinosomes surrounding approximately - 44% of
those analysed at the earlier time point. As had been
observed with unopsonized bacteria, the mosphology of
the macropinosomes changed rapidly, since almost no
macropinosomes were observed after 35 min of incuba-
tion (Fig. 2E).

The above observations were confirmed by assaying
for viable bacteria, protected from gentamicin killing,
within macrophages. Delayed uptake rate was observed
for Bag00 (wild type) relative to Ba604 {AvirB4) (Figs

2C-F).

In addition to the in-frame deletion mutation in virB4,
mutant virB4 altered in the NTP-binding region by site-
directed mutagenesis {Watarai ef al., 2002), and a strain
harbouring an in-frame deletion in virB2 failed to form
macropinosomes and had higher uptake efficiencies than
the wild-type strain {data not shown). This observation is
consistent with some aspect of the VirB machinery func-
tioning to promote formation of a specialized uptake
pathway.

© 2002 Blackwell Science Ltd, Cellular Microbiology, 4, 341-355
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Fig. 3. Compartments preloaded with a fluid phase marker do not fuse with macropinosomes containing B. abortus with intact VirB system.
Bone marrow-derived macrophages were incubated with 1 mgmi™ TRDx for 30 min at 37°C and then incubated with bacteria either in the
continued presence {A) or absence (B} of the fluid phase marker {see panel C). Number of bacteria in compariments staining with TRITC was
determined as described (see Experimental procedures). Black bars, Bag00 (wild type); open bars, Bab04 (AvirB4). Data are the average of
triplicate samples from three identical experiments, and the error bars represent the standard deviation.

Macropinosomes containing B. abortus avoid fusion
with another macropinosomes

To examine the intracellular trafficking of macro-
pinosomes containing B. abortus, macrophages were pre-
loaded for 30 min with TRDx before addition of B. aborius,
and infection allowed to proceed either in the presence or
absence of the marker (Fig. 3C). As expected, if the bac-
teria were added in the continued presence of the marker,
colocalization of TRDx with Ba600 (wild type) was similar
to that observed when there was no preincubation of
TRDx before infection. The behaviour of Bag04 (AvirB4),
however, was different than in the previous protocol. At
15 min post infection, there was transient colocalization of
TRDx with Ba&04 (AvirB4), implying that the marker accu-
mulated in an intracellular compariment that could fuse
with Ba604 (AvirB4) but not with Ba600 (wild type) (Fig.
3A). To confirm this, TRDx was washed out of the medium
before the addition of bacteria. Colocalization of the
marker with Ba600 (wild type) was almost completely lost.
In contrast, removing the fiuid phase marker before the
addition of Ba604 (AvirB4) gave results that were similar
to those observed with continued incubation of TRDx
during the infection, with transient colocalization of TRDx
(Fig. 3B). These results are consistent with Bas00 (wild
type) being simultaneously ingested with TRDx into a
fluid-filled phagosome that resists fusion with marker-filled
comparments. In contrast, phagosomes harbouring
Ba604 [AvirB4) formed without simultaneous ingestion of
TRDx, but were able to fuse with marker-filled compart-
ments after internalization.

Incorporation of lipid raft-associated components into
macropinosomes containing B. abortus

Previous studies have demonstrated that B. aborius may
alter the maturation of its phagosome before fusion with

© 2002 Blackwell Science Lid, Cellular Microbiology, 4, 341-355

late endosomes, thus preventing the acquisition of late
endosomal and lysosomal markers LAMP-1 and cathep-
sin D {Pizarro-Cerda et al., 1998a, b; Watarai et al., 2002).
To this end, bactenal phagosomes were scored for acqui-
sition of LAMP-1. As reported previously (Watarai et al.,
2002), more than 80% of the phagosomes and 90% of the
macropinosomes containing Ba600 (wild type) failed
to colocalize with LAMP-1 in bone marrow-derived
macrophages after 15-35 min incubation, whereas Ba604
(AvirB4) was found predominantly colocalized with
LAMP-1 (Figs 4A and F; Figs 6A and G). Therefore,
macropinocytotic uptake of B. abortus is cotrelated with
an ability of the phagosome to avoid interaction with the
endocytic pathway..

In addition, aerolysin from Aeromonas hydrophila,
which binds to GPl-anchored proteins on the cell surface
{Abrami et al, 1998; Wang et al, 1999), affected the
replicative phagosomes harbouring B. abortus (Pizarro-
Cerda et al., 1998a). To determine if GPl-anchored pro-
teins were incorporated into macropinosomes containing
B. abortus, the macropinosomes were probed with
aerolysin. The kinetics and degree of association of
aerclysin-labelled GPl-anchoréd proteins with internal-
ized Ba600 (wild type) showed maximal association after
18 min incubation at 37°C (Figs 5A, B and 6B). Moreover,
the association of aerolysin-labelled GPl-anchored pro-
teins with internalized Ba600 (wild type) showed remark-
ably high efficiency in macropinosomes (77%, Fig. 6G).
In contrast, colocalization of aerolysin-labelled GPI-
anchored proteins with Bag04 (AvirB4) was much less
pronounced (Fig. 6B). Consistent with these resuits, GPI-
anchared protein CD48 was incorporated inlo macro-
pinosomes containing Ba600 (wild type} (Figs 4C, H and
Fig6G), and similar kinetics results were obtained for the
aerolysin-labelled GPl-anchored proteins from both
strains (Fig. 6D). On the other hand, transmembrane
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Cholesterol

Fig. 4. Association of membrane-localized markers with B. abortus macropincsomes. Bone marrow-derived macrophages were incubated with
B. abortus, and membrane-associated markers were localized by immunoflucrescence, as described (see Experimental praocedures). Shown
are merged images of the GFP and TRITC (A-D) or UV (F) channels up-and-down with phase-contrast images of the identical celis (F-J}.
Cells were probed with anti-LAMP-1 (A and F), anti-GD44 (B and G), anti-CD48 (C and H), CTE for GM1 gangliosides {D and 1) or filipin for

cholesterol (E and J). Arrows point o bacteria,

protein CD44 was found associated with ruffles in the
plasma membrane above the vacuole, but was excluded
from macropinosomes containing Bag0o (wild type) (Figs
4B, G and 6C). These results suggested that sphingolipid-
cholesterol-rich microdomains, lipid rafts, might be incor-
porated into the macropinosome containing 8. abortus.

A GPIPI-PLC -)

To investigate this possibility, the macropinosomes
were probed with other components known to be associ-
ated with lipid rafts, such as GM1 gangliosides and cho-
lesterol. To this end, B. abortus and bictin-labelled cholera
toxin B subunit (CTB), which binds GM1-gangliosides,
were incubated simultaneously with macrophages. CTB

Fig. 5. Association of GPl-anchored proteins
with B. abortus macropinosomes. Bone
marrow-derived macrophages were incubated
with B. aborius, and aerclysin-labelied
GPl-anchored proteins were locafized in the
presence (C and D} or absence (A and B) of
PI-PLC by immunacfluorescence, as described
(see Experimental procedures). Shown are
merged images of the GFP and TRITC (A and
C} channels side-by-side with phase-contrast
images of the identical cells (B and D).
Arrows poini to bacteria.

