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Only listeriolysin O (LLO)-producing strains of Listeria monocytogenes generate protective immunity in mice.
Based on the findings that endogenous gamma interferon (IFN-g) production was induced only by such strains
and that purified LLO could induce IFN-g from NK cells, we have postulated that LLO may play a pivotal role
in the induction of Th1-type protective T cells, which are highly dependent on IFN-g. In this study, mice were
immunized with L. monocytogenes ATCC 15313, an LLO-nonproducing avirulent strain, along with LLO
encapsulated in liposome (LLO-liposome). LLO-liposome was highly potent in the induction of various
cytokines, including IFN-g. Immunization of mice with either LLO-liposome or the viable strain ATCC 15313
alone did not induce protection against challenge infection. In contrast, the combination of LLO-nonproducing
bacteria plus LLO-liposome induced a significant level of protective immunity mediated mainly by Th1-type
cells capable of producing a large amount of IFN-g in an antigen-specific manner. The protection afforded by
the combination was not dependent on LLO-specific cytotoxic T cells. These results support the idea that the
inability of an LLO-nonproducing avirulent strain or killed bacteria to induce the generation of protective T
cells is due not to the lack of a central T-cell epitope(s) but to the lack of ability to induce the production of
endogenous cytokine during the early stage of immunization; the results also suggest that an appropriate use
of LLO at least in an animal model may be effective in the induction of antigen-specific Th1-dependent
protective immunity to various kinds of intracellular parasitic bacteria.

Listeria monocytogenes is a gram-positive, facultative intra-
cellular bacterial pathogen which multiplies mainly in the liver
and spleen of the mouse (27). L. monocytogenes is able to
survive inside macrophages by escaping into the cytoplasm
from the phagosome (6, 22, 39, 40) by virtue of a 58-kDa
listeriolysin O (LLO) (2, 15, 35) and several enzymes encoded
by genes located adjacent to the hly gene coding for LLO (23,
36, 38, 47).

LLO, the major virulence factor of L. monocytogenes, shows
a pH-dependent hemolytic activity (8), and this activity is
blocked by oxidation (13, 33) or small amounts of cholesterol
(19). The ability to produce LLO is unique to virulent strains
of L. monocytogenes (7), and the LLO-producing, virulent
strain has been shown to induce the expression of various
cytokines in the infected host (12, 37), such as tumor necrosis
factor alpha (TNF-a), interleukin-1a (IL-1a), IL-6, and
gamma interferon (IFN-g). These inflammatory cytokines pro-
duced during the early stage of infection with L. monocytogenes
are believed to be necessary for the nonspecific protection of
mice (10, 11, 29). Though inflammatory cytokines may contrib-
ute to the protection to some extent, nonspecific protection
never results in the complete clearance of replicating bacteria,
and the generation of antigen-specific, T-cell-mediated immu-
nity is required for the complete resolution and establishment
of long-lived acquired protection. Using various Listeria strains
with different LLO production abilities, it has been shown that

the generation of cell-mediated acquired immunity in mice is
achieved after infection with LLO-producing, virulent strains
but not with the LLO-nonproducing [LLO(2)] strain or killed
bacteria (1, 26, 32).

In previous studies, we demonstrated that there was a sig-
nificant difference in the ability to induce endogenous inflam-
matory cytokines between viable LLO-producing bacteria and
viable LLO(2) bacteria or killed bacteria (26, 49). While sev-
eral cytokines were equally expressed, IL-1a and IFN-g could
be induced only by viable LLO-producing bacteria. Using pu-
rified LLO, we confirmed that the expression of IL-1a and
IFN-g was induced by LLO itself in vitro (31, 45, 52). These
findings suggested that the induction of protective T cells is
highly dependent on the endogenous cytokines induced by
LLO liberated from LLO-producing bacteria. Strongly sup-
portive evidence for the requirement of endogenous IFN-g is
our recent finding that the functional blockade of initially pro-
duced IFN-g by neutralizing antibodies resulted in abolish-
ment of the generation of protective T cells in vivo (51).

Based on these findings, we have postulated that protective
immunity may be generated in mice immunized with an
LLO(2) strain plus purified LLO. However, an intravenous
injection of LLO is lethal within 4 to 5 min, as reported over
two decades ago (19), probably because of its effect on the
heart (18).

In the present study, we used purified LLO molecules en-
capsulated into liposome (LLO-liposome) to deliver LLO to
the liver and spleen, the site of the immune response, thus
avoiding the cardiotoxic effects of LLO. Using LLO-liposome,
we examined whether the combination of LLO and an
LLO(2) strain could induce the cell-mediated acquired immu-
nity to L. monocytogenes in mice.
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MATERIALS AND METHODS

Experimental animals. Male C3H/He mice (Charles River Japan, Atsugi,
Japan), raised and maintained in a specific-pathogen-free environment, were
used for experiments at 8 to 10 weeks of age.

