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Brucella abortus is an intracellular pathogen that replicates within a membrane-bounded compartment. In
this study, we have examined the intracellular pathway of the virulent B. abortus strain 2308 (S2308) and the
attenuated strain 19 (S19) in HeLa cells. At 10 min after inoculation, both bacterial strains are transiently
detected in phagosomes characterized by the presence of early endosomal markers such as the early endosomal
antigen 1. At ~1 h postinoculation, bacteria are located within a compartment positive for the lysosome-
associated membrane proteins (LAMPs) and the endoplasmic reticulum (ER) marker sec61f3 but negative for
the mannose 6-phosphate receptors and cathepsin D. Interestingly, this compartment is also positive for the
autophagosomal marker monodansylcadaverin, suggesting that S2308 and S19 are located in autophagic
vacuoles. At 24 h after inoculation, attenuated S19 is degraded in lysosomes, while virulent S2308 multiplies
within a LAMP- and cathepsin D-negative but sec61(3- and protein disulfide isomerase-positive compartment.
Furthermore, treatment of infected cells with the pore-forming toxin aerolysin from Aeromonas hydrophila
causes vacuolation of the bacterial replication compartment. These results are compatible with the hypothesis
that pathogenic B. abortus exploits the autophagic machinery of HeLa cells to establish an intracellular niche

favorable for its replication within the ER.

Recent developments in the cell biology of intracellular
pathogens have started to explain the strategies that microbes
use to infect and develop within their host. Among them, Bru-
cella spp. are gram-negative facultative intracellular pathogens
that cause brucellosis, a widely distributed zoonose affecting a
broad range of mammals, ranging from dolphins and domestic
animals to humans (24). Brucella remains endemic in many
developing countries, where it causes important economic
losses (77). Brucellosis in humans is a debilitating disease with
diverse pathological manifestations, including fever and weak-
ness, leading to endocarditis, arthritis, meningitis, osteoarticu-
lar complications, and neurological disorders in chronic cases
(12, 37). In domestic species, including cattle, sheep, and goat,
the pathology is characterized by abortion due to colonization
of the placenta and fetal tissues in females and by sterility in
males (65).

Members of the genus Brucella are closely related to plant or
animal pericellular or intracellular pathogens, like Agrobacte-
rium, Rhizobium, and Bartonella species (47). Brucella abortus
is able to multiply within a membrane-bounded compartment
in phagocytic (5) and non-professional phagocytic (16, 17)
cells. Indirect evidence suggested that brucellae inhibit the fu-
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sion between phagosomes and lysosomes (26). Ultrastructural
work has shown that multiplying bacteria are located in a
ribosome-lined organelle that resembles the endoplasmic re-
ticulum (ER) (2, 16, 17, 44). More recently, we showed that
B. abortus distributes in autophagosome-like vacuoles (53).
However, the characteristics of the compartments used by the
bacteria during early phases of invasion and the molecular
characteristics of Brucella-containing phagosomes have not
been described yet.

To date, many intracellular pathogens are known to block or
to alter the traffic and/or maturation of their membrane-bound
compartments within host cells (25, 52, 63). Membrane traffic
within the phagocytic cascade is a complex process. Early mod-
els in which phagosomes fuse with lysosomes to become a
phagolysosome have been complemented by other models fa-
voring the idea that phagosomes mature progressively before
fusing with lysosomal compartments (6, 68). From a growing
body of work on phagosome biogenesis, the most useful infor-
mation for subsequent comparison with vacuoles containing
pathogens has come from the molecular characterization of
phagosomes containing inert beads or fixed particles (8, 15,
68). In phagocytic cells, plasma membrane proteins are largely
removed from inert particle-containing phagosomes within the
first minutes of internalization (49). The presence of the mo-
nomeric GTPase rab5 in phagosomes attests to interactions
between early endosomal compartments and the phagocytic
pathway (14, 43). The maturation of early phagosomes into
late phagosomes is then revealed by the loss of markers from
early endocytic organelles and the acquisition of markers from
late endocytic organelles, such as the GTPase rab7 or the
mannose 6-phosphate receptors (M6PRs) (14, 51, 56). Merg-
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FIG. 1. EEALI is detected in Brucella-containing phagosomes. HeLa cells were inoculated with S2308 or S19 or were fed with latex beads for different times up to
20 min and then were processed for single (latex beads) or double indirect immunofluorescence (for incubation times longer than 20 min, cells were washed and further
incubated with fresh cell culture medium containing gentamicin). (A) Distribution of EEA1 (lower panels) and latex beads, S19, and S2308 (upper panels) at 10 min
after internalization. (B) Kinetics of acquisition of EEA1 by phagosomes. Internalized particles are labeled by EEA1 (arrows in panel A), with a maximal acquisition
of EEA1 at 10 min postinoculation (B). In panel B, data are averages from two different experiments. The percentage of phagosomes containing EEA1 was calculated

as described in Materials and Methods. Bar, 5 pm.

ing with the lysosomal compartment is shown by the steady
accumulation of lysosomal proteins such as the acid hydrolase
cathepsin D or the lysosome-associated membrane proteins
(LAMPs) on phagosomes (14, 49).

Intracellular pathogens are known to modify their environ-
ment in multiple ways to avoid degradation by innate host cell
defense systems. In professional phagocytes, Mycobacterium
remains within an early endosomal compartment (10, 11) that
excludes the vacuolar ATPase, thus inhibiting the acidification
of the bacterial phagosome (69). Legionella pneumophila asso-
ciates to autophagosomes and takes advantage of the auto-
phagic machinery of host cells to multiply within a ribosome-
studded organelle surrounded with ER (71), rarely interacting
with the endosomal cascade (61). In nonphagocytic cells, Chla-
mydia trachomatis inclusion bodies segregate completely from
the endocytic pathway (31, 72) and may represent an aberrant
compartment of the trans-Golgi network from where the bac-
terium induces the incorporation of sphingolipids into the
pathogen-containing vacuole (30), which is formed mainly of
proteins of chlamydial origin (58). Coxiella burnetii multiplies
in a compartment that acidifies (55) and induces fusion of host
cell lysosomes (42). Salmonella typhimurium bypasses late en-
dosomal compartments and is targeted to vesicles containing
lysosomal membrane glycoproteins, probably as a consequence
of direct delivery from the trans-Golgi network (28). The pro-

tozoan Toxoplasma gondii actively invades host cells (18) and
multiplies in a fusion-incompetent parasitophorous vacuole
that is derived from the host plasma membrane (70) and as-
sociates with host mitochondria and ER (64). The eucaryotic
unicellular flagellate Trypanosoma cruzi recruits lysosomes at
its site of entry (73): once inside the host cell, the parasite is
able to degrade the lysosomal membrane, allowing free rep-
lication in the cytosol (3). In contrast, Shigella flexneri and
Listeria monocytogenes are not targeted to lysosomes but are
also able to lyse their internalization compartment and rep-
licate in the cytoplasm of infected cells (27, 32), both being
capable of intracellular movement by actin-based propul-
sion (19, 50).

