INFECTION AND IMMUNITY, Sept. 2003, p. 5254-5265
0019-9567/03/$08.00+0 DOI: 10.1128/TAI.71.9.5254-5265.2003

Vol. 71, No. 9

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Protective Mucosal Th2 Immune Response against Toxoplasma gondii

by Murine Mesenteric Lymph Node Dendritic Cells

Isabelle Dimier-Poisson,™ Fleur Aline, Marie-Noélle Mévélec, Céline Beauvillain,
Dominique Buzoni-Gatel, and Daniel Bout

UMR Université-INRA d’Immunologie Parasitaire et Vaccinologia, UFR des Sciences Pharmaceutiques,
37200 Tours, France

Received 13 January 2003/Returned for modification 23 March 2003/Accepted 27 May 2003

Toxoplasma gondii, an obligate intracellular parasite pathogen which initially invades the intestinal epithe-
lium before disseminating throughout the body, may cause severe sequelae in fetuses and life-threatening
neuropathy in immunocompromised patients. Immune protection is usually thought to be performed through
a systemic Th1 response; considering the route of parasite entry it is important to study and characterize the
local mucosal immune response to 7. gondii. Despite considerable effort, Toxoplasma-targeted vaccines have
proven to be elusive using conventional strategies. We report the use of mesenteric lymph node dendritic cells
(MLNDCs) pulsed ex vivo with 7. gondii antigens (TAg) as a novel investigation approach to vaccination
against 7. gondii-driven pathogenic processes. Using a murine model, we demonstrate in two genetically
distinct mouse strains (C57BL/6 and CBA/J) that adoptively transferred TAg-pulsed MLNDC:s elicit a mucosal
Toxoplasma-specific Th2-biased immune response in vivo and confer strong protection against infection. We
also observe that MLNDCs mostly traffic to the intestine where they enhance resistance by reduction in the
mortality and in the number of brain cysts. Thus, ex vivo TAg-pulsed MLNDCs represent a powerful tool for
the study of protective immunity to 7. gondii, delivered through its natural route of entry. These findings might
impact the design of vaccine strategies against other invasive microorganisms known to be delivered through

digestive tract.

Most viral, bacterial, and parasitic microorganisms gain en-
try into the host through mucosal tissues. Mucosa harbor po-
tent, specific protective immune defenses against those patho-
gens, and increasing attention is being paid to mucosal surfaces
as an attractive route by which to immunize. Dendritic cells
(DCs), the most potent and versatile professional antigen-pre-
senting cells (APCs), are the initiators of T-cell responses against
invasive microorganisms due to their capacity to stimulate na-
ive T cells (30). Mucosal DCs deserve to be more characterized.

The coccidian protozoan Toxoplasma gondii is an obligate
intracellular parasite of humans and other warm-blooded an-
imals. It is a significant hazard to the fetuses of mothers who
acquire the infection during pregnancy, and it has been estab-
lished as a cause of life-threatening disease in immunocom-
promised individuals (27). After the primary infection in an
immunocompetent individual, the immune response of the
host usually limits the replication of tachyzoites, resulting in
the formation of the dormant bradyzoite form. C57BL/6 sus-
ceptible mice do not limit the replication of tachyzoites and
die, whereas CBA/J mice, which limit this replication, become
chronically infected with persistent cysts and are considered to be
resistant to toxoplasmosis. This effective immune reaction against
parasites results in the chronic infection of an immunocompetent
individual with 7. gondii usually being contained (12). Immune
protection is thought to be performed through a Thl systemic
response (17), but the importance of gut mucosal immunity
against infection with 7. gondii is less well understood.
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The oral route is the natural portal of entry of 7. gondii.
Ingested organisms are released from cysts or oocysts within
the gastrointestinal tract and initially invade the intestinal ep-
ithelium before disseminating throughout the body. After stim-
ulation by DCs the initial activation of naive T cells probably
occurs in Peyer’s patches and mesenteric lymph nodes
(MLNs). Because DCs are difficult to isolate in large numbers,
the majority of DC studies have been performed using DC
precursor populations differentiated and expanded in vitro
with recombinant cytokines (15). However, it is important to
take into account that DCs generated in vitro from a defined
precursor population may differ in their phenotype and more
importantly in their APC potential, depending on the cytokines
used (26).

In this sense, we decided to fully define the MLN DCs
(MLNDCs) as natural adjuvant for immune protection against
Toxoplasma and to explore how the MLNDCs were involved in
the immune protection of susceptible C57BL/6 and resistant
CBA/J mice against toxoplasmosis.

Our results show that adoptively transferred MLNDC:s pulsed
ex vivo with T. gondii antigens (TAg) produce great resistance
to T. gondii infection in vivo and that this immunity correlates
with the development of a protective systemic and mucosal
T-cell response, a shift of the cytokine expression towards a
Th2-like pattern in the mucosa, a production of specific secre-
tory immunoglobulin A (IgA), and a traffic to the spleen and to
the intestine. In comparison, TAg-pulsed spleen DCs (SPDCs)
produce a weaker resistance to 7. gondii infection correlated
with a Thl splenic T-cell response and a traffic only to the
spleen (2). These findings suggest that MLNDCs could estab-
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lish long-term immunity at the systemic and mucosal level to
recurrent infection with 7. gondii.

Finally, these findings may well be applicable to many mu-
cosal pathogens.

MATERIALS AND METHODS

Animals. Female CBA/J (H-2¥) and C57BL/6 (H-2") mice 8 to 10 weeks old
(Janvier) were used in all experiments.

Parasites. Tachyzoites of the RH strain of 7. gondii were harvested from the
peritoneal fluid of Swiss OF1 mice intraperitoneally infected 3 to 4 days earlier.
Cysts of the 76K strain of 7. gondii were obtained from the brains of orally
infected CBA/J mice.

