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The ability of interleukin-10 (IL-10) to suppress accessory cell functions required for optimal T-cell acti-
vation makes it an important inhibitor of cell-mediated immunity. Thus, after infection with the protozoan
parasite Toxoplasma gondii, IL-10 knockout (KO) mice develop a CD4�-T-cell-dependent shock-like reaction
with high levels of IL-12 and gamma interferon (IFN-�) in serum, leading to death of mice during the acute
phase of infection. Previous studies from this laboratory have shown that simultaneous blockade of CD28 and
CD40 can prevent this lethal reaction by inhibiting the production of IFN-�. However, the blockade of
costimulation did not affect systemic levels of IL-12. To better understand the relationship between IL-12 and
the CD28 and CD40 pathways in mediating immune hyperactivity, antagonists of these factors were used to
determine their effects on the development of a pathological T-cell response in IL-10 KO mice. Blockade of
IL-12 or the CD28/B7 interaction alone did not affect survival; however, the combined blockade of both
pathways resulted in decreased production of IFN-� and the survival of IL-10 KO mice. To assess the role of
the two ligands for CD28, B7.1 and B7.2, IL-10 KO mice were treated with �IL-12 plus �B7.1 or �B7.2 or the
combination of all three antibodies. These studies revealed that blockade of both B7 molecules is required for
decreased production of IFN-� and survival of infected IL-10 KO mice, suggesting that B7.1 and B7.2 can
contribute to the lethal shock-like reaction in IL-10 KO mice. In contrast, neutralization of IL-12 and blockade
of the CD40/CD40 ligand (CD40L) interaction in vivo did not alter the production of IFN-� and only resulted
in a small delay in time to death of mice. Together, these data suggest that the CD28/B7 interaction has a
central role in the development of a pathological T-cell response in IL-10 KO mice, which is distinct from the
role of the CD40/CD40L and IL-12 pathways.

Interleukin-10 (IL-10), produced by many hemopoietic cells,
including macrophages (16), dendritic cells (DCs) (51), and
CD4� T cells (29, 44), plays a key role in the inhibition of
inflammatory responses and cell-mediated immunity (for a re-
view, see reference 45). The anti-inflammatory effects of IL-10
are primarily attributed to its ability to inhibit accessory cell
functions required for optimal T-cell responses. Thus, IL-10
can inhibit accessory cell production of cytokines such as tu-
mor necrosis factor alpha (TNF-�), IL-1 and IL-12, which are
required for the optimal production of gamma interferon
(IFN-�) (12, 21, 22, 32, 45, 61). In addition, IL-10 affects
costimulation by decreasing the expression of B7.1 (CD80) and
B7.2 (CD86) on monocytes, macrophages, and DCs (8, 18, 65)
and inhibits CD40-mediated protein-tyrosine kinase activity
(47, 57). Furthermore, IL-10 inhibits major histocompatibility
complex class I and class II expression, thereby interfering with

antigen presentation and priming of antigen-specific T cells
(17, 31, 37).

The importance of IL-10 as an inhibitor of inflammatory
responses is illustrated by the development of spontaneous
enterocolitis in IL-10 knockout (KO) mice (38). In these mice,
the lack of IL-10 leads to abnormal levels of IL-12 and IFN-�
in the intestine, and it has been shown that these cytokines are
involved in the development of colitis (3, 15, 50). Another
example that highlights the importance of IL-10 in balancing
production of IL-12 and IFN-� is provided by studies using
Toxoplasma gondii. Resistance to this pathogen is dependent
on IL-12-mediated production of IFN-� by T cells (5, 42, 58–
60). However, in the absence of IL-10, infection with T. gondii
results in the systemic overproduction of IL-12 and IFN-�, the
development of severe liver pathology, and death of the mice
(19, 27). Treatment of infected IL-10 KO mice with monoclo-
nal antibodies to IL-12 or IFN-� leads to a modest delay in
time to death, suggesting that the overproduction of inflam-
matory cytokines contributes to this lethal reaction (19). In
addition, studies by Gazzinelli et al. showed that the shock-like
reaction in these mice is dependent on CD4� T cells (27).

