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Although it has been known for some time that Salmonella typhimurium is able to survive and even replicate
in the normally bactericidal environment of the macrophage phagosome, the mechanisms by which this organ-
ism accomplishes this feat remain obscure. In this study, a murine macrophage cell line and confocal immuno-
fluorescence microscopy were used to more thoroughly define the specific nature of phagosomes containing
latex beads or wild-type S. typhimurium (viable or heat-killed organisms). Live S. typhimurium organisms were
observed to reside in phagosomes that diverge from the degradative pathway of the macrophage. These com-
partments contain lysosomal glycoproteins and lysosomal acid phosphatase, endocytic markers delivered to
vacuoles by mannose 6-phosphate receptor-independent mechanisms, but are devoid of the mannose 6-phos-
phate receptor and cathepsin L. In contrast, phagosomes containing latex beads or heat-killed organisms
appeared to be processed along the degradative pathway of the host cell; these compartments colocalized not
only with lysosomal glycoproteins and lysosomal acid phosphatases but also with mannose 6-phosphate recep-
tors and cathepsin L. The uniqueness of the phagosome containing viable S. fyphimurium was confirmed by the
observation that these compartments, in comparison to phagosomes containing latex beads, do not readily
interact with incoming endocytic traffic. Finally, we show that an isogenic, noninvasive mutant of S. typhi-
murium, BJ66, ends up in an intracellular compartment identical to the wild-type S. typhimurium-containing
phagosome. Thus, modifications of the Salmonella-containing compartment occur independently of the mech-

anism of bacterial entry.

Macrophages play a critical role in a host’s innate immune
response. Residing in all tissues of the body, these cells protect
the host by engulfing foreign bodies and sequestering them
within phagosomes. Macrophages are equipped with several
different mechanisms with which to destroy microorganisms
within phagosomes, including toxic oxygen derivatives, reactive
nitrogen intermediates, nutrient limitation, acidification of the
compartment, and fusion of phagosomes with lysosomes that
are rich in degradative enzymes (16). Despite this battery of
defense mechanisms, several bacterial and parasitic species
survive and even replicate within macrophage phagosomes.
Pathogens that fall within this category include Salmonella
spp., several mycobacteria, Legionella pneumophila, Toxoplas-
ma gondii, Coxiella burnetii, Chlamydia trachomatis, Leishma-
nia spp., and Francisella tularensis. These organisms have de-
veloped a variety of strategies by which to defend themselves
from the assorted assaults of the macrophage. Several myco-
bacteria, Legionella pneumophila, Chlamydia trachomatis, and
T. gondii reside in remodeled vacuoles which neither fuse with
lysosomes nor acidify (7, 14, 15, 21, 27, 30-32, 34, 56-58, 60,
62). Coxiella burnetti, Leishmania spp., and F. tularensis, on the
other hand, are capable of surviving in acidic phagolysosomes
(24, 6, 8, 18, 27, 41, 50, 54).

Phagosomes destined to traffic along the degradative path-
way of the host cell’s endocytic network are thought to undergo
a series of sequential biochemical modifications and vesicle
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fusion reactions (10, 17, 47, 48, 51, 52). In recent years, a
number of markers specific for unique compartments within
the endocytic pathway have been used to more thoroughly
characterize the changes that occur during this process. As the
phagosome matures, proteins which initially compose the
newly formed compartment disappear and are replaced, first
by proteins present in early endosomes, such as rab5, the
transferrin receptor, and low-density lipoproteins, and later by
proteins inherent to late endosomes/prelysosomes, including
rab7, rab9, cation-independent (CI) or cation-dependent man-
nose 6-phosphate receptors (M6PRs), and lysosomal mem-
brane glycoproteins (LAMPs). The rab proteins are small
GTP-binding proteins that have been demonstrated to play a
role in regulating membrane fusion events (9, 12, 24, 25),
whereas the function of M6PRs is to deliver a subset of newly
synthesized, soluble, lysosomal enzymes from the trans-Golgi
network (TGN) to the prelysosomal compartments (37, 38).
The role of LAMPs in vacuolar maturation is, at this time, still
unclear. It has been suggested that these glycoproteins may
protect vacuolar membranes from degradation by enzymes car-
ried within the compartment. The prelysosome is transformed
into a degradative compartment through the further incorpo-
ration and/or processing of lysosomal hydrolases such as ca-
thepsins, lysosomal acid phosphatases (LAP), and B-glucuron-
idase.

Examination of the presence or absence of various endocytic
markers in phagosomes containing replicating pathogens has
substantially contributed to our current understanding of how
and why organisms such as Mycobacteria tuberculosis, Legio-
nella pneumophila, Chlamydia trachomatis, and T. gondii sur-
vive in this seemingly hostile environment (reviewed in refer-
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ence 23). Several laboratories have examined the attributes of
Salmonella-containing phagosomes in macrophages, but, to
date, a definitive characterization of these compartments has
not emerged. Certain studies have shown that live S. typhimurium
organisms, in contrast to heat- and UV-killed organisms or non-
pathogenic Escherichia coli, inhibit phagosome-lysosome fu-
sion (13, 33), while others investigations have indicated that S.
typhimurium-containing vacuoles (STVs) acidify to a pH of 4.0
to 5.0 and are rich in some of the known lysosomal proteins (5,
53).

