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SUMMARY

Interleukin-12 (IL-12) is essential to resistance to Trypanosoma cruzi infection because it

stimulates the synthesis of interferon-g (IFN-g) that activates macrophages to a parasiticidal

effect. Investigation of mice deprived of IL-12 genes (IL-12 knockout mice) has confirmed the

important role of IL-12 and IFN-g in controlling parasitism in T. cruzi infection. However, it has not

yet been addressed whether a shift towards a T helper type 2 (Th2) pattern of cytokine response

occurred in these mice that might have contributed to the aggravation of the infection caused by IL-

12 deprivation. We examined the course of T. cruzi (Y strain) infection and the regulation of

cytokine responses and nitric oxide production in C57BL/6 IL-12 p40-knockout mice. The mutant

mice were extremely susceptible to the infection as evidenced by increased parasitaemia, tissue

parasitism and mortality in comparison with the control C57BL/6 mouse strain (wild-type) that is

resistant to T. cruzi. A severe depletion of parasite-antigen-specific IFN-g response, without an

increase in IL-4 or IL-10 production, accompanied by reduced levels of nitric oxide production was

observed in IL-12 knockout mice. We found no evidence of a shift towards a Th2-type cytokine

response. In IL-12 knockout mice, the residual IFN-g production is down-regulated by IL-10 but not

by IL-4 and nitric oxide production is stimulated by tumour necrosis factor-a. Parasite-specific

immunoglobulin G1 antibody levels were similar in IL-12 knockout and wild-type mice, whereas

IL-12 knockout mice had much higher levels of immunoglobulin G2b.

INTRODUCTION

Trypanosoma cruzi is the causative agent of Chagas’ disease in

man. This digenetic protozoon determines a systemic infection

in man and in other mammals that is controlled, although not

completely eliminated, by T-cell-dependent immune responses.

Control of parasitism in the acute phase of infection is critically

dependent on intracellular killing by cytokine-activated macro-

phages.

The cytokine interleukin-12 (IL-12) stimulates interferon-g
(IFN-g) production by natural killer cells that is an important

mechanism of innate immunity and is also essential to the

development of type 1 cytokine-producing T-lymphocyte popu-

lations that will further supply IFN-g as adaptive immunity is

activated. IL-12 participates in the resistance to several intra-

cellular pathogens including T. cruzi.1,2 It is also a growth factor

for natural killer and T lymphocytes and we have recently

shown that endogenous IL-12 is stimulatory of parasite-antigen-

specific cell proliferation in the first week of murine T. cruzi

infection.3

Treatment of mice with anti-IFN-g, anti-tumour necrosis

factor (TNF) or anti-IL-12 neutralizing monoclonal antibodies

(mAbs) leads to aggravation of T. cruzi infection reinforcing the

importance of these cytokines in the in vivo resistance to this

parasite.4–7 Mice treated with anti-IL-12 neutralizing mAb had

reduced IFN-g synthesis by spleen cells indicating that IFN-g
production during infection depends on IL-12.5 Moreover,

lower IFN-g production correlated with lower nitric oxide

(NO) production and aggravation of parasitism.5 Treatment

with anti-IL-12 mAb of mice that have disrupted recombi-

nase-activating genes (RAG knockout), thus lacking B and T

cells, aggravated T. cruzi infection, clearly demonstrating a

protective role for IL-12 in innate immunity.5 However, it is

not clear from the in vivo neutralizing experiments in the intact

host whether a shift towards a T helper type 2 (Th2) pattern of
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cytokine response occurred that might have contributed to the

aggravation of the infection caused by IL-12 and IFN-g reduc-

tion. Moreover, in this type of experiment, cytokine depletion is

not complete and a putative compensatory effect by other Th1

stimulating cytokines is difficult to assess. Recently, the study of

mice deprived of IL-12 genes (IL-12 knockout mice) has

confirmed the important roles of IL-12 and IFN-g in controlling

parasitism in T. cruzi infection.8 In addition, treatment of T.

cruzi-infected IL-12 knockout mice with anti-IL-18 mAbs

further reduced serum IFN-g levels and increased parasitaemia

levels.9 However, so far, the question of whether a shift towards

higher production of Th2 cytokines occurs in infected IL-12

knockout mice was not addressed.

