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Listeria monocytogenes evades the antimicrobial mechanisms of macrophages by escaping from the phago-
some into the cytosolic space via a unique cytolysin that targets the phagosomal membrane, listeriolysin O
(LLO), encoded by kly. Gamma interferon (IFN-vy), which is known to play a pivotal role in the induction of
Thl-dependent protective immunity in mice, appears to be produced, depending on the bacterial virulence
factor. To determine whether the LLO molecule (the major virulence factor of L. monocytogenes) is indispens-
able or the escape of bacteria from the phagosome is sufficient to induce IFN-y production, we first constructed
an hly-deleted mutant of L. monocytogenes and then established isogenic L. monocytogenes mutants expressing
LLO or ivanolysin O (ILO), encoded by ilo from Listeria ivanovii. LLO-expressing L. monocytogenes was highly
capable of inducing IFN-y production and Listeria-specific protective immunity, while the hly-deleted mutant
was not. In contrast, the level of IFN-y induced by ILO-expressing L. monocytogenes was significantly lower
both in vitro and in vivo, despite the ability of this strain to escape the phagosome and the intracellular
multiplication at a level equivalent to that of LLO-expressing L. monocytogenes. Only a negligible level of
protective immunity was induced in mice against challenge with LLO- and ILO-expressing L. monocytogenes.
These results clearly show that escape of the bacterium from the phagosome is a prerequisite but is not
sufficient for the IFN-y-dependent Th1 response against L. monocytogenes, and some distinct molecular nature
of LLO is indispensable for the final induction of IFN-y that is essentially required to generate a Thl-

dependent immune response.

Listeria monocytogenes is a gram-positive facultative intra-
cellular bacterium that often causes life-threatening infections
in immunocompromised hosts, newborns, and the elderly (8,
11, 40). The virulence of L. monocytogenes is attributed largely
to intracellular parasitism once it invades host cells. By means
of the virulence factors encoded in Listeria pathogenicity island
1, L. monocytogenes can evade intraphagosomal killing and
multiply inside the cytosolic space of the macrophage, a pro-
fessional phagocyte. The escape from the phagosome into the
cytosol is mediated mainly by a 56-kDa cytolytic protein, list-
eriolysin O (LLO), the most essential virulence determinant
encoded by Aly on Listeria pathogenicity island 1 (7, 35, 50).

In mice infected with L. monocytogenes, various cytokines,
including tumor necrosis factor alpha (TNF-a), interleukin-1
(IL-1), and IL-6, are produced and contribute to the host
defense at an early stage of infection. Such an innate immune
response is due to the direct activation of macrophages and
dendritic cells by L. monocytogenes via Toll-like receptors
(TLRs) (12, 13, 53, 60). In addition to these proinflammatory
cytokines, gamma interferon (IFN-vy)-inducing cytokines such
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as IL-12, IL-18, and IFN-vy are also produced at an early stage
of infection (43, 47, 53, 61). Among these cytokines, IFN-vy is
the most important one for host defense against L. monocyto-
genes, since antilisterial resistance was enhanced by the in vivo
administration of recombinant IFN-y (5, 51) and was abolished
by the administration of an anti-IFN-y antibody (42) or in mice
that lack IFN-y (20) or the IFN-y receptor (9, 21). We also
reported previously that IFN-y is the most essential cytokine
for the development of Thl-dependent acquired resistance
against L. monocytogenes and Mycobacterium bovis BCG (67,
68). Thus, the initial production of IFN-y is important for
nonspecific innate defense and for generating L. monocyto-
genes-specific protective immunity against L. monocytogenes
infection.

The induction of IFN-y after stimulation of naive spleen
cells in vitro and the generation of Thl-dependent acquired
immunity in vivo can be observed by using wild-type L. mono-
cytogenes cells that can produce LLO. However, such a re-
sponse is not observed if the cells are stimulated or immunized
with heat-killed L. monocytogenes or live L. monocytogenes that
cannot produce LLO (58, 65). Clearly, the IFN-y response at
an early stage requires stimulation by viable L. monocytogenes
cells that can escape from the phagosome and is not due simply
to the presence of TLR ligands on the bacterial surface. As
LLO exhibits multiple functions (29), this observation raises
two possibilities: (i) LLO simply disrupts the phagosomal
membrane, favoring the delivery of bacterial ligands into the
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cytosolic space after the escape of the bacterium from the
phagosome, and (ii) the LLO molecule is required in the cy-
tosol to induce the initial response of macrophages, resulting in
the production of IFN-y-inducing cytokines.

LLO was previously reported to be the ligand for TLR4 (48),
and we previously reported that both purified LLO and recom-
binant LLO (rLLO) are highly capable of inducing IFN-y
production from spleen cells (44, 45, 48). On the other hand,
ivanolysin O (ILO) produced by Listeria ivanovii showed no
such activity despite a greater than 80% homology with LLO in
the amino acid sequence (16, 19). Although L. ivanovii is highly
capable of escaping from the phagosome in macrophages, this
species of bacterium belonging to the same genus, Listeria,
could not induce IFN-y production and protective immunity in
mice in our previous study (31). As ILO actively disrupts the
phagosomal membrane like LLO, ILO appeared to be a useful
tool to address this point and to examine the two possibilities.
In the present study, we first constructed an LLO-deficient L.
monocytogenes mutant by in-frame deletion of 4ly and then
established isogenic L. monocytogenes mutants expressing LLO
or ILO. We used these isogenic L. monocytogenes mutants to
analyze the precise role of LLO in the induction of the host
Th1 response in vitro and in vivo.

MATERIALS AND METHODS

Mice. Female C3H/HeN mice were purchased from Japan SLC (Shizuoka,
Japan), maintained in specific-pathogen-free conditions, and used at 7 to 9 weeks
of age. This strain was chosen mainly because a series of our previous studies was
carried out with C3H/HeN mice. All the experimental procedures performed on
mice were approved by the Animal Ethics and Research Committee of Kyoto
University Graduate School of Medicine.

