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Listeria monocytogenes is responsible for the life-threatening food-borne disease listeriosis. This disease mainly affects elderly
and immunocompromised individuals, causing bacteremia and meningoencephalitis. In pregnant women, L. monocytogenes
infection leads to abortion and severe infection of the fetus or newborn. The L. monocytogenes intracellular life cycle is critical
for pathogenesis. Previous studies have established that the major virulence factor of L. monocytogenes, the pore-forming toxin
listeriolysin O (LLO), is sufficient to induce L. monocytogenes internalization into human epithelial cell lines. This internaliza-
tion pathway strictly requires the formation of LLO pores in the plasma membrane and can be stimulated by the heterologous
pore-forming toxin pneumolysin, suggesting that LLO acts nonspecifically by forming transmembrane pores. The present work
tested the hypothesis that Ca2� and K� fluxes subsequent to perforation by LLO control L. monocytogenes internalization. We
report that L. monocytogenes perforates the host cell plasma membrane in an LLO-dependent fashion at the early stage of inva-
sion. In response to perforation, host cells undergo Ca2�-dependent but K�-independent resealing of their plasma membrane.
In contrast to the plasma membrane resealing process, LLO-induced L. monocytogenes internalization requires both Ca2� and
K� fluxes. Further linking ion fluxes to bacterial internalization, treating cells with a combination of Ca2� and K� ionophores
but not with individual ionophores is sufficient to induce efficient internalization of large cargoes, such as 1-�m polystyrene
beads and bacteria. We propose that LLO-induced L. monocytogenes internalization requires a Ca2�- and K�-dependent inter-
nalization pathway that is mechanistically distinct from the process of plasma membrane resealing.

Numerous pathogenic microorganisms adopt an intracellular
lifestyle to infect their host. Bacterial pathogens can induce

their internalization into host cells by one of two major mecha-
nisms (1). The zipper mechanism involves bacterial surface mol-
ecules that specifically activate a host receptor-mediated signaling
cascade (1). In the trigger mechanism, Gram-negative bacteria use
a secretion apparatus that injects effectors into host cells to di-
rectly activate their internalization machinery (2). More recently,
a third invasion mechanism used by the bacterium Listeria mono-
cytogenes and the parasite Trypanosoma cruzi was reported (3, 4).
This novel mechanism of pathogen internalization is stimulated
upon perforation of the host cell plasma membrane. In the case of
L. monocytogenes, membrane perforation is caused by the pore-
forming toxin listeriolysin O (LLO) that belongs to the cholester-
ol-dependent cytolysin (CDC) family (3). This invasion mecha-
nism is not activated only by LLO, since the heterologous CDC
pneumolysin can also stimulate L. monocytogenes internalization
(3). T. cruzi is believed to perforate host cells via an unidentified
pore-forming protein or mechanical disruption (4). Thus, dam-
aging the host cell plasma membrane emerges as an invasion strat-
egy shared by bacteria and parasites. This invasion process is not
the result of passive entry of the pathogen through a breach in the
plasma membrane but is due to the activation of the host cell
endocytic machinery (3, 4). Importantly, this invasion mecha-
nism is relevant to numerous pathogens, because pore-forming
proteins are common virulence factors of viruses, bacteria, and
eukaryotic intracellular pathogens (5–11).

The food-borne pathogen Listeria monocytogenes infects a large
variety of host cells, including cells that are normally nonphago-
cytic, such as epithelial, endothelial, and fibroblastic cells (12). L.
monocytogenes can use several pathways to infect nonphagocytic
cells (13, 14). The surface invasins InlA (internalin) and InlB are

known to stimulate the zipper mechanism of entry by activating
the host cell receptors E-cadherin and c-Met (the hepatocyte
growth factor receptor), respectively (15–17). In addition to InlA
and InlB, LLO is sufficient to induce L. monocytogenes internaliza-
tion via a pathway that requires the formation of the LLO pore
complex, host cell tyrosine kinase signaling, F-actin polymeriza-
tion, and dynamin (3). The detailed machinery underlying this
internalization pathway remains to be elucidated. The ability to
mediate bacterial internalization is one of several effects of LLO on
host cells. Initially identified as a major virulence factor that is
critical for intracellular survival (18, 19), LLO mediates the escape
of L. monocytogenes from the endocytic vacuole to the cytosol,
where the bacterium replicates (18, 20). While LLO displays opti-
mal activity at an acidic pH, which facilitates the disruption of the
endocytic vacuole, it is still active at neutral pH in the extracellular
environment (3, 21). Indeed, LLO is released by L. monocytogenes
in the extracellular environment (22, 23), eliciting various host
cell responses. These responses include the activation of mitogen-
activated protein (MAP) kinases (24, 25), the NLRP3 inflam-
masome (27, 28), caspase-1, and NF-�B (26). Extracellular LLO
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also decreases SUMOylation (29) and histone phosphorylation
(28, 30) and causes mitochondrial fragmentation (31) as well as
the arrest of protein synthesis (32). A fundamental question is,
how can LLO exert so many activities? No protein receptor has
been identified for LLO so far; therefore, it is likely that LLO acts
nonspecifically by punching holes in host membranes. Perfora-
tion of the plasma membrane has multiple consequences, includ-
ing but not limited to ion fluxes, membrane depolarization, and
changes in redox potential and osmotic pressure. The LLO pore is
very large (�30 nm in diameter), and therefore, even small pro-
teins can be exchanged with the extracellular medium (33). These
events likely elicit multiple signaling pathways, potentially ex-
plaining the diverse host cell responses to LLO. In particular, lo-
calized changes in the intracellular concentration of Ca2� signifi-
cantly affect host-pathogen interactions (34). LLO is known to
stimulate influx of extracellular Ca2� (35) and the release of Ca2�

