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Listeria monocytogenes secretes several proteins that have been shown to contribute to virulence. Among these
is listeriolysin O (LLO), a pore-forming hemolysin that is absolutely required for virulence. Two other
virulence factors are phospholipases: a phosphatidylinositol-specific phospholipase C (PI-PLC [plcA]) and a
broad-range PLC (plcB). Although mutations in plcA or plcB resulted in small increases in mouse 50% lethal
dose (LD50), deletions in both genes resulted in a 500-fold increase in LD50. We have examined the role of these
secreted proteins in host intracellular signaling in the J774 macrophage-like cell line. Measurements of
cytosolic free calcium ([Ca21]i) have revealed a rapid spike upon exposure of these cells to wild-type L.
monocytogenes. This is followed by a second peak at 5 min and a third prolonged peak with a maximal [Ca21]i
of 800 to 1,000 nM. The pattern of calcium changes was greatly altered by deletion of any of the three virulence
factors. An LLO mutant produced none of these elevations in [Ca21]i; however, a transient elevation was
observed whenever these bacteria entered the cell. A PI-PLC mutant produced a diminished single elevation
in [Ca21]i at 15 to 30 min. A broad-range PLC mutant produced only the first calcium spike. Studies with
inhibitors suggested that the first elevation arises from influx of calcium from the extracellular medium
through plasma membrane channels and that the second and third elevations come from release of Ca21 from
intracellular stores. We observed that internalization of wild-type bacteria and the broad-range PLC mutant
was delayed for 5 to 10 min, but the LLO and PI-PLC mutants were internalized rapidly upon infection.
Inhibitors that affected calcium signaling changed the kinetics of association of wild-type bacteria with J774
cells, the kinetics of entry, and the efficiency of escape from the primary phagosome.

Listeria monocytogenes, a food-borne animal and human
pathogen, secretes several proteins that have been shown to be
either essential or contributory to virulence both in mamma-
lian cell tissue cultures and in animal models of infection.
Among these is listeriolysin O (LLO [encoded by hly]) a pore-
forming hemolysin that is absolutely required for virulence (9,
15, 26, 44). Two other virulence factors are phospholipases of
the C type (PLC). One, encoded by plcA, is a phosphatidylino-
sitol-specific PLC (PI-PLC) (7, 21, 29, 38, 39), and the other,
encoded by plcB, is a broad-range PLC with activity on most of
the common phospholipids found in biological membranes,
including sphingomyelin (16, 20, 58). Although mutations in
plcA or plcB resulted in relatively small increases in mouse
50% lethal dose, deletions in both genes simultaneously re-
sulted in a 500-fold increase (53). A fourth gene, mpl, encodes
a metalloprotease required for processing of the proenzyme
form of the broad-range PLC in broth cultures (45); however,
activation of the proenzyme can occur in J774 cells by an
Mpl-independent pathway (34). All four of these genes are
contained in a small region of the L. monocytogenes chromo-
some and are regulated by PrfA (43).

Interactions of L. monocytogenes with host cells can be con-
ceptually divided into four steps: association with the host cell
and internalization, escape from the primary vacuole, recruit-
ment of host cell actin, and cell-to-cell spread. Association of
L. monocytogenes with the host cell may occur by means of
different receptors, depending on the cell type (27). Upon

internalization, a phagosome is formed which fuses with early
endosomal compartments of the host cell (1). Depending on
the type of host cell, a significant portion of the invading
bacteria are able to escape from this early phagosomal-endo-
somal compartment (primary vacuole) into the cytosol, where
the bacteria use host cell actin-based motility to spread to
neighboring cells by forming filopodia-like protrusions (55).
After cell-to-cell spread, the bacteria are located in double-
membrane vacuoles from which they escape and repeat the
cycle (55). Mutants lacking LLO cannot escape from the pri-
mary vacuole (4, 14, 55), mutants lacking PI-PLC escape less
efficiently than wild-type L. monocytogenes (8), and mutants
lacking broad-range PLC accumulate in the double-membrane
secondary vacuole (53, 58).

Despite considerable progress in our understanding of the
roles of these virulence factors in the intracellular life of L.
monocytogenes, what are not known is when their activities are
manifested in host cells and the exact biochemical mechanisms
involved. Recent findings indicate that induction of phospho-
lipid metabolism and generation of eicosanoids occur prior to
entry of L. monocytogenes into host cells (50, 51). Mutants
lacking LLO and PI-PLC displayed significant defects in initi-
ation of host cell signaling in host human umbilical vein endo-
thelial cells (HUVEC), indicating that one of these proteins
alone was not enough to induce maximal phosphoinositide
metabolism. Based on these findings, it was suggested that
LLO allows access of the bacterial PI-PLC to host PI, thus
leading to formation of inositol-P (InsP) and diacylglycerol
(DAG) (50). Since changes in host cell free calcium levels have
been shown to be important for various stages of microbial
infection, such as internalization (18, 41), host cell actin rear-
rangement (31), and early endosome fusion (36), this study was
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undertaken to determine if infection with L. monocytogenes
induces calcium signaling in host cells. Our results demonstrate
that changes in cytosolic calcium occur prior to bacterial asso-
ciation with the host cell, and these calcium signals are signif-
icantly altered in the absence of LLO, PI-PLC, or broad-range
PLC. Inhibitors of these calcium signals were shown to affect
the initial association of L. monocytogenes with host cells, en-
try, and eventual escape from the primary vacuole.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains used in this
study include the following wild-type and isogenic mutants: 10403S (wild type)
(5); DP-L1552 (DplcA), a mutant lacking PI-PLC activity (8); DP-L1935 (DplcB),
a mutant lacking broad-range PLC activity (53); DP-L1936 (DplcA DplcB), a
mutant deficient in both phospholipase activities (53); and DP-L2161 (Dhly), a
mutant lacking LLO activity (24). Heat-killed wild-type bacteria were incubated
at 60°C for 1 h. All strains were grown in brain heart infusion (BHI) medium and
maintained on BHI agar. Stock cultures were stored at 280°C in Luria-Bertani
(LB) broth containing 40% glycerol.

