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A CD8� T-cell response is critical for protection against Encephalitozoon cuniculi infection. However, the
factors responsible for the generation of CD8� T-cell immunity during E. cuniculi infection and the
cytokines involved in this process have not been identified. In the present study, we demonstrated that
p40-deficient animals, which are unable to produce interleukin-12 (IL-12), have a serious defect in
expansion of the CD8� T-cell response which compromises the survival of an infected host. Adoptive
transfer of CD8� T cells from immunocompetent donors protected SCID mice infected with E. cuniculi,
whereas administration of CD8� T cells from p40�/� mice failed to protect infected SCID mice. In vitro
dendritic cell (DC) cultures from knockout mice pulsed with E. cuniculi spores were unable to develop a
robust CD8� T-cell immune response. Addition of exogenous IL-12 or transfer of CD8� T cells that were
initially primed with DC from p40�/� animals to DC cultures from immunocompetent mice (directly or via
transwells) led to optimal expansion of these cells. This IL-12-mediated reinstatement of CD8� T-effector
immunity was independent of gamma interferon (IFN-�) as addition of antibody to the cultures failed to
have an effect. These studies demonstrated that IL-12 plays a predominant role in the expansion of effector
CD8� T-cell immunity against E. cuniculi, which is critical for host survival. These findings are very
important for understanding the protective immune mechanisms needed to protect an immunocompro-
mised host against an opportunistic infection and can be extended to other microsporidial pathogens.

Encephalitozoon cuniculi is an opportunistic pathogen re-
cently associated with HIV infection, organ transplants, trav-
elers, and the elderly (8, 37). Cell-mediated immunity has been
shown to be critical for host resistance against E. cuniculi
infection (32), and previous studies in our laboratory have
suggested that CD8� T cells play a predominant role during
this type of infection (16). Mice lacking CD8� T cells are
unable to survive E. cuniculi challenge, and a CD8� T-cell
cytotoxic response is essential for protective immunity against
this parasite.

Priming of the CD8� T-cell response against several intra-
cellular pathogens has been shown to be largely dependent on
interleukin-12 (IL-12) (25, 40), a heterodimeric proinflamma-
tory cytokine that has been postulated to serve as a bridge
between the innate and adaptive immune responses (35).
Formed by a light-chain p35 and a heavy-chain p40, this cyto-
kine has multiple functions. It stimulates the development of
Th1 lymphocytes (18), induces the production of gamma in-
terferon (IFN-�) by mouse CD4� Th1 clones (12), and induces
the production of cytotoxic CD8� T lymphocytes (34). In the
present study, we demonstrate that the absence of IL-12 causes
a severe defect in the expansion of the effector CD8� T-cell
response against E. cuniculi infection. In vitro studies demon-
strate that addition of exogenous IL-12 even 48 to 72 h post-
culture can reverse the defect in a CD8� T-cell population
primed with p40�/� dendritic cells (DC).

MATERIALS AND METHODS

Mice. Six- to 7-week-old female C57BL/6 mice were obtained from the Na-
tional Cancer Institute (Frederick, MD), and sex- and age-matched p40�/�

animals were purchased from Jackson Laboratory (Bar Harbor, ME). The ani-
mals were housed under approved conditions at the Animal Research Facility at
George Washington University (Washington, DC).

Parasites and infection. A rabbit isolate of E. cuniculi (genotype II), kindly
provided by L. M. Weiss (Albert Einstein College of Medicine, Bronx, NY),
was used throughout this study. The parasites were maintained by continuous
passage in rabbit kidney (RK-13) cells obtained from the American Type
Culture Collection (Manassas, VA). The RK-13 cells were maintained in
RPMI 1640 containing 10% fetal calf serum (FCS) (HyClone Laboratories,
Logan, UT). Organisms were collected from the culture medium, centrifuged
at 325 � g for 10 min, and washed twice with phosphate-buffered saline
(PBS). The mice were infected via the intraperitoneal (i.p.) route using 107

spores/mouse.
Quantification of the parasite burden. Tissues (livers and spleens) were

