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Two pathogenic species in the genus Listeria, Listeria monocytogenes and Listeria ivanovii, are characterized
by the production of hemolysins belonging to cholesterol-dependent cytolysins, listeriolysin O (LLO) and
ivanolysin O (ILO), respectively. LLO, produced by L. monocytogenes, is able to induce gamma interferon
(IFN-�) production and contributes to the generation of Th1-dependent protective immunity. On the other
hand, nothing is known about the role of ILO, produced by L. ivanovii, in this regard. In this study, we
immunized mice with 0.1 50% lethal dose (LD50) of L. monocytogenes and L. ivanovii. Protective immunity
against a challenge with 10 LD50 was generated in mice infected with L. monocytogenes, whereas L. ivanovii
infection did not induce protection. After immunization, the level of IFN-� in serum samples was increased in
mice given L. monocytogenes but not in those given L. ivanovii. To determine the IFN-�-inducing activity of
cytolysins, recombinant protein was constructed. Recombinant ILO exhibited significantly lower IFN-�-induc-
ing activity than LLO. By comparing the IFN-�-inducing activity of a chimera incorporating LLO and ILO, it
was found that domains 1 to 3 of LLO were critical for IFN-�-inducing activity while the counterpart in ILO
was unable to induce cytokine production. These results suggested that the weak ability of ILO to induce IFN-�
production is responsible for the failure of L. ivanovii to generate effective protective immunity.

Among the bacterial species belonging to the genus Listeria,
two species, Listeria monocytogenes and Listeria ivanovii, are
known to be pathogenic (42). L. monocytogenes causes serious
infections in newborns, pregnant women, immunocompro-
mised individuals (9, 11, 24), and animals (25). L. ivanovii is
pathogenic to ruminants (25) but rarely causes human disease
(6, 23).

These two species possess a similar central virulence gene
cluster consisting of prfA, plcA, hly, mpl, actA, and plcB, the
transcription of which is positively regulated by PrfA (13, 21).
Both listeriolysin O (LLO), an hly gene product in L. mono-
cytogenes, and ivanolysin O (ILO), an ilo gene product in L.
ivanovii, are 58-kDa secretory proteins that are the major vir-
ulence determinants in each (12, 20, 40). They show 80%
homology in amino acid sequence (14, 16) and belong to a
family of cholesterol-dependent cytolysins (CDCs) character-
ized by the presence of a highly conserved undecapeptide se-
quence (ECTGLAWEWWR) located near the C terminus (7,
42). The CDCs are known to bind cholesterol on the cell
surface and form oligomers, resulting in a ring-shaped pore on
the cytoplasmic membrane. The cytolytic activity of CDC is
easily blocked by treatment with small amounts of free choles-
terol (2). Rossjohn et al. analyzed the three-dimensional struc-
ture of perfringolysin O, a member of the CDC family
produced by Clostridium perfringens, and reported that perfrin-

golysin O consists of four domains (34). The continuous do-
mains 1 to 3 are involved in oligomerization and insertion of
the oligomer into the cytoplasmic membrane. Domain 4 is
considered critical for initial binding of the toxin to cholesterol
on the cell surface.

In the course of a sublethal infection with L. monocytogenes,
Th1-mediated immunity is generated, and then the bacteria
are rapidly cleared from the organs. Gamma interferon
(IFN-�) produced from antigen-specific �� T cells appears to
play an essential role in acquired resistance by enhancing mac-
rophage microbicidal activity. At the early stage of infection
with the innate immune response, IFN-� is also produced from
NK cells and �� T cells and contributes to the primary host
defense. We have reported that IFN-� is an important cytokine
for the development of Th1 cells mediating acquired resistance
against L. monocytogenes and Mycobacterium bovis BCG, as
neutralization of IFN-� with a specific antibody caused a de-
crease in the number of antigen-specific IFN-�-producing T
cells and in the level of host resistance (45, 46).

