
INFECTION AND IMMUNITY,
0019-9567/98/$04.0010

Oct. 1998, p. 4867–4874 Vol. 66, No. 10

Copyright © 1998, American Society for Microbiology. All Rights Reserved.

Murine Dendritic Cells Pulsed In Vitro with Toxoplasma gondii
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The activation of a predominant T-helper-cell subset plays a critical role in disease resolution. In the case
of Toxoplasma gondii, the available evidence indicates that CD41 protective cells belong to the Th1 subset. The
aim of this study was to determine whether T. gondii antigens (in T. gondii sonicate [TSo]) presented by splenic
dendritic cells (DC) were able to induce a specific immune response in vivo and to protect CBA/J mice orally
challenged with T. gondii cysts. CBA/J mice immunized with TSo-pulsed DC exhibited significantly fewer cysts
in their brains after oral infection with T. gondii 76K than control mice did. Protected mice developed a strong
humoral response in vivo, with especially high levels of anti-TSo immunoglobulin G2a antibodies in serum.
T. gondii antigens such as SAG1 (surface protein), SAG2 (surface protein), MIC1 (microneme protein), ROP2
through ROP4 (rhoptry proteins), and MIC2 (microneme protein) were recognized predominantly. Further-
more, DC loaded with TSo, which synthesized high levels of interleukin-12 (IL-12), triggered a strong cellular
response in vivo, as assessed by the proliferation of lymph node cells in response to TSo restimulation in vitro.
Cellular proliferation was associated with gamma interferon and IL-2 production. Taken together, these
results indicate that immunization of CBA/J mice with TSo-pulsed DC can induce both humoral and Th1-like
cellular immune responses and affords partial resistance against the establishment of chronic toxoplasmosis.

Toxoplasma gondii is an obligate intracellular protozoan par-
asite that is responsible for toxoplasmosis in different species
of birds and mammals, including humans. Usually asymptom-
atic in hosts with intact immunity, toxoplasmosis may lead to
severe or lethal damage when associated with immunosuppres-
sive states such as AIDS, because of the reactivation of en-
cysted parasites, or when transmitted to the fetus during preg-
nancy (19, 52). Although an effective live vaccine is available
for animals (6), such a vaccine is inappropriate for use in hu-
mans.

There is increasing evidence that protection against para-
sites or foreign antigens not only depends on the initiation of
a specific immune response but also strongly relies on the char-
acter of the response, i.e., the Th1-Th2 balance. Indeed, mu-
rine CD41 Th lymphocytes consist of several subsets, including
two subpopulations named Th1 and Th2 which differ by their
lymphokine secretion pattern, and the development of an ap-
propriate CD41 Th subset has been shown to be important for
disease resolution. The major mechanism by which immuno-
competent hosts control T. gondii infection is considered to be
cell-mediated immunity (21), and the available evidence indi-
cates that CD41 protective cells belong to the Th1 subset (22,
25). CD41 cells are protective mainly through gamma inter-
feron (IFN-g) production and can also activate CD81 cells.
CD81 cytotoxicity (34, 35) aided by the helper activities of
CD41 cells (1) and the microbicidal or microbiostatic activity of
IFN-g-activated macrophages (61) and nonphagocytic cells (14,

50, 63) are two major mechanisms of resistance to Toxo-
plasma infection. Indeed, a synergistic role of CD41 and CD81

T lymphocytes has been demonstrated in protective immunity
against T. gondii (22). The physiologic regulation of Th phe-
notype development is still poorly understood, but because
of major histocompatibility complex (MHC) restriction, at-
tention has been focused on the major role of antigen-
presenting cells (APC) in the initiation of the immune re-
sponse. In vitro experiments have shown that activation of Th1
clones requires the presence of particular APC, i.e., dendritic
cells (DC); in contrast, Th2 cells respond optimally to antigen
presented by B cells (20). DC have recently been reported to
promote the development of CD41 Th1 cells through their
production of interleukin-12 (IL-12) (28, 39).

In agreement with this hypothesis, it was demonstrated that
in vitro antigen-pulsed DC initiate a strong humoral response
in vivo, especially high levels of immunoglobulin G2a (IgG2a)
antibodies, indicating that the helper population induced by
DC belongs to the Th1 subset (13, 58). Moreover, recent stud-
ies have demonstrated in different models that DC loaded with
tumor protein or live bacteria were able to induce a specific
immune response and a strong protection of mice against sub-
sequent challenge (16, 42, 64).