harvested from C57BL/6 and p40�/� mice at 21 days postinfection (p.i.).
DNA was extracted from tissues by using a DNeasy blood and tissue kit
(Qiagen, Valencia CA), and 400 ng of each sample was assayed by real-time
PCR using the following primers specific for E. cuniculi: ECUNF (5�-ATG
AGAAGTGATGTGTGCG-3�) and ECUNR (5�-TGCCATGCACTCACAG
GCATC-3�) (20). Amplification was performed with a Bio-Rad iCycler (Bio-
Rad, Hercules, CA) using the following conditions: 40 cycles of 94°C for 45 s,
53°C for 1 min, and 72°C for 30s. The number of parasites was determined by
using a standard curve obtained by amplification of DNA from known num-
bers of parasites.

Activation of CD8� T cells in p40�/� animals. Intracellular staining for IFN-�
and the proliferation marker KI-67 was performed to assess the CD8� T-cell
response during E. cuniculi infection. Briefly, splenocytes from wild-type (WT)
or p40�/� mice were isolated at 14 days p.i. and stimulated in vitro with phorbol
myristate acetate (PMA), ionomycin, and monensin for 4 h using a previously
described protocol (21). Four-color flow cytometry analysis of the cells was
performed as follows. The cell suspension was washed and labeled for CD8 and
CD25 surface markers. Membrane permeabilization was performed with a Cyto-
fix/Cytoperm kit (BD Biosciences, San Jose, CA) used according to the manu-
facturer’s instructions. Staining for intracellular proliferation marker KI-67 (flu-
orescein isothiocyanate [FITC]) and IFN-� (phycoerythrin [PE]) accumulation
was then performed. Samples were acquired with a FACSCalibur (BD Bio-
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sciences) (30,000 events were collected), and data were analyzed using Flowjo
(Tree Star Inc., Ashland, OR).

CTL assay. A cytotoxic T-lymphocyte (CTL) assay was carried out according
to a standard procedure published previously by our laboratory (16). Briefly,
mouse peritoneal macrophages were harvested 2 days after i.p. inoculation with
1 ml of thioglycolate. The macrophages were washed three times in PBS and
dispensed at a concentration of 5 � 104 cells/well in U-bottom 96-well plates.
After overnight incubation, the cells were infected with 2 � 105 spores of E.
cuniculi per well for 48 h and then washed extensively with PBS to remove the
extracellular parasites. Macrophages were labeled with 51Cr (0.5 �Ci/well) for
2 h at 37°C, washed five times with PBS, and incubated with splenocytes at
various effector/target ratios in 200 �l (final volume) of culture medium. Each
microtiter plate was centrifuged at 200 � g for 3 min and incubated at 37°C for
4 h. Samples (100 �l) were removed and assayed for released cpm by scintillation
counting. The percentage of lysis was calculated as follows: [(mean cpm of test
sample � mean cpm of spontaneous release sample)/(mean cpm of maximal
release sample � mean cpm of spontaneous release sample)]/100.

CD8� T-cell adoptive transfer. C57BL/6 and p40�/� donor mice were sacri-
ficed at day 14 p.i., splenocytes were collected, and CD8� T cells were isolated
with anti-CD8 magnetic beads used according to the manufacturer’s instructions
(Miltenyi, Auburn, CA). A total of 5 � 106 cells were adoptively transferred via
the intravenous (i.v.) route to SCID mice, and recipient animals were challenged
with 107 spores of E. cuniculi at 48 h posttransfer. Mice were monitored for
morbidity and mortality daily until termination of the experiment.

