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Listeriolysin O (LLO), an hly-encoded cytolysin of Listeria monocytogenes, plays an essential role in the
entry of L. monocytogenes into the host cell cytoplasm. L. monocytogenes-infected macrophages produce
various proinflammatory cytokines, including interleukin-1� (IL-1�), that contribute to the host immune
response. In this study, we have examined IL-1� production in macrophages infected with wild-type L.
monocytogenes or a nonescaping mutant strain deficient for LLO (�hly). Expression of IL-1� mRNA and
accumulation of pro-IL-1� in the cytoplasm were induced by both strains. In contrast, the secretion of the
mature form of IL-1� from infected macrophages was observed in infection with wild-type L. monocyto-
genes but not with the �hly mutant. A recovery of the ability to induce IL-1� secretion was shown in a
mutant strain complemented with the hly gene. The Toll-like receptor (TLR)/MyD88 signaling pathway
was exclusively required for the expression of pro-IL-1�, independently of LLO-mediated cytoplasmic
entry of L. monocytogenes. The LLO-dependent secretion of mature IL-1� was abolished by addition of
calcium chelators, and only LLO-producing L. monocytogenes strains were able to induce elevation of the
intracellular calcium level in infected macrophages. A calcium-dependent protease, calpain, was impli-
cated in the maturation and secretion of IL-1� induced by LLO-producing L. monocytogenes strains based
on the effect of calpain inhibitor. Functional activation of calpain was detected in macrophages infected
with LLO-producing L. monocytogenes strains but not with a mutant strain lacking LLO. These results
clearly indicated that LLO-mediated cytoplasmic entry of bacteria could induce the activation of intra-
cellular calcium signaling, which is essential for maturation and secretion of IL-1� in macrophages during
L. monocytogenes infection through activation of a calcium-dependent calpain protease. In addition,
recombinant LLO, when added to macrophages infected with the �hly strain, could induce calcium influx
and IL-1� secretion at doses exhibiting cytolytic activity, suggesting that LLO produced by intracellular
L. monocytogenes may be implicated in induction of calcium influx through pore formation.

Listeria monocytogenes is an intracellular parasitic bacterial
pathogen that causes life-threatening infections, such as men-
ingitis and septicemia, in immunocompromised individuals,
newborns, elderly persons, and animals (17, 48). After invasion
into the host tissue, L. monocytogenes can survive and replicate
within a variety of cells, including epithelial cells, hepatocytes,
fibroblasts, and macrophages (25, 47). Intracellular survival of
L. monocytogenes is supported by an array of virulence factors,
many of which are encoded by the genes in Listeria pathoge-
nicity island 1 (LIPI-1). Among them, listeriolysin O (LLO), a
56-kDa cytolysin encoded by the hly gene, plays an essential
role in bacterial escape from the phagosome and entry into the
cytoplasm. This enables bacterial replication even in the pro-
fessional phagocytes highly capable of intracellular killing,
such as macrophages (9). In addition to its essential role in the
entry of L. monocytogenes into the macrophage cytoplasm,
LLO has also been shown to be involved in the activation of

macrophages and endothelial and epithelial cells, resulting in
the secretion of cytokines and chemokines (29, 30, 37, 41).

Macrophages recognize bacterial components via pattern
recognition receptors (PRRs), including Toll-like receptors
(TLRs) and Nod-like receptors (NLRs), and the downstream
signaling events induce the expression of cytokine genes (1, 2,
42). Upon infection with L. monocytogenes, macrophages se-
crete a variety of cytokines, including tumor necrosis factor
alpha (TNF-�), interleukin 1�/� (IL-1�/�), IL-6, IL-12, and
IL-18, all of which play critical roles in the innate immune
response of the host (15, 53). Among these cytokines, IL-1 was
initially characterized as a factor that causes fever and aug-
ments the lymphocyte response (14). Recent studies have
shown that IL-1� plays a role as a key mediator of the inflam-
matory response and necrotic cell death (7, 19). Probably due
to its multiple biological activities, IL-1 has been reported to
participate in the host defense against L. monocytogenes in
wild-type (wt) and SCID mice (45). A number of reports have
shown that recombinant IL-1� enhances the resistance of mice
to infection with L. monocytogenes (8, 11–13, 28, 33).

IL-1�, IL-1�, and IL-18 are the cytokines belonging to the
same IL-1 superfamily (3). Recent studies have elucidated the
molecular mechanism of IL-1� and IL-18 secretion in response
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to various stimuli (1, 2, 34). Upon infection with L. monocyto-
genes, the expression of both IL-1� and IL-18 genes is induced
via activation of the TLR/MyD88 signaling pathway, and these
cytokines are produced after processing by caspase-1, which is
activated through inflammasome formation (42, 51). In this
regard, we have found that the �hly strain, an LLO-nonpro-
ducing mutant strain of L. monocytogenes, is incapable of in-
ducing the production of IL-18 due to its inability for caspase-1
activation, in spite of the effective induction of IL-18 mRNA
expression in infected macrophages (26, 27). These findings
indicated that LLO plays an important role in the production
of these cytokines through caspase-1 activation. In contrast to
IL-1� and IL-18, a few early studies reported that IL-1� can be
induced in macrophages and processed, possibly by a calcium-
dependent protease (6, 32). However, the precise mechanism
of production of the mature form of IL-1� in bacterial infec-
tion remained to be analyzed.

Based on increasing evidence regarding the modulation of
the macrophage response by LLO, we hypothesized that the
production of IL-1� is also supported by some LLO-dependent
mechanism, like LLO-dependent caspase-1 activation, result-
ing in the secretion of mature IL-1� or IL-18 belonging to the
same IL-1 superfamily. In the present study, we have analyzed
the molecular basis for the L. monocytogenes-induced IL-1�
secretion in mouse macrophages with special reference to the
role of hly-encoded LLO, and we have found that the LLO-
mediated cytoplasmic entry of bacteria can induce the activa-
tion of calcium signaling, resulting in the maturation and se-
cretion of IL-1� via a calcium-dependent cysteine protease,
calpain.