The aim of this study was to determine whether T. gondii
antigens presented by splenic DC were able to induce a specific
immune response in vivo and to protect CBA/J mice subse-
quently orally challenged with T. gondii cysts. After adoptive
transfer of in vitro T. gondii antigen-pulsed DC, the specific
antibody response in the serum was investigated. The prolif-
erative ability and cytokine patterns of immune lymph node
cells after specific restimulation in vitro were also studied.
Protection was evaluated by the decrease in brain cyst load 1
month after the oral challenge.
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MATERIALS AND METHODS

Mice. Female CBA/J mice (H-2k) aged 6 to 8 weeks were purchased from
Charles River Wiga (Sulzfeld, Germany) and maintained in a pathogen-free
environment.

Parasites. Tachyzoites of the RH strain of T. gondii were harvested from the
peritoneal fluids of Swiss OF1 mice (Institut Pasteur, Brussels, Belgium) which
had been infected intraperitoneally 3 to 4 days earlier. Cysts of T. gondii 76K
were obtained from the brains of orally infected Swiss OF1 mice. The virulence
of strain 76K was maintained by repeated monthly passage in mice.

Preparation of Toxoplasma sonicate. Tachyzoites of T. gondii RH were washed,
sonicated, and centrifuged as previously described (55). The supernatant from
the last centrifugation, which was used as the source of antigen, was concentrated
through dialysis tubing to achieve aliquots of 1 ml containing 1 mg of protein
each, as determined by a protein assay reagent kit (Bio-Rad) with bovine serum
albumin (BSA) as the standard. The aliquots of T. gondii sonicate (TSo) were
stored at 220°C until use.

Purification and antigen pulsing of DC. The spleens of CBA/J mice were
digested with collagenase (CLSIII; Worthington Biochemical Corp., Freehold,
N.J.) and separated into low- and high-density fractions on a BSA gradient
(Bovuminar Cohn fraction V powder; Armour Pharmaceutical Co., Tarrytown,
N.Y.). The splenic DC were purified by a procedure described by Crowley et al.
(10). Briefly, low-density cells were cultured for 2 h at 37°C under 5% CO2 in
complete medium containing RPMI 1640 (Seromed; Biochem KG, Berlin, Ger-
many) supplemented with 10% fetal calf serum (Gibco BRL), penicillin, strep-
tomycin, nonessential amino acids, sodium pyruvate, 2-mercaptoethanol, and
L-glutamine (Flow ICN Biomedicals), and the nonadherent cells were removed
by vigorous pipetting. The adherent cells were cultured for 1 h in serum-free
medium, and the nonadherent cells were removed by gentle pipetting. The
remaining cells (DC and macrophages [Mf]) were incubated overnight in com-
plete medium containing 50 mg of TSo per ml, and the nonadherent cells
containing the DC-enriched fraction (as assessed by morphology and specific
staining) were thoroughly washed, counted, and used for immunization. At that
point, since passive adsorption of the antigen onto DC could not be excluded, a
control including mice injected intravenously with 5 mg of TSo was added to the
experimental design.

The overnight culture supernatants (15 ml) were concentrated to 1 ml through
dialysis tubing and were tested for the presence of IL-12. As a control, culture
medium was added to the remaining adherent cells (Mf), which were incubated
for an additional night. Simultaneously, thioglycolate-elicited Mf were harvested
from mouse peritoneal cavities and cultured overnight in the presence (TSo-
pulsed Mf) or absence (unpulsed Mf) of TSo. The overnight culture superna-
tants from these Mf cultures were collected, concentrated, and tested for the
presence of IL-12.

FACScan analysis. DC were incubated with 2.4G2 (a rat anti-mouse Fc re-
ceptor [FcR] monoclonal antibody [MAb]) for 10 min before being stained, to
prevent antibody binding to FcR, and incubated with fluorescein isothiocyanate-
coupled MAbs: 14.4.4 (murine IgG2a anti-I-Ek,d), N418 (hamster anti-murine
CD11c [45]), 16-10A1 (rat IgG2a anti-B7.1 [51]), and GL1 (hamster MAb anti-
B7.2 [27]). Tagged DC were analyzed on a FACScan apparatus (Becton Dick-
inson & Co.).

Immunization schedules. In the humoral response and protection studies,
CBA/J mice received an intravenous injection of 3 3 105 TSo-pulsed or unpulsed
DC. Control mice were untreated or injected with 5 mg of TSo alone. All the
mice were bled on day 24 and were orally infected with 100 cysts of T. gondii 76K
on day 28.

In the cellular response study, CBA/J mice were injected in the fore and hind
footpads with 3 3 105 TSo-pulsed DC or unpulsed DC or with 5 mg of TSo alone
per footpad or were untreated, as specified in a protocol described by Inaba et
al. (33). In the study of antigen-specific proliferative response, draining lymph
nodes (popliteal and brachial) were harvested 5 days later. In the cytotoxicity
assay, draining lymph nodes were harvested 7 days later.