Intracellular IL-12 detection. Splenic dendritic cells were isolated from in-
fected animals at days 2, 4, and 6 p.i. as previously described (22). Briefly, mice
were sacrificed, spleens were harvested, and DC were isolated by enzymatic
digestion (DNase I and collagenase D), followed by mechanical disruption. Cells
were then labeled with anti-CD11c biotin-conjugated antibody (eBioscience, San
Diego CA), followed by positive magnetic selection as described above. Further
purification of DC was performed with a cell sorter after incubation of the cells
with streptavidin-PE conjugate. FITC-conjugated anti-NK1.1 and CD19 antibod-
ies were also used to exclude contaminating NK and B cells (FACSaria; BD
Biosciences). Positively selected dendritic cells were plated at 5 � 105 DC/well
and incubated with monensin (BD) overnight. The following day, cells were
labeled with anti-CD11c and then fixed and permeabilized using the Cytofix/
Cytoperm kit (BD Biosciences) according to the manufacturer’s instructions
before incubation with anti-IL-12p40 antibodies (eBioscience). Cells were ac-
quired using a FACSCalibur (BD Biosciences) (75,000 events were collected).

In vitro priming of T cells by splenic DC. Purified splenic DC were incubated
overnight with E. cuniculi spores as described above. The following day, the
cultures were extensively washed, and purified CD8�� T cells were added.
CD8�� T cells were isolated from spleens of naïve C57BL/6 mice (Thy1.1 or
Thy1.2) by positive magnetic selection as previously described (23). In some
experiments, naïve CD8� T cells (CD44lo CD62Lhi) were purified further by cell
sorting with a FACSaria (BD Biosciences). Cells were added to DC cultures at
a physiologically relevant ratio (4 naive CD8� T cells/DC or 10 total CD8� T
cells/DC). Thy1.1 CD8�� T cells were added to a p40�/� DC culture, and Thy1.2
CD8�� T cells were added to a WT DC culture. After 72 h of incubation,
monensin (BD Biosciences) was added to each culture according to the manu-
facturer’s instructions, and T-cell priming was assessed by intracellular staining
for IFN-� and KI-67 expression as previously described, as well as for CD25 and
CD69 expression.

Different variations of this experiment were performed. In one set of experi-
ments, Thy1.1 CD8� T cells incubated with p40�/� DC were transferred at
different time points after culturing (6, 12, 24, 48, or 72 h) to WT DC cultures
containing Thy1.2 CD8�� T cells. In another set of experiments, IFN-� blockade
(anti-IFN-� clone XMG1.2; eBioscience) was performed at different time points
after transfer of Thy1.1 CD8�� T cells (6, 12, 24, 48, and 72 h). Also, murine
recombinant IL-12p70 (rIL-12p70) (20 ng/ml; ProSpec-Tany TechnoGene Ltd.,
Israel) was added to Thy1.1 CD8�� T cells primed by p40�/� DC at different
time points (6, 12, 24, 48, and 72 h) postculture. For the transwell experiment, E.
cuniculi-pulsed DC from WT animals were incubated in 12-well plates with
CD8�� T cells isolated from Thy1.2 mice. In another set of experiments, E.
cuniculi-pulsed p40�/� DC were incubated with Thy1.1 CD8�� cells. After 6 h
of incubation, the Thy1.1 CD8�� T cells were transferred to the top chamber of
a transwell (0.4-�m-pore-size transwells; Corning Inc., Corning, NY). Cells were
acquired as previously described (30,000 events were collected).

Supernatants were collected at various time points following the addition of T
cells (6, 12, 24, 48, and 72 h) and assayed for IL-12p40 production with enzyme-
linked immunosorbent assay (ELISA) kits (BioLegend, San Diego, CA) accord-
ing to the manufacturer’s protocols.

Statistical analysis. Statistical analysis of the data was performed using a
two-sample Student t test (27).

RESULTS

IL-12-deficient mice are unable to control E. cuniculi infec-
tion. As previously described (30), our results demonstrated
that all p40�/� mice succumbed to intraperitoneal E. cuniculi
challenge by week 4 p.i., while WT C57BL/6 controls survived
until the end of the experiment (Fig. 1A) (30). Parasite loads
from tissues (spleens and livers) of infected animals were as-
sayed by real-time PCR at day 21 p.i. As expected, WT mice
were able to control the infection, and the parasites were
cleared from both organs by day 21 p.i. (Fig. 1B). However,
high numbers of E. cuniculi spores were detected in the spleens
and livers from p40�/� animals. Unlike the control animals,
knockout mice were unable to control replication of the par-
asites and ultimately succumbed to the challenge (Fig. 1B).