We have previously observed that Brucella is able to invade
HeLa cells and that the virulent strain 2308 (S2308) distributes
in a multimembrane, ribosome-associated compartment (53).
In the present study, we detail the intracellular traffic of both
virulent and attenuated Brucella strains in HeLa cells, and we
show that both strains are able to associate with autophago-
somes bypassing late but not early endosomal compartments.
At later infection times, the virulent strain is delivered to the
host ER, where massive intracellular bacterial replication oc-
curs, whereas the nonpathogenic strain is degraded after fusion
of its vacuole with lysosomes.
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FIG. 2. Brucella-containing phagosomes avoid interaction with CI-M6PR-positive compartments. HeLa cells were fed with latex beads or inoculated with S2308 or
S19 for different times and processed for immunofluorescence as described in the legend to Fig. 1. (A) Distribution of CI-M6PR (lower panels) and latex beads, S19,
and S2308 (upper panels) at 30 min after inoculation. (B) Kinetics of acquisition of CI-M6PR by phagosomes. Note that only latex beads are decorated by anti-CI-M6PR
antibodies (arrows in panel A). At 30 min postinoculation, some S19 bacteria are found in late phagosomes, while maximal acquisition of CI-M6PR is observed at 30
min in latex bead-containing phagosomes (B). In panel B, data are averages from two different experiments. The percentage of phagosomes containing CI-M6PR was

calculated as described in Materials and Methods. Bar, 5 pm.

MATERIALS AND METHODS

Bacteria. B. abortus S19 is an attenuated smooth strain used worldwide as a
live vaccine (Professional Biological Co., Denver, Colo.); S2308 is a CO,-indepen-
dent virulent smooth strain (provided by J.-M. Verger, INRA, Nouzilly, France);
and S2.13, S65.21, and S65.21-bvrR have been described previously (66). Bacteria
were grown at 37°C in tryptic soy broth (TSB) (Difco, Detroit, Mich.) to sta-
tionary phase, and aliquots were frozen at —70°C in TSB-30% glycerol. For each
experiment, a log-phase culture of bacteria was prepared by incubating 50 pl of
a thawed aliquot (approximately 5 X 10'© CFU/ml) in 5 ml of TSB for 15 to 17 h
at 37°C with agitation to allow bacterial growth. Bacterial numbers were deter-
mined by comparing the optical density at 600 nm with a standard curve.

Antibodies and fluorescent probes. Rabbit polyclonal anti-early endosomal
antigen 1 (EEAL1) (provided by H. Stenmark, The Norwegian Radium Hospital,
Oslo, Norway); affinity-purified rabbit polyclonal anti-cation-independent M6PR
(CI-M6PR) (B. Hoflack, Institut Pasteur de Lille, Lille, France); goat polyclonal
anti-cation-dependent M6PR (K. von Figura, Universitit Gottingen, Gottingen,
Germany); rabbit polyclonal anti-rab7 (46); rabbit polyclonal anti-human LAMP1
and LAMP2 (M. Fukuda, The Burnham Institute, La Jolla, Calif.); rabbit poly-
clonal anti-cathepsin D (S. Kornfeld, Washington University School of Medicine,
St. Louis, Mo.); affinity-purified rabbit anti-rab6 (B. Goud, Institut Curie, Paris,
France); mouse monoclonal antigiantin (H. P. Hauri, University of Basel, Basel,
Switzerland); rabbit polyclonal anti-sec61p, rabbit polyclonal anti-BiP, and rabbit
polyclonal antiribophorin (B. Dobberstein, Universitidt Heidelberg, Heidelberg,
Germany); rabbit polyclonal anticalnexin (A. Helenius, Institute of Biochemis-
try, Zurich, Switzerland); mouse monoclonal anti-protein disulfide isomerase
(PDI) (J. Stow, University of Queensland, Brisbane, Australia); and cow as well
as rabbit polyclonal anti-B. abortus S2308 antibodies were used. Secondary an-
tibodies used were fluorescein isothiocyanate (FITC)-conjugated donkey anti-
rabbit immunoglobulin G (IgG), FITC-conjugated donkey anti-goat IgG; FITC-
conjugated donkey anti-mouse IgG, and Texas red-conjugated goat anti-cow IgG
(Jackson ImmunoResearch Laboratories, Immunotech, Marseille, France) and 10-

nm-gold-conjugated goat anti-mouse IgG (Chemicon International, Temecula,
Calif.). Fluorescent probes used were monodansylcadaverine (MDC) and dyed
latex beads (diameter, 0.798 wm) (Sigma, St. Quentin-Fallavier, France).

Animal cells. HeLa cells were grown in 75-cm?, flasks (Falcon; Becton-Dick-
inson, Paramus, N.J.) at 37°C in a 5% CO, atmosphere in Dulbecco’s minimal
essential medium (GIBCO-BRL, Cergy-Pontoise, France) containing 10% fetal
calf serum and 2 mM glutamine without antibiotics (cell culture medium). Cells
were used between passages 1 and 15 and were split 1/10 or 1/4 twice per week.
For monolayer inoculations, 24-well tissue culture plates (Falcon) were seeded
with 500 pl of medium, containing 10* or 10° cells, per well (for confocal mi-
croscopy analysis, cells were deposited in 24-well tissue culture plates containing
12-mm-diameter glass coverslips).

