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Listeriolysin O (LLO), a major virulence factor of Listeria monocytogenes, is a member of the cholesterol-
dependent cytolysin family and plays important roles not only in survival of this bacterium in phagocytes but
also in induction of various cellular responses, including cytokine production. In this work, we examined the
involvement of LLO in induction of the cytokine response in intestinal epithelial cells, the front line of host
defense against food-borne listeriosis. Infection of Caco-2 cells with wild-type L. monocytogenes induced
persistent expression of interleukin-6 (IL-6) mRNA. In contrast, IL-6 expression was observed only transiently
during infection with non-LLO-producing strains. A sublytic dose of recombinant LLO (rLLO) induced the
expression of IL-6 via formation of membrane pores. Under conditions of LLO-induced pore formation without
extensive cell lysis, Ca>* influx was observed, and the IL-6 expression induced by rLLO was inhibited by
pretreatment with 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid tetrakis(acetoxymethyl ester)
(BAPTA-AM), an intracellular Ca** chelator. LLO secreted by cytoplasmic L. monocytogenes appeared to
induce pore formation in the membrane and to enable the trafficking of intracellular and extracellular
molecules. Pretreatment with BAPTA-AM inhibited persistent IL-6 expression in Caco-2 cells infected with
wild-type L. monocytogenes. These results suggest that LLO is involved in IL-6 production in the late phase of
infection through the formation of Ca**-permeable pores and subsequent Ca**-dependent modulation of

signaling and gene expression.

Listeria monocytogenes is a gram-positive, facultative, intra-
cellular parasitic bacterium which causes food-borne listeriosis
in humans (11, 13). L. monocytogenes invades and multiplies
within the cytoplasm of various types of cells, including mac-
rophages, epithelial cells, hepatocytes, and fibroblasts (12, 61).
An array of virulence factors have been reported to support the
intracellular parasitism of L. monocytogenes at various steps,
including invasion of cells, escape from the endosomal com-
partment, utilization of a cytosolic nutrient source, and cell-
to-cell spread (4, 61). Listeriolysin O (LLO), a 56-kDa protein
encoded by the hly gene, is a member of the cholesterol-
dependent cytolysin family and plays an essential role in escape
from phagosomes, because a mutant strain lacking the hly gene
is avirulent, incapable of escaping from phagosomes, and killed
by host phagocytes (5).

In listeriosis, L. monocytogenes is thought to invade the host
via intestinal epithelial cells. Based on this assumption, the
Caco-2 cell line, a human intestinal epithelial cell line, has
been used widely as a model for L. monocytogenes infection in
vitro (8, 26, 33). Caco-2 cells express E-cadherin, which medi-
ates the internalization of L. monocytogenes into cells as the
receptor for bacterial internalin A (33).

Cytokines play a pivotal role in the resistance against L.
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monocytogenes infection (40). Gamma interferon is one of the
most effective cytokines that enhance the bactericidal activity
of macrophages (29). However, in the case of Caco-2 cells, it
has been reported that interleukin-6 (IL-6) induces antilisteria
activity that is stronger than that induced by gamma interferon
through induction of inducible nitric oxide synthase and an
unknown mechanism(s) (48). Furthermore, IL-6 induced the
activation of NF-kB in Caco2-BBE cells and resulted in the
expression of intracellular adhesion molecule 1, which plays an
important role in inflammation through some form of leuko-
cyte-epithelial cell adhesion (62).

These observations imply that IL-6 plays an essential role in
the intestinal barrier in an autocrine or paracrine manner,
because one previous report showed that L. monocytogenes
induced the expression of IL-6 in human colon intestinal epi-
thelial cells (25) and another study in which the microarray
technique was used showed that there was up-regulation of
IL-6 expression in L. monocytogenes-infected Caco-2 cells (2).

LLO plays crucial roles not only in the survival of L. mono-
cytogenes inside phagocytes but also in the activation of mac-
rophages, endothelial cells, and epithelial cells to secret cyto-
kines and chemokines and to express adhesion molecules (27,
28, 45, 59, 65). In this study, we examined the involvement of
LLO in IL-6 expression in Caco-2 cells during L. monocyto-
genes infection in vitro. We found that wild-type L. monocyto-
genes induced persistent IL-6 production in Caco-2 cells,
whereas non-LLO-producing strains induced only transient
IL-6 expression. The involvement of LLO in persistent IL-6
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production in L. monocytogenes-infected Caco-2 cells was dem-
onstrated by using recombinant LLO (rLLO).

MATERIALS AND METHODS

Bacterial strains. A hemolytic and virulent strain of L. monocytogenes EGD
(serovar 1/2a) was used as the L. monocytogenes wild-type strain (L. monocyto-
genes wt). L. monocytogenes EGD hly (hly mutant), kindly provided by Eva Ng
(Wuerzburg University), was an attenuated isogenic strain with plasmid integra-
tion into the Aly gene and was not capable of producing functional LLO (64).
Another non-LLO-producing strain used in this study was L. monocytogenes
ATCC 15313, which has naturally occurring defects in the gene cluster for Aly,
plcA, and a portion of the prf4 promoter (44; unpublished data).