Since costimulation through CD28/B7 and CD40/CD40 li-
gand (CD40L) is important for optimal T-cell activation and
both signaling pathways are regulated by IL-10 (8, 18, 47, 57,
65), experiments were performed to determine how costimu-
lation affects infection-induced pathology in IL-10 KO mice.
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Recent studies from this laboratory demonstrated that in the
absence of IL-10, inhibition of the CD40/CD40L or CD28/B7
pathways does not affect survival; however, simultaneous
blockade of these pathways resulted in decreased production
of IFN-� and survival of IL-10 KO mice (63). These findings
suggested that the CD28/B7 and CD40/CD40L interactions are
parallel pathways that contribute to the CD4�-T-cell-mediated
pathology in IL-10 KO mice. In addition, these studies raised
fundamental questions about whether B7.1 or B7.2 played a
preferential role in the regulation of T-cell activation in this
model and whether the CD40/CD40L interaction directly reg-
ulates IL-12 production or T-cell activation. To address these
questions, a series of studies were performed in which infected
IL-10 KO mice were treated with various combinations of
antibodies to antagonize IL-12, as well as the CD28/B7 and
CD40/CD40L interactions, and the effects on survival, cytokine
production, and pathology were monitored. Together with the
findings of our previous studies, these data reveal a complex
hierarchy between the costimulatory pathways and show that
the CD28/B7 interaction has a unique contribution to the de-
velopment of a pathological T-cell response, which is distinct
from the role of the CD40/CD40L and IL-12 pathways.

MATERIALS AND METHODS

Mice. Female CBA/CaJ and Swiss Webster mice were obtained from The
Jackson Laboratories (Bar Habor, Maine). IL-10 KO mice, originally provided
by DNAX (38), were generated by backcrossing C57BL/6-129/OLA IL-10 KO
mice onto the C57BL/6 background for seven generations. IL-10 KO mice were
genotyped by PCR (protocol was provided by D. Rennick, DNAX) and bred and
maintained in Thoren Unit cages in the Gene Therapy Animal Facility at the
University of Pennsylvania. Experiments were performed with 4- to 8-week-old
female IL-10 KO mice.

Parasites. The Me49 strain of T. gondii was maintained in infected Swiss
Webster and CBA/CaJ mice. Me49 cysts were prepared from brains of donor
mice as previously described (6, 7). Mice were infected with 20 cysts by intra-
peritoneal (i.p.) injection in a volume of 200 �l.

Reagents. Complete RPMI 1640 (Life Technologies, Gaithersburg, Md.) me-
dium was supplemented with 10% heat-inactivated fetal calf serum, 1% sodium
pyruvate, 1% nonessential amino acids, 0.1% �-mercaptoethanol, 100 U of
penicillin/ml, and 100 �g of streptomycin/ml. HuCTLA4-Ig, a fusion protein
comprised of the human CTLA4 extracellular domain and the Fc portion of
human immunoglobulin G (IgG), was supplied by Bristol Myers Squibb Re-
search Institute (Princeton, N.J.). �IL-12 was purified from ascites by ammonium
sulfate precipitation, and �CD40L (MR1) was obtained from TSD Bioscience
(Newark, Del.). �B7.1 and �B7.2 were provided by the Genetics Institute (An-
dover, Mass.). Human chimeric L6 (ChiL6; Bristol Myers Squibb), rat IgG, and
hamIgG (Sigma, St. Louis, Mo.) were used as control antibodies. �IL-12 and
�CD40L (or the control antibodies ratIgG and hamIgG, respectively) were used
at a concentration of 200 �g per treatment per mouse, and �B7.1, �B7.2, and
CTLA4-Ig (or the control antibodies ratIgG and ChiL6, respectively) were used
at a concentration of 300 �g per treatment per mouse. IL-10 KO mice that had
been infected with Me49 were given the blocking antibodies or the control
antibodies at days 5 and 7 postinfection (p.i.). Sera from these mice were
collected at day 8 p.i. and analyzed for cytokine production by enzyme-linked
immunosorbent assay. For antigen-specific recall responses, antibodies were
used at a concentration of 20 �g/ml.