Preparation of Toxoplasma sonicate. T. gondii RH tachyzoites were washed,
sonicated, and centrifuged as previously described (29). The supernatant from
the last centrifugation, which was used as the source of antigen, was concentrated
through dialysis tubing to achieve aliquots. The concentration was determined by
a protein assay reagent kit (Bio-Rad) with bovine serum albumin as the standard.
The aliquots of T. gondii tachyzoite sonicate were stored at —20°C.

Bradyzoites of the 76K strain of 7. gondii were harvested from the brains of
CBA/J mice orally infected 1 month earlier with 80 cysts of the 76K strain. Brains
were homogenized in 5 ml of phosphate-buffered saline (PBS) with a pestle and
mortar and filtered through nylon mesh. The cysts were obtained by centrifuga-
tion through a Percoll layer (100% isotonic) (45 ml of Percoll plus 5 ml of NaCl,
1.5 M). The pellet contained the cysts and red blood cells, which were lysed at
—20°C overnight. After centrifugation, the cysts were counted and sonicated.
The concentration was determined by a protein assay reagent kit (Bio-Rad) with
bovine serum albumin as the standard. The aliquots of 7. gondii bradyzoite
sonicate were stored at —20°C.

Preparation of MLNDCs and SPDCs. DCs were prepared from the MLNs and
the spleens of naive CBA/J and C57BL/6 6- to 10-week-old mice. The DCs were
purified by a procedure described by Iwasaki and Kelsall for Peyer’s patch DCs
(16). MLNs and spleen were dissected and digested with collagenase D (400
Mandl units/ml; Boehringer Mannheim) plus DNase (15 pg/ml) (DNase I;
Bochringer Mannheim) in 10 ml of IMDM (Gibco/BRL) supplemented with a
solution containing 10% heat-inactivated fetal calf serum, penicillin (100 U/ml),
streptomycin (100 pg/ml), 50 uM 2-mercaptoethanol, and 2 mM L-glutamine for
30 min at 37°C. For isolation of CD11c" cells using directly conjugated magne-
tism-activated cell sorting magnetic beads (Miltenyi Biotec), CD11c beads were
added according to the manufacturer’s instructions. After incubation for 20 min
at 4°C, cells were washed and passed over a magnetism-activated cell sorting
column. Purity was checked routinely by fluorescence-activated sell sorting and
was found to be greater than 97% (not shown). DCs were cultured for 18 h with
5 ml of supplemented IMDM containing 7. gondii tachyzoite and bradyzoite
sonicates (TAg) (50 wg/ml). They were thoroughly washed, counted, and used for
immunization and homing.

The overnight culture supernatants (5 ml) were concentrated to 1 ml through
dialysis tubing and were tested for the presence of interleukin-12 (IL-12), IL-4,
IL-10, gamma interferon (IFN-y), and transforming growth factor beta (TGF-B).

FACScan analysis. The cell surface phenotype of purified MLNDCs was
assessed by reacting cells with the fluorescein isothiocyanate-conjugated mono-
clonal antibody (MAD) reagents—14.4.4 (murine IgG2a anti-I-E*%), CD80
(1G10), CD86 (GL1), and CD8 (53-6.72) (all from BD PharMingen)—and with
phycoerythrin-conjugated anti-CD11c (N418) (Serotec). Before all labeling ex-
periments, Fc receptor blocking was performed by incubating cells with 2.4G2 (a
rat anti-mouse Fc receptor MAD) for 10 min. Unrelated isotype-matched MAbs
were used as control. Analysis was performed on a FACScan apparatus (Becton
Dickinson & Co.). Data were evaluated both as the percentage of positive cells
and as the median fluorescence intensity.

Adoptive immunizations and Toxoplasma challenge. The potential effect of
MLNDCs was tested by immunizing groups of 12 mice. For all experiments, mice
were given intravenously (i.v.) 2.5 X 10° TAg-pulsed or unpulsed DCs. Control
mice were untreated. Mice were orally infected with 80 cysts for CBA/J mice and
10 cysts for C57BL/6 mice of T. gondii 76K on day 5. In the study of the
antigen-specific proliferative response, MLNs and spleens were harvested 28
days after passive DC transfer. 23 days after challenge, CBA/J mice were killed,
and each brain was homogenized in 5 ml of PBS with a pestle and mortar. The
cysts in each brain homogenate were counted microscopically (8 X 10 wl). The
results are expressed as means * standard deviations for each group. The
C57BL/6 mice were observed daily for mortality. One month after challenge,
survivors were killed and their brains were recovered.
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Western blotting. Serum and fresh fecal samples were collected. Fecal samples
were extracted using PBS with 0.1% sodium azide (1 ml was added for every 100
mg of feces). The samples were then vortexed until all material was suspended.
After centrifugation at 13,000 X g for 10 min, the supernatants were removed
and immediately used for immunoblot analysis. Electrophoresis and immuno-
blotting using purified 7. gondii tachyzoites as the source of antigen were per-
formed as previously described (6). TAg recognized by intestinal IgA antibodies
were detected using a goat anti-mouse IgA alkaline phosphatase conjugate
(Sigma). T gondii antigens recognized by MAbs were detected using a goat
anti-mouse IgG alkaline phosphatase conjugate (Sigma). The following anti-T.
gondii MAbs were used: 3G11 (anti-p22 [SAGZ2]), 1ES (anti-p30 [SAGI]), 1F12
(anti-p43 [SAG3]), 4A7 (anti-55- and 60-kDa [ROP2 to ROP4]), 1F7 (anti-gp60
[MIC1]), 2F3 (anti-p80 [MIC3]), and 4A11 (anti-p100 [MIC2]). These MAbs
were generously donated by J.-F. Dubremetz (Institut National de la Santé et de
la Recherche Médicale, Montpellier, France).