p40�/� mice exhibit a downregulated CD8� T-cell response
to E. cuniculi infection. A CD8� T-cell response against E.
cuniculi is critical for protection against infection (1, 16, 28).
Consequently, we analyzed the CD8� T-cell response in
p40�/� mice after i.p. infection. Fourteen days p.i, lower levels
of IFN-�-producing CD8� T cells were detected in p40�/�

mice than in WT animals (Fig. 2A). IL-12-depleted animals
also contained a lower number of actively cycling CD8� T
cells, as demonstrated by the CD25� KI-67� CD8� T-cell
frequency (Fig. 2B). Similarly, the CTL activity of CD8� T
cells from p40�/� infected mice was decreased more than
4-fold compared to that in infected WT animals (Fig. 2C).
Finally, immune CD8� T cells isolated from p40�/� animals
were unable to protect SCID recipients against a lethal E.
cuniculi challenge after adoptive transfer, and all the animals
succumbed to infection by day 25 p.i. (Fig. 2D). In comparison,
immune CD8� T cells isolated from WT mice conferred pro-
tection to SCID mice against E. cuniculi challenge. These re-
sults demonstrate that IL-12-deficient animals are unable to
generate an optimal CD8� T-cell immune response against
E. cuniculi.

FIG. 1. p40�/� mice are unable to control E. cuniculi infection.
p40�/� and WT mice were infected i.p. with 107 E. cuniculi spores/
mouse. (A) Animals (6 mice/group) were monitored daily for morbid-
ity and mortality until termination of the experiment. (B) Animals (4
mice/group) were sacrificed at day 21 p.i., organs (livers and spleens)
were harvested, and DNA was prepared. Parasite loads were quanti-
fied by real-time PCR. The number of parasites was determined from
a standard curve after amplification from a known number of parasites.
The results are representative of two experiments. ND, not deter-
mined.
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IL-12 is important for expansion of CD8� T-cell effectors
against E. cuniculi infection. DC have been shown to be the
main antigen-presenting cells during infection (24) and can
produce IL-12 in response to various pathogens (35). The
splenic DC response of WT mice was evaluated at different
time points after E. cuniculi infection (days 2, 4, and 6), and
the frequency of IL-12-producing cells was assessed by in-
tracellular staining. Increases in both the number and the
percentage of DC releasing IL-12 were detected as early as
day 2 p.i., peaking at day 4 before starting to decline at day
6 p.i. (Fig. 3A and B). These results suggest that E. cuniculi
infection induces strong IL-12 production by DC, implying
that this cytokine has a role in host protection against the
pathogen.

To further address the function of IL-12 in the CD8� T-cell
response during E. cuniculi infection, in vitro CD8� T-cell
priming experiments were performed. Previous studies from
our laboratory have demonstrated that CD8� T cells from
naïve animals can be primed by E. cuniculi-pulsed DC. The
effector response was measured by using antigen-specific pro-
liferation and cytotoxicity (22, 23). As shown in Fig. 4, an
experiment performed with the total splenic CD8� T popula-
tion or sorted naïve CD8� T cells (CD44lo CD62Lhi) showed
no significant difference in IFN-�, KI67, CD25, and CD69
expression. Hence, all further experiments were carried out

with total splenic CD8� T cells. In the first set of experiments,
CD8� T cells isolated from naïve Thy1.1 mice were stimulated
with p40�/� DC in the presence of E. cuniculi spores. In
parallel, cells from congenic Thy1.2 mice were incubated with
WT DC. At different time points (6 to 72 h) postculture,
Thy1.1 CD8� T cells were harvested and added to cultures
containing Thy1.2 CD8� T cells. The frequency of the IFN-�-
producing and actively cycling population (KI-67� CD8� T
cells) was assessed 96 h post-initial culture. E. cuniculi-
stimulated DC from p40�/� and WT DC and the appropriate
CD8� T cells (Thy1.1 and Thy1.2, respectively) served as con-
trols. As shown in Fig. 5A, after stimulation with WT DC, over
3% of Thy1.2� CD8� T cells from control wells were positive
for IFN-�. Conversely, p40�/� DC were unable to induce com-