Cell culture. Caco-2 cells and HEK293 cells were purchased from the Amer-
ican Type Culture Collection (Rockville, Md.). Caco-2 cells were maintained in
Dulbecco’s modified Eagle’s medium (Invitrogen Corporation, Carlsbad, Calif.)
containing 5 pg/ml of gentamicin (Wako Pure Chemical Industries, Osaka,
Japan) and 10% fetal calf serum (Invitrogen Corporation). HEK293 cells were
maintained in RPMI 1640 (Invitrogen Corporation) containing 5 pg/ml of gen-
tamicin and 10% FSC.

Infection and determination of intracellular bacterial growth. Caco-2 cells
were seeded into 24-well microplates (2 X 10° cells/well) and grown for 24 to
48 h. The cells were washed three times with phosphate-buffered saline (PBS)
and infected with 5 X 10° CFU of L. monocytogenes wt, the hly mutant, or ATCC
15313 in gentamicin-free medium for 1 h. Then the cells were washed three times
with PBS to eliminate extracellular bacteria and incubated in medium containing
5 pg/ml of gentamicin for 1, 3, or 5 h. For determination of the intracellular
growth of L. monocytogenes, cells were washed three times with PBS and lysed in
distilled water, and the number of viable bacteria was determined by a CFU
assay. In some experiments, cytochalashin D (Sigma Aldrich, St. Louis, Mo.) was
added to the culture 1 h before infection at a final concentration of 10 pg/ml.

Reverse transcription-PCR (RT-PCR) and real-time PCR. Total cellular RNA
was extracted from Caco-2 cells using Nucleospin RNA II (Macherey-Nagel,
Diiren, Germany), and cDNA was reverse transcribed from 0.2 pg of total RNA
using a random primer and Superscript III RNase™ reverse transcriptase (In-
vitrogen Corporation). A PCR was performed by using KOD-Plus DNA poly-
merase (TOYOBO, Osaka, Japan) and primer sets specific for human IL-6 and
human B-actin. Each PCR cycle consisted of 94°C for 15 s, 54°C for 30 s, and
68°C for 60 s. The numbers of amplification cycles for IL-6 and B-actin were 35
and 25, respectively. The sequences of the oligonucleotide primers used were as
follows: 5'-GTACATCCTCGACGGCATCTC-3" and 5'-TGTGGTTGGGTCA
GGGGTGGT-3' for IL-6 and 5'-GCAAAGACCTGTACGCCAAC-3' and 5'-
CTAGAAGCATTTGCGGTGGAA-3' for B-actin. A quantitative analysis of
IL-6 expression was performed by real-time PCR using qPCR Mastermix for
Syber Green I (Eurogentec, Seraing, Belgium) and the ABI Prism 7700 sequence
detection system (Applied Biosystems, Foster City, Calif.).

Immunofluorescent microscopy. Caco-2 cells grown on coverslips were in-
fected with 5 X 10° CFU of L. monocytogenes wt, the hly mutant, or ATCC 15313
as descried above. Then the cells were washed, incubated in medium containing
5 pg/ml of gentamicin for 5 h, and fixed with 4% paraformaldehyde. The cells
were stained with phalloidin-Alexa 488 (Molecular Probes, Eugene, Oreg.) and
goat anti-Listeria polyclonal antibody (Kirkegaard & Perry Laboratories, Gaith-
ersburg, Md.) and then with anti-goat immunoglobulin G antibody-Alexa 546
(Molecular Probes) in the presence of 1% saponin.

Preparation of rLLO proteins. Full-length rLLO was prepared as described
previously (31). Briefly, the Aly gene was cloned into the pQE-31 vector (QIA-
GEN, Hilden, Germany), and Escherichia coli SG13009 was transformed with the
recombinant vector. Recombinant LLO was produced in E. coli cells as a six-
His-tagged protein by incubation of the transformants with 1 mM isopropyl-B-
D-thiogalactopyranoside (Nacali Tesque, Kyoto, Japan). Then the E. coli cells
were disrupted by vortexing with zirconia-silica beads, and rLLO was purified
from the soluble fraction using a nickel-nitrilotriacetic acid column (QIAGEN).
For construction of rLLOyy4954, @ mutant LLO with substitution of Ala (GCG)
for **>Trp (TGG), the hly gene was amplified by PCR using a mutagenic primer
(5'-TTGGGAATGGGCGAGACGGTAA-3") as the 5’ primer and hly529 (31)
as the 3’ primer. Secondary PCR amplification of the hly gene was performed
using the resulting PCR product as the 3’ primer and hly26 (31) as the 5’ primer.
Recombinant LLOwy49,4 Was prepared by a procedure similar to the procedure
used for rLLO. Contaminating lipopolysaccharide was extensively removed by
using a Detoxi-Gel endotoxin-removing gel (Pierce Chemical Company, Rock-
ford, Tl1.). The level of lipopolysaccharide was determined by the Limulus Color
KY test (Wako Pure Chemical Industries) and was found to be less than 5 pg/ml
when the preparation was suspended in PBS at a protein concentration of 10
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pg/ml. To inhibit the cytolytic activity, rLLO was treated with 10 pg/ml of
cholesterol for 30 min on ice (45).