In the present study, we examined the course of T. cruzi

(strain Y) infection and cytokine responses in C57BL/6 mice

deprived of IL-12 p40 genes (IL-12 knockout). We show that the

mutant mice are extremely susceptible to the infection, as

shown by increased parasitaemia, tissue parasitism and mor-

tality in comparison with the control C57BL/6 mouse strain

(wild-type) that is resistant to T. cruzi. A severe depletion of

parasite-antigen-specific IFN-g response, without increase in

IL-4 or IL-10 production, accompanied by reduced levels of NO

production was observed in the splenic compartment of IL-12

knockout mice.

MATERIALS AND METHODS

Animals and infection with T. cruzi

Female C57BL/6 IL-12 p40–/– (IL-12 knockout) and C57BL/6

IL-12 p40þ/þ (wild-type) mice (6–8-week-old, specific patho-

gen-free), were bred in the specific pathogen-free mouse breed-

ing facilities (Biotério de Camundongos Isogênicos) of the

Department of Immunology, ICB/USP. The mice were housed

five to a micro-isolator cage and offered food and water ad

libitum. All animal procedures were performed in accordance

with the principles of the Brazilian Code for the Use of

Laboratory Animals and the project was approved by the Ethical

Committee for Animal Research from ICB/USP. Groups of six

or eight animals were infected intraperitoneally with T. cruzi Y

strain blood trypomastigotes obtained as previously

described.10 Wild-type and IL-12 knockout mice were infected

with 5000 blood trypomastigotes. Parasitaemia counts were

performed by counting the parasites in 5ml of citrated blood

obtained from the lateral tail veins. Mortality was evaluated by

daily inspection of the cages.

Cell cultures and anti-cytokine mAbs

Spleen cell suspensions were prepared from wild-type and IL-

12 knockout mice on days 7 and 14 after the infection. For each

experiment, the spleen cells from three mice were pooled. The

cells were cultured in 24-well culture plates at a density of

5� 106/ml, in RPMI-1640 containing 5% fetal calf serum, 2 mM

L-glutamine, 0�05 mM 2-mercaptoethanol, and penicillin and

streptomycin (100 U/ml and 100mg/ml, respectively) (Sigma

Chemical Co., St Louis, MO). The cultures were stimulated

with plate-bound anti-CD3 mAb (145-2C11, Pharmingen, San

Diego, CA). Individual wells were coated with 0�5 ml of anti-

CD3 mAb diluted to 10 mg/ml in 0�01 M phosphate-buffered

saline (PBS), pH 7�0, for 1 hr at 378 and washed three times with

PBS before the cells were added.11 Alternatively, spleen cell

cultures were stimulated with 5� 106 freeze–thawed tissue

culture trypomastigotes [trypomastigotes’ antigen (T-Ag)] pre-

pared as described previously.12 Treatment of spleen cell cul-

tures with anti-cytokine mAbs was performed by adding at the

beginning of the cultures the following mAbs: 2A5 (anti-IL-10),

11B11 (anti-IL-4), XT22.11 (anti-TNF-a) or GL113 [immuno-

globulin G1 (IgG1) isotype control] at 20mg/ml; these mAbs

were obtained in our laboratory by growing the rat anti-mouse

hybridomas donated by Dr Robert Coffman and the DNAX

Research Institute (Palo Alto, CA). The 51817.111 (anti-IL-18)

mAb was bought from R & D Systems, Minneapolis, MN and

used at 10 mg/ml. Supernatants were collected after 20 and 48 hr

to measure the levels of cytokines and nitrite.

Detection of cytokines and nitrite production

The cytokine levels in the duplicate culture supernatants were

detected by two-site sandwich enzyme-linked immunosorbent

assay as described.11 IFN-g, IL-10 and NO were determined in

the 48-hr supernatants and IL-4 was determined in both the 20-

hr and the 48-hr supernatants. The minimum concentration of

each cytokine detectable in the conditions of our assays is

indicated in parentheses: IFN-g (0�78 ng/ml); IL-10 (0�312 U/

ml) and IL-4 (38 pg/ml).