Our previous studies also showed that the IFN-�-inducing
ability of Listeria spp. is associated with virulence (28, 43).
Virulent L. monocytogenes strains were able to induce strong
IFN-� production, but avirulent strains exhibit only weak IFN-
�-inducing activity (44). We further found that IFN-�-inducing
ability was related to the production of LLO and that purified
LLO can induce the production of cytokines, including IFN-�,
in vitro (19, 29, 30, 39, 47). These results indicate that LLO not
only acts as the major virulence factor of L. monocytogenes but
also plays an important role in the generation of host resis-
tance by inducing IFN-� production during the initial period of
infection.

In contrast to the number of studies on L. monocytogenes,
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there are only a limited number of reports on the generation of
protective immunity and cytokine production in mice infected
with L. ivanovii. Khun et al. (22) indicated that interleukin-1
alpha (IL-1�) and IL-6 but not tumor necrosis factor alpha are
produced from P388D1 macrophage cell lines after infection
with L. ivanovii in vitro. However, it is not clear whether Th1
cytokines such as IL-12, IL-18, and IFN-� are produced upon
infection with L. ivanovii or whether ILO contributes to cyto-
kine production. Because ILO is highly homologous to LLO, it
appears that ILO also exerts cytokine-inducing activity and
contributes to the generation of protective immunity as LLO
does. In the present study, we compared the ability of L.
ivanovii to induce protective immunity in vivo and that of
recombinant ILO to induce IFN-� production in vitro with L.
monocytogenes and recombinant LLO.

MATERIALS AND METHODS

Mice. Female C3H/He mice were purchased from Charles River Japan (Ka-
nagawa, Japan). Mice were kept in specific-pathogen-free conditions and used
for the experiments at 7 to 10 weeks of age.

Bacteria. L. monocytogenes EGD has been maintained in our laboratory, and
L. ivanovii ATCC 19119 was obtained from the American Type Culture Collec-
tion. Both species of bacteria were injected into mice and recovered from the
spleen homogenate 2 days later. After another cycle of in vivo passage, bacteria
were grown in brain heart infusion broth (BHI) (Becton Dickinson, Sparks, Md.)
at 37°C overnight with shaking. One volume of the overnight culture was added
to 100 volumes of fresh BHI medium. Bacteria were cultured for a further 4 h,
washed, suspended in phosphate-buffered saline (PBS) supplemented with 10%
glycerol, and stored in aliquots at �80°C. The concentration of listeriae was
enumerated by plating 10-fold serially diluted suspension on BHI plate and
counting the number of colonies. To determine the 50% lethal dose (LD50) of
the two Listeria species, 10 mice per group were injected intraperitoneally with
various doses of each species, and mortality was monitored for 14 days. The LD50

was calculated by the method of Reed and Muench (33) and was 6 � 104 CFU
for L. monocytogenes and 108 CFU for L. ivanovii.

Generation of host resistance after infection with L. monocytogenes and L.
ivanovii. Mice were intraperitoneally infected with 6 � 103 CFU (0.1 LD50) of L.
monocytogenes or 107 CFU (0.1 LD50) of L. ivanovii in a volume of 0.2 ml of PBS.
Control mice were given 0.2 ml of PBS. Seven days after the infection, mice were
intraperitoneally challenged with 6 � 105 CFU (10 LD50) of L. monocytogenes or
109 CFU (10 LD50) of L. ivanovii. Mortality was monitored for 10 days.

Construction and purification of recombinant proteins. Chromosomal DNA
was extracted from L. monocytogenes and L. ivanovii as reported previously (19).
The region of the gene encoding mature LLO was amplified by PCR with a
forward primer containing a BamHI site (italic), 5�-CGATGGATCCTGATGC
ATCTGCATTCAATAAAG-3� (hly forward primer), and a reverse primer con-
taining a PstI site, 5�-ACGCCTGCAGTTCGATTGGATTATCTACACTATTA
C-3� (hly reverse primer). The region of the gene encoding mature ILO was also
amplified by PCR with a forward primer containing a BamHI site, 5�-CGATG
GATCCTGATGCCTCAGTATATAGTTAC-3� (ilo forward primer), and a re-
verse primer containing a SalI site, 5�-ACGCGTCGACTTACTTATTGGATTA
TCTACAG-3� (ilo reverse primer).