Determination of antigen-specific antibody levels. Levels of antigen-specific
antibodies in serum were determined by enzyme-linked immunoabsorbent assays
(ELISA) by standard procedures. Briefly, flat-bottom wells of microdilution
flexible plates (Falcon) were coated with TSo at 12 mg/ml in 10 mM phosphate-
buffered saline (pH 7.4) (PBS). After overnight incubation at 4°C, nonspecific
binding sites were blocked with PBS–1% bovine serum albumin for 3 h at room
temperature. After three washes in PBS, threefold serial dilutions of either
immune or preimmune sera in PBS–0.1% BSA were added to the wells and
incubated overnight at 4°C. The plates were washed with PBS to remove un-
bound antibodies, and an anti-mouse Ig-peroxidase conjugate was applied to
each well for 90 min at 37°C. The conjugate was a polyclonal goat anti-mouse Ig
reagent (Boehringer GmbH, Mannheim, Germany) or isotype-specific (IgG1 and
IgG2a) rat MAb (38) and was used in both cases at 1/2,000 in PBS–0.1% BSA.
After being washed in PBS, the plates were developed with o-phenylenediamine
(4 mg/10 ml) and urea hydrogen peroxide (4 mg/10 ml) in citrate buffer (24 mM
citrate, 58 mM Na2HPO4 z 2H2O [pH 5]). The reaction was stopped by the
addition of 2 N H2SO4, and the optical densities were read at 492 nm in a
Titertek Multiskan ELISA reader (Flow Laboratories, Inc.). The values are given
as the mean optical densities from duplicates for a serum dilution of 1:150.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot-
ting. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immuno-
blotting with purified T. gondii tachyzoites as the source of antigen were per-
formed as described previously (7). T. gondii antigens recognized by serum IgG
antibodies and MAbs were detected with a goat anti-mouse IgG-alkaline phos-
phatase conjugate (Sigma).

MAbs. The following anti-T. gondii MAbs were used: 3G11 (anti-p22 [SAG2]),
1E5 (anti-p30 [SAG1]), 1F7 (anti-gp60 [MIC1]), 4A7 (anti-55–60-kDa [ROP2 to
ROP4]), and 4A11 (anti-p100 [MIC2]). These MAbs were generously donated by
J.-F. Dubremetz (Institut National de la Santé et de la Recherche Médicale,
Villeneuve d’Ascq, France).

Measurement of resistance to challenge infection. At 28 days after passive DC
transfer, CBA/J mice were infected orally with 100 cysts of strain 76K obtained
from the brains of chronically infected mice. One month after challenge, the
mice were sacrificed and their brains were recovered. Each brain was homoge-
nized in 4 ml of PBS with a pestle and mortar. The cysts were enumerated
microscopically by counting four samples (25 ml each) of each brain homogenate.
The results are expressed as means 6 standard deviations for each group.

Measurement of antigen-specific proliferative response. Popliteal and brachial
lymph nodes were harvested and pressed. Single-cell suspensions were obtained
by filtration through nylon mesh. After being washed, the cells were resuspended
in Click’s medium (Irvine Scientific, Santa Ana, Calif.) supplemented with 0.5%
heat-inactivated mouse serum, penicillin, streptomycin, nonessential amino ac-
ids, sodium pyruvate, 2-mercaptoethanol, and L-glutamine and seeded in tripli-
cate in flat-bottom 96-well microtiter plates (Nunc) at 6 3 105 cells per well in
200 ml of culture medium alone or with various concentrations of TSo. The plates
were incubated for 4 days at 37°C under 5% CO2 and pulsed with 0.5 mCi of
[3H]thymidine per well for an additional 18 h. Incorporation into cellular DNA
was measured by liquid scintillation counting. The results are expressed as Dcpm,
calculated by subtracting the mean counts per minute (cpm) of unstimulated cells
from the mean cpm of stimulated cells. Culture supernatants were harvested at
24 h for the IL-2 assay, at 72 h for the IFN-g assay, and at 96 h for the IL-5 assay.

Cytokine analysis. IL-12 in culture supernatants from unpulsed DC and TSo-
pulsed DC or from unpulsed Mf and TSo-pulsed Mf was assayed by two-site
ELISA with a polyclonal sheep anti-mouse IL-12 (p40) and a biotinylated poly-
clonal sheep anti-mouse IL-12 (p40) (generously supplied by the Immunology
Department, Genetics Institute, Inc., Andover, Mass.).