Bacterial inoculation and uptake of latex beads. We previously established a
protocol of infection of HeLa cells by various strains of B. abortus (53, 66). Log-
phase cultures of virulent smooth Brucella abortus S2308, attenuated smooth
B. abortus S19 (53), and mutants of B. abortus S2.13, S65.21, and S65.21-bvrR (66)
were prepared by incubating 5 X 10'° (CFU) in 5 ml of TSB for 15 h at 37°C.
After HeLa cells were grown overnight, the medium was removed from the 24-
well tissue plates and cells were inoculated with 500 pl of a standardized bacterial
suspension (500 bacteria/cell) or a 1/20,000 dilution of a 10% solution of dyed
latex beads. Culture plates were centrifuged for 10 min at 400 X g at room
temperature and placed in an incubator under a 5% CO, atmosphere at 37°C
(inoculation point). After 20 min, cells were washed five times with cell culture
medium to remove nonadherent bacteria or excess latex beads, and monolayers
were further incubated with cell culture medium supplemented with 50 g of
gentamicin (Sigma) per ml in order to kill extracellular brucellae. In long-term
experiments, this medium was replaced twice: at 1 h with fresh medium contain-
ing 25 pg of gentamicin per ml and at 24 h with medium supplemented with 5 g
of gentamicin per ml. We previously showed that at 4 h postinoculation, one to
three intracellular bacteria from S2308 and S19 were detected in each infected
cell (53). Under these conditions, we observed that 35 to 55% of HeLa cells were
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FIG. 3. LAMPI distributes in Brucella-containing phagosomes. HeLa cells were fed with latex beads or inoculated with S2308 or S19 for different times and were
processed for immunofluorescence as described in the legend to Fig. 1. (A) Distribution of LAMP1 (lower panels) and latex beads, S19, and S2308 (upper panels) at
1 h after inoculation. (B) Kinetics of acquisition of LAMP1 by phagosomes. LAMP1 labeling is detected in both Brucella- and latex bead-containing phagosomes (arrows
in panel A), with >80% LAMP1-positive Brucella-containing phagosomes at 90 min of internalization (B). In panel B, data are averages from two different experiments.
The percentage of phagosomes containing LAMP1 was calculated as described in Materials and Methods. Bar, 5 um.

infected and that the percentage of infected cells did not vary over time (53).
With the different mutants mentioned above, 100% of cells were infected with a
mean of 20 extracellular bacteria and less than 1 intracellular bacterium per
infected cell (66).

Analytic and quantitative immunofluorescence. At different times after inoc-
ulation, coverslips were washed to remove nonadherent bacteria (five times in
cell culture medium and once in phosphate-buffered saline [PBS]) and fixed for
20 min in 3% paraformaldehyde at room temperature (or in methanol for 4 min
at —20°C for detection of ER or Golgi markers). Cells were then washed once in
PBS, incubated for 10 min with PBS-50% NH,CIl in order to quench free
aldehyde groups, and incubated serially with appropriate dilutions of primary
antibodies directed against different host intracellular markers and with flu-
orescent secondary antibodies in a PBS-5% horse serum—0.1% saponin so-
lution (30 min for each incubation, at room temperature). Monolayers were
then washed in PBS and distilled water and mounted on glass slides with a
Mowiol solution (Hoechst, Frankfurt, Germany). Indirect immunofluorescence
and confocal analyses were performed with a TCS 4D microscope (Leica Laser-
technik Gmbh, Heidelberg, Germany) under oil immersion. To determine the per-
centages of bacteria or latex beads in phagosomes as characterized by the pres-
ence of the different markers used throughout the study, we first counted in the
Texas red (or rhodamine) channel a minimum of 80 intracellular bacteria (re-
vealed by indirect immunofluorescence) or latex beads (red autofluorescence
emission). Intracellular bacteria or latex beads were further observed through
the FITC channel to determine the percentage of particles which colocalized
with the studied intracellular markers (revealed by indirect immunofluores-
cence).

MDC internalization. For autophagosomal labeling, cells were inoculated with
bacteria for 1 h, washed five times with cell culture medium, and further incu-
bated with serum-free cell culture medium in the presence of 50 pg of gentamicin
per ml for 30 min. Monolayers were then incubated for 30 min with 500 wl of 0.05
mM MDC (7) in serum-free cell culture medium in the presence of gentamicin.
Finally, cells were washed twice with cell culture medium and once with PBS

and processed for indirect immunofluorescence analysis. Slides were analyzed
with an MRC600 confocal microscope (Zeiss Inc., Heidelberg, Germany)
equipped with the A-System filter (excitation filter, 340 to 380 nm, barrier filter,
430 nm).

Brefeldin A and proaerolysin treatment. Cells were inoculated with S2308 for
1 h and were further incubated in the presence of gentamicin (25 pg/ml) for a
total period of 24 h. Infected monolayers then were treated with brefeldin A (10
ug/ml) (Sigma) for 30 min or with proaerolysin (0.38 nM) (1) for 55 min at 37°C.
Monolayers were then washed, fixed, and processed for double indirect immu-
nofluorescence analysis by using antigiantin and anti-S2308 sera for brefel-
din-A-treated cells and anticalnexin and anti-S2308 sera for proaerolysin-
treated cells.

Immunolabeling of frozen sections and electron microscopy. HeLa cells grown
on 10-cm-diameter petri dishes were infected with bacteria for 24 h. After this
inoculation period, the cells were washed with PBS and further incubated in cell
culture medium supplemented with gentamicin (50 pg/ml). AT 48 h postinocu-
lation, monolayers were washed, fixed for 1 h with a 8% paraformadehyde
solution in 0.1 M phosphate buffer, and scraped from the dishes with a rubber
policeman. Cells were pelleted in Eppendorf tubes, resuspended in a 10% gelatin
solution, and pelleted again. The tubes were plunged in icy water to quickly
solidify the gelatin and were cut open, and gelatin-embedded cell pellets were cut
into small blocks and infiltrated overnight with 15% polyvinylpyrrolidone-2.3 M
sucrose. The cell blocks were then mounted on the specimen stubs, immersed in
liquid nitrogen, and processed for frozen sectioning in a Leica Ultracut mic-
rotome. Ultrathin sections (60 to 80 nm) for electron microscopy were trans-
ferred to Formvar-carbon-coated grids, and single immunolabeling was per-
formed by blocking for 15 min with a PBS-2% fish skin gelatin-0.1% bovine
serum albumin (BSA)-0.12% glycine solution, incubating with primary antibod-
ies for 30 min in blocking solution, washing with a PBS-20 mM Tris-0.1% BSA
solution, and incubating for 30 min with secondary antibodies in the PBS-Tris-
BSA solution. Grids were treated with uranylacetate-methylcellulose and viewed
with a 1010 electron microscope (Jeol, Tokyo, Japan).
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FIG. 4. Cathespin D is not expressed in Brucella-containing phagosomes. HeLa cells were fed with latex beads or inoculated with S2308 or S19 for different times
and processed for immunofluorescence as described in the legend to Fig. 1. (A) Distribution of cathepsin D (lower panels) and latex beads, S19, and S2308 (upper
panels) at 1 h after inoculation. (B) Kinetics of acquisition of cathepsin D by phagosomes. While phagosomes containing latex beads are abundantly labeled by cathepsin
D (arrows in panel A) the lysosomal marker is absent from Brucella-containing phagosomes (arrows in panel A). Only a few phagosomes containing S2308 (<1%) or
S19 (<5%) colocalize with cathepsin D at 2 h postinoculation (B). In panel B, data are averages from two different experiments. The percentage of phagosomes
containing cathepsin D was calculated as described in Materials and Methods. Bar, 5 um.