from intracellular stores (36, 37). The influx of Ca2� is crucial for
repair pathways that restore plasma membrane integrity following
perforation and for many other cellular processes, including gene
transcription, intracellular trafficking, and cytoskeletal dynamics,
all of which may affect the interaction of L. monocytogenes with
host cells (34, 38, 39). The known Ca2�-dependent activities stim-
ulated by LLO include mitochondrial fragmentation (31) and
membrane repair (3). Variations in the intracellular concentration
of K� also affect host cell biology. Following host cell exposure to
LLO, a decrease in the intracellular concentration of K� leads to
caspase-1 activation, histone H3 dephosphorylation, and the arrest of
protein synthesis (28, 40). In the work described here, we evaluated
the roles of Ca2� and K� fluxes triggered upon host cell perforation
by LLO in L. monocytogenes internalization. Importantly, we also
tested for plasma membrane damage caused by LLO in the ab-
sence of ion fluxes and adapted our methodology to mitigate such
damage.

MATERIALS AND METHODS
Bacterial and mammalian cell cultures. The wild-type (wt) L. monocyto-
genes strain 10403S and the isogenic �hly deletion strain DP-L2161 were
grown overnight at 37°C in brain heart infusion (BHI) (BD Biosciences).
Overnight cultures were diluted 1/20 in BHI and grown at 37°C until the
optical density at 600 nm (OD600) reached 0.7 to 0.8. Bacteria were washed
three times in phosphate-buffered saline (PBS) or medium as indicated
below. The human hepatocyte cell line HepG2 (ATCC HB-8065) was
grown in minimum essential medium (MEM) plus Earle’s salts and L-glu-
tamine (Invitrogen) supplemented with 10% heat-inactivated fetal bo-
vine serum (HI-FBS; Lonza), 0.1 mM nonessential amino acids, 1 mM
sodium pyruvate, 100 U/ml penicillin, and 100 �g/ml streptomycin (In-
vitrogen). HepG2 cells (105 cells/well) were cultured in 24-well tissue
culture plates on glass coverslips at 37°C in 5% CO2 atmosphere for 48 h
before infection. To test the role of Ca2� influx and K� efflux, standard,
Ca2�-free, and high-K� media were prepared as follows. Standard me-
dium (M1) contained 140 mM NaCl, 5 mM KCl, 10 mM HEPES, 1.5 mM
CaCl2, 0.5 mM MgCl2, 0.36 mM K2HPO4, 0.44 mM KH2PO4, 5.5 mM
D-glucose, and 4.2 mM NaHCO3 (pH 7.4). Ca2�-free medium (M2) was
similar to M1 but lacked CaCl2. High-K� medium (M3) was similar to M1
but contained 5 mM NaCl and 140 mM KCl (3, 41).

Toxin purification and polystyrene bead coating. Recombinant six-
His-tagged LLO and a monomer-locked variant of LLO that is unable to
form pores (LLOml) were purified from E. coli BL21(DE3) as described
previously (3, 41). Carboxylate microspheres (Alexa Fluor 350 labeled,
1-�m diameter; Molecular Probes) were covalently coated with bovine
serum albumin (BSA) according to the manufacturer’s instructions.

LLOml was noncovalently bound to the surface of BSA-coated beads as
previously described (3, 42).