Measurement of antigen-specific proliferative response. Spleens and MLNs
were harvested 5 and 28 to 35 days after passive DC transfer and pressed through
a stainless steel mesh. Single-cell suspensions were obtained by filtration through
nylon mesh to remove tissue debris. The spleen erythrocytes were destroyed by
hypotonic shock, and spleen and MLN cells were suspended in RPMI 1640
(GIBCO) supplemented with 5% fetal calf serum, HEPES (25 mM), L-glutamine
(2 mM), sodium pyruvate (1 mM), B-mercaptoethanol (5 X 107> M), and
penicillin-streptomycin (100 pg/ml) and seeded in triplicate in flat-bottomed
96-well microtiter plates (Costar) at 5 X 103 cells per well in 200 ul of culture
medium, alone or containing various concentrations of TAg. The plates were
incubated for 3 days in 5% CO, at 37°C and pulsed with 1 p.Ci of [°H]thymidine/
well for an additional 18 h. Finally, the cells were collected on glass fiber filters
and the radioactivity (counts per minute) was quantified by liquid scintillation
counting. Proliferation was expressed as the stimulation index (counts per
minute for stimulated cells/counts per minute for unstimulated cells).

Cytokine concentration measurement. Spleen cells and MLN cells were cul-
tured in 24-well plates at 5 X 10° cells/well in 1 ml of culture medium alone or
with TAg (10 wg/ml). Cell culture supernatants were harvested between 24 h and
4 days and assayed for IL-2, IL-4, IL-5, IL-10, IL-13, and IFN-vy activities. The
total IL-12, IL-10, IFN-vy, and TGF-B in culture supernatants from unpulsed DCs
and TAg-pulsed DCs were also measured. The cytokine concentrations were
evaluated using a commercial enzyme-linked immunosorbent assay kit according
to the manufacturer’s instructions (DuoSet [Genzyme] for IL-2, IL-4, IL-5,
IL-10, IL-12, TGF-B, and IFN-y and R&D Systems for IL-13). Cytokine con-
centrations were determined by reference to standard curves constructed with
known amounts of mouse recombinant IL-2, IL-4, IL-5, IL-10, IL-13, and IFN-y.
The sensitivity limits for the assays were 20 pg/ml for IFN-y, 50 pg/ml for IL-10,
10 pg/ml for IL-13 and IL-2, 20 pg/ml for IL-5 and IL-4, and 60 pg/ml for TGF-B.

Short-term tissue homing. CBA mice were used as donors and recipients for
the homing experiments. MLNDCs and SPDCs were labeled with 50 p.Ci of >'Cr
per ml for 1 h at 37°C. Unincorporated >'Cr was removed by centrifugation. The
DCs were washed and 5 X 10° were injected into the tail vein of recipient mice.
The mice were killed 2 h later. Blood was collected, and the intestine, lungs,
kidneys, liver, spleen, brain, MLNs, and peripheral lymph nodes were removed.
The peripheral lymph nodes removed were the superficial inguinal nodes, the
brachial and popliteal nodes, the superficial cervical nodes, and the iliac lymph
nodes. All the Peyer’s patches were collected from the intestine. The intestines
were flushed with 20 ml of buffer and Peyer’s patches were removed. Organs
were carefully homogenized in 3 ml of water-1% Triton X-100, and the radio-
activity in all the organs was counted in a gamma counter. Values are expressed
as percentage of radioactivity recovered in the organ and the remaining body.
Two mice were used in each experiment, and each experiment was repeated at
least two times.

Statistical analysis. Parametric statistical analysis was performed using the c2
test for analyzing the observed differences in survival of mice and using Student’s
test for the other analyses.

RESULTS

Phenotypic analysis of isolated DCs from MLNSs. Sorted
cells selected on the basis of CD11c were routinely 97 to 98%
positive. DCs have been characterized on the basis of their
antigen presentation potential and their phenotype (Fig. 1).

We found that DC markers (CD11c) as well as costimulatory
molecules (CD80 and CD86) were similar between SPDCs and
MLNDCs. However, MLNDCs expressed higher levels of ma-



5256 DIMIER-POISSON ET AL.

INFECT. IMMUN.

[ (=1
[=) p=
o~ o
Q.‘ D-
Eh =l
[=3 =

g = 8]

s ] =]

=] =

) )

Q 1 Q 4
2 2
g g
o = -
(=1 (=1
(=] o
N‘ &

1

= [==]
=l =

wv [72]

N ~—

=] |

g 2

Q (5]

CD86

IEk

FIG. 1. Surface phenotype analysis of sorted DC populations from SP and MLN. Sorted CD11c* DCs from SP and MLN were analyzed for
expression of various surface molecules. The results are shown as histograms with fluorescence intensity on the x axis and cell number on the y axis.
The light gray lines represent staining of SPDCs, and the black lines represent staining of MLNDCs. Isotype-matched control is indicated for each
antibody set with a solid peak. The data depicted here represent four independent experiments producing similar results.

jor histocompatibility complex class II antigens compared with
SPDCs.

As illustrated in Fig. 2, SPDCs are subdivided in two SPDC
subpopulations on the basis of CD8 expression. CD8" and
CDS8™ subsets represent approximately 60 and 40% of total
SPDCs, respectively. MLNDCs are subdivided in three DC
populations. Apart from a CD8™ lymphoid DC subpopulation
and a CD8™ myeloid DC subpopulation equivalent to those
described in the spleen, a third DC subpopulation exists, from
low to intermediate levels of CD8. CD8", CDS8int, and CD8™
MLNDC subpopulations represent approximately 20, 60, and
20%, respectively, in the MLN. These results are in agreement
with those obtained by Anjuere et al. (1).