Detection of LDH release. Culture supernatants were collected, centrifuged at
200 X g for 5 min, and transferred to new tubes. Lactate dehydrogenase (LDH)
activity was measured using an LDH cytotoxicity detection kit (TaKaRa BIO
Inc., Shiga, Japan). The percentage of LDH release was calculated by using the
following formula: percentage of release = 100 X (experimental LDH release —
spontaneous LDH release)/(maximal LDH release — spontaneous LDH re-
lease). To determine the maximal LDH release, Caco-2 cells were treated with
1% Triton X-100.

WST-1 assay. To measure the percentage of surviving cells, 2-(4-iodophenyl)-
3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1) (DOJINDO,
Kumamoto, Japan) was used. Caco-2 cells were seeded into 96-well microplates
(5 X 10 cells/100 pl culture medium/well), grown for 24 to 48 h, and stimulated
with tLLO or rLLOyy49, for 3 h. Then 20 pl of WST-1 reagent (HEPES, pH 7.4,
0.2 mM 1-methoxy-5-methylphenazinium methyl sulfate, 5 mM WST-1) was
added to cell culture and incubated for 30 min. Supernatants were transferred to
new 96-well microplates, and the absorbance at 450 nm was determined. The
percentage of surviving cells was calculated by using the following formula:
percentage of surviving cells = 100 X (experimental optical density — cell-free
optical density)/(untreated optical density — cell-free optical density).

Luciferase assay. HEK293 cells were seeded into 24-well plates (10° cells/
well), incubated overnight, and transfected with 0.9 pg of pNF-kB-luc (Strat-
agene, La Jolla, Calif.) and 0.1 pg of pRL-SV40 (Promega, Madison, Wis.) using
the PolyFect transfection reagent (QIAGEN) according to the manufacturer’s
instructions. Cells were cultured for 18 h and stimulated with rLLO or
rLLOyy4924 for 6 h, and then the cells were lysed with passive lysis buffer
(Promega) and the luciferase activity was measured using the dual-luciferase
reporter assay system (Promega) and a Wallac 1420 ARVOsx multilabel counter
(Amersham Biosciences, Piscataway, N.J.).

Intracellular Ca?>* measurement. The intracellular Ca>* concentration was
determined by microfluorometry using 1-(2-[5'-carboxyoxazol-2'-yl]-6-amino-
benzofuran-5-oxy)-2(2ino-5-methyl-phenoxy)ethane-N,N,N’ ,N'-tetraacetic acid,
pentaacetoxy methyl ester (Fura 2-AM) (Molecular Probes) and the ARGUS-
50/CA system (Hamamatsu Photonics, Japan). Caco-2 cells on coverslips were
treated with 2 pM Fura 2-AM for 3 h and washed twice with HEPES, pH 7.2.
Measurements were performed in HEPES (pH 7.2) with or without 1 mM CaCl,.

Ca?* chelator and Ca®* channel inhibitors. 1,2-bis(2-Aminophenoxy)ethane-
N,N,N',N'-tetraacetic acid tetrakis(acetoxymethyl ester) (BAPTA-AM) (Sigma
Aldrich, St. Louis, Mo.) was dissolved in dimethyl sulfoxide and used at a final
concentration of 5 or 10 uM. NiCl, (Sigma Aldrich) was dissolved in PBS and
used at a final concentration of 50 wM. Verapamil (Sigma Aldrich) was dissolved
in ethanol and used at a final concentration of 10 pM.

Statistical analysis. The statistical significance of the data was determined by
Student’s ¢ test or Fisher’s protected least-significant-difference test, and a P
value of >0.05 was considered significant.

RESULTS

Requirement for LLO for persistent IL-6 expression in L.
monocytogenes-infected Caco-2 cells. To examine the role of
LLO in the induction of a cytokine response in intestinal ep-
ithelial cells, Caco-2 cells were infected with various strains of
L. monocytogenes, including virulent wild-type strain EGD (L.
monocytogenes wt), an isogenic strain producing inactive LLO
protein (hly mutant), and strain ATCC 15313, which lacks the
genomic region that includes plcA, hly, and part of the prfd
promoter, and the expression of IL-6 mRNA was analyzed by
RT-PCR. All the strains induced expression of IL-6 in Caco-2
cells 1 h after infection (Fig. 1A). The expression of IL-6
mRNA induced by the non-LLO-producing strains (the hly
mutant and ATCC 15313) disappeared by 5 h after infection,
whereas the expression induced by L. monocytogenes wt lasted
for over 5 h (Fig. 1A). It was found that IL-6 mRNA was still
expressed even 7 h after infection with L. monocytogenes wt
(data not shown). This result suggested that LLO was involved
in the persistent and/or late-phase expression of IL-6 in L.
monocytogenes-infected Caco-2 cells.
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FIG. 1. L. monocytogenes induces persistent IL-6 expression in Caco-2 cells in an LLO-dependent manner. (A) Kinetics of IL-6 expression in
L monocytogenes-infected Caco-2 cells. Caco-2 cells were infected with L. monocytogenes wt (LMwt), the Aly mutant, or ATCC 15313, and the
expression of IL-6 was analyzed by RT-PCR. The results are representative of the results of three similar experiments. (B) Intracellular growth
of L. monocytogenes. Caco-2 cells were infected with L. monocytogenes wt, the hly mutant, a fivefold-higher dose of the Aly mutant (5 X hly mutant),
or ATCC 15313, and the number of intracellular bacteria was determined by the CFU assay. The results are representative of the results of two
similar experiments. The data are the means = standard deviations for three determinations. (C) Cytoplasmic invasion by L. monocytogenes.
Caco-2 cells were infected with L. monocytogenes wt and the hly mutant for 5 h. The cells were then fixed and stained with phalloidin-Alexa 488
to detect actin nucleation (green) and with anti-Listeria goat polyclonal antibody and sequential anti-goat immunoglobulin G-Alexa 546 to detect
L. monocytogenes (red). (D) Quantitative analysis of IL-6 expression. Caco-2 cells were infected with L. monocytogenes wt in the absence or
presence of cytochalashin D (cyt. D) or with a fivefold-higher dose of the 4ly mutant. The expression of IL-6 at 5 h after infection was analyzed
by real-time RT-PCR. The results were expressed relative to the level of B-actin mRNA. The data are the means = standard deviations from three