FIG. 2. Defective CD8� T-cell response from p40�/� mice after
E. cuniculi infection. p40�/� and WT mice (4 mice/group) were
sacrificed at day 14 p.i., and splenocytes were prepared. (A and B)
The CD8� T-cell response was assessed by intracellular staining for
IFN-� (A) and by CD25� KI-67� staining (B). (C) Cytotoxicity was
evaluated by the chromium release assay. CD8� T cells were iso-
lated by magnetic sorting at day 14 p.i., purified cells (�92% pure)
were incubated with E. cuniculi-infected radiolabeled macrophages,
and cytotoxicity was measured by chromium release in the super-
natants. (D) At day 14 p.i., purified CD8 T cells from spleens of WT
or p40�/� mice (6 mice/group) were adoptively transferred to SCID
animals (n � 6) via the i.v. route (5 � 106 cells/mouse). The
recipients were challenged 48 h later with 107 E. cuniculi spores.
Morbidity and mortality were monitored daily until termination of
the experiment. The data are representative of two experiments
with similar results.

FIG. 3. Early production of IL-12 by splenic DC after i.p. E. cu-
niculi infection. p40�/� and WT mice were infected i.p. with 107 E.
cuniculi spores/mouse. At different time points (days 2, 4, and 6 p.i.),
animals were sacrificed (3 mice/group), splenic cell suspensions were
prepared, and intracellular IL-12 was measured. The results are pre-
sented as dot blots (A) and the absolute number of IL-12� DC (B).
The experiment was performed twice, and the data are representative
of two experiments.

FIG. 4. In vitro priming of total splenic CD8� T cells or naïve
CD8� T cells by DC. Splenic DC from WT mice (4 mice/group) were
isolated and incubated overnight with E. cuniculi spores. The next day,
purified naïve CD8� T cells or total splenic CD8� T cells were added
to the culture. After 72 h of incubation, cells were assessed for IFN-�,
KI67, CD25, and CD69 expression by flow cytometry. The experiment
was performed twice, and the data are representative of one experi-
ment.
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parable levels of IFN-�� Thy1.1 CD8� T cells. However, a
significant increase in the IFN-�� Thy1.1 CD8 T� population
was detected when these cells were transferred to Thy1.2 cul-
tures (containing WT DC and Thy1.2 CD8� T cells). Com-
pared to the results for nontransferred controls, increases at all
time points posttransfer were observed. Similarly, transfer of
Thy1.1 cells to WT DC cultures led to an increase in the
number of actively cycling cells, as determined by expression of
the proliferation marker KI-67� (Fig. 5B). The IL-12 levels in
supernatants from WT DC cultures were monitored at differ-
ent time points. Interestingly, increasing levels of IL-12 were
detected up to 72 h (Fig. 5C), explaining the ability of these
cells to rescue the CD8� T cells transferred at later time
points.

To determine that activation of transferred Thy1.1 T cells
was not dependent on contact with WT DC (i.e., de novo
priming), experiments involving transwell inserts, which pre-
vent direct contact between cells, were performed. Cultures
containing Thy1.1 CD8� T cells in combination with p40�/�

DC and Thy1.2 CD8� T cells in combination with WT DC
were established as described above. After 6 h of incubation,
Thy1.1 cells were transferred to a Thy1.2 culture with the cells
in direct contact or in the top chamber of a transwell insert. As
shown in Fig. 6A and B, no difference in the incidence of
IFN-�-producing or actively cycling cells between Thy1.1 T
cells placed in a transwell chamber and Thy1.1 T cells in direct
contact with Thy1.2 T cells and WT DC was observed. These
findings suggest that replenishment of the effector response of
Thy1.1 CD8� T cells initially cultured with p40�/� DC, after

transfer to WT DC cultures, is contact independent and more
likely mediated by IL-12.