In this study, we examined the specific nature of Salmonella-
containing phagosomes in RAW 264.7 macrophages, a murine
macrophage cell line, and investigated whether the mechanism
of bacterial entry plays a significant role in phagosome modi-
fication. Confocal immunofluorescence microscopy was used
to characterize phagosomes containing wild-type S. typhi-
murium or the S. typhimurium mutant BJ66. BJ66, unlike the
wild type, is unable to invade nonphagocytic cells and is be-
lieved to be taken up by macrophages via host cell-directed
processes such as lectinophagocytosis (16) rather than through
bacterium-induced membrane ruffling (35, 44). Our results in-
dicate that viable S. typhimurium organisms, regardless of the
mechanism of entry, reside in a unique compartment that clear-
ly diverges from the degradative pathway of the macrophage
host cell. In contrast, heat-killed bacteria and latex beads are
unable to induce the formation of this specialized compart-
ment and are instead processed through the normal endocytic
degradation pathway.

MATERIALS AND METHODS

Reagents. The primary antibodies used were polyclonal rabbit anti-S. typhi-
murium (Denise Monack, Stanford University, Stanford, Calif.) (44), monoclonal
mouse anti-S. typhimurium lipopolysaccharide (Bruce Stocker, Stanford Univer-
sity, Stanford, Calif.), monoclonal rat anti-LAMP 1 and affinity-purified rabbit
anti-bovine liver CI-M6PR (David Russell, Washington University, St. Louis,
Mo.) (54), goat anti-rat LAP (Masaru Himeno, Kyushu University, Fukuoka,
Japan) (61), and affinity-purified rabbit anti-mouse cathepsin L (Gary Sahagian,
Tufts University, Boston, Mass.) (49). The secondary antibodies used were flu-
orescein isothiocyanate (FITC)-conjugated goat anti-rabbit immunoglobulin G
(IgG), FITC-conjugated goat anti-mouse IgG, tetramethyl rhodamine isothio-
cyanate (TRITC)-conjugated rabbit anti-rat IgG, TRITC-conjugated goat anti-
rabbit IgG, and TRITC-conjugated rabbit anti-goat IgG (all purchased from
Sigma Chemical Co.). All antibody combinations used in this study were tested
for cross-reactivity and found to have little or none. Diferric transferrin was
prepared as previously described (63), except that 5 mg of transferrin was used
in the reaction mixture. Rhodamine-conjugated transferrin was prepared by
dissolving diferric transferrin in 100 ml of 50 mM sodium borate (pH 9.2) and
dialyzing it against 10 mg of TRITC dissolved in the same buffer at room
temperature. The solution was cooled to 4°C and stirred for 1 day in the dark.
The dialysis bag was removed from the TRITC solution and dialyzed against six
changes (15 liters each) of phosphate-buffered saline (PBS) at 4°C over the
course of 3 days. Fixable Texas red dextran (molecular weight [MW] of 70,000)
and TRITC dextran (MW of 10,000) were purchased from Molecular Probes.

Bacterial strains and growth conditions. The S. typhimurium strains used in
this study were SL1344, a wild-type strain fully virulent for mice (29), and BJ66,
an isogenic mutant strain of SL1344 containing an insertion in org4 (35). The
bacteria were grown in Luria-Bertani broth (55) with aeration for 12 h, subcul-
tured, and grown overnight as standing cultures at 37°C. These growth conditions
have been found to provide optimal efficiency of S. typhimurium invasion into
mammalian host cells (40). The bacteria were pelleted by centrifugation, resus-
pended in PBS, and used immediately. The LIVE/DEAD BacLight bacteria
viability kit (Molecular Probes) was used to analyze bacterial viability. The initial
inoculum was determined to be 96% viable. Heat-killed organisms were pre-
pared by incubating bacteria at 65°C for 15 to 20 min. Opsonization of heat-killed
organisms was accomplished by incubating the bacteria with normal mouse
serum for 10 min prior to use.

Bacterial infection of murine macrophages. RAW 264.7 cells (ATCC T1B71),
a murine macrophage-like cell line, were grown in Dulbecco minimal essential
medium (DMEM) containing 10% fetal calf serum (FCS) and 1 mM glutamine.
Bone marrow-derived macrophages were prepared by culturing bone marrow
cells isolated from BALB/c mice femurs in DMEM containing 20% FCS, 10%
L-cell-conditioned medium, 1 mM glutamine, 50 U of penicillin per ml, and 50
wg of streptomycin per ml for 5 days. Prior to infection, the medium was replaced
with DMEM containing 10% FCS and 1 mM glutamine. Macrophages were
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seeded on coverslips in 24-well tissue culture dishes at approximately 3.0 X 10°
cells/coverslip and incubated overnight in 5% carbon dioxide at 37°C. The cells
were infected for 10 or 20 min with SL1344 or BJ66 at a multiplicity of infection
(MOI) of 1 bacterium to one macrophage or 10 bacteria to one macrophage,
respectively. Alternatively, fluorescent latex beads were added to the cells for 10
to 20 min (at a ratio of 10 to 1). Following infection, the macrophages were
washed extensively with PBS to remove extracellular bacteria and incubated for
30 min or 10 h in medium containing gentamicin (100 pg/ml for the first 2 h and
10 pg/ml for the remainder of the experiment). Finally, the infected macro-
phages were washed with PBS and prepared for confocal immunofluorescence
microscopy as described below.