independent experiments. Two asterisks indicate that there was a significant difference compared to uninfected cells.

LLO is not an essential requirement for invasion of Caco-2
cytoplasm by L. monocytogenes. LLO is known to play an es-
sential role in the escape of L. monocytogenes from phago-
somes into the cytosolic space inside professional phagocytes
(52). We compared the intracellular growth of L. monocyto-
genes wt, the hly mutant, and ATCC 15313 in Caco-2 cells. L.
monocytogenes wt was very capable of intracellular growth, as
expected, but ATCC 15313 was not able to grow inside Caco-2
cells at all (Fig. 1B). Although there has been a report that an
hly mutant hardly lysed the phagocytic vacuole in Caco-2 cells
(42), the hly mutant used in this study showed significant in-
tracellular growth. This finding was consistent with recent re-
ports showing that non-LLO-producing strains are able to in-
vade the cytoplasm in some types of human cell lines (22, 47).

A virulent strain of L. monocytogenes is known to induce
host actin filament nucleation, followed by the formation of a
tail-like structure called the actin tail or comet tail after inva-
sion of the host cytoplasm (61). Caco-2 cells infected with each
strain were stained with fluorescent phalloidin to visualize the
actin tail. Both L. monocytogenes wt and the hly mutant were
capable of forming an actin tail in Caco-2 cells (Fig. 1C),
whereas ATCC 15313 did not form an actin tail (data not
shown). The proportions of cells with a visible actin tail 5 h
after infection were 42.5% * 4.04% and 29.3% = 3.21% for
the Caco-2 cells infected with L. monocytogenes wt and with the
hly mutant, respectively. Thus, the escape of the 4ly mutant in
Caco-2 cells was confirmed morphologically. Taking these ob-

servations into consideration, it appeared that the difference in
IL-6 expression shown in Fig. 1A was not due to the difference
in evasion of the phagocytic vacuole.

Next, we wanted to confirm the difference in IL-6-inducing
ability between L. monocytogenes wt and the hly mutant by
using quantitative real-time RT-PCR. Although both strains
exhibited intracellular growth in Caco-2 cells, there was a sig-
nificant difference in the intracellular bacterial burden when
the same number (5 X 10° CFU) of bacteria was employed. To
overcome this difference, we changed the dose of the Aly mu-
tant and found that a fivefold increase in the amount of the hly
mutant (2.5 X 10”7 CFU) resulted in a similar level of intracel-
lular growth (Fig. 1B). Under these experimental conditions, it
was observed that the expression of IL-6 in Caco-2 cells in-
fected with the hly mutant was only transient (Fig. 1D), a
finding consistent with the results shown in Fig. 1A. When
cytochalasin D was added to the culture, the number of CFU
of L. monocytogenes wt in Caco-2 cells was significantly re-
duced, to less than 5% of the number of intracellular CFU in
the absence of cytochalasin D (data not shown). Cytochalasin
D treatment almost completely abolished the late-phase ex-
pression of IL-6 (Fig. 1D). These results clearly indicated that
both bacterial invasion of the cells and the presence of LLO
are necessary for the induction of persistent and/or late-phase
expression of IL-6 in L. monocytogenes-infected Caco-2 cells
and that just bacterial invasion is not sufficient.
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FIG. 2. LLO-induced IL-6 induction in Caco-2 cells is dependent
on the pore-forming activity of recombinant protein. (A) Expression of
IL-6 in Caco-2 cells. Caco-2 cells were stimulated with different doses
of rLLO, cholesterol-treated rLLO [chol. (+) LLO], or rLLOyy49,4 for
3 h, and the expression of IL-6 was analyzed by RT-PCR. The results
are representative of the results of two similar experiments. (B) NF-xB
activation induced by rLLO. HEK293 cells transfected with reporter
vectors were stimulated with PBS or different doses of rLLO or
rLLOw40,4 for 6 h, and NF-kB activation was assessed by the lucif-
erase assay. The results are representative of the results of five similar
experiments. The data are the means = standard deviations for three
determinations.

