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Splenic dendritic cells (DCs) obtained from mice at 48 h after Listeria monocytogenes infection exhibited
up-regulation of CD80 and produced higher titers of gamma interferon (IFN-y) and interleukin-12 (IL-12)
than did DCs obtained from uninfected mice. Mice immunized with DCs obtained from mice that had been
infected with L. monocytogenes 48 h before acquired host resistance to lethal infection with L. monocytogenes at
4 and 8 weeks. Immunization with DCs from heat-killed L. monocytogenes failed to induce resistance. Acquired
antilisterial resistance is specific, since the immunized mice could not be protected from Salmonella enterica
serovar Typhimurium infection. Infected DCs stimulated proliferation of naive CD4™ and CD8™" cells in vitro,
suggesting that in vivo-infected DCs activate CD8™ T cells, which are critical in acquired antilisterial resis-
tance, as well as CD4" T cells. When wild-type mice were immunized with DCs from IFN-y-deficient mice, they
were protected against a lethal L. monocytogenes challenge. In contrast, when mice were immunized with DCs
from anti-IL-12 p40 monoclonal antibody-injected mice, they failed to gain acquired antilisterial resistance.
These results suggest that DC-derived IL-12, but not IFN-y, may play a critical role in induction of acquired
antilisterial resistance. Our present results suggest that splenic DCs obtained from mice infected with L.

monocytogenes in vivo may be an effective immunogen with which to induce antigen-specific immunity.

The dendritic cell (DC) is a major antigen-presenting cell,
and DCs efficiently activate T cells. Immature DCs are resident
in the peripheral tissues and circulate in the bloodstream.
When immature DCs encounter antigens, these cells take them
up by phagocytosis and migrate to regional lymph nodes via
afferent lymphatic vessels. In the regional lymph nodes, imma-
ture DCs mature and activate naive T cells (2). Mature DCs
can produce cytokines, including interleukin-12 (IL-12), IL-18,
tumor necrosis factor alpha, gamma interferon (IFN-y), and
IFN-o, and chemokines such as macrophage inflammatory
proteins la and 1B and monocyte chemoattractant protein 1
(16, 26, 29, 31, 32).

Recent studies have indicated that in vitro antigen-pulsed
DCs induce antigen-specific immunity (4, 15, 18, 20-22, 30, 34,
36). DCs pulsed with tumor-associated peptides developed a
tumor-specific T-cell response and protected against a lethal
tumor challenge (21). DCs infected with Chlamydia trachoma-
tis in vitro induced an acquired antichlamydial response (30,
34). DCs pulsed in vitro with Borrelia burgdorferi induced B.
burgdorferi-specific antibody production (22). Similarly, DCs
pulsed with Pseudomonas aeruginosa (36), Candida albicans
(4), or lymphocytic choriomeningitis virus (18) were able to
induce antigen-specific responses. Antigen-pulsed mature DCs
express genes that induce DC migration, activation, and re-
cruitment of T cells (30), and different antigens phagocytosed
by DCs induce different patterns of cytokine production by
CD4" T cells, depending on the cytokines produced by the
DCs (4).
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A Thl response is important for induction of protective
immunity against intracellular bacteria (15, 20, 22, 34). Bacte-
rium-infected DCs secrete significant amounts of IL-12 (20),
and IL-12 and IFN-y are involved in Th1 development. IL-12
can augment IL-12 production by DCs and promotes IFN-y
production (7, 25). Listeria monocytogenes, a facultative intra-
cellular pathogen, induces intensive cell-mediated immunity
(17). L. monocytogenes infection promotes the induction of a
host Thl response, which is critical in acquired resistance
against L. monocytogenes (5, 24).

We were interested in induction of acquired host resistance
to L. monocytogenes infection by immunizing DCs. In vitro
antigen-pulsed DCs have been generally used for immuniza-
tion. However, it is possible that loss of viability sometimes
occurs when DCs are pulsed with viable bacteria in vitro.
Therefore, we investigated the efficiency of induction of ac-
quired antilisterial resistance by immunization with splenic
DCs isolated from L. monocytogenes-infected mice. In this
paper, we report that in vivo-infected DCs are able to induce
acquired resistance to a lethal L. monocytogenes infection as
well as in vitro-pulsed DCs and that IL-12 may play a critical
role in the induction of this acquired resistance.

MATERIALS AND METHODS

Mice. C57BL/6 mice, IFN-y-deficient (IFN-y~/~) mice on a C57BL/6 X Sv129
background (35), and their wild-type (IFN-y*/*) counterparts, 6 to 10 weeks old,
were used. C57BL/6 mice were obtained from Japan SLC, Hamamatsu, Shi-
zuoka, Japan. The animals were maintained under specific-pathogen-free con-
ditions in the Institute for Animal Experiments, Hirosaki University School of
Medicine. All of the animal experiments in the present study were carried out in
accordance with the guidelines for animal experimentation of Hirosaki Univer-
sity.