To further establish the role of IL-12 during priming of the
CD8� T-cell response against E. cuniculi, Thy1.1 CD8� T cells
cultured with p40�/� DC were treated exogenously with re-

FIG. 5. p40�/� DC are unable to expand the initial CD8� T-cell response against E. cuniculi infection. Splenic DC from WT and p40�/� mice
(9 mice/group) were isolated and incubated overnight with E. cuniculi spores. The next day, CD8� T cells from Thy1.1 and Thy1.2 animals (5
mice/group) were prepared and added to the p40�/� and WT DC cultures, respectively. At different time points following addition of T cells (6,
12, 24, 48, and 72 h), Thy1.1 CD8� T cells were transferred from the p40�/� DC culture to a WT DC culture. At 96 h, cells were assayed for IFN-�
by intracellular staining (A) and for proliferation by using expression of the KI-67 marker (B). Supernatant from the WT DC culture was assayed
for IL-12 by ELISA at different time points after addition of the T cells (6, 12, 24, 48, and 72 h) (C). Experiments were performed twice, and the
results are representative of one experiment. EC, E. cuniculi.

FIG. 6. Restoration of the CD8� T-cell response by WT DC is
contact independent. DC from WT and p40�/� animals (6 mice/group)
were isolated and incubated with E. cuniculi spores as described in
Materials and Methods. CD8� T cells isolated from spleens of Thy1.1
and Thy1.2 mice (4 mice/group) were prepared and added to the
p40�/� and WT DC cultures, respectively. After 6 h of incubation,
Thy1.1 CD8� T cells were transferred from the p40�/� DC culture to
a WT DC culture with or without a transwell. At 96 h, the CD8� T-cell
response was assessed by detection of intracellular IFN-� (A) and
KI-67 (B). The experiment was performed twice, and the results are
representative of one experiment. NS, not significant.
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combinant IL-12p70. As shown in Fig. 7A and B, addition of
the cytokine to CD8� T cells primed with DC from p40�/�

mice led to a significant increase in the number of IFN-�-
producing and actively cycling cells. Although IL-12 treatment
induced an increase in the response of CD8� T cells, it was
significantly less than that after IL-12 treatment in conjunction
with E. cuniculi-pulsed DC (Fig. 7C and D). These findings
corroborate well with the studies described above in which the
defect in an IFN-�-producing or actively cycling CD8� T-cell
population cultured initially with p40�/� DC was reversed
upon transfer to cultures containing WT DC. These observa-
tions strongly suggest that the primary defect in expansion of
the CD8� T-cell response is due to the inability of p40�/� DC
to produce IL-12, and availability of the cytokine can abrogate
this defect by ensuring development of optimal CD8� T-cell
immunity.

Role of IL-12 in priming of the CD8� T-cell response is
IFN-� independent. As IFN-� has been reported to be in-
volved in CD8� T-cell expansion in viral and parasitic models
(9, 38), next we determined if restoration of the effector re-
sponse by IL-12 in CD8� T cells primed with p40�/� DC is
dependent on IFN-�. Transfer of Thy1.1 CD8� T cells primed
by p40�/� DC to a culture containing Thy1.2 CD8� T cells and
WT DC was performed as described above. Anti-IFN-� anti-
body was added to some of the wells at the time of transfer. As
shown in Fig. 8A and B, treatment with anti-IFN-� antibody
had no effect on the frequency of IFN-�-producing or actively
cycling Thy1.1 CD8� T cells. These results suggest that IL-12-
mediated expansion of the CD8� T-cell response during
E. cuniculi infection is independent of IFN-�.