The nitrite content in the supernatants was measured by

adding 50 ml of freshly prepared Griess reagent to 50 ml of the

sample in 96-well plates and reading the optical density (OD) at

540 nm 10 min later by comparisons with the OD curves of

serial dilutions of sodium nitrite in complete culture medium.13

The minimal detectable concentration was 1�56mM.

The results of cytokine and nitrite determinations are shown

as arithmetic means � standard deviations from duplicate

cultures.

Histopathology

The heart and brain from wild-type and IL-12 knockout mice on

days 7 and 14 after infection were fixed in neutral 10% formalin,

embedded in paraffin, sectioned, stained with haematoxyli-

n & eosin and examined by light microscopy. Tissue parasitism

was scored by counting the total number of amastigote nests

using a 40� objective. Four semi-serial sections were counted

for each animal. The results are shown as arithmetic means �
standard deviations of the total number of amastigote nests

found in the sections obtained from five mice per group.

Parasite-specific IgG1, IgG2a and IgG2b

For this assay, microtitre plates (Falcon, Lincoln Park, NJ) were

coated with trypomastigote antigens (15 mg/ml in carbonate

buffer, 50 ml/well) and incubated overnight at 48. After blocking

with 1% bovine serum albumin in 10 mM PBS (PBS-BSA),

pH 7�4, for 2 hr at room temperature, 50ml of the appropriate

sera diluted in PBS-BSA was added and incubated for 2 hr at

room temperature. The plates were then washed five times with

0�05% PBS-Tween-20 and rabbit anti-mouse isotype-specific

antibodies to IgG1, IgG2a and IgG2b (50 ml/well; Zymed, South

San Francisco, CA) for 2 hr at room temperature. Following

three washes the plates were incubated with peroxidase-labelled

anti-mouse antibody (Sigma Chemical Co) for 1 hr. The plates

were subsequently washed five times with PBS-Tween-20 and

T. cruzi infection in mice lacking IL-12 231

# 2003 Blackwell Publishing Ltd, Immunology, 108, 230–237



the reaction was developed by addition of H2O2 and orthophe-

nylenediamine (OPD) and incubation for 10 min at room tem-

perature. The reaction was stopped by the addition of 50 ml of

2�5 N H2SO4 and the OD of the resulting colour was read at

492 nm. The results are reported as the mean OD accompanied

by the SD obtained from the sera from five mice. Non-specific

reactions had OD< 0�05.

Data analysis

Means of control and experimental groups were compared using

the Student’s t-test. Comparisons of multiple groups were per-

formed by analysis of variance (ANOVA) and Bonferroni’s test.

Differences were considered significant when P< 0�05. Statis-

tical analysis was performed using GRAPHPAD INSTAT 3�0.

RESULTS

T. cruzi-infected IL-12 knockout mice develop higher

parasitaemia and mortality than control wild-type

C57BL/6 mice

C57BL/6 mice are considered relatively resistant to infection by

the Y strain of T. cruzi. When infected with an inoculum of 5000

parasites, these mice developed patent parasitaemia by day 6,

reaching the highest counts by day 8 of infection; thereafter,

parasite blood counts remained very low (Fig. 1). All the mice

survived beyond the acute phase of infection (Fig. 2) and infec-

tion persisted as a chronic phase throughout the animals’ life-

time. In contrast, mice of the same genetic background deprived

of IL-12 p40 genes (IL-12 knockout) developed much higher

levels of parasitaemia; although capable of controlling blood

parasite counts, mortality by the 16th day of infection was 100%.

Failure of IL-12 knockout mice to control infection is

associated with low production of IFN-c and of NO

but not with elevated IL-4 or IL-10 synthesis

Synthesis of IFN-g by spleen cells from infected IL-12 knock-

out mice to parasite antigen (T-Ag) stimulation was severely

reduced (about 6 ng/ml on day 7 and 1�5 ng/ml on day 14 of

infection) compared to that of similarly infected wild-type mice

(Fig. 3). Production of IFN-g by T-Ag-stimulated cultures from

uninfected IL-12 knockout and wild-type mice was 0�78 ng/ml

and 1�78 ng/ml, respectively, whereas in unstimulated cultures

from either IL-12 knockout or wild-type mice the levels

detected were 0�78 ng/ml. By day 14 of infection, T-Ag-stimu-

lated IFN-g synthesis by IL-12 knockout mice remained low,

although on polyclonal T-cell stimulation by anti-CD3 it was

not significantly different from wild-type mice, suggesting that

the lack of IL-12 affected mostly antigen-induced responses.