Bacteria. L. monocytogenes 1b 1684 (24) and Salmonella enterica serovar Ty-
phimurium x3306 (8, 37) cells were prepared as described previously. The con-
centration of washed cells was adjusted spectrophotometrically at 550 nm, and
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cells were stored at —80°C until use. The 50% lethal doses of an L. monocyto-
genes stock suspension were 5 X 10° CFU for C57BL/6 mice and 5 X 10* CFU
for TFN-y~/~ mice when the mice were infected intravenously. The 50% lethal
dose of an S. enterica serovar Typhimurium stock suspension was less than 50
CFU for C57BL/6 mice when the mice were infected intraperitoneally. Heat-
killed L. monocytogenes (HKLM) cells were obtained by heating the bacteria in
a boiling water bath for 1 h.

Preparation and enrichment of DCs from spleen tissue. Single-cell suspen-
sions from spleens of mice were prepared as previously described (27, 28).
Briefly, spleen cells were washed twice with RPMI 1640 medium (Nissui Phar-
maceutical Co. Ltd., Tokyo, Japan) supplemented with 2% heat-inactivated fetal
calf serum (FCS; JRH Biosciences, Lenexa, Kans.). Spleen cells were then
digested with 1 mg of collagenase D (Roche Molecular Biochemicals, Mann-
heim, Germany) per ml in RPMI 1640 medium supplemented with 5% FCS and
10 mM HEPES for 25 min at 37°C in a 5% CO, incubator. The remaining solid
tissues were forced through 100-mesh stainless steel sieves. Cells were recovered
by centrifugation at 300 X g for 5 min, resuspended in a 17% Optiprep (Nycomed
Pharma, Oslo, Norway) solution diluted with Ca®>*- and Mg*-free Hanks bal-
anced salt solution, overlaid with 12% Optiprep (1.068 g/ml) diluted with 0.88%
(wt/vol) NaCl-1 mM EDTA-10 mM HEPES-0.5% bovine serum albumin (pH
7.4; Sigma Chemical Co., St. Louis, Mo.) and then 2 ml of Ca**- and Mg*-free
Hanks’ balanced salt solution, and centrifuged at 600 X g for 15 min at 20°C. The
low-density cells at the interface between the Hanks’ balanced salt solution and
the 12% Optiprep solution were harvested; washed twice with RPMI 1640
medium supplemented with 2% FCS, 100 U of penicillin per ml, and 100 pg of
streptomycin per ml; and then purified by AutoMACS with CD11c microbeads
(Miltenyi Biotec Inc., Auburn, Calif.). More than 95% of the recovered cells
were CD11c™.

Flow cytometric analysis. Preincubation with Fc Block (BD Biosciences, San
Diego, Calif.) was carried out to prevent nonspecific binding of labeled mono-
clonal antibodies (MAbs). The cells were incubated for 30 min at 4°C with a
fluorescein isothiocyanate-labeled anti-CD11c MADb (BD Biosciences) plus a
phycoerythrin-labeled anti-CD80 MAb (BD Biosciences) or a phycoerythrin-
labeled anti-I-A® MAb (BD Biosciences). The MAb-labeled cells were analyzed
with a FACScalibur flow cytometer (BD Immunocytometry Systems, San Jose,
Calif.).

Immunization with DCs. Mice were infected intravenously with 5 X 10° CFU
of L. monocytogenes or injected with 5 X 10° HKLM cells. Two days later, their
spleens were aseptically removed and a spleen cell suspension was prepared. DCs
were then purified from the spleen cells as described above. For the preparation
of in vitro-infected DCs, purified DCs from naive mice were resuspended in
RPMI 1640 medium containing 10% FCS and cultured with 10-fold numbers of
viable L. monocytogenes for 30 min at 37°C in a 5% CO, incubator. The cells
were then washed twice with RPMI 1640 medium supplemented with 10% FCS,
100 U of penicillin per ml, and 100 pg of streptomycin per ml and resuspended
in antibiotic-free RPMI 1640 medium. Mice were immunized intravenously with
10° or 5 X 10* in vivo-infected or in vitro-pulsed DCs. As a control, mice were
immunized with uninfected DCs. As directly immunized controls, mice were
immunized intravenously with 10° CFU of L. monocytogenes or with a dose of
viable L. monocytogenes equivalent to that of the viable bacteria existing in 10°
DCs from the infected mice. Mice were injected with phosphate-buffered saline
(PBS) only as a nonimmune control.

Evaluation of acquired resistance to a lethal bacterial infection. DC-immu-
nized mice were challenged with 5 X 10° CFU of L. monocytogenes intravenously
or 1,000 CFU of S. enterica Typhimurium intraperitoneally at 4 or 8 weeks after
immunization. Their spleens and livers were aseptically removed 48 h after the
challenge and homogenized in RPMI 1640 medium containing 1% 3-[(cholami-
dopropyl)dimethylammonio]-1-propanesulfate (CHAPS; Wako Pure Chemical
Co., Osaka, Japan). The numbers of viable bacteria in the organs of infected
mice were counted by plating serial 10-fold dilutions of organ homogenates on
tryptic soy agar plates (BD Diagnostic Systems, Sparks, Md.) for L. monocyto-
genes or L-agar plates (Invitrogen Corp., Carlsbad, Calif.) for S. enterica serovar
Typhimurium. Colonies were routinely counted 24 h later.

In vivo depletion of endogenous cytokines. A hybridoma cell line secreting a
MADb against mouse IL-12 p40 (C17.8; rat immunoglobulin G1) was injected into
pristane-primed CD-1 nu/nu mice. Anti-IL-12 MAD found in the ascites fluid was
partially purified by (NH,),SO, precipitation. The mice were given a single
intravenous injection of 2 mg of the anti-IL-12 MAb 2 h before infection. Normal
rat globulin was injected as a control. The MAb and normal rat globulin con-
tained endotoxin at less than 0.1 ng per injected dose, as determined by use of the
Limulus amoebocyte lysate assay.