To obtain a chimeric protein containing domains 1 to 3 of LLO and domain 4
of ILO (LLO1-3/ILO4), we amplified the part of gene encoding domains 1 to 3
of LLO (D26 to Y427) with the hly forward primer and a reverse primer,
5�-TTGAATTGAGCTACGTATCCT-3�. The gene coding for domain 4 of ILO
(V427 to K528) was amplified with a forward primer, 5�-GTGCCTACGTAGC
GAGATT-3�, and the ilo reverse primer. Because both PCR products carry a
SnaBI site (italic), they were digested with the restriction enzyme and ligated
with Ligation High (Toyobo Co., Ltd., Osaka, Japan). The DNA fragment was
amplified with the hly forward primer and the ilo reverse primer.

To construct the gene coding for a chimeric protein of domains 1 to 3 of ILO
(D25 to Y426) with domain 4 of LLO (V428 to E529), part of the ilo gene was
amplified with the ilo forward primer and a reverse primer, 5�-GAATCTCGCT
ACGTAGGCA-3�, and part of the hly gene was amplified with a forward primer,
5�-AGGATACGTAGCTCAATTCA-3�, and the hly reverse primer. Those PCR
products were digested with SnaBI, ligated, and PCR amplified with the ilo
forward primer and the hly reverse primer. All PCR products were digested with
restriction enzymes and ligated into the pQE31 expression plasmid (Qiagen,

Tokyo, Japan). The recombinant plasmid was electroporated into Escherichia
coli SG13009. The sequences of all PCR products were analyzed with an ABI
Prism 310 genetic analyzer (Perkin-Elmer Applied Biosystems, Foster City, Cal-
if.) to confirm that no mutations had been introduced.

The recombinant E. coli clone was cultured in tryptic soy broth (Becton
Dickinson) in the presence of 1.0 mM isopropyl-�-D-thiogalactopyranoside
(IPTG; Nacalai Tesque, Kyoto, Japan) for 8 h at 25°C to produce recombinant
His-tagged protein. The protein was purified with nickel-nitrilotriacetic acid-
agarose column (Qiagen) according to the manufacturer’s protocol and passed
through PD-10 desalting columns (Amersham Pharmacia Biotech AB, Uppsala,
Sweden) to exchange the buffer for PBS. To eliminate contaminating lipopoly-
saccharide (LPS) from the preparation, recombinant protein was passed through
a Detoxi-Gel endotoxin-removing gel column (Pierce Chemical Company, Rock-
ford, Ill.) several times until the level of LPS was less than 10 pg per ml. Protein
concentration was measured with the Bio-Rad protein assay (Bio-Rad Labora-
tories, Hercules, Calif.). The recombinant cytolysins and the chimeric proteins
were identified by immunoblotting with anti-His tag antibody (penta-His anti-
body; Qiagen) after sodium dodecyl sulfate–10% polyacrylamide gel electro-
phoresis (SDS-PAGE), and the purity was determined by Coomassie blue stain-
ing.

Hemolytic activity. Hemolytic activity of the recombinant proteins was deter-
mined as described previously (15, 28). Briefly, cytolysins were twofold diluted
with PBS and incubated with an equal volume of a 1% suspension of sheep
erythrocytes (SRBC) for 1 h at 37°C. Degree of hemolysis was determined by the
absorbance of hemoglobin released into the supernatant at 415 nm. One hemo-
lytic unit (HU) was defined as the amount of cytolysin required for 50% hemo-
lysis of SRBC.