MATERIALS AND METHODS

Reagents. EDTA and EGTA were purchased from Nacalai Tesque Inc.
(Kyoto, Japan). BAPTA-AM, an intracellular calcium chelator, and A23187
were obtained from Sigma Aldrich (St. Louis, MO.). Calpain inhibitors, carbo-
benzoxy-valyl-phenylalanial (MDL28170, calpain inhibitor III), N-acetyl-L-
leucyl-L-leucyl-L-norleucinal (ALLN) (calpain inhibitor I), (2S,3S)-trans-epoxysuc-
cinyl-L-leucylamido-3-methylbutane ethyl ester (EST) (E-64d), N-benzyloxycarbonyl
L-leucyl-L-leucyl-L-tyrosyl fluoromethyl ketone (calpain inhibitor IV), calpastatin
peptide (CS peptide), 3-(4-iodophenyl)-2-mercapto-(Z)-2-propenoic acid
(PD150606), and 3-(5-fluoro-3-indolyl)-2-mercapto-(Z)-2-propenoic acid
(PD151746) were obtained from Calbiochem (Darmstadt, Germany). Recombi-
nant LLO (�95% purity) was purchased from Abcam (Cambridge, United
Kingdom).

Mice. Female C57BL/6 mice (wt) were purchased from Japan SLC
(Hamamatsu, Japan). Myeloid differentiation primary response gene 88-deficient
mice (MyD88�/� mice on a C57BL/6 background) were obtained from Oriental
Bio Service Inc. (Kyoto, Japan). Caspase-1�/� mice and mice deficient for
apoptosis-associated speck-like protein containing a CARD (ASC�/� mice) on a
C57BL/6 background were kindly provided from Tsutsui (Hyogo College of
Medicine, Nishinomiya, Japan). Mice were maintained under specific-pathogen-
free conditions and used at 7 to 9 weeks of age. All animal experimental proce-
dures were approved by the Animal Ethics and Research Committee of Kyoto
University Graduate School of Medicine.

Bacteria. A hemolytic and virulent strain of Listeria monocytogenes, EGD
(serovar 1/2a), was used as the wild type (wt). An L. monocytogenes mutant
deficient for the hly gene (�hly) and an hly-complemented strain (�hly::hly) were
constructed from the wt using the homologous recombination method as de-
scribed previously (26). Bacteria were grown overnight in brain heart infusion
broth (BHI broth; Eiken Chemical Co., Ltd., Tokyo, Japan) at 37°C with shaking.
One volume of the overnight culture was added to 100 volumes of fresh BHI
broth and cultured for 4 to 5 h. Bacteria were washed, suspended in phosphate-
buffered saline (PBS) supplemented with 10% glycerol, and stored in aliquots at
�80°C. The concentration of bacteria was determined by plating 10-fold serial

dilutions of bacterial suspension on tryptic soy agar (Eiken Chemical) plates and
counting the colonies after cultivation for 24 h at 37°C.

Infection and cytokine assay. Mice were injected intraperitoneally (i.p.) with
3% thioglycolate broth, and peritoneal exudate cells (PECs) were collected 4
days later. Whole PECs, seeded at 2.5 � 105 cells/well in 48-well plates, and
nonadherent cells were removed after 2 h of incubation at 37°C. Latex-bead
loading revealed that more than 98% of the adherent cells were phagocytic cells.
Adherent macrophages were infected with L. monocytogenes strains at a multi-
plicity of infection (MOI) of 5 for 1 h at 37°C. The culture was continued for 18 h
in the presence of 25 �g/ml gentamicin, and the culture supernatant was col-
lected to monitor the production of cytokines. In some experiments, cell lysates
were prepared by treatment of infected macrophages with 1% Triton X-100
solution. The levels of pro-IL-1� in the cell lysate and a mature form of IL-1� in
the culture supernatant were determined by the OptEIA mouse IL-1� enzyme-
linked immunosorbent assay (ELISA) set (BD Bioscience Pharmingen, San
Diego, CA). In the experiments to examine the effects of 1 mM EGTA, 1 mM
EDTA, 10 to 20 �M BAPTA-AM, 10 to 40 �M MDL28170, 10 �M A23187, and
various calpain inhibitors, the reagents were added 3 h after infection in the
presence of gentamicin and the culture was continued for a further 15 h. We used
these reagents at a range of concentrations exhibiting no cytotoxic effects. To
determine the effect of bafilomycin A1, macrophages were treated with 0.5 �M
bafilomycin A1 30 min prior to infection and the cytokine production was mea-
sured 18 h after infection. In addition, we infected macrophages with the �hly
mutant and added 1 to 500 ng/ml of recombinant LLO 3 h later. The culture was
continued for 15 h, and IL-1� production was measured. TNF-� and IL-1� were
quantified using a mouse TNF-� ELISA and a mouse IL-1� ELISA (eBioscience
Inc., San Diego, CA), respectively. IL-18 was detected using a pair of biotin-
labeled and unlabeled monoclonal antibodies specific for IL-18 (MBL, Nagoya,
Japan). IL-12p70 was measured using a pair of antibodies specific for IL-12p70
(Endogen, Woburn, MA).