Cytokine production by DCs. DCs (10° resuspended in 100 pl of RPMI 1640
medium supplemented with 10% FCS) were stimulated with 10° HKLM cells for
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24 h in a 96-well tissue culture plate (Greiner Labortechnik, Frickenhausen,
Germany), and supernatants were collected and stored until cytokine assays were
performed. Titers of IL-12 p70 and IFN-y in the culture supernatants were
determined by double sandwich enzyme-linked immunosorbent assays as de-
scribed previously (23, 24).

T-cell proliferation assay. Mice were infected with 5 X 10> CFU of L. mono-
cytogenes intravenously, and spleens were removed 2 days later. Splenic DCs
were purified as described above. Splenic CD4* and CD8™ cells were purified by
AutoMACS with CD4 and CD8 microbeads (Miltenyi Biotec Inc.). The purity of
isolated CD4* and CD8" cells was more than 95%, as shown by flow cytometric
analysis. CD4 " T cells, CD8" cells, and irradiated (20 Gy) DCs were suspended
in RPMI 1640 medium supplemented with 10% FCS, 10 uM sodium pyruvate
(Wako), and 50 pM 2-mercaptoethanol (Wako). CD4* T cells or CD8™" cells
(25 X 10*) and DCs (5 X 10%) in a total volume of 100 pl were cultured with or
without 0.1 pg of an anti-CD3 MAD (145-2C11; rat immunoglobulin G1) in a
96-well tissue culture plate for 48 h, and 20 kBq of [*H]thymidine (ICN Bio-
medicals Inc., Irvine, Calif.) per well was added. Counts per minute incorporated
by harvested cells were determined with a gamma scintillation counter 24 h later.

Statistical evaluation of data. Data were expressed as means * standard
deviations, and Student’s ¢ test was used to determine the significance of the
differences in the bacterial counts and cytokine titers of the specimens and in
[*H]thymidine incorporation by the control and experimental groups. Each ex-
periment was repeated at least twice and accepted as valid only when trials
showed similar results.

RESULTS

Induction of host resistance to lethal L. monocytogenes in-
fection by immunization with in vitro L. monocytogenes-pulsed
DCs. We investigated whether DCs pulsed in vitro with L.
monocytogenes can induce antilisterial resistance. Spleens were
removed from naive mice, and CD11c” DCs were purified
from the splenocytes. The DCs were incubated with 10 CFU of
viable L. monocytogenes per DC for 30 min. We found 2 X 10*
to 4 X 10* CFU of viable L. monocytogenes within 10° in
vitro-pulsed DCs. After killing of viable bacteria, mice were
immunized intravenously with 10> DCs pulsed with L. mono-
cytogenes in vitro or uninfected DCs. As directly immunized
controls, mice were immunized intravenously with 10° CFU of
L. monocytogenes. Nonimmunized mice were injected with
PBS only. Mice of each group were challenged with 5 X 10°
CFU of L. monocytogenes 4 weeks later, and the numbers of
bacteria in their spleens and livers were determined at 48 h
after the challenge. Bacterial numbers in the organs of mice
that had been immunized with infected DCs in vitro were
significantly lower than those in the organs of mice immunized
with uninfected DCs (Fig. 1). The magnitude of antilisterial
resistance of the mice immunized with in vitro-pulsed DCs was
almost equal to that of the directly immunized mice (Fig. 1).

Flow cytometric analysis of DCs from L. monocytogenes-
infected mice. Next, we investigated whether DCs obtained
from L. monocytogenes-infected mice could induce antilisterial
resistance. Preliminarily, activation of DCs by infection was
evaluated by measuring the expression of CD80 and I-A" on
DCs. Mice were infected with 5 X 10° CFU of L. monocyto-
genes, and CD11c" cells were purified from their spleens 6 or
48 h later and analyzed for CD80 and I-A® by flow cytometry.
DCs obtained from the mice at 6 h postinfection showed al-
most the same level of CD80 expression as those from unin-
fected mice. In contrast, DCs obtained from mice at 48 h after
infection exhibited significant up-regulation of CD80 expres-
sion, compared with those from infected mice (Fig. 2). I-A"
expression in DCs was comparable between the two groups
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FIG. 1. Acquired resistance to a lethal L. monocytogenes infection
in mice immunized with in vitro L. monocytogenes-pulsed DCs. Spleens
were removed from uninfected mice, and CD11c" DCs were purified.
The DCs were incubated with 10 CFU of viable L. monocytogenes per
DC as described in the text. After killing of viable L. monocytogenes by
antibiotics, naive mice were immunized with 10° in vitro-infected DCs
(In vitro LMDC) or uninfected DCs. Nonimmune control mice were
injected with PBS only. These mice were challenged intravenously with
5 X 10° CFU of L. monocytogenes 4 weeks later. The numbers of
bacteria in the spleens and livers of the mice were determined at 48 h
after the challenge. The immune control mice were directly immunized
with 10° CFU of L. monocytogenes. Each result represents the mean +
the standard deviation of a group of six mice from two independent
experiments. An asterisk indicates a significant difference from the
value for the nonimmune control group (P < 0.01).