Bacterial association with and internalization into host cells. HepG2
cells were incubated with 106 bacteria per well (multiplicity of infection
[MOI] of 2.5) in one of the media as indicated below. The cell culture
plates were centrifuged for 5 min (230 � g) at room temperature and
incubated for 30 min at 37°C. Cells were washed with PBS, fixed with 3%
paraformaldehyde (PFA) in PBS for 15 min, washed with PBS, and
blocked for 1 h in 0.1 M glycine, 10% HI-FBS in PBS, pH 7.4. Extracellular
bacteria were labeled with anti-L. monocytogenes rabbit polyclonal anti-
bodies (GeneTex) and then with anti-rabbit secondary antibodies conju-
gated to Alexa Fluor 488 (or Alexa Fluor 568) (Molecular Probes). Sam-
ples were then permeabilized with 0.2% Triton X-100 in PBS for 5 min,
and total bacteria were labeled with anti-L. monocytogenes antibodies and
secondary antibodies conjugated to Alexa Fluor 568 (or Alexa Fluor 647)
(Molecular Probes). Slides were mounted in ProLong gold with DAPI
(4=,6-diamidino-2-phenylindole; Molecular Probes) to stain host cell
nuclei. To quantify the number of cells, 40 sets of images (phase-
contrast, DAPI, Alexa Fluor 488 and Alexa Fluor 568, or Alexa Fluor
568 and Alexa Fluor 647) were automatically acquired for each condi-
tion using the 20� objective. MetaMorph imaging and analysis soft-
ware was used to enumerate the total numbers of bacteria (Nt), extra-
cellular bacteria (Ne), and mammalian cells (Nc) (43). The percentage
of internalized bacteria was calculated as (Nt � Ne)/Nt � 100. Bacterial
association with host cells was calculated as Nt/Nc. At least 100 bacteria
were counted for each condition. In some instances, cells were labeled
with an anti-TOMM20 mouse monoclonal antibody (Abcam) fol-
lowed by anti-mouse Alexa Fluor 488-conjugated secondary antibod-
ies. To quantify TOMM20 labeling, phase-contrast and TOMM20 flu-
orescence images were acquired with a 20� objective. Fluorescence
images were background corrected, cell perimeters were traced based
upon the phase-contrast images, and the pixel average fluorescence
intensity (AFI) of TOMM20 labeling in at least 2,500 cells was quan-
tified using Metamorph software.

Invasion assays using ionophores. HepG2 cells were washed and in-
cubated with BSA- or BSA-LLOml-coated beads (MOI of 20) in standard
medium (M1) or with �hly L. monocytogenes (MOI of 20) in standard
medium (M1), Ca2�-free medium (M2), or high-K� medium (M3). The
cell culture plates were centrifuged (230 � g) for 5 min at 4°C (beads) or
for 10 min at 22°C (bacteria) and then incubated at 37°C for 15 min before
treatment with recombinant LLO, ionomycin (Sigma), and/or nigericin
(Sigma) for 15 min. Cells were then washed, fixed with 3% PFA, and
blocked. Extracellular beads were labeled with anti-BSA rabbit antiserum
(Sigma B1520) followed by goat anti-rabbit secondary antibodies conju-
gated to Alexa Fluor 568. The percentage of internalized beads [(number
of intracellular beads/total number of beads) � 100] was quantified by
fluorescence microscopy based on their unique (Alexa Fluor 350 for in-
tracellular beads) or dual (Alexa Fluor 350 plus Alexa Fluor 568 for extra-
cellular beads) fluorescence. At least 100 beads were counted for each
experimental condition. Extracellular and intracellular bacteria were dif-
ferentially labeled and enumerated as described above in “Bacterial asso-
ciation with and internalization into host cells.”

Propidium iodide incorporation assays in fixed cells. HepG2 cells
were incubated with wt or �hly L. monocytogenes at the MOIs indicated
below for 30 min at 37°C in standard (M1) or Ca2�-free (M2) medium
and were pulse labeled with 100 �M propidium iodide (PI) during the last
5 min of incubation. Cells were then washed and fixed with 3% PFA and
labeled with DAPI. Thirty sets of phase-contrast and fluorescence images
(DAPI and PI) were acquired with the 20� objective. Fluorescence images
were background corrected, and the pixel AFI of the PI images was auto-
matically quantified in the nuclear regions (defined by the DAPI staining)
by using MetaMorph analysis software, with at least 2,000 cells repre-
sented for each experimental condition (43).

PI incorporation assays in living cells. HepG2 cells were cultured in
glass bottom culture dishes (35-mm petri dishes, 10-mm microwells;
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MatTek) for 48 h. Dishes were transferred to the stage of an inverted
fluorescence microscope, and 20 �M PI was added. In live-cell-imaging
experiments where PI is maintained in the cell culture medium through-
out the course of the experiment, 20 �M PI is sufficient for efficient and
reliable labeling. All movies were acquired on the microscope stage at
37°C using the 40� objective. Phase-contrast and fluorescence images
were acquired every 20 s for 980 s. LLO (1 nM) was added 160 s after the
initial acquisition. Cells were incubated in standard (M1), Ca2�-free
(M2), or high-K� (M3) medium. Fluorescence images were background
corrected, cell perimeters were traced based upon the phase-contrast im-
ages, and the pixel AFI within the cell areas was quantified at each time
point using the Metamorph software. At least 200 cells were analyzed for
each experimental condition.

