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Salmonella enterica serovar Typhimurium is a facultative intracellular pathogen that inhabits a vacuolar
compartment, called the Salmonella-containing vacuole (SCV), in infected host cells. Maintenance of the SCV
is accomplished by SifA, and mutants of this Salmonella pathogenicity island 2 type I1I effector replicate more
efficiently in epithelial cells. Here we demonstrate that enhanced replication of sif4 mutants occurs in the
cytosol of these cells. Increased replication of wild-type bacteria was also observed in cells treated with
wortmannin or expressing Rab5 Q79L or Rab7 N1251, all of which caused a loss of SCV integrity. Our findings
demonstrate the requirement of the host cell endosomal system for maintenance of the SCV and that loss of
this compartment allows increased replication of serovar Typhimurium in the cytosol of epithelial cells.

Salmonella enterica serovar Typhimurium can cause a num-
ber of diseases, including gastroenteritis in humans and a sys-
temic disease in mice that resembles typhoid fever (23, 41).
Both in vitro (10) and in vivo (32, 33) evidence suggests that
this pathogen inhabits a vacuolar compartment in infected
cells, called the Salmonella-containing vacuole (SCV), during
the course of these infections. Modulation of SCV interaction
with the host endocytic system is thought to represent a major
virulence strategy of serovar Typhimurium, a strategy shared
by other intracellular pathogens (9). Principally implicated in
altering SCV maturation are two different type III secretion
systems (TTSS). The Salmonella pathogenicity island 1 (SPI-
1)-encoded TTSS mediates invasion of nonphagocytic epithe-
lial cells via a ruffling mechanism that is distinct from phago-
cytosis (6, 11). This uptake mechanism may dictate maturation
of the SCV, since early events include the avoidance of lyso-
somes (13). A second TTSS, encoded on SPI-2, is induced
inside cells and is essential for survival and replication in mac-
rophages (28, 34). This system blocks delivery of the NADPH
oxidase (12, 44, 45) in macrophages and may also play a role in
avoiding lysosomes in this cell type (42).

Recent data have shown that the SPI-2 TTSS promotes
integrity of the SCV through the actions of SifA, a translocated
effector of this system (3, 5, 21). Deletion of sif4 leads to loss
of the vacuole surrounding intracellular bacteria at late times
(10 h) following infection of murine macrophages in vitro. At
this time, sifA mutants are predominantly located in the mac-
rophage cytosol and are unable to replicate (3). Recent con-
focal analysis of the spleens of infected mice has confirmed a
role for SifA in maintaining the SCV in macrophages in vivo
(33). In epithelial cells, SifA mediates a unique phenotype
characterized by extensive tubulation of the SCV, known as
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Salmonella-induced filaments (Sifs [16]). Deletion of sifA
blocks Sif formation in epithelial cells (39). Surprisingly, the
effect of this mutation on intracellular replication is the oppo-
site of that in macrophages: sif4 mutants replicate more effi-
ciently than wild-type bacteria in epithelial cells, and the basis
for this difference is unknown (39).

To examine this phenotype, we infected HeLa epithelial
cells with serovar Typhimurium SL1344 for 10 h and examined
the location of intracellular bacteria by confocal microscopy
(5). As shown in Fig. 1A (upper panels), wild-type bacteria
were localized within lysosomal-associated membrane protein
1 (LAMP-1") vacuoles, and Sif formation was witnessed in
approximately 50% of infected cells. This is consistent with
previous studies demonstrating rapid LAMP-1 acquisition by
the SCV following invasion and retention of this marker
throughout the course of infection in this cell type (16, 26, 38).
In a minority of wild-type infected cells (previously estimated
to be 1 to 5% of the total number of intracellular bacteria
under similar conditions [15]), intracellular bacteria lacking
LAMP-1 were observed (Fig. 1, middle panels), indicating
rupture of the SCV. In these cells, loss of LAMP-1 coincided
with an increase in shed lipopolysaccharides (LPS) throughout
the cytosol and a change in bacterial morphology. As shown,
loss of the SCV led to a pronounced elongation of cytosolic
bacteria when compared to those within vacuoles (Fig. 1).