RESULTS

Both virulent and attenuated B. abortus strains are first
targeted to LAMP-positive, cathepsin D-negative vacuoles, by-
passing late but not early endosomes. In a recent study (53),
we showed that the attenuated Brucella strain S19 was not able
to multiply efficiently within HeLa cells, unlike the virulent
S2308. During S2308 infection, a lag period of ~10 h was
observed, during which bacteria were found within cells but did
not replicate efficiently, followed by an exponential growth
period with massive bacterial replication. In the present work,
we first focused on the characterization of the Brucella-con-
taining phagosome during the first hours of infection and com-
pared the intracellular fates of the virulent and attenuated
strains. As a control, we internalized latex beads, which are
known to transit from early to late phagosomes and merge
finally into lysosomes (68).

Both S2308 and S19 were found between 5 and 15 min after
inoculation in early phagosomes characterized by the presence
of EEAL1 (Fig. 1). The same results were observed with latex
beads (Fig. 1A). These data confirm the interaction of phago-
somes containing inert particles or brucellae with early endo-
somal compartments (43, 52). In all studied samples, between
~10 and ~15% of particles colocalized with the early endoso-
mal markers at 10 min after inoculation (Fig. 1B). The low
levels of colocalization of both bacteria and latex beads with

EEA1 (~15%) suggest either their rapid and transient inter-
action with early endosomal compartments or that most of the
bacteria or beads (~80%) avoid interactions with EEA1-pos-
itive structures. Since interactions between phagosomes con-
taining latex beads and early endosomal compartments have
been demonstrated by molecular and morphological analyses
(14, 15), we favor the former hypothesis.

We next analyzed if brucellae or latex beads could be found
in phagosomes expressing late endosomal markers like the
prelysosomal CI-M6PR (56) or rab7 (9, 45). At 30 min after
inoculation, ~20% of latex beads were found in CI-M6PR-
positive compartments (Fig. 2). In contrast, S2308 was never
found in CI-M6PR-positive structures (Fig. 2A), and fewer
than 1% of S19 phagosomes contained the late endosomal
marker (Fig. 2B). Analogous results were found when anti-
rab7 or anti-CD-M6PR antibodies were used (not shown). The
very low levels of prelysosomal labeling in Brucella-contain-
ing phagosomes compared to that of latex beads indicate
that there are clear differences in the intracellular trafficking of
both Brucella strains compared to that of inert particles.

It has been proposed that pathogenic Brucella strains inhibit
the fusion between the bacterial compartment and lysosomes
(26). Therefore, we compared the acquisitions of lysosome-
associated proteins by Brucella- and latex bead-containing
phagosomes. Both virulent and attenuated Brucella-containing
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FIG. 5. Brucella-containing phagosomes express the ER marker sec61f. HeLa cells were inoculated with S2308 or S19 for different times and processed for
immunofluorescence as described in the legend to Fig. 1. (A) Distribution of sec61p (lower panels) at 1 h postinoculation with the corresponding bacteria (upper
panels). (B) Kinetics of acquisition of sec61f on phagosomes. Both S2308 and S19 are found in compartments labeled by sec61p (arrows in panel A). sec61B is
incorporated in Brucella-containing phagosomes (B) with kinetics similar to that of LAMP1 (Fig. 3). In panel B, data are averages from two different experiments. The
percentage of phagosomes containing sec61f was calculated as described in Materials and Methods. Bar, 5 um.

phagosomes, as well as latex bead-containing phagosomes,
gradually accumulated LAMP1 (Fig. 3) and LAMP2 (not
shown), and at 120 min after inoculation, >95% of them were
labeled for LAMP1 (Fig. 3B). In order to further characterize
the possible interactions between Brucella-containing phago-
somes and lysosomes, we analyzed the distribution of the ly-
sosomal acid hydrolase cathepsin D. Cathepsin D was incor-
porated in latex bead-containing compartments with the same
kinetics as LAMP1 (Fig. 3B and 4B). In contrast, at ~2 h after
inoculation, this lysosomal enzyme was present in fewer than
10% of phagosomes containing virulent S2308 and in ~20% of
phagosomes containing attenuated S19 (Fig. 4B). Together,
these results show that while latex bead-containing phago-
somes follow the phagocytic pathway from early to late com-
partments and finally to lysosomes, virulent and attenuated
Brucella strains are located transiently in early phagosomes but
bypass interactions with M6PR- and rab7-containing late en-
docytic compartments and are targeted to a LAMP1- and 2-
containing compartment devoid of cathepsin D.