(data not shown). Therefore, we chose DCs obtained at 48 h
after infection for immunization.

Induction of host resistance to lethal L. monocytogenes in-
fection by immunization with DCs infected in vivo with L.
monocytogenes. We investigated the induction of antilisterial
resistance by immunization with in vivo-infected DCs. Mice
were infected with 5 X 10° CFU of viable L. monocytogenes,
and DCs were purified from their spleens 48 h later. Naive
mice were immunized with 10° DCs. Some mice were immu-
nized with DCs obtained from uninfected mice. Immunized
control mice were injected with 10> CFU of viable L. mono-
cytogenes, while nonimmunized control mice were injected with
PBS only. Mice of each group were challenged with 5 X 10°
CFU of L. monocytogenes 4 or 8 weeks later. The number of
bacteria in their spleens and livers were determined at 48 h
postchallenge (Fig. 3). Elimination of L. monocytogenes from
the organs was markedly augmented by immunization with
DCs infected with L. monocytogenes in vivo. There was no
difference in the efficacy of bacterial elimination from the
organs between the 4- and 8-week immunizations. Moreover,
the magnitudes of antilisterial resistance were similar in mice
immunized with in vivo-infected DCs and mice immunized
with L. monocytogenes. These results suggest that immuniza-
tion with in vivo-infected DCs is effective at inducing host
resistance to a lethal L. monocytogenes infection.

Antigen specificity of host resistance to a lethal L. monocy-
togenes infection in mice immunized with DC infected in vivo.
To shorten the immunization period, we intended to use
4-week immunization with in vivo-infected DCs in the follow-
ing experiments. To exclude the possibility that nonspecific
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resistance induced by immunization may still remain at 4weeks
after immunization, we estimated whether enhancement of
host resistance to lethal S. enterica serovar Typhimurium in-
fection would be observed in mice that had been immunized
with in vivo-infected DCs 4 weeks before. Mice were infected
with 5 X 10° CFU of viable L. monocytogenes, and DCs were
purified from their spleens 48 h later. Naive mice were immu-
nized with 10° DCs from each group. DCs obtained from
uninfected mice were immunized as a control. Mice of each
group were challenged with 5 X 10° CFU of L. monocytogenes
or 1,000 CFU of S. enterica serovar Typhimurium 4 weeks
later, and the numbers of bacteria in their spleens and livers
were determined at 48 h postchallenge (Fig. 4). Elimination of
S. enterica serovar Typhimurium from the organs of mice im-
munized with DCs infected with L. monocytogenes in vivo,
compared with those of nonimmunized mice and mice immu-
nized with uninfected DCs, was not augmented. On the other
hand, the number of viable L. monocytogenes bacteria in the
organs of mice immunized with DCs infected with L. monocy-
togenes in vivo was significantly decreased compared with that
in the organs of nonimmunized mice. These results suggest
that antilisterial resistance induced by in vivo-infected DCs is
antigen specific.

Failure of immunization with DCs injected in vivo with
HKLM to induce host resistance to a lethal L. monocytogenes
infection. We investigated whether antilisterial resistance can
be induced by immunization with DCs from mice injected with
HKLM. Mice were infected with 5 X 10° CFU of viable L.
monocytogenes or injected with 5 X 10° CFU of HKLM, and
DCs were purified from their spleens 48 h later. Naive mice

CDBO(-)
CDao(+)

6h

Counts

Counts

48 h

CD80

FIG. 2. Flow cytometric analysis of DCs from uninfected and L.
monocytogenes-infected mice. Mice were infected intravenously with
5 X 10° CFU of L. monocytogenes, and their spleens were removed 6
or 48 h later. CD11c* DCs were prepared as described in the text.
Expression of CD80 on the cell surface was analyzed by flow cytom-
etry. The open histogram indicates the CD80 fluorescence intensity of
DCs from uninfected mice, and the filled histogram indicates that of
DCs from L. monocytogenes-infected mice.
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FIG. 3. Acquired resistance to a lethal L. monocytogenes infection
in mice immunized with in vivo L. monocytogenes-infected DCs. Mice
were infected intravenously with 5 X 10° CFU of L. monocytogenes,
and their spleens were removed 48 h after infection. Naive mice were
immunized with 10° DCs from L. monocytogenes-infected mice (In vivo
LMDC) or from uninfected mice (Uninfected DC). Nonimmune con-
trol mice were injected with PBS only, and immune control mice were
infected intravenously with 10° CFU of L. monocytogenes. They were
challenged with 5 X 10° CFU of L. monocytogenes 4 or 8 weeks later.
The numbers of bacteria in the spleens and livers of the mice were
determined at 48 h after the challenge. Each result represents the
mean * the standard deviation for a group of six to nine samples from
three independent experiments. An asterisk indicates a significant dif-
ference from the value for the uninfected, DC-immunized group (P <
0.01).

were immunized with 10° DCs from each group. DCs obtained
from uninfected mice were used for control immunization.
Mice of each group were challenged with 5 X 10° CFU of L.
monocytogenes 4 weeks later, and the numbers of bacteria in
their spleens and livers were determined at 48 h postchallenge
(Fig. 5). Elimination of bacteria from the organs was signifi-
cantly augmented by immunization with in vivo-infected DCs,
compared with that in mice immunized with uninfected DCs,
whereas DCs from HKLM-immunized mice failed to induce
resistance.