Detection of LDH. For detection of lactate dehydrogenase (LDH), macro-
phages were treated with 10 �M A23157 or 1 to 500 ng/ml recombinant LLO for
18 h. The culture supernatant was collected, and LDH activity was measured
using an LDH cytotoxicity detection kit (TaKaRa BIO). The percentage of LDH
release was calculated by using the following formula: percentage of LDH re-
lease � 100 � (experimental LDH release � spontaneous LDH release)/(max-
imal LDH release � spontaneous LDH release). To obtain the value of maximal
LDH release, cells were disrupted in 1% Triton X-100 and LDH activity in the
supernatant was measured.

Quantitative real-time PCR. Total cellular RNA was extracted from macro-
phages at 0, 3, or 6 h after infection with L. monocytogenes strains by using the
Nucleospin RNA cleanup kit (Macherey-Nagel, Düren, Germany). The collected
RNA (0.2 �g) was treated with RNase-free DNase (Promega) to eliminate
contaminating DNA and then subjected to reverse transcription using the
SuperScript III first-strand synthesis system for reverse transcription-PCR (RT-
PCR) (Invitrogen, Carlsbad, CA). Quantitative real-time RT-PCR was per-
formed on an ABI Prism 7000 instrument (Applied Biosystems, Foster City, CA)
using Platinum SYBR green qPCR SuperMix-UDG (Invitrogen) according to
the manufacturer’s instructions. The level of mRNA expression of each cytokine
was normalized on the basis of �-actin mRNA expression, and the results were
analyzed with ABI Prism 7000 SDS software. The DNA sequences of PCR
primers are follows: Il-1�, 5	-CTCTAGAGCACCATGCTACAGAC-3	 (for-
ward) and 5	-TGGAATCCAGGGGAAACACTG-3	 (reverse); �-actin, 5	-TG
GAATCCTGTGGCATCCATGAAAC-3	 (forward) and5	-TAAAACGCAGC
TCAGTAACAGTCCG-3	 (reverse).

Immunoblotting. Macrophages were infected with L. monocytogenes strains
for 1 h at a MOI of 5, and gentamicin (25 �g/ml) was added to the culture. Cells
were incubated for 18 h in the presence or absence of 10 to 40 �M MDL28170,
and the culture supernatant was collected. The cell lysate of infected macro-
phages was prepared by treatment with 10 mM HEPES buffer (pH 7.5) contain-
ing 150 mM NaCl, 1% Nonidet P-40, 10% glycerol, and 1 mM EDTA with
protease and phosphatase inhibitor cocktail (Nacalai Tesque Inc., Kyoto, Japan).
The culture supernatant and the cell lysate were subjected to SDS-PAGE and
transferred to a polyvinylidene difluoride (PVDF) membrane by electroblotting.
To detect pro-IL-1� and a mature form of IL-1�, the membrane was treated
sequentially with biotinylated goat anti-IL-1� polyclonal antibody (Genzyme,
Cambridge, MA) and streptavidin-horseradish peroxidase (HRP) conjugate (In-
vitrogen). After a brief incubation of the membrane in ECL Plus (GE Healthcare
Bio-Sciences AB, Uppsala, Sweden), the bands representative of pro-IL-1� and
mature IL-1� were detected by a LAS-4000 mini imager (Fuji Film, Tokyo,
Japan). In order to evaluate the activation of calpain in infected macrophages,
we monitored the amount of proteolytic fragment of �-fodrin, an internal sub-
strate of calpain, by Western blotting. Macrophages were infected with L. mono-
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cytogenes strains for 1 h and cultured in the presence of 25 �g/ml gentamicin. At
indicated time points after infection, the culture supernatant was collected and
the cell lysate was prepared. Samples were subjected to SDS-PAGE and elec-
troblotted to a PVDF membrane. The membrane was treated with mouse anti-
�-fodrin monoclonal antibody (Chemicon International, Temecula, CA) and
HRP-conjugated rabbit anti-mouse IgG1 antibody (Invitrogen). �-Actin was
employed as a loading control for the cell lysates and detected by mouse anti-
�-actin antibody (A5441; Sigma-Aldrich).

Immunofluorescence detection. Macrophages were seeded in 24-well plate at
2.5 � 105 cells/well for 2 h, washed, and treated with 0.5 �M bafilomycin A1
(Invitrogen) or left untreated for 30 min. Cells were infected with the wt strain
for 1 h (MOI � 5) and cultured for 5 h in the presence of 25 �g/ml gentamicin.
After several washes, cells were fixed in 3% paraformaldehyde solution at 4°C
overnight and permeabilized with 0.1% saponin (Nacalai Tesque) for 10 min. To
visualize F-actin (comet tail) and bacterial cells in infected macrophages, cells
were stained with Alexa Fluor 488-phalloidin (Invitrogen) and rabbit anti-Lis-
teria polyclonal antibody (VitroStat Inc., Portland, ME), followed by Alexa Fluor
594-conjugated anti-rabbit IgG antibody (Invitrogen), respectively. The fluores-
cence image was taken under a fluorescent microscope.

Measurement of intracellular calcium level. Macrophages (1.25 � 105 cells)
were plated in 96-well black microplates for 2 h and infected with L. monocyto-
genes strains for 1 h at a MOI of 5. Cells were cultured for 2 h in the presence
of 25 �g/ml gentamicin. After washes, the intracellular calcium concentration
was monitored using the Fluo-4 NW calcium assay kit (Invitrogen) according to
the manufacturer’s instructions. In some experiments, macrophages were treated
with 1 to 500 ng/ml recombinant LLO or 10 �M A23187 for 18 h, and the calcium
level was determined.

Statistical analysis. Statistical analysis was performed using Student’s t test.
Values of 
0.05 were considered to be statistically significant.

