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Interleukin-10 (IL-10) is associated with inhibition of cell-mediated immunity and downregulation of the
expression of costimulatory molecules required for T-cell activation. When IL-10-deficient (IL-10KO) mice are
infected with Toxoplasma gondii, they succumb to a T-cell-mediated shock-like reaction characterized by the
overproduction of IL-12 and gamma interferon (IFN-g) associated with widespread necrosis of the liver. Since
costimulation is critical for T-cell activation, we investigated the role of the CD28-B7 and CD40-CD40 ligand
(CD40L) interactions in this infection-induced immunopathology. Our studies show that infection of mice with
T. gondii resulted in increased expression of B7 and CD40 that was similar in wild-type and IL-10KO mice. In
vivo blockade of the CD28-B7 or CD40-CD40L interactions following infection of IL-10KO mice with T. gondii
did not affect serum levels of IFN-g or IL-12, nor did it prevent death in these mice. However, when both
pathways were blocked, the IL-10KO mice survived the acute phase of infection and had reduced serum levels
of IFN-g and alanine transaminase as well as decreased expression of inducible nitric oxide synthase in the
liver and spleen. Analysis of parasite-specific recall responses from infected IL-10KO mice revealed that
blockade of the CD40-CD40L interaction had minimal effects on cytokine production, whereas blockade of the
CD28-B7 interaction resulted in decreased production of IFN-g but not IL-12. Further reduction of IFN-g
production was observed when both costimulatory pathways were blocked. Together, these results demonstrate
that the CD28-B7 and CD40-CD40L interactions are involved in the development of infection-induced immu-
nopathology in the absence of IL-10.

Interleukin-10 (IL-10) was first identified as the product of
Th2 CD41 T-cell clones which could inhibit the production of
gamma interferon (IFN-g) by Th1 CD41 T cells (41). As a
consequence of this early characterization of the biological
function of IL-10, it has been generally regarded as a Th2-type
cytokine. Further studies demonstrated that other cells, includ-
ing macrophages, dendritic cells, B cells, human TH0, and TH1
clones, as well as a newly defined T-regulatory subpopulation
of CD41 T cells, also produce IL-10 (19, 23, 26, 39, 40). The
ability of IL-10 to downmodulate the production of IFN-g
during an immune response is not due to a direct inhibitory
effect on T cells but rather is a consequence of its ability to
inhibit accessory cell functions, including the production of
cytokines (i.e., tumor necrosis factor alpha [TNF-a], IL-1, and
IL-12) and expression of costimulatory molecules that are nec-
essary for optimal stimulation of T cells to produce IFN-g (11,
15, 16, 26, 45).

The critical role of IL-10 in the regulation of cell-mediated
immunity was revealed by studies in which IL-10 knockout
(IL-10KO) mice were generated (12, 35). In those studies, the
absence of IL-10 resulted in the development of a severe in-
flammatory bowel disease, as a consequence of a pathogenic
Th1-type response. IL-10KO mice are also extremely suscep-
tible to the development of septic shock and deleterious skin
reactions when exposed to contact sensitizing agents (2). Fur-
thermore, a role for IL-10 in the prevention of immune hyper-

activity was illustrated by studies in which IL-10KO mice in-
fected with Toxoplasma gondii or Trypanosoma cruzi developed
a lethal shock-like reaction characterized by high levels of
IL-12, the production of pathogenic levels of IFN-g by CD41

T cells, and the development of large necrotic foci and cellular
infiltrates in the liver and lungs (18, 28, 42). These findings
demonstrated that T-cell hyperactivity contributed to the death
of IL-10KO mice following infection with T. gondii (18, 42) or
T. cruzi (28).

The demonstration that IL-12 and IFN-g were involved in
this infection-induced shock correlates with the ability of IL-10
to downregulate the production of these cytokines. However,
IL-10 can also inhibit accessory cell expression of major histo-
compatibility complex class I and class II molecules and B7
molecules, and it can act as an antagonist of the CD40-CD40
ligand (CD40L) interaction, pathways which are required for
activation of T-cell responses (14, 32, 34, 43). Therefore, we
hypothesized that in the absence of IL-10, these costimulatory
pathways could be dysregulated and may contribute to the
development of the CD41 T-cell-mediated, infection-induced
immunopathology seen in IL-10KO mice. To test this hypoth-
esis, we analyzed how the absence of IL-10 affected the expres-
sion of B7-1 (CD80), B7-2 (CD86), and CD40 following infec-
tion and if blockade of the CD28-B7 and CD40-CD40L
interactions would alter the development of infection-induced
shock in IL-10KO mice. The results reveal that following in-
fection of IL-10KO mice, expression of B7 and CD40 mole-
cules on accessory cells was not dysregulated and that blockade
of costimulation through CD40 or CD28 alone failed to rescue
IL-10KO mice from the infection-induced mortality. However,
the blockade of both costimulatory pathways protected these
mice; this effect was characterized by a significant reduction of
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serum levels of IFN-g, inducible nitric oxide synthase (iNOS)
expression in the liver and spleen, and reduced hepatic damage
as measured by serum levels of alanine transferase (ALT).
Thus, the CD40-CD40L and the CD28-B7 costimulatory path-
ways are constitutive elements required for the development of
infection-induced immunopathology in IL-10KO mice.