IFN-g in culture supernatants from lymph node cells was quantified by two-site
ELISA with MAbs F1 and Db-1, kindly provided by A. Billiau (KUL, Leuven,
Belgium) and P. H. Van Der Meide (TNO Health Research, Rijswijk, The
Netherlands), respectively. IL-2 was assayed by a standard bioassay with an
IL-2-dependent, IL-4-insensitive subclone of the CTL.L cell line. IL-5 was quan-
tified by two-site ELISA with MAbs K4-TRF and K5-TRF, generously donated
by R. L. Coffman (DNAX, Palo Alto, Calif.).

Cytotoxicity assay. Cytotoxicity assay was performed as described previously
(8). Target thioglycolate-elicited macrophages were dispensed in culture medium
at a concentration of 3 3 104 cells/well in 96-well round-bottom tissue culture
plates (Falcon, Lincoln Park, N.J.). They were incubated for at least 4 h at 37°C
under 5% CO2 and then radiolabeled with 51Cr (1 mCi/well; specific activity, 469
mCi/mg [Dupont NEN, Boston, Mass.]) for 3 h. After being washed, the radio-
labeled target cells were infected with tachyzoites of T. gondii RH at a 1:2
cell/parasite ratio and incubated overnight. Target Mf were washed and incu-
bated with lymph node cells at various effector-to-target-cell ratios in a final
volume of 200 ml of culture medium. After centrifugation at 200 3 g for 2 min,
the culture plates were incubated for 3.5 h. They were then centrifuged at 200 3
g, and 100 ml of supernatant was harvested from each well and assayed for release
of cpm by scintillation counting (Packard, Canberra, Australia). The percentage
of specific 51Cr release was calculated as [(mean cpm of tested sample 2 mean
cpm of spontaneous release)/(mean cpm of maximal release 2 mean cpm of
spontaneous release)] 3 100.

Statistical analysis. Levels of significance of the differences between groups
were determined by the Student t test.

RESULTS

Characterization of DC. The phenotype profile of represen-
tative populations of splenic DC after overnight culture in
medium alone or in medium containing TSo was determined
(Fig. 1). Cell populations were stained for the dendritic cell
marker (N418), for MHC class II expression (I-E), and for the
expression of the costimulatory molecules B7-1 and B7-2. No
difference was observed between the staining of unpulsed
and TSo-pulsed DC, whatever the marker. Unpulsed or
TSo-pulsed DC were at least 90% N4181 and strongly MHC
class II1 (.90%). The costimulatory molecules B7-1 and B7-2
were differentially expressed on the DC. A high level of B7-2
(87%) was expressed on unpulsed and TSo-pulsed DC,
whereas a lower level of B7-1 (56%) was expressed.
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These results indicated that unpulsed or TSo-pulsed DC
expressed MHC class II molecule and costimulary molecules
and thus could be able to present an antigen and sensitize T
cells in vivo.

IL-12 synthesis by DC. The presence of IL-12 (p40) was
assayed in the overnight culture supernatants from unpulsed
and TSo-pulsed DC or from Mf and TSo-pulsed Mf. DC
responded to TSo pulsing by undergoing strong synthesis of
IL-12 (2.10 ng of IL-12 p40 per ml). In contrast, no release of
IL-12 was observed in overnight culture supernatant from un-
pulsed DC (,0.19 ng of IL-12 p40 per ml). Furthermore,
whatever the origin of Mf (remaining adherent cells after DC
purification or thioglycolate-elicited peritoneal cavity Mf),
IL-12 was not detected in the overnight culture supernatants
from unpulsed or TSo-pulsed Mf (data not shown), indicating
that IL-12 is produced exclusively by TSo-pulsed DC.

Protection against oral challenge. Mice were injected with
3 3 105 TSo-pulsed or unpulsed DC. Control mice received
TSo alone or were untreated. The mice were then orally chal-
lenged with Toxoplasma cysts. One month after the oral chal-
lenge, the mouse brains were checked for the number of cysts
(Fig. 2). Protection against cyst formation was highly signifi-
cant in mice receiving TSo-pulsed DC in comparison with
untreated mice (P , 0.01), with the former showing 70% fewer
brain cysts. Moreover, the parasite burden in the brains of mice
injected with TSo-pulsed DC was significantly lower than that
in the brains of mice injected with unpulsed DC or TSo alone
(P , 0.05). The difference between the unpulsed and TSo
groups was not significant. A significantly smaller number of
cysts (P , 0.05) was also observed in the brains of mice im-
munized with TSo alone compared with the numbers observed
in the brains of untreated mice.

These results demonstrated that DC loaded with T. gondii
antigens were effective APC inducing strong resistance to cyst
formation.