LLO-induced IL-6 production in Caco-2 cells is dependent
on membrane permeation at sublytic doses of LLO. To deter-
mine the direct effect of LLO on IL-6 expression in Caco-2
cells, we constructed rLLLO and stimulated the cells at different
concentrations. LLO is known to form ring- or arc-shaped
pores in the membrane, and this activity is completely blocked
by cholesterol (24). We confirmed by electron microscopy that
the full-length rLLO used in this experiment caused formation
of numerous membrane pores in sheep erythrocyte ghosts un-
der appropriate conditions (data not shown). A high level of
IL-6 expression was observed in Caco-2 cells stimulated with a
low dose (1 to 4 nM) of rLLO (Fig. 2A), but there was a
decline in the IL-6 mRNA level when the stimulation dose was
more than 8 nM (data not shown). Treatment of rLLO with
cholesterol that abolished the pore-forming activity resulted in
a complete loss of IL-6-inducing activity (Fig. 2A). We con-
structed a mutant LLO protein, rLLOy9,4, by using a single-
amino-acid substitution believed to impair the cytolytic activity
(39). This mutant LLO protein was not able to induce IL-6
expression in Caco-2 cells (Fig. 2A). These results suggested
that the formation of pores in the cell membrane was essential
for the induction of IL-6 expression after stimulation with
LLO.
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Transcription factor NF-kB is a central regulator of IL-6
gene expression (35, 49). We next examined the level of NF-kB
activation by using HEK293 cells transfected with a reporter
vector, as it was difficult to determine the level of NF-kB in
Caco-2 cells. NF-kB activation was induced only by a limited
range of doses of rLLO (2 and 4 nM), and rLLOy 49,4 never
induced NF-kB activation at the range of doses examined in
this study (Fig. 2B).

LLO induces IL-6 production in Caco-2 cells at sublytic
doses. Because the IL-6 production induced by LLO appeared
to be dependent on the pore-forming activity of LLO, we next
examined the dose dependence of the cytolytic effect of LLO
on Caco-2 cells. In this experiment, the amount of LDH re-
leased from cells indicated the level of cytolysis. LDH release
from Caco-2 cells was induced by treatment with rLLO in a
dose-dependent manner, whereas treatment with tLLOy 4954
did not result in LDH release (Fig. 3A). At the dose of rLLO
that induced cytokine production (1 to 4 nM), release of 10 to
40% of the LDH was observed (Fig. 3A). Next, we measured
the percentage of surviving cells after LLO treatment by using
the WST-1 assay. Treatment with rLLO decreased the viability
of cells in a dose-dependent manner. Notably, over 80% of the
cells were still alive after treatment with a cytokine-inducible
dose of rLLO, although 8 nM LLO decreased the level of
surviving cells to about 40% (Fig. 3B). From these results, it
became clear that LLO induced the production of IL-6 only at
the sublytic doses.

LLO-formed pore mediates Ca*>* influx and leads to Ca**-
dependent IL-6 production. It has been reported that an LLO-
formed pore is Ca®>* permeable and leads to intracellular Ca**
oscillation in HEK293 cells (53). Since the intracellular Ca**
([Ca**),,) acts as the second messenger and intracellular
Ca?" oscillation modulates cellular signaling and gene expres-
sion (7, 17, 60), the involvement of Ca** in LLO-induced IL-6
expression was examined. The concentration of [Ca®*];, inside
Caco-2 cells increased immediately after treatment with 1 nM
rLLO, and this effect lasted over 15 min (Fig. 4A). However,
no significant increase in the [Ca®"];, concentration was ob-
served in rLLOy49,4-treated Caco-2 cells, and the effect of 1
nM rLLOyy 49,4 0n [Ca®*];, was less than that of 0.1 nM rLLO
(Fig. 4A). Furthermore, the absence of Ca*" influx after treat-
ment with rLLO under extracellular Ca?*-free conditions sug-
gested that LLO-induced Ca®" influx was not due to the re-
lease from intracellular Ca*" stores (Fig. 4A). Pretreatment of
cells with BAPTA-AM, an intracellular Ca?>" chelator, inhib-
ited the expression of IL-6 induced by rLLO stimulation (Fig.
4B). Consistent with this observation, pretreatment with
BAPTA-AM significantly reduced the activation of NF-kB af-
ter stimulation with rLLO, whereas the Ca>" channel inhibi-
tors NiCl, and verapamil did not affect the response (Fig. 4C).
Therefore, it could be concluded that Ca** influx mediated by
LLO-formed pores resulted in the activation of an intracellular
signaling cascade and subsequent IL-6 production.