RESULTS

Escape-dependent and -independent production of proin-
flammatory cytokines in macrophages infected with L. mono-
cytogenes strains. First, we determined the production of proin-
flammatory cytokines during macrophage infection with the wt
and the nonescaping mutant L. monocytogenes �hly strain.
There was no significant difference in the level of production of
TNF-�, IL-6, and IL-12p70 between macrophages infected
with the wt and �hly strains (Fig. 1A, B, and C). In contrast,

three cytokines belonging to the same IL-1 superfamily, IL-1�,
IL-1�, and IL-18, were produced exclusively when macro-
phages were infected with the wt strain but not with the �hly
strain (Fig. 1D, E, and F). The results suggested that LLO also
plays a role in the secretion of IL-1� and in caspase-1-depen-
dent secretion of IL-1� and IL-18.

Kinetics of gene expression, production, and secretion of
IL-1�. IL-1�/� and IL-18 are known to be synthesized as the
proform and then processed to the mature form for secretion
(3). In order to examine which stage of IL-1� production and
secretion is dependent on the cytoplasmic entry of L. mono-
cytogenes, we analyzed the kinetics of IL-1� mRNA expression,
pro-IL-1� production inside macrophages, and secretion in the
culture supernatant at different time points after infection with
the wt or �hly strain. As early as 3 h after infection, a signifi-
cant level of IL-1� expression by a more than 20-fold increase
was observed in both macrophage cultures infected with the wt
and �hly strains (Fig. 2A and D). No significant difference was
noted in the accumulation of intracellular IL-1� between in-
fection with the wt and �hly strains (Fig. 2B and E). However,
no secretion of IL-1� was detected in this early phase of in-
fection (
6 h). In spite of the similar pattern in the time-depen-
dent transcription and translation of IL-1� inside infected mac-
rophages of both groups, a time-dependent secretion of mature
IL-1� was detected only after infection with the wt strain but not
after infection with the �hly strain (Fig. 2C and F) during 18 h
of observation.

In order to confirm that the observed difference in IL-1�
secretion can be attributed solely to the in-frame deletion of
hly, a mutant strain complemented with hly (�hly::hly) was
examined for recovery in the ability to induce IL-1� secretion.
The abolished activity was completely restored by gene
complementation as determined by ELISA detection of the
secreted form of IL-1� (Fig. 2G). A Western blot analysis
showed a result consistent with that determined by ELISA
(Fig. 2H). While a band of 35 kDa corresponding to pro-IL-1�
was detected similarly in the lysates of macrophages infected
with L. monocytogenes strains, the 17-kDa band representing
the processed, mature form of IL-1� was detected only in
macrophages infected with the wt and �hly::hly strains, the two
LLO-producing strains.

Since LLO is indispensable for the escape of L. monocyto-
genes from phagosome and entry into the cytosol, the above
findings suggested the requirement of bacterial entry into the
cytosolic space for an effective induction of IL-1� secretion. In
order to test this possibility, macrophage culture was pre-
treated with bafilomycin A1 and infected with the wt. Forma-
tion of comet tail, which is indicative of bacterial entry into the
cytosol, was mostly suppressed, as shown by the absence of
F-actin (Fig. 2I), and under this condition, IL-1� secretion
induced by the wt was significantly affected (Fig. 2J). These
data indicated that LLO-dependent entry of bacteria into the
cytoplasm is essential for mature IL-1� secretion, although
mRNA expression and pro-IL-1� synthesis occur indepen-
dently of bacterial escape.

Involvement of the MyD88 signaling pathway in IL-1� gene
expression. L. monocytogenes-induced production of several
cytokines, including TNF-�, IL-12, IL-6, and IL-1�, occurs
through the activation of the TLR/MyD88-dependent signaling
pathway (18, 41, 45). Therefore, we next examined the involve-

FIG. 1. Production of various proinflammatory cytokines by mac-
rophages infected with LLO-producing or LLO-nonproducing L.
monocytogenes strains. Adherent macrophages were infected with each
L. monocytogenes strain at a MOI of 5 for 1 h. Cells were cultured in
the presence of gentamicin, and supernatants were collected at 18 h
after infection. The amount of each cytokine was determined by
ELISA. Data represent the means and the standard deviations of
results from triplicate assays. Similar results were obtained in three
independent experiments. (-), no infection.
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FIG. 2. LLO-dependent entry into the cytoplasm is required for the secretion of IL-1�. Macrophages were infected with the wt (A to C) or �hly
strain (D to F) for 1 h, and total cellular RNA, the cell lysate, and the culture supernatant were prepared at the indicated time points. Expression
of IL-1� mRNA was quantified by real-time RT-PCR (A and D). The levels of mature IL-1� in the cell lysates (B and E) and the culture
supernatants (C and F) were determined by ELISA. Macrophages were infected with the wt, �hly, or hly-complemented (�hly::hly) strain for 1 h
and cultured for 18 h in the presence of gentamicin. The amount of mature IL-1� in the culture supernatant and pro-IL-1� in the cell lysate was
quantified by ELISA (G) and Western blotting (H). �-Actin is utilized as a loading control. Macrophages were treated with 0.5 �M bafilomycin
A1 for 30 min and infected with L. monocytogenes for 5 h, fixed, and stained with rabbit anti-L. monocytogenes antibody (Ab), Alexa Fluor
594-anti-rabbit IgG Ab, and Alexa Fluor 488-phalloidin. L. monocytogenes (red) and F-actin (green) are visualized using fluorescence microscopy.
L. monocytogenes associating with F-actin represents a bacterium that has escaped from a phagosome (I). Macrophages were treated with 0.5 �M
bafilomycin A1 for 30 min, infected with L. monocytogenes for 1 h, and cultured for 18 h in the presence of gentamicin. The supernatant was
collected, and the IL-1� concentration was determined by ELISA (J). Three independent experiments were done, and similar results were
obtained. (�), no infection.
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ment of MyD88 in the production of IL-1� during L. mono-
cytogenes infection by using macrophages obtained from
MyD88�/� mice. IL-1� mRNA expression was observed at the
same level in wt macrophages after infection with the wt and
�hly strains but was not observed in the absence of MyD88
(Fig. 3A). Due to the absence of mRNA expression, secretion
of IL-1� was not observed in MyD88�/� macrophages infected
with the wt (Fig. 3B). Again, IL-1� secretion was not observed
in �hly-infected macrophages irrespective of the presence or
absence of the MyD88 signaling pathway. These results indi-
cated that the MyD88 signaling pathway contributes to the
induction of IL-1� mRNA expression, resulting in accumula-
tion of pro-IL-1� in macrophages infected with L. monocyto-
genes, and that this process is not dependent on LLO-mediated
bacterial escape.