Fluorescence actin staining assays of infected RAW 264.7 macrophages. Wild-
type SL1344 or BJ66 was added to monolayers of RAW 264.7 macrophages at an
MOI of 50:1. After the bacteria were centrifuged onto the monolayers, the cells
were immediately washed with PBS, fixed, and permeabilized. Bacteria were
labeled by incubating the fixed cells primarily with rabbit anti-S. typhimurium and
secondarily with FITC-conjugated goat anti-rabbit IgG. Filamentous actin was
labeled with rhodamine phalloidin as previously described (19). Fluorescence
microscopy was used to assess bacterium-induced rearrangements of host cell
actin.

Uptake of endocytic tracers by infected macrophages. Rhodamine-conjugated
transferrin (5 pg/ml) was added to macrophages either during the infection
period or at various times postinfection. The cells were incubated with the
transferrin for 30 min, washed, and prepared for confocal immunofluorescence
microscopy. Receptor-mediated uptake of rhodamine-conjugated transferrin was
confirmed by out-competing the uptake of the labeled endocytic tracer with a
10-fold excess of unlabeled ligand. Texas red dextran (2 pg/ml) was added to
macrophages that had been infected for 30 min or 10 h. The cells were incubated
for 30 min, washed, and incubated an additional 0 to 1.5 h at 37°C. Finally, the
samples were prepared for confocal immunofluorescence microscopy.

Confocal immunofluorescence microscopy. Infected cells were fixed for 10 min
with 4% formaldehyde in PBS, permeabilized for 10 min with 0.1% saponin in
PBS, and then blocked with a solution of 0.1% saponin in PBS containing 2%
bovine serum albumin (BSA). Next, the cells were incubated for 30 to 60 min
with primary antibodies and then with secondary antibodies diluted in the sapo-
nin-BSA-PBS solution. Finally, the coverslips were washed and mounted in 90%
glycerol in PBS containing 1 mg of phenylenediamine per ml. The samples were
analyzed with a Bio-Rad (Hercules, Calif.) model MRC1000 laser confocal
microscope, and images of the fluorescein (488-nm excitation and 510-nm emis-
sion) and rhodamine or Texas red (568-nm excitation; 590-nm emission) fluo-
rescence were collected by using Bio-Rad COMOS software. Bio-Rad Confocal
Assistant software was utilized to format and then merge the green and red
images. Finally, the percentage of bacterium- or bead-containing phagosomes
that colocalized with a given marker was calculated by analyzing 50 phagosomes
from at least five random fields per time point. The percentages are based on the
numbers derived from two or three experiments.

RESULTS

Phagosomes containing wild-type S. fyphimurium diverge
from the macrophage degradative endocytic pathway. We be-
gan our studies by comparing the intracellular trafficking pat-
tern of live S. typhimurium with that of latex beads. Bacteria or
latex beads were added to RAW 264.7 macrophages for 20
min, washed extensively, and then incubated with gentamicin
to kill extracellular bacteria. We wished to examine phagoso-
mal characteristics shortly after the compartment had formed
and well after the phagosome had trafficked through the host
cell’s endocytic pathway. To this end, the cells were incubated
for 30 min or 10 h before immunofluorescence microscopy.
The samples were probed with antibodies specific for one of
the following prelysosomal or lysosomal markers: CI-M6PR,
LAMP 1, LAP, or cathepsin L. The role of CI-M6PRs is to
deliver a subset of lysosomal enzymes from the TGN to late
endocytic compartments; cathepsin L falls within this subset of
M6PR-dependent enzymes. LAMP 1 and LAP, on the other
hand, are delivered to endocytic compartments independent of
M6PR. Colocalization of CI-M6PR, LAMP 1, LAP, or cathep-
sin L with phagosomes containing either S. typhimurium or
latex beads was assessed by confocal microscopy.

Our results indicate that latex beads, as expected, progress
along the macrophage’s degradative endocytic pathway. At 30
min postinfection, only a small percentage of bead-containing
phagosomes colocalized with any of the markers tested, but by
10 h postinfection the majority of these phagosomes were
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TABLE 1. Percentage of phagosomes that colocalize
with a given marker

% Colocalization at the indicated time
postinfection in cells containing®:

Marker i i} S. typhimurium S. typhimurium
Latex beads SL1344 BJ66
30 min 10 h 30 min 10 h 30 min 10 h
Man-6PR 42 82*x3 161 244 204 22*4
LAMP 1 22*+2 90*x5 973 90x5 84 x4 8 =*3
LAP + ++ ++ ++ ++ ++
Cathepsin L 113 83*x2 17*x2 24=*4 ND 336

“ The results are means *+ standard deviations in percentages except for LAP,
the results for which are expressed as the degree of colocalization (++, strong;
+, weak).

positive for M6PR, LAMP 1, LAP, and cathepsin L (Table 1;
Fig. 1E to H). Thus, ligands delivered by both M6PR-depen-
dent and -independent mechanisms could be detected in over
80% of mature bead-containing compartments. In sharp con-
trast, phagosomes containing wild-type S. typhimurium dramat-
ically diverged from this trafficking pattern (Table 1). To begin
with, LAMP 1 and LAP were detected in over 90% of bacte-
rium-containing phagosomes at 30 min postinfection (Fig. 1A
and B and Fig. 2A and B). Only 22% of phagosomes contain-
ing latex beads were positive for these same markers at the
corresponding time point, indicating that the LAMP 1 and
LAP were delivered to these two types of compartments at
significantly different rates. Moreover, the majority of STVs
differed from bead-containing phagosomes in that STVs, al-
though positive for LAMP 1 and LAP, did not acquire M6PR
at any time analyzed (Fig. 3A). Correspondingly, cathepsin L
could be detected in, at most, only 24% of the bacterium-laden
phagosomes, even at 10 h postinfection (Fig. 3E). These find-
ings indicate that the majority of STVs circumvent trafficking
along the macrophage’s degradative pathway but are, never-
theless, accessible to the delivery of LAMP 1 and LAP.