To confirm that loss of LAMP-1 indicates rupture of the
SCV and is not the result of altered SCV trafficking, we in-
fected cells with bacteria expressing a destabilized mutant of
green fluorescent protein (GFP) (Clontech) driven by the phoP
promoter (to be described elsewhere). Consistent with previ-
ous reports, expression of phoP was induced in the SCV in
response to low Mg " levels (estimated to be 10 to 50 wM [14])
in this compartment (17, 20), with 51% *= 10% (average =
standard deviation; n = 3) of LAMP-1" wild-type bacteria
expressing GFP. In contrast, only 11% * 6% (n = 3) of
LAMP-1" serovar Typhimurium expressed detectable
amounts of GFP, indicative of high Mg®" concentrations in the
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FIG. 1. Replication of serovar Typhimurium in the cytosol of HeLa epithelial cells. (A) HeLa cells were infected for 10 h with either wild-type
or sifA serovar Typhimurium SL1344, as indicated, and then fixed with 2.5% paraformaldehyde. Cells were coimmunostained for LAMP-1 and
Salmonella LPS, as indicated, and processed for confocal microscopy (5). Arrowheads indicate LAMP-1" bacteria within Salmonella-containing
vacuoles, while arrows indicate the elongated and swollen shape of LAMP-1" bacteria which are present in the cytosol and undergoing replication.
(B) Detection of phoP expression. HeLa cells were infected by sif4 serovar Typhimurium SL1344 with a plasmid encoding the destabilized mutant
of GFP driven by the phoP promoter for 10 h, and then they were processed for confocal microscopy, as above. Arrowheads indicate LAMP-1"
bacteria expressing high levels of GFP, while arrows indicate LAMP-1" bacteria which are present in the cytosol and do not express GFP. Size

bar, 10 pm.

cytosol and downregulation of the phoP promoter. Similar
results were seen with sif4 mutants, although a higher percent-
age of LAMP-1~ bacteria were observed (Fig. 1B). These
findings demonstrate that loss of LAMP-1 coincides with dis-
ruption of the Salmonella-containing vacuole and release of
the bacteria into the cytosol.

While cytosolic replication of wild-type serovar Typhi-
murium was observed, the majority of these bacteria were
located within LAMP-1" SCV and appeared to be undergoing
extensive replication in this compartment (Fig. 1A, upper pan-
els). In contrast, deletion of sif4 appeared to block intravacu-
olar replication, as only small clusters (one to four bacteria per
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FIG. 2. Time lapse confocal microscopy of serovar Typhimurium replication in infected epithelial cells. HeLa cells were grown in glass
chambers (Nunc) and then infected for 6 h with either the wild type or sif4 serovar Typhimurium SL1344 as indicated. The medium was then
replaced with HEPES-buffered growth medium, and cells were loaded with 100 nM Lysotracker DND-99 (Molecular Probes) to label acidified
compartments (in red). Chambers were mounted onto an inverted Zeiss microscope with a heated incubation chamber at 35 to 37°C, and time lapse
images were acquired by a Bio-Rad Radiance Plus confocal using the Lasersharp software package. Both wild-type and sif4 mutant bacteria
contain a plasmid (pFPV25.1) which provides constitutive expression of GFP (in green; yellow in overlap) under the rpsM promoter, as previously
described (43). Rapid movement and replication of sif4 mutant bacteria in the cytosol of infected cells were readily observed, in contrast to the
immobile and nonreplicating bacteria in acidified vacuoles (arrows in left-hand series). Wild-type bacteria replicated in acidified vacuoles (arrows

in right-hand series).

vacuole) of LAMP-1" bacteria were observed (Fig. 1A, lower
panels). Consistent with the results of Beuzon et al. (3), large
numbers of LAMP-1" bacteria were observed in these cells,
indicating that cytosolic replication of the sif4A mutant was also
occurring. To directly visualize replication of sif4 mutants of
serovar Typhimurium in HeLa cells, we performed time lapse
confocal imaging of infected cells (Fig. 2). For these experi-
ments, infected cells were loaded with Lysotracker DND-99 to
label acidic compartments (in red), which include the SCV (1,
30). This provides a convenient method of determining which
bacteria (identified by constitutive expression of GFP) are
present in vacuoles or the cytosol. As shown in Fig. 2 (left-hand
series), sifA mutants were observed to move freely in the cy-
tosol and underwent rapid replication in this compartment. By
contrast, sifA mutants present in acidified vacuoles (arrows)
did not replicate over the 2-h imaging period. Wild-type bac-
teria were observed predominantly in acidified vacuoles (right-

hand panels) and were capable of replicating in these compart-
ments, albeit with a lower replication rate.