We also found no difference between the staining of CBA/J
and C57BL/6 MLNDCs (data not shown). Hence, these

MLNDCs had a mature phenotype compatible with antigen
presentation and T-cell sensitization in vivo.

Cytokine production by isolated MLNDCs. Supernatants
from MLNDCs cultured overnight in the presence of TAg
were assessed for the presence of 1L-12, IL-10, IFN-v, and
TGF-B (Fig. 3).

CBA/J MLNDCs secreted large amounts of IL-10 (1,000
pg/ml) and TGF-B (950 pg/ml), low levels of IL-12 (500 ng/ml),
and insignificant amounts of IFN-y. C57BL/6 MLNDCs se-
creted similar levels of IL-10 (1,000 pg/ml), twofold-lower lev-
els of TGF-B (500 pg/ml), and threefold-higher levels of IL-12
(1,500 pg/ml) and synthesized IFN-y (150 pg/ml).

SPDCs secreted large amounts of IL-12 (3,000 ng/ml), IFN-
v (1,400 pg/ml), and no TGF-B and IL-10, regardless of the
mouse strain.
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FIG. 2. Definition of DC subpopulations from spleen and MLNs. Dot plots show the CD8-versus-CD11c profile of SPDCs and MLNDCs.
CD8" and CD8™ DC subpopulations can be defined (R1 and R2) in the spleen. In the MLNs an additional CD8int DC subset exists (R3). These

data are representative of four experiments with similar results.

No specific release of IL-4 was detected in the supernatants
from MLNDCs and SPDCs (data not shown).

Protection of mice from acute infection with 7. gondii by
MLNDCs pulsed with T. gondii antigen. Since susceptibility is
genetically determined, two different mouse strains were as-
sayed for these experiments. C57BL/6 (highly susceptible) and
CBA (highly resistant) were infected by oral gavage with either
10 or 80 cysts, respectively. C57BL/6 mice usually succumb to
infection within 8 to 10 days after the infection. CBA/J mice
are highly resistant to parasite infection, and morbidity is best
quantified by enumeration of brain cyst load.

The ability of pulsed MLNDCs to protect against acute
parasite challenge was evaluated in susceptible C57BL/6 mice
(Fig. 4).

C57BL/6 mice were injected with 2.5 X 10°> TAg-pulsed or
unpulsed MLNDCs and with 2.5 X 10° TAg-pulsed or un-

pulsed SPDCs. Control mice were untreated. The mice were
then orally challenged with 10 cysts of the 76K strain of 7.
gondii and observed daily for mortality. TAg-pulsed MLNDCs
protected the mice (90% survival) (P < 0.0017) more than
TAg-pulsed SPDCs (70% survival) (P < 0.0057). Unpulsed
MLNDCs and unpulsed SPDCs protect the recipient less
against virulent challenge (P < 0.0105), and only 40% of mice
survived within 12 days postinfection (Fig. 4). A lower survival
rate of untreated mice (30%) was observed. These observa-
tions showed that pulsed MLNDC:s protected C57BL/6 against
an oral challenge with 7. gondii and that the degree of protec-
tion is significantly superior compared with that obtained with
pulsed SPDCs (P < 0.0073).

Resistance to cyst formation induced by MLNDCs pulsed
with 7. gondii antigen. CBA/J mice infected with 80 cysts of the
76K parasite strain develop substantial numbers of intracere-
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FIG. 3. Cytokine production by MLNDCs and SPDCs after TAg stimulation. Fluorescence-activated cell sorting-purified CD11¢™ DCs (10° per
well) from CBA/J and C57BL/6 mice were incubated overnight in the presence of TAg (50 pg/ml). The overnight culture supernatants (5 ml) were
concentrated to 1 ml through dialysis tubing and were tested for the presence of IL-12, IL-10, IFN-v, and TGF- by enzyme-linked immunosorbent
assay. Each column is representative of three separate experiments. Results are expressed as the means + standard errors of the means.
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SPDCs. Mice immunized with 2.5 X 10° unpulsed DCs or TAg-pulsed MLNDCs and untreated mice were orally infected with 10 cysts of T. gondii
5 days later. Mice were observed daily for mortality. One representative experiment of three is shown.

bral cysts containing bradyzoites. The long-term protection
provided by pulsed MLNDCs and SPDCs was evaluated by
counting brain cysts 1 month after an oral challenge (Fig. SA
and C). CBA/J mice immunized with 2.5 X 10° pulsed
MLNDCs were highly resistant to cyst formation (93% fewer
brain cysts) (Fig. 5A).

A lower decrease in the number of cysts (70%) was observed
in mice immunized with TAg-pulsed SPDCs (Fig. 5C) but not
in untreated mice given the same number of unpulsed
MLNDCs and SPDCs, respectively (P < 0.001). TAg-pulsed
MLNDCs were statistically more efficient in inducing resis-
tance to cyst formation than TAg-pulsed SPDCs (Fig. 5D)
(P < 0.001)

The decrease in the number of intracerebral cysts was not
confined to CBA/J mice. C57BL/6 mice which were given
pulsed MLNDCs and survived acute infection were also
very much more resistant to cyst formation than unpulsed
MLNDC s and untreated mice; they had 85% fewer cysts than
controls (P < 0.01) (Fig. 5B). Thus, MLNDCs loaded with
TAg were effective APCs inducing great resistance to cyst
formation.

Toxoplasma antigens recognized by serum IgG and intesti-
nal IgA antibodies. Intestinal anti-7. gondii IgA antibodies
were detected by Western blotting only in fecal samples from
mice injected 21 days earlier with TAg-pulsed MLNDC:s (Fig.
6).