MATERIALS AND METHODS

Mice. Female Swiss Webster, CBA/CaJ, and C57BL/6 mice were obtained
from The Jackson Laboratory (Bar Harbor, Maine). C57BL/6 mice deficient in
IL-10 due to a disruption of the IL-10 gene were provided by DNAX (1). These
mice were generated by backcrossing C57BL/6-129/Ola IL-10KO mice onto the
C57BL/6 background for seven generations (35). Mice were bred and maintained
within Thoren caging units at the University Laboratory Animal Resource facil-
ities, University of Pennsylvania. Each experimental group contained three to
eight male mice between 6 and 8 weeks of age.

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 (3, 4). Mice were infected with 20 cysts by intra-
peritoneal injection in a volume of 0.2 ml. Soluble toxoplasma antigen (STAg)
was prepared from RH strain tachyzoites as previously described (50). The
activity of STAg was titrated to determine the optimal concentration for spleno-
cyte proliferation and cytokine production (20 to 25 mg/ml).

Histology and measurement of ALT levels. At the time of sacrifice, samples of
livers, lungs, and spleens were removed from each mouse and prepared for
hematoxylin and eosin or immunohistochemical staining as previously described
(27). Briefly, tissues were fixed overnight in Accustain 10% formalin neutral
buffered solution (Sigma Diagnostics, St. Louis, Mo.) and then embedded in
paraffin. Paraffin sections (5 mm) were stained with hematoxylin and eosin for
visualization of pathological changes. Immunohistochemical staining of paraffin
sections was done with polyclonal rabbit anti-iNOS (Transduction Laboratories,
Lexington, Ky.) as a primary antibody to detect iNOS expression in various
tissues. Biotinylated goat anti-rabbit (Vector Laboratories Inc., Burlingame,
Calif.) was used as a detecting antibody with diaminobenzamide (Vector Labo-
ratories) as the chromogen.

Sera from IL-10KO mice were collected at various time points during the
course of infection, and serum ALT levels were measured to assess the extent of
hepatic damage. Serum samples were processed by the Veterinary Clinical Pa-
thology Department, University of Pennsylvania School of Veterinary Medicine,
to quantitate ALT levels in the serum.

Reagents. Complete RPMI 1640 (Life Technologies, Gaithersburg, Md.) me-
dium contained 10% heat-inactivated fetal calf serum (HyClone Laboratories,
Logan, Utah), sodium pyruvate, nonessential amino acids, penicillin (10 U/ml),
streptomycin (100 mg/ml), and amphotericin B (25 ng/ml) (BioWhittaker, Walk-
ersville, Md.). Anti-CD40L (MR1) (TSD Biosciences, Newark, Del.) was used at
a concentration of 20 mg/ml during in vitro T-cell recall responses. HuCTLA-4Ig,
a fusion protein comprised of the human CTLA-4 extracellular domain and Fc
portion of human immunoglobulin G (IgG), was supplied by Bristol Myers
Squibb Research Institute (Princeton, N.J.) and used at a concentration of 20
mg/ml in vitro. Human chimeric L6 (ChiL6; Bristol Myers Squibb), rat IgG
(Sigma), and hamster IgG (Jackson Laboratory) were used as control antibodies.
IL-10KO mice that had been infected with ME49 were given 200 mg of anti-
CD40L, 300 mg of huCTLA-4Ig, the combination of these treatments, or the
appropriate isotype control intraperitoneally on days 6 and 8 postinfection. The
dose of CTLA-4Ig and anti-CD40L used in vivo was based on previous studies in
which a dose of 300 mg of CTLA-4Ig or 200 mg of anti-CD40L antibody was
shown to inhibit the CD28-B7 and CD40-CD40L pathways (8, 22, 47).