FITC labeling of bacterial strains. Bacteria were grown overnight at 30°C
without shaking. The following morning, the culture was diluted 1:10 into fresh
medium. This culture was grown for 1 h 45 min at 37°C with aeration, after which
time, 1 ml was removed, washed once with phosphate-buffered saline (PBS [pH
7.4]), prewarmed to 37°C, resuspended in 0.8 ml of prewarmed PBS (pH 8.0)
containing 0.2 ml of freshly prepared fluorescein isothiocyanate (FITC) solution
(1 mg/ml in PBS), and incubated for another 45 min at 37°C (22). After this
incubation, bacteria were washed three times with prewarmed PBS. The pellet
was then resuspended in 1 ml of prewarmed PBS and used to infect J774 cells 3
to 5 min after resuspension.

Measurement of bacterial entry into J774 cells. The murine macrophage cell
line J774 was obtained from Daniel Portnoy, University of California, Berkely,
Calif. and maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 7.5% fetal calf serum (FCS), glutamine, and penicillin-streptomycin
and incubated at 37°C under 5% CO2. One day prior to infection, cells were
plated on glass coverslips (12-mm circular diameter; Fisher Scientific, King of
Prussia, Pa.) in antibiotic-free DMEM. Five coverslips per well of a six-well tissue
culture dish were used, and cells were plated at a density of 4.0 3 105 to 5.0 3
105 cells per well. To measure uptake, J774 cells were infected with log-phase
bacteria (multiplicity of infection of 25 to 30) for 30 min. Cells were then washed
five times with PBS prewarmed to 37°C and then returned to antibiotic-free
DMEM for an additional 30 min, at which time, 50 mg of gentamicin per ml was
added, and infection was allowed to progress for another 30 min. Coverslips were
then added to sterile distilled water to lyse the J774 cells. Aliquots of bacteria
were plated on LB agar plates, which were incubated overnight at 37°C (25).

Alternatively, wild-type and mutant L. monocytogenes cells were labeled with
FITC and used to infect J774 cells as described above. At various times during
a 45-min infection, cells were washed five times with PBS, stained for 1 min with
25 mg of ethidium bromide per ml, which stains only extracellular bacteria (12),
washed five times with PBS, and fixed with 3.3% formaldehyde. For each time
point, 150 to 200 J774 cells with associated bacteria were viewed with a fluores-
cence microscope (Nikon Microphot FXA) under oil immersion. Images were
captured and analyzed by using a Phase III imaging system (Phase III Imaging

Systems, Glen Mills, Pa.). Cells and extracellular bacteria fluoresced red, and
were counted with the 590-nm rhodamine filter. Total bacteria, labeled with
FITC, fluoresced green and were viewed with a 520-nm fluorescein filter. The
number of intracellular bacteria was determined by subtracting the number of
extracellular bacteria (red) from the total number of bacteria (green). The time
of incubation and concentration of ethidium bromide staining were determined
to be optimal for these experiments.

Measurement of escape from the primary vacuole. Escape of L. monocytogenes
from the primary vacuole was measured by labeling bacteria with FITC and
rhodamine-phalloidin as described previously (33). J774 cells were plated and
infected as described in the section on measurement of bacterial entry. After the
90-min infection, cells were fixed with 3.3% formaldehyde, permeabilized with
Tris-buffered saline containing 0.1% Triton X-100, and blocked with 1% bovine
serum albumin. Bacteria, which had been labeled with FITC as described above,
were then colabeled with rhodamine-tagged phalloidin, which stains polymerized
actin associated with the cytosolic bacteria. After washing, the coverslips were
mounted and viewed under a 360 oil immersion objective using both the 520-nm
fluorescein and 590-nm rhodamine filters. Images were captured and analyzed
with the Phase III imaging system as described above. Bacteria viewed with both
filters were counted, and escape was expressed as the percentage of total FITC-
labeled bacteria that were labeled with rhodamine-labeled phalloidin.

Cytosolic Ca21 measurements. For cytosolic calcium measurements, J774 cells
were plated on glass coverslips as described above. On the day of infection, cells
were loaded with a 5 mM solution of the fluorescent calcium indicator fluo 3-AM
(Sigma, St. Louis, Mo.) for 30 min. Since fluo 3-AM has only single excitation/
emission wavelengths (490 and 520 nm, respectively) and is therefore nonratio-
metric, cells were also loaded for 30 min with 5 mM SNARF-1 AM (Molecular
Probes, Inc., Eugene, Oreg.), which has an isoemissive point at 600 nm. At this
wavelength, it can be used as a reference for fluo 3 fluorescence, thereby com-
pensating for changes in fluorescence due to cell volume changes, photobleach-
ing, and intracellular fluo 3 concentration (35, 46). By scanning across single
cells, which do not show homogeneous fluorescent intensities, a range of inten-
sities was established for SNARF-1 which remained constant when both pH and
calcium concentration were altered, indicating that SNARF-1 fluorescence pro-
vided a satisfactory reference. There was no quenching or spectral overlap
between the two probes. Both probes accumulated in the same intracellular
compartments, as shown in Fig. 1 and further verified by merging the two images.
The intracellular dye concentrations were the same for both probes after the
30-min loading period (0.6 mM). Both probes photobleached at the same rate
(50% decrease in fluorescent intensity within 30 s), and the dye leakage for both
probes was minimal after 90 min (,5%).

