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FIG. 3. Analysis of S. aureus containing vesicles using the lysosomal markers LAMP-1 and LAMP-2. (A) Monolayers of epithelial cells grown
on coverslips were infected with S. aureus at an MOI of 10:1 and processed for a 4-h time point as described in Materials and Methods. Infected
cells were fixed and stained with anti-LAMP-1 (A and B) or anti-LAMP-2 (C and D) antibody visualized with Alexa Fluor 555-conjugated
secondary antibody (green). Mammalian and bacterial DNA were stained with To-Pro-3 and visualized at 660 nm (red). S. aureus internalized by
LCFSN cells were within LAMP-positive vesicles (arrows [A and C]), whereas a majority of bacteria internalized into CFT-1 cells lost their
association with LAMP markers after 4 h (arrowheads). (E and F) Quantification of LAMP-1 and LAMP-2 association with bacteria, respectively.
One hundred events were counted for each point on the graph. Each point represents the percentage of bacteria that was associated with LAMP-1
(E) or LAMP-2 (F) as determined by the presence of a positive ring around internalized bacteria at 1, 2, and 4 h postinfection. Each datum point
represents the mean = the standard error of the mean (SEM) of two experiments. The datum points differed significantly from the dead S. aureus

control as marked by asterisks (P < 0.05). Bar, 10 pm.

acidify is essential for the optimal activity of hydrolytic en-
zymes found within the lysosomal compartment. To determine
whether S. aureus resides in an acidic vesicle after internaliza-
tion, we stained infected cells with LysoTracker DND 99, a
weak lysomotrophic base that accumulates and fluoresces
within acidic vesicles. Approximately 80% of heat-killed bac-
teria were within acidic vesicles of CFT-1 cells at 1 h post-
invasion and approached 100% after 4 h (Fig. 5). Heat-killed
bacteria internalized into LCFSN cells were uniformly found
to colocalize with LysoTracker-positive vesicles, whereas
LCFSN infected with live bacteria were associated with a de-
layed acidification at 1 h, but by 4 h more than 85% of the
bacteria were found to be within acidic vesicles (Fig. 5C). In
contrast, only 40% of the live internalized bacteria in CFT-1
cells were associated with acidic vesicles by 1 h, and this per-

centage significantly decreased to less than 20% after 4 h (Fig.
5C). These data suggest that a majority of live S. aureus bac-
teria within CFT-1 cells are not within acidic vesicles at 4 h
postinvasion. Additional experiments with the lysomotrophic
agent acridine orange revealed a similar trend (data not shown).

Association with V-ATPase. A decrease in the luminal pH of
endocytic vesicles is mediated by V-ATPase, part of an integral
membrane complex that pumps hydrogen ions into the vesic-
ular lumen (25). Using an antibody against V-ATPase, we were
able to quantify the percentage of S. aureus-containing vesicles
associated with V-ATPase (Fig. 6). Approximately 80% of live
bacteria within CFT-1 cells were associated with V-ATPase at
1 h after invasion, but by 4 h the number decreased to 65%.
However, the data did not reach statistical significance com-
pared to those obtained at 1 h postinvasion. Nevertheless, we
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FIG. 4. z-series images of LCFSN and CFT-1 cells infected with S.
aureus. LCFSN (A) and CFT-1 (B) cell lines were invaded with live S.
aureus for 4 h, fixed, and then stained with LAMP-2 antibody (green) and
To-Pro-3 to stain DNA (red). Each plane represents a (.5-pm section
starting at the basal side (0 wm) and moving toward the apical side (2.5
pm) of the cell. In both CFT-1 and LCFSN cell lines, bacteria could be found
within LAMP-2-positive vesicles (arrows). However, in CFT-1 cells, most
bacteria did not reside within LAMP-2-positive vesicles (arrowheads).
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saw a similar trend in repeating this experiment. In contrast,
90% of the live S. aureus cells within LCFSN cells were asso-
ciated with V-ATPase after 1 h and maintained this association
over 4 h. Similarly, 80 and 90% of heat-killed S. aureus cells
that were internalized into CFT-1 and LCFSN cells, respec-
tively, were associated with V-ATPase after 1 h of invasion,
and this association persisted over 4 h (Fig. 6C).