Bacterial strain and LLO purification. A hemolytic and virulent strain of L.
monocytogenes, EGD (serovar 1/2a), was used. The 50% lethal dose of this strain
was approximately 4.87 log10 CFU for ICR mice (49). L. monocytogenes ATCC
15313, which has been shown to be an hly-defective LLO(2) strain (32), was used
as the avirulent strain. Heat-killed L. monocytogenes (HKLM) was prepared by
heating viable L. monocytogenes EGD at 74°C for 90 min (44). LLO was pre-
pared by the procedure described previously (45, 52). Briefly, an overnight
bacterial culture in 10 ml of brain heart infusion broth (Eiken Chemical Co.,
Ltd., Tokyo, Japan) was grown in 3 liters of fresh broth for about 18 h at 37°C
with shaking. A cell-free supernatant was obtained by centrifugation at 11,000 3
g for 30 min at 4°C followed by filtration through a 0.45-mm-pore-size Millipore
filter unit (Millipore Corp., Bedford, Mass.). The sterilized supernatant was
concentrated by centrifugation at 11,000 3 g after addition of ammonium sulfate
to give a final concentration of 60%. The concentrated crude supernatant (crude
LLO) was then applied to a DEAE-Sephacel column (Pharmacia, Uppsala,
Sweden) and eluted with a 0 to 0.3 M NaCl gradient. Several fractions showing
high levels of hemolytic activity were pooled and subjected to gel filtration on a
Sephadex G-100 column (Pharmacia). Active fractions were pooled and stored at
220°C until used. The purity was confirmed by a single band on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as described before (32,
45).

Preparation of liposome. Multilamellar liposomes were prepared as described
elsewhere (50). In brief, 58.72 mg of phosphatidylcholine (Wako Pure Chemicals
Co., Osaka, Japan), 8.75 mg of dehexadesyl phosphate, and 24.75 mg of choles-
terol (Wako) were dissolved in chloroform in a round-bottom flask. The chlo-
roform phase was removed by low-vacuum rotation evaporation. The lipid film
was dispersed in 4 ml of phosphate-buffered saline (PBS-liposome) or crude
LLO solution (500 mg/ml) (LLO-liposome) by gentle rotation. The liposomes
were extruded through polycarbonate membranes (Advantec Toyo Roshi Co.
Ltd., Japan) with a pore size of 0.8 mm. Nonencapsulated LLO was removed by
centrifugation at 10,000 3 g. The liposomes were composed of phosphatidylcho-
line-dehexadesyl phosphate-cholesterol at a molar ratio of 5:1:4.

Immunoblotting. After SDS-PAGE, LLO proteins were transferred electro-
phoretically from the gel to a nitrocellulose sheet by the method of Towbin et al.
(41). After transfer, the sheet was blocked by soaking in 0.5% (wt/vol) bovine
serum albumin-containing PBS-Tween (PBS [pH 7.8] supplemented with 0.05%
[vol/vol] Tween 20) and then washed three times with PBS-Tween. The sheet was
incubated with anti-LLO monoclonal antibody 7D10E12 prepared in our labo-
ratory at room temperature for 90 min and then washed. The reactivity of an
antibody probe to LLO was detected by incubating the sheet with peroxidase-
conjugated goat anti-mouse immunoglobulin G (IgG; Zymed Laboratories, Inc.,
South San Francisco, Calif.) at room temperature for 90 min. After three wash-
ings with PBS-Tween, the sheet was soaked in a solution of 4-chloro-1-naphthol
(40 mg of substrate in 100 ml of 50 mM Tris-HCl [pH 7.5] to which 35 ml of 30%
[vol/vol] H2O2 had been added).

Preparation of cells. Peritoneal exudate cells (PEC) were recovered from mice
3 days after intraperitoneal injection of 2 ml of 3% thioglycolate medium
(Eiken). The PEC were washed with Hanks’ balanced salt solution (HBSS) and
suspended in culture medium consisting of RPMI 1640 (Nikken Bio Medical
Laboratory, Kyoto, Japan) supplemented with 10% heat-inactivated fetal calf
serum (FCS; Gibco-BRL, Life Technologies, Inc., Auckland, New Zealand) and
5 mg of gentamicin per ml. PEC were cultivated in six-well culture plates (Costar,
Cambridge, Mass.) for 1.5 h at 37°C in 5% CO2; then nonadherent cells were
removed by washing with warmed HBSS, and adherent cells were used as mac-
rophages. Spleens were aseptically removed from mice and teased between two
sterile glass slides. After treatment with 0.83% ammonium chloride in 0.17 mM
Tris-HCl (pH 7.6) to lyse contaminating erythrocytes, spleen cells were washed
with HBSS and suspended in culture medium. Bone marrow-derived cells were
harvested from the femur and placed in culture medium supplemented with 30%
L929 conditioned medium as the source of granulocyte-macrophage colony-
stimulating factor at 37°C in 5% CO2. After 7 days of culture, nonadherent cells
were removed by washing with warmed HBSS, and adherent cells were used as
bone marrow macrophages (BMMF).