Analysis of T-cell responses. Spleens from infected animals were harvested,
dissociated into a single-cell suspension, and depleted of erythrocytes using
0.83% (wt/vol) ammonium chloride (Sigma). Cells were washed three times and
resuspended in complete RPMI 1640 before being plated at a cell density of 2 3
105 cells per well in a final volume of 200 ml in 96-well plates (Costar, Costar,
N.Y.). Cells were stimulated with soluble anti-CD3 (145-2C11) at a final con-
centration of 1 mg/ml or STAg for 24 to 48 h at 37°C in 5% CO2 using different
experimental conditions. IFN-g levels were measured using a two-site enzyme-
linked immunosorbent assay as previously described (49). IL-12 (p40) levels were
measured using monoclonal antibody C17.8 as a capture antibody and biotinyl-
ated C15.6 as a detecting antibody (hybridomas provided by Giorgio Trinchieri,
Wistar Institute, Philadelphia, Pa.).

FACS analysis. Splenocytes depleted of erythrocytes or peritoneal exudate
cells from uninfected and infected animals were resuspended in fluorescence-
activated cell sorting (FACS) buffer (13 phosphate-buffered saline, 0.2% bovine
serum albumin fraction V, 4 mM sodium azide) to a final concentration of 107

cells/ml. Then, 106 cells were preincubated with saturating concentrations of Fc
Block for 20 min on ice and stained with various conjugated antibodies against
F4/80, CD40, B220, CD86 (Caltag, South San Francisco, Calif.), or CD80
(Pharmingen, San Diego, Calif.) for 20 min on ice. Cells were washed with FACS
buffer and analyzed using a FACScalibur flow cytometer (Becton Dickinson, San
Jose, Calif.). Antibodies were used at dilutions empirically determined to give
optimal staining for flow cytometric analyses. Results were analyzed using CELL

Quest software (Becton Dickinson). Mean fluorescence intensity (MFI) was
determined by dividing the fluorescence intensity of cells stained with antibody
against CD80, CD86, or CD40 by the fluorescence intensity of cells stained with
the isotype control.

Intracellular detection of cytokines. Erythrocyte-depleted splenocytes from
IL-10KO mice infected for 7 days were plated in a 96-well plate (Costar) at a
density of 4 3 105 cells per well in a final volume of 200 ml. Cells were stimulated
with STAg (25 mg/ml) for 72 h, and phorbol myristate acetate (50 ng/ml; Sigma),
ionomycin (50 ng/ml; Sigma), and brefeldin A (10 mg/ml; Sigma) were added to
cultures during the last 5 h of stimulation. Cells were harvested, washed, resus-
pended in FACS buffer, and then stained with fluorescein isothiocyanate-labeled
anti-CD8, allophycocyanin-labeled anti-CD4, or fluorescein isothiocyanate-la-
beled anti-NK1.1 (Pharmingen) for 20 min on ice. Cells were then washed with
FACS buffer, fixed with 1% (wt/vol) paraformaldehyde, washed again, and per-
meabilized with 0.1% (wt/vol) saponin in FACS buffer. After permeabilization,
cells were stained with phycoerythrin-conjugated anti-IFN-g (Pharmingen) for
30 min on ice. Cells were washed once with 0.1% saponin buffer and then with
FACS buffer. Analysis of the cells was performed using a FACScalibur flow
cytometer (Becton Dickinson).

Statistics. INSTAT software (GraphPad, San Diego, Calif.) was used to cal-
culate statistical significance. A paired Wilcoxon Mann-Whitney test was used to
analyze the statistical significance of differences between serum cytokine levels.
An unpaired Student t test was used to determine significant differences in serum
ALT levels. A log rank test was used to determine statistical significance in
survival curve experiments. A P value of less than 0.05 was considered significant.