Absence of involvement of caspase-1 and ASC in L. mono-
cytogenes-induced secretion of IL-1�. Although caspase-1 is
required for processing of IL-1� and IL-18 (3, 14), Keller et al.
showed that it is also implicated in secretion of IL-1� from
macrophages (31). In addition, it has been shown that
caspase-1 is activated by formation of the inflammasome and
ASC is a critical component of the inflammasome (34). There-
fore, we examined the possible involvement of caspase-1 and
ASC in LLO-dependent IL-1� secretion induced by L. mono-
cytogenes infection. A high level of IL-1� mRNA expression
and pro-IL-1� production was observed even in caspase-1�/�

and ASC�/� macrophages at almost the same level as in nor-
mal macrophages (Fig. 4A). The significant level of IL-1�
secretion induced after infection with the wt was observed not
only in wt macrophages but also in caspase-1�/� and ASC�/�

macrophages without any significant reduction (Fig. 4B).
Western blot analysis also confirmed that there was no reduc-
tion in the level of the 17-kDa mature form of IL-1� in the
supernatant from caspase-1�/� and ASC�/� macrophages
compared to that from normal macrophages (Fig. 4C). It was
clear that neither caspase-1 nor ASC is involved in the secre-
tion of IL-1� from macrophages after infection with L. mono-
cytogenes.

Involvement of calpain activation in processing of IL-1�. A
few previous reports suggested that calpain, a calcium-depen-

dent cysteine protease, contributes to the maturation of IL-1�
in response to lipopolysaccharide (LPS) plus a calcium iono-
phore, A23187 (6, 32). Therefore, we next examined the pos-
sible involvement of calpain protease in the processing of
IL-1� after infection with L. monocytogenes by using a calpain-
specific inhibitor, MDL28170. As shown in Fig. 5A, secretion
of IL-1� induced by the wt was inhibited by treatment with
MDL28170 in a dose-dependent manner, whereas the level of
escape-independent cytokine, TNF-�, was not affected (data
not shown). The inhibitory effect of MDL28170 was confirmed
by Western blotting in which the intensity of the band corre-
sponding to 17-kDa mature IL-1� was diminished with increas-
ing concentrations of MDL23170 (Fig. 5B). Several broad-
spectrum calpain inhibitors (ALLN, EST, calpain inhibitor IV,
and CS peptide) partially inhibited IL-1� secretion (Fig. 5C).
However, PD150606 and PD151746, specific inhibitors for cal-
pain I and calpain II, marginally inhibited cytokine secretion.
These data suggested that a member of calpain proteases other
than calpain I or calpain II is possibly involved in the process-
ing and secretion of IL-1� during L. monocytogenes infection.

FIG. 3. Dependency of MyD88 signaling pathway on pro-IL-1�
synthesis. Macrophages derived from wt (black column) or MyD88�/�

(white column) mice were infected with the wt or �hly strain at a MOI
of 5 for 1 h. After addition of gentamicin, the culture was continued
and expression of IL-1� mRNA was measured by real-time RT-PCR at
3 h after infection (A). The levels of mature IL-1� in the culture
supernatants were determined by ELISA at 18 h after infection (B).
Data represent the means and standard deviations of results from
triplicate assays. Similar results were obtained in three independent
experiments. (-), no infection.

FIG. 4. Caspase-1 and ASC are dispensable for L. monocytogenes-
induced IL-1� secretion. Macrophages derived from wt (black col-
umn), caspase-1�/� (white column), or ASC�/� (gray column) mice
were infected with the L. monocytogenes wt or �hly strain at a MOI of
5 for 1 h. After addition of gentamicin, the culture was continued, and
expression of IL-1� mRNA was measured at 3 h after infection (A).
The amount of IL-1� in the culture supernatant was determined at
18 h after infection (B). In addition, Western blotting was carried out
to detect pro-IL-1� in the cell lysate and mature IL-1� in the culture
supernatant at 18 h after infection (C). Similar results were obtained in
three independent experiments. (-), no infection.
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Next, to confirm whether the activation of calpain occurs
during L. monocytogenes infection, we examined the time
course of degradation of �-fodrin, a 240-kDa cytoskeletal pro-
tein. Degradation of �-fodrin into a 145-kDa fragment is con-
sidered characteristic of calpain activation (20, 23). As shown
in Fig. 5D, infection with the wt induced the degradation of
�-fodrin starting from 13 h after infection. This timing was
consistent with the kinetics of secretion of mature IL-1� (Fig.
2C). When macrophages were infected with the �hly strain,
such a significant level of degradation product of �-fodrin was
not detected even after 18 h of infection, whereas the degra-
dation induced by the �hly::hly strain was similar to that of the
wt (Fig. 5E).