Intestinal anti-7. gondii IgA antibodies were not detected in
fecal samples from mice injected 21 days earlier with TAg-
pulsed SPDCs. The intestinal IgA antibody response was di-
rected against antigens with apparent molecular masses of 21,
30, 38, and 55 to 60 kDa. All these bands were not detected by
intestinal IgA antibodies from mice injected 21 days earlier
with unpulsed SPDCs or unpulsed MLNDC:s. Intestinal anti-
T. gondii IgA antibodies from mice infected 21 days earlier
with T. gondii recognized a 30-kDa antigen as previously de-
scribed (6). The 21-, 30-, 38-, and 55- to 60-kDa antigens
recognized by anti-T. gondii intestinal IgA antibodies showed a
migration pattern similar to that of major TAg (SAG2, SAGI,

SAG3, and ROP2 to ROP4, respectively) as detected by spe-
cific MAbs.

Serum anti-T. gondii IgG antibodies were detected by West-
ern blotting in mice injected 21 days earlier with TAg-pulsed
SPDCs or with TAg-pulsed MLNDCs. A similar pattern was
observed for the two groups of mice (data not shown).

Cellular proliferative response induced by MLNDCs. TAg-
induced proliferation was assessed with spleen and MLN cells
from C57BL/6 and CBA/J mice immunized with unpulsed or
pulsed MLNDC:s 28 days after DC transfer (Fig. 7 and 8).

An absence of lymphoproliferation to Toxoplasma antigen
was observed in the splenic and MLN immune compartment
from untreated or unpulsed CBA/J MLNDCs (Fig. 7) or
C57BL/6 (Fig. 8) mice. MLN and spleen cells from CBA/J
(Fig. 7) and C57BL/6 (Fig. 8) mice given TAg-pulsed
MLNDCs showed a strong proliferative response to TAg re-
stimulation. These results demonstrate that i.v. administration
of TAg-pulsed MLNDC:s triggered a systemic and local cell-
mediated immunity to Toxoplasma and abrogated the immu-
nosuppression of the Toxoplasma infection.

Cellular proliferative response induced by SPDCs. TAg-
induced proliferation was assessed with spleen and MLN cells
from CBA/J mice immunized with unpulsed or pulsed SPDCs
28 days after DC transfer (Fig. 9).

An absence of lymphoproliferation to Toxoplasma antigen
was observed in the MLN immune compartment from un-
treated, unpulsed SPDCs and TAg-pulsed SPDCs (Fig. 9). An
absence of lymphoproliferation to Toxoplasma antigen was
also observed in the spleen from untreated and unpulsed
SPDCs (Fig. 9). Spleen cells from CBA/J mice given TAg-
pulsed SPDCs showed a strong proliferative response to TAg
restimulation. These results demonstrate that i.v. administra-
tion of TAg-pulsed SPDCs triggered a systemic cell-mediated
immunity to Toxoplasma but was not able to abrogate the
immunosuppression of the Toxoplasma infection at the muco-
sal site.

Cytokine production by lymph node cells from mice immu-
nized with TAg-pulsed or unpulsed MLNDCs. The superna-
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FIG. 5. Assay for protection against oral challenge. CBA/J mice were immunized with 2.5 X 10° unpulsed MLNDCs and TAg-pulsed MLNDCs
(A) or with 2.5 X 10° unpulsed SPDCs and TAg-pulsed SPDCs (C). (B) CBA/J mice were orally infected with 80 cysts. C57BL/6 mice were immunized
with 2.5 X 10° unpulsed MLNDCs or TAg-pulsed MLNDCs. (D) C57BL/6 mice were orally infected with 10 cysts of 7. gondii 5 days later. A comparison
of protection between CBA/J mice immunized with TAg-pulsed MLNDCs and TAg-pulsed SPDCs was performed. Cyst burden was enumerated
by counting brain cysts at 30 days postchallenge in the CBA/J mice and in the C57BL/6 survivors + standard deviation (error bars). Results of one

of three similar experiments are shown. *, P < 0.001.

tants of cultured immune MLN and spleen cells from unpulsed
and pulsed MLNDC-injected C57BL/6 and CBA/J mice were
evaluated for the production of IFN-v, IL-2, IL-4, IL-5, and
IL-10 in response to TAg antigen 23 days after oral challenge
(Fig. 7 and 8).

MLN cells from CBA/J mice immunized with TAg-pulsed
MLNDC:s responded to TAg stimulation by greater production
of IL-10 (60 ng/ml), IL-5 (775 pg/ml), and IL-13 (300 pg/ml)
than did the lymph node cells from untreated CBA/J mice
(1 ng/ml, 70 pg/ml, and 50 pg/ml) or those given unpulsed
MLNDCs (15 ng/ml, 200 pg/ml, and 50 pg/ml), respectively,
and by lower production of IFN-y (1,000 pg/ml) than the
lymph node cells from untreated CBA/J mice (3,300 pg/ml) or
those given unpulsed MLNDCs (3,000 pg/ml). No specific re-
lease of IL-2 (Fig. 7) and IL-4 was demonstrated (data not
shown).