EM analysis of infected cells. The relative absence of lyso-
somal marker in vesicles containing live internalized bacteria
within CFT-1 cells at 2 h after invasion (Fig. 3E and F) implies
that S. aureus either altered the acquisition of endosomal
markers or may escape into the host cytosol. To narrow the
possibility, we examined monolayers of CFT-1 and LCFSN
cells infected with S. aureus at an MOI of 100:1 by EM (Fig. 7).
Quantitative EM analysis of more than 100 bacteria per sample
revealed that at 1 h postinvasion a majority of live bacteria
were still within membrane-bound vesicles in both cell lines
(Fig. 7D). After 4 h, evidence of membrane degradation and
bacterial escape into the host cytosol was seen in CFT-1 cells
infected with live bacteria (Fig. 7A). Between 2 and 4 h, the
percentage of bacteria within vesicles in CFT-1 cells infected
with live bacteria significantly decreased from 77 to 18%,
whereas heat-killed bacteria internalized by CFT-1 cells re-
mained bound within vesicles after 4 h (Fig. 7C and D). In
contrast, the percentage of live bacteria within vesicles in in-
fected LCFSN cells dropped from 87 to 55% over the 4-h
incubation period. Thus, a majority of live S. aureus internal-
ized by CFT-1 cells escaped by 4 h after infection into the
cytoplasm, where they are protected from the hydrolases found
within the acidic lumen of the mature lysosome.

A number of recent reports have shown that the cellular
process of autophagy is important for the immune detection
and clearance of intracellular bacteria that reside within the
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FIG. 5. Analysis of lysosomal acidification. Monolayers of epithelial cells grown on coverslips were infected with S. aureus at an MOI of 10:1.
Thirty minutes prior to each time point, LysoTracker (LyT) was added to the cell culture media to label acidic vesicles prior to fixing at 1, 2, and
4 h postinfection. (A and B) A majority of S. aureus within CFT-1 cells lost their association with LyT after 4 h (arrowheads) (B), whereas S. aureus
within LCFSN cells maintained their association with LyT (arrows) (A). (C) Quantitation of bacteria that colocalized with LyT. One hundred
events are recorded for each time point. Each point represents the percentage of internalized bacteria associated with the acidic marker LyT. Each
datum point represents the mean + the SEM of two experiments. The datum points significantly different from the dead S. aureus control are

marked by asterisks (P < 0.001). Bar, 10 pm.
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FIG. 6. Association of S. aureus-containing vesicles with V-ATPase. Monolayers of LCFSN (A) and CFT-1 (B) epithelial cells were infected
with live S. aureus at an MOI of 10:1. Infected cells were fixed and stained with anti-V-ATPase antibody visualized with Alexa Fluor 555-conjugated
secondary antibody (green). Mammalian and bacterial DNA were stained with To-Pro-3 and visualized at 660 nm (red). S. aureus bacteria within
LCFSN cells were stained V-ATPase positive after 4 h of internalization (C, m), while the number of S. aureus within CFT-1 cells associated with
V-ATPase decreased over the time (C, O). The events were quantitated as described for Fig. SC. Each datum point represents the mean = the

SEM of two experiments. Bar, 10 pm.

host cell cytosol (8). As part of the process, cytoplasmic bac-
teria are engulfed into double-membrane-bound vesicles that
are targeted for fusion with the lysosome. In our EM experi-
ments, we did not detect any evidence of autophagy occurring
in either of the cell lines as a result of bacterial internalization.
Therefore, it is unlikely that autophagy plays a major role in
controlling S. aureus replication within either the LCFSN or
the CFT-1 cell line.

DISCUSSION

Mutations in CFTR, particularly the AF508 mutation, com-
promise the innate immunity of the lung and predispose CF
patients to chronic bacterial infections (1). As a result, chronic
inflammation of the lung results in tissue damage and reduced
pulmonary function, culminating in death. Previously, we have
shown that S. aureus can replicate within pulmonary epithelial
cells derived from a patient with a homozygous mutation
(AF508/AF508) in CFTR (20). Persistence in an intracellular
location would protect S. aureus from antibiotics and the host
innate immune response, thus facilitating rapid recolonization
and recurrent infections that are common after termination of
antibiotic therapy (17).