Levels of nitrite, indicative of NO production, were already

elevated by day 7 of infection in spleen cell cultures from infec-

ted wild-type mice kept only in culture medium and an increase

of about 50% in NO production was seen in T-Ag-stimulated

cultures (Fig. 3). By day 14 of infection, NO production by

cultures kept in culture medium or by T-Ag-stimulated cultures

had increased to about three-fold the amount seen on day 7 of

infection. In contrast to the high levels of NO production in

wild-type mice, mice lacking IL-12 produced much lower levels

of NO in T-Ag-stimulated cultures and in cultures that did not

receive additional exogenous stimulation (7th and 14th day of

infection); nevertheless, even in IL-12 knockout mice, NO

production increased by day 14 compared to day 7 of infection.

It should be pointed out that cultures that are maintained only in

medium without additional in vitro stimulation are derived from

T. cruzi-infected mice and therefore contain parasite antigens in

infected macrophages or carried and/or presented by dendritic

or B cells. The observation that variations in NO production

levels do not always correlate with IFN-g production levels is

indicative that other cytokines or parasite products participate in

the regulation of inducible NO synthesis.

As IL-12 knockout mice, besides lacking IL-12, have much

lower IFN-g production compared to wild-type mice, it was

pertinent to ask whether the former, when infected with T. cruzi,

would overproduce IL-10 and/or IL-4 indicative of a shift

towards a Th2-type response. As shown in Fig. 3, IL-10 produc-

tion levels in spleen cell cultures from infected IL-12 knockout

mice were about the same as those observed in spleen cell

cultures from infected wild-type mice, regardless of the stimu-

lus used in the cultures. IL-4 production in cultures derived from

Figure 1. Parasite counts in the blood from C57BL/6 IL-12 knockout

mice and in wild-type C57BL/6 controls infected intraperitoneally with

5000 blood forms of Trypanosoma cruzi (Y strain). Arithmetic means

from eight mice per group �SD; *P< 0�05.

Figure 2. Survival rates of C57BL/6 IL-12 knockout and wild-type

C57BL/6 mice infected intraperitoneally with 5000 blood forms of T.

cruzi (Y strain). Mean per cent survival rates of eight mice per group.
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IL-12 knockout or wild-type mice, whether kept in medium or

stimulated with parasite-antigen, was below the detection levels

of our assay (38 pg/ml). Only in cultures from infected IL-12

knockout spleen cells stimulated with anti-CD3 was IL-4

detected and no IL-4 production was measurable in similarly

stimulated cultures from infected wild-type mice. Thus, spleen

cells from infected IL-12 knockout mice, obtained ex vivo and

cultured either only in medium or further stimulated with

parasite antigen in vitro did not produce more IL-10 or IL-4

than similarly processed cells derived from wild-type mice.

Regulation of IFN-c production levels by IL-10 and TNF-a
in wild-type and in IL-12 knockout infected mice

IFN-g production in intact mice is primarily dependent on

stimulation by IL-12. Treatment of spleen cell cultures with

high (100mg) concentrations of the anti-IL-12 neutralizing

C17.8 mAb reduced IFN-g production by 80–90% (data not

shown). IL-12 knockout mice had even more intense reduction

of IFN-g production as shown in Figs 3 and 4. It was of interest

to verify how IFN-g production levels would be regulated in

wild-type and in IL-12 knockout mice. In addition to IL-12,

TNF-a also stimulated IFN-g synthesis in wild-type T. cruzi-

infected mice because neutralization by anti-TNF-a mAb

reduced IFN-g levels by 50% (Fig. 4). However, in the absence

of IL-12 (IL-12 knockout mice), neutralization of TNF-a did

not modify IFN-g production. Regarding the participation of IL-

18 as stimulator of IFN-g production, we used the neutralizing

anti-IL-18 mAb 51817.111 at 10 mg/ml (a dose that inhibits

100% of the biological activities of 15 ng/ml of IL-18) and did

not observe an effect on IFN-g production levels in spleen cell

cultures from T. cruzi-infected wild-type or IL-12 knockout

Figure 3. Production of the cytokines IFN-g, IL-10 and IL-4 and of nitrite by spleen cells from C57BL/6 IL-12 knockout and wild-type

C57BL/6 mice infected with T. cruzi. Cultures were performed on days 7 and 14 after infection and were kept only in culture medium or

stimulated with parasite-antigen, T-Ag, or with plate-bound anti-CD3. Cytokines and nitrite were measured in the supernatants.