Cytokine assays. IL-12 p40 levels were measured by using monoclonal anti-
body C17.8 as a capture antibody and biotinylated C15.6 as a detecting antibody
(hybridomas were provided by Giorgio Trinchieri, Wistar Institute, Philadelphia,
Pa.). IFN-� levels were measured by using R46A2 (capture antibody) and bio-
tinylated AN18 (detecting antibody).

In vitro recall response. Spleen cells from infected mice were harvested at day
8 p.i. and dissociated into a single-cell suspension. Erythrocytes were depleted by
using 0.83% ammonium chloride (10 min, 4°C), cells were washed twice in
complete RPMI medium and resuspended at a final concentration of 4 � 106/ml.
A total of 4 � 105 cells were plated per well in a final volume of 200 �l in 96-well
plates (Costar, Cambridge, Mass.) and were stimulated with soluble Toxoplasma

lysate antigen (TLA). TLA was prepared from RH strain tachyzoites as previ-
ously described (52), titrated to determine the optimal concentration for induc-
tion of cytokines, and used at 30 �g/ml. Cells were cultured for 48 h at 37°C
under CO2-saturating conditions. Supernatants were harvested and analyzed for
cytokines by enzyme-linked immunosorbent assay and for reactive nitrogen in-
termediates by using the Greiss reaction as previously described (9).

Histology and immunohistochemistry. At day 8 p.i. mice were sacrificed and
spleen, liver, lungs, heart, and brain were removed from each mouse. Organs
were prepared for hematoxylin and eosin (H&E) staining or immunohistochem-
ical staining as previously described (33). Briefly, tissues were fixed overnight in
Accustin 10% formalin neutral buffered solution (Sigma) and further embedded
in paraffin. Then, 5-�m paraffin sections were stained with H&E for visualization
of pathological changes. TUNEL (terminal deoxynucleotidyltransferase-medi-
ated dUTP-biotin nick end labeling) staining of paraffin sections (spleen) was
done by using an in situ cell death detection kit (POD; Roche Molecular Bio-
chemicals, Mannheim, Germany). Briefly, tissue sections were incubated with
fluorescein-labeled DNA strand breaks, followed by an incubation using anti-
fluorescein antibodies conjugated with horseradish peroxidase. Apoptotic cells
were visualized by substrate reaction and analyzed under the light microscope.
At a magnification of �600, 10 different fields on each slide were counted. The
data represent the means of two slides per group from three independent ex-
periments (n � 60 fields per group).

FACS analysis. Spleen cells were harvested at day 8 p.i., and single-cell sus-
pensions were prepared as described above. Cells were washed twice with fluo-
rescence-activated cell sorting (FACS) buffer (phosphate-buffered saline, 0.2%
bovine serum albumin, 4 mM sodium azide) and resuspended at a final concen-
tration of 107 cells/ml. Then, 106 cells were preincubated for 10 min at 4°C with
Fc blockTM and stained for 30 min at 4°C with fluorescein isothiocyanate-
labeled antibodies against CD4, CD8, F4/80, and NK1.1 (PharMingen, San
Diego, Calif.) or B220 (Caltag, South San Francisco, Calif.). After a 30-min
incubation at 4°C, cells were washed once in FACS buffer, and a FACScalibur
flow cytometer and CellQuest software (Becton Dickinson, San Francisco, Calif.)
were used to analyze experimental data.

Statistical analysis. Statistical analyses were performed by using the INSTAT
software (GraphPad, San Diego, Calif.). Unpaired Mann-Whitney test was used
to determine the significance of differences in cytokine levels. P values of �0.03
were considered significant.