© 2002 Blackwell Science Lid, Cellular Microbioiogy, 4, 341-355
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Fig. 6. Kinetics of colocalization of membrane-associated markers
with phagosomes containing B. abortus. (A-F): Ba600 (wild type)
{black bars} or Ba604 {AvirB4) (open bars) were deposited onto
macrophages, then incubated for the periods of time indicated at

* 37°C before fixation and probing with indicated reagents (see
Experirnental procedures). 'Y%Phagosomes positive’ refers to
percentage of internalized bacteria that showed co-staining with the
noted markers, based on observation of 100 bacteria per coverslip.
A, anti-LAMP-1; B, aerolysin for GPl-anchored proteins; C, anti-
CD44; D, anti-CD48; E, CTB for GM1 gangliosides; F, filipin for
cholesterol. Data are the average of triplicate samples irom three
identical experiments, and the error bars represent the standard
deviation. ND, not detectable. G. Macrophages incubated with
Bas00 {witd type) for 15min at 37°C were probed for noted
markers, and macropinosomes harbouring Bag00 (wild type) were
identified by fluorescence and phase microscopy. The
macropinosomes were then observed for the presence of the noted
markers, as in A-F. '% Macropinosomes positive’ refers only to
those phagosomes with a macrepinocytetic morphology, and
represents the percentage of macropinosomes that show costaining
with the noted markers. Data for macropinosomes are from
triplicate caverslips representing 50 macropinosomes per coverslip,

. and the error bars represent the standard deviation.

© 2002 Blackwell Science Ltd, Celiular Microbiclogy, 4, 341-355

Brucella-induced macropinocylosis 347

was found to localize around the internalized Bac00 (wild
type) with kinetics of association similar to those observed
for aerolysin-labelled GPl-anchored proteins. In contrast,
colocalization of CTB with Ba604 (AvirB4) was much less
pronounced (Fig. 6E). As was true for aerolysin-labelled
GPl-anchored proteins, if only the subset of bacteria
found in macropinosomes were analysed, 79% of the
macropinosomes were found to have co-internalized CTB
and Bag00 (wild type) {Figs 4D, | and 6G). To probe for
cholesterol known_ to be raft-associated, macrophages
infected with B. abortus were fixed and probed with the
fluorescent cholesterol-binding drug filipin (Mukherjee
et al., 1998). The kinetics of association of cholesterol,
based on this assay, were almost identical 10 those
observed for CTB-labelled GM1-gangliosides colocaliza-
tion (Fig. 6F), with the staining of the vacuoles being
remarkably intense (Figs 4E and 4J). As was true for
aerolysin and CTB, if only Ba600 (wild-type)-bearing
macropinosomes were analysed, colocalization was
abundant, with ciose to 72% of the vacuoles staining with
filipin {Fig. 6G). These results indicated that formation of
the VirB-dependent macropinosome involved a sorting
process that allowed the transient asscciation of lipid
raft-assoclated components with the macropinosomes
harbouring B. abortus,

Cholesterol and GPl-anchored proteins are involved
in VirB-dependent macropinocytosis

Based on the above results, the VirB-dependent delayed
phagocytosis and macropinocytosis would be expected to
be modulated by the lipid raft-associated components.
To explore this possibility, we tested the effect of
phosphatidylinositol phospholipase C (Pi-PLC), a well-
established approach to remove GPl-anchored molecules
from the cell surface, or cholestercl-scavenging {f-
cyclodextrin) or -binding (filipin and nystatin) drug treat-
ment. PI-PLC greatly diminished the uptake of Ba600
(wild type) by bone marrow-derived macrophages as its
concentration was increased (Fig. 7A), and delayed
phagocytosis and macropinocytosis induced by Bag00
{wild type) were also inhibited (Figs 6C, D and 7C, D).
Under the same conditions, non-PI-PLC did not block
the uptake of Ba604 (AvirB4) {Fig. 7A). Similar results
were obtained for cholesterol-scavenging or -binding
drug treatments. Filipin, B-cyclodextrin or nystatin
greatly diminished the uptake of Ba600 (wild type) by
macrophages as their concentration was increased
(Fig. 8A-C). As expected, delayed phagocytosis and
macropinocytosis were also inhibited by p-cyclodextrin
treatment (Figs 8D and E), or filipin and nystatin (data
not shown). However, internalization of Ba600 (wild type)
was not inhibited completely by these drug treatments
(27.4% at 2Uml™ PI-PLC, 28.1% at 5mM B-cyclodextrin,
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Fig. 7. PI-PLC inhibits delayed phagocytosis, macropinocytosis and intracelular replication of B. aborius.
A. Mouse bone marrow-detived macrophages were incubated with the noted concentration of PI-PLC for 1 h, and then BaB00 (wild type) or
Ba604 {AvirB4) were deposited onto the macrophages. After 15 min incubation at 37°C, cells were fixed and scored for internalized bacteria by

fluorescence microscopy.

B. Intracellular replication of B. abortus in bone marrow-derived macrophages, Macrophages in the presence or absence of 2UmlI PI-PLC
were infected with Ba600 (wild type) or Ba604 (AvirB4) as described in Experimental procedures. Data points and error bars represent the
mean CFU of triplicate samples from a typical experiment {performed at least four limes) and their standard deviation.

C and D. Bacteria were deposited onto macrophages in the presence of 2Umi™ PI-PLC and incubated at 37°C for the periods of time
indicated. Uptake {C) or macropinosome formation (D) were quantitated as described (see Experimental procedures). Ong hundred
macrophages were examined per coverslip. Black bars, Bag00 (wild type); open bars, Ba604 (AvirB4). Data are the average of friplicate
samples from three identical experiments, and the error bars represent the standard deviation.

252% at 1pgmi™ filipin, 21.7% at 30pgml™ nystatin
respectively) (Figs 7 and 8).

To determine whether the lipid raft-assoclated com-
ponents play some role in bacterial replication in
bone marrow-derived macrophages, macrophages were
treated with PI-PLC or cholesterol-scavenging or -binding
drugs and then infected with BaB0O (wild type). As
reported previously (Watarai ot al, 2002), Ba600 (wild
type) was able to replicate in macrophages without drug
treatment. In contrast, Ba800 (wild type) failed to replicate

in PI-PLC or cholesterol-scavenging or -binding drug-
treated macrophages (Figs 7B and 8F). Under the same
conditions, these drug treatmenis did not affect the intra-
cellutar growth of BaB04 (AvirB4) (Figs 7B and 8G).

Discussion

In this study, we have shown that the uptake of Brucella
aborius by mouse bone marrow-derived macrophages
was unconventional in terms of both the entry process

'@ 2002 Blackwell Science Lid, Cellufar Microbiology, 4, 341-355
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defayed phagocytosis, macropinocylosis and
intracellular replication of B. aborius. (A-C)
Mouse bone marow-derived macrophages
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concentration of B-cyclodexisin (A), filipin (B)
and nystatin (C} for 15 min, and then Ba600
(wild type) or Ba604 (AvirB4) were deposited
onto the macrophages. Afier 15min
incubation at 37°C, cells were fixed and
scored for internalized bacteria by .
fluorescence microscopy. (D and E} Black
bars, Ba600 (wild type); open bars, Bag04
(AvirB4). Bacteria were deposited onto
macrophages in the presence of 5mM
B-cyclodextrin and incubated at 37°C for the
periods of time indicated. Uptake (D) or
macropinoseme formation (E) were
quantitated as described (see Experimental
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and the morphology of the phagosome. These events
were dependent on the presence of the VirB system. Afier
contact of'macrophages with B. abortus, the bacteria
moved from the bacterial attachment site in a ‘swimming’
motion on the surface of the macrophage. The early
events in phagocyltosis by macrophages, especially the
uptake of immunoglobulin- and complement-coated parti-
cles, are thought to occur by a Zzipper-like interaction
between receptors and ligands. Zipper phagocytosis
gives rise io the sequentia! and circumferential interaction
between competent recepiors on the surface of the
macrophage and complementary ligands on the surface
of the patticle (Griffin et al,, 1975). However, non-zipper