Failure of immunization with DC-harboring viable bacteria
to induce host resistance to a lethal L. monocytogenes infection.
In our present study, 200 to 300 CFU of viable L. monocyto-
genes were usually detected at 48 h postinfection in 10° purified
DCs obtained from mice that had been infected with 5 X 10°
CFU of bacteria. It is possible that antilisterial resistance is
induced by viable L. monocytogenes existing in in vivo-infected
DCs. To address this possibility, we compared the host resis-
tance to lethal L. monocytogenes infection of mice immunized
with 300 CFU of bacteria with that of mice immunized with 10°
CFU of bacteria. They were challenged with 5 X 10° CFU of
L. monocytogenes 4 weeks later, and the numbers of bacteria in
their spleens and livers were determined at 48 h postchallenge
(Fig. 5). Bacterial numbers in the organs of mice that had been
immunized with 300 CFU of bacteria were comparable to
those in the organs of nonimmune control mice, whereas elim-
ination of bacteria from the organs of mice immunized with 10°
CFU of bacteria was markedly enhanced as well as in those of
mice immunized with in vivo-infected DCs. These results sug-
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gest that induction of host resistance by immunization with in
vivo-infected DCs is not due to viable L. monocytogenes har-
bored in the DCs.

Dependence of acquisition of host resistance to a lethal L.
monocytogenes infection on the number of DCs used for immu-
nization. Next, we investigated the dependence of acquisition
of antilisterial resistance on the number of in vivo-infected
DCs used for immunization. Mice were infected with 5 X 10°
CFU of viable L. monocytogenes, and DCs were purified from
their spleens 48 h later. Naive mice were immunized with 10°,
5 X 10% 10% or 2 X 10 in vivo-infected DCs, respectively. To
compare the immunizing ability of DCs infected in vivo with
that of DCs pulsed in vitro, mice were immunized with 10° in
vitro-pulsed DCs. Nonimmune control mice were injected with
PBS only. Mice of each group were challenged with 5 X 10°
CFU of L. monocytogenes 4 weeks later, and the numbers of
bacteria in their spleens and livers were determined at 48 h
postchallenge (Fig. 6). Elimination of bacteria from the organs
was augmented when mice were immunized with 10° or 5 X
10* in vivo-infected DCs, whereas antilisterial resistance was
not acquired when mice were immunized with fewer than 10*
DCs, suggesting that acquisition of antilisterial resistance in-
duced by immunization with in vivo-infected DCs is dependent
on the dose of DCs used as an immunogen. The efficacies of
bacterial elimination were similar when mice were immunized
with 5 X 10* in vivo-infected DCs and 10° in vitro-pulsed DCs.

Activation of naive T cells by L. monocytogenes-infected DCs.
We investigated whether proliferation of naive T cells would
be stimulated by in vivo-infected DCs. Mice were infected with
5 X 10° CFU of L. monocytogenes, and DCs were purified from
their spleens 48 h later. We cultured 25 X 10* naive splenic
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FIG. 4. Antigen specificity of host resistance to lethal L. monocy-
togenes infection in mice immunized with in vivo-infected DCs. Mice
were infected intravenously with 5 X 10° CFU of L. monocytogenes,
and their spleens were removed 48 h later. Naive mice were immu-
nized with 10° DCs from L. monocytogenes-infected mice (In vivo
LMDC) or from uninfected mice (Uninfected DC). Nonimmune con-
trol mice were injected with PBS only, and immune control mice were
infected intravenously with 10° CFU of L. monocytogenes. They were
challenged with 1,000 CFU of S. enterica serovar Typhimurium (ST) or
5 X 10° CFU of L. monocytogenes (LM) 4 weeks later. The numbers of
bacteria in the spleens and livers of the mice were determined at 48 h
after the challenge. Each result represents the mean = the standard
deviation for a group of six mice from two independent experiments.
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FIG. 5. Resistance to lethal L. monocytogenes infection in mice
immunized with DCs from mice injected with HKLM. Mice were
infected intravenously with 5 X 10° CFU of L. monocytogenes or 5 X
10° HKLM cells, and their spleens were removed 48 h later. Naive
mice were immunized with 10° DCs from L. monocytogenes-infected
mice (In vivo LMDC), from HKLM-injected mice (HKLM DC), or
from uninfected mice (Uninfected DC). Nonimmune control mice
were injected with PBS only. They were challenged with 5 X 10° CFU
of L. monocytogenes 4 weeks later. The numbers of bacteria in the
spleens and livers of the mice were determined at 48 h after the
challenge. Two directly immunized controls were employed. The first
immune group was immunized with 300 CFU of L. monocytogenes,
which is equivalent to the bacterial number found in 10° of the infected
DCs used for immunization. The second immune group was immu-
nized with 10° CFU of L. monocytogenes. Each result represents the
mean =* the standard deviation for a group of six mice from two
independent experiments. An asterisk indicates a significant difference
from the value for the nonimmune control group (P < 0.01).