Antibody responses. The total specific response (all iso-
types), as well as specific antibodies of IgG1 and IgG2a iso-
types, was tested in serum from mice immunized with unpulsed
or TSo-pulsed DC or TSo alone (Fig. 3). A strong antibody
response was elicited in mice injected with TSo-pulsed DC,
compared to the low antibody response in mice injected with
TSo and to the nondetectable antibody response in mice in-
jected with unpulsed DC or not treated. The humoral response
in mice injected with TSo-pulsed DC was characterized by a
high level of TSo-specific IgG2a antibodies compared to the
weak IgG1 response. Moreover, mice injected with TSo-pulsed
DC produced much higher levels of specific IgG2a antibodies
than did mice injected with TSo alone. Levels of specific IgG1
antibodies were barely detectable in mice immunized with
TSo.

These results demonstrated that TSo-pulsed DC stimulated
a strong humoral response in vivo, and especially a high level

of IgG2a antibodies, indicating that the helper population in-
duced by DC belongs to the Th1 subset.

Toxoplasma antigens recognized by IgG antibodies in serum.
To investigate the T. gondii antigens processed and presented
by splenic DC, serum IgG antibodies from mice injected with
unpulsed or TSo-pulsed DC or with TSo alone were assayed
with T. gondii in immunoblots (Fig. 4). Immune sera detected
antigens with apparent molecular masses of 21, 30, and 40 to
45 kDa in mice immunized with TSo-pulsed DC or with TSo
alone. The intensity of the 21-, 30-, and 40- to 45-kDa bands
was enhanced when the sera were derived from mice injected
with TSo-pulsed DC, in comparison to those from mice in-
jected with TSo alone. Furthermore, in the group injected with
TSo-pulsed DC, anti-T. gondii IgG antibodies recognized two
extra antigens with apparent molecular masses of 50 and 100
kDa (faint bands) and two antigens with apparent molecular
masses between 55 and 60 kDa. Antigens recognized by anti-
T. gondii IgG antibodies (21-, 30-, 50-, 55- to 60-, and 100-kDa
bands) showed a migration pattern similar to that of major
Toxoplasma antigens (SAG2, SAG1, MIC1, ROP2 to ROP4,
and MIC2, respectively) as detected by specific MAbs.

Cellular responses. TSo-induced proliferation was assessed
with lymph node cells from mice immunized with unpulsed or
TSo-pulsed DC or with TSo alone (Fig. 5). Lymph node cells
from TSo-pulsed DC-injected mice showed a strong dose-de-
pendent proliferative response to TSo restimulation. Only
weak proliferation of cells from mice immunized with TSo
alone or with unpulsed DC was observed in response to TSo
stimulation, whatever the concentration. Finally, no TSo-spe-

FIG. 2. Assay for protection against oral challenge. CBA/J mice injected with
3 3 105 unpulsed DC (DC) or TSo-pulsed DC (DC;TSo) or with TSo alone
(TSo) and untreated mice were orally infected with 100 cysts of T. gondii 76K 28
days later. The brain cyst load was evaluated 1 month after challenge. The results
are the means of the numbers of brain cysts in each mouse 6 standard deviations
(SD). Results from one of three similar experiments are shown.

FIG. 1. Phenotypic profile of DC. Splenic DC were purified and stained with MAbs as described in Materials and Methods.
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cific cell proliferation was observed with cells from untreated
mice. The phenotypic analysis revealed that lymph nodes from
TSo-pulsed DC-immunized mice are composed of 23% CD22
cells and 92% Thy1.2 cells and that T cells are composed of
60% CD41 cells and 31% CD8a1 cells.

To demonstrate T. gondii-specific cytotoxic T lymphocytes
in the popliteal and brachial lymph nodes after injection of
TSo-pulsed DC, lymph node cells from mice immunized with
unpulsed or TSo-pulsed DC were assayed, 7 days after immu-
nization, for cytotoxicity toward radiolabeled infected Mf.
Whatever the groups, no significant level of cytotoxicity activity
was detected.

Cytokine production. The presence of IFN-g, IL-2, and IL-5
was assayed in the supernatants of lymph node cell cultures
stimulated with TSo and obtained from mice receiving un-
pulsed or TSo-pulsed DC or TSo alone (Table 1). Lymph node
cells from mice immunized with TSo-pulsed DC responded to
TSo stimulation by increased production of IFN-g and IL-2
compared with that obtained from lymph node cells from un-
treated mice or mice immunized with unpulsed DC or with
TSo alone. No specific release of IL-5 from any culture super-
natant was demonstrable.

Taken together, these results demonstrated that DC loaded
with T. gondii antigens triggered a strong cellular response in
vivo that is associated with the CD41 Th1 subset. However,
under our experimental conditions, this cellular response did
not involve potent cytotoxic activity.