© 2002 Blackwell Science Lid, Celfular Microbiology, 4, 341-355

routes have been shown for microbial uptake into host
cells. The uptake of Legionefia pneumophila, Borrelia
burgdorferiand Leshmania spp. oceurs via coiling phago-
cytosis in which a single pseudopod wraps around the
bacterium {Horwitz, 1984; Rittig ef al., 1998}. In this study,
we have presented data that 8. aborius strains compe-
tent for replicative phagosome formation induce an
uptake process that is morphologically distinct from that.
promoted by straing that have a defective VirB system,
and this is apparently unrelated to zipper phagocytosis or
coiling phagocytesis, This novel swimming internalization
into the target macrophage continued for several minutes
before enciosure within the macropinosome. Consistent
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with this result, internalization of the wild-type strain was
delayed and attained the same levels of internalization
as the mutant strain only after 25 min incubation. With
regards to delayed phagocytosis caused by the presence
of the VirB system, previous work has demonstrated that
internalization of Helicobacter pylori by macrophages
is slower than that observed for other bacteria or non-
pathogenic mutants (Allen et af, 2000). As H. pylori
appears to have a specific system for antagonizing
phagocytosis (Ramarao et al., 2000), the delayed phago-
cytosis may play different roles in the pathogenesis of
these organisms.

Other non-zipper routes of microbial uptake have been
reported, Internalization of Salmonella typhimurium by
mouse bone marrow-derived macrophages is accompa-
nied by macropinosome formation, and the persistence of
these spacious phagosomes correlates with the ability of
the microorganism to survive intracellular killing mecha-
nisms {Alpuche-Aranda et al, 1994). The spacious
phagosomes could dilute toxic compounds, thus allowing
Salmonelia to initially survive. When combined with a
delay in acidification of this phagosome, the bacterium
may create a tolerable intracellular environment (Alpuche-
Aranda et al, 1994). In the case of B. aborius,
macropinosomes were induced transiently and shrank
rapidly, with the majority of vacucles appearing tightly
apposed against the bacterial surface within 20 min after
their initial appearance (Fig. 2B). The swimming inter-
nalization with generalized membrane ruffling and
macropinocytosis was observed within minutes of attach-
ment to bacteria on the surface of the macrophage. Pre-
sumably, effector molecule(s) are translocated via the
VirB system to the target cell during bactérial contact,
initiating the process that leads io formation of the
macropinosome. Opsonization enhanced the macro-
pinosome formation by Increasing affinity between B.
abortus and macrophage, implying that effector mole-
cule(s) were translocated into the target macrophage
more efficiently.

Previous work reported the observation by electron
microscopy of the intracellular transport of B. abortus
and the kinetics of the fusion of phagosomes in J774
macrophage-like cell line with preformed lysosomes
labelled with colloidal gold particles (Arenas ef al., 2000).
in that study, phagosomes containing live B. abortus
delayed fusion with lysosomes, and newly endocytosed
material was not incorporated into these phagosomes. In
this study, we tested the ability of wild-type strain and
AvirB4 mutant to fuse with macropinosomes within bone
marrow-derived macrophages. Consistent with previous
work (Arenas et al., 2000), macropinosomes harbouring
wild-type strain resisted fusion with other macro-
pinosomes in the macrophage. In contrast, phagosomes

harbouring the mutant strain were able to fuse with TRDx
preloaded macropinosomes after intermalization. We also
tested the ability of wild-type strain and AvirB4 mutant to
target properly within macrophages. Bacierial phago-
somes were scored for acquisition of the lysosomal gly-
coprotein LAMP-1, an abundant transmembrane protein
found predominantly in late endosomes and lysosomes
(Harter and Mellman, 1992; Chen et al, 1988). Qur
resuits, together with previous evidence, indicate that
B. -abortus prevenis phagosome-lyscsome fusion after
uptake by macrophages. in addition, more than 90% of
the macropinosomes harbouring wild-type strain failed
to colocalize with LAMP-1 in macrophages. These
results led us to hypothesize that the formation of the
VirB-dependent macropinosome involves a membrane
sorting process.

As observed previously, aerolysin from A. hydrophila,
which binds to GPl-anchored proteins on the cell surface
(Abrami ef al., 1998; Wang et a/., 1999), affected to the
replicative phagosomes harbouring B. abortus (Pizarro-
Cerda et al, 1998a). Treatment of infected cells with
aerolysin caused vacuolation of the bacterial replication
compartment in HeLa cells. We consistently found that
aerolysin-labelled GPl-anchored proteins and CD48 are
incorporated into macropinosomes harbouring the wild-
type strain. We also found that lipid raft-associated com-
ponents such as cholestercl and GM1 gangliosides were
incorporated into macropinosomes harbouring B. abortus,
Thus, formation of the B. abortus macropinosome may
involve selective retention of plasma membrane proteins
and exclusion of others. it has been reported that GPI-
anchored proteins were included into apicomplexan
Toxoplasma gondii and Plasmodium falciparum vacuoles
{Mordue et al, 1999; Lauer et al., 2000). A similar process
of selective lipid recruitment has been described during
influenza viral budding from mammalian cells {Scheiffele
et al, 1999). In addition, Gatfield and Pisters (2000)
reporied that cholesterol was essential for uptake of
Mycobacterium bovis by macrophages. Cholesterol accu-
mulated at the site of M. bovis entry and depleting plasma
membrane cholesterol specifically inhibited M. bovis
upltake, and M. bovis displayed a high binding capacity for
cholesterol. A recent study showed that more than 140
proteins associated with latex bead-containing phago-
somes using a proteomic approach and lipid rafts
enriched fiotillin-1 also presented on phagosomes (Garin
et al,, 2001). The intracellular parasite Leshmania dono-
vani can actively inhibit the acquisition of flotillin-1-
enriched lipid rafts by phagosomes and the maturation of
these organelles (Dermine et al, 2001). As lipid rafts are
thought to be involved in signalling pathways in immune
cells (Cherukuri et al, 2001), it has been argued that raft-
associated uptake processes may lead micoorganisms
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into compartments that avoid fusion with the lysosomal
network (Shin and Abraham, 2001). Indeed, macropinocy-
tosis induced by B. abortus was inhibited by molecules
that sequester cholesterol and PI-PLC, which removed
GPl-anchored proieins from the macrophage surface. On
the other hand, 21-28% of internalized B. abortus cells
were observed under these drug treatments, but the
internalized bacteria were not able to replicate in the
macrophages. We consistently found that approximately
156% of internalized bacteria target improperly into a
LAMP-1 positive compartment. These results suggest
that there are other uptake pathways of B. aborus
by macrophages, but replicative phagosome formation
is necessary for the uptake pathway of VirB system-
dependent macropinocytosis.