CD4" or CD8" T cells with 5 X 10* irradiated DCs from
L. monocytogenes-infected mice or uninfected mice in the pres-
ence of an anti-CD3 MADb and then estimated T-cell prolifer-
ation (Fig. 7). Proliferation of both naive CD4" and CD8" T
cells was augmented when they were cultured with irradiated
DCs infected with L. monocytogenes in vivo, compared with
that of those cultured with uninfected DCs, suggesting that in
vivo-infected DCs can stimulate proliferation of both naive
CD4" T cells and CD8" T cells.

Cytokine production in DCs from L. monocytogenes-infected
mice. Mature DCs can reportedly produce IFN-y and IL-12
p70 (13). Therefore, we investigated the production of these
cytokines in DCs obtained from uninfected and L. monocyto-
genes-infected mice. Mice were infected with 5 X 10° CFU of
L. monocytogenes, and DCs were purified from their spleens
48 h later. DCs obtained from uninfected mice were used as a
control. DCs were cultured in the presence or absence of
HKLM for 24 h, and titers of IFN-y and IL-12 p70 in the
supernatants were determined. DCs obtained from L. mono-
cytogenes-infected mice produced significantly higher titers of
IFN-vy than did uninfected DCs either in the presence or in the
absence of HKLM (Fig. 8a). DCs obtained from L. monocyto-
genes-infected mice exhibited a significant level of IL-12 p70
without stimulation with HKLM, and IL-12 production was
enhanced by stimulation with HKLM. In contrast, DCs from
uninfected mice produced no IL-12 p70 even when stimulated
with HKLM (Fig. 8b). These results suggest that DCs obtained
from L. monocytogenes-infected mice may be activated and
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FIG. 6. Dependence of acquired resistance to a lethal L. monocy-
togenes infection on the number of L. monocytogenes-infected DCs
(LMDC) used for immunization. Mice were infected intravenously
with 5 X 10° CFU of L. monocytogenes, and their spleens were re-
moved 48 h later. Naive mice were immunized with 10°, 5 X 10%, 10%,
or 2 X 10% purified DCs from L. monocytogenes-infected mice or with
10° in vitro-pulsed DCs. Nonimmune control mice were injected with
PBS only. Mice of each group were challenged with 5 X 10° CFU of L.
monocytogenes intravenously 4 weeks later. The numbers of bacteria in
the spleens and livers of the mice were determined at 48 h after the
challenge. Each result represents the mean * the standard deviation
for a group of six mice from two independent experiments. An asterisk
indicates a significant difference from the value for the nonimmune
control group (P < 0.01).

that they are able to produce cytokines that drive Thl polar-
ization.

Involvement of DC-derived IFN-y in the induction of host
resistance to lethal L. monocytogenes infection. We investigated
whether IFN-y produced by L. monocytogenes-infected DCs
would be critical in induction of host resistance to lethal L.
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FIG. 7. Proliferation of naive T cells stimulated by DCs infected
with L. monocytogenes in vivo (LMDC). Mice were infected intrave-
nously with 5 X 10° CFU of L. monocytogenes. DCs were prepared at
48 h after infection as described in the text. Irradiated DCs (5 X 10%)
from L. monocytogenes-infected mice (In vivo LMDC) or from unin-
fected mice (Uninfected DC) were cultured with 25 X 10* CD4" or
CD8" T cells and 0.1 pg of anti-CD3 MAD per 100 pl for 48 h and then
pulsed with 20 kBq of [*H]thymidine per well for 24 h. Proliferation
was determined by calculating the mean number of counts per minute
+ the standard deviation in triplicate wells. An asterisk indicates a
significant difference from the value for the uninfected, DC-immu-
nized group (P < 0.01).



122 SASHINAMI ET AL.

(@)

40 r mUnstimulated
35 | OStimulated with HK-LM

IFN-y titer (pg/ml)

ool

Uninfected DC In vivo LMDC
100
90 |
E so | m Unstimulated
S 70t O Stimulated with HK-LM
=%
:h: 60 | ND: not detected
T s0}
R w}
&
< 30 |
= 20}
10 | ND
0 L L
Uninfected DC In vivo LMDC

FIG. 8. Cytokine production by DCs from L. monocytogenes-in-
fected mice. Mice were infected intravenously with 5 X 10° CFU of L.
monocytogenes. Their spleens were obtained 48 h later, and CD11c¢*
DCs were purified as indicated in the text. DCs (10°/100 wl) obtained
from L. monocytogenes-infected mice (In vivo LMDC) or from unin-
fected mice (Uninfected DC) were cultured for 24 h in the presence or
absence of 10° HKLM cells. Titers of IFN-y (a) and IL-12 p70 (b) in
the culture supernatants were determined. The results were repro-
duced in three repeated experiments. Each result represents the mean
+ the standard deviation for a group of six to nine samples from three
independent experiments. An asterisk indicates a significant difference
from the value for the uninfected, DC-immunized group (P < 0.01).