Brucella strains distribute in autophagosomes. Using elec-
tron microscopy with Epon-embedded sections, we recently
observed that Brucella can be found in autophagosome-like
structures after infection of HeLa cells (53). Several groups
have proposed that autophagosomes originate from invagina-
tions of the ER to sequester cytoplasmic materials (23, 48). To
test the possible autophagosomal origin of the LAMP-positive

but cathepsin D-negative bacterial compartment, we looked
for the presence of ER markers in the Brucella-containing
phagosomes. The molecule sec61@, a subunit of the principal
cross-linking partner of both type I and type II signal-anchor
proteins during their membrane insertion in the ER (33), was
found to decorate intracellular S2308 and S19 at ~1 h after
inoculation (Fig. SA). Latex beads were never positive for ER
markers (not shown). The kinetics of sec61p incorporation
in Brucella-containing phagosomes (Fig. 5B) were similar to
those of LAMP1 (Fig. 3B). However, neither the membrane
ER protein ribophorin (40) nor the luminal ER marker BiP/
GRP78 (76) was found in Brucella-containing compartments
(not shown), suggesting that bacteria may interact with a spe-
cific subcompartment originating from the ER. It has been
shown that the diaminepentan autofluorescent compound
MDC accumulates specifically in autophagosomes (7). This
molecule was used as a probe for the detection of autophagic
vacuoles in order to determine if Brucella distributes in MDC-
positive compartments. Indeed, at 2 h postinfection both vir-
ulent S2308 (Fig. 6) and attenuated S19 (not shown) were
found in compartments where the autofluorescent probe ac-
cumulated and which could be defined accordingly as auto-
phagosomes.

Recently, Sola-Landa et al. (66) characterized the first Bru-
cella two-component regulatory system described, named
BvrS-BvrR for Brucella virulence-related sensory and regula-



VoL. 66, 1998

tory proteins, respectively. In contrast to S2308 and S19, bvrS
and bvrR mutant strains poorly invade HeLa cells and are rap-
idly targeted to cathepsin D-containing compartments. There-
fore, we studied if these bacteria were able to transit through
autophagosomes by analyzing the distribution of MDC in in-
fected cells. As shown in Fig. 6, this marker does not label the
compartments containing the mutant strain 2.13 or 65.21 (not
shown), suggesting that the bvrS bvrR mutant brucellae are not
targeted to autophagosomal compartments and demonstrating
that MDC is not accumulated in a nonspecific manner in Bru-
cella-containing phagosomes. S65.21-bvrR, harboring a plasmid
construct that allows the expression of bvrR, recovers the vir-
ulent phenotype of S2308 (66) and access to autophagosomes
labeled by MDC (not shown). We previously analyzed the in-
tracellular distributions of both parental and mutant bacteria
by double immunofluorescence in peritoneal macrophages and
HelLa cells (66). In contrast to phagosomes containing the path-
ogenic parental Brucella strain, which did not fuse with cathep-
sin D-positive compartments, the vacuoles containing the S2.13
or S65.21 mutant were found to colocalize with cathepsin D
already after 1 h of infection and degraded in lysosomes, thus
following an intracellular pathway similar to that for latex
beads (Fig. 3 and 4).

The S2308 replication compartment is devoid of lysosomal
markers, while S19 undergoes degradation. Up to 2 h after
inoculation, both virulent and attenuated Brucella strains seem
to follow the same intracellular pathway and are located in
autophagosomes. However, we previously observed that S19 is
not able to multiply in HeLa cells, and at 24 h postinoculation,
most of the S19 bacteria are degraded within lysosomes (53).
We asked whether the autophagosome was the final compart-
ment where intracellular bacterial replication occurs or wheth-
er the autophagic vacuole was only a transient compartment
used by the virulent brucellae to reach their ultimate intracel-
lular niche. To address this question, we studied the intracellu-
lar distributions of S19 and S2308 in infected HeLa cells during
the exponential growth phase of the virulent strain, >10 h after
inoculation. We first analyzed the expression of LAMPs in the
Brucella-containing compartments. S2308-containing phago-
somes excluded LAMP1 from 8 h onwards (Fig. 7B), suggest-
ing that bacteria in the exponential phase of growth are pos-
sibly located in a compartment different from the autophagic
vacuoles or induce a change in the autophagosome biochemi-
cal properties. Ultrastructural analysis of S2308-infected cells
showed that rare virulent bacteria unable to exclude LAMP1
from their phagosomes presented clear signs of degradation,
while healthy replicating bacteria were located in LAMP1-
negative compartments (Fig. 8). In contrast, attenuated S19
and bacterial degradation products were located in LAMP1-
positive vesicles (Fig. 7A). Similar results were obtained when
the distribution of LAMP2 was studied (not shown). Degrada-
tion of S19 was confirmed by studying the distribution of the
lysosomal marker cathepsin D in S19-containing phagosomes.
S19-containing compartments gradually acquired the acid hy-
drolase, and at 12 h after inoculation, >95% of the S19-con-
taining phagosomes were positive for cathepsin D (Fig. 7B),
thus confirming that attenuated S19 interacted with lysosomes.

Virulent Brucella multiplies in the ER. Several ultrastruc-
tural studies from the group of Cheville have suggested that in
Vero cells Brucella multiplies in the stacks of the rough ER
(16, 17). To address this question, we analyzed, at 24 h post-
inoculation, the presence of ER markers in the bacterium-
containing compartments. sec61p labeling was present in the
S2308 replication compartment located at the perinuclear re-
gions of host cells (Fig. 9). The same result was observed when
we studied the distribution of the ER membrane-bound lectin
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FIG. 6. MDC colocalizes with S2308-containing phagosomes. HeLa cells
were inoculated for 1 h with S2308 or S2.13, washed, and further incubated for
30 min with cell culture medium depleted of fetal calf serum and glutamine and
supplemented with gentamicin. Monolayers were then incubated for 30 min with
MDC (0.05 mM), washed, and processed for immunofluorescence. Only vesicles
containing S2308 (arrows) are abundantly labeled with MDC. Bar, 10 pm.

calnexin (74) in S2308-infected cells (Fig. 9). Interestingly,
bacteria present in vesicles released from cells that exploded
due to massive intracellular multiplication were positive for
sec61B (not shown), suggesting that strong interactions exist
between brucellae and the compartment containing this ER
marker. Although there was not a clear colocalization between
the brucellae and ribophorin or BiP, the ER immunofluores-
cence signal was more intense in the perinuclear region where
bacterial replication occurred (not shown).