Both macropinosome formation and delayed phagooy-
fosis rates, observed in this study, were documented
recently with Legionefla pneumophila, and macro-
pinosomes harbouring L. pneumophila included in the
lipid rafts-associated macromolecutes (Watarai et al,
2001a). Legionella pneumophila has the ability to modu-
late trafficking of the phagosomes in which they reside
{Vogel and Isberg, 1999). Legionella pneumophila resides
in a phagosome that restricts its fusion with host endo-
somes and lysosomes (Horwitz, 1983) and the intracel-
lular fate of L. prieurnophila is determined by the type IV
transport system, Dot/icm apparatis {Christie and Vogel,
2000). On the other hand, B. abortus contains the type 1V
transport system, VirB apparatus (Sieira el al, 2000).
Although the Dot/lem system of L. pneumophila is un-
related to the VirB system of B. aborius from the DNA
sequence data, it is thought that there are similarities
between the internalization strategies of B. abortus and
L. pneumaophila from the functional similarities between
Dotllem and VirB systems (Christie and Vogel, 2000).
Therefore, we concluded that B. abortus altered the
plasma membrane into a specialized organelle permis-
sive for bacteriat growth through the specific action of the
VirB system during swimming on the macrophage surface
with generalized membrane ruffling. Subsequently, macro-
pinosomes were formed ftransiently with the selective
incorporation of lipid raft-associated components, and
replicative phagosomes were established.

Qur findings provide a plausible explanation for the
intracellular growth of B. abortus in macrophages.
However, an effector molecule(s), which would be translo-
cated into the target macrophage through the bacterial
membrane via VirB system, remains unknown. The
putative effector molecules or components of the VirB
system may initially interact directly or indirectly with
lipid raft-associated molecules after contact of macro-
phages with 8. aborius. This possibility warrants further
investigation.
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Experimental Procedures
Regents

TRITC-dextran of molecular weight 155 000 (TRDx), filipin, phos-
phatidytinositol phospholipase € {PI-PLC), cycloheximide were
obtained from Sigma (St Louis, MO). Nystatin and B-cyclodextrin
were oblained from Wako Pure Chemical industries (Tokyo,
Japan). Cholera toxin B subunit (CTB)-bigtin conjugate was
obtained from List Biological Laboratories (Campbeil, CA). Alexa
Fluor 594-phalloidin, Alexa Fluor 534-streptavidin, Cascade blue-
goat anti-rabbit 1gG, Texas red-goat anti-rat IgG were obtained
from Molecular Probes (Eugene, CR). Rhodamine-goat anti-
rabbit IgG was obtained from ICN Phamaceuticals (Aurora, OH).
Anti-B. abortus polyclonal rabbit serum was described previously
(Watarai et al, 2002). Anti-LAMP-1 raf monocional antibody
1D48 was obtained from the Developmental Studies Hybridoma
Bank of the Department of Pharmacology and Molecular Sci-
ences, Johns Hopkins University School of Medicine, Baltimore,
MD, and the Department of Biology, University of lowa, lowa City,
|A. Anti-mouse CD44 rat monoclonal antibody KM201 was
obtained from Southem Biotechnology Associates (Birmingham,
AL}. Anti-mouse CD48 rat monoclonal antibody MRC OX-78 was
obtained from Serotech (Oxford, UK).

Bacterial strains and media

All B. abortus derivatives were from 544 {(ATCC23448), smooth
virulent B. abortus biovar 1 strains. Ba588 (544 AvirB4) has been
described previcusly (Walarai et al, 2002). Brucella abortus
strains were maintained as frozen glycerol stocks and were
cultured on Brucella broth (Becton Dickinson, Cockeysville, MD)
or Brucella broth containing 15% agar. Kanamycin was used at
40 pgmi=,

The plasmid pMAW114 encoding green fluorescence protein
(GFP) was constructed by cloning the BamHl-Bgh fragment
from pQBI&3 (GFP expression vector; TAKARA, Tokyo, Japan)
into BamHl and Bgll-cleaved pBBR1MCS-2 (Kovach et al,
1995). 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,

Celf culture

Bone marrow-derived macrophages from female BALB/c mice
were prepared as described (Watarai et al., 2001b). After cultur-
ing in L-cell conditioned medium, the macrophages were replated
tor use by lifting cells in phosphate-bufiered saline (PBS) on ice
for 5-10min, harvesting cells by centrifugation, and resuspend-
ing cells in RPMI 1640 containing 10% fetal bovine serum. The
macrophages were seeded (2-3x 10° per well) in 24-well tissue
culture plates for all assays,

Time lapse video microscopy

Bone marrow-derived macrophages were plated in Laboratory-
Tek Chambered coverglass (Nalge Nunc, Naperville, IL) and
incubated cvernight in RPMI 1640 containing 10% FBS at 37°C
in 5% CO,. Bacteria (2x10°mi™) were added to the chamber,
which was then placed on a heated microscope stage and set to
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37°C tor observation, using an Qlympus IX70 inverted phase
microscope with 100x UPlanApo lens fitted with phase-conirast
optics. The bacteria were allowed to pellet passively onto the
macrophages, and images were captured over a 30 min period.
If further observations were desired, new samples were prepared
and the procedure was initiated again,

To capture images, the lens was focused on the upper surface
of the macrophage. When bacteria began to appear within the
focal plane of the image, the irnages were captured every s
using a cooled CCD camera (CoolSNAP; Roper Scientific,
Trenton, NJ), and processed using Openlab software (improvi-
sion, Lexington, MA) on a Power Macintosh G4 computer.

F-actin slalning

Bacteria were deposited onto the macrophages by centrifugation
at 150 g for 5 min at room temperature and were then incubated
at 37°C for 5 min. Infected macrophages were fixed in periodate-
lysing-paraformaldehyde (PLP) (Mclean and Nakane, 1974)
containing 5% sucrose for 1h at 37°C. Samples were washed
three times in PBS and wells were successively incubated three
times for 5 min in blocking buffer (2% goat serum in PBS) at room
temperature. Samples were slained with anti-B. abortus poly-
clonal rabbit serum diluted 1:1000 in blocking buffer to identiy
extracellular bacteria, After incubating for 1 h at 37°C, samples
were washed three times for 5min with blocking buffer, stained
with Cascade blue-conjugated goat anti-rabbit 1gG diluted 1:500
in blocking buffer, and incubated for 1 h at 37°C. Then, samples
were permeabilized in 0.1% Triton X-100, washed three times
with PBS and incubated with Alexa Fluor 594-phalloidin for
30min at 37°C. After three washes with PBS, samples were
placed in mounting medium (90% glycerol containing 1 mg mi™
phenyienediamene in PBS, pH9.0) and visualized by fluores-
cence microscopy.

Detection of intracellular bacteria and macropinosome
formation by fluorescence microscopy

Brucella abortus strains were grown to Age = 3.2 in Brugcella broth
and used to infect mouse bone marrow-derived macrophages for
various lengths of time at an indicated multiplicity of infection
{MDY}. Bacteria in 2501 of RPMI 1640 containing 1mgmi™ of
TRDx were deposited onto the macrophages by centrifugation at
150 g for 5 min at room temperature, and were then incubated at
37°C, for 0 {no incubation}, 5, 15, 25 and 35min. Infected cells
were fixed in PLP-sucrose for 1 h at 37°C and stained for extra-
cellular bacteria as described above. Samples were washed
three times and placed in mounting medium. One hundred
macrophages were examined per coverslip to determine the
total number of intracetlular bacteria, macropinoseme formation
and the total number of bacteria within macropinsome,
Macropinosome were defined as TRDx-labelled phagosomes in
which detectable TRDx surrounding the bacteria was observed
by fluorescence micrescopy.

Opsonization

Bacteria (2-3x10"ml™") were opsonized by incubation in PBS
containing a 1:1000 dilution of anti-B. abortus polyclonal rabbil

serum for 30min at room temperature. Bacteria were washed
twice with PBS before addition to macrophages. This opsoniza-
tion procedure resulted in a greater than 10-fold enhancement in
the amount of interalized bacteria for all strains observed.