DISCUSSION

Th1 and Th2 T-cell subsets mediate separate effector func-
tions, and the development of one population has important
biologic consequences. Protective immunity in T. gondii infec-
tion is generally considered to be cell mediated (21). Many
studies have emphasized the importance of helper CD41 Th1
lymphocytes in checking acute infection (22, 25) and also in
preventing chronic infection (1). CD41 cells might also stim-
ulate CD81-cell differentiation, which has been described as
protective in a mouse model (35). For the development of an
effective vaccine, it is of major importance to favor the differ-
entiation of Th1 protective cells in vivo. Several factors such as
antigen density, MHC genotype, and lymphokines present dur-
ing the initiation of the immune response have been shown to
influence the predominance of the Th1 or Th2 subset in vivo
(15). The discovery of MHC restriction has focused attention
on the major role of APC in the activation of Th cells, which in

turn leads to the differentiation of the effector cells of the
immune response. DC appear to play a major role in initiating
T-cell immune responses (33) and are able to stimulate a Th1-
associated antibody response in vivo (13, 58). We show in this
study that DC loaded in vitro with T. gondii antigens were
effective for use as APC to induce in vivo not only potent hu-
moral and cellular immune responses but also a strong resis-
tance to cyst formation upon oral infection with T. gondii.

Murine susceptibility to toxoplasmosis depends on the mouse
H-2 haplotype. It has been clearly demonstrated that the pres-
ence of the Ld gene in mice is correlated with resistance to
brain cyst formation (4). The putative mechanism of this resis-
tance might be better control of the parasitemia stage through

FIG. 3. Isotype analysis of TSo-specific responses. Mice were injected with 3 3 105 TSo-pulsed DC (DC;TSo) or with unpulsed DC (DC). Control mice were
injected with TSo alone (TSo) or untreated. The total specific response (all isotypes) and specific antibodies of IgG1 and IgG2a isotypes were tested on day 24 after
immunization by ELISA for each mouse serum (dilution of 1:150). O.D., optical density. The results are representative of three separate experiments.

FIG. 4. Western blot analysis of T. gondii antigens recognized by serum IgG
antibodies and MAbs. Mice were injected with TSo-pulsed DC (lane 1), TSo
alone (lane 2), or unpulsed DC (lane 3) or were untreated (lane 4). The following
MAbs were used: 3G11 (anti-p22 [SAG2]) (lane a), 1E5 (anti-p30 [SAG1]) (lane
b), 1F7 (anti-gp60 [MIC1]) (lane c), 4A7 (anti-55- and 60-kDa [ROP2 to ROP4])
(lane d), and 4A11 (anti-p100 [MIC2]) (lane e). The molecular masses (in
kilodaltons) of protein standards are given on the left.
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the early stimulation of CD81 T cells by protective peptides of
T. gondii presented in the context of the H-2Ld molecule. Both
CD41 T cells and CD81 T cells actively participate in the
development of resistance to T. gondii and in the mechanisms
controlling brain cyst formation in mice (1). Injection of DC
pulsed in vitro with TSo into CBA/J mice (H-2k), a cyst-sus-
ceptible strain, effectively prevented brain cyst formation fol-
lowing oral challenge with T. gondii 76K. A smaller reduction
in the number of brain cysts was also observed in mice injected
with TSo alone. This mild protection could be due to the in
vivo presentation of TSo antigens by DC. Specific immune
responses were then investigated in the protected mice.

We first studied the specific antibody response induced in
vivo after a single injection of in vitro TSo-pulsed DC. The
humoral response in mice injected with TSo-pulsed DC was
characterized by a high level of TSo-specific IgG2a antibodies.
This increase in the level of IgG2a specific for TSo is in agree-
ment with the increase already observed in other models in-
volving myoglobin or human gamma globulin (13, 58). How-
ever, in contrast to these findings, mice injected with TSo-
pulsed DC produce only a low level of TSo-specific IgG1
antibodies. The regulation of Ig isotype production is under
the control of a number of pluripotent cytokines acting as
either a B-cell switch or differentiation factors. Although the
role of IL-12 in the humoral immune response is less clear,
recent studies found that treatment with IL-12 at the time of
immunization with MHC class I alloantigen in rats (26) and
with TNP-KLH in mice (43) strongly inhibited the IgG1-spe-
cific response. We showed that TSo-pulsed DC produced a
high level of IL-12. This may explain the low level of TSo-
specific IgG1 antibodies induced in vivo. Furthermore, it has
been shown that Th1- and Th2-derived lymphokines recipro-
cally regulate the determination of Ig isotype response (57).
The production of IgG2a is linked to the activation of IFN-g-
producing T cells (Th1 function), whereas IL-4 is important in
the regulation of IgE production (Th2 function) (60). The high
production of specific IgG2a in sera from mice immunized with
TSo-pulsed DC suggests that they mainly activate specific Th1
cells in vivo.