Microscope equipment. Images were acquired on a motorized, in-
verted, wide-field fluorescence microscope (Axio Observer D1; Zeiss)
equipped with 20� Plan Neofluar (numeric aperture [NA] of 0.5) and
40� Plan Neofluar (NA of 1.3) objectives, a high-speed Xenon fluores-
cence emission device (Lambda DG-4, 300 W; Sutter Instrument Com-
pany), a Lambda 10-3 optical emission filter wheel for the fluorescence
imaging, a Smart shutter to control the illumination for phase-contrast
imaging (Sutter Instrument Company), and a back-illuminated, frame-
transfer electron-multiplying charge-coupled device (EMCCD) camera
(Cascade II 512; Photometrics). The filter sets for fluorescence were pur-
chased from Chroma Technology Corporation and were as follows: DAPI
(49000), green fluorescent protein (GFP)/fluorescein isothiocyanate
(FITC)/Alexa Fluor 488 (49002), Cy3/DsRed/Alexa Fluor 568 (49005),
and Cy5 (49006). Images were acquired and analyzed using MetaMorph
imaging software (Universal Imaging).

Statistics. A minimum of three independent experiments were per-
formed, each in duplicate, unless otherwise indicated. Data were ex-
pressed as means 	 standard errors of the means (SEM). P values were
calculated using a standard two-tailed Student’s t test. Asterisks indicate a
significant difference between the results for indicated experimental con-
ditions (*, P 
 0.05; **, P 
 0.01).

RESULTS
Extracellular L. monocytogenes perforates host cells in an LLO-
dependent manner. To determine if the amount of LLO secreted
by L. monocytogenes is sufficient to perforate the host cell plasma
membrane, we incubated HepG2 cells for 30 min at 37°C with
increasing concentrations of wild-type (wt) or LLO-deficient
(�hly) L. monocytogenes and measured plasma membrane perfo-
ration. The extent of plasma membrane perforation, which is pro-

portional to the incorporation of the low-molecular-weight (668),
cell-impermeable dye propidium iodide (PI), increased signifi-
cantly with the bacterial concentration in an LLO-dependent
manner (Fig. 1). HepG2 cells were significantly perforated even
when incubated with wt L. monocytogenes at an MOI as low as 5
(Fig. 1). At all MOIs tested, HepG2 cells were morphologically
unaffected and remained attached to the dish despite perforation
of their plasma membrane, suggesting that an efficient membrane
resealing process maintains cell integrity.

Host cells damaged by recombinant LLO reseal their plasma
membrane via a Ca2�-dependent but K�-independent mecha-
nism. The influx of extracellular Ca2� is critical for the activa-
tion of the plasma membrane repair response in cells injured by
LLO and other pore-forming proteins or mechanical disrup-
tion (3, 39). We investigated whether K� efflux is also required
for resealing cells exposed to LLO. Membrane perforation was
measured at 37°C by live-cell fluorescence imaging of HepG2
cells incubated with 1 nM recombinant LLO and 20 �M PI. In
standard culture medium (M1), which contains physiological
concentrations of Ca2� and K�, we observed minimal incor-
poration of PI. In Ca2�-free medium (M2), we observed a rapid
and massive influx of PI due to the absence of membrane re-
sealing, as expected. In high-K� culture medium (M3), we ob-
served minimal incorporation of PI, demonstrating that block-
ing K� efflux does not prevent membrane resealing (Fig. 2).
Representative movies of each experimental condition are in-
cluded in the supplemental material.

Host cells damaged by L. monocytogenes undergo Ca2�-de-
pendent but K�-independent membrane resealing. It was un-
known whether L. monocytogenes secretes enough LLO to activate
the membrane-resealing pathway at the early stage of host cell
invasion. We determined whether the Ca2�-dependent mem-
brane-resealing pathway observed in cells exposed to recombi-
nant LLO also occurs in cells exposed to L. monocytogenes. HepG2
cells were incubated with wt and �hly L. monocytogenes for 30 min
at 37°C in the presence (M1) or absence (M2) of extracellular
Ca2�. Under these conditions, PI incorporation was significantly
increased in cells incubated with wt L. monocytogenes in Ca2�-free
buffer compared to the PI incorporation in cells incubated with wt
bacteria in standard medium and with �hly bacteria in Ca2�-free