Determination of efficiency of bacterial uptake by
cultured macrophages

To determine the uptake of bacteria, mouse bone marrow-
derived macrophages were infected with B. abortus as described
in the previous section. After 0, 5, 15, 26 and 35 min incubation
at 37°C, macrophages were washed once with medium and
incubated with 30ugmi™ gemamicin for 30min. Macrophages
were then washed three times with fresh medium and lysed with
distilled water. Colony-forming units (CFLI) were determined by
serial dilutions on Brucella plates. Percentage protection was
determined by dividing the number of bacteria surviving the
assay by the number of bacteria in the infectious inoculum, as
determined by viable counts.

Determination of efficiency of intracellufar growth of
bacteria

Bacteria were deposited onto macrophages at a multiplicity of
infection (MOI) of 20 by centrifugation at 150 g for 5 min at reom
temperature, and were then incubated at 37°C in 5% CO, for
1 h. The macrophages were then washed once with mediurn and
incubated with 30 ugmi~' gentamicin, At different time points,
cells were washed and lysed with distilled water, and the number
of bacteria was counted on plates of a suitable dilution.

Production and purification of aerolysin

Aerolysin was purified as described previously (Fujii ef al, 1998;
Nomura et al., 1899). The stock cutture of Aeromonas hydrophila
was grown ovemight at 37°C in 5ml of LB broth. The cells were
collected by centrifugation and suspended in 5 ml of minimal salt
medium containing 10 mM nitrilotriacetic acid {protease inhibitor;
Tokyo Kasei, Tokyo, Japan) (Kozaki et al, 1989), The suspen-
sion was transferred to 11 of fresh minimal salt medium, followed
by incubation for 48 h at 30°C without shaking. After cultivation,
the cells in the medium were removed by centrifugation. The pH
of the culture supernatant was adjusted to 4.0 with 2N HCI. Six
grams of SP-Sephadex C-25 (Pharmacia, Uppsala, Sweden),
which was swollen and equilibrated with 10 mM citrate buffer (pH
5.0), were added 1o the culture supernatant. After gentle mixing
at room temperature for 1 h, the gel was packed into a column.
The column was washed with the citrate buffer to remove non-
adsorhed materials, and adsorbed materials were eluted with a
linear gradient of 0-0.3M NaCl in the same buffer. The fractions
containing the aerolysin were collected and concentrated under
vacuum, The concentrated solution was loaded onto a column of
pheny! sepharose {Pharmacia} equilibrated with 10 mM phos-
phate buffer (pH7.2) containing 5mM EDTA and 2.5 mM EGTA.
Nen-adsorbed materials were washed out with the same buffer,
and materials adsorbed to the column were eluted with a linear
gradient of 0-50% ethylene glycol in the same buffer. Binding
activity of aerclysin to GPl-anchored proteins was checked by
using Intestine 407 cells, as described previously (Wang et al.,
1999).
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Anti-aerolysin rabbit polyclonal serum was prepared as
follows. Aliquots of 200 ug of the purified aerolysin were emulsi-
fied with complete Freund's adjuvant, and the emulsion was
injecled into the femoral muscle of a rabbit. At 2week intervals,
the same amaount of purified aerolysin emulsified with incomplete
Freund's adjuvant was also injected as booslers. Antiserum was
obtained 2 weeks after the final injection. Sera were tested by
Western blotting and stored at = 80°C until use.

LAMP-1 staining

Infected macrophages were fixed in PLP-sucrose for 1h at 37°C
and slained for extracellufar bacteria as described above. All
antibody-probing steps were for 1h at 37°C. Samples were
washed three times in PBS for 5min and then permeabilized at
—20°C in methano! for 10s. After incubating three times for 5min
with blocking buffer, samples were stained with anti-LAMP-1 rat
monoclonal antibody 1D4B diluted 1:100 in blocking buffer
(Swanson and Isberg, 1996). After washing three times for 5 min
in blocking buffer, samples were stained simultaneously with
Texas red-goat antirat 19G. Samples were placed in mounting
medium and visualized by flucrescence microscopy. Intracellular
bacteria were detected hy GFP fluorescence and absence of
staining with Cascade blue.

Colocalization of proteins with macropinosomes

To detect localization of GM1 gangliosides in macropinosomes,
macrophage monolayers were incubated for 5min with biotin-
CTB (10ugmi™), rinsed three times in RPMI and incubated with
either BaG00 (wild type) and Ba604 (AvirB4) for the indicated time
periods at 37°C {Mordue et al,, 1998). The cells were washed
once, fixed in PLP-sucrose and probed for extracellular bacteria,
as above, before permeabilization in 0.05% saponin for 10 min
at room temperature, After three washes with PBS and incuba-
tion in blocking buffer, the biotin-CTB. was detected with Alexa
Fluor 594-streptavidin (1:500 in blocking buffer). To detect gly-
* cosylphosphatidylinositol (GPI) linkages, samples fixed as above
were permeabilized in methanot at ~20°C for 10s and probed
with purified aerclysin (2.5ugml™) for 1h at 37°C. Antibody-
probing steps of aerolysin {1:1000), CD44 {1:100} and CD48
(1:25) were the same as in the previous section, To detect cho-
lesterol, samples fixed as above were incubated in fluorescent
cholesterol-binding drug filipin {50 mgmi*') for 2h at room tem-
perature (Mukherjee et al, 1998). Extracellular bacteria were
detected as above.

Drug treatment

PI-PLC treatment was perdformed in accordance with (Abrami et
al. (1998). Briefly, mouse bone marrow-derived macrophages
were incubated with RPMI1640 containing 10pugmi™ cyclo-
heximide and PI-PLC at various concentrations for 1h at 37°C.
After washing with medium containing cyclcheximide, the
macrophages were infected with bacteria as described in the
previous section.

Mouse bone marrow-derived macrophages were exposed to
B-cyclodextrin, filipin and nystatin at various concentrations for
15 min at 37°C. Macrophages were then infected with bacteria
as described in the previous section.
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Effect of the Lower Molecular Capsule Released from the Cell Surface
of Bacillus anthracis on the Pathogenesis of Anthrax
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Bacillus anthracis enters the body as an endospore, and encapsulation and toxin production
occur after germination. Capsule is proposed to be an antiphagocytic factor, and toxin induces
cytokine production for systemic shock. The dep gene, adjacent to the cap region for the
encapsulation, degrades the high-molecular weight capsule (H-capsule) to the lower-
molecular weight capsule (L-capsule}), which releases into the culture supernatant. This study
analyzed the biological function of the cap-dep region. The dep null mutant Sm-1, which
formed H-capsule but not L-capsule, was avirulent, However, Sm-1 with an intact dep gene
or with purified L-capsule recovered its pathogenicity, Sm-1 was subjected to phagocytosis
by macrophages more easily than its parent strain, Sm, in vitro; in vivo, it cleared without
L-capsule and grew well with L-capsule, which suggests that L-capsule is essential for in vivo
multiplication. Moreover, a new name, capD, might be appropriate, because of the part of
the cap operon involved in both polymerization and depolymerization of the capsule.

Bacillus anthracis causes anthrax, a disease of domestic and
wild animals. Humans can also become infected through con-
tact with diseased animals. It is well established that B. anthracis
has 2 major virulence factors, a capsule composed of a homo-
polymer of D-glutamic acid and a tripartite protein exotoxin
consisting of protective antigen, edema factor, and lethal factor
[1-4]. The toxin and capsule are encoded by separate plasmids
having molecular masses of 110 and 60 mDa, respectively [5-7].