monocytogenes infection. IFN-vy-deficient mice were infected
with 5 X 10* CFU of L. monocytogenes, and DCs were purified
from their spleens 48 h later. Naive wild-type mice were im-
munized with 5 X 10* DCs. Control mice were immunized with
DCs obtained from uninfected IFN-y-deficient mice. Nonim-
mune control mice were injected with PBS only. Mice of each
group were challenged with 5 X 10° CFU of L. monocytogenes
4 weeks later, and the numbers of bacteria in their spleens and
livers were determined at 48 h postchallenge (Fig. 9). The
number of bacteria was significantly reduced in the organs of
mice that had been immunized with infected DCs obtained
from IFN-vy-deficient mice, compared with that in the organs
of nonimmune control mice and mice immunized with unin-
fected DCs. These results suggest that IFN-y produced by
activated DCs may play a marginal role in the induction of
acquired antilisterial resistance.
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FIG. 9. Involvement of DC-derived IFN-y in the induction of ac-
quired resistance to a lethal L. monocytogenes infection. IFN-y-defi-
cient mice were infected intravenously with 5 X 10* CFU of L. mono-
cytogenes, wild-type mice were infected intravenously with 5 X 10°
CFU of L. monocytogenes, and DCs were purified from their spleens at
48 h after infection. Wild-type mice were immunized with 5 X 10* DCs
from L. monocytogenes-infected, IFN-y-deficient mice or DCs from L.
monocytogenes-infected wild-type mice or uninfected, IFN-y-deficient
mice. Wild-type mice were injected with PBS only as a nonimmune
control. They were challenged with 5 X 10° CFU of L. monocytogenes
4 weeks later. The numbers of bacteria in the spleens and livers of the
mice were determined at 48 h after the challenge. Each result repre-
sents the mean * the standard deviation for a group of four mice. An
asterisk indicates a significant difference from the value for the non-
immune control group (P < 0.01). LMDC, L. monocytogenes-infected
DCGs.

Involvement of DC-derived IL-12 in the induction of host
resistance to a lethal L. monocytogenes infection. We next in-
vestigated whether IL-12 produced by L. monocytogenes-in-
fected DCs is involved in the induction of host resistance to a
lethal L. monocytogenes infection. Mice were injected intra-
peritoneally with 2 mg of an anti-IL-12 p40 MADb or normal rat
globulin 2 h before infection with 5 X 10° CFU of L. mono-
cytogenes, and DCs were purified from their spleens at 48 h
after infection. Naive mice were immunized with 5 X 10* DCs.
Nonimmune control mice were injected with PBS only. Mice of
each group were challenged with 5 X 10° CFU of L. monocy-
togenes 4 weeks later, and the numbers of bacteria in their
spleens and livers were determined at 48 h postchallenge (Fig.
10). Elimination of bacteria from the organs of mice immu-
nized with in vivo-infected DCs from normal rat globulin-
treated mice was significantly higher than that from the organs
of nonimmune control mice. In contrast, immunization with in
vivo-infected DCs from anti-IL-12 p40 MAb-treated mice pro-
duced no enhancement of host resistance to lethal L. mono-
cytogenes infection, suggesting that IL-12 produced by infected
DCs may play a critical role in the induction of acquired an-
tilisterial resistance.

DISCUSSION

Antigen-specific immunity has been successfully induced by
immunization with in vitro antigen-pulsed DCs in various sys-
tems (4, 15, 18, 20-22, 31, 34, 36). In the present study, we also
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FIG. 10. Involvement of DC-derived IL-12 in the induction of ac-
quired resistance to a lethal L. monocytogenes infection. Mice were
given a single injection of 2 mg of an anti-IL-12 p40 MADb or normal rat
globulin intravenously 2 h before infection with 5 X 10° CFU of L.
monocytogenes, and DCs were purified from their spleens at 48 h after
the infection. Naive mice were immunized with 5 X 10* DCs from
L. monocytogenes-infected and anti-IL-12 p40 MAb-treated mice or L.
monocytogenes-infected and normal rat globulin-treated mice. Nonim-
mune control mice were injected with PBS only. They were challenged
with 5 X 10° CFU of L. monocytogenes 4 weeks later. The numbers of
bacteria in the spleens and livers of the mice were determined at 48 h
after the challenge. Each result represents the mean * the standard
deviation for a group of four mice. An asterisk indicates a significant
difference from the value for the nonimmune control group (P < 0.01).
LMDC, L. monocytogenes-infected DCs.

demonstrated that immunization with in vitro bacterium-
pulsed DCs could induce acquired host resistance to L. mono-
cytogenes infection. Moreover, we demonstrated that acquired
antilisterial resistance was induced efficiently by immunization
with DCs obtained from L. monocytogenes-infected mice in
vivo and that IL-12 may play a critical role in induction of
resistance.

Mature DCs substantially present antigens to T cells, and
their characteristics include up-regulation of major histocom-
patibility complex class 11, CD40, CD54, CD80, and CD86.
(17). Immature DCs express an almost undetectable level of
CD80 on their surface, while CD86 is expressed persistently on
the surfaces of immature peripheral monocytes and DCs (12).
Therefore, we investigated the expression of CD80 as an acti-
vation marker of DCs. DCs obtained from mice infected with
L. monocytogenes for 48 h showed a high level of CDS80 ex-
pression on their surfaces compared with DCs from naive mice
(Fig. 2). In contrast, DCs from mice infected with L. monocy-
togenes for 6 h showed hardly any up-regulation of CD80 (Fig.
2). Antigen-induced expression of CD80 reportedly peaks after
18 to 42 h in vitro (12). Our present results suggest that enough
time may be required for maturation of DCs in vivo.