Bacterial strain and growth conditions. The parental wild-type L. monocyto-
genes strain used in this study was Listeria monocytogenes EGD (serovar 1/2a).
Bacteria were grown overnight in brain heart infusion (BHI) broth (EIKEN
CHEMICAL, Tokyo, Japan) at 37°C with shaking. One volume of the culture
grown overnight was added to 100 volumes of fresh BHI medium and cultured
further for 5 h. Bacterial cells 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 serially diluted
suspensions on a tryptic soy agar (TSA) (EIKEN) plate and counting the number
of colonies after cultivation for 24 h.

Construction of an hly-deleted L. g mutant strain. Escherichia coli
DHS5a was used as the host strain for all the plasmid constructions (TOYOBO,
Osaka, Japan). We constructed a shuttle vector that could replicate in E. coli and
thermosensitively replicate in L. monocytogenes from pHS-LV provided by
Yoshihiro Asano (54) by inserting multiple cloning sites of pUCI18 into LV
region-deleted pHS. Cloning in E. coli was done by using the thus constructed
pHS-MCS. A 2,257-bp fragment located upstream of Aly was amplified from the
chromosomal DNA of wild-type L. monocytogenes by PCR with the following
primer set: 5'-CGATGGTACCTTAATTTAATTTTCCCCAAG-3' and 5'-ACG
CCCCGGGGGGTTTCACTCTCCTTCTAC-3'". These primers were designed
to generate restriction sites for Kpnl and Xmal, respectively. A 1,919-bp frag-
ment located downstream of hly was amplified similarly, with a primer set con-
sisting of 5'-CGATCCCGGGTTGTAAAAGTAATAAAAAATTAAGA-3" and
5'-ACGCGTCGACATGAATTATTTTAAGAATATCACTT-3'. These primers
were designed to generate restriction sites for Xmal and Sall, respectively. The
two amplified fragments were ligated into pHS-MCS with Ligation High
(TOYOBO). The resulting plasmid was introduced into competent cells of wild-
type L. monocytogenes by electroporation (49). Transformants were selected
initially at the permissive temperature (30°C) on BHI agar plates supplemented
with erythromycin (5 pg/ml; Nacalai Tesque, Kyoto, Japan). Transformants were
then grown on BHI agar plates with erythromycin at the nonpermissive temper-
ature (42°C) to select only those transformants with chromosomal integration of
plasmids. Cointegrates were subsequently grown in BHI broth without antibiotic
selection at the permissive temperature (30°C) to facilitate the isolation of
derivatives in which integrated plasmids were resolved by a second recombina-
tion event (3, 54). The in-frame deletion of hly was confirmed by a sequence
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analysis of the PCR product amplified from the corresponding region of genomic
DNA of the erythromycin-sensitive clones.

Construction of isogenic hly-deleted mutants compl ted with hly or ilo in
the chromosome. Each cloned gene encoding LLO or ILO, hly or ilo, respec-
tively, was inserted into the Aly-deleted position on the chromosomal DNA of the
L. monocytogenes Ahly strain. An antisense primer for PCR amplification of the
upstream fragment for hly was 5'-CGCCCGGGGGATATCCTTTGCTTCAGT
TTG-3'. This primer was designed to generate restriction sites for EcoRV and
Xmal and to contain the signal sequence for ily. Other primers, a sense primer
for upstream fragment and sense/antisense primers for the downstream fragment
of hly, were the same as those used to construct the L. monocytogenes Ahly strain.
Amplification of hly was done with the primers 5'-CGATTGCGCATCTGCTTCA
ATAAAG-3" and 5'-ATCCCGGGTTATTCGATTGGATTATCTAC-3', which
were designed to generate restriction sites for Fspl and Xmal, respectively. ilo was
amplified with primers 5'-phosphate-GCCTCAGTATATAGTTAC-3" and 5'-ATC
CCGGGTTACTTAATTGGATTATCTAC-3'. The antisense primer was designed
to generate restriction sites for Xmal. Either the Aly or the ilo gene and the genes
flanking the upstream/downstream region were then ligated into pHS-MCS, and
transformants were generated by using the homologous recombination method. The
erythromycin-sensitive clones were examined for the insertion site of Aly and ilo by
a sequence analysis of the PCR products amplified from the genomic DNA. Stable
mutants with a confirmed back insertion of Aly or ilo into the hly-deleted site on the
chromosome were used for the present study.

Detection of cytolysin by immunoblotting and cytolytic activity. Cytolysin
production from bacteria was determined according to methods described pre-
viously (15, 30), with some modifications. Bacteria were grown overnight in BHI
broth at 37°C with shaking. A 0.1-ml portion of the culture grown overnight was
inoculated into 10 ml of fresh BHI medium, and bacteria were cultured further
for 3 h. Bacteria were harvested by centrifugation and transferred into 1 ml of
RPMI 1640 medium (Gibco-BRL, Life Technologies, Rockville, MD). After
cultivation at 37°C for 3 h, the supernatant was collected. Aliquots of the super-
natant samples were treated in 2% sodium dodecyl sulfate (SDS) sample buffer
at 94°C for 2 min. The samples were subjected to SDS-polyacrylamide gel
electrophoresis and then transferred onto a polyvinylidene difluoride membrane
by electroblotting. LLO and ILO were identified by immunoblotting with rabbit
polyclonal antibodies prepared by hyperimmunization with rLLO and recombi-
nant ILO (rILO) emulsified in Freund’s complete adjuvant. The hemolytic ac-
tivity of bacterial culture supernatants was measured as follows. Sheep erythro-
cytes (SRBCs) washed three times with PBS were suspended at 2% (vol/vol) in
PBS. Fifty microliters of the SRBC suspension was added to an equal volume of
serially diluted bacterial culture supernatants and incubated at 37°C for 30 min.
Hemolytic activity was estimated by the amount of hemoglobin released into the
supernatant as measured by the absorbance at 415 nm. One hundred percent
hemolysis was defined as the level of hemoglobin release when SRBCs were
treated with 2% Triton X-100.