Anthrax is initiated by introduction into the body of B. an-
thracis endospores [8], which then efficiently and rapidly undergo
phagocytosis [9]. After spore germination and multiplication
within macrophages, vegetative bacilli kill the macrophages and
are released into the bloodstream where they replicate extracel-
lularly and reach high numbers [8]. Finally, the systemic form of
anthrax, which is nearly always fatal, may be generated [10—12).

The vegetative bacilli respond to host signals of body tem-
perature and CO, levels, resulting in transcriptional activation
of capsule and toxin genes. This activation, detected when cells
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were grown in media containing elevated bicarbonate in vitro
[13-17], involves 2 genes, atxA for toxin production and acpA
for encapsulation, which are located on the 110- and 60-mDa
plasmids, respectively [7, 18-20]. Moreover, it was reported that
the arx4 gene also positively regulated encapsulation {17],
which means that both virulence factors were expressed co-
operatively in vivo,

The vegetative bacilli produce toxin, which induces high-level
production of cytokines, mainly interleukin-1, resulting in sys-
temic shock and death [12]. On the other hand, encapsulation
has been proposed to inhibit host defense through macrophage-
induced inhibition of phagocytosis of the vegetative bacilli.

Although the cap region containing capd, capB, and capC
on a 60-mDa plasmid is essential for encapsulation [16], we
have reported an additional gene, dep [21]. The dep gene prod-
uct degraded the high-molecular weight capsule (H-capsule) of
>100 kDa, which is first polymerized on the bacterial cell sur-
face in vivo, to the lower-molecular weight capsule (L-capsule)
of <14 kDa, resulting in the release of capsule from the bacterial
cell surface into the culture supernatant. Although the biolog-
ical function of the dep gene is unknown, it has been proposed
that the depolymerization process may be an essential host
defense mechanism. The cap-dep gene cluster may be coex-
pressed in vivo, which suggests that the depolymerization is an
essential process in the pathogenesis of anthrax, especially the
extracellular growth of B. anthracis. In this study, we analyzed
the biological function of the cap-dep region by examining the
expression of these genes and by experimentally infecting mice
with the dep null mutant, to investigate the escape mechanisms
of B. anthracis from host defense mechanisms.
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Materials and Methods

Bacterial strains and plasmid.  B. anthracis Sm, a spontaneous
streptomycin-resistant strain of the Pasteur IT strain carrying cap-
sule and toxin plasmids {21], was used as the parent strain in this
study. Also used were Sm-1, a dep null mutant of Sm; Sm-2, which
is Sm-1 carrying pDEPI0, a plastnid with an intact dep gene [21]
that was constructed in pHY300PLK (Takara); and Sm-3, a cap-
sule-negative mutant (cap mutant} of Sm.

Isolation of L-capsule.  L-capsule was purified from bacterial
culture supernatant, as described elsewhere [17, 21, In brief, B.
anthracis strain Sm was grown without shaking in 200 mL of NBY
broth [5] containing 0.8% NaHCO, for 24 h at 37°C in an atmo-
sphere containing 20% CQ,. After centrifugation, the supernatant
was fiitered through a 0.45-mm filter to remove bacterial cells,
followed by the addition of 3 vol of ethanol. After centrifugation,
the precipitate was resuspended in sterile distilled water, and the
ethanol precipitation was repeated 3 times. The final precipitate
was suspended in 1 mL of sterile PBS, autoclaved for 30 min at
121°C to destroy enzymatic activities in the suspension, and then
used as capsular substance for further experiments. At the same
time, the precipitate was hydrolyzed by heating for 120 min at
[10°C in 2 N HCI, followed by dialysis. For some experiments,
100 pL of DNase (1 mg/mL; Pharmacia) or 10 pL of RNase (10
mg/mL; Sigma) was added to 100 pg of the capsular substance,
followed by incubation for 60 min at 37°C, autoclaving for 30 min
to destroy enzyme activity, and dialysis against sterile PBS over-
night. In some cases, L-capsule was pretreated with 100 uL of fresh
normal mice serum for 30 min at 37°C before infection, and the
mixture was used for the infection experiments. As the control,
heat-inactivated serum also was used.

Infection experiments. Female 6-week-old ICR mice (CLEA Ja-
pan) were used for infection experiments. Bacterial cells were grown
in Luria broth for 16 h at 37°C with shaking, and ~10° cells were
injected intraperitoneally into mice (# = 15 mice). At 6 and 24 h
postinfection, 2 mL of sterile PBS was intraperitoneally injected into
the abdominal cavities of all infected mice, followed by thorocugh
mixing, and each 0.2 mL of the abdominal wash was collected, by
use of a 1.0-mL syringe, for microscopic and microbiologic detection
of B arthracis cells in the samples. Simuitaneously, at 24 h postin-
fection, 5 mice were killed, spleen and liver were removed and were
homogenized in 1.0 mL of PBS per 108 mg of organ, and each 100
1L of the suspension was spread on Luria agar plates. The remaining
10 mice were observed for 14 days.

Infection assay of macrophage.  Bone marrow—derived mac-
rophages from female BALB/c mice (CLEA Japan)} were prepared
as described elsewhere [22). After culturing in L cell-conditioned
medium [22], the macrophages were replated for use by lifting cells
in PBS onto ice for 5-1¢ min, harvesting cells by centrifugation,
and resuspending cells in RPMI 1640 medium (Sigma) containing
10% fetal bovine serum (Sigma). The macrophages were seeded
(2-3 X 10° cells/well) in 24-well tissue culture plates. B. anthracis
strains were grown to A, = 1.2 in Luria broth and were used to
infect macrophages at an MOI of 20. Phagocytosis was allowed to
proceed for 2 h at 37°C in an atmosphere containing 5% CO,. After
3 washings with PBS, the culture medium was replaced with RPMI
1640 medium containing 30 pg/mL of gentamicin, and then the
cells were incubated to eliminate noninternalized bacteria for 1 h

JID 2002;186 (15 July)

at 37°C. Infected cells were fixed in 4.0% paraformaldehyde for 30
min at room temperature, after which samples were permeabilized
in 0.1% Triton X-100 for 30 min at room temperature. Samples
were washed 3 times in PBS and were incubated with anti-B. an-
thracis polyclonal rabbit serum diluted 1:500 in blocking buffer
(2% goat serum in PBS} for 1 h at 37°C. Samples then were washed
3 times for 5 min with blocking buffer and were incubated for !
h at 37°C with fluorescein isothiocyanate—conjugated goat
anti-rabbit IgG (Sigma) diluted 1:500 in blocking buffer. Samples
were washed 3 times and mounted in mounting mediuom (90% glyc-
ercl containing | mg/mL phenylenediamine in PBS). The specimens
were analyzed by using a fluorescence microscope (Olympus), and
images were collected by using a cooled slow-scan CCD camera
(Coolsnap; Photometrics) and were processed by using Coolsnap
imaging software.