DISCUSSION

IL-12 plays an important role in the response to infections,
and mice lacking the gene for this cytokine have been shown to
be susceptible to a wide array of intracellular pathogens, in-
cluding Leishmania major, Toxoplasma gondii, Mycobacterium
tuberculosis, Listeria monocytogenes, and E. cuniculi (10, 13, 14,
30). Similar to a previous study showing that p40�/� mice are

FIG. 7. IL-12 treatment can restore the immune response of CD8� T cells primed by p40�/� DC. Splenic DC from WT and p40�/� animals
(9 mice/group) were incubated with E. cuniculi spores as described in the legend to Fig. 6. Affinity-purified CD8� T cells from Thy1.1 and Thy1.2
animals (5 mice/group) were added to p40�/� and WT cultures, respectively. p40�/� DC cultures were treated with recombinant murine IL-12p70
(20 ng/ml) at different time points after addition of Thy1.1 T cells (6, 12, 24, 48, and 72 h). Thy1.2 CD8� T cells and a WT DC culture were used
as positive controls in this experiment. At 96 h, the CD8� T-cell response was assessed by intracellular IFN-� (A) and KI-67 (B). The nonspecific
increase in the CD8� T-cell response by IL-12 treatment alone was measured by intracellular IFN-� (C) and KI-67 (D) expression (NS, not
significant). The experiment was performed twice, and the results are representative of one experiment.

FIG. 8. Augmentation of the IL-12-mediated CD8� T-cell re-
sponse against E. cuniculi is independent of IFN-�. DC from WT and
p40�/� animals (9 mice/group) were isolated and incubated with E.
cuniculi spores. CD8� T cells from Thy1.1 or Thy1.2 mice (5 mice/
group) were added to the p40�/� or WT cultures, respectively. WT DC
cultures were treated with anti-murine IFN-� (5 �g/ml) at different
time points after addition of the Thy1.2 CD8� T cells (6, 12, 24, 48, and
72 h). Thy1.1 CD8� T cells and a p40�/� DC culture were used as
positive controls for this experiment. At 96 h, the CD8� T-cell re-
sponse was assessed by intracellular IFN-� (A) and KI-67 (B) expres-
sion. The experiment was performed twice, and the results are repre-
sentative of one experiment.
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unable to survive an E. cuniculi infection (30), our data confirm
that these immunodeficient mice are unable to withstand a
challenge with this pathogen. For the first time, we demon-
strate that p40�/� mice display a defective CD8� T-cell re-
sponse against E. cuniculi, which is manifested by decreased
cytotoxic activity and a reduced number of IFN-�-producing
cells within this population. Moreover, CD8� T cells from
p40�/� mice fail to protect SCID animals against a lethal
challenge, further emphasizing the suboptimal effector func-
tions. In vitro studies demonstrated that CD8� T cells primed
with DC from p40-deficient mice can be rescued by IL-12
treatment. Transfer of these cells to a culture containing WT
DC restored their function, as demonstrated by IFN-� and
KI-67 expression.

The importance of CD8� T cells in protection against E.
cuniculi infection has been well established by studies con-
ducted by us and in other laboratories (1, 2, 16, 20, 21). CD8�

T-cell-deficient animals are highly susceptible to this pathogen,
and infected mice exhibit severe morbidity before death. In-
ability to clear E. cuniculi infection was also demonstrated for
perforin knockout mice, suggesting the importance of the cy-
totoxic function of CD8� T cells against the pathogen (16). In
the present study, we observed that in the absence of IL-12, the
host CD8� T-cell effector response was severely compromised,
which led to the death of infected animals. The role of IL-12 in
induction of the CD8� T-cell response has been described in
both tumor and infectious disease models. Priming of naïve
CD8� T cells in the presence of IL-12 selectively results in
superior antitumor activity in a tolerogenic model (7). Simi-
larly, IL-12-dependent expansion of the primary CD8� T-cell
response during the initial stages of L. major and T. gondii
infection has been described previously (26, 39).