RESULTS

Effect of �IL-12 and/or CTLA4-Ig on survival and cytokine
production in IL-10 KO mice. Infection of IL-10 KO mice with
T. gondii results in the development of a CD4�-T-cell-medi-
ated pathology (27) and is associated with elevated levels of
IL-12 and IFN-� and the death of mice within 10 to 12 days
(19, 27). Since optimal activation of T cells to produce IFN-�
during toxoplasmosis requires stimulation through IL-12 and
the costimulatory molecule CD28, studies were performed to
assess the relationship between these pathways and the infec-
tion-induced pathology in IL-10 KO mice. �IL-12 was used to
neutralize systemic IL-12, and CTLA4-Ig, which binds to the
B7 molecules, was used to block the CD28/B7 interaction.
Since previous studies have shown that the development of the
immune response in IL-10 KO mice starts to diverge from that
in wild-type mice between days 5 and 7 p.i. (19, 27), in vivo
treatment with �IL-12 and/or CTLA4-Ig was performed at this
time period. In these experiments, treatment with �IL-12 re-
sulted in a reduction in serum levels of IL-12 by ca. 90% at day
8 p.i. (data not shown). As shown in Fig. 1, treatment with
either �IL-12 or CTLA4-Ig alone did not affect survival of
IL-10 KO mice, and these mice succumbed to infection at the
same time as mice treated with isotype control antibodies (Fig.
1A). However, treatment of IL-10 KO mice with �IL-12 plus
CTLA4-Ig resulted in increased survival (Fig. 1A) and analysis
of cytokine levels in serum revealed a significant reduction of
systemic IFN-� (Fig. 1B). Surprisingly, although treatment
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with CTLA4-Ig alone did not result in the protection of IL-10
KO mice, levels of IFN-� in serum were significantly reduced
compared to mice treated with the control antibodies (Fig.
1B). In contrast, levels of IFN-� in the sera in mice treated with
�IL-12 alone were similar to those measured in the control
mice (Fig. 1B), suggesting that, in the absence of IL-10, IL-12
is not required for production of IFN-�. However, these stud-
ies further demonstrate that, although blockade of the
CD28/B7 interaction alone is sufficient to reduce the produc-
tion of IFN-�, blockade of IL-12 plus CD28 is necessary for
survival of T. gondii-infected IL-10 KO mice.

To further assess the effect of in vivo blockade of IL-12 and

CD28/B7 costimulation on T-cell responses, parasite-specific
recall responses were performed. In these experiments, IL-10
KO mice were infected with T. gondii and treated at days 5 and
7 p.i. with either the isotype control antibodies or �IL-12/
CTLA4-Ig. At day 8 p.i., splenocytes from these mice were
harvested and stimulated ex vivo with parasite-antigen (TLA).
These experiments revealed that splenocytes from infected
mice that were treated in vivo with �IL-12 and CTLA-Ig or
isotype controls produced comparable levels of IFN-� in re-
sponse to TLA (Fig. 2A). Thus, in vivo treatment with �IL-12
plus CTLA4-Ig does not affect the ex vivo responses of T cells
from IL-10 KO mice and, after removal of the blocking anti-
bodies, cells are still able to respond to parasite-antigen with
optimal production of IFN-�. To further dissect the role of
IL-12 and CD28/B7 costimulation in the regulation of IFN-�
production, the effect of �IL-12 plus CTLA4-Ig was assessed in
vitro by using splenocytes from IL-10 KO mice treated in vivo
with either the isotype controls or �IL-12/CTLA4-Ig. These
studies revealed that the addition of �IL-12 plus CTLA4-Ig to
these cultures only resulted in a significant reduction in the
production of IFN-� with splenocytes from mice that had been
treated in vivo with �IL-12 plus CTLA4-Ig. Together, these
data demonstrate that in vivo plus in vitro blockade of IL-12
and CD28/B7 is required for maximal reduction of IFN-� pro-
duced in response to TLA by splenocytes from IL-10 KO mice.
In contrast, production of reactive nitrogen intermediates, one
of the mediators associated with parasite killing (1) was not
affected by blockade of IL-12 and the CD28/B7 pathway (data
not shown). FACS analysis revealed that blockade of costimu-
lation and IL-12 in vivo did not alter the numbers of CD4� T
cells, CD8� T cells, and NK cells in the spleens of IL-10 KO
mice after (data not shown), suggesting that the reduced pro-
duction of IFN-� observed in these mice after treatment with