FIG 1 Extracellular L. monocytogenes bacteria perforate host cells in an LLO-dependent manner. Wild-type (wt) and LLO-deficient (�hly) L. monocytogenes
bacteria at various MOIs were incubated with HepG2 cells for 30 min at 37°C. The cell-impermeant dye propidium iodide (PI, 100 �M) was added to the cell
culture medium during the last 5 min of incubation. After fixation and DAPI labeling, phase-contrast (PC) and fluorescence images were acquired with a 20�
objective. (A) Representative images. Scale bar is 40 �m. (B) The average fluorescence intensity (A.F.I.) of PI was automatically measured in the nuclear region
by quantitative fluorescence microscopy using Metamorph software. Results are expressed relative to the results for HepG2 cells incubated without bacteria (�).
Results are the means 	 SEM of at least three independent experiments performed in duplicate (*, P 
 0.05; **, P 
 0.01).
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buffer (Fig. 3B), confirming that LLO secreted by a small number
of L. monocytogenes organisms (MOI of 5) significantly perforates
host cells and that host cells reseal their plasma membrane via a
Ca2�-dependent process. At higher MOIs (MOI of �50), the dif-
ferences between PI incorporation in cells incubated with wt L.
monocytogenes with and without extracellular Ca2� became less
pronounced, likely due to more pronounced perforation that was
less efficiently resealed and to loss of cells that detached because
they were severely damaged in the absence of extracellular Ca2�.
The PI incorporation was similar in cells incubated with L. mono-
cytogenes in standard (M1) and high-K� medium (M3), indicat-
ing that resealing of HepG2 cells damaged by L. monocytogenes
does not require K� efflux (Fig. 3C).

Ca2� and K� fluxes are necessary to activate LLO-dependent
L. monocytogenes internalization. We next investigated whether
Ca2� and/or K� fluxes are critical for the activation of the LLO-
dependent L. monocytogenes internalization pathway. A previous
study, which used the gentamicin survival assay, proposed that
Ca2� influx is essential for L. monocytogenes entry into nonphago-
cytic cells (44). This conclusion was based upon the decreased
recovery of viable intracellular bacteria incubated with host cells at
an MOI of 50 in Ca2�-free buffer compared to the results with
standard medium. A difficulty with this assay is that in Ca2�-free
buffer, gentamicin (molecular weight [MW], 480) is expected to
massively diffuse into the cytosol of damaged cells, similar to what
we observed with PI (MW, 668) (Fig. 3A and B), possibly invali-
dating the gentamicin assay. To minimize the damage caused by
LLO in the absence of extracellular Ca2�, we incubated HepG2
cells for 30 min at 37°C with L. monocytogenes bacteria at a low
MOI (2.5) and used an immunofluorescence-based assay to quan-
tify L. monocytogenes internalization (43). Indeed, this assay relies
on fluorescent antibodies (molecular mass, 150 kDa) to distin-
guish extracellular from intracellular bacteria, the large size of
which should limit their diffusion across perforated host cells.
After cell fixation and blocking, we assessed whether or not plasma
membrane perforation by LLO in Ca2�-free medium allowed the
diffusion of antibodies. We labeled HepG2 cells with an antibody
recognizing the cytosolic mitochondrial epitope TOMM20 and a
secondary fluorescent antibody. We observed an increase, albeit
statistically nonsignificant, in permeabilization to antibodies in
cells incubated with wt L. monocytogenes in Ca2�-free medium in
comparison to the results with standard medium (Fig. 4A). To
ensure that this diffusion of antibodies did not affect the readout
of bacterial internalization, we colabeled TOMM20 (Alexa Fluor
488), extracellular bacteria (Alexa Fluor 568), total bacteria (Alexa
Fluor 647), and host cell nuclei. This approach allowed us to enu-
merate bacterial entry while determining whether cells were per-
meable or not to antibodies.

We found that in standard medium, LLO plays an important
role in promoting efficient L. monocytogenes internalization, as
previously reported (Fig. 4B) (3). In Ca2�-free medium, the inter-

FIG 2 Host cells damaged by LLO undergo Ca2�-dependent but K�-indepen-
dent membrane resealing. Perforation of HepG2 cells was measured by quantita-
tive live-cell fluorescence microscopy. Cells were incubated on the microscope
stage at 37°C for 980 s with 20 �M PI in standard medium (M1), Ca2�-free
medium (M2), or high-K� medium (M3). Phase-contrast and fluorescence im-
ages were recorded at regular time intervals using a 40� objective, and 1 nM LLO
was added after 160 s of incubation. Results are expressed as the average fluores-
cence intensity (A.F.I.) of the cell area 	 SEM. By 600 s, there was a statistically
significant difference between the levels of PI incorporation in cells incubated in
M1 and in M2. There was no significant difference between samples incubated in
M1 and M3 at any time point.