The experiments described above were performed with
RAW 264.7 cells, an established macrophage cell line. The
recent findings of Oh et. al. have suggested that in primary
macrophages, phagosomes containing S. fyphimurium undergo
rapid and complete fusion with macrophage lysosomes (45).
Hence, it seemed possible that the type and possibly the acti-
vation state of the infected macrophages could confer different
STV trafficking patterns. In order to test this possibility, bone
marrow-derived macrophages were collected and infected with
live S. typhimurium. Colocalization of STVs with LAMP 1,
M6PR, and cathepsin L was subsequently examined. Each
experiment was conducted in triplicate and repeated a total of
three times. Analysis of infected bone marrow-derived macro-
phages indicated, once again, that S. typhimurium resides in a
modified compartment; approximately 65% of STVs colocal-
ized with LAMP 1 by 30 min postinfection, but the majority of
phagosomes (greater than 70%) acquired neither M6PR nor
cathepsin L, even at 10 h postinfection (data not shown). Thus,
the type of macrophage being used did not appear to dramat-
ically affect the trafficking pattern of Salmonella-containing
phagosomes. In all further experiments, we therefore confined
our observations to the RAW 264.7 macrophage cell line.

S. typhimurium-containing phagosomes do not readily inter-
act with incoming endocytic traffic. To assess the interaction of
phagosomes containing either the latex beads or S. typhi-
murium with incoming endocytic trafficc RAW 264.7 macro-
phages were infected for 30 min or 10 h and then incubated
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with rhodamine-labeled transferrin or fixable Texas red dex-
tran for 30 min.

Transferrin has been shown to be delivered to early endo-
somes via the transferrin receptor. The ligand dissociates from
the receptor as the endosome acidifies and, in contrast with
ligands that are delivered to lysosomes, recycles to the plasma
membrane where it is released to the extracellular milieu (36,
39). As shown in Table 1, 62% of phagosomes containing latex
beads readily fused with transferrin at early time points (Fig.
4B) and, as expected, became fusion incompetent as they pro-
gressed along the endocytic pathway. In comparison, STVs
were, for the most part, inaccessible to incoming transferrin at
early or late time points. We were able to detect transferrin in
only 14% of STVs at the 30-min time point (Fig. 4A). It was
formally possible that STVs transiently pass through an early
endosome stage in which they are competent for fusion with
transferrin and that, by assaying them at 30 min postinfection,
we had overlooked this stage. To test this possibility, we per-
formed two assays. In the first, macrophages were infected in
the presence of the labeled transferrin, and in the second the
cells were infected for 10 min, washed, and immediately incu-
bated with the marker. Following 10, 20, or 30 min of incuba-
tion, the cells were assayed for colocalization of phagosomes
with the labeled transferrin. We did not detect significant levels
of transferrin within the bacterium-containing phagosomes
with either of these protocols (data not shown), confirming the
observation that STVs do not interact with the early endosome
recycling pathway.

In contrast to transferrin, dextran is taken up by host cells
through fluid-phase endocytosis. This marker segregates from
early recycling endosomes, progresses along the cell’s endo-
cytic pathway, and is finally degraded in lysosomes (28, 52).
The dextran trafficking results were similar to those obtained
with transferrin in that phagosomes containing latex beads
interacted with endocytosed markers but STVs remained in-
accessible to incoming endocytic traffic (Table 2). At early time
points postinfection, dextran was observed to traffic into 80%
of phagosomes containing latex beads (Fig. 4D). At 10 h
postinfection, only 9% of these phagosomes were accessible to
this marker (Fig. 4F). This latter finding was surprising in that
the endocytic marker profile of latex bead-containing phago-
somes (see above) indicates that these compartments are ly-
sosomal-like at this late time point. Thus, we expected a por-
tion of the dextran routed along the degradative pathway to
also end up in this compartment. It was possible that the
30-min dextran incubation period was not sufficient to allow for
complete trafficking of the marker through the endocytic path-
way into terminal degradative compartments. We therefore
modified the experiment in that the infected cells were incu-
bated with the dextran for 30 min, washed, and then placed at
37°C for an additional 1.5 h to allow for more complete traf-
ficking of the marker. With this protocol, the percentage of the
vacuoles containing latex beads colocalizing with dextran in-
creased to 54% (Fig. 4H). Thus, by 10 h postinfection, vacuoles
containing latex beads had trafficked through the early com-
partments of the endocytic pathway. Incoming dextran, in turn,
required longer periods of time (several hours versus 30 min)
to reach these terminal compartments.