LY labeling of lysosomes. Washed peritoneal macrophages were suspended to
106/ml in culture medium and plated onto glass coverslips which had been placed
in six-well plates (Costar). The lysosomal compartment of macrophages was
labeled by incubating cells for 3 h in 2 ml RPMI 1640 containing lucifer yellow
lithium salt (LY; 250 mg/ml; Sigma Chemical Co., St. Louis). The cells were
washed to remove extracellular LY, and fresh culture medium was added to each
well. After a further hour of incubation, LY was pinocytosed and LY-containing
pinosomes were fused with lysosomes (4, 48).

Immunization of mice. Mice were immunized intravenously with 2 3 103 CFU
of L. monocytogenes EGD, 2 3 107 CFU of L. monocytogenes ATCC 15313, 200
ml of LLO-liposome, or 2 3 107 CFU of L. monocytogenes ATCC 15313 mixed
with 200 ml of LLO-liposome. Six days after the immunization, mice were
challenged intravenously with 2 3 104 CFU of L. monocytogenes EGD; protec-

tive immunity was determined by enumeration of CFU in the spleen 2 days later.
In some experiments, mice were immunized intravenously twice on days 0 and 2.

Total RNA extraction. Cells were washed, and to the cell pellet was added 1 ml
of solution D (4 M guanidinium isothiocyanate, 0.5% N-lauroylsarcosine, 25 mM
sodium citrate, 0.05 mM 2-mercaptoethanol). Cells were disrupted by being
passed through a 21-gauge needle. Subsequently, 0.1 ml of 2 M sodium acetate
(pH 4), 1 ml of water-saturated phenol, and 0.2 ml of chloroform-isoamyl alcohol
were added to the mixture, with thorough mixing by inversion after the addition
of each reagent. The final suspension was vigorously spun in a vortex for 20 s and
then cooled on ice for 15 min. Samples were centrifuged at 10,000 3 g for 20 min
at 4°C. After centrifugation, the aqueous phase containing RNA was transferred
to a new tube, mixed with the same volume of isopropanol, and placed at 220°C
overnight to precipitate RNA. After centrifugation at 10,000 3 g for 20 min, the
RNA pellet was dissolved in solution D and precipitated with the same volume
of isopropanol at 220°C for 2 h. RNA was collected by centrifugation for 15 min
at 4°C, washed once with 75% ethanol, vacuum dried, and dissolved in 20 ml of
distilled water. The RNA concentration was measured by the A260, and the purity
of the RNA was assessed on the basis of the A260/A280 ratio with a GeneQuant
nucleic acid spectrophotometer (Pharmacia LKB Biochem Ltd., Cambridge,
United Kingdom).

RT-PCR. Production of cDNA by reverse transcription (RT) was done in the
following way. Total RNA extracted (5 mg) was mixed with 4 ml of RT buffer, 2
ml of 0.1 M dithiothreitol, 0.5 ml of RNasin (Promega, Madison, Wis.), 1 ml of 10
mM deoxynucleoside triphosphates (Pharmacia), 2 ml of random primer (Phar-
macia), 0.5 ml of reverse transcriptase (Gibco BRL, Life Technologies Inc.,
Gaithersburg, Md.), and distilled water to give a final volume of 20 ml. The
mixture was incubated at 42°C for 60 min and then boiled at 95°C for 3 min.
Samples were kept at 220°C until used. The PCR mixture consisted of 1 ml of
sample cDNA, 5 ml of PCR amplification buffer, 2 ml of 25 mM MgCl2, 4 ml of
2.5 mM deoxynucleoside triphosphates, 0.3 ml of Taq DNA polymerase (5 U/ml;
Promega), 2 ml of 20 mM primer, and double-distilled water to give a final
volume of 50 ml. The sequences of oligonucleotide primers used were as follows:
59-CTCTAGAGCACCATGCTACAGAC-39 and 59-TGGAATCCAGGGGAA
ACACTG-39 for IL-1a, 59-AGCGGCTGACTGAACTCAGATTGTAG-39 and
59-GTCACAGTTTTCAGCGTGATAGGG-39 for IFN-g, 59-GGCAGGTCTAC
TTTGGAGTCATTGC-39 and 59-ACATTCGAGGCTCCAGTGAATTCGG-39
for TNF-a, 59-TGGAATCCTGTGGCATCCATGAAAC-39 and 59-TAAAACG
CAGCTCAGTAACAGTCCG-39 for b-actin, 59-TGGAGTCACAGAAGGTG
GCTAAG-39 and 59-TCTGACCACAGTGAGGAATGTCCAC-39 for IL-6, and
59-AACTGGCGTTGGAAGCACGG-39 and 59-GAACACATGCCCACTTGC
TG-39 for IL-12 (p40).