Requirement of elevation of the intracellular calcium level
for IL-1� processing. Since calpain is a calcium-dependent

protease and an increase in the intracellular calcium level
triggers the activation of calpain, it appears that the L. mono-
cytogenes wild type but not the �hly strain is capable of induc-
ing calcium influx. To make this point clear, we examined the
effect of calcium chelators on IL-1� secretion after infection
with L. monocytogenes. In the presence of EGTA and EDTA,
wt-induced secretion of IL-1� was almost completely abro-
gated (Fig. 6A). We also found that there was a significant
reduction in IL-1� secretion when L. monocytogenes infection
was done in calcium-free medium (Fig. 6B). Furthermore, the
inability of the �hly strain to induce IL-1� secretion was re-
stored by additional treatment with A23187 at 3 h postinfec-
tion (Fig. 6C), suggesting that an elevation in the level of
intracellular calcium is essential for secretion of IL-1� accu-
mulated in cells.

FIG. 5. Involvement of calpain activation in the processing and secretion of IL-1�. Macrophages were infected with the wt (MOI � 5), and
MDL28170 (MDL) was added to the culture 3 h later at the indicated concentrations. Macrophages were then cultured for 18 h, and the IL-1�
level in the culture supernatant was determined by ELISA (A). The amounts of mature IL-1� in the culture supernatant and pro-IL-1� in the cell
lysate were determined by Western blotting (B). Macrophages were infected with the wt for 1 h, and other calpain inhibitors (ALLN, EST, calpain
inhibitor IV, CS peptide, PD150606, and PD151746) were added 3 h after infection. Cells were further cultured for 15 h, and mature IL-1�
production in the culture supernatant was measured by ELISA (C). Macrophages were infected with the wt at a MOI of 5 for 1 h and cultured
in the presence of gentamicin for the indicated periods. The full-length form and the proteolytic fragment of �-fodrin were detected by Western
blotting in the cell lysate and the culture supernatant, respectively (D). The activity of calpain was monitored by measuring the amount of degraded
fragment of �-fodrin. �-Actin was utilized as a loading control. Similarly, macrophages were infected with the wt, �hly, or �hly::hly strain for 1 h.
Eighteen h after infection, Western blotting was performed to evaluate the activity of calpain (E). Similar results were obtained in three
independent experiments. (-), no infection.
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Since calpain activation occurred only during macrophage
infection with LLO-producing L. monocytogenes strains, it was
likely that L. monocytogenes infection causes a change in in-
tracellular calcium levels. To test this hypothesis, we measured
the kinetic change in the cytoplasmic calcium level by using a
calcium-dependent fluorescent probe after infection with L.
monocytogenes strains. Infection with the wt resulted in a sig-
nificant increase in the fluorescence intensity of macrophages
compared to that of noninfected cells (Fig. 6D). It is of interest
that the level of fluorescent peak was not so high but was
maintained from 9 h to 13 h after infection, corresponding to
the initiation of the secretion of IL-1� in the culture superna-
tants. In contrast, the �hly strain never induced an increase in
the fluorescence intensity. Infection with the �hly::hly strain
exhibited an increase in fluorescence intensity, and the kinetics
was similar to that induced by wt infection. These data showed
that infection with LLO-producing L. monocytogenes strains
increased the intracellular calcium level, which is necessary for
the secretion of IL-1� from infected macrophages. Taken to-
gether, our results clearly indicated that LLO-mediated bacte-
rial entry into the cytoplasm triggered an increase in the intra-
cellular calcium level, followed by calpain activation and IL-1�
secretion.

Ability of recombinant LLO to induce calcium influx and
IL-1� secretion. Repp. et al. showed that LLO forms calcium-
permeable pores in HEK293 cells (43). We also showed that
LLO participates in calcium influx through pore formation and

IL-6 production in Caco-2 cells (49). These reports raised a
possibility that LLO produced by L. monocytogenes in the
cytoplasm of macrophages may contribute to calcium influx by
pore formation in the cytoplasmic membrane. To address this
question, we first incubated macrophages with graded doses of
recombinant LLO and determined the intracellular calcium
concentration by measuring the fluorescence intensity. Upon
stimulation with LLO, a rapid increase in the fluorescence
intensity was observed, and the activity was almost similar to
that of A23187 (Fig. 7A). Furthermore, the response was de-
pendent on doses of LLO, and the dose of LLO which induced
the highest LDH release from macrophages exhibited the high-
est activity for calcium influx (Fig. 7B).

Next, we determined the effect of recombinant LLO or
A23187 on the secretion of IL-1� from macrophages infected
with the �hly strain. As expected, due to the lack of synthesis
of pro-IL-1�, IL-1� secretion was not detectable when macro-
phages were stimulated only with LLO or A23187 (Fig. 7C).
On the other hand, treatment with either A23187 or higher
doses of LLO leads to the secretion of mature IL-1� from
macrophages infected with the �hly strain. Western blots also
showed that pro-IL-1� was synthesized after infection with the
�hly strain whereas mature IL-1� was detected only when cells
were stimulated with higher doses of LLO. These results sug-
gest that LLO may be involved in not only bacterial escape
from phagosomes but also induction of calcium influx through
the formation of calcium-permeable pores.