Analysis of STV colocalization with internalized dextran in-
dicated, once again, that phagosomes containing S. #yphi-
murium do not readily interact with endocytic traffic (Table 2).
Dextran could be detected in only 2% of STVs at 30 min
postinfection (Fig. 4C). Bacterium-containing phagosomes an-
alyzed at 10 h postinfection were only slightly more accessible
to the marker in that approximately 8% of the STVs fused with
incoming dextran (Fig. 4E). This percentage did not signifi-
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FIG. 1. STVs colocalize with LAMP 1 as early as 30 min postinfection. Infected RAW 264.7 macrophages were fixed, permeabilized, and blocked with BSA solution.
The samples were incubated first with rabbit anti-S. typhimurium and rat anti-LAMP 1, followed by FITC-conjugated goat anti-rabbit IgG and, finally, TRITC-
conjugated rabbit anti-rat IgG. Each antibody incubation lasted 60 min and was followed by several washes. (A and B) Labeled intracellular wild-type S. typhimurium
at 30 min postinfection and distribution of LAMP 1 in the same cell, respectively. Arrows mark colocalization of bacteria with LAMP 1. (C and D) Labeled intracellular
BJ66 at 30 min postinfection and distribution of LAMP 1 in the same cell, respectively. Arrows mark colocalization of BJ66 with LAMP 1. (E and F) Fluorescent latex
beads at 30 min postinfection and distribution of LAMP 1 in the same cell, respectively. Arrows mark the location of the beads within the cells. Colocalization of the
marker and beads is not detectable. (G and H) Fluorescent latex beads at 10 h postinfection and distribution of LAMP 1 in the same cell. Colocalization of fluorescent
beads with LAMP 1 is detectable at late time points.
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FIG. 2. STVs colocalize with LAP as early as 30 min postinfection. Infected RAW 264.7 macrophages were fixed, permeabilized, and blocked with BSA solution.
The samples were incubated first with mouse anti-S. typhimurium LPS and goat anti-LAP, followed by TRITC-conjugated rabbit anti-goat IgG and, finally,
FITC-conjugated goat anti-mouse IgG. Each antibody incubation lasted 60 min and was followed by several washes. (A and B) Labeled intracellular wild-type S.
typhimurium at 30 min postinfection and distribution of LAP in the same cell, respectively. Arrows mark colocalization of bacteria with LAP. (C and D) Labeled
intracellular BJ66 at 30 min postinfection and distribution of LAP in the same cell, respectively. Arrows mark colocalization of BJ66 with LAP.

cantly increase when the dextran was chased through the en-
docytic pathway for an additional 1.5 h as described above (Fig.
4G).

Recent studies have indicated that movement of fluid-phase
solute probes through endocytic compartments may vary ac-
cording to the size of the probe and that uniform mixtures of
fluorescent dextrans with different sizes segregate by size into
distinct lysosomes (11). We therefore tested whether the ob-
served lack of fusion of STVs with endocytosed dextran was
related to the size of the probe being used in these studies
(MW of 70,000). RAW 264.7 macrophages infected with S.
typhimurium were incubated in medium containing a low-MW
fluorescent dextran (MW of 10,000), and colocalization of the
dextran with STVs was quantitated according to the proce-
dures described above. Less than 15% of S. typhimurium-con-
taining phagosomes fused with the incoming, low-MW fluores-
cent dextran at any time point analyzed (data not shown),
indicating that STV fusion with incoming dextran does not vary
with the size of the dextran being used.

The method of entry does not influence the intracellular
trafficking pattern of S. typhimurium. Our data indicate that
the majority of phagosomes containing S. typhimurium circum-
vent trafficking along the macrophage’s degradative pathway
and, although accessible to the delivery of LAMP 1 and LAP,
do not readily interact with other compartments of the endo-
cytic pathway including incoming traffic. The question of how
this organism selectively interacts with some endocytic com-
partments but avoids fusion with others arises. We wanted to
investigate whether the route of bacterial entry into the mac-
rophage is responsible for the unique trafficking pattern of
STVs. To that end, we compared the trafficking pattern of
wild-type S. typhimurium SL1344 with that of a noninvasive S.

typhimurium mutant, BJ66. Wild-type organisms have been
shown to enter host cells by a ruffling mechanism (20, 46). BJ66
is unable to induce its uptake into human epithelial cells (35)
and is taken up by murine macrophages 6 to 10 times less
efficiently than the wild type (44). Furthermore, uptake of BJ66
by RAW 264.7 macrophages is not accompanied by host cell
membrane ruffling, as demonstrated in Fig. 5. Thus, BJ66 is
thought to be internalized by macrophages through host cell-
directed mechanisms, such as lectinophagocytosis, as opposed
to pathogen-induced entry mechanisms.

Analysis of the endocytic marker profile of phagosomes con-
taining BJ66 indicated that these phagosomes traffic through
the host cell in the same manner as those containing wild-type
organisms (Table 1). At 30 min postinfection, 84% of phago-
somes containing the mutant S. typhimurium colocalized with
LAMP 1 (Fig. 1C and D) and were positive for LAP (Fig. 2C
and D), whereas M6PR could be detected in only 20% of these
compartments. At 10 h postinfection the percentage of M6PR-
positive BJ66-containing phagosomes did not significantly in-
crease (Fig. 3B). Finally, the majority of phagosomes contain-
ing BJ66 did not colocalize with cathepsin L (Fig. 3F) and
remained largely inaccessible to incoming transferrin or dex-
tran (Table 2) for the duration of the experiment. These results
suggest that the membrane ruffling mechanism of entry which
enables S. typhimurium to invade epithelial cells and increases
bacterial uptake into macrophages does not play an obvious
role in determining the subsequent intracellular fate of this
pathogen.