The predicted sizes of the amplified products for IL-1a, IFN-g, TNF-a, b-ac-
tin, IL-6, and IL-12 (p40) were 288, 213, 309, 348, 130, and 368 bp, respectively.
The primers were made by Kurabo Biomedicals (Osaka, Japan) according to our
sequence design. The PCR was performed by a thermal cycler (TP Cycler-100;
Toyobo, Osaka, Japan). The PCR program was one cycle of 94°C for 1 min, 55°C
for 1 min, and 72°C for 1 min. Samples were amplified by 25 to 31 cycles of PCR.
The most appropriate number of amplification cycles for each cytokine was
determined by a preliminary experiment. The reaction was terminated by incu-
bation at 72°C for 1 min, and the products were kept at 4°C in the cycler. A 10-ml
volume of PCR product was analyzed by agarose gel electrophoresis using a 1%
low-melting-point agarose gel (Wako) in 13 Tris-acetate-EDTA buffer supple-
mented with 0.005% ethidium bromide. The bands were visualized by a UV
transilluminator and photographed.

IFN-g assay for ELISA. The IFN-g titer was determined by a two-site sand-
wich enzyme-linked immunosorbent assay (ELISA). Wells of enzyme immuno-
assay plates (Costar) were precoated with 1.5 mg of rat anti-mouse IFN-g mono-
clonal antibody R4-6A2 per ml and 0.5% bovine serum albumin in carbonate-
bicarbonate buffer (pH 9.6). Next, the test supernatant or standard murine IFN-g
was added to each well. After incubation for 60 min, the plates were washed with
PBS-Tween and incubated with rabbit anti-mouse IFN-g polyclonal antibody for
60 min. The plates were then washed, and peroxidase-conjugated anti-rabbit IgG
(Zymed) was added. After incubation for 60 min, the plates were washed and a
substrate solution (100 ml of orthophenylenediamine [0.4 mg/ml] in phosphate-
citrate buffer [pH 5.0] containing 0.03% H2O2) was added. The A490 was mea-
sured after termination of the reaction with 50 ml of 2.5 N H2SO4.

ELISPOT assay. To determine the antigen-specific IFN-g-producing cells, an
enzyme-linked immunospot (ELISPOT) assay was carried out as described pre-
viously (17). Briefly, nylon wool-nonadherent T cells were stimulated with
HKLM in the presence of antigen-presenting cells for 18 h. After being washed,
the cells were resuspended in RPMI 1640 containing 10% FCS and seeded at
graded concentrations of 5 3 103 to 1 3 106 cells/100 ml/well in nylon-based
96-well plates (Millipore) which had been coated with rat anti-mouse IFN-g
monoclonal antibody and blocked with RPMI 1640 containing 10% FCS. After
further incubation for 20 h, the plates were thoroughly washed with PBS-Tween
and incubated with rabbit anti-mouse IFN-g polyclonal antibody for 90 min.
After being washed, the plates were incubated with peroxidase-conjugated goat
anti-rabbit IgG for 90 min. After repeated washings, spots representing IFN-g-
producing cells were developed by the addition of 100 ml of 3-amino-9-ethylcar-
bazole (0.27 mg/ml) in 0.1 M phosphate-citrate buffer (pH 5.0). The spots were
counted under a dissecting microscope.
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Adoptive transfer of antilisterial protection by spleen T cells. Mice were
immunized with L. monocytogenes ATCC 15313 mixed with LLO-liposome on
days 0 and 2. Other groups of mice were immunized with ATCC 15313 or
LLO-liposome only. Spleen cells from immunized or control mice were obtained
on day 6, and T cells were prepared by using nylon wool columns. Mice were
injected intravenously with 107 nylon wool-enriched T cells. Immediately after
transfer of T cells, mice were challenged intravenously with 2 3 104 CFU of
viable L. monocytogenes EGD. After 2 days, CFU counts in spleens and livers
were determined to assess the level of protection conferred by T-cell transfer.

Cytotoxicity assay. As the source of target cells, 7-day-old BMMF cultured
without antibiotics were used. BMMF were infected with viable L. monocyto-
genes EGD at a multiplicity of infection of 1:10 for 90 min. BMMF were then
washed twice and resuspended in RPMI 1640 containing 10% FCS and 5 mg of
gentamicin per ml overnight to selectively kill the extracellular bacteria. The
BMMF were collected with a cell strainer, and the viability of the cells was
determined by the trypan blue dye exclusion method. Viable target cells (106;
.90% viable) were labeled with 100 mCi of Na51CrO4 (NEN Life Science
Products, Boston, Mass.) for 2 h. After washing, target cells (104/well) were
cultured with the effector cells at various ratios for 4 h. Then 100 ml of super-
natant was removed, and 51Cr activity was determined in an automated gamma
counter. Percent specific lysis was calculated as (experimental value 2 sponta-
neous release)/(maximum release 2 spontaneous release) 3 100.