FIG 3 Host cells damaged by L. monocytogenes undergo Ca2�-dependent but K�-independent membrane resealing. Wild-type (wt) and LLO-deficient (�hly)
L. monocytogenes bacteria were incubated at various MOIs with HepG2 cells for 30 min at 37°C in standard medium (M1), Ca2�-free medium (M2), or high-K�

medium (M3). PI (100 �M) was added to the cell culture medium during the last 5 min of incubation. After fixation and DAPI labeling, phase-contrast (PC) and
fluorescence images were acquired with a 20� objective. (A) Representative images. Images are displayed with the same scaling to show the relative intensities.
Scale bar is 40 �m. (B and C) The average fluorescence intensity of PI was automatically measured in the nuclear region by quantitative fluorescence microscopy
using Metamorph software. Results are expressed relative to the results for HepG2 cells incubated in M1 without bacteria. Results are the means 	 SEM of at least
three independent experiments performed in duplicate (*, P 
 0.05; **, P 
 0.01).
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nalization efficiency of wt L. monocytogenes was significantly de-
creased in comparison to that in cells incubated in standard me-
dium. Indeed, under these conditions, the internalization level
was as low as that of �hly L. monocytogenes in standard medium
(Fig. 4B). We also observed a decrease in the internalization of the
LLO-deficient strain in Ca2�-free medium, which was not sur-
prising given the importance of Ca2� for interaction of the L.
monocytogenes invasin InlA with its host cell receptor expressed on
HepG2 cells, E-cadherin (16, 45, 46). Importantly, when compar-
ing internalization in Ca2�-free medium, there was no longer a
significant difference between the internalization of the wt and
LLO-deficient strains, demonstrating that an influx of extracellu-
lar Ca2� is required for the LLO-dependent internalization path-

way (Fig. 4B). The results were unchanged when damaged cells,
defined as TOMM20-positive cells, were excluded from the mea-
surements (data not shown). Together, these results show un-
equivocally that L. monocytogenes internalization into HepG2 cells
is Ca2� dependent and that the level of perforation of the cells
under these experimental conditions did not skew our ability to
quantify L. monocytogenes internalization by fluorescence micros-
copy. To address the importance of K� efflux, we compared the
internalization efficiency of L. monocytogenes in standard (M1)
and high-K� (M3) media (Fig. 4B). The internalization efficiency
of wt L. monocytogenes was significantly decreased in high-K� me-
dium, whereas the internalization efficiency of �hly L. monocyto-
genes remained unchanged. We obtained similar results when we
added 135 mM KCl to the medium without removing NaCl (data
not shown). Modifying the ion concentrations in the cell culture
medium did not affect L. monocytogenes association with host cells
(data not shown). Together, these results support the hypothesis
that simultaneous fluxes of Ca2� and K� are required for LLO-
dependent internalization of L. monocytogenes.

Simultaneous Ca2� and K� fluxes are sufficient to activate
bacterial internalization. We investigated whether fluxes of Ca2�

and/or K�, in the absence of host cell perforation and any viru-
lence factors, were sufficient to induce the internalization of large
cargoes. We measured the internalization efficiency of 1-�m flu-
orescent polystyrene beads coated with bovine serum albumin
(B-BSA) or with BSA and LLOml (B–BSA-LLOml) (LLOml is a
monomer-locked variant of LLO that is unable to form pores).
B-BSA and B–BSA-LLOml were previously shown to remain ex-
tracellular when incubated with HepG2 cells (3). Exogenously
added LLO was sufficient to stimulate the internalization of the
beads in a dose-dependent manner (Fig. 5A). This further dem-
onstrated that the formation of LLO pores is required to induce
the uptake of large particles and provided a convenient model to
dissect how pore formation by LLO induces internalization. To
establish whether LLO acted via generating ionic fluxes, we treated
cells with Ca2� and K� ionophores in the absence of LLO. The
Ca2� ionophore ionomycin was sufficient to induce a low level of
internalization of both BSA- and BSA-LLOml-coated beads,
whereas the K� ionophore nigericin did not induce internaliza-
tion (Fig. 5B). We next treated cells with a mixture of ionomycin
and nigericin to cause simultaneous fluxes of Ca2� and K�. We

FIG 4 Ca2� and K� fluxes are necessary for LLO-dependent L. monocytogenes
internalization. HepG2 cells were incubated with wild-type (wt) and LLO-
deficient (�hly) L. monocytogenes bacteria (MOI of 2.5) for 30 min at 37°C in
standard medium (M1), Ca2�-free medium (M2), or high-K� medium (M3).
(A) After fixation and labeling, the entry of anti-TOMM20 antibody into
HepG2 cells was measured by quantitative fluorescence microscopy in cells
incubated with wt L. monocytogenes in M1 and M2. Results are the AFI of
cells 	 SEM from three independent experiments performed in duplicate. (B)
Bacterial internalization was measured by quantitative fluorescence micros-
copy and expressed relative to the internalization of wt bacteria in M1. Results
are the means 	 SEM from three independent experiments performed in
duplicate. (**, P 
 0.01).