RESULTS

Expression of CD80, CD86, and CD40 following infection
with T. gondii. Previous in vitro studies have reported that
IL-10 downregulates expression of B7 (13), as well as that of
CD40 (34). Therefore, to assess the role of IL-10 in the regu-
lation of these molecules during infection, we infected IL-
10KO mice intraperitoneally with T. gondii and analyzed ex-
pression of B7 on antigen-presenting cells. Our results reveal
that F4/801 peritoneal exudate cells from uninfected mice
express high levels of CD80 and low basal levels of CD86, and
expression of these molecules was similar between wild-type
(WT) and IL-10KO mice (Fig. 1A). Following infection of WT
and IL-10KO mice with T. gondii, we detected no further
upregulation of CD80 expression on F4/801 peritoneal exu-
date cells from 7-day-infected mice, while CD86 expression
was markedly upregulated (Fig. 1B). Interestingly, there were
no differences in the level of CD80 or CD86 expression be-
tween infected WT and IL-10KO mice. Analysis of CD80 and
CD86 expression on F4/801 splenocytes revealed that there
was also an upregulation of both molecules at day 7 postinfec-
tion, although no major differences in levels of expression
between WT and IL-10KO mice were observed (MFIs for
CD80, 1.4 [WT] and 1.7 [IL0-10KO]; MFIs for CD86, 1.0 [WT]
and 1.1 [IL-10KO]).

When expression levels of CD80 and CD86 were analyzed
on B2201 spleen cells, our results revealed that uninfected
peritoneal B2201 cells from WT and IL-10KO mice expressed
similar low basal levels of CD80 and CD86 (MFIs for CD80,
0.49 [WT] and 0.51 [IL-10KO]; MFIs for CD86, 0.85 [WT] and
0.89 [IL-10KO]). At day 7 postinfection, an upregulation of
these molecules was detected on B2201 spleen cells, although
no differences in the levels of expression of these molecules
between WT and IL-10KO mice were detected (MFIs for
CD80, 0.66 [WT] and 0.64 [IL-10KO]; MFIs for CD86, 2.09
[WT] and 1.17 [IL-10KO]).

Next, we examined the expression levels of CD40 in WT and
IL-10KO mice. In uninfected mice, the CD40 molecule was
detected at low basal levels on F4/801 peritoneal exudate cells
(Fig. 1A) and F4/801 splenocytes of WT and IL-10KO mice
(MFIs, 0.6 [WT] and 0.5 [IL-10KO]). At day 7 postinfection,
expression of CD40 was upregulated on F4/801 peritoneal
exudate cells (Fig. 1B) and F4/801 splenocytes, but the levels
of expression were similar between infected WT and IL-10KO
mice (MFIs, 1.1 [WT] and 0.9 [IL-10KO]). Further analysis of
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CD40 expression on B2201 spleen cells from uninfected mice
revealed that there were low basal levels of expression on these
cell populations and that CD40 levels were comparable in WT
and IL-10KO mice (MFIs, 0.3 [WT] and 0.4 [IL-10KO]). Fol-
lowing infection with T. gondii, there was a minor increase in
the levels of CD40 on B2201 splenocytes (MFIs, 0.4 [WT] and
1.2 [IL-10KO]); in repeat experiments, there was no significant
difference between infected WT and IL-10KO mice. Together,
these results demonstrate that levels of expression of CD80,
CD86, and CD40 are similar in IL-10KO and WT mice fol-
lowing infection with T. gondii.

Effect of in vivo administration of CTLA-4Ig or anti-CD40L
on the course of infection. Infection of IL-10KO mice with T.
gondii results in the generation of CD41 T cells that mediate
the infection-induced immunopathology seen in these mice
(18). Since costimulation is involved in the activation of T-cell
responses, the contribution of the CD28-B7 and CD40-CD40L
pathways to the development of this T-cell-mediated patholog-
ical response was assessed by treating infected IL-10KO mice
with CTLA-4Ig or anti-CD40L. Since previous studies have
demonstrated that the immune response to T. gondii in IL-
10KO mice starts to diverge from that of WT mice by days 5 to
7 postinfection (18, 42), we administered the treatments at this
time. Maximum serum levels of IFN-g and IL-12 occurred at
day 8 postinfection (data not shown). Therefore, serum cyto-
kine levels in IL-10KO mice following T. gondii infection were
routinely assessed at day 8 postinfection. When infected IL-
10KO mice were treated with CTLA-4Ig at days 6 and 8 postin-
fection, time to death of the IL-10KO mice was not changed
(Fig. 2A) and the differences in serum levels of IFN-g and
IL-12 were not significant compared to littermate controls

(Fig. 2B). Histological analyses of livers and lungs revealed
severe pathology characterized by large foci of necrosis and
cellular infiltration at days 7 and 11 postinfection but no dif-
ference in the severity of pathology between experimental
groups (data not shown). Similarly, when infected IL-10KO
mice were treated with anti-CD40L at 6 and 8 days postinfec-
tion, no significant difference in mortality was detected (Fig.
3A). Serum levels of IFN-g and IL-12 in mice treated with
anti-CD40L or the isotype control during the course of infec-
tion were assayed, and no significant differences were observed
(Fig. 3B). In addition, livers and lungs from IL-10KO mice
treated with anti-CD40L or with the isotype control had large
numbers of cellular infiltrates and inflammation which were
comparable in severity (data not shown).