Statistics. The statistical significance of the data was determined by Student’s
t test, and a P value of ,0.05 was taken as significant.

RESULTS
Preparation of LLO-liposome and phagocytosis by macro-

phages in vitro. To confirm that LLO molecules were encap-
sulated successfully in the multilamellar liposome, LLO-lipo-
some was disrupted by 0.2% Triton X-100 and centrifuged.
The supernatant was subjected to SDS-PAGE and then trans-
ferred electrophoretically to a nitrocellulose sheet for Western
blot analysis.

As shown in Fig. 1, the LLO-specific monoclonal antibody
detected the presence of LLO in the supernatant of disrupted
LLO-liposome. Since titration of LLO released from Triton-
treated LLO-liposome was difficult, we applied known concen-
trations of the original LLO preparation to SDS-PAGE and
Western blotting in the same way for comparison. It was esti-
mated that about 6% of the LLO molecules of original LLO
solution were encapsulated in the LLO-liposome (LLO con-
centration, 30 mg/ml).

To determine whether the liposome can be effectively en-
trapped by macrophages, we examined phagocytosis in vitro.
LY-labeled peritoneal exudate macrophages were incubated
for 60 min at 37°C with or without 1 ml of liposome suspension.
The cells were washed to remove nonphagocytosed liposome
and examined under fluorescence microscopy. Strong fluores-
cence indicative of massive phagocytosis and phagosome-lyso-
some (P-L) fusion was observed in macrophages added with
liposome, while staining with LY alone did not reveal this level
of fluorescence (Fig. 2).

Cytokine gene expression by PEC stimulated with LLO-
liposome. PEC were stimulated in vitro with PBS-liposome or
LLO-liposome for 60 min and then washed to remove non-
phagocytosed liposome. After a further 6 h of incubation, total
cellular RNA was extracted and cytokine-specific mRNA ex-
pression was examined by RT-PCR. For comparison, we stim-
ulated PEC with soluble LLO (10 mg/ml) for 6 h and similarly
extracted total cellular RNA. PCR products specific for IL-1a,
IL-6, IL-12, and TNF-a could be detected after stimulation
with LLO-liposome, but cytokine mRNA was not induced by
PBS-liposome (Fig. 3). The profile of cytokines induced by
stimulation with LLO-liposome was similar to that induced by
stimulation with the soluble form of purified LLO.

In vivo cytokine gene expression after intravenous injection
of LLO-liposome. Mice were injected intravenously with PBS-
liposome or LLO-liposome, each at 200 ml/head. No harmful
effects were observed for mice after systemic administration of
LLO-liposome during the course of immunization. The cardio-
toxicity of soluble LLO could be overcome by encapsulating it
into liposome. On days 1, 3, and 5, spleens were removed to
determine the expression of various cytokines. Total cellular
RNA was extracted, and then cytokine-specific mRNA expres-
sion was examined by RT-PCR. PCR products for IL-1a, IL-6,
IL-12, TNF-a, and IFN-g were detected on days 1 and 3. The

FIG. 1. Western blot analysis of LLO in the supernatant of the disrupted
liposome used in this study. Liposome (LLO concentration, 30 mg/ml) was
disrupted by 0.2% Triton X-100; 100 ml of supernatant fluid was analyzed by
SDS-PAGE, and then electrophoresed proteins were transferred to a nitrocel-
lulose sheet. Transferred protein was analyzed by immunoblotting using the
anti-LLO monoclonal antibody 7D10E12. Lane A, PBS-liposome; lane B, LLO-
liposome.

FIG. 2. Phagocytosis and P-L fusion assay in macrophages. LY-labeled peri-
toneal exudate macrophages (106/ml) were incubated with liposome for 1 h (B)
or without liposome (A). After washing to remove nonphagocytosed liposomes,
cells were examined under fluorescence microscopy.
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pattern of cytokine expression in vivo was similar to the profile
of cytokine expression in the spleen cells stimulated in vitro
with soluble LLO (Fig. 4). The profile was also similar to that
observed in the spleens of mice infected with viable, virulent L.
monocytogenes as reported previously (49). Several reports
have shown that liposome concentrates in the liver and spleen
and is phagocytosed by macrophages when injected intrave-
nously (9, 20, 46). Therefore, it seemed that LLO-liposome
was delivered to the liver and spleen, where endogenous cyto-
kines were induced just as in organs of mice immunized with
the LLO-producing strain of L. monocytogenes.