In vitro infection and immunofluorescence analysis. Peritoneal exudate cells
(PEC:s) of mice were obtained 3 days after an intraperitoneal injection of 2 ml of
thioglycolate medium (EIKEN). PECs were seeded into a 24-well plate at 3 X
10° cells/well and then infected with bacteria at a multiplicity of infection (MOI)
of 10 for 30 min at 37°C. Cells were washed three times and cultured for 2 h at
37°C in the presence of 5 pug/ml gentamicin (Wako Pure Chemical Industries,
Osaka, Japan). After several washings, the cells were fixed in 3% paraformalde-
hyde and incubated overnight at 4°C with blocking solution, which is PBS con-
taining 10% Blocking One (Nacalai) and 0.1% saponin (Nacalai). F-actin for-
mation was visualized by staining infected cells with Alexa 488-phalloidin
(Invitrogen, Carlsbad, CA), and the bacterial cell was stained by treatment with
goat anti-Listeria polyclonal antibody (Kirkegaard & Perry Laboratories, Gaith-
ersburg, MD) in blocking solution at room temperature for 2 h and then with
Alexa 546-anti-goat immunoglobulin G antibody (Invitrogen) at room temper-
ature for 2 h in a darkroom. Cells were examined 1.5 and 2 h after infection
under a fluorescent microscope for bacterial escape from the phagosome into the
cytosol. Three hundred bacterial cells were examined for the presence or absence
of associating F-actin (actin clouds and tails), and the percent escape was ex-
pressed as the percentage of F-actin-positive bacteria.

Bacterial growth in vitro. Thioglycolate-induced whole PECs were seeded into
a 96-well plate at 1.5 X 10° cells/well and then infected with each strain of L.
monocytogenes at an MOI of 0.1 for 1 h. The cells were washed three times and
then cultured for 1 to 12 h at 37°C in the presence of 5 pg/ml gentamicin. The
amount of gentamicin used was based on our previous finding of the appropriate
concentration that blocks the extracellular growth without affecting the bacterial
growth inside the cells (46). After extensive washing, the cells were lysed with
PBS containing 0.05% Triton X-100. Cell lysates were 10-fold serially diluted and
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plated onto TSA plates to count the viable bacteria inside cells. The intracellular
number of viable bacteria was expressed as log CFU per well.

Bacterial growth in vivo. Mice were infected intravenously with 1 X 10> CFU
of wild-type and mutant L. monocytogenes strains. On days 1 and 2, the spleens
were removed and homogenized in 5 ml of PBS. Homogenates were 10-fold
serially diluted, and colony counting was done on TSA plates.

Survival of mice immunized with L. monocytogenes strains after challenge
infection with wild-type L. monocytogenes or the L. monocytogenes Ahly::ilo strain.
Mice were immunized by an intravenous infection of 1 X 10° CFU of wild-type
and mutant L. monocytogenes strains. To examine the level of Listeria-specific
protection, mice were challenged intravenously with wild-type L. monocytogenes
(50% lethal dose of 6 x 10* CFU) or the L. monocytogenes Ahly::ilo strain (50%
lethal dose of 1 X 10° CFU) on day 7 and day 28 after immunization. The
survival of a group of five mice was monitored for 7 days.

Measurement of cytokine response. Thioglycolate-induced whole PECs were
seeded into a 96-well plate at 1.5 x 10° cells/well without removing nonadherent
cells to determine the infection-induced production of TNF-«, IL-12p40, and
IFN-y as reported previously (18). Bacteria were added to the whole PECs at an
MOI of 0.1 for 1 h, and the cells were then cultured for 24 h at 37°C in the
presence of 5 pg/ml gentamicin. Culture supernatants were saved, and the
cytokine titer was determined by two-site sandwich enzyme-linked immunosor-
bent assay (ELISA). ELISA kits for TNF-« and IL-12p40 were purchased from
eBiosciences (San Diego, CA). For the titration of IFN-vy, wells of an Immuno-
plate (Nunc, Roskilde, Denmark) were precoated with rat anti-mouse IFN-y
monoclonal antibody (Endogen, Woburn, MA) in carbonate-bicarbonate buffer
(pH 9.6). A 50-pl sample and biotin-conjugated anti-mouse IFN-y antibody
(Endogen) were added sequentially to each well at 1-h intervals. Wells were
washed, and horseradish peroxidase-conjugated streptavidin (Endogen) was
added. After incubation for 30 min, IFN-y was detected by adding 3,3',5,5'-
tetramethylbenzidine dihydrochloride dehydrate (Nacalai) solution (50 pg/ml)
containing 0.01% H,0,, and the absorbance was measured at 450 nm. The IFN-y
titer was calculated according to the absorbance of an authentic IFN-y sample.

Generation of IFN-y-producing T cells after immunization with L. monocyto-
genes strains. Seven days after the immunizing infection of mice with 1 x 10?
CFU of each strain, the spleens were removed, and a single-cell suspension was
prepared. Cells were separated into CD90" (Thy1.2) T cells and cells depleted
for CD90*, CD4™" (L3T4), and CD8" (Ly-2) T cells with a magnetic cell sorting
system (Miltenyi Biladbach, Germany) according to the manufacturer’s instruc-
tions. These cells were stimulated in the presence of bone marrow-derived
macrophages (BMDMs) pulsed in advance with wild-type L. monocytogenes or
the L. monocytogenes Ahly::ilo strain for 24 h at 37°C. The IFN-vy level in the
culture supernatants was determined as mentioned above.

Statistical analysis. The statistical significance of the data was determined by
a Student’s ¢ test; a P value of <0.01 was regarded as being significant.

RESULTS

Construction and characterization of mutant L. monocyto-
genes strains. We constructed isogenic L. monocytogenes
strains that produced either LLO or ILO to study the role of
listerial cytolysin in IFN-y induction in L. monocytogenes in-
fection. We first constructed an in-frame deletion mutant of /ly
and then established two recombinant strains that comple-
mented either ily or ilo into the chromosomes of the L. mono-
cytogenes Ahly, Ahly::hly, and Ahly::ilo strains. We confirmed
the stability of these three mutant L. monocytogenes strains and
found no significant difference in the pattern of in vitro growth
in BHI broth compared with that of wild-type L. monocyto-
genes (data not shown).