Effects of CTLA-4Ig plus anti-CD40L during T. gondii infec-
tion. Although treatment with CTLA-4Ig or anti-CD40L did
not significantly alter survival of IL-10KO mice infected with T.
gondii, coadministration of these antagonists on days 6 and 8
resulted in the survival of .95% of infected IL-10KO mice
(Fig. 4A). However, this treatment regimen when given on
days 0 and 5 postinfection resulted in a less consistent survival
rate (50% from two experiments). The protective effect of
treatment on days 6 and 8 was not associated with a decrease
in serum levels of IL-12 but was associated with a small reduc-
tion in serum levels of IFN-g at day 8 postinfection (Fig. 4B).
A paired Wilcoxon Mann-Whitney test of five independent
experiments revealed that this difference was statistically sig-
nificant (P , 0.05). Interestingly, histological analyses of livers
and lungs from mice that received CTLA-4Ig plus anti-CD40L
exhibit extensive inflammation and cellular infiltrates compa-
rable to findings for control infected IL-10KO mice (data not

FIG. 1. Analysis of CD80, CD86, and CD40 expression on F4/801 peritoneal
macrophages following infection with T. gondii. Peritoneal exudate cells from
uninfected (A) or 7-day-infected (B) WT and IL-10KO mice were stained for
CD80, CD86, and CD40 expression on F4/801 cells as described in Materials and
Methods. Results shown are representative of three separate experiments con-
taining three to five mice per group. Thick lines represent CD40, CD80, or
CD86; thin lines represent isotype control stainings.

FIG. 2. Effect of CTLA-4Ig treatment on survival of IL-10KO mice infected
with T. gondii. (A) IL-10KO mice infected with T. gondii were treated with 300
mg of CTLA-4Ig (n 5 8) or ChiL6 (n 5 9) at days 6 and 8 postinfection, and
survival was monitored (P $ 0.05). (B) Serum levels of IFN-g and IL-12 p40 at
day 8 postinfection from T. gondii-infected IL-10KO mice treated with CTLA-
4Ig (n 5 8) or ChiL6 (n 5 9) at 6 and 8 days postinfection. Results shown are
pooled data from two separate experiments 6 standard deviation.
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shown). However, assessment of serum ALT levels, as a quan-
titative assay for hepatic damage, revealed that serum ALT
levels in IL-10KO mice were 113 6 4.29 U/ml before infection
with T. gondii but increased to 391 6 46.93 U/ml by day 11
postinfection. When infected IL-10KO mice were treated with
CTLA-4Ig plus anti-CD40L, serum ALT levels were signifi-
cantly reduced to 284.6 6 17.88 U/ml (P , 0.03). ALT levels
are pooled data 6 standard error from three independent
experiments; and an unpaired Student t test was performed to
determine statistical significance. In addition, immunohisto-
chemical analysis of iNOS expression in the liver and spleen
(Fig. 5) and lungs (data not shown) revealed that IL-10KO
mice treated with CTLA-4Ig plus anti-CD40L had reduced
levels of iNOS-positive cells compared with IL-10KO mice that
had received the sham treatment. No differences in levels of
iNOS expression were seen in infected IL-10KO mice treated
with CTLA-4Ig or anti-CD40L alone compared with control
treated animals (data not shown). It should be noted that
infected IL-10KO mice treated with CTLA-4Ig plus anti-
CD40L still developed cachexia which appeared as severe as
that in mice that received the control treatment and more
severe than the disease seen in WT mice. Nonetheless, the
treated animals survived this acute phase of infection, and
histological analysis of livers at day 30 postinfection showed
that normal hepatic architecture was restored (data not
shown).