IFN-� production. Spleens were aseptically removed from normal C3H/HeN
mice. After removal of erythrocytes by treatment with 0.83% ammonium chlo-
ride in 170 mM Tris-HCl (pH 7.65), cells were washed and suspended at 107 cells
per ml in culture medium which consisted of RPMI 1640 medium (Gibco BRL,
Life Technologies, Rockville, Md.) supplemented with 10% heat-inactivated
fetal bovine serum (Gibco-BRL) and 5 	g of gentamicin (Gibco-BRL) per ml.
The cells were plated at 5 � 106 cells per well in a 48-well flat-bottomed tissue
culture plate. Recombinant LLO (rLLO) and rILO (250 nM) were treated with
10 	g of cholesterol per ml overnight to block the cytolytic activity, and cells were
stimulated with 50 nM rLLO or rILO. Culture supernatant was collected after
24 h of culture, and the level of IFN-� in the culture supernatant was determined
by enzyme-linked immunosorbent assay (ELISA) as described previously (1, 19).
Briefly, the wells of a Nunc immunoplate (Nalge Nunc International, Rochester,
N.Y.) were coated with rat anti-mouse IFN-� antibody (Endogen, Woburn,
Mass.). Fifty microliters of samples and biotin-conjugated anti-mouse IFN-�
antibody (Endogen) were added sequentially to each well within a 1-h interval.
Wells were washed, and horseradish peroxidase-conjugated streptavidin was
added (Endogen). After incubation for 30 min, IFN-� was detected by addition
of 3,3�,5,5�-tetramethylbenzidine dihydrochloride dihydrate (TMB; Nacalai) so-
lution (50 	g per ml) containing 0.01% H2O2, and the absorbance was measured
at 450 nm.

In vitro survival of L. monocytogenes and L. ivanovii. Spleen cells were plated
at 2 � 106 cells per well in a 48-well tissue culture plate and infected with L.
monocytogenes or L. ivanovii at 0.2 CFU per cell in the absence of antibiotics.
One hour after infection, gentamicin (5 	g per ml) was added, and the number
of bacteria was counted at 2-h intervals.

RESULTS

Generation of protective immunity after infection with L.
monocytogenes and L. ivanovii. We first compared the ability of
L. monocytogenes and L. ivanovii to generate protective immu-
nity. Mice were immunized with 6 � 103 CFU (0.1 LD50) of L.
monocytogenes or 107 CFU (0.1 LD50) of L. ivanovii. Seven
days later, mice were challenged with 10 LD50 of each bacte-
rium, and survival was monitored. All the nonimmunized mice
were dead by 3 days after the challenge infection with either L.
monocytogenes or L. ivanovii (Fig. 1). Mice immunized with 0.1
LD50 of L. monocytogenes were completely resistant to the
challenge infection with a lethal dose. In contrast, 0.1 LD50 of
L. ivanovii did not confer protection against the challenge
infection.
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IFN-�-inducing ability of L. monocytogenes and L. ivanovii.
We have reported that IFN-� produced at the first stage of
infection with L. monocytogenes is critical for the generation of
host resistance (43). In order to test whether IFN-� was pro-
duced after infection with L. ivanovii, mice were intraperito-
neally injected with 6 � 103 CFU of L. monocytogenes or 107

CFU or 6 � 10 3 CFU of L. ivanovii, and the concentration of
IFN-� was measured in serum samples. A low level of IFN-�
was detected 1 day after infection with L. monocytogenes (Fig.
2). The level reached 3,000 pg/ml on day 2 and decreased
slightly on day 3. In contrast, IFN-� was not produced in mice
infected with 107 CFU of L. ivanovii after 3 days, and IFN-�
was not detected in the serum samples of mice infected with
the lower dose of L. ivanovii (6 � 103 CFU). These data raised
the possibility that L. ivanovii is not able to induce specific
resistance because of insufficient production of IFN-� at the
stage of innate immune response to primary infection.