Coverslips were placed into hanging drop microslides (Fisher) containing
either HEPES-buffered Ringer medium with 10 mM glucose (pH 7.4) or
HEPES-buffered DMEM with 7.5% serum (pH 7.4). The temperature of the
chamber was maintained at 37°C with a Thermolyne heating plate on the mi-
croscope stage. After addition of FITC-labeled bacteria, cells were observed with
the 340 objective, rotating the filter wheel between the fluorescein (fluo 3) and
rhodamine (SNARF-1) filters. Images were captured and analyzed over a 60-min
time course with the Phase III imaging system. In one set of experiments,
unlabeled wild-type bacteria were added to J774 cells, and calcium changes were
compared to those seen in cells infected with FITC-labeled wild-type bacteria.
Calcium levels in uninfected cells were also measured over the same time period.
The ratio of fluo 3 (520 nm) to SNARF-1 (590 nm) was determined, and cytosolic
Ca21 levels were calculated from a calibration curve prepared according to the

FIG. 1. J774 cells labeled with fluo 3 and SNARF-1. J774 cells were loaded with fluo 3 and SNARF-1 as described in the text. Fluorescent micrographs show a
representative group of J774 cells labeled with both fluo 3 (a) and SNARF-1 (b) 10 min after infection with wild-type L. monocytogenes.
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method of Harrison and Bers (23). A composite calibration curve is given in Fig.
2.

Inhibitor studies. In order to determine if cytosolic Ca21 changes seen after
infection were due to entry of calcium from the extracellular medium or release
from intracellular stores, calcium levels were measured in cells treated with
calcium channel blockers which inhibit calcium influx by blocking specific cal-
cium channels in the plasma membrane or thapsigargin, a very specific inhibitor
of intracellular Ca-ATPases found in calcium-sequestering organelles, such as
the endoplasmic reticulum. Thapsigargin prevents the reuptake of calcium into
these organelles, resulting in depletion of those stores (10, 41). SK&F 96365 (10
and 25 mM), a receptor-operated calcium channel blocker (28, 30), and vera-
pamil (10 to 50 mM), an inhibitor of slow voltage-sensitive (L-type) calcium
channels (19, 59) were added to cells 15 min prior to infection and tested for their
effects on calcium signaling in J774 cells in uninfected and infected cells. Cells
were also added to a HEPES-buffered calcium-free Ringer medium containing 1
mM EGTA to reduce extracellular calcium. In another set of experiments, J774
cells were pretreated for 45 min before infection with 1 mM thapsigargin. Short-
term incubation (20 to 30 min) with thapsigargin produced a rise in cytosolic
calcium due to depletion of intracellular stores, which is tightly coupled to entry
of extracellular calcium through specific channels which open when intracellular
stores need to be refilled (capacitative calcium entry) (3). Incubation for 45 min
with thapsigargin prior to infection returned cytosolic free Ca21 ([Ca21]i) to
control values as a result of Ca21-extruding mechanisms (10). These agents were
not toxic to J774 cells over a 90-min period, as determined by trypan blue
exclusion in which only 2 to 4 cells in a field of 100 stained blue.

Effects of FITC and inhibitors on bacteria. In order to determine if FITC or
inhibitors used in this study were toxic to L. monocytogenes, growth rates in BHI
medium were compared in control cultures and cultures to which inhibitors were
added. FITC-labeled bacteria were also compared to unlabeled bacteria for
effects on uptake and escape from the primary vacuole of J774 cells.

Bacterial growth was determined by measuring the A620 of control and inhib-
itor-treated cultures for 3 h. Concentrations of inhibitors are described in the
section on inhibitor studies. Over a 3-h period, bacterial growth in BHI medium
was not affected by SK&F 96365, verapamil, or thapsigargin nor by the FITC
label on the bacteria.

Uptake of FITC-labeled bacteria after 90 min remained the same as that of
unlabeled bacteria, as determined by viable bacterial cell count. FITC-labeled L.
monocytogenes cells were also compared to antibody-tagged L. monocytogenes
cells to determine if labeling had any effect on escape from the primary vacuole.
Cells were infected as described previously with FITC-labeled or unlabeled
bacteria. There was no difference in the total number of bacteria or the number
of bacteria that stained with rhodamine-phalloidin in experiments in which
FITC-labeled bacteria or bacteria labeled, after infection and permeabilization,
with rabbit anti-L. monocytogenes antibody conjugated with fluorescein (Difco)
were used.

Chloramphenicol studies. To determine if new bacterial protein synthesis was
necessary to initiate changes in host [Ca21]i, calcium signaling was also measured
in one set of cells infected with wild-type L. monocytogenes cells that were washed
with prewarmed PBS containing 10 mg of chloramphenicol per ml and then
resuspended in prewarmed PBS without chloramphenicol. In a second experi-

ment, bacteria were washed with and then resuspended in prewarmed PBS
containing 10 mg of chloramphenicol per ml with the same concentration of
chloramphenicol added to the cell culture. As described previously, infections
were started 3 to 5 min after resuspension.

RESULTS

Changes in cytosolic Ca21 differ in J774 cells infected with
wild-type or mutant L. monocytogenes. To determine if cytoso-
lic calcium levels ([Ca21]i) change after infection of J774 cells
with unlabeled or FITC-labeled wild-type or mutant L. mono-
cytogenes, [Ca21]i was determined in J774 cells in HEPES-
buffered Ringer medium with glucose over a 60-min period
postinfection (p.i.). Since it has been reported that serum con-
tains factors, such as complement (27, 49), which may affect
bacterial entry, calcium signaling was also measured in
HEPES-buffered DMEM with 7.5% FCS. Three elevations in
[Ca21]i followed by a return to control levels were observed in
J774 cells infected with wild-type L. monocytogenes (Fig. 3a).
The first measurements appear to represent the decreasing
phase of an initial peak. Since it appears the increase in [Ca21]i
occurs very rapidly after addition of bacteria, the amplitude of
the [Ca21]i spike is not known. A return to control levels at 3
min is followed by a second rise at 5 min, which then returns to
control values by 10 min. The third elevation, starting 15 min
after addition of the bacteria, is more sustained than either of
the first two elevations, reaching 800 to 1,000 nM by 25 min
and then declining to control levels by 40 min. Changes in
[Ca21]i after infection with unlabeled wild-type L. monocyto-
genes were identical to those detected after infection with the
FITC-labeled wild-type bacteria (data not shown). Changes in
[Ca21]i in cells in HEPES-buffered DMEM with 7.5% FCS
were identical to those seen for cells in HEPES-buffered
Ringer medium with glucose (data not shown).