The role of CFTR in the clearance of bacteria from the lung
is controversial (7, 29). Our studies demonstrated that similar
numbers of S. aureus bacteria adhered to the surface of both
CFT-1 and the complemented cell line LCFSN (Fig. 1F), sug-
gesting that the adherence of S. aureus to epithelial cell lines is
not influenced by the AF508 mutation in CFTR. Indeed, we
have found that S. aureus showed reduced adhesion to both
cell lines in the presence of soluble fibronectin, thus implicat-
ing fibronectin as the major ligand for bacterial binding (data
not shown). This was also corroborated by reports from other
investigators that fibronectin-binding protein is probably the

bacterial adhesin that interacts with cell-surface bound fi-
bronectin (27, 31).

Most bacteria internalized by epithelial cells enter the en-
docytic pathway, followed by fusion with the lysosomal com-
partment and subsequent degradation by lysosomal hydrolases.
However, a number of intracellular pathogens have been
shown to alter the host cell endocytic trafficking to avoid fusion
with the lysosomal compartment. We have shown that after
internalization S. aureus enters the endocytic pathway of
CFT-1 or LCFSN cells and, within 1 h, acquired markers in-
dicative of a late endosomal/lysosomal compartment. There-
after, the fate of live internalized S. aureus diverges signifi-
cantly between the two cell lines. In CFT-1 cells, S. aureus
escapes into the host cell cytosol and thus avoids fusion and
prolonged exposure to the acidic pH and hydrolytic enzymes
within the lysosome. The sequential decrease in the number of
bacteria associated with LysoTracker in CFT-1 cells at 1 h after
infection (Fig. 5), followed by a decrease in integral membrane
proteins such as LAMP-1, suggests that the integrity of the
vesicles is compromised early or that there is a defect in en-
dosomal/lysosomal maturation. EM showed that S. aureus bac-
teria are no longer associated with vesicular membranes within
infected CFT-1 cells at 2 h postinfection, thus suggesting that
the membrane was probably degraded to enable escape. This
contrasts with heat-killed bacteria, which remained within
membrane-bound vesicles and are subsequently degraded.
Once free in the cytoplasm, replication proceeded more effi-
ciently (Fig. 1A), providing a possible explanation for the per-
sistence of S. aureus within CFT-1 cells but not in the comple-
mented LCFSN cell line.

Although most of the endosomal escape events in CFT-1
cells, as defined by EM, occurred by 2 h after infection, the
alteration in endosomal pH in CFT-1 cells compared to
LCFSN happened even at 1 h, as demonstrated by Lyso-
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FIG. 7. EM analysis of S. aureus-infected CFT-1 and LCFSN cells. Monolayers of CFT-1 or LCFSN cells were grown in six-well plates and
infected with either heat-killed or live S. aureus. Samples were then fixed and stained for subsequent transmission EM analysis as described in
Materials and Methods. (A to C) At 4 h postinfection, heat-killed bacteria within CFT-1 cells (B) and most live S. aureus within LCFSN cells
(C) were found in membrane-bound vesicles (arrows), while live S. aureus within CFT-1 cells (A) were found free in the host cell cytoplasm. Bar,
200 nm. (D) The internalized bacteria that were either within a vesicle or free in the cytoplasm were quantified by counting 100 events on a series
of EM images. Heat-killed bacteria were also included as an additional control at the 4-h time point. The datum points significantly different from

the 1-h time point are marked by asterisks (P < 0.05). Bar, 10 wm.