Spleen cells from CBA/J mice immunized with TAg-pulsed
MLNDC:s responded to TAg stimulation by greater production
of IL-10 (36 ng/ml) than did lymph node cells from untreated
CBA/J mice (2.4 ng/ml) or mice given unpulsed MLNDCs (13
ng/ml). The production of IFN-y (3,200 ng/ml) compared to
untreated CBA/J mice (3,700 ng/ml) and unpulsed MLNDC
CBA/J mice (3,900 ng/ml) and IL-5 (110 pg/ml) compared to
untreated CBA/J mice (50 pg/ml) or unpulsed MLNDC mice
(110 pg/ml) was identical (Fig. 7). The production of IL-2 (<20
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FIG. 6. Western blot analysis of TAg recognized by intestinal IgA
antibodies and MAbs. Fresh fecal samples were collected 21 days after
infection of CBA/J mice with 7. gondii cysts (strain 76K) (lanes 1 and 2),
21 days after injection of CBA/J mice with unpulsed SPDCs (lane 3),
with TAg-pulsed SPDCs (lanes 4 and 5), with unpulsed MLNDCs (lane
6), or with TAg-pulsed MLNDC:s (lanes 7 and 8). The following MAbs
were used: 3G11 (anti-p22 [SAG2]) (lane a), 1ES (anti-p30 [SAG1]) (lane
b), 1F12 (anti-p43 [SAG3]) (lane c), 4A7 (anti-55- and 60-kDa [ROP2
to ROP4]) (lane d), 1F7 (anti-gp60 [MIC1]) (lane e), 2F3 (anti-p80
[MIC3]) (lane f), and 4A11 (anti-p100 [MIC2]) (lane g). The molec-
ular masses (kilodaltons) of protein standards are given on the right.
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FIG. 7. Cellular proliferative response and cytokine production following i.v. immunization with 2.5 X 10° TAg-pulsed CBA/J MLNDCs after
challenge with 80 cysts of T. gondii 76K. At 28 days spleen and MLN cells were isolated and stimulated in vitro with TAg (10 pg/ml). Proliferation
was assessed after 4 days. Values for IL-2 and IL-4 were measured at 24 h, for IFN-y at 72 h and for IL-10 and IL-5 at 96 h of culture. Results
are mean cytokine concentrations or counts per minute for proliferation assays on spleen and MLN cells from three mice per experimental group.
Results from one of three similar experiments are shown and are expressed as the mean * standard error of the mean. Symbols: *, P < 0.001;

#, P < 0.001.

ng/ml and 360 to 380 ng/ml) was lower (Fig. 7). No specific
release of IL-4 was detected (data not shown).

MLN cells from C57BL/6 mice immunized with TAg-pulsed
MLNDC:s responded to TAg stimulation by greater production
of IL-10 (25 ng/ml), IL-5 (680 pg/ml) and IL-13 (280 pg/ml)
than the lymph node cells from untreated C57BL/6 mice
(<0.02, 55, and <10 pg/ml) or from mice given unpulsed
MLNDC:s (8 ng/ml, 210 pg/ml, and <10 pg/ml), respectively.
The production of IL-2 (<20, 110, and 56 ng/ml) was lower. No
specific release of IFN-y (Fig. 8) and IL-4 (data not shown)
was demonstrated.

Spleen cells from C57BL/6 mice immunized with TAg-

pulsed MLNDCs responded to TAg stimulation by greater
production of IFN-y (9,200 ng/ml) and IL-2 (115 ng/ml) than
did lymph node cells from untreated C57BL/6 mice (460 and
ng/ml) or from mice given unpulsed MLNDCs (1,000 and 27
ng/ml) (Fig. 8). No specific releases of IL-10, IL-13, and IL-5
(Fig. 8) and IL-4 were detected.

Cytokine production by lymph node cells from mice immu-
nized with TAg-pulsed or unpulsed SPDCs. We can observe
that there is no difference of cytokine synthesis (IL-2, IL-10,
IL-5, and IFN-vy) by MLN cells from CBA/J mice untreated or
immunized with unpulsed SPDCs or immunized with TAg-
pulsed SPDCs in response to TAg stimulation (Fig. 9).
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FIG. 8. Cellular proliferative response and cytokine production following i.v. immunization with 2.5 X 10° TAg-pulsed C57BL/6 MLNDCs after
challenge with 10 cysts of 7. gondii 76K. At 28 days spleen and MLN cells were isolated and stimulated in vitro with TAg (10 pg/ml). Proliferation
was assessed after 4 days. Values for IL-2 and IL-4 were measured at 24 h, those for IFN-y were measured at 72 h, and those for IL-10 and IL-5
were measured at 96 h of culture. Results are mean cytokine concentrations or counts per minute for proliferation assays on spleen and MLN cells
from three mice per experimental group. Results from one of three similar experiments are shown and are expressed as the mean * standard error

of the mean. Symbols: *, P < 0.001; #, P < 0,001.

Spleen cells from CBA/J mice immunized with TAg-pulsed
SPDCs responded to TAg stimulation by greater production of
IL-2 (864 ng/ml) and IFN-vy (7,775 pg/ml) than did lymph node
cells from untreated CBA/J mice (IL-2, 374 ng/ml; IFN-y,
1,879 pg/ml) or mice given unpulsed SPDCs (IL-2, 387 ng/ml;
IFN-v, 2,134 pg/ml). The production of IL-10 (36 ng/ml), com-
pared to untreated CBA/J mice (24 ng/ml) and unpulsed
MLNDC CBA/J mice (23 ng/ml) was slightly superior (Fig. 9).
The production of IL-5 (65 ng/ml and 105 to 111 ng/ml) was
lower (Fig. 9). No specific release of IL-4 was detected (data
not shown).

MLNDOC traffic to the intestine and to the spleen following
adoptive transfer. To explore the importance of DC origin in

relation to homing, a radioisotope trafficking study was done
with MLNDCs and SPDCs to determine whether DCs home to
host organs (Fig. 10).