FIG. 1. Effect of �IL-12 and CTLA4-Ig on survival and production
of IFN-� in IL-10 KO mice infected with T. gondii. IL-10 KO mice
infected with T. gondii were treated i.p. with 200 �g of �IL-12 and 300
�g of CTLA4-Ig or the control antibodies (ratIgG or ChiL6) at days 5
and 7 p.i. (A) Survival of mice was monitored throughout the course of
infection; (B) levels of IFN-� in serum were determined at day 8 p.i.
The data show the means 	 the standard deviation (SD) of five
independent experiments with n � 8 to 13 mice per group. ❋ , P � 0.03;
❋❋ , P � 0.001 (unpaired Mann-Whitney test). Treatment with �IL-12
resulted in a reduction in the levels of IL-12 in serum by ca. 90% at day
8 p.i. (data not shown). Mice that survived the acute phase of infection
did not display increased susceptibility to infection, and at week 6 p.i.
the experiments were terminated.

FIG. 2. Effects of �IL-12 and CTLA4-Ig on the production of
IFN-� by splenocytes in response to TLA. Splenocytes from IL-10 KO
mice infected with T. gondii and treated with 200 �g of �IL-12 and 300
�g of CTLA4-Ig or the control antibodies (ratIgG or ChiL6) at days 5
and 7 p.i. were harvested at day 8 p.i., stimulated with TLA (30 �g/ml),
and cocultured with �IL-12 and CTLA4-Ig or the respective isotype
control antibodies (ratIgG or ChiL6) for 48 h. The data represent the
means 	 the SD of four independent experiments with n � 8 mice per
group. ❋ , P � 0.03 (unpaired Mann-Whitney test).
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�IL-12 and CTLA4-Ig was not associated with a loss of IFN-
�-producing cells. Together, these data indicate that the treat-
ment with CTLA4-Ig plus �IL-12 did not affect development
or expansion of parasite specific T-cell responses and that the
protective effects of these blocking antibodies is due to their
transient inhibition of T-cell responses.

Previous studies have shown that infection of IL-10 KO mice
with T. gondii results in the development of severe coagulative
necrosis in the liver (27, 63). Since treatment of infected IL-10
KO mice with �IL-12 plus CTLA4-Ig resulted in increased
survival (Fig. 1A), the effects of this treatment on the pathol-
ogy in the livers, spleens, and lungs of infected mice were
assessed. IL-10 KO mice were infected with T. gondii and
treated at days 5 and 7 p.i. with �IL-12 plus CTLA4-Ig or the

respective control antibodies (ratIgG and ChiL6) and were
sacrificed on day 8 p.i. Livers, spleens, and lungs were removed
and used to prepare sections stained with H&E. Microscopic
examination of these tissues revealed that livers from both
groups showed necrotic areas and strong inflammation and
thrombi in the vessels (Fig. 3A) and that spleens from treated
and control mice showed lymphoid necrosis (data not shown).
However, there were no apparent differences between both
groups of mice. Furthermore, the lungs did not show differ-
ences in the infection-induced pathology either (data not
shown). Since lymphoid necrosis, mainly located in the germi-
nal centers, was a prominent pathological feature in the spleen,
a TUNEL assay was performed to determine whether treat-
ment with �IL-12 plus CTLA4-Ig affected numbers of apopto-

