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Phagosome acidification is an important component of the microbicidal response by infected eukaryotic cells.
Thus, intracellular pathogens that reside within phagosomes must either block phagosome acidification or be able
to survive at low pH. In this work, we studied the effect of phagosomal acidification on the survival of intracellular
Salmonella enterica serovar Typhimurium in different cell types. Bafilomycin A1, a specific inhibitor of the vacuolar
proton-ATPases, was used to block acidification of salmonella-containing vacuoles. We found that in several epi-
thelial cell lines, treatment with bafilomycin Al had no effect on intracellular survival or replication. Furthermore,
although acidification was essential for Salmonella intracellular survival in J774 cultured macrophages, as reported
previously (13), it is not essential in other macrophage cell lines. These data suggest that vacuolar acidification
may play a role in intracellular survival of salmonellae only under certain conditions and in specific cell types.

Salmonella spp. are gram-negative facultative intracellular
pathogens which infect a wide variety of animals, including
humans (6). Salmonella enterica serotype Typhimurium is one
of the leading causes of food poisoning in human beings and of
particular concern given the recent emergence of a multidrug-
resistant strain, DT104 (1). In salmonellae, two distinct viru-
lence-associated type III secretion systems are located within
Salmonella pathogenicity islands 1 and 2 (SPI1 and SPI2) (7,
14). The type III systems translocate distinct sets of proteins
into the host cell (10). These effectors confer on serovar Ty-
phimurium the ability to invade mammalian cells and, once
inside, to survive and replicate. Intracellular salmonellae re-
main in the phagosome, or salmonella-containing vacuole
(SCV), the biogenesis of which is regulated by the bacteria so
that interactions with the endocytic pathway are limited and
fusion with the terminal lysosome is blocked (8, 11, 15). De-
spite these restrictions on biogenesis, the SCV can become
acidified, and it has been shown that acidification is necessary
for the survival of salmonellae inside cultured macrophages
(13). Based on this finding, it was postulated that acidification
was essential for intracellular induction of specific survival
genes in salmonellae. Alternatively, secretion rather than ex-
pression may be regulated. Indeed, it has recently been shown
that the secretion of at least one type III effector is pH depen-
dent (3). In this study, we compared the effect of blocking
vacuolar acidification in different cell lines to further investi-
gate the role of acidification in intracellular survival.
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FIG. 1. Intracellular survival of salmonellae in epithelial cells is acidification
independent. Epithelial cells were incubated in the presence of salmonellae for
10 min and then further incubated in the presence of gentamicin as indicated.
Intracellular survival is expressed relative to the number of CFU recovered from
untreated infected cells at the earliest time point. Solid circles, untreated cells:
open circles, BAF-treated cells. The standard deviations obtained from three
independent experiments are indicated.
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FIG. 2. Intracellular survival of salmonellae in cultured macrophages. J774 cells (A and B), RAW cells (C), RAW cells treated with gamma interferon (IFN-vy) (D),
or LM-1 cells (E) were incubated in the presence of salmonellae for 10 min and then further incubated without extracellular bacteria as indicated. Intracellular survival
is expressed relative to the number of CFU recovered from untreated infected cells at the earliest time point. Solid circles, untreated cells; open circles, BAF-treated
cells. The standard deviations obtained from three independent experiments are indicated.

Vacuolar proton-ATPase activity plays no role in intracel-
lular survival of salmonellae in epithelial cell lines. Previously
it has been shown that vacuole acidification is required for
survival of salmonellae in macrophages (13). However, inva-
sion of epithelial cells also plays a vital role in salmonella
pathogenesis, and we wanted to investigate whether there was
a similar requirement for acidification in these cells. Invasion
assays were carried out essentially as previously described (15).
Briefly, the day before infection, cells were seeded in 24-well
plates at 1 X 10° to 5 X 10° cells per well in Earle’s minimal
essential medium supplemented with 10% fetal bovine serum.
To block endosome acidification, cells were treated with 1 uM
bafilomycin Al (BAF) (Kamiya Biomedical Company, Seattle,
Wash.) for 30 min prior to invasion. Virulent S. enterica serovar
Typhimurium strain 14028s was grown in Luria-Bertani (LB)
broth with shaking overnight at 37°C and then subcultured
(1:33 dilution) for 2.5 h. Bacteria were then washed by centrif-
ugation, resuspended in Earle’s buffered salt solution, and
added to cells at a multiplicity of infection of ~10 for 10 min.
Extracellular bacteria were then removed by washing three
times with phosphate-buffered saline (PBS). Gentamicin (50
pg/ml) was added 20 min after invasion; when necessary, the

concentration was decreased to 5 pg/ml at 2 h postinfection. At
the indicated times, cells were washed twice with PBS and
lysed in 1 ml of 1% Triton X-100-0.1% sodium dodecyl sulfate
(SDS) in PBS. The lysate was serially diluted in PBS and plated
onto LB plates, and colonies were counted the next day. Inva-
sion assay results are expressed relative to the number of CFU
recovered at the earliest time point in untreated cells. Three
epithelial cell lines, HeLa, MDCK, and Henle (Intestine-407),
were used in these experiments. Bacterial survival was followed
for 6 h in all experiments to allow bacterial replication, which
typically occurred after an initial lag phase of approximately
4 h (Fig. 1). While BAF treatment appears to slightly increase
the number of intracellular bacteria in MDCK and Henle cells
at 6 h, the differences are not significant (Henle, t = 1.03, P =
0.36; MDCK, ¢t = 1.84, P = 0.13). Thus, acidification appar-
ently plays no role in either invasion or intracellular survival or
replication in these cell lines.