To measure directly the T-cell activation elicited by DC in
vivo, we studied the specific proliferative response and the spe-
cific cytotoxic T-lymphocyte response of lymph node cells from
mice injected in the footpad with unpulsed or TSo-pulsed DC.
To study the cellular immune response triggered by the trans-

fer of TSo-pulsed DC, a route of DC injection that could
efficiently target the T-cell areas of lymphoid tissue was cho-
sen. Since DC injected subcutaneously have been reported to
spontaneously and rapidly migrate to draining lymph nodes
(2), we decided to use subcutaneous injection into the footpad,
drained by popliteal and brachial lymph nodes, which are easily
removed, to investigate T-cell activation. Protective immunity
against T. gondii infection involves IFN-g activity and also
CD81 cytotoxicity (21). Moreover, DC are potent APC capa-
ble of priming cytotoxic T-lymphocyte responses in vivo after
being loaded in vitro with soluble protein (49). However, under
our experimental conditions, lymph node cells from mice im-
munized with TSo-pulsed DC did not exhibit potent cytotoxic
activity but, in contrast, showed a strong dose-dependent
proliferative response to TSo restimulation. This lack of cy-
totoxic activity could be explained by the short interval be-
tween immunization and the assay (7 days). At that time, T
cells in the lymph nodes are mainly CD41. Activation and
recruitment of CD81 T cells could need more time. At the
time of the challenge (28 days after the transfer), specific
CD81 cytotoxic activity could not be ruled out. The prolifer-
ative response is associated with increased production of
IFN-g and IL-2, whereas no specific release of IL-5 was ob-
served. These results confirm that the cellular immune re-
sponse elicited in vivo by TSo-pulsed DC belongs to the CD41

Th1 subset. De Becker et al. (12) recently showed that Mf
stimulate Th2 differentiation in vivo whereas DC drive the
development of cells producing Th1- and Th2-derived cyto-
kines. In our study, TSo-pulsed DC transfer led only to Th1
differentiation. The nature (crude parasite antigenic extract
TSo versus well-defined antigen human gamma globulin) and
the amount of antigens seem to play a role in the development
of the Th subset (9). The factors which influence the differen-
tiation of Th0 cells into cells with Th1 or Th2 phenotypes
include the type of APC, the nature and amounts of antigens,
and the expression of costimulatory molecules (18, 37) and
cytokine microenvironment (29, 30, 40, 41, 54, 62).

Soluble and membrane-bound signals delivered between T
cells and APC have been reported to influence Th1 or Th2
commitment. During overnight culture corresponding to in vi-
tro maturation of DC, the costimulatory molecules B7-1 (CD80)
and B7-2 (CD86) were expressed similarly on unpulsed and on
TSo-pulsed DC. However, a higher level of B7-2 was expressed
on these cells than the level of B7-1, whose expression was
weak. Indeed, B7-2 appeared to be the dominant costimulatory
ligand during the primary immune response, whereas B7-1,
which is up-regulated later in the immune response and binds
T-cell surface molecules CD28 and CTLA-4 with low affinity,
may be critical in prolonging the primary T-cell response or

FIG. 5. In vitro proliferation of lymph node cells from mice injected in the
fore and hind footpads with 3 3 105 TSo-pulsed DC (DC;TSo) or unpulsed DC
(DC) per footpad. Control mice were injected with TSo alone (TSo) or un-
treated. Results are expressed as Dcpm. The results are representative of at least
three experiments.

TABLE 1. Cytokine production by lymph node cells from mice
immunized in the footpads with TSo-pulsed or

unpulsed DC or TSo alonea

Immunization
regimen

IFN-g concn
(U/ml)

IL-2 concn
(U/ml)

IL-5 concn
(U/ml)

DC;TSo 1,050 0.70 ,0.45
DC ,0.9 ,0.08 ,0.45
TSo ,0.9 ,0.08 ,0.45

a Mice were injected in the footpads with TSo-pulsed DC (DC;TSo) or
unpulsed DC (DC) or with TSo alone (TSo) or were untreated. Lymph node cells
recovered 5 days after immunization were cultured with TSo. The culture su-
pernatants were examined for cytokine production. The peak levels of cytokine
in the supernatant are given. Values for IL-2, IFN-g, and IL-5 were measured at
24, 72, and 96 h of culture, respectively. The results are representative of at least
three experiments.
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costimulating the secondary T-cell response (3, 44). It has been
suggested that the presence of B7-1 favors the activation of
Th1 lymphocytes whereas B7-2 favors the priming of Th2 cells
(18, 37). Despite a high level of B7-2 on TSo-pulsed DC, we
found that these cells elicited a strong and specific Th1 re-
sponse in vivo. These results support the hypothesis that the
B7-2 molecule could also costimulate IL-2 production, a Th1
function (17).