We examined the secretion of cytolysin into the culture
supernatant of each recombinant strain by immunoblotting
with anti-LLO or anti-ILO polyclonal antibodies. We con-
firmed that LLO was not produced in the L. monocytogenes
Ahly strain and that LLO and ILO were produced in the L.
monocytogenes Ahly:hly and Ahly:ilo strains, respectively.
There was no significant difference in the amount of cytolysin
produced between wild-type L. monocytogenes, the L. mono-
cytogenes Ahly::hly strain, and the L. monocytogenes Ahly::ilo
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FIG. 1. Production of cytolysins by L. monocytogenes mutants.
Wild-type and mutant L. monocytogenes strains were cultured first in
BHI medium and then transferred into RPMI 1640 medium. Three
hours after cultivation, the supernatant was collected by centrifuga-
tion. (A) An aliquot of supernatant was applied to SDS-polyacryl-
amide gels and transferred onto a polyvinylidene difluoride membrane.
Immunoblotting was performed with anti-LLO polyclonal antibody
(left) or anti-ILO polyclonal antibody (right). (B) Culture supernatants
were twofold serially diluted with PBS and mixed with an equal volume
of a 2% suspension of SRBCs. After incubation for 30 min at 37°C, the
hemolytic activity was measured by the amount of hemoglobin released
into the supernatant. One hundred percent hemolysis was defined as
the level of hemoglobin released after treatment with 2% Triton
X-100.

strain as judged by the intensity of the bands (Fig. 1A). We also
measured the hemolytic activity in the bacterial culture super-
natant and detected no hemolytic activity in the culture super-
natant of the L. monocytogenes Ahly strain. In contrast, the
culture supernatants of the L. monocytogenes Ahly::hly and
Ahly::ilo strains exhibited a high level of hemolytic activity that
was comparable with that of wild-type L. monocytogenes (Fig.
1B). These results, along with the sequence analysis of the site
of the hly and ilo insertions in the complemented strains (data
not shown), indicated that the L. monocytogenes Ahly, Ahly::hly,
and Ahly:ilo strains were successfully constructed and func-
tionally active as designed.

Escape from the phagosome and intracellular multiplica-
tion of mutant L. monocytogenes strains inside macrophages.
Escape of the bacterium from the phagosome is indispensable
for the intracellular growth of L. monocytogenes and is impor-
tant for the expression of virulence in vivo, as the cytolysin-
deleted mutant cannot grow inside macrophages or exhibit
virulence in mice (15). PECs of mice were infected in vitro, and
the ability of each mutant to escape the phagosome was as-
sessed by immunofluorescence staining of bacterial cells and
F-actin, which is indicative of bacteria in the cytoplasmic space
(32). At 2 h after infection, none of the cells of the L. mono-
cytogenes Ahly strain was associated with F-actin (Fig. 2A). In
macrophages infected with wild-type L. monocytogenes or the
Ahly::hly or Ahly::ilo strain, a number of bacteria were positive
for F-actin, and there was no apparent difference between
them (Fig. 2A). In a quantitative assessment of the percentage
of F-actin-positive bacterial cells, there was no apparent dif-
ference between these three strains at 1.5 and 2 h postinfection
(Fig. 2B). We confirmed that the L. monocytogenes Ahly::hly
and Ahly::ilo strains have an ability to escape from the phago-
some that is similar to that of wild-type L. monocytogenes.
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FIG. 2. Intracellular escape and multiplication of L. monocytogenes
mutants inside macrophages. (A) Whole PECs were infected with each
L. monocytogenes strain at an MOI of 10 for 30 min. After washing with
RPMI 1640 medium, cells were cultured for 2 h in the presence of
gentamicin (5 wg/ml). Bacteria were labeled with goat anti-Listeria
antibody and stained with Alexa 546-anti-goat immunoglobulin G an-
tibody (red). F-actin was visualized by staining with Alexa 488-phal-
loidin (green). (B) After staining, 300 bacteria were counted. The
percentage of bacteria positive for associating F-actin was calculated
for each strain at 1.5 and 2 h postinfection. The column represents the
mean of three independent wells, and the bar indicates the standard
deviation. (C) Whole PECs were infected with each L. monocytogenes
strain at an MOI of 0.1 for 1 h. After washing with RPMI 1640
medium, cells were cultured for 1 to 12 h in the presence of gentamicin
(5 pg/ml). At the indicated time points, the cells were lysed, diluted,
and plated onto TSA plates to count the viable bacteria. Each point
represents the mean of three wells, and the bar indicates the standard
deviation. Similar results were obtained in two independent
experiments.

We next examined the intracellular growth of each L.
monocytogenes strain in vitro. Whole PECs were infected
with each strain, and the number of viable intracellular
bacteria was assessed at various time points after gentamicin
was added. Wild-type L. monocytogenes multiplied gradually
for the initial 6 h and then reached a plateau, while the L.
monocytogenes Ahly strain could not grow inside PECs and
decreased gradually. Both the L. monocytogenes Ahly::hly
and Ahly::ilo strains could grow inside PECs in a pattern
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FIG. 3. Production of cytokines in PECs after stimulation with
each L. monocytogenes strain in vitro. Whole PECs were infected with
each L. monocytogenes strain at an MOI of 0.1 for 1 h. Cells were
cultured for 24 h in the presence of gentamicin (5 pg/ml), and the
culture supernatant was then collected. The amounts of (A) TNF-a,
(B) IL-12p40, and (C) IFN-y were determined by using an ELISA
specific for each cytokine. Data represent the means of triplicate assays
and standard deviations. Similar results were obtained in three inde-
pendent experiments. *, P < 0.005.