The intracellular niche where bacterial replication occurs
could possess some ER markers but may not retain functional
features of the ER or may not be recognized as ER by the host
cell. In order to study this point, we next took advantage of the
fungal metabolite brefeldin A, which causes a rapid redistri-
bution of the Golgi constituents into the ER (39). We reasoned
that if the Brucella replication compartment retains the ability
to be recognized as ER, brefeldin A treatment should induce
the colocalization of Golgi markers with the bacterial compart-
ment. Cells were inoculated with S2308 for 1 h and were fur-
ther incubated in the presence of gentamicin for a total period
of 24 h. Infected monolayers were then treated with brefeldin
A (10 pg/ml) for 30 min, washed, fixed, and processed for im-
munofluorescence with antiserum recognizing the Golgi mark-
er giantin (57). As shown in Fig. 10A, after brefeldin A treat-
ment, the Golgi compartment redistributed into ER and closely
matched with the intracellular distribution of multiplying
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FIG. 7. S2308 multiplies in LAMP1- and cathepsin D-negative compartments. HeLa cells were inoculated for 1 h with S2308 and S19, washed, and further incubated
with cell culture medium with gentamicin. At different times postinoculation, monolayers were fixed and processed for double indirect immunofluorescence. (A)
Distribution of LAMP1 (two lower left panels) and cathepsin D (two lower right panels) with the indicated bacteria (upper panels) at 24 h after inoculation. (B) Kinetics
of LAMP1 (left panel) and cathepsin D (right panel) acquisition in phagosomes. S19 is degraded after 24 h postinoculation (A), and both intact bacteria (arrows) and
degradation products (arrowheads) colocalize with the lysosomal markers LAMP1 and cathepsin D. Moreover, S19 gradually acquires cathepsin D (B, right panel).
$2308 is able to multiply in a LAMP1 and cathepsin D-negative compartment (A). LAMP is excluded from the S2308-containing phagosomes from 8 h after inoculation
onwards (B, left panel). In panel B, data are averages from two different experiments. The percentages of phagosomes containing LAMP1 or cathepsin D were

calculated as described in Materials and Methods. Bar, 5 pm.

52308, suggesting that the replication compartment for Bru-
cella retains at least one functional feature of the ER and can
be identified as such by the infected cell. Similar results were
obtained with an anti-rab6 serum (not shown).

In addition, we studied the activity of the pore-forming toxin
aerolysin from Aeromonas hydrophila in Brucella-infected cells.

Abrami et al. (1) have demonstrated that after binding of the
protoxin to an 80-kDa glycosylphosphatidylinositol-anchored
protein on BHK cells, the proaerolysin is processed to its ma-
ture form by host cell proteases and creates a channel that
causes a dramatic vacuolation of the ER. HeLa cells treated
with proaerolysin showed a selective disorganization of the ER
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FIG. 8. Rare S2308 organisms are detected in LAMP1-positive compartments at 48 h after inoculation. HeLa cell monolayers were infected for 24 h with S2308,
washed, and further incubated in cell culture medium with gentamicin for an additional 24 h. Monolayers were then fixed and processed for frozen sectioning,
immunolabeling, and electron microscopy analysis. Sections were labeled for LAMP1 followed by 10-nm-gold-conjugated antibody. The micrograph shows two bacteria.
The bacterium on the right shows signs of degradation, and its vacuole is positive for LAMP1 (arrows). In contrast, the healthy bacterium on the left is devoided of

LAMPI. Bar, 200 nm.

(Fig. 10B). The bacterial replication compartment is also vac-
uolated and colocalizes with calnexin (Fig. 10B), confirming
the retention of functional ER features by the S2308-contain-
ing niche.

The Brucella replication compartment was further charac-
terized by immunoelectron microscopy. PDI, an abundant pro-
tein of the ER that catalyzes dithiol oxidation and disulfide
bond reduction and isomerization (35), was present in the
membrane of the compartment containing multiplying bacteria
(Fig. 11) and in regions adjacent to brucellae. Together, these
results confirm previous work indicating that virulent Brucella
replicates in a perinuclear compartment that is related to the
ER as shown by the presence of sec61p, calnexin, and PDI and
that retains functional features of the ER, as shown by the
redistribution of the Golgi over the Brucella-containing com-
partment after treatment with brefeldin A and also as demon-
strated by the vacuolation of the bacterial replication compart-
ment after treatment of infected cells with aerolysin.

DISCUSSION

Subversion of the phagocytic pathway by intracellular para-
sites is a general mechanism to establish an appropriate rep-
lication niche. In the present study, we present evidence that
B. abortus is able to invade HeLa cells by interacting first with
early endosomes; it then exploits the autophagic machinery of
host cells and finally localizes into the ER, which can be de-
fined as the bacterial multiplication compartment. A model
depicting the Brucella intracellular pathway is shown in Fig. 12.

Earlier studies on B. abortus intracellular traffic focused
mainly on relatively late events during infection (16, 17). In this
study, we have examined the intracellular pathway followed by
Brucella during the first minutes after invasion. We show that
during the first ~10 min postinoculation, bacteria acquire early

endosomal markers such as EEA1, demonstrating that Brucel-
la-containing phagosomes are able to interact with early endo-
somes from HeLa cells (Fig. 1), as we previously observed in
murine peritoneal macrophages (52). Interaction of intracel-
lular parasites with early endosomal compartments is not a
rare phenomenon. For instance, Mycobacterium tuberculosis
and Mycobacterium avium phagosomes are known to interact
with early endosomes in human monocyte-derived macro-
phages (10, 13). The Mycobacterium bovis phagosome retains
the early endosomal GTPase rab5 but selectively excludes the
late endosomal GTPase rab7, indicating that there is an arrest
of the mycobacterial phagosome maturation in a stage between
early and late phagosomes (75). Recent data suggest that S. fy-
phimurium acquires EEA1 before being targeted to Lgp-con-
taining vesicles (67a).