Results are expressed as the arithmetic means from duplicate cultures �SD. The results are representative of three experiments.

Figure 4. Regulation by cytokines of splenic cells IFN-g production in C57BL/6 IL-12 knockout and wild-type C57BL/6 mice infected

with T. cruzi. Cultures were performed on days 7 and 14 after infection and stimulated with parasite-antigen, T-Ag. At the beginning of the

cultures the neutralizing anti-cytokine mAbs, anti-IL-10, anti-IL-4 and anti-TNF-a, were added; GL.113 was used as isotype control

mAb. The supernatants were harvested after 72 hr and IFN-g was measured by enzyme-linked immunosorbent assay. Results are

expressed as the arithmetic means from duplicate cultures �SD. *P< 0�05. The results are representative of three experiments.
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mice (data not shown). In relation to cytokines that may act as

negative regulators of IFN-g synthesis, IL-10 neutralization in

culture significantly increased IFN-g levels in T-Ag-stimulated

cultures from infected wild-type and IL-12 knockout mice,

while anti-IL-4 treatment had no effect in either situation

(Fig. 4). Thus, although IL-10 production was not higher in

IL-12 knockout mice versus wild-type mice (cf. Fig. 3), yet IL-

10 exerted a suppressive effect on IFN-g synthesis in IL-12

knockout mice.

TNF-a stimulates NO production in wild-type and in

IL-12 knockout infected mice

It has been previously shown that NO production by macro-

phages from T. cruzi-infected mice is dependent on activation

by IFN-g and TNF-a.14,15 Although IL-12 knockout mice had a

severe reduction of IFN-g production levels, reduction of NO

production was not as severe (Figs 3 and 5). TNF-a stimulated

NO production in both wild-type and IL-12 knockout mice on

day 7 after infection, as shown by the reduction of nitrite levels

in the cultures treated with neutralizing anti-TNF mAb (Fig. 5).

Thus, TNF-a may partly supply the stimulus for NO production

in IL-12 knockout mice. The negative regulatory action of IL-10

or IL-4 on NO synthesis by activated macrophages has been

described before.16,17 However, neutralization of IL-10 or IL-4

did not significantly modify NO production levels in T-Ag-

stimulated spleen cell cultures from either wild-type or IL-12

knockout mice infected with T. cruzi (Fig. 5).

Parasitism in organs is higher in IL-12 knockout

T. cruzi-infected mice but acute-phase inflammation is

much reduced

Parasitism in the heart of wild-type mice was much more scarce

than in IL-12 knockout mice, in which intensely parasitized

cardiac fibres (parasite nests) were frequent. The number of

‘nests’ was counted in heart sections of infected IL-12 knockout

and wild-type mice. Organs obtained on day 7 of infection

showed no difference in mean nest counts between wild-type

and IL-12 knockout: 0�6� 0�4 versus 1�6� 0�8, respectively. In

contrast, by day 14 of infection, heart parasitism was 9�2� 3�3

in wild-type versus 997�6� 262�6 in IL-12 knockout mice, that

is about 100-fold more intense in IL-12-deficient mice. An

obvious difference was also seen in the degree of inflammatory

infiltrate in the tissues. An intense, predominantly mononuclear

cell infiltrate was observed in the hearts from wild-type mice,

whereas the infiltrate was almost absent in the myocardium of

IL-12 knockout mice, save for occasional areas of polymorpho-

nuclear neutrophil accumulation near a ruptured parasite nest

(data not shown). The brains obtained from infected wild-type

and knockout mice were also examined. We did not find

parasites or inflammatory infiltrate in the brains from infected

IL-12 knockout or wild-type mice on day 14 after infection,

when parasitism or inflammation of the heart was very intense

(data not shown).