Induction of acquired resistance in mice immunized with
the combination of avirulent viable L. monocytogenes ATCC
15313 and LLO-liposome. As previously reported, L. monocy-
togenes ATCC 15313 is an LLO(2) avirulent strain incapable
of inducing protective immunity even after immunization at a
high dosage (31, 32). This strain could not induce endogenous
IFN-g in mice immunized even with a high dosage of bacteria
(Fig. 5). To determine whether protective immunity can be
induced by an LLO(2) strain with the assistance of LLO-
liposome-induced cytokines, mice were intravenously immu-

nized with the mixture of L. monocytogenes ATCC 15313 and
LLO-liposome. Simultaneous administration of LLO-liposome
did not affect the kinetics of elimination of ATCC 15313 in the
spleen (Fig. 6). Six days after the immunization, bacteria in the
mice were reduced to a nondetectable level. The immune mice
were challenged with 2 3 104 CFU of viable, virulent L. mono-
cytogenes EGD, and the CFU counts in spleens were deter-
mined 2 days later to assess protective immunity. As shown in
Fig. 7, mice given the viable strain EGD and those immunized
with a combination of strain ATCC 15313 and LLO-liposome,
but not mice that received LLO-liposome only or strain ATCC
15313 only, exhibited a high level of protective immunity.

Adoptive transfer of antilisterial protection by spleen T
cells. To determine whether protective T cells were induced by
immunization with a combination of ATCC 15313 and LLO-
liposome, spleen T cells obtained from the immunized mice
were passively transferred. As shown in Fig. 8, a significant
level of protection could be transferred by T cells from mice
immunized with a combination of ATCC 15313 and LLO-
liposome but not by T cells from other groups of mice. This
finding indicated that T-cell-mediated protective immunity was
induced by using LLO and avirulent LLO(2) strain, ATCC
15313.

Generation of Listeria-specific IFN-g-producing T cells. In
mice immunized with viable L. monocytogenes EGD, CD41 T
cells contributed to the acquired protective immunity by pro-
ducing macrophage-activating cytokines, especially IFN-g (44,
16). Generation of Listeria-specific IFN-g-producing cells was
determined both by IFN-g titration by ELISA in the culture
supernatant and by ELISPOT assay. As shown in Fig. 9, sig-
nificant levels of antigen-specific, IFN-g-producing cells were
observed by ELISA, and IFN-g-producing cells were more
numerous in spleens of mice immunized with a combination of
strain ATCC 15313 and LLO-liposome. The negative selection
of immune spleen cells for CD41 or CD81 cells by using
monoclonal antibody plus complement revealed that Listeria-
specific, IFN-g-producing cells were of the CD41 phenotype
(data not shown).

Assessment of CTL activity in mice immunized with a com-
bination of ATCC 15313 and LLO-liposome. The importance
of LLO-specific cytotoxic T lymphocytes (CTLs) in the expres-
sion of protective immunity to L. monocytogenes has been
documented elsewhere (14, 16, 34). In the present experimen-
tal system, there was a possibility that CTLs were generated in
addition to Listeria-specific Th1 cells. To rule out this possi-
bility, a 51Cr release assay was carried out with Listeria-infected
macrophages. BMMF were infected overnight with the LLO-
producing strain L. monocytogenes EGD and were subse-
quently used as targets for possible CTLs in the spleen cells
from immunized mice. A 4-h Cr release assay was used at
various effector/target ratios. As shown in Fig. 10, immune T

FIG. 4. PCR detection of cytokine-specific mRNA expression after in vivo
injection of LLO-liposome. Mice were immunized intravenously with PBS-lipo-
some (lanes a) or LLO-liposome (lanes b). At the time points indicated, total
cellular RNA in the spleen was extracted and subjected to RT-PCR. Lanes M,
100 bp ladder.

FIG. 3. RT-PCR detection of cytokine-specific mRNA after in vitro stimu-
lation with soluble LLO or LLO-liposome. PEC were unstimulated (lane a) or
stimulated with 10 mg of soluble LLO (lane b), PBS-liposome (lane c), or
LLO-liposome (lane d) per ml. After stimulation for 60 min, cells were washed
to remove nonphagocytosed liposome. Total cellular RNA was extracted for
RT-PCR after 6 h of stimulation. Lanes M, 100 bp ladder.

FIG. 5. Expression of IFN-g mRNA after immunization with L. monocyto-
genes ATCC 15313 or EGD as determined by RT-PCR. Mice were immunized
with 2 3 107 CFU of ATCC 15313 (lane b), ATCC 15313 plus 200 ml of
LLO-liposome (lane c), or 2 3 103 CFU of EGD (lane d). Lane a, control; lane
M, 100 bp ladder. Total cellular RNA was extracted from the spleen 24 h after
stimulation for RT-PCR.
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cells obtained from mice immunized with L. monocytogenes
EGD lysed Listeria-infected BMMF in vitro. However, no
CTL activity was observed in cells from the other groups of
mice, including those receiving combination immunization.
This result suggested that CTLs were not actively induced by
immunization of mice with a combination of L. monocytogenes
ATCC 15313 and LLO-liposome.