Based on these observations, we conclude that the previ-
ously observed enhanced replication of sif4 bacteria in both
HeLa and MDCK epithelial cells (39) occurs in the cytosol of
these cell types. Thus, in contrast to the nonpermissive cyto-
solic environment of the macrophage (3), serovar Typhi-
murium can survive and replicate in the cytosol of epithelial
cells. During the course of our studies, Goetz and colleagues
demonstrated that serovar Typhimurium 14028s does not rep-
licate in the epithelial cell line Caco-2 following direct delivery
to the cytosol by microinjection (19). The discrepancy between
their results and our own suggests that serovar Typhimurium
requires expression of specific virulence factors which are in-
duced following invasion and vacuolar adaptation (29) prior to
release in the cytosol in order to replicate in this compartment.

In previous studies we have demonstrated that transfection
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FIG. 3. Effects of wortmannin on maintenance of the Salmonella-containing vacuole. (A) HeLa cells were infected for 6 h with wild-type serovar
Typhimurium SL1344 in the presence of 100 nM wortmannin and then fixed with 2.5% paraformaldehyde. Cells were coimmunostained for
LAMP-1 and LPS, as indicated, and processed for immunofluorescence microscopy. The arrow indicates LAMP-1" bacteria which are present in
the cytosol and undergoing replication. Sif formation was not inhibited by wortmannin treatment; a representative Sif is indicated with an
arrowhead. Size bar, 10 wm. (B) Quantitation of intracellular bacteria colocalizing with LAMP-1 for experiments performed as described for panel
A. The averages * standard errors are shown for three separate experiments. *, P < 0.001

of HeLa cells with an N-terminal fusion of SifA to GFP causes
swelling and aggregation of endocytic compartments bearing
lysosomal glycoproteins (5) and the late endosome marker
lysobisphosphatidic acid (4). These observations suggest that
SifA directs membrane fusion events for the purpose of main-
taining vacuole integrity and for Sif formation. To examine a
possible role for the host cell endocytic pathway in SCV main-
tenance, we treated cells with 100 nM wortmannin, a potent
phosphatidylinositol 3-kinase inhibitor that impairs many en-
docytic and secretory processes (7, 8, 24, 27, 31, 35). Cells were
then infected with wild-type serovar Typhimurium and exam-
ined by immunofluorescence microscopy. Treatment with
wortmannin led to a significant increase in the number of
cytosolic bacteria (as determined by loss of LAMP-1 [Fig. 3B]

and altered bacterial morphology) at 6 h postinvasion. Inter-
estingly, Sif formation was not impaired by treatment with
wortmannin (Fig. 3A), suggesting that the formation of Sif
tubules (a process involving aggregation and fusion of late
endocytic compartments [4]) and maintenance of the SCV are
separable functions of SifA. The gentamicin resistance assay
(38) was used to quantify intracellular replication under these
conditions. Pretreatment for 30 min with wortmannin did not
affect invasion (as previously demonstrated [25]) but consis-
tently led to a two- to threefold increase in intracellular repli-
cation at 6 h postinvasion over that of untreated cells (37).
Thus, pharmacologic inhibition of the host endosomal system
can affect the intracellular location and replication efficiency of
serovar Typhimurium in epithelial cell lines.
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FIG. 4. Expression of Rab5 Q79L blocks Sif formation and promotes the release of serovar Typhimurium from the Salmonella-containing
vacuole. (A) HeLa cells were transfected with a vector encoding the Q79L mutant of Rab5 fused to GFP prior to infection for 6 h with wild-type
serovar Typhimurium SL1344. Cells were then fixed with 2.5% paraformaldehyde, coimmunostained for LAMP-1 and LPS, and processed for
immunofluorescence microscopy. Arrowheads indicated swollen endocytic structures that contain LAMP-1, while the arrow indicates cytosolic
bacteria lacking LAMP-1 that are undergoing replication. Size bar, 10 um. (B) HeLa cells were transfected with a vector encoding either the
enhanced GFP alone or its fusion to the indicated Rab GTPase. Transfected cells were infected for 6 h with wild-type serovar Typhimurium and
then fixed with 2.5% paraformaldehyde. Fixed cells were coimmunostained for LAMP-1 and LPS, and the number of transfected cells with large
clusters of LAMP-1" bacteria, as demonstrated for panel A, was determined. The averages * standard errors are shown for three separate

experiments. *, P < 0.001.