Tracker studies (Fig. 5). This finding, coupled with a lack of
similar observation in CFT-1 cells infected with heat-killed
bacteria, suggests that S. aureus, in a proper host environment
(i.e., within CFT-1 but not LCFSN), likely affects normal mat-
uration of vesicles, including a relative increase of endosomal
pH in CFT-1 cells. However, this defect in vesicular trafficking
cannot be attributed to the CFTR mutation alone since active
lysosomal hydrolases are delivered to vesicles containing dead
but fluorescent bacteria in both CFT-1 and LCFSN cells, thus

resulting in progressive loss of fluorescence over time in both
cell lines (data not shown). We also investigated whether an
increase in endosomal pH in CFT-1 would facilitate bacterial
replication. However, this did not seem to be the case, since
neutralization of vesicular pH by preincubating epithelial cells
in the presence of bafilomycin A (V-ATPase inhibitor) or the
weak base NHCI, has no affect on the ability of S. aureus to
replicate in either cell line (unpublished observation). This
suggests that the ability of S. aureus to replicate within CFT-1
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FIG. 8. Proposed model of S. aureus trafficking within CFT-1 cell
line.

cell line is independent of the host vesicular pH and that
exposure to an acidic environment is not required for virulence
gene induction prior to escape into the host cell cytosol.

Our studies with L. monocytogenes also provided us with a
close approximation of endosomal pH within CFT-1 cells. It
has been shown that activation of listeriolysin O (LLO), a
protein that functions optimally at pH 5.5 to 6, is required for
endosomal escape (3). The fact that L. monocytogenes is able to
replicate in both CFT-1 and LCFSN cell lines suggests that the
pH of endocytic vesicles must be at least within the optimal pH
required for LLO function (Fig. 2).

We have shown in the present study that S. aureus could
replicate within the CFT-1 cell line but not in the comple-
mented cell line LCFSN for up to 10 h postinfection (Fig. 1A).
Further evidence of bacterial replication was also confirmed by
microscopic analysis, with bacterial clusters of 1 to 2 and 4 to
10 microorganisms after 1 and 4 h in CFT-1 cells, respectively
(Fig. 1B). In contrast to CFT-1 cells, live bacteria internalized
by LCFSN cells did not cause any gross morphological changes
to host cells over the 10-h period of the experiment. Whether
the bacteria within LCFSN cells are truly static or reach an
equilibrium between replication and death remains to be de-
fined.

The ability of S. aureus to replicate in CFT-1 cells appears to
be specific because the nonpathogen B. subtilis, while able to
enter CFT-1 cells (Fig. 2), failed to replicate in these cells. As
a positive control, the well-studied intracellular pathogen L.
monocytogenes was able to invade and replicate both CFT-1
and LCFSN cells effectively. This contrasts with S. aureus,
which replicates only in CFT-1 cells and not in LCFSN cells.
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Thus, the ability to replicate within the CFT-1 cell line but not
the complemented cell line LCFSN seems to be specific for S.
aureus and not just a generalized phenomenon applicable to a
random assortment of bacteria.

Based on studies of Listeria LLO, we speculate that a
similar hemolysin may be responsible for endosomal escape in
S. aureus. However, in contrast to Listeria, S. aureus has an
arsenal of membrane pore-forming toxins including «, B, 9,
and vy toxins, leukotoxins (PVL toxin), and phospholipase. Al-
though the « toxin of S. aureus may seem to be a reasonable
candidate based on work in bovine mammary epithelial cells
(30), it is possible that these toxins may be host cell specific, as
has been the case with leukotoxins. We are currently in the
process of investigating the role of these toxins in mediating
endosomal escape in CFT-1 cells.

Predicated upon our data, we have a model whereby S.
aureus enters the normal endocytic/degradative pathway within
both CFT-1 and LCFSN cells and, at some point after acqui-
sition of normal endocytic markers such as LAMP-1, the bac-
teria within the CFT-1 cell escape into the cytoplasm of the
host cell, thus avoiding degradation within the lysosomal com-
partment (Fig. 8). This difference in endosomal trafficking be-
tween the CFT-1 and LCFSN cell lines may well account for
the ability of S. aureus to replicate within the CFT-1 cell line
and not the LCFSN cell line. This ability of S. aureus to escape
into the host cell cytosol only in CFT-1 cells, but not in the
complemented counterpart, may conceivably explain the per-
sistence of S. aureus in CF patients. Understanding the under-
lying mechanisms of escape and replication will have important
bearings on the therapeutic treatment of S. aureus infections in
CF patients.
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