FIG. 6. Involvement of intracellular calcium elevation in IL-1� secretion. Macrophages were infected with L. monocytogenes for 1 h, and EGTA
or EDTA was added to the cultures at 3 h after infection (A). Alternatively, macrophages were infected with the wt for 1 h and cultured in
calcium-free (Ca2� free) or calcium-containing (� Ca2�) RPMI1640 medium (B). The culture supernatants were collected at 18 h after infection,
and IL-1� production was determined by ELISA. Macrophages were infected with the �hly strain for 1 h and treated with 10 �M A23187 3 h later.
The culture supernatant was collected 18 h after infection, and IL-1� production was measured (C). Macrophages were infected with the wt, �hly,
or �hly::hly strain (MOI � 5) for 1 h, and the culture medium was replaced with dye-loading solution containing Fluo-4 NW at 2 h after infection.
Following further incubation for 30 min, the fluorescence intensity was measured for 16 h at 30-min intervals. Results are expressed as fold
increases in the fluorescence intensity over levels for nonstimulated controls. Data represent the averages and standard deviations of a quadruplet
assay. Similar results were obtained in two independent experiments. HBSS, Hanks balanced salt solution.
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DISCUSSION

In this study, we have shown that the following occur during
infection of macrophages with L. monocytogenes: (1) an extra-
cellular bacterial signal-dependent pathway is activated, lead-
ing to IL-1� gene expression and accumulation of pro-IL-1� in
macrophages at an early stage of L. monocytogenes infection;
(ii) secretion of the mature form of IL-1� at a late stage of L.
monocytogenes infection is critically dependent on LLO-medi-
ated bacterial escape from the phagosome; and (iii) entry of
bacteria into the cytoplasm induces an increase in the intra-
cellular calcium levels, resulting in the activation of a calpain
protease that is necessary for the processing and secretion of
mature IL-1� (Fig. 8).

The TLR/MyD88-dependent signaling pathway is known to
play a critical role in the induction of a variety of proinflam-
matory cytokines, including TNF-�, IL-12, IL-6, and IL-1� (18,
46). In the present study, we show that this extracellular pat-
tern recognition receptor system can induce gene expression of
IL-1�. However, this signal is unable to induce maturation of
accumulated pro-IL-1� and secretion of mature IL-1�. Since
MyD88 is an adaptor protein indispensable for signaling
through TLRs, one or more of the TLRs may be involved in
this process. Although TLR2 is known to be the major receptor
recognizing Gram-positive L. monocytogenes, we found that
IL-1� secretion was not completely abolished in macrophages
from TLR2�/� mice (data not shown). It seemed that a num-
ber of TLRs, including TLR2, are engaged in the recognition
of ligands of L. monocytogenes, resulting in the induction of
IL-1� mRNA expression.

The requirement for a further processing step has been well
documented in the maturation and secretion of cytokines be-

longing to the IL-1 superfamily (3, 14, 34). We have previously
shown that LLO-dependent bacterial escape is critically im-
portant for the activation of caspase-1, required for the mat-
uration and secretion of IL-18 (26). The present study also
indicated that LLO-dependent bacterial escape is essential for
the maturation of IL-1�. On the other hand, Keller et al.

FIG. 7. Calcium influx and IL-1� secretion after treatment with recombinant LLO. Macrophages were treated with the indicated concentra-
tions of recombinant LLO or 10 �M A23187, and the fluorescence intensity of Fluo-4 was measured to evaluate kinetics of the intracellular calcium
concentration (A). Macrophages were cultured with various concentrations of LLO or 10 �M A23187 for 18 h, and the amount of LDH released
from macrophages were measured (B). Macrophages were infected with the �hly strain for 1 h and treated with various concentrations of LLO
or 10 �M A23187 3 h later. The culture was continued for 15 h, and the amount of IL-1� in the culture supernatant was measured (C). In addition,
the amounts of mature IL-1� in the culture supernatant and pro-IL-1� in the cell lysate were investigated by Western blotting (D).

FIG. 8. Proposed model of IL-1� secretion in L. monocytogenes-
infected macrophages. Upon L. monocytogenes infection, activation of
the TLR/MyD88 signaling pathway induces IL-1� mRNA expression
and pro-IL-1� synthesis independently of bacterial entry into the cy-
toplasm. LLO-induced cytoplasmic entry of bacteria is essential for
secretion of mature IL-1� without any involvement of inflammasome
activation. Entry of L. monocytogenes into the host cytoplasm leads to
an elevation in the intracellular calcium level and activation of calpain
protease, involved in the processing and secretion of mature IL-1�.
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showed that active caspase-1 contributes to secretion and pro-
cessing of IL-1� in macrophages stimulated with LPS and ATP
(31). However, we did not detect any defect in the secretion of
IL-1� in caspase-1�/� and ASC�/� macrophages after L.
monocytogenes infection. The discrepancy might be due to dif-
ferences in the properties of stimuli. In their study, IL-1� was
secreted from macrophages stimulated with LPS and ATP in a
caspase-1-dependent manner, while to some extent, IL-1� was
secreted caspase-1 independently. It appears that L. monocy-
togenes possesses an ability to induce caspase-1-independent
IL-1� secretion, although the molecular mechanism remains to
be solved.

Compared to extensive studies on caspase-1 activation fol-
lowed by processing and secretion of IL-18 or IL-1� in mac-
rophages infected with L. monocytogenes, the available infor-
mation on IL-1� secretion has been limited. The results of our
study have clearly indicated that IL-1� secretion in L. mono-
cytogenes-infected macrophages is not dependent on the for-
mation of an ASC-containing inflammasome but is due to
calcium-dependent protease activation, which was highly de-
pendent on cytoplasmic entry of L. monocytogenes. Calpain
was described more than 40 years ago as a calcium-activated
neutral protease originally detected in various tissues, includ-
ing brain (24) and skeletal muscles (35). Now calpain is defined
as an intracellular calcium-dependent cysteine protease, which
is ubiquitously distributed, and more than 15 calpain proteins
comprise the calpain family (23). Calpain is reported to have
two distinct domains that are similar to papain-like protease
and calmodulin-like calcium-binding protein (39). In experi-
mental systems other than bacterial infection, there is increas-
ing evidence that calpains participate in a variety of signal
transduction pathways and function in important cellular pro-
cesses (23, 10). Calpain gene disruption has revealed an essen-
tial role of calpain in embryonic development (4, 5). Mutation
in a particular human calpain has been implicated in the pro-
gression of neuromuscular degeneration (40, 44). Thus, cal-
pains appear to be involved in a variety of processes in mam-
malian development. So far, very few biochemical studies have
proposed the involvement of a calcium-dependent calpain pro-
tease as the enzyme required for the processing of pro-IL-1�
(32, 6). In this regard, our present finding may have added a
novel insight into the process of L. monocytogenes-induced
maturation of IL-1�. There is no doubt that LLO-dependent
cytoplasmic entry is critically involved in the elevation of the
intracellular calcium level resulting in calpain activation. In
addition, specific inhibitors for calpain I and calpain II exhib-
ited only marginal effect, suggesting that a member of the
calpain family other than calpain I or calpain II may be in-
volved in this process. However, we cannot exclude the possi-
bility that other calcium-dependent cysteine or cathepsin pro-
teases may contribute to the processing of IL-1� either alone
or in combination with calpain protease.