Different in vivo fates of L. monocytogenes and L. ivanovii. To
address the question of why IFN-� production was not induced
by infection with L. ivanovii, bacterial growth in vivo was com-
pared. Mice were injected with L. monocytogenes (6 � 103

CFU) or L. ivanovii (107 CFU or 6 � 103 CFU), and the
number of viable bacteria in the spleen was counted for 3 days
(Fig. 3). L. monocytogenes proliferated in vivo, and the number
increased to 104 CFU per spleen on day 3. On the other hand,
the viable count of L. ivanovii detected in the spleen was 2 �
104 CFU on day 1 and decreased to 102 CFU on day 3 after
infection with 107 CFU. No bacteria were recovered in the
spleen of mice infected with 6 � 103 CFU of L. ivanovii.

Comparison of in vitro growth of L. monocytogenes and L.
ivanovii. Next, we compared the intracellular survival of the
two bacterial species in vitro. Spleen cells were suspended in
RPMI 1640 medium containing 10% fetal bovine serum and
infected with L. monocytogenes and L. ivanovii in vitro, and
intracellular growth was monitored for 8 h. The number of L.
monocytogenes decreased for the initial 2 h of incubation (Fig.
4), and then a gradual multiplication was observed at a later

period. The number of CFU increased by a factor of 20 during
the 8-h incubation. The number of L. ivanovii also decreased
during the initial period. However, the bacterium could not
multiply intracellularly afterward. The results indicated that
L. ivanovii is not as capable of intracellular multiplication as
L. monocytogenes, resulting in the accelerated clearance of L.
ivanovii in vivo.

Difference in IFN-�-inducing activity between ILO and
LLO. We have reported that LLO, the principal virulence
factor of L. monocytogenes, plays a pivotal role in the genera-
tion of host resistance by induction of Th1 cytokines such as
IL-12, IL-18, and IFN-� (29, 30, 36). L. ivanovii is known to
secrete ILO, which is highly homologous to LLO (20, 40). They
have similar signal sequences (25 amino acids in LLO and 24
amino acids in ILO), and the secreted form of both proteins is
504 amino acids long (Fig. 5). The amino acid sequence of
LLO shows an overall high degree of similarity to ILO, and the
identity at amino acid level is 80% (14, 16). We examined
whether ILO exhibits Th1 cytokine-inducing activity. To test
the activity, recombinant His-tagged ILO (rILO) and rLLO
were constructed. The final purified proteins were detected as
single bands of the predicted molecular sizes on the SDS-
PAGE gel by Coomassie brilliant blue staining and by immu-
noblot with anti-penta-His antibody (Fig. 6). The concentra-
tion of LPS was less than 10 pg per ml, a concentration that
never induces IFN-� in our in vitro system.

FIG. 1. Survival rate of mice immunized with L. monocytogenes or
L. ivanovii after challenge infection. Mice were intraperitoneally im-
munized with 0.1 LD50 of L. monocytogenes (Lm) (6 � 103 CFU) or L.
ivanovii (Li) (107 CFU). Seven days after immunization, mice were
challenged with 10 LD50 of L. monocytogenes (6 � 105 CFU) or L.
ivanovii (109 CFU). Survival was monitored for 10 days. Each experi-
mental group consisted of five mice.

FIG. 2. Level of IFN-� in serum samples from mice infected with
L. monocytogenes and L. ivanovii. Mice were intraperitoneally infected
with 6 � 103 CFU of L. monocytogenes (solid bars), 107 CFU of L.
ivanovii (hatched bars), or 6 �103 CFU of L. ivanovii (dotted bars).
Serum samples were collected daily from the infected mice and from
control mice (open bars) for 3 days, and the level of IFN-� was
determined by ELISA. Data represent the mean 
 standard deviation
for five mice.
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The hemolytic activity of rILO and rLLO was 112,156
HU/mg and 20,723 HU/mg, respectively, and was blocked by
treatment with cholesterol (Fig. 7A). To determine the IFN-
�-inducing activities, spleen cells from normal mice were stim-
ulated with cholesterol-treated rILO and rLLO for 24 h. The
level of IFN-� in the culture supernatant was assayed by
ELISA. A high level of IFN-� production was observed by
stimulation with rLLO, but rILO did not induce cytokine pro-
duction (Fig. 7B) despite the higher hemolytic activity of rILO
than of rLLO.