similar to that of wild-type L. monocytogenes (Fig. 2C).
These data confirmed that the complementation of the L.
monocytogenes Ahly strain with hly or ilo resulted in the
recovery of abilities for escape from the phagosome and
intracellular multiplication in macrophages to a level com-
parable to that of wild-type L. monocytogenes.
Cytokine-inducing ability of mutant L. monocytogenes
strains in vitro. The ability of mutant L. monocytogenes strains
to induce various cytokines was determined in vitro. In our in
vitro system, TNF-a and IL-12p40 were produced at levels that
were significantly higher than the background level after stim-
ulation with any type of bacteria (Fig. 3A and B). Although
there were some variations between groups, the production of
these two cytokines may have been induced by bacterial cells
irrespective of their virulence. In contrast, the IFN-y-inducing
ability of wild-type L. monocytogenes was lost by the deletion of
hly (the L. monocytogenes Ahly strain). This ability was restored
by complementation of the L. monocytogenes Ahly strain with
hly (the L. monocytogenes Ahly::hly strain). Interestingly, such a
significant level of restoration was not observed in the L.
monocytogenes Ahly strain complemented with ilo (the L.
monocytogenes Ahly::ilo strain) (Fig. 3C). Fukasawa et al. pre-



VoL. 75, 2007

>
)

ay 1

log;oof CFU/spleen

IIA
)

T— S 1 1 )

Wild-type Ahly Ahly::hly Ahly::ilo

oo}

Day
6 -

ap

L]

log;oof CFU/spleen

I\

2 1 .e. 1 1 ]
Wild-type Ahly Ahly::hly Ahly::ilo

FIG. 4. Growth of L. monocytogenes strains in vivo. Groups of mice
were infected intravenously with 10> CFU of each strain. The spleen
was removed on days 1 (A) and 2 (B) for CFU counting by plating the
serially diluted homogenates onto a TSA plate, and the viable bacteria
per spleen were enumerated. Circles represent the bacterial number
per each spleen from a group of five mice, and the bar indicates the
mean of five. The detectable limit of the bacterial count was 50 CFU/
ml. Similar results were obtained in two independent experiments.

viously reported that IFN-y production by whole PECs in
response to bacterial stimulation comes mainly from NK cells
(18). In the same culture supernatants, we also determined the
level of IL-12p70 and the mature form of IL-18, two major
cytokines that induce the production of IFN-y from NK cells.
However, the level of these two cytokines was below the de-
tection limit of our ELISA system (data not shown).

Growth of mutant L. monocytogenes strains in vivo. After we
confirmed the in vitro virulence of mutant L. monocytogenes
strains constructed in this study, we monitored the growth of
each L. monocytogenes strain in vivo during primary infection.
Bacterial growth during the early stage of infection is not yet
under the influence of specific T-cell-dependent immunity that
is induced by an immunizing infection (39). In addition, the
magnitude of the Listeria-specific T-cell response depends
mainly on the bacterial burden during the first 24 h of infection
(6, 36). Based on these reports, we compared the in vivo growth
of each L. monocytogenes strain by enumerating the bacterial
burden in the spleens on days 1 and 2 after infection to rule out
any possible effect of Listeria-specific T cells to be generated after
day 3 of infection. Wild-type L. monocytogenes multiplied signif-
icantly in the spleens during the early stage of infection, and such
an in vivo growth was lost in the L. monocytogenes Ahly strain
(Fig. 4). There was no significant difference in the magnitude of
bacterial growth between wild-type L. monocytogenes and the L.
monocytogenes Ahly::hly and Ahly::ilo strains, indicating that gene
complementation with Aly or ilo effectively restored the in vivo
growth of the L. monocytogenes Ahly strain.

Generation of acquired protective immunity against chal-
lenge infection in mice immunized with mutant L. monocyto-
genes strains. Listeria-specific effector or memory T cells
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induced by immunization play protective roles in the convales-
cent phase of primary or secondary infection, respectively (70).
Since a significant level of acquired protective immunity is
generated as early as 6 to 7 days after mice are immunized with
a nonlethal dose of wild-type L. monocytogenes (67), we im-
munized groups of mice with 10° CFU of each strain and then
compared levels of protective immunity on day 7 against chal-
lenge with wild-type L. monocytogenes or the L. monocytogenes
Ahly:ilo strain at doses that are lethal to nonimmune mice.
The lethal activity of the L. monocytogenes Ahly::ilo strain was
lower than that of wild-type L. monocytogenes, so we used a
10-fold-higher dose of the L. monocytogenes Ahly::ilo strain for
the challenge infection. Immunization with the L. monocyto-
genes Ahly strain induced no protective immunity, but all the
mice from groups immunized with wild-type or complemented
strains survived the challenge infection with wild-type L. mono-
cytogenes (Fig. SA, left). A similar pattern of survival was
observed after challenge with the L. monocytogenes Ahly::ilo
strain (Fig. 5A, right). However, when mice were challenged
with a 10-fold-higher dose of each strain, all the mice immu-
nized with the L. monocytogenes Ahly::ilo strain succumbed,
and 100% of the mice immunized with the L. monocytogenes
Ahly::hly strain survived (Fig. 5B). In repeated experiments,
mice immunized with the L. monocytogenes Ahly::hly strain
survived the challenge infection with as high as 10° CFU. The
level of protective immunity was examined on day 28 after
immunization, as the contribution of non-specifically-activated
effector cells other than antigen-specific T cells could not be
completely ruled out on day 7 postimmunization (70). Protec-
tive immunity was observed against both wild-type L. monocy-
togenes and the L. monocytogenes Ahly:ilo strain in mice
immunized with wild-type L. monocytogenes or the L. mono-
cytogenes Ahly::hly strain but not in the group immunized with
the L. monocytogenes Ahly::ilo strain (Fig. 5C). These results
clearly showed a significant difference in the ability to induce
protective immunity of mice between the L. monocytogenes
Ahly::hly and Ahly::ilo strains. Compared to nonimmune and L.
monocytogenes Ahly-immune mice, some level of protective
immunity could be induced by the L. monocytogenes Ahly::ilo
strain, but the protection was not at the level induced by
wild-type L. monocytogenes or the L. monocytogenes Ahly::hly
strain. Thus, the L. monocytogenes Ahly:ilo strain might be
deficient in the ability to induce a full level of protective im-
munity. We can rule out the possibility that the low level of
acquired protection induced by the L. monocytogenes Ahly::ilo
strain against the challenge with wild-type L. monocytogenes is
due to the ineffectiveness of ILO-specific T cells against the
LLO-producing strain because the protective level was the
same as that of the challenge with the L. monocytogenes
Ahly:ilo strain. The ability of each strain to induce protective
immunity was consistent with the profile of the IFN-y-inducing
ability of each strain in vitro (Fig. 3).