A number of previous studies have documented the eleva-
tion of intracellular calcium levels, especially at the very early
stage of infection with LLO-expressing L. monocytogenes
strains in mast cells, HEK cells, and J774 cells (16, 21, 22, 43,
49, 50). In all these reports, a quick and transient response in
the increase in intracellular calcium was observed in a system
employing in vitro infection with an extremely high number of
L. monocytogenes cells (MOI � 100). Since pro-IL-1� has not

yet accumulated immediately after the L. monocytogenes infec-
tion, it is unlikely that this early calcium signaling actually
contributes to the maturation of IL-1� that was observed in the
later phase of infection. Under the present experimental con-
dition using a MOI of 5, it was not possible to observe such a
quick response as that reported, but instead, we have observed
a significant response at the later stage. This long-lasting ele-
vation of the intracellular calcium level at the later stage has
not been described yet. After infection of macrophages in vitro
with L. monocytogenes at MOI of 5, the entry of L. monocyto-
genes into the cytosol was observed as early as 60 min when
determined by comet tail staining under a fluorescence micro-
scope. Thereafter, a gradual bacterial multiplication was noted
(data not shown). Taking the into consideration that a long-
lasting elevation of the intracellular calcium level started about
13 h after infection, it is likely that the accumulation of bac-
terial ligands inside the cytoplasmic space initiates the effective
cellular response for calcium elevation. The absence of IL-1�
processing in an experiment using bafilomycin A1 and the
mutant �hly strain indicated that bacterial entry into the cyto-
plasm is a prerequisite for the increase in the intracellular
calcium level at the later stage. We also found that IL-1�
secretion was reduced when L. monocytogenes infection was
done in the presence of chloramphenicol (data not shown).
This suggests that either intracellular bacterial growth or pro-
tein synthesis is essential for this process. It is not yet clear
whether LLO itself is required or bacterial components other
than the LLO molecule also contribute to the elevation of the
calcium level, since bacteria never enter and multiply inside the
cytoplasm in infection with the mutant strain and the wt in
the presence of bafilomycin A1. Although our results demon-
strated an LLO-dependent increase in the intracellular cal-
cium level at the late stage, the precise mechanisms of the
activation of this cytoplasmic entry-dependent calcium signal-
ing remain to be analyzed. It has been reported that LLO
forms a calcium-permeable pore, leading to intracellular cal-
cium oscillations in mast cells and HEK cells (21, 43). We here
showed that membrane perturbation induced by LLO initiated
a calcium influx necessary for the processing and secretion of
IL-1�. Recently Gekara et al. reported that LLO-expressing L.
monocytogenes infection induces calcium influx from the extra-
cellular milieu and the release of calcium from intracellular
stores by injury to the endoplasmic reticulum (21). However,
again these mechanisms were reported to be involved in an
early increase in intracellular calcium levels. Since the LLO is
known to be activated in an acidic environment in phagosomes
but is not activated at a neutral or weakly alkaline pH in the
cytosol of host macrophages (38), other bacterial factors and
processes after cytoplasmic entry may play a role in the eleva-
tion of calcium in this late stage of infection. Further studies
are currently under way to elucidate the exact mechanisms
involved. It will be intriguing to determine in the further study
whether such a late-stage increase in intracellular calcium lev-
els plays a role in other calcium-dependent cellular processes,
which are reported to occur with cholesterol-dependent cyto-
lysins/pore-forming toxins (8, 52).

There are several articles on the contribution of calpain to
the host cell response to extracellular bacteria. Muller et al.
reported that neisserial porin caused a rapid calcium influx and
apoptosis in target cells through calpain activation (36). A
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similar finding on the induction of calcium influx and apoptosis
through calpain activation was found during group B Strepto-
coccus infection (20). Based on these reports, the possibility
may be raised that calpain-dependent host cell death, if any, is
involved in the secretion of mature IL-1� after processing in L.
monocytogenes-infected cells. Though we have not monitored
the changes in membrane permeability or membrane damage
in infected macrophages since the main focus of the present
study was on calpain activation for IL-1� processing, such a
possibility could be ruled out because we never detected the
presence of the processed mature form of IL-1� in the cell
lysate by Western blotting in macrophages which do not se-
crete mature IL-1�. Processing of pro-IL-1� into the mature
form of IL-1� and the secretion of mature IL-1� seem to occur
fundamentally as a single event governed by an activated cal-
pain protease(s).

In conclusion, our study clearly indicated that L. monocyto-
genes-induced IL-1� secretion depends on two steps, LLO-inde-
pendent expression/production of pro-IL-1� and processing/se-
cretion of mature IL-1� that is induced by LLO-mediated
cytoplasmic entry-dependent elevation of intracellular calcium,
resulting in calpain activation. These findings may provide fur-
ther insight into the interaction between the virulence factor of
L. monocytogenes and the host cellular response. The overall
effect of this mechanism observed in vitro in the context of the
in vivo response needs to be addressed in a future study.
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