FIG. 3. Effects of �IL-12 and CTLA4-Ig on liver and spleen pathology in IL-10 KO mice infected with T. gondii. IL-10 KO mice infected with
T. gondii were treated i.p. with 200 �g of �IL-12 and 300 �g of CTLA4-Ig or the control antibodies (ratIgG or ChiL6) at days 5 and 7 p.i. On day
8 p.i., livers and spleens were harvested. Livers were stained with H&E (A) and, to determine the numbers of apoptotic cells, a TUNEL assay was
performed on spleen sections (B). The sections shown are representative of three independent experiments with n � 6 mice per group.
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tic cells. This analysis revealed that IL-10 KO mice treated with
�IL-12 and CTLA4-Ig showed no difference in the levels of
apoptosis compared to control mice (Fig. 3B) and numbers of
apoptotic cells were similar in both groups of mice (isotype
control treatment [20.9 	 11.5] versus �IL-12/CTLA4-Ig treat-
ment [20.7 	 11.9]). Thus, although neutralization of IL-12
plus blockade of CD28/B7 resulted in decreased levels of
IFN-� in serum and of survival, protection of the IL-10 KO
mice was not associated with reduced pathology or numbers of
apoptotic cells.

B7.1 and B7.2 contribute to the CD28-mediated pathology in
IL-10 KO mice. Stimulation of CD28 occurs through the li-
gands, B7.1 (CD80) and B7.2 (CD86) (2, 25, 40); however,
whether B7.1 and B7.2 serve different functions remains un-
clear and may be dependent on the model system used (20, 24,
26, 39, 41, 46, 62). Since both B7 molecules are upregulated
after infection with T. gondii (23, 55, 63, 64), studies were
performed to determine whether B7.1 or B7.2 played different
roles in the CD28-dependent infection-induced pathology in
IL-10 KO mice. Therefore, IL-10 KO mice were infected with
T. gondii and treated with �IL-12 plus either �B7.1 or �B7.2 or
the combination of all three antibodies at days 5 and 7 p.i.
Although blockade of either B7.1 or B7.2 together with neu-
tralization of IL-12 did not affect mortality of mice, the admin-
istration of �B7.1 plus �B7.2 together with �IL-12 resulted in
the survival of mice (Fig. 4A). Further analysis of these mice
revealed that the level of systemic IFN-� was not affected
unless mice were treated with �IL-12 plus �B7.1 plus �B7.2
(Fig. 4B). Thus, only simultaneous blockade of B7.1 and B7.2
together with neutralization of IL-12 led to a survival of IL-10
KO mice and a significant decrease in production of IFN-�.
These findings suggest that B7.1 or B7.2 alone are sufficient to
mediate the CD28-dependent component of the infection-in-
duced pathology in IL-10 KO mice.

CD40/CD40L costimulation and IL-12 do not affect systemic
production of IFN-�. CD40 ligation on accessory cells contrib-
utes to optimal T-cell activation by enhancing the secretion of
cytokines such as IL-12, IL-1, and TNF-� and by increasing the
expression of B7.1 and B7.2 (10, 11, 34, 36, 53, 66). Signaling
through CD40 has been shown to be required for IL-12-medi-
ated production of IFN-� after infection with T. gondii (56),
and the CD40/CD40L interaction is therefore critical for op-
timal T-cell-mediated protection against this pathogen (48,
56). However, previous studies from this laboratory have
shown that IL-10 KO mice produce high systemic levels of
IL-12, although the CD40/CD40L interaction is blocked (63),
suggesting that in this system the IL-12 and CD40/CD40L
pathways are regulated independently. To test whether block-
ade of IL-12 and the CD40/CD40L pathway together would
affect the development of the infection-induced pathology,
IL-10 KO mice were infected with T. gondii and treated with
�CD40L plus �IL-12 at days 5 and 7 p.i. As shown in Fig. 5,
coadministration of both antibodies did not affect survival but
resulted in a small delay in death compared to mice that were
treated with the isotype control antibodies (Fig. 5A). Surpris-
ingly, this treatment did not affect the levels of IFN-� in serum
(Fig. 5B), suggesting that the inhibition of CD40/CD40L co-
stimulation, together with the neutralization of IL-12, is not
sufficient to alter the production of IFN-�. Thus, in IL-10 KO
mice infected with T. gondii, once the immune response has

been initiated, the production of IFN-� does not require
CD40/CD40L signaling nor IL-12, and the high levels of IFN-�
detected in IL-10 KO mice are not affected by blockade of
these pathways.