Bacterial viability is essential for modification of the Salmo-
nella-containing phagosome. The goal of our final set of ex-
periments was to investigate whether viability of the bacteria
influenced the intracellular trafficking pattern of STVs. Mac-
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FIG. 3. Colocalization of latex beads and S. typhimurium with CI-M6PR and cathepsin L. Infected RAW 264.7 macrophages were fixed, permeabilized, and blocked
with BSA solution. (A to D) The samples were incubated with mouse anti-S. typhimurium LPS and rabbit anti-CI-M6PR for 60 min, washed, and then incubated with
TRITC-conjugated goat anti-rabbit IgG and FITC-conjugated goat anti-mouse IgG for an additional 60 min. (E to H) The samples were incubated with rabbit
anti-cathepsin L and mouse anti-S. typhimurium LPS for 60 min, washed, and incubated with TRITC-conjugated goat anti-rabbit IgG and FITC-conjugated goat
anti-mouse IgG for an additional 60 min. Viable S. typhimurium organisms, wild type (A and E) or mutant BJ66 (B and F), do not colocalize with M6PR (A and B)
or cathepsin L (E and F) at 10 h postinfection. In contrast, latex beads (C and G) and heat-killed bacteria (D and H) do reside in compartments that are positive for
M6PR (C and D) and cathepsin L (G and H) at late time points. Fluorescent latex beads and FITC-labeled bacteria that colocalize with M6PR or cathepsin L appear
more yellow than green.

rophages were infected with opsonized, heat-killed organisms, the degradative pathway. In fact, very few intact bacteria could
and colocalization of the phagosomes with the various endo- be detected 10 h after infection. For this reason, colocalization
cytic markers was examined. Not surprisingly, phagosomes of phagosomes containing heat-killed organisms with endo-
containing heat-killed organisms appeared to progress along cytic markers was quantitated at 30 min and 2 h postinfection.
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FIG. 4. Colocalization of latex beads and S. typhimurium with incoming endocytic traffic. (A and B) RAW 264.7 macrophages were infected, placed at 37°C for 30
min, and then incubated with rhodamine-labeled transferrin for an additional 30 min. All samples were fixed. Cells infected with S. typhimurium were subsequently
permeabilized, incubated with rabbit anti-S. typhimurium for 30 min, washed, and incubated with FITC-conjugated goat anti-rabbit IgG for an additional 30 min.
Phagosomes containing viable, wild-type S. typhimurium (A) do not interact with incoming transferrin at 30 min postinfection, whereas the majority of bead-containing
phagosomes (B) do contain the ligand at this same time point. Colocalized beads appear yellow. (C to H) Macrophages were infected, placed at 37°C for either 30 min
or 10 h, and then incubated with Texas red dextran for 30 min (B to E) or 2 h (F and G). At 30 min postinfection, phagosomes containing the viable wild-type S.
typhimurium (C) do not interact with incoming dextran whereas the marker can be detected in phagosomes containing latex beads (D). At 10 h postinfection, neither
STVs (E) nor phagosomes containing latex beads (F) are readily accessible to dextran that is chased into the cell for 30 min. If the marker is allowed 2 h to traffic through
the endocytic pathway of the host cell, the dextran does traffic into the bead-containing phagosomes (H) whereas STVs (G) remain inaccessible to the incoming traffic.

Colocalized beads appear yellow.

As early as 30 min postinfection, 74% * 2% (mean * standard
deviation) of the phagosomes were positive for LAMP 1 and
72 * 5% colocalized with cathepsin L. By 2 h postinfection,
these numbers increased to 89 * 5% and 82 *= 4%, respec-

tively. Acquisition of M6PR (Fig. 3D) corresponded with the
observed increase in cathepsin L colocalization (Fig. 3H).
Thus, in contrast to that observed for viable organisms, cathep-
sin L was being delivered to phagosomes containing heat-killed
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TABLE 2. Percentage of phagosomes that fuse with incoming endocytic traffic

% Colocalization at indicated time postinfection in cells containing®:

I;I?::kl:? Latex beads S. typhimurium SL1344 S. typhimurium BJ66
30 min 10 h 30 min 10 h 30 min 10 h
Transferrin 62+5 8§*+4 14+3 24 +2 207 24+ 4
Dextran 805 9+£3(54+06) 3x1 8 +3(16 = 4) 15+4 9+x3(16x5)

“ At 30 min or 10 h postinfection, macrophages were incubated with the labeled marker for 30 min and then analyzed immediately. Numbers in parentheses are the
results from experiments in which infected cells were incubated with the labeled marker for 30 min, washed, and then incubated for an additional 1.5 h before analysis.

S. typhimurium. To ensure that the degradative trafficking pat-
tern of heat-killed organisms was not a result of opsonization,
parallel experiments in which unopsonized, heat-killed bacte-
ria were added to the macrophages were conducted. Although
fewer bacteria were internalized, the observed trafficking pat-
tern was the same as that observed for serum-coated, nonvia-
ble organisms, verifying that lack of bacterial viability rather
than opsonization was responsible for the phagosomal process-
ing pattern (data not shown). These results clearly indicate that
bacterial viability is essential for the unique trafficking pattern
of phagosomes containing S. typhimurium.