Northern hybridization.  Total RNA was purified from B. an-
thracis, as described elsewhere [23]. Each 8 ug of purified RNA
samples was electrophoresed in 1.0% agarose gels containing 3-(N-
morpholine) propane sulfonic acid buffer and formaldehyde, fol-
lowed by transfer to nylon membranes for northern hybridization
using DNA probes labeled with [*2P] v-dTP (Amersham),

Results

Virulence of the dep null mutant. A dep null mutant, Sm-
1, formed H-capsule on its surface at the same level as the
parent strain, Sm, but no L-capsule was detected in culture
supernatant [21]. To study the biological significance of L-cap-
sule, the pathogenicity of Sm-1 for mice was tested. All mice
infected with Sm and Sm-2 (Sm-1 carrying an intact dep gene
[21]) died within 14 days (mean times, 1.7 and 2.0 days, re-
spectively), whereas all mice infected with Sm-1 survived for
14 days. In addition, at 6 and 24 h postinfection, B. anthracis
cells were microscopically and microbiologically detected in the
abdominal washings from all mice infected with Sm and Sm-
2 but not in those from any mice infected with Sm-1 (table 1).
At 24 h postinfection, B. anthracis was also recovered from
spleen and liver of all mice infected with Sm and Sm-2 but not
from those of mice infected with Sm-1 (table 1), These data
show that the dep mutant was immediately and corapletely
eliminated in the abdominal cavity but that the parent strain
could grow explosively in mice, leading to sepsis. Simulta-
neously, the dep mutant produced toxin at the same level as
the parent strain when analyzed by Western blot, using anti-
serum raised against protective antigen (figure 1). These results
show that the dep null mutant is avirulent and that the dep
gene is essential for the virulence of B. anthracis in mice.

Role of L-capsule against host defense mechanisms.  Since
the dep gene was essential for the degradation of H-capsule to
L-capsule [21], L-capsule might be associated with the patho-
genicity of B. anthracis. Thus, 10 pg of L-capsule, purified from
the culture supernatant of the parent strain, was mixed with
10% cells of the dep mutant just before intraperitoneal injection
into mice. At 6 and 24 h postinfection, B. anthracis cells were
microscopically and microbiologically detected in abdominal
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Table 1.  Virulence of Bacillus anthracis for mice.
Culture supernatant Mice
No. of Bacterial dBaCte.n alh
: . . . etection

survivors Mean time  isolation 7
B. anthracis after 14 days 1o death, after 24 h  After  After
strain Added Origin Pretreatment n = 10) days n=5 6h 24 h
Sm No — ND 0 1.7 + + +
Sm-1 No — ND 10 — - - -
Sm-2 No — ND 0 2.0 + + +
Sm-1 Yes Sm (Lcapsule) ND 1 31 + + +
Sm-1 Yes Sm-1 ND 10 — - - -
Sm-1 Yes Sm {L-capsule)  HCI heating 10 — - - -
Sm-1 Yes Sm (L-capsule) DNase or RNase 1 s + + +
Sm-1 Yes Sm {Lcapsule) Normal serum 9 1.0 +° - -
Sm-i Yes Sm (L-capsule}  Heat-inactivated serum 2 3.5 + -
— Yes Sm (L-capsule) ND 10 — - - -

NOTE. Bacterial cell detection was done intraperitoneally. —, Unknown; ND, not done.

* +, All cultares yielded confluent growth of B. anthracis; —, no colonies were formed on the plates.
® .+, B. anthracis cells were observed microscopically in macrephages from all mice; —, B. anthracis cells were not observed in

macrophages from all mice.

€ B. anthracis cells were isolated from only 1 mouse, which died at | day postinfection.

washings from all mice (table 1). In addition, 9 of the 10 mice
infected with the mixture died within 14 days (mean time, 3.1
days), and confluent growth of B. anthracis was detected in the
organs of all mice at 24 h postinfection (table 1). To avoid the
possibility that DNA uptake [24] might be responsible for the
complementation observed, 10 ug of L-capsule pretreated with
DNase or RNase was mixed with Sm-1 for the infection ex-
periments, but the results were almost the same as those with
untreated capsule (table 1). However, when L-capsule was hy-

drolyzed by heating in 2 ¥ HC], no bacteria were isolated from

the mice (table 1). In addition, mice receiving only L-capsule
survived, and no bacterial celis were detected in the organs; the
concentrate purified from the culture supernatant of the cap-
sule-negative mutant, Sm-3, also could not complement (table
1), showing that L-capsule inhibited the immediate elimination
of the dep mutant in vivo. Therefore, we concluded that L-
capsule exogenously complemented the loss of pathogenicity of
Sm-1 for mice and that the production of L-capsule was es-
sential for the pathogenicity of B. anthracis. However, when
Sm-] was mixed with L-capsule prereacted with heat-inacti-
vated normal mouse serum at 37°C for 30 min before infection
of mice, it regained its infectivity, but when the capsule was
prereacted with fresh normal mouse serum, its infectivity was
lost (table 1).

dep Mutant increased uptake by macrophages.  On the basis
of the observation described above, we reasoned that surface-
exposed capsule might be involved in bacterial uptake by mac-
rophages. To determine the rate of internalization, B. anthracis
was added to macrophage monolayers. The number of intra-
cellular bacteria was then determined by immunostaining after
a 3-h infection (figure 24-2C). For the parent strain, 75% of
the infected macrophages contained only 1-5 bacteria (figure
26). For the dep mutant, nearly 60% of the infected macro-
phages contained >15 bacteria; only rarely did a macrophage

contain a single bacterium (figure 2G). To determine the effi-
ciency of infection, we also scored the number of infected mac-
rophages, per 300, that contained >1 bacterium. The number
of macrophages infected by the dep mutant was close to 2 times
greater than that infected by the parent strain {data not shown).
However, when the dep mutant was mixed with L-capsule and
infected macrophages, the efficiency of infection by the mixture
was almost the same as that of infection by the dep mutant
{figure 2C and 2G). These results indicated that the dep phe-
notype of B. anthracis would be involved in uptake by mac-
rophages but that L-capsule could not inhibit uptake by mac-
rophages in vitro. .

Molecular analysis of the cap-dep region.  As described else-
where, capB, capC, and capA in the cap region and dep were
transcribed in the same orientation, with spacing between the
genes of only 10-30 bp [18, 25], which suggests that the cap-dep
region may constitute a single transcriptional unit (figure 3.4).
In this case, the expression of dep should be induced in the pres-

Figure 1. Western blot analysis using antiserum raised against pro-
tective antigen (PA). Lane 1, Bacillus anthracis Sm; lane 2, B. anthracis
Sm-1; Jane 3, purified PA. Bacterial cells were grown on NBY agar
plates [5] for 24 h at 37°C in an atmosphere containing 20% CO,, and
identical bacterial cell nos. were wsed for the experiments. Molecular
marker position (kDa) is shown (upper left), and PA protein is indicated
{arrow).
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Figure 2.

Imnmunofluorescence staining and phenotype of internalized Bacitlus anthracis, Wild-type B. anthracis (4 and D) or dep mutant (8

and E) or dep mutant with L-capsule bacteria (C and F} were allowed to infect bone marrow-derived macrophages for 3 h, and then macrophages
were stained for bacteria with anti-B. anthracis antibody and were observed by use of a fluorescence (4-C) or a phase contrast (D-F) microscope.
G, Mouse bone marrow—derived macrophages incubated for 3 h with wild-type bacteria, dep mutant bacteria, cap mutant bacteria, or dep mutant
bacteria with L-capsule and incubated, fixed, and stained with anti-B. anthracis antibody. Infected macrophages were located, and no. of intact
bacteria per macrophage was determined. Data are mean + SD of triplicate samples from 3 identical experiments (total, 9 coverslips) in which
100 infected macrophages were scored per experiment. Bacteria/macrophage, vield of bacteria in an individual macrophage. Percentage of infected
macrophages, fraction of 100 infected macrophages that contained the indicated no. of bacteria. Original magnification, <1000,

ence of 5%—20% CQ,, together with that of the eap region [25].
Northern hybridization was performed with probes specific for
the 4 genes (figure 34). When RNA was prepared from B. an-
thracis Sm grown in 20% CO,, all 4 probes hybridized with a
transcript of ~6 kb (figure 3B). However, no hybridization was
observed with RNA from cells grown in a normal atmosphere
{figure 3B). We concluded that the cap-dep region constitutes a
single operon whose expression depends on CO, concentration,
which suggests that these 4 genes might be coexpressed in vivo.