DISCUSSION

Protective immunity against many intracellular pathogens
requires a strong cell-mediated immune response that is asso-
ciated with the production of IFN-� by CD4� and CD8� T
cells. IL-12 is a central regulator of these responses, and its
ability to activate T cells to produce IFN-� plays a critical role
in resistance to the protozoan parasite T. gondii. However, in
the absence of IL-10, infection with T. gondii results in the
systemic overproduction of IL-12 and IFN-� and mice suc-

FIG. 4. Effects of �B7.1, �B7.2, and �IL-12 on IL-10 KO mice
infected with T. gondii. IL-10 KO mice infected with T. gondii were
treated i.p. with 200 �g of �IL-12, 300 �g of �B7.1, and/or 300 �g of
�B7.2 or the control antibody (ratIgG) at days 5 and 7 p.i. (A) Survival
of IL-10 KO mice was monitored; (B) levels of IFN-� in serum were
determined at day 8.p.i. The data represent the means 	 the SD of
four independent experiments with n � 6 to 16 mice per group. ❋ , P
� 0.003 (unpaired Mann-Whitney test).
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cumb to a lethal CD4�-T-cell-mediated-pathology (19, 27).
Recent studies have shown that simultaneous blockade of
CD28/B7 and CD40/CD40L costimulation decreases produc-
tion of IFN-� in these mice and prevents the lethal shock-like
reaction (63). However, these studies also demonstrated that
blockade of costimulation did not affect the systemic levels of
IL-12 in IL-10 KO mice (63). Since IL-12 has been implicated
in the production of IFN-� required for the development of
immune-mediated pathology, we were interested in its rela-
tionship with the CD28/B7 and CD40/CD40L pathways. The
results presented here demonstrate that the development of
immunopathology in IL-10 KO mice after infection is largely
independent of IL-12 and CD40/CD40L costimulation; how-
ever, when signaling through CD28/B7 is blocked, IL-12 and
CD40 contribute to immune hyperactivity and the lethal shock-
like reaction observed in IL-10 KO mice. These findings place
CD28 at an important point in the development of immuno-
pathology, and further studies to address whether B7.1 and

B7.2 may play different roles in this process indicate that both
B7 molecules contribute to the CD28-mediated pathology.

Although early IL-12 is critical for the generation of T.
gondii-specific T cells to produce IFN-�, the administration of
�IL-12 to infected IL-10 KO mice at days 5 and 7 p.i. did not
affect the production of IFN-� or survival, suggesting that, as in
previous studies with wild-type mice (28, 35), the production of
IFN-� is largely independent of IL-12 after the T-cell response
is initiated. These results, however, contrast with studies on
inflammatory bowel disease, which develops spontaneously in
IL-10 KO mice and is, similar to our model, characterized by
abnormal levels of IL-12 and IFN-� (49). Treatment with
�IL-12 can completely prevent the development of colitis in
young mice, and IL-12 has been suggested to be the major
mediator during chronic disease (13, 14). Thus, the importance
of IL-12 in the development of pathology in the absence of
IL-10 appears to vary with different models. Interestingly, our
data suggest that during infection with T. gondii, IL-12 may
contribute to the development of the lethal shock-like reaction
in IL-10 KO mice by synergizing with CD28/B7 costimulation,
since the administration of �IL-12 plus CTLA4-Ig at days 5
and 7 p.i. decreased production of IFN-� and resulted in sur-
vival of mice, whereas CTLA4-Ig alone did not prevent immu-
nopathology. Blockade of IL-12 plus CD28 in wild-type mice
also resulted in decreased levels of IFN-� (data not shown) in
serum but did not result in increased susceptibility of treated
mice that survived for 4 weeks before the experiment was
terminated.