In contrast to the three elevations in [Ca21]i seen in cells
infected with wild-type L. monocytogenes, only one elevation
was observed in cells infected with the PI-PLC mutant (DplcA)
(Fig. 3b). This small, but reproducibly sustained elevation in-
duced by the PI-PLC mutant corresponds in time to the third
peak seen in cells infected with the wild type, but is only about
50 to 60% the magnitude of the signal observed after infection
with the wild type. The broad-range PLC mutant (DplcB) pro-
duced a rise in [Ca21]i at 1 min of a magnitude similar to that
seen in cells infected with wild-type bacteria (362 6 61 and
462 6 56 nM, respectively) with no second and third elevations
(Fig. 3b). There was no elevation in [Ca21]i in cells infected
with an LLO mutant, the double-PLC mutant (DplcA DplcB),
or heat-killed bacteria (Fig. 3c).

Effects of inhibitors on calcium signaling after infection
with L. monocytogenes. In order to determine if Ca21 changes
resulted from entry of extracellular calcium through plasma
membrane channels or release of calcium from intracellular
stores, [Ca21]i was also measured in cells treated for 15 min
with 10 or 25 mM SK&F 96365 or 10, 25, or 50 mM verapamil,
both of which inhibit entry of calcium from the extracellular
medium, or in cells treated for 45 min with 1 mM thapsigargin,
which depletes intracellular calcium stores. Figure 4a shows
the effects of the receptor-operated Ca21 channel blocker
SK&F96365 (10 and 25 mM) and intracellular Ca21-ATPase
inhibitor thapsigargin (1 mM) on cytosolic Ca21 levels in cells
infected with wild-type bacteria. With SK&F 96365, there was
a concentration-dependent decrease in magnitude of the Ca21

signals from 1 to 10 min. At 15 and 20 min, 10 mM SK&F 96365
was sufficient to reduce the signal to that seen in uninfected
cells. In contrast, the L-type Ca21 channel blocker verapamil
did not reduce [Ca21]i at concentrations from 10 to 50 mM
over a 10-min period (data not shown). These results indicate

FIG. 2. Composite calcium calibration curve. Coverslips with J774 cells were
loaded with fluo 3 and SNARF-1 as described in the text. The cells were
equilibrated in HEPES-buffered Ringer solution (pH 7.4) containing different
concentrations of calcium, 1 mM EGTA, and the Ca21 ionophore A23187 (1
mM) for 30 min at 37°C. The images were collected and analyzed for fluorescence
intensity as described in the text. The average fluo 3/SNARF-1 ratio (520/600)
was obtained for each concentration of Ca21 and used for calculation of cytosolic
Ca21 levels in J774 cells after infection. The results are the mean 6 standard
error for 13 to 17 cell preparations.
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that calcium entry from the extracellular medium was through
receptor-operated channels rather than those which open if
there is a change in membrane potential causing voltage-gated
channels to open. Thapsigargin did not significantly reduce the
first rise in [Ca21]i, but eliminated the second and third ele-
vations observed after infection with wild-type L. monocyto-
genes, indicating that the first elevation in calcium is not a
result of capacitative calcium influx. SK&F 96365 (25 mM) also
eliminated the first elevation in cytosolic Ca21 after infection
with the broad-range PLC mutant (data not shown). Cells
added to the EGTA-containing Ringer medium did not show

any of the three elevations in cytosolic Ca21 after infection
with wild-type L. monocytogenes (data not shown).

The effects of SK&F 96365 on the third Ca21 elevation seen
in cells infected with the wild type and the single elevation on
infection with the PI-PLC mutant are shown in Fig. 4b. SK&F
96365 at 10 mM eliminated the elevation of [Ca21]i at 15 min
in wild-type-infected cells (compare bars E and F), but 25 mM
inhibitor had no effect on the smaller [Ca21]i signal observed
in cells infected with the PI-PLC mutant (compare bars B and

FIG. 3. Calcium signaling in J774 cells after infection with wild-type or mu-
tant L. monocytogenes. J774 cells were loaded with fluo 3 and SNARF-1 as
described in the text. Changes in cytosolic calcium levels were measured at
intervals for 60 min in wild-type-infected (Œ) and uninfected (E) cells (a);
wild-type (Œ)-, plcB (broad-range PLC) mutant (})-, and the plcA (PI-PLC)
mutant (F)-infected cells (b); and double plcA plcB mutant (h)-, LLO2 mutant
(■)-, and heat-killed bacterium (1)-infected cells (c). Results are expressed as
the mean 6 standard error for three to five cell preparations. (a) p, P , 0.05 by
Student’s paired t test for calcium levels at 1, 5, 7, and 30 min in cells infected
with wild-type L. monocytogenes compared to those in uninfected cells. (b) pp,
P , 0.01 by Student’s t test when calcium levels measured at 15, 20, and 25 min
in cells infected with wild-type L. monocytogenes were compared to uninfected
cells. ∧, P , 0.05 by Student’s t test for calcium levels at 1, 5, and 7 min in cells
infected with wild-type L. monocytogenes compared to those in cells infected with
the plcA (PI-PLC) mutant or for calcium levels at 5 and 7 min in cells infected
with wild-type L. monocytogenes compared to those in cells infected with the plcB
(broad-range PLC) mutant. ∧∧, P , 0.01 by Student’s t test for calcium levels at
15, 25, 30, and 40 min in cells infected with wild-type L. monocytogenes compared
to those in cells infected with the plcA (PI-PLC) mutant or calcium levels at 15,
20, 25, 30, and 40 min in cells infected with the wild type compared to those in
cells infected with the plcB (broad-range PLC) mutant.