Discussion

After germination, B. anthracis endospores change to vege-
tative forms, which express toxin and capsule genes and even-
tually, following extracellular growth, cause lethal damage of

host cells. Although the germination process and the mode of
action of anthrax toxins have been well characterized [26, 27),
the mechanisms involved in escaping host defenses during ex-
tracellular growth remain undefined. It has been proposed that
the capsule of B. anthracis protects the bacteria from comple-
ment activation and phagocyte-mediated killing, in 2 manner
similar to that seen in other capsulated pathogenic bacteria {25].
In this study, we demonstrated that the L-capsule, which re-
sulted from degradation of the H-capsule by the dep gene prod-
uct and was released from the bacterial cell surface, played an
essential role in mediating escape from host defenses, because
a dep mutant formed normal capsule around its surface but
lost pathogenicity for mice (table 1). In fact, when the dep
mutant was premixed with L-capsule, its virulence for mice was
restored. However, although the parent strain was rarely up-
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3 Probe capA

capB

Figure 3.

capA dep (capD)

PiobeD

Physical map (4} and Northern hybridization analysis (B) of cap-dep region. Two promoters, P1 and P2, were reported earlier [16].

The 4 DNA probes indicated were constructed with appropriate restriction enzymes (4), The transcript {~6 kb) that hybridized with all 4 probes
is indicated (arrowheads; B). RNA samples were isolated from Bacillus anthracis Sm broth culture in normal atmosphere (—) or under 20% CO,
(+), and each 8 ug of the samples was electrophoresed in 1.0% agarose gel. The positions of 235 and 165 rRNA are indicated (Jft). Although
faint bands hybridized with each probe were detected in the lanes at the positions of 238 and 168 rRNA, they were thought to be degraded

mRNA of the ~6 kb transcript.

taken by macrophages, the dep mutant was efficiently uptaken
even if the L-capsule was endogenously mixed in vitro. There-
fore, we concluded that the antiphagocytic factor in B. anthracis
was not the capsule formation but rather was the production
of L-capsule in vivo. In addition, the dep mutant mixed with
L-capsule prereacted with heat-inactivated normal mouse se-
rum regained infectivity for mice, but its infectivity was lost
with the capsule prereacted with fresh normal mouse serum
(table 1). The capsule of B. anthracis thus appears to confer
complement resistance during the extracellular growth of veg-
etative bacilli, and L-capsule released from the cell surface
might act as a decoy to protect bacterial cells from complement.
This finding, to our knowledge, would be the first report of a
novel escape mechanism of bacteria from the host defense sys-
tern. However, since the loss of the infectivity with normal se-
rum was not complete (table 1), L-capsule might have addi-
tional unknown functions against the host defense system.
Five stages of the systemic anthrax infectious cycle have been
proposed [8-12, 23, 28]. At the immediate-early stage, bacterial
endospores invade the body and undergo rapidly phagocytosis
by macrophages, followed by germination and release into the
bloodstream. At the middle stage, bacterial cells explosively

grow in the bloodstream as extracellular pathogens and actively
express virulence factors, followed by stimulation of cytokine
production by macrophages and induction of the lethal shock
to host cells at the late stage. At the early and middle stages,
it is probably too difficult to diagnose anthrax infection. We
showed here that B. anthracis vegetative forms grow extracel-
lularly and polymerize H-capsule on their surfaces but simul-
taneously and successively degrade it to L-capsule, which is
then released from the cell surface to act as a decoy against the
host defense system. Consequently, L-capsule would be essen-
tial for the explosive multiplication of B. anthracisin vivo. Since
no antibiotic therapies would be effective at the late stage of
anthrax, the inhibition of the explosive multiplication by re-
moving the I-capsule from the body might be the most effective
therapy. Recently, 2 new discoveries lay the groundwork for
drugs that could disable the toxin and, along with antibiotics,
save lives; the cloning of the human PA receptor, using a genetic
complementation approach [29], and the identification of the
crystal structure of lethal factor [30]. In addition, the isolation
of a synthetic peptide that blocks the action of anthrax toxin
in an animal model was reported [31]. In the laboratory, a
synthetic version of this receptor or a synthetic peptide might
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mop up the poison and protect cells and then might serve as
a decoy. When our future trials can incorporate these findings,
a useful therapeutic ally against clinical anthrax may be found.

Two promoters, P1 and P2, were identified upstream of cap B
and were activated by high concentrations of CO, (figure 3B)
[17]. We showed here that the dep and cap genes contained a
single transcriptional unit of ~6 kb that was induced by CO,,
similar to that shown for P1 and P2. The acp4 gene, which is
a positive regulator for the cap region [20], presumably acts in
a similar fashion for the dep gene. Indeed, the CO,-induced
expression of cap and dep may well be a result of the CO,-
induced expression of acpA [17, 20]. At the same time, the afxA
gene product, which is a positive regulator for the toxin genes
[18), also positively regulates cap gene expression by interaction
with a DNA segment 70 bp upstream of the P1 site, as well as
the acpAd gene. Unlike the acpA gene, the expression of the

Figure 4. Colonies of dep™ Bacillus anthracis. B. anthracis Sm (4),
Sm-1 (B}, and Sm-3 (C) were incubated on NBY agar plates [5] for
24 h at 37°C in an atmosphere ¢ontaining 5% CO,, and then colonies
were observed by use of a stereoscopic microscope. Original magnifi-
cation, X50.
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atxA gene is not controlled by CO, {13]. Although it is not
known why both acpA and afxA positively regulate the ex-
pression of the cap operon, encapsulation seems to protect the
bacterial cell from the host defense system via the interaction
of various regulatory genes and either CO,-dependent or -in-
dependent expression. B, anthracis probably has more regula-
tory genes. For example, since the expression of the toxin genes
was enhanced by CO, [14], another CO,dependent regulatory
gene seems to exist on either the 110 mDa toxin plasmid or
the B. anthracis chromosome.

We proposed in this study that, as soon as H-capsule is
formed on the bacterial cell surface, it may be simultaneously
or sequentially depolymerized to L-capsule. If that was not the
case, there would be a time lag between the polymerization and
the depolymerization on the bacterial cell surface, and then B.
anthracis would be easily killed by phagocytosis. Naturally, this
speculation is deduced from the results of the present paper,
because the cap region and the dep gene constitute an operon.
Moreover, when we observed B. anthracis cells grown on the
NBY plates by the stereoscopic microscope, the parent strain
was smooth, but the dep mutant was almost not smooth, al-
though both strains normally formed capsule on the cell sur-
face, and, simultaneously, the shape of the dep mutant was
different from that of the capsule negative strain (figure 4).
Capsular substance appears to accumulate on the cell surface
in the dep mutant because of the lack of depolymerization. A
single-operon structure would be an efficient means of achieving
simultaneously the apparently constructing polymerization and
depolymerization reactions. The encapsulation process has not
yet been defined biochemically, but 3 cap genes—capB, capC,
and capA, arranged in that order—are essential for the poly-
merization, and the dep gene is essential for the depolymeri-
zation. B. anthracis thus seems to have developed an ingenious
mechanism to protect itself from host defense mechanisms. Fi-
nally, we propose in this paper the new gene designation of
capD, instead of dep, since the gene is a part of the cap region,
and these genes constitute an operon and perform essential,
related biological functions.
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