Vacuolar proton-ATPase activity is not necessarily essential
for intracellular survival of salmonellae in macrophage cell
lines. The above results indicate that vacuole acidification does
not play a role in survival of salmonellae in epithelial cells. In
order to directly compare our results with those of Rathman et
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al. (13), we next carried out similar experiments in three dif-
ferent mouse macrophage cell lines, J774A.1, RAW264.7, and
LM-1. LM-1 is a stable mouse macrophage cell line which has
recently been described (G. Forget, K. A. Siminovitch, S. Bro-
chu, S. Rivest, D. Radzioch, and M. Olivier, submitted for
publication). All these cells were grown in Dulbecco’s minimal
essential medium supplemented with 10% fetal bovine serum,
and invasion was carried out as described above. In J774A.1,
intracellular bacteria did not replicate over the time course of
the experiment (up to 6 h); indeed, the CFU recovered de-
creased with time (Fig. 2A, inset). As expected, we found that
inhibition of vacuolar acidification by BAF treatment signifi-
cantly reduced the survival of intracellular bacteria (at 6 h, t =
5.68, P = 0.015) (Fig. 2A). To confirm that the BAF effect was
due to reduced survival of intracellular bacteria rather than
decreased uptake, we performed an experiment in which the
cells were solubilized immediately after 10 min of invasion
(Fig. 2B). BAF had no significant effect on invasion efficiency.
This result was confirmed using a previously described immu-
nofluorescent assay (15) which allows differentiation of intra-
cellular and extracellular bacteria (not shown).

Surprisingly, when similar experiments were carried out in
RAW264.7 (Fig. 2C), no requirement for acidification could be
detected (at 6 h, t = 0.14, P = 0.54). This is in direct contrast
to the findings of Rathman et al. (13), and we considered that
a possible reason for this was the state of activation of the cells.
For this reason, we repeated the experiment using RAW cells
which had been activated with 200 U of recombinant mouse
gamma interferon (MG-FIN; Genzyme Diagnostics, Cam-
bridge, Mass.) for 18 to 24 h prior to infection (Fig. 2D).
However, we could still detect no significant difference in the
intracellular survival of salmonellae (at 6 h,z = 1.07, P = 0.82).
To further investigate the requirement for acidification in mac-
rophages, we next repeated the experiments using LM-1 cells
(Fig. 2E). The results in these cells were very similar to those
in the RAW cells, and there was no significant difference in
intracellular survival in treated versus untreated cells (at 6 h,
t=20,P =05).

BAF treatment abolishes vacuolar acidification in infected
cells. To control for abolishment of vacuolar acidification un-
der the conditions used in these experiments, we used acridine
orange, a cell-permeating probe for acidified organelles (12,
13). For these experiments cells were grown on coverslips (12
mm), stained for 5 min with 5 g (16.5 wM) of acridine orange
hydrochloride (Sigma, St. Louis, Mo.) per ml, and visualized
for fluorescence using a longpass fluorescein isothiocyanate
filter (excitation, 450 to 490 nm; emission, =520 nm). The
fluorescence emitted after excitation at 450 to 490 nm indi-
cated the pH of the vacuoles. Figure 3 illustrates results for
J774A.1 (A and B), RAW264.7 (C and D), and Henle (E and
F) cells. As expected, control cells emitted a red-orange fluo-
rescence due to the naturally acidic nature of intracellular
vacuoles, including endosomes and lysosomes. In BAF-treated
cells, an intense green fluorescence was detected due to the
lack of acidified intracellular organelles, confirming the effec-
tiveness of vacuolar ATPase inhibition. Similar results were
obtained for the other cell lines tested (data not shown).

Our results indicate that vacuole acidification is not essential
for intracellular survival of salmonellae in all cell types. Cer-
tainly in epithelial cells we could detect no requirement for
acidification, although in macrophage cells the results were
more ambiguous. It is now clear that, as previously suggested
(13), survival within host cells requires the induction of specific
survival genes (2, 4, 9, 16). However, these genes may also be
induced extracellularly under certain conditions, thus bypass-
ing the need for intracellular induction. Slight differences in
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FIG. 3. Effect of BAF on vacuolar acidification after staining with acridine
orange. BAF-treated (B, D, and F) or control untreated cells (A, C, and E) were
incubated for 5 min with acridine orange (5 wg/ml) in PBS and then visualized
using a Zeiss Axiophot microscope with an X65 oil immersion lens. (A and B)
J774 cells. (C and D) RAW cells. (E and F) Henle cells. Bar, 20 pm.

the growth and preparation of bacteria may account for the
differences seen in our experiments. For example, it has been
shown that the activity of both type III secretion systems of
S. enterica is affected by pH (3, 5). Our results clearly show that
vacuole acidification is not required per se for intracellular
survival of salmonellae and illustrate the complexity of the
interactions that occur between host cell and pathogen. Fur-
ther studies, including comparison of bacterial genes induced
by low pH or intracellularly, will be required to dissect the real
role of acidification in intracellular survival of salmonellae.
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