FIG. 4. Effects of SK&F 96365 and thapsigargin on calcium signaling in J774
cells after infection with wild-type or mutant L. monocytogenes. (a) J774 cells
were loaded with fluo 3 and SNARF-1 as described in the text. Changes in
cytosolic calcium levels were measured at intervals for 20 min in uninfected cells
(E), wild-type infected control cells (Œ), and in wild-type-infected cells treated
with 10 mM SK&F 96365 (■), 25 mM SK&F 96365 (}), or 1 mM thapsigargin
(�). Calcium levels in uninfected inhibitor-treated cells did not differ from those
seen in uninfected untreated cells. These data represent the mean 6 standard
error of three to five cell preparations. p, P , 0.05 by Student’s t test for calcium
levels measured at 1 and 5 min in cells infected with wild-type L. monocytogenes
compared to those in uninfected cells and in infected cells pretreated with 10 and
25 mM SK&F 96365 at 1 and 5 min or thapsigargin at 5 min. At 7 and 10 min,
P , 0.05 when calcium levels in infected cells pretreated with 25 mM SK&F
96365 or thapsigargin were compared to those in untreated infected cells. pp, P ,
0.01 by Student’s t test for calcium levels at 15 and 20 min in untreated infected
cells compared to those in infected cells pretreated with 10 mM SK&F 96365 or
thapsigargin. (b) Cytosolic calcium was measured in control or inhibitor-treated
J774 cells loaded with fluo 3 and SNARF-1 and infected with wild-type or plcA
(PI-PLC) mutant L. monocytogenes. Cytosolic calcium levels are given for 15 min
p.i. for cells infected with or treated as follows: A, uninfected untreated cells; B,
cells infected with the PI-PLC mutant; C, cells infected with the PI-PLC mutant
and treated with 25 mM SK&F 96365; D, cells infected with the PI-PLC mutant
and treated with 1 mM thapsigargin; E, cells infected with wild-type L. monocy-
togenes; and F, cells infected with wild-type L. monocytogenes and treated with 10
mM SK&F 96365. Calcium levels in uninfected inhibitor-treated cells did not
differ from those seen in uninfected untreated cells. These data represent the
mean 6 standard error for three to five cell preparations. pp, P , 0.01 by
Student’s t test for calcium levels in cells infected with wild-type L. monocyto-
genes compared to those in infected cells treated with 10 mM SK&F 96365.
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C). In cells pretreated with thapsigargin and infected with the
PI-PLC mutant, Ca21 signaling was eliminated (compare bars
B and D). Together, these results indicate that Ca21 influx is
responsible for the initial signal, while both influx and release
from intracellular stores contribute to the second and third
signals, observed upon infection with the wild-type.

Although there was no detectable elevation in average cy-
tosolic Ca21 levels during a 60-min infection period with the
LLO mutant or heat-killed bacteria (Fig. 3c), there was a
different pattern of bacterial association of both the LLO mu-
tant and heat-killed bacteria with the J774 cells (see below). In
cells with attached or internalized green FITC-labeled bacteria
a transient elevation in [Ca21]i was observed. This elevation
was insensitive to the Ca21 channel blocker SK&F 96365 (25
mM), but it was inhibited by thapsigargin (1 mM) (data not
shown).

De novo protein synthesis is required for induction of cal-
cium signaling by L. monocytogenes. To determine if bacteria
treated with chloramphenicol, which blocks protein synthesis,
affected calcium signaling, bacteria were washed with PBS con-
taining chloramphenicol and resuspended in PBS without
chloramphenicol or were resuspended in PBS plus chloram-
phenicol (10 mg/ml) and used to infect cells in medium con-
taining chloramphenicol (10 mg/ml). Cells infected with bacteria
which were washed only in PBS containing chloramphenicol
did not show any differences in calcium signaling from cells
infected with nontreated bacteria (data not shown). However,
when bacteria were resuspended in PBS containing chloram-
phenicol and used to infect cells in medium containing chlor-
amphenicol, Ca21 signaling was completely eliminated (data
not shown). These results indicate that de novo protein syn-
thesis is required to initiate changes in [Ca21]i during infection
with the wild type.

LLO and PLCs modulate bacterial entry into host J774
cells. Microscopic observations of bacterial interactions with
host cells suggested different kinetics of association for wild-
type and mutant cells. The time course of adhesion of wild-type
or mutant L. monocytogenes cells with J774 cells and the sub-
sequent internalization over a 30-min period are given in Fig.
5. The total number of wild-type bacteria associated with the
cells increased from 0.31/cell at 1 min to 3.4 by 30 min. The
number of broad-range PLC mutant bacteria associated with
the cells increased in a manner similar to that of the wild type
from 0.04/cell at 1 min to 2.7/cell by 30 min. In contrast the
number of PI-PLC mutant bacteria was 2.24/cell at 1 min and
remained high for 30 min (2.2 6 0.84), and the number of LLO
mutant bacteria at 1 min was also higher than that seen with
the wild type.

The percentages of intracellular wild-type L. monocytogenes
and broad-range PLC mutant cells were low (12 and 27%,
respectively) at 1 min, in contrast to that seen with the PI-PLC
(47%) or LLO mutants (69%). The percentage of wild-type
bacteria entering the cells increases over a 30-min period from
12% at 1 min to 50% at 30 min and remains at this level (Fig.
5b). A large increase in the percentage of intracellular bacteria
occurs 10 min p.i. with the broad-range PLC mutant and re-
mains elevated at a higher level than the wild type for up to 20
min. An insignificant increase occurs with the PI-PLC mutant,
and no change in the percentage of intracellular bacteria was
seen with the LLO mutant. The percentage of intracellular
bacteria did not change for the wild type or any of the mutants
between 30 and 45 min (data not shown). The kinetics of
internalization of the double-PLC mutant and heat-killed bac-
teria entering the cells were indistinguishable from those seen
with the LLO mutant (data not shown). These results suggest

that virulence factors delay bacterial association and entry into
J774 macrophage-like cells.