IFN-�-inducing activity of ILO-LLO chimera. We have re-
ported that domains 1 to 3 of LLO are the portion responsible
for cytokine induction, while domain 4 is critical for cholesterol
binding and resulting cytolytic activity (19). To confirm the
inability of ILO to induce IFN-� production and to know
whether the difference in the IFN-�-inducing activity between
the two CDCs is due to any functional change in domains 1 to
3, we generated a chimeric protein carrying domains 1 to 3 of
LLO and domain 4 of ILO (LLO1-3/ILO4) and, conversely, a
protein consisting of domains 1 to 3 of ILO plus domain 4 of
LLO (ILO1-3/LLO4). These chimeric proteins were purified
by Ni-agarose column chromatography, and LPS was exten-
sively eliminated. The purified proteins were detected as single
bands on SDS-PAGE, and the bands were reactive with anti-
penta-His antibody (Fig. 8). All the proteins exhibited a high
level of hemolytic activity that was completely blocked by cho-
lesterol (Fig. 9A).

The production of IFN-� was induced by stimulation with
rLLO but not with rILO. The chimeric LLO1-3/ILO4 protein
was capable of inducing IFN-� production at a level as high as

that by rLLO (Fig. 9B). However, cytokine production was not
induced by ILO1-3/LLO4 (Fig. 9B). The dose of recombinants
(50 nM) was optimal for rLLO and LLO1-3/ILO4, and IFN-�
induction was not observed with rILO or ILO1-3/LLO4 within
the range from 1 to 100 nM (data not shown). This result
clearly indicated that domains 1 to 3 of ILO do not possess
IFN-�-inducing activity.

DISCUSSION

L. monocytogenes is capable of intracellular replication in a
variety of mammalian cells, including macrophages, by means
of various virulence gene products (42). After being phagocy-
tosed in macrophages, L. monocytogenes disrupts the phago-
somal membrane with LLO (10) and phosphatidylinositol-
phospholipase C and escapes into the cytosol from the
phagosome (4, 41). Inside the cytosol, hexose phosphate trans-
locase appears to enable this bacterium to utilize glucose
1-phosphate as a carbon source (5). Intracellular movement is
possible by virtue of actin polymerization induced by ActA (18,
37). Moreover, the bacterium spreads to neighboring cells by
disruption of a double-membrane vacuole by phosphatidylcho-
line-phospholipase C (35). The orchestrated action of these
virulence determinants allows the intracellular survival of L.
monocytogenes in macrophages.

It is well-known that a Th1-type immune response is induced
in mice upon infection with L. monocytogenes and that antigen-
specific T cells play a central role in protective immunity
against challenge infection. There is a consensus that protec-
tive T cells are generated only by infection with viable and
virulent bacteria and that avirulent or killed bacteria are not
capable of inducing antigen-specific, effective immunity (38).
This suggests that the virulence factor of L. monocytogenes may
contribute directly to the induction of protective immunity. On

FIG. 3. Number of L. monocytogenes and L. ivanovii in spleen after
intraperitoneal infection. Mice were infected with 6 � 103 CFU of L.
monocytogenes (solid squares), 107 CFU of L. ivanovii (open circles),
or 6 � 103 CFU of L. ivanovii (open diamonds). The spleen was
removed, and CFU were counted for 3 days. Data represent the mean

 standard deviation for five mice.