We also examined the role of the host endosomal system in
SCV maintenance by expression of Rab GTPases, key regula-
tors of many endocytic trafficking events (36). To test a role for
early endosomes in SCV maintenance, HeLa cells were trans-
fected (5) with a vector encoding the Q79L (constitutively
active) GTPase mutant of Rab5 fused to the C terminus of
GFP (generously provided by C. Roy, Yale University). As
previously demonstrated (40), expression of Rab5 Q79L

caused extensive swelling of endosomes (Fig. 4A). Sifs were
seen in only 11% = 2% of Rab5 Q79L-transfected cells com-
pared with 49% = 5% of wild-type Rab5-GFP-transfected cells
(n = 3). Expression of Rab5 Q79L also led to an increase in the
number of transfected cells that contained cytosolic bacteria
compared to the number of wild-type cells transfected with
Rab5-GFP or GFP alone, indicating a loss of SCV integrity
(Fig. 4B). This is consistent with a recent report demonstrating
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that expression of Rab5Q79L leads to an increase in intracel-
lular replication by serovar Typhimurium in HeLa epithelial
cells at 5.5 h postinvasion (2). The authors of that study con-
cluded that intracellular replication can be uncoupled from
normal maturation of the SCV. In light of our findings, we
propose instead that the increase in replication observed by
Baldeon et al. occurs in the cytosol of infected cells as a result
of altering Rab5 activity. However, our results and those of
Balde6n et al. (2) demonstrate a role for membrane traffic
involving early endosomes for maintenance of the SCV and for
Sif formation.

To test a role for late endocytic compartments in mainte-
nance of the SCV, HelLa cells were transfected with a vector
encoding the N125I (dominant-negative) mutant of Rab7
fused to the C terminus of GFP (generously provided by A.
Wandinger-Ness, University of New Mexico Health Sciences
Center). Expression of this construct inhibits Sif formation (4)
and also led to an increase in the number of transfected cells
with cytosolic bacteria (Fig. 4B). Thus, interruption of both
early (Rab5-mediated) and late (Rab7-mediated) stages of the
endocytic pathway lead to interruption of the normal mem-
brane traffic events that allow Sif formation and preservation
of the SCV.

Many studies utilize epithelial cell lines to examine intracel-
lular replication by serovar Typhimurium. Here we demon-
strate that genetic, pharmacologic, or molecular interference
with this model of infection can lead to an alteration in the
subcellular localization of intracellular bacteria. Since we have
shown that serovar Typhimurium can replicate efficiently in the
cytosol of epithelial cells, suitable care must be taken to ensure
that vacuolar replication is not confused with cytosolic repli-
cation. It is interesting that serovar Typhimurium actively
maintains the SCV (through the actions of SifA) in epithelial
cells when clearly it could benefit by escaping this compart-
ment. Indeed, vacuolar escape and cytosolic replication con-
stitute the pathogenic strategy of such pathogens as Listeria
monocytogenes and Shigella flexneri. Maintenance of the SCV
in epithelial cells may have important implications for host
immune responses, including TAP (transporter associated with
antigen presentation)-dependent presentation of antigens via
major histocompatibility complex class I molecules and activa-
tion of proinflammatory signaling cascades in response to in-
tracellular LPS (18). In macrophages, maintenance of the SCV
also allows serovar Typhimurium to avoid cytosolic host de-
fense proteins such as ubiquicidin, which has the ability to
restrict bacterial growth in vitro (22). Future studies will ad-
dress how serovar Typhimurium modifies its vacuolar compart-
ment to allow replication within this intracellular niche.
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