IL-12 knockout mice develop a higher IgG2b

parasite-specific antibody response in the acute phase

of infection

We tested the sera from infected IL-12 knockout and wild-type

mice for anti-T. cruzi antibody levels during the first 2 weeks of

infection. Results obtained on day 10 of infection are shown in

Fig. 6. IgG1 antibody titres increased to similar levels in

infected wild-type and IL-12 knockout mice in comparison

to uninfected mice, whereas no increase was seen in specific

IgG2a in the sera from infected wild-type or IL-12 knockout

mice. However, IgG2b-specific antibody was clearly augmented

only in sera from infected IL-12 knockout mice; no increase

in IgG2b antibody levels was seen in the sera from infected

wild-type mice.

DISCUSSION

Our data showing increased parasitaemia levels and mortality of

T. cruzi (Y strain)-infected IL-12 p40–/– mice compared to wild-

type C57BL/6 mice are in agreement with the aggravation of

infection reported in either IL-12 p40–/– mice infected with the

Colombian strain of T. cruzi8 and in IL-12 p35–/– mice infected

with the Tulahúen strain.9 Interestingly, we found that while

both male and female IL-12 p40–/– C57BL/6 mice succumb to

the infection equally and have very intense tissue parasitism,

Figure 5. Regulation by cytokines of splenic cell nitrite production in C57BL/6 IL-12 knockout and wild-type C57BL/6 mice infected

with T. cruzi. Cultures were performed on days 7 and 14 after infection and stimulated with parasite-antigen, T-Ag. At the beginning of

the cultures the neutralizing anti-cytokine mAbs, anti-IL-10, anti-IL-4 and anti-TNF-a, were added; GL.113 was used as isotype

control mAb. The supernatants were harvested after 72 hr and nitrite was measured by the Griess reaction. Results are expressed as the

arithmetic means from duplicates �SD. *P< 0�05. The results are representative of three experiments.
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females, but not males (data not shown), control parasitaemia

levels. The resistance to T. cruzi (Y strain) infection is higher in

females of several mouse strains and of the wild rodent Calomys

callosus and is related to female gonadal hormones.18,19

Parasite-specific antibodies participate in the removal of para-

sites from circulation and thus affect parasitaemia levels; IL-12

knockout mice had, on day 10 of infection, increased serum

anti-T. cruzi IgG1 and IgG2b that are effective in clearance of

blood trypomastigotes.20

In our model of infection, parasite-anitgen-stimulated IFN-g
production was markedly low in IL-12 knockout mice as

compared with wild-type mice at both infection days 7 (6

versus 150 ng/ml) and 14 (1�5 versus 12 ng/ml). We did not

find any evidence of increased production of IL-10 or IL-4 by

spleen cells from infected IL-12 knockout mice in cultures kept

only in medium (subject to endogenous stimulation by parasites

or their products) or stimulated by added T-Ag as a recall

response. Thus, there was no evidence that the lack of IL-12

would shift the cytokine pattern of response towards a Th2 type.

The only circumstance in which we observed increased IL-4

production in IL-12 knockout spleen cell cultures, as compared

to the very low levels in wild-type mice, was when the cultures

were stimulated with plate-bound anti-CD3, that acts as a

polyclonal T-cell stimulator. Levels of IL-10, however, were

not different between IL-12 knockout and wild-type spleen cell

cultures stimulated with anti-CD3 mAb. This is in accordance

with a previous observation that anti-CD3 is a stronger stimu-

lator of IL-4 production and that neutralization of IFN-g in these

cultures increases IL-4 levels.11 Moreover, we could not find

significant differences in the levels of IgG1 anti-T. cruzi anti-

bodies between IL-12 knockout and wild-type mice in the early

phase of infection. Given the activity of IL-4 in isotype switch-

ing to IgG1, if IL-4 levels were increased in IL-12 knockout

mice, higher IgG1 levels could be expected in IL-12 knockout in

comparison with wild-type mice but this did not happen.