DISCUSSION

The present study provides evidence that phagosomes con-
taining wild-type S. typhimurium diverge from the degradative
pathway of the macrophage host cell. This conclusion is based
on an analysis of the endocytic trafficking patterns of phago-
somes containing latex beads, heat-killed organisms, or viable

S. typhimurium. Phagosomes containing latex beads and heat-
killed organisms exhibit a trafficking pattern that is suggestive
of fusion with degradative lysosomal compartments. These
phagosomes become positive for not only LAMP 1 and LAP
but also CI-M6PR and cathepsin L. Historically, mature lyso-
somal compartments have been operationally defined as
LAMP-containing, M6PR-negative structures (26). M6PRs are
believed to dissociate from their ligands in a prelysosomal
compartment and subsequently to recycle to the TGN. This
historical definition of mature lysosomal compartments is
based on immunocytochemical analyses of uninfected eucary-
otic cells. Our results indicate that phagosomes containing
latex beads continue to stain positive for M6PR even at 10
postinfection. One possible conclusion from this data is that
phagosomes containing latex beads are detained in a prelyso-
somal compartment. It is formally possible that the shear bulk
of a latex bead prevents the compartment from being fully
processed by the macrophage. Alternatively, we suggest that
mature degradative compartments are not necessarily devoid

FIG. 5. Fluorescence actin staining assay of RAW 264.7 macrophages infected with wild-type SL1344 (A and B) or the isogenic mutant BJ66 (C and D).
Representative images of labeled bacteria (A and C) and rhodamine-phalloidin staining for filamentous actin (B and D) are shown. Arrows mark the location of specific
bacteria within the infected cells. Unlike wild-type SL1344, BJ66 does not induce polymerization of actin filaments during entry into the host cell.
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of M6PRs. Support for this hypothesis comes from several
other trafficking studies. Racoosin and Swanson have shown
that the levels of CI-M6PR staining of maturing micropino-
somes continue to rise even as the compartments fuse with
prelabeled lysosomes (52). Additional studies by Pitt et al. have
indicated that mature phagosomes containing antibody-coated
Staphylococcus aureus maintain high levels of M6PR even as
they continue to acquire LAMP-1, B-glucuronidase, and ca-
thepsin D (48). Finally, our own results indicate that at 2 h
postinfection, 84% of phagosomes containing heat-killed or-
ganisms stain positive for M6PR (data not shown) yet appear
to be lysosomal like (i.e., contain active degradative enzymes)
since the nonviable bacteria are clearly being digested. Thus,
we propose that phagolysosomes do not recycle the M6PR as
efficiently their vacuolar counterparts, perhaps, in part, due to
the size of the ingested particle.

In contrast to phagosomes containing latex beads or heat-
killed organisms, vacuoles containing viable bacteria colocalize
only with those markers delivered by M6PR-independent
mechanisms, LAMP 1 and LAP. These molecules can be de-
tected in STVs as early as 30 min postinfection. Ligands de-
livered through M6PR-dependent mechanisms, such as ca-
thepsin L, and the CI-M6PR itself cannot be detected in the
majority of STVs even at 10 h postinfection. Thus, viable S.
typhimurium organisms, in contrast to heat-killed organisms
and latex beads, divert degradative processing of the phago-
some within which they reside in murine macrophages. Al-
though the majority of STVs do appear to adhere to this
modified pattern of phagosome trafficking within the macro-
phage, a certain degree of heterogeneity is evident. By 10 h
postinfection, macrophages are filled with replicating bacteria;
nevertheless, approximately 25% of the STVs analyzed at this
time point colocalize with cathepsin. This 25% could represent
vacuoles that have, for whatever reason, successfully trafficked
along the host cell’s degradative pathway. On the other hand,
recent work by Sturgill-Koxzycki et al. indicates that Mycobac-
terium-containing phagosomes acquire cathepsin D with kinet-
ics that resemble the acquisition of LAMP 1 but that the
cathepsin D remains in an immature form (59). Whether the
cathepsin staining of 25% of the Salmonella-containing phago-
somes is indeed indicative of actual fusion with mature lyso-
somes or merely the incorporation of an immature form of the
enzyme cannot be determined by confocal microscopy. An
answer to this question awaits the isolation of bacterium-con-
taining phagosomes for Western blot analysis.