Two hours after iv injection of >'Cr-labeled MLNDCs (5 X
10°), 43% of the total radioactivity was detected in the small
intestine of the recipient CBA/J mice. There was also radioiso-
tope activity concentrated in the spleen (22%), in the lungs
(19%), and in the Peyer’s patches (12%). Radioactivity in other
immune compartments was 5% or less. The injection of *>'Cr-
labeled SPDC:s resulted in 48% of the total radioactivity being in
the spleen and 32% in the lungs of the recipient CBA/J mice.
Radioactivity in other immune compartments was 5% or less.
Radioactivity was not detected in the small intestine (Fig. 10).
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was assessed after 4 days. Values for IL-2 and IL-4 were measured at 24 h, for IFN-y at 72 h and for IL-10 and IL-5 at 96 h of culture. Results
are mean cytokine concentrations or counts per minute for proliferation assays on spleen and MLN cells from three mice per experimental group.
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#, P < 0.001.

To explore the importance of antigen priming for DC hom-
ing, unpulsed and TAg-pulsed MLNDCs, labeled with chro-
mium, were injected into naive host. There was no significant
difference in the radioactive counts in the organs of mice given
antigen-pulsed and unpulsed MLNDCs (Fig. 10).

DISCUSSION

We have shown that adoptively transferred MLNDCs pulsed
ex vivo with TAg elicit a mucosal Toxoplasma specific Th2 im-
mune response in vivo and conferred protection against 7oxo-
plasma infection. These mucosal DCs have been shown to pref-
erentially traffic to mucosa. These studies are the first to describe
the development of a highly efficacious vaccine against Toxo-

plasma correlated with a mucosal and splenic homing capacity
of mucosal DCs and a mucosal Th2 response.

The role of MLNDC:s has been investigated in the initiation
of the immune response against 7. gondii. We demonstrated
that genetically resistant CBA/J mice exhibited a profound
reduction in cerebral parasite load (93%) following parasite
challenge against Toxoplasma infection in comparison with
CBA/J SPDCs, which induced a weaker protection (70%) in
the same model of adoptive transfer. We also showed that
susceptible C57BL/6 mice were highly protected from mortal-
ity (90%). MLNDCs conferred protection against challenge by
reducing susceptibility and decreasing parasite burden. These
results indicated that MLNDCs play an important role in
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nodes.

short- and long-term host immunity against toxoplasmosis.
This protection was independent of the mouse strain and was
closely related to the production of a mucosal Th2 cytokine
profile via TGF-B and IL-10 synthesis by MLNDCs and a
production of specific secretory IgA. MLNDCs were able to
induce a 7. gondii antigen-specific proliferation of MLN lym-
phocytes, which produced IL-10, IL-13, and IL-5 and down
regulated IFN-y and IL-2. At the spleen level, CBA/J
MLNDC:s induced a Th1/Th2 cytokine profile (production of
IL-10 and IFN-y) and C57BL/6 MLNDCs induced a Thl cy-
tokine profile (production of IFN-y and IL-2 and down regu-
lation of IL-5 and IL-13). In contrast, the lower protection
observed after TAg-pulsed SPDCs was correlated to the pro-
duction of Thl cytokine profile via an IL-12 synthesis by
SPDCs. SPDCs were not able to induce a 7. gondii antigen-
specific proliferation of MLN lymphocytes, and no production
of secretory IgA and cytokines was observed at the mesenteric
level. One of the unique features of mucosal lymphoid tissues
such as MLNs is their capacity to produce Th cells producing
type 2 (IL-10, IL-5, and IL-4) cytokines (8, 10). IL-4 is gener-
ally considered to efficiently direct Th2 response, but IL-4
production was always undetectable in our cultures. Similar
results were obtained recently by Chang et al. (5), who de-
scribed a phenotypically and functionally novel monocyte-de-
rived DC subset, designated mDC2, that lacked IL-12 synthe-
sis, produced high levels of IL-10, and directed differentiation
of Th2 cells which synthesized IL-5, IL-10, and IL-13 but pro-
duced no IL-4 (5). The mechanism that determines the ability

of mucosal DCs to generate Th2 responses yet allow for the
differentiation of Thl responses after infection with patho-
genic organisms is not known. The nature of the resident DCs
is an important factor. It has been suggested that these cells
differ in their capacity to drive T-cell differentiation (31). Ever-
son et al. (11) produced evidence to suggest that cytokine
secretion by mucosal DCs may influence T-cell activation. He
showed that activation of T cells by mucosal DCs led to a Th2
pattern of cytokine secretion, whereas SPDCs induced Thl
cytokines by IL-12 synthesis. The mucosal microenvironment
also appears to be particularly geared toward the induction of
T-helper cells producing type 2 cytokines. The data presented
show that MLNDCs stimulate the differentiation of CD4™" into
a Th2 pathway in the mucosa.