LLO secreted by cytoplasmic L. monocytogenes acts on the
host cell membrane. The expression of LLO has been reported
to be up-regulated after invasion of the cytoplasm by L. mono-
cytogenes (41). We examined the effect of LLO secreted by
cytoplasmic L. monocytogenes on Caco-2 cells. To determine
the cytolytic activity exhibited by the LLO produced in the
cytoplasm, LDH release from L. monocytogenes-infected
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FIG. 3. Recombinant LLO induces IL-6 production only at a sub-
lytic dose. (A) Cytolytic effect of rLLO on Caco-2 cells. Caco-2 cells
were stimulated with different doses of rLLO and rLLOy 49, for 3 h,
and the LDH activity in culture supernatants was assessed. The results
are representative of the results of three similar experiments. The data
are the means * standard deviations for three determinations. (B) Vi-
ability of Caco-2 cells after stimulation with rLLO. Caco-2 cells were
treated with PBS (P) or 1% Triton X-100 (T) or were stimulated with
different doses of rLLO or rLLOyyg,» for 3 h. Then the WST-1
reagent was added to the cultures, the cells were incubated for 30 min,
and the absorbance at 450 nm of culture supernatants was measured.
The results are representative of the results of two similar experiments.
The data are the means * standard deviations for three determina-
tions.

Caco-2 cells was assayed. Significant LDH release was ob-
served at 5 h after infection with L. monocytogenes wt, but not
after infection with strains that were not capable of producing
LLO, including the Aly mutant, a fivefold-higher dose of the Aly
mutant, and ATCC 15313. Cytochalashin D pretreatment also
inhibited LDH release from L. monocytogenes wt-infected
Caco-2 cells (Fig. 5A). This result indicated that LLO but not
other virulence factors secreted by cytoplasmic L. monocyto-
genes was critical for the integrity of the host cell membrane.
There was no significant difference in cell morphology as de-
termined by phase-contrast microscopy between Caco-2 cells
infected with L. monocytogenes wt for 5 h and uninfected
Caco-2 cells (data not shown). Thus, the results suggested that
LDH release induced by L. monocytogenes wt infection was
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due to incomplete membrane damage in most of the infected
cells rather than to the death (complete cytolysis) of a limited
number of cells. This might have been the result of actin
tail-mediated spread of L. monocytogenes to neighboring cells
(61). To confirm the involvement of cytoplasmic LLO in the
influx of extracellular molecules, Caco-2 cells were infected
with L. monocytogenes wt or the hly mutant and cultured in
medium containing 5 or 50 pg/ml of gentamicin, and then the
number of intracellular bacteria was determined. In a prelim-
inary experiment, we were convinced that the susceptibility to
gentamicin in vitro was the same for both the L. monocytogenes
wt and hly mutant strains. The intracellular growth of the hly
mutant was not affected even in the presence of 50 pg/ml of
gentamicin (Fig. 5B), while the number of intracellular L.
monocytogenes wt cells was decreased by the treatment with 50
pg/ml of gentamicin (Fig. 5B). This result indicated that the
pores formed in the host cell membrane by cytoplasmic LLO
mediated the influx of extracellular molecules, including Ca®*.
Because LLO secreted by cytoplasmic L. monocytogenes, like
extracellularly added rLLO, appeared to act on the host cell
membrane, we next examined the possible involvement of
Ca?" in the persistent and/or late-phase expression of IL-6 by
L. monocytogenes infection. It has been reported that EGTA,
but not BAPTA-AM, inhibits the invasion of Hep-2 epithelial
cells by L. monocytogenes (9), so BAPTA-AM was employed in
this experiment. Treatment of cells with BAPTA-AM never
affected the invasion and intracellular growth of L. monocyto-
genes wt (data not shown). When Caco-2 cells were pretreated
with BAPTA-AM, the L. monocytogenes wt-induced IL-6 ex-
pression at 5 h was almost completely abolished, whereas ex-
pression at 1 h was still observed, although the level was re-
duced (Fig. 5C), indicating that the expression of IL-6 in the
late phase of the infection was critically dependent on Ca**,
whereas the expression in the early phase of the infection was
induced through both Ca?*-dependent and -independent
mechanisms. These results suggested that the persistent IL-6
expression during L. monocytogenes infection was dependent
on Ca*" influx mediated by the membrane pores formed by
cytoplasmic LLO.

DISCUSSION

In this study, the involvement of LLO in the cytokine re-
sponse of L. monocytogenes-infected Caco-2 cells was exam-
ined. We found that there was a significant difference in the
magnitude and persistence of IL-6 induction between wild-
type L. monocytogenes and non-LLO-producing strains. Our
results suggested that the IL-6 expression in the early phase of
infection is rather LLO independent but that the IL-6 expres-
sion in the late phase of infection is highly LLO dependent.
Furthermore, LLO exerted its effect on the Caco-2 cell mem-
brane from both the intracellular and extracellular milieus to
form Ca?"-permeable pores and to induce Ca®*-dependent
IL-6 expression. These findings suggested that persistent ex-
pression of IL-6 in L. monocytogenes-infected Caco-2 cells is
due to the formation of Ca®"-permeable pores by LLO.