Effects of calcium signaling inhibitors on bacterial entry. In
order to determine if calcium signaling is linked to bacterial
association and entry, cells were pretreated with the calcium
channel blocker SK&F 96365 (25 mM) or thapsigargin (1 mM),
the Ca-ATPase inhibitor, and the entry assay was carried out as
described above. The presence of the calcium channel blocker,
which eliminates all three [Ca21]i elevations seen in cells after
infection with wild-type L. monocytogenes (Fig. 4a), did not
alter association and entry at 1 min, but at 5 and 10 min, the
percentage of intracellular bacteria was greater in inhibitor-
treated cells than in control cells (Fig. 6a and b). By 20 min,
however, the number of bacteria associated with cells in-
creased dramatically in cells treated with SK&F 96365 (Fig.
6a), and the percentage of intracellular bacteria had declined
to 37%. The number of bacteria associated with the cell con-
tinued to rise at 30 min, and the percentage of intracellular
bacteria also rose. Thapsigargin did not significantly alter the
total number of wild-type bacteria associated with the cells at
any time, but it increased internalization from 5 to 30 min. The

FIG. 5. Association and entry of wild-type or mutant L. monocytogenes cells
into J774 cells. Association and entry of the wild type (Œ), the plcB (broad-range
PLC) mutant (}), the plcA (PI-PLC) mutant (F), or the hly (LLO) mutant (■)
were measured by the entry assay as described in the text. (a) Total number of
bacteria (extracellular plus intracellular) associated with the cells. (b) Percentage
of intracellular bacteria calculated as described in the text. These data represent
the mean 6 standard error for three to five cell preparations. ∧∧, P , 0.01 by
Student’s t test for the percentage of intracellular bacteria (wild-type) compared
to the percentage of intracellular bacteria (LLO mutant) at 1 and 5 min. , pp, P ,
0.01 by Student’s t test for the percentage of intracellular bacteria (wild type)
compared to the percentage of intracellular bacteria (broad-range PLC mutant)
at 10 and 20 min.
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calcium channel blocker had no effect on the association and
entry of the PI-PLC mutant into the J774 cells (Fig. 6c and d).
Thapsigargin also had no effect on the total number of bacteria
associated with the cells after infection with the PI-PLC mu-
tant (Fig. 6c), but did cause a significant reduction in the
percentage of intracellular bacteria by 20 min, which did not
change by 30 min (Fig. 6d). In contrast to the effects of the
channel blocker and thapsigargin on wild-type association and
entry, neither inhibitor altered the total number of bacteria
associated with the cells or the percentage of intracellular
bacteria after infection with the broad-range PLC mutant (Fig.
6e and f). There was no effect of either SK&F 96365 or thap-
sigargin on association with and entry into J774 cells of the
LLO and double-PI-PLC broad-range PLC mutants or heat-
killed bacteria (data not shown). These results show clearly

that elevation of [Ca21]i delays entry of wild-type L. monocy-
togenes.

Escape from the primary vacuole. Previous studies had
shown that deletion of PI-PLC resulted in diminished escape
from the primary vacuole of murine bone marrow-derived
macrophages (8). Figure 7 gives the percentage of wild-type or
mutant bacteria that have escaped from the primary vacuole of
J774 cells after a 90-min infection period. These results dem-
onstrate that both the wild type and the broad-range PLC
mutant escape with the same efficiency (44%), whereas the
PI-PLC and the double-PLC mutants escape less efficiently. In
J774 cells which were pretreated with SK&F 96365 (25 mM) or
thapsigargin (1 mM), the percentages of wild-type bacteria that
escaped decreased significantly from 44 to 13.6 6 5.5 and 21 6
4.9, respectively (P , 0.05 by Student’s t test for both inhibi-
tors).

DISCUSSION

Wild-type L. monocytogenes induces a rapid elevation of
[Ca21]i 1 min after addition of a washed suspension of bacteria
to J774 cells. After a rapid return to basal levels, this is fol-
lowed by a second elevation, 5 to 7 min p.i., again followed by
a return to near basal levels. A third and more prolonged rise
in [Ca21]i begins approximately 10 min p.i. By using mutants
deficient in one or more virulence factors, we have shown that
this pattern of calcium signaling is either considerably altered,
as was the case with both the PI-PLC and broad-range PLC
mutants, or eliminated upon infection with the LLO or double-
PLC mutants, thus indicating a role for each of these three
virulence factors in initiating changes in host cell [Ca21]i. This
study also presents evidence that the early calcium fluxes occur
before association with and entry of bacteria into the cells and
that alterations in the pattern of calcium signaling by means of
inhibitors can affect association of bacteria with J774 cells,
entry into these cells, and eventual escape from the primary
vacuole.