DISCUSSION

In this present study, we have shown that immunization of
mice with a combination of purified LLO and an LLO(2)
strain was highly effective in the generation of T cells protec-
tive against L. monocytogenes. Neither the LLO preparation

nor strain ATCC 15313 afforded protective immunity when
injected alone into mice.

The novel approach utilized in this study was the use of
liposome in the delivery of purified LLO. Because of the car-
diotoxicity of LLO upon intravenous injection into mice (18),
it has been difficult to test the role of LLO in inducing protec-
tive immunity in vivo by intravenous injection of the soluble
form of purified LLO. Encapsulation of LLO into liposome
enabled the intravenous injection of LLO into mice without
any apparent harmful effects. It has been shown that liposome
is phagocytosed by macrophages, and then the phospholipid
bilayers of the liposome are disrupted under the influence of
lysosomal phospholipase (46). We also confirmed that phago-

FIG. 7. Protective immunity induced by immunization with a combination of 2 3 107 CFU of L. monocytogenes (L. m.) ATCC 15313 and LLO-liposome. The level
in mice immunized with virulent strain EGD is shown as positive control. Six days after immunization, mice were challenged intravenously with 2 3 104 CFU of strain
EGD, and the CFU number in the spleen was determined 2 days later. The level of protective immunity was calculated as log10 CFU in nonimmune control 2 log10
CFU in the immune group. Data represent mean counts for three mice 6 standard deviation.

FIG. 6. Kinetic change in the CFU of L. monocytogenes EGD and ATCC 15313 after intravenous immunization. Mice were immunized with 104 CFU of EGD (h)
or with 2 3 107 CFU of ATCC 15313 alone (F) or with LLO-liposome (200 ml/head) (E). At the time points indicated, CFU counts in the spleen were determined.
The hatched area indicates the nondetectable level. Data represent mean counts for three mice 6 standard deviation.
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cytosis of LLO-liposome and P-L fusion occurred in macro-
phages by using LY staining of macrophages in vitro (Fig. 2).
Although we could not determine whether the same process
took place in vivo, it was likely that most of the LLO-liposome
along with strain ATCC 15313 reached the spleen and liver,
where LLO molecules induced cytokine expression while somatic
antigens of ATCC 15313 were immunologically processed.

Among the many virulence factors identified so far, LLO is
regarded widely as the major one, being involved especially in
the escape of L. monocytogenes from the phagosomal compart-
ment into the cytosolic space of macrophages (2, 15, 35, 36).
ATCC 15313, the avirulent LLO(2) strain used in our study,
could not grow in the spleen or liver in infected mice and could
not induce protective immunity (Fig. 6 and 7). It has been
reported that viable ATCC 15313 cannot induce protective im-
munity even if used at a very high dose, suggesting that the dose
of antigenic may not be the factor critical for this inability (26, 49).

The primary role of LLO administered in vivo was the in-

duction of endogenous cytokines. We have shown in previous
studies that purified LLO is highly capable of inducing various
inflammatory cytokines in macrophages and spleen cells in
vitro (31, 45, 52). Among the cytokines inducible by LLO,
IFN-g appears to be essential because a direct relationship
between IFN-g-inducing ability and the ability to induce pro-
tective immunity was found upon screening of various strains
(32, 49). Besides, IFN-g is regarded as the major cytokine in
the priming of T cells to differentiate into IFN-g-producing
mature Th1 cells as reported by Macatonia et al. (21). We
recently confirmed an essential role of endogenous IFN-g in
the generation of protective Th1 cells; induction of protective
T cells in mice immunized with a virulent strain was almost
completely abrogated when the endogenous IFN-g was neu-
tralized by in vivo administration of anti-IFN-g antibody to
mice at the initial stage of immunization (51). As expected,
expression of IFN-g and other cytokines was successfully in-
duced by injection of LLO-liposome in vivo (Fig. 4). LLO-

FIG. 8. Level of protective immunity conferred by adoptive transfer of T cells. Spleen T cells from each group of immunized mice were transferred into naive
recipient mice, and the recipients were challenged intravenously with 2 3 104 CFU of strain EGD. The number of bacteria in the spleen and liver was determined 2
days later. The level of protective immunity was calculated as for Fig. 7. Data represent mean counts for three mice 6 standard deviation. **, P , 0.001; *, P , 0.05
compared with the nonimmune control.

FIG. 9. Generation of antigen-specific, IFN-g-producing cells in mice immunized with a combination of ATCC 15313 and LLO-liposome. Spleen cells (106)
obtained from each group of immunized mice were stimulated with 107 HKLM in vitro. IFN-g titer in the supernatant (A) was determined by ELISA 48 h after
stimulation, and ELISPOT assay for the number of antigen (Ag)-specific, IFN-g-producing T cells (B) was done 18 h after stimulation. Data represent mean counts
for three wells 6 standard deviation.
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liposome-induced expression of IFN-g lasted more than 3 days
after immunization. It has been reported that a significant level
of IFN-g production in the murine spleen occurred within 24
to 48 h of immunization with a virulent strain (28, 30). There-
fore, LLO-liposome was effective in the induction of endoge-
nous IFN-g just as found for natural immunization with viable
LLO-producing bacteria. In addition to the established role of
LLO as virulence factor, the present results suggest that LLO
may also act as an essential adjuvant in the immune response
of the infected host.