Induction of endogenous IFN-y after infection in vivo. To
address whether the difference in the induction of acquired
immunity between the L. monocytogenes Ahly::hly and
Ahly::ilo strains reflects the IFN-y-inducing ability in vivo,
we determined the level of endogenous IFN-y on days 1 and
2 after immunization. The IFN-vy detected after immuniza-
tion with the L. monocytogenes Ahly strain was below the
background level. In mice immunized with wild-type L.
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FIG. 5. Survival of mice immunized with L. monocytogenes strains after challenge infection. Groups of mice were intravenously immunized with
10° CFU of each L. monocytogenes strain. On day 7 (A and B) or day 28 (C) after immunization, mice were challenged intravenously with wild-type
L. monocytogenes (left) or the L. monocytogenes Ahly::ilo strain (right). (A and C) Mice were challenged with 1 X 10° CFU of wild-type L.
monocytogenes or 1 X 107 CFU of the L. monocytogenes Ahly::ilo strain. (B) Mice were challenged with 1 X 107 CFU of wild-type L. monocytogenes
or 1 X 10° CFU of the L. monocytogenes Ahly::ilo strain. Survival was monitored for 7 days. Each experimental group consisted of five mice. Similar

results were obtained in two independent experiments.

monocytogenes, we observed a high level of endogenous
IFN-vy production in the spleen and serum on day 2 and saw
a comparable level of IFN-y production with a kinetic sim-
ilar to that in mice immunized with the L. monocytogenes
Ahly::hly strain (Fig. 6). In contrast, the IFN-y level was
significantly lower in mice immunized with the L. monocy-
togenes Ahly::ilo strain. These findings and the similarity in
the in vivo growth patterns of the L. monocytogenes Ahly::hly
and Ahly::ilo strains (Fig. 4) clearly indicated the exclusive
importance of the LLO molecule in the induction of endog-
enous IFN-vy, which is critical for generating acquired pro-
tective immunity in mice infected with L. monocytogenes
(2, 67).

Generation of IFN-y-producing T cells in mice immunized
with mutant L. monocytogenes strains. We prepared CD90™"
splenic T cells 7 days after immunization and stimulated
them in vitro with BMDMs prepulsed with viable wild-type
L. monocytogenes to confirm that the difference in the levels
of protective immunity between groups immunized with the

L. monocytogenes Ahly::hly and Ahly::ilo strains reflected
antigen-specific T-cell generation in vivo. A significant level
of L. monocytogenes-specific T-cell response resulting in a
high level of IFN-vy production was observed in CD90™" cells
obtained from mice immunized with either wild-type L.
monocytogenes or the L. monocytogenes Ahly::hly strain but
not in similarly prepared cells from mice immunized with
the L. monocytogenes Ahly::ilo strain (Fig. 7A). There was no
significant change in the very low level of T-cell response of
the group immunized with the L. monocytogenes Ahly::ilo
strain even by stimulation with BMDMs prepulsed with the
L. monocytogenes Ahly::ilo strain, suggesting that the ob-
served difference was not due simply to some differences in
T-cell epitopes between LLO and ILO (Fig. 7B). The cell
depletion study revealed that CD4" T cells and CD8* T
cells were responsible for the antigen-specific IFN-y re-
sponse that was observed at a high level in both groups
immunized with wild-type L. monocytogenes and the
Ahly::hly strain (Fig. 7C).
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FIG. 6. IFN-vy production in the spleen and serum of infected mice.
Mice were intravenously infected with 10> CFU of each L. monocyto-
genes strain. Sera were collected daily from the uninfected and infected
mice on days 1 and 2 after infection. Spleens were removed and
homogenized in PBS. The level of IFN-y production was determined
by ELISA. Data represent the means of five mice and standard devi-
ations. Similar results were obtained in two independent experiments.
*, P < 0.005.

DISCUSSION

The antigen-specific T-cell response is indispensable for re-
solving primary infection with L. monocytogenes and for ex-
pressing acquired protective immunity against a challenge with
a lethal dose. Protective T cells are generated only when mice
are immunized with a nonlethal dose of a viable and virulent L.
monocytogenes strain but not after immunization with a killed
or nonvirulent strain of L. monocytogenes (62). This suggests
that the virulence factor of L. monocytogenes may help induce
protective immunity. On the basis of this finding, we have been
studying the contribution of LLO, a cytolysin essential for the
expression of bacterial virulence, to the induction of protective
immunity in mice. In previous studies, we found that the LLO-
deficient L. monocytogenes strain is less virulent and less
capable of inducing specific protective immunity (58, 64).
Moreover, we showed that in contrast to L. monocytogenes,
antigen-specific protective immunity was hardly induced with
L. ivanovii (31). Endogenous IFN-y production at the initial
stage of immunization is important for generating protective
Th1 cells. In our previous study using recombinant cytolysins
derived from L. monocytogenes and L. ivanovii, there was a
significant difference in the ability to induce IFN-y between
LLO from L. monocytogenes and ILO from L. ivanovii. Cyto-
lysin-dependent IFN-y production may be a limiting factor for
the generation of acquired immunity in mice. The present
study was undertaken to elucidate the role of LLO in the
induction of acquired immunity against L. monocytogenes, with
special reference to its ability to induce IFN-y.