Previous studies indicated a role for the CD40/CD40L in-
teraction in the production of maximal levels of IL-12 in re-
sponse to infection with T. gondii (48, 54, 56); however, in
IL-10 KO mice the blockade of CD40/CD40L costimulation
does not alter systemic levels of IL-12 (63). These studies
suggested that in the absence of IL-10, production of IL-12 is
largely independent of the CD40/CD40L pathway and led us to
determine how the simultaneous blockade of the two indepen-
dent pathways may affect the outcome of infection. Our data
show that administration of �IL-12 plus �CD40L to infected
IL-10 KO mice did not alter the production of IFN-� or the
survival of mice and resulted in a delay in time to death only.
These findings indicate that, in this model system, immunopa-
thology develops independently of both IL-12 and CD40L and
that signaling through CD28 may provide a signal that is strong
enough to promote optimal production of IFN-� indepen-
dently of IL-12 and the CD40/CD40L interaction.

Although this study has shown that blockade of costimula-
tory pathways or cytokines can prevent the development of
immune hyperactivity, it remains unclear how these interven-
tions actually affect the outcome of infection. A major question
that still remains is how CD4� T cells and the overproduction
of cytokines actually leads to the death of the IL-10 KO mice.
The presence of severe pathology in the liver provided a likely
basis for the infection-induced mortality in IL-10 KO mice
(27). However, our studies demonstrate that the treatment of
IL-10 KO mice with �IL-12 plus CTLA4-Ig led to survival,
although these mice had liver, spleen, and lung pathologies
similar to those of IL-10 KO mice treated with isotype control
antibodies. Moreover, treatment with CTLA4-Ig alone led to a
reduced production of IFN-� similar to that observed with
CTLA4-Ig plus �IL-12 but did not affect survival. Thus, it

FIG. 5. Effects of �CD40L and �IL-12 on IL-10 KO mice infected
with T. gondii. IL-10 KO mice infected with T. gondii were treated i.p.
with 200 �g of �IL-12 and 200 �g of �CD40L or the control antibodies
(ratIgG or hamIgG) at days 5 and 7 p.i. (A) Survival of IL-10 KO mice
was monitored; (B) levels of IL-12 and IFN-� in serum were deter-
mined at day 8 p.i. The data represent the means 	 the SD of three
independent experiments with n � 9 to 11 mice per group.
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appears that other factors besides the severe organ pathology
and the high levels of IFN-� observed in these mice are in-
volved in the lethal shock-like reaction. What these factors are
remains unclear, but it may be related to systemic changes in
the vascular system similar to the changes observed during
sepsis (4).

Our results reveal a complex hierarchy for IL-12 and the
CD28/B7 and CD40/CD40L interactions in the regulation of
IFN-� production in this model. The transient neutralization
of IL-12 or blockade of the CD40/CD40L interaction does not
affect production of IFN-�, as long as costimulation through
CD28/B7 is provided. These results suggest that the cross talk
between CD40/CD40L and CD28/B7 costimulation, proposed
for other systems (30, 43, 54, 66), is not required for optimal
production of IFN-� in IL-10 KO mice infected with T. gondii.
This conclusion is supported by studies on human peripheral
blood mononuclear cells, which show that CD28 stimulation
may be a critical mechanism for IL-12-independent production
of IFN-� (43). However, these in vitro studies also demon-
strated that maximal CD28-mediated production of IFN-� de-
pends on either CD40 or IL-12 (43). In addition, Subauste and
Wessendarp (54), in a study of human DCs infected with T.
gondii, indicated that CD28/B7 and, to a lesser extent, CD40/
CD40L costimulation controls IL-12-independent production
of IFN-�. Nevertheless, the studies presented here demon-
strate that in IL-10 KO mice the CD28/B7 interaction plays a
central role in T-cell activation and that it bypasses the re-
quirement for CD40 and IL-12 for optimal production of
IFN-�. However, since treatment with CTLA4-Ig alone fails to
protect IL-10 KO mice from infection-induced pathology, it is
likely that there are CD28-independent costimulatory path-
ways that are involved in the development of the pathological
CD4�-T-cell response observed in IL-10 KO mice.
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