After a transient passage through early endosomes, Brucella,
like S. typhimurium (28), bypasses late endosomal compart-
ments (Fig. 2). However, in contrast to Salmonella, which is
subsequently located in a lysosomal compartment, brucellae
are targeted to compartments with the characteristics of auto-
phagic vesicles (Fig. 6). Autophagy is a widely used pathway for
the maintenance of cellular homeostasis (23). In response to a
number of cellular conditions, organelles and portions of cy-
toplasm are sequestered in vacuoles called nascent autophag-
osomes. These vacuoles acquire degradative enzymes upon fu-
sion with lysosomes, and the vacuolar content is degraded (23,
48). Based on histochemical and morphological observations,
several origins for autophagic vacuoles have been proposed,
including the ER, the Golgi complex, the plasma membrane,
tubular lysosomes, and a specialized organelle for autophago-
some formation named the phagophore (60). Although this con-
troversy has not been completely resolved, a substantial amount
of evidence suggests that autophagosomes are formed from
ribosome-free regions of the rough ER (21, 22). We identified
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FIG. 9. S2308 multiplies in the ER. HeLa cells were infected with S2308 for
1 h, washed, and further incubated with cell culture medium supplemented with
gentamicin. At 24 h after inoculation, cells were fixed and processed for double
immunofluorescence. Multiplying bacteria are located in a perinuclear compart-
ment (arrows) that matches the distribution of sec61p (lower panels) and caln-
exin (upper panels). Bar, 5 pm.

the Brucella-containing phagosomes as autophagosomes through
several lines of evidence. First, the autofluorescent compound
MDC, which has been shown to be specifically accumulated in
autophagic vacuoles (7), colocalized with internalized bac-
teria at ~2 h postinoculation (Fig. 6). Second, the ER mark-
er sec61B (but not ribophorin or BiP) was also found in Bru-
cella-containing compartments (Fig. 5), together with LAMP1
and LAMP2 but not cathepsin D (Fig. 3 and 4), confirming the
hypothesis of an ER-related origin for nascent autophagic
vacuoles. However, Biederbick and collaborators (7) were not
able to detect sec61p or the translocating chain-associating
membrane protein in MDC-labeled vacuoles after subcellular
fractionation of PaTu8902 cells. This suggests either that a
rapid disappearance of ER-marker proteins may occur after
the formation of autophagic vacuoles or that MDC accumu-
lates only in mature autophagic vacuoles, characterized by the
presence of lyososomal enzymes, such as the lysosomal acid
phosphatase (7). Since we detected sec61f but not cathepsin D
in Brucella-associated autophagosomes, this discrepancy could
be explained by an accumulation of MDC in both nascent and
mature autophagic vacuoles in HeLa cells. Another explana-
tion could be that Brucella modifies the autophagosome prop-
erties in such a way that it allows the presence of MDC in
nascent autophagic vacuoles. As stated above, the presence of
other ER markers such as BiP or ribophorin in Brucella-con-
taining phagosomes was not observed (Fig. 5). Work by Dunn
also showed that a significant percentage of autophagosomes
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appear to lack rough ER proteins as determined by immuno-
electron microscopy, possibly due to a recycling of proteins
from autophagic vacuoles to the ER (23). Finally, we previ-
ously showed electron micrographs of B. abortus located in
autophagic vacuoles and also demonstrated that autophagy in-
hibitors such as 3-methyladenine decrease bacterial yields while
serum starvation increases the level of infection (41, 53).

The transit of brucellae from early endosomes to autophag-
osomes indicates a convergence between the autophagic and
endocytic pathways. Although this question is still a matter of
debate (22, 36), several groups suggest that indeed endosomes
and phagosomes are able to fuse with nascent autophagic vacu-
oles (29, 54). Of particular interest is the work of Liou et al.
(38), in which, by improving cryosectioning techniques and
resolution of the different stages of autophagosome formation,
it has been shown that endosomes fuse preferentially with
nascent autophagosomes rather than with late autophagic
vacuoles. Thus, it is conceivable that Brucella located in
early compartments takes advantage of the convergence be-
tween endocytic and autophagic pathways to interact with nas-
cent autophagic vacuoles. However, whether a fusion between
both compartments occurs or whether early phagosomes con-
taining Brucella are sequestrated by nascent autophagosomes
remains to be elucidated.

The Brucella two-component regulatory system BvrS-BvrR
has been shown to be essential for the invasion of host cells and
for virulence in vivo (66). In this work we also show that bvrS
and bvrR mutant strains are unable to transit through auto-
phagic vesicles (Fig. 6), suggesting that this system is also able
to sense intracellular stimuli and that access to autophago-
somes is one of functions of this operon in the intracellular
environment, as the complemented S65.21-bvrR strain recovers
the capacity to enter this compartment (not shown).

Once brucellae have reached the autophagic vacuoles, the
Brucella-containing phagosomes seem to be incompetent for
fusion with endosomal compartments which have been loaded
with newly exogenously administered materials. Several lines
of evidence support this observation. First, bacteria that have
been internalized for several hours cannot be reached by newly
internalized BSA-FITC (51a). Second, intracellular Brucella is
able to proliferate under experimental conditions in which a
bactericidal concentration of gentamicin is maintained in the
extracellular medium (5, 53). In contrast, in the case of a Lis-
teria infection in which the bacteria are not able to escape to
the cytoplasm, the antibiotic is delivered to the parasite-con-
taining phagosome and it is killed (20).

The maturation of autophagosomes appears to occur in a
stepwise manner. The first step is the acquisition of newly
synthesized lysosomal membrane-associated proteins by the
nascent autophagosomes. Next, acidification of the maturating
compartment occurs by inclusion of the H"-ATPase, and fi-
nally, delivery of acid hydrolases of lysosomal origin allows the
degradation of intravacuolar materials (23). In fact, Aplin et al.
(4) have shown that nocodazole treatment causes the accumu-
lation of acidic autophagosomes that lack acid hydrolases, sup-
porting the concept that vacuole acidification and acquisition
of hydrolytic enzymes are separate events. The presence of
LAMP1 and LAMP2 but the absence of cathepsin D at ~2 h
postinoculation in S2308- and S19-containing phagosomes also
supports the model of a stepwise maturation of autophagic
vacuoles.