In the present study, we constructed LLO- and ILO-secret-
ing isogenic mutants by complementing an in-frame deletion
mutant for Aly with a gene that encodes the mature secreted
protein of LLO or ILO. The construction of a similar ILO-
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FIG. 7. Generation of IFN-y-producing T cells in mice immunized
with L. monocytogenes strains. Mice were intravenously infected with
10* CFU of each L. monocytogenes (LM) strain. Seven days after
immunization, CD90" T cells were prepared from the spleens and
stimulated for 24 h with BMDMs pulsed with (A) wild-type L. mono-
cytogenes or (B) the L. monocytogenes Ahly:ilo strain. (C) Whole
spleen cells from mice immunized with each L. monocytogenes strain
were depleted for CD90™, CD4*, or CD8™ cells, and the cells of each
fraction were stimulated with BMDMs pulsed with wild-type L. mono-
cytogenes for 24 h. The level of IFN-y production in the supernatant
was determined by ELISA. Data represent the means of triplicate
assays and standard deviations.

producing mutant isogenic with LLO-producing L. monocyto-
genes is reported. Frehel et al. previously employed a pAT28-
based expression vector, but the constructed pAT28-ilo mutant
exhibited a reduced ability for ILO secretion and virulence
compared with the pAT28-hly mutant (15). The inefficient se-
cretion of ILO could be ascribed to the signal sequence. Based
on this assumption, we did not use a plasmid-harboring mutant
but did use complementation in the chromosomal DNA. The
mutant L. monocytogenes Ahly:ilo strain constructed in the
present study was designed so that the sequence of Aly encod-
ing the signal sequence of LLO was ligated into the ilo se-
quence that encodes the mature secreted protein of ILO to
ensure a similar level of ILO secretion.

Both the L. monocytogenes Ahly::hly and Ahly::ilo strains thus
constructed produced each cytolysin to a level comparable to
that of wild-type L. monocytogenes, and the cytolytic activity
was almost the same (Fig. 1). This was consistent with the
strong hemolytic activity observed in rLLO and rILO in our
previous studies (31, 63). As expected, the deletion of the
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LLO-producing ability (the L. monocytogenes Ahly strain) re-
sulted in a complete loss of escape of the bacterium from the
phagosome and subsequent intracellular multiplication inside
macrophages. Complementing the LLO-deficient mutant with
the hly or ilo gene could completely restore its ability to escape
from the phagosome and multiply in the cytoplasm (Fig. 2).

The most critical finding in the present study was a signifi-
cant reduction of the IFN-vy-inducing ability in the L. mono-
cytogenes Ahly::ilo strain despite its similarity with the L. mono-
cytogenes Ahly::hly strain in in vitro bacterial growth and the
ability to induce TNF-a and IL-12p40 (Fig. 3). The production
of these two cytokines was induced even by stimulation with a
nonvirulent mutant L. monocytogenes Ahly strain, suggesting
that such an innate response is directed mainly against com-
mon bacterial cell wall TLR ligands like lipoteichoic acid or
peptidoglycan (52, 53). The loss of the IFN-y-inducing ability
by the deletion of hly and the full restoration by gene comple-
mentation with Aly indicated that LLO is indispensable for the
activation of the cellular response resulting in IFN-y produc-
tion as an innate immune response to wild-type L. monocyto-
genes. These findings definitely showed that bacterial escape
from the phagosome and the subsequent delivery of bacterial
cell wall ligands into the cytosolic space are not sufficient to
induce the IFN-y response of the host. Instead, bacterial es-
cape is the prerequisite, and the LLO molecule is indispens-
able for the cellular response that results in robust IFN-y
production.

In our previous study using recombinant cytolysin, we
showed that the cytokine-inducing ability of rLLO was very
high, but that of rILO was not (31). The IFN-y-inducing ability
was attributed to the region of LLO at domains 1 to 3 (33).
Although the experimental conditions were different between
the stimulation by exogenously added recombinant cytolysin
and the stimulation by infection with cytolysin-producing bac-
teria, some structural difference between LLO and ILO likely
determined the level of the IFN-y-inducing ability after escape
into the cytosolic space in Listeria-infected macrophages.

Thale and Kiderlen previously reported that the production
of IFN-vy as an innate immune response to L. monocytogenes in
mice depends mainly on NK cells (59). In our present in vitro
system using whole PECs for the stimulation with bacteria,
IFN-y production in response to wild-type L. monocytogenes
was almost abolished if whole PECs were treated with anti-
NKI1.1 antibody plus complement (data not shown), suggesting
that the NK cell population is also responsible for the primary
IFN-vy response in vitro. NK cell-dependent production of
IFN-v in vitro in the same experimental condition stimulated
with Mycobacterium tuberculosis was reported previously (18).
IL-12p70 and IL-18 are believed to be the major IFN-y-induc-
ing cytokines targeting NK cells. Although the production of
these two cytokines was not observed at detectable levels in our
ELISA system, a minute amount of IL-12p70 and/or mature
IL-18 may be induced by wild-type L. monocytogenes and the L.
monocytogenes Ahly::hly strain but not by the L. monocytogenes
Ahly:ilo strain. In our previous study on the mechanism of
IFN-y induction by rLLO in vitro, the addition of neutralizing
antibodies for IL-12 and IL-18 resulted in the loss of IFN-y
production, even though IL-12p70 and IL-18 were at very low
levels of detection and the cells from IL-12 knockout or IL-18
knockout mice never responded to rLLO for IFN-y production

INFECT. IMMUN.

(45). These findings support the idea that IL-12p70 or IL-18
(or both) is the central cytokine that determines the different
IFN-y response to L. monocytogenes strains.