Effects of CD40-CD40L and CD28-B7 blockade on produc-
tion of cytokines in vitro. The observed reduction of serum
levels of IFN-g in infected IL-10KO mice treated with CTLA-
4Ig plus anti-CD40L is likely due to inhibition of T-cell func-

tion during infection. However, blockade of the CD28-B7 in-
teractions also inhibits NK cell function during toxoplasmosis
(29), and so it is possible that following administration of
CTLA-4Ig plus anti-CD40L, production of IFN-g by NK cells
is also affected. Therefore, to determine the source of IFN-g
produced in response to STAg, we stimulated splenocytes from
7-day-infected IL-10KO mice with STAg for 72 h and per-
formed intracellular staining to identify the source(s) of IFN-g
in these cultures. In a typical experiment of two performed,
FACS analysis revealed that 44% of the IFN-g-positive cells
were CD41 T cells, 44% were CD81 T cells, and 13% were
NK1.11 cells; the addition of CTLA-4Ig and anti-CD40L to
these cultures did not alter these percentages. These data have
to be interpreted with care since the percentage of IFN-g-
positive cells does not always correlate with the protein levels
detected in these cultures (Table 1). Nonetheless, these results
suggest that the major sources of IFN-g produced in response
to antigen are CD41 and CD81 T cells.

Since costimulation is involved in the regulation and activa-
tion of T-cell responses, and T cells are the major source of
IFN-g, we assessed the contribution of B7 and CD40L to the
activation of T cells seen in IL-10KO mice following infection
with T. gondii. In these experiments, we treated IL-10KO mice
infected with T. gondii in vivo with an isotype control, CTLA-
4Ig, anti-CD40L, or both CTLA-4Ig and anti-CD40L on day 6
postinfection and assessed their production of IL-12 and IFN-g
in antigen-specific recall responses. These experiments re-
vealed that in vivo administration of CTLA-4Ig or anti-CD40L
alone did not alter the ex vivo responses of splenocytes to

FIG. 3. Effect of anti-CD40L (aCD40L) treatment on IL-10KO mice in-
fected with T. gondii. (A) IL-10KO mice infected with T. gondii were treated with
200 mg of anti-CD40L (n 5 11) or isotype control hamster IgG (n 5 11) at days
6 and 8 postinfection, and survival was monitored (P $ 0.05). (B) Serum levels
of IFN-g and IL-12 p40 at day 8 postinfection from infected IL-10KO mice
treated with anti-CD40L (n 5 11) or hamster IgG (n 5 10) at days 6 and 8
postinfection. Results shown are pooled data from three separate experiments 6
standard deviation.

FIG. 4. Effects of CTLA-4Ig plus anti-CD40L (aCD40L) in IL-10KO mice
infected with T. gondii. (A) IL-10KO mice infected with T. gondii were treated
with 300 mg of CTLA-4Ig plus 200 mg of anti-CD40L (n 5 18) or appropriate
isotype control (n 5 17) at days 6 and 8 postinfection, and survival was moni-
tored. Mice treated with CTLA-4Ig plus anti-CD40L survived .30 days (P #
0.0001). (B) Serum levels of IFN-g and IL-12p40 at day 8 postinfection from
infected IL-10KO mice treated with CTLA-4Ig plus anti-CD40L (n 5 18) or
isotype control (n 5 17) at days 6 and 8 postinfection. Results shown are pooled
data from three separate experiments 6 standard error. The asterisk indicates
P , 0.05 using a paired Wilcoxon Mann-Whitney test.
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STAg (data not shown). In addition, cytokine production by
spleen cells from infected mice that were treated in vivo with
CTLA-4Ig plus anti-CD40L in response to STAg produced
high levels of IFN-g and IL-12 which were comparable to those
in splenocytes from the infected control group (Table 1).
These results demonstrate that in vivo treatment with CTLA-
4Ig or anti-CD40L alone or in combination does not alter ex
vivo splenocyte responses to STAg.

To further dissect the role of these costimulatory path-
ways in the regulation of IFN-g and IL-12 production, the
effects of anti-CD40L or CTLA-4Ig was assessed in vitro
using splenocytes from IL-10KO mice treated in vivo either
with the isotype control or with CTLA-4Ig plus anti-CD40L.
Stimulation with STAg resulted in the production of high
levels of IL-12 and IFN-g, and the inclusion of anti-CD40L
had no significant effect on the production of these cyto-
kines (Table 1). However, the addition of CTLA-4Ig to

these cultures resulted in a significant reduction in the pro-
duction of IFN-g but not IL-12 (Table 1). When anti-CD40L
and CTLA-4Ig were used in combination, the reduction in
IFN-g levels was greater than that observed with CTLA-4Ig
alone; this effect was most pronounced with splenocytes
from IL-10KO mice treated in vivo with CTLA-4Ig plus
anti-CD40L (Table 1). It is interesting that although CTLA-
4Ig or anti-CD40L alone did not significantly alter produc-
tion of IL-12, there was a small inhibitory effect when the
two were coadministered in culture (Table 1). Nonetheless,
these in vitro studies demonstrate that simultaneous block-
ade of the CD28-B7 and CD40-CD40L pathways is required
for maximal reduction of IFN-g produced in response to
STAg by splenocytes from IL-10KO mice and this correlates
with the ability of these treatments to reduce liver damage,
reduce iNOS expression, and prevent the infection-induced
death of these mice.