However, we found higher IgG2b-specific antibody levels in

IL-12 knockout mice. Switching to IgG2b secretion in murine B

cells is stimulated by transforming growth factor-b (TGF-b) and

is inhibited by IL-4 (reviewed in ref. 21). Although we did not

measure TGF-b levels, macrophages from IL-12 knockout mice

produce high levels of this cytokine.22 Therefore, the enhanced

IgG2b response in infected IL-12 knockout versus wild-type

mice could reflect the increased TGF-b synthesis by the former

animals and reinforce the absence of a shift in cytokine synth-

esis towards IL-4.

The results we obtained pointing to a lack of Th2 stimulation

in T. cruzi-infected IL-12 knockout mice are in contrast with

what is observed in Leishmania major infection, as IL-12 p35–/–

or p40–/– mice on a 129/Sv/Ev background were found to have

high IL-4 production accompanying their intense susceptibility

to L. major infection.23 On the other hand, NF-kB2–/– mice have

marked IL-12 reduction because of impaired CD40 signalling in

macrophages, are more susceptible to L. major infection in

comparison with the resistant wild-type counterparts, but do not

show enhanced IL-4 synthesis.24

However, in agreement with our observations in T. cruzi

infection, T cells from IL-12 p40–/– mice infected with Tox-

oplasma gondii also fail to produce IL-4 even after repeated

stimulation with the parasites.25 In addition, IL-12 p40–/– mice

are extremely susceptible to Mycobacterium tuberculosis, pre-

senting only a very low IFN-g response but without the induc-

tion of IL-4.26

Further evidence that IL-4 was not involved in regulating

IFN-g production levels in T. cruzi-infected IL-12 knockout

mice came from the in vitro neutralization experiments shown in

Fig. 4. Treatment with neutralizing anti-IL-4 mAb 11B11 at

high concentration did not modify IFN-g production in parasite-

antigen-stimulated cultures from IL-12 knockout mice. It

should be stressed that the same treatment did not affect

IFN-g production by cells from wild-type mice either. This

last observation confirms previous results by our group that

IFN-g production is not regulated by IL-4 in mice infected with

the Y strain of T. cruzi.27

In contrast with the lack of effect of IL-4 neutralization in

culture, mAb neutralization of IL-10 significantly increased

IFN-g production in wild-type and also in IL-12 knockout mice.

Thus, however, little IFN-g is being produced by spleen cells

from infected IL-12 knockout mice, it is under negative regula-

tion by IL-10. Neutralization of TGF-b in culture did not have a

significant effect in wild-type mice (data not shown).

Residual IFN-g production was still observed in spleen cell

cultures from IL-12 knockout T. cruzi-infected mice although

Figure 6. Parasite-specific antibodies determination in the sera from

day 10 infected C57BL/6 IL-12 knockout and wild-type C57BL/6 mice.

Day 0 refers to uninfected mice. IgG1, IgG2a and IgG2b antibody levels

are expressed by the mean OD accompanied by the SD, obtained in the

sera from three mice at the reciprocal of the tested serum dilutions.

*P< 0�05.
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this amounted to less than 10% of the levels observed in similar

cultures from infected wild-type mice. About the same ratio of

reduction was reported by other authors.9 IL-18 is a cytokine

that is stimulatory for IFN-g synthesis. In our study, treatment

with anti-IL-18 neutralizing mAb of spleen cell cultures from T.

cruzi-infected mice had no reducing effect on IFN-g production

by wild-type mice or on the residual IFN-g production seen in

IL-12 p40 knockout mice. However, treatment with anti-IL-18

mAb of IL-12 p35–/– mice infected with the Tulahúen strain of

T. cruzi results in decreased serum IFN-g levels and increased

parasitaemia.9 We did not analyse the blood compartment and

the observed differences may reflect distinct methodology and/

or strains of T. cruzi used in the study. Another cytokine that

stimulates IFN-g production is IL-23. However, this molecule

cannot be considered a potential stimulator of IFN-g in our

study because the IL-12 p40 knockout mice also lack IL-23.28

Regarding the requirements for the generation of Th1 IFN-g-

producing T CD4þ cells, their frequency in T. gondii-infected

IL-12 p40–/– mice is similar to that found in wild-type mice

suggesting that IL-12 is not essential to Th1 generation but

enhances IFN-g-production by already committed precursors.25

In addition, parasite-antigen-specific lymphocyte proliferation

is of similar intensity in IL-12 knockout and in wild-type

immunized mice indicating similar levels of CD4þ T-cell

priming.25 Our results showing that IL-12 knockout mice did

not have, in comparison to wild-type mice, reduction of T. cruzi-

specific IgG antibody levels suggest that T helper cell priming

occurred in IL-12 knockout mice.