FIG. 4. Intracellular survival of L. monocytogenes and L. ivanovii.
Spleen cells (2 � 106 cells per ml) were suspended in RPMI 1640
medium without antibiotics and infected with L. monocytogenes (solid
squares) and L. ivanovii (open diamonds) at 0.2 CFU per cell. After 1 h
of incubation, the culture was treated with gentamicin (5 	g per ml) for
1 h to kill extracellular bacteria. Cells were lysed at the indicated times
and plated on tryptic soy agar plates to count the number of viable
bacteria. Data are representative of three independent experiments.
Bars indicate standard deviations.
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the basis of this finding, we have been studying the contribu-
tion of LLO to the induction of protective immunity. We found
that an LLO-deficient L. monocytogenes strain is not only less
virulent but also less capable of inducing host resistance (36,
43). LLO was shown to possess the ability to induce various
cytokines, including IFN-�, which is important for the gener-
ation of protective T cells (29, 43, 44). Moreover, we showed
that administration of liposome-encapsulated LLO confers
protection on mice immunized with the avirulent Listeria strain
(36). These results indicate that LLO plays an important role
in the generation of protective immunity against L. monocyto-
genes infection.

L. ivanovii is a pathogenic species for animals but rarely for
humans. Being similar to L. monocytogenes, L. ivanovii carries
a central virulence gene cluster comprising prfA, plcA, hly (ilo),
mpl, actA, and plcB genes (42). In this study, however, we
found that L. ivanovii was less virulent than L. monocytogenes
and the LD50 was almost 1,000-fold higher than that of L.
monocytogenes. In an in vitro study, L. ivanovii was shown to be
less capable of intracellular multiplication. Previous studies
also showed that L. ivanovii is less virulent to mice (26, 32).
There was no reliable explanation for the difference in viru-
lence between these two Listeria species. Our preliminary stud-
ies showed that both Listeria species secreted comparable
amounts of each cytolysin into the broth and that the culture
supernatants showed similar cytotoxicity for macrophages
(data not shown). We have been unable to ascribe the differ-
ence in virulence to either the production or the activity of
their cytolysins. Although they carry similar virulence gene
clusters, the actual DNA sequence of each virulence gene
shows 73 to 78% similarity, and the actA genes of the two
Listeria species are not homologous (42). It is probable that
some of the virulence gene products of L. ivanovii are incom-
petent for intracellular survival and that the genetic diversity
may reflect the functional difference. Alternatively, there may
be some difference in genes other than the virulence genes
known to date which additionally contribute to intracellular
survival.

To analyze the inability of L. ivanovii to induce protective
immunity, we determined the level of IFN-� in serum samples
from mice infected with listeriae because IFN-� is the most
important cytokine for the generation of protective immunity
(3, 8, 27, 45). The level of IFN-� in L. ivanovii-infected mice
was considerably lower than that in L. monocytogenes-infected
mice (Fig. 2). L. ivanovii secrets ILO, a CDC protein highly
homologous to LLO, into the culture supernatant. Because

FIG. 5. Alignment of amino acid sequences of LLO and ILO. A
horizontal bar indicates the signal sequence. Stars indicate identical
residues.

FIG. 6. SDS-PAGE and Western blot analysis of recombinant pro-
teins. Purified rLLO and rILO were applied to SDS-PAGE under
reducing conditions. The gel was stained with Coomassie brilliant blue
(A). The two recombinant proteins were electrophoresed and trans-
ferred to a polyvinylidene difluoride membrane. Western blotting was
performed with an anti-His tag antibody (B). The positions of molec-
ular size markers are indicated.
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LLO exhibits IFN-�-inducing activity and contributes to the
generation of protective immunity, it was expected that ILO
would also exhibit similar activity. However, only a low level of
cytokine production was detected after infection with L. ivano-
vii.

Because the in vivo virulence of this bacterium was lower
than that of L. monocytogenes, it is postulated that the amount
of ILO produced intracellularly is lower than that of LLO.
Although there is no quantitative study on the intracellular
production of ILO, Karunasagar et al. showed that the growth
of L. ivanovii in the J774.1 murine macrophage cell line is
similar to that of L. monocytogenes (17). This suggests that L.
ivanovii must secrete a good amount of ILO inside the phago-

some to escape into the cytoplasm. To clarify the activity of
ILO in inducing IFN-� production, we prepared recombinant
ILO and LLO and compared their activities. Although LLO
induced the production of IFN-�, ILO was not able to induce
cytokine production. Thus, it appears that the inability of ILO
to induce IFN-� production accounts at least in part for the
failure of L. ivanovii to generate protective immunity.