FIG. 5. Effects of CTLA-4Ig plus anti-CD40L on iNOS expression in livers and spleens of IL-10KO mice infected with T. gondii. IL-10KO mice were infected with
T. gondii and treated with 300 mg of CTLA-4Ig plus 200 mg of anti-CD40L or appropriate isotype control on day 6 postinfection. On day 7 postinfection, livers (A and
B) and spleens (C and D) of infected IL-10KO mice treated with an isotype control (A and C) or CTLA-4Ig plus anti-CD40L treated mice (B and D) were harvested
and stained for iNOS expression as described in Materials and Methods. Magnification, 3200. Arrows indicate areas of coagulative necrosis. Asterisks show areas of
cellular infiltrations. Brown precipitate indicates iNOS-positive cells.

TABLE 1. Effects of CTLA-4Ig and anti-CD40L on the production of IFN-g and IL-12 by IL-10KO mice in response to STAga

In vivo treatment

In vitro treatmentb

IFN-g (ng/ml) IL-12p40 (ng/ml)

Isotype CTLA-4Ig aCD40L CTLA-4Ig 1
aCD40L Isotype CTLA-4Ig aCD40L CTLA-4Ig 1

aCD40L

Isotype control 111.73 6 29.65 89.93 6 23.64c 115.10 6 90.93 78.67 6 21.01d 36.52 6 5.92 38.26 6 6.19 36.59 6 5.55 32.81 6 5.90e

CTLA-4Ig 1 aCD40L 101.64 6 21.96 81.66 6 19.54f 105.19 6 22.65 69.85 6 15.67c 39.49 6 7.13 40.15 6 7.61 38.59 6 7.46 35.28 6 7.16

a Splenocytes from 7-day-infected IL-10KO mice treated with CTLA-4Ig plus anti-CD40L (aCD40L) or the isotype control at day 6 postinfection were stimulated
with STAg (25 mg/ml) and cocultured with CTLA-4Ig and anti-CD40L for 24 h.

b Pooled data from four or five independent experiment 6 standard error.
c P # 0.005.
d P # 0.001.
e P # 0.008.
f P # 0.01.

VOL. 68, 2000 COSTIMULATION AND INFECTION-INDUCED IMMUNOPATHOLOGY 2841



DISCUSSION

The role of costimulation in the regulation of the immune
response to T. gondii remains unclear. However, recent studies
by others and our laboratory have begun to address these
issues. Subauste and colleagues reported that human mono-
cytes infected with T. gondii upregulate their expression of B7
molecules (52). In addition, studies by the same group using
peripheral blood mononuclear cells from hyper-IgM patients
demonstrated that CD40 is also upregulated following infec-
tion with T. gondii (53). Similarly, results presented here reveal
that infection with T. gondii resulted in a broad upregulation of
CD80, CD86, and CD40 expression in both WT and IL-10KO
mice (Fig. 1). However, upregulation of B7 and CD40 expres-
sion is not restricted to infected cells but rather appears to be
a global effect, since at day 7 postinfection, less than 2% of the
macrophages in the peritoneal cavity are infected (U. Wille,
E. N. Villegas, B. Streipen, D. S. Roos, and C. A. Hunter,
submitted for publication). There are several possible mecha-
nisms whereby the upregulation of these molecules may occur.
Soluble antigens of T. gondii have been reported to affect
macrophage function and may have a role in the upregulation
of B7 molecules during infection. Alternatively, IFN-g has
been shown to upregulate macrophage expression of B7, and
since the production of systemic levels of IFN-g occurs early
after infection, this may also be responsible for the widespread
upregulation of these molecules.

Given that previous reports showed that IL-10 suppresses
expression of B7 (13), it was surprising that in the absence of
IL-10, expression of B7 as well as CD40 was not increased.
Although IL-10 has been associated with inhibition of the
immune response during toxoplasmosis (7, 17, 18, 30, 33),
these results suggest that IL-10 is not involved in the regulation
of B7 or CD40 expression during acute toxoplasmosis. Similar
to our findings, other workers reported that there was no
evidence of dysregulated expression of B7 after infection of
IL-10KO mice with Listeria monocytogenes (9). Together, these
findings question the role of IL-10 in the regulation of B7 and
CD40 expression during infection.