The results in Fig. 7 to 9 clearly indicate the generation of
IFN-g-producing Th1 cells effective for conferring protective
immunity to a virulent strain of L. monocytogenes in mice after
immunization with a combination of an avirulent strain and
LLO-liposome. Immunization of mice with either LLO-lipo-
some or ATCC 15313 alone was not successful, where as the
combination of antigens and IFN-g inducer was highly effec-
tive. This finding may be relevant to those of Miller et al., who
reported that coinjection of IL-12 with heat-killed bacteria
(24) or synthetic LLO peptides (25) elicited intense antigen-
specific T-cell responses conferring protective immunity
against challenge infection with L. monocytogenes. Though
phenotypic characterization of effector T cells was not carried
out, the authors concluded that the CD41 T-cell response can
be sufficient for the immunity achieved by coinjection based on
the class II major histocompatibility complex (MHC)-binding
ability of the active peptide used for immunization (25). Our
present results have shown also that IL-12 was induced in vivo
by LLO-liposome (Fig. 4). IL-12 is the macrophage-derived
cytokine known to be capable of inducing IFN-g production by
NK cells (42, 43); therefore, it is possible that macrophage-
derived IL-12 was induced first, and then IL-12-induced IFN-g
probably deriving from NK cells (31) alone or in combination
with IL-12 served as the central cytokine(s) to promote the func-
tional differentiation of antigen-primed T cells into Th1-type ef-
fector cells. Future studies will be designed to determine whether
neutralization of LLO-liposome-induced cytokines, especially
that of IFN-g, actually abolishes LLO-liposome–ATCC 15313-
induced protective immunity as reported by Yang et al. (51).

Antigen-specific, IFN-g-producing T-cells are among the
critical effector T cells indispensable for the activation of mac-
rophages resulting in the enhanced microbicidal activity in
immune animals (17, 44). In addition to the important role of
Th1 cells for macrophage activation, the involvement of CTLs
in the expression of protective immunity has been documented
(16). Pamer et al. reported that LLO peptide (positions 91 to
99) serves as an antigenic epitope recognized by CTLs estab-
lished from mice immunized with a virulent strain of L. mono-
cytogenes (34). Bouwer et al. reported that the presentation of
L. monocytogenes-derived peptides by class I MHC molecules
occurs only when the LLO-producing bacteria escape into the
cytosol of macrophages (3). Darji et al. showed that immuni-
zation of mice with mixtures of soluble LLO together with
various passenger proteins resulted in strong CTL response to
each exogenous protein (5). Since the immunization of mice
with LLO-liposome alone did not generate protective immu-
nity, it was unlikely that these kinds of LLO-specific CTLs were
induced in our immunization protocol. Lee et al. reported that
the delivery of LLO into the cytosolic space of macrophages
from LLO-containing liposome in vitro and liposome contain-
ing LLO and ovalbumin efficiently delivered ovalbumin to the
cytosolic pathway for MHC class I antigen processing (20). It is
not clear whether LLO molecules used in our study after en-
capsulation into liposome are processed in the context of class
I MHC; however, the present result may indicate that LLO
alone is not sufficient to induce effective CTLs. Although the
induction of L. monocytogenes-specific CTLs by immunization
with LLO alone has not been documented, we did observe
generation of CTLs in mice immunized with strain EGD; how-
ever, CTL activity was not observed at the same level in the
spleen even after immunization with LLO-liposome plus
ATCC 15313, which afforded protective immunity. In the
present assessment of CTL activity, we used an ex vivo exper-
iment without additional stimulation and therefore cannot ex-
clude the possibility that CTL activity is increased in vitro by
further stimulation with antigen plus IL-2. Although it is pos-
sible that CTLs contribute to the expression of acquired pro-
tection in mice immunized with a virulent strain, the present
results suggest that any such role is minor at best.

The results of this study strongly suggest that the inability of
an LLO(2) avirulent strain of L. monocytogenes, and possibly
of killed bacteria, is not due to the lack of a central T-cell
epitope(s) in avirulent or killed bacteria but rather is due to the
lack of ability to induce production of endogenous cytokines,
especially IFN-g, at the early stage of immunization. In other
words, LLO may be a highly effective adjuvant in the induction
of Th1-dependent immunity. An appropriate use of LLO at
least in animal models may be effective in the induction of
antigen-specific IFN-g-producing T cells against various kind
of intracellular parasitic pathogens. It is now of interest to
determine the domain of LLO effective for cytokine induction.
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