The finding that the first elevation in [Ca21]i was observed
only after addition of wild-type bacteria or the broad-range

FIG. 6. Effects of SK&F 96365 and thapsigargin on bacterial association and
entry. The total number of bacteria associated with cells (extracellular plus
intracellular) and the percentage of intracellular bacteria were determined as
described in the text. (a, c, and e) Total number of bacteria per cell for infection
with the wild type (Œ) (a), the plcA (PI-PLC) mutant (F) (c), the plcB (PLC)
mutant (}) (e). (b, d, and f) Percentage of intracellular bacteria after infection
with the wild type (b), the plcA (PI-PLC) mutant (d), or the plcB (PLC) mutant
(f). Within each panel, either bacterial association (a, c, and e) or entry (b, d, and
f) in untreated J774 cells was compared to association and entry in cells treated
with 25 mM SK&F 96365 (�) or 1 mM thapsigargin (■). These data represent the
mean 6 standard error for three to five cell preparations. (b) pp, P , 0.01 by
Student’s t test for the percentage of intracellular wild-type bacteria in untreated
J774 cells compared to the percentage of intracellular wild-type bacteria in both
SK&F 96365- and thapsigargin-treated cells at 5 and 10 min. ∧∧, P , 0.01 by
Student’s t test for the percentage of intracellular wild-type bacteria in untreated
J774 cells compared to the percentage of intracellular wild-type bacteria in
thapsigargin-treated cells at 20 and 30 min. (d) p, P , 0.05 by Student’s t test for
the percentage of intracellular bacteria (PI-PLC mutant) in untreated J774 cells
compared to the percentage of intracellular bacteria in thapsigargin-treated cells
at 20 and 30 min.

FIG. 7. Escape of wild-type or mutant L. monocytogenes cells from the pri-
mary vacuole. The percentages of bacteria staining with phalloidin at 90 min are
given for cells infected with wild-type L. monocytogenes (A), pretreated with
SK&F 96365 (25 mM) and infected with wild-type L. monocytogenes (B), pre-
treated with thapsigargin (1 mM) and infected with wild-type L. monocytogenes
(C), infected with the PI-PLC mutant (D), infected with the broad-range PLC
mutant (E), and infected with the double-PLC mutant (F). Results are expressed
as the mean 6 standard error for three to six cell preparations. p, P , 0.05 for
untreated cells infected with wild-type L. monocytogenes compared to wild-type-
infected cells pretreated with SK&F 96365 (25 mM) or thapsigargin (1 mM) or
for untreated J774 cells infected with wild-type L. monocytogenes compared to
cells infected with the PI-PLC or double-PLC mutant.
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PLC mutant, and not with either an LLO or PI-PLC mutant,
suggests that both LLO and PI-PLC are necessary for this
immediate calcium signal. This signal was sensitive to the re-
ceptor-operated calcium channel blocker SK&F 96365 and to
reduction of extracellular calcium, but was not affected by
verapamil, an inhibitor of voltage-gated calcium channels. It
was not eliminated when cells were pretreated with thapsigar-
gin, an inhibitor of intracellular Ca-ATPases which depletes
intracellular Ca21 pools, indicating the first peak results from
entry of extracellular calcium. A model to explain the effects of
L. monocytogenes infection of HUVEC in the absence of bac-
terial uptake on lipid signaling proposes that the pore-forming
ability of LLO permits access of PI-PLC to a pool of PI in the
inner leaflet of the plasma membrane resulting in rapid gen-
eration of Ins-1,2-cyclic-P and DAG, (51). Localized genera-
tion of DAG would presumably lead to activation of host
calcium-independent protein kinase C (PKC) d, one of four
isoforms of PKC found in host J774 cells (52). Since it has been
shown that PKC is involved in opening of calcium channels in
certain cell types (31, 48), we suggest that PKC activation could
provide a mechanism for opening a receptor-mediated channel
after infection with wild-type L. monocytogenes. It does not
appear that LLO causes uncontrolled calcium influx as a result
of significant membrane damage, since the first calcium eleva-
tion and subsequent return to control levels appear to be well
regulated and very specific to cells infected with wild-type L.
monocytogenes and the broad-range PLC mutant, both of
which secrete LLO and PI-PLC.

The second increase in [Ca21]i at 5 to 7 min p.i., which is
seen only upon infection with wild-type bacteria, is sensitive to
both the calcium channel blocker and thapsigargin, indicating
that it requires both the initial influx of Ca21 and its release
from intracellular stores. The fact that it requires the broad-
range PLC in addition to PI-PLC leads to the interesting sug-
gestion that, as in eukaryotic signaling pathways, a second
longer signal requires phospholipases with a broader substrate
range than PI-PLC in order to sustain signaling (40).

The third prolonged elevation in [Ca21]i, beginning 10 to 15
min p.i., is also sensitive to the calcium channel blocker and
thapsigargin and is dependent on LLO, PI-PLC, and the
broad-range PLC. Thus, it also appears to require the initial
influx of calcium, release from intracellular stores, and the
activity of both PLCs. A weak signal observed with the PI-PLC
mutant at the same time is not sensitive to the calcium channel
blocker (Fig. 4b), indicating that it arises from some late action
of LLO and broad-range PLC, presumably after internaliza-
tion of the bacteria.

Association with and entry of L. monocytogenes into J774
cells appear to correlate with the calcium signals produced by
wild-type or mutant strains. The generation of three distinct
calcium signals seen in cells after infection with wild-type bac-
teria appears to inhibit the binding of bacteria to J774 cells and
subsequent entry compared to those of mutant bacteria (Fig.
5). The observation that both binding and entry of the LLO or
PLC mutants are more rapid than those seen with wild-type
infection points to a need for the combined action of LLO and
both phospholipases to regulate this process. Inhibition of all
three calcium signals with SK&F 96365 causes a significant
increase in the percentage of intracellular wild-type bacteria
during the first 10 min p.i. and produces a large increase in the
total number of bacteria associated with the cell at 20 min. In
contrast, thapsigargin pretreatment, which inhibits the second
and third elevations of [Ca21]i, does not increase the number
of bacteria associated with the cells, but does produce an
increase similar to that seen with the channel blocker in the
percentage of internalized bacteria 5 min p.i. These results

suggest that the second and third calcium signals are important
for regulating the timing of entry and number of bacteria
entering the cell. It would also be expected that elimination of
the second and third calcium signals by thapsigargin would
produce the same pattern of association and entry seen when
the second and third elevations are eliminated by the calcium
channel blocker. However, the percentages of intracellular
bacteria differ at 20 and 30 min in cells treated with the two
different inhibitors. These results suggest that the calcium sig-
nals are associated with two different signaling pathways, one
coupled to entry of calcium from the extracellular medium and
the other coupled to release of calcium from intracellular
stores.