Cytokines can also play a critical role in Th-cell phenotype
differentiation. Many studies have reported that IL-12 and
IFN-g promote the differentiation of antigen-specific T cells
into Th1 cells (30, 40, 41, 54) and that IL-4 and, to a lesser
extent, IL-10 stimulate the development of Th2 cells (29, 40,
62). Recent studies have indicated that IL-12 is produced by
DC and favors the development of Th1 cells from naive CD41

T cells (28, 39). In our model, the high level of IL-12 synthesis
by TSo-pulsed DC may lead to the differentiation of only Th1.

Moreover, IL-12 synthesis by TSo-pulsed DC is very impor-
tant since IL-12 appears to play a major role in natural immu-
nity to T. gondii (31, 36). Indeed, IL-12 and other cytokines
(IL-1 and tumor necrosis factor alpha) are produced by Mf
when exposed to live parasites or parasite extracts and stimu-
late NK cells to produce IFN-g (23, 24, 32, 56). Moreover, a
recent study has demonstrated that DC are the initial cells that
synthesize IL-12 in the spleens of mice exposed in vivo to an
extract of T. gondii (59). The production of IFN-g by NK cells
early in the course of T. gondii infection results in the activa-
tion of Mf (61) and nonphagocytic cells such as fibroblasts
(50), endothelial cells (63), and enterocytes (14) to kill para-
sites or inhibit parasite replication. This innate response af-
fords protection to the host before the development of an
adaptive immune response. DC could therefore play an impor-
tant role not only in the initiation of adaptive immunity to
T. gondii but also in the early induction of innate immunity to
the parasite. After primary T. gondii infection, IL-12 produced
by DC would be able to (i) activate NK cells to produce IFN-g
(53), (ii) promote T-cell differentiation toward the Th1 phe-
notype which produces IFN-g (28, 39), and (iii) synergize with
the CD28-B7 interaction for efficient proliferation and produc-
tion of IFN-g by T cells (48).

Finally, to investigate the T. gondii antigens processed and
presented by DC, we determined the T. gondii antigens recog-
nized by serum IgG antibodies from mice injected with un-
pulsed or TSo-pulsed DC. The presentation of T. gondii anti-
gens by DC triggered the IgG response to the 21-, 30-, 40- to
45-, and 55- to 60-kDa bands and the faint bands at 50 and 100
kDa which were detected following injection of TSo-pulsed
DC. These major T. gondii antigens showed identical migration
patterns to those described in our previous paper (7) and to
those of major well-known T. gondii proteins identified with
MAbs (SAG2, SAG1, MIC1, ROP2 to ROP4, and MIC2). The
SAG1 protein is the major surface antigen of the proliferative
form of T. gondii. Recent data indicate that SAG1 is involved
in the process of invasion (46, 47). In addition, the value of the
30-kDa protein (SAG1) of T. gondii as a protective antigen
following parenteral immunization (5, 34) and mucosal immu-
nization (11) is well known. Other major T. gondii antigens
such as SAG2 (surface protein), MIC1 (microneme protein),
ROP2 to ROP4 (rhoptry proteins), and MIC2 (microneme pro-
tein) seem to stimulate protective immunity. Although there is
only a correlation between bands recognized by antibodies
from TSo-pulsed DC-immunized mice and the major antigens
so far recognized as important in T. gondii protection, the study
indicates that antigen presentation by TSo-pulsed DC seems to
be well adapted for a large sample of major T. gondii antigens.

The findings presented in this work emphasize the central

role played by DC in T. gondii resistance. Indeed, our findings
show that DC pulsed in vitro with T. gondii antigens elicit a
strong resistance to cyst formation after oral challenge in vivo.
This protection is associated with a high level of specific IgG2a
antibodies, suggesting that CD41 protective cells belong to
the Th1 subset. We have defined some major T. gondii anti-
gens, such as SAG1, SAG2, MIC1, ROP2 to ROP4, and
MIC2, which were recognized by the sera of TSo-pulsed
DC-immunized mice. Some of these antigens (SAG1 and
MIC2) were shown to play a major role in both parasite
attachment and penetration. Therefore, specific immunity
against this antigen could be involved in the induction of
protective immunity. Furthermore, DC loaded with T. gondii
antigens, which synthesize high levels of IL-12, are also able
to induce a strong cellular response in vivo, characterized by
the production of IFN-g and IL-2.
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