Protective immunity to 7. gondii infection is generally con-
sidered to be cell-mediated. In addition to CD8" T cells and
IFN-v, which are known to be critical for resistance (14), CD4™*
cells contribute significantly to protection against chronic
T. gondii infections via their role as helper cells for production
of isotype-switched antibodies and cytokines (18). CD4" T
cells are important for early IFN-y production during 7. gondii
infection and are essential for priming of CD8"-T-cell effector
immunity against 7. gondii (13). A lack of such cells leads to
increased parasite multiplication in the tissues (4). IL-12 is also
known to play a major role in immunity to intracellular patho-
gens by governing the development of IFN-y-dependent host
resistance (34). However, other immune mechanisms of pro-
tection could act otherwise or in concert with such a cellularly
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mediated immunity. Humoral effector mechanisms, particu-
larly secretory IgA, may be involved in the protective response
against Toxoplasma following natural infections. In vitro our
preliminary results indicate that IgA inhibits 7. gondii replica-
tion in enterocytes during transcytosis. The induction of effi-
cacious mucosal immune responses against 7. gondii at gut
level could inhibit the parasite replication and the severity of
the infection. Moreover, two recent publications indicate that
specific antibodies play an important role in resistance to 7.
gondii infection in vivo by blocking infection of host cells by
tachyzoites (19, 28). Many studies have established the role of
various immune compartments in response to infection, but
they do not address infection of the host by acquisition per os,
the natural route of infection. Tachyzoites are given intraperi-
toneally in most studies. The activation of different immune
compartments such as Peyer’s patches and MLNs after infec-
tion has been explored by different laboratories. Chardes et al.
(7) investigated the cytokine secretion of antigen-stimulated
mucosal T lymphocytes and spleen T cells from 7. gondii orally
infected mice to describe the lymphocyte proliferation induced
by T. gondii. In the CBA/J mouse model, the blastogenesis of
mesenteric TAg-induced T lymphocyte is associated with sig-
nificant IFN-vy, IL-4, IL-5, and IL-6 production and little IL-2
secretion, whereas TAg-specific spleen T cells produce only
IFN-v, IL-6, and IL-2. Chardes et al. (7) concluded that TAg
induce an early mucosal T-cell response mainly dominated by
a mesenteric Th2-type cytokine response and a later spleen
response correlated with a major Thl-type response. Liesen-
feld et al. (23) showed that IFN-y mediates necrosis in the ilea
of susceptible C57BL/6 mice after infection, suggesting that
this IFN-y-mediated disorder of the small intestine predis-
poses to death in these mice. Buzoni-Gatel et al. (3) recently
demonstrated a potentially important role for gut-derived in-
traepithelial lymphocytes (IEL) in host immunity to 7. gondii.
The ability of the IEL to protect appeared dependent upon the
production by these cells of TGF-$ which protected mice from
developing hyperinflammation and bowel necrosis. These IEL
can drastically reduce the expression of the Th1 proinflamma-
tory cytokine, IFN-y. All these results showed that a Th2 dom-
inant mucosal immune response is correlated to the control of
T. gondii infection. More generally, studies on mucosal sur-
faces such as lung and gut clearly indicate that the baseline
response to pathogens at these sites displays a Th2 bias (20).
This protective capacity may be associated with DC trafficking.
The transport of antigen from the periphery to organized lym-
phoid tissues by APCs is crucial for initiating an immune re-
sponse. DCs are probably the main APCs contributing to this
antigen transport, as they migrate and home to the T-cell areas
of lymphoid tissues, after antigen uptake in the periphery (22).
To determine their contribution to immunogenicity, we mon-
itored the migration pathway of these cells and correlated it
with their ability to induce immune responses. Adoptively
transferred MLNDCs mostly traffic to the intestine and partly
to the Peyer’s patches but also to the spleen and to the lungs
whereas SPDCs home to the spleen and to the lung but not to
the intestine and to the Peyer’s patches. This is in line with a
strong primary activation in the MLNs and spleen, following
i.v. injection. Therefore, the settlement of the MLNDC:s in the
intestine and the spleen may be a prerequisite for the final
triggering of the immunological response leading to protec-
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tion. The mechanism by which MLNDCs home to the appro-
priate organ is not known. Chemokines could be involved in
the homing since recently Cook et al. have demonstrated that
CCRG6 is a mucosa-specific regulator of mucosal immunity and
mediates DC localization and immune responses in mucosal
tissue (9). The ideal vaccination protocol for inducing pro-
tective immune responses is not established. It has been shown
that antigen-pulsed DCs administered i.v. are more effective
than those administered subcutaneously (s.c.) in protecting
against tumor or infectious challenge (33, 32). Kupiec-Weg-
linski (21) observed that i.v.-injected purified SPDCs were imme-
diately sequestered in the lung, but then actively migrated into
the liver and the spleen which is the principal site of DCs. DCs
were also unable to enter MLNs and other peripheral lymph
nodes as we have also observed. In contrast Morikawa et al.
(24) found that the majority of freshly isolated splenic cells
injected s.c. remained at the site of injection and did not
migrate to the draining lymph node. The possibility that the
route of administration affects the homing properties of DCs
needs to be addressed further, particularly since there is evi-
dence that the localization of antigen-treated DCs in the
spleen induces a Thl response, whereas localization in lymph
nodes induces a Th2 response (25). Thus, it is becoming in-
creasingly clear that the nature of the immune response
mounted within the mucosa-associated lymphoid tissue is a
critical event in the development of protective immunity
against T. gondii. It is also clear that the presence of DCs at the
site of antigenic exposure is crucial for the development of
effective local and systemic immune responses. In the case of
Toxoplasma infection, we have shown that MLNDCs control
the development of an immunologically mediated protective
response to the parasite. The findings reported in this work
might impact the design of vaccine strategies to many mucosal
pathogens. However it would be impractical at present to sug-
gest the use of autologous ex vivo antigen-pulsed DCs as im-
munotherapies for the prevention of Toxoplasma infection of
humans. Nevertheless, the results described herein clearly
demonstrate the feasibility of producing a highly efficacious
vaccine against Toxoplasma infection using nonviable organ-
isms. This is an important finding, since previous immunization
studies have shown that optimum protective immunity against
Toxoplasma infection could only be produced using viable or-
ganisms, although lower levels of protection against mortality
or brain cysts have been described after immunization of mice
with Toxoplasma antigens. The work reported here demon-
strates that it should be possible to develop an efficacious
Toxoplasma vaccine using conventional approaches. To reach
this goal it will be important to understand the immunizing
property(ies) of Toxoplasma-pulsed MLNDCs that confer
Th2-mediated immunity mucosally, and to identify Toxoplasma
protective antigens that can be used for immunological target-
ing and vaccine development. The DC system described here
represents a powerful means to identify Toxoplasma protective
antigens through reconstitution experiments. For example,
DCs pulsed ex vivo with acellular or recombinant antigens or
transfected with DNA encoding antigen(s) can be used to
efficiently evoke anti-Toxoplasma immunity at the intestinal
mucosa.
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