As the induction of IL-6 in the early phase of in vitro infec-
tion appeared to be independent of both the presence of LLO
and bacterial invasion of cells and as L. monocytogenes con-
tains many candidate molecules that stimulate the innate im-
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FIG. 4. Involvement of Ca®*" in LLO-induced IL-6 expression. (A) Effect of rLLO on intracellular Ca**. Caco-2 cells were treated with Fura
2-AM. Recombinant LLO or rLLOy9,4 Was added to cells at the time indicated by the arrow. Intracellular Ca®* was assessed by microfluorom-
etry, and the results are expressed as the ratio of fluorescence intensity (510 nm). The y axis is (emission with 340-nm excitation)/(emission with
380-nm excitation). The results are representative of the results of three similar experiments. (B) Inhibition of rLLO-induced IL-6 expression by
chelating intracellular Ca®*. Caco-2 cells were treated with 10 uM BAPTA-AM for 1 h and then stimulated with different doses of rLLLO for 3 h.
The expression of IL-6 was analyzed by RT-PCR. The results are representative of the results of three similar experiments. DMSO, dimethyl
sulfoxide. (C) Inhibition of rLLO-induced NF-«B activation by chelating intracellular Ca?*. HEK293 cells were transfected with reporter vectors
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NF-kB activation was determined by the luciferase assay. The results are expressed in units relative to the activity of the internal control pRL-SV40.
The results are representative of the results of two similar experiments. The data are the means * standard deviations for three determinations.
Two asterisks indicate that there was a significant difference compared to cells stimulated with rLLO without any pretreatment.

mune system, it is possible that the recognition of bacterial
components through cell surface receptors was responsible for
the IL-6 expression in the early phase. Lipoteichoic acid frac-
tion II (LTA II) of L. monocytogenes has been reported to
stimulate the NF-kB pathway not only in P388D, macrophages
but also in Caco-2 cells (19, 20). Although Toll-like receptor 2
(TLR2), CD14, and scavenger receptor are known to be the
potential cell surface receptors for LTA II (32, 58), how
Caco-2 cells recognize LTA 1I is not known. Caco-2 cells are
not responsive to TLR2 and TLR4 agonists due to the absence
of TLR4 expression, the low level of expression of TLR2,
TLR1, and TLR6, and the high level expression of the Toll
inhibitory protein, Tollip (1, 38, 43). On the other hand, Caco-2
cells express TLRS and are responsive to a TLRS ligand,
flagellin, which is a component of bacterial flagella (10, 21, 36).
Although the expression of L. monocytogenes flagellin is tem-
perature dependent and is shut off at 37°C (50), it has been
reported that some laboratory-adapted strains and ~20% of
clinical isolates remain able to stimulate the TLRS pathway
even at 37°C (63). Thus, it is likely that the IL-6 expression in
the early phase of infection was due to the recognition of LTA
II and/or flagellin by Caco-2 cells.

The persistent expression of IL-6 was induced only by L.

monocytogenes wt, which evades endosomes and produces
LLO, and not by the #ly mutant, which evades endosomes but
does not produce LLO. It is known that two listerial phospho-
lipases, phosphatidylinositol-specific phospholipase (PI-PLC)
and phosphatidylcholine-specific phospholipase (PC-PLC), are
involved in the escape of L. monocytogenes from the endoso-
mal compartment (18, 37, 57), so the hly mutant may invade
the cytoplasm of Caco-2 cells by using phospholipases even in
the absence of functional LLO. A similar finding for the escape
of an hly mutant into cytoplasm has been reported for some
types of human cell lines (22, 47, 52). The results obtained by
using five times more Aly mutant ruled out the possibility that
the absence of persistent IL-6 expression in Caco-2 cells was
simply due to the small number of bacteria in the cells. As L.
monocytogenes wt and the hly mutant are isogenic except for
the hly gene coding for LLO, it was conceivable that LLO and
not other components were responsible for the difference in
the persistence of IL-6 expression.

A bacterium-sensing system mediated by Nod1 or Nod2 is
known to be present in mammalian cell cytoplasm (54). Nod1
and Nod2 recognize peptidoglycan (PGN) components (-y-D-
glutamyl-meso-diaminopimelic acid and muramyldipeptide, re-
spectively), which results in the activation of NF-kB (3, 14, 15).
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FIG. 5. Involvement of Ca®* in L monocytogenes-induced persis-
tent IL-6 expression. (A) LDH release from L. monocytogenes-infected
Caco-2 cells. Caco-2 cells were infected with the ily mutant, a fivefold-
higher dose of the Aly mutant (5 X Aly mutant), ATCC 15313, or L.
monocytogenes wt (LMwt) in the presence or absence of cytochalashin
D (cyt. D). Culture supernatants were collected at different times, and
the LDH activity in culture supernatants was assayed. The results are
representative of the results of three similar experiments. The data are
the means * standard deviations for three determinations. (B) Gen-
tamicin (GM) influx induced by L. monocytogenes infection. Caco-2
cells were infected with L. monocytogenes wt or a fivefold-higher dose
of the hly mutant and incubated in medium containing 5 pg/ml (con-
trol) or 50 wg/ml of gentamicin for 5 and 7 h. The number of intra-
cellular bacteria was determined by the CFU assay, and the results
were expressed as the number of CFU relative to the control. The solid
line indicates the value for the control. The results are representative
of the results of two similar experiments. The data are the means =
standard deviations for three determinations. Two asterisks indicate
that there was a significant difference compared to cells treated with 5
pg/ml gentamicin. (C) Inhibition of L. monocytogenes-induced persis-
tent IL-6 expression by chelating intracellular Ca®". Caco-2 cells were
pretreated with BAPTA-AM for 1 h and then infected with L. mono-
cytogenes wt for 1 or 5 h. Then the expression of IL-6 was analyzed by
RT-PCR. The results are representative of the results of two similar
experiments.
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It has been reported that Nod1, but not Nod2, is expressed in
Caco-2 cells (23, 30). Based on our finding in the present study
that persistent IL-6 expression was induced only by L. mono-
cytogenes wt and not by the ily mutant even after adjustment of
the number of intracellular bacteria by increasing the dose of
the Aly mutant strain, it was unlikely that the Nodl pathway
was responsible for the late-phase expression of IL-6. A pre-
vious report showed that although diaminopimelic acid is
present in PGN of L. monocytogenes, extracts from gram-pos-
itive bacteria, including L. monocytogenes, did not activate
NF-«B in digitonin-permeabilized HEK293 cells, whereas ex-
tracts from gram-negative bacteria did activate NF-kB (15).
For this reason, it is conceivable that L. monocytogenes PGN is
not recognized efficiently by Nod1.