The immunofluorescence microscopy observations present-
ed in this study and the subsequent characterization of the
endocytic position of the STV in the macrophage host cell
extend the findings of two other laboratories that have previ-
ously reported the inhibition of macrophage phagosome-lyso-
some fusion by S. typhimurium. Experiments conducted by
Ishibashi and Arai indicate that viable S. typhimurium organ-
isms, in contrast to UV-killed organisms or organisms treated
with bacterial protein synthesis inhibitors, resist fusion with
lysosomes preloaded with acridine orange or sulforhodamine
(33). Various lipopolysaccharide (LPS) mutants of S. typhi-
murium were shown to block lysosomal fusion as efficiently as
their wild-type counterparts. Buchmeier and Heffron similarly
demonstrated that viable S. typhimurium organisms, in com-
parison to heat-killed organisms and avirulent E. coli, fail to
fuse with secondary lysosomes preloaded with thorium dioxide
(13). These investigators verified that inhibition of fusion is not
affected by opsonization of the organisms with normal mouse
serum and confirmed the observation that a complete LPS
molecule is not essential for this unique trafficking pattern of
viable S. typhimurium.
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The findings reported here are also in agreement with the
observations of Garcia-del Portillo and Finlay, who have de-
fined the trafficking pattern of STVs in epithelial cells (22).
These investigators have shown that Salmonella-containing
vacuoles, although positive for LAMPs, bypass compartments
containing M6PRs, even when the host cells are treated with
lysosomotrophic, weak bases which block transit of M6PRs
from late endosomes to the TGN. They have further confirmed
that Salmonella-containing vacuoles are functionally separated
from the normal endocytic pathway of the epithelial cell and
that these compartments avoid fusion with lysosomes.

The conclusions derived from the studies described above as
well as our own converge on the central theme that live S.
typhimurium is capable of diverting the endocytic processing of
the epithelial or macrophage compartment in which it resides.
In contrast, the recent findings of Oh et al. suggest that S.
typhimurium-containing phagosomes undergo rapid and com-
plete fusion with macrophages. We examined the possibility
that the observed differences in this latter work and our own
might be due to the fact that our experiments were conducted
with a cultivated macrophage cell line whereas Oh and cowork-
ers used primary macrophages. There are striking differences
between such cells; primary macrophages, for example, are far
more susceptible to Salmonella-induced apoptosis and up to
80% of these cells are killed within 3 h after bacterial entry
(44). It was this reason, in part, that led us to employ a culti-
vated cell line which suffers only about 20% programmed cell
death following Salmonella entry. Nevertheless, our results in-
dicate the phagosomes containing S. typhimurium follow es-
sentially similar trafficking patterns within primary or culti-
vated macrophages. It is possible that the use of different
technical procedures may be responsible for the observed ex-
perimental discrepancies between the work reported here and
that of Oh et al. Recent evidence suggests that different meth-
ods of fixation and permeabilization, especially protocols
which include an alcohol fixation step, can produce conflicting
immunofluorescence colocalization results (42). Unlike Oh et
al., we do not rely on a methanol extraction step during prep-
aration of samples but feel confident that this omission does
not prohibit one from detecting colocalization of phagosomes
with markers such as cathepsin L, since we were able to clearly
detect this marker in phagosomes containing heat-killed bac-
teria or latex beads. We have also used a different means of
analyzing and quantitating colocalization events. Whereas Oh
et al. relied on fluorescence microscopy for their analysis, we
have completed our studies using immunofluorescence confo-
cal microscopy. As noted earlier, we found about 25% of in-
tracellular S. typhimurium organisms within compartments that
stain positive for cathepsin or M6PR. This finding could rep-
resent the presence of two populations of Salmonella within
macrophages, as postulated by Abshire and Neidhardt (1), in
which one population follows the expected degradative path-
way of lysosomal fusion while the other represents the end
result of a Salmonella strategy for intracellular replication and
survival. We did not expect Salmonella intracellular persistence
to be an all-or-none phenomenon. In any event, the work
reported here and by others (13, 22, 33) is consistent with the
view that a substantial majority of intracellular Salmonella or-
ganisms reside in a unique cellular compartment that does not
fuse with functional lysosomes. Our studies have further con-
firmed that the capacity to influence the outcome of intracel-
lular trafficking of the phagosomal compartment is dependent
on the viability of the salmonellae at the onset of infection.

Very little is known about how microorganisms orchestrate
the remodeling of phagosomal compartments to prevent fusion
with lysosomes. For T. gondii, a parasite previously demon-
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strated to reside within a modified macrophage phagosomal
compartment, the method of parasite entry appears to play a
significant role in the subsequent processing of the phagosome.
Hence, opsonized parasites, in contrast to live organisms, are
taken up into phagosomes which fuse with mature lysosomes
(34). The observations of Buchmeier and Heffron indicate that
opsonization of live S. typhimurium does not block inhibition of
fusion with lysosomes (13). However, it is unclear if this treat-
ment actually alters the method of Salmonella entry since op-
sonized organisms are still able to induce dramatic membrane
ruffling in RAW 264.7 macrophages (43). To investigate fur-
ther whether the method of entry plays a role in modification
of STVs, we examined the trafficking patterns of BJ66, a mu-
tant that is believed to be taken up by host cell-directed pro-
cesses such as lectinophagocytosis rather than through bacte-
rium-induced membrane ruffling. Our results indicate that the
trafficking pattern of BJ66 is no different from that of its
wild-type counterpart; it acquires LAMP 1 and LAP but does
not colocalize with CI-M6PR or cathepsin L. Furthermore,
BJ66 has recently been shown to be fully capable of replicating
within macrophages (44). Thus, remodeling of Salmonella-con-
taining compartments does not seem to depend so much on the
method of pathogen uptake as it does on subsequent bacterial
activities.

The results reported here indicate that phagosomes contain-
ing S. typhimurium do indeed diverge from the normal endo-
cytic pathway of the host cell. How the bacterium accomplishes
this feat is unknown. Future investigations into the bacterial
products involved, the host cell processes modified, and the
regulation of these events will, most certainly, contribute to our
understanding of bacterium-host cell interactions.
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