Since B7 and CD40 have been described to be involved in
optimal activation of T-cell responses (13, 54, 56), we assessed
the contribution of these molecules during the T-cell-mediated
infection-induced shock-like reaction seen in IL-10KO mice.
Studies presented here demonstrate that interference with
both the CD28-B7 and the CD40-CD40L pathways resulted in
survival of IL-10KO mice infected with T. gondii. Although the
administration of CTLA-4Ig plus anti-CD40L affected mortal-
ity, these mice still developed severe clinical disease and pa-
thology. Nevertheless, the combination of these treatments
resulted in survival of IL-10KO mice and correlated with a
significant reduction in the production of IFN-g, decreased
iNOS expression in the liver and spleen, and lower serum ALT
levels. We propose that the reduction of these proinflamma-
tory factors and reduced hepatic damage allow these mice to
survive the acute phase of infection. Alternatively, interference
with these costimulatory pathways may affect other inflamma-
tory mechanisms that contribute to the death of IL-10KO mice
infected with T. gondii. For example, IL-10 is implicated in the
prevention of T-cell-mediated apoptosis (25, 43); thus, block-
ade of these costimulatory pathways may reduce the ability of
T cells to induce apoptosis. Moreover, blockade of these path-
ways may also affect the ability of T cells to proliferate or to
stimulate the production of other proinflammatory factors
such as oxygen intermediates, IL-1, IL-6, or TNF-a (20, 37).
Thus, further studies are required to determine whether block-
ade of the CD28-B7 and CD40-CD40L pathways alters other

T-cell-mediated effector cell functions that contribute to the
death of IL-10KO mice in this model.

Subauste and colleagues recently reported that the upregu-
lation of B7 and CD40 by peripheral blood mononuclear cells
following infection with T. gondii is required for the optimal
production of IFN-g and IL-12 in these cultures (52, 53).
However, results from this laboratory have revealed that
CD40LKO and CD28KO mice are resistant to the acute phase
of infection and that WT mice have significant components of
IL-12 and IFN-g production that are independent of these
costimulatory pathways (44, 55). Similarly, in IL-10KO mice,
the early IL-12-driven, IFN-g-dependent mechanism of resis-
tance to toxoplasmosis appears to be largely independent of
the CD28-B7 and CD40-CD40L costimulatory pathways.

The relationship between the CD28-B7 and the CD40-
CD40L pathways in this model, as well as in models of allo-
and autoimmunity, remains unclear. Previous studies by Ding
and colleagues have shown that the interaction of CD28 with
B7 can lead to the expression of CD40L on T cells (13). This
then allows the interaction of CD40L on T cells with CD40 on
accessory cells to further upregulate expression of CD80,
CD86, and other costimulatory molecules (21). Thus, these two
pathways are clearly linked (21, 46, 56). However, our studies
show that blockade of either CD28-B7 or CD40-CD40L inter-
action did not alter the outcome of infection in the IL-10KO
mice (Fig. 2 and 3); only blockade of both pathways resulted in
survival of IL-10KO mice. In agreement with our findings,
other studies which have analyzed the role of costimulatory
pathways in autoimmune oophoritis and graft rejection dem-
onstrated that disease can be prevented only when both the
CD28-B7 and CD40-CD40L pathways are blocked (22, 36).
Similarly, studies on murine lupus and graft-versus-host dis-
ease showed that blockade of CD28 and CD40L was required
for optimal inhibition of disease (10, 47, 48). Evidence that
these costimulatory pathways are not linked is provided by
studies which demonstrate that although the CD40-CD40L
interaction is important for the induction of IL-12 and resis-
tance to infection with Leishmania spp. (6, 31, 51), mice defi-
cient in CD28 still develop protective immunity to this parasite
(5). Thus, the requirement for simultaneous blockade of these
pathways for effective inhibition of allo- and autoimmunity, as
well as during infection (these studies), indicates that although
they are interrelated, the CD28 and CD40 pathways are inde-
pendent regulators of T-cell-dependent immune responses. In
conclusion, both the CD28-B7 and CD40-CD40L interactions
contribute to the development of the lethal, T-cell-mediated
shock-like reaction observed in the IL-10KO mice. The suc-
cessful prevention of immunopathology through the blockade
of the CD28-B7 and CD40-CD40L interactions indicates that
these pathways represent suitable targets to manage infection-
induced pathology.
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