In the present study, we demonstrated that DC isolated from
p40�/� mice seemingly appear to be able to initiate an in vitro
CD8� T-cell response against E. cuniculi. This was demon-
strated by the observation that transfer of Thy1.1 CD8� T cells
primed with p40�/� DC to a WT DC culture with or without a
transwell insert led to an optimal CD8� T-cell response. Thus,
expansion of the CD8� T-cell response appears to be strongly
restricted by a lack of IL-12 since addition of recombinant
cytokine to nontransferred cultures can also reverse the defect.
This is in agreement with a report by Curtsinger et al., in which
the requirement for IL-12 as a third signal to differentiate
between tolerance with proliferation of CD8� T cells and
development of a cytotoxic function has been demonstrated
(5). Moreover, it has been suggested that in addition to T-cell
receptor (TCR) engagement and costimulation, IL-12 can act
as a third signal necessary for expansion of CD8� T cells (36).
Also, IL-12 has previously been shown to act directly on CD8�

T cells in vivo and in vitro to promote proliferation, survival,
and differentiation into effector cells capable of cytolysis (6,
31). However, most of the studies regarding the role of IL-12
during the CD8� T-cell response were carried out with OT-1
CD8� T cells stimulated with OVA peptides and might differ
from an infectious disease model (4, 6, 36). Also, timing for
IL-12 signaling is very important for the optimal CD8� T-cell
response. Recent in vitro experiments showed that addition of
IL-12 had to occur no later than 18 h after antigen encounter
and for a minimum of 40 h (4). In fact, our results differ from
this report and show that addition of recombinant IL-12 can

enhance the CD8� T-cell response against E. cuniculi even as
late as 48 or 72 h after antigen encounter. Addition of recom-
binant IL-12 caused a significant increase in the frequency of
IFN-�-producing effectors in a CD8� T-cell population primed
by p40�/� DC. Similarly, transfer of CD8� T cells from a
knockout to a WT culture restored the CD8� T-cell effector
response. Also, this cytokine has recently been shown to pre-
vent activation-induced cell death (5), leading to enhanced
survival and thus clonal expansion of the CD8� T-cell popu-
lation.

Another interesting observation made in the present study is
that IL-12-dependent CD8� T-cell expansion does not appear
to be dependent on IFN-�, as reported in previous studies (9,
11). Our laboratory has demonstrated that a compromised
CD8� T-cell response against T. gondii infection in p40-defi-
cient mice is due to severe downregulation of IFN-� levels in
these animals, which can be reversed by exogenous IFN-�
treatment. Additionally, IFN-� has been reported to stimulate
CD8� T-cell expansion after infection with lymphocytic chorio-
meningitis virus (38). Although the importance of IFN-� for
protection against E. cuniculi infection has been reported by us
and other workers (15, 29, 30), this cytokine seems to play a
very limited role in expansion of the CD8� T-cell response
against the pathogen, as anti-IFN-� antibody treatment of cells
transferred from p40�/� to WT DC cultures did not prevent
restoration of the effector response. As the indispensable role
played by IL-12 in expansion of the CD8� T-cell response (17,
26, 39, 40) is becoming increasingly evident, the mechanism
involved in this process is being investigated. It has been re-
cently demonstrated that following the termination of TCR
signaling, IL-12 alone is needed for the maintenance of the
second phase of T-bet expression and stabilization of the TH1
response (33). As T-bet is also an important transcription fac-
tor for CD8� T cells (19), the same phenomenon may occur
with this population.

Overall, the importance of these findings is as follows. Our
data, for the first time, link the regulation of CD8� T-cell
immunity during E. cuniculi infection to IL-12. They demon-
strate that IL-12 treatment can restore the effector CD8�

T-cell response even after a prolonged period of culture in an
IL-12-deficient environment (48 to 72 h), suggesting that this
cytokine may be involved more in expansion of the CD8�

T-cell effector response than in the initiation of this response.
Furthermore, as stated above, regulation of CD8� T-cell im-
munity is not dependent on IFN-�, as reported for other in-
fections (9, 11). Recent studies have suggested that due to its
ability to expand the CD8� T-cell population, IL-12 treatment
has a strong therapeutic potential in diseases where these cells
are critical for the host defense (3, 27). As CD8� T-cell im-
munity plays a central role in protection against E. cuniculi
challenge (1, 2, 16), the observations described above have
strong implications in developing strategies for designing im-
munotherapeutic agents for HIV-infected and elderly individ-
uals who are prone to this type of infection.
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