At late times (24 h) postinoculation, attenuated S19-contain-
ing phagosomes acquired cathepsin D, indicating that fusion
with lysosomes had occurred (Fig. 7) and suggesting that S19 is
unable to control autophagosome maturation. Consistent with
these data, bacterial multiplication is minimal in S19-infected
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FIG. 10. The S2308 replication compartment retains functional features of the ER. Cells were infected for 1 h with S2308, washed, and further incubated with cell
culture medium in the presence of gentamicin. At 24 h postinoculation, cells were incubated for 30 min with brefeldin A (10 wg/ml) (A) or for 55 min with proaerolysin
(0.38 nM) (B). Monolayers were then fixed and processed for double indirect immunofluorescence. (A) The upper right panel shows the distribution of the Golgi
compartment (as detected by an antigiantin antibody [arrow]) in a nontreated cell. The lower panels show the distributions of giantin (right panel) and S2308 (left panel)
in the same brefeldin A-treated cell. The Golgi is redistributed in an intracellular location that matches the distribution of the bacteria (as defined by the region
delimited by the dotted line). (B) Distributions of calnexin (right panel) and S2308 (left panel) in a proaerolysin-treated cell. The bacterial replication compartment

is disorganized and colocalizes with the vacuolated ER (arrows). Bar, 5 pm.

cells at 48 h postinoculation (53), and bacterial degradation
products are observed scattered throughout the host cell cyto-
plasm (Fig. 7). S19 is an avirulent strain obtained by sponta-
neous mutation, and its only genetic defect known to date is a
deletion in the erythritol catabolic genes (59). Decreased vir-
ulence has been attributed to its inability to metabolize eryth-
ritol (67). However, it is unlikely that deficiencies in erythritol
metabolism are responsible for its inability to multiply in HeLa
cells. As the critical difference between S19 and S2308 seems to
be the inhibition of autophagosome maturation by the latter
strain, we propose that the reduced pathogenicity of S19 lies in
its incapacity to respond to environmental stimuli present in
the autophagosome (acidification, for example) that could ac-
tivate virulence genes for the expression of important proteins
for remodeling the autophagosome. In the absence of this
stress response, acid hydrolases are delivered to the S19-con-
taining autophagosome, and bacterial destruction occurs.
The autophagosome is not the replication compartment for
S2308. As shown in Fig. 7, multiplying bacteria are found in a
compartment that is devoid of LAMP1 and that is not labeled
by MDC (not shown). In contrast, sec61p is retained from the
early stages of infection and calnexin labeling is observed (Fig.
9), indicating that Brucella-containing phagosomes interact

with the ER, as suggested by previous work (2, 16, 17, 44). The
strong labeling of the Brucella multiplication compartment
with the anti-sec618 and anticalnexin antibodies and the weak
labeling with anti-BiP or antiribophorin antibodies could be
interpretated as being due to interactions with a specific ER
subcompartment. Another protein ubiquitously present in the
ER, PDI, was detected at the membrane of the Brucella mul-
tiplication compartment, emphasizing the interactions of the
S2308-containing compartment and the ER. The facts that bre-
feldin A induces the redistribution of the Golgi complex
around the bacteria and that proaerolysin induces the vac-
uolation of the bacterial replication compartment suggest that
S2308 bacteria are able to associate with a compartment that
retains functional properties of the ER.

Another bacterial pathogen that is known to associate with
the autophagic machinery of host cells to establish infection is
L. pneumophila (71). There are similarities and differences be-
tween the invasion strategies of Brucella and Legionella. While
Legionella is internalized by a process called coiling phagocy-
tosis (34), Brucella seems to be internalized by zippering
phagocytosis (53a). In both cases, the autophagic vacuole is
associated with ribosomes. Swanson and Isberg (71) note that
the presence of ribosomes on the L. pneumophila replication
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FIG. 11. S2308 is located in a PDI-positive compartment. HeLa cell monolayers were infected for 24 h with S2308, washed, and further incubated in cell culture
medium with gentacimin for additional 24 h. Monolayers were then fixed and processed for frozen sectioning, immunolabeling, and electron microscopy analysis.
Sections were labeled for PDI followed by 10-nm-gold-conjugated antibody. Arrows indicate the specific labeling for PDI associated with the bacterium-containing

vacuoles. (A) Bar, 200 nm. (B) Bar, 100 nm.

vacuole distinguishes this organelle from autophagosomes that
are thought to be generated from ribosome-free rough-ER
membranes. In the case of B. abortus, the ribosomes associated
with the Brucella-containing phagosomes probably appear
from the sequestration of free ribosomes during the process of
autophagosome formation (23, 53). Swanson and Isberg (71)
suggest that Legionella autophagosomes originate from invag-
ination of ER directly around the already-intracellular bacte-
ria, and the absence of a third membrane is explained as an
artifact due to mild detergent treatment. However, early events
(<1 h) were not studied in their work. A hypothesis would be
that, like Brucella, Legionella is first internalized in an early
endosomal compartment that is able to interact with already-
formed autophagosomes. The absence of the third membrane
could be explained as a fusion of the endosomal compartment
with the nascent autophagosomes. However, how this fusion
could be achieved and how bacteria are finally found in a
double-membrane-bounded compartment remain to be ex-
plained. Upon Legionella infection, brefeldin A treatment in-
duces the redistribution of the Golgi complex around bacterial
replication compartments, as is the case with Brucella.
Association of Brucella and Legionella with the host ER
could be explained as a means for pathogens to obtain metab-
olites synthesized or translocated in the ER. Although some
laboratory-adapted strains grow in minimal medium with an
ammonium salt as the sole nitrogen source, the nutritional re-
quirements for Brucella are complex (12). Multiple amino ac-
ids are essential for growth, and the hydrolytic activity towards
large proteins is very limited. Thus, the association with the
host ER could be a strategy to take advantage of the ER bio-
synthetic enzymes, its protein-conducting channels, or peptide
translocators to increase the local supply of small peptides (62).
In the present work, we have analyzed the intracellular traf-
fic of Brucella in HeLa cells from the first stages of infection
to the replication compartment for the bacteria, and we have
shown for the first time the presence of specific intracellular
markers in the Brucella-containing phagosomes. Further work
should define the genetic mechanisms that enable Brucella to

take advantage of the autophagic machinery. The search for
virulence factors could be the basis of novel therapeutic strat-
egies against Brucella and related intracellular pathogens. More-
over, the study of this fascinating parasite should provide more
insights into understanding the connections between endocy-
tosis, exocytosis, and autophagy in animal cells.
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FIG. 12. Proposed model of the intracellular traffic of B. abortus in HeLa
cells. Both virulent strain S2308 and attenuated strain S19 are found within 10
min after invasion in an early compartment positive for EEA1 that is able to fuse
with autophagosomes originating from the ER and enriched by LAMP molecules
possibly derived from the trans-Golgi network. S19 is then unable to inhibit the
maturation of its autophagosome, which fuses with lysosomes and causes its
degradation. In contrast, S2308 diverts the maturation pathway of autophago-
somes and uses a retrograde transport system to access the ER, where massive
replication occurs.
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