Induction of IL-6 in Caco-2 cells was reproduced by stimu-
lation with rLLO. Experiments using cholesterol-treated rLLO
and rLLOy 49,4 showed that the pore-forming activity of LLO
was essential for induction of IL-6. However, IL-6 expression
was induced only when Caco-2 cells were treated with sublytic
doses of rLLO and not when the cells were treated with higher
doses, resulting in complete cell destruction. Among the host
cell responses linked to the formation of membrane pores,
Ca?" influx was the greatest possibility (53). Our data demon-
strated clearly that a membrane pore formed by LLO was
Ca®"permeable and induced Ca**-dependent IL-6 expression.
Although involvement of [Ca®"];, as the second messenger in
modulation of the signal transduction pathway and gene ex-
pression has been reported (17), the detailed mechanism of
Ca®"-dependent IL-6 induction has not been elucidated yet.
LLO is known to induce phosphoinositide metabolism, result-
ing in the generation of inositol phosphates and diacylglycerol
(DAG), probably through the activation of a host phospho-
lipase(s) (55, 56). Therefore, a signaling pathway following
activation of Ca?*-dependent protein kinase C (PKC) by
[Ca?*],, and DAG may contribute to the IL-6 expression in-
duced by LLO and L. monocytogenes infection. Indeed, we
obtained preliminary results which showed that pretreatment
with GF-109203X, a specific PKC inhibitor, significantly re-
duced the level of NF-«B activation induced by rLLO (data not
shown). In addition, Ca®* influx mediated by LLO-dependent
pores may lead to host PC-PLC activation to generate DAG,
because the activity of the phospholipase is critically depen-
dent on Ca** (46, 51). Moreover, as PI-PLC and PC-PLC
secreted by intracellular L. monocytogenes are enzymatically
active and participate in the generation of DAG (57), it is
possible that DAG generated by these listerial phospholipases
also works on activation of Ca®*"-dependent PKC and persis-
tent IL-6 expression in L. monocytogenes-infected Caco-2 cells
under LLO-induced Ca** influx conditions. A report indicat-
ing that PI-PLC and PC-PLC were necessary for persistent
activation of NF-kB in L. monocytogenes-infected macrophages
may support this idea (20).

If the expression of IL-6 in the late phase of infection re-
flected the IL-6-inducing activity of LLO, LLO should have
exerted its effect inside the cells. Indeed, in the present study,
LLO secreted by cytoplasmic L. monocytogenes appeared to act
on the host cell membrane from the intracellular milieu, since
LDH release and gentamicin influx were observed only after
infection with an L. monocytogenes strain producing active
LLO. LLO contains a PEST-like sequence located close to the
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N terminus, and this motif was shown to be possibly involved in
the rapid degradation of LLO in the cytoplasm (6, 34). More-
over, an acidic pH in the phagosomal compartment is better
than a neutral pH in the cytoplasm for cytolytic activity of LLO
(16). These characteristics of LLO are thought to be the mech-
anisms that prevent severe damage to host cells, the “nest” for
L. monocytogenes. However, LDH release was reportedly ob-
served from L. monocytogenes-infected macrophages, although
the level was significantly lower than the level of release from
macrophages infected with L. monocytogenes producing APEST-
LLO or LLO 44,1, @ mutant LLO which is active at neutral pH
(6, 16, 34). These findings suggest that the pore-forming activ-
ity of LLO is not completely controlled in the cytoplasm.
Therefore, it is likely that cytoplasmically secreted LLO ex-
erted its activity on the host cell membrane at a certain level,
causing Ca”" influx without inducing complete cell lysis.

Our findings suggest a novel mechanism for the sensing of L.
monocytogenes, an enteroinvasive pathogen, by intestinal epi-
thelial cells. Although LLO is a major virulence factor of L.
monocytogenes, LLO also triggers the recognition system in
host cells. Thus, LLO may be a useful but risky tool for L.
monocytogenes; it may be like a double-edged sword, and the
host surveillance system may target this pathogen’s indispens-
able weak points. Further analysis of the relationship between
virulence factors and pathogen recognition by hosts should
increase our understanding of the innate defense mechanisms
against pathogens.
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