Although calcium signaling starts before a significant num-
ber of wild-type bacteria associate with the cell, it appears that
the bacteria are “communicating” with the cell prior to entry
and do so through LLO- and PI-PLC-mediated activation of a
receptor-operated calcium channel or channels. The implica-
tions for involvement of host cell signaling pathways linked to
calcium signals are complex, but opening of a receptor-oper-
ated calcium channel suggests that this process occurs by
means of receptor-mediated uptake and that elevations in cal-
cium delay or prevent “general” phagocytosis. Several different
receptors have been shown to be involved in phagocytosis by
J774 cells, including In1A receptors (49), C3, and scavenger
receptors (27). Since there was no difference in calcium sig-
naling after infection of J774 cells which were in either
HEPES-buffered Ringer solution with glucose or in HEPES-
buffered DMEM with 7.5% FCS, it seems unlikely that the C3
receptor is involved in bacterial uptake (49). Receptor-medi-
ated entry with subsequent activation of host signaling path-
ways may play a role in further trafficking of L. monocytogenes
once it is inside the cell (6, 54, 56).

A likely mechanism for generating the second and third
calcium signals observed in cells infected with wild-type L.
monocytogenes is the generation of Ins-1,4,5-P3 resulting from
hydrolysis of phosphatidylinositol (PtdIns)-4,5-P2 by host phos-
pholipases and subsequent release of calcium by binding of
InsP3 to specific channels in the endoplasmic reticulum mem-
brane. We have recently demonstrated the formation of InsP3
in J774 cells infected with wild-type L. monocytogenes begin-
ning as early as 10 min p.i. (23a). Since the bacterial PI-PLC
does not hydrolyze PtdIns-4,5-P2 (21), hydrolysis by host PLC
must be invoked. These phospholipases are calcium sensitive
and could be activated by the initial rise in [Ca21]i observed
after infection with the wild type. The absence of the second
and third calcium peaks after infection with the broad-range
PLC mutant argues against this, since it would also be expected
to cause activation of host PLC subsequent to the first calcium
peak. However, ceramide produced upon hydrolysis of sphin-
gomyelin by the broad-range PLC could give rise to sphin-
gosine-P, which has also been shown to stimulate release of
calcium from intracellular stores (17, 36). Thus, the broad-
range PLC could contribute to release of calcium by an InsP3-
independent mechanism. An additional contribution of the
broad-range PLC is the continued generation of DAG from a
large pool of cellular phospholipids, and the consequent acti-
vation of PKC (40) may be needed in addition to the activity of
host inositide-PLC to release calcium from intracellular stores.
Although general increases in DAG levels were not detected at
early times after infection of J774 cells with L. monocytogenes
(53), these measurements do not preclude local activity of the
broad-range PLC, which, from the present work, appears to be
active early in infection.

The combined activities of both LLO and PI-PLC appear to
determine how efficiently wild-type or mutant L. monocyto-
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genes cells escape from the primary vacuole. Approximately
45% of both the wild-type and the broad-range PLC mutant
(plcB) cells have escaped from the primary vacuole into the
cytosol by 90 min p.i. Escape by the PI-PLC mutant is 30% less
than that seen with both the wild-type and broad-range PLC
mutant cells, and LLO-deficient mutants do not escape from
the primary vacuole (24). Both LLO and PI-PLC are needed to
generate the first and second calcium fluxes after infection, and
PI-PLC contributes significantly to the third prolonged eleva-
tion of [Ca21]i.

Calcium signaling also correlates with escape from the pri-
mary vacuole, since wild-type escape at 90 min p.i. was de-
creased from 45 to 14% in the presence of the calcium channel
blocker SK&F 96365 and to 21% in the presence of thapsigar-
gin (Fig. 7). It is not known at present whether calcium is
directly involved in mediating efficient escape or whether a
calcium-dependent process or processes or signaling events
occurring prior to escape are affected by both SK&F 96365 and
thapsigargin. We have preliminary results that show that fusion
of the wild-type L. monocytogenes phagosome with early en-
dosomes of the J774 cells peaks 40 to 45 min subsequent to
entry and may be involved in formation of the primary vacuole.
Although it is not known whether fusion of the phagosome
with the early endosome is calcium sensitive in J774 cells,
fusion of early endosomes is mediated by calcium (37), and
calcium-sensitive binding proteins (annexins) have been local-
ized to both early endosomes and phagosomes in J774 cells
(11).

Calcium signaling has been observed upon infection of host
cells with gram-negative pathogens (2, 42), and these changes
have been linked to fluxes in inositol phosphates by activation
of host phospholipases (13). The infective trypomastigote
stages of the protozoan parasite Trypanosoma cruzi contain a
soluble factor that triggers rapid elevations in [Ca21]i of mam-
malian cells. Prevention of calcium signaling markedly inhibits
trypomastigote entry (47). These events in T. cruzi infection
lead to fusion of host cell lysosomes with the plasma mem-
brane and internalization of the parasite. With L. monocyto-
genes, the picture is different, in that host cell signaling appears
to delay entry. This delay resulting from the activities of LLO
and PI-PLC may be needed for subsequent changes in the fate
of the phagosome (1).

The results of this study present evidence for the role of the
L. monocytogenes virulence factors in controlling the entry and
eventual escape from the primary vacuole and for the partici-
pation of host cell calcium signaling in these processes. Escape
from the primary vacuole is a crucial step in cell-to-cell spread,
and understanding the actions of the three virulence factors, as
well as the role of calcium fluxes and the potential signaling
pathways involved in this process, is extremely important for
understanding and eventually intervening in L. monocytogenes
infections.
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