The residual IFN-g production, in contrast to IFN-g produc-

tion in wild-type mice, is not being stimulated by TNF-a
because adding neutralizing anti-TNF-a mAb to the cultures

did not reduce IFN-g levels in spleen cell cultures from IL-12

knockout mice (cf. Fig. 4). Many studies indicate that TNF-a
acts with IL-12 to co-stimulate the synthesis of IFN-g;1,29

however, mice deficient in TNF-a receptor p55 infected with

T. cruzi have IFN-g mRNA expression levels similar to wild-

type infected mice,30 suggesting that although co-stimulatory,

TNF-a is not essential to IFN-g synthesis. On the other hand, IL-

12 p35–/– T. cruzi (strain Tulahuen)-infected mice have, in

comparison with wild-type infected mice, reduced blood

TNF-a levels in the first 10 days of infection.9 Thus, the severe

reduction of IFN-g levels in IL-12 knockout mice described in

this and in previous work8,9 may result from the compounded

absence of IL-12 plus reduced TNF-a production. Although

TNF-a did not have a stimulatory role on IFN-g synthesis in IL-

12 knockout, neutralization of TNF-a in spleen cell cultures

from these mice (and also from wild-type mice) significantly

reduced NO production, suggesting that TNF-a is activating

inducible NO synthase in IL-12 knockout mice. NO synthesis in

T. cruzi-infected macrophages is activated by both IFN-g and

TNF-a resulting in a parasiticidal effect by these cells.14,15,31

NO is involved in the control of T. cruzi parasitism in infected

mice as shown by the extreme susceptibility of mice treated with

inhibitors of NO synthesis32 or lacking inducible NO synthase

genes;8,33 moreover, NO seems to be specially important in

controlling parasitism in the acute phase of infection.34

Because parasitaemia levels were so much higher in IL-12

knockout mice, reflecting the lack of control of the infection by

a severely impaired immune response, it was not surprising to

find a much heavier parasitism in the organs exemplified by the

intense parasitism of the heart. However, we did not find the

central nervous system affected with parasites and inflammation

as reported in the reactivation phase of infection (day 45) of

benznidazole-treated IL-12 knockout mice infected with the

Colombian strain of T. cruzi.8 Again, the use of a distinct T. cruzi

strain or that brain parasitism is a late event may explain the

results. What is striking in the heart pathology of infected IL-12

knockout mice is the almost total absence of inflammation in the

presence of very heavy parasitism, as described also by other

authors;8,9 a similar aspect is seen in the hearts from infected

STAT-4 knockout mice,35 IFN-g knockout mice8 and in IFN-g-

receptor knockout mice.33 In this regard, the CC chemokine

RANTES, and the CXC chemokines IP-10 and MIG mRNAs,

were those that were most conspicuously detected in the hearts

of mice in the acute phase of T. cruzi infection (Colombian

strain).36 These chemokines are induced by IFN-g and are

involved in lymphocyte recruitment; therefore, it is plausible

that the intense reduction of IFN-g production, seen in IL-12

knockout mice, would be accompanied by reduction in their

synthesis and in mononuclear cell migration to the sites of

infection. Nevertheless, it must be kept in mind that the parasite

itself can also induce chemokine production by macrophages.36

In conclusion, the results obtained by studying T. cruzi

infection in IL-12-deprived mice indicate that IL-12 is essential

to the generation of parasite-antigen-specific lymphocytes that

will produce IFN-g which in turn activates parasiticidal effector

mechanisms and is also involved in lymphocyte recruitment to

sites of infection. The low production of IFN-g in IL-12 knock-

out mice appears to be directly related to the lack of IL-12, that

is not substituted by any other cytokine; furthermore, no

evidence of a shift towards Th2-type cytokine production

was found in IL-12-deprived mice infected with T. cruzi.
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