It is unlikely that the inability of ILO to induce cytokine
production is due to the absence of biological function of rILO.
Because ILO and LLO belong to the same CDC family of
proteins that are believed to form ring-shaped pores and
causes cell lysis, three-dimensional structure appears to be
basically important for cytolytic activity (2). All recombinant
proteins used in this study showed strong hemolytic activity,
suggesting that they were properly folded and maintained the
natural three-dimensional structure. Furthermore, it seems un-
likely that the inability of rILO to induce IFN-� production is
due to cytotoxicity to assay cells. Actually, rILO showed stron-
ger hemolytic activity than rLLO. In this study, rILO and rLLO
were treated with cholesterol to completely inhibit the cyto-
toxicity of each protein before its addition to the cell culture.
After treatment with cholesterol, rILO and rLLO caused nei-
ther hemolysis nor lactate dehydrogenase release from normal
spleen cells any longer (data not shown). We were able to rule
out the contribution of contaminating LPS to IFN-� induction
because LPS was extensively removed and IFN-� production
induced by rLLO was not affected by the addition of 0.5 	g of
polymyxin B per ml (data not shown). Accordingly, our data
indicate that IFN-�-inducing activity is present in LLO but not
in ILO.

It has been reported that domain 4 of CDCs is essential for
the initial binding to cholesterol on the cell surface, and do-
mains 1 and 3 are required for the oligomerization and inser-
tion of cytolysin into the cell membrane (31). On the basis of

FIG. 7. Hemolytic and IFN-�-inducing activities of rLLO and
rILO. rLLO and rILO which had been treated (open
bars) or not (solid bars) with cholesterol were serially twofold diluted
with PBS and mixed with an equal volume of 1% SRBC. After incu-
bation for 1 h at 37°C, the hemolytic activity was measured by the
release of hemoglobin into the supernatant, and HU were calculated
as described in Materials and Methods (A). Normal spleen cells were
stimulated with 50 nM rLLO and rILO treated with cholesterol, and
the level of IFN-� production was measured by ELISA 24 h later (B).
The data are representative of three independent experiments. Bars
indicate standard deviations.

FIG. 8. SDS-PAGE and Western blot analysis of rLLO, rILO, and
chimeric proteins. rLLO, rILO, and the chimeric proteins were ana-
lyzed on SDS-PAGE, and the gel was stained with Coomassie brilliant
blue (A). The four recombinant proteins were electrophoresed and
transferred to a polyvinylidene difluoride membrane. Western blotting
was performed with an anti-His tag antibody (B). The positions of
molecular size markers are indicated. Lanes: 1, rLLO; 2, rILO; 3,
LLO1-3/ILO4; 4, ILO1-3/LLO4.
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the IFN-�-inducing activity of the chimeric proteins, it became
clear that domains 1 to 3 are critical for cytokine induction and
that changing the amino acids in the region causes the heter-
ogeneity in IFN-�-inducing activity. This finding is consistent
with our recent report that domains 1 to 3 of LLO alone are
sufficient for the expression of IFN-�-inducing activity (19).

The present results strongly suggests that the level of pro-
tective immunity induced in infected mice is highly relevant to
the distinct ability of secreted CDCs to induce a cytokine
response. To confirm the pivotal role of LLO in cytokine-
dependent Th1 induction in vivo, it will be necessary to con-
struct a panel of recombinant strains of L. monocytogenes pro-
ducing truncated and mutant LLOs or ILOs and also of L.
ivanovii producing LLO. This line of study is under way, and
bacterial growth and cytokine response in vivo will be deter-

mined with special reference to the production of protective
immunity in mice.
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