FIG 5 Ca2� and K� fluxes are sufficient to activate the internalization of large cargoes. Polystyrene beads coated with BSA (B-BSA) or BSA-LLOml (B–BSA-
LLOml) (MOI of 20) were incubated with HepG2 cells for 15 min at 37°C, followed by treatment with LLO or ionophores for an additional 15 min. (A)
Recombinant LLO was added to the cell culture medium at the indicated concentrations. (B) Ionomycin (Io) and/or nigericin (Ni) was added at the indicated
concentrations. (C) Concentrations of 1 �M ionomycin and/or 10 �M nigericin were added to the cell culture medium as indicated. (A to C) Cells were washed
and fixed, and extracellular beads were fluorescently labeled. Results are the means 	 SEM of at least three independent experiments (*, P 
 0.05; **, P 
 0.01).
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found that bead internalization occurred to a much greater extent
than with ionomycin alone. Importantly, in the presence of nige-
ricin, the ionomycin concentration could be decreased to achieve
an entry level similar to that induced by LLO (Fig. 5C). Therefore,
simultaneous fluxes of Ca2� and K� are sufficient to induce the
internalization of large cargoes.

We next determined whether simultaneous Ca2� and K�

fluxes were sufficient to enhance the entry of LLO-deficient L.
monocytogenes. Neither the Ca2� ionophore ionomycin nor the
K� ionophore nigericin alone was sufficient to increase L. mono-
cytogenes internalization. However, bacterial internalization was
significantly increased when the two ionophores were added to-
gether (Fig. 6). To verify that the ionophores affected cell signaling
via generating Ca2� and K� fluxes, we repeated these experiments
in Ca2�-free and K�-rich media. We found that when blocking
Ca2� influx or K� efflux, the ionophores could no longer poten-
tiate bacterial internalization, demonstrating that the effect of the
ionophores on internalization was specific to their ability to in-
duce an influx of extracellular Ca2� and an efflux of intracellular
K� (Fig. 6).

DISCUSSION

The present study demonstrates for the first time that host cells are
significantly perforated by extracellular L. monocytogenes in an
LLO-dependent manner and undergo Ca2�-dependent but K�-
independent membrane resealing at early stages of infection. Im-
portantly, perforation and repair are substantial even within 30
min and at a low multiplicity of infection (MOI of 5). These stud-
ies also show that Ca2� influx alone, induced by ionomycin in the
absence of plasma membrane perforation, is sufficient to induce
plasma membrane rearrangements and internalization of polysty-
rene beads, with, however, a low efficiency. This suggested that in
addition to Ca2� influx, another signal is required for internaliza-
tion. In support of this, K� efflux is required for efficient internal-
ization, and significant uptake of beads and bacteria was observed

in cells treated with a combination of ionomycin and nigericin to
induce simultaneous Ca2� and K� fluxes. Together, these results
support the hypothesis that host cell plasma membrane perfora-
tion by pore-forming proteins induces nonspecific uptake of large
cargoes, including bacteria, via inducing a combination of ion
fluxes.

One important message of the present study is that LLO pro-
duced by L. monocytogenes perforates host cells during the early
stage of invasion. This process was previously neglected, since per-
foration was unnoticed due to rapid Ca2�-dependent membrane
resealing that maintains cell integrity and viability during L.
monocytogenes infection. This finding further confirms that the
activity of extracellular LLO during the intracellular life cycle of L.
monocytogenes deserves further study. One such activity is the con-
trol of bacterial internalization. Previous studies demonstrated
that host cell perforation by LLO activates the internalization of
large cargoes, such as L. monocytogenes (3). This activation re-
quires tyrosine kinase activity, F-actin polymerization, and dy-
namin, ultimately leading to the formation of an early endosome
that can contain the bacterium or a 1-�m bead (3). The present
work identified Ca2� and K� fluxes as initiators of the signaling
pathway leading to bacterial internalization subsequent to host
cell perforation.

The influx of extracellular Ca2� subsequent to plasma mem-
brane injury caused by pore-forming toxins or mechanical disrup-
tion is essential for the activation of membrane repair (33, 47–50).
If Ca2� influx is prevented, the plasma membrane is not resealed
and cells can rapidly lyse. The resealing machinery of cells exposed
to diverse pore-forming toxins has recently been addressed, and it
appears that plasma membrane trafficking is intimately linked to
the resealing process via endocytosis or the shedding of mi-
crovesicles that contain the toxin pores (51–55). It was proposed
that cells injured by the CDC streptolysin O (SLO), produced by
Streptococcus pyogenes, are repaired via Ca2�-dependent endocy-
tosis of SLO pores (39). In this model, an increase in cytosolic
Ca2� activates rapid exocytosis of lysosomes, which release acid
sphingomyelinase (ASM). ASM catalyzes the synthesis of cer-
amides on the outer leaflet of the plasma membrane, leading to
endocytosis of the SLO pores via a clathrin-, dynamin-, and F-ac-
tin-independent route (56). We expect that cells injured by LLO
and SLO, which form a similar pore, use a similar repair mecha-
nism (11). In support of this, we reported that resealing of cells
injured by LLO, similar to resealing after damage by SLO, is Ca2�

dependent but clathrin, dynamin, and F-actin independent (3).
We now show that resealing in response to LLO is K� indepen-
dent. It was proposed that T. cruzi injures host cells to exploit the
Ca2�- and ASM-dependent but clathrin-, dynamin-, and F-actin-
independent resealing process to gain entry into host cells (4).
Based upon the findings reported in the present manuscript and
past studies (3), this model is not sufficient to account for LLO-
dependent L. monocytogenes internalization into host cells. While
LLO-mediated internalization and plasma membrane resealing
have a shared requirement for Ca2� influx and are both indepen-
dent of clathrin, they differ in important ways. Unlike the mem-
brane-resealing process, LLO-induced L. monocytogenes internal-
ization is F-actin, dynamin, and K� dependent (3). Therefore, our
results confirm that ion fluxes are critical regulators of endocytosis
following host cell perforation but reveal important differences
between the sensu stricto plasma membrane-resealing process and
LLO-mediated L. monocytogenes internalization. It will be neces-

FIG 6 Ca2� and K� fluxes are sufficient to activate bacterial internalization.
LLO-deficient (�hly) L. monocytogenes bacteria (MOI of 20) were incubated
with HepG2 cells with or without 1 �M ionomycin (Io) and/or 10 �M nige-
ricin (Ni) in the indicated cell culture media. Bacterial internalization was
measured by quantitative fluorescence microscopy and expressed relative to
bacterial internalization in standard medium without ionophores. Results are
expressed as the means 	 SEM of at least three independent experiments (**,
P 
 0.01).
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sary to further dissect the events occurring during the membrane
repair process in order to establish whether additional events be-
yond sensu stricto resealing involve F-actin, dynamin, and K� ef-
flux. Alternatively, LLO-induced bacterial uptake may use a path-
way that occurs downstream from or is distinct from repair of the
plasma membrane.

K� efflux subsequent to cell perforation by LLO and other
pore-forming toxins is known to be responsible for the activation
of caspase-1 (30, 57), histone modification (28), autophagy (32),
and arrest in protein synthesis (32). The finding reported here that
K� efflux also regulates the uptake of the pathogen is novel. How
host cells detect and respond to variations in intracellular K� is
also unsettled. Whereas Ca2� is a central regulator involved in a
large variety of processes, including endocytosis, few studies have
addressed the role of K� in endocytosis. It was previously shown
that lowering intracellular K� concentrations decreases clathrin-
coated pit formation and receptor endocytosis (58); however,
other cargoes can still be internalized (59). The LLO-dependent
uptake of L. monocytogenes is clathrin independent. Therefore, it is
likely that low K� levels facilitate an alternative or compensatory,
clathrin-independent pathway. Also, K� efflux subsequent to cell
attack by LLO was shown to activate multiple protein kinases (31).

It appears that signaling downstream of Ca2� and K� fluxes is
complex and involves several pathways that may or may not cross-
talk with one another. For example, histone dephosphorylation
induced by LLO is Ca2� independent and K� dependent, whereas
bacterial internalization is both Ca2� and K� dependent. When
cells were treated with ionophores in an attempt to reproduce the
effect of LLO without creating membrane pores, the Ca2� iono-
phore ionomycin was sufficient to induce the internalization of
polystyrene beads. However, the ionomycin concentration re-
quired to induce this event approached amounts that were detri-
mental to the cells, as cells started to round up during the course of
the experiment. The Ca2� influx stimulated by this concentration
of ionomycin was capable of influencing membrane dynamics and
internalization but with low efficiency. In contrast, treating the
cells with the K� ionophore nigericin had no such effect, even at
high concentrations. In an attempt to initiate multiple fluxes, as
occurs following perforation of the plasma membrane by LLO, we
treated cells with a combination of nigericin and ionomycin. The
addition of both ionophores at concentrations that were insuffi-
cient to induce internalization when added alone led to enhanced
internalization of bacteria and beads, approaching the levels in-
duced by LLO. This result provides evidence that host cells likely
integrate responses generated from multiple signals that are mo-
bilized by ion fluxes. The way in which host cells sense changes in
K� levels and the nature and extent of cross-talk between the
response pathways induced by ion fluxes following membrane
perforation are exciting avenues for future work. Finally, it will be
important to determine whether other pathogens also cause local
plasma membrane lesions to facilitate their internalization into
host cells.
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