If IL-12p70 and/or IL-18 is responsible for IFN-y production
in vitro, a question may arise about the mechanisms of differ-
ent activities to induce such IFN-y-inducing cytokines between
the L. monocytogenes Ahly::hly and Ahly::ilo strains. There are
several possibilities, including a difference in the activation of
known TLRs on the endosomal membrane or a difference in
the stimulation of an unknown cytosolic pattern recognition
system after the bacteria escape into the cytosol. The former is
not likely, because the production of TNF-a and IL-12p40 was
observed, and there was no significant difference between the
four L. monocytogenes strains (Fig. 3). Furthermore, as LLO is
known as the TLR4 ligand, the IFN-y response to both wild-
type L. monocytogenes and the L. monocytogenes Ahly::hly
strain should be reduced in TLR4-deficient mice. However, in
our preliminary study, the cytokine responses, including IFN-y
against L. monocytogenes, showed a similar pattern in PECs
from both C3H/HeN and C3H/HeJ (deficient for an intact
TLR4) mouse strains (data not shown). Therefore, the most
plausible interpretation is that some cytosolic pattern recogni-
tion system recognizes cytosolic LLO but not cytosolic ILO. A
number of novel receptors for pattern recognition in the cy-
tosol have recently been highlighted (38). Nucleotide-binding
oligomerization domain 1 (NOD1) and NOD?2 recognize the
peptidoglycan-derived peptides (14, 22, 23, 55). Retinoic acid-
inducible gene I and melanoma differentiation-associated gene
5 were newly identified as being the non-TLR sensing system
for intracellular viral RNA (28, 37). A new member of the
NOD-leucine-rich repeat protein family, cryopyrin (or Nalp3),
is reportedly linked to the activation of intracellular host de-
fense signaling pathways (4, 14, 17, 27, 34, 57, 69). As cryopyrin
is essential for caspase-1 activation resulting in the maturation
of IL-18 (56), future work should examine whether the L.
monocytogenes Ahly::hly and Ahly::ilo strains differently activate
such an intracellular pathway.

In in vivo experiments, the L. monocytogenes Ahly strain
showed no growth in the spleen, as expected, and both the L.
monocytogenes Ahly::hly and Ahly::ilo strains grew similarly in
mice compared to wild-type L. monocytogenes during the first
few days after infection (Fig. 4), which is an important period
for generating T-cell-dependent acquired immunity (6, 36).
Unexpectedly, the lethal activity of the L. monocytogenes
Ahly::ilo strain was decreased compared with that of wild-type
L. monocytogenes and the L. monocytogenes Ahly::hly mutant,
and a higher dose was required in the challenge infection. The
precise mechanism of this reduction in lethal activity is not yet
clear and needs to be addressed in a future study. Decatur and
Portnoy previously reported that a PEST-like sequence located
in the N terminus of LLO is essential for listerial pathogenicity
(10). As the PEST-like sequence found in LLO is absent in
ILO, the lack of a PEST-like sequence may be responsible for
reducing the lethal activity in the L. monocytogenes Ahly::ilo
strain. However, the in vivo growth of the L. monocytogenes
Ahly::ilo strain was almost the same as that of the L. monocy-
togenes Ahly::hly strain within 2 days after infection (Fig. 4), but
significant IFN-y production in the spleen and serum within 2
days was observed only after infection with the L. monocyto-
genes Ahly::hly strain (Fig. 6). Endogenous IFN-vy is also essen-
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tial for innate immunity against Listeria infection (9, 41). In
mice deficient for the IFN-y receptor, a significant level of
bacterial multiplication was observed (9), indicating the role of
IFN-vy-dependent defense in the limitation of bacterial growth
at the initial stage of infection. In an experiment using anti-
IFN-y antibody in vivo, Nakane et al. previously observed such
a significant level of bacterial growth when a dose of neutral-
izing antibody as high as 1,000 png was injected, but the effect
of neutralization was marginal with 300 pg of antibody (41).
These observations suggest that the limitation of bacterial
growth at an early stage is possible with a certain level of
endogenous IFN-v. In the results of present study, the growth
of the L. monocytogenes Ahly::ilo strain was almost the same as
that of the L. monocytogenes Ahly::hly strain (Fig. 4), and some
level of IFN-y production was observed in mice infected with
the L. monocytogenes Ahly:ilo strain despite a significant re-
duction in its level compared to that of the L. monocytogenes
Ahly::hly strain (Fig. 6). Therefore, the small level of (not null)
endogenous IFN-y production observed after infection with
the L. monocytogenes Ahly::ilo strain was likely able to control
the growth of this strain at the initial stage, but this level of
IFN-y was not sufficient to develop acquired protective immu-
nity.

High levels of protective immunity that can control the chal-
lenge with a high dose of wild-type L. monocytogenes (Fig. 5)
and L. monocytogenes-specific IFN-y-producing T cells could
be generated (Fig. 7) only after immunization of mice with the
L. monocytogenes Ahly::hly strain but not with the Ahly:ilo
strain. These differences between the L. monocytogenes
Ahly::hly and Ahly::ilo strains were also observed in challenge
infection or stimulation with the L. monocytogenes Ahly::ilo
strain (Fig. 5 and 7). These data indicated that the observed
difference was not due simply to some differences in T-cell
epitopes between LLO and ILO. As the magnitude of the
Listeria-specific T-cell response induced by immunizing infec-
tion is highly dependent on the bacterial burden during the
initial 24 h and not the entire duration afterward (6, 36), such
a significant difference between the L. monocytogenes Ahly::hly
and Ahly::ilo strains cannot be explained by the possible small
difference, if any, in the total bacterial burden during the 7-day
period before the challenge infection.

The findings in the present study clearly demonstrated that
LLO plays an essential role not only as a T-cell antigen but also
through its IFN-y-inducing ability to establish acquired immu-
nity. Also, the inability of L. ivanovii to induce protective
immunity is probably due to the lack of a kind of adjuvant-like
activity in ILO. The fact that LLO exhibits a strong adjuvant-
like activity-skewing immune response to Thl dominance was
shown in our recent study by applying rLLO to ovalbumin-
induced allergy in mice (66).

LLO is a representative protein belonging to a family of
cholesterol-dependent cytolysins (CDCs). CDCs are produced
by a variety of gram-positive bacterial species of the genera
Listeria, Streptococcus, Clostridium, and others (1). In addition
to L. monocytogenes and L. ivanovii, Listeria seeligeri produces
seeligeriolysin O (LSO), encoded by Iso. Our previous studies
have shown that although L. seeligeri is not highly pathogenic
and the cytolytic activity of rLSO was not so high (24), recom-
binant LSO induced cytokines in vitro at a magnitude higher
than that of rLLO (25) in a unique profile (26). The construc-
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tion of the L. monocytogenes Ahly strain complemented with
genes coding for LSO or other CDCs in the future may in-
crease our understanding of the structure-function relationship
between CDC and the cytokine response in infection.
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