Previous studies have demonstrated that in vitro antigen-
pulsed DCs can induce acquired antigen-specific immunity.
DCs pulsed with Mycobacterium bovis bacillus Calmette-
Guérin in vitro induced a strong T-cell response to myco-
bacterial antigens (15), and DCs stimulated with lymphocytic
choriomeningitis virus-specific peptides increased cytolytic T-
lymphocyte activity (18). DCs pulsed in vitro with viable
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B. burgdorferi spirochetes mediated a protective response
against tick-transmitted spirochetes (22). Our present results
demonstrate that DCs pulsed with viable L. monocytogenes in
vitro are able to induce acquired antilisterial resistance (Fig.
1). Notably, DCs from mice infected with viable L. monocyto-
genes also induced host resistance against a lethal infection
with L. monocytogenes (Fig. 3). Acquired host resistance to
L. monocytogenes induced by immunization with in vivo-in-
fected DCs was antigen specific, since the immunized mice
showed no augmented resistance to S. enterica serovar Typhi-
murium infection (Fig. 4). On the other hand, it is possible that
viable L. monocytogenes existing in the DCs used for immuni-
zation induced antilisterial resistance. However, antilisterial
resistance was not induced by immunization with a dose of
viable L. monocytogenes equivalent to that existing in the DCs
used for immunization (Fig. 5). It has been reported that mice
immunized with HKLM exhibited no protection against an
L. monocytogenes challenge (19). In our study, immunization
with DCs from HKL.M-injected mice failed to induce acquired
antilisterial resistance (Fig. 5). Acquisition of antilisterial re-
sistance was dependent on the number of in vivo-infected DCs
used for immunization and injection of fewer than 10° DCs
failed to induce acquired resistance (Fig. 6). Moreover, when
mice were immunized with the same numbers of in vivo-in-
fected DCs or in vitro-pulsed DCs, the number of L. monocy-
togenes bacteria in the organs of mice immunized with in vivo-
infected DCs was about 10-fold lower than that of mice
immunized with in vitro-pulsed DCs after a challenge with a
lethal dose of L. monocytogenes (Fig. 6), suggesting that in
vivo-infected DCs may be able to induce more effective host
resistance to a lethal L. monocytogenes infection than in vitro-
pulsed DCs.

When DCs capture an antigen, they migrate to peripheral
lymphatic tissue and activate naive T cells (2). It has been
reported that DCs exposed to Candida yeast cells in vitro
activated CD4™ T cells (4) and that Chlamydia-pulsed DCs
induced proliferation and IFN-y production of CD4™ T cells
(34). CD8™" T cells are known to play a critical role in elimi-
nation of L. monocytogenes from the organs of mice (11). We
investigated the capacity of in vivo-infected DCs to stimulate
naive T cells (Fig. 7). DCs obtained from L. monocytogenes-
infected mice could stimulate proliferation of both T-cell sub-
sets, suggesting that in vivo-infected DCs activate CD8" T
cells, which is critical in acquired antilisterial resistance, as well
as CD4™" T cells.

L. monocytogenes infection induces a Thl response in the
host, and IFN-y plays a critical role in host resistance to L.
monocytogenes infection (3, 14). IL-12 is known to induce
IFN-y production by T cells (23, 25). Bone marrow-derived
macrophages secrete IFN-y by IL-12 stimulation (23), and
splenic murine DCs and monocytes can produce IFN-y in
response to IL-12 and IL-18 (6), both of which are produced by
DCs (33). IL-12 is the key cytokine that drives Th1 differenti-
ation. Our data demonstrate that DCs from L. monocytogenes-
infected mice produce higher titers of IFN-y and IL-12 than do
DCs from naive mice (Fig. 8). These data suggest that DCs
from mice infected with L. monocytogenes in vivo were acti-
vated and had the ability to drive T cells to Thl cells. We
investigated the importance of DC-derived IFN-y and IL-12 in
the induction of acquired antilisterial resistance. When wild-
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type mice were immunized with DCs from L. monocytogenes-
infected IFN-y-deficient mice, these animals could be pro-
tected against a lethal L. monocytogenes challenge (Fig. 9),
suggesting that DC-derived IFN-y may play a marginal role in
the induction of acquired resistance. In accordance with the
present results, the previous study demonstrated that L. mono-
cytogenes-immunized IFN-y-deficient mice exhibited host re-
sistance to a secondary lethal challenge with L. monocytogenes
(10). Interestingly, although acquired antilisterial resistance
was induced in the livers of mice immunized with DCs from
IFN-vy-deficient mice, bacterial elimination in their livers was
not efficient, compared with that in their spleens (Fig. 9). DCs
that have captured an antigen reportedly migrate to lymphatic
tissues, such as the lymph nodes and spleen (1, 9), and in
vivo-infected DCs may exhibit homing to the lymph nodes and
spleen rather than to the liver. Therefore, it is possible that
IFN-vy is involved in the migration of injected DCs to the liver.
On the other hand, when mice were immunized with DCs from
IL-12-neutralized mice, they failed to gain acquired antiliste-
rial resistance (Fig. 10), suggesting that DC-derived IL-12
plays a critical role in the induction of acquired resistance.

In summary, our present study demonstrated that DCs ob-
tained from mice infected with L. monocytogenes in vivo in-
duced acquired resistance to a lethal infection with L. mono-
cytogenes and that IL-12 produced by infected DCs may be
involved in the induction of acquired antilisterial resistance. In
vivo-pulsed DCs may be useful as a means of inducing antigen-
specific immunity or tolerance.
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